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Abstract

A novel statistical approach to estimating latency, defined as the time it takes to learn
about an event and generate response to this event, is proposed. Our approach only
requires a multidimensional point process describing event times, which circumvents the
use of more detailed datasets which may not even be available. We consider the class
of parametric Hawkes models capturing clustering effects and define latency as a known
function of kernel parameters, typically the mode of kernel function. Since latency is not
well-defined when the kernel is exponential, we consider maximum likelihood estimation in
the mixture of generalized gamma kernels case and derive the feasible central limit theory
with in-fill asymptotics. As a byproduct, central limit theory for a latency estimator and
related tests are provided. Our numerical study corroborates the theory. An empirical
application on high frequency data transactions from the New York Stock Exchange and
Toronto Stock Exchange shows that latency estimates for the US and Canadian stock

exchanges vary between 1 and 6 milliseconds from 2020 to 2021.
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1 Introduction

Over the last decade, financial markets have undergone revolutionary institutional and techno-
logical changes. Massive increases in computer power have led to algorithmic trading, explosions
in sub-second orders, and large increases in trading volume. These changes transformed the
financial markets and made latency an inherent part of investment process. Low latency, or
simply latency, can be broadly defined following Hasbrouck and Saar (2013) as the time it takes
to learn about an event and generate response to this event.

Although the term latency is widely used in finance, it is also related to delay, a more
common term in statistics. In fact, delay is present in datasets related to seismology, insurance,
criminology, sociology and medicine as in e.g., Harris (1990). Indeed, just like a time lag before
a trading event is revealed to market participants, there is also a time lag before a tweet post
becomes available on X, or a registration of medical incidents. Despite the fact that we mainly
use the term latency and our empirical application focuses on finance, a statistician should keep
this parallel in mind when reading the manuscript.

In the finance literature an approach to obtaining latency is heavily dependent on datasets
that are not available in many cases. Hasbrouck and Saar (2013) propose a widely used low
latency measure based on strategic runs representing series of submissions, cancellations, and
executions that are linked by direction, size, and timing, and which are likely to arise from a
single algorithm. However, as the proposed approach requires detailed information about the
timing and other characteristics of cancellations - which is not available for many markets - a
unified statistical framework for accurate estimation of latency is a missing link in the literature.

An alternative method, proposed in this paper, is to make use of a statistical model relying
solely on multidimensional event times. These time series are normally available to a statis-
tician, making our approach widely suitable for applications. Building upon the stylized fact

that arrival times are not deterministic, an obvious choice is to use tractable Poisson processes,



in which inter-arrival times are IID. Yet, Poisson processes are not well suited for modelling
the arrival times as the empirical literature on inter-arrival durations points out that trades
tend to cluster together over time. Accordingly, the class of autoregressive conditional duration
(ACD) models is introduced in Engle and Russell (1998). ACD models are closely aligned with
GARCH models and there are many multidimensional extensions of GARCH models. Most of
these extensions are also applicable to ACD models, and copulas can be also used to provide
appropriate solutions to such extensions, see Heinen and Rengifo (2007), Koopman et al. (2018),
Barra et al. (2018) and the references therein. However, these models are hard to generalize to
a set-up with asynchronous times.

This motivates using a more suitable class of multidimensional models, the so-called mutu-
ally exciting processes such that the occurrence of any event fuels the probability of the next
events occurring. The d-dimensional intensity, which can be interpreted as the instantaneous

expected number of events, is defined as

At)=v+ /t h(t — s) dNg, (1)
0
where v is a d-dimensional Poisson baseline, h(t) is a d x d-dimensional kernel matrix whose
diagonal components h(») are self-exciting terms for the related i-th process and non-diagonal
components h("/) are cross-exciting terms made by event from the j-th process to the i-th
process.

Considering a classical parametric specification of model (1), the novelty in our model is that
we define latency as a known function of parameters, typically the time corresponding to the
peak of the kernel function, i.e. the mode. We assume that the latency is a d x d-dimensional
matrix. We insist on the fact that latency is not well-defined when the kernel is exponential as
the mode is always equal to 0 in that case. Thus, we introduce a mixture of generalized gamma
kernels in which latency is well-defined.

In this paper, we focus on in-fill asymptotics, i.e. when T is fixed, since it is well-known that



latency changes empirically across different days, and this is also corroborated by the findings
in our empirical application. In the absence of latency, there already exists successful attempts
to accommodate for in-fill asymptotics in Hawkes processes. Chen and Hall (2013) allow for
a nonrandom parametric time-varying baseline. Their in-fill asymptotic results are based on
random observation times of order n within the fixed time interval [0, 7. A single boosting of
the baseline, i.e. A\(t) = a1+ fot h(t—s) dNj, is considered where a,, — 0 is a scaling sequence
when n — 0o. Chen and Hall (2013) derive a central limit theorem (CLT) for MLE parameters
related to the baseline and kernel. Clinet and Potiron (2018) consider stochastic time-varying
baseline and kernel parameters in the exponential kernel case, and introduce a joint boosting
of the baseline and the kernel, i.e. A(t) = ny, + f(f nas exp(—nbs(t — s)) dNg to derive CLTs
on integrated baseline and parameters with local MLE. Kwan et al. (2023) revisit Chen and
Hall (2013) in the exponential kernel case and with the same in-fill asymptotics as in Clinet
and Potiron (2018), i.e. A(t) = nvy + fg naexp(—nb(t — s)) dN;. Kwan (2023) considers the
non-exponential kernel case and advocates the use of in-fill asymptotics for statistical inference
to better match high-frequency data. An example of Ait-Sahalia and Jacod (2014) for financial
applications also confirms the feasibility of in-fill asymptotics for financial data.

In the absence of latency, the parametric Hawkes literature provides the results of large-T
asymptotics, i.e. when the horizon time 7" — oo. Maximum likelihood estimation (MLE) is
employed in the seminal paper of Ogata (1978), which shows the asymptotic normality of the
MLE for an ergodic stationary point process. However, the definition of ergodicity is vague
in that paper and most of the papers on parametric Hawkes models (e.g. Cavaliere et al.
(2023), Assumption 1(b) and Remark 2.1) make this ergodicity assumption and point out this
assumption is satisfied for Hawkes processes, whereas in fact this is hard to establish. As far as
we know, there are only two results in the literature showing rigorously the ergodicity of Hawkes

processes. Clinet and Yoshida (2017) provide a general point process framework where they



obtain MLE based CLTs in Theorem 3.11 (p. 1809) when assuming ergodicity of the couplet
of intensity process and an intensity process derivative. Their general machinery is verified in
the case of a Hawkes process with exponential kernel in Theorem 4.6 (p. 1821) by proving first
that the couplet of intensity process and the intensity process derivative is mixing and stable,
and then ergodicity is implied. With in-fill asymptotics, i.e., when T is fixed based on random
observation times of order n and by exploiting a joint boosting of the baseline and the kernel,
Kwan (2023) considers the non-exponential kernel case but the author mentions that such
a setup is challenging since the resulting intensity process is non-Markovian, thus rendering
standard techniques for asymptotic inference of Markov processes futile. Consequently, the
author can only show the ergodicity for the intensity procecss itself but not for the couplet
of intensity process and intensity process derivative, and only the consistency of the MLE in
Theorem 3.4.3 (p. 73) of this paper is shown.

These two results are useful, but Clinet and Yoshida (2017) (Theorem 4.6) is restricted
to the exponential kernel case and Kwan (2023) (Theorem 3.4.3) only obtains consistency of
the MLE. Thus, no feasible CLTs are available when the kernel is not exponential, and tests
on latency cannot be directly inferred from these two results. In our Theorem 1, we consider
MLE in the mixture of generalized gamma kernels case and derive the feasible CLT with in-
fill asymptotics. Our proof strategy builds on the general machinery of Clinet and Yoshida
(2017) by proving first that the couplet of intensity process and intensity process derivative is
mixing and stable, and then ergodicity is implied. The novelty in the proofs is in establishing
the couplet is mixing and ergodic (Proposition C1). Consistent estimators of the asymptotic
variance and feasible normalized CLTs are also provided.

Our latency estimator is defined as the known function of MLE kernel parameters. As a
byproduct of Theorem 4.6, we obtain a feasible CLT for our latency estimator (Proposition 2

and Corollary 3). We also construct three Wald tests for latency. We first develop a test for



equality between a latency matrix value for one particular index and a fixed value which can
in particular be used to test for the inexistence of latency. Our second test focuses on equality
between two latency matrix values. Our third test considers multidimensional linear hypotheses
on the latency vector. The limit theory of the three tests is established (Corollaries 4, 5 and 6).
A complementary approach with nonparametric Hawkes processes and applications to Covid-19
pandemic in France is given in Gamiz et al. (2022) and Gamiz et al. (2023) for the time-varying
case.

Our newly developed model contributes to the literature where a compensator of intensity
is interpreted as business time or economic time, see Engle (2000). These so-called models of
time deformation deal with the relevant time scale as ’economic time’ rather than ’calendar
time’. Intuitively, economic time measures the arrival rate of new information that influences
trading intensity. The joint analysis of transaction times and latency facilitates analysing an
impact of trading characteristics observed at ultra-high frequency on the complex interaction
between financial markets.

In our empirical analysis we focus on two major stock exchanges, the NYSE (US) and the
TSX (Canada). These exchanges have simultaneous trading sessions and are directly com-
parable due to similarity in trading environment, which creates opportunities for investors to
exploit price inefficiencies across venues. Gagnon and Karolyi (2010) show that deviations from
price parity are economically small but volatile and can reach large extremes. They report that
price parity deviations relate positively to proxies for holding costs that can limit arbitrage.
Moreover, the cross-exchange interactions may happen due to this excessive level of volatility.

In both markets latency varies between 1 and 6 milliseconds in 2020 and 2021 with the
traders in Canada being overall faster. The presence of interaction between trades and quotes
implies that information in trading (quoting) events can be absorbed with delay in response to

quoting (trading) events, which is associated with a phenomenon of co-latency. Our findings



indicate the existence of co-latency channel working in both directions between trades and
quotes in the NYSE and the TSX. We observe a faster reaction of trading co-latency on the
response to quotes in both exchanges. This corresponds to Hoffmann (2014) where an ability
of fast traders to revise their quotes quickly after news arrivals helps reducing market risks in
some markets.

The rest of this paper is organized as follows. The model is introduced in Section 2. Esti-
mation and tests are given in Section 3. The theory is developed in Section 4. Our empirical
application is provided in Section 5. Our numerical study is carried over in the supplemen-
tary material Appendix A. Examples of kernels, that meet the assumptions of the proposed
framework, are given in the supplementary material Appendix B. All proofs of the theory are
shown in the supplementary material Appendix C. Additional empirical results belong to the

supplementary material Appendix D.

2 A parametric Hawkes model accommodating for latency

We start this section from a literature review. Then, we recall definitions of a point process
and a classic parametric Hawkes model, see Ogata (1978), Embrechts et al. (2011), Clinet and
Yoshida (2017), Cavaliere et al. (2023) and Kwan (2023). Finally, we introduce a definition of

latency, which is novel in the point processes literature.

2.1 Literature review

Hawkes (1971b) and Hawkes (1971a) introduces a family of models for point processes with
stochastic intensity called "self-exciting and mutually exciting point processes" such that the
occurrence of any event fuels the probability of the next occurring events. Importantly, these

papers provide the Bartlett spectrum and the corresponding covariance density function, useful



tools for analyzing point process models. Details about these models are discussed in Liniger
(2009) and applications in finance are shown in Hawkes (2018) with the references therein.

Over the last few decades Hawkes processes have been widely used in the context of seismol-
ogy. The classical MLE for point processes is originally described in Rubin (1972), and applied
to Hawkes processes in Vere-Jones (1978) and Ozaki (1979). Vere-Jones and Ozaki (1982) rely
on the MLE and provide applications to earthquake data. Ogata (1978) shows the asymptotic
normality of the MLE for an ergodic stationary point process with large-T asymptotics.

Applications of Hawkes processes in finance have been evolving over the last two decades.
Bowsher (2007) considers a two-dimensional Hawkes process model of the timing of trades and
mid-quote price changes. Chavez-Demoulin et al. (2005) introduce a marked Hawkes process
to model extreme returns. A ten-dimensional Hawkes process model is used by Large (2007).
Embrechts et al. (2011) consider the application of Hawkes processes with marks using MLE.
Bacry et al. (2013) provide a CLT for the multidimensional Hawkes point process with large-T
asymptotics. Alt-Sahalia et al. (2014) model self- and cross-excitation shocks in CDS markets
for several European countries using a standard multidimensional Hawkes process with expo-
nential kernels. Ailt-Sahalia et al. (2015) study Hawkes jump-diffusion processes in different
stock markets and use a parametric moment-based estimation.

The most recent use of point processes is also widespread. Corradi et al. (2020) develop a
test for conditional independence in quadratic variation jump components. Ikefuji et al. (2022)
analyze the impact of earthquake risk on real estate prices with the use of ETAS Hawkes-based
model. A bootstrap approach for Hawkes and more general point processes is developed in Cav-
aliere et al. (2023). In Karim et al. (2021), the authors provide an analysis of the probabilistic
behavior of the couplet of point process and intensity process. Kernel-based estimation of inten-
sity with in-fill asymptotics is presented in van Lieshout (2021). Bennedsen et al. (2023) develop

likelihood-based methods for estimation of continuous-time integer-valued trawl processes.



None of these strands of literature provide a formal definition of latency using a point process

framework.

2.2 Parametric Hawkes model

Let T stand for the horizon time. A d-dimensional point process

(No<esr := (N, .., NV ocrer,

corresponds to the accumulated number of market events at time ¢. In other words, the i-th
component, which corresponds to the i-th event type of the point process, is formally defined

as

dNt(i) = Nt(i) — N% = 1 if there is an event at time t,

= ( otherwise.

We will refer to (Tl(i), . ,T]%)) for the event times. A point process is driven by its d-
dimensional intensity A(f), which can be interpreted as the instantaneous expected number

of events since

At) = lm E [WW] |
where F¥ = 0{N,,0 < s < t} is defined as the canonical filtration generated by N;. For formal
definitions related to the theory of point processes, see Daley and Vere-Jones (2003), Daley and
Vere-Jones (2008), and more generally Jacod and Shiryaev (2013).

The parametric mutually exciting processes have a d-dimensional intensity defined as

t
At)=v"+ / h(t — s,0;,,) dNs, (2)
0

*

rer) 18 a d x d-dimensional kernel matrix

where v* is a d-dimensional Poisson baseline, h(t,6

whose diagonal components h(») are self-exciting terms for the related i-th process and non-



diagonal components h(*7) are cross-exciting terms made by event from the j-th process to the

i-th process.

2.3 Latency

The latency is defined as a d x d-dimensional matrix which is a known function of the kernel

*

rers 1.€. We assume that

parameter 0
L = F(0f,)- (3)

If LG9 > 0, a latency between an event in process j and its impact on process 7 is introduced.
Typically, we set F such that the latency L) is specified as the time it takes before reaching
the pick, i.e. the mode, of the kernel h(»7)(t, 0;..). This definition of latency is in agreement
with the finance literature, e.g. Hasbrouck and Saar (2013), defining it as the time it takes
to learn and generate response to a trading event. An advantage of this definition is that

)

ey associated with factors affecting latency. Such

latency can be characterized by parameters 6
a structural approach permits identifying different aspects of latency. As we show in Section 3.2,

sub-parameters of 6, i.e. D, are interpreted as delay measures. This component of latency D

identifies the time of learning about a trading event, which is critical for financial applications.

3 Estimation and tests

In this section, we first introduce MLE for the parametric Hawkes model and discuss the in-fill
asymptotics used for theoretical analysis. Then, we introduce a mixture of generalized gamma
kernels in which latency is well-defined highlighting that latency is not well-defined when the

kernel is exponential. Finally, we introduce latency estimation and tests related to latency.
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3.1 MLE

We assume that a stochastic basis B,, = (€2, F, F,,, P) is given, where the filtration is defined as
F, = (E)te[oﬂ, where T is the horizon time, i.e. 1 trading interval. The filtration contains all
the necessary information to the statistician. We implicitly assume that the defined quantities
depend on n, but we do not write explicitly such a dependence when it is clear from the
context. Furthermore, we also assume that all the stochastic processes defined in the following
are F,-adapted processes. In particular, this implies that F¥ C F; for any t € [0, 7.

For inference purposes, we consider in-fill asymptotics with joint boosting of the baseline
and the kernel. Relying on a parametric approach we assume the existence of an unknown true
value 6* = (v*, 05,,) such that for i = 1,...,d we have that the ith component of the F-intensity

is equal to
d t ..
AO(t,0%) = n@ 43 / nh) (n(t — s), 07V dN D), (4)
j=1"90

We define the parameter space as O, i.e. 6* € ©. In Equation (4), in-fill asymptotics are based
on random observation times of order n within the time interval [0, 7] for a finite horizon time
T. Kwan (2023) extends the asymptotic analysis of Clinet and Potiron (2018) and Kwan et al.
(2023), also based on joint boosting, by not imposing an exponential kernel. Our case is different
from in-fill asymptotics of Chen and Hall (2013) who consider no boosting of the kernel. For
any space S such that 0 € S, we define the space without zero as 5*. We assume that m € N*
is such that m > 2d. We also assume that © C (R%})? x R™ is a convex, bounded and open
space which satisfies the assumptions from the Sobolev embedding Theorem (see Theorem 4.12
(p. 85) in Adams and Fournier (2003)). We rely on the log likelihood process, see Ogata (1978)

and Daley and Vere-Jones (2003),

d

1r(0) = Z /0 ' log(A® (¢, 0))dN, = ) /0 ' AD(t, 0)dt,

=1

i.e. the MLE is defined as 07 € argmaxycg lr(0).

11



3.2 Mixture of generalized gamma kernels

Foranyi=1,...,d and j = 1,...,d the mixture of generalized gamma kernels is defined as
K(&3) i (5,3) _ i u)
B (1, 9 P 1P exp(— <t/ﬁk Y ) 5
( ker ) Z k (Z,]) D(z j) ? ( )
k=1 (B )" ( b / pk )

in which I'(+) is the gamma function, oz,(:’j) € R? is the size of the jump, B,(j’j) € R7 is the scale
parameter, D( D e R* and p(w € R are shape parameters. In Equation (5) the number of
terms in the sum corresponding to the cross excitation between the ¢th and the jth market

K3 is fixed by the statistician, so they are not parameters to be estimated. We assume that

the parameter related to the kernel is of the form

Orer = (Oped Nisigea = (0 007 050 000 (6)
O = (o), 50D, DOD ) € (R (R x (RLMT x (R)A.

For simplicity of exposition, we assume that each term in the sum of Equation (5) is generalized

i,5)

gamma kernel. However, all the theory of this paper also holds when some of parameters erT

are fixed to a value or equal to each other. In particular, the kernel can be exponential, gamma
or Weibull. Several examples covered by this framework are discussed in Appendix B from the

supplementary material.

3.3 Latency estimation

We recall from Equation (3) that latency is defined as a d X d-dimensional matrix which is a

known function of the kernel parameter 05 __, i.e. we have

ker»
L - F<91:e7') S Rl—il-Xd' (7)

The latency estimator is naturally defined as



3.4 Tests related to latency

We consider three Wald tests associated with latency. We first provide a test for equality
between a latency value LG9 for an index (i,5) € {1,...,d}? and a latency value L € [0,7],
i.e. we define the null hypothesis as Ho(L) : {L(*) = L} and the alternative hypothesis as

Hy(L) : {LED £ L}. We let our first test statistic be

w(i) = D" o)
Var [n(ivﬂ')}

where the variance estimator used in the denominator will be defined in Equation (23). In the
particular case when L= 0, it provides a test for the absence against the presence of latency,

i.e. Hy(0): {L09) =0} against H,(0) : {L#) > 0}.
We secondly propose a test for equality between two latency values L) and L*9 for
two indices (4,7) € {1,...,d}* and (k,l) € {1,...,d}? i.e. we define the null hypothesis as
Hy - {L09) = L®D} and the alternative hypothesis as H} : {L%7) # LED}. We let our second

test statistic be

7G5 _ TkDy2
Wt b (10)
Var [n(%])} + Var [n(’ﬁl)} — 2Cov [n(ﬁj% n(kvl)}

where the variance and covariance estimators used in the denominator will be defined in Equa-
tion (23).
For convenience we rewrite the d x d-dimensional matrix of latencies (L(i’j))gj """ , as a

,,,,,

d?-dimensional vector of latencies

=1,...

We thirdly introduce a test of ¢ linear hypotheses on the d? latency vector which is expressed
with the ¢ x d?-dimensional matrix R, i.e. we define the null hypothesis as Hy(r) : {RL = r}

and the alternative hypothesis as H;(r) : {RL # r} for r € R. We let our third test statistic

13



be
W(r) = nT(RLy — )" (ROrR") " (RLy — 1), (11)

where the d? x d?-dimensional covariance matrix estimator used in the denominator will be

defined in Equation (34).

4 Theory

In this section, we first derive the feasible CLT of the MLE in the mixture of generalized gamma
kernels case with in-fill asymptotics. This extends Clinet and Yoshida (2017) (Theorem 4.6)
which is restricted to the exponential kernel case and Kwan (2023) (Theorem 3.4.3) which only
obtains consistency of the MLE. Then, we derive the feasible CLT for the latency estimator.

Finally, we obtain the limit theory for the tests related to latency.

4.1 CLT with mixture of generalized gamma kernels
We make the following assumptions for the CLT. Following the conventional MLE set-up, we
require uniform boundedness of the parameter space.
[A] (i) There exists v_ € R* such that for any § = (v, Or) € © we have that
v > (12)
forany 1 =1,...,d.
(ii) For any 0 = (v, 0k-) € O, we have that the kernel parameter 6., is of the form (6)
and the kernel h(t, 0., ) is of the form (5).
(iii) There exists p_ € R* such that for any ¢ = 1,...,d, any j = 1,...,d and any
k=1,..., K% we have that

i > p (13)

14



(iv) There exists D_ € R’ such that for any ¢ = 1,...

k=1,..., K% we have that

D > p_.

(v) Let us define the matrix ¢(0pe.) = (gb(i’j)(H(i’j)))].‘:’""';d

P (B = / ) (s, 017
0

,d, any j =

)ds,

1,...

,d and any

(14)

and write p(¢(0ker)) being a spectral radius. There exists 0 < hy < 1 such that for any

6 € © we have that

P(ﬁb(gker)) < hy.

(15)

Condition [A] (i), i.e. the positivity of the baseline, is well-known for Hawkes processes being

well-defined. Condition [A] (ii) restricts to Hawkes processes with mixture of generalized

gamma kernels. Condition [A] (v) is also common for Hawkes processes being well-defined,

as in the large-T asymptotics where N; starts from —oo, this assumption is already required

to establish the existence of a stationary version of N; on the same probability space and that

N, tends in distribution to this stationary process for a certain topology, see Theorem 7 in

Brémaud and Massoulié¢ (1996); Proposition 4.4 in Clinet and Yoshida (2017)).

Now we derive an important practical implication of Condition [A] (v). We obtain

(i,j)

o oo K09 (4,5) ,
BD) (. 9CN g = K )t(D ~Yexp(— (t/ﬂ ])
(t ker ) - (4,9) D(”) (2,9) 7,.(4:3)
0 (B2 T (D /o)

D exp(— (/8,7

(ZJ)

KW) oo (6.4) (D)
_ (i,4) Pt
= D o

k=1 0

K3)
e ak ,

k=1

15

(4,5) 7,
(B2 (DI [p )

)dt

>dt



where we use Definition (5) in the first equality, Tonelli’s theorem in the second equality, and

the fact that the integral of any distribution is equal to 1. Furthermore, we can deduce that

| Heae s < po(6)
0

by a spectral norm definition. Thus, Condition [A] (v) implies that Z,f:lj) ozgf’j ) < h,

We now provide the feasible CLT of the MLE in the mixture of generalized gamma kernels
case with in-fill asymptotics. This extends Clinet and Yoshida (2017) (Theorem 4.6) which is
restricted to the exponential kernel case and Kwan (2023) (Theorem 3.4.3) which only shows
consistency of the MLE. We define the space F as £ = R} x R% x R™. We also define as

C;(E,R) the set of continuous functions ¢ : (u, v, w) — ¥ (u,v,w) from E to R that satisfy ¢ is

1

u’v’

of polynomial growth in (u,v,w) and in (=, -, w). For any ¢ = 1,...,d and any 6 € O, we also

() (t
M, and the triplet

define the rescaled time-transformed intensity process as e (t,0) =
as X\ = (X(i)(t, 9*),X(i)(t,9),8gx(i) (t,0)). Propositions C1 and C2 from the supplementary
material state that Xt(i) is stable, i.e. there exists an R’-valued random variable Xl(;)ﬂ such
that Xff% —P (XI(ZZZH(G*),XZ(ZZH(H) 89)\hm(9)). They also state that the triplet is ergodic, i.e.
there exists a mapping 7r9* : C4(E,R) x ©® — R such that for any (¢,0) € C+(E,R) x ©
we have —fo Vds —F 70 (1, 0), where Wé?(@[),@) = E[@/J(lem(e*),xljfn(e),aQXl(ffn(e))].
Finally, they state that there exists a probability measure H(gi) on (E,B(F)) such that for any
¥ € Cy(E,R), we have 7r9 ¢, = [ ¥(u,v,w) (du, dv, dw). If we consider a vector z € R™,

we define the tensor product as z®? = z x 27 € R™*™. We define the m x m-dimensional Fisher

information matrix ' as

d
L
= Z/Ewmaﬂég(du,dv,dw). (16)
i=1

In other words I'"! corresponds to the asymptotic covariance matrix. The Fisher information

matrix is estimated from

-1

Ty = — [agZT@T)} : (17)
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where 02l7(6) is the m x m-dimensional Hessian matrix of the time-transformed likelihood

defined as I7(6) = S, [T 1og(Z (1, 0))dN" — S (739 (¢, 0)dt with N = N, Also ¢

i=1J0 i=1J0

is defined as a m-dimensional standard normal vector.
Theorem 1. We assume that Condition [A] holds. As n — 400, we have the consistency

o7 =7 0* (18)
and the CLT

V(0 — 0°) P VTTV2%¢, (19)

We show the consistency of the Fisher information matriz estimator

Iy —FT. (20)
Moreover, we show the feasible normalized CLT

TY2V/nT (67 — 67) =P ¢. (21)

4.2 CLT for latency

We make the following assumption for deriving the CLT.
[B] We assume that F': © — RY*? is twice continuously differentiable.

For any ¢ = 1,...,d and 5 = 1,...,d we define the m-dimensional differential vector corre-

sponding to the (i, j)-index of F' at point 6 as

dp(i,j)(@) = (W(G),,W(e) .

We then define the asymptotic matrix as

(Y = @S (2 22)

----------
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We estimate the covariance between 77 and n*4 as

Cov [, 0] =i(ZdF“” &%) ”‘”)(Zdﬂ’”” ") (@3)

and the correlation between the normalized asymptotic covariance matrix (4, j)-index and (k, [)-

index as

Cor [g/(Z—J)\g(lcl)] _ Cov[/\n(k ]
\/Val" [1@)] Var/[nTk:l)}

Now we provide the feasible CLT for the latency estimator with in-fill asymptotics. This

(24)

complements the related approach on nonparametric Hawkes processes and applications to
Covid-19 pandemic in France given in Gamiz et al. (2022) and Gamiz et al. (2023) for the

time-varying case.

Proposition 2. We assume that Condition [A] and Condition [B] hold. As n — o0, we

have the consistency

Ly P L (25)
and the CLT
VilLg? = L2y =P VT (26)
Moreover, 1) can be re-expressed for anyi=1,...,d and any j=1,...,d as
20 = 37 (3D drean g () g, ©7)
q=1 r=1
We can deduce that
COV (i.5) Z (Z A3 (9*) (F_1/2)(r,q)> (Z dF(k’l”")(Q*) (F—1/2)(r,q)> ' (28)
g=1 r=1 r=1

We obtain the consistency of the covariance estimator

—

Cov [59),n®0] —F Cov[p™, 5*D). (29)
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We show the feasible normalized CLT

269 — e\
vnT il e (30)

—_—
i=1,....d

Var [n(i’j)}
where each component E@'»i) s a standard normal variable with correlation that satisfies

Covlné9), n:)

Cor [5@”,5’“7”} = : (31)
\/Var [n(ivj)] Var [n(kvl)}
The consistency of the correlation estimator is obtained as
Cor [£6), E00] ¥ Cor [E6:), gk, (32)
For any ¢ = 1,...,d and j = 1,...,d each component E“Fﬂ is a standard normal variable,

but the limit matrix (£0:9)] 115 is not a standard normal vector in Equation (30). In what
follows, we give a feasible CLT with a standard normal vector in the limit since this is useful for
providing the asymptotic theory of the multidimensional Wald test in Corollary 6. To obtain

a standard normal vector in the limit, we rewrite the d x d-dimensional matrix of latency

. >(,5)\j=1,...,d . . .
estimators (L%j ))721 -9 as a d*-dimensional vector of latencies

= (i, ~(1,1) (1,2 ~(d,d
Ly = (L5 )ijma = (L, Le ™, LED)T
and we introduce the d® x d®-dimensional asymptotic covariance matrix T satisfying
“—1\k,l=1,....d i,j ,
(r )i,j:i...,d = COV[U( ])a 77(k l)]~ (33)

We estimate the asymptotic covariance matrix with

~1 _—

(T )H=bd = Cov i), pkn)]. (34)

ij=1,...,

We make the following assumption:

. r q=1,....m
[C'] We assume that the d* x m-dimensional matrix (Z;”Zl dF I (6%) (F_l/Q)( ’q)) has

ij=1,..,d

full rank.
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Corollary 3. We assume that Condition [A], Condition [B] and Condition [C] hold. As

n — +oo, we have the CLT
Vi(Lr — T) -2 VTT V%, (35)

where & follows a d?-dimensional standard normal vector. We obtain the consistency for the

asymptotic covariance matrix
Ty =P T. (36)

Moreover, we provide the feasible normalized CLT

~1/2

Ty VaT (LY — 1)), ) =P E. (37)

-----

4.3 Tests related to latency

The following corollary shows that the first Wald test statistic converges in distribution to a
chi-squared distribution with one degree of freedom under the null hypothesis and is consistent
under the alternative hypothesis. The proof is based on Proposition 2. We denote (), as the

quantile function of the chi-squared distribution with one degree of freedom.

Corollary 4. We assume that Condition [A] and Condition [B] hold. As n — +oc and for
any latency value Le [0, T, the first Wald test statistic W(Z) converges in distribution to a chi-
squared distribution with one degree of freedom under the null hypothesis HO(Z) L) = E}
and is consistent under the alternative hypothesis Hy(L) : {L#) £ L}, i.e. for any 0 < o < 1

we have

size(a) = P{W (L) > Q1—a | Ho(L)} — «, (38)

power(a) = P{W (L) > Q1_ | Hi(L)} — 1. (39)
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The second Wald test statistic converges in distribution to a chi-squared distribution with
one degree of freedom under the null hypothesis and is consistent. The proof is based on

Proposition 2.

Corollary 5. We assume that Condition [A] and Condition [B] hold. We also assume that
(n®9) DY) is a two-dimensional random vector. As n — +o0o, the second Wald test statistic
W' converges in distribution to a chi-squared distribution with one degree of freedom under
the null hypothesis H} : {L47) = L®DY and is consistent under the alternative hypothesis

H {10 £ LEDY e for any 0 < a < 1 we have

size/ (o) =P{W' > Q1_ | H)} = «a, (40)

power' (o) = P{W' > Q,_, | H;} — 1. (41)

Finally, the following corollary shows the third Wald test statistic converging to a chi-
squared distribution with g degrees of freedom under the null hypothesis and being consistent.
The proof is based on Corollary 3. We denote QSJ) as the quantile function of the chi-squared

distribution with ¢ degrees of freedom.

Corollary 6. We assume that Condition [A], Condition [B] and Condition [C] hold. As
n — +oo and for any v € R, the third Wald test statistic W (r) converges in distribution to a
chi-squared distribution with q degrees of freedom under the null hypothesis Ho(r) : {RL = r}
and is consistent under the alternative hypothesis Hy(r) : {RL # r}, i.e. for any 0 < a < 1 we

have

size(o) = P{W(r) > Q\?, | Ho(r)} = a, (42)

power(a) = P{W(r) > Q\”,, | Hi(r)} — L. (43)
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5 Empirical application

In this section we analyze the performance of the proposed model using the transaction data

for the New York Stock Exchange (NYSE) and the Toronto Stock Exchange (TSX).

5.1 Data

Our sample period runs from January 2, 2020 to December 31, 2021. Each day, we construct
a sample of stocks included in the S&P 500 index and the TSX composite index and that are
traded in the NYSE and the TSX. We obtain trade and mid-quote price, i.e. the average price
between best bid and ask prices, and time stamps from the consolidated trade history in the
transaction Datascope database. Following Hasbrouck (2018) all the stock trades and quotes
between 9.45 a.m. and 3.45 p.m. (EST) are considered. Our selection of characteristics for each
stock and each day includes millisecond time stamps. These stock characteristics are used to
obtain the estimates of latency and to test the hypotheses formulated in the following section.

We apply additional filters in the following order. First, we exclude trades and quotes
with zero volumes and prices. Second, we drop a stock-day observation if it takes extreme
values falling in the top or bottom 1% of the monthly cross-sections. Finally, each daily sample
comprises the 798 stocks traded in the NYSE and the TSX.

Table 1 presents summary sample statistics over the final sample. The sample statistics are
computed for the US and Canadian stock exchanges separately. The US market is characterized

by a shorter duration, while the TSX experienced a lower standard deviation of trade durations.
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Table 1: Summary statistics are reported for all S&P 500 and TSX composite index stocks traded
in the NYSE and TSX. The daily average statistics are obtained over the sample from 02/01/2020 to

31/12/2021. Durations are expressed in milliseconds.

Obs. Mean Std dev Min Max

NYSE

Trade Duration 273,845,398  33.304 149.052 1 63247.101

Mid-Quote Duration 3,361,459,591 2.987  4.983 1 72.370

TSX

Trade Duration 120,801,281  77.245 127918 1 4336.670

Mid-Quote Duration 1,409,644,068 6.798  10.286 1 222.901

5.2 Hypotheses

To understand the evolution of latency in the NYSE and TSX we formulate testable hypotheses
of interest. All hypotheses are tested for the whole sample including all trading days and p-
values can be obtained with Corollary 6. To verify that our results of testing hypotheses are not
distorted due to a multiple statistical inference problem, we implement a Bonferroni adjustment
of Holm (1979) for all p-values. The adjusted p-values computed at the 1% level provide the
identical conclusions about all hypotheses confirming the statistical robustness of our results.
Another robustness check of our testing results is conducted following Bajgrowicz et al. (2016)
and the results are in agreement with the Bonferroni corrected tests.

First, we conjecture if latency exists in both exchanges and for mid-quote and trade events.

Latency exists in the NYSE and TSX stock exchanges, i.e. Hy(0) : LO9 = 0 for all i =
1,...,4.

A p-value of 0.001 confirms the existence of latency at the 5% level. One may argue that
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latency is solely characterized by technological development of a stock exchange. In this case
a technology arms race would not be defined by timing of orders and latency estimates are
expected to be similar in both exchanges. If this is not the case, transforming competition on
speed into competition on price is possible when firms strategically consider the timing of order
submissions, see e.g. Budish et al. (2015).

Latency varies across the stock exchanges, i.e. Ho(0) : LM = LG3) gnd L(22) = [44)

A p-value of 0.002 provides evidence of rejecting the null hypothesis at the 5% level. This
suggests that there exist additional sources of market information that must be taken into
consideration when a new measure of latency is designed. This conjecture extends an idea of
Riordan and Storkenmaier (2012) about interrelation between latency and price discovery.

The presence of latency is a feature of modern financial markets, but it is unclear if changes
in latencies across stock exchanges create market co-movements. This conjecture is supported
by Baron et al. (2019) who find latency to be used as a channel for cross-exchange interactions.
We call this phenomenon co-latency. Co-latency can be considered as a channel of emerging
spillovers between the market events corroborating findings of Malceniece et al. (2019) about the
substantial impact of trading activity on co-movements in stock returns. Following Ait-Sahalia
et al. (2015) the presence of spillovers is associated with statistically significant cross-excitation
effects.

Co-latency is observed for different events (trades, quotes) within the stock exchanges, i.e.
(*) Ho(0) : LU = LY =0 and LGY = LU =0 or (**) Hy(0) : LG = [32) = [(4D) =
L@ =0 and L3 = LU = [23) = L4 = 0.

Rejecting (*) with p-value=0.003 confirms the existence of co-latency in both exchanges.
However, (**) is not rejected (p-value=0.203), justifying the co-location argument of Brogaard

et al. (2015) and confirming that co-latency does not spread across exchanges.
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5.3 Latency in the US and Canadian stock exchanges

We now discuss the estimates of latency obtained by the MLE procedure presented in Section 3.
Trade and mid-quote time stamps of all the stocks are used to estimate Model (4) for each day
and for both the NYSE and the TSX. In this case the kernel matrix ~(*/) is 4 x 4-dimensional
and the market interaction between the US and Canadian stock exchanges is captured by the
cross excitation terms A7) when i # j. The shape of the kernel matrix h(»7) follows the gamma
specification discussed in Appendix B.2 which is a special case of mixture of generalized gamma
kernels presented in Section 3.2 with parameters «, 5 and D. Following the results from the
previous section we discuss only (co)latency estimates within the NYSE and the TSX captured
by LD B2 RG34 and K12 D BG4 RA3) This is verified by the testing results in
the previous section and in agreement with the colocation argument of Shkilko and Sokolov
(2020) implying the region specific nature of trading activity.

Delay D is discussed now as an important factor contributing to latency. Parameter es-

timates 1;}1\]) are presented in Figure 1 for each trading day.! The delay parameters D),
D®2 for the NYSE and DG®% D@4 for the TSX trade and mid-quote events are statistically
different from zero changing between 1 and 5 milliseconds. A substantial drop in delay from
almost 4 to 2 milliseconds observed in Figure 1d happened in November 26th, 2021 which was
the worst day of year for North American stock markets. On this day S&P 500 index dropped
more than 2% due to a new Covid variant found in South Africa triggering a shift from risk
assets and accelerating the speed of trading. The cross-exciting parameter D2 capturing
delay in the NYSE trades due to mid-quote events in the same exchange fluctuates between
1.4 and 4 milliseconds. In February and March 2020, active trading during the start of COVID

pandemic creates longer delays D2 and DG4 showing that market participants respond more

quickly to trades when information is flowing. Delays of responding quotes to trades D@ and

IThe estimates of parameters a(i7) and (7)) are not presented here, but available in Appendix D.
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D®3) are longer for both the NYSE and the TSX suggesting that in both markets trades absorb
market information faster.

The estimates of latency and co-latency L/%E for the NYSE and the TSX obtained for each
day over the sample are presented in Figure 2. The latency estimates L/gﬁ\l ) for the US and
Canada change between 2 and 5 milliseconds over the sample. Overall the TSX is faster with
the latency just below 4 milliseconds for trades and mid-quotes. In February and March 2020,
the start of COVID-19 pandemic, co-latency in the NYSE and TSX observed from Figures
2(e),(g) jumped a few times between 1 and almost 4 milliseconds. This pattern is attributed
to suspending floor trading due to COVID-19 pandemic in February and March 2020. Another
common pattern for both exchanges observed from Figures 2 (e),(f),(g),(h) is a faster reaction

—_—

of trading co-latency in response to quotes. Confidence intervals for Lgrl ) and Lg? 4 are wider
comparing to 112\1) and L/(;’\S) indicating uncertainty about the impact of quote events on trades
which reduces in 2021 for L/(TE)). Our findings indicate the existence of co-latency channel
working in both directions between the US and Canada. This corresponds to Hoffmann (2014)

where an ability of fast traders to revise their quotes quickly after news arrivals helps reducing

market risks in some markets, i.e. the TSX and the NYSE in our case.

6 Conclusion

A novel statistical approach to estimating latency, defined as the time it takes to learn about an
event and generate response to this event, is described. Outside of finance this definition helps
understanding and modelling delay in reactions to events for point processes. The problem
is formulated to be solved by the comprehensive use of stochastic analysis techniques. More
specifically, we have considered the class of parametric Hawkes models, which circumvents the

use of more detailed datasets which may not even be available. We define latency as a known
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Figure 1: Parameter estimates Déf’j ) obtained from Equation (4). Parameter estimates for each day

in the NYSE and TSX are shown. 90% confidence intervals are also presented.
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Figure 2: Latency and co-latency estimates Lgpi’j ) obtained from Model (4). Each graph shows co-
latency estimates for each day across all events in the NYSE and TSX. 90% confidence intervals are

reported.
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function of kernel parameters, typically the mode of kernel function. Since latency is not
well-defined when the kernel is exponential, we consider maximum likelihood estimation in the
mixture of generalized gamma kernels case and derive the feasible CLT with in-fill asymptotics.
As a byproduct, CLT for a latency estimator, defined as the function of parameter estimates,
and three tests were deduced. Latency estimates for the US and Canadian stock exchanges are
found to vary between 1 and 6 milliseconds from 2020 to 2021. The existence of co-latency

channel working in both directions between the US and Canada is also confirmed.

Supplementary material

Our numerical study is carried over in Appendix A. Examples are given in Appendix B. All

proofs are shown in Appendix C. An additional empirical result belongs to Appendix D.
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Appendices

This part corresponds to the "supplementary material" of "Mutually exciting point processes
with latency" by Yoann Potiron and Vladimir Volkov submitted to Journal of the American
Statistical Association. Our numerical study is carried over in the Appendix A. Examples are
given in the Appendix B. All proofs of the theory are shown in the Appendix C. Additional

empirical results belong to the Appendix D.

A Numerical study

The performance of the model is now explored via a simple multidimensional simulation exper-

iment. Consider the 5-dimensional specification of Equation (4) with intensity given by
5 t7 ..
AO(t,67) = @+ / nh (n(t — ), 025 dND), (A1)
j=1"0

where v* = [ 0.01 0.01 0.01 0.01 0.01 ]l, h(t,0) is a gamma kernel defined in Equation

(B2) and the kernel parameters 65, are chosen such that

ker

h(tv 01:67’) -

t8exp(—t) t10exp(—t/1.5) t10exp(—t/1.2) toex ( t/2) texp(—t/1.1)
tPex ( t/2) t'exp(—t/2) t10exp(—t/1.5) Yex ( /2 1) t8exp(—t/1.7)

( t/1.8) t8exp(—t/1.2) t%exp(—t/1.6) t10exp(—1/1.8) t%exp(—t/1.6)
0.145 NG 025~ 015055 024" 0.15- K

A

t8exp(—t/2) tTexp(—t/1.2) tSexp(—t/1.3) t8exp(—t/1.5) tTexp(—t/2)
0'251{7T 0'1411“(—8) 0.141}(—7) 0.24]}(—9) 0.16#

=

t2exp(—t/1.5) t5-5exp(—t/2) tSexp(—t/1.5) t>Bexp(—t/2.1) tTexp(—t/1.8)
0242 t15) ) 1500 emplt/) g PemCLS) - ggtlenpCt2) g g5 TernC /L)

(A2)

From Equation (B2), we can deduce that the Hawkes process generated by the intensity (A1)

has a baseline equal to 7® = nv*® and a gamma kernel ﬁ(t, 6) with true value parameters
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(na(®), #, D). Thus, there is a unique relationship between (v*, k) and (7%, k). The choice
of parameter values mimics the broad characteristics of the empirical data discussed in Section
5. From Equation (B3), latency and co-latency are obtained as a function of parameters equal to
L) = w Thus, we obtain latency and co-latency values below 15 milliseconds. The
simulation exercise involves 500 independent replications with the sample size order n = 100, 000
and setting up 7' = 1 trading interval to generate the data. Since we recall that n corresponds
to the order of the number of observations, we note that the sample size order n = 100, 000 is
more conservative than the average number of observations in our empirical study, see Table 1.
The elements of the kernel h(t, 05,,) are estimated using the MLE approach presented in Section
3.1. The model defined in Equation (A1) meets the theoretical assumptions from Section 4.
Figure A1 illustrates histograms of the kernel estimates h. The trapezoidal rule is used to
numerically compute the integral in Equation (A1). The estimates of all kernel functions are
close to their theoretical values and the confidence intervals behave as expected. One case where
the confidence intervals are especially narrow is represented by h(32) . This is expected as the

kernel specification has the highest mean rate. All kernels approach zero within 50 intervals.

Now we verify the CLT of the latency estimator. Histograms of latency and co-latency

estimates Lgf’j ) are presented in Figure A2. The obtained variance lies within the range of 2-3

intervals. Table A1 verifies the finite sample properties. The bias ranges from —0.10 to —0.30,
which only affects around 1% of latency values. The estimated latency has relatively similar in

—

sample standard error, which is calculated from (Lgf’j ) L(’?j)), and estimated standard error

\/ Cov [n(4), n®D]. This indicates that our variance estimator performs reasonably well with
increasing n. To confirm the behavior of variance estimators and asymptotic Gaussianity, we

—

provide histograms of the standardized errors related to the latency estimator Lgf’j ) in Figure

A3.
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Figure Al: Histograms of the kernel estimates h over 50 time intervals. The solid line represents
the estimated kernels. The confidence intervals (dashed line) are represented by 2.5% and 97.5%
percentiles. The histograms are generated from 500 independent replications with the sample size

order n = 100, 000.
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Figure A2: Histograms of latency and co-latency estimates ng’j ). The histograms are generated from

500 independent replications with the sample size order n = 100, 000.
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Table Al: Finite sample properties of the latency estimator Lgf’j ). The bias is computed as an average

— —

of (ng’j ) (i )), in sample standard error is calculated from (Lg,f’j ) LG )), and the estimated standard

—

error is \/ Cov [n(ivj), n(kvl)]. The estimates are generated from 500 independent replications with the

sample size order n = 100, 000.

Bias In st. error Est. st. error Bias In st. error Est. st. error

LY 011 2.50 2.62 L8 015 2.25 3.85
LY -0.20 1.84 3.43 L8 018 1.35 3.13
LY -0.21 1.45 3.11 LY -0.30 2.63 3.11
L 013 2.35 3.18 L 0.22 1.65 3.84
L -0.25 3.95 4.31 L _0.16 1.54 3.66
LY 026  3.08 3.50 Li* .18 1.84 3.06
L' 019 2.28 3.31 LY 017 2.08 4.22
L -0.20 2.62 3.76 LY o011 1.98 3.98
L -0.20 1.42 2.86 L 0.24 1.51 2.75
LY 041 1.53 3.39 L 013 3.20 3.72
LY 012 1.47 3.68 L 0.8 2.46 3.28
L -0.20 1.86 2.96 L 015 1.63 3.40
L 019 2.04 3.03

40



(a) Error(V

(b) Errortt?

(c) Error(3)

(d) Errort4)

(¢) Errort?

0.3 03 0.3 0.3 03
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1 0.1
2 0 2 2 0 2 2 0 2 4 4 2 0 2 2 0 2 4
(f) Error®Y (g) Error? (h) Error3 (i) Error®Y (i) Brror®

0.4
03 03 03 03
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1
4 2 0 2 4 2 0 2 2 0 2 4 4 2 0 2 2 0 2
(k) Error®Y (1) Error®? (m) Error®3) (n) Error®4 (0) Error®d)

0.4
03 0.3 03 0.3
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1
4 2 0 2 4 4 2 0 2 2 0 2 2 0 2 4 2 0 2
(p) ErrorY) (q) Error4? (r) Errors) (s) Errort4 (t) Errord)
0.3 0.3 0.3 0.3 0.3
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1 0.1
2 0 2 2 0 2 2 0 2 4 2 0 2 4 2 0 2 4
(u) Error®l 04 (v) Error®2) (w) Error®3) (x) Error®4 (y) Error(9
. 0.4
0.3 0.3 0.3
02 0.2 0.2 0.2 0.2
0.1 0.1 0.1
2 0 2 4 2 0 2 4 2 0 2 4 2 0 2

2 0 2

Figure A3: Histograms of the standardized errors for the latency estimator Ly”’. The histograms are

generated from 500 independent replications with the sample size order n = 100, 000.
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Now we conduct hypothesis testing to confirm the size and power of the tests provided in
Section 4.3 for different sample sizes. While the sample size order in our empirical application
is larger than n = 100, 000 providing a better size and power, we aim to demonstrate that the
proposed latency test can be used in other areas of statistics. We compare the sample size
orders of n = 10,000, n = 50,000 and n = 100,000. The sample size order of n = 50,000 is
similar to a size of dataset from Ogata (1988) who considered earthquakes of magnitude 6 or
more that occurred in Japan and its vicinity over almost 100 years. The significance level is set
up at 5% level. Table A2 reports power and size at the 5% level of the tests: Hy : LD =0 |
Hp: LU =0, Heo: LU =0, Hp : LOY =0, Hg : L% = 0 against one-sided alternatives.
For smaller samples the tests are slightly undersized in most cases but approach 5% for the
sample size order of n = 100,000. The power is bigger than 0.93 in all cases and approaches
1. This highlights the potential of applying our method not only in finance but also in other

areas of statistics such as seismology.

Table A2: Power and size at the 5% level of the tests: Hq : LY =0, Hg : LU02 =0, He : L1 =0
,Hp: LY =0, Hg : L) = 0 against one-sided alternatives. 500 independent replications are used

for simulation.

Null HA HB HC HD HE HA HB HC HD HE

Sample order Size Power

10,000 0.040 0.016 0.010 0.044 0.011 0.932 0.944 0.964 0.956 0.948
50,000 0.032 0.036 0.060 0.036 0.044 0.938 0.951 0.952 0.958 0.952

100,000 0.039 0.044 0.046 0.048 0.046 0.974 0.996 1.000 0.959 1.000
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B Examples

In this section, we provide five examples of kernels, i.e. exponential, gamma, Weibull, general-
ized gamma, and mixture of several kernels, which meet the assumptions of our framework. We
insist on the fact that latency is not well-defined when the kernel is exponential as the mode is
always equal to 0 in that case. For the remaining examples, the latency is defined as the mode

of the kernel.

B.1 Exponential kernel

The conventional exponential kernel is defined as

exp(—t/849)
30d)

This is a particular case of the generalized gamma kernel (5) when p(*) = D@9 = 1. On the

R (¢, 987)) = o (09)

ker

, o) € (0,hy], B4 € RY, (B1)

one hand, the exponential kernel satisfies the assumptions of this paper, so it is a valid kernel
form. On the other hand, we insist on the fact that latency is not well-defined when the kernel
is exponential as the mode is always equal to 0 in that case. Thus, the exponential kernel is

not suitable for estimating latency.

B.2 Gamma kernel

The gamma kernel is defined as

(P Veap(—t/84)
(BED)DEI (D))

ker

ol € (0,hy], B4 € R%, DU e R*. (B2)

This is a particular case of the generalized gamma kernel (5) when pt/) = 1. We define latency

as the mode, which can be expressed as

L) — ﬁ(iaj)(D(i,j) —1) ‘v’i,j,D(i’j) > 1. (B3)

L) = 0 Vi, j, D) <1,
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If LG9 > 0, or equivalently D7) > 1, a latency between an event in process j and its impact on
process i is introduced. If L(»9) = 0, or equivalently D@7 < 1, there is no latency between an
event in process j and its impact on process i. Figure B1 illustrates an example of gamma kernel

defined in Equation (B2) and exponential kernel defined in Equation (B1) for 20 intervals.

05
041
03

02F

0.1 \

0
0 5 10 15 20

Figure B1l: An example of gamma kernel defined in Equation (B2) and exponential kernel defined in
Equation (B1) for 20 intervals. The solid line represents the gamma kernel with parameters o = 1,
B8 = 2, and D = 3 and the vertical line shows the latency L = 4. The dashed line represents the

exponential kernel with « =1, § =2, and D = 1.

B.3 Weibull kernel

The Weibull kernel is defined as

i) (D) — i )\ Do)
(i) G (i,j)D( J) (D 1) exp( (t/ﬁ( ,J))D j )
R (t,0,)) =« 7
r (860D

o™ € (0,h,], 30 € R*, D) € R

(B4)

This is a particular case of the generalized gamma kernel (5) when p) = D). We define

latency as the mode, which can be expressed as

LoD — (D(m_l

1/1)(Z ¥)) o
) Vi, j, D) > 1. (B5)
<

L&) = 0 Vi j, D) <1,
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B.4 Generalized gamma kernel

The generalized gamma kernel is defined as

R (¢, g(i:9) )p( A)(DED 1) exp(— (t/ﬁ(i,j))p(”’))

(i, (i.9) (0.3)  p(d) p(6d) *
ber ) = @ (@) PEIT (D) /(i) @7 € (0], 557, DR, p7 € R (B6)

We define latency as the mode, which can be expressed as

D@ — 1N 1/pED .
T) \V/i,j, D(Z’]) > 1. (B?)
P\

L0 = 0 Vi, j, D0 <1.

L6 = gGd) (

B.5 Mixture of several kernels

The mixture of exponential, gamma, Weibull and generalized gamma kernel is defined as

hOD(t,0057) = RED (8, 009) + Bl (¢, 019) + Wy (¢, 007)) + hid) (¢, 6157, (BS8)

exrp ker gam ker

where

K (&I
hzj (t 0(13)) — Z M7

erp ker (3,9)

=1 k,1

! (D) 1 i.5)

TN, CU R N . {/6:3)

gam ker - k,2 (l]) ( ,7) ( ])
k=1 (Bry) P I(Dy3’)

NI

K§) (J) (D“ - (4,)
i Drs't Yexp(—(t/83)
hWez(t ekeﬁ ) = Z al(c,g)

b

i (4:9)
< ;izf))%
hgle’%gam(t er’f,) = O‘/(ﬁ) = (i) D(”') (4,9) (w)
k=1 (ﬁk,4 ) kA F(Dk,4 Pk )
and we have that
4 K(.9)
> D> i <hy
=1 k=1

A general formula for the mode in the mixture of several kernels case is beyond the scope of

this paper.
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C Proofs

C.1 Notations

Before we start the proofs, we need some more formal definitions. If z is a real number, a vector
or a matrix, we define its norm as | z |= ), | 2; |. When Z is a random variable, we define its
LPnorm as || Z ||= E[| Z |P]'/?. When Y,, and Z, are two sequences of random variables, we
define the notation small tau as Y,, = op(Z,), i.e. that }Z/_Zl{zn7é0} —P 0, and the notation big
tau Y, = Op(Z,), i.e. that ;—21{ 7,20} 1s stochastically bounded. Moreover, given a Borel space
(E,B(E)), Cy(E,R) is defined as the set of continuous and bounded functions from the space
E to R. For a measure y, let L'(u) be the space of functions that are integrable with respect

to p. Finally, we define for any ¢« = 1,...,d the event times of the ith process as

(T, ... ,T}V%)).

Since N, is a point process, its F-intensity (4) can be re-expressed partly as the sum at jump

times, i.e.

d
AV, 07 =@+ N R (n(t — TD),0:07). (C1)

7=1 keN, st T <t
C.2 Time transformation and some lemmas

Our proof strategy follows the general machinery of Clinet and Yoshida (2017), which consider
large-T asymptotics. To rewrite our problem with in-fill asymptotics as a problem with large-T
asymptotics, we consider a time transformation as in Kwan et al. (2023). More specifically, we

define the time-transformed filtration as

Fn = (?t,n)te[l),nT}a



From now on, we implicitly assume that all the defined quantities are F,-adapted. For any

i =1,...,d we define the ith process of the time-transformed point process as

N 0,nT] - N (C2)

t = Nw=ND
with corresponding jump times
(1) (1)
(Tl noy e 7TN,,(LZ)7n)
defined such that Tk =Ty, v ) and the rescaled time-transformed stochastic F,,-intensity process

as

2 0,nTIx0 — RT (C3)
A (2,6)

n

(t,0) — A(t,0) =

In this first lemma, we rewrite the rescaled time-transformed stochastic F,-intensity in terms

of the time-transformed point process.

Lemma C1. For any (t,0) € [0,nT] x © and any i =1,...,d we have that

2, 0) >+Z/ heD((t — s), 0 aNY). (C4)

Proof. 1f we substitute Equation (4) into Definition (C3), we obtain

N0 =10+ 3 / BED((t — 5), 00D)ING) (C5)
T 0 n’
Finally, we can conclude by substituting Definition (C2) into Equation (C5). O

The next lemma shows that N, is a multidimensional Hawkes process with a mixture of

generalized gamma kernels.

Lemma C2. We have that
E— J— t_
Mt,n = Nt,n — / )\n(S, 9*)d8 (C6)
0
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is a F,-local martingale. In particular, this implies that N, is a multidimensional Hawkes

process with a mizture of generalized gamma kernels and related F,-intensity A, (., 0%).

Proof. By definition of a compensator, we have that

t
Mt,n = Nt,n — / An(S, 0*)d8 (C?)
0

is a F,-local martingale. First, we will show that Equation (C6) is a F,-local martingale. In

fact we have

t
Mt,n = Nt,n_/ XH(S,Q*)dS
0

t)\n g’e*
-, [,
0

n n
= Nl,n - /n )\n(y7 9*)dy
” 0

= M:

o™

where we used Equation (C6) in the first equality, Equation (C2) and Equation (C3) in the
second equality, integral change of variable in the third equality and Equation (C7) in the fourth
equality. Now, as M, is a F,-local martingale, it is clear that the time-transformed local
is a F,-local martingale,

martingale M: , is a F,-local martingale. Then, it means that M .

n n

thus we have shown the lemma. Second, we can deduce that N,, is a multidimensional Hawkes

process with a mixture of generalized gamma kernels and related F,-intensity \,(.,0*) by

Theorem 3.17 (p. 32) in Jacod and Shiryaev (2013). O
We also define the log likelihood process of the time-transformed process as

d Tn . . d Tn .
L0 =% / o3 (¢, 0)dNe) — 3 / 3 (1, 0)dt, (C8)
i=1 =1

~

and @, any maximizer of it. The following lemma states that a.s. the MLE on [0, 7] of the

standard point process is equal to the MLE on [0, nT] of the time-transformed point process.
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Lemma C3. We have that a.s.

1)

>
3
I
>
S
3

Proof. By the time-transformed process form and Lemma C2, the result follows. O

C.3 Adaptation of some lemmas in the mixture of generalized gamma

kernels case

The following lemma shows that the time-transformed F,,-intensity, together with its first three
derivatives, are in LP for any p € N with p > 2. This corresponds to Condition [A2] (i) (p.
1804) in Clinet and Yoshida (2017). This extends Lemma A.5 (p. 1833) in Clinet and Yoshida
(2017) which is restricted to the exponential kernel case to the mixture of generalized gamma

kernels case.

Lemma C4. We assume that Condition [A] holds. For any i = 1,...,p, the F,-intensity

process and their first derivatives satisfy for any p € N, p > 2,

3
sup 37 [l sup | 4%, (¢,0) llp=< +oo
neNe0,nT] | 2,

Proof. Without loss of generality, we will show the statement only for integers of the form 2P

with p € N*. By Lemma C1, we have that

4 d_ =
Wit 0) = v 13 /0 WD ((t — s), 600)dN).
j=1

Given that v is bounded above as O is itself assumed to be bounded and bounded below by
Condition [A] (i), there is no loss of generality assuming that ¥ = 0 in the rest of this proof.

Thus, it remains to show for 2,7 =1,...,dand [ = 0,...,3 that

sup }/ sup | OhhD((t — s),Q(i’j))dNi]n \
0

ker
neN,te[0,nT] 0cO

]<+oo.
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Applying the triangular inequality, it is then sufficient to show that

2P
] < +00.

sup | / sup | hD((t — 5),607) | N7
0

neN,te(0,nT] 9cO
Because the term inside the integral is positive, it is sufficient to show that uniformly in n € N

we have

nT .
E|] / sup | OLh) (nT — 5),602) | I
0

2P
Ler ] < +00.
6O

In view of Equation (5), this can be rewritten as

K (.9)

E|| / sup | Z PEI((T — ), 0 exp(~((nT — 5) /6274 |dN | ] < oo,
0 6o
where P07 (t,007)) is defined as
(i) (D) 1)
2 i i, 13
PED(1,050) = aff)— Db (Co)

(607 T )
Since © is assumed to be bounded, there exists 3, € R’ such that we have uniformly 5,&” ) < B4.

Then, an application of that inequality along with Condition [A](iii) yields

K(.9)

!/ sup |0 Z PED((nT = 5), 002 exp(~((nT — 5)/B{7 ") [dN L, ]
0cO
K (@:9)
(=5 sup g >~ P (0T — s),62)|dN ), }
‘/ P Z Che
In what follows, we will show by induction that
K (:9)
’/ ((nT—s)/B+)" sup’@l Z P”) (nT — ,m ‘alM(Z ] (C10)
0cO

K(Z 7)

Tn S 12—
< K E[/ e P T=9)/B)" up |9} Z P (nT — s), 9(“3))‘ p)\,(l)(t,Q*)dt]

ker
0cO

K(w)
2r—1
+KIE ‘/ ((nT=s)/B+)"~ sup‘@l Z P” (nT — s), Hklei))) dt }
06
We define
K(3)
f(t) = e~ ((nT=s)/B+)" sup’@l Z P(”) (nT — s), ng,er))‘.
0cO
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We consider the case p = 1. We can calculate

gl [ o)) = w5 [ reram? 310
_ ]E[ Tnf( 22t 0*)dt]

0

where the first equality was obtained with It6 isometry for point process martingales and the
second equality is due to Equation (C6). This implies that Inequality (C10) holds in the case
p = 1. We investigate now the case p > 2. By the Burkholder-Davis-Gundy inequality (see,

e.g., Equation (2.1.32) in Jacod and Protter (2011)), we obtain

(/Tnf ) ]gDE‘/Tnf "

N
< || [ rara)
0

(i) 2’”}

+2p_1DpEH / ” FOR (¢, 00)at
0

2p1]

Now, an induction argument yields that for some constant ), > 0:

5l [ rwad”
0

If we can show that for any ¢ = 1,...,p we have

217—‘1:|

| < szp:EH /0 0,00t
g=1

op—q Tn —()
< [ 0,6t (1)
0

NOREG

‘ / Tn F6O2N 1, 6%)dt
0

2p—1

Y

then Inequality (C10) is shown with K, = pQ,. We prove now that Inequality (C11) holds. We
write

£
) @R (0|

9 (t) = (C12)
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We then obtain that

™ n2ax )
[ o oy
0

op—q

Tn

0

Tn
S/g”
0

Tn
S/g”
0

where the equality is due to the fact that (dt)

] op—q
2q 2 z)(dt)
2P—1_5—q
—T_
O3, 6%)dt| T
2P—1_o—a
op—1_1

27’)\ (t,0%)dt

+1,  (C13)

( )2q)\ (t, 0*)dt is a probability measure

on [0,7n] and the first inequality comes from Jensen’s inequality. If we reexpress Inequality

(C13) with Definition (C12), we can show Inequality (C10).

We obviously have that

K(3)
op
(0 T=5)/8+)"" sup )61 P”) (nT — ‘dN
‘ / 0co Z P
K(ZJ) op-
‘/ —((nT=s)/B1)" Sup‘(’?l Z P” (nT — 9,(;61{ ‘dM(l
=)
K(m) ) -
((nT=5)/B+)" ~ sup )61 P”) (nT — ‘dN '
‘ / 0co Z O
K(w op
—IE )/ e~ (("T=5)/B+)"~ sup‘(‘?l Z P” (nT — ,(jei ‘dM ])
=)
We use now Inequality (C10), and we obtain that
K (&:5)
‘/ ((nT=s)/B+)"~ sup 89 Z P(” (nT — 0](626;7“) ’dN }
€O
Tn K(w) A
< KPE[ / ~P((nT=5)/B1)" Sup‘al Z PO ((nT — s), e,ge,))‘ Afj)(t,e*)dt}
0 e

+KE ’/ o~ ((nT=5)/B1)"

((nT=5)/B+)"~ gy ’01 P(”) (nT — ‘dN }
‘/ 968 Z ker
nT 2p
—EH/ e 8)/B+) sup’@l Z P(”) (nT — ker ‘dM ])
0 0cO

= I, +1L,+111,.

K(Z 7)

~sup |0} Z P” (nT —

USC]
K (,9)

92

ker

2p1]

LN 12
) Q(%]))‘ dt




We now show that I, < oo uniformly in n € N. We can calculate

K (4:3)

Tn SN 12—
- E| / e POT=9)/8" qup | Z PED((nT — ), 000X (¢, 0%) e
0

I
KP 0co

K (.3)

Tn 9 _
= / e P((nT=s)/B1)P Sup’al Z P(”LJ nT ) elier))‘ pE[Ai)(t,G*)} dt.
0 0O

where we use the definition of I,, in the first equality, and the second equality is due to Tonelli’s
theorem along with the fact that E[aX] = aE[X] for any random variable X and any nonrandom

a € R. It remains to prove that uniformly in n € N we have

K(i.J

Tn ) . |2p
/ T80 g [ Z PO (T — 5), 00
0 0cO

E[X?(t, 9*)]dt < .

By the kernel definition (see Equation (5) and Equation (C9)), since © is bounded itself and
by Condition [A](iii)-(iv) we have that Pk(i’j )(t,.) is in C3(©). We can deduce that uniformly

in n € N we have

K G3)
sup |0 Z P” (nT —s), 9,(;67]4)) <C.
fco 1

The proof of I,, < oo amounts to showing that uniformly in n € N we have
Tn p i
/ e~P((nT=5)/5+) ’E[)\ (t, e*)}dt < .
0

By Condition [A] (v) and Definition (C3), we obtain uniformly in n € N and in s € [0, nT]
that
E[X(")(t, 9*)] e

n

We thus obtain that

Tn
I <C / o P((T=5)/8,)7= gy
0

By a change of variable in the integral, we can deduce that

nT nT
/ o—P((T=5)/B. )= gy / o—P(u/BY gy,
0 0

53



The obtained term can be dominated uniformly in n € N by

nT o)
0 0

- Cl-

We have thus proven that I,, < oo uniformly in n € N. The proof for 11, and 111, follows with

the same arguments. O

In what follows, we provide the definition of ergodicity in our time-transformed framework.
This extends Definition 3.1 in Clinet and Yoshida (2017) which does not consider any time

transformation. See also Kwan (2023) for a similar time-transformed framework.

Definition C1. (ergodicity) We assume that (E,B(E)) is a Borel space, and X,, : Qx[0,nT] —
E a sequence of stochastic processes adapted to the time-transformed filtration. We say that X,

is ergodic if there ezists a mapping w : Cy(E,R) — R such that for any ¥ € Cy(E,R) we have

1 nT
n_T/O w<Xs,n)dS _>P ﬂ-(w)

The following definition introduces the notion of mixing to our time-transformed frame-
work. This extends the definition from Section 3.4 in Clinet and Yoshida (2017) which does
not consider any time transformation. See also Kwan (2023) for a similar time-transformed

framework.

Definition C2. (mizing) We assume that (E,B(FE)) is a Borel space, and X,, : Qx[0,nT] — E
a sequence of stochastic processes adapted to the time-transformed filtration. We say that X,
1s C-mixing, for some set of functions C' from E to R, if for any ¢, v € C, the following

convergence holds

pu:=sup sup | Cov[p(Xsn), ¥ (Xspun)] [= 0 as u — +o0.
neN* se[0,nT—u]
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The following proposition states that X is mixing in the sense of Definition C2, stable,
and ergodic in the sense of Definition C1. This corresponds to Condition [A3] (p. 1805) and
Condition [M1] (p. 1815) in Clinet and Yoshida (2017). This extends Lemma 3.16 (p. 1815)
and Lemma A.6 (p. 1834) in Clinet and Yoshida (2017) which are restricted to the exponential
kernel case to the mixture of generalized gamma kernels case. This also extends their general
machinery by proving first that X0 s mixing and stable, and then this implies its ergodicity.
Finally, this extends Kwan (2023) who considers the non-exponential kernel case but can only
show the ergodicity of (XS)(.,G*),XS)(.,G)) but not the ergodicity of X\’. The stability is a

direct consequence of Theorem 1 and Lemma 4 in Brémaud and Massoulié (1996), along with
Condition [A] (V).
Proposition C1. We assume that Condition [A] (iii) and (v) hold. For any i =1,...,d
and any 0 € O, X s

(i) Co(E,R)-mizing in the sense of Definition C2.

(it) stable, i.e. there exists a E-valued random variable Xl(;; such that

i 5@ ey (0 ~ (@)
X =P N (67), Mo (8), DX (6)).

(111) ergodic in the sense of Definition C1, i.e. there exists a mapping 7r9 Cy(E,R) x O —

R such that for any (¢,0) € Cy(E,R) x © we have - [ w(Xs(ln)ds —F 7r (1/1, 6), where
i T@) ey 70
g (10.0) = B (N (0°), R (0), 00X (6)].

Proof. We first show (i). We first define the truncated version of X' at time t < s as

d 5™
)ﬂ(:t(;)’n - (XS)<S7 9*)’ Z/ h(%]) dNin Z/ agh, 8 —Uu e)dN )
j=17*

By considering ¢, ¥ € Cy,(E,R), we can reexpress p(uZ ) as

p@ = sup  sup | Cov[p(XD), (X))
neN* se[0,nT—u]

= sup  sup | Covlp(X), (X 0) = (X siun) + OX )] |y

neN* se[0,nT—u]
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where we use Definition C2 in the first equality, and we have v < s — u in the second equality.

Using the triangular inequality, we can dominate pq(j ) as

) < sup sup | Covlo(X(), (X — (X, )] |

neN* se[0,nT—u]

+sup sup | Covd(XD), (XD, o hun)] |

neN* se[0,nT—u]

= I,+11,.

Since © is assumed to be bounded, there exists 3, € R’ such that we have uniformly B,(f’j ) < pBi.
Then, an application of that inequality along with Condition [A](iii) yields that the intensity
process is decreasing exponentially. Thus, we can deduce by similar arguments from the proof
of Lemma A.6 (pp. 1834-1836) in Clinet and Yoshida (2017) that I, — 0 and /I, — 0. This
in turn implies that

pz(f)—>0asu—>+oo.

The stability (ii) is a direct consequence of Theorem 1 and Lemma 4 in Brémaud and
Massoulié (1996), along with Condition [A] (V).

We now show the ergodicity (iii). For ¢ € Cy(E,R) we define v, (¢,0) as

vOw o = L [ wix®ds. C15
D) = [ e (15)

0

We consider 7 (1), 0) = E[w(Xhm(e*),XS;(e), 8(;&(:3,1(«9))]. Establishing ergodicity amounts to

showing the convergence in probability, i.e. V,\" (¥, 0) =F 70 (2, 0). In what follows, we show

a stronger statement, i.e. the L?-convergence. We calculate

E[(V2(4,0) = 79(4,0)7] = Var[V,O(v,0)] + (E[V, (%, 0)] — 70 (1, 0))°

= I, + 11,

where the equality is due to the fact that for any random variable X and any nonrandom a € R
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we have E[(X — a)?] = Var[X] + (E[X] — a)?. For the first term, we have that

I, = Var[V9(:,0)]

n

where the second equality is obtained via Definition (C15), the third equality and the sixth
equality are due to the fact that for any nonrandom a € R and any random variable X we have
Var[aX] = a? Var[X], we used the approximation of Riemann sum in the fourth equality and
eight equality, the fifth equality is an application of dominated convergence theorem, and the

seventh equality corresponds to Bienayme’s identity. By Definition C1 and results obtained in

1 nT nT 0
I, < —— Y dsdu.
— n2T2/0 /0 p|s—u| sau

Then, splitting the integral into two terms leads to

(i), we can bound I,, as

I, < W/o /0 Pls—u L s—uvarydsdu + W/o /0 Pla—ufL{ls—ul>vaTy 50U
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Since there exists pg)ax > 0 such that for any ¢ > 0 we have ,oy) < ,oEﬁLX, we can deduce that

1 nT nT ) @ nT
n2T2/0 /0 Pls—ul{js—ucvmrydsde < n2T2/ / Lijs—u<varydsdu

%\

We also have that

sup pf’
y>v/nT

nT nT
1 dsd — 1 dsd
n2T? / / P Lt vamydsdu < 2T /0 {ls=ul>vnT) 45CY

< sup pi.
y>vnT

N

Since p, =7 0 by (i), we also deduce that

sup p?(f) — 0.
y>v/nT

This implies that

Lo
Y /0 /o p|s_u|1{‘s_u|>m}dsdu — 0,
and thus I, — 0. For the second term, we know by (ii) that X% —? (X,(jfn(e*), ngm( 9), ag)wm( ).
In particular, convergence in distribution implies convergence in expectation of any bounded
function, thus we obtain that ]E[w(XS,)L)] — E[w(Xl(f}n(e*), Xl(f;l(ﬁ), 89Xl(ii,)n(9))]. This can be reex-
pressed as E[;D(Xﬁz,)l)] — Wéi) (1,6). In particular, this implies that (E[s (X! 7)1)] éi) (v,0))* = 0,

ie. I, = 0. [l

Since the functions that we will be using in our proofs will not necessarily be bounded, we
need to extend from Cy(E,R) to C;(E,R) the space of functions in which the ergodicity holds.
We also give a more explicit form to the mapping Wé? (1,0). The following proposition extends
Proposition 3.8 (pp. 1806-1807) in Clinet and Yoshida (2017). The proof follows the arguments

from the proof of Proposition 3.8 (pp. 1822-1824) in Clinet and Yoshida (2017).
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Proposition C2. We assume that Condition [A] holds. Then, for any 0 € © and for any
1=1,...,d, the following properties hold

(i) The ergodicity, i.e. Proposition C1(iii), still holds for any ¢ € Cy(E,R). In particu-
lar, the mapping ﬂé?(.,&) can be extended to C+(E,R). Moreover, for any ¢ € C4(E,R) the
convergence is uniform in 6.

(i1) There exists a probability measure H((,i) on (E,B(E)) such that for any ¢ € C+(E,R),

we have 7T9* = [, u( dx) In particular, Cy(E,R) C ]Ll(Héi).

Proof. We can use the arguments from the proof of Proposition 3.8 (pp. 1822-1824) in Clinet

and Yoshida (2017). O

C.4 Proofs of consistency

We define
Tol0) = = (0a(6) ~1.(6°) (16)
and also the asymptotic rescaled of the time-transformed log likelihood as
d y ‘
=> / (log(=)u — (v — w)II (du, dv, dw). (C17)
=17 u

In the following lemma, we will prove that Y, (#) goes to Y(#) uniformly in § € © and in
probability. This extends Lemma 3.10 (p. 1807) in Clinet and Yoshida (2017) which is restricted

to the large-T asymptotics to the in-fill asymptotics.

Lemma C5. We assume that Condition [A] holds. We have that

sup | ¥,,(0) — Y(0) |=F 0.
0cO
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Proof. We can rewrite Y,,(6) as

M&

- i /Tl O (t,0)dNy) — /TnA“te
T<i1 og( Z
d
Z/ log(A lt@* N(Z—l—Z/ 'tﬁ*dt
- / log ; ”)>) Z [ 00 -5 o

Tn ('L
- log A (6) o
z) t,n
(t,0%)

! o O (1 o M (E0) <), .
—n—TZ/ (W00 =R, g (5 = R .0

d d
= > IV(nT,0)+ Y 11 (nT.0),

i=1 i=1
where we use Equation (C16) in the first equality, Equation (C8) in the second equality, al-
gebraic manipulation in the third equality, Equation (C6) and algebraic manipulation in the
fourth equality.

We first show that the martingale term disappears uniformly asymptotically in probability,

l.e. that

sup‘ZI nTG’

0cO

As an application of Lemma C4 along with Condition [A], for any i = 1,...,d and any 0 € ©
we can deduce that I\ (t 0) is an LP-integrable martingale for any p € N, with p > 2. We can
thus apply Sobolev’s inequality (see, e.g, Theorem 4.2, part 1, case A in Kallenberg (1997)),

and for some big enough p € N we obtain

E|

up 19T, e)ﬂ < (J( /@ d@E[

19T, (9)” / d@EH@@],@(nT,@)’pD. (C18)
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The first term in the right hand-side of Equation (C18) can be bounded by

/@dé’]E[

z)(nTé’)H <C ?ElgE[

—(i)

1 I A, (8,0)\ ~@
= C(CsupE ‘—/ 1og<M)dM()
oo L 0

VT,0)]

= (Csu IE_
eeg _(nT)p

C'su IE_
ven L(nT)P

I 1 Tn XZ)(t 9) — ()
CswpE|——— [ log (2B NXO 4 g8 g
B[ ), o () W 0]

IN

IN

Tl Tn Xl)(t 0)\ P~s) p
< CoswpE[——— [ 1og (22BN RO py5 ],
< comelrar [ e (322) Rt

where the first equality is obtained with I,,(¢, #) definition, the second inequality is a consequence
to Burkholder-Davis-Gundy inequality, the third inequality comes from Jensen’s inequality, and
the fourth inequality is due to Condition [A](i)-(ii). We can continue to bound the first term

in the right hand-side of Equation (C18) by

/@dQE[ ] < zggE[(nTl)g_l /OTnlog (Xﬁ(t,e))ng)(t’@*)gdt}

1 Tn
= ——su E[/ lo
(nT)>"" veo Lo &

(=)
= L sup /TnE[log (X”)(t’9)>pxs)(t,9*)g]dt
[ (

I9(nT,0)

(nT)g Y oeo Jo

! E[1og (
= sup  sup og
(nT)% 2 9e® neN,tefonT]

—(4)

1 27 (E 0)\ 2 —
——7 5 Sup  sup \/E[log< n (L, )) P} E[A,ﬁ)(t,@*)ﬂ
(nT)27% 90 neN,tc(o.nT) v_

1 A (E 0)N2 —(i
5 Sup sup \/EKl—i— n ( ) )) P} E[Ai)(t,e*)p}
(nT')272 9€6 nen,te(onT) v_

5 ()
1 X, (t,60)\2 —
TonEp Su E[SH <1+ n— ) }\/E[su N, (t, 0% P},
(nT)E*Q nEN,tE%()),nT} \/ 068 v_ Geg ( )
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where the first equality corresponds to the fact that E[aX] = aE[X] for any random variable X
and any nonrandom a € R, the second equality is explained by Tonelli’s theorem, the second
inequality is a consequence of Cauchy-Schwarz inequality, we used the fact that supE[.] <
E[sup .| in the fourth inequality. Using the arguments from the proof of Lemma C4 along with

Condition [A], we can show that

~ (@)
1 A (t,0)\2p G
F2 nerniel \/E[S“p(1+ - )) }\/E[Supki)u,e*)p]%o,
(nT)277 nentefo,nT) 0O v_ eo

which implies that for ¢ = 1,...,d we have

/ dQEHJ,@(nT, e)m )
S

With the same arguments, we can also show that for : = 1,...,d we have

/ d@EHaw;j)(nT, e)ﬂ 0.
(€]

Thus, we can deduce by Equation (C18) for i =1,...,d that

E|

gugf )(nT, 9)‘ } — 0. (C19)

We can deduce that

] Srverf] < clpySliomol’
< CE[ d Jsup Do, 0)|]
_ CZE[%@ (1,0)]
— cZE[ sup [ (11, 9)H+op<1)
-0,

where the first inequality is a consequence of the fact that |37 a;]? < C %, |a;l?, the

second inequality follows as sup ) < ) sup, the first equality corresponds to the fact that
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E[aX] = «E[X] for any random variable X and any nonrandom a € R, the second equality
comes from Equation (C6) and the martingaleness of M, and the convergence is due to
Equation (C19). To prove that |Z§l:1 IL(f)(nT, 0) — Y(#) |—=F 0, we can use Proposition C2

along with Condition [A]. O

We provide now the following lemma, which is the classical nondegeneracy condition on
Y. This corresponds to Condition [A](iv) (p. 1807) in Clinet and Yoshida (2017). This
extends Lemma A.7 (p. 1836) in Clinet and Yoshida (2017) which is restricted to the large-T

asymptotics to the in-fill asymptotics.

Lemma C6. We assume that Condition [A] (i) and (v) hold. For any 0 € © — {6*}, we

have that Y(6) # 0.

Proof. We assume that # € © and that Y(#) = 0. In view of Equation (C17), we can deduce

that

d y ‘
0= z; /E(log(a)u —(v— u))Héi)(du, dv, dw).

By Proposition C1 along with Condition [A] (iii) and (v), this equation can be reexpressed

as
- Min(0) <) e ) <)
0= SB[ (log(SE) X0, (07) = (i (6) = X (6)].
i=1 )‘lzm(e )
For any ¢ = 1,...,d we also have that
Men(0) <) @) s

This yields that for any 2+ = 1,...,d a.s.

i (60%) = (i (6) = X (6))).

lim
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We can then deduce that for any ¢ =1,...,d a.s.
@ ey _ 70
Atim (07) = Ajim (0).
By injectivity of the function 6 — (Xl(;zl(ﬁ), . ,Xl(jf;(e)), we can infer that 0* = 6. O

We provide the proof of consistency in what follows. This extends Theorem 3.9 (p. 1807) in
Clinet and Yoshida (2017) which is restricted to the large-T asymptotics to the in-fill asymp-

totics.

-~

Proof of Equation (18) in Theorem 1. We have by Lemma C3 a.s. 0, = @\T,n. Since the con-
sistency is a convergence in probability, we can replace gT,n by En in the rest of this proof. In
view of the expression Y(6), we can see that Y(6) < 0 for any § € © and Y(0*) = 0. As an
application of Lemma C6 along with Condition [A] (iii) and (v), we can deduce that 6* is
a global maximum of Y. By Lemma C5 along with Condition [A], the consistency is directly

proven. ]

C.5 Proofs of the CLT

We start with the following lemma. This extends Lemma A.1 (p. 1824) in Clinet and Yoshida

(2017) which is restricted to the large-T asymptotics to the in-fill asymptotics.

Lemma C7. We assume that Condition [A] holds. For any 6 € ©, we have that 1,,(0) is a.s.

finite and admits a derivative in 0 that satisfies

d

- AN 0) —i) <= [T @
Dol(0) =Y / G—Hde =S 9N, (t,0)dt.
i=1 70 >\n (ta 0) i=1 70

Moreover, we have that 1,,(9) is twice differentiable and that its Hessian matriz satisfies

Z/T"3959 l) Z/ ®2 (t, 6’)))\( (t,6) 2)\(Z (t,6%)dt
+Z [ R R 0 R 0) - X 0.0
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Proof. From Equation (C8), we define [,,(0) := Z?:1 ZS)’I( 0) —1 )H(Q). First, we show that

()11

for any # € © and any i = 1,...,d we have that ZS)’I(H) — 1,77 (0) is a.s. finite and admits a

derivative in 6 satisfying

nT . .
o [ los(3) (,0)dNT = / Anlog (3 (¢, 6))dN")., (C20)
O " <)
oY / N, (t,0)dt = ag D1, 0)dt. (C21)
0 0

By Equation (C1), ZS)’I(H) can be reexpressed as

=(3),I ) —
o= S les(W(T09)). (C22)
kEN, st. T <nT

As ZS)’I(H) is a finite sum, and since X Z (T,(;), ) > 0 by Condition [A] (i)-(ii) , it is a.s. finite.

In addition, since log and X,(f)( ,(c), .) admit derivative in § € © by Lemma C4 along with
Condition [A], then ZS)’I also admits a derivative by the chain rule. As the sum is finite and
by linearity of the derivative operator, we deduce that

Y lgNTY0) = Y alog(N(TV),0)).

keNy s.t. Tl(j)<nT k€N, s.t. T](;)<nT

By Equation (C22), this equality can be reexpressed as

0 ~0 _ (" <) o)
o [ 1o (06D = [ oylog(X(1,6)) Y.
0 0
The term ZS)’H(Q) will be a.s. finite if we can show that its L'-norm is finite. We have that its

L'-norm can be bounded as

E|

(i),11

1 (G)H — ]E:’/OnTlog(XS)(t,Q))dtH
: /0 " [1og(8, (. 9))‘654
:/OnT A0 (1.0)| ] +]E[/OnT

IN
=

~ (@

IN
=

A

(t,0)) — 1’dt]

nT nT_i)
< = _
< +E[/O 2, 0)) 1‘dt]
< E—i—C,

V_
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where we use the definition of ZS)’H(Q) in the equality, the triangular inequality in the first
inequality, the fact that |log(z)| < 27! + |z — 1] for any z € R} together with the linearity of
the expectation operator in the second inequality, the third inequality is explained by Condition
[A] (i)-(ii) and the fourth inequality by Lemma C4 along with Condition [A]. We have thus
shown that the L'-norm of ZS)’H(H) is finite, so that Z,(f)’H(Q) is a.s. finite. By extending the

arguments, we can prove that

Tn Tn
/ A2, 0)|dt < / sup A (t,0)|dt
0 0

0o
< C.

Now, an application of the dominated convergence theorem yields Equation (C21). We can

prove the case 921,,(f) with the same arguments.

We note that by Equation (C6), dyl,,(6*) can be reexpressed as
Tn 89)\ t 6*)
Aol (67) Z / dM (C23)
t 0*)

We provide the proof of the CLT in what follows. This extends Theorem 3.11 (p. 1809) in Clinet

and Yoshida (2017) which is restricted to the large-T asymptotics to the in-fill asymptotics.

Proof of Equations (19), (20) and (21) in Theorem 1. First, we have a.s. 0, = (9}@ by Lemma
(C3 and thus we can replace é\T’n by 6,, in the rest of this proof since it will not affect convergence

in distribution. We obtain by a Taylor expansion that

Ol (B2) = Bgln(07) + 821, (C) (B — 07,

where (, is between /5” and #*. Since b\n is defined as the maximizer of Zn(.), we deduce that

991,(8,) = 0. This yields that
0 = 04l (0°) + 01 (G.) (B — ).
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If we multiply by %, we obtain that

—1 -1

WO+ g

0= 7 0pln(0) + —— 82T, (Ca) (8, — 07).

vnT

This equation can be reexpressed as

-1 -1

_ -T _ -~
To prove Equation (19), it remains to show that
_I‘—l _ =
-t _
— 0l (C) —F 1 (C25)

Then, Equation (19) easily follows using Slutsky’s theorem. We prove now Equation (C24). By

Equation (C23), we have that

! _ = I & TN, (1,6%) )
T 0laPn) 2

For u € [0, 1], we define S, ,, as

_ _1’*—1 d uln aGX:)(t78*>
vinT = Jo XS)(L‘,@*)

S dnT). (C26)

We use Theorem VI11.3.24 in Jacod and Shiryaev (2013). We can calculate that

dt.

<S S > _ I‘72 d /uTn C%XS)(ZZQ*)Q
0

nT =1 XS)(t79*>
—P ot
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We prove now that Lindeberg’s condition is satisfied. For any ¢ > 0 we have

<

E

E[ Y1880 Lias, o]

s<u

IN

gE

where we used the fact that 1jag, ,|>e <

R

15 s

s<u

F 1
Vi nT

9y (t,07) | 7

(3}

/uTn 89)\
” (t,6%)

. 1 uln * 3
ey [ |
A, (t,6%)
_ -1 ~ (@) T
EZ/ r ag?,; (t,60%) dNilzL]
La —'Jo nT t ( *) ’
_ d uln ( * .
12/ ! 89)\ (t@) )\l(te)dt}
"= Jo nT (t 6*)
_ —F_l 3 d uln ~ () * (i)
1 Z/ 8)\7;—@9) )\ (t 0* )dt}
-a TLT i=1 0 )\ (t 9 )
M Aﬁ)(t,e*)dt},
96@ A, (t,0%)

§|ASs,n| in the first inequality, the first equality is due

to Definition (C26), the second equality is explained by the fact that the drift part does not

jump, the third and fourth equality are a consequence of the form of dN . We can continue
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to bound the Linderberg’s term by

-1 _1‘\71
B[ 3 188 Las, -] < B[]

3.i/oumsmp (%—(tQ*) )xi(t 0 )dt}

0cO )\ (t 0%)

s<u =
)13
gl \ \z/ MBI
al/nT eee ,\ t@*)
< E sup\ag)\ t9*)\3dt}
= — sup [Og\, (£, 0%) 3| dt
avt |l \/nT Heg| ’ ( >|]
CunT
A \
VnT
— 0,

where the third inequality is due to Condition [A] (i)-(ii), and Lemma C4 along with Condition
[A] is used for the fourth inequality. We have thus shown that Lindeberg’s condition holds, so
that Equation (C24) is satisfied. We prove now Equation (C25), i.e. that =931, (¢,) —F 1.
It is sufficient to prove that

T+ (nT) ™' 951n(Ca)| = 0.

If we define V,, as a shrinking ball centered on 8* it is sufficient to show that

sup T+ (nT)*021,(¢,)| =T 0. (C27)

0eVy

We can reexpress Equation (C27) as the sum of a martingale term and a drift term. For the

~() ()
martingale term, we can notice that 89%((';’)9) and 0; 8;?;’;—((:? are dominated by polynoms in

ng( (¢,0) and ) ( for k =0,1,2,3. By an application of Sobolev’s inequality, Lemma C4
along with Condltlon [A], we obtain for p big enough that

1T a4, 9)

E|sup — b—0)
A, (t,0)

A" = O((nT) ")

gco N1’
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Given that we have LP convergence implies convergence in probability, we can deduce that

sup—/ (9989 l) ) —F 0.

pco NI

We have that

E sup ! /NT M(A(Z (t,0)

A
(i T 2 ~(i
N(ond| < — [ Esw w(Ai)<t,e>—
nT Jo  eev, /\()(t 0)
Xff)(t,e*))‘dt
1 <), oy 00
< E sup |95\, (t,0)(N,(t,0
< o | Eswlaneo() o
29, 0%) ‘dt
E 82>\ 0 ’
<
< g [ B o)
~ () <@, |?
Xy [Esup |A, (t,0) — N, (t,0%)| dt
0V,
/ a2, 0) 2]
< su su t,
- nlv neN tGE nT)| 968
~ () <@, |?
X, [Esup |A, (t,0) — A, (t,0%)| dt
0V,
C nT
< 2
- nTV_/O (C28)
~(i ~( 2
\/ 2 (t.0) = X (t.07)| dt.
0V,

where we use the triangular inequality and linearity of expectation operator in the first inequal-
ity, the second inequality is due to Condition [A] (i)-(ii), the third inequality corresponds to
Cauchy-Schwarz inequality, and the fifth inequality comes from Lemma C4 along with Condi-

tion [A]. Now, we obtain by a Taylor expansion that
<) ~6) 1, ey A D, F \
A, (6,0) =N, (t,0%) = O\, (t,0)(6 — 07),
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where 6 is between 6 and 6*. Applying square operator on both sides of the equation, we obtain
that

30 00.6) - 30 (6,67) g 221 5)‘2‘9 _o|

We can easily deduce that

390 0) = 30 09| < sup [a,x te‘ ]9 o[ (C29)
0eVy, 0cO
We have that
1 nT 2_(1) —G
Esup | [ L DG
ATy e
0| < / ) =232, 00| at
Y - ndv_ 0V, S
< / \/Esup89 teHe 0| at
nTv_ J, bco
¢ .
< —|0-0 \/ sup  Esup |Op\, (t 0)‘
V_ neN,te[0,nT] 0€O
K
< —‘9—9*
— 0

where the first inequality comes from Equation (C28), the second inequality is due to Equation
(C29), the fourth inequality is deduced by Lemma C4 along with Condition [A], and the
convergence is due to the fact that 8 € V,, with V,, shrinking to #. Since L' convergence implies

convergence in probability we obtain that

1 nT 2 ( G G
sup / ‘“—(”)(A 0(t,6) — 37 (1, %))t | —F 0.
v 0T o 30(1,6)

For the drift term, we define the process as

: T ~(0),, <) ~(i)
UD() = — / (99)E2N, (1, 0)N, (t,0)72N, (t,6%)dt.
0
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When evaluated at 6*, this process is equal to

g L™ eav ), ey @, e
U (0%) = (D) N, (£, 09N, (t,07) " dt.
nl" J,
Using the arguments from the proof of the martingale case, we can show for any ¢ = 1,...,d

that

U (07) = U (0)] =7 0.
Then the conclusion follows by writing ' as the limit of 3¢ | U,@(G*) and an application of
Proposition C2 along with Condition [A]. Finally, the consistency of the asymptotic variance
estimator, i.e. Equation (20), follows given its definition (17), the definition of the Fisher
Hessian matrix in Equation (16), along with the consistency of §T7n (see Equation (18) in
Theorem 1). The feasible CLT, i.e. Equation (21), is obtained via the standard CLT (see

Equation (19)) together with Slutsky’s theorem. O

C.6 Proofs of CLT for latency
We first give the proof of Proposition 2.

Proof of Proposition 2. By Equation (8) and Equation (7), we can reexpress ET,L — L as
Lrn—L = F(br,)— F(6,,). (C30)

By Condition [B], we obtain for any i = 1,...,d and any j = 1, ..., d by componentwise Taylor

expansion that

FO(brp) — FO(6,,

) = dF)(05,.) (Orp — 0 (C31)

+(Or,, — 07, )T PF(0) (O, — OF,,),

where d?F () (6) corresponds the (m x m)-dimensional Hessian matrix of the (i, j)-index of F

at point 6, and 6 is between /G\T,n and 07

rer- To show the consistency, i.e. Equation (25), we can
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calculate for any 1 = 1,...,d and any j = 1,...,d that

L) = L8 = FO(fr,) — FU(;,,)
= dFY90") (01, — O;,) + (Orm — O50) T FED () (O, — 0,,)
= O(/|0r,0 — 05o0]]) + Op([|070 — 0500 ]1?)

—P 0,

where we use Equation (C30) in the first equality, the second equality is due to Equation
(C31), the third equality is a consequence to the fact that  is a compact set and F is twice

continuously differentiable by Condition [B] so that dF () (6

* ) and d>F@9)(f) are bounded,
and the convergence is obtained via the consistency of é\Tm (see Equation (18) in Theorem 1

along with Condition [A]). To prove the CLT, i.e. Equation (26), we can calculate

*/nT(ng:i)—L(i’j))gzll ,,,,, :11 - \/nT(F(i,j)(@\T’n)_F(i,j)(e* ))5:11 ..... ;1

</ i * n " i=1,....d
= nT(dF ) (eker)<9T,n) 9ker>)z 1,...d
V0T ((Orp — 05, )T 2FD (0) O,y — 07,,)) 0
= VAT (dF(6;,,)Orn) = 61.)) 12y 5 + VT Os (|01, — 67, 1%)
= VAT (dF%(6;,,)Orn) — 050)) 7 + Oc(||r0 — Ofer]])

D (dF(i’j)(QZer)F 1/25)3 L., C(lz

where we use Equation (C30) in the first equality, the second equality is a consequence to
Equation (C31), the third equality is due to the fact that Q is a compact set and F is twice
continuously differentiable by Condition [B] so that d>F@7)(0) is bounded, the fourth equality
is a consequence to the CLT of /Q\T,n (see Equation (19) in Theorem 1 along with Condition
[A]), and the convergence is obtained via the consistency and CLT of (/9\7‘,” (see Equation (18)

and Equation (19) in Theorem 1 along with Condition [A]). We show now Equation (27), i.e
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we reexpress 1) as

n09) = dFd(6y, )%

— JF z])kaT) ( i (11—1/2)(1711)5((1)7 . 7% (F—1/2)(m,q)§(q)>T
q=1 q=1

— < (dF 4,5,7) er - 1/2 ))

S (idﬂm(eze»(r1/2)“‘1))5@%

q=1 r=1

where the first equality is due to Equation (22), the second and third equalities are matrix
calculation, the fourth equality is from algebraic manipulations by inverting sums. Equation
(28) can be deduced directly by using the fact that £ follows a m-dimensional standard normal
vector. The consistency of the covariance estimator, i.e. Equation (29), is due to the consistency
of @\T,n (see Equation (18) in Theorem 1 along with Condition [A]), the consistency of I'; (see
Equation (20) in Theorem 1), along with Condition [B]. The normalized feasible CLT, i.e.
Equation (30) and Equation (31), is deduced via the standard CLT (see Equation (26)), the
consistency of the covariance estimator (see Equation (29)), together with Slutsky’s theorem.
Finally, we can show Equation (32) since

Cor [@g’(k,n} _ Cov|[nd), k)]
\/ Var [n(iu‘)]var (k0]
gt (Zinzl AFG3) () <f;1/2>(nq)> (Z:”;l dF®L) (0) (f;1/2)(r,q)>
Vamj)} Vaﬁn(\m)}
2 ( S ARG () (T1/?) (’”’q>> ( S AR (6 (T172) (r,q)>

\/Var [n(iﬂ')} Var [n("“vl)}

—

Covly*), y*)

\/Var (ivj)] Var [77(’“71)}

— Cor [5(11 g(kvl)]’

where the first equality is due to Equation (24), the second equality comes from Equation (23),
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the convergence is due to the consistency of é\T,n (see Equation (18) in Theorem 1 along with
Condition [A]) together with the consistency of I'y (see Equation (20) in Theorem 1 along with
Condition [A]) in the numerator and to Equation (29) in the denominator, the third equality

corresponds to Equation (28), and the fourth equality is obtained by Equation (31). ]
We provide now the proof of Corollary 3.

Proof of Corollary 3. We obtain by the CLT of the latency estimator (see Equation (26) in
Proposition 2 along with Condition [A] and Condition [B]) the asymptotic matrix (n(i’j))g;l”.‘_'."’j,
which can be reexpressed as in Equation (27). We can then deduce Equation (35) by Condi-
tion [C]. The consistency of the asymptotic covariance matrix inverse, i.e. Equation (36),
follows directly from the consistency of the covariance estimator in Equation (29). The feasible
normalized CLT, i.e. Equation (37), is deduced via the standard CLT (see Equation (35)),

the consistency of the asymptotic covariance matrix inverse (see Equation (36)) together with

Slutsky’s theorem. |

C.7 Proofs of the tests related to latency

We finally give the proofs of the corollaries related to latency tests. We start with the proof of

Corollary 4.

Proof of Corollary 4. The size of the first Wald test statistic W (L), i.e. Equation (38), can be
shown converging in distribution to a chi-squared distribution with one degree of freedom using
its definition (see Equation (9)), the CLT of the latency matrix estimator and the consistency of
the covariance estimator (see Equations (26) and (29) in Proposition 2 along with Condition [A]
and Condition [B]), and the form of the chi-squared distribution with one degree of freedom.

The power of the first Wald test statistic W (L), i.e. Equation (39), goes to 1 as an application

of the CLT of the latency matrix estimator and the consistency of the covariance estimator (see

1)



Equations (26) and (29) in Proposition 2 along with Condition [A] and Condition [B]) along

with its definition (see Equation (9)). O
We provide the proof of Corollary 5 in what follows.

Proof of Corollary 5. Under the null hypothesis H}, : { L) = LD} we can calculate that

VT(Lg? = L§Y) = VaT(Lg? — LOD) + VaT(L&) — L) + VT (L0 — L)

= */nT(ng’j) _ L(i,j)) 4+ /nT(L(k,l) _ Egc,%

(k1)

=Pyt =y,
where the first equality corresponds to algebraic manipulation, the second equality is due to
the fact that under H} we have that L) = LV and the convergence comes from the CLT

of the latency matrix estimator (see Equation (26) in Proposition 2 along with Condition [A]

and Condition [B]). If we write
=" —n®, (C32)

we know that 77 is normally distributed since we assume that (n®7) n*!) is a two-dimensional
random vector. We have that the mean of 77 is null by its definition in Equation (22). It remains

to calculate its variance. We obtain that

Var [ﬁ} = Var [77(”) - n(k’l)}

= Var 9] + Var [5*0] — 2Cov [0, )

where the first equality comes from Equation (C32), and the second equality corresponds to a
well-known variance-covariance property. By the consistency of the covariance estimator (see
Equation (29) in Proposition 2 along with Condition [A] and Condition [B]), Var [7]] can be

consistently estimated as

— e

Var [7] = Var [n@)] 4 Var [p] — 2Cov [, k0],
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As a consequence, we obtain that W’ converges in distribution to a chi-square with one degree

of freedom. Under the alternative hypothesis H} : { L) £ L#D} we can calculate that

VaT(Ly? = L") = VaT(Lg” = LO) 4+ VaT(L%) = Li) + Vo (L0 — L&)

= Op(1) +VnT (L0 — L*D)

where the first equality corresponds to algebraic manipulation, and the second equality comes
from the CLT of the latency matrix estimator (see Equation (26) in Proposition 2 along with
Condition [A] and Condition [B]). Finally, we have by the consistency of the covariance esti-
mator (see Equation (29) in Proposition 2 along with Condition [A] and Condition [B]) and
by the fact that {2 is bounded that Var [77] is uniformly bounded. Thus, we can deduce that

the second Wald statistic W’ diverges under Hj. O
Finally, we give the proof of Corollary 6.

Proof of Corollary 6. The size of the third Wald test statistic W (r), i.e. Equation (42), can be
shown converging in distribution to a chi-squared distribution with ¢ degrees of freedom using
its definition (see Equation (11)), the CLT of the latency vector estimator and the consistency of
the asymptotic covariance matrix inverse (see Equations (35) and (36) in Corollary 3 along with
Condition [A], Condition [B] and Condition [C]), and the form of the chi-squared distribution
with ¢ degrees of freedom. The power of the third Wald test statistic W (r), i.e. Equation (43),
goes to 1 as an application of the CLT of the latency vector estimator and the consistency
of the asymptotic covariance matrix inverse (see Equations (35) and (36) in Corollary 3 along

with Condition [A], Condition [B] and Condition [C]) along with its definition (see Equation

(11)).
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D Additional empirical results

The parameter estimates a/(TlT) are presented in Figure D1. Recall that o captures a size of
jump associated with trading or quoting intensity. The size of jump for self-exciting effects in
plots (a) and (c) is larger in periods of intensive trading - March 2020 when traders utilized the
market shift due to the start of COVID-19 pandemic. Interestingly the cross-exciting effects
from quotes to trades in the US, plots (f), and in Canada, plot (h), dropped during this period
showing a change towards a trade driven market.

The parameter estimates 5/(’7) are presented in Figure D2. At the beginning of COVID-19
pandemic in March 2020, decay captured by 5 changed from 1 to almost 2 reflecting acceleration
in trading reactions for self-excitation parts in the US and Canada (plots (a) and (c)). Cross-

—_—

exciting parameters 5;4’3) and 5512’1) for quotes due to trades are stable during this period.
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Figure D1: Parameter estimates agpi’j ) for each day for events in the NYSE and TSX. 90% confidence

intervals are reported.
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Figure D2: Parameter estimates ,ngi’j ) for each day for events in the NYSE and TSX. 90% confidence

intervals are reported.
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