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Abstract. We study a multivariate, non-linear Hawkes process ZV on a ¢-Erdés-Rényi-graph with
N nodes Each vertex is either excitatory (probability p) or inhibitory (probability 1 — p). If
p#3 5, we take the mean-field limit of Z N leading to a multivariate point process Z. We rescale the
interaction intensity by N and find that the limit intensity process solves a deterministic convolution
equation and all components of Z are independent. The fluctuations around the mean field limit
converge to the solution of a stochastic convolution equation. In the critical case, p = 5, we rescale

by N1/2 and discuss difficulties, both heuristically and numerically.

1. Introduction

In Hawkes (1971); Hawkes and Oakes (1974), Hawkes processes were introduced as self-excitatory
point processes. Today, they are used in various fields of applications including seismology Ogata
(1988); Fox et al. (2016), interactions in social networks Zipkin et al. (2016); Lukasik et al. (2016),
finance Bacry et al. (2015); Hawkes (2018) and neuroscience Gerhard et al. (2017); Jovanovic¢ et al.
(2015). In the classical univariate, linear Hawkes process, the firing rate at time ¢ is a linear function
of I := Y. ¢(t—T;), where the T;’s are previous jump times. In this case, since rates cannot become
negative, ¢ > 0 is required, leading to a self-excitatory process.

Our main motivation to study Hawkes processes comes from the neurosciences. In a graph, ver-
tices model neurons, whereas the (directed) edges are synapses linking the neurons. A point process
indexed by the vertices models action potentials or spike trains of electrical impulses. Communica-
tion via synapses leads to correlated point processes such that each spike in one neuron influences
the rate by which a neighboring vertex fires. From this point of view, the firing rate should include
two important features. First, it is known that neurons cannot only excite others, but inhibition is
another important factor (see e.g. Kandel et al. (2012)). This is why ¢ < 0 can occur as well, and
consequently the firing rate at time ¢ has to be a non-linear function of I;. Second, as not all neurons
are connected, the firing rate at some vertex should depend only on the spikes of connected vertices.
The Erd&s-Reényi-model Erdds and Rényi (1960) is one of the first and simplest models for random
graphs, where the existence of edges between any two vertices is indicated by independent Bernoulli
random variables with common probability ¢g. In Pfaffelhuber et al. (2022), mean-field limits for
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the multivariate, non-linear Hawkes process with excitation and inhibition on a complete graph are
derived. The main goal of this paper is to generalize these limit results to a ¢-Erd&s-Rényi-Graph
graph.

Nonlinear multivariate Hawkes processes have been studied to some extent in the past decades,
a summary can be found in the introduction of Pfaffelhuber et al. (2022). In a standard mean-field
setting, all components of the Hawkes process share the same firing rate, see e.g. Delattre et al.
(2016). But even if models include features leading to different rates at different vertices/neurons,
the methods may be adapted to derive mean-field results, see e.g. Ditlevsen and Locherbach (2017)
for a multi-class setting. Other works extend the standard firing rate of Hawkes processes by an
age-dependence, i.e. the rate at some vertex depends on the time since the last spike at this vertex.
It is still possible to derive mean-field limits Chevallier (2017h), central limit theorems Chevallier
(2017a), even in the critical case, where excitation and inhibition are balanced Erny et al. (2021).

In the present paper, we extend the model from Pfaffelhuber et al. (2022) by a parameter g,
which denotes the fraction of open connections/edges between neurons/vertices. We assume that
each vertex/neuron is either excitatory or inhibitory, i.e. excites or inhibits all of its connected
neighbors. We will denote by p the fraction of excitatory vertices/neurons and distinguish the
critical case p = 1/2 from the non-critical one. For the latter, we obtain in Theorem 3.1 a classical
mean-field result, i.e. by rescaling the interaction intensity by N, a deterministic limit of the
intensity (Theorem 3.1.1) and independent point processes driven by this intensity (Theorem 3.1.2)
arises. We also provide a central limit result for the intensity (Theorem 3.1.3). In the critical case,
the methods from Pfaffelhuber et al. (2022) cannot be applied. We describe the difficulties and
present simulation results to visualize features of possible mean-field limits.

In many fields of applications, the requirement of a common connection probability in the Erddés-
Rényi model is too stringent, as edges or vertices may have heterogeneous attributes. Some examples
of Hawkes processes on more complex graphs deal with estimation of the model parameters, Mei and
Eisner (2017), Sanna Passino and Heard (2023), Verma et al. (2021), or perform simulations, Zhou
et al. (2013), both for a fixed size of the graph. In Agathe-Nerine (2022) and Agathe-Nerine (2023),
the author derives results for Hawkes processes on imhomogenuous random graphs in the mean-field
setting, i.e. when the size of the graph tends to infinity, and studies the large time behaviour of
the limit system. After allowing for inhibition (as described in section 6 in Agathe-Nerine (2022)),
these works generalize Theorem 3.1.1 in the present paper.

In this work we focus on the Erdds-Rényi model, as it allows to derive rigorous mathematical
results in the mean-field setting including a central limit theorem. More precisely, we show that the
fluctuation around the mean field limit can be divided up into two parts: A common fluctuation,
which is present at any vertex, plus a vertex-specific part, which is independent over the vertices
and independent of the common fluctuation (see equation (3.3)). Of course, the generalisation of
these results to more realistic, and consequently more complex graph models is an interesting topic
for future research.

2. Model and assumptions

We use the following general model for a non-linear Hawkes process:

Definition 2.1 (Multi-variate, non-linear Hawkes process). Let G = (V,E) be some finite, directed
graph, and write ji € E if j — ¢ is an edge in G. Consider a family of measurable, real-valued
functions (¢;i)jick and a family of real-valued, non-negative functions (h;);ev. Then, a point process
Z = (Z%)ev (with state space NJ) is a multi-variate non-linear Hawkes process with interaction
kernels (¢;i)jicr and transfer functions (h;)iev, if Z',Z7 do not jump simultaneously for i # j,
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almost surely, and the compensator of Z¢ has the form ( f(f Mids);>o with

.
e N (Zyey) = hi< 3 /O it — s)dzg), ieV.

jiji€R

We need some mimimal conditions such that the multivariate, non-linear Hawkes process is well-
defined (i.e. exists). As mentioned in Delattre et al. (2016), Remark 5, the law of the non-linear
Hawkes process is well-defined, provided that the following assumption holds.

Assumption 2.2. All interaction kernels @;;, ji € E are locally integrable, and all transfer functions
(hi)iev are Lipschitz continuous.

Remark 2.3 (Interpretation and initial condition).

(1) If dZ{ =1, we call p;;i(t — s)dZi the influence of the point at time s in vertex j on vertex 1.

(2) Consider the case of monotonically increasing transfer functions. If ¢;; < 0, we then say
that vertex j inhibits 4, since any point in Z7 decreases the jump rate of Z¢. Otherwise, if
@ji > 0, we say that j excites 7.

(3) In our formulation, we have Z§ = 0,i € V, with the consequence that the dZi-integral in
(1.2) could also be extended to —oo without any change. We note that it would also be
possible to use some initial condition, i.e. some (fixed) (Zf)icv (<o, and extend the integral
to the negative reals.

Let us now come to the mean-field model, where we fix some basic assumptions. Note that we
will show convergence for large graphs, i.e. all processes come with a scaling parameter N, which
determines the size of the graph.

Assumption 2.4 (Mean-field setting). Let

(1) Gy = (Vn,Ep) be the q-Erdds-Rényi graph on N wvertices, i.e. Vy = {1,...,N}, and for
independent Bernoulli random variables (Vj;)jicv, with parameter q € [0,1], ji € En if and
only if Vj; = 1;

(2) h; = h for alli € Vy where h > 0 is bounded, h and V'h are Lipschitz with constant hrip;

(3) ¢ji = OnUjp for all j,i € Vi, where Oy € R and

o Uy,Us,... are tid with P(U; = 1) =1-P(U; =—-1) =p
e p € CL([0,00)), the set of bounded continuously differentiable functions with bounded
derivative.

The form of ¢;; implies that node j is exciting all other nodes with probability p, and inhibiting all
other nodes with probability 1 — p. Additionally V}; indicates if there actually is a connection from
node j to node i. Assumption 2.4 leads to the intensity

N
Al :h(GNZ/O UiViio(t — s)dZ])
j=1

at node i € Vy.

3. Results on the mean-field model

Our main goal is to give a limit result on the family Z™+| the multivariate, non-linear Hawkes
process on the graph Gy with interaction kernels and transfer functions as given in Assumption 2.4.
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3.1. The non-critical case. In the casep # 3 1 the limit compensator is given by ( fg (Is)ds)i>0, where
I is the weak limit of IV (see (3.1) and (3.2)). We have that (I;);>0 follows a linear, deterministic
convolution equation, and all components of the limit of ZV>! are independent (Theorem 3.1.2). The
fluctuation around the limit converges to a stochastic convolution equation, and the correlation of the
limiting fluctuations at different vertices depends on the connectivity ¢ of the graph (Theorem 3.1.3).
Below, we denote by = the weak convergence in D~ ([0, 00)), the space of cadlag paths, which is
equipped with the Skorohod topology; see e.g. Chapter 3 in Ethier and Kurtz (1986). The proof of
the following result can be found in Section 4.4.

Theorem 3.1 (Mean-field limit of multi-variate non-linear Hawkes processes, p # %) Let Assump-
tion 2./ hold with p # % and O = % Let ZN = (ZN*l, - ZN’N) be the multivariate, non-linear
Hawkes process from Definition 2.1, and

th = NZ/ U;Viip(t — s)dzZN. (3.1)

(1) Then, IV N2 T almost surely, uniformly on compact time intervals and uniformly in
i < N, where I = (I})t>0 is the unique solution of the integral equation

t

o= (20 =1)a [ ot = h(1.)as. (32)

(2) Foralln =1,2,..., (ZN1, ... ZNn) == N (ZY,...,Z™), where Z*, ..., Z" are independent and
Z" is a simple point process with intensity at tzme t given by h(ly), i =1,...,n. It is possible
to build Z', ..., Z™, such that the convergence is almost surely (in Skorohod-distance).

(3) Assume that h € C*(R) and that h' is bounded and Lipschitz. Define KNF = /N(INF —
I), the fluctuation around the limit at vertex k as well as the mean fluctuation, K :=
LSV KNA Then, for alln = 1,2, ...,

<FN,KN’1,...,KN’") Voo (K K . K”)
where Ky = fo o(t — 5)dGy, KF = fo @(t — 5)dG* and

Gi=q /Wh(IS)—I-(Qp—1)h’(IS)sts+/0t\/h(IS)dBS>,
GF =G+ a1 —0) / Whh( ds+/t\/h(IS)d§§>.
0

Here, B, Bl, e B" are mdependent Brownian motions, and W',El, ey W™ are dependent
normally distributed random variables, W ~ N(0,4p(1 — p)), W ~ N(0,1) for each i =
1,...,n.

(3.3)

Remark 3.2. This generalizes Plaffelhuber et al. (2022, Theorem 1). There it holds that ¢ = 1 and
the intensities at different vertices IV are the same. Obviously 1. and 2. coincide with 1. and 2.
from Pfaffelhuber et al. (2022, Theorem 1). In 3., observe that the fluctuations around I are the

same at different vertices k, KN+ = FN, for each k € V. In (3.3) we have ¢(1 — q) = 0, whence,
for any k € V,

t t
GF =G, = / Wh(L) + (2p — DI(I) K" ds + / /R(1L)dBs.
0 0

This is equation (3.3) in Pfaffelhuber et al. (2022).
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Remark 3.3. The Brownian motions B, B, ..., B" arise as limit of a rescaled sum over compensated
point processes, while the normal distributions W, W1, ..., W" arise as limit of rescaled sums over
the synaptic weights (U;);, (Vji)ji. See sections 4.2 and 4.3 for details.

Remark 3.4. The form of (3.2) tells us that I follows a linear Volterra convolution equation, Berger
and Mizel (1980). Turning into a differential equation, we write, using Fubini,

% = %(Qp — 1)q</0t /St ' (r — s)h(I)drds + /Ot Lp(O)h(Is)ds>

= o= 1a( [ ¢(t= (s +cO(D).

In particular, the special choice of ¢(s) = e™** gives

dl !

%= A= a( [ (e (s + h(1) = ~Al:+ (20 - Dah(1)
0

i.e. I follows some ordinary differential equation in this case.

While Theorem 3.1 is concerned with convergence of the limit intensity of the multivariate, non-
linear Hawkes process, we are also in the situation to study convergence of the average intensity of
ZN+4. The proof of the next corollary is found in Section 4.4.

Corollary 3.5. Let ZN = (ZN1 ... ZNNY be as in Theorem 3.1, and Z = (Z',Z2,...) be as in
Theorem 5.1.2. Then,

N .
%Z (ZNJ - /O h(I;ij)ds) Ao (3.4)
j=1
and
1 N N.i i\ IN—oo
> (Z - ZJ) RNy (3.5)
j=1

in probability, uniformly on compact intervals. Moreover,
N
1 ; ‘ ; Nooso -
3" (z¥ / B(IN)ds ) :>/ Vh(I.)dB® 3.6
m?f( [ () | Vi(aB; (36)

for some Brownian motion B°, and (writing h(I) := (h(I}))t>0)
VN (h(IN?) — h(1)) 222 0D K. (3.7)

Let BY, B° be correlated Brownian motions with E[BYB)] = (2p — 1)t,t > 0. Use BY in the
definition of K in Theorem 5.1.3. Then,

\/%jiv; (2% /0 A(L)ds ) 222 /0 h’(Is)stsqL/O. Vh(I,)dB. (3.8)

Remark 3.6 (Correlation between BY and B). Let us briefly discuss the correlated Brownian motions
appearing in (3.8). Clearly, the left hand side of (3.8) can be built from the left hand sides of (3.6)
and (3.7) by taking the mean value over the vertices 4 in (3.7). The limits [; VA(I)dB and K
appearing on the right hand sides of (3.6) and (3.7) are weak limits of sums of compensated point
processes. While in (3.6), we sum over all point processes in the system, IV in (3.7) distinguishes
between nodes with different signs U;. Hence, the correlation is positive for the proportion p of
point processes with positive sign, and negative for the proportion 1 — p of point processes with
negative sign, summing to p — (1 — p) = 2p — 1. For more details, see Lemma 4.4.
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3.2. The critical case. For p = %, excitation and inhibition are balanced. If we rescale the interaction
kernels with Oy = % as in Theorem 3.1, we can read off

N t—

1 .

NE j/ U;Viip(t — 8)dZIN — 0
j=170

from Theorem 3.1.1, and the limiting point processes Z° have constant intensity h(0) (Theo-
rem 3.1.2). In this critical case is natural to upscale by v/N in order to obtain non-trivial limits.
This has been done under assumption 2.4, but with ¢ = 1, in Pfaffelhuber et al. (2022, Theorem 2),
and for a similar model in Frny et al (2021), Erny et al. (2022). After upscaling, the intensity at
vertex ¢ and time ¢ is given by h( ), where

N t—
. 1 .
=5 j/ U;Viip(t — s)dZN3.
v IN oo

In order to obtain limit results we compensate dZtN g by h(IN4)dt and apply a martingale central
limit theorem. More precisely

N t— t
A 1 j j
Ni_ 1 UV / gpt—stév’]—/wt—Shfév’J ds
t \/NJ.EZI J ]( 0 ( ) 0 ( ) ( ) )

N t
1 .
+—=> UV-Z-/ o(t — s)h(INT)ds.
N =~ v 0

The predictable quadratic covariation of the first line is given by + ~ Z =1 Vji fo ot — s)h(I;N 7ds,
and we a-priori need a limit result on this covariation as well as the second line in (3.9) to derive
a limit of IV, This is feasible in Pfaffelhuber et al. (2022, Theorem 2), where ¢ = 1 and therefore
Vj; = 1, i.e. the intensities IV at different vertices i coincide. In contrast, Erny et al. (2021) derive
a mean-field limit for Hawkes processes with different intensities at different vertices. A significant
difference to our model is that the influence of vertex j on all other vertices, Uj, is not fixed over

(3.9)

time, i.e. whenever dZtN J= 1, U;j(t) are centered random variables, independent over the jump
times ¢t. Consequently, the process

t— 2 N
\/» Z/ Uj( s)dzZN7  is a martingale with covariation UN Z/o h(IN9)ds

where o2 is the second moment of Uj. It suffices to a-priori derive a result on the limit of the
empirical distributions of intensities at different vertices, where the exchangeability of the system
can be used, to derive a limit of IV, Compared to this approach, we face two major difficulties in
our model: First, in the covariation of the compensated process we have to deal with the empirical
distribution over the subset of vertices connected to vertex i. Here, one could first try to focus on
the average over different vertices i to replace Vj; by its mean q. Second and more challenging, we
would need an a-priori result on the compensator ﬁ Z 1 Uj Vﬂdh( ) i.e. an a-priori CLT-type
result for the intensities at different vertices.

Simulation

We may simulate a multivariate Hawkes-process on a finite, but large graph using Lewis’ thinning
algorithm Lewis and Shedler (1979), Ogata (1981). Assume the graph consists of N = 500 neurons
and choose the parameters p = ¢ = 0.5. For simplicity, choose an exponential interaction kernel,
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¢(t) = e~ for some A > 0, and transfer function h(z) = 1+ 2 arctan(z). Note that ¢ and h satisfy
assumption 2.4. As the interaction kernel is exponential, the intensity at vertex is given by

N t
. 1 ) .
M= —=N"U;v;z - )\/ INids
t \/szl IVt 0 s

N N
1 N t A 1 t A to
=—=> U;Vy Z_’j—/ h(INT)ds) + —=> U~V~i/ h(IsNﬂ)ds—A/ INids.
\/szl j](t 0 ) \/Nj:1 7 o 0

We split up the martingale part,

Mt = UVz /hINﬂds
RN

N
1 Ng NG 1 Ni [N
- LS a2 - | naaas) +q Souy (2 - [ nias)
VN o 0 VN = 0
= M+ qM.
As the jump size of the martingale part tends to zero, the convergence is determined by the pre-
dictable covariation process. Our simulations suggest that

N N

Wik~ )V~ () S Vi~ ) (Vi — (D) ~ a1 — a)(D),
=1 j=1

(M*, My =

(3.10)

N N
— 1 . 1 _
(ME, M) = > (Vie = )h(IV) & > (Vi — @) (1) %0,
j=1 j=1
(M, M) ~ h(I),
where h(I) = & > je1 hd N.J). After an application of a standard martingale central limit theorem,
this would imply t h

—. o t
Mt’z\/q(l—q)/ Vh(I)dB,,  as well as Mz/ \/ h(Is)dB; (3.11)
0

where B, B!, ..., BY are independent Brownian motions and h(I) = + ZN h(IN). This should
be compared to Theorem 3.1.3 and lemma 4.4, where we obtain a similar convergence result. There,
note that h(I) ~ h([).

As described above, the drift \/» S i=1UjVji fo 7)ds is more difficult to analyse, even numer-
ically. We expect that the value of the drift depends on the configuration of the graph in some
way. To see how it depends on the rescaled input of the graph to node i, W = ﬁ Z;Vﬂ U;iVii,

manually set
N N N
Zle = ZVJQ = E,Z‘/}lvjz =0
7=1 7j=1 7j=1

i.e. the vertices 1,2 receive input from complementary parts of the graph. Then choose Uy, ..., Uy =
+1, such that ) i U; =~ 0 and WL = WN:2 e excitation and inhibition are balanced and the
mean input to node 0 and 1 are the same. As precicted above, the difference of the martingale parts
M! and M?, respectively, from the mean martingale part are negatively correlated , see figure 3.1hb,

as Zg:l(‘/ﬂ 7)(Vja —q) = —q(1 — q).
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FIGURE 3.1. Drift and martingale part of the intensity at vertex 1, 2, respectively.

But the drifts at vertices 1 and 2 significantly differ from each other, figure 3.1a. We expect
the drift to depend on higher powers of the adjacency matrix V' = (Vj;);i=1..n, together with
multiplication with U = (U;);=1,... n and applications of the necessarily non-linear transfer function
h. A precise analysis of this dependence in the mean-field setting N — oo is very complex.

4. Proofs

We start off in Subsection 4.1 with a result on convolution equations. We proceed in 4.2 with a
reformulation of the multivariate linear Hawkes process using a time-change equation, and in 4.3
with results on different types of mean values of the synaptic weights. Then, we prove Theorem 3.1
in Subsection 4.4.

4.1. Conwolution lemma. In order to bound the value of a convolution equation by its integrator
we need the following

Lemma 4.1. Let J be the sum of an It process with bounded coefficients and a cadlag pure-jump
process, and let ¢ € CL([0,00)). Then

sup (/OS (s — r)dJr>2 < C(p,t) - sup J2. (4.1)

0<s<t 0<s<t

Proof: Wlog, we have Jy = 0. By Berger and Mizel (1980, Theorem 4.A) and Fubini’s theorem for
Lebesgue-integrals we can apply the Stochastic Fubini Theorem to J, hence

osgligt (/OS o(s — T)dJr)Q = osgligt </OS (QD(O) + /8 (s — u)du)dJ )2
_2(“@“ s<up J2+Os<1£t / / (s—u deu) )

2 JP+ / — u)Jud
(el sup 72+ sup ([ /(o = w)guau)’)
<2(llel| +2lI¢/IP) - sup T2,

0<s<t

where ||.|| denotes the supremum norm. O
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4.2. Reformulation of Hawkes processes. Alternative descriptions of non-linear Hawkes processes
have been given in the literature. Above all, the construction using a Poisson random measures
is widely used; see e.g. Proposition 3 in Delattre et al. (2016). Here, we rely on the following
construction using time-change equations (see e.g. Chapter 6 of Ethier and Kurtz (1986)), which
we give here without proof.

Lemma 4.2. Let G = (V,E), (¢ji)jice and (hi)icv be as in Definition 2.1, and let Assumption
2.2 hold. A point process Z = (Z%);ey is a multivariate, non-linear Hawkes process with with
interaction kernels (@j;)jicr and transfer functions (h;)icy, if and only if it is the weak solution of
the time-change equations

Zi = (/ )\’ds) - (/ 3 / oii(s —u dZJ)ds) (4.2)

j:ji€E

where (Y;)iev is a family of independent unit rate Poisson processes.

Under Assumption 2.4, the time-change equations from this lemma read, with independent unit
rate Poisson processes Y71, ..., Yy,

. t N s )
ZN = Y(/ h(Z/ OnNU;Viip(s — u)dzjfﬂ>ds). (4.3)
o “iIJo
We rewrite this as
ZNi Y~( t h(IN0)d )
t - 1 S S (44)
0

with

s N N
N = / p(s —w)dJ and  JNT =05 UVLZNT =08 > UV;Y; (/
0 ; ; 0

J=1 J=1

u

h(1N )ds).

(4.5)

To obtain convergence results, we introduce the compensated point processes

xM =3 "Uvy (Yj (/ h(I;VJ)ds) - / h(IéV’J)ds>.
= 0 0
In Theorem 3.1.1 we show convergence uniformly in the vertices of the graph, hence we need a result
on convergence of %X Nyi yniform in i < N.

Lemma 4.3. It holds that

sup sup —‘XNZ’ —0 (4.6)
i<No<s<t IV

almost surely (and in L?).

Proof: The sixth centered moment of a Poisson random variable with parameter A is of order \3.
For each i, we may split X up into its exciting and inhibiting part,

Nyi _ (v t N.dygs) — t N3\ s
X = 3 v [ nanas) = [ neas)
-y V]Z< (/th(fgvvj)ds)—/Oth(I;VJ)dS)

JUj=-1
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This is the difference of two compensated point processes with intensity bounded by N||h||, hence
the sixth moment of Xiv’l is at most of order (¢tN||h]|)3>. We obtain, using Doob’s martingale
inequality for the martingale X N

N
1 ni6 1 NG
E| SXN <Y E| XN
sup sup (5 X) _; sup (X.)

which is summable. Using Borel-Cantelli, almost-sure convergence follows. O

In Theorem 1.3, we scale up by v N and investigate on the correlation structure at different ver-

tices, hence we need a result on joint convergence of (ﬁX N ’i)izl o Therefore we introduce the
processes -
N,0 Y LN g
) — . 7] —_ J
ALY (vi(( [ maoyas) = [ i),
N t ) t )
XNV =Sy (v [ was) - [ was),
i=1 0 ‘
X =Y U — o (v [ waas) - [ waias),
=1 ’ "
and split

XM= XN gx MY fori=1,2, ...
Note that only the first summand in the latter equation depends on the vertex 7.

Lemma 4.4. Assume sup;<y Sups<, 1IN — I,| = 0 almost surely. Then

\/%XN - \;N(XNU,XN’O,XNJ,...,XN’") Lo (MY, MO, MY, M) =: M,
where MY, MO, Ml, - M™ are local martingales with covariance structure given by
d(M"*, MY, = 14—q(1 — @)h(I;)dt, d(MY, MYy, = d(M°, M°); = h(I})dt, @)
d(M*, MYy, = d(M*, MO, =0, d(MY, M°), = (2p — 1)h(I})dt. '

for any k,l # 0. We can extend the probability space such that the convergence is almost surely and
in L%, uniformly on compact time intervals.

We further extend the probability space by Brownian motions BY, BY, ]EN?i, such that

wf = [ Vaas?, P = [ ViGasl, = [/l graB,
0 0 0

Necessarily, (B¥, B!, = 1,t, (BY,B%, = (2p — 1)t and (B*,BY), = (B* B%), = 0 for k,l =
1,...,n. Finally observe that, on this probability space,

L oNk 77k v_ [ U — ' =k
XN M oM = q [ VAT)BY +Vall=a) | VRTBE, (438)

almost surely and in L? by the continuous mapping theorem.
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Proof of Lemma /./: The result is a martingale central limit theorem, hence we need to identify the
covariance structure. By Jacod and Shiryaev (2003, Theorem 1.4.52),

L g 1XN1 ZZAZN’J U (Vi

1
w5 22 ~0) UiV = a)

o1 1
= ZZtNJﬁUj(ij _ Q)ﬁUj(le —q).
=1

The compensator of ZN7 is given by fo )ds whence, by Jacod and Shiryaev (2003, Proposition
1.4.50 b)),

N t
1 = 1 1 1 .
= XN XN = U~(V»k—q)U»(V-l—q)/ h(IN9)ds
o= 2 U= ) UiV |

j=1
N
(L gvk Loy —Z—l Ui (Vi — IN9)ds — 0
N YN TN VT Uy
j=1

The desired convergence in distribution follows from Jacod and Shiryaev (2003, Theorem VIIL.3.8,
b)(ii)—(i)): [sup —Bs] holds as the first characteristic is 0, and [d5 — R] is obvious as the jumps of
XNE XNU XNO have size 1 /V/'N. Finally, condition [y5 — R] is precisely the convergence of the
predictable quadratic covariation above.

By Skorohod’s Theorem, we can extend our probability space such that this convergence is almost
surely with respect to Skorohod distance, and by continuity of the limit it is equivalent to local
uniform convergence. For L? convergence, observe that XNV, XN.0 XNk are compensated point
processes with intensity bounded by N||h||. Let Y be a unit rate Poisson process and B be a
standard Brownian motion, such that M = B JER(L) 4s([Kallenberg (2002, Theorem 16.4)). Then
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uniform integrability follows from the computation

1 491/4
E[ sup <—X§V’U—MSU) ]
0<s<t \WVN

< CE[(\/lNXtN’U B MtU>4] 1/4

<c(m :(\/%ng)"‘] V[ (m) ")

(Y(Ns)—Ns))j Y 4+E[ sup (33)4]1/ 4)

< C(E - sup
0<s<t||h||

1
Lo<s<t|n] (\/N

< o(B](m oy - veian) T + B[] ")

= C((3CElIRID? + HllRll/N) Y + GBIl ),

where we used Doob’s and Minkovski’s inequalities. In the third inequality, we used the time-change
representation of point processes (see e.g. Chapter 6 of Ethier and Kurtz (1986)), which we already
used in Lemma 4.2. O

4.3. Results on the synaptic weights. In this section we collect results on different types of mean
values of Uj, Vj;. We start with laws of large numbers, which we need to derive mean-field limits.

Lemma 4.5. It holds that

N—)oo
sup Vii— 0, 4.9
sup | Z ; (49
sup |— ZUVﬂ_ (2p —1)q |N_)—OO>0, (4.10)
]<N
sggvzvvﬂv;k (2p — )¢’| =0, (4.11)
i<

almost surely.

Proof: For (1.9), observe that the sixth central moment of a binomial distribution with parameters
N and p is of order N3, whence

P(sup|izvji—Q|>5)§EazE< Z _q)6

i=1 J<N i=1

1 al 6 )
:—E6N5E(§ Vli—q> = O(N7?),
=1

is summable. Uniform convergence follows from the Borel-Cantelli Lemma. Similarly in (4.10) and

(4.11). O

(4.12)

In order to derive results on the fluctuation around the mean-field limit, we need the following central
limit theorems. First define WY = —o S (U~ (2p—1)) and W = v > Ui(Vji —q), such
that

1

W= —

~ 2. U;Vji — (2p = 1)g) = qW ™ + W

Mz

1

.
Il
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Lemma 4.6. For any n € N it holds that

(WN N W) 22 Sy — W, V(T — W), (4.13)

where W ~ N(0,4p(1 — p)), Wi ~ N(0,1) and W,Wl,ﬁﬂ, ... are independent. Furthermore, for
any i € {1,....,n},

wivi X2 gW + /q(1 — q)Wi, (4.14)
as well as
A 1 iwz\u N+ 1 ivj TN Moo g (4.15)
o =1 N =1 ’
—N,U 1 N Ni ! N 1 al ~=nNi; Nooo
W ::N;UiW t=qW N;Ui-FN;UiW P == (2p—1)qW, (4.16)
FNOVE 1 XN: UV Wh — qWNi iv: U;Vig, + 1 ZN: UV W 2% 0, 1)g2W, (4.17)
N N3 N3 ’
for any k € N.

Proof: First, (4.13) follows from the central limit theorem, as
E[(U; — (2p — 1))*) = 4p(1 - p),
E[U} (Vi — 0)°] = E[(V;i — 0)*] = q(1 — ),

and the summands of W, W L W M respectively, are uncorrelated. Then (4.14) follows by
definition of W/ and the continuous mapping theorem. Next observe that, for any i, 7, k,I,m €

{1, N}, k#1,
E[Ui(Vik — )U;(Vji — @)] =0,

and hence
E[WN,kWN,z] _
E[U WU,
E[Up Vi W N *U Vi W

0,
0,
0.

Consequently the second summand in (4.15), (4.16), (4.17), respectively, converges to 0 in prob-
ability by the weak law of large numbers. The convergence of the first summands follows from
convergence of W and lemma 4.5 O

Assume from now on that we work on a probability space where W — W almost surely. Then
the convergence in (4.15), (4.16), (4.17) is in probability, and we obtain the following

Lemma 4.7. Assume WY — W almost surely. Then

N

1 .

N S (W =, W2+ (1 - g), (4.18)
1=1

where —,, denotes convergence in probability.
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Proof: We decompose

N

||M2

—asW =1

-~

»0 —pq(1—q)

—asW?2

N
i 2 1 ~yN., 1 i
WN P (WM g N NZW NZ (WN? 5, W2 4+ q(1—gq).  (4.19)
N—_—— —~ i—1

The convergence = Zf\il Wi — 0 is in probability, as (WN ); are uncorrelated. For the con-

vergence in the last summand, observe that (WN ’i)2 are independent given (Uj);.
conditional expectation with respect to (U;);. As Ey [(WNZ)Q] = q(1 — g), it holds that

1]\f
By |y 2 (W) —a(l=g)] >0,
=1

almost surely. It follows that

£ (3 7 =g =) 1] 50

=1

and, by dominated convergence, the desired convergence in probability,

B[(L S @9 - a1- 9) n1] 0.

Denote by Eg;

4.4. Proof of Theorem 3.1 and Corollary 3.5. In the following, we work on a probability space where
the convergence in Lemma 4.4 and in (4.13) is in probability. The constant C' depends on h, ¢, t,p, g
and may change from line to line. The proof of Theorem 1 is based on appropriate decompositions
of the relevant processes, where one part vanishes as N — oo, and we pbtain convergence using
Gronwall’s inequality. We first collect some results on convergence and boundedness of these sub-
processes in Lemma 4.8. Let I be the unique solution to (3.2) and IV as in (3.1) in Theorem 1.

Define
Ni 1 al ! N,j : N,j
A = NZUJV]Z(Y](/O h(Is ’ )ds) _/0 h(Is 7 )d8>’
j=1
1 X !
DI = 3 (Vi — 2= 1) [ hitis

1

J



Mean-field limit for Hawkes processes 1473

Recall BY from Lemma 4.4, W from Lemma 4.6 and define
1 N 1 N t t
AV = =N "U——=> UVl Y; / h(IN)ds —/ h(IN)ds
t Ni:1 \/NJ:IJJ(J(O ( )) 0 ( ))

(@ 1) /0 VA(I)dBY,

i=1 j=1
N N
1 1
& = 5 S U(F Ui - =) [ VR 1w (1)ds
7=1 =1

Further, recall B' from Lemma 1. 1, W from Lemma 4.6 and define
~N 1 N t N t N
A= — U;ViilY; /hIS’st —/hIS’st
t \/szz:l 77 ( J( 0 ( ) ) 0 ( ) )
t ¢ _
~q [ VRIIBY + Va(i=a) [ VA(L)B:
0 0

o N t . ;
G = ]ifZUjVji/o VN(R(IZ) = h(I) = (I = L) (1)) ds,
j=1

N t
B = (L > (0= 20 ) = W+ ValT =) | s

Denote by Ey conditional expectation with respect to the configuration of the graph (Uj;);, (Vi) ;-
Lemma 4.8. For any t > 0, it holds that

1.+2. sup;< Sups<; AN 2220 and SUp;< N SUPg<¢ DY 2220 almost surely,

i N—
Assume sup; y Supge; | IV — I| =220, then

3.+4. lim supy sup, <y Supp<s<¢ VNAY and lim SUp  SUP; < v SUPg< <t VNDN? are finite almost
surely,
5. limsupy & Zjvzl Eyv [ supges<y (\/N(Iévj — Is))2] is finite almost surely.
We further have

2 2 2
6.-9. EUV[Supogsgt (Aév) ], EUV[SUPogsgt (Cév) ]; EUV[SUPogsgt (Dév) } and
Eyv [Supogsgt (EéV)Q] converge to 0 in probability, as N — oo,

and
(10) Epy [SUPogsgt ( Név’l)Q] 2200 in probability, for any i =1,2,....
(11) sup;<y Euv [ supg< <y (CNSNl)Q] 22200 i probability,
(12) Eyv [ supgcs<s (’.’5?”)2] 22000 in probability, for anyi=1,2,....

We use 1 and 2 in the proof of Theorem 1.1, and 3, 4 and 11 to prove 5. Then, we use 5 to prove
9, 6-9 in Step 1 of the proof of Theorem 1.3, and 10-12 in Step 3 of the proof of Theorem 1.3. We
give the proof of Theorem 3.1 first, the proof of Lemma 4.8 can be found at the end of this section.
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Proof of Theorem 5.1: Proof of 1.:
Define

Ji=2p—1)q /Ot h(Is)ds, such that I; = /Ot o(t — s)dJs. (4.20)
Recall JV from (1.5). For Oy = 4, with AN/, DM as in Lemma 1.8 and
O = LN UV Jy (IX7) — h(I,)ds, we get that,
JNG g, = ANd N pNa,
We first show that sup,<, + Zjvzl(JsN * — J,)2 = 0 almost surely. Observe that

N N
sup - PBNCARE Jo)? < %Z (sup(x‘lév’i)2 +sup(CN")? + sup(Dﬁv’i)Q) (4.21)
=1

s<t N . - s<t s<t s<t
% =1

By Lemma 4.8.1 and Lemma 4.8.2, respectively, we have sup;<y supSSt(A(J;V’i)2 — 0 and

Sup;<n 811p5§t(D£V’i)2 — 0 almost surely. For CV* we obtain, using Jensen’s inequality twice and

2 __ 2

N t
1 N It Ny _ ?
SEN;(CS ) Si?fN;N;UO h(I;") h(Is)ds)
1 N t N 2
< tNZ/ (W) — h(1,)) ds
1 J0
i=1 (4.22)
< th3, 3 t(INﬂ‘ I,)’ds
Lip a7 s s
pNj:1 0
t 1 N .
< Cth%ip/o ilgz N Z(Jé\fﬂ _ Ju)st,

where we have used Lemma 4.1 in the last step. Combining the results on AN* CN+' and DN in
(4.21) we obtain
N

N t
sup ST (N - g)? < 3Cth12,~p/0 sup — ST (N~ J)ds + o(1),

s<t N ,7 u<s -
J=1 Jj=1

hence sup,<, + P 1(Jév " — J,)2 = 0 by Gronwall’s inequality. Now fix i and repeat the estimation
in (4.22) to obtain
N

N2 1 s ) 2
sup (C’SN”) < sup — Z </ h(INTy — h(Iu)ds)
s<t s<t N = 0
2 ! = N,j 2
<C’thi/su Jy 7 = Jy)%ds = 0
> Lip 0 uSIz N ;( )

almost surely. As the right hand side does not depend on i, this convergence is uniform in i < N. As

we have already shown sup,; <y Supsgt(AéV’i)2 — 0 as well as sup,;< supSSt(Dﬁv’i)2 — 0, we obtain

sup sup (Jé\“ - JS)2 < 3<sup sup(AN1)? 4 sup sup(CN)? + sup sup(DéV’i)2> -0
i<N s<t <N s<t i<N s<t i<N s<t

almost surely. By Lemma 4.1, we can conclude that sup;<y sup,<; (Iév’i -1 3)2 — 0 almost surely.
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Proof of 2.:
Define Z} = Y; ( fot h(IS)ds), where Y7, ..., Y are independent Poisson process as in (4.4). Fix w € €,
such that

sup sup [INi(w) — I,| — 0.
i< N 0<s<t

As h is Lipschitz, fO (w))ds — fo s)ds, hence for any point of continuity of ¢ +— Z}(w)

we can conclude Z¢(w ) — Zt( ). As the po1nts of continuity are dense in [0, 00), convergence in
Skorohod-distance follows from Jacod and Shiryaev (2003, Theorem 2.15 ¢)(ii)).

Proof of 3.: o
First, strong existence and uniqueness of K follows from Berger and Mizel (1980). For the conver-
gence result, we proceed in three steps:

Step 3.1: £+ 3N UVN(IN 1) = (2p - 1)K

Use BU from Lemma 4.4 in the definition of K and define K. := (2p — 1)K. Then K =
fg ot — s)dég with

GU:/t(Zp—l)th(Is) (2p — Vgl (I,) K" ds + (2p — 1)q /\/ 1,)dBY.
0

We show % Zf\il UVNIN 1) — K in probability, uniformly on compact time intervals. With
AN cN DN €N asin Lemma 4.8 and

FN = (2p-1)q /( ZU\FINJ I,) - Kf)h’(ls)ds
0

we can decompose
1 N i U
NZUi\/N(JtN’Z —J) -G, = AN 4N +DN + &N + FN.

By Lemma 4.8.6.-9., we have

Eyv | sup (AéV)Q]vEUV[ sup (CéV)Q]yEUV[ sup (DéV)Q]yEUV[ sup (Eév)Q} —0
0<s<t 0<s<t 0<s<t 0<s<t

in probability. We now show

0<s<t 0<u<s

t N
Eyv [ sup (F;V)Z] < C/ Eyv | sup (% E UiV N(J)F = T) _ég)z}d‘g
0 i—1

and deduce the desired convergence of % Zfi LVUNVNING - T) — I using Gronwall’s inequality
and Lemma 4.1. By Jensen’s inequality and Lemma 4.1,

EUV[ sup (FSN)Q] SC/OtEUV[ sup <;§;Uj\/ﬁ(fg’j—[u)—l(g)2}ds

0<s<t 0<u<s

0<u<s

N
< C/ EUV sup ZUj\/N(JiV’j — Ju) —ég)g]ds.
j:l
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Hence we obtain
1 & U 2
E [su (— UiVN (NG — —és) }
ov| s N; ( )

N

gop(l)—l—C/OtEUV[ sup (&;Ui\/ﬁ(ﬁv’i—Ju)—Ggf}d&

0<u<s
and by Gronwalls inequality

Buvfo g (SR 0 2] o

4 N

in probability. By bounded convergence, we have supg<,<; (% sz\il UV/N (N = J,) — GSU) —0
in probability.

Step 3.2: LN VNN~ 1) = K and £ SN UV VN(IN — 1) — (2p — 1)gK

From the uniform convergence + Zf\; LUVNIN' — 1) — (2p — 1)K in probability we can easily
deduce convergence of

N N
1 N = 1 N =
N El VNI —I)— K as well as N El UVi VNI —1) — (2p —1)gK

as follows: We can split +- Zfil VN(IN' — T) - K in summands similar to AV, ..., FV from Step
3.1. Convergence of AN ,CN, DN €N follows analogously to Lemma 4.8, we simply use (4.9) instead
of (4.10) for AN, EN and (4.15) instead of (4.16) for DV. Convergence of FV follows from the
uniform convergence of

N
1 X _
v > UVNIN -T) = (2p- DK
i=1
from Step 3.1. For %ZZ]\LI UiVie VN (IN® — 1), use (4.11) instead of (4.10) and (4.17) instead of
(4.16).
Step 3.3: VNIV - 1) - K*
Use B from Lemma 4.4 in the definition of G? and recall W from 4.3. With .ZN’i, CNi and DN
from Lemma 4.8,
VNN = ) =G = AN 4 N 4 DN 4 gN

where
gtN,i _ /t ((i i U‘V'i\/N(IN’j _ Is)) — (Qp — 1)qF> h,(Is)dS.
0 N 2 iVi s

With Lemma 4.8.10-12 and step 3.2, we obtain supy<,<; (VN (J2" = J5) — Gg)2 — 0 in probability.
By Lemma 4.1, supg<,<; (\/N(Ié\[’z —I) — K;)Q — 0 in probability. O

1 vN,0
X

Proof of Corollary 3.5: First, (3.4) follows from the convergence of in Lemma 4.4. For

(3.5), by the law of large numbers,

N
1 N T 1 . N—oo
j 500 N,i\ _
N E e ; h(I;)dt, as well as N E_l h(I™") = h(I) »0
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almost surely, uniformly on compact time intervals by Theorem 3.1.1. Therefore

1 & Nj 7 1 & N,j ' Nyi
N;(Z’—Z):N;(Z’—/h(fs’)ds)

= 0
LSS (7 [ hina ER T (Dds X222 0,
w2 - i)+ [ 3 — waas 2=

almost surely. Next, (3.6) follows from the reformulation (4.4), Lemma 4.4 and Theorem 3.1.1. For
(3.7), with K* as in Theorem 3.1.3,
VN(R(I™) = h(1) = VNE (L) = 1) + o(1) = W () K] + o(1).

Last, for (3.8), recall B, B® from section 4.2. Use B in the definition of K, then E[B,BY] =
(2p — 1)gt,t > 0 and

LS () - i) = ) i\/ﬁ N — 1) +o(1) 2= W) K,
x/ﬁszl ]:1 v

by Theorem 3.1.3, whence

AR AP AP Cyod
w3 <Z J—/O h(IS)ds) :\/NZ(Z J—/O h(I! ’J)ds) + \/N;(h(l ) — h(I))ds
Mo / Vh(I,)dBY + / I)K,ds
by (3.6). O

Proof of Lemma /.8: Proof of 1.: This is exactly the statement of Lemma 4.3.
Proof of 2.: Follows from boundedness of h and (4.10).

Proof of 3.: By Lemma 4.51 and Proposition 4 20 b) in Jacod and Shiryaev (2003), the predictable

quadratic variation of v NAN? is given by + SN Vi fo IM7)ds. By Doob’s inequality, the

INJ

assumed uniform convergence of and boundedness of h,

EUV[ sup (\/NAéW)z} < C]53UV[<\FANZ } Zvyz/ EUV[ (Iév’j)}ds - Q/Oth([s)ds-

0<s<t

Proof of 4.: Recall WY+ from section 4.3. By boundedness of h, we have

0<s<t

EUV[ Zsup \/>DN’ } %Z WN’]

which converges in probability by (4.18).
Proof of 5.: First write

N ¢
. S s . 1 .
VNN = J) =VNAN 4 eV 4 VNDN' + v > Ujvji/O (\/N(I;VJ - Is))h’(IS)ds.
j=1
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By 3., 4. and 11., sup,<y (\/NA,{VZ + C~tN’i + \/ND,{VZ) is bounded, and for the last term we can
compute

1 & s :
EU\/|: sup (NZUJVﬂ/O (\/N(Iévﬂ ))h/( )dU) :|
j=1

0<s<t

Using Lemma 4.1, we obtain

ZEUV sup (VN(IN - 1,))%] < 0@ +0/ ZEUV Sub \/N(Iﬁj_lu))z}ds'

0<s<t

The desmed boundedness follows from Gronwall’s 1nequahty.

Proof of 6.: First,

= Ly, E S0 - (20— na (vi( [ h(I)ds) - / h(1)ds)
VN TN = 0 0
+(2p— 1)q\/1N§;Uj (Yj</0th(fgw)ds> B /Oth(fs{w)ds> B /Ot h(I,)dBY.

The predictable quadratic variation of the first line is given by

1 on 1w 2 (1N
¥ 2 [ U= - ) [ aryas
j=1 i=1

which can be seen by Lemma 4.51 and Proposition 4.50 b) in Jacod and Shiryaev (2003), and
converges to 0 almost surely by the assumed uniform convergence of I™V* and (4.10). The second
line converges to 0 by Lemma 4.4. Using Doob’s inequality, we obtain

Eyv [ sup (.Aév)ﬂ

0<s<t

SCEUV[(}EV: L ZUVJ@— ) }(}G(/Oth(lévvj)ds’) —/Oth(I;ij)ds))Q}
+CEUV[<\/1Nin<Yj(/O h(I;N’j)ds) —/0 h(IN9) ds> —/ \/7dBU) }

almost surely.

fPfloof (f)f 7.:11Note that ¢V = % vazl UigN’i, whence (CN’Z‘)2 < %Zfil (5N’i)2, and the result
ollows from 11.

Proof of 8.: Follows from boundedness of h and (4.16).
Proof of 9.: By 5. and the uniform convergence in (4.10),
N
N\2 1 N,j 2
Evv | sup (£X)°] < Csup [NZ;(U@— / ZEUV N(IY - 1,))]ds

0<s<t J<N

converges to 0 in probability.
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Proof of 10.: This is exactly the statement in (4.8), which is a consequence of Lemma 4.4.

Proof of 11.: Write R1h for the first order remainder in Taylor’s expansion of the function h. We

use U; 2 =1, Vﬁ < 1, Jensen inequality, and some fév’j between IV and T s

s 1 Nt .
Euy | sup (C)?] < NZ/O Euy |(VNRiA(IY, 1)) ds]
j=1

0<s<t

<t1N " NEoy [(0(€Y9) = W)Y — 1))
_Nz/o ov [(W(E9) = W)Y = 1,)?] ds

o) / Z Euy |(19 - 1,)*]ds.

We obtain convergence to zero almost surely of the last term similarly to the Proof of Theorem 1.1:
Recall the decomposition of JV* — J = AN# 4 ON4 4+ DN from (4.20). As the fourth centered
moment of a Poisson distribution with parameter \ is of order A> and h is bounded, we obtain
Z;V:l Eyv [(AN9)*] = O(N™') similarly to the proof of Lemma 4.3. For D™ rewrite

al 1 N 4 1 N 21 N L
> (5 2 WV 2p= 1)) <sup (5 32 UV = 2= Da)) 5 3 (W™)” =0
=1 = i< = P

in probability, by uniform convergence in (4.10) and (4.18). We obtain, using U;L, Vﬁ <1, Jensen’s
inequality and Lemma (4.1),

1 X s . 4
ZEUV[SUP } ZEUV[sup (NZUj‘/ji/O h(INI) — h(Iu)du) ] + 0p(1)

s<t s<t

<C/ ZEUV sup(J, Ju)4]ds—|—0p(1).

u<s

Then Zévzl Eyy [Supsgt(fév T 5)4} — 0 in probability follows from Gronwall’s inequality and
again Lemma (1.1).

Proof of 12.: Follows from boundedness of h and (4.14). O
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