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We develop a functional-analytic approach to the study of the Kramers and kinetic Fokker—Planck equations
which parallels the classical H' theory of uniformly elliptic equations. In particular, we identify a function
space analogous to H' and develop a well-posedness theory for weak solutions in this space. In the case of
a conservative force, we identify the weak solution as the minimizer of a uniformly convex functional. We
prove new functional inequalities of Poincaré- and Hormander-type and combine them with basic energy
estimates (analogous to the Caccioppoli inequality) in an iteration procedure to obtain the C* regularity
of weak solutions. We also use the Poincaré-type inequality to give an elementary proof of the exponential
convergence to equilibrium for solutions of the kinetic Fokker—Planck equation which mirrors the classic dis-
sipative estimate for the heat equation. Finally, we prove enhanced dissipation in a weakly collisional limit.
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1. Introduction

1A. Motivation and informal summary of results. We develop a well-posedness and regularity theory
for weak solutions of the hypoelliptic equation

—Af+0-Vyf+v-Vif+b-Vof =f* inT? xR (1-1)

The unknown function f (x, v) is a function of the position variable x € T¢ and the velocity variable v € R%.
The PDE (1-1) is sometimes called the Kramers equation. We also consider the time-dependent version
of this equation, namely

0 f =Duf+v-Vof +v-Vof +b-Vyf = f* in(0,00) x T x R, (1-2)
which is often called the kinetic Fokker—Planck equation.
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These equations were first studied in [Kolmogorov 1934] and were the main motivating examples for
the general theory of [Hormander 1967] of hypoelliptic equations. They are of physical interest due to
their relation with the Langevin diffusion process formally defined by

X=b(X)—X+B, (1-3)

where X, X stand respectively for the first and second time derivatives of X, a stochastic process taking
values in R?, and B denotes a white noise process. Equation (1-3) can be interpreted as Newton’s law
of motion for a particle subject to the force field b(X), friction and thermal noise. This process can be
recast as a Markovian evolution for the pair (X, V) evolving according to

X=-V,
{V:-mm—v—B.
The infinitesimal generator of this Markov process is the differential operator appearing on the left side
of (1-1).

Kolmogorov [1934] gave an explicit formula for the fundamental solution of (1-2) in the case b =0 and
U = R4, which gives the existence of smooth solutions of (1-1) and (1-2) and implies that the operators
on the left sides of (1-1) and (1-2) are hypoelliptic—that is, if f is a distributional solution of either
of these equations and f* is smooth, then f is also smooth. This result is extended to more general
equations in the celebrated paper [Hormander 1967], where he gave an essentially complete classification
of hypoelliptic operators. In the case of the particular equations (1-1) and (1-2), his arguments yield a
more systematic proof of Kolmogorov’s results and, in particular, interior regularity estimates.

The study of hypoelliptic equations often falls back on the theory of pseudodifferential operators;
see for example Kohn’s proof [1973] of Hormander’s classical result [1967], which is included in the
monograph [Hormander 1985]. The purpose of this paper is rather to present a functional-analytic and
variational theory for (1-1) and (1-2) which has strong analogies to the familiar theory of uniformly
elliptic equations. In particular, in this paper we

« identify a function space thyp based on the natural energy estimates and develop a notion of weak
solutions in this space;

» prove functional inequalities for H}}yp, for instance a Poincaré-type inequality, which implies uniform
coercivity of our equations and holds not just on the spatial domain T¢ but on any C' domain;

« develop a well-posedness theory of weak solutions based on the minimization of a uniformly convex
functional;

 develop a regularity theory for weak solutions, based on an iteration of energy estimates, which implies
that weak solutions are smooth;

» prove dissipative estimates for solutions of (1-2), using the coercivity of the variational structure, which
imply an exponential decay to equilibrium.

Such a theory has until now remained undeveloped, despite the attention these equations have received

in the last half century. The definition of the space thyp is not new: it and variants of it have been



VARIATIONAL METHODS FOR THE KINETIC FOKKER-PLANCK EQUATION 1955

studied previously in [Baouendi and Grisvard 1968; Papanicolaou and Varadhan 1985; Carrillo 1998].
However, the functional inequalities and other key properties which are required to work with this space
are established here. A robust notion of weak solutions and corresponding well-posedness theory—besides
allowing one to prove classical results for (1-1) and (1-2) in a different way—is important because it
provides a natural framework for studying the stability of solutions (i.e., proving that a sequence of
approximate solutions converges to a solution). In fact, it is just such an application—namely, developing
a theory of homogenization for (1-2)—which motivated the present work. Furthermore, we expect that
the theory developed here will provide a closer link between the hypoelliptic equations (1-1) and (1-2)
and the classical theory of uniformly elliptic and parabolic equations, allowing, for example, for a more
systematic development of regularity estimates for solutions of the former by analogy to the latter. For
instance, it would be interesting to investigate a possible connection between the functional-analytic
framework proposed in this paper and the recent works [Wang and Zhang 2009; 2011; Golse et al. 2019;
Mouhot 2018], which develop De Giorgi—Nash-type Holder estimates for generalizations of the kinetic
Fokker—Planck equations with measurable coefficients.'

In the first part of the paper we address the well-posedness of (1-1) under a weak formulation based
on the Sobolev-type space H, hyp (T%), defined below in (1-10). In the case in which b is a potential field,
we provide two proofs of well-posedness. The first relies on the abstract Lax—Milgram theorem, while
the second identifies a uniformly convex functional that has the sought-after weak solution as its unique
minimizer. The identification of the correct convex functional is inspired by [Brezis and Ekeland 1976a;
1976b] on variational formulations of parabolic equations (see also the more recent [Ghoussoub 2009;
Armstrong et al. 2018]). The proof that our functional is coercive relies on a new Poincaré-type inequality
for H}} vp°
than the periodic setting in which we consider (1-1). Our convex-analytic arguments for well-posedness

see Theorem 1.3 below. The Poincaré inequality in fact holds in a much more general setting

can be immediately adapted to cover nonlinear equations such as those obtained by replacing A, f in
(1-1) with V, - (a(x, v, V, f)) for p — a(x, v, p) a Lipschitz and uniformly maximal monotone operator
(uniformly over x € T4 and v € RY).

Roughly speaking, the norm || - || H (V) is a measure of the size of the vector fields V, f and v-V, f, but
crucially, the former is measured in a strong L2L2 -type norm and the latter in a weaker L2 H, '-type norm
(see (1-10) below). The importance of measuring the vector fields V, f and v - V, f using different norms
also features prominently in other works including [Bouchut 2002], but only spaces of positive regularity
are considered there. Measuring the term v - Vy f in a space of negative regularity in the v-variable is
related to the idea of velocity averaging, the idea that one should expect better control of the spatial
regularity of a solution of (1-1) or (1-2) after averaging in the velocity variable. This concept is therefore
wired into the definition of the Hk}yp norm, allowing us to perform velocity averaging in a systematic

way. Once we have proved the existence of weak solutions to (1-1) in th we are interested in showing

yp’
that these solutions are in fact smooth. It is elementary to verify that the differential operators V, and

v - V, satisfy Hormander’s bracket condition, and therefore, as exposed in [Hormander 1967], a control

IWe refer to [Guerand and Imbert 2022; Anceschi and Rebucci 2022], which appeared after the first version of the present
paper.
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of both V, f and v- V, f in L)%L% would yield control of the seminorm of the function f in a fractional

Sobolev space of positive regularity, namely H' 2

L2. However, since the natural definition of the function
space H}fyp(U ) provides us only with control of v - V, f in a space of negative regularity in v, we are
forced to revisit the arguments of [Hormander 1967]. A key step there is an interpolation-type inequality
which converts the LJZC H ! control on v - V, f (i.e., “velocity averaged” regularity) and L)% Hv1 regularity
on f into LJZCL% regularity for a type of “fractional derivative” (v - V,)!/% £.2 With this interpolation in
hand, we then prove a functional inequality (see Theorem 1.4 below) which asserts that the thyp(U )
norm controls exactly one-third of a derivative in arbitrary x-directions in the space LiL% in a weaker
(Besov) sense, and almost one-third of a derivative in a stronger (Sobolev) sense. The one-third exponent
is identical to that in Hérmander’s paper and is sharp.

Once we have proved that an arbitrary thyp function possesses at least a fractional derivative in
the x-variable, we are in a position to iterate the estimate by repeatedly differentiating the equation a
fractional number of times to obtain higher regularity (and eventually smoothness, under appropriate
assumptions on b and f*) of weak solutions. In order to perform this iteration, we again depart from the
original arguments of [Hormander 1967] and subsequent treatments and rely on an appropriate version
of the Caccioppoli inequality (i.e., the basic L? energy estimate) for (1-1). This avoids any recourse
to sophisticated pseudodifferential operators and once again mimics the classical functional-analytic
arguments in the uniformly elliptic setting.

The developments described above and even the variational structure identified for (1-1) are not restricted
to the time-independent setting. Indeed, we show that they can be adapted in a very straightforward
way to the kinetic Fokker—Planck equation (1-2), the main difference being that the first-order part in
a “sum-of-squares” representation of the differential operator is now 9d; + v - V, instead of just v - V,.
The adaptation thus consists in replacing the latter by the former throughout; the natural function space
associated with (1-2), denoted by Hkl.

n’

is defined in (6-2)—(6-3). We also prove a Poincaré inequality
for functions in Hkljn which implies the uniform coercivity of the variational structure with respect to the
Hkm norm. This allows us to give a rather direct and natural proof of exponential long-time decay to
equilibrium for solutions of (1-2) with constant-in-time right-hand sides. This result (stated in Theorem 1.6
below) can be compared with the celebrated results of exponential convergence to equilibrium for kinetic
Fokker—Planck equations on R? with confining potentials; see in particular [Desvillettes and Villani 2001;
Hérau and Nier 2004; Helffer and Nier 2005; Eckmann and Hairer 2003; Desvillettes and Villani 2005;
Villani 2009; Baudoin 2017; Dolbeault et al. 2015]; see also [Camrud et al. 2022; Talay 1999; 2002;

2The analogous estimate for the heat equation is f € H, 2L

3When translatmg [Hormander 1967] into the present setting, the vector ﬁeld is X =0;+v-Vy, and for simplicity we consider
the “flat case” in which X| = V,,. The regularity along X is of index 1 5. while the regularity along X1 is of index 1. Then
Theorem 4.3 of [Hormander 1967] gives regularity along the commutator Vy = [X1, X(] of index 1 3. since 1/ ( ) =1/1 —|— 1/ ( )
In addition, the exponent % arises naturally in the following way: consider d; f +v - Vyf —eAyf =0 on Ry x RY x Rd.
Dimensionally speaking, [f] = M, [x] =L, [vl=L/T, and [¢] = =12 / T3. The above PDE has a two- -parameter scaling
symmetry which keeps ¢ fixed, namely, f — of (W231, ax, A1/3v), A, p > 0. Here, ¢ is considered “dimensionless”™: [¢] = 1,
that is, we identify L2 ~ T3. In this convention, the unique exponent « for which || (— A < f L2, has the same dimensions as
IVu £l 2., isa = 3 Furthermore, the “flat case” is the formal limit of (1-2) upon “zooming 1n
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Grothaus and Stilgenbauer 2015] for a probabilistic approach. Compared to previous approaches, our
proof of exponential convergence is once again closer to the classical dissipative argument for the heat
equation based on differentiating the square of the spatial L? norm of the solution. Informally, our method
is based on the idea that hypocoercivity is simply coercivity with respect to the correct norm.

1B. Statements of the main results. We begin by introducing the Sobolev-type function space Hh]yp

associated with (1-1). We let U € R? either be a bounded C' domain with boundary, or we consider the
boundary-less settings of R? itself or the torus T¢ with periodic boundary conditions. While we do not
prove unique solvability in H}}yp of the Dirichlet problem in bounded C' domains, we nonetheless can
prove the Poincaré inequality, so we study the two settings (with and without boundary) in tandem. We
denote by y the standard Gaussian measure on R¢, defined by

dy () := (27'()_‘1/2 exp(—%|v|2) dv. (1-4)

For each p €[1, co), we denote by L{,’ := LP(R?, dy) the Lebesgue space with norm

L/p
it = ([ 1rorarw)

and by H}} the Banach space with norm
1/ Ny = (LS + IV Uz 2
The dual space of H)} is denoted by H,, 1. By abuse of notation, we typically denote the canonical pairing
(',')H}}’Hy—l between f € H]} and f* € Hy_1 by
frrdy = Y g (1-5)
R v

Concerning the vector field b, we shall often make the following assumption. Throughout the rest of
the paper, we shall remind the reader when this assumption is in effect, or when we take more general
vector fields b.

Assumption 1.1. There exists W € C%!(U; R) such that b(x) = —V W (x) for almost every x € U.

Under the above assumption, we denote by do the measure on U defined by
do(x):=exp(—W(x))dx (1-6)
and by dm the measure on U x R? defined by
dm(x,v) :=do (x)dy (v) = exp(—W(x) — 1|v|*) dx dv. (1-7)

A consequence of this definition and integration by parts is the equality
[, @ vern +bw Vs vy dm =0 (1-8)
Td xR

for all smooth T?-periodic functions f.
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Given p € [1,00), U € R? and an arbitrary Banach space X, we denote by L?(U; X) the Banach
space consisting of measurable functions f : U — X with norm

1/p
I fllLr@w:x) = (/U | f(x, -)IIf(dx) )

It will occasionally be convenient to consider the space L2(U; X), which contains functions for which

1/p
I llrw.x) = (fU IIf (x, ')||§d0)

is finite. Notice that, on bounded domains, the above norms induced by dx and do are equivalent under

the norm

Assumption 1.1.
We define the space Hh'yp(U ) by

Hy o (U) :={f € L*(U: H)) :v-Vy f € L*(U; H, ")} (1-9)
and equip it with the norm
1, 0y = AUz + 10 Ve f U i) (1-10)

When b satisfies Assumption 1.1, it is natural to define the Hﬁyp norm with |[v-V, f+b- valng(U;H;l)
replacing [[v- Vi f|;2 W H Y in (1-9). The two norms are evidently equivalent on a bounded domain.

Given a bounded domain U € R? and a vector field b € L>®(U x RY)¢, we say that a function
fe thyp(U) is a weak solution of (1-1) in U x RY if,

forallhELz(U;H)}), / Vvh~vadxdy=/ h(f*—v-Vof—=b-Vyf)dxdy.
UxRd4 UxRd4

As in (1-5), the precise interpretation of the right side is
[ (5 =0V f BT Dy (-1
U

As mentioned previously, we assume throughout that the domain U € R? is bounded and has a C'!
boundary, or that U = T¢ with periodic boundary conditions or U = R% In the case U # T¢, R% we
denote by ny the outward-pointing unit normal to dU and define the hypoelliptic boundary of U by

IypU = {(x,v) € 3U x R? 1 v-ny(x) < 0}.

We denote by thyp,O(U ) the closure in thyp(U ) of the set of smooth functions with compact support in
U x R? which vanish on OnypU.

We give a first demonstration that H}}yp(U ) is indeed the natural function space on which to build a
theory of weak solutions of (1-1) by presenting a well-posedness result for the Kramers equation.

Theorem 1.2 (well-posedness of the Kramers equation). Let b satisfy Assumption 1.1, and let f* €

L(T¢; Hy_ 1Y be such that f de wre S (x,v) dm=0. Then there exists a unique weak solution f € Hh]yp (T9)



VARIATIONAL METHODS FOR THE KINETIC FOKKER-PLANCK EQUATION 1959

to the Kramers equation
A f+v-Vof+v-Vof+b-Vyf=f* inT!xR?, (1-12)

with f foRd f(x,v)dm = 0. Furthermore, there exists a constant C (b, d) < 0o such that f satisfies the
estimate

||f||H}:yp(Td) < C”f*”LZ('ﬂ'd;Hy—l)- (1-13)

We next give an informal discussion regarding how one could naively guess that thyp is the “correct”
space for solving (1-1), and how our proof of Theorem 1.2 will work. We take the simpler case of matrix
inversion in finite dimensions as a starting point. Given two matrices A and B with B skew-symmetric
and a vector f* consider the problem of finding f such that

(A"A+B)f = [, (1-14)

where A* denotes the transpose of A. We propose to approach this problem by looking for a minimizer
of the functional

finfll(Af — g, Af —g): A*g = f*— Bf},

where (-, -) denotes the underlying scalar product. It is clear that the infimum is nonnegative, and if f is
a solution to (1-14), then choosing g = Af shows that this infimum is actually zero (null). Moreover,
since B is skew-symmetric, whenever ( f, g) satisfy the constraint in the infimum above, we have

HAf—g Af —g) = 3(Af. Af) +3(8. &) — (. [). (1-15)

The latter quantity is clearly a convex function of the pair (f, g). The point is that under very mild
assumptions on A and B, it will in fact be uniformly convex on the set of pairs (f, g) satisfying the
(linear) constraint A*g = f* — Bf. Informally, the functional in (1-15) is coercive with respect to the
seminorm (f, g) = |Af|+|g|+|A(A*A)"!Bf].

With this analogy in mind, and assuming that b vanishes for simplicity, we rewrite the problem of
finding a solution to (1-1) (with b = 0) as that of finding a null minimizer of the functional

innf{Al R[%|va—g|2dxdy:ng:f*—v.vxf}, (1-16)

where VI F := —V, - F +v - F is the formal adjoint of V, in L)Z,. It is clear that the infimum above is
nonnegative, and if we are provided with a solution f to (1-1) (with b = 0), then choosing g =V, f
reveals that this infimum vanishes at f. This functional gives strong credence to the definition of the
space Hl}yp(U ) given in (1-9). Using convex-analytic arguments, we show that the mapping in (1-16) is
uniformly convex, and that its infimum is null. This implies the well-posedness of the problem (1-1) with
b = 0. The proof of coercivity relies on the following Poincaré-type inequality for thyp(U ).

For every f € LY(U; L}/), we define (f)y := lU|~! foR,, f(x,v)do(x)dy (v). For the purposes of
the Poincaré inequality, we may set U = T¢ or U € R a general C' domain. See Proposition 3.3 and
[Cao et al. 2023] for an extension to the case U = R with a confining potential.
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Theorem 1.3 (Poincaré inequality for thyp). ForU=T0orU CR?qa general bounded C U domain,
there exists a constant C(U, d) < 0o such that, for every f € thyp(U ), we have

f— (f)U“LZ(U;L]z/) < C(”va”Lz(U;L%) +lv- VXf”LZ(U;Hy_]))' (1-17)

Moreover, if in addition f € thyp o(U), then we have
1Al 2@w:e2y < CUNV fll2w:ezy + 10 Vi fll 2w, 1) (1-18)

The inequality (1-17) asserts that, up to an additive constant, the full thyp(U ) norm of a function f is
controlled by the seminorm

[[f]]Hh]yp(U) = ||va||L2(U;L12,) + ||1) 'VXfHLZ(U;Hy_l)'

In particular, any distribution f with [ f] HL () <0 is actually a function, which moreover belongs
to LﬁL}z,. The inequality (1-18) is a then simple extension which shows that for functions which vanish
on the hypoelliptic boundary, the full Hh‘yp
The proof of Theorem 1.3 thus necessarily uses the Hormander bracket condition, although in this case

norm is controlled by the seminorm.

the way it is used is rather implicit. If we follow Hormander’s ideas more explicitly, then we obtain more
information, namely some positive (fractional) regularity in the x-variable. This is encoded in the following
functional inequality, which we call the Hormander inequality. The definitions of the fractional Sobolev
spaces H“ used in the statement are given in Section 3B; see (3-30). The Besov space le/x 3(U ) is defined
in (2-13) in Section 2C and measures difference quotients in the spatial variable x of fractional order %

Theorem 1.4 (Hormander inequality for thyp). Let a € [(), %) and let U =T or U = RY. There exists a
constant C (o, d) < 0o such that, for every f € H}fyp(U ), we have the estimate

||f||H“(U;L§) < C“f”thyp(U)- (1-19)
For o = % we have the estimate
£l g5 < €Ly, - (1-20)

The inequality (1-19) gives control over a norm with nonnegative regularity in x and v. The estimate
should be considered as an interior estimate in x; in other words, for U a general domain and any f €
Hh]yp(U ), we can apply the inequality (1-19) after multiplying f by a smooth cutoff function which
vanishes for x near dU.

Our next main result asserts that weak solutions of (1-1) are actually smooth. This is accomplished by
an argument which closely parallels the one for obtaining H¥ regularity for solutions of uniformly elliptic
equations. We first obtain a version of the Caccioppoli inequality, that is, a reverse Poincaré inequality,
which states that the thyp seminorm of a solution of (1-1) can be controlled by its L? oscillation (see
Lemma 5.1 for the precise statement). Combined with Theorem 1.4, this tells us that a fractional spatial
derivative of a solution of (1-1) can be controlled by the L? oscillation of the function itself. This estimate
can then be iterated: we repeatedly differentiate the equation a fractional amount to obtain estimates of



VARIATIONAL METHODS FOR THE KINETIC FOKKER-PLANCK EQUATION 1961

the higher derivatives of the solution in the x-variable; we then obtain estimates for derivatives in the
v-variable relatively easily.

Notice that the following statement implies that solutions of (1-1) are C* in both variables (x, v)
provided that the vector field b is assumed to be smooth. For convenience, in the statement below we use
the convention C~1! = L,

Theorem 1.5 (interior Sobolev regularity for (1-1)). Letk € N, r € (0, 00) and b € C11(B, x RY; RY).
There exists a constant C < 00 depending on

d, k,r, |bll k1.1 (B, xrd:rd))

such that, for every f € thyp(B,) and * € L*(B,; Hy_l) satisfying
—Af+v-Vof+v-Vof+b-V,f = f* inB, xR, (1-21)

the following holds: if 3% f* € L*>(B,; Hy_l) for all multi-indices o € N? x N? with || < k, then we have
0°f € thyp(Br/z) and the estimate

10% Fll g, (5,0 < CULF = (D 2y + D 108 7Nl g, i)
|BI<k

for all multi-indices @ € N x N¢ with |a| < k.

The results stated above are for the time-independent Kramers equation (1-1). In Section 6, we develop
an analogous theory for the time-dependent kinetic Fokker—Planck equation (1-2) with an associated
function space Hklin (defined in (6-2)—(6-3)) in place of thyp. In particular, we obtain analogues of the
results above for (1-2) which are stated in Section 6.

The long-time behavior of solutions of (1-2) has been studied by many authors in the last two
decades: see [Desvillettes and Villani 2001; Hérau and Nier 2004; Helffer and Nier 2005; Eckmann and
Hairer 2003; Desvillettes and Villani 2005; Villani 2009]. Most of these papers consider the case in
which b(x) = —VW (x) for a potential W which has sufficient growth at infinity, in which case dm is an
explicit invariant measure, and solutions of (1-2) can be expected to converge exponentially fast to the
constant which is the integral of the initial data with respect to the invariant measure. This setting is in
a certain sense easier than the Dirichlet problem, since one does not have to worry about the boundary.
While our methods could also handle this setting, we formulate a result for the exponential convergence
of a solution of the Cauchy-Dirichlet problem with constant-in-time right-hand side to the solution of the
time-independent problem.

Theorem 1.6 (convergence to equilibrium). Let U € RY be a C! domain and b € L°>°(U; C%'(R4))%
There exists A(||b|| o xray, U, d) > 0 satisfying the following property. Let f* € L*(U; H)jl). Suppose
that foo € Hy, o(U) solves (1-12), and that, for every T € (0, 00), f € Hy;,((0, T) x U) solves

ia,f Apf+v-Vof+v-Vif+b-V,f=f* in(0,T)xU xR, (1-22)

f=0 on (0, T) x dpypU,
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where the boundary condition is satisfied in the sense that [ € Hklin,H ((0, T) x U).* Then, foreveryt >0,
we have

1) = feoll2w; 2y < 2exp(=ADI1f (O, -) = fooll 2w 12)- (1-23)

Notice that interior regularity estimates immediately upgrade the L? convergence in (1-23) to conver-
gence in spaces of higher regularity (at least in the interior) with the same exponential rate.

Unlike previous arguments establishing the exponential decay to equilibrium of solutions of (1-2)
which are based on differentiation of perhaps nontransparent quantities involving the solution and several
(possibly mixed) derivatives in both x and v, the proof of Theorem 1.6 we give here is elementary and
close to the classical dissipative estimate for uniformly parabolic equations. The essential idea is to
differentiate the square of the L? norm of the solution and then apply the Poincaré inequality. We cannot
quite perform the computation exactly like this, and so we use a finite difference instead of the time
derivative and apply a version of the Poincaré inequality adapted to the kinetic equation in a thin cylinder
(see Proposition 6.2). Unlike previous approaches, our method therefore relates the positive constant A
in (1-23) to the optimal constant in a Poincaré-type inequality. One caveat of Theorem 1.6 is that, while
we have a hypoelliptic Poincaré inequality in the above setting, we do not yet have a well-posedness
theory in Hklin except when U = T¢.

Finally, we prove an enhanced dissipation estimate for solutions to the kinetic Fokker—Planck equation
on the torus T¢ with no right-hand side and b = 0 in a weakly collisional limit ¢ — 0T. The PDE satisfied
by f when initial data fi, is given then becomes

{atf—i—v-fo:s(Avf—v-va) in (0, 00) x T4 x R?, (1-24)
f|t=0 = fin~
The spatial averages fayg(Z, v) := fw f(, x,v)dx satisfy

atfavg = 8(Avfavg —UvU- vvfavg) (1-25)

1

and decay only on the dissipative timescale Tg ~ ¢~ ', as can be seen by rescaling ¢ in (1-25). In the

setting of (1-24), enhanced dissipation is the observation that f — f,y, decays on the faster timescale
Tc ~ g~ 173

Theorem 1.7 (enhanced dissipation). There exist constants C(d) < oo and c(d) > 0 such that, for every
¢ € (0,11, initial data fin € L*(T?; L?) satisfying

f fin(x,v)dx =0 forallveR, (1-26)
T4
and for f the unique solution of (1-24) constructed in Proposition 6.10, we have

L@ 22y < Cl finll 2,12y exp(—ce™ Pn). (1-27)

4H]2in“‘((0, T) x U) is defined to be the closure of test functions C®°([0, T]; U) vanishing on the lateral part of the
hypoelliptic boundary; see Section 6E.
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When enhancement cannot be extracted directly from an explicit solution formula, it is often approached
by hypocoercivity techniques, which were developed in [Villani 2009] in the context of kinetic theory;
see also [Guo 2002]. These methods were adapted to the context of fluid dynamics in work of Gallagher,
Gallay, and Nier [Gallagher et al. 2009], Beck and Wayne [2013], and Bedrossian and Coti Zelati [2017].
In joint work of the first and last authors with Beekie [Albritton et al. 2022], we demonstrated enhancement
for solutions of certain advection-diffusion equations (passive scalars in shear flows) by methods which
adhered more closely to Hormander’s original paper [1967]. In particular, the H}}yp framework presented
here was readily extended to problems requiring more brackets to span the tangent space. Theorem 1.7,
which is inspired by [Albritton et al. 2022], follows from an appropriate time- and e-dependent version of
the Hérmander inequality from Theorem 1.4.

In principle, one may also prove (1-27) with b satisfying Assumption 1.1; see Remark 6.14. It would
be interesting to understand this method in the context of the Boltzmann and Landau equations.

1C. On unique solvability of the Dirichlet problem. There is a subtle point in the analysis of the Dirichlet
problem for (1-1) on general domains U which is due to the fact that we should prescribe the boundary
condition only on part of the boundary, namely Oy, U := {(x, v) € 90U x R :v-ny(x) <0}, where ny
denotes the outer normal to U. There is a difficulty coming from the possibly wild behavior of the trace of
an thyp function near the singular set {(x, v) € AU x R? : v-ny(x) = 0}, sometimes called the grazing

set. The following question remains open:’

Question 1.8. Does there exist C(U, d) < oo such that, for every f € C§°(U x R%),

2 2
v-nyldxdy <C ?
,/QUXRd f | U| Y ”f”thyp(U)

In the case of one spatial dimension (d = 1), this difficulty has been previously overcome and the
well-posedness result was already proved in [Baouendi and Grisvard 1968]. A generalization to higher
dimensions was announced in [Carrillo 1998], but we think that the argument given there is incomplete
because the difficulty concerning the boundary behavior was not satisfactorily treated. This is explained
in more detail in Appendix A of the original version [Armstrong and Mourrat 2019] of the present work.
A different way to phrase the main difficulty is discussed in Remark 4.3.

The original version [Armstrong and Mourrat 2019] of this paper contained an error in the treatment
of the Dirichlet and Cauchy-Dirichlet problems for the Kramers and kinetic Fokker—Planck equations,
respectively.® We were unable to repair the proof; see Remark 4.3 below. In this version, we only prove
unique solvability on the torus. It remains an interesting open question whether unique solvability holds
with boundary in the natural H}}yp class.

In the intervening years, we succeeded in improving the results in other ways. Foremost, we sharpened
the Hormander-type inequality from o = %— to o = %— without cutoffs in the velocity variable. The
second and third authors view this as a significant strengthening of the paper, essentially due to the first

STt is not difficult to define a pointwise a.e. trace away from the singular set, see Lemma 4.3 in the original version [Armstrong
and Mourrat 2019] of this paper on arXiv, but apparently this has limited usefulness.
6See two equations below (4.20) in the original version on arXiv (“Arguing as in for the last term in (4.19)...”).
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and fourth authors. This allows us to prove enhanced relaxation to equilibrium, which was not contained
in the first version of the paper. There have also been many works revisiting [Hormander 1967] and
at least partially inspired by the first version; see [Bedrossian et al. 2022; Bedrossian and Liss 2021;
Armstrong et al. 2018; Guerand and Imbert 2022; Anceschi and Rebucci 2022; Brigati 2023; Cao et al.
2023; Lu and Wang 2022].

1D. Outline of the paper. In the next section we present the function space Hh]yp(U ) and its important
properties, as well as the Besov spaces used in the Hormander inequality. In Section 3 we prove the
functional inequalities stated in Theorems 1.3 and 1.4 and establish the compactness of the embedding
of H!

hyp
the Dirichlet problem for the Kramers equation. The interior regularity of solutions, and in particular

(U) into L*(U; LJZ/). In Section 4 we give two proofs of Theorem 1.2 on the well-posedness of

Theorem 1.5, is obtained in Section 5. Finally, in Section 6 we prove the analogous results for the kinetic
Fokker—Planck equation (1-2) as well as the exponential decay to equilibrium (Theorem 1.6) and the
enhancement estimate (Theorem 1.7).

2. Function space basics

In this section, we establish some basic properties of the function space thyp(U ) defined in (1-9)—(1-10)
and introduce several Besov-type spaces which will be necessary for the proof of the Hormander inequality.

2A. Properties of H)} and H, I We start by setting up some notation that will be used throughout the
paper. We denote the formal adjoint of the operator V,, by V; that is, for every F e (H]})d, we define

ViF:=-V,-F+uv-F. 2-1)

This definition can be extended to any F € (L)Z/)d, in which case V' F € Hy_ !"and we have, for every f € H 1

/ fV:de:/ Vof-Fdy.
R4 R4

Recall that the left side above is shorthand notation for the duality pairing between H)} and H, I We
denote the average of a function f € L)l, by

(fly:=1[ fdy. (2-2)

R4

Since 1 € H]}, the definition of (f), can be extended to arbitrary f € H, !. The Gaussian Poincaré
inequality states that, for every f € H,

If = oyl < TVofllez.

We can thus replace || f| L by [(f),| in the definition of H]} and have an equivalent norm:

)y P+ IV Iz, < I Iy <20y P +31V £z,

This comparison of norms has the following counterpart for the dual space H,~ L
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Lemma 2.1 (identification of H, 1). There exists a universal constant C < 0o such that, for every f*e H,/ L
—1 . X
CNS M SKS )yl +inf{llRl 2 - ViR = 5= (f7)y} S CIS g (2-3)
Proof. The bilinear form

(f, ) <f>y<g>y+‘/Rd Vof-Vygdy

is a scalar product for the Hilbert space H}}. By the Riesz representation theorem, for every f* € H, L
there exists g € H}} such that,

forall f e H!, /Rdff*dy=(f)y(g)y+/;yvuf-vugd)/.

(Recall that the integral on the left side is convenient notation for the canonical pairing between H}}
and Hy_l.) We clearly have (g), = (f*),, and thus

|<g>y|2+/w IVogl® dy < lighay L1l -

1s 1implies that ||Vygllr2 < -1, and since w8 = fr— , this proves the rightmost
This implies that ||V, g]|| 2 < C| *||Hy d si ViV f*=(f*)y, thi he righ
inequality in (2-3). Conversely, for any h € L2, if

f = +Vh,
then, for every f € H 1

/d ff*d)/‘ SHO I IV fllzz Rl gz

and thus the leftmost inequality in (2-3) holds. U

We often work with the dual pair of Banach spaces L>(U; H)}) and L>(U; H/ 1. With the identification
given by Lemma 2.1, we have

”f*”LZ(U;HV_') ~ 1)y 2w +inf{llgll2w;2) : Vig= "= (")}, (2-4)

in the sense that the norms on each side are equivalent.
For convenience, for every f € LY(U; LJI/), we use the shorthand notation

(P = IUllf fx,v)do(x)dy (v). (2-5)

UxRd
We will occasionally also use this notation in the case when f depends only on the space variable x, in
which case we simply have (f)y = U|~! fU fdo(x).
In the proof of the Hérmander inequality, it will be beneficial to understand which type of finite
differences are controlled by || f|| H)- Recall that

dy (v) := (2m)~* exp(—1|v|*) dv.
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The fundamental issue is that y (- + &) is not comparable to y, above and below, uniformly in v. For
instance, while the translation of the measure y by a fixed vector y € R? is absolutely continuous with
respect to y, the associated Radon—Nikodym derivative is unbounded (unless y = 0). This distinguishes
Gaussians from e~ %, for example, and changes the finite difference characterization of the space

[ Vyu ||L2(U;L§),
since its finite difference characterization is not in the seminorm

sup ™! [lu(x, v+ h) —u(r, ) 2w )
h>0

Towards an appropriate characterization, we first note that a consequence of the logarithmic Sobolev
inequality and the Gaussian Poincaré inequality is the estimate
|||U|M||L2(U;L§) S ||Vvu||L2(U;L§) (2-6)

for functions u satisfying (u), = 0; the reader may consult (3-35) and the ensuing discussion for details.
The inequality (2-6), together with the product rule, gives

1/2
Vo @y ) 2w 2@y S IVotl 222 ey

and since the left-hand side has a finite difference characterization, we have

sup [l uGx, v+ Ry 2@ +R) — w0y PO pwieen) S IVl ez QD
heR9\{0}

We refer to [Lunardi 2018] for further discussion.

2B. Density of smooth functions in Hl}yp. We show that the set of smooth functions is dense in thyp.

Proposition 2.2. The set C° (U x RY) of smooth functions with compact support in U x R? is dense in
Hy (V).

Proof. We focus on the case when U C R< is a bounded C! domain. When U = T¢, the proof can be
done more simply by cutting off in v and mollifying.
We decompose the proof into three steps.

Step 1: In this step, we show that it suffices to consider the case when U satisfies a convenient quantitative
form of the star-shape property. For every z € dU, there exist a radius » > 0 and a C' function
¥ e CY(R?!; R) such that, up to a relabelling of the axes, we have

UNBz,r)={x=(1,...,x9) € B(z,r):xg>VY(x1,...,x5-1)}.

Since W is a C! function, there exists § > 0 such that for every x € U N B(z, r), we have the cone
containment property

{x+y:|yl|>1—5}mB(z,r)gU. (2-8)
y
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Setting
Z/:z+(0,...,0, %) cRY,

and reducing 6 > 0 if necessary, we claim that, for every x € U N B(z, 8% and e € (0, 1], we have
B(x —e(x —7)),8%) C U. (2-9)
Assuming the contrary, let y € R? be such that

x+yeBx—ex—12), 8% \U.
Then
ly+e(x —2) < 8%,
and therefore
=g, 0. D) <[y +ec—a—e(0,....0, L) [ +elx 2l
<ly+e( =) +elx —z] <28%.
Taking § > 0O sufficiently small, we arrive at a contradiction with the cone property (2-8). Now that (2-9)
is proved for every x in a relative neighborhood of z, and up to a further reduction of the value of § > 0 if
necessary, it is not difficult to show that one can find an open set U’ containing z and 7z’ and such that
(2-9) holds for every x e UNU'".

Summarizing, and using the fact that U is a bounded set, we have shown that there exist families of
bounded open sets Uy, ..., Uy C R4, points xi, ..., Xy € R? and a parameter r > 0 such that

M
v=|Ju
k=1

and forevery k € {1,..., M}, x € Uy and ¢ € (0, 1],
B(x —e(x —xi), re) C Uy.

By using a partition of unity, we can reduce our study to the case when this property is satisfied for the
domain U itself (in place of each of the Uy ’s). By translation, we may assume that the reference point x;
is at the origin, and by scaling, we may also assume that this property holds with » = 1. That is, from
now on, we assume that, for every x € U and ¢ € (0, 1], we have

B((1—-¢)x,e)CU. (2-10)

Step 2: Let f € thyp(U ). We aim to show that f belongs to the closure of the set C(?O(U x R?) in
thyp(U ). Without loss of generality, we may assume that f is compactly supported in U x R% Indeed, if
x € C*(R?; R) is a smooth function with compact support and such that x = 1 in a neighborhood of the
origin, then the function (x, v) — f(x, v) x (v/M) belongs to Hh]yp(U ) and converges to f in Hh‘yp(U )
as M tends to infinity.

Letz eC éx’(IRd; R) be a smooth function with compact support in B(0, 1) and such that fRd c=1.
For each ¢ > 0 and x € R? we write

Ce(x) =2 ¢(e7 ), 2-11)
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and we define, for each ¢ € (0, %], x €U and v € R4,

£olx,v) = /r; F((1L=e)x + y. )8 (y) dy.

Note that this definition makes sense by the assumption of (2-10). The goal of this step is to show that f
belongs to the closure in thyp(U ) of the convex hull of the set { fe:€€ (O, %] } By Mazur’s lemma (see
[Ekeland and Temam 1976, page 6]), it suffices to show that f, converges weakly to f in Ht}yp(U ). Since
it is elementary to show that f. converges to f in the sense of distributions, this boils down to checking
that f; is bounded in thyp(U ). By Jensen’s inequality,

IV fell fe) < / f Vo fIP((1 = £)x +, v)¢(v) dy dx dy (v)
Y UxRd JR4
<A=& IV S22y

In order to evaluate ||v - fosHL?(U;H;')’ we compute, for every ¢ € L*(U; H}}),

/ v-Vifepdxdy =1 —¢) / v-Vif(I=e)x+y,0)e(ex,v)dydxdy(v)
U xR UxRd JR4

X

=<1—s)‘—df fv-vxf<x+y,v>¢g(y)<p(1 w)dydxdy(v)
UxRd JR — €

=/ / v-fo(y,v)s“e(y—X)w(lx
UxRd JRA —¢€

Since, by Jensen’s inequality,

/ /§a(y—X)<p( a ,v)dx
Uxkd|Ju I—e¢
/ fé“s(y—X)Vv<p( a ,v)dx
Uxrd|JU 1—¢

we deduce that
f v Vifepdxdy <(1 —e)! P2y Viflewmnlelew:m)y»
U xR

, v) dydxdy (v).

2
dydy ) < (1=&) N9l 2, 12,

as well as
2

dydy () < (1= &) Vol 2,12y

and therefore

1— 8)1_3d/2|

||U'V)Cf€”L2(U;Hy—1) <( |v'vxf||L2(U;Hy_l)‘

This completes the proof that the set { £, : £ € (0, 3]} is bounded in thyp(U ), and thus that f belongs to
the closed convex hull of this set.

Step 3: It remains to be shown that for each fixed ¢ € (0, %], the function f; belongs to the closure in
thyp(U) of the set Cé’o(lj x R?). For every n € (0, 1], we define

Sen(x,v) = /Rd fe(x, w)g;(v —w) dw

= /Rd /[Rd SO, w)t(y—(1 _8)x)§77(v_w)dydu),
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From the last expression, we see that f; , belongs to C 5’0(17 x R?) (recall that f itself has compact
support in U x RY). Moreover, since V, fe € L*(U; L]z/) and

Vo oy (s v) = /R Vo o, v — w)gy (w) dw,

it is classical to verify that V, f; , converges to V, f; in L*(U; L}z,) as n tends to 0. By the definition of
fe and the fact that f; is compactly supported, we have that v - V, f; € L*(U; L}z,). The same reasoning
as above thus gives that v- V, f; , converges to v- Vy f; in L*(U; L)Z/), and thus a fortiori in L>(U; Hy_l)
as 7 tends to 0. This shows that

%1_{% ”fs,n - fs”thyp(U) =0
and thus completes the proof of the proposition. O

2C. Besov spaces. We shall use the following Besov-type spaces in the proof of the Héormander inequality.
The first of these spaces measures fractional regularity along the vector field v - V,, while the second
measures fractional regularity along V,. As the Hormander inequality is an interior estimate, we only
consider these spaces in the cases that U = R or U = T To lighten the notation, we may frequently

write || - || 02 rather than || - || 02 as the choice of U = R?, T¢ plays no role in the argument. The Q

wy
stands for “quotient”.

Definition 2.3. For measurable f : U x RY — R, we define

L2 0”2

L -Vx (U) =

sup // » (f (x+n’v,v) — f(x,v)* dy (v) dx. (2-12)
Ux

0O<n<oo 77

Definition 2.4. For measurable f : U x RY — R, we define

Hfﬂgwah = e /y‘ (f x40y v) = fx,0)* dy (v) dx. (2-13)

x'esd-1

3. Functional inequalities for H,

In this section we present the proofs of Theorems 1.3 and 1.4.

3A. The Poincaré inequality for H, hyp
inequality for the space thyp(U ). The proof requires the following fact regarding the equivalence (up to

We begin with the proof of Theorem 1.3, the Poincaré-type

additive constants) of the norms [|A| 2y and [[VA| g1

Lemma 3.1. Let U be a Lipschitz domain or U = T% Then there exists C(U, d) < oo such that, for every
heL*(U),
Ilh—Mullzwy < CIVARIlg-1v)-

Proof. We begin by considering the case U is a Lipschitz domain. Without loss of generality, we assume
(h)y = 0. We consider the problem

iV-f:h inU, G-1)

f=0 on dU.
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Bogovskii’s operator [1980] (see also [Galdi 2011, Section II1.3]) guarantees the existence of a solution f
with components in HO1 (U) satistying the estimate

I f 1wy < Cllkll 2y (3-2)

Then we have
||h||iz(U)=/UhV'f=—fUVh'f< IVAI -1y | f L1y

The conclusion then follows by (3-2). In the case U = T¢, the estimate follows from classical Littlewood—
Paley estimates, and we omit the details. O

Proof of Theorem 1.3. Let f € th (U). In view of Proposition 2.2, we can without loss of generality

yp
assume that f is a smooth function. We decompose the proof into five steps.

Step 1: We show that
If =Py lew:zy < Vo fllew;es)- (3-3)

By the Gaussian Poincaré inequality, we have for every x € U that
1 Gy ) = (Fhy Oz < Vo f e, ) llg2 -

This yields (3-3) after integration over x € U.
Step 2: We show that

IVl < CUV fllew: 2y + 110 Vi Fll 21 (3-4)
We select &, ..., & € C°(RY) satisfying
/ v&i(v) dy (v) = e, (3-5)
Rd
and, for each test function ¢ € HO1 (U)andi €{l1,...,d}, we compute
[ 3801, dx
U

_ / VW ), W W) dx dy
U x R4

_ f 0V 0 W) dx dy )+ /U VW @) = () ) W) dx dy ).
U xRd x[Rd

To control the first term on the right side, we perform an integration by parts to obtain

/ . v-Vip(x) f(x, v)§i (v) dx dy (v) / . d(x)& () v- Vi fx,v)dxdy(v)
UxR4 UxR4

S Cllo&ill 2w apllv- Ve Fll 2,y
S Clolleeanléillullv- Ve fll 2, a0
<

C||¢||L2(U)||U‘fo“LZ(U;H;l)'
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To control the second term, we use (3-3) and the fact that & has compact support:

/L./ WY Vi () (f (x, v) = (f)y (x))§i (v) dx dy (v)

< C/UXRd [0 1& W[V (O] f(x, v) = (f)y ()| dx dy (v)
S Clllm anIVo fll2w; r2)-
Combining the above displays and taking the supremum over ¢ € HO1 (U) with [|¢]l g1y < 1 yields (3-4).
Step 3: We deduce from Lemma 3.1, (3-3) and (3-4) that
If = Dulleew: 2y < I = Fiylleew: ) + 1)y = (Dullew)
S I =Py lieew:zy + CIVIAy -1 w)
<

C(”va”Lz(U;LJZ,) +v- VXf”Lz(U;Hy_]))‘
This completes the proof of (1-17).

Step 4: The remaining steps are specific to the case with boundary. To complete the proof of (1-18), we

must show that, under the additional assumption that U # T¢ and f € Hl}yp,O(U ), we have

(Nl < CAVufllew;ezy vVl 2, my)- (3-6)
Let f; be a test function belonging to Cfo(ﬁ x R9), to be constructed below, which satisfies

fi=0 on (AU x RY)\ dnyp(U), (3-7)

f/ v-Vifidydx =1 (3-8)
U JRd

and, for some constant C(U, d) < oo,
Iv- Ve fill 2wz < C. (3-9)

The test function f; is constructed in Step 5 below. We first use it to obtain (3-6). We proceed by
using (3-8) to split the mean of f as

(f>U=f/ fv-vxfldydx—f/ (f = (Fo)v- Vo fi dy dx
U JR4 U JRA

and estimate the two terms on the right side separately. For the first term, we have

fU Rdfv-foldya’x

Z‘—f flU‘fodde"i‘L/ /(U'nU)ffldde
U Jrd Ul Jyu Jra

’

fU Rdflv-fodydx

where we used that (v-ny) ff) vanishes on dU x R? to remove the boundary integral. (Recall that by
the definition of thyp,o(U ), we can assume without loss of generality that the function f is smooth, so
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the justification of the integration by parts above is classical.) We thus obtain

fU/Rdflv-fodydx

This completes the estimate for the first term. For the second term, we use (3-9) to get

1
< m“fl ||L2(U;Hy1)||v ) VXf”Lz(U;H;l)'

If = (Dullezw;ellv- Ve fill w; 2y
Cllf = (Nullrw;rz),

which is estimated using the result of Step 3. Putting these together yields (3-6).

‘f/kf—qwnwWﬁdwm
U JRI

NN

Step 5: We construct the test function f| € CSO(U x R%) satisfying (3-7), (3-8) and (3-9). Fix xg € 0U,
where ny (x) is well-defined. Since the unit normal ny is continuous at xg, there exist vy € R? and
r > 0 such that for every x, v € R4 satisfying (x, v) € (B, (xp) NoU) x B, (vg), we have v-ny(x) > 0. In
other words, every (x, v) € (B,(xo) N9U) x B,(vp) is such that (x, v) € dpypU. Observe that, for every
fie CSO(IR{d x R?), we have

1
f/dv-vxfldydxz— (w-ny)fidy dx.
U JR

U Jou Jre

We select a function fi € C2° (R? x R?) with compact support in B, (xg) X B,(vo) and such that f; > 0
and fi(xg, vo) = 1. In this case, the integral on the right side above is nonnegative, since f; vanishes
whenever v - ny < 0. In fact, since f is positive on a set of positive measure on U x R? (in the sense of
the product of the (d—1)-dimensional Hausdorff and Lebesgue measures), the integral above is positive.
Up to multiplying f; by a positive scalar if necessary, we can thus ensure that (3-8) holds. It is clear that
this construction also ensures that (3-7) and (3-9) hold. Il

Remark 3.2. As the argument above reveals, for the inequality (1-18) to hold, the assumption of f €
thyp,O(U ) can be weakened: it suffices that f vanishes on a relatively open piece of the boundary dU x R?.
The constant C in (1-18) then depends additionally on the identity of this piece of the boundary where f
is assumed to vanish.

3A1. Poincaré inequality with confining potential. It is also interesting to understand Theorem 1.3 in the
global setting with confining potential.”
Only in this subsection, we redefine thyp(le) according to the norm

||f||thyp(Rd) = ”f”L%([R{d;HJ}) +[lv- fo+b'vvf||Lg(Rd;H;1), (3-10)
and when b satisfies Assumption 1.1 with U =R and f € L} (R?; L)), we use the notation
(Frns = [ £am.

A proof is also contained in [Cao et al. 2023] following the methods in the original version of this paper, which only
discussed bounded domains.
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Proposition 3.3 (Poincaré with confining potential). Suppose that b satisfies Assumption 1.1 with U = RY,
the potential W satisfies W € CH1(RY), and there exists a constant Cy < oo such that the following
weighted Poincaré inequality holds for all h € Ha1 (R?) with (h)ga = 0:

/|VXW|2|h|2do<CW/ |V h|*do. (3-11)
U U

Then there exists a constant C(W, d) < oo such that, for all f € thyp([Rd), defined according to (3-10),
with ( f)ge =0
”f”L(Zr(Rd;L%) < C(”vvf”L(z,(Rd;Lf,) +lv-Vif+b- va”L?,([Rd;Hy’l))'

First, we require an analogue of Lemma 3.1.

Lemma 3.4 (auxiliary lemma). Under the assumptions of Proposition 3.3, there exists C(W,d) < 0o
such that, for every h € L2,
Ih— (Wrillz < ClIVeh| -1

Proof. Without loss of generality, we assume that (h)g« = 0. Consider the operators

A=V, A*=—div,-b-.
We consider the problem
A*g=h inR?, (3-12)

where we seek g € H!. The problem can be solved by defining g = A f and solving
A*Af=h inR?, (3-13)

with (f)ge = 0. By the Lax-Milgram lemma, there exists a solution f € H! with (f)ps = 0 and
I f il < C||h||H;1 < C| k]| 2. To demonstrate that g € H;, we commute a derivative 9; through (3-13):

A*AY f =—A0; f —b-V,0; f =3;h+;b-V,f = F, (3-14)
where F is a forcing term in H~ L Clearly, ||9;h]| Ho! S Cllh|| 2 .8 For the commutator term, we have
18- Vs fll 2 < 18:Bl =V fll 2 < CllAl o,

where C depends on the C!'! regularity of W. By the Lax-Milgram lemma (or energy estimates) applied
to (3-14) for each i, we have

IVagllz < CIVfll < CIFl 1 < ClllL. (3-15)

While g may not have zero average, it was already controlled in L2. Finally, we have

b1, = [ 1V -gdo = [ h-gdo <190 Ll

The conclusion then follows by (3-15). Il

8This follows from integration by parts against a test function g € H(} and the Poincaré inequality in (3-11), which controls
the term [ 9; Wgh do appearing when 9; hits the weight.
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Proof of Proposition 3.3. Let f € thyp([R{d ); see (3-10). By applying an approximation procedure with

smooth cut-off in x and v and mollifying, we can without loss of generality assume that f is a compactly
supported, smooth function. Again, we decompose the proof into three steps. Step 1 is identical, so we
skip to the next step.

Step 2: We show that
IV g ey S CUNVuFllz a2y 1@ Ve +8- Vo) fll 1 g, 1)) - (3-16)
We select &, ..., & € C°(RY) satisfying
/ v€i(v)dy(v) = e,
Rd
and, for each test function ¢ € H; (R and i € {1,...,d}, we compute
[ ooty am= [ g5Vt dm =~ [ 6&v-vi(r = (1) am+ [ g0V am. @17
We expand the second term on the right-hand side as
/d)%‘iv-fodm =/¢§i(v~vx +b-V,) fdm —fd)éib-vu(f— (f)y)dm, (3-18)
where we use that b - V,(f), = 0. Combining (3-17) and (3-18), we have
[ o0ty dm= [ 960V +5-Vfdm— [ @0, 4b-V(F = 1)) dm =141
For I, we have
’/«bsi(v-vx +b-Vv)fdm‘ < CllBill ety |0 - Vi +B- V) Fll 2 -
For II, we integrate by parts across the measure dm:
- [ @6 TAbI P dm= [ 0586 () dirk [ 60T (F (1)) dm =1L+,
For II,,, we use
‘/ v-Vid&i(f — (f)y)dm‘ S Clvgilleelielz Lf = (fyllez @e;2)-
For 11, we use
‘/Qﬁb'vuéi(f— (f);/)dMI S HVWH 2 IVo&illee ILf = )y 2 e 22)-

We use the assumed Poincaré inequality (3-11) to control |||[VW]|¢| ||Lg by ||¢||H01. Then using (3-3)
concludes the proof of (3-16).
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Step 3: We deduce from Lemma 3.4, (3-3) and (3-16) that
If = (Dullizwezy < I = Oy llezwe 2y 10y = (Hwallz

<If = Py llz@arzy + CIVE )yl

< C(”vvf”Lg([Rd;Lf,) +(w-Vy+b- vv)f”Lg(Rd;HV_]))‘ 0
3B. Interpolation and Hormander inequalities for Hl}yp. In this subsection, we use the Hormander
bracket condition to obtain a functional inequality which provides some interior spatial regularity for
general thyp functions. Both the statement and proof of the inequality follow closely the ideas of
[Hormander 1967]. Other variants of Hormander’s inequality have been previously obtained; see in

particular [Bouchut 2002; Albritton et al. 2022]. We remind the reader that our initial estimates are
phrased in terms of the Besov-type norms defined in Section 2C and are thus valid for U = T¢, R4,

Proposition 3.5 (interpolation). For every § > 0, there exists C(d, §) < oo such that for U = T4, R? and
any smooth function u : U x RY — R, we have

el gz oy < CClullzzq:mp + 110 Vil 1) + 81l g1 - (3-19)

Proof. Step 1: Let ¢ € C3°((—1, 1)4) be a smooth, positive, radial function with unit L' norm. For
t € (0, 00), we define ¢, u(x, v) by

du(x,v) = / u(x +2x", v)p(x") dx’,
Rd

where in the case U = T¢ we have periodically extended u to a function defined on all of RY. Using
Jensen’s inequality, we calculate that

2
||¢tu(x,v)—u(x,v)||iz(U;L%) ://Rl U( R1¢(X/)(M(X+I3X/’ v)—u(x,v))dx/) dxdy(v)
i//f ¢ (XY w(x +13x", v) —u(x, v)) > dx' dx dy (v)
R x U x R4
/ 21 3.7 2 /
=/f/ ¢ (xN)t" = ux +1°x",v) —u(x, v))"dx"dx dy (v)
RY x U xR4 t

< / S ull? s o,
Rd va

and thus we see that

i, v) = (V2,12 < r2||u||2Q{7/3(U). (3-20)
Step 2: Let
F@ = lux + 120, 0) —u e, V)2 2y
For ¢ € (0, 00), it will suffice to show that
2
S < IZ(C(||M||L2(U;HV1) v Vaullp2 . g1) +6”M”le/3(U)) . (3-21)
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Moreover, for t > 1, we have the obvious estimate f(¢) < 4| ul|? 12 so we consider only ¢ € (0, 1).

(U;L2y
We may write that

FO < llgseun(x + 120, v) —ulx + 120, V)12 .2
2 e 2
+ ”¢5[M(X +1t v, U) - ¢5tu(x’ v)HLz(U;L]%) + ||¢5,u(x, l)) - M(x, v)”LZ(U;L%)' (3'22)
By Step 1, the first and third terms of (3-22) are bounded by
52z2||u||2QIV/j.
<2

Step 3: It remains to estimate the second term in (3-22). For t € (0, 1) and 0 < t < 7, consider

F(1) = |lsiu(x + v, v) — ¢ssua(x, v)”%Z(U;Lf,)’ (3-23)

where F(r?) is precisely the second term in (3-22). Since F(0) = 0, it will suffice to show that there
exists C(d, §) < oo such that

/ 2 2 2 2
F(0) < Co0ulag gy 10 Vet + 8 el

We have

F'(t)=2 // (Psiu(x +7v,v) — Pt (x, V))v - Vi (@siu)(x +1v,0) dx dy (v)
R xU

= 2//R (¢BZM(X, U) _¢5[u(x — 70, ’U))‘U . Vx(f,bs;l/t)(x, U) dx d)/(l))
d U

Since [v - Vi, ¢s:lu = [Vy, ¢s:Ju = 0 and we have a bound on ||v - qu||L2(U;H;1), we will achieve the
desired estimate for F'(t) if we can bound

(psiu(x, v) — psu(x — v, v)) (3-24)

in L>(U; H)}). The only nontrivial estimate comes when the V,, lands on the x-coordinate of the second
term in (3-24), which we may write out as

/ —thu(x+(8t)3x’—rv,v)qﬁ(x/)dx’:—/ Vou(x+(86)3x —tv, v)¢ (x') dx’
Rd

@ @
) / G TN T, ) Vg () dx’
Rd

=/ ((STW(u(er(az)%/—w, V)—u(x—1v, v)) Ve (x') dx’.
Rrd (1)

But by Step 1, this is bounded in L?(U; L)Z/) by a constant multiple of

1
(8t)3| Hlaell gy < 5 llell g

where we have used the assumption that 7 < ¢2. Note that in order to absorb the 1/8 in the denominator,
we may appeal to the Cauchy—Schwarz and Young inequalities in front of [[v - Viul ;> . Yy which
leads to the estimate (3-19) after modifying & to absorb any implicit constants. O
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With Proposition 3.5 in hand, we can now prove a Hérmander inequality which provides regularity
in the x-variable, measured in the le/f space. The H® estimate in Theorem 1.4 for ¢ < % will be an
immediate corollary, and essentially amounts to converting le/ ;—type regularity to BY ,-type regularity.
Following [Hérmander 1967], the proof of Theorem 1.4 is based on the splitting of a first-order finite
difference in the x-variable into finite differences which are either in the v-variable, or in the x-variable

in the direction of v. Explicitly, we have

fE+Py,v) = f,v)=fx+y,0)— fx+Ly v—1y)
+fx 42y, v—1y)— f(x +2y +12 (v —1ty), v —1y)
+ f(x+12v,v—1ty) — f(x +1v, V)
+ f(x 4120, v) — f(x,v). (3-25)

Notice that the right side consists of four finite differences, two for each of the derivatives V,, and v - V.
which we can expect to control by the L, (U; H)}) and Qzlj_/éx norms, respectively. The fact that the
increment on the left is of size 13 and those on the right side are of sizes ¢ and > suggests that we may
expect to have one-third derivative in the statement of Theorem 1.4, which we are able to obtain in a
Besov sense with the le/)r * norm. The exponent % is optimal, although it may be possible to improve the
endpoint regularity from le/ ;—type to BZI/; using more advanced microlocal techniques.

The relation (3-25) is a special case of Hormander’s bracket condition introduced in [Hérmander 1967],
which for the particular equation we consider here is quite simple to check. Indeed, let X1, ..., X4,
Vi, ..., V; denote the canonical vector fields and X be the vector field (x, v) — (v, 0). Then the
Hoérmander bracket condition is implied by the identity

[Vi, Xo]l = Xi. (3-26)

This is a local version of the identity (3-25). More precisely, for every vector field Z, if we denote by
t — exp(tZ) the flow induced by the vector field Z on R? x R¢, then

exp(—1V;) exp(—tXo) exp(tV;) exp(t Xo) (x, v) = (x, v) + [V}, Xol(x, v) +0(t?), t—0. (3-27)
For the vector fields of interest, Z € {Xo, X1, ..., X4, Vi, ..., Va}, the flows take the very simple form
exp(tZ)(x,v) = (x,v) +1Z(x, v),

the relation (3-27) becomes an identity (that is, the term o(t?) is actually zero), and loosely, this identity
can be rephrased in the form of (3-25). The only difference is that, to exploit that our functions have only
% derivatives in the v - V, direction, it is advantageous to flow in the direction v - V, with speed ¢ rather
than unit speed.

Proposition 3.6 (Besov—type Hormander inequality). There exists a dimensional constant C(d) < 0o
such that, for U = T, R and any smooth function u : U X R? — R, we have the estimate

el gy < Cllull g gy + ez - (3-28)
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Proof of Proposition 3.6. Let f(x, v) =u(x, v)y'/?>(v), and choose 1 € (0, 00) and x’ € S¢~!. Then we
may write

luCx +n’x", v) —ulx, Wlliew;e2y = I1f (x + x’,v) — £,V 2w
and
fa+mxv) = fr0) = fl+n'x,v) = fl+ ), v—nx)
+fa+nx v—nx) = fx+n’x + 0P (v —nx), v —nx)
+ f(x+n*v, v—nx") — f(x +n%v, V)
+ f(x+n%v,v) — f(x,v). (3-29)

Dividing by 7, integrating in L>(U; L*>(R%)), and appealing to (2-7) bounds the first term:
1 3.7 3./ N2 2
— (fx+n'x,v)— fx+nx,v—nx))"dxdv < C|Voullj2y. 2y
772 RYxU (WiLy)

with a similar bound holding for the third term. Dividing again by n and integrating in L>(U; L?(R?))
yields the bound

1 2
) f / (f+mx v—nx) = f&x+n’x +0*(v—nx), v—nx")) dxdv < ul®, .
i Rdx U 0.y, U)

with a similar bound holding for the fourth term. Appealing to (3-19) with a suitably small choice of §
concludes the proof. 0

To obtain the statements in Theorem 1.4 for o < %,

fractional differentiability, and so we introduce the Banach space-valued fractional Sobolev spaces, defined

we must work in H rather than (B3 ), spaces of

as follows: for every domain U C R « € (0, 1), Banach space X with norm ||-||x and u € L*(U; X),
we define the seminorm

) —u I3 i
IIM]]H"‘(U;X) = (/[; U W dx dy (3-30)
and the norm
leell 1o ) = el 3o gy A+ Dl ) 2
We then define the fractional Sobolev space
H*(U; X) = {u € L*(U; X) : Jull ew;x) < 00} (3-31)

The space H*(U; X) is a Banach space under the norm ||| g« x). We understand that H(U: X) =
L*(U; X). We also set

2 2 1/2
”u”HHD‘(U;X) = (”u”LZ(U;X) + ”VMHHOZ(U;X)) / )

and define the Banach space H'!**(U; X) as in (3-31). We may now use Proposition 3.6 to prove the
non-endpoint estimates from Theorem 1.4.
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Proof of Theorem 1.4. Recall that we consider the domain U = R? or U = T¢. We have that, for o < %,

) ||u(x,-)—u(y,-)||i%
IIM]]H“(U;Li)://UxU —ydea dxdy
lu(x'+y, - )—u(y,- )”Lz
://M o

// ”M(X +y’ ) u(% )”L% ||u(x +y’ ) u(yv )”
= dydx —l—f/ “dydx’
(x| <1}xU |x/|d+2 (e |=1}xU |x!|d+2

|x,|2/3l|u||2 1/3
</ — "Wy o+ (I(oz)llull2
X 2 .72
(< |X/|4r2e LGy

<C@ Ul PORLAE ull?

concluding the proof. O

For the purposes of interpolation, we also need to consider fractional Sobolev spaces in the velocity
variable. As discussed in the arguments leading to (2-7), the relevant spaces are weighted by the measure y,
which is strongly inhomogeneous. Because of this difficulty, we use the following definition. For each
feL)z/ and t > 0, we set

K, f):=inf{l fol iz + 1l fillmy s f = fo+ fi. foe Ly, fi€ Hy),

and, for every o € (0, 1), we define

172
I f g == (/ K (f.1))* dt) . (3-32)

We also define H,* to be the space dual to Hy'.
We may utilize interpolation to obtain embeddings into other similar spaces of positive regularity in
both variables. In particular, appealing to Theorem 1.4 and the interpolation inequality

”f”H"ﬂ(U;H1} -0 ”f”Hﬁ(U L2)||f||L2(U Hl)’ 0 e [O, 1]7 U= —l]_dv Rdv
immediately implies the following estimate.

Corollary 3.7 (Hormander inequality for hyp) Let a € [0 ) and U =T R There exists a con-

stant C(a, d) < 0o such that, for every 0 € [0, 1] and every f € H__(U), we have the estimate

hyp
”f”H"“(U;HVl’Q) < C”f”thyp(U)-

Observe that, by introducing a cutoff function in the spatial variable, we also obtain analogous
embeddings for bounded domains U C R, such as

H,,(U) = H*(Us; L}),

valid for every o < % and § > 0, where Us := {x € U : dist(x, oU) > §}.
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3C. Compact embedding of Hl}yp into L*(U; Lf,). Using the results of the previous subsection, we
show that the embedding thyp(U ) — L%(U; L)z/) is compact. In this section, we assume that U € R? is
a bounded C' domain or T?.

Proposition 3.8 (compact embedding of thyp(U ) into L%(U; L}z,)). The inclusion map H}}yp(U ) >
L*(U; L)%) is compact.

The proof is straightforward on T¢. First, approximate by functions in Cy° (T? x RY). Next, we use
the embedding thyp(TTd) C HY(T9 x B,,) for all vg € [1, 400). Finally, we apply the standard Rellich
compactness theorem. Hence, we focus only on bounded C' domains U € R? below.

Before we give the proof of Proposition 3.8, we need to review some basic facts concerning the
logarithmic Sobolev inequality and a generalized Holder inequality for Orlicz norms. The logarithmic
Sobolev inequality states that, for some C < oo,

F2w)log(1+ f2(v)) dy (v) < cf IVfI?dy(v) forall fe H, with Iflle =1, (3-33)
R4 Rd
Let F : R — [0, co) denote the (strictly) convex function
F(t) :=|t|log(1 + |t]).
Let F* denote its dual convex conjugate function, defined by

F*(s) :=sup(st — F(t)).
teR

Then (F, F*) is a Young pair (see [Rao and Ren 1991]), that is, both F and F* are nonnegative, even,
convex, and satisfy F'(0) = F*(0) =0, as well as

lim |77 'F@t) = lim |s|'F*(s) = oo.
[t|—o00 |s]— o0

Moreover, both F and F* are strictly increasing on [0, co) and in particular vanish only at t = 0. Given
any measure space (X, w), the Orcliz spaces L (X, w) and Lp«(X, w), which are defined by the norms

||g||LF(X,w)::infit>0:f F(t‘lg)dwéF(l)}, IIgIILF*(x,w>:=inf{t>0:f F*(t‘lg)dwéF*(l)},
X X

are dual Banach spaces and the following generalized version of the Holder inequality is valid (see [Rao
and Ren 1991, Proposition 3.3.1]):

f 188" |dow < NIgllLrx.w)llg L (xw) forall g€ Lp(X,w), g" € Lp(X,w).

X

The logarithmic Sobolev inequality (3-33) may be written in terms of the Orcliz norm as
1£20zp @ty S CUSY P +IV S, forall feH,.

The previous two displays imply

1/2
1/2
(LXRd g|f|2d~x d)/(v)) < C”g”L/F*(UXRd,dxdy)”f”LZ(U;H;})' (3_34)
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We do not identify F* with an explicit formula, although we notice that the inequality
s(t+1) <exp(s)+rtlog(l+¢) foralls,t e (0,00)
implies
F*(s) <exp(s) —s.

This allows us in particular to obtain from (3-34) that

1/2
(/UXW o[ f1? dx dy(v)) "< Cllf 2w - (3-35)
We also point out that (3-35) also implies the existence of C(d, U) < oo such that, for every f € L*(U; L72,),
IV f 2ty < I 2wz (3-36)
We now turn to the proof of Proposition 3.8.
Proof of Proposition 3.8. For each 6 > 0, we define
Ug := {x : dist(x, dU) < 6}. (3-37)

Since U is a C! domain, we can extend the outer normal ny to a globally C° function on U. We can
moreover assume that, for some 6y(U) > 0, this extension ny coincides with the gradient of the mapping
x = —dist(x, dU) in Ug,.

By Proposition 2.2, we may work under the qualitative assumption that all of our H}}yp(U ) functions

belong to CSO(U x R?). Select ¢ > 0 and a sequence { f, }nen © (U) satistying

hyp
sup | full gy 0y < 1.

neN

We will argue that there exists a subsequence { f;,, } such that

imsup sup || fo, = fu l2wie2) <& (3-38)

k—oo i,j>k
The proposition may then be obtained by a diagonalization argument.

Step 1: We claim that there exists vy € [1, 0o) such that, for every f € hyp(U ),

1/2
( fU /R d\BuO'f(x’”)' dxdy(v)) <51 wy-

Indeed, applying (3-34), we find that

12
1/2
(fU /R » |f<x,v>|2dxdy<v>> < Iy wnan 12 0 a1 i, -
vo

Taking vy sufficiently large, depending on &, ensures that

172 £
C”lUX(Rd\vo)“LF*(UxR" dxdy) S 3

Step 2: We next claim that there exists § € (0 ] such that, for every f € hyp(U ),

12
€
(/U N |f (6, V)P Ly vy <o) dx dy(v)) < 3l w)-
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The argument here is similar to the estimate in Step 1, above. We simply apply (3-34) after choosing §

small enough that
o[l 7 <3
| {|"U'U\<5}”LF*(UX[R{d,dxdy) = §

Step 3: We next show that, for every § > 0, there exists 6 > 0 such that, for every function f € thyp(U ),

12
< /U fR d|f(x,v>|21{nm25}1{dist<x,aU)<e}dxdy(v)) < Sl (339)

For 6 € (O, %90] to be taken sufficiently small in terms of § > 0 in the course of the argument, we let
¢ € CH1(U) be defined by
@(x) := —n(dist(x, V),
where n € C2°([0, 00)) satisfies
0<n<20, 0<n <1, n(x) =x on]0,0], n'=0 on[26,00).

We have —260 < ¢ < 0. Moreover, by the definition of 6y below (3-37), its gradient Vg is proportional
to ny in U, it vanishes outside of Uy, and Vo = ny in Uy. We next select another test function
x € CX([0, 00)) satisfying

0<x<1l, x=0 on[0,38], x=1 on[so00), Ix1<s",

and define
Vi(x,v) = x((v-ny(x))+),

where for r € R, we use the notation r_ := max (0, —r) and r4 := max(0, r). Observe that

Vo (x, v)| = X (v ny (0)£) | Iny ()] < C57

Therefore
lofbxlizw:ny < Cllefb=lew: ) +leVo(f Yl 2w;e2))
< C9(||f||L2(U;L§) + ||va||L2(U;L5) + ||vaWi||L2(U;L§))
<COST N fll 2wy
and hence
/ @fYav- Vi fdxdy )| < COST N FI3
U xRd yp (V)
On the other hand,

| ervvipasayor==3 [ s vigus sy

U xR

1 1
=1 [ e vasaxayw - [ vere vpdxayo.
U xR4 U xR

Since |v - V, ¥+ (x, v)| < C8~!v|?, we have, by (3-35),

[ ertvapsaray
UxR

<cos [ WP dvdye)<cosIfLy o
U xR4 hyp
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We deduce that

/ wifzv-V(pdxdy(v)
U xR4

Finally, we observe from the properties of ¢ and ¥ that

/ fd | f (8, 0) P Ly o8 Lidiste o0y <6) dx dy (v)
v Jr

5*(/ Ve Vpdsdy)
U x R4

-2 2

<COSTNFIR, o
||f”thyp(U)

N

+

[ fevedrayw
U xRd

)

Taking 6 = ce?8? for a sufficiently small constant ¢ > 0 yields the claimed inequality (3-39).

Step 4: By the results of the previous three steps, to obtain (3-38) it suffices to exhibit a subsequence
{ fn,} satisfying
lim sup sup / | foi = fo, 17 dx dy (v) = 0.
Uy x B,J0

k—oo i,j=k

This is an immediate consequence of Corollary 3.7 and the compactness of the embedding
H'Y'"(Uy; H)®) — L*(Up; L}, (By,))
(see for instance [Adams and Fournier 2003, Theorem 2.32]). U

4. The Kramers equation

In this section, we present two proofs of the existence of weak solutions in Ht}yp (T?) to the Kramers
equation
—Ayf4+v-Vyf+v-Vof+b-V,f =g%, 4-1)

where g* € L*(T¢; H, 1) satisfies JJraxgae 8 dm =0 (recall that the weighted mean of g* is well-defined
by duality since the function 1 belongs to L*(T¢; H)})). The first proof uses the abstract Lions—Lax—
Milgram theorem and a modification of (4-1) with a penalization term vf. The hypoelliptic energy
estimates are used in sending the parameter v to zero. This approach is partly inspired by [Carrillo 1998].
The second proof uses a dual variational approach which characterizes the weak solutions of (4-1) as the
minimizers of a natural energy under an appropriate constraint, in analogy with the discussion following
the statement of Theorem 1.2. In both cases, the Poincaré inequality from Theorem 1.3 provides the
necessary coercivity.

Throughout this section, the force field b(x) = —VW (x) is as in Assumption 1.1. In particular, b

depends only on x and is conservative. Let dm be as defined in (1-7).

4A. The Lions—Lax-Milgram approach. We recall the abstract version of Lions’ representation theorem
from [Showalter 1997, Theorem 3.1, p. 109].

Lemma 4.1 (Lions’ representation theorem). Let H be a Hilbert space and ® a pre-Hilbert space. Let
E : H x ® — R be a bilinear form satisfying the continuity criterion

E(-,¢)e H* forall¢ € ®. (4-2)
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Then the following two properties are equivalent:

e (coercivity) We have

inf  sup |E(h,¢)|=c>0. 4-3)
I¢le=1 ) <1

e (solvability) For each L € ®*, there exists f € H such that

E(f,¢)=L(¢) forallp e ®. (4-4)

Notice that uniqueness and stability estimates are not guaranteed by Lemma 4.1 itself; they are
concluded a posteriori.

Proof of Theorem 1.2. We split the argument into steps; in the first step, we solve a penalized problem,
and in the second, we send the penalization parameter v to zero.

Step 1: Consider the penalized problem
W-Vitb-Vy)f+vf=g"+Af—v-V,f (4-5)
posed on the torus T¢ where v € (0, 1]. We define the following objects:

(1) the test function space
® = C(TY x RY)

with inner product
<¢,w>=// Vo Voy dm+/f b dm, (4-6)
Td xRd Td x[Rd

H={heL(T' H)): (h) =0},

(2) the solution space

with inner product (4-6),

(3) the penalized bilinear form

E(h,d)):[/ Vvh-VUqum—i—v// h(f)dm—// h(v-Vy+b-V,)¢ddm,
Td x R4 Td x R4 Td x R4

(4) and the linear functional
L=g*eL2(T*: H"), with(g*)7=0.

It is not difficult to verify that E is continuous (4-2) and coercive (4-3). Indeed, the key features are that the
antisymmetric operator v -V, +b - V,, hits the test function ¢, and the penalization term v | fwad ||*> dm
controls the “lower part” (L*(T4; LJZ/)) of the norm after testing with ¢. Hence, Lemma 4.1 guarantees
the existence of a solution f € H to (4-4), which is the distributional formulation of the penalized
equation (4-5).
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From the equation itself, we recover that (v-V,+b-V,) f € L?T (T4; H 1) and therefore, f € H, hyp (T4)
qualitatively. By the density of smooth functions in thyp (T%), this is enough regularity® to multiply (4-5)
by f and integrate by parts to demonstrate the basic energy estimate:

VofIPd 2dm < CvTNIgH 2, ra s 4-7
[, wartamey [P am <o g @)

which guarantees that the solution is unique.!® From the equation itself, we have

”(U ! Vx +b- Vv)f”L(ZT('ﬂ'd;H;l) X C”A Af”LZ(-U'd Hy, ) + ”g ||L2('[|'d Hy, ) + CU”f”LZ('[]'d Hy D)
47
< Cllg™ Nz cva. sy (4-8)
where the constant C changes from line to line. Then (4-7), (4-8), and the hypoelliptic Poincaré inequality
for mean-zero functions imply

£, vy < ClE™ g2 oy

Step 2: Next, we consider v — 0T, Let f” denote the unique solution of the penalized problem (4-5).
Subtracting two solutions ' and f'2, we have that the difference Y122 solves the equation

W Vet b- V)24 f =0 f2) = (A —v-V,) 02 (4-9)

We may regard vy f*' — vy f2 as a forcing term which is O (v; +v,) in L2 (T¢; Hy_l). By the hypoelliptic
energy estimates for (4-9), we have

17 cray = O +v2).

Choosing v = 27k, the sequence ( f;) of solutions to (4-5) with penalization v = 27k is Cauchy in H, hyp (T9)
and therefore converges to a solution f in H, hyp (T) with (f)7« = 0. By passing to the distributional limit

in each term in (4-5), we find that f solves (4-1) in the sense of distributions. O

Remark 4.2 (role of the penalization). The above proof requires a coercive bilinear form E which, in
particular, controls the L? norm. The a priori estimates for solutions of (4-1) do indeed control the L? part
of the norm through the hypoelliptic Poincaré inequality, but the control of |[(v- V, +b-V,) f]|| L2(T4 1Y)
is encoded by the PDE itself rather than the bilinear form E, which only encodes the energy estimate.
This is why we include the penalization vf. In some sense, control of ||(v-V, +b- Vv)f”LZ(w;H;‘) is
concluded a posteriori.

In the time-dependent case, one can skip the penalization by instead considering the equation satisfied
by ¢’ f; see Proposition 6.10.

Remark 4.3 (difficulty with boundary). Consider (4-1) in a bounded C ' domain U with force f* and zero
Dirichlet condition on dpypU. What goes wrong with the proof? One can demonstrate that there exists a
solution f" € H, hyp

However, we do not know how to justify that " € yp o(U). That is, we cannot characterize thyp,O(U )

(U) of the penalized equations Wthh satisfies f"|,,,v = 0 away from the singular set.

9To justify this, one may use the density of test functions demonstrated in Proposition 2.2.
10The estimate (4-7) can be made more convenient, without the factor vl if (g%)y =0.
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as consisting of H,(U) functions which vanish on 9yy,U away from the singular set. Consequently,

hyp
we cannot justify the integration by parts that would generate the energy estimates that would imply

uniqueness of f” and allow us to send v — 07,

4B. The dual variational approach. Define

Bf:=v-V,f+b-V,f. (4-10)
Consider the functional

J1f, ”Z//w A = P do @y ) @-11)

evaluated at pairs (f, j) € (T4) x (L3(T4; Lz))d satisfying

hyp
Voi=8"—Bf=g"—-Vof+b-V,f), (f)ra=0. (4-12)

In the remainder of this section, we always consider f € H] (T9) satisfying the second condition. We

hyp
seek a null minimizer of J restricted to such pairs, which, if it exists, will satisfy the implication

Vof=Jj = Vij=V,Vif=¢g"—Bf
which is precisely (4-1).

Proposition 4.4 (solvability of the Kramers equation). Under Assumption 1.1 and the assumption that

// ghdy(W)do(x)=0
TdxRe

there exists a unique solution f to (4-1) such that (f)y« =0, and f is given as the null minimizer of the
Sfunctional J| f, j] over pairs (f, j) satisfying the constraint (4-12).

Before proving Proposition 4.4, we argue that one may assume that (g*),, = 0 as a function of x. For
this, we require:

Lemma 4.5. Let h € L*(T%) be given with (h)ga := de h(x)do (x) =0. Then there exists g € hyp(TT")
with (g)y« = 0 such that
(V- Vig +b(x) - Vyg)y(x) =h(x), IIgIIH1 (T S < Clal g2 cray.- (4-13)

Suppose that we can solve (4-1) under the simplification (g*),, = 0. By Lemma 4.5 with 1 = (g*),,

we can find g € H! (T¢) such that (v-V,g+b- Vug)y = h. Then, since (—A,g +v-V,g), =0, we

hyp
can solve

—Ayf+v-Vof+v-Vof+b-Vyf=g"—(—Ayg+v-Vyg+v-Vog+b-V,g),

so f + g solves (4-1). We now show that such a g exists, and in the argument below we always work
under the assumption that (g*),, = 0. We shall occasionally use the notation g* € L>(T¢; H 1) to signify
that (g*), = 0.
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Proof of Lemma 4.5. Let f € H'(T; R%) be a solution to the problern11

Vi f(x)+b(x)- f(x) =h(x).

Let £(s) : R — R be a compactly supported, smooth, odd function of a single variable such that
Jr&(s)s ds # 0. Define & : R? — R by

L) =E@) [[& ),
i' i

so that &; is odd in v; and even in all other vy for i’ # i. Under an appropriate normalization, we find that

f 9y, 6i(v) dy (v) = / v;&i(v) dy (v) = dij,
Rd Rd
since v;&; (v)dy (v) is odd in v; unless i = j, in which case it is even in all components of v. Define

g(x,v) = fi(x)&i (v),

where we have used the summation convention over repeated indices. By the smoothness of the &;’s and
the H'(T9) regularity of f, it is clear that g € thyp (T%) with norm controlled by the sum of the respective
H'! norms of f and &. Furthermore, (g)y« = 0 since, for 1 <i <d, &; is odd in v;. Now we may compute

(Bg)y(x) = /Rl(vjax_,-g(x, V) +b;(x)dy,;8(x, v))dy (v)

=/Rd(vjaxjfi(X)Ei(v)+bjﬁ(X)3v,-§i(v))dV(v)
= 9; fi (x) + b (x) fi (x) = h(x). [

Proof of Proposition 4.4. We split the argument into five steps.

Step 1: In this step, we show that the functional [ is not uniformly equal to +oc and is uniformly convex
on pairs (f, j) satisfying the constraint (4-12). Let us denote the set of pairs satisfying the constraint by

A(g™) :={(f. J) € Hpyy (TY) x (L2(T4; L2)* : Vi j = g* — Bf. (f)ya =0}

First, since g* € L?(T¢; I-'Iy_l), there exists j € L(T¢; L}z,) such that g* = A* j. The pair (0, j) belongs
to A(g*), and J(0, j) < +o0.
We now demonstrate uniform convexity. Since, for every (f/, j') € A(g*) and (f, j) € A(0),

STV + £ 0+ N+ 5T = £ 7 —i1= T i1= Tt jl. (4-14)
it suffices to show that there exists C(d) < oo such that, for every (f, j) € A(0),

, ~1 2 - 112
JUfJj1=C (IIfIIH&yP(W) 1722, 12))- (4-15)

Hpor example, one could argue as in the proof of Lemma 3.4 to produce f via the Lax—Milgram theorem satisfying the
bound ||f||HI(Td) < C||h||L2(1rd)~
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Expanding the square and using that V j = —Bf, we find
. 1 2, 12
girt=[[, P iR+ rp)dm,
TdxR

Moreover, by (1-8), the term [[1,, pa f Bf dm vanishes. Finally, from —Bf =V} j, we have (Bf), =0,

and thus
flv- VXfHLz(Td;H;I) < ”BfHLZ(Td;H;l) +Ilb(x) - vvf”LZ(Td;Hy*')

S Clldll2ee; 2y + ClIVo fllaae; 2.

Combining the last displays and Theorem 1.3 yields (4-15), and thus also the uniform convexity of the
functional in (4-11).

Step 2: In this step, we rephrase the problem in terms of a perturbed convex minimization problem.
Denote by (f1, j1) the unique minimizing pair of the functional 7 over A(g*). We obviously have

JLf1, J1]1 = 0.

We now show that there is a one-to-one correspondence between solutions f of the Kramers equation
and null minimizers (f, j) of J satisfying the constraint (4-12): for every f € thyp(Td) with (f)1« =0,
we have

f solves (4-1) < JIf, j11=0.

Indeed, the implication = is clear, since if f solves (4-1), then

(fsVof) € A(g") and JLf, V,f1=0.

Conversely, if J[ f1, j1] =0, then by convexity we have f = f} (assuming the mean-zero constraint from
(4-12)), and
V,fi=ji ae. inT? xR

Then since V; ji = g* — Bf1, we recover that f = fj is indeed a solution of (4-1). In particular, the fact
that there is at most one solution to (4-1) is clear.
To complete the proof, it thus remains to show that given the unique minimizing pair ( f1, j;), we have

JLf1, J11 <0. (4-16)

We phrase this as a perturbed convex minimization problem for the functional G, which is defined for
every f* e L*(T%; H; ") with (f*)ya =0 by

G(f*):= inf (// ffrdm+ inf J[f,j]).
feH),TH\JS JTdxRe JeLX(T)

(f)g4=0 (fL)NEA(f"+g")
To complete the proof, we must show that G (0) < 0. We decompose the argument into the next three steps.

Step 3: In this step, we show that G is convex and reduce the problem to showing that the convex dual
of G is nonnegative. For every pair ( f, j) satisfying (f, j) € A(f* + g*), we have

Vij=[f"+g" —Bf. (f)r=0, (4-17)
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and so utilizing (1-8) we find that

// ff*dm+j[f,j]=// ff*dm+// UV, f— jl2dm
Td x R4 Td x R4 Td x R4

=f/ ff*dm+// UV fR 4 LGP = £V dm

Td xRd T4 x[Rd

=/f ff*dm+f/ U, fR 4+ LR = F(F* 4+ g* — Bf)dm
Td xR T4 x R4

= [, AR g s dm.
T4 xR

Taking the infimum over all (f, j) satisfying the affine constraint (f, j) € A(f* + g*), we obtain the
quantity G(f*). We thus infer that G is convex in the variable f*. By Lemma 4.5, given f* € L?(T?; H,/ !
with vanishing mean, we may find fo € Hy (T9) such that (Bfo), = (f* +g*), = (f*),. Then since
(f*+g* — Bfo)y =0, we may find j € (L*(T?; L}))? such that V j = f* 4 g* — Bfy, and we see that
the function G is also locally bounded above. These two properties imply that G is lower semicontinuous;
see [Ekeland and Temam 1976, Lemma 1.2.1 and Corollary [.2.2]. We denote by G* the convex dual
of G, defined for every h € L>(T%; H}}) with (h)« =0 by

G*(h):=  sup (—G(f*)+ff hf* dm>,
f*eLZ(‘Wd;H;l) T4 xR4
(f*)7a=0

and by G** the bidual of G. Since G is lower semicontinuous, we have G** = G (see [Ekeland and
Temam 1976, Proposition 1.4.1]), and, in particular,

G0)=G"(0)= sup (=G*(h)).
heL*(T4; H))
(h)‘ﬂd =0
In order to prove that G (0) < 0, it therefore suffices to show that,
for all h € L*(T%; H,)) with (h)y =0, G*(h) >0. (4-18)
Step 4: In this step we show that
G*(h) <+o0 =» heH, (T%. (4-19)

We rewrite G*(h) in the form
G =swpl [ (49ur == gy sy am), (420
T xR

where the supremum is over every f € thyp(Td), j e LX(T4; L]z/)d and f* e L>(T¢; Hy_l) satisfying

the constraint (4-17). Given f with (f)y« = 0, we choose to restrict the supremum above to f* := Bf
and j = jo the solution of V} jo = g* Recall that such a jj € L?(T¢; L)Z,)d exists since (g*), = 0. With
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such choices of f* and j, the constraint (4-17) is satisfied, and we obtain
G*(h) > Sup{f/d (AN = ol = FBf + KBS dms [ € Hyyo (T, (fre = 0}.
T4xR
Recalling that [ fBf dm =0, and using that Cy° (T x R?) is dense in thyp(TTd), we deduce

G*(h) > sup{/f (=3IVof = jol> +hBf)dm: f € CZT xR, (f)pa = 0}.
Td xR

Then the assumption of G*(h) < co implies
sup{/[d thfdm i fe Cfo(Td xRY), (f)a =0, ||f||L2(1rd;H;) < 1} < 00.
TdxR

This then shows that the distribution B/ belongs to the dual of L>(T¢; H;), which is L2(T; Hy_ 1. Since

v-Vih=Bh—b-V,h,
the proof of (4-19) is complete.
Step 5: In place of (4-18), we have left to show that,

for all & € Hyy, (T%) with (h)ypa =0,  G*(h) >0. 4-21)

Since Bf € L*(T?; H,/ 1), we may replace f* by f*+ Bf in the variational formula (4-20) for G* to get
G*(h) = Sup{/fl [(—%Ivvf —jP+ = )"+ Bf)) dm}, (4-22)
T4 xR

where the supremum is now over every f € Hﬁyp (T, j e L* (T4, L)Z,)d and f* e L>(TY; H, 1) satisfying

the constraint
Vii=f"+g" (fH)re=0. (4-23)

Setting f = h in (4-22), we find that

G*(h)>sup{// —%|vvh—j|2dm},
Td xRd

with the supremum ranging over all f* € L*>(T¢; H, " and j e L>(TY; L)%)d satisfying the constraint

(4-23). We now simply select j = V,h € L*(T4; Lf,)d and
fr=Vij-g e XM HY,
at which point we conclude that G*(h) > 0. O

5. Interior regularity of solutions

In this subsection, we use energy methods to obtain interior regularity estimates for solutions of the
equation

_Avf+v'va+v‘vxf+b‘vvf+cf:f*- (5-1)



VARIATIONAL METHODS FOR THE KINETIC FOKKER-PLANCK EQUATION 1991

In analogy to the classical theory for uniformly elliptic equations (such as the Laplace or Poisson equations),

we obtain an appropriate version of the Caccioppoli inequality, apply it iteratively to obtain thyp estimates

on all spatial derivatives of the solution, and then apply the Hérmander and Sobolev inequalities to obtain

pointwise estimates. In particular, we obtain higher regularity estimates — strong enough to imply that

our weak solutions are C* — without resorting to sophisticated theory for pseudodifferential operators.
We begin with a version of the Caccioppoli inequality for (5-1).

Lemma 5.1 (Caccioppoli inequality). Suppose r > 0, b € L(B,; L*(R%; R?)), ¢ € L®(B,; L*(R%)),
and the pair (f, f*) € L?*(B,; H)}) x L%(B,; Hy_l) satisfies the equation

—Ayf+V-Vof+v-Vif+b-Vof +cf = f* in B, x R%. (5-2)
Then f € thyp(Br), and there exists C(d, 1, ||| oo (B, Lo ®?))> €118, Lo m@ey)) < 0O such that
||V'Uf||L2(B,«/2;L%/) +lv- VXf”LZ(B,/z;H;l) < C”f”LZ(B,;LJ%) + C”f*”LZ(Br;H;l)- (5-3)
Proof. The PDE (5-2) guarantees that f € L?*(B,; H]}) belongs qualitatively to thyp(Br).

Step 1: We show that there exists C(d) < oo such that

1 1/2
IVufllL2s,5:02) < C(;‘i‘||b||Lw(B,.de)+||C||L/OO(BrXRa)>||f||L2(B,;L§)+C(1+r)||f*||Lz(Br;Hy—l)- (5-4)

Select a smooth cutoff function ¢ € C°(B,) which is compactly supported in B, and satisfies 0 < ¢ < 1
inB,,¢=1o0n B, and |[VP| 1xp,) < 8r 1. Testing (5-2) with (x, v) —> ¢2(x)f(x, v) yields

/ ¢2|va|2dxdy=/ ¢2ff*dxdy—/ 62 fv- V. f dx dy
B, xR4 B, xR4

B, xRd

—/ qbsz-vadxdy—/ d2cfrdxdy. (5-5)
B, xR4

B, xRd

We estimate each of the terms on the right-hand side of (5-5) separately.
For the first term on the right side of (5-5), we use

2 2
/l; de¢ ff* dx d)/‘ < ||¢ f”LZ(B,;Hyl)||f*||L2(Br;HV*1)
< (10° Vo flezs,nz) + 1 1z, 2) 1 2,y (5-6)

and then apply Young’s inequality to obtain

* 1
[ erraay| <t owpaa
B, xR4 B, xR¢ C

+ frdxdy +CO+r)I gy 5D

B, xRd
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For the second term on the right side of (5-5), we integrate by parts to find
[ rvvirardy=—[  ghuvi(is)dxay
B, xR4 B, xRd
=[ ev-uaray
B, xRd
= / P (Vi (x) - vexp(—3vl?) f2(x, v) dx dv
B, xR4

__ / 2F @YV, f dx dy.
B, xRd

Thus, by Young’s inequality,

1
[ erevaay| <t [ owpaayee [ vty
B, xR4 B, xR4 B, xRd
C
<¢ | ewrarays [ Paxay. (5-8)
6 B, xR4 r= JB,xRd

For the third term on the right side of (5-5), we use Young’s inequality to obtain

/ 62 bV, f
B, xRd

dxdysé/ ¢2Iva|2dde+C/ S f2bP dx dy
B, xRd

B, xRd
1 2 2 2 2
< 621V [P dx dy +ClBI2 s g, frdxdy. (59

6 B, xR4 " B, xR4

To conclude, we combine (5-5)—(5-9) and the obvious estimate on the final term to obtain
2 C
f ¢*|Vo f > dx dy <§f |V fIPdxdy + = frdxdy + CA+r)1f 5. )
B, xRd B, xRd r= JB, xRrd m iy

+ CUIBIR g oty + 1] 125, x0) / fdxdy.
B, xR

The first term on the right may now be reabsorbed on the left. Using that ¢ =1 on B, >, we thus obtain (5-4).
The analysis in Step 1 is enough to conclude that f € thyp(Br /2) and the gradient bound in (5-3).

Step 2: We show that there exists C(d) < oo such that

v- va”LZ(B,/z;H;l) <C(1+ ||b||L°°(B,/2><Rd))”vvf”Lz(B,/z;LJz/)
+ C||C||L°°(B,/ZXRd)”f”Lz(Br/z;Lf,) + C”f*”Lz(Br/z;Hy_l)' (5-10)

This estimate may be combined with (5-4) to obtain the bound for the second term in (5-3), which
completes the proof of the lemma.
To obtain (5-10), we test (5-2) with w € LZ(B,/Z; H)}) to find that

/ w(v~fo)dxdy:—/ va-(va+wb)dxdy+/
B, xR4 B, xR4

wf*dxdy—f cwfdxdy.
B, xR4

B, xR4
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We deduce that

/B e w -V fldxdy | < Vo flleas, ) (IVowll 2, o2 101 Lo s, xrey 101 2B, :12))
+||w||L2(B,/2;Hy1)||f*||L2(Br/2;H;1)+||C||Lo<>(3,de)||f||L2(B,;L§)||w||L2(B,;L§,)-

Taking the supremum over w € LQ(B,/Z; H;) with ||w||Lz(Br/2;HV1) < 1 yields (5-10).
The combination of (5-4) and (5-10) yields (5-3). Il

In the next lemma, under appropriate regularity conditions on the coefficients, we differentiate (5-1)
with respect to x; to obtain an equation for d,, f, and then apply the previous lemma to obtain an
interior thyp estimate for dy, f. We need to essentially differentiate the equation a fractional number of
times (see [Mingione 2007; 2011]).

Lemma 5.2 (differentiating in x). Fix r € (0,00) and coefficients b € COY (B, x R:RY, ¢ €
C%!(B, x R*; R). Suppose that f* € H'(B,; H,") and f € Hy,(By) satisfy

—AfHv-Vof+v-Vof+b-Vof +cf = f* in B, x RY. (5-11)

Then, for eachi € {1, ...,d}, the function h := 9y, f belongs to H, (B,) for all v’ € (0, r) and satisfies

hyp
— A4 -Voh+v-Vih+b-Voh+ch =8, f*—8.b-Vyf —dy,cf inBy xR, (5-12)

Moreover, there exists C(d, 1, ||bllco.1p, xrdys Il co1 (s, xrey) < 00 such that

19 Flleg) 8, < CUFNL2B,:02) + CUL N s, (5-13)

Proof. The argument is by induction on the fractional exponent of differentiability of f in the spatial
variable x. Essentially, we want to differentiate the equation a fractional amount (almost % times), apply
the Caccioppoli inequality to the fractional derivative, and then iterate until we have one full spatial
derivative.

Step 1: We first prove that, for every (f, f*) € hyp(B )y x H'(B,, H D satisfying (5-11), there ex-

ists C(d, r, |bllco1 (g, xrey> Icllcor s, xray) < 00 such that f belongs to H (By)2; Hy) and satisfies the
estimate

”fo”Lz(Br/z;H}}) < C”f”LZ(B,-;L%) + C”f*”Hl(B,;Hy_l)' (5-14)
Suppose that g € [0, 1) is such that the following statement is valid: For every « € [0, ap], r > 0,

and pair (f, f*) € hyp(B ) x H*(B,, H 1 satisfying (5-11), we have f € H*(B,)2; H! ) and, for
C(d, r, ”b”CO'l(BrXRd) ”c”CO*l(B,XR"')’ (X) < 00, the estimate

”f”H"(Br/z;H') < C||f||L2(B,;L2) +C||f*||1-]a(3r;]-]y—')- (5-15)

We argue that the statement is also valid for min (ozo + z—0, 1) in place of « for all § € (O, %) Note that
this statement is clearly valid for op = O by the Cacc1oppoh inequality (Lemma 5.1).
Fix « € [0, ag] and a pair
(f. f*) € Hyy,(B,) x H*(B,, H")
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satisfying (5-11), an index i € {1, ..., d}, and a cutoff function ¢ € C°(B,2) with0 < ¢p < 1and ¢ =1
on B, /4. Define the functions
f=¢f.
fr=¢f +2fpv- V.
Observe that f € thyp([R{d) and f* € H*(R?; H, 1) are compactly supported in B, and satisfy

||];||Hw(Rd;L§) S Clf e s,:12)
”f*”Hut([Rgd;Hy—') < C(”f*”H‘X(Br;Hy_') + ”f”H“(B,;L)z,))a
and the PDE (5-1) in R? x R%.

Next, we mollify. This step ensures that the function qualitatively belongs to good enough spaces to
justify the computations (the analogous step in Nirenberg’s method is finite differences). Define

f= f*x W,
= a0 — [, b1V, f — [Y %y, 1 f,

where ¢ is an appropriate mollification at scale €. Then (f, f*) satisfies the PDE (5-1) in R? x RY. We
have

1= A0 Fll 2 22) < CILF e 12, (5-16)

L= 20 F Nl 2ty < CIF o ity + ClLF e e 2, (5-17)

since [Y¢%,, b-] and [Y®x,, c] are HY(RY; Hy_l)-bounded for all o € [0, 1], while b and ¢ are Lipschitz.

We apply (1 — A,)%/? to the PDE (5-1) satisfied by (£, f*) and define f,, = (1 — A,)*/? f. We have that
[« satisfies the equation

— Ay fat V-V fartv-Vi futb- Vo forecfo = (1=8)* F*—[(1=8)*2, b1V, f~[(1=8)*"2, c]
in RY x R? . The Cacciopoli inequality for f, € L*(R; H), the Hormander inequality, and (5-16)—(5-17)
give

||fa||H1/3—6(Rd;L§) + ||fa||L2(Rd;Hy1) < C||f||Ha(rR<d;L§) + C”f*”Ha(Rd;H;’) (5-18)

for all § (0, %), where C depends on §. Sending the mollification parameter ¢ to 0" completes the

induction and the proof. We emphasize that this induction demonstrates that 3, f € L?(B,; H]}) for all

r’ < r, where f is a function satisfying the hypotheses of Lemma 5.2. Once this is known, one may
plainly differentiate the equation in d,, and apply Caccioppoli’s inequality to conclude. 0

Lemma 5.3 (differentiating in v). Fix r € (0, 00) and coefficients b € CO1(B, x R:RY), ¢ €
C%!(B, x RY; R). Suppose that f* € H'(B,; L}) and f € H, (B,) satisfy

—Ayf+V-Vof+v-Vif+b-Vof +cf = f* in B, x R%. (5-19)
Then, foreachi € {1,...,d}, the function h := 9, f belongs to Hﬁyp(B,/)for all v’ € (0, r) and satisfies

—Ah+v-Vyh+v-Vih4+b-Voh+ (c+ Dh=h*  in By x R, (5-20)
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where
h* =03y, f* — 0y, f — (B, b) - Vo f — (8y,0) f. (5-21)

Moreover, there exists C(d, r, ||b|co.1(p, xrays Il co1(, xrey) < 00 such that

10w Flly ) S CUFllL2e,:02) + ClILf a1 (B,:12)- (5-22)

Proof. The standard procedure is to differentiate the equation and apply Caccioppoli’s inequality. This
introduces a forcing term A*, defined in (5-21), which contains 9y, f, and this is why we improve the
spatial regularity beforehand in Lemma 5.2. That is, we already know

L Ve ey + 1005 Fll2s, iy < CA SN 2a,2) + 1 g,y

as in Lemma 5.2, where " = 7r/8. In addition to this observation, we require a cut-off and mollification
procedure to compensate for the fact that we did not assume qualitatively that d,, f € L*(B,; H)}), which
would be enough to make the energy estimate rigorous.

For £ > 1, consider a standard cut-off function (pg in v at scale £. Define

f=¢"f,
fr=0 f* =2V, f Vo' — fAQ + f(v- Vo' +b-V,0b),

where we suppress the dependence on £ in the notation. Then ( f , f *) solves (5-1) in B, x R?, and it is
not difficult to verify that

1A 128,y < CUF 2,
195, Fl2s,:02) < 19w 228,502
||f*||L2(B,,,;L§) < CUfle2es,impy + ||f*||L2(B,.,;L§))-
Next, we mollify. Let »* be a standard mollification function in v at scale 0 < ¢ < 1. Define
f=v"xf,
Fr=vF s £ =[x, vV f + Vi f) = (%0, b1V ) — [ %y, 1 f, (5-23)

where again we suppress the dependence on £, ¢ in the notation. Then (f, f*) is well-defined in B, x R¢
and solves (5-1) there.

We highlight a few features of the cut-off and mollification procedure. Translations of Lf, functions
may not belong to L2, due to the superexponential nature of the weight (compare with exponential
weights e ). Hence, mollification is not well-behaved on Lf,. The velocity cut-off ¢¢ tames this issue.
This cut-off has the additional benefit of taming commutators with v which occur naturally in the force
term f*.

We claim

timsup | £l 28,0y < I Fll2s,: ), (5-24)

e—>0t

limsup |8y, fll 2e8,:02) < 18 fllL2e,512)5
e—01
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and, more subtly,

limsup || /M| 25,.22) < CUFNe2a,mn + 17 2es,:02): (5-25)

e—0t

where (5-24) and (5-25) are for fixed £. Both estimates in (5-24) are evident due to the support properties
of f, so we focus on (5-25). For each fixed ¢, we have

(050, BV )+ [ 50, ) fll2s,:02) — O

as ¢ — 01.12 Here, we use that the coefficients are Lipschitz and f is compactly supported. It remains
to analyze the second term in (5-23). From the compact support, we may replace v by ¢*‘v. Then

15 %0, @) IV D l28,:12) = O, (5-26)
15 %0, @ 0)AVe DllL2s,:02) = O (5-27)

as ¢ — 07 for fixed ¢.
Finally, we define i = O, f and

= 8y, f* = 8 f = B3,0) - Vo f = By0) f (5-28)
which solve (5-20) in B,» x R? and satisfy
||}_l||L2(B,/;L§) < ||]E||L2(B,,;Hyl),
”}_’*”LZ(B,/;H;‘) < C(||JE*||L2(B,/;L§) + ||3x,-JE||L2(B,/;L§) + ||f”L2(B,/;Hy1))~

These, in turn, are estimated by the aforementioned inequalities for f, f, and f. Applying Caccioppoli’s
inequality and sending € — 0" and ¢ — 400 completes the proof. (|

Theorem 1.5 concerning the interior regularity, jointly in the variables x and v, is obtained by differen-
tiating the equation and repeatedly applying Lemmas 5.2 and 5.3, and we omit the details.
6. The kinetic Fokker-Planck equation

In this last section, we study the time-dependent kinetic Fokker—Planck equation
atf_E(Avf_v'vuf)+v'vxf+b'vvf=f*- (6'1)

The parameter ¢ is only relevant for the enhancement estimate, and one may imagine that ¢ = 1 until the
final subsection. As with the Kramers equation, we prove a Poincaré inequality for bounded domains
V € R x R? which are either C! or cylindrical products / x U where I C R is a bounded interval and U
is a bounded C! domain, but we consider the initial value problem only for U = T¢.

120pe may verify this by writing out the commutator explicitly and using the fundamental theorem of calculus for the
difference terms that arise, such as c(x, v — v’) — c(x, v) if the mollification variable is v’.
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6A. Function spaces. We define the function space
Hy, (V) :={f € L*(V; H)): 0, f +v-Vof € L*(V; H) DY, (6-2)
equipped with the norm
1PNy vy = vy + 10 f 40 Ve Fll . (6-3)

We denote the unit exterior normal to V by ny € L0V RI+1), If V is a C! domain, then ny (¢, x)
is well-defined for every (¢, x) € dV; if V is of the form I x U, then ny (¢, x) is well-defined unless
(t,x) € 01 x dU, in which case we take the convention that ny (¢, x) = 0. We define the hypoelliptic
boundary of V C R x R? as

(V) 1= {((t,x), v)€dV x R?: (i) vt x) < o}.

We denote by Hklin’O(V) the closure in Hklin(V) of the set of smooth functions which vanish on dy;, V.

Proposition 6.1 (density of smooth functions). Let V € R x R? be a bounded C' domain or cylindrical
product I x U, where U is a bounded C' domain. The set Cf"(‘_/ x RY) of smooth functions with compact
support in V x R? is dense in Hklin(V).

Proof. Mimicking the first step of the proof of Proposition 2.2, which only uses that the domain is Lipschitz,
we see that we can assume without loss of generality that, for every z € V and ¢ € (0, 1], we have

B((1-¢)z,e) V.

Here we use z to denote a generic variable in R x R?; in standard notation, z = (f, x). Let ¢, be a
(14-d)-dimensional version of the mollifier defined in (2-11), and let f € Hklin(V). We define, for every
86(0,%], z€VandveRY,

fe(z,v) = / (1 —e)z+7,v)e(Z)d7 .
Rl+d

We then show as in Step 2 of the proof of Proposition 2.2 that f belongs to the closed convex hull of
the set { feiee€ (O, %]}, and then, as in Step 3 of this proof, that for each & > 0, we have that f, belongs
to the closure of the set C§°(x7 x RY). U

6B. Functional inequalities for Hl!in. We next show a Poincaré inequality for Hklin(V). For the sake
of generality, we allow for more flexible boundary conditions than in Theorem 1.3, in the spirit of
Remark 3.2.

Proposition 6.2 (Poincaré inequality). Ler V C R x R? be a bounded C' domain or a cylindrical product
[ x U, where U is a bounded C' domain.

(1) There exists a constant C(V, d) < oo such that, for every f € Hklin(V), we have

f— (f)V”Lz(V;L%) < C(”va”LZ(V;Lf,) +lv-Vif+ aff”Lz(V;HV_]))'
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(2) Let W be a relatively open subset of 3V x R% There exists a constant C(V, W, d) < oo such that
forevery f € CSO(V x RY) that vanishes on W, we have

”f”Lz(V;L)z,) < C(”va”Lz(V;L%) +llv-Vef+ atf”LZ(v;Hy—l))-

Proof of Proposition 6.2. The proof is similar to that of Theorem 1.3. By Proposition 6.1, we can assume
that f € C°(W x RY). We start by using the Gaussian Poincaré inequality to assert that

If = (Fivllew;ezy < IVofllz; ez

Paralleling the second step of the proof of Theorem 1.3, we then aim to gain control on a negative Sobolev
norm of the derivatives of (f),. Here we treat the time and space variables on an equal footing, and
thus are interested in controlling 9;(f), and V(f), in the H ~1(V) norm. The precise claim is that there
exists C(d, V) < oo such that for every test function ¢ € C2°(V) satisfying

&2y +IVOlL2vy + 10:@ 1 L2(vy < 1, (6-4)
we have

d
f¢a,<f>y +Zf¢ax,-<f>y
v g A%

We start by showing that the first term on the left side of (6-5), which refers to the time derivative of {f),,
is estimated by the right side of (6-5). We select a smooth function &, € C2° (R?) such that

SCUVu iy vV f + 3 fll 2y, 1) (6-5)

/Rd So(v)dy(v)=1 and /Rd véo(v) dy (v) =0, (6-6)

and observe that, using these properties of &, we can write

fv 9,01, x) (f), (1. x) di dx = f E0(0) B (1, X) +v- Vet ) F), (1, x) di dx dy (v)

V xR4

:f §o(V) (3 +v-V)@(r,x) f(t,x,v)drdxdy(v)
V xR4
+/v » §o() (3 +v- V)@ (r, x)((f)y (@, x) — f(t, x,v))di dx dy (v).

Using (6-4) and the fact that & has compact support, we can bound the second integral above by

ClILf = {2z S ClIVufllai2)-

By integration by parts, the absolute value of the first integral is equal to

< C||U-fo+atf||L2(v;Hy_')'

/ So()e(t, x)(v-Vy +0,) f(t, x,v)dtdx dy(v)
V xRd

This completes the proof of the estimate in (6-5) involving the time derivative. To estimate the terms
involving the space derivatives, we fix i € {1, ..., d} and use a smooth function &; € C, fo(Rd ) satisfying

/ & dyw) =0 and / vE () dy (v) =€
R4 R4



VARIATIONAL METHODS FOR THE KINETIC FOKKER-PLANCK EQUATION 1999

to get

/V 0,6 (1, x) (), (1, x) di dx = / E W) (V- Ve (1. X) + 3,6 (1, ) (), (0. ) di dx dy ().

V xRd

The rest of the argument is then identical to the estimate involving the time derivative, and thus (6-5) is
proved. The remainder of the proof is then identical to that for Theorem 1.3. Note that we need to invoke
Lemma 3.1, which allows Lipschitz regularity, for the domain V. g

6C. The Hormander inequality for lein. For the Hormander inequality, we recall the parameter ¢ from
(6-1) and assume that the spatial/temporal domain is V = [0, e~'/3] x T¢, although a similar estimate
would hold for V = [0, e~1/3] x R4, We emphasize that we have included this particular factor of & due
to the fact that the a priori estimates for (6-1) control only £'/2V, £, and also due to the scaling between
the regularity exponent we shall be able to obtain for V, f and the a priori estimate. This inequality
for Hk]m(V) is proved in an almost identical way to the one for H, hyp (T%); the only difference is that
the time variable is not periodic as is the space variable. So a bit of care must be taken with the finite
differences corresponding to the vector field 9, 4+ v - V. We track the parameter ¢ throughout the proof
for the purposes of the enhancement estimate later on. The version of (3-25) we use here is

flt,x+n’e ]/Qx,v)—f(t X, v)
= f(t,x+e' 2/, v) — f(t, x +nPe' 2/, v —ne'/2x')
+ ftx+ne Py v—ne'2x) = f(t+n ,X+n36”2 "+n*(v—e'Pnx"), v —ne'2x’)
+ ft+n* x+7 v,v—nsl/zx’)—f(t+n2,x+n v, V)
+ f(t+n% x +n%v,v) — f(1, x, V). (6-7)

As before, we must define the following Besov spaces based on finite differences in the V, and
D; =0, +v-V, directions. The Besov space measuring fractional regularity in the x variable now depends
fundamentally on € and ¢, and so we denote this space Ql/ ¥ To lighten the notation in the context of
proofs in which 8 is always fixed, we sometimes shall substitute the notation Qv instead of the more

cumbersome Qv , and similarly for Ql/ 2

Definition 6.3. For measurable u : (0, e ~1/3) x T? x R? — R, we define

u
| IIQ})/ze

= sup (/// (u(t—i—r] x+n v,v)—u(t,x, v)) dxdy(v)dt
0<n<a/ 1/%/2’7 (0,671/3/2) xRd x T4

+/f/ (u(t—n?, x—n*v,v)—u(t, x, v))zdxdy(v)dt) (6-8)
(e=1/3/2,e71/3)x R4 x T4
We define

lae])?

o= sup /// (ut, x +&"?9’x", v) —u(t, x,v)* dx dy (v) dt. (6-9)
v, 0<n<m’7 (0,671/3) xR x T4

x'eS¢!
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Notice that the quantity £'/25> is of order 1 if 5? takes its maximum value of ¢ ~!/3/2. Then by iterating
the finite differences, the norm in (6-9) is equivalent to one in which the supremum is taken over values
of 1 at least as large as the diameter of T¢, at which point the norm is equivalent to one including all
positive values of 7.

To streamline the proof of the enhancement estimate later, we assume in the following proposition
that (0;u + v - V,u),, =0 (a condition which will be satisfied in the enhancement context). Then from
Lemma 2.1, the Ltz’ «H, !'norm of 8;u + v - V,u may be obtained via duality against the gradients (in v)
of Ltz’ . H)} functions which have vanishing means (-),. Thus the inequality (6-10) does not require
the Ltz’XL)z, norm of u on the right-hand side; one could easily adjust the statement in the case that
(0;u +v - Vyu), # 0 by including the necessary term.

Lemma 6.4 (interpolation). For every § > 0, there exists a constant C (8, d) < 0o (not depending on ¢)
such that, for any smooth function u satisfying (3;u +v - Vyu), =0,

2
[l

o <8Nl s +COENVulIL g e175)cpasp3) 8 10u+v- Vol ). (6-10)

L2((0,6~1/3)xTd; H,;!

Remark 6.5. The factors of ¢ ensure that the right-hand side remains of order 1 as ¢ — 0 and arise
naturally when deriving the a priori estimates for solutions to (6-1); see Section 6F for more details.

Proof. The proof is similar for both halves of (6-8), i.e., the forward and backward differences, and so we
focus on the case of the forward difference.

Step 1: Let ¢ € C°((—1, 1)4) be a smooth, positive, radial function with unit L! norm. For ¢ > 0, we
define ¢ u(t, x, v) by

Geu(t, x,v) :/

R

Analogously to Step 1 from the proof of Theorem 1.4, we have

u(t, x +23e'2x' v)p(x') dx'.
d

2 2 2
||¢;u(t, X, U) - M(L X, U)||L2((O,8*1/3)XT‘1;L%) < é‘ ”u”QlV/? (6_11)

Step 2: Let
S ) = N+, x4 07w, v) =, X, 0 o182 w7412

We may write
f(’?) 5 ||¢57]u(t + 772, X + 772U, U) - M(f + 7727 X + 7]21), v)”%2((0,3*1/3/2)><W;LJ%)
I onu(t + 0%, %+ 070, 0) = oyttt X VG 0.e-15 274112
ot (2, x, ) = (. X, 020 615274312 (6-12)
where the implicit constant is independent of 7, §, and u. By Step 1 with ¢ = &7, the first and third terms
are bounded by
S22l .
n ”M”Q]v/;
Step 3: It remains to estimate the second term in (6-12). For 1 € (0, \/e~1/3/2) and 0 < t < 2, consider

F(T) = ||¢)577u(t +T,x+ 710, U) - ¢57]u(t’ X, v)”%2((0,871/3/2)X—|Td;L%)' (6_13)
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The term in question is F (n?). Since F(0) = 0, it suffices to estimate F’(t). We have
F'(7)

=2/// (Psyu(t+1, x+70, V) —dspu(t, x,v))-Di(Ppsyu) (t+1, x+7V,0v)dx dy (v)dt
0,e71/3/2)x R4 x T4

=2/// (Gonu(t, x, V) —@syu(t—7,x—70,0)) Dy (¢syu) (t, x,v)dxdy (v)dt. (6-14)
(t,e713)24+1)x R4 x T4
From [D;, ¢s,lu = [V, ¢sylu = 0, the assumption (0;u + v - V,u),, = 0, and our control of
”81‘14 +v- qu||L2((O,s’l/3)><—[rd;Hy_l)’
we will achieve the desired estimate for F'(z) if we can bound
Vo (@snu(t, x, v) — syu(t — 7, x — TV, V))

in L2((z, e~'3/241) x T%; L3). Notice that after obtaining these bounds, we apply the Cauchy—Schwarz
inequality with a prefactor of ¢ in front of one term and £~ ! in front of the other in order to obtain (6-10).
The only nontrivial estimate comes when the V, lands on the x-coordinate of the second term, which we
may write out as

/ —tVeu(t — 1, x + )3 2x' — tv, V)P (x) dx’
T4
N _f QS)TWfou(t — T, x+ @0’y — v, V) (x') dx’
Td (0N)~¢€
:/ ((S;Tl/zu(t—t,x—i-(én)%l/zx/—rv,U)Vx'¢(x/)dx/
T 77‘

_ /d el ——— = (u( —r, X+(8n)381/2x/_‘[v, V) —u(t—1,x —10,0) Ve (x") dx’.
T

But slight adjustments to the argument from Step 1 show that this is bounded in L?((t, £!/2/2 4 1) x
T, L)Z/) by a constant independent of § times

T 1
WMH”HQIV/S < (S%—l/zllu”le/f’

where here we have used the assumption that T < 5. Using the Cauchy—Schwarz and Young inequalities
to absorb the negative powers of ¢ and § with the Lt’x H,S ! norm concludes the proof. O

We may now state and prove the following proposition. As with the interpolation, in the case that
(0;u +v - Vyu), # 0, one could adjust the statement of the second inequality to include the necessary

2 72
L; xLy norm of u.

Proposition 6.6 (Hormander inequality). There exists C(d) < oo (not depending on ¢€) such that for every
smooth function u satisfying (;u +v - Vyu), =0, we have

12
”u”Q'v/f'S S Cle Vol 20,6713y x1e:22) + ||M||Q10/t2ve)

< C(e2NVoull 20,618,128 218U+ 0 - Vil oo o1y ). (6-15)
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Proof of Proposition 6.6. Set
g(t, x,v) = f(t,x,0)y"*(v),

and choose 12 € (0, e~1/3] and x’ € S?~!. Then we may write

1/2
1f x4 20 x',0) = F(t, 2, 020,618 2512
1/2
= llg(t, x + &' n’x", v) — g(t, x, V220,613 /2) xT4; L2 (ReY)

and

g(t, x+ ey

3.1/2.0 3.1/2 nel2x)

x,v)—gt,x,v) =g, x+ne’"x,v)—glt,x+n'e’'"x,v—
+g@t, x+n%e'%x v —ne'/?x")
—gt+n’, x+n’ 81/2 "+ P — e Pnx'), v — e/ 2x)
+g(t+n*, x +n*v,v—ne'2x) — g(t+77,x+n v, V)

+g(t+772,x+772v,v)—g(t,x,v). (6-16)

Dividing by 7, integrating in L?((0, e~'/3/2) x T¢; L?>(R?)), and appealing to (2-7) as in the time-
independent case yields

1/2
—IIf(t x+ el v) = 0 x Dl S eIV Pl sy + 1l gy

For the other half of the time interval, it is easy to rewrite (6-16) with a backwards difference in the

1/2x" in the v-variable and then subtracting 5> in the z-variable and

d; + v - V, direction by first adding ne
n*(v +¢&'2nx’) in the x-variable. Arguing as for the forward differences produces an identical estimate.
Then using Lemma 6.4 and absorbing the | f 1%, 13 factor required to bound || f || Ql/2 from the right-hand

side onto the left-hand side gives the result. w U

Remark 6.7. From the embedding le/x Sy L?((0, e7'3) x T4, L}z,) for functions with vanishing x-mean
(u)(t,v)= fvd u(t, x, v) dx (see, for example, [Albritton et al. 2022]), we obtain the e-dependent Poincaré
inequality

—1/6
il 20,e-1)c74;12) < Ce™ gy (6-17)

Note that to obtain this inequality, we have rescaled out the factors of ¢ used in the finite differences of
the QIV/X 3 norm and then appealed to an e-independent function space embedding.

Remark 6.8 (regularity in time). By an interpolation argument, the result of Proposition 6.6 implies some
time regularity for a function f € Hklin(V) for V.= (0, e~1/3) x T¥. Indeed, by the definition of the norm
I Wl g2 > we have

I 20,63 < 11y < Wl (0.6-173) x4y -

By interpolation and (6-15), for every 6 € [0, 1] and & € [O, %),

A 22,01y mroe v =2y S CIS N 0.6-15) 74y
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We also have, by (6-15), for any « € [0, }),

||f||Hl((0,5—1/3);Ha—'(wrd;H;1)) < “f||L2((0,e—‘/3);H“—1(Td;Hfl)) + ”8’f||L2((0,6‘]/3);H“"(de:Hfl))
S W 22yt TN S =0 Vel l 2o e-myi2c0t 1)
F1v - Va fll 20,615y et (14 171
S ClA N 0.6-173) x4y

By interpolation of the previous two displays, we obtain, for any 8, o € [0, 1] and @ € [0, %)

”f”H" ((0’8—1/3);Hea—a(l—a+9a)('|]'d;H;—Z(‘)‘H’—@J))) < C || f ”Hklin((o,é‘*l/})x—lfd)' (6_18)
Each of the constants C above depends only on (¢, d). Note that all three exponents can be made
. ‘s . 1 1 .
simultaneously positive, for example taking « =6 = ; and o = 35 yields
”f”H1/32((O,g*1/3);H1/32(Trd;H;/16)) < C”f”Hklin((O,g*lﬂ)x—[rd)' (6‘19)

By (6-19) and an argument very similar to the proof of Proposition 3.8, which we omit, we obtain the
following compact embedding statement.

Proposition 6.9 (compact embedding of Hklin into L?). For any bounded C' domain V C R x R¢ or
ceylindrical product 1 x U where U is a bounded C' domain, the inclusion map Hklm(V) — L%(V; L)z,) is
compact.

6D. Well-posedness of the Cauchy problem.

Proposition 6.10 (solvability of the kinetic Fokker—Planck equation). Let T € (0, 400], fin € L,Zn, and
ghe L2(T4 x (0, T); Hy_l). Under Assumption 1.1, there exists a unique solution

fecCq0,T]; L2(T* x RY)) N HL (0, T) x T9) (6-20)

m
to the kinetic Fokker—Planck equation (6-1) with initial data fi, and forcing term g*.

Proof. Let T € (0, 400]. Let fi, € L,Zn and g* € L2((0, T); L(Zf (T4, H)jl))). A function g solves the

kinetic Fokker—Planck equation if and only if f (¢, x, v) = g(t, x, v)e’ solves
Wf+W-Vatb-Vo)f+f=f"+elAf —v-V,[), (6-21)

where f* = e’g*. We solve (6-21) on (0, T) x T¢ x R by applying Lemma 4.1 with an appropriate
functional setup:

(1) the test function space
® = C(T x RY x [0, T)) (6-22)

with inner product

T T
(¢, ¥) = / / Vo - Vi dm dt—l—/ / oY dmdt, (6-23)
0 JTIxRd 0 JTIxRd
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(2) the solution space
H=L*0,T: L;(T% H,)))
with inner product (6-23),
(3) the bilinear form

T T T
E(h,¢)=e// Vvh-VU¢dmdt+// h¢dmdt—// h(3+v-Vi+b-V,)pdmdt,
0 JTdxRd 0 JTIxRd 0 JTIxRd

(4) and the linear functional
Lo = fin® (x, v, 0)dm + g*(¢).
Td xR
As before, in the Kramers equation, one may verify that E is continuous (4-2) on H for each fixed
¢ € ®. We now verify coercivity (4-3) and mention two essential new features: (i) the initial data fi,
is built into the linear function L, and (ii) test functions ¢ € ® vanish at t = T but are not required to

vanish at = 0 (which is necessary for them to “detect” the initial data). After integrating by parts in all
variables, we have

T T
E(¢,¢>=s// |vv¢|2dmdz+ff |¢|2dmdr+1/ 6 G, v, 02 dm > e, Y.
0 JT9dxRd 0 JTdxRd 2 T4 x R4

Lemma 4.1 generates a weak solution f € H to E(f, ¢) = L¢ for all ¢ € ®. In particular, choosing ¢ € ®
that additionally vanish near = 0 guarantees that the PDE (6-21) is satisfied in the sense of distributions.
From the PDE itself, we recover that f € Hklin(TTd x (0, T)) and, in particular, f € C([0, T']; Lg(Td; L}z,));
see Lemma 6.12. This is enough regularity to justify that the initial data is fi, and the basic energy
estimate which guarantees uniqueness. O

We do not include a proof of the following statement in this paper, since the argument is a close
adaptation of the one of Theorem 1.5. We define V, := (—r, r) x B, and denote by V; , the full gradient
in t and x, that is, V; , = (9;, V).

Proposition 6.11 (interior regularity, kinetic Fokker—Planck). Let b € C k=Lly. x RY: RY), k e N and
r € (0, 00). There exists a constant C < 0o depending on
d, k,r, 1Bl k=11 (v, xR Re))
such that, for every f € Hklin(Vr) and f* e L*(V,; Hy_l) satisfying
Wf—Apf+v-Vof+v-Vof +b-Vof =f* inV, xR, (6-24)

the following holds: if 3% f* € L*(B,; Hy_l)for all multi-indices « € N x N x N satisfying |a| < k,
then we have 0% f € Hklin(Vr 2) and the estimate

1% Fll g v, 0y < C(Ilf UAHEE D ||aﬂf*||L2(Vr;Hy_1))

1BI<k

for all multi-indices @ € N x N x N¢ satisfying |o| < k.
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6E. Exponential decay in time. For each bounded interval I = (I_, I,.) € R and bounded C' domain U,
we denote by Hklin,H(I x U) the closure in Hklin(l x U) of the set of smooth functions which vanish
on I x dpypU. Note that in particular, we allow the trace of f € Hklin,H(I x U) on the initial time slice
{I_} x U to be nonzero. In this section, we show that a solution to the kinetic Fokker—Planck equation
with zero right-hand side and belonging to Hklin,H (I x U) decays to zero exponentially fast in time. We
start with a preliminary classical lemma.

Lemma 6.12 (continuity in L?). Every function in Hklin,||(1 x U) can be identified (up to a set of null
measure) with an element of C(I; LA(U; L)z,)).

Proof. If f is a smooth function which vanishes on I x dyy,U, then, for every ¢ € I, we have

LNz + /

2, x,0)(v-ny ()4 dx dy (v)
AU x R4

=2/ (f @ f+v- V), x,v)dxdy(v),
U xR4

where we recall that ()4 := max(0, r). Since the second integral on the left side is nonnegative, we
deduce that, for every s, € I,

2 2
@202y = 16 22| < 20 Nz 190+ Vi Fll 2 peusiy

and thus, for a constant C (/) < oo,
sup £, ')”LZ(U;L%) < C”f”Hklm(le)'
tel

For a general f € Hklin,H(I x U), there exists a sequence (f,) of smooth functions which vanish on
I x 9pypU and such that f, converges to f in Hklin(l x U). It follows from the inequality above that f,
converges to f with respect to the L>°(I; L>(U; Lf,)) norm; in particular, f € C(I; L>(U; L?,)). 0O

We finally turn to the proof of Theorem 1.6, which is restated in the following proposition. Notice that,
by linearity, it suffices to prove the theorem in the case f* =0 and f, = 0.

Proposition 6.13 (exponential decay to equilibrium). Let U € RY be a bounded C' domain and
b e L®U x RHL There exists AIBI Lo xray, U, d) > O such that, for every T € (0,00) and
f € Hly (0, T) x U) satisfying

Wf—Ayf+v-Vof+v-Vif+b-Vof =0 in(0,T)xU xR?,
we have, foreveryt € (0,T),

IF @ I 2w; 2y < 2exp(=ADI1F O, )l 2w;r2)-
Proof. For every 0 < s < f, we compute
SAFE Ny oy = 1 oy 2) < =V flIZs .
2 P N2 L2) > NL2WsL2) v L2 ((s,)x U3 L2)

In particular,
the mapping ¢ — || f (¢, -)||L2(U;L§) is nonincreasing. (6-25)
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Since
—ViVyf=0f+v-Vof+b-V,f,

we have
||8tf +v- va”Lz((s,t)xU;Hy_l) < ||8tf +v- fo +b . va”Lz((S,I)XU;Hy_I) + ”b : va”Lz((s,l)xU;Hy_l)

S ClIVoflle2s.nxuse2)s
and thus

—(Lf @2y = IS ) 22y
1
> UV W2 gnyxuiazy 0L+ 0 VeI ey (6:26)
We aim to appeal to Proposition 6.2 to conclude. We define

V:=[0,1]xU. (6-27)

For every ¢t > 0, we write
Vii=(t,00+V={(t+s,x) eRxR: (s,x) € V}.
Inequality (6-26) implies that, for every ¢ > 0,
—(f @+ Do,z = 1 E 2z = é(nvvfnizw[;@) 10 f =0 Ve f I, 501
Proposition 6.2 yields
—(Lf @+ D22y = 1 D) = %Ilflliz(v,;@)-
Using (6-25) and (6-27), we deduce
—(Lf @+ 1D a2y = 1 D) = éuf(r + 12wz

This implies exponential decay of the mapping 7 — || f(z, - )|l .2 12) along integer values of 7, and we
then obtain the conclusion of the proposition by using (6-25) once more. O

6F. Enhancement. Finally, we prove Theorem 1.7. Recall that f is assumed to be a solution to
Af+v-Vif =e(Ayf —v-Vyof) in(0,00) x T¢ x R4, (6-28)

Proof of Theorem 1.7. After multiplying (6-28) by f and integrating over (0, e '/3) x T x R?, we obtain
the a priori estimates

2 2 —-1/3 2
Sllvvf”LZ((Oyg—l/S)X]TdXRd) g ||fin||L2(‘[rd;L}2/) - ||f(8 / s Ty ')”LZ(T‘I;L%)’

-1 2 2 —1/3 2
& ”alf + v- vxf||L2((O,£71/3)X—[F‘I(H;1)) S ||.fin||L2(Td;L}2/) - ||f(8 / [ ')”LZ(‘[{d;L%)'
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Applying the inequality in (6-15) from Proposition 6.6, which is justified since (0, f +v -V, f), =
e(Ay f —v-V,f), =0, we obtain

115 S eV FILa0.ersyrasngy S Winllarasrzy = 1@ D a1z,
From (6-17) and the observation that the mean-zero in x condition from (1-26) is propagated forward in
time, we then obtain

2 < 1737 112
”f”LZ((O,s’lB)xTFd;L%) ~ € ”f”QlV/;

2/3 2
58 / ”vvf||L2((O,£*1/3)><1Td;L12/)

—1/3 2 —1/3 2
S e P inlzarazz) = 1 E ) Gaqay )

Translating in time and iterating this procedure yields exponential decay with rate exp(—ce~!/3t) along
integer multiples of ¢ ~!/3, similarly to the proof of Proposition 6.13. Applying (6-25), which holds as
well for solutions to (6-28), we obtain (1-27). Il

Remark 6.14. In principle, one can also incorporate a conservative b satisfying Assumption 1.1 into the
enhancement estimate, since [b(x) -V, d,, ]=0foralli =1,...,d.

Acknowledgments

Armstrong and Mourrat kindly thank Julia Brunken for pointing out their mistake in the first version of
this paper. Albritton was supported by NSF Postdoctoral Fellowship Grant No. 2002023 and Simons
Foundation Grant No. 816048. Armstrong was partially supported by NSF Grants DMS-1700329 and
DMS-2000200. Mourrat was partially supported by the ANR grants LSD (ANR-15-CE40-0020-03) and
Malin (ANR-16-CE93-0003) and by the NSF grant DMS-1954357. Armstrong and Mourrat were partially
supported by a grant from the NYU-PSL Global Alliance. Novack was partially supported by the NSF
under Grant No. DMS-1928930 while participating in a program hosted by the Mathematical Sciences
Research Institute during the spring 2021 semester, and by the NSF under Grant No. DMS-1926686
while a member at the Institute for Advanced Study.

References
[Adams and Fournier 2003] R. A. Adams and J. J. F. Fournier, Sobolev spaces, 2nd ed., Pure Appl. Math. (Amsterdam) 140,
Elsevier, Amsterdam, 2003. MR Zbl

[Albritton et al. 2022] D. Albritton, R. Beekie, and M. Novack, “Enhanced dissipation and Hérmander’s hypoellipticity”,
J. Funct. Anal. 283:3 (2022), art. id. 109522. MR Zbl

[Anceschi and Rebucci 2022] F. Anceschi and A. Rebucci, “A note on the weak regularity theory for degenerate Kolmogorov
equations”, J. Differential Equations 341 (2022), 538-588. MR Zbl

[Armstrong and Mourrat 2019] S. Armstrong and J.-C. Mourrat, “Variational methods for the kinetic Fokker—Planck equation”,
preprint, 2019. arXiv 1902.04037v1

[Armstrong et al. 2018] S. Armstrong, A. Bordas, and J.-C. Mourrat, “Quantitative stochastic homogenization and regularity
theory of parabolic equations”, Anal. PDE 11:8 (2018), 1945-2014. MR Zbl


https://www.sciencedirect.com/bookseries/pure-and-applied-mathematics/vol/140
http://msp.org/idx/mr/2424078
http://msp.org/idx/zbl/1098.46001
https://doi.org/10.1016/j.jfa.2022.109522
http://msp.org/idx/mr/4413303
http://msp.org/idx/zbl/1489.35021
https://doi.org/10.1016/j.jde.2022.09.024
https://doi.org/10.1016/j.jde.2022.09.024
http://msp.org/idx/mr/4491355
http://msp.org/idx/zbl/1505.35061
http://msp.org/idx/arx/1902.04037v1
https://doi.org/10.2140/apde.2018.11.1945
https://doi.org/10.2140/apde.2018.11.1945
http://msp.org/idx/mr/3812862
http://msp.org/idx/zbl/1388.60103

2008 DALLAS ALBRITTON, SCOTT ARMSTRONG, JEAN-CHRISTOPHE MOURRAT AND MATTHEW NOVACK

[Baouendi and Grisvard 1968] M. S. Baouendi and P. Grisvard, “Sur une équation d’évolution changeant de type”, J. Funct.
Anal. 2 (1968), 352-367. MR Zbl

[Baudoin 2017] F. Baudoin, “Bakry—Emery meet Villani”, J. Funct. Anal. 273:7 (2017), 2275-2291. MR Zbl

[Beck and Wayne 2013] M. Beck and C. E. Wayne, “Metastability and rapid convergence to quasi-stationary bar states for the
two-dimensional Navier—Stokes equations”, Proc. Roy. Soc. Edinburgh Sect. A 143:5 (2013), 905-927. MR Zbl

[Bedrossian and Coti Zelati 2017] J. Bedrossian and M. Coti Zelati, “Enhanced dissipation, hypoellipticity, and anomalous small
noise inviscid limits in shear flows”, Arch. Ration. Mech. Anal. 224:3 (2017), 1161-1204. MR Zbl

[Bedrossian and Liss 2021] J. Bedrossian and K. Liss, “Quantitative spectral gaps for hypoelliptic stochastic differential
equations with small noise”, Probab. Math. Phys. 2:3 (2021), 477-532. MR Zbl

[Bedrossian et al. 2022] J. Bedrossian, A. Blumenthal, and S. Punshon-Smith, “A regularity method for lower bounds on the
Lyapunov exponent for stochastic differential equations”, Invent. Math. 227:2 (2022), 429-516. MR Zbl

[Bogovskii 1980] M. E. Bogovskii, “Solutions of some problems of vector analysis, associated with the operators div and grad”,
pp- 540 in Theory of cubature formulas and the application of functional analysis to problems of mathematical physics, edited
by S. V. Uspenskii, Proc. Sobolev Sem. 1, Akad. Nauk SSSR Sibirsk. Otdel., Novosibirsk, Russia, 1980. In Russian. MR

[Bouchut 2002] F. Bouchut, “Hypoelliptic regularity in kinetic equations”, J. Math. Pures Appl. (9) 81:11 (2002), 1135-1159.
MR Zbl

[Brezis and Ekeland 1976a] H. Brezis and I. Ekeland, “Un principe variationnel associé a certaines équations paraboliques: le
cas dépendant du temps”, C. R. Acad. Sci. Paris Sér. A-B 282:20 (1976), A1197-A1198. MR

[Brezis and Ekeland 1976b] H. Brezis and 1. Ekeland, “Un principe variationnel associé a certaines équations paraboliques: le
cas indépendant du temps”, C. R. Acad. Sci. Paris Sér. A-B 282:17 (1976), A971-A974. MR Zbl

[Brigati 2023] G. Brigati, “Time averages for kinetic Fokker—Planck equations”, Kinet. Relat. Models 16:4 (2023), 524-539.
MR Zbl

[Camrud et al. 2022] E. Camrud, D. P. Herzog, G. Stoltz, and M. Gordina, ‘“Weighted Lz-contractivity of Langevin dynamics
with singular potentials”, Nonlinearity 35:2 (2022), 998-1035. MR Zbl

[Cao et al. 2023] Y. Cao, J. Lu, and L. Wang, “On explicit L2—convergence rate estimate for underdamped Langevin dynamics”,
Arch. Ration. Mech. Anal. 247:5 (2023), art.id. 90. MR

[Carrillo 1998] J. A. Carrillo, “Global weak solutions for the initial-boundary-value problems to the Vlasov—Poisson—Fokker—
Planck system”, Math. Methods Appl. Sci. 21:10 (1998), 907-938. MR Zbl

[Desvillettes and Villani 2001] L. Desvillettes and C. Villani, “On the trend to global equilibrium in spatially inhomogeneous
entropy-dissipating systems: the linear Fokker—Planck equation”, Comm. Pure Appl. Math. 54:1 (2001), 1-42. MR Zbl

[Desvillettes and Villani 2005] L. Desvillettes and C. Villani, “On the trend to global equilibrium for spatially inhomogeneous
kinetic systems: the Boltzmann equation”, Invent. Math. 159:2 (2005), 245-316. MR Zbl

[Dolbeault et al. 2015] J. Dolbeault, C. Mouhot, and C. Schmeiser, “Hypocoercivity for linear kinetic equations conserving
mass”, Trans. Amer. Math. Soc. 367:6 (2015), 3807-3828. MR Zbl

[Eckmann and Hairer 2003] J.-P. Eckmann and M. Hairer, “Spectral properties of hypoelliptic operators”, Comm. Math. Phys.
235:2 (2003), 233-253. MR Zbl

[Ekeland and Temam 1976] I. Ekeland and R. Temam, Convex analysis and variational problems, Stud. Math. Appl. 1,
North-Holland, Amsterdam, 1976. MR Zbl

[Galdi 2011] G. P. Galdi, An introduction to the mathematical theory of the Navier—Stokes equations: steady-state problems,
2nd ed., Springer, 2011. MR Zbl

[Gallagher et al. 2009] 1. Gallagher, T. Gallay, and F. Nier, “Spectral asymptotics for large skew-symmetric perturbations of the
harmonic oscillator”, Int. Math. Res. Not. 2009:12 (2009), 2147-2199. MR Zbl

[Ghoussoub 2009] N. Ghoussoub, Self-dual partial differential systems and their variational principles, Springer, 2009. MR
Zbl


https://doi.org/10.1016/0022-1236(68)90012-8
http://msp.org/idx/mr/252817
http://msp.org/idx/zbl/0164.12701
https://doi.org/10.1016/j.jfa.2017.06.021
http://msp.org/idx/mr/3677826
http://msp.org/idx/zbl/1373.35061
https://doi.org/10.1017/S0308210511001478
https://doi.org/10.1017/S0308210511001478
http://msp.org/idx/mr/3109765
http://msp.org/idx/zbl/1296.35114
https://doi.org/10.1007/s00205-017-1099-y
https://doi.org/10.1007/s00205-017-1099-y
http://msp.org/idx/mr/3621820
http://msp.org/idx/zbl/1371.35213
https://doi.org/10.2140/pmp.2021.2.477
https://doi.org/10.2140/pmp.2021.2.477
http://msp.org/idx/mr/4408018
http://msp.org/idx/zbl/1484.35044
https://doi.org/10.1007/s00222-021-01069-7
https://doi.org/10.1007/s00222-021-01069-7
http://msp.org/idx/mr/4372219
http://msp.org/idx/zbl/1490.37073
http://msp.org/idx/mr/631691
https://doi.org/10.1016/S0021-7824(02)01264-3
http://msp.org/idx/mr/1949176
http://msp.org/idx/zbl/1045.35093
http://msp.org/idx/mr/637215
http://msp.org/idx/mr/637214
http://msp.org/idx/zbl/0332.49032
https://doi.org/10.3934/krm.2022037
http://msp.org/idx/mr/4557687
http://msp.org/idx/zbl/1514.82170
https://doi.org/10.1088/1361-6544/ac4152
https://doi.org/10.1088/1361-6544/ac4152
http://msp.org/idx/mr/4373993
http://msp.org/idx/zbl/1490.35496
https://doi.org/10.1007/s00205-023-01922-4
http://msp.org/idx/mr/4632836
https://doi.org/10.1002/(SICI)1099-1476(19980710)21:10<907::AID-MMA977>3.3.CO;2-N
https://doi.org/10.1002/(SICI)1099-1476(19980710)21:10<907::AID-MMA977>3.3.CO;2-N
http://msp.org/idx/mr/1634851
http://msp.org/idx/zbl/0910.35101
https://doi.org/10.1002/1097-0312(200101)54:1<1::AID-CPA1>3.0.CO;2-Q
https://doi.org/10.1002/1097-0312(200101)54:1<1::AID-CPA1>3.0.CO;2-Q
http://msp.org/idx/mr/1787105
http://msp.org/idx/zbl/1029.82032
https://doi.org/10.1007/s00222-004-0389-9
https://doi.org/10.1007/s00222-004-0389-9
http://msp.org/idx/mr/2116276
http://msp.org/idx/zbl/1162.82316
https://doi.org/10.1090/S0002-9947-2015-06012-7
https://doi.org/10.1090/S0002-9947-2015-06012-7
http://msp.org/idx/mr/3324910
http://msp.org/idx/zbl/1342.82115
https://doi.org/10.1007/s00220-003-0805-9
http://msp.org/idx/mr/1969727
http://msp.org/idx/zbl/1040.35016
https://doi.org/10.1137/1.9781611971088
http://msp.org/idx/mr/463994
http://msp.org/idx/zbl/0322.90046
https://doi.org/10.1007/978-0-387-09620-9
http://msp.org/idx/mr/2808162
http://msp.org/idx/zbl/1245.35002
https://doi.org/10.1093/imrn/rnp013
https://doi.org/10.1093/imrn/rnp013
http://msp.org/idx/mr/2511908
http://msp.org/idx/zbl/1180.35383
https://doi.org/10.1007/978-0-387-84897-6
http://msp.org/idx/mr/2458698
http://msp.org/idx/zbl/1357.49004

VARIATIONAL METHODS FOR THE KINETIC FOKKER-PLANCK EQUATION 2009

[Golse et al. 2019] F. Golse, C. Imbert, C. Mouhot, and A. F. Vasseur, “Harnack inequality for kinetic Fokker—Planck equations
with rough coefficients and application to the Landau equation”, Ann. Sc. Norm. Super. Pisa CI. Sci. (5) 19:1 (2019), 253-295.
MR Zbl

[Grothaus and Stilgenbauer 2015] M. Grothaus and P. Stilgenbauer, “A hypocoercivity related ergodicity method for singularly
distorted non-symmetric diffusions”, Integral Equations Operator Theory 83:3 (2015), 331-379. MR Zbl

[Guerand and Imbert 2022] J. Guerand and C. Imbert, “Log-transform and the weak Harnack inequality for kinetic Fokker—Planck
equations”, J. Inst. Math. Jussieu (online publication May 2022).

[Guo 2002] Y. Guo, “The Landau equation in a periodic box”, Comm. Math. Phys. 231:3 (2002), 391-434. MR Zbl

[Helffer and Nier 2005] B. Helffer and F. Nier, Hypoelliptic estimates and spectral theory for Fokker—Planck operators and
Witten Laplacians, Lecture Notes in Math. 1862, Springer, 2005. MR Zbl

[Hérau and Nier 2004] F. Hérau and F. Nier, “Isotropic hypoellipticity and trend to equilibrium for the Fokker—Planck equation
with a high-degree potential”, Arch. Ration. Mech. Anal. 171:2 (2004), 151-218. MR Zbl

[Hormander 1967] L. Hormander, “Hypoelliptic second order differential equations”, Acta Math. 119 (1967), 147-171. MR Zbl

[Hormander 1985] L. Hormander, The analysis of linear partial differential operators, Il1: Pseudo-differential operators,
Grundlehren der Math. Wissenschaften 274, Springer, 1985. MR Zbl

[Kohn 1973] J. J. Kohn, “Pseudo-differential operators and hypoellipticity”, pp. 61-69 in Partial differential equations (Berkeley,
CA, 1971), edited by D. C. Spencer, Proc. Sympos. Pure Math. 23, Amer. Math. Soc., Providence, RI, 1973. MR Zbl

[Kolmogorov 1934] A. Kolmogoroff, “Zufillige Bewegungen (zur Theorie der Brownschen Bewegung)”, Ann. of Math. (2) 35:1
(1934), 116-117. MR Zbl

[Lu and Wang 2022] J. Lu and L. Wang, “On explicit Lz-convergence rate estimate for piecewise deterministic Markov processes
in MCMC algorithms”, Ann. Appl. Probab. 32:2 (2022), 1333-1361. MR Zbl

[Lunardi 2018] A. Lunardi, Interpolation theory, 3rd ed., Appunti. Scuola Normale Superiore di Pisa (N.S.) 16, Edizioni della
Normale, Pisa, 2018. MR Zbl

[Mingione 2007] G. Mingione, “Calderén—Zygmund estimates for measure data problems”, C. R. Math. Acad. Sci. Paris 344:7
(2007), 437-442. MR Zbl

[Mingione 2011] G. Mingione, “Gradient potential estimates”, J. Eur. Math. Soc. 13:2 (2011), 459—486. MR Zbl

[Mouhot 2018] C. Moubhot, “De Giorgi—-Nash-Moser and Hormander theories: new interplays”, pp. 2467-2493 in Proceedings
of the International Congress of Mathematicians, I1I (Rio de Janeiro, 2018), edited by B. Sirakov et al., World Sci., Hackensack,
NJ, 2018. MR Zbl

[Papanicolaou and Varadhan 1985] G. Papanicolaou and S. R. S. Varadhan, “Ornstein—Uhlenbeck process in a random potential”,
Comm. Pure Appl. Math. 38:6 (1985), 819-834. MR Zbl

[Rao and Ren 1991] M. M. Rao and Z. D. Ren, Theory of Orlicz spaces, Monogr. Textb. Pure Appl. Math. 146, Dekker, New
York, 1991. MR Zbl

[Showalter 1997] R. E. Showalter, Monotone operators in Banach space and nonlinear partial differential equations, Math.
Surv. Monogr. 49, Amer. Math. Soc., Providence, RI, 1997. MR Zbl

[Talay 1999] D. Talay, “Approximation of invariant measures of nonlinear Hamiltonian and dissipative stochastic differential
equations”, pp. 139-169 in Progress in stochastic structural dynamics, edited by R. Bouc and C. Soize, Publ. LMA 152, CNRS,
Marseille, 1999.

[Talay 2002] D. Talay, “Stochastic Hamiltonian systems: exponential convergence to the invariant measure, and discretization
by the implicit Euler scheme”, Markov Process. Related Fields 8:2 (2002), 163-198. MR Zbl

[Villani 2009] C. Villani, Hypocoercivity, Mem. Amer. Math. Soc. 950, Amer. Math. Soc., Providence, RI, 2009. MR Zbl

[Wang and Zhang 2009] W. Wang and L. Zhang, “The C¥ regularity of a class of non-homogeneous ultraparabolic equations”,
Sci. China Ser. A 52:8 (2009), 1589-1606. MR Zbl

[Wang and Zhang 2011] W. Wang and L. Zhang, “The C* regularity of weak solutions of ultraparabolic equations”, Discrete
Contin. Dyn. Syst. 29:3 (2011), 1261-1275. MR Zbl


https://doi.org/10.2422/2036-2145.201702_001
https://doi.org/10.2422/2036-2145.201702_001
http://msp.org/idx/mr/3923847
http://msp.org/idx/zbl/1431.35016
https://doi.org/10.1007/s00020-015-2254-1
https://doi.org/10.1007/s00020-015-2254-1
http://msp.org/idx/mr/3413926
http://msp.org/idx/zbl/1361.37007
https://doi.org/10.1017/S1474748022000160
https://doi.org/10.1017/S1474748022000160
https://doi.org/10.1007/s00220-002-0729-9
http://msp.org/idx/mr/1946444
http://msp.org/idx/zbl/1042.76053
https://doi.org/10.1007/b104762
https://doi.org/10.1007/b104762
http://msp.org/idx/mr/2130405
http://msp.org/idx/zbl/1072.35006
https://doi.org/10.1007/s00205-003-0276-3
https://doi.org/10.1007/s00205-003-0276-3
http://msp.org/idx/mr/2034753
http://msp.org/idx/zbl/1139.82323
https://doi.org/10.1007/BF02392081
http://msp.org/idx/mr/222474
http://msp.org/idx/zbl/0156.10701
https://doi.org/10.1007/978-3-540-49938-1
http://msp.org/idx/mr/781536
http://msp.org/idx/zbl/0601.35001
https://doi.org/10.1090/pspum/023/0338592
http://msp.org/idx/mr/338592
http://msp.org/idx/zbl/0262.35007
https://doi.org/10.2307/1968123
http://msp.org/idx/mr/1503147
http://msp.org/idx/zbl/0008.39906
https://doi.org/10.1214/21-aap1710
https://doi.org/10.1214/21-aap1710
http://msp.org/idx/mr/4414707
http://msp.org/idx/zbl/1490.60218
https://doi.org/10.1007/978-88-7642-638-4
http://msp.org/idx/mr/3753604
http://msp.org/idx/zbl/1394.46001
https://doi.org/10.1016/j.crma.2007.02.005
http://msp.org/idx/mr/2320247
http://msp.org/idx/zbl/1190.35088
https://doi.org/10.4171/JEMS/258
http://msp.org/idx/mr/2746772
http://msp.org/idx/zbl/1217.35077
https://www.mathunion.org/fileadmin/ICM/Proceedings/ICM2018/ICM-2018-vol3-ver1-eb.pdf
http://msp.org/idx/mr/3966858
http://msp.org/idx/zbl/1447.35008
https://doi.org/10.1002/cpa.3160380611
http://msp.org/idx/mr/812349
http://msp.org/idx/zbl/0617.60078
http://msp.org/idx/mr/1113700
http://msp.org/idx/zbl/0724.46032
https://doi.org/10.1090/surv/049
http://msp.org/idx/mr/1422252
http://msp.org/idx/zbl/0870.35004
http://www-sop.inria.fr/members/Denis.Talay/fichiers-pdf/hamilton.pdf
http://www-sop.inria.fr/members/Denis.Talay/fichiers-pdf/hamilton.pdf
http://msp.org/idx/mr/1924934
http://msp.org/idx/zbl/1011.60039
https://doi.org/10.1090/S0065-9266-09-00567-5
http://msp.org/idx/mr/2562709
http://msp.org/idx/zbl/1197.35004
https://doi.org/10.1007/s11425-009-0158-8
http://msp.org/idx/mr/2530175
http://msp.org/idx/zbl/1181.35139
https://doi.org/10.3934/dcds.2011.29.1261
http://msp.org/idx/mr/2773175
http://msp.org/idx/zbl/1209.35072

2010 DALLAS ALBRITTON, SCOTT ARMSTRONG, JEAN-CHRISTOPHE MOURRAT AND MATTHEW NOVACK

Received 3 Nov 2021. Revised 19 Feb 2023. Accepted 31 Mar 2023.

DALLAS ALBRITTON: dalbritton@wisc.edu
Department of Mathematics, University of Wisconsin, Madison, W1, United States

SCOTT ARMSTRONG: scotta@cims.nyu.edu
Courant Institute of Mathematical Sciences, New York University, New York, NY, United States

JEAN-CHRISTOPHE MOURRAT: jean-christophe.mourrat@ens-lyon.fr
ENS Lyon, CNRS, Lyon, France

and

Courant Institute of Mathematical Sciences, New York University, New York, NY, United States

MATTHEW NOVACK: mdnovack@purdue.edu
Department of Mathematics, Purdue University, West Lafayette, IN, United States

mathematical sciences publishers

:'msp


mailto:dalbritton@wisc.edu
mailto:scotta@cims.nyu.edu
mailto:jean-christophe.mourrat@ens-lyon.fr
mailto:mdnovack@purdue.edu
http://msp.org

Analysis & PDE
msp.org/apde

EDITOR-IN-CHIEF

Clément Mouhot ~Cambridge University, UK

c.mouhot@dpmms.cam.ac.uk

BOARD OF EDITORS

Massimiliano Berti

Zbigniew Btocki

Charles Fefferman

David Gérard-Varet

Colin Guillarmou

Ursula Hamenstaedt

Peter Hintz

Vadim Kaloshin

Izabella Laba

Anna L. Mazzucato

Richard B. Melrose

Frank Merle

Scuola Intern. Sup. di Studi Avanzati, Italy
berti @sissa.it

Uniwersytet Jagielloniski, Poland
zbigniew.blocki@uj.edu.pl

Princeton University, USA
cf@math.princeton.edu

Université de Paris, France
david.gerard-varet@imj-prg.fr

Université Paris-Saclay, France
colin.guillarmou @universite-paris-saclay.fr
Universitit Bonn, Germany
ursula@math.uni-bonn.de

ETH Zurich, Switzerland
peter.hintz@math.ethz.ch

Institute of Science and Technology, Austria
vadim.kaloshin@gmail.com

University of British Columbia, Canada
ilaba@math.ubc.ca

Penn State University, USA

alm24 @psu.edu

Massachussets Inst. of Tech., USA

rbm @math.mit.edu

Université de Cergy-Pontoise, France
merle @ihes.fr

William Minicozzi IT

Werner Miiller

Igor Rodnianski

Yum-Tong Siu

Terence Tao

Michael E. Taylor

Gunther Uhlmann

Andrds Vasy

Dan Virgil Voiculescu

Jim Wright

Maciej Zworski

PRODUCTION
production@msp.org

Silvio Levy, Scientific Editor

Johns Hopkins University, USA
minicozz@math.jhu.edu

Universitit Bonn, Germany
mueller@math.uni-bonn.de

Princeton University, USA

irod @math.princeton.edu

Harvard University, USA
siu@math.harvard.edu

University of California, Los Angeles, USA
tao@math.ucla.edu

Univ. of North Carolina, Chapel Hill, USA
met@math.unc.edu

University of Washington, USA
gunther @math.washington.edu
Stanford University, USA

andras @math.stanford.edu

University of California, Berkeley, USA
dvv@math.berkeley.edu

University of Edinburgh, UK
j-r.wright@ed.ac.uk

University of California, Berkeley, USA
zworski @math.berkeley.edu

See inside back cover or msp.org/apde for submission instructions.

The subscription price for 2024 is US $440/year for the electronic version, and $690/year (+$65, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues from the last three years and changes of subscriber address should be sent to MSP.

Analysis & PDE (ISSN 1948-206X electronic, 2157-5045 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o Univer-
sity of California, Berkeley, CA 94720-3840, is published continuously online.

APDE peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY

:- mathematical sciences publishers

nonprofit scientific publishing

http://msp.org/
© 2024 Mathematical Sciences Publishers


http://msp.org/apde
mailto:c.mouhot@dpmms.cam.ac.uk
mailto:berti@sissa.it
mailto:zbigniew.blocki@uj.edu.pl
mailto:cf@math.princeton.edu
mailto:david.gerard-varet@imj-prg.fr
mailto:colin.guillarmou@universite-paris-saclay.fr
mailto:ursula@math.uni-bonn.de
mailto:peter.hintz@math.ethz.ch
mailto:vadim.kaloshin@gmail.com
mailto:ilaba@math.ubc.ca
mailto:alm24@psu.edu
mailto:rbm@math.mit.edu
mailto:merle@ihes.fr
mailto:minicozz@math.jhu.edu
mailto:mueller@math.uni-bonn.de
mailto:irod@math.princeton.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:j.r.wright@ed.ac.uk
mailto:zworski@math.berkeley.edu
mailto:production@msp.org
http://msp.org/apde
http://msp.org/
http://msp.org/

ANALYSIS & PDE

Volume 17 No.6 2024

Projective embedding of stably degenerating sequences of hyperbolic Riemann surfaces 1871
JINGZHOU SUN

Uniqueness of excited states to —Au +u — u? = 0 in three dimensions 1887
ALEX COHEN, ZHENHAO LI and WILHELM SCHLAG

On the spectrum of nondegenerate magnetic Laplacians 1907
LAURENT CHARLES

Variational methods for the kinetic Fokker—Planck equation 1953
DALLAS ALBRITTON, SCOTT ARMSTRONG, JEAN-CHRISTOPHE MOURRAT
and MATTHEW NOVACK

Improved endpoint bounds for the lacunary spherical maximal operator 2011
LAURA CLADEK and BENJAMIN KRAUSE

Global well-posedness for a system of quasilinear wave equations on a product space 2033
CECILE HUNEAU and ANNALAURA STINGO

Existence of resonances for Schrodinger operators on hyperbolic space 2077
DAVID BORTHWICK and YIRAN WANG

Characterization of rectifiability via Lusin-type approximation 2109
ANDREA MARCHESE and ANDREA MERLO

On the endpoint regularity in Onsager’s conjecture 2123
PHILIP ISETT

Extreme temporal intermittency in the linear Sobolev transport: Almost smooth nonunique 2161
solutions
ALEXEY CHESKIDOV and XIAOYUTAO LUO

LP-polarity, Mahler volumes, and the isotropic constant 2179
BO BERNDTSSON, VLASSIS MASTRANTONIS and YANIR A. RUBINSTEIN



	1. Introduction
	1A. Motivation and informal summary of results
	1B. Statements of the main results
	1C. On unique solvability of the Dirichlet problem
	1D. Outline of the paper

	2. Function space basics
	2A. Properties of H^1_gamma and H^{-1}_gamma
	2B. Density of smooth functions in H^1_hyp
	2C. Besov spaces

	3. Functional inequalities for H^1_hyp
	3A. The Poincaré inequality for H^1_hyp
	3A1. Poincaré inequality with confining potential

	3B. Interpolation and Hörmander inequalities for H^1_hyp
	3C. Compact embedding of H^1_hyp into L^2(U;L^2_gamma)

	4. The Kramers equation
	4A. The Lions–Lax–Milgram approach
	4B. The dual variational approach

	5. Interior regularity of solutions
	6. The kinetic Fokker–Planck equation
	6A. Function spaces
	6B. Functional inequalities for H^1_kin
	6C. The Hörmander inequality for H^1_kin
	6D. Well-posedness of the Cauchy problem
	6E. Exponential decay in time
	6F. Enhancement

	Acknowledgments
	References
	
	

