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Preface

The Rocky Mountain Mathematics Consortium (RMMC) Summer School
“Stochastic equations for complex systems: Theory and applications” took place for
two weeks in June, 2014 at the University of Wyoming in Laramie. This summer
school involved about 80 graduate students and lecturers from all over the United
States and Europe. Mathematical analyses and computational predictions of the
behavior of complex systems are needed to effectively deal, for example, with
weather and climate predictions, and the optimal design of technical processes.
Given the random nature of such systems and the recognized relevance of ran-
domness, the equations used to describe such systems usually need to involve
stochastics. The basic goal of this summer school was to introduce graduate stu-
dents to the mathematics and application of stochastic equations to the modeling of
complex systems. One of the known problems of research in this field is that
mathematicians, engineers, and physicists generally use rather different terminology
to present the results of their analyses. Therefore, a particular goal of this summer
school was to create bridges between different analysis methods and techniques in
order to contribute to a growing cooperation between researchers in different fields.

Following the lectures of our RMMC Summer School, the book presents eight
selected chapters. Each of the chapters addresses questions that are relevant to the
mathematical analysis and computational prediction of the behavior of complex
systems on the basis of stochastic equations. The first three chapters provide
introductions to different topics on mathematical analysis. “An Introduction to the
Malliavin Calculus and Its Applications” focuses on the Malliavin calculus with
applications to stochastic integral representation, density formulas, smoothness of
densities, and normal approximations. “Fractional Brownian Motion and An
Application to Fluids” describes fractional Brownian motion with application to
vortex dynamics in fluids, and “An Introduction to Large Deviations and
Equilibrium Statistical Mechanics for Turbulent Flows” deals with large devia-
tions with applications to the equilibrium statistical mechanics of turbulent flows.
“Recent Developments on the Micropolar and Magneto-Micropolar Fluid Systems:
Deterministic and Stochastic Perspectives” and “Pathwise Sensitivity Analysis in
Transient Regimes” focus on the application of mathematical tools to the analysis
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of stochastic equations: the analysis of magneto-hydrodynamic equations and the
sensitivity analysis of stochastic equations are considered. The development and
application of stochastic methods to simulate turbulent flows seen in reality are the
concern of “The Langevin Approach: A Simple Stochastic Method for Complex
Phenomena,” “Monte Carlo Simulations of Turbulent Non-Premixed Combustion
Using a Velocity Conditioned Mixing Model,” and “Massively Parallel FDF
Simulation of Turbulent Reacting Flows.” In particular, “The Langevin Approach:
A Simple Stochastic Method for Complex Phenomena” explains how observations
can be used for the design of stochastic equations. “Monte Carlo Simulations of
Turbulent Non-Premixed Combustion Using a Velocity Conditioned Mixing Model”
and “Massively Parallel FDF Simulation of Turbulent Reacting Flows” describe the
stochastic modeling of turbulent reacting flows using techniques that differ by their
predictive capability and computational requirements.

First of all, we would like to thank the Rocky Mountain Mathematics
Consortium and University of Wyoming Mathematics Department for providing a
frame for organizing this summer school. In particular, we are thankful to the head
of the University of Wyoming Mathematics Department Prof. F. Jafari for his
constant support of our efforts. We are grateful to V. Staddie, B. Buskirk, L. Roan,
R. Johnson, and C. Johnson (University of Wyoming Mathematics Department) for
their great help regarding the organization of this event. This summer school would
not have been possible without substantial financial support of many organizations:
the Rocky Mountain Mathematics Consortium (Prof. T. Sherman), the National
Science Foundation (Prof. T. Bartoszynski), the National Center for Atmospheric
Research (Dr. J. Tribbia), the Institute for Mathematics and its Applications (Prof.
F. Santosa) located at the University of Minnesota, and the University of Wyoming
Research Office (Prof. B. Shader and Prof. B. Gern). We are deeply thankful for this
support.

Laramie Stefan Heinz
March 2015 Hakima Bessaih
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An Introduction to the Malliavin Calculus
and Its Applications

David Nualart

Abstract The purpose of these notes is to provide an introduction to the Malliavin
calculus and its recent application to quantitative results in normal approximations,
in combination with Stein’s method. The basic differential operators of the Malli-
avin calculus and their main properties are presented. We explain the connection
of these operators with the Wiener chaos expansion and the Ornstein-Uhlenbeck
semigroup. We survey several applications of the Malliavin calculus including sto-
chastic integral representation, density formulas, smoothness of densities and normal
approximations.

1 Introduction

Paul Malliavin introduced in the 70s a calculus of variations with respect to the trajec-
tories of Brownian motion, in order to provide a probabilistic proof of Hormander’s
hypoellipticity theorem (see [18]). This calculus was further developed by Bismut,
Kusuoka, Stroock and Watanabe (see [3, 4, 14—16, 34, 37]), among others. The main
application of this calculus is to show the existence and smoothness of densities of
functionals of Gaussian processes. On the other hand, in combination with Stein’s
method, the Malliavin calculus has been recently used to establish quantitative re-
sults on normal approximations (see Nourdin and Peccati [22]). In this section we
introduce some basic elements of Malliavin calculus and we refer the reader to [18,
24-26, 36] for a more complete presentation of these notions.

1.1 Finite Dimensional Case

The Malliavin calculus is a differential calculus on a Gaussian probability space.
Consider first the finite dimensional case. That is, the probability space (2, 7, P)

D. Nualart (<)
Department of Mathematics, The University of Kansas, Lawrence, KS 66045, USA
e-mail: nualart @ku.edu

© Springer International Publishing Switzerland 2015 1
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2 D. Nualart

is such that Q = R", ¥ = B(R") is the Borel o-field of R", and P is the standard
Gaussian probability with density p(x) = Qm)~"/ 2=P/2 1n this framework, we
consider two basic differential operators. The first one is the derivative operator,
which is simply the gradient of a differentiable function ' : R* — R:

oF oF
VF={—r1V\...,— ).
0x1 0xy,

The second basic differential operator is called the divergence operator and it is
defined on differentiable vector-valued functions u : R” — R” as follows

n

o(u) = Z (M Xi — %) = (u, x) — divu.

i=1

It turns out that § is the adjoint of the derivative operator with respect to the Gaussian
measure P. This is the contents of the next proposition.

Proposition 1 The operator § is the adjoint of V, that is,
E((u, VF)) = E(F5(u)),

if F and u are continuously differentiable and their partial derivatives have at most
polynomial growth. Here E denotes the mathematical expectation in the probability
space (2, F, P).

Proof Integrating by parts, and using % = —Xx; p, we obtain

n

ou
/ (VF,u pdx_Z/ aTu,pdx_Z(—/ Fa—xlpdx+/ Fu,-x,-pdx)
n 1 n 1

i=1

= / Fé(u)pdx.
]Rn

This completes the proof. U

1.2 Malliavin Calculus on the Wiener Space

Fix T > 0, and consider the probability space (2, 7, P), where Q = C([0, T]),
is the Borel o-field of 2, and P is the Wiener measure. This measure is defined on
cylindrical sets in the following way. Forall0 <t < --- <1, < T, a; < b;,
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P{w'ai<a)(ti)<b,-,1<i<n}

by by ” (~"i—Xi—l>2
/ e 26i=ti-1) dxy - - dx,,

\/ 2 (t; — ti—1)

with the convention g = 0 and xg = 0. This measure can be extended to the Borel
o-field ¥ and the canonical stochastic process W = {W;(w) = w(t),t € [0, T]}isa
Brownian motion. The process W has independent increments, Wy = 0, and for any
0 <s <t, W, — Wy has the normal law N (0, t — s).

Set 5 = L*([0, T]) and for any h € $), denote by W (h) the Wiener integral
W) = fOT h(t)dW (t). The Hilbert space $) plays a basic role in the definition of
the derivative operator. In fact, the derivative of a random variable F : Q@ — R
takes values in ) = Lz([O, TD,and {D,F,T € [0, T1} is a stochastic process. More
precisely, consider the set S of smooth and cylindrical random variables of the form

F=fW(h)...,W(hy)), (D
where f € C [‘;o (R™) (f and all ist partial derivatives have polynomial growth) and
h,‘ S ,ﬁ

Definition 1 If F' € S is a smooth and cylindrical random variable of the form (1),
the derivative DF is the $-valued random variable defined by

=
aF=§:£RWmnnqwmmmmy
i=1 '

For instance, D(W(h)) = h and D(W;,) = 1j04, for any t; € [0, T']. The
operator D can be interpreted as a directional derivative in the following way. Con-
sider the Cameron-Martin space H' C Q defined as the set of functions of the form
Y(t) = fot h(s)ds, where h € §). Then, for ant h € §), (DF, h)g is the derivative of
F in the direction of [ i (s)ds:

T d .
(DF, h)ﬁ :/ I’llDth[ = —F (Cl) +€/ hsds) |5:0.
0 de 0

Let us now introduce the divergence operator on the Wiener space. Denote by S¢
the class of smooth and cylindrical stochastic process u = {u;,t € [0, T]} of the
form

ur = > Fihj(®), ©)

where the F; € Sand /i € 6.
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Definition 2 We define the divergence of an element u of the form (2), as the random

variable given by
n

)= D FjW(hj) = > (DFj, hj)s. 3)
j=1

=1

In particular, for any & € ), we have §(h) = W (h).
As in the finite dimensional case, the divergence defined by (3) is the adjoint of
the derivative operator.

Proposition 2 Let F € Sand u € Sg. Then,
E(F3(u)) = E((DF, u)g). “4)

Proof We can assume that F = f(W(hy)..., W(h,)) and

w= Y gi(Wih)..., W(hn))h;,
j=1

where /i1, . .., h, are orthonormal elements in $). In this case, the duality relationship
reduces to the finite dimensional case. O

We make use of the notation Dy F = (DF, h) ¢, forany h € $ and F € S. The
following proposition states the basic properties of the derivative and divergence
operators on smooth and cylindrical random variables.

Proposition 3 Suppose that u,v € Sg, F € Sand h € $. Then, if {e;,i > 1} isa
complete orthonormal system in §), we have

E@u)d(v)) =E({u,v)g) + E Z De;(u, ej)pDe; (v, ei)g | )
i,j=1

Dp(8(u)) = 8(Dpu) + (h, u)g, (6)

8(Fu) = F8(u) — (DF, u)g. 7)

Property (5) can also be written as

T T T
Ew)sé(v) =E (/ u,v,dl) + E (/ / Dsu,D,vsdsdt) .
0 0 0
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Proof We first show Property (6). Assume u = Z’j’.zl Fihj. Then, using
Dy (W(h;)) = (h, hj)g, we obtain

Dy(8(u)) = Dy, ZF W(hj) — Z(DF,,hm
j=1 j=1

= > Filhhy)g+ > (DuF W) = Dy (DFj) 1))
j=1 j=l1
= (u, h) g + 8(Dpu).
To show Property (5), using the duality formula (4) and Property (6) yield

E ()s(v) = E ((v, D)) )

=E D (v.ei)g De; (5 (w)) z v,ei)g (. ei) g +8(Deyu))
i=1 i=1
=E ((u,v)g_,) + E < z D, (u,ej)ﬁ Dej (v, ei)ﬁ) .

ij=1

Finally, to prove Property (7), we choose a smooth random variable G € S and we
write, using the duality relationship (4)

E[8(w)G] = E ((DG, Fu)g) = E ((u, D(FG) — GDF)yg,)
= E ((6)F — (u, DF)g) G),

which implies the result because S is dense in L*(). O

As a consequence of the duality relationship, the operator D is closable from
LP(Q)to LP(2; $) forany p > 1. This means thatif Fy € Sisasequence of smooth
and cylindrical random variables converging in L”(£2) to 0 and DF y converges in
L?(Q2; $) to some element 7, then n = 0. Indeed, for any u = ij=1 Gjhj € Sg
such that G ; and DG are bounded, we can write

E((n.u)p) = lim E((DFy.u)g) = lim E(Fy3()) =0,

which implies that n = 0.
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1.3 Sobolev Spaces

For any p > 1, we denote by D!:? the closure of S with respect to the seminorm

p/2:|)]/17

For p = 2, the space D!? is a Hilbert space with the scalar product

T
I1Fll,p = (E[IFI"] +E U/O (D, F)?dt

T
(F,G)1, = E(FG)+ E [/ DtFD,Gdt] .
0

In the same way we can introduce the spaces D7 (£)) by taking the closure of S -

Definition 3 The domain of the divergence operator Doms in L?(R) is the set of
processes u € L2(S2 x [0, T]) such that there exists §(u) € L2() satisfying the
duality relationship

E((DF,u)g) = EGu)F),

for any F € D2,

2(0- 2
Clearly if u, € Sg satisfies u, Lgﬁ) u and 8 (uy) L—(Q>) G, then u belongs to
Domé and § (1) = G.
Proposition 3 can be extended to random variables in suitable Sobolev spaces.
Property (5) holds foru, v € D'2($) ¢ Doms and in this case, for any u € DL2($),
we can write

T T T
E@®w)?) <E [/ (u,)zdt] +E U / (Dx”t)zdet:| = Ilullim-
0 0 0

Property (6) holds if u € D'2($) and Dyu is in the domain of 8. Finally Property
(7) holds if F € D2, Fu € L*(Q; $), u € Dom§ and the right-hand side is square
integrable.

The next theorem asserts the continuity of the divergence operator in L” (2) for
any p > 1. It was first proved by Meyer [20]. An alternative proof based on the
boundedness in L? of the Riesz transform is due to Pisier [32].

Theorem 1 Forany p > 1 and u € DVP (),

EQ8@)1") < cp (EADUILy g0 1) + ECl)) (8)
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We can also introduce iterated derivatives and the corresponding Sobolev spaces.
The kth derivative D* F of arandom variable F € Sis a k-parameter process obtained
by iteration:

n k
ok f
Di WF= 2. s W) Wiy (1) - i 1),
=1 i1 ix

For any p > 1, the operator D* is closable from LP(2) into LP(R; 5’J®k) and we
denote by DX-? the closure of S with respect to the norm
k 1/p

. p/2
IFlkp={ EUFIPI+E | D / (D}, F)dt - di
P [0,T)
j=1

1.4 The Divergence as a Stochastic Integral

For each t € [0, T], we denote by 7; the o-field generated by the random variables
{Ws,0 < s < t}. A stochastic process u = {u;,t € [0, T} is adapted if for each
t € [0, T], u; is F;-measurable. We denote by Li the subspace of L*(2 x [0, T])
formed by adapted processes. The following result says that the divergence operator
is an extension of the It6 integral [10].

Theorem 2 L2 C Domé andforanyu € L2, §(u) coincides with the It6’s stochastic
integral:

T
8(”) =/ MtdW[.
0

Proof Let u = Z';:l Fjlia; p;1, where the random variables F; € S are
Fa;-measurable. Then, §(u) coincides with the Itd integral of u because

n n b n
Su) =D Fj(W(b)) — W(aj)) — Z/ D Fdt =) Fj(W(b;) — W(a)),
j=1 j=174j

j=1

taking into account that D, F' = 0ift > a;.Then, the result follows by approximating
any square integrable adapted process by cylindrical adapted smooth processes. [

If u not adapted, & (u) coincides with an anticipating stochastic integral introduced
by Skorohod in [33]. Using techniques of Malliavin calculus, Nualart and Pardoux
developed in [28] a stochastic calculus for the Skorohod integral.
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If u and v are adapted, then for s < ¢, D;v; = 0 and for s > ¢, Dsu; = 0. As a
consequence, Property (5) leads to the isometry property of the Itd integral

T
E[5(w)s(v)]=FE [/ u,v,dt] .
0

If u is an adapted process in D2 (§), then from Property (6) we obtain

T T
D; (/ udeS) =u,+/ DiugdWy,
0 t

because D;ug = 0if t > s.

2 Wiener Chaos and the Ornstein-Uhlenbeck Semigroup

In this section we introduce the Wiener chaos expansion for square integrable random
variables and we show how the operators defined in Sect. I act on the Wiener chaos.
We recall the W = {W;, ¢ € [0, T]} is a Brownian motion defined in the canonical
probability space (2, 7, P).

2.1 Multiple Stochastic Integrals

Let L?([O, T1") be the space of symmetric square integrable functions f : [0, T]" —
R. The multiple stochastic integral of f € L?([O, T1") is defined as an iterated It

integral:
T In n
I,,(f):n!/ / / f, . t)dWy - dW, .
0 Jo 0

We have the following property E[1,(f)1,(g)] = 0if n # m and
E[L, () 1.(8)] = n!' ([, &) r20.11) 9)

for zill n>1.1f f~e L?([0, T1") is not necessarily symmetric we define I, (f) =
I,,(f), where the f is the symmetrization of f defined by

~ 1
f, ... 1) = EZf(to(l)vu-»to(n))a
(e

where the sum runs over all permutations o of {1, 2, ..., n}.
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There is a basic relation between multiple stochastic integrals and Hermite poly-
nomials. Denote by /4, the nth Hermite polynomial given by

dn
ha(x) = (=1)"e" 22 (/%)

dx"
The first Hermite polynomials are ho(x) = 1, h1(x) = x, ha(x) = x2 =1, h3(x) =
x3 = 3x,.... Then, for any g € L2([0, T]) of norm one we have
T
In(g®") = hy ( / g,dwt) : (10)
0

where g® (11, ..., 1,) = g(t1) - - - g(ty).

Let f € L2([0, T]") and g € L2([0, T]™). Forany r =0, ..., n A m, we define
the contraction of f and g of order r to be the element of L>([0, T]*t"~2") defined
by

(f ®r g) (tl, ceesty—r, 81, --wsm—r)

:/ f@, sty X1y oo, X)) €S, v vy S—rs X1y« ooy Xp)dX1 - - d Xy
0,7y

Notice that f ®, g is not necessarily symmetric, and we denote by f®, g its sym-
metrization. The next equation is the product of two multiple stochastic integrals

L(DIn(®) =D r!(’j) (’f)mm_y(f ® 9). (11)

r=0
The following result is the Wiener chaos expansion.

Theorem 3 A random variable F € L*(Q) can be uniquely expanded into a sum
of multiple stochastic integrals:

F = E[F1+ > L(fo).

n=1

For any n > 1 we denote by 7, the closed subspace of L?(2) formed by all
multiple stochastic integrals of order n. Forn = 0, H is the space of constants. Then,
Theorem 3 can be reformulated by saying that we have the orthogonal decomposition
LZ(Q) = @?,ioﬂw

Theorem 3 follows from the fact that if arandom variable G € L? (£2) is orthogonal

k
to @2 yH,, then it is orthogonal to all random variables of the form ( fOT gid W,) s

where g € L?([0, T]),k > 0. This implies that G is orthogonal to all the exponentials
exp (fOT g,th), which form a total set in L2(£2). So G = 0.
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Let us compute the derivative of a multiple stochastic integral. Suppose that f €
L2([0, T1"). Then I,,(f) € D'2, and

Dily(f) = nlp—1(f (-, 0)). (12)

Formula (12) can be proved as follows. Assume f = g®", with llgllgy = 1. Let
0 = fOT g:dW;. Then, using (10) and the properties of Hermite polynomials yields

D1, (f) = Dy(hn(8)) = hl,(0) D0 = nhy_1(6)g,
=ngil—1 (%" V) = nl,_1(f(,1)).

Moreover, applying (9), we obtain

T T
E / (D Iy (f)Pdt = n? / ElLp1 (f (. 0)2)ds
0 0

T
=n*(n— 1! /0 1L GO 0,71y
= nnll 113 0.7y = PEUR ()] (13)

As a consequence of (12) and (13) we deduce the following result.

Proposition 4 Let F € L%(Q) with the Wiener chaos expansion F = ZZOZO L,(f).
Then F € DY? if and only if

o
E(IDFI%) = D " nnll fall 32 0.7y, < 00

n=1

and in this case

DiF = nly 1 (fa. 1))

n=1

Similarly, if F € DX2, then

o0
Df L F=>nmn=1—k+ Dl (fu-.01..... 1)
n=k

provided this series converges in L2(2 x TX). As a consequence, if F € D*? :=
NxD*-2, then the following Stroock’s formula (see [35]) allows us to compute explic-
itly the kernels in the Wiener chaos expansion of F:

fn = lE(D"F).
n!
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Example 1 Let F = W13 ,assuming 1 < 7. Then,

fi(t1) = E(DyWi) = 3E(WD)10.11(11) = 31j0.13(11),

1
ot n) = EE(DZ W) =3E(W)1jo.13(11 vV 1) = 0,

1,02

1
flth,B) = 6E<D3 W) =1p0.17(t1 V2 vV 13),

1,02,13

and we obtain the Wiener chaos expansion

1 1 %)
Wi =3w, +6/ / / AW, dW,dW,,.
0 JO 0

Let us now compute the divergence operator on the Wiener chaos expansion. A
square integrable stochastic process u = {u;,t € [0, T]} € L%(Q x [0, T]) has an
orthogonal expansion of the form

= L(ful 1),
n=0

where fo(t) = E[u;] and for eachn > 1, f, € LZ([O, T]"‘H) is a symmetric
function in the first n variables.

Proposition 5 The process u belongs to the domain of § if and only if the series
o
Su) =D Iip1(fa) (14)
n=0

converges in L2(Q).

Proof Suppose that G = I,,(g) is amultiple stochastic integral of ordern > 1, where
g is symmetric. Then,

T
E((M,DG)5)=/O E(Li—1(fa—1(, 0))nl—1(g (-, 1)))dt

T
=n(n — 1)!/0 (fn=1C, 1), 8C, D) 20,701y dt

= n! <fn—1s g)LZ([O,T]”) =n! (ﬁl—lv g)LZ([O,T]")
= E (I (fa1) 1n(®)) = E (In (F1-1) G) -

If u € Domd, we deduce that

E@w)G) = E (I, (fa—1) G)
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for every G € ‘H,,. This implies that I, ( ﬁ,,l) coincides with the projection of §(u)
on the nth Wiener chaos. Consequently, the series in (14) converges in LZ(Q) and
its sum is equal to 8 (#) . The converse can be proved by similar arguments. (]

2.2 The Ornstein-Uhlenbeck Semigroup

Consider the one-parameter semigroup {7}, r > 0} of contraction operators on L (2)
defined by

T,(F) =Y e " Li(fu).
n=0

where F = Zflo:o I,(fn). An alternative and useful formula for the Ornstein-
Uhlenbeck semigroup is the following Mehler’s formula.

Proposition 6 Let W' = {W/, t € [0, T1} be an independent copy of W. Then, for
anyt > 0and F € L*(Q) we have

T,(F) = E'(Fe™'"W + V1 —e 2 W), (15)
where E' denotes the mathematical expectation with respect to W'.

Proof Both T; and the right-hand side of (15) give rise to linear contraction operators
on L?(). Thus, it suffices to show (15) when F = exp()\W(h) — %Az), where

W) = fOT h:dW;, h € $) is an element of norm one, and . € R. We have,

E' (exp(elAW(h) +V1—e 2AW' (h) — %ﬂ))

1 A
= exp(e_'AW(h) — E(3—2’/\2) = Ze_"t;hn (W(h)) = T, F,
n=0 :

because

o] )\’n
F=2 —hy (W)
n=0

and for any a, z € R the Hermite polynomials satisfy

12 o~ d”
et = Z —hp(2).
n!

n=0

This completes the proof. O
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Mehler’s formula implies that the operator 7; is nonnegative. On the other hand,
the operator 7; is symmetric:

E(GT(F)) = E(FT(G)) = meE(In(fn)ln(gn)),
n=0

where F = >0 I,(fn) and G = >0 I,(gy). It turns out that {7;, 1 > 0} is the
semigroup of transition probabilities of a Markov process with values in C ([0, T]),
whose invariant measure in the Wiener measure. This process can be expressed in
terms of a Wiener sheet W as follows:

t T
X =2 / / e "W (do, ds),
—00 J0

tel0,T],t>0.
The Ornstein-Uhlenbeck semigroup has the following hypercontractivity prop-
erty: If F € LP(Q), p > landq(t) = e (p — 1) + 1 > p, ¢ > 0, then

1T Fllgay = I1F 1l p- (16)

As a consequence, forany 1 < p < g < oothe norms | - ||, and || - ||; are equivalent
on any Wiener chaos H,,, and foreachn > 1 and 1 < p < oo, the projection on the
nth Wiener chaos is bounded in L? (£2).

The generator of the Ornstein-Uhlenbeck semigroup in L?(2) is the operator
given by

T,F—F <«
LF =lim— = —nJ ,
lim —— ; n(f)

if F = ZT:O I,(f,). The domain of L in L2(2) coincides with the space D?2. The
next proposition provides a useful relationship between the operators D, 8, and L.

Proposition 7 Let F € L*(Q). Then F € Dom L if and only if F € D"“? and
DF € Dom 8, and in this case, we have

SDF = —LF.
Proof Let F = I,,(f). Then, using (12) and (14) we obtain
SDF = 8(Di1n(f)) = né(In-1(f (-, 1)) = nly(f) = —LF,

and the result follows easily. (]

The operator L behaves as a second-order differential operator on smooth random
variables.
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Proposition 8 Suppose that F = (F', ..., F™) is a random vector whose compo-
nents belong to D**. Let ¢ be a function in C>(R™) with bounded first and second
partial derivatives. Then ¢(F) € Dom L and

m 2 m
L(p(F)) = Z Py .(F)(DF’,DFJ);,—FZT(F)LF‘.
ij=1 Xi0Xj im1 O%i

Proof Suppose first that F' € S is of the form
F=f(Wh),..., W(hn)),

fe C;O(R”) and h; € $. Then

n
af
D F = —(W(h1), ..., W(hy))hi(2).
: ;ax[( (1) (hn)hi (1)
Consequently, DF € Sg C Dom 6 and we obtain

"9
SDF = Z a—){(W(hl), o, W)W ()
i=1 !

- i o (W(h) W(hw)(hi, hj)
= 8xi8xj 1)5 ey n i»1jl§,

which yields the desired result because L = —3§D. In the general case, it suffices to
approximate F by smooth random variables in the norm || - ||2, 4, and ¢ by functions
in C;O (R™), and use the continuity of the operator L in the norm || - ||2,2. (]

In the finite-dimensional case (2 = R” equipped with the standard Gaussian
law), L = A —x -V coincides with the generator of the Ornstein-Uhlenbeck process
{X;,t > 0} in R", which is the solution to the stochastic differential equation

dX[ = \/de[ - X[dt,

where {W;, t > 0} is a standard n-dimensional Brownian motion.
The following integration-by-parts formula will play an important role in the
applications of Malliavin calculus to normal approximations.

Proposition 9 Let F € D2 with E(F) = 0. Let f be a continuously differentiable
function with bounded derivative. Then,

E[f(F)F]= ELf'(F)(DF,-DL™'F)g]. A7)
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Proof Using that
F=LL'F=—-8DL'F)

yields
E[f(F)F1 = —E[f(F)$(DL™'F)]
= —E[(D(f(F)),DL™'F)g]
= E[f/(F)(DF,—DL™'F)g.
This completes the proof. O

If we define, for almost all x in the support of F, the function gr by
gr(x) = E((DF, =DL™'F)g|F = x],

then, for any f € C; (R) we have E[f(F)F] = E[f'(F)gr(F)]. Moreover,
gr(F) > 0 almost surely. Indeed, taking f(x) = fox ¢(y)dy, where ¢ is smooth and
non-negative we obtain

E[E[(DF, —DL™'F)g4|Flp(F)] > 0,

because xf(x) > 0.

3 Clark Ocone’s Formula

LetW = {W,,0 <t < T'}beaBrownian motion defined on the canonical probability
space (€2, 7, P). Recall that Lg denotes the space of adapted process u = {u;, t €

[0, T} such that E ( fOT utzdt) < oo. The following result is the Itd’s stochastic
integral representation theorem.

Theorem 4 Let F € L*(R2). Then, there exists a unique process u € chl such that

T
F = E(F) +/ urdW;.
0

Then, Clark Ocone’s formula (see [30]) provides an explicit expression for the
process u in terms of the Malliavin derivative of the random variable F'. More pre-
cisely, u coincides with the predictable projection of the derivative of F. That is, if
F € D2, then, u; = E(D;F|¥;), and we can write

T
F = E(F) +/ E(D,F|F)dW,. (18)
0
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Proof Forany v € Lg we can write, using the duality relationship (4), we obtain

T T
E (F/ vlth) =E(Fé(v))=FE (/ D,Fvldt)
0 0

T
:/ E[E(DF|F)v:]dt.
0

If we assume that F = E(F) + fOT u;dW;, then by the It isometry

T T
E (F/ thW[) =/ E(M;Vt)dt.
0 0

Comparing these two expressions we deduce that
uy = E(DF|Fy)
almost everywhere in Q x [0, T]. O
Example 2 Suppose that F = W,3. Then Dy F = 3Wt21[0,,](s) and
E(DyFIFy) = 3EL(W, — Wy + W) |71 =3[ — s + W2I.
Therefore,

t
w? =3/ [t —s + W2dW;. (19)
0

This formula should be compared with Itd’s formula

t 1
W) =3 / W2dW, +3 / Wids. (20)
0 0

Notice that Eq.(19) contains only a stochastic integral, but it is not a martingale,
because the integrand depends on 7, whereas (20) contains two terms and one is a
martingale. Moreover, the integrand in (19) is unique.

Example 3 Thelocal time of the Brownian motion {L}, ¢ € [0, T'], x € R}is defined
as the density of the occupation measure:

t
/ l{erc}ds=/Lfdx,
0 C
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for any Borel set C € B(R). Formally, L} = fot Sx(Ws)ds. Then, if for any ¢ > O,
we set pe(x) = (2ﬂ8)_%€_x2/28, it holds that

2)

1 L2(
F, =/ pe(Wy — x)ds —" L7}.
0

Applying the derivative operator yields

t t
D, F =/ P:;(Ws —x)D, Wgds :/ p;;(WS —x)ds,
0 r
and
t
E(D, F.I7) =/ E (Dl (W, — Wy + Wy — 2)|7;) ds
r

t
= / péﬂ_r (W, —x)ds.
-

As a consequence, taking the limit as ¢ tends to zero, we obtain the following integral
representation for the Brownian local time

t t
LY = E(L}) +/0 (/ i (W, —x)ds) dw,.

4 Application of Malliavin Calculus to Regularity
and Estimations of Densities

In this section we establish two different formulas for the density of a Brownian
functional using Malliavin calculus. Recall that W = {W;, ¢t € [0, T']} is a Brownian
motion on the canonical probability space (€2, #, P) and D and § are the fundamental
operators in the Malliavin calculus.

4.1 First Density Formula

DF
2
IDFI

belongs to the domain of the operator 8 in L*(2). Then the law of F has a continuous
and bounded density given by

x)=E|1 1) i 20
p\x) = {(F>x} ||DF||% .

Proposition 10 Let F be a random variable in the space D'-2. Suppose that
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Proof Let v be anonnegative smooth function with compact support, and set ¢(y) =
ffoo ¥ (z)dz. Then ¢(F) belongs to D12, and we can write

(D(¢(F)), DF) ¢ = W(F)IIDFH%.

Using the duality formula (4), we obtain

Elw(F)] = E | (D), 2\ | = E|omrs( 2L 22)
N STV Y Bl i0FIZ )|

By an approximation argument, Eq. (22) holds for ¥ (y) = 1(4,5(y), where a < b.
As a consequence, we apply Fubini’s theorem to get

Pla<F=b)= [(/ W)dx) (||DF||55):|
- / [I{F“’S(HDD:H%)} “

which implies the desired result. (]

Remark 1 Equation (21) still holds under the hypotheses F € D7 and

(S
nDFn A

D7’ (§) for some p, p’ > 1.Sufficient conditions for these hypotheses are F € D>
and E(|DF||~%%) < co with L + % <1.

Example 4 Let F = W(h). Then, DF = h and

s( 25 ) = wanyni2
IDF |, &

As a consequence, formula (21) yields
p) = Il E [117-) F],

which is true because p(x) is the density of N (0, ||k ||§,J).

Applying Eq. (21) we can derive density estimates. Notice first that (21) holds if
1{F>y) is replaced by 1{r.y), because the divergence has zero expectation. Fix p
and ¢ such that p~! 4+ ¢~! = 1. Then, by Holder’s inequality, we obtain

DF
IDFI )|,

p(x) < (P(|F| > |x|)"4

' ; (23)
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for all x € R. Then, applying Meyer’s inequalities we dan deduce the following
result (see [25, Propsition 2.1.3]).

Proposition 11 Let g, «, B be three positive real numbers such that g~' + o~ +
/3_1 = 1. Let F be arandomvariable in the space D29 such thatE(IIDFllgzﬁ) < 0.
Then the density p(x) of F can be estimated as follows

p(x) < cgap (P(F| > |x])"4

x (E(HDFM;) S i P [ Hﬁ) SR

Example 5 Set M, = fot u(s)dWs, where u = {u(t),t € [0, T]} is an adapted
process such that |u(t)] > p > 0 for some constant p, E (fOT u(t)zdt) < 00,
u(t) € D22 foreacht € [0, T'], and

T r/2
A= sup E(Dsus;/’)+ sup E (/ ID%SutV’dt) < 00,
0

s5,t€[0,T] r,s€(0,T]

for some p > 3. Then, applying Proposition 11 one can show that the density of M,
denoted by p;(x) satisfies

Q=

pi(x) < %P(IMzI > |x])7,

for all t > 0, where g > % and the constant ¢ depends on A, p and p.

Example 6 Considerthe processé = {§,;,0 < r <t < T}solution of the stochastic
differential equation

t
é:r,tzx"‘Wt_Wr‘i‘/ /Rh(y_gr,u)z(du,d)’),

where x € R, W is a standard Brownian motion, Z is a Brownian sheet independent
of Wand h € H22 (R). The process & represents the position of a particle in a random
environment. A measure valued process obtained as the limit of critical branching
particles moving with the dynamics of £ was studied by Dawson, Li and Wang in
[9]. For r < t we define the conditional transition density given Z by

p(rox;t,y) = P (& € dyl§ =x, Z).

Then, Proposition 10 leads to the following expression for this conditional density

proxit ) = EY [1 3],
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where EV denotes the mathematical expectation with respect to W. From this for-
mula, one can derive the following result (see [11]):

Lemma 1 Letc:lVlth%. Forany0<r <t <T,yeRandp > 1,

(x —y)? 1
b ;t7 SZK YN t_ 27
Ip (r,x; 2, 9) ll2p pexp( S —7) (t—r)

where K, is a constant depending on p.

This lemma has been used by Hu et al. [11] to establish the Holder continuity in
space and time of the solution of the stochastic partial differential equation satisfied
by the density of the associated limiting branching particles, improving previous
results by Li et al. [17].

4.2 Second Density Formula

Let F € D"2 be such that E[F] = 0. Recall that gz (x) = E[(DF, —DL™'F)g|F =
x] > 0. The following density formula was proved by Nourdin and Viens in [23].

Theorem 5 Let F € D2 be such that E[F] = 0. Then, the law of F has a density
p if and only if gr(F) > 0 a.s. In this case the support of p is a closed interval
containing zero and for all x in the support of p

E[IF]] t ydy
px) = exp (- :
2gr(x) o 8r(y)
Proof Suppose that F has a density p. We consider only the case where the support

of pis R. Let ¢ be a smooth function with compact support and consider a function
® such that ® = ¢. Then

El¢p(F)gr(F)] = E[®(F)F] =/R<D(X)XP(X)dx = /R¢(X)</J(X)dx,

where ¢(x) = fxoo yp(y)dy. This implies ¢(x) = p(x)gr(x). Taking into account
that ¢’ (x) = —xp(x) we obtain

i) x
@(x) gr(x)

Using that ¢(0) = %E[IFI], we get p(x) = %E[|F|]exp (— (fgffg)), which

completes the proof. (]
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; 2. 2
Corollary 1 If there exist constants oy, ., 0., > 0 such that

2 2
Omin = 8F(F) = Opax

a.s., then F has a density p satisfying

E[|F|] x? E[|F|] x?
557 P\ 53 <pkx) =< 252 P\ 75 )
max O hin O nin max

The random variable gr(F) can be computed using Mehler’s formula (15) and
the fact that —DL™'F = [~ ¢~ T;(DF)dt. In this way we obtain

er(F) = /OO e 'E [(DF, E'[DF(e™'W + /1 — e—2fW’)])ﬁ|F] dr.
0

Then, the above corollary can be applied in particular case where we have uniform
upper and lower bounds for (DF, E'[DF(e™'W + V1 — e=2'W/)]) ¢, as it is illus-
trated by Example 7.

We would like to point out here that the Malliavin calculus can be developed
replacing §) by a general separable Hilbert space and assuming that {W (h), h € $}
is an isonormal Gaussian process, that is, a centered Gaussian family satisfying
E[W ()W (g) = (h. g)s forany h, g € 9.

Example 7 Suppose that BH — {BtH ,t € [0, T]} is a fractional Brownian motion
with Hurst parameter H € (0, 1). That is, BH is a zero mean Gaussian process with
covariance

1
EB/' B = (ﬂH +s2H —s|2H).

We define ) as the closed span of the indicator functions on [0, 7] under the inner
product (1j0.1, 1j0.1)5y = E[BH BX]. Then, the mapping 1j0,; + B[ can be
extended to a linear isometry between §) and the Gaussian space spanned by B*.
In this way, BT defines an isonormal Gaussian process associated with ). Consider
the random variable

F = max BtH—E(max BIH),

t€la,b) t€la,b]

where) <a < b < T.Then, F € D2 and D, F = 110,71(r), where 7 is the random
point in [0, T] where B attains its maximum. As a consequence, if H > 1/2,
the previous corollary holds with oy, = a and Omax = bH | because a2 <
E[BFBH] < b*H.
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4.3 Existence and Smoothness of Densities

Let F = (F',..., F™) be such that F' € D2 fori = 1, ..., m. We define the
Malliavin matrix of F as the random symmetric nonnegative definite matrix

vr = ((DF', DF?) &) 1<i j<m.

Theorem 6 If detyr > 0 a.s., then the law of F is absolutely continuous with
respect to the Lebesgue measure on R™.

This theorem was proved by Bouleau and Hirsch in [5] using the coarea formula
and techniques of geometric measure theory. The measure (det yr x P) o F~! is
always absolutely continuous, that is, P (F € B,detyr > 0) = 0 for any B €
B(R™) of zero Lebesgue measure. In the one-dimensional case, yr = ||DF ||§5.

Definition 4 Let F = (F v F ") be a random vector such that F I ¢ D2 for
i=1,...,m. Wesay that F is nondegenerate if E[(det yr)™?] < oo forall p > 2.
Set 9; = 9/0x;, and for any multiindex « € {1, ..., m}k, k > 1, we denote by 9,

the partial derivative % /(9xy, - - - 9xa, ).

Lemma 2 Let y be an m x m random matrix such that yi e DL forall i, j and
E[(dety)™P] < oo forall p > 2. Then (y_l)l] belongs to D> for all i, j, and

D) =3 () () o

k=1
Proof Approximate y ! by ye_l = (dety 4+ €)"1A(y), where A(y) is the adjoint
matrix of y. U

The following result can be regarded as an integration by parts formula and plays
a fundamental role in the proof of the regularity of densities.

Proposition 12 Let F = ('F L F ") be a nondegenerate random vector. Fix
k > 1 and suppose that F' € D**1® fori = 1,...,m. Let G € D* and let
Q€ CZO(R’”). Then for any multiindex o € {1, ..., m}~, there exists an element

H,(F, G) € D* such that
E[0a@(F)G] = E[p(F)Ho(F, G)],

where the elements Hy (F, G) are recursively given by

Hg)(F,G) = ia (G (ygl) "/DFf') , (25)

j=1
Hy(F,G) = Hy (F, Hia,,....ar_1) (F, G)). (26)
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Proof By the chain rule we have

(D(p(F)),DF)g = > 3ip(F)(DF',DF') g = > dip(F)y}.,

i=1 i=1
and, consequently,

m

dip(F) = D (D(@(F)), DF)5(r; "
j=1

Taking expectations and using the duality relationship (4), yields

E[3;9(F)G] = E [p(F)H)(F, G)],

where Hiy = 21, 8 (G (yF_ 1) DF/ ) Notice that. Meyer’s inequality (8) and
Lemma 2 imply that H(;) belongs to L? for any p > 2. We can finish the proof by a
recurrence argument. O

One can show that for any p > 1 there exist constants 8, y > 1 and integers n,
m such that

| Ho (F, G)”p =Cpg

m
jdety; | IDFIE, 1G]

The following result is a multidimensional version of the density formula (21).

Proposition 13 Let F = (F L ..., F™) be a nondegenerate random vector such
that F' € ]D>m+1'°°f0ri =1,...,m. Then, F has a continuous and bounded density
given by

p(x) = E [1{p=)Hy(F, D]. (27
where o = (1,2, ..., m).

Recall that
Ho(F.D = > 8 (e Y DFRs (V¥ RDF2 6 (v )" DF i) L))
Jteees jm=1

Proof Equality (26) applied to the multiindex & = (1, 2, ..., m) yields

E[0up(F)] = Ele(F)Hy (F, 1)].

F! F™
w(F)Z/ / dop(x)dx.

Notice that
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Hence, by Fubini’s theorem we can write
E [049(F)] = /R 9 @(X)E [1F2)Ho(F, 1)] dx. (28)

We can take as d,¢ any function in C5°(IR™) and the result follows. O

The following theorem is the basic criterion for smoothness of densities.

Theorem 7 Let F = (F',...,F™) be a nondegenerate random vector such that
F' € D*foralli =1, ..., m. Thenthelaw of F possesses an infinitely differentiable
density.

Proof For any multiindex 8 we have (with o = (1,2, ..., m))

E [3p0a9(F)] = Elp(F)Hp(F, Hy(F, 1)))]

= /]R 3@ (X)E [1{F=xyHp(F, Hy(F, 1))] dx.

Hence, for any £ € C3°(R™)

/R dp& (x) p(x)dx =/R EM)E [Lip>x)Hp(F, Hy(F, 1))] dx.
Therefore p(x) is infinitely differentiable, and for any multiindex 8 we have
9pp(x) = (=DE [Lpo) Hp (F. (Ho(F, 1))].

This completes the proof. U

We finish this section with a density formula obtained using the Riesz transform,
following the methodology introduced by Bally and Caramellino [1, 2]. In compar-
ison with (27), here we only need two derivatives, instead of m + 1.

Let Q,, be the fundamental solution to the Laplace equation AQ,, = 8p on R",
m > 2. That is,

Or(x)=a;'In—, Q) =a,'|x*™, m>2,

x|
where a,, is the area of the unit sphere in R”. We know that 9; Q,, (x) = —cy, ﬁ,
where ¢,;, = 2(m — 2)/a,, if m > 2 and ¢ = 2/a». Notice that any function ¢ in

Cé (R™) can be written as
p(x) = Vo x VO (x). (29)

Indeed,
VoxVQu(x) =¢x AQn(x) = ¢(x).
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Theorem 8 Let F be an m-dimensional nondegenerate random vector whose com-
ponents are in D>, Then the law of F admits a continuous and bounded density p
given by

p(x) =D E(3;Qn(F — x)Hg)(F. 1)),

i=1

where

Hey(F, 1) =i (( -1 UDF!)

Proof Let ¢ € Cg (R™). Applying (29), Fubini’s theorem, Proposition 12, and inte-
grating by parts, we get

E(p(F)) = Z/ i Om(VE (9ip(F — y))dy

> [ 40uOIE (oF = y)Ho(F, D) d
i=1

3

= Z/Rm ¢ E (3 Qu(F — y)Hgy(F, 1)) d
i=1

The use of Fubini’s theorem needs to be justified by showing that all the functions
are integrable. Assume that the support of ¢ is included in the ball Bg(0) for some
R > 1. Then,

E/R 19 O (N p(F — )l dy < |ai<p|ooE/ 19 Om )|y

{y:|FI=R<|y|<|F|+R}

FI4R .
m—1
< Cm|3i‘p|ooE/ —r" " dr
|[Fl-R '™

=2C,,R|0;¢|00 < 00.

This completes the proof. O

The approach based on the Riesz transform can also be used to obtain the following
uniform estimate for densities due to Stroock.

Lemma 3 Under the assumptions of Theorem 8, for any p > m there exists a
constant ¢ depending only on m and p such that

m
< .
Iplloo < 6(121%1 1H (F, 1)”]7) .
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Proof Suppose m > 3. From
m
p(x) =D E (3 Qu(F — x)Hg)(F. 1)) ,
i=1
applying Holder’s inequality with % + % = 1 and the estimate
10; QO (F — )| < el F —x|'™"

yields
(1—m) 1/q
p() = mepA (EINF = x "]) ,

where A = maxi<;<m |1 Hg) (F, Dl p.
Suppose first that p is bounded by a constant M. We can write for any € > 0,

E[|F — x|(1=m1] < (=N +/ |z — x|V p(x)dx
|z—x|<e

p=N
<e"Na 4 cyerT M.

Therefore,

1 p-N 1
M < ANky (el—N + C,?,epqu) .

Now we minimize with respect to € and we obtain M < ACy ,M 1*%, for some
constant ¢y, ,, which implies M < c%’ pAN . If p is not bounded, we apply the
procedure to p * 15, where 15 is an approximation of the identity and let § tend to
zero at the end. ([

5 Malliavin Calculus and Normal Approximation

In this section we present the application of Malliavin calculus combined with Stein’s
method (see [8]) to normal approximations. We refer the reads to the reference book
by Nourdin and Peccati [22] for a detailed account of this topic.

5.1 Stein’s Method for Normal Approximation

A random variable Z has the standard normal distribution N (0, 1) if and only if for
any function f € Cg (R), we have E(f(Z)Z) = E(f'(Z)). Then, if the expectation
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E(f(Z)Z — f'(Z)) is small for functions f in some large set, we might conclude
that the distribution of Z is close to the normal distribution. The purpose of Stein’s
method is to quantify this assertion in a proper way. To do this, consider a random
variable Z with the N (0, 1) distribution and fix a continuous function : R — [0, 1].
The Stein’s equation associated with £ is the linear differential equation

[rx) = xfu(x) = h(x) — E(h(Z)). (30)
One can show that this equation has a unique solution satisfying limy,_, 4~ /2
Jn(x) =0, given by
2o 7 —-y%/2
fnx) =e (h(y) — E[R(Z)De™ '“dy
—0o0
x2/2 * —y2/2

— =" [ty = Bt pe . G31)

X

Moreover, fj € C'(R) and xfr(x)| <1, |f,;(x)| <2.
Recall that the total variation distance between the laws of two random variables
Y and Z is
dry(Y,Z) = sup |P(Y € B)— P(Z € B)|.
BeB(R)

Proposition 14 Let F and Z be such that E[F] = 0 and Z has the N(0, 1) distri-
bution. Then,

dry(F,Z) < sup |E[f'(F)] — E[Ff(F)]l,
fefo

where Fo is the class of C'-functions, such that |xf (x)| < 1 and | f'(x)| < 2.

Proof Let B C [—K, K] be a bounded Borel set. There is a sequence of continuous
functions 2, : R — [0, 1] suchthat i, (x) — 1p(x) for (\+ Pr)-almost all x, where
A and Pr denote, respectively, the Lebesgue measure and the law of F'. Substituting
x by F in Stein’s equation (30) yields

|E[hn(F)] = E[hy(Z)]]

ELS;, (F)] = E(F fu, (F)|

< sup |E[f'(F)] - E[Ff(F)].
NS

Letting n go to infinity and applying the dominated convergence theorem, we obtain
the desired result. U

Suppose now that our probability space (2, 7, P) is the canonical space asso-
ciated to the standard Brownian motion W = {W;, t € [0, T']}. Combining Stein’s
method with Malliavin calculus leads to the following result due to Nourdin and
Peccati.
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Theorem 9 Suppose that F € D!2 satisfies E[F] = 0. Let Z be a N(0, 1) random
variable. Then,

dry(F, Z) < 2E[|l — (DF, —DL™'F)g|1.
Proof Using (17) we obtain for any f € %o,

|E[f'(F)] — E[Ff(F)]| = |E[f'(F)(1 — (DF, —DL™'F) ¢
<2F [|1 — (DF, —DL—1F>,~,|] ,

which competes the proof. (I

If E[F?] = 02 > 0 and we take Z to have the law N (0, 0'2), we can derive the
following inequality using similar arguments

drv(F, Z) < %Eﬂaz — (DF, —=DL™'F)g|1. (32)
o

5.2 Normal Approximation on a Fixed Wiener Chaos

Suppose that F' € H, for some ¢ > 2 and E(F?) = 0% Then L™'F = —éF.
Taking into account that E[||DF ||%] = go? we obtain form (32) that

2
dry(F, 2) < — [Var (IDFI;).
qo
Indeed,

E[lo? — (DF, —DL™'F)g|1 = E [

1
2 2
o° — —||DF||
q )

1 2
<~ [var (||DF||5).
q

The next proposition shows that the variance of | DF ||f3 is equivalent to E (F*) —
304,

Proposition 15 Suppose that F = 1,(f) € Hy, g = 2. Then,

var (IpF i) < =24

LEF) =30" = (g = DVar (IDFI)

Proof This proposition is a consequence of the following two formulas for the vari-
ance of ||DF||% and for E(F*) — 30%.
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Formula I
q—1 4 4 _
var (IDFI3) = Zrz(r!f(r) Qg =200f&, f ooy e B33)
r=1

To establish (33), we start with D; F' = g1, 1(f (-, 1)), and using the product formula
for multiple stochastic integrals (see (11)) we obtain

IDFI = q° /O ' Iy 1 (f ()t
= qzqzlr!(q - l)zlzqzrz(férﬂf)
r=0 r
5 1 q—1 2 ~
=q ;v - 1)!(r - 1) by, (f®: f)

q—1 2
-1 -
= qq'll fIges +4° D (r = 1)!(‘5 ~ 1) b2 (f& f). (34

r=1

Then Formula (33) follows from the isometry property of multiple integrals.
Formula 2: We claim that

34! 4 _
EF -0t =2 zrooz(‘r’) g = 2008 f Pgocr-  (39)

r=I1

To show this formula, using that —L ' F = éF and L = —8D we first write

E[F*] = E[F x F3] = E[(—=8DL™'F)F*]1 = E[(-DL™'F, D(F¥))¢]
1 3
= JELDF, D(F))g] = C—IE[FZIIDFII%]- (36)

By the product formula of multiple integrals,
q 7\>
F> =1, = qIl f I5yee + Z”(,) Ly -2 (& f). (37)
r=1
Then, Formula (35) follows from (36), (37), (34) and the isometry property of mul-

tiple integrals (see (11)). (I

These results can be applied to derive the so-called Fourth Moment theorem,
proved by Nualart and Peccati in [29] (see also [27]), which represents a drastic
simplification of the method of moments.
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Theorem 10 Fix g > 2. Consider a sequence of multiple stochastic integrals of
order q, F, = 1,(fy) € Hy, n > 1, such that

lim E(F?) =02
n— 00

The following conditions are equivalent:
(i) F,= N(,0?%),asn — oo.
(ii) E(Ff)—> 304 asn — oo.
(iii) ||DF,,||’§’5 — qo?in L*(Q), as n — 0.
(iv) Foralll <r<q—1, f, ® fn—> 0, asn — oo.

Proof First notice that (i) implies (ii) because for any p > 2, the hypercontractivity
property of the Ornstein-Uhlenbeck semigroup (16) implies

sup | Full, < (p — D2 sup || Byl < oo.
n n

The equivalence of (ii) and (iii)) follows from Proposition 15, and these conditions
imply (i), with convergence in total variation. Moreover (iv) implies (ii) and (iii)
because || £, R full g2 = || fn ®r full geeq-2n. Finally, the fact that (ii) implies
(iv) follows form the expression

q 2
E[F,] = ;)mf(j) 2g = 20N f2®r full Goag—r»

and the fact that 2¢)!|| £, ® f» ”?6@‘1 equals to 2(g D2l f ||‘;3 plus a linear combination

of the terms || f,, ®, f,,||%®(2q72,), withl <r <g—1. O

As an application we include a simple proof of the classical Breuer-Major The-
orem (see [6]). A function f € L%(R, y), where y = N(0, 1), has Hermite rank
d>1if

f) =D aghy(x),
g=d

and ag # 0. For instance, f(x) = |x|’ — f]R |x|Pdy (x) has Hermite rank 1. Let
X = {Xy, k € Z} be a centered stationary sequence with unit variance. Set p(v) =
E[XoX,] forv e Z.

Theorem 11 Let f € L>(R, y) with Hermite rank d and assume D el L4 <
o0o. Then,

_ g P
V= ﬁgf(xk):zv(o,a ),

asn — oo, where 0% = D oed q!aé >ovez P,
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Proof It suffices to consider the case f = aghy, g > d. The result for the sum
would follow from a multidimensional version of the Fourth Moment Theorem due
to Peccati and Tudor [31]. There exists a sequence {ex, k > 1} in = L2([0, T))
such that

(exsej) g = pk — j).

The sequence {W (ex)} has the same law as { X}, and we may replace V,, by
F, th (W(en) = Ig(fg):

where f, ; = j—‘% - e,‘?q. We can write

'l gl 3ye0 = a'ay Z pli — ) =qla, Zp(v)q( ')lﬂw},

i,j=1 VEZ

and by the dominated convergence theorem

E[F2) = qW fuql3es — qla2 D p(n)? = o2
veZ

as n tends to infinity. It suffices to show that ||DF,1||f5 converges in L%() to
qq!aé > ez P(V)9. We have

n

2
a
IDFlIy =~ 37 by (Xhi (X)pG = ),
ij=1
which has the same limit in L? as the sequence
a2 n e8]
0= —qZh/q(X‘,)( > h;(xj+m)p<m>).
n j=1 m=—0o0

The sequence

’h;<xj)( > h;<xj+m>p<m>),j > 1]

m=—0oQ

is strictly stationary and ergodic. By the Ergodic Theorem, converges in L?(£2) to its
expectation which is equal to qq!aé > vez P ()4, This concludes the proof. (]
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5.3 Convergence of Densities

The total variation distance is equivalent to L' norm of the densities:

drv(F,G) = /]R |pF(x) — pG(x)ldx,

where pr and pg are the densities of the random variables F and G, respectively.
Uniform convergence, however, requires stronger hypotheses. The following result
was proved by Hu et al. in [12].

Theorem 12 Let F € H,, q > 2, be such that E(F%) =1and E(||DF||;)6) <M.

Then,
sup |pr(x) — @ (x)| < Cpr gV E(F*) — 3,

seR
where ¢ is the density of the law N (0, 1).

Using the notion of Fisher information, Nourdin and Nualart [21], provided al-
ternative proof of this theorem under the weaker assumption E (| DF ”.%4_6) <M
for some € > 0.

Proof Using the density formula (21), Property (7) and §DF = g F, we can write

W) = E | 108 -2
PES =29 DF i

qF _
= E | o) ——— | = Ellr=x)(DF, D(IDF | g)) 5]
IDF ||

= E[l(r-x)F1+ Elq|IDF||’ — 11 — E[1(~)(DF, D(IDF||)) ).

The terms E[|q||DF||;JZ —1|] and E[|(DF, D(||DF||;)2))55|] can be estimated by a
constant times v/ E (F#) — 3. Taking into account that

¢ (x) = E[lz>xZ],
where Z has the N (0, 1) distribution, it suffices to estimate the difference
E[I{F>x}F] - E[I{Z>x}Z]’

which can be done by Stein’s method and Malliavin calculus. ([

Example 8§ Letg =2and F = Zﬁl i (X (e;)2—1), where {ei, i > 1}isacomplete
orthonormal system in $) and A; is a decreasing sequence of positive numbers such
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that >, Aiz < 00. Suppose E[F?] = 1. Then, if Ay # 0 for some N > 4, we
obtain

>

i=1

sup [pr(x) — @ (x)| < Cnay

xeR

We can also establish the uniform convergence of densities in the framework of
the Breuer-Major theorem. Fix ¢ > 2 and consider the sequence

1 &
v,,:EZZa,-h,»(Xk), ag #0,

k=1 j=d

where X = {X, k € Z} is a centered Gaussian stationary sequence with unit
variance and covariance p(v). The following result have been proved by Hu et al.
in [13].

Theorem 13 Suppose the spectral density of X, f,, satisfieslog(f,) € L' ([-m, 7).
Assume ", .7 loW4 < 0. Set 0% := q!a; > ez P € (0, 00). Then for any
p > 1, there exists no such that

sup E[IDV,ll "] < o0. (38)

n=nqo

Therefore, if ¢ = d and F, = Vy,//E[V?], we have

sup [pr, (x) — d(0)| < ¢\ E[F - 3.

xeR

Proof Here is a sketch of the proof of this result. From the non-causal representation
X = Z?O:o Y jwk—j, where w = {wy, k € Z} is a discrete Gaussian white noise,
and using the Malliavin calculus for the discrete white noise w, it follows that

2
n n

1 q
1DV, = - S aini(Xiovi-m | = Bu.

m=1 \k=m j=d

Fix N and consider a block decomposition B, = ZIN=1 B!, where B is the sum of
& squares. We use the estimate

P N

B, <[]B)?
i=1

Sk

and we apply the Carbery-Wright inequality (see [7]) to control the expectation of
(B,i)_le if % is small enough. This inequality says that there is a universal constant
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¢ > 0 such that, for any polynomial Q : R” — R of degree at most d and any o > 0,
we have 1 1
E[Q(X1, ..., X))*1 P(IQ(X1, ..., Xp)| < @) < cdad,

where X1, ..., X, are independent random variables with law N (0, 1). O

This theorem can be applied to the increments of a fractional Brownian motion
with Hurst parameter H € (0, 1), that is, {X; = B{’ — B,f’_l ,k > 1}. In this case,
the spectral density satisfies the required conditions. As a consequence, we obtain
the uniform convergence of densities to ¢ for the sequence of Hermite variations
F, = Vn/E[Vnz], where

1 n
Vo=— > hgm"AB™), q>2,
P

forO< H <1-— %, where Ay BH = B,f/{n — B(IZ_I)/”. In the particular case ¢ = 2
we need H € (0, %) and we have

n-2 if He(0,3)
sup | pr, (¥) — ¢(0)| < ¢\/ E(FH) =3 < {n~2(logn)? if H =3
xeR nAH=3 if H e (%, %)

The following further results on uniform convergence of densities have been also
proved in [12].

(i) One can show the uniform approximation of the mth derivative of pr by the
corresponding mth derivative of the Gaussian density ¢ under the stronger
assumption E(||DF||;§B) < oo for some 8 > 6m + 6 (L%J \Y, 1).

(ii) Consider a d-dimensional vector F, whose components are in a fixed chaos, and
such that E[(det yr)~?] < oo for all p, where yr denotes the Malliavin matrix
of F. In this case for any multi-index 8 = (81, ..., Br), | < B;i < d, one can
show

d
sup |9 £ (x) — dpda(0)| = (IC = 113 + 3" JELF} = 3(EIF21?)

xeRd j=1
where C is the covariance matrix of F', ¢ is the standard d-dimensional normal

. ok
density, and dg = W'
1 k
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Fractional Brownian Motion
and an Application to Fluids

Chandana Wijeratne and Hakima Bessaih

Abstract In this chapter, we review the fractional Brownian motion (fBm) and
some of its properties. It is a Gaussian process that is characterized by its covariance
function and its hurst parameter H € (0,1). When H > 1/2, we introduce the
stochastic integral with respect to a fBm by using fractional integrals. This is a
pathwise approach based on the Riemann Stieltjes construction using the Holder
continuity of the process. An application related to fluids is provided. This is an
integrodifferential equation representing the dynamic of a vortex filament associated
to an inviscid, incompressible, homogeneous fluid in R3. We prove existence and
uniqueness of solutions in a functional space of Sobolev type.

1 Introduction

This chapter begins with a short introduction to fractional Brownian motion (fBm)
and a description on the vortex filament associated to a 3D turbulent fluid flow. In
Sect. 2, assumptions and the functional setting of our problem have been introduced.
We recall the notions of fractional integrals and some related a priori estimates in
Sect.3. In Sect.4, we introduce the notion of integration with respect to a fBm.
Section 5 contains our main results about the existence and uniqueness of a global
solution for the Eq. (5) with most of their proofs.
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1.1 Fractional Brownian Motion

Fractional Brownian motion (fBm) was first introduced by Kolmogorov in 1940 by
the name “Wiener spiral” [26] within a Hilbert space setting. The name “fractional
Brownian motion” is due to Mandelbrot and Van Ness as they gave a representation
to the fractional Brownian motion through a fractional integral with respect to the
standard Brownian motion in 1968 [31].

Definition 1 Let BY = {Bf, 1 > 0} be a stochastic process, and H € (0, 1). B is
called a fractional Brownian motion (fBm) with Hurst parameter H,, if it is a centered
Gaussian process with the covariance function

1
Ru(y,m = EB)B'I = 0" +y*" —n—y P, y,nz0. (1)

Fractional Brownian motion is parameterized by a parameter H, known as the
‘Hurst parameter’, and it is also due to Mandelbrot. Mandelbrot named the parameter
after the hydrologist Hurst who did a statistical study of the yearly water run-offs
of the Nile river [23]. The parameter H € (0, 1) and when H = %, we recover
the well known standard Brownian motion. Hence fractional Brownian motion is a
generalization of the standard Brownian motion. Many authors treat the fBm in three
different families corresponding respectively to0 < H < %, H = %and% <H<1.

Fractional Brownian motion finds applications in diverse fields such as fi-
nance, economics, biology, physics and engineering. Whenever we are interested
in processes with self similarity, long memory, stationary increments fBm is a nat-
ural candidate. Applications of fBm have been studied by many authors. For instance
in mathematical finance, Cheridito [10] constructed arbitrage strategies using fBm,
Comte and Renault [12] presents continuous time models with long memory with
fBm, and Rogers [38] discussed use of fBm in modeling long range dependence
of share returns. In engineering applications for instance, in [19] a queue with an
infinite buffer space and fBm as a long-range dependent input have been studied. In
[34] Norros presented a model for connectionless traffic using fBm. In [28] the self
similarity of fBm has been studied in capturing fractal behavior in Ethernet local
area network traffic.

1.2 Properties of Fractional Brownian Motion

Many authors have studied fBm in different approaches. For instance, [20] describes
fBm together with a detailed presentation on self similarity which is an interesting
property of fBm. Theory and applications of the long range dependence, another
widely used property of fBm can be found in [17]. For a comprehensive treatment
of fBm, see for instance [8, 33, 35]. The Hurst parameter H relates with the sign
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of the correlation of the increments, regularity of the sample paths, and many other
properties of fBm as described below.

e Self-similarity: Fractional Brownian motion with Hurst parameter H is H
self similar. For any constant a > 0, the two processes {BH (at), t = 0} and
{a" BH (t), t > 0} are equal in their probability distributions. This is a fractal prop-
erty of fBm and results from its covariance function (1).

e Stationary increments: Fractional Brownian motion has stationary increments.
Using the covariance function (1), one could verify that {B¥ (t + h) — B (h)} and
{B* (1)} have the same probability distribution for # > 0.

e Independent increments: Fractional Brownian motion has independent incre-
ments if and only if H = % When H = % it can be seen that E[BY (1) B (5)] =
min{s, ¢} and we recover the ordinary Brownian motion. For H # % increments of
fBm are not independent. When H > % the increments are positively correlated,
and for H < %, they are negatively correlated.

e Long range dependence: Let {X (t),t > 0} be an H —self similar process with
stationary increments, and non-degenerate for all 7, with E[X (1)2] < oc. Suppose
Em)=Xn+1) — X)) and r(n) = E[E0)E(n)], forn = 0,1,2.... Then, for
% < H < 1 wehave >, |r(n)] = oo and this property is known as long range
dependence. Fractional Brownian motion exhibits long range dependence or long
memory when H > % The coupling between values at distinct points of time de-
creases quite slowly as the time difference increases. This is in contrast with the short
range dependence of some processes where the coupling between values at distinct

points of time decreases quite rapidly (exponentially) as the time difference increases.

e Markovian property: Recall that a Gaussian process with covariance R is

Markovian if and only if R(s,u) = W foralls <t < u. Applying the

covariance function in (1) one can see that fBm is Markovian if and only if H = %

e B Holder continuity: For the sample path properties of fBm, it has continuous
trajectories. In particular, fBm admits a modification which is Holder continuous of
order B if and only if 8 € (0, H). This can be seen ny applying Kolmogorov’s con-
tinuity criterion, for instance see [20]. Thus, value of the Hurst parameter H decides
the regularity of sample paths.

e Differentiability: Fractional Brownian motion is almost surely nowhere differ-
entiable. As fBm has stationary increments, consider the point ¢ = 0. If the derivative
(B™)/(0) exists, then we have B (s) < (e + (B)'(0))s, for some positive s < s¢
and B is 1-Holder continuous at t = 0, contradicting the Holder continuity of fBm.
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e p-variation: Let f be a real valued function on [0, T], IT := {t | 0 = 1y <
1 < --- < t, = T}, be a partition of [0, T], and p € [1,00). Then the p-
variation of f along the partition ITis V,(f : IT) := szen | ftr) — fte—1)|?.
If V,(f) := supp V,(f : 1) is finite, then f has bounded p-variation. Fractional

Brownian motion has zero bounded p-variation when p > % a.s. and unbounded

p-variation when p < 7.

e Semimartingale: A semimartingale can be written as the sum of a bounded vari-

ation process and a local martingale which has finite quadratic variation. If H < %

the quadratic variation is infinite, and if H > % the 1-variation is infinite. Thus, most
importantly the fBm with H # % is not a semimartingale. As a consequence, the well
developed It calculus which is applicable to semi martingales can’t be used to define
the stochastic integral with respect to the fBm. As a result, different approaches have
been introduced when working with fBm.

The definition of stochastic integrals with respect to the fractional Brownian mo-
tion f(; u SdB_fI where u is a stochastic process has been investigated intensively by
several authors. One approach is deterministic pathwise approach that is based on the
Riemann-Stieltjes construction using the Holder continuity and is due to Young [40].
This is applicable only for Hurst parameters H > % This idea has been extended,
see [14, 15, 22, 29, 30] and a rough path theory which is valid for Hurst parameters
H > ‘l‘ has been introduced and studied. As fBm is a Gaussian process another
approach is to use Malliavin calculus or stochastic calculus of variation with the use
of divergence operator and for more details refer [27, 35, 36]. For a comprehensive
treatment of stochastic integrals with respect to the fractional Brownian motion refer
[1, 2,9, 13, 16, 18, 25, 37].

1.3 An Application of fBm to Fluids

In the present work, we are using the pathwise argument to solve an integral equation
which is an approximation of the line vortex equation. In particular, we will assume
that the vorticity field associated to an ideal inviscid incompressible homogeneous
fluid in R3 is described by a fractional Brownian motion with Hurst parameter H > %
and we will study its evolution through a pathline equation. Let us denote by w this
vorticity field then

w:=V xu,

where u is the velocity field in R3. If we denote by X, (x) the position at time 7 of the
fluid particle that at time 0 was at x € R3. We have the following path-lines equation

— =, X, (x)). 2

dX;(x)
dt
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Now, let us assume that the vorticity field is concentrated on a fractional Brownian
curve B as follows

1
o(t,x) = r/ 8(x — B (1)) dBf (1), 3)
0

where § is the usual “Dirac delta function”, I' > 0 is the intensity of vorticity,
& € [0, 1] is the arc-length, while the parameter ¢ represents the time. Using the
Biot-Savart formula, the Eq. (2) becomes

dX :
; = / O(X¢ (1) — By (1) dB; (1), @
1 0
with
X:(0) = ¢¢.

Here ¢ is the initial condition and the matrix valued function Q is the singular
matrix

-T 0 ¥y —»
anlyp -y 0
y y2 —=y1 0

For an introduction to this topic we refer to [, 11, 32, 39] and for a more probabilistic
approach to [21]. When B# is replaced by X, the Eq. (4) has been studied by [3] for
a smooth closed curve X in the Sobolev space W!-? and an existence and uniqueness
theorem has been proved for local solutions in time. Later, local solutions in some
spaces of Holder continuous functions have been investigated in [6] that have been
extended to global solutions in [4].

In this work, we will be dealing with an approximation of Eq. (4), the approxima-
tion will be on the matrix Q, while the study of Eq. (4) is left for a subsequent paper.
Furthermore, in order to make the exposition of our results easier to understand, we
will make the assumption that the function X is a real valued function, however,
our results will still be true for a vector valued function X. More precisely, we are
interested in the following integrodifferential equation

_—
Ye(t) = ¢ + /0 /0 A(Y,(5)) dBH (s)ds, (5)

where for all € [0, T], B (1) = {BEH @), £ €0, 1]} is a real valued fractional

Brownian motion of Hurst parameter H > %, A is a bounded and differentiable real
valued function with a Lipschitz continuity property, £ is a parameter in [0,1].
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2 Some Preliminaries

2.1 The Integrodifferential Equation

Here we study the following equation.

Ye(r)

£
/ A(Y, (1)) dB] (1), & € [0, 1]and € [0, T] (6)
at 0

with
Y:(0) = ¢

or alternatively, we can consider the integral form

toré
Ye (1) = ¢ +/0 /0 A(Y,(5)) dBY! (s)ds, (N

where B is a fractional Brownian motion defined on a complete probability space
(2, 7, P). Here the stochasticity is with respect to & and this is deterministic with
respect to time. The initial condition is ¢z and A : R — R is a measurable function
that satisfies the assumptions given below.

2.2 Assumptions

Let us assume that:

Al. A is differentiable.

A2. There exists M; > 0 such that |[A(x) — A(y)| < M|x — y| forall x, y € R.
A3. There exists M, > 0 such that |A(x)| < M, for all x € R.

A4. For every N there exists My > 0, such that

|A'(x) — A'()| < Mylx — y| forall |x], [y| < N.

2.3 Functional Setting

Let % <H<1l,1-H<a< % We will introduce the following functional spaces.

Let C([0, T], W*°[0, 1]) be the space of measurable functions f : [0, T] x
[0, 1] — R such that

& _
| £ loooi= sup  sup (If(t,éf)l+ | {:f;”)'dn)mo. ®)
1€[0,T] £€[0,1] 0 E-m
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Let C([0, T], WO1 %010, 1]) be the space of measurable functions f : [0, T'] x
[0, 1] — R such that

. [f(t,8) — f(, )l
l f ”l—oc,oo,O ‘= Ssup sup -
1€[0,T]0<y<& <1 E-n
& _
+/ lf, y) ]2“_(t,77)|dy) - ©)
n (y —m=—«

Let W1([0, 1]) be the space of measurable functions f : [0, 1] — R such that

', " IfG) = )
I f teai= [ / [T sy < e a0

3 Some a Priori Estimates

Since fBm with Hurst parameters H > % have sample paths that are A-Holder
continuous for all A € (0, H), the construction of the integral with respect to a fBm
will be performed using a pathwise argument by means of fractional derivatives and
integrals. We refer to [24, 37] for more details.

3.1 Fractional Integrals and Derivatives

As usual we denote by L?(a, b) the space of all Lebesgue measurable functions
f : (a, b) — R such that

1

b L
| £ lerami=( | 1£@)1Pdx)" < o0 an

fora < band 1 < p < oo. Let us recall some definitions on Riemann-Liouville
fractional integrals and Weyl derivative.

Definition 2 Let f € L'(a, b) and o > 0. The left-sided and right-sided Riemann-
Liouville fractional integrals of f of order « are defined for almost all x € (a, b) by

1 o f»
D) ), (x—yl—@

Iy f(x) = dy (12)

and
(O D L ()

bt =T ), G=ne

13)
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respectively, where (—1)™® = ¢~"% and I'(a) = fooo r@=De=rdr is the Gamma
function or the Euler integral of the second kind.

Definition 3 Suppose I, (L?) is the image of L?(a, b) under the operator /, and
I _(LP) is the image of L”(a, b) under the operator /)’ . Let0 < o < 1, then we
define the Weyl derivative for almost all x € (a, b) as

e £ A i)
Dyy f(x) = 'l —a) ((x —a) T @ (x—yet!

dy) Lap ) (14

when f e I¥ (L?), and

DY f(x) = (—1)“)( f ) / SO =ro,

ra- (b —x)™ (y — x)etl ) lap(x)  (15)

when f € I (L?).
The convergence of the integrals at the singularity y = x holds pointwise for
almost all x € (a, b) when p = 1, and in L? sense when 1 < p < 0.

‘We now introduce the following notations in order to define the generalized Stielt-
jes integrals. Assuming the limits exist and are finite, let

fla+) =limeo f(a + e),
gb—) =lime\ g(b —€),
Ja+ () = [f (x) = flat)]l(a,p)(x),
8r—(x) = [g(x) — g(b—)]1(4,p)(x).

Definition 4 Suppose that f and g are functions such that f (a+), g(a+) and g(b—)
exist, fy4 € I (LP) and g, € I;:”‘(Lq) for some p,q > 1, % +1 < 1and
0 < a < 1. Then the generalized Stieltjes integral of f with respect to g is defined
as follows, (using (14) and (15)),

b b
/ fdg = (_1)a/ a+fa+(x)Db_ gr—(x)dx+ fla+H)g(b—) — gla+)].
a a (16)

Remark that if «p < 1, under the assumptions of the above definition, we have
f e 17, (L?), and (16) can be written as

b b
/ fdg = (—1)“/ DY, far (x)Dy~% g (x) dx. 7)

Fora < ¢ < d < b, the restriction of f € 17, (L?(a, b)) to (c, d) belongs to
I% (L?(c,d)) and the continuation of f e I% (L?(c,d)) by zero beyond (c, d)
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belongs to I, (LP(a, b)). Thus, if f € I (L?) and g»— € I;:"‘(Lq), then the

integral fab 1(c,a) fdg in the sense of (17) exists forany a < ¢ < d < b, and
whenever the left-hand side is defined in the sense of (17), we have

d b
/fng/ l(c,d)fdg. (18)

3.2 A Priori Estimates

We have the following basic estimates. Let

1 11—«
Ay = — D 19
(8) rd—a 0<Zlil§<1 |(De_"ge—)(M)]. (19)
Then |
Ag(g) < m I g ll1—a,000< 00. (20)

If fe W"(0,1),and g € Wg‘“m(o, 1) then the integral foé f dg exists for all
Eel0,1].
Also, by (18) we have

£ 1
/fdg=/ Floe ds.
0 0

Using (17) we get

/ fdg = (~1)" /0 DY, F(DIge_(n) di.

’/ngdg

Then

= 0P 1D} g <n>|/ DS, Fn)| dn.
<n<€&

/ngdg

Hence

=A@ I f et - 2L
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4 Stochastic Integrals with Respect to a fBm

Let us recall the following result, for details and proofs see [37].
Lemmal Let {B,? : n > 0} be a real-valued fBm of Hurst parameter H € (%, 1).
1fl—H<ot<%,then

E sup |D,*BE (y)IF < oo, (22)
O0<y=n=1

forall p € [1, 00).

Let {B,f :n € [0, 1]} be areal-valued fBm, with the Hurst parameter% < H <1,
defined on a complete probability space (2, #, P). By (1), we have

E(BE — BI?) = 1n—yI*H,
and for any p > 1 we have
1
I B = Bl 1,=[E(B]' — Bl'|")]7 =c,ln—y|". (23)

By Lemma (1) we know that the random variable

G sup  [D, "Bl (y)| (24)

INQREN)) O<y<n<l
has moments of all orders.
As a consequence for | — H < a < %, the pathwise integral foﬂ u},dBf exists

when u = {u,,n € [0, 1]} is a stochastic process whose trajectories belong to the
space wel and B}ff is a fBm with H > % Moreover, we have the estimate

1
u, dB
I

5 Main Results with Proofs

< Gllulla1- 25)

5.1 Main Result

We state the main result of the present work:

Theorem 1 Leta € (1 — H, %). Assume that ¢ € W*°[0, 1] and the function A
satisfies the assumptions Al, A2, A3, and A4. Then for every T > 0, there exists
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a unique stochastic process Y € LOW(S2, F, P), C([0, T1, We°[0, 1)) solution of
the Eq. (6).

As we already defined in Sect.4, the stochastic integral with respect to the fBm
is well defined pathwise. The above theorem will be proved using a contraction
principle that will give us the existence and uniqueness of local solutions. In order
to get the global solution, we will need to have an a priori estimate of the solution in
some functional spaces. The proof will follow after several steps and will be stated
in Sect.5.3.

5.2 Fixed Point Argument

Consider the operator
F:C(0,T], W"*°[0, 1]) — C([0, T], W**°[0, 1])

defined by
t ok
F(Ye(1)) := e +/O /0 A(Yy (s)) dg,,ds, (26)

where g € C([0, T], Wol_“’OO[O, 1), ¢ € W*®[0, 1] and A satisfies the assump-
tions Al, A2, A3, and A4.

Remark 1 Let us remark that the function g in the Eq. (26) is a function of time ¢
and y and the fractional integration is with respect to the parameter y € (0, 1).
For a given R > 0, let us define the ball Bg 7 in C([0, T], W**°[0, 1]) as
Brr ={Y € C([0, T], W**°[0, 1]) : ||¥]la.c0 < R}.

We state the following lemmas and propositions without proof. Detailed proofs for
this particular equation can be found in [7].

Lemma 2 Given a positive constant Ry > ||¢|lq,00, there exists Ty > 0 such that
F(BRr,.1;) € Bg,,1,- The time T| depends on Ry, a and the initial condition ||@||«,co-

Now in order to prove that the operator F is a contraction, we will need the
following two propositions.

Proposition1 Let f € C([0, T], W(‘)x’oo[(), 1) and g € C([0, T], Wg‘“"x’[o, 1.
Then, for all &€ € [0, 1] andt € [0, T]
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t ok
‘/ / fy(s) dg,ds
0 Jo

3 t 3 t n
4 / & —me! / / £, (s) dg, ds — / / £, (s) dg, ds| dn
0 0 0 0 JO
t &
< sup Aa(g)b® / / [(s—y)—2“+y‘“1(|fy(s>|
0<t<T 0 0
Y15, (5) — fy(s)l ) ,
+/0 —(7/ ~gyo] dé )dyds. 27)

where bg) is a constant which depends on «, its explicit expression is given below.

Proposition 2 Let h : R — R be a function satisfying the assumptions A3 and A4.
Then for all N > 0 and | X 1|, | X2|, | X3|, | Xa| < N forall X1, X2, X3, X4 € R,

[h(X1) — h(X2) — h(X3) + h(X4)|
SMi|X) — X — X3+ X4l + My | Xy — X3[(| X1 — Xo| + | X3 — X4]).  (28)

Lemma 3 Given a positive constant Ry > ||@|lq.c0, there exists T» > 0 and a
constant 0 < C < 1 such that,

[|F (Y1) — F(Y2)lla,00 < ClIY1 — Y2lle,00

forallYy,Y> € Bg, 1.
Now, we are able to state the following theorem:

Theorem 2 Let0 < o < %, g € C(0,T], W(}‘“’“[o, 1]). Consider the integrod-
ifferential equation

t ré
Ye(t) = g + /0 /0 A(Y,(5)) dg, (s)ds (29)

wheret € [0, T), & € [0, 1]. Assume that A satisfies assumptions Al, A2, A3, and A4
and that ¢ € W*°([0, 1]). Then, there exists Ty > O such that the above equation
has a unique solution

Y € C([0, T], W*°[0, 1]),
forall T <Ty.

Proof Choose Tp = min{T7, 7>}, and R = min{R;, R»}. Then, using Lemma 2 and
Lemma 3 the operator F is a contraction on Bg 1 for all T < Tp and this completes
the proof. O

Now, we can show that the solution of (29) is global in time.
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Theorem 3 Let 1 — H < a < % g e C(0,T], Wwi=2.00.0[0 1]). Assume thar A
satisfies assumptions Al, A2, A3, and A4 and that ¢ € W*°°([0, 1]). Then for all
T > 0, there exists a unique Y € C([0, T], W*°[0, 1]) solution of (29).

Proof 1Tt is enough to get an estimate in C ([0, T'], W*°°[0, 1]). We can write

3 —
|Ye (1) = ¥, ()] dn) (30)

Y a,00 — Y, +
ot = s (04 [ EE

Consider the first term on the right side of the above equality,

ds.

§
/0 A(Yy(s)) dg(s, n)

t
1Y ()| < [¢()] +/0

From Lemma (2) we can obtain

! M
1Y ()| < || +/0 Aq ()1 (1 _2a + M1||Y(S)||a,ood5) : €2y

Consider the second term. We have

S Ye(t) — Yy (1)l ‘
— - " d
/0 & —nmett

§ 1
_/0 (& — et
t ré torn
'¢><s>+ /0 /0 A(Yy<s>)dgyds—(¢<n>+ /0 /O A(Yy<s>>dgyds)
& 1 t| ré
/0 W(Ws ¢n|+/ / A(Yy (s)) dg, de’l)

§ Pz — ¢r} / / /5
A(Y. d
= /0 ¢ - T))’H'] 0 (£ — n)a—i—] Yy (s)) dg,

n
From Lemma (2) we can obtain

dnds.

/5 Ve - ¥yl ‘
0o (E—mott

€ g — ¢yl
—— —d
5/0 & — o+t 7

Y My o, M -
+Aa(g)/0 (1 —2oc§ +m||Y(S)||a,oo§ ds. (32)
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By (31) and (32) we get,

Y (D)]le,00

< [19lla.co

! 1 g 1
+Aa(g)/0 (Mz(m l—Za)+M1 (l—i—m)HY(s)Ha,oo)ds.

By Gronwall’s inequality we obtain,

Y [la,00 < 11@]la,0c0 eXp(KT),

1 % 1
where K = sup Aq(g) | Mol —— + M, (l + —) .
0<t<T l—« 1 -2« 06(1 —O()

Hence, the local solution is global in time. O

5.3 Proof of Theorem 1

For every ¢ € [0, T], the random variable

1 .
G=———— sup [(D;Z"Bz_)y (1)
F(l _05) O<n<é<l § s

has moments of all orders by Proposition 1. Hence, the pathwise integral

1
/o A(Yy(2))dBy (1)

exists for ] — H < o < % and the existence and uniqueness of solutions follows
from Theorem 3 which completes the proof.
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An Introduction to Large Deviations
and Equilibrium Statistical Mechanics
for Turbulent Flows

Corentin Herbert

Abstract Two-dimensional turbulent flows, and to some extent, geophysical flows,
are systems with a large number of degrees of freedom, which, albeit fluctuating,
exhibit some degree of organization: coherent structures emerge spontaneously at
large scales. In this short course, we show how the principles of equilibrium statistical
mechanics apply to this problem and predict the condensation of energy at large scales
and allow for computing the resulting coherent structures. We focus on the structure
of the theory using the language of large deviation theory.

1 Introduction

Various characterizations of turbulent flows can be encountered; the components
they usually entail are a chaotic dynamics on a strange attractor [81], a large range
of scales (i.e. a large number of degrees of freedom), and strong nonlinear effects
due to the prevalence of inertia over molecular dissipation [29]. Such flows can be
found in industrial problems, but also in nature, for instance in geophysical flows and
astrophysical flows. The above mentioned properties typically mean that not much
can be said about the system in a deterministic framework, and that one should try
instead to predict statistical properties.

This is exactly the purpose of the field of statistical mechanics: given a dynamical
system (or set of ordinary or partial differential equations) in a large phase space
(the microscopic state), can we predict typical values for specific functions on phase
space (the macroscopic observables) without knowing the exact trajectory in phase
space? For a large class of systems, said to be in equilibrium, such typical values
can be obtained by assuming that the microscopic variables are random and distrib-
uted according to probability measures built upon a few macroscopic quantities, the
invariants of the dynamical system. A classical example is that of the ideal gas: the
exact position and velocity of the molecules matters little to us, but knowing the
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relations between macroscopic quantities such as temperature, pressure, energy and
entropy is fundamental.

The ideas of statistical mechanics have been applied successfully to a large number
of models of physical phenomena. An example of achievement of this approach is
the theory of phase transitions, in which systems such as the Ising model, a toy-
model of ferromagnetism, have been instrumental. However, turbulent flows present
anumber of difficulties: (i) they are directly formulated as continuous fields (infinite
number of degrees of freedom) and can have an infinity of conserved quantities,
(i) the interactions between constituents have a long range, (iii) in many practical
applications, the system is driven out of equilibrium by external forces.

Although we shall not tackle issue (iii) at all in this chapter, we will try to show
how (i) and (ii) are actually useful ingredients to make probabilistic predictions for
the system. They are the cornerstones of a mean-field theory: interacting degrees of
freedom can be treated as statistically independent random variables in the limit of
a large number of degrees of freedom. A natural language to express these proper-
ties is that of large deviations theory [25, 46, 80]: the probability of the outcome
of a given observable concentrates exponentially around a set of values when the
size of the system goes to infinity. The focus of the chapter is on the presentation
of the large deviation principles for carefully chosen observables for a discretized
form of 2D turbulence. To show that the principles at work are very general, we
shall underline the connection with simpler models such as variants of the Ising
model of ferromagnetism. Although it is shown that the theory allows us to compute
the equilibrium states of the system, we shall not dwell on the description of such
equilibrium states; the reader is referred to the review articles [13, 53] on this topic.
We shall also refrain from discussing the connections with earlier applications of
statistical mechanics, like the point vortex approach of Onsager, reviewed in [28], or
the Kraichnan approach to Galerkin truncated flows [44], only mentioned briefly in
Sect.3.6.1.

These notes are based on lectures given at the Stochastic Equations for Complex
Systems: Theory and Applications summer school organized at the University of
Wyoming in June 2014. They mostly serve a pedagogical purpose, and we shall
not give proofs of the results with the required mathematical rigor. However, we
have tried as much as possible to provide the original references for the interested
readers. The presentation adopted here owes much to the references [10, 69, 89].
Note that the ideas discussed here are applicable to many other systems with long
range interactions [14, 23] and in particular gravitational systems [17, 66], plasmas,
cold atoms or toy models of statistical physics.
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2 Models of Turbulent Flows

2.1 3D and 2D Hydrodynamics

We are mainly interested here in the behavior of incompressible fluid flows, which
is governed by the Navier-Stokes equations:

Ju+u-Vu=—-VP +vAu, (D
V-u=0, 2

where u is the velocity field, P the pressure and v the viscosity. The equations can
be recast into non-dimensional form by introducing a velocity scale U, a length
scale L, the corresponding time scale or eddy turnover time T = L/U, and the
Reynolds number Re = U L/v. In other words, the Reynolds number measures the
ratio of the nonlinear term and the dissipative term, or equivalently, of inertia and
viscosity [29, 45]. Since viscosity acts at small scales, it is also a measure of the
range of scales characteristic of the flow: the smallest scale is the Kolmogorov scale
IS (v3/€)!/4, where € is the energy dissipation rate. Now, with € = U3/L, we
obtain L /¢, = Re3/4. Hence, the effective number of degrees of freedom in 3D flows
grows as Re”/*: flows with Reynolds number on the order of 10° are not uncommon
in nature (the atmosphere and the ocean for instance), leading to a very large typical
number of degrees of freedom.

The Navier-Stokes equations can be recast in terms of the vorticity fieldw = V xu:

0w +u-Vo =w-Vu+vAw. 3)

The first term on the right hand side corresponds to stretching of vorticity tubes. When
we consider a flow on a two-dimensional surface rather than the three-dimensional
space, this vorticity stretching term vanishes (the only non-vanishing component
of vorticity @ is normal to the surface), yielding conservation of vorticity along
streamlines in the inviscid (v = 0) case:

djw+u-Vo =0. “4)

This difference between 2D and 3D flows have important consequences on their
respective behavior. While 3D flows tend to transfer energy from the large scales to
the small scales, where it is dissipated by viscosity, in a process referred to as a direct
energy cascade [31, 41] (big vortices break up into smaller and smaller vortices),
2D flows, on the contrary, transfer energy from the small scales to the large scales,
and this is called an inverse energy cascade [6, 44, 86, 87]. In this inverse cascade
process, vortices merge to form larger and larger vortices [55]. Unless sufficient large
scale dissipation (e.g. bottom friction) is present, the energy piles up at the largest
available scales, forming a condensate which dominates the flow [6, 21, 85].
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The physical problem we are interested in here is the inverse energy cascade and
the emergence of large scale coherent structures.

2.2 Global Invariants

The equations of motion for 3D and 2D hydrodynamics have a Hamiltonian structure,

although non-canonical: there exists a Poisson structure, but it is degenerate [64].

This degeneracy leads to the existence of invariants, described in this section.
Inviscid 3D flows have two global invariants, the energy and the helicity [84]:

1
E:—/u2
2

, (%)
H=[|u o (6)

Helicity being sign indefinite, it does not in general constrain the nonlinear transfers
sufficiently to hamper the direct energy cascade process [43] (see however, [5, 34]
for particular cases). On the contrary, in 2D, vorticity conservation along streamlines
leads to a family of invariants in addition to the energy (v being the stream function,
defined by o = —AYr)

7‘(=/ o (X)V (X)dX, (7
D
the Casimir invariants:
I, =/ g(w(x))dx, (3
D

where g is an arbitrary function. As a particular case, all the moments (or L? norms)
of the vorticity field are conserved:

A / (X dx, ©)
1Dl Jo

including the L? norm of the vorticity field, referred to as the enstrophy. It was
anticipated early on [2, 42, 48] that the existence of a second, positive-definite,
quadratic invariant, in addition to the energy, is sufficient to reverse the direction of
the energy cascade. The basic idea is that enstrophy is stronger in the presence of
small-scale activity: transferring energy towards the small-scales while keeping the
total energy constant cannot be done if we also need to conserve enstrophy. This
loose statement was made more precise by a number of analytic arguments [2, 30,
42, 48, 56, 63], and verified in experiments [67, 82] and high-resolution numerical
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simulations [6]. Statistical mechanics provides one of these analytical arguments
(see Sect.3.6.1).

Conservation of the Casimir invariants can be formulated equivalently in terms of
the moments of the vorticity field, as above, or in terms of the vorticity distribution.
Indeed, the fraction of the domain area | D], occupied by the vorticity level o, which
can be written as

y(o) = é/ﬂ)S(w(X) —0)dx, (10)

is conserved. We shall see that this form is particularly convenient in Sect. 3, but note
that the two formulations are connected by the formula

r,= L/ dx/ doaP8(w(x) — o) =/ dooPy (o), (11)
D] Jop R R

and, conversely, using an integral representation of the Dirac distribution,

+00
y(o) = i Z ﬂg(ﬁ)(o)_ (12)
2 s p!

Finally, note that the vorticity distribution is normalized:

/Ry(a)da =1. (13)

2.3 Geophysical Flows

Although 2D flows are interesting in themselves, part of the motivation for studying
them comes from their common features with geophysical flows. Indeed, in addition
to the small aspect ratio of the atmosphere and the ocean, their dynamics is subjected
to the effect of strong rotation and density stratification. These properties allow for
an asymptotic regime which describes well the large-scale dynamics, the guasi-
geostrophic regime [93]. This regime is very similar to 2D flows, because it reduces
to a quantity, called potential vorticity, being advected by the flow, similarly to the
vorticity (see (4)). In particular, the velocity field is purely horizontal. The only
difference is that the fields also depend on the vertical, and whereas the vorticity is
the laplacian of the stream function: w = — A in 2D, here the potential vorticity
is related to the stream function by a slightly more complicated linear differential
operator. The existence of Casimir invariants similar to those of 2D flows leads
again to an inverse cascade of energy and the formation of coherent structures at large
scales [15, 72, 83]. Therefore, the considerations presented here may apply to such
flows as well, and attempts to extend the theory in this context have flourished over the
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past few years. For the sake of simplicity, we shall restrict ourselves here to the case
of 2D flows; the interested reader may consult the literature on extensions to quasi-
geostrophic flows in the barotropic case [12, 36, 61, 95], the baroclinic case [24, 33,
94, 96], shallow-water equations [18, 20], as well as the general references [13, 53,
54], for instance.

The quasi-geostrophic regime breaks down at smaller scales, and we enter an
intermediate regime, often referred to as stratified turbulence [50]. In this regime,
even though we can still define a potential vorticity which is a Lagrangian invariant,
it does not put as strong a constraint on the system as in the 2D case. Indeed, the
fields (velocity, density) can be decomposed into a balanced part which contributes
to potential vorticity, and inertia-gravity waves, which do not. As a result, the organi-
zation of the system in terms of inertial ranges and energy cascades is not so simple.
High-resolution numerical simulations have indicated the existence of two inertial
ranges with a constant and opposite flux of energy [70]. A possible interpretation
is that the vortical modes are responsible for the inverse cascade of energy while
the inertia-gravity waves have to do with the direct energy cascade. This interpre-
tation is supported by a statistical mechanics argument [37], which is an adaptation
of the Kraichnan argument (see Sect. 3.6.1) in the context of the restricted canonical
ensemble [68].

Independently of the constraining effect of rotation and stratification (which can
be seen as forces breaking isotropy), another direction of generalization which has
been considered is that of 3D flows with symmetries, and especially axisymmetric
flows [49, 62, 88]. This configuration is relevant for setups used in laboratory exper-
iments, such as the von Karman experiment. It has been shown in particular that
one could define a microcanonical measure using an approach analogous to that of
Sect. 3.1, with, however, some considerable complications to treat the fluctuations
of the poloidal field [88].

2.4 Discretized Form for 2D Euler Flows and Analogies
with Toy Models of Magnetic Systems

Instead of the continuous vorticity field w and the infinite dimensional phase space it
belongs to, it may be more convenient to introduce finite dimensional models. Here
we shall mostly consider a discretization on a square lattice with N sites equally
spaced in the domain D (see Fig. 1), and the variables of interest are the values taken
by vorticity at each site. In this form, the system can be related to some classical
models of statistical physics.

2.4.1 Two-Vorticity Level System and Long-Range Ising Model

The Ising model is one of the most famous models in statistical physics. It can be
seen as a toy model of ferromagnetism, but it has served as a testbed for a very large
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Fig. 1 Discretization and coarse-graining. Left We replace the 2D domain by a finite lattice and
the continuous vorticity field by a N-dimensional vector whose components are the values of the
vorticity at each site. Right We decompose the lattice in M cells, each containing n = N /M sites.
The coarse-grained vorticity is a M dimensional vector whose components are the average value
of the vorticity in each cell

number of ideas going far beyond this particular problem [22]. It consists of a finite
number N of spins s; € {—1, 1} located on a lattice of arbitrary shape and dimension
(although a square lattice is often considered) and interacting through a hamiltonian
(per degree of freedom) of the form:

N
. 1
Hils = - > Jijsis;. (14)

i,j=1

In this form, the hamiltonian is just any quadratic function. A standard choice of
interaction is the nearest-neighbor model: J;; = J if the sites i and j are connected
in the lattice, and J;; = 0 if they are not. That way, aligned neighboring spins will
contribute a term —J to the hamiltonian, while anti-aligned neighboring spins will
contribute J. If J is positive the system is called ferromagnetic and if it is negative
the system is called antiferromagnetic. An observable of interest is the magnetization

(per spin):

1 N
M[§] = N;”' (15)

When one finds about the same proportion of positive and negative spins, the mag-
netization should vanish. Applying an external magnetic field, represented by a term
of the form —h Zi s; in the hamiltonian, leads to alignment of spins, and therefore a
non-vanishing magnetization. This is the standard behavior of so-called
paramagnetic materials. By contrast, in ferromagnetic materials, spins may align
spontaneously and yield unit magnetization (in absolute value) without imposing
an external magnetic field (or, in experiments, the system retains its magnetization
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when the applied magnetic field is switched off). The Ising model can be seen as a
toy model of the paramagnetic-ferromagnetic transition.

In the above case, the system has short-range interactions, since only neighboring
spins interact. Versions with long-range interactions can be built by allowing non-
vanishing J;; for distant sites i and j. For instance, one may assume that all the spins
interact with all the other spins with the same coupling constant: J;; = 1/N, where
the 1/N ensures that the energy per degree of freedom is an intensive quantity. In
this case, the Hamiltonian becomes a function of magnetization only:

N
. 1 .
Hinrl§l = -5 > sisj = —MIS1. (16)
ij=1

This version of the Ising model is referred to as mean-field, because it is tantamount
to saying that each spin feels the effect of a magnetic field created by all the other
spins rather than the individual effect of each of his neighbors. Indeed, let us consider
a given spin s;; it provides a contribution —1/N's; Z Jijsj, which is the same as a
non-interacting spin under external magnetic field 1/ N Z Jijsj would. If we replace
this magnetic field by the magnetization, we obtain the mean-field Hamiltonian. Note
that the geometric shape (square, triangle, etc.) and the dimension of the lattice do
not matter here since all the spins interact with the same intensity.

An advantage of the mean-field Ising model is that it has an exact solution in any
dimension [3]. On the contrary, exact solutions for the standard, short-range Ising
model are only know for dimension one [38] and two [65].

The discretized version of 2D flows described above is related to the Ising model
in the following way: rather than allowing the vorticity to take any real value, we
can restrict it to a two-level set {o, —o'}. Then the system becomes analogous to the
Ising model, with an interaction matrix given by the Green function of the Laplacian
on the lattice. On a plane, this amounts to interactions proportional to the logarithm
of the distance between sites: J;; o In|i — j| fori # j. This is a kind of long-
range interaction. The difference with the Ising model is the presence of the vorticity
distribution conservation constraint. This would amount to fixing the number of +
spins and the number of — spins in the Ising model.

2.4.2 Energy-Enstrophy Ensemble and the Long-Range Spherical Model

Another variant of the Ising model consists in letting the spins s; take any real
value, while satisfying the global constraint Zl_ 1 5; = N. Clearly, this constraint is
satisfied in the standard Ising model with spins in {1, —1}. The name spherical model
was coined for this variant because of the form of the global constraint, which means
that the set of all spin values lies on the surface of a sphere in RV, It was introduced
by Berlin and Kac [4] as an attempt to patch the divergence arising from assuming
that the spins are distributed according to a normal distribution (the Gaussian model)
while remaining exactly solvable in any dimension [3]. The observables of interest
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(Hamiltonian, magnetization) are the same as for the Ising model. Versions with
short-range [4] or long-range [39] interactions can again be considered by choosing
different quadratic forms J;;.

In their discretized version, 2D flows resemble a long-range spherical model if
we only retain one Casimir invariant: the enstrophy. Indeed, enstrophy conservation
implies D, wlz = NT',. Again, the interaction matrix is given by the Green function
of the Laplacian on the lattice. This connection is further investigated in Sect. 3.6. It
has also been pointed out in a series of papers by Lim [51, 52].

3 Mean-Field Theory for 2D Flows

We provide here a heuristic presentation of the mean-field theory introduced inde-
pendently by Miller [59, 60], Robert and Sommeria [75, 77], and further developed
by many others. The presentation is inspired by the original work by Miller and the
more recent references [10, 13, 69]. More rigorous mathematical proofs can be found
in the original papers by Robert and coworkers [57, 58, 73—77] and Ellis, Turkington
and coworkers [7, 8, 26, 27, 91].

3.1 Microcanonical Measure and Large Deviations
Jor the Energy and Vorticity Distribution

The general idea is to consider the vorticity field w, referred to as the microstate,
as a random variable distributed according to the microcanonical distribution. In
other words, we introduce a probability measure on the phase space A = L*®°(D),
where D is a 2D domain (we shall mostly consider the case of a rectangular domain
here). We are going to give a sketch of the construction of this measure as a limit
of measures on finite-dimensional phase spaces corresponding to approximations of
the continuous vorticity field. Then, we will be able to make predictions on the value
of macrostates, i.e. observables A : A —> R (or more generally A : A — M
where the space M is macroscopic in some sense, e.g. has a dimension much lower
than A) on phase space, which, as we shall see, satisfy large deviation properties:
they concentrate in probability around some specific values, the equilibrium states.

To keep things simple, we shall consider a finite number of vorticity levels G =
{o1,...,0k}. This amounts to saying that the vorticity distribution has the form
y(o) = Z,le yk6(0 — or). We consider the discretized system with N sites on the
square lattice introduced in Sect.2.4 (see Fig. 1), and define a microstate as being
simply the value of the vorticity field at all the points of the lattice. Therefore the
phase space is simply Ay = GV.



62 C. Herbert

Considering the conservation laws mentioned above, there are two observables
of primary interest: the energy observable, i.e. the Hamiltonian, given by

. 1
Hy :d e Ay —> I > Glow;. (17)
I<i#j<N

with va the Green function of the Laplacian on the lattice, and the vorticity distri-
bution observables

N
X 1
6% beAyr— szswl.,ak. (18)

i=1

Note that the set of accessible energies (i.e. the values taken by the observable Hy)
is finite and depends both on the vorticity levels o; and on the number of sites N.
Ultimately, in the limit N — oo, we shall be interested in a continuum of energy
levels. One approach to circumvent this difficulty is to consider in a first step energy
shells with finite width A E, large enough so that each shell is attained by the energy
observable for some microstates [69]. In the limit N — 400, the results will not
depend on the value of A E. To keep notations as simple as possible, we shall refrain
from doing so here, but in all rigor one should understand Hy[®] € [E, E + AE]
whenever we write Hy[®] = E. In this framework, the set of microstates with
vorticity distribution y and energy E is

AN(y, E) =& € Ay | Hyld] = E,Vk € [1, KDL GV 101 = n),  (19)

K
=+, (EYN ()69 (tnd)- 20)
k=1

This is a finite set whose cardinality we denote by Qy (v, E) = Card Ay (y, E).

We are going to introduce two probability measures on phase space: first, let us
consider a prior measure 1Y), which here is just the normalized counting measure:
if M c Ay, u™ (M) = Caé#. This amounts to saying that all the microstates are
equiprobable: for any observable Ay : Ay —> R, the probability of the outcome x
is just the fraction of microstates for which Ay [@] = x. Now, we want to restrict that
statement to all the microstates with a fixed energy and vorticity distribution, while
assigning vanishing probability to all the other microstates. Hence, we introduce
the (finite-N) microcanonical measure M;Nz- if M C Ay, M;Ng (M) = Card(M N
An(y, E))/Qn(y, E). Hence, for an observable Ay, the probability law of the
random variable Ay[&] is p 2 (An[d] = x) = u" LAy (1x})). Note that we
have introduced indices y and E to distinguish from probabilities computed with
respect to the prior measure. Probabilities in the microcanonical ensemble are thus
just conditional probabilities:
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P AND] = x) = n M (AN[D] = x| Hy[6] = E, G [6] = v, (21)

1M (Ay[ol=x, Hy[G1=E.GW [d1=y)  if Hy[G]=E, and
= 1) (Hy w]—E,gﬁé%w]—yk)) VkelLKL.GY l0l=n  (22)
0 otherwise.

As mentioned above, observables of particular interest are the hamiltonian Hy
and the vorticity distribution observables gﬁ(,‘). The joint probability to observe an
energy E and a vorticity distribution y, with respect to the prior measure, satisfies a
large-deviation property, and the large deviation rate function is (up to an unimportant
constant term) the opposite of the entropy S(E, y):

R Qn(y, E) _
M(N)((}{N[w] E, Q(k)[ 1= ) = K—);V — NS(Ey) Nan+o(N)’ (23)

with

) 1
S(E,y) ZngnooﬁanN(V» E). (24)

3.2 Large Deviations for the Macrostates

We now introduce a new class of observables associated with the coarse-graining of
the vorticity field. We decompose the lattice into M cells, each containingn = N/M
sites. For a microstate @ € &, we shall denote the components as w;, Where
1 <i < M is the index of the cell and 1 < « < n is the index of the site within the
cell (see Fig. 1). The coarse-graining observable is given by

1 n
C:0e”r— oeRY witha; == w1 <i <M. (25)
n

a=1

More generally, we can define an observable which corresponds to the distribution
of vorticity levels in each cell. It is just the empirical vector

P:d e — P=(pi)i<iz=u € My (R), with piy = Zaw,(, o (26)

1<k<K
a=l1
Note that Z,le pir = 1. Besides, the observable € can be deduced from ‘I3 since

w; = Zle orpik for 1 < i < M. Let us refer to the elements of the image of
B as the macrostates. The set of microstates corresponding to a given macrostate
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P is simply its pre-image 8! (P). The number of microstates realizing a given
macrostate P will be denoted W (P) = Card %_1 (P). It is easily computed that:

M
n n —npii n—npj1 —-"—NPin—1
W =T, ) () ( I
iljl npii npi2 npin

M |
n.

= _ (28)
i=1 Hlle (npix)!

The vorticity distribution observables Q%‘) take a constant value over an equivalence

class P~ (P):

Gy 1a) = Zp,k, (29)

so that if &, ®; € GV are such that P[d1] = P[as], then for 1 < k < K,
QE{,‘) [@1] = g%) [@,]. In other words, the equivalence kernel of the observable ‘3 is
finer than that of any of the observables g%‘). In practice, this means that we need not
worry about enforcing the vorticity distribution constraint when counting the number
of microstates realizing a given macrostate. For the energy observable, the situation
is slightly more subtle: denoting G,a s the Green function of the Laplacian on the
lattice with the new indexing of the sites, the energy observable is given by:

1
v 2 Gialjp@ia®jp. (30)
1<i,j<M
1<a,B<n

() #(j.B)

Hy mlo] =

which is not necessarily constant over equivalence classes. However, it can be shown
that the dominant contribution is the mean-field energy, i.e. the energy of the coarse-
grained vorticity field:

1 1
Hymldl = 75 > GZ’@,»@,-JFO(N), 31)
I<i#j=<M
1
ml€loll + o0 (ﬁ) . (32)

The above results are sometimes restated by saying that we have an energy (and
here, also vorticity distribution) representation function [89] (see Fig.2). It allows
us to obtain the most probable states with respect to the microcanonical measure
by obtaining a large deviation property with respect to the prior (unconstrained)
measure.
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Microscopic level

Macroscopic level

Hn

Thermodynamic level

Fig.2 The different levels of description of the system, and the observables/representation function
relating them. Observables are represented with straight arrows, representation functions with wig-
gly arrows and contraction principles with dashed arrows. Observables for which a large deviation
principle has been obtained directly are represented with thick arrows

Indeed, the unconstrained probability of observing a macrostate P is

pMPre1 = Py = pMP(P)), (33)
W (P)
= v (34)

Using the Stirling approximation, it is easily shown that when N — oo, this proba-
bility satisfies a large deviation property:

M(N)(‘B[(I)] =P)= eNyM,K[P]'H’(N)’ (35)

where we have introduced the mean-field entropy

o A
SulPl= lim o Inp® (Plo] = P), (36)
1 M K
= =2 2, D> ikl pik, (37)
i=1 k=1

which again appears as a large deviation rate function (up to an additive constant
and a minus sign), although this time it is a large deviation of an empirical vector
(observable ‘J3) rather than a sample mean (energy observable /). Hence, the above
result should in all rigor be seen as a consequence of the Sanov theorem.

Now, in the microcanonical ensemble, the probability M)(/Ng (P[w] = P) involves
the joint (unconstrained) probability ™ (P[&] = P, Hy[d] = E, g§(§) [®] =
¥x). But due to the existence of the energy and vorticity distribution representation



66 C. Herbert
functions, we have:

M (Blo] = P Hy[6] = E, GV 0] = n)

(N) N (k) (38)
= puV(Plol = P, Ay ulPl = E, 9y y[P1= i),
therefore,
™ (Plal=P) if ._%”N,M[P]:E, and
1 Plo] = Py = s G=E G lol=p)  KLKIIYPI=n (39)
’ 0 otherwise.

It follows that the probability of a given macrostate also satisfies a large deviation
result with respect to the microcanonical measure:

N . B
B BIO] = P) = o NPT, (o)
with the large deviation rate function

1) = [SE ) = S kIPL i Ay ulP) = E, and Vk € [1, K1, 9\, [P1 = v
4 otherwise.
(41)

Hence, the most probable macrostates with respect to the microcanonical measure
are those which minimize the large deviation rate function, i.e. those which maximize
the entropy ¥,k while satisfying the constraints on energy and vorticity distrib-
ution: they are solutions of a constrained variational problem. It is worthy of note
that the Boltzmann-Gibbs entropy . k, defined in (37), evaluated at a solution
P* of the variational problem, agrees with the entropy S(E, y) defined from the
Boltzman formula (24). This is not a coincidence, but a cornerstone of the mean-
field approach. It can be understood in the language of large deviation theory as a
contraction principle [89]. Roughly speaking, due to the existence of representation
functions, the probability of observing an energy E and a vorticity distribution y
can be computed as the integral over all the macrostates (rather than the microstates)
with these constraints: denoting

Anw(y. E) = (P € My .k (R) | Ay [Pl = E.Vk € [1, K1. 95 3 [P] = %),
(42)
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we have
uM (Hylo] = E, 6V [o] = ) = / M (da), (43)
AN(y.E)
= / pMEpTiry, @4
AN m(y,E)

:/ eNyM,K[P]+0(N)’ (45)
AN.m(y.E)

Using Laplace’s approximation, the integral evaluates to

= exp (N _max Im k[ Pl+ o(N)). (46)

PeAyn m(y,E)
As a conclusion, the most probables macrostates P* with respect to the microcanon-

ical measure satisfy I[P*] = 0: they are solutions of the constrained variational
problem:

S(E.y) = max{Su k[P | Ay.u[P) = E.Vk € [1. K. 9y, [P1 = ). (47)

3.3 Thermodynamic Limit and Mean-Field Equation

We are now interested in the macrostates obtained in the limit M — +-oc0. Letting
also K — +o0, they are the probability distributions for fine-grained vorticity
p(r,o0): p(r, o)do is the probability that the vorticity at point r lies in the interval
[0, 0 + do]. The local normalization condition fR p(r,o)do = 1 must still be
satisfied for each point r € D. The coarse-grained vorticity field is now @(r) =
fR op(r,o)do. As explained above, the energy and vorticity distribution depend
only on the macrostate p:

1
Hp] = —/ drdr’/ dodo’'G(x, v oo’ p(r,o)p@’, c'), (48)
2 D2 R2
Dsp] =/ p(o, r)dr. (49)
D
Similarly, the mean field entropy becomes

Lpl = —/ dr/ dop(o,r)Inp(o,r). (50)
D R
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The most probable macrostates are now those maximizing (50) while satisfying the
energy and vorticity distribution constraints. They are solutions of the microcanonical
variational problem:

S(E,y)= mgX{Y[p] | Z1pl = E,Vo € R, Zs[p] = y(0)}. (51

The critical points of the variational problem are readily found: there exist Lagrange
multipliers B8 and « (o) such that the first variations vanish:

0:85’—/ dr;(r)/ dodp (o, r)—ﬁ&%ﬂ—/ daot(a)/ drép(o,r), (52)
D R R D

which leads to the Gibbs states
e~ POV (®—a(o)

PN = )

(53)

where the coarse grained stream function v/ and the partition function Z,, are given
by

v =—-A"o, Za(u)z/e_“”_"‘(“)do. (54)
R

It follows that the coarse-grained vorticity field satisfies

_dln Za(u)

a(r) = Fy(BY (1)), with Fo (u) = T

(55)

This is a (elliptic) partial differential equation, referred to as the mean-field equation,
characterizing the most probable coarse-grained vorticity fields. Note that the equa-
tion is of the same form as the equation defining steady-states of the Euler equation:
equilibrium states form a subclass of steady-states for which the function relating
vorticity and stream function is fixed by the invariants of the system.

The equilibrium states of the system can thus be obtained by solving (55). In
general, this is a difficult task. Analytical solutions have been obtained in the limit
of a linear function F,, (the mean-field equation then reduces to a Helmholtz equa-
tion), using the method introduced by Chavanis and Sommeria [19], which con-
sists in decomposing the vorticity field and stream function on a basis of Laplacian
eigenfunctions. Numerical methods are also available: Turkington and Whitaker
have proposed an algorithm to iteratively solve the variational problem described
above [92], while Robert and Sommeria [78] have proposed relaxation equations
where the dynamics maximize the entropy production rate, thereby reaching a max-
imum entropy state. We shall not describe in details these methods here, nor the
solutions they yield. Note, however, that in general, they correspond to large scale
coherent structures, like vortices or unidirectional (e.g. zonal) flows, depending on the
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geometry of the domain: for instance dipole/monopole in a rectangular domain [19],
dipole/unidirectional flow in a doubly periodic domain [11], Fofonoff flows on a beta-

plane [61], and solid-body rotation/dipole/quadrupole/unidirectional flow on a sphere
[32, 35, 36, 71].

3.4 Non-equivalence of Ensembles

3.4.1 Statistical Ensembles and Variational Problems

So far we have been using exclusively the microcanonical measure

K
w2 ae) = sHyia1 - BY[[5 (65161 - n) n@a).  56)
k=1

which assigns uniform probability to microstates with a given energy and vortic-
ity distribution, and zero probability to other microstates. We could make different
choices and consider the canonical measure

_ B9 n K
) BHNI[&]

WD) = ———— [T (68161 - 7 ) k™ (@), (57)

or the grand-canonical measure

—BHY1-S erGy (6]
N), s~ € N
Mo (d0) = n N (da), (58)

—
=’}

and similarly in the thermodynamic limit N — +oo. If we replace the microcanon-
ical measure in Sect.3.2 by any of these two measures, we obtain mutas mutandi a
large deviation principle for the macrostates. In the thermodynamic limit, the most
probable macrostates (i.e. the equilibrium states) are therefore solutions of the fol-
lowing variational problems:

S(E,y) = m;lx{y[p] | Z[p]l = E,Vo € R, Zs[p] = y(0)}, (59)
FB.y) = m;lx{y[ﬂ] —BA[p] | Yo € R, Dslp] =y (o)}, (60)

J(B,a) = m;lx{y[p] —BAp] — /Rddot(a)@a[p]}, (61)

respectively for the microcanonical measure, the canonical measure and the grand-
canonical measure. The maximized functions arise as large deviation rate functions,
and the constraints stem from the definition of the ensembles as conditional proba-
bilities and from the existence of representation functions. The entropy S(E, y), the
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free energy F (B, y) and the grand potential J(B, o) are referred to generically as
thermodynamic potentials.

The existence of a large deviation principle for the macrostates does not depend
on the particular choice of ensemble, but the most probable macrostates may depend
on this choice. The task that we set out to investigate in this section is therefore how
the different ensembles are related. The discussion closely follows the Refs. [26, 90].

3.4.2 Ensemble Equivalence at the Macrostate Level

First of all, it is clear from the structure of the variational problems and the Lagrange
multiplier rule that they all have the same critical points. However, the critical points
may be of different nature: a maximizer of one variational problem may be a saddle
point of another variational problem for instance. Nevertheless, it is easily seen that
a solution of a variational problem with a constraint relaxed (e.g. the canonical vari-
ational problem) is always a solution of the original constrained variational problem
(e.g. the microcanonical problem). We can formalize this remark by introducing the
sets of equilibrium states (i.e. solutions of the variational problems):

ME(E,y)={p|Zpl=S(E,y), Hp] = E,Vo € R, Zs[p] = y (o)},

(62)
CB.y)={p| Lol —BHpl = F(B,y),Yo € R, Zs[p] = y(0)}, (63)
GEB.a) ={p|Lp]l = BAp] —/Rdaa(ﬁ)-@o[p] = J(B, a)}. (64)

As per the above remark, we always have,

VB, a,Yp € 96 (B,a), p € €(B, Dslp]) and p € A C(H|p], Zsp]), (65)
VB, y.Yo e €(B,y), p € MC(H|p],y). (66)

In particular,

Uvep.o)c|JeB.y) c | #¢E. ». (67)

B.a By E,y

If the converse statements hold, i.e.
VE,y,Vp e MC(E,y),IBeR:p b B, v), (68)
or

VB,y, Vo € €(B,y),Ja: p e 96 (B, a), (69)
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we say, respectively, that the microcanonical and canonical ensembles are
equivalent at the macrostate level or that the canonical and grand canonical ensem-
bles are equivalent at the macrostate level. It is straightforward to see that it is a
transitive relation, in the sense that if the microcanonical ensemble is equivalent
to the canonical ensemble at the macrostate level, and if the canonical ensemble
and the grand-canonical ensemble are equivalent at the macrostate level, then the
microcanonical and the grand-canonical ensembles are equivalent a the macrostate
level. Besides, if the grand-canonical ensemble is equivalent to the microcanonical
ensemble at the macrostate level, then the canonical ensemble is equivalent to both
the microcanonical and the grand-canonical ensembles at the macrostate level.

If the three ensembles are equivalent at the macrostate level, we have the equalities:

Uge®.o=JeB. v =] #CE . (70)

B.a B.y E,y

3.4.3 Ensemble Equivalence at the Thermodynamic Level

Due to the definition of the thermodynamic potentials through the variational prob-
lems, connections exist between them as well. For the free energy for instance, we
have

FB,y)= max {S[p]—BIHp]|Yo eR, Ds[p]l =v(0)},
0. A p1®)=1

= max ( max
E>0 \ p. AN [pl(x)=1,[p]=E

= max (SCE,y) = BE).

{Zp] = BE | Yo € R, Z5[p] = V(U)}),

This exactly means that the free energy is the Legendre-Fenchel transform of the
entropy. The Legendre-Fenchel transform is a generalization of the Legendre trans-
form to functions which need not be differentiable and convex [79]. Denoting the
Legendre-Fenchel of an arbitrary function with a star (the variable with respect to
which the transform is taken should be clear from the arguments of the function), we
have the compact form:

F(B,y) = S*(E,y).
Similarly,

J(B,a) = F*(B, y).

We know that the Legendre transform is an involution [1]. This is not necessar-
ily the case for the Legendre-Fenchel transform, because the Legendre-Fenchel
transform of an arbitrary function is always a concave function, but it is true when
the original function is concave. In general, when applying the Legendre-Fenchel
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transform twice, we only obtain the concave hull of the original function [79].
Hence, the free energy F is always a concave function of f and the grand-
potential J is always a concave function of its arguments, while F* = S$** is
always a concave function of E, and is the smallest concave function satisfy-
ing S(E,y) < S™(E, y). The equality holds if S is a concave function. There-
fore, we say that the microcanonical and canonical ensemble are equivalent at the
thermodynamic level if S = F* = §**, or equivalently, if S is a concave function of
E. Similarly, the grand canonical and the canonical ensembles are equivalent at the
thermodynamic level if F = J* = F**, i.e. if F is a concave function of y.

Again, we have a transitivity property: equivalence of the grand canonical and
canonical ensembles on the one hand, and of the canonical and microcanonical
ensembles on the other hand implies equivalence of the grand canonical and micro-
canonical ensembles. Besides, if the grand canonical and the microcanonical ensem-
bles are equivalent, then the canonical ensemble is equivalent to both the grand
canonical and the microcanonical ensembles. In both these cases, the entropy S is a
concave function of all its arguments.

3.4.4 Equivalence and Non-equivalence of Statistical Ensembles

The notions of ensemble equivalence at the macrostate level (Sect.3.4.2) and at the
thermodynamic level (Sect.3.4.3) are connected. Indeed, the local concavity prop-
erties of the thermodynamic potential determine the possibility to invert the relation
with the Lagrange multiplier, or in other words, the possibility that the macrostates
can be obtained by solving a relaxed variational problem. Following [26], let us
examine the three possibilities in the context of the microcanonical and canonical
ensembles. Let us fix E, y, then one of the three following assertions holds:

(i) Total Ensemble Equivalence: If S = S$* and S is not locally flat, then
MEE,y) =% (B,y) for B =3S/IE.

(i) Marginal Ensemble Equivalence: If S = S$* and S is locally flat, then
ME(E,y) T E(B,y) for g =093S/IE.

(iii) Ensemble Inequivalence: If S#S**, then VBeR, #Z € (E, y)NE (B, y) = 9.

3.5 Large Deviations for the Coarse-Grained Vorticity Field

In Sect.3.2, we have considered how the probability of the outcome of a given
observable (the distribution of fine-grained vorticity) behaves when the size of the
system goes to infinity. We have found that it satisfies a large deviation property,
which allows us to compute the most probable outcomes (see Sect. 3.3). From there,
we are able to deduce what the most probable coarse-grained vorticity fields are.
But can we apply the same methods directly to the coarse-graining observable to
compute the most probable coarse-grained vorticity fields? In other words, can we
obtain a large deviation principle directly for the observable €?
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In general this is not straightforward, because we do not have a representation
function for the vorticity distribution in terms of the coarse-grained vorticity field.
Let us give an exemple in the simple case where we have only three levels of vor-
ticity: & = {—1, 0, 1}. We have represented on Fig.3 two microstates which lead
to the same coarse-grained vorticity field, with different vorticity distributions. As a
consequence, we cannot deduce a large deviation principle with respect to the micro-
canonical measure (or any of the other ensembles) from a large deviation principle
with respect to the prior measure. In principle it remains possible to evaluate directly
the probability of a coarse-grained vorticity field in the microcanonical ensemble,
but this is a much more complicated combinatorial problem. However, in the special
case of a two-level vorticity system, we do have a representation function for the
vorticity distribution. We illustrate this in the following sections by making use of
the analogy with the mean-field Ising model pointed out above.

- - + -
0= 0,
¢
- + - -
0 7
Y+ =3/8,y-=5/8,79=0
@
1
-1 -1
+ - + + 2
¢

Y+ =3/16,y- =7/16,70=3/8

Fig. 3 Exemples of two microstates with different vorticity distribution, which are mapped to the
same coarse-grained vorticity field by the operator €, in the three-level case: & = {—1, 0, 1}
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se{-1, 1}V
M3] mo(T)
m € [-1,1] Hinvr[3] ! \
T
Hiyurlm] = —m? / T.
1
EFeR

Fig. 4 Mean-field Ising model: observables (hamiltonian and magnetization) and representation
function for the energy (left) and most probable magnetization as a function of temperature in the
canonical ensemble (right)

3.5.1 Mean-Field Ising Model

Remember the mean-field Ising model described in Sect.2.4.1. We have mentioned
above that there is a representation function for the energy in terms of the magneti-
zation (Fig.4). Therefore it is sufficient to obtain a large deviation principle for the
magnetization with respect to the unconstrained measure. If N (resp. N_) is the
number of + (resp. —) spins, the magnetization is given by M[5] = (N, — N_)/N,
and we have N. + N_ = N. In other words, N./N = (1 = M[5])/2. Hence, the
unconstrained probability to observe a given magnetization is

N!
) N — ) —
pMIST=m) = S5 (71)
2NN, IN_!
— eN:V[m]-FO(N)’ (72)
where the mean-field entropy is given by (up to an unimportant constant In 2)

14+m 14+m 1—m 1—m
Sm] = — 1 — 1 , 73
[m] 5 In ( 5 ) 7 In ( 5 ) (73)

which proves that the magnetization observable satisfies a large deviation principle. It
is customary to work in the canonical ensemble (see Sect. 3.4), and the most probable
states are therefore solutions of the variational problem:

F(B) = meIP—lrll . (BAimrlm] — 7 [m]), (74)

where F is the free energy (per spin). Using .77y r[m] = —m? and (73), it is easily
shown that for 8 = 1/(kT) smaller than a critical value 8. = 1/(kT;) (high temper-
ature 7'), there is a unique solution m = 0, while for § larger than the critical value
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(low temperature), there are two non-zero solutions £my (7). The most probable
magnetization as a function of the temperature is represented on Fig. 4.

3.5.2 Two-Level System

We have noted above that when the vorticity level set is made of two opposite
values, G = {09, —op} (with og > 0), the system becomes analogous to the mean-
field Ising model studied above. The only difference is the vorticity distribution
conservation constraint (and the interaction coefficients). This amounts to keeping
fixed the number of + and — spins in the Ising model, or equivalently, to fixing
the magnetization. But the magnetization here is nothing but the circulation I'y.
Therefore, conservation of the Casimir invariants in the discretized two-level model
reduces to conservation of the circulation.

Another way to see this is to show explicitly that there exists a representation
function for the vorticity distribution in this case. The coarse-graining operator €
takes value in a discrete subset of R: denoting &,, = {(2n—k —1)00,0 < k < n},
the image of the operator is éfl"l . Here, k corresponds to the number of sites with
value oy in each coarse-graining cell. The relation between k and @; can be inverted:
k = n(1 4+ @; /og)/2, and we obtain

M _

1 n w;
L S A Y 75
v+ N,;Z( +UO) (75)

1 1
-+ —, 76
2+200 (76)
and similarly,
1 Iy

== = — 77
== 37 20 77

Note that, as expected, y++y— = 1 (Eq.(13))and (y+—y—)oo = I'1 (Eq.(11)). Now,
it is an easy task to evaluate the unconstrained probability of a given coarse-grained
vorticity field:

_ Carde @] _ 2_,\,1"—4[ n!
2y WG 20+ @1 fon /200 = a foo))!”
(78)
_ eNjM,z[c?)]-i-O(N)’ (79)

pM(eo] = o)
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with the entropy of the coarse-graining observable (up to an unimportant constant
In2)

5 - I < w; w; ;i ;i
Suolo]l = _WZ |:(1 + %) In (1 + 6—0) + (1 — 0_0) In (1 - 0_0):| .

i=1

(80)
The contraction principle ensures that, as can be checked explicitly,
Suolo) = max {(Syo[P]| €[P]= ). 81
PeMpy2(R)

By the same token as in Sect. 3.2, it follows that the most probable coarse-grained
vorticity fields are solutions of the constrained variational problem:

S(E.y) = max (Fualo] | Hulo] = E, Gy 18] = 74 Gy o] = v}, (82)
weGY

or equivalently,

S(E,T1) = max {Sy (0] | Huld]l = E, Myld] = T1). (83)

weGM

Straightforward computations show that the critical points of the variational problem
are solutions of the equation:

(84)

@ = optanh (M) .

3.5.3 Fragile Constraints and Constrained Casimir Variational Problem

It has been observed by several authors that none of the Casimir invariants '},
(moments of the vorticity field) except the first (circulation) can be obtained from the
coarse-grained vorticity field . For this reason they are often referred to as fragile
invariants, in the sense that they do not survive coarse-graining. This is exactly the
same as saying that there is no representation function for the Casimir invariants
(or, equivalently, for the vorticity distribution y (¢)) in terms of the coarse-grained
vorticity field @, except in the particular case mentioned above. However, with an
arbitrary vorticity distribution, a large deviation principle can still be obtained by
contraction, as illustrated above in the two-layer case. This provides a variational
problem for the most probable coarse-grained vorticity field, even though it still
relies on an auxiliary maximization on the distribution P for the vorticity levels.
Because of their fragile nature, and because an infinite number of invariants is
difficult to handle in practice, it was suggested [16, 27] to treat these invariants in a
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canonical ensemble, and to consider the Lagrange parameter « (o) as a prior vorticity
distribution chosen based on physical intuition of the problem at hand. This provides
a subset of solutions of the microcanonical variational problem, but not necessarily
the full set (see Sect.3.4). However, this variational problem, expressed in terms of
the distribution P for the vorticity levels, is equivalent to minimizing, with respect to
the coarse-grained vorticity field o, the so-called Casimir functionals f@ s (w) with
fixed energy, where s is a convex function, choosing for s the Legendre-Fenchel
transform of In Z,, [9].

3.6 The Energy-Enstrophy Measure

3.6.1 Gibbs Measure for Galerkin Truncated Flows

In this section we investigate the statistical mechanics of the 2D Euler equations
resulting from simplifying the conservation constraints: we retain only the energy
and the enstrophy invariants. This was actually one of the starting points for statistical
mechanics of turbulent flows: Lee in 3D [47] and Kraichnan in 2D [42] considered
Fourier series of the dynamical fields truncated at a given order N. In 3D, the only
invariants are the energy and the helicity, while in 2D, Kraichnan considered the
energy:

N A2
1 Iwzl
H = —_— 85
vw] = > » (85)
i=1
and the enstrophy
| N
Gylol =5 Zl @i (86)
1=
where the truncated vorticity field is given by
N
D) =D &ii(x), Adi=—hi¢,0 < < dip1. (87)

It is assumed that the truncated vorticity field @ is a random variable distributed
according to the canonical (Gibbs) measure:

M;;N(j(da)) Z */THNICO] OtQle]Hda) (88)
i=1
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This is a Gaussian probability density, well-defined if B 4+ oA; > O for all i. This
condition leads to three possible regimes: (i) 8 < 0, > 0, (ii)) B > 0, o > 0, (iii)
B > 0,a < 0. In each case, Kraichnan considered the energy spectrum &;[®] =
% and computed its average value with respect to the Gibbs measure [42, 44]:
(&) = m In the negative temperature (8 < 0) regime, the spectrum peaks at
the gravest mode ¢; there is even an infrared divergence when f — —aA;. This
is classically interpreted as an indication that not only nonlinear interactions in 2D
flows tend to transfer energy towards the large scales (the inverse cascade), but there
is a tendency for energy to accumulate in the gravest mode to form a condensate [6,
21, 85]. Note that the average value of each vorticity mode vanishes by symmetry:
(@;) = 0, because a given vorticity field and its opposite have the same probability
in the canonical ensemble. Of course, in reality, the system will spontaneously break
the symmetry and choose a vorticity field, which can be computed in the limit of
large N using large deviations results for the macrostates as we did above. In the
energy-enstrophy ensemble, averaging over the set of equilibrium states indeed yields
a vanishing mean value, thereby showing that statistical mechanics is more about
most probable states than average values.

3.6.2 Large Deviations in the Microcanonical Ensemble

Using the same notations as in the previous paragraph, one may assume that the
truncated vorticity field is distributed according to the microcanonical measure

(N) d&)

N
HEr, @) = oS S(HN 6] =~ E)S(Gnld] - ro) [[dan. 89

i=1

N)

instead of the Gibbs measure /,L/(S’ , (d®), with the structure function given by

N
QN(E.Ty) = / S(HN[®] — E)S(Gnl@] — Ta) [ | dévi. (90)
i=1

Rather exceptionally, since both constraints involve quadratic functions, the struc-
ture function can be computed explicitly, using integral representations of the Dirac
distributions [10], and thus also the entropy:

Q(E, Ty) = N3 Tarrel, O1)

S(E,Ty) = %m(rz — 20 E). (92)

Note that Bouchet and Corvellec [10] have also checked with explicit compu-
tations that this entropy defined as the joint large deviation rate function for
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the energy and enstrophy observables (i.e. the Boltzmann formula S(E, ;) =
lim(1/N)In Qy(E, I'7), given in (92)) coincides with the entropy defined through
the variational problem for the macrostates, as expected from the contraction prin-
ciple (Eq.(47)). A similar computation of the structure function was carried out by
Kastner and Schnetz [40] for the mean-field spherical model defined in Sect.2.4.2.

From the joint large deviation principle for the energy and enstrophy, we can
deduce a large deviation principle for the energy spectrum observable [10]:

o
uM). (Eilo] = Ep) = N TEnlETom), 93)
with
1 .
1 >In(I'y —2ME +2(A —AE)) ifO< E; < E
S Eil = [2 . )
’ —0o0 otherwise
and fori > 1,
1 .
; sIn(Ty — 20 E —2(A; — A E; fO<E; <E
yg)rz[Ei]:Fﬂ(z \E =205 —aE) HOSESE oo
’ —00 otherwise

. . 1 . . .
The large deviation rate functions are monotonous: ., é }2 [E1]is an increasing func-

tion of £, and ., él,)l“z [E;] are decreasing functions of E;. Therefore, the most proba-
ble energy spectrum in the limit N — +o0 has all its energy in the gravest mode. This
can be seen as the microcanonical counterpart of the Kraichnan argument presented
in Sect.3.6.1. It provides further theoretical evidence for the spectral condensation
in 2D turbulence.

The above discussion on the vanishing of the average truncated vorticity field
also applies in the microcanonical ensemble. The mean-field theory allows to com-
pute the most probable macrostates: we find a linear mean-field equation for the
coarse-grained vorticity field: @ = B/(2a)y, which is easily solved and yields
@ = +/2X1 E¢1, in agreement with the above prediction.

4 Conclusion

In this chapter, we have given a brief introduction to the methods of equilibrium
statistical mechanics applied to models of turbulent flows, focusing on the case of
two-dimensional flows. The main purpose of the course was to show, in the context of
a lattice discretization of the system, how some well-chosen observables, such as the
distribution of fined-grained vorticity levels, concentrate in probability around a set
of equilibrium values. Such properties are conveniently expressed using the theory
of large deviations. In fact, we have closely followed the principles of equilibrium
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statistical mechanics formulated in the language of large deviations, as exposed for
instance in [89]. A major ingredient in deriving the large deviation results is the long-
range character of the interactions, because it leads to the existence of a representation
function for the energy. This is a major simplification, as it allows us to compute the
probability of a macrostate with respect to the uniform measure and then deduce the
probability with respect to the microcanonical measure. We have emphasized this
point by considering another observable, the coarse-grained vorticity field (for which
there is no representation function for the vorticity distribution) and by making the
analogy with a simpler system, the mean-field Ising model.

The large deviation principle leads to a variational problem characterizing the most
probable macrostates. This allows to compute coarse-grained vorticity fields which
should correspond in practice to the final state of the system, if ergodicity holds.
This provides a statistical explanation of the spontaneous emergence of coherent
structures in two-dimensional flows. The equilibrium states obtained may depend on
the choice of probability measure in phase space: we have discussed the relations
between the standard ensembles of statistical mechanics and given a connection with
the concavity properties of the entropy.

In the simpler context of the energy-enstrophy measure, we have explained that
the energy spectrum observable also satisfies a large deviation principle, which shows
that the most probable state has all its energy condensed in the gravest mode. This is
physically consistent with the familiar ideas of inverse cascade of energy and energy
condensation for 2D flows.
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Recent Developments on the Micropolar
and Magneto-Micropolar Fluid Systems:
Deterministic and Stochastic Perspectives

Kazuo Yamazaki

Abstract We review recent developments on the micropolar and magneto-
micropolar fluid systems in spatial dimensions two and three from both determinis-
tic and stochastic perspectives. Under the deterministic setting, we review the global
regularity result in two-dimensional space with zero angular viscosity and a reg-
ularity criterion in three-dimensional space that involves only two velocity vector
field components. Under the stochastic setting, we review the existence of a weak
martingale solution in three-dimensional space and the unique strong solution in two-
dimensional space under a suitable condition on the noise. Throughout the paper, we
compare these results with other partial differential equations related to fluid mechan-
ics, such as the Navier-Stokes equations, magnetohydrodynamics and Boussinesq
systems.

1 Introduction

We study the following micropolar fluid (MPF) system (1) and (2) as well as the
magneto-micropolar fluid (MMPF) system (3)—(5) presented in a three-dimensional
case:

d
d—l:—i-(wV)u—i—Vn—(u-l—X)Au 1)
dw,
:X(VXW)_'_f](yvt)_'_gl(yat)?v
d
Sd—v: +3( - V)w —YAw 2)

dw:
— —2%w + @+ B)Vdivw + X(V x 1) + fr(y, 1) + 220, t)d_tz’
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du
dr

~ . . dw

dw

dt

+ W -Vu—rb-V)b+ Vo —(n+ X)Au 3)

3 + 8- Vyw —YAw (4)

. _ . dw
= —2%w + (a+PB)Vdivw + X(V x ) + /o5, 1) + &2, t)d—f,

db ~ _ _ dw
5+<u'V)b—<b~V>u—va=f3<y,r>+g3(y,r>d—t3 (5)

subjected to the following divergence-free and initial conditions:
V'u:V'b:O, (u,W,b)(x,O)Z(MO,WO,b())(x).

In the Eqgs. (1)~(5) we denoted y £ (1, w), § = (u, w, b), where u, w, b, 7 repre-
sent the velocity, micro-rotational velocity, the magnetic vector fields and the hydro-
static pressure scalar field respectively. Moreover, W;,i = 1, 2, 3 are the Wiener
processes in m;-dimension respectively. We also denoted physically meaningful

quantities: r = RIZI% where M is the Hartmann number, Re the Reynolds number,
Rm the magnetic Reynolds number, X the vortex viscosity, . the kinematic viscosity,
3 the microinertia, o, B, Y the angular viscosities, v = ﬁ all of which taking into
account of conditions such as Calusius-Duhem inequality we assume to be positive
unless specifically mentioned. Finally, the functions f;, g;, f, gi,i = 1,2,3 are
forcing terms.

Hereafter, for simplicity let us denote % by 9; and d%_ by 9;,i = 1,2,3 and
assume that § = r = 1. Let us use the notation A <, ; B to imply that there exists
a non-negative constant ¢ that depends on a, b such that A < c¢B. We also write the
Lebesgue and Sobolev spaces L?, WP H™ £ W2 respectively and

LP £ (LPy4, wWmr & (wmryd,

Both the MPF and the MMPF systems are generalizations of many other impor-
tant partial differential equations (PDE) of fluid mechanics and hence analysis on
these systems are of much interest to wide audience of mathematicians, engineers
and physicists. Firstly, the MMPF system at w = b = 0 deduces the Navier-Stokes
equations (NSE) which is well-known for its various applications in real world as well
as the mathematically challenging problem whether given an initial data sufficiently
smooth, its solution will remain smooth for all time or not. Moreover, the MMPF
system at X = 0,w = 0 reduces to the magnetohydrodynamics (MHD) system
which describes the motion of electrically conducting fluids and has broad applica-
tions in applied sciences including astrophysics, geophysics and plasma physics. We
also observe that the MMPF system (3)—(5) at b = 0 reduces to the MPF system (1)
and (2).



Recent Developments on the Micropolar and Magneto-Micropolar Fluid Systems ... 87

The micropolar fluids were formally introduced in [15] as the fluid consisting
of bar-like elements, for example anisotropic fluids, such as liquid crystals made
up of dumbbell molecules and animal blood. Subsequently, the MMPF system was
introduced by the authors in [1] in which they studied Serrin-type stability. Both
systems found much attraction for further investigation thereafter ([14, 28, 52] for
the MPF system, [21, 30, 32, 51] for the MMPF system and the references found
therein).

The rest of this manuscript is organized as follows. In the next section, we discuss
new results in the deterministic case when g;, gi = 0 in (1)—(5). Thereafter, we
discuss new results in the stochastic case when g;, g; are not necessarily identically
zero. Finally, we finish with a brief conclusion.

2 Deterministic Case

2.1 Global Regularity of the 2D MMPF System with Zero
Angular Viscosity

In this section, we specifically study the two-dimensional (2D) MMPF system with
a spatial domain being R? which takes the following form:

oru+ (w-Vu—b-Vb+Vr —(L+ X)Au = X(V X w), (6)
ow+ (- V)w —YAw = =2¥Xw + X(V x u), (7N
3b+ (u- V)b — (b-V)u —vAb = 0. (8)

The present form (6)—(8) is due to the fact that following the previous work (for
example [14, 28]) on the 2D case, we set

u=(uy,u2,0), b=(b1,b2,0), w=(0,0,ws3). &)

We remark that the results in this section remain valid after keeping f,-, i=1,2,3
under a suitable condition. Let us set the following standard notations:

QEV xu=0u—du;, jEVxb=20dby—dhb, Vxw= (0w —dw)
(10)

where V x u, V x b represent the vorticity and current density respectively.
It is well known (for example [21, 28]) that by classical methods, the system
(6)—(8) when ., X,Y,v > 0 admits a unique weak solution (u, w, b) globally in
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time. This result may be understood as a generalization of analogous results for the
2D NSE and the 2D MHD system [34]. Let us present our result:

Theorem 1 (/46]) For every (ug, wo, bg) € H*(R?), s > 2, there exists a unique
solution triple (u, w, b) to (6)—(8) with y = 0 such that

u, b € C([0, 00); H* (R?)) N L2([0, 00): HETL(R?)), w e C([0, 00); H* (R?)).

The proof of the local existence of the unique solution can be achieved in many
ways, for example using mollifiers following the work on the NSE. Let us elaborate on
the difficulty of extending such local existence to global as claimed in the statement of
Theorem 1. Taking IL2-inner products with (i, w, b) on (6)—(8) at y = O respectively,
using divergence-free property of u, b, summing and using the fact that

/ (wa)~udx:/ (V x u)wdx
R2 R2

lead to

1
Eat(”””]iz W2 4+ 161 2) + (o 4+ X0 IVul?, + 2XIwliT> + vIVbIT, (11)

X
< 2xlwlp2Vull 2 < 2xIwlif, + Euwniz

where we used the Holder’s and Young’s inequalities. Therefore, after absorbing the
right hand side, integrating in time we obtain

T
sup (lluli2, + w2 + I612,) (6 + /0 1V 125 + 1VBI25dT Sugowo by 1-
t€[0,T]

(12)

We observe that the claim in Theorem 1 is reminiscent of the important result
that although the 2D NSE is IL2-norm critical, the 2D Euler equations, which is the
NSE with (i + X) = 0, admits a global regularity result ([54]). The key observation
in [54] was that taking a curl on the 2D Euler equations reduces the equations to
a transport equation of vorticity €2 so that ||2|| .~ becomes bounded uniformly in
time which is more helpful than ||u||j 2-bound in the process of a priori estimates.
Experimenting this idea and taking a curl on (6) gives

QL= +0VAR=—w- -V)Q+ (b V)] — XAw. (13)

Due to the lack of angular viscosity, we have no obvious way to handle — X Aw. An
immediate idea is to couple this estimate with that of w in regularity high enough
to absorb — X Aw. However, taking IL>-inner products on (7) at y = 0 with —Aw
leads to
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1 2
—8t||VW|IL2 < Vu-Vw-Vwdx — X (V x u)Awdx (14)
2 R? R2

for which it is not clear at all how to handle the first non-linear term without angular
viscosity. In fact, we can take Holder’s and Gagliardo-Nirenberg inequalities to obtain

/]R Vi Vw - Vwdy < [Vl 19wiZ, S 12001 Vwiige [ Awlss

so that clearly in the presence of the angular viscosity, this estimate may be closed
to lead to the global regularity result. Therefore, the lack of angular viscosity seems
to create a major obstacle in attaining the necessary a priori estimates.

Remark 1 We point out here the distinctive difference between the MPF or the
MMPF system and the Boussinesq system which may be written with same notations
as (6) and (7) as follows:

du+ (u-Vyu+ Ve — (L + X)Au = Xwo, (15)
ow+ (u-Vyw—YAw = 0. (16)

The crucial fact here is that Xw» in (15) is less singular than X (V x w) of (6) and the
current issue of — X Aw in (13) being too singular would be much less severe in the
case of the Boussinesq system. As we will discuss in subsequent sections our results
in the stochastic case, we believe that this difference may bring interesting challenges
in mathematical analysis so that even though the stochastic Boussinesq system has
been studied intensively (for example [16]), perhaps not all the results known for
the stochastic Boussinesq system may be readily generalized to the stochastic MPF
or the MMPF system. At least in the deterministic case, there are many results that
exist for the Boussinesq system (for example [22]) that do not seem to be easily
generalized to the MPF system. Similarly, many results that are known to exist for
the deterministic MHD system may not be readily generalized to the MMPF system
due to same issue.

The first important idea in the proof of Theorem 1 is the following observation
from [14] that by defining

Zész—( * )w, (17)
B+ X

we can take advantage of its evolution in time governed by the equation of

WZ=W+XAZ—W-VVZ—c1Z+cow+ (b -V)j (18)
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where we denoted

s X2 >0 L 2x%2 X3

, = — .
L+ X ThHx w02

C1
Multiplying (18) by | Z|P~2 Z, integrating in space, using the divergence-free property
of u and Holder’s inequality and dividing by || Z|| H‘i,f 1, we obtain taking limit p — oo,
Wl ZllLe S wllee + 1Dl IV jllLee. (19)
On the other hand, from (7) with y = 0 we can estimate similarly
éatnwnﬂp +2XIwlE, < XU Wiy S 1 ZIe il + Iwl,
due to the divergence-free property of u, Holder’s inequality and (17). Dividing by
||w||]‘f'i,f1 and taking limit p — oo lead to
FlwliLe S NZNLee + IwlliLee (20)
so that in sum of (19) and (20), we obtain
(1 ZNLe + lIwllLe) S I1Z1ILee + Iwllnee + [1BlLolIV jllLee.

This inequality is very similar to the key observation for the 2D generalized MHD
system that led to many new results very recently (for example [8, 24, 38, 41, 42,
50, 53] and references found therein). Indeed, we may execute an iteration scheme
in a way that a certain bound of j will lead to a bound of Z, which in turn leads to the
bound of w and then €2 until its regularity is high enough so that via a commutator
estimate using Besov space techniques, the proof of Theorem 1 can be completed.

Inmore detail, using (12) and taking advantage of (18), we can obtain the following
bound:

T
sup (||Z||%Lz+||sz||i2+||j||iz)<t)+/ IVZIT, + IVjlf.dr S1 0 (@21)
tel0,T] 0

(see Proposition 3 in [46]). We can improve the bounds uniform in time furthermore;
specifically V g € [2, 4], we can obtain the following bound:

sup ([[Zlle + 1R1ILe + jllLa) () <1 (22)
t€l0,T]

(see Proposition 4 in [46]). Using (12), (21) and (22) we can propel the bounds up to

T
/ IRl + IWlfe + IVll2dT S 1. (23)
0
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Due to the classical results from [3], one can understand that we have a sufficient
bound in terms of u# from |||/~ in (23). Moreover, due to the following Brezis-
Wainger type inequality

IV fillLe S 1Lz 4+ 1V g loga (2 + 11 fllms) + 1

valid V. f e L2(R?) NH*(R?),s > 2 (see [6, 48] for the proof of this specific
inequality), we see that we have a sufficient bound in terms of b from ||V j||2 in
(23). However, as (23) does not provide any bound on the derivative of w, it is not
clear whether (23) is sufficient to imply the higher regularity of H*, s > 2.

The second part of the proof of Theorem 1 is to show that (23) is indeed sufficient
to complete the proof of Theorem 1. In order to explain, let us briefly recall some
Besov spaces settings below all of which can be found for example in [10].

We denote by S(R?) the Schwartz class functions, S'(R?) its dual and

So2{pe S,/ d(x)xldx =0,]11=0,1,2,...}.
]RZ

Its dual S, is given by Sy = S/Sy- = S'/P where P is the space of polynomials.
For k € Z we define

Ap 2 (g e R? 1 2¢1 < |g) < 2Ky
It is well-known that there exists a sequence {®;} in S (R?) such that

supp ®x C A, Dp(€) = Do(27FE) or Dp(x) =2%Dp(2*x) and

— = 1 if R2\ {0},
Z@k@):[o oy Y

k=—00
where we denote the Fourier transform of f by f . Consequently, for any f € S,

Z O x f = f.

k=—o00

We can let W € Ci° (R2) be such that

L=UE) + D du®), f=Vxf+D Dpxf

k=0 k=0
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forany f € S and set

0 ifk <=2,
Af 23U f  ifk=—1,
Oy« f ifk=0,1,2, ...

The following Bernstein’s inequalities have proven to be one of the most useful
tools in obtaining needed estimates in Besov space settings:

Lemmal Let f € ]LP(RZ) withl < p <qg <ooand 0 < r < R. Then for all
s € ZYt U{0}, and ) > 0, there exists a constant Cy > 0 such that

ok sH25—3) ; p lE| <
sup [|0° flle = CsA™" 77 @7l fllLe supp f CH{E ] < Ar},
|k|=s

Co' W f e < supii=s10* fllLe < CA I fllLe if supp f C (& : Ar < |&] < AR},

and if we replace derivative 9 by the fractional derivative, the inequalities remain
valid only with trivial modifications.

We also recall the Bony’s paraproduct decomposition:

fe=Trg+Tgf +R(f, 8)

where

Trg= D Si-ifAeg, R(f)= D AfApg Sioi= D, A
k

k,k':|k—k'|<1 m:m<k—2
We refer to [10] for more details on Besov spaces. Now in [14, 46], the following

commutator estimates were proved:

Lemma?2 Lers > —1, f € HS(R)NL>®(R?), Vg € H(R?) N L®(R?),V.g =
0. Then for any k > 3,

1Ak, g1z S cx2 ™ IVl fllms + IV ellgs Il fllee)-

Moreover, for s > 0 if additionally V f € L°(R?), then for any k > —1,

I[Ak, &' 01 e S k2 Vel f s + lglles IV fllLe)

where {ci} € 1133_1-

We just mention that the proof of Lemma 2 makes use of Bernstein’s inequalities
in Lemma 1 and Bony’s paraproduct decomposition and refer to [14, 46] for details.

Using Lemma 2, one can show that indeed (23) is sufficient to reach the higher
regularity of H®, s > 2 (see Proposition 2 [46]). We omit further details and
refer to [46].
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2.2 Regularity Criterion of the 3D MMPF System in Terms
of Two Velocity Components

In this section, we specifically study the three-dimensional (3D) MMPF system with
a spatial domain being R3, although generalization to T is possible. It takes the
following form:

ou+ w-Vyu—0b-Vb+Vr — (L + X)Au = X(V xw), (24)
ow+ (u-Vyw—YAw = =2Xw + (o + B)Vdivw + X (V X u), (25)
otb+ (u-V)b— (b-V)u—vAb =0. (26)

In [30, 32], the authors obtained the local existence of the unique weak solution
and extended to be global under small initial data conditions. The global regularity
issue of the system (24)—(26) is expected to be extremely difficult because its special
case, as we discussed, is the NSE.

In the absence of global regularity results, an important direction of research is
extension and improvements of conditions for regularity initiated by the pioneering
work in [35]:

Theorem 2 ([35]) If u is a weak solution to the 3D NSE in [0, T'] and

r 3 2
,
/Ilulledr<oo, —+-<1, pe3, o00],
0 p r

then u is smooth.

Remark 2 'We remark here that as we will discuss more in subsequent sections, there
is also an increasing interest in the uniqueness of a solution to the stochastic partial
differential equations (SPDE), such as the stochastic NSE (for example [17]).

Moreover, in the deterministic case the result concerning the partial regularity
theory for the NSE by the authors in [7] is well-known and an analogous study for
the stochastic NSE with additive noise has been initiated by the authors in [20].

For a system which consists of a solution (u, w, b) as (24)—(26), it is typically
expected that a certain bound on all u, w, b are required for the local strong solution
to be extended globally in time. However, the author in [51] was able to show that
the following condition on the velocity vector field u alone suffices:

<1, 3<p<o 27

RN )

T 3
/ Julf dr < oo, >+
0 p
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(see also [52] for the MPF system). We remark that the condition described in (27)

imposes a certain bound on all three components uy, us, uz of u = (u1, uz, usz). Let
us present our result:

Theorem 3 (/45]) Let ug, wo, bg € H*(R?), s > 3. Suppose
u,w,b e C([0, T); H* (R?) N L([0, T); H*T1(R?)), (28)

is a solution to the MMPF system (24)—(26) and there exists a constant Cy > 0 so

that 5
T
3 2
> [ hgdr o 242 <
=Jo proor

, 6 < p <oo. (29)

N =

Then (u, w, b) remains in the same regularity class of (28) on [0, T'] for some T’ > T.

Remark 3 1. Let us emphasize that (29) imposes no condition on u at all. More-
over, we note that the Theorem 3 also gives a new result for the MPF system
because the MMPF system at b = 0 reduces to the MPF system.

2. The proof of Theorem 3 is inspired by similar component reduction results on the
regularity criterion for the solution to the NSE, for example [26]. However, the
proof in [26] depends crucially on the divergence-free property of u of the NSE
while w in (24)—(26) lacks this advantage.

3. Itis an interesting open problem whether we can reduce this regularity criterion
presented in (29) to one component, for example u3. In fact, even though such
a result is well-known for the NSE (for example [26]), it remains open even for
the MHD system (see [43, 45]). It is also a research direction of great importance
whether the upper bound of % in (29) may be improved up to 1 as in (27).

The proof of Theorem 3 consists of two key steps. Firstly, the standard commu-
tator estimates show that the H'-bounds of (u, w, b) imply higher regularity for the
solution to the system (24)—(26). Upon the H!-estimates of (u, w, b) which starts
by taking L2-inner products on (24)—(26) with (—Au, —Aw, — Ab) respectively, the
following decomposition of the non-linear terms in (24) and (26) were crucial:

Lemma 3 ([45]) Suppose u, b € C°°(]R3), V-u=V-b=0. Then

/3(14-V)u~Au—(b~V)b~Au—|—(u-V)b-Ab—(b-V)u~Abdx (30)
R

3
< Z/R}mmwnvzm +|VBI|V?bI) + |br|(|Vul|V?b| + Vb V2u])dx
=2
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(see also [43, 44]). With this decomposition, we may manipulate our estimates to
shift the sufficient condition for regularity to us, u3, by, b3. The second key step in
the proof of Theorem 2 is the following estimate:

Lemma 4 ([45]) Let (u, b) satisfy (24) and (26) in [0, T] and | € {1,2,3}. Then
foranyt €0, T], p € (2, 6],

t
sup [|B1(DIIF» < 1B1O)IF, + c(p) /0 IVB@) I llur (O 6, dT (31
L

6p
t€[0,1] 6—p

6p_
6—p
(see also [43, 44, 55])).

The message of this lemma is that one can estimate the /th component of b in
terms of the same /th component of u. The proof of Lemma 4 relies on the simplicity
of the equation that governs the evolution of b; in time according to (26), namely

where =0ifp==6

0by —VvAby = —(w - V)b + (b-V)uy

so that upon any IL?-estimate of by, the first non-linear term vanishes due to the
divergence-free property of u while in the second non-linear term, u; is already
separated.

With these two lemmas in hand, the rest of the proof consists of careful energy
estimates using anisotropic Sobolev inequalities. We refer interested readers to [45]
for details.

3 Stochastic Case

3.1 Existence of Weak Martingale Solution for the 3D MPF
and the MMPF Systems with Non-Lipschitz Multiplicative
Noise

In this section, we study the 3D MPF system (1) and (2) and the MMPF systems
(3)—(5) fully. We first remark that in case g;, gi,i = 1,2, 3 do not depend on the
solution y, y respectively so that the noise is only additive rather than multiplicative,
these SPDE may be solved in a way that is very similar to the deterministic case.
Indeed, the author in [18] considered the stochastic NSE (see [12] in the case of the
stochastic Burgers equations)

du(®) + [(u - Vu(t) + V() — (n + X)Au@)]dt = fi(r)dt + g1 (6)dWi (1) (32)
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where we emphasize in particular that g; is independent of u. A remarkable strategy
to tackle this SPDE with such an additive noise is to consider the following auxiliary
Ornstein-Uhlenbeck equation

dzs(?) — [( + X)Azs (1) — dz5(1)]dt = g1 (1HdW; (1), § e RT (33)

for which the solution is well understood due to the lack of nonlinearity (see [11]).
Hence, one can study the equation of the difference u — zz for which the noise term
cancels and therefore the techniques from deterministic case becomes applicable.

We mention that for the Boussinesq system (15) and (16), the authors in [9, 23]
independently showed that the system admits a globally regular unique solution pair
(u,w)evenincasesiu+X > 0,Y =0and p+X =0, X > 0,Y > 0. Considering an
appropriate Ornstein-Uhlenbeck equation and canceling the noise term, the authors
in [5] extended such results to the stochastic Boussinesq system with additive noise.
The stochastic MHD system with additive noise is also considered by the authors in
[2, 37].

Incase g;, gi, i = 1, 2, 3 depend on the solution y, y respectively, the noise must
be handled with more care. Let us consider the following non-slip boundary and
perfectly conducting wall conditions with nonrandom initial data on the boundary
of some bounded domain D C R3:

ulagp() =wlapt) =0, V te€[0,T],
b-nlgp =0, YV tel0,T], (34)
(V x b) xnlgp =0, V tel0,T]

where 7 is an outward unit normal vector on d D. For the case of the domain being
R3, we refer to for example [29] where the author studied the stochastic NSE in the
whole space.

Let us explain further notations and define the weak martingale solution to the
MPF system (1) and (2) and the MMPF system (3)—(5). We write H" = Ker(Y)
where Yo : H™(D) — L%*(3D) is the bounded trace operator that agrees with
v > v]yp forv € C1(D) and denote H = (HO'”(D))".

Given any separable Banach space E, we denote by B(E) the Borel o-algebra on
E and LIT’(E ), 1 < p < oo the space of functions endowed with a norm

1

T »
IVllLe ) = (/ IIVII‘Zdt) ., 1<p<oo,
0

with a standard generalization at p = oco. We further denote by

Vi2pe(C®?:v.v=0},
Vi2veH):V-v=0),
Vy 2 ve(C®D)>:V-v=0,v-nlyp =0},

> 1> )



Recent Developments on the Micropolar and Magneto-Micropolar Fluid Systems ... 97

Va2 {yeH :V.-v=0, v-nlyp =0},
H1=H2é{veL2:V'v=0, v-nlyp = 0}.

We endow V7 with the inner product

3 3
(.1 2 (B, ) where (u, v) = Z/ u; (x)v; (x)dx,
i=1 i=1"D

and V, with the inner product
((u,v))2 £ (V xu, Vxv).

We let
VAV xH) x V,

endowed with its norm for ®' £ (Xi, Yi, Zi) eV,i=1,2,
(@', &%) 2 (XY, X2 + (L, Y21 4+ (21, Z2%)), (@, D)) 2 |2

In case Z! = 0 as in the solution for the stochastic MPF system (1) and (2), we have
(@', @) = (X', X*)1 + (Y, ¥?)1. We also let

H=2H x1L?x H,
endowed with its norm
@' 0% 2 (xL xH+ L yH +(z', zH, (@, ) 2 |0,
for which if Z' = 0 as in the solution for the stochastic MPF system (1) and (2),

we have (®!, ®?) = (X!, X2) + (Y, Y?). We introduce the space L?(Q2, 7, P; L"
(0, T'; %)) endowed with a norm

1
A )4 V4
lullr @717 0,150y = (E”“(“” g ')”L’(O‘T;ILS)) :

We define three operators A1, Ay, A3 with their domains respectively by

<AXLXEP> 2 —(u+)AX!, X2,
< AYL Y2 > 2 < —yAY' — (a+p)VdivY! +2xY", Y2 >,
<AZYN 72> 2 —v< Azl 77 >,
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D(A) =H2 NV,
D(4z) = H? N HJ,
D(A3) = Hin{beH?: (V xb) nlyp =0}.

Finally, we let
< ACDl, -2 A1X1,X2 >+ < A2Y1, YZs + < Ang, VAR
In case b = 0 as in the solution for the stochastic MPF system (1) and (2), we have
< AP, P2 L2 A X X2 > 4+ < ApY Y2 >,
Next, we define B(3) £ (B1(3), B2(3), B3(¥)) with § = (u, w, b) where

Bi(H) = (u-Vu—(b-V)b—XV xw,
Bx(3) 2 (u-VIYw—XVxu, BG3)Ew-V)b—(b-Vu,

and thus with y = (u, w, 0) for the MPF system (1) and (2), B(y) £ (B1(y), B2(y),
B3(y)) where

Bi(y) =W -VYu —XVxw, B(y)=w-V)w—XV xu, B3(y)=0.

We note the following property for y = (u, w, b) obtained similarly to the com-
putations in (11) and (12):

< Ay, y >4+ < B(y),y > 35
> WlIVullT, + VIV, + (@ +B)Idivwli, + Xlwlif, + vIIVbIT, = Ellyl®

for some constant ¢ = c(j, ¥, a, B, X, v) > 0.
Finally, we let

_ fjl 2100 _ Wi
Fe(n). e2(omo). we(w
f3 0 0 g3 W3

We now state the definition of a weak martingale solution and our theorem only on
the MPF system for simplicity:

Definition 1 A weak martingale solution to (1) and (2) is a system (2, 7, ¥,
P, W, y) where

1. (2,7, %, P) is afiltered probability space,
2. W(t)is (m1 + my)-dimensional ¥, measurable standard Wiener processes,
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3.y € LP(Q,F, P; L2(0, T; Vi x H})) N LP(Q, F, P; L0, T; Hy x L?)) ¥
p € [1, 00),

4. for almost every ¢, y(¢) is F;-measurable,

5. forany v € D(A), almost surely V ¢ € [0, T']

00, ) + fy < Ay(@) + B(y(1),v > dt (36)
= (o, + fy < FO@, D), v > dt + [5(g(r(x), AW (1), v).

Theorem 4 ([47]) Suppose yo £ v(0) € H; x L2 and f;, gi, i = 1,2 are nonlinear
mappings that are continuous int, f continuous from Hy x L> to H™' x H™!, g1, g2
continuous from Hy to H lxm‘ and 1.2 to (L2)*™2 respectively and

1A Ol S 1+ lulla, 120, 0lg-1 ST+ Iwlee,
g1y, t)llHlxm] S+ lulla, g2y, Dll@zym S 1+ lIwlpe,

where xm; denotes direct product m; times. Then there exists a solution to (1) and
(2) as in Definition 1. Moreover, there exists a unique w € LI(Q, F, p; wloo
(0, T; L3(D))) such that fD adx = 0in (C°([0, T1)) and (1) and (2) holds in
(€0, T] x D))')*.

The key ingredients in this type of proof consists of a priori estimates on approxi-
mating sequence using stochastic calculus such as Burkholder-Davis-Gundy inequal-
ity and applications of Prokhorov’s and Skorokhod’s theorems as initiated by the
author in [4] for the stochastic NSE (see [33] for the case of the stochastic MHD
system, [13] for the stochastic MHD-o model).

Lemma 5 (/31]) A family of probability measures on E is relatively compact if and
only if it is tight.

Lemma 6 (/36]) Forarbitrary sequence of probability measures { P, }, on (E, B(E))
weakly convergent to a probability measure P, there exists a probability space
(2, 7, P) and random variables &, &y, ..., &,, ... with values in E such that

1. the probability law of &, L(E)(A) £ P(w € Q: E,(w) € A} Y A€ Fis Py,
2. the probability law of € is P,
3. lim, & =& P— almost surely.

The existence of the pressure term is proven by a careful application of the fol-
lowing generalization of de Rham’s Theorem to processes:

Lemma 7 ([27]) Let D be a bounded, connected, Lipschitz open subset of Rd, d=
2,3,4 and (2, F, P) a complete probability space and given ro, r1 € [1,00], 51 €
Z, h € L"(Q,F, P; W10, T; (H1 (D)) be such that ¥ v € (CX(D)),
V .v =0, P—almost surely

< h, 1% >((CC°°(D))/)‘1X(C§°(D))‘1= 0 in (Cé’o)/(O, T)
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Then there exists unique w € L™(Q, F, P; WS-"1(0, T; L*>(D))) such that P-almost
surely Vot = h in ((CZ°([0, T x D)))4, fD mdx = 0in (C([0, T]) .

3.2 Unique Strong Solution for the 2D MPF and the MMPF
Systems with Lipschitz Multiplicative Noise

In this section, we study the 2D MPF system (1) and (2) and the MMPF systems
(3)—(5) fully with appropriate modifications as done in (6)—(8), (34) along with all
the notations in the previous sections (see [49] for details). Analogously to the deter-
ministic case, it is of much interest whether the weak martingale solution discussed
in the previous section may be unique or strong and if so, in what sense. Firstly, we
recall the notion of a strong solution only to the stochastic MPF system for simplicity:

Definition 2 A strong solution to (1) and (2) on the given (2, 7, 77, P, W) is a

process y where

1.y € LP(Q,F P;L*0,T; Vi x H))) N LP(Q,F, P; L0, T; Hy x L?))
vV pell, 00),

2. for almost every ¢, y(t) is ¥;-measurable,

3. forany v € V, almostsurely V ¢ € [0, T], (36) holds.

Theorem 5 ([49]) Suppose yo € Hy x > and f;, g;,i = 1,2 are nonlinear map-
pings that are continuous int € [0, T], £(0,¢) =0, g((), 1) = 0 . A4 te [0, T, and
there exist two constants L ¢, Ly > O such that with y' = (u', w",b'),i = 1,2,

1AGL D = AGA Dl < Lyl —u?(lm,,
IAG D = LG Ol < Lelw' —wlp,
I 0 = @102 Dl o < Lgllu! —u?

lg2(r", 1) — 8232 Dl 2yxms < Lgllw! — wpa,

where xm; denotes direct product m; times. Then there exists a unique strong solution
to (1) and (2) in the sense of Definition 2. Moreover; there exists a unique T &€
LY (Q,F, Py W=1(0, T; L¥(D))) such that [, wdx = 0in (C([0, T1))’ and (1)
and (2) holds in (C°([0, T] x D))")2.

The proof relies on the classical Yamada-Watanabe theorem:

Lemma 8 (/39, 40]) Path-wise uniqueness implies uniqueness in the sense of prob-
ability law.

A consequence of this lemma is the existence of the strong solution.

The condition of path-wise uniqueness for solutions to SPDE is just as interesting
as the case of deterministic PDE. In this regard, we just mention thatin [25] the authors
obtained such condition that are similar to the Serrin-type IL.” — L regularity criteria
that we also discussed in the previous section.
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4 Conclusion

As the mathematical analysis on PDE related to fluid mechanics remain a great
challenge, it is of much interest whether the noise may perhaps have significant
effect, possibly help the well-posedness of the PDE or not (see [19] and references
found therein). In this regard, the MPF and the MMPF systems provide a good model
for further study from both deterministic and stochastic perspectives, due to their
distinctive features from other models such as the NSE, the MHD and Boussinesq
systems.

Acknowledgments The author wishes to express his gratitude to Professor Hakima Bessaih and
Professor Annie Millet for stimulating discussion in this direction of research.
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Pathwise Sensitivity Analysis in Transient
Regimes

Georgios Arampatzis, Markos A. Katsoulakis and Yannis Pantazis

Abstract The instantaneous relative entropy (IRE) and the corresponding instanta-
neous Fisher information matrix (IFIM) for transient stochastic processes are pre-
sented in this paper. These novel tools for sensitivity analysis of stochastic models
serve as an extension of the well known relative entropy rate (RER) and the corre-
sponding Fisher information matrix (FIM) that apply to stationary processes. Three
cases are studied here, discrete-time Markov chains, continuous-time Markov chains
and stochastic differential equations. A biological reaction network is presented as
a demonstration numerical example.

1 Introduction

Sensitivity analysis, for a general mathematical model, is defined to be the quantifi-
cation of system response to parameter perturbations. Questions on the robustness,
(structural) identifiability, experimental design, uncertainty quantification, estima-
tion and control can be addressed through sensitivity analysis [1]. Moreover, it is
a necessary analysis tool for the study of kinetic models such as chemical and bio-
chemical reaction networks [1, 2]. The mathematical models considered in this paper
are models that describe phenomena exhibiting stochasticity: stochastic differential
equations (SDE), discrete-time and continuous-time Markov chains (DTMC and
CTMC). Some of the mathematical tools for the sensitivity analysis of such systems
include log-likelihood methods and Girsanov transformations [3-5], polynomial
chaos [6], finite difference methods [7, 8] and pathwise sensitivity methods [9].
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Closely related to the log-likelihood methods are various linear-response-based
approaches, for instance in the context of chemical kinetics [10], as well as in recent
mathematical work for linear response in non-equilibrium systems [11, 12].

In [13], the authors propose a new methodology for the pathwise sensitivity analy-
sis of complex stochastic stationary dynamics based on the Relative Entropy (RE)
between path distributions and the Relative Entropy Rate (RER). These two quan-
tities provide a measure of the sensitivity of the entire time-series distribution. The
space of all such time-series is referred in probability theory as the “path space”. RER
measures the loss of information per unit time in path space after an arbitrary per-
turbation of parameter combinations. Moreover, RER and the corresponding Fisher
Information Matrix (FIM) become computationally feasible in certain cases as they
admit explicit formulas. In fact, it is been showed in [13] that the proposed path-
wise sensitivity analysis has the following properties: (a) it is rigorously valid for
the sensitivity of long-time, stationary dynamics, (b) it is a gradient-free sensitivity
analysis method suitable for high-dimensional parameter spaces, (c) the computation
of RER and FIM does not require the explicit knowledge of the equilibrium proba-
bility distribution, relying only on information for local dynamics, i.e., it is suitable
for non-equilibrium systems.

In this paper we extend the RE and FIM tools, developed in [13] for stationary
processes, to transient and non-stationary processes. The extension is based on the
notion of instantaneous RE (IRE) and instantaneous FIM (IFIM), see for example
Egs. (10) and (12) in text. These sensitivity tools provide an instantaneous measure
for the sensitivity of a system arising from information theoretic tools. Moreover,
both IRE and IFIM, which are independent of observable functions, can be used as
upper bounds for observable depended sensitivities, see for example the discussion
in Conclusions and [14, 15].

The rest of the paper is organized as follows: In Sect.2 a review of the RE and
the FIM is given. In Sects.3-5 the new quantities IRE and IFIM are presented for
discrete-time Markov chains, continuous-time Markov chains and stochastic differ-
ential equations, respectively. In Sect. 6, a numerical example for a biological reaction
network is utilized and IRE and IFIM are computed in the course of a stochastic simu-
lation and various observations are discussed. Finally, in Sect. 7, concluding remarks
and connections with existing work are discussed.

2 Time-Dependent Sensitivity Analysis

2.1 Decomposition of the Pathwise Relative Entropy

The relative entropy (or Kullback-Leibler divergence) of a probability measure P
with respect to (w.r.t.) another probability measure P is defined as [16, 17]
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R(P|P) = flogj—gdP, PLKP
T o, otherwise

(D

where % is a function known as the Radon-Nikodym derivative which is well-defined

when P is absolutely continuous w.r.t. P (denoted as P < P) while the integration
is performed w.r.t. the probability measure P. Relative entropy has been utilized in
a diverge range of scientific fields from statistical mechanics [18] to telecommuni-
cations [17] and finance [19] and possesses the following fundamental properties:

(i) R(P|P)=0,
(i) R(P|P)=0ifandonlyif P = P P-almost everywhere, and,

These properties allow us to view relative entropy as a “distance” (more precisely a
divergence) between two probability measures capturing the relative importance of
uncertainties [20]. From an information theory perspective, relative entropy measures
the loss/change of information when P is considered instead of P [17].

Let a stochastic process—either discrete-time or continuous-time—be denoted
by X; and let the path space X be the set of all trajectories {X ,}IT=0. We denote by
Qo1 the path space distribution, i.e., the probability to see a particular element of
path space, X. Denote by Q.7 the path space distribution of another process, X;.
The pathwise relative entropy of the distribution Q.7 w.r.t. the distribution Q():T
assuming that they are absolutely continuous w.r.t. each other is written using (1) as

i} dOo.
R (Qo.r | Qor) = /10gd ——dQo.r - 2

A key property of pathwise relative entropy is that it is an increasing function of
time which is the analog of the second thermodynamic law in statistical physics [17].
To this end, for various important Markov processes, it can be shown exploiting the
Markov property, that the pathwise relative entropy can be written as an averaged
quantity as

R@|v)+ Z[T:1 H(Qi | Qi) . if time is discrete

i 3
RIV)+ J§ H(Q:10,)dt, if time is continuous , )

R (Qor | Qor) = [

where R (v | v) is the relative entropy of the initial distribution v w.r.t. the perturbed
initial distribution v, while H (Q. | Q) denotes the instantaneous relative entropy
(for explicit formulas we refer to Eqgs. (10), (16) and (24)). We named the quantity
H (Q. | Q) instantaneous relative entropy because it is also non-negative but more
importantly is the time-derivative of the pathwise relative entropy and inherits the
properties of the relative entropy. Notice that the notation for instantaneous relative
entropy is somewhat confusing but it will become clear when specific examples will
be presented in the following sections.
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Moreover the relative entropy rate is defined for a broad class of stochastic
processes including Markov and semi-Markov processes as [21] as the limit

- 1
7i(QIQ)—Thm =R (Qor|Qor) - 4)

Relative entropy rate is closely related to the instantaneous relative entropy in two
fundamental ways. Firstly it is the limit of instantaneous relative entropy as time
goes to infinity, whenever this limit is defined and second it holds at the stationary
regime that

H(Qil Qi) =H(Q|0) (5)

for the discrete-time case withi = 1, ..., T and similarly for the continuous-time
case.

2.2 Sensitivity Analysis and Fisher Information Matrix

In [13], the authors proposed the relative entropy between path distributions to per-
form sensitivity analysis arguing that pathwise relative entropy takes into account
not only the equilibrium properties but also the complex dynamics of a stochastic
process. Specifically, denote by QO r the path space distribution of the process X;,
parametrized by the parameter vector & € RX. Consider also a perturbation vector,
¢ € RX and denote by Q 0. the path space distribution of the perturbed process X;.

The pathwise relative entropy of the distribution Q0 o W.r.t. the distribution QQ+E
assuming that they are absolutely continuous w.r.t. each other is written using (2) as

dQj,
R (Qhr1047) = [ 1og dggfedQS;T. (©)
0:T

An attractive approach to sensitivity analysis that is rigorously based on rela-
tive entropy calculations is the Fisher Information Matrix (FIM). Indeed, assuming
smoothness in the parameter vector, it is straightforward to obtain the following
expansion for (6) [17, 22],

1
R (Qhr1057) = 3" T(Qhr)e + OUeP). )

where the K x K pathwise FIM Z(Q} ;) is defined as the Hessian of the pathwise
relative entropy. As (7) readily suggests, relative entropy is locally a quadratic func-
tion of the parameter vector 6. Indeed, the pathwise RE for any perturbation can
be recovered up to third-order utilizing only the pathwise FIM. Moreover, similar
expansions hold for the instantaneous relative entropy and the relative entropy rate.
The decomposition of the pathwise FIM reads
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Z(v) + ZiTzl Ty (QY) , if time is discrete

8
Z(v?) + fOT T3(QY)dt , if time is continuous ®)

I(ngr) = [

where 7 (ve) is the FIM of the initial distribution v while I (Q?) denotes the
instantaneous FIM. In the following sections concrete examples of stochastic Markov
processes are presented whose pathwise relative entropy and the associated pathwise
FIM are provided.

3 Discrete-Time Markov Chains

This section presents explicit formulas of the various relative entropy quantities
defined in the previous section as well as the associated FIMs for the case of discrete-
time Markov chains. The analysis of the DTMC case serves (a) as a more intuitive
and manageable example of stochastic processes and (b) as a intermediate step to
handle the continuous-time Markov chain case.

Next, let {x;};c7z+ be a discrete-time time-homogeneous Markov chain with sep-
arable state space E. The transition probability kernel of the Markov chain denoted
by P?(x, dx’) depends on the parameter vector § € RX. Assume that the transition
kernel is absolutely continuous with respect to the Lebesgue measure and the tran-
sition probability density function p?(x, x’) is always positive for all x, x’ € E and
for all € RX. Exploiting the Markov property, the path space probability density
ngT for the path {xi}l.T:O at the time horizon 0, 1, ..., T starting from the initial
distribution v? (x)dx is given by

007 (x0.....x7) = v (x0)p? (xo0, x1) ... p¥ (xr—1, x7) .

We consider a perturbation vector € € RX and the Markov chain {X;};cz+ with
transition probability density function, p€+6 (x, x), initial density, pote (x), as well
as path distribution Qﬁ}e. The product representation of the path distributions results

in an additive representation of the relative entropy of the path distribution ngT

w.r.t. the perturbed path distribution Qg?;e. Let vi@ (x) denote the probability density

function of the Markov chain at time instant i given that the initial distribution is v,

whose formula is provided by the Chapman-Kolmogorov equation,

V! (x) =/E--~/Evg(xo)pg(xo,xl)...pg(x,-_l,x)dxo...dxi_l.

The following theorem presents the decomposition of the pathwise relative entropy.

Theorem 1 (a) The pathwise relative entropy for the above-defined discrete-time
Markov chain is decomposed as

R(0hr105) =R 1)+ S (0100) . O
i=1
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where the instantaneous relative entropy is equal to

(oo =y [ [ p(xx)log%dx/]. (10)

(b) Assuming that the transition probability function is differentialble w.r.t. the para-
meter vector 0, the pathwise FIM is also decomposed as

Z(04.7) ) + Z n(0 (11)
where the instantaneous pathwise FIM is given by

In(0Y) = Ey [/E PP (x, x") Vg log p’ (x, x')Vy log pe(x,x/)de/:| . (12)

Proof (a) The proof of this part of the theorem can be found in [17, Chap. 2] under the
title “Chain rule for relative entropy” but for the shake of completeness we present it
here. The Radon-Nikodym derivative of the unperturbed path distribution w.r.t. the
perturbed path distribution takes the form

0
dQo.r
dQ0+€

T—1
)= v (xo) 1= PP (xis xig1)

= T—1 s

v0+e(xo) [ 129 poFe(xin xiq1)

({xi }iT=0
which is well-defined since the transition probabilities are always positive. Then,
( QO T | Q9+€)

T 0 (P .
=/m/”a(xo)l_[p"(xj—l,xj)log VOO PO
E E .
j=1

T
vO+e(xo) [Ty pOFe(xiot, xi)

T
6 6 v (x0)
=/ - | v(xg) p(x;l,x)log—d 0...dx
/E /E 11:[1 TS Ve (x) '
4 d P (xim1, x)
+Z/ / ve(xo)Hpe(x,-,l,x])logM’—”dxo...de
i—1 E E j=] (-xl 1, X )

T
(0 1)+ > (el 100t
i=1

where R (v9 | v9+€) =E [log - +£’E))] is the relative entropy of the unperturbed

initial distribution w.r.t. the perturbed one, while the instantaneous relative entropy
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(of the time-varying pathwise relative entropy) is

r(er100) =y [ [ e L]

(b) The proof of this part of the theorem is similar to the proof of the pathwise FIM for
the relative entropy rate in [13]. We present it with minor but necessary adaptations.
Let 8p(x,x") = p?T<(x,x’) — p?(x, x’), then the instantaneous relative entropy

H (Q? | Q?"’e) at the ith time instant is written as

H(Q(?|Q‘?+€ = // 1(x)p (x, x)log(l—i— op(x, ))dxdx/
Y i pPx, x")

2
// [ v (0)8p(x, &) — ‘)( )(Sp(? x)) +0(|5p(x,x’)|3)] dxdx’ .

Moreover, for all x € E, it holds that
/ Sp(x, x"dx' :/ pore(x, x)ydx' —/ PP, xdx' =1-1=0.
E E E

Since the transition probability function is differentiable w.r.t. the parameter vector
0, a Taylor series expansion to §p gives,

Sp(x, x')y = eIV p? (x, x') + O(le]?) .

Thus, we finally obtain foralli =1, ..., T, that

Tv N2
r(0r10) =5 [ [ i e " e 1 0l
pY(x, x')
= leT(/ / v? () p? (x, x)Va log p? (x, ') Vg logpg(x,x/)dedx’)e—}—0(|e|3)
2 EJE
= %GTIH(Q?)G +0(el)
where,

IH(Q?) = Evil |:/E PP (x, x")Vglog p’ (x, x") Vg log p? (x, x’)de/:|

is the instantaneous FIM associated to the instantaneous relative entropy.
Consequently, the pathwise FIM 7 ( ng T) ,1.e., the Hessian of the pathwise relative
entropy (9) at point 0, is given by

(QOT +ZIH
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where Z(v?) = E,0[Vplogv?(x)Vglogv?(x)T] is the FIM of the initial distri-
bution. O

Remark 1 Let ‘®’ denote the product operator of two distributions (i.e., v ® p(A x
B)= | 4 P(x, B)v(x)dx). Then, the instantaneous relative entropy can be written as
arelative entropy of the probability measure vf_l ® p? w.r.t. the probability measure
v? | ® p+e. Mathematically,

H(Q/1017) =R (v @ p" v, @ p™te) .
and similarly for the associated instantaneous FIM it holds that

() =Z(vi-1 ® p') -

Remark 2 The instantaneous relative entropy H (Q? | Q?“) is different from, and
should not be confused with, the relative entropy of the unperturbed distribution at
the ith (or the (i — 1)th) time instant vi@ (or v?ﬁl) w.r.t. the respective perturbed
distribution v? T€ (or viej'f). Indeed, it holds that

m(0f1017) =R v @ p) # R (o 1)

aswell as H (Q? | Q?J“E) #R (vie_l | vgjf). Moreover, an explicit formula for the

i
probability distribution at the i th time instant v? is generally not available making the

computation of the relative entropy R (v? | v9+5) intractable. On the other hand, the

i
instantaneous relative entropy H (Q? | Q?"'e) can be computed in a straightforward

manner as a statistical average since it incorporates only the transition probabilities
which are known functions.

Stationary regime: In the stationary regime, the initial distribution is the stationary
distribution, MQ. Thus, forall i = 1,..., T it holds that vl.e = pL(’ and the instan-
taneous relative entropy is a constant function of time that is equal to the relative
entropy rate. The next corollary presents explicit formulas for the relative entropy
rate and the associated FIM.

Corollary 1 The relative entropy rate is equal to

0 /
p’x,x")
d ] (13)

——axX
p9+6(x, x/

H(Q"07) = Eue[/ PP (x, x) log
E
Similarly, the FIM associated to the RER is given by

IH(QG) =E, |:/E P (x, x)Vg log p? (x, x') Vg log pa(x,x/)de’] . (14
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Proof Both formulas are obtained by substituting the stationary distribution ;¢ to
the place of vigfl in (10) and (12). (Il

4 Continuous-Time Markov Chains

Let {X;};cr, be a continuous-time Markov chain with countable state space E. The
parameter dependent transition rates, denoted by c? (x, x"), completely define the
continuous-time Markov chain. The transition rates determine the updates (jumps
or sojourn times) from a current state x to a new (random) state x’ through the
total rate A7 (x) = D veE ¢? (x, x") which is the intensity of the exponential waiting
time for a jump from state x. The transition probabilities for the embedded Markov

chain {x,} _ defined by x, := X;, where z, is the instance of the nth jump are
=0 "
PP (x,x') = S

Assume another jump Markov process {X; };cr .- defined by perturbing the transi-
tion rates by a small vector € € RX. Moreover assume that the two path probabilities
Qg rand Q §+T€ are absolutely continuous with respect to each other which is satis-
fied when ¢ x’) = 0 if and only if ¢/*¢(x, x') = 0, Vx, x’ € E. The following
theorem presents the decomposition of the pathwise relative entropy for the case of
continuous-time Markov chains.

Theorem 2 (a) The pathwise relative entropy for the above-defined continuous-time
Markov chain is decomposed as

T
(QOT | Q9+e) _ (v9 | v9+e) +/0 (Qt | Q9+e) , (15)

where the instantaneous relative entropy is equal to

A (Xi—, Xy)

01 0f+e) — o
H(07107") =Egy [k Kiloe e xp)

- (M xn) - We(xg)} :
(16)

(b) Assuming that the transition rate function ¢ (-, -) is differentialble w.r.t. the para-
meter vector 0, the pathwise FIM is also decomposed as

T
Z(Qo.r) =Z(v*) +/0 In(QY)ar (17)

where the instantaneous pathwise FIM is given by

Tn(0)) =Egy. [/\Q(X,_)vg log ¢ (X,—, X1)Va logce(X,_,Xt)T] .38
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Proof (a) As in the discrete-time case, the key element is an explicit formula for the
Radon-Nikodym derivative. The Radon-Nikodym derivative of the path distribution
ngT w.r.t. the perturbed path distribution ng; has an explicit formula known also
as Girsanov formula [18, 23],

dQ?):T
d Qg

V(X0 T X X)) "o b-e

AXp) =

where 19 (resp. v97€) is the initial distributions of {Xt}ier, (resp. {)_(,},ER+) while
N; is the counting measure, i.e., counts the number of jumps in the process up to
time ¢. Using the Girsanov formula, the pathwise relative entropy is rewritten as

R (61065

. | V8 (Xo) +/T A (Xi—, X))
= og—m og —mMmmm
%r B vre(Xo) " Jo L PTE(X,_, Xy)

T PO R I T g X XD
- Q(e):T 0g 1)9 (XO) + Qg:T 0 08 6'9+€ (X[_, Xt) T

T
o —Ego [/0 A x,) —A“f(x,)]dz] )

T
dN; — / 1 (Xp) — 20X )] dz}
0

Exploiting the fact that the process M7 := Nr — f(; A9 (X,)dt is a martingale, we
have that

T 0 T 0
' (Xi—, Xy) / 9 M (Xi—, Xp)
E log—————dN;|=E M (Xim)log m—————dt| .
007 |:~/0 08 acl +e(X,_, X;) l] Q0. |: 0 (Xi-)log e X—, Xp)

Thus, the pathwise relative entropy is rewritten as

R (04 1085)

=R (7 V) +Eg /T 2 (X, log iz X0)__ (A (X0 =27 (X)) dr
%o | Jo Ire(X,—, X;)
CQ(Xz—v Xy)

T
=R (\)0 | v9+€) +/0 EQ%;T |:)\9(Xt—) log m — (AG(X[) — )\9+6(Xt))i| dt

T
=R (v [v7F) +/0 H (0] 1077) ar,
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where the instantaneous relative entropy is defined as

¢ (Xi—, X1)

0| Ho+e) _ 6
H(Q71077) =Eg [A Xiolog e, X

G OR Wf(xt))} :
(b) Even though not directly evident from (16), the instantaneous relative entropy
for continuous-time Markov chains is locally a quadratic function of the parameter
vector 6. Indeed, defining the rate difference Sc(x, x') = /T (x,x") — ¢ (x, x'),
the instantaneous relative entropy can be rewritten as

H (07| 09*)

sc(Xi—, X1) .
=Ky _)L@(X,,)log (1 + M)] —Ego [27(X) — 27T (x))]
I Se(Xy—. X0) 1 (8e(Xi—. X0 ;
=P, | (X")(ce(xz_,xf) 2 (ce(xt_, Xt)) FORetim X0 ))}

+Eg [A7F(X) =27 (X)]

i [ Se(Xi—, X0\ 3
= EEQS:t AT (X-) (m) :| + O(l5cl”)

Due to the differentiability assumption on the transition rates in a neighborhood of
parameter vector 6 a Taylor series expansion of Sc(x, x') = € TVyc? (x, x")+0(le |2)
results in

H(Qf 1 07F)
1 ; se(Xi— X0\ 3
= E]EQg:r |:)» (X:-) (m) :| + 0(léc|?)

Voc (Xi—, X)Voc? (X,—, X)T
Ce (thv XI)2

I 7 P 3
S [x X,) ]e +0(eP)

1
= EETZH(Qf)e +0(le])

Where
I'H(Q)——E o | A (X;-)Vglogc” (X;—, X;)Vglogc” (X,—, X;)
t Q:t t 0 g r—> t 0 g t—>» t )

is the instantaneous FIM. Finally, the pathwise FIM is obtained from a straightforward
expansion of each element of the pathwise relative entropy in terms of €. It is given by

I(Q4.r) =Z(v") + / TIH(Q?)dr,

0



116 G. Arampatzis et al.

where Z (1) is the FIM of the initial distribution while Z3;(Q?) is the instantaneous
pathwise FIM computed above. O

Stationary regime: In the stationary regime, the instantaneous relative entropy is a
constant function of time since at each time instant the distribution of the states is
the—typically unknown—stationary distribution. The following corollary presents
explicit formulas for the relative entropy rate and the associated FIM at the stationary
regime.

Corollary 2 The relative entropy rate is equal to the ergodic average

0 /
0 O+€\ __ 6 / C(x’x)
H(Q'107) =y > (. 2') log -

_ (10 __10+4€
P> Ty "= w]. (19

while the FIM of the relative entropy rate, computed as its Hessian, has explicit
formula given by

IH(Q(’) =K, |:Z & (x, x")Vglog? (x, x") Vg log ¢ (x, x’)T:| . (20)
x'eE

Proof At the stationary regime, the instantaneous relative entropy is rewritten as

H (071 09%)

(X,—, X
= EQZ;, |:}\'9 (Xt—) IOg m — ()\,Q(Xt) — )\'04"6 (Xl))] (21)
0 /
_ EMH[ > (x,x') log % — W) — A9+€(x))] .
x'eE ’
0

5 Stochastic Differential Equations—Markov Processes

Consider a Markov process X; € R? satisfying a stochastic differential equation of
the form

[dXt = b9 (X,)dt + o (X,)dW, 22)

XONUQ

where b? is the drift function depending on the parameter vector 0, o is the state-
dependent diffusion matrix, W; is a d-dimensional Brownian motion while v is
the initial distribution of the process. Let QS:T denote the path space distribution
for a specific parameter vector #. Consider also a perturbation vector, € € RX, and
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denote by Q9+€ the path space distribution of the perturbed process X, satisfying
the stochastic differential equation (22) with perturbed drift function.

Under appropriate assumption on the components of the stochastic differential
equation, the pathwise relative entropy can be decomposed as in the previous cases
and an explicit formula for the instantaneous relative entropy can be estimated as the
following theorem asserts.

Theorem 3 (a) Assume that the diffusion matrix, o (x), is invertible for all x € R¢
and B g [exp { fo lo M (X BT (Xy) — b9 (X,)|* dt}] < oo (Novikov condi-
tion). Then the pathwise relative entropy for the above-defined Markov process is
decomposed as

T
R(Q6r1057) =R (! 1) + [ (@f1f)ar, @

where the instantaneous relative entropy is equal to
1 _ 2
H(QI11*) = 3By [lo (™ =" )] . @

(b) Assume further that the drift function b° is differentiable w.r.t. the parameter
vector 0. Then, the pathwise FIM has a similar decomposition and the instantaneous
FIM is given by

T (07) = By [ Vab” 07 (0 ()07 Vab’ () ] 25)

where Vgb? is a d x K matrix containing all the first-order partial derivatives of the
drift vector (i.e., the Jacobian matrix).

Proof (a) The inversion of the diffusion matrix is a necessary assumption for the
well- posedness of the Novikov condition which in turn suffices for the two path dis-
tributions QO r and QQJre to be absolutely continuous w.r.t. each other [24]. Addi-
tionally, the Girsanov theorem provides an explicit formula of the Radon-Nikodym
derivative [24] which is given by

dQb, T dv r 17
ng%({(xt)},zo) d9+e(X0)eXp[ /0 u(xp) AW, - 3 /0 |u(X,)|2dr],

where u(x) = o~ (x) (b7 (x) — b’ (x)). Furthermore, it holds that

t
W[ ::/ M(Xs)dt + Wl s
0
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is a Brownian motion w.r.t. the unperturbed path distribution Qg:T, meaning that, for
any measurable function f, it holds E or [ fOT fXnTd W,] = 0. Then,

0+ dv’ ! T Lt 2
R (0 1055) =gy, [loe ety = [ wcxoTaw, 3 [ ucxoPar

dve T T 1 T )
= EQ%:T |:10g PR (X()):| QO:T |:/0 u(Xy) thi| + EEQg:T |:/o lu(X;)| dti|

T
=R(v9|v0+e)+;E [/0 |u(X,)|2dt:|

0.0+ ’ 1
€
ROy )+/0 B, [luxoP]ar
T
=R 1) + [ IBlucxPar
0 t

where v? is the distribution of the process at time instant ¢. Hence the instantaneous
relative entropy is explicitly given by

1
H(07107%) = JEflo™! (") = " () []

(b) Due to the differentiability assumption, a Taylor expansion of the drift function
around the point 0 results in 571€ (x) — b? (x) = Vyb? (x)e + O(|€|*) where Vb’
is ad x K matrix containing all the first-order partial derivatives of the drift vector
function (i.e., the Jacobian matrix). Then, it is straightforward to obtain from (24)
that

T3(07) = E s [Vob” () (0 (x)a ()T 7! Vb’ (0)] .
(]

Stationary regime: In the stationary regime, the instantaneous relative entropy
becomes a constant function of time since the distribution of the process is equal
to the stationary distribution denoted by ¢ for all times. The following corollary
presents explicit formulas for the relative entropy rate and the associated FIM.

Corollary 3 Let Xo ~ u®. Under the assumptions of Theorem 3 the relative entropy
rate is equal to

1 _ 2
R(Q710™) = 3B o~ @™ 0 - @) . o)
while the FIM associated with the relative entropy rate is given by

T (Q%) = Eu[Vob’ ) (0 (x)o (x)") 7' Veb® ()] . 27)
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We finally remark that a popular method for modeling non-equilibrium systems
in atomistic and mesoscopic scales is based on the Langevin equation. Langevin
equation is a degenerate system of stochastic differential equations whose sensitivity
analysis based on the relative entropy rate and the associated pathwise FIM was
performed in [25].

6 Demonstration Example

In this section we give a numerical example of the pathwise relative entropy (6)
and pathwise FIM (8) for a continuous time Markov chain model. More specific, a
biological reaction network is considered and the quantities instantaneous RE (16)
and instantaneous FIM (18) are presented as a function of time.

6.1 Continuous Time Markov Chains: An EGFR Model

In [26], Kholodenko et al. proposed a reaction network that describes signaling
phenomena of mammalian cells [27-29]. The reaction network consists of N = 23
species and M = 47 reactions. The propensity function for the R; reaction, j =
I,...,47 and j # 7, 14, 29, obeys the law of mass action [2],

o= ()(3)

for a reaction of the general form “a;A; + B;B; ﬁ> ...7, where A; and B; are
the reactant species, o; and ; are the respective number of molecules needed for
the reaction, k; the reaction constant and x4 ; and Xp; is the total number of species
Aj and Bj, respectively. The binomial coefficient is defined by (Z) = #lk)v The
propensity functions for reactions R7, R4, Ry9 are being described by the Michaelis-
Menten kinetics, see [2],

a;j(x) = Vjxa,/ (Kj —I—XAJ,) , jJ=7,14,29, (29)
where V; represents the maximum rate achieved by the system at maximum (sat-
urating) substrate concentrations while K ; is the substrate concentration at which
the reaction rate is half the maximum value. The parameter vector contains all the

reaction constants,

0 =1[ki,... ke, ks, ... k13, k15, ..., kg, k30, . .., ka7, V7, K7, Via, K14, Va9, K291 .
(30)

In this study the values of the reaction constants are the same as in [26].
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For the initial data and parameters chosen in this study, the time series can be split
into two regimes: (a) a transient regime that approximately corresponds to the time
interval [0, 50] and (b) a stationary regime which approximately corresponds to the
time interval [50, 00).

Next, we discuss two sensitivity measures of the process {X,}!_: the instanta-
neous RE defined in (16)

(X)) =H (07 00F)

u af(x) 31)
=B [ S afooe o — (a0 - af o))
j=1 a;" (x)
with ¢ € [0, T'] and the averaged RE, defined as
1 t
e (ko) = [ (011 Q) as. rer0.71. (32)

In Fig. 1 the two sensitivity measures are presented for 7 = 100. As expected, the
averaged RE is smoother than the instantaneous RE while some of the qualitative
characteristics remain. On the other hand, quantitative characteristics, such as the
time that two instantaneous RE are crossed, are not preserved in the averaged RE. The
averaged RE in the interval [0, ¢] should be interpreted as a measure of the information
accumulated in the whole interval while the instantaneous RE is a measure of the
information at the time instant . Moreover, the second observable can be used as
part of an upper bound for a different sensitivity measure, see [15] for a detailed
discussion.

Let us define a different sensitivity measure as the relative difference between the
kth species of two systems were the £th parameter of the second is perturbed by €,

10
10°
107 /
‘ ; —— parameter 05
| — parameter 05 10*| — parameter 10
| —— parameter 10 | ter 12
» | parameter 12 ! - ;:::m:t:: 25
10 - parame:er gg 10° — parameter 29
-~ pamer e Farameter 48
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
time time

Fig. 1 The instantaneous RE, defined in (15), for the EGFR model (/eft) and the averaged RE,
defined in (32) (right)
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] O+€¢
Xk,t - Xk,t

(33)
X

Skt =

where ¢, is a vector with zeros everywhere and ¢’ in the £th position. In the following
examples the value of €’ for a perturbation in the £th parameter is ¢ = 0.16;. By
summing over all species we obtain a total sensitivity measure, which is only indexed
by the parameter index and time,

N
1
Ser = ; Skt - (34)

By observing the first row of Fig.2, which shows the instantaneous RE (16) for
¢ = 10 and £ = 29, we learn that perturbations in the 10th parameter have large
sensitivity for small times and as time varies the sensitivity is getting smaller. On the
other hand, perturbations in the 29th parameter have small influence on the system
for small times while for larger times the sensitivity becomes significant. These
observations are in good agreement with the sensitivity measure (33) presented in
the second and third row of Fig. 2.

157 parameter 10 |
1+ parameter 29|
oo ‘\\'\.F
0 1 1 1 1 1 ok L L
10 20 30 40 50 60 70 80 90
0_05 I T T T T T T T T T
0.04 | parameter 10| E
0.03 .
0.02 .
0.01 1 ey 1 e 1 i 1 1 1 1 4
10 20 30 40 50 60 70 80 90
0.015
0.01
0.005 1 | parameter 29|
0 b T 1 1 1 1 1 T T
10 20 30 40 50 60 70 80 90

time

Fig. 2 Instantaneous RE (15) for the EGFR model and parameters 10 and 29 (first row). The total
sensitivity of the system, as defined in (34), due to perturbations in the 10th parameter (second row)
and due to the 29th parameter (third row)
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Moreover there is a crossing in the instantaneous RE which happens around
t = 42. After this time the sensitivity in parameter £ = 29 becomes more significant
than the sensitivity in parameter £ = 10. This is again in agreement with the behavior
of the sensitivity measure (33). This observation shows that the transient regime is
more sensitive in perturbations in the 10th parameter while the equilibrium is more
sensitive in perturbations in the 29th parameter.

7 Conclusions

In this paper we presented two pathwise sensitivity measures for the analysis of
stochastic systems; the instantaneous relative entropy and its approximation, the
instantaneous Fisher information matrix. These sensitivity tools serve as an exten-
sion to transient processes of the sensitivity tools presented in [13]. Three examples,
discrete-time Markov chains, continuous-time Markov Chains and stochastic differ-
ential equations, were presented as an application of the new sensitivity measures. In
Sect. 6 we demonstrated, in a biological reaction network, how the proposed pathwise
sensitivity measure can be applied to transient, as well as in steady state regimes.

Finally, the pathwise sensitivity method is directly connected to a different sensi-
tivity measure that depends on specific observables. More specifically, if we define
the sensitivity index (SI) of the £th observable to the kth parameter as

S = 50 B[ ((X070) | (39)

then IFIM (18) serves as un upper bound of Sk ¢ through the inequality,

ISk.el < /Vargs (fOy () + (36)

where F = (f1,..., fr) is a vector of observable functions. This inequality fol-
lows by rearranging the generalized Cramer-Rao bound for a biased estimator [30,
31]. Due to low variance of the estimator of IFIM compared to the variance of a
finite difference estimator of Si ¢, the estimation of the right hand side of (36) is
faster than that of the left hand side of (36). In [15] the authors used this inequality
to efficiently screen out and exclude low sensitivity indices under a pre-specified
value and then performed a coupling finite difference algorithm [8] to accurately
estimate the remaining sensitivity indices Sk ¢. In Fig.3 the estimated SIs for the
EGFR model discussed in Sect. 6 are ordered in the parameter direction using only
the IFIM (18). Notice that the SIs are then grouped into four distinct regions. For a
detailed presentation of this methodology we refer to [15].
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Fig. 3 Ordering of the sensitivity index (35) in the time interval [0, 50] (left) and [0, 100] (right)
utilizing the averaged IRE (32). In this case f; ({XS}Z-:O) = %jOT Xy sds , which is the mean
concentration of the ¢th species in time interval [0, 7]
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The Langevin Approach: A Simple Stochastic
Method for Complex Phenomena

N. Reinke, A. Fuchs, W. Medjroubi, P.G. Lind, M. Wiichter and J. Peinke

Abstract We describe a simple stochastic method, so-called Langevin approach,
which enables one to extract evolution equations of stochastic variables from a set
of measurements. Our method is parameter free and it is based on the nonlinear
Langevin equation. Moreover, it can be applied not only to processes in time, but
also to processes in scale, given that the data available shows ergodicity. This chapter
introduces the mathematical foundations of this Langevin approach and describes
how to implement it numerically. In addition, we present an application of the method
to a turbulent velocity field measured in laboratory, retrieving the corresponding
energy cascade and comparing with the results from a computer fluid dynamics (CFD)
simulation of that experiment. Finally, we describe extensions of the method for
time series reconstruction and applications to other fields such as finance, medicine,
geophysics and renewable energies.

1 Introduction

“The present state of the universe is an effect of its past states and causes its future
one”. Such a claim is a fundamental assumption in every physical approach to our
surrounding nature and was mathematically defended for the first time two centuries
ago, in 1814, by Simon Laplace. Laplace had a dream [1], one where “an intellect at a
certain moment would know all forces that set nature in motion, and all positions of all
items of which nature is composed, [...] vast enough to submit these data to analysis
[...], to embrace in a single formula [all movements of the universe]”. Why was
this a dream? Because there are strong arguments against it, such as thermodynamic
irreversibility, quantic indeterminacy and nonlinear sensitivity to initial states. But
there is also a practical reason: such a high-dimensional problem, due to its huge
number of variables, would only be computable if one would take as model of
reality the reality itself, an approach which is pointless. To model reality one needs
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simplifications and stochastic methods enables one to simplify reality in several
adequate ways. In this chapter we describe one of such ways, which, in the last 15
years, has been successfully applied in several fields [2].

As an illustration we address the problem of turbulence, one of the central open
problems in physics [3]. A turbulent fluid is governed by the so-called Navier-Stokes
equations which cannot be approached analytically in all their detail. Therefore
one handles Navier-Stokes equations numerically, developing discretization schemes
which yield the solution of one specific problem. Such discretization in space and time
corresponds in general to high-dimensional problems which, in the limit of infinitely
small discrete elements, leads to infinite many degrees of freedom. Such numerical
approaches to the equations governing turbulence enabled rather successful insight
and modeling approaches for fundamental physics and engineering applications [3].

However, the Navier-Stokes equations, which are purely deterministic, could be
substituted by a stochastic approach, using only a few—the essential—variables,
say X; (i = 1,..., N) and incorporating the rest of the degrees of freedom in a
“stochastic bag”. In this way one arrives to evolution equations of the type:

dX;

d_tl = Fi(X17"‘7XN7t)+Gi(X1’"’7XN7F17"‘9FM’t) (1)
where function F; (X1, ..., Xn) is a deterministic function depending on each vari-
able X; and function G; (X1, ..., Xy, "1, ..., 'y) depends not only on variables

X; but also on stochastic forces I'; (j =1, ..., M). For G; = 0, Eq. (1) reduces to
a deterministic dynamical system and for G; ~ 0 one can take it as a deterministic
dynamical system subjected to small noise of constant amplitude [4].

In general however, not only function G cannot be neglected but it possesses a
much more complicated (nonlinear) dependence on the accounted variables. Such
functional dependence of G is important, for instance when one intends to describe
physical features of a process underlying a set of data or when aiming at predicting
or reconstructing a set of observations.

Having properly defined an equation such as Eq. (1), it should be possible to
reconstruct series of values of one variable, say X = X; in a statistical sense, i.e. it
should be possible to derive the conditional probability:

p(X @+ AN|X (@), X — A1), ..., X(t9)) 2)

for each set of values X (k) with k = 1y, ..., t. See sketch in Fig. 1.

In this chapter we will describe in detail how to derive an evolution equation such
as Eq. (1) from a set of measurements. Our method, so-called Langevin approach, is
fully introduced in Sect. 2. In Sect. 3 the Langevin approach is applied to turbulence
by using the data gained from an experimental study in Sect.3.1. Furthermore, the
Langevin approach is applied to a numerical simulation of the experimental study in
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Fig. 1 Tllustration of F and G in Eq.(1). The deterministic contribution, F = D, which drives
the system according to X — X + F At and a stochastic contribution G = v DT that is added
to it, according to some probability distribution. Both functions D" and D® have a well-defined
meaning and can be extracted from sets of measurements. See Sect. 2

Sect. 3.2. A comparative analysis, discussing the results obtained in the experiments
and simulations is given in Sect.3.3. Section4 concludes this chapter, discussing
briefly recent trends in the Langevin approach and other possible fields and topics
where it can be successfully applied.

2 The Langevin Approach

To introduce the Langevin approach, we first explain in Sect. 2.1 what processes in
scale! are and relate them with the usual processes in time. In Sect. 2.2, the necessary
conditions under which the Langevin approach is applied are given together with a
brief description of how to verify these conditions in empirical and simulated data.
Section 2.3 describes the derivation of the deterministic and stochastic contributions
with a given set of measurements taken from a process in scale. Finally, in Sect. 2.4 we
derive the stochastic evolution equation describing a process in scale. A particular
example is described, namely the “Brownian motion” in scale, using the Galton
box as an illustration, which complements the usual Brownian motion described by
Einstein [5] and Langevin [6].

IIn statistics such processes are also known as branching processes.
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2.1 Processes in Scale

There is a famous poem by Richardson [3] about turbulence which summarizes his
important paper from 1920 [7]: “a turbulent fluid is composed by a few big eddies that
decay into smaller eddies, these ones into even smaller eddies, and so on to viscosity”.
The energy that feeds the turbulent fluid enters the system on large scales—through
the largest eddies—and travels towards smaller and smaller scales up to a minimum
scale where it leaves the system by means of dissipation. In each of these steps the
energy of the larger eddy is randomly distributed between the smaller “child” eddies.
Such a pictorial view of turbulent energy traveling through a hierarchical succession
of length scales leads to the concept of the turbulent energy cascade evolving in the
spatial length scale as the independent variable.

One may ask if it would be possible to extract such energy cascade from empirical
data, e.g. from a set of velocity measurements at one specific point of the fluid.
In the following we show that indeed it is possible [2, 8, 9]. Describing how a
property behaves across an ordered series of different spatial scales is analogous
to the more common description of the evolution of a property in time, with the
important difference that instead of the time-propagator in Eq.(2) one has now a
“scale-propagator”.

Assuming that one has a non-negligible stochastic contribution, the aim is to
derive an equation analogous to Eq. (1) where the spatial scale r plays the role of
time ¢. Since the independent variable r accounts for the size of some structure, like
an eddy, we choose for the dependent variable the difference of an observable X at
two distinct positions, separated by r, namely the increment

AX (x) =X +r) — X(x) 3)

with x being a specific location in the system. Thus, the scale-propagator describes
how this increment—or difference—changes when the distance increases or decreases
as follows:

p(AXrJrArlAXry AXV*A}H RN A)(r())~ (4)

Four important remarks are due here. First, the scale increment Ar in Eq. (4) can
in general be positive or negative. In fact, as we will see in the next sections, the
energy in turbulence flows from the largest scales, of the size of the system itself,
toward the smallest scale at which dissipation takes place. Therefore, in turbulence
one considers a scale-propagator as in (4) with Ar < 0.

Second, one should define a proper metric for the scale r. Is the spatial distance
the best choice? Or is there a more appropriate functional of spatial distances? A
process in time evolves according to an iteration from ¢ to ¢ + dt. The same should
occur for processes in scale. However, when “iterating” from one scale to the “next”,
one iterates in a multiplicative way, i.e., from one scale to the next one multiplies
the previous scale by some constant a, yielding a succession of scales r, = a" —
Tntl = a"t! = ar,. A suitable choice of an additive scale, similar to the additive
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time iteration, is the logarithmic scale logr, since in this case one has logr, =
nloga — logr,4+1 = (n + 1)loga = logr, + loga. This logarithm scale is of
importance to understand the concept of self-similarity, which is closely related to
processes in scale. Self-similarity is the property that a phenomenon may manifest,
by showing invariance under multiplicative changes of scale, as observed in turbulent
flows. Indeed, following Richardson’s poem, eddies are self-similar objects, since
multiplying or dividing their size by a proper scaling factor we obtain an eddy again.
With the logarithmic scale we “convert” the multiplicative changes into additive
ones.

Third, when analyzing processes in scale, ideally one would consider a field of
measurements taken simultaneously within a spatially extended region. What one
typically has, contrastingly, is a set of measurements in time taken at a particular
location. To extract processes in scale from single time series, one requires the prop-
erty being measured to be ergodic: the system should display the same behaviour
averaged either over time or over the space of all the system’s states. In the particular
case of a turbulent fluid, ergodicity reduces to the so-called Taylor hypothesis [3].

Fourth, while the derivation of a propagator in scale may be helpful for uncovering
phenomena such as the energy cascade in turbulence, one may also aim to bridge
from the derived propagator in scale to a propagator in time which would enable
time-series reconstruction. As shown in previous works [10], our Langevin approach
enables such bridging from scale to time.

Henceforth, we will consider a process in scale, i.e. a succession of increments
A X, of a measurable property X, with:

s = log (R’"‘”‘) (5)

r

taking values from sg = O (largest scale r = Ry4x) to 51 = 10g (Ryiax/ Rmin) at the
smallest scale r = R,;,. Notice that, ds = —dr/r and therefore, for dr < 0 one
arrives again at a positive scale increment.

2.2 Necessary Conditions: Stationarity and the Markov
Property

To apply our method, two important features must be met. First, the set of measures
from which one extracts the succession of increments in scale must be a stationary
process. Second, the process in scale must be Markovian.

For the process X; to be stationary, the corresponding conditional probability in
Eq. (2) should be invariant under a translation in time, t — ¢ + 7, VT. Numerically
such property cannot be tested in sets of measurements. As an alternative, one usually
divides the set of measurements in n subsets of N/n > 1 data points and computes
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the first four centred moments. In case the centred moments do not vary significantly
from one subset to the next one, the set of measurements is taken as stationary.
The Markov condition of the scale process reads [11]:

PAXs i as|AXs, AXs A5y ..., AXS()) = p(AXs1as|AXS). (6)

Notice that, an important consequence of the Markov condition is that any n-point
statistics on X can be extracted from the two-point statistics [12] on the increments,
P(AXs1as, AXy), ie. three-point statistics on X. The two-point joint distribution
of the increments contains all the information of the scale process.

Equation (6) tells us that, any conditional probability distribution from the process
conditioned to an arbitrarily large number of previous observations equals the con-
dition probability conditioned to the single previous observation solely. Again, such
condition is not possible to ascertain in all its mathematical detail. A weaker version
of Eq. (6) suitable for numerical implementation is:

P(AX i as|AXs, AXs As) = p(AX sy as|AX). @)

Both conditions in Egs. (6) and (7) are equivalent under the physically reasonable
assumption that the dependency of the future state on previous states decreases
monotonically with the time-lag. The equality in Eq. (7) can be qualitatively verified
by plotting contour plots in the range of observed values for A X, Ay and AXj, and
fixing AX,_a; = X. It can also be quantitatively tested through the Wilcoxon test
[13], x2-test, or by computing a Kullback-Leibler distance between both conditional
distributions [14].

2.3 The Fokker-Planck Equation for Increments

Once the stationarity of our measures as well as the Markov condition for their incre-
ments are fulfilled, we are able to determine multipoint statistics for our increments.
Since the process is Markovian in scale, it can be easily proven that for any integer
N one has:

p(AXs, AXs ps, AXg A5, -+ AXs NAs) =

N
H P(AXs—(k—1)Ass AXs—kAs)
=l P(AXs_kAs)

:| p(AXs—NAs) P (8)

and
o

P(AXs_kAs) =/ P(AXs—k—1)Ass AXs—kas)dAXs_(k—1)As> )
o0
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for all k = 1,..., N. Thus, all information of our process is incorporated in the
two-point statistics of the increments.

It is known that [12], the conditional probability distributions obeys the so-called
Kramers-Moyal (KM) equation:

- = 2 _ *)
8Sp(AXS|AXSO) = 2 ( 8(AX)) D™ (AX, s)p(AXs|AXy,), (10)

with functions D®, so-called KM coefficients, being defined through conditional
moments M® in the limit of small scale increments, namely:

M®(AX, s, As)

pD®(AX,s) = lim ————2 =27 11
(AX,5) = lim K As (11a)
o0
MP(AX, s, As):/ Y — AX)F p(Y|AX,)dY. (11b)
—0Q

Notice that, from Eq.(11a), one can see that mathematically each KM coefficient
of order k, apart a multiplicative constant 1/k!, is the derivative of the conditional
moment of the same order k.

Numerically, there are two ways for deriving KM coefficients. One is by com-
puting the conditional moments M ®) for a range of observed values of AX and s,
which is divided in a certain number of bins, and repeating the computation for sev-
eral values of As. In the case where the conditional moments depend linearly on As,
at least for the lower range of values, the KM coefficients are taken as the slope of the
linear interpolation of the corresponding conditional moment in that range of values.
In case such linear dependency is not observed, a second procedure is possible: one
computes at once the entire fraction within the limit in Eq. (11a) again for a range of
observed values of AX and s, divided in a proper number of bins, but this time one
takes the range of smallest values of As and through a linear interpolates infers the
projection in the plane As = 0.

The error for D® are just given by the linear interpolation of the corresponding
conditional moments as functions of As. The errors of each value M (k)(AX ,8),
necessary for computing the errors of the linear interpolation, are given by [15]:

024 (AX, As) = MO (AX, As) — [M(k)(AX, As)]z. (12)

The KM equation (10) also holds for the single probability distribution, since
multiplying both sides by p(A X)) and integrating in A X yields the same equation
for p(AXy).

An important simplification in Eq. (10) follows if the fourth KM coefficient van-
ishes or is sufficiently small compared to the first two KM coefficients. Such sim-
plification is based on Pawula’s Theorem which states that if D® = 0 then all
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coefficients in Eq.(10) are identically zero except the first two. Consequently the
Kramers-Moyal equation reduces to the so-called Fokker-Planck equation:

9 9 9
— p(AX|AX ) =(———— DV (AX, s)+ ————
asp( s so) ( I(AX) ( Y)+3(AX)2

DY (AX, s))p(AXS|AXSO).
(13)

For such differential equation of the single probability function one can derive
differential equations for the structure functions of the increments [9]. Uncertainties
in Eq. (11a) can be overcome, namely when estimating the limit, by considering a
subsequent optimization of D" and D®. This optimization procedure is based in
a cost function derived from the conditional probability density functions, which
are deduced from both the experimental data and from Kramers-Moyal coefficients

directly [16, 17].

2.4 Langevin Processes in Scale

The Fokker-Planck equation (13) above describes the evolution of the conditional
probability density function p(AX|AX,,) for a process in scale which can be gen-
erated by a Langevin equation of the form:

d
S(AX) = DW(AX,s) + VDO (AX, 5)T, (14)

where Ty is a §-correlated noise (in scale s) with (I'y) = 0 and (T',T'y/) = (s — 5').

To illustrate the Langevin process in scale described by Eq. (14), we consider the
particular case of D) oc —AX and constant D, reducing the general Langevin
equation to the particular case of Brownian motion “in scale”.

What is the Brownian motion in scale? Though more abstract than the usual
Brownian motion [6], Brownian motion in scale can be illustrated by a Galton Box
[18], as sketched in Fig.2. The Galton box is an apparatus consisting of a vertical
board with interleaved rows of pins, typically with a constant distance between
neighbouring pins. Balls are dropped from the top, and each time they hit a pin,
they bounce, left or right, downwards. At the bottom, balls are collected in several
columns separated from each other.

In a Galton box, the horizontal rows of pins represent the succession of scales,
S1, 82, ..., with a constant distance between adjacent rows, representing the scale
increment As. From one scale s to the next one si4 the possible ways a ball can
bounce doubles. Since s is in fact a logarithmic scale of 2", s, = n log 2, and therefore
s scales linearly with the vertical distance to the starting point.

As for the horizontal distance from the centred vertical line, it represents the
increments AX. We recall that for processes in scale one has a scale s playing
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Fig. 2 The Galton box as an
illustration of Brownian
motion in scale. Note that the
converging distribution for
the increments is [ ] [
proportional to J
exp[—2(AX)%/s],a e o o
Gaussian distribution with K
standard deviation e © | o o
proportional to /s

® AX

s=nlog(2)

the role of time and one has increments instead of single values of the observable
X. Thus, similarly to the solution of the original Langevin equation for Brownian
motion, in this case one also obtains a Gaussian distribution of increment values
centred at (AX) = 0 and with a variance proportional to As. Note that the normal
approximation of this binomial distribution is N (0, s/4).

Such illustration of a process in scale is a very simple one. To properly imagine
a picture of general scale processes in turbulence two important differences must be
considered. First, the energy (i.e. velocity increments) flow from the largest to the
smallest scales, which is opposite to the illustration with the Galton box. Second, the
KM coefficients for the Galton box are those of the simplest situation that we named
as Brownian motion in scale, due to its straightforward parallel with usual Brownian
motion. Here the KM coefficients do not depend on scale s. In turbulence, as we will
see, not only the dependency on the increments is more complicated, but there is an
important dependence on the scale s.
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3 Applying the Langevin Approach to Turbulence

3.1 The Langevin Approach in Laboratory Turbulence

The experiments were conducted in a closed loop wind tunnel with test section
dimensions of 200cm x 25cm x 25cm (length x width x height) at the Uni-
versity of Oldenburg. The wind tunnel has a background turbulence intensity of
approximately 2 % for Uy, < 10m/s. The inlet velocity was set to 10m/s, which
corresponds to a Reynolds number related to the biggest grid bar length L of about
Rep, = UsxoLo/v = 83800, where v is the kinematic viscosity. Constant tempera-
ture anemometry measurements of the velocity were performed using (Dantec 55P01
platinum-plated tungsten wire) single-hot-wire with a wire sensing length of about
ly = 2.0 &£ 0.1 mm and a diameter of d,, = 5pm which corresponds to a length-
to-diameter ratio of [, /d,, =~ 400. A StreamLine measurement system by Dantec
in combination with CTA Modules 90C10 and the StreamWare version 3.50.0.9
was used for the measurements. The hot-wire was calibrated with Dantec Dynamics
Hot-Wire Calibrator. The overheat ratio was set to 0.8. In the streamwise direction,
measurements were performed on the centerline in the range between Scm < x <
176 cm distance to the grid. The data was sampled with f; = 60kHz with a NI PXI
1042 AD-converter and 3.6 million samples were collected per measurement point,
representing 60s of measurements data. To satisfy the Nyquist condition, the data
were low-pass filtered at frequency f; = 30kHz.

For the present work, a fractal grid was placed at the inlet of the wind tunnel,
see Fig.3. In general, fractal grids are constructed from a multiscale collection of
obstacles which are based on a single pattern which is repeated in increasingly

Fig. 3 Illustration of the t=20.1mm t
space-filling square fractal
grid (SFG) geometry, placed
at the inlet of the test section
for the experiments, and
considered when
implementing the
corresponding numerical
simulations

Lo=128.4mm
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Table 1 Geometrical properties of the utilized fractal grid
N | o/% Lo/mm to/mm | Rp R, L, t, Mesr/mm | T/mm
3 | 364 128.4 20.1 0.54 0.36 35 7.7 24.6 250

o is the blockage ratio and T the cross section of the wind tunnel (and also of the simulation domain)

numerous copies with different scales. The pattern our fractal grid is based on is
a square shape with N = 3 fractal iterations. The fractal iterations parameter is
the number the square shape is repeated at different scales. At each iteration (j =
0, ..., N — 1), the number of squares is four times higher than in the iteration j — 1.
Each scale iteration j is defined by a length L ; and a thickness ¢; of the squares bars
constituting the grid. The thickness of the square bars in the streamwise direction
is constant. The dimensions of the square patterns are related by the ratio of the

length of subsequent iterations R; = Lfi 1 and by the ratio of the thickness of
subsequent iterations R; = t— respectively. The geometry of the fractal grid we
used (also called the space ﬁlllng fractal grid [19]) is completely characterized by

two further parameters namely the ratio of the length of the first iteration to the last

one L, = Lio and the ratio of the thickness of the first iteration to the last one

_lo
IN—
Colrvltrary to classical grids, fractal grids do not have a well-defined mesh size

M.rr. However, an equivalent effective mesh size was defined in [19]. A complete
quantitative description of the N3 fractal grid we used in this study is reported in
Table 1.

ty =

3.2 The Langevin Approach in Simulated Turbulence

The flow over a fractal grid is described by the three dimensional, incompressible
Navier-Stokes equations. The equations are discretized and solved using a turbulence
model. In this investigation, the Delayed Detached Eddy Simulation (DDES) [20]
with a Spalart-Allmaras background turbulence model [21], commonly referred to
as SA-DDES is used. DDES is a hybrid method stemming from the Detached Eddy
Simulation method (DES) [20], which involves the use of Reynolds Averaged Navier-
Stokes Simulation (RANS) at the wall and Large Eddy Simulation (LES) away from
it. This method combines the simplicity of the RANS formulation and the accu-
racy of LES, with the advantage of being less expensive, in terms of computational
time, when compared with pure LES. DDES is an improvement of the original DES
formulation, where the so called “modelled stress depletion” (or MSD), is treated
[22, 23].

The numerical simulation was set up analogous to the experiments in order to
compare the results in a consistent manner. The open source code OpenFOAM [24]
was used to solve the incompressible Navier-Stokes equations. OpenFOAM is based
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on the finite volume method, and it consists of a collection of libraries written in C++,
which can be used to simulate a large class of flow problems. For more information
about the available solvers and turbulence models, refer to the official documentation
[24]. The solver used in this investigation is the transient solver pimpleFoam, which
is a merging between the PISO (Pressure implicit with splitting of operator) and
SIMPLE (Semi-Implicit Method for Pressure Linked Equation) algorithms. A second
order central-differencing scheme is used for spatial discretization, and a backward,
second-order time advancing schemes was used. The solver is parallelized using the
Message-Passing Interface (MPI), which is necessary for problems of this size.

The numerical mesh was generated using the built-in OpenFOAM meshing tools
blockMesh and snappyHexMesh [24]. As aresult, an unstructured mesh of 24 million
cells is obtained, where regions of interest in the wake are refined, as shown in Fig. 4.
The fractal grid is simulated in a domain with similar dimensions as the real wind
tunnel. The domain begins 2 m upstream of the fractal grid and covers a distance of 2m
downstream (see Fig. 5). The flow-parallel boundaries are treated as frictionless walls,
where the slip boundary condition was applied for all flow variables. At the inflow
boundary, Neumann boundary condition was used for the pressure, and Dirichlet
condition for the velocity. At the outflow boundary, the pressure was set to be equal
to the static pressure and a Neumann boundary condition was used for the velocity.
On the fractal grid, a wall function is used for the modified viscosity v, with the size of
the first cell of the mesh in terms of the dimensionless wall distance is y* ~ 200 [25].
For each simulation, 480 processors were used, and for each time step 4.5 GB of data
was collected for post-processing. The data sampling frequency was 60 kHz, chosen
to match the experimental one. It took approximatively 72 h to simulate one second
of data and a total of 20s of numerical data were collected. The data was collected
in the same positions as for the experimental study. The numerical simulations were
conducted on the computer cluster of the ForWind Group [26].

Fig. 4 Details of the
computational mesh used in
the computational
simulations of the N3 fractal
grid
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Fig.5 Schematic representation of the numerical domain considered and the system of coordinates.
The fractal grid is positioned where the dark block is drawn

3.3 Comparative Analysis

We estimate the Kramers-Moyal coefficients D) for the experimental and simu-
lated data. The coefficients are commonly parametrized as follows:

DO (u,r,x) =dii(r,x) - u, (15)
DP(u,r,x) = dy(r,x) - u? + dao(r, x), (16)
r\3 r\2 r
dii () = aip () (3) +ba) (3) +ea®s +du. (D)
The results of DY interms of a, b, ¢ and d are shown in Table 2, for the downstream

position x = 0.76 m. Note that the coefficients strongly depend on the downstream
position x. We present and discuss all scales in units of Taylors microscale A.

Table 2 Coefficients a, b, ¢ and d of the drift and diffusion terms for experimental (Exp.) and
simulated (Sim.) data, for downstream position x = 0.76 m

KM coeff. Data a b c d

d exp. —27x107° |5.6x107* | —0.075 -1.0
Sim. 6.7 x 1077 —7.4x107% | —-0.070 —0.89

d Exp. —21x107° [20x10™* | —0.0037 0.059
Sim. —6.6x107% [4.1x10~* —55%x107% | 0.072

do Exp. 0 0 0.10 0.18
Sim. 0 0 0.10 0.21
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Fig. 6 Kramers-Moyal
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Figure 6 presents Kramers-Moyal coefficients in terms of dy1, dag and dpy versus
the scale r/X. The coefficient are calculated within the inertial range. We chose this
range, because the DDES simulations treat flow structures of this size as universal
and simplify the turbulent flow properties by means of a sub-grid model, which is in
this case the Spalart-Allmaras model. Therefore, a validation with the experimental
data within the inertial range is of particular interest. Common limits of this region
are A &~ 3mm (small scale) and the integral length scale L ~ 12 cm (large scale).

The development of the drift term within the inertial range is shown in Fig. 6a.
Comparing the experimental and the simulated data no significant differences can be
observed. Both curves indicate a stronger drift term with increasing scale, as usual for
turbulent flows. The four outliers are most likely due to the optimization procedure.
Rarely, local minimum are found instate of the global.

The development of the diffusion term within the inertial range is shown in
Fig. 6b, c. Figure 6b shows the curvature of the diffusion term d55, a very small and
sensitive term. Here the experimental and the simulated data differ in their develop-
ment. At large scales the curvature differ significantly (d22 sim ~ 3 - d22,exp). At small
scales the developments draw near, but do not converge. The magnitude of d22 ey is
common, and shows why some studies neglect d»;. Figure 6¢ presents the diffusion
term offset dpg within the inertial range. Such as the drift term, no essential differ-
ences between the experimental and the simulated data can be observed. The linear
increasing of the offset is typical for the inertial range, it indicates the growth of the
increments (velocity difference) or vortices, respectively, with scale, cf. Eq. (14).

4 Discussion and Conclusions

In this chapter we described the so-called Langevin approach, a stochastic method that
enables deriving evolution equations of stochastic observables, providing important
physical insight about the underlying system.

The method was applied to the problem of turbulence, addressed experimentally
and by means of simulations by extracting the velocity increment time series, one
recorded in a wind tunnel experiment and one simulated by a delayed detached
large eddy simulation (DDES). For each case we extracted the functions defining
the stochastic evolution equation, the so-called Kramers-Moyal coefficients, and
parametrized them through polynomials of the scale.

The results show on the one hand good consistency in the two dominating terms,
namely the linear term d1 of the first KM coefficient (drift) and the independent term
dyo of the second KM coefficient (diffusion). Other terms, such as the quadratic term
dyy for the diffusion, may present deviations that appeal for further investigation,
which will carried out for a forthcoming study focusing on this specific experiment.

Concerning the Langevin approach as a stochastic method on its own, three points
are worth of mention. First, the method can also be applied to the usual processes
in time [2]. For that, one should simply interchange scale s and increments AX in
Egs. (10) and (14) by time 7 and observable values X respectively.
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Second, while the method implies the fulfilment of two important conditions,
namely stationarity and markovianity (see Sect.2.2), the method can still be adapted
to a more general situation where one or both this conditions are dropped. In case the
data series is not stationary, the Langevin approach can be applied to time-windows
within which the series can be taken as stationary [27]. As a result, one derives a set
of KM coefficients as function of time, one for each time-window. In the case the
data series is not Markovian, for instance due to measurement (additive) noise an
extension is still possible [15, 28].

Finally, the Langevin approach can be applied to a broad panoply of different
situations in topics ranging technical applications to biological, geophysical and
financial systems, e.g. electric circuits, wind energy converters, traffic flow, cosmic
microwave background radiation, granular flows, porous media, heart rhythms, brain
diseases such as Parkinson and epilepsy, meteorological data, seismic time series,
nanocrystalline thin films and biological macromolecules. For a review on these
topics see Ref. [2].

Acknowledgments We gratefully acknowledge the computer time provided by the Facility for
Large-Scale Computations in Wind Energy Research (FLOW) of the university of Oldenburg. WM
thanks the German Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit (BMU),
which financed this project. PGL thanks German Federal Ministry of Economic Affairs and Energy
(BMWi) as part of the research project “OWEA Loads” under grant number 0325577B.

References

Laplace P (1814, 1951) A philosophical essay on probabilities. Dover Publications, New York
. Friedrich R, Peinke J, Sahimi M, Tabar M (2011) Approaching complexity by stochastic meth-
ods: from biological systems to turbulence. Phys Rep 506:87
3. Pope S (2000) Turbulence flows. Cambridge University Press, Cambridge
4. Schreiber T, Kantz H (1999) Nonlinear time-series analysis. Cambridge University Press,
Cambridge
5. Einstein A (1905) Uber die von der molekularkinetischen theorie der wirme geforderte bewe-
gung von in ruhenden fliissigkeiten suspendierten teilchen. Annalen der Physik 17:549-560
6. Langevin P (1908) On the theory of Brownian motion. C R Acad Sci 146:530-533
7. Richardson LF (1920) The supply of energy from and to atmospheric eddies. Proc R Soc Lond
A 97:354-376
8. Friedrich R, Peinke J (1997) Description of a turbulent cascade by a Fokker-planck equation.
Phys Rev Lett 78:863
9. Renner C, Peinke J, Friedrich R (2001) Experimental indications for Markov properties of
small-scale turbulence. J Fluid Mech 433:383—409
10. Nawroth AP, Friedrich R, Peinke P (2010) Multi-scale description and prediction of financial
time series. New J Phys 12:021-083
11. van Kampen N (1999) Stochastic processes in physics and chemistry. North-Holland, Amster-
dam
12. Risken H (1984) The Fokker-Planck equation. Springer, Heidelberg
13. Wilcoxon F (1945) Individual comparisons by ranking methods. Biom Bull 1:80-83
14. Lowry R (2011) Concepts and applications of inferential statistics. http://vassarstats.net/
textbook/

DO


http://vassarstats.net/textbook/
http://vassarstats.net/textbook/

The Langevin Approach: A Simple Stochastic Method for Complex Phenomena 141

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Lind P, Haase M, Boettcher F, Peinke J, Kleinhans D, Friedrich R (2010) Extracting strong
measurement noise from stochastic series: applications to empirical data. Phys Rev E 81:041125
Kleinhans D, Friedrich R, Nawroth AP, Peinke J (2005) An iterative procedure for the estimation
of drift and diffusion coefficients of Langevin processes. Phys Lett A 346:42-46

Nawroth AP, Peinke J, Kleinhans D, Friedrich R (2007) Improved estimation of Fokker-Planck
equations through optimisation. Phys Rev E 76:056-102

Galton F (1894) Natural inheritance. Macmillan, New York

Hurst D, Vassilicos JC (2007) Scalings and decay of fractal-generated turbulence. Phys Fluids
19:035-103

Spalart PR, Strelets M, Allmara SR (1997) Comments on the feasibility of LES for wings, and
on a hybrid RANS/LES approach. Adv DES/LES 1:137-147

Spalart PR, Allmara SR (1994) A one-equation turbulence model for aerodynamic flows. La
Recherche Aerospatiale 1:5-21

Menter FR, Kuntz M (2004) The aerodynamics of heavy vehicles: trucks, buses, and trains.
Lecture notes in applied and computational mechanics, vol 19

Spalart P, Deck S, Shur M, Squires K, Strelets M, Travin A (2006) A new version of detached-
eddy simulation, resistant to ambiguous grid densities. Theor Comput Fluid Dyn 20(3):181-195
OpenFOAM (2013) The open source computational fluid dynamics toolbox. http://www.
openfoam.com/

White F (1998) Fluid mechanics. McGraw-Hill Higher Education, New York

FlowO01 (2013) Facility for large-scale computations in wind energy research. http://www.fkS5.
uni-oldenburg.de/57249.html

Camargo S, Queirés S, Anteneodo C (2006) Nonparametric segmentation of nonstationary
time series. Phys Rev E 84:046-702

Boettcher F, Peinke J, Kleinhans D, Friedrich R, Lind PG, Haase M (2006) Reconstruction of
complex dynamical systems affected by strong measurement noise. Phys Rev Lett 97:090603


http://www.openfoam.com/
http://www.openfoam.com/
http://www.fk5.uni-oldenburg.de/57249.html
http://www.fk5.uni-oldenburg.de/57249.html

Monte Carlo Simulations of Turbulent
Non-premixed Combustion using
a Velocity Conditioned Mixing Model

Michael Stoellinger, Denis Efimov and Dirk Roekaerts

Abstract Non-premixed turbulent combustion in a laboratory scale flame (Delft
IIT flame) is studied using a statistical description at the one-point one-time joint
velocity—scalar composition probability density function (PDF) level. The PDF
evolution equation is solved using a stochastic Lagrangian Monte Carlo method.
The PDF equation requires a so called micro-mixing model for closure and the per-
formance of two micro-mixing models is investigated. The Interaction by Exchange
with the Mean (IEM) micro mixing model is the most commonly adopted model.
The IEM model was developed for the scalar PDF method and does not depend on
velocity statistics. A physically more sound extension of the IEM is the Interaction by
Exchange with the Conditional Mean (IECM) which involves mixing of the scalars
towards mean values conditional on the velocity. Both models are applied in this
work and it is shown that the [ECM model does perform significantly better than the
simple IEM model.

1 Introduction

Combustion processes are characterized by a series of fast exothermic chemical reac-
tions between a fuel and an oxidizer accompanied by the release of heat. For large
scale applications safety is of major concern and thus these devices are operated
in non-premixed combustion mode. In non-premixed combustion, fuel and oxidizer
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enter the combustion chamber in separate streams and mixing has to occur before
the reactions take place. In this work we will focus on the modeling of non-premixed
turbulent combustion of gaseous fuels. In non-premixed combustion the interactions
between chemical and physical phenomena are of great importance. The turbulent
flow field gives rise to large instantaneous fluctuations in the thermochemical quan-
tities (such as temperature and gas composition). Molecular and turbulent diffusion
greatly affect the intensity of chemical reactions. Further, the chemical reactions
modify the flow field by changing the density and the viscosity of the gas mixture.
The coupling of the complex interactions between the turbulent flow and chemical
reactions over a large range of time and length scales poses the main difficulty for
modeling turbulent combustion.

Solving numerically the exact transport equations describing turbulent combus-
tion for all time and length scales is not suitable for engineering applications. Such
simulations, called direct numerical simulation (DNS), can be performed for simple
cases and due to the high computational cost their applications are limited to low
Reynolds number canonical flames. The computational cost can be reduced by solv-
ing only for the mean velocity and modeling the effects of turbulent fluctuations as is
done in the Reynolds Averaged Navier-Stokes (RANS) method. However, the con-
ventional RANS method is less suitable for modeling of turbulent reacting flows as
the mean chemical source term appears as unknown in the transport equations for the
mean scalar composition variables (the mean chemical species concentrations and
the mean enthalpy). Because the chemical source term is a highly non-linear func-
tion of the scalar composition variables it cannot be closed utilizing only the mean
values of these variables, but the knowledge of the full joint statistics of the scalar
composition variables is required. The exact transport equation for the one-point,
one-time joint probability density function (PDF) of the scalar composition vari-
ables (SPDF) can be derived from the Navier-Stokes equations [1, 2] but is unclosed
(i.e. it involves multi-point statistical information). The unclosed terms in the PDF
equation are the turbulent transport and the molecular mixing of scalar variables on
the smallest scales (further referred to as the micro-mixing term) and both terms
need to be modeled. The main advantage of the PDF method is given by the exact
treatment of the chemical reaction source term. The modeling of the micro-mixing
remains the biggest challenge in the PDF approach and a variety of models have
been proposed in the past [3].

In the composition PDF approach the effect of turbulent transport has to be mod-
eled in addition to micro-mixing. A more general statistical description is based
on the joint velocity-scalar PDF (VSPDF) approach which is considered in this
work. The turbulent transport (i.e. correlations between scalars and velocity) does
not require modeling in the VSPDF method since the velocity is included in the
statistical formulation. The modeled equation for the VSPDF is solved with a sto-
chastic Lagrangian Monte Carlo method. In the VSPDF method the micro-mixing
term in the PDF transport equation appears in a form conditioned on both the velocity
and the scalar composition. Most micro-mixing models are developed for the SPDF
approach [3] where velocity conditioning is irrelevant and are then simply adopted in
the VSPDF approach by making the assumption that the scalar mixing is independent
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of the underlying velocity statistics. The hypothesis tested in this work is that the
effects of velocity conditioning for micro-mixing models, used in the context of the
joint velocity-scalar probability density function approach, are not negligible and
should be accounted for. This work compares the performance of the Interaction by
Exchange with the Mean (IEM) micro-mixing model [4] with that of its velocity
conditioned version the Interaction by Exchange with the Conditional Mean (IECM)
model [5].

The IEM and IECM models are both used in simulations [6] of the Delft III flame
that has been studied experimentally at the Heat Transfer Section of Delft University
of Technology [7, 8]. The Delft III flame is a laboratory scale piloted non-premixed
co-flow flame burner with natural gas as the main fuel. Detailed measurements of
the turbulent flow fields and the thermochemical quantities in the Delft III flame are
available, permitting the assessment of the adopted modeling techniques.

2 Stochastic Modeling of Turbulent Non-premixed
Combustion

This section outlines the development of a stochastic model for turbulent react-
ing flows. First, the deterministic governing equations are presented and a simplified
treatment of the chemical reactions is introduced. Then, the exact but unclosed trans-
port equation of the joint velocity-scalar PDF is presented and closure models are
introduced. Finally, an efficient numerical solution method of the VSPDF equations
based on a stochastic Lagrangian Monte Carlo method is briefly described.

2.1 Deterministic Conservation Equations

The description of turbulent reacting flows is based on the conservation of mass,
momentum, energy and chemical species. The continuity equation describing mass
conservation is given by

dp | pU;

ar - dxi

0 D

where p is the density, U; the velocity and x; the Cartesian spatial coordinates with
i = 1,2, 3. Throughout this work, Einstein summation convention is adopted for
repeated roman letters but not for repeated greek letters. The conservation equation
for momentum can be written as

ap a
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where p is the pressure and ;; the viscous stress tensor given by

aU; 2 0U

aU;
o = 2 =58, 3
fij “(ax,- + Bxi)+3u8xk Y )

where p is the viscosity of the gas mixture. The Ideal gas assumption relates the
pressure to the density and temperature of the gas mixture:

n
Y,
p=pRT 3 - €
a=1 o

where R the universal gas constant, 7 the temperature of the mixture, n; the total
number of species, Y, the mass fraction and M, the molar mass of species «.
Throughout this work the low Mach number approximation is adopted which implies
that in the thermodynamic equation of state the pressure is assumed to be the constant
ambient pressure pg.

The conservation equation for the total specific enthalpy is given by

9 9 9
Lo+ L pUih = =" 1 pS,, 5
FTISRI Pl ox, s TP )

where J /h represents the molecular enthalpy flux and S}, is a source term. In this work
the effects of radiative heat transfer, viscous dissipation and transient pressure are
neglected and hence S;, = 0. The temperature dependency of the enthalpy for each
of the species is given by the caloric equation of state

ng

T
h="> Y (h{;’f + / cpa (T) dT/). (6)
Tref

a=1

Here T, is the reference temperature, hgff is the enthalpy of the species « at the
reference temperature and ¢, o is the specific heat of the species .
The conservation equations for species mass fractions Y, read

aY—i-a UY, = aJa—i-S (7
8['0 a 8)6(/'0 j = 8)6./' j POas

where J¥ denotes the diffusion flux and S, is the chemical reaction source term.
Neglecting effects of thermal diffusion and external body forces and assuming
Fickian diffusion with equal diffusivity ID for all species and enthalpy, the flux terms

are given by v o
J¢=—pD—=, Jh=_—pD—. 8
j r ox,” i 14 ox, ®)
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2.2 Simplified Chemical Description

The overall reaction of oxidation of methane, the prevailing component of natural
gas, is simply

CHy +20, — COy + 2H50.

However, in real methane combustion the conversion is a multi-step process and a
high number of intermediate species and elementary reactions should be considered.
As an example the Gri-Mech 3.0 reaction mechanism [9], which is reported to show
good performance for laminar test cases, contains 53 species and 325 elementary
reactions. Adopting such a mechanism directly means that the thermo-chemistry
requires the solution of 54 coupled PDE’s and that would render the problem numer-
ically intractable in particular for turbulent flames. A viable method to drastically
reduce the chemical complexity of combustion is the flamelet tabulation method.
The flamelet tabulation method describes a turbulent flame as an ensemble of sim-
ple 1-d laminar flame structures that are called flamelets. The simulations of such
1-d flamelets are done prior to the main turbulent flame simulation, generating a
lookup table to be used during the main simulation. In this process the whole ther-
mochemistry is stored as a function of a few controlling scalar variables, reducing
the computational costs during the main simulation.

The Flamelet Generated Manifolds (FGM) method [10] is employed in this work.
The FGM for non-premixed flames is a flamelet model with tabulation based on
two controlling variables: the mixture fraction & and the progress variable Y. The
mixture fraction £ is a conserved scalar representing the degree of mixedness. The
second controlling scalar is the reaction progress variable Y which is defined as a
linear combination of the main combustion products [10]

v Yco, | Ymo | Ym
MC02 MH20 MH2

€))

The FGM database is generated by solving counterflow diffusion flamelets numeri-
cally. The flamelet equations are a 1-D set of partial differential equations [10]. The
chemical mechanism adopted, is the aforementioned Gri-Mech 3.0 with ny; = 53
species and 325 elementary reactions. The main parameter in the flamelet equations
is the strain rate a. The strain rate can be related to the velocity difference between
the opposing fuel and oxidizer streams and the distance between the two streams.
The higher the strain rate the more “strained” the flames are and the closer they get
to extinction. Steady flamelets are solved for different strain rates a:

a=(1,2,5,7,10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
200, 300, 400, 500, 550, 600, 650, 700, 720) [1/s]
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Then, in order for the flamelet database to account for the process of extinction, a
time dependent solution of the flamelet equations has been found. This is achieved
by using the most strained steady flamelet (a = 720[1/s]) as an initial condition and
increasing the strain rate to the extinction value a = 730[1/s]. The time dependent
simulation is continued until the pure mixing limit is reached, providing a series of
additional states. Each counterflow diffusion flamelet is solved on a non-uniform grid
with 150 points using grid refinement (at the locations of higher gradients more cells
are automatically added to the grid), and the FGM database contains 23 steady and
12 unsteady flamelets. The flamelet equations are solved using the Chem1D software
developed at the Eindhoven University of Technology [11]. A typical solution for
the temperature in a flamelet with @ = 100 s~ is shown in Fig. 1. The figure shows a
plot of the temperature as a function of the mixture fraction (left) and the source term
of the reaction progress variable as a function of the mixture fraction. Both figures
show a strong dependence on the mixture fraction and that both the temperature
and the source term of the progress variable peak around the stoichiometric mixture
fraction &, ~ 0.07.

The tabulation is done by interpolating the flamelet solutions on a & — Y grid,
which is equidistant in both directions (150 &-points x 150 Y-points). The tabulated
variables are the density p, the temperature 7 and the source term of the reaction
progress variable Sy (£, Y). For an adiabatic flame such as the one considered in this
work the thermo-chemistry can thus be reduced to solving two scalar equations one
for the mixture fraction and one for the progress variable. To simplify the notation
we introduce the composition vector ¢ with components

¢a = (£, Y) (10)

The conservation equation for the mixture fraction and for the reaction progress
variable can now be combined to one equation for the composition vector

x 10
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Fig. 1 Temperature as a mixture fraction (left) and reaction progress variable source term (right)
for a Flamelet solution for a = 100s~!
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with S = 0 since the mixture fraction is a conserved scalar and S, = Sy (&, V).

2.3 Statistical Description

The large range of time and length scales in turbulent flows make the direct solution
of the deterministic equations presented in the preceding section computationally
intractable for flows of practical interest. A computationally more feasible approach
is to seek a statistical description. The set of random flow variables considered in this
work are the velocity vector U and the composition vector ¢ = (£, V) with the cor-
responding sample space variables V and ¢, respectively. The statistical description
is based on the one-point, one-time joint velocity-composition mass density function
(MDF) Fyg¢ (V, ¥; x, t) [1-3]. The joint velocity-composition MDF is related to the
joint velocity-composition PDF through

Fue V. ¥;x,0) =p @) fup (V. ¥;x,1) (12)

The main motivation to work with the joint velocity-composition MDF rather than
with the PDF is that in turbulence modeling of flows with variable density it is cus-
tomary to use density-weighted averages (Favre-averaging) to avoid terms involving
density fluctuations. The Favre average of any variable Q is defined by

0= @. (13)
(o)

The Favre-average of a function Q (U, ¢) can thus be expressed simply in terms of
the velocity-composition mass density function (MDF)

<m@mw=AAwaﬁwwwmww (14)

In the case that a quantity Q is not a function of U and ¢ only but is a well defined
property of the flow (for example containing a gradient of ¢) then Eq. (14) is gener-
alized to

<mmum=ﬁﬁ@wwﬂwwwwww (15)

The transport equation for the one-point one-time joint velocity-scalar MDF
Fue (V,¥;x,t) can be derived [1-3] from the conservation Egs. (1), (2) and (11)
and reads
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The first two terms on the RHS of this Eq. (16a) and (16b) represent the evolution
in velocity space and the last two terms (16¢) and (16d) account for the evolution
in scalar space. Terms (16a) and (16¢) are closed and the terms (16b) and (16d),
containing conditional expectation values, are unclosed and require to be modeled.
The closed velocity evolution term (16a) contains the mean pressure gradient and
mean viscous stress tensor. Unclosed velocity evolution terms describe the effects of
the fluctuating pressure gradient and the fluctuating viscous stress tensor, conditional
on the velocity and scalars. Both terms include gradients of fluctuating quantities that
cannot be expressed in terms of the one-point PDF (since gradient statistics would
require at least two-point statistical information). A typical model for this term is the
so called simplified Langevin model (SLM) which is given by [1-3]

U:W¢:¢%1 (16d)

o)
a (V. ¥) (17)
(1 + 3C0) E(V —lA];)

2 k

Coe 0F
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Q

where Cy = 2.1 is a model coefficient, k = 0. 5u/ 'u’! is the turbulent kinetic energy

(tke) and ¢ the dissipation rate of the tke which has to be provided by a separate model
(see below). The ratio k/e provides a time scale for the dissipation process of the
large turbulence scales and thus w = ¢/ k gives a characteristic turbulence frequency.

The closed term describing the evolution in scalar space consists of the mean
molecular diffusion flux and the mean reaction source term. The reaction source
term is closed since the source terms only depend on the composition vector and are
thus statistically fully described by the joint MDF ¥y (V, ¥; x, t). This is the main
advantage of working with a transport equation for the joint velocity-scalar MDF in
reacting flows. If only a small number of statistical moments of the MDF are solved
for (such as in conventional RANS modeling), the effects of the nonlinear chemical
source terms would have to be modeled.
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The unclosed scalar evolution term represents the effects of molecular mixing or
micro-mixing. This term can have a drastic influence on the turbulent flame evolution.
The main topic of this work is to investigate the performance of two different closure
models for the micro-mixing term. As an example, the simplest closure model is the
Interaction by Exchange with the Mean (IEM) model [4]

#<—3J’q/U—V¢—w>—<e|U—V¢—¢>

p@)\ ox | T T[T
~ Qa,mix(vv ¢) (18)
__See iy &
—_Zk(Wa ¢a),

where Cy is the so called mixing parameter.

By adopting the SLM (17) and the IEM model (18) a closed evolution equation
for the joint velocity-scalar MDF is obtained. Even for a steady state problem in two
spatial dimensions (dim(x) = 2, dim(U) = 2) and using the simplified chemistry
model (dim(yr) = 2) the MDF equation has derivatives in six dimensions. This
makes the use of standard computational techniques, such as finite-differencing,
inappropriate for this problem as the computational cost grows exponentially with
the dimensions ([12]). Moreover, the MDF has to remain positive and has to satisfy
the consistency property

/m (V. ¥:x.0dVdy = (p), (19)

which would be very difficult to ensure numerically using FD type discretizations.
Using a stochastic Lagrangian Monte Carlo particle method the computational cost
only increases linearly with the dimensionality of the equation and it is a simple
matter to ensure the constraints on 7 numerically [2, 3]. The Monte Carlo method
is based on a stochastic Lagrangian representation of the joint velocity-scalar MDF
and is described in the next section.

2.4 Monte Carlo Method

The joint velocity-scalar MDF is represented in terms of the properties of a large
number (N) of stochastic Lagrangian “fluid” particles [13]. The set of properties
assigned to each particle consists of a numerical weight, the position, the velocity
and the scalar composition. The particles can be viewed as different realizations
of a turbulent reactive flow experiment. An estimate of the MDF ¥y can then be
obtained as a simple ensemble average over N particles:

Fuon (V. ¥:x.1) = Am ﬁ“s (v - U(">) 5 (¢ - ¢<">) 5 (x - X(”) (20)
i=l1
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where U, ¢@ and X@ are respectively the velocity, the composition and the
position of the ith particle, Am = M/N is the amount of mass each particle is
representing. As N — oo, the expected value of the MDF (¢U¢N) approaches
the exact one Fyg. Within the Monte Carlo method, if all particles have the same
numerical weight, the average of an arbitrary function of composition Q (¢) can be
obtained from an ensemble of N particles as:

(0 (@) = Z 0 (s?). @

The statistical error €y is defined by the following equation:

eon = (Q)v — (QIv— oo (22)

and the standard deviation of the statistical error o¢,, expressed in terms of the
standard deviation o of Q reads:

1
o = ——00.
€N \/N 0

For more information on the numerical and statistical errors the interested reader is
referred to [2].

The evolution of the Monte Carlo particles in the velocity-composition-physical
space (U, ¢, X) starting at the initial value (U, ¢o, X¢) at the reference time 7y are
governed by the stochastic differential equations (using the SLM (17))

(23)

AXp = Urds (24)
19 (P) a(Tl]) 1 3 & ~ 12
dui =\ - dt —+=Co) - (UF - U;)dt C 2aw;
! (,O 0x; ox; I+ 2+4 0 k( i t) + (Coe) i
(25)
3 e
Ay = Oy, mixdt + So (P) dt + — (u ¢a) dt, (26)
axg \ Sc dxi

where 6y miy is the mixing model and W (¢) is an isotropic Wiener process with the
properties:
@dW @) =0, (dW; (1)dW; (1)) = dts;;. (27)

For the stochastic particle representation the IEM micro-mixing model is given
by (using w = ¢/ k for brevity)

1 —
Oamix = —5 Co (82 — a) (28)
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In the IEM method, micro-mixing is achieved by the decay of scalar variance which
is modeled by the deterministic drift of individual particles’ scalar values towards
the local Favre-mean value. More details on the different micro-mixing models con-
sidered in this work will be given in Sect. 3.

2.5 Hybrid Solution Algorithm

A hybrid finite-volume/Monte Carlo solution algorithm ([14]) is used in this work. In
the hybrid solution approach, the equations for the mean velocity U; and the veloc-

ity covariance uu” (the Reynolds stress tensor) that are implied by the adopted

stochastic model are solved by a conventional FV method. The hybrid method dras-
tically reduces the bias error [2, 14] that arises from the fact that the drift term in
the stochastic velocity evolution involves the local mean which is estimated by a
rather small sample (about 50-200 particles per cell). The chemical composition
of the flow is described completely by the stochastic particle ensemble and hence
the mean density (p) required in the mean continuity and momentum equations is

calculated from the stochastic Lagrangian solver. The domain is discretized into

non-overlapping finite volumes which are used to solve for U;, u u’j/ ,

using a FV method and also to compute mean values from the stochastic particles
such as (p) = > ic.on p®/ > iccenn- The FV solver and the Monte Carlo solver are

loosely coupled which means that several FV iterations (about 500) are performed
and then several Monte Carlo steps (about 10) are performed forming one hybrid
iteration. Figure 2 shows a sketch of the hybrid algorithm. The hybrid iterations are
repeated until a converged solution is reached. Convergence is usually judged based
on monitoring the mean temperature (coming from the Monte Carlo solver) at certain
positions within the domain.

(p) and ¢

Chemistry Scheme

LAGRANGIAN SUBMODEL EULERIAN SUBMODEL
____________________________  aindacedudicdetemodinbaals et thodketndafedn ot oot |
| | I |
i [Lagrangian Algorithm| | gon,. | [Finite Volume Method| |
1 e ————————————————— 1 'l 1 1
- solve for Il : ‘: solve for E
: particle properties: : v " mean fields: !
E £ g E Y : U, (phufu}, k. :
: ' i |
; 60 290 :

' At plih Tl '
I 1
1 1
| 1
I i

Fig. 2 Sketch of hybrid Monte Carlo solution method [12]
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3 Micro Mixing Models

Modeling of the micro-mixing effects remains the biggest challenge in the PDF-
approach. Its importance stems from the fact that the chemical reaction can occur
only after the scalars are mixed at the smallest scales [12]. The evolution of the joint
velocity-scalar MDF Fyg (V, ¥; x, t) by the scalar micro-mixing is described by:

o) = oy | o)

9 9 1 < 3%’

U:V,¢=1/;>? . 29)

3)(,'

eoc.mix

The main topic of this work is to investigate and compare the performance of two
micro-mixing models, namely the Interaction by Exchange with the Mean (IEM)
model [4] and the Interaction by Exchange with the Conditional Mean (IECM)
model [5].

3.1 Description of IEM and IECM Models

For a scalar composition variable ¢(§[n) of a stochastic Lagrangian fluid particle (n)

the IEM and the IECM models can be written as:

Ao =" . dt

o,mix

1 —
= —3Cp0 ( () _ ¢0,) dt (IEM) (30)

1 —
—3Cp0 (¢;n> _ ¢a|U) dt  (ECM) (3

where Cy is a model constant with standard value 2, @ the turbulence frequency
given by € /g, ¢, is the Favre-mean of the scalar ¢, of all particles residing in the

grid cell and d)/aTl/] is the Favre-mean of the scalar ¢, conditioned on the velocity.
In practice an approximation for the velocity conditioned mean of ¢, based on the
finite particle ensemble of a grid cell has to be found. In both models, micro-mixing
is achieved by the decay of scalar variance which is modeled by a deterministic drift
of individual particles’ scalar values towards the Favre-mean in case of the IEM and
the velocity conditioned Favre-mean in case of the IECM. The scalar variance decay
rate in Eqgs. (30) and (31) is taken to be proportional to the turbulence frequency w.
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3.2 The Correct Local Scalar Isotropy

Closure models for micro-mixing should satisfy a number of conditions. This topic
is explained in more detail in [3, 12] (and further references therein). One of these
properties is the correct local scalar isotropy. This property represents the fact that
scalar mixing can be dependent on the statistics of the velocity field, which is the
case for inhomogeneous scalar fields with a mean scalar gradient ([5]). From the
two micro-mixing models studied here, clearly, only the IECM model is designed to
take this property into account. The IEM model has been originally developed for
the joint composition PDF approach, where it is used to close the scalar mixing term
of the PDF equation conditioned only on the scalar composition:

IEM __ 1 _ 3 J?/
ax,‘

a,mix — W

¢=¢) (32)

When the IEM model is used in the joint velocity-scalar PDF approach the assumption
is made that the scalar mixing term in the PDF Eq. (16) is independent of the velocity
field

aJY

Bx,-

gy
3x,‘

¢ = 1/f>, (33)

while the IECM model accounts for such dependencies. The important consequence
of this, at first sight, small modeling difference is discussed next. Without loss of
generality we restrict the discussion to the mixture fraction £ which is a conserved
scalar (there is no source term due to chemical reactions). We also neglect the effects
of mean molecular diffusion for simplicity since we are mostly interested in high
Reynolds number flows. The transport equation for the joint velocity-mixture fraction
MDF Fye (V, ¢; x, t) [15] is the starting point:

0Fue _87"1/5 _ _i o B
d
- i (Gs,mix| U=V.,§= C)Tus], (34)

withtheterm (a;| U = V, & = ¢) asdefinedin (17) and where (¢ juix| U = V, & = ¢)
represents one of the two considered micro-mixing models. Now transport equations

for the mean mixture fraction },5 and the scalar flux u;£” can be derived from the
Eq. (34) by multiplying it respectively by ¢ or V;¢ and integrating over the phase
space (V, ¢), resulting in:

o
am§+8mUﬁz_<m%5, (35)
ot 0x; dx;
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and
D (p)ulE"  0(p)uE"T; 0l OF
or T ax, o Wy T el
+ (p) u;/eé,mix
<,0Ll//l/l//§//>
+ (p)ai§" — ————. (36)
ax./
In Eq. (36) the symbol denotes the Favre-averaging of a long expression.

The micro-mixing model should not affect the mean of a scalar (it only reduces the

scalar variance). Therefore, the scalar flux u}£” appearing in the equation for the
mean mixture fraction (35) should be independent of the micro-mixing model and

hence the term ug’ 0%, mix in the equation for the scalar flux (36) should vanish [16].
Expanding this term, by substituting the Eqs. (30) and (31) for 6¢ ;i for the IEM and
the IECM models, gives respectively:

ujo[ECM = —5Cyo0 |:u (6-ew )] = —3Cy0 /e —ue] =0. (37b)

Therefore, the [EM model introduces an extra term in the scalar flux equation, which
influences the turbulent flux and can affect the mean scalar field. In contrast, if the
IECM mixing model is applied, this term vanishes, resulting in correct representation
of the local scalar isotropy. Physically this issue can be explained as the fact that fluid
elements with similar velocity values (originally at the same location) will probably
remain together for a longer time and due to that their conditional scalar mean will
be different from the unconditional one [5]. This can be seen as mixing of the fluid
elements residing in one turbulent eddy, having thus a higher chance to mix among
each other.

3.3 Implementation of the IECM Micro-Mixing Model

The main difficulty of the implementation of the IECM model is finding the required

velocity-conditioned averages of the scalars participating in the mixing: ¢, |U = V.
In this work it is achieved using an algorithm found in [17], where the particles
residing in a finite volume cell are divided into subgroups according to their velocities
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called “conditioning bins”. The average of a particular scalar (mixture fraction or
progress variable) conditional on the velocity value representative of the conditioning
bin is then obtained by computing the average of this scalar from the particle scalar
values that belong to the bin. Arranging the particles into the conditioning bins is
done as follows, reminding that due to the 2D geometry the velocity space is two
dimensional U = (Uy, U,):

1. The particles in the element are sorted according to their first velocity component.

2. The sorted list is divided into N parts with an approximately equal number of
particles and each of these is consequently sorted in the second velocity compo-
nent.

3. Again dividing each of the found lists into N, parts with an approximately equal
number of particles results in obtaining N, = Nj x N, conditioning bins, each
containing particles with comparable velocity values.

An illustration of the result of this procedure is given in Fig. 3. This is shown for a
cell containing N/, = 350 particles which are subdivided in N. = 12 conditioning
bins. The particles belonging to the same bin have the same symbol in the plot. The
amount of particles in each conditioning bin is thus np = 29. The configuration of
subdivision in the U; and U, velocity range for this particular example is chosen to
be N1 = 4 and N, = 3 respectively.

The calculation of velocity conditioned scalar Favre-mean value is considered
next. Figure 4 shows the scatter plot of the same set of Monte Carlo particles as given
in Fig. 3, but now plotted as a function of scalar variables & and Y. The blue rec-
tangles are drawn through the minimum and the maximum of both scalar variables
in every conditioning bin, in this way a rectangle corresponding to a conditioning

" [m
ug ["Ys]

u i'l.f [??1}.{3]

Fig. 3 Scatter plot (for one cell) of the distribution of the particles among N, = 12 conditioning
bins as a function of velocity fluctuations u!. Particles residing in one bin are assigned the same
symbol



158 M. Stoellinger et al.

[

1
025 03 035 04 0.45 0s 055 06 065 07 075
&

Fig.4 Scatter plot of the Monte Carlo particles from one cell as a function of the scalar composition,
particles belonging to one conditioning bin are assigned the same symbol with the range of the scalar
values indicated for each conditioning bin by a blue rectangle

bin illustrates the range of scalars in this bin. The velocity conditioned scalar
Favre-average in a conditioning bin containing np particles is estimated using:

1

np
T 29, (38)

i=1

(9o lU=V)= (b lU=V)@up =

with W) the total numerical weight of the particles in the bin, given by:

np
W) — Zw(i). (39)

i=1

For the mixing step, the particles of a given conditioning bin are mixed according to
the Eq. (31), with the velocity conditioned scalar mean given by Eq. (38).

An idealized test case is studied to assess the quality of the method used to deter-
mine the velocity conditioned scalar mean. This test case applies the conditioning
binning method, explained in this section, to a set of N, random particles generated
as a bi-variate normal distribution with the mean vector and the covariance matrix

given by:
0.5 0.01 0.32
w= (12 ) > = (0.32 16 ) “0)

The first variable can be thought of as a scalar ¢ and the second as a velocity com-
ponent U. The set is subdivided into N, = 12 equally large bins, each containing
np particles with comparable velocity U. Then the velocity conditioned mean of the
scalar (¢ |U ) (sp) can be estimated for each bin. The fact that the set of particles is
generated as a bi-variate normal distribution with known mean and covariance values
allows to calculate the exact U-conditioned mean of ¢:
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07

Exact
+  Estimated

Fig. 5 Test case. Comparison of the estimated and the exact values of (¢ |U )

<¢IU>=M¢+pZ—z(U—MU)- (41)

Now the estimated and the exact values of the velocity conditioned scalar mean can
be compared. This comparison is shown in Fig. 5 for N, = 300 particles (resulting
in the size of each bin np = 25). In Fig.5 the “estimated point” for each of the
12 conditioning bins is located at the coordinate ((U Ynpy» (@ U )(np)). In this way
it is assumed that the bin-estimated U -conditioned mean of ¢ corresponds to the
mean U -value in this bin (qb }U = (U) () ) ) Therefore, the estimated conditional
mean is most representative for the particles with the U value close to the bin aver-
age. For particles (contained in the same bin) with the U-value slightly deviating
from the mean (U) ,,) the bin-estimate of the conditional mean will be slightly less
representative.

This test case is performed varying the number of particles per bin np from 25
to 500, to assess the bin size dependence of the expected relative statistical error
€(np)- This is done for multiple times to perform an ensemble averaging to reduce
the stochastic error. Figure 6 shows the plot of the expected relative statistical error
€(np) as a function of the conditioning bin size np, calculated by:

> (42)
EA

The plot shows also aregression, performed on this data set in order to fit the following

equation:
regress __ Cl
=\ 43)

. _<‘<¢|U><n,,) — (¢l U)
) = (¢l U)
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Fig. 6 Expected relative statistical error €(,) as a function of bin size (np)

resulting in ¢; = 0.17. The conducted test case shows that the statistical error of the
method used to estimate the velocity conditioned scalar mean is inversely propor-
tional to the square root of the bin size.

The actual number of particles per cell N,/ is varying between different cells
and Monte Carlo iterations. In the PDFD code this number is controlled by the
simulation input parameter “nominal number of particles per cell” N ;‘/’Z‘ The actual
number of particles per cell in a simulation lies mostly between 80 and 95 % of

the N ;‘/’2” rarely occurring below these values. Assuming that the result of the test

case, showing €,y 1y JGpy» can be qualitatively applied to the real joint velocity-
scalar composition PDF Monte Carlo simulation, the choice of the bin size in the
implemented IECM subroutine is made prescribing the minimal allowed number of
particles per bin (np),,;,. This is done to keep the error of the velocity conditioned
scalar mean estimation as homogeneous as possible throughout the domain. Table 1
shows examples of the configurations of subdivision in the U; and U, velocity
components (N; and N») for different number of particles per cell N/, with the
(nP) pin = 25 prescribed.

One of the simulations performed has an input N )9 = 360 and (np),,,;, = 25,

which implies that for most of the cells (as long as 300 < N, < 375) the
conditioning bins configuration N, = 12 (N; = 4 and N> = 3) is automatically cho-
sen by the IECM subroutine. In practice employing the implemented IECM mixing

Table 1 Binning configuration for different number of particles in a cell N/, as a result of pre-
scribed minimal size of a conditioning bin equal (np),,;, = 25

Npje | <50 | <100 | <150 | <200 | <225 | <250 | <300 | <375 | <400 | <450 | <500

Nix [1x1 [2x1 |2x2 |3%x2 |4x2 |3x3 |5%x2 4x3 |5%x3 |4x4 |6x3
N> (IEM)
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model and taking the minimal number of particles per bin to be lower than 25 (e.g.
in the order of 10) caused the resulting profiles to be heavily oscillating and discon-
tinuous. Most probably the reason of the non-smooth profiles is the high statistical
error of the conditional mean estimation. So the simulations performed in this study
are done with (np),,;, = 25 or (np) i, = 50.

4 Test Case and Numerical Details

4.1 Delft II1 Flame

To investigate the performance of the two different micro-mixing models IEM and
[ECM the experimental data of the Delft III flame is used. The Delft III flame is
generated by a piloted non-premixed co-flow flame burner as shown in Fig.7. The
Delft III burner was designed to produce an axisymmetric turbulent diffusion flame.
The burner is I m long and consists of the central fuel pipe surrounded by two
concentric pipes providing a primary and a secondary air co-flows. The fuel is Dutch
natural gas with the volumetric composition approximately given by: 81 % C Hy,
3% CyHg, 15 % N ([18]). Initially the fuel pipe diameter is 8 mm, at the position
16 mm upstream of the nozzle exit this diameter is decreased to 6mm to allow a
placement of 12 pilot flames, which have the purpose to stabilize the flame. The
pilot flames emerge from 0.5 mm diameter holes and form a ring with a diameter
of 7mm. The pilots are premixed hydrogen/acetylene/air flames, with C to H ratio
equal to that of natural gas. The outer diameter of the primary air annulus is 45 mm. A
schematic of the flame burner is shown in Fig. 7 (left) together with a photograph of
the burner head with the pilot flames (right). The flame is placed in a octagonal glass
flame chamber with dimensions 57 cm from side to side and height 0.90m. Also a

Fig. 7 Schematic of the
burner (left, all dimensions in
mm) and photograph of
burner head with pilot flames
(right)
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Table 2 Flow conditions of

N Stream U (m/s) T (K) Re
Delft III flame [7]
Fuel 21.9 295 9700
Primary air 4.4 295 8800
Secondary air | 0.3 288 12,000

ventilated throat is operating, providing a secondary air co-flow which prevents an
occurrence of a large-scale recirculation in the burning chamber. The conditions of
the inlet streams of the fuel jet, the primary air co-flow and the secondary air co-flow
of the Delft III flame can be found in Table 2.

The pilot flames stabilize the flame at the burner rim. The pilot-jets exit velocity
is 13.3m/s, and the composition of pilot mixture is: Yy, = 0.01631, Yc,u, =
0.07392, Yy, = 0.6983, Yp, = 0.211496 and T = 295K. The heat release of
the 12 pilot flames forms about 1 % of the total thermal power of Delft III flame.
Numerical studies of Delft III flame using PDF methods were done by [19, 20]. Both
studies present results of two dimensional simulations of this flame using transported
joint composition PDF methods. In two dimensional simulations of the Delft I1I
flame the 12 separated pilot flames can not be represented exactly due to the lack of
axisymmetry. The pilot flame model adopted in this work is discussed in the next
section.

4.2 Numerical Setup

The stabilizing effect of the small pilot flames is crucial to prevent global extinction
in simulations of the Delft III flame. In this work, the cross section of the twelve
pilot flame holes is distributed into an axisymmetric ring and the velocity of the pilot
flame inlet is calculated such that the experimental mass flow rate is obtained. The
composition of the pilot flame is simply assumed to be a DNG-air mixture. The inlet
temperature of the pilot stream is 7 = 295 K. To ensure that the pilot flames ignite
the main diffusion flame we enforce the mixed is burnt condition in the region where
the pilot flame is expected to be. This is done by setting the progress variable Y to
its maximum value for all Monte Carlo particles in the region Il mm < x < 30 mm
and 3mm < r < 7mm. The maximum value of the progress variable of a Monte
Carlo particle Y}, , . is found in the FGM tables as a function of the particle’s mixture
fraction £*. As a second measure to ensure the numerical ignition of the flame we
have increased the value of the mixing parameter Cy. The flame was found to be
numerically ignited using Cy = 11 in the near nozzle region (up to x = 75mm) and
Cy = 3 in the rest of the domain. Such large values for Cy are plausible as discussed
in [21] where it was reported that higher Cy values (of order 10-20) can be required
in PDF simulations to prevent numerical extinction.
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The size of the computational domain of the simulations is given by L, =
1015mm and L, = 300 mm and the domain is discretized by a 162 x 93 non-uniform
rectangular grid (smaller cell size near axis and in the upstream region). All terms in
the finite volume method are discretized with second order accurate schemes. In the
hybrid finite-volume/Monte Carlo solution algorithm the joint velocity-scalar PDF
Monte Carlo submodel requires the second moment closure finite-volume submodel
(the Reynolds-stresses model). First an attempt has been made to start a numerical
simulation of the Delft III flame using the Reynolds-stress as the finite-volume sub-
model and the joint velocity-scalar PDF as the Monte Carlo submodel. This resulted
in the divergence of the implicit iterations of the Reynolds-stress model, making this
procedure impossible. The divergence appeared in a zone with strong recirculation
in a small upstream region (near the pilot) of the domain. The divergence problem
was solved with a two-step approach: first, a sub-domain (0 mm < x < 50mm) has
been calculated employing a hybrid k-¢ composition MDF (CMDF) Monte Carlo
solution algorithm (see [6] for more details). The turbulent flow field and scalar com-
position profiles at x = 15mm resulting from this simulation have then been used
as the inflow boundary condition for the Reynolds-stress/joint velocity-scalar PDF
Monte Carlo simulations presented in this work. To avoid confusion, in this paper
the comparison of the simulations with the experiment is presented in the laboratory
system of coordinates. In the final procedure converged solutions are obtained after
2000 hybrid iterations each consisting of 500 FV iterations followed by 10 Monte
Carlo subiterations.

Within this work five different simulations have been performed, using different
settings for the micro-mixing model. These are listed in the Table 3. The simulations
are carried out to show the difference in performance between the IEM and the
IECM models. Also an assessment is made of the dependence of the IECM model
results on the number of bins and the number of particles per bin. The number of
conditioning bins N, for the IECM simulations is given in the table as the expected
value. The actual number of conditioning bins for some cells can become lower if
the cell does not contain enough particles to satisfy the minimum particles per bin
(nP) min requirement. Also the higher N, configurations (see Table 1) can occur if
the number of particles in a cell is high enough. The approximate distribution of the
conditioning bins configurations in the simulation I is N, = 12 in case of 45 % of the
cells, three configurations N. = 10, 15 and 16 together cover another 45 % of the

Table 3 The micro-mixing model settings for different simulations

Case Mixing model N Z?’e" MP) in (N¢)
I IECM 360 25 12
I IECM 360 50 6
111 IECM 180 25 6
v IEM 360

\Y IEM 180




164 M. Stoellinger et al.

cells, the remaining 10 % of the cells are distributed among other configurations. In
the simulations IT and III 60 % of the cells attain the N, = 6 configuration and 30—
35 % are subdivided between N. = 4 and 8. The results of the fifth simulation IEM
N9 = 180 are found to be nearly identical to the results of the fourth simulation
IEM N ;%” = 360 and are not reported. The presented results of the simulations are
all obtained using the same numerical settings differing only in the micro-mixing
models used.

5 Results and Discussion

5.1 Velocity Statistics

This section presents results for the velocity statistics from the simulations I-IV (see
Table 3) compared to the experimental LDA data. Overall, the flow fields obtained
with different settings for the micro-mixing model are nearly the same, but the IEM
results differ slightly from the IECM results. Figure 8 shows the radial profiles of
the mean axial velocity U as a function of r at different axial positions x. At axial
locations x = 50 mm and x = 100 mm the agreement with the experimental results is
excellent. This good agreement validates the two step simulation approach discussed
in Sect. 4.2 since incorrect inflow conditions would be most noticeable atx = 50 mm.
Further downstream the quality of the predictions is still good although the spreading
rate of the jet is somewhat under predicted: the peak velocity at the center-line is too
high but the profile is not wide enough (due to mass conservation in each plane). This
means that the high momentum fluid from the fuel nozzle does not mix fast enough
with low momentum air flow for locations x > 150 mm. The results for the RMS of
the axial velocity Ugrys (shown in Fig. 9) display an underestimation of the maximal
values at the upstream locations x = 50mm and x = 100 mm. Further downstream
at x = 200mm and x = 250 mm the peak values are predicted quite well but the
under-predicted spreading rate of the jet is noticeable (the Ugys profiles are not wide
enough).

The profiles of the turbulence kinetic energy (tke) k = 0.5%(UZ,,5+Viays+Ways)
are shown in Fig. 10. The tke provides a measure of the overall level of turbulent
fluctuations in the velocity. Very good agreement with the experimental values can
be observed at locations x = 50mm and x = 100 mm indicating the validity of the
two-step solution procedure. Further downstream at x = 150 mm, x = 200 mm and
x = 250 mm the simulations predict slightly too large peak values and also show the
under prediction of the jet spreading rate.
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Fig. 8 Radial profiles of the mean axial velocity U as a function of r at different axial locations x

5.2 Results for the Mixture Fraction Fields

This section presents the results of the conserved scalar (the mixture fraction) sta-
tistics of the simulations I to IV (see Table 3) compared to the experimental data.
As expected, for the scalar fields clear differences are observed between different
micro-mixing models. Figure 11 shows radial profiles of the mean mixture fraction
£. At the axial location x = 50 mm the agreement with the experimental results is
excellent and again justifies the two-step solution procedure. From the analysis of
the velocity statistics it was found that the spreading rate of the jet is under predicted
for the far downstream locations due to insufficient turbulent mixing of momentum.
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Fig. 9 Radial profiles of the root mean square of the axial velocity U, as a function of r at
different axial locations x

The same mechanism of turbulent mixing is responsible for the mixing of the “con-
served” scalar mixture fraction and hence we expect to see that the '5 profiles spread
too slowly. This is indeed observed for all simulations at the downstream locations
x > 50 mm but the error is much larger in the IEM results (green line) than in [ECM
results with the statistically best resolved IECM simulation (blue line) showing the
smallest disagreement. The reason for the large error in the IEM results is directly

related to the incorrect additional source term (37a) u éEr% = —%C¢a) [u;/ g ] in

the scalar flux Eq. (36). It should be noted that the flux in radial direction &’\57 is the
dominant contribution in the equation for the mean mixture fraction (35). This can be
most easily seen from the commonly adopted gradient-diffusion approximation [1-3]
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Fig. 10 Radial profiles of the turbulent kinetic energy k as a function of r at different axial
locations x
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u;/f ~ —TI —S

, 44
ox; (44)

where "7 is a turbulent diffusivity. Since the radial derivative 8?/ dr is much larger

than the axial variation in the jet flame the radial flux v"/£” is much larger than the axial
flux and itis positive for r > 0. In the equation for the radial flux component (37a) this

means that the term v OIE,%X

C¢a) [ g ] < 0is a sink term and thus reduces

the radial flux v’£”. The reduced radial flux component v’£” in turn causes the
insufficient mixing of the mean mixture fraction (i.e. the over prediction of the peak



168 M. Stoellinger et al.

i *=50mm
0.8
06 ¥
tup
& Experimental i i
——IECM, N:“Em=36l]. (np),, =25 : )
mom_. o
IECM, NZET=360, (np), =50 0.2 A 4
nam_ = ¢,
--------- IECM, NZE"=180, (np), , =25 i ) X ) )
JEM , N™M=ag0 -30 -20 -10 0 10 20 30
ple [mm]
*¥=100mm *¥=150mm
1 0.7
08 08 '?':.\‘-
o0 o I( OOO
06 o 0.4 ‘!
tap g
04} 0.3
; 02 é b
0.2 o
L5
43 ¥ Y A
0 » v ! 0 5 :
-30 20 -10 0 10 20 30 -30 20 -10 0 10 20 30
r [mm)] r [mm)]
*¥=200mm ¥=250mm
0.7 05
06
05
04 7\
tur ,«f’go%o\:\
0.3 I ANy
i AN
01 B
I VORPRY. .4 iy,
-30 20 -10 0 10 20 30
r [mm)] r [mm)]

Fig. 11 Radial profiles of the mean mixture fraction £ as a function of r at different axial locations x

values) for x > 50 in the IEM results. Since the term u”GlErﬁ’lIx = —%C(pa) [z;;_’\é?]

is directly proportional to the mixing constant Cy and since this flame requires high
Cy values the effect of the erroneous sink term is so dramatic in the Delft III flame.

The radial profiles of the RMS of mixture fraction &, are shown in Fig. 12.
Again, the results for the three IECM simulations are in much closer agreement with
the experimental results than the IEM simulation results. The evolution equation for

the variance & 2 — "Erms contains the turbulent transport term du; & ”2/3x; and the

evolution equation for u; g1 contains a similar erroneous sink for the IEM mixing

model as the u/0/EM

. mix (TN that appeared in the scalar flux equation. This erroneous



Monte Carlo Simulations of Turbulent Non-premixed Combustion ... 169

02 ¥=50mm
0.15 &
; PNEETA
E 0.1 '5 :"‘:'- o"::ﬁ\'\\
& Experimental e I o (?'r:l |
— nom_ =25 v
IECM, Nph =360, (np}m—-25: ¥} i !
| 0.05
IECM, N0Z™=360, (np), =50 | © 41
= Jo W 4y
--------- o =25 | ﬁ&g gé
IECM, Nple 180, (np}m.n 25| 0 . .
IEM . N™®M=350 30 20 10 0 10 20
ple r [mm)]
¥=100mm ¥=150mm

gl'lli.\'

Fig. 12 Radial profiles of the root mean square of the mixture fraction &, as a function of r at
different axial locations x

sink causes the observed under prediction of mixture fraction RMS &,,,,5 in the IEM
simulation.

5.3 Results for the Temperature

This section presents statistical results for the temperature. The temperature (and
the progress variable) are strongly dependent on the mixture fraction as was shown
in Sect. 2.2. Therefore, it can be expected that the observed differences between the
IEM and IECM simulation results that are discussed in the previous Sect. 5.2 have a
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Fig. 13 Radial profiles of the mean temperature T as a function of r at different axial locations x

profound effect on the results for the temperature. Figure 13 shows the results for the
mean temperature obtained from the four different simulations. The results obtained
with the IECM micro-mixing model with the best numerical settings N ;}02” = 360,
(nP) min = 25 (blue line, simulation I) shows overall the best agreement with the
experimental results. At axial locations x = 50mm and x = 100mm the peak
value of the mean temperature is over predicted but further downstream (at the axial
positions x = 150mm, x = 200mm and x = 250mm) the results for the mean
temperature T agree quite well with the experimental results although the temperature
remains slightly over predicted. The over prediction could be due to the adopted flame
stabilization method. Up to x = 75mm the value of the mixing constant is set to
Cy = 11 which could cause too little local extinction and hence explain the higher
than experimentally observed temperatures. A physically more sound model for Cy
variations will be investigated in a future study. The results of the simulation using
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the IEM micro-mixing model (green line, simulation IV) yield radial profiles of the
mean temperature T with values which are overestimated two to three times stronger
than the results with the IECM model N7 = 360, (np),,,;, = 25. The other IECM
model results (simulations II and III) fall between the IECM results of simulation
I and the IEM results. The results for the mean reaction progress variable follow
similar trends as for the temperature and are not shown.

The radial profiles of the RMS of temperature 7,,,,; (Fig. 14) found with the IECM
model are in reasonable agreement with the experimental results, however there is
a moderate underestimation of the peak values. The simulation performed with the
IEM model resulted in strong underestimation of T};.
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5.4 Discussion on Parameters of the IECM Algorithm

The IECM model cases II and IIT with the input configurations respectively given
by N7¢' = 360, (np);, = 50 and N9 = 180, (np),,;, = 25 have both the
expected value of the number of conditioning bins per cell (N.) = 6. The difference
between these cases is the number of particles per conditioning bin (np) which is on
average twice as large in the simulation II than in the simulation III. As it can be seen
throughout the Figs. 13 and 14 these two cases give similar results for all reported
scalar composition variables. Thus a conclusion can be made that the (np),,;, = 25
minimum amount of particles per bin is satisfactory concerning the statistical error
of the conditional mean estimation, and the simulation results are not getting better
if the (np),,;, 1s increased.

Also it can be observed that the radial profiles of E and T obtained with the IECM
cases II and IIT (both with the expected value of the number of conditioning bins in
acell (N.) =~ 6) yield a better agreement with the experimental data than the IEM
case results and a poorer agreement than the IECM simulation with N Z‘/’i” = 360,
(nP) pin = 25 (case I with the expected value of the number of the conditioning
bins in a cell (N.) &~ 12). In this way it can be concluded that the IECM model
yields better results if the number of the conditioning bins in a cell increases. A
possible explanation of this trend is that the IEM model does not at all account for
the effects of the velocity conditioned mixing and can be thought of as having only
one bin in every cell (as there is no division of particles into conditioning bins).
Then employing the IECM with (N.) & 6, the effects of the velocity conditioned
micro-mixing become taken into account causing the simulation results to become
better. Apparently when the number of conditioning bins is increased to (N.) ~ 12
the quality of the simulation results improves even more as the effects of the velocity
conditioned micro-mixing become better accounted for.

6 Conclusions

The most important conclusion of this work is that the influence of the underlying
velocity field on the scalar micro-mixing is far from negligible. This followed from
the fact that the simulation results obtained with the IECM micro-mixing model
compared much better to the available experimental results than the IEM model
results. A more detailed validation of the role of velocity statistics in the mixing of
scalars is not possible because in the experiments no simultaneous measurements of
velocity and scalars have been made. The mixture fraction profiles are up to two times
less overestimated at the peak values using the IECM model. The overestimation of
the mean temperature obtained with the [ECM simulation is, at some locations, two
to three times lower than that of the IEM simulation. Similar differences between
the IEM and IECM results are found for the mean profiles of the progress variable.
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A number of remarks can be made concerning the numerical method used in this
thesis to implement the IECM subroutine into the PDFD code. The performance
of the IECM micro-mixing model improves if the number of conditioning bins in
every cell becomes larger. This improvement is due to the fact that the influence of the
velocity field on the micro-mixing becomes better accounted for as the number of bins
increases. In regard of the statistical error of the velocity conditioned mean estimation
it can be concluded that the minimum amount of particles per bin parameter (np),,,;,
equal to 25 is sufficient and does not need to be increased. Changing the minimum
amount of particles per bin parameter (np),,;, from 25 to 50 while keeping the
number of bins unaffected does not improve the quality of the results. However
due to the restriction of the minimum amount of particles per bin and the need of
higher numbers of bins (in every cell) implies that employing the implemented [IECM
model in practice will require large amounts of particles per cell, resulting in high
computational costs of the simulations.
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Massively Parallel FDF Simulation
of Turbulent Reacting Flows

P.H. Pisciuneri, S.L. Yilmaz, P.A. Strakey and P. Givi

Abstract A review is presented of the evolution of a massively parallel solver
for large eddy simulation (LES) of turbulent reacting flows via the filtered density
function (FDF). Development of an efficient parallel implementation is particularly
challenging due to the hybrid Eulerian/Lagrangian structure of typical FDF simula-
tors. The performance of a novel parallel simulator is assessed at each of the major
steps of its development. Subsequent efforts to improve scaling at each of these stages
are discussed along with the prospects for further enhancements.

1 Introduction

Despite all of the dedicated efforts towards the development of alternative and/or
sustainable energy resources, combustion still provides over 85 % of the energy needs
in the United States; a situation that will likely remain the same within the foresee-
able future. Associated with combustion is air pollution and the greenhouse effect;
thus the need for the reduction of CO; emissions while maintaining high combus-
tion efficiency. These concerns, along with stringent demands to reduce petroleum
consumption, are putting a high priority on combustion research. In most cases,
combustion is accompanied by turbulence where the latter provides the means of
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enhanced fuel-air mixing. The physics of turbulent reactive flows is notoriously
difficult due to the intricacies of the interactions between chemistry and turbulence.
The phenomenon of mixing at both micro and macro scales and its role and capability
(or lack thereof) to provide a suitable environment for combustion, and the subse-
quent effects of combustion on hydrodynamics, have been at the heart of turbulent
combustion research for over half a century now [1-3].

Simulation, long considered as the third form of science [4] (in addition to theory
and experimentation) has certainly come a long way within the past three decades.
It has evolved from the era of scalar computing — vector — parallel — massively
parallel — current petascale — upcoming exascale computing. This has lead to sig-
nificant progress in large scale simulation of turbulent combustion [5, 6]. Specifically,
large eddy simulation (LES) is quickly replacing the traditional RANS (Reynolds
averaged Navier-Stokes) simulations. This is not just in basic research, but also in
industrial applications. A major progress in LES is the development of the filtered
density function (FDF) methodology [7]. This has proven very effective for turbu-
lent combustion simulations due to its capability to account for the effects of subgrid
scale (SGS) chemical reactions in a very accurate manner. This is the primary reason
for the broad coverage of the FDF in modern text- and hand-books [2, 8—13]. This is
also the motivation for implementation of various forms of the FDF closure in com-
mercial and government combustion codes (such as FLUENT/ANSYS, VULCAN,
and US3D amongst others). For recent reviews, see Refs. [3, 14-17].

For the FDF (or any LES methodology) to be practical it must be implemented in a
computationally efficient manner, especially if employed for prediction of complex
flows. This important issue can be the overriding constraint. Within recent years,
the irregularly portioned methodology has proven very useful in facilitating effi-
cient FDF simulations. This chapter provides a summary of the state of progress in
such simulations. In Sect.2, the basic FDF formulation is summarized. This is fol-
lowed by a review of the state of progress in irregularly portioned FDF simulations
in Sect. 3. This section covers all of the modern domain decomposition and load
balancing strategies. Section4 provides our concluding remarks along with some
recommendations for future work.

2 Filtered Density Function

The primary transport variables in chemically reactive flows are the fluid density
p(x, 1), the velocity vector u;(x,?), i = 1,2,3 along the x; direction, the spe-
cific enthalpy h(x, t), the pressure p(x,t), and the mass fractions of Ny species,
Yo(X,t) (@ = 1,2,..., Ng), where x = x;(i = 1,2,3) and ¢ denote space and
time, respectively. Implementation of LES involves the use of the spatial filtering
operation [18, 19]
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where H denotes the filter function of width A¢y, and (Q(x, 7)) represents the filtered
value of the transport variable Q(x, ). In reacting flows, it is convenient to consider
the Favre filtered quantity, (Q(x, )); = (pQ)/(p). We consider spatially invariant
and localized filter functions, H(x', x) = H(x’ — x) with the properties [20] H(x) =
H(—x), and ffooo H(x)dx = 1. We consider positive filter functions [21] for which

all the moments ffooo x"™H(x)dx exist for m > 0. The transport variables satisfy the

conservation equations of mass, momentum, energy and species mass fractions [22].
The filtered form of these equations are:
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where 7;; and J denote the viscous stress tensor and the scalar fluxes, respectively.
In Eq.(4), S, denotes the source term, and this equation represents transport of
the species mass fractions and enthalpy in a common form with ¢, = Yy, o =
1,2,..., N5, ¢ = h, 0 = N; + 1. The SGS closure problem is associated with
Tij = (o) (wiuj), — (wi)puj), ). M = (o) ((uidha)r — (i)1(¢a)r), and (pSy).
The FDF provides an effective means for this closure. For the scalars’ array ¢(x, t)
and the velocity field, u(x, t), the SGS statistical information is included in the joint
velocity-scalar filtered mass density function (VS-FMDF), denoted by (v, ¥, X, 1),
where (v, ¥) denote the probability-space for the (u, ¢) fields. The exact transport

equation for this FDF is [23-25]:
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where (|) denotes the conditional filtered values. As Eq.(5) shows, the effects of
SGS convection and combustion are in closed forms. However, all of the terms
involving conditional filtered values require closure. The marginal FMDF of the
scalar (S-FMDF) field, ¢ (¥, X, t), is obtained by integration of the VS-FMDF over
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the velocity domain [26, 27]:
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Again, the effects of chemical reaction appear in a closed form. However, in this
case, the SGS convection (second term on the left-hand side) requires closure. This
approach has been the most popular among other investigators using FDF [28—49].
The SGS closures have been primarily based on modeled stochastic differen-
tial equations (SDEs) for each of the transport variables. These SDEs must account
for all of the physics of turbulent combustion; including scalar mixing, chemistry,
exothermicity, dilatation, and dissipation. It is straightforward to realize the capabil-
ity of the FDF in that it accounts for all of the processes involving direct correlations
of the transported variables. For example, there is no need for additional closures
for turbulent-chemistry interactions and/or velocity-scalar correlations. A system of
modeled SDEs [50, 51] based on the stochastic diffusion process [52] has proven
effective for the FDF closure. The coefficients in the modeled Langevin equation will
be set in such a way that the resulting Fokker-Planck equation [53] defines the mod-
eled FDF transport equation, and thus the SGS closures. In particular, the generalized
Langevin model (GLM) [54-57] combined with the linear mean square estimation
(LMSE) [58, 59] has proven to be effective. This is described by [24, 60-62]

2
dxit = dr+ /%dw,-, (7a)
o
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where x+ + , ¥} are probabilistic representations of position, velocity vector and
scalar Varlables respectively. i denotes the fluid dynamic viscosity. The W terms
denote the Wiener-Lévy processes in the physical (without the prime) and the veloc-
ity (with prime) spaces [63]. The terms G;; and k = T;; /2(p) denote the kernel of
GLM and the SGS kinetic energy, respectively. The mixing frequency w is defined as:
w=C fkl/ 2 / Agy. The constants: Cy, Cy and Cy are model parameters and are cho-
sen as suggested in the literature [57]. The corresponding Fokker-Planck equation,
or effectively the modeled VS-FMDF transport equation becomes:
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3 Irregularly Portioned FDF Simulator

It is commonly believed that a hybrid Eulerian-Lagrangian solver provides the most
convenient means of solving the transported FDF equation [64—66]. In this setting,
the physical domain is discretized in an Eulerian manner via standard formats e.g.
finite difference (FD), finite volume (FV), or other methods. The FDF is represented
by an ensemble of Lagrangian Monte Carlo (MC) particles. Each of these particles
carry information pertaining to the physical field and also the position vector. Figure 1
shows a typical section of the computational domain. The discrete Eulerian grid is
overlaid with an ensemble of MC particles. Modern LES typically requires order of
billions of grids and with an order of magnitude more MC particles. When finite-rate

Fig.1 A typical section of
the computational domain.
The spheres represent the
Lagrangian MC particles, the
cubes represent the Eulerian
FD points and the dashed
line represents the ensemble
domain surrounding the grid
point i [86]
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kinetics are to be captured, the computational requirements become monstrous. For
example, Yilmaz et al. [67] show that for even moderately sized geometries (with just
5M grid points and 50 M particles) and a reduced kinetic mechanism (15 species) a
serial, “simple” FDF simulation requires several years of CPU time!

Initially, each MC particle is given a location in physical space and stores the
corresponding composition (velocity, and/or scalar) values. These particles are then
transported due to convection and diffusion in physical space, and due to mixing
and chemical reaction in compositional space. The filtered chemical source terms
are constructed from the MC solver. For that, an ensemble domain is defined as the
region surrounding an Eulerian point, and the filtered quantities are constructed via

ZneAE W(n) Q (¢(n))

(Q>L ~ ZneAE W(n)

€))

where Ag and w™ denote the ensemble domain and particle weight, respectively.
The weights are used to keep the number density approximately uniform [66]. Equa-
tion (9) becomes exact as the number of particles within the domain approaches
infinity, and the size of the ensemble domain approaches zero. The SDEs governing
the evolution of the MC particles require the filtered values. These are obtained via
interpolation from the values at the Eulerian points.

With petascale computing a reality and exascale on the horizon, we must lever-
age the enormous opportunities they provide. In order to take advantage of large
distributed memory systems, the Message Passing Interface (MPI) [68, 69] is used
for the parallel implementation. In this approach information residing on different
processors must be shared explicitly via message passing. For the hybrid solver, this
results in two primary message passing tasks. The first task is sharing information
at neighboring grid points. A simplified 2D example is presented in Fig.2. Here the
9 x 9 grid is decomposed and distributed over 9 different ranks (MPI processes).
Each rank resides on a different CPU core, delineated by the dashed lines. Evalu-
ating derivatives at some grid point (7, j) involves a stencil operation as shown in
the figure. The neighboring points used in the stencil can be local to that process
or reside on neighboring processes. If the points reside on neighboring processes,
the needed data must be sent from each neighbor process and received by the host
process. Typically the points needed from a neighbor process are referred to as ghost
or halo points. After decomposing the domain, each rank allocates extra storage for
the ghost points as required by the stencil operations.

The second task is migrating particles from one cell to another as shown in Fig. 3.
Here the cells surrounding each of the FD points are represented. The particles are
contained in each of the cells, and the cells are distributed over 9 different ranks. Each
rank is on a different CPU core, delineated by the dashed lines. Each particle evolves
in physical space according to Eq. (7a). The updated particle location could be any of
the neighboring cells surrounding the original host cell. Particles that migrate from
one cell to a cell on a neighboring process must be message passed.
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Fig. 2 A 2D grid distributed
over 9 different processors.
The circles denote the FD
points and the dash lined
squares encompass the grid
points belonging to a unique
rank. Shown are two
different sized FD stencils

Fig. 3 A 2D grid distributed
over 9 different processors.
The dots denote the MC
particles and the dash lined
squares encompass the
particles belonging to a
unique rank. The thin lines
mark the cells surrounding a
FD point. The arrows
represent potential landing
spots of a particular particle
after integration of Eq. (7a)
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3.1 Static Block Decomposition

The first attempt at a highly scalable implementation of the hybrid FDF solver
involved a simple static uniform block decomposition. In doing so, the number
of grid points/cells are initially divided evenly among all of the processors. This
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Fig.4 A 3D block uniform
decomposition. Each color
corresponds to a block of
grid points/cells belonging to
a unique MPI process

=1

0

decomposition remains unchanged throughout the entire simulation. We typically
prefer partitions that are cubic in shape (in terms of an equal number of grid
points/cells in all 3 directions). This is effectively the minimal edge-cut, and rep-
resents the best decomposition in terms of reducing the amount of data to be com-
municated. Additionally, each rank will have exactly the same communication pattern
(except for ranks at the corners or edges). In terms of underlying data structures, the
block partition shapes map to 3D arrays very efficiently.

The fully 3D block uniform decomposition has been implemented in an existing
hybrid FDF solver [27, 31] with finite-rate kinetics calculations [70]. This solver is
entirely in Fortran, using 3D arrays as the underlying data structure to store grid/cell
values, which map perfectly to the block decomposition. The scheme is employed
for LES of Sandia Flame D [71-73]. The domain is discretized via 120 grid points
in each direction, with approximately 10M MC particles. Combustion chemistry is
modeled via a reduced kinetics mechanism involving 16 species and 12 reaction
steps. A sample decomposition of the domain is presented in Fig. 4. Scaling analysis
is conducted of a nonreactive and a reacting flow. In the latter, S, is evaluated for
each particle via the CHEMKIN library [74], and Eq. (7¢) is integrated for each par-
ticle with a stiff ODE solver [75]. The strong scaling results are presented in Fig. 5.

Fig. 5 Strong scaling 300

comparisons. Results ——— |deal
correspond to walltime for 250 | | —e— Inert

an entire iteration step 9— Reacting y
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@
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0 100 200 300
Number of CPU’s, p
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The inert case performs well, achieving approximately 85 % speedup on 216 proces-
sors. However, the reacting case shows very poor performance, merely achieving a
10 % speedup.

3.2 Irregularly Portioned Lagrangian Monte Carlo (IPLMC)

Poor performance of the static block decomposition methodology is due to computa-
tional “hot spots.” This is shown in Fig. 6, demonstrating that simulations pertaining
to regions undergoing chemical reaction are more CPU intensive. This is due to inte-
gration of Eq. (7¢) for each particle within each cell (Fig. 3). Inregions where S, # 0,
stiff ODEs must be solved requiring multi-step integrations. In other regions, the num-
ber of substeps is significantly lower. Therefore, while distributing the number of
grids/cells evenly and minimizing the communication, the block decomposition does
not distribute the computational load evenly amongst the partitions. The resulting
computational load imbalance is shown in Fig.7. This is measured as the walltime
needed for each rank to perform a single iteration. Many ranks spend significant
chunks of time idle, while others are still busy. This idle time is the reason for poor
performance due to the bulk synchronous [76] design of the flow solver.
Recognizing the computational load imbalance, Yilmaz et al. [67] proposed that
each cell could be assigned a weight based on some work metric required to integrate
Eq. (7¢). One potential metric is the sum of the number of RHS function calls made
within the ODE solver for all of the particles within a cell. An approach which has
proven more effective is to merely measure the sum of the walltime spent within the
ODE solver for all of the particles in a cell. The result is that each grid point/cell can be
assigned a weight directly correlated to cost associated with chemical reaction. Thus

Fig. 6 Volume renderings of CPU Time (ms)
the mass fraction of CO Y COx 100 0 —— N |
(left), and the CPU time 7 23

(right) [67]
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Fig. 7 a 3D block uniform domain decomposition. Each colored block represents the calculations
of a unique CPU rank corresponding to a portion of the domain. b The walltime each CPU rank
spends (red bars) versus the time spent idle (black bars)

the entire mesh can be represented as a weighted graph, and a load balanced domain
decomposition can be obtained using a weighted graph partitioning algorithm [77—
80]. The primary objective of the weighted graph partitioner is to evenly distribute
the computational load among all the partitions. A secondary objective is to minimize
the edge-cut. An example of the resulting decomposition is presented in Fig. 8. This
decomposition portrays three important features. First, the computational load is
distributed well over the different ranks. The amount of idle time is greatly reduced,
and the duration of a given iteration is significantly reduced compared to the block
uniform case. Second, the size of partitions varies. The ones containing heavier
weighted cells are much smaller than those containing lighter weighted cells. Third,
since the primary constraint is to balance the computational load, the edge-cut is
non-optimal resulting in irregularly shaped partitions.

The partitions formed in this way present some significant challenges in terms
of implementation. The underlying 3D arrays storing grid/cell values in the hybrid
solver no longer map efficiently to each partition. Also, every stencil point must be
tested for its locality, and each partition can have an arbitrarily different number of
communicating neighbors. Yilmaz et al. [67] implemented the irregular decomposi-
tion only for the Lagrangian solver, and retained a simple serial implementation for
the Eulerian solver. Thus, the methodology is referred to as “irregularly portioned
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Fig. 8 a 3D irregular decomposition. Each colored block represents the calculations of a unique
CPU rank corresponding to a portion of the domain. b The walltime each CPU rank spends (red
bars) versus the time spent idle (black bars)

Lagrangian Monte Carlo” (IPLMC). The performance of the irregular decomposi-
tion can be easily assessed since the bulk of the computation time is spent inside the
Lagrangian solver, while the amount of modification to the existing solver is kept to
a minimum.

The performance of IPLMC is assessed via LES of a turbulent premixed Bunsen
burner flame [81] using a reduced kinetics mechanism involving 9 species and 5
global reaction steps [82]. Results of the strong scaling analysis are presented in
Fig.9. The performance is nearly ideal up to 256 processors with regards to just
the MC portion. The total step (including the serial Eulerian solver) shows nearly
ideal scaling up to 64 processors; however, only a 47 % speedup is realized at 256
processors. This is due to Amdahl’s law [83], demonstrating that the strong scaling is
ultimately limited by the serial portions of the computation. Weak scaling results are
presented in Fig. 10. For this analysis, work per processor is kept constant. The total
step shows nearly ideal weak scaling upwards of 100 processors before beginning to
tail off. Atthis point acommunication bottleneck is exposed. The intersolver commu-
nication becomes more costly as more processors are employed. Since the Eulerian
solver is serial, this one process must communicate with all of those performing
the Lagrangian computation. Despite these shortcomings, the IPLMC methodology
presents a significant improvement over the block uniform distribution.
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3.3 Irregularly Portioned Lagrangian Monte Carlo Finite
Difference (IPLMCFD)

In order to overcome the shortcomings of the IPLMC, the Eulerian solver must
be made parallel with the communications restricted to neighboring ranks only. To
minimize the amount of intersolver communication, the partitioning of the Eulerian
solver is made to match the partitioning of the Lagrangian solver from IPLMC.
In an effort to more easily manage the bookkeeping, the Eulerian solver, like its
Lagrangian counterpart, is developed in C++ to leverage robust data structures and
algorithms in its Standard Library [84], and the Boost libraries [85]. This extended
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approach is termed “irregularly portioned Lagrangian Monte Carlo finite difference”
(IPLMCFD) [86]. The performance of IPLMCFD is assessed via consideration of
the same case considered in the IPLMC [81].

Results of the strong scaling analysis are presented in Fig. 11. The performance
of IPLMCEFD is nearly ideal up to a few thousand processors. Upwards of 8,000
processors, IPLMCFD is still achieving approximately a 75 % speedup. Weak scaling
results are presented in Fig. 12. Again, work per processor is kept constant. This
time nearly ideal weak scaling is achieved up to 4,000 processors. It is obvious that
IPLMCEFD provides more than an order of magnitude improvement over IPLMC in
parallel performance.

It is important to note that the scaling results as presented are for the opti-
mal load balanced decomposition. As the flow evolves, the performance may no
longer be optimal. Ideally, every iteration begins with an optimal decomposition. In

Fig. 12 Weak scaling of the 10
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practice, a decomposition performs well for some amount of time before another one
is considered [67, 86].

4 Concluding Remarks

The evolution of massively parallel large eddy simulation (LES) of turbulent reactive
flows via the filtered density function (FDF) has been very successful. It is demon-
strated that the hybrid Eulerian/Lagrangian FDF solver and the tight coupling
between its two components can be efficiently parallelized via weighted graph parti-
tioning for domain decomposition. The weights are determined from the local effects
of chemical reaction. The entire flow solver is constructed in such a way to efficiently
treat the irregularly portioned partitions. Excellent scaling is demonstrated over thou-
sands of CPU cores. Our current work has laid a strong foundation for exploiting
distributed parallelism on the largest systems. However, to make more efficient usage
of existing petascale and future exascale systems, additional features should be con-
sidered. Some recommendations are provided here:

Overdecomposition: For distributed parallelism, a common approach is to map one
MPI rank to each CPU core. The concept of overdecomposition is to create more than
one MPI rank per core. The advantage is that the computation and communications
are more easily overlapped reducing the idle CPU time [76].

MPI + X: Parallelism at the distributed level (internode) is accomplished via MPL.
The “+ X identifies what strategy is employed at the intranode level. IPLMCFD is
a flat MPI approach, reusing MPI at this level. However, shared memory approaches,
such as OpenMP [87], better suit the architecture of the hardware at this level. In
Fig. 13 the strong scaling analysis for IPLMCFD is repeated for one MPI process
per node, rather than per core. Excellent scaling is achieved at this level upwards of
4,000 nodes. An efficient implementation of OpenMP at the intranode level (having
8—16 cores) would push scaling to tens of thousands of processors.

Accelerators: Graphics processing units (GPUs) and coprocessors (i.e. Intel Phis)
have become an integral component of existing supercomputers, e.g. Titan (GPUs)
[88], and Stampede (Intel Phis) [89]. Due to power constraints, these will remain
critical components of future systems. As such the MPI + OpenMP approach must
be extended to include accelerators. For Intel Phi coprocessors, OpenMP 4.0 [90]
will support offloading calculations to the Phi. On the other hand, CUDA [91] and
OpenACC [92] are two well established approaches for computing on GPUs. Given
that OpenMP and OpenACC are syntactically similar, these two approaches can be
followed with the same code base to take advantage of accelerators.

Dynamic Repartitioning: A balanced computational load is vital for achieving mas-
sive parallelism on distributed systems. However, the performance of a well balanced
decomposition may gradually degrade over time. This is due to the evolving regions
of finite-rate kinetics, or due to conditions at the system level, such as network traffic,
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temperature of different CPU cores, etc. Thus, the domain decomposition should be
adjusted dynamically (repartitioning). In this way, it is possible to keep the optimal
load balance throughout the simulation. The issue of efficient data migration required
for dynamic load balancing has been studied by many investigators; e.g. see Ref. [93].
Softwares like Zoltan [80] have been designed to treat the repartitioning and data
migration. Moreover, Charm-++ [94] is an entire runtime system and programming
paradigm for treating the overdecomposition, load balancing, repartitioning and data
migration issues.
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