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1 Examples of relaxation enhancement

In these notes, we will discuss convergence to an equilibrium for solutions of partial differential
equations. In this introductory part, we will focus on the situation when the equilibrium is
simply ¢(t,z) = 0, so the interest is in the decay rate of the solution to zero, and what
can make this decay to be faster than naively expected. Generally, we will look at evolution
problems of the form

0¢

5 = Lo—To, 120, (1.1)

with an initial condition ¢(0) = ¢g € H, where H is some Hilbert space, L is a skew-symmetric
operator, and T is a symmetric operator on H. Typically, we will take H = L?(RY) but
sometimes we will think of more abstract settings. We will usually assume that I' is strictly
dissipative (coercive) there exists ¢y > 0 so that

(To,¢) > colloll”. (1.2)

It is immediate to see from (1.2) that the solution to (1.1) satisfies the exponential decay
estimate:

1d N 2
5 7 I6(0°) = —(T6,0) < —collg]* (13)

so that
[6()]| < [|do]| exp(—cot). (1.4)
This estimate does not depend on L at all, as long as L is skew-symmetric, and holds, in
particular, if L = 0.
On the other hand, since L is skew-symmetric, solutions to the I'-less equation

oy B
do not decay at all: p
1
57 IP@IP) = (L, ) =0, (1.6)
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so that
[P @) = [[¥oll. (1.7)

The question we are interested in is if the presence of L can make the decay of the solutions
in (1.1) much faster than the trivial bound (1.4) even though solutions to the "purely L”-
equation (1.6) have no decay whatsoever. This phenomenon is informally known as relaxation
enhancement.

The basic mechanism behind relaxation enhancement is very simple. Let us assume that
the operator I' is self-adjoint and has a discrete spectrum with eigenvalues

0<X<M< - <A\<...,
with
An — +00 as n — 400, (1.8)
with the corresponding eigenspaces
Xy ={¢€H: Tp=Ng}.
Then solutions to the ” L-less” equation

06

Lo 1.9
ot ¢’ ( )
with an initial condition ¢g € X will decay as
16 = [P0l exp(—Axt). (1.10)
Therefore, the decay estimate
[6()]| < l|doll exp(—Aot) (1.11)

is optimal, as ¢y generically has a non-trivial component in the eigenspace Xj.
Consider now what may happen if L # 0, and to emphasize the effect, let us put a large
coefficient in front of L:

a1
5 = Lo~ T9, (1.12)

with ¢ € Xy, and with ¢ < 1. Then, for short times, solutions to (1.12) can be well
approximated by

0o, 1
= — Loy, 1.13
5 — o L9 (1.13)
with ¢,(0) = ¢¢. This is equivalent to a time-rescaling of
0
P~ Lo, w(0) = g, (1.14)

in the sense that ¢,(t) = ¥(t/¢). If L and I' do not commute, then there is no reason why ¢, (t)
would have a large component in the eigenspaces X corresponding to "small” k. We expect
that ¢,(t) will populate all eigenspaces of I'. Moreover, ¢,(t) should not concentrate in the
low eigenspaces of I', and the bulk of the solution will be in the high eigenmodes of I". But for
such ¢, (t) the operator I' may dominate e 'L in (1.12) if, say, A\, > ¢! and solutions to the
full problem (1.12) should decay rapidly because it has been moved into the high eigenmodes
of T" by the approximate evolution (1.14) that only involves L. This is the basic scenario
behind relaxation enhancement. Turning this into a theorem is not always simple but the
mechanism is almost always the same.



A newborn toy example

Let us see how this works on the example of 2 x 2 matrices. We take

r:(é g) L:(_Ol (1)) (1.15)

with A > 1, so that LI' ## 'L, and I' has a small eigenvalue 1 and a large eigenvalue A. The
evolution by I' alone:

dg
— =T 1.1
only has the a priori decay
le@®)] < lg0)fle™, (1.17)

unless the initial condition is of the form ¢(0) = (0,ap), so that the decay for the L-less
equation (1.16) is governed by the small eigenvalue 1. On the other hand, the eigenvalues of

the matrix
-1 n
nL -1 = <—n _)\>

(1 +1D(p+A) +n* =0,

. -1 —)\i\/(l—;/\)Q—zl(n?—F/\)_ (118)

are the solutions to

Then, for n > X\ we have

14+ A
Re(,ul,g) = —T (119)

In other words, if n is sufficiently large, then both eigenvalues j; 2 of the matrix nL — I’
have a very large negative real part and the "small” eigenvalue 1 of the matrix I' disappears.
Therefore, solutions to

dg

obey the decay estimate
lo(t)]| < Coe™ V2, (1.21)

that is much better than (1.17) as A > 1.
Let us look in a bit more detail at the solution to (1.20). Let z(¢) be the solution to

dz

i Lz, 2(0) = ¢o = (¢10, P20), (1.22)
so that
t int
z(t) = ¢uo (_Ccs)lsn t) + ¢20 <2§; t) 5 (1.23)
and write

8(t) = alt)=(nt) + (),



with a scalar function a(t) and a vector-valued function () to be chosen. This gives

da 1 dy 1
—z(nt) + —— = L(t) — a(t)lz(nt) — —T'Y(t). 1.24
O nt) + % = L(t) — alt)D=(nt) — (1) (1.24)
The function z(t) is periodic with a period 27 and Lz(t) has mean zero because of (1.22). In
addition, we have ||z(¢)|| = ||¢ol| for all ¢ > 0. Taking the inner product with z(nt), averaging
over the period T' = 27 and recklessly dropping the terms we expect to be small, we arrive at
da
— = —a(t 1.25
" ate) (1.25)
with
1 /T 1 T, ) 14+ A
S — th,ztdt:—/ 22(4) £ \2()dt = — 2 1.26

We used the explicit formula (1.23) above. This explains the precise expression v = (+1\)/2
for the limit of the eigenvalues.

Exercise 1.1 The above argument on the behavior of the solutions to (1.20) is a simple
case of the general averaging theory for ODE with periodic oscillatory coefficients. Make it
rigorous.

Note that one key feature of this very simple dynamics is that the solution to the "pure L”
equation (1.22) spends a sufficient time in the eigenspace of the largest eigenvalue of I' to allow
for the decay to kick in. This is very important for the ”combined I and L ”decay mechanism.

The Dirichlet eigenvalues for Laplacian with a drift

We now investigate the same phenomenon for the Laplacian operator with a strong incom-
pressible drift.

The eigenvalues of the Laplacian

Before we explain how relaxation enhancement for the Laplacian operator with a drift comes
about, let us first recall some very basic facts about the principal Dirichlet eigenvalues for
the Laplacian on a bounded domain [11]. For any smooth bounded domain ) there exists
an eigenvalue \; (called the principal eigenvalue) that corresponds to a positive eigenfunc-
tion ¢7 > 0 in Q:

—Agr =M1, x €, (1.27)
¢1 = 0 on 0N.

Moreover, A; is the smallest of all eigenvalues of the Dirichlet Laplacian on €2, A is a simple
eigenvalue and all other eigenfunctions of the Laplacian change sign in €. For example, if €2
is an interval (0, 1), the eigenvalues of the operator Lu = —u” with the Dirichlet boundary
conditions u(0) = u(1) = 0 are A, = n*7?, and the corresponding eigenfunctions are

Uy (x) = sin(nwz).
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In this case, the principal eigenvalue is A\; = 72

In general, the principal eigenvalue of the Laplacian is given by the variational formula:

A = inf /|w}|2dx. (1.28)
veH}(Q) JQ

¥ll2=1

The principal eigenvalue determines the long time decay of solutions of the parabolic initial
value problem in the following way. Consider the initial value problem

Yy =AY, t>0,2 €, (1.29)
Y(t,x) =0 on 09,
(0, 2) = 4o ().

As ¢1(z) > 0 in Q, and, as follows from the Hopf lemma, 0¢;/0v < 0 on 02, we can find
a constant C' > 0 so that |[¢(t = 1,2)] < C¢i(x) — we can not quite have such estimate
at t = 0 since the initial condition ¥y(x) may not satisfy the Dirichlet boundary conditions.
The maximum principle implies that

U(t,z) < Ce ™MD (2), (1.30)
for t > 1, and, similarly,
—Y(t,x) < Ce™ g, (2), (1.31)
so that
[(t, )| < Ce MV (2), t>1. (1.32)

Therefore, all solutions of the Cauchy problem decay at the exponential rate determined by A;
as t — +o0.

The Dirichlet eigenvalues with a drift

Let us now consider the Dirichlet principal eigenvalue problem in a smooth bounded domain (2,
for a diffusion with a strong incompressible flow:

Ao+ éu Vo= M(E)é b(x) > 0in O, (1.33)
¢ =0 on 0f).

This is an example of a problem like (1.12), with ' = —A, and L = - V. We assume that u
is an incompressible flow: V - u = 0, and that it does not penetrate the boundary:

u-v =0 on . (1.34)

This makes the operator L = u - V skew-symmetric:

(Lop, ) = /(u V) d = 0, (1.35)

Q

by the divergence theorem, as the boundary term vanishes, due to (1.34).
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The operator in (1.33) is not self-adjoint (so that its eigenvalues are not necessarily real),
and its eigenvalues do not obey an integral variational principle such as (1.28). Nevertheless,
the Krein-Rutman theory for positive operators (see Chapter VIII of [8]) implies that it has
a unique eigenvalue A (¢) that corresponds to a positive eigenfunction ¢;(x). This eigenvalue
is real and simple, has the smallest real part of all eigenvalues, and is called the principal
eigenvalue. As for the Laplacian, the maximum principle implies that the principal eigenvalue
determines the long time decay of the solutions of the corresponding Cauchy problem:

¢t+§u-V¢:A¢, t>0,z€Q, (1.36)
Y(t,x) =0 on 012,
¢(07$) = ¢0(x)7
that is,
U(t,z) ~ e MEG (x),  ast — 4o0. (1.37)

Note that when u = 0 (or, in our general terminology, L = 0) the exponential rate of decay
for the solutions of (1.36) is simply the principal eigenvalue of the Laplacian. On the other
hand, solutions of the Laplacian-less problem

Wy + éu Vi =0 (1.38)

do not decay at all — their L? norm is preserved, as are all LP-norms for p > 1. This is because
the flow u is incompressible and parallel to 02 on the boundary.

Let us now understand whether it is possible that solutions of the ”combined” Cauchy
problem (1.36) decay much faster in time than when u = 0 despite the fact that solutions
of (1.38) have no decay whatsoever. To quantify this questions, let us ask if it is possible that

Ai(e) = 400 as e — 0. (1.39)

The above considerations make it clear that such phenomenon may only come from an inter-
action of the drift and the Laplacian.

Let us recall the probabilistic interpretation of the solutions of the Cauchy problem (1.36).
Consider the stochastic differential equation

1
dX, = ——u(X)dt + V24dW,, X =z, (1.40)

starting at a point x € €2, and let 7 be the first time that the process X; hits the boundary 0f2.
Then solution of the Cauchy problem (1.36) can be expressed in terms of the diffusion X; as

1/}<t,$) = Ez[g(Xmin(t,T))]7 (141)

with the convention that
g(X,;) =0. (1.42)

When would we expect ¥ (¢, ) to be small as ¢ — 07 As one sees from (1.42), this would be
true if, with a high probability we have 7 < ¢t — the particle hits the boundary before a given
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time t. Intuitively, if the trajectories of the incompressible flow are “sufficiently mixing”,
then, for any starting point xy in the interior of €2, the trajectory of (1.40) that starts at xg
eventually comes close to the boundary 0f2. Therefore, such flow, when sufficiently fast, will
force solutions of (1.41) very quickly to pass very close to 0€2, and at that time diffusion term
in (1.40) will force X; to exit Q with a very high probability. Hence, when € > 0 is sufficiently
small, the exit time 7 of the solutions of (1.40) should be smaller than a given time ¢ > 0
with a high probability. As we have mentioned, this makes (¢, ) given by (1.41) very
small because of (1.42). Physically, this means that a sufficiently mixing flow, together with
diffusion, should dramatically increase the cooling of the interior by the boundary. A natural
questions is what "mixing” means in this context, and how one can quantify such property.
Usually, the mixing properties of a flow are defined in terms of the dynamic properties of
the ODE

behave. Here, we are asking a PDE question — hence, the first problem is to define what
“mixing” means for us. This is quantified by the following beautiful result due to Berestycki,
Hamel and Nadirashvili [3]. We denote by Z, the set of all first integrals of u, solutions of

u-V¢=0a.e. in (1.43)
in the space Hj ().

Theorem 1.2 The principal eigenvalue A\i(g) of (1.33) tends to +oo as € — 0 if and only if
the flow u has no first integral in Hy(Q). Moreover, if u has a first integral in H} (), then

- Vwl|*d
A1(€) = A := min M as e — 0, (1.44)
welo g |w]*dx

and the minimum in the right side is achieved.

A couple of comments are in order. First, notice that the only information about the Laplacian
operator in (1.33) that survives in the statement of the theorem is in the condition that the
first integral lies in H(€2). This regularity requirement comes exactly from the presence of the
Laplacian in (1.33), as irregular first integrals do not prevent strong decay of the solutions
of the Cauchy problem. Second, the strong flow essentially forces the eigenfunction to be
close to a first integral, and then the variational principle (1.29) for the Laplacian operator is
replaced by essentially the same expression (1.44) except that the set of allowed test functions
is restricted to the first integrals.

Proof of Theorem 1.2

The proof of this Theorem is nicely short. First, we claim that if v has a non-zero first
integral w in Hj(2), normalized so that

[wllzz =1,

then we have
0< \(e) < / \Vw(z)*dz, (1.45)
Q
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for any € € R. In order to show that (1.45) holds, we take any w € Zy, and multiply (1.33)
by w?/(¢ + &) with 6 > 0 fixed:

w2Aq§ w2 B w2¢
_/Q ¢+5dm—|—/ﬂ¢+5(u-v¢)daj—)\1(8)/Q¢+5dx, (1.46)

Integrating by parts in the first term gives

CfwtAe o o w20+ 8V Vw—uw? Ve[
[arsia= [vov (555) = (6+0) “

< / |Vw|*dz.
Q

The second term in the left side of (1.46) vanishes because V -u = 0 and w is a first integral:

/QJUM(U-V@ dasz/gw?(u-vaog(cbw)))dx: —/Q2wlog(¢+5>(u-vw)dx:o.

The boundary terms above vanish since w € Hg(€) (it vanishes on the boundary). We
conclude that

w?¢ 2
)\1(5)/Q¢+6dx§/Q|Vw| dz, (1.47)

for any w € Zy. Passing to the limit § — 0 in the left side gives (1.45). Thus, existence of a
first integral implies that A;(¢) are uniformly bounded for all € € R.
On the other hand, if there exists a sequence ¢,, — 0 such that A;(e,) are bounded, then

/Q Véu(a) Pdr = M (e) / 6u(2)Pdz = i (en). (1.48)

Here, ¢,,() are the associated positive eigenfunctions ¢, (x) normalized so that ¢y || r2@) = 1.
As A (g,,) are uniformly bounded, it follows from (1.48) that there is a subsequence ¢y,
that converges weakly in H}(Q) and strongly in L*(Q) to a function w(z) € Hj(f2). Next,
multiplying (1.33) by ¢,, and passing to the limit k — 400 gives

Eny, /Q(—Agbnk)nd:)s = €n, /Q(ngnk) -Vn)dz — 0, (1.49)

for any test function n € H(), because of (1.48). We also have

Eny Any, / Gn,ndx — 0, (1.50)
Q
because ||¢n, ||z = 1 and A (g,, ) is bounded. It follows that
w-Vw =0, weaklyin H}(Q),

which is the same as
u-Vw =0, a.e. in (),
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and
|| 20y = 1. (1.51)

Hence, w is a first integral of v in H}(€2). Thus, the non-existence of the first integral in HJ (£2)
implies that
lim Ay (g) = +o0. (1.52)

e—0

Finally, to show that (1.44) holds if there is a first integral in H}(€2), let us assume, once
again, that there exists a sequence €, — 0 such that A\;(e,) are bounded. As the convergence
of the subsequence ¢, to the first integral w is strong in L?(2) and weak in H}(£2), it follows
from (1.48), (1.51) and Fatou’s lemma that

liminf A (g,) > / |Vw(z)|*dz. (1.53)
n—-+00 Q

[t remains to notice that (1.53) and (1.45) together imply the Rayleigh quotient formula (1.44),

and that the minimum is achieved at w(x), finishing the proof of Theorem 1.2.

Directions we are not going to take

Let us finish this introductory section mentioning two directions that are important for the
interaction of fast flow and diffusion but that we will not discuss. First, there is a large liter-
ature on estimating the effective diffusion in random and periodic flows, and its dependence
on the fluid flow strength. Second, there is a very beautiful theory by Freidlin and Wentzell
on weakly perturbed two-dimensional Hamiltonian flows.

2 Relaxation enhancement in time

As we have discussed, one interpretation of the eigenvalue enhancement estimate in Theo-
rem 1.2 is in terms of the long time decay rate of the solution to the Cauchy problem

¢t+%u-V¢:A¢, t>0,x€Q, (2.1)
Y(t,z) =0 on 0L,
(0, z) = g(x),
in 2 with the Dirichlet boundary condition. Its solution has the long time asymptotics
U(t,x) ~ e M) (2.2)

for t > 1. Here, ¢(x) is the principal eigenfunction of the operator

~ MG+ Zu- Vo= M(e)s (2:3)

with the Dirichlet boundary conditions. We have seen in Theorem 1.2 that the principal
eigenvalue, or the exponential rate of decay in (2.2), satisfies

A(e) = +ooase —0 (2.4)
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if and only if the flow u has no first integrals in Hj ().

The "eigenvalue approach” to improved mixing by an interaction of a fluid flow and
diffusion gets much more complicated if we pose the Neumann boundary conditions on 0f2, or
if 2 is a manifold without boundary, such as a torus. In that case, the principal eigenfunction
is a constant, and the principal eigenvalue vanishes: A\g = 0, regardless of what the flow u(z)
is. One may instead study the second eigenvalue but that is not simple since we do not
even know a priori that the second eigenvalue is real, or simple, and finding estimates for the
real part of a complex eigenvalue that corresponds to an eigenfunction that also need not be
real would not be an easy task. Moreover, even if the spectral gap estimate were available,
generally it only provides a long time dynamical information, and how fast the long time limit
is achieved may depend on ¢, since the operator in the left side of (2.3) is neither self-adjoint
nor normal: it does not commute with its formal adjoint operator

L6 =~Aé— V- (up).

This means that the long time behavior may depend not just on the spectrum of L but also
on its pseudo-spectrum: the set of \ for which (L —AI)~! exists but is large in an appropriate
norm. It is a rather typical situation that the dynamical information is not quite easy to
deduce from the spectrum alone.

On the other hand, our general interest is in the speed of convergence of the solution to an
equilibrium, the relaxation speed, and there are other ways to measure this, not in terms of
the spectrum. Therefore, rather than try to address the spectral behavior, we will reformulate
our questions purely in terms of the Cauchy problem. On the other hand, the information
we will obtain will not translate into non-trivial quantitative properties of the spectrum in a
straightforward way.

Relaxation enhancement in shear flows and hypoellipticity

A reasonable way to approach the relaxation speed for a parabolic equation of the form

UE+Tu VU = AV, E(0,) = ola), 2.5)

posed in an unbounded domain is in terms of the L' — L decay of the solutions. We will
always assume that u(x) is incompressible:

V.u=0, (2.6)
so that the flow map for the ODE

dx
—r=ulX), X(0)=u, (2.7)

is measure preserving, and the total mass is preserved by (2.5):

VE(t, x)de = . o(z)dx. (2.8)

]Rn
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As the total mass of ¢°(¢,x) is conserved, we can measure the additional mixing by u(z) in
terms of the decay of the L>-norm of ¢°(t, z): the smaller |[1)%(¢, )| L= is, the more evenly the
mass of 1% (¢, x) is spread around. One can rephrase this in terms of the decay of any LP-norm
with p > 1 but the L*-norm gives the most intuitive picture. Let us stress that we always
talk about the decay of ||¢°(t, )|z~ at a fixed time t > 0 when ¢ < 1 is sufficiently small,
and not as t — 4+00. The reader may think simply of the L>-norm of ¢*(¢,z) at t = 1.

One can get a simple estimate on the L' — L> decay multiplying (2.5) by u and integrating
by parts. Using incompressibility of u, gives

1d

—— °1%d :—/ °|*da. 2.
33t [ e == | Vs 29)

Exercise 2.1 Use the Nash inequality, conservation of the total mass, and (2.9) to show that
there exists a constant C' > 0 so that for all incompressible u(z) and € > 0 we have

C
9=t 2)] < s ll¥olles (2.10)

The fact that the constant C' > 0 does not depend on u or £ > 0 in (2.9) shows that no
incompressible flow can have too little mixing. The next exercise shows that this universal
decay also incorporates the incompressibility of u(z) so it does take into account some of the
mixing properties.

Exercise 2.2 Show that no such estimate (2.10) may hold with the same constant C' > 0 for
all u(x) without the incompressibility assumption (2.6).

However, the estimate (2.10) does not show in any way an improvement of mixing by the
flow u(z). In general, this is quite difficult, so let us first look at a simple special case when
everything can be done more or less explicitly: the shear flows considered in [4]. These
are unidirectional flows of the form u = (v(y),0), with a scalar-valued function v(y). Here,
we have introduced the coordinates r = (z1,y) on R™, with z; € R and y € R""'. Such
flows automatically satisfy the incompressibility condition: V -« = 0. For simplicity, we will
consider (2.5) in the cylinder Q = R x T""!  so that both v(y) and the solution to (2.5)
are l-periodic in the y,-variables, k =1,...,n — 1.
Let ¥ (t,x1,y) be 1-periodic in y € T""! and satisfy

1 0
wt + EU@)a_;i = Awhyw? (211)

with the initial condition (0, z1,y) = ¢o(x1,y). It is clear that if v(y) = v is a constant flow,
then the L' — L*° decay of 9 (t, x,y) is exactly the same as for the equation with v(y) = 0, as v
simply translates the solution in the x;-direction. Another clear obstacle to a faster L' — L
is the existence of a plateau in the profile v(y): if v(y) = v for all y € D, where D is some
open set. Indeed, in that case we may bound (¢, z,y) from below by the solution to
Uy + 1178—2/} = Am,yq/;, (x1,y) € R x D, (2.12)
£ (9x1
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with the Dirichlet boundary condition on dD. This is a translate of the solution to

¢t = Ax1,y¢> (xhy) € R x D7 (213)

so that .
¢<t,l’17y) Z 2/)(13,%1,3/) = ¢(t7x1 - @t7y)7 (xby) € R x D. (214)

This means that there is no speed-up of the L' — L> decay for ¢°(¢, z,y) due to the flow v(y)
if v(y) has a plateau — the rate of the decay, for a fixed ¢ > 0, is constrained by the principal
Dirichlet eigenvalue of the domain D.

Let us now assume that v(y) does not have a plateau to see if "no plateau” is a sufficient
condition for an improved L' — L* decay. A very simple observation is that (¢, z,y) can be
written as

W(t,x1,y) = / Gtz — 2)V(t, z,y)dz (2.15)
with the function W(t, z,y) satisfying the degenerate parabolic equation
1 ov
v, + v( Jm— =AY, (2.16)
8x1

with the initial condition W (0, x1,y) = ¥o(z1,y) and the one-dimensional heat kernel

atn) = e (43)
,T1) = exp | ——|.
' P\
Indeed, if W(t, z1,y) is a solution to (2.16), then (¢, z1,y) defined by (2.15) satisfies

1 0 >
vt 2o g = [ [BnGltn - ()

o 1 v
+/ G(t,x1 — 2) [Ay\lf(t, 2,y) — Ev(y)w dz
- (2.17)
Y 0G(t,x; — z)
= AUt 2k
2 [ o
so that, indeed, ¥(t, z1,y) satisfies (2.11).
The operator
LU= —A \IJ+1U( o (2.18)

833'1

that appears in (2.16) is not uniformly elliptic: it lacks the Laplacian in the x;-direction. It is,
however, hypoelliptic [19] if there is no point y € T"~!, where all derivatives of v(y) vanish.
We will call this the H-condition. Indeed, the Lie algebra generated by the operators V,
and v(y)0, consists of vector fields of the form

o ov(y) 0 v(y) 0

il il i () () 2
% U(y)ﬁz’ Oy 0x’ OypOyy, Ox’ v (Y)

(2.19)
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which span R” if v(y) satisfies the H-condition. The study of existence of smooth fundamental
solutions for such degenerate operators was initiated by Kolmogorov [24]. Kolmogorov’s work
with v(y) = y served in part as a motivation for the fundamental result on characterization
of hypoelliptic operators of Hormander [19]. The ”"no plateau” condition for v(y) is not
equivalent to the H-condition but is reasonably close to it.

If v(y) satisfies the H-condition, then the theory of Hoérmander [19], and the results
of Ichihara and Kunita [18] imply that there exists a smooth transition probability den-
sity pe(t,x1,y,y’) such that

H

U(t,x1,y) = //pE (t,x1 — 'y, 9" ) o2,y )dy' dx. (2.20)

R O

In particular, the function p.(¢) is uniformly bounded from above for any ¢ > 0 [18]. Then we
have

[0 legs, < NV legs, < MP@)llzgs , I¥ollzy, - (2.21)
It is straightforward to observe that p. has a simple scaling property
pe(t, 21, y,9") = epo(t,ex,y,y) (2.22)

with pg being the transition probability density for (2.16) with ¢ = 1. That is, po satisfies

00 _ A e, (2.23)

3]90
+o(y)5— e

ot
with the initial condition py(0,x,y,y") = §(x)d(y — y'). Therefore, we obtain

[0(@)]| o < ellpo(t)llzgs, ¥ollzy, < CellvollLy - (2.24)

This is a version of the relaxation enhancement in the whole space that we were looking for:
the L' — L™ decay at a fixed time ¢ > 0 is faster as ¢ — 0.

As a side remark, we note that this very simple example also shows a connection between
relaxation enhancement and hypoellipticity.

Relaxation enhancing flows on a torus

Let us now consider relaxation enhancement on the n-dimensional torus. The discussion below
applies verbatim to the case of a smooth compact n-dimensional Riemannian manifold €2, and
generalizations are very straightforwad, so we do not discuss them — see [5] for some of the
full cornucopia. We consider solutions to the passive scalar equation

o5 + %u(x) Vof — A¢p® =0, ¢°(0,2) = ¢o(x), (2.25)

on €2 = T", supplemented by periodic boundary conditions. As always, we assume that wu is
incompressible: V - u = 0. The solution ¢°(¢, ) tends to its average,

’Q’/(b (t,x) du—|m/¢0 (2.26)
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as t — +oo. Here || is the volume of 2. To see that, first, integrating (2.25) over M and
using incompressibility of u(x) gives

d

E ] st )da =

& [ ott.io

hence ¢(t) = ¢(0) is preserved in time. Next, multiplying (2.25) by ¢°(t,7) — ¢, and again
using incompressibility of u(x), we have

= “( 2.2
zdt/\mx _ 32dz = /[V¢tw|dw (2.27)
The Poincaré inequality implies that
2dt/|¢” oPdz < c/|¢€m b2dz, (2.28)
whence B B
lo(t, ) = dllz@) < e g0 — bl r2()- (2.29)

Exercise 2.3 Strengthen this result to show that
|p(t, ) — @l L) — 0 as t — +oc. (2.30)

Note that the decay rate in (2.29) holds for all incompressible flows w(z), with the same
constant C), — this is the analog of the universal L' — L™ decay estimate (2.10) that holds in
the whole space for all incompressible flows u(z). The same is true for (2.30) — the rate of
convergence is uniform in incompressible flows.

We would like to understand how the speed of convergence to the average in (2.30) depends
on the properties of the flow and determine which flows are particularly efficient in enhancing
the relaxation process. We will use the following ”fixed time” (no long time limit!) definition
as a measure of the flow efficiency in improving the relaxation of the solution to a uniform
state.

Definition 2.4 An incompressible flow u is relazation enhancing if for all 7 > 0 and 6 > 0,
there exists €(,8) such that for any € < e(1,8) and any ¢o € L*(Q), with ||¢olr2@) = 1, we
have

1¢°(7, ) — Bl 12(0) < 6, (2.31)
where ¢°(t, ) is the solution of (2.25) and ¢ the average of ¢y.
Exercise 2.5 Show that the choice of the L? norm in the definition is not essential and

can be replaced by any LP-norm with 1 < p < oo, without changing the class of relaxation
enhancing flows.
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Let us mention that there are various results on Gaussian and other estimates on the heat
kernel corresponding to the incompressible drift and diffusion on manifolds such as in the work
of Norris [27] and Franke [17], but these estimates lead to upper bounds on the convergence
rate to the equilibrium which essentially do not improve as ¢ — 0, and thus do not quite
address the effect of a strong flow. Such general estimates often deteriorate as the flow gets
stronger, which is exactly the opposite of what interests us. Surprisingly, there seems to be
no general method to incorporate the "helpful” affects of the advection into the proofs of the
heat kernel estimates.

The original motivation for this definition came from the work of Fannjiang, Nonnemacher
and Wolowski [12, 13, 14], where relaxation enhancement was studied in the discrete setting
(see also [21] for related earlier references). In these papers, a unitary evolution step (a
certain measure preserving map on the torus) alternates with a dissipation step, which, for
example, acts simply by multiplying the Fourier coefficients by damping factors. The absence
of sufficiently regular eigenfunctions appears as a key for the enhanced relaxation in this
particular class of dynamical systems. In [12, 13, 14], the authors also provide finer estimates
of the dissipation time for particular classes of toral automorphisms — they estimate how many
steps are needed to reduce the L? norm of the solution by a factor of two if the dissipation
strength is e.

To understand why and when we expect relaxation enhancement, let us first look at the
time-splitting approximation for (2.25), in the spirit of [12, 13, 14]. Assume that ¢ (¢, x) solves
the advection equation

2
l/Jt—l—gu-Vzb:O, nt <t<(n+1/2)r, (2.32)
followed by the heat equation
Yy =20, (n+1/2)1 <nT, (2.33)

and then again (2.32) followed by (2.33), and so on. As the time step 7 — 0, the solution
of this time-splitting scheme converges to the solution of (2.32). However, the smallness of 7
that is required to make the error small depends on ¢ in a way that is very difficult to control
efficiently. If we, in a cavalier fashion, instead fix the size of 7 that is independent of €, then
solution of the very first step is

W(T/2,2) = ¢po(X (7 /e, ), (2.34)
where X (¢, z) is the trajectory
X(t) = —u(X), X(0)=uz. (2.35)

If the flow of (2.35) is sufficiently complex and ¢ is sufficiently small, the points X (7/¢,x)
and X (7/e,2') may be very far apart, even if z and 2’ are very close. This would make
the difference ¥(7/2,2) — ¥(7/2,2') large, so that the function ¥(7/2,z) given by (2.34)
would have a large gradient. This means that the initial condition for the second step in the
time-splitting scheme

Y =207, T/2<T, (2.36)
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has a very large gradient. On the other hand, the dissipation identity for (2.36)

1d -
33 10— ok = =2 [ Vo (237

tells us that solutions with a large gradient and zero average decay very fast. Therefore, we
would deduce that for ”sufficiently mixing” flows u(x) solutions of this time splitting scheme
converge to their average very fast if € is small. The problem with making this argument
rigorous is that, as we have mentioned, for the convergence of the time-splitting scheme to
the true solution we would need to take 7 not fixed but 7 < e, making the interaction of
advection and diffusion non-trivial and very difficult to account for carefully. Nevertheless,
this intuition is correct. Here is the main result of this section.

Theorem 2.6 (/5]) A Lipschitz continuous incompressible flow w € Lip(2) is relazation
enhancing if and only if the operator u -V has no eigenfunctions in H'(Q), other than the
constant function.

As in the Berestycki-Hamel-Nadiarshvili theorem, the only information about the Laplacian
is in the requirement that the eigenfunction lies in the space H'(f2): rough eigenfunctions
do not preclude relaxation enhancement. We will explain below how flows with such rough
eigenfunctions can be constructed, more or less explicitly.

The ”sufficiently mixing” property of u is encoded in this theorem in the same requirement
that it does not have an eigenfunction in H'(Q2). The reason for that condition can also be
seen from the approximation by the time-splitting scheme (2.34)-(2.36). The operator u - V
is skew-symmetric when wu is divergence free:

/Q (u - V() (a)dz = 0, (2.38)

for all n € HY(Q). Therefore, all eigenvalues A\ = iw of u - V are purely imaginary, and
if € H'(Q) is an eigenfunction:
u- Vo =iwg, (2.39)

then solution of (2.34)
2
¢t+gu-w}=0, 0<t<1/2 (2.40)
with the initial condition ¥(0, ) = ¢(z) satisfies

¢(t,$) _ €2iwt/€¢(l’).

Therefore, the H'-norm of (¢, z) does not increase:

[(7/2, 2) |2 = [0l @),

hence the advection step does not prepare an irregular initial condition for the heat equation
in the second step of the time-splitting scheme, and there is no intuitive reason to expect
relaxation enhancement when ¢ — 0.

The discrepancy between Theorems 1.2 and 2.6 may seem surprising — after all, on the
physical level, the conditions for the relaxation enhancement and eigenvalue enhancement need
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not be very different but the eigenvalue enhancement (with the Dirichlet boundary conditions)
requires that the operator u - V does not have first integrals while relaxation enhancement
(with the periodic or Neumann boundary conditions) requires that this operator does not
have eigenfunctions in H'(2) with any eigenvalue (the first integral corresponds to a zero
eigenvalue). This issue is resolved by the following

Proposition 2.7 Let u € Lip(Q). If ¢ € H'(Q) is an eigenfunction of the operator u - V
corresponding to an eigenvalue iw, w € R, then |¢| € H(Q) and it is the first integral of u,
that is, u - V|¢| = 0.

Proof. The fact that |¢| € H' follows from the well-known properties of Sobolev functions
(see, for example, [11]). If ¢(z) satisfies

u-Vo=iwep

then
u- Vgl =u- V(o) = d(u- Vo) + ¢(u- Vo) = —iwdd + iwde = 0,
hence u - V|¢| = 0. O

Therefore, in the case of the Dirichlet boundary conditions, if ¢ € Hj () is an eigenfunc-
tion of the operator u-V then |¢| is its first integral. Naturally, |¢| can not be equal identically
to a constant since ¢ satisfies the Dirichlet boundary conditions, as it lies in H}(Q2), and ¢ # 0.
Moreover, if ¢ € H}(Q) is a first integral: u-V¢ = 0 then it is an eigenfunction corresponding
to eigenvalue A = 0. Hence, for the Dirichlet boundary conditions the requirement that u -V
does not have a first integral in H}(Q) is equivalent to the condition that it does not have
eigenfunctions in H} ().

On the other hand, existence of mean zero H'(Q) eigenfunctions, without imposing the
Dirichlet boundary condition, need not guarantee the existence of a mean zero first integral,
as can be seen from the following well-known example. Let a@ € R™ be a constant vector gen-
erating an irrational rotation on the n-dimensional torus €2, in the sense that the components
of a are independent over the rationals. The operator « - V has eigenvalues 27i(« - k), with
any k € Z". The corresponding eigenfunctions are

wy(z) = 2™k,
Their absolute value is 1, which is a first integral of o - V but there are no non-constant first
integrals since « is irrational. Indeed, if there exists a function ¢ € L'(2) such that

(x+ at) =9Y(z), forall z e Qandallt €R,

then the Fourier coefficients of the function 1, defined by

_ 2mik-x,], - —2mik-y d
Y(a) =Y ey, /Qe U(y)dy,

kezn

should satisfy ) -
P = ekt for all k € Z", and all ¢t € R.
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Therefore, either all ), = 0 for k # 0, or there exists k # 0 such that
k-a=0.

The latter, however, is impossible since « is irrational. Hence, zﬂk = 0 for all £ # 0, and
the only first integrals of o - V for an irrational a are constant functions. Thus, this flow is
not relaxation enhancing, since it has eigenfunctions in H'(2), even though it has no first
integrals other than a constant function.

Examples of relaxation enhancing flows

We now present some examples of relaxation enhancing flows on a torus, to assure the reader
that this class is not empty. We first describe flows with very rough eigenfunctions, none of
which lie in H*(€2), and then flows that have no eigenfunctions — they are weakly mixing. In
both cases, the construction is based on a simple modification of a shear flow.

Flows with rough eigenfunctions

Here, we describe a smooth incompressible flow u(z,y), V- u = 0, on a torus T? that has
a purely discrete spectrum but none of the eigenfunctions are in H*(T?). The idea of the
construction goes back to Kolmogorov [24]. We present some but not all of the full technical
details of the construction [2, 20]. We denote by U’ the flow on L*(T?) generated by u:

U'f(z) = f(X(t2)),
where X (¢, z) is the trajectory of

dX
= —u(X), X(0;2)=u=.

If V-u = 0, so that u(z) is incompressible, then U is a map on C°°(T?) that preserves the L>-
norm. Hence, it can be extended to a unitary map on L?(T?). When we talk of the spectrum
of u -V, we mean the spectrum of the map U': a function f € L?(Q) is an eigenfunction of
the flow w if for any ¢ € R there exists ¢(t) so that

U'f(x) = c(t)f(x). (2.41)
This definition is equivalent to the condition that
u-Vf=Af (2.42)
Indeed, the function g(¢,z) = U'f(x) satisfies the advection equation
g +u-Vg=0, ¢(0,z)= f(x). (2.43)

therefore, if (2.42) holds then
FX(t2) = e f(2),
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so that (2.41) holds with ¢(t) = e*. On the other hand, if (2.41) holds then the solution
to (2.43) has the form

gt x) = c(t) f(x).

Inserting this expression into (2.43) gives

é(t)f(x) + e(t)u(z) - Vf(x) =0.

Separation of variables now implies that there exists A € C such that (note that ¢(0) = 1
automatically)

c(t) = e,
and
u(x) - V() = Af(x).
Moreover, as the map x — X (¢;x) is measure preserving for all t € R, |¢(t)| = 1 for all ¢,
whence A is purely imaginary: A\ = iw with a real number w.

Exercise 2.8 The above argument made an implicit assumption that f € C*(T?). Explain
what needs to be done to get rid of this assumption.

Here is the key result of this section.

Proposition 2.9 There exists a smooth incompressible (with respect to the Lebesque measure)
flow u(z,y) on a two-dimensional torus T? so that the corresponding unitary evolution U' has
a discrete spectrum on L*(T?) but none of the eigenfunctions of Ut are in H'(T?).

Proof. The basic idea behind the construction is quite simple: we want to create a unidirec-
tional flow such that the speed with which the particles move along various lines is sufficiently
mismatched to create large gradients. If the speed were constant along each straight line tra-
jectory, that would be a shear flow. We will see that it is impossible so we will need the
speed to vary along the trajectory. This is incompatible with incompressibility but the flow
will preserve another measure that has a non-constant density with respect to the Lebesgue
measure. An appropriate mapping of a flow constructed this way will lead to an incomopress-
ible flow. On a slightly more technical level, we will look for a flow that can be mapped to a
constant flow @ = («, 1) by a measure preserving map S with very low regularity properties.
Since the eigenfunctions of the constant flow are explicitly computable, we can compute the
eigenfunctions of the original flow. Due to the roughness of S, these will be highly irregular.

As outlined above, we will look at a time change of the constant linear translation flow,

of the form p p .
T o Y
dt  F(z,y) dt F(z,y) 2(0) =0, y(0) =0, (244)

with an appropriately chosen @ € R and F(z,y). The trajectories of (2.44) are straight lines:

x(t) — ay(t) = xo — ayp, for all t >0, (2.45)

and the time it takes for the trajectory to go from a point (x,0) at height y = 0 to the
point (x 4+ ay,y), when the trajectory reaches the height y is

T(z,y) = /Oy F(z+ az, 2)dz. (2.46)
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Hence, the function F'(x,y) is simply the local time change of the flow.
It would be very convenient to take F'(x,y) in the form

F(z,y) = Q(r — ay), (2.47)

so that F'(x,y) would be constant on each trajectory of the flow (2.44), and (2.44) would
really be a shear flow in the direction («, 1). However, for F'(z,y) as in (2.47) to be 1-periodic
both in x and y, the function @(x) has to be both 1-periodic and a-periodic. If « is irrational,
this is impossible unless Q(z) = const.

Thus, instead of trying (2.47), we use cut-offs to modify (2.47), setting

F(z,y) =m+¢y)(Qr —ay) —m), 0<z,y<L (2.48)

Here, Q(z,y) > 0 is a 1-periodic function Q(z) > 0 such that

/Q Q(e)dE = 1. (2.49)

A smooth cut-off function ¥ (y) > 0 in (2.48) is such that

Awwsz (2.50)

Y(y) =0for 0 <y <ypand y; <y <1 with yo close to zero and y; close to one. (2.51)

and

The constant m in (2.48) is such that 0 < m < min Q(s). The choice of m ensures that the
function F'(x,y) > 0 — this is needed both to interpret F'(z,y) as a local time change, and to
be able to divide by F(x,y) in (2.44). Note that the function F(x,y) is already 1-periodic
in x because Q(z) is 1-periodic. As, in addition, F(z,y) = m near y = 0 and y = 1, we can
extend F(x,y) to the whole plane so that it is also periodic in y. The smoothness of Q(z)
and (2.51) imply that the extension is smooth. In addition, because of (2.49) and (2.50), the

total mass of F'(x,y) is
/ / (x,y)dzdy = 1. (2.52)

In order to map the flow (2.44) to a constant speed flow (a, 1) moving along the same
straight lines, it is natural to attempt to define the transformation S : (z,y) — (X,Y) as

X@y)=z+al(z,y)—y), Y(z,y)=T(x—oayy), (2.53)

with T'(x — ay,y) as in (2.46) — the time it takes for the particle starting at ¢ = 0 at the
point (r — ay,0) at height y = 0 to reach the point (z,y) at the height y. This means
that the flow speed in the Y-direction would be 1dentlcally equal to one. In addition, the
transformation (2.53) satisfies z —ay = X - aY thus it preserves the flow trajectories, which
are straight lines in the direction (a, 1). Hence, the particle would move with a constant speed
along the straight lines in the new variables, the speed in the Y-direction would equal to one,
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and in the X-direction it would equal to a. However, the map (2.53) is not well-defined on
the torus T?: it is easy to see that Y (x,y) is not 1-periodic in g, even modulo 1, because

Y(z,y+ )T (x — oy —a,y+1) #T(x —ay,y) =Y (x,y) mod 1. (2.54)
However, we do know that the increment

Y(z,y+1)=Y(z,y) =T(x —ay—a,y + 1) = T(z — ay,y)

y+1 Y
:/ F(m—ay—oz—i—ozz,z)dz—/ F(x —ay+ az,2)dz
0 0

Flz —ay —a+ az,z)dz

1
S~

y+1 y (2.55)
+/ F(m—ay—a—kaz,z)dz—/ F(x — oy + az,2)dz
1 0

y y
:/ F(x—ay+az,z+1)dz—/ F(x —ay+ az,2)dz
0 0
1 1
+/ F(:E—ay—a+az,z)dz:/ Flrx—ay—a+az,z)dz
0 0

is constant on each line x — ay = const. Thus, in order to make Y'(z,y) be 1-periodic in v,
we modify (2.53) as [24, 30]

X(z,y) =z +alY(z,y) —y), Y(z,y)=T(x—ay,y)+ Rz — ay), (2.56)

adding a compensatory shift R(x — ay) that is constant on each trajectory.
We claim that if we choose the 1-periodic function R(z) that satisfies the homology equa-
tion [2]
R(€+a)—R(E) =Q(E) -1, £e8, (2.57)

then the map (2.56) is well-defined on T?. Note that for (2.57) to have a measurable solution
the function (&) should satisfy the normalization (2.49). For the moment, we will not worry
about the existence of R(x) and its properties but will come back to this soon.

Let us now check that, indeed, if R is a solution to the homology equation, then (2.56)
defines a mapping of the torus onto itself. The shift in = is simple to understand: the
function T'(z,y) is clearly 1-periodic in x since F'(z,y) is periodic in z, thus

Y(z+1y)=Y(z,y), (2.58)

while
X(z+1y)=1+X(z,y) = X(z,y) mod 1. (2.59)

To verify what happens under the shift y — y+1, we first make some preliminary observations.
The normalization (2.50) implies that

T(x,1) = /0 F(z+az,2)dz = /0 m +¥(2)(Q(z) — m)]dz = Q(x). (2.60)
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Now, it follows that

y+1 1 y+1
T(x,y+1) :/ F(x +az,2)dz = / F(:B+az,z)dz+/ F(x + az, z2)dz
0 0 1

:Q($)+/OyF(x+a+az’Z+1)dz:Q($)+/OyF(x+a+az,z)dz (2.61)

=Q(x)+T(z+ ,y).

Using this identity, and the homology equation (2.57) for the function R gives

Y(z,y+1)=T(x—ay—a,y+ 1)+ R(x — ay — «) (2.62)
=T(@—oay,y)+Q—ay—a)+ Rz —ay) —Qxz—ay —a) +1
=T —ay,y) + Rz —ay)+1=Y(z,y)+1=Y(x,y) mod 1.

This computation is the reason why we have chosen R(x) as the solution to the homology
equation.
Finally, for X (z,y) we have

X<:U7 y+1) = .’L‘+Oé(Y($, y+1)_y_1) = .%'—FO&(Y(:L‘, y)+1_y_1) = .Q?—FC%(Y(.Z‘, y)_y) = X(Q?, y)
(2.63)
We conclude from (2.58), (2.59), (2.62) and (2.63) that S is a well-defined mapping of T? to
itself.
A key observation is that solutions R(x) of the homology equation (2.57) can be very
rough even if the function @ € C*(S') is smooth. To see that, let us go back to (2.57):

R(E+a) — RE) = Q) —1, €€ (2.64)
Note that it can be solved explicitly using the Fourier transform:
R(§) =) Rne™™™, (2.65)
nez
with the Fourier coefficients A
R, = @ (2.66)

exp(2mian) — 1

The denominators in (2.66) can be dangerously small if an can be very close to an integer,
that is, if « is a Liouvillean irrational number. Recall that an irrational number o € R is
called B-Diophatine if there exists a constant C' such that for each k € Z \ {0} we have

11)161; lak + p| > s

The vector « is Liouvillean if it is not Diophantine for any $ > 0. The Liouvillean numbers
(and vectors) are the ones which can be very well approximated by rationals. The following
Proposition is a particular case of Theorem 4.5 of [20].
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Proposition 2.10 Let « be a Liouvillean irrational number. There exists a C(S') func-
tion Q(§) so that the homology equation (2.57) has a unique (up to an additive constant)
measurable solution R(£) : S' — R such that for any A € R\{0}, the function Ry(£) = ()

18 discontinuous everywhere.

We will not prove this proposition here.

Without loss of generality we may assume that (&) given by Proposition 2.10 is positive:

otherwise, we choose M so that Q(£) + M > 1 and consider a rescaled function

Qu(&) = (M + Q&) /(M +1).

Then, the function
R()

Ru(§) = Ml

is the solution to (2.57) with @), in the right side and, of course, Ry/(£) has the same set

discontinuities as R(§).
Let us see what happens to the flow (2.44) under the map (2.56):

dx «Q @_ 1

dt — F(z,y) dt  F(x,y)

2(0) = o, y(0) = yo.

Note that
z(t) = y(t) = zo — oo,
hence Y () is given by

Y(t) = T(x(t) — ay(t),y(1)) + R(x(t) — ay(t)) = T(xo — ayo, y(t)) + R(zo — ayo),

so that
dY 0T (xg —ayo,y(t) ., !
o . J(t) = F(zo — ayo + ay(t), y(t))w
— F(a(t) — ay(t) + ay(t), y(t) =t = 1.

Fa(t), y(1)
On the other hand, for X (¢) we have

axX - () = 5 o =a
@ =IO = mam YT R -

Therefore, the image of the flow (2.44) under S is simply the uniform flow:

ax _ o dY .
a Y T

as we desired. We will denote @ = («, 1).
Note that the map S is invertible with a measurable inverse. Indeed, we have

X —aY =z — ay,

23

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)

(2.72)



so that
Y=T(X —-aY,y)+ R(X —aY). (2.73)

As the function F' is strictly positive, the function T'(x,y) is strictly increasing in y, so
that (2.73) has a unique solution y(X,Y'), and then (2.72) defines (X, Y’) uniquely.
In addition, S is measure preserving in the following sense:

/[S*f](%y)F(x,y)dIdy = /f(S(x,y))F(fE,y)dxdyz /f(X7 Y)dXdy (2.74)

for any function f € C(T?). In order to see that, let us introduce intermediate changes of
variables: S = S3 05505, with Sy : (z,y) — (z,y1) with
g=r—ay, Y1 =Y,
followed by Sy : (z,11) = (Z,y2)
Z =z yo=T(zm) + R(2),
and finally S3 : (Z,y2) = (X,Y), with
X=Z+ay, Y =1y

The corresponding Jacobians are:

oT
Ji=J3=1 Jy= @(271/1) = F(z+ay, 1) = F(z,y).
1

Therefore, the Jacobian of S is, indeed,
J = J1J2J3 = F(I,’y),

hence (2.74) holds and S is measure-preserving.

Hence, S* may be extended as an operator L?*(dxdy) — L*(du) with the preservation of
the corresponding norms. It follows that the unitary evolutions U}, and Uy, generated by
the flow w given by (2.67) and the uniform flow u, respectively, are conjugated by means of
the unitary transformation

S* . L*(T?,dXdY) — L*(T? du),
that is, we have

Therefore, U}, and Uy, ; have the same spectrum:

A = 2mina + 2mil,  I,n € Z.

It also follows that the eigenfunctions of the operator U, may be written as

) — errinX(z,y)JrQﬂilY(a:,y) — 627rin(xfay+aY(x,y))+27TilY(z,y) (275)

(Y
_ 627rin(:c—o¢y)e(?ﬂina+27ril)(T(:c—oay,y)—&-R(x—ozy)) _ C(xa y)e(27rina+27ril)R(a:—o¢y)
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with a smooth function ((z,y) € C*([0,1]?). Note that the function
C(iU, y) _ 62m‘n(:)37ay) €(2mna+2m1):ﬁ(z,ay,y)

is not periodic in y, even though the function % (x,y) is periodic, but that plays no role. In
order to verify that ¢ are not in H'(T?) it suffices to check that the function

Ox(z,y) = M) = R, (z — ay)

is not in H'([0,1]?) for any real A # 0. Here, Ry(s) is as defined in Proposition 2.10. Since
the function ©,(z,y) is constant on the lines

T — oy = const,

if it were in H'([0,1]?), it would force the function Ry(s) to be in H'(S') and hence continu-
ous. However, R, is discontinuous everywhere according to Proposition 2.10. Therefore, the
eigenfunctions 1% cannot be in H'(T?) unless n =1 = 0.

Finally, to obtain an incompressible flow (with respect to the standard Lebesgue measure)
with rough eigenfunctions, we introduce a smooth transformation of the torus

St (v,y) = (p,q)

by setting

T _ 1 Y B 1
p= / F(s)ds, q= / F(z,z)dz, where F(x) = / F(z,z)dz.
0 0 0

Note that F(x) is periodic, and

plx+1,y) = /0x+ F(s)ds = p(z,y) +/0 F(s)ds = p(z,y) + 1.

We also have ¢(z + 1,y) = ¢(z,y) and

gz, y+1) = % /Oy F(x,2)dz = q(z,y) + 1.

Therefore, indeed, S is a mapping of T? to itself. Since F(z,y) is positive, S is one-to-one.
It is immediate to verify that it maps the measure dy onto the Lebesgue measure dpdg — the
Jacobian of S is F'(x,y). Hence, the evolution group generated by the image u(p,q) of the

flow w(x,y) will have the same discrete spectrum as U,,. In addition, the eigenfunctions %
of U,, are the images of the eigenfunctions 9\, of u under S*:

r%(xﬂy) = (S* Zl)(x7y> = gl(g<x7y))

As the functions ¥% are not in H(T?) and the map S is smooth, it follows that all the
eigenfunctions of the incompressible flow u(p, q) are not in H'(T?). This finishes the proof of
Proposition 2.9. [
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Mixing and weakly mixing flows

An important class of relaxation enhancing flows is given by mixing and weakly mixing flows.
Let us recall how they are defined. A flow is mixing if the following condition holds: for any
two functions f,h € L*(Q) we have

Jim_ /Q FX (8 2))h(z)de = /Q f()dz /Q h(z)dz. (2.76)

The mixing condition (2.76) can be interpreted as follows. Let us start the dynamics

dX
e —u(X), X(0;z) ==z, (2.77)

at a random point x, equally distributed over the set €2. The Lebesgue measure on () is
invariant under (2.77) since u is incompressible: for any measurable set A we have

P(X(t) € A) = / a(X (t: ) dr = / xa(z)dz = |A|.

Consider two measurable sets A C Q and B C (), and the corresponding characteristic
functions h(x) = xa(z) and f(x) = xp(x). Then (2.76) says that

P(X(t) € Band X(0) € A) — |A|-|B| — 0, as t — 400, (2.78)

that is, the events {X(0) € A} and {X(¢t) € B} become asymptotically (as ¢ — +o0)
independent — the fact that you end up in B does not depend on where you start.

We say that a flow u is ergodic if its only first integrals are constant functions. Mixing
implies ergodicity: if U'f(z) = f(x) for all t € R then

/ f(X(t;z))h(z)dr = / f(x)h(z)dx, for all t > 0, (2.79)
Q

for all h € L*(Q2) which is incompatible with mixing unless f is a constant function.

An incompressible flow u is called weakly mixing if the corresponding operators U’ have
only continuous spectrum, that is, the only eigenfunctions of U' are constants. An equivalent
definition is that (2.76) holds on average, that is:

Tgrfoof/ X(t;x)) (m)dm—/f(:c)dx/h(x)dx

and the convergence in (2.78) holds for a set of times of density one.

Weakly mixing flows are ergodlc first integrals are eigenfunctions with eigenvalue zero
but weakly mixing flows are not necessarily mixing (see, for instance, [6]). On the other
hand, mixing flows are weakly mixing: essentially for the same reason that mixing flows are
ergodic — if

dt =0, (2.80)

U'f =c(t)f, forallt € R,
then
/ f(X(t; ) / f(z)h(x)dz, for all t > 0, (2.81)

for all h € L*(2) which is also incompatible with mixing unless f is a constant function.
A direct consequence of Theorem 2.6 is the following Corollary.
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Corollary 2.11 Any weakly mizing incompressible flow u € Lip(S2) is relazation enhancing.

There exist fairly explicit examples of weakly mixing flows [2, 15, 16, 24, 26, 29], some of
which we briefly describe below but delving into the detailed constructions would take us too
far outside of the PDE realm.

Weakly mixing incompressible flows on a torus

According to Theorem 2.6, a flow u € Lip(2) is relaxation enhancing if and only if it has no
eigenfunctions in H'(2). A natural class satisfying this condition is weakly mixing flows —
they have no eigenfunctions in L*(2) at all. Examples of weakly mixing flows on T? go back to
von Neumann [26] and Kolmogorov [24]. The flow in von Neumann’s example is continuous,
in the construction suggested by Kolmogorov the flow is smooth. The technical details of
Kolmogorov’s construction have been carried out in [29], a good review of these results is [20].
More recently, Fayad [15] generalized this example to show that weakly mixing flows are
generic. To describe the result of [15] in more detail, let us recall that a vector o € R™ is
called §-Diophatine if there exists a constant C' such that for each k € Z" \ {0} we have

inf |(a, k > .
p€Z|< ? >+p|—‘k‘n+ﬁ
The vector « is Liouvillean if it is not Diophantine for any g > 0. The Liouvillean numbers
(and vectors) are the ones which can be very well approximated by rationals.

In order to construct a weakly mixing flow on a torus T"*! we again start with a very
simple unidrectional flow that is a local time change of a linear translation flow:

dX « dY 1
ax a4y 1 v v = 2.8
i FXY) @ Fxy)y ~0=m Y0 =y (2:82)

with a smooth positive function F(z,y), v € T", y € T. We have seen that such flows have a
unique invariant measure
dp = F(z,y)dzdy.

Given a smooth function f(z,y) , set

g(t,z,y) =U' fa,y) = f(X(t,2,9), Y (t,2,9)).
This function satisfies the first order advection equation

dg  «a 1 Jg

o Ty VT Fagay 0 90y =Sy (2.83)

Let us denote by C (T?) the set of positive C" functions on the torus. Fayad’s result is

Proposition 2.12 ([15]) Assume that the irrational vector o € R? is not 3-Diophantine, for
some 3> 0. Then, for a dense Gy set of functions I in Cern('JT”“) the flow (2.82) is weakly
mizing (for the unique invariant measure F(x,y)dxdy).

The flows given by this proposition have an invariant measure F'(x,y)dzdy and not the
Lebesgue measure dxzdy , but as in the Kolmogorov example of a flow with rough eigenfunc-
tions, it is easy to produce a flow that preserves the Lebesgue measure.
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An abstract criterion for relaxation enhancement

Theorem 2.6 follows from a rather general abstract criterion, which connects us back to
the abstract set-up of (1.1). We start with a self-adjoint, positive, unbounded operator I'
with a discrete spectrum on a separable Hilbert space H. In the setting of Theorem 2.6, I’
corresponds to —A, with H the subspace of mean zero functions on L?*(€2). We denote by

O< A <A< ..

the eigenvalues of I', and by e; the corresponding orthonormal eigenvectors forming a basis
in H. The (homogenous) Sobolev space H™(I") associated with I" is formed by all vectors

¢:ZCJ‘€]' GH,
J

such that
||¢||§{m(r) = Z)\T|Cj|2 < 0.
J

The crucial assumption is that A\, — 400 — this makes the set where the dissipation by I'
is not too large a compact subset of H. Recall that part of the definition of the discrete
spectrum includes the assumption that each \; has a finite multiplicity

We will denote the norm in the Hilbert space H by || - ||, the inner product in H by (-, ),
the Sobolev spaces H™(I") simply by H™ and the norms in these Sobolev spaces by || - |-
Note that H?*(T') is the domain D(T") of T.

The analog of the operator v - V in Theorem 2.6 (or, to be precise, of the self-adjoint
operator generating the unitary evolution group U' which is equal to iu -V on H'(Q)) is a
self-adjoint operator L such that, for any ¢ € H*(T') and ¢ > 0 we have

1LY < Clldbllzsry and [l ]|y < BO¢ ) (2.84)

with both the constant C' and the function B(t) < oo independent of ¥ and B(t) € L2 [0, 00).

) loc
Here, €' is the unitary evolution group generated by the self-adjoint operator L. It is easy

to see that (2.84) holds when L = iu(x) -V and I' = —A on the n-dimensional torus T", as
long as u(z) is Lipschitz.

Exercise 2.13 Show that neither of the two conditions in (2.84) implies the other.
Consider a solution ¢°(t) of the rescaled in time version of (1.1):
i

Con) = e () - TE(D), 070) = v (2.8

3

We have the following existence and uniqueness result.

Proposition 2.14 Assume that for any ¢ € H*, we have

L[} < Cllabl]s- (2.86)

28



Then for any T > 0, there exists a unique solution ¢(t) of the equation

W) iz -1)6(0), 6(0) = 0 € 1"
This solution satisfies
o(t) € L*([0,T], H) N C([0,T), HY), ¢(t) € L*([0,T], H). (2.87)

Exercise 2.15 Proposition 2.14 can be proved by standard methods using Galerkin approx-
imations and then establishing uniqueness and regularity. Fill in the details of the argument.

The main result of this section is the following abstract criterion for relaxation enhance-
ment.

Theorem 2.16 Let I' be a self-adjoint, positive, unbounded operator with a discrete spec-
trum, and let a self-adjoint operator L satisfy (2.84). Then the following two statements are
equivalent:

(i) For any 7,9 > 0 there exists eo(7,d) such that for any 0 < & < go(7,9) and any ¢o € H
with ||¢ol|zr = 1, the solution ¢°(t) of (2.85) satisfies ||¢°(T)||% < 6.

(i1) The operator L has no eigenvectors in H'(T).

Theorem 2.16 provides an answer to the general question of when a combination of fast
unitary evolution and dissipation produces a significantly stronger dissipative effect than dissi-
pation alone. It can be useful in any model describing a physical situation which involves fast
unitary dynamics with dissipation (or, equivalently, unitary dynamics with weak dissipation).

The proof of Theorem 2.16

Eigenvectors in H'(T") preclude relaxation enhancement

One direction in the proof of Theorem 2.16 is much easier: existence of H!(T') eigenvectors of

the operator L ensures existence of 7,y > 0 and ¢y with ||¢o|| = 1 such that ||¢°(70)| > o

for all € — that is, if such eigenvectors exist, then the operator L is not relaxation enhancing.
Assume that the initial condition ¢, € H' for

d > Z (4 £ >
Sor() = L1t - T, 6°0) = an (2.89)
is an eigenvector of L corresponding to an eigenvalue F, normalized so that ||¢g|| = 1:
Lgo = Edo. (2.89)

Take the inner product of (2.88) with ¢y. We arrive at

L1000 = L (67(0) 00) — (Do (0). ).
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This and the assumption ¢y € H' lead to

d

—iEt/e ) 1€ 1 c 2 9
= (TEEE (1), 60)) | < 5 (07O + o) (2.90)

The H'-norm in the right side of (2.90) is estimated by the following standard dissipation
lemma.

Lemma 2.17 Assume that (2.86) holds, then for any initial condition ¢ € H with ||¢o|| = 1,
the solution ¢°(t) of (2.88) satisfies

| helgar <5 (291)

Proof. Recall that if ¢ € H'(T'), then I'¢p € H}(T') and (I'¢, ¢) = ||¢]|3. The fact that L is
self-adjoint allows us to compute

||<25€||2 (0%, ) + (7, %) = —2||¢°]I7. (2.92)

Integrating in time and taking into account the normalization of ¢y, we obtain (2.91). OJ
Going back to (2.90), integrating in time and using (2.91) gives

1
for0<t<7= 2—7||¢0||§. (2.93)

1 [ 1
(670 0n)| = il = 3llnll =5 [ (0l = 5

Thus, we have ||¢°(7)|| > 1/2, uniformly in €.

Outline of the argument

Even though the proof of the other direction in Theorem 2.16 is slightly technical, the general
idea of the proof is completely straightforward and has two intuitive ingredients. As in
Lemma 2.17, the dissipation balance for (2.85) is

L2167 1B,) = (00", %) = 1160 - (2.94)
Therefore, if ||¢|| g1 (r) is large on a time interval [t1,?;] then ||¢°(¢)||z will drop significantly
over this time interval. On the other hand, we will show that if ||¢*(7)|| g1(ry is small at some
time 7 then, because L does not have H!(T')-eigenfunctions, the free evolution
d¢0 i 0 0 €
= -L¢°, ¢°(1) =¢°(1), t>T, (2.95)
€

will make the H'(T")-norm of ¢° very large in a time so short that the free evolution is close
to the true evolution over this short time interval. This means that the H'(T")-norm of the
solution ¢°(¢) to the true problem (2.85) will also be very large. Hence, even if the H'(T')-
norm of ¢° drops, it will go back up again very quickly, forcing the dissipation to be large
most of the time, and reducing ||¢°(t)| g very efficiently. Making this argument careful will
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take us some time, no pun intended. A crucial role is played by the fact that the unit ball in
the H'(T')-norm is compact in H.

It will be more convenient, in terms of notation, to rescale the time back by the factor e 1,
arriving at the equation

do®(t , ~. ~.

"0 _ - ey ). #(0) = o0 (2.96)
The dissipation estimate in Lemma 2.17 translates into
o 1

OIS (2.97)

A slight generalization of (2.97) is the following simple estimate, that we state here as a
separate lemma for convenience. This quantifies the idea that if the H'-norm of ¢¢(t) stays
large on a time interval [a, b], then the H-norm of ¢° drops on that interval.

Lemma 2.18 Suppose that for all times t € (a,b) we have ||¢°(t)||? > N||¢°(t)||2. Then the
following decay estimate holds:

1657 < e |6% (a) |

Next we need an estimate on the growth of the difference between solutions corresponding
to e > 0 and € = 0 in the H-norm. This will be crucial when we show that if the H'-norm
of ¢°(ty) is small at some time ¢y, it will have to become large again quickly,

Lemma 2.19 Assume, in addition to (2.86), that for any v € H' and t > 0 we have

le™ il < B(t)[lv[h (2.98)
for some B(t) € L2 _.[0,00). Let ¢°(t), ¢°(t) be solutions of
dg’ dg* .
PO iz, O _ i enygei),
satisfying ¢°(0) = ¢°(0) = ¢o € H'. Then we have
d ., -~ 1 1
13 = SO < 22l O1E < 3B Ol (2.99)

Proof. Note that ¢°(t) = e¢t¢y by definition. Assumption (2.98) says that this unitary evo-
lution is bounded in the H'(T') norm. The regularity guaranteed by conditions (2.86), (2.98)
and Proposition 2.14 allows us to multiply the equation
d I ST (e Ie
(5 ) =L — ) — T
by ¢° — ¢°. We obtain

d 1€ Te 1€ 1
Zle” = &I < 2= 1ull6" I = 16°117) < 56”113,

which is the first inequality in (2.99). The second inequality follows simply from the assump-
tion (2.98). O
The following corollary is immediate.
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Corollary 2.20 Assume that (2.86) and (2.98) are satisfied, and the initial data ¢y € H.
Then the solutions ¢*(t) and ¢°(t) defined in Lemma 2.19 satisfy

—_

16°(t) — &) < —||¢0||1/ 2(s) ds

\)

for any time t < 7.

We will now switch to the equivalent formulation (2.96), and drop the tilde (hoping that
this will not cause any confusion).

The RAGE theorem and the time spent in high modes

Our first task is to get good control of the free evolution e*%*, and show that, the H' norm of
the solution to the free evolution problem can not stay small for too long. The first ingredient
that we need to recall is the so-called RAGE theorem, first proved by Ruelle [28] and later
generalized by Amrein and Georgescu in [1], and by Enss in [10].

Theorem 2.21 (RAGE) Let L be a self-adjoint operator in a Hilbert space H. Let P, be the
spectral projection on its continuous spectral subspace, and C be any compact operator. Then
for any oo € H, we have

: 1 iLt 2 _
Tlggof/”ce Pao|[2 dt = 0. (2.100)

The proof of the RAGE theorem can be found, for example, in [7]. A very naive but not
altogether useless way to think about the RAGE theorem is to take C as a projection on a
finite-dimensional space K. In that case, if (2.100) fails, then the operator L approximately
leaves K invariant, as the vector e?*¢)y, with 1)y = P.¢o, has a non-trivial component in K
for a non-trivial fraction of time. Hence, it is plausible that one could find an eigenvector
in K as some sort of a limit of e’’*1)y, which is not quite compatible with the fact that the
initial condition % lives in the continuous spectrum part of L.

An analyst perspective is that the RAGE theorem is a generalization of the following
classical theorem by Wiener.

Theorem 2.22 Let du be a finite measure on R with the Fourier transform

F(t) = /R e~ dp(z).

Then .
1
lim —/ (O)Pdt =Y |u({a}))? (2.101)
0

T—+o00 T
z€R

Note that the sum in the right side of (2.101) is finite since p is a finite measure.
A direct consequence of the RAGE theorem is the following lemma. Recall that we denote
by 0 < A1 < Ay < ... the eigenvalues of the operator I' and by e, es,... the corresponding
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orthonormal eigenvectors, and that each \; has a finite multiplicity. Let us denote by Py the
orthogonal projection on the subspace spanned by the first N eigenvectors ey, ...,ey and by

S={¢eH: |¢]=1}

the unit sphere in H. The following lemma shows that if the initial condition lies in the
continuous spectrum of L, then the L-evolution will spend most of time in the higher modes
of T.

Lemma 2.23 Let K C S be a compact set. For any N,o > 0, there ezists T.(N, o, K) such
that for all T > T.(N,o, K) and any ¢ € K, we have

T

1 )

f/HPNeZLtP@Hthga. (2.102)
0

The key observation of Lemma 2.23 is that the time 7.(N, o, K) is uniform for all ¢ € K.

Proof. Since Py is compact, RAGE theorem implies that for any vector ¢ € S, there exists
a time T,(N, o, ¢) that depends on the function ¢ such that (2.102) holds for 7" > T.(N, o, ¢).
To prove the uniformity in ¢, note that the function

T
1.0 = 1 [ I1Pwe P e
0

is uniformly continuous on S for all 7' (with constants independent of T'):

T
1 . . . .
H(T.0) = #T0) < 7. [ 1Pve™ Pl = | Pue™ Pabl| (1Pe™ Pg| + | Pue™ Pob])
0

T
1 )
< (lloll + IWII)T/HPNe’“Pc@—w)Ildt§2H¢—¢|l-
0

Now, existence of a uniform 7,.(N, o, K) follows from compactness of K by standard argu-
ments. [

The H!'-norm of free solutions with rough eigenfunctions

We also need a lemma which controls from below the growth of the H' norm of free solutions
corresponding to rough eigenfunctions. We denote by P, the spectral projection on the pure
point spectrum of the operator L.

Lemma 2.24 Assume that no eigenvectors of the operator L belong to H(T'). Let K C S be
a compact set, and Ky = {¢p € K : ||P,¢|| > 1/2}. Then for any B > 0 we can find N,(B, K)
and T,(B, K) such that for any N > N,(B,K), any T > T,(B, K) and any ¢ € Ky, we have

T

1 |

f/HPNeZ”PMH?dt > B. (2.103)
0
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Note that unlike in (2.102), we have the H! norm in (2.103).

Proof. The set K; may be empty, in which case there is nothing to prove. Otherwise, let
us denote by Ej; the eigenvalues of L (distinct, without repetitions) and by @; the orthogonal
projection on the space spanned by the eigenfunctions corresponding to E;. First, let us show
that for any B > 0 there is N(B, K) such that for any ¢ € K; we have

D IPxQ;0ll} > 2B (2.104)
J

if N > N(B,K). It is clear that for each fixed ¢ with P,¢ # 0 we can find N(B,¢) so
that (2.104) holds, since by assumption @Q;¢ does not belong to H' whenever Q;¢ # 0.
Assume that N (B, ¢) cannot be chosen uniformly for ¢ € K;. This means that for any n,
there exists ¢,, € K7 such that

J

Since K is compact, we can find a subsequence n; such that ¢,, converges to 6 € K,in H
as n; — 0o. For any N and any n;, > N we have

D IPNQGIE < D 1P, Qs6l7 < limind 3 [|Pn,, Qs I} (2.105)
J J J

The last inequality follows by Fatou’s Lemma from the convergence of ¢, to ¢ in H and the
fact that

1P, Qi1 = A2 1Qs0ll < X210l
for any n;,. The expression in the right hand side of (2.105) is less than or equal to

lllrgglfz ||Plej¢m ||% < 2B.
J

Thus, we have
> |1PvQ;ol} < 2B for any N,

j
a contradiction since ¢ € K. As a consequence, there exists N(B, K) so that (2.104) holds
for all N > N(B, K) and all ¢ € K;.

Next, take ¢ € K and consider

T .
7 [Pt ol =3 O L by, Pau) (2.106)
T T (B - BT T '
0 9y
In (2.106), we set
i(B;—E)T _
€ =1ifj=1

i(E;, — E)T
Notice that the sum in (2.106) converges absolutely. Indeed,

N
PyQjd = Z<Q;¢, ei)ei,
=1
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and (T'e;, ex) = A0, therefore

N

(TPyQj¢, PyQid) = > \i(Qs6, ) (@10, ).

=1

Hence, the sum in the right side of (2.106) does not exceed

N N
SO Q6 e (@ enl < Ax S S 1Q0lIQisI1(Qs0/11Qs91l €)@/ 1R, e)]

=1 gl i=1 j

N
<A YD 1QuIPHQs0/ Q501 e < AnN. (2.107)

i=1 gl

The second step above is obtained using the Cauchy-Schwartz inequality, and the third
since ||¢|| = ||e]] = 1. Then for each fixed N, it follows from the dominated convergence
theorem that the expression in (2.106) converges to

> IT2PaQsoll* = 3 I1PvQslT

as T" — oo.
Now assume N > N,(B,K) = N(B, K), so that (2.104) holds. We claim that we can
choose T,,(B, K) so that for any T' > T,,(B, K) we have

> jei(Ej_El)T_l I'P P B
- . <

1 [T 4
1 / |Puet B2t — 3 | Pu@sol?
J

T

(2.108)
for all ¢ € K;. Indeed, this follows from convergence to zero for each individual ¢ as T" — o0,
compactness of K7, and uniform continuity of the expression in the middle of (2.108) in ¢ for
each T (with constants independent of T'). The latter is proved by estimating the difference
of these expressions for ¢, ¢ € K; and any T by

> (TPyQjd, PnQu(d — )| + (T Py@Q;(6 — 1), PnQu),
I#j

which is then bounded by 2AnxN||¢ — ¢|| using the trick from (2.107). Combining (2.104)
and (2.108) proves the lemma. [

The end of the proof of Theorem 2.16

We can now complete the proof of Theorem 2.16. Recall that given any 7,6 > 0, we need to
show the existence of g9 > 0 such that if ¢ < g(, then solution of the rescaled problem

WO _ (i - er)er(0). 3(0) = . (2.109)

satisfies ||¢°(7/¢)|| < ¢ for any initial condition ¢y € H, ||¢g]| = 1. Let us recall again the
idea of the proof. Lemma 2.18 tells us that if the H' norm of the solution ¢°(t) is large,
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relaxation is happening quickly. If, on the other hand, ||¢°(70)||? < Aul|¢°(70)[|?, where M is
to be chosen depending on 7 and 9§, then the set of all unit vectors satisfying this inequality
is compact, and so we can apply Lemma 2.23 and Lemma 2.24. Using these lemmas, we will
show that even if the H! norm is small at some moment of time 7y, it will be large on average
in some time interval after 7. Enhanced relaxation will follow.

We now provide the details. Since I' is an unbounded positive operator with a discrete
spectrum, we know that its eigenvalues \,, — oo as n — oo. Let us choose M large enough,
so that

6—/\]\4’7'/80 < 5

Define the sets

K={¢eS: |gli <Au}CS,
and as before,

Ki={¢e K: [|Pol =1/2}.

It is easy to see that K is compact. Choose N so that N > M and N > N,(5\y, K) from
Lemma 2.24. Define
7 = max {Tp(5)\M,K),TC(N Ay K)},

7 20AN

with T}, from Lemma 2.24, and T from Lemma 2.23. Finally, choose €y > 0 so that 7 < 7/2¢,,

and
T1

1

B? < - 2.11

50/ (t)dt_zo)\N, (2.110)
0

where B(t) is the function from condition (2.98).
Take any € < g¢. If we have

l6=(s)IIF = Aarllo™(s)]1”
for all s € [0,7/¢], then Lemma 2.18 implies that
lg=(r/e)]| < 77 <,

by the choice of M and we are done. Otherwise, let 75 be a time in the interval [0, 7/¢] such
that

1= (7o) 1T < Anrll 6" (7o) II*. (2.111)

It may be that 79 = 0, of course. Here is a key lemma that reflects the idea that the H!-
norm of the solution can not stay small for too long: even if it is small at a time 7y then the
dissipation on the the time interval [7g, 79 + 71] will not be small.

Lemma 2.25 If (2.111) holds at T, then
167 (70 + T)|* < ™=/ 20 6 () 2. (2.112)

Before we prove Lemma 2.25, we explain how it implies the conclusion of Theorem 2.16 for
the case when L has no eigenfunctions in H'(T). First, if (2.111) holds then we have (2.112).
On the other hand, for any interval I = [a, b] such that

165 ()12 > Al 6 (1)|)? for all a < t <D,

36



we have by Lemma 2.18 that
16 (B)||> < e M=~ || 6% (a) ||, (2.113)

Combining the decay factors gained from (2.112) and (2.113), and since 7, < 7/(2¢), we find
that there is 7 € [7/(2¢), 7/¢] such that

||¢e(7_2)“2 S e*AMT/40 < 62

by our choice of M. Then (2.92) gives ||¢°(7/e)|| < ||[¢°(72)|| < 6, finishing the proof of
Theorem 2.16, except for the proof of Lemma 2.25. [J
The proof of Lemma 2.25: tracking the full dynamics with free evolution

For the sake of simplicity, we will denote ¢°(79) = ¢o. On the interval [ry, 79 + 71], consider
the function ¢°(t) satisfying

S8 =iL8(D), H(m) = o

Note that by the choice of g¢, (2.110), (2.111), and Corollary 2.20, we have

16°() — ol (2.114)

2
PO <
for all t € [ry, 79 + 71]. Split
¢O(t) = ¢C(t> + ¢p(t)>

where ¢. and ¢, also solve the free equation

d
Sealt) = iLoepl),

but with initial conditions P.¢y and P, at t = 79, respectively. We will now consider two
cases.
Case I. Assume that

3
HPC¢0||2 > _H¢0||27

or, equivalently, || P,¢ol|? < (1/4)|/¢o||*. Note that since ¢o/||¢o]| € K by the definition of 7,
we can apply Lemma 2.23. Our choice of 7 implies that

T0+T1

1
e BEROIRE

70

By elementary considerations, we obtain

[(I=P)S @ > 1T~ P)seOIP— T P)sy @I > S80I~ 5 | Proe) I ~li6,(0)

l\DIH
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Taking into account the fact that the free evolution e*** is unitary, Ay > Ajs, our assumptions

on || P.,¢0|| and (2.115), we obtain
TO+T1

1 1
= [ - pos@iPa = el 2.116)

70

Using (2.114), we conclude that

.
= [ 1= sl iz el @.117)
This estimate implies that i N
i
(1) e > 25 g @119
Combining (2.118) with (2.92) yiT((;lds
Hﬁ%+nm%zQ—A§ﬁ)W%wWSeMmmwﬂmw. (2.119)

This finishes the proof of (2.112) in the first case since Ay > Ay;.
Case II. Now suppose that ||P,¢ol|* > (1/4)]|¢ol|?. In this case ¢o/||dol| € K1, and we can
apply Lemma 2.24. In particular, by the choice of N and 71, we have

T0+T1

1
= [ IPvy0lFat = el (2.120)

70
Since (2.115) still holds because of our choice of 7y and 71, it follows that
1 To+T1 A\
- Prnoo(t 2 gt < 2M 2 2.121
= [ IPvoolde < 2 ol (2121)
70
Note that the H-norm in (2.115) has been replaced in (2.121) by the H'-norm at the expense
of the factor of A\y. Together, (2.120) and (2.121) imply
To+T1
1 042 2
= [ 1P IR e > 270l (2.122)
70
Finally, (2.122) and (2.114) give
To+T1

AT
|Pvge(8) 13 dt > “2—

5 loll” (2.123)

70

since || Py¢® — Png?||? < Ayl|¢° — ¢°||2. As before, (2.123) implies
16 (0 + ) I* < e |¢% (1), (2.124)
finishing the proof of (2.112) in the second case.
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3 The Fokker-Planck equations

We now start mostly following Villani’s book [31]. The reader should consult this book as
the primary source, both for a better presentation and to see more details and more general
results. We will also occasionally make stronger assumptions than in [31], to take some small
short-cuts. Finally, the reader should be warned that misprints and mistakes have likely
creeped in occasionally. These are not Villani’s, nor are some of the speculative comments.

The spatial Fokker-Planck equation

The Fokker-Planck equations describe the evolution of a particle in an external potential field.
They can be posed either in the physical space, only accounting for the particle position, or
in the phase space, keeping track of the particle density both in terms of its position in the
physical space and its momentum, or velocity.

The spatial Fokker-Planck equation describes a particle that performs a Brownian motion
in addition to following the gradient of an external potential field V' (z). Then the forward
and backward Kolmogorov equations are, respectively:

¢r = Ap = VV(x) Vo, ¢(0,z) = do(z), (3.1)

and
pe=08p+ V- (pVV(2)), p(0,x) = po(z). (3.2)
Equation (3.2) conserves the total mass of the particle density p(t, z):

/ ot )z = / po(2)de. (3.3)

To see the corresponding conservation law for ¢(t, ), it is convenient to re-write (3.1) in the
form

¢, = e"@V . (e7V@Vg) (3.4)

which makes it clear that
/¢(t, z)e V@ dy = /qﬁo(x)e_v(x)da:. (3.5)
The physical reason for (3.5) is that, as it is easy to see, the function

poo(t) = eV (3.6)

is an equilibrium solution to the density equation (3.2). Thus, (3.5) simply says that the ex-
pectation of the observable ¢ (X (t)) with respect to the invariant measure p(z) is preserved
by the evolution. Furthermore, if the potential V'(x) is sufficiently confining, in the sense that
it grows sufficiently rapidly at infinity, and

7 = /ev(m)d:c, (3.7)
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is finite, then p(z) can be normalized to make it be a probability density:

o~V (@)

P P / V@) g, (3.8)
Z

The invariant density encodes the confinement effect of the potential: because of the diffusion,

the particle does not just concentrate at the minimum of V(z) but it is more likely to be in

the region where V' (z) is not too large.

A fundamental question for the dynamics is the convergence, and the rate of convergence,
of the solution p(t,z) with the initial condition py € L'(R?) to the corresponding multiple
of the equilibrium solution p.(x). This is very much related in spirit to the question of
relaxation to the mean we have considered in the previous sections.

Let us also mention another reason behind (3.5): if ¢(t, z) solves (3.1), then a straightfor-
ward calculation shows that

p(t.x) = eV Wo(t, x) (3.9)

is a solution to (3.2), so that (3.3) and (3.5) are equivalent. This connection between the
solutions to the forward and backward Kolmogorov equations is a very convenient tool. One
should always keep in mind that the function exp(V'(z)) blows up at infinity very fast, which
limits some of the information that can be inferred from (3.9) but it is still often useful.

The kinetic Fokker-Planck equation

The kinetic version of the Fokker-Planck equation considers evolution of the particles not just
in terms of their physical position but in the phase space: particles are described by their
position x € R? and velocity v € R%. If everything is uniform in the physical space, and there
is no external potential, then the forward and backward Kolmogorov equations purely in the
space of velocities are, respectively:

hy = Ayh — v - V,h, (3.10)
and

fe=2uf+ V- (vf). (3.11)

It is easy to see that the Maxwellian

1 2
M e /2 3.12
) = Gy (312)
is a stationary solution to (3.11) and, as in (3.9), a slightly lengthy but straightforward
computation shows that if h(¢,v) is a solution to (3.10), then

ft,v) = M(v)h(t, v) (3.13)

is a solution to (3.11). This relation is completely analogous to (3.9) that holds for the spatial
Fokker-Planck equation, now with the confining potential V(v) = |v|?, and the Maxwellian
being the corresponding invariant density. This model, with the Maxwellian serving as an
equilibrium, is motivated by the standard notion of temperature and kinetic energy in the
theory of gases.
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In the presence of an external potential V' (z), the problem is no longer spatially homoge-
neous, and the forward and backward Kolmogorov equations become

hi +v-V,h =V, V(z) - V,h = Ah—v-V,h, (3.14)
and
fi+v - Vof =V, V(x) - Vof =A,f + V- (vf). (3.15)

Note that there is no diffusion in the spatial variable, the particle simply has velocity v
in the z-variable. Equations (3.14) and (3.15) are no longer a gradient flow as the spatial
Fokker-Planck equation: without the right side, their left side alone gives

fi+tv-Vof =V, V(z) -V, f=0, (3.16)
which is the Liouville equation corresponding to the classical Hamiltonian
E(xz,v) = g + V(x). (3.17)
In particular, any function of the form
f(z,v) = G(E(z,v)), (3.18)

with a smooth function G(F) is a steady solution to (3.17). In a sense, the role of the diffusion
operator in the right side of (3.15) is precisely to choose one specific invariant measure out of
the inifinitely many possibilities.

Our goal will be to understand the long time behavior of the solutions to (3.14) and (3.15),
and for that we need to look first at the equilibrium solutions. The steady solutions to (3.14)
are simply constants: hs(f, ) = 1 and its multiples. The equilibrium solution for (3.15) is no
longer the Maxwellian M (v) but the product of the Maxwellian and the equilibrium density
that appears in (3.6):

foo(,v) = M(v) exp{=V ()}, (3.19)

or its normalized version

M(v)
Z

Flz,v) = exp{—V(2)}, 7= / exp{—V (z)}da. (3.20)

Once again, if h(t, x) is a solution to (3.14), then

f(t,x) = foolz,v)h(t, x) (3.21)

is a solution to (3.20), an analog to (3.9). Interestingly, fo(z,v) is in the kernel of both sides
of (3.15):

Afufoo + vv ' (vfoo) = 07 (322)
and
V- Vifo — ViV (2) - Vyfoo =0. (3.23)
In particular, one can write fo (7, v) as
; L Baw
= @ 24
Fule0) = e ) (3.21)
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to see that it is of the form (3.18). Another small observation is that the marginal distribution
of foo(z,v) in v is poo(z), defined in (3.8):

Poo(T) = %evu) = /foo(x,v)dv. (3.25)

This is a direct connection of the gradient flow of the spatial Fokker-Planck equation, and
the randomly perturbed Hamiltonian flow described by the kinetic Fokker-Planck equation.
To see the analogs of the self-adjoint form (3.4) and conservation law (3.5) we re-write (3.14)
as
hi + Vo E(2,0) - Voh — Vo E(z,v) - Vyh = PEVY, - (e F@0Y p), (3.26)

or, equivalently, as
Oy (e P@h) =V, - (e FEINV, ) + V, - (e P@IV,R) =V, - (e FEIVLR). (3.27)

It follows immediately that we have the conservation law

/h(t, x)dp = /hg(x)d,u. (3.28)
Here, we have introduced the probability measure
dip = foo(x,v)dzdo, (3.29)

with foo(z,v) as in (3.20). As a consequence of (3.28) and the fact that the steady solutions
to (3.14) are constants, it is natural to conjecture that

h(t,r) — h = /ho(;v,v)du as t — +oo. (3.30)

The goal of this section is to prove this convergence. Before we start, let us note that such
result can only come about from the interaction between the diffusive behavior in v in the
right side of (3.14), and the transport part in its left side. In particular, the transport part
by itself is a first order operator and does not induce any regularization effect that would be
necessary to obtain convergence to a constant. This is a hypoelliptic effect: a combination of
a diffusion in the velocity variable and transport in the spatial variable leads to regularization
in space and long time convergence to the invariant measure.
To state the convergence theorem, we will denote by H'(u) the Sobolev space:

12 = / (IVuh(a, )2 + [Voh(z, 0)[2)p(dzdv). (3.31)

We will assume that the potential V(z) is in C?(R?) and grows faster than linearly at infinity,
in the sense that
|IVV(x)| = 400 as |z| = +o0. (3.32)

A growth condition of some kind is needed to make sure that V(z) is sufficiently confining.
In addition, we assume that there exists C' > 0 so that

|D?V (2)] < C(1+|VV(z)|) for all z € RY. (3.33)

42



These conditions are not optimal but sufficiently general to make things interesting. Roughly
speaking, they mean that V' (z) grows super-linearly but not faster than exponentially at
infinity. The reader may think of algebraically growing V' (z) ~ |z|* with a > 1 as |z| — +o0.
We will show the following result on the long time behavior of the solutions to (3.14).

Theorem 3.1 There exist C > 0 and A > 0 so that for all hg € H'(du), we have

1h(t, 2) = Al gy < Ce™ |[holl ). (3.34)

The hypocoercivity structure of the kinetic Fokker-Planck equaiton

As we have mentioned, the main difficulty in the proof of Theorem 3.1, and especially in
obtaining an exponential rate of convergence to the equilibrium, is the lack of ellipticity:
there is no diffusion in z in (3.14), but only in v. An elegant way to deal with this issue is
given by the hypocoercivity tools developed by Villani and collaborators. This approach will
utilize a special structure of (3.14):

hi +v-V,h =V, V(z) - V,h=Ah—v-V,h. (3.35)
We will write (3.35) as
% +Lh =0, (3.36)
with the operator
Lh=—-Ah+v-V,h+v-V,h =V, V(x) V,h. (3.37)

To see this structure, we will need some preliminary computations. Note that the preceding
discussion shows that the natural setting for this problem is in the weighted LP(u) spaces, and
not in LP(R?). Accordingly, let us compute the adjoint of the operator Ay = 9,, on L*(u):

(Aef, 92 = /(aka(l“,U))g(x,v)foo(x,v)dxdv

= - / F(,0)(Du,9(2,0)) foo (i, v)ddv — / F(2,0)9(2, 0)O0, foo(w, v)dzdo 338
= _<f7 Akg>L2(,u) + <f7 Uk.g>L2(,u)a
so that
ALg = =059 + vy, (3.39)
and
AfArg = (=0, + k)00, 0 = —Ayg +v - Vug. (3.40)

Here, and below we use the summation convention — the repeated indices are summed over,
unless specified otherwise. Hence, we may write the operator £ as

Lg = A, Arg + By, (3.41)

with
Bg(xz) =v-V,g—V.,V(x)-V,g. (3.42)
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As in (3.27) we may re-write B as
Bg(.f) =v- vzg - va(x) ' vvg = VUE(xJ U) : vxg - va(J:a U) ' vvg
_ eE(m,v) [ . Vv . (6—E(x,v)vmg) + vx . (e—E‘(m,v)va>i|

(3.43)
= [ Ve e )V + Ve (el 00 )]
As a consequence, we have
(Bg. £ = [ [~ Vo (0u(.00929) + V. (0, 0)91)| (0, v) o
(3.44)

_ / [ Ve (oo 00V ) + Vo (el )V )| gl )
= —(9,Bf) 2

so that the operator B is anti-symmetric: B* = —B. Thus, the operator £ has the form (3.41)
with an anti-symmetric operator B. This general structure will be our starting point but it
will be useful first to get some other algebraic properties.

It is natural to understand the hypoellipticity of the operator L first, before discussing
the long time behavior. For that we need to compute the commutators of A, and B. First,
note that, with 0, = 0,,, we have

and
[Ar, Ay lg = (ArA;, — AL Ak)g = Ok(—0m + Um)g — (—O0m + Vi) Okg = Omig, (3.46)

so that
[Ag, Af] = i (3.47)

Next, we compute, with summation over the repeated indices, the commutator

Crg = [Ar, Blg = (A B — BAy)g

3.48
— Doy (0o — [0 V10, 0) = (Ul — [ V100 O = Do = Dongs )

hence

Cr = [Ay, B = 8,,. (3.49)

The commutator C} is essential here: it brings the differentiation in = that is missing in Ay.
This will be absolutely crucial in what follows.
The last pair of commutators we need are

Ak, Cr] =0, [Af,Ch] =0, (3.50)
and, also with summation over the repeated indices:
(B, Cklg = (BCy — CyB)g = (1,0, — [02,,V]00,,) 00, 9 — Oy, (V1 0s,,
= [62 V(x)]avmg7

TTm

- [axmv]avm>g (351)
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so that
(B, Cy] = [07,..,.V (%))

TETm Um *

(3.52)

We will see that assumption (3.33) on the Hessian of V' (z) is forced to accommodate this last
commutator.

Now, we are in a set-up vaguely reminiscent of the abstract relaxation enhancement situ-
ation: equation (3.35) has the form

oh

“ <A*Ak n B)h —0, (3.53)

with a skew-symmetric operator B. The hypoellipticity of the operator
L=AA+B (3.54)

comes from the operator B as it produces the commutator C) with the differentiation in x.
However, the simple-minded dissipation estimate for (3.53):

th <Hh( Iz u)) ZHAthL2 (3.55)

does not see the operator B directly at all. Hence, the relaxation to the equilibrium has to
account, for the presence of B in a more subtle way. The key property will come from the
strict ellipticity of the operator

L= AL A, + CiCy. (3.56)

This property is essentially automatic for the kinetic Fokker-Planck equation because

n

(L9, 912 = Y, [I14kgll72 + 1CrgllZ(] = /(IVmg(ﬂcav)\2 +|Vog(2,0)?) fos (2, v)dwdv,
k=1
3 ~(3.57)
so that L is, indeed, strictly elliptic. The connection between the strict ellipticity of £ and the

role of B in the time evolution (3.53) will be the subject of the next section on hypocoercivity.

A hypocoercivity estimate

Motivated by our observations for the kinetic Fokker-Planck equation, we now consider a more
general setup where the techniques of hypocoercivity developed by Villani and collaborators
can be used. We will consider the operators of the form

L= AA, + B, (3.58)

with the summation convention, as usually, an anti-symmetric operator B, and unbounded
operators Ay, defined on a Hilbert space H. One may think of H as a weighted L2-space,
and of both A, and B as differential operators of the first order but that is not necessary.
We will denote by (,) the inner product on H and for simplicity will assume that #H is a real
Hilbert space, the corresponding results for complex Hilbert spaces can be obtained simply
by putting the real part wherever clearly necessary.
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We will always assume that £ generates a continuous semigroup exp(—tL) on H, so that

the evolution equation

dh
—+ Lh=0, h(0) = ho (3.59)

has a unique solution for all ¢ > 0. This means that existence and uniqueness of the solutions
to (3.59) is always assumed.

Obviously, if hy € K then h(t) = hy € K for all t > 0, hence (3.59) leaves K invariant.
Slightly less trivially, while the operators of the form (3.58) are not self-adjoint, they share an
important property with self-adjoint operators: the evolution equation (3.59) preserves the
orthogonal complement Kt to K. That is, if hg € K+ then h(t) € Kt for all t > 0. The
reason is the following simple observation.

Proposition 3.2 If h € IC, so that
Lh =0, (3.60)

then Arh =0 for all 1 <k <n, and Bh = 0.

Proof. Indeed, if h € K, then, as B is anti-symmetric, we have

0= (Lh.h) =) | Axhl”, (3.61)
k=1
thus
Aih =0 for all k. (3.62)

As Lh =0, it follows that Bh = 0 as well. [J
It follows that if g € K, then

Lg= ZAZAkg — Bg =0,
k=1

and thus
d

5 \0(1), 9) = (Lh(t), g) = 0.
As a consequence, if hg € K+, then h(t) € Kt for all + > 0. Therefore, it makes sense to
consider the evolution (3.59) restricted to K+, and that is what we will do.
A standard example one may think of is that £ is the Laplacian operator on the torus T",
the kernel K of £ in H = L*(T"), is the one-dimensional subspace that consists of constants,
and its orthogonal complement K+ is the sub-space of mean-zero functions on T".

Coercivity and hypocoercivity

Let us now recall the usual notion of coercivity, which is essentially strict ellipticity, together
with a Poincaré inequality. We say that the operator L is coercive on H = H /K if there
exists A > 0 so that for all h € H N D(L) we have

(Ch,R) > M|h|. (3.63)
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If we think of £ as the standard Laplacian, this means that in addition to the strict ellipticity
of £, we also assume a version of the Poincare inequality on H//C, so that the norm in the
right side of (3.63) is in L? and not in the homogeneous Sobolev space H', that would come
up in the definition of strict ellipticity. Villani allows H to be a dense subspace of K in 31],
with a different norm, but we will simply assume that H = # /K.

Exercise 3.3 The coercivity property can be reformulated as follows. Let hy € H and h(t)
be the solution to

hy = —Lh, h(0) = ho. (3.64)
Show that £ is coercive if and only if we have, for all t > 0 and hy € H that

IR < el holl- (3.65)

The hypocoercivity property ignores (3.63) and generalizes (3.65) instead. In the above
setting, we say that the operator £ is hypocoercive on H if there exists A > 0 and C' > 0 so
that for all hg € H we have

Ih(#)]] < Ce™||holl. (3.66)

Thus, the only difference with the definition of coercivity is that we allow C' > 1 in (3.66) but
not in (3.65) where we must have C' = 1. This gives us an interesting flexibility: if the Hilbert
space H has two equivalent norms induced by different inner products (f, g); and (f, g), and
the operator L is coercive in one of the norms, it may be only hypocoercive in the other.
Thus, we may look for an alternative norm that would be equivalent to || - ||;; in which £

would be actually coercive. That would imply hypocoercivity in the original norm.

A new inner product

Let us now explain which alternative inner product one may look for. Given an operator of
the form
L=A A+ B, (3.67)

with an anti-symmetric operator B, and with the summation convention over the repeated
indices, we set

Cy = [Ax, B. (3.68)
The key assumption is that the operator
L= ALA +CiC, (3.69)

is coercive. This is exactly the set-up we have seen for the kinetic Fokker-Planck equation.
Coercivity of £ motivates defining the H! space with the norm

1Rll30 = (b ) + (L, by = [B)P 4+ (I1ARKIP + ICxR] ). (3.70)
k=1

In the kinetic Fokker-Planck case this norm coincides with the standard H (u)-norm, as seen
from (3.57). We also define H' = H! /K, which is simply K+ with the homogeneous H'-norm

n

11112 =" (IlARRI? + | Cihl|?), (3.71)

k=1
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and H =H /K. Coercivity of £ means that there exists x > 0 so that the Poincaré inequality
holds .
|hll% < &||h|lzn for all h € HE. (3.72)

Villani considers in [31] a more general situation when higher order commutators of the
form

COk+1) — [C(k) B]

m m

are also used to obtain a coercive operator, with o — A,,. We will not consider it here,
to focus on the simplest possible setting. This is the setting for Theorem 18 in [31] that is
needed for the kinetic Fokker-Planck case, and we leave out further generalizations.

As we have mentioned, an important step is to construct another inner product that would
lead to a different but equivalent norm, in which £ itself would be actually coercive. Consider
the quadratic form

1112 = (h- ) = |l +a Y |ARAIP 20 (CiAgh,h) + ¢ |Gk, (3.73)
k=1 k=1 k=1

with the constants a, b and ¢ be specified soon, so that
O<c<b<a<l, b<ac (3.74)
One should think of these parameters as satisfying
I<ekbga<kl, (3.75)

so that ||A||, is a small perturbation of ||| that nevertheless incorporates the H!-norm. We
will need further constraints below on a, b and ¢ that would guarantee the coercivity of £ in
the || - ||« norm. The second condition in (3.74) ensures that || - ||, is actually a norm, and there
exists ¢p > 0 that depends on a, b and ¢ such that the norms || - ||« and || - ||z are equivalent:

co tIhlla < 1A« < collh|lpe, for all h € H. (3.76)

The corresponding inner product on H! is defined by the polarization identity:

1 n
(hg) = Z(Ih+glZ = Ih = gl2) = (h.g) +a ) (Axh, Arg)
; . (3.77)
+bY ((CrAk+ AiCi)h, g) + ¢ (Cih, Cyg).

k=1 k=1

It is sometimes helpful to consider the corresponding homogeneous versions:

IRl = (h-h)e = a > [|Ah|* + 20 (CrAgh,h) + ¢ [|Cihl?, (3.78)
k=1 k=1 k=1
and
(h-9)e =aY (Aph, Arg) + 0> ((CiAx+ A;Ci)h,g) + ¢ Y (Cih, Crg). (3.79)
k=1 k=1 k=1
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This norm is equivalent to the homogeneous H!-norm:
o 2l < |hlle < collhllzp1, for all h € H. (3.80)
Hence, the Poincaré inequality (3.72) can be written in the form
[R]l3 < Chllhllzn < Callhlle < Collhll, for all h € H'. (3.81)

The last observation in this section is that the orthogonal complement Kt of K is the
same in all three inner products. Recall that if h € K, so that

Lh =0, (3.82)

then Ayh = Bh =0, so that Ci,h = 0 for all 1 < k < n as well. Therefore, if h € I, then for
any g € H' we have

(h,g) = (h,g)1 = (h-g), (3.83)
so that the orthogonal complement K1, indeed, does not depend on which of the three inner
products we use.

The coercivity in the new inner product

The reason we have introduced the new inner product is that £ is actually coercive with
respect to it, under mild assumptions on the operators A, and B. We will assume that all A,
commute with all A4,,, and both A; and A; commute with all C,,:

In the kinetic Fokker-Planck case, these are properties (3.45) and (3.50) that we have verified.
We will also need to assume the following, in addition to (3.84) and coercivity of L. First, we
assume that, as in (3.47), we have

(A, A% ] = Gl (3.85)

This assumption is not all necessary, and is not made in the proof of Theorem 18 of [31],
which is the main result of this section. The corresponding assumption on this commutator
there is that there exists a constant a > 0 so that we have

DAL AL < PNFIP + 02 Y 114 £, (3.86)
k,m=1 7j=1

for all f in the domain of all A;. However, (3.85) does simplify slightly some algebra in the
proof of Proposition 3.4 below, and holds in the kinetic Fokker-Planck case, so we will make
this assumption solely for the sake of convenience.

We also assume that there exists a constant 8 > 0 so that

(S menmis) " < o(Shawie) +s(Slcur)
k=1 = £

(20 Mani?)” s 3 Iciane) "

k,m=1 k,m=1

(3.87)

This assumption is made mostly for technical convenience in the proof though some version
of this bound seems to be necessary. Here is the key proposition.
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Proposition 3.4 Assume that the commutation relations (3.84) hold, and there exist o > 0
and 5 > 0 so that the bounds (3.86) and (5.87) hold. Then, there ezist a, b, ¢ that satisfy (5.74)
and such that there exists k > 0 so that for all h € H' we have

(Ch-h) > k> ([ Ach]® + | Cihl). (3.88)

Proof. We also remind that repeated indices are summed over throughout the proof. Let us
write

(Lh-h) = (Lh,h) +aY (ALh, Agh) + b ((C;Ax + ACy)Lh, h)

. A = (3.89)
+¢> (CRLh,Ceh)y = | Axh|* + ) (aly, + bIT, + cIT1y).
k=1 k=1 k=1

We will now look at each of the many individual terms separately. The first term can be
further decomposed as

I=>" Iy = (ALh, Ah) = (A A Ajh, Agh) + (ApBh, Agh) = 1 4 1) (3.90)
k=1

The last term can be bounded from below, using anti-symmetry of B and the definition of Cj,
as

I®) = (A, Bh, Aph) = ((A,B — BA)h, Ah) + (BAgh, Agh) = (Cph, Agh) > —||Aghl||||Cihl|.
(3.91)
For the first term in the right side of (3.90) we write

IW = (AL AT A b, Agh) = (Ajh, A AR ARhY = (Ajh, A AjARh) + (Ash, (A A} — AL Aj) Akh)
= (ApAjh, AjAgh) + (AR, [Ag, AfJAgh) = > I[ARAR]? + ) [JAxR]1>
kj=1 k=1
(3.92)

We used in the last step above the fact that A; and A; commute, see assumption (3.84),
together with our extra simplifying assumption (3.85). Thus, we have

1> [AARIE + ) 1ARh]P =) I Ach|ICxhll. (3.93)
k=1 k=1

k,j=1
As in (3.90), we split the second term in the right side of (3.89) as
Il = lek = (CrALh, h) + (ALCLLh, h) = (CLALAL Ayh, h) + (ALCL Ay, Amhb, h)
k=1

+ (Cy ABh, ) + (A;CBh,h) = ITW + 15,
(3.94)
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For the first term we write, using the fact that A,, and A commute with Cy, see (3.84), as

well as the extra simplifying assumption (3.85), and, again, that Ay and A,, commute:
ITW = (Cy ALAS A, B) + (ALCLAY Anhy )

= (ArA; Anh, Cih) + (A, Crh, A Aih)

(A5, Ak + Okml) Ah, Crh) + (A Crh, A Agh)

= (ArAnh, AnCrh) + (Agh, Crh) + (A Arh, A Crh)

(3.95)

> -2 3 A | ARCi] = Y | AR]ICrA.

k,m=1 k=1

For the second term in (3.94), we have, using the commutators in (3.84) and anti-symmetry
of B:

ITB) = (Cr Ay Bh, h) 4+ (ALCBh, h) = (A,Bh, Cyh) + (C,Bh, Ayh)
= (ABh, Cyh) + ((BCy + [Cy, B))h, Aph) = (A Bh, Cyh) — (Ch, BAgh)
+ ([Ck, Blh, Ayh) = ([Ay, B]h, Cyh) + {[Ck, Blh, Axh) (3.96)

= > (ICkhI” = [ AIINCr, BIAI)-
k=1
Thus, for the second term we have a lower bound

11> 37 (| Ceh|? = A [Cr BN ~ 1 ARIICAN) =2 3 [AcAR R AnCit]. (3.97)

k=1 k,m=1

For the third term in (3.89) we write
1T =) "I, = (CpLh, Cih) = (ChA; Ajh, Cyh) + (CxBh, Cyh) = ITTWW 4+ TTT%). (3.98)
As Cy commutes both with A; and A7, the first term is simply

ITI™ = (CL A3 Ajh, Cyh) = (CpAzh, CeAsh) = Y [|CrAzhl . (3.99)

k=1
The second term in (3.98) cab be estimated using the anti-symmetry of B as

I11'® = (C,Bh, Cyh) = ((BCy + [Cy, B))h, Cih) = ([Ci, Blh, Cih) > —||[Ck, B]h||||Cih.

(3.100)
Putting all three terms together, we obtain
(Lh-h) > Z [AhI* + a Z [ AR A" + az | Agh]* ~ az [Akh[|Crhl]
k,j=1
+ bZ (ICxhlI” = | ALRI[Cr, BIR] = [ Axh][|Cxhl)) (3.101)

—2b Z | Ak Anmhl||| A Okh||+cZ |G A, hH?—oZH Cr, BIR||[|Ci]|.

km=1 7,k=1
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Let us introduce ;234 > 0 by

§= Al &= AR &= lIChl’, &= ICA;h[>, (3.102)
k=1 k=1

k,j=1 Jk=1

and rewrite assumption (3.87) as

(Z [[Ck, B]h\!2>1/2 <BE+E+E+ &) (3.103)
k=1

With this notation, and using (3.103), gives

(Lh-h) > (14 a)&] + a&] + b&3 + c& — a&i&s — bBE (& + Lo + & + &) — b&i&s

3.104
— 20884 — cBE(&1 + & + &3 + &) = (Q4,€), ( )
with the matrix
1+a —b5/2 —a—(b+c)B/2 —bB/2
B —b3/2 a —cf3/2 —b
=1 (br+os2 —c)2 b B2 | (3.105)
—b3/2 —b —cf/2 c
Taking M =1+ (£/2, we get
(Lh-h) > (Qué; ), (3.106)
with the matrix
1+a —Mb —a—Mb+c) —bM
—bM a —cM —bM
@ = —a—(b+c)M —cM b —cM (3.107)
—bM —bM —cM c
Assuming that, in addition to (3.74), we have, for example,
de <2b<a <1, (3.108)
we have the inequality, in the sense of quadratic forms
1 —Ma —2Ma —MD
= —Ma a —Mb —Mb
@uzC@=1 ope s b —eM (3.109)

—-Mb —-Mb —Mec c

Note that if for all 7 # j we have

_ 1 — _
Qul < 7/ QisQyjs (3.110)
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then

4 4
(Q€,¢) = Z Q& = Z Q! — ZQij&fg‘ > Z Q! — iz Qi Q55&;
ig=1 i=1 i i=1 i)
i i g
- Z Qu&i — 3 Z(an +Qji&;) Z Q! — 1 Z Qi (3.111)
i—1 85 =1 i—1
Lo - 2o G2 2 2 2
= Z Qufz = 1(51 +£2 +§3 +f4)-
i=1

To arrange (3.110) for elements in the first row in Q, we need to have
1 1 1
Ma < Z\/a, 2Ma < Z\/B, Mb < Zp/z’ (3.112)
for the second row we need to add the conditions
1 1
Mb < Z\/E, Mb < ac, (3.113)
and for the third row we need the condition
1
Mec < Z\/b_c. (3.114)

Hence, we need the following:

1 b
< —— 64MPa* < b < 16M%0* < ¢ < ——— 3.115
“=Tem2 ¢ e ©= 1602 (3:115)
and also that ac
b* < . 11

< o (3.116)

To achieve this, we first take a < 1/(16M?) sufficiently small, and set
b= 6AM2a2, ¢ — — (3.117)

’ 16M2° '

The three inequalities in (3.115) then hold automatically. To see that (3.116) holds if @ > 0
is sufficiently small, note that b* ~ a*, and ac ~ a?.
We conclude that there exists a choice of a, b and ¢, and a very small constant k > 0 so

that

(Lh-h) > (Qu€, &) > (Q€,6) = (& + & + &+ &) = (& +6) = r ) ([ Ah]* + | Cihl®),
= (3.118)
finishing the proof of Proposition 3.4. [J
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The convergence theorem
Let us now look at the convergence to an equilibrium of the solution to the evolution problem

oh

N + Lh =0, h(0) = ho, (3.119)
with hg € K*. Recall that then h(t) € Kt for all ¢ > 0. Multiplying (3.119) with the (h - h)
inner product, we obtain

1d
5 1ROz = =(Lh- h). (3.120)
Using Proposition 3.4 gives then
ld 2 2
57 1P < =wllR(O)15- (3.121)

So far, we have not used the Poincaré inequality (3.81) — the conclusion of Proposition 3.4
does not assume it. Now we will use it and the fact that h(t) € Kt to deduce from (3.121)
that

1d
——h(O|? < =C||h()|? 3.122
5 I @OIZ < =ClR@IE, (3.122)
so that '
IR« < [|hollse™¢", for all h € H'. (3.123)

Using (3.81) gives the following convergence theorem.

Theorem 3.5 Let the operator L be of the form L = A} Ay, + B with an anti-symmetric oper-
ator B. Assume that the operators Ay, B and Cy, = [Ay, B] satisfy the following assumptions:
(i) The operator L = AL A, + CiCy is coercive, so that the Poincaré inequality (3.72) holds.
(ii) The commutation relations (3.84) hold.

(iii) There exist « > 0 and > 0 so that the bounds (3.86) and (3.87) hold.

Then, there exist Cyo > 0 and X > 0 so that for all hg € K+ the solution to (3.119) satisfies

1R (®)ll2 < CillA(®) 13 < Coe™ [[hols. (3.124)

The L? — H' regularization

Theorem 3.5 provides a long time H'-decay, but does not capture the regularizing effect of
the dynamics as it sees no improvement of regularity of h(t) relative to hy. Regularization
is a short time effect, typically instant, and says that if the initial condition hy € K+ then
for any ¢ > 0 the solution h(t) is in H', seemingly a very different phenomenon from the
long time convergence in the above theorem. In addition, regularization is a local in space
effect and should not depend at all on the validity of the Poincaré inequality, unlike the long
time behavior that is global in space. Surprisingly, this question is answered by the same
technique.
Let us explain the idea on the very simple example of the heat equation in R™:

hy = kAh, h(0,x) = ho(x), x € R". (3.125)
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The standard dissipation balance is

1d
5= IhllZe = =KIIVAIL, (3.126)
2dt

which gives us a time-averaged bound

. / / Vh(t, 2)Pdedt < / Iho() P, (3.127)
0
but not pointwise in time. To get a pointwise in time bound, consider the quadratic form
F(t,h) = |[B]|Z2 + et|| VR 22, (3.128)
and compute

dF (t, h(t))

o = —2/{/ |Vh(t,z)|*dx + 25t/(Vh(t,:17) -Vh(t,x))dx + 5/ IVh(t,z)|*dz

= —2(k —¢) / \Vh(t,z)|dx — 25t/(Ah(t, x))he(t, x))dx

— o(h—e) / Vhit, ) 2dz — zm/ ARt )2z < 0,

(3.129)
if 0 < e < k. It follows that F(t, h(t)) is decreasing in time, so that

1)1 72 + et VR)[172 < llholl72- (3.130)

In particular, we see that if hy € L?(R™), then h(t) € H*(R") for any ¢ > 0, and, taking ¢ = &
we get an estimate

1
IVA()|I72 < —Ilholl72 (3.131)
Kt

This very simple argument can be incorporated very nicely into the hypocoercivity strat-
egy. Let us go back to the norm and inner product defined in (3.73) and (3.77):

1BI2 = AP+ a Y [ ARRIP + 26> (CrAch ) + ¢ [[Cuh]?, (3.132)

k=1 k=1 k=1

and

n n

(h-g) = (h.g) +a Y (Ach, Arg) +b En:«c;:Ak + A;Ch)h,g) + ¢ Y (Crh,Crg).  (3.133)

k=1 k=1 k=1

Going through the proof of Proposition 3.4, in particular, looking at (3.111) before the very
last inequality, we have actually proved the following: if we choose a, b and ¢ so that (3.115)
and (3.116) hold (we denote here m; = 16M? that appears in (3.115) and (3.116)):

1 b
0 < —, dmia® <b<-L mp<e< —, <o (3.134)

my my my my
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then there exists £ > 0 that does not depend on a, b and ¢ so that for all h € H! we have

(Ch-h) > &Y A + 5a Y | A ARhl* + 60 [|Cehl® + ke > |CuAmhl®. (3.135)
k=1

= jm k=1 k,m=1

One choice to ensure that all conditiosn in (3.134) hold is to take a < 1/m; sufficiently small,
and choose b and ¢ as in (3.117). Another possibility is to take a < 1/m; sufficiently small,
set

b= 4m,a®, (3.136)

and choose
c= aad® (3.137)

with a > ag(m;) sufficiently large. Then the two-sided inequality for ¢ in (3.134) holds
since b ~ a? and ¢ ~ @3, and a is sufficiently small, and the last inequality in (3.134) holds
because both sides are of the order a* and a > ag(my) is large enough. Note that ag(my)
depends only on m; and not on how small a is.

The idea is then to take a, b and ¢ time-dependent, generalizing (3.128): consider the
quadratic form

F(ha g; t) = <h> g> +at Z(Akha Akg> + Btz Z((CZAk + Azck)ha g> + Etg Z<Ckh7 Ckg>7
k=1 k=1 k=1
(3.138)
and
F(hit) = [h])* +at > || Achl® + 26> Y (CrAph, h) + et > " [|Cxh|*. (3.139)
k=1 k=1 k=1

The previous discussion shows that if we choose a sufficiently small, and o > 0 sufficiently
large, and then set b = 4m,a® and ¢ = aa®, then there exists to > 0 so that for 0 < t <t we
have

F(Lh,hst) > £ (|Ah]® + sat Y | AjAphl® + 60> " [|Cxh|* + ret® Y [|CrAnh]*.
k=1 1

7,m k= km=1
(3.140)
Consider now the evolution problem
Oh N
En +Lh=0, h(0)=hye K. (3.141)

As in (3.120), we have

n

= —F(CLh,h;t)+aY | Agh|* +4bt > (CrAgh, h) + 3> ||Crh|*.  (3.142)
k=1 k=1 k=1

1dF(h;t)
2 dt
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Using (3.140) and dropping the terms with A;A,, and CjA,, gives

1d]—"(ht ) ) ) )
5 Z||Akh|| — kbt Z||Ckh|| +aZ||Akh|| +4btz (C Agh, h)

th
+36t2Z||C’kh||2 (— Rtat - Z||Akh||2 (3.143)

+ (b + 30)22 + 20t ) ; 1Ch 2.

We used Young’s inequality in the last step. Taking v = ¢/(4k) to make the coefficient in
front of ||Cyh||* be negative, and then choosing a sufficiently small, so that the coefficient in
front of || Ax]|? is also negative, shows that with this choice of a@, b and ¢, we have

dF(h,t)

. 3.144
<0 ( )

It follows that
F(h,t) = R +at > [|Achl* + 26t Y (CrAph,h) + et > [|Cxh|* < F(h,0) = |[ho|*.
k=1 k=1 k=1
(3.145)

We have proved the following regularization theorem.

Theorem 3.6 Let the operator L be of the form L = A} A+ B with an anti-symmetric oper-
ator B. Assume that the operators Ay, B and Cy, = [Ay, B] satisfy the following assumptions:
(i) The commutation relations (3.84) hold.
(i1) There ezxist o > 0 and 5 > 0 so that the bounds (3.86) and (3.87) hold.
Then, there exists ty > 0, and ¢ > 0 so that for any hg € K+, the solution to

oh

o TLh=0, h(0) = ho € K*, (3.146)

satisfies the estimates

(;\\Am\ﬁ)l < slholl (;uckmw?)l < ol (3147

As we have mentioned, Proposition 3.4 does not assume the Poincaré inequality, and neither
does Theorem 3.6. This is important — an instant regularization is a local effect, and morally
can not rely on the Poincaré inequality that is a global result. The regularization effect only
relies on the commutator structure of L.

An application to the kinetic Fokker-Planck equation

We now return to the proof of the long time convergence for the kinetic Fokker-Planck equa-
tion, Theorem 3.1, that was our motivation for the general hypocoercivity setup. Let us recall
the equation itself:

hi+v-V,h =V, V(x) - V,h=Ah—v-Vyh, h(0,z)= hy, (3.148)
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written as

Oh
- h = 14
BT +L 0, (3.149)
with the operator
Lh=—-Ah+v-V,h+v-V,h—V,V(x) V,h. (3.150)

The problem is posed in H = L?(u), with

1 v?

W=y ep{ =g

— V(z) }dzdv.

Let us recall Theorem 3.1.

Theorem 3.7 Assume that the potential V(-) € C*(R?) satisfies

IVV(x)| = 400 as |x| — 400, (3.151)
and
|ID*V(z)| < C(1+ |VV(2)]) for all x € R%. (3.152)
There exist C > 0 and X\ > 0 so that for all hg € H'(du), we have
Hh(t, iL‘) — BHHl(,u) < Cei)\tHhoHHl(u), (3153)
with
= / ho(x, v)dp(z, v). (3.154)
In addition, we have a reqularizing effect: there exists ¢ > 0 so that for all 0 <t < 1 we have
C - C _
IVohllzzgy < sllho = Pllzzge, IVahllzagy < 7 llho = hll 2. (3.155)

We will apply Theorems 3.5 and Theorem 3.6, and need to verify that the kinetic Fokker-
Planck equation satisfies their assumptions. The operator £ has the form

Lg = AL Arg + By, (3.156)
with Ak = 8vk,
Arg = =0y, 9 + iy, (3.157)
and
Bg(z) =v-V,9—V.,V(x)-V,g. (3.158)

The adjoint Aj is with respect to the inner product in H = L?(u), and B is anti-symmetric
in that inner product. We also recall that the first order commutators are

Ci = [Ay, B] = 0. (3.159)

This is the general set-up is as in Theorem 3.5, but we need to verify assumptions (i)-(iii) of
that theorem. It is immediate to see that the commutation relations (3.84) hold:

[Ak, An] =0, [Ar, Cr] =0, [A;,Cr] =0. (3.160)
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The bound (3.86)
DAL AP < CUFIP + O 1A 1P, (3.161)
k,m=1 j=1
also holds trivially, because
[Ak, ALl = Okm 1, (3.162)
as in (3.47).
To verify the bound (3.87), note that, for the kinetic Fokker-Planck equation, as in (3.52),
we have

[B,Ci] = 103,2,,V (2)]0s,,. (3.163)
Hence, to check (3.87) it suffices to prove that
S 1, V) < €3 [ 100 s
fm= (3.164)

+C Z /| 2 o FPu(dadv).

k,m=1

This inequality uses only the terms involving A; and CyA,, in the right side of (3.87), disre-
garding those with A A, and C} as those would not be needed here. Fixing 1 < k < n and
setting g(x,v) = 0,, f and using assumption (3.152), we see that (3.164) would follow from
the following lemma.

Lemma 3.8 Let V(-) € C?(R?) satisfy (3.151) and (3.152), then there exists C > 0 so that
for all g € H' (1) we have

[ 19V Plgtav)Putdadn) < € [(ge. o)+ Vaglo, o) Phuldedo). (3.165)
Proof. It suffices to show that for a function g(z) that does not depend on v, we have
/|VV(I)|2g2(I)€_V(I)dl’ < C’/(g2(x) + [Vg(z)P)e™V@du. (3.166)

To get (3.165) for a function g(z,v), we would then simply write (3.166) for each v and
integrate in v, with the weight M (v)dv. To prove (3.166), let us write

/ YV (2) P (w)e Y @ dr = — / P @)V (@) - V(e V@) da
/V (3 (2)VV (2))e V@ dr = /gQ(x)(AV(x))eV(m)dx (3.167)
+ 2/g(x)(Vg(x) VYV (2))e V@ de =T+ I1.
We bound the first term above using assumption (3.152) and Young’s inequality

1
[<C / Y1+ [VV(@))eV@dz < ¢ / ) Odr o [ PV @) P
(3.168)
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For the second term in the right side of (3.167) we simply use Young’s inequality:
1
IT < C/]Vg( V@ g 4 — 10 /g2(x)|VV(a:)\2eV(x)dx. (3.169)

Putting (3.167), (3.168) and (3.169) together gives (3.166). O
We conclude that (3.164) holds. The last step is to check assumption (i) in Theorem 3.5:
the operator

L= AL A, + G0y,

is coercive. In our case, this means verifying the following Poincaré inequality:

[ 1929008 + 1929000 = [ (96a.0) - 9 (3.170)
with
g= /g(x,v)du. (3.171)
Let us denote y = (x,v),
2
E(y) = % +V(z) —log Z, (3.172)
so that
w(dy) = e FPWay (3.173)
is a probability density. Let us note that the Hamiltonian F(y) satisfies the property
E 2
w(y) = % — AE(y) — 400 as |y| — +oo. (3.174)

This follows from assumptions (3.151) and (3.152) on V().

Lemma 3.9 Let E(y) € C*(R") be such that u(dy) given by (3.173) is a probability measure,
and (3.174) holds. Then the Poincaré inequality holds for all g € H'(p):

[ Vot Pants) = x [(at0) - 9dntw) (3.175)
with
g= / 9(y)du(y). (3.176)
Proof. Let g be a smooth compactly supported function and write
h
9(v) = hly)e" V", Vg = |Vh+ SVE|P0,
so that

/IVg )Py /|V9 )Pe FWdy > = /hZIVEdeJr/h(y)(Vh(y)-VE(y))dy

=1 [ [VELE - an]ay = [Py

= %/f(y)w(y)du(y)a

(3.177)
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with w(y) defined in (3.174). Let us take Ry > 0 sufficiently large, so that w(y) > 1if |y| > Ry,
and note that (3.174) implies that
1

e(R) = () WS B — 0 as R — +o00. (3.178)

Using (3.177) we can write

2 / IVg(y)Pdu(y) > g / 9°(y)du(y) — M 9°(y)du(y), (3.179)
lyl>R ly|I<R
with
M = maxlw(y)]-.

It follows that
/ Sty <22 / V() Pduly) + erM / () duly). (3.180)

Next, let assume, in addition, that

g= /g(y)du(y) = 0. (3.181)

Let also ur = (1/u(Bg))u be the the restriction of u to the ball B = B(0; R), normalized
to be a probability measure, set

_ 1
Jr = /g(y)d/m(y) = W(Br) /y|SRg(y)du(y),

and let pr be the Poincaré constant for pug. Note that pg is finite because pg is compactly
supported. We will show that the whole space Poincaré inequality (3.175) holds with a
constant  that is close to pg if R is large enough.

To see this, note that, as ug is a probability measure, the pugr-Poincaré inequality

/(g(y) —gr)°dur < pR/ \Vg(y)*dpg, (3.182)

can be written as
/ 9*(y)dur < pr / Va(y)Pdur + g%. (3.183)

Using the definition of g, this is simply

1 2 Pr 2 1 2
1(Br) /lngg (y)dp < (Br) /yKR\Vg(y)\ dps + M(BRV(/“,SRg(y)d”(y)) . (3.184)

Taking R sufficiently large, so that pu(Bg) > 1/2, we obtain

/|y<R 9> (y)dp < pr /|y|<R Vg(y)Pdu + 2(/|y<Rg(y)d,u(y)>2. (3.185)
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Recalling (3.181), we see that

(/yI<Rg(y)du(y)>2 = (/|y>Rg(y)du(y))2 < /|y>RgQ(y)du(y). (3.186)

Using this in (3.185) gives

/gQ(y)du SpR/|I<R|Vg(y)I2du+3/ 9*(y)du(y). (3.187)

lyI>R

Inserting this into (3.180), we obtain

/ )i < pr /| Vo) Pt 6 / Vo) Pdu(y) + enM / FW)du(y).  (3.188)

Taking R sufficiently large so that eg < 1/(2M), we arrive at

+6€R
>(y)dp < PR OR) / )%d 1
[ wn < B0 vy Pa (3.159)

finishing the proof. [J
We have now verified all assumptions of Theorem 3.5 for the kinetic Fokker-Planck equa-
tions, and the proof of Theorem 3.7 is also complete.

The maximum principle and spatial Fokker-Planck transport

We now describe a simple alternative way [22], based on the maximum principle, to see that
the solution to the spatial Fokker-Planck equation (3.1)

¢ =AD¢ —VV(2)- Vo, ¢(0,2) = ¢o(z), (3.190)
"spreads its mass around”, and a corresponding result for the dual equation
pr=28p+V - (pVV(x)), p(0,z) = po(x), (3.191)

Here, the constant v measures the strength of the potential. This method does not prove
convergence of the solution to (3.190) to a constant steady state, or that of (3.191) to the
invariant measure, but gives an idea behind the mixing mechanism and how it improves
for large v > 1. We will take a continuously differentiable radially symmetric increasing
potential V' (z) such that there exists dp > 0 so that

V'(r) >

e for all r > do, (3.192)

so that V/(r) has at least logarithmic growth as r — +oo. This condition is much weaker than
our previous assumptions for the kinetic Fokker-Planck equation. Note that if we take v > 0
sufficiently large, then we still have

/ e V@ dy < 400. (3.193)

62



Our goal will be to show by very simple methods that solutions to (3.190) spread fast if ~
is sufficiently large, without concerning ourselves with the much more precise question of the
convergence to an equilibrium.

Let us assume for the moment that the initial condition ¢y(x) is smooth, radially sym-
metric, and non-increasing in the radial direction, so that ¢(¢, x) remains radially symmetric.
In the radial coordinates (3.190) takes the form

b= 0"+ "R V(1) (3194)

Differentiating this equation and using the maximum principle we conclude that ¢'(¢,7) < 0
for all t > 0 and r > 0 if ¢o(r) is decreasing in the radial direction.
Recall that (3.190) preserves the weighted mass:

/(b(t,x)e_'yv(’”)dx = /qbo(x)e_'yv(’”)dx. (3.195)

In addition, for any » > 0 we have
d
@/ o(t,z)e "V Ddy :/ V. <€_7V($)V¢(t,$)>dl‘ = |0B, e VD g/ (¢, 1) < 0, (3.196)
BT B'r

so that the weighted mass inside each ball centered at the origin is decreasing in time, which
is a very primitive indicator of spreading.
We will prove the following spreading estimate.

Theorem 3.10 Assume that
do(x) > 1p, (z), (3.197)

with some 11 > 20y. Then there exist ¢ = c(r1) > 0 and vo(r1) such that for all v > vy we
have

¢(t,x) > clp . (x) (3.198)
for allt > 0.

Proof. It follows from the maximum principle that it suffices to prove this result for
¢o(7) = 15, (2), (3.199)

and this is what we will assume. Note that then ¢(t,z) is radially symmetric and satis-
fies (3.194). The first step is the following bound.

Lemma 3.11 There ezists yo(r1) so that if v > yo(r1) then

for all |x| =11/2 and t > 0. (3.200)

N | —

¢(t,x) >
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Proof of Lemma 3.11. We set g = r1/2 > dy. Observe that, as ¢(t, z) is radially symmetric
and decreasing in the radial direction, we have, for all x with |z| = ry:

ot 2) / eV Wy > / ot y)e Wy
R\ By, R™\ B,

= [ olty)e " Wdy— [ o(t,y)e "V Wdy = [ o(y)e VW dy — / o(t,y)e " Wdy
R” R B

BTO 70

gbo(y)e”v(y)dy — / ¢O(y)€—vV(y)dy

R\ B,

= / L, (y)e "V Wdy = / e VW dy.
R™\ By, By, \Bry
(3.201)

In the first step we used monotonicity of ¢(¢,x) in the radial variable, in the third step the
conservation law (3.195), in the fourth step we used (3.196), and in the next to last step we
used assumption (3.197) on the initial condition ¢g(x).

We claim that there exists 7o(ro) so that

> ¢0(y)6_7v(y)dy _
R” BdO

/ e V@ dg <2 / e V@ dy, (3.202)
R"\ By,

By \Brg

for all 4 > ~y(ro). To this end, note from (3.192) that there exists ¢; that depends on 7 so
that

VV(z)| =0,V > ci|z|™h, if |2] > 7o, (3.203)
so that for all z9 > z; > rg we have
V(z) — V(1) > ¢ log (?)
1

Multiplying by =, exponentiating and taking z; = r, zo = 2r gives

1 (2r) =V (r) > 2017,

so that 1

e V() < QCT@_VV(T), for all r > ry, (3.204)
and 1

e V) < T eV for all > 1y, (3.205)

Then we have

e V@ gy = / e V@) gy = 2’“”/ eV (@) gy
/ > >

Rn\B”’O k=0 BQk+1r0 \B2kr0 "1 \BTO

” (3.206)
2 - / e~ V@) dy < 2/ e‘”v(z)dx,
k=0 26 Bry \BTO BTl\BTO
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so that (3.202) holds, if v > (n + 1) /¢y, Using (3.201) and (3.202), we conclude that
o(t,x) > 1/2 for all |z| =ry and t > 0, (3.207)

and the proof of Lemma 3.11 is complete. [J

Next, we construct a sub-solution for ¢(¢,x). Take a convex and strictly decreasing func-
tion w(r) defined for r > r(, such that w(ry) = 1/2 and w(ry) = 0, and w(r) > 0 for r € (rg,71).
We look for a sub-solution to ¢(¢,x) in the form

E(t,z) = w(re + s(t) (x| — ro)), (3.208)
with a decreasing function s(¢) such that s(0) = 1. Note that at ¢ = 0 we have
¢(0,2) = 13, (x) > £(0,2) = w(|z|). (3.209)
We now compute, with z = rq + s(t)(|x| — 79):

(n—1s(t) ,

&= ALYV (@) - VE= 8 (0)(r — ro)(2) = 8* ()" (2) — ————w'(2) 3210
+ sV (1) (2) < 8/ (8)(r —ro)'(2) - ww(z) + C’”j(t) W (2).

In the last step we used the fact that w is convex and decreasing, and also that (3.192) implies
that there exists cy(rg) such that for all » > ry we have

V'(r) > e

r

In order for £(¢,x) to be a sub-solution for ¢(t, z), it suffices that the right side of (3.210) is
negative or, equivalently,

SO —rg) — _:)S(t) + C”;(t) > 0, (3.211)

just in the region where (¢, x) > 0, that is, for z < rq, or
T —To 1
s(t)  ~ s(t)

We used the assumption that s(t) < 1 above. As s'(t) < 0, it is sufficient to check that (3.211)
holds at r = r1/s(t), which is true if

r <o+ (3.212)

"o [coy + 1 —n]s?(t)

"(t >0 3.213
/()7 — s, (3213)
or o
s
— >0 3.214
with c3 that depends on r; and n, provided that v is sufficiently large. Hence, we may take
1
s(t) = (3.215)

V14 C4’)/t7
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with a sufficiently small ¢;. Thus, we have shown that £(¢, x) is a sub-solution for ¢(¢, x) and
we have

x| — 1o
tx Zw(r +—). 3.216
olt.0) = o+ S (3.216)
The conclusion of Theorem 3.10 now follows. [

To get the corresponding result for the density equation (3.191), let ¢(t,z) and p(t, z) be
the solutions to the backward and forward spatial Fokker-Planck equaitons

o =Ap—yVV(z)- Vo, ¢(0,2) = ¢o(x), (3.217)
and
pr=A8p+V - (pVV(z)), p(0,z) = po(). (3.218)
By the duality of these two equations, we have
d
— [ p(t—s,2)p(s,x)dx =0, (3.219)
ds R™
so that

| sttaontoriz = [ miw)ott.oyis (3.220)

The following corollary says that if the initial mass po(z) is located within distance L from
the origin, a non-trivial fraction of the total mass will enter the unit ball by a time of the
order t ~ L?/7.

Corollary 3.12 Let p(t,x) satisfy (3.218) with an initial condition py that satisfies po(x) > 0
and
/ po(z) dz = M.
1<[2|<L
Then there exist vy and c so that for all v > vy and t > L*/(c7y), we have
/ p(x,t)de > cM,. (3.221)
B

Proof. Let ¢(t,z) satisfy (3.217) with the initial condition ¢g(x) = 1p,(z). Theorem 3.10
and (3.220) imply that

/ p(t,x)dx = / po(x)o(t, z)dx > / po(x)o(t, z)dr > c/ po(z)dz = cMy,
B n 1<]e|<L 1<]e|<L

(3.222)
for all ¢ such that /eyt > L, if v > ~y. Here, ¢ and 7y are the constants in Theorem 3.10
corresponding to vy = 1. [
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