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Abstract In this article, we develop integration by parts formulae on Wiener space
for solutions of SDEs with general McKean—Vlasov interaction and uniformly elliptic
coefficients. These integration by parts formulae hold both for derivatives with respect
to a real variable and derivatives with respect to a measure understood in the sense of
Lions. They allows us to prove the existence of a classical solution to a related PDE
with irregular terminal condition. We also develop bounds for the derivatives of the
density of the solutions of McKean—Vlasov SDEs.
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1 Introduction

The main object of study in this paper is the McKean—Vlasov stochastic differential
equation (MVSDE)

1 d )
xf=9+f0 Vo (x4, [x9]) ds+Z/O Vi (x4, [x?]) aB.. (1.1)
i=1
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driven by a Brownian motion B = (B',..., BY), with coefficients Vp, ..., Vy :
RN x P>(RY) — R and initial condition 6, a square-integrable random variable
independent of B. Here and throughout, we denote by [£] the law of a random variable
£ and by P»(R") the set of probability measures on R with finite second moment.

MVSDEs are equations whose coefficients depend on the law of the solution. They
are also referred to as mean-field SDEs and their solutions are often called nonlinear
diffusions. These MVSDEs provide a probabilistic representation to the solutions
of a class of nonlinear PDEs. A particular example of such nonlinear PDEs was
first studied by McKean [29]. These equations describe the limiting behaviour of an
individual particle evolving within a large system of particles undergoing diffusive
motion and interacting in a ‘mean-field” sense, as the population size grows to infinity.
A particular characteristic of the limiting behaviour of the system, is that any finite
subset of particles become asymptotically independent of each other. This propagation
of chaos phenomenon was studied by McKean [30] and Sznitman [34] among many
other authors. Existence and uniqueness results, the theory of propagation of chaos
and numerical methods have been studied in a variety of settings (see, for example,
[6,7,21,31]).

As MVSDEs can be interpreted as limiting equations for large systems, they are
widely used as models in statistical physics [7,31] as well as in the study of large-
scale social interactions within the theory of mean-field games [10,11,19,20,26-28].
Recently, these equations have also appeared in the mathematical finance literature in
the specification and calibration of multi-factor stochastic volatility and hybrid models
[5,17].

In this paper, we develop several new integration by parts formulae for solutions of
MVSDE. In turn, these formulae enable us to use MVSDE to define the solution of a
class of partial differential equations that has the form

0, —L)U(t,x,[0])) =0 for (¢, x, [0]) € (0, T] x RN x Pr(RN)

1.2
U, x,[0]) = g(x,[0])  for (x,[0]) € RN x P,(RN), (1.2

where g : RV x P, (R") — R and the operator £ acts on sufficiently enough functions
F:RY x P,(RY) — R¥ and is defined

LF(x,[0]) —ZVO(X [0 dx; F(x, [0D) + 5 Z[GUT(X [0D]i,j 0x; 0x; F (x, [6])

i=1 lJl

N
[Z Vi, 101) 8, F(x, 6], 0);

1
+5 Z[aoT(e, [01)]i.j 0v; 0, F (x,[61,0); |,
i,j=1
where o (z, i) is the N x d matrix with columns Vi(z, i), ..., Va(z, ). The last

two terms in the description of LF (x, [0]) involve the derivative with respect to the
measure variable as introduced by Lions in his seminal lectures at the College de
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France (see [9] for details), which we describe in Sect. 2.3. Papers [3,4,22] present
further details of the relevance of the class of nonlinear partial differential Egs. (1.2)

For linear parabolic PDEs on [0, 7] x RY itis well known from classical works such
as [16,18] that under uniform ellipticity or Hormander condition, there exist classical
solutions even when the initial condition is not differentiable. In this paper, we explore
to what extent the same is true for the PDE (1.2) under a uniform ellipticity assumption.
That is, we consider the question of whether the PDE (1.2) has classical solutions
when the initial condition g is not differentiable. For this we exploit a probabilistic
representation for the classical solution' of the PDE (1.2) given in terms of a functional
of X f and of the solution of the following de-coupled equation:

t d ot
Xi"[‘”=x+/0 vo (X1, [x4) dHZ/O vi (x2 [x7]) aBl. (13)
i=1

We say that this equation is de-coupled as the law appearing in the coefficients is [X f]

(the solution of Eq. (1.1)), rather than the law of Xf’[a], the solution to Eq. (1.3) itself.?
In the following, we show that, for a certain class of functions g : RY x Pz(RN )= R
(not necessarily smooth), the function

U, x,[0]) :=Eg (Xf’[el, [X?]) for (1, x,[0]) € [0, T] x RN x Po(RY) (1.4)

solves the PDE (1.2). A similar result has been proved in [8,12] under different con-
ditions than ours and for an initial condition g that is sufficiently smooth.

For the stochastic flow (X7);>0 solving a classical SDE with initial condition x €
R¥, the standard strategy to show that the function u(z, x) := E g(X7}) is a classical
solution of a linear PDE is to show, using the flow property of X}, that for # > 0,
u(t + h,x) = Elu(t, XZ )] and then show that u is regular enough to apply It6’s
formula to u(¢, X3). Expanding this process using It6’s formula and sending 7 — 0
shows that u# does indeed solve the related PDE. For MVSDEs, one can develop a
similar approach. In this setting, to expand a function depending not only on the
process (X f’[g])tzo (where we can use the usual Itd formula) but also on the flow of
measures ([Xf]) ~00 WE require an extension of the classical chain rule and we use
here the chain rule proved in [12]. Our main focus is therefore to provide conditions
under which U, defined in (1.4), is regular enough to apply the It6 formula and the
extended chain rule.

For a general Lipschitz continuous function g : RV x P>(RY) — R, we cannot
expect for the mapping (x, [0]) — E[ g(Xf’[e], [Xf])] to be differentiable (for a fixed
t > 0) even when the coefficients in the equation for X; %) are smooth and uniformly
elliptic. This is shown in Example 5.1. We are, however, able to identify a class of non-
smooth initial conditions (including interesting examples, see Example 5.4) for which

' Because of the new requirement that the solution is differentiable in the measure direction, the notion of
a classical solution of (1.2) needs to be clarified. We do this in Definition 5.7 below.

2 Equation (1.3) is therefore not an MVSDE.
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we can develop integration by parts formulas and establish sufficient smoothness of
the associated function U. For g in this class, we use Malliavin calculus to show that
(x.[6]) — E[g(X*¥) [X?])] is differentiable. The differentiability in the measure
direction is somewhat surprising since there is no noise added in the measure direction,
and this smoothing property seems to be new. We give further details of our results in
the next section.

1.1 Outline and main results

In Sect. 2, we introduce the notation and the basic results related to MVSDEs. In
particular, when describing the smoothness of the coefficients in Egs. (1.1) and (1.3) in
our assumptions, we introduce the notation Cﬁ:fip (RN x P,(RN); RN) for functions k-
times differentiable with bounded, Lipschitz derivatives, which we introduce precisely
in Sect. 2.3. Similarly, we use the notation K} (E, M) to denote processes taking values
in a Hilbert space E which are smooth in both Euclidean and measure variables as
well as in the Malliavin sense and M denotes how many times the process can be
differentiated. This class, which we call the class of Kusuoka—Stroock processes, is
introduced in Sect. 2.4. The class represents a generalization of the class of processes
introduced in [25] and analysed in [14].

In Sect. 3, we prove some results on the differentiability of X;"[Q], the solution
to Eq. (1.3), with respect to the parameters (x, [#]). The main result of Sect. 3 is
Theorem 3.2, which says that if Vo, ..., Va € Cy;,(RY x Py(RN); RY), then
(t, x,[0]) +— Xf’[e] € K(l)(RN, k). This is proved in the Appendix 6.2. We then
introduce the uniform ellipticity assumption (UE) in Assumption 3.3, used through-
out the rest of the paper. The rest of the section details several corollaries, where we
analyse the processes that will play the rdle of Malliavin weights in the integration
by parts formulas and identify the class K (E, M) of Kusuoka-Stroock processes to
which they belong.

With the main technical results complete, in Sect. 4 we develop integration by parts
formulas for derivatives of (x, [0]) — Ef(X; ’[9]) under (UE) and the assumption
that Vp, ...,V € Cg:]]iip RN x Pr(RN); RY). We do this for derivatives with respect
to x and with respect to w. In particular we show that (see Propositions 4.1 and 4.2),
for f € C°(RY; R), ¥ € K{(R, n) and for |a| + || < [n A (k — 2)], we have

B[0P ) (xP1) W v 10D | =~ HRE £ (x01)

x 13 (1) @, x, 10D

o E [0 ) () Wi, x, 10D ] @) = IR (X1
x 73 (12W)) . x. 16 v)]

where 1‘3 (15(\11)) andl'g (1%(‘10) are defined is defined in Sect. 4.1 and 13 (Ig(\ll)> €
K23 R 1) and 73 (15(\1/)) e KIHISIBLR 1y where m = [n A (k —
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2)] — |a| — |B]. We also consider integration by parts formulas for derivatives of the
function x +— Ef (Xf’s") (see Theorem 4.4).

In Sect. 5, we return our attention to the PDE (1.2). In Definition 5.3, we intro-
duce the class (IC) of non-differentiable initial conditions g for which we are able
to prove (x,[0]) — E[g(X 1) [X?])] is differentiable. We do this by extend-
ing the integration by parts formulas of Sect. 4 to cover this class. Then, for g
in this class and assuming uniform ellipticity, and the coefficients Vj,..., Vy; €
CZ”I% ip RN x Po(RY); RY) (and possibly bounded depending on the exact form of g)
we are able to prove the existence and uniqueness of solutions to the PDE (1.2). In
particular, we show (see Theorem 5.8) that function U, defined in (1.4), is a classical
solution of the PDE (1.2). Moreover, U is unique among all of the classical solutions
satisfying the polynomial growth condition |U (¢, x, [0])| < C(1 + |x| + ||@]]2)9 for
some ¢ > 0 and all (¢, x, [0]) € [0, T] x RY x P,(RV).

Finally, in Sect. 6, we apply the integration by parts formulae to the study of
the density function of Xf’a". We study the smoothness of the density function and
obtain estimates on its derivatives. The main result (see Theorem 6.1) states that,
under suitable conditions, Xf’s'” has a density p(¢, x, z) such that (x, z) — p(¢, x, 2)
is differentiable a number of times dependent on the regularity of the coefficients.
Indeed, when these derivatives exist, there exist a constant C such that

0200 p(t, x. 2)| < C (L + |x* 7,

where u = 4|a|+ 3|8|+3N and v = %(N—F || 4+ |B]). Moreover, if Vg, ..., Vy are
bounded then the following Gaussian type estimate holds

o —xf
|0 98 p(t, x,2)| < Ct7" exp <—c — )

1.2 Comparison with other works

As mentioned previously, the PDE (1.2) is also studied in [8] and [12]. Let us explain
the relationship between the results in those works and the results in this paper.

In [8], the authors prove that derivatives of (x, [0]) +—> Xf’[e] exist up to second
order. We also prove this as part of Theorem 3.2, although we extend this to derivatives
of any order (assuming sufficient smoothness of the coefficients). In [8], the hypotheses
on the continuity and differentiability of the coefficients are the same as ours The
authors then consider initial conditions g : RV x P,(RY) — RN for which the
derivatives up to second order exist and are bounded, which they use to prove regularity
of U. Since g is sufficiently smooth, they do not need to impose any non-degeneracy
condition on the coefficients. In our work we remove the constraint on the smoothness
of g at the expense of assuming non-degeneracy condition on the coefficients of the
MVSDEs. In this sense, their results are complementary to ours.

The paper [12] has a completely different scope. The authors are interested in a
nonlinear PDE on [0, T] x RY x P (RY), called the master equation in reference to
the theory of mean-field games. The PDE we consider is a special case of this, although
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again they assume that the function g is twice differentiable. Their strategy for proving
regularity of U is also different. In their setting, the authors prove that derivatives of the
lifted flow RN x L>(Q) 5 (x,0) — X f’[e] exist up to second order (with derivatives
in the variable 6 being Fréchet derivatives on the Hilbert space L%(Q)) where X ;c,[(ﬂ is
the forward component in a coupled forward-backward system. They use this result,
along with sufficient smoothness of g, to prove that the lifted function U , defined on
on [0, T] x RN x L*(Q) is sufficiently regular in the Fréchet sense. They then prove
a result which allows them to recover regularity of the second order derivatives of
U from properties of the second order Fréchet derivatives of U. Using their strategy,
the authors of [12] are able to impose hypotheses which only involve conditions on
derivatives of the coefficients 9, V; (x, [0], v) evaluated at v = 0 € LZ(Q).

This is in contrast to our assumptions which impose conditions on d,, V; (x, [0], v)
for all (x, [0], v) € RY x P,(RN) x RV,

More recently, two other works [2,13] give some partial results related to the
smoothness of the solutions of McKean—Vlasov SDEs. In [2], the Malliavin differen-
tiability of McKean—Vlasov SDE:s is studied using a stochastic perturbation approach
of Bismut type. In [13], the strong well-posedness of a McKean—Vlasov SDEs is
proven when the diffusion matrix is Lipschitz with respect to both the space and mea-
sure arguments and uniformly elliptic and the drift is bounded in space and Holder
continuous in the measure direction. Both works restrict themselves to the particular
case when the coefficient dependence on the law of the solution is of scalar type. We
obtain some related results in [15], under the same scalar dependence restriction, but
under the more general Hormander condition.

We base our results on the use of Malliavin calculus techniques. The new integration
by parts formulae and, more importantly, the identification of the processes appearing
in these formulae as Kusuoka—Stroock processes is key to our analysis. The use of
Kusuoka—Stroock processes is a very versatile tool. Not only that it enables us to
identify the solution of the PDE (1.2), but the also allows us to study the density of
X f’ax and obtain both polynomial and Gaussian local bounds for their derivatives. We
are not aware of similar bounds obtained elsewhere in the literature for densities of
solutions of MVSDEs.

2 Preliminaries
2.1 Notation and basic setup

We work on a filtered probability space (2, F, F = {F;}:c[0.7], P) which supports an
F-adapted d-dimensional Brownian Motion, B = (B ..., B4 ). We also often denote
BO(s) = s for s € [0, T]. We assume that there is a sufficiently rich sub-o-algebra
G C F independent of B such that all measures ;. € P,(RY) correspond to the law of a
random variable in L>((2, G, P); RV). Then, we define F to be the filtration generated
by B, completed and augmented by G. This is to ensure that in the sequel when we
consider processes starting from arbitrary initial conditions 6 € L?(2; RY) these
processes will be F-adapted. We denote the L” norm on (22, F,P) by || - ||, and we

@ Springer



Smoothing properties of McKean—VIlasov SDEs 103

also introduce the space S; of continuous [F-adapted processes ¢ on [0, T'], satisfying

1
lellsy = (Esupyepo.rylgsl?) """ < oo.

In addition to the probability space (§2, 7, ), we will also make use of other
probability spaces (L2, F,P) and (Q f IF’) when performing the lifting operation
associated with the Lions derivative. We assume that these satisfy the same conditions
as (2, F,P). We denote the L” norm on each of these spaces by || - ||, unless we
want to emphasise which space we are working on, in which case we use || - ||, )
etc. We use | - | to denote the Euclidean norm. Throughout we denote by « and 8
multi-indices on {1, ..., N} including the empty multi-index. We denote by /dy the
N x N identity matrix. We also use some terminology from Malliavin calculus: we
denote by D the Malliavin derivative and by § its adjoint, the Skorohod integral. We
outline very briefly the basic operators of Malliavin calculus in Appendix 6.1.

2.2 Basic results on McKean-Vlasov SDEs

We study McKean—Vlasov SDEs with general Lipschitz interaction. The coefficients
are functions from RY x P>(RY) to RN, where P,(R") denotes the space of
probability measures on RY with finite second moment. We equip this space with
the 2-Wasserstein metric, W>. For a general metric space (M, d), we define the 2-
Wasserstein metric on P, (M) by

1/2
Wa(u,v) = inf (/ d(x,y)2n<dx,dy>) ,
MxM

nePy,y

where P, ,, denotes the set of measures on M x M with marginals 1 and v. When we
refer to the Lipschitz property of the coefficients, it is with respect to product distance
on RN x P,(RN).

Proposition 2.1 (Existence, uniqueness and L” estimates) Suppose that 0 € L?(2)
and Vy, ..., Vg are uniformly Lipschitz continuous, then there exists a unique, strong
solution to the equation

—e+zf X?]) dB., @

and there exists a constant C = C(T), such that
1X%Nls3 < C (AL +1612) - (2.2)

Similarly, there exists a unique, strong solution to the equation

(- +Z/ (X9, [x2]) aBL, 2.3)
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and there exists a constant C = C(p, T), such that for all p > 1,

IX*gp < € (1 +[x[+16112) - 2.4)
Moreover, for all (x,0,1), (x’,0', 1) e RN x L>(Q) x [0, T]and p > 1,

, ) /7 0/
[t — ]Hs; <C (Ix=x1+16 - 6l2), 2.5)

and

1
[xr? = x5 < cat i+ o -1 26)

Finally, we have the following flow property for anyt € [0,T), s € (t,T], x € RV
and 6 € L*(Q),

x,[0] (6] 0
(X xy) = (Xi" % ],X3"> P-a.s.

Proof The proof is standard and we leave it to the reader. We note that the proof
of existence and uniqueness of a solution to Eq. (2.1) was proved in [34] for first-
order McKean—Vlasov interaction. The case of a generic Lipschitz McKean—Vlasov
interaction is covered in [21]. O

2.3 Differentiation in P(RV)

In Sect. 5, we study an SDE with a general McKean—Vlasov dependence. We will
be interested in differentiability of the stochastic flow associated to this SDE and an
associated PDE on [0, T] x RN x P, (RN). We thus need a notion of derivative for
a function on a space of probability measures. The notion of differentiability we use
was introduced by P.-L. Lions in his lectures at the Collége de France, recorded in
a set of notes by Cardaliaguet [9]. The underlying idea is very well exposed in [11],
which we draw on here.

Lions’ notion of differentiability is based on the lifting of functions U : Py(RY) —
R into functions U defined on the Hilbert space L2(Q2; RVN) over some probability
space (2, F.P).Q being a Polish space and PP an atomless measure, by setting UX) =
U([X]) for X € L%(; RY). Then, a function U is said to be differentiable at o €
) (RN if there exists a random variable X with law s such that the lifted function
U is Fréchet differentiable at Xo Whenever this is the case, the Fréchet derivative of
U at X can be viewed as an element of L2(Q; RY) by identifying L2(2; RY) and
its dual. The derivative in a direction € L?(2; RY) is given by

DU(R0)@) = (DU K0}, 7) 12w, = B[ DO K0) - 7]
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It then turns out (see Section 6 in [9] for details.) that the distribution of DU (f( 0) €
L*(2; RY) depends only upon the law 110 and not upon the particular random variable
Xo having distribution pq. It is shown in [9] that, as a random variable, DU (Xo) is
of the form g,,,(Xo), where g,,, : RY — RY is a deterministic measurable function
which is uniquely defined z1o-almost everywhere on RY, and is square-integrable with
respect to the measure . We call 9, U (o) := gy, the derivative of U at uo. We
use the notation 9, U (o, -) : RY 5 v > 9, U (o, v) € R which satisfies, by
definition,

DU (Xo) = gu,(X0) =: 8, U (o, Xo)-

This holds for any random variable X with distribution 1, irrespective of the prob-
ability space on which it is defined.

In the sequel, we will consider functions which are differentiable globally on
P> (RN). Moreover, we will consider functions where for each i € P>(RY), there
exists a version of the derivative 9, U (1) which is assumed to be a priori continuous
as a function

Po(RY) x RN 3 (u,v) — 8,U(u,v) € RV,

In this case such a version is unique since, for each 6 € L2(Q; RN), a,U([0],v)
is defined [#](dv)-a.e., so taking a Gaussian random variable G independent of 6,
and € > 0, 3, U ([0 + €G], v) is defined (dv)-a.e. and taking ¢ — 0 and using the
continuity of 9, U, identifies 9, U ([0], v) uniquely. We show how this definition works
in practice in Examples 2.5 and 2.6.

For a function f : P,(RY) — RV, we can straightforwardly apply the above
discussion to each component of f = (f!,..., fV). To extend to higher derivatives
we note that 9, f* takes values in RV, so we denote its components by (3, f'); :
P,(RY) x RV — Rfor j =1,..., N and, for a fixed v € R, we can discuss again
the differentiability of P2(RY) 5 11 > (3, f); (i, v) € R.If the derivative of this
function exists and there is continuous version of

Pa(RY) x RY x RY 5 (1, v1, v2) > 8, f1)j (i, v1, v2) € RY,

then it is unique. It makes sense to use the multi-index notation 8 0 fio=
(BM(E)Mfl)])k Similarly, for higher derivatives, if foreach (ig, ..., iy) €{1, ..., N}”+1,

(@ - (B 1% -2 iy
~—————
n times
exists, we denote this BI‘Z f 0 with ¢ = (i1, ..., 1). Now, each derivative in p is a

function of an ‘extra’ variable, so 8% £ : Py(RY) x (RV)" — R. We always denote
these variables, by vy, ..., v,, soO

Pr@®Y) x ®RY)" 3> (. v1, ... v) > 3% fO(u vr, .. v) €R.

@ Springer



106 D. Crisan, E. McMurray

When there is no possibility of confusion, we will abbreviate (vy, .. ., v,) to v, so that
O 10 (1 v) = B f (s v, o).
Forv = (vq, ..., v,) € (RY)", we will denote
o] == [vi] + -+ [val,

with | - | the Euclidean norm on R" . It then makes sense to discuss derivatives of the

function 9y f ‘o with respect to the variables vy, ..., v,. If, for some j € {1,..., N}
and all (i, vi, ..., Vj—1,Vj41,..., V) € Pr(RN) x (RN)"—1,
RN 5 vj > Bﬁfio(u, Vly vty Uy)

is [-times continuously differentiable, we denote the derivatives 85_ f Bl‘f f o for Bja
multi-index on {1, ..., N} with |8;]| < [. Similar to the above, we will denote by 8
the n-tuple of multi-indices (81, ..., B,). We also associate a length to 8 by

1Bl :=1B1l + -+ |Bnl

and denote #8 := n. Then, we denote by B, the collection of all such g with #f := n,
and B := U, >1B,. Again, to lighten notation, we will use

05 0% fl(u, v) = 98 PO G v, ).

The coefficients in Egs. (2.1) and (2.3) are of the type Vj, ..., Vg : RN x P,(RY) —
RY, so depend on a Euclidean variable as well as a measure variable. Considering
functions on RY x P, (RY) raises a question about whether the order in which we take
derivatives matters. A result from [8] says that derivatives commute when the mixed
derivatives are Lipschitz continuous.

Lemma 2.2 (Lemma 4.1 in [8]) Let g : R x P2(R) — R and suppose that the
derivative functions

(x, 1, v) € R X P2a(R) x R — (0:0,8(x, t, ), 3,0:g(x, . v)) € R x R
both exist and are Lipschitz continuous: i.e. there exists a constant C > 0 such that

(00,85 90 8) (x, 1, v) — (008, DBag) (&, ', 0|
<C (Ix = x|+ Walu, ) + v = v']).
Then, the functions 0,0,,.g and 9,0y are identical.
With this in mind, we can introduce the following definition.

Definition 2.3 (CZ”ZZ.I, RN x P,(RN); RN))
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Smoothing properties of McKean—VIlasov SDEs 107

(@) Let V : RN x P,(RY) — RN with components V!, ..., VN : RN x P,(RV) —
R. We say that V € C;';, (RV x Po(RN); RY) if the following hold true: for

eachi =1,...,N, 9, Vi exists and 9, V exists. Moreover, assume that for all
(x, u,v) € RY x P,(RNV) x RN

0V G )|+ [0,V (| < €

In addition, suppose that BMV[ and 0,V are Lipschitz in the sense that for all
(x, 1, v), (¢, 1/, v") € RN x Py(RY) x RV,

8,V (1, 0) = 8,V ()

< C(lx = x|+ Wa(u, 1) + o = V')
|0V (e, ) = 8V, 1) = C (Ix = x| + Walu, 1)) -

(b) We say that V € CZ”Z,- » (RN x Pr(RN); RY) if the following hold true: for each
i =1,..., N,andallmulti-indicesae and y on {1, ..., N}andall B € Bsatisfying
|| + 18] + |y| < n, the derivatives

0L ol oV (x, . v), 0 050 VY (x, . v), 0 07 95V (v, e, v)

exist. Moreover, suppose that each of these derivatives is bounded and Lipschitz.
(c) We say thath € C) Lip (Pa(RN); RN if h : P,(RY) — RY does not depend on
a Euclidean variable but otherwise satisfy the conditions in part (b).

Remark 2.4 1. For functions V : RN x P,(RY) — R, we will also consider
the lifting V : RY x L2(Q) — RN. Then, for & € L2(Q), V(&, &) should be
interpreted as \7(5 (w), &) = V(&(w), [£]) with the first argument being considered
pointwise by @ and the second depending on the random variable & through its
law.

2. From the bounds in Definition 2.3(a), we have the following simple consequences
for the Fréchet derivative of the lifting Vof V:forallx,x’ € RN and6, 6, y,y' €
L*(9),

DV (x,0)(»)| = Clylz

DV (x,0)(y) — DV(x',0))(y")

< Clllylla (Ix = "I + 16 = 'll2)
+lly = v¥ll2].-

3. Note that we cannot interchange the order of 9, and 9, in 9,9,V (x, i, v) since

V (x, v) does not depend on v. However, if V e CZ”ZI-p (RN x Py (RN); RY) then

for all «, 8, y with |@| + |B]| + |y | < n, we have that
oL ol v (x, i, v) = 001 9%V (x, 1, v) = o 0 0Y V (x, 1, )

due to Lemma 2.2.
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We now introduce some concrete examples of functions V : RY x P,(RY) - RY.

Example 2.5 (Scalar interaction) Take U € C§+1(RN x R;RM), ¢ € C’;H(RN; R)
and V(x, u) :== U(x, [ ¢pdu).

Example 2.6 (First-orderinteraction) Take W € C]f] (RY xRN: R¥)and V (x, n) =
f W(x, )du.

Lemma 2.7 In both examples, V € Cf:]zip RN x P,(RN); RM).

The proof is straightforward.

2.4 Kusuoka—Stroock processes on RN x Py (RN)

In Sect. 4, we develop integration by parts formulas modelled on those developed in
works of Kusuoka [24] along with Stroock [25] for solutions of classical SDEs. These
integration by parts formulas take the form

B[ (X)) waex 100 =E[ £ (x7) watr,x, 10D)].
oL E[f (") wex o)) @) =E [ £ (x71) wstr.x. (01 ) |
for processes W, W,, Wg belonging to a specific class. We work with a class of pro-

cesses similar to one introduced in [25], which we call the class of Kusuoka—Stroock
processes.

Definition 2.8 (Kusuoka—Stroock processes on RN x P, (RN)) Let E be a separable
Hilbert space and let » € R, ¢, M € N. We denote by K{ (E, M) the set of processes
U [0, T] x RY x P,(RY) — DM-°(E) satisfying the following:

1. For any multi-indices «, 8, y satisfying |«| + |B| + || < M, the function
[0, 7] x RN x P,(RY) 5 (1, x, [0]) — a;afagwa,x, [6],v) € L?(Q2)

exists and is continuous for all p > 1.
2. Forany p > 1 and m € N with |o| + |B| + |y| + m < M, we have

sup sup 1 "/?
ve(RN)#B 1€(0,T]

ofagwa Bl o< b+ 9
2.7)

Remark 2.9 This definition is different to that in [25] in the following ways:

1. The processes depend on a parameter i € P>(RN).

2. We keep track of polynomial growth in x of the D™-”-norm through a parameter
q > 0 instead of requiring it to be uniformly bounded.

3. We require continuity in L?(2) rather than almost surely.
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Remark 2.10 1. The number M denotes how many times the Kusuoka—Stroock pro-
cess can be differentiated; g measures the polynomial growth of the D"”-norm
of the process in (x, [#]), and r measures the growth in 7.

2. In the definition, we are able to stipulate that the D""'”-norm of all the derivatives
will be uniformly bounded w.r.t. v because in the sequel the only dependence on
v in any Kusuoka—Stroock processes will come from 8MXf’[0] (v). In Lemma 6.7

i Xf’[g](v) is bounded w.r.t v and this carries over to the D"”-norm.

To analyse the density of solutions of the MVSDE (2.1) started from a fixed initial
point in RV, it is useful to have notation for Kusuoka—Stroock processes which do not
depend on a measure i € P> (RY). We denote this class by K (R, M). The following
lemma says that if we take a Kusuoka—Stroock process on RY x P, (RY) and evaluate
its measure argument at a Dirac mass, then this forms a Kusuoka—Stroock process on
RN Its proof is straightforward.

Lemma 2.11 If ¥ € KI(R, M) and we define ®(t,x) := W(t, x,8y), then ® €
ICH(R, M).

3 Regularity of solutions of McKean—Vlasov SDEs

This section contains some basic results about solutions of the equations involved,
their integrability and their differentiability with respect to parameters. Existence and
uniqueness of solutions to (1.3) is covered in Sect. 2.2.

Proposition 3.1 (First-order derivatives) Suppose that Vg, ...,V € Cgiip(RN X
P> (RNY); RN). Then the following hold:

(a) There exists a modification of X*1°1 such that, for all t € [0, T}, the map x
Xf’e is P-a.s. differentiable. We denote the derivative 3, X*'° and note that it
solves the following SDE

d t
0. X1 = Iy +Z/ oV, (X2, [x0]) o xy P aBl G

(b) Forallt € [0, T), the maps 6 +— X? and 0 +— Xf’[e] are Fréchet differentiable
in L2(Q), i.e. there exists a linear continuous map DX? CL2(Q) —> LX(Q) such
that for all y € L*(Q),

0+
I1X; ™" — X! = DX ()l = o(lyl2) as lyl2— 0,

and similarly for Xf’w]. These processes satisfy the following stochastic differ-
ential equations

d t
px ) =Z/O [aw (Xf*W], [Xf]) DX*1(y)
i=0
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+ DV, (X;f»[el, Xf) (Dxf(y))] dB', 3.2)

DX!(y) = y+2/ [0V; (X, [x?]) DX’()
+DV; (X{, X7) (DXf(y))] dB, 3.3)

where we denote by Vi the lifting of V; to a function on RN x L*(2). Moreover,
for each x € RN, t € [0, T, the map P,(RY) > [0] — X 1 e LP(Q) is
differentiable for all p > 1. So, BMXf’[el(v) exists and it satisfies the following
equation

d t

0, X My =3 / {aw (Xf’[e], [Xf]) 0, X (v)
i=0 Y0
B oy (x20, [x1]. T) o, 50

+]E[ (XX [Xf]jf) 8u)?f’[9](v)”dB§, (3.4)

where )?f is copy of ng on the probability space (<2, F,P)driven by the Brownian
motion B and with initial condition 6. Similarly, 9 )N( T copy of 0y XU’IG]
driven by the Brownian motion B and oy X‘9 [9](1)) O Xx ml(v)‘ . Finally,

the following representation holds for all y € L*(2):

) =[x 0 7] (3.5)

(¢) Forallt [0, T, X', X¢ € DV Moreover, D, X101 = (D{ (XX’[GJ)i)ISiSN
1=)=d
satisfies, for0 <r <t

d t
D = (xp10 [x]) + 3 [ avi (x50 ) Dy s,
A Jr
3.6)

where o (z, ) is the N x d matrix with columns Vi(z, i), ..., Va(z, ).

Proof (a) Recalling again that X*-1 satisfies a classical SDE with time-dependent
coefficients, it follows from [23] Theorem 4.6.5 there exists a modification of
X f’[e] which is continuously differentiable in x, and the first derivative satisfies
Eq. (3.1).

(b) Itis shown in [12, Lemma 4.17] that the map 6 > (X,Q, X; ’[9]) is Fréchet differ-
entiable. It is then easy to see the Fréchet derivative processes satisfy Eqs. (3.2)
and (3.3). Now, we follow the idea in [8] to show that 3,fo49] (v) solves Eq. (3.4).
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We first re-write the equation for DX f () in terms of 9, V; instead of the Fréchet
derivative of the lifting V;, as follows

DX (y) = y—i—Z/ {av x?,[x%]) Dx0(y)
+]E[a v,( [x7]. )??) D)?f(f)] }dB;'. 3.7)

and multiplied

Consider the equation satisfied by 9, X ;9’[9] (v), evaluated at v nd v
F, P). Taking

by 7 with both random variables defined on a probability space (
expectation with respect to P, we get

Blo.x1"@) 7 Z/ {av (X0 [X0]) B[, X0 @) 7]
+BE [0, vi (X0, 1x01, X01) 0, X011 7

+E [0, (x0. [ %) B[, X0 @ 7] Jast
(3.8)

=0
Q,

In the above equation, we are able to take 7 inside the It0 integral with no problem
since it is defined on a separate probability space to the Brownian motion, B. We
are also able to interchange the order of the It6 integral and expectation with
respect to P using a stochastic Fubini theorem (see for example [33, Theorem
65]). Again, since (9\, 7) are defined on a separate probability space,

B [ (0. [00] ) K0 7] - B v (x0. [x0]. %) ac R0 7],
which we can replace in Eq. (3.8) to get:
B[0.x/1"@: Zf {av (x?, [X¢) B[, X01@) 7]
+ B [0.vi (X0 [x0]. %7) (0. X015
+ﬁ1§[au)?f’[9](é‘) ?])] }dB;'. (3.9)
Now, taking Eq. (3.1), satisfied by 9, Xx’[g] and evaluating at x = 6, multiplying

by y and adding to Eq. (3.8), we see that 9, X g]y +E [8 X9 [9](0) y] is equal
to

d
Y +Z/O’ {8Vi (X§‘~[0], [ng]) (axxga[e]y +@[3MX§,[9](5) ?])
i=0
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+ B [,y (x9, [x0]. %7) (0. X095 + B [0, X9 @)7 ) | }dB;‘.

One can therefore see that the equation satisfied by 9, X ,9’ 161 y +E [a,L X ?,[9] (5) 57]

is the same as Eq. (3.7) satisfied by DX ? (y), so by uniqueness they are equal. This
representation also makes clear the linearity and continuity of y > DX ,9 (v).

Following essentially the same procedure shows that E [BMX;V’[G](@\) )’7] satis-

fies the same equation as DXf’[O](y), so that (3.5) holds. Hence, by definition
X ;c,[G] (v) exists and satisfies Eq. (3.4). This representation also makes clear the
linearity and continuity of y > DX (y).

(c) Let X?" denote the Picard approximation of the solution to the McKean—Vlasov
SDE (2.1), given by

X0 =0, 1re0,T]
9;1_9+Z/ X@n X@n 1])dB§,

For each n > 1, X?" is the solution of a classical SDE with time-dependent
coefficients, which are differentiable in space, with each derivative of the coef-
ﬁcients being Lipschitz continuous. Therefore, by Nualart [32] Theorem 2.2.1

e DV forall ¢ € [0, T]. The form of the equation satisfied by DX f’n is the
same as (3.6). It is then easy to show that ||X0 "lIpt.e < C(1 + [|0]|2) uniformly
in n. Now, since for all p > 2, ||X,0 _— X?Hl, — 0 asn — oo, by Nualart [32]
Lemma 1.5.3, X? e DLoe, Similarly, Xf’[el € D5 since it solves a classical
SDE with time-dependent coefficients. The measure term in the coefficients of the
equation for X f’w] is deterministic, so D, (Xf’w]) satisfies the usual equation for
the Malliavin derivative of an SDE which is precisely Eq. (3.6). O

For our aplications, we need to extend the above result to higher order derivatives
of Xf’[g]. The main result is summarised in the following theorem, which classifies

Xf’w] as a Kusuoka—Stroock process.

Theorem 3.2 Suppose Vo, ..., Va € Cy'} (RN x Py(RN); RN), then (1, x, [0]) +
X;(’[Q] € K%)(RN,]C)- If, in addition, Vy, ..., V; are uniformly bounded then
(t,x,[6]) = X1 e K§RY, k).

Since each derivative process satisfies a linear equation (whose exact form is
not important for our purposes) the proof is quite mechanical and reserved to the
Appendix 6.2. Now we introduce some operators acting on Kusuoka—Stroock pro-
cesses. These are the building blocks of the integration by parts formulae to come. For
the rest of this section, we will need the following uniform ellipticity assumption.
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Assumption 3.3 [UE] Let o : RN x P>(RY) — RV*? be given by

o(z, ) = [Vilz, - Va(z, w].

We make the assumption that there exists € > 0 such that, for all £ € RN, 7z e RN
and . € P (RV),

£To(z, Wo(z, ) & > elg]?

Now, for amulti-index @ on {1, . .., N}, we introduce the following operators acting
on elements of K (R, n), defined for o = (i), by

1L, (9)(t, %, [0]) := % 5 <r > W, x, [0]) <aT (00T>_1

(KPR [XE]) BX2R),).

N
12y x [0]) =Y 1, ((8xxf’“);} W, x, [9])) ,
j=1

I (W)(1, x, [0]) := I3 (¥)(t, x, [6]) + V10" W1, x, [6]),

L (W)t %, [0, v) 1= % 5 (r > (aT (aoT)_l

(X X e (X0 0, X0 )

X W(t,x, [6])),
T3 (W) (1. x. 6], v1) =T (W) (1, x. [6], v1) + V1(3,9): (1, 2., [6], v1).

For o = (a1, ..., ;) we inductively define

._ gl 1 1
Iy =1, 01, ,0--0l,,

and make analogous definitions for each of the other operators. The following result
states that these operators are well-defined and describes how each operator transforms
a given Kusuoka—Stroock process. The proof is contained in Appendix 6.2.

Proposition 3.4 If Vo, ..., Va € Cy', (RN x Py(RN); RY), (UE) holds and W &
K{ (R, n), then I} (W) and I (), are all well-defined for |a| < (k An). I2(¥), TL(¥)
and Ig (W) are well defined for \a| < n A (k — 2). Moreover,

), 3wy e KPR, (k An) — [al),
2W) e KIPR, [n A k= 2)] = |al),
L), 2 (W) € KR, [n A (k= 2)] — |a)).
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If¥ e K9 R, n) and Vy, ..., Vg are uniformly bounded, then

Iy, ;W) € KYR, (k An) — |al),
I;(9) € KR, [n A (k = 2)] = |al),
T,(¥), (W) € K)R, [n A (k= 2)] = |al).
4 Integration by parts formulae for the de-coupled equation
Having introduced some operators acting on Kusuoka—Stroock processes, we now

show how to use these operators to construct Malliavin weights in integration by
parts formulas. We first develop integration by parts formulas for derivatives of x —

E f(Xf’[g]) and then separately [0] — E f(Xf’[e]). In the last part of this section, we
will show how to combine these results to construct integration by parts formulas for
derivatives of the function x — E f (Xf’ax).

4.1 Integration by parts in the space variable

Proposition 4.1 Let f € C°(RY; R) and ¥ € K (R, n)
1. Ifla] < [n AKk), then

E[og (£ (x0)) e 10n] =R [ £ (x07) 1)@, x 10D ]
2. Ifja] < [n A (k — 2)], then

E[@ ) (x71) wax 10)] = TRE[f (x71) 2wy, x, 10D
3. Ifjal < [n A K], then

3 E [f (X;"W]) W, x, [9])] — 2 [f (Xf*[”) 13w, x, [9])] :
4. Iflal + 181 < [n A (k — D)1, then

3 E [(3ﬂf) (X;c,m) w(, x, [9])] — ~(eHBD2 g £ (X;c‘w])
i (W) @ x 10D

Proof 1. First, we note that Eq. (3.1) satisfied by 8, X"'”! and Eq. (3.6) satisfied by

D, X ;,191 are the same except their initial conditions. It therefore follows that for
r=t,

—1
0 X =D x0T (00 T) (X, [x7]) a X 1.
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This allows us to make the following computations for f € C;° RV R),

E[ax [f (x;”‘”)] W, x, [9])] [8f( X [9]) 0 X W, x, [9])]
_lg / 8f< X [‘”) 9 X (s, x, [0])dri|

t

=;E / of (x:) o, x; T(oaT)fl

x (x50, [X7]) 0. X, x, [9])dr]

e[ (o)

x (Xf'[e], [Xf]) 8 X3 W (s, x, [0]) dr]
- ;E [ (Xj"w]) 5 <r > (aT (aaT)_]
x (x;‘*[e], [Xf]) axXi‘*“”)T W, x, [9]))] :

where we have used Malliavin integration by parts E(D¢, u)p, = E[¢ 5(u)]
in the last line. This proves the result for |¢| = 1. By Proposition 3.4, Ioll (W) €

K?H (R, (k An)—1) when || = 1. We can therefore iterate this argument another
|| — 1 times to obtain the result for all « satisfying || < [ A k].
2. By the chain rule,

[(a B ( fead ) W x, [9])] _ i]E [3x,- (f (X;‘*W])) ((8XX;‘a[9])—1>j,i
j=1

xW(, x, [0])]

_n ZE[ ( x[e)zm <<<3xx;‘v[9])_1)j,i

x W(r,x, [0])]
—-12R [f (Xf’[9]> I3, ()t x, [0])] :

By Proposition 3.4, I(zi)(\ll) € K?H R, [n A (k—2)] — 1), sosince || < [n A
(k — 2)], we can apply this argument another || — 1 times to get the result.
3. We compute, foranyi =1,..., N

s () v

_E[al( (X )‘I’(I X, [0D) + 0, W, x, [0])f( xw])]
) [f( X [e]) i]([)(\ll)(t x, [0]) 4+ Vil w(, x, [9])}]
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which proves the result for |¢| = 1. Again, using Proposition 3.4, IS(\IJ) €
K?H(R, (k A'n) — 1) when || = 1. We can therefore iterate this argument
another || — 1 times to obtain the result for all « satisfying |«| < [n A k].

4. This follows from parts 2 and 3. O

4.2 Integration by parts in the measure variable

We now consider derivatives of the function[6] — E[ f (Xf ’[9])].

Proposition 4.2 Let f € C;°(RV; R) and ¥ € K] (R, n).
1 IfIBl < [n A (k —2)], then

Elof (£ (x) 0w 100] = APE[ £ (x0) Zhwra x. 1010
2. If 1 < [n A (k = 2)), then

B [r (X)) w100 ] @) = PPE] £ (X) T, v 101, v).
3. Iflel + 18I < [n A (k = 2)], then

IE [(B“f) (Xf’[gl) (i, x, [9])] (v) = (I HIBD/2 [f (X;c,[e])

x 73 (12)) @, %, 161, 0) ]
Proof 1. We use again that forr <1,
9, X7 = D, x T (aoT)fl (Xf’[e], [xf]) By XEH.
This allows us to make the following computations for f € leo (RN: R),

E [au (f (Xj"[e])) W, x, [9])]
E [af (x;““") 3 X W, x, [9])]

t -1
E[/O of (x) a:x; ™ (a,x+1) aﬂXf’[Q](v)Q/(t,x,[G])dr}

t -1
E/ {af (X;"W]) D, x0T (oaT)
0

s (x20 [x0]) 2 x0T (3,x1) 0, X e, x, [6’])}dr

=15 [ {ps () o7 (007)
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—1
x (va[“”, [xf]) 8, X10) (axxj"[‘”) 9, X P W)W, x, [9])}dr

= %E[f (Xf’[g]) 5<r > (UT (O’O’T)_l
x (x50, [x7]) 0. x50 (axX;"”])_l %X?"“”(v))T W, x, [91))].

where we have used Malliavin integration by parts E(D¢, u)y, = E[¢ §(u)] in
the last line. This proves the claim for | 8| = 1. For general 8, it follows by iterating
this integration by parts | 8| times.

0B () waexon ] @ =T P2E g, (£ (x77)) @) e x. 0]

+ £ (x5 0w, x, 161, 0]
This is enough to prove the proposition when |3| = 1. For |8| > 1, simply repeat

this argument.
3. This follows from parts 1 and 2. O

4.3 Integration by parts for McKean—Vlasov SDE with fixed initial condition

We now consider developing integration by parts formulae for derivatives of the func-
tion

x> Ef (Xf’BX) .

We introduce the following operator acting on elements of Kf (R, M), the set of
Kusuoka—Stroock processes on RN . Foro = (i)

Ty (@)(t, x) = I3 (®)(t, x, 8,) + I (P)(t, x, ;)
and inductively, for o = (a1, ..., ay),
Jo = Jo, 0 Joy -0 Jy.

Lemma 4.3 If Vo..... Vs € Cp'f, (RY x Py(RV); RY) and @ € K (R, n), then
Jo (@) is well-defined for || < [n A (k — 2)], and

Jo(@) € KT R, [n A (k = 2)] = Ja).
Moreover, if ® € IC? R, k) and Vyy, ..., V4 are uniformly bounded, then

Jo(P) € IC?(R, [n Ak —=2)] = |a]).
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Proof This is a direct result of Proposition 3.4 and Lemma 2.11. O

Theorem 4.4 Let f € C;° (RN: R). For all multi-indices o on {1, ..., N} with |a| <
k—2

3 E [f (Xf"s")] — 2y [f (X;“SX) Jo (D), x)] .

In particular, we get the following bound

B[ 1 (X)) = Cflloor 2 (14 ey,

Proof By the above discussion,

o m [ (x) ] =aiE [ (xi)]

Now, we apply the IBPFs developed earlier in Proposition 4.1 part 3 and Theorem 4.2

part 3.
5[ ()

e (ol

=1 2R [f (X;"“‘) I, x)]

=x
E [f (X;‘"(")] (v)’ — 1 12E [f (X;"BX)ZS.)(D(;, X, 8y, x)]
[0]=8x,v=x
and we can iterate this argument |¢| times. m]

Corollary 4.5 Let f € C° (RN: R) and « and B multi-indices on {1, ..., N} with
la| 4+ |8 < k — 2. Then,

B[ ) (x7) ] =7 (7)) e ]

and 13(Ja(1)) € Ko TP R,k — 2 — [a| — 1))

Proof Theorem 4.4 gives
0B [0 f) (X)] = TPE [0 ) (X0) Ju(D2)]

with Jo (1) € KR, k — 2 — |a|). Then, using Proposition 4.1 part 2, we get

3°E [(aﬁf) (Xf"”)] — g [f (Xf"‘*) U (), x)] .
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5 Connection with PDE

We return our attention to the PDE (1.2). The results of the last section suggest that for
initial conditions g(z, ) = g(z), which do not depend on the measure, we can still
expect there to be a classical solution, even if g is not differentiable. Indeed, we spell
out the conditions under which this is true in Theorem 5.8. But first, let us consider
whether the same can be true for initial conditions which do depend on the measure.

Example 5.1 Let g(z, n) = g(w) = |fy,u,(dy)’ and Vp=0,Vi=1land N =d =
1, then

X% =6+ B,

and
g ([X7]) = IEM0]].

We now show that [0] — g([X ,9]) is not differentiable. If we choose 8 € L2(2) with
E® = 0, then forany r > 0, 4 > O and any y € L*(S),

e (D) e @] = 2

and this limit does not exist as 7 — 0. Hence, the Gateaux derivative of the map
L2(Q) 3 0 > g([X?]) does not exist.

The above example shows that for a function g : RY x P>(RY) — R which is
Lipschitz continuous, we cannot, in general, expect [0] — E ( g (X f’[e], [Xf’[e]]))
to be differentiable (for a fixed ¢+ > 0) even when the coefficients in the equation for
Xf’[g] are smooth and uniformly elliptic. There are, however, interesting examples
of initial conditions for which we can develop integration by parts formulas. Before
we introduce this class of initial conditions, we consider what form derivatives of

U(t,x,[0]) .=E (g (Xf’w], [X?])) take when g is smooth. The following result is
Lemma 5.1 from [8].

Lemma 5.2 We assume that the function g : RY x P>»(RY) — RN admits continuous
derivatives 0, g and 9, g satisfying for some g > 0and0 < p <2

19:g(x, [OD] < C (14 |x| + 16]12)7
0ug(x, [0, v)| < C (14 |x|9 + 110115 + [v]?)

and we assume Vg, ...,V € Cg:éip (RN X PQ(RN); RN). Then, 0, U exists and takes

the following form:
8,U(t,x.,[0],v) =E [Bg (Xf’[e], [X?]) 8MX;C’[9](U)]
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+ EE [aﬂg (X;“’W], [x9], 5(';”[9]) 3, X171

+ g (X XL X7) 0,8 w)] . G.1)

Now we introduce a class of initial conditions g : RN x P,(RY) — R for which
we will be able to develop integration by parts formulas.

Definition 5.3 ((IC), and (IC),) We say that g : RY x P>(RY) — R is in the class
(IC) if the following conditions hold:

1. g is continuous with polynomial growth: i.e. there exists ¢ > 0 such that for all
(x.[0]) € RN x Py(RN): [g(x, [0D)] < C(1 + |x| + [10]12)4.

2. There exists a sequence of functions (g7);>1, & : RY x P,(RY) — R with
polynomial growth such that g; — g uniformly on compacts and 9, g; exists and
also has polynomial growth for each [ > 1.

3. Foreach/ > 1 thereexistsafunction G; : RY x P, (RY) xRN — R whichiseither
differentiable in x or v and 9,g;(x, u,v) = 9,G;(x, u,v) or 9,8/ (x, u,v) =
dyG(x, u, v). Moreover, each G, and its derivatives satisfies the growth condition:
thereexistg > Oand0 < r < I suchthatforall (x, [0], v) € RY x Py (RV)y xRN

|h(x,[0], )] < C (1+[x|7+ 013 + v]").

where h is Gy, 0,G; or 9,G;. In addition, we assume that for all (x, u, v)
the pointwise limit lim;_, oo G;(x, i, v) exists and the function G defined by
G(x, u,v) := limj_ o G;(x, 1, v) is continuous and satisfies the same growth
condition.

If 9,81 = 0xG; we say g is in the class (IC),. If 9, g1 = 0, Gy, we say g is in the class
IC)y.

We give some examples of functions g in the class (IC).

Example 5.4 1. Functions with no dependence on the measure:
Suppose that g(x, u) = ¢(x) where ¢ € CP(RN; R). Then, let (¢;);>1 be a
sequence of mollifications of ¢ and (g;);>1 the corresponding functions defined
in the same way. Then, 9, g;(x, u, v) = 0. So, g belongs to the class (IC), and G
in this case would be G = 0.

2. Centred random variables:
Suppose that g(x, u) = ¢ (x — [ yu(dy)) where ¢ € C,(RV;R). Then, let
(¢1)1>1 be asequence of mollifications of ¢ and (g;);> the corresponding functions

defined in the same way. Then, 9, g;(x, u,v) = —d¢(x — fyu(dy)). So, g
belongs to the class (IC), and G in this case would be G(x, u,v) = —@(x —
[ yu(dy)).

3. First order interaction:
Suppose g(x, 11) := [ @(x, y)u(dy) where ¢ : RN x R¥ — R is continuous with
lo(x, y)] < C(1+]|x|9+]|y|") forsomeg > 0and 0 < r < 1. Then, let (¢;);>1 be
a sequence of mollifications of ¢ and (g;);>1 the corresponding functions defined
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in the same way. Then, 9, g;(x, u, v) = 9,¢;(x, v). So, g belongs to the class (IC),
and G in this case would be G(x, i, v) = ¢(x, v). Note, this example includes
the case of convolutions where ¢(x, y) = ¢(x — y).
4. Second order interaction:

Suppose g(x, u) = f(p(x,y,z),u(dy)u(dz) where ¢ : R — R is con-
tinuous with |¢(x,y,2)] < C( + |x|? + |y|" + |z|") for some ¢ > 0 and
0 < r < 1. Then, let (¢;);>1 be a sequence of mollifications of ¢ and (g;);>1
the corresponding functions defined in the same way. Then, d,g/(x, i, v) =
f [0v@i(x, v, y) + dyer(x, ¥, v)] u(dy). So, g belongs to the class (IC), and G
in this case would be

G(x, t,v) =/[¢(x,v,y)+§0(x,y, V)] n(dy).

5. Polynomials on the Wasserstein space:
Suppose g(x, n) = [, fgoi(x, y)u(dy), where n > 1 and each ¢; : RV x
RY — R is continuous with |¢; (x, y)| < C(1 + |x|?) for some g > 0. Then,
let (@i 1);>1 be a sequence of mollifications of ¢; and (g;);>1 the corresponding
functions defined in the same way. Then,

e, =" [] (/ <pi,z(x,y)u(dy)) )1 (x, ).

j=li=li#j

Therefore g belongs to the class (IC), and G in this case would be

G,y =Y ] (/wi(x,y)u(dy))wj(x,v).

J=li=Li#j

Now, we introduce the hypotheses under which we will be able to prove existence
and uniqueness of a solution to the PDE (1.2).
(H1): (UE) holds, and the coefficients Vo, ..., V4 € C;’:zip (RN x P,(RN); RM), and

g : RN x P,(RY) — R is in the class (IC),.
(H2): (UE) holds, and the coefficients Vp, ..., Vy € Co2. (RN x Po(RV); RV) as

b,Lip
well as being uniformly bounded, and that g : RN x P,(RY) — R¥ is in the
class (IC),.
Lemma 5.5 Under either (HI1) or (H2), for the function U(t,x,[0]) = E

(& (x5 [x¢1) ], the derivarive funcions

0, T] x RY x Py(RY) 5 (¢, x, [6]) — <8xU(t,x, [01), 92, U, x, [9]))

0. 71 x RY x PyRY) x RY > (1, x, (0], v) > (3, U (1, . 6], v),
3,0, U (1, x,[01,v))
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exist and are continuous. Moreover, for all compacts K C P>(RY)

sup E[3, U, x, [0], 9)\2 + (0,0, U (1, x, [9],9)I2 < oo.
[0leK

Proof Under both (H1) and (H2), g is in the class (IC), so there is a sequence of
functions (g;);>1 approximating g. Let U;(¢, x,[0] = E [gl(Xf’[Q], [X,e])] . From
Proposition 4.1 we know that for i, j € {1,..., N}

LUt x, [6]) =172 E [gz (X [XQ]) 15 (. x, [e])] :

U e, x, 10D =1 E [gz ( [XQ]) Ii (D x, [9])] :

By the growth assumption on g;, Holder’s inequality and the moment estimates already
obtained for the processes Xf’[e], X ;9 and the Kusuoka—Stroock processes in (2.2),
(2.4) and Proposition 6.10, we can show that the expectations above are bounded
independently of / > 1. By dominated convergence, we can take the limit in each
equation. Now, each of the Kusuoka—Stroock processes appearing in the above rep-
resentations for the derivatives are, by definition, jointly continuous in (z, x, [#]) in
LP(Q), p > 1.Sois (1, x, [6]) > g(X;"1), [X?]) by Theorem 3.2 (which guarantees
that (¢, x, [0]) — X 191 is a Kusuoka—Stroock process) and the continuity of g.

To lighten notation, we restrict to the case N = 1 through the rest of this proof. First,
we assume (H1) holds, so g is in the class (IC),. Note that g; satisfies the hypotheses
of Lemma 5.2, which gives

9, Ui (1, x, [0], v) = [ag,( X~ [X“’]) (v)]
+ EE[0,Gy (x; 1! [X?] %) 0,
+0, G,( bed [X?],)??) auf(f*[‘”(v)]. (5.2)

Now, we recall the following identity connecting D, X! and 8, x;1!.
—1 —1
1dy =D, x0T (00 T) (X2, [x7]) X (0.6

So,
0.Gr (X, [xf], 2 o, X1
-1
= .G/ (XL X7 2 0, x0T (00 T)

x (X;c,w]’ [Xg]) 9, X16] (axX;c,wJ)* 5, X210
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~ —1
= D, [Gl (Xf’[e], [X?] , X,v’[e])] ol (00T>

s (x5, [x0]) 0, X210 (0, x7000) g, R
and, applying Proposition 4.1 part 2, we get
5 |0 [6 (x7" [x). %) o (o07)
(X [x7]) aoxe (o) a5 |
= PEE[ G (X1 XV X P, x 1o 0,801
Similarly,
0.6 (X7, [x¢1, X7) 9, %) w)
= 0,Gy (Xf’w], [Xf] , )??) DrXf’w]aT (O’O’T)_l
x (X;‘~["], [Xf]) 9, X516 (axxj"[‘”)_l 8, X010 (1)
= D, [Gl (Xf’[e], [X?] , i?)] ol (O’O’T)_l
x (X,’."W], [Xf]) 9, X516 (axxf*[f”)_l 8, X010 ()
and applying Proposition 4.1 part 2 again, we get
5 |0, [6, (x71, [x¢], %7 (o07)
x (Xf’[e], [xf]) 9, X 510) (axxi"[e])_l aﬁf’[e](v)}
= 7 12EE (G, (XL [X0].XT) Py x. 10D 9,5 w)].
So, in this case, (5.2) can be rewritten as
0,Ui(t. x. 18], v) =t—‘/2E{g1 (% [x7]) ' .. 160, v)
+ &[G (Xf’[e], [x¢], )?;"[9]) 2, x, [0]) 3, X

e (xf*[e], [x?], )?f) 2()(, x, [6]) auf('f’*[@](u)]}.
(5.3)

@ Springer



124 D. Crisan, E. McMurray

To show that SUP[glek E |8,LU(t, x, [0],0) |2 < 00, we note that all processes on the
right han(}s side of (5.3) have moments of all orders bounded polynomially in [|6]|2

except X f in the final term. For the final term, by the growth conditions on Gy,

‘]Ef[f [G; (x;““”, [x7], )?f) 2, x, 10]) aﬂ)?é’[gl(v)]lz

<o (x;w,[xf],szf)\z

L2/7(QxQ)

[Py x|

LAA=1)(Qx )

x [0, %70 |

LY 1-n(Qx Q)

& X161 o 5\ T 6
< ¢ (BE | (141" + X/ 13+ 177) | ) A+l + 191
< CEE [ (141X 4 X713 +1%712) | (1 + x| + 1612)°

2
< C (1 P 101577 4+ 1813) (1 + 1] + l112)°

Clearly this is bounded in [#] over compacts in P,(RM).
Now, we consider the derivative 9,0,U;. We note that in the definition of

7! (t, x,[0], v), the only term depending on v is B#Xf’[e](v). Since Vy, ..., V; €
Cg zlp RN x P,(RN); RY) by assumption, 3,Z' (¢, x, [#], v) exists and we obtain:

8ud, Ui(1, x, (0], v) =t_1/2]E{gz (X [x7]) T 0 % 161, v)

B0 (6 (1. 57) P 0 (0571
+ G (x5 X R P 10D R

+6 (X7 (X, XF) P, 000,05 |
(5.4)

We again use that

-1 -1
1dy =D, x0T (a0 T) (X2, [x7]) X (0.1

Of course, this identity also holds for ‘tilde’ processes defined on (Q, F , ]f") and we

denote by D the Malliavin derivative on this space. So, using the above identity and
the Malliavin chain rule, we obtain

0, Gy (Xx 161 [X?],)?” )1 (D, x, [6]) ( [9])

~ ~ ~ -1
= 0,61 (X, (X0, REO) B, %0 (00 7)
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x (X0, [%7]) 0.8 12 (), x, 101) 0,57

- - —1
=B, [G/ (x"". [x{]. X)o7 (007)

x (R0, [%0]) 0 X2 (0, v, 101) 0,871

and, applying the integration by parts formula in Proposition 4.1 on the space
(Q, F, If"), we get

~ [~ - —1
EE [D, [G; (Xf’[e], [Xf] , X;)’[e])] ol (00T>

X (i;’*“ﬂ, [if]) 8, XU 12(1)(r, x, [6]) 8v)~(,”’[9]]

— 2R [G; (Xj““”, [x¢], )?,”~[9]) T2 (8,X) (t, v, 10]) I2(1)(2, x, [9])] .

So, (5.4) becomes

i e = E{‘/;g’ (X1 [x7) T 0 x 161, v)
* INE[GI (X;C’[Q]’ [Xf] ) g;),[e]) 12(1)(z’ x, [6])
x (72 (0:.X) (t. v, 10) + VT 33;(;),[91)

+V1 G (x;““”, [x7], 5(’?) (), x, [0]) avaﬁf’[e](v)]}. (5.5)

We can check each expectation above is finite by using the growth conditions on the
functions g;, G; and their derivatives along with Holder’s inequality and the moment
estimates on the processes involved, similar to before. In particular, note that we can
obtain estimates on (5.3) and (5.5) independently of /. This allows us to use dominated
convergence to pass to the limit in these equations.

Now, suppose that (H2) holds instead of (H1). Under (H2), g in the class (IC),.
By Lemma 5.2, we have an expression for d,U; and using the special form of 9, g
for initial conditions in the class (IC),,, we get

8, Ui (1, x, [0). v) =E [agz (X;"“”, [X?]) aﬂxf’[9](v)]
+ EE[0,G: (X1 [X{], %11) o, 1)

+0,G (X1 (X7, X7 ) 0, X7 ). (5.6)
We again use that

—1 —1
1dy =D, x0T (00 T) (X2, [x7]) x5 (0,61
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Of course, this identity also holds for ‘tilde’ processes defined on (Q, F , ]f") and we

denote by D the Malliavin derivative on this space. So, using the above identity and
the Malliavin chain rule, we obtain

51 (X2, [X0], %) %
e (X,X*[Q], [x]. ;?;”[9]) B, X 0T (o0 T) " (X071, [R7]) 8, K0
=B, [ (x} UL [x0]. XN |67 (50 T) (R0, [R2]) 0, K00

and, applying the integration by parts formula in Proposition 4.1 on the space
Q,F. IF"), we get
58 [B, o (77 [x7]. %) ] (o0 T) " (R [2]) 0 210
=7 2EE |G, (xPU [xf]. X Ty, v, 1))
Similarly,
0,60 (X1 [x7]. X7) 0,571 w)
= 0,Gy ( x>0 [Xf] , i?) ﬁri;ﬁaT (O’O’T)il
x (X2, [x7]) . X0 (ax)?f"e')fl 3, X0 )
= ﬁ, [G; (Xx 101 [Xg] )??)] ol (O‘O’T)_l
x ()?f [Xf]) 8, X101 (axif*[gl)_l 3, X010 ()
and applying the integration by parts formula in Proposition 4.2 on the space
(Q, F, @’), we get
EE |:]~), [Gl (Xx 16) [Xe] )?té)] ol (O’UT)_I
x (X0.[x7]) 0. %71 (ax)?fi@])_l aﬂifim(v)}
1/2E]E[Gl< xx101 [Xf],)?f) 7', 6, [9],1))].
Here we explain the reason for ms1st111g that the coefficients Vp, ..., Vy; are
bounded: the Kusuoka—Stroock process Y1) (@, x, [0], v) is bounded in L” (Q)

uniformly in (x, [0] ~y) This allows us to evaluate at x = 6 and take expecta-
tion with respect to E. If the coefficients are not bounded, the bound we have on
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||f1(1)(t, x,[0], V)|l grows like |x|* according to Proposition 3.4 and we cannot
guarantee that EE [fl ), 8,01, v)] is finite.

Putting the above integration by parts formulas together and using Proposition 4.2
on the space (€2, F, IP) for the first term on the right hand side of (5.6), we see that it
can be re-written as

8, Ui(, x, 101, v) = t_l/zlE{gl (X X T x 101, )
+E (G (xr [x7] R T s v, 16D

+Gi (X (X7 X7) T ). 6,16, v)]} 57
and we note the RHS does not depend on derivatives of the functions g and G. Also,

30, Un(t, x,[0], v) = t_m]E{gl (Xi"[‘”, [Xf]) I (1, x, 161, v)

+n’i[G,( XP X0 KA 0,7 (v, 0]
+Gr (X1 [x71. %7) 0.7 (). 6, 161, v)}
+9,G (X" 6] [X?],)?;”W]) 3 X" T (D)1, v, [(9])“ (5.8)

s0, applying Proposition 4.1, we get
3ud, Ui (1, x, 6], v) = fl/z]E{gz (X1 [x0]) T o % 16), v)
+1E[G,( x10 [x7], N;*WJ) 3,7 ()1, v, [0])
+G (Xj"[“”, [x7]. )?,9) I (), 8, 10], v)}
117126, (X;‘~[9],[xf] X0 [9]) (1 (1)) t, v, [e])“. (5.9)

]

Remark 5.6 Immediately from the proof of Lemma 5.5 one can deduce the following
gradient bounds for the function U (¢, x, [0]) :=E [g (Xf’le] [Xf])] under the same

conditions (H1) or (H2): There exists positive constants C and g such that for any
(t,x,[0]) € (0, T] x RN x Pr(RN), v e RN

AU, x, [0, 18,U(t, x, [6D] < Cr™ 21 + x| + 16]2),
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07U (1, x, 101)| L 18,0, U (1, 2, [OD] < Cr™' (1 + [ + 10]12)°.

We now define what we mean by a classical solution to the PDE (1.2).

Definition 5.7 Suppose that U : [0, T] x RY x P,(R"Y) — R satisfies (1.2) and

0,71 x R x Py(RY) 5 (¢, x, [0]) — <8xU(t,x, [01), 92, U, x, [9]))

O, 71 xRV x P,RY) x RN 5 (1, x, [0, v) = (8, U (¢, x, [0], ),
30, U(t, x,[0],v))

exist and are continuous. Moreover, suppose that for all (x, #) € RY x L%(2)

lim U,y [y =g, [6]). 5.10)
(t,y,lyD)—(0,x,[6]) @,y IyD = s( ) (

Then we say that U is a classical solution to the PDE (1.2).

Theorem 5.8 Suppose that either (H1) or (H2) holds. Then

U x. 10D = E (g (1, [x7]))

is a classical solution of the PDE (1.2). Moreover, U is unique among all of the
classical solutions satisfying the polynomial growth condition |U (t, x, [0])| < C(1 +
Ix| + 10112)7 for some g > 0 and all (¢, x, [0]) € [0, T] x RN x P,(RM).

Proof Existence To prove continuity at the boundary, we use continuity of g and the
fact that

X0, + [ x x| -0 as t—0,
2 — ol + |19~

which follows from (2.5).
Now, we note that by the flow property we have, for 4 > 0,

x,[0] (6] 0
01 o\ _ XX X
(Xt+h ’ Xt+h) - <Xt " " ’ Xt h)

so that,

UG+ hx10) =E[g (X [x0,])]

<[ e ()

=EU (1 X, [x]]).

A
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Hence,

Ut +h.x, [0]) — Ut x.[0]) =EU (z, X1 [X,ﬁ]) — Ut x,[0))
={U (1, x, [X]]) — U@, x, 16D}
+E{U (x5 [x)]) ~ U (o [x0])]

(5.11)

The idea is to expand the first term using the chain rule introduced in [12] and the
second term using Itd’s formula. Then, dividing by /# and sending it to 0, along with

continuity of the terms appearing in the expansion, will prove that U indeed solves
the PDE (1.2).

Lemma 5.5 guarantees that we can apply the chain rule proved in [12]. We apply it
to the function U (¢, x, -) to get

U (1, x. [X0]) U, x. 0] f [ﬁ:v 8U(tx[Xf],Xf)ii|dr

i=1
1 g Y T 0 0 0 0
+§/0 B| Y [oo7 (0 (X)), 8.0 (ox. (X7 X0), | ar

ij=1

1t6’s formula applied to U (t, -, [Xz]) gives
UQWWWﬁD—U@mww
/ Zw X* 0] [Xf’]) 8, U (t, X101, [X,fj]) dr

h N

I
+ 5/0 > [ooT (x, [Xf])]i’j 00, U (1, X519, [X7]) dr

ij=1
+/0 2.2 (39, [x0]) U (1 X2 [X7]) dBi.

We want the final term to be square integrable, so that it is a true martingale with zero
expectation. We have that for some ¢ > 0,

s 0] 1 s (57 ), o 0],

<2 (1 xe) + 1715’ Hz (1 + [x] + 16]12)°
< Cr7 V21 + x| + 10112973,
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so that forall p > 1,

p(g+3)
E

0,0 (130, [x0))[” < €2 (14 [ 1 | x2,)

< Ct V2R + x| + 10])P9*)

and by the linear growth of V; , we have

. P
E ‘v; (x;f’[“, [xf])‘ < C( + x| + 16]2)".

Hence, the final term is indeed square integrable, and has zero expectation.
Putting the expansions back into (5.11), we get

N
Ut+h, x,[0D—-U(t, x, 9])_/ [Z 1) 8.U (r. ,[Xf],xf)l}dr

N

1 h
+§/0 E| > [MT (xf,[xf])]ij 3, U (t,x, [XI].X0), | dr

ij=1

/ Z Ve (X9 [X7]) 0 U (1, X3 [X7])
+ E/ Z oo (x5, [xf])]ij 00, U (1 X1 [X7]) ar.

By the earlier results on continuity of U and its derivatives and the a priori continuity
of the coefficients Vp, ..., V; we see that the integrand on the right-hand side is a
continuous function of 4. Dividing by 4 and sending it to zero, we see that U solves
the PDE (1.2).

Uniqueness Fix any t € (0, T] and any classical solution W with polynomial
growth. Set § > 0, so

W, x 101 = W (0, X1 [X7]) =W, x 10D — W (8, X [x7])
+w (8. x50 [x74])

= w (0.x [x7]).

By the polynomial growth of W, this is square integrable. Now we expand the process
(W (t — s, X3 [X97))s¢15.) and use that W is a solution of the PDE (1.2), so that
the drift is zero, to get
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W, x,[0]) — W (0, x = [xf’])
d N . |
=2 2/5 vi (X2 [x0]) oW (e —r, X210, [x7]) d B}
j=1i=1

o (5,000 10 1) - w (0.7 [x0).

As we have already noted, this is square-integrable, so the stochastic integral is a true
martingale with zero expectation. So taking expectation in the above expansion, we
get:

W, x, 100 — EW (0, X1 [x]]) = E [W (5, X~ [Xf_SD

—w (0. x7 [x7])].

Now, sending 6 N\, 0 and using continuity of W at the boundary (condition (5.10) in
the definition of classical solution), the right hand side disappears, and we get that

W, v, 10D =Ew (0.7, [x¢]) =B [¢ (x7. [x7])].

which completes the proof. O

6 Application to the density function

In this section, we apply the integration by parts formulae to the study of the density
function p(t, x, z) of the McKean—Vlasov SDE started from a fixed point, X;" X 5"

a fixed time ¢t € [0, T]. Throughout this section, we assume that (UE) holds and
Vo, ..., Vg€ Cb Lip (RN x P,(RV); RY). We can consider X! as the solution of a
classwal SDE w1th time-dependent coefficients. Hence, under (UE), the smoothness
of its density (call it ¢ (¢, x, [@], -)) has been studied in the classical work of Friedman
[16]. Since p(z, x, z) = q(t, x, Sy, 2), Friedman’s results also establish the smoothness
of p(t, x, z) in the forward variable, z. However, they do not cover the smoothness
of the function p(¢, x, z) in the backward variable, x. The density p(¢, x, z) has also
been studied by Antonelli and Kohatsu-Higa in [1] under a Hormander condition on
the coefficients. In this case, they establish smoothness of the density in the forward
variable, z, but do not establish estimates on the derivatives of this function. The
theorem which follows esatblishes the smoothness of p(z, x, z) in the variables (x, z)
and we also obtain estimates on its derivatives.

Theorem 6.1 Let o, 8 be multi-indiceson {1, ..., N}andletk > |a|+ |B|+ N + 2.
Then, for allt € (0,T] and 6 € Lz(Q), Xf"s’” has a density p(t, x,-) such that

(x,2) — 97 af p(t, x, z) exists and is continuous. Moreover, there exists a constant
C which depends on T, N and bounds on the coefficients, such that for all t € (0, T]

|0% 8P p(t,x,2)| < C (1 + |xPH e, 6.1)
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where i = 4|a| + 3|B8| + 3N and v = %(N + || + 18- If Vo, ..., Vg are bounded
then the following estimate holds

o qp . —v |Z—x|2
|0¢ 0P p(t, x;2)| < Ct™" exp [ —C . . (6.2)

Proof Letn = (1,2, ..., N) and introduce the multi-dimensional indicator function
1izoo = [1Y, 1. i) Forany g € C°(RY; R) the function f defined by

f(z0) := / g(Z)l{ZO>z} dz (6.3)
RN

is in C;O (RN; R) and satisfies 3" f = g. Now, we first focus on p(t, x, ), the density
of X0,
B[0P (X7)] = B[0P ) (x7)]

= (A2 R £ () 12, ()0 )

—(N+[Bl+]a])
_ R [( A‘% . dz) Ig*nuo,(l))(r,x)}

_ ZHipitiad el 2 J
=1 8@ 1y g a0, )] dz,
(6.4)
where we have used at each step respectively: 3" f = g; Corollary 4.5; Eq. (6.3), and

Fubini’s theorem. It then follows that, for any R > 0 and # € (0, T'], there exists
C = C(R,t) > 0 such that

sup <|8§‘E[(3ﬁg)(xf)]| +

[x|<R

IR [(af‘g) (X;“W])]D < Cliglco-

Then, it is a result from Taniguchi [35, Lemma 3.1] that X f‘s)‘ has a density function,
p(t, x, -) and that 9¢ 85 p(t, x, z) exists. Once we know that a smooth density exists,
it follows from (6.4) that we can identify 0% 85 p(t,x,z)as

—(N+|Bl+|e])
2

08P p(t, x,0) =1 DR [1 sy Ty (Ja) )]

Now, the following estimates come from each term’s membership of the Kusuoka—
Stroock class, as guaranteed by Proposition 3.4 and Corollary 4.5:

15n (T (D), ) < € (1 |xH,
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This proves the estimate (6.1). In addition, if Vy, ..., V; are bounded, we can estimate

N .
x’ax 1 .
ool =2 () > ])
1=
: X,8x i i
§i=r1n1nN]P’((Xt ) >z)

,,,,,

= min 2 (32 [y ez s - <

t
ot [ o ) as)

Now, we have that fé Vi (XT% [XE%])ds < ||Volleot and the term

Z/ V(X3 [X5]) dB,

is a martingale with quadratic variation (M'); < Zj{: 11V [>t. We can therefore
apply the exponential martingale inequality to obtain

2" —x" — 1 |Volloo |?
1, 60 H < min e ! .
H{Xa>} '11NXP< t

,,,,,

Then, we use (a + b)% > % — b?, which is re-arrangement of Young’s inequality, to
get

7 —x! =t [Vollo |* _ |2 —x']? 2
> — IVoll%,-
; > > 1Voll5
So,
_ —t IV, 2 i_ 02
min exp( e = Vol | )5 min exp (—C—'Z al )
i=1,...,N t i=1,..,N t
x exp (/I VollZ)
2
<Cexp (—ClZ txl >
This establishes (6.2). O
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Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.

Appendix
6.1 Elements of Malliavin calculus

As indicated in the introduction, we will use some tools from Malliavin calculus to
develop integration by parts formulas. Here we introduce the basic terminology. We
follow the exposition in [14], with all proofs contained in the book by Nualart [32]. We
denote H; := L2([O, T1; Rd). and use this space to define the Malliavin derivative.

Definition 6.2 (Malliavin derivative) Let f € C;O(R”;R), for some n € N,
hi,...,h, € Hjand F : Q@ — R be the functional given by:

T T
F(w) :f</0 hl(t)~dB,(w),...,/(; hn(t)-dB,(a))), (6.5)

where, for any h; = (h}, ..., h%) € Hy

T d T .
/ hi(t) - dB; ::Z/ hl(t)dB].
0 =Jo

Any functional of the form (6.5) is called smooth and we denote the class of all such
functionals by S. Then the Malliavin derivative of F, denoted by DF € L*(Q; Hy)
is given by:

n T T
DF =) 4f h)-dBu,..., | hn(u)-dBy) hi. (6.6)
i—1 0 0

We note the isometry Lz(Q x [0, T]; Rd) ~ L2(Q; H;). This allows us to identify
DF with a process (D, F),¢[o. 7] taking values in R4, which we often do. We also

denote by (Di F ) 017 j=1,...,d, the components of this process.
relv,

The set of smooth functionals (random variables) S is dense in L?(2), for any
p > 1 and D is closable as operator from L?(2) to L? (Q; Hy). We define D7 is
the closure of the set S within L?(2; RY) with respect to the norm:

1
IFlipr = (EIFI” +EIDFIZ, )"
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The higher order Malliavin derivatives are defined in a similar manner. For smooth
random variables, we denote the iterated derivative by DX F ,k > 2,whichisarandom
variable with values in H f’k defined as

n

oo oo
D(k)F = Z 3(” """ lk)f (/ hl(“) 'dBu’ 1/ hn(”) dBu) hi] ® ®hlk
. 0 0

The above expression for D) F coincides with that obtained by iteratively applying
the Malliavin derivative. In an analogous way, one can close the operator D® from
L?(Q2) to LP(L2; ka). So, for any p > 1 and natural k > 1, we define D¥? to be
the closure of S with respect to the norm:

1/p

k
._ W pl?
IFllger := | EIFIP + §' lEHDJ FHH?J.
J=

Moreover, there is nothing which restricts consideration to R?-valued random vari-
ables. Indeed, one can consider more general Hilbert space-valued random variables,
and the theory would extend in an appropriate way. To this end, denote D¥?(E) to
be the appropriate space of E-valued random variables, where E is some separable
Hilbert space. For more details, see [32], where also the proof of the following chain
rule formula can be found:

Proposition 6.3 (Chain rule for the Malliavin derivative) If ¢ : R™ — R is a continu-
ously differentiable function with bounded partial derivatives, and F = (Fy, ..., Fy)
is a random vector with components belonging to DVP for some p > 1. Then
@(F) € DL?, with

Dy(F) = Vo(F)DF = ) " 9'¢(F)DF;,

i=1

where V @ is the row vector (8190, ..., 0™p)and DF is the matrix (Dj Fi)i<i<m,1<j<d-

Lemma 6.4 (The Malliavin derivative and integration) Consider an F-adapted pro-
cess f 1[0, T] x Q — R%, and suppose that for each t € [0, T1and i € {0...,d},
we have f;(t) € D"“2. Moreover, suppose that:

T T
IE/ | f (> dt < oo E/ IDf ()7, dt < oc. 6.7)
0 0

Then Fy := Y [+ fi(s)d Bl € D2, with

d _
D, F; = {f(r) + Z/ Drfi(S)dBf-] Lo<r<i)-
i=1""
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Similarly, for anyi € {1, ...,d}, G;' = fot fi(s)ds is an element of D2, with

'
D,G; = {/ D; fi(s) dS} Lio<r<s}-
r

Proof See Nualart [32, Proposition 1.3.8] for details. O

The divergence operator—which is the adjoint of the Malliavin derivative—plays a
vital role in the construction of our integration by parts formula. This operator is also
called the Skorohod integral. It coincides with a generalisation of the Itd integral to
anticipating integrands. A detailed discussion of the divergence operator can be found
in Nualart [32].

Definition 6.5 (Divergence operator) Denote by § the adjoint of the operator D. That
is, 8 is an unbounded operator on LZ(Q x [0, TT; Rd) with values in Lz(Q; R) such
that:

1. Dom 8 = {u € L*(Q x [0, T]; RY); [E(DF, u) )| < cl|Fll;2(q). VF € D2},
2. For every u € Dom §, then §(u) € L?(Q) satisfies:

E(Fé(u)) = E(DF, u)y,).

Remark 6.6 If u = (ul, R ud) € Dom § is F-adapted, then the adjoint §(u), is
nothing more than the Itd integral of u with respect to the d-dimensional Brownian
motion B; = (Bl, R B,d). i.e.

d T
5@:2%#@@@
i=1

6.2 Proofs from Sect. 3

The first goal of this section is to prove Theorem 3.2. Since each type of derivative
(w.rt. x, u or v) of Xf’[e] satisfies a linear equation, we will introduce a general
linear equation and, first, derive some a priori L” estimates on the solution. Then,
we will show this linear equation is again differentiable under certain assumptions on
the coefficients. In the following, we consider an equation with coefficients a1, a3, a3,
which dependon (7, x, [0], v) € [0, T]xRY x P, (RN) x (RV)# with initial condition
given by a constant value ag.> Below, we denote v, as one element of the tuple
v=(V1,..., Vgp).

Lemma 6.7 Let Y*191(v) solve the following SDE

d t
y ) =ag+ ) fo {“i(s,x, 16D Y @) + aj(s, x, 161, v)
i=0

3 When applying Lemma 6.7 to control the derivatives of Xf"[e], ap will be either 1 in the case of the

Ox; Xf’[g] or 0 in all other cases.
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~ #v

+E [ag(s, x.[01.0) YO ) + 3 " di(s, x. [0]. v,) ?S”r’[e](v)} } dB!,
r=1

(6.8)

where, for alli = 1, ...,d, the coefficients (t, x, [0], v) — ai(t, x, [0], v) are con-
tinuous in LP(Q)Vp>1,k=1,2,3, and*

ap € ]RN,

al Q% [0,T] x RN x Py(RN) — RV*N

aé Q% [0, T] x RY x P,(RY) x RV — RV,

dh Q@ x Q2 x[0,T] x RY x Py(RY) x RN — RV*V,
In (6.8), 70101 js o  copy of Y 191 on the probability space (Q, F,P) driven by the
Brownian motion B and with x = 6. Similarly, yorlel s q copy of Y*11 on the

probability space (<2, F,P) driven by the Brownian motion B and with x = v. If we
make the following boundedness assumptions

1. SuprRN’[Q]EPZ(RN),I,E(RN)#D ||az(', X, [9], v)||S¥ < 00,
2. ay and a3 are uniformly bounded,
3. SUPy RN [9]eP,(RN),ve®N)#v a2, 0, [0], v)||3% < 00,

then we have the following estimate for C = C(p, T, a1, a3)

Moreover, we also get that the mapping

= € (laol + laz(,x, (01,0l 5p + llaz(- 0, 101 D)5z ) - (69)

[0, T]1 x RY x P,RY) x ®RV)* 5 (1, x,[0],v) = Y"1 (v) € LP(Q)
is continuous.

Proof Wherever there is no confusion, we drop the arguments (z, x, [9],~ v) to lighten
notation. We will write, for example, asl,_z to denote asz(s, x, [0],0). Let t,« :
[0, T] — [0, c0) be defined as

#v
~ 2
= el 5 v
! r=1

2
s’ tel[0,T]

K (t) = H Yx’lgl(v)Hf;J, t €0, T].

4 When applying Lemma 6.7 to control the derivatives of X)t 161

x [0]

, ag will be either 1 in the case of the

ax; X and 0 in all other cases.
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We deduce from (6.8) and Burkholder-Davis—Gundy inequality that there exists a
constant C such that for any ¢ € [0, T] we have

t
W < C{|ao|2 + llaz(, 0, 161, 0) 1%, +/0 (e % + ||a3||§o)c(s>ds},

so by Gronwall’s inequality,

7

#v
3/2+Z HYvr,[H](v)HStz < Cel@ AT (140 12+ lan (- 0. [6]. v)||‘29%).
r=1

Then, applying the Burkholder—Davis—Gundy inequality and the above estimate to
¥ (v) we deduce that
t

T
k()= C (Iaolp + a3 &t(T)? + llax(-. x, [6], v)llf;; +f0 llai ||£ox(s)ds> .

So applying Gronwall’s inequality again and our estimate on ¢(7") we get (6.9).
Now, for a quantity G depending on (¢, x, [0], v) we introduce the notation

AG = G(t, x,[0],v) — G(', x, [0], v)
A:G = G(t, x,[0],v) — G(t,x',[0], v)
AgG = G(t, x,[0],v) — G(t,x,[0'],v)
AyG = G(t, x,[0],v) — G(t, x, [0], V).

We can split the difference ¥ (v) — Yt’f/’[g/](v’) into

v @) — v @) = Ayt w) + ALY ) + AgY @) + Ay Y) T

)

and consider each term individually. First,

d t ~
A Y () = Z / {a’l Y5 w) +a +E [a’3|U=9~ Y& (v)
i=0 v

#v
+> dhlo—, 171?’”[6](0):| } dB!.
r=1

The integrand is bounded in L? (£2) uniformly in time, so using the Burkholder—Davis—
Gundy inequality, we get

”A[Y"’[(’](v)H <cC (|r _ z’|%) .
14
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Using the continuity assumption on ag, we see that this goes to 0 as  — ’. Second,

d

Ath‘)(v) = Ayag + E / {all AxYS[‘)](v) + Y;C'[G](U)Axai + Axalz
. 0
i=0

#v
+E |:Axal3|v_§ YO @) + 37 Adh =, Ys”"'[e](v)j| }dB;,.

r=I1

This is again a linear equation. The same argument used to obtain (6.9), except using
the L?-norm instead of the S; -norm, gives

|AcY (v) ||Z <C ZE)pﬂE (Ys’"[el(v)Axai + Adh+E [Yf’lel(u) A dl L
K s

#v ) p
+ D A, Y:"W](wD :
r=1

Then, using Holder’s inequality, the fact that Yy ,[9](0) is bounded in L?(2) for all
p > 1 and the continuity assumptions on ap, a», a3, we see that the above quantity

goes to 0. The arguments for Ay Y’,‘/(v) and A,,YX,’[G,]

; pr are almost identical. O

Now, we consider the differentiability of the generic process Y*?1(v) satisfying
the linear Eq. (6.8) under appropriate assumptions.

Proposition 6.8 Suppose that the process Y~/ (v) is as in Lemma 6.7. In addition
to the assumptions of Lemma 6.7, we introduce the following differentiability assump-
tions:

(a) Fork = 1,2,3, all (s,[0],v) € [0, T] x P2(RY) x (RN)* and each p
RN 5 x — ai(s, x, [0], v) € LP(Q) is differentiable.

(b) Fork = 1,2,3, all (s,[0],x) € [0, T] x P2(RY) x (RM* and each p =1,
RN 5 v — ai(s, x, [0], v) € LP(RQ) is differentiable.

(c) For all (s,x,v) € [0,T] x RN x RM)* the mapping L*(Q) > 6 >
ar(s, 0, [01, v) € L*() is Fréchet differentiable.

(d) ar(s,x,[0],v) € Dl-oo fork = 1,2,3 and all (s, x,[0],v) € [0,T] x RN x
Pr(RN) x RN, Moreover, we assume the following estimates on the Malliavin
derivatives hold.

v

1;

sup E sup |Dyai(s, x,[0],v)|’ <oo, k=0,1,2,3.
rel0,T]  se[0,T]

Then, for all t € [0, T] the following hold:

1. Under assumption (a), x +> th’[e](v) is differentiable in LP(2) for all p > 1
and

1
Oy th’[e](v) = LP — }}l_r)% m (th+h,[0](v) _ Y[x,[@](v))
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satisfies

d t

3 Y 1 () =§ f {axa'l Y* vy + a8, Y (v) + 0.}
. 0
i=0

#v
+ IE [axaé - ??’[9](1)) + Z axaé ?;)r,[e](v)} } dBé
v=0 = v=r, K
2. Under assumption (b), v +—> th’[e](v) is differentiable in LP(Q) for all p > 1
and
1
8szx’[6](U) = LP — lim — (th’[e](v +h) — th,[F)](v))
h—0 |h|
satisfies

d ot

3y, Y1 () = Z/ {a; 3, Y () + 9y,ah + E [avag
. 0
=0

Z’”’[e](w}
v=v;

+]E|:a§}

#v
£l
r=1

~ i 0 . ~5
0.5 W)+ a0, TP w)
v=v; v=0

o
V=0,

3. Under assumption (a), (b) and (c), the maps 60 +— Y,e’[g](v) and 6 +— Y,x’[e](v)

are Fréchet differentiable for all (x, v) € RV x RV)# 50 n Y,x’[e](v) exists and
it satisfies

d ot

3, Y, w, v =Z/ {aﬂai Y0 ) + af 9,y . v') + 8,ah
; 0
i=0

+E [aﬂag YO0 (v) + 8,al, 7219 (v)

on )N/f'[e](v, U/)]

9, Y"1 ()
v/

#v
+ Z as
V=0,

r=1

3, Yoy, v/):| }dB;'.
Moreover, we have the representation, for all y € L*(2),

b (Yfe’[el(v)> ()= (3szx’[9](v)y +E [8,LY;"[9](1;, 6) 7])

x=60
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4. Under assumption (e), Y,X’[Q] € DL and D, Y501 satisfies
D, W) = (of 00 +af + B[] O@])
: j=l.,
+ Zf {Drall Y5 (v) + ! D, Y1 ()
i=0""

+Dya5 + B [Dall, ;75w }dB;’. (6.10)

Moreover, the following bound holds:

supE |: sup

r=t r<t<T

DrY,x’[e](v)’P:| <cC supE[ sup |Dra1|p:| . 6.11)

r=t r<t<T

Proof Parts 1. and 2. are standard results on differentiability of SDEs with respect to
a real parameter.

3. The arguments to show that the maps 6 Y,O‘[g] (v)andf — Y;" 51 (v) are Fréchet
differentiable are essentially the same as those from Proposition 3.1 showing that
0 — X?%¥l(v)and 6 — X ;c,lﬂl (v) are Fréchet differentiable, so we omit them.
Once we know these derivatives exist, it is fairly straightforward to see that they
satisfy the equations

DY w)(y) =/Ot {Dal(y)|x:9 YOO () + dear) s y YO (0)
+ a1lv=a DY ))(y) + Daz(y)lr=o
+dcarlms v + B0l o 7T )]
B[l 77O 0]
FE[Das()l g s T W) + a0y g

D (74w) )]

#v

+ ZINE [(Daé(y)|x=9,v=v, + 8@k | =6, v=v, y) ysv,,[e](v)]
r=I1

+E[d)limsam, D (T 0) )] } dB,,  (6.12)

and
t
D)) (y) = /0 {Dal (Y () + a DY ) () + Dax(y)
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+ B [dvasl, 5 7 7P )]

+E[Das()l,_ 70 + a3l D (T ) ()]
#v ~ . '
+ D B[ DAz, T ) + @)=,

r=1

D (?;)r’[@](u)) (y)] } dB,. (6.13)

Now, taking the equation we claim is satisfied by 9, Y; Y [9](1) v’) evaluating at
v =0, , multiplying by ¥, and taking expectation with respect to IP’ we can see that

E [8MY,X [9](0, 9))/] satisfies the same equation as D(Y, (v))(y), so by unique-
ness, they are the same. Similarly, computing

(ax v vy +E [% Y, 9) ?])

x=0

we can see that it satisfies the same equation as D (Yto’[el(v)) y).

4. Equation (6.8), fits into the standard framework for Malliavin differentiability of
SDEs, since the only unkown term appearing inside the expectation with respect

to P on the right hand side is Y 91 does not depend on w € 2. The conclusion
is therefore a standard result [32, Lemma 2.2.2]. The proof of the bound (6.11) is
along the same lines as the proof of (6.9).

We are now in a position to prove Theorem 3.2.

Proof of Theorem 3.2 To ease the burden on notation, we will prove the theorem for
dimension N = 1. In this case, « and y are integers rather than multi-indices and 8
is a multi-index on {1, ..., a}. We will show, by induction on I := « + | 8] + y, that

)4 Bf Bﬁ Xf’w] exists and solves a linear equation of the form (6.8). We can then use

Lemma 6.7 to obtain an L” (2) estimate on 8} 8,/,3 BfL‘ X f 97 at each level. In addition, we
can obtain estimates on the D"?-norm of 8 8,',3 8;‘ X ;c,[9]
similar to the classical SDE case.

We will prove by induction that the following statements hold truefor I =1, ..., k:

at each level using arguments

(S1): Foralla, B, y satisfyinga +|B|+y = 1,37 85 agxf’[‘”(v) exists and solves a
linear equation of the form (6.8). Moreover, ||3) 8,’,3 ag X" 10Ty SP is bounded
independently of (x, [0], v) for all p > 1.

(S2): 87 Bfang’[Q](v) € DM=1.% and, moreover,

----- rM—1-1
et M—1—1€10,T Ve Vry o <t<T

P
sup IE|: sup D(M =1 33’3533)(;“'9'(”)) :|
1

@ Springer



Smoothing properties of McKean—VIlasov SDEs 143

=CA+[x[+ 11012,

for all p > 1, where m = 1 unless the coefficients Vj, ..., V; are bounded, in
which case m = 0.
I =1:

(S1): 9, X 1 and 9 X f’[e] (v1) exists and are continuous by Proposition 3.1. There
is no derlvatlve with respect to v at this level. We can write

9, X101
o= (a xF0 )
nAy

in the form of Eq. (6.8) and identify the coeffcients:

()
ap =

avi ( f“” [x¢]) 0
aj(s, x, [0]) =

av; (X1, [x?])
aZ(s x, [0],v)) = <0>

0 0
a3(s x,[0],v) = (8 X 101 Xg] X}"W]) Loy 9, V; (X;c,[@]’ [Xf] ’ )N(;%*Wl) lu;evl)'

(=]

We can now check that the assumptions of Lemma 6.7 are satisfied by the coefficients
aj, az, az above to obtain a bound on || Y*1?1(v;) ||81T7.

Going back to the equations satisfied by 8fo’[9] and 3MX;C’[9](U), we see that
the coefficients are (k — 1)-times differentiable with bounded Lipschitz derivatives.
Nualart [32, Theorem 2.2.2] immediately tells us that 9, X, G X510 ¢ ph—lioo,
Using the bound in (6.11), we get for ;"1 = 5, X% or 8MXf’[9](v),

r<t r<t<T r<t r<t<T

supIE|: sup (D, Y;" m(v)) :| <C supE|: sup |Dyai(s, x, [9])|p:|

r<t | r<i<t

P
<cC SupE[ sup [0V, (X1, [x0]) Dy x| }

Now, 82 V; is bounded and it is easy to prove that

p
sup E| sup D, XN <1+ x|+ 101",
te[0,T] |rel0,T]
(where m = 1 unless the coefficients Vj, ..., V; are bounded, in which case m = 0)

using a similar argument to deriving the bound (6.9) for the solution of a linear equation.
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So, we get the required bound on the first Malliavin derivative of Y*[?1(v). For the
higher order Malliavin derivatives, following the proof in [32, Theorem 2.2.2], we
see that each order Malliavin derivative satisfies a linear equation. Importantly in the
equation satisfied by higher-order Malliavin derivatives, the coefficient a‘i in each
equation is always d'V; (Xf’w], [X f]). From the bound on the Malliavin derivative of a
general linear equation in (6.11), we see that this is the only term which contribute to
the estimate. Hence, the same bound holds as above for each different order Malliavin
derivative. Moreover, if all of the coefficients are bounded, the estimate is uniform in
(x, [6], v).
2<1I<k:

(S1): By the induction hypothesis, for any «, 8, y satisfying o + |B| +y = I, we
can write Y"1 (v) := 9/ 8,’?83Xf’[9](v) in the form of Eq. (6.8). Now, denote

8, Y, (v)
Z50 w0y = 9,7, v')
AR

We will write this in the form of Eq. (6.8) with coefficients by, ba, b3. Using Proposi-
tion 6.8, we identify these coefficients as

biGs.x, 10D = Vi (X1 [X0]) 14

e} ¥ w) + vl + B[00l 70) + DI drdlumy, T 0)]

ba(s, x, [01,0) = | 8ual v ) + 0,a + B [ava3|v=,, v O w) + da30,_; Yf‘wj(v)]
oy, ab + & [avjag i”f‘“”(v)]
0 0 0
b3(s, x, [01,v) = | ak(s, x, [0], V) 1,oy ai(s, x, 0], v) 0
ai(s, x, [0], vV)1y—y; 0 al(s, x,[0], v)

Now, to obtain a bound on the S;—norm of Z*1?1(v, v') one just has to check that the
coefficients by, by, b3 satisfy the assumptions of Lemma 6.7, which is straightforward.
(S2): This is the same as the case I = 1. O

The functions belonging to the set K (E, M) satisfy the following properties, which
we make use of when developing integration by parts formulas in Sect. 4.

Lemma 6.9 (Properties of local Kusuoka—Stroock processes) The following hold

1. Suppose V € K4 (R, M) and ¥ is F-adapted. Fori = 1, ...,d, define

gi(t, x, 1) 12/
0

Then, fori =1,....d, g € K! (R, M) and gy € K ,(R, M).

t

t
\Il(s,x,,u)dB; and go(t, x, |b) ::/ (s, x, n)ds.
0
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2. IfV; e KIN(E, M;) fori =1,...,n, then

n n
[[wi eI (E, min My) and Y W e Ky P (E, min M;).
. 1

min; r;
i=1

30UV e Kl(Hy, M), then g(t,x,p) = [y W(t,x, ))(r)dr € KR, M).

Conversely, if ¥ e KIRY, M), then §(t,x, ) = W, x, W) €

K, | (Ha, M).

IfV e KI (R, M), then D¥ € K (Hy, M — 1).

5. IF v e KIN(R, My) and u € K2 (Hy, Ma) then, (D, u)y, € K?l'jgz(R, (M —
1) A M>).

6. If ¥ e K} (RN M) and u € K 5 (Hyxn, M2) is F-adapted then,
S W) e Kfl'i;f;(R, (M) — D) A Mz).

7. If W € KLR, M) then, 3, ¥ € KI(R, M — 1) and (x, v, 1) — 3, W (x, i1, v) is
a Kusuoka—Stroock process on R*N x P> (RN in the class KE(R, M — 1).

A

Proof These results are straightforward generalisations of results in [25] and [14]. O

Now, we show that certain processes, which will make up the Malliavin weights
in our integration by parts formulas, belong to specific Kusuoka—Stroock classes. The
arguments make extensive use of the properties of generic Kusuoka—Stroock processes
on RN x P,(RY) in Lemma 6.9.

Proposition 6.10 If Vo, ... Va € Cy', (RN x Py(RN): RY) and (UE) holds, then
the following are true:
I Letla| = 1,and ®; =" (0o 7))~ (X*100 [X0])0* X* 111 (). Then, &) €
K%(Hd, k—1)andifVy, ..., Vjare uniflormly bounded then ®| € K?(Hd, k—1).
2 Foralli,j e {l,..., N}, (axxf’[el), e KYR.k —2) and if Vo, ..., Vy are
L]

uniformly bounded then (Bfo‘[G]);; € Kg(R, k—2).
3. (BXXf’[G])_laqu’[G] e KZRN*N &k —2) and if Vy, . .., Vy uniformly bounded
then (3, X)) 19, X1 ¢ KRN, k — 2.

Proof 1. First, note that from Assumption 3.3, it follows that the matrix (aoT) !

(x, ) hasaan operator norm bounded uniformlyin (x, w). Thereforeo " ( T) !
(-, -) has linear growth Also, its elements are k-times differentiable in (x, [9])

s0 01 (00 T) (X (X)) e KRN k). When || = 1, 32X €
K(l)(]RN, k —1) by part 7 of Lemma 6.9, so the product o " ((IUT)_1 (Xf’[e], [Xf])
3¢ X; " € K3(R?, k — 1). Hence, by Lemma 6.9 part 3., & € K3(Hy, k).

2. (3fo‘[6])’] satisfies the following linear equation

(axxj"[‘”)_l —1dy — lz:'fot (axxg»[‘”)_l Vi (x;‘*[ﬂ, [xf]) dB:
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_/' (axX;f,[e])—l Vo (X;f»fﬂl,[xf]) ds. 6.1
0

where Vo = é Z‘; 1 0V;V;. This can be seen by applying 1td’s formula
to the product (8 X3 161 )~ lafo’[G]. The proof of Theorem 3.2 works just as
well for this equation. The only thing to note is that the above equation contains
second derivatives of the vector fields. This leads to the conclusion (0, X x 9] yle
KI (RN XN Jk—2).

3. To prove the claim, itis enough tonote (9, X; ")~ le K})(RNXN k —?2) from part

2 of this lemma and 9, X, = Ky(@®RN*N k —1), which comes from Lemma 6.9
part 7. O

We can now prove Proposition 3.4.

Proof of Proposition 3.4 ID}: First, fix || = 1. We want to apply Lemma 6.9 part
6. with f = W and u = (aT (0oT) " (xxm, [X?])afof>ﬂ) 1j0.]. We recall
o

Proposition 6.10 part 1. to see that u € K%(Hd, k—1)or K?(Hd, k—1)if V;is
uniformly bounded, which proves that

5 (r > W, x, [0]) <aT (aaT)fl (x2#, [x%]) axva/*> )

eKITTR, (k An)— 1)

(or Kf +1(R,k — 1) if V; is bounded) and hence, dividing by Jt, we get that
Ié (V) € K?H(R, (k Am) —1) for |a| = 1. For |a| > 1, we iterate this argument
and get I1(W) € KIT2(R, (k A n) — |a).

IO%: We recall from Proposition 6.10 part 2. that: For all i,j € {l,...,N},
(SXX;C’“)Z; € K(l)(R,k 2) and if V; are uniformly bounded, (9, Xx “)_
KO(R k —2). So, the product (3, X" “)* v, x,[0]) € Kq+1(R n A (k—2))

and hence the sumz i—1 (0x X; “) Y@, x, [0]) € KQ—H(R nA(k—2)). When
the vector fields are umformly bounded

N
(0x X“‘ \I’(t x, [0) e KIR, n A (k —2)).
j=1

Hence, by applying I to these terms and using the first result of this proposition,
we get that 1(21.)(‘-11) € K;’H(R, [n A (k—2)] —1). For |¢| > 1, we iterate this

argument and get 12(¥) € K{ PR, [n A (k — 2)] — Jal). '
I3: Note that /7o' W(z,x,[0]) € K!, ,(R,n — 1) so that I}, (W) + /1d'W €

K?H(R, (n AN k) — 1) . For |a| > 1, we iterate this argument and get 13(\11) €
KPR, (k An) — Jal).
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Z1: We recall from Proposition 6.10 that (3, X;*)~'8, X1 € KZ®RV*N k —2),
50 (3. X719, X (1, x, [0]) € KIT2@RN*N n A (k —2)), then we apply
Lemma 6.9 part 6. with u = (O’T ((7ch)71 (X*H, [X?])axxw)a 1.,) which
is in K3(Hy, k — 1) as before, and f := (3, X;") 18, X W, x,[6]) €
KRN N A (k = 2)). So 8uf) € KITT®R; [n A (k —2) — 1]). Hence,
TL(w) e KIM(®; [n A (k —2) — 1]). For |a| > 1, we iterate this argument and
get T (W) e KIT®R, [n A (k —2)] = |a).

Z3: Note that /70, ¥ (v) € K| RY*N n — 1) so that
I (W) () + (0, ¥ )p, € KEFIR, [n A (k= 2)] = ). O
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