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Abstract

Rough volatility is a well-established statistical stylized fact of financial assets. This
property has led to the design and analysis of various new rough stochastic volatility
models. However, most of these developments have been carried out in the mono-asset
case. In this work, we show that some specific multivariate rough volatility models arise
naturally from microstructural properties of the joint dynamics of asset prices. To do
so, we use Hawkes processes to build microscopic models that accurately reproduce
high-frequency cross-asset interactions and investigate their long-term scaling limits.
‘We emphasize the relevance of our approach by providing insights on the role of micro-
scopic features such as momentum and mean-reversion in the multidimensional price
formation process. In particular, we recover classical properties of high-dimensional
stock correlation matrices.
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1. Introduction

1.1. A microstructural viewpoint on rough volatility

It is now widely accepted that volatility is rough (see [11] and among others [6, 24]): the
log-volatility process is well-approximated by a fractional Brownian motion with small Hurst
parameter H ~ 0.1, which corresponds to Holder regularity of order H — €, € > 0. Furthermore,
rough volatility models capture key features of the implied volatility surface and its dynamics
(see [3,9, 17)).

The macroscopic phenomenon of rough volatility is seemingly universal: it is observed
for a large class of financial assets and across time periods. This universality may stem from
fundamental properties such as market microstructure or no-arbitrage. This has raised interest
in building microscopic models for market dynamics which reproduce rough volatility at a
macroscopic scale. For us, the microscopic time scale is of the order of milliseconds, where
asset prices are jump processes, while the macroscopic scale is approximately of the order of
days, where asset prices appear essentially continuous.
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Hawkes processes, first introduced in [13, 14, 15] to model earthquake aftershocks, are
nowadays very popular to model the high-frequency dynamics of prices of financial assets
(see [2] for an overview of applications). In particular, the papers [8, 20, 21] successfully
establish a link between rough volatility and history-dependent Hawkes-type point processes
which reproduce the following properties:

(1) the no-statistical-arbitrage property (i.e. it is very hard to design strategies which are on
average profitable at the high-frequency scale);

(i1) the long-memory property of order flow, due to the splitting of large orders (meta-orders)
into smaller orders;

(iii) the high degree of endogeneity of financial markets (i.e. the large majority of market
activity (including price moves, cancellations, and market and limit orders) occurs in
response to previous market activity, as opposed to exogenous information such as
news).

We refer to [8, 12] for details about these three stylized facts. This Hawkes-based microscopic
framework can easily account for other features of markets: for example [22] examines the
issue of permanent market impact, [10] studies how a bid/ask asymmetry creates a negative
price/volatility correlation, and the so-called Zumbach effect is considered in [7].

Inspired by [8, 20, 21] the goal of this paper is to use Hawkes processes to find a micro-
founded setting of multivariate rough volatility which

(i) enforces no statistical arbitrage between multiple assets;

(i1) is consistent with the long-memory property of the order flow and the high degree of
endogeneity of financial markets; and

(iii) explains stylized facts from the microscopic price formation process, with a focus on the
structure of high-dimensional stock correlation matrices.

This approach enables us to characterize the type of price dynamics arising from these con-
straints. Readers interested in multivariate rough volatility may consult [5] for a general
construction of a class of affine multivariate rough covariance models. Our goal is more modest
here: we are interested in finding macroscopic dynamics originating from microscopic insights,
not in a full mathematical analysis of the class of possible models for multivariate rough volatil-
ity. Note also that in the concomitant work [18], the authors study weak solutions of stochastic
Volterra equations in a very comprehensive framework. Some of our technical results can be
derived from their general approach. In our setting, however, we provide simple and natural
proofs inspired by [8, 20, 21] this allows us to emphasize financial interpretations of the results,
which are the core of this work.

1.2. Modelling endogeneity of financial markets

For clarity, we first introduce the asymptotic framework which models the high endogeneity
of financial markets in the mono-asset case (as [1, 8, 20, 21]), before moving to the multivariate
setting of interest. At the high-frequency scale, the price is a piecewise constant process with
upward and downward jumps captured by a bi-dimensional counting process N = (N I+ Nt _),
with N'* counting the number of upward price moves and N'~ the number of downward price
moves. Assuming that all jumps are of the same size, the microscopic price of the asset is
the difference between the number of upward and the number of downward jumps (where the
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initial price is set to zero for simplicity) and therefore can be written
_ N+ 1—
P;=N,T—N,;".

Our assumption is that N is a Hawkes process with intensity A = (A!*, A1) such that
t 1
Mt=wt +/ P11+t — )dN, +/ $11-(t = )dN; ™,
0 0
t 13
M=o +f $1- 14t — $)dNSF +/ ¢1-1-(t—5)dN}",
0 0

where p = (u!*, u!'7): Ry — R is called the baseline and ¢: Ry — Mo (Ry) is called the
kernel. Here we write vectors and matrices in bold, and M,, ,,(X) (resp. M, (X)) denotes the
set of X-valued n x m (resp. n X n) matrices. We can easily interpret the different terms above
from a financial perspective:

(i) On the one hand, p!* (resp. u'™) is an exogenous source of upward (resp. downward)
price moves.

(i1) On the other hand, ¢ is an endogenous source of price moves. For example, ¢4 1—
increases the intensity of upward price jumps after a downward price jump, creating a
mean-reversion effect (while ¢4 14 creates a trending effect).

To further encode the long-memory property of the order flow, [8] and [20] consider heavy-
tailed kernels where, writing p(M) for the spectral radius of a matrix M, for some ¢ > 0 and

o €(1/2,1) we have
,0( /t ¢(s)ds) it ct Y.

Such a model satisfies the stability property of Hawkes processes (see for example [20]) as
long as p(||¢ll;) <1 (where we write ||-||; for the L' norm). In fact, calibration of Hawkes
processes on financial data suggests that this stability condition is almost violated. To account
for this effect, the authors of [8] and [20] model the market up to time 7 with a Hawkes process
NT of baseline u” and kernel ¢”. The microscopic price until time 7 is then

PP =Nl NP

In order to obtain macroscopic dynamics, the time horizon must be large; thus the sequence 7},
tends to infinity (from now on, we write T for T},). As T tends to infinity, ¢ almost saturates
the stability condition:

T
— 1.
o(lo1) =
A macroscopic limit then requires scaling the processes appropriately to obtain a nontrivial

limit. Details on the proper rescaling of the processes are given in Section 1.4.

1.3. Multivariate setting

Having described the asymptotic setting in the mono-asset case, we now model m dif-
ferent assets. The associated counting process is now a 2m-dimensional process N7 =
(NT1+ NT 1= NT2+ NT™=) and its intensity satisfies

1
AM=pl + /0 @7 (t — 5)dNT.

https://doi.org/10.1017/apr.2020.60 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2020.60

428 M. ROSENBAUM AND M. TOMAS

The counting process N includes the upward and downward price jumps of m different assets,
and the microscopic price of Asset i, where 1 <i <m, is simply

Pl =N NS

This allows us to capture correlations between assets, since, focusing for example on Asset 1,
we have

¢ t
MT'H:/MT’H_‘*‘/ ¢>1T+,1+(t—s)de’”+/ Ply1-(t = 9)aN =
0 0

1 t
+ f i1 24t = )ANS > + f ¢l (t—s$)dNI2" +- -
0 0

Therefore ¢>1T+y2 . increases the intensity of upward jumps on Asset 1 after an upward jump of
Asset 2, while ¢1T+)2 o increases the intensity of upward jumps on Asset 1 after a downward
jump of Asset 2, etc.

We now need to adapt the nearly-unstable setting to the multidimensional case. Thus we
have to find how to saturate the stability condition and to translate the long-memory property
of the order flow. In [8], ¢ () is taken diagonalizable (in a basis independent of 7" and 7) with
a maximum eigenvalue &7 (¢) such that

T
€], = 1.

However, this structure leads to the same volatility for all assets and thus cannot be a satisfying
solution for realistic market dynamics. We take here a sequence of trigonalizable (in a basis O
independent of T and ) kernels ¢’ (r) with n. > 0 eigenvalues almost saturating the stability
condition. Thus the Hawkes kernel is taken to be of the form

AT 0
>0 (BT(I) CT(t))

(using block matrix notation that will be in force throughout the paper), where A”: R, —
M, (R), BT: R, — Mom—p..n,(R) and CT: R, — Mom—n.(R). Note that we will see that in
the limit, macroscopic volatilities and prices are independent of the chosen basis. We assume
that the stability condition is saturated at the speed 7%, where o € (1/2, 1) is again related to
the tail of the matrix kernel (see below). The saturation condition translates to

o
T <1— f AT(s)ds> — K,
0 T— o0

where K is an invertible matrix.

We now need to encode the long-memory property of the order flow. We can expect orders
to be sent jointly on different assets (this can be due, for example, to portfolio rebalancing, risk
management, or optimal trading) and split under different time scales depending on idiosyn-
cratic components (such as daily traded volume or volatility). Empirically, the approximation
that, despite idiosyncrasies, a common time scale for order splitting exists is partially justi-
fied: for example [4] shows that market impact, which is directly related to the order flow, is
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well-approximated by a single time scale for many stocks. Finally, this property is encoded by

imposing a heavy-tail condition for A := Tlim AT with the previous exponent «:
— 0

o0
ozx“/ A()ds — M,
X X—> 00
with M an invertible matrix.

1.4. Main results and organization of the paper

In the framework described above, we show that the macroscopic limit of prices is a mul-
tivariate version of the rough Heston model introduced in [9, 10], where the volatility process
is a solution of a multivariate rough stochastic Volterra equation. Thus we derive a natural
multivariate setting for rough volatility using nearly-unstable Hawkes processes.

More precisely, we define the following rescaled processes (see [20] for details), for
tel0, 1]:

1

XZTI= ﬁN?}, (1)
1 T

T.
Yl = ﬁ/(; A._de, (2)
1

z] =1 (X[ ~¥]) = M. 3)
[N S TR Tt Tom—

Pszﬁ(NtT —Ng - ’NtTm _NtTm ) “)

We refer to P! as the (rescaled) microscopic price process. Under some additional techni-
cal and no-statistical-arbitrage assumptions, there exist an n.-dimensional process V, matrices
0'e M, (R), ® c M,_, (R), Ag € M, (R), A1 € M, (R), Az € My, n_n.(R), Oy € R,
and a Brownian motion B such that the following hold:

(i) Any macroscopic limit point P of the sequence P! satisfies
t
P=I+A)TQ / diag(,/vs)st,
0

where Q:= (e —ex | - -|exn—1 — €2m), We write TQ for the transpose of @ and
(e;)1<i<om for the canonical basis of R2", A =(Aj1<ij<m € Mpu(R) is defined in
Section 3, and V is defined below.

(i) We have @'V =(V!, ...  V%)and @2V = (Vtl ... ym)
(iii)) Every component of V has pathwise Holder regularity o« — 1/2 — € for any € > 0.

(iv) For any ¢in [0,1], V satisfies
t t
V, = f (t—s)"‘_lAldiag(\/@le)dWs n f (t— s)“—lAzdiag<,/ ®2V§>dZs
0 0
t
+ / (t— """ (80 — AoV)ds,
0

where W:= (B!, ..., B%),Z:= (B"t! ...  B") and we write /x for the component-
wise square root of vectors of nonnegative entries.
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Thus the volatility process V is driven by V., which represents volatility factors, of which there
are as many as there are critical directions.

We can use this result to provide microstructural foundations for some empirical proper-
ties of correlation matrices. Informally, considering that our assets have similar self-exciting
features in their microscopic dynamics, we show that any macroscopic limit point P of the
sequence P7 satisfies

P=x /O tdiag(\/ﬁ)st,

where W is a Brownian motion, V satisfies a stochastic Volterra equation, and X has one very
large eigenvalue, followed by smaller eigenvalues that we can interpret as due to the presence
of sectors, and a bulk of eigenvalues much smaller than the others. This is typical of actual
stock correlation matrices (see for example [23] for an empirical study).

The paper is organized as follows. Section 2 rigorously introduces the technical framework
sketched in the introduction. In Section 3 we present and discuss the main results, which are
then applied in examples developed in Section 4. Proofs can be found in Section 5, while some
technical results, including proofs of the various applications, are available in an appendix.

2. Assumptions

Before presenting the main results, we make precise the framework sketched out in the
introduction. Examples of Hawkes processes satisfying our assumptions are given in Section 4.

Consider a sequence of measurable functions ¢ : Ry — Mj,(R;) and u”: R, — R¥",
where the pair (u”, ¢7) will be used to model the market dynamics until time 7 via a Hawkes
process N” of baseline u” and kernel ¢”. Each kernel ¢ is stable (o(]|¢” || ) <.

Assumption 1. There exists an invertible matrix O such that each ¢* can be written as

T AT 0 -1
=0 )

where AT: Ry — M, (R), BT: Ry — Moy n.(R), CT: Ry — Moy, (R). Further-
more, the sequence ¢! converges to ¢: Ry — My, (Ry) as T tends to infinity, and, writing
A, B, C for the limits ofAT, BT, CT as T tends to infinity, we have /o(foOO C(s)ds) < 1.

Additionally, there exist a € (1/2, 1), invertible matrices K and M, and p: [0, 1] - R4
such that, for all t € [0, 1], we have

o0
A (1— / AT(s)ds) - K. (5)
0 T—o00
o0
oex“/ A(s)ds — M, (6)
X X—> 00
e (7

where KM~ has strictly positive eigenvalues.

Realistic market dynamics require enforcing no-statistical-arbitrage conditions on the ker-
nels, in the spirit of [20]. To determine which conditions need to be satisfied to prevent such
arbitrage, we write the intensity of the counting process A’ using the compensator process
M! := NT — AT Writing %k for the convolution product iterated k times (which is defined as

t
£ = / FEFED( — s)ds
0
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for k > 2, Withf*1 =f), we have 1/1T = Zkzl (¢7)** (see for example Proposition 2.1 in [20]).

For any ¢ € [0, T], we have

t t
A =pl+ /0 vl —splds + /0 Y1t —s)yam?.

Thus, the expected intensities of upward and downward price jumps of Asset i are

®)

EAH=ul ™+ Y / Vi = ds+ Y / Vi j (0 =g T Hds,

1<j<2m 1<j<2m

E[)‘IT’Z “le + Z /‘/fz— J—(t—S)My’ ds + Z /l//l_ H_(I—S)/LST’H_dS.

1<j<2m 1<j<2m

The above leads us to the following assumption.

Assumption 2. For any 1 <i, j <m, the following hold:

(i) No pair-trading arbitrage: IﬂH_ Tt IﬂH_ J— Iﬂ g+t Iﬂ, =

(ii) Suitable asymptotic behaviour of the intensities:

o0 T o0 T
lim Lo — L) <o
=00\ J, Vit jr 0 Vit j-

Under the above conditions, if /LT’H_ = /LT’i_ for all 1 <i<m, then E[ktT’H]

=E[, "]

and there are on average as many upward as downward jumps, which we interpret as a no-

statistical-arbitrage property.
Define, for any 1 <i,j <m,

T._ T T
8 = ‘/’j+ i+ — VY i

. T
svim i [ot], - V]
We can make the following remark.
Remark 1. For any 1 <k <m, define ey := exr—1, ex— := e, and vy := e+ — €j—.

Part (i) of Assumption 2 and recalling that ¥ : 1+ ¥ (1) € M2, (R), we have

TWTVk = TVIT(ek+ —er)

I
hE

1

I
NE

1

= Z (l/fk-i- i+ 1ilfk i+ V, - Z 5le,
i=1

i=1

3

(WkTJr,iJr - wkT—,iJr)eiJr + (wkTJr,i— -

(1/’I<T+,i+ - I/’kT—,iJr)eiJr - (I/’I<T+,i+ -

€))
(10)

Using

A sufficient condition for the no-pair-trading-arbitrage condition in Part (i) of Assumption 2 to

hold is that, for all 1 <i <m,

"o = Z (T¢T"'i . vj)Vj,

1<j<m
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since then we have, for any 1 <k <m,

Z (‘”kT+,1+ - I/’kT—,l+)el+ - (‘”kT+,1+ - ‘/’kT—,lJr)eF = Z (‘”kT+,1+ - 1/’kT—,l+)el+

1<i<m 1<i<m

- (‘PkT+,1— - WkT—,l—)el—-

In our applications in Section 4 we will use this condition, as it is easier to check assumptions
on ¢ than on ¢.

3. Main results

We are now in the position to rigorously state the main results of this paper. We use the
processes XT, YT, and ZT defined in the introduction (see Equations (1), (2) (3)) and write

0 — o\," o;" 0— O Orp
\oCh oGh) T \ow 0]
21 22

00 -1 roc0
e .= (01, +0,2<1—/ C(s)ds) / B(s)ds)K_l,
0 0
/

—1 00
e’ .= (021 +022(I— C(S)ds> / B(S)dS)Klf
0
0

We set

(=1
) 0y,
0o := L
0 0,
« -1
A= ——KM .
Il —a)

We have the following theorem.

Theorem 1. The sequence (X', YT, ZT) is C-tight (see for example [19]) for the Skorokhod
topology. Furthermore, for every limit point (X, Y, Z) of the sequence, there exist a positive
process 'V and a 2m-dimensional Brownian motion B such that the following hold:

(i) We have X, = [y V.ds, Z; = [ diag(V/V; ) dB.

(ii) There exists V, a process of Holder regularity « — 1/2 — ¢ for any ¢ >0, such that
eV = (VL oo vy, 0V = (vretl oo Vzm), and V is solution of the following
stochastic Volterra equation:

Vte[O,l],f/,—F() /(z ) (@0 — Vy)ds
_ _ ae—1pE=Dh 17 1
+ e )A/ (t—9%"104; dlag(\/(*) VS>dWS (11)
aa—lp=D o2V 2
+F() /(t $)7 0, dlag( oV )dWS,

where WL .= (B!, ... | B'), W? .= (B"t! ... B?m) @l @2 0(11 1), 0321), 09 do not
depend on the chosen basis.
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Finally, any limit point P of the rescaled price processes P! satisfies

t t
P=(+ A)TQ< / diag(\/vi)stJr / [Lsds>,
0 0

where A is defined in Equation (10).

Theorem 1 links multivariate nearly-unstable Hawkes processes and multivariate rough
volatility. We note the following:

(i) The resulting stochastic Volterra equation has nontrivial solutions, as the examples in
Section 4 will show.

(i) From a financial perspective, Theorem 1 shows that the limiting volatility process for
a given asset is a sum of several volatility factors. The matrix A mixes them and is
therefore responsible for correlations between asset prices. Remarks and comments on
I + A are developed in Section 4.

(iii) The theorem implies that adding/removing an asset to/from a market has an impact on
the individual volatility of other assets. We can estimate the magnitude of such volatility
modifications by calibrating Hawkes processes on price changes.

(iv) Since there is a one-to-one correspondence between the Hurst exponent H and the long-
memory parameter of the order flow «, our model yields the same roughness for all
assets. Extensions to allow for different exponents to coexist, for example by introducing
an asset-dependent scaling through D = («q, - - - , @) and studying TP XITT, are more
intricate. In particular, one needs to use a special function extending the Mittag-Leffler
matrix function so that its Laplace transform is of the form (I + AP -1

4. Applications

In this section, we give two examples of processes obtained through Theorem 3 under
different assumptions on the microscopic parameters. In the first example we study the influ-
ence of microscopic parameters on the limiting price and volatility processes when modelling
two assets. In the second example, we model many different assets to reproduce realistic
high-dimensional correlation matrices.

4.1. Influence of microscopic properties on the price dynamics of two correlated assets

Our first model to understand the price formation process focuses on two assets. Let
p',u? >0, ae(1/2,1), y1, 2 €[0, 1], and Hs,, HS,, H{,, H}, €0, 1] such that the fol-
lowing hold (here /- denotes the principal square root, so that if x <0, then /x=

i/ —X):

0= (Hi, +H},)(Hs, +Hp) <1,

0= 11— (1 +y2) —J(HSy — Hi)HS, — H) + (i — y)? | < 1,

0<[1-(n +V2)+\/(H52—Hi’2)(1‘1§1 —HiD+ =) <L

In the above, the superscript ¢ (resp. a) stands for continuation (resp. alternation) to describe
that after a price move in a given direction, H¢ (resp. H?) encodes the tendency to trigger other
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price moves in the same (resp. the opposite) direction. We now have to choose a kernel which
satisfies the various assumptions of Section 2 to model the interactions between our two assets.
Theorem 1 states that the only relevant parameters for the macroscopic price are K and M. For
simplicity we choose the kernel so that M = «I. This leads us to define, for r > 0,

oI =01 - yDa(l — T syt @FD, G20 = aT™HS 111~ @D,

PIO)=yia(l — T oyt @D, d1: () = T “HS 1 s gt~ @D,
2 = 21 21 =

T =01 —y)a(l =T syt @D, DL = aT Y HS, 1o~ @D,

T (1) = yra(1 — Tyt oL (0 =T *H, 1y~ @FD,

For a realistic model, we require the exogenous sources of upward and downward price moves
to be equal: u't =p'~ and u?t = w?~. Thus, the sequences of baselines and kernels are

chosen as . r
T T .c .a

Ml ?; ¢ b1 P13
T T T,a T,c

[LT _ Ta_l Ml ¢T _ ¢2 ¢)1 ¢12 ¢12

B 21’ - T,c T.,a T T

® & P ¢y ¢,

2
1% T,a T,c T T
R S S
We set

ﬁ 2y Hél _Hgl
4y1ys — (HY, — HY,) (HS, — H5)) H{, — HY, 2n ’

1 1 HS, + HY,
1_(H°2 +Hi)(Hs, +HS,) \HS, + Hi, 1 '
Applying Theorem 1 yields the following result.

Corollary 1. Consider any limit point P of PT. Under the above assumptions, it satisfies

t [V ViAW
P=x : (12)
0 \/V2Zdw?

vi o R vy
o) rria Lo () ()=

+2

with

(t —s)*! 1. (13)

Rt —a) / N

where W and Z are bi-dimensional independent Brownian motions.

This model helps us understand how microscopic parameters drive the price formation process
to generate a macroscopic price and volatility.
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We begin our remarks with some definitions. We define momentum as the trend (i.e., the
imbalance between the number of upward and downward jumps) created by jumps of one asset
on itself. For example, momentum is strong when the next price jump after an upward price
jump on an asset is more likely to be upward than downward. The opposite effect is referred to
as mean-reversion. For example, the parameter ) controls the intensity of self-induced bid—
ask bounce on Asset 1: y; close to zero corresponds to a strong momentum while y; close to
one corresponds to a strong mean-reversion.

We define cross-asset momentum as the trend created by jumps of one asset on another. For
example, cross-asset momentum from Asset 2 to Asset 1 (resp. Asset 1 to Asset 2) appears via
HS, — H3, (resp. H{, — H{,): when both H5, — H5, and H{, — H{, are nil, the prices of Asset
1 and Asset 2 are uncorrelated.

We now turn to comments on the volatility process. Because of its role in the single-asset
case, we refer to V as the fundamental variance: for example, V1 is the fundamental variance of
Asset 1. The equation satisfied by V depends only on the sum of the feedback effects between
the two assets through H{, + H{,: from a volatility viewpoint, upward and downward jumps
have the same impact. Furthermore, we can compute the expected fundamental variance using
Mittag-Leffler functions (see Section 5).

Mean-reversion drives down volatility while cross-asset momentum increases it. Indeed,
computing IE[(P,1 )?1, for example, we get

]E[(Pl)2] _ 243/22 fot E[V;]ds + (Hfz - H?z) (H§1 - Hgl) fot E[Vsz]ds
)| = .
[4v1ya — (Hf, — HY) (H5, — Hgl)]z
In particular, increasing y; does not change V but reduces IE[(P,l )?]. This example may be

particularly relevant to understanding the contribution of Asset 2 to the volatility of Asset
1 through calibration to market data, since if Asset 2 were removed from the market, we

would have |
E[ P! 2] -
( I) 2y1

Focusing now on the price formation process, we see that it results from a combination of
momentum, mean-reversion, and cross-asset momentum. We illustrate this in two extreme
cases: when there is no cross-asset momentum and when cross-asset momentum is strong.

(i) When there is no cross-asset momentum (i.e. H{, = H{, and H3, = HY,), at the micro-
scopic scale, a price move on Asset 2 has the same impact on the intensity of upward
and downward price moves of Asset 1. Thus the difference between the expected num-
ber of upward and downward jumps does not change after a price move on Asset 2: the
expected microscopic price of Asset 1 is unaffected, and price moves of Asset 2 gen-
erate no trend on Asset 1. This results in macroscopic prices being uncorrelated (see
Equation (12)).

(ii) On the other hand, when cross-asset momentum is strong (i.e. (H{, — H{,)(H5, —
Hf,) = 4y1y,, for example if H{, — H{, =2y1+/1 — € and H{, — H{, =2y»+/1 — € for
some small € > 0), at the microscopic scale, a price move on Asset 2 significantly
increases the probability of a future price move on Asset 1 in the same direction (and
vice versa). In this context we have

1 12} vl —e
e \yyi—c  w )

A+I=
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Using Equation (12) we can check that
E[P}P?
[ ! t] — 1,

Jeer ]

and prices evolve in unison.

This example underlines that in our approach (thanks to our no-arbitrage constraint) micro-
scopic features transfer to macroscopic properties in an intuitive way.

4.2. Reproducing realistic correlation matrices of a large number of assets using
microscopic properties

It is well known that the correlation matrix of stocks has few large eigenvalues outside of
a ‘bulk’ of eigenvalues attributable to noise (see for example [23]). The largest eigenvalue
is referred to as the market mode (because the associated eigenvector places a roughly equal
weight on each asset) and is much larger than other eigenvalues. Other significant eigenvalues
can be related to the presence of sectors: groups of companies with similar characteristics.

How can we provide microstructural foundations for this stylized fact? The large eigen-
value associated to the market mode implies that, in a first approximation, stock prices move
together: a price increase on one asset is likely followed by a price increase on all other assets.
Translating this into our framework, an upward (resp. downward) jump on an asset increases
the probability of an upward (resp. downward) jump on all other assets. We further expect that
an upward price move on an asset increases this probability much more on an asset from the
same sector than on an unrelated one.

The above remarks lead us to consider a model with the following properties:

(i) All stocks share some fundamental high-frequency properties because they have similar
self-excitement parameters in the kernel.

(i1) Stocks have a stronger influence on price changes of stocks within the same sector.
(iii)) Within the same sector, all stocks have the same microscopic parameters.

The technical details of our setting are presented in Appendix A.4; here we provide only the
elements essential to understanding the framework. Let ul, ..., 1" >0 be the baselines of
each asset, where we assume u” = ,ui’ for all 1 <i <m. Using the same notation as before,
take y €10, 1], « € (1/2, 1) and H®, H* > 0. We consider R > 0 different sectors, Sector r
having m, stocks. For a pair of stocks which we dub 1 and 2 in analogy to the previous example,
we have the following:

(1) The self-excitement parameters are equal: y; = y» =y, where y is the same for all
stocks.

(ii) If Stock 1 and Stock 2 do not belong to the same sector, then H5, = H{, = H and Hj, =
Hfz = H“, where H¢, H* are the same for all stocks.

(iii) If Stock 1 and Stock 2 belong to the same sector r, HS, = H{, = H° + Hy, H, = H{, =
H®+ H? where HS, H? are the same for all stocks belonging to Sector r.

The asymptotic framework is built as in the previous example, with the details given in the
proof of Corollary 2 in Appendix A.4. We write i, := mo+mj +---+m,—1 for | <r<R
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(with the convention mgy = 1), so that stocks from Sector r are indexed from i, to i, — 1, and
define the following vectors:

1
wi= —=(e1 + - +ew),

Jm
1
Wy i= _—m Z €,

i <i<ir4

We consider an asymptotic framework where the number of assets will eventually grow to
infinity. As will become clear in the proof, the only nontrivial regime appears when

-1
HH'. H{ H} = O(m™").

— 00

Thus we assume that mH¢, mH®, mH¢, mH® converge to H, H%, HS, H® as m tends to infinity.
We also assume that the proportion of stocks in a given sector relative to the total number of
stocks does not vanish: foreach 1 <r <R,

my
— — n,>0.
m m—oo

We define the following constants, which will appear in the price and volatility processes:
AT = H°+HY A\f = H.4+HS, A~ = H°—H% )\, := H. — H?. Applying Theorem 1
yields the following result.

Corollary 2. Consider any limit point P of PT. Under the above assumptions, it satisfies

t
P,=23, / diag(v/V)dB;.
0

where B is a Brownian motion;

—1
¥y, = <2yI—A_vTv— > nrA:vrTvr+e>

1<r<R

with € a deterministic m X m matrix such that

ple) = o(m™);

=
and V satisfies the stochastic Volterra equation
a ! V2a !

Vie—— [ =91 O =V Vyd —/ t— )% \di (JV)dZ,

t T —a) /0 (=9 ( VVids + Tl —a) Jo (t—s) 128 s s
with Z a Brownian motion independent from W, and

-1
Vo= | I-2tyTy— Z v T+ €

1<r<R
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where € is a deterministic m X m matrix such that

ple) = om™").
m—0o0
Under the previous corollary, using o to denote equality up to a multiplicative constant, the
expected fundamental variance can be written as follows using the cumulative Mittag-Leffler
function (see Definition 4 in Appendix A.2):

E[V,] x F& Y0y

Since
ple) = om™),
m

— 00

we neglect it in further comments and use the approximation V. & V. Writing £ for the largest
eigenvalue of V) and z for the associated eigenvector, and neglecting other eigenvalues (which
is reasonable if AT + > l<r<R n,k;" ~ 1), from the definition of the Mittag-Leffler function we
have

E[V,] o« F (1)( " 02)z.

Making the further approximation that n,A;" is independent of r, we have z o< (1, - - - , 1) and

E[P,"P] o ZediagE[V,]) " Ze
x Tediagz) " e

X X' x T2
Therefore the eigenvectors of E[P,TPI] are those of X.. Now, as

ple) = om™),
m— 00

we neglect it in further comments and use the approximation X, =~ Xo. When A~ +

Y l<r<r A7 A2y, Xy has one large eigenvalue followed by R — 1 smaller eigenvalues and

much smaller eigenvalues. This is consistent with stylized facts about high-dimensional stock

correlation matrices; we have thus built a microscopic model to explain the macroscopic

structure of correlation matrices.

The conditions A~ + Y, n-A; &1 and A% + 3", _pnAf A1 correspond to the
parameters being close to the point where all directions are critical: when A~ +
Y lcr<r MPAy A2y o8 A+ Y g /Ay A 1, the spectral radius of [;° C is equal to one
and we cannot split the kernel into a critical and a non-critical component.

It would be interesting to study other implications of this model. In particular, we believe
that encoding a negative price/volatility correlation into the microscopic parameters could
explain the so-called index leverage effect (see [25] for a definition and empirical analysis
of this stylized fact).

5. Proof of Theorem 1

We split the proof into four steps. Our approach is inspired by [8, 20, 21]. First, we show that
the sequence (XT, Y7, ZT) is C-tight. Second, we use tightness and representation theorems
to find equations satisfied by any limit point (X, ¥, Z) of (X", ¥”, Z”). Third, properties of
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the Mittag-Leffler function enable us to prove Equation (11). Fourth and finally, we derive the
equation satisfied by any limit point P of PT.

Preliminary lemmas
We start with lemmas that will be useful in the proofs. Lemma A.1 from [8] yields

%xITT M +— / W — syulds + — / ¥T(T — s)aM’”. (14)
Thus to investigate the limit of
L
we need to study
%W(T ),

which we will do through its Laplace transform. Given an L'(R,) function f, we write its
Laplace transform as f(f) := fo f(x)e™™dx for t > 0 (and similarly for matrix-valued functions

F = (Fj;) where each Fj; € LI(R+)) Note that f*k fk The following lemma holds.

Lemma 1. Set, for any t > 0,

00 -1 roo
xX(s):= <I — / C(s)ds) / B(s)ds.
0 0
We have the following convergence for any t > 0:
ra-— !
[Qrfw + K] 0
— o
T I(T )t — O o', (15)
T—o0 —1
r'd—ow
X@) | ——*M+K 0
o
where K and M are defined in Equations (5) and (6).
Proof. Define @7 := 0_1<2)T0. Then

P o= ¢"=01-o")"970".

k>1
We can use the shape of ¢! and matrix block inversion to rewrite this expression. Doing so,
we find
n —1.
. (1 - AT(t)> Al 0
1/’ (l) =0 0—1 .

(1 - 6T(x))_1ET(z) (1 —AT(t))_lAT(r) - (1 - éT(x))_léT(z) (1 - éT(t))_léT(t)

To derive the limiting process, we use Equations (5) and (6). Using integration by parts and a
Tauberian theorem as in [8, 21], we have

T —
TA =9 aprr—o 4 ooy
(07

/ T AT(yas— ATy =
T:oo

0

o0
I— / Al(s)ds = KT+ o(T™%).
0 T— o0
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Therefore
AT o0 T AT > T
T(I —A (t/T)) =1( | ATyds—A @/D))+1(1—- [ AT(s)ds
0 0

[F(l—a)

o

T—o00

t"‘M—i—K} T' 4 o(T' ).

Consequently

T“—lT(I—AT(r/T)) - Wr‘*M+K+o(1).

T—o00

By Assumption 1 M is invertible and KM~ has strictly positive eigenvalues. Thus Mz + K =
(KM~' 4+ tDM is invertible for any > 0. The Laplace transform of T-%y%7(T.) being
AT
Tl_allf (-/T), we have proved that for any # > 0,
r(l— !
[Mfw + K} 0
— o
T~y (T )1) — O 0.
= o0 1o I'(l —a) !
(1 .y C(s)ds) 1 B(s)ds [—r"‘M + Ki| 0
o

O

We show in the technical appendix that the inverse Laplace transform of A(r*I + A)~',
where A € M,,(R) has positive eigenvalues, is a simple extension of the Mittag-Leffler density
function to matrices (see Definition 4 in the appendix), denoted by f“'A. Thus we define, for
any 7 € [0, 1],

@ -1

Kflfa’—]—‘(l —O{)KM 0
f):=0 o~'. (6

o -1

-1 o, ——KM
(1= J5 coas) ™ 52 Bkl TA="" g

The following lemma shows the weak convergence of ¥ to f.

Lemma 2. For any bounded measurable function g and 1 <i,j<n
/ gOT ™Y (Tx)dx — / gOfyj(x)dx.
[0.1] I=c0 Jio,1)

Proof. First note that when || fij || 1 = 0 (which implies fi; = 0), using Equation (15) with =0

we have
l—a, T
[T =i = bl =o.
which implies, since 1 — o > 0, that
T
H W’J ‘ 1 T:)oo
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Therefore, as 1//5 > (, for any bounded measurable function g we have

| / STy ] (Twydx| < f Tyl (Todx < | Ty ]
[0,1] [0,1]

and the result holds. Assume now that || fij “1 > (. It will be convenient for us to proceed with
random variables, so define

o B wT(T )

We can view ,05 as the density of a random variable taking values in [0, 1], say S. Lemma 5
gives the convergence of the characteristic functions of S to

A

Dij
v Hfu !!1

Since pj; is continuous (as wiT. is continuous), Lévy’s continuity theorem guarantees that piJT
converges weakly to p;;. Therefore, for any bounded measurable function g,

f gpf(0dx _— / ()pi(x)dx,
[0.1] =00 Jj0,1]

1/f (Tx) filx )
[ —HTI il L= SO

Equation (15) implies
[r=vf), = Wl
o0
so that together with the above we have
/ gOT Y} (Tydx — / gOfyi(0)dx. 0
T—o0 [0,1]

s

We introduce the cumulative functions
t
Fl()= / Ty T (Ts)ds,
0
t
F(t)= / f(s)ds.
0

We have just shown in particular that F7 converges pointwise to F and therefore, by Dini’s
theorem, converges uniformly to F'.
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5.1. Step 1: C-tightness of (X7, Y7, Z7)
Recall the definition of the rescaled processes

1
T T
Xt - TZaNfT’
- 1 T
Y, = TZ“/O Agds,

1
T . T T T
zl=T1(X] - ¥])= —M}.

As in [8] and [21] we show that the limiting processes of X T and YT are the same and that

the limiting process of Z is the quadratic variation of the limiting process of X”. We have the
following proposition.

Proposition 1. (C-tightness of (XT, Y7, ZT))
The sequence (XT, Y7, ZT) is C-tight, and if (X, Z) is a limit point of (XT, ZT), then Z
is a continuous martingale with [Z, Z] = diag(X). Furthermore, we have the convergence in

probability

T T P
t:[l(l)pl]“ Yt _X, Hz T:)oo 0.

Proof. The proof is essentially the same as in [8], adapted to our structure of Hawkes
processes. Given ¢ € [0, T'], we have

t t
M =ul + [ Wa—onldst [ wTe—saml,
and therefore

EINT1=E| fo ' Al ds)

T T pt
= f i di+ f f Yt — syl dsdt < T ||l o
0 0 0
where we have used the convergence of 717 u; (see Equation (7)) together with the weak
convergence of 7~ l/IT(T -) (see Lemma 2). It follows then that
E[XT]=E[¥{] =,
and since the processes are increasing, X7 and ¥7 are tight. As the maximum jump size of X’

and Y7 tends to 0, we have the C-tightness of (XT, YT). Since N7 is the quadratic variation of
MT, (MT7)? — NT- is an L? martingale starting at 0, and Doob’s inequality yields

Z E[ sup (X;T’i - YzT’i)2:| <4 Z E[(XlTl - YlT’i)2]

l<i<n Lrel01] 1<i<n

<47 Y E[(M;’i)2]

1<i<n

<4r% 30 E[N;’i]

1<i<n

< T2,
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Using the same approach as in [8] we conclude that Z is a continuous martingale and [Z, Z] is
the limit of [Z”, Z"]. O

5.2. Step 2: Rewriting of limit points of (X7, Y7, Z7)

By Proposition 1, for any limit point (X, ¥) of (X7, ¥T), we have X = Y almost surely. We
use Y7 to derive an equation for X. As

YT = kZdS,

T2

we first study XSTT. Using Equation (14), for any ¢ € [0, T] we have

13 t 1 u t
/ A lds = / nlds+ f / v (s —wp! duds + / vt —syM" ds
0 0 0 JO 0
t t N t
- / unlds + / vl —s) / 1l duds + / vt — M ds.
0 0 0 0

Thus, for any ¢ € [0, 1], a change of variables leads to

T
/(; XZdS:/(; Tds—i—/ G s)/ ILTduds+/ ¥7 (T — )M ds

t
= / uwlds+T / w1 (T — sT) / wlduds + T f v (T — sT)Mds
t
/ plods+T / v (Tt —5)) / wlduds +T f v (Tt — s)Mds.
Therefore

t t
Tyl =T / uleds +T / vI(T(t—s)) / Tduds +T1 / vI(T@—sHMids  (17)
0 0 0
— T (YtT’l +yl2 4 Y,T’3>, (18)
with obvious notation. Thus, to obtain our limit we use the convergence properties of F which

we derived earlier. We have the following proposition.

Proposition 2. Let (X, Z) be a limit point of(XT, ZT). Then, for any t € [0, 1], we have
t t
X; = / F(t — s)pyds + / F(t—s)dZ;.
0 0
Proof. Let (X, Y, Z) be a limit point of (X T yT ZT). First, since

U
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(see Equation (7)), YtT’1 converges to 0 as T tends to infinity. Moving on to Y72, by integration
by parts, for any ¢ € [0, 1] we obtain

t sT
Y, = / Ty (Tt — sHT™ / p! duds
0 0

t

sT t
=[FT(t—s)T_“ /0 ;Lgdu:| + fo Fl(t— )"l ds
0

t
= /0 Fl(t — )" ulrds.

Using Equation (7) again, together with the uniform convergence of F! (see Lemma 2), we
have the convergence

t
Y,T’2 — / F(t — s)uds.
T—o0 Jo
Finally, Y,T’3 can be written as
t t
yI3 =rl-2 / v (Tt — s)MTds = / Fl(t—s)dz!
0 0
t t t
= / F(t — s)dZs + / F(t — s)(dZ! — dZy) + / (FT(t —s5) — F(t — 5))dZ.
0 0 0
The Skorokhod representation theorem applied to (Z7, Z) yields the existence of copies in law

3 ~T ~ ~T =~
(Z ,Z),withZ converging almost surely to Z. We proceed with (Z , Z) and keep the previous
notation. The stochastic Fubini theorem [27] gives, almost surely,

t t
/ F(t — s)(dZ! — dZ,) = f FO)ZL —Z,_)ds.
0 0

From the dominated convergence theorem we obtain the almost sure convergence
' T
/ @ ~Z,_ds — 0.
0 T—o0

Furthermore, since [ZT, ZT] = diag(X T) we have
t 2 t
> E [(/ (FT(t —s)— F(t — s))dZST) } <y / (Fi@—s
0 i 0 ’

1<i<n 1<i,j<n

— Fj(t — )T *E[A/]ds.

Using Equation (14) together with Lemma 1, we can bound E[Agj ] independently of 7', and

t 2 t
Y E [( / (FT(t—5)— F(t — s))dZ§> } <c Y / (Fg (t—s) — Fyj(t — s))zds.
0 1 0

1<i<n ! 1<i,j<n
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The right-hand side converges to O by the dominated convergence theorem together with the
uniform convergence of F! to F (see Lemma 2). From Proposition 1 we know that ¥ =X
almost surely. Putting everything together, almost surely,

t t
X, = / F(t — s)p,ds + / F(t — $)dZ,.
0 0

This is valid for any limit point (X, Z) of (X T, ZT), which concludes the proof. O

The previous proposition gives suitable martingale properties of limit points of Z” to apply
the martingale representation theorem, which is the topic of the following proposition.

Proposition 3. Let (X, Z) be a limit point of (X', ZT). There exists, up to an extension of the
original probability space, an n-dimensional Brownian motion B and a nonnegative process V
such that, for any t € [0, 1], one has

t
XT:/ VSdS,
0

Z = /0 ' diag (\/VS)dBS,

t t
Vv, = / ft— $)p,ds + / o= s)diag(\/vs)dBS.
0 0
Proof. This proof relies on the martingale representation theorem applied to Z. Consider

a limit point (X, Z) of (X7, ZT). Following the proof of Theorem 3.2 in [21] and using
Proposition 2, X can be written as the integral of a process V, i.e.

t
Xl:/ Vsds,
0

with V satisfying the equation

1 1
V= / f(t— )pyds + / [t —$)dZ;.
0 0
Therefore, as [Z, Z]; = diag(X;) = diag( fol Vds) and Z is a continuous martingale, by the mar-
tingale representation theorem (see for example Theorem 3.9 from [26]), there exists (up to an

enlargement of the probability space) a multivariate Brownian motion B and a predictable
square-integrable process H such that

t
Z,= f H,dB,.
0

Furthermore, note that V' is a nonnegative process (as X is a nondecreasing process), and we

have .
. . —1
Z, =/ diag(v/Vy)diag(v/ V)~ H,dB.
0
A simple computation shows that, since [Z, Z]; = fot H sTHsds=Xt = f(; Vds, the process
- —1
B, = fé diag(«/VS> H dB; is a Brownian motion. Finally,

t t
V.= / ft—s)pds + / [t — s)diag(y/V)dB,. O
0 0
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A straightforward application of Lemma 4.4 and Lemma 4.5 in [21] yields the following

lemma.

Lemma 3. Consider a (weak) nonnegative solution V of the stochastic Volterra equation

t t
V, = / f(t — )pyds + f f(t — s)diag(y/V)dB;,
0 0

where B is a Brownian motion. Then every component of V has pathwise Holder regularity
oa—1/2 — € forany e > 0.

5.3. Step 3: Proof of Equation (11)

Properties of the Mittag-Leffler function (as in [8]) enable us to rewrite the previous
stochastic differential equation using power-law kernels, which is the subject of the next

proposition. Let
00 -1 roo
el.= (011 + 012 (I —/ C(s)ds> / B(s)ds)Kl,
0 0

00 -1 ro00
= (021 + 0y <I - / C(s)ds) / B(s)ds)K_l,
0 0

A= —2 kM.
Il —a)

Proposition 4. Given an m-dimensional Brownian motion B, a nonnegative process V is a
solution of the stochastic differential equation

t t
V,= f St — yds + f f(t — sydiag(y/Vy)dB,

if and only if there exists a process 4 of Holder regulartty a—1/2 —€ for any € > 0 such
that @'V, = (V... V™) and e, = (Vetl oo VM) are nonnegative processes and v
is solution of the followmg stochastic Volterra equation:

z—r(a) /(r 9! 0(1,1);L15+0§2"ui Vs)ds

—i—mA/ -0\, ”dlag(\/@lﬂ)dWﬁ

—i—mA (z—s)“ 0 1>d1ag(vg2ﬁs)dwf,
0
where W := (B!, ... | B") and W? := (B"<t! ...  B¥m)

Proof. We begin by showing the first implication. Starting from Proposition 3 we have
V= /0 = syds + [0 "t — sydiag (\/Vi)st.
Developing from the definition of f in Equation (16), for any ¢ € [0, 1], f can be written
(011 +012(1 = [° C(s)ds) ™" [ Bls)ds)K~'fAwy 0\ (0" 0"

(021 + 002 — [{° C(s)ds)~" [° B(s)ds)K~f>A ) o) \o5," 05"

f=
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Defining vi.= vl ... V%)and V? := (VT ... V2™) we have
' 1) ' (1)
vi=e! /0 For -0,V ulds + o' /O For =500, ulds

+0! fo A s)og;”diag(\/?g)dwﬁ +0! /0 t ﬂ~A(t—s)0§;1)diag(/7f)dW§.

If @1 were nonsingular, we could express V! with power-law kernels using the same approach
as in [8]. In general we define

Vii= / FMae= 9005w+ 05 kP )ds
13
/f“ (t—5)0'; “dlag( Vf)de—i—/Of‘“(t—s)OS”diag(,/Vf)de.

From the same arguments as in Lemma 3, Holder regularity of V carries over to V, and
the components of V are of Holder regularity o« — 1/2 — € for any € > 0; hence Lemma 3
shows K := I'~V is well-defined, where I' ¢ is the fractional integration operator of order
1 — o (see Definition 1 in Appendix A.2). Note that for any ¢ in [0, 1], using Lemma 4 of
Appendix A.2, we have

t
lctzfo AT — F*A 1 — )0,V uty + 0, p?))ds
! 1
+ fo AL = F*A (1 - $)0§,diag(y/ V1) aw!
t
+ / Al = F*A 1 - )05, " diag (V) aw?
t
—A/ 0"t ;Z“,ﬁy)der/ AOHdiag(‘/Vf)dwg
0
+ fo Aogg”diag(,/vf)dwf
t s
—A fo [F“’A(t—s)Ogll)uls /0 A s =o', 1)d1ag<\/V>£>det] ds
—A /0 [F“A(t 9055 u2, / oA s — w0, 1)d1ag<\/V>ft>dWi] ds.

The last two terms can be rewritten using the definition of f/, so that
t t
Ki=A / (05, w!+05; w2, — Vy)ds + A / 0} Vdiag(y/ @'V, )aw!
0 0
+A / 0\, l)dlag<\/ azﬁs)dwf .
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Thanks to the Holder regularity of V., we can now apply the fractional differentiation operator
of order 1 — « (see Definition 1 in Appendix A.2) together with the stochastic Fubini theorem
to deduce that

/ (=51 (0, "+ 05" 2, — V) ds
r( ; / t—s°'0f; ”dlag(,/@ V)dW’
+mA/ (t—s°"'0¢; l)dlag(\/G)z )dWZ.

This concludes the proof of the first implication. We now show the second implication. Suppose
there exists V of Holder regularity o — 1/2 — € for any € > 0 such that @'V and @2V are
positive, solving the following stochastic Volterra equation:

+r( ) /(r—s)“ 0§ l)dlag<\/®1 )dW’
+mA/ (t—s)*~ 10( l)dlag<\/®2‘7s>de.

For this proof, let us write
0:= A0 "pt + A0 u2, A= A0V, A= A0,
so that, for any ¢ in [0,1],

V= ! t @=1(g,— AV,)d
t_m/(t_” (s_ s)S

a—1 17 1
* @ )/ (t—s) Aldlag< ) S)dWS

1"( )/ (t—s)*" 1A2d1ag<\/® V)de.
Notice that the above can be written
7 g AV o : 1y; o : 217
V=10 AV),—i—IBl(Aldlag(\/G) V))t—i-IBz(Azdlag(\/@ V))/

where Iy is the fractional integration operator with respect to B (see Definition 2 in
Appendix A.2). Iterating the application of /* we find that, for any N > 1, V satisfies

V=3 Ak—l(—l)k—11<k—1>“[1“o + 1% (Aldiag(m» +Igz(A2diag<m))]

1<k<N

+ AN(_I)NI(N'FI)C(‘N/
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Now, note that 6, diag(v G)lf/), diag(v 62‘7), and V are square-integrable processes, and
Lemma 8 in Appendix A.2 shows that the sum converges almost surely to the series, while
AN (= DNINFDeY converges almost surely to zero, as N tends to infinity. Thus we have

V= k; AK(— 1y [1“0 + 1% (Aldiag(\/ oV )) 1% (Azdiag(@))]
=3 ARDAR0 + 3 AR, (Aldiag(m»

k>0 k>0

+ 1% (Azdiag(\/ G)Zf/))]
—AD YT AR DR 13 AR DR, (Aldiag(\/ﬁ))

k=0 k=0

1% (Azdiag(@))].

Lemmas 5 and 7 in Appendix A.2 enable us to rewrite the above using the matrix Mittag-Leffler
function. This yields, for any # in [0,1] and almost surely,

t t
V,:A—lff“~A(t—s)0sds+A—1ff“vA(t—s)Aldiag(,/(alvs)de
0 0

£ A /O t FON - s)Azdiag<\/ @)Zﬂ)dwﬁ .

Replacing @, A, A, by their expressions, almost surely and for any 7 in [0,1], we have

t

V= /0 SoN =905 "t + A0S, 2 )ds
t

- f Foh - s)OEl)diag(\/@le)dW§
0
t

+ / o0 - 905, diag(y @2V, )aw?.
0

This concludes the second implication and the proof. O

5.4. Step 4: Equation satisfied by the limiting price process

The previous results on the convergence of the intensity process enable us to now turn to the
question of the limiting price dynamics. Recall that the sequence of rescaled price processes
PT is defined as

PT — T QXT

where Q = (e1 —er | --|leyn—1 — e2m) . We have the following result.

Proposition 5. Let (X, Z) be a limit point of (X", ZT) and P= T QX. Then
t
P =0+ A)TQ<ZI + / usds>,
0

00 T
where A = (fo 8’7)1<ij<m'
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Proof. Let (X, Z) be a limit point of (XT, ZT). For any 1 <i<m we can compute the
difference between upward and downard jumps on Asset i as

t
vi-Nthvi-MlT—i—v,--/ lst,
0

with the following expression for the integrated intensity:
T ' 1 pT(t—s)
/ Alds=T / ulds + T / / ¥ duplpds + " | Ml
0 0 0 JO

T oo
- f vl wduam? .
0 tT—s
Thus the microscopic price for Asset i satisfies

t t T
_ _ o7
T 0‘v,wN,TT =7! "‘/0 v,--/,LSTTds—i-T] « HtﬁTHlvi-/O ;LSTTds+vi-ZtT+ HxlfTHIVi'ZtT

t 00 T 1T 00
—T / / v (uyw; - nLrduds — 77 / v (wydudM?
0 JT(t—s) 0 tT—s
- Z T+ OOST .z 1 OO(ST T . T d
= ik , Vi- 4y + Z ik + | O : Vi - Rypds

1<k<m 1<k<m

topoo L topoo
—/ / 'ﬁT(M)Vidu'dZsT—T_“/ / T (wy; - plrduds.
0 JiT—s 0 JT(t—s)

It is straightforward to show that the last two terms converge to zero, and thus any limit point
P of PT = TQXT is such that

t
P =0+ A)TQ(ZI+ / [Lsds>. O
0

Replacing Z by the expression obtained in Proposition 3 concludes the proof of Theorem 1,

since , ,
Pt=(I+A)TQ( / diag(\/Vs)st+ / [Lsds>.
0 0

Appendix A. Technical appendix

A.1 Independence of Equation (11) from chosen basis

We consider two representations which satisfy Assumption 1. Let P, P be invertible
matrices, 0 < n., ns <n, and let

AT e FM,,(R)),  CT e FMy—n,(R)), B € F(My—p, n.(R)),

A e F M, ®), € e FMyn,®), B € F(Myn,n, (R)
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be such that

¢ p(AT O)Pl p(f0)5
BT CT BT éT

We write A for the limit of AT (and similarly for~ BT, (T, etc.). First, notice that we must have
ne = ny. Indeed, since ,o(foOO C) <1and ,o(foC>o C) < 1, 1 is neither an eigenvalue of fooo C nor

of fooo C. Yet, since A=1 and A=1, 1 is an eigenvalue of ¢ with multiplicity n. and n..

Therefore n. = n,.
A0 A 0\
=L{. _|L .
B C B C

Writing L = P~' P, we have
Since A = A =1 because of Equation (5), writing the blockwise matrix product and using the
assumption that I — C is invertible, we get

Li; =0,
(I — C)Ly; =BLy; — LB,
CLy; = Lzzé.

Since LL"'=1,L;;=1,L,=1,and Ly; = —LE;D, we deduce that
Lip=I, Ly =1, Lz =0, (I—C)Ly; =B - B, c=C.

AsL = P_li’, we have

P l= ! %\ p!
\a-o'®-B) I

(-1 =1
PII P12

~ ~(=1 ~(—1 ~ ~(—1 ~(—1
d-o-'B-BP,"+P," a-o-'®-bBP," +P,"

Computing the matrix product P = PL blockwise and using the above, we find

S (e 21 (e ~ 2
Py =P(” ), P, =P§Z ), Py =Py, Py =Py,

Py =P; +Ppd—C)'(B-B),
P31 =Py +P(I-C)"'(B - B).
Thus
TR TR S
Py +Pp—C)'B=P;; + P —C)7'B,
P21+ Py —C) 'B=Py; + Py(I — C)"'B.

Therefore, regardless of the chosen basis, Equation (11) is the same, which concludes the
proof.
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A.2 Fractional operators

This section is a brief reminder about fractional operators, which are used in the proofs. We
also introduce the matrix-extended Mittag-Leffler function.

Definition 1. (Fractional differentiation and integration operators.) For o € (0, 1), the frac-
tional differentiation operator, denoted by D is defined as

DYf(r) := —)dt/ (t — $)"%f(s)ds,

where f is a measurable, Holder continuous function of order strictly greater than «. The
fractional integration operator, denoted by /¥, is defined as

I (1) = e f (t — $)* " f(s)ds,

where f is a measurable function.

It will be convenient for us to define fractional integration with respect to a Brownian
motion.

Definition 2. (Fractional integration operator with respect to a Brownian motion.) Given a
Brownian motion B and « € (1/2, 1), the fractional integration operator with respect to B,
denoted by 1%, is defined as

o _ 1 ! 11—«
Bf(l)‘%[o (t—s) "f(s)dBy,

for f a measurable, square-integrable stochastic process.

Remark 2. The fractional integration of a matrix-valued stochastic process f with respect to a
multivariate Brownian motion B is

1 t
130 = 7o /0 (t — ) ~*f (s)dB,.

We now extend the Mittag-Leffler function to matrices (for a theory of matrix-valued
functions, see for example [16]). We have the following definition.

Definition 3. (Matrix-extended Mittag-Leffler function.) Let o, B €C such that Re(w),
Re(B) > 0, and let A € M, (R). Then the matrix Mittag-Leffler function is defined as

An
Eqp(A):= g Tan B

We also extend the Mittag-Leffler density function for matrices.

Definition 4. (Mittag-Leffler density for matrices.) Let o € C such that Re(a) >0, A€
M(R). Then the matrix Mittag-Leffler density function f“’A is defined as

FEAD) = AT By o(— A1),

We write F** for the cumulative matrix Mittag-Leffler density function,

t
FoM1) = /0 FEA(s)ds.
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Using Definition 3, it is easy to prove the following lemma.

Lemma 4. Let @ € C such that Re(a) > 0, and let A € M,,(R). Then
1170{]‘0{,1\ — A(I_Fa’A).

Furthermore, if« € (1/2, 1), then

—

oM@ = Ad + M)
We need another important property relating Mittag-Leffler functions to fractional integra-
tion operators.
Lemma 5. Let o > 0 and A € M,,,(R). Then
I]fot,A — Z (-1)’17] Anlna(l)

n>1

Proof. Using Lemma 4 and repeated applications of /%, for all N > 1 we have

If(X,A: Z (_l)n—lAnlna(l)_{_(_I)N—]ANIN(XIfOl,A‘

1<n<N

Therefore, if we show that
(_I)N—IANINOlIfOl,A N 07

N—o0

the result will follow. To prove this we make use of the series expansion of /V*f%A to deduce
bounds which will converge to zero. Writing C for a constant independent of t and N which

may change from line to line, N, = | —], and ||| op for the operator norm, we have
o

Neah N4l (it Do—1
A Ut H =[A -y
H 7o op Z( ) I'i(n+ Do)
n>0 op
N4l fnt+Da—1 Nt
<A —1)'——+A C
- 0<Z =D I'i(n+ Do)
<n=<Ny

op

Therefore, applying the fractional integration operator of order N«, and writing g,:t+—
{1 we have

Ve | AN per A H < AN+11Not< —1y 8n >+AN+]IN01 C
et s 0<Z D oo ©)
<n<Ny op
1
- AN+ N HAN-HINot C H .
= X i | @+ ©|
<n=<Ny

An explicit computation of IV (g,,) shows the convergence to zero of the right-hand side as N
tends to infinity, which concludes the proof. U
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Finally, we need to combine fractional integration I with I;. We have the following lemma.

Lemma 6. Let m > 1, B an m-dimensional Brownian motion, X an m x m matrix-valued
adapted square-integrable stochastic process, and «, B > 0. Then we have

rLx=15"x).

Proof. The proof is a straightforward application of the definitions of the operators together
with the stochastic Fubini theorem. U

The next lemma is useful for transforming stochastic convolutions of stochastic processes
with the Mittag-Leffler density function into series of repeated applications of /7.

Lemma 7. Let m > 1, B an m-dimensional Brownian motion, X an m X m matrix-valued
adapted and square-integrable stochastic process, o > 0, and A € M,,(R). Then, for all t >0
and almost surely,

t
/ For =X By =) (=)' AT (X),
0

n>1

where the series converges almost surely.

Proof. Using Lemma 5, we can write the integral using a series of fractional integration
operators and apply the stochastic Fubini theorem (as X is square-integrable) to obtain

t t
/ SO = )X dBs = / DA (1), X dBy
0

n>1

- /( D AN (1), X (dBs
n>1

t
= A [l X,
0

n>1

( l)n 1 t t—s
§ A" / f (t—s—1)“ 2drXdB;.
(o — 1) o Jo

n>1

After a change of variables and using the stochastic Fubini theorem (see for example [27]), we
deduce the simpler expression

t _1yn—1
/Of“’A(t—s)Xsst—ZF( (lx)_ 5 /(z )" 2/ X,dBdr.

Integrating by parts, we finally obtain the result:

t n—1 t
o, A (=D n/ na—1
At —9)XdBs =) A t— X.dB;,
/Of (= $)XsdlBs T — D=1 Jo =) o

(_1)/1—1 t
:Z N )A”f (t— 1) 'X,dB,,
n=1 no 0

— Z (1" A (X). 0

n>1
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The last lemma gives convergence for terms of a series of repeated iterations of /¢.

Lemma 8. Let a >0, A e M,,(R), B an m-dimensional Brownian motion, and X an
m-dimensional vector-valued square-integrable stochastic process. Then, almost surely and

foralltel0, 1],
(DN IANPY (X)), — 0,
N—oo

D (=1 AT (diag (X)), L0

n>N
1
Proof. Let N* > Ny := \\—J Since X is square-integrable, we have
o
2
T
= > E[ (AM 1" iag))) (ANZIENZ*“‘%diag(X»,)}.
N1,N2>N;,

> ANV (diag(X)),
N>N,

Using the Cauchy-Schwartz inequality and writing ||-||,, for the operator norm associated to
the Euclidean norm, we find
2:|

|

> AN diag (X)),

N>N,
Ni+1 No+1

< Z ||A||2/$+N2 Z E[ll(;kl+ )ot(Xk)tIl(;lz+ )a(Xl)[]

N1,Ny>Ny 1<k,l<m

Z ”A”Q/SWZ Z /t( YNiH+Na—2 (X")2 d

< t—s - [ . ] K

Movoan, L1+ DaOl((V2 + Da) 2= Jo

A N1+N>

. ¥ ALY

w5, T+ DT (N + D)

2
A N
56( 3 ALY ) |
W TN+ Dy
Thus, by comparison of functions (for example by application of Stirling’s formula),
forall e > 0,
P H 3 AV diag(X)), | > €
N>Ny N>Ny
1 ) 2
<= ) ]E|:” 3 ANV diag (X)), :|<oo.
Ny>Ny N>N,

The Borel-Cantelli lemma yields the almost sure convergence to zero of A I;;NH)O‘(diag(X )
as N — oo. The same approach yields the almost sure convergence to zero of
(=DVTANNV(X) as N — oo0. O
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A.3 Proof of Corollary 1

We split the proof into two steps. First, we show that the structure of the kernel satisfies the
assumptions of Section 2. Then, we compute the equations satisfied by variance and prices.

Checking for the assumptions of Theorem 1. We write

1 0 1 0
0= | 0= |° 0 ! 0 0
1 T 0 ’ 2 T 1 ’ 3 - O ’ 4 -
0 1 0 -1
Then, setting O := (01 |07 03| 04), we have
ol +¢7 ¢ o 0 0
b N -
o' =0 P +e5 b+ 0 ) 0 ) 0!
0 0 ol =05 D1 — "
0 0 ¢ =3 b — ¢

It is straightforward to check that the assumptions are satisfied if

0= (Hfz +H?2)(H§1 +H§11) <1,

0<[l=(1+y)— \/(Hfz — H{)(HS, — H3) +(r1 — ) | < 1,

O<[l=(i+r)+ \/(Hfz — H{)(HS, — H5) + (1 — ) | < 1.

1
Under those conditions, K =1 — H has positive eigenvalues, and therefore KM T ¢
has positive eigenvalues. Therefore all the assumptions of Theorem 1 are satisfied.
Limiting variance process. Since we can apply Theorem 1, we now compute the relevant

quantities. As the blockwise matrix B is equal to zero, writing H'? := HY{, + H{, and H?! =
HS, + H5,, we have

1 1 0 O
0-1— l 0O 0 1 1 K-l 1 I Hp
211 -1 0 o} Il —HpHy \Hy 1)’
0O 0 1 -1
®1=; 1 Hpp ®2=; Hy 1 .
1—HppHy \1 Hpp ’ I —HppHy \Hy; 1
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One can check that the equations satisfied by @'V and ©2V are the following, where B is a
Brownian motion:

. t vl
@WFL/(:—S)M (’“)— S as
T@)(1—a) Jo " y1
o ' et [ - dB! + dB?
+—F(a)F(1—a)/o (=9 Vi +H2V; ( .

dB! + dB?

~ o ! n2 Vsz
®2Vt=—/(t—s)“_l < )— 2 ds
T —a) Jo wa)  \p2
o z - — (dB} + dB}
+—— | =Y V2 Hy V] .
F(a)m—a)/o S V-

Note that the above implies that V!* = V!~ and V>* = V2~ This property is due to the
symmetric structure of the baselines and kernels. Therefore, the joint dynamics can be fully
captured by considering the joint dynamics of (V!'*, V>*). Thus, writing V! := V!* =!I~
and V2 := V2t = V2~ we have

_ t 1
F(Q)MVJ :/ (t—s)a_l(,lu — V;)ds—i—/ ﬁ(dB} —{-dB?),
0 0

o
— t t
r(a)wv,zz/o (t—s)“*l(m—fff)dwr/o v V?(dB? + dBY).

We can write the above without V as

_ vl t vl
1“(05)M ! =/ (t — 5)2 ! (’“)—K—l V) as
o 14 0 12 V2

C (JVT(dB% +dB%))
+ / (t— )% e ).
0 V(B +dB?)

Limiting price process. Turning now to the price process, we compute A (see Equation (10))
using the definition. We have

k
19103 =Y Tligl; 0

k>1

e’} k o0 k
=0 Z [( / C(s)ds> ey + ( f C(s)ds) e4]
0 11 0 12

k>1

00 k 00 k
= Z |:< / C(s)ds> 03 + ( / C(s)ds) 04:|
0 11 0 12

k>1

= [(1 — / - C(s)ds)~' — I] 0; + [(1 — / - C(s)ds)~' — 1} O.,
0 11 0 12
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which, by definition of A, yields

00 -1 2y,
Apn=||I- C(s)ds -1 = ¢ a c ay L
0 1 4viva — (H, — HY,) (H5, — HS))

~1
B o _ Hj — Hj,
Ay = I—- C(S)ds -1 - c a ¢ a '\’
0 12 4viva— (Hf, — H,) (H5, — HS))

Therefore,

N 1 ( 2ys Hj, _Hgl) I
4y1y2 — (Hf, — HY,)(H5, — H3)) Hi, — H{, 29

Finally, by application of Theorem 1, any limit point P of the sequence of microscopic price
processes satisfies the following equation:

, 1 ( 2yp H5 - Hé’l)
t= . -
dyiys — (Hf, — HY,) (Hs, — HS)) \HS, — H{, 2y

VViaBy
1 -1 0 0\ pt|yViaB
(0 0 1 —1)/0 V2B
VV2dB}

B 1 2y, HS —HY /l VVI(dB{ —dBy)
4yiva — (H, — HY,) (Hs, — HS,) Hi, — HY, 29 0 \\/V2(dB} — dBY) .

Introducing the independent bi-dimensional Brownian motions

1 [B'+ B2 W 1 (B! — B2
2 \B 1Bt T2\ -B)

this concludes the proof of Corollary 1.

A.4. Proof of Corollary 2
We define the interaction kernel between Asset i and Asset j. For 1 <i, j < m, define

(I-y) v
a(l = T~ st @HD ifi =,
y =y

H¢ H*¢
b1 := { aT Tz~ @D ( ) if Asset i and Asset j belong to the same sector,
H* H¢

HE+ HE H® 4 HO
aT %1~ @FD otherwise.

a +H;l HC +H;
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Finally, the complete Hawkes baseline and kernel structure is

Ml o’ o’ .. b
] H ¢’ o’ .. b
T o — . T
w =T : > ¢ =
" : .. :
Mm ¢mlT cee cee ¢mmT
"

As in the previous example, the proof is split into two steps. First, we show that the kernel sat-
isfies the assumptions required to apply Theorem 1. Then, we compute the equations satisfied
by the limiting variance and price processes.

Checking for the assumptions of Theorem 3. We can examine the structure of the kernel as in
the two-asset example. Define the following basis:

=

ey +eypif 1 <i<m,
eri—ey ifm+4+1<i<2m.

Using the notation of Section 2, straightforward computations allow us to write

¢T0AT 00_l OAT 00_l
- O\BT T o \e T ’

where we can compute A7 and C”. Checking the assumptions is done as in the two-asset
case, though the conditions have changed here because of the new structure of the kernel. For
example, since

o0
lim 7 (9)dsOpyi =1 —2y)0pyi + (HS — HY) § Oy
T— o0 0 .
1<j#i<m

+ D > (H = H)Ouy,

1<j#i<m 1<r<R
we have, writing J := e 'ej+---+ey'e, and for any 1 <r<R, J,:= e,'rTe,-, 4+ 4
ei,+m,Tei,+m,7
o0
/ C(s)ds= (1 —2p) + (H® — H*)J + Z (HE — HO)J,.
0 1<r<R
Therefore, as the eigenvalues of fooo C(s)ds can be made explicit, if

A+ Yoy

1<r<R

<2y,

then p( fooo C T(s)ds) < 1 and p( fooo C(s)ds) < 1. Similarly, we can easily check that a necessary
condition for ,o(foC>o AT) < 1 for T large enough is
m,—1

m—1

1
|H +H + Y (Hy +H}) | < —.

1<r<R
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Since we are interested in the limit where the number of assets grows to infinity, we also
impose

Combined, we have verified all the assumptions on the structure of the kernel that are needed
to apply Theorem 1. We thus move to assumptions on K and A =KM~'. As in the two-
asset example, we have here M = «l. Since K =1 — (H* + H))J — ) |, g (HS + HY)J,, the
eigenvalues of K (and therefore those of A) are all strictly positive. Thus we have checked
all conditions necessary to apply Theorem 1. We can now state the equations satisfied by the
limiting variance and price processes.

Limiting variance process. As in the previous example, we have Vit = Vi~ Thus, we write
the underlying variance of asset i as V' and, using a (slight) abuse of notation, define V :=

(VY, V2 ... V™). Then V satisfies
_ a1
V,= F(a)F(l o / (t—98)*" (0 —K VY)ds
a1
+ F(a)F(l — / (t—s) dlag(\/Vs)d .

where B is a Brownian motion. We can rewrite K~ as
—1
K =<1 ~(HC+HY — Y (HE+ Hf)h)

1<r<R
-1
= <1 — (H  + HYm —w'w— > (HS + H)m, — Dw,"w, — e) ,
1<r<R
with the small term € given by

€= (H +H)J—(m—Dw'w)+ > (Hf+H) <Jr — (my — 1>wﬁwr).

1<r<R

1
ple) = 0(—),
m— 00 m

which concludes our study of the variance process. We now turn to the equation satisfied by
the limiting price process.

It is easy to check that

Limiting price process. Using the same approach as in the two-asset case, computing A
boils down to computing (/ — fooo C(s)ds)~ . Using the expression for fooo C(s)ds derived
previously, we have

HE — H

Hc HA -1
2y ) ’

J- 5,

1<r<R

I-c~'= i<1
2y
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Therefore, repeating the same approach we used for K~! yields

with

-1
a - C)_1 = <2yl— Aww— Z n,)»,_w,Tw, - e) ,

1<r<R

po=o(3).

Thus, we have the following expression for A:

—1
A= (2;/1 — A wiw— Z nr)»r_erwr — e> —1.

1<r<R

Plugging this into Theorem 1, we have the equation satisfied by any limit point P of the
sequence P, which concludes the proof of Corollary 2.
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