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Abstract

We investigate existence and uniqueness of strong solutions of mean-field stochastic
differential equations with irregular drift coefficients. Our direct construction of
strong solutions is mainly based on a compactness criterion employing Malliavin
Calculus together with some local time calculus. Furthermore, we establish regularity
properties of the solutions such as Malliavin differentiablility as well as Sobolev
differentiability and Holder continuity in the initial condition. Using this properties
we formulate an extension of the Bismut-Elworthy-Li formula to mean-field stochastic
differential equations to get a probabilistic representation of the first order derivative
of an expectation functional with respect to the initial condition.
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1 Introduction

Throughout this paper, let 7" > 0 be a given time horizon. Mean-field stochastic
differential equations (hereafter mean-field SDE), also referred to as McKean-Vlasov
equations, given by

dXT =b(t, X7, Pxy)dt + o(t, X7, Pxz)dB,, X§=z€R? tel0,T] (1.1)

are an extension of stochastic differential equations where the coefficients are allowed
to depend on the law of the solution in addition to the dependence on the solution itself.
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Strong solutions of MFSDEs with irregular drift

Here b: R x R? x P;(R%) — R%and o : R, x R? x P;(RY) — R¥*™ are some given drift
and volatility coefficients, (B;).c[0,r) is an n-dimensional Brownian motion,

P (RY) := {M ’M probability measure on (R?, B(R?)) with / |z|du(z) < oo}
R4

is the space of probability measures over (R?, B(R¢)) with existing first moment, and
Px: is the law of X with respect to the underlying probability measure IP. Based
on the works of Vlasov [39], Kac [25] and McKean [33], mean-field SDEs arised from
Boltzmann’s equation in physics, which is used to model weak interaction between
particles in a multi-particle system. Since then the study of mean-field SDEs has evolved
as an active research field with numerous applications. Various extensions of the class
of mean-field SDEs as for example replacing the driving noise by a Lévy process or
considering backward equations have been examined e.g. in [24], [4], [5], and [6]. With
their work on mean-field games in [29], Lasry and Lions have set a cornerstone in the
application of mean-field SDEs in Economics and Finance, see also [7] for a readily
accessible summary of Lions’ lectures at Colléege de France. As opposed to the analytic
approach taken in [29], Carmona and Delarue developed a probabilistic approach to
mean-field games, see e.g. [8], [9], [10], [11] and [14]. More recently, the mean-field
approach also found application in systemic risk modeling, especially in models for
inter-bank lending and borrowing, see e.g. [12], [13], [19], [20], [21], [28], and the cited
sources therein.

In this paper we study existence, uniqueness and regularity properties of (strong)
solutions of one-dimensional mean-field SDEs of the type

dXP = b(t, X7, Pxs)dt +dB,, X§=xz€R, telo,T). (1.2)

If the drift coefficient b is of at most linear growth and Lipschitz continuous, existence and
uniquenss of (strong) solutions of (1.2) are well understood. Under further smoothness
assumptions on b, differentiability in the initial condition = and the relation to non-linear
PDE'’s is studied in [6]. We here consider the situation when the drift b is allowed to be
irregular. More precisely, in addition to some linear growth condition we basically only
require measurability in the second variable and some continuity in the third variable.

The first main contribution of this paper is to establish existence and uniqueness of
strong solutions of mean-field SDE (1.2) under such irregularity assumptions on b. To
this end, we firstly consider existence and uniqueness of weak solutions of mean-field
SDE (1.2). In [16], Chiang proves the existence of weak solutions for time-homogeneous
mean-field SDEs with drift coefficients that are of linear growth and allow for certain
discontinuities. Using the methodology of martingale problems, Jourdain proves in [23]
the existence of a unique weak solution under the assumptions of a bounded drift which
is Lipschitz continuous in the law variable. In the time-inhomogeneous case, Mishura
and Veretennikov ensure in [37] the existence of weak solutions by requiring in addition
to linear growth that the drift is of the form

b(t, s 1) = / B(t, . 2)u(dz), (1.3)

for some b : [0,7] x R x R — R. In[31], Li and Min show the existence of weak solutions
of mean-field SDEs with path-dependent coefficients, supposing that the drift is bounded
and continuous in the third variable. We here relax the boundedness requirement in
[31] (for the non-path-dependent case) and show existence of a weak solution of (1.2) by
merely requiring that b is continuous in the third variable, i.e. for all ; € P;(R) and all
e > 0 exists a § > 0 such that

(Vv € Pi(R) : K(u,v) <) = |b(t,y,u) —b(t,y,v)| <e, t€][0,T], ye<ER, (1.4)
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and of at most linear growth, i.e. there exists a constant C' > 0 such that for all ¢ € [0, 7],
y € Rand € P1(R),

[b(t, y, )| < C(L+ ly| + K, do))- (1.5)

Here ¢ is the Dirac-measure in 0 and K the Kantorovich metric:

K(A\,v):= sup
heLip, (R)

/]Rh(m)()\ —v)(dz)|, \vePi(R),

where Lip; (R) is the space of Lipschitz continuous functions with Lipschitz constant 1
(for an explicit definition see the notations below). Further we show that if b admits a
modulus of continuity in the third variable (see Definition 2.5) in addition to (1.4) and
(1.5), then there is weak uniqueness (or uniqueness in law) of solutions of (1.2).

In order to establish the existence of strong solutions of (1.2), we then show that any
weak solution actually is a strong solution. Indeed, given a weak solution X* (and in
particular its law) of mean-field SDE (1.2), one can re-interprete X as the solution of a
common SDE

dXF =X (t, XF)dt +dB;, XF=xz€R, tel0,T), (1.6)

where bx (t,y) := b(t,y, P x=). This re-interpretation allows to apply the ideas and
techniques developed in [2], [34] and [36] on strong solutions of SDEs with irregular
coefficients to equation (1.6). In order to deploy these results and to prove that the weak
solution X7” is indeed a strong solution, we still assume condition (1.4), i.e. the drift
coefficient b is supposed to be continuous in the third variable, but require the following
particular form proposed in [2] of the linear growth condition (1.5):

b(t,y, 1) = b(t, y, ) + bt y, ), (1.7)

where b is merely measurable and bounded and b is of at most linear growth (1.5) and
Lipschitz continuous in the second variable, i.e. there exists a constant C' > 0 such that
forallt € [0,T], y1,y2 € Rand p € P1(R),

1b(t, y1, 1) — b(t, y2, )| < Clyr — yal. (1.8)

We remark that while a typical approach to show existence of strong solutions is to
establish existence of weak solutions together with pathwise uniqueness (Yamada-
Watanabe Theorem), in [2], [34] and [36] the existence of strong solutions is shown by a
direct constructive approach based on some compactness criterion employing Malliavin
calcuclus. Further, pathwise (or strong) uniqueness is then a consequence of weak
uniqueness. We also remark that in [37] the existence of strong solutions of mean-field
SDESs is shown in the case that the drift is of the special form (1.3) where b fulfills certain
linear growth and Lipschitz conditions.

The second contribution of this paper is the study of certain regularity properties of
strong solutions of mean-field equation (1.2). Firstly, from the constructive approach to
strong solutions based on [2], [34] and [36] we directly gain Malliavin differentiability
of strong solutions of SDE (1.6), i.e. Malliavin differentiability of strong solutions of
mean-field SDE (1.2). Similar to [2] we provide a probabilistic representation of the
Malliavin derivative using the local time-space integral introduced in [18].

Secondly, we investigate the regularity of the dependence of a solution X7 on its
initial condition z. For the special case where the mean-field dependence is given via an
expectation functional of the form

AX? = b(t, XF, E[p(XF)))dt +dB,, XE=z€eR, tel0,T), (1.9)
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for some b : [0,7] x R x R — R, continuous differentiability of X* with respect to
can be deduced from [6] under the assumption that b and ¢ : R — R are continuously
differentiable with bounded Lipschitz derivatives. We here establish weak (Sobolev)
differentiability of X* with respect to x for the general drift b given in (1.2) by assuming
in addition to (1.7) that u — b(t,y, p) is Lipschitz continuous uniformly in ¢ € [0, 7] and
y € R, i.e. there exists a constant C' > 0 such that forallt € [0,7], y € Rand p,v € P1(R)

|b(t7ywu) - b(t,y,l/)| < CK(N) V)' (1.10)

Further, also for the Sobolev derivative we provide a probabilistic representation in
terms of local-time space integration.

The third main contribution of this paper is a Bismut-Elworthy-Li formula for first
order derivatives of expectation functionals E[®(X7)], ® : R — R, of a strong solution X*
of mean-field SDE (1.2). Assuming the drift b is in the form (1.7) and fulfills the Lipschitz
condition (1.10), we first show Sobolev differentiability of these expectation functionals
whenever @ is continuously differentiable with bounded Lipschitz derivative. We then
continue to develop a Bismut-Elworthy-Li type formula, that is we give a probabilistic
representation for the first-order derivative of the form

9 pa(xp) = E

o , (1.11)

T
O(XE) / 0,dB,
0

where (0;).c[0,r is a certain stochastic process measurable with respect to o(X; : s €
[0,T]). We remark that in [1], the author provides a Bismut-Elworthy-Li formula for multi-
dimensional mean-field SDEs with multiplicative noise but smooth drift and volatility
coefficients. For one-dimensional mean-field SDEs with additive noise (i.e. 0 = 1), we
thus extend the result in [1] to irregular drift coefficients. Moreover, we are able to
further develop the formula such that the so-called Malliavin weight fOT 0:dB; is given in
terms of an It6 integral and not in terms of an anticipative Skorohod integral as in [1].

Finally, we remark that in [3] we study (strong) solutions of mean-field SDEs and a
corresponding Bismut-Elworthy-Li formula where the dependence of the drift b on the
solution law IP xp in (1.2) is of the special form

R

for some b, : [0,7] x R x R — R. For this special class of mean-field SDEs, which
includes the two popular drift families given in (1.3) and (1.9), we allow for irregularity
of b and ¢ that is not covered by our assumptions on b in this paper. For example, for
the indicator function ¢(¢,z,2) = 1.<, we are able to deal in [3] with the important
case where the drift b (¢, X7, Fxs (u)) depends on the distribution function Fy; (-) of the
solution.

The remaining paper is organized as follows. In the second section we deal with
existence and uniqueness of solutions of the mean-field SDE (1.2). The third section
investigates the aforementioned regularity properties of strong solutions. Finally, a
proof of weak differentiability of expectation functionals E[®(X7)] is given in the fourth
section together with a Bismut-Elworthy-Li formula.

Notation: Subsequently we list some of the most frequently used notations. For this, let
(X,dy) and (Y, dy) be two metric spaces.

* C(X;Y) denotes the space of continuous functions f : X — ).
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* C°(U), U C R, denotes the space of smooth functions f : U — R with compact
support.

* For every C > 0 we define the space Lip, (X, )) of functions f : X — ) such that

dy(f(z1), f(z2)) < Cdx(w1,72), Va1,79 € X,

as the space of Lipschitz functions with Lipschitz constant C' > 0. Furthermore,
we define Lip(&, ) := [Jowo Lipc (X, Y) and denote by Lip. (&X') := Lipo (X, X') and
Lip(&X) := Lip(&X, X), respectively, the space of Lipschitz functions mapping from
X to X.

. C;;é(IR) denotes the space of continuously differentiable functions f : R — R such
that its derivative f’ satisfies for C' > 0

(@) supyeg [f'(y)| < C and
(b) (y = f'(y)) € Lipc(R).

We define C}''(R) := Ueso C;,é'(R)'

« Cp""(R x P1(R)) is the space of functions f : R x P;(R) — R such that there exists
a constant C' > 0 with

@) (y— f(y, 1)) € Cy'¢(R) for all pu € Py(R), and
(b) (u+— f(y,wn)) € Lipe(P1(R),R) for all y € R.

* Let (Q,F,F,P) be a generic complete filtered probability space with filtration
F = (F¢)tejo,r) @and B = (By)¢cjo,7) be a Brownian motion defined on this probability
space. Furthermore, we write E[-] := Ep[], if not mentioned differently.

» LP(S,X) denotes the Banach space of functions on the measurable space (S,G)
mapping to the normed space (X, || - ||x) integrable to some power p, p > 1.

» LP(Q, F;) denotes the space of F;-measurable functions in L?(Q).

* Let f : R — R be a (weakly) differentiable function. Then we denote by 9, f(y) :=

%(y) its first (weak) derivative evaluated at y € R.

* We denote the Doléans-Dade exponential for a progressively measurable process Y
with respect to the corresponding Brownian integral if well-defined for ¢ € [0, 7] by

t t 1 t
£ (/ YudBu> = exp{/ Y,dB, — 7/ |Yu|2du}.
0 0 2 0

* We define Bf := x + By, t € [0,T), for any Brownian motion B.

+ For any normed space X we denote its corresponding norm by || - || +; the Euclidean
norm is denoted by | - |.

» We write E;(0) < E5(6) for two mathematical expressions E(6), F»(6) depending
on some parameter 6, if there exists a constant C' > 0 not depending on 6 such that
E1(0) < CEx(0).

» We denote by LX the local time of the stochastic process X and furthermore by
fst Jg b(u, y) L (du, dy) for suitable b the local-time space integral as introduced in
[18] and extended in [2].

+ We denote the Wiener transform of some Z € L*(Q, Fr) in f € L*([0,7]) by

7€ ( /0 ' f(S)st>
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2 Existence and uniqueness of solutions

The main objective of this section is to investigate existence and uniqueness of strong
solutions of the one-dimensional mean-field SDE

dXF =b(t, X7, Pxs)dt +dB,, Xg=zeR, tel0,T], (2.1)

with irregular drift coefficient b : R+ x R x P;(R) — R. We first consider existence and
uniqueness of weak solutions of (2.1) in Section 2.1, which consecutively is employed
together with results from [2] to study strong solutions of (2.1) in Section 2.2.

2.1 Existence and uniqueness of weak solutions
We recall the definition of weak solutions.

Definition 2.1. A weak solution of the mean-field SDE (2.1) is a six-tuple
(Q,F,F, P, B, X*) such that

(i) (2, F,P) is a complete probability space and ' = {F;}.cj0,7) is a filtration on
(Q, F,P) satisfying the usual conditions of right-continuity and completeness,

(ii) X* = (X{)iejo,1) is a continuous, IF-adapted, R-valued process; B = (B;):cjo,1) is a
one-dimensional (IF, IP)-Brownian motion,

(iii) X% satisfies IP-a.s.
dXtT:b(t,XtT,IPX{)dt-i‘dBt, Xg:JTER, te [O,T],
where for allt € [0,7], Px: € P1(R) denotes the law of X with respect to IP.

Remark 2.2. If there is no ambiguity about the stochastic basis (2, 7, I, P, B) we also
refer solely to the process X* as weak solution (or later on as strong solution) for
notational convenience.

In a first step we employ Girsanov’s theorem in a well-known way to construct
weak solutions of certain stochastic differential equations (hereafter SDE) associated
to our mean-field SDE (2.1). Assume the drift coefficient b : [0,7] x R x P1(R) — R
satisfies the linear growth condition (1.5). For a given u € C([0,T]; P1(R)) we then define
b : Ry x R — R by b*(t,y) := b(t,y, u:) and consider the SDE

AXF =b*(t, XF)dt + dB,, XE=axz€R, tel0,T] (2.2)

Let B be a one-dimensional Brownian motion on a suitable filtered probability space
(Q, F,F,Q). Define X{ := B; + x. By Lemma A.2, the density % =& <f0T b (t, Bf)d3t>
gives rise to a well-defined equivalent probability measure IP#, and by Girsanov’s theorem
Bl = X! —x— fot b (s, X¥#H)ds, t € [0,T), defines an (I, P#)-Brownian motion. Hence,
(Q,F,F, P+ B* X7)is a weak solution of SDE (2.2).

To show existence of weak solutions of the mean-field SDE (2.1) we proceed by
employing the weak solutions of the auxiliary SDEs in (2.2) together with a fixed point
argument. Compared to the typical construction of weak solutions of SDE’s by a straight
forward application of Girsanov’s theorem, the construction of weak solutions of mean-
field SDE’s is thus more complex and requires a fixed point argument in addition to the
application of Girsanov’s theorem due to the fact that the measure dependence in the
drift stays fixed under the Girsanov transformation. The upcoming theorem is a modified
version of Theorem 3.2 in [31] for non-path-dependent coefficients, where we extend the
assumptions on the drift from boundedness to linear growth.
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Theorem 2.3. Let the drift coefficient b : [0,T] x R x P;(R) — R be a measurable
function that satisfies conditions (1.4) and (1.5), i.e. b is continuous in the third variable
and of at most linear growth. Then there exists a weak solution of the mean-field SDE
(2.1). Furthermore, Px. € C([0,T];P1(R)) for any weak solution X* of (2.1).

Proof. We will state the proof just in the parts that differ from the proof in [31].
For p € C([0,T]; P1(R)) let (2, F,F,P# B* X*H) be a weak solution of SDE (2.2). We
define the mapping ¢ : C([0,T]; P1(R)) — C([0,T]; P1(R)) by

Vs (p) == ]Pifwua
where P~

'v»n denotes the law of X{* under P*, s € [0,7]. Note that it can be shown
equivalently to (ii) below that s (x) is indeed continuous in s € [0,7]. We need to show
that ¢ has a fixed point, i.e. pus = ¥s(u) = ]P‘;cgw for all s € [0,7T]. To this end we aim at
applying Schauder’s fixed point theorem (cf. [38]) to ¢ : E — E, where

E:= {M € C([O>T}§P1(R)> :K:(,utvém) <C, K:(:uta:uS) < C|t - S|%7 l,s € [OaT]}’

for some suitable constant C' > 0. Therefore we have to show that F is a non-empty
convex subset of C([0,T]; P1(R)), ¢ maps E continuously into E and v (F) is compact.
Due to the proof of Theorem 3.2 in [31] it is left to show that for all s,¢ € [0,T] and p € E,

(i) ¢ is continuous on F,

(i) K@e(w), ¥s(p)) S |t — s)7,

(iii) Bpw [ X7 1y xme)>0] — 0.

(i) First note that £ endowed with sup,¢(o ) K(-, -), is a metric space. Lete > 0, p € £
and C7 > 0 be some constant. Moreover, let C}, 7 > 0 be a constant depending on p

1
and T such that by Burkholder-Davis-Gundy’s inequality IE [| B;[*?] %" < g”—clT for all
t € [0, 7). Since b is continuous in the third variable and -? is a continuous function,
we can find ¢; > 0 such that for all v € E with sup,¢jo 71 K(ue, 1) < 61,

€
sup |b(t7y7,ut) - b(tvya Vt)‘ < W
0,T],yeR 2
te[0,T],ye g,T (23)

b

sup ||b(t,y, pe)]* — [b(t,y, ve)P| < :
te[o,T],yelR| ‘ CP,TT

Furthermore, by the proof of Lemma A.3 we can find € > 0 such that

T 14| 1+e
supE | & (/ b(t,Bf,)\t)dBt> < (. (2.4)
\E€E 0

Then, we get by the definition of ¢ and & (u) =& (fot b(s, BY, us)dBS) that
K u) = s {

h€Lip,
o ] [ )=o) (P ) ()
— s {[Bqe [(HCX™) = 1)) &) ~ By [(BXF) = h(a)) )]
< B[ — &) B

[ nwwtan - [ nwuian)}
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where 2 d]PH =& ( fo 5, XTH, us)ng‘) defines an equivalent probability measure
Q" by Lemma A.2. Here we have used the fact that X** is a Brownian motion
under Q* starting in « for all u € C([0,T]; P1(R)). We get by the inequality

le¥ —e*| < |y —z|(e? +€7), y,z€R, (2.5)

Holder’s inequality with p :=
Minkowski’s inequality that

K@ (p), 1(v)) <E[IBe| (& (1) + & (v))

t 1 t
/ b(S7BC‘;E7.u“€) - b(SanvVS)dBS - 5/ ‘b(S,B?,/Lg)F - |b(5vB§aVS)|2d8
0 0

< <]E [Et (u)”ﬂ e +E [St (y)lﬂ d)

t 2p
( [t B o0, B Vs>st)
0
t 2p
( [0t B~ ols. B2 )P ds)
0

Consequently, we get by Burkholder-Davis-Gundy’s inequality and the bounds in
(2.3) and (2.4) that

X

|

1
2p

1
2p

E UBt|2p]ﬁ

(2.6)

1

T P 25
(/ ‘b(szgvﬂs) b(SﬂBfaVs)2d5> ]
0

1 T 2p %
+SE </ \|b(s,B:,us)|2—|b(s,B:,ys)|2\ds>
0

sup K(¢i(p),¢e(v)) < Cpr | E

t€[0,T]

Hence, v is continuous on E.

(ii) Define p := 1‘5*5, € > 0 sufficiently small with regard to (2.4), and let © € FE and
s,t € [0, T] be arbitrary. Then, equivalently to (2.6)
K(We(p) s () S E[IE (1) — Es(p)] |Bel]
2p7 25
<E ] .
Furthermore, by applying Burkholder-Davis-Gundy’s inequality, we get

~

t 1 t
[ bt Bz~ 5 [ bt B ) Par

1
2p7 2p
Kl s S B | [ 1t B dr) w8 | ([ 100 57 o ]
L 1
2p 2p
<E||t—s/” sup |b(r, B, u,)]| LA |t —s|*” sup |b(r, Bf7ur)|4p .
rel0,T) r€[0,T]
EJP 23 (2018), paper 132. http://www.imstat.org/ejp/

Page 8/35


http://dx.doi.org/10.1214/18-EJP259
http://www.imstat.org/ejp/

Strong solutions of MFSDEs with irregular drift

Finally by Lemma A.1, we get that

1 1
(o), s (1) < Ca (1t = sl + [t = s[) S It — sl
for some constant Cs > 0, which is independent of u € E.

(iii) The claim holds by Lemma A.1 and dominated convergence for » — oo. O

Next, we study uniqueness of weak solutions. We recall the definition of weak
uniqueness, also called uniqueness in law.
Definition 2.4. We say a weak solution (Q!, F!,F!, P!, B*, X!) of (2.1) is weakly unique
or unique in law, if for any other weak solution (Q?, F2, 2, P2, B2, X?) of (2.1) it holds
that

1 2
]le = PX27

whenever X} = Xg.

In order to establish weak uniqueness we have to make further assumptions on the
drift coefficient.

Definition 2.5. Let b : [0,7] x R x P;(R) — R be a measurable function. We say b
admits 0 as a modulus of continuity in the third variable, if there exists a continuous
function 6 : Ry — Ry, with 6(y) > 0 forally € Ry, [; % = oo for all z € R, and for
allt€[0,T), y € R and p,v € P1(R),

|b(t’yuu) - b(t,y,l/)|2 < Q(K:(:ua V)Q)' (2.7)

Remark 2.6. Note that this definition is a special version of the general definition of
modulus of continuity. In general one requires 6 to satisfy lim,_,o (z) = 0 and for all
t€[0,7], y € Rand u,v € Pi(R),

|b(t7 Y, :u) - b(tv Y, V)| < G(IC(:“’ V))

It is readily verified that if b admits ¢ as a modulus of continuity according to Definition 2.5
it also admits one in the sense of the general definition.

Theorem 2.7. Let the drift coefficient b : [0,T] x R x P;(R) — R satisfy conditions (1.5)
and (2.7), i.e. b is of at most linear growth and admits a modulus of continuity in the
third variable. Let (Q, F,F,P, B, X) and (), F,IF, P, W, Y') be two weak solutions of (2.1).
Then

Px,B) = Pryw).

In particular the solutions are unique in law.

Proof. For the sake of readability we just consider the case = 0. The general case
follows in the same way. From Lemma A.2 and Girsanov’s theorem, we know that there
exist measures Q and Q under which X and Y are Brownian motions, respectively.
Similarly to the idea in the proof of Theorem 4.2 in [31], we define by Lemma A.2 an
equivalent probability measure Q by

ZTE =¢ <— /OT (b5 Y Py,) = b(s, Vi, Px,)) dm) ,
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and the Q-Brownian motion

t
By =W, + [ b(s,Ys,Py.) —b(s,Y,,Px.)ds, tel0,T].
0

Since
t _ t
B; = X; —/ b(s,Xs,Px, )ds and B;=Y; —/ b(s,Ys, Px.)ds,
0 0

we can find a measurable function @ : [0, 7] x C([0,T]; R) — R such that
B, =®,(X) and B, = d,(Y).

Recall that X and Y are Q- and Q—Brownian motions, respectively. Consequently we
have for every bounded measurable functional F : C([0, T];R) x C([0,T];R) = R

Ep[F(B, X)] = Eq

£ (/Tb(t,Xt,IPXt)dXt> F(@(X),X)}
0

B

¢ ( / Tb(mm)d&) F(@(Y),Y)
0

= Eg[F(B,Y)].
Hence,
Pix.) = Q. 5)- (2.8)

It is left to show that sup,c(o 71 K (Qy,, Py,) = 0, from which we conclude together with
(2.8) that sup,¢jo 1 K(Px,,Py,) = 0 and hence % = 1. Consequently, P x p) = ﬁ)(y,w).

Using Holder’s inequality, we get for p := % € > 0 sufficiently small with regard to
Lemma A.4,

K(@uoPy) = sup [Eg [A(Y:) = h(0)] = B [1(Y0) = h(O)]|

t
< s B [[e (= [ (130 Pr) = b veoPc)) ) < 1] 0 (35) = 100
h€Lip, 0
2+¢

2(1+e) 7| 2(1+e)
2+4¢e

t
< ’5 (—/ (b5, Yo Py.) = b(s, Vi, Px,)) dWS> —1‘
0

¢ ) L+e] 3192 21y
xE|& </ b(S,BS,IPYS)dBS> ] E {IBt|2p ]212
0

24¢
2(1+e) 7| 2(1+e)
2+4e

t
S ||e (- [ (v b v )Y aw,) -1
0

Using that b admits a modulus of continuity in the third variable, we get by inequality
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(2.5), Lemma A.4, and Burkholder-Davis-Gundy’s inequality that

t
K(Qy,,Py,) SEp { exp {/ (b(&Ys,fPYS) - b(&Ye,]PXS)) AW
0

24¢
2(1+e) 7] 2(1+e)
24¢e

_% /Ot (b(&Ys,ﬁ)Ys) - b(&Ys,IPXS))QdS} — exp{0}

t
<Ep {/ (b(s,Ys,]PYS)—b(s,n,IPXS)) AW,
0
1 t R 2 2p %
+§/ (b(s7Y5,]PXS)—b(s,Y;,]PXS)> ds
0
t A L,
rSEI@ / <b(57Y97]PYg)7b($;Y€7]PXS)) dS ]
0
t R 2 2p ﬁ
+ By /(b(s,}@,IPn)—b(s,Ys,]PXS)) ds ]
0

1
2

+/0t9 (IC(QYS,]?YS)Q) ds.

= (/ot o (K(QYSJIDYS)Q) ds)

Assume [} 0 (IC(QYS,IE’YS)Q) ds > 1. Then,

K(Qy,.Py,)* < /t 0 (K(QYsafPYS)Q) ds,

0
where for all z € Ry, 6 := 62 satisfies the assumption | ﬁdy = oc.

In the case 0 < fot 0 (IC(QYS7IF’YS)2) ds < 1, we get

K(Qy,,Py,)? < /Ot 9 (K(st,ﬁ»ys)?) ds.

We know that t — IC(Qyt,IF’yt) is continuous by the proof of [31, Theorem 4.2] and of
Theorem 2.3. Hence, by Bihari’s inequality (cf. [32, Lemma 3.6]) £(Qy,, Py,) = 0 for all
t € [0,T), which completes the proof. O

2.2 Existence and uniqueness of strong solutions
We recall the definition of a strong solution.

Definition 2.8. A strong solution of the mean-field SDE (2.1) is a weak solution
(Q, F,FB P, B, X*) where P is the filtration generated by the Brownian motion B
and augmented with the P-null sets.

Remark 2.9. Note that according to Definition 2.8, we say that (2.1) has a strong
solution as soon as there exists some stochastic basis (2, F,P, B) with a Brownian-
adapted solution X*, while usually in the literature the definition of a strong solution
requires the (a priori stronger) existence of a Brownian-adapted solution of (2.1) on
any given stochastic basis. However, in our setting these two definitions are equivalent.
Indeed, a given strong solution (2, F,IFZ, P, B, X*) of the mean-field SDE (2.1) can be
considered a strong solution of the associated SDE

dX7¥ =" (t, XF)dt +dB;, X§ =z, t€][0,T], (2.9)
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where we define the drift coefficient 8% : [0,7] x R — R by
VX (t,y) = b(t,y, Pxz).

For strong solutions of SDEs it is then well-known that there exists a family of functionals
(Ft)tepo,r) with X = Fy(B) (see e.g. [35] for an explicit form of F}), such that for any
other stochastic basis (Q, ]:', Q B) the process X;;" = Ft(E) isa }'B-adapted solution of
SDE (2.9). Further, from the functional form of the solutions we obviously get Px = PP ¢,
and thus 07X (t,y) = b (t,y) := b(t,y, P ), such that X* fulfills

dXT =% (t, XF)dt + dB,, XE ==z, te[0,T],

ie. (Q,f",Q,B,Xm) is a strong solution of the mean-field SDE (2.1). Hence, the two
definitions of strong solutions are equivalent.

In addition to weak uniqueness, a second type of uniqueness usually considered in
the context of strong solutions is pathwise uniqueness:

Definition 2.10. We say a weak solution (Q,F,TF,P, B!, X!) of (2.1) is pathwisely
unique, if for any other weak solution (Q, F,T, P, B?, X?) on the same stochastic basis,

P(Vt>0:X/=X})=1

Remark 2.11. Note that in our setting weak uniqueness and pathwise uniqueness of
strong solutions of the mean-field SDE (2.1) are equivalent. Indeed, any weakly unique
strong solution of (2.1) is a weakly unique strong solution of the same associated SDE
(2.9), i.e. the drift coefficient in (2.9) does not vary with the solution since the law of
the solution is unique. Due to [15, Theorem 3.2], a weakly unique strong solution of
an SDE is always pathwisely unique, and thus a weakly unique strong solution of (2.1)
is pathwisely unique. Vice versa, by the considerations in Remark 2.9, any pathwisely
unique strong solution (Q, F, P, B, X*) of (2.1) can be represented by X = F;(B) for
some unique family of functionals (F}).c[o,7] that does not vary with the stochastic basis.
Consequently, the strong solution is weakly unique. Thus, in the following we will just
speak of a unique strong solution of (2.1).

In order to establish existence of strong solutions we require in addition to the
assumptions in Theorem 2.3 that the drift coefficient exhibits the particular linear
growth given by the decomposable form (1.7), that is, the irregular behavior of the drift
stays in a bounded spectrum.

Theorem 2.12. Suppose the drift coefficient b is in the decomposable form (1.7) and
additionally continuous in the third variable, i.e. fulfills (1.4). Then there exists a strong
solution of the mean-field SDE (2.1). More precisely, any weak solution (X{).cjo,1) of
(2.1) is a strong solution, and in addition X is Malliavin differentiable for everyt € [0, T.
If moreover b satisfies (2.7), i.e. b admits a modulus of continuity in the third variable,
the solution is unique.

Proof. Let (Q,F,F,P, B, X*) be a weak solution of the mean-field SDE (2.1), which
exists by Theorem 2.3. Then X” can be interpreted as weak solution of the associated
SDE introduced in (2.9).

Now we note that under the assumptions specified in Theorem 2.12 the drift b¥ (¢, 1)
of the associated SDE in (2.9) admits a decomposition

b (t,y) = b7 (t,y) + D7 (¢, ),
where bFX is merely measurable and bounded and bPx is of at most linear growth and

Lipschitz continuous in the second variable. Thus, b¥'* fulfills the assumptions required
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in [2, Theorem 3.1], from which it follows that X7 is the unique strong (that is FB-
adapted) solution of SDE (2.9) and is Malliavin differentiable. Thus, X?* is indeed a
Malliavin differentiable strong solution of mean-field SDE (2.1). If further b admits a
modulus of continuity in the third variable, then by Theorem 2.7, X* is a weakly, and by
Remark 2.11 also pathwisely, unique strong solution of (2.1). O

3 Regularity properties

In this section we first give a representation of the Malliavin derivative of a strong
solution to mean-field SDE (2.1) in terms of a space-time integral with respect to local
time in Subsection 3.1 which yields a relation to the first variation process which will
be essential in the remainder of the paper. In the remaining parts of the section we
then investigate regularity properties of a strong solution of mean-field SDE (2.1) in its
initial condition. More precisely, in Subsection 3.2 we establish Sobolev differentiability
and give a representation of the first variation process, and in Subsection 3.3 we show
Holder continuity in time and space.

3.1 Malliavin derivative

If the drift b is Lipschitz continuous in the second variable, it is well-known that the
Malliavin derivative of a strong solution to mean-field SDE (2.1) is given by D; X} =
exp { f; O2b(u, X7, Px= )du} For irregular drift b we obtain the following generalized rep-

resentation of the Malliavin derivative without the derivative of b which is an immediate
consequence of Theorem 2.12 and [2, Proposition 3.2]:

Proposition 3.1. Suppose the drift coefficient b satisfies the assumptions of Theo-
rem 2.12. Then for 0 < s <t < T, the Malliavin derivative D, X[ of a strong solution X*
to the mean-field SDE (2.1) has the following representation:

t
DX} = exp{— [ b(u,y,lPXf)LX”(du,dy)}
s R

Here LX" (du, dy) denotes integration with respect to local time of X* in time and space,
see [2] and [18] for more details.

3.2 Sobolev differentiability

In the remaining section we analyze the regularity of a strong solution X® of (2.1)
in its initial condition x. More precisely, the two main results in this subsection are
the existence of a weak (Sobolev) derivative 0, X¥, which also is referred to as the first
variation process, for irregular drift coefficients in Theorem 3.3 and a representation of
0, X} in terms of a local time integral in Proposition 3.4.

We recall the definition of the Sobolev space W12(U).

Definition 3.2. Let U C R be an open and bounded subset. The Sobolev space W12(U)
is defined as the set of functions u : R — R, u € L*(U), such that its weak derivative
belongs to L*(U). Furthermore, the Sobolev space is endowed with the norm

lullwr2wy = llull L2y + vl 2wy,
where v’ is the weak derivative of u € W12(U). We say a stochastic process X is Sobolev
differentiable in U, if for all t € [0,T], X; belongs P-a.s. to W2(U).

Theorem 3.3. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (Xf)te[o,T] be the unique
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strong solution of (2.1) and U C R be an open and bounded subset. Then for every
t €10,7T],

(x = X[) € L? (Q,WH2(U)).

Before we turn our attention to the proof of Theorem 3.3, we give a probabilistic
representation of the first variation process 9, X which in particular yields a connection
to the Malliavin derivative. We remark that we will see in Proposition 3.11 that the
derivative 9,b (s,y,Px=) used in Proposition 3.4 is well-defined.

Proposition 3.4. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). For almost all x € R the first
variation process (in the Sobolev sense) of the unique strong solution (Xf)te[o,T] of the
mean-field SDE (2.1) has dt ® dIP almost surely the representation

t
anf:eXp{—/ /b(u,y,Ing)LXl(dmdy)}
0o Jr
t t )
+/ exp{—/ /b(u,y,IPXi)LX (du,dy)}amb(&yJPXg)yXsmds.
0 s JR

Furthermore, for s,t € [0,T], s < t, the following relationship with the Malliavin deriva-
tive holds:

(3.1)

t
0, X7 = D XF0, X" +/ Dy XF0:b (u,y, P ) [yexadu. (3.2)
S

The remaining parts of this subsection are devoted to the proofs of Theorem 3.3
and Proposition 3.4. More precisely, the proof of Theorem 3.3 is structured as follows.
First we show Lipschitz continuity of X in = for smooth coefficients b in Proposition 3.5.
Then we define an approximating sequence of mean-field solutions {X;""},>1 with
smooth drift coefficients which is shown in Proposition 3.8 to converge in L?(2, ;) to
the unique strong solution X of mean-field SDE (2.1) with general drift. Finally, after
also establishing weak L?-convergence of functionals of the approximating sequence in
Proposition 3.9 and a technical result in Lemma 3.10 we are ready to prove Theorem 3.3
using a compactness argument.

Proposition 3.5. Let b € LOO([O,T},C;’L(]R x P1(R))) and X® be the unique strong
solution of mean-field SDE (2.1). Then, for all t € [0,T] the map x — X7 is a.s. Lipschitz
continuous and consequently weakly and almost everywhere differentiable. Moreover,
the first variation process 0, X[, t € [0, T, has the representation

t
0, X! = exp {/ 82b(s7Xf,IPX§)ds}
0 (3.3)

t t
+/ exp{/ ng(s,X;”,IPX;n)ds}8Ib(u,y,]PX5)|y_X5du.
0 u

Remark 3.6. Note that compared to [1] we consider the more general case of mean-field
SDEs of type (2.1) and therefore need to deal with differentiability of functions over the
metric space P;(R) as in [6], [7], and [29]. We avoid using the notion of differentiation
with respect to a measure by considering the real function x +— b(t,y, Px:), for which
differentiation is understood in the Sobolev sense.

Proof of Proposition 3.5. In order to prove Lipschitz continuity we have to show that
there exists a constant C' > 0 such that for almost every w € Q and for all ¢ € [0,T] the
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map (z — X7) € Lipo(R). For notational reasons we hide w in our computations and
obtain using b € Cb1 (R x Py(R)) that

t
IX* - XV = |z —y+ / b(s, X2, Pxa) — b(s, XY, Pxv)ds
°. (3.4)
Shoyl+ [ P2 - X2+ K(Px: Px)ds,
0
Hence, we immediately get that
t
K(Pxr Pxy) < BIXT - X2 Slo =yl + [ BIXZ - X2]ds,
0
and therefore by Grénwall’s inequality with respect to E[| X — X}|] we have that
Consequently, (3.4) simplifies to
t
X=XV Sla—yl+ [ X7 - X2|ds, (3.6)
0

and again by Gronwall’s inequality we get that (zr — X[) € Lipo(R). Note that due to
(3.5) and the assumptions on b also x > b(t,y, Px:) is weakly differentiable for every
te[0,7] and y € R.

Regarding representation (3.3), note first that by taking the derivative with respect to «
in (2.1), 0, X} has the representation

t
0. XF =1+ / Dab(s, X7, P2 )0 X7 + 0,b(s, 1, Pxs)lyexcs ds. 3.7)
0

It is readily seen that (3.3) solves this ODE w-wise and therefore is a representation of
the first variation process of X. O

As an immediate consequence of Proposition 3.5 and the representation of the
Malliavin derivative D; X, 0 < s <t < T, given in Proposition 3.1, we get the following
connection between the first variation process and the Malliavin derivative:

Corollary 3.7. Let b € L>°([0,T],Ct"" (R x Py (R))). Then, for every 0 < s <t <T,
t
0 XF = Dy X0, X" +/ Dy XF0:b(u,y, Pxs)|yexs du. (3.8)

Now let b be a general drift coefficient that allows for a decomposition b = b+basin
(1.7) and is uniformly Lipschitz continuous in the third variable (1.10). Let (X7)c[o,7]
be the corresponding strong solution of (2.1) ascertained by Theorem 2.12. In order to
extend Proposition 3.5 we apply a compactness criterion to an approximating sequence
of weakly differentiable mean-field SDEs. By standard approximation arguments there
exists a sequence of approximating drift coefficients

by :=by, +b, n>1, (3.9)

where b, € L>([0,T],C/" (R x Pi(R))) with sup,»; [|bn]lee < C < oo, where || - || is
the sup norm on all variables, such that b, — b pointwise in every wand a.e. in (t,y)
with respect to the Lebesgue measure. Furthermore, we denote by := b and choose the
approximating coefficients b,, such that they fulfill the uniform Lipschitz continuity in
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the third variable (1.10) uniformly in n > 0. Under these conditions the corresponding
mean-field SDEs, defined by

dX]"" = by(t, X" Pxna)dt +dB,, Xg"=z€R, t€[0,T], n>1, (3.10)

have unique strong solutions which are Malliavin differentiable by Theorem 2.12. Like-
wise the strong solutions {X™*},,»; are weakly differentiable with respect to the initial
condition by Proposition 3.5. In the next step we verify that (Xf’m)te[oj] converges to
(Xg)te[O,T] in LQ(Q,]:t) as n — oQ.

Proposition 3.8. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (X[).c[0,r) be the unique
strong solution of (2.1). Furthermore, {b,},>1 is the approximating sequence of b as
defined in (3.9) and (Xt"’z)te[oj], n > 1, the corresponding unique strong solutions of
(3.10). Then, there exists a subsequence {n;}r>1 C IN such that

Xt —— XT te|0,T).

k—o0
strongly in L*(Q, F;).

Proof. In the case of SDEs it is shown in [2, Theorem A.4] that for every ¢ € [0, T], the se-
quence {X;""},>1 is relatively compact in L?({, F;). The proof therein can be extended
to the assumptions of Proposition 3.8 and the case of mean-field SDEs due to Proposi-
tion 3.1. Consequently, for every ¢ € [0, 7] there exists a subsequence {n(t)}x>1 C IN
such that X" k() converges to some Y; strongly in L%(§2, 7;). We need to show that the
converging subsequence can be chosen independent of ¢. To this end we consider the
Hida test function space S and the Hida distribution space S* as defined in Definition B.1
and prove that {t — X;"“},,>; is relatively compact in C([0,T]; S*), which is well-defined
since

ScL*) cs.

In order to show this, we use Theorem B.2 and show instead that {¢t — X;"*[¢]},>1 is
relatively compact in C([0, T]; R) for any ¢ € S, where X;"*[¢] := E[X,""§|. Since X™* is
a solution of (3.10), using Cauchy-Schwarz’ inequality and Lemma A.4 yields

X 0] = XEP[e]l = [B[(X = X)4]]
t

t 1
< ( / B [b (u, X%, P )] du+ [t — s|%) 16llL20) < Cligllz@lt = 52,
S

where C > 0 is a constant depending on 7T and in particular is independent of n which
shows equicontinuity of {t — X,"*[#]},,>1. Moreover, due to Lemma A.4

sup X" [¢] = sup E[X""¢] < sup z||d|| £2(q) < oo,
n>1 n>1 n>1

and therefore X;"“[¢] is uniformly bounded in n > 1. Thus, by the version of the

Arzela-Ascoli theorem given in Theorem B.3 the family {t — X,"*[¢]},>1 is relatively

compact in C([0,T]; R). Since ¢ was arbitrary, we have proven using Theorem B.2 that

{t — X/""},>1 is relatively compact in C([0,T]; S*), i.e. there exists a subsequence

(nk)k>1 and {t — Z;} € C(]|0,T]; S*) such that

{tHXt"k’”}m{t»—)Zt} (3.12)
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in C([0,T]; S*). Furthermore, we have shown that for every ¢ € [0,7] there exists a
subsequence (ng,, (t))m>1 C (nk)r>1 such that in L?(Q, F),

m

X:’km (t),:E }/t .

m—o0

Note that for every ¢ € [0, 7], we get by (3.12)

xmm®r g

m—r o0

in §*. By uniqueness of the limit Y; = Z, for every ¢ € [0, T] and hence, the convergence
in L*(Q, 7:) holds for the ¢ independent subsequence (ng)x>1.

In the last step, which is deferred to the subsequent lemma, we show for all ¢ € [0, T
that X;"* converges weakly in L*(Q, 7;) to the unique strong solution Yf of SDE

dX; =b(t, X, ,Py,)dt +dB;, Xg=2z€R, te[0,T). (3.13)

Consequently, X;"® converges to XZ in L?({2, F;). Indeed, we have shown that X;"*
converges in L?(Q,F;) to Y; for all ¢t € [0,7]. Moreover X,"”* converges weakly in
L%(Q, F;) to X, for all t € [0,T]. Hence, by uniqueness of the limit, ¥; < X, for all
t € [0,7]. Thus (3.13) is identical to (2.1) and we can write X = X, which shows
Proposition 3.8. O

In the following we assume without loss of generality that the whole sequence
{X{""},>1 converges to X{ strongly in L?(€2, F;) for every ¢t € [0,T]. Then, in addition to
strong L?-convergence of the solutions, we also get weak L2-convergence of ¢(X,"") to
¢(X7) for functions ¢ in certain LP-spaces. To this end, we define the weight function
wr : R — R by

2
wr(y) = exp{|4yT}, y € R. (3.14)

Proposition 3.9. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (X[).c[0,r] be the unique
strong solution of (2.1). Furthermore, {b,},>1 is the approximating sequence of b as
defined in (3.9) and (Xf’x)te[o,ﬂ, n > 1, the corresponding unique strong solutions
of (3.10). Then, for every t € [0,T] and function ¢ € L?(R;wr) with p := 1+, £ > 0
sufficiently small with regard to Lemma A.4,

B ——> H(X7)
weakly in L?(2, F;).

Proof. As described in the proof of Proposition 3.8 it suffices to show for all ¢ € [0, T that
$(X]"") converges weakly to ¢(X; ), where X is the unique strong solution of SDE (3.13).
This can be shown equivalently to [2, Lemma A.3]. First note that ¢(X;""),¢(X;) €
L2(§27 Fi), n > 0. Hence, in order to show weak convergence it suffices to show that

€T

WX ) — WX ),

for every f € L%([0,T]). One can show by Hélder’s inequality, inequality (2.5) and
Lemma A.4 that

‘ ‘

W) () = WD)

1
T T K
0 0
S Anv
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2(14-¢)
24¢e

where ¢ := and

A, =E

T
(/ (bn(s7Bswv]PX;"’T) _b(‘S?Bsw?]PYs)) dBS
0

1
2p] 2p
1

_5/ ((bn(57 B;EJPX?’I) + f(S))2 - (b(87 B?,]Pys) + f(S))2) dS)
0

Using Minkowski’s inequality and Burkholder-Davis-Gundy’s inequality yields

T 2p 217}
A, <E / ba(s, B Pns) — b(s, BY, Py, )dB,
0
1
1 T 2p| 2p
4B (|5 [ alo B Pz + F(5) = 05, B2 Pr.) + £(9)Pds
0
1
T P 2p
SE (/ |bn(57BsI71PX?I> 7b(57B:7IPYs) 2d5> ‘|
0

1
2p] 2p

T
+E (/0 |(bn(sz§aIPx;lw)+f(8))2(b(s,Bf,IPn)Jrf(S))z}dS)

=D, + FE,.

Looking at the first summand, we see using the triangle inequality that

1
T P 3p
D, =E (/ ]bn(s,Bf,IPXg,w)—b(s,Bj,]PyS)|2ds>]
0
T P35
<E (/ b (s, BE, P xnr) — bo(s, B, Py, )|* ds ]
0
T P12
+E (/ |bn(s,B;’,IPys)—b(s,Bg”,IPys)|2ds>]
0

Since there exists a constant C > 0 such that (uz — b,(t,y,1)) € Lipc(Pi(R)) for

2
alln >0, ¢ e [0,7], y € Rand X7* %) v for all s € [0,7] by the proof of

n—oo
Proposition 3.8, we get by dominated convergence that D,, converges to 0 as n — oo.

Equivalently one can show that also F,, converges to 0 as n tends to infinity. Therefore
T

‘W(¢(Xt"’”))(f) —W(¢(X,))(f)| converges to 0 as n — oo and the claim holds. 0

The following lemma will be used in the application of the compactness argument in
the proof of Theorem 3.3.

Lemma 3.10. Let {(X;"");c(0,71}n>1 be the unique strong solutions of (3.10). Then, for
any compact subset K C R andp > 2,

sup sup esssupE [|0,X/"""] < C,
n>1te(0,7] z€K

for some constant C' > 0.
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Proof. By Corollary 3.7, we have

t
0, X" = Do X" + / Doy X[ 0yb (9, P s ) |- xe du. (3.15)
0

Using Proposition 3.1 as well as Girsanov’s theorem and Holder’s inequality with ¢ := 1%

€ > 0 sufficiently small with regard to Lemma A.4, yields together with Lemma A.5 that

E[|Ds X" "] = {exp{ / / (u,y, Pxne ) LX (du, dy)}]
SE [eXp{—qp/s /Rbn(u,y?xg@)LBm (du,dy)}]; <y,

for some constant C; > 0 independent of n > 0, x € K and s, ¢ € [0,T]. Hence, we get for
every n > 1 and almost every z € K with Minkowski’s and Holder’s inequality using that
(> b(t,y, 1)) € Lipc(P1(R)) for every t € [0,T] and y € R that

p] %

(3.16)

E [0, X" "] = E

t
’DOthw +/ DuX;lzaTbn(uvya PXﬁr)‘y:Xﬂmdu
0

L t 2p ﬁ
< sup E {|DuXt””J 2p} 11+ E (/ |8wbn (u,yJPXg,z) _xme du)
0<u<T 0 Y= (3.17)
t b (1, X157 Py ) — by (1, X7 P} |\ ”
<14+ E / lim “ S du
0 To—T |],' — Jjo|

< 1+ liminf
To—T |$ — xol

t
/ IC (IPXZ’J;IPXZ“TO) du.
0

Denote by conv(K) the closed convex hull of K and note that conv(K) is again a compact
set. Moreover, we can bound the Kantorovich metric of P y».« and P yn.«o for arbitrary

z,xo € conv(K) by using the second fundamental theorem of calculus and representation

(3.3):

/ Db, )(;z,:wr'r(:coffb)7 ]PX.:MI‘FT(WO*TD)) 8TX;’L,:E+T(KEO*KE)

K(Pxne,Pyrw) <E {

/b (5, X%, P = bu(s, XJ0, P gova ) ds

= |z — zo|E [

+0;bn, (S, Z, IPXn,m+7—(m0—z)) |Z:Xn,a:+‘r(.7:0—n:)d7—d8‘:|

1 r u

< |@ — x| E / Oob,, <S7 XS”’”*T(“‘”’),]PXn,HT(mom) aTXSn,:c+T(aco—x) (3.18)
0 LIJo s

+0; by, <S,Z,IPX:,I+T(107I)) |Z:X:,I+T<m07m>d8H dr
1
= |z — x| | E[|o,xmetr@—a (1 T)H dr
0o L
<& — o] + |z — 0] esssup B[8,X1].
zeconv(K)

Putting all together we can find a constant Cy > 0 independent of n > 1, t € [0,7] and
x € conv(K) such that

1 t 1
esssup IE [|81Xt"’x|p] P < Cy+ 02/ esssup E [0, X" |P]7 du.
0

xeconv(K) zeconv(K)
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Note that by (3.17) and (3.5) we can find constants C3(n),Cy(n) > 0 for every n > 1
independent of t € [0,7] and = € conv(K) such that

=

E [0, X" "]

< Cs(n) <1 + lim inf !

To—T |,’L’ — mol

t
/ K (IPX;}@,IPX;%wo) du> < C4(n) < 00.
0

1
Hence, t  esssup, oo B [0, X/"""]" is integrable over [0,7]. Since it is also Borel
measurable, we can apply Jones’ generalization of Gronwall’s inequality [22, Lemma 5]

to get

1 1 t
esssupE [|0, X" |"] 7 < esssup E[|0,X,""["]" < Cy+ 022/ e®t=9ds < 00. O
zeK z€conv(K) 0

Finally, we are able to give the proof of Theorem 3.3.

Proof of Theorem 3.3. Let (Xf’””)te[o,;p] be the unique strong solutions of (3.10). The
main idea of this proof is to show that {X/'}, ., is weakly relatively compact in
L?(Q,W12(U)) and to identify the weak limit Y := limj_,o, X™* in L*(Q, W2(U)) with
X, where {nj},>1 is a suitable subsequence.

Due to Lemma A.4 and Lemma 3.10

sup E ||X?’I||%V1,2(U)} < 00,
n>1

and thus, the sequence X,"" is weakly relatively compact in L?(Q, W2(U)), see e.g. [30,
Theorem 10.44]. Consequently, there exists a sub-sequence ny, k > 0 such that X;"*"*
converges weakly to some Y; € L*(Q, W12(U)) as k — oco. Let ¢ € C5°(U) be an arbitrary
test function and denote by ¢’ if well-defined its first derivative. Define

06y = [ Xprota)da.
U
Then for all measurable sets A € F and ¢ € [0,T] we get by Lemma A.4 that

B[1AX] = X1, )] < [|6/[| 220 |U]? sup E [La] X" = X7 2] % < oo,
zeU

where U is the closure of U, and consequently by Proposition 3.8 we get that
limy, 00 E[14(X]* — X¢,¢’)] = 0. Therefore,

E[La(Xe,¢)] = lim BLAX,¢)] = — lim E[14(0:X7*,0)] = ~E [14 (3, 9)].
Thus,
P-ass. (X, ¢') =—(0.Ys, ). (3.19)

Finally, we have to show as in [2, Theorem 3.4] that there exists a measurable set {2y C 2
with full measure such that X; has a weak derivative on this subset. To this end, choose
a sequence {¢, },>1 C C§°(R) dense in W1 2(U) and a measurable subset ,, C Q with
full measure such that (3.19) holds on (2,, with ¢ replaced by ¢,,. Then Q¢ :=),~; Qn
satisfies the desired property. O

We conclude this subsection with the proof of Proposition 3.4 that generalizes the
probabilistic representation (3.3) of the first variation process (afo)te[O,T] and the
connection to the Malliavin derivative given in Corollary 3.7 to irregular drift coefficients.
To this end we first verify the weak differentiability of the function (z — b (t,y,Pxz)) in
the next proposition.
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Proposition 3.11. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (X[).c[0,r) be the unique
strong solution of (2.1) and U C R be an open and bounded subset. Then for every
l<p<oo,tel0,T]andy € R,

(z b (t,y, Pxs)) € WHP(U).

Proof. Let {b,},>1 be the approximating sequence of b as defined in (3.9) and
(Xt""t)te[o,T], n > 1, the corresponding unique strong solutions of (3.10). For nota-
tional simplicity we define b, (z) := by, (t,y, Px»=) for every n > 0. We proceed similar
to the proof of Theorem 3.3 and thus start by showing that {b, },>1 is weakly relatively
compact in W1P(U). Due to Lemma A.4 and the proof of Lemma 3.10

sup [|bn lwir ) < 0.
n>1

Hence, {b,} is bounded in WP (U) and thus weakly relatively compact by [30, Theorem
10.44]. Therefore, we can find a sub-sequence {n;};>1 and g € WP(U) such that b,
converges weakly to g as k£ — oo.

Let ¢ € C§°(U) be an arbitrary test-function and denote by ¢’ if well-defined its first
derivative. Define

b, ¢y := by, dz.
(bn, @) / ()¢(x)dx
Due to Lemma A.4

(b = b,8) < 1|6/ | Lor) U7 sup [ba(z) — b(z)| < oo,
xelU

where U is the closure of U, and since by Proposition 3.8
|bn (t7 Y, IPX?’I) —b (ta Y, IPX;”) |

S ’bn (ta ZJ,IPX?”) - b’n (ta%IPXf) + |b’n (tvyleXf) -b (ta%IPXf)

— 0,

n—oo

we get lim, o (b, — b,¢') = 0. Thus,

(b,¢) = lim (b, ') = = lim (b),,.6) = = (g, 9),

— I
k—o0
where b;,, and ¢’ are the first variation processes of b, and g, respectively. O

Proof of Proposition 3.4. Let (b,),>1 be the approximating sequence of b as defined in
(3.9) and (th’w)te[o,T] be the corresponding unique strong solutions of (3.10). We define
forn >0

t
U, = exp{—/ /bn (u,y,lPX;,x)LX”’“'(du,dy)}
0 JR
t t
+ / exp{— / / by (unyng»m)LX"””(du,dy)}azbn (5,9, P e ) [y xnoeds,
0 s R

which is well-defined for all n > 0 due to Lemma A.5 and Proposition 3.11. For every
t € [0, 7] the sequence {X;"“},>1 converges weakly in L*(Q, W?(U)) to X¥ by the proof
of Theorem 3.3. Hence, it suffices to show for every f € L?([0,T]) and g € C§°(U) that

W (¥, — o) (f),9) —— 0.

n—oo
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Define for every n > 0

t
L,(s,t,x) :=exp {—/ / b, (u,y, IPXSJL) LE (du, dy)} , and
s JR
T

0

Applying Girsanov’s theorem and Minkowski’s inequality yields
<W (\Ijn - \I’O) (f)a9>
< [ @B (ILa0.1.2) = Lo(0,t,2)| (o)) do
U

4 / 9(2)E [|En(x) — E0(x)| Lo(0,t, 2)] dx
U

En (x)] dsdzx

y=B%

t -
+ [ [ 9@ @) - Eu(o)] Lo(s.t.2) 0,01 (5. Pocs ),
t o
+/ / g(x)E ‘awbn (SayalPX;L’x) - 8xb (SyyleXf) y=
U JO -

Note that for any 1 < p < oo,

¢ i
+/ / g(x)E || L, (s,t,z) — Lo(s,t,x)| |3xbn (s,y,IPX;w)
vJo L

:} dsdx

B Lo(s,t, x)é’o(x)} dsdz.

sup sup esssuplE Hawbn (s,y,IPX;L,w) |y:B§ p] < 00, (3.20)

n>0s€[0,T] z€U

due to Lemma 3.13 and the proof of Lemma 3.10. Hence, we get by Holder’s inequality,
Lemma A.4, and Lemma A.5 that for q := % and p := @ where € > 0 is sufficiently
small with regard to Lemma A.4,

<W (\Ijn - \I’O) (f)vg>

S/ 9(1:)< sup B [|Lu(s,t,7) — Lo(s,,2)[")7 +E [|En(x) — Eo(x)|"] )dm
s,t€[0,T]

Q=

// |8 b (s y,IPan) Oy b(s y,IPXL)|y Bz}idsdm.

The first two summands converge due to Lemma A.6, Lemma A.7, and dominated conver-
gence. For the third summand we use that (z +— b (t,y,Pxs)) € W'P(U). Consequently,
by dominated convergence and [40, Lemma 2.1.3] we get that

1
// |5‘b (,y,IPX;z,m)fﬁzb(s,y,IPXg)z BJ dsdr —— 0.

n—oo

Representation (3.2) is a direct consequence of equation (3.1) and Proposition 3.1. O

3.3 Holder continuity
We complete Section 3 by proving Holder continuity of the unique strong solution
(X{)tepo,) to mean-field SDE (2.1) in time and space.

Theorem 3.12. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (th)te[ovT] be the unique
strong solution of the mean-field SDE (2.1). Then for every compact subset K C R there
exists a constant C' > 0 such that for all s,t € [0,T] and z,y € K,

E[| X7 - XYP] < O(lt = s| + |z — ). (3.21)
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In particular, there exists a continuous version of the random field (t,z) — X} with
Hélder continuous trajectories of order a < 3 int € [0,7] anda < 1 inz € R.

To prove Theorem 3.12 we need the following extension of Lemma 3.10 to include
also 0, X['.

Lemma 3.13. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (X{).c[0,r) be the unique
strong solution of (2.1). Then for any compact subset K C R and p > 1, there exists a
constant C' > 0 such that

sup esssup E[(0,X})"] < C.
te[0,T] zeK

Proof. The proof follows by Lemma 3.10 and the application of Fatou’s lemma:

E[(0,X])"] < liminfE [(8,X;"")"] < C. O
n—oo
Proof of Theorem 3.12. Let s,t € [0,T] and z,y € K be arbitrary. Consider the approxi-
mating sequence {X™7},>; as defined in (3.10). Note first that similar to (3.18) it can
be shown that for every n > 1

[N

1
B [1X7" = X[VE]T S o=yl + o -yl esssup B [0, X))
zeconv(K)

Since esssup,, ey I [|89L,Xg~'” 2} is bounded uniformly in n > 1 and ¢ € [0, 7] due to

(3.10), there exists a constant C; > 0 such that foralln > 1 and ¢ € [0, 7]

-

E (X1 - xP)" < Gl -yl

Moreover, we have similar to (3.11) that there exists a constant Cy > 0 such that for
everyn>landx € K

1

E [|X;w - X;“Iﬂ < Colt — 3.
Consequently, there exists a constant C' > 0 such that foralln > 1
B [|X)" = X2 < (It = | + |o = yf?).

Finally, using Fatou’s lemma applied to a subsequence and that X;"* converges to X" in
L?(Q) by Proposition 3.8, yields the result. 0

4 Bismut-Elworthy-Li formula

In this section we turn our attention to finding a Bismut-Elworthy-Li type formula, i.e.
with the help of Proposition 3.4 we give a probabilistic representation of type (1.11) for
0, E[®(X7%)] for functions ® merely satisfying some integrability condition. The following
lemma prepares the grounds for the main result in Theorem 4.2.

Lemma 4.1. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (X[).c[0,r) be the unique
strong solution of the corresponding mean-field SDE (2.1) and U C R be an open and
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bounded subset. Furthermore, consider the functional ® € Cg’l(lR). Then for every
te€[0,T]and 1 < p < oo,

(z —~ E[®(X])]) € WHP(U).
Moreover, for almost all x € U
0. [2(X])] = B [2'(X])0, X}], (4.1)
where ®' denotes the first derivative of 9.

Proof. It is readily seen that (z — E[X}]) € Lipc, (U, R) for some constant C'; > 0 due to
(3.18) and Proposition 3.8. Therefore, we get with the assumptions on the functional
¢ that there exists a constant C; > 0 such that (z — E[®(X])]) € Lipg, (U, R). Hence,
E[®(X7)] is almost everywhere and weakly differentiable on U and for almost all z € U

0, E[®(X7)] = }ILILIB E[(I)(Xf""h)}h— E[®(X])) _E }]LIL% q)(Xta:-i-h)h_ B(X})

=B [®/(X})0:X[],

where we used dominated convergence and the chain rule. Finally, we can conclude
from (4.1) using Lemma 3.13 and the boundedness of @' that (z — E [®(XF)]) € W1P(U)
forevery 1 < p < oc. O

Theorem 4.2. Suppose the drift coefficient b is in the decomposable form (1.7) and
uniformly Lipschitz continuous in the third variable (1.10). Let (X[).c[0,r) be the unique
strong solution of the corresponding mean-field SDE (2.1), K C R be a compact subset
and ® € L?’(R;wr), where p := % e > 0 sufficiently small with regard to Lemma A.4,
and wr is as defined in (3.14). Then, for every open subset U C K, t € [0,T] and
1<qg<oo,

(2 = B[(X])]) € WHI(U),

and for almost all x € K

s

O,E@(XT)]=E [@(X%) /OT (a(s)axX': + 8:b (s,y, Pxz) [y=x= /0 a(u)du) dBS] , (4.2)

where 0, X? is given in (3.1) and a : R — R is any bounded, measurable function such

that
T
/ a(s)ds = 1.
0

Remark 4.3. Note that in the case of an SDE the derivative (4.2) collapses to the
representation

T
E |®(X%) / a(s)0, X7dB,
0

established in [2], where the first variation process 0, X* has the representation

Du XE exp{ /0 t /]R b(u, y) L (du, dy)}.

Hence, one can speak of a derivative free representation. Regarding mean-field SDEs,
the derivative 9,b (3, y, P X';) still appears in the representation of 9, X*.
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Remark 4.4. In [3] we show that for the special case of mean-field SDEs of type (1.12),
the expectation functional E[®(X[)] is even continuously differentiable in x for irregular
drift coefficients under certain additional assumptions on the functions b and ¢ given in
(1.12).

Proof of Theorem 4.2. We start by showing the result for ® € Cé’l(IE{). In this case the
derivative 0, E[®(X})] exists by Lemma 4.1 and admits representation (4.1). Further-
more, by (3.2) forany s < T,

T
0: X% = Dy X590, X" + / Dy X50:b (u,y, Pxz) |y=x=du.

Recall that D, X7 = 0 for s > T. Thus for any bounded function ¢ : R — R with

fOT a(s)ds =1,
T
0p X% :/ als )(D X209, X" + / Dy X50:b (u,y,Pxs) | y= Xtdu> ds
0 3

:/ a(s)Ds XF0, X“ds—k/ / $) Dy X50,b (u,y, Pxz) |y=x=duds.
0

We look at each summand individually starting with the first one. Since ® € C; ’I(IE{),
®(X7) is Malliavin differentiable and

T
E | &' (X%) /0 a(s) Dy XE0, X" ds

/ ! a(s)Ds@(X;)amxgds] .
0

Due to the fact that s — a(s)J, X* is an adapted process satisfying

T
/0 (a(s)8,X7)° ds] < 00

by Lemma 3.13, we can apply the duality formula [17, Corollary 4.4] and get

E

E

T T
/ a(5)Ds®(X2)D, X ds| = B | ®(X2) / a(5)9, X2 dB,
0 0

For the second summand note that by (3.16) and the proof of Lemma 3.10

su[pT] E [|®'(X7)a(s) Dy X70:b (u, y, Pxz) ly—xz|] < oo.
u,s€[0,
Hence, the integral

/ / [|®"(XF)a(s) Dy XF0:b (u,y, Pxs) [y=x= || duds

exists and is finite by Tonelli’s Theorem. Consequently, we can interchange the order of
integration to deduce

P'(X%) / / $) Dy X70,b (u,y, Pxz) |y= deuds] (4.3)
T u
= / Dy ®(X5)0:b (u,y,Px=) |y:X$/ a(s)dsdu} .
0 0
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Furthermore, u — 0,b (u, Y, IPX?E) l,=x= is an F-adapted process. Hence, we can apply
the duality formula [17, Corollary 4.4] and get

T u
E / Dy ®(XF)0:b (u,y,Px=) \yzxﬁ/ a(s)dsdu}
0 0

u

T
=K @(X%)/ O0zb (u,y,IPXﬁva:X;f/ a(s)dsdB,
0 0

Putting all together provides representation (4.2) for ® € C;’l(]R).
By standard arguments, we can now approximate ® € L?’(R;wr) by a smooth
sequence {®,},>1 C C§°(R) such that ®,, — ® in L?’(R;wr) as n — oo. Define

Un(z) =B [®,(X2)] and

T s
u(x) =& @(X%)/ (a(s)azX;” + 8zb(s,X§,IPXf)|y:X:/ a(u)du) dBs
0 0

First, we obtain that w is well-defined using Holder’s inequality, I1t6’s isometry and
Lemma A.4. Indeed,

Nl

[u(z)] < B [®(XF)7]

T s 2] 2
< ( / (a(s)8$X5+8xb(s,Xf,IPX§)szf / a(u)du) st>
0 0

T 3
(By)’E ( / b(u,Bi,meu)
0

T s 2
/ (a(s)@me + 02b(s, X7, Pxz)|y=x= / a(u)du) du]
0 0

SE|[loB)"]7 <,

<E (4.4)

1
2

x |E

where the last inequality holds due to Lemma 3.10 and the proof of Proposition 3.11.
Similar to the proof of Proposition 3.11 it is left to show that (u/, — @, ¢)y for any test-
function ¢ € C§°(U) as n — oo, where U C K is an open set. Since the bounds in (4.4)
hold for almost all z € U C K, we get exactly in the same way that

|/ (z) —u(z)| < C(x)E [|‘I>n(B%) _ (I)(B%”Qp} 35

1

7) (/ \/% @ (y) — q)(y)|2p G(ygiﬂ“c)zdy> >

=€ }T /\ B e Fay)
(&
2nT Y

(&
= O(m) (W) ||(I)7L — ®||L2p(R;wT) Ll

where C(z) > 0 is bounded for almost every « € K and where we have used

g

AN

_w-o)? TR -2 L 2 a2
e 2t —e 4te 1w ezt < e ezt

p‘u:
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Hence, for any open subset U C K, we get

lim (), (2) — 7(x), 6)u = 0.

n—oo

Thus v/ = u for almost every z € K. O

Remark 4.5. Note that for one-dimensional mean-field SDEs with additive noise (i.e.
o = 1) Theorem 4.2 extends the Bismut-Elworthy-Li formula in [1] to irregular drift
coefficients. More precisely, by changing the order of integration in (4.3) we are actually
able to further develop the formula in [1] such that the Malliavin weight is given in terms
of an It6 integral as opposed to an anticipative Skorohod integral in [1].

A Technical results

Lemma A.1l. Let b : [0,7] x R x P;(R) — R be a measurable function satisfying the
linear growth condition (1.5). Furthermore, let (Q, F,F,P, B, X*) be a weak solution of
(2.2). Then, for 1 < p < oo, and every compact set K C R,

sup E < 00. (A.1)

TeEK

sup [b(t, X7, pur)|”
te[0,T]

In particular, b(-, X*, p.) € LP([0,T] x Q), 1 < p < co. Furthermore,

sup |E
reK

sup | XP)P| < oo. (A.2)
te[0,T]

Proof. Note first that sup,co 1) K(4t, 60)dt is well-defined and finite. Indeed, since p €
C([0,T];P1(R)) and K(-,dy) is continuous, the supremum over ¢t € [0,7] of K(us,dp) is
attained. Furthermore, we can write

K(pt,0) = sup
h€Lip,

/ ly|pe(dy) <

where the last term is finite by the definition of P, (R). Therefore, we get due to the
linear growth of b that

/h( e (dy) — ’< sup /\h 0)|dpe (dy)
h€Lipy (A.3)

t ot
X7| = x+/ b(s, X7, j)ds + By 5|x|+T+|Bf,|+/ X7 |ds.
0 0

Thus, Gronwall’s inequality yields that there exist constants C; and C5 such that

| X7 < Cy (1 + || + sup |Bf|> , and
s€[0,T
(A4)

b(t, X[\ )| < Co (1 + |z + sup |Bf|> :
s€[0,T)

The boundedness of (A.1) is a direct consequence of (A.4) and Doob’s maximal inequality.
O

We define the complete probability space (2, F, Q) carrying a Brownian motion B. In
the following lemma we will prove the existence of an equivalent measure P# induced
by the drift coefficient b.
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Lemma A.2. Let b : [0,T] x R x P;(R) — R be a measurable function satisfying the
linear growth condition (1.5). Then the Radon-Nikodym derivative

dp# r Y
g = ¢ (/O b(s,BS,,us)st> (A.5)

is well-defined and yields a probability measure P* ~ Q. If (Q,F,F,P* B* X7) is a
weak solution of (2.2), the Radon-Nikodym derivative

aQr T . )
pr = ¢ (/0 b(SaXs,us)st> (A.6)

is well-defined and yields a probability measure Q" equivalent to P*. Moreover,
(XP)tepo, 1) is @ Q-Brownian motion starting in x.

Proof. This is a direct consequence of Benes’ result (cf. [27, Corollary 3.5.16]) and
(A.4). O

Lemma A.3. Letb: [0,7] xR xP1(R) — R be a measurable function satisfying the linear
growth condition (1.5). Then, there exists an ¢ > 0 such that for any p € C([0, T]; P1(R)),

T 1+e
E (& (/ b(u,Bg,uu)dBu> < 0. (A.7)
0

Proof. First, we rewrite

T 1+¢
E|E (/ b(u,Bz,uu)dBu>
0

i T T
1
= |exp {/ (1+&)b(u, B, pru)d By — 5/ (1+¢)[b(u, Bﬁ7uu)l2dUH
0 0

[ T T
=E|& (/0 (1+ s)b(u,Bi,uu)dBu> exp {;/0 e(1+ z—:)|b(u,B$7Mu)2duH

1 T
=T |exp {2/ e(1+ 5)|b(u,X5>z7uu)|2du}1 ,
0

where in the last step by Girsanov’s theorem X** denotes a weak solution of
dX;" =1 +e)b(t, X", p)dt +dBy, X" =z €R, te]0,T].

Since b satisfies the linear growth condition (1.5), we have that

X

t
<2+ (1+e) / Ib(u, X5% 1)\ du + | By
0
t
< lal + €1+ &) [ (14 X3+ Kl do))du -+ Bl
0

Therefore, Gronwall’s inequality gives us

X0

<(+e)(T+]|z|+ sup |Bs|+ sup K(uu,do) | eCO+T,
s€[0,T] u€[0,T]
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and thus, we can find a constant C. , depending on ¢, ¢ and 7T such that lim._,o C.
exists, is finite, and

b(t, X5 )| < Ce (1 +|z|+ sup Bs|> :
s€[0,T]

Hence,

E

1 T
eXp{2/ 6(1+6)|b(u,XZ’I,uu)|2dUH
0

2
1
<E |exp §Ts(1 +e)C2, (1 + |z + S[l(lJpT] BS|>
sg|0,

Clearly, lim._,oe(1+ 5)0527 . = 0 and therefore we can choose ¢ > 0 sufficiently small such
that (A.7) holds. O

Lemma A.4. Let b : [0,T] x R x P1(R) — R be a measurable function satisfying the
linear growth condition (1.5). Furthermore, let (2, F,G,P, B, X*) be a weak solution of
the mean-field SDE (2.1). Then,

b(t, X, Pxs)| < C (1 + || + sup |Bs|> (A.8)
s€[0,T]

for some constant C' > 0. Consequently, for any compact set K C R, and1 < p < oo,
there exists € > 0 such that the following boundaries hold:

sup E | sup |b(t’Xf,]Psz)|p <00
€K te[0,T) J
sup sup E[|X{[F] < oo
€K t€[0,T]
- 1+e]
sup E | € </ b(u, BiJPXff)dBu) <00
zeK 0

Proof. Due to the proofs of Lemma A.1 and Lemma A.3, it suffices to show (A.8). Note
first that (Px:, o) < E[|X[|] for every ¢ € [0,T] by (A.3). Hence, it is enough to show
that E[|X[|] < C(1 + |z]) for every ¢ € [0,T] and some constant C' > 0. Since (X} )c0,7]
is a weak solution of (2.1) and b fulfills the linear growth condition (1.5), we get

t t
BIXED S fol + [ 1+ B+ K(Pxe.du)ds + BB S 1+ bl + [ BIXElds
0 0

Consequently E[| X[7|] < C(14]z|) by Gronwall’s inequality which concludes the proof. O

Lemma A.5. Suppose the drift coefficient b : [0,T] x R x P;(R) — R is in the decom-
posable form (1.7) and uniformly Lipschitz continuous in the third variable (1.10). Let
(X{)telo,m) be the unique strong solution of (2.1). Furthermore, {b, },>1 is the approx-
imating sequence of b as defined in (3.9) and (XZL7x)te[O,T]/ n > 1, the corresponding
unique strong solutions of (3.10). Then, for all A € R and any compact subset K C R,

t
sup sup suplE {exp{—)\/ / b, (s,y,IPX;z,m)LBm(ds,dy)H < 00.
s R

n>0s,t€0,T] t€K
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Proof. Recall that b, can be decomposed into b, = En + b for all n > 0. Here Bn is
uniformly bounded in n > 0. Hence, by [2, Lemma A.2]

t
sup sup supE {exp{—)\/ / bn (S,y,Ing’“’) LBZ(ds7dy)H < 0.
s JR

n>0s,t€[0,T] z€EK

Moreover,

t
sup sup suplE {exp{/\/ /b(s,y,IPX;uw)LBm(ds,dy)H
n>0s,t€[0,T) €K s JR

t
=sup sup suplE [exp {)\/ O2b (s,Bf,IPX;w) dsH < 0. O
n>0s,t€[0,T] z€K s

< oo by definition. Consequently,

Lemma A.6. Suppose the drift coefficient b : [0,T] x R x P;(R) — R is in the decom-
posable form (1.7) and uniformly Lipschitz continuous in the third variable (1.10). Let
(X)iepo,m) be the unique strong solution of (2.1). Furthermore, {b,},>1 is the approx-
imating sequence of b as defined in (3.9) and (th’x)te[o 1), n > 1, the corresponding

unique strong solutions of (3.10). Then for any compact subset K C R and q := 2(21::) ,
€ > 0 sufficiently small with regard to Lemma A.4,
T T %
sup E | |€ (/ bn(t,Bf,]PXn,m)dBt> —-& (/ b(t,B'f,]PXf)dBt> — 0.
€K 0 v 0 n—o00

Proof. For the sake of readability we use the abbreviation b, (X ") = b, (t, B, P ko)
for n,k > 0. First using inequality (2.5), Lemma A.4 and Burkholder-Davis-Gundy’s

inequality yields
</ b, X’”dBt>— (/ b(XY) dBt>

T n,r 1 n,r
| v —wxpyis, + / b (X7)? — b(X7)%d

(5 (/OT bn(Xt"’””)dBt> +E </0Tb(Xf)dBt>>q

T
/ b (X7")2 — b(X?)%dt
0

A, (T,z) =T

<E

1
q

+E

<E / T (0 (X1 — b(XE) |

p}i
b

where p := % Due to its definition b,, is of linear growth uniformly in n > 0 and thus
we get with Lemma A.4 that

1 1
E [[bn(X7)2 = (X)) S B [loa(X7) - b(x0)[7]
and by Minkowski’s integral as well as Cauchy-Schwarz’ inequality, we have

A, (T, x)

< ( [ B [l v ® dt>
< (/OTE {\bn(xt"@) - b(Xf)|2p} % dt)
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Using the triangle inequality and (u +— b(t,y, 1)) € Lipo(P1(R)) for every ¢t € [0,T] and
y € R yields

E Jo,(x) — b(x7) ]

< [Jba(X]"") = ba (X)) ¥ + B [lou(X7) - b(X0)1*]
< CK (Pxre,Pxs) + Dn(t,x) < CE[|X["" — XF|] 4+ Dy (t, x),

1

1
where D, (t,z) = E [|bn(ch) - b(Xg”)\Qp] * 't € [0,T). With Girsanov’s Theorem and

Jensen’s inequality we get
t
g(/’b<xnxd3) (/ b(X7)d )H
0
¢ a
’5 ( / bn(Xf"'t)st) £ ( / (X;")dBS>
0 0

Consequently, A,,( (fo n(t x) + Dyt ))th) : and therefore

EHX?*—-Xm1=na®Bf

q
<E

~

=A,(t, x).

T T
A2(T,z) < / A2 (t, x)dt + / D2 (t,z)dt.
0 0
Hence, we get with Gronwall’s inequality
T
2 2
A (T, z) < C'/O D; (t,x)dt,

for some constants C' > 0 independent of x € K, n > 0and ¢t € [0,7] and as a consequence
it suffices to show

sup/ D2(t,z)dt — 0. (A.9)
zeK n—oo
Note first
2
D; (t,x) Ub (t, Bf,Pxs) — b (t, B, Pxy) 2”} *
2
2p 1 _(y—a:)2 2p
= bntasz—bt,,Pm e 2t (
([ I o) b )P e )
<e n t ) x| — t s x —e 4t ,
- (/' wlxe) ~b P y)
_ly—m)? _8? _wer)? g2 L]
where we have used e =2~ = ¢ Te 7 ez < e mez . Furthermore, by Theo-

rem 3.12 there exists a constant C' > 0 such that forall ¢t € [0,7] and z,y € K
K (Pxs,Pxy) < E[IX7 - X7PP]" < Cle ).

Consequently the function z — Py; is continuous for all ¢ € [0, 7]. Thus Pyx := {Px; :
xz € K} C P1(R) is compact as an image of a compact set under a continuous function.
Therefore due to the definition of the approximating sequence

zeK

= 8up |bn(t7y7u) —b(t,y,ﬂ)‘ n—oo 07

ne XtK

EJP 23 (2018), paper 132. http://www.imstat.org/ejp/
Page 31/35


http://dx.doi.org/10.1214/18-EJP259
http://www.imstat.org/ejp/

Strong solutions of MFSDEs with irregular drift

and hence D2(t,x) converges to 0 uniformly in # € K. Consequently, fOT D2 (t,x)dt
converges uniformly to 0 by Lemma A.4 and dominated convergence, which proves the
result. =

Lemma A.7. Suppose the drift coefficient b : [0,T] x R x P;(R) — R is in the decom-
posable form (1.7) and uniformly Lipschitz continuous in the third variable (1.10). Let
(X{)tepo,m) be the unique strong solution of (2.1). Furthermore, {b,},>1 is the approx-

imating sequence of b as defined in (3.9) and (th@)te[o,T]/ n > 1, the corresponding

unique strong solutions of (3.10). Then for any compact subset K C R, s,t € [0,T], s <t
andp > 1,

exp{ / /b“’X" y)LB" (du, dy)}—exp{ / /b“’x" (u y)LBm(du,dy)}

where bL X" (u,y) := by, (u,y,Pxn=) foralln > 0.

=

sup E {
zeK

p
} 07
n— 00

Proof. We first use inequality (2.5) to obtain with Lemma A.5

E[exp{—/:/RbEX“(u,y " (du, dy) }—exp{ / /b]PX" u,y)L?" (du, dy)}

|
t
SIE{ b X" (u, y) L7 (du, dy) — / /bPX" u, ) L7 (du, dy)|
R

X (eXP{_/st/Rngn(my)LBm(du,dy)}+exp{_/s /}RblPXn (Uﬂy)LBw(du,d'y)})p}é

2p

B =

1
2p

t t
/ bp X" (u,y)L® (du,dy)—/ X" (u,y) L7 (du, dy)
s R s R

We define the time-reversed Brownian motion B; := By_;, t € [0,7], and the Brownian

motion W;, t € [0, T], with respect to the natural filtration of B. By [2, Theorem 2.10],
Burkholder-Davis-Gundy’s inequality and Cauchy-Schwarz’ inequality

1
2?} 2p

t T—s
/ bR X" (u, BY) — bPX™ (u, BY)dB,, + / bEX™ (T — u, BE) — bPX™ (T — u, B)dW,,
T—t

bEX" (u,y) — bPX" (u,y) LB (du, dy)

|

1
T—s > 2p| 2p
/ (bnX"™ (T = w, BE) = bPX" (T — u, B) ) Bu_ g,
T—t T—u
t P 2 P 5%
<E [(/ PX" (u, BE) — 0P (u, BY)) du) }
1
. N 2 P132p
[( (b (T =, BZ) = FX™ (T — w, BY)) du) } !
T—s >
+/ b X" (T — u, BY) — bPX" (T —u, BY)|| Bu du.
T—¢ LAr(Q) || T — u L4p(Q)
Similar to the proof of Lemma A.6 one obtains the result. O

B Hida spaces

In order to prove Proposition 3.8, we need the definition of the Hida test function and
distribution space (cf. [17, Definition 5.6]). Furthermore we state the central theorem
used in the proof of Proposition 3.8, followed by a further helpful criterion for relative
compactness using modulus of continuity.
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Definition B.1. Let 7 be the set of all finite multi-indices and { H, } ez be an orthogonal
basis of the Hilbert space L?(Q2) defined by

m

) = ][ e, ([ eitam).

where h,, is the n-th hermitian polynomial, e, the n-th hermitian function and W a
standard Brownian motion. Furthermore, we define for every a = (aq,... ) € Z,

(2IN) o= [ (25)™.
j=1
(i) We define the Hida test function Space S as
S = {¢ =Y aaHy € L*(Q) 1 ||g]lx < 0o Vk € IR} ,

a€cl

where the norm || - ||, is defined by

Il = \/W
a€l

Here, S is equipped with the projective topology.
(ii) The Hida distribution space S* is defined by
S* = {¢ = Z aaHa S LQ(Q) : ka S ]R S.t. ||¢H_k < OO} B
acl

where the norm || - || - is defined by

@l == > ala2(2IN)~ok,

acT
Here, §* is equipped with the inductive topology.
Theorem B.2 (Mitoma). The following statements are equivalent:
(i) A is relatively compact in C([0,T]; S*),
(ii) Forany ¢ € S, {f(-)[¢] : f € A} is relatively compact in C([0,T]; R).

Proof. [26, Theorem 2.4.4] O

In the following we state a version of the Arzela-Ascoli theorem which is used in the
proof of Proposition 3.8 and can be found in [27, Theorem 2.4.9]

Theorem B.3. The set A C C([0,T],R) is relatively compact if and only if
sup|f(0)| < oo, and
feA
lim sup sup{{| f(t) = f(s)]| : s,t € [0, TT, [t — s| <0} = 0.
00 fe A
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