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Abstract

Well-posedness is established for multi-dimensional mean-field stochastic Volterra equa-
tions with Lipschitz-continuous coefficients, allowing for singular kernels as well as
for one-dimensional mean-field stochastic Volterra equations with Holder-continuous
diffusion coefficients and sufficiently regular kernels. In these different settings, quanti-
tative, pointwise propagation of chaos results are derived for the associated Volterra-type
interacting particle systems.
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1. Introduction

Mean-field stochastic differential equations (mean-field SDEs), also known as McKean—
Vlasov stochastic differential equations, provide mathematical descriptions of random systems
of interacting particles whose time evolutions depend, in some manner, on the probability dis-
tribution of the entire systems. A crucial reason for the frequent use of mean-field SDEs in
applied mathematics is the fact that they allow the modeling of the ‘propagation of chaos’
within large interacting particle systems. Recall that, on a microscopic scale, the trajectory of
each individual particle can often be appropriately modeled by a stochastic process. However,
when the number of particles becomes very large, the microscopic scale usually contains
too much information, making the interactions of individual particles intractable. Fortunately,
sending the number of particles to infinity, the propagation of chaos states that the behavior of
an individual particle depends only on the probability distribution of the entire system, i.e. on
the macroscopic scale the interaction of individual particles becomes negligible.

Mean-field SDEs, as well as the propagation of chaos, originated in statistical physics and
were first studied by Kac [20], McKean [23] and Vlasov [34]. Since then, these concepts have
found a wide range of applications in a variety of fields such as physics, finance, and data
science. We refer, e.g., to [12—15, 19, 33] for comprehensive introductions to mean-field SDEs
and their numerous applications. Except for a very small number of publications, like the
rough path-based approaches to mean-field SDEs [5, 6, 16], the vast majority of literature on
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mean-field SDEs and the propagation of chaos is restricted to Markovian systems of interact-
ing particles, i.e. the behavior of each particle has to be independent of all past states of the
system. On the contrary, it is often observed that many real-world dynamical systems do have
memory effects, and thus do indeed depend on past states of the underlying systems. Well-
known examples of such systems are the growth of populations, the spread of epidemics, and
turbulence flows.

Classical mathematical models for random dynamical systems with memory effects are
given by stochastic Volterra equations (SVEs), as introduced in the seminal works of Berger
and Mizel [7, 8]; see also, e.g., [26, 27]. While SVEs allow for generating non-Markovian
stochastic processes, the solutions of SVEs, in contrast to mean-field SDEs, do not depend
directly on the probability distributions of the generated random systems.

In the present paper we aim to unify the theories of mean-field stochastic differential
equations and stochastic Volterra equations, enabling us to combine the desirable modeling
advantages of both classes of equations. More precisely, we introduce mean-field stochastic
Volterra equations (mean-field SVEs),

t

t
Xt=X0+/ Ky (s, (s, Xy, E(Xs))ds-i-/ Ko (s, Do (s, X, L(X,))dBs, 1€[0,T], (1)
0 0

where Xy is a random variable, B is a Brownian motion, and the coefficients u, o, as well
as the kernels K, K, are measurable functions. Here, £(X,) denotes the law of the random
variable X;. In words, mean-field SVEs are a class of stochastic integral equations that describe
the dynamics of random systems with both nonlinear interactions and memory effects. They
constitute a generalization of mean-field SDEs and of classical SVEs. Notice that a solution to
the mean-field SVE (1) is, in general, neither a Markov process nor a semimartingale.

Our first contribution is to establish the (strong) well-posedness of the mean-field SVE
(1), meaning that there exists a unique strong solution to (1), under two sets of assumptions.
On the one hand, we show the existence of a unique solution to the mean-field SVE (1) in a
multi-dimensional setting with standard assumptions on the kernels and coefficients, i.e. we
assume some integrability of the kernels as well as Lipschitz continuity and a linear growth
condition for the coefficients, cf., e.g., [11, 35]. The proof is based on a classical fixed-point
argument in combination with techniques from the theories of mean-field SDEs and SVEs. On
the other hand, we show the existence of a unique solution to the mean-field SVE (1) in a one-
dimensional setting, assuming sufficiently smooth kernels and Holder-continuous diffusion
coefficients that are independent of the law of the solution. To that end, we rely on a Yamada—
Watanabe approach [36] to SVEs with sufficiently smooth kernels, as recently generalized in
[3, 30]. As comparison, for well-posedness results in the case of mean-field SDEs we refer to
[4, 18, 21], and in the case of SVEs to [3, 30, 35]. Furthermore, we remark that a specific type
of mean-field SVEs was studied in [31], where the coefficients may depend on the law of the
solution but only through an expectation operator.

Our second contribution is to establish quantitative, pointwise propagation of chaos results
of Volterra-type systems of interacting particles. In words, sending the number of Volterra-type
interacting particles to infinity, we obtain a macroscopic description of the systems based on
a mean-field stochastic Volterra equation. The approach developed is based on a synchronous
coupling method; it was initiated in [24] and extended in [33]. In the case of mean-field SDE:s,
synchronous coupling methods are widely used for systems that are described by systems
of McKean—Vlasov diffusions, and often lead to pathwise propagation of chaos; see, e.g.,
[14, Theorem 3.20], [11, Theorem 1.10], and [18]. In the present case of mean-field SVEs,
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implementing a synchronous coupling method becomes more challenging as the underlying
McKean—Vlasov processes are of Volterra type and, thus, in general, lack the semimartingale
and Markov property. As for our well-posedness theory of mean-field SVEs, we distinguish
between the aforementioned multi- and one-dimensional settings. The pointwise nature of the
our propagation of chaos results for mean-field SVEs is caused by the non-availability of a
Burkholder—Davis—Gundy inequality in the multi-dimensional setting and by the Holder con-
tinuity of the diffusion coefficients in the one-dimensional setting. The latter setting requires
us to combine the synchronous coupling method with a Yamada—Watanabe approach.

1.1. Organization of the paper

In Section 2 we present the main results regarding the well-posedness and propagation of
chaos for mean-field stochastic Volterra equations. Section 3 provides some necessary well-
posedness results for ordinary stochastic Volterra equations. The proofs of the main results are
contained in Sections 4, 5, and 6.

2. Main results: Well-posedness and propagation of chaos

Let T € (0, 00),d, me N, and let (2, F, (Ft)e[0,7], P) be a filtered probability space that
satisfies the usual conditions. Suppose B = (B;)c[0,7] is an m-dimensional Brownian motion
with respect to (F;)eqo,77- The law of a random variable X is denoted by £(X) and, for p > 1,
the space of probability measures on R with finite pth moments by Pp(Rd). Let C([0, T]; RY)
be the space of continuous functions from [0,7] to R¢, equipped with the supremum norm
Il - loo, and P,(C([O, T1; R9)) be the space of probability measures on C([O0, T1:R?) with finite
pth moment. For p, p € ’Pp(Rd), we write W,,(p, o) for the p-Wasserstein distance between p
and p (see [12, Chapter 5] for its definition) and, with a slight abuse of notation, for p, p €
Py (C(0, TT; R?)) we define the p-Wasserstein distance by

1/p
7el(p.p) L Jeo,1); RIy?2

where T1(p, 5) denotes the set of all probability measures on C([0, T]; R¢)?> with marginal

distributions given by p and p, respectively. The space R? is always equipped with the

Euclidean norm | - |, and on the space R4*™ we use the Frobenius norm, also denoted by |- |-

Moreover, we set A7 := {(s,) € [0, T] x [0, T]: 0 <s <t <T} and use the notation A, < B

for a generic parameter n, meaning that A;) < CB,, for some constant C > 0 independent of 7.
We consider the d-dimensional mean-field stochastic Volterra equation

t

t
X, =Xo+ / K[L(Sv Hu(s, X, L(Xy)) ds + f Ky (s, o (s, Xg, L(X;))dBg, te€[0,T], (2)
0 0

where Xy is a d-dimensional, Fp-measurable random variable that is independent of B, and the
coefficients w: [0, T] x RY x P,(RY) — R, o: [0, T] x RY x P,(RY) — R and the ker-
nels K,,, K, : A7 — R are measurable functions. The integral fé K, (s, Ho (s, X;, L(X;)) dBy is
defined as a stochastic It6 integral.

Let us briefly recall the concepts of well-posedness, strong solutions, and pathwise unique-
ness. We use, for measure spaces X, ) and p > 1, the notation L7 = LP(X’; V) for the space
of all Y-valued, measurable, p-integrable functions on X', and, for two Banach spaces X, ),
C(&X; V) for the space of all V-valued, continuous functions on X'. An (F;)sc[0,]-progressively
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measurable stochastic process (X;):eqo0,77 in L (2 x [0, T1; Rd), on the given probability space
(2, F, (Foiepo,11, P), is called a (strong) LP-solution of the mean-field SVE (2) if

t
f (K (s, D1(s, Xs, LX) + Ko (s, D0 (s, Xy, LX))|*)ds < 00 forall £ € [0, TT,
0

and the integral equation (2) holds P-almost surely. We say that pathwise uniqueness in LP
holds for the mean-field SVE (2) if P(X; =X, for all 1 € [0, T]) =1 for any two LP-solutions
(Xt)re[o,7) and ()?,),e[o,T] of (2) defined on the same probability space (2, F, (Fo)ieo,7], P). We
say that the mean-field SVE (2) is well-posed in L? (or that there exists a unique L”-solution)
for p > 1 if there exists a strong L”-solution to (2) and pathwise uniqueness in Z” holds.

In the following we distinguish between multi-dimensional and one-dimensional settings,
since these settings allow us to establish the well-posedness of the mean-field SVE (2) with
different regularity assumptions on the kernels and coefficients. The main existence and
uniqueness results regarding mean-field SVEs as well as propagation of chaos are stated in
Subsections 2.1 and 2.2. In the multi-dimensional setting (Subsection 2.1) we make stan-
dard Lipschitz assumptions on the coefficients u, o, whereas in the one-dimensional setting
(Subsection 2.2) we assume that p is Lipschitz continuous but allow o to be only Holder
continuous. We prove the corresponding results in Sections 4, 5, and 6.

2.1. Mean-field SVEs with Lipschitz-continuous coefficients

In this subsection we consider the multi-dimensional stochastic Volterra equation (2) with
dimensions d, m € N and coefficients y, o that are Lipschitz continuous in the space and dis-
tributional component, uniformly in the time component, allowing for potentially singular
kernels. We start by stating the assumptions on the kernels.

Assumption 1. Assume there are constants y € (0, %] €>0, and L>0 such that
K., K5 : At — R are measurable functions fulfilling

t 4
f Kpu(s. 1) — Kpu(s. )"+ ds + / |Kpu(s, )€ ds < L|¢ — #7179,
0 '

/

t t
/ 1Ko (5, ) — Ko (5, DI2F ds + / Ko (s, £)F€ ds < LIt — 7@+
0

t
forall (1,1) € Ar.

Note that Assumption 1 allows for singular kernels, like the fractional convolutional kernel
K(s, t) = (t — s)™* for @ € (0, 1/2) and the examples provided in [1, Example 1.3]. Moreover,
for € > 0 given by Assumption 1, let the fixed parameter § > 2 be defined by

442
§im 2T 3)
€
such that
2 +2—1 4)
24¢ &

In the following we use the 8-Wasserstein distance on the space Ps(R?) of probability mea-
sures on RY with finite §th moments. Relying on the §-Wasserstein distance, we specify the
assumptions on the regularity of the coefficients u and o, which are a classical linear growth
condition and a Lipschitz assumption.
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Assumption 2. Let p: [0, T] x R? x Ps(RY) — R? and o: [0, T] x RY x Ps(R?) — RI*m
be measurable functions such that:

() for any bounded set K C Ps(R?), there is a constant Cxc > 0 such that the linear growth
condition |u(t, x, p)| + |o(t, x, p)| < Cxc(1 + |x]) holds for all pe K, te€[0,T], and
Xe Rd;

(i) w and o are Lipschitz continuous in x and in p with respect to the §-Wasserstein distance
uniformly in t, i.e. there is a constant Cy 5 > 0 such that

|I’L(tv X, p) - M(tv 5&7 ﬁ)l + |0(t7 X, p) - U(I, xv 15)| S C}L,O‘('-x _-;Cl + Ws(p’ 5))

holds forallt€ [0, T], x, x € RY, and P, pE Pg(Rd).
Our first result is the well-posedness of the mean-field stochastic Volterra equation (2).

Theorem 1. Suppose that the initial value Xq is in LP(2;RY), the kernels K., K; fulfill
Assumption 1, the coefficients ., o fulfill Assumption 2, and p > max{1/y, 1 + 2/€}, where
y € (O, 2] and € > 0 are given by Assumption 1. Then, the mean-field stochastic Volterra equa-
tion (2) is well posed in LP. Moreover; for any q > p, if Xo € L1(2; RY), the unique LP-solution
X of (2) satisfies
sup E[|X;|7] < oo. ()
1€[0,T]

Our second result is the propagation of chaos for mean-field stochastic Volterra equations,
i.e. we show that the unique L”-solution to the mean-field stochastic Volterra equation (2) is
the limit N — oo of the solutions to the following system of N mean-field stochastic Volterra
equations:

. . t t
Xﬁ“’:X{)Jr/ K, (s, t)u(s,xg"’,ps)dH/ Ky (s, o (s, XV, pNYdB., t€[0,T], (6)
0

for ie{l,...,N}, where ,5,N = (1/N) Zfil dynvi is the empirical distribution of

(Xiv ”')izl,__,,N, (Xé)ieN C L9(2; Rd) is a sequence of JFyp-measurable, independent and iden-
tically distributed (i.i.d.) random variables for some ¢ >4, and (B');en is a sequence of
independent m-dimensional Brownian motions, which are all defined on the given prob-
ability space (2, F, (Fiieo,7], P). Strong LP-solutions, pathwise uniqueness in L”, and
well-posedness in L for the system (6) of mean-field SVEs are defined analogously to (2),
and §, denotes the Dirac measure at x for x € R4. Moreover, for i € N, let Xi be the solution of
the mean-field SVE (2) with the initial condition X(i) and driving Brownian motion B'. In the
present multi-dimensional setting, we obtain the following convergence result.

Theorem 2. (Volterra propagation of chaos). Suppose Assumptions 1 and 2, and that
the sequence of initial conditions (X(i))leN C LY RY) for some q > max{p, 28} and
p>max{l/y, 1 +2/€}, where § is defined in (3). Then, the system (6) of mean- ﬁeld SVEs
is well posed in LP for every N > 1, where the unique LP-solution is denoted by (X Ni=1
Moreover, we have

N §
; . 1
lim max ( sup E |X1V”—Xl|‘s >+ sup E| Ws| — ) N.,—,,C()_(l) =0. (7))
N—>oo<lsisN €107} [ ] 1€[0.7] N; % '

.....

https://doi.org/10.1017/jpr.2026.10091 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2026.10091

6 D. J. PROMEL AND D. SCHEFFELS

The rate of convergence in (7) is explicitly stated in the next lemma.

Lemma 1. With the assumptions and notation of Theorem 2, we have

N )
. 1
max ( sup E[|X§V”—§;|3]>+ sup JE[W(;(NZSXtN,i,L(X})) j|§8N, (®)
1 i=1

1<i<N te[0,T] te[0,T

where (eN)NeN IS given by

N—1/2 ifd <28,
en=1{N"2log, (1 +N) ifd=28, )
N—8/d if d > 2.

Remark 1. The rates of convergence obtained in (9) are analogous to the classical rates
for ordinary mean-field SDEs with Lipschitz coefficients (see [14, Theorem 3.20]), using
Ws(--- )% instead of Wa( - -- )? and, consequently, replacing the exponent 2/d by 8/d in (9).
Note that in the case of ordinary mean-field SDEs we obtain a pathwise propagation of chaos
result (meaning that the sup in (8) is inside the expectation operators), which is a stronger type
of convergence than the pointwise convergence presented in Theorem 2. This weaker type
of convergence is caused by the missing availability of the standard Burkholder—Davis—Gundy
inequality for the solutions of stochastic Volterra equations since they are, in general, not semi-
martingales. However, the rates of convergence provided in Lemma 1 seem to be optimal for
synchronous coupling methods, since it is shown in [17, Theorem 1ff] that for terms of the
form E[W;s (5w, p)°] the rates in (9) are sharp. Consequently, optimality could only be lost in
the inequalities (47) or (48), which, at least in general, appears not to be the case.

2.2. Mean-field SVEs with Holder-continuous diffusion coefficients

In this subsection we consider mean-field SVEs in a one-dimensional setting, i.e. we assume
d =m=1. This allows us to relax the Lipschitz assumption on the diffusion coefficient o to
Holder continuity in the space variable, provided that o is independent of the distribution
of the solution and that the kernels are sufficiently regular. More precisely, we consider the
one-dimensional mean-field stochastic Volterra equation

t t
X =Xo+ / K. (s, (s, Xs, L(X;)) ds +/ Ks(s, t)o(s, X5)dBs, te]0,T], (10)
0 0

where (B;)e[0,7] is a one-dimensional Brownian motion, Xp is an JFp-measurable random
variable, the coefficients p: [0, T] x R x P,(R) = R, o: [0, T] x R— R and the kernels
K., K;: A7 — R are measurable functions. We consider two different sets of assumptions
on the kernels and on the initial condition.

Assumption 3. Let y € (0, %] and € > 0. Let Xy be an Fy-measurable random variable and
K., K5 : At — R be continuous functions such that:

() K,(s, -) is absolutely continuous for every s € [0, T, and 0,K,, is bounded on Ar;

(i) Ky (-, t) is absolutely continuous for every t € [0, T], K (s, -) is absolutely continuous
for every s € [0, T] with 02K, € LZ(AT), and 0 K; (-, t) is absolutely continuous for
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every t € [0, T|. Furthermore, there is a constant Cy > 0 such that |K,(t, t)| > Cy for
any t € [0, T, and there exists Cy > 0 such that

N
/ Ko (1, 1) — Ko (1, )7 du < Cot — 5|79
0

and |01K, (s, 1)| + |02K5 (s, 8)| + f; |021K5 (s, u)| du < Cy hold for any (s, t) € Ar;
(iii)) Xo € LP(2; R) for p > max{1/y, 1 +2/€}.

Instead of Assumption 3, we can alternatively require K, K,;, and Xy to fulfill the following
assumption, where the kernels are supposed to be convolutional.

Assumption 4. Let Xo be an Fo-measurable random variable and K, K,: At — R be
continuous functions such that:

(i) Ku(s,t)=Ky(s, 1) =K(t — 5) for some K € C'([0, T]; R);
(i) Xo e LP(2;R) forp > 2.
Next, we formulate the assumptions on the coefficients.

Assumption 5. Let 1: [0, T] x R x Pi(R) > Rand o : [0, T] x R — R be measurable func-
tions such that:

(1) for any bounded set IC C P1(R), there is a constant Cxc > 0 such that the linear growth
condition |u(t, x, p)| + |o(t, x)| < Cxcp(1 + |x|) holds for all pe K, t€[0,T], and
xeR;

(i) w is Lipschitz continuous in x and p with respect to the 1-Wasserstein distance,
uniformly in t, i.e. there is a constant C, > 0 such that

|I‘L(t7 X, 10) - /,L(t, 567 15)| S C/uL(lx_)Nd + Wl(p1 /3))

holds for allt € [0, T], x, X € R, and p, p € P1(R), and o is Holder continuous of order
% + & for some & € [0, %] in x uniformly in t, i.e. there is a constant Cy > 0 such that
lo(t, x) — o (1, ¥)| < Cylx — | VP holds for all t € [0, T] and x, % € R.

First, we establish the well-posedness of the mean-field stochastic Volterra equation (10)
with Holder-continuous diffusion coefficients. Its proof is based on a Yamada—Watanabe-type
approach [36], which requires essentially a one-dimensional setting and leads to the stronger
assumptions on the kernels. Moreover, note that the Holder-continuous diffusion coefficients
are required to be independent of the law of the solution, which is essentially a standard
assumption for ordinary mean-field stochastic differential equations as it appears to be a
necessary assumption to implement a Yamada—Watanabe type approach, cf. [21].

Theorem 3. Suppose Assumption 5, and that the kernels K,,, K, and the initial condition Xy
satisfy Assumption 3 or 4 with p given therein. Then the mean-field stochastic Volterra equation
(10) is well posed in LP. Moreover, for any q > p, if Xo € L1(2; RY), the unique solution X of
(10) satisfies sup,e(o 71 E[1X:]9] < 0.

Second, we establish the propagation of chaos for one-dimensional stochastic mean-field
SVEs with Holder-continuous diffusion coefficients. To that end, we consider the symmetric
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system of N mean-field stochastic Volterra equations
XV =X} +f K. (s, s, XN, pNyds + / Ko (s, o (s, X)) dBL,  te[0,T], (1)
0 0

fop ief{l,..., N}, where (Xé)ieN C LP(2; R) is an i.i.d. sequence of initial conditions, and
(B")ien is a sequence of independent one-dimensional Brownian motions. Moreover, for
ieN, X' denotes the soh_ltion of the mean-field SVE (10) with initial condition Xé and driv-
ing Brownian motion B'. In the present one-dimensional setting, we obtain the following
convergence result.

Theorem 4. (Volterra propagation of chaos) Suppose Assumption 5, and that the kernels
K., K; and the initial conditions X(l) for i € N satisfy Assumption 3 or 4 with p given therein.
Then, the system (11) of mean-field SVEs is well posed in LP, where the unique L”-solution is
denoted by (X;v")izl N for every N > 1. Moreover,

.....

N
) ) 1
lim max ( sup E[|XN”—X’|]>+ sup E| Wi| — E 1) N,i,L’(Xl) =0. (12)
N—>oo<lsisN Y ' 1€[0.7] N &% '

The rate of convergence in (12) is explicitly stated in the next lemma.

Lemma 2. Supposing the assumptions and notation of Theorem 4, we have

N
; : 1
N,i i _ 1 —1/2
max | sup E[IX;"" —X |])+ sup E| Wi = Soni, LX) SN2 (13)
I<i=N <te[O,T] ' ! 1€[0.7) N ; i '

Remark 2. The rate of convergence in (13) is expected to be optimal for synchronous coupling
methods, cf. Remark 1, since it is shown in [17, Theorem 1ff] that for terms of the form
E[W1(pn, p)] the rate is sharp. Consequently, optimality could only be lost in the inequalities
(36) or (46).

3. On the well-posedness of ordinary stochastic Volterra equations

In this section we provide various well-posedness results for ordinary stochastic Volterra
equations with random initial conditions that are needed to prove the well-posedness results
for mean-field stochastic Volterra equations presented in Section 2. We start with SVEs with
Lipschitz-continuous coefficients, which is a slight modification of [35, Theorem 1.1].

Lemma 3. Let the kernels K, K fulfill Assumption 1, p > max{1/y, 1 +2/e} withy € (0, %]
and € > 0 from Assumption 1, the initial value Xy € LP(Q2; RY) be adapted, and the measur-
able coefficients i: [0, T] x RY - R? and o : [0, T] x R — R for some d, m € N fulfill
the linear growth condition |u(t, x)| + |o(t, x)| < Cy o (1 + |x]) for some Cy o >0 and all
tel0,T], xe R4, and the Lipschitz condition

[t x) — u(t, I +lot, x) — o, | < Cpuolx—yl

for some C, s >0and all t€[0,T], x,y€ RY. Then, the d-dimensional stochastic Volterra
equation

t

t
Xz=X0+f Ky (s, s, Xs) ds+/ Ko (s, Do (s, Xs)dBs, t€[0,T],
0 0

is well posed in LP, where (By)c(0,1] is an m-dimensional Brownian motion.
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Proof. With the assumed integrability on Xo, it is straightforward to adapt the Picard itera-
tion and the Gronwall type estimates in proof of [35, Theorem 1.1] to allow for random initial
conditions Xy, as stated in Lemma 3. O

For one-dimensional ordinary stochastic Volterra equations the Lipschitz assumption on the
diffusion coefficients can be relaxed to Holder continuity, provided the kernels are sufficiently
regular or have a convolutional structure. The next results are a slight modification of [30,
Theorem 2.3], allowing for SVEs with random initial conditions.

Lemma 4. Let the kernels K., K, fulfill Assumption 3, p > max{1/y, 1 +2/e} withy € (0, %]
and € > 0 from Assumption 3, the initial value Xo € LP($2; R), and the measurable coefficients
w: [0, T] xR—Rando: [0, T] x R— R fulfill the linear growth condition

lu(t, Ol + o (t, )| < Cp o (1 + |x])
for some C  >0andallt €0, T], x € R, u be the Lipschitz condition
L, %) — e, y)| < Cplx —
for some C,, > 0andallt €0, T], x,y € R, and o be the Holder condition
o (8, %) = o (1, V)| < Co | — y|1/2*

for & € [O, %] some Cy >0, and all t € [0, T], x, y € R. Then the stochastic Volterra equation

XIZX()‘F/
0

is well posed in IP, where (By)c(0,1) is a one-dimensional Brownian motion.

t t

K, (s, (s, X;) ds +/ Ky (s, Ho(s, X;)dB;, t€]0,T],
0

Proof. With the assumed integrability on Xp, it is straightforward to adapt the proof of [30,
Theorem 2.3] to the case that X is a random variable. U

The next lemma is a slight generalization of [2, Proposition B.3], providing the well-
posedness of one-dimensional SVEs with convolutional kernels and random initial conditions.

Lemma 5. Suppose that Xo € LP(2; R) for some p > 2, the kernels are of the form K, (s, t) =
K, (s, t)=K(t — 5) for some K € C'([0, T];R), and the measurable coefficients v [0, T]
X R— Rando: [0, T] x R— R fulfill the linear growth condition

[, )| + o, 0)| < Cp,o (1 + Ix])
for some C, o >0and allt €0, T], x e R, p satisfies the Lipschitz condition

[, x) — pu(t, Y| < Cplx =yl

Jor some C,, > 0and allt €0, T], x,y € R, and o satisfies the Hélder condition
lo(t, x) — o (t, y)| < Colx — y|1/PHE

for& e [0, %], some Cy >0, andallt€ [0, T], x, y € R. Then the stochastic Volterra equation

t t
X,:Xo—i—/ k(t—s)u(s, Xg)ds—l—/ K@t —s)o(s, X,)dBs, te]0,T], (14)
0 0

is well posed in LP, where (By)c[0,1] is a one-dimensional Brownian motion.
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Proof. The weak existence of some L”-solution to the SVE (14) follows from [29, Theorem
3.3] with the straightforward adaptation to random initial conditions Xy. For the pathwise
uniqueness, we can adapt the proof from [2, Proposition B.3] using the Lipschitz and Holder
continuity of x, o uniformly in ¢. U

Moreover, for the well-posedness results of mean-field SVEs we need a multi-dimensional
well-posedness result for stochastic Volterra equations where the Holder-continuous coefficient
o is a diagonal matrix, where each entry only depends on the component of the solution of the
respective dimension, as provided in the next remark.

Remark 3. For N € N let us consider the N-dimensional stochastic Volterra equation

XIZX()-F/
0

where (B;)c[0,7] is an N-dimensional Brownian motion, and

t t

K, (s, Hu(s, X) ds +/ Ks(s, o (s, Xs)dBg, te€][0,T], (15)
0

X! X}
X=1:1. Xo=\| : 1.
Xy Xy
(s, Xs) o1(s, X)) -+ 0
w(s, Xs) = : , a(s, Xs) = : :
un(s, X) 0 -+ onN(s, Xﬁv)

Suppose that the kernels K,, K, and the initial value X fulfill Assumption 3 or 4 with p
as defined there, that w: [0, T] x RN — RN is Lipschitz continuous in the space variable,
uniformly in the time variable, and each o;: [0, T] x R—> R forie{l,...,N}is (1/2+&)-
Holder continuous in the space variable, uniformly in the time variable for some & € [0, %]
By considering each dimension separately, e.g. as done for SDEs in [36, Theorem 1], it is
straightforward to conclude the well-posedness in L? of the SVE (15) from the corresponding
one-dimensional results in Lemmas 4 and 5.

We conclude this section with a remark on the path regularity of solutions and one on the
notion of I”-well-posedness.

Remark 4. (Path regularity). Let X be the unique (d-, 1-, or N-dimensional) solution to the
stochastic Volterra equation in any of the settings in Lemmas 3, 4, 5 or Remark 3 with p >
max{1/y, 1 +2/€}. In the case of Assumption 4, we can set y = % and p > 2 as given there.
Assuming Xo € L? for ¢ > p, by adapting [30, Lemmas 3.1 and 3.4] to the multi-dimensional
setting, it follows that sup,c(o 77 E[1X:|?] < oo and E[|X; — X;|7] S |f — s|P forany g>1,B €
O,y —1/p), s, t€[0, T], and, hence, that the solution X has a modification with g-Holder-
continuous sample paths.

Remark 5. The notion of L”-well-posedness, as used in Lemmas 3, 4, 5 and Remark 3, appears
to be necessary to prove the existence of a strong solution and pathwise uniqueness. First,
we need to assume that a solution X is in L”(2 x [0, T1]; R9) to conclude continuity of its
sample paths with standard estimates, as in [30, Lemma 3.1]. Second, in order to be able
to apply Gronwall’s lemma to an inequality of the form E[|X; — Y;|P] < fé E[|X; — Y|P] ds,
we need to assume that both solutions X,Y are in IP(Q x [0, T]; RY) to guarantee finite-
ness of the expectations supycjg 4 E[|X;|P] and sups¢o ;) El|Ys|P] by standard estimates, as
in [30, Lemma 3.4].
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4. Well-posedness: Proofs of Theorems 1 and 3
Proof of Theorem 1. We define the solution map ® by
®: C([0, T); Ps(RY) — C([0, T Ps(RY),  pr> @(p):= (LX), o0 (16)

where X” is the unique L”-solution to the stochastic Volterra equation
t

t
X, = Xo + / Kyu(s, s, Xo, py) ds + f Ko (s, 005, Xy, ) dBy,  1€[0. 7). (I7)
0 0

Note that a unique fixed point of the solution map & implies the existence of a unique L”-
solution X = (X;)e[0,7 to the mean-field SVE (2) satisfying SUPsef0.7] E[|X;]4] < oo for every
q > 1; cf. Step 1 below. Hence, it is sufficient to prove that the solution map & has a unique
fixed point.

Step 1. We show the well-definedness of the solution map ®.

For a fixed p = (os):er0,17 € C([0, T]; Ps(RY)), the integral equation (17) is an ordinary
stochastic Volterra equation. Due to Assumption 2, the linear growth and Lipschitz condi-
tion of Lemma 3 are satisfied. Hence, there exists a unique strong L”-solution X” = (Xf )t[0,T]
to the SVE (17) and, by Remark 4, sup,¢[o 7 E[1X?|9] < oo for ¢ > ¢, provided Xo € L4, and
the sample paths of X* are almost surely continuous. Moreover, note that (E(Xf Nie[0,7] €
C([0, T1; Ps (]Rd)), since, by the representation of the Wasserstein distance in terms of random
variables (see [12, (5.14)]) and by Remark 4, we have

W (£CK0), £00)) < B[I1X7 - x¢1]°
forany g € (0, y — 1/p) with y € (O, 1/ 2], where the parameters are given in Assumption 1.

Sle—s?, s, tel0, T,

Step 2: For p, p € C([O, Tl; Pg(Rd)), we show that

t
sup Ws(®(p)s, D(5)5)° < /O Ws(ps, 5o ds,  1€10, Tl. (18)
s€[0,1]

We have
E[1x! - X%

]

t
+ E[‘ f KU(Sa t)(o—(sv Xé)v /Os) - G(Sa Xsﬁ’ 155)) dBS
0

t

5 E[' / K/,L(Sa t)(,U«(S» Xé)’ IOY) - H’(Sa Xsﬁa :53)) ds
0

]

t e /4 G+e)/e pr B 5
< ( / K (s, 1| ++20/@+0 ds> / E[l14(s, X, p5) — (s, X2, )*] ds
0 0

t 8/2
5~ 2
+1E[</0 |Ko (s, ) (o (s, X, ps) — 0 (s, X2, )| ds) ]
t
5 ~+|0
5/0 E[| (s, X7, py) — pls, X7, 5[] ds
i (442¢)/(e(2+€)) pt 5 §
+(/ |Ka(s,t)|2+€ds> /EHU(&X?Pﬂ‘”(s’Xf’ﬁs)' Jds
0 0

t ~
S /0 (B|x? = X¢[°]+ Ws(os. 55)°) ds .
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for ¢ € [0, T'], where we used Holder’s inequality in the drift integral with

(noting that (4 4 2¢)/(4 + €) is the conjugate of §/2) such that, by the choice of § in (3),

4+ ¢ 1_

4+k+8_’

and in the diffusion integral with (2 + €)/2 such that (4) holds, Burkholder-Davis—Gundy’s
inequality applied to the stochastic processes

r -~
</ K, (s, t)(a(s, X?, ps)—o(s, XP, ,5s)) st> ,
0 ref0,1]

Fubini’s theorem, the integrability of the kernels from Assumption 1, and the Lipschitz con-
tinuity of 4 and o from Assumption 2. Since supsco 7} E[|1X? — X£|°] < 0o, we can apply
Gronwall’s inequality to conclude that

~ t
E[1x7 — X7 "] < / Wis(ps. fs)° ds. (20)
0

Since, by assumption, p, p € C([O, Tl; Pg(Rd)), we can bound the Wasserstein distance by

Ws(®(p)r, D)) = Ws(LXT), LX) < EIXT — X7 177,
cf. [12, (5.14)], and plugging this into (20) and taking the supremum, we obtain (18).

Step 3: We show that the solution map & has a unique fixed point.

First note that it is sufficient to show that ®* is a contraction (see [10, Theorem]), since
the Wasserstein space C([0, T]; Ps (Rd)) is a complete metric space (see, e.g., [25, Proposition
2.2.8]), where ®F denotes the kth composition of ® with itself. Let C > 0 denote the generic
constant in (18). Then, iteratively for k € N,

k koo ok [T T =kt -8
sup Ws(@"(p)s, D*(0)s)° <C —‘WB(:OSs 0s)° ds
5€[0,7] o ((k—=D!
kk »
< —— sup Wis(ps, ps)°.
k' se0.1]

Thus, choosing k large enough that C¥T* /k! < 1, we see that the mapping ®* is a contraction
and, hence, ® admits a unique fixed point, which completes the proof. O

Next, we provide the proof of Theorem 3. We keep its presentation fairly short since it is in
parts similar to the proof of Theorem 1.

Proof of Theorem 3. We again consider the solution map ®, as defined in (16), but choose
d=1andd =1, thatis,

®: C([0, TE Pi(R) — C([0, TEPIR)),  p=> @)= (LKD), 0770

https://doi.org/10.1017/jpr.2026.10091 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2026.10091

Mean-field stochastic Volterra equations 13

where X” is the unique L”-solution to the stochastic Volterra equation
t

t
Xz=Xo+f Ky (s, Dpls, Xy, ps) dS+f Ko (s, o (s, Xs)dBs,  1€[0,T].
0 0

In the following we show that the solution map ® possesses a unique fixed point. We proceed as
in the proof of Theorem 1. Step 1 works exactly the same, using Lemmas 4 and 5, respectively,
instead of Lemma 3, and Step 3 works exactly the same. That means we only need to show
Step 2 or, more precisely, estimate (20) with § = 1. To do that, we treat separately the cases
that Assumption 3 or Assumption 4 holds.

First, suppose the kernels K,, K, and initial condition X satisfy Assumption 3. To get an
analogous estimate as in (20), we use the semimartingale property of a solution (Xf )ie[0,7] tO
(2) with fixed p € C([0, T]; P1(R)) (cf. [30, Lemma 3.6] or [27, Theorem 3.3]),

t t
X —Xo=/ K5 (s, )o (s, Xf)stJr/ K, (s, s)u(s, X2, ps)ds
0 0

t N s
+/ </ 0K, (u, s)u(u, X2, py) du +/ 0Ky (u, s)o (u, X°) dBu> ds,
0 0 0

and the Yamada—Watanabe functions ¢, for n € N (cf. [30, Proof of Theorem 5.3] or the origi-
nal work, [36]) that approximate the absolute value function in the following way. Let (a;,),eN
be a strictly decreasing sequence with ag = 1 such that a,, — 0 as n — oo and

Aan—1 1
———— dx=n,
/an |x|1+2$

where % + & is the Holder regularity of o. Furthermore, we define a sequence of mollifiers: let
(Ynnen € C8° (R) be smooth functions with compact support such that supp(v,,) C (an, an—1),
and with the properties

Ap—1
0<ypux) < forallxe R, and / Yp(x)dx=1. 21
an

2
n|x|l+2§

We set ¢, (x) := le‘ ( foy Yn(2) dz) dy, x € R. By (21) and the compact support of v, it follows
that ¢, (- ) — | - | uniformly as n — o0. Since every V,,, and thus every ¢y, is zero in a neighbor-

hood around zero, the functions ¢, are smooth with ||¢; [lec < 1, ¢},(x) = sgn(x) folxl Ya(y) dy,

and ¢!/ (x) = ¥, (Jx|) for x € R, where | - ||oo denotes the sup-norm on R.

Using ¢,,, we apply Itd’s formula to X, := X/ — X”, with the notation
t ; t
ZI:= / (H/(S, X;Oa px)_ﬂ(sv Xﬁv 15_3)) dsa Y[p = / U(vaf)dBS’
0 0

Hf = fol 8K, (s, £)dY?, and Y,’3 and Htﬁ analogously, as well as ¥, := Y’ — Ytﬁ, and H, :=
H — HY  for t € [0, T], to obtain

- ! - - 1 ! - -
Gu(Rp) = / B A%, + 5 / ¢//(X) (),
0 0

t ~
= /0 Gn(XOK (s, $)((s, X2, pg) — ju(s, X2, fy)) ds

t s
+ / ¢>,;<f(s>< / 0K, (1, s)dZu) ds
0 0
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t t
+ / ¢ (), ds + f &L (%)Ko (5, 5) T,
0 0

1 ! ~ <9
+5 /0 o) (XK (s, 5)* (0 (s, XP) — o(s, XP))" ds
Z:I?,t +I£l,t +I§l,t +Iz’ll,t +Igl,t- (22)

Note that H/ and H,ﬁ are well-defined stochastic Itd integrals due to Assumption 3.

For I?,t’ the bound |[|¢, |l < 1, the boundedness of K,,, the Lipschitz continuity of u, and

Jensen’s inequality yield

t
E[l?,z] < /(; (E[|5(s|] + Wi(ps, ,55)) ds. (23)

For 1’21’ ,» we additionally use the boundedness of 3K, (u, s) on Ar to obtain

t
IR /0 (E0Xs1T+ Wi(ps. ) ds. (24)

For 1’31’ » weuse [|¢) oo < 1 and the integration by parts formula to estimate
t
E[] < / | 7,]1 ds
0
t - Loprs ~
< [ 1Kot BT st [ [ 02K 91 BTl s
0 0 Jo

t t t
s/ EuYSu(azKa(s,sH/ 1021 K5 (s, u>|du> dsgf E[|¥s/1ds,  (25)
0 K 0

with the boundedness of d,K, (s, s) and f; 021K (s, u) du from Assumption 3. For If{,t, since
I} , is a martingale by [28, p. 73, Corollary 3] due to the boundedness of K, the growth bound

on o and the finiteness of the moments of X” and X7 (cf. [30, Theorem 2.3]), we get
t ~
E[l} 1= E[ /0 P (X)Ko (s, s)(o (s, XP) — o (s, XL)) st} =0. (26)

For Ig” .» by using the boundedness of K, the Holder continuity of o, and the inequality ¢, (x) <
2/n|x|" 2% we get

< L ROR| 126 2 o | ]
E[I E Xo|X ds| <E —1X d —. 27
[S,t]N [A ¢, (X)X S]_ [[) I’l|XS|]+2§| s Si|Nn (27)

Sending n — oo and combining the five previous estimates (23), (24), (25), (26), and (27)
with (22) yields

t
E[1X]] 5/0 (E0Xs 11+ ELYs 1]+ Wi(ps. 55)) ds. (28)
To apply Gronwall’s lemma, we set M(¢) := IE[|)~(I|] + E[|l~/t|] for t € [0, T]. To find a bound

for E[|Y;]], we apply the integration by parts formula to obtain
t

' . -
Xz=/ Ky (s, t)(M(S,Xf,ps)—M(S,Xf,ﬁs))dS+[ Ko (s, 1) dY
0 0

t

t ~ ~ ~
- /0 Kiu(s, 00105, X2+ 03) — (s, X2, o)) ds + Ko (1, )F; — /0 01Ky (s, DTy ds.  (29)
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keeping in mind that K, (-, t) is absolutely continuous for every ¢ € [0, T]. Due to |K; (¢, )| > C
for some constant C > 0, we can rearrange (29) and use (28) to get

t ~
E[|Y,]] < C< /0 E[lu(s, X2, ps) — p(s, X2, p)|] ds
t
+E[|X,|]+/O 191K (s, t)|E[|fm]ds)
t
< fo (ENX, 1+ E[N Y11+ Wi(ps, f5)) ds. (30)

Now, Gronwall’s lemma applied to (28) and (30) yields M(r) < fot Wi(ps, ps) ds and hence
E[1X/ — X}a|] < fot Wi(ps, ps) ds, which is the analogous estimate of (20).

For the second case, suppose the kernels K, K, and initial condition Xo satisfy
Assumptlon 4. We need to find an analogue to estimate (20) By using the notation X, =
X’ — X7 and Y’ = Jo (s, X2, ps)ds + [y o(s, X£) dB, Y” analoguously, ¥;:= ¥* — Y7,
and the semimartingale property

t t K
X —Xog= / K(0)dY? + / / K'(s — u)dY” ds,
0 0 JO

we can implement the Yamada—Watanabe approach with
_ t . » t » s "
Gn(Xp) = / ¢, (Xs)K(0) dY; + / $n(Xy) / K'(s —u)dY, ds

f ¢! (XK (o (s, X°) — o(s, XP))*
=1, +0,+1, (€1))

Now, the Lipschitz assumption on p applied to 1'11,; and Ig,;’ the Holder assumption on o applied
to I ,, the boundedness of K and K’, the inequalities [|¢[|oo < 1 and ¢ (x) < 2/n|x|'*%, and
sending n — oo yields, as in the first case, with Gronwall’s lemma the inequality E[|X! —

X,’3 1< fot Wi(ps, ps) ds, which implies the estimate (20) and, hence, yields the claimed well-
posedness of the mean-field SVE (10). O

Remark 6. The well-posedness from Theorems 1 and 3, together with a general version of
the classical Yamada—Watanabe result (see, e.g., [22, Theorem 1.5]; see also [22, Example
2.14]), implies that there is some measurable map G: RY x Cc([0, T]; R™ — C([0, T]; Rd)
such that any solution X of (2) and (10), respectively, given some initial value Xy and Brownian
motion B, can be represented as X = G(Xp, B). Hence, if X, X are solutions of (2) and (10),
respectively, for initial values Xp, X, with the same law and Brownian motions B, B, it is
straightforward that £(X;) = £(X;) almost surely for all 7 € [0, T7.

5. Propagation of chaos: Proofs of Theorems 2 and 4

An important argument in the proofs of the propagation of chaos results will be to
show that the coupled processes (XN, X")1<i<n are identically distributed. The following
lemma plays a crucial role. Recall that a sequence of random variables (¢!, ¢2, .. .) is called

https://doi.org/10.1017/jpr.2026.10091 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2026.10091

16 D. J. PROMEL AND D. SCHEFFELS

exchangeable if, for any N € N, the vectors (¢!, ..., ¢V)and (¢°D), ..., ¢™) have the same
joint distribution, where {o (1), ..., o(N)} is an arbitrary permutation of {1, ..., N}.

Lemma 6. Let (A, F4) and (B, Fp) be measurable spaces and for some fixed N € N, let
&', ..., ¢N) be an exchangeable family of A-valued random variables. Let F: A — B be
a measurable function and define the family of random variables (X', ..., XN) by X' :=
F()) forie{l,...,N}. Further, let G: AN — BN be a measurable function that fulfills the
exchangeability property

015 - YN =G((x1, ..., XN) = Qo(1)s - - -5 Vo) = G((X61)s - - - Xe@v))  (32)

for arbitrary x1,...,xy €A and any permutation {c(1),...,0(N)} of {1,..., N}. Define
the family of random variables (Y", . . oy YIY) by (Yl ... YN):= G, ..., V). Then, the
coupled family of random variables (X', Y'))1<i<n is exchangeable.

Proof. Let{o(1),...,c(N)} be an arbitrary permutation of {1, ..., N}. By (32), we have

Y(f(l) — Gl ((g—(f(l)’ ;—U(2)’ e, g—(l’(i\/*l)7 é‘G(N))),
Yo = Gy (7P, 7, ... g7 M oy,

YG(N) = Gl ((é‘a(N)9 é‘a(l)a LR CU(N_Z)’ CU(N_D))’ (33)

where G denotes the first component of the N-dimensional mapping G. Define W' := (X', Y')
forie {1, ..., N}. Then, by the definition of X* and (33),

Wa(l) — (F({J(l)), G1 ((é_a(l)7 §0(2)’ o ;J(N—l)’ {U(N)))),
WO = (F°®), Gy (¢, ¢°®, ..., t7®) 7)),

weWN) — (F(gtr(N)), G ((CG(N), CU(I), o é.a(N—Z), é.U(N—l)))). (34)
Analogously, we have
W= (Fh, Gi(ch % ... eV eMy)),
W? = (F(¢*), Gi(% ¢, ... V),

WY = (FV), Gi (&N, ¢hy o eV 72 N hy). (35)

Now, since, by assumption, (;1, e, {N) and (;”(1), R ;”(N)) have the same joint distribu-
tion, (34) and (35) yield that (W', ..., W¥)and (WD, ..., W™) also have the same joint
distribution, which proves the claimed exchangeability. O

We start with the proof of Theorem 2.
Proof of Theorem 2. Let us briefly outline the main steps of the proof:

Step 1. We show the existence of the system of processes (X"/);—;..._y uniquely solving (6),

for every N € N.

,,,,,
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Step 2. We prove the inequality

5
. , t 1 Y .
E[|X§V"—X;|5]5f0E[Wa(lvzﬁ&-,ﬁ(&))}ds, (e0.7],  (6)
=1

for any 1 <i < N. Recall that XN is defined in (6) and )_(i is defined as the solutiqn of
the mean-field SVE (2) with initial condition X and driving Brownian motion B'.

Step 3. We prove that the right-hand side of (36) tends to zero.
Step 4. We show that Steps 2 and 3 imply the statement.

Step 1: By the Lipschitz continuity of u and o, and the observation that Wg(ﬁ)lcv , ,6;\’ )Y <

(1/N) vazl lxj — yjI° for x, y € RV*? with the notation 5% = (1/N) Zfil 8y, € Ps(RY), we
obtain, for every i € {1, . .., N}, the Lipschitz condition

N
- YT _ NS 1
e, xi, p2) = e, yi, PO + ot xi, p2) — o (. i )| 5|xi_)’i|s+ﬁ >l —yl°
=

S e = YlAeas
where || - ||yxq denotes the row sum norm on R¥*¢. With the notation 1;(¢, x) :== u(t, x;, ,6?’ )
and o;(t, x) analogously for any 1 <i <N, we directly conclude that the growth condition is
fulfilled by
| it )| + 163, )| < it 0) = e, 0] + |&i(t, x) = 62, 0)] + | iz, 0)] + |Gz, 0)
S Ixllvxa + |12, 0, 80)| + |o (2, 0, 8o)
Slxlivxa + Csg S 1+ Ixllvxa

forallz € [0, T],x € RV xd Thus, due to the equivalence of all norms on the finite-dimensional
vector space RV*4, we can apply the standard Volterra well-posedness result for Lipschitz
coefficients from Lemma 3 to obtain the system of processes xN "')izlw ~. that uniquely solves
(6) for every N e N.

Step 2: We consider the first summand on the left-hand side of (7), i.e. E[|X§V - X £|8]. Using
Holder’s inequality as in (19), Fubini’s theorem, and the Burkholder—Davis—Gundy inequality
such as the Lipschitz continuity of x4 and o, we can bound, for 1 <i <N,

E(X) - X%

t

=EH / Kpu(s, 0)(uas, X2, pY) — (s, X4, LX) ds
0

]

¢ o)/ (4+e)/e ot N N X s
< ( f K, (s, 1)|4H26)/@+6) ds) / E[|ns, XX, o) — (s, X, £X0)|°] ds
0 0

t
+ /0 Ko, 0)(0s, XV, ) — (s, X1, £(X1))) dB!

t
! E[( | IKets (o6, X7, ) - o5, XL LK ds)w]
0
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t X . .
< [ Bl x4 50— s, X, 200
t 4/G t . . . 5
+</ IKa<s,r>|2“ds) / E[|o(s, X2, 5Y) — (s, X1, LX)[*]ds
0 0

l . .
< / E[IXM — XE° + Ws(pY, £(X))°] ds (37)
0

~

for any ¢ € [0, T]. By Remark 6, we obtain that £(X!) = £(X!). Hence, we get
8
_ RV -
Ws(py', LX) = Ws (psN LXg ))

N 8 N s
1 1
) -N . s . 1
<2 W5<ps : NZ@) +2 Wa<]v Z@,ﬂ(&))
Jj=1 j=1
N
<1

J

N 8
; . 1
XN X1+ W (ﬁ > by £(§§)> . (38)
1 =1

Moreover, by Remark 6, we can find a measurable map G: R x C([0, T]; R™) —
([0, T];Rd) such that, for any 1 <i<N, )_(izG(X’,Bi). In the same way, there is a
measurable map Gy : (]Rd x C([0, T]; R™)HN — C([0, T]; R4V such that

&Nt XNy =Gy (X, -, X)), B L BY)).
More generally, by the symmetry of the system (6), for any permutation ¢ of {1, ..., N},
Vs Ny = G (g™, L x5 ™), 35D, L BSYY).
Hence, since the random variables (X2, Bi))lfl-SN are i.1.d. andr in‘particular, exchangeable,
we can apply Lemma 6 to obtain that the coupled processes (XV-/, X)) <i<n are exchangeable

and hence, in particular, are identically distributed. For i = 1 we can insert (38) into (37) and
conclude by Jensen’s inequality that

N

3
! 1 ; ; 1
B X = X510+ 0 X0 — X+ Wa(]v > by c(&)) } ds
j=1

=

N
S~

j=1

§
t 1 N
:/0 E|:2|X§V’1 —g|3+W5(N28K;,£(X§)> ]dS~

j=1

Using Gronwall’s lemma, we deduce that

1
t 1 N
E[jx;"" —z}msfo E[Wa(ﬁ 25&;,5(&1)) ]ds,

j=1
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and since the processes (X', X)) <;<y are identically distributed, this completes Step 2.

Step 3: First, we show that

N $
. 1 1
Jim_ IE|:W5 (171 21: 8y E(&)) } =0 (39)
i

for any s € [0, T] by showing convergence in probability and uniform integrability. By the
Glivenko—Cantelli theorem (see [32, Chapter 26, Theorem 1] for a general version) and since
the X/ are i.i.d., we get the convergence (1/N) ZJI\; 10 — L(X!) as N — oo almost surely,

and hence in probability. Furthermore, again using the notation ,5?’ =(1/N) ZA; 1 0y/» We can
bound using Holder’s inequality and the boundedness of all moments of gﬁ, 1<i<N,in (5),
to get
E[ws(aY, £(X))°1
sup [Ws(a5 L iy oy x>k
Ne X X
<K " sup E[Ws(p), LX)’ ]
NeN
<K sup E[Wsq1(5) . LX) H]
NeN

<K " sup E[Wss1(aY . 80)°T" + Wsp1(80, LX)
NeN

N
1 .
=K 'sup B[ —| DX 4 xi P!

Ner |:N( P % 2l

=2k 'E[X! P11 > 0 (40)

as K — oo, which shows uniform §-integrability of the family of random variables

L&
(Wa (ﬁ ZSXIS ﬁ(X}))) :
j=1 NeN

Hence, Vitali’s convergence theorem (see [9, Theorem 4.5.4]) reveals the I -convergence as
claimed in (39).
To conclude Step 3, it remains to show that the convergence (39) is uniform in s. Therefore,

we first notice that, for any p > 4§,
N p p
E[Wa (ﬁ PILNE c(&j)) } < E[Wp( 8y 5@;)) ]
j=1 j=1
P
8y 50) } + Wp(80, LX)V

<o

N
1 ,
= NE[ §' 1 @ﬂ +E[X; 1’1 =2E[|X! [Pl <co,  (41)
=

= -
M=

2=
M=

by (5). With Jensen’s inequality, (41) also follows for 1 <p <.
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Let k:= [8] > § denote the smallest integer greater than or equal to §. Notice that with
the same argument as in (40), by substituting the exponent § by k and then bounding from
above using the (k 4 1)-Wasserstein distance and again by Vitali’s convergence theorem, the
Lk—convergence of the §-Wasserstein distance in (39) also follows. Once we show that this
L*-convergence is uniform in s, then it will follow that

N—00 510,77

N )
. 1 1
lim sup IE|:W,3 (ﬁ Z Sg, L(X; )) j|
J=1
N—00 s¢[0,T]

LN k8/k
< lim  sup E[m(ﬁZan,L(zj))} =0. (42)
=1

Therefore, using the factorization a* — b* = (a — b) er‘;é a*=1=7p" and Holder’s inequality
with § and g = (4 + 2¢)/(4 +€) such that 1/§ + 1/g =1, we get

k k
1 N 1 N
Plgen)]frg )]
1 N 1 N
- ]E|:(W5<NZBX,Z-,£(X})> —Wg(NZSg,C(X},)>>
J=1 j=1
k-1 1N k=1-r 1N r
X Wa(ﬁ DSy c@b) Wa(ﬁ PN c(&‘)) ]
r=0 Jj=1 Jj=1
L& L& s1/8
< E{(W(s(ﬁZSX;,E(X})) —Wa(ﬁ Zag,c@;))) }
j=1 j=1

k—1 N k=1—r | N r\ q11/q
XE|:<ZW5<NZSX§’L(X})> Ws<ﬁ28g,£(z},>> H . (43)
r=0 j=1 j=1
Again using Holder’s inequality such as (41), we can bound the second expectation by
k—1 | N k=1—r | N r\ 971/q
1 1
E[(ZW(S(NZSX;J@,)) W‘S(N Zag,aX_y)) ) }
r=0 j=1 j=1
k—1 | N q(k—1-r) N qr\ /4
1 1
5<ZE[W6<NZSX-;’£<XJ> WE(N Zag,c(m) D
r=0 j=1 Jj=1
k—1 1 v 2q(k—1-r)1/2 | X 2gr1/2y 1/q
g( E|:WS<NZSX{,E(X})> } E|:Ws<ﬁz5g,ﬁ(g)) ] )
r=0 Jj=1 Jj=1
< 0. (44)
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Inserting (44) into (43) and using the triangle inequality

N
1 1
W5<N PR £(§,>)
j=1
e 1o 1o
< W3<N d Zag) + W‘S(ﬁ > Sy E(&l)) + Ws (LX), LX),
j=1 j=1 j=1

which also holds if we switch s and ¢, we arrive at

k N k
1 1
]E|:W5 (ﬁ ; By, E(X})) } - E[Ws (ﬁ le Sy ﬁ(&i)) ]

r | | N 51/8
<E ‘(WS(NZSX{,E(X})>—Wa(NZSg,£(§)>) ]

r | | 51/8
<E <W5<NZSX;,NZSX)+W5(E(X ), L(X! ))) ]

j=1 j=1

- N 51/8
1 1
~E Wﬁ(ﬁ 2§ Zég;) } +E[Ws(£x ). £x})’]”
L 1 j=1

SENX] —Xi°1'/°
<t —sl?,

where the last line holds by Remark 4 for any B e (0,y —1/p) with y € (0, %] from
Assumption 1. Hence, we obtain that (42) holds, which together with (36) shows that

lim sup E[|X; —X,II‘S]:O, (45)
N—00 4¢[0,T]

and knowing that (X', X)) <;<y are identically distributed, this completes Step 3.

Step 4: We already know from Step 3 that the first summand in (7) converges to zero. For the
second summand, we use the triangle inequality and Jensen’s inequality to obtain

N )
1
sup E| Ws| =) Soni, LX)
1€[0,T] |: (NZI: Xi !
1N 1 8 N 8
< sup E[W(;(]—vZaer,i,ﬁZaX;) ]+ sup IE|:W5< Z ﬁ(g,‘)) }
i=1 i=1

te[0,7T] te€[0,7T] i—1
N 1 4
< sup E XN X [+ sup E|Ws| =) 6y, £XH] |, (46)
1€[0,7] |: Z 1€[0,7] N ; X !
which also tends to 0 as N — oo by (42) and (45). U
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We continue with the proof of Theorem 4. Since the proof is similar to that of Theorem 4,
we focus, for the sake of brevity, on the main differences.

Proof of Theorem 4. We prove the statement by using the same Steps 1-4 as in the proof of
Theorem 2, but with § = 1. For Step 2, though, we need to consider separately the cases where
Assumption 3, the first case in the proof of Theorem 1, and Assumption 4, the second case,
hold.

Step 1: By Remark 3, we obtain as in the proof of Theorem 2 the unique system of stochastic
processes (X"¥);_;. .y that solves (6).

.....

Step 2: In the first case, suppose the kernels K, K, and initial condition Xo satisfy
Assumption 3. To mimic the inequality (36), we use the semimartingale property

t
XN’ X / K, (s, s)(o(s, Xﬁ,v’i) —o(s, &’)) dB;
t .
+ /0 Ky (s, 9)(us, X2, oY) — s, X5, LX) ds
t N
+ /0 ( /0 N Ky, $)(pu, X0 pY) — plu, X, LX) du

+ fs N Ko (u, s)(o(u, XY — o(u, X.) dB,,) ds
0

to perform a Yamada—Watanabe approach exactly as we did around equality (22), and
obtain, for fixed i € {1, ..., N} with the notation M™-i(r) := E[|X"' — X |] + E[|¥], where
Yii= [y o(s, XN dBL — [3o(s, X!)dBL, that MNi() < (MN’(s)+E[W1(,6 LX) ds,
such that, proceeding as in the proof of Theorem 2, including applying Gronwall’s inequality,

we obtain
) ) t 1 .
E |:|X£Vl _Z”:I 5[) IE|:W1 (ZT/ Z 8&-‘, E(X§)>:| ds. 47)
j=1

In the second case, suppose the kernels K,, K, and initial condition Xy satisfy
Assumption 4. As in the previous case, to mimic inequality (36) we use the semimartingale

property
-X|= /0 tf<<0>(a(s, X\ —o(s, X)) dB
/0 tK(O)(u(s X0 ) — (s, X, LX) ds
+/Ot (/Osk’(s—m(u(u,xw ) — s X1, £X1) du
+ /Os K'(s —w)(o @, X)) — o (u, X)) dBu> ds

to perform a Yamada—Watanabe approach and apply Gronwall’s inequality as in (31), which

yields
IE[|XNI—X|]</ [ ( Zax,,c(xl)}
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Step 3: Obtaining the convergence to zero uniformly in s of the right-hand side of (47) now
follows easily by using

| | 291/2
E[W1<NZSX@,E(X§)>}SE[W2<NZSXQ,E(§))} :
j=1 j=1

and then using [12, (5.19)], and proceeding as in [13, Proof of Theorem 2.12].
Step 4: As in (46), we obtain

N
sup E|:W1 (% Z By c(g}))}
i=1

0<t<T
1Y , 1Y
< sup Bl =S XM X+ sup E|wi| =Y 60, £XDH) [, 498)
OStET |:N§ ! = OStET N; 2

which tends to zero by the uniform convergence to zero of the right-hand side of (47), and
finishes the proof. O

6. Rate of convergence: Proofs of Lemmas 1 and 2

The proofs of Lemmas 1 and 2 rely on a quantitative Glivenko—Cantelli theorem due to
Fournier and Guillin [17], which provides a sharp estimate of the §-Wasserstein distance. For
the sake of completeness, we recall [17, Theorem 1] in the following lemma.

Lemma 7. Let § > 0 and oV = (1/N) vazl 8xi be the empirical distribution of i.i.d. random
variables (X")i=1,... n with common distribution p such that p € Pp(Rd) for every p > 1. Then
E[Ws(oV, 0)°] < en, where (en)yen is given by (9), i.e.

N—1/2 ifd <28,
en=1{N"12log, (1 +N) ifd=28,
N—9/d ifd > 26,

and E[W (5", p)] SN2
With this lemma at hand, we can prove Lemmas 1 and 2.

Proof of Lemma 1. By Lemma 7, for any ¢ € [0, T1,

N 8
]E|:W5(Ilv D ks L(&})) } Sen. (49)
i=1

where (ey)nen is given by (9) and the right-hand side does not depend on ¢. Plugging (49)

into (36) and taking the supremum over [0, 7] and maximum over 1, ..., N shows the desired
convergence rate of the first term in (8). Then, using this and plugging (49) into (46) gives the
desired rate for the second term. |

Proof of Lemma 2. First, suppose the kernels K,,, K, and initial condition Xj satisfy
Assumption 3. By Lemma 7 we obtain

N
IE|:W1 <1lv > o L‘(X})ﬂ SN2 (50)
i=1

independent of ¢ € [0, T]. Plugging (50) into (47) and (48) yields the statement.
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Otherwise, suppose the kernels K, K, and initial condition Xy satisfy Assumption 4.
Plugging (50) into the analogues of (47) and (48) yields the statement. O
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