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AN OPERATOR SPLITTING SCHEME FOR THE FRACTIONAL
KINETIC FOKKER-PLANCK EQUATION

MANH HONG DUONG AND YULONG LU

ABSTRACT. In this paper, we develop an operator splitting scheme for the frac-
tional kinetic Fokker-Planck equation (FKFPE). The scheme consists of two
phases: a fractional diffusion phase and a kinetic transport phase. The first
phase is solved exactly using the convolution operator while the second one
is solved approximately using a variational scheme that minimizes an energy
functional with respect to a certain Kantorovich optimal transport cost func-
tional. We prove the convergence of the scheme to a weak solution to FKFPE.
As a by-product of our analysis, we also establish a variational formulation for
a kinetic transport equation that is relevant in the second phase. Finally, we
discuss some extensions of our analysis to more complex systems.

1. INTRODUCTION

In this paper, we study the existence of solutions to the following fractional
kinetic Fokker-Planck equation (FKFPE)

Ouf +v-Vaof = dive(VI(®)f) — (=A,)*f in R x R x (0,00),

(1) f(z,v,0) = fo(z,v) in R x R4,

with s € (0,1]. In the above, div denotes the divergence operator; the differential
operators V,div and A with subscripts x and v indicate that these operators act
only on the corresponding variables; the operator —(—A\,)?* is the fractional Lapla-
cian operator on the variable v, where the fractional Laplacian —(—A)?, is defined
by
—(=L)° f(z) = —F (€ FIf1E)) (@)

Here F denotes the Fourier transform on R?, i.e. F[f](¢) = W Jra f(@)e™ ™ Cda.
Note that the fractional Laplacian operator with 0 < s < 1 is a non-local operator
since it can also be expressed as the singular integral

1)~ ),

~(~0)*f(z) = ~Cas :
( )*f () Ca, R |$_y‘d+23

where the normalisation constant is given by Cq s = 5225F(%)/(7%F(1 —s)) and
I'(t) is the Gamma function. See [33] for more equivalent definitions of fractional
Laplacian operator.

The equation (1.1) is interesting to us because it can be viewed as the Fokker-
Planck (forward Kolmogorov) equation of the following generalized Langevin equa-
tion

dX,
5 — Vit
(1.2) d“lf
th = —VU(V,) +dL:,
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2 M. H. DUONG AND Y. LU

where L7 is the Lévy stable process with exponent 2s. The stochastic differential
equation (SDE) (1.2) describes the motion of a particle moving under the influence
of a (generalized) frictional force and a stochastic noise and in the absence of an
external force field. FKFPE (1.1) is the evolution of the probability distribution
of (X;,V4). In particular, the fractional operator —(—A)?® is the generator of the

process L{. When s = 1 and ¥(v) = %, equation (1.1) becomes the classical ki-
netic Fokker-Planck (or Kramers) equation (without external force field) which is a
local PDE and has been used widely in chemistry as a simplified model for chemical
reactions [32, 26] and in statistical mechanics [35, 38]. The non-local Lévy process
plays an important role in modelling systems that include jumps and long-distance
interactions such as anomalous diffusion or transport in confined plasma [5]. Singu-
lar limits of Equation (1.1) with ¥(v) = ”TP was studied in [12], see also [11] for a
similar result for the same equation but on a spatially bounded domain. In a recent
work [1], the authors have extended [12] to a system that contains an additional
external force field and they have also proved its well-posedness by the means of
the Lax-Milgram theorem. We will prove the existence of solutions of (1.1) for a
general ¥ based on the trick of operator splitting. For more recent developments
on PDEs involving the fractional Laplacian operator, we refer the interested reader
to expository surveys [43, 42, 41].

The aim of this paper is to develop a variational formulation for approximating
solutions to equation (1.1). The theory of variational formulation for PDEs took off
with the introduction of Wasserstein gradient flows by the seminal work of Jordan-
Kinderlehrer-Otto [30]. Such a variational structure has important applications
for the analysis of an evolution equation such as providing general methods for
proving well-posedness [4] and characterizing large time behaviour (e.g., [10]), giving
rise to natural numerical discretizations (e.g., [22]), and offering techniques for the
analysis of singular limits (e.g., [39, 40, 6, 18]). There are now a significantly
large number of papers in exploring variational structures for local PDEs, see the
aforementioned papers and references therein as well as the monographs [4, 44]
for more details. However, variational formulations for non-local PDEs are less
understood. Erbar [24] showed that the fractional heat equation is a gradient flow
of the Boltzmann entropy with respect to a new modified Wasserstein distance that
is built from the Lévy measure and based on the Benamou-Brenier variant of the
Wasserstein distance. Bowles and Agueh [8] proved the existence of the fractional
Fokker-Planck equation

Ouf = divy(VU(0)f) — (=A)*f in Rex (0,00),
f(0,0) = fo(v) in R4

which can be viewed as the spatially homogeneous version of equation (1.1) or the
fractional heat equation with a drift. Erbar’s proof is variational based on the
so-called “evolution variational inequality” concept introduced in [4]. However, it
seems that his method can not be extended to the fractional Fokker-Planck equation
since the distance that he introduced was particularly tailored for the Boltzmann
entropy. Instead, Bowles and Agueh’s proof is “semi-variational” based on a novel
splitting argument which we sketch now. They split up the original dynamics (1.3)
into two processes: a fractional diffusion process, namely 0;f = —(—A)*f, and
a transport process in the field of the potential ¥, namely 0;f = div(V¥ f), and
then alternatively run these processes on a small time interval. Furthermore, the
transport process can be understood as a Wasserstein gradient flow of the potential
energy. By adopting a suitable interpolation of the individual processes, they were
able to show that the constructed splitting scheme converges to a weak solution of
(1.3). In the literature, the technique of operator splitting is often used to construct

(1.3)



FRACTIONAL KINETIC FOKKER-PLANCK 3

numerical methods for solving PDEs, see [27]. On the theoretical side, the idea of
splitting had also been used to study the well-posedness of PDEs, see [9, 2] on
kinetic equations and [3, 16] on fractional PDEs.
In the present work, we adopt the same splitting argument in [8] to construct
a weak solution to the fractional kinetic equation (1.1). More specifically, we split
the dynamics described in (1.1) by two phases:
(1) Fractional diffusion phase. At every fixed position € R?, the probabil-
ity density f(z,v,t), as a function of velocity v, evolves according to the
fractional heat equation

(1.4) hf=—(=Lu)f

(2) Kinetic transport phase. The density f(x,v,t) evolves according to the
following equation

(1.5) Ouf +v-Vof = divy(VI(v)f).

We expect that successive alternative iterating the above two phases with vanish-
ing period of time would give an approximation to the dynamics (1.1). The key
difference between our splitting scheme above and the scheme in [8] is that the
transport process here is not only driven by the potential energy but also the ki-
netic energy. In [8], the transport process is approximated by a discrete Wasserstein
gradient flow based on the work [31]. However, due to the presence of the kinetic
term, the kinetic transport equation is not a Wasserstein gradient flow; thus one
can no longer use the Wasserstein distance. To overcome this obstacle, we employ
instead the minimal acceleration cost function and the associated Kantorovich op-
timal transportation cost functional that has been used in [28, 19] for the kinetic
Fokker-Planck equation and in [25] for the isentropic Euler system, see Section 3.

1.1. Main result. Throughout the paper, we make the following important as-
sumption on the potential .

Assumptions 1.1. ¥ is non-negative and ¥ € CH*(R%) N C%1(RY).
We adopt the following notion of weak solution to KFPE (1.1).

Definition 1.2. Let fy be a non-negative function such that fo € P2(R*?) N
LP(R2) for some 1 < p < oo and [g.a fo(x,v)¥(v)dvdr < co. We say that
f(z,v,t) is a weak solution to (1.1) if it satisfies the following:

(1) [gea flz,v,t)dzdv = [Rsy fo(@,v)dzdv =1 for any t € (0,T).

(2) f(x,v,t) >0 for a.e. (x,v,t) € R* x (0,T).

(3) For any test function ¢ € C(R?? x (-T,T)),

T
/ f($7v7t)(at@+v'vz@_vv\p 'VuSO_ (—A,U)S(p)dtd.’lﬁdv
0 R2d

+ fo(.’I},U)@(O,.’E,U) =0.
R2d

The main result of the paper is the following theorem.

Theorem 1.3. Suppose that Assumption 1.1 holds. Given a fo € P2(R?*?) N
LP(R*) for some 1 < p < 00 and [goa fo(x,v)¥(v)dvdz < oo, there exists a weak
solution f(x,v,t) to (1.1) in the sense of Definition 1.2.

The proof of Theorem 1.3 is constructive, that is we will build a converging
sequence to a solution of (1.1) from the splitting scheme discussed above that will
be rigorously formulated in Section 4. The proof is based on a series of lemmas
and is postponed to Section 5. As a by-product of the analysis, we also construct
a discrete variational scheme and obtain its convergence for the kinetic transport
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equation, see Theorem 3.3 in Section 3; thus extending the work [31] to include the
kinetic feature. Furthermore, some possible extensions to more complex systems
are discussed in Section 6. It is not clear to us how to obtain the uniqueness
and regularity result. The bootstrap argument in [30] to prove smoothness of
weak solutions (and hence also uniqueness) seems not working for the fractional
Laplacian operator due to the lack of a product rule. It should be mentioned that
in the recent paper [34], the author has proved the existence and uniqueness of a
solution to the fractional Fokker-Planck equation (1.3) in some weighted Lebesgue
spaces. It would be an interesting problem to generalize [34] to FKFPE. This is to
be investigated in future work.

1.2. Organization of the paper. The rest of the paper is organized as follows.
Section 2 summarizes some basic results about the fractional heat equation. Sec-
tion 3 studies the kinetic transport equation and its variational formulation. The
splitting scheme of the paper is formulated explicitly in Section 4 and some a
priori estimates are established for the discrete sequences as well as their time-
interpolation. The proof of the main result is presented in Section 5. Finally, in
Section 6 we discuss several possible extensions of the analysis to more complex
systems.

1.3. Notation. For k € N,a € (0,1], let C**(R?) be the space of functions
which have continuous derivative up to order k and whose k-th partial derivatives
are Holder continuous with exponent a. Let P?(R%) be the collection of proba-
bility measures on R¢ with finite second moments. Let P2(R%) be the subset of
probability measures in P?(R%) that are absolutely continuous with respect to the
Lebesgue measure on R?. For u,v € P?(RY), the 2-Wasserstein distance Wa(u, v)
is defined by

Wagu) = (int { [ o= sPpldo.dn):p e Pl )’

where P(u,v) is the set of probability measures on R?? with marginals u, v, i.e.
p € P(u,v) if and only if
P(A X RY) = p(4), p(R x 4) = v(A)

hold every Borel set A € R In the case that u,v € P?(R?) with densities f, g,
we may write Wa(f, g) instead of Wa(u,v).

We use the notation F#y to denote the push-forward of a probability measure p
on R?? under map F, that is a probability measure on R?¢ satisfying for all smooth
test function ¢,

/RM%O(JC,U)dF#M:/ o(F (2, ) dp.

R2d
2. THE FRACTIONAL HEAT EQUATION

This section collects some basic results on the fractional heat equation. We start
by defining the fractional heat kernel
(2.1) O (v, 1) = F e 1) ().

Remember that the fractional Laplacian operator in (1.1) is only an operator in
v-variable. With the fractional heat kernel, the solution to the fractional heat
equation (1.4) with initial condition fo(z,v) can be expressed as

(2'2) f($7U,t) = (I)s('ﬂt) *u fO(xﬂv)

where x,, is the convolution operator in v-variable. The following elementary result
is immediate from the definition of the kernel; see also [8].
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Lemma 2.1.
(1) For anyt >0, | ®:(-,t)||L1(ray = 1.
(2) For anyt>0 andp € (1,00), [|®s(-,t) *v follLr(r2a)y < [follLr (r2a)-
3) [g [vf*®s(v,t)dv = 400 for all s € (0,1) and t > 0.

Lemma 2.1 (3) demonstrates a significant difference between the fractional heat
kernel and standard Gaussian kernel, i.e. the former has infinite second moment.
The loss of second moment bound may lead to infinite potential energy for example
when the potential ¥(v) = |v|?. To overcome this issue, it is more convenient to
make a renormalisation on the fractional heat kernel. To be more precise, for any
h > 0, let us denote ®”(v) := ®,(v, h) and set <I>Z7R(v) = ®"(v)1p, (v) where 15,
is an indicator function of a centred ball of radius R. Given a function f € P?(R%),
we can define the renormalised convolution

_ O ok, f
(2.3) Fop =
15kl (Ra)
It is clear that the newly defined convolution satisfies f, g — ®” %, f pointwise.
Moreover, we have the following lemma.

Lemma 2.2. Let f be a function such that F € CHY(R?) N C%(R?). Suppose that
f € P2(R*) and with [g.4 f(z,v)F(v)dvdx < co. Then

(1) fn.r € PI(R™).

(2)

frr(z,v)F(v)dedy < f(z,v)F(v)dxdv
R2d R2d
(2.4) [, lw[2@" (w)dw

fBR Oh (w)dw

1
+ §HD2F||L°°(Rd)

Proof. Notice that it suffices to prove part (2) since part (1) follows directly from
part (2) by setting F(v) = |v|*>. The proof is similar to that of [8, Lemma 4.1], but
for completeness we give the proof below. First from the definition of fj, g, one sees
that

_ _ Jrea F(V) [, O (w) f(z,v — w)dw dzdv
- frr(z,v)F(v)dedv = fBR 7 (w) dw .

Using change of variable z = v — w and Taylor’s expansion, we can write the
numerator as

[ 70 [ atse o wd deds

:/ F(w+ z)/ O (w) f(x, 2)dw dzdz
R2d BR
/ / F(w+ 2)f(x, z) dedzdw
BR R2d

1
/BR oh( /R?d [F(z) +w-VF(z)+ inDzF(fw,z)w}f(x, z) drdzdw
/BR oh( /RZd F(2)f(x,z)dxdz + /BR " (w) /me -VF(z)f(z,z) dedzdw
— || D*F ||so Zph ,z) dxd
1D F e [ i) [ ) dod:
/ / F(2)f(z,z2) dxder || D?F || / lw|>®" (w).
Br R2d Br

IN
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Note that in the above &, . is an intermediate point between w and z and the term
with the modulus vanishes since the kernel ®/ is symmetric with respect to the
origin.

O

The following lemma provides an upper bound for the ratio on the right side of
(2.4).

Lemma 2.3. For any s € (0,1], there exists a constant C' > 0 such that
g, WPPPL (w)dw

< O(h* + hR*™2s
[5 @M (wydw (e + )

(2.5)

holds for all R,h > 0.

Proof. This lemma follows directly from a two-sided point-wise estimate on ®”(w)
as shown in [8, Proposition 2.1]. See also equation (16) in [8]. O

3. THE KINETIC TRANSPORT EQUATION AND ITS VARIATIONAL FORMULATION

3.1. The minimum acceleration cost. Consider the kinetic transport equation
with initial value fy

O f(x,v,t) +v -V f =div, (VO (W) f(z,v,1)),
f(.Z‘,U,O) = fo(l‘,’l)).

We are interested in the variational structure of (3.1) which is an interesting prob-
lem on its own right. In [31], Kinderlehrer and Tudorascu proved that the trans-
port equation 9 f(v,t) = div, (VU f), which is the spatially homogeneous version
of (3.1), is a Wasserstein gradient flow of the energy [g, ¥ f. Their proof is via
constructing a discrete variational scheme as in [30]. However, due to the absence
of the entropy term, which is super-linear, several non-trivial technicalities were
introduced to obtain the compactness of the discrete approximations thus estab-
lishing the convergence of the scheme. For the kinetic transport equation (3.1),
due to the presence of the kinetic term, it is not a Wasserstein gradient flow in
the phase space thus the Wasserstein distance can no longer be used. Therefore
to construct a discrete variational scheme for this equation, we need a different
Kantorovich optimal transportation cost functional. To this end, we will employ
the Kantorovich optimal transportation cost functional that is associated to the
minimal acceleration cost. This cost functional has been used before in [28, 19] for
the kinetic Fokker-Planck equation and in [25] for the isentropic Euler system. We
follow the heuristics of defining the minimal acceleration cost as in [25]. Consider
the motion of particle going from position x with velocity v to a new position z’
with velocity v/, within a time interval of length h. Suppose that the particle follows
a curve ¢ : [0, h] — R? such that

(£a£)|t=0 = (x,v) and (§7£)|t=h = (J)/, ’Ul)

and such that the average acceleration cost along the curve, that is + foh |E(t)|2dt is
minimized. Then the curve is actually a cubic polynomial and the minimal average
acceleration cost is given by Cj,(x,v;2’,v")/h? where

(3.1)

' —x v'—i—v’
h 2

The Kantorovich functional Wj, (i, v) associated with the cost function Cp, is de-
fined by, for any p,v € P?(R2?),

(3.2) Ch(z, vy’ ') = |v/ — o> + 12‘

(3.3) Wi(p,v)? = inf / Ch(z,v;2’,v")p(dzdvdz’dv"),
pEP(u,v) JRad



FRACTIONAL KINETIC FOKKER-PLANCK 7

where P(p, v) is the set of all couplings between p and v. It is important to notice
that W, is not a distance. In fact, W, is not symmetric in the arguments u, v, due
to the asymmetry of the cost function Cj. In addition, Wy, (u, ) does not vanish
when p = v. Instead, we have that

Wi(p,v) =0 <= v=(Fn)gu
where F}, is the free transport map defined by
F,:RYxR* - R? x R?
(3.4) (z,v) = Fp(z,v) = (z + hv,v).
It is also useful to define the map
Gn:R*xR? - R? x R?
2
(3.5) (z,v) = Gp(z,v) = <\/§(hx — v),v) .
The composition Gy, o Fy, is then given by

(Gh o Fi)(,v) = <\/§(2§ + )) .

The motivation of introducing the map G} comes from the following identity
which links the Kantorovich functional W), for two Dirac mass and the standard
2-Wasserstein distance of their pushforwards:

Wh (6(w,v)a 5(1",1)’))2 =Cy ($, v; (Z?l, ’Ul)
2
= |Gp o Fy(z,v) — Gp(a',0")
= WQ((Gh o Fh)#(s(:c,v)7 G#(S(x’,v/))Q-

The next lemma formalized the above link in general cases, whose proof is similar
to that of [25, Proposition 4.4].

Lemma 3.1. [25, Proposition 4.4] Let F}, and Gy be given by (3.4) and (3.5)
respectively. The Kantorovich functional Wy, can be expressed in terms of the 2-
Wasserstein distance Ws as

(3.6) Wh(p,v) = Wa((G o F)* p, G#z/) for all p,v € P?(R??).
As a consequence, the infimum in (3.3) is attained and thus W, (u, v) is a minimum.

3.2. Variational formulation. With W, being defined, we want to interpret (3.1)
as a generalized gradient flow of the potential energy fR2d U(v)f(x,v)drdv with
respect to Wp,. For doing so, we consider the variational problem

: . 2
(37) A = g W(fo P [ W) 0)dad
Here f; € P2(R?%) is an initial probability density with [g.. ¥(v) fo(x,v) dzdv < oo
and h > 0 is the time step. The next lemma establishes some properties about the
minimizer to (3.7).

Lemma 3.2.

(1) For h being sufficiently small, the variational problem (3.7) has a unique mini-
mizer f € P2(R??).

(2) Let h > 0 be small enough such that det(I +hD?*(¥(v))) < 1+ ah for some fized
a >|| D*U || e (ray. If fo € LP(R?) for 1 < p < oo, then

(3'8) ”fHLp(RZd < (1 - ah)p 1Hf0||Lp (R24)"
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(3) f satisfies the following Euler-Lagrange equation: for any o € C°(R2%),
1

7 / (2" — ) Veo(a',v') + (v —v) - Vyp(a' 0] P*(dedvdz’dv’)
R4d

(3.9) — / v Verp(a o) f(2!,v")dx' dv'
R2d
+ Vo U(0') - Ve o) f(a',v)dx'dv' = R,
R2d
where P* is the optimal coupling in Wy (fo, f) and
h

R=—— Vo U') Vep(x v')P*(dzdvdr' dv")
2 Jraa
(3.10) .
=3 VU0 V(' o) fa',v) da'dv’.
RZd
Proof.

(1) Thanks to Lemma 3.1, we can rewrite the functional A as

AP = 5 Wal(Gro P fon (G PP + [ ()G fdoo)

— o Walhon 07+ [ w()f(dodo) = A,
R2d
where fo = (Gp, o F)# fo and f = (Gn)#f. According to [31, Proposition 1] (see
also [8, Proposition 3.1 ]), the functional A has a unique minimizer, denoted by f.
Therefore, the problem (3.7) has a unique minimizer f = (G, *)#f.

(2) This follows directly from [31, Proposition 1] and the fact that if f = (Gp)#f
then

Zip 2h d(p—1) »
”fHLp(RZd) = % Hf”Lp(RZd)'

(3) The derivation of the Euler-Langrange equation for the minimizer f of the vari-
ational problem (3.7) follows the now well-established procedure (see e.g. [30, 28]).
For the reader’s convenience, we sketch the main steps here. First, we consider the
perturbation of f defined by push-forwarding f under the flows ¢, : [0, 00) x R?? —
R%:

Nps 0ps
g *C( Sad)s)a s *n(wquﬁs)v

7#0(%”) =, ¢0($,U) =,
where ¢, € C5°(R2?4,R?) will be chosen later. Let us denote v, to be the push

forward of f under the flow (¢, ¢s). Since (g, ¢o) = Id, it follows that vy = f,
and an explicit calculation gives

(3.11) 0s7s|,_o = —diva(fC) — divu(fn)

in the sense of distributions. Second, thanks to the optimality of f, we have that
A(vs) = A(f) for all v5 defined via the flow above. Then a standard variational
argument as in [30, 28] leads to the following stationary equation on f:

1

2h JRaa
(3.12)

+ f(z,0)V,¥(v) - n(x,v)drdv = 0,
R2d

[V Ch(x,v;2",0") - ((2',0") + Vi Cp(x, vy 2", 0") - (2!, v")] P*(dzdvdz’dv’)
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where P* is the optimal coupling in the definition of Wy (fo, f). Third, we choose
¢ and 1 with a given p € C5°(R??, R) as follows
h? 1
C(x/a vl) = _7vr/90(x/7 U/) + 7hvv’90(xlv ’l}/),
(3.13) 16 2
n(x’ v') = —§th/<p(x’7v') + V(2! v").

Now from the definition of the cost functional Cy(z,v;z’,v") in (3.2), we have that

24 (' —x V4w
V”C'Ch:h< ho 2 )

-z vV 4o
vaCh:2(v'—v)—12( — - )

Therefore, together with (3.13), we calculate
Vx’ch : <+ Vv’ch i

24 (o' —x v +w h? PP | ,
_h< o2 )'<_GV”*O(“’UHQWU’“D(””)

’ ’
+ (2(11’ —v) —12 <x z T ;H))) : (;hvx/go(z',v') + Vv/cp(x/,v’))
=2((a' —z) = ') - Vo +20 —v) - Vyo.

The Euler-Lagrange equation (3.9) for the minimizer f follows directly by substi-
tuting the equation above back into (3.12). t

We now can build up a discrete variational scheme for the kinetic transport
equation as follows. Given fo € PZ(R??) with [g.. ¥(v)fo(z,v) dedv < oo and
h > 0 is the time step. For every integer k > 1, we define fj, as the minimizer of
the minimization problem

(3.14) inf {%Wh(fk_l,f)z’jt/

fer2 R2d

U(v)f(x, v)da:dv}.
The following theorem extends the work [31] to the kinetic transport equation.

Theorem 3.3. Suppose that Assumption 1.1 holds. Given a fo € P2(R?*?) N
LP(R*) for some 1 < p < o0 and [gsa fo(x,0)¥(v)dvdr < oo, there exists a
weak solution f(x,v,t) to equation (3.1) in the sense of Definition 1.2 but with the
fractional Laplacian term removed.

Proof. The proof of this theorem follows the same lines as that of the Theorem 1.3,
that is to show that the discrete variational scheme (3.14) above converges to a
weak solution of the kinetic transport equation. Since the proof of Theorem 1.3
will be carried out in details in Section 5, we omit this proof here. O

4. A SPLITTING SCHEME FOR FKFPE

4.1. Definition of splitting scheme. As we mentioned in the introduction sec-
tion, we aim to construct an operator splitting scheme for equation (1.1) by con-
tinuously alternating processes (1.4) and (1.5), where the later is approximated by
the generalized gradient flow of the potential energy, or equivalently, the density
after a short time step h is approximately given by the solution to the variational
problem (3.7). However, there is an issue associated with iterating (1.4) and (3.7).
That is, the solution of the fractional heat equation may not have a finite second
moment (see Lemma 2.1 (3)). Hence it can not be used as the initial condition
in the variational problem (3.7) since the potential energy might be infinite. To
around this issue, we define an approximate fractional diffusion process by using
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the renormalised convolution (2.3) based on the truncted fractional heat kernel.
To be more precise, given a fixed N € N, let us consider a uniform partition
0=ty <ty <--+- <ty =T of the time interval [0,T] with ¢, = kh and h = T'/N.
With an initial condition f,? = fo, for n = 1,--- | N we iteratively compute the
following:

e Given a trunction parameter R > 0, compute the renormalised convolution

—1
m e Do Si
' ||¢)Z,R||L1(Rd)

e Solve for the minimizer f}! p of the problem

: 1 m
(4.2) hR = argmlnfepz(Rd){—Wh(fhﬂ, )2+ / \Il(v)f(xw)dxdv}.
a 2h R2d
Note that thanks to Lemma 3.2 (1) the minimizer f}!  in (4.2) is well-defined and
unique. Moreover, it follows from Lemma 3.2 (3) that [h r satisfies the following
equation

(4.3)
/R‘Ld (2" — ) - Vpp(a'v') + (v —v) - V(' v")] P g(dedvdz’dv’)

=h (V" V@', v') = V@) - Vo', v") fil ga’,v)dz'dv' + R, g,
R2d

where Pj!  is the optimal coupling in Wi,( f,’; ro [ r) and

h2
(4.4) Rhr= = V¥ (v) - Vap(z,0) fp p(drdv).
R2d
With the scheme being defined above, we obtain a discrete approximating se-
quence {f}' pto<n<n. Below we define a time-interpolation based on {fJ! p} and
our ultimate goal is to prove that this sequence converges to a weak solution of
(1.1).

Time-interpolation: We define f; r by setting
(4.5) Jnr(t) == @s(t —t,) %o fi g for t € [tn, tny1).
It is clear that by definition fj, r solves the fractional heat equation on every interval
[tn, tns1) with initial condition f}; r- Notice also that fj, g is only right-continuous
in general. For convenience, we also define

(4.6) 7}}1 = lim fp gr(t).
tTtn#»l

4.2. A priori estimates. In this section, we prove some useful a priori estimates
for the discrete-time sequence { f{} r} as well as for the time-interpolation sequence

{fnr(t)}. We start by proving an upper bound for the sum of the Kantorovich
functionals Wi (f7 g, fi r)-

Lemma 4.1. Let {7:1{} and {f]! g} be the sequences constructed from the splitting
scheme (4.1)-(4.2). Then there exists a constant C > 0, independent of h and R,
such that

(4.7)

N
S Wa(Fro S < C(h [ W(0) fow ) dodos T | D o (h1/240E2 %)),
n=1 R?
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Proof. Since f}' p minimizes the functional f ﬁWh(fZ,R, )+ Jrza ¥(0) f(z,v) dzdo,
for all f € P2(R?9), we have
1 . 1.

Wh(fh,mfh,R)Q"'/RZd V(v) fy g dodv < %Wh(fh,m f)2+/ V(v)f(z,v) drdo.

R24d

In particular, if we set f = f* := Ff ?Z r where Fj, is the free transport map
defined in (3.4), then since W), (?Z7R, f*) = 0 we obtain

Wi(Fhrs fiig)® < 2h ( /R W)f () dado — /

R2d

V() fir dmdv)
(4.8) =2h (/de \II(U)T,;R(QC, v) dxdv — /de V(v)fi g dxdv) .

We have also used the fact that the free transport map Fj has unit Jacobian in the
last equality. According to Lemma 2.2 (2), we have

/ \I/(U)?ZR(x, v) dzdv < / U(v) ,ff;%l (z,v) dxdv
R2d

R2d

4.9

Y b Lo lelRs) e
2 o fBRCD’; )dw

Substituting (4.9) into (4.8), we obtain

WilFrm S <20 ([ W0 oo dodo~ [ 0(0) i oo
fBR |w|?®" (w) dw

h | D*V |« ,
+h I [ B w) dw

from which, by summing over n from 1 to N we obtain
(4.10)

N . ) ) [, lw]*®"(w) dw
S W(Fre ) <20 [ W) o) dedo T | D o B

_ R24 fBR Oh(w) dw
Then the desired estimate follows directly from (4.10) and Lemma 2.3. g

We also need some second moment bounds on f with respect to variable v. Given
a density function f, let us set M, (f) := [ |v|*f(z,v)dzdv.

Lemma 4.2. There exist positive constants C, hg such that when 0 < h < hg, it
holds for any index i > 0 that

(4.11) Mz, (fi, 1) < Mau( izfpi) + 4Wh(?;7,,R7 fir)?+ C(hY* + hR*%).
It follows that

max {MQ,v(f}TLL,R)a MZ,U(f_I:rLL,R)} S MQ,U(fO)

- +4 Z Wi (T i )2 + C(n 4 1)(hY* + RR2%),
=1

In addition, we have

. [ (12 =P+ 10 = ) P pldeduda’as’) < CWL(Fy s i )°

' + Ch? (MQ,U(?Z,R) + Mgp(f}iz,R)),

where PfL’R denotes the optimal coupling in the definition of W, (?2’3, fﬁR).
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Proof. First from the definition of the cost function C}, in (3.2) we have the following
inequalities:

(4.14) v — | < Cplz,v;2’,0');

2
-z VvV4+v V4w

\x’—x|2:h2

o2 2
-z V402 o)
< p? 2‘ - ‘
= { h 2 | T
1 /12 2
(4.15) < h? <60h(x,v;m’,v') + w> .
Then there exist constants C, hg > 0 such that when h < hg,
(4.16) l2" — 2]? + |v — v]? < OCh(x,v;2",v") + R2(JV'|* + |v]?).

Now for any fixed ¢ > 0, we have
/ W fhr = / |v'|2 P} g (dzdvdz’dv’)
R2d ’ R4d )

< / |v" —v|?P} g(dxdvdz’dv’) —|—/ [v]2Pf (dazdvdz’dv’)
R4d ’ RA4d ’

(4.14) i
< 4Wh(fh vah r) /de [v]* f1, g dxdv

(2.4)
< 4Wh(th,th) / |v|f adrdv + C(hY* + hR*72%).
R2d

This proves (4.11). The estimate (4.12) follows by summing the estimate (4.11) over
the index i from 1 to n and inequality (2.4) with F(v) = |v|?. Finally, the estimate

(4.13) follows directly from inequality (4.16) and the definition of W, (?Z roJhR)
g

In the next lemma, we prove a uniform LP-bound for the time-interpolation
sequence { fr. r}-
Lemma 4.3. Let h > 0 be small enough such that det(I + hD?*(¥(v))) < 1+ ah
for some fized oo >|| D*V || poo(gay. If fo € LP(R2?) for 1 < p < oo, then

(4.17) 12 iy < TP oI, e
Proof. First, according to Lemma 3.2 (2), we have that
17l sy < (L= )52l

In addition, by the definition of fh’ r (see (4.1)) and Young’s inequality for convo-
lution, B

Hfl?,R”Lp(RZd) — ||f;LlR1 HLp(RZd)
This implies that for any n > 0,

Hf}zRHLp(RZd) = (1 - ah)n(p 1)HfOHLP(RZUl)'

Then by the definition of the time-interpolation fj r in (4.5), we have for any
t € (tn,tny1) that

| fn,r(t )”Lp (R2d) = = ||Ps(t — tn) *o f}?,RHip(Rw)
< ||fh,,R||Lp(R2d)
< (1 - ah) (e=1) ”fOHLp (R2d)

< eaT(l—p)”fOHLp(RQd)'
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5. PROOF OF THEOREM 1.3

In this section we prove the main result(Theorem 1.3) of the present paper. The
major technical difficulty is to show that the time-interpolation f, g defined in (4.5)
satisfies an approximate equation to the FKFPE with an error term that vanishes,
with a suitable choice of the truncated parameter R, when h tends to zero. The
key observation is that, as the minimizer of the variational problem (4.2), Ihr
satisfies an approximate equation to the kinetic transport equation (cf. Lemma
3.2). Combining this with the fact that, by definition, fj r solves the fractional
heat equation on every interval [t,, t,+1) with initial condition [ will lead to the
desired result.

5.1. Approximate equation. We first show in the next lemma that the time-
interpolation f}, r satisfies an approximate equation.

Lemma 5.1. Let ¢ € C°([0,T) x R% x R?) with time support in [~T,T]. Then

T
/ e Jnr[Orp +v-Vaop =V, U - Vyp — (=Ay)%p] dedudt
(5.1) 0 JR?

+ [ Jo(@,0)¢(0,x,v) dedv = R(h, R),
R2d

where R(h, R) = Z?:1 R;(h, R) + R(h, R) and

(5.2)
N ~ pa—
Ri(h, ) = Z o ) Fiir = Tip) dodv,
=1
N—1 ptngs
Ra( / / (v-Vap(t,z,v) = Vo, F(v) - Vyp(t, z,v)) far(t z,v)
n—1 tn RQd
(5.3) — (v Vaop(tn,z,v) = Vo F(v) - Vyp(tn, 2,0)) fi gla, v)) dxdvdt,
(5-4)
Rs(h, R) / / v-Vep(t,z,v) — V,F(v) - Vyp(t, x, v)) dzxdvdt,
R2d
(5.5)
Z ) - Vap(z,v) f r(dzdv).
Moreover,
L
>, - 2 12 2 n ! 30\
R(h,R) < 5 nz::l v <p(tn)Hoo/R4 (|a: |+ v =1 )Ph,R(dmdvdx dv').

Here Py i, is the optimal coupling in the definition of Wh(f;;,R, fir)
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Proof. From the definition of fj, g (see (4.5)) and integration by parts, we obtain
that

(5.6)

tn+1
/ In.r(t)0p(t) dt do dv
t R2d

n

n+1
= [l FiF el fin) dazdv—/ [ o000 e o e
R2d R2d
n+1
:/ (p(tn+1) f n+1— o(tn) fi' ) dxdv+/ / 0)° fr,r(t) dt dz dv
R2d R2d

- tn+1
:/Rw(go(thrl) e —ga(tn)fﬁR)dxdv—k/t - Tnr()(=L4)%p(t) dt dz dv,

n

where the second equality holds because f r solves the fractional heat equation.
By adding and subtracting a few tems, we can write the first term on the right

hand side of (5.6) as

(5.7)

2a (@(tn-i-l) 77,1,—]’_{1 - @(tn)f;?,R) dx dv
= /de(Qp(tn-&-l) = o(tn) i R) da:dv+/RZd Pltns)(FI — F4D) ddo
n n n —n+1
= /de (p(tn+1) hjzl —o(tn) fr r) dudv+ /Rm <P(tn+1)(fh}1 ~ Fhg)dzdv

—n+1 n
+ [ et (@l = g de .

Now substituting (5.7) back into (5.6) and then summing over index n from 0 to
N — 1 yields
(5.8)

/ ' fnr()0p(t) dt da dv

0 R2d
N— il

- Z/ / th 1)0pp(t) dt dx dv
Z

[ / T hR)(= D) () di de do
n=0 R24

n n m 2+l
(p(tnt1) h,El_@(tn)fh,R)dxvaf/ Pltn1) ik = Frp)dedo

/R R2d
/ —n+1
R

o(tns1)(far — n+1)d$dv]

T
_ / Frr(O)(=50) ot dt da dv — / o(0)fo (, v) dudv
0 R2d R

2d
N

+Z/R p(t )(th th dxdv—kZ/d th fir) dx dv.

In the above we also used the fact that ¢ is compactly supported in (—=7,7) so
that ¢(ty) = 0. Since P} z(dvdvdz’dv’) is the optimal coupling in the definition of
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Wi (ff gy [ g)s it is easy to see that
(5.9)

9

/ (i = Th.r] 9(tn)ddv
R2d

:/ ﬂ%ﬂ%wﬁﬂwﬂﬂ—/ o, 0) @t 2, 0)ddv
R R2d

= / [p(tn, ', v") = p(tn, 2, 0)] P p(dedvdz’ dv')
R
A

(2" — 2) - Varp(tn, 2’ ,v") + (v —v) - Vyp(tn, 2',0")] P g(dedoda’dv')

+ en,

where we have used Taylor expansion in the last equality and the error term ¢, can
be bounded as

1
(5.10) e < 3 | V20(tn) lloo / [|2" — 2|* + [v" — v[?*] P} g(dxdvda’dv’).

R4d

In view of (4.3), (4.4) and (5.9), we have that

[ Vi) = Tl o) (e, 0)dds

(511) =h [’U'Vz@(tnaxav) _VU\I/(U) 'Vv@(tnaxav)] fZLL7R('r7U) dzdv
R2d
h2
+ £ Vo U () - Veo(tn, z,0) fi g(dedv) + €,.
R2d 0

As a result the last term on the right-hand side of (5.8) can be written as
(5.12)

a —n
nz::l /1:(24 [fh’R(I’ U) - f;ZR(Q?, U)] Qp(tna Z, ’U)d$dv

N
-t Z/ [0 Vao(tn, 2,0) = Vo ¥ (0) - Vyo(tn, x,0)] fi g2, v) dedu
o1 /R
h? X N
B ?Z R2d V’U\Il(v) 'Vx<P(tn,x,v)fo’R(dxdv) — ZE”'
=t n=1
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Now using again the fact that p(tx) = 0, we rewrite the first term on the right side
of (5.12) as follows

(5.13)

—h Z/ V- Vaop(tn, 2,v) = Vo U(v) - Vo@(tn, x,0)] fil g(x,v) dedv

tnt1
Z/ / Vo p(tn, ©,0) = VoW (v) - Vop(tn, 2,0)] fi (2, v) dedodt
tn R2d

T
/ / . gcCP t x U) Vv\I/(v) . vv@(t,xvv)] fh,R(I]C,’U) dadudt
0 R24
N—-1 i1
* n=1 / /Rgd ( . w@ t z U) VU\I/(’U) : V’U@(t,]),’l})} fh,R(ﬂ?,U)

- [U Vap(tn, 2,v) = Vo, U (v) - Vyp(tn, 1‘,11)] fﬁ}#ﬂi,?))) dzdvdt

/ / * folv- Vap(t,z,v) — Vo U(v) - Vyo(t, z,v)] dedvdt.
R2d
Therefore the lemma follows by combining (5.8), (5.12) and (5.13). O

5.2. Passing to the limit. Now we set the truncation parameter R = h~/2 and
define

(514) fh(t) = fh,h*1/2 (t),t S [O,T]

Our aim is to prove that fj, converges to a weak solution of (1.1). To this end, we
first show that the residual term in the last lemma goes to zero when h — 0.

Lemma 5.2. Let fy be a non-negative function such that fo € P2(R??) and
Jrza fo(z,v)¥(v)dvde < oo. Then as h — 0, we have that

(5.15) [R(h,h=Y/?)| < C(h? + h+ h® + h'/*) = 0.

Proof. The proof follows closely the proof of Lemma 5.3 of [8]. In particular, by
using the same arguments there, we can first obtain the following estimates

Ri(h,R) < CT sup |lp(t)| R,

t€[0,T]

Th
RQ(}LR) < 7 sup H’U V atgo(t,x,v) - VU\IJ(U) : V'u at(P(t7x,U)||oo

te[0,T
+ 20 s [y (v Vet 20) - VouE) - Vupttz0) |
2 t€[0,T) oo
Rs(h,R) < h s[up ] |v- Vep(t,z,v) — VU (v) - Vyp(t, 2, v)] co-
te[o,T

Notice that the supreme norms appearing in the above are finite since ¢ € C§°((—=T' %
T) x R?¥) and ¥ € C*!' N C%1(R?). Next, we can bound R4(h, R) as

Th
Ra(h, R) < — sup [[V,¥(v) - Vop(t, 2,0)]0o-
2 teo,1)



FRACTIONAL KINETIC FOKKER-PLANCK 17

In addition, thanks to inequality (4.13) and Lemma 4.1, the error term R can be
bounded as follows
N N
R, R) < C Y Wilfi s fitn) + Ch2 S (Moo (Frg) + Moo (fi )

n=1 n=1
N

SCA+h)D> Walfi g i r)* + Ch* My, (f°)

n=1

+ C(N + 1)Nh,2(h1/5 + hR2—23)
< C(h/ (v) folz,v) dedv + T|| D> oo (R + th_zs))
R2d

+ Ch®*Ma ,(f°) + C(T + 1)T(hY/* + hR*2%).

Finally, the desired estimate (5.15) follows by combining the above estimates and
by setting R = h~/2, O

Now we are ready to prove the main Theorem 1.3.

Proof of Theorem 1.3. First, thanks to Lemma 4.3 and the assumption that fy €
LP(R2?) for some 1 < p < oo, the constructed time-interpolation {f5} in (5.14) is
uniformly bounded in L?(R2%x (0,T)). Therefore there exists a f € LP(R2%x(0,T))
such that f;, — hin LP(R2? x (0,T)). In view of equation (5.1) of Lemma 5.1, and
by using the fact that 8,0 + v - Vo — VU - Voo — (=4, € LP (R x (0,T)),
we obtain by letting h — 0 that

T
/ florp +v-Vaep =V, U - Vyp — (—A,)° ] dedudt
0o JR2d

+ fo(z,v)e(0,z,v) dzdv = 0.
R2d

O

Remark 5.3. By using the similar technique as in the proof of Lemma 5.8 of [8],
one can show that the weak solution f of (1.1) is indeed a probability density for
every t € (0,T), i.e. [goa f(t,z,v)dxdv = [Rau fo(z,v)dudv = 1.

6. POSSIBLE EXTENSIONS TO MORE COMPLEX SYSTEMS

With suitable adaptations, it should be possible, in principle, to extend the
analysis of the present work to deal with more complex systems. Below we briefly
discuss two such systems.

6.1. FKFPE with external force fields. When an external force field, which is
assumed to be conservative, is present, the SDE (1.2) becomes

dx
—L =V,
dt
(6.1) i
d—tt = —VU(Xy) — VU(V;) + dL§,

where U : R? — R is the external potential. The corresponding FKFPE (1.1) is
then given by
(6.2)
Of +v-Vuf =div,(VV(z)f) + divy, (V¥ () f) — (=A,)*f in R? x R? x (0, 00),
f(z,v,0) = fo(z,v) in R x R™.
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One can view (6.1) as a dissipative (frictional and stochastic noise) perturbation of
the classical Hamiltonian

dX;

W - ‘/;‘/7

Vi

—_— = Xy).
dt VU(X:)

Thus FKFPE (6.2) contains both conservative and dissipative effects. To construct
an approximation scheme for it, instead of the minimal acceleration cost function
(3.2), one would use the following minimal Hamiltonian cost function which has
been introduced in [19] for the development of a variational scheme for the classical
Kramers equation:

(6.3)
h
Ch(w,v;2',v') := hinf { /O E(t) + VV(£(t))|*dt - € € C'([0, h], RY) such that

(£.6)(0) = (2.0), (€.E)(h) = <x’7v’>}.

Physically, the optimal value Cj,(z,v;2’,v’) measures the least deviation from a
Hamiltonian flow that connects (x,v) and (2/,v’) in the time interval [0, h].
Under the assumption that U € C?(R?) with |[V2U|| < C and using the proper-
ties of the cost function C}, established in [19] we expect that the splitting scheme
(4.1)-(4.2), where in (3.3) the Kantorovich optimal cost functional C}, is replaced

by C},, can be proved to converge to a weak solution of FKFPE (6.2).

6.2. A multi-component FKFPE equation. The second system is an extension
of FKFPE (1.1) on the phase space (z,v) € R?*? to a multi-component FKFPE on
the space x = (x1,...,2,) € R™
(6.4)
nf+ 3 oxi V[ =dive, (VV(zn)f) — (=04,)f in R™ x (0,00),
f(wy,...,2,,0) = fo(x1,...,7,) in R",

Equation (6.4) with » > 2 and s = 1 has been studied extensively in the mathe-
matical literature and has found many applications in different fields. For instance,
it has been used as a simplified model of a finite Markovian approximation for the
generalised Langevin dynamics [36, 17] or a model of a harmonic chains of oscilla-
tors that arises in the context of non-equilibrium statistical mechanics [23, 7, 15]. It
has also appeared in mathematical finance [37]. Regularity properties of solutions
to equation (6.4) with s € (0, 1] has been investigated recently [29, 14, 13].

To construct an approximation scheme for equation (6.4), instead of the minimal
acceleration cost function (3.2), one would use the so-called mean squared derivative
cost function

h
On,h('rlvx27 ey s Y1, Y2, - - 7y'fl) = hllgf/ |£(n)(t)|2 dt?
0

where x = (21,...,7,) € R™, y = (y1,...,yn) € R™, and the infimum is taken
over all curves £ € C™([0, h], R?) that satisfy the boundary conditions

(57&17 ce 7£(n71))(0) = ($1,$2, cee 7‘rn) and (gvé,' .. ag(nil))(h) = (ylvyZa ce 7yn)

Several properties including an explicit representation of the mean squared deriva-
tive cost function has been studied in [20] and a variational formulation using this
cost function for equation (6.4) with and s = 1 has been developed recently in [21].

Using the properties of the cost function C_‘n’h established in [20] it should be
possible, in principle, to adapt the analysis of the present paper to show that, under
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suitable assumptions, the splitting scheme (4.1)-(4.2) with C}, being substituted by

Chy.p, converges to a weak solution of the multi-component FKFPE (6.4).
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