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Preface

The success of quantitative modeling in the rapidly expanding areas of the
natural sciences, such as materials science and biology, produces a variety of new
mathematical models. The predictive power of these models has to be tested, and
methods for their effective treatment have to be developed. This major opportunity
for mathematics led to the foundation of the Collaborative Research Center SFB
611 entitled ‘Singular Phenomena and Scaling in Mathematical Models’ at the
University of Bonn in 2002. One of its major goals was the efficient handling of
new types of models through the close combination of theoretical and numerical
methods.

Funded by the Deutsche Forschungsgesellschaft, we progressively integrated
theoretical analysis, numerical simulation and modeling approaches for the treat-
ment of singular phenomena in three consecutive phases until the end of 2012.
Our particular projects were focused on actual applied problems, and we developed
qualitatively new and mathematically challenging methods for various problems
from the natural sciences.

Our Collaborative Research Center was organized in the following three divi-
sions ranging from stochastic and geometric analysis over nonlinear analysis and
modeling to numerical analysis and scientific computation:

e Part I: Scaling Limits of Diffusion Processes and Singular Spaces

e Part II: Multiple Scales in Mathematical Models of Materials Science and
Biology

» Part III: Numerics for Multiscale Models and Singular Phenomena

All the three divisions addressed, in their specific way, the key aspects of
the SFB 611, namely, multiple scales and model hierarchies, singularities and
degeneracies and scaling laws and self-similarity. These subjects proved to be
timely, challenging and at the forefront of international research. While taking
on these topics, the SFB 611 acted as a bridge between analysis, modeling and
numerical simulation.
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A total number of 19 principal investigators and more than 45 other scientists
participated in the research of the last funding period of the SFB from 2009 to 2012.
This volume now comprises our final and latest contributions to the exciting field of
‘Singular Phenomena and Scaling in Mathematical Models’.

At this place, we want to thank the Deutsche Forschungsgesellschaft and the
University of Bonn for their ongoing support.

Bonn, Germany Michael Griebel
January 2013
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Ricci Bounds for Euclidean and Spherical Cones

Kathrin Bacher and Karl-Theodor Sturm

Abstract We prove generalized lower Ricci bounds for Euclidean and spherical
cones over complete Riemannian manifolds. These cones are regarded as complete
metric measure spaces. In general, they will be neither manifolds nor Alexandrov
spaces. We show that the Euclidean cone over an n-dimensional Riemannian
manifold whose Ricci curvature is bounded from below by n — 1 satisfies the
curvature-dimension condition CD(0,n + 1) and that the spherical cone over
the same manifold fulfills the curvature-dimension condition CD(n,n + 1). More
generally, for each N > 1 we prove that the condition CD(N — 1, N) for a weighted
Riemannian space is equivalent to the condition CD(0, N + 1) for its N-Euclidean
cone as well as to the condition CD(N, N + 1) for its N -spherical cone.

1 Introduction

In two similar but independent approaches, the second author [14, 15] and Lott and
Villani [8, 9] presented a concept of generalized lower Ricci curvature bounds for
metric measure spaces (M, d, m). The full strength of this concept appears if the
condition Ric(M,d, m) > K is combined with a kind of upper bound N on the
dimension. This leads to the so-called curvature-dimension condition CD(K, N)
which can be formulated in terms of optimal transportation for each pair of numbers
K eRand N €1, 00).

A complete Riemannian manifold satisfies CD(K, N) if and only if its Ricci
curvature is bounded from below by K and its dimension from above by N.

A broad variety of geometric and functional analytic results can be deduced
from the curvature-dimension condition CD(K, N). Among them are the
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4 K. Bacher and K.-T. Sturm

Brunn-Minkowski inequality and the theorems by Bishop-Gromov, Bonnet-Myers
and Lichnerowicz. Moreover, the condition CD(K, N) is stable under convergence
with respect to the L2-transportation distance d.

1.1 Statement of the Main Results

Let M be a complete n-dimensional Riemannian manifold (with Riemannian
distance d and Riemannian volume dm = dvol). The Euclidean cone Con(M) =
M, x [0, 0o) over M is defined as the quotient of the product M x [0, o0) obtained
by identifying all points in the fiber M x {0}. This point is called the origin O of the
cone. It is equipped with a metric dcon defined by the cosine formula

deon((x, ), (v, 1)) = v/s2 4+ 12 — 25t cos(d(x, y) A ),

and with a measure m, defined as the product dmy(x, s) := dm(x) ® s"ds.

Theorem 1. The Ricci curvature of M is bounded from below by n — 1 and there
holds diam(M) < = if and only if the metric measure space (Con(M), dcon, M)
satisfies the curvature-dimension condition CD(0,n + 1).

Note that in dimensions n # 1 the diameter bound diam(M) < 7 is redundant:
it follows from the Ricci bound.

The heuristic interpretation of the assertion in the theorem is that the Euclidean
cone — regarded as a metric measure space — has non-negative Ricci curvature in a
generalized sense. Note that already in 1982, Cheeger and Taylor [3, 6] observed
that the punctured Euclidean cone Con(M) \ {O} constructed over a compact
n-dimensional Riemannian manifold M with Ric > n — 1 is a (n + 1)-dimensional
Riemannian manifold with Ric > 0. Note, however, that the sectional curvature
might be unbounded from below (and above). Thus in general Con(M) will not be
an Alexandrov space. Moreover, Con(M) in general is not a manifold and, of course,
Con(M)\{O} is not complete. In particular, the Ricci curvature in the classical sense
is not defined in its singularity O.

Actually, we will prove a significantly more general result:

Theorem 2. For any real number N > 1, the CD(N — 1, N) condition for a
weighted Riemannian manifold is equivalent to the CD(0, N + 1) condition for
the associated N -Euclidean cone.

It is an open question whether analogous assertions hold true with an arbitrary
metric measure space (M, d, m) in the place of the weighted Riemannian manifold
M. A partial result towards this conjecture was derived by Ohta [11] for metric
measure spaces satisfying the so-called measure contraction property MCP(K, N),
a property being slightly weaker than the curvature-dimension condition CD(K, N).

Remark 1. 1If a complete separable metric measure space (M, d, m) satisfies the
measure contraction property MCP(N —1, N) for some N > 1 and if diam(M) < =
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(which follows from the previous condition if N # 1) then its N-Euclidean cone
(Con(M), dcon, my ) satisfies the measure contraction property MCP(0, N + 1).

As a second main result we deduce a generalized lower Ricci bound for the
spherical cone £ (M) = M gy [0, ] over the compact Riemannian manifold M.
It can be defined as the quotient of the product space M x [0, 7] obtained by
contracting all points in the fiber M x {0} to the south pole . and all points in
the fiber M x {7} to the north pole .#". It is endowed with a metric dx defined via

cos (dx(p,q)) = cosscost + sinssint cos (d(x, y) A )

for p = (x,5),9 = (v,t) € ¥(M) and with a measure dm, (x, s) := dvol(x) ®
(sin” sds).

Theorem 3. (i) The Ricci curvature of M is bounded from below by n — 1 and
diam(M) < & if and only if the metric measure space (X (M), dx, M,) satisfies
the curvature-dimension condition CD(n,n + 1).

(ii) A weighted Riemannian manifold satisfies the curvature-dimension condition
CD(N — 1, N) for a given real number N > 1 if and only if the associated
N -spherical cone satisfies the curvature-dimension condition CD(N, N + 1).

Note that the analogous results holds true for generalized lower bounds for the
sectional curvature.

Remark 2 (see e.g. [2], Theorem 4.7.1, 10.2.3). Let (M, d) be a complete length
metric space with diam(M) < =.

(i) Then (M, d) has curvature bounded from below by 1 in the sense of Alexandrov
if and only if the Euclidean cone (Con(M), dgon) has nonnegative curvature in
the sense of Alexandrov.

(i) Moreover, (M, d) has curvature bounded from below by 1 in the sense of
Alexandrov if and only if the spherical cone (Con(M), dcon) has curvature
bounded from below by 1 in the sense of Alexandrov.

Note that the diameter bound is redundant if M is not one-dimensional.

Metric cones play an important role in the study of limits of Riemannian
manifolds. Assume for instance that (M, d) is the Gromov-Hausdorff limit of a
sequence of complete n-dimensional Riemannian manifolds whose Ricci curvature
is uniformly bounded from below. Then in the non-collapsed case, every tangent
cone T,M is a metric cone Con(S;M) with diam(SyM) < 7 [4,5]. The latter we
would expect from the diameter estimate by Bonnet-Myers if Ric > n — 2 on SyM
which in turn is consistent with the formal assertion ‘Ric > 0 on T,M’.

1.2 Basic Definitions and Notations

Throughout this paper, (M, d) always will denote a complete separable metric space
(M, d) and m a locally finite measure on (M, Z(M)) with full support. That is, for
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all x € M and all sufficiently small » > 0 the volume m(B;(x)) of balls centered
at x is positive and finite. To avoid pathologies, we assume that M has more than
one point. Such a triple (M, d, m) will henceforth called metric measure space.

The metric space (M, d) is called a length space iff d(x, y) = inf Length(y) for
all x, y € M, where the infimum runs over all curves y in M connecting x and y.
(M, d) is called a geodesic space if and only if every two points x,y € M are
connected by a curve y with d(x, y) = Length(y). Distance minimizing curves of
constant speed are called geodesics. The space of all geodesics y : [0, 1] — M will
be denoted by I"(M).

(M, d) is called non-branching if for every tuple (z, x¢, X1, x2) of points in M
for which z is a midpoint of xop and x; as well as of x¢ and x;, it follows that
x1 = x2. Z,(M, d) denotes the L>-Wasserstein space of probability measures j on
(M, (M)) with finite second moments which means that fM d?(xo, x)dp(x) < 0o
for some (hence all) xg € M. The L2-Wasserstein distance dy (o, 1) between two
probability measures po, 41 € P2(M, d) is defined as

1/2
dw(jto. 1) = inf{ ( / & (x, y) da(x, y)) . q coupling of 10 and j1;
MxM

Here the infimum ranges over all couplings of o and pq, i.e. over all probability
measures on M x M with marginals (¢ and p1. Equipped with this metric, £2,(M, d)
is a complete separable metric space. The subspace of m-absolutely continuous
measures is denoted by &2, (M, d, m).

Definition 1. (i) A subset & C M x M is called d>-cyclically monotone if and
only if for any k € N and for any family (x1, y1),. .., (xk, yx) of points in 5
the inequality

k k
Zdz(xi, yi) < Zdz(xi, Yi+1)

i=1 i=1

holds with the convention yx4+1 = 1.
(i1) Given probability measures fio, 1 on M, a probability measure q on M x M is
called optimal coupling of them iff ¢ has marginals ¢ and p; and

o) = [ d(xy)date.).

MxM

(iii) A probability measure v on I' (M) is called optimal path measure (or dynamical
optimal transference plan) iff the probability measure (eg, e1)«v on M x M is
an optimal coupling of the probability measures (eg)«v and (e1)«v on M.

Here and in the sequel ¢; : I'(M) — M for ¢ € [0, 1] denotes the evaluation map
¥ + y:. Moreover, for each measurable map f : M — M’ and each measure j on
M the push forward (or image measure) of y under f will be denoted by fx .
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From [14, Lemma 2.11], [16, Theorem 5.10] we quote:

Lemma 1. (i) For each pair po,pn1 € >(M,d) there exists an optimal
coupling Q.

(ii) The support of any optimal coupling q is a dz-cyclically monotone set.

(iii) If M is geodesic then for each pair jug, 41 € P2(M, d) there exists an optimal
path measure with given initial and terminal distribution: (eg)xv = Lo and

(e1)xv = pr.
(iv) Given any optimal path measure v as above, a geodesic ({is)ie[0,1] in
P> (M, d) connecting (o and [y is given by

We = (er)xv.

(v) If (M, d) is a non-branching space, then for each pair of geodesics y, y ' in the
support of an optimal path measure we have:

!

Vi2=Vin = v=v

1.3 The Curvature-Dimension Condition

Definition 2. Given K € R and N € [1, 00), the condition CD(K, N) states that
for each pair 1o, 1 € Z2(M, d, m) there exist an optimal coupling q of ;1o = pom
and ;1 = pim and a geodesic y; = py m in F»(M, d, m) connecting them such
that

/ oY am > (1)
M
/MXM [rgjvt?(d(xo, xl))Pal/N/(xo) + fg,)N/(d(xo, xl))pfl/N/(xl):I dq(xo,x1)

forallz € (0,1)andall N’ > N.

In the case K > 0, the volume distortion coefficients ‘C}?N (-) fort € (0,1) are

defined by
sin (,/ %19)
sin ( %9)

1-1/N

(@) =1V
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if0 <6 < ,/ e nandbyr(t) 0) = xif 6 > ,/Tn In the case K < 0 an

analogous definition applies with sin ( % ) replaced by sinh (,/ v Kl )
In the case K = 0 simply

() =1.

Therefore, the condition CD(0, N) just asserts that for each N’ > N the Rényi
entropy

Sw(vifm) i= — [ pI7Vdm
M

is convex int € [0, 1].
Replacing the volume distortion coefficients tg)N(') by slightly smaller

coefficients og’)N (+) in the definition of CD(K, N) leads to the reduced curvature-
dimension condition CD* (K, N), a condition introduced and studied in [1,7].

The definitions of the condition CD(K, N) in [15] and [8] slightly differ. We
follow the notation of [15]. For non-branching spaces, both concepts coincide. In
this case, it suffices to verify (1) for N’ = N since this already implies (1) for all
N’ > N.Even more, the condition (1) can be formulated as a pointwise inequality.

Lemma 2 ([8,15,16]). A nonbranching metric measure space (M, d, m) satisfies
the curvature dimension condition CD(K, N) for given numbers K and N if and
only if for each pair |, 1 € P2(M,d, m) there exist an optimal path measure v
with initial and terminal distributions (eo)« = Lo, (€1)x = W1 such that for v-a.e.
yelI'(M)andallt € (0,1)

o N ) = ) 0 N o) + TN ) o () )

where y = d(yo, y1) and p; denotes the Radon-Nikodym density of (e;)«v with
respect to m.

Lemma 3. Assume that a metric measure space (M, d, m) satisfies the curvature
dimension condition CD(N — 1, N) for some number N > 1.

(i) Then the diameter of M is bounded by .
(ii) Moreover; for every x € M the set My := {x’ € M : d(x, x") = 7} of antipodes
of x consists of at most one point.

Assertion (i), the ‘generalized Bonnet-Myers theorem’ was proven in [15].
Assertion (ii) is due to Ohta [10, Theorem 4.5].

Now let us have closer look on the curvature-dimension condition in the
case of weighted Riemannian spaces. Let be given a complete n-dimensional
manifold M equipped with its Riemannian distance d and with a weighted measure
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dm(x) = e V®dvoly(x) for some function ¥V : M — R. Then for each real
number N > n the N-Ricci tensor is defined as

1
RiciV,V(v, v) := Ricy(v,v) + [HeSS VvV — N—VV ® VV] (v, v).
—n .

For N = n we define

Ricy (v, v) + HessV,(v,v), if VV(v) =0

—00 else.

RiciV’V(v, V) = {

For 1 < N < n we define RiCiV’V(v, v) := —oo forall v # 0.
Lemma 4 ([8,15]). The weighted Riemannian space (M, d, m) satisfies the condi-
tion CD(K, N) if and only ifRiCN’V > K on M in the sense that

RicY"" (v,v) = K - ]2,

forall x e Mand all v e TyM.

2 Euclidean Cones over Metric Measure Spaces

Definition 3 (N -Euclidean cone). For a metric measure space (M, d, m) and any
N € [1,00), the N-Euclidean cone (Con(M), dcon, My ') is a metric measure space
defined as follows:

(i) Con(M) := M x [0, 00) / M x {0}
(ii) For (x,s), (x’,1) € M x [0, 00)

deon((x,5), (X", 1)) := /52 + 12 — 25t cos (d(x, X') A 1)

(iii) dmpy(x,s) :==dm(x) ® sVds.
The point O := M x {0} € Con(M) is called origin of the cone.

The most prominent example in this setting is the unit sphere S C R"*1,
endowed with its intrinsic Riemannian distance and with the Riemannian volume
measure on it. In other words, d(x, y) is the Euclidean angle between the rays
from the origin 0 € R"*1 to the points x and y on the unit sphere of R"*!. Each
£ € R*T1\ {0} can be uniquely written as § = (x, ) with r € (0,00) and x € S",
namely, 7 = |§| and x = %

The definition of the metric dcon and the measure m, ensures that the
n-Euclidean cone over S” is the Euclidean space R" ™! equipped with the Euclidean
metric and the Lebesgue measure expressed in spherical coordinates.
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Ho H1

N

Fig. 1 Mass transport through O

Conjecture 1. A metric measure space (M, d, m) satisfies the curvature-dimension
condition CD(N — 1, N) for some real number N > 1 and diam(M) < s (which
follows from the previous condition if N # 1) if and only if the N -Euclidean cone
(Con(M), dcon, My ) satisfies the curvature-dimension condition CD(0, N + 1).

Conjecture 1 is true for every weighted Riemannian space. The proof is based on
two ingredients:

(a) Optimal transports on the cone never transport mass through the origin —
provided the base space M satisfies an appropriate CD condition.

(b) Optimal transports on the punctured cone Cong(M) satisfy the CD condition
implied by the Ricci bound for the incomplete, weighted Riemannian manifold
Cong(M). The latter in turn is equivalent to a Ricci bound for the complete
weighted Riemannian manifold M.

Property (a) will be proven as a result of independent interest for general metric
measure spaces (Fig. 1).

Theorem 4. Assume that the metric measure space (M,d,m) satisfies the
curvature-dimension condition CD(N — 1, N) for some N > 1 and that
diam(M) < m (which follows from the previous condition if N # 1). Let v be
any optimal path measure on the Euclidean cone (Con(M), dcon).

(i) Foreveryt € (0, 1) there exists at most one geodesic y € supp[v] with y; = O.
(ii) For every r > 0 there exists at most one x € M such that yo = (x,r) is the
initial point of some geodesic y € supp[v] N I'o where

I'o:={y € '(Con(M)) : y; = Oforsomet € (0,1)}.
(iii) If (eo)xv < my then v gives no mass to geodesics through O:
v (Io) =0.
Proof. (i) Fixt € (0, 1) and assume that two geodesics y, y ' € supp[v] have the

origin as common ?-intermediate point, i.e. y; = ¥, = O. Then yo = (xo,7),
y1 = (x1,(1 —t)r) for some xo,x; € M and with r = y = deon(yo, y1)-
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(i)

Similarly, y { = (xg.t7"), v = (x], (1 — t)r’) for some x;, x; € M and with
r’ =y’ . If r > 0 then xo and x; are antipodes of each other (i.e. d(x¢, x1) =
). Similarly, for x; and x}. (See e.g. Lemma 6 for a detailed proof in the more
sophisticated case of spherical cones.)

Cyclic monotonicity implies

0 = d%vn(yo’ 4 /1) + d%on(y 6’ )’1) - d%vn(yo’ yl) - d%on(y 6’ yll)

On the other hand, a simple application of the triangle inequality yields
Beon (0.7 D) + Gon (v 0. ¥1) = 20 (Y0. Y1) = B0, (¥ 5.7 D)

[tr+ (=0 + [tr' + (A = 0)r]? =% =17

—2t(1 —1)(r — "2

IA

Hence, r =r’.
With this at hand, a more precise calculation yields

0 <d2, (o, v}) + 92, 6 v1) — A2, (o, v1) — 20, (v 5. 7))

=2r2[1* + (1 —1)> —1(1 — t) cosd(xo, x7) — (1 — 1) cos d(xg, x1) | — 2r?
= —2r%1(1 — 1) [2 + cos d(xg. x]) + cos d(xg, x1)] .

Thus d(xo, x]) = d(xg, x1) = 7. That is, xo and x| are antipodes (as well as
xg and x1). Since antipodes in M are unique (Lemma 3(ii)) we conclude that
xo =xpand x; = x]. Thus yp = yyand y; = /.

In most cases of interest, geodesics are uniquely determined by their initial

and terminal points. In these case, we are done. The general case, requires an
additional argument. An optimal path measure v not only induces an optimal
coupling (e, e1)«V between its initial and terminal distribution (eg)«v and
(e1)«v. More generally, the measure (e4, ¢;)«V will be an optimal coupling of
(es)xv and (e;)«v foreach 0 < 0 < t < 1. For each 0 € (0,¢) one can
choose t € (¢, 1) (and vice versa) such that (e;)«v is a ¢-intermediate point
of (eq)xv and (e;)«v. Hence, the previous argument will imply that yo = y ,,
and y; = y .. This finishes the proof.
Assume y,y’ € supp[v] N Io with yo = (xo.r) and y, = (xg.7). The
fact that y passes through the origin implies that y; = (x1,r;) with x; € M
being an antipode of xo, i.e. d(xo,x1) = m. Similarly, y| = (x].r}])
with d(xgy, x]) = . The radii ry, r| are arbitrary positive numbers. Cyclic
monotonicity implies
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0 < dZ,,(Yo.v5) + 950, (¥ 5. ¥1) — 92, (V0. ¥1) — 92, (¥ 5.7 1)
=r% +r —2rr;cosd(xo, x}) + r* + ri — 2rry cosd(x(, x1)
—(r +r1)? = (r +r}))?

—=2rry [1 + cosd(xo, x)] = 2rry [1 + cosd(xg, x1)] .

Hence, d(xo,x]) = . That is, xo and x| are antipodes (as well as x;, and
X1, which has been observed before). Uniqueness of antipodes in M implies
Xo = Xg.

(iii) Let us assume that v(Ip) > 0. Then without restriction we even may assume
that v is supported by I'o. (Otherwise, replace v by its restriction onto the set
I'o.) Since my (O) = 0 we may also assume that y9 # O and y; # O for
v-a.e. y.

The previous part (ii) asserts that for each r > 0 there exists at most one
point xo = f(r) € M such that (f(r),r) is the initial point Yy of some
geodesic y € supp[v] N I'o. Thus the measure (o := (eg)«V is concentrated
onthe set Cr := {(f(r),r) € Con(M) : r > 0}.

The curvature-dimension condition for the base space M implies that m has
no atoms. Hence,

mN(Cf) =0
and therefore g &< my. O

According to the previous result, we know that — under the given curvature-
dimension assumptions — optimal path measures on an Euclidean cone never will
transport mass through the origin. It therefore suffices to study optimal transports
on the punctured cone

Co := Con(M) \ {O}.

To analyze such transports, we restrict ourselves to base spaces M which are
(weighted) Riemannian manifolds. Our results crucially will rely on the fact that
in this case the punctured cone Cy is a incomplete(!) Riemannian manifold and that
the Ricci curvature of it can be calculated explicitly. More precisely, the punctured
n-Euclidean cone is a Riemannian manifold whereas the punctured N -Euclidean
cone is a weighted Riemannian manifold.

Lemma 5. (i) The punctured Euclidean cone Cy is an (n + 1)-dimensional
Riemannian manifold. For (x,r) € Co withx € Mandr > 0 the tangent space
T(x,»Co can be parametrized as TYM@®R with || (v, t)||%(x . = r2 v ||:‘}x +12.
Moreover, for (v,t) € T(x,»Co withv € TyMandt € R we have the identity

Ric(.n ((v.1), (v,1)) = Ricx(v,v) — (n — D[|v|}, .

In particular, Ric > 0 on Cq if and only if Ric > n — 1 on M.
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(ii) The punctured N -Euclidean cone Cy is a weighted (n + 1)-dimensional Rie-
mannian manifold with measure dmy (x,r) = r drdvoly(x) =e="® dm,
(x,r) where W(r) = —(N —n)logr and dm, (x,r) = dvolc,(x,r) = r" dr
dvoly(x) denotes the Riemannian volume measure on Cy. For each N > n,
the (N + 1)-Ricci tensor satisfies

Ric(, " (v.1), (v.1)) = Rice (v, v) = (N = Dv]7,.

In particular, RicV W > 0.0n Cy if and only if Ric > N — 1 on M.

(iii) More generally, let N > 1 and let the n-dimensional Riemannian manifold M
be equipped with the weighted measure dm(x) = ¢~V® dvoly(x) for some
V : M — R and let the punctured cone Cq be equipped with the measure

dmy(x,r) = r¥drdm(x) = e VOO gvolg, (x,r)

with (as before) W(r) = —(N —n)logr and dvolc,(x,r) = r" dr dvolu(x).
Then

Ric "™ (.0). (v.0) = Riey" (0.0) = (N = Dlvl7,. )

In particular, RicV TV > 00 Cy if and only if RicVY > N —1on M.

Proof. Assertion (i) is a classical result due to Cheeger and Taylor [3, 6]. Assertion
(i1) is the particular case of (iii) with V' =0and N > n.

(iii): For arbitrary V(x,r) = V(x) and W(x,r) = W(r) depending only on the
radial coordinate r € R or on the basic coordinate x € M, respectively, we have

VWan(v.t) =H(0),  [Hess W, ((v.1), (v.1)) = h"(0)

for all (x,r) € GCp and all (v,t) € T,r)Co where h(s) =
w (\/(r +51)2 + s2r2||v||2Tx). Moreover,

[VV @ VW], (v.1), (v.1)) = VVi(v)- W (r) -t
for all (x,r) € Cg and all (v, t) € T(x,)Co as well as
[Hess V] ((v.1). (v,1)) = f"(0) = [Hess V], (v.v) —=2VV (v) - ;

Here the expressions on the LHS always have to be interpreted as quantities on
the (n + 1)-dimensional manifold Cy whereas the expressions on the RHS are the
original data on the basic n-dimensional manifold M and
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v VSIIUIITY))
s) =V |ex - arctan . .
ror=v( px(uvurx st

For the particular choice of W(x,r) = —(N — n) logr, explicit calculations yield

VW ® VW} ((v.1), (v.1)) = —=(N —n) ||v|F,.

—-n (x,r)

1
Hess W —
[Hess W —

Hence, in the case when N > n, together with the identity from (i)

Ricgj;)l’V”LW((v,t), (v,1))

= Ric(x ) ((v.1). (v.1))

+ [Hess V+w)-— ﬁV(V + W) V(V + W)] ((v,1), (v,1))

(x,7r)

1
= Ricx(v,v) — (n — I)HUH%X + [Hess V- EVV ® VV] (v,v) — (N —n) ||v||%~x

X

= Ricy"" (v.v) = (V = D||v||3. .

The case N = n follows from an analogous computation and our definition of
N-Ricci tensor. In the case N < n, by definition Ric™" as well as RicV 1.V W
are —oQ. O

Theorem 5. Let be given a complete n-dimensional manifold M equipped with its
Riemannian distance d and with a weighted measure dm(x) = e~V ® dvoly(x)
for some function V : M — R. Then for each real number N > 1 the following
statements are equivalent:

(i) The weighted Riemannian space (M,d, m) satisfies the condition CD(N —
1,N).

(ii) The N-Euclidean cone (Con(M),dcon, My) satisfies the condition CD(0,
N +1).

Proof. Each of the CD-conditions under consideration will imply that dimys < N.
Hence, without restriction N > n.

(ii) = (i): The condition CD(0, N + 1) for the N-Euclidean cone (Con(M),
dcon, My ) implies that this condition holds locally on the punctured cone. For
this (incomplete) weighted Riemannian manifold, however, the local curvature-
dimension condition CD,,.(0, N + 1) is equivalent to nonnegativity of the (N + 1)-
Ricci tensor RicM 1Y +W on Co, see Lemma 4. Due to the previous Lemma 5(iii),
this implies Ricﬁ’v > N — 1. For the (complete) weighted Riemannian space
(M, d, m), the latter in turn is equivalent to CD(N — 1, N).

(i) = (ii): Let probability measures pt¢ and p; on Con(M) be given, absolutely
continuous with respect to my. According to Theorem 4, any optimal path
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measure v with marginal distributions (eg)«v = o and (e1)«v = p; will give
no mass to geodesics through the origin. In other words, v-almost every geodesic
will stay within the punctured cone Cy.

According to Lemma 5(iii), assertion (i) implies that the (N + 1)-Ricci tensor
RicV VW on the weighted Riemannian space Cy is nonnegative. Hence,
classical arguments based on Jacobi field calculus — exactly the same as used to
deduce Lemma 4 — will imply that (2) holds true with K = 0 for v-a.e. geodesic y

which remains within Cy. That is, CD(0, N + 1) holds true on Con(M). O

Corollary 1. Given a complete n-dimensional manifold M (equipped with its
Riemannian distance d and its Riemannian volume dm = dvoly) and a real
number N > 1. Then the following statements are equivalent:

(i) Ric> N —10onM, dimy; < N and diam(M) < 7 (the latter follows from the
Ricci and dimension bounds if N # 1);
(ii) The space (M, d, m) satisfies the curvature-dimension condition CD(N —1, N)
and diam(M) < m (which follows from the CD condition if N # 1);
(iii) The N -Euclidean cone (Con(M), dcon, My ) satisfies CD(0, N + 1).

Proof. The equivalence (i) < (ii) is well-known. Moreover, it is well-known that
foreach N > 1 the condition CD(N — 1, N) implies diam(M) < n. See Lemmas 3
and 4.

In the case N # 1, the equivalence (ii)) < (iii) for Riemannian spaces follows
from the more general assertion of Theorem 5 for weighted Riemannian spaces.
Indeed, the arguments there also apply to the case N = 1. It only remains to prove
that (iii) in the case N = 1 implies diam(M) < x.

Assume the contrary: i.e. M is a circle or an interval of diam(M) > . Then
there exist non-empty intervals I, J C M of length R > 0 such that d(x,y) > =«
forall x € I,y € J. Thusforall x € I,y € J and r € (0, 00) the origin O
will be the unique midpoint of (x, r) and (y, r) in Con(M). Moreover, for each pair
(x,5) € I x[l —¢, 1] and (y,t) € J x [l —¢, 1] in Con(M) the midpoint will lie in
the domain B, := (({ U J) x (0,¢]) U {O}.

Let o and g be the ‘uniform distributions’ on /¢ := I x [1 — ¢, 1] and let
Je :=J x [l —¢, 1], resp., i.e. duo = Celyp.dmpy, duy = Cely dmpy with

suitable C, > é. Then respectively their Renyi entropy satisfies

1

o o
—SN+1(olmMy) = =Sy+1(u1lmy) = Ce VFT < (Re)NFT = c e NFT,

On the other hand, the midpoint (/5 of o and pu; is supported on Be. Hence,
its Renyi entropy is bounded from below by the Renyi entropy of the uniform
distribution on Be:

1
Sn+1(12lmy) = Sy41(C.1p. my|my) = —C/ VFT = —¢'e.

Note that /™' = my(Be) = 2R - [§ rVdr = 2B N+

0 Nl . Thus, choosing €
sufficiently small we obtain
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1
Sn+1(p1y2lmy) > E(SN+1(Mo|mN) + Sn+1(p1lmy))

which contradicts the CD(0, N + 1) condition. O
Example 1. Let M = (\%Sz) X (%Sz).

(i) Then the Euclidean cone over M — more precisely, the metric measure space
(Con(M), dcon, my4) — satisfies the curvature-dimension condition CD(0, 5).

(ii) On the other hand, the Euclidean cone over M — more precisely, the metric
space (Con(M), dcon) — is not an Alexandrov space: the sectional curvature on
the punctured cone Cy is unbounded from below (and above) in any punctured
neighborhood of the origin 0.

Proof. (i) Given x,y € %SZ, let uy, u; be an orthonormal basis of 7 (%82)
and vy, v be an orthonormal basis of Ty(%Sz). Then an orthonormal basis
of Tix )M = TX(JLESZ) ® Ty(%gz) is given by {ity, itz, U1, U2} with ii; =
(ui,0) and v; = (0, v;). In this basis

Sec(x,y)(ﬁl, ﬁz) = 3, Sec(x,y)(ﬁl, l~)1) = 0, SeC(x,y)(ljll, 172) =0

and analogously for any other basis vector in the place of #;. Hence, in
particular,

RiC(x,y)(E, E) =3

for each § € {it1, it2, U1, U2} and thus for each § € T, ,)M.

(ii) Thus according to Theorem 5 the Euclidean cone satisfies the CD(0, 5)
condition.

(iii) Givenr > 0an orthonormal basis of T(x,,.»)Co = Tx(%Sz)@Ty(%SZ)GBR
is given by {ity. fi2, D1, D2, W} with il = 1(1;,0,0), 9; = 1(0,v;,0) and & =
(0,0, 1). In this basis

A 2 o 1
SeC(x,y,r)(I/ll,Mz) = -, SeC(x,y’,)(ul, U1) = -,
r r
1 4)
SeC(x,yr) (i1, B2) = T SeCx,y,r (i1, W) =0

and analogously for i, U1 or ¥, in the place of i;. Of course, this in particular
implies RiC(x,y,r)(£,&) = 0 foreach & € Ty, )Co, see Lemma 5. |
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3 Spherical Cones over Metric Measure Spaces

There are further objects with famous Euclidean ancestors — among them is the
spherical cone or suspension over a topological space M. We begin with a familiar
example: In order to construct the Euclidean sphere S"*! out of its equator S” we
add two poles . and ./ and connect them via semicircles, the meridians, through
every point in S”.

In the general case of abstract spaces M, we consider the product M x [0, 7] and
contract each of the fibers . := M x {0} and . := M x {7} to a point, the south
and the north pole, respectively. The resulting space is denoted by X' (M) and is
called the spherical cone over M.

Definition 4 (N -spherical cone). The N -spherical cone (X(M),ds, My) over a
metric measure space (M, d, m) is the metric measure space defined as follows:

(i) (M) :=M x [0, 7] / M x {0}, M x {x}
(i1) For (x,s), (x',1) € M x [0, 7]

cos (dx((x,s), (x',1))) 1= coss cost + sins sin7 cos (d(x, x") A 7)

(i) dmy(x,s) :=dm(x) ® (sin" sds).

For a nice introduction and detailed information about Euclidean and spherical
cones over metric spaces we refer to [2].

Lemma 6. Assume that diam(M) < n. Let y : [0,1] — X (M) be a non-constant
geodesic with endpoints yo = (xo,70) and y1 = (x1,r1) in X(M). If yy = & for
somet € (0, 1), then xo and x are antipodes in M.

Proof. Due to the definition of dy, it holds that ro = dx(yo,y:) = tdx(y0,y1)
as well as 1 = dx(yr,¥1) = (1 — 1)dx(yo.y1) and consequently, ry = %ro.
Inserting this equality into the expression for cos (rt_o) we obtain

cos (?) = cos (dx(yo, y1)) = cos ry cos (?ro) + sinrg sin (?ro) cos (d(xg, x1)) .

Since diam(M) < & by assumption, this leads to

cosag. ) = “LE =i ()
sin rg Sin (T”O)
_ cos () = 5 [eos (27 ro) + cos ()]

3 [cos (¥ r0) —cos ()]

_ 3 [cos (%) = cos (*7ro)]
3 [cos (27ro) — cos ()]

That is, d(xg, x1) = 7. O

=1
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Theorem 6. Assume that the metric measure space (M,d,m) satisfies the
curvature-dimension condition CD(N — 1,N) for some N > 1 and that
diam(M) < & (which follows from the previous condition if N # 1). Let v be any
optimal path measure on the spherical cone (X (M), dyx) satisfying (eg)«v < my.
Then v gives no mass to geodesics through the poles:

v(ly) =v(Iy) =0

where 'y :={y € '(X(M)) : y; € & forsome ¢t € (0, 1)} and analogously I
with A in the place of .

Proof. We follow the argumentation in the proof of assertion (iii) of Theorem 4.
Assume that v(I's») > 0. Then without restriction we even may assume that
v(I»») = 1. According to Lemma 7 below, for each r € (0, ) there exists at
most one point f(r) € M such that (f(r),r) € X(M) is the initial point g
of some geodesic y € supp[v]. Hence, po := (eg)«V is concentrated on the set
Cr:={(f(r),r) e XM): r € (0,m)}.

The curvature-dimension condition for (M, d, m) implies that m has no atoms
and thus

Mx(Cr) =0

which contradicts the assumption 1o < My. Hence, v(I'sr) = 0. Analogously, we
deduce v(I" 4) = 0. O

Lemma 7. Under the assumptions of the previous theorem, for every r € (0, 1)
there exists at most one x € M such that yy = (x,r) € X (M) is the initial point of
some geodesic y € supp[v] N .

Proof. Assume y,y’ € supp[v] N 'y with yo = (xo,r) and yy = (xg.7).
According to Lemma 6, the fact that y passes through the south pole implies
that y; = (x1,r1) with x; € M being an antipode of xg, i.e. d(xp,x1) = 7.
Similarly, y | = (x},r]) withd(xg, x]) = 7. The radii ry, r| are arbitrary numbers
in (0, 7).

By the very definition of dy, taking into account that the diameter of M is
bounded by 7,

2 2
dx(vo. v +dx(vo. 71
= arccos> [cos r-cosr| + sinr -sinr| - cos d(xo, x{)]
+ arccos’ [cos r-cosr; + sinr - sinry - Cos d(x(/), xl)]

) . . . .
< arccos” [cos r - cos r{ — sinr - sinr| | + arccos® [cos r - cos i — sin7 - sin 7]

=+ + 0 +n)’ =dhy) +dh0. )
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with equality in (x) if and only if d(xo,x]) = d(xg,x1) = 7, that is, if and only
if xo and x] are antipodes and x; and x; are antipodes. Therefore, dzz-cyclical
monotonicity implies xo = x;. O

From now on, let us again focus on weighted Riemannian spaces, that is, M is
a complete, n-dimensional manifold equipped with its Riemannian distance d and
with a measure dm(x) = e~ ™ dvolys(x). A crucial fact for our argumentation
is that the punctured cone Xy := X (M) \ {, 4} is given as a warped product
M incr)x (0, ) for which the Ricci curvature can be calculated explicitly.

Lemma 8. (i) The punctured spherical cone Xy is an incomplete (n + 1)-dimen-
sional Riemannian manifold whose tangent space T(x »y X at (x,r) € Xo with
x € Mand 0 < r < 7 can be parametrized as T(x 2o = TxM @ R and
whose metric tensor is given by | (v, t)||%~(x o = sin? r - ||v||%wr + 2 for (v,1) €
T(x,r) 0. Furthermore, we have the equalz:ty

Ric(, (v, 1), (v,1)) = Ricx(v,v) + (1 —ncos’r)- ||v||:‘}x +nt?.

In particular, Ric > n on Xy if and only if Ric > n — 1 on M.

(ii) Now let us consider the punctured N -spherical cone over the weighted
Riemannian manifold M. That is, given any real N > 1 put W(x,r) =
—(N —n)logsinr and V(x,r) = V(x). Then

Ric( " VY (. 1), (0.0)=N .0}, , = RicY” v.v)—(N-1)|v||7,.
)

In particular, RicV LV > N oon Xy if and only ifRiCN’V >N—-1onM

Proof. The formula for the Ricci tensor in (i) is well-known, see [12],
Corollary 7.43, or e.g. [13]. Note that

RiC(x,((v. 1), (v.1)) — Ricx (v, v) = (1 —ncos®r) - [v]|F, +nt?
=n .0l ,, — @1 vl
The proof of assertion (ii) follows the lines of argumentation in the previous case
of Euclidean cones — with appropriate modifications. For arbitrary V(x,r) = V(x)

and W(x,r) = W(r) as above (depending only on the radial coordinate r € R or
on the basic coordinate x € M, respectively) we have as before

[VV ® VWi (0.0). (0.0)) = VV2(0) - W'(r) -1
forall (x,r) € Yo and all (v,?) € T(x,) X0 and

VWeer(@.0) = H(0),  [Hess W],y (v,1). (v.6) = 1"(0)
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where now
h(s) := W (arccos [cos(r + st) - cos(s - sinr - |v]|T,)]) .
Moreover,

[Hess V], (v,2), (v,2)) = f"(0) = [Hess V], (v, v) —2VVx(v) - cot(r) - ¢

where
tan(sin(r) - s||v||T,)
=V . > .
16 = (o (o Sin(r + 1)
For the particular choice of W(x,r) = —(N — n)logsin(r), some lengthy

calculation yields

[Hess W — ﬁVW ® VW] ((v,1), (v,1)) = (N —n) [t* = cos*(r) ||v||2TV]
- (.r) :

= W =n[le.ol,, - IvE].

Hence, together with the identity from (i)

RicY T (v,1), (v,1))

(x,r)

= Ric(x,r) ((U, t)v (U, t))

+ [Hess(V +W)— ﬁV(V +W)QV(V + W)} ((v.1), (v,1))
- (x,r)

= Ric,(v,v) +n[|(v, )7, — (= DIz,

1 2 2
n [HessV -V vv] (v,v) + (N —n) [||(v,t)||T(m _ ||u||,x]

X

= Ric)" (v.v) = (N = Do}, + N [@.D]F,,,- O

Theorem 7. Let be given a complete n-dimensional manifold M equipped with its
Riemannian distance d and with a weighted measure dm(x) = e~V ® dvoly(x)
for some function V. : M — R. Then for each real number N > 1 the following
statements are equivalent:

(i) The weighted Riemannian space (M, d, m) has diam(M) < & and satisfies the

condition CD(N — 1, N).
(ii) The N -spherical cone (X (M), dx, my) satisfies the condition CD(N, N + 1).
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Proof. This is essentially the same argumentation as in the proof of Theorem 5, now
with Lemma 8 instead of Lemma 5. Again we may assume without restriction that
N >n.

(i) = (ii): Let probability measures po and @1 on X'(M) be given, absolutely
continuous with respect to My. According to Theorem 6, any optimal path
measure v with marginal distributions (eg)«v = o and (e1)«v = p; will give
no mass to geodesics through the poles. In other words, v-almost every geodesic
will stay within the punctured cone X.

Accordinug/ to Lemma 8, assertion (i) implies that the (N + 1)-Ricci tensor
RicY LYW on the weighted Riemannian space X is bounded from below by N.
Hence, classical arguments based on Jacobi field calculus — exactly the same as
used to deduce Lemma 4 — will imply that (2) holds true with K = N for v-a.e.
geodesic y which remains within Xy. That is, CD(N, N + 1) holds true on X'(M).

(iiy = (i): First the curvature-dimension condition CD(N, N + 1) for the
N -spherical cone (X(M),dy, My) implies that this condition holds locally on the
punctured cone ¥y. For this (incomplete) weighted Riemannian manifold, however,
the local curvature-dimension condition CD,,.(N, N + 1) is equivalent to the bound
RicVt1LV+W > N for the ‘SN + 1)-Ricci tensor on Xy, see Lemma 4. Due to
Lemma 8, this implies Ricf\X’ > N — 1. For the (complete) weighted Riemannian
space (M, d, m), the latter in turn is equivalent to CD(N — 1, N).

Finally, in the case N = 1 it remains to prove that (ii) implies the diameter bound
diam(M) < . This can be achieved by means of a straightforward adaptation of
the argument from the proof of Corollary 1. O

Corollary 2. The n-spherical cone (X (M), dx, v) over a complete n-dimensional
Riemannian manifold (M, d, vol) satisfies CD(n,n + 1) if and only if Ric > n — 1
on M and diam(M) < .

Theorem 7 allows to apply the Lichnerowicz theorem [8] in order to obtain a
lower bound on the spectral gap of the Laplacian on the spherical cone:

Corollary 3 (Lichnerowicz estimate, Poincaré inequality). Let (X(M),dx,m,)
be the n-spherical cone of a compact n-dimensional Riemannian manifold
(M, d, vol) with Ric > n — 1 and diam(M) < n. Then for every f € Lip(X'(M))
Sulfilling fE(M) f dmy, = 0 the following inequality holds true:

s < e [ (v rpam,.
(M) Z(M)
The Lichnerowicz estimate implies that the Laplacian A on the spherical cone

(X (M),dx, m,) defined by the identity

f'Agdrﬁn:—/ Vf-Vgdm,

Z(M) Z(M)

admits a spectral gap A1 of size at least n + 1,
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A >n+1.

An analogous statement — with N in the place of n — holds true for the Laplacian
on the N-spherical cone over a weighted n-dimensional Riemannian manifold
satisfying RicV'V > N — 1.

Extension to (x, N)-Cones

Let us finally mention that there is a canonical extension of the concept of cones
which covers both, the Euclidean cones and the spherical cones.

Definition 5. Given a metric measure space (M, d, m) and numbers k e R, N €
(0, 00) we define the (k, N)-cone over (M, d, m) to be the metric measure space

(M, d, m) with

i) M:=Mx[0,00)if & < 0and M := M x [0, 7/ /x] if k > 0 where all the
points (x,0), x € M, have to be identified as well as — in the case k > 0 — all

the points (x, 7//x).
(ii) For (x,s),(y,t) e M

d((x,5), (,0)) 1= 6" (6e(5) - Get) + K - Fe(5) - Fie(1) - cos (d(x, y) A 7))

(6)
where
Ge(r) = cos(vkr), Se(r) = 1 sin(v/k r)ifk >0 and
NG
(r) = cosh(v/—«kr), F(r) = \/l__K sinh(v/—« r) if k < 0.

In the case k = 0, the metric d will be defined as in Definition 3. Indeed, the
formula (6) leads in the limit ¥ — 0 to the definition of dggn.
(iii) dm(x,s) 1= dm(x) ® (L (s)Nds).

The metric space (M, d) obtained as such a cone over a metric space (M, d)
is discussed in detail in [2]. In the case k = O it is simply the Euclidean cone
and in the case k = 1 it is the spherical cone. In the case k = —1, the cone is
also called hyperbolic cone based on (M, d). Without too much effort, our previous
results extend to the general case of («, N )-cones over weighted Riemannian spaces
(M, d, m). Indeed, the case ¥ > 0 is just a rescaling of the case x = 1. Replacing
all sin and cos by sinh and cosh (e.g. in Lemma 8) allows to switch from the case
k > 0to the case k < 0.
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Theorem 8. Given a complete n-dimensional manifold M equipped with its
Riemannian distance d and with a weighted measure dm(x) = e~V ® dvoly(x)
for some function V. : M — R. Then for all k € R and N > 1 the following
statements are equivalent:

(i) The weighted Riemannian space (M, d, m) has diam(M) < & and satisfies the
condition CD(N — 1, N).
(ii) The (k, N)-cone (M, d, m) satisfies the condition CD(x - N, N + 1).

Acknowledgements The second author would like to thank Jeff Cheeger for stimulating discus-
sions during a visit at the Courant Institute in 2004, in particular, for posing the problem treated in
Theorem 1, as well as for valuable remarks on an early draft of this paper.
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A Monotone Approximation to the Wasserstein
Diffusion

Karl-Theodor Sturm

1 Introduction and Statement of the Main Results

The Wasserstein space &?(M ) on an Euclidean or Riemannian space M — i.e. the
space of probability measures on M equipped with the L?-Wasserstein distance
dw — offers a rich geometric structure. This allows to develop a far reaching
first order calculus, with striking applications for instance to the reformulation of
conservative PDEs on M as gradient flows of suitable functionals on &?(M), see
e.g. [1,7,11]. A second order calculus was developed in [12] in the particular case
of a one-dimensional state space, say M = [0, 1], based on the construction of a
canonical Dirichlet form

Bor.n) = [ (Duo). Do)z dP 40 0

with domain D C L2(Z2,PP). Here Du denotes the Wasserstein gradient and P#
a suitable measure (“entropic measure”). Among others, this leads to a canonical
second order differential operator and to a canonical continuous Markov process
(ie)e>0, called Wasserstein diffusion.

The goal of this paper is to derive approximations of these objects — Dirichlet
form, semigroup, continuous Markov process — on the infinite dimensional space
& = Z([0,1]) in terms of appropriate objects on finite dimensional spaces. In
particular, we will approximate the Wasserstein diffusion in terms of interacting
systems of Brownian motions.
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For each k € N we consider the strongly local, regular Dirichlet form (&%, %)
on L2(RF, p,f dx) defined on its core €' (R¥) by

&WU, V) =k / VU(x) - VV(x) pb (x) dx. )
Rk
The density
r(p)ef g
AR = R

M TVi—1

Xk x K Vi=vi—1 [ Xi — Yi—1 Blk—1 —2i Bk
. e l_[ —Zj 'Zl'
Xk—1 X1 0 Vi = Yi—1

i=1

(=) OB (g — gy ) P2

Zi

. (COS(n’Zi,B/k)—% sin(rz; B/ k) - log ) dzi:| dyi...dyr—

11—z

(where yo := 0, yx := 1) is continuous, positive and bounded from above by

k
C-[xi(1— xk)]ﬂ/(2k)—1 . 1_[ (xi — Xi—1)ﬂ/k_1

i=2
on the simplex Xy := {(x1,...,x) : 0 <x; <...<xg < 1} C R¥ and vanishes
on RF \ Xy.
The strong Markov process (X¥);o = (X,k’l, cee X,kk) o associated with
>

the Dirichlet form (&, Z ) is continuous, reversible and recurrent. At least on those

stochastic intervals for which X¥(w) € X, it can be characterized as the solution
to an interacting system of stochastic differential equations

; dlog pP

dxk = ik 08 P

- (X{‘)dt+¢2kdwﬁ, i=1,...k 3)

for some k-dimensional Brownian motion (W} );>o.

In many respects, an alternative representation for (1) is more convenient. The
map y : g > g«Lebl[o,1] establishes an isometry between the set & of right
continuous increasing functions g : [0, 1) — [0, 1] and &?. Here ¢ will be regarded
as a convex subset of the Hilbert space L2([0, 1], Leb). The image of the form (1)
under the map y~! : & — ¥ is given by the form (E, D) on L?(¢, Q#) with

E(u,v) = L (Dug). Du(g)) dQP (g) 4
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where Du denotes the Frechet derivative for “smooth” functions u : ¢ — R and Qﬁ
is the well-known Dirichlet-Ferguson process with parameter measure 8 - Leb|[o, 1.

Theorem 1. (i) For each k € N the Dirichlet form (&, Zx) on L*(R¥, pf dx)
is isomorphic to a restriction (E, D) of the Dirichlet form (IE, D) on the space
L2(L2%([0, 1], Leb), QP). The isomorphism is induced by the embedding

of R¥ into L2([0, 1], Leb) (and of T into 4).

(ii) The semigroup Tf associated with (E, D) is given explicitly in terms of the
semigroup T,k of the Dirichlet form (&, Zx). If g = t(x) for some x € RF
then

TFu(g) = T}U(x)

withU :=uout.
(iii) The strong Markov process (gf)tzo on Y associated with (E, Dy) is given by

k
k _ ki ) )
& = ZXz : 1[%,@

i=1

if go = t(xo) and if(X,k),Zo denotes the Markov process on R¥ associated
with (&, Dx) with initial condition X¥ = xo.
(iv) A strong Markov process (,ui‘),zo on & (not necessarily normal) is defined by

k
1
= (k) Lo = L S
i=1

that is, as the empirical distribution of the process (X,k),zo. It is continuous,
recurrent and reversible with invariant distribution ]Pf =( g)*m,é obtained
as push forward of the measure mf (dx) = ,05 (x)dx under the embedding
1 k
Ly . X —> P, x'_)szi'

i=1

Theorem 2. (i) The domains Dy« are increasing in k € N with D = U D2,
Therefore,

(E,Dyx) — (E,D) in the sense of Mosco
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and, hence, for the associated semigroups and resolvents
2k 2k ) B
Ty — Ty, G, — Go stronglyin L*(¥4,QF) ask — oc. (&)

(ii) For the associated Markov processes on & starting from the respective
invariant distributions we obtain convergence

(Msz)tZO — (U)o ask — oo (6)

in distribution weakly on € (R4, ).

A closely related approximation result has been presented by Andres and von
Renesse [2]. Their finite dimensional objects are more explicit; the convergence
issues in their approximation, however, are quite delicate.

2 Dirichlet-Ferguson Process, Entropic Measure
and Wasserstein Diffusion

2.1 The Dirichlet-Ferguson Process

Let ¢ denote the space of all right continuous nondecreasing maps g : [0,1] —
[0,1] with g(1) = 1. We will regard ¢4 as a convex subset of the Hilbert
space L2([0, 1], Leb). The scalar product in L2([0, 1], Leb) will always be denoted

by (., .).

Proposition 1 ([4]). For each real number B > 0 there exists a unique probability
measure QP on 4, called Dirichlet-Ferguson process, with the property that for
eachk € Nand eachfamily0 =tg <t <trp < ... <tp_1 <t =1

@B (gtl €dxi,....8y_, € dxk—l)

k
I r(g(/it) 1 ))H(xf—Xf—l)“"("'"f*”“dxl...dxk_1
i=1 i —ti-1)) =

(N

with the convention xo = 0 and x; = 1.

The Dirichlet-Ferguson process can be identified with the normalized distribution

of the standard Gamma process (y;):>o: For each B > 0, the law of the process
%)te[o,l] is the Dirichlet-Ferguson process QA.

Recall that a right continuous, real valued Markov process (y;):>0 starting in
zero is called standard Gamma process if its increments y; — y; are independent and
distributed for 0 < s < ¢ according to G;—s(dx) = ﬁl[o,m)(x)x’_s_le_xdx.

In [12] as well as in [13] a change of variable formula (under composition) has
been derived for the Dirichlet-Ferguson process.
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2.2 The Dirichlet Form on ¢

Let ¢1(¥) denote the set of all (‘cylinder’) functions # : ¢4 — R which can be
written as u(g) = U ({g,¥1),...,{g. ¥»)) withn € N, U € €'(R",R) and
Y1..... ¥ € L%(]0, 1], Leb). For u of this form the gradient

Du(g) =Y 0:U (V1) (g ¥n)) - ¥i ()

i=1

exists in Lz([O, 1], Leb) and

1
IDu(g)|? = /0

For u, v € ¢€1(¥4) we define the Dirichlet integral

2

YU (g ¥1)s- - (& ¥n)) - Yils)| ds.

i=1

E(u,v) = /g (Du(g). Du(g)) A0 (g). ®)

Theorem 3 ([12] Theorems 7.5, 7.8, [3]).

(i) (E,CY(9)) is closable. Its closure (E, D) is a regular, strongly local, recurrent
Dirichlet form on L*(4,QP).
(ii) The associated Markov process (g¢)i>0 on ¢ is continuous, reversible and
recurrent.
(iii) The Dirichlet form (E,D) satisfies a logarithmic Sobolev inequality with
constant %

2.3 The Dirichlet Form on the Wasserstein Space

Let & = £(]0, 1]) denote the space of probability measures on the unit interval
[0,1]. The map y : ¥4 — &, g > g«Leb|[o,1] establishes a bijection between ¢
and . The inverse map y ™' : & — ¢, | > g, assigns to each probability
measure (4 € & its inverse distribution function defined by

gu(?) :=inf{s € [0, 1] : n[0,s] > ¢}

with inf @ := 1. The L2-Wasserstein distance on & is characterized by dw (i, v) =
lg. — gvllz2 forall u,v e 2.

The entropic measure PP on 22 = (|0, 1)) is defined as the push forward of
the Dirichlet process Qf on ¢ under the map .
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Corollary 1 ([12] Theorem 7.17). The image of the Dirichlet form defined above
under the map x is the regular, strongly local, recurrent Dirichlet form E 4 on
L2(2,PP), defined on its core 31 (P) by

Borw.) = [ (Dut) Do)z dP 0. ©

The associated Markov process (Wt)i>0 on P, called Wasserstein diffusion, is
given by

w® = (8{”)uLebljo,1).
Here 3!(2?) denotes the set of all functions u : & — R which can be written

asu(p) =U (fol Uidu, ..., fol lI/ndp,) with some n € N, some U € € (R") and

some ¥1,..., ¥, € €'([0,1]). For u as above we define its ‘Wasserstein gradient’
Du() € L*([0,1], i) by

Du(u) =Y 9 U([Wrdp..... [Wudp) ¥ ()

i=1
with norm

> 1/2

D oU( Wdp. ... [Vadp) - ]| du

i=1

1
1 Du() 1200 = /0

Recall that the tangent space at a given point © € 2 can be identified with

L2([0, 1], p).
The analogue to (9) on multidimensional spaces has been constructed in [10].

3 The Distribution of Random Means

Let mf = ¢4IP# denote the distribution of the random variable ¢ : jt fol xdp(x)

which assigns to each probability measure p € &7 its mean value (random means of

the random probability measure PP). Actually, m{} coincides with the distribution

of the random means of the random probability measure Q#, that is, m{} = Z‘ «QF
where £ : g > fol t dg(t) assigns to each function g € ¢ the mean value of the
probability measure dg.

Indeed, integration by parts yields fol tdg(t) = fol(l —g@)dt = fol(l —Xx)
du(x) for u = g«Leb. Due to the symmetry of the entropic measure under the

transformation x + 1 — x the distribution of fol (1 — x)du(x) coincides with m{} .
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Fig. 1 Graph of d4(x) for B = % (in blue) and é (in red). The dashed lines represent the graph
of 13(x) =[e-x(1—x)]?

The law of the random means of the Dirichlet-Ferguson process is a well studied

quantity, see e.g. [6]. Let &g be the distribution function of mlf . For simplicity, we

will restrict ourselves in this section to the case 8 € (0, 1). The following result can
be found e.g. in [9], Propositions 8 and 3.

Lemma 1. ®g admits the following representations

o) 1
Op(x) = % + %/o exp (—%/0 log[1 + 1*(x — y)?] dy)

dt
t

- sin (,3 /01 arctan [ (x — y)] dy)

and

ef x ,
Opx) = %= [ (= Py (= )P sinnfy) dy.

Proposition 2. The measure mlf is absolutely continuous with density ¥g = (Og)’

given by (Fig. 1)

9g(x) = Bef /x(x — )Ly By (1 = )P0
’ (10)

1
. [cos(nﬂy) - sin(zBy) - log T fy:| dy.
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Proof. The proof requires some care since we are interested in the case 8 < 1. Put

B
n(y) = ;—n Y7 (1 = y) O sin(wBy)

in order to obtain

Op) =8 [ =yl ardy = [y -y
Differentiating the latter yields (since n(x — y) \(O0fory /' x)

000 = [ Sty = [ a-nP e Gay,

Moreover, calculating " gives

) =y )P0 Jcostnpy) = sintepy) - log

This proves the claim. O
Proposition 3. The density 9 : [0, 1] — R has the following properties

(i) O is symmetric, i.e. ¥(x) = (1 — x);
(ii) ¥ is continuous on [0, 1] and €*° on (0, 1);
(iii) ¥ > 00on (0,1) and ¥(0) = ¥(1) = 0;
(iv) z‘}(x)/l?(x) — lasx — 0orx — 1 for ﬂ(x) =le-x(1—x)?;
(v) 3C > ¢ >0, eg c=cos(nf/2) and C = 48[l + B/e], s.1. for all x € [0, 1]

e (x) < ¥(x) < COH(x). (11)

Proof. (i) Is proven in [9], Proposition 6. It also follows immediately from
formula (12).

(i) The smoothness inside (0, 1) follows from the representation formula in the
previous Proposition. Continuity at the boundary is a consequence of the
estimates in (iv).

(iii) Is a consequence of (v).

(iv) Using the notations from the proof of the previous Proposition and the fact that

n'(y) — e as y — 0 we obtain

D(x)
(e 'x)ﬂ (e- x)ﬂ

/(x E Tl dy —/ (—y)ftdy = 1

as x — 0. Combined with the symmetry (i) this proves the claim.
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o(t)

1

:ﬁ|
e
—

Fig. 2 Graph of @,Ei)(t)

(v) A lower estimate of the form

9 (x) > (e x)? - cos(zB/2)

for x < 1/2 follows from the estimate 7' (y) > e® - cos(f/2), which is valid
for all y < 1/2. On the other hand, the estimate

n’(y)s(2e>f’-[cos(nﬂy)—lsin(nﬂy>-log > }5(2e)f’-[1+ﬁ]
b4 1—y e

again valid for y < 1/2, implies

B(x) < (2ex)? - [1 + g}

for all x < 1/2. Due to the symmetry of ¢ this proves the claim.
Remark 1. Forall x € (0,1)

(i) Og(x) > xand ¥g(x) > las B — 0
(i) Og(x) > - L3y (0) + 1y y(x) as B — 0.

4 The Measure mf in the Multivariate Case

From a technical point of view, the main result of this paper is the identification of
the distribution of the random vector

1 1
Fi(g) = (/ 4>,§1’dg,...,/ 4>,§")dg) (12)
0 0

under Qf where (Fig. 2)
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_ 1, fort € [0, & k i1
(1) := { i —kt, fort € [, L] (13)
0, fort e [k, 1].

Note that integration by parts yields

i~

k

/ o sy =k [ gar
0
foralli =1,...,kand all g € 4. Put

hom ().

Theorem 4. Forany 8 > Oandk € N, k > f, the measure m,é on R¥ is absolutely
continuous. The density is strictly positive and continuous on the simplex

= {(x1,....xx):0<x; <...<xp <1} CRF

and vanishes on RF \ Xy. For x € Xy it is given by

pf(xl,...,xk) (14)

__T® [* [19 — Vi 1). R B/k—z]d 4
F(ﬂ/k)k/xk /x 1_[ ﬁ/k(y — ) Vi 1 dyg_y

I =1

(Where yo := 0, yx := 1) with g as defined in (10).

Proof. Let us start with the simple observation that

v () 6) o

1 1 .
)} ' /0 (=03 (1)

with
s s - ()
gi(t) == ; p
g(g)—¢ (%)
Now the crucial fact is that, conditioned on (g (%) R ( )) the processes
(& (1))¢efo,1; for i = 1,...,k are independent and distributed according to

QA/k_ (This can be deduced from the explicit representation formula for the finite
dimensional distributions (7), see also [12], Proposition 3.15) (Fig. 3).
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g(t) g(t)
1+ /_,://,4, -
-
o /
”
| -
/\
+ } }
T s 1 t 1 t
QP-distributed (g(t))sejo.1) QP=n)distributed (§(t))ec(o.1]

gr+i(s—r) —glr)

Fig. 3 Picture of the transformation g(¢) =
g(s) —g@r)

Moreover, according to Proposition 2 the distribution of fol (1 —1)dg;(t) for
QPA/k _distributed (g; (#))¢efo,17 1s given by dml/ (x) = gk (x)dx.
Finally, the distribution of the random vector (g (%) R (Tl)) is given

explicitly by the Dirichlet distribution, see formula (7).
Putting these informations together we obtain for each bounded Borel function
U on R¥

=1,

:%/&_1 {/ v ((y,1+ y,-_l]-/ol(l—t)dgi(n)i_l k)

.....

k
a1 gy d QP (@) | TT i = yi0 Pt dyy ey
i=1

_ e
" TG/RF z[/ 0 i+ b il im0

k k
[19/xGda ...dz;c} [T i =y ¥ dyr . dypy

i=1 i=1

_ %/&(_1 [/yi /y (()i=1,...k)
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k
[ _
l_[ [%/k (l—yll) (i = yi—)PlE 2] dxl,-~-dxk:| dyy...dyg—1
Pl Yi = Vi—1
r & 2
:i)k/ [/ / U ((xi)i=1,..k)
rB/k)yc Jz, Lxp_, *1
k
[ _
I [79ﬁ/k (#) (i = yi-n)P 2] dyl,...dyk_l} dry ... dr
i Yi = Vi—1

/2 U(xl,...,xk)~p£ (X1, ..y Xg) dxy ... dxg
k

with ,o,f as defined above (and always with yp := 0, yx :=1).
The continuity and strict positivity of p,f on X} follows from the explicit

representation formula and from the fact that ¢g, is smooth and > Oon (0,1). O
Remark 2. The densities ,o]f have the following hierarchical structure:

Pl (xi,xa, ) = 2F /k o =€ X1 +EL = e+ E)dE L d g
R
(15)

This is of course a consequence of the fact that they are obtained via projection from
the same measure Q’S and that

O _ 1 (pei-n | geb
P = 5( 2w TP )

forallk € Nandalli = 1,...,k. Thus forall U on R¥

B _ Y1+ y2 Yok—1t Y2k \ B
/Rk U(x)pk(x)dx—/RZkU( R 3 )ka(y)dy

= /Rk U(x) [Zk /Rk pfk(m —ELx1+E X — &L Xk + E)dE ---dék] dx.
Proposition 4. (i) There exists a constant C = Cg . such that for all x € X.:

k
et xk) < C- [ (1 = x0T (i = xi)P/*71 . (16)
=2

(ii) Foralll € {1,...,k — 1} there exist continuous functions y1 > 0 on X; and
y2 > 0 on Xy _; such that
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P = i x) v e - (g — xR

forall x € Ty with |x;41 — x| < min{|x; — x|, |x742 — X411}

Proof. (i) Using the fact that 94,5 < C and the trivial estimate

(a+b) P <27P.a7P2.p=PI2(Ya b, p > 0)

we obtain

PR (X1, xp)

F X2
=ct F(,B(/ﬂk))k/ / l—[(y’ Yi— 1)ﬂ/ 2dy1 cdYr—1

*1oj=1
I'(p) _
< Ck . . zﬂ 2k (y —x )ﬂ/(Zk) 1
T N

(i = yim)PICOT  ayy L dye

5 k-1
o b ol B GRRE a

k
T G = ximn)P/E

=2

(ii) We assume k > 28 and2 <[ < k—2.(Thecases! = land! = k — 1

require some modifications.) Fix x € X} as above and put § := |x;4+1 — x;].
In the representation formula (4.3) for p,f: , restrict the interval of integration for
dy;—1 from [x;_q, x;] to [x; — 28, x; — 4] and that for dy; 1 from [x;41, X742]
to [x;41 + 8,x;41 + 28]. Moreover, use the lower estimate (11) for the
gk ( Ltz ‘) fori € {{,] + 1} to obtain the estimate

YVi—1

p,f(xl,...,xk)

Xj—1 px;=8 pxj41 pX141+28 pxi43 Xk
2 C ./ / / / / / . ./‘
X1 X/ x;—268 Jx; Xi41+6 X, x

1+2 k—1

e (9070 (22221) - i = mienPH2]

ie{l,.. I—1}Ull+2,..., Vi1

o =y D%y = xpPTR gy — PR gy = x e )PR
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= 71— PR =y PR 2 dyy L dye .

Here and in the rest of the proof C always denotes a constant > 0 changing
from line to line. Now we use the lower estimates

(= y—)PTR = 8PIR (y —xp ) PTE = 8PTE
01 =) P2 = a2 (g -y TP = )P,

)3/k

11—y % > =y o iz =21 DPR = ra — i DPE,

and
Xi—1 —YVi-2 Xl—1 — Vi-2
bl Yi-1 = )i bl Xl —)i—2
X — —X
ﬁﬁ/k( 142 YI+1) > 19/3/1( (YI+2 l+2)
Vi+2 — Vi+1 YVi+2 — Xi+1

valid for all y;_1, y;, y+1 in the restricted domains of integration. Moreover,
we put

X2 xpoq 122
ne...x) _/ / H[l’ﬁ/k( — 1)-(yi—yi—1)'3/"‘2]~

X|—2 Yi =i

Xj_1—yi—
Op/k (M) g =y R dy o dy
Xl = Y-

and similarly

XI4+3 Xk
Vo(Xi 41, -, Xr) :=/ /
X42 Xk—1

9 (yz+z — X/ 42
RUPPN s 3
Yi42 — Xi+1

1_[ |:19ﬂ/k (XI — yl ) (i — yi—l)ﬁ/k_z] :

=43

) 42 — x40 K dye—r . dyi4o.
Then we obtain

pg(xl,H.,xk)

> (7-y1(x1,...,xl)~y2(xl+4 ..... xk)-

x1—8 x4 X741+268
54 / / / 1 =xp)PT % Gy = yp)PT R dy ydygdy 4
X X Xj41+6
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= C~yl(xl,...,xl)-yz(xl+1,...,xk)-82ﬁ/k—1.

This proves the claim. O

Remark. We do not know whether the exponent 28/k — 1 in the previous lower
estimate can be improved to 8/k — 1. In the upper estimate, the exponent 8/k — 1
is certainly optimal.

5 Projections, Isomorphisms, Approximations

5.1 Finite Dimensional Projections

For each linear subspace H C LZ2([0, 1], Leb) let Qf}{ (¢) denote the set of all
functions u : 4 — R which can be written as u(g) = U ((g,¥1),....,{g, ¥n))
withn € N, U € %I(R",R) and ¥1,...,¥, € H. Moreover, let Dy denote
the closure of Qf}{ (¢4) in D = Dom(E) w.r.t. the norm (E + ||_||2LZ(Q5))1/2, Then

(E.Dg) is a — not necessarily densely defined — Dirichlet form on L2(¥, Q#).

More precisely, let Vg denote the closure of Dy in Lz(% , Qﬁ ). Then (E,Dg)
is a closed quadratic form in Vg. As usual, there exist a strongly continuous
semigroup (’I[',H )i>0 and a resolvent (Gf )a>0, both consisting of Markovian
operators on V. Let g : L2(¥4,QPF) — Vg be the orthogonal projection onto
the closed linear subspace V. Then a semigroup on L2(¢, QF) — not necessarily
strongly continuous, however — can be constructed by

TH .= TH o 7y. (18)

The projection 7gu of u € L?*(%,QF) can be characterized as the conditional
expectation

Aruie) = | u@ @ @EHE.0) = (g} forall € H))
of the random variable u : g > u(g) on ¢ under the condition

1{g.¢0) = (g. ) forallp € H}.

5.2 Monotone Convergence

Let (H(k))xen be an increasing family of linear subspaces with L2([0, 1], Leb) =
U H(k) and define Dy k) as above. Then Dy / with |, Dgg) = D. In
particular,

(E,Dg®)) — (E,D) in the sense of Mosco for k — 0.
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Hence, if ’ﬁ‘,H ® and @5 ®) denote the semigroup and resolvent operators on
L2(¥4,QP) associated with (E, D H(k)) and if T; and G, denote the corresponding
operators associated with (E, D) then

TH® _, ,, GH® _ G, stronglyin L2(%,QF) as k — oo,

cf. [8].

5.3 Isomorphisms I

Let H be finite dimensional with basis 77 = {¢™1, ... ¢® and consider the map

jyg : L%([0,1],Leb) —» R¥, g ((g,(p(l)), {8 (p(k))) .

Its restriction to H — denoted by _#» — is a vector space isomorphism with
IA R¥ - H, x> Zﬁj=1 x,-c'lglfpfj) where (a;l) denotes the inverse of
the matrix (a;;) defined by a;; = (9D, D). This map induces an isomorphism
between €1 (Rk) and Qf}{ (9):

-1
uo 7 5

U=
Ue? (RF) <5 uech®@).

Let mggj denote the distribution of the random vector ((g,¢V),...,(g,9®)),
that is, mﬁf = (/ﬁi#)*(@ﬁ and define a pre-Dirichlet form on L2(R¥, mﬁf) =
{uo/ﬁj}l : MGVH}by

k
En(U.V) = ay /Rk 9;U(x)d, V(x) dmP,(x) (19)

i,j=1

for U,V € €(R¥). This form is closable — since the closable form (E, €}, (%))
is isomorphic to it — with closure being a strongly local Dirichlet form on

L2(R¥, m”,) with domain
Dy = {uo/ﬁj}l T u G]D)H}
and with
En(U.V)=EU o fn.Vo fx)

for U,V € Dp, cf. [5].
Let (T7);>0 denote the semigroup associated with (&, Z.). Then for all
ueVy C L*(¥,QP)
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T = (1770) () (20)

with U € L2(RF, m”,) such thatu = U o _f .

5.4 Standard Approximations

For each k € N let us from now on fix the linear subspace H (k) C L2([0, 1], Leb)

spanned by the orthogonal system 7’ (k) = {qo,(cl), e, (plgk)} with

o (1) =k 1= 4 (0).

i=1i
k k
To simplify notation, write m,f, BNR T,k etc. instead of mgf(k), Iy Erni)
Tﬁf(k) .
; , respectively.
Note that in this case

1 1 1 1
A . k _ 6)) (k)
Ik(g) = (k/o g(l)dt,...,kﬁil g(t)dt) = (/0 @, dg,...,/o ?, dg)

k

with @,Ei) as introduced in (13). Hence, the measure mf = (jk)*Qﬁ on
R* coincides with the measure investigated in detail in the previous chapter. In
particular,

dmP (x) = pP (x) dx

with p,f given by formula (14). Recall that p,f is continuous and > 0 on the open
simplex X C R¥ and that it vanishes on R \ X.

The Dirichlet form (&, Zx) on L2(R, p,é ) is given explicitly on its core
¢ (RF) by

&WUV) =k /R VUW) - VV () dm? (x) @1

with VU denoting the gradient of U on R¥. If we regard it as a Dirichlet form on
L*(Xy, ,05) then it is regular, strongly local and recurrent. (Indeed, {M|Tk tu €

€' (R¥)} is dense in €(Zy) as well as in Z. Strong locality and recurrence is
inherited from (E, D).)
The semigroup (Ttk )¢>0 associated with (8, Z) can be represented as
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Tku(x) = E, [u (X,k )] (22)

(for all Borel functions u € L?*(X}, ,o]f ) and a.e. x € Xy) in terms of a strong
Markov process

(X5)150 = (th’l, . ..,X,k’k)

t>0

with state space Xy, defined on some probability space (£2,.7, Px)xefk and

canonically associated with (&%, Zx). This process is continuous, recurrent and

reversible w.r.t. mf . At least on those stochastic intervals for which X tk (w) € X it
can be characterized as the solution to an interacting system of stochastic differential

equations

. dlo p .
axki = k agpk (X{‘)dt+v2kdwg, i=1,... .k (23)

Xi

for some k-dimensional Brownian motion (W;);>o.

5.5 [Isomorphisms I1

Let % = ¢ N H(k) denote the subset of those g € ¢ which are constant on each
of the intervals %, IF) fori =1,...,k. Then

k
ST G x e Y i g

i=1

is a bijection. It maps the strong Markov process (th)tzo on X onto a strong
Markov process (gf )¢>0 on % with

k
g w) = 7! (th(w)) =3 X @) T g (24)
i=1

: @) .
Now recall that the Hilbert space Vj := €; (%) coincides with

{Uofk: U eLZ(Rk,mﬁ)}.

Hence, (20) together with (22) and (24) imply
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T u(g) = E, [u (gf)] =E /() |:u (zk: xki. 1[71,1{))] (25)

i=1
for all Borel functions u € Vi and a.e. g € ¢. Finally, according to (18)
k
TFu(g) =E s0) [uk (Z X 1[f,{1,]¢))} (26)
i=1

for all Borel functions u € L?(¥,QF) and a.e. g € ¥ with up = #xu being the
projection of u onto V. (or, in other words, the conditional expectation of u).

This process canonically extends to a — not necessarily normal — strong Markov
process (gf),zo on ¢, projecting the initial data by means of the map

= I o GG, g — Zg(p,(c’) (’).

1—1

5.6 Isomorphisms IT1

Let &7 denote the subset of & € &2 which can be represented as y = % Zle 8x;
for suitable x1,...,xx € [0,1]. The maps x : % > P and Iy 1= Ji o 1!
P — X establish canonical isomorphisms. The inverse of the latter

k
1
-1 .
A % Z 8x;
i=1
defines the canonical embedding of X into 2. On the other hand, the map
jk = jkox_l 39—>fk

can be characterized as follows: Each u € & can be represented uniquely as the
sum u = %Zf;l Wi with probability measures u; supported on [y;_1, y;] for
suitable 0 < y; < ... < yr =< 1. (Indeed, y; = inf{t > 0 : u([0,7]) > £}
foreachi = 1,...,k.) Then

Te() = (X1, ..., X%)

with x; = x fo t d;(t) being the mean value of the probability measure p;.
In particular, the projection 7 = .7 ! o Iy 1 P — Py is defined by
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Let (Mf)tzo be the image of the strong Markov process (gf)tzo under the
bijection y : g > g«Lebl[o,1]. Then

k
1
k _ .
py (@) = % E (SthJ(w)-
i=1

In other words, the strong Markov process (Mf)tzo on P is the empirical
distribution of the strong Markov process (X tk)zzo on Xy.

Finally, a probabilistic representation — similar to that for (’IAF?) 0" also holds
t>

A

true for the semigroup (’]I‘kg, t) . associated with the Dirichlet form (E g, D4) on
)
L2(2,PP):

k

. 1

T, u(p) = By, [uk (E 3 (SX;J)] @7
i=1

for all Borel functions u € L2(,P#) and a.e. u € & and with Xy = I ().

6 Convergence
6.1 Convergence of Finite Dimensional Distributions

Note that H(2¥) ¢ H(2") fork,n € N, k < n, and thus D** ¢ D?", V2" c v?"
According to Sect. 5.1

Ty > Tou in L2(¥,QF)  ask — oo (28)

forall u € V® := |J,cy V?'. The latter is a dense subset in L2(¥, QF). The
previous in particular implies

(M, thkU>L2(g’Qﬁ) — (I/l, Tt”)ﬂ(%,(@ﬁ) ask — oo (29)
for all u, v € V*° and thus
k k
Egp [u(g) - v(e?)] = Eqluigo) - v(e)]  ask—o0  (30)

forall u,v € €(¥).
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The Markov property of the processes (g;):>0 and (g,zk )¢>0 together with their

invariance w.r.t. the measures Qf and ka allows to iterate this argumentation
which then yields

2k 2k 2k
Egs () wael) . un(shy)]

= /{;ul -']thlk_to (uz . Ték_,l (u3 "”'Ttif—tN,luN) .. ) ngk
\
= [4“1 PR (u2 “Ti—t (u3 -...-T,N_thluN)...) d(@ﬂ
=Egs [u1(81)) - u2(81,) .. - un(8ry)]
ask > ooforall N e N,all0 <t; <...<tyandalluy,...,uy € €(¥). Since

functions U € €(4") can be approximated uniformly by linear combinations of
functions of the form U(g1, g2,...,8x) = ]_[,11\]:1 un(gn) it follows that

k k k
Eng I:U(gtzl ’gtzz P ’gtzN):I - EQﬁ [U(gtlvgtzv oo ’gtN)]

ask - ocoforall N eN,all0 <t <...<tyandallU € %(%N).Thatis,we
have proven the convergence

(thk)tZO — (81)t>0 ask — oo (31

in the sense of weak convergence of the finite dimensional distributions of the pro-
cesses, started with their respective invariant distributions. By means of the various
isomorphisms presented before, this can be equivalently restated as convergence

(Mtzk),zo = (Ue)r>0 as k — oo, (32)

again in the sense of weak convergence of the finite dimensional distributions of the
processes, started with their respective invariant distributions. Here (41 );>¢ denotes
the Wasserstein diffusion on &2 — associated with the Dirichlet form (1) — with the
entropic measure P as invariant distribution and

ok
2k _ 1
pi (@) = ok ;5&2%’((0)
=

k —
with (th ") being the continuous Markov process on the simplex X,x —
t>0

associated with the Dirichlet form (21) — with invariant distribution pfk (x)dx.
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6.2 Convergence of Processes

Convergence of the processes

k
(gtz )i=o — (&)i>0 ask — oo
will follow from the convergence (31) of the respective finite dimensional distri-

butions provided we prove tightness of the family (gtzk)tzo, k € Nin ¥(R+,9).
The latter is equivalent to tightness of ((w, gtzk )) . ,k € Nin (R4, R) for all
1>

¥ € L2([0, 1], Leb). It suffices to verify this for a dense subset of ¥, e.g. for all
v e U2, #(2Y) c L2([0, 1], Leb).

Fix ¢ € A (2%) for some [ € N with ||| = 1. For each k € N,k > [ the
continuous function u(g) := (¥, g) lies in V.« with energy E(u) = |¥||?> = 1 and
square field operator

Iuy(g) =1 (33)

forae. g € 9.
Given T' > 0, the process

(us?)

admits a Lyons-Zheng decomposition

t€l0,7T]

k k 1 k 1 k k
u(g?) —u(ed) = 3M 0 = Z[ M) — o rr

into a forward martingale and a backward martingale. According to (33) the
quadratic variation of the forward martingale — as well as that of the backward
martingale — is given by

(M), =1,
uniformly in g € ¢ and in k € N,k > [. Hence, using hitting probabilities of

1-dimensional Brownian motions we deduce for any R > 0 and uniformlyink € N,
k>1,

Py, [ sup (u(g?) —u(gd")) > R}

t€l0,T]

T Ok | yefo,1] Gk | refo,1

- \F (R/2)?
= EGXP(_ 2T )

k k k
<P g |:sup Mt(2)>R:|+P5 [sup (MT(,Z)—M;Z_Z))OVT>R:|
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Since we already know that the 1-dimensional distributions g2~ converge, this
proves tightness of the family of processes

(u(gtzk ))ze[O,T] - <<w’ thk ))ze[O,T]

for k € N. Since this holds for all ¥ € |J;2, 2 (2%) it implies tightness of the
family (gtzk),zo, k € N, and thus convergence of the processes

k
(€7 )iz0 — (g0 as k — o0o.

Applying the usual isomorphism, this may be restated as convergence of the
processes

k
(lu‘tz )i=o = (Ue)r>0 ask — oo

in %(R-l- 9)

6.3 Final Remarks

Given k € N a mapping jk 19 — X — very similar to our mapping jk from (12)—
is obtained by replacing the functions @,ﬁ') from (13) by @,\El)(x) = 1[0 201 ](x)
which leads to

. .
_ B ) _ 2i — 1
Jk(g) = (/0 D, dg)i:l . (g( 2k ))i:l .

..........

In this case, the identification of the push forward measure nﬁf = ( jk)*Qﬁ on Xy
is much easier. Indeed, it is absolutely continuous with density

k
pre(x) = C - [ (1 = xp))P/CO7 - TT (o = xi)P*
i=2

The strong Markov process on X associated with the Dirichlet form é;k(U ) =
k[ P VU |2,5£ d.x on L2(Xy, ﬁf d?c) admits a very e?(plicit.cha{acterizatiop: at lea§t
on those stochastic intervals on which the process is in the interior of the simplex, it
is a weak solution to the coupled system of stochastic differential equations
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. i1 —k i—k i
axti = | Pk P di+ VKW, P =1k

th,l . th,l—l th,t+1 . th,l

(34)

for some k-dimensional Brownian motion (W;);>0 and with th,o = O,th’k’L1 =1.
Here Bo = Br = B/2and B; = B fori = 1,...,k — 1. This is essentially the
approximation used by Andres and von Renesse [2].

The fundamental disadvantage, however, is that the functions g +— fol 05,8) dg
are no longer in the domain of the Dirichlet form E. More generally, for any
non-constant U € ¢! (R¥) the function u(g) := U( /k (g)) is neither continuous
on ¢ nor does it belong to D.
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Adapted Function Spaces for Dispersive
Equations

Herbert Koch

Abstract The study of the p variation of functions of one variable has a long
history. It has been discussed by Wiener in [21]. Here we define the space of
functions of finite p Variation, and the predual space U?, and we use them to study
dispersive equations.

1 Introduction

The study of the p variation of functions of one variable has a long history. It
has been discussed by Wiener in [21]. The generalization of the Riemann-Stieltjes
integral to functions of bounded p variation against the deriative of a function of
bounded ¢ variation 1/p 4+ 1/g > 1 is due to Young [22]. Much later Lyons
developed his theory of rough path [13] and [14], buildung on Young’s ideas, but
going much further.

In parallel Tataru realized that the spaces of bounded p variation, and their
close relatives, the U? spaces, allow a powerful sharping of Bourgain’s technique
of function spaces adapted to the dispersive equation at hand. These ideas were
applied for the first time in the work of the author and Tataru in [11]. Since then
there has been a number of questions in dispersive equations where these function
spaces have been used. For example they play a crucial role in [12], but there
they could probably be replaced by Bourgain’s Fourier restriction spaces X 2.
On the other hand, for wellposedness for the Kadomtsev-Petviashvili II equation
in a critical function space (see [3]) the X*® spaces seem to be insufficient. The
theory of the spaces U? and V7 and some of their basic properties like duality
and logarithmic interpolation have been worked out in [3], with a focus on what
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was needed there. Until very recently the developments in stochastic differential
equations and dispersive equations were entirely independent. The present treatment
considerably extends the theory of [3].

We will introduce the spaces U? and V7, study their properties and indicate
their role for dispersive equations. After that we turn to wellposedness questions for
several dispersive PDEs, where we select a number of relevant and representative
problems.

In the sequel p € [1,00]. Unless explicitly stated otherwise we consider
p € (1,00).

2 The Bounded p Variation

Definition 1. Let / be aninterval, 1 < p <ooand f : I — X. We define

o= s (Nt —v1y) € 0,00l

tiel,t <t2...lp41

There are obvious properties. The function ¢ — w, (v, [a,t)) is monotonically
increasing. The same is true if we consider closed or open intervals. Moreover

wp(vv [(l,b)) E CL)I;(U, [(l,C)) S 2(wp(vv [avb]) + (l)p(U, [bs (‘)))

Finiteness of the p variation implies existence of one sided limits. It is not hard to
see that v — w, (v, [a, b)) defines a norm, up to constants. If v is continuous and
the p variation is bounded then it is a continuous function of the endpoint. Moreover

wp(v, (@, b)) < |b—al'P|[v] s p

where C /7 denotes the homogeneous Holder space.

2.1 Step Functions and Ruled Functions

We introduce and study functions from an interval [a, b) to R, R", a Hilbert space
or a Banach space X, and spaces of such functions which are invariant under
continuous monotone reparametrizations of the interval. For the most part of this
section there are no more than the obvious modifications when considering Banach
space valued functions.

We call a function f a ruled function if at every point (including the endpoints,
which may be +o00) left and right limits exist. This set is closed with respect to
uniform convergence. We denote the Banach space of ruled functions equipped with
the supremum norm by Z.
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A partition t of [a, b) is a strictly increasing finite sequence
a<t]<th<--<thp41<b

where we allow b = oo and ¢ = —oo. A step function is a function f for which
there exists a partition so that f is constant on every interval («, t1), (¢, t;i+1) and
(tn,b). We do not require that the value at a point coincides with the limit from
either side. Step functions are dense in %Z. We denote the set of step functions by
7. Let Z,. be the closed subset of Z of right continuous functions f with lim;_,,
f(t) = 0. Similarly, if X C Z we denote by X,. the intersection with %Z,..

The step functions

Jr = X

satisfy

”ft - fs”sup =1 (1)

for s # t. We will study Banach spaces Z most of which contain the right
continuous step functions .7, and which embed into &%. Moreover we will always
have

L<|lfi=fillz=2 2

and hence none of those spaces is separable.
It will be convenient to extend every function on [a, b) by zero to [a, b], i.e. we
will always set f(b) = 0,evenifa = —oco or b = oo.

Definition 2. For f € % and a partition
T=(l,lh...ly), a<ti<th<lz- <tpb <b
we define (denoting the limit from the right by f(z+))

f@) ift =1
_ ] flat) ifa <t <n
fe (1) = flti4) ift; <t <tiy
f(tn) iftn <t

We observe that f; is a step function, and it is right continuous if f is right
continuous.

2.2 The Spaces V? and U?

In this subsection we consider functions on (a,b) where we allow the cases
a=—ocoand b = oo.
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Definition 3. Let X be a Banach space, 1 < p < ccand v : (a,b) — X. We
define

vllv 2 ((a,6),x) = max{[|v||su, @p(v, (@, b))}

Let VP = V?((a,b)) = VP(X) = VP((a,b); X) be the set of all functions for
which this expression is finite. We often suppress the interval and/or the Banach
space in the notation when this seems appropriate.

The interval will usually be of minor importance. We omit it often in the sequel.
The following properties are immediate:

1. VP(I) is closed with respect to this norm and hence V7 (1) is a Banach subspace
of %. Moreover V.2 (1) is a closed subspace.

2. Weset V>® = Z.

3.If 1 < p < g <oothen

lollve < fvllve.

4. Let X; be Banach spaces, T : X1 x X5 — X3 a bounded bilinear operator,
veVP(X;)andw € VP(X3). Then T (v,w) € VP(X3) and

1T, W llvexs) < 20T HIvIveaplwlvexs,)-

9]

. We embed V?((a, b)) into V?(R) by extending v by 0.

6. The space V! has some additional structure: Every bounded monotone function
is in V1, and functions in V! can be written as the difference of two bounded
monotone functions.

The space of bounded p variation is build on the sequence space /7. We may

also replace it by the weak space /2 with

RIS sgpk#{lle > Ape.

Definition 4. Let 1 < p < oo. The weak V,? space consists of all functions such
that

[vlly,, = max{ sup [[(v(ti+1) = V() 1<i<n—1llz2- 1V ]sup}
<<ty

is finite.

The spaces of bounded p variation are of considerable importance in probability
and harmonic analysis. We shall see that V7 is the dual space of a space U?,1/p +
1/g = 1,1 < p < oo, with a duality pairing closely related to the Stieltjes integral,
and its variant, the Young integral [22].



Adapted Function Spaces for Dispersive Equations 53

Definition 5. A p-atom a is a step function in .7,

a(t) = Z¢iX[ti,t,+1)(t)

i=1
where T = (f1...1,) is a partition, t,4+; = b, with >_|¢;|? < 1. A p-atom a is
called a strict p atom if

max ||¢,'||X(#‘L’)1/p < 1.

Let a; be a sequence of atoms and A ; a summable sequence. Then

u:ZAjaj

is a U” function. The right hand side converges in . We define

lullyr =inf> A1 :u="Y"Aja;}.

The strict space U?

vice 18 defined in the same fashion using strict p atoms.

We collect a number of elementary properties.

. If a is a p-atom then ||a|y» < 1.In general the norm is less than 1.

. Functions in U? are continuous from the right. The limit as ¢ — a vanishes.

3. The expression ||.||y» defines a norm on U”, and U? is closed with respect to
this norm. Hence U C %, is a Banach subspace.

4. If p < g then U? C U? and

DN =

lullve < ullue.
5.1f1 < p <oothenforallu € U?
lulve < 2Y7ulys.
6. Let Y be a Banach space, and let the linear operator 7" : ., — Y satisfy
[Tally =C 3)

for every p atom. Then 7" has a unique extension to a bounded linear operator
from U? to Y which satisfies

ITflly = Cliflur. 4)
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7. Let X; be Banach spaces, T : X; x X, — X3 a bounded bilinear operator,
veUP(Xy)andw € UP(X5). Then T'(v,w) € UP(X3) and

17w, wllurxs) < 20T lIvlivexplwllvexs,)-

8. We consider U”([a, b)) in the same way as subspace of U” (R) as for V7.

The following decomposition is crucial for most of the following. It is related to
Young’s generalization of the Stieltjes integral, and it deals with a crucial point in
the theory. A proof is contained in [11].

Lemma 1. There exists § > 0 such that for v right continuous with ||v|lyr = 8
there are strict p atoms a; with

lla; Ollsp < 21 and #t; < 9ip

such that

V= E aj.

There are a number of simple interesting and useful consequences.

Lemma 2. Let 1 < p < g < oo. There exists k > 0, depending only on p and q,
such that for allv € VP and M > 1 there exist u € UP. andw e U?. with

w,rc strict strict
vV=u+w
and

K M
M”u”V;ﬁim + ¢ ||W||U:tlrirt S ||v||V“f,.

Observe that we may replace UZ. by U? (since UL, . C UP) and V,? by V?

(since V'# C V7). The proof is simple: We apply Lemma 1 and define u as the sum
of the first m a ;. We obtain the following embedding

Lemma3. Let1 < p < q < oo. Then

vecvpe cul. cuUl.

w,rc strict

Proof. Apply Lemma 2 with M = 1. O

The Riemann-Stieltjes integral defines

[ ras= [ foua
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for f € Zand g € V. If f € .7, then

[ redt =¥ ) - gt 5)

We take this formula as our starting point for a similar integral for f € V2 and
geUi forl/p+1/q =1,q > 1. Results become much cleaner when we use an
equivalent norm in V7,

1/p

llve = sup | D |wtip1) = v)I? + [v(@)|”
J

a<ty..tp<b

which we do in the sequel. We also set v(b) = 0 and, for any partition, t,+; = b.

Theorem 1. There is a unique continuous bilinear map
B:UIX)xVP(X*)—>R

which satisfies (with ty = a and u(ty) = 0, and a somewhat sloppy notation for the
duality map X* x X — R)

n

B(u,v) = Y (u(t;) — u(ti—1)v (1)

i=1
foru € S, with associated partition (11, ... ty) and
|B(u. v)| < llullyax)llvllve - (6)
The map
VP(X*)2v— (u— B(u,v)) € UL(X))*
is a surjective isometry. Moreover

vllve s = sup B(u,v) = sup  B(a,v). (7)
uelU4(X),llullyaxy=1 a is a g—atom

The same statements are true if we replace UP by UF .

and V4 by V4.

See [3] for a proof. The previous results show that U? C V,%, and both spaces
are very close. They are, however, not equal. The following example goes back to
Young [22] with the same intention, but in a slightly different context. Let with a

smooth function ¢

N
vy =¢ Y 27//Psin(2/x).
j=1
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It is not hard to see that sup ”Ug“cl/p < 00, and hence in v’ € clr cvp,

Letugs = ¢ Z?ozl 27714 cos(27 x). Now, assuming that ug € U4,

ocoy/, N
/(uq)vpdx

which is unbounded, hence a contradiction and V.2 5> u3® ¢ U”?.

N
lugllorlvy lve =

= N/2/¢2dx+ o(1)

Lemma 4. Forall v € VP we have (recall Definition 2)

lvellveay < lvllvea)

and forallu e UP

A

luclluray < lullur .-
Forv € VP and € > 0 there is a partition t so that
[v—vellyr <e.
Givenu € U? and ¢ > 0 there exists T with
lu—uc|lur <e.

In particular . is dense in VP and %, is dense in UP.

®)

€))

(10)

(1)

Proof. When we take the supremum over partitions for v; we may restrict to subsets
of 7 and the first statement becomes obvious. For U ? it suffices to check p atoms «,

lacllur < 1.

Density of step functions in U? follows from the atomic definition of the space: Let
u € U? and ¢ > 0. By definition there exists a finite sum of atoms (which is a right

continuous step function u,,) such that
”M - Mslep”Up < 5/2
Let 7 be the step function associated to #yep. Then

”u_uf”U” = ”"tslep_ur”Up + ”u_uslep”Up

< (usiep —w)ellur +6/2 <€

which is the claim for U?. Let V? be the closure of the step functions in V7.
Suppose there exists v € VP with distance 1 to V7, and ||v||lyr < 1 + ¢. Such a
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function exists when V72 is not V2. Let D C U4 be the subset such B(u, v) = 0
whenever u € D and v € V?. There exists u € D with B(u,v) = 1, and a partition
7 so that |lu — u;||yr < . However

0 = B(u,v;) = B(uz,v) = B(u,v) + Buy —u,v) > 1—e(1 +¢)

which is a contradiction. Hence the step functions are dense in V7. We complete
the proof as for U?. O

2.3 Embeddings

The first part of the next result it due to Hardy and Littlewood [4], and the second
one follows by duality.

Lemma 5. If1 < p < oo,
-1 1
cp vligipr < llvllg, =2 Plully» < cpllullgr/or.

Let V7 C VP be the closed subspace of functions with

£ = 3Qim £+ 0+ £ =)

Choose a symmetric function ¢ € L' with [ ¢ = 1 and ¢,(x) = h™'¢(x/h). The
following claims can be easily verified for step functions, which suffices since they
are dense.

Lemma 6. Leta = —00, b = oo, ¢ € L! symmetric with [ ¢pdx = 1. We denote
¢on(x) = h=1¢(x/h). Then

¢nxv—>v

in the weak * topology for v € VP(R). Moreover test functions are weak* dense
inVP.
There is a second duality statement.

Lemma 7. The bilinear map B defines a surjective isometry

. 11
VI(X™) > UINCX)*, —+-=1.1<p.g <oo.
P 4
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Proof. The kernel of the duality map restricted to U? N C(X) consists exactly of
those elements of V7 which are nonzero at most at countably many points. Let
v € VP.Then, by the previous lemma,

dn*v—>v
in the weak * topology of V. Moreover, for atoms
B(a. ¢p * v) = B(pp * a.v)

and hence this is true for functions in U?. Now

lvllyr = sup B(a,v)=sup lim B(a, ¢y * v) = sup lim B(¢;, *a,v)= sup B(v,a).
a g-atom a h—0 h—0 a

It remains to prove surjectivity. Let L : U? N C(X) — R be linear. By the theorem
of Hahn-Banach there is a extension with the same norm to U 7, and by duality there

isv € V7 with [[v|lye = ||L]|. Changing v at a countable set does not change the
image in (U? N C(X))*, hence we may choose v € V7. O
We define
Vi ={veVinC:limv() = limv(r) = 0}. (12)
t—a t—b

Lemma 8. The map
UP(X™) — (VeX))",
u— (v — B(u,v))

IS a surjective isometry.

Proof. By the duality estimates the duality map is defined, and it is an isometry
since the space Vg is weak star dense in V9.

Let L : Vg — R. By Hahn-Banach there is an extension L to V4. We define
(with obvious modifications for Banach space valued maps)

(1) = —L(Xp,00))-

As above we see that (v — B(i, v)) coincides with L on step functions. We define
u as the unique right continuous function obtained by modifying u at points of
discontinuity. This does not change B(u,.) on Vg. Moreover, by the definition of
the quadratic form we may assume

ut) — 0 ast — a.
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Now u € U? for all p > 0. The duality estimate allows to conclude that
lullyr < ||L]|.

There is an immediate consequence. O

Lemma 9. Test functions C5° are weak™ dense in U”.

3 Dispersive Equations

3.1 Adapted Function Spaces

Here we briefly survey constructions going back to Bourgain, which have become
standard. Details can be found in [11] and [3].

The following situation will be of particular interest. Let ¢ — S(¢) be a
continuous unitary group on a Hilbert space H. We define U ; and VSP by

lullyz = IS(=Du®llvr ).

Now atoms are piecewise solutions. By Stone’s theorem unitary groups are in one-
one correspondence with selfadjoint operators, in the sense that

i0iu =AU

with a self adjoint operator defines a unitary group S(¢) and vice versa. At least
formally

10;(S(—)u(t)) = S(—t)(i0:u — Au)
and hence the duality assertion is

lulyg = sup  B(S(=)u(®), S(=1)v(t)).

lolly, p<1
Now suppose that — again formally —
idju—Au= f

then, by Duhamels formula, we obtain the solution

u(t) = / t S(t — 5) f(s)ds.
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lulyg = sup  [B(S(=0)u(r), S(=)v(1))]

lvll, »<1
Vs

= sup
v, r<1
ol g

/ (8, (—0yu(r), S(—)v(0))dr
R

= sup |—i(S(—t)(idu— Au), S(—t)v)dt|

vl »<1
Vs

= sup /R(f,v)dt

lvlly, p<1
Vs

H. Koch

13)

(14)

15)

(16)

with a similar statement for VS’J . This observation will be crucial for nonlinear
dispersive equations. It is not hard to justify using our knowledge about weak* dense

subspaces.

We want to use this construction for dispersive equations. There A is often
defined by a Fourier multiplier, most often even by a partial differential operator

with constant coefficients.

In order to be specific we consider the Airy equation — the situation would be

similar for many other dispersive equations —

UVt + Uxxx = 0 in [0, 0c0)

v(0) = ug on R.
Let v(t) = 0 for¢ < 0 and the solution otherwise. Then
lllyy = lluoll L2 a)-
There are three types of basic estimates: The Strichartz estimate
llzrre < 1D Puoll 2

whenever

2 1
~—t+-=35, 2=pgq
p q 2

a7

(18)

Here | D|* is defined by the Fourier multiplier |£|*. The Strichartz estimate quantifies

the effect of dispersion.
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The Strichartz estimate immediately transfers to estimates with respect to U /f;ry:
-1
lollpr g < clIDI™Pullyp . (19)

It suffices to verify this if S4;(—t)v is an atom with partition (¢1,%, ... t,). Then,
with 7,41 = 00, by the Strichartz estimate we can estimate the mixed norm

Il L7 (@00 0:L0 @) = D172 o)) 12y
We raise this to the pth power, and add over j. Then
-1/p » \P
lolizoze < e (3 NP PoapIL) <
since Sairy(—1)u is a p atom.
Consider now v(t) = fioo Sairy(t —5) f(s)ds. By duality (13), and with p and ¢

satisfying (18)

Wil = sup  |B(Sainy(=1)u, Sairy(~1)v)|

Sty Nl p <1
iry
/ ufdxdt

sup |lullzorall fllLo o

lull,p <1
UAiry

sup
ull,,r <1
Il

IA

IA

cllf ”Lp’Lq’ .

This implies the dual estimate of (17). If p > 2 we may combine the estimates with
an embedding to obtain the full Strichartz estimate.

Waves with different velocity interact at most in a time interval which is the
inverse of the differences of the velocities. Bilinear estimates quantify this fact.
For the Airy equation the group velocity is —3&2. We define the Fourier projection
u) by

uy, = xi<jgl/a<2(8)

where & denotes the Fourier transform with respect to x. For solutions to the Airy
equation we obtain the estimate

luatell 22y < e ua(O)l L2yl (O)l 12 gy (20
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provided A < /4. Again this implies for functions in U?
lurvallzz < en™ lullyz gz - @1
The imbedding estimate (5) immediately implies the high modulation estimate

l 2y < A2 ullyz (22)

where u4 is defined by the space-time Fourier multiplier Xe—g31> (T, 6).
This set of tools is complemented by the interpolation estimate (2).

3.2 The Generalized KdV Equation

For integers p > 1 we consider the initial value problems

ur + e + (WPu)x =0 (23)

u(0) = uo (24)

— the case p = 1 is the Korteweg-de-Vries equation, and p = 2 the modified
Korteweg-de-Vries equation, and

ur + tyxx + (JulPu)x =0 (25)

u(0) = uo (26)

for positive real p.
Both equations have soliton solutions. They are invariant with respect to scaling:
A2/Py(Ax, A3t) is a solution if u satisfies the equation. The mass [ u*dx and energy
1,2 1

Uy mu” +2 are conserved. The energy however is not bounded from below.

The space H%_% (with norm [[vgl| 5 = [[|§[*Doll2) is invariant with respect to
this scaling and it is not hard to see that the generalized KdV equation is globally
wellposed in H' if p < 4. For p > 4 one expects blow-up. This has been proven in
series of seminal papers by Martel, Merle and Martel, Merle and Raphael for p = 4,
see [15—17] and the references therein.

The most prominent equation here is the KdV equation

Ur + Uy + (u2 x=0.

The tools described here allow an alternative argument to prove local wellposed-
ness in H3/4(R). The order of derivatives cannot be improved by contraction
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arguments. There are however apriori estimates in H~! by different techniques,
[1]. For the modified KdV equation

Ur + Uy + (M3)x =0

one obtains local wellposedness in H /4, which again is optimal in terms of the
number of derivatives.
For the quartic KdV equation

4
U + txxx +U)x =0
one obtains global existence by a contraction argument in the space

—-1/6
lull = sup 2™zl

(R). Statement and proof are contained in

[10], where it was one step to prove stability of the soliton in Bo_ol/ 62 and scattering.

This is probably the first stability result of solitons for gKdV which is not based on
Weinstein’s convexity argument in the energy space.

Wellposedness in a slightly smaller spaces has been proven by Griinrock [2] and
Tao [20] based on a modification of the Fourier restriction spaces of Bourgain at the
critical level.

The quintic KdV equation

L . 5—1/6
for initial data in a Besov space B,

5
U + Uy + 1y =0

is of particular interest since it is L2 critical. Since the work by Kenig, Ponce and
Vega it is known to be locally wellposed in L2. The local existence result has been
extended to all equations

Uz + Uxxx + Iulpux = O

with p > 4 in [19] in critical function spaces using the techniques above. The case
of polynomial (analytic) nonlinearities had been dealt with by Molinet and Ribaud
[18] using different techniques.

3.3 The Kadomtsev-Petviashvili Il Equation

The Kadomtsev-Petviashvili-IT (KP-II) equation

x (Dru + O3u + udxu) + Pu= 0 in (0, 00) x R? (27)

M(vavy):LtO(xvy) ()C,y)E]RZ (28)
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has been introduced by Kadomtsev and Petviashvili [9] to describe weakly trans-
verse water waves in the long wave regime with small surface tension. It generalizes
the Korteweg — de Vries equation, which is spatially one dimensional and thus
neglects transversal effects. The KP-II equation has a remarkably rich structure.

Here we describe a setup leading to global wellposedness and scattering for small
data. The Hilbert space will be denoted by H ~'/2:0 which is defined by through the
norm

_1 2,\
luoll gr—1/2 = 11" ?tio] 2

where £ is the Fourier multiplier with respect to x. The Fourier multiplier |§]~1/2

defines an isomorphism from L2 to H /2.
For A > 0 we define the Fourier projection to the 1 < |§|/A < 2 by

) = Xa<lg|<2all

where .7 denotes the Fourier transform and & the Fourier variable of x. Usually we
choose A € 27, the set of integer powers of 2. We define X by

1/2
— -1/6 2
Jullx = (Z(x luxllyz,) ) .

A2z

The following theorem has been proven in [3] with a proof relying on the space
U? and V2.

Theorem 2. There exists § > 0 such that for all ug with ||ug|| ;1,2 there exists a
unique solution

ue X c (0, T); H 2O(R?))
of the KP-1I equation (27) on (0, 00). Moreover, the flow map
Bsr(O)sup—ueX

is analytic.

A duality argument reduces the proof to an estimate of a trilinear integral.
The functions there are expanded according to the Fourier projection, and the key
estimate is a bound for

’/ Uy, Vi, Wa dxdydt

Due to symmetry we may assume that Ay < A, < A3. Since there is only a
contribution to the integral if there a point in the support of the Fourier transforms
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adding up to zero we can only get a contribution if A, ~ A3, and only A; may be
smaller. Since

u—&+n/f+ -8 +n/6
—[(r1 + 12) — (61 + &) + (1 + n2)*/(E1 + £2)]

(E1m2 — E2m)?

= =3666 + &) - £162(61 + &)

there is only a contribution if at least for one j € {1,2,3}

ltj — € + 13 /€| = [6162(61 + &)1,

j=123and 13 = —11 — 12, &3 = —&;1 — &, 3 = —n1 — 12 in the support of the
Fourier transforms. We set A = A1A243/10 and expand uy, = ufl + ul/{’;v, where

u? is defined by the space-time Fourier multiplier

Ne—£3+n2/E|2A>

and similarly we decompose the other factors. We expand the trilinear integral.

There is only a nontrivial contribution if at least one of the terms ufl, v;{‘z or wfs

occurs. We apply Cauchy-Schwartz and estimate the corresponding term in L2,
For the other product we apply an L* space-time Strichartz estimate, or a bilinear
estimate.

We obtain

— 1
< c(A1A243) I/Z(Amin//lmwc) 4 ””)»1 I V2o ”U)»z I Vip ”Wh I Vip

‘/ Uy, vlzw/{‘}dxdydt

and
A -1
> / Vi wi dudydt| < Ayl llullx v, 2 wa, v
A1<A2

which suffices to conclude the proof.

3.4 The Energy Critical Nonlinear Schrrodinger Equation
on Compact Manifolds

We consider the quintic nonlinear Schrédinger equation on the three dimensional
torus T3, either focusing or defocusing

idu+ Au = x|ul*u. (29)
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On R3 the space H' is critical. We consider solutions on a unit time interval with
small initial data in H'. We define the function space X by

2012 2 3y A
lullx = H(1 + k4 K3+ kDA e ETHRTED G s 6y

@3’

The following depends on a mix of previous arguments, and estimates for Gaussian
sums.

Theorem 3 ([6]). There exists § > 0 such that given ug € H"' with |uo|| g1 < 8
there exists a unique solution u € X. This solution can be extended to a global
solution in time. The map from initial data to solution is real analytic. If uy € H'!
there is a local in time solution.

This result has been extended to global wellposedness on T3 for large data in
H' by Ionescu and Pausader [8].

A similar mix of adapted function spaces, eigenfunction estimates and bounds
on Gaussian sums has been applied by the same authors to energy critical partial
periodic domains in R* [7], and by Herr to the quintic Schrodinger equation on the
three dimensional sphere [5].
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A Note on Metastable Behaviour
in the Zero-Range Process

Anton Bovier and Rebecca Neukirch

Abstract The zero-range process in the high density phase is known to show
condensation behaviour, i.e., a macroscopic fraction of particles is localised on
a single site under the canonical equilibrium measure. Recently, Beltran and
Landim (Probab Theory Relat Fields 152(3-4):781-807, 2012) analysed some
aspects of the metastable behaviour of this process in one dimension for finite
systems in the limit of infinite density. In this note we show that the potential
theoretic approach to metastability initiated in Bovier et al. (Commun Math Phys
228(2):219-255,2002) applies easily to this model and yields more detailed results.

1 Introduction

In a recent paper [2], Beltran and Landim studied the metastable behaviour of the
zero-range process [13] in one dimension on a finite box, S = {1,..., L}, in the
limit where the number of particles tends to infinity. In this short note, we improve
their results using the methods of the so-called potential theoretic approach to
metastability, put forward in [8] also in the case that S is infinite. In particular,
we show that the model, considered in the limit, fits perfectly into the (simplest
instance) of that approach, that the definition of metastability given there applies,
and that the abstract results of that paper provide the usual sharp estimates on
mean metastable exit times and their exponential distribution. In addition, we show
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that some of the results can be extended to the case when L = L(N) 1 oo but
L(N)/N | 0.

1.1 The Model and Basic Properties

The zero-range process 7(¢) is a continuous time Markov process on the state space

L
EN,SZ{HGNSZZUx:N}, (D

x=1

where 7, € N represents the number of particles at site x € S. At any time a
particle at site x jumps to a site y with a rate of g(nx(¢))r(x, y), where r(-,-) is an
irreducible transition probability of a reversible random walk X (¢) on S. Here, g is
chosen as

a(n)
an-p- "= @

with ¢(0) = 1 and a(n) = n%, for « > 1. Formally, the process can be defined
through its generator, L y, that acts on functions, F € C(En,s, R), via

g0)=0, g(1)=1 and g(n) =

L
Ly(F)a) =) ga)r(x, »)[F(r™) = F(m)]- 3)

x=1y€eS

Here %Y is the configuration obtained from 7 by moving a particle on x to the
position y.

The zero-range process is irreducible and reversible with respect to its unique
invariant probability measure (see [1,9, 11]) given by

N© m (x)"< N® ml
N = = , € Ens 4
iy ZN,s )!1 a(ng)  Znsan) !
where my(x) = %ﬁ) with M, = max{m(x) | x € S}. Furthermore, m denotes

here the invariant measure of the random walk X(¢). Note that m«(x) = 1, for all
x €Sy ={x eS| m(x) = M}. Zy,s is the normalizing partition function,

¢

m
Zys = N¢ iy 5
N.S CG; a@) ©)
N.S

A first observation is the following lemma [2, 11].
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Lemma 1. If L < oo is independent of N, then

) [ S| 1S —1
jim Zys =2Zs = pos [[ R =18r@*= [T no ©
z€S V&S«
where
J 1
re=Y " i re=y @
= a(j) = a(j)

The interesting feature of this model is that it exhibits a condensation phenomenon
[10-12], namely the zero-range process shows condensation in the sense that
asymptotically, the invariant measure concentrates on disjoint sets of configurations,
&Y, described as follows: Fix a sequence {{y : N > 1}, where | < {y < N
such that

lim £y = o0 and lim

N
— =0. 8
N*too Ntoo N ®)

We say that a configuration has a condensate at site x € S, if it belongs to the set
iy ={ne En:nx >N —Ln}. 9)

A result of GroBkinsky et al. ([11], Theorem 2) implies the following:
Theorem 1. Assume that L(N)/N | 0. Then one can choose £ such that

lim py gx ) =1. (10)
NTooH xg* N

Note in particular that in the case when L is independent of N, the configurations
n* where n} = N have positive measure, and indeed they are the configuration with
maximal measure.

The question addressed in [2] and here is how to describe the motion of the
systems between different condensate configurations.

2 Metastability

In this section we recall some basic facts about the potential theoretic approach to
metastability [5,6,8] and show in the next section how to apply this in the zero-range
process.
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2.1 Definitions and Results

Consider a reversible Markov process X (¢) with discrete state space E, generator
L, and reversible measure p. For A, B C E we define the equilibrium potential
ha,p as the solution of the Dirichlet problem

— (L)) =0, ne(AUB) (1D)
hin) =1, ned
h(n) =0, neB.
The equilibrium measure e 4,p on A is given by
ea,8(n) =—(Lhap)(), neA. (12)

The capacity of the pair (A, B) is then defined as

cap(4, B) = Y _ i(mea, (). (13)

neA
These objects have probabilistic content. Namely,
hag(n) =Py(za <7B), ne(AUB) (14)
and
eaB(n) =Py (tp <t4), neA (15)

Here 74 denotes the stopping times 74 = inf{t > 0: X(¢) € A}.
The importance of capacities for the analysis of metastability is due to the
representation of mean hitting times (see e.g. [5])

n(§)
Ev .B [tB] = hA,B(g), (16)
4 sg\:B cap(4, B)

for v4, B, the so-called last exit measure on A, namely forn € A4,

w(mea,s(n)

= . 17
v4,8(1) cap(4. B) a7

In the case when A = {5} is a single point, this simplifies to
Bl = 3 —2E . a8)

oGty cap(n.B)

This latter formula is useful in the case when L is independent of N.
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Dirichlet’s principle gives a variational characterisation of capacities. For two
disjoint subsets A, B C Ey s, define the set of functions

F(AB)={F:ETRL | F(n)=1,Vne A, F(n)=0, Vne B}. (19)
Then

cap(A.B) = _inf  &(F), (20)

where @(F) = (F, LF),, is the Dirichlet form of the process.
In [8], metastability with respect to a set of points was characterized as follows:

Definition 1. A Markov process X (¢) is metastable with respect to a set .Z, if

Sup, ez cap(n, A \n)/n(n)
1. 21
infec.ge cap@. ) /@ "< 5

Definition 2. For all n € .#, the valley A(n) of the attractor 7 is given by

A = e E Pty =10) = Esu};{]}”g(r; =T4)}. (22)

From [8] we know:

Theorem 2. Consider a Markov process X (t) which is metastable with respect to
M . For every n € 4 we have that

(i)
(A
Eplt.o\n] = m(l +o(1)), (23)
(ii) Fort >0
Py [ty > tEglrang]] = e "DV (A 4 o(1)). (24)

3 Results for the Zero-Range Process

Finite L. First, we state the results for the zero-range process when L < oo is fixed
and N 1 oo.

Proposition 1. The zero-range process {n(t) : t > 0} is metastable with
respect to M = |Jics, 1" and p = O 'L(L? + N)N~®7Y), where 1’ =
inf,es r(u,u+ 1).
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To analyse the metastable behavior of the zero-range process we only need to
compute capacities between configurations (cf. Definition 1).
For0 <s < % define

1—s
Iy(s) = / u®(1 —u)*du, (25)
N
and for S}, C S, S, # @ set

nS = U n~. (26)

x€Sh

Theorem 3. Assume L < oo independent of N. Let S} S S« and S2 C Sx\S} be
two nonempty sets. We have that

N—ot—l

st 82y _
capy (n°*,n )_2M*|S*|F(oz)1a(0)(l+0(l))

X inf capg (x, )[W, — Wi]?, 27
. > caps(x, )Wy — Wa]

X,yESx

where # (S}, S2) = {W € [0, 1]5|W, = 1,Vz e S} and W, = 0,Vz € S2}.

Remark 1. Note that the second line in (27) is the conductance between S} and S2
of a resistor network on Sy with conductances capg (x, y) between nodes in Si.

These results allow to use Theorem 2 to obtain the following corollary for the
metastable exit times:

Corollary 1. For a zero-range process {n(t) : t > 0} with metastable set .4 we
have for every n”* € M

(i) The metastable mean exit time is given by

N ML 1L (0)T (@)
2 yes\(x} Caps (X, y)

Epx [tang~] = (1+o(1)), (28)

(ii) Fort > O the metastable exit time is exponentially distributed
Pyx [Tavgx > tEpx[tagx]] = e AT (1 4 0(1)). (29)

Remark 2. Combining the remark above with this corollary, one sees that in the
limit of large N, on the time-scale N!*%, the zero range process observed on
the set {n*,x € S«} behaves like a continuous time random walk with transition
rates M1 (0) I ()capg(x,y)/ ZzeS*\{x} capg (x, z). This is a different version of
a similar statement in [2].
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Diverging L. In the case where L = L(N) 1 oo in such a way that L(N)/N | 0
we get weaker results. Note that in this case, the transitions rates r(x, y) will in
general depend on L, and hence on N. Also, the sets Si will typically depend on
L. We suppress these dependences to simplify the notation. We define for S, C S,

S!#£0

En(Sy = &5 and &n = En(S.). (30)

xeSk

In the general case, we can only show that the lower bound of capacity between
sets &n(S,)) and &n (S2) coincides with the upper bound up to a constant. But for
disjoint partitions of S, we get the following theorem:

Theorem 4. Assume that |S«| > 2 and L(N) 1 oo such that L(N)/N | 0. Let
SY < Sy and S? = S,\S] be two nonempty sets. Then

N—ot—l
capy (En (Sy), En(S2)) = M52 T (@)1 (0) > capg(x. )1 +o(1)).

xeS)l,yes2

€19

In view of the representation of mean hitting times (16), we get:

Corollary 2. Let L(N) 1 oo such that L(N)/N | 0. The metastable exit time for
the zero-range process from a set &3, where x € Sy, is given by

Nt M T (@) 14(0)
E, o | Ten\ex | = 1 1)). 32
VX .eN\EX; [TOON\é’N] ZyeS*\{x} Caps(x,y)( +o(1)) (32)

Remark 3. One would like to show that the assertion of the corollary also holds for
the process starting in a single configuration n*, and that the law of the exit time is
exponential. Such a result has been obtained in a different model [3] using coupling
techniques, but this seems difficult in the present case.

4 Proofs of the Results

4.1 Capacity

We start with the proof of Theorem 3. For the proof we calculate lower and upper
bounds for capacities which coincide in the limit N 1 oo and L fixed.
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4.1.1 Lower Bound

We begin by proving an a priori bound on the equilibrium potential that shows that
it is almost constant on the sets &3, x € Si.
Lemma 2. Let SL C Sy be disjoint fori € {1,2} and let W denote the equilibrium

. . 1 g2 ;
potential for the capacitor n5+ , 75 . Then there is a constant Ky, such that for any

2 € Sy, and §,§' € &y,

L(L?>+ N)
/
IWE) = WE) = Ka— g (33)
where r’ = inf,es r(u,u £ 1).
Proof. Clearly
W) = Pelr 51 <7 2]
= PE[TE/ < tnsi"cnsi < ‘L'nsg] +PE[T7IS"1‘ < tnsg,l'g/ > T;,S»{]
= Pelrer < tns»{]]P)S/[tnSi < tnsz] + ]P)S[tnsi < tS’UnS*Z‘]
=(1- ]P)g[fnsi < ‘L’E/])W(ég'/) + PE[TnSi < tE’UﬂS’%]. 34)
Using the renewal equation (Lemma 4.1 in [4]), this yields
PS[TnSi < ‘L'g] PS[TnSi < ‘L'g]
—w——— | WE) = WE =WE)+ o (35
Pelre < 1¢] Pelre < T¢]
In Sect. 4, Proposition 4 below, we show that
]P)S[tnsi < ‘L'g] . ) )
—— < Kor" L(L*+ N)N™'7%, (36)
]P)é:[tg/ < TE]
which implies the assertion of the lemma. O

Remark 4. This result is most useful if L is fixed and N tends to infinity, but it also
allows to push these results to cases of slowly growing L = L(N).

We first prove a lower bound for given values of N and L.



A Note on Metastable Behaviour in the Zero-Range Process 77

Fig. 1 Restriction of the transition rates

Proposition 2. Assume that |Si| > 2. Let S} € Sy and S? € S.\S! be two
nonempty sets. Set § = r' ' L(L? + N)N =% and assume that § < 1. Then

capy (En(SH).én(S2) = inf Y capg(x., y)[Wy — Wi]?
Wew (Sk,52) X yes.

N~ 1
" IML1,(0) Zy, SZ Z (E) o). (3N

k=0£€Ey,

where S is the set S without two sites of S,.

Proof. As usual (see e.g. [4]), a lower bound is obtained using the monotonicity of
the Dirichlet form of the zero-range process

N (F) :% 33T unrewgm)[Far) — Fm]’. (38

ZLWES n€EEN

for a fixed function F € 7 (En(S)), En(S2)). The strategy is to set rates to zero
until one obtains one-dimensional disjoint paths. Then the sum over the Dirichlet
forms of the one-dimensional paths yields a lower bound for the Dirichlet form in
(38) and hence for the capacity (see Fig. 1).

Foreach § € Ex s,k € {0,...,{y}, we get exactly one one-dimensional path.
For each pair x, y € S, it consists of the path-segments {&, py ,}, where first the
remaining N —k particles are on site x and than jump one by one until they reach site
¥. This means that only one particle is jumping at any time (see Fig. 2). Let {§, py,,}
be the configuration {&, px y}. = &, forall z € S\{x, y}, {&, px,y}x = &x + p and
{€&.pxy}ty =& +N—k—p—1foreachpe{0,...,.N —k —1}.

The path-segments are disjoint for the following reason. Let {&, py ,},
{€, px,y} € En—1,s be two different path-segments. Assume that at some time
t these paths-segments coincide in one configuration due to the jump of the one
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p=N-k+E  p=Nekst -1 p=N-k+g 2 p=N-k+g -3 p=g +1 p=t,
Y SRR W — — o
B R e e —o
(SIS Ek,S . . . . """""""" ._.

Fig. 2 Jump of the one particle in a path-segment

Fig. 3 Disjoint paths

particle. Since {§, px,y} and {£’, py ,} are different, the sites differ in which the one
particle is at time ¢. Thus, in the next step, particles from different sites jump such
that the resulting configurations are different and hence the paths-segments do not
merge (see Fig. 3).

With the strategy described above we obtain one-dimensional paths which consist
of a Dirichlet form of a zero-range process on two sites multiplied with a term which
we can estimate by the capacity of the underlying random walk.

Let 0, € E; s be the configuration with exactly one particle on the site z € §
(the one jumping particle). Thus, we estimate (38) from below by
1

Iy —k—
aﬁ;&d(h*)ziz YT YT DT uw(E payd A 0)8(E payde + Dr(ew)

k=0&(€Es x,yESx p=0 zw€S

X W (&, pry} +00) = B (& Py} + 0P, (39)

N

where 7* is a function in %y (En (S)), & (S2)). Inserting the definition of uy and
g, (39) equals

N—k—1 1

o IN &
N mx
4ZN,s M+ INPIEDY a(§\{x.y}) 2 ax + plaEy + N —k—-p—1)

k=0£€Ey g X,yESx p=0

x> m@rEw)h* (& pry} +0w) — (€ pxyt T2, (40)

Z,WweS
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where £\{x, y} is the configuration without the sites x, y. Now we fix x,y € S«
and a configuration £ € Ey s and let the function fx , : S 1 R be given by

R* ({8, px.y} +00) =™ ({€, px.y} £ 0y)
h*({&, px,y} +0x) = h*({&, pxy} +0y)

Obviously, fx,, is a functionin ZA(x,y) = {f : § 1 R4|f(x) = 1, f(y) = 0}.
Inserting fy,, in (40), the sum over z, w € S equals

Jry () =

2Ds(fx,y)[h*({§’ Px,y) +0x) — h*({€, Pxyt+ ay)]z- 41

Since fx,y € #(x,y) and Ds(fx,y) > capg(x,y) we get for (40) the lower bound

E
ZZNSM* Z Z Z APs ) TGy a(E\{x.y})

k=0&€Es x,yESx

N—k—1
XY Ty p 00— e o+ 0P
p=0 & y
N« Iy E

R v7nyaD DI DI WD DR HCE by e

1 2
iocems WOEWSLsh U5

N—k—1
: [hwe (€. pry} +0:0) — hwe ({6, pey} +0y)]
X o 2 e+ patey + N—k—p—1)

hw) €HN (EN (L), EN (S3))
hwe) (=W (§).Vn€EX
etawe) (=W, ().Vne&y

p=0

« In f
MOy i Y eap(, misp O - meEr

2Zns M iocems WOEW (SLsh | U5

NE e+ p+ 1) — he (6 + p)P

X n 4t p)a TN —k—p—1)’

he € HN (EN (SkUX).EN (SEUY))

(42)

p=0
Due to the boundary conditions of the function /¢ the last sum of (42) reduces to

N—ly—Ec—1
e S e+ p 1)~ he + PP
he €N (En (SLUN)EN (STUM) L0 1 al6x + pla6y + N —k—p—1)

(43)

This is just a Dirichlet form of a zero-range process on the two sites x and y and it
is minimized by the function (see [4])

Z;=£N—k+gx+§y+1 a(g—1a(N —k +& +& —q)

N—{n—éx

H(x) = .
gt —ktbott,+10@ —DaN —k + & +§ —¢q)

(44)
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Thus for p € Uy —k +&,, N — Ly — &, — 1] we obtain

H + +1)—H + > _ af@xi‘l’)a@y*’N—k—P—l) ) (45
Gx+p ) Ex+p) Zg:f;vv—lfis; a(Extpatey + N—k—p—1) )

Inserting (45) in (43) yields the lower bound
1

= — . 46)
Y e ale + plaEy, + N —k—p—1)

Since this lower bound depends on the configuration £ only through the number of

particles k, we get for fixed k that this is bounded from below by (N 2etly, (0))_1
Combining (42) with Lemma 2 yields the lower bound

N~ 1
2Z s My 1,(0) Z 2

E
> mcaps (e, )W — W, + 66
VESK

We“fl/(s* 53)

k=0£€Eys
N1 Ly
=————— inf caps(x, ) [We — W, ’"*(1—6’8)
2Zys My 1,(0) WEW(SL.S,%)X’;% s (% M)W = Wl ,;EE;”O 6 2
(47)
which proves the proposition. O

Note that in case that S2 = S\ S}, Lemma 2 is not needed in the proof and thus
the error term disappears. This implies the lower bound for Theorem 4.

If § | 0, and hence in particular when L is independent of N, it is easy to see
that due to the fact Lemma 2 implies that the equilibrium potential W in the sets
&R, x € Sl and x € §2 are close to 1 and 0, respectively. Then it is straightforward

to see that the same bound as in (37) holds for capy (nS’l, ns*%), provided 6 | O.
This provides the lower bound for Theorem 3.

4.1.2 Upper Bound

To prove an upper bound we follow the methods in [8]. GroBkinsky et al. [12] have
shown that above a critical particle density p. the condensation phenomenon occurs.

Proposition 3. Let € > 0, C¢ an e-dependent constant and |Sx| > 2. Let S} € S,
and S? C S,\S} be two nonempty sets. We have

capy (1% 0%%) < capy (6w (SD). En(S2) < inf > capg(x. )W, — Wil?

WEW (S4.5%) ; yes.,
N—o—1 Ly
2 Zns M1, (3e) WX:OEG; a(®) ( (GN))
LCN—!

Ly — Lpc)* ’ (48)
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Proof. The first inequality in (48) is obvious. We start by choosing a test function
out of the set Sy (&7, é%), with x, y € S«. As in [2] we choose a test function
depending on the function which solves the variational problem for the capacity of
the underlying random walk and on the harmonic function of a zero-range process
on two sites:

L-1 k
n . 1
G*(n) = Z[fxy(zk) — fry @+ )] H (ﬁx + min N Z 771,,76} ) . (49)
k=1 n=2
where x = z1,22,...,z1 = y is an enumeration of S such that fx,(z) > fx,(z)),
forall i < j withi,j € {1,..,L} and fx, is the harmonic function in #(x, y).
The function H : {0, ..., NN;’"} 1 Ry is the harmonic function of the zero-range

process on two sites

N
ZCEZ=I_J3GNJ+1 a(g — Da(N —m —q)

H(Z) = N— N|— ) (50)
S a@a(N —m—g—1)
with boundary value conditions
H(z) =0, Vze{0,.,|[3eN]}, 1)

H(z)=1, Vze{N—|3¢N],....N}.

Observe that G** belongs to the set 7 (&, éﬁ).
For x, y € S« we estimate the Dirichlet form on the set of configurations

F]ij’yz{neEN:nx+ﬂy2N—€N}:

xoy _ L - :
OvGVIRY) =5 3 D v gl)r GG () = 67 ()

1<ij=<Lgery’

L _aty) . ;
- 2 Z;ﬂn)%’(zhzﬂm”(nz'Zf)—G”(r/)]z

Nu
< 57nsiin Z m(zi)r(zi, z;)

1<ij<L

> ,fi; [G* (& +0,,) — G* (£ +0,)] (52)

EEEN—1S
fxt+Ey=N—ty—1

By the definition of G*»” we obtain
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L—1
O (GIFY) < i Y mGrGizg) Y B [Z (for@) = for (@)
k=1

1<i,j<L §€EEN—1,5
Ex+ey=N—Ly—1

Sx d éz,, 1 >i ér d ]]- > ?
X(H (ﬁ+2ﬁ+ “]‘V }) ( k= ’}))] (53)

Fix two sites z; # z; € S withi < j. Since m«(x) = m«(y) = 1 and setting
my = Zﬁ:z £.,, we get for the sum over the configurations £ in (53) the upper
bound

¢ N—[3eN]—1

il ms 1
2 2 a(@) 2 a(p)a(N —m—p —1)

m=0  (€Eus\ixy} p=I|2eN]

o552

The sum over p only runs from [2e N| to N — [3¢ N| — 1 due to the boundary
conditions (51). Inserting the explicit form (50) yields

¢ N—[3eN]—1

& mi 1
X 2 a(@©) 2 a(p)a(N —m—p—1)

m=0 (E€Ey s\{x.y} p=12eN]

= a(p +mya(N —m=mi—p=1 |
Xy - Jxy . 55
g |:ch=:, Uspat) = Sy e ) Zﬁf:—ﬁ;}f]@ﬁj“a(q)a(N —m—q— 1)i| &)

Since my < £y and p > [2¢€N |, we can estimate

atp+m =a(p) (142 <ap) (14 47)" <ar) (14 0 (%)),

anda(N —m —my — p—1) <a(N —m — p — 1). Inserting these estimates into
(55) yields the upper bound

¢ N—[3¢N]—1

i mi 1
Z Z a(t) Z a(p)a(N —m—p—1)

m=0 ZEEI?X.S\{X.V} p=1[2¢eN]

- a(p)a(N —m—p—1) :
Z xyZk) = Jxy L 1+0(&
) |:k=i (@0 = foy ) Zy;g:mj_la(q)a(N —m—q—1) ( T (GN))j|
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& ¢ Xpcbavl la(pa(N=m=p=1)

. N 2 my p=12¢N|
S[fxy(zl) fry(zj)] X_: Z a({) N3N -1 o P
n=0tebsin O (LIZ5V T a@a(N —m—g 1))

x(1+0(%)). (56)

For j < i we get the same bound. Now note that

Yo ben apa(N —m—p—1) 1+ %
2 — —
(Z;V;LL;:]{]VJJ_I a(@)a(N —m —q — 1)) Zf;; LL33511VVJJ ! a(p)a(N —m—p—1)
(57)
with
N|—
L Lpelaon aPaN —m —p 1)
- N—|[3eN -1 : (58)
ZP=L3€NJ a(pya(N—m—p—1)
It is easy to see that
% =0 (7544). (59)
Thus we obtain for (53) the upper bound
N¢ 5
e 2 @@ e @) = fu @)l (60)
NS My <L
(N é’ 1

PP anz;)ZN—L3eNJ—1a(p)a(N_m_p_l)(1+ﬁ(f—j§)).

m=0¢ek,; s\(x,y} p=|3eN]

The sum over i, j in (60) is just the capacity of the underlying random walk between
the two sites x and y. Since

N—|3eN]—1

Y apa(N —m—p—1) = N2+, (3e) (1 0 (‘T)) . (6D
p=|3eN|

we get for (60)

& (Gx,y|FXJJ’) < N—Ol—l CapS(x’ y) ZZN: Z mi (1 + ﬁ(eN))
N N = Tz s Moy (3€) a(¢) NI
’ m=0 g'EEm.SO
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Now we can calculate an upper bound for the desired capacity:

capy (En(S)), En(S2)) = inf N (G)
Gen (En(S1),En (S2))

< inf  ®yN(Gyy), (63)
Wew (SL,52)

where the test function Gﬁ, € AN (EN(SY), En(S2)) is an appropriate combination
of an interpolation and convex combinations of the functions G*7, x, y € Sy, also
defined on the set of configurations En,s\ U, ,es, Fy” (the detailed construction

of G3, can be found in [7]). For (63) (cf. [7]) we get the upper bound
w g pPp

= inf ! Z DN (G| FE) Wy — Wi + M (64)
wew (SL,52) 2 X,y €8x N g * (En — Lpe)*

where the last term comes from the calculation of the Dirichlet form on the set of
configurations Ex s\ | F;\C,’y (cf. [7]). Inserting (62) yields the desired upper

X,YESx
bound
capy (6N (S4). EN(SP) < inf > capg(x, y)[Wy — Wi]? (65)
Wew (S1.59)
,YESK
N o= 1 ZN
" 2ZnsMila(3e) Z Z (5)( (_N))
m=0¢€E,,

LC.N—1 O
(Un — Lpe)®

4.2 Proofs of Theorems 3 and 4

Proof (of Theorem 3). By the remark after the proof of Proposition 2, and using
Lemma 1, we get in the case of fixed L the lower bound

sLoos2) o N ld4oe(l) - P
capy (77 /] ) > ZZsTLY(()())) inf Z capg (x, y)[Wy — W, ]
wew (sLsh i, ol

(66)

With the definitions (7) and (6), the sum over k in (66) converges for N 1 co to

m*(z)j _ _ ZS
Y Y o N -Nr-5rg  ©

k>0%(€Ey s, Z€S8p j=0 z€Sp

This gives the lower bound for (27). For the upper bound we insert the bound
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v mi ZS
2 2w S sir@ (68)

m=0 SEEm.SO

into (65) and use Lemma 1. We obtain the upper bound for (27). This concludes the
proof of Theorem 3. O
Proof (Theorem 4). Assume L(N) 1 oo, such that L(N)/N 7 0. In the case where
S} and S2 are a partition of S the lower bound takes the form

—a—1 2% £

N 1 ms
capy (En (S EN(SD) 2 = D eapstez— D D0 .
*al eslyes? NS k=0teEy s,
(69)

We can estimate the last expression of (69) by the measure of the set &5, for x € S
and get

capy (6n(8,). En(S7) =

—a—1
M- 020l s~ i) (0)

M| Sx| 1o (0) " ()

XES}(,yGS%

In the case of a partition we get from (65) with the estimation (68) the upper bound

N—a—IZS
capy (v (S)), En(S2)) < capg(x,y) (1 4+ o(1)).
Px (SN (52 8 (SD) = S T G F @z 2 PPsr ) (o)
XES4, VESK
(71)
Since vass =1+ o(1) we obtain

N="1(1 + o(1))
M| S| 1o(0) I (cx) Z

xES}(,yeS,%

capy (6 (S;), En(S7)) <

capg(x,y).  (72)

Combining (70) and (72) yields Theorem 4. ]

4.3 Metastability of the Zero-Range Process

We now prove Proposition 1 for L < oco.

Proposition 4.

SUPye_ 4 capy (0. A \n)/in (1) —1, 2 o1
0 L(L N)N . 73
nfee. g capy 6. Jun @~ O LETHNNT. T3

Proof. We already have shown an upper bound for the numerator. The following
Lemma bounds the denominator from below.
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—

z y X z y X

Fig. 4 Way of the particles in the chosen path

Lemma 3. Letr’ = minges r(u,u = 1)) > 0, £ € .#° and K(a) an a-dependent
constant. We have that
capy (&, 4) - r/L71
un(E) T (L2 4+ N)[S«|K(@)

(74)

First we proof Lemma 3 for a zero-range process with only three attractors, i.e.,
|S«] = 3, and afterwards we show that it holds also for any |S«| based on an
algorithm.

Proof (The Case |S«| = 3). Let S« = {x,y,z} and r(x,y) > r(x,2) > r(y,2).
For estimating the capacity from below we only consider one path from & to .Z.
We choose the path where firstly all particles of a valley jump on its attractor. The
resulting configuration, where only the three attractors are occupied, is called 7.
Then we let all particles of the lower occupied attractor in the big valley A(x)UA(y)
jump on the higher occupied attractor. Thus we get the configuration o*” with only
two occupied sites. Finally all particles from the lower occupied site of 6*” jump to
the higher occupied site (see Fig.4). Since

1
capy! (€. n) + capy! (. 0%Y) + capy (0¥, .4)’

capy (§,.4) = (75)

we have to calculate a lower bound for each capacity on the right hand side of (75).
For any w € Sy let (w),, be a distance to w increasing enumeration of A(w)\{w} and
=&, + Z _1 & T the number of particles on site w before the particles of site
w, ]ump on the attractor w. Let be |w| = max{dist(w, w;)|w € S«,w; € (W),}. For
each transition of the particles from site w; to site w, via nearest neighbor jumps,
we estimate the explicit formula for the capacity of the one dimensional chain (see
Chap. 8.1 in [4]). Thus we get for the capacity between & and 7 the lower bound

Cy R 76
CapN ¢ n =< Z Z Z 1in ({Ew; —k,g{v+k})r’N"" (76)

weSyx i=1 k=0
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where {&,, — k, £l + k} is the configuration:

&, forallv € S\A(w) andv € {w, :n > i}
0, forallv € {w, :n <i}

£, —k, forv=w;

£ +k, forv=w.

{Swi —k,gfv + k}v =

Note that the uxy-measure of the configuration increases after each transition of a
particle, because there are more particles on condensate-sites. Equation (76) equals

(@l 871, i ; «
Wl a(tw; —k, &, + ki\twi, wh) a(Ew;, —K)a(E, + k)N —1)
XX Y e

B AN i) ma(w;) i K N

weSyx i=1 k=0

Ol 7 5wl a(@Ew; — k. £ + kPN wi, wha(EaEw)

A= B RN e
Ewl -1

x 3 (1- EL)“ (1+ Eﬁ)“ (1- ﬁ)“ ms(wi)K. 7
k=0

The sum over k in (77) is bounded by L times an «-dependent constant K’'(c).
Observe that in the case where £! is zero, a(£!) = 1 and we can use the same
estimation. We obtain

0| , 10w 2k
» |w|LK'(at) LK)
_IWILK' (@) 78
capy (£,1) < WEES: ; un (e ELDF W; IZ_:I MN({Ewl gLy (78)

If nx = N orny, = N we can stop here, because we already have a configuration
in .. Otherwise we continue the estimation of the capacities. Without loss of

generality let n, < 71,. A similar estimation of the formula of the one-dimensional
chain yields

Nx—1

dist(x, y)(N — 1)“
ZO ion (s — kony + KDrNE

IA

capﬁ1 (n, o™

Zn,s dist(x, y) a(n\{x, y}) ”f a(nx —k)a(ny, + k)(N — 1)
No r/mZ N«

k=0

dist(x, ) "~ k\* 1\*
“or 2 () (+5) (-5) @
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where {nx —k,n, +k} € Ey,s is the configuration where all sites are empty except
for site x with n, — k particles, site y with n, + k particles and the site z with 7,
particles on it. Observe that Z—i < 1.Forall k € {1,...,nx — 1} we have that

1\* k\* k\*
(1__) <1, (1——) <1 and (1+—) <2% (30)
N Nx My

Since 1x, 7y < N, we can estimate the sum in (79) by 2N from above and get

2% N dist(x, y) - 2°NL

. 81
i ®D

capy' (n, o) <

If cr;fy = N we can stop here. Otherwise we continue the estimation of the
capacities. Without loss of generality let 07 < ajf ?. A similar estimation yields

2% N dist(y, 2) - 2NL

-1, _xy
AN ) = T S e

(82)

Combining (78), (81) and (82) we get for the capacity capy (&, .#)/un(§) the
lower bound

LK@ ' uv@®  2onL (MN@) w@)) -
[ g 2 it 7 N e ) | O

weSyx =1

Since there are more particles on the sites of Sy in the configurations {£,,, £V n

xy : : 1G] pn (@) _pun(E)
and 0*” than in the configuration &, we have that T (8, EID BN oy @) <l

Thus, we can continue

r

capy (&, 4) _ [L3K’(a)|s*| L 29080 - var
r

un (§) ! !
- L1
T (L2 4 N)|S«|K(e)

(84)

O

Proof (The Case |S«| > 3). The following algorithm generalizes the case to
|S«| > 3. Fix a configuration £ ¢ ./ . First we let all particles in a valley jump on its
attractor. From the resulting configuration we construct a labeled tree. Each attractor
corresponds to a leaf of the tree which is labeled with its occupation number. The
local maxima of the potential of the random walk on S are the vertices of the tree
where the biggest one is the root of the tree. The root is connected with the vertices
of the next two biggest local maxima and so on (see Fig. 5).
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Fig. 5 Construction of the tree

Fig. 6 Algorithm for |S«| = 3

The algorithm works as follows: For each pair of leaves we calculate the length of
the shortest path between them and choose the pair of leaves with the shortest path.
If there are multiple shortest paths of the same length, we choose the one with the
lowest labeled leaf. Next we increase the label of the higher labeled leaf in the pair
by the value of the label of the lower labeled leaf and delete this one. We continue
this procedure until we obtain a tree with only one leaf. This algorithm describes
one path from the configuration £ ¢ .# to a configuration in .#, because the final
tree corresponds to such a configuration in .# . Thus for the general case we have
to calculate at most |Sx| — 1 transitions between condensate-sites, i.e., we have to
estimate at most |S«| — 1 capacities. Hence (84) also holds in the general case.
Figure 6 illustrates the algorithm for the case |Si| = 3. O

We now conclude the proof of the proposition. Using Theorem 3 and Lemma 1
yields

capy (", 4 \n") N Zys(1+o0(1))
sup —————— = = su capg(w,v) (85)
WGSP* MN(”W) WGSI')* *lS*|I(X(O)F(a) UE;%\:{W} Ps
N-e-lz
— sup S > capg(w. v)(140(1)),

WESx |Sx Myl (0)I () vEST\w}

where uy (n") = Z:,—S is the configuration with all N particles at the site w. For

the denominator we use Lemma 3 and get the desired result
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SUPye . APy (1. AN/ 11 (1) < N Z5 L4 N) K@) +o(1) Z
infee e ey = M Ia O (@) sup capg (w, v)
infee e capy (§..4)/ pn (§) WESK L e S\ iw

= 0@ 'L(L* + N)N™*7), (86)

O
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Convergence of the Two-Point Function
of the Stationary TASEP

Jinho Baik, Patrik Lino Ferrari, and Sandrine Péché

Abstract We consider the two-point function of the totally asymmetric simple
exclusion process with stationary initial conditions. The two-point function can be
expressed as the discrete Laplacian of the variance of the associated height function.
The limit of the distribution function of the appropriately scaled height function
was obtained previously by Ferrari and Spohn. In this paper we show that the
convergence can be improved to the convergence of moments. This implies the
convergence of the two-point function in a weak sense along the near-characteristic
direction as time tends to infinity, thereby confirming the conjecture in the paper of
Ferrari and Spohn.

1 Introduction and Result

The totally asymmetric simple exclusion process (TASEP) is arguably the simplest
non-reversible interacting stochastic particle system, and it is also one of the most
studied. Particles live on Z and they satisfy the exclusion constraint: each site can be
occupied by at most one particle. Therefore a particle configuration can be denoted
by 1 € {0, 1}%, where ; = 0 means that site j is empty while 7, = 1 means that
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the site is occupied. The dynamics of the TASEP is then defined as follows: every
particle tries to jump to its right neighbor with rate one. The jumps occurs only if
the exclusion constraint is satisfied.

It is known [12] that the only translation-invariant stationary measures of the
TASEP are Bernoulli product measures with parameter p € [0, 1], namely,

P(n; =1)=p foralljeZ. (1)

Here p is the average density of particles. The cases p = 0 and p = 1 are trivial and
in the following we fix p € (0, 1). This system is referred as stationary TASEP.
The two-point function is defined as

S(j.1) :=E(n;(1)no(0)) — p*. )

Note that this equals the covariance of 7;(f) and 79(0). Hence the two-point
function carries the information on how site j at time ¢ is correlated with site 0
at time 0. It is known that

Y oSG0 =pl—p) =« 3)

Jj€z

and also S(j,t) > 0. This implies that %S (J, ) can be thought of as a probability
mass function in j € Z. Indeed this equals the probability that a second class
particle, which was at site 0 at time 0, is at site j at time ¢ [9]. It is also known that
the expectation of j with respect to the probability mass function %S (J, 1) satisfies

st(f( D~ (1= 201, 4)

jez

and the variance scales as [16, 18]

ijy —(1=2p)1)> = 0(*?), )

JEZ

as t — oo. Therefore, for large time ¢, one expects the scaling form for S as'

. ~ " J B (1 —2p)t 1
S(./s[) — ngc( 2X1/3t2/3 2X1/3t2/3 (6)

for some non-random function gs.. The precise expression of gi. was first conjec-
tured in [15] based on the work [6]:

X
4

was incorrectly written as £ in [14]. This is a typographical error.

! The multiplicative factor 3
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geel) = / $2dF,(s) )
R

where F,,(s) is the distribution function defined in (17) below.

In order to understand the presence of the second derivative in (6) and the second
moment formula (7), we recall that TASEP can also be seen as a stochastic growth
interface model, whose discrete gradient of the height equals 1 —27. The dynamical
rule is that when a particle jumps to the right, a valley \ " changes to a mountain
/"\.. More precisely, let N;(j) denote the number of particles which have jumped
from site j to j + 1 during the time interval [0, ¢], and define the height function

2N0) + XL (1 =2m())  forj > 1,
he(j) = 2N:(0) for j =0, (8)
2N(0) = Y 0_ ;41 (1 =27 (1)) for j < —1.

Then initially /¢(0) = 0 and Ao (j) — ho(j — 1) = 1 —25,(0), and at the instance
a particle jumps from site j to j + 1, the height function at position j increases by
two. Note that h,(j) — ho(j) = 2N¢(j). It was shown in [14] that the two-point
function can be expressed as

S(.1) = g(AVar(he(-))(j) ©)

with A being the discrete Laplacian, (Af)(j) = f(j —1)—2f(j)+ f(j +1). Since
it is known that F,,(s) has mean, see 0 [6], this explains the presence of the second
derivative in the conjectured formula (6) and the second moment formula (7).

Define the probability distribution functions of the location-rescaled height
function,

Fy(s.1) = P(h([(1 = 2p)1 + 2w *%/7))
> (1 =25t + 2w(1 — 2p) y/312/3 —2S)(2/3t1/3). (10)

The function F,, in (7) (which is defined in (17) below) was conjectured in [15] to
be the limit

lim F,(s,t) = F,(s). (11)
1 —>00

The convergence (11) for each s was later proved in [10]. This strongly indicates the
validity of (6). A missing part in concluding (6) is the convergence of the moments
of F,(s,t) which is a stronger statement than (11). Our main result is that the
moments indeed converge.
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Theorem 1. Forall{ € N,
lim / s dF,(s,1) = / stdF,(s) (12)
1—>00 R R

uniformly for w in a compact subset of R.

As a consequence we obtain the convergence of the two-point function is a weak
sense.

Corollary 2. We have, with y := p(1 — p),

lim 2;1/32/3§ ([(1 —2p)t + 2W)(1/312/3],l‘) = Lo (w) (13)

t—00 4

if integrated over smooth functions in w with compact support.

The proof of this corollary is given in Sect. 5. An improvement of the analysis in
this paper can yield the convergence in the point-wise sense in (13). However, we
do not consider this direction in this paper.

For completeness, let us state a formula of the limiting distribution function
F,,(s) explicitly. Let P, be the orthogonal projector on the interval [u, +00). Set

Kais(x,y) = / Ai(x + s + V)Ai(y + 5 + A)dA,
Ry (14)

Foue(s) := det(1 — PoKai s Po).

Foug is the GUE Tracy-Widom distribution function [17]. We also define the
function

g = ([

"CEIAi(x + y + s)drdy + / L B (s 0, )y (7)dx dy),
RS
(15

where

B, 5(x) ;:/ e K pis (@ xX)dz. W 5(x) ;:/ e Ai(x +z+s)dz, (16)
R—

and ps(x, ) := (1 — PoKaisPo)~ ' (x.y). Now

0
Fou(s) == % (Foue(s + w?)g(s + w2 w)). (17)
There is an alternative formula expressed in terms the Lax pair equations of the
Painlevé II equation obtained in [6]. But we will only use the formula (17) in this
paper. One can also consider the joint distributions for different values of w and a
formula can be found in [5].
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2 Setting and Strategy of the Proof

The height function /() associated to a TASEP with any initial condition can be
related to the last passage time of a directed last passage percolation (DLPP) model.
Over the last decade or so, the so-called solvable, or determinantal DLPP models
[8,11,13] were studied extensively. These are the models for which the probability
distribution of the last passage time can be expressed explicitly in terms of Fredholm
determinants. The DLPP model corresponding to the stationary TASEP is not one
of solvable models but can be related to one after suitable analytic continuation of
the parameters. This yields the following formula of F,(s, ).
Fix w € R. Let us set? (recall that y = p(1 — p))

2m = (1=2))t +2w(1=2p) x3t*/3,  2d = (1-2p)t +2wy"/31?/3, (18)

and define the functions’

_ea(x—y) m—d
L(x,y) = e_% e_Z(x_y)%dz for x > y,
I,

2mi (1—p—z)ymtd
(x=») +d (19)
a(x—y 1—p—2)"
R(x,y) = e—¢ eZ(y_x)%dz forx < y,
27i Jr, (p+ 2"~
with
=1 (20)
a:= 5 p.
We define the kernel
Knatr.9) = [ LRGN @)
and the distribution function
F(u) :=det(1 — P,Kp qaP). (22)

2To be precise, we need to take the integer parts of the formulas since m and d need to be integers.
Since the error between the formula above and the integer parts is O(1), this does not result in
any significant changes in the estimates and hence for convenience we define m and d as in (18)
without restricting them to be integers in this paper. However, we remark that if we restrict m and
d to be integers, one occasionally needs to be careful in the precise formulation of the estimates
and the exposition becomes more involved. We do not discuss these subtleties in this paper.

3For any set of points S, the notation 951"5 f(2) dz denotes the integral over a simple closed contour

which encloses the points S but excludes any other poles of the function f. The contour is oriented
counter-clockwise.
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Finally, we set

Go(u) = g1(u) + g2(u) + g3(u), (23)
where
1) = u+ ﬁ—_‘jﬁ
g2(u) = (Va, PuKm,aV—a). @4
g3(u) = (K ;(1 = P)VYa, Pu(1 = PuKypa P) ' Pu(l — Kpn.a)¥—a).
with ¥, (x) = e7?*. Then it was shown in [10] that*
Fuls.1) = ——— L (Flu(s, 1) Golu(s. 1)) (25)
(t/ 0173 ds
where
u=u(s,t):=1+sy Y33 (26)
Set
Go(s,1) := Go(u(s, 1)), F(s,1) := F(uls,1)). @7)

The main technical part of this paper is on the following estimates”:

Proposition 1 (Uniform upper tail estimates). There exist positive constants Sy,
to, ¢ and C such that

s—F(s.0Go(s.0)/(t/ )3 < Ce™Bl,  s>s0. 1>10. (28)

The bound holds uniformly for w in a compact subset of R.

4The formula (25) is the formula (4.10) of [10] when b = —a if we take into account (26) . See
(5.21) of [10] for the formula of the function Go(u) = G~ (u).

3The exponents of the bounds are not optimal. The bound in (28) and (29) can be improved to
Ce—<IsP”* and Ce—<hP’, respectively. The improved bound for (28) can be achieved if we keep
track of a slightly better estimate in the analysis presented in this paper. On the other hand, in

order to improve the bound (29), we need a different approach such as Riemann-Hilbert analysis
asin [3,4].
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Proposition 2 (Uniform lower tail estimates). There exist so, to, ¢ and C such
that

—c|s|3/2
9

|Fu(s,t)] < Ce s < —s9, t>1. (29)

The bound holds uniformly for w in a compact subset of R.
Theorem 1 now follows.

Proof of Theorem 1. We only consider £ > 2. The case £ = 1 follows easily. We
first write the integral on the left-hand-side of (12) as the sum of the integral over
R and the integral over R_. For the integral over R, integrating by parts twice
and using the fact that F,, (-, ¢) is a cumulative distribution function,

_ - G (S,t)
L -2 0
stdF,(s,t) ==L —1) s s—F(s,t)———=)d 30)
/R+ Ry ( (I/X)l/:i)
for £ > 2. It was in [10] that in addition to (11) we also have the limit
A GO(SsZ) 2 2
F(S,Z)W — Foue(s +w)g(s +w”,w) €29

for each s as t — oo0. Thus, due to Proposition 1, the Lebesgue dominated
convergence theorem can be applied and we find that (30) converges to

-1 [ s-2 (s — Four(s +w?)g(s + w2, w))ds. 32)
R4

On the other hand, integrating by parts once gives

/ stdF,(s,1) =—1¢ s VF, (s, t)ds. (33)

— R—

Thus, again, the Lebesgue dominated convergence theorem can be applied due to
Proposition 2 and from (11) we find that (33) converges to

—¢ | s“VF,(s)ds. (34)
R_

Integrating (32) and (34) by parts backwards and using the fact that F,, is a
cumulative distribution function, we find that the sum of these two integrals is the
right-hand-side of (12). O

The estimate (28) for the upper tail is obtained by analyzing the formulas (22)
and (23) asymptotically using the saddle-point analysis. This asymptotic analysis is
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very close to that of many previous papers, for example [2, 10, 11]. We use some of
the results directly or improve upon them. See Sect. 3.

For the estimate (29) on the lower tail, we note the following. Consider the
TASEP with step-initial condition i.e. ;(0) = 1 for j < 0 and 5;(0) = 0
for j > 1. Then the associated height function h, " () satisfies hy ™ (j) = |j|.
This means that initially /¢ is bounded from above by hf)tep. Since the initial
condition of the stationary TASEP is independent of the dynamics, we find that
h; is stochastically bounded above® by h}*?. Hence’

P(he(j) = u) < P(h;*(j) = ). (35)
But ]P)(hitep( j) = u) is known to be precisely F(u) of (22) [11]. Therefore we have
Fy(s.1) < F(s.1) = det(1 = PKp.a P.). (36)

Thus, the estimate (29) follows if we show that F (s, ) is bounded from above by
Ce=<Is*"? for negative large enough s. This in turn follows if we show the same
bound for the Fredholm determinant (22). For this purpose we follow the idea of
Widom [19] which seems not as well-known as it should be. See Sect. 4.

3 Proof of Proposition 1: Upper Tail

The proposition follows from (40), (38) and (52), see below.

3.1 Asymptotics for F

The function F(u) = det(1 — P,K,, 4 P,) is the distribution function of the last
passage time of the directed last passage model with i.i.d. exponential random
variables. It is well-known [11] that this also equals the distribution function of
the largest eigenvalue of the Laguerre unitary ensemble (LUE) which is defined
as M4 = ﬁXX* where X is a (m — d) x (m + d) random matrix with
i.i.d. standard complex Gaussian entries. This equality can also be seen explicitly
in Appendix C of [10] where K, 4 was shown to be same as the correlation kernel
of the LUE up to a conjugation by a multiplication. The asymptotics of LUE and

5This can also be seen easily from the corresponding directed last passage percolation (DLPP)
models. The DLPP model for the stationary TASEP is the DLPP model for the TASEP with the
step initial condition plus an extra row and an extra column with non-zero weights.

7We would like to thank Ivan Corwin and Eric Cator for communicating this observation. This
observation simplified the proof of the lower tail estimate which we originally obtained by
estimating F,, (s, t) directly.
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F (s,t) = F(u(s,t)) were considered in several papers, especially in [2,10,11]. We
have:

Lemma 1. Fix sy € R. Then

lim F(s,t) = Fgue(s + w?) (37)
t—>00

uniformly for s € [sg, 00) and w in a compact subset of R. Furthermore, for given
so € Rand ty > 0, there exist positive constants C and c such that

1 —F(s,t)] < Ce™* (38)

fors > so andt > ty.

The bound (38) can be found in, for example, Sect. 3.1 of [2].8

3.2 Evaluation of g,

A direct computation using (18), (20), and (26) shows that’

2ad —m

Ti—a? =s(t/ '3 (39)

g1(u) = u+

This implies that

F(s,1)Go(s. 1) Ao 82() + g3(w) A
—W =—F(S,I)W+S(1—F(S,l)). (40)
The term 1 — F (s, ) can be estimated using (38) and F (s, ¢) is bounded by 1 since
it is a distribution function. We now show that g, (u)/(z/ x)*/? and g3 (u)/(t/ x)'/?
are uniformly (in ¢) bounded by exponentially decaying functions in s.

In the rest of this section, we only consider the case when w > 0. If w < 0,
we need to start with a different decomposition of Go(u) ((5.22) instead of (5.21)
of [10]). After this change, the analysis is completely analogous. For the case when

8The exponent of the upper bound is not optimal: the optimal exponent is e —!* 2 But we do not
consider such an issue in this paper.

9The formula becomes s(t/x)"/*> + O(1) where O(1) is independent of s if we take the integer
parts in the definition of m and d in (18). This is an example of the subtleties mentioned in the
Footnote 2. This results in the additional term O (¢t ~'/3) in (40). Since this is not a function in s, we
cannot obtain the bound (C1). However, this issue can be fixed by shifting s to s — O(1)/(t/x)"/3.
In other words, the centering and scaling u = ¢ + s(¢/ x)'/? needs to be changed slightly to reflect
the difference of the formula of (18) and their integer counter-parts.
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w = 0, we can proceed as in the case when w > 0 but with a yet slight modification:
see (6.31)—(6.34) of [10]. We skip the detail when w < 0 and w = 0, and assume
from now on that w > 0.

3.3 Estimations on g and g3

Recall the definition (24) of g, (u). It is a direct calculation to show that (see (3.15)
of [10])

(1—pym+

pm—d

/R(x,y)w_a(y)dyzZ(p)w_a(x), Z(p) = . @D

for x € R, fora € (—1/2,1/2). Using this, g2(#) = (¥q, P,.L(L — Po)¥—_g).
Inserting the formula v, and L(x, y), we obtain

g2(u) = / 4 (x + y)dxdy, 42)
%
where
—Z(p) —utx) @t p) 4
— Z(Ur+x . 4
JH(x) i Flipe —(1 _p_Z)m-i-ddZ 43)

Thus (see (6.19) of [10])

(07 g = [ Hitx o ydedv, Hip) i= 00" A0/ 0P,
+

(44)

Similarly, recall the definition (24) of g3(«). Using (41), an argument similar to
that for (42) implies that

(1= Ky Vr—a(x) = % [1 | Acutx+ y)dy}. 45)

R4

We also note that, similar to (41), we have (see (3.15) of [10])

o0 1
/ VL = S () (46)

forx € R, fora € (—1/2,1/2). Using this, we find that
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Knal = Povan) =] [ s+ pay
R4
ol S (—u+ x + )G (z + y)dzdy:| 47)
RY
where
5 1 (1—p— Z)m+a’
= 2(u+x) ) 4
i (x) iz P, e = dz (48)
This implies that we can express (see (6.26)—(6.28) in [10])
/0 gs(u) = (®r. A W) 49)
where
2@ = [ Ao+ od- [ G+ DEG + i)
Ry R3
(50)
u®) = [1- [ mo+ o)
R4

with Hy(y) = (/022 (/)% and H(y) = (t/0)"PA @/ 0"?).
Here the operator A, is defined by 4, = Po(1 — K;)~! Py where the kernel of
K[ is

Ki(Er, b) = 2780

Hi(x +§)H (x + &)dx,  £,6£>0, (D)
R4
and K; (&1, &) = 0 otherwise.
We obtain the following estimates for g, and g3.
Lemma 2. There are positive constants ¢ and C such that
/0P| <Ce™, |t/ Vg < (52)

foralls > 0andt > 0.

Proof of Lemma 2. Note from the formula (43) that 777 (x) = . (x; u) is a function

of x + u . Hence H;(y) = H(y;s) is a function of y + s. Thus, H;(y;s) =
H;(y + 5;0). The same holds for H;(y) = H;(y;s).

Basic bounds for the functions H; (y) and H;(y) were obtained in (6.15) of [10]:
for any B > 0 there exist positive constants Cg and C [/3 such that
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|H;(y:5)| < Cge™ and |H,(y:is)| < Cpe™P” (53)

uniformly for ¢ > 0, y > 0, and s > 0. In particular, the bound holds for H;(y;0)
and H;(y;0) whens = 0, forz > 0and y > 0. Thus using H,(y;s) = H;(y+s;0)
and inserting y + s in place of y in (53), we find that for any 8 > 0 there are positive
constants Cg and Cy such that

|H(y;5)| < Cge P and  |Hi(y:s)| < Cpe PO+ (54)

uniformlyins >0,y > 0ands > 0.
The bound for (¢/)~"/3 g2 (u) follows from (44) and (54).
We now estimate |(¢/ )"/ g3(u)|. Choosing B > |w|, (54) implies that

|, (£)| < Ce™PsemPE
for a positive constant C. Thus,
1P| 2,y < Cle™, (55)

for a constant C’ uniformly in ¢ > 0 and s > 0. On the other hand, (54) implies that
|, (£)e™€| is bounded by a constant. Since we assume w > 0 (see Sect. 3.2), we find

that ||| |iz ®4) is uniformly bounded in ¢ > 0 and s > 0. Finally, the inequality

14el] < (1L = K2 4) T+ (L= Kpjpogs) = (L= K) 7' (56)

where Ky; 2 is the Airy kernel restricted on (w? + 5, 00), and the fact (see (6.36)
of [10]) that ||(1 — Ka;))™! — (1 — K;)7!|| — 0 as ¢ — oo imply that ||4,]] is
uniformly bounded in ¢ > 0 and s > 0. Therefore, the bound for (¢/y)™"/3g3(u)
follows from [(Dr, A, )| < ||D:|| || Ae]] ||| O

4 Proof of Proposition 2: Lower Tail

Recall from Sect. 3.1 that K, 4 is a similarity transform of the correlation kernel
of the LUE M,, 4. Since the correlation kernel of the LUE is a positive projection,
all the eigenvalues, which we denote by w;, j = 0,1,2,---, of P,K,,4 P, are real
and u; € [0, 1]. It was shown in Appendix B.3 of [10] that t; € [0,1) if u > O.
From this we find that det(l — PuKm,a Pu) = [[;50(1 — i) < [[j50e7™ =
e T (Pukm.a Pv) Therefore,

F(s,1) < exp(=Tr (PuKm.a P)). (57)

This trick is due to Widom [19].
The trace has the following lower bound:
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Proposition 3. There exist positive constants ty, So, ¢ such that
Tr (PKm,aPu) = cls|*? (58)

foralls < —sgandt > ty.

The same estimate was obtained in the context of random permutations and an
oriented digital boiling model by Widom [19]. We follow the paper [19] to prove
the Proposition, and as such we only sketch the main ideas and do not provide all
the details of the proof. Once this proposition is proven, then Proposition 2 follows
from (36) and (57).

Proof of Proposition 3. Since the operator K; is trace class with continuous kernel,
we have

et (1 W)m+d m—d dwdz
Tr(K;) = K, dx =
r(K;) = - ¢ (x, x)dx (2m)2 é} 5120 o (12w (o — 07

eME) gy dy
(27”) 56 9%) eMFO (w—2)2

(59)

where
Fu2)i=uz—Inz+yn(l—2), = ﬁ (60)
Here M := m —d and y := —(1 p)2+0(t_1/3) Note that o/ = plz +

O(t~'/3) if 5 is in a bounded set, and ' > L forall s < 0. We analyze (59)
o

asymptotically using the saddle-point analysis. Note the presence of the singularity
ﬁ in the integrand.
We first consider the case where

(1— P +e<u <+ p)?—s072>, 61)

for some € > 0 (small, but fixed) and so > 1 also fixed. The critical points are F,
are

, "+ 11— 1
du) =" -+ - (- . 6

1

i

The two critical points are non-real and |z ()| = < p < 1. Consider the

following two contours:

w=lzle?, 0<6<2n, (63)
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Fig. 1 The bold path I" is the deformation of I that locally follows the steepest descent path

and
=1+ —11%  0<6<2n (64)

respectively. Then

d ' 14 =— T
Re(@Fu(W)) —Im<W>("—m)‘ Im(w)(|zc+—1|2 Iw—llz)’

d 2 Sy v
Re (EFM(Z)) —Im(z) (u — W) = —Im(z) (IZEL|2 |Z|2) . (65)

Thus, along these contours, Re (F,,) achieves its relative maximum (resp. minimum)
at zci. Hence these paths are of steep-ascent and steep-descent for F,. We chose
to work with these explicit contours instead of the contours of steepest-ascent and
steepest-descent for convenience. Due to this reason, we need to modify the contours
locally near the critical points if «’ is close to (1 + ﬁ)z. Namely, in this case, the
contours above become almost tangential and are almost parallel to the direction
along which Re(F,) is constant. Then we cannot apply the saddle-point method. In
this case, we simply modify the contours locally near the critical points so that they
pass through the critical points along the steepest descent direction as pictured in
Fig.1 for the z-contour. A similar modification is needed for the w-contour. This
small modification does not yield any significant changes in the estimation. For the
convenience of presentation, we work with the above explicit contours and skip the
details on how the formulas changes after the modifications. The same procedure
was also explained in Sect. 6.2 of [7] for the similar estimations.
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a r i br i i it
n' e ‘F] n/. —T __‘F] F!
-.\\ 7 v -, ./ .\
0 (.. \ | 0 7\ 1 ' AR
N / N AN / %

Fig. 2 The subdivision of the integration from (a) the ones in (59) to (b) the ones in (66)

We now deform the original contours in (59) to the new contours of steepest-
ascent and steepest-descent, which we call by the same names, I and I";. We first
deform the original contours to those in (a) of Fig.2 where I is the contour of
steepest-ascent and the part of I'] except for the segment from z, to z!" is the part
of the contour of steepest-descent. These contours can be divided as in (b) of Fig. 2
and we have

—1 MFE,(w) dz d MF“(W) dzd
(59) = —,P.V.¢ ¢ ¢ Law / ¢ <aw
(27i)? T Jr M@ (w— z)2 (27'[1)2 % eMF.) (w— Z)z

(66)

Here the first integral needs to be interpreted as the Principal Value due to the
divergent terms in the integrand. The second integral is from the contributions of the
pole in the deformation of the contours. The contours in the second double integral
are defined as follows. The w-contour, ¢, is a segment from z to z} to the left of 1
and to the right of 0. The z-contour, I 1” , encircles the whole segment ¢ but not 1,
see Fig. 2.

Setting Q(z) := exp(MF,(z)), the Cauchy’s integral formula implies that the
second integral of (66) equals

Q' (W) =M (F.(z)) - Fu.(z,))
27 Q(w) 2mi ' ©7)
Noting that F,(zJ) = F,(z;), we have
eMF.(w)—MF,(2) M Im(F,(z}))
(27r1)2 / 9§w (w—12)2 T dw= T (68)

Observe that when ' = (1 + ﬁ)z, the two critical points coincide and we have
= -In addition, Fpy(14+ 7 (zc) € R. Thus

Ze = e =

o
S
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—Im(F(z))) = Im(F1 1 y3y2 (@) — Im(Fu(z]))

MU+y7° g (69)
/ Imd—Fv(z (v))dv.

u

Using the definition (60) of F, and the fact that z (v) is a critical value, we find that
L Fy(zf (v)) = 47zF (v). From the formula (62) of zJ,

Ve R—"
Im(zf (v'M)) = - (21\)/ L (4 7)? =)' (70)

> ((1+ p)2=v)'/?

[\SRNQ

since v’ satisfies the condition (61). Therefore, (69) implies that
€ 2 n3/2
(68)ZM?((1+«/?) —u)re. (71)

Recall that \/y = (1 —p)/p+ O(t71/3), that M = p*t(1 + O(t7/3)), and that
u' = u/M with u =1t + s(t/x)"/3. Then, we can choose a 5o > 0 large enough
(but fixed independently of #) such that for all s < —sy it holds (1 + ﬁ)z —u' >
—cyst™2/3 for some ¢; > 0. Therefore for ' satisfying (61), there is a positive
constant ¢ such that

MF (w)—MF,(z) 3/2
——dzdw > c(— 72
@ [, 9, T ez 7

uniformly in 7.

We now show that the contribution of the Principal Value integral in (66) is much
smaller than (72). Indeed we will show that this is O(1). This proves (58) by taking
the constant ¢ smaller than one in (72).

A direct computation shows that

(Z;’— - 1+{ﬁ)(zj_ - 1—1«ﬁ)

"o +y _
Fu (Zc ) - (1 )’) (Zj)z(Zj— _ 1)2

(73)

This implies
|F) D)~ (1 + 7)? —u)/? ~ 12713 (74)

as u'—(14+/7)? —st72/3, while for (1—/7)% + € <u' < (1+ ,/y)* — € we have
|F"(zF)| = O(1). Thus, for the general u’ satisfying (61), c1t~V/3 < |F/(z})| < ¢z

for some positive constants ¢; and 5. Hence O(t'/3) < /MF/"(zF) < 0(t'/?).
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Let us choose the parts Vo(zF) and Vi (zF) of the paths Iy and I, respectively,
whose size are B(MF!(z}))~"/2. Then both parts become smaller as t — 0.
Because the paths Iy and I are chosen to be steep-descent, the contribution
coming from Iy x Iy \ {Vo(z}) U Vo(z7)} x {Vi(z}) U Vi(z;)} is at most of order
O(1) if B is chosen large enough (but fixed). Let us first consider the contributions
from the intersecting contours Vo(z}) x Vi(z}) and Vj (Zc) x (zc) Due to the
symmetry, it is enough to consider the contribution of Vo(z}) x Vi (z}), given by

—1 1
- P V / / eMF“ (w)—MF,(z) —dZ dW (75)
(2mi)? Vo) Jvih (w—12)?

Now we have to see if this integral is bounded by a constant. Since z converges to 7",
we use the Taylor’s series of F, in z — z}. Since 7/ is a crltlcal point, the function
F,(z) in the exponent may be approximated as F,(zJ) + 3 F,/(z¢)(z — zZ)?. It can
be checked that the contrlbutlons from the higher order terms are negligible. Chang-
ing the variables as z = 7} + 2/ (MF”(zF)™V2,w = + W (MFE/(z))~"2, we
obtain

I(zj) =

2(w -2
)N
I(z)) ~ (2 1)2 / / o ————dd dw (76)

which is finite.
Let us now show that the contribution of the non-intersecting contours

Vo(zE) x Vi(z))

are also bounded from above by some constant. To that aim, B being fixed, we
assume that s¢ is chosen large enough so that so > B. This time the singularity
term 1/|w — z|? is bounded from above and one can easily deduce that for all

W e (1= y7)?+e (1 + 7)?—sot™2/3),

~1 1
——PV. / / eME=MEQ) gz dw| < O(1).
’(27”)2 Vo) Jvi ) (w—2)?

Combining the whole, we have shown that the contributions from the first integral
in (66) is O(1) and (58) is proved for u’ € [(1 — /¥)? + €, (1 + /¥)* — sot ~2/?).
We now consider the case where

u € (0,(1 — /y)* +e). (77)

In (61), we could have chosen € > 0 small enough so that

A=)’ +e<= ((1+ﬂ2+(1—¢’)) (78)
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Consider the Laguerre Unitary Ensemble ﬁX X* where X isa (m —d) x (m + d)
random matrix with i.i.d. complex standard Gaussian entries. Denote by A; > A, >
-+« > A,—g its ordered eigenvalues. By the definition of the correlation kernel K,
we have

m—d
Tr(K;) = E( > nl(m), (79)

i=1

where I = («/, +00). This can be bounded below as

m—d m—d
E( > ﬂl(x,»)) > E( > nze(m), (80)

i=1 i=1

where I = ((1 — ﬁ)z + €, +00). Now, we call on the results of [1], giving con-
vergence rates for the spectral distribution of random sample covariance matrices.
Let F,,_4 denote the empirical probability distribution function associated to the
spectral measure:

m—d
1
Fpg() = ——— 3 Ly<x. (81)

i=1

Let also F be the cumulative distribution function of the Marchenko-Pastur distri-
bution o defined by the density

do WG =00 —u)
dx 2w x

]]-[ui,uﬁr] (X), (82)

where y = % and ucjE =1+ ﬁ)z. It is well known that F,,,_; (x) — F(x) a.s.
for all x. In [1] it is proven that

max |[E(Fy,—g (x)) = F(x)| < (m —d)7V/2. (83)

Then (79) and (80) imply that
Tr(Ko) 2 (m = d)(1 =F((1 = /7)” + €) = (m =)'/, (84)
With the condition (78) on €, F((1 — ﬁ)z + €) < 1 uniformly and since m —d =
p*t + O(t?/3) — oo, we find that there exists a positive constant C = C(¢) such

that

Tr(K:) = C(m —d) (85)
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uniformly in ¢ and for ' satisfying (77). Now as u = t — s(t/y)"/?> and u > 0,
we have (—s)*/2 = (t — u)>?(y/t)"/?> < y'/2t. Thus since m —d = p*t +
O(t?/3), (85) implies that there exists a positive constant ¢ such that

Tr(K;) > c(—s)*/? (86)

uniformly in ¢ and for «’ satisfying (77). Thus (58) is proved for «’ satisfying (77).
This completes the proof of Proposition 3. O

S Proof of Corollary 2

Let us consider the rescaled height function

he (W) — [(1 = 20)t + 2w(1 —2p) x'/31%/3)

Hy(w) = 0213173 ’

(87)
with j(w) = (1=2p)t +2wy/3t%/3 By (10), F,,(s,t) = P(H;(w) < s). We have:
2
G;(w) := Var(H;(w)) = / s2dF,(s, 1) — ( / sdF,(s, z)) , (88)
R R
and, in the original variables,

Var(he (j(w))) = 2x*3t'2)2 G, (w). (89)

Using the notation § := (2/312/3)~1, by (9)

R 4 R 82

_ SO0 +8) = 2f00) + v —8)
-2 [ G i

90)
By Theorem 1 and the fact that fRs dF,(s) = 0 (see [6]), we have that G;(w)

converges to gsc(w) uniformly for w in a compact set of R. Therefore, for smooth
test functions f with compact support, as t — oo this expression converges to

L et onaw = £ [ gzon fona. o

O
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Vortex Motion for the Landau-Lifshitz-Gilbert
Equation with Applied Magnetic Field

Matthias Kurzke, Christof Melcher, and Roger Moser

1 Introduction

In micromagnetics, the fundamental evolution law for the magnetization m in a solid
is given by the Landau-Lifshitz-Gilbert equation

am_ 9 8m_ h (1
o S mx\ g =y he | )

which is used to describe the dynamics of a great variety of magnetic microstruc-
tures, in particularly the motion of domain walls and vortices in thin films, see e.g.
[3]. Here heg is the effective field, essentially the L? gradient of the micromagnetic
energy.

A collective coordinate ansatz m = m(x — a(¢)), where m is the profile of the
static problem and a = a(¢) describes its translation at time ¢, has been proposed by
Thiele in [24] in order to drastically reduce the complexity of (1). Thiele’s approach
has been adapted by Huber [8] to the situation of a vortex system, giving rise to a
system of ODEs typically called Thiele’s equation of motion. More precisely, the
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resulting system for vortices with trajectories # > a;(t) € R2 x {0} (j = 1,...d)
takes the form

Fi(a)+ Gj xa;+ Daj =0.

Here F; = Fj(ai,...,aq) are interaction forces, G; = 4mq;es is the gyro-vector
of the jth vortex, which depends only on the topological index g; = :I:% of the
vortex (which is half of the product of winding number and polarity), and D is
an effective damping constant. In previous joint work with Spirn [14, 15] we have
rigorously derived a Thiele equation from (1) in the limit of small vortex size, for
an exchange-dominated model energy. In [13] we have generalized the result to an
extended version of (1), modeling the influence of an in-plane spin-polarized current
v = v(t). More precisely, we have shown that the corresponding spin-torque terms
give rise to an additive extension of Thiele’s equation

Fi(a)+ Gj x(aj—v)+ D(a; —«kv) =0
where k is a non-negative constant. The aim of the present work is to derive a Thiele
equation from (1) under the influence of a (possibly time-dependent) applied field
h € R3. Unlike the result for an external current, the effect of the magnetic field
is visible only in the interaction force term. The precise result will be given in

Theorem 3.
As our model energy we use

1 2, M3
Ee(h,m):/ §|Vm| +— —h-m|dx 2)
0 €

where 2 C R? is a bounded and simply connected domain, with a Dirichlet
boundary condition m = g. The most physical choice of g is to use a unit tangent
to 052. We refer to [14] for a justification of this model.

2 Jacobian, Vorticity and Renormalized Energy

Suppose that we have a map m : £2 — S? in the Sobolev space H !. It is convenient
to consider the decomposition

m = (m,m3).
Recall that the Jacobian of m : 2 — R2 is defined as

J(m) = detVm.
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Note that the Jacobian, considered as a differential 2-form, is exact. More precisely,
J(m) = % curl j(m), where j(m) = m A Vm is the current, and we write a A b =
ai1b, — azbq for a,b € R?%. Observe that current and Jacobian are well-defined as
distributions for maps m € L™ N W1(£2;R?). Moreover, they carry topological
information about the S!-degree of the map m. More precisely, if B is a ball, m €
C'(B;R?) is such that m|yg # 0 and u = m/|m|, then

/ Jj(u)-ds = 27 deg(u, 0B).
0B

For S2-valued maps m, the counterpart of the Jacobian is the vorticity

w(m) = <m, a_m X 8_m>7

8x1 3)62

which is, considered as a differential 2-form, the pull-back _of the standard volume
form on S? with respect to m. Thus, if B is a ball, m € C(B;S?) is such that m|yp
is an equator map, then

/ w(m) dx = 47q,
B

where g is the S?-degree of, i.e. the oriented number of covers of S? by the map m.
Thus ¢ is a half-integer if the winding number of deg(m, dB) is odd. In contrast to
the Jacobian, however, w(m) is not exact, i.e., w(m) is not a null-Lagrangian.

2.1 Compactness

We have good compactness results for the Jacobian and, under assumptions on the
energy excess, also on the maps themselves. The compactness properties of the
vorticity are not as good as those for the Jacobians, and we will not discuss them
here in general.

Proposition 1. Assume that (m¢) is a sequence of maps me € H'(2;S?) with
m, = (g,0) on 082 and E<(h,m,) < C log % for some fixed h € R®.
Then we can extract a subsequence (not relabeled) such that

d
J(me) > 1Y " 8a; 3)
J

in the dual of Cy"* (£2).
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Proof. As h is independent of ¢, it follows that E.(0,m¢) < C log % Hence the
2D Ginzburg-Landau energy of m satisfies the same bound, and we can now apply
standard compactness results [10]. O

Proposition 2. Suppose that the sequence (m¢) satisfies the assumptions of

Proposition 1 and suppose that d and ay,...,aq are as in (3). If additionally
the sequence Ec(h,m¢) < dm log% + C then m is bounded in WP (2;S?) for
1 < p <2andin H (2\{a1,...,aaq}). In particular, a subsequence converges

strongly in L4(§2; S?) for every ¢ < oo to a map mg = (mg, 0) with |mo| = 1.

Proof. From the convergence of the Jacobians for a subsequence €, and lower
bounds near the singularities [9, 19], we obtain for every r > 0

n—oo

1
lim sup / |Vme, |?dx < 2nd log — + C,
2y (a) r

which shows the Hl(l)C bound. Using an argument of Struwe [23] and appropriate

diagonal subsequences, one can show by Hoélder’s inequality and summing a
series that

lim sup/ |VmelPdx < C(p)
e\\0 2

for all p € [1,2). Alternatively, one can obtain the W!:? boundedness from the

global bounds on V. in the Lorentz space L2** given in [21]. Rellich-Kondrachov
embedding finally yields strong convergence. O

2.2 The Renormalized Energy

We introduce some notation. We fix a boundary condition g € C*(3£2;S') with
deg(g) = d > 0.Fora € 24, we set

Pa = min(ml_in dist(a;, 082), % Ilr;él? la; —ajl).
For r € [0, pg) we define
2:,(a)={xeR:|x—aj|>rforj=1,...,d}
and we write 2¢ = {a € 24 : ps > 0}. Asin [2], for a € ¢, there exists a

corresponding canonical harmonic map My = M. (-, a) with vortex locations a and
all local winding numbers equal to 1, i.e.
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xX—a; ;
J elw
|x —ajl

’

d
My(x;a) = l_[
i=1

where ¥ is a harmonic function chosen such that M., (x;a) = g on 9§2. Recall that
M (-,a) € ng’p(.Q, S1) for all p € [1,2). We also verify by virtue of the explicit
representation of M. (-, @) that the mapping

2% 54 Mi(,a) € LP(2;C) “)

is continuously differentiable for p € [1,2). For h € R? sufficiently small, we
consider

W(h,a) = Wo(a) + V(h,a)

where Wy = Wy(a) is the unperturbed renormalized energy as introduced by
Bethuel, Brezis and Hélein [2]. The perturbation V' = V(h,a) is defined as the
following energy minimum

V(h,a) = min % (h,a;0),
0eHL(2)

where
1 2 i0
G(h,a:0) = | ~|v0 —h-(e M*(x;a)) dx. (5)
o2

Observe that, for & sufficiently small, 4 (h,a;-) is a strictly convex functional on
H/ (£2), and hence there exists a unique minimizer 6 = 6(h,a) € H}(£2). Since ¢
is a smooth function of 4 and 8 = 6(h, a) a critical point, it follows that

w0y B
oh ~ Oh  Ohle=0ha)

—/ my(x;a)dx, (6)
2
where
my(x;a) = PPN (x:a).
Note that m(-,a) € ng’p(.Q,Sl) for all p € [1,2) with

d
Jma) = J(My) =7 ) 84,

J=1
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Fig. 1 Numerical plot of M.(:;0) (left), m«(-;0) (center) and My (-5 Gmn) (right) for amm
minimizing W(h, a). The applied field is 1 = (0, —40). Note that in the situation presented here,
the external field exerts a force on the vortex that is perpendicular to the field. Numerical simulation
by Jutta Steiner (using Matlab) based on Newton iteration for minimization of ¥ (h, a; ) for fixed
aand h

and that the Euler-Lagrange equation for (5) expressed in terms of m, reads

i.e., My = mx(-,a) is the canonical s-harmonic map corresponding to g and a €
222 We have the following characterization of the renormalized energy:

Lemma 1. The renormalized energy can be calculated as

1 1
W(h,a) = lim (/ —|Vm*|2—h-m*dx—7rdlog—). (8)

r—0 2,(a) 2 r
Proof. As in [2], we can set @ = 21 Z?:l log|x — aj|. Then @ is locally the
conjugate harmonic map of the phase of ]_[?=1 % Using that |m«| = |[M«| = 1,

we can now write |V M| = |V+® + V| and |Vmy| = V1@ + Vi + V|, where
Y is the harmonic function and 6 = 6(-; h, a) as above. It follows that

|Vm|? — [VM,|? = |VO> + 2(ViD + V) - V6.

Integrating this expression over §2,(a) and using that ¥ is harmonic, we obtain for
r — 0 the claimed result. O

We deduce from (4) a local Lipschitz condition for m as a mapping in a, which
will be useful for identifying effective motion laws.

Lemma 2. Suppose p € [1,2), a® € 2. Then there exists ¢ > 0 such that
lm«(-.a) =mu(-.a@)|Lr < cla —al

foralla,a € 2¢ such that max{|a — ao|,|a — ao|} < p(ag)/2.
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Lemma 3. Suppose ® € CE(2;R?) and p € (0, pa) such that ®|By(ag) =
const. and @|B,(ax) = 0 for all k # L. Then, with my = m« (-, a), we have

oW 1
d(ay) - E(h,a) = /Q Vo : ((§|Vm*|2 —h-m*) 1-Vm, ® Vm*) dx.

Proof. The claim of the lemma is in fact a singular version of Noether’s formula
for the Lagrangian %|Vm* |2 — h - m4 with respect to inner variations s +> 7 (x —
s @(x)). Based on this observation, the argument in [12] for the case & = 0 carries
over literally. O

We will need the following notion of energy excess for a map m and a
configuration of points a € .Qf:

1
DMm;a) := E.(h,m) — (nd logg +dy + W(h,a)) ,
where y is defined as lime (/e — 7 log %), and

I. = inf{/ ec(m)dx : m(x) = (x,0) on 831(0)} .
B1(0)

To show that the name “energy excess” is justified, and to relate the micromag-
netic energy to the renormalized energy, we have

Proposition 3. If J(m¢) —> 7 Zle 8a,. then lin{‘infD?(me; a) > 0.
e\0
Proof. Let €, — 0 be a sequence such that

A= 1131\1(1)1101)2(m5;a) = klin;o DY (mg,:a).

We can assume that A < co (otherwise there is nothing to prove). By Proposition 2,
we have (for a subsequence) that m¢, — mg = (mg, 0) weakly in H,! (2¢(a); R?)
and strongly in all L?(£2), 1 < p < oo. It follows that |mo| = 1, i.e. mg has values
in ST x {0}.

Now D! (mg,:a) = D? (mg.:a) — [oh- (mg —m.)dx. As in the proof of
Theorem 5.3 of [14], for r sufficiently small we have

1
D:‘k(mek;a)zf (eek(mek)—§|VM*|2)dx

r(a

d
+Z(/ eek(mek)dx—lek/,) —Cr?
Y By (ap)

=1

— [ - m —mo.
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Using the convergence of m¢, and Lemma 5.1 of [14] we obtain

liminf D! (me,:a) > /
k—o00

2r(a)

1 1
(§|Vmo|2—§|Vm*|2) dx
—/ h-(mo—m*)—Cr2

Q

We decompose mg = e’ M,. As in the derivation of (8), it is not difficult to see
that

1 1 1
/ (—leo|2——|VM*|2) dx—>/ —|VB|? dx
2@ \2 2 2?2

as r — 0, and now we can use the minimality of 6 to conclude the proof of the
proposition. O

Now we show that the phase excess in £2,(a) (which measures the distance of m,
from an optimal map) can be bounded by the energy excess, up to errors that are
small as ¢ — 0 and r — 0. Unlike the quantitative theory of [11], our proof follows
the idea of Lemma 3.7 in [20] and uses weak convergence.

We define

- 1 m?
éc(m) = 3 (‘V|m|‘2 + |Vms|? + 6—23)

and note the decomposition

- 1]jm)|?
ec(m) = éc(m) + - Jm) "
2| |ml
Proposition 4. Assume D¢ = DMm¢;a) < C. Then we have the following
estimates forany p < pg, £ = 1,...,d:
[ vm e altogel| < . ©
Bp(ag)
| emodr= Do+ o), (10)
Qp(a)
1| j(me) . 2 1
— — j(m«(-;a dx < ——— D¢ + 0¢(1). (11
/ﬂp(a) 2’ ) jm ()| = T De +oe()

Proof. As in the proof of Proposition 3, we have for a subsequence that m¢
converges to mg = (myp,0) weakly in Hl(l)c(.QO(a)) and strongly in L?(£2), with
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mo = e'P M,, where B € H{J (£2). The proof of Proposition 3 also gives for any
small r > 0

lim inf (/ ec(me) dx — md log = + dy) > _Cr2. (12)
N0 U Br(ap) €

Furthermore,

2

o 1| j(me)
lim inf -
eNO  J2.(a) 2| |mel

and since m¢ — myg in L1 (£2), we obtain

117 2 1
liminf(/ —de—/ h-medx)zf —|Vm0|2dx—/ h-my dx.
N0 \Jo,a) 2 |mel o) 2r(a) 2 17,

From (8) we obtain

1 2
dx > —|Vmo|* dx
2, (a) 2

1 1
/ —|Vm*|2dx—/ h-mydx > W(h,a) 4+ nd log — —0,(1)
2r(a) 2 Q r
so adding this to (12) we obtain

lim inf (De —/ Ee(me)dx) > —o,(1).
€N\O 27 (a)

Since the right-hand side of the previous inequality tends to zero as r — 0, we
obtain by monotonicity of the left-hand side for any p > 0

liminf [ D, —/ ec(me)dx ) > 0.
N0 2p(a)

This is (10). From D, < C, we obtain that also (9) must hold.
From the definition of energy excess it follows that

1 1
lim sup (/ —|Vm¢|? — —|Vm*|2dx—/ h- (me —my)dx — De) < —o,(1)
e\0 2, (a) 2 2 2

so a fortiori

; 2
lim sup / 1 |](m5)2| — l|j(m*)|2dx—/ h- (m¢ —my)dx— De | < —or(1).
a0 \J2,) 2 Imel 2 fos



122 M. Kurzke et al.

We calculate

2 1jmol?
2 |me|?

l Jj(me) _
2| |me|

J(me) .
[mel

Using that j(ms) = V+® + Vi + VO and j(mg) = VP + Vi + VB, we have
that

- gl = - (22— jona).

. . J(me) . _ 1
Eh\r‘rbg . ](m*)~( re] —](m*)) dx _Q[) (V D+ Vy +V9>~(V,3—V9) dx

For r — 0, this expression converges using the harmonicity of i to

/ Vo - (VB —V0)dx.
2
‘We obtain

1| j(me) 2
lim sup / - — j(my)| — D¢
o \Jar@ 2| Imel

<—o,(1) + /ﬂ h- M.(e'? —e'%) + V6. (VB —V0)dx.

The Euler-Lagrange for 6 in weak form reads as

/ VO .- (VB —V0)dx = / h- (iMye'%)(B — 0)dx.
2 2
We study the expression

h- (M*e""(ei(ﬁ—") —1—if— 9)))

and note that it can be written using an application of Taylor’s theorem to the
function f(¢) = h- (Mye! @+ B=9)) 1n fact, we have

1
S = f(0)+f’(0)+/0 O =) dr,

where (1) = h- M,e! @T1B=0)(8 _ )2 Taking absolute values and integrating,
it follows that

/Q h- (M*e""(e“ﬁ—") “1—i(f— 9))) dx

< |h|/9(,3 — 6)2 dx.
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By weak convergence,

2

l J(me) dx

1
—|V(,3—9)|2dx§1iminf/ — j(ms)
/Q,—(a) 2 N0 Jo,@ 2| |mel i

Using Poincaré’s inequality, we obtain that

2@ 2| |mel

lim sup ((1 —Ch) — j(my)

2
dx — D¢ | < —o,(1),
e\ 0

and letting r — 0 on the right as before we obtain (11). O

2.3 The Thiele Equation

For h € W11(0, T; R?), which is small enough so that W = W (h(t), -) corresponds
to a unique minimizer 6 = 6(h(¢),-) forall ¢ € [0, T'], we consider the equation

(4 qei + aom)ag(t) + %(k(z),a(t)) =0 (t=1,....d). (I3

Lemma 4. For initial data a(0) = ag € .Qf the Cauchy problem for (13) has a
unique solution a € C'([0, T]; 2%), which satisfies the energy identity

t

W), a(n)) — W(h(ta). a(t2)) = a0 7 /

131

2 15} .
|c'z(s)|2ds+/ / h(s) - my dxds
51 2

forall0 <t; <ty <T, where m«(x;a) = eie(x)M*(x;a).

Proof. Using (6) and (13) we compute for the (unique) local solution a = a(t)
d oW : < ow _
W), a() = S (h(t), a)h(@) + ; 3, 1044,

= —agm|a)|* - /Q fl(t) -my(x;a(t))dx.

The energy identity follows, and the local solution @ = a(¢) extends to [0, 7]. O
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3 LLG Equation with External Fields

Let us now consider the Landau-Lifshitz-Gilbert equation

om om
5 —mx (aeW—heff) , (14)

where, for an external field h € W1-1(0, T; R3), the effective field is given by
ms .
heff = Am — —2383 + h.
€

We consider a specific asymptotic behavior for «e such that o log % — ap € (0,00)
as € — 0. The effective field corresponds to minus the L? gradient of

Ee(h,m):/ ec(m) — h - mdx.
2
where, as usual,
1 m?2
= —|Vm|? + 2
ee(m) = 2 |Vml* + 3

is the energy density of the Ginzburg-Landau type energy Ec(m) = E(0,m),
which we have considered in [13—15]. In this section we study the equation for
a fixed € € (0,1). We impose Dirichlet boundary data given by a smooth map
g = (g.0) where g : 32 — S! with deg(g) = d and initial data m® € Hg1 (£2:S?)
with

1
E.m°) < dmnlog -+ Co. (15)

3.1 Conservation Laws

Let us assume m is a smooth solution of (1) in a space-time cylinder. The vorticity
w(m) makes contact to the LLG equation through the identity

a om
Ew(m) = curl <m X TR Vm>

leading to

9 9
S-o(m) + ac curl<a—1?, Vm> — curldiv (Vm ® Vi) . (16)
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This conservation law for the vorticity will be crucial when identifying motion laws
for vortices, which are the concentration points of w(m) in the singular limit € \ 0.
Moreover, the energy identity for (14) reads

9 om>  /om . om
g(ee(m)—h(t)-m)+oce - =d1V<E,Vm>+<h(t),¥> (17

Finally, we have conservation of spin

0 0
ﬂ—l—diVj(m):ozem/\—m—i—hAm, (18)
ot ot

which is just the third component of (14), will imply that in the singular limit € ~\ 0,
m will converge to an A (¢)-harmonic map.

3.2 Weak Solutions and Bubbling

The LLG equation (14), for ¢ > 0 fixed, is a lower order perturbation of the
conformally invariant LL.G equation m; = m x (¢« m; — Am) which is traditionally
studied in mathematical analysis. In dimension two, this equation is critical with
respect to the natural energy estimate, and the formation of singularities in finite
time must be expected, [1]. On the other hand, a well-known construction of what is
called energy decreasing weak solutions, which has been introduced by Struwe [22]
for the harmonic map heat flow, see also [4] and [6, 7] for LLG, can be carried out.
In this framework, the possible blow-up scenario is precisely characterized through
the formation of bubbles at the energy concentration points.

This is in fact the new fundamental difficulty compared with the corresponding
problem for the complex Ginzburg-Landau theory, where at the finite € level,
evolution equations admit smooth solutions for all times, [12]. Since vortex
trajectories are retraced in terms of concentration sets of the energy density e (m)
and the vorticity w(m), precise information about their behavior near the singular
points is a crucial ingredient to our analysis. This information can be obtained from
the well-developed bubbling analysis for harmonic maps and flows, established e.g.
in [5, 16-18,25]. Applied to (14) we obtain the following result (cf. [14, Sect. 4] for
more information):

Theorem 1. For initial data m® € C*®(82;S?) there exists a weak solution m of

(14) which satisfies the energy inequality
10 om |2 t .
aG/ / — dxdt—i—Ee(h(tO),mO)fEe(h(O),mO)—/ /h-mdxdt
o Jel|dt o Jo
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forall 0 < to < T and is smooth away from a finite number of points (x;,t;) in
space time. Moreover, there exists, for every i, an integer q; such that for every
sufficiently small r > 0

/ ec(m) dx + 4r|g;| <lim inf/ ee(m) dx
By (x)x{t;} 1/t JBr(x)x{t;}

and

/ w(m)dx 4+ 4rg; = lim w(m) dx.
By (x7)x{t;} 1/t J By (xi)x{t;}

Finally, the (energy decreasing) solution m is unique in its class.

Form the energy inequality we deduce that for E.(m°) < dx log(1/€) + Co,

o
0 2

T
where 0 < C; — Cy can be bounded above by a multiple of / | (t)|dt + | (0)].
0

2

88—1:1 dxdt + Ec.(m(t9)) < dmlog(1/e) 4+ Cq, (19)

4 Convergence and Vortex Trajectories

Now we consider a sequence of initial datam? € H gl (£2;S?) such that

d
acec(m?) — apmbo,  wo(m) — 47 Zq48a2 and lim D.(m?;a%) =0
=1 N
for a certain ag € .Qf and gq1,...,q4 = :b% and the corresponding weak solution

m, from Theorem 1. As in [14, Theorem 4.1] (see [13] for more details) and in view
of Proposition 2 we obtain the following convergence result.

Theorem 2. There exist a time Ty € (0, T], a sequence €; \ 0, and a curve

a€ HY 0,Ty; 2% with a(0)=d° and inf p(a(r)) >0
t€(0,7p)

such that for everyt € [0, Tyl and 1 < p <2
Me, (-, 1) = ma(-,a(t)) weaklyin WP (2;R?),

*
e e, (Mg, (+,1)) = apSaqy weakly*in  (CQ(R2))*,

d

J(me (+.1) = way, (e, (+.1) = 41 qeba,y in (Co'(2))*.
=1
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Moreover, for all t1,t, € [0, To] witht; < t, andn € Cl(ﬁ)

d t
[5) 2 Bme
QoI E ay(t = lim |« Vn- K ,Vm dxdt
0 h 177( Z( ))‘t——tl k—>1 oo( €k /ll /Q d < Jt €k> )

and
15 2] 2
aon/ |a|? dt < liminf aek/ / dxdt ).
t k—o00 1 2

From the energy inequality in Theorem 1, the convergence of m,, in Theorem 2
and conservation of spin identity (18) we deduce in particular that

om,
ot

j(me (¢, -)) = j(m«(t, ) weakly in L7 (£2;R?) (20)
for every ¢ € [0, Tp), where

div j(m«(t, -) = h(t) Amyx and curl j(m (¢, -)) = 2784(2).

5 Motion Law

Theorem 3. There exist positive numbers ho and €y with the following property:
For every € € (0, €) and every smooth h : [0, T] — R3 with

T
/O h(1)]dt + R (0)] < ho,

there exists a smooth solution m¢ € C*®(2 x [0,T];S?) of the Landau-Lifshitz-
Gilbert equation (14) with m¢(-,0) = mg and m¢(-,1)|9o = gforeveryt > 0.
Moreover, for everyt € [0, T},

d d

deee(me(-.1)) = 7wt Y Sapry and wme(-.1)) = 47 Y qeda,r)
=1 =1

as € \{ 0, in the sense of distributions, where a € C*®([0, T]; 2%) is the solution
of Thiele’s equation
oW(h,a)

Gyxag+ Dag +
day

=0 ((=1,....d) 1)

1
with a(0) = a® and where Gy = 4mqyés and D = 1 ag with oy = li\l‘n aelog —.
e 0 €
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The rest of this section is devoted to the proof of the Theorem. Let a €
C ([0, 00); £2¢) be the unique solution of the initial value problem for (21) with
initial values @(0) = a® € £2¢. We choose Tp > 0 and a sequence € \, 0
that satisfy the conclusions of Theorem 2, and let a be the corresponding curve in
29, We recall that solutions remain smooth in (0, Ty) for small € as shown in [14,
Theorem 3], so we can concentrate on the verification of the motion law.

We fix a radius r € (0, p(a®)/2] and adapt the terminal time T such that the
trajectories of ay and @y do not exit Br/z(ag) before time Ty forall £ = 1,...,d.
As in [14] we choose ¢, ¥ € C§°(£2) such that for every £, both ¢ and V are affine
with Vi = V+¢ in B, (af). We define

E(1) = fg (e ) + gon(me) ) dim " o @) + 4 G0,
X4t (=1

converging, for every ¢ € [0, T), to

E0) =n f (e (W (@e@) = w(@c)) + 4qe(#(ac®) - d(@c))
=1

In order to apply Proposition 4 we fix A sufficiently small.

Lemma 5. There exists a constant C such that for all t1,t; € [0, To] with t; < t»
and every k € N,

2]
§et2) — (1) < € / (DEO (me:a(0)) + la(t) = a(0)]) dt + g (1.

Proof. From (13) we obtain

oW (h,a R
Z (@0 @) + 4009 (1) = = VY@t

while from Lemma 3 with /f14 := m4(-;4) and ® = V+¢
aW(h,a N N
- Z YV (ae(r)) - ( ) / VLV 1 (Vi ® Viity) dx.
ay 2x{t}
Using conservation of vorticity (16), we find after integration by parts in space and

integration in time

om,,

2]
/ P w(mg, (2)) — ¢ w(mg, (1)) dx = o, / / VJ‘QS . < , Vm€k> dxdt
2 n 2

5]
+ / / V4ive : (Vme, ® Vg, ) dxdt.
t 2
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For the terms on the left we use convergence of the vorticity provided by Theorem 2.
Concerning the first term on the right we deduce from the energy estimate in

Theorem 1
i a c 2
(aek / / (Vl(»b - VW) : <Vmek’ %> dth)
51 2 t

%)
< c/ / [Vig — Vy|? Qe e, (Mg, ) dxdt — 0
131 22

while by convergence of the kinetic term in Theorem 2

2 om, d
o [ [ (Vg T ) avar > —en Y- (vl - viacto)
1 =1
as €x \, 0. Therefore, it suffices to estimate the integrals

15}
/ / ViVe 1 (Vme, ® Ve, — Vi, ® Vi) dxdr,
51 2

which, by virtue of the usual decomposition argument and Proposition 4 (see [14,
Sect. 6]), reduces to the estimation of

15}
[ [ v Gme) - i @ o) dra
n
and
2]
[ V90 G ® (Glme) = i dvd.
131
Taking into account that both integrands are products of the form

0 - (j(me) — j(ms))

for smooth vector fields 0 € C%°(£2 x [0, Ty]; R?) independent of k, we obtain from
(20) with my = m«(-,a(t)) and Ax = m (-, a(tr))

/ ’ / 0 - (jlme,) — j (i) drdt = / ’ / 0 - (jms) — j(e)) dxdi + oc, (1).
131 2 131 2

Next we adopt the Hodge decomposition argument used in [14, Lemma 7]. Writing
—0 = Vu + V4tu, where u, v € C®(2 x [0, To]) with u = 0 on 382 x [0, Ty] we
infer, also taking into account Lemma 2,
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5]
131 2

%) d 2]
/ / h/\(m*—n%*)udxdt—i-ZJrZ/ (v(ag) —v(ay)) dt
t J2 =171

<c /tz la(t) —a(t)| dr. O

Proof (Theorem 3). The proof follows by the usual Gronwall argument. For ¢ €
[0, Ty], we consider the functions

Cr(t) = Dﬁ',f’)(mek(t);&(t)) and  x(t) = |ae(t) —ae(?)|.
First we show ¢ — ¢ in L1(0, Ty) for a function ¢ € BV(0, Ty) with
¢ <c(la—al+ y). (22)
In fact, we obtain from Lemma 4
I, 5] .
W10, 6(0)) = Wh(1).6(02) = o [~ i de= [ [ ) mac.a ava
51 51
and from (19)

Ee, (h(t2),mg, (12)) — E¢, (h(t1), m¢, (11)) =

I (

respectively, for 0 < ¢ <t, < Ty, while

om,
ot

2
—h(t)-mék) dx dt,

/tz /Q (iz(t)-mek —fz(t).m*(.,&(t))) dxdt| < c/t2 x (@) dt + o¢, (1).
t "

In view of Theorem 2 we can select a subsequence such that £ (1) — ¢(¢) almost
everywhere for a bounded function ¢ : [0, Tp] — R with

2
la —al + x(t)dt

i t
n

e~ ) = [ mao (18P ~1P) + e xar=c [

131

for almost all #; < t,, which implies (22). Now Lemma 5 implies, by virtue of (22),
forO0 <ty <t <Tp,
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E(t2) —&(1) < C/t 2(g“(t) + x(1)) dt.

With an appropriate choice of ¢ and ¥ we obtain the desired inequality

. t .
1G(0) — a(0)] < c/O é(0) — a(o)] .

As a(0) = a(0), Gronwall’s lemma implies @ = a in [0, Tp]. Moreover,

lim sup ka(TO) (m¢, (To); a(Tp)) <0,

k—o00

which enables us to iterate the argument for new initial times T, and we eventually
obtain the motion law for all times before 7. Note that by uniqueness of energy
decreasing solutions, solutions m, extend, for small €, smoothly to [0, T']. Finally,
thanks to the unique solvability of the limiting ODE, the convergence result for
energy density and vorticity can be seen to hold without taking subsequences, as
any subsequence of € N\, 0 will have a further subsequence converging to the same
limit. O
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On Prandtl-Reuss Mixtures

Jens Frehse and Josef Malek

Abstract We study mathematical properties of the model that has been proposed
to explain the phenomenon of hardening due to cyclic loading. The model considers
two elastic plastic materials, soft and hard, that co-exist while the soft material can
be transformed into the hard material. Regarding elastic responses we remain in a
simplified framework of linearized elasticity. Incorporating tools such as variational
inequalities, penalty approximations and Sobolev spaces, we prove the existence
of weak solution to the corresponding boundary-value problem and investigate its
uniqueness and regularity.

1 Introduction

In the article [10], Kratochvil, Rajagopal, Srinivasa and the second author of the
present contribution developed a thermodynamically consistent model within the
framework of finite elastic plasticity that is capable of ‘explaining’ the phenomenon
of hardening of the material due to cyclic loadings. They consider the mixture of
two elastic plastic materials, soft and hard, that coexist. The material that can be
thought to be originally almost consisting of soft region builds the hard regions by a
process of ‘recruitment’ of the soft material and its conversion into a hard material.
The study in [10] carries on some ideas from Kratochvil [9]. The authors then also
consider a simplified model that is obtained by assuming that the gradient of the
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displacement is small. This results in a model that can be viewed as the mixture of
two (soft and hard) Prandtl-Reuss models of the linearized elastic perfect plasticity
where the conversion of soft regions to hard regions is modeled through the variation
of the volume fraction « of the soft material within the mixture. Note that (1 — «)
is the volume fraction of the hard material. The present paper intends to elaborate
a rigorous mathematical treatment for this simplified model using the framework
of variational inequalities, penalty approximations and Sobolev spaces. We call
the materials that are based on the coexistence of the two (or more) Prandtl-Reuss
elastic plastic materials ‘Prandtl-Reuss mixtures’.

Although a mathematical treatment is very similar to the one of the classical
Prandtl-Reuss-problems, several complications arise. A first study of this model has
been performed in the thesis of Khasina, see [8].

The paper is organized in the following way. Section 2 starts with a basic
mathematical setting, and contains the formulation of the mixture problem via a
variational inequality for the convex combination of the soft and hard material, with
the side condition that the convex combination ao + (1 — )0y, satisfies the balance
of linear momentum, and oy and oy, satisfy the relevant yield conditions. The main
theorem states that, under appropriate conditions on the data, in particular, under a
safe load condition for the mixture, the considered problem for the Prandtl-Reuss
mixture has unique solution oy, 0y, in the spaces L>(L?) and H 2(L?).

Furthermore, from the formulation via a variational inequality one concludes, see
Sect. 3, the existence of partial velocity gradients (or more precisely their symmetric
parts) %(Vﬁs + VﬁZ) and %(Vith + Vl;tz;) so that

1 _. . ad . I _. . 0 .
E(Vus—kVu{):ASE (aos) + éps. E(Vuh‘FVu;T;):Ahg(aUh) +épn, (1)

where é,; and é,, are the rates of plastic strains for the soft and hard material, Ay
and Ay, are the inverse fourth order elastic tensors, so that Agoy and Aoy corre-
spond to the elastic strains for the soft and hard materials. Then we conclude that

1 1 1
5 (Vits + Vi, 1) = 5 (Vi + Vi T) =: 5 (Vie+ vil). )

Here and below, for any quantity w

ow
w=—,
ot

we shall use both notation in what follows. We confine ourselves to the von Mises
yield conditions

3)

losp| < ks, |onD| < kp, 4)

where k5 and kj, may depend on ¢ and x and Bp = B — (tr B/3) I for any
B € R™". The plastic strains are nontrivial only if |osp| = &5 and |o,p| = «p,
and then they are proportional to the outer normal ‘vectors’ associated with the
surfaces |0sp| = ks and |0 p| = kp, it means that
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0,
bps = Mg 22 o = AP ith Ay and Ay > 0. (5)
losp| lonp|

These conditions can be rewritten in the compact Kuhn-Tucker forms
AsiAn = 0,A5(|losp| — k5) = 0, Ap(lonp| — «p) = 0. (6)

Unfortunately, in the rigorous mathematical treatment, similar as for the analysis
of the classical Prandtl-Reuss model, the quantities %(V:)s + V:'AST), %(Vl;lh + Vl;l};)
are only elements of C*, i.e. they are not functions. This holds also for é,s; and
éph, so the above Kuhn-Tucker rule has to be interpreted correctly, see Sect. 8.
Fortunately, due to Temam’s imbedding theorem, the quantity & is an element of
Lw(L#), i.e. itis a ‘function’.

The proof of the main theorem starts in Sect. 3 by introducing a penalty approx-
imation where the yield conditions (4) are penalized. The penalty approximation,
in turn, is discretized by a Rothe approximation, and in Sect.4 up to 6 we
establish uniform estimates for Rothe approximations and take the limit in the
Rothe approximation in order to obtain the solvability of the penalty approximation.
In Sect. 7 we establish uniform L°°(L2)-estimates for the stress velocities Gy, Opy,
where  — 0 is the penalty parameter.

Finally, in Sect. 8 we pass to the limit with respect to the penalty parameter and
complete the proof of the main theorem. As mentioned above we also discuss how
the Kuhn-Tucker forms have to be formulated rigorously. In Sect. 9, we consider a
generalized model (derived in [10]) in which «, k5 and 7, may depend on history of
the rate of the plastic strain of the soft material. We discuss how to treat this in the
framework of the present paper. In a continuation of this study we intend to focus
on the regularity properties of the solution.

We refer to [3] for a detailed survey of the results concerning the mathematical
analysis of relevant results concerning initial and boundary value problems for
classical Prandtl-Reuss model of the linearized elastic perfect plasticity.

2 Mathematical Formulation of the Problem

2.1 Basic Setting

Let £2 be a bounded domain of R” occupied by a body which is supposed to be a
mixture of a soft and a hard linearized elastic-perfect-plastic materials in the sense
defined below.

We imagine the following deformation process with (slow) cyclic loading in
which the mixture with a large portion of soft material is gradually deformed and
transforms into a mixture with a large portion of hard material.

If t+ € [0,T] is the loading parameter, the interior stresses of the soft or hard
material are denoted by os(z, x) and oy (7, x), respectively. Let M, be a set of
symmetric # X n matrices. We require the o’s to be symmetric, i.e.
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05,0 [0, T] x 2 — M" @)

sym*

Leta : [0,T] x 2 — [0, 1] describe the fraction of the soft material in the
mixture such that the stress of the mixture o is given by

o(t,x) =a(t,x)os(t,x) + (1 —a(t,x))op(t, x). (8)

Assumption 1. (a) « is Lipschitz continuous and decreasing.
(b) 0 < ap < a(t,x) < 1—ag < 1with a constant oy (for all t € [0, T] and
x € 2).

Remark 1. In general, o depends on the history of oy, but readability is better if we
start the theory with the above assumption, see also Sect. 9.

Remark 2. We are not able to treat the case op = 0, i.e. an analysis starting with a
‘pure’ soft material is not possible, up to now. This corresponds also to the results
of numerical experiments performed and presented in [8].

The notion ‘hard’ or ‘soft’ material is given by the yield condition. We confine
the presentation to the von Mises-yield condition:

Condition 1. Let k5, kp, :[0,T] x 2 — R be Lipschitz continuous functions such
that 0 < kg < ks < k, 0 < k9 < kp, < Kk with some ko, k € R. We say that o5, oy,
satisfy the von Mises-yield condition if |osp| < ks, |onp| < kp. If ks < kp, then o
is said to be the ‘soft’ material and oy, the hard material.

This means that the modulus of the deviator o;p = o5 — (tros/n)l and o,p =
oy, — (trop/n) I may not exceed the yield boundary.

Remark 3. The theory presented here works quite similar for other yield functions
of the type F(op) < «; the function F has to be Lipschitz continuous, convex and
coercive. We believe that the readability improves if we confine ourselves to the
above case given in Condition 1.

Remark 4. For n = 2, in applications, op might be defined in a different way,
namely op = o — (tro/3) I, see [2].

2.2 Balance of Linear Momentum

The mixture is supposed to satisfy the balance of linear momentum, it means that
we have

- diV(Ol(t,)C)O'S(Z,X) + (1 - (X(Z,X))O'h(t,x)) = f(lvx)s (9)

where f : [0, 1] x 2 — R” is a given volume force (density).
The mixture underlies a mixed boundary condition

v()[a(t, x)os(t, x) + (1 —a(t,x))op(t,x)] = po(t,x) on (0,T)x a2\ T,
u=0 on (0,T)xI. (10)
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Here I is a portion of the boundary of 2, possibly empty,' po(z, x) : [0, T]x
(02 \ I') — R" is a boundary force and v(x) is the outer unit vector at x € 952,
normal to 0£2. We extend the definition of pg to the whole boundary by setting
po=00n(0,T)x1I.

The precise version of the weak formulation to (9) and (10) reads as:

(@(t.905(1.) + (1 — a(t. Dop(t.), V) = /a 0800 + (/60,9

tel0,T], V¢e HNRRY. (11)
The brackets (.,.) denote the usual LZ(Q) scalar product, for scalar, vector or
tensor valued functions as well. H 11" denotes the subspace of the Sobolev space

H 12 whose elements vanish on I” in the sense of traces.
The weak form of the balance equation (11) is well defined if we assume

[ eL®(0,T); L2(2;R") =: L™(L?),

(12)
Po € L%((0, T); L2(382; R™)).

Furthermore, d§2 and I" are (n — 1)-dimensional Lipschitz-manifolds. As follows
from above, we use the shortened notation for the Sobolev and Bochener spaces.

2.3 Elasticity

Let
T = (‘C_S‘y ‘Ch), T = (%Ss %h) : [Os T] X 2 — Mv’im X Msr;m’ 13)
and
Ty Tg N A
0 (A ) = /[Asfs DTy 4+ Apty : Th]dx. (14)
ThTh 2

Here Ag and Ay are inverse elasticity tensors, say of the same structure as in
the Lame-Navier linearized elasticity (with possibly different material coefficients).
They model the elastic interaction within the soft and hard material. (It is possible
to treat additional interaction terms Ay, Ty © Ts.)

Assumption 2. For simplicity we assume that As, Ap do not depend on x € §2,
t € [0, T), we assume that As and Ay, are positively definite.

"Here for simplicity (in order to avoid the compatibility condition on the data), we assume that

r#0.
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Note that the matrix Q represents the total elastic energy of the mixture
corresponding to the stresses 7y and 7z of a hard and soft materials at the loading
‘time’ ¢t € [0, T]. It is possible to carry out the theory presented here also for
nonlinear convex potential with quadratic growth, but we restrict ourselves to the
simplified case described above in order not to be overburdened.

2.4 The Variational Inequality for Elastic-Perfect-Plastic
Mixtures

With these preparations, we are able to rigorously formulate the loading process of
an elastic-perfect-plastic mixture by a variational inequality. The approach is similar
to the standard ‘Prandtl-Reuss model’, see [5,7,11,12]. For the formulation, we need
the following convex set K of pairs (75, 75) of functions s, t: [0, T] X 2 — Mg,
such that the following holds:

Integrability:

T, Th € L¥(L?), 15, th € L®°(L?); (15)
Initial condition:
75(0) = 050, h(0) = oo (16)
Balance of linear momentum:
(ats + (1 —a)1p,, V) = (f.¢) + / popdo, Yo € HL(2,R?),t € (0,T); (17)
82

Yield conditions:
lzsp| < ks, |thp| < Kh. (13)

Then the variational inequality, i.e. the problem for the Prandtl-Reuss mixture, reads
as follows: Find a pair (o5, 0p) € K such that

T 3
_((XUS) a(US — ‘L—S)
/0 ¢ (a%(?i —)oy) (1 —a)(oh rh)) dr <0 forall (. 74) € K. (19)

Remark 5. The function « is Lipschitz in x and ¢. In the model investigated in
[10], o depends also on o5. Then we have a quasi variational inequality. For the
mathematical treatment of this more complicated case we first have to analyze o’s
that are o-independent in order to apply a fixed point theorem for more general case.
This is why we restrict ourselves to the simpler case in this study.
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For the proof of the main theorem, performed via several levels of approximation
and estimates, the following condition seems to be crucial.

Condition 2 (Safe load condition for mixtures). There exists a pair (G5, 6p) € K
and a number sy > 0 such that

|osp| < ks — S0, |OnD| < k1 — So. (20)

In addition we will deal with differentiability assumptions with respect to the
loading parameter t.

Assumption 3. We assume the following differentiability properties of the data:

&, Gy, G, ks, kp € L®(L™) @1
and, for refined regularity estimates,

&, 5, O, ks, kp € L®(L™). (22)

Now we may state our main result.

Theorem 1 (Main theorem). Let o satisfy Assumption 1, let f and po satisfy
(12) and let ks, ky, satisfy Condition 1. Assume the safe load Condition 2 with the
regularity (21). Furthermore let Ag and Ay, be positively definite. Then there exists
a unique solution of the variational inequality (19).

Proof. (i) The uniqueness in the case « = «(x,?) is a simple consequence of
Assumption 2. Indeed, if o5, 03, and 6, 6, are solutions to (19), choose 3 = &5,
T, = 0Oy, in the equation for o5, 0, and use a similar argument with oy, 0 and
65, 0y, interchanged. Then one concludes that for wy = o5 — 65, wy, = 0j — 63,

T P 9
%/O LASE (ws) : (aws) + Ap (1= ejwp) : (1 = e)wy) dx dt 5;)3
(23)

which implies that wy = wy = 0.

(i1)) The existence result is established in the following Sects.3—6 and 8. In
Sect.3 the approximation of the variational inequality by a penalty method
is presented. The variational inequality is approximated by an equation with
the balance of linear momentum free functions as test functions and a penalty
term where the yield condition is penalized. This is a familiar approach in
the framework of classical models, like those of Hencky or Prandtl-Reuss, or
hardening models. In Sect.4 the penalty approximation is discretized via a
Rothe method. There we also derive uniform discrete L°°(L?)-estimates for
the approximate stresses for the soft and hard material, as well as discrete
uniform L1 (L')-estimates for the approximate strain velocities. In Sect. 5 we
prove uniform discrete L?(L?)-estimates for first difference quotients of the
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Rothe Approximation. This allows us, in Sect. 6, to pass to the limit in the
Rothe Approximation and we obtain, via weak compactness and monotonicity
arguments, a solution oy, oy, of the penalty equation.

Finally, in Sect.8 we pass to the limit 4 — 40 and obtain a solution of
the variational inequality. Again, the proof runs via weak convergence and
monotonicity, since the L?(L?)-estimates for the stress velocities in Sects. 4—
6 turned out to be uniform also with respect to p. The estimates of the
stresses and their velocities depend on the L°°(L°°) norms of &, ks, K, Ss, 5;,.
For L°°(L?)-estimates for &, 67 (rather than L2(L?)-estimates) we need to
assume that &, Ky, Kp, 05,0, € L°(L°). But this additional derivative in
the assumption would be very restrictive to the considered class of nonlinear
models, like the one in [10], where «, k5, kj depend on the history of the stress
of the soft material, see the discussion in Sect. 9. For this reason, we arranged
the existence theory in the L?(L?) setting for &y, 67,. O

Remark 6. The uniqueness needs not hold if « is o-dependent.

In the classical theory of the Prandtl-Reuss model the inclusion 6 € L%°(L?)
follows in a natural way. A similar theorem is also possible in the present setting.

Theorem 2. Under the assumptions of the main theorem and (22), the solution
couple og, oy, for the Prandtl-Reuss mixture satisfies

0,0 € L(L((0,T) x £2; Mg,)) (24)
with corresponding L (L) bounds depending additionally on the L% (L*)
norms of &, ks, Kp, Os, Op.

The proof is done in Sect. 7, where a corresponding bound for the solution of the
penalty approximation is established.

The variational inequality (19) is a complete dual formulation of the mechanical
problem, i. e. the strains and strain velocities do not appear a priori. However, due to
uniqueness and the construction of a solution via the penalty method we conclude
the following theorem.

Theorem 3. Under the assumptions of the main theorem, there exist a Riesz
measure u € C*((0,T) x £2;R") such that %(Vl;t + ViT) is also a Riesz
measure and

T
3 1
/ (AS— (aoy) — =(Vie+ Vil), o5 — rs) dr <0
0 ar 2

T
/ (As3 (1 = a)op) — l(Vu + Vi), o — zh) dr <0 (25)
0 ot 2

for all ©5, T, € C((0,T) x [_Z;M;;m) such that |tsp| < ks, |tap| < ks. If the
assumptions of Theorem 2 are satisfied, the

i€ L®(L7T). (26)
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In Sect. 3, from the penalty equation, we derive partial approximate strains and
interpret the penalty terms as approximate plastic strain velocities. It turns out that
the rates of partial plastic strain for hard and soft materials are equal. In Sects. 4—
7, the corresponding L!(L') and L>°(L')-estimates for the strain velocities are
proved. This works analogously as in the classical Prandtl-Reuss case via the
safe load condition. For the L% (L #~T) inclusion the tools from Sect. 7 are needed.

There is a lot of further analogy between the problem for the Prandtl-Reuss
mixture model considered here and the classical Prandtl-Reuss model. For example,
if n =2 one can prove an L (L?*%) estimate for the strains, based on the reverse
Hoélder-inequality and Gehring’s lemma. Furthermore the H lloc-differentiability of
the stresses can be done similarly as in the classical Prandtl-Reuss case, see [1,4].
However, in our case, we need extra differentiability properties and corresponding
estimates for the volume fraction o and the yield quantities. This decreases the
possibilities to establish the same result if @ depends nonlinearly on é ;.

In the next sections we establish the existence theory needed to complete the
proof of Theorem 1.

3 The Penalty Equation

Analogously to the classical Prandtl-Reuss problem we approximate the variational
inequality by penalizing the yield conditions. The approximation we use reads:

Find a pair (05, 0p) = (05, Osy) Such that the properties (15)—(18) are satisfied
and the following penalty equation holds a.e. with respect tot € [0, T]

i(OUTS) UTs )
ot
0 (a%((l —a)op) (1 — )z

_ _ g
+ (1 Mosp | — ksly =2 atg) + (W onp | — knly —2, (1 —a)ts) = 0
lospl lonp|
27)

OsD
S
forall ts, Ty : 2 — Mg, . Ts. Th € L? satisfying the balance of linear momentum

with force zero

(ats + (1 — )13, Vo) = 0, V¢ € HI-(2,R"). (28)

W is here the penalty-parameter, . > 0.
The penalty equation (27) has a solution:

Theorem 4. Under the assumptions of Theorem 1, Eq. (27) has a unique solution
Osjus Ony € L°(L?) such that 65,64, € L*(L?), with corresponding uniform
bounds as @ — +0.

As . — 0 the solutions ogy,0p, converge strongly in L%(L?) to the
solution og, oy, of the variational inequality (19). Furthermore we have the uniform
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LY(LY)-bound for the penalty part

T
H_l / /QHO-SMDl _KS]+(|O-S;,LD| + 1) + [|0hMD| — Kh]+(UhMD + 1) dx dr
0

= K(a, ks, kp)  (29)

and the bound
esssup p ! / llosun| — k)3 + [lonun| — kpl% dx < K(d. ks.kn)  (30)
t 2

uniformly as @ — +0.
The proof of Theorem 4 is established in Sects. 4-6.

3.1 Reconstruction of Partial Strains

In Eq. (27), we choose
Ty = oz_lro, 7, =0,
or vice versa
=0, 1 =(—0a) 1,

where (79, V¢) = O forall ¢ € H 11" These pairs (zs, ;) of test functions are
admissible since they satisfy (28). Thus we obtain two equations

0 _ o,
(AS— (OlO'SM),‘L'o) + (,u 1[|0suD| — Ks]+ GSMD ,‘L'O) =0 31D

ot |osuD|

OhuD

(Ah3 (1= @)onu) . fo) + (M_l[lahwl — Knl+

o , ro) =0 (32)

|UhMD|

a.e.in [0, T], for all g € L?(£2, M{;m) fulfilling (11). Conversely, from (31), (32)
we reach (27).

Now, we use the symmetric Helmholtz decomposition in L? to conclude that
there exists vy, Vg, € L%(0,T; H} (£2,R")) such that vy, = gy, vy = ity and

OsuD

d _
Ag— (“Gsu) + n I[IGSII«D| — K]y

1 _. .
o - E(Vum + Vi, D), (33)

| S[,LD|
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ad _ OhuD
Ap— (1= )ony) + 1 Hlonup| — k)
ot ( M) 122 + IGhMDI

I _. )
- E(Vuhu + Vi, D). (34)

Interestingly, there is a relation between iy, and it;,, which follows from the
penalty equation, namely

(itsu,diV(Ol‘Cs)) + (ﬁhu,div((l — Ol)‘l,'h)) =0, (35)

that is valid for all 75, 7, € L?(£2; M ) such that ety + (1 — )ty satisfies the

sym
balance of linear momentum with zero force.

Theorem 5. Let itg;, and iy, be the partial strain velocities arising in (33) and
(34). Then we have

I _. . I _. .
5 (Vitsu + Vitg,T) = 5 (Vi + Vi, D). (36)
Proof. From (28) and (35) we conclude that
1 . . T 1 . . T
E(VMW + Vi, " ), ats | — E(V”hu + Vi, ), ats | =0 37
for all ty, 7 such that (et + (1 — )75, Vo) =0, ¢ € H}. For arbitrary rSO elL?

we define

o
0
Tg.

T =— (38)

11—«

Then obviously (z?2, ‘L'}?) satisfies the balance of linear momentum with zero force

and we conclude that
1 . . T 1 . . T . 2
E(Vum + Vig," ) = E(V”hu + Vi, ") in L~°. (39)

Remark 7. Clearly, (36) extends to the limit & — 40 in the space C*([0, T'] x
£2;R") of Riesz measures.

From the mathematical point of view, we believe that (33) and (34) are the ‘best’
equations to understand the analysis of Prandtl-Reuss mixtures. The functions vy,
and vy, can be interpreted as the approximate total strain velocities for the soft and
the hard material. We have written vy, = gy, Vpy = ipy, assuming some initial
condition for ug, , up,,. The penalty terms correspond to the (approximate) velocities
of plastic deformation and the terms A Sa% (a(fm), Aha—at (aohu) model the elastic
deformation of the hard and soft material. Note that (33) and (34) are equivalent to
27).

From the estimates of the penalty term, proved in the following sections, we state
the following theorem.
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Theorem 6. Under the assumptions of Theorem 4 we have the uniform estimate
sup {llVftsu'i‘VftsuTHLl(L1)+||Vilhu + V’:thMTHLl(Ll)} < K(d, kg, kp). (40)
"

Due to Temam’s imbedding theorem we derive

Corollary 1.

Sllip{HitSMHLl(Lﬁ)+||ithM||Ll(Lﬁ)}EK(d,ks,kh) as g — +0. (41)

From the L!(L!)-estimates for the strain velocities and the penalty terms we
have, for a subsequence

1 1 -
E(vum + Vitg, Ty — E(vus + Vi) weakly in C*([0,T] x 2;:R"), (42)
1 1 _

E(WW + Vi, T) — E(vuh + Vi, T)  weakly in C*([0, T] x 2;R"), (43)

i.e. the limiting strains are only Riesz-measures. If more regularity is assumed in the
safe load condition (see further theorems) we have that i, ity, € L*°(L T ), i.e. the
velocities and the displacements, are at least functions.

For the penalty terms we have

OsuD Op

—1 . —1
M [lUsuD| — Ks)+ — €ps, 1% [|UhMD| — Kkn]+

| sMD| |UhuD|
both weakly in C*([0, T] x £2), as jt — +0.

If we would know that oy, — 05, 03, — 03 in C (=space of continuous
functions), we could prove the representation

OsD . OhD

_’ e h =
losp| i

=Ap—, (45)
lonp|

éps = As

where Ag, Aj, is the weak C*-limit of u™{|o5up| — Ks]4» 4™ H{|ORuD | — Kkn]+- The
support of As and Ay, is on the set |osp| > k5 and |opp| > kp, respectively. In the
case of two dimensions there is a substitute of the argument, taking into account that
05,05, € C is not known, see the discussion in Sect. 9. With the above convergences
in C* the solution of the variational inequality satisfies the equations

1 9
z(vus + Vi, Ty = A% (@0) + éps. (46)

1. . 0 )
E(vu,, + Vi, T) = Ahg (1 =)o) + épp. (47)
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With a more restrictive assumption we gain L*°(L?)-bounds for &y, 6, and
L% (L')-bounds for the partial strains. This is proved in Sect. 7.

Theorem 7. Under the assumption of Theorem 4 and the additional requirement
that the safe loads and the data «, kg, Ky, satisfy

b5, On, @, s, & € L®(L*) (48)

there holds the uniform bound
up {[ G| o 12y + 10mull oo ry | = K@ n) (49)
"

and

H Vitg + Vg, T H n Hvuhﬂ + Vi, T H < K(@, %, kn).  (50)

Loo(L1) Loo(Ll) —

Remark 8. In the above estimates we indicate how the bounds depend on the
derivative of &, k5, kp,. This is relevant, later, for the treatment of the quasivariational
inequality, where «, k;, k; depend on o5 (and also 0y). A dependence of &, ks, Kp,
does not give problems modelling «, k;, k5, but a dependence of &, K5, kp, leads to
restrictions.

It is useful to observe that the solutions of the penalty problems satisfy the
variational inequalities

d . .
(Asg (aasu) »Osp — ws) = (E(VMSM + VMSMT)v Osu — ws) (51

0 I _. .
(Aha_t (1= )ony) .o — wh) < (E(Vuhu + Vit ). oy — wh) (52)

a.e. with respect to ¢, for all ws,wp, € Lz(Q,M;'vm) such that |wsp| < ks,
lonp| < «n-
This follows from the

([lUsD| - Ks]+O—S—D 2 (05D —a)sD)) =

losp|

OsD

losp|

WsD

|wsp|

A%

llosp| —Ks]+ — [lowsp| — Ks]+ ,O0sD — WsD 0 (53)
~————

=0

and, correspondingly, for the hard material.
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4 The Rothe Approximation

4.1 Definition and Solvability of the Rothe Approximation

We discretize the loading interval [0,T] by a discrete set I = {kd|k = 0,...,N}
with mesh size § = T/N and approximate %w(l, .) by the backward difference
quotient

D70w(t, ) =8 (w(t,.) —w(t —6,.)). (54)

Then the Rothe approximation of the penalty approximation (27) reads:

Find a pair (05, 0p) = (Osus, Onps) © Is X 2 — Mg, x M, such that (05, op)
satisfies (11) fort € Ig and that

D_E(O‘Gs) UTg
0 (D_S((l —a)op) (1 — Ol)‘l,'h) (55)

+(u " llosp| — Ks]+| D| L 0Ts) + (- [IUhDI—Kh]+| p— |(1_05)Th)_0

Ym X Msym, Ty, T € L? such that (28) is satisfied.

forall (zv5,71) : 2 > M

S

Lemma 1. Let A5, Ay be positively definite and let the set of all (05, oy) satisfying
the balance of linear momentum not be empty. Let the Assumption 1 on o be
satisfied. Then (55) has a unique solution (o5, op).

Proof. We assume that (oy, 0)(¢) has been constructed fort = 0,6,..., (k —1)8
and we want to construct (o5, 05)(t*), t* = k§. This is done by minimizing the
functional

J (0f.0)) = —(az(t YAsoF, 0F) + —8((1 —a(t*)?Apo7.0}) (56)
@ = 5) Aoy ("~ 5),0*)07) — (1~ (™ —8) Ayoy(t* — ), 07)
1 * * * 1 * * *
+ﬂfga<r o] - kst )1idx+ﬂ/9(1—a<r W07 pl — ()2 dx

on the set of pairs (0", 0) : £ — Mg, x M
balance of linear momentum

07,0, € L? which satisfies the

wm’

(@(t*)or + (1 —a(t*)o; . Vé) = (f(t*).¢) + /B ; o™, ¢ € HR. (57)
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Since the functional J is strictly convex, coercive, and continuous in the strong
topology of L2, a unique minimizer (o;", 0;) exists and we define o5 (1*) = 0" and
on(t*) =op.

It is easy to see that the Lagrange-Euler equation to the above minimization
problem is just the Rothe approximation (55). The uniqueness follows with a
monotonicity argument. O

4.2 First Estimates for the Rothe Approximation

In this section, we derive discrete versions of L (L?)-estimates for the solutions
(0s,01,) of the Rothe equation and also discrete versions of L!(L!)-estimates
for the penalty term. These estimates are uniform as § — +0. Since it is
convenient to have the uniformity of these estimates also with respect to © — +0,
we assume a compatibility condition for the yield conditions and the balance of
linear momentum.

Condition 3 (Weak safe load condition). There exists (0s,01) € K (cf. Sect. 2.4)
such that 6,6y, G5, 0} € L°°(L2).

Theorem 8. Let (05,04) = (0545, 0nus) be a solution of the Rothe problem, and
let Assumptions 1 and 2 and Condition 3 hold. Then

max / los|* + |op|? dx
t=0,...,N§ J @

+3 E / llosp|—«sl+|lospl—=10spll +[lonp | —knl+llonp|—|onp || dx
2
N§

t
51<+1<//|3(a6s)|2+|i((1—a)6h)|2dxdz, (58)
0 Jo Ot o

where the constant K does not depend on § — +0 and u — +-0.

Proof. We use the pair (05 — 65, 0, — 0p) as a test function in (55) and obtain
D (aoy) a(os — 6y)
8 ( a N S S .
2 2 b —am - -

0, ~
+us Y [l -l o) 69)
—5_Ns'% IGSI

Op -
+ [lonpl| —Kh]+m : (op —6p)dx = 0.
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We abbreviate

ooy Qo
B =0 (S 1 2% |, ©0
and we use Holder’s inequality
0 ( D8 (aoy) a(og — 0y) )
DT (1 —a)op) (1 —a)(on —6n)/ |,
1 D¢ (aoy) a0y
=51 P =0 (D—S((l ~w)on) (1 - a)frh) ;D

Using the arguments similar to (53) both for the soft and hard material we observe
that the third term in (59), which comes from the penalty, is nonnegative and that

penalty terms in (59) > 715 Y / llow| — &1+ (osp] — G0+
1=5,...N§ "%

+ llowp| = knl+(lonp| = 1Gup|) dx = 0. (62)

Note that |osp| — |0sp| = 0 on [|osp| — &5+, similar for (Joxp| — |6np]), and it
also holds that

OsD
losp|

: (05 — 05) > |losp| — |0s]. (63)

From (59), (61), and (62) we obtain

'+ T+ T3 :=
1 D_B(O‘GS) a0y
8t=SZ.:N3 Z_S(Et ~ R =0 (D_S((l —a)op) (1 — a)&h)

! )
+1 [ allosn] — 51 (osp| — 165p])
mJ

+(1 = )llonp| —kxl (onp| - |ahD|>dx} <0. (64)

Finally, we obtain via partial summation and Holder’s inequality
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D3 (aoy) o6y
’ =Z ¢ (D—S((l—a)oh) (1—a>6h)

_ o0y D¢ (x0s)
=5 2 0 ((1 —a)o, D8 ((1 —oc)frh))

t=4,...,N§

o0y o0y
+ /QQ ((1 — oy (1— a)&h) dx

<K§ ) / los|* + lon|? dx (65)
=5,...N§ "2

t=4,...,

t=N§

t=0

! Gl Gl
+ K/ / |—(a65)|* + |—((1 — a)5p)|* dx dt
0 Jo Ot ot

+ e / 052 + ol dx
2

+ Ko, / 1552 + [64]2 dx
2

t=N§ t=N§

+ K +/ |00s| + |oon|* dx.
2

Recall that o,, 0, are the initial values of oy, 07,. We use this inequality in (64) for
estimating from below. Observe also that

Y. Ei—Ei5=Ey;~ Eo. (66)

Since 73 > 0 the statement of Theorem 8 then follows by using a discrete version
of Gronwall’s inequality. O

Corollary 2. Under the additional assumption of the safe load Condition 2 for
Gs, G, we have, for the solutions of the Rothe approximation, the discrete L'(L')
estimate

k18 [ llownl -l + ool - il d
1=8,..,N§*

+u'8 Y | llosp| —kslilosp| + [lonp| — kal+lonp| dx
1=8,...N§ "%

t
5K+K//|3(a6s)|+|3((1—a>6h)|2dxdz 67)
0 0 at 30{
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holds uniformly as § — +0, u — +0.

Proof. 1If we have the safe load condition, the penalty part in (64) can be estimated
from below by

Py =p's ) /QOé[IGsbl = Kksl+s0 + (1 —a)[lonp| — kpl4sodx, (68)
N§

where s¢ > 0 comes from the safe load condition. Thus, this term contributes to the
estimates and we obtain

| Ps;1| < K uniformly. (69)

Once knowing this,by inspection of (64), we observe that also

Psup =p~ '8 E / af|losp| = kslylosp| + (1 = @)[lonp| — knl+lonp|dx
2
NS

(70)
remains bounded as ¢ — 0 and § — +0. O

5 Estimates for the Rothe Approximation

We finally present a discrete analogue of an H 2 (L?)-estimate for the solutions of
the Rothe-equation.

Theorem 9. Assume the safe load condition with an admissible pair (65,0p) € K
such that 65,06y € L*°(L*). Let o, Kkg,kp, € L®°(L®), and Ag, Ay, be positively
definite and symmetric. Then there is a constant C(¢, ks, Kp, Os, 0p) such that for
the solution (0g,0p) = (Osuss Ohus)

5y /|D_8os|2+|D_8crh|2dx
1=8,...N§ ' ¥

+u~' sup /[IfstI —ks]3 + llonp| — kpl% dx < C(&. ks, kn. Os. Oh)
t=0,...,N§ J 2

(71)

uniformly as 6 — 0, u — 0.

Proof. We use the shift operator S ¢ defined by

S73(1) = w(t = §). (72)
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It is easy to see that the following pair (7", 7;) satisfies the balance of linear
momentum with zero force

f =0, -6 —a 'S0 (a(oy - 5y)). (73)

Ty = 0on—Gp = (1=e)™' 570 (L —@)(0n = 6n)) - (74)
Hence we use this pair as test function in the Rothe approximation and we obtain,
multiplying with § 1,
[ 407 @0 s D et~ 5)
+ A, D78 (1 = )(op —63)) : D% (1 — &) (0, — &3)) dx + penalty part = 0. (75)
The penalty part consists of a contribution of the soft material, namely

OsD

losp|

and an analogous term Pj. We rewrite and estimate P in view of the discrete
Leibniz rule. Thus,

Py = / 1 losn ] — ksls 22D (a0, — 64) dx. (76)
2

(SaD b 0,p + D% aoyp) dx

_ OsD
Pi=p 1/[|asp| ol 2
2 sD

o

_ OsD _ -
— 1 1/Hasm — ks)y —— D78 (@bsp) dx = P15 + Pas + P35. (77)
2 |USD|
Since
[0}
D p~d6,p > D3 |osp], (78)
|UsD|

we estimate and rewrite

Py = p! /Q 05| — ks]4 S~ aD 3 op | dx
e /ﬂ [lo5p| — ks]+ S~ aD ™ (jo5p| — 5) dx (79)

+u! /_Q[|0sD| — k)4 SPaD kg dx = Pyig + Pras.
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Since
1
llosp| — ks]+ D% (Josp| — ks) = 50‘5 (losp| —xs2) (80)

we obtain
1 _ _
Pus = 317 [ D7 (lown] - 2 d. (81)
2

Furthermore, due to the Lipschitz continuity of «; and the L' (L") property stated
in Corollary 2, we have

§ Y Poz—p's )y / [losp|—Ks]4 | D ksldx=—Cs(ks).  (82)
t=5,...N§ t=8,...N§ '
With a similar argument, we obtain
§ Y Pyz—p's Yy / llosn| — k5] 1 D ellogp | dx > —Cag (@)
2

t=§,...,N§ t=§,...,N§
(83)

and analogously
P35 > —Css(a), (84)

where we used the Lipschitz continuity of o and the assumption that Gs € L.
From (81) we obtain

1) Z Piis > p”! /[|CTSD| — k2 adx|]
t=8,...N§ $2
s Y [ fowl kit 59
1=8,...N§ '
= Pr11s + P112s.
Again
Pi12s = —Cr12(a). (86)
The constants Cyg, ..., C112 depend on the LY(L") estimate for the penalty term,

so, they depend on &, K, k. The penalty parts for the hard material are treated in a
similar manner.

We now sum (75) from¢ = §uptot = N§ = T and obtain, using the estimates
for the penalty parts,
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N§
%Z/ AsD7% (aoy) : D78 (aos) + Ay D% (1 — a)op) : D78 ((1 — @)oy) dx
t=4§ 2

1
< K(d. ks k) + 586 Y /ASD_5 (a6y) : D% (ady) (87)
2 insle

+ 4, D78 (1 = @)op) : D¢ (1 — @)5y) dx.

The theorem then follows, taking into account that 0 < 9 < o < 1 — xp. ]

6 Convergence of the Rothe Method

In this section, we extend the solutions oy,,5, 0,5 of the Rothe problem to the step
functions Jsoy,s and Jsoy,s and show that they strongly converge in L*(L*)toa
solution oy, 0y, of the penalty approximation as § — 0. Throughout this section,
except in the formulation of the theorem, we drop the index p. For any function w
defined on /5 = {ké|k =0, ..., N} we define the extension as a step function by

Jew(ké +n) = w(kd), 0<n<§$. (88)

If w is not defined in [0, §], we define Jsw = 0 on [0, §]. In our setting, this acts on
the argument of the loading parameter t.

Theorem 10. Let i > 0 be fixed, «, kg, ky, be Lipschitz, 0 < ap <o < 1—oag < 1,
Ks,kp > ko > 0. Let Ay, As be symmetric and positive definite. Assume the safe
load condition with an admissible pair (G5,6,) € K such that 65,6, € L% (L™).
Then the solutions 0ss;,, Ops,, converge to a pair (Ogy, 0py,) which is a solution of
the penalty problem in the sense

Js0sus = Osus J5Onus = op (8 — +0) (89)
strongly in L?>(L?), and
Js D7 (05u5) = O 5D (Onps) = Gnu (8 —> +0) (90)

weakly in L?(L?).

Proof. By the uniform estimates for os, 05 from Theorem 8 we have uniform
L2(L?)-estimates for the functions Jsoys, Jsops, JsD Sogs, JsD ®ops and, by
weak compactness in L2(L?), any sequence (§; — +0) has a subsequence such that
(89) holds with weak limits oy, 0 (§; — 0). Furthermore the functions Js D %oy,
Js D% 03,5 have weak limits which turn out to have the form dy, 6, i.e. they are the
derivatives of o, 0,. This is classical and easy to prove. As a consequence, oy (Z, .)
and oy (¢, .) are defined for ¢ € [0, T] as L?(£2) functions. By weak convergence,
one sees immediately that oy, 0, satisfy the balance of linear momentum. Due to
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the representation

og0=-8 » D70 +0.(T.) 91)
t=§,...,N§

and by averaging with respect to 7', we see via weak convergence that 05(0,.) =
050, 01(0,.) = 0p0, i.e. the weak limit satisfies the initial condition. The main task is
to establish strong convergence in order to pass to the limit in the nonlinear penalty
term. For this purpose, we define the restriction operator, which assigns to functions
w € L2(L?) with w € L?(L?) a function Rgw on Is = {§,..., N§} defined by

Rsw(k8) = w(k$). (92)
One has
JsRsw —>w, JsD®Rsw—w strongly in L2(L?) (93)

as § — 40, provided that w € L2(L?). We now turn to the Rothe equation and
use the pair (0,6 — Rg05, 015 — Rsop) as test function. Note that this test function
satisfies the balance of linear momentum with zero force for ¢ € I5. Rewriting the
resulting equation and employing the extension operator Js we conclude

T
/0 (455D~ (@035, J5 (@(0ss — R50)) 94)
+ (ApJs D78 (1 — )ons) , Js (1 — @) (055 — Rs05)))

+ u ' (I Js05sp] — J8R8Ks]+-]8| 8D| . Js(a(ossp — Rs05p)))
S

+ u (| Jsonsp | — JsRsKh]+J8| hwl , Js(a(onsp — Rsonp))) = 0.

In (55) we may add the terms

T
/ w! ([stp Js Rsks ]+Js , Js(aossp — OtRSGsD)) dt=o0(1)as§—0 (95)
0

|D|

since the left hand factor in the scalar product is compact in L? for y fixed, and there
is a similar term for the hard material. The resulting penalty terms (i.e. summands
with factor 1) are > 0 due to monotonicity and will be dropped, replacing = by
<. Furthermore, we may add the term

T
— / (ASJSD_S Rs (a0, J5 (c0gs —othas)> dt = o(1) (96)
0
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and a similar term for the hard material due to weak convergence
zss 1= Js(aogs —aRsog) — 0 in L2(L?) 97)
and due to strong L2?(L?) convergence of
JsD~° Ry (aos) — % (a0) . (98)

Similarly zps = Js(aops — aRgop) — 0. Thus we are left with

/(;T<ASD_8Zs5,Zs8) + (AhD_SZhs,Zhg) dr <o(1) (99)

from which we conclude (see the analogous reasoning in Sect. 5) that

T
8‘1/T SlzssF + |zns? dt < o(1). (100)

This holds for all T € {kélk = 1,..., N} and we conclude z;s — 0, zps — 0O
strongly in L2(L?) which implies

Jsogs — 05, Jsops — oy, strongly in L?(L?). (101)

This allows us to pass to the limit in the Rothe equation (employing the extension
operator Jg) and we arrive at the equation

2 d d
0 =/ (As_ (aos) , Ts) + (Ah_ (1 —a)on), Th) (102)
L\ or
_ oF _ o]
+ (u Yoyo| —KS]H—D,MS) + (u Monp| — kals 222 (1 - a)rh) ai
|USD| IGhD|

valid for all ty, 77, satisfying the balance of linear momentum with zero force.
This proves the convergence of the Rothe method and the existence of solutions
og,0p, € L2(L?), 65,6 € L?(L?) of the penalty equation. O

Since the discrete L2(L?) norms of 0.8, Ohus, D~ (05us), D78 (onus) are
uniformly bounded with respect to 4 — +0 (with error terms converging to zero as
8 — 0, u fixed) we obtain the corresponding bounds for o5, o, as u — +0.

With a similar reasoning we have a uniform L°(L?) bound for the penalty
potentials .t~ [|ogup | —ks]3, W [|onup|—Kn]% as well as a uniform L' (L) bound
for the terms 4 ~" [losupl _Ks]+(|UsMD | +1), 7! llonupl _Kh]+(‘o-h/LD ‘ +1). This
proves the Theorems 4 and 6 of Sect. 3.
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We finish the section with a conditional L% (L") estimate for the penalty term
which is needed for the L>°(L?) estimate of &y, 64, in the next section.

Lemma 2 (.L°°_(L1)). Under the assumption of the main theorem there is a con-
stant K (&, 05, 63,) such that, for a.e. t € [0, T],

M_l /HUSMD| - Ks]+(|osuD + 1|) + [|O—/1},LD| _Kh]+(|0—hp.D + 1|) dx
2

t

< K(@.6.80) (6] oo + [0 ] 120))], - (103)

Proof. Use oy — Ogy, Opy, — Opy, as test functions and use the safe load condition
similar as in the L'(L') estimate for the penalty term before. This implies an
estimate for the left hand side of (103) by

‘(Asg (xoy) , 05, — 6m) (104)

and a corresponding term for the hard material. Since an L.°°(L?) bound is available
for oy, Ospu» Oy Oy, We obtain (103). |

7 L°°(L?)-Estimate for the Time Derivatives of the Stresses

In the theory of the classical Prandtl-Reuss-problem there is the well known
inclusion 6 € L% (L?) for the stress 0. A similar theorem holds also for Prandtl-
Reuss-mixtures, but the proof is a bit involved, although it is obviously motivated
by the classical theory.

Theorem 11. Let 05,0, € L>®(L?) be the solution to the penalty approxi-
mation of the Prandtl-Reuss-mixture problem. Besides the hypotheses of the main
theorem let

G, &g, Rp. 05, 0p € L®(L™) (105)
where 0, 0y, are safe loads. Then
|65l oo 12y + [0m0]l Lo (o) =< K@ is Rn. 55, On) (106)

uniformly as u — +0.
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Proof. Let D" = n~Y(S" — 1), D™" = n~'(I — S7") be the forward and
backward difference operators with stepsize 7, with respect to the loading variable ¢;
STw(t) = w(t + n). We write oy, oy, rather than oy, 0p,,. In the penalty equation
we use the test functions

- 77_2 (a—lsﬂ (a(os — 05)) — 2(05 — 05) + atsn (a(os — 5s))) )
=172 (1 =)' S (1 — @) (on — 1))
—2(05 = 6p) + (1 =)~ ST ((1 — &)(05 — Gn))) - (107)

They obey the balance of linear momentum with zero force. This yields
0 _ -
- Asg (aos), D"D™" (a(05 — G5))

- (Ah% (1 —@)op). D"D™ (1 — @) (0p — ah»)

(108)

_ OsD
- (u Yosn] — sl -2
o}

|sD|

,D"D™" (a(0o5 — 6s)))

D p1 D=1 (1 — a)(op — a,,))) =0.
lonp|

We first get rid of the terms where 65,03 occurs. We simply estimate (after
integration fttlz dr)

- (u—lnam il

ad ad 2
A.— , DnD_n ~ < Kll= 9 ~
H( Sy (aoy) (aUs)) = H Y. (aoy) 202 3.2 (aas) 1222
< K»(@, ) (109)
for ;1 — o0, since a uniform L?(L?) estimate for
ad 0
> (aoy) = 3 (o) (110)

has been established in Sect. 4 and an appropriate estimate for ¢ has been assumed.
A similar reasoning holds for the hard material.

The penalty part where the factor ¢ occurs is simply estimated by a constant
K(d, 65) using the uniform L' (L) estimate for ju =" [|osp | —Ks]+ and the L (L)
estimate for (,ft—zz (a0y) from the assumption. Again, a similar reasoning is done for
the hard material. Thus we arrive at
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—/ (AS3 (aoy) , D”D_"(a(fs)) dr
f ot
—/ (Ah% (1 —=a)oyp),D"DTT((1 — a)oh)) dr (111)

5]
5]
5]

— OsD —
_/ 128 ! ([|USD| — kst Us ,D"D "(otas)) dt
il

|sD|

i B O_h B
—/ Ml(WMDL—mh D,Dvu"«l—amm)dz
31 |ahD|

< K(&, 65, 0p).

We now move the operator D" to the first function in the scalar products (‘partial
summation’). It changes into D ™", we obtain boundary terms S;,,, and see that

i B a B
/t1 (ASD n (& (ozas)) , D7 (ozas))

+ (AhD_” (% (- Ol)()'h)) D7 ((1— Ol)O'h)) dr

1223 Oy
+/ po! (D_" ([I%DI —Ks]+—D) , D" (aUSD)) dr (112)
131 |USD|

2 1 en OhD -
+/LL D ({lonp] - xals D (1 —)onp) ) df + Siyr,
1 |ahD|

=84+ Spen + Stltz = K(O{, 5.-&5 6h)

Then
Sa =5 (4D (a09), D7 (aoy) |2
1
+EMMTMU—m%LDWm—m%»m (113)

and we take the limit n — 0.
Since 65,67, € L?(L?), this limit n — +0 exists a.e. with respect to f1, t and
we obtain
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5]

1 d d
- (Asg (009 5 (aos))

9 a
%( 2 (1 = a)on), ((1—a>oh))

131

5]

131

o d OsD d
1
+/;1 j2% (a[ ([|USD| s]+| |) al‘ (aosD)) (114)

o] 0 0
+/ll T (8t ([|UhD| — Knl+ |ahD|) rn ( —Oé)CThD)) de

+ lim S, = Av + Peny + Penygra + lim S, < K(&.065.08).
We write
d OsD 0
= 115
a[ ([|USD| Ks]+|0 |) 9 (xosp) ( )
3 2 19 2 3 2
= [IGsDI - KS]+“|GSD|_1 5 (osp)| — '5 losp| + ‘£[|USD| - Ks]+
llosp| —kslya—kKs + —[losp| — ks]+|osp e

T Fraciarn

=Py + P, + P3+ Py.

We have P; > 0, P, > 0 and these terms contribute to the final estimate. For P3 we
find via partial integration

_1/ /P3dxdt —M_I/ /|CTSD| /cs]+ ( )dxdt

b ) ) (116)
= P31 + P,

31

_ d
+u ! llosp| — ks]+o—Ks dx
Q ot

The term P3; is uniformly bounded due to the L!(L') bound for the penalty
term and the hypotheses on o and «. The term P35, is estimated via the L>®(L?)
lemma for the penalty term. This yields

H_I/ P3ydx
7]

where o(#1) needs not be uniform in u.

5]

<K(ks) (1652, M 22y + 16812, ) 2()) +0(t1)  (117)

131
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The term Py is treated in a similar manner like P5. Thus we obtain

5]
Peng,; > ,u_l / /
151 2

= K —[|65(12, ) 2(2) — 0 (12, )l L2(2) — 0 (1)

9 2
o I[losp| — ks]+|| adxd:

(118)

and a similar inequality for the hard material.
It remains to analyze the boundary terms coming from the partial summation

+ 52

iz

lim Sy, = St (119)

From the result of the previous partial summation we obtain

5]

0

. 1 0
lim S, , =— 3 (Asg (aos) . % (aos))

131

%]

0 ad
~ 5 (g @ =) 1 =) (120

31

_ 0 OsD 0
_ 1= _ sy =
2 (al ([lUsD| Ks]+ |UsD|) ey (aUsD))

OhD

9 d
—u! (5 ([IGhD| an IUth) "5 ((1— O‘)UhD))

%)

131

%)

n
We have

%)
t

Stlltz = (Asa% (aoy), 3% (O{Gs))‘ 1
+-corresponding term for hard material. (121)
5]

2 — . 9
Sz =1t (losn| = k227, F (aoy))

131

~+corresponding term for hard material. (122)

Let

o d
! (nosm e 8 (aas))
t

ot

9 d
S, = (ASE (xos), — (Ol(fs)) losp| ot

t

+ corresponding term for hard material. (123)

With this notation lim;, ¢ S7,;, = S;; — St,. Now we present an argument which
shows that lim;,_,o S; remains unchanged if we replace the right hand factors
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% (xoy) and a% ((1 — @)op) in the scalar products by % (x05) and a% (1 —a)op).
In fact, this follows if we use the test functions

st (crs — Gy —a ' ST (aoy — a&s)) ,
57" (on =81 — (1 =)™ (1 = ) (01— 50))) (124)
and pass to the limit in the penalty equation §; — 0, performing this procedure at

t1 and t5.
This gives us the equation

0 a . _ o] 0 -
(o5 (00 5 o =50 ) 417" (llow | =l 221 1 (e

+ a similar term for the hard material = 0 (125)

forall t = ¢; and a.e. 15.
We conclude that

ad ad
! 2 K | |= (aos — (a6 12
iStltz + St1t2i = (H o (aos) o |00 (ady) L2(.Q)) (126)
5]
4 a
+ K H/‘L llosp| — KS]‘*‘HLI(Ll) o (aas)
L= /|,

+ a similar term|,,

+ the related summand for hard material at t; and t, a.e.

Thus, we see that

Sl

ity T S2,| < K(@,6s,65)(1 + |0 22 |2 + llosll L2y |ty

13845}
+lonliz2(2y Iz + lonll L2¢@y le). (127)
Collecting our results we obtain from (114)

%) 5]

1 0 d
! (Asg (003). 5 (aos))

ad 0
+ 5 (g =000 5 (1 =)

31

<K / 1642 dx
2

131

1

2
) (128)
5]

+ / |67,% dx
1223 2
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+K /l('fs|2dx +/|dh|2dx
2 t 2

+K(&9I2Sakh9 &Sagh)'

1

2
131

We finally get rid of the terms

0 d
(As— (@05) . 5 (aas)) : / 65| dx (129)
ot ot f Q f
In fact, from the penalty equation, with the above reasoning, we obtain
0 d ~
(Asg (aos), 5 (aos — a(rs)) }
- OsD ~ 130
+u ! ([lUle Ksl4 —— (OlUs Olo—s)) (130)
losp |’ 0t "
+ corresponding term with hard material = 0.
Now, since, for fixed u,
OsD . 2,72
[losp| —ks]y —— — 0 in  L=(L%) as t; — 0, (131)
losp|

(similarly for the hard material) we conclude that

d 0
lim (Asg (aoy) Pm (C(CTS)) + corresponding term for hard material

t1—>0

d d
< ess sup{ (Asg (aoy) , Fm (a&s)) + corresponding term for hard material; .

0<t<§
(132)
The theorem now follows from (128) and (132). O
Corollary 3.
HM llosup| — ks]+(losun | + 1)HLoo(L1) +
|~ lonu | = knl+ (omun! + Dl o1y = Co (133)

uniformly as u — +0.
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8 Passage to the Limit as the Penalty Parameter y Tends to
Zero

Theorem 12. Under the assumption of the main theorem the solutions (Osy, Opy,)
of the penalty problem converge to the solution (05, oy) of the variational inequality
(19) for the Prandtl-Reuss mixture. The convergence is strong in L (L?) and weak
in H'(L?).

Proof. Since Oy, Oy, Osp, Oy, are uniformly bounded in L2(L?) as u — +0 we
may subtract a subsequence A = {|itm — +0} such that o5, — 05, Oy, — O,
Gsj — Gs, Gy, — O weakly in L2(L?).

We may pass to the limit in the equation of balance of linear momentum and
obtain (11) for oy, 0,. Furthermore, the symmetry of o5 and oy, is preserved. From
the L'(L')-estimate (see the corollary to Theorem 9 in Sect. 6) we have that the
penalty term is bounded in L' (L!) as & — +0. This implies [|og,p| —Ks]i < Ku,
llonup| — /ch]fL < Ky and, since [|§] — I(s]%_ is convex and continuous, we obtain
llown| — #s]2 < 0. [lonp| — k1) < 0ie.losp| < k. lonp| < . 0

The variational inequality (19) follows from the penalty equations

123 a
/ (As— (aosu) , a(og, — 63))

(Ah O (1 = @onn) . (1 = @Yoy — 6;,)) a

5]
=< _H_I/ (HUSMDl Ks]JrLD a(o—su_ﬁs)) (134)
151

losun|”

OhuD
+ ((omal — il 2

(1 - &) (on —6;,)) a

MD|
<0 for all (65, 63,) € K.

The last step concerning that the left hand side is <0 follows from the monotonicity
property of

D

D (135)
lzp|

[Iz] =l

and the fact that [|65]| — k5]+ = 0, [|6,] — kp]+ = O by definition of K. We may
pass to the weak limit 4 — 0 in (134), keeping the inequality <0 due to lower
semicontinuity. This yields (19). The strong convergence

Osp — Os Opy — Op in L?(L?) (136)
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follows by setting 65 = o5, 6, = o, in (134) and adding the terms
el
— As& (aoy) , a(ogy, — 05)

ad
- (Ahg (1= @), (1 — @) (on, oh)) S0 a3
In fact, this yields (for t; = 0)

lim sup (A (05, — 05), @05, — 05))
u—>+0

+ (An(1 — @) (ony — 03). (1 — &) (o — on)) <0 (138)
which even implies
Osu = Os,  Opy — Op, in L®(L?). (139)

Since the solution oy, 0y is unique, (136) holds for the full sequence (via the usual
contradiction argument). The convergence (139) for the full sequence can be derived
with an additional simple C(L?) argument.

We now want to incorporate the partial strain velocities and the plastic strain
velocities into the discussion. Similar, as to the classical Prandtl-Reuss problem, the
situation is not quite satisfactory due to the fact that only L!-estimates are available.
Under the assumptions of Theorem (9) (in particular, no assumptions on &, K, Kp)
we have uniform L!(L')-bounds for

1. ) 1. )
E(Vum + Vieg, D), E(Vuhu + Vi, D, (140)

and the corresponding penalty terms.
With Temam’s imbedding theorem this implies a uniform L' (L7#=1)-bound for
Iy, iy, and we obtain that, for a subsequence,
Ugy — g, ’:thp, — iy, (141)

and

1 1
E(vum + Vitg, Ty — E(vus + Vi ") (142)

1 1
E(vu,m + Vi, T) — E(W’h + Vi, T) (143)



On Prandtl-Reuss Mixtures 165

weakly in C*([0, T] x £2), & — +0. This means that the strain velocities need not
be functions, they are only Riesz measures.

In case that an L°(L')-bound is available for the penalty terms, see Theorem
11, itsy and iy, are bounded in L°°(Ln”Tl), the convergence in (141) takes place
in L#=1(L#=T), and the limiting deformation velocities are (at least) L2(Lw=T)-
functions. We want to derive a variational inequality which takes the strain velocity
into account.

From (33) and (34) we conclude

d 1
(Asg (aosu) . Ogp — ‘L') = (E(Vﬁm + Vitg, ), 05y — ‘L') <0 (144)

for all © € C(£2) such that t = 7 and |tp| < «;, a.e. (no balance of linear
momentum for t is assumed).

The < inequality in (144) follows from the monotonicity property of the penalty
term and the fact that [|7p| — ks]+ = 0. An inequality similar to (144) holds for the
hard material.

We want to pass to the limit 4 — +0 in (144). For the left hand side this is
possible due to weak and strong L2(L?) convergence of the functions in the scalar
product. For the left hand side, obviously

1 1
5 (vum + Vi, T, z) — 5 (Vits + Vit " 7) (145)

but for % (V:’Am + Vi MT’ crm) this convergence is not clear, since we do not know

that oy, — o in C (£2). Thus we assume the hypothesis of Theorem 10 and we use
the Lw(Lﬁ) for ity , i1y, and write

1. . .
5 (Vum + vumT,om) = (itspe. f3) + / oy do (146)
02

due to the balance of linear momentum.
In the right hand side we may pass to the limit and obtain as limit

(us, f) +/ pos do. (147)
082

So we arrive at the variational inequality
d 1 T
Asg (aosu) . 05 —T ) < (frug) + posdo — E(Vus + Vug' ,7)  (148)
082

forall T € C(£2, Mg,,), |Tp| < ks and a similar inequality for the hard material.
Of course, this is not satisfactory.

In the case of the Hencky problem, in two dimension there is an interesting
way to overcome the formulation (148). An analogue approach might work also
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for the Prandtl Reuss problem. For Hencky’s problem, and similar for Prandtl-
Reuss’s problem, via a technique using a reverse Holder inequality, there are
La=118 and L%°(L#=11%)-estimates available for the displacements u (see [6])
or the displacement velocities i, respectively. Thus we have a (% — §') capacity
potential ¢ of the set where the (-2= — §’) capacity is small and, testing the penalty

n—1
equation with os¢, we obtain uniform smallness of

! [g 0] — ksl 4 lowpl dx (149)

on sets of small capacity. Hence the limiting Riesz measure shares this property.
Since interior H !-estimates for o are available and thus o, is uniformly
continuous except on a set of small 2 — §’ capacity we may give a meaning to

(%(Vit +vil), ¢ ), ¢ € C§°(£2) by extending the measure to functions which are
2 — &' quasicontinuous in the sense of capacities.

We do not state the above discussion concerning capacity methods since, for a
rigorous discussion, this would take more space than available here. We confine to
fix the statement concerning convergence in C* of the strain velocities.

Theorem 13. Assume the hypotheses of the main theorem. Then the partial strain
velocities constructed in Sect. 3 converge weakly in C*

1 1
5 (Vi + Vitg, T) — 5 (Vits + Vi ")
1 . . 1 . . T
E(Vuh“ =+ V“hu ) — E(Vuh + Viy, )
and iigy, — ttg . lipy — iy weakly inC™. (150)
If, in addition, the assumption of Theorem 10 are satisfied (150) (u — +0) holds

in Ln=1 (L7=T).

Remark 9. (150) holds strongly in L#_s/(LnnTl_s/) due to Temam’s imbedding
theorem, and in fact in L7=1+9 (LnnTl”), 8 small, if the reverse Holder inequality
technique is used (which we did not do here).

Corollary 4. If the assumptions of Theorem 10 are satisfied, the variational
inequality (148) holds.

Concerning the Kuhn Tucker rule there are similar problems like the interpreta-
tion of the ‘pointwise’ inequality (144). The penalty terms converge weakly in C*
as u — +0. We have
OsuD

— €ps,

—1
w llosup | — ks)+
| S[,LD|

Oh

W lonup| — kal+ — éps (151)

|0hMD|
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and one would like to conclude from

M_IHUSMDl —Ksly — As

_ *-weakly in C (152)
pw lonun | — knls = An Y
that
. OsD . OnD
ps = Ag——, eph = Apn . (153)
P2 ogp i lonp|

In the case of the two dimensional Hencky-Model this can be proved by the
tools indicated above, using the reverse Holder inequality for the displacements,
smallness of the support of A5 and Aj, on sets of small (2 + §’) capacity and the fact
that oy, op;, converges (2 + §’) uniformly for a subsequence.

9 A Model for the Volume Fraction o and the Yield
Parameter Depending on the History of the Rate of the
Plastic Strain of the Soft Material

In [10], the following model for «, «j, ks is suggested. Let

(. x) = /0 [éps(E. )] dE (154)

where é; is the plastic deformation velocity of the soft material. Then the volume
fraction « is defined by

a(t,) = ag 4+ (1 — ag)e 0@ (155)
and the yield parameters by
ks = const > 0, Kp = Ko + rol (156)

with constants ag > 0, co > 0, ko > 0, ro > 0. In the rigorous setting é (s, x)
may be a Riesz measure and we have to approach it via the penalty approximations,
see below. Since / could be unbounded we apply a simple (from our point of view
acceptable) modification by setting

t
I(t, x) = / g(|éps(s. X)) ds + 8. 86> 0 (157)
0

with a bounded, non negative function g € C L
This also guarantees our condition that « > §; > 0 and (1 —«) < 1 — §;, and
the condition

&l poo(rooy + IKsl Loo(rooy + Kl Loo(zoey < K (158)
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whatever function é 4 is chosen.
On the level of the penalty approximation, we have

. _ o}
€ps = K 1[|USD| _KS]JrS_D and (159)
|UsD|

|éps| = M_1[|USD| — K]+ (160)

t
& = ap + (1 ag) exp (—Co / (s —/csmds) (161)

0

t
n = Ko+ o / g Mlosn] — k5] ) dé. (162)
0

With this definition of «, kj, ks (which is constant) we assign to every pair (o5, 03)
satisfying the symmetry condition a solution 6, 6,5 to the penalty equation (27),
and all the a priori estimates of this paper requiring the L* property on &, £j (not
&, Kp) are true.

For applying Schauder’s fix point theorem to obtain a solution 6,5 = 05, 0pp =
0, one needs an additional compactness condition in space direction which would
be achieved by a non local dependence of « and kj, in terms of oy, say

1. x) = /0 g /Q K. »)osn (@) dyl —sls)de (163)

with a compact singular integral operator K : L? — L2?. With this compact
dependence it is possible to solve the penalty equation, due to the a priori estimates
given in Sects.4 and 5, and also to prove the convergence of the penalty equation
as u — 0, which leads to a solution of a quasivariational inequality with the above
interpretation.
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Modeling and Simulation of Lipid Monolayers
as Surfactant in Lung Alveoli

Annelene Wittenfeld, Andrey Ryskin, and Wolfgang Alt

1 Biological Function of Surfactant Lipids
for the Breathing Cycle

The concave cellular surface inside lung alveoli is covered by a thin water film with
surfactant on top, whose continued preservation is essential for the rapid oxygen
and carbon dioxide exchange between air and lung tissue. Therefore, in order to
guarantee film stability during the regular breathing cycle of inhalation (expansion
of lung alveoli) and exhalation (their compression), the surfactant lipid-protein
layer must possess strong adaptive properties. This becomes even more important
in events of sudden expansion or compression of the lung, for example, while
coughing. On one hand, the function of the surfactant layer is to strongly reduce
surface tension for minimizing the work of breathing, which is achieved by forming
highly ordered monolayers of amphiphilic lipid molecules. On the other hand, the
layer has to be fluid enough to cover the expanding surface in a continuous and rapid
fashion, which requires stochastic mobility of the lipid molecules.

Synthetic chemical models of efficient pulmonary surfactant, also used for medi-
cal treatment, contain specific mixtures of phospholipids (e.g. phosphatidylcholine,
DPPC, palmitic acid, PA) and have been experimentally investigated under periodic
compression-relaxation conditions [3]. A typical result can be seen in Fig. 1, which
shows the quasistatic behavior as an isotherm plot (surface pressure versus inverse
density). During the first two compression cycles the pressure-density curve shows
an obvious hysteresis effect. The overall pressure decreases more rapidly at the
beginning of the expansion periods (to the left), compared to a more steady
increase during the compression periods (to the right). This is a strong indication
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Fig. 1 Quasistatic isotherm plot of surface pressure versus area per lipid molecule (inverse
density) for an artificial lipid mixture as a model of surfactant layer on lung alveoli. The two
compression-expansion trajectories are cycling counter-clockwise. (From [3], Fig. 1A)

for transformation processes, such as association and dissociation, to occur in the
different periods and phases.

Moreover, atomic force microscopy of such surfactant monolayers has revealed
remarkable inhomogeneities in height and stiffness (see [1], Fig. 1). One observes
larger and mostly rounded patches of thick homogeneous molecular layers, indi-
cating regions of strongly ordered lipid molecules (liquid condensed phase) and,
in-between, smaller and more fuzzy patches of thinner layers, indicating regions
of non-ordered and diffusing lipid molecules (liquid expanded phase). The interface
between these two kinds of patches appears to be quite sharp, suggesting a relatively
fast transition zone between the ordered and disordered phase.

These spatial phase separation phenomena together with the observed hysteresis
dynamics have important biophysical functions: regions of more fluid disor-
dered monolayers serve as a mechanical buffer of more easily compressible lipid
molecules; in addition, they serve as a chemical reservoir of diffusing lipids to be
supplied for insertion into the ordered regions of the monolayer. However, in order to
describe and understand the full dynamics of these biophysical/chemical processes,
one needs detailed mathematical models and their subsequent numerical simulation
on various spatio-temporal scales. For a 3-d molecular dynamics simulation see [4],
for a general 3-d continuum fluid-diffusion simulation including thin film dynamics
on a periodically extending alveolar surface see [5].

Here we present recent modeling and simulation results for two different scaling
approaches, showing certain connections with each other. The first is a stochastic
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multiparticle model of rod-like lipid molecules on a microscopic scale (space:
~ 10-500nm; time: ~msec) with appropriate classical interaction potentials
(Sect.2). The second describes a deterministic continuum two-phase fluid model
on a mesoscopic scale (space: 2 m; time: 2 sec) with an appropriately chosen
free energy function and flow properties (Sects. 3-5).

2 Microscale Stochastic Multi-particle Model

We study a system of N stiff rod-like particles of fixed length L, which are
partially submersed in water at a sharp and flat water-air interface. In order to
model the amphiphilic properties of lipids, these rods are assumed to have a
hydrophilic head for length variable 0 < s < L/4, and a hydrophobic tail
for L/4 < s < L (see Fig.2). The rods interact by means of a continuous,
distance-dependent force density f(s) d's on each rod, accounting for the amphiphilic
properties of the rods as well as their location and motion with respect to the water-
air interface. For simplicity, we restrict our simulation model to a two-dimensional
spatial configuration, so that the rods are not allowed to overlap with each other.

We denote by § = §(r, s) the distance of two points r, s on distinct rods i # j.
The interactive force between head of rod i (0 < r < L/4) and tail of rod j
(L/4 < s < L) is purely repulsive, inversely proportional to the distance § with
strength coefficient «. For head-head and tail-tail interaction we use a Lennard-
Jones potential, valid for various kinds of particles and molecules,

()"~ ()

with different scaling coefficients ¢ > 0 and o > 0.

Since the upper part of each rod is hydrophobic and the lower hydrophilic, there
is a kind of capillary force pulling each subpart into its optimal medium by tending
to reduce the length of the amphiphilic mismatch g, see Fig. 2.

Here we assume a simple proportionality

Fwal = ks g, (2)

with effective elasticity coefficient k. This water surface force acts onto the center
of the amphiphilic mismatch region in the ‘wrong’ medium, pointing towards the
‘right” medium in direction parallel to the rod. Since a rod has a ‘hydrophilic’ and a
‘hydrophobic’ part, we need to ensure that it does not flip over. Therefore, as angular
momentum, we assume an analogous non-linear term, modeled as to be induced by
the surface tension acting on both sides of the rod:

My = —keg (tan(@ —0.57) + tan®(6 — O.Sn)). 3)

This momentum tends to turn the rod into an upright position (6 = 0.57).
The first summand acts as a linear spring in case of small angle differences.
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water
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Fig. 2 Schematic picture of an amphiphilic rod and its location at a fixed water-air surface

The second summand represents a strong repulsive spring turning away from any
parallel orientation with the water surface (6 = 0 or m) in case of larger angle
differences.

Additionally, we model local collision of rods with the surrounding smaller water
and air molecules by means of a spatio-temporal stochastic Brownian sheet. On each
segment of the discretized rod, we assume small and independent random forces,
with amplitude adjusted via a parameter c,, representing the standard deviation of
the corresponding Gaussian noise perpendicular to the rod. The perturbation along
the rod is twice as large. Additionally, the process depends on the surrounding
medium. If the segment of the rod is outside the water, the perturbation strength
is one tenth as compared to a segment within the water. Accordingly, the stochastic
force density is defined by

dfbrown(sv t) = ]D)(S) dBS,t (4)

with a corresponding amplitude matrix D(s). Finally, friction is considered to be
proportional to the local velocity of a point on the rod,

frriction(8) = —TF(s)v(s). (5)

In diagonal representation, i.e. when the coordinate system is aligned with the rod,
the friction matrix reads F = diag (), y1). The imposed drag perpendicular to
the rod o y, is twice as large as compared to the friction along the rod « yj.
Additionally, there are different y-values for each surrounding medium, namely y 4
in air and y ~ in liquid, since the viscosity of the fluid is larger than the viscosity
of air.

In this model, we treat the rod-like particles as rigid bodies. From the local force
densities above, we calculate the effective center-of-mass force and the torque acting
on each rod. The resulting Newtonian equations of motion are employed in their
over-damped limit with vanishing inertia.
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Fig. 3 Snapshots of simulation runs with N=20 (first and second row) and N =40 rods (third
and fourth row), performed on a small interval of length X = 900 nm, thus with densities p =
0.022nm~! and p = 0.044nm™!, respectively. The second and the fourth row are about 300—
400 ms later than the first and the third, respectively. Clustered rods are marked by a star

The simulation program is conceived in a highly optimized manner, including
certain coding in assembler, on several cores at a time. The simulations are
performed with different numbers N of rods with fixed length L = 40 (in an
artificial length unit, comparable to nanometer, nm) initially distributed in random
positions at the flat (periodic) waterline (of width X = 22220nm) and with
randomly chosen angles, 0 < 6; < m, but without intersections of the rods.
Simulation runs are performed for 20,000,000 timesteps (in an artificial time unit,
comparable to microseconds, psec), thus for about 20s, see Fig.3 for typical
lipid configurations appearing in two different simulations (with shorter width).
After every 1,000 timesteps (thus each millisecond, msec) certain observables are
extracted for data evaluation.

As a first evaluation, we quantify proximity of the simulated rods. Two rods
i and j are defined to be clustered, if

|9i - 9]| < ,Bmax and |Wi - Wj| =< bmax- (6)

If a rod does not obey these relations with any other, it is said to be unclustered.
Here, w; denotes the horizontal position, at which the rod i crosses the waterline.
The positive parameters Bpn.x and bpa, are suitably chosen thresholds, namely
Bmax = 10°, bpax = 15. As an observable we define the overall clustering

_ number of clustered rods

(N

total number of rods N

of the simulated rods for every time step. Another observable is the polar order
parameter

R=—|>al ®)

where ¢; = (cos 0;, sin 6;) represents the unit vector along the i -th rod.
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Fig. 4 In the plots above we show the mean polar order parameter R and clustering C depending
on the perturbation c,, for different particle numbers N. The plots below show examples of
corresponding time series. Note that the essential parameters c,, and N vary, as separately indicated
for each plot. The other simulation parameters are the same for all plots shown. The friction is
y”L = 300, y J’: = 600 inside of the liquid and y”A = 30, y j_‘ = 60 outside. The remaining
interactive force parameters are o, = 5,¢&, = 100,04, = 7.5, &y = 20,0 = 1 and
ks = kg =25

Time behavior of the observables (7) and (8) is presented in the lower part of
Fig. 4 for a typical set of simulation parameters. For the polar order index R (plots
in the left column), the overall behavior is almost the same for each simulation.
Starting from a ‘random’ initial value ~0.94, within less than 100 ms the index
reaches a stationary value, about which it fluctuates, though with a slight adjusting
increase in case of the smaller perturbation amplitude ¢,, = 2333.3. In contrast, the
clustering index C (plots in the right column) shows a quite different behavior. For
¢y < 2333.3 and every N, the index slowly approaches its potential stationary level
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with an exponential rate of time scales more than 5s. This also explains the large
variances and the decreasing mean in the corresponding parameter plot (top right).
For ¢,, > 3300, the stationary level of C is reached almost instantaneously, meaning
that the ‘clustering rate’, i.e. the speed of cluster growth, is strongly dependent on
the lipid mobility coefficient c,,. Further simulations could reveal a more detailed
dependence.

The polar order index R exhibits a clear monotone dependence on c¢,, (top left
plot in Fig.4). Moreover, in the two parameter plots it can be seen that a higher
density of rods leads to a higher value of both indices, clustering and polar order. The
explanation for this feature is obvious: since the rods are generally closer at higher
densities, their short-range interactions give rise to enhanced mutual alignment of
adjacent rods. Thus, the rate of transition from ‘disordered’ rods (freely diffusing) to
‘ordered’ rods (mutually aligned in clusters) depends both on mobility and density
of the modeled lipid molecules, amphiphilically embedded into the water surface.

3 Mesoscale Continuum Mixture Model

As shown by the stochastic microscopic model in the previous section, the temporal
scale, on which clustering and order indices experience slow changes, lies in
the range of 1-5s. Also, sizes of ordered lipid clusters in this one-dimensional
simulation model are in the range of 20-500nm, which is up to ten times the rod
length L = 40nm, whereas the mean distance of lipids in clusters is about 10 nm.
Thus, when locally averaging the density of lipids, p, and the mean fraction of
ordered lipids, ¢, on the larger spatial scale > m, these quantities p(z, x) and
@(t, x) could be considered as continuously varying over the time scale of seconds.

Since the clusters of ordered lipids have quite sharp boundaries in the order of rod
length L = 40nm, this spatial transition zone from the disordered to the ordered
phase scales with a factor ¢ J 0.05 compared to the pm length scale. Thus, the
continuum phase field model defined and treated in [1], seems to be in accordance
with the ‘empirical’ findings from the microscopic model, since the free energy of
the continuous lipid monolayer system is defined by

2
flp.9) = f2p. @) + %IWIZ. )

Here f°(p. @) is a suitable ‘interpolation’ between free energies in the single phases
with densities p, = p 8y and volume fractions 6; = (1—¢), 6, = ¢, for0 < ¢ < 1.
They are chosen as canonical Gibbs energies

falp) = b2p (log(p/p2) — 1) + ca (10)

with positive model parameters. The free energy f° can then generally (even for
more than two phases) be written as
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F20.0) =Y x(6a) [ falp) + b3p A (na(1 = 6))] (11)

with an interpolating function y : [0,1] — [0, 1] satisfying x'(0) = x”(0) = 0,
x' (1) = (1) = 0, and with the monotone function A(z) = z+ (1 —z) log(l1 —z) :
[0, 1] — [0, 1] satisfying A’(0) = 0.

In addition to the y-interpolation, for each phase « there appears an excess energy
term 74 (¥4) evaluated at the complementary volume fraction ¥, = (1 — 6y). Here
ne(¥) represents an increasing ‘reaction’ function with 7,(0) = 0, describing
the amount of phase associations from other phases towards the «-component.
The more ‘other’ molecules are locally available, the larger is the probability
of transition to the o-component. Since ‘binding sites’ are limited as in usual
chemical Michaelis-Menten kinetics, we suppose a corresponding transition kinetics
of Monod type:

Sq ¥

) = e

(12)
Here s > 0 denote the transition strengths and 0 < k, < 1 the asymptotic
saturation level, so that always 14 (%) < 1. In the simulations below we choose
s1 = 9 and s, = 4, meaning that association to ordered lipids is about half as easy
as their dissociation.

For a general thermodynamically correct theory of continuum mixture dynamics
with corresponding equations for mass and force balances, we refer to the contri-
bution by H.-W. Alt and W. Alt in this volume [2]. For example, the total pressure
P’=p f,g — £ of the model above can be computed as

P20 0) =Y x(0a) (1 + 1a(1—6a)) b3p . (13)

To characterize the special case of a two-phase ordered-disordered lipid monolayer
system with total density p(¢, x) and volume fraction of ordered lipids ¢(¢, x) =
01 (t, x), several particular assumptions have to be implemented.

* There is only one mean transport velocity for both phases, V. We notice
that according to the microscopic simulation model (in Sect.?2) all lipids are
embedded into the water surface with part of their hydrophilic head region. Then
the assumed mean velocity V can be interpreted as a bulk velocity of the lipid
heads together with their surrounding water molecules near the surface. The
differences u, = v, — V for the two phases are due to possible diffusive flow,
which might be derived along the lines indicated in [2], Sects. 6-11.

This would be compatible with the following assumptions that have been made
in [1]:

* In addition to transport velocity the mass balance equation for p contains a
diffusive flux —d,V f/, with inverse diffusion coefficient being interpolated as
follows:
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1 1 1

d8—¢8d0+(1 w)do- (14)
Here ¢ is the small positive constant defined above, meaning that the ordered
lipids diffuse much less than the disordered ones.

* The surfactant monolayer as a fluid-like system on top of the water surface can
be regarded as a viscous fluid, where the viscosity coefficients «, 8 are those of
the water surface layer (op and Bo) but increased by lipid shear forces. These
are stronger for ordered lipids than for disordered ones. Therefore we define { =
{a, B} as ¢ = Co + (1 — @) 1 + ¢ ¢, with suitable positive constants.

Then two mass balance equations are complemented by one quasi-stationary
force balance equation in the limit of low Reynolds number (high viscosity), namely

dp + div(pV — deV £,9) = 0, (15)
4o +VVo+ f0—e®Ap =0, (16)
8;(p° 8ij — a(d:V; + 9, Vi) — By Vieij) = . (17)

This is the (quasi-stationary version of the) system that has been investigated in [1].
In the following sections we report on some further results that have been obtained
by modifying or extending the numerical methods used so far.

4 Sharp Phase Transition Approximation

In the limit of small ¢ — 0 we obtain a fast transition layer of width &, in which
the phase transition equation (16) for ¢ and the mass conservation (15) for p in
their quasi-steady-state limit for ¢ = O constitute a 3-dimensional ODE system of
first order. For given ‘density jump’ levels p; > 0 and p, > O its solutions have
to connect the two outer asymptotic states (¢ = 0,p = p1) and (¢ = 1, p = p2).
Moreover, the ODE system contains a free parameter A representing the difference
between the interface velocity and the normal component of V at the interface. For
more details see [1], Sects. 5 and 6.

The solution of this sharp transition problem is equivalent to finding a value A
such that a reduced 2-dimensional ODE system for the phase transition derivative
¥ (¢) and the density p(¢) as functions of the phase variable ¢ € [0, 1], namely

dy _ B(p.¢)

— = - 18
g v (18)
dp _ _Clp.9)  , ¢(p2—p)

de — Alp.g) ' doA(p, @)y’

19)
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has a (unique) solution satisfying ¥ (¢) > 0 for 0 < ¢ < 1 and the following
boundary conditions

v(0)=y(1)=0 (20)
p(0) = p1, p(1) = p2 (21)

for given density levels p; and p,. Definitions of the parameter functions in (18)
and (19) can be found in [1], Eq.(7.3). When integrating Eqgs. (18) and (19), the
boundary conditions above impose two compatibility conditions. One is for the free
parameter

. /‘ Blp(g).9) , 2
0

v O

representing the relative speed of the sharp transition layer. The other is a condition
for the p-level difference

! 1 @ (p2 — p(9)) }
—p = p) -C o) |do. 23
P2 — p1 /0 10@).0) [ 2oV (@) (p(p), @) |do (23)

Below we will show that in cases of positive A, meaning a ‘dissolving’” boundary of
the ordered domain, this condition determines an additional free integration constant
c. However, for negative A, meaning a ‘growing’ boundary of the ordered domain,
it imposes a compatibility relation between p, and p;.

Since the boundaries of the unit interval are degenerate points of the ODE
system (18) and (19), one has to construct the asymptotics for p(¢) and ¥ (¢) in
the limit ¢ — 0 and 1, for more details see [1], Sect. 7. In particular, p has the
following expansion near ¢ = 1:

plp)=p2—c(l—p) = (=)’ + 01 =¢)") (@4

with k¥ ~ A and the integration constant ¢ determined by condition (23). However,
it follows that for the case A < 0, and consequently ¥ < 0, the boundary condition
p(1) = p, can only be satisfied with ¢ = 0.

We now solve the given boundary value problem by the following numerical
shooting method, which is slightly different from the method applied in [1] and
generally more stable. First, using the asymptotic expressions, particularly (24), we
determine the values of the functions ¥ and p near particular points ¢ = § and
1 — 8, with a positive distance § <« 1. Taking these values as initial data for the
ODE system (18) and (19), we solve this system numerically from both sides till
the point ¢ = 1/2. Thus we get two values for each function. For example, for the
function ¥ (¢), we get ¥(1/2)— and ¥ (1/2)+, where subscripts — and + indicate
from which side we have started the integration process.
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4.1 Case of Dissolving Ordered Monolayer: A > 0

We construct the error functions

Fi(A,c.p1.p2) = ¥(1/2)- =¥ (1/2)+ (25)
Fy(Ac.p1.p2) = p(1/2)- — p(1/2)4 (26)

where c is the constant of integration in (24). For any given pair of levels p; > 0 and
p2 > 0 both values A and c are taken as free parameters. Using a standard recurrent
iteration method with suitably chosen relaxation constants, the values converge to a
unique pair {;\, ¢} satisfying the zero-error condition

Fi(L,é,p1,02) = F2(A, ¢, p1,p2) = 0. 27)

Then we have solved the boundary value problem (18)—(21) and found the corre-
sponding wave speed value A = A, as long as A > 0. If this fails, we have to switch
to the next case.

4.2 Case of Growing Ordered Monolayer: A < ()

For the case A < 0 the parameter ¢ has to be zero and we cannot solve system (27)
for any pair of {p1, p2}, since we have only one free parameter A for two equations.
In this case a solution is possible only for a special curve in the {p1, p2} plane,
which then satisfies condition (23). Thus, we perform the same iteration procedure
in order to reduce the error functions F; for ¢ = 0 and fixed p; but with varying free
parameters (A, p»). Then, convergence towards values A and 02 = p2(p1) satisfying

Fi(A,0,p1.5) = F2(A,0,p1,5) =0 (28)

yields a solution with A <o.

4.3 Simulation Results

With a chosen parameter set (the same as in [1]), extensive numerical computations
reveal that only for values p; < 0.45and p; = 7 we find A > 0, but in-between
A is negative. Figure 5 depicts the points in the (p1, p2) plane allowing for a solution
of the transition problem (18-21). Two grey areas on the right and on the left are
shown, where solutions exist with positive wave speed A. In-between the curve p; =
02(p1) is plotted on which A is negative. At the endpoints of this curve we have two
point singularities representing particular states with A = 0.
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0 2 4 6 8

Fig. 5 Diagram of possible lipid phase transitions projected to the (py, p2) plane of asymptotic
boundary values. Dark grey areas correspond to positive A values. In-between the curve p, =
02(p1) is plotted, on which A is negative. The two end points of this curve are isolated singularities

(0¥ p3)

In [1], Sect. 8, the full two-phase lipid dynamics with sharp phase transition was
numerically investigated for the one-dimensional case of a fixed bounded interval
[0, X], where no-flux boundary conditions were imposed for the two outer densities
p1(t, x), forx < s(t), and py (¢, x), for x > s(t), respectively. Here x = s(¢) defines
the moving sharp transition interface. If solutions start with an initial sharp transition
not too near to the boundaries, they generally converge to the unique steady state
with the singular transition levels p; = p} &~ 0.45 and p» = p5 = pa(p) ~
1.79, representing the singularity in Fig.5 with lower p} value. For initial data to
the left of the singularity, with p1|;=0 < p}, both A(#) and §(¢) become positive,
and the (p1, p2) trajectories approach the projected stable manifold of the singular
steady state, see [1], Fig. 14. For initial data to the right of the singularity, with
pili=0 > pi and pa2li=0 = P2(p1li=0), both A(r) and $(¢) are negative and the
(p1, p2) trajectories stay on the singular curve (in Fig. 5), constituting the other side
of the projected stable manifold, on which they asymptotically approach the same
singular steady state.

However, the so far unsolved question is, what happens with the sharp transition
approximation, if the transition levels hit the ‘border line’, namely p;(t) = p7,
while po(tf) # p5. In Fig.6a we plot the numerically computed transition
profiles of the density function p(¢) for different boundary values p; < p} and
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Fig. 6 (a) Left: Functions p(g) for different boundary values p; < p;* and for fixed p, = 1. When
approaching the critical value p; = p}" monotonically from below, the profiles also monotonically
increase and approach the thick graph p*(¢). Their maximal values p,,,, = max p(¢) = p(¢™)
converge to p; > 1, however, ¢* converges to the right hand boundary ¢ = 1. (b) Right: The
profiles p(§) for different boundary values p(—00) = p; < p; and for fixed p(c0) = p, = 1.
When monotonically approaching the critical value p; = p;, the profiles also monotonically
increase and approach the thick graph p*(§) but with decaying rate of exponential convergence
p(§) — pa for py — pyf

fixed p, =1 <p5. As we can see, when p; — p}, the profiles p(¢) approach an
asymptotic profile with A = 0, namely p*(¢), which is plotted as a bold graph. This
is the unique singular transition profile connecting p} with p3, so that the right hand
boundary value is strictly larger than the prescribed value p, = 1 of all the other p
profiles. This means that, the closer we come to the boundary value p; = pf, the
thinner becomes the boundary layer in the neighborhood of ¢ ~ 1.

If we plot the density profiles of the transition layer over the physical space
coordinate £, we obtain the graphs in Fig. 6b. It is obvious that the decreasing
boundary layer near ¢ = 1, described in Fig. 6a, corresponds to a decreasing
exponential rate of convergence p(§) — 1 for § — oo. Thus, when approaching
the boundary of the left {A > 0} region in Fig.5, the wave speed A converges
to zero, but the convergence towards the singular p*(§) profile is non-uniform in
space, except when we approach the singularity (o}, p5). We conclude that the
approximate equations (18) and (19) for a thin transition layer loose its validity
near the {A = 0} borders away from the singular points.

5 One-Dimensional Simulation of the Continuum Phase
Field Model

For exploring the quantitative solution behavior around the singular point and
for simulating the effects of cyclic breathing, we rely on the original phase field
continuum equations (15)—(17) for positive & with no-flux boundary conditions on a
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Fig. 7 Trajectories of the (p;, p2) values in simulations of the phase field equations (15)—(17), for
six different initial conditions, converging to the asymptotically stable singularity (5}, 55 ) (red
dot)

given interval [0, X]. We perform numerical simulations for the qualitatively same
situation as in Sect.4.3, namely a phase separation of the interval into a left hand
part with unordered and a right hand part with ordered lipids.

5.1 Smoothed Phase Separation in a Fixed Interval

On the unit interval {0 < x < 1} we choose the initial distribution of the phase
field ¢ to be zeroin 0 < x < s and one in 59 < x < 1 for some transition point
0 < 5o < 1. Accordingly, for the density p we take step distributions with different
plateau values p(0) = p; and p(1) = py. Since the partial differential equations
(15)—(17) with positive e(= 0.05) constitute a well-posed parabolic-elliptic system
with regularity properties, also when discretized by using a standard explicit scheme
with finite elements, the initial step data are smoothed instantaneously.

In all simulation runs we observe evolution to the same stationary state p with
boundary values py ~ 1.79 and p5 ~ 0.47, both quite close to the coordinates of
the sharp transition singular point (p}, p5), see the trajectories in Fig. 7. The plots
in Fig. 8a show the density profiles of a specific trajectory at different times. One
can easily see the convergence towards a stationary profile, which is approximately
the same as the asymptotic profile in Fig. 6b. Starting point of the phase transition
interface was so = 0.35. Depending on the initial data, the position of the interface
s(t) moves backward or forward (the latter is to be seen in Fig. 8b) and converges
to an asymptotic value (to be seen in Fig.9a). Simultaneously, the relative speed
parameter A(¢) converges to zero (see Fig. 9b).
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Fig. 8 (a) Left: time evolution of the density profiles p(z, x) for one specific initial condition
(p1,p2) = (0.25,1.4) with A(z) > 0. (b) Right: the corresponding phase transition functions
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Fig. 9 Simulation as in Fig.8. (a) Left: the ‘interface’ position s(z), where ¢(¢,s(t)) = 0.5.
(b) Right: the function A(¢) := s(¢) — V (¢, s(¢))

5.2 Phase Separation Behavior in an Oscillating Domain
Simulating “Breathing”

In order to mimic the alveoli expansion and compression during breathing, we
make our domain {0 < x < X(¢)} to change periodically its size, for instance
in a sinusoidal manner: X(#) = Xo(1 + asinwt) with Xo = 1 (comparable to
pm), breathing amplitude a = 0.5 and breathing frequency @ = 27 (comparable
to 1.26/s). As can be observed from the density profile plots of Fig. 10a, it is the
‘exhalation’ period during which the interval size X(¢) shrinks and thereby both
densities of disordered and ordered lipids are lifted up while, after a certain time
lag, the transition interface starts to move left and leads to a quite fast growth of
the ordered lipid monolayer. Then the reverse process can be observed during the
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Fig. 10 ‘Breathing’ cycle simulation of the phase field model with ¢ = 0.05. (a) Left: time
evolution of the profile p(z, X) over the rescaled variable X = x/X(¢) on the fixed unit interval.
The p,(¢)-values just right of the transition layer together with their position values X, (¢) describe
a counter-clockwise cycle (red circles). A similar but smaller cycle is described by the p; (¢)-values
just left of the transition layer together with their position values X (¢) (magenta circles). (b) Right:
corresponding clockwise trajectories of the level pairs (p1, p2) at the interval boundaries (black
curve) and (o, pp) near the transition layer (red curve). Notice that the simultaneous decrease of
both values during ‘inhalation’ is much faster than the increase during ‘exhalation’

‘inhalation’ period, when due to the growth of interval size X (¢) both p;- and p2-
levels rapidly decrease while, again after a time lag, the transition interface moves
to the right and the ordered lipid monolayer shrinks.

Due to strong diffusion in the disordered phase, inducing long slopes in the
density profile, the left boundary values p; (¢) oscillate much stronger than the p; (¢)-
values directly left of the transition zone; the same is true for the corresponding
p2(t)- and p2 (¢)-levels of the ordered phase to the right, compare the ‘circle dots’ in
Fig. 10a and the corresponding trajectories plotted in Fig. 10b. The inner hysteresis
loop (red curve) is not only smaller but also strongly deformed compared to the
outer, more ellipsoid hysteresis loop (black curve). This is mainly due to the strong
difference p,(¢#)—p2(¢) during the ‘exhalation’ period, when p, still increases, while
02 already begins to decrease and the transition front moves to the left so rapidly,
that there appears a larger secondary transition zone (of size up to 0.25) between
the sharp transition layer and the p,-plateau. Simultaneously, also the relative speed
A(t) becomes negative, so that the (01, p2)-trajectory enters the ‘forbidden region’
of Fig. 5, consistent with the result of Sect. 4, that in this region the fast transition
approximation breaks down.

Finally, we have simulated more realistic breathing cycles with shorter inhalation
and longer exhalation period, where in both cases the expanding or compressing
interval length X(¢) exponentially tends to a potential steady state: The cycle
duration is 0.5 time units (comparable to 5s) with 0.2 for inhalation and 0.3 for
exhalation (see Fig. 11a). This time we used a doubled transition parameter ¢ = 0.1,
resulting in a broader transition layer for the density profiles (see Fig. 12a). Again,
as in Fig. 10b, the trajectories in the (p1, p2) state space (Fig. 12b) show a clear
hysteresis behavior. Now the inner cycle of p levels near the transition zone is
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Fig. 11 Two cycles of a more realistic ‘breathing’ simulation with ¢ = 0.1. (a) Upper plots:
the interval excess length X(t) — 1 (black) shows exponential curves with shorter ‘inhalation’
and longer ‘exhalation’; also plotted are the resulting boundary values p;(¢) and p,(¢) (green and
red graphs, respectively). (b) Lower plots: the resulting viscous transport velocity V (¢, s(t)) at
the middle point s(¢) of the smooth transition (blue graph) and the corresponding relative speed
parameter A(1) = $(t) — V (¢, s(¢)) (magenta graph)

not so much reduced in size, but only shifted to higher p; values in such a way
that the transition singularity (compare the small dot in Fig. 7) lies in the center of
this hysteresis loop. This again is consistent with the results in Sect.4, since the
upper part of the hysteresis trajectory, roughly above this singularity, shows values
A(t) < 0, see Fig. 12b, what can also be checked by the time plot in Fig. 11b.

It is worthwhile to have a closer look at the (X», p2) cycle in the upper part
of Fig. 12a: During ‘in- or exhalation’ there is first a period of changing p, levels
with relatively constant X,, meaning also a constant phase transition zone, followed
by a period with changing position of the transition zone, while the p, level
stays constant. Obviously this is a characteristic dynamic feature of the ordered
monolayer. During a fast change of the interval size, the following two subsequent
events take place: first, the lipid density is passively adjusted to the changing
pressure, then, as a reactive process at the phase boundary of the monolayer,
disordered lipids are associated or dissociated, respectively, while simultaneously
the pressure adapts due to viscous flow within the monolayer.

Summarizing the simulation results of this section we can state that both
‘breathing cycle’ models are able to reproduce the hysteresis property, which has
been experimentally observed from plotting the density-pressure isotherm curves
(see Fig. 1). Such a curve can be expected also in our simulation, since the total
pressure in Eq. (13) explicitly depends on the p and ¢ profiles.
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Fig. 12 Simulation of one periodic ‘breathing’ cycle as in Fig. 11: (a) Top: zoomed plots of
density profiles p(X) with depicted points (X1, 0;) and (X,, p») left and right of the phase transition
zone (magenta and red dots, respectively), cycling in a counter-clockwise sense. (b) Bottom:
corresponding clockwise trajectories of boundary values (pi, p2) (blue curve) and of (py, p2)
(magenta diamonds when A > 0, and red circles when A < 0 ), the latter cycling around the
approximate steady-state singularity (], o5 ) (small ellipse)

6 Conclusions

In extension of the results in [1] we demonstrated, how the mesoscopic continuum
phase transition model can produce realistic simulations of a periodically expanded
and compressed one-dimensional water surface with an embedded lipid monolayer
on top. The observed phenomenon of hysteresis could be reproduced and further
dynamical properties of the ‘patchy’ lipid monolayer system were revealed, which
characterize its suspected functional role as an adaptive surfactant buffering system
during breathing of the lung.

Moreover, a simple model for the stochastic motion and interaction of
amphiphilic lipids as stiff rods on top of a fixed water surface was introduced
and numerically simulated. The essential dynamics of ordered monolayer clustering
from a reservoir of disordered diffusing lipids were realized under varying parameter
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conditions. In spite of its simplicity, this microscopic submodel could serve as
an effective tool to study further connections between the detailed molecular
interaction parameters and the lumped reaction parameters in the continuum two-
phase mixture model.
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Fluid Mixtures and Applications to Biological
Systems

Hans Wilhelm Alt and Wolfgang Alt

Abstract We apply the free energy principle to fluid systems, where the compo-
nents react with each other. As example we treat the predator-prey system and cyclic
reactions. We deal with the polymerization of actin filaments and with the general
diffusion limit.

1 Introduction

We consider a mixture of fluids with applications as they widely occur in biology,
biophysics and biochemistry. It is assumed that for each fluid a conservation law
for the momentum is satisfied. This is true for a mixture of particle systems, where
the attraction force for molecules of the same kind is stronger than the attraction
between different species of the mixture. For example, this is the case for liquid-
solid mixtures, see Rajagopal [10, 3.3 Basic Equations].

In Sect. 3 we consider mass and momentum balances for each component of the
mixture, each component having it’s own velocity with interaction terms between
the different momentum equations, see the system (1).
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Constitutive equations will be derived with the help of the entropy principle in
the version of Miiller [9]. That book also contains a treatment of mixtures, but his
theory of mixtures of fluids is restricted to the non-viscous case [9, Chap. 6 (6.18)5].
We insert also viscous terms in the momentum equations.

We consider the isothermal case. In this case the entropy principle becomes the
free energy inequality. We show how this leads to restrictions on the constitutive
equations and end up with an equivalent system (19), which is the basis for further
studies.

We deal with several special topics, among them free energies depending on
gradients (Sect. 6), the system for total density and fractional densities (Sect.9), a
contribution to quasistatic problems (Sect. 8), which is followed by a consideration
of a diffusive limit (Sect. 10). Beside this we give some particular examples from
biology (Sects.5 and 7) as the Lotka-Volterra system and the polymerization of
actin filaments. There is a full theory for chemical systems, but a theory for general
biological problems goes beyond this and is new. The reason is that the non-
negativity for each reaction is a too strong assumption for the non-negativity of
the free energy production. In this paper we cannot give a full theory for all cases so
this is reserved to considerations in a future paper.

2 Fluid Mixtures

We consider a mixture of compressible fluids, where p,, is the mass density and vy
the velocity of the «-th constituent. The balance laws for mass and momentum for
each fluid component o are'

0t po + div(pg Vo) = Ta,

1
0t (Pe Vo) + div(pg Ve @ Vo + I1y) = go + Ta Ve + fo. W
This holds for each «. Here 7, are reaction terms, f, are possible external forces
and g, are interaction forces. The matrix [1, is the pressure tensor containing as
part the negative stress tensor, as we will see later in Theorem 1.

Besides these balance laws we have constitutive relations for 7y, I1y, and gq,
which couple the equations. These conditions are subject to restrictions coming from
the principle of objectivity (see the Remark 1 below). So the mass production ty is
an objective scalar, the pressure tensor I1, is an objective tensor, f, transform like
an external force and the coupling term g, is an objective vector.

Note that in the second equation the divergence acts on the second index of tensors.
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Definition 1 (Constitutive Equations). Using the notation

p= (Pﬂ)/p v= (Uﬂ)/s’ )

we assume constitutive relations for

Tas 8a> Ta,

in general depending on (p, v, Vp, Dv). We do not specify fy.

In a single fluid it often happens that dependencies on the velocity drop out by
objectivity. For mixtures the situation is quite different, since differences vy, —Vq, of
two velocities are objective vectors (see [10, 4. Constitutive Equations]). Therefore
we define in accordance with [7, Chap. XI §2] the following:

Definition 2 (Barycentric Velocity). A mean density and a mean velocity is
defined by

pi= Za Pas UV :I= l_za Po Vo

P

where « runs from 1 to N, the number of components. We define the relative
velocities by

Uy 1= Vg — U, 3)

and it follows that these are objective vectors (see Remark 1).

Lemma 1. Obviously

E Patte = 0. “)
o
Asa consequence
_ Po 1
Dv = —_D"Ua + E —Ug Q@ Vpa (5)
o [0 o [0

Proof. Equation (4) is a direct consequence of the definition of v. Computing the
derivative of (4) one obtains

0= D(Za pa”a) = Za Uy @ Vpo + Za PaDuty
= Za g ® Vpg + Za paDVg — pDD

by using that u, = vy, — 0. O
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Here we consider materials where all velocities v, are independent variables.
Likewise v and the u,, obviously with the constraint (4), are independent variables.
Summing up the Eqs. (1) and using (4) we obtain, that these mean quantities satisfy
the total mass and total momentum balance equations

0f +div(pT) = ) Ta.

0 (pv) + diV(ﬁf} ® v+ Za Palia @ Ug + Za Ha) = Za(ga + TqVy + fo).

(6)
We now interpret the quantities in these common equations.
Proposition 1 (Collective Quantities). Iz follows that (6) is equivalent to
9:p + div(pv) = T,
(N

3¢ (D) + div([)f) RV + f[) =g +710+f
if the production of the total mass p is

f::E Ty
o

and if the pressure tensor IT for the total fluid is

= Za Pally @ Uy + Za I1,.

We assume that IT is a symmetric objective tensor (the tensors IT, do not need to
be symmetric). Moreover, the momentum production terms are given by

g = Za(faua + got), E':: Zox f,.

For a closed system one assumes that T and g vanish (see Lemma 2). To include
other systems we will proceed with arbitrary values of T and g, although then one
would insist to extend the system to a closed one, or one needs to say on which
closed system the model relies. For further considerations it is important how the
total kinetic free energy is defined. The sum of the kinetic energy of each fluid

in P P - P
frm= Y el = SR+ Y S el ®)

is a basis for it, and a single kinetic energy satisfies the following evolution equation.

Proposition 2. For each « it follows from the equations in (1) that the following
identity
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. T
0 (p?a|va|2) + le<%|U¢1|2Uo¢ + Ho?”ot) = Dvgelly + vge(ge + fo) + ?alvot|2

is satisfied.
Proof. For each index « and any linear first order differential operator L = Bod; +

>, Bi0; we compute

|Uot|2
2

P |va?
L(7a|vot|2) = %Lpa + pavoeLvy = — Lpg + vogoL(paVa),
and for L = 9; + v, eV we write the differential equations (1) as

Lpy = —pedivvg + Tq,
L(pava) = —pa(divog) vy — divily + (8o + TaVe + fo)

and obtain

v 2 v 2
L(pa|2a| ) = _| ;l Lpa + vaoL(pgVa)

2 2
) v
= (I ;| - Ua°va)PadiVUa - | £2)t| To — Veodivily + Vg (8o + TaVo + fy)
Ivtxlz . . T Ivl)ll2
=— > Padivoy — div(ITy" vy) + Dvugelly + vye(gy + fo) + Ty.
This gives the result
8,('%“|va|2) + div(%|va|2va + HaTva)
2
v . .
= L<%|va|2) + | ;l Padivuy + dlv(Hgva)
|Uot|2
= Dvgelly + vye(gy + o) + 1o 5 O

The equations have to be supplemented by the entropy principle, which in the
here considered isothermal case is equivalent to the free energy inequality. This
requires a definition of the (total) free energy, which as a part consists of the kinetic
free energy fki".

Definition 3 (Postulate: Free energy principle). The postulate is that there exist
a (total) free energy ™ and a free energy flux ¢, such that for all solutions (p, v)
of the mixture problem the inequality

atft()t + divd)mt _ gt{)t S O (9)
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holds, and ( /", ¢™, g"") satisfy certain constitutive relations. Among this
for= 3 Bal? 4 f = S (10)

where the internal free energy f is an objective scalar. The constitutive assumption
on f is a consequence of the materials considered here (see (13) and (25)), in any
case it will depend on p. For the flux we assume

ot . Pa = T
¢1‘ "= Za 7|va|zva =+ fU + Za Ha Vo + ¢,

where ¢ is an objective vector, which has to be determined later. The term g’ has
in accordance with objectivity the form

T _ -
g = §|v|2 + gev + Za vy ofy.

This contains the usual external force terms £, but also terms containing the external
quantities T and g.

It is important to say that the inequality (9) implies that
ho= atfrot + din)wt _ grot

has to be an objective scalar (see [2, Lemma 10.3]). That is the reason why a term

g'" is necessary. The free energy '’ transforms in the same way as f*" does. This

determines the transformation formula for the flux ¢, which has an unknown term
¢ and which turns out to be an objective vector. It can be written as

07 = 15+ (1, BlvelPua + Y 1T v0) + 9.

Remark 1 (Objectivity). The objectivity of the system itself can be found in [2,
Chap. 8]. In [2] an arbitrary observer transformation is given by a map Y,

t t* t*+a ok Ky Lk *
u = Y(I:x:|) = [X(Z*’x*)] X(1*,x%) = Q(*)x* + b(1*),

where the quantities with respect to the new observer are indicated by a star. Then,
besides well known transformations of terms in the a-system (1), in particular the
following is true. The velocity transforms like

vgoY =X + Qv;,

the force of the «-system transforms like

fooY = pi(X +20v)) + OfF,
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and the force for the global system (6) transforms like
foY = p*(X +200%) + Of*,
which is consistent with the definition of the collective f. The objectivity about the

terms in (9), which assumes (7) can be found in [2, Chap. 10]. As mentioned above,
the term g™ has to contain the not objective scalar terms

T _ _ o -
1817 + (& + Db,
and it can be shown that the term Za uy ofy is an objective scalar. (It is not clear,

where an objective scalar should be placed, in g' or h, one has to perform the
entropy inequality to clarify this.)

The free energy inequality reduces to the following inequality for the internal
free energy.

Proposition 3. For the free energy production h one computes
. - Ta 2
0= h=0,f +dv(fo+¢)+ ) (Dvaslla +tasga + >lual?) (1)

for every solution of system (1).

Proof. Summing up in Proposition 2 one obtains
3, fhin 4 div(za(%lva|2va + 17 ) )
T
= Za (Dvaoﬂa + vye(ge + fo) + Ea|va|2).
Inserting this in the definition of & gives
h — atft()l‘ + div¢t01‘ _ gt()l‘
in . P _ 0
=0+ )+ div( Y (GlvalPre + Afva) + £+ ) — g™
=0 f +div(fv + ¢) — g
T
+ Za (Dva’na + voo(ga + fo) + §|Ua|2)-
Since
7 _ 7 _
>, (vaetea + 1) + Zval?) = Y- ((ta +0)oga + Slia +5) + Y vael

T,
Za (uoz’got + 7a|“a|2> + R,
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where
R=Y" <ﬁoga n %“(2%.5 n |a|2)) + Y vaefs (12)
=ie Za (ga + Ta“a) + 192 Za %“ + Za Vo oty
—eg + (072 + 3 vaste = 8"
the assertion follows. O

It is the aim to determine the consequences of the free energy principle. For this
it is now essential, what constitutive properties f and ¢ have.

3 Exploiting the Free Energy Inequality

In this section we make use of the assumption that the free energy f depends on all
the densities py, and with this assumption we go into the free energy inequality (11).

Proposition 4. If the free energy is given by

f=7f. (13)

then we obtain for the free energy production

h=divg+) frpatat ) uao(ga + %‘"ua + (

+ Za Dva-(l'!a + pa(% - f/pa)ld)‘

- f’pa)vpa)

b||\

Thus the production term is written in the independent gradient terms Dvy and V pqy.

Proof. Since [ = f ((pa)q) we compute, by making use of the mass conservations,
0, f +div(fv) =(0; + veV) f + fdivv
=3 fio: (atpa + EOVp(,) + fdive
= Za Sron (‘L’a —div(pevy) + ﬁov,oa) + fdivy

— Za Frpu T — Za frputta®V poy — Za P frpe divog + fdivi.

We plug this into the expression for 4 and obtain
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h= led) + Za f/,Doz Ta — Za f’Pozua.Vpa
— Y Pa frpodivog + fdivy
+> ,Dvgelly + >, ugega + 3, %"|ua|2.

Now we use (5) to derive
divi =" Pdive, + 3 LoV
o 15 o o 15 o o
which gives

— Yo Pa froedivog + fdivD
= Za (% - Potf/pa)diVUa + Za %uaona,

Therefore we obtain for the energy production
h = divgp+ Za S1paTa — Za Jrpata®V pa
Ta 2 f
+ Za Ug®8a + Za 7|I/la| + Zot guaov,oa

+ Za DUQO(HO, + (pcjaf - ,Oaf’pa)ld)

=divg+ ) frpuTa
+ Za Mot’(got + %xua + (% - f’ch)VpOl)
f
+ Za DvaO(Ho, + Pq (E — f/pa)Id). O
If we now let
f

ITy = peld — So,  po = pa(frpy — E)’

we can rewrite the Dvg-term in the free energy production /. If in addition we now
define the specific free energy and the specific pressures by

S o=t (14)

fSp: —_>
o Pa

where the specific pressure p; is defined with respect to the density pg, then we
obtain the following theorem as a consequence.



200 H.W. Altand W. Alt

Theorem 1. Let be | = f (p) and let the chemical potential be
Ha = fpg- (15)
If in addition to assumption (13) we suppose ¢ = 0 and
My = pald—So.  pa = papy (16)

T
ga = P Vpo — %“a + g — pug®,

where the objective quantities Sy, Tq, gg, and g7 are arbitrary constitutive
functions, then for solutions of (1) the free energy production h reads

0>h=—)  DuasSa+)  Tala+ )  ghola: (17)

Proof. This follows immediately from Proposition 4, where one has to take into
account the constraint (4) for the relative velocities ug. O

We also have the identity

f’pa -

b||\

=,5<

bll\

_ . /Sp
) ' p f Pa
and therefore
P =pf. (18)

The friction terms gg are those terms of the interactive force, which contribute to
the free energy production. The vector field g*, which is independent of «, is due
to the constraint (4) and contributes to the external term g and to the differential
equations, see Proposition 5 and Lemma 3 below.

Lemma 2 (External Quantities). Define

g=) g

Then

1_::§ T(Xa
o

= T = S S =Jr
g=), UtV —g")+"

Note here that the external terms T and g vanish for a completely closed model as
mentioned in Sect. 2, see Lemma 3 below.
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Proof. From (16) we obtain

T
8a + Talla = Ea“a + Py Voa + gg — pag”,

hence
= T Ny S, =Jr
g=2, Stat ) (pdVru—pug”) +
and from (18)
D PIVPa—pag”) =D Bfih Vo= (D pa)g” =pH(VSP—=g"). O

In summary, we obtain the following conclusion.
Proposition 5. Under the assumptions of Theorem 1 the mixture system (1) is
equivalent to

0t po + div(pg Vo) = Ta,

Por (at Vo + (Uot'v)va) (19)

. T
= divSy — pa(V PP + %) — %ua + g+ 1,

for all . The free energy inequality (17) is satisfied.

Proof. With the assumptions in Theorem 1 the momentum law in (1) becomes

0: (o Vo) + div(pg Ve ® Vg + peld — Sy)
= TaUq + o + o
UV + Vg

5 T PdVPu— peg” + gy +fa,

Ta

or if we use the mass equation in (1)
Po (at Vg + (Ua’v)va) + div(peld — Sy)
= ga + 1o

T
- _TQ”U + PPV pa — pag” + gl + fa,

or equivalently

Po (atva + (Uot'v)va)
=divSy — Vpu + 8o + 1o
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= divSy + pf,pra — Vo — pag? — _Mot + g{x + £y

= divSy — po (Vs + 87) — Lug + 41,

Here we have used the fact that

Ve = V(papy) = paVpyl + paVpa- o

The additional term g* can be chosen in a way that g = 0.

Lemma 3. Itis g = 0, if we choose g as
g‘vp.:iz U +stp+lg-r
= 5p L Tl 58

This follows immediately from the representation in Lemma 2. With this
assumption we obtain the following theorem.

Theorem 2. Under the assumptions of Theorem 1 and if gF is chosen as in
Lemma 3 the system (1) is equivalent to

0¢po + div(pgVa) = Ta,
Pa (atva + (Uot’v)va)

,Otx

. 1 .
:d1vSa—paVHa—§(Taua+%Zﬂrﬂuﬁ)-i-gé 1 £y

forall a. Here iy = fp, are the chemical potentials.

Proof. 1t is pa + [ = fip, = Ma. With this the assertion follows from the
previous Proposition 5. O

If one makes the natural assumption that the friction terms gZ sum up to g" =
the g/ term in the momentum equation vanishes. The easiest way to verify that the
free energy inequality (17) is satisfied is to assume that all three components of the
free energy production have a sign. (We remark that in [3, §4] a different splitting is
used.) This is the case in the following lemma.

Lemma 4. Denote it = (o), and u := (ug)y- If

S = Sa(p, (DV)5) = Z (aap (Dvg)S + bag - div(vg) - 1d),

‘COI = %(X(ps M)? ga - ga(pﬂ Lt)
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with

aap = Ao (P), bap = 50,/3 (p) positive semidefinite in («, B),

ZB npatg(p, ) <0, Zﬁ uﬂoﬁg’(p,u) <0,

then the free energy inequality (17) is satisfied.

4 Remark on Pressure

If we change in the Egs. (1)
Iy = 1T, + weld,  ga = g™ + Vo, (20)
the differential equations stay the same, since div(wgId) = Vw,. This would only

transfer a part of the pressure to the right side of the equations. Exactly this happens
if one chooses a nonzero term

¢ = Za WUy
in the proof of the free energy inequality (compare [9, (6.52)4]). If we define
@ =) @
then, using the representation (5), we have
divg =Y ugeVay + Duge(d1d)
o

~ w N D)
= Z ua'(vwa - —_Vpot) + Dva’((a)a - __pa)ld)
o P P

= Zau‘XOVwa + Duge(wyld) if wy = @y — = pa,

i €1

since (4) holds. If we would use this in the computation of Sect. 3 we would get the
new terms in (20). We remark that then

¢ = Za Wy Uy With Za wy = 0.
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S Examples

We describe three examples, the first is a gradient flow, for which the t, are
proportional to fty, the second is the predator-prey system, for which the t, are
partially orthogonal to o, and the last one is a cyclic reaction with an intermediate
state of 7. In all cases the sum of the 7, values is 0 and the free energy inequality
(see (17))

Za Tafta <0 where o = frp,(p) (21)

is satisfied. Besides this we assume for simplicity that the relative velocities u, are
all 0, and that the fluid as a whole is incompressible or, is a rigid body. Then the
mass equations reduce to

Po = Ta,
where {y = 8, + vV for functions . The following considerations generalize
to the general case of system (1).

Example 1 (Gradient Flow). For a given free energy function f consider the
gradient flow system

pOl = _/\Hou
where A = A(p) > 0. Then inequality (21) is satisfied. In this case the sum of the

reaction terms does not need to be zero.

In the literature you will find a system consisting of the second and third equation
below, the classical Lotka-Volterra system. We refer to [8, Chap. 6] and [11].

Example 2 (Lotka-Volterra System). For the predator-prey model we let x > 0 be
the number of prey and y > 0 the number of predator and consider the system

b= —Ax,
X =x-(a—py),
y==y-(y—96x),
2= 1nxy,

d = «ky

The additional variables are a quantity b proportional to birth of prey, d proportional
to death of predator, and z proportional to interactions between predator and prey.
This system satisfies the inequality (21), which reduces to

eAx + Cky + Enxy >0,
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if the free energy is given by

f=fb.x.y.z.d)=—ylogx —alogy + 8x + By + &b —td — £z,

which is a convex function for constants y > 0 and @ > 0. The inequality (21)
holds, if in addition the constants ¢, ¢, 1, A, k and & satisfy eA > 0, {k > 0, and
&n > 0. The remaining quantities 8 and § are positive because of biological reasons.

The variables transform into (bio)mass densities by p, = bmyp, px = xmy,
py = ymy, pg = dmg, p, = zm_ with positive mass constants satisfying

5= ()H’l’lx’ K:%’
mp my
-4
= By, 22)
mZ

which implies that the sum of the mass production terms are 0. The parameter 7 is
positive if and only if biomass is lost during transfer from prey to predator.

Proof. Itis f = —log K + e¢b — {d — &z with
xVy®

K =K(x,y) = o—dxo—By

and one computes for solutions of the system that K = 0, that is, this convex part
of f is constant for solutions, and moreover, we see that solutions rotate around the
equilibrium

This is the basis for the entire result: For the mass densities the system is
Pp = Tp = MpT,, Ty = —AX,
Px = Tx = MxTy, Ty =x-(x—By),
Py =Ty Zmyf;v Ty =—y-(y—68x),
p: =T, =m.T,, T,:=1nX),
fd = T4 =MqTy, Ty =Ky,

and, using the identities (22), that is

,Bmx = Smy + nmb A"/nb = Ny, Kkmg = )’mys (23)
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we obtain
Tp = —Tp, Ip .= AmpXx,
Tx =Tp —Tyxy, Ixyi=cxy, c:=fmy,
Ty =—Tg + (1 —0)ryy, o:=—,

T =wryy, (oc=nm, (1-w)c=73m,)

Td =TYq4, Tg . =Kmgy,
hence T = 0. Then one easily computes
Tt Ty =~ (Ko 4 T )
TxJ'x Ty 'y = K TxL8x Ty 'y
1 . . 1
= —?(.XK’X + yK/y) = _?K - 07
and therefore
Y. i = thfo+ T fox 4 7 fiy + L fe+ i fra
:t,;f/b—l—rz’f/z—i—r(’lf/d:—8/\x—§'/cy—.§nxy50. O

Example 3 (Cyclic Processes). As a last example we consider cyclic reactions,
which are important cases and often the basis for biological processes. We have

po =T fora=1,..., N,

Ta = Na+1Pa+1 — NoPa> (24)

with cyclic repetition, py+1 := p1, )N+1 := 11. Here n, are positive constants.
This system satisfies the inequality (21), if

f =10 = fo@)+b®@)Y napa

with positive functions h(p) > 0.

The stationary solutions are values p° = (02), with

Na+1P941 = Napy =: n°.

This p° € R¥ is a unique point, if the value of 5° is considered to be given. For
general solutions p is rotating around the stationary line and converging to a value
0°, what can be seen from the free energy. We mention that the sum in the free
energy can be written as
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D Ml =D Male =P 253 ma(pd)

Moreover, we again obtain overall mass conservation, thatis T = 0.

Proof. If f = f(p, p), the derivative with respect to p has no effect, since the total
mass production is zero. Therefore it is enough to consider a free energy

1 2
f=1®) =3, barl
so that
Ha = f/pa(p) = ba g
Then, with b, = nali, and assuming l;a > 0,

Za Taha = Za(ﬂa+lpa+1 — NaPa)bapa

= Za (Ea(ﬂa+lpa+1)(77a,0a) - Etx(ﬂa,oa)z)

= Zox (V l;l;j_l : gOH-lgOt - g{%)a

where &y := ng pa\/li,. Letting

Ca i= ] =

and using £y €y 41 < %@5 + §§+1), this is

= (caburiba—8) =Y (F&h, + SE2—8D)

=Y (T ong=oite =1,

that is

b = by th+1 > 0 for all «,

or by = ngb. O
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6 Handling Gradient Terms

It is often necessary to consider a gradient dependence of the free energy. For a
biological application see for example [6]. In general we consider f to depend on
all densities p, and density derivatives V py, that is

f = f(p,Vp). (25)

In particular situations f usually depends only on the gradient of one species or on
the gradient of a fraction. Both are special cases of (25). In analogy to Sect.3 we
state a version of Theorem 1 but now with the following chemical potentials

=

Ha = g

= f/Poz - div(f/vpoz)7 (26)

and the following generalization of the specific pressures

sf f 1
PP :=(———=)Id E -V ’
o (5/00[ /—)) + 8 /3 Ioﬁ ® prﬁ
_Sfxp 2 : sp

with f = p £ as usual. (If £ does not depend on the gradients, the matrix P, will
reduce to p,1d.) With these definitions the following holds

Proposition 6. [f the free energy is given by (25) then we obtain for the free energy
production

h=div($+ Y pafrvn)
+ Za TaMla + Za Ma’(ga + %xua - Pépvpa)

+ Za DUO,O(Ha — Pu P(j”).

Proof. The proof follows the one of Proposition 4, but now we have to use the
identity

(0jpa) = (0 + 50V)d pa = 3 po — (3;0)eV pa.
hence for z € R”

(Vpa)ez = (Vju)ez — Die(Vpy ® 2). (28)
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We therefore compute
3 f +div(fv) = f + fdivd
=D Joaba+ D fv0,s (Vo) + fdivi
=3 Faubut fr9p,sVa) + Dis(f1d= Y Vu ® frvp,)
. . §f .
= le(Za potf’Vpa) + Za 5o e
+Die(f1d=3" Vou® frvp,)
and
8 . . _
Z _f *Pa = Za Ha - (Ta — div(pave) + U'Vpot)
o
= Za Mo Ta — Za Haltg®V po — Za Dvg (0 o 1d).
We plug this into the expression for 4 in Proposition 3 and obtain

0>h=0,f+div(fv+¢)

+ Za (Dvaoﬂa + ugegy + %|M¢1|2)
- div(¢ +y paf/vpa) +) Hata

T
+ ) tavga ) el + R
with
R==3" jatasVpy +Dis( /14— Vpy & frvy,)
+ Za Duge(I1y — pojteld).
Using formula (5) for Dv this equation for R becomes
1
R = Za(ud ® V,Oa)’( - ﬂo{ld + E(fld - Zﬂ V,Oﬁ ® f’Vpg))
Pa
+ 3 Dvgs(Me = papiald + 7(fld =), V08 ® fvsy))
= Za(ua ® Voa)o Py + Za Dvge(I1y — pa Py),

and (g ® Vpu)e Py’ = uge(Py'Vpy). |



210 H.W. Altand W. Alt

Then we obtain the following version of Theorem 1 as a consequence.

Theorem 3. Let
f=70p). == fuf Vo, (29)
Suppose that
Iy = Pold = Sa,  Po = pa Py’

T
ga = PPVpy — ?aua +g£tr_pagSpv (30)
then for solutions of (1) the free energy production h reads

0=h==) DiaeSe+)  Taha+)  Zhola: (31)

The result is the same as in Sect. 3, where only the scalar p,, is replaced by the matrix
P, . It follows directly from Proposition 6 where now in the free energy inequality
the new chemical potentials jy from (26) are used. We remark that also now the
term Py’ V pg in the momentum equation cancels since

div(pe Py’) = PPV pa + pedivP?.

In summary we arrive at the following conclusion.

Proposition 7. Under the above assumptions the mixture system (1) is

0t po + div(pgVa) = Ta.
Pao (atva + (Ua.v)vot)

. . . . T
= divSe — po(divPy” + g7) = Jua + g5 +fa

for all o. The free energy inequality (31) is satisfied.

Again a statement like Theorem 2 holds, if in the momentum equation one
considers the term pg (div Py’ + V f*9).
We now go back to the standard case p .

7 Polymerization of Actin Filaments

We consider a four component system, a reactive polymer-solvent mixture. The
mass densities are p,, for actin monomers, p, for polymerized actin filaments, p,
for cross-linked actin filaments, and the mass density p, for the solvent. We consider
the following conservation laws
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0 pc + div(pcve) = 7 1= —Tc,
0t pa + div(pava) = T4 1= T —TIq,

. (32)
0t pm + div(pmUm) = Tm = Tq,
d¢ps + div(psvs) = 15 := 0.
Here the reactions are given by
g = Aa(p)(ﬂapa - V,Om)7
(33)

02
re = /\c(p)(ncpc — sz—j_pz),
a

where 74, 1¢, ¥, v, and K are assumed to be positive and constant, and A, and A,
are positive functions. Obviously the sum of the mass productions

T = E ¢ = 0.
a=m,a,c,s

The following theorem shows the existence of a free energy. We emphasize that
there might by a different free energy also satisfying the free energy inequality. It is
important for the dynamics of the system which free energy one chooses.

Theorem 4. With p = (pm, Pa, Pc, Ps) a possible free energy is defined by

n
F(p) = =92 + 1V Ky (om) + XVKa (Pa) + f5(ps),
where VK, = 14K, and
Yk (z) = z— K arctan (%) forz € R.

The function fs is an arbitrary (convex) function. Then

Zﬂ tpup = 0.

Therefore this part of the free energy inequality is satisfied (compare Lemma 4).
Proof. Itis
1 2

’ =1 =
vk I+ (2)? K2tz
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therefore we obtain

Me = NcPce, (34)
e = Pa
N
2
2 (em)
I"Lm X 2

X .

a

We then compute

Zﬂ:c,a,m,s TBUB = Tele + Talla + Tmim

= —Tclbc + (re — ra),uva +roplm =rc- (Ma - ,ch) +r,- (,Uvm - Ma)y

and obtain
2 2
O
= e (ha = ) = Aelp) - (nepe = g i) 20
2
_ v (%pm) 103
ro - (fm — Ha) = Aa(pP)Nax (,,apm pa)(Kg i (nLapm)z K2 +p3) -

This shows the result. O

One can also define a different free energy by applying a given monotone
function to the definitions of the chemical potentials in (34). There is another point
to be mentioned. The proof above shows that each reaction, r. and r,, gives a
nonpositive contribution to the free energy production as it is common in chemical
processes. But this is in contrast to the proofs of the Examples 2 and 3, indicating
that the situation in biological processes is generally more complex.

8 The Quasistatic Problem

The momentum equation of the o-component contains the term [, under the
divergence and the term g, on the right side. By (16) these two terms have the
representation

ITy = popg'ld — Sq,

. . T
8o = Pixpvpa — a8 — ?auot + g‘Z- (35)



Fluid Mixtures and Applications to Biological Systems 213
It has been shown in the previous sections that system (1) is equivalent to
0t po + div(pg Vo) = Ta,
. T,
P (Vg + (VgoV)va) = divSy — pe (VP + g7) — gua + &l +fa.  (36)

We suppose that the terms on the right side of these equations have the property in
Lemma 4 which is the free energy inequality

0>h= —Za DugeSy + Za Tafla + Za gleuy.

In biological systems one often has the situation that some of the terms in the
differential equation have large coefficients compared to the others, for example

* The stress tensor and the pressure and the friction.

* The pressure and the friction (see Sect. 10).

* The pressure and the friction and the external force (for example in a rotating
cylinder).

In the first case, for example as ¢ \( 0,

€ Seq = Sa, & fo— f, 8-g‘£ra—>g‘£,r,
then it follows also that € - pgg — po (from (15)) and ¢ - g — g (at least for
closed systems), whereas the other coefficients stay bounded and have a limit. The

solutions (pg, v¢) of the e-problem satisfying the system (1)

0t Pea + div(PeqVea) = Tea,
0 (psot Vea) + div(,ostxvsot ® Veq + Ige) = gea + TeaVea + feo

converge in the limit (p,, ve) — (p, v) and satisfy a reduced problem

0t po + div(pgVa) = Ta,
diviT, = g4 (37)

for all . Alternatively, the equivalent system in Proposition 5 for (pg, v.) leads to
the reduced problem for the limit (p, v)

0t po + div(pg Vo) = Ta,
0 =divSy — pa(VpY + g7) + &5 (38)

One also has in the limit

§=p(VfT—g")+g" (39)
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In addition one has to consider the limit in the free energy inequality. From the
inequality

0>c¢ch, =— Za Dugye(eSeq) + Za Teo (Ehea) + Za(sgf;ra)ouw
one obtains, that the limit eh, — h"® exists with
0= h*=—3" DugeSa+ ) Tallat )  &hoa (40)
In this connection we refer to [4] and [5] where a limit entropy inequality is

considered. In [1] the second author treats a functional, whose first variation with
respect to v are the quasistatic momentum equations.

Remark 2 (Quasistatic functional). Consider a function J = J (p, v, Vp,Dv)
which satisfies
8J
— =divlly, — gq, 41
Svgy
where 887]0[ = Jry, — divJ/py,, which requires some assumptions on 1, and gg.

Concerning the dependence on (Dv)s, the free energy inequality in the form of
Lemma 4 is equivalent to the convexity of J in (Dv)>.

9 Fractional Densities

Often in mixture models one is confronted with the fractional densities

P p

Oy ' = — = ————.
P prtetpN

(42)

Then instead of the variables (py), one can use as new variables (0, (64),), Where
one has the side condition

Za Oy = 1. (43)

For the mass equations the following lemma holds.

Lemma 5. The N mass equations in (1) are equivalent to
dp + div(pv) =T,

P00 + div(plyita) = T4 — 0o 7 forall o,
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where w = 0;¥ + VeV for any function . These again are N independent
equations, the sum of the o-equations is 0.

Proof. One obtains the new equations, if one subtracts from the old one 6, times
the equation for the sum. Thus

Tg — OoT

= 0t Py — 0q 0 p + div(pava) — Oodiv(pd)

= 0¢(p0On) — 00 0: p + div(ply (vg — V)) + preVby
= p0;0y + div(pOyuy) + peVO,.

Because of (43) and (4) the sum of these equations is equal to zero. |

One could use the same procedure for the momentum equations. We will do this
here for the quasistatic case, that is, for system divll, = g, in (37). We obtain the
following theorem.

Theorem S. In the quasistatic regime the Eqs. (37) are equivalent to the equations
in Lemma 5 and

diviT = g,
div(ITy — 0 I1) = go — 04§ — ITV0, for all .
Here we use
Iy = papy1d — Sy,
%o = PP Vpa — pag” + gl

and the new definitions of IT and g in Eq. (44) below.

Proof. The procedure for the momentum equation says

8o — 00§ = divITy — O divi],
where now

M=) Mo =) Sa (44)
With this

diviTy — 6, diviT = div(ITy — 0,11) + TV 6,.
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Hence the equation becomes
div(ITy — 0o1T) = g — 00 — [TV 6. O

Since IT = pId — § and

g=p(VfT—gN+& 5= pari. (45)
we can write this equation also as
—div(Sg — 645)
= go — 048 + SVOy — div(p p1d) + Oy div(pld)
= P Vpa — Pag” + gl
— 0 ), PyVPs + pOag” — 0ug"
—V(papF) + 0,V + SV,

= —aVPd + 0 ), gV Py + 8l — 0ud” + V00
= ~00(VPY =), 08V ) + 8L — 0ag" + V0.
Since p = pua — f* we can replace
- Zﬁ 0pV Py = Vite — Zﬁ OV ip.

The equation diviT = g becomes 0 = divS 4+ g — V j and in the quasistatic case g
is given by (39).

A different equivalent version of the system in Theorem 5 is
divS = Vj — (V7 —gP) - g,
div(Se — 0aS) = p0e(Vita — Zﬂ 0pVig) — (g — 0u8") — SV, (46)

for all «. The sum of the a-equations is zero. Here we mention that the following
identity for the entire pressure

ﬁzﬁ 0pViup =Vp

holds, if f is a function of p alone.
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10 Diffusion Limit

Usual biochemical and cell-biological situations are characterized by a relatively
low Reynolds number and relatively high friction, so that the quasi-steady-state
hypothesis can be assumed (see Sect.8). Then the corresponding force balance
equations yield a generalized system of Darcy type equations, see (51). To derive
this we assume the following form of friction forces

g =- Zﬂ YapUps Vap = Vap(p) (47)
where the yqg are called friction coefficients. Also the free energy f is relatively
high, and we assume that there is no mass exchange, thatis 7, = 0, and no viscosity,

that is S, = 0. Then the system (38) with g*7 as in Lemma 3 is equivalent to

0t pa + div(pg ¥ + patte) = 0,

r_ Pap (48)
paVita = gy — = &'
o
for all «. The free energy inequality (40) reduces to
0= h* =3 ehoma==3"  vopupota, (49)
and this is satisfied, if (V“ﬁ)aﬁ is positive semidefinite. If
Zaﬂ Yapiig =0, (50)
that is, g = 0, the system (48) is
0t pa + div(pg ¥ + patte) = 0,
(51

— pa Ve = Zﬂ VapUB-

These equations are of Darcy’s type. Eventually this can be used to compute the
relative velocities u, explicitly, so that by substitution into the mass equations one
obtains a system of diffusion equations. This procedure can be used to derive from
the general system (1) a single momentum equation for v and diffusion equations
for the ¢-components containing the velocity, see (51).

The Eq. (50) is satisfied for the following example. We choose the following form
of friction forces

g];r = —)7/)041401 — Zﬂ;ﬁa ?aﬂpapﬂ(ua — Mﬂ) (52)
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with a nonnegative friction coefficient y and nonnegative drag coefficients y,g being

symmetric in & and 8. Then g’Z has the properties (49) and (50). The property (49)
follows from

1
T ~ 2 - 5
Za gé.uﬁt =V Zox Pa|Ua|” — ) Zﬁ;ﬁa Yap Papp|ua —up|”.

For example, such friction forces could appear for a mixture of polymers in a
solvent.

11 Polymer Mixtures Including Gradients

Consider general mixtures of polymers being of a similar type but attaining different
configuration states. In [3] we have treated a biophysical two-component system of
lipid monolayers in lung alveoli. They can consist of ordered lipid clusters, but the
lipids can also be in a diffusive unordered phase. In such a model the free energy
would typically be a function of the volume fractions of the mixture components,
see Sect. 9, and on the partial gradients

VO, =V (%") = Zﬂ(/’ﬁvpa — paVPB)-

For more details compare [12, Sect. 3]. Then, the free energy is of the general type
as in (25), namely

f=f(p.Vp) = f(p.0.V0).

Using Sect. 6 for this free energy, we derive the balance equations in Proposition 7
and in the quasistatic case the system (46). However in [3] this free energy was
considered in a one momentum system. Section 10 leads to a connection of these
two approaches.

12 Conclusion

We have considered a mixture of fluids in the isothermal case, for which we
successfully developed a theory based on the free energy inequality. Also a theory
with gradients has been presented, but its comparison with various biological
problems, see [6], still has to be made. In principle the dependence of the free energy
on other quantities is possible.

The theory has been applied to several biological problems, and it turns out
that the complexity of biological systems goes beyond the well-known methods



Fluid Mixtures and Applications to Biological Systems 219

for chemical reactions. In biological problems the free energy inequality comprises
several reaction terms as the example of Lotka-Volterra system shows (there K = 0
and K contains two reaction terms).

This paper is a short version of a more detailed elaboration to be published later.
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A Nested Variational Time Discretization
for Parametric Anisotropic Willmore Flow

Ricardo Perl, Paola Pozzi, and Martin Rumpf

Abstract A variational time discretization of anisotropic Willmore flow combined
with a spatial discretization via piecewise affine finite elements is presented. Here,
both the energy and the metric underlying the gradient flow are anisotropic, which
in particular ensures that Wulff shapes are invariant up to scaling under the gradient
flow. In each time step of the gradient flow a nested optimization problem has to be
solved. Thereby, an outer variational problem reflects the time discretization of the
actual Willmore flow and involves an approximate anisotropic L2-distance between
two consecutive time steps and a fully implicit approximation of the anisotropic
Willmore energy. The anisotropic mean curvature needed to evaluate the energy
integrand is replaced by the time discrete, approximate speed from an inner, fully
implicit variational scheme for anisotropic mean curvature motion. To solve the
nested optimization problem a Newton method for the associated Lagrangian is
applied. Computational results for the evolution of curves underline the robustness
of the new scheme, in particular with respect to large time steps.

1 Introduction

This paper generalizes a recently proposed variational time discretization [1]
for isotropic Willmore flow to the corresponding anisotropic flow. Thereby, the
anisotropic Willmore flow is defined as the gradient flow of the anisotropic Willmore
energy with respect to the corresponding anisotropic L2-metric.
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The isotropic Willmore energy is given by w[x] = % / o h2da, where x denotes
the identity map and h the mean curvature on a surface .# . The isotropic L2-metric
is given by (v,v) 4 = f/ﬂ |v|2da , which is considered as a squared L2-distance
of the surface .# being displaced with the vector field v from the non displaced
surface .# . In the hypersurface case Willmore flow leads to a fourth order parabolic
evolution problem, which defines for a given initial surface .#p a family of surfaces
A (t) fort > 0 with 4 (0) = 4y [30,47,49]. Applications of a minimization
of the isotropic Willmore energy and the corresponding Willmore flow include the
processing of edge sets in imaging [13,34,36,51], geometry processing [8,9,48,50]
and the mathematical treatment of biological membranes [24,29,46]. Starting with
work by Polden [40,41] existence and regularity of Willmore flow was advanced in
the last decade [31,33,43].

Now, in the context of Finsler geometry the classical area functional is replaced
by the anisotropic area functional a, [x] = [ _w V(n)da with alocal area weight y (n)
depending on the local surface orientation. Here, y is a positive, I-homogeneous
anisotropy function. In analogy to the isotropic case, the anisotropic mean curvature
h, is defined as the L2-representation of the variation of the anisotropic area
in the direction of normal variations of the surface and can be evaluated as
h, = div_4 (Vy(n)). Hence, a possible first choice for an anisotropic Willmore
functional is given by % / o h)z, da. Clarenz [15] has shown that Wulff shapes
are the only minimizers of this energy. Palmer [39] studied variational problems
involving anisotropic bending energies for surfaces with and without boundaries.
Unfortunately, this energy definition does not imply the scale invariance property
of Wulff shapes known for round spheres under isotropic Willmore flow. Indeed,
any round sphere is a stationary point of the isotropic Willmore functional in R3.
In R? a circle of radius Ry evolves under isotropic Willmore flow according to the
ordinary differential equation R = %R‘3. The counterpart of a round sphere in
the anisotropic context is the Wulff shape as the unit ball with respect to the norm
associated with the dual y* of the anisotropy y. But there is no such scaling law for
the evolution of Wulff shapes under the above anisotropic variant of Willmore flow.

To ensure full consistency with the Finsler geometry, one has to adapt both the
anisotropic energy and the anisotropic metric as suggested in [42] (see Sect.?2).
Indeed, we make use of the associated anisotropic metric | V@ (Vy*) (v) -
v y(n)da (here only defined for v(x) # O for all x € .#, cf. Sect. 3 for the general
case), acting on a motion field v of the surface .# with normal n. Furthermore,
we will use the anisotropic area weight to define the anisotropic Willmore energy,
ie. wy(x) = % / o h)z, y(n)da. Then, it turns out that Wulff shapes in R? actually
evolve according to the same evolution law for radial parameter valid for the
evolution of circles under the isotropic flow. Recently, Bellettini and Mugnai [6]
investigated the first variation of this functional in the smooth case. Concerning
the proper time and space discretization, this consistent choice of the anisotropic
Willmore energy and the anisotropic metric on surface variations perfectly fits to the
framework of the natural variational time discretization of geometric gradient flows.

The finite element approximation of Willmore flow was first investigated by
Rusu [44] based on a mixed method for the surface parametrization x and the
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mean curvature vector hn as independent variables, see also [17] for the application
to surface restoration. In [23] a level set formulation of Willmore flow was
proposed. In the case of graph surfaces Deckelnick and Dziuk [18] were able
to prove convergence of a related space discrete and time continuous scheme.
Deckelnick and Schieweck established convergence of a conforming finite element
approximation for axial symmetric surfaces [20]. In the case of the elastic flow of
curves an error analysis was given by Dziuk and Deckelnick in [19]. An alternative
scheme, which in particular ensures a better distribution of nodes on the evolving
surface was presented by Barrett, Garcke and Niirnberg [2, 4]. Using discrete
geometry calculus Bobenko and Schroder [10] suggested a discrete Willmore flow
of triangular surfaces. The time discretization of the second order, anisotropic
mean curvature flow has been considered by Dziuk already in [27, 28] and he
gave convergence results for curves. Diewald [21] has extended the discretization
approach for isotropic Willmore flow of Rusu [44] to some anisotropic variant, for
which Droske [22] and Nemitz [35] investigated a level set discretization.

Most of the above discretization methods are based on some semi-implicit time
discretization, which requires the solution of linear systems of equations at each
time step. Thereby, the involved geometric differential operators are assembled on
the surface from the previous time step. In the application one observes strong
restrictions on the time step size. This shortcoming motivated the development of
a new approach for the time discretization of Willmore flow in [1] based on the
following general concept for a variational time discretization of gradient flows:
The gradient flow on a (in general infinite dimensional) manifold with respect to
an energy e[-] and a metric g on the manifold is defined as the evolution problem
X = —gradge[x] with initial data x9, where gradge([x] is the representation of the
variation e’[x] in the metric g, i.e. g(gradye[x],{) = e’[x](¢) for all infinitesimal
variations ¢ of x. Now, one defines a time discrete family (x¥) k=0, wWith the desired
property x*¥ ~ x(kt) for the given time step size . To this end, one successively
solves a sequence of variational problems, i.e. in time step k

x*+1 = argmin, dist(x*, x)? + 27 e[x],

where dist(x¥,x) = inf : fol VE&v()(Y(s),y(s))ds denotes the Riemannian

yel'[xk x
distance of x from x* on the manifold and I'[x¥, x] is the set of smooth
curves y with y(0) = x* and y(1) = x. The striking observation for this

abstract scheme is that one immediately obtains an energy estimate, i.e. e[x**!]
+ 5-dist(x¥, xk¥1)2 < e[xk]. In the context of geometric flows, this approach was
studied by Luckhaus and Sturzenhecker [32] leading to a fully implicit variational
time discretization for mean curvature motion in BV and by Chambolle [11],
who reformulated this scheme in terms of a level set method and generalized it
for the approximation of anisotropic mean curvature motion in [7, 12]. The time
discretization for Willmore flow proposed in [1] builds upon this general paradigm.
In this paper, we will show how to adapt the approach to the time discretization of
the anisotropic Willmore flow which is fully consistent with Finsler geometry.
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The paper is organized as follows. In Sect.2 we briefly review the time
discretization of isotropic Willmore flow. Building on these prerequisites the
generalization to anisotropic Willmore flow is discussed in Sect. 3. Then, in Sect. 4
we discuss a fully discrete numerical scheme based on piecewise affine finite
elements on simplicial surface meshes. In Sect. 5 the Lagrangian calculus from PDE
constraint optimization is used to develop a suitable algorithm for the solution of
the nested optimization problem to be solved in each time step. Finally, in Sect. 6
computational results are presented. An appendix collects essential ingredients of
the corresponding algorithm.

2 Review of the Time Discretization of Isotropic
Willmore Flow

In this section we will briefly recall the nested time discretization of isotropic
Willmore from [1]. We denote a hypersurface in R¢*+! by .# = .#[y]. Here, y
indicates a parametrization of .# and can also be considered as the identity map on
A parametrizing .# over itself. Then, the abstract variational time discretization
of isotropic Willmore flow reads as follows:

For a given surface .#[x¥] with parametrization x* and a time step z find a
mapping x = x[x¥] such that dist(.# [x¥], #[x])>+t St h%2da — min, where
dist(A[z), #[])* = [ g — z)%da is the squared L2-distance of surfaces .# [v]
from the surface .#[z], h = h[x] is the mean curvature of .#[x], and [ ] da
denotes the surface area of .#/[x].

Now, we take into account that the mean curvature h = h[x] is the L2?-gradient
of the area functional on a surface .#[x] and that mean curvature motion is
the corresponding gradient flow. Thus, the mean curvature vector h[x]n[x] with
n = n[x] denoting the normal on .#[x] can be approximated by the discrete time
derivative ¥ [x%_x, where y[x] is a suitable approximation of a single time step of
the evolution of mean curvature motion with initial data x and time step size 7. This
time step itself can again be approximated using an (inner) variational scheme, i.e.
we define y[x] to be the minimizer of

elerli= [ (r=x + EV.agylda. M
M [x]

In fact, the corresponding Euler Lagrange equation is identical to the defining
equation of the semi-implicit scheme for mean curvature motion proposed by
Dziuk [26]:

0= / (y— x)@ + %V///[x]y . V//{[x]eda. )
A [x]
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Now, given y[x] as the minimizer of (1) for small T the functional

-2 5 . N . .
% / x] Mda is an approximation of the Willmore functional on .Z[x].
This approximation is then used to define a variational scheme for a time step of the
actual Willmore flow. To this end, we consider for given surface parametrization x*

the functional
ealtxli= [ exPdat 5 [ (-xda,
M [xK] T° J #[x]

where we suppose y = y[x] to be the minimizer of (1). To summarize, we obtain
the following scheme for the kth time step of Willmore flow:

Given an initial surface .#[x°] with parametrization x° we define a sequence
of surfaces . [x*] with parametrizations x* for k = 1, ... via the solution of the
following sequence of nested variational problems

X1 = argmin, e, [x¥, x, y[x]], where 3)

y[x] = arg miny ein[xv y] . (4)

The inner variational problem (4) is quadratic, thus the resulting Euler-Lagrange
equation (2) is linear and we end up with a PDE constrained optimization problem
to be solved in each time step. For more details we refer to [1].

3 Nested Time Discretization for Anisotropic Willmore Flow

Now, let us investigate the time discretization of anisotropic Willmore flow in the co-
dimension one case. Here, we will in particular focus on the proper choice of energy
and metric. We assume that y : R?*T! — [0, c0) is a positive, I-homogeneous (i.e.
y(Ap) = |Aly(p) forall A € R, p € R4+1) and sufficiently regular function that
satisfies the ellipticity condition

Y (P)aq = collql* VY p.geRTpl=1,p-q=0 (5)

for some positive constant ¢ and the Euclidean norm || - ||. As already mentioned
y(n) represents the anisotropic area weight for a surface normal n. The isotropic
case is recovered by choosing y(-) = || - ||. We define the dual function of y as

y*(x) = sup{(x.¥) | ¥ € B,} VxeRI,
where B, denotes the unit Ball in the y-norm. The ellipticity assumption ensures

that (R?+1, y) and its dual space (R?*!, y*) are uniformly convex Banach spaces
and the duality map 7 : (RZ*1!, y*) - (R4H1,y), with
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T = 507,

is an odd single-valued bijective continuous map. More precisely 7(0) = 0, 7'(x)
= y*(x)Vy*(x) for x # 0,and T~1(§) = y(§)Vy(£) for £ # 0. For details we
refer to [42]. The unit ball . := {x € R4*! : y(x) < 1}in (R¢*!, ) is denoted
the Frank diagram, the associated dual unit ball 7 := {x € R*! : y*(x) < 1}
is the corresponding Wulff shape. Wulff shapes are known to be solutions to the
isoperimetric problem, that is, 9% minimizes the anisotropic area functional

ay[x] = / Y (n[x])da ©)
M [x]

(with y(n[x])da denoting the anisotropic area element) in the class of surfaces
enclosing the same volume (cf. [16] and the references therein). Now, based on the
anisotropy y and its dual y* we define an anisotropic distance dist, of a manifold
A [y] from a manifold .#Z[x] by

disty (4/[x]. 4 [y))? = / y*(y — )2y (nlx))da )

M [x]

for sufficiently regular x and y. The choice of the norm y* together with the
anisotropic area weight y(n[x]) in (7) reflects the fact that the anisotropic area of
the boundary of a convex body K C R¢*! can be interpreted as

K —|K
a,(0K) = lim M
4 e—>0 €

where | - | denotes the usual Lebesgue volume in R? 1. In particular, the underlying
metric structure is dictated by the Wulff shape and its norm y* (see [5, 42] and
references therein).

Based on these considerations let us first consider anisotropic mean curvature
motion, which is defined as the gradient flow of the anisotropic surface area
with respect to the above anisotropic metric. In this case the variational time
discretization is associated with the minimization of

dist, (4 [x], A[y))* + 2% / y(nly])da ®)

A[y]

with respect to y for a given surface .#[x] and T > 0. Let us denote by y[x] the
minimizer for given surface parameterization x. The Euler Lagrange equation for
(8) is given by
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0= / T(y —x) -6 y(alx)da + 7(d, ). 8)
M [x]

~ y—x _ )
_ /Mxlr( =) 6 y(nlxlyda + () [y, 6) o)

T

for smooth test functions 6 : .#[x] — R?*!. Together with 9, y(kT) ~ 23 this
reflects the weak formulation of anisotropic mean curvature motion given by

/ T(0:y) -6 y(nly])da = —(a,[y]. 6) (10)
A y]

for a parametrization y and smooth test functions 6 defined on .Z[y] (cf. [42]).
Here, the variation of the anisotropic area functional is given by

’ _ nlyl . »
/016 = [ b g6y,

where hy[y] = div 41(ny[y]) = divg(Vy(nly])) denotes the anisotropic
mean curvature with n,[y] = Vy(n[y]) (see [14]). Thus, from (10) we deduce
that

n(y]
y(nly])

or equivalently we achieve the strong formulation of anisotropic mean curvature
motion

T(0y) = _hy[J’]

nly]
y(nly])

Indeed, as pointed out in [42], the last equality holds due to the 1-homogeneity
of y, ie.

3 nlyl ) 3 nlyl ) __ bl
V( hy[y]y(n[y]) VV( hy[)’]y(n[y]) y(n[y])y(n[y])vy(n[y])

= —h,[y]Vy(n[y)]).

by = ey [y] = T (—hym ) — b, IV (D))

Next, we deal with the actual anisotropic Willmore flow and consider the aniso-
tropic Willmore functional defined as follows for a parametrization x of . [x|:

1

wldi= 5 [ i veidde=5 [yl yokdda. - an
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Here, we have used that the 1-homogeneity and Vy(§) € 8% for all § € RZ+!
imply

y*(c)? = y* (~hy Vy(m))® = h2y* (~Vy(n))* = h2.

Then the abstract variational time discretization of anisotropic Willmore flow reads
as follows:
Given . [x¥] and time step 7 find a mapping x = x[x*] such that x minimizes

dist, (AR, X)) + T /J;{[ ] y* ey [x]D? y(n[x])da. (12)

As in the isotropic case, we will now replace the anisotropic mean curvature
vector by the discrete speed extracted from a scheme for a single time step of
anisotropic curvature flow (10). Explicitly, y"‘(@)2 is a suitable approximation
of hlz, [x] = y*(xy[x])?, where @ is the time discrete speed extracted from
the variational time discretization of anisotropic curvature motion. Furthermore, we
use the definition of the anisotropic distance measure in (7). Finally, based on this
approximation we derive the actual time discretization of anisotropic Willmore flow.
For a given surface parametrization x* of the surface .#[x*] at a time step k we

define the functionals
T
ewlioxnli= [ =Ryl ot 5 [yt =02yl
M [xF] T Jx]

enlx.y] == [ y*(y — x)? y(n[x])da + 2% [ y(nly)da,
A [x] A[y]

and in analogy to the isotropic case above, we end up with the following fully
nonlinear variational time discretization of anisotropic Willmore flow:

Given an initial surface .#[x°] with parametrization x° we define a sequence
of surfaces . [x*] with parametrizations x* for k = 1, ... via the solution of the
following sequence of nested variational problems

Xk = arg min,, ew,[xk,x, y[x]]l, where (13)

y[x] = argmin,, e, [x, y]. (14)

Different from the variational scheme for isotropic Willmore flow, the inner
variational problem is no longer quadratic. It is worth to mention that this variational
time discretization does not involve derivatives of the anisotropy. Nevertheless, as
we will discuss below in the context of the actual computation, differentiation is
required to run Newton methods for the associated Lagrangian functional. Indeed,
for this we will need y, y* € C3(R?*+1\ {0}); moreover, unless (y*)? € C3(R4+1)
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(which holds for y(p) = +/Ap - p with a symmetric positive definite matrix A), a
regularization will be required (see Sect. 6 below).

Let us conclude this section with a study of boundaries % of two-dimensional
Wulff shapes # moving under anisotropic Willmore flow in the plane. To this end
consider the parametrization x : (0,7) x S' — R?, x(t,v) = R(t)Vy(v) of the
boundary of a (rescaled) Wulff shape R(z)% . Using the results given in [42] it is
easily seen that x moves under anisotropic Willmore flow if R(¢) solves the ODE

p 1

Hence, we observe that Wulff shapes expand in time like in the isotropic case
(cf. [1]) with R(z) = V/R(0)* + 2¢. Next let us compare this with the time discrete
evolution based on the proposed nested variational time discretization. We write
x,y,x%k: 81 5 R2 x(v) = RVy(v), y(v) = RVy(v), x*(v) = RKVy(v). Since
y*(Vy(v)) = 1 we immediately derive

ewlk, x, 3] = (R — R%)%a, () + éaé — R)%a, (x),
ealx,¥] = (R— R)%a,(x) + 2%a,(y).

Considering variations y¢(v) = (R + €y)Vy(v) in direction of the anisotropic
normal n,, we infer from the inner problem that

(R = Ryay () + =ay () = 0.

More precisely, since a, (y) = %ay (x) due to the homogeneity property of y, we
have that

R=R-

%"‘“

This, together with a, (x) = %ay (xk), gives

k — k _ pky2 T
eoul[-x » X, y] - ay(.x )((R R ) + _RRk) ,

from which we deduce

R—RF 1
T 2RKR2?

Note that this is a slightly different time step scheme than the one reported for the
isotropic case (y(-) = ||-||) in [1, § 2.1]. This is due to the fact that we use an implicit
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formulation of the inner problem as opposed to the linear equation (1) in the scheme
for isotropic Willmore flow (cf. Sect. 2).

4 Finite Element Discretization in Space

Following the approach in [1] we now derive a suitable spatial discretization based
on piecewise affine finite elements. This is in close correspondence to the surface
finite element approach by Dziuk [25]. To this end, we consider simplicial meshes
#[X] as approximations of the hypersurfaces .2 [x] in R?*!, i.e. polygonal curves
for d = 1 and triangular surfaces for d = 2. Thereby, X is a parametrization of
the simplicial mesh .#[X] which is uniquely described by a vector X of vertex
positions of the mesh. Here, and in what follows, we will always denote discrete
quantities with upper case letters to distinguish them from the corresponding
continuous quantities in lower case letters. Furthermore, a bar on top of a discrete
function indicates the associated vector of nodal values, i.e. X = ()Z i)iel, Where
Xi = (X 1.1, e X l-d'H) is the coordinate vector of the ith vertex of the mesh and
I denotes the index set of vertices. For d = 1 each element T is a line segment
with nodes Xo and X; (using local indices) and for d = 2 the elements T are
planar triangles with vertices Xo, X1, and X, and edge vectors Fp = X, — X,
F1 = Xo—X5,and F, = X;— Xy. Given a simplicial surface .# [ X], the associated
piecewise affine finite element space is given by

V(MX]) = {U € COMIX)) |U|r € P\ VT € #[X]}

with the nodal basis denoted by {®; };<;. Here, 7 is the space of affine functions
on a simplex T. Thus, for U € ¥ (.#[X]) we obtain U = Y ,.; U(X;)®; and
U = (U(X:))ier. Let us emphasize that the parametrization mapping X itself is
considered as an element in ¥ (.Z[X])4*! and we recover the vector of nodes
X = (Xi)ier.

With these algorithmic ingredients at hand we now can derive a fully discrete
nested time discretization of anisotropic Willmore flow, as the spatially discrete
counterpart of (13) and (14):

Given a discrete initial surface .#[X°) with discrete parametrization X° we
compute a sequence of surfaces M |[X*] with parametrizations X* by solving the
nested, finite dimensional variational problems

Xkt1 — arg MiNy ¢y (4 [xk])d+1 éZ,,[Xk, X, Y[X]], where (15)

Y[X] = argminy ¢y (_yx7)a+1 ElX, Y], (16)

Here, the functionals &, and &, are straightforward spatially discrete counterpart of
the functionals e,[x, y] and e, [x¥, x, y] and are defined by
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SV = [ 170 =) yV XD+ 27 [ y(N Y Dda.
A[X] ANY]

EulXF. X, Y] = /Wk]l (r*(x = x992) y(V[x*)da

T

+ I(y*(Y = X)*) y(N[X])da,

2 Jaix)

where the nodal interpolation operator I renders the resulting scheme fully
practical. To simplify the exposition, we introduce the discrete quadratic form
M,[Z, X] = fﬂ[x]l(y*(Z)z) y(N[X])da (a nonlinear counterpart of the
quadratic form induced by the lumped mass matrix) and the discrete anisotropic
area functional A, [Y] = [ Y] y(N[Y])da, both of which are assembled from
local contributions on simplices of the underlying simplicial grid J},:

1 - _
M,[Z, X] = —_— v (Z1:)* | v(R7[X]). 17)
=2 a2,
AX) = Y S (Rr[X)). (18)
Teg,

Here, RT_[X] = D%(X7, — Xr0) ford = 1 and Rr[X] = (X711 — X10) A
(X1,2 — X1,0) for d = 2. Hence, we can rewrite

EulX* X, Y] = My [X — XF, ¥+ DM, [Y - X, X,
T
E[X. Y] =M,[Y — X, X] + 27A, [Y].

The necessary condition for Y [X] to be a minimizer of &,[X, ‘] is given by the
corresponding discrete Euler Lagrange equation

0=y &, [X, Y[X]I(®) = 9zM, [Y — X, X](O) + 279y A, [Y](O)

forall © € ¥ (#[X])?+.

5 Optimization Algorithm for the Time Steps

In this section, the actual optimization algorithm for the nested, fully discrete
variational problem derived in Sect.4 is presented. Thereby, we apply a step size
controlled Newton method (cf. [45] Sect. 7) for the corresponding Lagrangian (cf.
Nocedal and Wright [37]). In our context the Lagrangian function for problem (15),
(16) is given by
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ZIX, Y, P] = &,[X5, X, Y] - dy &,[X, Y](P)

for independent unknowns X,Y € R@*DII and the Lagrange multiplier P €
R@+DI] (with a slight misuse of notation, we consider these unknowns as finite
element function in the spaces ¥ (Z[X*])4*! and ¥ (#[X])?*!, respectively,
or as the associated nodal vector in R@*+DH1) For an extensive discussion of
the Lagrangian ansatz we refer to [38]. Now, we ask for critical points (X Y, }3)
of L. Indeed, 0 = 81-,.,2”[)2, Y, P(®) = —0y&,[X, Y](O) is the Euler Lagrange
equation of the inner minimization problem with respect to Y for given X and
0=0;.2[X,Y, Pl(O) = dy &.[X*, X, Y(©)—02 &,[X, Y](P, O) is the defining
equation for the dual solution P given Y as the solution of the above Euler Lagrange
equation. Finally, the Euler Lagrange equation for the actual constraint optimization
problem coincides with

0= a}?g[)zs Y? P](@) = aXé)@oul(ka Xv Y)(@) - aXaYé)@m[Xs Y](Ps @) .
For the gradient of the Lagrangian £ we obtain

8)((9@0.,. - aXvayéam(P)
gradZ = | 0y&, — 936.(P)

with
Ix &, X5. X, Y](©) = 3zM, [X — XF, x¥](©)

+ 5 (XM, [Y = X. X)(©) - 9zM, [Y — X, X](0)).
Iy EulX* X Y1(O) = Z0zM,[Y - X.X](©).

2 E1X,Y(P, ) = 0ZM,[Y — X, X](P,O) + 2T9%A, [Y](P, ©).

The Hessian of ., which is required to implement a Newton scheme, is given (in
abbreviated form) by

agfgmu - ai’ ang(P) aXangu - 3X 3%’ é(:H(P) _aX 3Ygin
Hess.Z = | dxdy b — dx036(P) 0360 — 0LE(P)  —336,

The different terms in Hess . are evaluated as follows:

0% £.(0, W) = EM, [X — x* x*10,w) + ;—2(8§(My[Y — X. X](6.W)
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—2070xMy[Y — X, X](6,¥) + 05 M, [Y — X, X](0,¥)),

By Ix (@ W) = — (d20xMy[Y — X, X](0,¥) — 35 M, [Y — X, X1(6, %))
T
T
07 6m(0.9) = 97 My[Y — X, X](0. %),

0%y 6.(0, ¥, B) = 3SM,[Y — X, X](O, ¥, &) — dx 35 M,[Y — X, X](O, ¥, &)
—Ix LMy [Y — X, X](0, B, W) + 0% 0z M, [Y — X, X](0, ¥, &),
Ix % 6.(0,¥, B) = —03 M, [Y — X, X](0,¥, E) + dx 35 M, [Y — X, X](6, ¥, &),
0y 6.0, W, 8) = 03 M,[Y — X, X](0, ¥, E) + 2703 A, [Y](6, ¥, 5).

In the implementation of the proposed scheme it is convenient to directly treat
the squared, dual anisotropy y*2(.) := (y*(.))? in the calculation of derivatives
of the anisotropic functionals, which is particularly advantageous for anisotropies
of the type y(p) = Zf=1 P+ G p where the Gy are symmetric and positive
definite (cf. Garcke et al. [3]). The different terms of the gradient grad ¥ and
the Hessian Hess.Z are in the usual way assembled from local contribution on
simplices of the polygonal mesh. The required formulas are given in the Appendix.

6 Numerical Results

In this section, we show applications of the proposed algorithm to the evolution of
curves in R? under anisotropic Willmore flow. Beside anisotropies with ellipsoidal
Wulff shapes we study regularized crystalline anisotropies y(:) = | - ||, and
y(-) = | - lleo, based on a suitable regularization. A particular emphasis is on the
verification of the robustness and stability of the proposed approach in particular
for large time steps. Furthermore, we experimentally verify that Wulff shapes grow
self-similar in time under the corresponding anisotropic Willmore flow.
At first, we study anisotropies of the type

(@) = (@i + a33

for given ay, a; > 0. In that case, the squared dual anisotropy function is given by

2 2
2 4,2
]/* (Z) = + —-
ar 4
Figure 1 compares the evolution of a circle of radius Ry = 1 under isotropic

Willmore flow for a; = a; = 1 with the evolution of an ellipse with half axes a; =
6 and a; = 1 under the corresponding anisotropic flow. As discussed in Sect. 2,
in both cases the initial curve .#, expands in a self-similar fashion, i.e. .Z[x(¢)]

= R(t).#y with R(1) = y/Rg + 2t for ro > 0. In Fig. 1 we plot the evolution
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Fig. 1 The evolution of an unit circle under isotropic Willmore flow is plotted on the top left. For
the computation we used as initial grid size 7 = 0.0981 resulting from 64 vertices. Furthermore,
T = h, T = h? and the resulting discrete curves are shown for t = 0, 10z, 50z, 1007, 5007. In
the bottom left we display the evolution of an ellipse (with half axes 6 and 1) under anisotropic
Willmore flow with 256 elements and # = 0.0984. Here, we consider t = h, T = h? and
display the approximate solutions for t = 0, 10t, 507, 1007, 5007. Next, the associated L>-errors
are plotted over time on the right, where the lower error curve corresponds to the evolution results
(top left)

Table 1 The L2-error between the exact solution of the self-similar evolution of circles under
Willmore flow and the discrete solution of the fully implicit variational time discretization is plotted
at time ¢t = 0.1542 for a grid size h(¢) (left) and t = 0.3927 (right). On the left we consider time
step sizes 7 and T of the order of the squared spatial grid size h¢ at the initial time 0, whereas on
the right both time step sizes are taken equal to the grid size. In both cases we have considered 2"

vertices for the polygon, resulting in an initial grid size hy = %—,J,T

L>?-error L>?-error

n h(t) (t=7=h}) eoc h(t) (t=7=ho) eoc
4 4.166e—1 4.830e—3 4.482e—1 1.916e—2

5 2.096e—1 1.328e—3 1.879 2.258e—1 1.087e—2 0.826
6 1.049e—1 3.403e—4 1.969 1.132e—1 5.804e—3 0.909
7 5.249e—2 8.561e—5 1.992 5.668e—2 3.000e—3 0.954
8 2.625e—2 2.144e—5 1.998 2.836e—2 1.525¢—3 0.977
of the error err(h) := ||.#,x(t) — xp(t)||z2 in time. Thereby, the L2-error is

evaluated on the polygonal curve x;(¢) and .#, denotes the nodal interpolation of
x(t) at the projected positions of the nodes of xj(z) in direction Vy(n[xp(2)]).
In Tables 1 and 2 we provide results on the experimental order of convergence
eoc = log(err(hy)/err(h2))/log(h1/h2) for varying grid and time step size in
case of the evolution of the circle and the ellipse.

Now, we want to study crystalline anisotropies y(-) = || |l¢1 and y(-) = || - |l¢o, -
As already pointed out, even though the formulation of the scheme itself doesn’t
explicitly need assumptions on the smoothness of y, the application of the opti-
mization algorithm requires the computation of derivatives of y up to order 3. In
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Table 2 As in Table 1 experimental orders of convergence are reported, now for the self-similar
evolution of the ellipses (with half axis 6 and 1) under anisotropic Willmore flow. Here, again
polygons with 2" vertices are considered, equi-distributed along the initial ellipse with an initial
grid size hy = %. On the left the error is evaluated at time t = 0.596576 and on the right at
time t = 0.77238

L?-error L?-error
n h(t) (r=7=hd) eoc h(t) (Tt =7 = hy) eoc
5 1.435e+0 1.648e—1 1.274e+0 1.942e—1
6 6.487e—1 3.476e—2 1.960 5.875e—1 7.089e—2 1.303
7 3.069e—1 8.762e—3 1.841 2.842e—1 3.424e—2 1.002
8 1.525e—1 2.182e—3 1.987 1.396e—1 1.724e—3 0.966

fact, we use the following regularization: For a small parameter ¢ > 0 we regularize

the £!-norm by
2
6@ =) el + 2

=1

Since in R? the £°%°-norm equals a rotated and scaled £!-norm we use as regulariza-
tion of the £°°-norm

2 2 2 _ 2
() = Velzl +2(Zl +22) N Velzl +2(Zl 22) ‘

Figure 2 shows the evolution of a sphere with respect to the regularized £°°-norm
under the associated anisotropy Willmore flow with anisotropy y(-) = || - |, 1 for
e = 0.0001. Results on the self-similar evolution of spheres with respect to the
regularized £!-norm are depicted in Fig. 3. In these simulations, we use the analog
regularization for the dual anisotropy y* required in the algorithm.

Next, we generalize Willmore flow and replace the Willmore energy by the
modified energy

ey[x] := /Mx] (%hf, + A) y(n[x])da, (19)

with a second term given by the anisotropic area weighted with a constant A > 0.
The incorporation of this generalized energy in our computational approach is
straightforward. The generalized flow combines expansive forcing with respect
to the anisotropic Willmore flow of curves with contractive forcing due to the
anisotropic mean curvature motion associated to the anisotropic area functional.
Thus, for the generalized model we expect convergence to a limit shape given by
a scaled Wulff shape, where the scaling depends on the factor A. Figure 4 shows
the impact of the factor A on the evolution, whereas in Fig.5 we compare the
evolution of different initial shapes under the generalized anisotropic Willmore flow
for different anisotropies.
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L "~

L _ |
L _

Fig. 2 Evolution of the unit sphere with respect to the regularized £°°-norm under anisotropic
Willmore flow for the anisotropy || - [+ with & = 0.0001. For this computation we consider 200
vertices leading to an initial grid size iy = 0.04. Furthermore, t = ho and 7 = h3 and the
resulting discrete curves are shown for t = 0, 107, 507, 1007, 200t
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0.03

0.025

0.02

0.015

0.01

0.005

0

0 1 2 3 4 5 6 7 8

Fig. 3 Evolution of the unit sphere with respect to the regularized £'-norm under anisotropic
Willmore flow for the anisotropy y(-) = || - |l¢eo. The parameters are sy = 0.0078, ¢ = 0.001,
T=7T= h% and curves are plotted at times t = 0, 107, 507, 1007, 5007, 1,000t on the top left
and hy = 0.0283, ¢ = 0.0001, t = hy, T = h3, t = 0,10z, 50, 100,200z, 2757 in the
bottom left. On the right the associated L>-errors are plotted over time, where the lower error
curve corresponds to the evolution results (top left)
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Fig. 4 The impact of the parameter A is shown for the evolution of a circle to an ellipse with
aspect ratio 4 : 1 (i.e. a; = 4 and a, = 1). We evolve polygons with 160 vertices approximating
the unit sphere as initial curve, hp = 0.0393 and T = 7 = 0.01, &~ = 0.000393. On the left
A = 0.025 and on the right A = 4

Fig. 5 The evolution of different initial shapes for different anisotropies is displayed. For all
computations we use 100 vertices and choose A = 0.25. On the left we start with an ellipse with
aspect ratio 4 : 1 under an isotropic flow with y(-) = || - || (hy = 0.1739, t = ho, T = h3)
results are shows at r = 0,0.1739,0.5218, 1.739, 3.478, 6.956, 173.9. In the middle and on the
right an ellipsoidal anisotropy with aspect ratio 2 : 1 is used (i.e. @; = 2, a, = 1) in the first case
(middle), we take as initial shape the unit sphere for the /!-norm (hy = 0.0566, T = T = 0.001 hy)
and results are displayed at + = 0,0.00017, 0.00085, 0.00169, 0.006, 0.056, 0.251. In the second
example (right), the initial shape is the unit sphere for the /°°-norm (fp = 0.08 and 1 = 7 =
0.01 hg) and results are depicted for = 0, 0.0024, 0.008, 0.04, 0.08, 0.8, 4.8
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Rumpf acknowledges support by the SFB 611.

Appendix

Here, we collect the computational ingredients to evaluate the Lagrangian, its gra-
dient and Hessian based on a standard local assembly procedure. In the following,
for vectors x € R4*! and functions f, we use the notation f; ;(x) = % and
in analogous notation for higher order derivatives. Furthermore, for matriceé A we
use fi,;j(A) = a’;"T@ and again in analogous notation for higher order derivatives.
In fact, we can restrjict ourselves to the local functionals

1 - - 1 _
Mry1Z.X]= o ._OZ/*(Z")Z V(RIX). Ary[X] = 3y (RIX]), (0

1
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where we denote by Z = (Zo....,Zg) and X = (Xo....,Xy) the corre-
sponding vectors of simplex nodes in R+ with coordinate representation Z; =
(Zjr)r=1,...d+1 and X; = (Xj,);=1,.. 4+1. Here, R is a mapping from R@+D?
to R4 *1 representing the 90° rotated edge vector for d = 1 and the cross product
of edge vectors for d = 2, respectively. For d = 1 we obtain for the first derivatives

of RIX) = (2"

j=1,....d+1

RJ(ﬂ[}Z] — (_01) , R,OZ[X] = ((1)) , lel[X] = ((1)) , R,12[X] = (_01) .

Because of the linearity of R for d = 1 all higher derivatives vanish. For d = 2 we
have

) with respect to the entries (ij) withi = 0,...,d and

3

R[X] = Z €iwr(X1u — Xou) (X20 — Xov) .
u,v=1 i=1,2,3
where €,,, is the Levi-Civita symbol (e,,, = =1 if (w,u,v) is a even/odd

permutation of (1,2, 3) and 0 else). Thus, forw = 1,2, 3 we have

3
115 Z €wuy (81] - 80] )SSM(XZU - XOv) + (82] - 80/)8sv(X1u - XOM))
u,v=1
3
w,]slt Z €wuy (81j - 80])(821 - 801)8m8tv + (82j - 80])(811 - 801)8w8tu) ’

and all third derivatives Ry, ;s [X] vanish. Here j,I € {0, 1,2} refer to the local
node and s,¢ € {1,2,3} to the spacial component. Next we derive expressions
for the derivatives of (17) and (18) under the assumption that y, y* are sufficiently
smooth in R4*+1\ {0} ( thus Z;, R[X] # 0):

Derivatives of Mr,,

92, MryZ.X] = v (Zov(RIXD
8
8Z/sazerTv}’[Z’X] (d _,’_j l)vyrvz(z )V(R[X])
3iidu

02,027,027, Mry[Z, X] = Vi (Zy(RIX]).

(d+ 1)
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=0,.... d s=1

dx, My, [Z,X] = — (Z y*l(Za))Zy.AR[X])Rs,,-,[X],
" \a=0

1 —
0,0, Mry[2.X] = +1),( > V”(Zw)
© \a=0.....d

: (Z y.t(R[X])Rf.irjx[X] + Z V,ru(R[X])Rt,ir[X]Ru.js[)z]) s

=1 tu=1

1 m B B
03,02, M1y 2. X] = (v (20 D va(RIXD R (K]
! =1
81 m _ _
0,02, 02, M1y|Z. X] = =57 iA(Z0) 2 va(RIZDRu(X]
: u=1
1
0x;,0x;,02,Mr,y[Z, X] = m){f'z Z;)

- (Z Yo (RIXD Ry jsulX]+ D y.w(R[XJ)RU.,S[XJRu,h[X]) ,

v=1 vu=1

Derivatives of Ar,,
I Ary X1 = 123 7 (RIXDR. 1K),
Ts=1

t=1 tu=1

By, Oy, Az, [X] = % (Z Yo (RIXD R s [X1+ Y y.m(R[Xl)Rl.i,[X]Ru.,.;[X]) ,

m m

Ay, O, Oy, Az [X] = %( D Yl RIXD Ry s [XIR, [ X1+ Y v (RIXD Ry jsu[X]

uv=1 v=1

+ Y Vouw(RIXDR ([ X 1R 4 [ X 1R, [ X]
uvw=1

m m

+ 2 Vau(RIXD Ry HE IR KT+ Y v RIXD R X1 Ry jur[X1) .

uv=1 uv=1
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Energy Scaling and Domain Branching
in Solid-Solid Phase Transitions

Allan Chan and Sergio Conti

Abstract We consider a vectorial model for solid-solid phase transformations,
namely,

Eqlu] = /Q W(Du) + €| D?u dx,

where u : 2 C R? — R? and W vanishes on a set of the foom K =
SO(2)A U SO(2)B, with A, B two rank-one connected matrices representing the
eigenstrains of two martensitic variants. We study the scaling of the minimal energy
under Dirichlet boundary conditions corresponding to the average of A and B. In the
case that A and B have two rank-one connections we show that the minimum of E,
scales, for small ¢, as g2/ 3. in agreement with previous results on the scalar version
of the model. In the case that the two matrices have a single rank-one connection
instead we show that a different scaling appears, with energy proportional to £4/5.
Both results correspond to a self-similar refinement of the microstructure around the
boundary, with a different period-doubling pattern. Our results extend to a vectorial,
properly frame-indifferent framework previous results on a scalar model by Kohn
and Miiller.

1 Introduction

Materials undergoing a solid-solid phase transformation, such as shape-memory
alloys or iron, develop characteristic microstructures where domain boundaries
arrange themselves along a few preferred orientations, which are selected by the
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compatibility conditions among the spontaneous strains. Starting with the works of
Ball and James [1, 2] there has been in the last two decades a vast effort in the
mathematical community towards understanding such microstructures via the study
of appropriate variational models, whose main ingredient is a term of the form

Eolu, 2] =/QW(Du)dx.

Here u : £2 C R" — R” represents the elastic deformation and W : R*" — R the
energy density, a typical form being

W(F) = dist*(F,K) = inf{|F — G|*> : G € K}. )

The set of energy-minimizing deformation gradients X C R™ " depends on the
specific phase transformation considered. For cubic-tetragonal phase transitions in
three dimensions K equals K3 = SO(3){Ui, U,, U3}, where the U; are the three
diagonal matrices with eigenvalues (A,A,172), A # 1 being a positive parameter.
In two dimensions one uses K, = SO(2){U;, U,}, with eigenvalues A and 1/A. If
sufficient regularity of u is assumed, then solutions of Du € K have a very rigid
structure. For example, if they are assumed to be piecewise smooth, then they are
piecewise affine, and interfaces have prescribed directions. In particular, Du can
jump from the value U; to the value QU;, with QO € SO(n), only if the difference
is a rank-one matrix, in the sense that

Ui—QUj=a®v 2

for some a, v € R”. The vector v is then the normal to the interface.

If the regularity requirement is relaxed, then it is possible to find a large class
of deformations u such that W(Du) = 0 pointwise almost everywhere, using the
theory of convex integration [12, 18]. Precisely, for both K, and K3 one can show
that there is p > 0 such that for any bounded Lipschitz set £2, and v € C 18 (£2;R")
which obeys detv = 1, ||[Dv — Id||p= < p, one can find infinitely many u €
Lip(£2; R") such that u = v on 92 and dist(Du, K) = 0 almost everywhere in £2.
These deformations are, however, unphysical since they have very low regularity.
(The maps u are typically Lipschitz but nowhere C!, and their gradients do not
have bounded variation, see [14, 15]).

Therefore, one is led to consider singularly perturbed functionals which include
terms penalizing interfaces, of the form

Es[u,.Q]=/QW(Du)dx+8|D2u|(.Q). 3)

Here ¢ is a (small) positive parameter, u € W12(£2;R") with Du € BV (§2; R"*"),
and |D?u|(£2) denotes the total variation of the measure D2y, which for smooth
functions coincides with [, | D?u| dx.
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A scalar simplification of this problem was considered by Kohn and Miiller in
1992-1994, see [16, 17]. Precisely, they proposed the functional

Jev, 2] = Ja(D1v)?dx +¢|D2D2v|(£2)  if | Dav| = 1 ae.,
00

otherwise ,

where 2 = (0, L)?> C R?,and v : 2 — R. They have shown that there is ¢ > 0
such that, for sufficiently small ¢,

l<’;“2/3L4/3 < min{Jg[v, 2] : v = 00on IR} < ce?3L4/3 4
¢

(and a corresponding result on rectangles (0, L) x (0, H)). The functional J is rigid
even for ¢ = 0, in the sense that if we ignore the singular perturbation and require
Jo[v, £2] = 0, which means Dv € {(0, 1), (0, —1)} almost everywhere, then only
very special deformations v are possible — precisely, those which do not depend on
x1 and obey Dov € {1,—1} a.e. This is compatible only with very few boundary
conditions. The functional E, due to fact that K = W1 (0) is infinite, is instead
much softer, and as discussed above possesses a large number of minimizers. One
may expect that this difference between Jy and E¢ could be reflected in a different
behavior of the regularized functionals, i.e., in a corresponding difference between
Je and E, for small . We prove here that this is not the case.

We consider the full vectorial problem in two dimensions, and obtain a result
similar to (4). We focus for simplicity on a domain £ = (0, L)2, and assume that
the set K has the form

K =S0(2)AUSOQ2)B 5)
for two matrices A, B € R?*2 such that det A, det B > 0 and rank(A — B) = 1.
It can be shown that the condition rank (4 — QB) = 1, O € SO(n), has either

only the trivial solution Q = Id or two distinct solutions, corresponding to one or
two possible orientations of the interfaces (see (2)). We shall focus on the canonical

form
la l —«
A_(Ol) and B_(Ol), (6)

for the case of two rank-one connections and on the form

1 0 10
A_(Ol+a) and B_(01—a)’ @

for the case of a single rank-one connection; in both cases ¢ € (0,1) is a
crystallographic parameter. The reduction to these canonical forms can in general
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be obtained by composing u# with suitable affine deformations, an operation that
however changes the shape of the domain. The canonical forms are chosen so that,
in the absence of boundary conditions, an essentially one-dimensional structure is
possible, with Du depending only on x, and taking values A and B.

Our main result is the following.

Theorem 1. Let E; and K be as in (1), (3), and (5) withn = 2 and 2 = (0, L)2.
Then there is ¢ > 0 such that, for all ¢ € (0, L):

(i) If A, B are as in (6), then
1
—?3LY3 < min{Egfu, 2]t u(x) = x on 32} < ce?/3L43
c

(ii) If A, B are as in (7), then

1
—e*5 L85 < min{E.[u, 2] : u(x) = x on 32} < ce*/>L%/> .
C

The constant ¢ depends only on «.

Part (i) of the statement was first obtained in [5] and announced in [11] for a
similar model. The second part was first proven in [6]. The proof is based on giving
separately an upper and a lower bound on the energy, building upon the strategy of
Kohn and Miiller [16, 17] and following refinements [7—-10, 19,20]. We give here a
short self-contained proof, discussing the upper bounds in Sect. 2, the lower bounds
in Sect. 3.

Proof. Existence of minimizers is immediate by the direct method of the calculus
of variations, thanks to the compact embedding of BV into L!.

The upper bounds follow from Theorems 2 and 3, the lower bounds from
Theorems 4 and 5. Notice that by scaling it suffices to prove the theorem for L = 1,
and that since ¢ < 1 the linear terms in the upper bounds can be absorbed into the
sublinear one. O

2 Upper Bounds

In this section we show how to prove the upper bounds in Theorem 1, by
constructing suitable deformations u. To clearly distinguish the horizontal and
vertical directions we shall work on a rectangle £2 = (0, L) x (0, H). In the case of
two rank-one connections one can use a construction similar to the one developed
in the scalar case by Kohn and Miiller [17], but the different scaling in the case
of one rank-one connection requires a different treatment of the period-doubling
step. Further, in both cases one cannot use branching up to the boundary, since
the singular perturbation penalizes all derivatives of the strain (at variance with J,,
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Fig. 1 Sketch of the self-similar construction used for proving the upper bound. The construction
in each of the dotted rectangles is illustrated in Fig. 2

where only D, D,v enters). Therefore, we need to insert interpolation layers close
to the lateral boundaries, as it was already done in [5, 19, 20]. In the whole proof of
the upper bound we denote by ¢ a positive constant which does not depend on «, ¢,
H and L. Its value may change from line to line.

2.1 The Case of Two Rank-One Connections

Theorem 2. Let E; and K be asin (1), (3), (5), (6) and 2 = (0, L) x (0, H). For
allo € (0,1) and all ¢ € (0, L) there is u : 2 — R? with u(x) = x on 052 and

Eolu, 2] < ca*PePLY3H + cas(L + H) .

The constant ¢ does not depend on o, ¢, L and H.

Proof. Step 1: Decomposition of the domain. We split §2 vertically into two
equal parts £2; and £2,. We only present the construction on the left part £2; since
the other one is similar. For a small &, € (0, L/2) we further separate a boundary
layer £2;; = (0,&;) x (0, H) from the interior part £2;, = (&, %) x (0, H),
where domain branching will be used. On the thin part £2; ; the deformation will
simply interpolate between the left boundary data and the construction on £2; ,.

Step 2: Global domain subdivision, domain branching. On £2;, we shall use
the technique of global domain branching, see Fig. 1. We shall start from the
center of the domain (i.e., from the line x; = L/2) with N oscillations of
period hg = H/N in the vertical direction, and refine approaching the lateral
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Fig. 2 Details of the period-doubling step in the construction, and subdivision of the reference
rectangle w into five subsets

boundaries. At refinement step i, fori = 1,2,...,t, the distance to the left
boundaryis & = L&’ /2 and Du has 2 N oscillations, with a period h; = 27 hy.
The period-doubling transition must then occur on a rectangular box of size
I x hj, with [; = &_1 — & = 0"71(1 — 9)%. The parameter 6 € (0,1/2)
and the number of branching blocks N € N will be chosen below. This will
proceed as long as i; < [; (this condition defines implicitly 7). We observe that
the distance to the left boundary &, = L67/2, the width of the last refinement
step /; and the last period /. differ from each other by factors of order 1. The
parameter t is the number of steps of branching towards the left boundary before
coming to the interpolation; in order to have t > 1 we need iy < /¢, which
corresponds (up to irrelevant factors) to H/N < L.

Step 3: Local domain subdivision. For simplicity we work on a reference rect-
angle o = (0,1) x (0,4), we can assume & < [. We split @ into five sets as
follows (see Fig. 2):
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where the smooth function y : [0,/] — [0, 4/8] can be chosen so that it obeys
the boundary values

/ / h
y(0) =y'(0) =y'(l) =0, )/(l)=§
and the estimates
h , h
[yllLee <ch, ly|lLee < e Iy lLee < €T

In the sets w, and wy4 the strain Du will be close to B, in the other three close
to A.
Step 4: Local construction and local energy. On w we set uz(x) = x, and

X1+ axy in wi,
X1 —oxy + 20 (% + )/(xl)) in wy,
ur(x) = x1+otx2—% in w3,

X1 —axy + %ah —2ay(x1) inwg,

X1 +axy —ah in ws.

It is easy to see that u; is continuous. In w;, w3 and ws one has Du = A. In w;
and w4 we have

dist(Du, K) < |Du— B| < 2a|y’| L
and the elastic energy can be estimated by

/ dist®(Du, K) dx < clha? ||y’ |3 -
w

For the surface energy we treat separately the smooth part, inside the w;, and the
jump part on the boundaries. We obtain

| D?u|(w) < c - max |highest jump of Du| - length of y + ¢.%?(w) max max | D%u(x)]
J j wj

and therefore
e|D?ul(w) < cea(h + D)1+ [|y'|lLe) + ceahl|ly” || Loo.

By the properties of y stated in Step 3 we obtain

h3
/ dist*(Du, K) dx + &| D*u|(w) < cazT + cael .
w
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Step S: Global construction and global energy on §2; .. We first extend the
function u constructed in Step 4 to (0,/) x R, so that u(x) — x is h-periodic
in x5. Continuity of the resulting function follows from the fact that u; (x) = x;
for x; € {0,h}. We denote by «' the function constructed by this procedure,
working with [ = I; and h = h;. We define u globally by setting u = u’ +£;e; on
(&i,&—1) x (0, H). One can then check that the resulting function is continuous
on §2; , (the boundary conditions on y play a role here). The global energy on
§2;,» can be computed by

- o?H? o
1 1
Eelu,$2;,] < E (c22i9iN2L(1 5 + cag2' NO' (1 —e)L).

i=1

We now choose 0 € (%, %), so that both geometric series are convergent, and
extend the sum to co. Therefore,

2173

Eslu, 21,] < c—

N2L + caeNL.

It remains to choose for N the integer that makes this expression smallest. Up to
irrelevant factors, and recalling the requirements N > 1, N > H/L, N € N,

this is
«'*H  H
N = 81/3L2/3+f )

where [t] = min{z € Z:z> t} € [t,t 4+ 1). Inserting into the previous estimate
gives

Eelu, 21,] < ca*Pe?PHLY? + cag(H + L).

Step 6: Boundary layer £2; ;. For x; € (0,§;) we define u(x) as the affine
interpolation in x; between the boundary values (i.e., x2e3) and u(€;, x3). One
obtains |Du —Id| < ca, |D?u| < o/, and

/ dist®(Du, K) dx + €| D?u|(21,;) < ck,0® H + ceaH (1 + i—’).

21 T
Since &;, I; and h, are all of the same order, this energy is bounded (up to a
factor) by the term with i = 7 in the series above, hence does not modify the
sum by more than a factor.

Step 7: Conclusion. The other half of the domain £2, is treated in the same way.
At the vertical boundaries between the four subdomains interfaces arise, each
with a cost of at most cae H. Combining all terms the proof is concluded. O
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2.2 The Case of One Rank-One Connection

Theorem 3. Let E; and K be asin (1), (3), (5), (7) and 2 = (0, L) x (0, H). For
allo € (0,1) and all ¢ € (0, L) there is u : 2 — R? with u(x) = x on 052 and

Eglu, 2] < ca®5e*SLYSH + cag(L + H) .

The constant ¢ does not depend on o, ¢, L and H.

First of all we point out the main difference between the two constructions. The
construction in Theorem 2 involves only the #; component and makes no use of
the rotations. Indeed, the same energy would have been obtained if the distance to
{A, B} was considered. In that construction, the partial derivative dou; oscillates
between o and —c, generating error terms of order a/// in the component 0;u;.
These error terms generate the main contribution to the elastic energy.

In the case of a single rank-one connection, we have that d,u; oscillates between
1 + o and 1 — «, generating error terms of order a/// in the component 9;u5.
Since this is an off-diagonal component, by SO(2) invariance we can to leading
order compensate for this error by using the d,u; component which will, therefore,
also have oscillations of order a// [ (and opposite sign). In turn, this generates error
terms of order wh?/1? in the d;u; component, which give the main contribution
to the elastic energy (see (8) below). To exploit this fact we shall first construct u;
oscillating as above, and then define u; by setting dou; = —(1 )0 uz. Therefore,
in this case we need to involve both components, and to track rotations. A similar
strategy was used, with O(2, 3) instead of SO(2), in the case of thin-film blistering
in [3,4].

Proof. Steps 1-3:  are identical to the proof of Theorem 2 and are not repeated.
Step 4: Local construction and local energy. On w = (0,/) x (0, h) we define

A ) X € wy,
(1 +a)xz
x1 =20l o)y (xs + 200~y Cen) (§ +v0n)|
X € wy,
(1 —-a)xz + 2 (§ + y(xl)) 2
u(x) = 1 (*¥1- —oc(l —a)y'(x1)h X € s
1+ a)x, — —och 7
X1+ 20(1 — @)y (x1)x2 = 2a(1 — @)y’ (x1) (§h — y(x1)) X e ws
(1—a)x, + §ozh —2ay(x1) 7
( ) X € ws .
1+ oz)xz —ah
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The estimate of | D?u| is identical to the case of Theorem 2. The estimate for
dist(Du, K) is however different. In @, and ws we have Du = A € K. In w, we
use the freedom to choose a rotation in K to estimate

dist(Du, K) < min |Du— QOB
( )_QeS0(2)| 0B|

<min [d1u1 — cos ¢| + |d2ur — (1 — ) cos ¢| )
pER

+ 191uz —sing| + |92u1 + (1 — ) sing|

<|91u1 — 1| + [d2uz — (1 — &)| + [d2u1 + (1 — )duz| + c|d1u2|?,

where we have chosen ¢ such that singp = dqup if djup € [—1,1], ¢ = 0
otherwise. This implies

2

. h* .
dist(Du, K) < cah|y” Lo + cally 3o + c(@]]y|Le)? < capyinws.

The set wy is similar, in w3 one simply uses |Du—A| < ca|y” ||ph < cah?/12.
Combining all terms, the energy in the rectangle @ can be estimated by

hS
E u,0] < cozzl—3 + cael .

Step 5: Global construction and global energy on §2; .. The definition of u on
§2;,» proceeds exactly as in the previous case. This time also the boundary
conditions on y’ play a role in checking for continuity.

The global energy on §2; , can be computed as in the previous case,

d o’ H? P
Eelu.2,,] <) (c TN LA g T Cuer Ne'( - e)L) :

i=1

Choosing 8 € (1/16, 1/2) both series converge. We choose

«SH H
N = c1/5 4/5 + A
and estimate

Eglu,$2;,] < ca®PetSHLYS 4+ cea(L + H).

Steps 6 and 7:  are identical to the proof of Theorem 2 and not repeated. O
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3 Lower Bound

Before presenting the proof in detail, we illustrate the main ideas, focusing on the
case of two rank-one connections. One main ingredient in the proof of the lower
bound is the observation that we can choose inside §2 an appropriate square Q such
that u is approximately affine on Q. The optimal length of the sides of Q, called ¢,
will turn out to be proportional to £!/3. To prove this, we first observe that, since
the total energy scales as £2/3, on a typical square of this size there is an energy of
the order £2£2/3. Since every jump of Du from one to the other well generates an
energy proportional to ¢ times the interfacial area, we obtain that the total area of
the interface inside Q is controlled by £2e~'/3. For £ < £!/3 this is less than the
area needed to cut the cube into two halves, hence for the isoperimetric inequality
(or, equivalently, the Poincaré inequality) we obtain that there is one phase which is
dominant inside Q. In other words, Du is close to a fixed matrix F € K inside Q,
and u is close to an affine map whose gradient is F'.

Having done this, we proceed to show that the stripe connecting Q with the
boundary contains high energy. Indeed, inside Q the deformation is close to a map
of the form Fx + ¢, whereas on the boundary u(x) = x. We observe that Ae; =
Be; = e; and that the energy controls the component of Du along e, in the sense
that [Du e;| < |Ae1| + dist(Du, K). However, the integral of Du e over a segment
parallel to e; with endpoints on d§2 can be computed by the boundary values, and
equals the integral of e;. Therefore, the inequality is actually almost an equality.
This way we obtain that u is close to x inside the domain. The key step in the proof
is to make this quantitative; the difference in scaling between the two cases arises
from the fact that we can estimate u; — x; better than u, — x5 (see (12) and (19) for
details).

3.1 The Case of Two Rank-One Connections

Theorem 4. Let K = SO(2)A U SO(2)B, where A and B are as in (6) for some
a € (0,1) and let 2 = (0,1)2. Then there is ¢ > 0 such that for every u €
W L2(§2; R?) which obeys u(x) = x on 352 and every ¢ € (0, 1) one has

ce?/? 5/ dist>(Du, K) dx 4 €| D?u|(£2) .
2

The constant ¢ may depend only on a.

Proof. We fix £ € (0, 1), to be chosen later, and subdivide §2 into stripes of width
£,oftheform S; ={x € 2 :il <xp, < (@ + 1)€},i =0,...,|[1/€—1].Let S be
the one with the least energy, which obeys

E.[u.S] < 2LE )
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Fig. 3 Sketch of how the stripe S and the square Q are chosen inside the domain §2

where we set for brevity E = E¢[u, £2] (see Fig. 3). We proceed analogously in the
other direction and choose a square Q = xx + (0,£)? C S such that

Eqlu, Q] < 40°E . (10)

One crucial observation is that |Fe;| = 1 for all F € K. Indeed, Ae; =
Be; = ey, and the length of a vector is not influenced by rotations. This implies
that dist(Du, K) controls the stretching of horizontal lengths,

[01u1| < |01u| = |Du e < Irrni%|Du— F|+|Fei| =1+dist(Du, K). (11)
[S]

Therefore, for any x € £2, recalling that u(x) = x on 32, we have
X

x|
uy(x) = / druy (2, x2)dt < x1 +/ dist(Du, K)(t, x3)dt ,
0 0

and analogously

1 1
ui(x) =1 —/ oruy(t, x2)dt > 1 — (1 —x1) —/ dist(Du, K)(t, x3)dt .
X

1 X1

We conclude that
1
i) =il = [ disDutt.xa). Ky
0
for all x € §2. Integrating over x € Q this gives

/ |up (x) — x1| dx < z/ dist(Du, K)dx < £**||dist(Du, K)| 120y < 20°E"/?,
0 N
(12)

where we used Fubini, Holder, and (9), respectively.
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The other crucial observation is that if E is sufficiently small, then (10) implies
that u is approximately affine on Q, with gradient close to K. This is essentially an
isoperimetric fact: (10) implies | D?u|(Q) < 4{?E /e; if the latter quantity is small
compared to £ (the side length of Q) then the oscillation of Du has to be small, in
an appropriate sense. In turn, if the oscillation is small, and dist(Du, K) is small (in
L?), then Du must be close (in L?) to a fixed matrix in K. Precisely, by (10) and
Poincaré’s inequality there is F € R?*2 such that

0E
[Du— FllL1(0) SCT- (13)

Since
[ dist(Du, K) || 1y < Lldist(Du, K)ll2g) < 20(C*E)!/* = 202E?

we conclude that
63
C2dist(F,K) < c—E + 202EY/?
£

By (13) there is Fi € K such that |[Du — Fi|l 110y < 20§E + 202E'/2 Another
application of the Poincaré inequality shows that there is 5 € R? such that

£4
lu— Fex — bl 110 56-?E+c£3E1/2. (14)

Equation (12) shows that u; is close to x1, Eq. (14) shows that « is approximately
affine. The lower bound comes from the fact that there is no affine function with
gradient in K and close to x;, because there is no matrix in K such that its first
row is (1,0). Indeed, F € K implies det F = 1 and |Fe;|?> = 1 4 «?. If we had
Fi1 = 1 and Fj, = 0 then the condition on the determinant would imply F», = 1,
contradicting the condition on | Fe,|. Since K is compact this means that

« = min |FTe1 —e1|>0.
FekK
Setting a = F*Tel — e1 we obtain

rnin/ |(F*x)1—x1—b|dx=min/ la - x —b|dx
beR 0o beR 0o

3

Zmin/ |a-x —b|dx =|a| |x1]|dx = |a|—
beR Byo Byss 6

-6



256 A. Chan and S. Conti

Therefore, with F, and b4 as above,

1
—8*635/ |(F*x)1+b1—x1|5/ |u1(x)—x1|+/ u(x) — Fx — bldx.
6 0 0 0

Recalling (12) and (14) we conclude that

.

64
Zﬁ <202EY2 4 c—E+ clPEY?,

hence at least one of
€ 2
E > CZ’ E > ct”, E>c

must hold. Choosing £ = &'/3 the proof is concluded. O

We remark that the parameter o enters the argument only through 8., which is a
quantity of order . Taking this into account, we see that the above argument gives

2
E > cg% or E > a*¢?

which leads to £ ~ g!/3¢=2/3 (admissible for ¢ < «?) and the suboptimal bound
E > c£?/3a®/3. The optimal scaling requires a more subtle argument, see [6].

3.2 The Case of One Rank-One Connection

Theorem 5. Let K = SO(2)A U SO(2)B, where A and B are as in (7) for some
a € (0,1) and let 2 = (0,1)2. Then there is ¢ > 0 such that for every u €
W L2(§2;R?) which obeys u(x) = x on 352 and every ¢ € (0, 1) one has

cet!’ 5/ dist?(Du, K) dx + &| D*u|(R2) .
2

The constant ¢ may depend only on «.
Proof. The general structure of the proof is similar to the previous case. We set
E = Eu, 2], fix £ € (0,1), choose astripe S = {x € 2 :il < x5 < (i + 1)}
with

E;u, S| <2LE. (15)
and a square Q = x,x + (0,£)> C S with

Eglu, Q] < 40°E. (16)
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Since the two matrices differ in the second row, we have to estimate the derivative
of u,. This is, however, not possible with the same method as above, since the length
of Du, varies inside K. The key idea is to show first that d;u; is close to 1, which
will imply — since the vector d;u has length close to 1 - that the other component
dquy is small. To make this precise we write

101u2|* = |91ul® — [01u1]* = (|01u| + |9121 ) (|91u| — [01u1])

(17)
< 2[0u|(|01u| — d1uy)

and estimate, using the boundary conditions,
1 1
[ G0l = vty de = [ o= ez an
0 0
Since | Fej| = 1forall F € K we obtain (dropping the argument (¢, x5 ) for brevity)
1 1 1
/ (|0qu| — 1) dt < / min (| Feq| + |Du— F|— 1)dt = / dist(Du, K) dt .
0 0 FekK 0

With Holder we obtain from (17)

1 1
/ [01uz|dt < (2/ |81u|dt)
0 0

and, using again |0;u| < 1 + dist(Du, K),

1 1
/ |81u2|(t, xz)dt <2 (/ dist(Du, K)dt)
0 0

Using the boundary conditions and Holder we deduce, for all x € §2,

1
+2 ( / dist? (Du, K)dt)
0

1/2 1/2

1
(/ (11u] alul)dr) ,
0

1/2

1
+2 (/ dist(Du, K)dt) . (18)
0

1/4 1/2

1
lua(x) — x2] <2 ( / dist?(Du, K)dt)
0
Integrating over x € Q gives

/ luz(x) — xz| dx < 2074 E[u, S]V* + 2032 E[u, S]V/? < 402EV* 4 402EV/?
o
(19)

The same argument leading to (14) shows that there are Fx € K, b € R? with

£4
lu— Fex — bl 110 56-?E+c£3E1/2. (20)
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Equation (19) shows that u, is close to x,. The lower bound comes from the fact
that there is no affine function with gradient in K with this property, since there is
no matrix in K such that its second row is (0, 1). Indeed, for all F € K the two
columns are orthogonal and det F = 1. The only matrix with these two properties
and FT e, = e, is the identity matrix, which does not belong to the compact set K.
Therefore

§x = min |[Fley—es| > 0.
* FeKl 2 2|

Setting a = FTey — e, we obtain

03 03
/I(Fx)z—xz—b2|dx=/|a-x—b2|dx2/ la||x1|dx = |a]— > §«—.
o o By/a 6 6

Then

1

8,03 < / |(F*x)2—x2—b2|dx§/ luz(x) — x2| —}—/ |u(x) — Fxx — bldx.
6 0 0 0

Recalling (19) and (20) we conclude that

4
%*63 < CE—E + cPEY2 4 cf2EVA 4 cf2EV?
e

hence at least one of
£
Ezcz, E > ¢?, E > ct*, E>c

1/5

must hold. Choosing £ = &'/~ the proof is concluded. O

4 Outlook

The results discussed here can be refined in a variety of directions. One natural
question is the scaling with the parameter «. Whereas the upper bounds presented
here are optimal, as discussed above, the strategy used here for proving the lower
bounds does not deliver the optimal exponents. A more refined strategy is discussed
in [6], for both choices of the matrices, and shows that the correct scalings are
e2/304/3 and e4/54/5.

A second natural generalization is the extension to domains which are not
squares. In [6] rectangles of the form (0,/) x (0, %) are treated. In the case of
two rank-one connections a transition between horizontal and vertical branching
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appears, if /1 is large enough. In the case of a single rank-one connection the behavior
in £ is linear instead.

One may replace the regularization e|D?u|(£2) with &2 [ o |D2u|?dx. As in
similar problems [19,20] this only leads to small changes in the argument, which
will be discussed elsewhere.

The results discussed here can be naturally extended to higher dimension and
possibly to more general domains, building for the upper bound on the strategy
used in [3,4]. A more difficult question, which was recently answered positively in
the simpler setting of geometrically linear elasticity by Diermeier [13], concerns the
extension of the lower bounds to situations in which boundary conditions are fixed
only on part of the boundary.

Acknowledgements This work was partially supported by the Deutsche Forschungsgemeinschaft
through SFB 611, Project B9.
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Part I11
Numerics for Multiscale Models
and Singular Phenomena



On a Multilevel Preconditioner and its Condition
Numbers for the Discretized Laplacian on Full
and Sparse Grids in Higher Dimensions

Michael Griebel and Alexander Hullmann

Abstract We first discretize the d -dimensional Laplacian in (0, 1)¢ for varying d
on a full uniform grid and build a new preconditioner that is based on a multilevel
generating system. We show that the resulting condition number is bounded by
a constant that is independent of both, the level of discretization J and the
dimension d. Then, we consider so-called sparse grid spaces, which offer nearly
the same accuracy with far less degrees of freedom for function classes that involve
bounded mixed derivatives. We introduce an analogous multilevel preconditioner
and show that it possesses condition numbers which are at least as good as these of
the full grid case. In fact, for sparse grids we even observe falling condition numbers
with rising dimension in our numerical experiments. Furthermore, we discuss the
cost of the algorithmic implementations. It is linear in the degrees of freedom of
the respective multilevel generating system. For completeness, we also consider the
case of a sparse grid discretization using prewavelets and compare its properties to
those obtained with the generating system approach.

1 Introduction

In this paper, we deal with the preconditioning of finite element system matrices
that stem from elliptic partial differential equations (PDEs) of second order. Here,
we are especially interested in the higher-dimensional case. For example, high-
dimensional Poisson problems and high-dimensional convection diffusion equations
result from diffusion approximation techniques or the Fokker—Planck approach.
Examples are the description of queueing networks [45,53], reaction mechanisms in
molecular biology [54,55], or various models for the pricing of financial derivatives
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[41, 51]. Furthermore, homogenization with multiple scales [1, 17,38, 43] as well
as stochastic uncertainty quantification [2, 3, 18, 36, 39,42, 47, 48] result in high-
dimensional PDEs. Next, we find quite high-dimensional problems in quantum
mechanics and particle physics. There, the dimensionality of the Schrodinger
equation [44] grows with the number of considered electrons and nuclei. Then,
problems in statistical mechanics lead to the Liouville equation or the Langevin
equation and related phase space models where the dimension depends on the
number of particles [5]. Furthermore, reinforcement learning and stochastic optimal
control in continuous time give rise to the Hamilton—Jacobi—Bellman equation
in high dimensions [8, 46, 56]. Finally data mining problems involve differential
operators as smoothing or regularization terms (priors) whose dimension grows with
the number of features of the data [23,24,26,37,52].

We want to derive multilevel preconditioners with condition numbers that are
bounded independently of both, the discretization level J and the dimension d.
Furthermore, they should possess linear cost complexity with respect to the degrees
of freedom.

We will focus on the model problem of the d-dimensional Laplacian, which
has been intensively analyzed in numerical analysis, albeit mostly for fixed dimen-
sion d. To this end, we first consider the simple case of a discretization based
on a uniform grid using, e.g., piecewise d-linear finite elements. The solution of
the resulting system of linear equations is computed iteratively. This involves the
cost of a matrix-vector multiplication times the number of iterations needed to
achieve a given accuracy. Here, a sparse system matrix can usually be applied with
a number of floating point operations that is linear in the number of degrees of
freedom. An optimal iteration count which is independent of the number of degrees
of freedom is typically achieved by multiplicative multigrid methods [11,28,34,58],
the additive BPX preconditioner [10,49, 50] or wavelet-based methods. But even if
the overall additive or multiplicative preconditioned matrix-vector product is linear
in the number of degrees of freedom and the number of iterations is independent of
the mesh width, the involved order constants are in general still dependent on the
dimension d, which can be an issue in the higher-dimensional case.

Furthermore, the number of degrees of freedom itself is subject to the curse of
dimension [6]. One remedy is the use of so called sparse-grid discretizations. To
this end, regular sparse grids, energy sparse grids [12, 14] and general sparse grids
[30, 31, 35, 40] have been employed with good success. Furthermore, space- and
dimension-adaptive extensions exist [22, 25]. However, the condition number of
the resulting system and the cost of a matrix-vector multiplication are now more
difficult to reduce than in the regular full-grid case. For example, already for a
straightforward regular sparse grid discretization, cf. [32], a simple diagonal scaling
similar to the case of the BPX-preconditioner does not result in asymptotically
bounded condition numbers in dimensions d > 3. Here, more complicated basis
functions like prewavelets offer a solution [33]. Furthermore, the system matrix is
not inherently sparse, and a dimension-recursive algorithm based on the so-called
unidirectional principle [4, 13] is needed to perform the matrix-vector-multiplication
in linear time.
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In this paper, we present a new additive preconditioner that is based on
the multilevel idea and relies on isotropic and anisotropic subspaces. We show
for the full grid case that the resulting condition number is bounded independently
of the level J of the discretization and that it is also independent of the dimension d .
The cost complexity is linear in the number of degrees of freedom of the enlarged
generating system with a constant that grows at most polynomially in the dimension.
However, it needs to be mentioned that the enlarged generating system has a factor
of about 2¢ more degrees of freedom than there are on the finest mesh. Our
preconditioner is applicable to sparse grid discretizations as well, and the resulting
condition number is now also bounded independently of J for d > 3. Furthermore,
it is bounded independently of d and we even observe a falling condition number
with rising dimension d . The new preconditioner can also be applied to prewavelet
discretizations and then produces exactly the same condition numbers.

In Sect.2, we introduce a multilevel discretization, and we present a norm
equivalence with dimension-independent constants. Then, in Sect. 3, we introduce
the full grid preconditioner with dimension-independent condition numbers for our
enlarged generating system and discuss its costs. The new approach is extended to
sparse grids in Sect. 4. In Sect. 5 we show that the same results can be obtained for
prewavelet discretizations as well. In Sect. 6 we give numerical results that support
our theory. In fact, for sparse grids, we even observe falling condition numbers with
rising dimension d. Final remarks in Sect. 7 conclude the paper.

2 Discretization

We denote the unit interval by £2 = (0, 1) and its d-fold tensor product by £2¢. The
Poisson problem on £2¢ for a given right-hand side f : 2¢ — R with I' = 3¢
and homogeneous boundary conditions reads as
—Au=f on £4, (D
u=20 on I'.

2.1 Discretization by an Isotropic Full-Grid

Our aim is to discretize problem (1) by piecewise polynomials on a uniform grid
and to precondition the resulting system of linear equations optimally not only
with respect to the number of degrees of freedom, but also with respect to the
dimension d. As usual, we define the bilinear forma : H'(2¢)x H'(22%) — R as

a(u,v) :/ Vu - Vo dx
4
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and the right-hand side b € H'(£29)* as
b(v) = / fvdx.
Qd
The weak formulation then reads: Find a solution u € HO1 (£29) that satisfies

a(u,v) =b(v) forall ve HOI(.Qd) . 2)

We discretize H (£29) by the d-fold tensor product of one-dimensional function
spaces. To this end, we first consider a one-dimensional multiresolution scale of
subspaces, i.e

icVoaCcVsC..., 3)
for which 7”'”1 = HJ ([0, 1]) holds with V = U2, Vi. Here, we assume
Vi =span{¢y; 1 1 <i <ny} “)

with n; = ﬁ(21 ) locally supported basis functions ¢ ;, 1 < i < n;, onlevel /. We
define the d -dimensional tensor product space

Vi=V® eV
and the spaces

Vld=V1®"'®Vls 5)
which are spanned by the functions

b1 =GPy (6)

fori= (iy,...,ig) e NY with1 <i, <n;,p=1,....d.
On level J, the weak problem (2) for VJd then leads to the system

Ag,yXa, 7 =bay (7N
of Ng,j:=(n 7)? linear equations with
Agy € RNa.r>Na.s (Ag p)ij = a(@ridry)
and

Xa,7.04,5 € RN (by 1) = (f ¢s.3)12(04)
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again for i,j € N9 with 1 < ip,jp < nj,p = 1,...,d. Note that, with
a lexicographic ordering of the degrees of freedom, the system matrix can be
expressed as a sum of Kronecker product matrices, i.e.

d-1
Adg =A17®My_17+Y My 1 ;@A @My p +Ma_1,;®ArLs . (8)
p=2

where A,y € R"7>"/ is the stiffness matrix of the one-dimensional problem

0y, 3¢>J,j)
ax = Ox /L2®)

(A1,y)ij = (

for 1<i,j<ny,

and M, ; € R®/)7*@1)" 3150 has Kronecker product structure

D
M, =@M,
g=1

with M,y € R"7*"*/ and

My,0)ij = (@1.isbs.j) 122y for 1=i,j<ny. )

2.2 The Multilevel Approach

The system matrix Az, 7 in (7) for, e.g., linear splines, possesses a condition number
that is of the order ¢(227). Thus, classical iterative solution methods for (7) like the
Jacobi method, the steepest descent approach or the conjugate gradient technique
converge successively slower for rising values of J. The same is true for the Gauss-
Seidel and the SOR methods. This problem is remedied by a multigrid method or
a multilevel preconditioner. Then, the number of iterations necessary to obtain a
prescribed accuracy is bounded independently of J, cf. [9, 11,34,57]. To this end,
besides the grid and the basis functions on the finest scale J, also the grids and basis
functions on all coarser isotropic scales are included in the iterative process, i.e. the
multiscale generating system

J
Jtdit1<ip<m.p=1....4d}

=1

is employed. Note that there is work that relates classical multigrid theory to
multiplicative iterative algorithms operating on such a generating system [27, 28].
Furthermore, the BPX-preconditioner [10] can be identified with one step of the
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additive Jacobi iteration. Both methods guarantee asymptotically optimal conver-
gence rates that are independent of J. However, the corresponding rates still depend
on the dimension d.

To overcome this issue, we follow a different approach which relies on all coarser
isotropic and anisotropic scales. To this end, we define the spaces

hW="v,® e, (10)
for the multiindices 1 = (/1,...,ly) € N¢ . Next, we define the index sets

an=A{L....on;}x--x{l,....ny,}

and the associated basis functions

dLi =1 i 1, for i=(i1,....ig) € x1. (1D

Obviously, it holds V; = span{¢; : i € yi}. From now on, n; := |y)| denotes
the number of degrees of freedom of the subspace V). The isotropic spaces (5) can
be expressed in this setting by Vld = W, wherel = (/,...,]), and the isotropic
functions (6) are given as ¢; ; = ¢; fori € y.

Our enlarged generating system includes all basis functions

| {¢uizien}. 12)
179
where the index set
Fi=eN: |llo < J} (13)

contains the multiindices 1 of all coarser scales, i.e. V} C VJd forl € F# }1 . Next, the
weak problem (2) for VJd leads with (12) to the enlarged system

AdsXa g =bay (14)

of linear equations, with Ad’_] € RNa.s*Na.s and f(d,J,f)d,J € RNa.s | where
N d ~ ~
Ngj:= (le=1 nl) . The matrix Ay, s is block-structured with blocks (Ag, 7k €
R™*" for |,k € ﬁ}i, where

(Ag. iy = aldri, diy) for i€ pje xi

and the right-hand side vector f)d’ 7 consists of blocks (lA)d, INER 1e 7 }1 , with

((ba, )i = (P f)r2(ay for i€ y.
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Note that the non-unique representation of functions in the enlarged generating
system (12) results in a non-trivial kernel of Ad J. Thus Ad J is not invertible.
But the system (14) is nevertheless solvable since the right-hand side bd, J lies in
the range of the system matrix. A solution can be generated by any semi-convergent
iterative method [7]. Many convergence results, e.g., for the steepest descent or
conjugate gradient method, also apply to the semi-definite case, cf. [28]. There, the
usual condition number « is no longer defined, but the generalized condition number
i, i.e. the ratio of the largest and the smallest non-zero eigenvalue, is now decisive
for the speed of convergence.

Just like in (8), we can express our enlarged system matrix as the sum of
Kronecker product matrices, i.e.

d-1
Agg=A1 @My 7+ ) Mp 1 ®A1L; @My py+My17 @Ay,
p=2

~ J J . . . .
where A;,; € R&i=170xCi=111) ig the multilevel stiffness matrix of the one-
dimensional bilinear form and reads

- ¢y Oy ; . .
ALk, )) = ( axl,#)m(m for 1<i<nm 1<j<m.1=<lk<lJ.

Furthermore, M, ; € R(7=17)”X(/=1 1" a150 has Kronecker product structure
A p A
M, = @M,y
g=1
with Ml J € R(ZIJ=1 ”1)><(Z[J=1 ny) and

M1 a0 ) =i k)2 for 1<i<n 1<j<nm.1<lLk=<J.

Of course, at some point, we need to be able to transform the non-unique solution
X4,y of (14) to the unique solution x4 s of (7). To this end, we assume to have
matrices I;‘ € Rk which are one-dimensional restrictions from level / to level k
for [ > k, prolongations from level / to level k for / < k and the identity matrix
for [ = k. Note here that the Iﬁ‘ ,k # 1 £ 1 can be expressed as just a product of
successive 2-level restrictions and prolongations, respectively, i.e. we have

=K L' for [>k and F=1_ ... LT for I <k. (15)

Naturally, the multi-dimensional case is obtained by the product construction

d
k
Ik = ®1,: . (16)
p=1
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Then, for Lk € 35}1, we can express any block (Ad’_])]’k € R™ " and any part
(bg, s as

Ag )k =LAg 8 and (bgs)=Lbay, (17)

respectively, where J = (J,...,J) is the multiindex that describes the finest
level on the isotropic scale. In the special case of identity matrices, we sometimes
abbreviate If by I; and I} by I, i.e. we drop the superscript if it is equal to the
subscript.

Further, let us define the rectangular block-structured matrix

Siy=(U | ... |I})eR*Ei=in),

Then, we can express the block-structured matrix Sd’ J as

d
Sas =S .
p=1
and with (17) we obtain
Agy =St ;A0S d bg; =S8 ,b
d,J d,72d,Jdd,J an d,J d,7Pd.,J -

As aresult, we see that x5 5 = Sd,ﬁ(d,] solves (7), if X4, 7 is any solution to (14).
Note that we will never set up the matrices §d5 s and SZ; ; in our implementation, but
compute their application to vectors by a straightforward algorithm in &'(d - ]\A/d’ J)
floating point operations using (15) and (16).

In Sect. 3, we will propose a matrix Cg4, s that can be applied cheaply to a vector
and acts as a preconditioner on the enlarged system (14) with

#(Cashag)=0() (18)
independently of the level J and the dimension d. Since

©(Cyq Ay y) = ’z(éd,JSZ;JAd,JSd,J) = K(Sd,léd,lsg,JAd,J) ,

we can deduce that Cy4 5 = Sd,JédJSZ;J is thus a preconditioner for Ay ; with
a resulting condition number that is bounded independently of J and d. Before
we can present this preconditioner in Sect. 3, we need to discuss a specific norm
equivalence in the next subsection.
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2.3 A Norm Equivalence Based on Orthogonal Subspaces

The multiresolution scale of subspaces (3) induces a sequence of LZ2-orthogonal
complement spaces (W));2, with

Vi=Vi_1®,2W for [ >1, and Vp:={0}. (19)

A recursive application of (19) then yields V; = @i=1 Wk. Analogously to the
anisotropic full-grid subspaces 1} in (10), we can now define anisotropic orthogonal
complement spaces by the d-fold tensor products

Wi=W, ® - ®W, . (20)
which satisfy Wi C Vi and W L2 W forl # k.

Now, we assume that, due to Jackson- and Bernstein-inequalities [19, 50] for the
spaces (V)72 , we have a one-dimensional equivalence

du ||2
Aain 32 1132y < | 55 | oy = e 202 Il 2y @D
leN leN

foru € HOI(.Q) withu =) ;e wi, where w; € Wy, l € N, and 0 < Amin < Amax <
co. In the following, we will use the symbol =~ to indicate such an equivalence
and call Ay, and Apax norm equivalence constants. The next theorem shows
that a similar equivalence exists in higher dimensions with dimension-independent
constants.

Theorem 1. Foru € HJ (2¢), it holds that

d
a(u,u) ~ Z ( Z 221p>||wl||22(9d) for u= Z wr with wy€ M,le N? |
leNd p=1 1eNd
(22)

where the constants Afn‘fz and MY associated with (22) are the same as in (21), i.e.

2D = doin and A4 = .

min max

Proof. In (4), we have introduced (¢ J’i):-lil as a basis for the space V. Of course,
there also exists a L2-orthonormal basis (v J,f):-zl of V. Furthermore, we need
the orthogonal decomposition (a)l,i)lJ:1 of j; € Vyforalli = 1,...,ny with
w; €W, l=1,...,J and

J
Y=Y o
I=1
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Next, analogously to (11), we define

Yri(x) = Vi (x1) .. ¥, (xg) and oi(X) = oy, (x1) o, 0, (Xq)

foralli € yyand 1 € Jd This opens a direct way to find orthogonal

decompositions of functions u = Ziem aiyyi € VJ by
u=Q e ) o= ), ) o= ), m
i€y 1lesd lez4 i€xy 179
with
w = Zaiwl,i e M (23)
1554

foralll € F¢.
Now, we show that the norm equivalence (22) holds for any u € de with the
constants A, and Ay, from (21). We have

a(u,u) = Z ( Z Oéll/fjl, — Z Jl/fJ,J)LZ(Qd) (24)

Pliexs

d
d
= 2:1 Z Z (axp '1//‘]’17 a Jw"’h’)[}((z) l—[(w.l ig» I/fJ /q)LZ(Q)
p:

i€xyiexs
qsﬁp
(25)
d
:Z Z (a_ Z Oy @{lp}w-’lp a Z al/®{/p}w.”Jp)L2(Q)
p=li=iotiy) P i,=1 7 jp=1
i€y
(26)

We obtain (25) by repeated application of the distributive law and by using the

product structure of the L2-scalar product. Then, the orthonormal basis property of

the (Vs, l)l_l cancels all terms for iy # j;,q # p, and we get (26). Note that
i=io {ip}=(1.....ip—1.ips1,...,ig) and

i {ipy=(1.....ip=1,ipipt1,...,iq) .

We can apply the one-dimensional norm equivalence (21) to (26) and get the upper
bound
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d
fp; max Z Z 221p( Z @i )Pl i o Z G e{jpyPlp, j,,)LZ(Q)

=iofip}lp=1 ip=1 Jp=1
i€y

(27)

d J d

=dmax Y . O Y. 2oy, ajor, )2 [] Waig Vi) 2@

p=lieyyjexyl,=1 q=1

q#p
(28)

Amax Z Z Z Z Zzlp(a'wlp ip»4jPLp, ]p)Lz(.Q) 1_[ (wlq ig»@lg, Jq)Lz(.Q)

p=lieyxyicxyezd
J
qaép

(29)

b X (5 2) (X o X oso) - a0

lez§ p=l1 i€xy J€xy

In (27) and (28), we used the distributive law again and reintroduced the terms we
dropped previously. In (29), we replaced the ¥, ;, and ¥/, ;, by the decompositions
leq=1 wy, i, and Z,Jq:l wy,,j,» respectively. Then, in (30), we recombined the
product of d one-dimensional L2-scalar products to one d-dimensional L2-scalar
product. Note that the lower bound with A, can be proven in the same way.
Now, in combination with (23), we know that (22) is a norm equivalence with
constants /\I(ndax < Amax and /\[(T‘Q > Amin.

Next, our goal is to prove the sharpness of the estimates, i.e. we will show that
indeed )kr(,ﬁ& = Amax and )Lffiz = Amin. Since (21) holds for Amax and Amin on V4,
it also holds on VJd c V4 with optimal constants Ayax(J) < Amax and Ayin(J) >
Amin. We now choose umayx,s € Vy associated with the constant Apmax (J) of (21), and
plug the multivariate function

M(X) = umax,](xl) tee umax,](xd)

into (24). This results in an equality instead of an upper bound in (27) with the
constant Ay.x (J) instead of A, Because of

2D >4 () S Apax for J — 00,

max —

we can conclude that )Lr(fé& = Amax. The A[(fﬁ)l -case can be shown analogously. O

The norm equivalence (22) can be found in, e.g., [31] or in [33] for the 2d -case,
but so far no special attention was paid to the dimension-independence of the
equivalence constants. A remark in that direction can also be found in [16].
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3 A Dimension-Independent Full Grid Preconditioner

The norm equivalence (22) holds for orthogonal subspaces (W), 74 In order to

make this result available to our discretization, which is based on the subspaces
(Vl)le 745 see Sect.2, we need an orthogonalization operator, which will be

defined in the next subsection. Then, in Sect. 3.2, we can finally present our new
preconditioner.

So far, we have used d and J as subscripts to indicate the dependence on the
dimension and the discretization level. For the following operators and matrices this
dependence is still present, but we will omit these subscripts for better readability.

3.1 Orthogonalization Operator

We now consider the whole multivariate sequence of subspaces 11,1 € ﬁf, which
we denote as

de = (Vl)leﬂ;’ :

For it, 1 € (W), 74> We define the scalar product

(@.0)pg = > (nv)oggay for i=(m)czpq and O = (v)czq -
179

Then, we define the operator P I7Jd — I}Jd by
Pi= (@wim)ezd -
where Qw; : V4 — W is the standard L2-projection into W}, i.e. it holds
(QVVIM,WI)LZ(Qd) = (u,Wl)LZ(Qd) forall wy € W (31

for u € V4. The following well-known Lemma 1 is the basis for an efficient
computation of Qwu,l € % }1 , without an explicit discretization of the spaces Wj.

Lemma 1. There holds the identity
QW1 = (QV11 - QV/lfl) X ® (QV[d - QVldfl) ,

where Qy, : V — V] denotes the one-dimensional standard L2-projection into the
space Vj.
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Proof. We abbreviate z; = (QVzl - QV/]—I) R R (QVzd - QVzd—1)“- First, we
have to show that z; € W,. It is obvious that z; € 1}, but we also have to establish
the orthogonality to all vx € Vi for k < I,k # 1. To this end, let us pick an index
i €{l,...,d} with k; < I;. Then, we have

(@) 2@dy = (- ® (Qv, — Qv ) ® ..U, Vk) 2 (4)
=(®(Qv, —Qv,) ®...u, ) 2(0d) = 0. (32)

In (32), we used the d-dimensional generalization of the equality
(QV[_]M, vk)LZ(_Q) = (u, vk)Lz(_Q) = (QV]M, vk)LZ(_Q) forall v, € Vpywithl —1>k,

which holds since Vi C V;_; C V. Now, we know that z; € W], but we still need
to show (31). Due to the Lz-orthogonality of wy € W to all functions in Vi with
k <1,k # 1, it holds that

(@ w)r2@dy = (Qv, — Qv ) @ -+ ® (Qv,, — Oy, ). W) [2(24)
=((Qv, ®--® Oy, Ju.w)2(ga)
= (”sWI)L2(.Qd) ,
and thus we have proven that z; = Qwu. O

The operator P can be given in block-diagonal matrix form as P RNa.sxNay
with blocks (P);x € R™*" and

Qw, for 1=k,

(33)
0 else

Py =

forall Lk € f;i, where Qu;, € R is the matrix representation of the operator
Qw, restricted to the subspace V. According to Lemma 1, the matrices Qw; can be
expressed by

Qui =M, —L'_ (M ;=)' T M) ® - @ (I, — L (M ,—) ' My, . (34)

where M ; are the non-hierarchical isotropic mass matrices from (9) with J = /.
Note that, besides the simple 2-level restrictions and prolongations, d applications
of one-dimensional mass matrices and d applications of the inverse of one-
dimensional mass matrices are employed. Both operations can be cheaply executed
since only band matrices are involved here, e.g., tridiagonal matrices for linear
splines.
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Note furthermore that P possesses the overall Kronecker product structure
d
P =P,
r=1
with a block-diagonal f’l € RNt xNis  where

P; = diag(}, 2 — BMy, ) "My, .. 1) =1 (My 1) ' 157 My ) .

The block-diagonal structure of P in combination with the Kronecker product
structure (34) allows for an efficient application of P inour generating system, which
involves '(d - Nd, s) floating point operations. A more detailed cost discussion will
be given in Sect. 3.3.

Note that even though the matrix P is block-diagonal, it is not symmetric since
its blocks on the diagonal are not symmetric. This is even more remarkable as the
corresponding operator P 171‘1 — de is self-adjoint. In fact, the non-symmetry is
a property only of the matrix representation.

For our preconditioner, we also need to apply P efficiently. To obtain a favorable
representation of P7, we first consider the mapping

2 RFas i

that maps a block-structured vector Xg,7 = (X1,i);c,, 1c 74 of the enlarged generat-

i€x,
ing system to a collection of subspaces by

Z: ka5~ O Xt 74 - (35)

i€

Note that P and P are linked by P=Z2'PZ.
Lemma 2. The adjoint Z* : VJd — RNa.s of (35) is given by

~

Z% i~ )A(dj_] with ﬁd’J = ((ul’¢l=i)L2(9d))iex|,leﬂ§1 for = (”l)leﬁ‘g .

Proof. Forany 0 = (vl)leyg € 17;1 and X4 7 € RN4.7 | we have

(Zfid,J»ﬁ);}Jd = DO mibWi2eay = Y, D (o i) 2

lez¢ i€n 1ez4 i€

= (ﬁd,J,ZA*ﬁ)KZ . O
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Now, having Z and Z*, we are able to give a computationally efficient representa-
tion of PT .

Lemma 3. It holds that

where G : RN¢.sxNa.1 js 4 block-diagonal matrix with blocks ((A})l,k e R™ and

M, for 1=Kk,

0 else

G =

foralllLk € 9;1 with the mass matrices My = ®‘;=1 My,

Proof. 1t holds that

(Z*Z%a.y.3a.0) 2 = (Zid,JvZ)A’d,J)I}Jd = Y > i b r2@ayn;

1e7¢ bi€n
AT A~
= Xd’]Gyd,J )

and thus Z*Z = G. Then, we can infer

AAA

T =(Z1P2)y = 2*P(2 YV =GZ2 ' P2G = GPG! . O

Note furthermore that the operator Pisa projection, i.e. PP = P.The same is true
for P since

AN A A

PP=21p22'p72 =271

A

PZ=2771pP

A

=P.

~»
N>

Finally, we need the following Lemma.

Lemma 4. For a block-diagonal scaling matrix D e RVe.sNas with blocks
D)1 € R forL k € F¢ and

(ﬁ)]k _ C]Il fOV 1=k s
’ else ,

the matrix D commutes with any other block-diagonal matrix B € RNa.s*Na.s je.
a block-structured matrix with blocks (B)1x € R™" forl k € 9;1, where

By for 1=k,

B =
else ,

and By, € R™> " gre general matrices.
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Proof. For ease of notation, we use Kronecker’s § in this short proof. It holds that

(DB); = Z D)mB)mx = Z Si.mC18m,1Bi = S kc1Bi

d d
meFg meF G

=SuBick = ) SmBmbmkcm = Y BlrmDmix = BD)ix .

meﬁ‘j meﬂ‘?

and thus DB = BD . ]

Obviously, Lemma 4 can be applied to, e.g., B=PorB=G.

3.2 Preconditioner

Now we will present our new preconditioner for the operator matrix Ad, J. To this
end, the most important ingredient is the norm equivalence (22). From Theorem 1
we already know that its constants are independent of the dimension d and bounded
independently of J.

Theorem 2. Let D e RNVe./xNas pe g diagonal block-structured scaling matrix
with blocks (D)1 x € R™" and

d
. 22I0)] 1=k,
Br — (p; ) for

0 else
foralllLk € 9;1. Then, the generalized condition number of the symmetric matrix
L7'PTD 124, ;D7 V2P T (36)

is bounded asymptotically with respect to J and is completely independent of the
dimension d. Here, L is the Cholesky-factor ofG ie.G=LLT.

Proof. For any block-structured vector X7, 7 € im P, we have

T pT A DS T A s
Xd’JP Ad’JPXd,J = Xd’JAd,_]Xd"] (37)

=a( Z le,i(,bl,ia Z le,i¢l,i)

lez4 i€ lezd i€
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d
2
~ 21 s
= 3 (X27) Xt e, GO
lez§ p=1 i€
d
= Z (Z ZZIP)XITMIXI
legd p=1
=30 DGRy . (39)
In (37), we have used f’f(d’ J = X4,y and in (38), we have applied the norm

equivalence (22). The levelwise summation of the mass matrix products was then
expressed using the matrix G in (39). In the following, we need the block-diagonal
factor L of the Cholesky-decomposition

A A A

G=LLT.

Wesetyg 5 = I:T]A)l/z)}d"] and obtain with DG = D/2GD!/2, see Lemma 4, the
equation

=T DA T N1/27 T TH1/23 T &
%1 DGRy y = &1 ,DVLLTDY 2%, 5 =97 /54,7 -

Then, using the equivalence of (37) and (39), and %4, ; = D~'/2L-T§, ;, we obtain
the relation

V. LD PRTA PO L 5 g = 57 454 (40)

for all 4 ; € imLTD'/2P with the same favorable constants as in (22). With the

commuting of the matrices P and DV 2, see Lemma 4, the left-hand side of (40)
leads to (36).

Finally, we have to show that no v, ; € RNa.s with Va7 L ¥a.5 affects the
spectrum. From the Fundamental Theorem of Linear Algebra, from PT = Gf’G_l,

see Lemma 3, and from P7D!/2 = DV/2PT we know that
Va,J € ker PTD'/2L, = ker D'/2GPG 'L = ker D'/2GPL.TL 'L,
= kerPL.7T . 41)
We dropped the matrix D'/2G from the kernel in the last equality (41), as itis a full-
rank matrix and thus has no effect on the kernel. Obviously, if ffd, J € ker PLT,

then V4 ; belongs to the kernel of the preconditioned system (36). This finally
proves the theorem. O

As aresult of Theorem 2, we can express our preconditioner for Ay ; as

~

Cay = POIGIPT .
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Moreover, this approach also gives us with Ad, J = gg JAd, _]Sd’ J the precondi-
tioner

Ca,y :=S4sPD7'G'PTS] (42)

for the fine grid system matrix A4, . The preconditioned system possesses the same
condition number, i.e. it is also independent of d and bounded independently of J.

3.3 Cost Discussion for the New Preconditioner

So far, we obtained a preconditioner with condition numbers independent of d
and bounded independently of J. Of course, the question is now how high its
computational costs are. Remember that a perfect preconditioner would be A;’IJ
anyway, but it involves way too many computations. With (42) we now have a
preconditioner C4,; which comes, up to a d- and J-independent constant, close
to Ad_’lj, but involves only a number of floating point operations that is linear in the

number of degrees of freedom Nd, s of the enlarged system.

We will now give a short discussion of the required matrix-vector multiplications
and their costs, also with respect to the dimension d. As stated earlier, the
application of the matrices Sd, s and S; ; onto a vector can be implemented by

a simple algorithm that exploits (15) in &(d - Nd’ s) floating point operations. The
application of D1is obviously possible with the same cost complexity. The matrix
G ! needs however a more elaborate discussion. As it is block-diagonal, its action
can be implemented with an algorithm that works subspace by subspace. On every
Wle 3“}1 , the mass matrix M} = ®‘;=1 Ml,lp must be inverted. As these matrices
have Kronecker product structure, the inversion can be realized by the application
of Ml_}p to the dimension p for p = 1,...,d. We assume the functions {¢,i}icy,
to be of finite element type (h-version with fixed polynomial degree) having local
support. Consequently, the associated one-dimensional matrices M ;,, have band
matrix structure with constant band size and are thus invertible with linear costs.!
As aresult, we have a cost of '(d-n;) on each subspace and obtain a cost complexity
of 0(d - Nd, s) in total. The same argumentation holds for P, which has a somewhat
more complicated form, see (33) and (34), but also works subspace by subspace,
where we can again exploit a Kronecker product structure. In total, we arrive at
costs of O(d - Nd, 7) for our preconditioner. The application of Ay j is directly

'Non-local basis functions (p-version) are likely to result in a Toeplitz-type matrix, which can be
inverted in log-linear time.
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possible? in &'(d?- Nyg,7) due to the representation of the system matrix as a sum of
Kronecker product matrices (8). In comparison, our preconditioner (42) is slightly
more expensive since its costs depend on the enlarged system with Nd, J degrees of
freedom. However, a geometric series argument shows that

Nag=0QNgy) = 00292 = 62V V) = O(Ng541)

and thus the costs for our preconditioner on level J compare simply to the costs for
a regular fine grid system on level J + 1.

4 Sparse Grids

So far, we have dealt with the preconditioning of an isotropic full grid with &'(Ng_s)
degrees of freedom. They scale exponentially with the dimension d and are thus
impossible to deal with for d > 4 anyway. Under some additional smoothness
requirements, sparse grids [15] remove this curse of dimension to some extent.
Then, the multivariate multilevel structure is a fundamental necessity for both, a
good preconditioner and the discretization itself. The implementation of a sparse
grid multilevel discretization was already dealt with in [15,22]. In the following, we
discuss our new preconditioner for the sparse grid case in detail.

4.1 Definition

We can use an index set .# C N?,|.7| < oo, which defines the subspaces included
in some discretization by

W::ZVI.

le.s

A proper choice of .# now depends — besides the error we want to achieve — on the
smoothness of the function class® for which we want to approximate.

2Note that it is even possible to execute this matrix-vector product in &(d - N, ;) operations by

the successive multiplications of My ; and of Ay /M = ZZ:1(®5;1 I) ® A M} ®
d

(®g=p+1 L)

3In this paper, we restrict ourselves to homogeneous boundary conditions and do not introduce

functions at the boundary. However, by u = ugs + up with ugs|r = 0and —Auge = f + Aur,
we cover any case with Dirichlet boundary functions ur = gon I".
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For example, the full grid space VJd from (5) can be described by the index set
3531 from (13), i.e. de = V&’;’ , and has the approximation property*

dnf =l gay = (@27l ga,
ZJ
with rate + — s and u € Hé([?d). Its number of degrees of freedom is of
the order &'(2’¢). Thus, the accuracy as function of the degrees of freedom
deteriorates exponentially with rising d, which resembles the well-known ‘curse
of dimensionality’, cf. [6, 15].
The sparse grid index set

SE=0eN Iy <J+d-1} (43)

circumvents this problem to some extent provided that additional mixed smoothness
u € Hé’mix(ﬂd ) is present. For details, see [15]. An example for the function
system associated to de is given in Fig. 1 (right) for the two-dimensional case.
The associated rate of best approximation
. 2 . —2@—s)J ||,,112
velllflid [|u U”Hs(_qd) =c(d)2 ”M”Hé]ix(gd)
J

is the same” as for the full grid space, i.e. ¢ —s, but the number of degrees of freedom
now is only of the order ¢(27 J4~1) in J. This is a substantial improvement of
the asymptotics in J in comparison to the full grid case. A-priori H*-optimized
sparse grids need, depending on the available smoothness class, even less degrees
of freedom. For further details, cf. [15,31].

It is furthermore possible to adapt the index set .# a-posteriori to a given function
by means of a proper error estimation and a successive refinement procedure. This
approach results in adaptively refined sparse grids, see e.g. [22, 25]. Note that
for both, practical and theoretical reasons, our index set .# needs to satisfy the
admissibility condition

le / keN k<l=ke.s. (44)

The number of degrees of freedom in the enlarged system for the regular sparse
grid space Vy,;z is N;GJ =2 e g 1. Note that here again some redundancy is

involved, but the asymptotics in J of the number of degrees of freedom remains the

“4This holds for a range of parameters 0 < s < ¢t < r with r being the order of the spline of the
space construction. In our case of linear splines r = 2 holds.

SNote that an additional logarithmic term appears in the error estimate for s = 0, cf. [15].
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B

%

3 . « o e eecev o e | [eeecercereseces
. « o o eeeevee | |000000000000000
. o o o eeesees | |oo00o0000000000
. « o o eeeseee | |000000000000000
. o o o 0000000 | [000000000000000
. o o o 0000000 | [000000000000000
. o o o 0000000 | [000000000000000
. o o o 0000000 | [000000000000000
. o o o 0000000 | [000000000000000
. « o o 0000000 | |000000000000000
. « o o 0000000 | |000000000000000
3 3 g 3 23383388 [323333235383833
H g 8 38 8888888 | [883832833883833
: s 8 8 85880558 | [559835535559855
: g 8 3 88888388 | [839835533950833
H g 8 3 8388888 | |883833838383833
: g 8 8 8888888 | [559835580900800
H g 8 3 8388888 | |383833838383833
H g 8 8 8888888 | [559835580900805
: g 8 3 8388888 | |883833838383833
H -] 8888888 | [559835585900805
H g 8 3 8388888 | |883833838383833
: g 8 8 8888888 | |559835530000800
H g 8 3 8388888 | [883832833383883
: 8 8 8 8888888 | |889833885885853
: § 8 8 6888888 | [583835588585885

Fig. 1 The first four levels of a one-dimensional multilevel generating system based on linear
splines (left). Two-dimensional tensorization and the sparse subspace (right)

same as for the sparse grid approach based on, e.g., the hierarchical basis [15], that
is N3¢ = 02779 ) in J.
The weak problem (2) on V&’;’ with the generating system

U tuizien) (45)

lesd
now leads to the equation
ASG £SG [\SG
Az rXa 1 =bay - (46)

Here, the matrix AZGJ is block-structured with blocks (AKSIGJ)Lk e R forLk €
4 where

(A3 = a(dri. diy) for i€ pje xu
and the right-hand side vector f)csfj consists of blocks (lA)(SI?J)l eR™M, 1e .79, with

()i = (Buis fr2egay for ie .

Similar to the full grid case (14), the non-unique representation in an enlarged sparse
grid generating system (45) results in a non-trivial kernel of AISIIGJ. Thus, the matrix
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AZGJ is not invertible. But, again, the system (46) is solvable since the right-hand

side lA)(SIG ', lies in the range of the system matrix and a solution can be generated by
any semi-convergent iterative method.

We will now describe the enlarged sparse grid system (46) as a submatrix and
a subvector of the enlarged full grid system (14). Note that this is done here
for theoretical purposes only. In our implementation we of course avoid the full
grid system with Nd, s degrees of freedom. In fact, our computational costs stay

proportional to N;GJ, which is substantially smaller, cf. Sect. 4.3.

Like in (17), we can express the blocks of A‘Sf] and f)‘sfj with respect to (7) by
Ak =BAg K and (B3 =Tby,s
forlLk € de. Now, we can express our sparse grid operator matrix by
A% =Ry AL RT (47)
and our right-hand side by
b3’ = Ra,sba.s .
where lid, J € RN s *Na.s is a rectangular block-structured matrix with

N I for k=1,
Rg i = :
0 else ,

forl € yjd,k € ﬁ}i. Note that ﬁg‘]ﬁd”] € RNa.sxNas js 5 block-diagonal
scaling matrix in the enlarged full grid system which simply sets all vector blocks

N A A7 SG A7 SG
to zero that belong to 1 € f;j \ .74, and Rd’]jo e RVa.r<Na's is simply the

L . SG
identity matrix on R"4.7 .

4.2 Sparse Grid Submatrix and Preconditioner

The proof of Theorem 2 showed that the condition number of C; jAg4 ;s is
independent of the dimension d and bounded independently of J. We will now
extend this result to the sparse grid case by a submatrix argument. For reasons of
simplicity, we stick here to the case of the regular sparse grid space Vyj and the

associated matrix AZGJ, i.e. to the index set . }1 of (43). But note that the following

proof works with any index set .# C N¢ with .# C F4,7 for which condition (44)
is fulfilled.
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Theorem 3. The generalized condition number of the symmetric matrix

R, L7'PTD2RY JASS 7Ry jD7VPPLTTR] ;€ RV <N (48)
is less than or equal to the condition number of the preconditioned system Cq jAg4,

of the full grid with same dimension d and level J. Thus, the generalized condition
number of CSG ASG with

CY) =Ry yPD'G'PTRY (49)

is bounded asymptotically with respect to J and d.
Proof. We recall (40) from the proof of Theorem 2, i.e.

§h LTIDTV2PT A, POV AT S = Y Sa s (50)

for y4,7 € im L7D!/2P. We obtain equivalence constants, which are at least as
good as those in (40), by the stronger condition

§a.s € imRT Ry LTDV2P C im LTV c RN

The image of IA{Z ; 1s not enlarged by block-diagonal matrices, and we can safely

replace Ad’J by ﬁg’JA‘SfJIA{d,J onim ﬁg,r This gives us
5 LTDTPRTRY A Ry POV 54 5 ~ 5] 5

with the same constants as in (50). Setting iZGJ = lid, 7Y¥a.7 results in

- 5T H . o 5T 5SG
Ya.g =Ry jRa ya s =Ry ;25 .

and we obtain
@5°) R S L7 DTV2PTRY S ASS Ry ,PDTVALTTRY 550, ~ (3507 EY,
on
#30, ¢ imRy /RT Ry LTDV?P = im Ry, LTDY2P RV

It is left to show that vectors V> d i with V3 d L zSG are indeed in the kernel of (48).
We obtain this by

9, € ker(Ry s L7 DV2P)T = ker PTDV2LRY | = ker DV/2GPGLRY

= kerf)l/z(A}f’I:_TﬁgJ = kerf’I:_TﬁgJ ,
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where we have used similar arguments as in the proof of Theorem 2. Altogether,
this proves that the matrix (48) has a generalized condition number that is at least as
good as that for the full grid case, i.e. that of C4 yA4 ;. Finally, we can rewrite the
preconditioner in the form (49) since

F(RyL7'PTDTV2RY JASS R, ,DV/2PLTRY )
= k(R /DVPPLTRY Ry ,L7'PTD1/2R] A5 (51)
= k(Rq/PD'GT'PTR] JASE)) = k(C9,ASY)) . (52)

In (51), we used that K(EF) = K (FE) for arbitrary square matrices E and F, and
in (52) we used that Rd JRd J is the identity on im Rd ;- that L7i ! =G!

finally, that block- dlagonal scaling matrices commute with block- -diagonal rnatr1ces
see Lemma 4. This proves the theorem. O

4.3 Cost Discussion

It is of course important not to implement the matrix AS 4.y hor the preconditioner
CSG from (49) naively, if we want to keep their computational costs proportional to
the number of degrees of freedom N;Gj of the sparse grid. First, let us consider CZGJ

in more detail. In fact, all the matrices IA’, ]3_1, G~! and P7 are block-diagonal,
which means that they can be implemented as subspace-wise operations. As for
X4,y € im RZ;J all vector blocks (Xg,7)1 with 1 € f;j \ de are zero and get

removed by the final application of lid, J anyway, they do not need to be considered
in the implementation. By the same arguments as in Sect. 3.3, we obtain that our
preconditioner can indeed be applied in O'(d - N;Gj).

An efficient matrix-vector multiplication with the operator matrix AZGJ is
however far more complicated than in the full grid case. One reason is that the
index .’} 4 has, unlike .7 75 4 no representation as a Cartesian product, which means

that ASG has no Kronecker product structure like Ad g does. Of course, we
must not use (47), which was given only for theoretical reasons to allow for the
submatrix argument of the last subsection. Instead, we resort to a quite sophisticated
dimension-recursive algorithm based on the so-called unidirectional principle [4,13]
to perform the matrix-vector-multiplication linearly in the number of degrees of
freedom Ns(}J Typically the associated dimension-dependent constant in the costs

is proportional to 2¢. This factor can however be reduced to d? in the case of
the Laplacian by exploiting the LZ?-orthogonality between subspaces, see [21].
Then, the total algorithmic cost of one application of CSG ASG is of the order

o(d*- N5%).
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So far, we have expressed the computational effort with respect to the enlarged

sparse grid system with N 501 degrees of freedom, which has by a factor of about

24 more degrees of freedom than the hierarchical basis [15]. We consider this
acceptable, because the number of degrees of freedom of regular sparse grids is
of the order &(27 J4~1), which is exponential in d anyway. Moreover, the number
of degrees of freedom of energy sparse grids is of the order ¢/(27) in J, but which
involves a constant that is also exponential in d, cf. [29].

Note that it is possible to remove the redundancy of our multilevel discretization
via the generating system (45) by using a prewavelet discretization. This seems to
eliminate the 24 -factor by construction. It however still appears hidden in the setup
of the discrete right-hand side for general functions f. The prewavelet approach and
a new improved preconditioner will be discussed in the next section.

5 Prewavelets

The enlarged generating system introduced some additional difficulties like a non-
trivial kernel of the operator matrix and the need for an orthogonalization operator P.
This can be avoided in the first place if a direct discretization of the orthogonal
subspaces W is available, which is just the case for so-called prewavelets and for
wavelets.

Let us first consider the full grid case. To this end, let us assume that we have

basis functions (wlsi)ie&,le 74 with
W =span{yn;:ie§} for le ﬁ}i , (53)
and set 1) := |&|. Note here that we have L2-orthogonality between different levels

by definition, but we have not necessarily L?-orthogonality within one level. The
multilevel matrix Ay ; € RNa.sxNa.s with

Ad, D ikp = a(Yi Yij) for i€é&,jeb,lke 75 (54)

results just from the system matrix A4,y of (7) by a change of the basis, since

b wm=v.

179
Thus,

Ay =TIA; T,
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where T maps from {1//1,i}i€Sl lezd 1 {#1.i}iex,- The analogue holds for the right-
hand side by ; € RN4.7 with

(ba )i = () 2gay.ic b le Z . e bay=Tby .

Note here that, in contrast to Ad, J, the system matrix Ad, 7 is now invertible, since
the functions in (53) form a basis of Vg;z.

5.1 Preconditioner

Now, we will present our preconditioner for prewavelets and discuss its result-
ing condition number. To this end, we need a diagonal scaling matrix D €
RNa.7*Na.s with blocks (D), € R and

d
O 2?7 for 1=k,
p=1
0 else ,

D)k = (59)

where the Iy € R™1*7 denote identitX matrices on the subspaces. Fllrthermore, we
need the subspace-wise mass matrix G € RNa.7*Na.7 with blocks (G x € R,
where

M, for 1=k,

Gy =
i 0 else .

Here, Ml € R™M*71 denotes the mass matrix

Mij = Wi, Yny) for Ljeé&.

Then, we have the following theorem:

Theorem 4. The condition number of
D'G A, (56)

is bounded asymptotically with respect to J and is completely independent of the
dimension d.

Proof. We translate the norm equivalence (22) into the matrix-vector setting for
X4,J € RNa.7xNa.s and obtain
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a( Z Zfl,il/fl,i, Z Zfl,il/fl,i)

_T T —
Xy 7Ad.0Xd,]

lez¢ ick lez¢ ick
d 2
~ 21 X U s
DO IR0 DI N (57)
lez§ p=1 i€§
d
- ()
lezd p=l1
=X} ;DGXyy .

From Theorem 1 we know that the constants in (57) are independent of the
dimension d and bounded independently of J. This concludes the proof. O

In the case of a regular sparse grid with .# = .¢ the equality

@ wm= ) v (58)

d d
le.ss lesd

holds. The analogue is valid for a general sparse grid with any arbitrary index set
# for which the condition (44) is satisfied. Thus, the regular sparse grid space
Y e 74 V4 or the general sparse grid space ), , V; can both be expressed by the
left-hand side of (58), i.e. with the help of Wj-subspaces. The resulting linear system
matrix Atsf ', 18 just a submatrix of the full matrix® Ad’ 7. Consequently, the condition
number for the sparse grid system is at least as good as the one of (56). Analogously
the resulting right-hand side b3, is just a subvector of by ;.

Note here that prewavelets have been frequently used in the past as the basis
functions of sparse grid discretizations [22, 33] but mostly no special attention was
paid to the dependence of the condition number on the dimension. A simple Jacobi-
diagonal scaling of Ad, J 1s equivalent to replacing the subspace-wise inversion of
the mass matrices G™! in (56) by the identity and the D from (55) by diag(z_&d, J)
This does not affect the asymptotics in J for L2-stable basis functions, but
the condition number of the operator matrix grows now exponentially with the
dimension [21]. Sometimes (D);; = 22!l diag(M)) is chosen, see [31,32], which
also results in condition numbers that grow with the dimension d.

%Here, the level J of the full grid is to be equal to the level J of the regular sparse grid or equal to
the finest level involved in .# for the general sparse grid.
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5.2 Cost Discussion

We now have the preconditioner Cd, J = D !G™! for Ad, J in prewavelet
discretization. At first sight, this approach looks simpler and more efficient than
the more complicated discretizations Ay y and AZG '; using the enlarged generating

system and the associated preconditioners éd, s and é(sic ;> respectively. This is due
to the fact that the prewavelet system {y,; : i € &}ie.» forms a basis and therefore
exhibits no redundancies. Thus, by a factor of about 29 less degrees of freedom are
involved than for the corresponding generating system.

However, there are additional difficulties to be faced in the prewavelet approach,
which should not be underestimated and may give the generating system method a
practical advantage. First, prewavelets are less local than, e.g. the corresponding
multilevel spline basis. Thus, the mass matrix inversions in G~! become more
involved. From a programming perspective, the more complicated basis functions
and different types of prewavelet functions near the boundary make the application
of the matrix Ad, J to a vector more difficult. The efficient application of the action
of the sparse grid system matrix 1_&(510 ', onto a vector is even more involved, since the
unidirectional principle strongly relies on the nestedness of the subspaces. If this is
no longer the case, the one-dimensional operators have to be tailored to the specific
discretization [22] or the algorithm must switch to a generating system anyway [59].

Finally, as already mentioned at the end of Sect. 4.3, the cost complexity of the
setup of the right-hand side BZGJ also has at least a 29 -factor if the corresponding
integrations are realized by the interpolation of the function f from (1) in our
prewavelet sparse grid space and a subsequent multiplication by the mass matrix
to account for the necessary numerical quadrature. As stated in [21], for general
functions f, this approach requires the inclusion of boundary functions in the
interpolation step (even if the solution u# of our Poisson problem has homogeneous
boundary conditions). Since the d-dimensional hypercube 29 has 29 faces, an
additional factor of the order 2¢ enters the cost complexity for the setup of the
right-hand side. The dependence of the cost complexity on the dimension d of other
techniques for the assembly of the right-hand side for wavelets and prewavelets
with sufficient accuracy, e.g. by the solution of an eigenvector-moment problem
associated with the coefficients of the refinement equation [20], is unknown to us.
We however believe that also these methods involve a factor of at least 2¢ in the
d-dimensional case due to the tensor product construction.

Altogether, the generating system approach from (36) and (48) can be seen as
a simple form of implementation of the prewavelet approach and, indeed, both
methods give exactly the same condition numbers for the piecewise linear case.

6 Numerical Experiments

Now, we give the results of numerical experiments for our new full and sparse grid
preconditioners (42) and (49), respectively. We consider the d -dimensional Laplace
operator on the domain £2¢ = (0, 1)? with vanishing Dirichlet boundary conditions.



On the Condition Numbers for the Discretized Laplacian in Higher Dimensions 291

Table 1 Degrees of freedom Nd, s and N 50] and condition numbers k of the preconditioned
matrices (36) and (48) for the Laplacian on the unit hypercube with a full- and sparse-grid
discretization for the generating system approach based on linear splines

DOFs 1(’,1, ;and N dS(} Condition number k
Level J Full grid Sparse grid Full grid Sparse grid
Dim=1 2 4 4 3.40 3.40
3 11 11 4.67 4.67
4 26 26 5.17 5.17
5 57 57 5.84 5.84
6 120 120 6.37 6.37
7 247 247 6.80 6.80
8 502 502 7.16 7.16
9 1,013 1,013 7.47 7.47
10 2,036 2,036 7.74 7.74
11 4,083 4,083 7.96 7.96
12 8,178 8,178 8.16 8.16
13 16,369 16,369 8.33 8.33
Dim=2 2 16 7 3.40 2.99
3 121 30 4.67 4.46
4 676 102 5.17 5.06
5 3,249 303 5.84 5.65
6 14,400 825 6.37 6.20
Dim =3 2 64 10 3.40 2.71
3 1,331 58 4.67 4.28
4 17,576 256 5.17 5.00
Dim=4 2 256 13 3.40 2.51
3 14,641 95 4.67 4.12
Dim=35 2 1,024 16 3.40 2.36

As locally supported basis functions in (4), we choose on level [ the n; = 2 — 1 hat
functions

50)7

!
¢7,i(x) = max(l —2 ‘x — X7,
which are centered at the points of an equidistant mesh

X1, = Z_Ii
fori = 1,...,n;. The resulting space U2V} is indeed equal to the underlying
Sobolev space H (£2) up to completion with the H!-norm, see [15].

Table 1 shows the generalized condition numbers of the preconditioned matri-
ces (36) and (48) of the enlarged generating systems in the full and sparse grid
case for different dimensions d and levels J. We clearly observe that the full
grid condition numbers are bounded from above by a constant independently of
the level J. Moreover, they are perfectly independent of the dimension as our
theory suggests. The sparse grid condition numbers are even smaller than the
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Table 2 Degrees of freedom and generalized condition numbers of the preconditioned sparse grid
system (48) for different dimensions d and levels J

Dim 2 3 4 5 6 7 8 9 10 11 12 13
Degrees of freedom with respect to the level J

1 4 11 26 57 120 247 502 1,013 2,036 4,083 8,178 16,369
2 7 30 102 303 825 2,116 5,200 12,381
3 10 58 256 955 3,178 9,740
4 1395 515 2310 9,078
5 16 141 906 4,746
6 19 196 1,456 8,722
7 22 260 2,192 14,778
8 25 333 3,141
9 28 415 4,330
10 31 506 5,786
Condition number with respect to the level J
1 340 4.67 517 584 637 680 7.6 747 774 796 8.16 8.33
2 299 446 506 5.65 6.20 6.65 7.04 736
3 2771 428 500 549 6.06 6.53
4 251 412 494 535 5.95
5 236 397 488 523
6 224 383 482 517
7 215 371 477 5.15
8 2.07 3.60 4.71
9 2.00 3.50 4.66
10 194 341 4.61

corresponding full grid ones for d > 1, which is in accordance with our submatrix
argument from Theorem 3. In Table 2 (top) we give the number of degrees of
freedom ]\7361 for various values of J and d.

Finally, Table 2 (bottom) reveals that the condition numbers of the sparse grid
even decrease with rising dimension d for a fixed level J. For a sparse grid
discretization of the Poisson problem, these numbers clearly show that we are
altogether able to efficiently solve the associated linear systems of equations for
both, quite large values of J and larger dimensions d.

Finally note that the prewavelet approach from Sect. 5 results in exactly the same
condition numbers.

7 Concluding Remarks

We presented preconditioners C4, ; (42) and (AZ(SIG ' (49) for an isotropic full grid and
an enlarged sparse grid system, respectively. Both result in condition numbers that
are bounded independently of the level J and are constant or, in the sparse grid case,
even decreasing for rising dimension d.
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The computational costs of the preconditioner remained linear in the number of
degrees of freedom. The size of the enlarged systems grows by a factor of about 24
compared to the corresponding basis. This seems a fair price to pay. Better constants
in the respective norm equivalence and associated condition numbers reduce the
number of iterations of Krylov methods and also make corresponding residual-based
error estimates more reliable.

Our new preconditioners can be applied to differential operators other than
the Laplacian. The approach works straightforwardly for constant coefficients or
variable coefficients which are separable, i.e. can be written as a product of
one-dimensional diffusion functions, or can be well approximated by a low-rank
representation. But then the equivalence constants of

2
a(uu) = 431 g, -

i.e. the ellipticity constants, cf. [16], at least partly enter the condition estimate of
the resulting system. If they grow exponentially with the dimension d we may run
into problems, though.

In a similar way, equivalences to H*-norms can be dealt with by using diagonal
scaling matrices

d
. O 2» for 1=Kk,
D)k = pz_:l

0 else ,

and the associated G™! if the regularity of the employed basis functions is sufficient.
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Simulation of Droplet Impact with Dynamic
Contact Angle Boundary Conditions

Michael Griebel and Margrit Klitz

Abstract The numerical simulation of dynamic wetting processes is of interest for
a vast variety of industrial processes, where practical experiments are costly and
time-consuming. In these simulations, the dynamic contact angle is a key parameter,
but the modeling of its behavior is poorly understood so far. In this article,
we simulate droplet impact on a dry flat surface by using two different contact
angle models. Both models show good qualitative and quantitative agreement with
experimental results. For our numerical method, we solve the three-dimensional
Navier-Stokes equations with finite differences on a staggered grid. The free surface
is captured by a level-set method, and the contact angle determines the shape
of the level-set function at the boundary. Additionally, we investigate the mass-
conservation properties of two volume-correction methods, which are invaluable
for the analysis of the droplet behavior.

1 Introduction

The numerical simulation of dynamic wetting processes is of critical importance for
a number of industrial applications such as coating, lamination, lubrication or ink-
and spray-painting. All these applications have in common that liquid comes into
contact with a solid surface and that the phase boundary is in motion. Thereby,
a moving contact-line is produced along the substrate, which is the line where
the air is replaced by the liquid. The quality of the wetting highly controls the
quality of the industrial end products and, therefore, needs to be optimized to reduce
wetting defects and instabilities such as air entrainment or ribbing. Here, numerical
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simulation and optimization is a reliable and cheap alternative to the traditional
time-consuming adjustment of machines and the expensive waste of raw materials.

Despite the industrial interest in the numerical simulation of dynamic wetting
processes, the existing theoretical and numerical approaches so far often fail to
correctly predict the results of practical experiments. This is due to two fundamental
difficulties which constitute the so-called ‘moving-contact line problem’: First, the
classical theory of continuum fluid mechanics (i.e. the Navier-Stokes equations
with the no-slip condition for the velocity) predicts a shear stress singularity at
the moving contact line. The second difficulty is the modeling of the contact angle
which is usually required as a boundary condition and determines the shape of the
free surface at the contact line.

Numerous mathematical models have been developed to remedy the moving
contact-line problem. Most of them remove the stress-singularity, but are unable to
describe the contact angle and flow behavior as observed in practical experiments;
see [13] and the references therein. One of the few models, which considers the
overall physical context of the moving contact line problem, is Shikhmurzaev’s
interface formation model [13]. This model not only removes the stress-singularity,
but is also able to describe a large variety of flow with singularities such as breakup,
malescence or casp formation.

In this article we couple a reduced version of Shikhmurzaev’s interface formation
model with our three-dimensional incompressible two-phase Navier-Stokes solver.
For this solver, we employ a standard discretization on uniform Cartesian staggered
grids and use Chorin’s projection approach. The free surface between the two fluid
phases is tracked with the level-set approach. Here, the interface conditions are
implicitly incorporated into the momentum equations by the continuum surface
force (CSF) [2] method. Surface tension is evaluated using a smoothed delta
function and third order interpolation. The parallelization of the code is based on
conventional domain decomposition techniques using MPI. This allows us to deal
with reasonably fine mesh resolutions in three dimensions.

For the simulation of dynamic wetting problems, our numerical scheme has to
be mass conservative. Otherwise, the comparison of, e.g., numerically evaluated
droplet diameters with those from experiments is impossible. However, the
conventional level-set approach is rather renowned for its lack of mass conservation.
Therefore, we investigate two different techniques for a better conservation of mass
in this article [4,20].

A further difficulty stems from the need for a correct implementation of
the contact angle, which is necessary as a boundary condition for the level-set
function ¢ for the computation of curvature, the level-set advection step and the
reinitialization equation. Here, we present a new Neumann boundary condition for
the level-set function, which is a refined version of the approach used in [9, 12].

The contribution of this article is as follows: We present a simple and effective
way to include dynamic contact angle models into three-dimensional flow solvers.
Furthermore, we extend the droplet impact study by Yokoi et al. [22] to three dimen-
sions and compare their contact angle model to the reduced interface formation
model by Shikhmurzaev [13]. Thereby, we obtain droplet shapes and diameters,
which compare well with those from practical experiments.
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The remainder of this article is organized as follows: The first section is dedicated
to the details of the moving contact line problem, i.e. to the difficulties involved in
the modeling of the dynamic contact angle and to its numerical implementation.
In the second section, we discuss our Navier-Stokes solver and the implemented
level-set method. We then explain how the contact angle can be included as a
boundary condition for the level-set function. Additionally, the dynamic contact
angle has to be modeled: Here, we present the model by Yokoi et al. and the
interface formation model by Shikhmurzaev. In the third section, we describe the
discretization of our two-phase Navier-Stokes solver. We discuss the discretization
of the contact angle boundary condition and the incorporation of the dynamic
contact angle models into our flow solver. Moreover, we present two different
methods to improve on the mass conservation properties of our approach. In the
forth section, we simulate droplet impact behavior on a dry surface and compare the
evolving droplet shapes and diameters to those obtained from practical experiments.
Furthermore, we compare our two improved mass conservation methods and discuss
their convergence behavior. Finally, we give some concluding remarks.

2 The Moving Contact Line Problem

In this section, we describe the moving contact line problem and some of the current
mathematical models for its solution. In this discussion, we include the two contact
angle models by Yokoi et al. [22] and Shikhmurzaev [13], which we use in this
article. Furthermore, tackling the problem from a numerical point of view, we
address the question how the dynamic contact angle can be incorporated into our
two-phase Navier-Stokes solver.

2.1 Modeling Issues

The key to the solution of the moving contact line problem is twofold: On the one
hand, the stress singularity has to be removed and, on the other hand, the contact-
angle behavior has to be modeled accurately.

In the framework of the so-called ‘slip models’ both problems are addressed
independently: First, the no-slip condition for the velocity is relaxed and the fluid is
allowed to slip at the contact line (see, e.g., [7, 8, 15]), which eliminates the stress
singularity. Then, the contact angle 6 is often chosen as a function

Qd = f(Ca, es,kl,kz,...). (1)

of the contact line speed with the capillary number Ca, the static contact angle 6
and material-related parameters k;, which are used to fit the numerical results to the
experiments.
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A fundamental difficulty with these models is, for example, that they fail to
describe the dependency of the contact angle on the flow rate, which is however,
observed in experiments [13]. Thus, the dynamic contact angle is not simply a
function of the contact-line speed and the material properties of the contacting media
as assumed in Eq. (1). Instead, even for the same contact line speed, the dynamic
contact angle can be changed by, e.g., changing the flow field or geometry near
the contact line. For example, in the curtain coating context, Blake et al. [1] have
shown that for a fixed substrate speed, the observed contact angle varies with the
flow rate and curtain height. This effect has been termed the ‘hydrodynamic assist
of wetting’ and it cannot be described by an equation such as (1) — where the contact
angle depends foremost on the speed of the contact line.

In the theory of thin films, the moving contact line problem is circumvented by
assuming that the surface is already covered by a thin film of fluid [20]. Then, with
a scaled lubrication approximation, one can derive Tanner’s law

U = A63, )

where 0 is now an apparent contact angle, which can be defined anywhere on
the free surface. Here, U is a dimensionful velocity and A depends on the fluid
properties. This law is often used for the modeling of the contact angle behavior in
the framework of slip models as a variant of Eq. (1) and becomes

Ca = k(64 — 65)>. 3)

This use of Tanner’s law is conceptually questionable [13, p. 165], since there is
no actual contact angle involved in the derivation of Tanner’s law in the first place.
In this article, we use a related kind of slip model which has been improved and
extended by Yokoi et al. [22].

Instead of an ad-hoc and separable treatment of the moving contact-line problem,
Shikhmurzaev [13] considers its overall physical context in the derivation of his
model for the formation and disappearance of interfaces. Let us shortly state his
idea: We know from experimental observation that the dynamic contact angle differs
from the static one and that the Young equation (Fig. 1) holds. Therefore, we can
conclude that the surface tensions in the Young equation become dynamic as well,
when the phase boundary is in motion. The fluid particles at the different interfaces
relax to their new equilibrium values. This process occurs in finite time and is
captured by Shikhmurzaev’s interface formation model.

In contrast to other approaches, the interface formation model not only removes
the singularity, but is able to predict the experimentally observed rolling motion
of the interface, as well as the dependence of the contact angle on the flow
field. Within the literature, Shikhmurzaev’s interface formation model has been
considered scarcely so far, which is mostly due to its complexity (see [13] and
the references therein and [17]). Therefore, we consider a reduced version of the
interface formation model for small capillary numbers in this article. However, even
this simplified model has been scarcely used so far [5,11, 14].
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Fig. 1 Young’s force diagram: o, = 0, + 07, cos 6. Here, o, is the solid/gas, o,; the solid/liquid
and oy, the liquid/gas interfacial tension

Obviously, there are fundamental differences between both contact angle models
considered in this article: The contact angle model by Yokoi et al. lacks a
thorough underlying mathematical theory. It is developed for and based on a single
droplet impact experiment only. A straightforward application of this model to the
numerical simulation of other wetting experiments is difficult. Rather, this model
is a prescription of contact angle values which fit well with a specific practical
experiment. Since the prescribed dynamic contact angle values are very close to
the ones observed in the experiment, the modeling error for the specific experiment
is very small. Therefore, it gives us the opportunity to test our contact angle
implementation as well as our methods for volume conservation and compare them
to the results of the experiments.

On the other hand, behind Shikhmurzaev’s model, there is a whole theoretical
framework to explain the formation and disappearance of interfaces. This model is
able to describe a vast variety of dynamic wetting phenomena. However, we use the
reduced interface formation model, which is derived for small capillary numbers
only. Therefore, we expect to obtain an approximate and smoothed contact line
speed-contact angle relationship compared to the practical experiments and Yokoi’s
results in [22]. Still, the reduced model is an excellent trade-off between the complex
full interface formation model and an easily implementable and reasonably accurate
dynamic contact angle model. This will be seen in the remainder of this article.

2.2 Numerical Issues

Numerically, we have to address the difficulty of the correct implementation of the
contact angle, which is needed as a boundary condition for the level-set function ¢.

In the literature, a number of different approaches for the contact angle boundary
condition of the level-set function can be found: Here, the simplest model is the zero
Neumann boundary condition, which effectively fixes the contact angle to be 90°. If
6 is variable, the implementation is less clear. One of the main approaches [22,23]
was developed by Sussman [18]. Here, the contact angle is taken into account by
extrapolating the liquid interface, represented by the level-set function, into the
solid. This approach requires the construction of an appropriate extension velocity,
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but the exact location of the position of the contact-line is not needed. Moreover,
in a method by Spelt [16], contact-line position and contact angle or contact line
velocity are determined iteratively.

In [24], the movement of the contact line is induced by diffusion. Instead of
using a direct relation between the gradient of the level-set function and the normal
of the interface, a regularized normal vector field is constructed to avoid flux of ¢
over the boundary. Thereby, two additional regularization parameters appear, which
influence the shape of the free surface at the contact line.

In [9, 12] a Neumann boundary condition for the level-set function is derived as
follows: Let our fluid flow domain §2 be abox and x = (x, y,7) € £2. Then, at, e.g.,
the wall y = 0, the geometric relation

n; -n,, = cos(6) (€]

holds for the contact angle 6. Here, n; is the outward surface normal and n,, =
(0,—1,0)" is the outward normal at y = 0. Now, a Neumann boundary condition
for the level-set function can be prescribed by rewriting relation (4) as

gy =—cos(8) for ] =1. 5)

However, the condition ||¢| = 1 is not always fulfilled. Thus, the recovery of this
property of the level-set function is achieved by some reinitialization equation in the
first place. In this article, we extend this approach and show that

@y = —cot(0)\/e2 +¢2 for 0<6O<m (6)

without further assumptions on ¢. Similar techniques have already been used by
Fang et al. [6] and Mourik [21] within the volume-of-fluid approach. Note here,
that our approach is consistent with the extension technique by Sussman [18] for
the case that the geometry is a box. Like in his approach, we do not need to
locate the exact contact line position. Additionally, relation (6) allows us to set
contact angle boundary conditions for complex geometrical objects in our fluid flow
domain.!

3 Mathematical Model

In this section, we discuss the mathematical model for the three-dimensional flow of
two immiscible incompressible fluids. We show how the contact angle can become
a boundary condition for the level-set function and present two different models for
the dynamic contact angle as given by Yokoi et al. [22] and Shikhmurzaev [13].

'Then, contact angles at corner cells of the geometry have to fulfill further restrictions as described
in [6].
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3.1 The Navier-Stokes Solver

The behavior of the fluids is governed by the incompressible Navier-Stokes
equations defined on an open set 2 = £2; U £, U I'y C R? with Lipschitz
boundary I := 0£2. The two fluid domains £2; and £2, and the free interface
I'y = 0821 N 0£2, depend on time. We capture the interface by a level-set
formulation, and surface tension effects are included via the CSF method [2]. Thus,

p(@) (Bru+ (u-Vu)) + Vp = V- (u(p)S) — ok(p)s(¢)Ve + p(9)g
V-u=0
with time ¢ € [0, T'], fluid velocity u, pressure p and volume forces g. Here,  is the
viscosity and p the density. The fluid stress tensor is defined by S = Vu + (Vu)’.
The curvature of the free surface is given by «, the surface tension is denoted by o,

and § is the one-dimensional Dirac-delta functional introduced in the CSF approach.
We choose a level-set function ¢ as a signed-distance function such that

<0 ifxe £
p(x, 1) =0 ifxe 'y ®)
>0 ifx e $2,

holds and the Eikonal equation |V¢| = 1 is fulfilled. The interface between the
two fluids is then given by the zero level-set of ¢:

y(t) = {x:p(x.1) =0} ©)

for all times ¢t € [0, T]. The level-set function is advected by the pure transport
equation

¢r +u-Vo =0 (10)
with initial value @o(x) = ¢(x, 0).

With the help of ¢ we define the density p and the viscosity i on the whole
domain, i.e., on both fluid-phases. To this end, we set

p(p) :=p2+ (p1 —p2)H(p) and (@) := p2 + (1 —u2)H(p),  (11)
where H (@) denotes the Heaviside function which is defined as
ifo <0

ifp=0 (12)
if o > 0.

H(p) ==

— = O

The Navier-Stokes equations (7) have to be complemented with boundary
conditions for the pressure, the velocity and the level-set function.
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In the next subsection, we present a boundary condition for the level-set function,
which is required for the transport equation (10), the level-set reinitialization and
the computation of the curvature «. This condition determines the shape of the free
surface at the contact line and, therefore, depends on the dynamic contact angle 6,
as soon as the contact line is moving.

Finally, in addition to the standard equations of fluid dynamics described above,
the dynamic contact angle has to be modeled properly, which will be presented in
Sects. 3.3 and 3.4.

3.2 The Contact Angle as a Boundary Condition

As already exemplified in Sect.2.2, we now formulate a Neumann boundary
condition for the level-set function, which incorporates the dynamic contact angle.
Thus, at the boundary of £2 the contact angle is defined by the geometric relation

n; - n,, = cos(6), (13)

where 6 is the contact angle (static or dynamic), n,, is the outward normal drawn
from the flow region into the boundary, and n; is normal to the level-set function
which points from the fluid phase with lower level-set values to the one with higher
values, i.e.

Vo

= . 14
Vel (9

ny;

Then, the boundary condition for the level-set function is given in the following
proposition.

Proposition 1. At any wall of §2, whose outward normal is given by ni, = +e’ for
some i € {1,2,3}, the level-set’s i-th derivative ¢, can be related to 0 by

3
2. ¥

J=LJj#i

¢x;, = £ cot(8) (15)

forany angle 0 < 6 < 7.

Proof. We prove this proposition here for two walls with outward normals
n?2 = —e? and n2 = €2, since the cases n/, = +e' fori = 1 ori = 3 can be
treated in the very same way. For both boundaries, we have to distinguish between
thecases0 <6 < Zand 5 <6 < 7.
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Let nﬁ, = —e? = (0,—1,0)". Then, from Egs. (13) and (14), we have
n; - m2 = cos(f) & —g, = cos(8)[Vel. (16)

First, let 0 < 6 < % Then, 0 < cosf < 1 and sin2(9) =1 —cos?(f) > 0. Since
cos(f) > 0, we conclude that —¢,, > 0 as well, and define the positive function

¢ 1= —@x, with ¢? = (p%z. Inserting ¢ into Eq. (16), we obtain

qb = COS(Q) @)%1 + (152 + @)%3

Now, only positive variables constitute both sides of the equation. Thus, we are
allowed to take the square of both sides and still obtain the equivalent relation

P = cosz(é)(qo)%1 +¢* + ‘/’;%3)
PN @ (1- 0052(9)) = 0052(9)(%%1 + ‘/’)%3)
cos?(0)
N ~2 — 2 4 2
¢ 2 () ¥ ¥ s
__ cos(f) >
< v = sin(6) IR

Again, taking the root to obtain the last equivalency relation is only allowed since
all parts of the equation (including sin?(6)) are greater than or equal to zero. Then,

for 0 < 6 < Z, we have sin(f) = /1 —cos?(6). Resubstituting ¢ = —¢y,, we
obtain the desired result

Px, = —cot(0) /937, + ¢Z..

Now, let 7 < 6 < 7. Then, —1 < cos® < 0 and sin?(8) = 1 — cos?(6) > 0.
From (16), we know that ¢, > 0, since cos 8 < 0. We define the positive function
¢ := —cos(0) with ¢2 = cos?(#) and obtain likewise

Pxy = CrJ02, + 02 + 92, © @x, = —cot(0) /92 + ¢2,.

In the second part of this proof, the outward normal of the boundary is given by
n2 = e2. Then, from (13) and (14), we have

n 02 = cos(0) & ¢x, = cos(0)| Vo (17)

Again, we consider the two cases 0 < 6 < Z and 5 < 6 < 7. First,let0 < 6 < 7.

Then, 0 < cos@ < 1 and sin?(0) = 1 — cos?(6) > 0. From (17), we know that
¢x, > 0, since cos 6 > 0. Similar to the first case above, we can then show that
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Ox, = c08(0) 02, + 92, + 92, & x, = col(0) /03, + ¢Z,.

Now, let 3 < 6 < m. Then, —1 < cosf < 0 and sin?(0) = 1 — cos?(6) > 0.
From Eq. (17), we know that —¢,, > 0, since cos < 0. We define the positive
function ¢ := —cos(#) with ¢ = cos?(#) and the positive function ¢ := —Qx,
with g2 = (p)%z. With these definitions and similar equivalency relations as in all the
other cases, we obtain

¢ =0,/92 + ¢% + 92, & ¢x, = cot() /92, + ¢2,. o

The above proposition allows us to write the contact angle 6 as a boundary
condition of the level-set function. Now, the hard part is a reliable model for the
dynamic contact angle 8 = 6;. In the next two subsections, we will describe
two different dynamic contact angle models, which we will later employ in our
numerical method.

3.3 The Dynamic Contact Angle Model by Yokoi et al. (C1)

Yokoi et al. [22] propose a dynamic contact angle model, which combines Tanner’s
law (3) with a static advancing and receding contact angle, since Tanner’s law holds
for small capillary numbers only. In the combined model, similar to what is observed
in experiments, the contact angle tends to both the limit of a maximum advancing
angle 0,4, as the dimensionful contact line speed u. increases and the limit of a
minimum dynamic receding angle 6,4, as u) decreases:

1
min{fs + (2<)”  Opaa} if  uq >0
6a = S(”Jl (C1)

max{0s + (%ﬁ')g y Omary if ug <O.

Here, 05 is the static contact angle, and the material-related parameters k, and &,
are adjusted to fit the numerical results to the results obtained by measurements.
Furthermore, the stress singularity is circumvented by inducing numerical slip for
the velocity at the contact line.

3.4 The Dynamic Contact Angle Model by Shikhmurzaev (C2)

The second model for the dynamic contact angle at small capillary number is a
reduced version of Shikhmurzaev’s interface formation model [13]. The full model
accounts for different classes of flows, where interfaces are formed or destroyed.
The equations, which capture the surface tension relaxation process and have to
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be solved on the surface itself, are derived from mass, momentum and energy
conversation. For the case of small capillary and Reynolds numbers, we can analyze
them as a local problem whose solution can be incorporated into various types of
global flow problems. Here, lots of experimental works simplify the verification of
numerical results.

We follow the description in [13]. There, the flow domain is split into two
asymptotic regions, and in both the limit Ca — 0 is studied analytically. In the
inner asymptotic region to leading order in Ca the dynamic contact angle and the
dimensionless contact-line speed V' are related by

2V [cos(65) — oy + (1= piy) (1 + plyucin (G- k)]
V 4+ [V2 4+ 1+ (cos(ls) — osg) (1 — pi)]?

cos(fs) —cos(6y) =

(C2)

with 6; the static contact angle, k,, the gas-to-liquid viscosity ratio, and p;; = 1 —
%, where oy and oy; denote the surface tension in the gas-solid and liquid-
solid interface, respectively, and A is a material parameter. Here, the radial velocity
1u(12)(04, k) must be derived from the solution in the outer region.

In particular, in the outer region to leading order in Ca the free-surface curvature
becomes zero and one obtains a flow problem in a wedge [13]. The solution to this

problem was given by Moffatt in [10] as

sinf; — 0, cos by

u(i2)(04,0) = (18)

sinf; cosf; —0;°
If the viscosity of the gas phase is taken into account, Moffatt’s solution becomes

(sin 83 —04 cos 07) K(62)—k,;,(sin 0, — 6 cos ) K(6,)
(sin 84 cos 03 —04) K(62) + k. (sin 6 cos 6,—0,) K (64) ’

ua2y(0a, k) = (19)

with 0, = 7 — 6 and K(9) = % —sin? 6 [13].

Alternatively, u(12) (84, k;.) in (C2) can be replaced by the inner limit of the outer
solution, i.e. by a numerically computed far field velocity sufficiently close to the
contact line. This alters the dynamic contact angle for the same contact line speed
and is exactly what is observed in laboratory experiments as the nonlocal influence
of the flow field/geometry on the dynamic contact angle.

As described in [13], we introduce the reference velocity U and the scaling factor

Sc by
_[ypo(1 + 4ap) ] o2tf
U= —1,3 and Sc = —szpf,(l T iap) (20)

Here, o is the equilibrium surface tension, & and 8 are phenomenological constants
depending on the ‘state of the interface’, y is a phenomenological constant
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Table 1 Parameters for distilled water impacting on a silicon wafer onto which hydrophobic silane
has been grafted

Distilled water: p; =1.0_3 kg/ms, p; =13 kg/m> Surface tension: 0 =72_,N/m
Air: e =1.82_skg/ms, p, =1.250kg/m*® Boundary conditions: no-slip

Forces: g =(0,—9.81, 0)m/s? Droplet diameter 2.28_3m

Inital velocity: u =(0,—1.0,0)m/s ka: 9.0_9

dea: 114° kri 9-078

der: 52°

describing the compressibility of the fluid, 7 is the surface tension relaxation time
and pj is the surface density for zero surface tension, both of which can be treated
as material constants. Thus, Sc depends on the material properties of the fluid and
the interface. Then, the dimensionless contact line velocity is given by

V:@:uclu
U o

Sc, (21)

and Sc can be chosen to fit the numerical results to the experimental data.

Let us demonstrate how the dimensionless parameter Sc influences the results of
Eq. (C2). As an example, we consider a droplet of distilled water which impacts on
a silicon wafer onto which hydrophobic silane has been grafted. The equilibrium
contact angle of the substrate with distilled water is 90°, and the relevant physical
and numerical parameters of this experiment are listed in Table 1.

Thus, (C2) can be resolved with respect to positive V' as given in [13]. Since
we are interested in the relationship between the dynamic contact angle and the
dimensionful contact line velocity, we also use (21) to plot the dimensionful speed-
angle relationship for different values of Sc. The remaining parameters are chosen
according to Table 1, p;; = 0.9, o5 = 0, and u(12)(04,0) is determined by
Moffatt’s solution (18). The effect of the variation of Sc is shown in Fig.2: We
see that the contact angle as a function of u increases from its static value 65 and
tends the faster to 180° the more we increase Sc. The horizontal straight red line
indicates the maximum dynamic advancing contact angle of 114° determined from
the experiments. For Sc = 11.5 this value is reached at a maximum contact line
speed of about ug = 0.4 m/s.

4 The Numerical Method

In this section, we describe the discretization of the Navier-Stokes equations (7)
in space and time with special emphasis on the level-set method. We discuss the
implementation of the contact angle boundary condition and of the two contact angle
models. Last, we present two methods for a better conservation of mass within the
level-set method.
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Fig. 2 Dynamic contact angle vs. dimensionful contact-line speed for different values of Sc given
in [rad] and [m/s], respectively. From left to right: Sc = 0.1, 1.5, 5.5, 11.5, 18.5, 25.5. The straight
dashed line corresponds to the maximum of the dynamic advancing contact angle of 114° observed
in the experiments

4.1 Discretization of the Navier-Stokes Equations and the
Level-Set Method

We discretize the Navier-Stokes equations with finite differences on a staggered
uniform grid and use an explicit second-order Adams-Bashforth time integration
scheme. The solution process is based on the well-known projection method: First,
an intermediate velocity field u*, which may not be divergence free, is advanced
by the Adams-Bashforth time scheme; second, we compute a correction V p"+!
of the intermediate velocity field by the pressure Poisson equation which leads to
a divergence free velocity field u”*!. Thus, we treat the pressure implicitly and
solve the Poisson equation by a Jacobi-preconditioned conjugate gradient method.
A fifth-order weighted essentially non-oscillatory (WENO) scheme is used for the
discretization of the convective transport of the Navier-Stokes equations (7) as well
as for the level-set transport (10). The diffusion term is computed by using second-
order central differences.

For the treatment of the free surface between the two fluid phases we employ the
level-set approach [3,4]. Here, the interface conditions are implicitly incorporated
into the momentum equations by the continuum surface force (CSF) [2] method.

Note that we have to reinitialize the level-set function ¢* after each transport
step to recover its signed distance property |[Vg"*!| = 1 without disturbing the
zero level-set. To generate the appropriate signed-distance function ¢”*1(x) with
the same zero level-set as ¢*(x), we solve the following pseudo-transient Hamilton-
Jacobi problem to steady state

@7 = sign(go)(1 — [Vo™|) (22)
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with initial value ¢y = ¢*(x). Again, we discretize this equation by a fifth
order WENO scheme in space and employ a third-order Runge-Kutta for its time-
integration.

For reasons of numerical stability, we employ a regularized signum function

*

%
V@2 + [Vo*P(6x2)

and a smoothed Heaviside and Dirac-delta functional in an g-environment of the
free surface. Then the Hamilton-Jacobi problem reads

S(p*) = (23)

pr = S = [Ve™)). (24)

For further details on the implementation of our Navier-Stokes solver NaSt3DGPF
and of the level-set method see [3,4].

4.2 Discretization of the Contact Angle Boundary Condition

The discretization of the contact angle boundary condition (15) is very similar to
the discretization of the standard Neumann boundary condition for the level-set
function. Again, we exemplify this at the wall y = 0, where Eq. (15) becomes

@y = —cot(0) /92 + ¢2. (25)

On the staggered grid (Fig.3), the level-set values are discretized in the cell
center. Then, with grid cells denoted by integers (i, j, k),

Vi, jk — Vi, j—1,k

N = —cot(),/¢2,  +¢2 .. (26)
Vi

where §y; is the mesh width. The derivatives ¢y, ; , and ¢, ; . can be discretized
by central differences. This equation can be solved for the staggered grid’s ghost
cell value ¢; ;1 x, which gives the required boundary condition for ¢.

The values for the contact angle 6 are computed by the discretized dynamic
contact angle models of Yokoi et al. (C1) or Shikhmurzaev (C2), which we will
discuss subsequently.

4.3 Implementation of the Contact Angle Models

In this subsection, we describe how the contact angle models are incorporated into
our two-phase Navier-Stokes solver. For this, both models require the computation
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Fig. 3 On the staggered grid, the level-set function ¢ is discretized at the cell center and the
velocity is discretized at the face centers of the grid

xmax

xmax/Q

Zmax/2

Zmax

Fig. 4 The contact line velocity is evaluated at the contact point x,, at the intersection with the
line z = zZmax /2

of the contact line velocity u.. Additionally, for Shikhmurzaev’s model, we also
need the velocity u(12)(04, k).

In the following, we focus on the example of drop impact, and we assume that
the drop spreads symmetrically (cf. Fig. 4). Then u is taken as the velocity value u
in x-direction which is closest to the contact point x, at the line zyax/2 and still lies
in the droplet’s fluid phase. This simplified computation of the contact line velocity
is also done by Yokoi et al. [22] and we stick to it for the sake of comparability.

Furthermore, we compute () either by Moffatt’s solution (18) or we use a
velocity value of the far field. This far field velocity value is arbitrarily chosen to
be about two grid cells away from the contact line. Thus, if e.g.at y = 0, ¢; 1« -
@i+1,1,k < 0and ¢; 1« in the liquid phase, u(12) = u;_1 2 k. In the following, we
will refer to these two options for u(;) as (M1) and (M2), respectively.
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For (M1), the contact angle Eq. (C2) becomes nonlinear and we invoke a Newton
iteration method to solve for 6;. For (M2), the equation can be solved directly by
evaluating the arccos-function. Here, if the argument of the arccos is not in [—1, 1],
we use Moffatt’s solution (M1) instead.

All in all, the contact line models fit into our flow solver as follows:

1. Let 8" be given from the previous time-step.

2. Solve the level-set advection Eq.(10) with the boundary condition (15) and
6 =06".

3. Cl:  Use a velocity value near x” ! for u}*' and compute 6" ! from (C1)

C2: Use a velocity value near x;H for “ng .

by (M1) or (M2) and 6! from (C2).
4. Solve the level-set reinitialization (24) with the boundary condition (15) and
0 = 9n+1.

Compute the radial velocity u(;7)

Finally, note that we use the no-slip condition for the velocity for both contact
angle models. On the staggered grid, as drawn in Fig. 3, the no-slip condition is
never fulfilled exactly, which introduces enough numerical slip to eliminate the
stress singularity at the contact line.

4.4 Methods for Mass Conservation

An important issue — especially for level-set methods — is mass conservation. In
the reinitialization step the current level-set function is replaced by a smoother,
less distorted function which has the same zero level-set. However, this also
introduces numerical diffusion to the solution which leads to difficulties with
volume conservation. To this end, we use a global and a local volume correction
method to remedy this problem.

For the global volume correction, already described and investigated in [4], we
employ a Picard iteration after the reinitialization step:

"t — "+ w(V(p®) — V(™). (27)

Here, V;(¢°) is the initial volume of £29 and V(¢" ') := [, H(¢"*!)dx denotes
the volume of 25%! at time # = n + 1 after the reinitialization procedure. The
relaxation parameter @ depends on the specific problem and is chosen to minimize
the number of iterations in the relaxation process.

For the local volume correction, we follow [19] in improving the re-distancing
algorithm of the level-set function by formulating a constraint which conserves the
volume of the domain and prevents the straying of the level-set function from its
initial position. We require that

3 / H(p*)dx =0 (28)
2
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and modify the Hamilton-Jacobi problem by

o7 = sign(go)(1 — [Ve™|) + A/ (™). (29)

Then we determine the time-dependent function A by

% / H(p")dx = / H' (") prdx =
2 2

(30)
/ﬂ H' (6" (sign(@o)(1 — [Vo*]) + Af (")) dx.
ie.
— [ H'(¢") sign(po) (1 — |Ve* dx
A= . 31
T H' () f(")dx G5
The choice of
Flo*) = H'(6") V"] (32)

ensures that the correction takes place at the interface only.

The discretization of the local mass correction in two-dimensions is described
in [19]. In three dimensions, the numerical integration of some function g over the
domain

Qijk =1(x,y.2) € 2 x,

<X <X, . <y<j. <z<z ,
-4 R I s L

changes to

1
1

/9 8ijk dxzﬁ[ﬂgijk(f?xzﬂyj&k)‘i' > (gi+p:j+q:k+r(5xi5yj52k))]-

ijk

pqr=—1

(p.q.r)7(0,0,0)

Furthermore, in the original article [19], a non-smooth signum-function is
employed. For better conservation properties and numerical stability, we again
choose a smooth variant and replace sign(¢g) by S(¢*) as given in (24).

This volume correction is ‘local’ since the mass should remain unchanged in any
sub-domain of £2, so that | H(¢*)dx is preserved in every grid cell. Itis also ‘local’
in a negative sense, since it only prevents the straying of the level-set function, but
does not correct mass errors which occur due to the numerical diffusion introduced
when solving the transport equation (10).
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5 Numerical Results

In this section we evaluate the mathematical and numerical models for the example
of a droplet impact simulation. Specifically, we consider a droplet of distilled water
which impacts on a silicon wafer onto which hydrophobic silane has been grafted.
The equilibrium contact angle of the substrate with distilled water is 90°, and the
relevant physical and numerical parameters of this experiment have already been
listed in Table 1.

The numerical simulation of this specific droplet impact scenario is valuable
due to various reasons: First, Yokoi et al. [22] provide experimental results for the
droplet behavior. Thus, we can compare the droplet shape, droplet diameter and
dynamic contact angle from the physical experiments with the numerical results
of our dynamic contact angle models (C1) and (C2). Additionally, we do not
have to re-adapt the parameters k, and k, in (C1), since the contact angle model
has been designed for this specific experiment. Second, Yokoi et al. [22] present
two-dimensional numeric results in their work, which we can use for comparison
with our three-dimensional results as well. Last, in this specific droplet impact
experiment, the numerically computed droplet behavior is very sensitive to the
applied contact angles: For example, using the static contact angle instead of a
dynamic contact angle model causes the drop to rebound; the same happens if only
static advancing and receding contact angles are applied; see [22] for further details.
Therefore, this specific kind of droplet impact simulation is a very sensitive test case
for our Navier-Stokes solver, the implemented contact angle boundary condition and
the two contact angle models.

However in the work of Yokoi et al., we also see the difficulty in obtaining
accurate experimental results. There, the presented droplet shapes are obtained from
a different experiment (E1) than the measured contact angle and diameter (E2). For
the latter, only the right hand side of the droplet has been observed to increase the
resolution around the contact line. If we compare the experimental droplet shapes
in Figs. 5 and 6 with the experimentally measured droplet diameter in Fig. 7, we see
that at times ¢+ = 10 and 15 ms the diameter of the droplet shapes (obtained from
El) is visibly smaller than the one given in Fig. 7 (obtained from E2), which gives
us an indication of the involved measuring error.

Let us give an example for the discrepancy between experiments (E1) and (E2).
In Figs.5, 6 and 8 at t = 4 ms all numerical methods predict a horizontally wider
droplet than the laboratory experiment (E1), which is depicted in the first row of the
respective figures. However, if you compare this result with the diameter-time curve
in Figs. 7 and 9, the numerically computed droplet diameter at # = 4 ms reproduces
the droplet diameter from the laboratory experiment (E2) nearly perfectly — at least
for the highest numerical resolution, which is also used in the pictures for the droplet
shapes.

In the following, we present our results in three steps: First, we take Yokoi’s
model (C1) and compare the experimentally evaluated droplet shapes and diameters
with our three-dimensional simulation computed by the pure level set method and
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Fig. 5 Droplet impact # = 0-4ms. In descending order: experimental results, pure level set

method, level-set with global volume-correction, level-set with local volume-correction

the two volume correction methods. Second, we use two variants of the reduced
interface formation model (C2) to simulate the same droplet with global volume
correction only. In a last step, we discuss the mass conservation behavior of our
numerical methods.

5.1 The Contact Angle Model by Yokoi

In this subsection we present the results of the droplet impact simulation with the
Navier-Stokes equations (7) and (C1). The numerically obtained droplet shapes
(white) during the impact are shown in Figs.5 and 6 compared with experiments
by Yokoi et al. [22] (black).
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Glob. :
10[ms] 15[ms] 30[ms]
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Fig. 6 Droplet impact 1 = 10-30ms. In descending order: experimental results, pure level set

method, level-set with global volume-correction, level-set with local volume-correction

The results of the laboratory experiments (E1) are always shown in the first row
of the respective figures. The second row corresponds to the computed numerical
solution with the pure level set method, i.e. without any volume-correction methods:
We see that during the first three points in time (Fig. 5), when inertia is dominant,
these droplet shapes compare very well with the experimental snapshots from (E1).
Att = 10 ms the simulated droplet shape is still remarkably close to the experiment,
while at the next time steps, the numerical droplet fails to reproduce the correct
droplet height and width of the experiment (Fig. 6). This is partly due to its obvious
loss in mass: Despite the very high resolution, the droplet still looses about 20 % of
its volume during the simulation. Thus, the comparison with the droplet diameter
measured in the laboratory experiment (E2) becomes difficult as well. In Fig. 7, we
see that the pure level set method is unable to produce the final droplet diameter
for all applied resolutions. Nevertheless, at about 1 = 4 ms the maximum diameter
is well recovered and the overall behavior of the diameter-time curve is close to
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Fig. 7 Comparison of droplet diameter over time with experimental results. Our 3D simulations
with the pure level set method (black), global (blue) and local (red) volume correction compared to
2D numerical and experimental results by Yokoi et al. [22]. The theoretical final droplet diameter is
given by the straight dashed line. The thin black line corresponds to the 2D numerical results and
is very close to that of the experiments given by the thin dashed line. Above, the grid resolution is
121 x 61 X 121 and below it is 241 X 121 x 241

the experiment. We see here that the simulated droplet diameter at times ¢ = 10 and
15 ms is closer to the experiment (E2) than to (E1). All in all, despite its obvious loss
in volume and within the experimental measuring error, the pure level set method is
able to produce simulation results, which correspond well with the experimentally
observed droplet behavior.

At this point, we nevertheless see the need for volume-conserving simulation
methods. Therefore, we simulate the droplet impact with the global volume correc-
tion and the local volume correction. The resulting droplet shapes are presented in
the third and forth row of Figs. 5 and 6.

We expect that the results from the global volume correction are very close to
those by the pure level set method, since the fix-point iteration tends to simply inflate
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Fig. 8 Droplet impact t = 0-30 ms. In descending order: experimental results, reduced interface
formation model with Moffatt’s solution (M 1) and Sc = 11.5, reduced interface formation model
with far field velocity (M2) and Sc = 5.5
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Fig. 9 Comparison of droplet diameter over time with experimental results. Our 3D simulations
with M1 (black) and M2 (red) compared to 2D numerical and experimental results by Yokoi
et al. [22]. The theoretical final droplet diameter is given by the straight dashed line. The thin
black line corresponds to the 2D numerical results and is very close to that of the experiments
given by the thin dashed line. Above, the grid resolution is 241 X 121 x 241

the droplet. This is exactly what we observe in Figs.5 and 6: The droplet shapes
recovered by the global correction method are similar to those by the pure level
set method, but the volume of the drop is now preserved up to 100 %. Again, the
droplet diameters produced by the global volume correction method are closer to
experiment (E2) than to (E1). If we compare the droplet diameter with (E2), we see
that its evolution over time is also very similar to the pure level set method’s results
(Fig. 7). Due to the improved volume conservation, the maximum droplet diameter
at ¢ = 4ms and the final droplet diameter are captured excellently by the global
volume correction method.

If we apply the local volume correction, we get results which also compare better
with (E2) than with (E1): The droplet diameter results agree with the experimental
ones, as we can see from Fig.7. For the first three points in time, the droplet
shapes with the local volume correction method are in good agreement with the
other simulation results and the experiments (Fig. 5). However, we then get a larger
deviation from (E1) at times ¢ = 10 and 15 ms (Fig. 6); where the droplet width is
more overshot than with the other two methods.

If we compare our two volume correction methods, we first note that both are
able to conserve the volume of the droplet up to nearly 100 % for the highest grid
resolution. Second, we observe that the global volume correction simply inflates
the droplet everywhere, while the local volume correction tends to widen the
droplet horizontally. All in all, we conclude that both correction methods are in
good agreement with the experimental results and lie well within the scope of the
experimental error.

In a next step, we compare our three-dimensional results to the two-dimensional
ones by Yokoi et al. obtained by a coupled level set and volume-of-fluid method.
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The 2D droplet diameter is given in Fig.7 and is nearly indistinguishable from
experiment (E2). Therefore, we must expect the computed 2D droplet shapes to
deviate from (E1). These 2D droplet shapes can be found in Fig. 8 of [22], where
they are visualized as three-dimensional results. Contrary to our simulation, the
droplet shape at # = 2 ms tends more to a pyramid shape and does not convincingly
show the three layers obtained in the experiment. This might well be due to the
lacking third dimension. Later, the two-dimensional results are comparable with
our 3D results, but the width of the droplet at # = 10 and 15 ms is even larger than
in our case. Here, we have to remember that the two parameters k, and k, in (C1)
were used to fit Yokoi’s 2D numerical results to the experiment (E2), and we did not
adapt these parameters for our 3D simulation. Even so, the 2D and 3D simulations
show remarkably good agreement with each other.

5.2 The Contact Angle Model by Shikhmurzaev

In this subsection, we present results for the droplet impact simulation with
the reduced interface formation model (C2) combined with the global volume
correction for the level-set method. We present two different variants of the model:
On the one hand we take Moffatt’s solution for the radial velocity (M1) and on the
other hand we choose a far field velocity value to incorporate the influence of the
flow field on the dynamic contact angle (M2). The parameter Sc is chosen to be
11.5 for (M1) and 5.5 for (M2). We set the values pg; = 0.9 and o3¢ = 0 according
to [13].

The results of the laboratory experiments (E1) are always shown in the first row
of Fig. 8. The droplet shapes computed by (M1) are given in the second row. As with
(C1), the first three results are very close to the experimental snapshots, which is to
be expected, since inertia dominates capillary effects. In addition, also at the later
time steps, the computed droplet shapes agree very well with (E1). Atz = 10ms
the height and width of the droplet is reproduced very accurately. Further, at ¢ =
15ms, the droplet even forms a little dent before it meets the substrate and compares
best with the experiment of all simulation results. A look at the droplet diameter
evolution (Fig.9) confirms that the interface formation model, although it is not
specifically based on this experiment, produces nearly as good results as Yokoi’s
model: The maximum and final droplet diameter are captured, and the computed
curve is very close to that of the experimental results.

In a next step, we compare the angle-speed curve of the interface formation
model (M1) with Yokoi’s 2D numerical results and the experiments. We expect
that Yokoi’s model, since it is fit to this experiment, produces dynamic contact
angles which are very close to the ones measured in the experiment. From
Shikhmurzaev’s model we expect a smooth angle-speed relationship equal to our
preliminary computation in Fig.2. This is exactly what we see in Fig. 10: The
contact angles computed by (C1) are nearly identical to the experimental values,
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Fig. 10 Angle-speed relationship of a 3D simulation with the reduced interface formation model
M1 (black) and M2 (red) compared to experiments (+) and 2D simulation with Yokoi’s model
(dashed), both taken from [22]

while the ones computed by (C2) develop in a smoother and nearly linear fashion
but show a larger deviation from the experiment. For zero contact line velocity, the
model predicts the equilibrium contact angle of 90°. Here, the values measured in
the experiment are between 52° and 110°. This is due to the space-time resolution
of the experiment, where the contact line velocity is considered to be zero, if the
liquid interface does not cross any pixel. Interestingly, however, the smooth speed-
angle curve predicted by the interface formation model, lies quite well in between
the maximum advancing and minimum receding contact angle of the experiment.

The droplet shapes computed by (M2) are close to the results by (M1) (Fig. 8).
Additionally, the droplet diameter varies only little between both models (Fig.9).
Furthermore, in Fig. 10, the angle-speed curve shows that both models compute
very similar dynamic contact angles in specific regimes of the contact line velocity.
For large contact line velocities, (M2) overshoots the maximum dynamic advancing
angle determined from the laboratory experiment even more than (M1). However,
for small contact line velocities, (M2) tends to be closer to the minimum dynamic
receding angle than (M1). The curve for (M2) is scattered, since we use Moffatt’s
solution, if the contact angle cannot be evaluated directly from the arccos of
Eq. (C2). Here, we observe that for similar contact line velocities both Moffatt’s
solution and an inserted far field velocity value give similar results with a difference
of only a few degrees for the computed contact angle.

All in all, the results by Shikhmurzaev’s reduced interface formation model are
most promising. Although it is not based on this specific droplet experiment, the
computed droplet shapes are very close to those observed in the experiment. Also,
the evolving droplet diameter and speed-angle relationship support these very good
results.
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Table 2 Details of the mesh used for the mass convergence study (left) and grid convergence of
initial mass towards the analytical solution

Level [ Ax; Ay, Az dof; m? 01
1 2.206_4 2.280_4 2.206_4 31 x 15 x 31 6.511_9 -
2 1.121_4 1.103_4 1.121—4 61 x 31 x 61 6.281_9 2.020
3 0.565_4 0.561_4 0.565_4 121 x 61 x 121 6.225_4 1.965
4 0.284_, 0.283_4 0.284_4 241 x 121 x 241 6.211—9 1.985

5.3 Mass Conservation

In this subsection, we investigate the mass convergence behavior of our numerical
schemes for the impact of water on hydrophobic siliane. First, we measure how well
the analytical sphere volume can be initially approximated on our computational
grids. Then, we investigate how much volume can be conserved with the pure level
set method and the two volume correction methods at time ¢+ = 30ms, which
corresponds to the last time-step in Fig. 6. Last, we study the convergence of the
mass error. The details of the grids used for our convergence study are given in
Table 2.

The analytical volume of the sphere, computed from the parameters in Table 1 is
V= %JTI’3 = 6.2059_9. We evaluate the initial mass of the droplet as

mf =" H(pf () Ax; Ay Az (33)

Xi

on grid levels / = 1...4 as given in Table 2. Then, at time ¢ = 0, the discrete error
norm and convergence rate are evaluated as

)

lo _€

ol = ‘ml—V‘ande'l :M’ (34)
log2

since there holds 2/; ~ hj4; for the discrete mesh width. The convergence results
are given in Table 2. We clearly see that initial sphere volume shows second-order
convergence towards the analytical value.

In a next step, we quantify the volume loss of our numerical schemes after 30 ms,
which corresponds to the last droplet shapes displayed in Fig.6. We expect that
the local volume-correction will perform worse than the global volume correction
at least on the coarser grids, since the local volume correction only prevents the
straying of the level set function, but does not correct mass errors which occur due
to the numerical diffusion introduced when solving the transport equation (10). The
global volume correction, on the other hand, employs an absolute stopping criterion
of & = 1077 in the fixed point iteration and we anticipate to find a very small error
in volume for all mesh sizes.
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Table 3 Volume

conservation in % at Level [ Pure Local Global

t = 30ms 1 0 64.4 100.0
2 39.5 91.5 100.0
3 62.8 96.4 100.0
4 78.9 99.3 100.0

Table 4 Table of mass convergence for the three level set-methods

Pure level-set Local correction Global correction
i ] i ! 1 !
Level €pure Ppure ®local Plocal eglobal P global
1 1.587_ - 9.572_, - 3.453_3 -
2 7.152_, 1.150 2.954_, 1.696 2.769_g 0.318
3 2.633_, 1.442 1.114_, 1.408 4.342_4 —0.649
4 8.9713 1.553 3.8973 1.515 6.412_g —0.562
Thus, we measure the volume
mj =" H(gj(x))Ax; Ay Az (35)
Xi
at ¢t = 30ms and compare it to the initial sphere volume at ¢+ = 0. In Table 3

the percentage of the still remaining volume is given. Mass conservation with the
pure level set method is difficult for this particular case: On the coarsest grid, no
mass is left after ¥ = 30 ms and on the finest grid, we still loose about 20 % of mass.
However, both the local and the global volume correction method tend to near 100 %
mass conservation on the finest grid. As we expected, the global volume correction
is able to conserve 100 % of mass on all meshes, while the local volume correction
performs worse on coarser grids.

Last, we distinguish the effects of the pure level set method and the local and
global volume correction on the overall convergence behavior in space and time at
t = 2ms.

We compute the discrete error norm and convergence rate by

mt —m? log -t
el — ‘ I 5 l‘ and pl+1 — el+1 , (36)
|m log2

since there holds 2h; ~ hj;4; for the discrete mesh width. Our results are
summarized in Table 4, where we see at least first order convergence for the pure
level set method and the local volume correction in space and time. As expected, the
discrete error for the global volume correction is constant <10~ due to the absolute
stopping criterion. Therefore, we obtain a convergence rate pélobal ~ 0.
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6 Conclusion

In this paper we presented the numerical simulation of droplet impact with two
different models for the dynamic contact angle in three space dimensions. First, we
used Yokoi’s model. The resulting droplet shapes were very close to those of the
experiments and the previous two-dimensional results. Furthermore, we measured
the droplet diameter over time, which confirmed the validity of the model and our
numerical method. Here, we saw that both, the global and the local volume correc-
tion, are able to conserve the mass of the droplet, while still giving accurate results.

In a next step, we employed the reduced interface formation model by Shikhmur-
zaev for the droplet impact simulation, combined with the global volume correction.
Here, we used Moffatt’s solution for the radial velocity on the one hand, and a far
field velocity value near the contact line but within the bulk flow on the other hand.
The droplet shapes computed with this model were very close to each other and in
good agreement with the experiment, as also confirmed by the computation of the
droplet diameter over time.

Additionally, we compared the contact line speed-contact angle curve of Shikh-
murzaev’s model with the angle-speed curves of the experiments and Yokoi’s
model. As was to be expected, Shikhmurzaev’s reduced model gives an approx-
imate smoothed angle-speed relationship compared to the practical experiments
and Yokoi’s results. Thus, a future challenge might be to implement the full
interface formation model without any restrictions for the capillary number in three
dimensions. But still, the reduced model offers an excellent trade-off between the
complex and costly full model and an easily implementable and accurate dynamic
contact angle model, which is not restricted to a specific wetting experiment like
Yokoi’s model is.

In a last step, we compared the pure level set method with the two volume
correction methods concerning their ability to conserve mass. On the finest grid,
both the local and the global volume-correction were able to conserve about 100 %
of the droplet’s mass, while the pure level set method only retained about 80 %. We
are currently implementing a coupled level set and volume-of-fluid method, which
should further improve the mass conservation behavior of our flow solver.
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A Parallel Multiscale Simulation Toolbox
for Coupling Molecular Dynamics
and Finite Elements

Dorian Krause, Konstantin Fackeldey, and Rolf Krause

Abstract It is the ultimate goal of concurrent multiscale methods to provide
computational tools that allow to simulation physical processes with the accuracy
of micro-scale and the computational speed of macro-scale models. As a matter of
fact, the efficient and scalable implementation of concurrent multiscale methods on
clusters and supercomputers is a complicated endeavor. In this article we present
the parallel multiscale simulation tool MACI which has been designed for efficient
coupling between molecular dynamics and finite element codes. We propose a
specification for a thin yet versatile interface for the coupling of molecular dynamics
and finite element codes in a modular fashion. Further we discuss the parallelization
strategy pursued in MACI, in particular, focusing on the parallel assembly of transfer
operators and their efficient execution.

1 Introduction

The goal of project C6 of the collaborative research center 611 “Singular Phenom-
ena and Scaling in Mathematical Models” at the University of Bonn, Germany,
was the development and implementation of novel computational techniques for
the concurrent coupling of different physical models in the numerical simulation of
solids. In particular, the project was concerned with multiscale coupling between
atomistic and continuum models. Such concurrent multiscale approaches can be
used, for example, in the numerical simulation of fracture processes. By using a
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molecular dynamics model to capture the complicated physical processes in the
vicinity of the crack tip and a computationally faster but less accurate continuum
model for the surrounding material, one can achieve good accuracy at a lower price
compared to fully atomistic simulations.

The design of efficient computational tools for such multiscale simulations is
itself a challenging task. This is even more so when building parallel simulation
tools. In this article we describe the design of the versatile multiscale simulation
toolbox MACI and discuss the novel parallelization approach used in MACI. We
introduce a thin yet capable interface designed for efficient coupling between
molecular dynamics (MD) and finite elements (FE) codes.

1.1 Related Work

While the design of algorithms for concurrent multiscale coupling is an active
field of research in the past years, relatively few work has been published about
implementation and parallelization of these algorithms. Broughton et al. [8] report
on a parallel multiscale simulation using the concurrent coupling of length scales
method. This work is limited to one-dimensional domain decompositions for the
molecular dynamics domain. Ma et al. [20] have implemented their MD/GIMP
method in the SAMRAI framework. In comparison to most multiscale methods
for the coupling of MD and finite elements their constraints are local. Xiao et al.
[28] describe a parallel implementation of the Bridging Domain method in a
grid environment. However, this work is restricted to one-dimensional simulations.
Anciaux et al. [2] have implemented the Bridging Domain method in the parallel
LIBMULTISCALE. Their approach is closest to our work.

In this article we present a versatile interface for coupling MD and FE codes. The
common component architecture (CCA) [3] aims to develop a component model for
high performance scientific computing. So far we are not aware of any work using
CCA for multiscale coupling between atomistic and continuum models.

It is one of the goals of the European MAPPER project [21] to develop software
and services for distributed multiscale simulations. While our work focuses on
tightly-coupled simulations on clusters and supercomputers, this work is aimed
towards the utilization of distributed resources in the European e-Infrastructure.

1.2 Article Contribution and Outline

The outline of the article is as follows. In Sect. 2 we review the multiscale simulation
method implemented in MACI, focusing on the computational aspects. In Sect. 3
we propose and discuss a thin interface allowing for the reusing coupling logic
with different molecular dynamics and finite element codes. This work is not
limited to the coupling algorithm presented in Sect. 2 but can be applied to a broad
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range of multiscale coupling methods. In Sect.4 we discuss the parallelization of
MACI focusing on the description of the data and work distribution in the code. In
comparison to our previous work [18] the focus of this section is the description
of the high-level structure without a detailed discussion of the communication
mechanisms employed.

2 Multiscale Simulation Method

In this section we shortly present atomistic (micro-scale) and continuum (macro-
scale) models for the simulation of the behavior of a solid £2 C R3. We then proceed
to discuss an approach to concurrent coupling of these models using projection-
based constraints.

2.1 Molecular Dynamics

On an atomistic level we can model §2 as a discrete set of N atoms/particles A =
{a} with coordinates and momenta (X, pe) € R®. The motion of these particles is
governed by the Hamiltonian equations

. 0. 1
Xo = = —Pa
apa My
()
o .
b =G = VY RS

with the Hamiltonian 5 = K + V. Here, K denotes the kinetic energy of the
atomic system K = Za ﬁpg , V is the interaction potential V = V(xy,...,Xy)
and m,, the particle mass. In this article, we concentrate on short-ranged potential
that allow for efficient (i.e., in linear time) computation of energy and forces using
a linked cell method [16] or Verlet neighbor lists [1].

As a particle method, MD does not require discretization in space but only in
time. Usually, lower order symplectic integrators (such as a second order Stormer-
Verlet scheme) are used for their computational efficiency and good long-term

stability properties.

2.2 Continuum Mechanics and Finite Elements

In continuum mechanics, the macroscopic deformation of a body Q C R3 is
described by a volume preserving mapping ¢ : [0,7] x 2 — R3, such that
e({t} x £2) equals the configuration of the body at time #. The deformation field
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U = ¢ — 1 is the solution of the variational problem

/pﬂ-de:/pb-de—/B(U):Vde+/ £-VdS,
f?; Q 2 Ty

U=UponIlp + initial conditions for U and U.

@

Here, p denotes the density in the undeformed configuration, b and f are external
body and surface forces (the latter one applied on I'y C 0£2) and P denotes the
first Piola-Kirchhoff tensor. Dirichlet values Up are applied on I'p C 952. The test
function V is an element of an appropriate subspace of C° ([O T]:H! (.Q)).

In this article, we concern ourselves with first-order (P1 or Q1) finite elements for
the spatial discretization of (2) resulting in a system of coupled partial differential
equations

Uq = M7 (Fq +F') for each mesh node A ,

which has the same structure as Eq.(1). Hence, the same temporal discretization
methods can be applied.

2.3 Coupling Method

The goal of concurrent coupling schemes is to allow for interfacing highly accurate,
but expensive, simulation techniques (such as MD) with less accurate, but faster,
approximate schemes. For the latter we consider a continuum mechanics model
discretized on a finite element mesh of a mesh size that is sufficiently larger than
the average atomic distance. In the following we refer to this problem as MD-FE
coupling.

The challenge in the design of concurrent coupling schemes is implementing
appropriate transfer conditions between the micro- (MD) and macro- (FE) scales.
Since each scale features a different resolution, not all modes (e.g., pressure waves
of high wave number) can be resolved on all scales. The interface conditions need
to account for this, in order not to create spurious effects (e.g., wave reflection) that
spoil the solution accuracy.

In the following we review the coupling strategy using projection-based con-
straints described in [11, 12].

2.3.1 Coupling with Overlap

We consider an overlapping decomposition of the simulation domain §2 into an MD
domain §£2yip and an FE domain g with handshake region 2y = $2yvp N $2pg.
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In £2y, the micro- and macro-scale coexist. Inspired by the Bridging Domain method
[29], volumetric constraints

0= G U)=0u—0,U 3)

are used in [12] to couple the MD displacement field u and the FE displacement
field U. Here, the atomistic displacement field is given by ug (f) = X4 (¢) — X (0).

In [12], the operators O; and O, are chosen to be equal to a projection [T from
micro- to macro-scale and the identity 1, respectively. The projection 1 allows
for additively decomposing the micro-scale displacement field u into a macro-scale
field w and high fluctuation remainder w’ (cf. [27]):

u=u+u =rMTu+(1—-M)u.

Note that ITu’ = 0. Hence, the constraints G provide a pointwise coupling between
U and u while not affecting the high fluctuation field u’ which is not representable
on the macro-scale.

Inspired by non-conforming domain decomposition theory, in [10], an L?
projection is proposed for micro-to-macro scale transfer. An embedding of the
atomistic displacement space (R3)N into L2(£2) is constructed using scattered-
data approximation methods. Hence, given a vector (Wy)qea a function wh s
constructed such that w¥(x,(0)) A&~ Wy. One possible approach for constructing

wl € X € L?(£2y) is to introduce a set partition of unity basis functions ¥ (see,
for example, [13]) with )", Yo = 1 and define

wh = Zwawa .

a€A

Given the embedding of (R3)N into L2 we can define the projection I7 : (R3)N —
SH by

(. V), = (', V) forall V € Sy.
0

Here, Sy denotes the first-order finite element space on 2y (we assume that £2y can
be written as the union of a set of elements in the tessellation of £2rg) and (-, —),
equals the L? scalar product weighted by the continuum mass density p.

The assembly of the L? projection IT requires the computation of (and quadra-
ture on) the cuts between the elements in the tessellation of £2y and the support of
the basis functions ¥,. Even though, this computation needs to be performed only
as part of the simulation setup (i.e., not during the time integration), the assembly
can be costly. Alternatively, a least-squares projection
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. 1
IMu = argminyg, 3 Z Mgl — V (x4(0))]?
o

has been discussed in [11].

Let us point out that in either case we can write [T = M 'T with a mass matrix
M and a rectangular matrix T and hence we can equivalently use the constraints
G = Tu—MU.

The coupled equations of motion for the micro- and macro-scale are derived from
a weighted Hamiltonian/Lagrangian (cf., [12,29]) resulting in a system of algebraic
differential equations. We use a RATTLE integration scheme, requiring two linear
solves per time step.

2.3.2 Damping High Fluctuation Modes

The design of the projection-based constraints G ensures that the high fluctuation
field v’ is not affected by the constraints, irrespective of the resolution of the finite
element mesh. To avoid spurious reflections at d£2yp, a modified perfectly matched
boundary layer (PML) method is proposed in [12] which (approximately) removes
the high fluctuation field and has only a minor effect on the information transfer
between micro- and macro-scale. To this end, an additional force term

fi' = —2d (x4(0)) ((qv)a +d (x(0)) (qu)a)

is added to the @ forces fy. Here, d : 2yp — [0,00) is a scalar function
with support in 2y and q = 1 — NII, N being the interpolation operator from

su— (R?)".

2.3.3 Complete Algorithm

In Algorithm 1 the seven most important steps in the RATTLE integration from
time ¢ to time ¢ 4 7 are explained. As mentioned earlier, two linear systems need to
be solved in each timestep to compute the Lagrange multipliers A and p. We refer
to [12] for the definition of the symmetric positive definite matrix A.

Two simulation results for a wave propagation benchmark and mode-I fracture
computation using this concurrent coupling technique are shown in Figs. 1 and 2.

3 Multiscale Simulation Toolbox

The development of capable, efficient and scalable molecular dynamics or finite
element codes is a complicated and labor-intensive task. Unless the scope of
the application is limited, it is therefore often infeasible to develop a multiscale
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Algorithm 1: RATTLE time integration scheme

1. Apply standard “Verlet kicks” and “Verlet drifts” to the micro-and macro-scale
displacements and velocities yielding trial values u*, v*, U*, V*:

v* v T [m~'gt! u* u’ v*
AR A I R A R A A
where f, F" denote the forces computed in step 4 of the previous time step.

2. Evaluate the displacement residual G* = Tu* — MU* and solve G* = A for A.
3. Correct the trial values

v”+% v 1 mTTA u't! u® m~!TTL
ke lm) Rl
Vita \% | -M"IM A U U -M~'M A

4. Evaluate forces 7!, F*+1 according to the Hamiltonian equation (without constraints).
5. Add the damping term "M to the MD force £ 11,
6. Compute trial velocity values

v* Vn+% T m—lfﬂ+1
x| = 1|+ = — .
A vits |2 (MO

7. Evaluate the velocity residual G* = Tv* — MV* and solve G* = Ap for p.

8. Correct the velocities
[V)l+l] _ |:V*i| n m_lTTM
Vn+1 V* —M_IMT[L .

simulation tool as a single monolithic code that implements MD and FE functional-
ity along with the coupling logic. Instead we focus on reusing existing, established
molecular dynamics and finite element implementations, such as TREMOLO [16],
LAMMPS [19,23] and UG [5].

In this article we are concerned with the design and efficient implementation of
concurrent coupling codes for MD-FE coupling that allow for reuse of the coupling
logic with different implementations of the molecular dynamics and finite element
functionality. In comparison to the on-going research on the common component
architecture [3], we are restricting ourselves to the scenario of concurrent MD-FE
coupling and expose more details (e.g., about the data distribution) to the coupling
code to simplify the development of efficient and scalable code. Additionally we
impose some restrictions onto the MD and FE codes that we consider (see below).
We have verified that our assumptions are fulfilled by the major molecular dynamics
and finite element software packages that are discussed in the literature.
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Fig. 1 Results of a two-dimensional wave propagation benchmark at the beginning, middle and
end of the simulation. A radial wave propagates from §2yp into £2pg on the lower and upper side of
the MD domain. The elongation in z-direction equals the (scaled) magnitude of the displacement
field

Fig. 2 Results of a mode-I fracture simulation using 2,496 finite elements and 62,390 atoms.
Surface forces are applied on the left and right boundary of §2gg. (a) Velocity distribution. The
velocities can be seen to fluctuate strongly in §£2y;p but to be smooth towards the boundary of the
handshake region. (b) Distribution of atoms and finite elements over 12 + 4 processing elements

3.1 Interface Design

In this section we propose a simple yet versatile interface for coupling molecular
dynamics and finite element simulations. Our work addresses modularity, perfor-
mance and parallelization. We assume that the FE component is parallelized with
a standard domain decomposition approach based on a partition of elements. We
do not expose halo or ghost-cells through the presented interface. We moreover
assume that the finite element mesh is statically balanced, i.e., that no dynamic load
balancing (as used, for example, for adaptive mesh refinement) is performed. For the
MD component we also assume a non-overlapping decomposition of the particles,
i.e., each particle is stored on exactly one processing element. These assumptions
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are fulfilled by the majority of the molecular dynamics codes known to the authors,
whether they use a domain decomposition (as do most codes such as TREMOLO,
LAaMMPS, NAMD [22] and DESMOND [7]) or particle-based decomposition (as,
e.g., used by DDCMD [26]). Note that the (potentially) dynamic distribution
of particles is deliberately exposed to the coupling code for parallel scalability
considerations. For further discussions of the parallelization aspects we refer to
Sect. 4.
Our approach is based on the following three pillars:

» Use of opaque handles for particles, nodes and elements to hide the details of the
data layouts used by the MD and FE components.

* Use of access epochs to hide differences in data representation and allow to
couple codes working in separate address spaces.

* The use of piggybacking to manage metadata in a simple and effective manner.

In the following we elaborate on theses three aspects of the coupling interface.

3.1.1 Opaque Handles

In general, the data layouts used by different MD or FE codes will depend strongly
on the choice of the algorithms and the scope as well as the intended use case for the
application. For example, the data layout used by a MD code based on a linked-cell
method will be very different from the data layout used in a code that utilizes Verlet
neighbor lists. Similarly, the data layout in a FE code will be different depending on
whether the code supports dynamic (e.g., adaptively refined) or only static meshes.
To hide these differences, the proposed interface provides opaque handles for the
local particles, nodes and elements on a processing element in the form of iterators
ParticleHandle, NodeHandle and ElementHandle. These iterators implement
increment, comparison and assignment operators.

Since the abstraction of the data layout necessarily incurs a performance penalty,
these iterators are intended for use in gather/scatter operations that copy the
component data from or to a buffer in a layout suited for the coupling code.
Each iterator provides a GetLocalId() function that can be used to address a
contiguous buffer. Moreover, to have a unique local identifier for all mesh nodes
in 2y we provide GetUserChosenId() and SetUserChosenId() functions for
NodeHandle that allow to assign arbitrary (local or global) indices to the mesh
nodes (for ParticleHandle this index can be stored as part of the PiggybackType,
see below). Access to the particle data and dynamic variables (ParticleMass,
ParticlePos, ParticleDispl, ParticleVel, ParticleForce, FeDispl, FeVel,
FeLumpedMass) is possible through static functions taking a ParticleHandle Or
NodeHandle instance as an argument. Note that these functions are application
specific (in this case targeted to coupled simulations of solids) but the approach can
be generalized easily. Since the data distribution of the MD component can change
dynamically in a parallel simulation, the life time of a ParticleHandle should be
limited to the scope of the coupling routine that created it.
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To allow for parallelization of the coupling code we also expose node ownership
information (for nodes shared by multiple processing elements) and we provide
ParallelSumup, ParallelMax and ParallelCopy routines to compute the sum
(or max) of values stored at duplicated mesh nodes. These functions can be more
efficiently implemented by taking advantage of the communication primitives of the
FE component.

3.1.2 Access Epochs

MD and FE components do not always work with compatible data representations or
with the same reference frame. For example, some MD codes rescale the simulation
domain to the unit cube [0, 1]3. Hence, all coordinates, velocities and forces need
to be scaled before being accessed by the coupling code. Similarly, any updated
particle position needs to be rescaled. Moreover, updating the particle positions
might require a subsequent exchange of particles that have crossed subdomain
boundaries (if the MD component uses a domain decomposition approach).

To cope with these difficulties we propose the use of access epochs, which
work similar to RMA epochs in the MPI standard [14]. The coupling interface
provides subroutines AccessBegin (int), AccessEnd () and CanAccess (). A call
to AccessBegin starts an access epoch. The bit field passed to AccessBegin
specifies which data fields can be accessed in read, write or read-write mode during
the epoch. Access to any data field (via the functions ParticlePos, FeDispl,
etc.) outside of an access epoch is illegal. An access epoch ends with a call to
AccessEnd. The function CanAccess allows to check whether access is permitted
(in particular for debugging). For example, in Algorithm 1, the third step would be
wrapped by calls to AccessBegin (VEL_RD | VEL.WR | DISPL.RD | DISPL_WR)
and AccessEnd() (note that “|” is a bit-wise or operation in C allowing to build
bitfields from, e.g., enum variables). Providing detailed information about read and
write accesses to the state variables allows the interface code to optimize the actions
performed in AccessEnd () . While it is likely that in a parallel MD code, AccessEnd
needs to trigger an exchange of particles between processing elements after step
three, this usually is not required after step six, since in this step only velocities
are modified. The calls to AccessBegin and AccessEnd are collective, i.e., all MD
or FE processing elements need to call these functions in order to achieve progress.
The rationale for this decision is that AccessEnd might require exchange of particles
and hence (global) communication.

Beyond a transparent handling of the differences in data representation between
MD and FE components, this epoch-based design also permits for coupling codes
storing data in a different address space than the one of the coupling code. For
example we have successfully coupled MACI with a CUDA MD code. In this
case, the coupling code ran on the CPU while the particle data resided in the
graphics card memory. In AccessBegin and AccessEnd data is copied between
CPU and GPU memory. The use of asynchronous copies is possible but would
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require modifications of the MD code to ensure that the MD code blocks for the
completion of the host-to-device copy started in AccessEnd at the appropriate time.

3.1.3 Piggybacking of Metadata

For the efficient implementation of a concurrent coupling scheme such as
Algorithm 1, a set of states need to be maintained for each particle. For example,
each particle with x,(0) € £y is assigned a local index and needs to store a
weight w € (0,00) as well as the value d (x(0)). Depending on the algorithm
and use case, the amount of data and its structure can vary. In order not to impact
the scalability of the coupling code this data should be migrated together with
the particles. Hence, it appears impracticable to leave the management of it to the
coupling code since particle migration is managed by the MD component. Here,
we piggyback this data onto the particles and use the communication subroutines
of the MD code to exchange it along with the other state of the particle (positions,
velocities, etc.). This might require modification of the MD code, for example, to
add a PiggybackType to the Particle structure and to ensure that the additional
data is communicated correctly. We have done these modifications in a copy of
the TREMOLO code in less than 50 lines of code (mainly to add serialization and
de-serialization of PiggybackType). For other codes, such as LAMMPS even less
modifications may be required since serialization and de-serialization routines can
be easily added by defining a new atomvec class.

Note that we do not provide a PiggybackType for the FE component because
we restricted ourselves to statically balanced meshes. However, the same piggyback
technique can used in dynamically balanced finite element simulations.

3.2 Description of the MACI Code

We have implemented a new concurrent coupling code MACI (Multiscale atomistic
continuum interface) based on the interface defined in the previous section. In this
section we shortly describe the architecture of MACI, as depicted in Fig. 3.

MaAct is written in C/C++ for efficiency and portability. Since C, C++ and Fortran
are the predominant programming language in high performance computing, this
choice allows us to interface to most MD and FE codes without the need for
additional language translation (for example, via BABEL [25]). MACI is scriptable
using the Python programming language. The translation from C++ to Python
is performed using the SWIG tool [6]. It is worth pointing out that while we
believe that scripting capabilities are of great advantage for complicated scientific
applications like MACI, the use of Python in this project had some inevitable
impact on portability (for example, onto earlier Cray massively parallel systems)
and complexity (in particular the handling of dynamically shared objects without
circular references).
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MD component Coupling component FE component
e Instance wrapper e HandshakeGeometry e Instance wrapper
(Python) e Assembly of I1, q and (Python)
e TimeIntegrator TruncatedMassMatrix e TimeIntegrator
o Interface e Multiplication by I1, q o Interface
implementation e RattleCorrector implementation

Plugins (visualization,
measurements, .. .)
e Python driver

Third-party packages

e PYTHON
e PETSC
TRILINOS
UMFPACK

Fig. 3 Overview of the architecture of the MACI multiscale simulation tool

MACI consists of three major components (MD component, FE component,
coupling component). The code is designed to run in an SPMD (single program,
multiple data) fashion. Each processing element runs the coupling code along with
either MD or FE code. Hence, MACI needs to run with at least two processing
elements. Each component performs communication using different MPI commu-
nicators, effectively shielding the MD and FE code from mutual interference.

The coupling code implements functionality for managing the handshake geom-
etry (to allow, for example, to find all particles with X, (0) € £2), for the assembly
of the transfer operator I1, the high fluctuation filter q and A; for computing
the Lagrange multipliers A, p (cf. Algorithm 1) and the corresponding Lagrange
accelerations as well as for the computation of ML, To solve the linear systems
arising in the RATTLE integration scheme, MACI can use iterative solvers from
the PETSC [4] and TRILINOS [17] packages as well as the direct solver packages
UMFPACK [9] (if the handshake region Qy is not distributed over multiple FE
processing elements).

4 Parallelization Aspects

Molecular dynamics and finite element workloads each are well parallelizable and
highly scalable implementations do exist. To allow for the treatment of interesting
problem sizes using concurrent multiscale methods, their parallelization is of high
interest. Unfortunately, the coupling of two scalable codes is not readily scalable. In
fact, the parallelization of the coupled code introduces several challenges related to
the data and work distribution and load balancing. In this section we describe how
these challenges are approached in MACI.
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Fig. 4 The challenge of dynamic particle distribution in parallel concurrent MD-FE coupling.
Particle migration introduces new edges in the communication graph

4.1 Challenges

Finite elements codes are usually parallelized using an element-wise partitioning of
the computational mesh (computed, for example, via graph partitioning algorithms).
As mentioned earlier, we restrict ourselves to statically balanced meshes in which
this domain decomposition is kept fixed over the course of the (time-dependent)
simulation.

In contrast to this fixed partition, molecular dynamics codes that support
short-ranged interactions usually feature dynamically balanced load since the pair
interaction lists (i.e., the set of tuples (&, 8) of particles that interact with each
others) depends on the current particle positions. Hence, to achieve maximum
locality in the expensive force evaluation, particles are migrated between processing
elements. One common scheme (found, e.g., in LAMMPS, TREMOLO, NAMD
and DESMOND) is to statically decompose the simulation box B = J » Bp
into subdomains B, (one for each processing element) and to assign particles to
processing element p if xo(f) € Bj,. Hence, if a particle crosses a subdomain
boundary it is assigned to a different processing element.

In the context of our concurrent coupling strategy the dynamic data distribution
of particles is a challenge since our displacement-based constraints (3) are non-
local. In fact, we have T4, # 0 if and only if meas (supp Yo N suppfy) > O,
where 64 is the nodal basis function with 64(x4) = 1. Since supp Vo is a polygon
or sphere centered at the initial particle position X, (0) we can have T 44 # 0 even if
|xq (1) —Xx 4] is very large, cf. Fig. 4. This implies that the communication graph (i.e.,
the graph with processing elements as nodes and edges between pairs of nodes that
exchange messages) is dynamically changing. Thus a scalable implementation of
the multiplication by the matrices T (the scale transfer) and q is much complicated
compared to “classical” parallel sparse linear algebra, cf. [18].
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Fig. 5 Speedup plots from a two-dimensional fracture simulation with 142,628 atoms and 28,178
finite elements on up to 32 cores. The simulation was run on an 4X DDR Infiniband cluster with
dual-socket quad-core Barcelona Opteron nodes. (a) Speedups (for the optimal choice of MD and
FE processing element). (b) Ratio between time per time step in the worst and best configuration

Additionally, parallel concurrent coupling introduces novel challenges for load
balancing. Much research has been devoted to devising and implementing good load
balancing schemes for MD and FE algorithms (and hence for Steps 1, 3, 4, 6 and
8 in Algorithm 1). However, Steps 2, 5 and 7 introduce additional load on a subset
of processing elements. For example, the matrix A is of size L x L where L is the
number of mesh nodes in 2y. In practice L is much smaller than the total number of
mesh nodes or particles and hence the (iterative) solver for AA = G* usually does
not scale well enough to distribute this task over all processing elements. Instead
only a subset (e.g., all the FE processing elements that own cells intersecting the
handshake region) will be responsible for solving the linear system. This introduces
a strong load imbalance. Even worse, the synchronous nature of the RATTLE
integrator does not permit the other processing elements to overlap the wait time
with other computations (since the Lagrange forces need to be available before the
algorithm can proceed), resulting in unwanted idle time.

In this article we concentrate on the first challenge. At this point MACT does not
provide functionality to optimize the load balancing. This is a strong limiting factor
for the parallel efficiency (cf. Fig. 5a). As can be seen in Fig. 5b, for a fixed number
of processing elements, the choice of the number of MD and the number of FE
processing elements is crucial for the performance even on a moderate number of
cores. Here, a priori load models need to be developed to assist users in finding an
optimal configuration.

4.2 Data Distribution in the MACI Code

MACI is written in an MPMD (multiple programm, multiple data) fashion (even
though it is implemented as a single executable), i.e., processing elements that run
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the MD component (plus coupling code) take a (mostly) disjoint execution path
compared to the execution path of the FE processing elements. Any exchange of
data between MD and FE processing elements is done via message passing. To
decrease communication cost it might be advantages to use threading and let one
MD and one FE processing element share one address space. We refrained from
this design in MACI since it complicates the coupling code (which in this case must
be able to cope with one FE and one MD component) and requires good a priori
knowledge about the communication graph including the communication volume
per edge. Since the graph is dynamic, it usually is not feasible to do an optimal
process mapping statically.

An example of the data distribution used by MACI is shown in Fig.2b. In this
simulation, the MD domain is distributed over 12 processing elements. The FE mesh
is distributed over four processing elements. All the datastructures (including the T,
q and A matrices) are distributed over the four FE processing elements and the eight
MD processing element that own mesh nodes with x4 € 2y or owned (at t = 0)
particles in the handshake region.

The matrices T, q and A are distributed by row. For T and A the Ath row
is stored on the processing element that owns the node A (note that the cellwise
mesh decomposition results in the duplication of mesh nodes on several processing
elements). Also for the matrix q we use a static distribution: The oth row is stored on
the processing element p with X4 (0) € B),. This static decomposition of q implies
that the matrix-vector multiplication y = gx requires two communication steps: one
gather operation to collect x values on the processing elements storing rows of the
matrix and a second scatter operation, after the local matrix vector multiplication,
to send the entry y,, to the current owner of particle «. On the other hand a dynamic
distribution of q (where the «th row of q is stored on the processing element owning
the particle o) would require MD processing elements to be informed about the
particle distribution on other processing elements. In particular if qo8 # 0 and
B € By, the processing element ¢ would need to know on which processing element
particle o is located. Maintaining such a mapping from particles to processing
elements in a scalable manner is itself very complicated.

The sets {A | T4a # 0}, {B | 4ga # 0} are stored as part of the PiggybackType
structure of the particle ¢ and hence migrate with the particle. This allows MD
processing elements to create lists of data item that have to be send to either FE
processing elements (multiplication by T) or handshake MD processing elements
(multiplication by q). Note however that this information is only available on
the sender side. To the receiver side, the particle data distribution is unknown,
cf. Sect.4.4.

4.3 Parallel Assembly

In order to avoid bottlenecks in the computational workflow it is crucial to
parallelize the complete application, in particular, the assembly of the transfer
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Algorithm 2: Parallel assembly of T

Exchange tree root bounding boxes between MD and FE processing elements.
On FE processing elements: Build lists of elements E intersecting the bounding boxes of
the MD processing elements.
Send element lists from FE processing elements to MD processing elements.
forall the elements E received (only on handshake MD processing elements) do
Query (locally) all particles o with meas (supp ¥, N E) > 0.
forall the found a do
forall the Q as in Equation (4) do
Compute intersection Q N E.
L Perform quadrature on the intersection.

Send computed values back to the FE processing element.
On FE processing elements: Merge the received lists and construct sparse matrix
datastructure.

operator T and of the interpolation matrix N. In MACI, the matrices q and A are
computed from T, M and N using sparse matrix-matrix multiplications. Compared
to direct assembly of the matrix entries (used initially in MACI), this approach is
slower but the additional flexibility allows us to easily implement different transfer
operators.

For a given mesh node A, the assembly of T and N requires the identification of
all particles @ € A such that either meas (supp ¥y N supp84) > 0 or 04(xy) F# 0.
To find all @ in (quasi-)optimal time we use (parallel) tree queries.

In a first step, a parallel quad- or octree is build with particles as leaves. The
bounding boxes of intermediate nodes are chosen in a leaf-to-root pass such that
the bounding box of a parent node contains the union of the bounding boxes of all
children. On the leaf level, the bounding box is chosen to be the support of ¥,. Note
that, different from [24], we do not use the tree to construct w, = supp Yy, since
we require an algorithm producing open covers without adding additional points to
the set of particles. Instead we make use of the lattice structure of the MD system to
choose the patch size h a priori in such a way that

3

1 1
oy =[] ((xa),- = Shi, ()i + 5"")

i=1

yields an open covering of 2. When using Shepard’s method, the evaluation of
the basis function v, requires the detection of overlapping patches. This can be
achieved by using again a tree. In MACI, the rectangular domain decomposition
used by most MD applications is employed to compute a priori potential remote
intersection partners (this is possible since we know the patch size h). These lists
are exchanged and inserted into the local tree. Once this extended local tree is
constructed, all intersection queries can be performed locally. The assembly of
the transfer operator T is performed on the MD processing elements as shown in
Algorithm 2.



A Parallel Multiscale Simulation Toolbox for Coupling Molecular Dynamics . . . 343

Note that basis functions ¥, computed with Shepard’s method are only C°. To
achieve good accuracy in the computation of T via numerical quadrature, we need
to compute a partition

wy =|JQ suchthat yaulp e C™. 4)
0

This is possible (though not inexpensive) since our patches w, are axis parallel
quadrilaterals or hexahedra.

4.4 Runtime Support

In this section we consider the implementation of Steps 2, 5 and 7 in Algorithm 1
in MACI. As noted in [18], the computation of the Lagrange forces TT A~1G*
and TT A~1G" can be handled in the same way as the multiplication by q. These
operations can be written as

Scat; 0 Op © Gaty , (&)

where Scat; and Gat, are time-dependent (since the particle distribution is changing
over time) scatter and gather operations and where op is some (black box) operation
executed on a subset of processing elements (the workers). For example, in Step 2
of Algorithm 1, the black box operation is given by

op(z) =TT A7 (Tz — MU¥).

Finite element processing elements owning handshake mesh nodes (or equivalently,
a non-zero row of T) are designated as workers. The computation of the Lagrange
multipliers required for the correction of the FE displacement is a side effect of the
execution of op on the worker processing elements.

Note that the choice of the workers and the order of the input and output data to
and from op is not time-dependent. Hence, Gat; and Gat, (¢ # t’) are required to
order the input data for op in the same way. Similarly, scat; receives the output of
op always in the same order.

The advantage of this approach is that the data distribution is transparent to the
workers. In particular no adaptation of the worker data structures are required when
the particle distribution changes (this is to compare with the approach in [2] where
the worker datastructures are updated using an event-based notification system).

The implementation of the gather and scatter operations are based on the
piggybacked metadata. As noted in Sect.4.2, the piggyback data allows MD
processing elements to build send lists. However, workers/receivers do not know
about the particle distribution and therefore cannot post matching receives. To cope
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Algorithm 3: Implementation of step two in Algorithm 1

1. Pack displacements into contiguous buffer.

On MD processing elements: Extract list of workers and corresponding local indices for
each particle. B

On FE processing elements: Compute MU™.

Communicate MD displacements to worker (MEXICO).

On worker: Compute G* using the input buffer containing MD displacements.

On worker: Solve AL = G*.

On worker: Compute TT A and store the result in the output buffer.

Communicate Lagrange forces to MD processing elements (MEXICO).

Correct displacements and velocities.

N

e

with this problem, in [18] the use of one-sided communication or remote memory
access is proposed.

In MACI we use the newly developed communication library MEXICO [18] to
implement the operation (5). The unique feature of MEXICO is that the library
provides gather and scatter operations in the described asymmetric setup. All
information required by MEXICO is provided by the source processing elements
(processing elements that provide data to Gat,) and target processing elements
(processing elements that retrieve data from Scat;). In MACI this information (the
list of worker processing elements including local indices in the input and output
buffers of op) are stored in the piggyback data. MEXICO can use MPI RMA, MPI
Point-to-point, MPI collectives, the GLOBAL ARRAYS library [15] or SHMEM for
inter-process communication.

In Algorithm 3, the implementation of the second step in the RATTLE integration
scheme (cf. Algorithm 1) is shown. The computational work is performed in Steps
5, 6 and 7. The input and output buffers for these operations are ordered according
to an a priori (during the assembly phase) chosen ordering. Hence, the sparse-matrix
storage scheme for, e.g., T, can be kept unmodified over time.
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A Moving Least Squares Approach to the
Construction of Discontinuous Enrichment
Functions

Marc Alexander Schweitzer and Sa Wu

Abstract In this paper we are concerned with the construction of a piecewise
smooth field from scattered data by a moving least squares approach. This approxi-
mation problem arises when so-called enrichment functions for a generalized finite
element method are computed by a particle scheme on a finer scale. The presented
approach is similar in spirit to the so-called visibility criterion but avoids the explicit
reconstruction of the location of the discontinuity.

1 Introduction

Generalized finite element methods (GFEM) were essentially introduced [6] to
attain numerical schemes whose convergence properties are not limited by the
regularity of the solution u of the considered partial differential equation (PDE),
see also [1,2,4,5,7-9, 11-13,21-23, 28, 29]. This desirable property is obtained
in GFEM via the use of so-called enrichment functions which can represent the
(dominant) non-smooth behavior of the solution. Thus, the approximation space
VGFEM ysed in a GFEM comprises classical piecewise-polynomial and problem-
dependent discontinuous and singular shape functions; i.e.,

VGFEM — Vsmooth + Vennchmem — Vsmooth + lescontmuous + Vsmgular , (1)

and we attain an improved convergence behavior essentially if the sought solution
u € H'(2) e.g. admits a splitting

U= Us + Ue (2
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approximate solution
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Fig. 1 Contour plot of the Von Mises stress on the deformed material configuration for a crack
problem (left) and a surface plot of the approximation of a Poisson problem on a L-shaped domain
(right)

such that y, € Venrichment and o € H'(£2) with r > ¢. Thus, this information must
be available a priori to be incorporated in the design of the trial space VM je. in
the selection of the basis functions for the enrichment space V enrichment,

If the discontinuities and singularities of the solution are directly induced by
geometric information as for instance at re-entrant corners or in crack problems,
compare Fig. 1, this a priori knowledge is (often) available in closed form.

For a straight crack in two-dimensional linear fracture mechanics appropriate
enrichment basis functions are obtained from an asymptotic expansion of the
solution, compare [16, 26]. However, in three dimensions or for a curved crack,
the quality of these enrichment functions is limited and the improvement in the
convergence behavior is less pronounced. Thus, we must either employ adaptive
refinement in the global GFEM or we can try to improve on the quality of the
enrichment functions. This may either be achieved in an a priori fashion [30,31] or
a posteriori. Here, one technique is the global-local approach [10, 17] which allows
for the correction of the enrichment functions in an iterative fashion. The approach
proposed in [3] is aimed directly at the construction of optimal local approximation
spaces for the considered PDE problem via the approximate solution of a sequence
of local cell problems.

The common feature of all enrichment strategies is that the enrichment space
must resolve an intrinsically finer scale or feature of the solution than the resolution
of the standard approximation space V""" admits. Thus, enriched GFEM can
be interpreted as a multiscale finite element method where the construction of the
enrichment space aims at the resolution of the fine scale features of the solution
u — Imoom, 1.€. the components of # that cannot be approximated well in J/ smooth

In this paper, we assume that this approximation of the fine scale components is
carried out by a particle method and focus on the (re-)construction of a respective
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field on the continuum scale which can be used as an enrichment function in
a GFEM. The assumption that a particle method is employed on the fine scale
stems from the fact that many physical processes such as crack formation and
crack initiation, which we consider as our reference problem, are naturally included
in particle models whereas they require additional assumptions and equations in
classical continuum models. Thus, we focus on the construction of enrichment
functions with discontinuities and singularities from given particle data.

The remainder of this paper is structured as follows. First we discuss the types
of data we assume to get from the particle method used for the construction of
enrichment functions. This will turn out to be data admitting a broad class of
underlying particle methods with a natural representation of particle adjacency.
Next we give a brief review of the Moving Least Squares (MLS) Method for
approximating scattered data. Then we discuss an adjacency data based modification
of the MLS weights that allows for the construction of discontinuous approximants.
Finally we give some application examples for simple standard discontinuities and
conclude with some remarks.

2 Particle Data

As basis for the construction of enrichment functions n : £2 C R? — R we assume
to have access to

particle positions  x; € £2 (3a)
function values u; € R and (3b)

) 1 no discontinuity .
adjacency data A;j = between particles x;,x; (3c)

0 discontinuity

from the fine scale approximation by a particle method. We first remark that n :
£2 — R is not a restriction as vector fields can be simply modeled as several such
interpolation problems. Except for the A;; this is the basis for a regular textbook
interpolation or approximation problem. However, as stated in the introduction, we
want to construct fields on the continuum scale from the fine scale particle data
which may be discontinuous or may have discontinuous derivatives.

On the particle level an adjacency matrix based representation of known fault
lines seems very natural. With molecular dynamics the nucleation and growth
of microfractures can be modelled by using bonded potentials and checking for
individual bond breakage. This kind of representation also allows the integration of
adjacency information strictly based on function values as used in edge detection.
Furthermore we require no such thing as level set functions or even an explicit mesh
for lines of discontinuity.
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Discontinuous interpolation techniques, e.g. [20, 33], often rely on such a direct
representation of discontinuities or extract these from function data. On the other
hand many algorithms from image analysis deal with discontinuities, e.g. edge
detection, but generally do not take more information than just the image into
account, i.e. just (X;, u;).

Note, however, that we are not concerned with the solution of an arbitrary
approximation problem of discontinuous functions (which is usually stated in
different function spaces). The fields u we are interested in are piecewise smooth
functions e.g. ulo, € H'(§2) for 2, C 2 andk = 1,2,..., M with (relatively)
small M . Thus, our focus is on the automatic identification of such discontinuities
from function values and adjacency information only to attain a piecewise smooth
field.

3 The Moving Least Squares Method

The Least Squares Method is a standard meshfree method for approximation of
scattered data. By minimizing the (global) error functional

N
T =Y (n(x) — w)? )
k=1

over some function space V' (£2) we obtain at one n € V(§2) approximating all data
in an average sense. This minimization problem is typically posed in some linear,

finite dimensional space V' = span(p1,---, Ppy), often the space of polynomial
functions Fk for some K. This leads to a single linear system
N Dy Dy N Dy
(Z pi(xx) pi (Xk)) (Olj) = (Z Pi(Xk)uk) , (5)
k=1 i,j=1 j=1 k=1 i=1

whose solution gives the coefficients of the global solution u = ZP=V1 a;pi. With
this approach local changes to u; or x; generally change the whole global solution u
everywhere.

A localized weighted extension to remedy this issue can be obtained by the inclu-
sion of weighting functions Wy : 2 — [0, 00), usually splines or Gaussians. For
each x, Wi (x) should signify, how important data uy at X, is for the approximation
atx € £2. This leads to the Moving Least Squares Method [14,15,18,19,25,27,32].
Taking (4) and adding the weights W leads to a family of x dependant functionals

N
Te) =Y Wie®) (n(xi) — m)* 6)

k=1
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defined on some possibly x dependant function spaces V. The minimizer ny € Vx
of Jx now denotes an approximation at a specific location x € §2 only; i.e. just the
value 7x(X) is relevant from 7x. The global solution 7 is then simply the collection
of all the pointwise approximations 7x(xX), i.e.

n(x) = nx(x) . (M
As with regular Least Squares, taking 7y from some linear space
Vi = span (px,1,-*+ . PxDy, ) »

we obtain the minimizer of (6) via the solution of a linear system Gyoy = fy, i.€.

Dy, Dy,

N DVx X N X
(Z Wk(X)Px,i(Zk)Px,j(Zk)) (le, j) = (Z Wk(X)Px,i(Zk)Mk) . (8
k=1 i,j=1 j=1 k=1 i=1
=:Gx =.ax =y
where zx = xx — x. This yields
Dy,
ﬂ(X) = nx(-x) = Zux,ipx,i(o) . 9

i=1

The formulation is given in terms of shifted coordinates xx — X rather than xy, i.e. the
basis functions are given as f(y) = g(y —x). This is useful since with V' = Hx
and the usual monomial basis this shifted approach yields 1(x) = oy,1, compare
Chap. 22 of [15]. Additionally shifting and scaling relative to the evaluation point is
a standard technique for improvement of stability.

For stability concerns one might also circumvent the direct solution of (8) by
“solving”

(\/ Wk(x)pxaj(xk _X))k=1 ’’’’’ N;j=1,...,Dyy (le,j);lle = (V Wk(x)”k)§=1 (10)
——
=:Aq =tbx

via a pseudoinverse obtained from a singular value decomposition of A to obtain a
minimum of (6), as seen in [24], Sect. 2.6.

Note that in the most general case the approximation is defined by single
evaluations of different functions nx from different spaces V. Even if the local
approximations 7y stem from the same function space Vy = V, generally n ¢ V.
For instance taking Shepard approximation [27], i.e. V = &y = span(x — 1), nis
not a constant function, as it would be with regular least squares with IV = 4.
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Fig. 2 Surface plot of a particular weight Wy (left) and its support (right)

4 Adjacency Based Modification

Recall that we are interested in the construction of piecewise smooth functions. The
smoothness of 1 in (9) depends on the smoothness of the weights Wy, the distribution
of xx and the smoothness of the functions found in V4. Let us assume that the
employed approximation spaces Vx = V are identical throughout the domain. This
leaves us the particle distribution and the weight functions to control the regularity
of n. In our setting the particle distribution comes from a simulation itself and thus
is not a free parameter that we may manipulate. Hence, we may affect the regularity
of n through the choice of the weight functions W only.

To this end, we will modify the classical MLS weights W, e.g. see Fig. 2, with
the help of the adjacency information A in such a way, that the approximation at a
particular location x € £2 employs information of nearby particles xi in a strongly
weighted fashion. Consider the particle xx which is closest to the point of evaluation
x € £2. Now assume that there is another particle X, in the vicinity of x that would be
used in the classical MLS approximation but is not connected to the particle xy; i.e.,
there may be a discontinuity between particles xx and x;. Then, we want to limit or
reduce the influence of the value 1 at x; on the value 7, at x whereas the influence
of uy at xi should be increased. In essence, the value of the weight Wi (x) at x should
be much larger than the value of the weight Wj(x). Such a modification of the weight
functions is attained in the following way.

Assume that each particle is assigned a standard spline or Gaussian weight
function W such that the diameter of the support of this weight function is e.g.

%diam(supp(Wk)) =3h (11

where

hy = mlin||xk—x1|| , h= mlflxhk . (12)
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Fig. 4 Surface plot of the sum ) Wi of all modified weights Wi (14) for a uniform particle
distribution (green dots) and a straight discontinuity (red line)

To make use of the adjacency information A we assign an additional weight function
wy to each particle x¢ which satisfies

wi(xx) = 1, %diam(supp(wk)) > hy. (13)

With the help of these weights w; we now correct the original MLS weights Wy
such that the flow of information across a potential discontinuity indicated by A is
limited; i.e., we define the modified weights

W) =M [ d—w) (14)

I: Ag =0

to be used in (6), (8), compare Fig. 3. Note that Wi (x;) = W(xx) = 0 if A =0,
i.e., if the particles xx and x; are not directly connected, see Fig. 4.
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Fig. 6 Surface plot of a weight incorporating the visibility criterion (left) and its support (right)

Thus, the MLS approximation (6), (8) using the weights (14) in the vicinity of
x; is (essentially) not influenced by the value uy at xx and vice versa. The resulting
weight Wi and its support are depicted in Fig.5. The formulas for the particular
weights used here can be found in Sect. 5.

Note that by multiplication with wy we essentially shrink the size of the supports
of the resulting weight functions. This may lead to a violation of the unisolvence
condition and thereby to a deterioration of the regularity of Gy. Hence we may
obtain discontinuities wherever our modification makes the system matrix singular.
This, however, is not a cause of concern in our setting since the respective
enrichment (on the macroscale) will not be evaluated in the immediate vicinity of
this discontinuity.

In spirit this approach is similar to various visibility criteria otherwise known
from meshfree methods, e.g. EFG, which result in weights as depicted in Fig. 6.
These however generally require explicit knowledge about the location of disconti-
nuity prior to the approximation.
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5 Proof of Concept

In the following, we present some initial numerical results which are especially
concerned with the automatic identification of a known discontinuity by our
modified MLS approach. To this end we consider weight functions

Wi (x) = sor(lIx —xx|)) (15a)
Wic(X) = sr o0, ([1X = Xi[]) (15b)
where
1 x<a
p) =22 =32 +1,  sp(0) =1p(=9) a<x<b (16)
0 x>b

with p being the first Hermite polynomial, which satisfies

p(0) =1, p(1) =0, p'(0) =0, py)y=0,

h is as in (12) and

R = 3h = min Sxc—xl (17
=3h, rk_l:fffiozxk xi| .

For the sampling points x; we use a regular Cartesian grid.
In the 1D case we employ the presented approach to the approximation of the
three reference functions

0 0 —p(= 0
ul(_x) = X[O,l](x) = { 1 i ; 0 s MZ(X) = |X| s M3(.X) = p(px() X) i ; .
(18)

on 2 = [-1,1].
The adjacency information was just initialized to split [-1, 1] at 0, i.e.

1 (xi=Z0Ax;=0)V(xi<0AX <0)

A= (19)

0 otherwise

for all three functions.
The plots in Figs. 7-9 show the approximations with 20 nodes and V = %3

using regular weights on the left, our modified approach on the right. The underlying
o

functions u; * are the blue lines, the point evaluations of the MLS approximants red
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Fig. 7 Approximations of u; (18) by a MLS approach using W (15) (lef) and with our modified
weights Wi (14) (right)
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Fig. 8 Approximations of u, (18) by a MLS approach using Wy (15) (left) and with our modified
weights Wy (14) (right)
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Fig. 9 Approximations of u, (18) by a MLS approach using Wy (15) (left) and with our modified
weights Wy (14) (right)

dots, and the underlying data nodes (xy, ux) green dots. From these plots we can
clearly observe the improvement due to the modification of the weights. With the
standard weights over- and undershoots near the discontinuities are attained whereas
our approach yields a perfect agreement with the data at the nodes even next to the
discontinuity.

Note that the values of the approximation obtained in the interval [Xy, Xyxt1]
which contains the discontinuity will never be used in our enrichment approach. An
enrichment function will essentially be evaluated only at certain integration points
(on the macroscale) which are placed well away from the discontinuities.
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x 0.5 10 _10
Fig. 10 Approximation of v; (20a) by a MLS approach using our modified weights Wi (14)
1.0 -1.0
Fig. 11 Approximation of v, (20b) by a MLS approach using our modified weights Wy (14)
Finally, shown in Figs. 10 and 11, we consider the two dimensional examples
I lx[ = 0.8
V1 (X) =1- X Bo.5(0) (X) = (20a)
0 |lx|| <0.8
—S X1|)s X x; <0
va(x) = 0,0.8(|X1])50,0.8(|X2]) X2 (20b)

50,0.8(|X11)50,0.8(|X2]) X2 >0

on 2 = [—1, 1] with s from (16) and
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(A, = I (x, %1 € Bo.g(0)) vV Xk, x| € Bo.g(0) A [xx, x1] N Bo.g(0) # 0)
ol 0 otherwise
(21a)
1 [xx,X;] does not intersect [(—0.8, 0), (0.8,0
(o), = |1 Il [(~0.8.0). (0.8,0)] o1t
0 otherwise

denoting the adjacency information for v;.

Again, with respect to the (fine scale) data nodes xx we obtain a very good agree-
ment of our approach and observe a highly localized zone near the discontinuity
where G becomes singular.

6 Concluding Remarks

We presented an MLS based approach for the construction of discontinuous
approximants from particle data. The overall goal of our research is the construction
of appropriate enrichment functions for a generalized finite element method from
(local) fine scale particle simulations. So far we have merely considered simple ref-
erence problems in one and two dimensions. These results are promising. However
a detailed numerical study and comparison with other approaches (visibility, direct
representation of the discontinuity) is necessary prior to the use of the computed
enrichment functions in a three dimensional application setting.
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Second Moment Analysis for Robin Boundary
Value Problems on Random Domains

Helmut Harbrecht

Abstract We consider the numerical solution of Robin boundary value problems
on random domains. The proposed method computes the mean and the variance of
the random solution with leading order in the amplitude of the random boundary
perturbation relative to an unperturbed, nominal domain. The variance is computed
from the solution’s two-point correlation which satisfies a deterministic boundary
value problem on the tensor product of the nominal domain. We solve this moderatly
high-dimensional problem by either a low-rank approximation by means of the
pivoted Cholesky decomposition or the combination technique. Both approaches are
presented and compared by numerical experiments with respect to their efficiency.

1 Introduction

Many problems in physics and engineering sciences lead to boundary value
problems for an unknown function. In general, the numerical simulation is well
understood provided that the input parameters are given exactly. Since, however,
exact input parameters are often not known in engineering, it is of growing interest
to model such parameters as random variables.

A principal approach to solve boundary value problems with random input
parameters is the Monte Carlo approach, see e.g. [37] and the references therein.
However, it is hard and extremely expensive to generate a large number of suitable
samples and to solve a deterministic boundary value problem on each sample.
Particularly in the present case of random domains, each new sample corresponds
to a new domain which needs to be discretized. Thus, we aim here at a direct,
deterministic method to compute the random solution.
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Deterministic approaches to solve stochastic partial differential equations have
been proposed in e.g. [1, 11, 13, 14,28, 32, 38]. Therein, loadings and coefficients
have been considered as random input parameters. Recently, in [6,23,26,33,34,43],
also the underlying domain has been modeled as a random input parameter D(w).
For example, this enables the consideration of tolerances in the shape of products
fabricated by line production. Other applications arise from blurred interfaces like
cell membranes or molecular surfaces.

The present paper is dedicated to the numerical treatment of Robin boundary
value problems on random domains which, to the best of our knowledge, is the first
time this subject is dealt with in the scientific literature. We assume small random
perturbations around a nominal domain ‘D with known second order statistics. Then,
following [26], we can linearize to derive, with leading order in the amplitude
of the perturbation parameter, deterministic equations for the random solution’s
expectation and two-point correlation

EM(X)zfgu(x,a)) dP(w)

x,y € D.
Cor,(x,y) = /gu(x, o)u(y, w)dP(w)

From these quantities the variance is derived by
V,(x) = Cor,(x,y)|,_, —E;(x), xe€D.

The solution’s two-point correlation is given by a partial differential equation
which lives on the tensor product domain D x D. We solve this moderatly high-
dimensional problem by either a low-rank approximation via the pivoted Cholesky
decomposition or by the combination technique which is a special variant of a
sparse tensor product approximation. This way, we are able to compute both, the
expectation and the variance, by standard finite element techniques.

Besides the modeling and the derivation of the underlying equations, we discuss
in this paper the implementation of the proposed algorithms. In particular, we
compare the low-rank approximation and the sparse tensor product approximation
with respect to their cost-complexities by numerical results.

The rest of the paper is organized as follows. In Sect. 2, we model the random
domain under consideration. Moreover, for the associated Robin boundary value
problem, we derive deterministic boundary value problems for the expectation
and two-point correlation of the random solution. In Sect.3, we introduce the
variational formulations of these deterministic boundary value problems. Section 4
is dedicated to an abstract overview on the efficient solution of tensor product-type
boundary value problems which arise in the present context. The particular finite
element discretization of the problems under consideration is performed in Sect. 5.
In Sect. 6, numerical experiments are carried out to validate the theoretical findings
and to compare the low-rank approximation with the sparse grid approach. Finally,
in Sect. 7, we state concluding remarks.
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2 Robin Boundary Value Problems on Random Domains

Let (2, X, P) be a suitable probability space. We consider the domain D(w) as
the uncertain input parameter of an elliptic boundary value problem with Robin
boundary conditions, i.e.,

—Aux,w)= f(x), x€ D(w)
qu w e . (1
a(xX)u(x, w) + %(X, w)=g(x), xe€dD(w)

Here, a(x) > 0 is a nonnegative function, where the particular choice ¢(x) = 0
yields the Neumann boundary condition.

To model the random domain D(w), let D denote a smooth reference domain
and consider random boundary variations in the direction of the outer normal

Ux, ») = ek (X, 0)n(x) : D — R"
with
k(w) € L% (.Q Cz’l(aﬁ)) such that ||k (@)l c2.1(5p) =< 1

almost surely. Then, the random domain D(w) will be described via perturbation of
identity

D (w) = {(I + eU(a)))(x) =X+ ek(X,0)n(x) : X € 85}.

For what follows we assume that the expectation [E, and the two-point correlation
Cor, of the boundary perturbation « are given. Without loss of generality (otherwise
we redefine D correspondingly) we further assume that the perturbation field « is
centered, i.e., that E, = 0.

For a small perturbation amplitude ¢ > 0, one can linearize (1) by means of shape
calculus [12,40]. This leads to the following stochastic shape-Taylor expansion

u(x, w) = u(x) + dulk(w)](x) + O(?), xe K €D. 2)

Therein, the compact set K € D is assumed to satisfy K € D(w) almost surely.
Moreover, u € H'(D) denotes the solution to the deterministic Robin boundary
value problem

—Au(x) = f(x), xeD

du — 3)
a(x)u(x) + a—n(x) =g(x), xe€dD
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and the shape derivative Su = Sulk] € H'(D) satisfies the following Robin
boundary value problem with random loading (cf. [31])

Adu(x) =0, xeD
8u _ 4)
a(x)du(x) + a—n(x) = divy (k(X)Vru(x)) + k(x)h(x), x€dD.
Here, we used the abbreviation
B = [ + A® (@) — o) + E— ) )

on

where # = (n — 1)/ is the additive curvature and /7 is the mean curvature of
the surface I".

Theorem 1. Assume that the compact set K € D satisfies K € D(w) almost
surely. Then, it holds that

E,(x) = u(x) + O(?)

K. 6
V. (x) = &2 Corg,(x, y)|X=y + 0(e3) *e ©

Herein, u € H'(D) and Cors,(x,y) € H). (D x D) := H'(D) x H'(D) satisfy
the deterministic boundary value problems (3) and

(Ax ® Ay) Cors,(x,y) =0, x,ye€ D,
Ax Corg,(x,y) =0, x€ D, y € D,

Ay Corg,(x,y) =0, x€dD,ye D,

[ («00+ 5 ) @ (a0 + ) | oty = Conx o 9 )]
+divry [CorK x,y) (Vpﬁ(x) ® f(y))] +divry [CorK (x,y) (h x)® Vpﬁ(y))]
+(divrx ® divry)[ Core (x. y) (Vru(x) ® Vru(y))]. X,y € dD. (7)

Proof. By using the shape-Taylor expansion (2), we obtain

E,(x) = u(x) + eE(Sulk (w)](x)) + O(?).
By the linearity of the expectation operator [E, taking the expectation on both sides

of (4), and observing that E((x) = 0, we have Eg,(x) = E(Sulx(w)](x)) = 0,
which yields the first claim.
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Now, observe the following estimate
V(a +bX 4 cY) = b?V(X) 4 2bc Cov(X,Y) + c2V(Y)
< b2V(X) + 2be/V(X)V(Y) + c2V(Y),

where X and Y are two random variables with finite second moments. By
combining this estimate with the shape-Taylor expansion (2), we conclude

Vu(x) = 2V (Sulk (0)](x)) + ,/V(Su[x(w)](x))ﬁ(ﬁ) + 0(eh

= 2V;,(x) + O(&%).

Due to Eg,(x) = 0, we arrive at the identity Vg, (x) = Corg,(X,y) ‘x:y which proves
the second claim. The boundary value problem (7) for Cors, is finally derived by
tensorizing (4) and taking the expectation. This completes the proof. O

Remark 1. The relative error of the expectation is &(¢2) while the relative error of
the variance is 0(g). According to [7], the first order shape-Taylor expansion (2) is
nevertheless sufficient to compute also higher order moments of the random solution
with relative accuracy J'(¢).

3 Variational Formulation

We shall introduce the variational formulations of the boundary value problems
under consideration. The approximate expectation # € H'!(D), satisfying (3), is
determined by the variational formulation

seek @ € H'(D) such that a(, v) = £;(v) forallv € H'(D), ®)
where the bilinear forma : H'(D) x H'(D) — R is given by
a(u,v) = LVM(X)VU(X) dx + /7a(x)u(x)v(x) do
D aD

and the linear form £, : H'(D) — R by

£1(v) ::/ﬁf(x)v(x)dx—}-/ng(x)v(x)do.

The shape derivative u = Su[k] € H'(D) in a given direction x € C>' (D)
satisfies the boundary value problem (4). The associated variational formulation
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involves the same bilinear form as (8), but a different linear form on the right hand
side. Namely, we find

seek 8u € H'(D)such that a(8u, v) = £»(v) forallv € H' (D), )

with the linear form £, : H'(D) — R being defined by

U (v) = /aﬁK(X){h(X) — Vru(x)Vrjv(x) do.

Note that we applied integration by parts in the definition of the linear form.
Moreover, the function % is defined in (5). Thus, the two-point correlation function
Cors, € Hy}”.x (D x D), which is given by the tensor Robin boundary value problem
(7), satisfies the variational formulation

seek Corg, € H!

mix

(D x D) such that
(10)
A(Corg,,v) = L(v) forallv € H}, (D x D).

Here, the bilinear form A4 : H!

mix

(D x D)x H!. (D x D) — R reads as
A = [ ] (908 V(90 Voot ay dx
+ /ﬁ /BB a(y) Vxu(x,y) Vxu(x, y) doy dx
+ /85 /ﬁ(x(x)vyu(x, y)Vyu(x,y) dy dox
+ /85 /aﬁa(x)a(y)u(x, y)v(x,y) doy doy

and the linear form L : H! (D x D) — Riis

Loyi= [ [ conx o - Vri Ve

A{h(y) — Vru(y)Vry}v(x,y) doy doy.

Theorem 2. The variational problems (8)—(10) are uniquely solvable provided that

a(x) 2 0.
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Proof. The standard theory of Robin boundary value problems yields the existence
of constants 0 < cg < c¢s < oo such that it holds

exul gy < aluw),  a(.v) < cslul g1 vl )
for all u,v € H'(D). Thus, we conclude

C% ||M||§{”1”X(BX5) S A(uv M)v A(uv U) E CL2S’ ||M||H”1”X(5x5) || v || H"%”.X(ﬁxﬁ)
for all u,v € H!. (D x D) by a tensor product argument since the bilinear form
A(-,) is derived from a(-,-) via tensorization. The Lax-Milgram theorem implies
finally the assertion. O

Remark 2. 1f a(x) = 0, then we arrive at the Neumann boundary value problem
and obtain thus the ellipticity of a(-,-) only in the space H (D) .= H'(D) \ R
and that of A(-,) in the space ﬁylm(ﬁ x D) = ﬁl(ﬁ) ® ik (D). Consequently,
unique solvability of the variational problems (8)—(10) is obtained in these energy
spaces.

4 Solving Tensor Product Boundary Value Problems
4.1 An Abstract View on the Linearization Approach

The linearization of a linear second order elliptic boundary value problem with
respect to a given input parameter « (w) involves the associated derivative Su(w) €
JC(D). It is generally given by a boundary value problem

A Su(w) = f(w) on D,

where & : (D) — (D) denotes a linear, second order elliptic partial
differential operator which is defined on a domain D C R”. Typically one might
think of /(D) being a Sobolev space with dual #”’(D). Moreover, the random
input parameter linearly enters the right hand side f(w) € /(D) since the
mapping k (w) + Su(w) is linear.

The two-point correlation Cors, € 5, (D x D) := (D) ® (D), which
pops up in the asymptotic expansions (6), is given by the tensor product problem

(# ® o) Cors, = Cory onD x D. (11)

Especially it holds Cor s € . (D x D) = (D) ® 7' (D).

In the following, we give an overview on the efficient solution of partial
differential equations with the tensor product operator .2# ® <7 on the product of the
physical domain D x D such as (11). Various concepts are available to overcome
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the curse of dimension which is already observed in this moderatly high-dimensional
situation.

4.2 Sparse Tensor Product Spaces

The starting point of the definition of sparse tensor product spaces for the Sobolev
space (D x D) are traditional and widely used multilevel hierarchies

VoCcViCV,C---C (D), (12)
where dim(V;) ~ 2/". Then, appropriate complement spaces
Wo := T, Wiy=V;eVi_, j>0
are chosen to derive the multiscale decomposition
Vi=Wod Wi &---® Wj.

In general, such complement spaces are defined by hierarchical bases like
e.g. wavelet or multilevel bases, see [5] and the references therein. The sparse
tensor product space Vy C Fnix(D x D) is finally given via the complementary
spaces according to

J
Vi= @ wiew, =PV, ew,,. (13)
J+j=J J=0

The sparse tensor product space Vy possesses only (277 J) degrees of freedom
which is much less than the ¢(227") degrees of freedom of the full tensor product
space V; ® V. However, the approximation power of the sparse tensor product
space and the full tensor product space are essentially (i.e., except for logarithmic
factors) identical if extra smoothness in terms of Sobolev spaces with dominating
mixed derivative is given [5].

4.3 Sparse Multilevel Frames

In the meantime, the construction of wavelets on fairly general domains and surfaces
is well understood [24, 25, 42]. However, the construction is expensive and the
wavelets have large supports, particularly on complicated geometries. Therefore,
other sparse tensor product approximations have been developed. In [17,27], the
sparse tensor product approximation has been performed via multilevel frames. The
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frame construction is based on the BPX-preconditioner (see e.g. [3, 10, 35]) and
related generating systems (see e.g. [16,17,19,20]).
By rewriting the sparse tensor product space (13) according to

Vi= ) VeV
J+j'sJ

it is obvious that the collection of tensor products of the basis functions in {V; } jJ —0

can be used to represent the functions in 171. It has been shown in [27] that this
collection forms a frame for the sparse tensor product space provided that the basis
functions are appropriately normalized.

The discretization of boundary value problems by frames and the solution of
operator equations in frame coordinates is well understood and quite similar to
the basis case, see e.g. [8,9,41]. The algorithms developed in [38], especially the
applications of tensor product operators, can be extended to multilevel frames. It
turns out that, in order to efficiently solve boundary value problems of the type (11),
it suffices to provide standard multigrid hierarchies and associated finite elements
together with prolongations and restrictions, see [22,27].

4.4 Combination Technique

Consider the tensor product boundary value problem (11). With respect to the ansatz
spaces (12), we define the associated complement spaces by

Wi = (P; = Pj-1)H (D) CV;

with P; : (D) — V; being the Galerkin projection associated with the operator
/. Then, the Galerkin system decouples due to Galerkin orthogonality. Namely, it
holds

((% ® d)visi/’wﬁf')Lz(DxD) =O0forallv;;y e W; @ Wyr, wj ;v e W; Wy

provided that i # j ori’ # j’. As a consequence, the Galerkin solution 6&'&,, Jto
(11) in the sparse tensor product space (13) can be written as

J J

Corsus = D (pjy—j = Pii—i—1) €DV, @ Wiy = V;
j=0 j=0

where p; ;- denotes the Galerkin solution of (11) in the full (but small) tensor
product space V; ® Vs, cf. [28]. If the differential operator has not the form
(11), then the combination technique induces an approximation error. Related error
estimates have been derived in [21, 30, 36].
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4.5 Low-Rank Approximation

A rank-r approximation of a given function Cor € L?(D x D) is defined by

Cor £ (x,y) ~ Cor £, (x,y) := Zae(x)be()’)
=1

with certain functions ag, by € L?(D). Inserting such a low-rank approximation in
the tensor product boundary value problem (11) leads to the representation

Corg, =(#'®@ ") Cory ~ ('@ ~") Corg, = Z (o 1ag)® (7 by).
(=1

i.e., the tensor product boundary value problem is reduced to 2r simple boundary
value problems on the domain D.

This approach has firstly been proposed in [15] for m-fold tensor product prob-
lems and right hand sides of tensor product type. In the case of the second moment
analysis in uncertainty quantification, we find the special situation that Corys is
symmetric and positive semi-definite. Thus, the pivoted Cholesky decomposition
can be used to efficiently compute the low-rank approximation to the right hand
side, see [23,29].

5 Finite Element Discretization

5.1 Parametric Finite Elements

For the application of multilevel techniques, we shall define a nested sequence of
finite dimensional trial spaces

VoCVlC"'CVjC---CHl(ﬁ). (14)

In general, due to our smoothness assumptions on the domain, we have to deal with
non-polygonal domains. To realize the multiresolution analysis (14) we will use
parametric finite elements.

Let A denote the reference simplex in R”. We assume that the domain D is
partitioned into a finite number of patches

clos(D) = Ufoak’ ok =yk(A), k=12,...,M,
k

where each yx : A — 1o defines a diffeomorphism of A onto 7p . The
intersection tox N Tox’, k # k', of the patches 7 x and v 4 is either @, or a
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Fig. 1 Construction of parametric finite elements

lower dimensional face. The parametric representation is supposed to be globally
continuous which means that the diffeomorphisms y; and y;s coincide at common
patch interfaces except for orientation. A mesh of level j on D is then induced by
regular subdivisions of depth j of A into 2/” simplices. This generates the 2/" M
curved elements {7, x }. An illustration of such a triangulation is found in Fig. 1.

The ansatz functions @; = {¢;x : k € A;} are finally defined via parameteri-
zation, lifting continuous piecewise linear Lagrangian finite elements from A to the
domain D by using the mappings y; and gluing across patch boundaries. Setting
V; = span ®; yields (14), where dim V; ~ 27",

5.2 Galerkin Discretization

We shall be concerned with Galerkin’s method for solving the variational problems
(8)—(10). To this end, we define first the system matrix

Aji=(VP; . VPj) oy + (P, Pj) 25D 15)
Then, the Galerkin solution

aj= ) ke =P €V
kGAj

of the variational formulation (8) is derived from the linear system of equations

Ajllj =f;, where fj = (f, @_,’)Lz(ﬁ) + (g, ®j)L2(BE)‘ (16)
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The solution of this Eq.(16) by multigrid accelerated finite element methods
is straightforward and along the lines of the standard literature, see e.g. [2, 4].
Therefore, we will skip all the details here.

The shape derivative §u = Su(k], given by (9), is approximated in a similar way:
we seek

Suj =Y vjxpix=P;v; €V,
kEAj

such that
Ajv; =g;, where g;:=(kh,®;)20p) + «Vru,Vr®))2gp). A7)

Likewise to the mean field equation, the solution of (17) is straightforward.
For the combination technique, we need to compute certain Galerkin approxima-
tions

Pig = Y D WG @ik ® k) = (B & i)W i
kEAj k’GAj/

to the two-point correlation Corg,, (10) in full tensor product spaces V; ® V. They
are obtained from the following linear system of equations

A; @A;)w; i» =h; . (18)
Here, the right hand side is given by

Core(h ® h). ®; ® ;) 1> 4DwsD)

hj =
19)

Core(h ® Vru), Q)j ® Vp@j/)

(

(Core(Vru®h).Vr®; ® d’j’)LZ(aﬁxaﬁ)
( L2(3DxdD)
(

+ (Core(Vru® Vru),Vrd; ® VF@j/)LZ(aﬁxaﬁ)‘

The iterative solution of the tensor product problem (18) is of optimal complexity if
the tensor product of the BPX-preconditioner [3] is applied.

5.3 Implementation of the Combination Technique

According to Sect.4.4, the combination technique amounts to solving all the
Galerkin systems (18) which are needed to determine the expression

J

Cotsus = Y (Pji—j = Pji—j—1) € V.
Jj=0
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For the implementation of the combination technique, we have thus to explain how
to efficiently compute the right hand side (19) to the linear system of equations (18).
To this end, we shall introduce some notation first.

Let the index set A?.D C A; denote the indices which belong to finite element

functions at the boundary dD and set (p?é ‘= @jklyp forall k € A‘;ﬁ. Then,

setting Vgﬁ = Agﬁ and V; = AEJ’.5 \ A??l for j > 0, the hierarchical basis

in the trace space Vy|,5 is given by Ujj-zo{gz)?é} weyaD- We replace the two-point
’ j

correlation function Cor, by its piecewise linear sparse grid interpolant

o _ 9D aD oo
Cory,y = E E § V(j,k),(j/,k/)((pj,k ®(pj’,k’) C Vilypxsp
J+J'<J pevdD prevdD
J J

which can be computed in optimal complexity (see [5]). Thus, the right hand side
h; ;s becomes

hjjr= Y My® M, ). k)i eyiD preyiD (20)
Hr<J ’ /

where the matrices M j», 0 < j, j' < J,are given by

oD D v -
M = [(‘pj’,k’h’(pjak)L2(85) + (¢33 Vri, Vrfﬂj,k)LZ(aﬁ)]

keAj,kfevf.?'

The expression (20) can be evaluated in essentially optimal complexity by applying
the matrix-vector multiplication from [27]. In particular, by using prolongations and
restrictions, the matrices M ;- are needed only in the situation j = j'. Thus, the
over-all computational complexity of the combination technique is essentially linear
in the number | A | of finite element functions on D.

5.4 Implementation of the Low-Rank Approximation

The piecewise linear interpolant of the two-point correlation Cor, in the trace space
(V; ® Vi)lapxop is given by

Corej = Y Core(Xa.X;x) (907 ® 9I7)).
k.k'eAdP

Here,x; € 9D denotes the node which belongs to the finite element basis function
(p?llz € Vj|sp. We shall thus compute a low-rank approximation of the matrix
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-
C = [Core (X k. X7 k) jrcpqop ~ Cr = Z/g/(,-T 21
’ J

i=1

by the pivoted Cholesky decomposition. Afterwards, we just have to compute all
the local shape derivatives §u in the directions Zke A;}ﬁ /c,-’kqoig via (17). Thus,

having the low-rank approximation (21) at hand, the complexity to compute Cors,, ;
is O(r|A;]). Note here that, in accordance with [18,39], the rank r hinges on the
smoothness of the underlying two-point correlation Cor,.

The pivoted Cholesky decomposition is a purely algebraic approach which is
quite simple to implement, see Algorithm 1. It produces a low-rank approximation
of C for any given precision ¢ > 0 where the approximation error is rigorously

controlled in the trace norm. n = |A?.D |. A rank-r approximation is computed

Algorithm 1: Pivoted Cholesky decomposition

Data: matrix C = [¢; ;] € R"*" and error tolerance & > 0
Result: low-rank approximation C,, = Y7, £;£] such that trace(C — C,,) < ¢

begin
setm = 1;
set d := diag(C) and error := ||d||y;
initialize 7 := (1,2, ...,n);
while error > ¢ do

seti := argmax{d,,j rj=mm+1,...,n};
swap 7, and 7;;
set £y, = \/dr,s

form+1<i<ndo
m—1
compute £y, 5, := (c,,m,m — Z Kj,,,mﬂjvm)/ﬁmvmn;
j=1
update dy, := dr, — €2,
n
compute error 1= Z das
i=m-+1
increase m :=m + 1;

in 0(r%n) operations, where n denotes the matrix dimensions, that is Exponential
convergence rates in r are proven under the assumption that the eigenvalues of C
exhibit a sufficiently fast exponential decay, see [29]. Numerical experiments given
there show that the pivoted Cholesky decomposition in general converges optimally
in the sense that the rank r is bounded by the number of terms required for the
spectral decomposition of C to achieve the error e.
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6 Numerical Results

6.1 Model Verification

We present some numerical tests to demonstrate our theoretical predictions. Let
D = {x € R? : ||x|| < 1} be the unit disk. We parametrize the boundary D by
polar coordinates

7:[0.27] > 9D, s> Y() = [Z?;((Ss))} '

Correspondingly, the boundary dD.(w) of the random domain D.(w) can be
expressed via the perturbed parametrization

o cos(s)
y(s,0) ==Y (s) + ex(s, w) |:sin(S)i| '

Herein, we assume that the random perturbation is given by

5
k(s,w) 1= Z ay (w) cos(ks) + by (w) sin(ks)
k=0

with random coefficients ay (w) and bg (@) which are equally distributed in [—1, 1]
and mutually stochastically independent. This results in the two-point correlation
function

5
Cory (s, t) = % Z cos(ks) cos(kt) + sin(ks) sin(kt). (22)
k=0

For our numerical experiments, we vary 0 < ¢ < 0.05. Even though ¢ is small, the
perturbation is considerably large since the norm ||k (@) || 2.1 ([o 2]y Might become
large.

On the above defined random domain D, (w), we consider the Robin boundary
value problem (1) with f(x) = 1, ¢(x) = 1, and g(x) = 0. For a given value of
¢, we determine first the expectation and the variance of the random solution by a
Monte Carlo method, using M = 25,000 samples. Note that the triangulation hast
to be constructed for each sample in order to resolve the random domain. To evaluate
the sample mean and variance, we interpolate each solution to a fixed quadrangular
grid on the disk K = {x € R? : ||x|| < 0.7} with radius 0.7 which lies always in
the interior of the random domain D, (w). The result of the Monte Carlo simulation
is then compared with the solution of our deterministic model. Here, we used the
pivoted Cholesky decomposition since the two-point correlation (22) is of finite rank
r=11I.
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Fig. 2 Asymptotic behaviour with respect to the perturbation parameter ¢ in the case of the
expectation (left plot) and in the case of the variance (right plot)

In Fig.2, one finds the absolute difference between the mean (left plot) and
variance (right plot) of the Monte Carlo simulation and the deterministic approach.
To be on save ground, we repeated the comparison five times and computed the
average of the differences. We observe that the difference behaves like &(g?)
for the expectation (left plot) and like &'(¢*) for the variance (right plot) as
indicated by the dashed lines. Hence, in this example, the asymptotic behaviour
of the expectation with respect to the perturbation parameter € is as predicted
by Theorem 1. But the asymptotic behaviour of the variance with respect to the
perturbation parameter ¢ is even one order better than predicted.

In Fig. 3, we visualized the approximate moments computed by the Monte Carlo
simulation (first row of Fig.3) and by the deterministic approach (second row of
Fig. 3) in the specific case ¢ = 0.025. The difference between both approaches are
found in the last row of Fig.3. The relative difference in the mean has the order
of magnitude 10~ while the relative difference in the variance has the order of
magnitude 1072,

6.2 A Correlation Kernel of Arbitrary Smoothness

We shall next compare the low-rank approximation with the combination technique
based sparse grid approach. To this end, we choose the same input data as before,
but employ the Gaussian kernel

2

ki =ew (= 33). r=Iro) -0l



377

Second Moment Analysis for Robin Boundary Value Problems on Random Domains

sample variance

sample mean

0.74

0.72

0.7

0.68

approximate variance

approximate mean

0.74

0.72

0.66

0.64

0.74

0.72

0.7

0.68

0.66

0.64

error of the variance

error of the expectation

Fig. 3 Sample mean and variance (first row) versus the deterministic mean and variance (second

row) in the case of &

= 0.025. The differences are found in the last row
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Fig. 4 Accuracy (left plot) and computing times (right plot) in the case of the Gaussian kernel

instead of the kernel (22). The Gaussian kernel is of arbitrary smoothness for any
given correlation length £ > 0. In particular, the eigenvalues of the associated
Hilbert-Schmidt operator decay double-exponentially (see e.g. [39]). In our numer-
ical tests, we vary the correlation length accordingto £ = 1,1/2,1/4,1/8.

We compute a reference solution on a very fine level and compare the solutions of
both approaches with respect to lower levels with this reference solution. The results
are plotted in Fig.4, where the left plot shows the relative error of the variance
versus the discretization level and the right plot shows the related computing times
versus the discretization level. Note that on level 10, there are about two million
finite elements.

It is observed that both, the convergence rates (left plot of Fig.4) and the
computing times (right plot of Fig.4), scale identically for both approaches. The
relative errors of both approaches increase when the correlation length decreases.
The approximation errors of the low-rank approximation (green lines) are, however,
a certain factor lower than the related approximation errors of the sparse grid
method (blue lines). Also the computing times of the low-rank approximation (green
lines) are a certain factor lower than the related computing times of the sparse
grid approach (blue lines). Nevertheless, the computing times with respect to the
sparse grid approach are essentially independent of the correlation length £ while the
computing times of the low-rank approximation increase in £ as the rank increases.

6.3 A Correlation Kernel of Finite Smoothness

We finally compare the low-rank approximation with the combination technique in
case of the Matérn kernel

i = (14 5 e (< 42). = 1r0 -y
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Fig. 5 Accuracy (left plot) and computing times (right plot) in the case of the Matérn kernel

which is of finite smoothness. The correlation length £ is again chosen to be
£ =1,1/2,1/4,1/8. The computational set-up of our comparison is in complete
analogy to that of Sect. 6.2.

In the left plot of Fig. 5, we plotted the relative error of the variance versus the
discretization level. Again, both approaches seem to produce the same convergence
rates but the relative errors of the low-rank approximation (green lines) are again
a certain factor lower than relative error of the sparse grid approach (blue lines).
Moreover, for a fixed discretization level, the relative error increases as the
correlation length decreases.

In the right plot of Fig.5, the associated computing times are found. The
computing times of the low-rank approximation (green lines) clearly depend on the
correlation length, whereas, in the case of the sparse grid approach, the computing
times are independent of the correlation length. Additionally, one figures out of the
plot that the computing times of the low-rank approximation seem to grow with
a higher rate compared with the sparse grid approach. This corresponds to the
theoretical predictions from [18]. Nevertheless, if one compares accuracy versus
computing time, the low-rank approximation is still superior to the sparse grid
approach.

7 Concluding Remarks

In this paper, we modeled and solved Robin boundary value problems on random
domains. We derived deterministic equations for the expectation and variance of
the associated random solution. The variance can be computed by means of a low-
rank approximation or by the combination technique. By numerical experiments,
we compare these two approaches. It turns out that for our specific examples the
low-rank approximation performs better than the combination technique. However,
the combination technique has the advantage that the memory requirements are
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independent of the given two-point correlation function. We emphasize that, in the
present case of boundary value problems on random domains, the low-rank approx-
imation needs only to be computed for an (n — 1)-dimensional function (cf. (21))
whereas the combination technique is an n-dimensional approach. Nevertheless, we
expect that, in the case of random coefficients (see [28]) or random loadings (see
[38]), the combination technique performs much better in comparison with the low-
rank approximation since there the low-rank approximation of an n-dimensional
function is required.
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Simulation of Q-Tensor Fields with Constant
Orientational Order Parameter in the Theory
of Uniaxial Nematic Liquid Crystals

Soren Bartels and Alexander Raisch

Abstract We propose a practical finite element method for the simulation of
uniaxial nematic liquid crystals with a constant order parameter. A monotonicity
result for Q-tensor fields is derived under the assumption that the underlying
triangulation is weakly acute. Using this monotonicity argument we show the
stability of a gradient flow type algorithm and prove the convergence outputs to
discrete stable configurations as the stopping parameter of the algorithm tends to
zero. Numerical experiments with singularities illustrate the performance of the
algorithm. Furthermore, we examine numerically the difference of orientable and
non-orientable stable configurations of liquid crystals in a planar two dimensional
domain and on a curved surface. As an application, we examine tangential line fields
on the torus and show that there exist orientable and non-orientable stable states
with comparing Landau-de Gennes energy and regions with different tilts of the
molecules.

1 Introduction and Derivation of the Mathematical Setting

The modelling of liquid crystals has attracted considerable attention among
mathematicians in the last decade [1-4, 10, 12—14, 18]. Starting with the prediction
of stationary configurations for the classical Oseen-Frank model we continue
right through to studies of the motion of liquid crystals governed by the
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Ericksen-Leslie model. In recent years it has become more popular to use Q-tensors
to describe nematic liquid crystals. One of the main features of this theory is that it
captures symmetries of the molecules which are not seen by classical models. In [4]
this feature is examined analytically and examples are constructed to show that
there are settings where the classical theory misses stationary configurations that
are energetically more favorable for the liquid crystal. The analysis leads directly to
topological issues and the question of the orientability of given line fields. It is the
aim of this paper to devise numerical methods for both models and to understand
relations between them. Following [4], the molecules of a nematic liquid crystal
can be thought of as rod-like molecules with two ends indistinguishable from
each other, a center of mass at a position x € §2 and a certain direction in space.
Here and in the rest of this report 2 C R¢ (d = 2,3) is a bounded Lipschitz
domain representing the vessel. For a well-defined macroscopic variable describing
the crystal it is required to use statistical averages of the molecular orientation
of the crystal. We let Z(S?) denote the family of Lebesgue measurable subsets
of the unit sphere S?, and assign to every point x € 2 a probability measure
w(x,?) : Z(S?) — [0,1] so that p(x, {n}) is the probability of the crystal x to
point in direction n. Since the molecules admit the so-called head-to-tail symmetry
we have that u(x, A) = u(x,—A) for every x € 2 and every A C S?. This
property yields that all odd moments of p must vanish. The lowest order even
moment, which is assumed to be the most important quantity for describing liquid
crystals, is given by

M(x) = /2 pipjdu(x,p), i,j=1,2,3, x¢€ 8.
S

The matrix valued function M : 2 — R3*3 has the properties
M=M" M=>0andtrM = 1.

We define the trace-free de Gennes order parameter tensor Q (= M — %id and
distinguish three different cases: (1) If QO has three equal eigenvalues then Q = 0
and we call the liquid crystal isotropic, that means, the orientation of molecules is
totally random. (2) If Q has two equal eigenvalues, then the liquid crystal is called
uniaxial and Q admits a representation of the form

1
Q ZS(H®H—§1d),

where n € S? is the optical axis and s € R is the orientational order parameter.
The orientational order s takes values between s = —% (molecules are planar
oriented and perpendicular to the optical axis) and s = 1 (perfect alignment of
molecules with the optical axis). The uniaxial case is characteristic for nematics and
cholesterics. (3) If O has three distinct eigenvalues, then the liquid crystal is called
biaxial. In practice, however, it is observed that liquid crystals are uniaxial almost
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everywhere with a constant order parameter s between 0.6 and 0.8. We therefore
restrict ourselves to the case Q(x) = s(n(x) ® n(x) — %id) with s constant and
n(x) € S? for x € £2. When we talk about the classical Oseen-Frank model we
think of the liquid crystal being described simply by a director field n : 2 — S?, the
optical axis. As in our simplified O -tensor model we assume a constant orientational
order parameter. More details for a substantial treatment of this derivation and an
introduction to the classical model can be found in [13, 18].

A model to predict stable liquid crystal configurations is to compute stationary
points of the energy

Eor(n) ::/QW(n,Vn)dx

= / ki|diva|* + ka|n - curln)* + ks|n x curln|*+
Q
(k2 + ka)(|Vn|* — |divn|?) dx,

with elastic constants k1, k2, k3, k4. It is possible to choose a function ¥, depending
on the tensor Q = s(n ®n — %id), so that the energy density W can be expressed as

W(n,Vn) =¥(Q,VQ),
see [4] for details. We will refer to the constrained Landau-de Gennes theory when

considering the energy density ¥ and de Gennes order parameter tensors. If Q =
s(n®n — %id) almost everywhere in £2 with n : 2 — S? then

Eor(n) = /g W(n,Vn)dx :/QII/(Q,VQ)dx =: Eri6(Q),

and the Landau-de Gennes theory can be interpreted as a generalization of the
classical Oseen-Frank model. In the most simple (equal constant) setting Eop
reduces to the standard Dirichlet energy for functions with values in S? and the
fact that
IV(n ®n)|* = 2|Vn|?
yields
1
IVOI? =s*[Vin®n — gid)|2 =s%|V(n ® n)|* = 2s%|Vn|?.

Thus, if Q = s(n ® n — 1id) in 2 then

1 1
—/ [Vn|?dx = —/ [VO|?dx
2 0 4S2 0
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and E; ¢ is a multiple of the Dirichlet energy for functions with values in
- 1
[2:={A4ecR¥>* :IneS?3Isec[-1/2,1]: A :s(n®n—§id) .

Since we are interested only in the Dirichlet energy it is convenient to set s = 1 and
replace IL? by the submanifold

L>:={AeR™:qneS  A=n®n}.

We observe that L2 can be identified with the real projective space RP? = S/+
using the map

b:12 > RP?, A=n®nt>{n,—n}.

It is possible to endow L2 with a Riemannian structure so that it is a Riemannian
manifold. Throughout this work we refer to the Oseen-Frank energy as

1
Eor : W'2(2.,8%) - R, n+ 5/ |Vn|? dx
Q
and to the Landau-de Gennes energy as
1
Epg: Wh(2,L%) > R, Q — Z/ IVO?dx.
2

We will call stationary points of Eop harmonic director fields and stationary points
of Er4c will be called Q harmonic tensor fields or harmonic line fields.

The molecules of the liquid crystal tend to align themselves parallel to the
boundary when they are in contact with other materials. These boundary conditions
are often referred to as partial constraint or planar anchoring conditions. When the
surface is worked in a special manner the liquid crystal aligns with the treatment
and can be specified. In this case one speaks about strong or homeotropic anchoring
conditions. In our two-dimensional simulation in Sect.6 we will also allow for
Neumann boundary conditions in parts of d£2. They are not motivated by the physics
but simplify the computations and help us to underline the difference of the Oseen-
Frank and the Landau-de Gennes theory.

Clearly every n € W12(£2,S?) definesamap Q = n ® n € WH2(2,1L.?). The
interesting question is whether the converse statement holds in the sense that for
0 € W2(£2,1L?) there exists n € W12(£2,S?) such that Q0 = n ® n. This is true
in some situations, cf. the left plot in Fig. 1, but in general this is not the case as can
be seen in the right plot of Fig. 1. In the latter one we set G; = (—1,1) x (—1,0),
G2 = B1(0)N{x2 > 0}and G = G1 U G2 \ By/2(0). We define the field

(—x2,x1,0) ifx € G N{xy >0}

n(x) = 0,1,0) ifx € GN{xy <0}
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Fig. 1 Orientable and non-orientable line fields in the plane

Then Q := n®n € WH2(2,1L.2) and if Q = 7 ® 7i then i = =n almost
everywhere but there is no way to construct a vector field 7 without any jump in
§2 and satisfying 71(x) = n(x) or 7i(x) = —n(x) for almost every x € §2. These
observations motivate the following definition.

Definition 1. We say that a line field Q € W'2(£2,1.2) is orientable if there
exists n € W12(2,S?) such that Q = n ® n a.e. in £2. Otherwise Q is called
non-orientable.

In the discrete setting we work with piecewise affine tensor fields Q}, that satisfy
01(2) € L2 for all nodes z in the triangulation. Analogously we work with discrete
vector fields n;, which are piecewise affine and satisfy n;(z) € S?. Thus, there
always exists a discrete director field nj such that Q;(z) = ny(z) ® ny(z) for all
nodes z and for 4 > 0 fixed we have that n, € W12(G,RR?). From this it follows
that we can always assign a discrete director field to a discrete line field and every
line field is orientable in a discrete sense but the identity |V Qp|?> = 2|Vny|? may
be violated. Thus, using the energies E; 6 and Eor enables us to compare the two
models and to introduce the notion of discrete orientable and non-orientable stable
configurations. In Fig.2 we depict a non-orientable line field in G and a possible
discrete vector field ny such that Qp(z) = np(z) ® np(z) for all nodes z. This
discrete effect is reflected in the critical mesh-dependence of Eor. The energies are
Eric ~ 0.9543 and Eor ~ 13.7151, thus, the jump in ny contributes dramatically
to the energy. The difference becomes even more dramatic when the mesh is refined
reflecting the fact that there exists no continuous extension.

The outline of this work is as follows. In Sect. 2 we characterize the manifold .2
and derive Euler-Lagrange equations for E; 4. In Sect. 3 we deduce a finite element
discretization of Ej,;; with pointwise constraints on the admissible functions.
In Sect.4 we propose an algorithm for the computation of @ harmonic line
fields based on a gradient flow approach. Right after that we prove stability and
convergence of the algorithm to a discrete Q harmonic line field in Sect. 5. Finally
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Fig. 2 Discrete line fields and vector fields and triangulation of G (left). The line field Q, (middle)
and a possible discrete director field n, that satisfies Q;(z) = n;,(z) ® n;(z) at the nodes z. The
vectors and lines at the nodes are scaled by the factor 1/5. Note that E;,6(Q;) ~ 0.9543 <K
E()F(l’lh) ~ 13.7151

in Sect. 6 we execute some interesting experiments illustrating the performance of
our algorithm. Furthermore, we numerically examine orientability issues discussed
in [4] in two and three space dimensions.

2 Euler Lagrange Equations for E;;; and Eop

We denote the tangent space of .2 at a given Qg € L2 by Tg,LL? and for every
tangent vector V € Tp,IL? there exists a path yg : (—§,8) — L? (§ > 0) satisfying

y(0) = Qg and % y(t) = V. The following lemma can be found in [4] and
1=0

will help us to establish a complete characterization of TQOLz. We include a sketch
of the proof to give an idea of how to work with line fields.

Lemma 1 ([4], Lemma 3). If —co < t; < t < oo and Q : [t;,t] — L?
is continuous then there exist exactly two continuous maps (liftings) nt,n~
[t1.t2] = S?, s0 that Q(t) = n*(t)  nt(t) andn™ = —n~.

Proof. Let0 < & < +/2. Givenn,m € S® with [n ® n —m ® 7| < & we have that
20— (n-m)®) = |n®n—m @ m|> < £ and so

g2 g2
n-m>4J1——>0 or n-m<-—/1——<0.
2 2

Thusn ®n =nt ®@nt =n~@n~, wheren™ -1 > 0 and n~ = —n™ satisfies
n~-m < 0.Now let Q(t) = n(tr) ®n(r) be continuous on [t;, £2]. Then there exists
§ > 0 such that |n(t) ® n(r) — n(o) @ n(o)] < V2. Forall 0,7 € [t1,1]
with |0 — | < &, and we may suppose that t, — t; = M for some integer
M € N. First take 7 := n(t;) and for each t € [t1,1; + §] choose n™(7) as
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above so that n7(7) ® nt(r) = n(r) ® n(r) and n*(r) -m > 0. We claim
that nt : [t;,¢; + 8§] — S? is continuous. Indeed, let o; — o in [t;,t; + 8] and
suppose for contradiction that n(o;) + n(o). Then since n*(0;) @ n*(o;) —
nt (o) ®nt (o) there is a subsequence o, such thatn(oj, ) — —n* (o). But then
—nT(0)-m > 0is a contradiction which proves the claim. Repeating this procedure
with 77 := n*(t; + §) we obtain a continuous lifting n™ : [t1,#; + 28] — S?, and

thus inductively a continuous lifting n* : [t1,1,] — S2. Setting n~ = —n™ gives
a second continuous lifting. Again, by a standard continuity argument we see that
there exist only two continuous liftings. O

Letng € S? satisfy Q¢ = no ®ng. According to Lemma 1, there exists for§ > 0
y 1 (—8,8) — S? satisfying 7(0) = ng and y|—s.5) = 7 ® 7|(-s.5)- We define

o

Ji=ve Tn,S? and obtain V € Tp,L? as

i=S[=H

t

d a4
V= a)t=0)/([) = 5)t=0y(t) ® (1)

®d‘
=n _—
0 dt lt=0

O+ G0 ®m=n@v+v@m.
dr lt=0

This means that there is a one-to-one correspondence between the tangent space

TQOIL2 and TnOSZ.

Let 052 = I, U I4, U I'y be a partition of the boundary of £2. For line fields
and director fields we impose natural Neumann boundary conditions on Iy and the
essential boundary conditions of homeotropic anchoring and planar anchoring on
I and I, respectively:

0=n2®n? cl? nes?
X € Nan | n2(x)[[vag(x) n(x) || vag (x)
X € Thor nQ(x) 1 l)ag(.X) n(x) 1 Vaﬂ(x)

Admissible tensor and director fields for E; ; and Eof are

g = {0 € WH(2,R¥3): Q e L? ae.in 2,
Q satisfies the boundary conditions on I, U I} and
dopi=1{n e WH2(2,R* : ne$S? ae.in 2,

n satisfies the boundary conditions on I}, U [, }.

Stationary points of Ej,c in the set of admissible line fields satisfy the imposed
boundary conditions and

(VO,VV) =0,
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forall V e % 2[Q] given by
F12[0] :=1{V € C§ (2 \ (Tyor U ), R¥3) 1 V(x) € To()L? for x € 2}.

At least locally, there exists always a vector field n satisfying Q = n€ ®n< and
therefore we can rewrite the Euler Lagrange equation as

(VO Vil @v+v®n?) =0
for all v € Fg2 [n?] given by
F2[n?] = {v € CC(2 \ (Inor U Nan) . R?) & v(x) € Tpo (S for x € 2}.

Stationary points of Eor in the set o/ satisfy the imposed boundary conditions
and the Euler Lagrange equations

(Vn,Vv) =0

for all v € Zg[n]. Clearly, it is only possible to consider Eqr if the boundary
values are orientable in the sense that there exists an orientable line field realizing
the boundary conditions.

3 Discrete Setting

We let 9, be a regular triangulation into triangles (d = 2) or tetrahedra (d = 3) of
maximal diameter 2 > 0 in the sense of [9]. We denote by V = V(.,) the space
of all continuous functions on £2 that are affine on the elements in the triangulation
Ty, and we set V,,p, = VN {v € WL2(R2) : v|r,, = 0}. We call a triangulation .7,
weakly acute if

K= /g Va; - Voa, dx <0 forall a; #a; € N, (1)

where A4~ = {ai,...,an} denotes the set of nodes in .7, and (¢g)ze v is the
standard nodal basis of V. Note that if d = 2 the triangulation .7, is weakly acute
if the sum of every pair of angles opposite to an interior edge is bounded by 7 and
if the angle opposite to every edge on the boundary is less than or equal to 7/2.
We denote by .#, : C%°(§2) — V the standard nodal interpolant and for a fixed
time-step size T > O letf; = jr forall j > 0.

3.1 Monotonicity Estimates

We include a monotonicity estimate from [6] that is a discrete version of a
corresponding statement in [2].
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Lemma 2 (Monotonicity I). Let .7}, be weakly acute, and let iij, € V* be such that
lin(a)| > 1 foralla € N, and define ny, € V3 by setting ny(a) = iip(a)/|in(a)|
foralla € N . Then

IVapll < IV 2

Proof. Let (¢g,)a;e.4 denote the nodal basis of V. Besides (1), the symmetric
matrix (Kij)f:’J.:l satisfies Z?]:l K;j = 0 owing to Z?]:l ®a; = 1. We observe
the relations

N
Z Kinp(ai) -ny(a;)

ij=1

[[Vny 2

N N
=2 32 Kyman - (mata) = mi@) + 5 32 Kymaay) - (mida) = mifa)

ij=l1 ij=1

1o 2
=—3 Z Kijlna(ai) = maa)|".

ij=1

The assertion is proved if |nj(a;) — np(a;)|* < |in(a;) — iip(a;)|? forall i, j =

1,---, N. Hence, it suffices to show ||Z—‘ — %| < |a — b|, for a,b € R3 with
lal, |b| = 1. This follows from the Lipschitz continuity with constant 1 of the map
re i {x €R3: x| > 1} = $2, x > x/|x|. O

Before we turn to the characterization of discrete harmonic director fields and
QO harmonic line fields we state another monotonicity estimate result which is an
adoption from the previous argument to the finite element space of functions that
have nodal values in 2. The result is a consequence of the following auxiliary
estimate.

Lemma 3 (Tensor Estimate). Let 0, w € R3 such that |0|, |w| > 1. Setv = §/|7|

andw = w/|w|, then

1 2
1—(v®v):(w®w)§§ﬁ®ﬁ—v~v®ﬂ/ , 3

where for A,B € R*> A : B = tr(AT B) and tr : R¥3 — R is the usual trace of a
square matrix.

Proof. We deduce

I—wev):wew) =1—@w-w?=>0-v-w(l+v-w) = %|v—w|2|v+w|2.
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Where we incorporated the identity | +v-w = %|v|2 + %Iw|2 tv-w= %|v +w|?
and the fact that

WRv):(wew) = kavgwsz = kawk ngwz = (v-w).
kL k )2

Since mge is point symmetric with respect to the origin and Lipschitz continuous on
R3\ B;(0) with Lipschitz constant one we deduce that

v w -
|U:EW|=)T:i:T§|v:i:w|.
ol Iwl
This yields
| e
1—(v®v):(w®w)§z|v—w| [v 4+ w|
1

- -(|15|2 2 = 20 - fv)(|17|2 + )2 + 28 - w)

~

(15 + [#2)” = 4(5 - )2

(191* = 2@ - )* + [wl*) + 2 (|8 |w]* - (@ 'VV)Z)]

2

’

IA

|
Nl = Bl= A=
—_~ | — | —

1
5[ — 25 - )2 + [i]4) = 5‘5@5-»@@»;
where we used Young’s inequality 2|3|?|w|? < |§|* + |W|* and the identity |7|* =
|7 ® 7|2. O
Lemma 4 (Monotonicity I). Let .7}, be weakly acute, and let fi;, € [V]? be such
that |ip(a)l > 1 for all a € N, and define ny € [V]? by setting ny(a) =
iin(a)/|iin(a)| for alla € N . Furthermore we define Qyp,, Qp, € [VI3*3 by setting

On(a) :=iip(a) ®fip(a) and Qpn(a) := |ZZEZ;| ® |Z:EZ§| foralla € N .

Then

IVOLI < IIVOull. 4)

Proof. We start the proof with the same arguments as in Lemma 2 which yield

1 N
IVOAI? = =5 > KilQnla) — Qnla))?
i,j
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N
= 3 Ky (104@) ~204(@) : Onla)) + 101(a))P)
i,j
N

_ZK,.]. (1= Onlai): Onlay)).

L,

Fori,j € {1,..., N} arbitrary we incorporate the estimate (3) from Lemma 3 with
U= np(a;), w:=ip(a;), v =10/|0| and w = w/|w| and arrive at

1 - ~
1= Qnla;) : Qnlaj) < EIQh(ai) — Onlaj)?.
We conclude

IVOIP = = 3" Kyl = 0@ : Qula) < =3 3 Kyl Oya) = Gata)P = IV Oy,
d a

)

which proves the lemma. O

3.2 Euler Lagrange Equation in the Discrete Setting

For the discrete version of the boundary conditions we assume that all nodes on the
boundary of £2 lie either in I'y, [,, or I, For discrete line and director fields
we impose natural Neumann boundary conditions on I’y and the discrete essential
boundary conditions of homeotropic anchoring and planar anchoring on I3, and
I'jan, respectively:

On@» = n}?(z) ®n}(l~)(z) elL2forallze Ay | ny(z) € S? forallz € A,
2 € Fian n2 @) |vag() nh(@) || vag ()
2 € Tor g (2) Lo () np(2) L vyo(2)

Thus, we define the discrete admissible line fields and director fields for E; 6
and EOF

Al = (P, € [V : Py(a) € L2 foralla € N,
Py, satisfies the boundary conditions on I}, U I, } and
,Q/OhF = {vp € [V]? : vp(a) € S® foralla € A,

vy, satisfies the boundary conditions on I}, U Iy, }.
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Definition 2. (i) A map Q) € ,Q/LZG is called a discrete Q harmonic tensor
field into IL? subject to homeotropic anchoring, planar anchoring and Neumann
boundary conditions if Qy, is stationary for E;,; among all Py, € JZ%LZG.

(ii) A vector field ny € "Qfth is called a discrete harmonic director field subject to
homeotropic anchoring, planar anchoring and Neumann boundary conditions if
ny is stationary for Eor among all vy, € Jz{é’F.

Given n; € "Qfth we define the space of tangential updates with respect to the
sphere by

Fganp] = {rh € [Vaor? 1 rn(@)-np(a) =0 foralla € A,
and rj(a) - vpg(a) =0 foralla € A N Lg}. (5)

For computations with line fields we define the space of tangential updates for a
given Q, € . as

F12104] = {Ri € Vool : Ry = Al @ n2 +n? @ ry]forr, € Fohll), (©6)

where nhQ € [V]? satisfies |nhQ(a)| = 1 and Qpa) = n}?(a) ® nhQ(a) for all
a € . The following proposition is a variation of Lemma 3.1.4 from [5].

Proposition 1. /. A tensor field Qp, € JZ/LZG is a discrete Q harmonic tensor field
into 1% according to Definition 2 if and only if there holds

(VO VW) =0 (N
forall Vy € ylz[Qh].
2. A vector field n, < ,Q/OhF is a discrete harmonic director field according to
Definition 2 if and only if there holds
(Vnp, Vop) =0 ®)

forall vy, € Fga[ny).

Proof. For the proof of (1) we note that a variation of Q}, can be given by the term
Ipr2(Qp + tPy) fort > 0 small enough and Py, € [V,,,,]>3. Then

I 2(Qn + tPy)(a) = Qpla) + tDm2(Qn(a)) Py(a) + o(2)

foralla € A . If P, € Z12[Qp] then Dry2(Qp(a)) Pr(a) = Pyp(a) foralla € A
and we obtain that

I 2(Op +tPp) = On + Py +0(2).
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Thus, (7) follows by computing
0 = limt™" (Epag(Sh2(Qn + 1Ph)) = Erac(Qn) = (VQi. V Ph) .

The proof of (2) follows analogously. O

4 Iterative Algorithms

We compute stationary points of Eor and Ep4c via iterative algorithms that are
motivated by the corresponding H'! gradient flows. The continuous H! gradient
flow for harmonic maps into a submanifold X' C R” subject to Dirichlet conditions
on I'p seeks a function V' : (0, 00) x £2 — X satisfying V(0,:) = Vo, V(¢,)|rp =
Vp and

(V;V.VP) 4+ (VV.VP) =0 )

for almost every ¢t € (0,00) and all P € WDI’Z(.Q,R”) such that P(x) € Ty ¥
for almost every x € 2.

4.1 Fully Discrete Algorithm for Discrete Harmonic Director
Fields

For the computation of discrete harmonic director fields a semi-implicit
discretization of (9) yields the following algorithm. Well-posedness, unconditional
stability for weakly acute triangulations, termination and convergence of the
algorithm can be found in [6].

. . . . . . . 0
Input Triangulation .7, stopping criterion & > 0, time-step size > 0 and n, €
AN Seti = 0.

1. Compute w), € F2[n}] such that
(Vw;l, Vvh) + (V(nz + ‘L'WZ), Vvh) =0

for all vy, € Fg2[nl].
2. Set

n;l(a) + ‘L'WZ (a)
nl, (@) + Wi (a)|’

ni*tl(a) =

foralla € V.
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3. Stop, if [|[Vwh||p2 < &.

4. Seti =i + 1 and go to (1).

Output: n} :=n’ .

Remark 1. (i) For dtn;l = WZ and ﬁ;;“ = n;l + rdtnz the equation in Step 1
reads

(Vdinj,, Vog) + (Vit,t, Vo) = 0

which is a discrete version of (9).
(ii) As it was already discussed in [7, 16] the same algorithm without Step 2 yields
for the output n;

1Zhllny1? = 1l < CtEop(np).

Thus, for ¢ > 0 small enough the projection step can be skipped and the
violation of the constraint at the nodes is controlled by the time-step size 7.

4.2 Fully Discrete Algorithm for Discrete Q Harmonic
Tensor Fields

For the computation of discrete Q harmonic tensor fields we propose the following
algorithm which is a discretization of a variation of the H! gradient flow. Locally,
we have that 0 = n2 @ n and ;0 = ;7€ ® n2 + n2 ® 9;n< as well as
the relation V = n€ @ v + v ® n? for V € .%;2[Q] and some v € F2[n?].
We employ the modified H' gradient flow as

(Vo,n2,Vv) + A(V3, 0, VV) + (VQ,VV) =0,
with a discretization parameter A > 0 that coincides with the time-step size. In
Sect.5 we will provide proofs of stability, termination and convergence of the

algorithm to a discrete Q harmonic tensor field.

Input Triangulation .73, stopping criterion & > 0, time-step size t > 0
and Qg € MLZG. Seti :=0.

1. Compute w}, € Fg2 [n}?’] such that
(VWZ,VU;,)—}—
(V@ + el @wh + w), @l ). VA @ v+ vy @nf']) =0,

for all vy € Fg [n}?’i].
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2. Set

2@+ @ i@ + ol (@)
27 @) + o @] @) + ol (@)

0" (@) =

foralla € 4.
3. Stop, if [|[Vwh||p2 < &.
4. Seti =i + 1 and go to (1).

Output: 0, = QZ-

5 Analysis of the Algorithms and Q Harmonic Tensor Fields

In the first part of this section we analyze the proposed algorithm for the compu-
tation of Q harmonic tensor fields. Related results for the H'! gradient flow for
director fields can be found in [6]. Furthermore, we discuss a weak compactness
result for Q harmonic tensor fields on a continuous level which provides the basis
for a convergence analysis of the discrete approximations. We refer to [5] for a
corresponding analysis in the case of discrete harmonic director fields.

5.1 Stability and Convergence of the Tensor Field Algorithm

We start our analysis by showing well-posedness of the algorithm. A stability result
enables us to show termination of the algorithm and convergence to discrete Q
harmonic tensor field.

Lemma 5 (Well-posedness). Given Qp, € [V]3*3 satisfying Op(a) € L2 for all
a € N there exists wy, € Fg [n}?] satisfying

(th, Vvh) + (V(Qh-i—rfh [n}? QwWp+wp ®nhQ]), V.7, [nhQ Qup+up ®n}?]) =0
(10)

SJorallvy € Fg [nhQ] Moreover we have the following estimate
VWil < Evic(Qn)- (1D

Proof. We set

T .= {v,, € Vol : v3(@) € T, 0, S forall a € JV}
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and note that 7 is a subspace of [V,,,]3. The bilinear form Ao : T xT — R,
defined through

Wn.vp) = (th,Vvh>+(Vﬂh[nhQ®W11+Wh®nhQ],Vﬂh[nhQ®vh+vh®nhQ]>

fulfills the requirements of the Lax-Milgram Lemma. For the unique solution wy,
of (10) we obtain by choosing v, = twy, that

| Vwi |2+ 22| VA 12 @wy+wyp @nl]|? = —r(VQh,Vﬂll[n}?@)wh—i—wh@nhg])
1
< IV + IVAE @ wi +wy © ]|,

which is the asserted estimate. O

Lemma 6 (Stability). Assume that Jy, is weakly acute. For a given Qg € JZ/LZG let

(Q;Z)oﬁifj C .;sz}"lG be the sequence of tensor fields computed in our Q tensor field
algorithm and let

C':=1-CCy*th'=?(ogh;}) — CCor*h*~ ¢ (logh; L )2,

min

where Cy 1= ELdg(Qg), hrznm = minre g, diamT and the constant C > 0 depends
on the geometry of the mesh but is independent of the mesh-size h > 0. If the
time-step size T > 0 is small enough, so that C' > 0 then for all J > 1

J

Eric(Q5 ™) + C'(2/2) Y IVWhI* < ELac(Q}).
i=0

and the Q-field algorithm terminates within a finite number of iterations.

Proof. We recall that Q) = Fj[n ' ® n, '] and

ng’i (a) + rw;l(a) n,?’i(a) + rw;l(a)

0, (@) = - ; i (ol
ne n2" (@) + i @) [ (@) + wi (@)

foralla € 4. We set
Oyt == 0 + tI[wh, @ " +n" @ w)]
and

Q2+1 = Ipl(ny s Tw)) ® (ny s )] = Q2+1 + 72 Ih ), @ whl.
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Furthermore, we know that according to Lemma 4 EMG(Q:ZH) > FE LdG(QZ“),

since 7, is weakly acute. In Step 1 of the algorithm we compute w), € Fg> [n}?’i]
satisfying

(YW, Vog) + (VO VIh[vp @ n + 02" @ vy]) = 0,
forall v, € Fg2(n, l] We test the equation with vy = rwz and obtain
| VWl + (VO V(0! = 0}) = 0.
Upon using the binomial identity 2a(a — b) = (a — b)? + a* — b? we infer that
VWi I+ 2(ELic(0) ) = ELic(Q)) + (t2/2) IV A lwl, @ n 2" +n 2" @ wi] | = 0.
The monotonicity estimate for line fields together with the identity
ELic(0;7) = Ec(0, ) +(@/2(V O, T, V.A4w), @ wi]) +7* ELac (S [wj, ©w}))
yields
P2 i+1 i 2 i iy 0. i112
o[V, P 4+2(Era(Q4 ™)~ Evac(Q}) +(22 /2) |V Iy [wh @n 2 +n 2" @w) ]|
— (VO Vg, [w, @ wh]) — 20* Evig (I3 [W), @ wi]) < 0.

To bound the first negative term we employ the representation of QZH and Young’s

inequality
VO VA, @ wh]) = (V(Q) + talwh, ® ' +nf' @ wi)). V.7, ® wh])
< 207 (ELac(Q))) IV A4 [wj, ® willl
+ 21" ELic (I3 [W), @ w}])

+ @IV AW, @ nf' + 0" @ willl>.

Thus, we arrive at

| Vw12 + 2(Erag(Q5TY) — Erac(05))

— 202(ELac(QI) V2|V A W, @ Wil — 4t ELac(Inw), @ wh]) < 0. (12)
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We argue by induction and assume that ELdG(Q'}’;) < Coforj =0,...,i.Adiscrete
norm equivalence on every triangle 7' € .73, shows that

IV I W), @ Willl 2y < CIVW, @ wi)ll2(ry < 2C 1w Il ooy VW Il 2(r)-

We incorporate the inverse estimate ||wh |Loo(ry < Ch1 /2

cf., e.g., [9], and sum over all T € 7}, to arrive at

loghz' IV}l 27y

IV-7w, @ willl < Chy*logh,)

min

2
VW12,

min

Furthermore, if we incorporate (11) and the induction hypotheses we obtain the
following bound

ELdG(Lﬂh [W;l ® w;z]) = Chilmd (loghmm) ”v‘/‘/h”4 = CCOT—lhilmd (loghmm) ||vwh||2
We use the derived bounds in (12) and deduce that
t(1 — CCy P thinPlogh; L — CCor?h2;% (logh; 1)) | VW, |12

+2(ELic(05") — ELic(0})) < 0.

Upon choosing t > 0 small enough so that

C':=1-CCy*th! >4 ?10gh "1

min

— CCot2h% % (logh-1)? > 0,

min min min

we obtain the local energy inequality
C't|Vwil* + 2(Erac(Q5,) = Evic(Q})) =< 0.

Therefore, EMG(QZH) < EMG(QZ) < Cy and this allows us to proceed by
induction. Summing over i from O to J yields

J

Eric(Q5 ™) + C'(/2) Y IVWhI* < Erac(Q}). O
i=0

Theorem 1 (Termination and convergence to a discrete O harmonic tensor
field). Suppose that the conditions of Lemmas 5 and 6 are satisfied. Then the
tensor field algorithm terminates within a finite number of iterations and the output
Q€ %L}:iG satisfies

(VQZ, th[”}?j* ®vp +vp ® nhQ*]) = Hes(vy)
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for all v, € Fg [nhQ*], where the linear functional Zes : Fg [n}?*] —- R

satisfies |Zes(vp)| < e|Vop||? for all vy, € Fg [nhQ*] For a sequence (g7) jen
of positive numbers such that e; — 0 as J — o0, every accumulation point of the
corresponding bounded sequence of outputs (Q;’J) Jen C ,Q/LZG of the algorithm is
a discrete Q harmonic line field according to Definition 2.

Proof. The proof is a direct consequence of Theorem 3.2.7 from [5]. O

5.2 Weak Compactness Result for Q Harmonic Tensor Fields

For ease of presentation we assume homeotropic boundary conditions on the entire
boundary and let (Q¢)¢ C W12(£2;1L?) be a bounded sequence of Q harmonic
tensor fields. Then there exists £ny : 2 — S? satisfying Q¢(x) = ny(x) ® ng(x)
for almost every x € £2. Note that, on every simply connected w C §2, we can
chose +n; € W2(w,S?). Moreover, we have that

(VQ;, VV) =0

forall V € WOI’Z(Q;R3X3) satisfying V(x) € TQe(X)IL2 for almost every x €
£2. We will show convergence on every simply connected w C £2. For this let
V € W,?(£2; R3*3) be such that supp/ C @ and V(x) € To(x)L? for almost
every x € w. Thus, there exists v € WOI’Z(a),]R3) satisfying v(x) € Tne(x)S2 for
almost every x € w and V = ny ® v + v ® ny. Furthermore, we can rewrite
v = ng x ¢ for some function ¢ € Wol’z(a), R3) and the usual cross product x. From
the boundedness of (Q/)¢ we infer that for (not relabeled) subsequences

Q¢ — Qin w2, Q¢ — 0 in L? and Q¢ — QO pointwise almost everywhere in §2.
Since Qy = ngy ® ny almost every, we know that n’ené — n'n/ pointwise almost

everywhere fori, j = 1,...,3. We proceed

VQy, VV)=(VQ;, V(g @ v+ v ®ny))

=(VQy, V(ng ® (ng x§) + (ng x §) @ ny))

d
= Y (0 Q¢ 0k (ng ® (ng X ) + (ng x §) ® ny))
k=1

d
= ) ((Ogne) ® ng +ng @ (Ogng), 0 (ng & (ng x §) + (g x §) ® ny)).
k=1
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Fora,b,c,d € R?® we have that (¢ @ b,c ® d) = (aTd,bT¢). Since ng L dgny
fork =1,...,d and ngy L ny x ¢ we see that terms of the form

(Okne @ ng, dgng ® (g x £)) = ((ne)T (ng x §),nl (9ne))

vanish and we obtain the identity

d
(VO VV) =Y ((0gng) @ ng +ng ® (Ogng).ng ® (ng x 80) + (ng x 05 ® ng)
k=1

d
= Y (0 Qg ® (ng x Ib) + (ng x 0cl) @ ny).
k=1

The products ny ® (ng x 9 ¢) and (ng x dx ) ® ny are quadratic in the components
of ny and therefore we have that ny ® (ny x 0x{) — n ® (n X d ) pointwise almost
everywhere in §2. Since |ng| = 1 and { € L* we have by Lebesgue’s dominated
convergence that ny ® (ny x 0x) — n ® (n x 9 ¢) strongly in L2. Together with
the weak convergence of d; O, we infer that

d

0=(VQr,VV) — Y (3 Q.n® (n x k) + (n x () @n)
k=1

=(VO. Ve ® (n xf) + (nx¢) ®@n).

Since this holds for all { and the previous arguments are independent of w C £2 we
have that Q is a harmonic line field.

6 Numerical Experiments

6.1 Extinction of Singularities

We consider a liquid crystal cell V. = (—1,1)> c R3 with planar anchoring
conditions. In this case defects at the boundary can be observed leading to so called
Schlieren textures. There are different types of defects (disclinations) and to each
type is assigned a number and a sign. Some of them may cancel out each other
if they come into contact. We consider the upper boundary of V' and simulate
the annihilation of opposite degree one-half and degree one singularities in the
iteration of the algorithm. The preference of the alignment parallel to the surface
2 = (=1,1)? x {1} is modelled by the use of a Ginzburg-Landau penalty-term.
Thus, we consider

1 1
Ef(@) =5 [ 9P ax+ o5 [ 10u ax,
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Fig. 3 Annihilation of two opposite degree one-half singularities during the computation and an
energy plot demonstrating the decay of energy for different mesh-sizes. The energy shows a strong
decay when the attracting defects eventually annihilate

Penalizing the out of plane component is physically consistent since the alignment
parallel to §2 is favored but not forced. Mathematically this is crucial since
singularities in the plane have infinite energy. Let J} ¢ be a triangulation of
£ consisting of two triangles obtained by dividing (-1, 1)? along the diagonal
x1 = x3. The sequence of triangulations .7} is generated by £ uniform refinements
of 7y with mesh-size hy = V227t We use a time-step size t = 5h and set

e = 107! In our first experiment we examine the extinction of two opposite
degree one-half singularities. We place a positive degree one-half singularity at
x1 = 0.5 and a negative degree one-half singularity at x; = —0.5. Boundary

values are chosen to be np = [0,1,0]”. The unique minimizer of E T4 1S given
by u = [0, 1,0]7. For the construction of such initial defect data we refer the reader
to [8, 16]. In a second experiment we place a negative degree one singularity at
x1 = 0 and two positive degree one-half singularities at x; = —0.3 and x; = 0.7.
As in the first experiment the boundary values are np = [0, 1,0]7. Snapshots of the
evolution and decay of energy in the two examples can be seen in Figs. 3 and 4.
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Fig. 4 Extinction of three singularities during the computation and an energy plot demonstrating
the decay of energy for different mesh-sizes: The nearby negative degree one and positive degree
one-half singularities come together and result in a negative degree one-half singularity. Then, as in
the first experiment an annihilation takes place when the remaining singularities meet. The energy
shows strong decays when the annihilations take place

6.2 Orientability Versus Non-orientability

Let Dy := (=1.5,1.5) x (=1,1), let D, := B;([-1.5,0]7) U By([1.5,0]7),
let D3 := By;a([~1.5,0]7) U By2([1.5,0]7) and let D := (D1 U D,) \ D3,
see Fig.5. We use the DistMesh package [15] to generate quasi-uniform triangu-
lations of D with arbitrary mesh-size. Thus, the quantities # = 0.1,0.075 and
h = 0.05 in Fig. 5 are approximate values to the actual mesh-sizes according to the
definition in Sect. 3. The two-dimensional domain D was introduced in [4] to point
out that there exist settings in which the Q-tensor theory yields stable configurations
that cannot be seen by the classical Oseen-Frank model. We impose tangential
boundary conditions on the outer part of the boundary and Neumann conditions
at the interior. Furthermore we consider the energy

1 1
E7,6(0) = 5/9 IVO[*dx + E/g |Q33]% dx,
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- - Orientable (h = 0.075)
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Fig. 5 Energy decay for different mesh-sizes and final states for a triangulation of D with mesh
size h = 0.1. The energy of the final state in the class of non-orientable line fields is strictly smaller
than the energy in the class of orientable line fields. The classical Oseen-Frank theory would not
detect the absolute minimum prefered by the liquid crystal

which allows for an out-of-plane component and thereby for singularities in the
interior as in Sect. 6.1. We compute stable configurations in the class of orientable
and non-orientable line fields with our algorithms from Sect. 4, see Figs.5 and 6.
We observe for a sequence of triangulations with approximate mesh-sizes & =
0.1,0.075 and & = 0.05 that the energies in the class of non-orientable line fields
are strictly smaller than the energies in the class of orientable line fields. Thus, the
classical Oseen-Frank theory fails to detect stable configurations of the liquid crystal
with small energy.

6.3 Torus Experiments

We investigate stable configurations of line fields on a vertically stretched torus T?
which can be parametrized by X : (0, 27t)2 — R3,

(R + rcosf)cosgp
(¢,0) = | (R + rcosf)sing
2.5rsinf

with R > r > 0, see Fig. 7. Planar anchoring conditions are imposed everywhere
on the surface and we compute the tangent vectors

0, X dg X
¢ and 15 = o ,
|0 X |

71 .=
|96 X |
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Fig. 6 Snapshots of an evolution under the H'! gradient flow and decay of energy for director
fields (left) and line fields (right): The initial line field Q2 admits a positive degree one singularity
at x; = —0.5, the holes are located at x; = =1.5 and have a radius » = 0.5. In the orientable
case the singularity moves into the hole on the right. In the non-orientable case the singularity
splits into two positive degree one-half singularities that repulse from each other and vanish in the
holes leading to a strictly smaller energy

T X1
IT1 X2
(0, 27)? consisting of two triangles obtained by dividing (0, 273)2 along the diagonal
X1 = x2. The sequence of triangulations 7; with mesh-size hy = V22r)27¢ and
nodes .4} is generated by £ uniform refinements of .75. We identify the following
nodes

as well as the unit normal outer normal v = Let J be a triangulation of

0.6 1" < P2r.g )" and [g,.0]" <« [§ .27]"
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Fig. 7 Generating the triangulation of a torus: On a uniform triangulation of (0, 27)? we identify
the nodes on the left with the ones on the right (red lines) and the nodes on the top with the ones
on the bottom (green lines). We plot the obtained stretched torus for { = 4,r = 1 and R = 2 and
the two identification lines (middle) as well as the resulting mesh (right)

for Eﬁz =0, h / V2, 2h / J2,....27. By this, we obtain a new triangulation 7; with

a new set of nodes .4y and define
Ny = {X(z) 1z € 7@}.

This results in a closed triangulated surface ’]I‘% approximating T? with a new mesh
size hy = ||DX||roohy > 0, where || DX |00 := max;|]0; X;||zo = max{R +
r,2.5r}. On Ti we define the discrete tangent vector fields

ﬁ2,1 = Ip[r2 + rand]

ﬁg’z = Hpsin(p/2)t1 + sin(@/2) 12 + rand],

where rand : ’JI% — R3 takes random values in (—0.1,0.1)3 and ¢ denotes the
horizontal angle in the torus coordinates defined by the parametrization X . To obtain
a vector field that is tangential and has unit length at the nodes we define ﬁg’i =

Inlity ; — (7p ;- v)v] fori = 1,2 and then the initial data

iy

0 . i ;

ny; = I 0 ] for i=1,2.
h.i

As can be seen in Fig. 8 the initial line field Q) | := F[n) | ® nj) ] is orientable

while Q) , := h [}, , ® np ,] is a Moebius strip rotated around the x3-axis and,
therefore, non-orientable.
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Fig. 8 Initial data for the torus experiments: On the fundamental domain (0, 277)? of T? we plot
the line fields O} | and Q7 ,. Since Q} , is a Moebius strip in one direction the resulting line field
on the torus is non-orientable

10 10 1 30
QqandRir=13 _._ELdeongandl=5
gl —-oe- QX andRir=13 % E  forQ®andl=5
or Q, and | =
Q) and Rir=14 26 LG !
—_— 0 -
ol e Ranamizta 4 ---Biggfor Gy and1=6

QjandRir=15

E,
0 -
_EggforQandi=6
Q§andR/r=1,5

El 4 ~ EL4e(r=0-5)
IS

20 0 T8_yeses
2 18
16
0
14
-2 12
0 1 2 3 4 5 6 1.5 2 25 3
Radius r R/r

Fig. 9 Numerically confirmed invariance of the energy E;,; under a rescaling x — Ax of the
surface (left) and final energies for ratios R/r € (1.05, 3) and two meshes (right). On the left we
plot Eryg(r) — Epyg(r = 0.5) for the ratios R/r = 1.3,1.4 and 1.5 and initial data Q2,1 and
Q2,2. On the right we plot the final energies for » = 1 and initial data ngl and Q2,2~ Note that the
energies of the final states in the class of orientable line fields is much smaller than the energies of
the non-orientable final states for R/r > 2 and they are of comparable size for R/r ~ 1.5
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Fig. 10 Stationary points of E;,¢ in the class of orientable (left column) and non-orientable (right
column) tangential line fields on the torus: Snapshots of the evolution under the gradient flow with
initial data Q2,1 (left) and ngz (right). On the outer part of the torus we see different tilts of the

liquid crystal when the evolution becomes stationary. We color the surface by Q33 = |n£3|2,

where the color blue corresponds to Q33 = 0, that is, the molecules of the liquid crystal lie in a
plane orthogonal to e3 = [0,0, 1]7
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Fig. 11 Stationary points of E;,c on the torus (colored by the Q33 component): We plot snapshots
of a cut through the non-orientable (left) and orientable (right) line fields during the evolution
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6.3.1 Different Ratios R/r

Since E;4c and the corresponding Euler-Lagrange equations are invariant under
a rescaling x +— Ax for A > 0 on two-dimensional surfaces stationary points
computed by a gradient flow algorithm only depend on the initial data Q° and
the ratio R/r of the two radii that define the torus. We start the investigation of
tangential line fields by computing final energies for the starting values Qg,l, Qg’z
and different ratios R/r. As can be seen in Fig. 9 on the right for R /r > 2 and our
choice of the initial data the energies of the final states in the class of orientable line
fields is much smaller than the energies of the non-orientable configurations. We will
have a closer look at the ratio R/r = 1.5 where the energies are of comparable size
and discuss properties of the stable orientable and non-orientable line fields.

6.3.2 Analyzing the Tilt for R/r = 1.5

The interest for physicists and engineers involved in the construction of bistable and
multistable devices is the difference in the tilt of liquid crystal molecules in stable
configurations. The tilt of liquid crystal molecules has an impact on polarized light
crossing the device possibly leading to a new polarization. A polarizer at the end of
the device measures the deviation of the outgoing from the ingoing polarization.
Since the polarizer passes light of a specific polarisation, say the ingoing one,
regions of different polarisations due to tilted molecules appear as darker spots.
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Fig. 12 Stationary points of E,; in the class of orientable (upper two rows) and non-orientable
(lower two rows) tangential line fields on the torus: Some more snapshots of a cut through the line
field. All observed stationary points in the torus experiments are rotational symmetric with respect
to the x3-axis

For aratio R/r = 1.5 and a refinement step £ = 6 we compute stationary points
of Ey4c using orientable and non-orientable initial data Q}) | and Q) ,, respectively.
We measure the tilt of the molecules in terms of the x3-component Q, 33 of the line
field. While the tilt of the crystal is almost the same on the inner part of the torus
for orientable and non-orientable stable configurations we observe a difference on
the outer part, see Figs. 10 and 11. We color all surfaces and line fields by Qp 33 =
|n 3 |2. In contrast to common bistable devices where different tilts of the crystal are
obtained with defect and non-defect states [11,17] we discuss, here, different stable
configurations under the notion of orientability and non-orientability (Fig. 12).
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A Fast and Accurate Numerical Method for the
Computation of Unstable Micromagnetic
Configurations

Soren Bartels, Mario Bebendorf, and Michael Bratsch

Abstract We present a fast and accurate numerical method to compute unstable
micromagnetic configurations. The proposed scheme, which combines various state
of the art methods, is able to treat the pointwise unit-length constraint of the
magnetization field and to efficiently compute the stray field energy. Furthermore,
numerical results are presented which are in agreement with the expected results in
simple situations and allow predictions beyond theory.

1 Introduction

The computation of minimal switching energies between two given stable states
and the detection of a corresponding unstable critical configuration is an important
task in the mathematical modeling of many physical phenomena [2,20,29]. In this
paper we address this problem and thereby aim at contributing to the understanding
of the energy landscape for a mathematically challenging and well established
model energy functional in micromagnetics; cf. [9, 22]. Its particular features are
that it involves a unit-length constraint for the magnetization field and requires the
computation of a stray field.

The finite element treatment of minimization problems and partial differential
equations with pointwise constraints has been investigated intensively in recent
years [1,2]. Reliable and efficient methods are now available that typically impose
the constraint at the nodes of a triangulation [4,5]. In iterative schemes the constraint
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is linearized and afterwards updates are made which consist of corrections of tangent
spaces and a subsequent nodewise nearest-neighbor projection onto the given target
manifold which lead to linear systems of equations.

Computing the solution of an exterior domain problem is often formulated as
a boundary equation with a non-local operator and then requires the solution of
linear systems of equations with large, fully populated matrices. This is can be done
efficiently with the technique of so-called .7#-matrices which can approximate the
arising matrices with almost linear complexity, cf. [7, 16,24].

Various methods are available to compute unstable critical points, i.e., saddle
points, of energy functionals known as mountain pass algorithms [8]. They typically
assume that the functional under consideration is defined on a linear space and
therefore cannot be employed if this is not the case, i.e., if the linear interpolation
between admissible configurations does not belong to the domain of the functional.
A method that is capable to cope with related difficulties is the recently developed
string method, see [28, 30], which evolves an entire path that connects two given
states in the set of admissible configurations.

For the Landau-Lifschitz energy in micromagnetics certain stable critical con-
figurations such as the so-called flower and vortex state are known [19, 26]. To
efficiently switch between such states, e.g., by an applied field, it is important to
determine the minimal energy required to achieve this change. We use the string
method in combination with finite element methods to deal with the pointwise
unit-length constraint and the J#-matrix technology to efficiently compute this
energy and to identify a corresponding magnetization. The resulting numerical
method is verified for a standard problem [23] and a so-called minimum energy
path connecting the flower and vortex state is presented.

2 The Landau-Lifschitz Model

Let 2 C R3 be a domain and let the magnetization m : R®> — R3? satisfying
|m(x)||2 = 1in £2 and m(x) = O for all x & £2 be given. The energy associated
with m is

1
E(m) := 5/ | Dm||% dx—}-/ ¢(m) —f-mdx + E(m), (1)
2 2
where ¢(m) := 1 — (e - m)? with given e, f € R> satisfying |e|» = 1 and

Eg(m) :=% HIBAx o= 47107,
R

denotes the energy of the stray field H corresponding to m. H can be computed
from the Maxwell equations in the absence of electrical currents and charges
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divB =0, (2a)
curl H = 0. (2b)
H and the magnetic induction B are coupled by the equation B = uo(H + m).
From Eq. (2b) it follows that there is the so-called magnetostatic potential uy, :
R3 — R satisfying H = —Vuy,. Then (2a) becomes

Aupy = divm,

which is equivalent with the weak formulation
/R3Vum~dex:/gm~dex forallw € H'(R?). 3)
Notice that this defines a linear mapping m +— u;,, with
[Vim| 2@3) < [mllp2(0)- “
Using w = upy, in (3), it follows that

Ey(m) = %/ﬂm-Vumdx. )

In addition to the energy E (m) also its derivative E’(m)[v] will be important. Let
the direction v be given such that v(x) - m(x) = O for almost every x € §2. Then
we obtain that

E'(m)[v] = / trace (Dm)7 (Dv) dx—2/ (e-m)(e-v) dx—/ fvdx+E[(m)[v],
2 2 2

where
E.(m)[v] = po /11&3 H(v)H(m)dx = ,u()/gv-Vum dx

due to (3).

3 Efficient Computation of the Stray Field Energy

The stray field energy represents the non-local effects of the magnetization. Hence, it
is the numerically most challenging part of the computation of the Landau-Lifschitz
model; see (1). In the following, a reformulation will be shown so that .7#’-matrices
can be applied to approximate the local and non-local parts of the stray field energy.
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3.1 Different Formulations

Our aim is to find an explicit expression for the magnetostatic potential uy,.
Equation (3) is equivalent to the following boundary value problem

Auug, = divm, in 2, B (6a)
0, in 2¢:=R3\ 2,

[#m] = O on 052, (6b)

[0yum] = —m - v on 952, (6¢)

which has the solution
() = /Q VS(x—y)-m(y) dy,

where S(x) := —é |Ix|I;! denotes the singularity function of the Laplacian. Note
that [-] in (6) denotes the jump across the boundary 952.

The computation of the stray field energy using the latter representation of up,
in combination with hierarchical matrices was already done in [24]. We favor the
following representation (see [11]), because it leads to the interaction of §2 with its
boundary 92. Let u; and u, satisfy the following boundary value problems

Aup = divmin £2,

u; = 0ondsf2
and
Aur = 0in 2 U 2°, (7a)
[u2] = 0 on 052, (7b)
[0yuz] = g on 082, (7c)

where g := (Vu; —m)-v. Then up, = u; + u, and the solution of the homogeneous
problem (7) is

ux(x) = /39 S(x —y)g(y)dsy.

Hence, from (5)

Eym) = 20 / m- Vi dx + 22 / / m(x) - VS(x — »)g(y) sy dx.
2 Jo 2 Jo o
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From

/ m(x)-VS(x—y)dx = —/ S(x—y)(divm)(x) dx—i—/ S(x—y)m(x)-vy dsy
2 2 2

we obtain that

Ey(m) = %/ﬂm-wldx—%/g/m S(x — y)(divm)g(y) dsy dx

@ - .
+ 2 /39/39S(x J’)m(x) ])xg(y)dsydsx'

3.2 Discretization

We assume that the computational domain £2 is decomposed into a set of tetrahe-
dra 9, such that £2 = U;c g, 7. The finite element space consisting of linear ansatz
functions @ = (¢;);e; is denoted by .#1(.%},), the corresponding set of nodes will
be referred to as .#},. We discretize the magnetization my, € .%!(.7;,)3 such that

3
my, = Z“i‘ﬂis o; € R,

iel

Then Dmy, = Y. c; &; (V)T , and the first term in (1) can be computed from

/ | Dmy, || % dx=/trace(Dmh)T(Dmh)dx= Z / trace Vool o ; (V)T dx
2 2 2

ijel

= Z o; -oc_,/ trace Vo; (V)T dx = Z o; -ot,-/ Vo; -V, dx.
2 2

ijel ijel

The second and the third term in (1) have the values

[ ot ax -

1= e max = vol(2) = 3 eane-a)) [ g as

ijel

and

f-mydx = f-oc~/q0-dx.
Jormec=Ere L

iel
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Since u; vanishes on 042, for the discretization of u; only the inner degrees of
freedom are used, i.e.,

h
Wi =" Bjo,
.iEIin

with I;, :== I'\Ipq, where I;4 are the boundary indices. Let 1;,, C I;, be the vertices
which have a neighbor in the set of boundary indices /4. Then the restriction of u’f
to the boundary 952 reads (Vu’f)lag = Zie],,,y BiVy; and

gn = Z Bjv-Ve; — Z Vo).
J€liay J€lpq
Hence,

Es(m;) = %Z (Z Bje /

iel \jely 2

0V, dx —a; - /ﬂ /a VSt =)z ds, dx)

+ % Z o . /m /ag Vi (x)S(x — y)g(y)dsy dx

i€1lpg
= %Z Z Bje / ¢iVo;dx — Z Bia;-a; + Z o; - (Bjja;)
iel \jely $ €y j€lsa
+% Z Zﬂjdi'cij— Z“i'(Dijﬂfj) ;
i€lpg \Jj€lay J€Ipa
where
8y = / / Vi (¥)S(x — y)v - Vg (v) ds, dx, ®)
e Joe
By = [ [ Vast— g0 s, ax, ©)
2 Jo
and
6 = [ [ v Sy, - Vs () ds, ds (10)
082 JI2
D;; =/ / V@i (X)S(x — y)goj(y)vyT dsy dsy. (11
ae Jae

The efficient numerical evaluation of the singular integrals (8)—(11) using the Duffy
transformation is described in the appendix.
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4 Hierarchical Matrices

For the computation of the different energies in (1) it is necessary to efficiently
treat fully populated matrices arising from the discretization of non-local operators,
e.g. finite or boundary element discretizations of integral operators and inverses
or the factors of the LU decomposition of FE discretizations of elliptic partial
differential operators. For this purpose, Tyrtyshnikov [27] and Hackbusch et al. [15—
17] introduced the structure of mosaic skeleton matrices or hierarchical (F€-)
matrices. A similar approach, which is designed towards only the fast multiplication
of a matrix by a vector, are the earlier developed fast summation methods tree
code [3], fast multipole methods [13, 14], and panel clustering [18].

Many existing fast methods are based on multi-level structures. In contrast to
multigrid methods, the efficiency of 7#-matrices is based on a suitable hierarchy
of partitions of the matrix indices. Let / = {1,...,M}and J = {1,...,N} be
sets of indices corresponding to the rows and columns of a matrix A € RM*N
The efficiency of hierarchical matrices is based on the low-rank representation of
sub-blocks from an appropriate partition &2 of the set of matrix indices / x J; see
Fig. 1.

The construction of & is usually done in the following way. First, cluster trees
T and Ty are constructed by recursive subdivision of I and J. Each subdivision
step is done such that indices that in some sense are close to each other are grouped
into two clusters. In a second step the block cluster tree 77« is built by recursive
subdivision of I x J. Each block ¢ x s is subdivided into the sons ¢’ x s, where
t" and s’ are taken from the list of sons of ¢ and s in 77 and Ty, respectively. The
recursion stops at blocks ¢ x s which either are small enough or satisfy a so-called
admissibility condition. This condition guarantees that the restriction A;s of 4 to
t x s can be approximated by a matrix of low rank. It usually takes into account the
geometry that is associated with the rows ¢ and the columns s. The partition & is
found as the leaves of T . The set of hierarchical matrices on the partition &2 and
blockwise rank k is then defined as

H(P, k) ={A eR™ :rank A4 <k forallb € P},

The elements of this set can be stored with logarithmic-linear complexity and
hence provide data-sparse representations of fully populated matrices. Additionally,
exploiting the hierarchical structure of the partition, an approximate algebra can be
defined [12] which is based on divide-and-conquer versions of the usual arithmetic
operations. At least for discretizations of elliptic operators, these approximate
operations have logarithmic-linear complexity (see [7]) and can be used to define
substitutes for higher level matrix operations such as inversion, LU factorization,
and QR factorization.

Using hierarchical matrices, we are able to efficiently compute the local and non-
local parts of the energy functional (1) with almost optimal complexity. Especially
approximations to the fully populated matrices (8)—(11) can be constructed with
logarithmic-linear complexity via adaptive cross approximation (ACA) [6].
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Fig. 1 A hierarchical matrix with its rank distribution

5 Iterative Minimization of the Energy

The numerical computation of local energy minima of the functional (1) is a
challenging task due to the pointwise restriction ||m(x)|2 = 1 for almost every
x € £2. In this section we will see how this constraint can be treated efficiently.

5.1 The Minimization Algorithm

We describe and analyze in this section our method to iteratively minimize the
energy functional (1). To simplify the presentation, we consider the Dirichlet energy
and a lower order term, i.e., the model functional

E(m) = O(m) + l/ | Dm|)% dx (12)
2/

with a smooth functional @ : H!(£2;R3) — R. The following algorithm realizes a
discrete H! flow for E with time-step size & > 0 and employs ideas from [1,2,4].
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Algorithm (minimization algorithm). Given m{) such that [m(z)[|2 = 1 for all
z € M, iterate forn = 0, 1,2, ... the following steps:

(1) Compute W/ € .’1(.7,)* with [, W/ dx = 0 such that W/ (z) - m’ (z) = 0 for
all z € A, and

/ trace [(DWZ)T(DV},)] dx = —©'(m})[vp] —/ trace [(DmZ)T(DV;,)] dx
2 Q2

for all v, € #1(.73,)? with [ v dx = 0.
(2) Define my, € .71(.7,)3 through

mj (2) + awy(z)

n+1 —
S Al T TS

for all z € .4}, with a suitable & > 0.

To ensure that the iteration is energy decreasing, we assume that the underlying
triangulation .7}, is weakly acute, i.e., that the off-diagonal entries of the correspond-
ing P1 stiffness matrix are non-positive, cf. [4] for details.

Lemma 1 ([4]). Assume that J;, is weakly acute and suppose that my, wy €
LWT)? are such that |my(2)||2 = 1 and my(z) - wy(z2) = O for all z € N,

Then
m
o (mameis)
lmy 4+ awy |2

foreverya € R.

< ID(my, + awp)| 122
L2(£2)

To show convergence of the iterative algorithm, we argue as in [1, 2, 4]. For mZ
and W} as in the algorithm we have, upon choosing v, = w} that

/Qtrace[(DmZ)T(DwZ)] dx = —0'(m})[w}] _/9 | DW} (1% dx.
Lemma 1 implies that
1 1
3 /Q IDm 1% — [ Dm) |13 dx < 3 fg ID(m, + awp) |7 — | Dmj |7 dx
az
= /Q trace[(Dm})T (DW})] + 5 | DW} % dx

= —a0'(m})[W}] + (¢?/2 — @) /Q | DW}|% dx.
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Hence, it follows that
1
By — B = 0™ — 0m) + 5 [ 1D+ — D ax
=Om,*") — Om}) — «O'(m))[wi]+
+ (@?/2 —a) / | DW} (1% dx.
2

We assume here and will show below for the specification of ® that corresponds to
the model problem that we have
|©(mj; ™) — O(m]) — a®'(mj)[Wh]| < Coa®|Whl|

2
2 @) (13)

This estimate may be regarded as a Taylor expansion of & but its proof also requires
to bound the difference between mZH and mj; + awj. With a Poincaré inequality

in (13) we thus have

Em™) — E(m}) < (—a +o/2 + CPC@otz)/ | DW} (17 dx
2

IA

—a(l—a/2 - CpC@oc)/ ||DWZ||%;- dx.
2
If « is sufficiently small so that (1 — «/2 — CpCea) > 1/2 then it follows that
By ™) — B <=5 [ 1w dx
and after summation overn = 0,1,..., N
o N
EmY )+ 5 Z/Q IDWII3 dx < E(md).
n=0

This proves the stability and convergence of our numerical method.

5.2 Application to the Model Problem

In our model (12), the functional ®(m) is given by

@(m)zfgl—(e-mf—f-m Ko Vi d.
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We claim that for this functional the estimate (13) is satisfied. For this we first show
that

|©(m) —O@m)| < Ci|m—m|,2q) (14)

provided that |m|| ;2 (g, [M|| 2y < C. With Holder’s inequality we verify that

Om) — OG) < [_Q (e-m)* — (e )2 dx + ]l 12 I — @l 20

Lo

Vim - m — Vug - mdx.
2 Jae

Using Cauchy-Schwarz inequality and |e|, = 1, the first term on the right-hand
side can be bounded by

[ (eomy? — eoii? dx < im0y I -+ ] 2o
Similarly, we have with (4) that

[ Vi Vug vz = [ 1Vl = Vgl ax

2 R3
< |V (um — ua) | 2@3) |V (m + u@)ll 22 ®3)
< |lm —ml| 20 (Im|z2(o) + M 12(0))-

Hence, the property (14) follows from the assumed bounds on m and m. We next
show that

|©Om + aw) — O(m) — 0O’ (m)[w]| < Coo?|w]| (15)

12(9)'
Straightforward calculations lead to
O(m + aw) — O(m) — a®'(m)[w]
= /g(e -(m + aw))? — (e-m)? — 2a(e-m)(e - w) dx

+ Ho Viumtow - (M + aw) — Vi, - m — 2a Vi, - wdx

=a2/ (e-w)zdx+%/ Viumtaw - (M 4+ aw) — Vuy, - m — 20V, - wdx
Q 2

< a2||w||iz(g) + % /g Vimtaw - (M 4+ aw) — Vi, - m — 2aViuy, - wdx.
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Using (3) and Vuptqw = Vum + aVuy, we find that the second integral on the
right-hand side of the previous estimate satisfies

/ ||vum+aw||§—||vum||§dx—za/ Vit - wdx
R3 2

= /3 | Vitm |3 + 20 Vit - Vi + || Vitgw|3 = || Vitm 15 dx — 20{/ Vi - wdx
R Q

:/ ||Vuaw||§dx§a2/ w2 dx.
R3 2

This leads to the estimate (15). The combination of (14) and (15) implies that for

iterates mj, wy, and mZH we have, noting that [|m} ||, 2oy, IW;llL2(0) < C,

|©(mj; ") — O(mf) — @' (mj)[wh]|
< |om;*h) — Omj + awp)| + C2o® Wi l72q)

< Crmy ™! — (mf, + aw)) | 120 + C2a2||WZ||iz(Q)-
For every node z € .4}, we have

mj (z) + awj (2)
m}, (z) + awy (2)]2

—mj,(z) — awj(2)

”mf“@—mﬂ@—awﬂMhzuu
2
= [mj (z) + aw} (2)]]2 — 1

2
o
= (1+ 2w, -1 = - IW, )3

and the continuous embedding H1(£2) < L*(£2) yields

1 2 2 2 2
”mZ+ - (mZ + awZ)”Lz(Q) <Cu ||WZ||L4(Q) = C'a ”WZ”HI(Q)'

Hence, the model problem fulfills the desired property (13).

6 The String Method

We aim at computing an unstable critical configuration whose energy is minimal
among all maxima of curves connecting two given states, i.e., we compute a
saddle point. For this, we adopt a method proposed in [30] that does not require
an energy that is defined on a linear space as it is needed for classical mountain
pass algorithms. The difficulty for the energy functional under consideration is the
appropriate incorporation of the pointwise unit length constraint.
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To describe the problem in a continuous setting, we assume that we are given two
local minima my € «/ and m; € </ of the energy functional £ : &/ — R, where
the space of admissible magnetic configurations <7 is defined by

o ={me H'(2;R?) : [m(x)|> = 1 for almost every x € 2}.

We then consider a family of curves connecting mgy and m; parametrized by ¢ > 0,
i.e., a continuous mapping

o(,-):[0,1] » o

such that ¢(¢,0) = mg and ¢(¢, 1) = m;.
Our aim is it to compute a curve connecting mg,m; € & such that the
component of VE normal to ¢ vanishes, i.e.

(VE)*(p) =0, (16)
where

(VE)'(¢) = VE(p) = (VE(p) - 1)t

and t denotes the unit tangent vector of ¢. A path ¢ satisfying (16) is called a
minimum energy path (MEP).

To numerically evaluate such a path, we deploy the string method which was
proposed in [28,29] and modified in [30]. The modified string method stands out
due to its simplicity. Another known method to compute MEPs is the nudged elastic
band (NEB) method; cf. [21].

Algorithm (modified string method). Let two local minima mg, m; € .o/ of the
energy functional E be given. Define a path ¢° : {0,..., N} — &/ as a collection
of N + 1 points with ¢°(0) = mg and ¢°(N) = m,. The points ¢°(i),i = 1,...,

N — 1, are computed via interpolation. Iterate forn = 0,1,2,... the following

steps:

(1) Let ¢2(0) = ¢"(0) and ¢Z(N) = ¢"(N). Compute for each configuration
@"(i) with i = 1,...,N — 1 a single iteration step of the minimization

algorithm as proposed in Sect. 5.1 and assign the result to ¢ (i).
(2) Compute via interpolation the new path ((p"+1 @ ))l.=0 as a reparametriza-

tion of (¢ (1)), n-

The interpolation used in the modified string method can be done in arbitrary
ways. We choose to interpolate geodesically on the sphere to obtain a reparametriza-
tion of the string.

The advantage of the modified string method is that the point-wise constraint
lm(x)]2 = 1, x € £2, is inherited from the above minimization algorithm. In
Fig.2, an initial path and an MEP as the result of the modified string method are
shown.

s N
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Q

Fig. 2 A scheme for the modified string method showing the initial path (blue line) and the MEP
(red line) connecting the two energy minima mg and m;. The configuration mg is the saddle point
on the MEP

7 Numerical Examples

In this section, we first verify our implementation using a standard problem,
afterwards we investigate the overall complexity of the presented numerical method
and finally we compute an MEP for a cubic magnetic particle.

All tests were performed on a single core of an Intel Xeon X5482 processor with
3.2GHz and 64 GB of RAM. The programming was done in C++ and is based
on the hierarchical matrix library A#’MED.! Furthermore, we set the minimal
block cluster size of the created #’-matrices to 50 and the relative blockwise
approximation accuracy to le — 3.

7.1 Validation of Implementation

A problem proposed by A. Hubert, University of Erlangen-Nuremberg, to check the
computation of the different energies in (1) is to calculate the single domain limit of
a cubic magnetic particle.

This is the length of the cube for which the so-called flower and vortex state have
equal energies. The test is also known as the p-mag standard problem #3; see [23].

In our tests, the cube was discretized into 24,576 tetrahedra and 3,072 triangles.
Figure 3 shows the reduced energy, as proposed in [23], relative to the size of the
cube. Our numerical tests show a single domain limit of 8.23, which represents the
theoretically expected value of approximately 8.

7.2 Time and Memory Consumption

To demonstrate the almost linear behavior of the presented numerical algorithms in
terms of memory and time consumption, we chose different discretizations of the
unit cube which were created using netgen.’

Thttp://bebendorf.ins.uni-bonn.de/AHMED.html
2http://www.hpfem.jku.at/netgen/
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Fig. 3 The resulting energy minima of the p-mag standard problem #3
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Fig. 4 The time and memory consumption of the matrices A and B; cf. (8) and (9)

As a first test, we look at the construction of the matrices (8)—(11). These matrices
have to be set up only once for a certain geometry and approximation accuracy
in an initialization step. Figure 4 shows that the time and memory needed to
construct the matrices (8) and (9) is linear up to logarithmic terms with respect to the
number of tetrahedra. Furthermore, from Fig. 5 it can be seen that the construction
of (10) and (11) is quasi-optimal with respect to the number of triangles. For the
string method, the minimization algorithm from Sect. 5.1 is the dominant part of
the computational time. As can be seen from Fig. 6, these minimization steps of
the algorithm presented in Sect.5.1 are almost linear in terms of the number of
tetrahedra. Hence, using 7#-matrices to compute the different energies results in a
numerical scheme which has logarithmic-linear complexity.
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Fig. 5 The time and memory consumption of the matrices C and D; cf. (10) and (11)
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Fig. 6 The time needed for a single minimization step

7.3 Minimum Energy Paths

In the following test, we use the simplified string method from Sect. 6 to compute
a MEP. The geometry and the parameter configuration are chosen as in the p-mag
standard problem #3 with a cube edge length of 8.2. Hence, the two energy minima
are the flower and the vortex state. For the tests, the cube was discretized into
24,576 tetrahedra and 3,072 triangles. For each iteration step the discretized path
consists of 41 single magnetization points.

In Fig.7, the two energy minima (flower and vortex state) which are used to
define our initial path are depicted. Different colors of the arrows representing the
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Fig. 7 A model of the two energy minima used to compute the MEP. (a) Flower state. (b) Vortex
state

initial path =———t—
MEP —s—

reduced energy

"o 5 10 15 20 25 30 35 40
states

Fig. 8 The reduced energy of the magnetization points of the initial path and the MEP connecting
the flower (left) and the vortex state (right)

magnetization indicate different directions in space. The initial magnetization points
in between the energy minima were computed using geodesical interpolation.

A comparison of the reduced energies of the initialized path and the MEP is
shown in Fig. 8.

Here, the magnetization point 25 maximizes the reduced energy of the MEP
and is about 28.5 % lower than the energy barrier of the initial path. Furthermore,
in Table 1 slices of selected magnetization states of the MEP are shown. It is
remarkable that in the magnetization point 40 the vortex is opening on the front
side and closing on the back.
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Table 1 The different magnetization states of the MEP connecting the vortex and the flower state

point # magnetization of the cube
front mid back
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The limiting factor of the numerical experiments is the computational time since
all the single magnetization points along the discretized path need to be minimized
consecutively. Even with the employed fast methods approximately 2 days were
needed to perform the computations.

Appendix

The efficient numerical evaluation of the singular integrals from Sect. 3, see (8)—
(11), is a challenging task. One way to overcome difficulties is to use spherical
coordinates, which has the disadvantage of awkward integration bounds.

Another way is to use the Duffy transformation as proposed in [10]. The general
principle is to transform a triangle onto a square to get rid of the singularity. The
following example demonstrates this approach. Using the transformation x = £ and
y = &n, one obtains that

1 X 1 1 1 1
/ / dydx:/ / ——dndé§
o Jo x+Vy o Jo 1+7
and integration can be done by using standard methods.
This principle has already been applied to the integration on pairs of triangles
in [25] and can be used to evaluate the integrals in (10) and (11). Similar ideas can
be applied to the combination of a triangle and a tetrahedron. For the kernel function

k : R* x R? — R we need to evaluate the following integration on the reference
triangle and tetrahedron

1-x; 1=x1—x2 1 1=y

1:20/10/ 0/ //K(x,y)dydx

0 0

with x = (x1,x3,x3) and y = (y1, y2). By introducing relative coordinates, the
integral I can be transformed to

1 X; X1—X2 1-X1 y1+X1—X%2 1-—% 1— )71 — %
I = // / / K X2 s V2 + X2 dy dx.
00 0 —% —i X3 0

The kernel is singular only for y = 0, X3 = 0, which we can be eliminated using a
Dufty transformation. Similar to the approach in [25], we split the integral into six
different domains.
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—-1<71 =0 -1<71=0 —-1<z1 <0
—1<y2<7 y1 <2 <0 0<y2 =147
—y2 <% =<1 ;U -J1<x =<1 U J2—y1 =X =1
—J2 <% <X —Ja<E <X +J1-72 0<% <X +71-72
0<X3=<x1—X2 0<X3<x1—X2 0<X3<x1—X2
0<yi=1 0<yi =1 0<j1 =<1
1451 <720 0<y2=< Jy1<y2=1
Ud=F2 <X1 1=y U 0<% =Z1-71 (UiFh—-J1 =51 =17
—J2 < X2 <X 0<i =X 0<xa<y1—Jy2+x1
0<X3<x1—X2 0<X3=<x1—X2 0<X3<x1—X2
The resulting integrals I := I; 4+ ... 4+ I, can be transformed onto a five-

dimensional unit cube. The single terms are given in the following way.

b 111

L= s 1 — 15 + 1121315
I = / pic | | ns(1 =1+ mn2) ( ns(1— 1) ) dn,
0,1)5 ninans(1 —n2)

p1 = ninane(l —n2)

b 121
1—ns
1 —ns5 +n1n2ns
I = / P2k nmns(1 —n2 + n2n3) ; ( 7717?]75(1 i :2))7 dn,
0.1)5 nans(1—n1 + nin2 —nin2n3)

p2 = minane(l— 1+ nin2 — n1n213)

hd 132

1—
" (1 — 15+ 771772773775) dn

13 = / P3K '71775(1 _ 772)
1—
0,1)5 nans(1 —ny + n1n2) n1ns( n213)

p3 = U%’?z’lg(l —m + n112),
® 141
L =ns + mn2nzns 1= s
Iy = / Dak nns(1 —mn2n3) |, ( ) dp,
| nins(l—mn2)
0.1)5 nans(1—mn1)

pa = ninans(1—m)
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151

1 =ns +nin2ns 1= s
Is = / Dsk mns(1—n2) ( ) dn,
- +
o nans(l — 1) mns(1 —nz2 + n2n3)

ps = nin2ns(1 —n1)

16:

L =05 + nin2n3ns ( 1= s )
) dpy,

16 = / PeK ns(l_nl)
1—m+
©0.1)5 nnans(l—nan) ) 15U =m0+ mn2)

P6 := myn2ns(1 — nans)

The integrals Iy, ..., Is, can be evaluated efficiently using standard quadrature

formulas, e.g., Gaussian quadrature.
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