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ABSTRACT. In many situations, the combined effect of advection and diffusion
greatly increases the rate of convergence to equilibrium — a phenomenon known
as enhanced dissipation. Here we study the situation where the advecting
velocity field generates a random dynamical system satisfying certain Harris
conditions. If k denotes the strength of the diffusion, then we show that with
probability at least 1 — o(x”) enhanced dissipation occurs on time scales of
order |In k|, a bound which is known to be optimal. Moreover, on long time
scales, we show that the rate of convergence to equilibrium is almost surely in-
dependent of diffusivity. As a consequence we obtain enhanced dissipation for
the randomly shifted alternating shears introduced by Pierrehumbert ’94.

1. Introduction

1.1. Main Results. We begin by stating our results. Following this, we will survey
the literature and place our work in the context of existing results. Let u be a
(possibly time dependent) divergence free vector on the torus, £ > 0, and p solve
the advection diffusion equation

(1.1) Op+u-Vp—rAp=0,

on the d-dimensional torus T¢. Multiplying (1.1) by p, using the fact that ¥V -u = 0,
integrating and using the Poincaré inequality implies

(1.2) lp(-st) = pllzz < e lpg — pllz2

where

o= [ mola)ds,
Td

is the (constant) equilibrium solution to (1.1) and A; > 0 is the smallest non-zero
eigenvalue of the negative Laplacian. Enhanced dissipation is the phenomenon where
solutions to (1.1) converge to equilibrium faster than the upper bound (1.2). Our
main result shows that if the flow of u generates a random dynamical system (RDS)
that satisfies the Harris conditions (stated below), then enhanced dissipation occurs.
The enhanced dissipation rate is optimal at short times with large probability, and
is almost surely independent of the diffusivity for long times.

Theorem 1.1. Suppose the flow of u generates a random dynamical system that
satisfies the Harris conditions stated in Assumptions 2.1-2.4, below. For any o > 0,
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q < oo there exists v > 0 and a k-dependent random variable D, such that for every
initial data py € L*(T?), the solution to (1.1) satisfies

e "o — pllL -

(1.3) lp(,) = Plle < dm

Moreover, there exist a k-independent, deterministic, constant Dq such that
(1.4) ED! < D,.

Remark 1.2. The bound (1.4) implies that for any 8 > 0, P(D, > %) < 1D,
Using this in (1.3) will show that with probability at least 1 — anﬁq, we have

(1.5) lp(-+) = plle < e [lpo — pllzr

k3tatp
for all t > 0, and all pg € L'.

An equivalent probabilistic formulation of this result is as follows. Consider the
Markov process defined by the SDE

(1.6) dXF(x) = —u(XF(x), t) dt +V2kdW,, X&(z)=1z,

on the torus T?¢. Since V - u = 0, the (unique) stationary distribution of X* is
the Lebesgue measure. Let pf(z,y) denote the transition density of X;, and recall
the uniform mizing time [LP17,MTO06] is defined by

to(X%,2) = inf{t > 0| sup lpf(z,) = 1= < ¢}
zeTd

It is easy to see that the uniform mizing time of X" satisfies

C|l
5 (x%,e) < el
K

for some constant C' > 0. Theorem 1.1 is equivalent to the following uniform mixing
time estimate.

Theorem 1.3. Suppose the flow of u generates a random dynamical system satisfying
the Harris conditions (Assumptions 2.1-2.4, below). For any a > 0, ¢ < oo there
exists v > 0 and a k-dependent random variable D, such that

1., D
1.7 £ (X" e) < ~ 1 ( i )
(1) (e, < (5

almost surely. Moreover, there exists a k-independent (deterministic) constant D,
such that (1.4) holds.

Remark 1.4. We clarify that ¢3% (X", ¢) is random as it depends on w (it is, of
course, independent of W). For any fixed € > 0 (independent of k), Chebychev’s
inequality (1.4) and (1.7) show that for any S > 0 we have

1 1 _
P(tilx(Xﬁ,E) g §IH<W)) 2 1—Dql‘dﬁq.
Moreover, as € — 0, we obtain the x-independent uniform mixing time bound

tmix (X" 1
lim bmix (X", 2) < =, almost surely.
=0 |Ing| v
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Remark 1.5. While Assumptions 2.1-2.4 are easy to state (see Section 2.3, below),
they aren’t easy to verify in practice. Recent papers [BBPS22, BCZG22] instead
assume certain conditions which are stronger than Harris conditions, but are easier
to verify. For convenience of the reader, we state these conditions in Section 2.4,
below.

Remark 1.6 (Pulsed diffusions). We can also obtain similar results for pulsed
diffusions. Namely, define the Markov process Y* by

Yo = e (Y) + Gy

where ¢ are i.i.d. periodized Gaussians with variance x, and ¢,, is a RDS on T¢,
independent of ¢*. If the RDS ¢,, satisfies the Harris conditions (Assumption 2.1-
2.3), then we obtain the same mixing time bound (1.7) for the process Y*. The
proof is similar to the proof of Theorem 1.3, and in this setting several technical
steps become much simpler.

As an immediate consequence, we can show enhanced dissipation if u is obtained
by randomly shifting and alternating sinusoidal shears.

Corollary 1.7. Let A >0, d=2 and (, a sequence of i.i.d. random variables that
are uniformly distributed on [0,1]. For n € N and t € [2n,2n + 2) define

u(z,t) = {A sin(2m(zo — Con)) e t€[2n,2n41),

1.8
( ) Asin(27r(a:1 — <2n+1)) es te [2?’1 +1,2n + 2) s

where ¥ = (x1,22) € T2, and e; is the i-th standard basis vector. Then, almost
surely, we have the enhanced dissipation bound (1.3) for a random variable D, that
satisfies the k-independent bounds (1.4). Consequently, with probability at least
1 — D,kP4, the enhanced dissipation bound (1.5) holds.

This example was introduced by Pierrehumbert [Pie94] and [BCZG22] recently
verified that it satisfies conditions that are stronger than our Harris assumptions.
As a result the Corollary 1.7 follows immediately from Theorem 1.1 and [BCZG22]
(see Proposition 2.9, below). We mention, however, that even though [BCZG22]
abstractly check Assumption 2.2 (the existence of a Lyapunov function) for (1.8),
the system is simple enough that a Lyapunov function can be constructed explicitly.
We do this in Proposition 9.1 in Section 9, below.

Remark 1.8. Instead of using a sine shear profile in (1.8), we can use shears with
a piecewise linear profile. In this case the results in [CFIN23] will show that
Assumption 2.1-2.4 are satisfied, and so Theorems 1.1, 1.3 apply and will give
the enhanced dissipation bound (1.3), and the equivalent uniform mixing time
bound (1.7).

1.2. Motivation and Literature Review. We now survey the literature and place
our results in the context of existing results. Enhanced dissipation is a phenomenon
that can be observed in every day life: Pour some cream in your coffee. If left
alone, it will take hours to mix. Stir it a little and it mixes right away. This effect
arises due to the interaction between the advection (stirring) and diffusion, and
plays an important role in many applications concerning hydrodynamic stability
and turbulence and occurs on scales ranging from micro fluids to meteorological /
cosmological [LTD11, Thil2, Are84, SSA04].
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To describe this mathematically, let u be the velocity field of the ambient in-
compressible fluid, and p denote the concentration of a passively advected solute
with molecular diffusivity x > 0. The evolution of p is governed by the advection
diffusion equation (1.1). For simplicity, in this paper we only consider (1.1) with
periodic boundary conditions on the d-dimensional torus T¢.

If the ambient fluid is incompressible, the velocity field u satisfies divergence free
condition

V-u=0.

In this case, an elementary energy estimate shows (1.2) and hence the L? distance of
the concentration from the equilibrium distribution decreases at most exponentially
with a rate proportional to k.

Of course, (1.2) is only a crude upper bound. In many practical situations one
expects the convergence to happen much faster than (1.2). Indeed, the advection
term u - Vp typically causes filamentation and moves energy towards small scales.
The diffusion term kAp damps small scales faster, and the combination of these two
effects leads to enhanced dissipation — faster convergence of p(-,t) to p.

Several authors have proved enhanced dissipation by showing all solutions to (1.1)
satisfy the decay estimate

t +
(1.92) ot 0) = plzz < exp(= (5 = 1) )llew = ol
for every ¢ > 0, and some time scale T'(x) for which
(1.9b) lim kT (k) =0.
K—0

Seminal work of Constantin et al. [CKRZ08] (see also [Z1a10,KSZ08]) shows that if u
is time independent, then such a T'(k) exists if and only if u-V has no eigenfunctions
in H'. For shear flows classical work of Kelvin [Kel87] shows one can choose
T(k) = k= for some o« < 1. There are now several results studying enhanced
dissipation in more generality and for nonlinear equations (see [FNW04, Weil9,
BCZ17,CZD21, FMN23, CZG23, ABN22, CH23, Sei23]).

The purpose of this paper is to further investigate the link between enhanced
dissipation and mixing properties of u. Recall, a velocity field w is said to be
exponentially mizing if, in the absence of diffusion, a dye that is initially localized
to ball of size € will get spread throughout the torus in time O(|lne|) (see for
instance [SOWO06]). In the presence of diffusion, a dye localized to a point gets
spread to a ball of size O(y/k) in time O(1). If u is exponentially mixing, then this
dye is spread throughout the torus by the flow in time O(|ln x|). As a result, in this
case we expect (1.9a) should hold with T'(k) = O(|ln s|).

Surprisingly, this is not easy to prove, and is an open question in this generality.
Currently available results [F119, Fen19, CZDE20] show that if u is exponentially
mixing, then one can choose T'(k) = O(|lnk|?) in (1.9a). For a few specific ex-
ponentially mixing systems, available results [BBPS21, ELM23,ILN23] show that
one can choose T'(k) = O(|lnk|) in (1.9a). However, to the best of our knowledge,
there is no general theorem (in discrete or continuous time) that shows that for any
exponentially mixing flow one can choose T'(x) = O(|lnx|) in (1.9a).

One elementary observation is that if almost every realization of the stochastic
flows X* is exponentially mixing, then one has enhanced dissipation as in (1.9a)
with T (k) = C|ln k| for some C that can be explicitly computed in terms of the
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mixing rate. Thus, a natural question to ask is is whether or not the notion of
exponentially mixing is stable with respect to .

Question 1.9. If u is exponentially mizing, then for sufficiently small k > 0 must
almost every realization of X" be exponentially mizing (with a controlled rate)?

Since the notion of exponentially mixing involves the long time behavior, it is
not easy to determine the answer to Question 1.9. We instead look for stronger
conditions on uw which will will guarantee that for all sufficiently small x > 0, almost
every realization X" is exponentially mixing (with a controlled rate).

A general principle that is well known to the Sinai school is that for random
dynamical systems (RDS), geometric ergodicity of the two point process implies
almost sure exponential mixing (see [DKK04, BBPS22], or the proof of Lemma 3.3,
below). One could then ask whether or not this property is stable in k.

Question 1.10. If the two point process associated to the flow of a random dynamical
system u is geometrically ergodic, then is the two point processes associated to the
SDE (1.6) also geometrically ergodic for all small k > 0%

If Question 1.10 is answered affermatively, then for all sufficiently small k > 0,
must almost every realization X"~ be exponentially mixing. Not surprisingly, this
question is also hard to answer. Geometric ergodicity involves questions about long
time limits which are not stable as k varies. There is, however, a classical result of
Harris [Har55, MT09] that proves geometric ergodicity of a Markov process provided
there is a Lyapunov function, and a small set. A version of this condition turns
out to be stable in k (see Lemma 3.1, below) which in turn leads to almost sure
exponential mixing of the flows X* (see Lemma 3.3, below), which in turn yields
Theorem 1.1.

Finally, we mention that if u is regular, and uniformly bounded in time, then
we must have T'(k) > O(k) in (1.9a) (see for instance [MD18, Po0o96, BBPS21,
Sei22]). When u is irregular, one can even choose T'(x) = O(1). This is known
as anomalous dissipation, and examples of this were recently proved in [DEIJ22,
CCS22,AV23]. In this paper we only consider regular velocity fields, and so are in a
situation where anomalous dissipation can not ocur.

Plan of this paper. In Section 2.3 we define our notation and state Assump-
tion 2.1-2.4 used in Theorems 1.1 and 1.3. In Section 3 we state the three lemmas
(Lemmas 3.1-3.3) that will quickly yield Theorems 1.1 and 1.3, and use these lemmas
to prove Theorems 1.1 and 1.3. The first of these lemmas (Lemma 3.1) is the main
new contribution of this paper and which guarantees that our assumptions imply
the Harris conditions hold for all sufficiently small x > 0. The proof of Lemma 3.1
is split up into two steps — the existence of a Lyapunov function in Section 4, and
the existence of a k-independent small set in Section 5. Following this, we prove
Lemma 3.1 in Section 6. The proof of Lemma 3.2 uses a quantitative version of
Harris’s theorem [HM11] and is presented in Section 7. The proof of Lemma 3.3 is
based on the idea in [DKKO04] and is presented in Section 8. Finally, we conclude this
paper by explicitly finding a Lyapunov function for the randomly shifted alternating
shear example in 1.7.
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2. Notation and Preliminaries.

In this section we set up our notational convention and state the assumptions
required for Theorem 1.1 and 1.3.

2.1. Notation and setup. We will now define a setup that chooses the velocity
field % randomly from a finite dimensional family of C2, incompressible vector fields,
and repeats this choice on after time intervals of length 1. Let .# be a complete
smooth Riemannian manifold, and % : .# x T? x [0,1] — R be a C?-function such
that

Vi %(&x,t)=0.

Now let (0, Fo, Po) be a probability space and let w = (wy,ws, ... ) be a sequence
of .#-valued random variables whose distribution is absolutely continuous with
respect to the volume measure on .#. Define the (random) velocity field u by

w(z,t) = U (wp,x,t —n) whente[n,n+1),

where, following standard convention, we suppress the dependence of v on w. The
flow of u is defined by the ODE

XY =u(X? 1), X)=1d.

Restricting X to integer times gives a Markov process, which we refer to as the
RDS generated by .

To define the processes X*, let (Qw, Fw, Pw) be a probability space, and W
be a T¢-valued Brownian motion on this space. We will now consider the product
space €2 = Qu X ¢ with the product o-algebra F = Fy ® Fy and product measure
P < Py @ P, By a slight abuse of notation, we will sometimes treat random
variables on each of the coordinate spaces 2y, Qyw as random variables on the
product space 2 by composing with the corresponding coordinate projection. In
this sense, we may treat u, W as independent processes on {2, and let X;* be the
solution of (1.6) on T<.

2.2. Two point and projective chains. In order to state the Harris conditions, we

need to define the two point and projective chains, and formalize the dependence on
the noise history. Given & = (&1,...,&,) € 4™, define %,: M4™ x T¢ x [0,n) — R?
by

Un(& 2, t) = U (Emyx,t —m) ifte€mm+1).
Now define Z,,: #™ x T? — T¢ to be the flow of %, after time n. That is, define
(& x) = Pn(z),
where @ is defined by
0Py = Up (&, P, t), Pp=1d.
Given ¢ € 4™, (z,v) € TT? (the tangent bundle of the torus), and y € T¢ with

vl =1, y # x, we define the derivative, projective and two point maps by
e . (&, 7)v
Ay, =D, Zn Z =% [EAGEL]
(€0) EDelEn), Falemn) = (Zu(60) )

and

23z, y) = (Zn(&,2), Zu(& ),
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respectively. Note that 2, takes values on .#" x ST where ST is the unit sphere
bundle (see for instance [dC92]) defined by
ST = {(z,v) € TT| ||v]| = 1},
The map %52) takes values on .#Z" x T%(2) where
TR Zd T4 — A,

and A = {(z,y) € T x T¢ |z = y}.
Notice that the RDS generated by u is precisely the Markov process
X%(z) = Zn(wn, ), where w, = (Wi,...,w,).

We also define the derivative, projective and two point processes by

A A

Al(z) = p(wn, ), Xn(2,0) = Zn(Wn,2,0), X0 (2,y) = 2P (W, 2,9),

where as before (z,v) € ST? and (z,y) € T%(?). We denote the n-step transition
kernel of these processes by

Py(z,A) = By[X)(z) € A],
Br((z,v), A) < P, [Xg(x,v) € A] ,

(2.1) PO (w,y), A) &2 Py [ X0 € 4].

For brevity, when n = 1 we will drop the superscript.

For k > 0, we define the Markov process X" obtained by restricting the solution
to (1.6) to integer times. Given n € N, let P"(x, ) denote the transition probability
of X7. That is, for n € N we define

Pz, A) = P(X"(z) € A).
As before, when n = 1, we drop the superscript and simply write P, for P!. The
two point process X*(?) is defined analogously by
X (2, y) = (X5 (2), X5 (),
and its n-step transition kernel will be denoted by P,gQ)’".

2.3. Harris Conditions. Harris theorems typically assume the existence of a
Lyapunov function and a small set, and show that the associated system is uniformly
geometrically ergodic [MT09, Har55, HM11]. We will now state these conditions for
the two point chain PéZ) defined in (2.1). We reiterate that our assumptions only
concern the RDS generated by the flow of u with k = 0.

Assumption 2.1. The two point chain with kernel Pég) is Feller, topologically
irreducible, strongly aperiodic.

Our next assumption concerns the existence of a Lyapunov function for the two
point chain near a small neighborhood of the diagonal. To state this, let s > 0 and
define a punctured neighborhood of the diagonal A(s) by

A(s) = {(z,y) e T x T? |0 < d(z,y) < s},

where d(x,y) is the torus distance between z and y. On the flat torus it is easy to
see that for x,y € A(1/2), we can find a unique v € T, T? such that exp,(v) = v,
where exp, denotes the exponential map (see for instance [dC92]).
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Assumption 2.2. There exists a Lyapunov function V: T2 — [1,00) and con-
stants ¥ € (0,1), s € (0,1/2) such that

(2.2) PPV <AV on A(s).
Moreover, there exists p € (0,1) such that the function V is of the form
-1
- exp,(y)
2. =d P — = A(sy) .
(23) V() = dle,y) (e S 5E) - on Als.)

where 1 : ST* — RT is a continuous, strictly positive function.

The standard Harris Theorem [MT09] requires the assumptions 2.1, 2.2, and the
existence of a small set for PéQ), and shows ergodicity of the chain. However, for
Lemma 3.3, we will need to show that for sufficiently small k > 0 there exists a small
set with k-independent bound on the minorizing measure. We are presently unable
to do this assuming only the existence of a small set for PO(Q) . We can, however,
prove this under a slightly stronger condition which is not hard to verify in practice.

Assumption 2.3. There exist n > 1 and (&,,x,) € A™ x T3 such that the
following hold.

(1) There exists c,e > 0 such that for every & € .A™ with |§ — &.| < e, we have
pn(&) = ¢ > 0. Here p, is the density of w, on ™.

(2) The map %,1(2)(~,x*): M — T s a submersion at & = &, .

Finally, we need a uniform bound on the velocity field so that the gradients of
the diffeomorphisms 2, are controlled uniformly in the noise.

Assumption 2.4. The function % : M x T x [0,1] — R? is such that

sup  [|Z (&, t)|lo2(rey < 00
(§t)ex[0,1]
and sup ||VE%(o,x,t)HLm(/ﬂ) < 00.
(z,t)€T4x(0,1]

We will prove (Section 4, below) that Assumptions 2.2 and 2.4 imply that V' is
a Lyapunov function for P,gz), and satisfies the drift condition (2.2) with slightly
larger constants. Following this, we will show (Lemma 3.1, below) that these
assumptions will also ensure P,gQ) satisfies the assumptions of the Harris theorem
with s-independent constants. As a result, a quantitative Harris theorem [HM11]
will show that P{? is uniformly geometrically ergodic with a x-independent rate
(Lemma 3.2 in Section 7, below). Once this has been established, an argument
of [DKKO04] will imply X* is exponentially mixing, and prove Lemma 3.3 (Section 8).

2.4. Checkable Conditions that Guarantee the Harris Conditions. In prac-
tice it is not easy to find a Lyapunov function (Assumption 2.2). As mentioned in
Remark 1.5, recent papers [BBPS22, BCZG22] instead assume certain conditions
which are stronger than Harris conditions, but are easier to verify. For convenience
of the reader, we state these conditions here.

Assumption 2.5. The transition kernels Py, Py and PéQ) are all Feller, and
topologically irreducible.
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Assumption 2.6. Let A be one of the spaces T, ST?, and T2 and %, be one

of the corresponding maps Zy, 3&., or (%”k(g). For each choice of A and %, there
exist n = 1 and (&, x4) € M™ X N such that the following hold.

(1) There exists c,e > 0 such that for every & € A™ with |§ — &.| < &, we have
pn(§) = ¢ > 0. Here p, is the density of w, on A".
(2) The map % (-, x.): A™ — N is a submersion at § =&, .

Assumption 2.7. For each choice of A and % as in Assumption 2.6, there exist
Eux € supp(dist((1)) and y. € A such that Z1 (Eex, Ys) = Ys-

Assumption 2.8. Let A =T % = 2, and let n, (€., x,) be as in Assumption 2.6.
Define a C*-mapping g: M™ — SLy(R) by

1
g(&) = mﬂn(fﬂf*)-

Then, the restriction of the derivative D¢ g to ker D¢ 25, (-, x.) C Te ™ is surjective
onto Tge,ySLa(R).

These conditions are stronger than the Harris conditions in the following sense.

Proposition 2.9. If Assumption 2.4 and 2.5-2.8 hold, then the Assumptions 2.1—
2.8 also hold. Hence, in this case, the enhanced dissipation estimate (1.3) also
holds for some random variable Dy (depending on u and k, but independent of W)
satisfying (1.4).

Proof of Proposition 2.9. The proof of Proposition 2.9 follows immediately from the
results in [BCZG22]. Assumption 2.5 along with continuity of % (Assumption 2.4)
and Assumption 2.7 implies the conditions in Assumption 2.1. Assumption 2.3
follows immediately from Assumption 2.6. To obtain the Lyapunov function (As-
sumption 2.2) we will apply Proposition 3.3 in [BCZG22]. In order to do this we
note that a standard Gronwall argument (see for instance Lemma 4.2, below) and
compactness imply that there exists a constant C}, such that for all ¢ € .#, x,y € T,
we have
Zrdle.y) < i (6.2). 21(60) < Cha(a.y).

Along with Assumption 2.8, this allows us to apply Proposition 3.3 in [BCZG22], and
gives positivity of the top Lyapunov exponent. Now Proposition 4.5 in [BCZG22]
(and Assumptions 2.4-2.8) will imply the existence of a Lyapunov function as stated
in Assumption 2.2. O

3. Proof of Theorem 1.1

As mentioned earlier, the main idea behind the proof of Theorems 1.1, 1.3 is
to show that Assumption 2.1-2.4 imply that the Harris conditions hold for all
sufficiently small k > 0.

Lemma 3.1. Suppose Assumptions 2.1-2.4 hold. Then there existl € N, v3 € (0,1),

K >0, R > %, a € (0,1), and a probability measure v, such that for all
sufficiently small k > 0 we have

(3.1) PO < pV + K,

(3.2) inf  P@l(z,) > av().

2e{V<R}
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Once Lemma 3.1 is proved, the remainder of the proof can be obtained using
established methods (see for instance [BCZG22, BBPS21, DKK04]). First, a quanti-
tative version of the Harris theorem [HM11,MT09] combined with Lemma 3.1 will
show that the two point process X*(?) is V-geometrically ergodic.

Lemma 3.2 (V-geometric ergodicity). Suppose that (3.1) and (3.2) hold. There
exist constants C' > 0 and B > 0 such that for all sufficiently small k > 0, all
measurable ¢ : T*2) — R such that ||¢|ly < oo, and any n € N, we have

o~ fou],

Combining this with Borel-Cantelli argument in [KDKO05] (see also [BBPS21,
BCZG22]) will show almost sure exponential mixing of X*.

(3.3) HP,?)’"@ - /(pdw(z)HV < Ce P

Lemma 3.3. Suppose that (3.3) holds. Then, for every a > 0 and 0 < g < o0,
there exists a random D, > 1 (which depends on u but is independent of W), and
deterministic v > 0 (independent of k) such that for all sufficiently small k > 0,
every pair of mean-zero test functions f,g € H*, and every n € N we have

(3.4) (f,90 X£) < De™ | fllzelglle ,  almost surely.

Moreover, there exists a finite constant Dq (independent of k) such that
ED! < D,,

for all sufficiently small k > 0.

Remark 3.4. By duality, (3.4) is equivalent to

(3.4') lgo Xillu-o < Due™ (gl

for every mean-zero test function g € H~.

Momentarily postponing the proof of Lemma 3.3, we prove Theorems 1.1 and 1.3.

Proof of Theorem 1.1. For notational convenience, we will use p; to denote p(-,t),
the slice of p at time t. Fix a > 0, and let n € N be a large time. Assumption 2.4
and parabolic regularity implies

_ C _
”pn - p||L°C < 2a+d Hpn—l - pHH*‘)‘ .
K4

To bound the right hand side, we note that the Kolmogorov backward equation
implies that for any ¢t > 1 we have

pi1(z) = Ewpy o Xf,1+t(x) .

Here Ey, denotes the expectation with respect to the Py marginal of the product
measure P = Py ® Py, and X7 . is the solution of the SDE

dX7(z) = —u(XT ,(v),t) dt + V2k dWy Xii(z)==2.

Since the distribution of u is time homogeneous, we may apply Lemma 3.3 to X7 ..
Thus, using (3.4") yields

lpn-1—plla-—o =Bwpro X7, _1 = pla-« < Bwllpro X7, 1 — pllg--
< Dye™ V| py = pl| e -
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Here we used the fact that since D, is independent of W which implies D,, = Ew D,.
Finally, we note that parabolic regularity implies

B c _
o1 = pllae < —agzllpo — pllr -
K~ 4

Combining the above, we note

- Cefv(nfl)pﬁ B
(3.5) lpn = pll= < Wllpo —pllze

for all integer times n. Since the L°° norm is non-increasing, we can increase C by
a factor of e” and ensure (3.5) holds for all ¢ > 0, concluding the proof. O

Theorem 1.3 is equivalent to Theorem 1.1 by a standard duality argument.

Proof of Theorem 1.3. Let p be a solution to (1.1) with initial data pg. By the
Kolmogorov backward equation

pi(z) = Ewpo o X{(z) = /

Py (@, y)po(y) dy .
’]I‘d

Thus

K

e ol

sup / (P (. y) — Dpoly) dyde < [lpe — pllo~ <
zeTd JTd

Since py € L! is arbitrary, this implies

D. _,
——e
K2t

sup [Ipy'(z,-) — 1|z <
z€eTe

)

which immediately yields (1.7) as desired. O

The proofs of Lemmas 3.2 and 3.3 follow quickly from existing results, and the
bulk of the remainder of the paper is devoted to proving Lemma 3.1. The proof can
naturally be split into two parts — showing V' is a Lyapunov function, and producing
a k-independent small set. We do each of these parts in Section 4 and 5 respectively,
and then prove Lemma 3.1 in Section 6.

4. The existence of a x-independent Lyapunov function.

The goal of this section is to produce the Lyapunov function V used in Lemma 3.1
in Section 6. For this we use the function V in Assumptions 2.2 and the fact

that u € C? (Assumption 2.4) to show that for sufficiently small &, the function V'

is still a Lyapunov function for P,,E?).

Lemma 4.1 (Existence of a k-independent Lyapunov function). Suppose Assump-
tions 2.2 and 2.4 hold. Then there exists v € (0,1), b> 0 and V : T*() — [1, 00),
all independent of k, such that

(4.1) POV <V +b
holds for all sufficiently small k > 0.

The main idea behind the proof of Lemma 4.1 is that the difference of four terms
X5(x), X5 (y), XY(x), X{(y) can be estimated small when & is close to 0 and x and
y are close. To carry out the details, we need to first lift all the processes to RY.
We identify the torus T¢ with the set of equivalence classes {[%] | # € R%}, where [7]



12 COOPERMAN, IYER, AND SON

denotes the equivalence class of # modulo Z¢. Notice that for any &,y € R? such
that |& — g| < 1/2, we have
d(z,y) =¥ —g| and exp;ly=y—F, where z =[], y=[g].
We will implicitly identify periodic functions on R? with functions on the torus.
We also define the Brownian motion W on T¢ by choosing a standard Brownian
motion W on R?, and setting
Wt = Wt (mod Zd) .

Now, let X be the solution to (1.6) on R? with the Brownian motion W, and
notice X; = [X;]. To prove Lemma 4.1 we need two elementary estimates on the
flows X”, which we state below.

Lemma 4.2. There erists a constant Coy = Co(supg ,||% ||c1) > 1 such that for
every k > 0 and %,y € R?, we have

(4.2) |$C_ Jl < |XF(#) — XE@)| < Coli — 4|, almost surely.
0

Lemma 4.3. For each &,y € R? and t € [0,1], define of (,9) by

of (#,9) = | X7 (8) - X (9) — (X7(3) = XP(@))]-
There exists a constant Cy = Cy(supg 4||% || c2) such that for any a >0 and k >0,
we have

def

Liie cap 01 (&, 9) < Crlavm + |3 — )| X7 (#) - X7 (@) -
Here W* is the running mazimum of |W|, defined by

. .
Wi = max|W|.

R

Momentarily postponing the proofs of Lemmas 4.2 and 4.3, we now prove
Lemma 4.1.

Proof of Lemma 4.1. We prove this proposition in two following steps. First, we
show that for any ¢ > 0, there exists a constant ¢ < s, such that

@y, p®@
(4.3) limsup sup w<

C.
K0t (2,y)EA(e) Vv

Then, using (2.2) and choosing ¢ < 1—4 imply that for some ¢ > 0 and all sufficiently
small k > 0,

(4.4) POV < (3+¢)V on Ale).
Outside A(e), we will show that there exists a constant b > 0 such that
(4.5) PPV <b on Ale)e,

for all sufficiently small x > 0. Using (4.4) and (4.5) immediately implies (4.1) as
desired.

In order to finish the proof we need to prove (4.3) and (4.5). To prove (4.3), let
¢ be a small k-independent constant that will be chosen later. We let x,y € A(e)
and note

POV (z,y) — PPV (z,y) = EIV(X{(2), X (y) — V(XD (2), XD (y))] -
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Choose ¢ > 0 such that for the constant Cj in (4.2) and s, from Assumption 2.2,
we have Cpe < s.. Let #,9 € R? such that [#] = , [§] = y, and d(z,y) = |% — 7|
Then by Lemma 4.2, we have

o e 1
[XT(2) = XT ()] < Coe <5 < 5,

for all k > 0, and hence

~

(4.6) d(z,y) < d(X{(2), X7 (y) = |XT'(&) — XT(@§)] < Cod(w,y) < s

50
Then using (2.3), we get

P ¥’

\Zy+ Zglp | Zufp

P,£2)V(a?,y) — PO(Z)V(x,y) =F

where
Y P(XT (), 0(XT (2), XT(9))),
0 = (X7 (2), (X7 (), X7(9))),
20 X0() - X0,
77 <= Xp() - X{ () — (X&) - X7(9)
-1/,
N liexpx’(y)
w(.’f 7y ) d($17yl) N
In particular, we can rewrite the terms into
" Y’ . 1 1 Los
V(LY L)
21+ Z7 P | ZaP |21+ Z3 P | Zufp /| ZyfP
and deduce
2y, _ p@ P
[PV - RV d(,y) (E[ x 1 1 ’+ 1 W’"—wo\])
4 = infsar vy Zy+ 25l | Zife) | Zyfe
d(z,y)”
(4.7) gm(El{W*@}(FlJrFQ)JrP(Wl > )sgp(FlJng)),
where
def 1 1 ’ def 0
1= ——— — =, Fy = ——[¢" =97,
|2y + ZF|P | ZaP |Zl|”

and « > 0 is a small k-independent constant that will be chosen shortly
We will now bound each term on the right of (4.7). On the event {W; < o}, we
note that Lemma 4.3 implies

(4.8) |Z8| < Cr(av/k +€)| Z4],
SO
(4.9) Zy+ Z¢| > | 21| — 1 25| 2 | Z4](1 = Ci(av/k +€)) > 0,

for sufficiently small x,e > 0. Moreover,

|21+ Z7| < | 21| + | 25| < |21 (1 + Crlav/k +€)) .
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These two inequalities imply that

1 1 1 1
(4.10) - < ——(1- ).

|ZolP | Zy+ 2P | Zyfp (14 Ci(ayk +e))P
1 1 1 1
(4.11) . ( f1).
|Z1 +Zf|p |Zl|p |Z1|P (1 —Cl(Oé\/E"‘&'))p
By convexity of the function £ — 7P, we have
1 < 1 1
(14 Cilayr+e))p ~ (1 —Cilay/k+e))p
Combined with (4.10) and (4.11) this implies
1 1 1 1
112 - —— | < —( -1).
(412 \Zv+ Zpl |zl | Zyp (L= Ci(av/k + €))P
Multiplying (4.12) by lanJZ)w¢K and using (4.6) gives

1
FE1,;,. L <C? 19| 0o —-1).
VR R L S0 R T Y U ((1 — Ci(ay/E +e))P )

(4.13)

Next, we bound El{nga}Fg. We note that by (4.25), (4.26), and (4.6), we can
choose sufficiently small x, a, ¢ to ensure

d((XT (2) @ (XT (2), XF (1)), (X7 (@), &(X7 (2), X7 (1))
" (x y Xt - Xp@) X)) - XP ()
= |IXF(@) - X{@D| + | o e~ g S0 e
[XT(9) — XT(@)]  |1XP() — X7(2)]
o o v+ 72y Z
= |X[(&) - XV@)| + | 5 — =
|1+ 27| |2
The inequalities (4.25) and the general bound
vV 2]
[l /|1 min{ol, [o'[}
immediately imply
o w00 L+ 28 4y
(4.14) | X7 (%) — XP(@)| + | —=—
1 1 AN
2|1 2§
gCOOé\/E—‘r - > I 1~| > .
min{|Z; + Z{|, |Z:[}
Using (4.8) and (4.9) we see
| Z¥| 2C1 (/K +¢€)
4.15 Coavk + 2 > - > < Coan/k + .
(4.15) oo/ min{|Z; + Z¥|, | Z1|} oavi 1—Ci(avk +e)

Now fix n > 0 to be a k-independent constant that will be chosen later. Using
uniform continuity of 9 find § > 0 such that

(4.16) Vz,2 € SM, d(z,2') <6 = |p(2) —v(2) < 7.
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If k, € are sufficiently small, the right hand side of (4.15) can be made smaller than 4.
Using (4.14) implies
d((XT (), 6(XT (), X7 (1)), (X7 (2), &(X7 (2), X7 (1)) < 4,
and using (4.16) implies
[~ =% <.
Thus by (4.6), we see

(4.17)

Finally, for the last term on the right of (4.7), we note
1 1 1

~ = ~ + —
|Z1+ ZF P |ZyfPt | Zy|P

K

9" — ¢

1 1 2
<Wlloo (5 + =) + =1 lloo
[Zy+ ZT P |z |z

so using (4.6) shows

Az, 9)P ACH [Pl

4.1 P(W; > Fi+F) < PW; .
( 8) infSM ,l)[} ( 1 OZ) Slép( 1 + 2) infSM 'l/) [ 1 > OZ]
Using (4.13), (4.17) and (4.18) in (4.7) we obtain
sup PPV — BV S ( 1 B 1)
(@) €A () |4 Oinfgar b \(1 — Cy(av/k +e))P
o 4CE |19l o
PW; .
infSML/J infSM1/J [ 1 = a]
Thus,
. PPV - RV [ 1
4.19) limsu su < CP- -1
(4.19) n—>o+p (x,y)eli(e) Vv Oinfgn 1 ((1 — Cie)p )
% ACT 1Y)l oo
- - PW; > al.
infgnr ¢ infonr ¥ ue ]

Now, we choose «, 7, and € such that

4CE |19 ]l oo
inf5M¢
Cg < 1c
infear v 3%
p 1Yl 1 1
~1 -
Oinfon o (0= Cror ) <3

then using (4.19) will imply (4.3) as desired.

1
PW! >a] < 3¢

Finally, in order to prove (4.5), we see from the Assumption 2.2 that V is
def N 7~ Su

continuous on the compact set K = A(s,) — A(%) so it can be continuously
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extended to the compact set K/ = T%(2) — A(%5) such that

1<infV=infV<<supV =supV.

K K/ K/ K
Now, let (z,y) € A(e)¢. On the event By = {(Xf(z), X (y)) € A(s.)}, there
exist ,9 € R? such that [#] = z, [§] = vy, and
(X7 (2), XT(y) = | X7 (&) = XF@)] < 5.

By (4.2), |t — 9| < éo < % so | — y| = d(z,y) and

d(X?({E),Xf(y)) > Od(zvy) = Coe ,

which implies

(4.20) E[V(X{(2), XT (W) 1e,] < Cp"e 7P |[¢]oo -
On the event EY, we have
(4.21) BIV (X} (@) X7 (1)) 1] < sup V.

Bounds (4.20) and (4.21) yield (4.5) with

def

b= CyPe™||¢)loo +sup V.
K/
This completes the proof. O

Gradient estimates on the stochastic flows. It remains to prove Lemmas 4.2
and 4.3. Lemma 4.2 is a direct result of applying Gronwall’s inequality twice to the
difference | X (&) — X{(9)| near ¢ =0 and t = 1.

Proof of Lemma 4.2. For the upper bound, we see that for any x > 0 and 0 < ¢t < 1,
t
(@) - X ) = - g+ [ (X3, - ulXE),5)ds.

0

SO
~ N t v v
X@) - XF@I < 8- 01+ Ay [ 1X5@) - XE@)lds.
0
By Gronwall’s inequality, we have
| Xf(@) - XT(y) < e -9,

where
(4.22) AL Z Vol || oo (ar xTaxo.1))
Similarly, for the lower bound, we see that for any x > 0 and 0 < ¢ < 1,

K@) K0) = Xe )~ K@)~ [ (), 0) —u(K2 ) )ds

1—t
t
= X5@) = X7 [ (a(KL@0).9) — u(XE(5).9)) s
SO
X (&) = X7 )] < XT@) = XF@) + A [ X (8) = X7 (§)|ds .
By Gronwall’s inequality, we have

& — ] < eM|XF(E) — XT ()]
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Thus, setting Cy < e41 concludes the proof. O

To prove Lemma 4.3, we first explicitly write down the differences X’f(f) — Xf(gj)
and X?(#) — X?() by using the differential equations they satisfy. Then, we use
mean value theorem and Grénwall’s inequality multiple times to estimate their
difference.

(4.23) X{(@) - XF@)=%-9+ /0 (w(XE (), 8) = u(XE (@), 5) ds

for some f;(s) and similarly
(4.24) XP(#) - XP@) =& =9+ | Veu(Ba(s),s) - (X&) — X2(3)) ds
for some B2(s). We define
S(t) = Xp(@) - X7 () — (XP(@) - X))
Then, by taking the difference between (4.23) and (4.24), we get
()= [ Veul(6),5) 509

which implies

where
As ZNVEU || oo (ar xmix(o,1)) -

We see that

B1(s) — Ba(s)| < max{| X () — X2(§)], | X5 (#) — X(#)],

[ XE(y) — XJ(0)], | X5 (#) — X))}

and in particular,
(4.25) L <oy K@) — X0()] < an/me?
(4.26) [ X2(2) = X2(§)] < & — gle™*

by Gronwall’s inequality.
As a result, we obtain

t
Lty o 86 00) < A1 [ L cog )

t
+ Ag(an/r + | — gl)e! /
0




18 COOPERMAN, IYER, AND SON

Using Gronwall’s inequality and Lemma 4.2 this gives
Ly cay 05 (& 9) < Cilav/e + & = §))| X7 (%) — X(9)]
for some constant C7; = C1(A1, A2). O

5. A stable small set.

Next, in order to obtain the minorizing condition (3.2) stated in Lemma 3.1, we
will show that Assumptions 2.3 and 2.4 imply the existence of a x-independent small
set.

Lemma 5.1. Suppose Assumptions 2.3 and 2.4 hold. Then there exist nonempty
open sets A, B C T and a constant > 0 such that

(5.1) inf P®m () > BLeb|p(-).

for all sufficiently small k > 0. Here Leb | denotes the restriction of the Lebesgue
measure to B.

To prove Lemma 5.1, we need the following two lemmas.

Lemma 5.2. Let f: B, C RY — RY be a C' function such that f(0) = 0 and
rank(Df(0)) = d. Then there exist §,s > 0 such that, for any g: RN — R? Lipschitz
with || f — gl|z~(B,) < J, we have

g(Br) 2 By
Here B, denotes the open ball centered at 0.

Proof. By the constant rank theorem, there are diffeomorphisms o and g which
fix the origin such that (o f o 8)(x1,...,2n) = (z1,...,24). Choose § > 0 so
that [[(a o foB) — (aogoB)|r=m) < i Let z41,...,xn be arbitrary with
x§+1+~-+x?\, < % and define h(zq,...,xq) := (QOQOB)(xl, e s Ty g1y TN )-
Then h: B3y € R — R? satisfies |h(z) — 2| < 1 at every pomt

We claim that h(Bs,4) D By /2. Indeed, compute the degree deg(h, By 4, 2) = 1
for each 2 € By, (the degree is a homotopy invariant, and h is homotopic to the
identity).

Then (aogo8)(B1) 2 By, and therefore g(B,) 2 B, for some s > 0 depending
only on o and . O

Lemma 5.3. For anyn € N, k > 0, z € T*®), £,¢ € .#™, and almost any
realization of the noise W, we have

(X 2(E, ), X PUE ) < Agexp(n(l + An))das (&,€),
where A; is defined as in (4.22), and

As Z ||V || oo Carxaxo,1]) 5
wo(€,6) = supd g (&, €1 -
k<n

Proof. The proof follows immediately from Gronwall’s inequality and is very similar
to the proof of Lemma 4.2. O

With these lemmas, we can prove the existence of a k-independent small set.
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Proof of Lemma 5.1. Let n,x., &, €, ¢, p, be defined as in Assumption 2.3. Then,
we see that 3&”71(2)(, x,) satisfies the assumption in Lemma 5.2 with r = ¢. Let §, s
be the constants given in Lemma 5.2 for the map %n(z)(.’ x4). Now, choose a > 0
such that P[W* < a] > 1 and let 7, k be small enough so that

(n + nvka)e™ M < %5.

Then for each choice of € B, (z,) and a realization of Brownian path such that
{W* < a}, we have

X3P (€, ), X (€ x.)) <6
for any £ € .#™. Thus, we can apply Lemma 5.2 to the map g : £ — Xﬁ’@)(g,x)

and see that
P@n (2 A) > Ey [(/ pn(f)d§)1{wz<a}}
g~ (A)NBe(&x)

> By |lg™"(4) N Bo(€)ILw; <o |

(5:2) > 514N B2 (§2.))| Bw Lip(g)~ ™.

Using Lemma 5.3 we see

(5.3) Euw Lip(g)™ 9™ > (Ag exp(n(1 + 41)))~ 4m-#

Using (5.3) in (5.2) yields (5.1) as desired. O

6. Verification of the Harris Assumptions (Lemma 3.1).

Given the Lyapunov function V' from Lemma 4.1 and the small set from Lemma 5.1,
we will now prove Lemma 3.1 verifying Harris conditions for the two point chains,
for all sufficiently small x > 0.

Proof of Lemma 3.1. We first note that Lemma 4.1 and induction immediately
imply that for every [ € N,
POV <AV + by,

where
-1

(6.1) b=bY =
=0

We will now show that R and [ can be chosen so that (3.2) is also satisfied.

We will first show that any compact set A C T%(?) is a small set, uniformly in .
More precisely, we will prove that for any compact set A C T4 there exist m € N,
B € (0,1), and a probability measure p, all independent of x, such that

L=m

(6.2) int PO (2, > Bu(),
for all sufficiently small x > 0. Next, we will show that for any R > —=2—, there
exists a compact set .S such that
(6.3) {VLR}CS.
To see why the above implies (3.2), we first fix any R > —2— and then find

1-m
a compact set S such that (6.3) holds. From (6.2), we can find k-independent
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constants [, & and a probability measure v such that for all sufficiently small x > 0,
we have

inf PO )> au(.
inf P (2, ) 2 av().

For this particular [ € N, we define

def

3 =4t and K =0
Using (6.1) we observe
2b 20 1 -7} 2K
R> = m :
l=m 1-ml-m 1-13

which implies (3.2) as claimed.

It remains to prove (6.2) and (6.3). To prove (6.2), we first note that Assump-
tions 2.1 and 2.3 imply Péz) is an 1(P-irreducible, aperiodic T-chain with the
property that

Y@ WV) >0, forall Vc T? open.

Assumption 2.3 and Lemma 5.1 imply that there exist open balls B,., By C T%(?)
and n € N such that for all sufficiently small x > 0,

4 inf P (x ) > (-
(6.4) nf PO, > (),
where B, and By are open balls with radius r, s > 0, respectively, and

def

() Leb(- N B,).

By, is small for the chain Péz) and ¢(2)(B%r) > 0 so by Theorem 6.2.5 (ii) and
Theorem 5.5.7 in [MT09], we see that there exist some ¢ € N and ¢ > 0 such that

(6.5) P2, By,) > ¢> 0.

inf
TEA

Then, for each x € A, the measure P,£2)’q (z,-) converges weak-* to the measure
P0(2)’q(x, -) as k — 0 so there exists ko(z) > 0 such that

1
. (2),q + (2).9
(66) m<111110f(a:) PK (JC,B%,,,) P 2P0 (‘TaB%r)
Also, if we assume r < 1 without loss of generality and define A; as in (4.22), then
for any # € T? and y € B(, % exp(—A1q)r), we can find &,y € R? such that [¥] = z,
[9] =y, and d(z,y) = |Z — y|, and use simple Gréwnwall bound to notice that
K K VK (N VKN ~ M 1

d(Xg (2), Xq(y) = |X5 (@) - X7 @) < exp(Aig)E — gl < 57

This immediately leads to the inequality
(6.7) PPy, B,) > PP(x, By,).

Now, we cover the compact set A with open balls U,caB(z, % exp(—Ai1q)r) and

find a finite cover Ufil B(z;, L exp(—Aiq)r). If we let k < Ko = minlY, ko(z;) and
y € A, then by (6.7), (6.6), and (6.5), we see that

1
P}£2)7q(y7 BT) = §C~
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This implies for any 0 < k < kg,

i (2).9 >
(6.8) 9;1612 Pz, B.) >

C.

DN =

Defining m = n + ¢ and using (6.4) with (6.8) yields

3 (2),1’)1 D> —enl-
Inf P5"(x,7) 2 Seil)

for all sufficiently small £ > 0. Then, normalizing cfi(-) immediately implies (6.2),
as desired.

Finally, to prove (6.3), we notice that if s” < s, and (x,2’) € A(s"), we have
V(z,2') = d(x,2") Py (z, w(z,2")) = (s")7P (lsrg 1/1,,) >0.
Thus making s’ > 0 sufficiently small will ensure
A(s") c {V > R},
which implies
{V<R}CA(")e.

Thus S = A(s”)¢ is the desired compact set, proving (6.3). This concludes the
proof. O

7. V-geometric ergodicity (Lemma 3.2).

Given Lemma 3.1, V-geometric ergodicity of the two point chains P,g2) follows
directly from a theorem of Harris [Har55, MT09]. The usual Harris theorem, however,
isn’t quantitative enough to yield (3.3) with x-independent constants C, 5. We will
instead use the version in [HM11] which is quantitative and can be used to prove
Lemma 3.2.

For the proof, we define the metric pg by

(7.1) polpnsin) ™ [ (4B dln ]

Td,(2)
where 3 > 0, py, pto are probability measures, and |1 — ps| denotes the variation of
the signed measure 1 — po. The quantitative Harris theorem from [HM11] shows

2),0 . . .
that P,.g )l is a contraction under pg, and for readers convenience we now restate
this result in our context.

Theorem 7.1 (Theorem 1.3 in [HM11]). Make the same assumptions as in Le-
mma 3.1. For any o € (0,c), and any vo € (y3 + 25, 1), define

2+ Rﬂ%)}
2+ R J°

det QQ _ def {
= — = 1 — —
8 P a = max (a — ),

Then, for any two probability measures p1, o we have
(7.2) pp( PP, s P < app(pa s po) -

Referring to [HM11] for the proof of Theorem 7.1, we will now prove Lemma 3.2.
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Proof of Lemma 3.2. We will first show there exist constants C > 0, v2 € (0, 1),
and | € N such that for all sufficiently small £ > 0, any ¢ : T%() — R such that
lellv < o0, and any m € N, we have

(7.3) HP,gz)’lmcpf/gadw 2>H <O H(p /gpdw(z)Hv

For this, we first define a weighted norm

liplls & sup 22

e 1+ pV(z)
Then, since V' > 1 on T%()| we see that the norms || - |y and || - ||s are equivalent
for any 8 > 0 with
7.4 < - .
(7.4) LWWW‘Wﬁ MW
We also note that given any two probability measures p1 and jp on T%(2),
(7.5) ps(pi, p2) = sup (1 — p2, ¢)

llells<1

always holds, where (i, ) denotes the dual pairing

(1, @) d:ef/ pdpy.
Td,(2)

Now, we’re ready to prove (7.3). From here on, we set P = P,g2)’l for notational
simplicity. By Lemma 3.1 and Theorem 7.1 we obtain the contraction estimate (7.2).

In particular, for any z € T and = 12 & 72 we have
ps (0 P", 77(2)) < a"pg(de, 71—(2)) :
By using (7.5) and then (7.1), we notice

n_ (2) ,_ (x(2)
(0P = 73,0 = TN g (8, 7D < G714 BV (&) + (x 1+ BVY),

o = (7@, )1
and hence
(Pe)@) — () <an @) @
1+ 3V(2) < a1+ (m?, 14 V)l — (7™, oI5 -

This holds for any = € T4®) so
[Pre— .0l < Coamlle — (= ls

Finally, using (7.4) yields (7.3) where C and ~, depend on «, 3, K, R but not on .
This completes the proof for (7.3).

The proof that (7.3) implies (3.3) is a standard argument. For any z € T ()
and any mean 0 function g we note

@ PV (@
‘ (Ln 9 ’_’/TM 6 ; (2)(x,dy)‘ <||g||V(PHV(‘;;()<(’Yl+b)9|V,

Where Y and b are the constants defined in (4.1). Thus,
1Pl < (i +B)lglv -
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This and (7.3) imply that for any m € N, 0 < r < I,
(2),lm+r

‘ P

g, < Cmax(n +6.1" gl < 3l

which proves
1
]

e

|, <cG gl

for general n € N with possibly different constants C' in each line. This completes
the proof of Lemma 3.2. O

8. Exponential Mixing of the Stochastic Flows (Lemma 3.3).

In general, the geometric ergodicity of the two-point chain implies almost sure
exponential mixing of the random dynamical system. To the best of our knowledge
this principle was introduced in [DKK04] and was also used in [BBPS22, BCZG22].
We reproduce it here keeping track of the constants introduced in the proof and
their dependence on « in order to prove that « in (3.4) is x-independent.

Proof of Lemma 3.3. Let Z& = 74 — {0} and denote {e,, : m € Z%} as the orthogo-
nal basis e, (r) = €7 for L?(T%) and denote

f= E fmem, 9= E Imem
mEZg mEZg

as the fourier expansions of f and g. We note that and fo =go=0as f and g are
mean-zero.

Now, fix ¢ > 0 and for m,m’ € Z¢ and k > 0, define random variables
Ny = max{n eN, ’/em(x)em/ o Xﬁ(m)ﬂ(dm)‘ > e_gn} ,
K = max{ fm| V| : €N > ][}
ﬁﬁ S max  eSNVmm

Iml,|m/ | <K
Then by the definition of N*

m,m

P[NE v > 1] < ZP“/em Yems 0 X (x)m (dx)’ >e<"}

» and Chebyshev, we get

:

<Ze2<”E‘/em Jem o Xy (x)m(dx)

n>l

Observe
2
B| [ en(@ens o Xi(@yn(do)| = [ 2 p@ned,
where
e (z,y) = em(@)Em(y),

7@ (dx, dy) = 7 (dx)w(dy) .

From ( , We see

] / e = | / (P — ( / 2 ®) ) eDar®|
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< [lempen - [ Dart) ar®

< Ce_ﬁ"Hei?HV/Vdﬂ(Z) = Cye .

This implies

(8.1) PN} 0 > 1] < Cpe® A0
provided
(8.2) 2(—-p8<0.
From now on, we make additional assumptions that ¢ is small enough to satisfy
2 —
(8.3) d+ <5 <0,
¢
1
8.4 —(2¢-p)+1< -1,
(8.4) R q( )
5d  2¢—p
. — —1.
(8.5) 5 + C <
Equations (8.1) and (8.2) imply that P(Ny; ., < oo) =1 and we have the estimate

(8.6) hence ] / f(:c)gng(x)ﬂ'(dz)‘ < e ST Fonll G [N

m,m’

Moreover, using (8.1) and (8.3), we observe that
PK,>1]<2 ) P[ Nowm’ > |ml|m/ @

m,m’€Z,|m|>1
2¢-8
> ‘

m’ €L m€Z§,|m|>l
2C B ﬁ 2¢—
(87) < E n +d—1 § n +d—1 < ld+
n>l

where the constants in the 1nequahtles are independent of k. Hence P(K, < oo0) = 1.
Noting that _
eNnint < Diclm]im|
always holds, we conclude from (8.6) that
| [ f@g o Xztwman)| < Dt g.allol .-

Finally, the same arguments in Lemma 7.1 and Section 7.3 of [BBPS22] show that
for any s,q > 0,

|[ f@ygo X5 @n(ao)| < Dufwre E -

Moreover, using (8.1) and (8.7), they show that

gl

:ZE[I{KE:Z} max echll,m/]

[ml.jm’| <1
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oo . .
<SPk, =1} Cqu,m/’
2 P = e s
=1
S (T e )
=1 Im/|,|m’|<1
< Y 00,
B-2(1+q)) =
provided (8.4) and (8.5). This completes the proof of the theorem with the choice of
v = d2i<4 which can be made independent of x since the conditions for ¢, (8.2)—(8.5),
are independent of k. O

9. An explicit Lyapunov function for Pierrehumbert flows.

It was proved in Section 5 of [BCZG22] that the Pierrehumbert flows defined in
Corollary 1.7 satisfy the assumptions 2.5-2.8. Then by Proposition 2.9, we see that
Assumption 2.1-2.3 (and hence Corollary 1.7) must hold. However, in the case of
Pierrehumbert flows, we can explicitly construct a simple Lyapunov function and
verify Assumption 2.2 directly.

Proposition 9.1. Consider the RDS of alternating shears defined in Corollary 1.7.
If the flow amplitude A (in (1.8)) is sufficiently large, then there exists s.,p > 0
such that the function V defined by

V(,y) = o —yl2 on As.),

and extended continuously to T is a Lyapunov function that satisfies Assump-
tion 2.2. (Here |z|0 = max;|z;|.)

Proof. In this proof, we use C as a generic constant that doesn’t depend on A or
k. For a given x € T?, we write z1,x2 as the first and second coordinates of z,
respectively. Let u(x,t) be defined as in Corollary 1.7.

First, we note that for some small s, € (0,3) and any z,y € A(s.), we can find
#,9 € R? such that [¥] =, [§] = v, and

d(X3(x), X3(y) = 1X9(&) — X3()| < CA%| — | = CA%d(w,y) <

N —

so with slight abuse of notation, we still write x,y, X3(x), and X3 (y) for &, 3, X3 (),
and X9(§), respectively.

We aim to show that there is a constant 0 < § < 1 such that, for any (z,y) €
A(sy), we have

EV(®;(z), ®2(y))] < BV (z,y),

where ®; denotes the flow map induced by u at time ¢.

Fix (z,y) € A(s4). First, note that we have |z — y|oo < CA%|Pa(x) — Pa(y)|oo
for some large A and therefore V(®y(x), ®o(y)) < (C A%V (x,y) almost surely. We
break into two cases.

Case I: |xg — ya| = |x1 — y1|. Let Ey be the event
Eo = {|®1(7)1 — P1(y)1]| < 2|lz2 — 32|}
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> |P1(x)1 — P1(Y)1]0o, We have

E[|®y(z); — @1(y)1|77]

E[|®y(z)1 — @1(y)1| P1E,] + E[|[®1(z)1 — P1(y)1]| P 1Eg]
(CA*V (2,y)P(Eo) + 277V (,y) .

We will now estimate P(Ep). For this, we use the explicit form of the vector field
u to write

<I>1(x)1 — (I>1(y)1 =1 — Y1 + Asin(27r(:v2 — Co)) — ASiIl(Qﬂ'(yQ — Co))
Thus Ej is contained in the event that
|1 —y1| + |Asin(27w(ze — (o)) — Asin(27(y2 — (o))| < 2|z2 — Yol
In view of the assumption |xo — y2| = |21 — y1|, the above inequality is implied by
(9.2) |Asin(2m(xzo — (o)) — Asin(27(y2 — (o))| < |x2 — yal-
Using the fundamental theorem of calculus, the left-hand side above can be written
as the convolution |(27A cos(2m-) 1, yg]) (Co)|- Here [zq,y2] denotes the smallest
interval (mod Z) with x5 and y, as endpoints. Since the derivative of cos(27)
is bounded away from zero near the zeros of cos(2r-), the same is true for the
convolution (rescaling by |z2 —y2|). This implies that the set of (o which satisfy (9.2)
has measure at most CA~!. This in turn implies P(Ey < C/A).
Using this in (9.1) implies

E[V(®2(z), P2(y))] < CAP ™IV (2, y) + 277V (2, y).

Choosing p € (0, %) and A > 0 sufficiently large, we can ensure

E[V(®2(x), ®2(y))] < 2772V (2,y),

(9.1) <

as desired.

Case II: |xg — y2| < |z1 — y1|- Let E; be the event that |®1(x); — P1(y)1]| <
A=1Y2|z; —y,|. Then P[E;] < CA~'/2 by the same argument as in the previous case.
On the other hand, if E5 is the event that |®q(x)s —Po(y)2| < 24Y2|®1(2);— Py (y)1],
then we similarly have P[Ey] < CA~Y/2. Putting these together, we conclude

E[V(®3(x), ©2(y))] = E[V(®P2(z), P2(y)1e,08.] + E[V(P2(z), P2(y))1(5,uE,)]
< (CAV (2,y)(CATV) + 277V (2, ),

so for p € (0,%) we can choose A > 0 large enough to conclude as in the previous
case. O
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