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1. Introduction

The main purpose of this work is to investigate the a priori regularity estimates
for solutions to kinetic Fokker—Planck equations when supplemented with one of
the following boundary conditions: inflow injection, diffuse reflection, and specular
reflection. Of concern is the equation of the hypoelliptic form

(1.1) (O +v-Vo) =V, - (AV,f)+B-V,f+cf +s,

for an unknown function f = f(z) with z := (t,z,v) € (0,T) x 2 x R? where T > 0,
Q) is a bounded domain in R?, and the d x d real symmetric matrix A = A(z), the
d-dimensional vector B = B(z) and the scalar functions ¢ = ¢(z), s = s(z) are given.
We are always under the assumption that there is some constant A > 1 such that in

(0,T) x Q x RY,

12) { AYER < AE-E S AJEP for amy € € RY,
' <

|B| + |c| < A.

1.1. Main results

Before stating the results, let us first make the notion of boundary conditions
precise.

1.1.1. Phase boundaries

For x € 0€), the unit outward normal vector of 002 at x is denoted by n,. Let
O := Q x R? denote the phase domain. We split the phase boundary I' := 9§ x R?
into the outgoing part I'y, incoming part I'_, and grazing (characteristic) part Ty,
which are defined by

Iy ::{(x,v) CONxRY: £n, v >O},
I ::{(x,v) E@Qde:nx-v:O}.
We denote by 7 f the trace of a (weak) solution f: O — R to (1.1) at the boundary

set I', and vy f := v f1p,. It will be shown in § 2 that our notion of solutions always
admits suitable trace at boundaries. For t € (0,7, we abbreviate

¥ =[0,¢] x 'y,
Et = [O,t] X F,
Ot = (O,t) x O.

1.1.2. Inflow boundary condition

Given a function g : ¥ — R as the boundary data, we impose the condition, with
the notation of the single-valued operator G for convenience,

ft,z,v) =Gf:=g(t,x,v) in X.

In particular, the case g = 0 corresponds to the so-called absorbing boundary condi-
tion.
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1.1.3. Nonlocal reflection boundary condition

The nonlocal boundary condition of a generalized diffuse reflection type to be
concerned with is as follows,

Flt,z,0) = Nf = M(t, z,0) /Rdf(t,x,v’) (ny- ), dv’ in g,

where the function M € C?(Xr) with 8 € (0,1) is given, and satisfies that for any
g = 0, there exists some constant A, > 0 such that

(1.3) H<U>qM||Loo(zT) + [M]Cﬁ(ZT) <Ag

Here the bracket (-) := (14| -]?)/2, and C? with 3 € (0,1) denotes the classical
Holder space with exponent 5. When M has a form of the boundary Maxwellian, that

_ v 2
is M = (271')_%@_%6_% for some (uniformly positive and bounded) boundary

temperature function © : [0, T] x 9 — R, the operator N is called diffuse reflection.

1.1.4. Specular reflection boundary condition

The boundary condition with respect to the specular reflection operator R reads

flt,x,v) =Rf = f(t,:v,v —2(ng - v)nx) in Y.
1.1.5. Statement of the main theorem

Our results provide well-posedness and Hélder a priori bounds for solutions of (1.1)
supplemented with one of the above three boundary conditions.

THEOREM 1.1. — Let the domain € be bounded with 02 € CY!, and let % €
{G,N,R} be the boundary operator. Assume that (1.2) and (1.3) hold.

(Well-posedness) For any m > 0, we have some constant | > 0 depending only on d, m
such that, for any given functions fi,, s, g satistying (v)! fi, € L>=(0), (v)is, (v)lg €
L>(Or), there exists a unique bounded weak solution f to (1.1) such that f|—o =
fin and v_f = Af, and such that for some constant C > 0 depending only on
d, T,\,m,Q M, we have

1) Fll o) < C([@)'5] 0, [0 Fin] e ) + B

where B = ||<v>lg||Loo(Z;) when # =G, and B =0 when % € {N,R}.
(Holder regularity) If additionally fi, € C*(O) and g € C?(X7) with 8 € (0, 1], and
the compatibility condition 7_ fin = v-%Afin holds, then there are some constants
a € (0,1) and C" > 0 depending only on d,T,A,m, 3,Q, M such that

[{)™ fll oo 07y T [flce(on)
<c'(

l l /
‘(v> SHLoo(OT) + H(v) fin Loo(O) + [finlcs o) + B ),
where B' = ||(v)'gll o (s-) + [9]co(s;) when % =G, and B' =0 when % € {N,R}.
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Remark 1.2. — The theorem consists in Propositions 3.11, 4.3, 5.2. The estimates
can be localized; see Propositions 3.7, 4.2, 5.1. More precisely, under the same
assumption as in the above theorem, we have the following local-in-time estimates
written in a unified way with the abbreviation Of := [max{0,7 — ¢},7] x O for
7,t € (0,T]. For any m > 0, there exist some constants [, C' > 0 such that for any
7 € (0,T], we have

)" Fllory < O] gy + 10| e, + 03]

where B, = |]<v>lg||Loo(2;mO;) when & = G, and B, = 0 when #Z € {N,R}; and

L2(0] + BT)’

Lo ({t=0}N07)
1{0)™ Fll L 07) + [flecop)
< O(]|(w)'s|

where B = ||<U>19HL0<>(2; nog) T [9]05(2; nop) When # = G, and B, = 0 when
B e {N,R}.

L2(03) + H<U>ZSHL°°(O§) + mCﬁ({t=0}ﬂ05) + BlT)’

1.2. Backgrounds and related work
1.2.1. Kinetic boundary value problems

As a formulation of stochastic processes, the equation (1.1) appears naturally in
the Langevin theory of Brownian motion; see the review [Cha43]. It describes the
system constituted of a large number of interacting particles in the phase space,
arising from the study of plasma physics and galactic dynamics for instance. The
solution f(t,z,v) to (1.1) is interpreted as the density evolution of particles at time
t occupying the phase state of position x and velocity v.

When the interacting particles are confined in a bounded domain, the equation
has to be supplemented with physically relevant boundary conditions that take into
account how particles behave at the boundary; see [CIP94, Max79]. As its name
suggests, the inflow boundary condition means that the density of the particles flow-
ing inward the domain is prescribed. We can see from this viewpoint that boundary
conditions are free from prescriptions whenever the particles exit from the boundary.
The reflection boundary conditions take the form of balance relations between the
densities at the incoming and outgoing boundaries. The diffuse reflection as a nonlo-
cal model describes that the striking particles are thermalized and then re-emitted
inside the domain according to the boundary state. The interaction of particles with
perfect solid boundaries is modeled by the specular reflection, meaning that particles
are re-emitted elastically with postcollisional angles equal to the precollisional angles,
as if light rays are reflected by a perfect mirror in optics. Despite the importance
of the treatment of boundary conditions in the study of boundary value problems,
limited results on boundary regularity for (1.1) are known.

The assumption (1.2) without requirement of regularity is a bridge to the nonlin-
earity of various collisional kinetic models such as the Landau equation proposed
in [Lan36]. Combining Theorem 1.1 with the result of interior estimates in [HS20],
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Regularity of kinetic Fokker—Planck equations in bounded domains 1327

we know that any bounded positive solution to the Landau equation is smooth inside
and Holder continuous up to the boundary in a general bounded domain, where its
boundary regularity cannot be improved in some sense as we will discuss in § 1.2.4
below. In contrast, the Boltzmann equation with angular cutoff has different regular-
izing effects; its regularity property in convex domains was investigated in [GKTT17],
and discontinuities of the solutions were shown to be created at nonconvex parts of
the boundary and propagate inside the domain along characteristics in [Kim11].

1.2.2. Trace problem in kinetic equations

It is of importance to make sense for the trace of solutions when dealing with
boundary value problems. In the kinetic setting, the transport part d; + v - V, of
equations is hyperbolic and therefore lacks regularity. Even if exploiting the velocity
diffusion in (1.1), fully characterizing the traces remains challenging, especially within
the functional spaces where the solutions of (1.1) exist, except in the one-dimensional
case (d = 1) as demonstrated in [BG68, Theorem 1]. Variational frameworks for (1.1)
in a general bounded domain have not been well-developed; see [AAMN24] for some
discussions and references. Nevertheless, the equation itself can be additionally used
to circumvent this tricky issue.

Some progress has been made since the earlier fundamental work on the trace
problem, such as [Bar70, Ces85| for transport equations, and [Ham92| for the Boltz-
mann equation. Through regularization method based on the theory of renormalized
solutions developed in [DL89], general treatments for the traces with the aid of
Green’s renormalization formula for solutions to a large class of kinetic equations
were studied in [Mis00, Mis10].

We will exploit the regularization method related to a renormalization technique,
in combination with the classical energy method for parabolic equations, to develop
the weak theory of initial-boundary value problems for (1.1) under the L*-framework
in § 2. The renormalization formula established in § 2.1 plays a role not only in
deducing the uniqueness of solutions to (1.1), but also in shedding light on the
trace for general bounded solutions. In § 2.2, we construct solutions to the inflow
boundary problems by solving a sequence of approximating parabolic equations,
and then derive solutions to the specular reflection boundary problems through an
iterative scheme of inflow problems.

1.2.3. Hypoellipticity

Let us discuss here (and also in § 1.2.4) the equation (1.1) with smooth coefficients
in (0,7) x Q x V, for some open sets 2,V C R% The main part of (1.1) subject
to (1.2) can be written as Héormander’s summation form (of type II)

ZL=Xo+ Y XiX;=0,+v-V,—V, (AV,),

where the vector fields Xy := 0; +v -V, and (X1, X, ..., Xy)T = VAV, with the
formal adjoint X for X;. As a basic observation, the commutator [V, Xo] = V. The
notion of hypoellipticity refers that the Lie algebra generated by the system {X;}4_,
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span the full tangent space. An anisotropic diffusion in the operator . was first
noticed by Kolmogorov in [Kol34] through the explicit calculation of its fundamental
solution. It was then shown by Hérmander in [Hor67] that the hypoelliptic structure
of £ ensures a (interior) regularization effect that the smoothness of .Z f implies
the smoothness of f.

1.2.4. Characteristic points

It is a classical difficulty when concerned with the regularity up to the boundary for
solutions to degenerate elliptic equations, especially due to the presence of character-
istic points. A boundary point associated to .Z is called characteristic if every vector
field X; with 0 < ¢ < d is tangent to the boundary at this point. The boundary points
of the phase domain €2 x V is thus classified as Q x 9V, {(z,v) € 02XV : £n,-v > 0},
and the characteristic portion {(z,v) € 9Q x V : n, -v = 0}. When V = R?, charac-
teristic set coincides with I'y.

As a historical remark, on the one hand, there have been several results on the issue
of boundary regularity for degenerate elliptic equations since [Fic56, Kel51], where
the phenomena of loss of boundary conditions resulting from the degeneracy was
noticed. The study of boundary regularity near certain non-characteristic points in a
general setting can be found in [KN65, OR73]. On the other hand, it was discovered
that the loss of regularity occurs for some particular hypoelliptic problem (of type
I) at characteristic points. Indeed, an explicit solution to the Dirichlet problem
associated with the Kohn Laplacian acting on the Heisenberg group was constructed
in [Jer81], which was shown to be vanishing on the boundary and not better than
Holder continuous. However, none of the above results address full boundary issues
for .Z.

Under the assumption of a simple structure with constant coefficients for the
operator ., the concern of continuity for solutions associated with the absorbing
boundary condition was analyzed in [HJV14], based on the barrier argument and the
study of self-similar behaviors of solutions. Despite the lack of a complete description
in [HJV14], by following their argument, one is able to obtain a solution to (1.1)
equipped with constant coefficients and the absorbing boundary condition, that is
at most in a Holder class near the characteristic point. Its elaboration is presented
in Appendix A.

1.2.5. De Giorgi’s technique

One of the main parts of the proof for the regularity result in § 3 relies primarily on
the technique pioneered by De Giorgi in [DG57] for elliptic equations with bounded
measurable coefficients. Its basic idea is to build up an oscillation decay of solutions
at the unit scale; as a consequence of the scaling-translation invariance of equations,
the oscillation control holds at each scale and hence yields interior Holder estimates
for solutions. Based on its hypoelliptic nature, the counterpart of regularization effect
for . with rough coefficients was first obtained in [Zhall]. An alternative approach
with more comprehensive descriptions of properties for subsolutions to (1.1) was
proposed in [GIMV19].
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For the elliptic case, the boundary estimate of solutions depends on certain geo-
metric condition on domains. The interior regularity result extended to boundary for
domains satisfying the exterior cone condition is well-known; see for instance [GTO01].
Indeed, the combination of the cone condition and the Holder continuous boundary
data implies the same oscillation decay at each scale as in the interior case. In a
similar manner, for (1.1), on the portions of boundary where the values are specified,
that is ['_, one can deduce the boundary estimate from the interior regularization
mechanism.

1.2.6. Extension method

The regularity of inflow boundary problems for (1.1) is fully treated in § 3. To
overcome the difficulty of regularity due to the loss of boundary conditions on I'
and the characteristic set Iy, we develop an extension method that reduces the
singular boundary problems to a manageable scope. The proper extension across
the boundary portion I'; U Ty is guaranteed by the existence result of general inflow
problems established in § 2. This will lead to modified boundary value problems
with fully specified boundary conditions. Provided that the inflow data is Holder
continuous, the treatment of oscillation controls on the boundary yields Holder
estimates for the extended solutions.

The formulation of the nonlocal reflection boundary condition is essentially the
same as the one of inflow problems. Although the incoming data is self-induced,
we will show in § 4 that the macroscopic boundary quantity A f with the solution
f to (1.1) is actually Holder continuous. The regularity estimate in such nonlocal
reflection boundary problems is then obtained from the result of the inflow injection
case in § 3. Moreover, the boundary a priori estimate is also used in § 4 to show the
existence and uniqueness for this kind of reflection boundary problems.

As for specular reflection boundary problems, the boundary regularity for solutions
is proved in § 5 through a mirror extension method studied in [GHJO20, Niel§|,
with the aid of the trace result obtained in § 2. There have been some development
in certain special cases of (1.1) in [DGY22, GHJO20]. Their key observation is that
the solution can be extended through this extension trick outside of the domain
continuously even near the characteristic set, which gives a direct reduction to
interior issues. A similar mirror extension trick has been widely used in the Neumann
problem for elliptic equations; see for instance [Tro87, Section 2.4.3], [DK87, Proof
of Theorem 2.5], [Niel8, Section 9.1.8].

1.3. Notations
1.3.1. Boundary conventions

We recall that the phase domain O = Q x R? and the phase boundary I' =
O xR =T, UT,UT_. Let the time-space domain Qr := [0,T] x Q, and n;, be
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the unit outward normal vector of 927, and do;, be the surface measure on 9.
We define the measure dpu on 0O7 by

dp = |ne, - (1,0)] dot, do.

We abbreviate the effective initial-boundary portion I, of the domain (0,7) x 2 x R?
by

To:= ({0} x QxR U ([0, 7] x T)
= ({0} x0) uxy,

where the initial-boundary condition for (1.1) can only be specified.

1.3.2. Invariant transformation

For zg = (to,wo,v9) € R and r > 0, we define the transformation T, :
R1+2d 5 R*24 by the prescription:

Teor (t~, i,f)) — (t,x,v) = (to + 12, zo 4+ 2% + rtug, vy + T‘T)) .

We abbreviate the cylinder centered at the origin of radius r > 0 as @, := (—r?,0] x
B,3(0) x B,(0). The general cylinder centered at zy with radius r is defined by

Qr(20) = {Tzr(2) - 2 € Qu}
:{(t,x,v): to— 12 <t <t |T— 20— (t—to)ve| <7, | — vg <7"}.

Loosely speaking, (1.1) is invariant under the transformation, as the composition
f o T, of asolution f to (1.1) in @Q,(2) will solve an equation with the same
structure in Q.

As a technical remark, (1.1) is not really translation invariant around the boundary,
since the transformation 7T, , typically does not preserve the formulation of boundary
conditions. Consequently, we avoid using the normal kinetic Holder spaces, as it
always necessitates more careful attention to the quantitative analysis involving
velocity weights; see § 3.

1.3.3. Other notations

Throughout the article, Br(¢) with R > 0, ¢ € RY and N € N, denotes the
Euclidean ball in RY centered at ¢ with radius R > 0.

Let eg € R¢ be the d™ coordinate vector.

We write the positive part a, := max{a,0} and negative part a_ := max{—a,0}
for any real-valued function a.

We will also use the weighted L? space: LP(U,w) = {u : |||u|Pw||p1(y < oo} for
the measurable set U and the weight function w.

A constant C'is called universal if it depends only on d, T, A, m, 53,2, p,q,m,l,w, €
specified in context. The symbol X < Y designates X < CY for some universal
constant C' > 0, and the symbol X &~ Y means that X <Y and Y < X.
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1.4. Organization of the paper

The outline of the article is as follows. In § 2, we study the well-posedness of
weak solutions to the equation with the inflow and specular reflection boundary
conditions. §§ 3, 4, 5 are devoted to the study of the regularity issues in the inflow,
nonlocal reflection and specular reflection boundary problems, respectively. The well-
posedness result with the nonlocal reflection boundary condition is also derived in
§ 4. We finally present in Appendix A an example showing that the Holder class is
optimal near the boundary even for classical solutions.

Acknowledgements
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2. Theory of weak solutions

This section is devoted to the theory of weak solutions to initial-boundary problems
of the kinetic Fokker—Planck type equation in bounded domains. We find that neither
the results nor the arguments known in the literature are complete.

Let T > 0 and D be a domain in R? x R?. Assume that the boundary 9D is
C%! and consists only of the portions: the boundary 9,D with respect to z and
the boundary 9,D with respect to v. The boundary 0, D can be empty, for instance
D=0=0QxR:andif D =QxV for Q,V C R then 0,0 = 9Q x V and
0,D = Q x 9V. We abbreviate D; := (0,t) x D for ¢t € (0,7]. The component of the
unit outward normal vector at € 9,D in R? is denoted by n,. We recall that the
initial-boundary condition can only be specified on the effective boundary portion
I™ of Dy, which is defined by

T:= ({0} x D) U ((0,T) x {(2,v) € %D : - v < 0} ) U ((0,T) x 9,D).
In this section, we consider a larger class of equations
(2.1) (O, +v-Vo)f =V, - (AV, )+ B-V,f+cf+V, -Gy + Gy in Dr,

where G, Gy € L*(Dr) are given, and the measurable coefficients A, B, ¢ satisfy the
condition (1.2) in Dr.
Let us now make the notion of weak solutions precise.

DEFINITION 2.1. — A pair of functions
(f,9f) € C° ([0, T1; LX(D)) x L}, ([0,T] x 0,D, [n - v])

is said to be a weak solution to (2.1) in Dy, if V,f € L*(Dr), and for any t € (0,T]
and ¢ € C}(Dy) with ¢ = 0 on [0,t] x 9,D, we have

2.2 _ _ B |
(2.2) /{t}wﬂp {O}wf(ﬁ/[o,t]xamp(”x V)V fe /th(aﬁu V)¢

- (_Avvf ' VUSO + QOB ' vvf + Cf(,O - Gl ' vv@ + GOQO) :

Dy
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Remark 2.2. — For a given f in the above definition, the function ~, f satisfy-
ing (2.2) is unique, which is named as the trace of f on [0,7] x 9, D. Because of
this uniqueness, we will sometimes refer to f as the weak solution to (2.1) below for
simplicity, which actually indicates the pair of functions (f,~.f).

Remark 2.3. — As discussed in § 1.2.2, due to the lack of development of bounded
trace operators from

{Feri, ((0,7)x 2 Hy (RY) : (0 +v- Vo) f € L, ([0,7) x O H, ' (R)) }
to {feL, ([0,T] %00 xR n,-vl)},

loc

we always have to make our notion of weak solutions stronger, which involves a pair
of functions (f,~vf).

Remark 2.4. — 1In the following §§ 3, 4, 5, we will demonstrate that the solution
f to (1.1) is (Holder) continuous up to the boundary of the domain, contingent upon
suitable assumptions, as shown in Theorem 1.1. Given the uniqueness of the trace,
the trivial restriction of the continuous function f on the boundary is naturally
consistent with its trace v, f defined above.

2.1. Renormalization formula and uniqueness of weak solutions

To establish the uniqueness of weak solutions to (2.1) by energy estimates combined
with a Gronwall-type argument, we have to approximate the weak solution not only
in D; but also on its boundary 0D;. The argument of regularizing approximation
stemmed from a renormalization technique is patterned after that of [Mis10]. In this
subsection, we deal with the case that the phase domain D is a product space of

domains 2,V C R? so that 9,D = 0Q x V and 0,D =  x OV.

LEMMA 2.5 (renormalization formula). — Let (f,7.f) be a weak solution to (2.1)
in Dy with D = Q x V, for the domains 2,V C R? and the boundaries 0} €
C% 9V € C%'. Then, for any x € C*'(R) such that x'(f) =0 on [0,T] x 2 x 9V
and x (1) = O(:?), X"(t) = O(1) as |t| = oo, and any ¢ € C}(D;) with t € (0,T], we
have

(2.3) /{t}xpx(f%o - {O}XDx(f)s0+ /[0 ﬂxamv(w V)X (Yaf)e
= | [x(N@+v-Va)p — AVox(f) - Voo = X (/) AV f + G1) - Vo f

Dy
+ B - Vox(f) + cfX (£ = X (£)Gr - Vup + X (£)Gog) -
Besides, provided that the weak solution f is bounded in Dy, the trace v, f satisfies
Ve f | o 0,17 x 0.0) < |22 (D1)-

Proof. — We show the formula (2.3) by an approximation argument only in the
space variable for the sake of simplicity, as the approximation in other variables is
standard. Let {pg}ren, C C°(R?) be a mollifier sequence such that
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p1 =0, supppi C By, /Rd pr(z)dz =1 and pp(x) = kpy (k).

We take the domain Q5 C R? with C'!'-boundary, where the (small) parameter
0 > 0 is intended to regularize and approximate €2 as § — 0. Define the unit vector

n® = |V, dist(z,0Qs)| 1V, dist(z, 9Qs).
For a function h € L?(Q), we define the convolution-translation regularization,

(2.4) har(y) == /Qh(x)pk (y — 2k’1ni — x) dr for any y € Q.
Since the weak solution f satisfies f € C°([0,¢]; L*(D)) and V, f € L*(D;), for fixed

small §, as £ — oo, we have
(25) fu— f nC([0,1; LA(D)),
Vol = Vof, (AVyf)a = AVLf, (B-Vyf)u = B-Vof in L*(Dy),
(cf)ak = cf, (G1)ur — G1, (Go)ur — Go in L*(Dy),

where we remark that these convergences depend only on the exterior cone condition
of 2 (see for instance [BLDO1, Theorem 2.4]), and hence they are independent of 4.
For any fixed y € Q and ¢ € C!(D;) such that ¢ = 0 on [0,7] x Q x dV, we pick
the test function ¢(¢,y,v)px (y - 2k‘1ng - x) for (2.1). Observing that this function
vanishes on [0, t] x 0D, we derive

(2.6) /{ pop 0= [ b / Tt / Vot

= | [ (AVuf + Gt - Vo + &(B - Vo s + (cf )it + (Go)urd]

Ly
where the remainder term 7, is defined by

T ‘= Uf*k : vy¢ o / ¢(t7 Y, U)f(t7 Z, U)(U ’ Vx)pk (y N 2]{]71n2 - iL’)
ty,v t,x,y,v

To acquire the equation satisfied by f,., we use integration by parts to get

—= . * t’ R t’ ,
T [O,t]xanv(ny v) fak(t, y,0)0(t,y,v)

— [ sty fta,v) vV, v Vo)(y — 2k nd — ).
t,z,y,v

é

By the smoothness of njg,

k — oo,
/mf(t, z,v)(v-V,+v- Vx)pk(y — 2k’1ng - :c)

= —k’l/ f(t x, U)(Vy ® ni)v (Vypr) (y — 2k 'n) — q:) — 0 in L, .(Dr).

Combining this with (2.5), we are able to pass to the limit in (2.6) except for the
boundary term. Indeed, we conclude that, there are some functions Ry, Ror, € L?(Dr)
such that Ry, Ror, — 0 in L?*(Dr) as k — 0, and

and Young’s inequality, we deduce that for fixed 9, as
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(2.7) (Os+v- Vi) fik =V (AVyfik + Rk + G1) + B - Vo fur + cfar + Go + Rog.

Consider the test function ¢ = x/(f.x)p, where x € CH'(R) such that x'(f) =0 on
[0, 7] x © x 9V and x(¢) = O(:?), X"(¢) = O(1) as || = oo, and ¢ € C}(D;). As

k — oo, we derive the renormalization formula

@8 [ xe= [ x(Pe+ Jim (ne - O)X(fur)

k—o00 J]0,t] x 92 x V

= | (D@ +v- Vo) — AVux(f) - Vo — oX" (/) AV + Gh) - Vo f

Dy
+ @B - Vox(f) + efx' (Fe = X (£)G1 - Vo + Gox'(f))-

It thus suffices to show the convergence from ~, fx to v, f. To this end, we integrate
the equation satisfied by f,; — fux (see (2.7)) against nd - vngr(v)(fy; — fex), where
the cut-off function ng(v) € C°(Bag) valued in [0, 1] satisfies ng|p, = 1 with the
constant R > 0. Then, for any fixed d, R > 0, the passage to limit 7, k — oo yields
that
. 2 s 2 —

(2.9) j}clinoo 0] x 90 v [(nx -v)* + (nx - nx) v (ng - v)} (fej = fa)"mr = 0.

Let us now additionally assume that f € L*(Dr). Then, for any ¢ € (0,7], we
have

1fskll oo oy < Ml oo oy < NS Nl 0y

After extracting a subsequence in k — oo, there is some function fy € L*°(9D;) such
that

(210) f*k = fB in LOO(aDt)a
[ foll Lo (opy) < UM infisoo [ fakll oo apy) < 1S 2o (1)

Hence, for any fixed 6 > 0, (n, - v)(fxj — fer)? is weakly convergent in L;,.([0, T] x
00 x V) as j,k — oo. We also notice that (nd — n,) - v is locally bounded and
converges to 0 almost everywhere in [0, 7] x 92 x V as 6 — 0. We thus conclude the
convergence of (n, - v) fu in L2 ([0, T] x 9Q x V) by sending j,k — oo and 6§ — 0
in (2.9). Together with (2.10), choosing the constant R such that {v: ¢ # 0} C Beg,
the formula (2.8) is recast as (2.3). We point out that fsy coincides with 7, f on
[0,T] x 0, D owing to the uniqueness of the trace.

Finally, one can remove the assumption that f € L°(Dr) by applying the
monotony argument presented in [Misl0, Proof of Theorem 4.5]. The proof of

Lemma 2.5 is complete. U

We are also able to get the uniqueness result to weak solutions when D = O =
Q) x R4, even if the boundedness of their traces in L2(X7, |n, - v|) is not known. Here
we recall that ¥, = [0,¢] x ' = [0,#] x 9Q x R? and ©F = [0,¢] x I'+.

COROLLARY 2.6 (uniqueness). — Let (f1,7f1) and (fa,7f2) be two weak solutions
to (2.1) in Op = (0,T) x Q x R? such that fi = f, on {0} x O with 9Q € C%!.
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Then, f; = fo in O, provided that either their traces vy f1 and vy fs coincide on ¥,
or both of v f; and ~ fy satisfy the specular reflection boundary condition.

Proof. — By subtraction, it suffices to consider the weak solution f := f; — f,
to (2.1) in Op with |G| = Go = fljoyxo0 = 0. Let R > 0, and nr(v) € CF(Bar) be
a radial function valued in [0, 1] such that ng|p, = 1. In view of Lemma 2.5, we pick
x(¢) = ¢* and ¢ = ng in the formula (2.3), where the boundary term reads

(211) [ (e 0) (e

If f|z; = 0, then (2.11) is nonnegative. If the specular reflection boundary condition

holds for fi, f2, then so do f?ng; and thus (2.11) vanishes. Hence, as R — oo, we
deduce that

/{t}XO < Q/Ot (_Av”f Vof +fB-V,f+ Cf2) .

By the Cauchy—Schwarz inequality and Gronwall’s inequality, we have f = 0 in O,
and hence the uniqueness follows. The proof is thus complete. 0

2.2. Existence of weak solutions
2.2.1. Inflow boundary value problems

The proof of the existence result for inflow problems of (2.1) is inspired from [Boy05]
which adopted the idea of vanishing viscosity associated with an appropriate bound-
ary condition for transport equations. Let us stress that our notion of weak solution
(see Definition 2.1) is characterized by a pair of functions (f,~,f), and therefore, it
is always necessary to demonstrate the existence of these two functions satisfying
the weak formulation (2.2).

LEMMA 2.7. — Suppose that the boundary 0D of the domain D C R% x R? is C%1
and consists only of the boundary 0,’D with respect to x and the boundary 9, D with
respect to v. Let the function g : Dy — R be such that g,V g, (0;+v-V,)g € L*(Dr),
gli=o € L*(D) and g|omxo,p0 € L*([0,T] x 8,D, (n, - v)_). Then, there exists a
weak solution (f,~,f) to (2.1) in Dr associated with f = g on I', meaning that
f|t:0 = 9|t:0 and %cf|{[0,T] X Oz D:ng-v <0} = 9|{[0,T] X OpDing-v < 0}+

Proof. — Without loss of generality, we assume g = 0; otherwise, we consider
the function f — g. Let us fix ¢ € (0,1) and consider the weak solution f. to the
initial-boundary problem for parabolic equation,

(at +uv- vx)fe =eAfe +V,- (Avvfa)
+B-V,f. +cfe +V, -G+ Gy in Dy,

f-=0 on ({0} x D)U([0,7] x 9,D),

eng - Vafe+ (ng-v)_fe =0 on[0,7T] x 9,D.
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One may refer to [LSUGS, III. § 5] for the classical existence result of the above
problem. In the weak formulation, for any ¢ € C*(D;) with ¢ € (0,7] such that
¢ =0on [0, x 9,D,

(2.12) /{t}XDngo+/[0t]X8D(nx-v)+f€g0—/1) fe(@r+v-V,o)p

= /D (_Avvfe Voo —eVefe - Voo + 9B -Vfetcfep— G- Vyp + GO‘P) .

The energy estimate is derived by choosing the solution f. itself for testing, and
applying the Cauchy-Schwarz inequality and Gronwall’s inequality, which reads

sw [ [ el 2 [ (1VufP e 9P
telo,T])/{t} xD [0,T1x0.D Dr

s [ (G +a).

Similarly, for e := k=% and k € N, , choosing test function f., — f., L, in the weak
formulations satisfied by f., and f., , yields that

swp [ (e o)

te[0,7]
2
+ /[O,T] 0. |n$ : U| (fsk - f5k+1) + /DT ’vv (fsk - f€k+1>
1o Vet = varmfon)| S (VE = vEaD? [ IVafal [Vee,
< (\/5_ — \/€k+1)2 \/€k€k+171 /D <5k ‘vxfak|2 + Ekt1 ‘vxf5k+1 2) )

where (/g — \/€k+1)2\/€k€k+1 ' = k72(k? + 1)7! tends to zero as k — oo. Hence,
there is some function f € C°([0,T7]; L*(D)) satisfying V., f € L? (Dr) and fli—o =
fliomxa,0 = 0, and some function v, f € L*((0,T); L*(9,D, |n, - v| dz dv)), such that
as € =¢, — 0,

2

fo—=f (0,7 (D)),
(213) vvfs — Vfufu 5vzf6 — 0 in LQ(DT)v
Jo=f i L2 ((0,7); L (8,D, |, - v]))

Sending ¢ — 0 in (2.12), we deduce that the weak formulation (2.2) holds for the
limiting function f.

Now we have to show that 7, f|{n,.w <0} = 0. To this end, we rewrite (2.12) and its
limit in L?(Dr) as

div (f€> vfa - 5vxf£a _Avvfa - Gl) =B- vaa + Cfa + GO
S B-Vof +cf +Go=div(f, vof, —AV.f — Gy).

It implies the convergence in H~/2(0Dr) that
ny - (f57 Ufs - 5vxf€a _Avvfs - Gl) — Ny (fa Uf? _Avvf - Gl) )
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where n, € R'*?4 is the unit outward normal vector at z € 9Dy. Combining this
with the boundary condition of f. on [0,7] x 9,D and the limiting process of v, f
above, we arrive at v, f|{n,.v <0y = 0. This completes the proof of Lemma 2.7. O

Furthermore, one is able to show that the weak solution constructed above satisfies
the renormalization formula and thus the maximum principle.

LEMMA 2.8. — Let (f,7.f) be the weak solution constructed in Lemma 2.7. Then,
for any convex x € C™(R) such that x'(f) =0 on [0,T] x 9,D and x(¢) = O(:*) as
|t| = oo, and any nonnegative p € C}(D;) with t € (0,T], we have

(2.14) /{t}xpx(f)so - /{O}XDx(f)so - /[OJMID(% )X (Ve f)p
S /p (D@ + v Voo = AVox(f) - Ve — oX" (/) AV f + Gh) - Vo f

+ B - Vox(f) + cf X' (£e = X'(£)G1 - Vo + X (£)Gog|.
In particular, if additionally g € L*(I"), then
(2-15) ”f”CO ([0,T};L2%(D HG1HL2(DT) + HG0||L2 Dr) T HQHLoo( )
moreover, if G; =0 and Gy € LOO(DT) then we have the maximum principle that
(2.16) 1z fll e qo.m1x0.0) < 1 fllze 0y S [1Golloe(ory + 191l oo (Y-

Proof. — Based on the same approximation mechanism of f through f. as in
the proof of Lemma 2.7 above, the renormalization formula for the solution f. of
the parabolic equation (see its weak formulation (2.12)) is given by choosing the
test function x'(f:)p, with x € CYY(R) such that x'(f) = 0 on [0,7] x 9,D and
x(t) = O(?), X"(¢t) = O(1) as |t] = oo, and ¢ € C}(D;). More precisely, we have

X9~ o 20925 [ gl o0
= /D [X(fs)(at +v- Vo) — AVX(f) - Vg — eVax(fe) - Ve

t

- X//(fe)@<‘4vvfs +G1) - Vo fe — 5X//<fs>90 ’szts‘Q
+ B - Vox(fo) + efX (£)9 = X (f)Gr - Vo + X (£2)Gogl

Provided that y is convex and ¢ is nonnegative, the passage to limit ¢ — 0 with the
aid of (2.13) then implies (2.14).

To show the estimates (2.15) and (2.16), we may assume ¢ < 0; otherwise, we
consider the equation solved by e’ f. Let the constant M := || ooy Taking

x(t) == (t— M)% and p =1 in (2.14), and applying the Cauchy—Schwarz inequality,
we get

/{t}xD 2/ VAV f +G1)-Vof +X'(f) B- V. f]
+2 /Dt () NG S [ [(F =2+ 1Gif + 6]
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where we also used the fact that c¢fx'(f) < 2¢(f — M)2 to produce the second
inequality. By Gronwall’s inequality, we obtain

2
ICf = M)tllco ooy S NG1lz2my + 1Gollz2(my).

In particular, when |G| = Gy = 0, it turns out that (f — M), = 0 in Dy. These two
consequences provide the upper bounds for f in L?(Dr) and in L>(Dr), respectively.
Choosing the function (—f — M), for testing with a reduction to nonnegative ¢, we
then arrive at (2.15), and also get (2.16) in the case that Gy = 0.

As far as (2.16) with general Gy € L*(Dr) is concerned, one may consider the
equation solved by the function +f — €||Gol|r=(p,). We finally remark that the
estimate about the trace 7, f in (2.16) can be achieved by the same approximation
argument as in the proof of Lemma 2.5; see (2.10). This concludes the proof of
Lemma 2.8. UJ

COROLLARY 2.9. — Let 9Q € C%', and the function g € L*(T,,dp). Then, there
exists a unique weak solution (f,~vf) to (2.1) in Or = (0,T) x Q x R? associated
with vf = g on T, meaning that f|—o = g|i—o and yflz; = g|2;; and it satisfies

(2.17) | flleoqoryzzoy + Vo fllzzon + 1 fll200r,ap
S G200 + 1Goll 200 + 19l 22 du-

Here we abbreviate the trace of f on 0Or by f itself. Besides, if additionally G; = 0,
Go € L>(Dr), and g € L>(I'.), then we have

(2.18) Ve f L=y < 1 fllze©or) S 1Gollee©or) + 9l

Proof. — The existence of weak solutions follows from the same argument as in the
proof of Lemma 2.7, provided that g is regular in the sense that g € L*(Qp; H'(RY))
and (0; +v-V,)g € L*(Or). On account of this, we pick an approximating sequence
of compactly supported smooth functions g; such that g; — g in L*(T,, du). Let f;
be a weak solution to (2.1) in Or associated with f; = g; on I'.. In view of Lemma 2.5
or Lemma 2.8, by taking x(:) = ¢* and ¢ = 1 in the renormalization formula (2.3)
or (2.14), and using the Cauchy—Schwarz inequality and Gronwall’s inequality, we
have

: colf2 [P s [ (G ed) - [ g2a
sup /{t}x@f]—i_/ET‘n U’f]+/(9T| f]‘ ~ OT( 1+ 0)+ Fegj 1y

te[0,7)

which is the estimate (2.17) for f;. As a consequence of the linear structure of the
equation, we also have

sup /{t}xO (fir — 1)+ /zt g 0| (1 — £3)° + /Ot Vo (fie1 — )

t€[0,7]
N /F (gj+1 — 95)° dpe.

Sending j — 0o, we acquire a limiting function f of f; such that f|se, € L*(0O;, du)
and f|r, = g; furthermore, it is a weak solution to (2.1) in Or and satisfies (2.17).
The uniqueness of weak solutions and the estimate (2.18) are direct consequences of
Corollary 2.6 and Lemma 2.8, respectively. The proof is thus complete. O
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2.2.2. Specular reflection boundary value problems

Based on the existence result in § 2.2.1 above, we construct through an iterative
method patterned after [Car98], whose argument also works for a certain class of
elastic reflection boundary problems but is of limited use for general diffuse reflection
boundary problems.

Let us recall the specular reflection operator Rf(t,z,v) = f(t,z,v — 2(n, - v)n,)
for (t,z,v) € ¥r.

LEMMA 2.10. — Let 0Q € C%', G1,Gy € L*(Or), and fi, € L*(O) with O =
(0,7) x O and O = Q x RY. For any constant a € [0, 1), there exists a unique weak
solution (f,vf) to (2.1) associated with the initial-boundary condition fl;—o = fin
in O and y_f = aRf in X ; furthermore, it satisfies
(2.19) fllceqoayzzion + Vol 2o + (1 = @)l fll2@0r.a0

S 1Gillzz2i07) + 1Gollr20r) + [ finll 220y

Proof. — We may assume that ¢ < —C) for a fixed constant Cy > 0; otherwise,
we consider the equation solved by e! (A+Cot )t £ In view of Corollary 2.9, we acquire a
sequence of weak solutions {f,},ecn to (2.1) through the iterative scheme of inflow
boundary value problems associated with

fali=o=fin and ~_f,1=aRf, forneN, ~_f,=0.
By the definition of the reflection operator, we have

2200 [ () fi= [ (nev)- @RA)P =0t [ (o)

Taking x(¢) = ¢* and ¢ = 1 in the renormalization formula (2.3) of Lemma 2.5, and
using the Cauchy—Schwarz inequality, we obtain

Ly ofim ot [ o) 5

=2 | (=AVufo: Vofut faB - Vofut+cfs = Gi Vol t Gof)

1 2 3 2 2 2
<2/Ot [—m|v,,fn| + (A +c+1) £24 Gyl +GO}.
It follows by picking Cy := 1 4+ A3 that
@21) swp [ [ VGPE [ (IGP @)+ [ R [ ev) g2
{t} xO Or Or

t€[0,77]

and
(2.22) / (- v), n\/ (16 +G3) + /f31+/ e v) f2.
X
Applying (2.20) and (2.22) iteratively yields that
Loy pz<yat | (|G1\2+G§)+za% / I
(2.23) s o Or
2 2
g1 az/ (lGll +G
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Similarly, the function f,, — f,—1 solves (2.1) associated with |G| = Gy = 0,

(fn - fn—l) ’t=0 =0 and = (fn-i—l - fn) =aR (fn - fn—l) for ne N-{-,
we thus obtain

swp [ am Sl AV U= facdP 4 [ el (= fo)

t 10,7
S OOR ﬁ”>\"£meLm—hﬂ

Therefore, sending n — oo, we derive a limiting function f of f,,, which solves (2.1) as-
sociated with f|;—o = fin and v_f = aRf. We point out that (2.19) is a consequence
of the estimates (2.21) and (2.23) under the limit process n — oco. The uniqueness
of weak solutions follows from the same argument of the proof in Corollary 2.6. This
finishes the proof of Lemma 2.10. O

One disadvantage in the above argument is the lack of information on the trace of
solutions as a — 1. With the aid of the trace result from Lemma 2.5, we achieve the
well-posedness for (2.1) under the reflection boundary condition v_f = aR f for the
full range a € [0, 1].

COROLLARY 2.11. — Let 0Q € C%, G, = 0, Gy € L* N L>(Or), and fi, €
L* N L®(0) with Or = (0,T) x O and O = Q x R For any constant a € [0, 1],
there exists a unique weak solution (f,~f) to (2.1) in Or associated with f|;—o = fin
in O and y_ f = aRf in X ; furthermore, it satisfies

(2.24) | flleoqorszzor) + VoSl o S 1Gollzzor + [ finllz20)
v fllzomr) < 1 fllz=or) S 1Gollze©r) + | finllz= (o)

Proof. — We may assume that ¢ and G are nonpositive in Or; otherwise, we
consider the equation solved by e f — e+ Gy || = (0, Based on the proof of
Lemma 2.10 with the boundedness estlmate given by Lemma 2.8, for any a € [0, 1),
there exists a unique bounded weak solution f, to (2.1) in OT associated with
falt=o = fin and v_f, = aR f,. In the light of Lemma 2.5, we take x () = (t — M)%
and ¢ = 1 in the formula (2.3), for the constant M := || fin||z(0). Taking the
boundary condition into account, applying Cauchy—Schwarz inequality and the fact
that fo(fo — M)y = (fo — M)2, we obtain

/{t}xo(fa_Mﬁ_ </{zt} o(f“_M)iJr/ (na - v) (fo — M)%

<2 [ [(fum ML+ cfulfu= M) S [ (fam ML

t

By Gronwall’s inequality, we acquire the upper bound that ||(f,)+|r~©0p) < M.
Similarly, by taking x(t) = (=t — M)3 with a reduction to nonnegative ¢ and G,
we get the lower bound that ||(fa)-| z~(0,) < M. Together with Lemma 2.10 and
Lemma 2.5, we arrive at the estimates (2.24) for f, with a € [0,1).

It remains to deal with the case a = 1. Let us first assume that V, A, Goo, fin¢
are bounded, where ¢ := (v)? for some (large) constant ¢ > 0 to be determined. It
is straightforward to check that the functions
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= fo,

G| = —2AfV,9,

Gl = fA: D26+ f (VyA— B) - V6 + Goo
verify

(O +v-V,)F=V,-(AV,F)+B-V,F+cF+V, -G+ G, inOr.

Noticing that V,¢ = qu(v)2¢ and D?¢ = q(q — 1)v ® v{v)~1¢ + ql4(v) 2@, the
functions V, - G} and G, are recast as

., 4gAiv®v 2qtr(A) +2¢V,A-v 2qAv
V. .G =1 p F_ V. F
G = Q(q_1)A:U®UF+qtr(A)+Q(vUA_B).UF—l—Goqb.

(0}t (v)?

It thus turns out that the function I solves
(2.25) (O +v-V)F =V,  (AV,F)+ B -V,F+F+ Gyp in Or,
where the new bounded coefficients B’, ¢ are defined by

2qAv
()2
e qg+3)A:v®v  qtr(A) +q(V,A+ B) v
(v)* (v)?
In the same manner as before, for fixed a € [0, 1), we derive the solution F, to (2.25)
associated with F,|;—o = fin¢ and v_F, = aRF,, which satisfies (2.24) with Gy

and fi, replaced by Go¢ and fi,¢. Equivalently, we obtain the solution f, to (2.1)
associated with f,|i—0 = fin and v_f, = aR f,, satisfying (2.24) and

(2.26) v falMr2myy S IV fadllesr) S [1Godll=0r) + || findllL=(0),

B =B -—

where we may choose ¢ = d 4+ 3 for the first inequality above. Now we argue by
approximation. Let a; € [0,1) for ¢ = 1,2, and f,, be the solution to (2.25) associated
with f,,|i=0 = fin and y_f,, = a;R f,,, which satisfies (2.26). Picking x(:) = ¢* and
¢ = 1 in the renormalization formula (2.3) satisfied by f,,, as well as using the
Cauchy-Schwarz inequality, yields that

At}xo(fal - fa2)2+/2t (nz 'U) (fzu - fa2)2 +/(’)t |VU (fa1 — fa2)’2
2
S—’/(?t (fal _fa2) .

TOME 7 (2024)



1342 Y. ZHU

We also observe that the boundary term above can be written as

0 0) (Fa = )

t

= /z)+(n$ ' U) [(fal - fa2)2 - (alfal - a2fa2)2}
= [ 0) [(1= @) (far = fur)” = 200(01 = @) fuy (fr = fun) = (a1 — @22 f2]

Owing to the boundedness estimate (2.26) for f,,, f.,, the above boundary term
tends to zero as aq,as — 1. We then deduce that the limiting function f of f, as
a — 1 satisfies (2.24) and solves (2.25) associated with f|;—9 = fi, and 7_f = Rf.

Next, we have to remove the additional boundedness assumptions on V, A, Go9,
fin®. To this end, we approximate A, Gy, fin by A7, G}, fi, in the sense that A7 — A
pointwisely, (G, f2) — (Go, fw) strongly in L? and in the weak-* topology of
L*> as j — oo, where A7, G%, J enjoy the same assumptions as A, Gy, fin, and
additionally V,A7, Ggqb, J ¢ are bounded for each j. It produces f7 satisfies (2.24)
and solves (2.1), with A and Gy replaced by A7 and G}, associated with f|,_q = f7
and v_ 7 = RfJ. It follows that g := f/t — 72 verifies

(O +v-Vy)g=
Vo (A"Vug) + B-Vug+cg+ V, - (A7 = A7)V, f7) + G — G,
Let the constant R > 1, and ng(v) € C°(Bsg) be a radial function valued in [0, 1]

such that ng|p, = 1. Applying the renormalization formula (2.3) satisfied by g with
x(¢) = ¢* and ¢ = ng, and using the Cauchy—Schwarz inequality, we have

/ 9277R+/ (nz-v)QQnRJr/ IVogl° nr
{t}xO o Oy
. .12 . . 2 . . 2
s [ (o +]ct -Gl + |an - a» )+ [ (= ) e
O O

Here we point out that [y, (n, - v)g*ng = 0 by the boundary conditions on f7*, f72.
In view of the boundedness estimates (2.24) for f7', f72 we are able to send R — oo.
Then, by extracting subsequences in j1, jo — 00, we know that the limiting function
f of fias j — 1 satisfies (2.24) and solves (2.25) associated with f|;—¢ = fi, and
~v_f = Rf. Finally, the uniqueness of weak solutions follows from Corollary 2.6. The
proof is now complete. O

2 .
‘vah

3. Regularity for inflow boundary problems

We prove in this section the regularity of solutions to (1.1) associated with the
inflow boundary condition. Throughout this section we assume that €2 is a bounded
domain in R? with 9Q € C1:1.

Let us first introduce the notion of subsolution we will use intensively.
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DEFINITION 3.1. — Let D be a domain in R?*?. We say a function f is a subsolution
to (1.1) in Dy = (0,T) x D, if it satisfies f € C°([0,T]; L*(D)) and V,f € L*(Dr),
and for any convex nondecreasing x € C%!'(R) such that x(t) = O(/?) as || — oo,
and any nonnegative ¢ € C!(Dr), we have

0<
L @+ v Va)o = AVX() - Vao 0B Vox(D) + e (Fe + s (D],

Remark 3.2. — Suppose the boundary 9D € C%! consists only of finite boundary
portions with respect to x and v. In view of Lemma 2.8, one can check by approxi-
mation that if f is a weak solution to (1.1) in Dr with nonpositive value on 0Dr,
then after zero extension outside of Dy, the function f is a subsolution to (1.1) in
R4 with the source term s replaced by sl .

3.1. Preliminary estimates

This subsection is devoted to some a priori estimates serving as building blocks
in the sequel. Let us first prove the basic energy estimate for weak solutions in the
presence of spatial boundaries.

LEMMA 3.3 (local energy estimate). — For any weak solution f to (1.1) in Or,
and any function n € C1([0,T] x Q x By(vg)) valued in [0, 1] with vy € R?, we have

LoV Pr? S (1 mlea) [ (s s?) 4 [

supp 7
Proof. — In view of the renormalization formula (2.3) in Lemma 2.5, picking
x(¢) = ¢* and ¢ = n? yields that

/ T f27]2+/ (nm-v)f2n2+2/ AV, f -V, f
{T}x0O {0}xO Sr Or

= 2/@ {—2f77Ava . V’Un + anB . va + sznz + 5f772 + f277(at + - Vx)n} .
It then turns out that

LVt S (51 Nl n 9l + 11 (90102 + £ + 1 17?)

2 ) 2,2
+/0Tf n (0 + v Vx)nH/Fefn dp.

Applying the Cauchy—Schwarz inequality, we obtain
LAVt S [ (#2190 4 20+ 2t 4 0@+ v - Va)l] + [ 5 dn
T T e

which implies the desired result. 0

We then state three lemmas known in the literature. One of the main results
in [GIMV19] is the following interior regularity estimate for solutions to (1.1);
see [GIMV19, Theorem 1.4]. We have at our disposal its scaled version as follows.
Here we recall some notations presented in § 1.3.2 and § 1.3.3. For zo = (to, zo, vo),
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Qr(20) = {(t,z,v) : tg—1r* <t < to, |z — 210 — (£ — to)ve] < 72, |v — v < 7}
A constant is said to be universal if it depends only on d,T, A, m, 3,Q,p,q, m,l,w, €
appearing below.

LEMMA 3.4 (interior Holder estimate). — There exists a universal constant o €
(0,1) such that for any constants 0 < r < R < 1, and any weak solution f to (1.1)
in Qr(z) with 2z € R2? we have

(R = 1) flea@ o)) S I1fll2@r(zo)) + 5l 2o (@rz0))-

The proof of such Holder estimate essentially relies on the following two lemmas
for subsolutions, that is, the local boundedness estimate [GIMV19, Theorem 3.1]
and the oscillation reduction [GIMV19, Lemma 4.5]. The local boundedness estimate
from LP to L*° can be rephrased as follows.

LEMMA 3.5 (local boundedness). — Let the constant p > 0. For any constant
0 <r < R< 1, and any subsolution f to (1.1) in Qgr(zp) with zo € R we have

||f+HL°°(Qr(zo)) 5 (R - T)7(2+4d)/p||f+HL”(QR(ZO)) + H5||L°°(QR(Z0))‘

The oscillation reduction states that if a subsolution is far away from its upper
bound in a subset occupying some non-negligible space with a certain time lag, then
it cannot get close to this bound in a localized region.

LEMMA 3.6 (oscillation reduction). — Let the constant w € (0, 1), and the coef-
ficient ¢ = 0. Then, there exist some (small) universal constants X, g, 6 € (0,1) such
that for any subsolution f to (1.1) with f <1 and |s| < X in @)y satisfying

{f <01 Qa| > w|Qs,,
for the shifted cylinder @3, := Q2,(—1/2,0,0) C Q1, we have
F<1-6 maQ,

3.2. Local estimates

The following proposition lies at the core of our results.

PROPOSITION 3.7. — Assume that the constants p > 2 and (,¢ € (0,1], and
the functions s € L>*(Or) and g € L*(Te,dp) N L=(T%). Let f be a weak solution
to (1.1) in Or such that f = g on I'.. Then, for any zy = (to, xo, vo) € Or, we have

(3.1) |Ifllree0rn By S (o)™ B CHDEH 11000 By (20))

+ 8]0 0 Ba(z0)) + 19112200 A Ba(zo),dp) + 19l Loo (T Baz0));

if additionally g € C?(T), then there is some universal constant o € (0, 1) such that

(3:2)  [flce(ornBi(z0)

< (o) P fll Lo (0 0 Ba(s0))  (V0)|I8] o0 (07 1 Bazo)) + [9)8(T. 1 Baz0))-

ANNALES HENRI LEBESGUE



Regularity of kinetic Fokker—Planck equations in bounded domains 1345

Remark 3.8. — Based on the similar derivation of the estimate (3.1), we also have

£z ©rnBi(z0)) S (00) N fll sz, 01 0 Batzo)) + 18]l L0 0 Ba(zo)) =

+ 119l z2 (v 1 Bazo),dw) + 19l Loo (T 0 Baz0))-

Before starting the proof, let us first set up an appropriate coordinate system,
inspired by the one used in [GHJO20].

LEMMA 3.9. — Let 9 € CY' and xy € 9. There exists some constant R € (0, 1]
depending only on d and 9%, and some neighborhood U of z, and some C*'-function
¥ : (=R, R)*! — R such that the map P : (=R, R) — U, defined by

(3.3) P(§,ya) := m(9) + yan (),
is a diffeomorphism from (—R, R)? to U, and from (—R, R)4™1 x (=R, 0) to U N,
where

g = (yh s 7yd—1) € (_R7 R)d_17 Ya € (_R’ R))
and the maps m,n : (—R, R)4"! — R? are defined by
m(y) == (§,0)"
n(y) = (DY), 1) (=Dw(y),1)".

Proof. — In a local coordinate system, we can characterize the boundary portion
of O near x¢ by means of the epigraph of a function ¢» € C*! defined on (—R, R)?1
for some (small) constant R € (0,1]. We now have to check that the map P is
well-defined. Denoting by P’ the Jacobian matrix of P, we know that

(3.4) P'= (Dm + ysDn;n).
Since ¢ € CH1 provided that |y, is small, the determinant of P’ is

det(P') = |(Dy, 1)] " det (%;; _(TMT) 4 O(ya)

~ (DY, 1)] + Oya).
Hence, by taking R small enough (depending only on d and ||¢||¢1.1), we have
(3.6) k' <det(P)<k in (—=R,R)",

for some constant x > 1 depending only on d and || Dw||p~. It follows from the
inverse function theorem that the diffeomorphism P : (—R, R)¢ — U, with the
neighborhood U of z, exists as asserted. ([l

(3.5)

We first remark that based on the interior Holder estimate in Lemma 3.4 and the
propagation of Holder estimate forward in time [Zhu2l, Corollary 4.6], it actually
suffices to derive the estimate near the phase boundary. Armed with the way of
boundary flattening presented in the above lemma, we are able to reduce general
boundary problems to a one-dimensional space framework (Step 1). After setting up
the transformed boundary value problem and using some approximation argument
if necessary, we will extend the transformed equation across the singular set I'y and
the portion I', where boundary conditions are lost; and this extension is shown to
be continuous (Step 2). The new problem, with fully prescribed boundary conditions,
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can be addressed though the analysis of properties for subsolutions with the aid
of Lemmas 3.5, 3.6 (Step 3). We then proceed with delicate oscillation estimates,
as certain coefficients of the transformed equation tend to be unbounded when the
velocity variable goes to infinity (Step 4). Finally, we remove the approximation
assumption in the concluding step (Step 5).

Let us now turn to the proof in detail.

Proof of Proposition 3.7. — The proof will proceed in five steps.

Step 1. Localization and boundary flattening. — Let Q, Qp be two open neigh-
borhoods of the point (xg,vg) € T such that @ C U x Bi(vg) and U x Bi(vg) C Qy,
for U given by Lemma 3.9. Take two fixed cut-off functions ¢ € C*(U x By(vy))
and n € C°(Qp) both valued in [0, 1] such that ¢|g = 1 and 1|yxp, (v = 1. A direct
computation yields that the function F' := f¢ satisfies
(3.7 (Oi+v-V)F =V, - (AV,F)+B-V,F+cF+V,-Gi+Gy in Or,
where G1, Gy are given by

G1:=—-AfV,9,
GO = _<Avvf+Bf) VU¢+fvvm¢+S¢
In particular, Gy, Gy € L*(O7) are compactly supported in
U = [07T] X (Uﬂﬁ) X Bl(U(]),

and the localized equation (3.7) coincides with the original one (1.1) in4N((0,7) x Q).
Applying the local energy estimate given by Lemma 3.3 with 7 picked above, we
have

(38)  lGill2@) + 1Goll 2@y S (wo) 2l fllzzan + Isllzzen + 19l r2aenr..an-

Let us abbreviate z = (¢t,z,v) and z = (t,y,w). Consider the function F with
respect to Z and the transformation S : U — W := S(U) defined by the prescriptions:

F:=det(02/0z) F 0o S,
S z=(t,y,w) — z = (t,1,v) := (t, P(y), P (y)w).

The Jacobian matrix g((;;i)) = ( DPy "9, thus det(dz/9z) = (det(P’))? depends only

on the variable y and is nondegenerate in (—R, R)? due to Lemma 3.9. Indeed, it
follows from (3.6) that for some universal constant x > 1,

k2 < det(92/0%) < k?  for any y € (—R, R)“.

This shows that F is well-defined in W. Moreover, F is supported in U so that F' is
supported in W.

Regarding to the boundary condition, it now suffices to consider the data on UYN¥7..
Let yq := y - eq and wy := w - e4. Notice that for any x € 02, the outward normal
vector n, = n(y). Using (3.4) and the identity (Dm)Tn = 0, we have

(3.9)

ng-v=n'(Dm;n) - w=eg-w=wy; on {y;=0},
which also means that
{£n, - v<0, zeUNZr} <= {fwy<0,y;,=0, z€W}.
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Therefore, the prescribed boundary value g for ¥’ on & N X7 implies the prescribed
value g := det(9z/0%) (9¢) o S~ for F on the boundary portion {z € W : y4 =
0,wy < 0}

To derive the equation of F, we take p € C}(W) and ¢ := @ o S. By a change of
variables, we have

v Vo =Puw- (P77V,) %+ Pw- ((D,w)'V,) %
=w- -V, @+ (Dyw)v - V,p.
It then follows that

F—/ F+/ x-F—/FaJr-vz
/L{ﬂ({t}xO) v UN ({0} x O) 7 unzT(n v)Fy u (O + )¢

= Junstrer TP /WQS({O} T [ TR [ Flocru-v)p
+/ [ )08 VuF + Y, - [((Daw)o) OSI}FQO],
where we notice by its definition that
610 (D)5, + ¥ (et} o5,y 5 0

In addition,

/u(—AVUF-VU¢+¢B-VUF+CF90—G1-V,,go—l—GW)

_/ (PAP ") 0 STV, F- Vg + (P TB) 0 SV, F
+coS'Fp— (P’*TGI) 0S8 V,p+ GooS 'yl
In brief, (3.7) is equivalent to the following equation
(311) (O +w-V,)F =V, (AV,F)+B-V,F+cF +V, G+ Gy inW,
where the new coefficients are defined in W by
A=pt (A o 5—1) P

P~"(Bo8™) = ((Daw)v) 0 87,

087 = Vy - [((Daw)v) 0 7],

G :=det(9z/0z) PTG 08,
Go:=det(02/0Z) Gyo S~

il
I

Step 2. Extension procedure. — Consider the extended domain
Wh=WU{z € S((0,T) x U x B(wy)) : wq > 0},
and its effective boundary portion

Qe W* 1= OW* N ({ya = 0, wa < 0} U {ya > 0, wg = 0} U {t = 0}).
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We denote by 9,W" and 9,,W* the boundary portions of 9WW* with respect to y and w,
respectively. Extend the coefficients A, B, ¢, G1, Gy as A, Bf, ¢4, Gul, GE,, respectively,
by setting them in WH\W as

Ab=ppT

B:= — ((Dyw)v) 0o S,

di= = V- [(Daw)v) 0 87|,
G| = 6§ =0

Taking note of (3.8) and (3.10), we see that G, G5 € L2(W?), and there is some
universal constant K > 1 such that all the eigenvalues of A* lie in [K~!, K], and
| B%|, |¢*| are bounded by K (v,)?.

As shown in Figure 3.1, this step is devoted to the extension of the solution F' from
the dark region to the checkerboard area, whose boundary value is prescribed as g on
the black border lines (a section of the effective boundary d.gW*) and is identically
zero near the gray border lines (due to the localization). This procedure relies on
the existence result presented in Lemma 2.7 which will not be applied directly, since
the result is valid only for some certain regular boundary data. On account of this,
we assume g € C1(Or), which will be removed in the final step.

Wq

Figure 3.1. The solid dark region is a section of W. The corresponding section
of W consists of regions with dark color and checkerboard pattern.

Based on the assumption that ¢ € C*(Or), by taking § := (y1, ..., ya_1) and
extending
§(2) = (%) = det(92/0) (g9) 0 S (2) in {ys < 0},

() :=det(92/0%z) g o ST (t, 7,0, w) ¢ 0 ST1(2) in {ya > 0},

the function g is extended to a Lipschitz function g € R*2. In view of (3.11) and
Lemma 2.7, we get a weak solution F* € L2(WW") by means of solving the problem

(O +w-V,) F' =V, - (AV,F?) + B* -V, F* + “F 4+ V,, - G} + Gf in W*
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associated with the boundary condition
Ff=¢' on O,

(3.12)
F*=0 on (9,W\{ya=0}) U (9.W"\{wy = 0}).

Taking the localization ¢|o = 1 into account, we achieve in WA N S((0,T) x Q) the
equation

(3.13) (O +w- V) F? =V, - (A, F?) + B - V,, F* 4 ¢ F + &

associated with (3.12), where we set the new source term s* := det(9z/9%) s 0 S~}
in W which is extended identically zero outside of W.

Step 3. Step 3. Local boundedness estimate. — We now observe that the function
F%0 S in turn solves the following equation in S™*(W?),

(3.14) (B +v-V,) (FioS)
=V, (AV, (F'oS))+ BV, (FloS)+cFioS+V, G, +G,,

where A := A, B := B, c:=c¢, G, := Gy, G, := Gy in U; meanwhile, A := I;, and
B, ¢, Gy, G, are identically zero in STH(WH\W).
By virtue of Lemma 2.8 and the estimate (3.8), we have

(3.15) |[Fios

(571 (w9))

S Gl + 1Golzom + ], orsieny

N <U0>1/2||f||L2(u) + Isllzzen + l9llz2@nre,aw + 19l zo@nr)-
By setting

F= (Fh 0§ — M)+ with M = th OSHLoo(uere)’

the function F vanishes on the boundary portion S~!(9.g4WV"). As a consequence
of the zero extension for F to the region ((0,T) x U x By (vy))\S™1(W?), and the
localization property from ¢, the function F' becomes a subsolution verifying

(O +v- Vo) E<V, - (AV,E) + B+ VoF + |c|E+[[M +5 in (-1,T) x Q.

In this manner, every boundary point reduces to the interior one. Let us take
20 € p U ({0} x O), and pick the constant Ry € (0,1] such that Ry ~ (vg)~! and
Qar,(20) C (—1,7] x Q. Applying Lemma 3.5, along with (3.15), we derive the
boundedness of F% o S from above that

SUPQ g, (20) FfoS < SUPQr, (20) F+M
< HFu oS

£2(s-1(we)) +llsllze@y +M

S (o) 2 flleean + sl oo + 119l L2@nrs,an + M.
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Similarly as regards the zero extension for the function (— FioS—M )+’ we have

the boundedness of F* o S from below. Hence, for any z, € X7 U ({0} x O),

(3:16) [1£1l 2oe (14 m @y 200

HFh © SHLoo (Qrqy (20))

S (Uo>1/2’|fHL2(u) + Isllzoe @y + |9l c2@inr,,am + 19l Le@nry),

where we use the fact that F¥ o S coincides with the original solution f in I owing
to the uniqueness result given in Corollary 2.6.

Recalling that Ry = (v9)~' and combining (3.16) with Lemma 3.5 applied to f
in the interior region {z € Or : dist(z,X7 U ({0} x O)) > Ry}, we obtain the
estimate (3.1) as claimed.

Step 4. Zooming in and oscillation decay. — Let us set Zg := S(z9) = (to, P~ (o),
P (x)vg) for 29 € Ep, and pick the constant ry € (0,1] such that rq ~ (v)~2
and @, (Z0) C S(Qr,(20)), where we recall that Qar,(20) C (—1,7] x Q. Taking
7 = Tz,(%) with Z := (£,9,w) € Q; and fixed r € (0, 7], and regarding to (3.13),
we deduce that the equation

O+ - V) F =V (AVaF) + B-VyF +¢F +5

holds in the defective region Q1\{Z : yq > 0, wy < 0, or t < 0}, where we defined

F:=FoT;,,
A= Alo Tzo s
B:=rBfo Tzors
¢ =12 o Tz,
5:=r’s"0T;,

Due to the choice of rg, the functions | B, |¢|, |3] are bounded by a universal constant.
For r € (0,79, we define

My :=suptscqm,  (esm) }F

After extending the function (]5— M,.)+ by zero to the region {Z € Q1 : yg > 0, wy <
0, or t < 0}, and normalizing it through

Fy 1= (supg, (F—M;)  + A ) (F ~ M), with §:=cF+5,
it turns out that the function F) is valued in [0, 1] over @); and satisfies
(3.17) (Or+ - V) F, < Vi (AVgF,) + B-VaF + X inQy,

where the universal constant A € (0,1) is provided in Lemma 3.6.
For (xg,v9) € ToUT_, that is, P (xq) - eq = 0 and P'~1(x¢)vp - ¢4 < 0, we have

yg =17y - eq + r*tP~ (:co)vo ceq =0,
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whenever 7 - eq > 0 and £ < 0. According to the definition of F., for any o, 7 € (0, 1)
such that Q,(—7,0,0) C @1, we derive

[{F: = 011 Qu(=7,0,0)| > § [20(-7,0,0)].

Intuitively, F, is extended as a subsolution to the light gray area, and thus vanishes
at least a quarter of @;; see Figure 3.1. Applying Lemma 3.6 with w = 1/4 to the
subsolution F,. of (3.17) then yields that there exist some constants 6, ¢ € (0, 1) such
that F,. <1 — 0 in @,, which is recast as the decrease estimate of supremum that

F—M, <(1—0)supg, F — (1= 0) M, + X" [|§]| (o) 0 Q-

Similarly as regards the setting (m, — F), with m, := infzeq, 7, (5 esm)} F, we
have the increase estimate of infimum that

m, — F < —(1—0)infg, F+ (1 —0)m, + A\~ 98 (@ in Q.
Adding them together, we obtain the oscillation decay
oscg, F' < (1—0)oscg, F + 0 (M, —m,) + 2\7|| L0y
7 1
< (1—Q)OSCQIF—G—QOSC{EEQl:EOT }F+2)\ 15]] ;o @)
Rescaling back, it reads for any r € (0, r¢],
OSCQQT(EO)Fu <(1-0) OSCQT(EO)Fu

+ QOSCQT(Eo)ﬂS(Fe)gh +2070r (A HFUHL‘”(QT + H uHL"" (@ ZO))>

According to the standard iterative procedure (see for instance [GTOl, Section 8.10]),

there is some universal constant o € (0,1) such that for any r € (0, o],
0scq, (z0) F* < 1y 1 HF“H

> (Qro (%0)) +T H hH @y oy T QUm0 NST T

(3.18)

Syt |7

Lo Q'r Zo)

For (zg,v) € T'y, that is, P~(zg) - e = 0 and wy := P~ Y(zg)vp - eq > 0, these
boundary points for the solution F* of (3.13) reduce to the interior ones directly, for
the reason that the interior estimate given by Lemma 3.4 is applicable for solutions
to (3.13) in the region W* N S((0,7T) x Q). More precisely, we have, for any zy, € ¥,
and r € (0,79/2],

(3.19) 0scq, z) F* S max{ro_o‘,@; } HFUH

) + 1\ sll Loy + r7° [Glesownsry)-

(i) Il

Applying (3.18) and (3.19) in the cases 1y > W,y and ¢ < Wy, respectively, we see
that the Hélder estimate (3.18) holds for any zy = S(zp) with 2o € ©F. We remark
that the estimate around the initial point zg € {0} x O also holds through the same
zero extension argument; see [Zhu21, Corollary 4.6].

We now translate the Holder estimates for F* into the ones for f. Let us abbreviate
B (20) := (to — 7, to] X B.(z0) X B.(vg). Since the transformation S and its inverse
are bounded, for any r € (0,7, we have B, ;(z9) C Q(20) C B, _1,(20), for some
universal constant v € (0, 1). Recalling the definitions of F# and F with the fact (3.5),
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we conclude that there is some constant 7 € (0, 1] such that ry ~ ry & (vg) 2, and
for any zg € X1 U ({0} x O) and r € (0, r4],

05Cy - oy S 11T o SHLM@ y + 7 sllzee + r lgloswnr)

Rq(20)

Gathering this with (3.16) and picking the constant « € (0, 5/6] yield that
(3.20) Y08y 0 (o) f < (o) T fll ey + I8z + 7 lgloswinr)-

Together with the interior Holder estimate in Lemma 3.4, we know that the weak
solution f is Holder continuous in Or. Indeed, for any zy € {z € Oy : dist(z, X7 U

({0} x O)) = m1},
(3.21) r?[f]ca(B— (20)) S ||f||Loo(B:1(ZO)) + ||S||Loo(B:1(zo))’

vry

where we used the same notation of the (universal) constants «, v € (0,1). Now that

r1 = (v9) 2, we conclude from the above two estimates that for any 2o € Or and
r € (0,1],

mca/S(OT N By (20)) S

<U0>1/2+2a||f||L°O(OTmB;(ZO)> -+ <UO>2a||S||L°°(OTﬂB;(ZQ)) + <UO>2a_ﬂ/3[

g]Cﬂ(FeﬂB;(zo))
which implies (3.2).

Step 5. Approximation. — We have to remove the additional assumptions used in
the previous steps that the boundary data g is continuously differentiable. To this
end, we approximate g by a sequence of smooth functions {g;};en, which preserves
the same regularity as g on I'.. For each j € N, we acquire a continuous weak
solution f; to (1.1). It follows that (3.20) and (3.21) hold for f;, whose right hand
sides are bounded independently of j. With the aid of the maximum principle given
by Lemma 2.8, we have

1fi = Fill ooy S W90 = Gsllzoorey = 0 as i, j — oo

After passing to a subsequence, the passage j; — oo yields a bounded limiting
function fo of f;. By the same argument as in the proof of Corollary 2.9, we know
that fo = f is the unique weak solution to (1.1) in Or associated with f = g on T.
In particular, when ¢ is continuous on I'., f is globally continuous over Op. The
proof of Proposition 3.7 is now complete. O

3.3. Global estimates

LEMMA 3.10. — Let the constants p > 1, ¢ > 0, and the function f be a bounded
weak solution to (1.1) in O with (v)?s € L?(Or) and {(v)4f|r, € L*(T.,dp). Then,

{0 PNl coo.ryrzoy) + 1K0Y Vo () 200y + K0 FP N 12000, dp)
S 0" 200y + 1K) FP Ml L2 r gy -
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Proof. — 1t is straightforward to check that F' := f¢ and S := s¢ with ¢ = ¢(v)
verifies

(O +v-Vy) F=V, - (AV,F)+ B-V,F+cF+V,-G,+Gy inOr,
provided that f is a weak solution to (1.1) in O, where G; and Gy are given by
G = —AfV,9,
Go:=—(AV,f+ Bf)-V,0+ 5.
Let ¢ := (v)9. By noticing that V,¢ = %gb, we acquire

v

q
v = 7F7
Vo 02
qu qu qu
7\ vF: v v 7\ 7F7
<U>2®V Voo @V f+<v>2®(v>2
so that G; and Gy are recast as
qAv
G, =—-——F
1 <’U>2 )
2 . .
Go— 1A g p TAV Yy aB v g

(v)? Wt T (v)?
According to the uniqueness of weak solutions, it is equivalent to consider the
equation
(3.22) (0, +v-V,)F=V, - (AV,F+BF)+(B+B')-V,F+/F+ S inOr,
where the new coefficients B’ and ¢/, defined by
g .- _4Av
()
¢Av-v  gB-v
(v)? (v)*

are bounded by a universal constant. By a similar version of Corollary 2.9, we have

di=c+

(3.23) [ [| cogjo. 1722 ({13 x0))
Ve (FP) 12000y + 1E | 2005, a0y S 197 22000y + 1EF 22, ap0) »

Indeed, taking x(¢) = ¢* and ¢ = 1 in the renormalization formula for (3.22) (see
an analogue in Lemma 2.5) yields that

/ F2p _ / F2p —+ Ny * v %P 4 2p(2p _ 1) AF2p—2vvF YV, F
{t}x0O {0}xO bop o,
=2 [ [(B+2B —2pB)F* 'V, F + (F + SF1]
Oy

The claim then follows from the Cauchy—Schwarz inequality and Gronwall’s inequal-
ity. Replacing ¢ by ¢/p in (3.23) implies the desired result. O

The following global estimates are direct consequences of Proposition 3.7, with
Remark 3.8, and Lemma 3.10.
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PROPOSITION 3.11. — Let the constants q > 2d, B € (0,1], and the functions
s and g satisfy (v)1s € L*(Or), (v)9 s € L>(Or), (v)ig € L*(T.,dp), (v)72g €
L>(T,). Then, there exists a unique weak solution f to (1.1) in Op associated with
f =g onI'., which satisfies

[ (wyr2tg

||<U>q5||L2(OT) + H<v>q_2dSHL°°(OT) + H<U>qg||L2(Fe7du) + H<U>q_2dgHL°°(re) '

‘ <
Lo (Op) ™

If additionally ¢ > 1/2 + 2d and g € C”(T,), then there is some universal constant
a € (0,1) such that

[, e 0 lemion <

108l zaom + [)75] ,) + 1600 2o gy + [ @) ) + Glomm

4. Nonlocal reflection boundary problems

This section is devoted to the regularity for solutions to nonlocal reflection bound-
ary problems of (1.1). Let us recall the reflection operator

Nf(t,z,v) := M(t,x,v) /Rd ft,z,v")(n,-v') dv'  in X7,

for M satisfying (1.3). The proof is patterned after the argument from the previous
section. We always assume that () is a bounded C*!-domain in R

4.1. A priori estimates

Due to the same regularization procedure as the one used to deal with the inflow
injection case, it is actually sufficient to prove the following lemma about the Holder
regularity of the macroscopic boundary quantity.

We notice that the solution to (1.1) with reflection boundary conditions lacks
prescribed boundary data. We can first only get regularity around the outgoing
boundary I';, which exhibits singular estimates up to the grazing set I'y; for instance,
the right hand side of (4.5) below will approach infinity as ry — 0. Fortunately, the
weight n, - v appearing in the nonlocal reflection operator N will contribute to
reconciling these estimates. This observation leads to the following lemma, which
shows the regularity of N'f for f solving (1.1).

LEMMA 4.1. — Let the constants p = 2 + 4d, ¢ > 1 4 d, and the functions s, fi,
satisfy (v)4s € L>(Or), (v)fin, € L>(O). Then, for any weak solution f to (1.1)
in Or such that fl—g = fin in O and (v)7V2f € LP(Or), the quantity T = T|[f],
defined by

TIf](t,z) = /Rdf(t,x,v) (ng - v)s dv, (t,2) € [0,T] x 99,
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satisfies that for any T € (0,T] with Z] := [max{0,7 — t}, 7], we have
(4.1) HT”Loo(I{ x 092)

S|yt

(g o) T IO Sli oz c0) N0V oy 2 0 0)

if additionally fi, € C?(O), then there is some universal constant a € (0,1) such
that

(4.2) [T]ca(zfxag) S ||<U>qf||Loo(zg x 0) + ||<U>q3||Loo(I2T x 0) + [ﬂoﬁ({tzo}m(Ig x0))

Proof. — We use the notation for the boundary flattening introduced in Lemma 3.9.
Recall that the diffeomorphism P : (=R, R)4™! x (=R,0] - UNQ, y — x, with the
constant R € (0, 1], is defined in (3.3); the transformation S : (t,z,v) — (¢,y,w) is
defined in (3.9). Let us set

fi=foS™t inOr.
For € = (t,7,0) € [0,T] x (=R, R)?* x {0}, the quantity T can be expressed as

T(t, P(9,0)) = [(Dy(5), 1)] F(&w)wadw.

{wg >0}

We thus have to acquire the regularity of the integrand above, which is expected
due to the presence of the weight wy. For fixed constant 7 € (0,7, we abbreviate
the sets

Z:=T; x (UNQ) x R,
E:=1I] x (~R/4, R/4)"" x {0},
I1:= 13, x (—R/2,R/2)"" x (—R/2,0] x R".

For y; = 0 and wy > 1, we are away from the grazing set. By using the facts that
g > 1+ d and the boundedness of S and S~!, and applying Proposition 3.7 with
p = 2+ 4d, we deduce that

(4.3) sup f(, w)‘ wgdw < sup ‘(w)qf(ﬁ,w)‘

cc=J{wq>1} ‘ (,w) €M wg >1
< @t

moreover, there is some universal constant o € (0, 1) such that

iz 1Y 8ll(2) + 10 e rmopnz)

(4.4)  sup_ €= &7 [F(& w) = F(€ w)wadw
e#¢ ez H{wg 21}

S0 f | e z) + 10) ]| poo 2y + [fles =01 n 2)-
It now suffices to derive the regularity of f(&,w), with the weight wg, near the
grazing set, that is, y; = 0 and wy € (0,1). To this end, we consider an arbitrary

fixed point Z := (£, @) € Z x R? with @y := @ - ¢4 € (0,1). Based on the proof of
Proposition 3.7 (see the derivation of the estimates (3.16), (3.19) and (3.20)) with
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the dilation argument, for ry := wy/(2(@)?), we know the local boundedness estimate
from LP to L™ with p = 2 4 4d that

) S @7

tlses7

15 [7]

L2 (TIN Qg () LP(TIN Q2ry (2))

Lo (T1N Qarg (2 Hf °& HL” ({t=0}NTIN Q2 (2))”

and there is some universal constant a € (0,1/ 3) such that for any r € (0, o],

(46) r ose  TEw) s (@) e

(Ew) eTINQ(2 Lo (IIN Q2r(2))

—l—r{g’o‘HSOS* H +[fOS*

1
Lo (T1N Q30 (2)) }CW{t:O}mHmQQT(z))'

It turns out from (4.5) and the arbitrariness of Z € = x {w e RY: @, € (0, 1)} that

sup [ ‘?(f, w) ‘ wgdw < sup ‘ (W) 2 f(&,w) wd‘
£c 2 J{wqge(0,1)} (&,w) €, wy € (0,1)
S 21 gy + 10078 ey 10D ey 2y

Combining this with (4.3) then yields the boundedness estimate (4.1) for T.
To obtain the Holder estimate for T, we apply (4.6) so that for any w € R¢ with
wg € (0,1) and 7y := wy/(2(w)?), and any &, &' € = such that 0 < |€ — &'| < vri,

()2 & = &7 [7(& w) = T(¢,w)|wa

5 Sup ‘<w>q—3/2+6af<§ w)wi~ 3a‘+H q 246 H

+ [f]cﬂ t=0}N2)>
(6,w) ETLwg € (0,2) {t=0}n2Z2)

Loo(2)

where the constant v € (0, 1) is universal. In addition, it is straightforward to check
that for any wy € (0,1) and [ — &'| > vr?,

(W)l =& [FEw) ~ FE w)wa S sup @) w)wi.

(ng) ell,wg € (071)

Gathering the above two estimates and supposing o < 1/6, we have
swp_ [ e = €T (6 w) = F(E w)|wadw
§#¢ €2 /{wae(0,1)}
< [y

Together with (4.4), we arrive at (4.2). This concludes the proof of Lemma 4.1. O

The following local-in-time estimate is an immediate consequence of Proposition 3.7
and Lemma 4.1. Indeed, assisted by Lemma 4.1, we see that the nonlocal reflection
boundary problem is essentially the same as the inflow case.

Lo(2) + H<U>q_1SHLm(Z) + [fles =0y n 2)-

PROPOSITION 4.2. — Assume that the constants ¢ > 1+d, 5 € (0,1], m > 0, and
the functions s, fi, satisfy (v)™*4s € L>(Or), (v)" 1 fi, € L>®(0O). Let f be a weak
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solution to (1.1) in O associated with f|i—o = fin in O and v_f = Nf in X7, and
(v)ym+(+2d)(a+l) £ € [2(Of). Then, for any 7 € (0,T] with Z] := [max{0, 7 — t}, 7],

@) s

< m+(1+2d)(g+1)
Lo(IT x 0) ™~ H v) f

L2 (IT x (9)

@™y 25 0 0))

if additionally fi, € C?(O) satisfies the compatibility condition v_fi, = Y-N fi,
then there is some universal constant o € (0,1) such that

m+q H
S
+ H Loo z* x o)

(4.8) [f]Ca(I{ x0) S ||<U>qf||Loo(IQT x 0) + ||<U>q3||Loo(IQT x 0) + [f]cﬂ({t:()}m(zg x0))

Proof. — The combination of Proposition 3.7 and Lemma 4.1 implies that for the
constant p := 2 + 4d and for any 7 € (0, 7], we have

[0 ]

H v m+q+1f

L>(I] x 0) Lr(13 x 0)
1™ 5l oo (27w 0) 1K) e (1m0y 1 (25 ¢ 0)):
To derive the estimate from L? to L*°, we write

51 <P 70

Lo IT><(9

Lr(13 x 0) LQ(ZT x 0)

5 €H<U> fHLoo(Z‘;X(/)) +€ p 2 H v m+(‘]+1 p/2f

By choosing € > 0 sufficiently small, we obtain for some universal constant C' > 0,

o]

(15 x 0)’

1
<= H<U>mf||Loo(Ir § (’) + C«H<U>m+(Q+1)p/2f

+Ctwrmes]

oo I"XO LQ(ITXO)

+ O w)mees]

L (I5 x 0) Lo ({t=0}n(Z3 x 0))’

Notice that Z = I for 7 € (0,1], and Zj = Z7 UZ] * for 7 € [1,T]. We thus
conclude that for any 7 € (0,77,

o]

H <U>m+(q+1)P/2f

Loo IT x o L2(If x O)

+ [y + o]

L>(I3 x 0) Lo ({t=0}n(Z3 x 0))’

which is exactly (4.7) as asserted.

Besides, the Holder estimate (4.8) is given by Proposition 3.7 and Lemma 4.1
directly. We point out that the compatibility condition v_fi, = 7-Nfin plays a
role in verifying the Hélder continuity of f|r, near the initial time. The proof is
complete. O

4.2. Well-posedness result

PROPOSITION 4.3. — Let the constants ¢ > d+ 2, 5 € (0,1, m > ¢
) €

1 q, |
m+(1+2d)q+d/2, and the functions s, fi, satisfy (v)ls € L>(Or), (v)! fi, € L=(O).
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Then, there exists a unique bounded weak solution f to (1.1) in Or associated with

fli=o = fin iIn O and v_f = Nf in X7, which satisfies

(4.9)  1{0)™ Fll ooy + || ()20

Co([0,T];L2(0))
<]

~Y

l .
S0 .

if additionally fi, € CP(O) satisfies v_ fin = Y_N fin, then there is some universal
constant o € (0, 1) such that

(4.10) flesn) S [[(0)

I

D P |

+ H<U>lfin I

Remark 4.4. — The range of the constants ¢, above are not optimal.

HLOO(OT) + [fin]CB(O)'

Proof. — The proof is based on the following iterative scheme of inflow boundary
problems. By Corollary 2.9, we assume that f,, solves (1.1) in [ x O, for the time
interval Iy := [k7,(k+ 1)7] N [0,T] with k € N,

fn|t:0:fin and V—fn—i-l:-/\/’fn fornEN, 7—f0:07

where the constant 7 € (0, 1] is to be determined. Let us abbreviate OF := I}, x O.
In addition, we set I_; := {0} and O~! := {0} x O for convenience.

We first have to establish a priori estimates for f,,. For the constants p := 2 + 4d,
q>2+d, ¢ >q+d/p, applying Lemma 3.10 implies that

H<v>qfﬂ+1HCO(Ik;LP(O)) + H<U>qfn+1”Lp(1k X T,|ng-v))
S H<U>q15HLoo(ok) 1 fastll oo piry x 0) F IO N Fall por < o -

By the definition of the operator /' and Lemma 4.1, we have
(411) ”<U>q~/\/anL1’ (I X T, |ngv|) ~ < T /pH (11+1/pMH

s o

1/
CO(I, Ul _1;LP(O)) + T ”<U>q5||L°°((IkUIk,1) x O)
+ 7P H<U>qfn||Loo({t:0}mok—1) .

Combining the above two estimates and choosing 7 sufficiently small yields that for
some universal constant C' > 0,

(4.12) ”<U>qfn+1HCO(Ik;LP(O)) + H<v>qfn+1HLP(Ik x T, |ng-v])

1
<O ||<U>qls||L°°((’)T) +C ||<U>qfn+1||Lp({kT} xo) T B ||<U>qfn||()0(lk;LP(O))

1Y Falleoy yasion + 10V fall o ey nonr) -

In order to derive the convergence for f,,, we observe that the function f,, 1 — f.
also solves (1.1) in I, x O associated with s = 0,

(fn - fn71>’t:0 =0 and ’Yf(fn+1 - fn> - N(fn - fnfl) fOI‘ n e N+.
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It then follows from (4.12) that

(4.13) {0} (fasr = f)lcogryze(oy) + 10D (st = Fadll oz, s maeo

1
< O (farr — fn)HLP({kT} xo) T ) [0} (fn — fn*1>HCO(Ik;LP(O))
+ 1) (fa = Fa-ll o, _ezro) -

Besides, with the aid of the energy estimate given by Lemma 3.10 (with p = 1 and
q=0), as well as (4.11), we have

(4‘14) ||vv<fn+1 - fn)“L?(Ok)
5 HN(fnJrl - fn)HL?(Ik ><F7,|nz-v|)+ ||fn+1 - fn||L2({kT}><(9)
S {w)(fa — fnfl)”CO(Ik;LP(O)) + [[{0)? (fos1 — fn)HLP({kT}XO) :

In particular, from (4.13) and (4.14) with & = 0, we obtain by an iteration

(4.15)  |[Vo(fus1 = falll 2oy S {0) (frs1 = fa)llcogze:z00))
1 1
S35 () (fr = Fam)ll coto:rm0)) < on {0 (fr = follco g Leco) -

Thanks to (4.12), the right hand side tends to zero as n — oo. We conclude the
convergence of f, in C°(Iy; LP(O, (v)P?)) and in L*(ly x Q; H'(R?)). We remark
that the boundary identity v_f = Nf as the limit of v_f,_1 = Nf, on Iy x T'_
make sense, owing to (4.13). To proceed the convergence of f,, in O!, we gather the
estimates (4.13), (4.14), (4.15) to see that

va(fnJrl - fn)HLQ(Ol)

5 ||<U>q(fn - fn—l)HCO(h;LP(O)) + ||<U>q(fn+1 - fn)HLp({r}xO)

1 C
S5 {0} (fam1 = fa=2)llco(r.o (o)) on {0} (fr = follco g Leco)) -

By iterating and sending n — 0o, we acquire the solution f to (1.1) in (I3 U ly) x O.
The global solution to (1.1) in Or is then constructed by applying such arguments
repeatedly.

Next, by Lemma 3.10 and Proposition 4.2, we get the global boundedness estimate

m m+(1+2d)q
() f||L°°(OT) + H<U> f’ CO([0,T];L2(O

0 (A 4 PPSe g (e

) S H<”>m+(1+2d)qs

L*(Or)
+ |y f

L3( L>(Or) L=(0)’

which implies (4.9) with the constant { > m + (1 4 2d)q + d/2. The global Holder
estimate (4.10) is also given by Proposition 4.2.

Let us finally show the uniqueness for the weak solution f to (1.1) in Or with
s = fi, = 0 and v_f = Nf. Using Lemma 3.10 and Proposition 4.2 yields that for
any t € (0,7,
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H< >(2+2d)qf‘

H 2+2d)q

CO([0,];L2(0)) LQ(Y Ina-l)
H )2 1+d)/2MH ||<v>qf||L°°(2t)

H 2+2d)q f

L2(0y)

By Gronwall’s inequality, we get f = 0 in O so that see the uniqueness of solutions
in the class C°([0, T]; L*(O, (v)(4+44)a)) This finishes the proof. O

5. Specular reflection boundary problems

Building upon the mirror extension technique developed in [GHJO20, Niel§|, we
demonstrate the regularity for the specular reflection boundary problems, with the
proof in a similar spirit to that presented in [GHJO20]. The solution to (1.1) can be
extended outside of the domain directly as a solution to a modified equation. The
treatment of this type of boundary condition is thus simpler than the cases that we
have already addressed. As in the previous two sections, we still assume that € is a
bounded C'!'-domain in RY.

PROPOSITION 5.1. — Assume that the constants (3,¢ € (0,1], and the functions
s € L*(Or), fin € L=(0). Let f be a weak solution to (1.1) in Or associated with
fli=o = fin in O and v_f = Rf in ¥;. Then, for any zy = (to, xo,vo) € Or, we have

1f |2 (07 n 581 (20))
< (o) U f 1 22000 0 Ba(zo)) F 1181 o0 A Batzo)) + 1 Lo (=0} 1 Ba20)):
if additionally fi, € CP(O) satisfies the compatibility condition vy_fi, = v-Rfu,
then there is some universal constant a € (0, 1) such that
[flca©r 0 Buz0))
S (W) ([ f 2201 0 Batzo)) + (00) I8l (01 1 Ba(z0)) T [flos(i=0y 1 Ba20))-

Proof. — We first point out that the results of existence and uniqueness for the
weak solution f have been proved in Corollary 2.11; moreover, we know that the trace
~f is well-defined in L*°(X7). Let us now reduce the regularity estimate near zg € 3p
to the interior one by means of the mirror extension technique. Recall the coordinates

= (t,x,v) € [0,T] x U x By(vy), and the transformation § : z — z = (t,y,w)
defined in (3.9); see also Lemma 3.9. Let

U:=1[0,T] x (UNKQ) x By(vy),
Y:=85(0,7T] x U x By(vp)) -
To extend the solution f of z € U, we define the function f of ze Y by
fi=det(82/0%) fo S™' in YN {ys <0},
fi=det(92/9z) fo ST'o R, in YN {ya > 0},
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where we set the mirror reflection operator
Rm(t7 Y, UJ) = (t> ?jv —Yd, ?I)a _wd) .
Regarding to the boundary condition, by recalling (3.4) and the identity (Dm)Tn
=0, we have, for any § € (—R, R)?! and w = (0, wy) € R x R,
Pl(ﬂ, O)(QZ), —U}d) = (Dm, 'n,)(IZ), —wd)T =Dmuw — wWan
=R.(Dmw + wgn) = R,.(P'(y,0)w),

where the specular reflection operator R, on 0f2 is defined by R,u := u—2(n, - u) n,
for any u € R?. Together with the boundary condition for f, we obtain

foS T oRu(z) = f(t, P(3,0), P'(y,0)(, —wq))

(5.1) = f(t, 2, Rov) = [ (t,2,0) = f 0 S7'(2),

which roughly means that f is continuous across Y N {yq = 0}.
We are now able to perform the same derivation as for (3.11) in Step 1 of Subsec-
tion 3.2. Indeed, it turns out that for any p € C()),

~ ~ ~

- —i—/ wq f
/yﬂ{yd<0}ﬂ({t}x(9)fgp yﬁ{yd<0}ﬂ({0}xo)fgp YN {yq=0} ale
= {f(éHw-Vy)—Avwf-vw+B-wa+cf+s ©,

Yn{yq <0}

where the coefficients A, B,¢,s are defined in the region Y N {y; < 0} by

A:=P " (AoSH) P,

B:=P T'BoS™'— ((Dyw)v)oS™,
ci=coS=V, - [((Dew)v) oS,
5:=det(0z/0%) s 0 S

On account of this, applying change of variables twice with the relation that R,, o
R, = id, as well as using the boundary condition (5.1), yields that

o~ ~ o~

_ fo — wq f
/yﬂ{yd>0}ﬁ({t}xo)fgp YN {ya>0}N({0}x0) 4 Yn{ya=0} s

= _//:\QOORm
YNn{ya<0}N({t}x0)

_/ FooRu + wa f oo Rm

YNn{ya <0} ({0}x0) Y N {ya=0}

= [f(at—l—w-vy)—Aij?-vw—FB-wa—l—cf—i—s}gpoRm
Yn{ys <0}

= [f(aﬁw-vy)—ﬁvwf-vw+§-vwf+af+§}(p,
Yn{ys >0}
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where with the notation of the d x d diagonal matrix J := diag(1, ..., 1,—1), we
extended the coefficients A, B, ¢, as A, B, ¢, 3 to the region ) N {ys > 0} by setting
A=J(AoRy)J,
B:=JBo R,
c:=CoR,,
5: =50 R,,.

In view of the above two formulations valid in Y N {ys < 0} and Y N {ys > 0}, we
conclude

(5.2) @ +w-V,) f=Vy (AV,f)+B-Vuf+ef+5 mY.
By definition, it is readily checked that

|(Daw)v) o S—IHLOOOJ) + [V - [(Dew)v) 0 §71] < (vp)2.

HLOQ(QV) ~
We thus see that all the eigenvalues of A lie in [K !, K], and |B|,|¢| are bounded by
K (vp)?, for some universal constant K > 1.

We next sketch the remaining part of the proof. As with the previous inflow
problems, we have to take care of the coefficients of lower order terms. To derive the
equation with coefficients bounded independent of (vy), we consider the constant
ro & {(v9) % such that Qg (20) C U. Then, the function F .= fo Tzo.ro With Zg =
S(zg) solves the same type equation as (5.2) in ()y; see the same argument as in
Step 4 of § 3.2. Using the interior estimate given by Lemma 3.4 yields the Holder
estimate of f in B,,(zo) for any zy € 37 U ({0} x O), which in turn gives the same
regularity for f. Combining this with Lemma 3.4 applied to f in the interior region
{z € Or : dist(z, 27 U ({0} x O)) > ro}, we obtain the Hélder estimate of f in Or.
We finally remark that the treatment around the initial point zy € {0} x O is the
same as the one in Step 4 of § 3.2; see also [Zhu21, Corollary 4.6]. The C’-Hélder
regularity of f| |i—o requires the conditions fi, € C?(O) and v_fi, = 7_-R fin. This
completes the proof of Proposition 5.1. 0

By the same derivations as Lemma 3.10 and Proposition 3.11 for the inflow bound-
ary problems, we have the following global estimates for specular reflection boundary
problems.

PROPOSITION 5.2. — Let the constants g > 0, 8 € (0, 1], and the functions s and
fin satisty (v)4s € L*(Or) and (v)?fi, € L*(O). Then, there exists a unique weak
solution f to (1.1) in Or associated with f|i—o = fin in O and y_f = Rf in ¥,
which satisfies

H<U>qu00([o,T];L2(O)) + H<U>qvfoL2(OT) S H<U>q3HL2(oT) :
Furthermore, if ¢ > 2d, (v)972¢s € L>®(Or) and (v)772f;, € L>*(0O), then
[, e 0, < IH0) sl 200

0 5] e+ N oy + )~

L=(0)
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and if ¢ > 2d and fi, € C?(O) with v_fi, = 7-R fu, then there is some universal
constant o € (0, 1) such that

)72 ] e 0y + Flcwn S 1@V slaon + (0325 . o,

+ 1) fnll 2oy + [[ (0} fin

)

Appendix A. Optimality of the Holder class

We show the optimality of the Holder class for classical solutions to (1.1) with
constant coefficients and the absorbing boundary condition. Through the description
in [HJV14, Claim 3.7], we make the construction here for the sake of completeness.

Consider the steady Fokker—Planck equation

(A.1) V0, f(z,v) = 02 f(z,v), (v,v) €R, xR,

with the absorbing boundary condition on {x = 0,v > 0}, that is, f(0,v) = 0 for
v > 0.

The goal is to construct the solution of the type f(z,v) = zsW(r) with 7 = —g—i,
for the ansatz U : R — R. Plugging it into (A.1) yields so-called Kummer’s equation

W)+ (27w + b =,

whose two linearly independent solutions are M(—%,%,7) and T3M (3,3,7), for
Kummer’s function M; see [WG89, Chapter 6]. Then, Tricomi’s function ¥(7) =

\If(—%, %, T) is given by their linear combination,
r(i 12 r—3 14
Blar(-120) I8 L 1),
TORSENAT TN
where I'(+) is the Gamma function. We have to use the asymptotic expansion of M, ¥
when || — oo; see for instance [WG89, Section 6.6]. On the one hand, for 7 — —oo,

(A.2) U(r) =

Since T'(3)I(2) = —T(=3)I'(3) and T(§)M'(3) = —T(—=3)T (), we see that the leading

terms cancel out for 7 — —oo so that ¥(7) = O(|7|"5), which implies

flz,v) = O(mv_g), for v~ 1v? — 0.

_ —

In particular, f(0,v) =0 for v > 0. On the other hand, for 7 — oo, the asymptotic
expansion of Tricomi’s function ¥ directly yields

W(r) = |r[s [1+O(I771)]
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and hence

flz,v) = 3’%\1)\% + O(xv’g) for z71® — —o0.
Besides, Kummer’s functions M(—%, %, -) and M(é, %, -) are analytic on R. It then
follows from (A.2) that the solution f(z,v) = x%‘lf(—g) is analytic for x > 0 and
v € R. It also turns out that for any x — 07 and v — 0 such that 2= 3 is bounded,
we have f(x,v) = O(xé); more precisely, supposing —g—i — ¢, then

Fla,v) = 25U(co) + 0<x%).

Therefore, we conclude that the solution f(z,v) to (A.1) is not of the class Cgz

near the boundary {z = 0} for any a, > ¢ or a, > 3.
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