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Abstract: We introduce a family of stochastic models motivated by the study of nonequi-
librium steady states of fluid equations. These models decompose the deterministic dy-
namics of interest into fundamental building blocks, i.e., minimal vector fields preserving
some fundamental aspects of the original dynamics. Randomness is injected by sequen-
tially following each vector field for a random amount of time. We show under general
conditions that these random dynamics possess a unique, ergodic invariant measure and
converge almost surely to the original, deterministic model in the small noise limit.
We apply our construction to the Lorenz-96 equations, often used in studies of chaos
and data assimilation, and Galerkin approximations of the 2D Euler and Navier—Stokes
equations. An interesting feature of the models developed is that they apply directly to
the conservative dynamics and not just those with excitation and dissipation.

1. Introduction

This paper studies the long time dynamics of fluid-like equations that are kept out of
equilibrium. Among the simplest examples of fluid models displaying interesting out-
of-equilibrium behavior (such as fluxes across scales) are the two-dimensional Euler
and incompressible Navier—Stokes equations. On the 2-dimensional torus T, i.e., T :=
[0, 2717 with periodic boundary conditions, the Navier—Stokes equations, which model
the flow of an incompressible fluid, are

ou+u-Vu=—-Vp+F+vAu,

diviu) =V -u=0, (1.1

where u : T x R — R2 is the fluid velocity, p : T x R — R the fluid pressure,

(u-Vyu = (u101uq + urdouy, u1diuy + uzdour), and Au = 812141 + 822142.
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Here u = (u1,u2) and 9; := axj. The viscosity v > 0 measures the strength of the
dissipation introduced by the Laplacian A, and F'(x, ¢t) is an external driving force whose
role is to keep the system from relaxing to the trivial state u = 0.

By balancing the dissipative effect of Au, the forcing term allows the system to
establish an out-of-equilibrium steady state. Such statistical equilibria often develop
fluxes across scales, a phenomenon whose study is an active area of research. Often F'
is taken to live on only a few scales so that the flux out of those scales can be studied
[18,24,29,40]. In practice, the forcing F (x, ) is usually taken to be stochastic in space
and time for some stationary distribution which is typically white in time [14,18,20,24].
A common choice in the literature is F(x, 1) = Y ¥ (x) Wi (¢) where each v (x) is a
fixed spatial forcing and {Wx (1)} are a collection of mutually independent white in time
noise terms written here as the formal derivative of a Brownian motion. Stochastic forcing
serves multiple purposes in these settings. On one hand, as already mentioned, it provides
the energetic excitation which keeps the system out of equilibrium and allows for the
establishment of a nontrivial statistical steady state. On the other hand, it provides local
agitation which, modulo certain constraints, ensures the existence of a unique statistical
steady state to which the system converges for most initial conditions. In other words,
it guarantees the forcing is sufficiently varied and generic to ensure convergence to a
single long time statistical behavior of the system, largely independent of the system’s
initial configuration.

This paper studies a class of processes, introduced in the next section, injecting
randomness into the fluid models of interest while separating in a simple way the various
roles served by noise in previous works. In particular, the randomness is used primarily
to ensure that when the dynamics is sufficiently generic, unique ergodicity! holds for a
broad class of initial conditions. This will free one to use a much less disruptive class
of forcing to keep the system out of equilibrium. More specifically, the class of models
introduced below have a number of desirable properties:

(1) They allow one to separate the effect of forcing, which keeps the system out of
equilibrium, and stochastic agitation, which ensures the system has a unique long
time statistical behavior.

(2) The stochastic agitation is strongly non-reversible since it is constructed from dy-
namics which only flow in the directions the original dynamics could already move.

(3) The stochastic agitation preserves the conserved quantities of the original dynamics.
This allows the properties of the (stochastic) conservative dynamics to be studied
directly rather than only as a limit of the forced-dissipated dynamics.

(4) The model dynamics will be constructed as the composition of simple dynamics,
isolating particular nonlinear interactions which are relatively intuitive and can be
explicitly analyzed.

By balancing between preservation of fundamental macroscopic properties of the orig-
inal dynamics as in (3) and simplicity of the fundamental building blocks in our model
dynamics as in (4), we expect the stochastic models introduced in this paper will provide
meaningful physical and dynamical insight into nonequilibrium steady states of models
such as (1.1).

Our decomposition into fundamental building blocks is partially motivated by the
classical stylized models of dynamics studied in depth at the dawn of the theory of
dynamical systems. Examples include the doubling map, quadratic maps, the Henon
map, the Smale horseshoe, and extended systems like coupled map lattices (see [16,27]

1 See Definition 1.1.
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and references therein). The form of the decomposition is also motivated by the recent
progress in proving ergodic properties of piecewise deterministic Markov processes
(PDMPs) and their success as modeling and sampling tools. See for example [2-4,6,7,
9,13,15,17,33-35,38,44].

1.1. A class of stochastic models. We now introduce the general idea underlying the
class of stochastic models, called random splitting, that we study in this paper. A more
systematic definition of these models is deferred to Sect. 2. Consider an ordinary differ-
ential equation (ODE)

x:wm:}jwuy (1.2)
k=1

where n € Nand V and {V,}}_, are vector fields on R?. In what follows, we choose the
Vi so that the dynamics

%= Vi(x) (1.3)

are in some sense simpler than the dynamics corresponding to (1.2). We then approx-
imate the solution W, : x(0) — x(¢) of (1.2) with compositions of the solution maps
(pt(k) : x(0) = x(¢) of (1.3). This procedure is known as operator splitting in the numer-
ical analysis literature and is often used in numerical simulations of various ordinary,
partial, and stochastic differential equations [1,8,10,11,22,32,39,46,47]. Typically, the
goal is to leverage the fact that each of the dynamics in (1.3) is more computationally
tractable than (1.2) to construct an efficient and accurate numerical method. A variant
of these models was also explored in the thesis [51].

Here our goal is related but slightly different. Specifically, instead of evolving each
@™ for a fixed time A as in traditional operator splitting methods, we evolve each of the
@™ for a random time with mean /. Repeated composition then produces dynamics on
O(1) times. The evolution times for each (p(k), and over each cycle, will be identically
distributed and mutually independent, which implies our models are Markovian. As in
the numerical analysis context, we hope to leverage the simplified nature of each ¢®,
obtained from (1.3), to gain insight into the complex dynamics of the composition of
maps. We will also see that as the mean evolution time 2z — 0, the random splitting
associated to (1.2) will almost surely converge to the deterministic dynamics W; on finite
time intervals. However, we are most interested in studying the random splitting in its
own right and not strictly as a approximation of (1.2). We will be particularly interested
in its long time behavior and qualitative understanding of the stationary dynamics the
random splitting produces when 2 > 0. More specifically, the property of the system we
aim to establishis codified in the following standard definition from the theory of Markov
processes; the supporting definition of invariant measure is given in the first paragraph
of Sect. 3 after the transition kernel of random splitting is explicitly introduced.

Definition 1.1. A Markov process on a manifold X is uniquely ergodic on X if its
transition kernel admits exactly one invariant probability measure on X.

‘We note that the definition of the set X where the above property holds can be quite
delicate. While in general there might not exist a d-dimensional manifold X’ in R? on
which the random splitting is uniquely ergodic (see for example Remark 1.6), in the
examples below we will identify a family of manifolds of lowest co-dimension where
the above definition applies.
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Remark 1.2. The set of invariant probability measures for a Markov transition kernel is
convex, and the extremal points of this set are precisely the ergodic invariant measures
[12,23]. In particular, if the transition kernel admits exactly one invariant measure, then
it is necessarily extremal and therefore ergodic. This explains the use of the term ergodic
in Definition 1.1.

1.2. Two motivating examples. In this paper, we consider two motivating examples:
A conservative version of the Lorenz-96 model and Galerkin approximations of the
vorticity formulation of the 2D Euler equations. We then use these analyses to study the
full Lorenz-96 model and Galerkin approximations of the vorticity formulation of 2D
Navier—Stokes.

Lorenz-96. Fix n > 4 and let {e;};_, denote the standard basis of R". The Lorenz-96
model is

n

X = Z (ka1 — Xe—2)Xk—1 — vk + Fr)ex (1.4)
k=1

for x € R", v > 0, and nonnegative constants Fj, where the indices are periodized via
the identities x_1 := x,_1, X0 := Xp, and x,+1 := x1. The —vx; term in (1.4) represents
dissipation in the kth coordinate and Fy is a forcing constant. Initially, we study a variant
of Lorenz-96, called conservative Lorenz-96, obtained by removing the dissipation and
forcing terms from Lorenz-96. That is,

n

B = V@) =) (et — xk2)¥—1ek (1.5)
k=1

We sometimes refer to the original Lorenz-96 model as the forced Lorenz-96 model to
emphasize the forcing (though the dissipation is equally important). For conservative
Lorenz-96, we will decompose V into a collection of simple rotations by observing that

V) =) Vi) (1.6)
k=1

where Vi (x) := (xx+1€x — Xkex+1)Xk—1. The dynamics given by X = Vi (x) are easy to
understand on their own; any complex behavior comes from interactions of the rotations.
Importantly, each Vi is chosen to conserve, like V, the system’s energy, which for
Lorenz-96 is defined to be the square of the usual Euclidean norm, ||x||? := Yot x,%.

2D Euler. Returning to (1.1), we begin by defining the scalar vorticity g(x,t) =
curl u(x, t) of the velocity field u(x, ¢). Initially, we will consider the Euler equations
which are obtained from (1.1) by taking v = F = 0. Writing the equation for the jth
Fourier mode ¢g; € C, defined by g(x,t) = Zj qj(t)ej(x) for ej(x) := e*/, and
jeljeZ?:|j| <N, j+#0}, we have

qj =~ Z Creqrqe (1.7)
JjH+k+£=0
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for a constant Cy, defined in Sect. 6.1. We will see that this system has two conserved
quantities, the enstrophy, 3 ; 1¢;1%, and the energy, 3 |j|%|q;|*. Notice that the def-
inition of energy differs between this equation and the Lorenz-96 model.

As in the Lorenz-96 model, we introduce the simpler dynamics ¢ = Vxe(q) where
Vike(q) = —Creqrqeej — Cjeqjqeer — Cjrqjqree and observe that

Vi)=Y Vi(@).

Jj+k+¢=0

We will see in Sect. 6 that with this choice of splitting the dynamics ¢ = Vx¢(q), like
the original system V (g), preserves the important physical quantities of enstrophy and
energy.

Remark 1.3. In Sect. 6, we further simplify these complex-valued dynamics by projecting
onto a real basis. The current choice is sufficient for an introductory discussion.

Remark 1.4. Our results do not focus on establishing minimal hypoellipticity assump-
tions for our models of Lorenz-96, 2D Euler and 2D Navier—Stokes; the stochastic
agitation we use is more global than the minimal hypoellipticity forcing considered in
[18,24]. We hope this will allow us to progress further than with previous models while
preserving much of the physically interesting dynamics.

Remark 1.5. Tt is important to emphasize that, with regard to unique ergodicity, the main
role of the forcing, when included, is only to destroy the fixed points and other low-
dimensional invariant structures of the original flows and not to provide the stochastic
mixing which ensures the existence of a unique, ergodic measure to which the system’s
statistics converge. The stochastic mixing is largely provided by the random splitting
and is in contrast to the results in [5,18,19,24,29-31].

Remark 1.6. When considering conservative versions of our split dynamics (those with-
out any explicit dissipation or body forcing), we cannot expect there to be a unique
invariant measure for the system. In particular, since the dynamics will be constrained
to level sets of the conserved quantities, there will be at least one invariant measure per
level set. Furthermore, we will see that even on such constraint level sets there can be
multiple ergodic invariant measures. Most will correspond to fixed points of the original
dynamics and other lower-dimensional invariant structures. However we will see, in the
two examples considered, that when our family of switched vector fields is sufficiently
rich, there will be a unique ergodic invariant measure which is absolutely continuous
with respect to the volume measure on the level set. This implies that in these examples,
there is a unique ergodic invariant measure concentrated on a set of full measure inside
each constraint level set. In this sense, we will demonstrate a form of uniqueness which
aligns with the form of unique ergodicity often proven in the smooth deterministic dy-
namics setting, i.e., that there is only one invariant measure absolutely continuous with
respect to the setting’s natural Lebesgue measure.

Organization of paper. In Sect. 2, we introduce random splitting and its state spaces,
called V-orbits. In Sect. 3, we give conditions for random splitting to be uniquely ergodic
ona V-orbit. In Sect. 4, we show under general conditions that random splitting converges
to its deterministic counterpart (1.2) on finite time intervals both in terms of its transition
kernel and almost surely as the average time step /& goes to zero. In Sects. 5 and 6, we
construct random splittings of conservative Lorenz-96 and Galerkin approximations of
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2D Euler and apply the preceding results to show these splittings are uniquely ergodic
and converge on finite time intervals as - — 0. In doing so we show each system has
a unique invariant measure that is absolutely continuous (with respect to the volume
measure) on the set defined by a given choice of the conserved quantities. In Sect. 7,
we consider the Lorenz-96 and Euler models when fixed forcing and dissipation are
added. When appropriate dissipation is chosen, the latter model corresponds to a random
splitting of Galerkin approximations of 2D Navier—Stokes. We again construct random
splittings of these models, prove convergence, and show that if the forcing is not aligned
with the equations’ invariant structures (such as fixed points) then both randomly split
Lorenz-96 and Galerkin approximations of 2D Navier—Stokes have a unique invariant
measure and the distribution starting from any initial condition converges exponentially
to this measure.

2. Random Splitting in a General Setting

Let V :={Vi};_, be a family of complete?, C? vector fields® on R? and set

V= Z V. 2.1
k=1

Denote the flow of ¥ = V(x) by ¥ and the flow of ¥ = Vi (x) by ¢®. W is the true
dynamics. To construct arandom dynamics approximating W, fix 2 > 0,let T = ()2
be a sequence of independent exponential random variables with mean 1, and set ht :=
(hti)2 ;- The approximating dynamics, henceforth referred to as the random splitting
associated to 'V or just random splitting for short, is the Markov chain {®}" }>_ defined

by CDQT := [ and, form > 0,
. (n) (1 -1
?‘E = (phr';mn o g0hT(m—1)n+I (q>2nf )’ (22)

where [ is the identity on RY, @ = (p(”) 0---0 (p(l), and ®™ is the m-fold composition

of ®. Note that Aty (S Exp(1/h). Therefore, starting from the current step, the next step
of the chain is obtained by following each Vj for Exp(1/4) time in order from k = 1
to n. The chain is Markovian because the random times are independent. Its transition
kernel Pj, acts on measurable functions f : RY — R via

Phf () = E(f(®he () = /R F(@paye Hherthdr 2.3)

where R, := (0,00),t = (t1,...,t,),and dt = dt; ---dt,.

Remark 2.1. Throughout this paper the superscripts k in ¢ and subscripts & in V; are
understood to be taken modulo n if k mod n # 0 and to be n otherwise. For example, if
n=3,

6 5 4 3 2 1 3 2 1 3 2 1
(p()O(p()O(p()O(p()O(p()Ow()zw()ow()ow()ow()ow()O(ﬂ().
2 A vector field is complete if its flow curve starting from any point exists for all time.

3 We use calligraphic Ck for k-times continuously differentiable maps throughout to avoid confusion with
constants which are often denoted by normal script C (for example, the constants C jz in 2D Euler).
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Also, the ¢ in ®}" is always a sequence t = (t1, ..., tun) OF, more generally, t = (tk),fil,
so that

1
Or(x) =g o0l (x).
Note that the above is a composition of mn flows, as in (2.2).

Remark 2.2. All results in this paper remain true if at each step we randomly permute

indices in the composition ®. That is, given a current state x, the next step is <p]$:”)) 0---0

(p}(gl(l)) (x) where o is a random permutation of {1, ..., n}. This yields both additional
randomness and an avenue to higher order approximations of the true dynamics [10,
11,32,46,47]. We forgo this more general setting however to keep exposition more
approachable and notationally light.

Remark 2.3. The times are assumed exponentially distributed for convenience. All re-
sults extend to any distribution on [0, co) with positive density on (0, €) for some ¢ > 0
and exponential tails. The second condition, which is not sharp, guarantees sufficient
concentration of averages of random flow times t; in Lemmas A.3 and A.4 and is re-
quired for the convergence results as 7 — 0 in Sect. 4. The first condition is used in
Sects. 5 and 6 to guarantee sufficient flexibility in the trajectories of the split systems of
interest to establish the global irreducibility needed for ergodicity.

2.1. V-Orbits. Throughout this paper we often restrict attention to certain subsets of
R? affiliated with the family of vector fields V. Specifically, for each x in R¢ define the
V-orbit of x by

X(x):={®/"(x) :m >0,1 e R"™}. 2.4)

This is the set of points in R? that can be reached by the split dynamics starting from
x in any finite number of steps and over arbitrary positive and negative times. X' (x) is
well-defined since the Vj are complete. Furthermore, since the time vectors ¢ in (2.4)
admit coordinates that are O,

X ={gimo-ogx):meN, 1 <ij <n 1, €R}.
Hence (2.4) agrees with the definition of V-orbits from control theory [26,50]. The
collection {X (x) : x € R?} partitions R and if the random splitting {®}’,} associated
to V starts in A'(x) then it stays in X'(x) for all time. Therefore the {®}" } previously
defined on R? also defines a Markov chain on X (x) whenever it starts in X' (x), and its
transition kernel Py acts on measurable functions f : X'(x) — Rasin (2.3). When x is
arbitrary or clear from context, we denote X (x) by X. A classic result from geometric
control theory, sometimes called the orbit theorem, says if every Vi in V' is C" for some
1 < r < oo (respectively, analytic*), then every X is an immersed C” (respectively,
analytic) submanifold of R [26]. In particular, each X’ has a Riemannian structure
induced by the Euclidean structure on R¢ and an associated volume form, henceforth
denoted X, sometimes called Hausdorff or Lebesgue measure on X, which serves as our
reference measure on X.

4 Throughout this paper analytic means real-analytic.
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Remark 2.4. The orbit theorem says every V-orbit X is an immersed but not necessarily
embedded submanifold of R?. For example, X’ can be a “figure-eight" curve in R?
[37, Example 5.19]. Nevertheless, every X is a manifold with a volume form induced
by the ambient Euclidean structure, and every vector field in ) restricts to a vector
field on X by construction. In particular, {V;(x) : V; € V} is a set of vectors in the
tangent space T, X for every x in &X'. Throughout this paper submanifold will mean
immersed submanifold without further qualification. See [36,37] for more on immersed
and embedded submanifolds in general, and [26] for more on V-orbits in particular.

3. Ergodicity

Let V := {Vi}i_, be a family of complete, C? vector fields on R? as before and fix
a p-dimensional V-orbit X. Also fix &~ > 0 and let P, be the transition kernel of the
associated random splitting on X'. A measure p on X' is Py-invariant if w P, = yu where
Py, is defined by

nhnf 1=/Xth(X)M(dx) (3.1

for all bounded, measurable functions f : X — R. The main result of this section is

Theorem 3.1. [f there exists x, in X such that for all x in X there is an m in N and t
in R with @™ (x,t) = x4 and D;®" (x, 1) : 1R} — Ty, X surjective, then Py has
at most one invariant measure on X. Moreover, if such a measure exists, it is absolutely
continuous with respect to the volume form on X.

Here T, X is the tangent space of X at x,. The proof of Theorem 3.1 follows from
the classical minorization condition [25,41,43,48] given by the following result, which
appears in [6, Lemma 6.3].

Lemma 3.2. Let p <m andlet F : X x U — X be C', where U is an open subset of
R™. Suppose t is a U-valued random variable with continuous density p. If for some
(x,t)in X x U the map D, F(x,t) is surjective and p is bounded below by co > 0 on
a neighborhood of t, then there exists a constant ¢ > 0 and neighborhoods U, of x and
U, of x := F(x, t) such that

P(F(y,7) € B) = cA(BNU,) (3.2)

forall y in Uy and B in the Borel o -algebra B(X) of X (recall A is the volume form on
X).

Remark 3.3. Inoursetting, U = R}, F = " : X xR} — X,andt = (11, ..., Tn)
with the t; independent exponential random variables with mean %. In this case, if
xx = ®"(x, t) for some ¢t with D;®" (x, t) surjective, then Lemma 3.2 guarantees the
existence of a constant ¢ > 0 and neighborhoods U, of x and U, of x, such that, for all
yin Uy and B in B(X),

P"(y,B) = cM(BNU,). (3.3)
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Proof of Theorem 3.1. The proof is by contradiction. Suppose 1 and w, are distinct
Pp-invariant probability measures. Assume without loss of generality both p; are ergodic
and therefore mutually singular [12,28]. Then there exist disjoint measurable sets A
and Aj partitioning X such that u; (B) = (B N A;) for all B in B(X). Fix x; in the
support of w; so, by definition, u; gives positive measure to every neighborhood of x;.
By hypothesis and Remark 3.3 there exist ¢; > 0, m; € N, and neighborhoods U; of x;
and U, of x, such that P;l"i (x,-) = c¢c;A(- N Uy) for all x in U;. So,

1i(B) = w; P, (B) > / P (x, B)i(dx) = cin(B N Ui (Us) (3.4)

Ui

for all B in B(X). In particular, u; (B) = 0 implies A(B N U,) = 0 since ¢; and w; (U;)
are strictly positive. But ;1 (A2 N U,) = ua(A1 N U,) = 0 and hence

0<A(Uy) =A(A1NUL) +A(A2NU,) =0,

which is a contradiction. Absolute continuity of the Pj-invariant measure p, provided
it exists, follows from uniqueness together with the fact that the absolutely continuous
part, (qc, and singular part, (s, of u are Pj-invariant whenever u is [6, Proposition 2.7].
Specifically, since u,c and s are Pp-invariant and there can be at most one Pp,-invariant
probability measure, either (. or w; is identically zero. Since p . is nonzero by (3.4),
it follows that g = 0 and therefore u = f4c. |

Remark 3.4. The invariant measure u, which we defined as a fixed point of the left
action of the Markov semigroup P, is often called a stationary measure. This is since the
sequence of random variables generated by the Markov process starting from an initial
condition distributed according to u will be stationary. This helps distinguish from the
invariant measure of the skew flow (x, t) — (W, (x), ¥ 1) where the shift ¢ is defined
by ¥t : v = (11,72, ---) > (Tu+1, Tut2, - - - ). The skew perspective captures more
information about the dynamics and is preferred for many questions. However, we will
not pursue it here as it complicates the simple picture we explore in this note.

3.1. The Lie bracket condition. Let X(X) be the Lie algebra of smooth vector fields on
X and assume throughout this subsection the vector fields in V are smooth. Then the
smallest subalgebra Lie())) of X(X) containing V is well-defined, and for each x in X
the collection Lie, (V) := {V(x) : V € Lie(V)} is a subspace of the tangent space T, X
at x.

Definition 3.5. The Lie bracket condition holds at x in X if Lie, (V) = T X.

The Lie bracket condition is called the weak bracket condition in [6] and Condition B
in [2]. Both papers also consider a strong bracket condition (Condition A) which is used
for results about continuous time Markov processes and is therefore not needed here.
The Lie bracket condition has the following important consequence. Note Ry := (0, 00)
throughout this paper.

Theorem 3.6. If the Lie bracket condition holds at a point x, in X then for every
neighborhood U of x4 in X and every T > 0 there exists an x in U, an m, and a t
in R such that Y " tx < T and t + ®"(x,, 1) = x is a submersion at t, i.e.
D ®" (x4, 1) : T;R™ — T\ X is surjective.
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A version of Theorem 3.6 appears as Theorem 3.1 in [26]; the equivalent version
given here is better suited to random splitting and other classes of piecewise deterministic
Markov processes. See Theorem 5 in [2] and Theorem 4.4 in [6] and their corresponding
discussions for details. Intuitively, Theorem 3.6 says that if the Lie bracket condition
holds at x, then, as a consequence of surjectivity, the random splitting can move in any
infinitesimal direction from x, in arbitrarily small positive times. The next result is an
immediate consequence of Theorems 3.1 and 3.6.

Corollary 3.7. Suppose there is an x, in X at which the Lie bracket condition holds and
such that for every x in X there isanm € Nand at € R satisfying @™ (x,t) = xy.
Then Py, has at most one invariant measure on X. Furthermore, if such a measure exists,
it is absolutely continuous with respect to the volume form A.

One benefit of Corollary 3.7 is that it replaces the need to check the surjectivity
assumption of Theorem 3.1, which can be challenging in practice, with the verification
of the Lie bracket condition. The next result provides a further convenience in the analytic
setting which will be used in the specific examples considered below. See [26,45] for
further discussion and proof.

Theorem 3.8 [Nagano]. Suppose the vector fields in V are analytic. If the Lie bracket
condition holds at any point in X, then it holds at every point in X.

Corollary 3.9. Suppose the vector fields in V are analytic and there is a point x, in X
such that for every x in X there isanm € Nand at € R satisfying ®" (x, t) = x,.
If the Lie bracket condition holds at any point in X, then Py, has at most one invariant
measure on X. Furthermore, if such a measure exists, it is absolutely continuous with
respect to the volume form .

Proof. Since the Lie bracket condition holds at one point in &, it also holds at x, by
Nagano’s theorem. The result follows by Corollary 3.7. O

4. Convergence as Mean Time Step Goes to Zero

A well-known result in the operator splitting literature is that the error incurred in ap-
proximating W by the deterministic splitting scheme ®; = <p}(l”) 0---0 (p,(ll) is O(h) [39].
That is, ®;, converges to the true dynamics W at worst linearly in # as h — 0. In this sec-
tion we give analogous results for random splitting; the pluralized “results" reflects that
with randomness comes several different notions of convergence. Specifically, we give
two main results. First, as in the deterministic case, the transition kernel Pj, of random
splitting converges to the true dynamics linearly in 22 as - — 0. Second, random splitting
converges almost-surely to the true dynamics as 7 — 0. Each case requires a slightly
different notion of O(h). These statements are made precise in Theorems 4.1 and 4.5,
respectively, but to make sense of them we first introduce the appropriate setting.
The following assumption on V-orbits is used throughout this section.

Assumption 1. X'(x) is bounded for each x in R9.

Since the vector fields Vj are assumed C2, Assumption 1 implies the V; are bounded
with bounded first and second derivatives on every X. In particular,

Cutro) = sup [IVAIL IDVe@IL 1DVl : 1 sk <nf <00, @)
xeX (x0)
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where || Vi(x)| is the usual Euclidean norm, ||DVi(x)]| is the operator norm of the
linear map DV (x) : R? — R4, and ||D2 Vi (x)]| is the operator norm of the bilinear
map D2V, (x) : R? x R4 — R4,

For a positive integer k let C¥(X') be the space of k-times continuously differentiable
functions f : X — R. For f in Ck(X) and ¢ < k, the £th derivative sz(x) of fatx
is a multilinear operator from ®f T X to R. The operator norm of D f (x) is then

ID°fll = sup {ID"Feoml}

Inl=1

where 1 € ®f T, X. Defining Dof(x) := f(x), this in turn induces a norm on ckx)
given by

£l = sup {ID" Fo)l -0 < € < k.
xeX

The corresponding operator norm is denoted ||-||x—x. More generally, for any k and ¢
define a norm ||-||x— ¢ on the space of linear operators L : Cckx) — Cctx) by

ILlk—e := sup [ILflle.
I le=1

We make frequent use of the submultiplicity of ||| ¢. Namely, if A and B are bounded
linear operators from C/ (X)) to C¥(X) and from C*(X) to C¢(X), respectively, then

IBAllj—¢ < I Bllx—sellAllj > -

The results below are stated in terms of semigroups of the flows W and ¢/, which
are C> by assumption. Hence for all k < 2 the semigroup {S;};>0 corresponding to ¥
acts on f € CK(X) via

Sifx)=e" f(x) = f(Wi(x)) 4.2)

and, similarly, the semigroup {S’;U ) }r>0 corresponding to @Y is given by
S =€V f@ = fo ). (43)
In particular, m steps of random splitting corresponds to §Z1t = §}(llr)l e §%gj with su-

perscripts taken as in Remark 2.2. The transition kernel P} and semigroup composition
Sy are related via

PP f =E(f(O5) =BG} f) . (4.4)

With the above notation we now present the two main results of this section, Theorems
4.1 and 4.5, which follow from Lemmas 4.2 and 4.6, respectively. The full proofs of
both lemmas are given in the Appendix, but we discuss the general idea behind each at
the end of this section.

Theorem 4.1. Suppose Assumption 1 holds and fix t > 0. For all h sufficiently small
and satisfying mh = t for some m € N, there exists a constant C(t) depending on t but
not on h such that
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Lemma 4.2. If Assumption 1 holds then there exists a constant C such that
1Py — Shlla—o < Ch® (4.6)
for all h sufficiently small.

Recalling from (4.4) that P, = ]E(g}l .)» informally Lemma 4.2 states that the average
difference between one step of random splitting and the true dynamics is O(h?) for
sufficiently small /. For any finite time interval [0, f] we can leverage this result to
approximate S; by successive steps of P,. Specifically, choose / sufficiently small so
that (4.6) holds and there exists an integer m with mh = t. Then the composition P;"
corresponds to O(1/ h) steps of P,. Consequently, since the difference between P, and
Sy, is O(h?), the difference between P} and S; is O(h).

A possible interpretation of O(hP?) is given in Theorem 4.1 and Equation (4.5). This
choice matched the particular results being proved. In Theorem 4.5 and Lemma 4.6
below, we chose to quantify the error in another fashion, though the same order of
magnitude statements hold true. The same basic reasoning can be used to prove the
following.

Remark 4.3. As we have made minimal assumptions on the splitting, we will only be
able to deduce that P, — S, = O(h?). In specific examples, it is often possible to
arrange the splitting so that P, — S, = O(h?) with p > 2. An example of a higher
order splitting is Strang splitting [39]. Alternatively, higher order can also be obtained
by fully randomizing the order [10] or randomly choosing between one ordering and its
reverse [32,46,47].

Proof of Theorem 4.1. Let h be sufficiently small that (4.6) holds and such that mh = ¢
for some m € N. The quantity of interest can be written as the following telescoping
sum:

m

PPt =S8 =Y Py Py = Si)Shim—n) - (4.7)
k=1

For any k and continuous function f with || f]lo = 1,
17t 1o < E (L (@ho)l) = 1.

Hence ||P;Il‘||o_>0 = 1. Similarly, since mh = t implies h(m — k) <t for k > 0 and X
is bounded by Assumption 1 (so W and its first and second derivatives are bounded on
X, uniformly on [0, ¢]),

1Shn—k)ll2—2 < K (1)

for some K (¢) depending on ¢ but not 4. Hence, by submultiplicity, (4.7), and Lemma
4.2, we have

m m
1Py = Stllz0 < D _IPy ool Ph = Shlla0llSham—n 2 < K (1) Y Ch* = C(0)h,
k=1 k=1

where C(t) := K (¢)C, with C the constant from (4.6) in Lemma 4.2. O
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Remark 4.4. Theorem 4.1 had the relation 4 = t/m, while in the almost-sure results
below we will take 1 = 1/m? (note we explicitly write /m?, making no reference to the
variable %). The reason, loosely speaking, is that the transition kernel depends only on
the expectation of the randomness, while the almost-sure results additionally depend on
fluctuations of the randomness about its mean. For example, Lemma 4.6 prepares for an
application of the Borel-Cantelli lemma by establishing the summability of probabilities
of “large” fluctuations over sets of O(m) = O(1/ Vh) cycles. This is discussed in more
detail at the end of this section and worked out in full in the Appendix.

Theorem 4.5. Suppose Assumption 1 holds and fix t > 0. Then for any ¢ > 0,

P <hm sup|| — Sillo—o > 5) =0. 4.8)
m—00
Lemma 4.6. Suppose Assumption I holds and fix t > 0. Then for any ¢ > 0,
o
S P(IS7,0 = Simlla—o > &) < o0 (4.9)
m=1

Remark 4.7. There is a relationship between Theorems 4.1 and 4.5 and the averaging
results from Wentzell-Freidlin theory, e.g., [21, Theorem 2.1, Chapter 7]. This theorem
builds on local results like Lemmas 4.2 and 4.6. Since our averaging is that of a deter-
ministic, cyclic process, the calculations can be more explicit and more precise. We are
able to prove using simple calculations that the local error is O(h?) which leads to O(h)
error over order one times. Typical soft averaging results prove a local error of o(h)?>
and then simply conclude that the order one error goes to 0. Of course, more careful
calculations are possible in the averaging setting. However, the simple structure of our
problems, where the only randomness is in the switching times and not the orderings,
allows for the direct, straightforward proofs we have presented.

Proof of Theorem 4.5. By the Borel-Cantelli Lemma it suffices to show

ZP(H e = Sila0 > &) < 0.

Consider the telescoping sum

tT/m? tt/m? tt/m?
k=1

g s = Z St (S = Suum) Sun-sousm - (4.10)

For any k and continuous function f with || f|lo = 1,

” zr/mzf“() = ”f( hr)”O

Hence ||S( 17 m? ||0_>0 = 1. Similarly, since (m — k)t/m <t for k > 0 and X" is bounded

by Assumption 1 (so W and its first and second derivatives are bounded on X', uniformly
on [0, 1),

1Sen—kye/mll2—2 < K(t)

5 f(h) is o(g(h)) when h — O if lim f(h)/g(h) = 0 as h — 0. f(h) is O(g(h)) when h — 0 if
lim | f'(h)/g(h)] € (0, 00).
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for some K (t) depending on ¢ but not 4. Hence, by submultiplicity, (4.10), and Lemma
4.6, we have

m
” Str/mz St ||2»0 =k@® Z ” Stn;/mz = St/m ”2»0 = K()m ” Szn;/mZ = St/m Hz»o’
k=1

and hence by Lemma 4.6,

00 00
Z ( tr/m2 =S ||2—>0 ) Z ( tr/m2 St/m ”2—>0 = ﬁ) < 00

m=1
O

We conclude this section by sketching the proofs of Lemmas 4.2 and 4.6, which
are inspired by ideas from [10,11] and given in full detail in the Appendix. In what

follows we set Sy = §}” and define S(' D S(’) g}(ljr) . Consider first Lemma 4.2.
Differentiating Sj; in & gives

n
OnSpe =y e VL M = Z 7Sy gtk

Next, commute S(1 k=D and Vi via the Lie bracket [Sh1 k=1) , Vil = S}(,1 k= 1)V
Vi S}(l1 D o get

O S —ZTkaShr+ZTk[S(lk VoV = Ve + (Ve = V)Sir + Ene
k=1 k=1

where V, == Y 0_ % Vi and Ejp = Y0, wl S\, viSE™ o, by variation of
constants,

h h
Spe — Sp = / Sh—r (Ve = V) S,cdr +/ Sh—rErcdr. (4.11)
0 0
Loosely speaking, the first integrand is O (k) because
n
E(V; = V)= ZE(Tk - DV =0 (4.12)

k=1

cancels first order terms from the full expression, Sy, (V; — V)gr,. On the other hand
the second integrand is O(h) because the bracket terms in Ep; also cancel first order
terms (most of the work of the proof in the Appendix is making these two statements
precise). Thus, integrating these O (k) terms over the interval (0, i), the difference on
the right side of (4.11) is O(h?) as claimed.

The proof of Lemma 4.6 is structurally similar to the one sketched above in that it
again begins with an application of variation of constants. However, in this case our
analysis aims to establish a concentration estimate and can therefore not rely solely on
the vanishing first moment in as in (4.12). Instead, morally speaking, we expect the
desired estimate to hold because of the averaging of iid flow times 7; in the homologue
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of (4.12). In order to capture such averaging, we cannot limit our analysis to one cycle,
but have to consider a variation of constants estimate on m >> 1 such cycles:

h h
ST — Spn = / Sm(h—r)(Ve — V)Sdr + / Spin_m ESdr (4.13)
0 0
(m) ._ ~mn S(1,k—1) S(k,n) .
where now E;7° = ) ;2 wlS,; , Vk1S,, . Note that the second term contains

O(@m?) commutators, each contributing O(h?) as in the previous analysis. On the other
hand, once integrated, the difference in the first integral, Z}Z’an(rk — 1) Vg, scales as
O(+/mh) by the central limit theorem for iid random variables. In order to have both terms
decay faster than O(1/m) we choose m ~ O(1/+/h), whence the relation h = t/m?.

5. Conservative Lorenz-96

In this section, we apply results of the previous sections to the conservative Lorenz-96
model introduced in Sect. 1.2. There we noted the vector field V in (1.5) splits as (1.6)
where the flow of each V} is a rotation. Specifically, each flow ¢ of the splitting vector
fields

Vi(x) = (Xks1€k — Xkeks1)Xk—1 5.1

is a rotation in the (xg, xx+1)-plane with angular velocity x;_; and therefore preserves
Euclidean norm, which we refer to as the energy of the system. Throughout this section
V denotes the family of splitting vector fields corresponding to (5.1). By the preceding
remarks every VV-orbit lies on a sphere centered at the origin in R”. In particular, we have

Proposition 5.1. All the finite time convergence results of Sect. 4 apply to the random
splitting (1.6) of conservative Lorenz-96 starting from any initial condition.

Proof. The splitting vector fields are smooth and Assumption 1 is satisfied since every
V-orbit lies on a sphere, so the conclusions of Theorems 4.1 and 4.5 both hold. m]

5.1. Ergodicity. A complicating feature of the conservative Lorenz-96 dynamics is that
it has fixed points. Specifically, a point x in R" is a fixed point of (1.5) if and only if
Y i (x,f +x,§ 1 )x,%_l = 0. For a 2-sphere embedded in R> these are precisely the 6 points
of intersection of the sphere with the standard coordinate axes. In higher dimensions,
these fixed points lie on submanifolds that in general have dimension greater than 0 and
in particular are no longer isolated. Nevertheless, nonfixed points cannot reach fixed
points in finite time; in fact, the following result shows there is precisely one V-orbit on
each sphere that contains all the nonfixed points on that sphere.

Proposition 5.2. If x is a nonfixed point of the conservative Lorenz-96 equations, then

n
X(x) =X := {y eR": |yl = Rand Y (5} + Vi) Vi1 # 0}, (52)
k=1

where R = || x||. Furthermore the random splitting of conservative Lorenz-96 is uniquely
ergodic on X: for all h > 0 the volume form X is the unique Pp-invariant probability
measure on X.
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Corollary 5.3. For all h > 0 the volume form % on S""'(R) := {x e R" : ||x|| = R}
is the unique ergodic Py-invariant probability measure on S"~'(R) that is absolutely
continuous with respect to A.

Proof. X in (5.2) is the complement of a closed, measure zero subset of S”~!(R). Thus
A on X agrees with the volume form, also denoted A, on S"’I(R). In particular, A is
an ergodic invariant measure on S”~!(R) by Proposition 5.2. Since ergodic invariant
measures are mutually singular, see e.g. [23], any other ergodic invariant measure on
§"~1(R) must be singular with respect to A. O

Proof of Proposition 5.2. Let x be a nonfixed point with ||x|| = R. We first prove x can
be mapped via the split dynamics to x, := (R/+/n, ..., R/+/n). Since x is a nonfixed
point, i.e. Zzzl (x,% + xlfﬂ)x,%_l # 0, there exists k such that x;z—1 7% 0 and xj or xg41
is nonzero. Now, since (p(k) is a rotation in the (xx, xx+1)-plane with angular velocity
Xr_1, there is a f; such that both k£ and k + 1 coordinates of go(k) (x, ) are nonzero.
By the same argument there is a #;4+; such that the k, k + 1, and k + 2 coordinates of
xk+D) = go(k“)((p(k) (x, t%), ty+1) are nonzero. Continuing this way, we see x can be
made to have nonzero coordinates in a finite number of steps.

Now since ||x|| = R, there exists an index k such that |xz| > R//n. If k = n, rotate
in the (n — 1, n)-plane so that the nth coordinate of x becomes R/./n. If k < n, rotate
in the (k, k + 1)-plane so that the k + 1 coordinate of x becomes R//n, then rotate in
the (k + 1, k +2)-plane so that the k + 2 coordinate of x becomes R/+/n, and so on until
the nth-coordinate of x becomes R/./n. Such rotations are always possible because
all coordinates of x are nonzero by the preceding argument. Thus, whether k = n or
k < n we can evolve x via the split dynamics so that its last coordinate, x,, is R/+/n.
In particular, there now must exist an index k < n such that |x;| > R/./n. By the same
procedure, and without disturbing the last coordinate, we can use rotations to make the
n — 1 coordinate of x equal R/./n. Iterating this process maps x to x, in a finite number
of steps. Since x was arbitrary it follows that every nonfixed point with norm R belongs
to the same orbit, which is precisely the set A’ defined in (5.2).

Next we prove there is at most one Pj,-invariant measure on X'. First note that since
the split dynamics are all rotations, the above procedure mapping any arbitrary x in X’
to x, can be done using strictly positive times. Furthermore, by direct observation, the
matrix of splitting vector fields

X2Xp 0 ... 0
‘ —X1X,  X3X] . 0
Vitx) Valx) -+ V() | = 0 —X2X]
‘ ‘ : : XnXn—2
0 0 —Xn—1Xn-2

has rank n — 1 whenever all x; are nonzero. In particular, since X" is an open subset of
the sphere of radius R and therefore itself an n — 1-dimensional manifold, the splitting
vector fields Vi span Ty, X'. Hence Lie,, (V) = Ty, X. By Corollary 3.7, P, has at most
one invariant measure on X’.

We next show Lebesgue measure, Leb, in R” is Pj-invariant. Let S”_I(R) denote
the sphere of radius R in R” and let Lebgk) = ((pt(k))# Leb be the pushforward of Leb

by go,(k). Since the Vi in (5.1) are divergence free, the continuity equation, intended in
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the weak sense,® becomes

0 = 9, Leb® +div (vk Leb§">) = 9, Leb™ +VLeb™ .V . (5.3)

The latter is a transport equation with constant initial condition Leb(()k) = 1 and hence

Lebfk) = Leb for all 7. Because the trajectories of all Vi conserve the energy ||x||, we
fiber R” using spherical coordinates (r, ¥) € Ry x S"~!(R). In these coordinates, we
have that Vi (r, 9) = 00, + rvi () Vy and by a change of coordinates of the divergence
operator the stationarity equation becomes

0 =div(Vk(x)A(x)) = u(r)w () divyg (A(r, D) vr (D)), (5.4)

where divy denotes the angular terms of the divergence in spherical coordinates, and
u(r), w(?¥) result from the change of variables. Hence, we can factor the solution
A(r, ®) = A(BO|r) - ur(dr) = A®) - ur(dr), where A(|r) is the conditional den-
sity of Lebesgue measure on a fiber. The measure A solves w (1) divy (A(9) v (9)) = 0
and is therefore invariant under the flows <pt(k). By rotational symmetry of Leb, we must
have that A(#%) is the volume form on $”~!(R). And since X is a full-measure open
subset of "1 (R), the volume form A on X is just the restriction of X to X. Thus A
is also invariant under the flows and is therefore the unique Pj,-invariant measure on
X. O

6. Galerkin Approximations of 2D Euler

The 2D Euler equations on the torus T are obtained from the 2D Navier—Stokes equa-
tions (1.1) by dropping the dissipative and forcing terms:

{8,u+(u~V)u=—Vp 61

diviu) .=V -u=0

where, as before, u : T x R — R? is the fluid velocity, p : T x R — R the fluid
pressure, and

(u . V)M = (u181u1 + Mzazul, ulaluz + uzazuz).

In this section we construct a convenient random splitting of (6.1). To do so we first
write (6.1) in vorticity form and apply the Fourier transform. This yields an infinite sys-
tem of ODEs which we truncate to systems of arbitrary finite size, referred to throughout
as Galerkin approximations. Finally, we split these Galerkin approximations and apply
the results of Sects. 3 and 4 to the associated random splitting.

6 This equation should be interpreted as an equation on measures or, equivalently, as holding in the weak
sense. In other words, the left and right side are equal when integrated against any compactly supported,
smooth test function.
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6.1. Constructing the splitting. The vorticity formulation of (6.1) is obtained by taking
the curl of velocity. Specifically, setting g := curl(u) := du; — 91u2, equation (6.1)
becomes

{316] +(Kq-V)g =0, ©2)

div(g) =0,
where K := V1(=A)~! with V+ := (85, —91). To express (6.2) in Fourier space, set

Z2, = 7>\ {(0,0)} and let {e;} jezz, be the orthonormal basis of L%(T, R) given by
ej(x):= 2m)~! exp(ix - j). Theng(x,t) = Z;ezgo qj(t)e;(x) where

qjt) :={q,ej)2 = /TCI(XJ)?/'(X)CIX

is the jth Fourier mode of g. Here (-, -);2 is the standard inner product on L*(T,R)
with €; denoting the complex conjugate of ¢;. The jth Fourier mode of (Kg - V)q is

(Kq-V)g,ej)2= Y Crearqe

k+l=j
where
k,thy (1 1
Crp = SR — 6.3
ke o TERRTE (6.3)

with (-, -) the standard inner product in R2, ¢L = (L2, —¢)), and |£)? := 6% + K%.
Therefore

D djej =g =—(Kq-Vig=— Z( > Cuqme)e,-
j i Nktt=j

and hence §; = — > 7 Ckeqrqe. Moreover, since g is real-valued,
daje=a=q=) djc;
J J

which gives ¢g; = g _;. In particular,

Gj=q-j=— Y Cuf@iqe-

Jj+k+¢=0
Writing each Fourier mode g; = a; +ib; in terms of real and imaginary parts then gives
aj+ibj=g;=— Y Crlax —iby)(as —iby)
Jj+k+£=0

= Y Culbibe —arap)+i Y Cielarbe +arhy) .
Jj+k+£=0 JjHk+£=0
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Thus the Fourier modes of solutions to the Euler equation in vorticity form satisfy

aj = Z Cre(brby — aray)
JjH+k+£=0

> Crelabe +arhy)
Jj+k+£=0

' (6.4)
bj

forall j € Z%o. While (6.4) could be studied as is, notice the constraint g—; = ¢
impliesa_; = aj and b_; = —b;, which introduces redundancy in (6.4). Therefore we
restrict to the subset

={jeZ®:jp>0U{jeZ: j=0and j; >0}.

Specifically, by straightforward computation together with the identities a—; = a;,
b_j = —bj,and Cpy = C_p—¢ = —C_ ¢ = —Cy, —¢, the system (6.4) can be re-
expressed as

aj= Y Crlmac+bib)+ Y Cralbiby — aray)
j+h—e=0 j—k—=0

bj= Y Culaxbe —brar)— Y Crelarbe +brar)
JHk—£=0 J—k—£=0

(6.5)

forall j € Zi with each sum running over all pairs k, £ € Zi satisfying the specified

identity. To split (6.5) note that for any j, k, £ € Zi satisfying j + k — £ = 0 (and hence

£ — j —k = 0) we can isolate from the above sums exactly 6 equations involving only

these indices:

aj = Crelaxag +bebe) . ae = Cje(ajag+bjby),  aw = Cjx(bjbx — ajar) .

bj = Cre(arby — bxar) . by = Cjelajby —bjar), by = —Cjr(ajbi +bjar) .
(6.6)

For reasons to be made clear shortly, we recombine (6.6) into 4 groups of 3 equations:

aj = Creagag C:lj = Crebiby bj = Creaxby b, = —Ciebrag
dk = ngajag l?k = ngajbg i‘lk = ngbjbg bk = —ngbjag
ag = —Cjrajag by = —Cjrajby by = —Cjibjax ag = Cjxbjby

6.7)

Let Va,ukaw Vajbibys Vb, jarbys and V. ibrag be the vector fields associated to the equations
of (6.7) from left to rlght For example Va;ara, 15 the vector field on R*® mapping
the a; coordinate to —Cyearag, the a; coordinate to —Cjeajay, the ag coordinate to
—Cjrajay, and all other coordinates to 0. These are the splitting vector fields. Our
sought-after splitting is

V= Z Vajaka( + Va_,'hkbg + Vbjakh( + Vb_,‘hkag ’ (68)
Jj+k—€=0

where V is the vector field associated to (6.5). As noted earlier, our focus will be on
finite truncations of the infinite-dimensional system (6.5). Thus we fix an integer N > 2
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and define the Nth Galerkin approximation of (6.5) to be (6.5) with indices restricted
to the set

7% = 1{j € 22 : max{|ju], | 2l} < N}.

The splitting (6.8) remains valid in this finite-dimensional setting, bearing in mind that
now all indices lie in Z%V. By aslight abuse of notation, we denote the finite-dimensional
counterpart of V by V and similarly for the splitting vector fields. Thus our family of
splitting vector fields is

V= {Vaja,{az, Vasbebes Vojabes Vojbeay © o ko € € Z and j+k — € = 0} . (69)

Since Z3, has cardinality 2N (N + 1) and each index j € Z3 has an associated a; and

b; coordinate, these are all vector fields on R", where throughout this section we set
n :=4N(N + 1). We also abuse notation by conflating elements j in Z?V with elements
j in {1,...,n/2}, which can be formalized via any bijection between the two sets.

Moreover, we denote elements of R” by g = (a;, b j)7/22 |- This reflects that the a; and

b coordinates of g in R" are in one-to-one correspondence with the real and imaginary
parts of the jth mode of g.

Remark 6.1. There are many possible splittings of a given equation. For the Euler equa-
tions, we made the particular choice we have so that both energy and enstrophy are
conserved but the dynamics of each splitting are still relatively easily understood. We
could have further decomposed the three-dimensional dynamics in the above splitting
into a number of two-dimensional dynamics, similar in spirit to the decomposition into
rotations used in Lorenz-96. However, that would have necessitated only conserving
either the energy or the enstrophy.

6.2. Conservation and convergence. The conservative Lorenz-96 dynamics discussed
in Sect. 5 conserves Euclidean norm (energy in that case) and therefore remains on
whichever sphere it starts on. So too do the flows of each of the splitting vector fields
(5.1). We now show a similar thing is true for Galerkin approximations of 2D Euler.

Define the energy and enstrophy of g = (a;, b j)';./z2 | by

aj +bj e
E(q):=)_ T ad E@) = > ai+b;, (6.10)
jer\, I jeZ%\,
respectively (note the aforementioned conflation of j in Z?\, and j € {1,...,n/2} in

the summations). Straightforward computation shows that for all j, k, £ € Z%\, with
j+k—£€=0,

Cre Cje Cik

Cre+Cjy—Cjk=—5+—-5— -5 =0,
! TR K (e

which in turn implies that under the dynamics (6.5),

0 E(q) =0,E(q) =0
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for all ¢ € R”. That is, both energy and enstrophy are conserved by the true dynamics
and the set

Qu(E, &) :={qeR":E(q) =E, E(q) =¢&}. (6.11)

is invariant under (6.5). This is a well-established property of the 2D Euler equations.
Moreover, if we flow by V, jara starting from ¢ for any j, k, € € Z%V with j+k—¢ =0,
then

1 aja; aax  agd Cee  Cje  Cii
50E(QQ) = 3+ + =<.—+——— ajarag =0,
27 12 k12 e 2 k2 e2 )
and similarly 9;€(g) = 0. The same computation shows energy and enstrophy are

conserved by all of the splitting vector fields in V), which provides the motivation for
recombining (6.6) as (6.7) in the first place. In particular, we have

Proposition 6.2. All of the finite time convergence results of Sect. 4 apply to the random
splitting (6.8) of every Galerkin approximation of 2D Euler starting from any initial
condition.

Proof. The splitting vector fields are smooth and Assumption 1 is satisfied since every
V-orbit lies on a sphere, so the conclusions of Theorems 4.1 and 4.5 both hold. m]

6.3. Ergodicity. Fix energy and enstrophy values E and £ and set Qg := Qo (E, £). Qp
is an n — 2-dimensional submanifold of R"” where, recall, n := 4N (N + 1); denote its
volume form by A. As with conservative Lorenz-96, the Nth Galerkin approximation of
2D Euler has points g in Qg whose V-orbits are not dense in Q. For example, any g with
exactly one nonzero coordinate is a fixed point of (6.5) and of all the equations (6.7).
In this subsection we characterize these points and prove there is exactly one V-orbit Q
on Qp such that A(Q) = 1. By a slight abuse of notation we denote the restriction of A
to Q by A as well. We then show there exists a unique Pj-invariant measure on Q — and
hence on Q — that is absolutely continuous with respect to A on Qj.

To make the above statements precise, we begin by enumerating the coordinates of
q € R" by extending the indices j € ijv with an element x € {+, —} which denotes
the real (+) or imaginary (—) part of the corresponding mode. Then, for j = (j, x) €
Z%\, x {+, —}, we define the type of such coordinates via the function T(j) = x so that
gj is identified with a; if T(j) = + and with b; if T(j) = —. For g € R", denote by

Ag) =i eZ} x {(+,—} : ¢j #0]}

the set of “active” coordinates. To streamline our analysis, we define the following
operation to expand the set A:

At = AU {€} ifﬁe{j+k,j—k}ﬁZ?vf0rj,keA,Cjk#O,TG)-T(k):T(E),
A else,
(6.12)

where T(j) - T(k) is + if T(j) = T(k) and — if T(j) # T(k). This operation corresponds
to extending the nonzero coordinates of ¢ from j, k to £ by letting a triple ¢ = jk£
interact.

We assume that the initial condition is sufficiently nondegenerate, as stated in the
following assumption similar to the one made in [24, Thm. 2.1].
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Definition 6.3 [Nondegenerate point]. A point g in Qg is nondegenerate if there exists
M eN, j*e Z/ZV with | j*|2 > 1, and an ordered set of indices (l,-)f‘il in Z?\, X {+, =}
such that

{104, (0, 1,4), ", D} S (A@ L) B L) - S Ly.  (6.13)

Definition 6.4 [Generic point]. A point in R” is generic if all of its coordinates are
nonzero.

Remark 6.5. Every point with all coordinates nonzero is a nonfixed point of conservative
Lorenz-96; similarly, every generic point in Qp is nondegenerate. However, compar-
ing (6.13) with (5.2), we see the conditions defining nondegenerate points in Qg are
more complicated than the easily characterized nonfixed points of conservative Lorenz-
96. The difference is that, unlike spheres in conservative Lorenz-96, there are proper
subspaces of Qp which are invariant for our splitting of the Euler dynamics but are not
fixed points. One such subspace is the collection of purely real points; another is the
purely imaginary points.

The following analogs of Proposition 5.2 and Corollary 5.3 are the main results of
this subsection.

Proposition 6.6. Every nondegenerate point in Qg belongs to the same V-orbit, Q, and
forall h > O there exists a unique Pj,-invariant probability measure on Q. Furthermore,
this unique invariant measure is absolutely continuous with respect to the volume form

on Q.

Proof. By Proposition 6.9 there is a ¢* in Qp such that every nondegenerate point in
Qo belongs to the V-orbit Q := Q(¢*), and for every ¢ in Q there is an m € N and a
t € R satisfying " (g, t) = ¢*. By Lemma 6.15 the splitting vector fields span the
tangent space of Q at generic points; in particular, the Lie bracket condition holds at
every generic point. Thus, since the vector fields in ) are analytic, Corollary 3.9 implies
Pj, has at most one invariant probability measure on Q, which is necessarily the one
identified by Lemma 6.14. O

Corollary 6.7. Forall h > 0 the measure from Proposition 6.6 is the unique Pj,-invariant
ergodic probability measure on Qg that is absolutely continuous with respect to the
volume form on Qy.

Proof. Let )\ denote volume form on Q. Since Q contains all generic points in Qy, it is
an open subset of Q satisfying A(Q) = 1. In particular, the unique invariant measure on
Q from Proposition 6.6 is an ergodic invariant measure on Qp. Since ergodic invariant
measures are mutually singular, see e.g. [23], any other ergodic invariant measure on
Qp must be singular with respect to A. O

Remark 6.8. Continuing in the spirit of Remark 6.1, we observe the splitting in (6.7)
splits g into its real and imaginary parts. We could have chosen another basis of C and
even randomized over this choice for each evolution of an interacting triple (J, k, £).
More explicitly, if we define e() = cos(¥) + i sin(9) then e() and e(¥ + %) form
an orthonormal basis of C for any . Then we can drive a system analogous to (6.7) by
setting gy = age(z?) +bge(19 + %). As the form is similar to (6.7), the results of the paper
extend to this system. In particular, by randomizing the choice of ¥ for each such triple
(J, k, £), we can relax the characterization of nondegenerate points in Definition 6.3
by destroying some of the invariant structures discussed in Remark 6.5 which obstruct
controllability starting from some initial conditions.
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6.3.1. Controllability. In this section, we prove controllability of the dynamics (6.7).
By conservation of energy and enstrophy, the V-orbit of an initial condition ¢(® in Qg
is contained in Q. Recalling the definition of extended indices in Sect. 6.3, we define
the set of interacting coordinate triples

T:={G, k0 € @} x{(+, =D : j+k=¢, (Cjx, Cje, Cre)
# (0,0,0), T(j) - T(k) =T®)}.

Then, for any such triple of interacting indices ¢ € Z we denote by ¢; : Qyp — Qo
the flow of the ODEs (6.7) evolving the corresponding coordinates. The dynamics we
consider is then obtained by cycling through the set Z in a fixed or random order. For
any ¢ € Z we denote by ®; : Qy — Qp the flow of (6.7) after one such full cycle
where the flow times are chosen as

e _ |t ifE=y, 6.14
! 0 else, (019
so that for any g € Qp, ®4(q) = ¢!(q).
Let ¢* = (a7, b;f)';/zz | be the point in Qg defined as follows:
qul,O) = quoyl) = (a*, O) s quN,N) = (0, b*) N (615)

for a*, b* > 0 and q;.‘ = (0, 0) for all other j € Z%\,. We show below that for any

nondegenerate initial condition ¢ € Q the system can be driven to this unique point
k

q*.
0) 7 (0)\n/2
i Pii=
M e Nand ajoint sequence of transition times and coordinate triples {(t(m), T (m)) }nﬂf: I
such that

Proposition 6.9. For any nondegenerate point ¢© = (a in Qg there exists

M 1 0
CDLI((M)) 0---0 q)lr((l))(q( )) —q*. (6.16)
Thus every nondegenerate point belongs to the same orbit, Q := Q(q*). Furthermore,
for every q in Q thereisanm € Nand at € R such that " (q,t) = g*.

Recall from Remark 2.3 that the only property of the exponential distribution used in
this proof is the fact that it has a density around 0, allowing to choose the flow of some
of the split vector fields to be the identity as, e.g., in (6.14). This comment also applies
to the proof of Proposition 5.2 in the previous section. We further note that, since the
trajectories of each of the ¢! in the above theorem are periodic (see Lemmas 6.11
and 6.12), each of these transformations can be inverted by choosing complementary
transition times to 7 (m). Inverting the order of the transformations yields the converse
statement:

Corollary 6.10. F d int q© = @', b2 j

y 6.10. For any nondegenerate point q (a i ,b i ) jop in Qy there exists
M € Nand ajoint sequence of transition times and coordinate triples {(1(m), To(m))} %: I
such that

(M) i1 _ (0
dbf(M)o---OQDf(l)(q*)—q .
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While the Corollary 6.10 will not be used in the remainder of the paper, it offers an
alternative to Theorem 3.8 in proving that, when applying Corollary 3.7, it is sufficient
to verify that Lie bracket condition holds at any point in Q, not necessarily at ¢*.

Proof of Proposition 6.9. We prove the first statement by first evolving the initial condi-
tion ¢(© into a sufficiently nondegenerate state ¢!, and then by sequentially shrinking
the set of active components of the coordinate vector g to the ones listed in (6.15).
We realize this program by following, in order, the sequence of steps described below,
represented schematically in Fig. 1:

(0) If it is not the case at initialization, Lemma B.1 shows that we can “prepare” our
state by evolving ¢@ into ¢V such that

) (1 (MM
a(l,O)’ b(l,O)’ (0 1)’ b(O 1)’ (1 1)’ (1,1) #0, (6.17)

as represented in Fig. 1a.
(1) As shown in Lemma B.2, we can then transform ¢! into ¢® with the property

(2) =(0,0) forall j € ZX \ {(0, 1), (1,0), (1,1), (N, N), (=N, N)},
(6.18)

as represented in Fig. 1b, and

@ L0 0 o @ o
acop b0y 40,y Loy 4y by #0- (6.19)

(2) Lemma B.3 shows that we can then “transfer” the amplitude from modes a(_y,n),
b—n,N), av,N) to mode by, y) i.e., we can reach a state q(3) that satisfies

(3) = (0,0) forall j € Z2,\ {(0,1), (1,0), (1, 1), (N, N)},  (6.20)

q((fv) v = .65 v) with b)) > 0. (6.21)

This state is represented in Fig. 1c.

(3) Finally, Lemma B.5 shows that we can “transfer” the amplitude from modes a1, 1),
b(l,l)’ b(O,l) and b(l,()) to modes aq,1y 4(1,0)» b(N,N) so that, after the transfer,
ao,1 = aq,0) and a1y, ac1,0y. bv,ny > 01i.e., we reach the unique state g* from
(6.15) (represented in Fig. 1d).

This proves the first part of Proposition 6.9, which immediately implies nondegenerate
points in Qg belong to Q = Q(g*). Let ¢ be any point in Q. By definition there exist m
and ¢ in R™" such that

1
(g, =" o0 (@) = g

Note that the times #; may be negative; however, by Lemma 6.11 each 9@ is periodic.
Thus for every #; <0 there exists a ¢/ > 0 such that ‘Pz(,-l) qH= <pt(_,’) (¢") forall ¢’ in Q. Let

t" be ¢ with all #; <0 replaced by /. Then " is in R} and ®" (¢, 1) =®" (¢, 1) =¢*
O
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® ® ® @ ® ® ® @ ® ©® s+ . o c v . @
©® ® ® ® ® ® ® ©® ® e e e . « ® = s
®©® ® ® ® ® ® ® ©® ® e e . s » « =
® ® ® ® ® ® ® ©® ® e e e ® @ e e
oo ®
(4) (B)
o o e N o o e O
. . . . ® ® . . . . . . . ® . . . .
® ®
() (D)

Fig. 1. Representation of the state of the network in a generic initial state (a), after step 1 of the procedure in
the proof of Proposition 6.9 (b), and after step 2 (c) and after step 3 (d) of the same procedure. In the above
pictures, each point corresponds to a mode, i.e., an element of Z?V while the color of each circle represents
the real/complex value of the corresponding mode: zero (white, no circle), purely imaginary (red), purely real
(blue) or having both nonvanishing real and imaginary parts (green)

Defining similarly to (6.22) the operation of removing a coordinate from the set .A

Aot A\{¢} ifee{j+k,j—k}ﬂZ%vforj,keA,Cjk;éO,T(j)-T(k):T(l),
|4 else,
(6.22)

we now proceed to construct (sequences of) times T and interacting triples ¢ such that the

transformations Cbg) of g implement the operations @, © from (6.22), (6.22) through
the flow of (6.7), i.e., such that A(g) & £ = A(PL(q)) or A(q) © £ = A(P.(q))
respectively. To do so we separate the possible interactions between the modes in two

types:

a) v=jktel : |j|# Ikl #IL,
by 1=jkleT : |j|=Ikl# 1. (6.23)

Note that these two types of interactions are exhaustive, since if |j| = |k| = |{],
Cie=Cjr =Cre=0.

The following preparatory lemmas describe the properties of these two types of
interactions that we will leverage throughout our proof. The first one shows that for
interactions of type a), ordering the indices so that |j| < |k| < |£], it is always possible
to activate all modes j, k, £ or to distribute the amplitude of the k-mode to the j and
£-modes reaching, in finite time, a state with gy = 0. As we show in the proof below,
while such a point with g = 0 always exists on the orbits of (6.7), this point is reachable



522 A. Agazzi, J. C. Mattingly, O. Melikechi

Fig. 2. Orbits Q, of (6.7) (in red) corresponding in (A) to various values of the energy & (¢) on the sphere
of constant enstrophy E,(g) and in (B) to various values of the enstrophy E,(g) on the ellipsoid of constant
energy &,(¢). The axes are, sequentially, gy, ¢ j, g¢. The orbit with a degenerate point at the pole of the sphere
or ellipsoid corresponds to values of E;, & violating (6.24)

in finite time for ¢t = jk¢€ € 7 with |j| < |k| < |£| only if

E(q) # k*€(q). (6.24)
where E,(q) and &,(g) denote the energy and enstrophy of the coordinates in¢ € I:
E(q) := PR o)Lk 6.25
(@) =) g, &9 ‘_ZW‘ (6.25)
Le Let

In the following lemma and throughout the section, we abuse notation slightly by
defining sign(x) = +1 for x € [0, co) and —1 otherwise.

Lemma 6.11. Fix « = jkf € T with |j| < |k| < |£|. Let q be a nondegenerate point in
Qp satisfying (6.24) and let q; = 0 for at most an index 1 € {j, k, £}. Then the orbit of
V, is periodic and there exist ', ; > 0 such that

(a) ¢, (q) = q' with qj = 0, sign(q ;) = sign(q’;) and sign(qe) = sign(qy),
(b) ¢, (q) = q" with q}, g, g, # 0, sign(qj) = sign(q}) and sign(ge) = sign(qy).
Furthermore, if | j|*E.(q) < E.(q) < |k|*E.(q), there exists T~ > 0 such that

(c) gy (@) = q" with q;" = 0, sign(q;) = sign(q;.”) and sign(qx) = sign(q)").

Proof. We consider the intersection between the sphere and the ellipse corresponding
to the enstrophy and the energy in the coordinates : = jk£ € 7 of interest, resulting in
the set

951> 1qp Ll
12 k12 jef?

2
| §

Q = {(q}, 490 € R 1 1g517 +1qp* + g * = Eug), = a@} :

(6.26)

This set is represented in Fig. 2. We observe that this set has exactly 2 disjoint simply
connected components when |j|2€L(q) < E/(q) < |k|2€L(q) and |k|25L(q) < E(q) <
|€)2£,(q). These components are diffeomorphic to S'. By continuity the dynamics are
limited to one such component of Q,. Furthermore, || is uniformly bounded away from
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0 on each such component: the fixed points of (6.7) must have at least two coordinates
vanishing, which cannot be realized on the curves of interest. Therefore the dynamics
on these sets are periodic.

We start by proving part (b) of the lemma. If g, gx, ¢ # O the result follows by
choosing i = 0. Else, if ¢ = 0 for I € « the result follows immediately choosing
7, small enough by combining the continuity of the flow ®; and the fact that ¢; =
Crimgrqp # 0 for {1/, 1"y =\ {1},

To prove part (a) we consider the cases where 1i126.(q) < E.(q) < |k|*&(q) and
kI2E.(q) < E.(q) < [€|*E.(q) separately. In the first case, we see that there is no point
q € Q, with gj = 0:if that were the case we would have

@ qa;
LA N A Y 6.27
et W) > 1kIPE.(@) 627)

E(q) = g +q¢ = IkI® (
contradicting our assumption. Consequently the points (pj, 0, pg), (pj, 0, —pg) with
pe > 0, sign(pj) = sign(qj) and

Pz- p2

p;+ri=E(9), ﬁ - ﬁ =&(q), (6.28)
belong to the same connected component as g and by the lower bound on the velocity
on this connected component both these points are reachable in finite time from ¢. This
also proves part (c) by continuity of the dynamics. The second case where |k|*&,(g) <
E (q) < [€|2E, (g) can be handled analogously: in this case we have Q, N{gy =0} =0
and we can reach (pj, 0, pg), (—pj, 0, pg) with p; > 0, sign(pg) = sign(gy) in finite
time. O

The following lemma considers interactions of type b) in (6.23). Recalling the defi-
nition j := (j», —j1) we show that interactions with | j| = |k| # || leave component
£ fixed and move j, k in a circle at constant angular speed.

Lemma 6.12. Fix an unordered interacting triple . = jk& with |k| = |j| and q¢ #
0. For all ¥ in [0,27) there exists t > 0 such that ¢!(q) = q' with (q}.,q,’c) =

/qJ% + g7 (cos(9), sin(®)) and q) = qq .

Corollary 6.13. Fix an (unordered) interacting triple . = jk€ € T with |k| = |j| and
let qq, gk # 0. Then there exist t., t* > 0 such that ((plri(q))j > 0and (w'i't_ (9)); =0.

Proof of Lemma 6.12. Recall from (6.3) that if | j| = |k| # [£| we have Cj; = 0. This
implies that, by our choice of k| = |j|, g¢ = 0 and qé = gy. Again by (6.3) and since
to have an interacting triple £ = j + k we must have
e e N i e e N e 08
(6.29)

so that

k, ety /1 1 (. ety (1 1
Covr — Ao Py _ __~\=_c.,. 6.30
E T \ k2T Jer 4w \[jP 1P /e (30

This implies that the dynamics of the vector g := (g, qx) can be written as c} =Cgt
for C := Cjeqe # 0, proving the claim. O
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6.3.2. Existence of invariant measure. As with conservative Lorenz-96, each vector field
of the 2D Euler splitting is divergence free and so Lebesgue measure in R” is invariant.
Consequently, we have

Lemma 6.14. Let A denote the Lebesgue measure on R". The measure obtained by
conditioning A to lieon Q@ C Qo(E, &), (or equivalently conditioned to lie on Qo(E, £))
is Pp-invariant.

Proof. As in the proof of Proposition 5.2 we have that Lebesgue measure in R” is Pj-
invariant. Since the vector fields Vj defined in (6.9) are divergence free, the continuity
equation’ reads

dh+div(ViA) = A+ VA -V =0. 6.31)

Because each flow ¢ conserves energy E and enstrophy £, we locally fiber R” using
coordinates (E, &, ¥) € Ry x R, x R"~2. In these coordinates, we have Vi (E, &, 9) =
00 +00¢g + vi(E, €, 9)Vy so by a change of coordinates of the divergence operator
the stationary equation becomes

0 =div(Vik(x)A(x)) =u(E, £, 0)dive (AME, E, M (E, E, D)), (6.32)

where divy denotes the “angular” terms of the divergence in (E, £, ¢)-coordinates,
and u(E, £, v¥) result from the change of variables. Hence, we can factor the solution
ME,E,9) = AWO|E,E) - »H(E, E), where A(P|E, &) is the conditional density of
Lebesgue measure on a fiber, solving u(E, £, 9) divy (A9 |E, E)vi(E, &, 9)) = 0 for
any choice of E/(2N?) < £ < E. This proves the invariance of AP |E, ) under the
flow map for any value of the flow times t. The stationarity of A(¥%) under P} follows
immediately as in Proposition 5.2 O

6.3.3. Spanning. For j, k, € e Zizv with j +k — £ = 0 define M j¢ to be the matrix

Mjk[ = Vajakag Vajbkbg Vbjakb[ Vbjbkag
Creajayg Crebiby 0 0
0 Creagby  —Cyqbrag
Cipajay 0 Cigbiby 0
— JE*T A
- 0 Cijgajbg 0 —Cjebjay (633)
—Cjrajak 0 0 Cjkb by
0 —Cjrajby  —Cjrbjay 0

and let M ; o and M }/ ¢ be the 4-by-4 and 2-by-4 matrices consisting of the bottom four
and bottom two rows of M ji¢, respectively. Straightforward Gaussian elimination shows
that M, M’, and M" have ranks 4, 3, and 2 whenever C i, Cj¢, Cie, aj, bj, ax, by, ay,
and by are nonzero.

Recalling that a point g € R” is generic if all its coordinates are nonzero, we have

Lemma 6.15. The family of vector fields
V= {Va,araes Vajbibe Vijawbes Vojbray * Jo ko € € T3 and j+k — € = 0}
span T, Q at every generic point q in Q.

7 As in the proof of Proposition 5.2, the continuity equation is intended here in the weak sense.
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Proof. Fix a generic point ¢ in Q. The main idea of the proof is to choose an enumeration
of Z%V and a subset of vector fields from V so that the matrix made up of these vector
fields evaluated at ¢ is in a convenient form whose rank is readily deduced. Formally,

the enumeration is the bijection F : Z%V — {l,...,2N(N + 1)} given by
1 J=(1,0),
5+N j=@2,0),
F(j) = Ji+NQN +1) j = (j1,0) with j; > 2,
J1+2+N j = (i1, 1) with j; < 3,
Ji+3+N J = (1, D with j1 >3,
J1+F2—-N+Q2N+ 1D Jj = (1, j2) with jo > 1.

Figure 2 gives this enumeration in the case N = 4. Informally, F starts at (1, 0), then
counts lattice points from left to right along the horizontal line y = 1 until the point
(2, 1), which corresponds to 4+ N. It then assigns 5+ N to (2, 0) and continues counting
along the line y = 1. From there it moves up to the lines y = 2, y = 3, and so on,
counting from left to right along each. Finally, it goes back down to the line y = 0 and
counts the remaining indices from left to right.

The motivation for F is that all horizontally-adjacent indices (1, j2) and (j1 + 1, j»2)
form an interacting triple together with (1, 0). Fix for the moment an integer y > 1
and consider the yth horizontal line of 72 - that is, the points with second coordinate y.
These are outlined by red blocks in Fig. 3. By the preceding remarks we can choose the
vector fields corresponding to the horizontally-adjacent indices and concatenate them
column-wise to get the block matrix

1171y * * | %

0 M;/ —N+2 * *
By = .

0 0 ox

0 0 0 Mi,”N

Here, slightly abusing notation, each M )” is the 2-by-4 matrix consisting of the bottom
two rows of (6.33) for the indices j = (1,0),k = (G — 1, y), £ = (j, y) and

Cjeajag 0 Cjebjby 0 0 0
. 0 ngajbg 0 —ngbjag 0 0
o _Cjkajak 0 0 C]kbjbk —Cj/k/aj/ak/
_Cjkajbk _Cjkbjak 0 0 —Cj/k/aj/bk/

where j = (1,0),k = (=N, y),£ = (N +1,y)and j/ = (0,1) and ¥’ = (—N +
1,y — 1). This is M’ with two columns from the interacting triple (0, 1), (=N + 1, y —
1), (—N +1, y) adjoined to the end. Note that these adjoined columns contribute entries
in the coordinates corresponding to (0, 1) and (=N + 1, y — 1), but these come before
all indices in the yth row for our ordering By adding the latter two columns, M, has
rank 4 at any generic point. Further, since each M i has rank 2, each By has rank
4 +2(2N — 1) = 4N + 2. This establishes spanning of the red blocks in Fig. 3.
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For the blue block we perform a similar procedure to the one above to get

Mi23 * * |k | k| Kk
0 M{”_N+2 * (k| x| %
0 0 k| k|
Bi=17% 0 [0]|m *
0 0 010 .| =

0 0 00]0|M]y

where M3 is the matrix from (6.33) for the interacting triple (1, 0), (=N, 1), (=N +
1, 1), each M” is as before, and M is the 6-by-8 matrix

0 0 0 0
Mi,N+3,N+4 0 0 0 0
M= S - - - -~
0 0 0 0 My o Nean+s
0 0 0 0

located at the rows corresponding to N + 3, N + 4, and N + 5. The reason for M R
and for considering the blue block separately, is that Cjx = 0 when j = (1,0) and
k = (0, 1). The matrix M has rank 6 at a generic point. Since M1,3 has rank 4, M has
rank 6, and each of the 2N — 3 remaining M” blocks has rank 2, the matrix By, has rank
4+6+2(02N —3) =4N +4.

Finally, none of the indices of the green block interact with (1, 0) since the Cj; are
all 0 in this case. However, by an entirely similar procedure to above, we can use the
interactions between (0, 1), (x, 0), and (x, 1) for x > 1 to get a rank 2(N — 2) block
matrix for the last N — 2 coordinates of the form

M6’2 % | x| %
0 M/, | %] x*
0.3
Bni1 = .
0 0 | -] =%
0 | 0 [0][M]y

where.A?I(/)”x = M(/(/),l),(x,()),(x,l) for M}/ke consisting of the twg botto.m rows of (6.33).
Combining the above results we observe that there is an ordering of indices and vector
fields such that the matrix whose columns consist of these vector fields has the form

Moreover, B has rank

Bi| x| * *

0 |By| | x*
B = ]

0|0 .| =

0100 |Bn+1

N
rank(B) = rank(Bj) + rank(By+1) + Zrank(By) =4N(N+1)—-2=n-2

y=2
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Fig. 3. Ordering of Z%\, when N =4

at every generic point in Q. Now since the dynamics conserve energy and enstrophy,
every tangent vector to Q is perpendicular to the normal vectors for these two quantities
which are linearly independent at every generic point. Therefore the maximum dimension
of T,Q is n — 2, and by the above argument we have shown the vector fields ) span
T,Qatgq. O

7. Adding Forcing and Dissipation: Lorenz-96 and 2D Navier—Stokes

In this section we add dissipation and fixed body forcing to both conservative Lorenz-96
and Galerkin approximations of 2D Euler by introducing a new vector field

Vo(x) = —vAx + F (7.1)

to the splittings constructed in Sects. 5 and 6, where v > 0 is an arbitrary constant, F' a
fixed nonzero vector with nonnegative entries, and A a linear operator satisfying

Ax - x > o|x]|? (7.2)

for some o > 0. For the remainder of this section we consider random splittings asso-
ciated to families of complete, smooth vector fields V = {V;};_, on R4 satisfying.

Assumption 2. Vj is as in (7.1) and the flows of the other V. conserve Euclidean norm.

Fix h > 0 and let P}, be the transition kernel of a random splitting satisfying Assump-
tion 2. When A is the identity matrix, the addition of Vj to the splitting of conservative
Lorenz-96 gives a splitting of the full Lorenz-96 model, (1.4), while for 2D Euler the
resulting Vj corresponds to a friction or drag term sometimes called Ekman damping.
When A is diagonal with diagonal entry |k|? in the spots associated to® a and by, which
corresponds to a Laplacian written in Fourier space, the addition of Vj to the splitting
of 2D Euler gives a splitting of 2D Navier—Stokes, (1.1).

Note that the dissipative part of Vj in (7.1) depends linearly on x whereas the forcing
is constant. Thus dissipation dominates forcing for sufficiently large x and, since the

8 Recall that for each index k € Z%,, we have two real coordinates a; and by.
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remaining vector fields are conservative, the splitting dynamics cannot grow too large.
Specifically, letting ®;,, be as in (2.2) but with the solution 9@ of ¥ = V;(x) appended
to the beginning of each cycle, we have

Lemma 7.1. Under Assumption 2 for any initial x and m > 0,
I I = elPe™ Do 4 L2 (1= e Hhanonn) - (73)
Proof. Letting ¢ = ¢, we have
hlle:lI* = 2(F, gr) — 2v(Agy, @)
1 1
< —|FI* +vallgll® — 2vallgll* = —[IFII* — verlle ]I,
vo Vo
&

where the inequality follows from (7.2) and 2(F, ¢;) < (va)~'|| F||>+ve| ¢;|1. Solving

I
y=—IFI"—vay
var
from y(0) = ||x|| together with the comparison theorem for ODEs [42] then gives
. | )
o COI < e + [ FJI? (1 = e7*)

for all time. Furthermore, since go(k) conserves norm for 1 < k < n, the above implies

0
1®ae ()1 = llgys o 0 gy ()]
0 — _
= iy N7 < P77 + —— | FI? (1 = e7"%).

The result then follows by straightforward 1nduct10n on the number of cycles, namely
m. O

Remark 7.2. The convergence results of Sect. 4 do not directly apply to Lorenz-96 and
Galerkin approximations of 2D Navier—Stokes since V-orbits are generally unbounded
in both models. However, Lemma 7.1 implies that any splitting starting from x whose
vector fields satisfy Assumption 2 will lie inside the ball of radius ||x 1%+ (voo) 2| F |2
centered at the origin for all nonnegative times. In particular, since the splitting vector
fields are smooth, a bound analogous to (4.1) holds for all x in the ball B, (0) of radius
r centered at the origin in the ambient Euclidean space. Thus all convergence results of
Sect. 4 hold for these random splittings when C¥(X) is replaced by Cf (X), the space
of k-times continuously differentiable functions that vanish outside B, (0). Intuitively,
this says that for any initial condition x, the trajectories of a random splitting satisfying
Assumption 2 will converge on average and almost surely as 7 — 0 to the trajectory of
the true dynamics starting from x.

Corollary 7.3. The Euclidean norm is a Lyapunov function for Py. That is, there exist
constants K > 0 and y € (0, 1) such that for all x € R4,

(Prll-ID (x) = vlxll + K.

Proof. By Lemma 7.1, specifically || ®p, (x)|| < ||x|le” Jvaty + (va)~ 1||F|| we have

_ 1
(Prll-1D) (x) :/ g () lle™ = dr < ———llxll+ —||F||
RTI Vo

1+ ivah

for any x. The result follows with K = (va)~!||F|land y = (1 + %vah)_l. O
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7.1. Ergodicity. Wenow present a variation of Theorem 3.1, namely Theorem 7.4, which
simplifies verification of ergodicity in the present setting. Recall from Sects. 5 and 6
that one of the difficulties in verifying Theorem 3.1 was proving controllability, i.e., the
existence of a distinguished point x, that could be reached by the splitting dynamics
in finite time from any other point. With the addition of dissipation, the fixed point
v IATIF of X = Vj(x) is a natural candidate for x, and, as we will see, the fact that
it is globally attracting obviates several technicalities associated with controllability in
the conservative cases discussed above.

Theorem 7.4. Suppose Assumption 2 holds and set x, = v_' A~V F. If there existm > 0
and t in R such that the Lie bracket condition holds at X := CI>Z1I (x4), then Py has
a unique invariant measure W for all h > 0. Furthermore, there exist C > 0 and y in
(0, 1) such that for all x in RY,

1Py (x, ) — ull < Cy™ (7.4)

where ||-|| is the norm on probability measures induced by the weighted supremum norm
| £l :=sup,|f(x)|/(1+ |lx|) on bounded measurable functions f : R? > R.

The proof of Theorem 7.4 uses the following lemmas. The first, due to Krylov-
Bogoluboyv, is a standard result from the theory of Markov processes [23]. The second,
which follows from Lemma 3.2 and Theorem 3.6, is from [6, Theorem 4.4]. For the
statement of Lemma 7.5, recall a transition kernel P on R? is Feller if Pf is continuous
whenever f : RY — R is continuous and bounded. Also, a sequence of probability
measures {i,,} on R is tight if for every ¢ > 0 there exists a compact subset K of R4
such that u,,(K) > 1 — & for all m.

Lemma 7.5. Let P be a Feller probability transition kernel on RY. If there exists x in
R? such that {P™(x, -)}fn":O is tight, then P has an invariant probability measure.

Lemma 7.6. Suppose @} (x) = X and the Lie bracket condition holds at X. Then there

exists a ¢ > 0, an i, and neighborhoods Uy of x and U of X such that for all y in U,
and B in B(X),

P(y,B) > ca(BNU).

The following proof is another instance of the rather classical idea, dating at least back
to the split chains of Nummelin [49] and work of Meyn and Tweedie [43], that the
existence of a globally accessible point at which the dynamics is continuous in the right
sense implies the transition densities converge to a unique equilibrium measure. If the
return to the globally accessible point has finite expectation, then mixing is exponential.
The same basic structure of the SDE version of our system was leveraged in [18] to prove
exponential mixing (see also [41]). In the closely related PDMP setting, analogous results
are found in [38] in a specific example and [7] in a more general context.

Proof of Theorem 7.4. We first prove existence. Continuity of ®;; immediately implies
Py, is Feller. Furthermore, Lemma 7.1 implies that random splitting starting from any
x is constrained to lie in a compact subset of R, namely the closed ball of radius
llx]1Z + (va) 2| F||* centered at the origin. Thus, for any x, the sequence (P (x, )}y
is tight and existence follows from Lemma 7.5.

Next we prove uniqueness. The hypothesis and Lemma 7.6 together imply the exis-
tence of ¢ > 0, nt, and neighborhoods U, of x, and U of X such that

P (x,B) > c)(BNU) (7.5)



530 A. Agazzi, J. C. Mattingly, O. Melikechi

for all x € U, and Borel sets B. Also, positive-definiteness of A implies

0 _
102 () = xull < e lx — x4l

for any x € R? and r > 0. In particular, for any open ball B, of radius r centered at

the origin, there exists 7y > 0 such that 90}(,?) (By) is properly contained in U, whenever

ht > Tp. And since (p;(g)(Br) is properly contained in U, and the ¢*) are continuous,

there exist 7 > 0 such that &, = (p}(l't’: 0---0 (p,(l?(: (x) € Uy for all x € B, and

hty € (0, Ty). So, for any x € B,,

n

Py (x U)>an._.fT1 /00]1U (d)ht(x))e_Z[kdtzil_[(l_e_Tk> -0
Y 0 0 To - T()

k=1

and hence infep, Py(x, Uy) > 0.

As in the proof of Theorem 3.1, suppose toward a contradiction that w; and u, are
distinct Pp-ergodic probability measures and that A; and A, are disjoint measurable
sets partitioning R? with 1; (B) = u; (B N A;) for all Borel sets B. Fix x; in the support
of u;, let r be sufficiently large that x1, xo € B,, and set k := infyecp, Py(x, Uy) > 0.
Then by (7.5) for any Borel set B,

w8y =P8 = [ [P B Py
R4 JRd
> [ [ B P dnian = e (B0 D) w B 76
r Uy

In particular, ©;(B) = 0 implies A(B N U ) = 0 since ¢, k, and w;(B,) are all strictly
positive (the latter because B; is an open set containing both x and x which were chosen
to be in the supports of w1 and ua, respectively). But w1 (Ao NU) = (A1 NU) =0
and so we obtain the contradiction

0<r(U)=1(A1N0)+xr(A2nT) =0,

which concludes the proof of uniqueness.
Finally, for the exponential convergence statement (7.4), we have from (7.6) that for
any r > 0,

inf PJ7*(x, B) = kcA (BN U)

X€EB,

for all Borel sets B. That is, the transition probabilities PhﬁJrl (x, -) are minorized uni-
formly over B, by the probability measure %= a0) AN D). Exponential conver-
gence then follows from Corollary 7.3 upon taking r > 2K /(1 — y). See for example
Theorem 1.2 in [25]. a

Corollary 7.7. Consider the random splitting of Lorenz-96 associated to the vector
fields {Vi}y_o, where Vo(x) = —vx + F and {Vi}}_, are the splitting vector fields of
conservative Lorenz-96 from Sect. 5. If x, := —V F is not a fixed point of conservative
Lorenz-96, i.e., v? Y i (sz + F/<2+1)Fk2—1 # 0, then the random splitting has a unique,
and hence ergodic, invariant measure on R" and the dynamics converge to this measure
at an exponential rate in the sense of (7.4).
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Proof. The determinant of the n-by-n matrix

—vx1+ F1 xoxp 0 0
‘ ‘ ‘ —vxo+ Fy  —x1xp x3x1 0
(VO(X) Vi) - Vn—l(x)) =|-vx3+F3 0 —X2X]
o | z L P
—vxy + Fy 0 0 —Xp—1Xp—2

is
n—2
X113, (H x,%) (V1212 = (F.)).
x=2

So the {Vi};_, span R" at every x with nonzero coordinates and satisfying v2x|* #
(F, x). In particular, since x, is not a fixed point of conservative Lorenz-96, we showed
in the proof of Proposition 5.2 that x, can be moved via the splitting dynamics to some X
with nonzero coordinates. Finally, by rotating slightly more on the last step if necessary,
we can also guarantee v2||X||> # (F, X). Thus the Lie bracket condition holds at X and
the result follows by Theorem 7.4. O

Corollary 7.8. Fix N > 2 and set n = 4N (N + 1). Consider the random splitting
of the Nth Galerkin approximation of 2D Navier-Stokes associated to {Vi}_,, where
Vo(x) = —vAx + F with A the n-by-n diagonal matrix corresponding to the Laplacian
discussed at the beginning of this section, and {V}.};_, the splitting vector fields of 2D
Euler from Sect. 6. If F is nondegenerate in the sense of Definition 6.3, then the random
splitting has a unique, and hence ergodic, invariant measure and the dynamics converge
to this measure at an exponential rate in the sense of (7.4).

Proof. Recall in this case Vo(x) = —vAx + F where A is the diagonal matrix with
diagonal entry |k|? in the slots corresponding to the coordinates ax and by. Fix j, k, £ €
Z?\, with j +.k — £ = 0and let W be one of the vector fields Va;q,a,5 Va;bibes Vbjarhe> O
Vbjbkag- Letting e.g. (x;, Xk, X¢) = (aj, ai, ag) when W = Vajakag and similarly for the
other cases, direct computation yields

[Vo, W1;x) = Cue ((Fixe + Fexi +v(L 12 = K2 = lexexe)
[Vo, Wik (x) = Cj¢ (F/Xe + Foxj+v(lk]* = [j* - |E|2)ijz> ,
Vo, Wle() = =Cpuc (Fyxe + Fixj + (1€l = 112 = fP)xpxe) . (77)

where [Vg, W], (x) is the component of [V, W] corresponding to the component x ; of x,
and similarly for [V, W] and [V, W],. As in the 2D Euler case, Gaussian elimination
shows that the 6-by-6 matrix (see (6.33) for an explicit form of the middle 4 columns)

Vo Vajmar Vajebe  Vojabe  Vojbra,  [Vo, W] (7.8)

isrank 6 at every genelric9 point g in R". Thus V and [V, W] add two new directions to
the splitting vector fields of 2D Euler and by an entirely similar argument to the spanning

9 Recall a generic point is one with all coordinates nonzero; see Definition 6.4.
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argument in Sect. 6.3.3 we have that the Lie bracket condition holds at every such g.
Furthermore, since F' is nondegenerate the controllability argument of Sect. 6.3.1 implies
X, can be evolved via the split dynamics to a generic point. The result then follows by
Theorem 7.4. O

Remark 7.9. A very similar argument to the one above proves unique ergodicity for
Ekman damping as well, i.e., when A is the identity matrix on R". In this case (7.1)
becomes

[Vo, W1j(x) = Cre (Fxxg + Fexg — vxpxe) ,
[Vo, Wlk(x) = Cje (Fjxe + Fexj — vxjxe) ,
[Vo, Wle(x) = —Cjjx (Fjxi + Frxj — vx;xi) ,

and the rest of the argument goes through unchanged.
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Appendix A. Convergence Lemmas

A.l. Semigroups, norms, and bounds. In this subsection we elaborate on the semigroup
framework of Sect. 4. The notation and results are used extensively in the proofs of
Lemmas 4.2 and 4.6, which are given in Sects. A.2 and A.4, respectively.

Fix a V-orbit X'. The C? assumption implies the V}, which act on functions f via
Vi f(x) = Df (x) Vi (x), are linear operators from C2(X) to C! (X)) and from C!(X) to
C(X). It also implies the semigroups {S;};>0 and {§t(k)},zo defined in (4.2) and (4.3)
are linear operators on Ck(X) for k < 2. Our aim now is to obtain bounds on norms of

compositions of these random semigroups. For i < j define dJ(' D)= go}(l/r ) ‘o goi(llr)[

and S(l ) S(l) S(J) Note S( /) acts on functions f via
Sl feo = £ () = £ (o) 0+ o ).
So for any f € C(X) with || f|lcc = 1, we have

1557 Flloo = 1£( @) oo = 1
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and hence ||§}fr lo—o = 1. Next, let ¢ = ¢® for arbitrary k. Then

@i (x) = x + /Ot V(ps(x))ds
and so
Doi(x) =1+ /0[ DV (s(x)) Doy (x)ds
and

t
D¢ (x) =/0 DV (5(x)) (D5 (x), Dy (x)) + DV (9 (x)) D* 5 (x)dis.

Inparticular, || Dg; (x)|| < 1+C, f(; | Des(x)||ds for all x in X and Gronwall’s inequality
implies

sup || Doy (x)|| < e, (A.1)
xeX

where here and throughout C, is the constant from (4.1) corresponding to X. Similarly,
since | D>V (Dg, Dg)|| < ID*VI[| Dgll* < Ci|| Doll?,

t t
1D0: ()] < Cs / 1Dy (I + | D2y (1) lds < Cat®S + C, / | D2y () 1ds
0 0

and Gronwall implies

sup | D?¢; (x)|| < Cute®S. (A2)
xeX

Note (A.1) and (A.2) hold uniformly over all ¢®. Thus, for f € C'(X) with || f|; = 1,
) () i) ! k J
|0 (55" 1)| = | or (@) pofi”| < [Tupejon = e,
k=i

where the first inequality follows from submultiplicity and the second from (A.1). Sim-
ilarly,

ht

J
25 00) () (k+1) 2 (k) (i,k—1) (i,k—1)
D*P = Z D(phr]— Doy D7y (chhr , DO, )
k=i
together with (A.1) and (A.2) gives

(k+1)

: 2
2 (k) (i.k=1)
= [pail 2] [ooi |

J
2 5, 7) )
HD P H = Z H D(phfj
k=i

J . . J
J k—1 J
< C* § hfkec*h Zk+l Tee3c*h‘rk62c*h Zl 17 < C*hESC*h Zk:i T § .
k=i k=i



534 A. Agazzi, J. C. Mattingly, O. Melikechi

Therefore

2 (D)
|o* (5i:"1)]

2 (i) QD) o d) G\ 2 o)
_HD f<CI> )(Dcphr . D" )+Df<c1>ht )D ol ”

HDq)(z J)H H D2¢§1i%j) H < 2ChT iy H D2

. ) J
J J
€2C*h Zk:i T4 C*I’l€3c*h Zk:i Tk § 7
k=i

j .
J
<|1+Cnd n e3C+h Xii T

The above computations prove

Lemma A.1l. Forany h > Q0 and i < j, we have ||§,§ir‘j)lloﬂo =l as well as

j )
H N(l J) H C*h Zk i and H S(l ) ” <l1+ C*l’l Z T €3C*h Z}i:i Tk
1—>1 - k=i
=i
In particular, §,(lit’j) HE , < (1 +Cyh ZI{:;‘ ‘[k> e3Csh i forall £ <?2.
—

Note that under the C? assumption §]§’T~/ ) can also be regarded as a linear operator from

C2(X)toCl(X).Sosince {f € C2(X) : || fllo = 1}isasubsetof { f € C1(X) : | f|l1 =
1}, we have

580, = g 5, = g 52, = [, = 5
221 fih=1 L rm=1 1 1—1
(A.3)

We also have the following corollary of Lemma A.1.

Corollary A.2. Fix i < j and set m := j — i+ 1. For all £ < 2 and polynomial
p : R' — R there exists hy > 0 such that for all h < hy,

Elp(ti. ... t)S” ik < o0. (A4)
Proof. Writingt = (t;, ..., t;) and dt = dt; - - - dt;, we have

5/ lp(@)] 1+C*thk eBCh=D Y5 1k g
k=i

which is finite for all & < hy 1= (3C*)_1. m|
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A.2. Proof of Lemma 4.2. We highlight the steps of the proof with italicized font.
Variation of constants. We begin by differentiating Sy, in h:

n n
ahght — Zrkeh‘rl . -ehr"“ Vkeh‘[k . 'eh‘rn — Z Tkg;(ligkil)vkglgl-?n)'
k=1 k=1
Next, commute S'lf(llr’k_l) and Vj via [5}(11;](_1), Vil := g}(llr,k—l)vk - ngf(l]t’k_l) to get

n n
N . Al N N
nSne =Y wViSue + 3wl Sy TV ViISIE™ = VSie + (Ve — V)Sir + i
k=1 k=1

1,k—1)

. , Vk]gi(l];’"). So, by variation of

where V; := Y} wVi and Epr := Y j_, rk[g,(L
constants,

~

h h
Spr — Sy = / Sp—r (Ve — V)S,pdr +/ Sp_rEpdr. (A.5)
0 0

Call S, (V;— V)§rr errorterm I and Sy, E,; errorterm 2. These terms will be treated
separately in what follows. First however, we invoke variation of constants again to get

an expression for [§,(£’k_l), Vi that will be used to control error term 2. Differentiating
in r gives

k—1
S, k— S(,j—-1 k-1
oIS, Vil = " I8 VY S g
j=1

k—1
ot — >(1,j—1 > k—1
= Zr,-([vjsr(b" D Vil + 185770, v b, Vk]>
j=1

k—1
=2 LVl Y
j=1
k—1
~(k— <1,j—1 SGk—1
+Zr,<[vj,vk15,<£’k D+ (185", viIsH ),Vk]>.

j=1

The second equality follows from commuting 5}%] ~ and V; as before, and the third
follows from the identity [ XY, Z] = X[Y, Z] + [X, Z]Y . So, by variation of constants,

k—1
LD v =3 f 1O T iy, v SUA D g
j=170
k—1 r 1 o .
+Z/ 7O X B[S0 v SUED Ty ds. (A6)
j=170

k=1 _ .
Note [le” ™ 2i=1%Vi |00 = 1. So, by Corollary A.2 the integrands above satisfy

.y k=1 v S k—
Efzje” VRN IV, VRISE* D 00
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< IV}, ValllaoEllr; STV .y < €

and
Ellrje 0 DA [EED, v 88 v,
<E|5; [1S57 7", vias T i, < €
for some C. Therefore
,
ENSE*D Vidllamo < 22/0 Cds < Cr (A7)

for some new constant C (we will often absorb arbitrary constants into existing ones).

Error term 1. Rewrite error term 1 as

n
Shor(Ve = V)Spe =Y (i — DSh—r ViSyr
k=1

n
= 3w — DS VDB
k=1

+Z(rk — 1) Sy Vi SEAD (Ve — yFktn
k=1
= .A1 + A2 (A.S)

where A and A, are the first and second sums in the preceding expression. The second
equality is obtained by adding and subtracting the identity / as follows:

S = SUkD (Ve _ f 4 )T+t
= SUADFlerln) y Tk (racVic _ pyFlketn

Notice Sr(i = 1)S ®*m) does not depend on 7. So, since the 7; are independent with
mean 1,
n
E(AD) =Y S ViE(r — DE(SGHA V5% = 0. (A.9)
k=1

For the second sum, Taylor expanding r + ¢ ™" about = 0 with remainder gives

roe Vi 7Tk Vi

e — I =ruqVie

for some r, € [0, r]. Therefore

n
Ay =1 n( = DS Vi STHF D e nViglirtm
k=1
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and by Lemma A.1 and Corollary A.2,
IE(A2) ll2-0 < CViE||§r(l’k71)||l—>lE||Tk(Tk —DSEMna = Cr (AL0)
k=1
for some C > 0. Combining Equations (A.8), (A.9), and (A.10) gives

IE(Sh—r (Ve = V)S;0) 20 < Cr. (A.11)

Error term 2. Recall error term 2 is Sy Err 1= Y j_; rkSh_r[gﬂ’k_l), Vk]gr(];’"). So,

we have that

n
T,k—1 Tk,
1Sh—r Erellz0 < D wllSh—rllo—ollISG* Y, Villla—oll e SG ™ 22 -
k=1

Note [5}1’](_1), Vi ] is independent of 7. So, by (A.7) Corollary A.2,
IE(Sh—r Ero)ll2—0 < Cr (A.12)

for some C > 0.

Final step. Combining (A.5), (A.11), and (A.12) and absorbing constants into C, we
have

1Py = Shlla—0 = IEShe — Su)ll2—0

h h
Sfo IESh—r (Ve — V)Srr)||2—>0dr+/0 IE(Sh—r Ere)ll2—odr

h
§C/ rdr:%Chz.
0

A.3. Concentration of the sum of exponential random variables. The proof of Lemma4.6
will itself use two lemmas.

Lemma A.3. Let {1 }72 | be iid exponential with mean 1. For any m € N, K > 0 and

B>1,

m
P (Z T > Kmﬂ> < o=y KmP, (A.13)
k=1

Proof. Note if T ~ Exp(1) then E(e?/?) = 2. So, by Markov’s inequality and indepen-
dence,

m
P(Z Tk > Kmﬂ> =}P)(e% Z;?:l T > e%Kmﬂ>
k=1

1 1 m 1
< e~ zkm? (E [eff]) — ome—yKm”
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Lemma A4. Let {1y} 2 | be iid exponential withmean 1. Foranym € Nand K € (0, 1),

|

Proof. Fix m. For any y € (0, 1),

|

m
Z‘L’k—l

k=1

> Km) <2 2Km (A.14)

m
Ztk —1
k=1

> Km) :P(Zrk > (1+K)m)+}P’<—Zrk > —(1—K)m>

k=1 k=1
—P (ey DI e(1+1<>ym> +P (e,y Yo S efafk)ym)

< e—(l+K)ym (E [eyr])m + e(l—K)ym (E [e—yr])m

— e—(l+K)ym (1 _ y)—m +e(1—K)ym (1 + y)—m

= exp (—ym |:1 + K + MT_V)])

+exp(ym [I—K—@ib.

The inequality is Markov’s inequality and the equality immediately after the inequality
follows from independence together with E[exp(at)] = (1 — o)~ ! for anya € (—1, 1).
The other steps are all algebraic manipulations. By Taylor’s theorem with remainder
there exists y; € (—y, 0) such that

14 14

1
—log(l—p)=—-1-—+ 511
y BT 21— )2 2

where the inequality follows since y; < 0. Therefore

exp (—ym [l + K + bg(l%]) < exp (—ym [K — %D .

Similarly,

exp <ym |:1 - K — log(l%y)]) < exp (—ym [K — g]) .

So combining with the first computation of this proof and taking y = K gives

|

m
Z‘L’k—l

k=1

> Km) < 2exp (—ym [K — %]) — 2e—2Km
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A.4. Proof of Lemma 4.6. Fix t > 0. The argument is similar to that of Lemma 4.2.
Variation of constants. Fix m € N. Since San =expthti V1) - - - exp(htimn Vinn),

mn
8h§hr Z T Séik l)V S(k mn) Z TkaSm + Tk[S(Lk_l)hT, Vk]glg];,mn)
k=1

k=1
mn

_mVShT+Z(Ik_I)VkShr"'ZTk[S}(llk D V]S(kmn)
k=1 k=1

where the second equality is obtained by commuting §}(llf’k71) and Vi, and the third by

replacing 7 with 7 — 1+ 1. So, setting E;(:Z) = rk[g;llt’k_l), Vk]g}(l]i’mn), variation
of constants implies

h mn h
SZ’T — S = /0 Smh—r) (Z(Tk — 1)Vk> Sf;dr +/0 Sm(h,r)Eytn)dr.
k=1

Therefore, since || Sy - lloso0 =1,

h
15— Shnllao < /0 3l / IE™ s odr.

Let I1(h) and I>(h) denote the first and second integrals, respectively. Then for any
g >0,

P(||§,;"t — Spmllaso > %) < IP’(I] h) > 21) +IP’<12(h) > %) (A.15)

We consider the two probabilities on the right, called the first and second probabilities,
separately.

First probability. Note Y ;" (tx — DV = >4, ZTzl(r;k) — 1)V, where r;k) =
T(j—Dn+k- SO

mn

pCEING
k=1

and together with Lemma A.1 and Equation (A.3),
n

m
n=Cy |y 7 -
k=

1! j=1

A
o
[

1-0 k=1

(k)

m
[ [ T1ecr
0

k=1

Therefore

(k) &£
/ l_[ec*rzf Vodr > —
0 2m

k=1

k
f l—[C*rZ/]](>dr> £
0 iy 2C.mn
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The second inequality follows from a union bound together with the fact that for any
nonnegative random variables X and constant c, {Zzzl Xy >c} C UZ:] {Xi > c/n}.
Set

n

Ay = hir}")ga and

k=1 | j=I
m

(k)
2 -
j=1

for arbitrary o > 0 and note that

Bi(h) :=

A(h) N Bi(h) <

Therefore

P (11 h) > %) < S P(Be(h) N A(h) +P (Bi(h) N AGh)°) < n[P (B()) + B (A(h)°) ].

k=1

Seth = t/m?. By Lemma A.4 for all ¢ > 0 such that K := e(2Cytn) " te=Cme < 1,

(k) em —1K%m
P(B(h)) =P S — ——— | <2e72 .
(B(h)) ‘ 3C.ineCora e
And by Lemma A.3,
a - am? 2
P (A(h)°) U Zz“‘) I P n2me2Km
k=1 | j=1 j=1 !
where K’ := «/t. Therefore
€ —1K2m LK'm? m —Lcm?
lP’(I](h)>2—>§2e KMy omy =3 K'm?  om =3 (A.16)
m

for some positive constant C independent of m.

Second probability. Recall E™ = o rk[Sr(i A=D y8%mm - Also, from Equa-

tion (A.6),

~ ~ k=1 or k=1 ~ ~
500, it = 3 [ e By, S D5 as
; 0

k=l per k—1 ~1 i ~i ~
+Z/ IR S R YA 74 KA 7 KO A
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Lemma A.1 together with [V}, Villl2—0 < [IVjlioll Vklla—1 + I Villi—oll Villa—1 <
2C? give

mn
<202 [ 1+Cur Y 1j | G2

|1V, veagt-ngem
2—0 —
J=

Also,

S<1 - ”Vk + ViV Sk

Jsr

together with Lemma A.1 gives

mn
mn _
054(:5 L+ Cor Y 1) | SCr 2t

S, 1,j—1 ‘, S," jk—1 Vv, S:’kmn
j=I1

2—

Therefore for any 0 < r < h,

Em)

rt

2—0

< V;, VI SUA=D S kmm
‘2 0 ZZT"TJ/O H o Vil e
ds

H S(lJ 1) V/ Sf%k 1] Vk]S(kmn)
2—0

mn mn k—1

< 6C2r (1 +Cor Y r@)e”*’ 2NN g

=1 k=1 j=I

mn mn 2
< Ch(l +ChYy_ ‘L’/g)eChz' W(Z rk>
k=1

(=1

for some C > 0. So, we have that
mn mn 2
L(h) = / IEY™ |l2sodr < Ch2(1 +Chy ‘Eg)eChZI f@(Z rk> .
=1 k=1
For arbitrary o > 0, set

A(h) = !hsz < oe} and

k=1

mn mn 2
B(h) = {Ch2<1+ChZ‘L'g>€Chzl W(X_:fk> - %} .

=1
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Then taking & = t/m? as before,
P (Iz(h) > i) =P (A(h) N B(h)) +P (A(h)° N B(h))
2m

mn 2 e mn
2 c
§P<Ch (1+Ca)e "‘(Ztk> >%)+P<h;rk>a)

k=1

mn mn )
3 om
Py n>Km?)+P > — (A.17)
k=1 !

k=1

” 3 “ am?
n|P Ztk>K/m§ +P T > ——
k=1 k=1 nt

_ L gr,3/2 _Lpr,2 _ L3
Sn<2me > K'm +2M, 2Km>§2mc/e 5C'm

IA

for some C’ > 0 where K = (¢(2t2C(1 + Ca)e€¥)~1H)1/2 K/ = Kn~!, K" =
a(nt)~!, and the second-to-last last inequality follows from Lemma A.3. Combin-
ing (A.15), (A.16), and (A.17) and taking & = t/m? we therefore have that for all
¢ sufficiently small,

~ _ 1o, 3/2
IP’(HS’” — Symllao > i) <2 3Cm

tt/m?

for some constant C” > 0 independent of m. So, we have that

o0 o0

~ 1372
> P (137, = Smllzo > 5) = D2 2mC"e 3 < oo
m=1 m=1

Appendix B. Controllability Lemmas

Combining the partial results obtained above we show the existence of transformations
implementing the steps listed at the beginning of the section:

Lemma B.1. Ifg©) in Qg is nondegenerate, then there exists M| and a sequence of tran-
sition times and interaction triples {t(m), T (m)}f:f L, suchthat @;((A/[A/I'l)) o-- .ocIDLt((l])) (g0 =
g™ as in (6.17).

Proof. If (6.17) is satisfied by ¢@ we simply set M; = 0, ¢V = ¢@_ If not, by
nondegeneracy there exists a sequence of triples {L(m)},"‘;":1 with(m) = j(m)k(m)L(m)
such that Ay := A(g @) and A,, = A,,_1 @ £(m) with {(0, 1,+), (1,0,+), (j*, —)} C
Ap. We notice that all steps of this procedure satisfy, upon possibly reordering the
indices within each triple, either the conditions of Lemma 6.11 (b) or of Lemma 6.12,

so we sequentially choose t(m) = tfr(m) from those lemmas.

To activate coordinate (1, 1, —) — if this was not already done in the previous proce-
dure — we start with component b+ # 0 for | j*| # 1 and consider a nearest neighbors
path {ﬁ(n)}r/:”:/1 in Z%, connecting j* to (1, 1) without performing any step on the axes. It
is easy to see that such path can be realized through repeated application of Lemma 6.11
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(b) by choosing for the n-th step the triples ¢ (n) = (0, 1, +)(£(n), —)(£(n)£(0, 1), —) or
t(n) = (1,0,+)({(n), —)(£(n)=£(1,0), —) for vertical and horizontal steps respectively.

Finally, coordinates (1, 0, —) and (0, 1, —) can be activated by applying Lemma 6.13
tothe triples (1, 0, —)(0, 1, +)(1, 1, —)and (1, 0, +)(0, 1, —)(1, 1, —) respectively, while
(1, 1, 4) is activated by (b) by interchanging the type of modes (1, 1, —) and (1, 0, +) (or
(0, 1, 4)) in ¢ (M") from the previous paragraph to (1, 1, +) and (1, 0, —) (or (0, 1, —)).00

Lemma B.2. Let ¢ be a nondegenerate point in Qy satisfying (6.17). Then there exists
My and a sequence of interacting triples and transition times {t(m), T (m)}nﬂfi1 such that
CDLT((A/IA;;) 0---0 CI)LT((ll)) (g ") = ¢® is a nondegenerate point in Qq satisfying (6.18) and

(6.19).

Proof. In this part of the proof, we only consider interactions involving triples ¢(m) of
the form

{(0, DA, k), h D or (1,0)0(,h)( £ 1,h) :|l|,|h| <N, |, h)| # 1} . (B.1)

ByLemma6.11 (a),if | j| < |k| < [€]and (0, 1), (I, h) € A(q) there exists T (m) = t"™
such that defining A,, = A((plr((mm))(q)) we have (I, h) ¢ A, and (0,1) € A, (and
similarly for (1,0)).'% Note that while a triple as above satisfies by assumption that
|j| < |k| < |€|and atleast two of its coordinates are nonvanishing, it does not, in general,
satisfy (6.24). However, assuming that g does not satisfy (6.24), by Lemma 6.12 and

setting ¢ = (1, 0)(0, 1)(1, 1), there exists ¢ such that lg1,0)] # Kq)i/ @) a0l > 0.
Sin/ce none of the coordinates in Z%V \ {(1,0)(0, 1)(1, 1)} are affected by this operation,
(q)‘rl, (g)) satisfies (6.24) and Lemma 6.11 can be applied to this state.

To conclude the proof we identify a sequence of triples t(m) = (j(m), k(m), £(m)) €
T of the form (B.1) such that for 4y = A(g'V) € Z3, x {+, —}

(Ao k() ©k(2)©...) ©k(M))
= {(1707 X)1 (O, 17 X)v (11 lX)v (Nv NX)? (_N’ NX) » X € {+5 _}}

A possible such sequence is given by triples of the form

{00000+ 1 0+ (W el0.2),....0. M), x € [+ -}
to remove the vertical column of Z%V (which cannot interact with (0, 1)), followed by
{((o, Lo ) h+1, %)« (k) € {@,0),..., A, N) < [l € (1,...,N = DI\, 1)}) X €+ —}},
where importantly the set of transitions for each / is ordered. The above transformation
zeroes all coefficients except those in the set {(1, 1), (0,1), (1,00} U{(,N) : [ €

(=N, ..., N)}. We further remove the coefficients from {({, N) : [ € (—=N+1,...,N—
1)} by sequentially applying Lemma 6.11 to the ordered sequence of interacting triples

((1,0, DR O)A+1, k%) - k) €{O,N),...,(N=1,N), x e{+,—}}),

10 Note that the same result can trivially be obtained if (/, h) &€ A(q) setting rl(m> =0.
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and then
((1,0,+)(l,h,x)(l—1,h,x) SR e{(=1,N), ..., (=N +1,N)}, x e{+,—}).

It is easy to check that each transition in the above construction sequentially satisfies the
assumptions of Lemma 6.11 (a), and that once a mode has been removed from A it will
not interact again in this procedure. The fact that (6.19) holds follows from (6.17) and
that in an interacting triple ¢ = jk£€ with |j| < |k| < |/| both modes j and £ are in 4 at
the end of the interaction by t° . O

Lemma B.3. Let ¢® be a nondegenerate point in Qq satisfying (6.18) and (6.19). Then

there exists M3 and a sequence of interacting triples and transition times {t(m), T (m) } el

such that dDL(A:;)) e CD‘((ll)) (g®) = ¢ is a nondegenerate point in Qq satisfying
(6.20) and (6.21).

Since it may not be possible to “transfer” the content of e.g., mode (—N, N) to
(=N + 1, N) through one single interaction with mode (1, 0) — and therefore it won’t
be possible to transfer the amplitude of mode (—N, N) to (N, N) in one single “pass” —
we proceed to prove that, through a sequence of interactions, we can transfer a finite and
q(—n,n)-independent amount of energy from mode (—N, N) to (N, N). Therefore, the
transfer of amplitude from mode (—N, N) to (N, N) may be accomplished by repeating
this sequence of interactions sufficiently many times.

The following corollary of Lemma 6.12 will be instrumental for the proof of Lemma B.3:

Corollary B.4. Let (1 1), b1.1)y # O then for any q q’ with q; = q;. Sforall |j| > 1
there exist a sequence {t(m), r(m)}4 _ Such that P! 2 4) -0 dJLT((ll)) (@) =¢q.

Proof of Lemma B.3. Thedesiredresultfollows upon showing thatforanyi € {—N, ...,
N}, setting £ = (=i, N, x), &' = (i, N, x') for x, x" € {—, +} there exists M , and a

u

sequence of triples and interaction times {¢(m), T(m)},,_; such that for any g satisfying

L(Ml l’

U|i’|<i @',N,+),(i’,N,-)}NA(g) =0and ¢’ = CDT(M -0 CDLT((ll))(q) we have

,_)aj forj e Zi\{£. £}, -
q; = o / (B.2)
0 forj=~LifL#L,
andfork € {€, €'}, sign(qy) = sign(q,’() holds if ‘1;: # 0 (recalling our choice of notation
sign(0) = +1). Indeed, if sign(by,n)) > 0 we sequentially apply the above result to the
pairs

(ev‘e/):((NvN7+)’(_N’Na+))7((_N7N7+)a(N’N7_))’((_N5Na_)7(N5N7_))~

Otherwise, when sign(b(y,n)) = —1 we first apply the above result to £ = (N, N, —),
£ = (—N, N, —) and then proceed as in the previous case.

We prove the result above by induction on i € {0, ..., N}. The proof fori < 0 is
analogous.

Base case (i = 0 : (O, N, x) — (0, N, x)): If £ = £ there is nothing to show.
We proceed to consider the case £ = (0, N, +), £ = (0, N, —), as the converse fol-
lows by analogous arguments. In this case, for a sufficiently small ¢ > 0 we consider
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the interactions « = (1,0, +)(0, N, +)(1, N,+) and ¢/ = (1,0, —)(0, N, —=)(1, N, +),
running the corresponding flow maps by a small amount of time 7 (¢), t’(¢) such that
(CID‘/,(s) o CD‘r(g) (q)(o,N,_))2 = b(zO Ny TE- We then apply Corollary B.4 to the coordinates

T
(1,0,+), (1, 0, —) to return them in the initial configuration. Note that the existence of
a uniform ¢ > 0 such that the transitions above can be performed in a single pair of
interactions (and therefore the finiteness of the total number of interactions required to
perform the desired transformation) follows from the fact that b, ) is nondecreasing
and the continuity of the dynamics together with Lemma 6.11.

Induction step (i > 0 : (—i, N, x) — (i, N, x)): We consider two possibilities
for g: a) there exists ¢” with |a£’1’0)| € [laa,0l/2, laa,oll. qé’ﬂ.,N’X) = 0 and for

U=(1,0,+)(—i+1,N, x)(—i, N, x)
EL//(q) = ELN(q//)v gL//(q) = gL//(q//) s

or b) such ¢” does not exist.

In case a) the state g” can be reached by letting t = (1,0, +)(—i+1, N, x)(—i, N, x)
interact for a finite amount of time 7 from Lemma 6.11 (c). Then, by the induction
assumption there is a sequence of triples and interaction times allowing to reach a
state g”’ with qé’iM’N’X) =0, qg’il’N’X,) = qé/—i+1,N,x) and q}” = q}’ for all other
Jj € Z%V. The desired state can then be reached by application of Lemma 6.11 (a)
to the triple ¢ = (1,0,+)(@ — 1, N, x")(i, N, x’). We proceed to check that the final
state satisfies (B.2). Because modes j ¢ {(—i, N),..., (i, N), (1, 0)} did not interact
in the procedure above for such j we must have that g; = q}. The fact that for j €

{(=i,N),...,(i—1,N) q;. = 0 follows by construction and the induction assumption.
It remains to check that |aé 1 0)| = la,0)l. Since the only modes affected by the above

transformation are (—i, N, x), (i, Nx'), (1, 0, +), this follows directly by conservation
of energy and enstrophy:

@iN) + @ N + (@0,00)7 = (Cléi,N,X/))z + (61(/1,0,+))2 ;

2
(qé—l',N,X))
N2 +i2?

Gin.g)? N @i N y)?

l 2
NZ+i2 | NZ+i2 *@a0.0)"

+(qa.00) =

In case b) we proceed to show that case a) can be reached with a finite number
of interactions. More specifically if condition a) is not satisfied we let the triple (/ =
(—i, N, x)(—i+1, N, x)(1,0, +) for x € {+, —}interactasdescribed by Lemma6.11 for
atime t” toreach anondegenerate pointg” in Qg withq;./ =gjforj ¢ {(—=i, N, x), (—i+
LN, x), (1,0, 9} af oy =aq,0/2and q; 1. 411y, satisfying the conserva-
tion laws

@—in0)* + (@aos)’ = (q(_,-,]\/,x))2 + (61£/_,-+1,N,X))2 +(4(1,04/2)%

2 2
@ in)” @iy
N2 +i? N2+ (i —1)?

(Q—i.N)*
N2 +i2

+ (@04 = +(q.00/2)7,

2.2 )
so that (q(”_,-’N’X))Z = (q(=i,n.0)>—Cn,i(qa,0)? for Cy,; = %izf(i—t’])z(l\’zﬂl—l)z—

1). We see that a positive, g(1,0,+)-dependent amplitude is removed from (q(—; v, X))z.

Again applying the induction step and Lemma 6.11 (a) to transfer, respectively, the
amplitude from (—i +1, N, x) to (i — 1, N, x’) and from (i — 1, N, x) to (i, N, x')
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we reach the state ¢" with ¢; = q;. for modes j & {(—i, N), ..., (i, N), (1,0)} (since
these modes either vanish in both cases or they did not interact). Further, by conservation
of energy and enstrophy, we have that

i)+ @)+ @100)° =@ x>+ @n )+ @(0s)7

2 4 2
(CIE/_,-,N,X)) (q(i,N,)(’))

(Gin.g)? . QiN)? .
N2 +i2 N2 +i?

N2 +i2 N2 +i2

+ (4(1,0‘+))2 =

2
+ (q(l,o,+)) )

so that |q£/1’0,+)| = |g(1,0,+)|. This shows that the amplitude CN’,-(q(1,0,+))2 subtracted
to g(—i,n, ) is constant at each cycle, showing by boundedness of g(—; v, ) that with a
finite number of iterations as the one described above we can reach state a), concluding
the proof. O

Lemma B.5. Let ¢©® be a nondegenerate point in Qg satisfying (6.20) and (6.21). Then
there exists M4 and a sequence of interacting triples and transition times {t(m), T (m) }nﬂfil

such that CDLT((AIII,;‘:) 0---0 @;((11)) (g®) = ¢* is anondegenerate point in Q satisfying (6.15).

Proof. We start the proof by applying Corollary B.4 to transform the state ¢ into
g = dJT(l)(qG)) satisfying q;?) =qj for all |j| > 1 and a1y = bo,1) = ba,0) =
ac,0) > 0. Throughout this proof, we refer to states g such that g ;7 y) = q,i,y) for
alli,i’ € (0,...,N), x € {+, —} as symmetric.

We then proceed to transfer the amplitude from a ;1) to b2, 1y, b(1,2) by transforming ¢
into another symmetric state ¢’ with (2, 1, —), (1,2, =) € A(g¢") and (1, 1, +) € A(q").
This can be done by letting triples ¢(2) = (1,0, —)(1,1,+)(2, 1, —) € Z and ((3) =
0,1, —=)(1, 1, +)(1, 2, —) € T interact, and choosing the interaction times 7, ’(t) such
that CD;(,S()T) o CI>LT(2) (@)1.1.+) = 0. Further, we note that the difference bél,Z) — b£2,1) is
negative for t = 0, positive for t/(t) = 0 and is continuous in 7, so there must exist
7* such that b;l 2 = b{, 1,- To show that ¢ is symmetric it only remains to show that

bEI,O) = bzo,l)‘ This follows from the conservation laws:

B1,0)(1,1) ((bzlﬁo))z - (b(1,0))2) = 3(2,1)(1,1)(17’(2’1))2 = 3(1.2)(1,1>(b/(1,2))2
= B(0,1)(1,1) ((bzoyl))z - (b(O,l))2>

where

B 1 1
k= s — —> -
! I Ik

Next, weletthe triplest(4) = (1,0, —)(0, 1, +)(1, 1, —)and¢(5) = (0, 1, —)(1, 0, +)
(1, 1, —) interact. By Lemma 6.12 there exists an interaction time such that the initial
state g’ is mapped to ¢” with bé’]’o) = b(o,l) = 0 and aé’]’o) = a&)’l) > 0, so that
(15 07 _)7 (Ov 17 _) g A(q/,)

We then proceed to transfer the amplitude from modes (1,2, —) and (2, 1, —) to
(2,2, —). This is done letting triples ¢t(6) = (1,0,+)(1,2,—-)(2,2, —) and «(7) =
O, 1,42, 1, —)(2, 2, —) interact until the modes (2, 1, —), (1,2, —) are depleted, as
proved in Lemma 6.11. The symmetry of the final state ¢”’ is again a consequence of
the conservation laws:

B(1,0)2,2) ((aé’{,o))z - (a(],o))z) = B(2,1)(2,2)(b2’2,1))2 = B1,2)2,2) (béll,z))Z
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= Bo0.12.2) ((aég’l))z - (a&),l))z) .

Summarizing, we have reached a symmetric state ¢”" = <I>LT((77)) o0---0 @;((22)) (g) with

A@@") = {(1,0,4), (0, 1,4), 2,2, ), (1, 1, =), (N, N, =)}

The desired result then follows immediately if we can show that we can transfer the
amplitude of mode (i — 1,7 — 1, —) to (i,i, —) fori € (2,..., N) while preserving
the fact that aélgo) = aEO’]). We show this by considering, sequentially, the interaction
triples

t@i)=0,0, v —-1,i—1,-)G,i—1,-),
t4i+1)=0, 1,0 -1,i-1,=-)i—-1,i,-),
t@i+2)=(0,1, 4G, i-1,-)34,i,—),
t@i+3)=(,0,v)( —1,i, )0, i, —).

More specifically, we consider the family of endpoints
4i+3 4i+2 4i+1 4i
q”(l‘) = CDLT([(;:J? © (D;S(;;zg o q);(z(zlt:-lg o (D;( l)(q/) s

where t’ is defined in Lemma 6.11 (a). By construction, this sequence implies that
azi.fl’l;]) = az;l’i) = aég)ifl) = 0 and azi.,l.) # 0. It remains to prove that aE/l,()) =
a&)’l). As a composition of continuous functions, ¢” (¢) is continuous in 7 and therefore
s0is Ag(t) = az’],o) ) —a&)’])(t). Further, since by symmetry ag’l’o) 0) = a&)’])(tt_(‘”)),
we must have sign(Ag(0)) = —Sign(Aq(rL_I)). This implies the existence of t(4i) €
[0, /'] with Ag(0) = 0, concluding the proof. m
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