MULTISCALE INTEGRATION SCHEMES FOR JUMP-DIFFUSION
SYSTEMS
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Abstract. We study a two-time-scale system of jump-diffusion stochastic differential equations.
We analyze a class of multiscale integration methods for these systems, which, in the spirit of [1],
consist of a hybridization between a standard solver for the slow components and short runs for
the fast dynamics, which are used to estimate the effect that the fast components have on the slow
ones. We obtain explicit bounds for the discrepancy between the results of the multiscale integration
method and the slow components of the original system.

1. Introduction. A wide variety of problems in the natural sciences give rise
to singularly perturbed systems of stochastic differential equations (SDEs). In many
cases, one is only interested in predicting the time evolution of some “slow compo-
nent”, yet this cannot be done, in a direct approach, without solving the full system
of equations. No computer can deal with such a disparity of scales. In the past
four decades, singularly perturbed systems have been the focus of extensive research,
within the framework of averaging methods. The separation of scales is then taken
to advantage to derive a reduced equation, which approximates the evolution of the
slow components. Conditions under which the averaging principle can be applied to
this kind of systems are well known in the classical literature. While the averaging
principle and its resulting effective dynamics provide a substantial simplification of
the original system, it is often impossible, or impractical to obtain the reduced equa-
tions in closed form. This has motivated the development of multiscale integration
algorithms [2, 1]. Multiscale integration schemes along the lines described in [1] have
been studied for different systems of SDEs [3, 4]. However, similar questions for jump-
diffusion processes are not yet fully addressed. We consider two-time scale systems of
jump-diffusion SDEs, of the form

dzy = a(xf,y;) dt + b(zy,y;) dBy + c(af, yg ) APy xhH = Xo (1.1a)

€ 1 € € 1 € € € € € €
dy; = Ef(;vt,yt)dtJr g(ztayt)th+h(ztvyt)dNt Yo = Yo, (1.1b)

\/E
where z§ is an n-dimensional jump-diffusion process and y5 is an m-dimensional jump-
diffusion process. The functions a(z,y) € R™ and f(x,y) € R™ are the drifts, the
functions b(z,y) € R™*% and g(z,y) € R™*% are the diffusion coefficients, and
the functions c¢(z,y) € R™ and h(z,y) € R™ are the jump coefficients; B; and W;
are dj,ds-dimensional independent Wiener processes, P, is a scalar simple Poisson
process with intensity A1, and Vy is a scalar simple Poisson process with intensity ’\6—2
The parameter € represents the ratio between the natural time scales of the x§ and y;
variables. We are concerned with situations where ¢ < 1, i.e. where a separation of
time scales prevails; in such case the vector x§ is called the “slow component” of the
system, and the vector y; is called the “fast component” of the system.

Within the framework of averaging methods, the separation of scales is taken to
advantage to derive, in the limit ¢ — 0, a reduced equation for an n-dimensional
process T, which approximates the slow component z§ [5, 6, 7, 8, 9]. Define L€ the
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differential operator associated with (1.1) to be, for F € CZ(R"t™),

LY=L+ lﬁg,
€
where
1 PF 1
L1F = a(x,y)0.F + itrace preo bb' (z,y) + M\ [F(z + c(z,y)) — F(zx)]
1 PF
LoF = f(x,y)0yF + itrace a7 c99' (z,y) + A2 [Fly + h(z,y)) — Fy)].

Assume that for every fixed x the rapid variables, governed by (1.1b), induce a unique
invariant, ergodic measure p*(dy). Denote

@) = [ ale,p)u(dy

)b (@) = | bl )b () ().

(1.2)

With this notation, it was shown in [10], that there exists a differential operator £ of
the averaged process for F € CZ(R™) which is defined by

2

LF = a(2)0,F + %trace % BT (@) + M / F(e + clz,y)) — F(@)) o (dy).

Using the definition of £ we can define the effective dynamics z; = Z(¢). The drift
coefficient @(Z) of the averaged operator £ and the diffusion coefficient b(z) are given
in (1.2). The jumps of the averaged operator can be constructed as follows. The
jump rate is A;. Let {7, } denote the jump times. Then Z(7,) — Z(7,, ) = c¢(Z(7,,), &n),
where &, has distribution ®(7=)(dy). Tt is shown in [10] that as e — 0, z§ converges
weakly, on every finite interval [0, 7], to the solution Z; of a closed equation of the
form

dzs = a(z;) dt + b(Z;) dBy + /C(Et, &) Py, (dsdf), (1.3)

where P, (dsdf) is a Poisson measure with jump rate A\; and jump distribution p*(+).

There are cases in the framework of the averaging principle when one is interested
in the limit behavior of a trajectory rather than the limit behavior of the distribution
of trajectories. In this case a stronger form of convergence is needed. Analysis of the
strong, i.e., uniform in time, convergence for a two-time-scale jump-diffusion system
is given in [11]. It is shown that the strong convergence is valid only if the coefficients
b and ¢ in (1.1a) do not depend on the fast variable, i.e., b = b(z),c = ¢(x), which
implies that (1.1a) has the following form,

dxy = a(xf,yy) dt + b(xf) dBy + c(zy) dPy xH = Tp. (1.4)

As € — 0, z§ converges in the strong sense, on every finite interval [0,7], to the
solution Z; of a closed equation of the form

dZy = a(Zt) dt + b(Z¢) dBy + c(T4)dP;. (1.5)
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While the averaging principle and its resulting effective dynamics (1.3), (1.5) pro-
vide a substantial simplification of the original system (1.1), it is often impossible, or
impractical to obtain the reduced equations in closed form (for example, because the
invariant measure y* is unknown, or because integrations cannot be performed ana-
lytically). This has motivated the development of two types of multiscale algorithms
which overcome this difficulty: coarse projective integration methods [2, 12, 13] (see
also [14] for the non-“coarse”, ODE case) developed within the equation-free frame-
work [15]; and multiscale integrators [1] which were presented in the framework of the
heterogeneous multiscale methods [16]. Coarse projective integration has focused on
the case where explicit knowledge of the original system is not available (for example,
the available simulator is in the form of a “black box”). In that case short bursts of
appropriately initialized fine scale simulations are used to estimate on demand the nu-
merical quantities required to perform scientific computing tasks with coarse-grained
models (time derivatives and, for the case of stochastic coarse-grained models, the
local effective noise drift and diffusivity, e.g. [17]). The present paper deals with the
case where one has full knowledge of the original, singularly perturbed, system. In this
case the multiscale integrators introduced in [1], which take advantage of the explicit
knowledge of the right-hand-sides of the singularly perturbed dynamical systems, are
more suitable. This knowledge together with the averaging principle is the key factor
of the multiscale integrators, which aim at integrating the averaged equations to get
an approximation of the dynamics in the original system. Analysis for the multiscale
integrators was presented in [3]. In [4] the authors extended the idea of multiscale
integration for a deterministic effective model to the case where the effective model is
a stochastic one. Here we extend the idea to the case where the effective dynamics are
described by stochastic processes that admit jumps and discontinuous trajectories.

The use of the averaging principle to compute effective jump processes was imple-
mented in a different context: a research area where the dynamics are stochastic and
consist of jumps is the stochastic simulation of kinetic chemical reactions, also known
as the Gillespie stochastic simulation algorithm, SSA [18]. The time evolution is de-
scribed as follows. A state space of the system is a vector consisting of the number of
molecules of each species. The time gap between events is distributed with a Poisson
distribution that depends on the state space location. The event that takes place is
chosen according to a rate function which depends on the state space location. This
model consists of no drift, only jumps. In the past five years extensive progress had
been made in describing the effective dynamics for chemical kinetic systems that take
place on vastly different time scales [19, 20, 12, 21, 22].

In its simplest formulation, the multiscale integration scheme can be described
as follows: Let At be a fixed time step, and X,, be the numerical approximation to
the coarse variable, Z, at time t,, = nAt. Given the coarse variable at the n-th time
step, X, we take some initial value for the fast component Y', and solve (1.1Db)
numerically with step size 6t and x = X,, fixed. We denote the discrete variables
associated with the fast dynamics at the n-th coarse step by Y,:, m = 0,1,..., M.
As in [1] the numerical solver used to generate the sequence Y, is called the micro-
solver (or micro-integrator). The micro solver as introduced in [1] is a numerical
approximation of the auxiliary process which was introduced in the work of [8] and
[7]. The simplest choice is the Euler scheme,

n n 1 n 1 n n n n

where AW are Brownian displacements over a time interval ¢t and AN are Poisson
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increments with intensity ’\6—2 The Y,? are generated in order to give us an approxi-
mation of the ergodic measure p,(dy). This allows us to omit the € dependency from
the micro solver, hence we use instead,

mt1 = Yo+ f (X, Vi) 0t 4 g( X, Y ) AW + h(Xo, Y )AN, - (1.6)

where AW, are Brownian displacements over a time interval §t and AN’ are Poisson
increments with intensity As. Since we assume that the y dynamics is ergodic, we may
choose, among other choices, Y;* = YJ\’/}_l (In Section 5 we further discuss this point).
Having generated the trajectories Y,?, the functions @,b and the jump amplitude &
are estimated by

1 M
A(Xn) - M mZ:la(Xna Ym) (17&)
1 M
BB (Xa) = 37 > WX, YT (K Yi) (1.7b)
C(Xnag) :C(XnaYZ\r/L[)- (170)

B(X,,) can be extracted from B(X,)B'(X,) through a Cholesky decomposition.
Finally, to reduce the statistical noise, several independent realizations of the micro-
solver can be carried out, in which case expression (1.7) for A(X) and B(X) involve
an additional averaging over these independent realizations.

Inspired by the limiting equation (1.3), X, is evolved in time by an Euler step,

Xn+1=Xp + A(X,) At + B(X,) AB, + ¢(X,,Y,") AP, (1.8)

where AB,, are Brownian displacements over a time interval At and AP, are the
increments of the Poisson process over a time interval At. We refer to (1.8) as the
macro-solver (or, macro integrator).

Equations (1.8), (1.6), and (1.7) define the multiscale integration scheme.

The functions A(X), B(X) approximate the functions a(x),b(x), which result
from the averaging (1.2) over an ergodic measure. The ergodic property implies that
instead of ensemble averaging we can use averaging over paths of the rapid variables
with fixed . Since, by assumption, these averages cannot be performed analytically,
they are approximated by an empirical average over short runs of the fast dynamics.
These “short runs” are over time intervals that are sufficiently long for empirical
averages to be sufficiently close to their limiting ensemble averages, yet sufficiently
short for the entire procedure to be efficient compared to the direct solution of the
coupled system. Note that the time interval is long enough to guarantee that Y.
will have a distribution close enough to the distribution of the invariant measure
Lo, which explains the approximation for the averaged jump distribution. Hence the
approximation for the jump coefficient is given by c(x, ¥;7).

This paper deals with (1.1). The motivation for such a problem stems from
attempts to model elements of a financial market that involves two kind of securities.
One kind is without risk, a bond, and is modeled by a linear ODE. The other kind is
a security with risk, a stock. The total change in the stock price is assumed to be the
composition of two types of changes [23]:

e The normal variations in price due to a temporary imbalance between supply
and demand and other information that causes marginal changes in the stock’s
value. This component is modeled by a standard Wiener process with a
constant variance per unit time and continuous sample paths.
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e The “abnormal” variations in price due to the arrival of important new in-
formation about the stock that has more than a marginal effect on the price.
These perturbations usually occur as finite discontinuities.
Hence the prices per share can be modeled by a diffusion process with jumps, or a
stochastic differential equation with jumps (JSDE). The drift coefficient is the instan-
taneous conditional expected relative change in price per unit time, while the diffusion
coeflicient is the instantaneous conditional variance per unit time. The jumps, which
represent the arrival of new information, occur with a given mean number of arrivals
per unit time.

It is often the case that the securities change over more than one time scale. The
value of a financial instrument can change in hours or days, while the value of other
financial instruments will change only over a time period of months or years. In [24]
the authors study the pricing of defaultable derivatives. In particular, they assume
an Ornstein-Uhlenbeck process for the interest rate, and a two-factor diffusion model
for the intensity of default. They find from empirical evaluation that the time-scale of
the slow factor is on the order of three months. Empirical evidence of a fast volatility
factor with a characteristic mean-reversion time of a few days was found in the analysis
of high frequency S&P 500 data in [25].

In this paper we analyze the multiscale integration scheme for systems of the form
(1.1). The contribution of this paper is the following. We derive estimates for the
strong (pathwise) error between the solution Z; of the effective dynamics (1.5) and
the solution X, of the multiscale integration scheme (1.6),(1.7a) and (1.8). Recall in
that case the use of (1.4) instead of (1.1a). Specifically, we obtain an error estimate
of the form

—log,, Mt +1 1
E T, — X, <C(At+ —22——— + — +V6t).
ngSITll/DAtm” = ( Mot M

This convergence is uniform within the whole time interval [0,7]. We also obtain a
weak convergence estimate between the solution Z; of the effective dynamics (1.3) and
the solution X, of the multiscale integration scheme (1.6),(1.7) and (1.8). Specifically
we obtain,

_ —1 Mét+1 1
sup |EF(X,) — EF(X,)| < C \/Oga+ b Vot + VAL,
n<T/At Mét M

This result extends the analysis in [3], beyond the case where the slow dynamics
(and hence the limiting dynamics) are deterministic, and beyond the case where the
dynamics are stochastic, yet only consist of continuous paths, which was analyzed in
[4].

The paper is organized as follows. Section 2 states the lemmas and theorem for
the strong case. Section 3 contains the proof for the strong case. Section 4 deals with
weak convergence, and Section 5 contains our discussion.

2. Analysis of the multiscale integration scheme. In this section we ana-
lyze the convergence of the numerical method defined by eqgs. (1.6), (1.7a) and (1.8).
Specifically, we derive an estimate for the distance between the computed solution X,
and the solution Z; of the effective dynamics (1.5) at time ¢ = ¢,,. We prove strong,
i.e., uniform in time, convergence. Our main result in this section is Theorem 2.10.
For the sake of readability we state in this section our assumptions, lemmas and the-
orems, deferring all proofs to the next section. The analysis follows a structure based
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on the work of [8] and [7]: an introduction of a well posed auxiliary process which
is based on fixing the slow variables. The auxiliary process is compared with the
effective dynamics. This leads to estimating the terms in the right hand side (the
drift and diffusion coefficient, and jump components). As shown in [3], additional
comparisons are needed for the numerical methods. In [3] the numerical solution of
the effective equation based on a given macro-solver is compared to the evolution of
the slow variable in the multiscale integrator based on the same macro-solver. We
also follow this strategy.
Throughout this work, the following assumptions are made:
ASSUMPTION 2.1.
A1. The functions a = a(x,y),b = b(x) and ¢ = c¢(zx) in (1.1a) (or (1.4)) are mea-
surable, Lipschitz continuous, and hence have linear growth bounds: specifi-
cally, there exist constants L, K, such that

la(z1,y1) — a(wz, y2)[* + [[b(1) = b(w2)||” + |e(z1) — e(x2)]?
< L? (Jo1 — 2o + |1 — 12)

and
la(z,y)]> + [[b(2)|1 + |e(@) > < K2 (1+ |2[> + |y[?) -

Here and below we use |-| to denote Euclidean vector norms and ||-|| for Frobe-
nius matric norms.

A2. The functions f(z,y),g(x,y) and h(z,y) in (1.1b) are of class C* and have
bounded derivatives of any order; in particular, we can choose the globally
Lipschitz constant Ly (Lg, Ly, resp.) sufficiently large, such that it bounds
the first derivatives of f(g, h resp.) Moreover, f(x,y) is assumed to be a
bounded function of x for all y,

St;p\f(x,y)l = cy(y) < o0,

and g(z,y), h(z,y) are bounded,

sup [|lg(z,y)|| = ¢g < o0, sup|h(z,y)| =cn < .

z,y z,y
AS3. There exists a constant a > 0, independent of x, such that:

2
y' g9(z, )9 (z,9)y > aly|

for ally € R™.
A4. There exists a constant 3 > 2oLy, + Ly, independent of =, such that for all
y1,y2 € R™

(1 — o) - [f(@,91) — F(z,92)] < =By — vol

for ally e R™.
In [11] it is proved that under these assumptions the slow component in (1.1)
converges to the solution of the effective dynamics (1.5) in the strong sense.
Note that the effective dynamics does not depend on e. Also, since the discrete
solution Y, obtained by the micro-solver is for X,, fixed, it only depends on the
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ratio dt/e. The first lemma describes the relation between two JSDEs which differ by
rescaling time.
LEMMA 2.1. Let 2(t) be the solution of the equation

dz(t) = %a(m(t))dt + \%b(x(t))dwa) +e(x(t))dNC(2)

where W (t) is a Wiener process and N€(t) is a simple Poison process with intensity
Ae. Then ¥(t) = x(te) is a solution of the stochastic equation

di(t) = a(i(t))dt 4+ b(E(t))dW (t) + c(E(t))dN(t),

where W(t) = %, and N(t) is a simple Poisson process with intensity .

Thus, without loss of generality, we may take e = 1 in (1.6).

Our multiscale integration scheme consists of a macro-solver: an Euler time-
stepper,

Xna1 = Xn + A(Xp) At +b(X,) ABy + (X)) AP, Xo = o, (2.1)

where A(X,,) is estimated by an empirical average

A(X,) = % 3 a(X,, V), (2.2)

and Y,? are numerically generated discrete solutions of the family of SDEs
dzy' = f(Xp, 2{") dt + g(Xp, 2i") AW + h( Xy, 27) AN}, (2.3)

with initial conditions z§ = Y{J" = yo, and a time step d¢ (the choice of a fixed Y for
all n simplifies our estimates; in practice, one could take Y = Yz\’/fl for n > 0). Our
micro-solver (1.6) is a particular realization that uses an Euler time-stepper as well,

YIir = Y4 (X, V) 0t 4 9(Xo, Yo AWE + h(X,, Vi) AND,  (24)

ny+m ny+tm

where AW = Wi 1ys5, — Wis, are the Brownian increments associated with the
SDEs (2.3), and AN = N{t1)5t — Nimer are the Poisson increments associated with
the SDEs (2.3). B

We also introduce a discrete auxiliary process, X,,, which is the Euler solution of

the effective dynamics (1.5):
Xoi1 = X, +a(X,) At +b(X,) AW, + ¢(X,,) AP,.

As was proved by in [26], the Euler scheme is of order 1/2, which implies the existence
of a constant Ky = Ko(T, ), such that

E  sup |&(t,) — X,|* < Ko At. (2.5)
0<n<|T/At)

Thus, it remains to estimate the difference between the outcome of the multiscale
integration scheme, X,,, and the numerical solution of the effective dynamics, X,,,
both being discrete-time processes.

The next four lemmas provide mean square estimates for the processes z}', Y,
and X,,.
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LEMMA 2.2. The process z;' satisfies,

sup E|2'|? < K7,
0<t
where K1 = Ki1(yo) = [yol® + 5 {%Cfc(O) +eg+ A5+ Azci].
LEMMA 2.3. For small enough dt,

2
sup E|Y,|" < Ko,
o<n<| A7)
0<m<M

where

2 2¢2(0) 22
K3 = Ka(yo) = |yol* + 3 <052; + Xacj, + fﬁ + ﬁQC% :

LEMMA 2.4. For small enough At,

sup  E[X,|]? < K3,
0<n<T/At

where

2
_ —[2(4A) (142K T 2 K1+ K»)
K3 = K3(T', 0, y0) = el ! ] |zo|” + 2W
LEMMA 2.5. The mean square deviation between two successive iterations of the
microsolver satisfies, for small enough 6t,

where K, =8 (cz + )\Qci).

Lemma 2.1 implies that the process 2z} is statistically equivalent to a shifted and
rescaled version of y§, with = being a parameter, that is, zF ~ yft_tk)/e.

Menaldi and Robin [27] proved that the dynamic (2.3) is ergodic with invariant
measure u~ (Assumptions A2-A/)(See also [28]). Moreover, they proved that the
process z;* satisfy the Doeblin condition hence it is exponentially mixing in the fol-
lowing sense. Let PX»(t, z, E) denote the transition probability of (2.3). Then there
are positive constants -y, « < 1 such that

| P (t, 2, E) — p*(E)| < 7o,

for every E € B(R™).

The next lemma establishes the mixing properties of the auxiliary processes z;'.
Recall that a(X,,) is the average of a(X,,,y) with respect to uX», which is the invariant
measure induced by the process z;'. We denote 2]}, = 2] 5,.

LEMMA 2.6. For small enough 6t, there exist a constant Ky independent of M, dt
s.t.

’ (2.6)

K {—logaMét—i— 11

M
1
]E‘ Xn7 o _7Xn >~ -—
MmZ::la( Zm) = (%) Mot M
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The next lemma establishes the mean deviation between (2.3) and its numerical
approximation (2.4).

LEMMA 2.7. Let z]' be the family of processes defined by (2.3). For small enough
0t, there exists a constant Kg such that,

max R |V — 2" > < KsVét, (2.7)
0<n<| A7)
0<m<M

_ (@Ls+XaLn)VEs
where Kg = 5o —

LEMMA 2.8. There exists a constant K¢ = Kg(T,x0,%0), such that for all 0 <
n < |T/At]

Ela(X,) — A(X,)|* < K <W + % + m) .

LEMMA 2.9. There exists a constant Ky = K (T, xo,yo) such that,

- —log, Mdot+1 1
E  sup |X,—X,?<K <a++\/6t),
0<n<|T/At) | n n| 7 Mot M

where Ky = 8T2Kgetl” BTHL4A)T
Combining this result with (2.5) our main theorem readily follows:
THEOREM 2.10. There exists a constant K7 = K7(T, xo,yo) such that,

—log, Mdt+1 1
E sup X, — Z(t)]? < 2Ky At + 2K (a—i—-l-\/(;t).
Ogng\_T/Atj| (tn) 0 ! Mét M

Note the sources of the various terms: The first term arises from the truncation
error of the macro-solver. The second and third terms are the deviation of the en-
semble average from the empirical average. The last term is the truncation error of
the micro-solver.

3. Proofs for Section 2. Throughout this section we will need a discrete version
of Gronwall’s inequality. Let Z,, be a sequence of positive numbers which, for small
enough 0t, satisfy the linear inequality,

Znt1 < (14+adt)Z, + bot,

then
b
Zy < e Z5 4 — (e — 1) (3.1)
a

Young’s inequality will be used repeatedly, each time however with a different
constant. Let a,b € R™ then for every 5 > 0,

1
2a-b§,6|a|2+ﬁ|b|2.

Let P(t) be a simple Poisson process with intensity A and let h(P(t),t) satisfy
the mean square integrability condition on 0 < ¢t < ¢(, then
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e E [fjo h(P(s), s } =)\l E ,5)] ds

e Letting P(t) = P( ) — At be the sunple mean-zero Poisson process, or the

compensated Poisson process,

E { /t t h(P(s),s)df’(s)} ~0

e The Ito-isometry for jump stochastic integrals is given by

2

E :)\/ E |h(P(s), s)|* ds,

to

/ h(P(s),s)dP(s)

to

hence

2
‘ — Adt.

E ‘P(t +ot) — P(t)

Proof. of Lemma 2.1

T 0% —:Ee—acse:1 tsaxu U i “ x(u U
H(t) — #(s) = a(te) — a(se) / (x(u))d +ﬁ/& b (u)) W ()

€ Jse e

Jr/ 6c(:v(u)) dN (u)

€

+/ c(x(ue)) dN (ue)

/ du+/b (u)
+/:<<>>dN<

where we used the facts that W (t) = w is a Wiener process, and N (t)

a simple Poisson process with intensity A = ef 0
Proof. of Lemma 2.2 Applying [t0’s chain rule to the process |z{‘|27

d|zP 2 = 220 - (X, 20)dt + ||g( X, 20) || dt + 220 g( X, 20 ) AW

+ 220 h( X, 20N + |W( X, 27 AN
Taking expectations, and using It6 isometry,
d T
Bl = 22 - f(Xn,27) + E g (X, 2% +
20oE 2 - B( Xy, 27) + AoE [R( Xy, 20)]2

Substituting Assumption A4 with y; = z}* and y2 = 0 gives,

d
Tl * = —20E|2 P + 2Bz - (X, 0) + E lg(Xn, 2

+ 20K 20" - (X, 27) + MK |h( X, Z?)|2 .

= N(et) is

(3.2)
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Using Young’s inequality twice and substituting the bounds on f, g and h (Assumption
A2),

d 16} 2
G = —2BBI7 P + S| + S f(X0 O +Ellg(X )|

2
+ g]E 271 + A%EE (X, 2)7 + AR [A(X o, 2]

2 2
< —BE|27* + Bcfc(O) ++ Aéﬁci + Xt | -

The desired result follows from Gronwall’s inequality. O
Proof. of Lemma 2.3 We rewrite (2.4) in terms of the compensated Poisson
process,
Yoo = Yo + f(Xn, Vi) 6t + (X, Vi) AW + h( X, Yi) AN,
= Yo o F(Xn, Yi0) 0t o g(Xo, Vi) AW+ h(X,, V) AN,
+ Xoh(X,,Y,) dt.

ny tm

Squaring and taking expectations,

E Y| = B[V + 02 E|f(Xa, Yi)I* + 0t Elg(Xn, Vi)
+ MOt E (X0, Y2 4 A2 E |R( X, )2 + 26t BY - (X, Y,?)

ny tm

+ 200t BY,? - h( X0, Y,) + 2000t E f (X, Y R(X,, YV1).

nytm

We subtract and add 26t EY,? - f(X,,,0),

B[V |* = E Y + 62 | f(X0, V)P + 6t E (X0, V)
+ MOt E WX, Y + A2 E |R(X,, Y2 + 26t EY - £(X,, V)
— 26t EY," - f(X,,0) + 26t EY," - f(X,,,0)

+ 205t EY,? - (X, V) + 2000 Ef (X, Vi) (X, Y,1).

nytm

For each one of the last three terms on the right hand side we use Young’s inequality,

n 2 n n n
E Y| =EYq + 6 E|f(Xn, Yi)[* + St E|g(Xn, V)|
+ AaBLE [1( X, V)| + 3017 B |I(X,, Yoo)|* + 20t EY - (X, Vi)

nH m

—25tEY" - f(X,,0) + 5152 E|Y"] + 5% E|f(X,,0)?

2
+ (5t§ EYq*+ OGN E [h(Xo V) + A0t B[ f(X, Vi)
+ \oSt?E |h( X, Y.

Using the boundedness of the functions f, g and h (Assumption A2),

2¢2(0 202
f( )+ 2.2

BV [P < (14 8SHE|Y|* + 6t <c§+>\2ci+ 5 5 Ch
+ 02 (A2} + Xoch) + S E|f(Xn, V)
+ 25tEY, - (X, Y,R) — 25t EY," - f(X,,0)

ny tm

+ AR | (X, Vi)



12 D. GIVON, 1.G. KEVREKIDIS

For the third line on the right hand side we use Assumption A4,

2¢2(0)  2\2
2 2
E |V " <1+ BoOE|YR|" + 6t <cj+A2ci+ % + 620'2’

+ 02 (A2} 4+ Nach) + S E|f(Xn, Y1)
— 280tE |V ?
+ MR | f (X, V)P

n» m

(3.3)

2¢2(0 2
= (1= BSOE|Y >+ 6t [ 2 + Xac? + f()Jr&cz
m g h ﬂ ﬁ h

+ 012 (32 + Macd) + 0t (1 + A) E | f(Xn, Y,

ny+fm

Rewriting f(X,,Y,") = f(X,,Y,?) — f(Xn,0) + f(X,,0) and using Assumption A2,

(X, Yi)[? < 2% Vi * 4 2¢3(0), (3-4)

ny tm

which substituted into the last term of (3.3) gives,

E|Vy, | < (1 86t +2L%(1+ Ao) 6t°) E [Y;2]

2¢3(0) | 2)3
5 B

+ 6t <c§ + Xach + ci> + 667 (1 + A2) [2¢7(0) + Aaci]

and the desired result follows from the discrete Gronwall inequality (3.1). O

Proof. of Lemma 2.4 We rewrite (2.1) in terms of the compensated Poisson
process,

Xpi1 = X, + A(X,) At +b(X,) AB, +c(X,) AP,
= X, + A(Xn) At 4+ b(X,) AB,, + ¢(X,)) AP, + Aie(X,) At.

Squaring, taking expectations and using the It6 isometry,

2

A2 | E
E|X,1]? =E|X,[*+ Ve > a(Xn, V)| + AR [[b(X)]?
m=1

+ MALE |e(X0) > + X ALE |e(X,)[?

2At
+55 > EX, - a(Xn, Y) + 2AtME X, - ¢(X,)

m=1
2A12), &
+ 57 D Ee(Xn) - a(Xn, Y.

m=1
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Using the inequality (a1+- - -+ay,)? < n(a2+---+a?) together with Young’s inequality,

M
2 2 | A NP 2
E| X |” <E|X| +WE;|a(Xn,Ym)\ + ALE [[b(Xa)|

+ MALE [¢(X,)° + M ALE |e(X,,)]? + AtE | X, |°

ns m

M
At
+ 27 m; Ela(Xn, Y)|? + AtME | X, + AtAE |e(Xn)]?

+ AME |eo(X,))2 + AN f: E|a(X,, V")
1 n M ) nytm .

Using Assumption A1, we get,

E[Xpi1)? < (1+ At + MADE [ X, |* +2(1+ A)K2(1+ E X, |?) At
+2(1+ M)K? sup []E |Ymn|2] At +2A82(1 + \)K2(1 + E| X, [°)
m>0

+2A8%(1 + A2)K? sup [E \Y;;F] .

m>0
Using Lemma 2.3, we get, for small enough At,
E|Xn1]? < [142(1+ M) (1 +2K2) At E X, ° + 4(1 + A1) K2(1 + Ka) At.

and the desired result follows from the discrete Gronwall inequality (3.1). O

Proof. of Lemma 2.5 Eq. (2.4) together with Assumption A2 implies,

BV, =Y = E|f(Xn, V)6t + (X, V)VAWE 4+ h(X,, Y1) AN
+ Aoh(X, V)5t
<AE|f(Xp, Yi)[* 68 + 4R ||g(Xn, Y;i)|* 6t
+ AN E|W(X,,, Y2 6t + 4N2E |h( X, Y,2)|? 6t
< SL2S2E[Y2|* + 8c3(0)5t* + 4c? ot
+ 4Xac;, 6t + 4N\3c; 612,

where we have used (3.4). Lemma 2.3 implies that for 6¢ small enough,

E Y = YE? <8(2+ hocd) ot
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Proof. of Lemma 2.6 Expanding (2.6),

1 M
E| - mz::la (Xn, 2) — a(X,0)

+ oy O E{[a(Xa, ) — a(X,)] - [a(X, 2) — (X))

E {[a(Xn, 23,) — a(Xn)] - [a(Xn, 25) — a(Xn)] }
=E {[a(Xn,2}) — a(Xn)] - E [a(Xy, 2)) — a(Xn)|20 ] }
=E {[ (Xn, zm) @(Xn)] : Ez:h [a(Xm Z;L*m) - d(Xn)]}

< max {IE[ (X, 2™) — a(Xn)]2}; {]E (B [a(Xn, 20 0) — a(Xnﬂ]Z}; :

For the left hand term we use the linear growth bound of the functions a,a and
Lemmas 2.2, 2.4,

E [a(Xn, 2) — a(Xn)]* < 2 |a(Xy, 233) | + 2B [a(X,,)|*
<AK*(1+ K1 + K3).

Combining this with the bound on the mixing rate, yaf, we get,
E{[a(Xn,20) — a(X,)] - [a(Xn, 22) — a(Xn)]} < 2LV/1 + K + KzyaP=m0t,

mno P
Set k1:2L\/1+K1+K3 s

M
1 B 2 le . kl ao
]E’M (Xruzm) - a(Xn) < W Z Z a(P )ot + 7

m=1 m=1p=m+1

We split the upper triangular sum into two summands. One is of terms which are near
the diagonal, and the second summand is for terms which are far from the diagonal.
Hence,

m-1

1 22k .
E‘MZa(Xn,zﬁl)—a _M;Z Z o(P—m)ot

m=1 m=1p=m+1

2k1 Z Z p m)dt %

m=1 p=m-+4Il+1

< — 4+ 2k« —.
M +
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Set I = £ (—log,(M4t)). Thus, there exist constants ko, ks, ks such that,

M
E’% 3 a (X 2) - alX,)

m=1

2 —log_ (M6t 1 1
< k2 %\ZIE% )+k3M6t+k4M'

This concludes the proof. O
Proof. of Lemma 2.7 Define t5; = |t/6t]dt. Let Y;* be the Euler approximation

Y interpolated continuously by

m»

t t t
yn = / F(Xn, Vioy,) ds + / 9(Xn, Yo as) AW s + / h(Xn, Ynss,) AN .
0 0 0
Define
UV = thn — ZZL
Applying the Ité formula for E |v;|?,
d n n
@E |Ut|2 = QEvt ! [f(Xn7Yn,t5t) - f(Xna 2t )] +E Hg(Xn?YTL,tm) - g(Xna 2t )H2

+ 200E v - [M(Xn, Yoiy,) = h( Xy 7)) + AE [2( X, Yo 5,) = B(Xn, 27) [
= 2Ev; - [f(Xn, Yots,) = [(Xn, Y] + 2E0; - [f(X0, V") = f(Xn, 2{")]
+E(|g(Xn, Yats,) = 9(Xn, 20)° + 2B vr - [2( X, Yo ty,) = B(Xo, V)]
+ 200E v; - [A( X0, YY) = h( X0, 2] + AE | B( X, Yorts) — B( Xy 2]
Using Assumption A4,
d
B [ve* < 2B [f(X, Yos,) = F(Xn, Y] = 26 oo
+E Hg(Xm Yn,tét) - g(XTH Z?)H2 +2XE v, - [h(Xnv Yn,t&t) - h’(Xm Ytn)]
+ 20E v, - [M( X, YY) — R( X, 20)] + XNE (X, Yo i, ) — R(X, zf)|2 ,
followed by Cauchy-Schwarz inequality, and Assumption A2,

d 2 2 2 2
SEful® < 2L \/B [P E Yo 00, — Y7 — 268 o

Ly Yoy, — 21 + 2L\ JE [0 E Yy, — VPP
+ 20 LaE [0 ]? + MLy E |V gy, — 27|

tse

= 2(Ly + Do Ln) \E [0 P E Yoy, — VPP
—2(8 = AeLn) E|ve]* + (Ly + Mo Lp) E|Y,,

2
tat*'zm .

Using Young’s inequality,

d

SRl <2(Ly + Do) VE [ VB Yr,, - ¥

B = ML) Efurf® +2(Ly + L) EJY)' — o7
Ly + ML) E Yoy, — V'

,2(
+2(

tse

2 (Ls + AoLi) \E [0\ /E [Yosy, — Y0P
B —2XoLy, — L) E ||
Ly + X\oLn) E Y, = Y7

,2(
+2(

tse
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Using Lemma 2.5,

d
- o> < 2(Ls 4+ Ao L)\ E Jvi|* /K46t

—2(8—2XaLp, — Ly) E|vy]* +2 (L, + AoLp) K46t.

(3.5)

Let T1 = inf {t E |fu,5|2 = 1}. Since vy = 0, the line segment [0,7}) is not empty.
We first solve (3.5) up until time 77, and then show that 77 = oo, which implies that
the bound for E |vt|2 is everywhere true. For ¢ < T} we have

d
—E loe* < 2(Ls 4 AoLn) /K46t

—2(8—2XaLy, — Ly) E|vy|* +2 (L, + AoLp) K46t.

For 6t small enough, the third term on the right hand side is smaller than the first
term. Hence

d
—E | < =2(8 — 2\aLn — Ly) E|ve]* + 4(Ls + AaLn) /K3t

Gronwall’s inequality implies,

(2L + XoLp,) VK40t

E 2
il < e — 1,

(3.6)

With 6t small enough, the right hand side of (3.6) can be made smaller than one,
hence (3.6) is valid for all ¢. O
Proof. of Lemma 2.8 By definition,

1 M
[ o ) - TP IICRE

< I+ 17,

E|a(Xn) — A(X,)) =E

where

M
n 1 n
17 =28 [ aXu () - 5 3 a(X.23)
m=1
M | M 2
I = 2E | — Z Xons 2) = 37 2 @ (Xn Y|
m=1 m=1

where 2" is the family of processes defined by (2.3). I is the difference between
the ensemble average of a(X,, ) with respect to the (exact) invariant measure of z}*,
and its empirical average over M equi-distanced sample points. I3 is the difference
between empirical averages of a(X,,, ) over M equi-distanced sample points, once for
the process z;', and once for its Euler approximation Y.

The estimation of IT, is given in Lemma 2.6,

1 i
I{‘:ZIE[/( y) X (dy) — MZCL n,m]

m=1 (3.8)
—log, Mdot+1 1

Mot

=

<2K5[
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We proceed with estimating I§ using Assumption A1,

2

1 1<
Ip =2E |- m:1a(Xn,YnZ) ~ 7 mz::la (X, 21)
9 M
n ny|2
< MY Ela(Xa, Vi) = 0 (X, 20)]
m=1
n n |2
< 2L* ggj)é]E |Ym - Zm| )
Using Lemma 2.7 we get,
Ip < 202 KgVét. (3.9)
Combining (3.8) and (3.9),
—log, Mét+1 1
Ela(X,) — A(X,)|* < K {g]\/fét +q T Vit (3.10)

which is uniform in n < T/At 0O B
Proof. of Lemma 2.9 Set E,, = Esup,,, |X; — X;|?, then

-1 -1
E, = E?EP Z [a(X;) — A(Xi)] At + Z [b(Xi) — b(Xi)] AW;
l:l zf(i , =0
+ 3 [e(Xi) — e(Xy)] AP,
=0
-1 -1
= E?Ep Z [a(XZ) — A(Xzﬂ At + Z [b(Xl) — b(Xl)} AW;
=" 1i=0 i=0
1—1 -1 2
+) 7 [e(X) — e(X)] AP + Z [e(Xi) — e(Xy)] At
=0 . 7,=02 - ,
< 4Esup [a(X;) — A(X;)] At| +4Esup [b(X;) — b(X;)] AW;
I<n i—0 I<n i=0
-1 2 -1 2
+ 4E?up [e(X;) — (X)) AP + 4E?up [e(X;) — o(X5)] At
< [i=o <n |i=o

We split the first term on the right hand side,

2

-1 -1
E, <8Esu a(X;) —a(X;)] At| +8Esu a(X;) — A(X))] At
l§g§[<> (X3)] lggi;[() (X))
-1 2
+4Esup | [b(X,) - b(X:)] AW; (3.11)
I<n i—0
-1 ) 2 -1 2
+A4Esup |y [e(X;) — (X)) AP;| +4Esup | [e(Xi) — e(X,)] At
I<n 350 I<n 750
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The first and fifth terms on the right hand side are estimated using the Lipschitz
continuity of @ and c,
2

-1 -1
8Esup | Y [a(X;) —a(X;)] At| <8Esup L) |X; — X;|* At®
l=n izo lsn oo
n—1 n—1
<8L’T Y E[X; - X;|> At <8L*T Y E; At
1=0 1=0
. ) . (3.12)
ARsup | Y [e(X;) — o(Xy)] At;| <4Esup L1y E|X; — X;|* At?
<n |75, I<n i—0
n—1 n—1
<4L’T Y E[X; - Xi|? At <4L°T Y E; At.
i=0 1=0

The third and fourth terms are estimated using the Doob inequality for martingales
followed by the It6 isometry, and the Lipschitz continuity of b and c,

2

-1 n—1
4E b(X:) — b(X)] AWi| =165 E|b(X:) — b(X:)||” At
?25;[() (X)) ; [b(X:) — b(x3)]|
n—1 n—1
<16L° Y EIX; — Xi|* At <161 | E; At
=0 1=0
-1 R 2 n—1 (313)
4Esup |y [e(X:) — e(X0)] AP;| =16A1 Y E|e(X;) — e(X,)|* At
I<n i—0 i=0
Z n—1 ' n—1
<16MI? Y E[X; - Xi? At <16ML° ) B At.
=0 =0

The second term on the right hand side of (3.11) can be bounded as follows:

2
< 872 max E|a(X;) — A(X,)]?. (3.14)

<n

-1

8 E sup

[a(X;) — A(X:)] At

Combining eqs. (3.11)—(3.14) and Lemma 2.8, we obtain a discrete linear integral
inequality,

n—1
En <ALP(2T+4+4\ +T) ) E At
=1
—log, Mét+1 1
T°Ke | —2————— + — t
+8 6( Ve +M+ﬁ>,

with initial condition Ey = 0. It follows that for sufficiently small At,

n

—log, Mot+1 1
E, < 8T°Kj (0ga+ + = J&) {1 +4L2Q2T + 4+ 4\ + T)At}

Mét M
< 8T%Kg <W + % + m) AL (BT +4+4N)T

This estimate proves the theorem with /&, = 872 Kgetl’ BGT+4+4A)T
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4. Weak Convergence. In the previous section we discussed the convergence
of the multiscale scheme to the averaged system. We analyzed the averaged system
in the strong sense. In this case the It6 isometry assures that one can not average
the diffusion coefficient or the jump coefficient. In this section we deal with the weak
form of the effective dynamics. We analyze the convergence of the numerical method
defined by eqs. (1.6), (1.7) and (1.8) to the solution Z; of the effective dynamics (1.3)
at time ¢t = t,,. The Poisson processes in (1.1) are simple Poisson processes, i.e., the
jump coefficients depend only on the current state just like the drift and the diffusion
coefficients. However, in the effective dynamics, while the drift and the diffusion
coefficients still only depend on the current position of the effective variable, the
jump coefficient depends also on an additional random variable which is distributed
like the invariant measure. Hence the Poisson process of the effective dynamics is not
a simple Poisson process.

In this section we change Assumption A1 to the following:

Al. The functions a = a(z,y),b = b(x,y) and ¢ = ¢(x,y) in (1.1a) are four
times continuously differentiable with all partial derivatives having polyno-
mial growth.

THEOREM 4.1. Let F(x) be four times continuously differentiable with polynomial

growth. Let X,, be the solution of (1.8), let T; be the solution of (1.3), and let X,
denote the Euler approximation for Z;. Then

- —log,, Mét+1 1
sup |EF(X,)—-EF(X,)| <C \/a++§t1/2+At1/2 .
7L§T})At| (Xn) ( )| { M6t M

Proof. of Theorem 4.1. Let N < T'/At. Define an auxiliary function u(k,z) for
k < N as follows:

u(N,z) = F(z), u(k,x)=E[u(k+1,z+a(z)At +b(z)AW)].

The function u_(k7 x) shares the same properties as the functions F, a, b, c. Note that
u(0,2) = EF(Xy) and u(N, Xy) = F(Xy) which implies that we need to estimate,

|]E.7-"(XN) — E}'(X'N)| = |E (u(N, Xn) — u(0,z))|

N-1
E (Z u(n+1, Xp41) — u(n, Xn)> ‘ .

n=0

Add and subtract equal terms (the terms in the brackets {})
|EF(Xn) — EF(Xn)|

N-1
E (Z u(n+ 1>Xn+1) - u(ann) - {u(n + 13X:1Lf§n) - u(ann)}> |

n=0

)

N-1
E (Z un+1,Xp41) —uln+1,X,) — {u(n + 1,)7(2_’3{") —u(n+ 1,Xn)}>

n=0

where in the third line we exchange the second and fourth summands. In view of the
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differentiability of wu,

[EF(Xn) — EF(Xy)|

. ou X

_‘E(HEO: ax(n+1X){Xn+1—X (Xn+1 —Xn)}
02 ,

- 2852 (n+1,Xn) {(X"H - X = (X - Xa) }+Rn(Xn+1)+R (X750,

where

3

Y m+1,X,+0,.(2— X)) (z— Xn)3,

Bn(z) = 353

and 0 <6, . <1. To bound this remainder we use the following: first the polynomial

growth of u(n,z), which allows us to use the bound E|X, 1" + E ‘Xg_ﬁ"

< o0
[29]. Second, we use the moment time deviation estimate [29] E|X, 11 — X,|> +

’Xﬁﬁ - X, < C1At3/2. Hence we get,

|IE.7-"(XN) — IE}'(X'N)|

o
n=0
+ {‘2%212 Ex, |:(Xn+1 -X ) (XSJFX{" — Xn) 1 ‘ + CgAt3/2} .

Multiply and divide by At and use the conditional infinitesimal moments of (1.3) to
get

|EF(Xy) — EF(Xy)|
N-—1 au
= Z At]E{ 5

+ Z AtE {“ |Ex, [BBT(Xn) + M (X, Y,7") — (007 (X5) + A1c* (X, €x,)) ] |}

A 4 A(Xo Y1) — (@(X) + Alc(Xn»fxn))H}

+ CgAtl/z.

Using again the polynomial growth of the function v and its derivatives together with
the moment estimates for JSDEs [29] we get,

|EF(Xy) — EF(Xy)|
< Cy Nf AtE{JA(X,) — a(X,) + MEx,, [e(Xn, Y™) — e(Xn, Ex,)]|}
v
+Cy Y AtE{|BB"(X,) — b (X,) + MEx, [¢*(Xn, V") — (X0, &x,)] |}
+ CgAn;O/ 2,
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Using Lemma 2.8 we get

N-1
[EF(Xy) - EF(Xy)| < C5 ) At {\/W + % + &1/2} + CoAtY/?

n=0

= C{\/_logaM(SHl + % + 6t1/2 +At1/2}.

Mét

5. Discussion. The main aim of this work is to show that multiscale integration
schemes can be applied to jump-diffusion systems. We proved strong convergence
uniformly in time for the case (1.6), (1.7a), (1.8) and (1.5), and we proved weak
convergence for the case (1.6), (1.7), (1.8) and (1.3). Our analysis focuses on the
simplest case, where both the macro- and micro-solvers use an Euler scheme, but the
analysis can be extended to other schemes like [30, 26].

All along this work we used the fact that the fast dynamics is ergodic, and thus
paid no attention to the way we choose the initial value of the fast dynamics. The
main assumption behind this is that we have a separation of time scales and we
explicitly know which the fast and which the slow variables are. Furthermore, as in
[1], the formulas for the various terms in the equations are known, so that the fast
dynamics can be simulated at fixed values of the slow variables, and averages over
the computationally approximated invariant measures can be evaluated. It would be
interesting to analyze the case where the right-hand-sides of the equations are not
explicitly known, and we only have data from the full “black box” simulation (the
“equation-free” case). Estimating the local effective dynamics [31, 32] from dynamic
data becomes then an important consideration.

The situation becomes more complicated (and interesting) when separation of
time scales is known (or hypothesized) to exist, but its parameterization is not known,
i.e. we do not know which of the model variables or combination of variables is slow.
It is also conceivable that the “micro simulator” is not the implementation of an ex-
plicit SDE, but rather a different stochastic process that can effectively be modeled as
an SDE; in this case the formulas for its right-hand-side are not available, and have to
be estimated “on the fly” from short bursts of direct stochastic simulation. One must
then use simulation data to detect good parameterizations of the slow variables (see,
for example, the diffusion map approach in [33]), and invent procedures for consis-
tently initializing the full simulator given the present value of such a parameterization.
This is the subject of present and future research.
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