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Abstract. We consider a Markov jump process on a general state space to which we apply a
time-dependent weak perturbation over a finite time interval. By martingale-based stochastic cal-
culus, under a suitable exponential moment bound for the perturbation we show that the perturbed
process does not explode almost surely and we study the linear response (LR) of observables and
additive functionals. When the unperturbed process is stationary, the above LR formulas become
computable in terms of the steady state two-time correlation function and of the stationary dis-
tribution. Applications are discussed for birth and death processes, random walks in a confining
potential, random walks in a random conductance field. We then move to a Markov jump process on
a finite state space and investigate the LR of observables and additive functionals in the oscillatory
steady state (hence, over an infinite time horizon), when the perturbation is time-periodic. As an
application we provide a formula for the complex mobility matrix of a random walk on a discrete
d-dimensional torus, with possibly heterogeneous jump rates.

1. Introduction

Markov jump processes in continuous time and with general state space form a fundamental class
of stochastic processes. They are often called Markov chains when the state space is discrete and
countable (finite or infinite). If the state space is infinite, the phenomenon of explosion can take
place and it consists of the accumulation of infinitely many jumps in finite time. We consider here an
unperturbed system modelled by a general Markov jump process with time-homogeneous transition
kernel, assuming that a.s. explosion does not take place.

We study the linear response of the system in two regimes. In the first regime we take a time-
dependent weak perturbation and a fixed initial distribution, i.e. not depending on the perturbation.
In the second regime, restricting to finite state spaces, we consider a time-periodic weak perturbation
and take as initial distribution the one producing the oscillatory steady state in the perturbed
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dynamics. In both regimes we focus on the linear response of the expected value of observables at a
fixed time and of the expected value of empirical additive functionals in the time interval [0, ¢] under
observation, while in the second regime we also give a mathematical formulation of the complex
mobility matrix.

In the last years several rigorous results have been obtained for the linear response (and in par-
ticular for the Einstein’s relation) of Markov processes, even in a random environment, under a
weak external field homogeneous in time and space, with initial distribution given by the station-
ary one for the perturbed dynamics (see e.g. Faggionato et al., 2019; Gantert et al., 2017, 2012;
Komorowski and Olla, 2005; Lebowitz and Rost, 1994; Mathieu and Piatnitski, 2018 and references
therein). Often the unperturbed dynamics in these models is reversible. Our context is simpler
from a technical viewpoint, on the other hand we aim at providing (in a rigorous way) explicit
formulas for the linear response under time-dependent or time-periodic weak external fields, not
necessarily homogeneous in space (without restricting to a reversible unperturbed dynamics). As a
natural development one could then consider e.g. the linear response in the oscillatory steady state
for random walks in random environments (our second regime covers the case of a random walk on
the lattice in a periodized environment).

We now detail our results in the first regime. We apply a time-dependent weak perturbation such
that the perturbed process is again a Markov jump process (now with time-dependent transition
kernel), whose law on the path space associated to a finite time interval [0,¢] of observation is
absolutely continuous (when explosion does not take place) w.r.t. the corresponding law of the
unperturbed Markov jump process. We isolate an exponential moment condition (see Condition
C|[v, t] in Definition 2.2) under which we show that the perturbed process a.s. does not explode (see
Theorem 2.5) and linear response takes place. More precisely, the expected value of the observables
at time t, as well as of empirical additive functionals in the time-interval [0, ], is differentiable in
the perturbation parameter A at A = 0, and we provide formulas for the derivative at A = 0 (see
Theorem 3.5). We point out that non—explosion is unstable under weak perturbation (even of a mild
form) as shown by the counterexample in Section 6.3. When the initial distribution is stationary
for the unperturbed process, our formulas allow explicit computations in terms of the stationary
distribution and the two-time correlation function of the unperturbed process (see Theorem 3.6). As
examples of applications of our results, in Section 6 we discuss birth and death processes, random
walks on Z? in a confining potential and random walks in a random conductance field.

In deriving Theorems 2.5, 3.5 and 3.6 mentioned above, we do not use operator perturbative
theory. Our starting point is the explicit Radon-Nykodim derivative of the law of the perturbed
process restricted to paths (without explosion) in the time interval [0, ¢] w.r.t. the law of the unper-
turbed process. Using stochastic calculus for jump processes (cf. Jacod and Shiryaev, 2003 and the
short overview provided in Section 7), and in particular introducing suitable martingales, we then
obtain both the non-explosion of the perturbed process and the LR formulas for additive functionals
which are cumulative at jump times. We point out that analyzing the Radon-Nykodim derivative
to derive LR has been a common approach in several contributions in probability (see e.g. Fag-
gionato et al., 2019; Gantert et al., 2017, 2012; Komorowski and Olla, 2005; Lebowitz and Rost,
1994; Mathieu and Piatnitski, 2018 and references therein), more often known under the name of
“trajectory-based approach" in statistical physics (see e.g. Baiesi and Maes, 2013; Maes, 2020 and
references therein). We mention the paper Hairer and Majda (2010) for a different approach to the
study of LR in stochastic systems, and that of Dembo and Deuschel (2010) in which LR, and in par-
ticular the Fluctuation Dissipation Theorem, is discussed as a result of perturbations of Markovian
semi-groups.

We now move to the second regime. When the perturbation (in the same form of the first
regime) is time-periodic, the perturbed system admits an oscillatory steady state (OSS), which is
left invariant by time translations by multiples of the period. It is then natural to investigate the LR
in the OSS (which is now an infinite-time horizon problem). The rigorous derivation of the existence
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of the OSS and of the LR is, in general, not a simple problem, especially if one considers stochastic
processes in a random environment (we refer to Faggionato and Mathieu (in preparation) for results
on reversible models without random environment). We restrict here to a finite state space and in
Theorems 4.5, 4.7 and 4.8 we describe the LR for the expected value of observables and additive
functionals in the OSS. Here we use both matrix perturbation theory and our previous results for
the LR over a finite observation time interval. As a special model for transport in heterogeneous
media, we consider as unperturbed process a random walk on a discrete d-dimensional torus with
heterogeneous jump rates (equivalently one could consider a random walk on Z? with spatially
periodic jump rates). In Theorem 5.1 for nearest-neighbor jumps and in Theorem 5.3 for long
jumps, we derive a formula for the complex mobility matrix o(w) when the perturbation is of
cosine-type in time (see Kubo et al.; 1985, Section 1.6 for some examples of complex mobility). In
Section 6 we compute o(w) explicitly in particular cases. When the system is very heterogenous o (w)
cannot be computed explicitly, but our formulas for o(w) remain useful to investigate properties of
o(w) (as in Faggionato and Mathieu, in preparation) and to prove homogenization of o(w) under
the infinite volume limit in the case of random unperturbed jump rates (cf. Faggionato and Salvi, in
preparation). We also mention Joubaud et al. (2015) for rigorous LR results in the OSS of Langevin
dynamics.

Outline of the paper: In Section 2 we introduce the unperturbed and the perturbed Markov
jump processes, Condition C[v,t] and we discuss explosion. In Section 3 we present our main
results concerning linear response in a finite time window and with a fixed initial distribution. In
Section 4 we focus on the linear response in the oscillatory steady state of an irreducible Markov
chain with finite state space and under time-periodic perturbation. In Section 5 we analyse the
complex mobility matrix for a random walk on a discrete torus with heterogenous jump rates. In
Section 6 we discuss several examples. In Section 7 we collect some useful facts from the theory
of stochastic calculus for processes with jumps. Sections 8 to 14 and Appendix A are devoted to
proofs. Finally in Appendix B we consider time-independent perturbations and we comment on how
our results in Section 3 compare to known linear response results when starting with the invariant
distribution of the perturbed process.

2. Continuous-time Markov jump processes

2.1. Unperturbed Markov jump process. Let (X, B) be a measure space such that singletons {z} are
measurable. We consider the Markov jump process (X;)¢>o with initial distribution v and transition
kernel given by r(z,dy). Here v is a given probability measure on (X, B), and r(z, dy) satisfies the
following:

e For any x € X, r(z,-) is a measure with finite and positive total mass on (X, B), and

e For any B € B, the map X > x +— r(z, B) € [0, +00) is measurable.

We define the holding time parameter
7(x) :=r(x,X) € (0,+00), (2.1)

and assume that r(x, {x}) = 0 without loss of generality. Then the stochastic dynamics of (X¢)¢>0
is described as follows. At time ¢ = 0 the Markov jump process starts with Xg having distribution v.
Once arrived at x, the process waits there an exponential time with parameter 7(z) (independently
from the rest), after which it jumps to y with jump probability r(z, dy)/7(x).

Note that, when X is infinite, such a process may explode in finite time, i.e. it may be the case
that 7oc < +o00, where 7, denotes the explosion time defined as the supremum of the jump times.
By adding a cemetery state T to the state space X and setting X; = { for all ¢ > 7, we may assume
that the Markov jump process is defined for all times.

If Xy has distribution v, we write PP, for the probability associated to the unperturbed process
and E, for the corresponding expectation.
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2.2. Non—explosion of the unperturbed process. The following assumption will be understood
throughout the text, without further mention:

Assumption. From now on we fiz a probability measure v on X corresponding to the distribution of
X, and assume non—explosion of the unperturbed process P, —almost surely, without further mention.
When v is the stationary distribution we will denote it by 7 (see Section 5.2).

Trivially, if sup,cy 7(z) < 400, then the unperturbed process does not explode P, ~a.s. as can be
easily checked by a suitable coupling with a Poisson process. When #(-) is unbounded, the existence
of a Lyapunov function is enough to guarantee non—explosion. Let us explain this point in more
detail. Given a measurable function f : X — R such that either [, |f(y)|r(z,dy) < +oo for all
zeX,or f>0,or f <0, we define

Lf(x) = /X @) - F@))r(z dy) (2.2)

Note that, due to the assumptions on f, the r.h.s. of (2.2) is well defined in R U {—o00, +o0}. We
call the above operator L the formal generator of the Markov jump process. Then, by Varadhan
(2007, Theorem 4.6), for the unperturbed process not to explode for any initial point (and therefore
also P,—a.s.) it suffices that there exist a constant C' > 0 and a non-negative function U on X’ such
that

LU(z) < CU(x) Ve e X (2.3)

and U(x) — +oo whenever 7(x) — +00.

2.3. Perturbed Markov jump process. We fix a bounded measurable function g : [0, 400) X X X X —
R. Given A > 0, the A\-perturbed Markov jump process (X);>o is the time-inhomogeneous Markov
jump process with initial distribution v and transition kernel

ri (z, dy) = r(x, dy)eHmY) (2.4)

The precise definition of X* := (X}');>0 can be given in terms of piecewise deterministic Markov
processes (PDMPs) (cf. Davis, 1993): (¢, X{\)t>0 is the time-homogeneous PDMP with vector field

O and transition kernel Q((s,z), (dt,dy)) = 6s(dt)r)(x,dy). To recall the construction of X* we
introduce the holding time parameters

@)= [ redy) = [ r(edgeten. (25)

Note that, as the function g is bounded and due to (2.1), we have #(z) € (0, 4+o0) for all 2 € X.
Then, up to the possible explosion time Tg‘o, the process Xt)‘ can be realized as follows. Starting
from a state x, the Markov jump process spends at x a random time 7'1)‘ such that

P(r} > t) = exp{ - /Ot fﬁ‘(w)ds} .

Knowing that 7'1)‘ = t1, at time t; the Markov jump process jumps to a new state x; chosen randomly
with probability r{\ (z, dzq)/#7 (x). It then waits at z; until the time 79 > ¢; with law

P(7'2)‘>t):exp{—/

t1

t
Padsf,  t=t.

Knowing that 7'2)‘ = t9, at time t9 the Markov jump process jumps to a new state xo chosen randomly
with probability rg(aﬁl, dxs)/ ft);(a:l), and so on. Again if the process explodes in finite time we set
X} =1t for all t > 72, so that the perturbed process is well defined for all times.
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Remark 2.1. In what follows we will mainly be interested in the perturbed process in some time
interval [0, t]. Due to the above construction, it is clear that then only the value of g up to time ¢
is relevant. As a consequence, in the rest g will simply be a bounded measurable function defined
for times varying in the observation time interval.

If X()\ has distribution v, we write P, for the probability associated to the perturbed process and
E, for the corresponding expectation (the notation is the same as the one we use for the unperturbed
process, but the event and function under consideration will present the superscript A).

2.4. Finite exponential moments condition. Let us introduce the following notation, that will be
used throughout. For a: [0,¢] x X x X — R measurable function and r(z, dy) transition kernel of
the unperturbed dynamics, the contraction of o with respect to the kernel r is defined by

ar(s,x) ::/Xa(s,a:,y)r(:l:,dy) (2.6)

(when the integral in the r.h.s. is well posed). With this notation in place we can define the finite
exponential moments condition, which in particular will assure the linear response regime when
applied to a = g.

Definition 2.2 (Exponential moments condition). We say that a : [0,t] x X x X — R satisfies
Condition Clv,t] with parameter § > 0 if

t
Ey[exp{G/ |a|r(3,Xs)ds}] < +00. (2.7)
0
We say that « satisfies Condition C|[v,t] if the above holds for some parameter 6 > 0.

We now give a criterion assuring Condition C|v,t]. Recall from (2.2) the definition of Lf.

Lemma 2.3. For a gwen function o : [0,t] x X x X — R assume that there exist a function
U : X — R and positive constants 0, C, c such that

(a) ()>cf07’all:v€2(

(b) U = [, U( xdy)<+ooforallm€X
()LU<CU 9|a|r

(d) v[U] < +o0.

Then « satisfies Condition Clv,t] with parameter 6.

Note that, if U(z) — +o00 when 7(x) — 400, then Item (c¢) in Lemma 2.3 is a reinforced Lyapunov
condition (compare with (2.3)).

This criterion is a special case of a more general (and more technical) criterion presented in
Lemma 9.1 in Section 9, inspired by Lyapunov functions and the arguments in Bertini et al. (2015b,
Section 3). See Bertini et al. (2015b, Condition 2.2) and Donsker and Varadhan (1976, p. 392) for
related conditions in the context of large deviations. We point out that, while Lemma 2.3 gives
sufficient conditions for Condition C[v, t] to hold, in some cases one can directly and more efficiently
verify Condition C[v, t] using Definition 2.2. To this aim, see the example in Section 6.4.

The next result states that the exponential moment condition Clv,t] implies finiteness of small
exponential moments for the sum of the values of o over the jumps of the unperturbed process.

Lemma 2.4. Given « : [0,t] X X x X — R measurable and bounded, suppose that « satisfies
Condition C[v,t] with parameter § > 0. Then for v := 4~ min{0, ||a|| '} it holds

E,,{exp{*y Z |oz(sts_,Xs)]H < 400. (2.8)
s€(0,t]:
Xo #X,
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The above lemma in proved in Section 8. We remark that the condition o bounded is necessary:
as a counterexample one can take the unperturbed process (Xj) sefo,s] to be a Poisson process of
rate 1 (with v = dy), and pick a(-,z,y) := x. Then, Condition C[v,t] is satisfied while (2.8) is
violated for all v > 0. Indeed, in this case fg lalr(s, Xs)ds = [3 Xsds < tX;, thus allowing to check
Condition C[v,t]. On the other hand, the sum in (2.8) equals (X? — X;)/2 > (X? — 1)/4 and
E, [e/YXF] diverges for all y > 0.

2.5. Non-explosion of the perturbed process. We recall that 72 denotes the explosion time of the
perturbed process X*, given by the supremum of the jump times. We also recall that we have
assumed that the unperturbed process with initial distribution v a.s. does not to explode.

As already mentioned, our linear response results will be derived under the assumption that ¢
satisfies condition C[v,t]. In fact, this condition automatically implies that the perturbed process
does not explode, and hence we do not need to assume non-explosion of the perturbed process
separately. Of course, if one is just interested in the non-explosion of the perturbed process, one
can more efficiently use the criteria developed e.g. in Chou and Khasminskii (2011).

Recall that g, defined in (2.4), is measurable and bounded.

Theorem 2.5. Suppose that g satisfies Condition Clv,t| with parameter @ > 0. Then for all A <
8~ 'min{#, ||gll='}, the perturbed process X* does not explode in [0,t] P,-a.s., i.e. P, (72 > 1) = 1.

The above theorem is proved in Section 10 using stochastic calculus techniques inspired by Pal-
mowski and Rolski (2002) (see Lemma 3.1 therein).

Remark 2.6 (Instability of non-explosion under small perturbations). At this point the reader may
wonder whether the fact that g is assumed to be bounded, by itself implies that if the unperturbed
process does not explode then the perturbed process does not either, at least for A small enough.
This turns out not to be the case: see Section 6.3 for a counterexample.

3. Linear response of Markov jump processes

We start by fixing some notation. We denote a path (&s)seo,4 simply by &g . D([0,], X) is the
Skohorod space of cadlag paths from [0, ¢] to X', while D¢([0,t], X) is the subset of D([0,¢], X) given
by the paths with a finite number of jumps. For any [ € Df([0,t], X), we abbreviate

Z oz(s,fs_,gs) = Z O‘(S7£S—7§s) (31)

s€(0,1] s€(0,t]: &5 - #Es

throughout this note.

Below we will assume that g satisfies Condition C[v, t] and we will take A small. As a consequence,
by Theorem 2.5, the perturbed Markov jump process does not explode P,—a.s. in the time interval
[0,t]. Due to non explosion (recall our main assumption at the beginning of Section 2.2), almost
surely the paths Xy, and X[?),t] belong to the set D([0,1], X).

As in the trajectory-based approach to linear response (cf. Baiesi and Maes, 2013; Maes, 2020), the
starting point to analyze the response of the perturbed system is the following well-known Girsanov-
type expression, which can be easily verified: for any measurable function F' : D([0,t],X) — R,
bounded or non-negative, and any initial distribution v it holds

B, [F(X3 )] = B [F (X0 ) Ko (3.2)
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where the action Ay : Df([0,t], X) — R is defined as (see (2.1), (2.4) and (2.5))

t
AA(f[o,t})i—/ [E) — #(E)]ds — A 3 g(s.60 &)

s€(0,t]
/ds/ (Enrdy) (NS 1) =3 3 g(s,6, 6.
s€(0,t]

The next result, proved in Section 11, is the starting point of our linear response analysis.

Proposition 3.1. Suppose that g satisfies Condition Clv,t]. Then for any measurable function F :
Dy([0,t],X) = R such that F(Xp) € LP(P,) for some p € (1,+00], the map A — K, [F(X[’(\) t])]
is differentiable at A = 0. Moreover, it holds

oo, [F (X} )] = o [F (Xi00)Gt (Xi00)] »
where the map Gy : Dy([0,t]; X) — R is defined by

Giltna) = X alsti€) = [ ar(sn)ds (3.5)

s€(0,t]
with the shorthand notation introduced in (3.1).

The above statement should be understood to include that all the expectations appearing are
well defined and finite under the stated assumptions. Although the time ¢ is fixed once and for all
and omitted from the notation, for later use we have made explicit the dependence on ¢ of G;. We
also point out that one could give a quantitative bound on the range of values of A for which the
claim in Proposition 3.1 holds true by taking more care of the constants in the proof.

Remark 3.2. As we will show in Section 7, provided g satisfies Condition C[v,t], G¢(X[oy) is a
martingale (it is in fact a purely discontinuous martingale, in the sense of Jacod and Shiryaev, 2003,
Def. 4.11). As a consequence, the r.h.s. of (3.4) equals the covariance Cov(F(X[o4),G¢(X[o4))
with respect to the probability measure P, .

3.1. Linear response for observables and additive functionals. We can give explicit expressions for
the r.h.s. of (3.4) for specific classes of functionals F. We are mainly interested in the following
three basic cases (by additivity, functionals given by sums of the following ones can be treated as
well):

(1) (5[0 ¢) = v(&) for some measurable function v : X — R;
(2) F 5[0 4 / s,&€s)ds, with v : [0,t] x X — R measurable;
(

3) (§[o,t]) = Z a(s,&s—, &) for a1 [0,t] x X x X — R measurable.
s€(0,t]
To this aim, fix the following terminology.

Definition 3.3. We say that a measurable function « : [0,¢] x X x X — R is P,~integrable if one
of the following equivalent bounds is satisfied:

L;ﬁ:ﬂ (s, Xoo, X, )l] Eyutm(s,xs)ds] . 5.

The equivalence in the above definition comes from the following fact:
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Lemma 3.4. Given a measurable function a: [0,t] x X x X — R, it holds

]E,,[ 3 \a(s,xs_,xs)y] :El,[/ot\a|r(s,Xs)ds]. (3.7)

s€(0,t]
In particular, the two bounds in (3.6) are equivalent. As a consequence, if o satisfies Condition
Clv,t], then « is P,—integrable.
The proof of the above lemma is given in Section 7. For the next result recall the definition of
Gy given in (3.5).
Theorem 3.5. Suppose that g satisfies Condition C[v,t]. Then the following holds:

(1) Let v : X — R be a measurable function such that v(Xy) € LP(P,) for some p € (1, +0o0].
Then

Or=0E, [0(X7)] = By [0(Xe)Ge(X o)) - (3.8)

(2) For v : [0,t] x X — R measurable such that fg |v(s, Xs)||Le@,)ds < +oo for some p €
(1, 400], it holds

t t
Orco / (s, X2)ds] = / E, [u0(s, X.)Ga(X0.q)] ds. (3.9)
0 0
(3) Let F': Df([0,t]; X) = R be the additive functional of the form
F(&og) = D als,&-,6), (3.10)
s€(0,t]

with o : [0,t] x X x X — R measurable and such that

t
D Jo(s, Xoo, X,)| and /\a|r(s,X5)ds (3.11)
0

s€(0,t]

belong to LP(P,) for some p € (1,+00]. For example take o bounded and such that it satisfies
Condition Clv,t]. Then it holds

B[P (Xh)] = [ Bl(0g): (5. X0)]ds 512
3.12

t
+ / E, [0 (5, X2)Ga( X[0,.)] ds,
0

where o, and (ag), denote the contraction of the functions «, ag with respect to the transition
kernel r, as in (2.6).

The above statement should be understood to include that all the expectations appearing are
well defined and finite under the stated assumptions. The proof of Theorem 3.5 is given in Section
12. Stochastic calculus for processes with jumps will be crucial to derive the above Item (3), we
collect in Section 7 the needed theoretical background.

3.2. Linear response at stationarity. A special role is played by invariant distributions. We recall
that a distribution 7 on X’ is called invariant for the Markov jump process (X;):>o if, when starting

with initial distribution 7, it holds (X¢y7)i>0 £ (Xt)t>0 for all T' > 0. If there is no explosion, a
distribution 7 is invariant if and only if we have the following identity between measures on X

ﬂ(dx)/XT(x,dy):/Xw(dy)r(y,dx), (3.13)
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ie. m(dx)i(x) = [, n(dy)r(y,dz). We denote by (X );>o the stationary time-reversed process. This
is again a non- exploswe Markov jump process with initial distribution 7 and with transition kernel
r* satisfying the detailed balance equation

m(dz)r(xz,dy) = 7(dy)r*(y, dz) . (3.14)
Note that (3.14) is an identity between measures on X x X. When (X;);>0 is a Markov chain,
writing r(x,dy) as r(x,y)d, and w(dx) as w(x)d;, we have the explicit well known expression
r*(y,z) = w(x)r(x,y)/m(y). For generic Markov jump processes with non atomic measure r(z, dy),

the transition kernel r*(y, dx) might not be explicit.
Set

9" (s,z,y) = g(s,9,2),
and introduce the function
@)= [ g @y~ [ glsamrieds) = g0 —g(s0). (315)
Theorem 3.6. Suppose that the unperturbed Markov jump process is stationary with initial distri-

bution w. Then, under the assumptions of Theorem 3.5 with v replaced by m and with the same
notation for the functionals, we have:

t t
OrcolBr [0(X7)] = / ds B [0( X0 s(Xis)] = / 4 B [0(X, ) o(Xo0)]

aHIE,r[/Ot (s, X))d /ds/ duTr [0(s, Xo)ths (X u)]
OrcoBa [P (X)) = /0 Ex () (s, X,)]ds + / ds [ duBa (s, X (Xem)]

If, in particular, the perturbation g is of the form g(s,z,y) = 7(s)E(z,y) (decoupled case), then
with E*(x,y) :== E(y,x)

OneoBa [0 = [ st = )8 [o(X0) (B (X0) — B (X0))
aAZOEﬂ[/Ot (s, X))d /ds/ du (s — u)Eqy [0(s, X,) (5 (X0) — Ex(Xo))]
OneoBe[F(Xh )] = [ dsT(o)E (@B} (5, )
n /Ot ds /0 dur(s —u)Ey [ar(s,Xu)(E:;(Xo) - E,(XO))} .

The proof of Theorem 3.6 is provided in Section 13. Note that the second and third formulas in
Theorem 3.6 can be rewritten by replacing E[v(s, Xs)ts—u(Xs—u)] with Ex[v(s, Xy )9s—u(X0)] and
Ex[on (s, Xs)Vs—u(Xs—u)] by Ex[on(s, Xu)s—u(Xo)] (the equivalence follows from the stationarity
of ).

Remark 3.7. Note that in the stationary case, covered by Theorem 3.6, the linear response of all
the functionals under consideration can be computed explicitly from the 2-time distributions of
the stationary time-reversed process. Moreover, we note that the random variable s, (Xs_y) =
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(s —u, Xs—y) — gr(s — u, X5—y,) has Pr—zero mean, since
EW [g::* (5 - u, Xs—u)} = ET( |:/X g(S - u,Yy, Xs—u)r*(Xs—ua dy):|
— [ [ ot - w)m(do)r (o, dy)
xJx
= / / g(S —’UJ,y,ZL‘)ﬂ'(dy)T‘(y,dl')
xJx

=Er [/X g(s — 1, Xs—u, )7 (Xs—u, dy)] = Er[g:(s —u, Xsu)].

As a consequence, the 2-time expectations appearing in the first part of Theorem 3.6 are indeed
correlations.

A comparison of our results with the linear response when starting with the invariant distribution
of the perturbed process is provided in Appendix B.

4. Linear response of periodically driven Markov jump processes in the oscillatory
steady state

In this section, and the next one, we focus on linear response of Markov jump processes in the
oscillatory steady state. We take X finite and we consider the unperturbed Markov jump process
(Xt)t>0 on X with transition rates r(z,y) (with our previous notation the transition kernel would

be r(z,dy) =3 cx r(z, 2)d:(dy)).

Assumption 4.1. The process (X¢)i>o is irreducible, i.e. it can go from any state z to any y via
jumps with positive transition rate.

The above assumption is equivalent to the fact that zero is a simple eigenvalue of the generator
L. We call 7w the unique invariant distribution of the unperturbed Markov jump process.
The perturbed process (Xt)‘)tzo is then the Markov jump process with transition rates

ra(a,y) = 9T (2, y),

g(+,z,y) being periodic on R, bounded and measurable with period T' € (0, +o0) for any =,y € X.
As X is finite and g is bounded, no explosion takes place. Moreover, also the discrete—time Markov
chain (XT)L\T)nZO is irreducible and therefore it admits a unique invariant distribution 7). Then the
law of the perturbed process (X}');>o with initial distribution 7y (called oscillatory steady state,
shortly OSS) is left invariant by time translations which are multiples of T. It is simple to check
that 7y is indeed the unique initial distribution leading to this type of invariance. In what follows
we alm to investigate the linear response of mean observables and additive functionals on the time
interval [0, ¢] under P, (note that now the initial distribution changes with \).
We consider the complex Hilbert space L?(7) with scalar product

(foh) =Y m(@) f(x)h(x) (4.1)
TEX

and write || - || for the associated norm. We define £ : L?(7) — L?(r) as the Markov generator of
the unperturbed process (X¢);>0 and write £* for its adjoint operator in L?(7):

Lf(x) =Y r(@ylf(y) - f(2)], red,

yeX

Lof(x) =Y (@ ylfy) - f@)], zex,

yeX
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where r*(z,y) = m(y)r(y,x)/m(z). Then (f, Lh) = (L*f,h) for all f,h € L*(r). The following
lemma will be proved in Section 14.

Lemma 4.2. Zero is a simple eigenvalue of L* with eigenspace given by the constant functions. All
other complex eigenvalues of L* have strictly negative real part.

We set
Li(m) = {f € L*(m) : n[f] =0},
where 7[f] = Y., m(x)f(z). Then L£* is an isomorphism if restricted to Lg(r), indeed 7[L*f] = 0

by stationarity of 7 (hence £*f € LZ(w)) and L£* restricted to the finite-dimensional space L(r) is
injective by Lemma 4.2. In what follows, we use the following notation:

feLli(r) = (L*7'f:=hwhere h € Li(r), L*h = f. (4.2)

Moreover, given ¢ € R\ {0}, the operator (ic + £*) : L?(xr) — L?(r) is an isomorphism, since it is
injective by Lemma 4.2 and L?(7) is finite dimensional.

We can decompose the space L?(7) as direct sum of the L*-invariant subspaces L3(w) and
{constant functions}. Furthermore, we can decompose LZ(7) as direct sum of L£*-invariant sub-
spaces where, in a suitable basis, £* has the canonical Jordan form. Fixed a dimension n, let
A; be the matrix with ones on the i—th upper diagonal, and zeros on the other entries (i.e.
(Ai)jr = 0jtik, thus implying that Ag = I). The canonical Jordan form in dimension n is given by
Jy := I+ A; for some v € C. We have 577 = 57 (14 sA4; + (s?/2D) Ao+ -+ (s" 71 /(n— 1)) Ap—1).
Therefore, if R(y) < 0, all entries of e/ decay exponentially in s. Moreover, since for v # 0
we have J;l = M — 4724 + 4y 3Ay + - + (=1)" 1y A, 4, it is simple to check that

f0+oo eshds = —J;1if R(y) < 0. Since ic + Jy = Jicyy, the above formula also implies that
f0+°o eletl)sds = —(ic + J,)7' if R(y) < 0. Writing || - || for the norm in L3(7), the above
observations and Lemma 4.2 imply that there exists k > 0 such that
le*“" fFll < e ™| fIl  Vf e L§(r) (4.3)
and that (recall (4.2))
+oo .
(ic+ L7 1 f = —/ etV fds Ve e R, Vf € L3(r). (4.4)
0
We will frequently use the above formulas in what follows.
We introduce the transition matrix Py; = (PM(QU, y))$ yex defined as

PA,t(xvy) = Pz(Xt)\ = y) :

When A = 0 we simply write P;. Note that, for ¢ > 0, the matrix P, ; has positive entries. Hence,
by Perron-Frobenius Theorem, 1 is a simple eigenvalue of Py, for ¢ > 0 and the distribution ) is
the only row vector satisfying my Py 7 = 7y, Y _,cx Ta(z) = 1.

By Proposition 3.1 the matrix Py, is differentiable at A = 0. As 1 is a simple eigenvalue of F;,
by standard finite dimensional perturbation theory Kato (1982) we get that ) is differentiable at
A = 0. By setting 7 := dy_omy and Pp := Orx—o P we have

#(Pp—1) = —7wPr. (4.5)
Define
a(z) = 7(x)/m(x) Ve e X
and recall from (3.15) that
di(@) =Y (P (@ )g(ty.2) = r@yg(t.a.y)) = g (ba) = gr(ta). (4.6)

yeX
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In what follows we think of a and ; as column vectors. Note that v is T—periodic in time.
Moreover, 1y € LE(m) for all ¢t by Remark 3.7. Due to (4.3) and since sup,cp ||[¢t]| < +o0, we get
for some C, k > 0 that

sup |[es5*h, || < Ce™" Vs >0. (4.7)

In particular, the integral fooo ds e*~ 9, is well defined for any ¢ € R. The linear response of 7y is
described by the following result, proved in Section 14:

Lemma 4.3. We have a = [;° dse™* ;.

Up to now we have focused on the linear response of the marginal 7y at time zero of the OSS,
but there is nothing special about time zero. In particular, writing 7y ; for the marginal at time ¢
of the OSS (i.e. my¢(z) := Pr, (X; = x)), Lemma 4.3 implies the following (we omit the proof since
immediate):

Or=07x,t ()

0 for x € X, we have a; =

Corollary 4.4. Defining the column vector a; as ai(x) :=
I ds eSL .

By combining Theorem 3.6 with the above result, we get the linear response in the OSS for the
same functionals of Theorem 3.6:

Theorem 4.5. Consider the OSS of the perturbed dynamics.
(1) Forv:X — R it holds

OB, [0(X7)] = /0 " ds (650, L) = /0 " s B [o(X ) r_s(Xo)] (4.8)

(2) Forv:[0,t] x X — R measurable such that fot lu(s,x)|ds < 400 for all x € X, it holds

Or=0Er, [/Otv(s,Xg‘)ds} = /Ot du /000 ds (e“v(u, ), y_s)

t o0
:/ du/ ds Exv(u, Xs)tu—s(Xo)] -
0 0
(3) For F': D¢([0,t]; X) = R additive functional of the form (3.10), i.e.

F(§[07t]) = Z a(s,ﬁs_,ﬁs),

s€(0,t]

(4.9)

with o : [0,t] X X x X — R measurable and such that fg |y (s, x)ds < 400 for all x € X.
Then it holds

aAZOEm[ 3 als, X, X?)] _ /tEﬂ [(ag)e(s, X.)]ds
5€(0.4] 0 t . (4.10)
+/0 ds/o duE, [ar(s,Xu)ws_u(Xo)].

We refer to Section 14 for the proof of Theorem 4.5.

Remark 4.6. By the first formula in Theorem 3.6 and the T—periodicity of v, from (4.8) we get
that

O—0Er, [v(X)] = lim Or—oBr[v( X7 ,r)] - (4.11)

n——+0o
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Let w denote the frequency associated to the period T, i.e. T = 27/w. Given a T-periodic
integrable real function f we write

1

T
cx(f) ::T/O e Rt f(t)dt kelZ,

for its Fourier coefficients, thus leading to f(t) = Y,z cx(f)e*!. We also write in Fourier repre-

sentation
Zw zkwt t z y ng x y zkwt
kEZ keZ

thus leading to ¢y, (z) = > yex (r* (2, y) gk (y, ) —r(z,y)gr(z, y)). For the next linear response result,
recall also the notation (4.2) and note that ¢y, € L2(n). Indeed, as already observed, ¢; € L2(r)
and therefore the same holds for 1[% = % fOT e~ ety dt.

Theorem 4.7. Givenv : X — R, the map t — fi(t) := E,, [v(X})] is T-periodic in time. Moreover,
for any k € Z it holds

aAOCk(f/\):/ ds(e*EHRD)y gy )
0

. (4.12)
= [ s ().
Proof of Theorem J.7: By (1.9)
On=0ck(f)) = / dte_Zk“t/ ds (esgv,%,g. (4.13)
As 1)y is T-periodic we have % fo dte=Hwty, o = e~ikwsy  which gives the result. O

In the special decoupled case g(s,z,y) = 7(s)E(z,y) the linear response formulas collected up to
now admit a simplified form, we omit the proof since straightforward.

Theorem 4.8. Suppose that g(s,z,y) = 7(s)E(x,y) and let E*(z,y) = E(y,x). Then, {(z) =
T(t)(EL(z) — Er(x)) and, in the same setting of Theorems 4.5 and Theorem .7, formulas (41.8),
(4.9), (4.10) and (4.12) read:

a)\ OEﬂ)\

t
Or—oFr, { / s, XMd
0

aAZOEm{ 3 als, XX,

s€(0,t]

/0 s (- $)E[0(X) (B (Xo) — Er(X0))]

/ du/ood (u— 8)Ex[v(u, Xs)(Ex(Xo) — Er(Xo))]
0 0

/T $) Er [(aE) (s, X)]ds

0

<~

[ee]

/ ds dut(s —u)Eg {ar(S,Xu)(E:* (Xo) — Er(XO))}
0 0

+

Droci(fr) = 7 /0 e S, [o(X,) (B (Xo) — Er(Xo))]ds

5. Complex mobility matrix

As an example of application of the results in Section 4, we discuss the complex mobility matrix
of a random walk on a torus with heterogeneous jump rates. To this aim, given an integer N > 1,
we consider the torus T, := Z¢/NZ4.
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The unperturbed Markov jump process (X¢):>0 is given by the random walk on Tﬁlv jumping
between nearest-neighbour points with jump rates r(z,y) > 0 (r(z,y) := 0 if z,y are not nearest-
neighbours). By irreducibility, the random walk admits a unique invariant distribution 7 on ’]le\,.
Let 7*(x,y) be the time-reversed jump rates, i.e. r*(z,y) = w(y)r(y,x)/m(x). A special case is
given by the reversible random walk on the torus, for which r*(x,y) = r(x,y). For example, if
r(z,y) = r(y,z) for all z,y, then 7 is the uniform distribution and r*(x,y) = r(x,y).

We introduce a time-oscillatory field along the direction of a fixed unit vector v € R?. Given
A >0and w € R\ {0}, the perturbed random walk (X;');>¢ has jump rates at time ¢ given by

ri (2, y):=exp{Acos(wt)(y — z) - v} r(z,y) (5.1)
for ,y nearest-neighbours (r)(z,y) := 0 otherwise). Above w - v denotes the Euclidean scalar

product of the vectors v, w. As before, we write 7 for the initial distribution of the OSS. Note that
the perturbation is of decoupled form g¢(s,x,y) = 7(s)E(z,y) with 7(s) = cos(ws) and E(z,y) =
(y — z) - v for x,y nearest-neighbours and E(z,y) = 0 otherwise. Setting

U(z):=— Y (r(z,z+e)+r(x,z+e))ecR?, (5.2)

e:le|=1
we have (recall that E*(z,y) := E(y,x))
E(z) — Ep(z) = VY(x) - v. (5.3)

Note that ¥(x) = —2 Ee:\e|:1 r(x,z + e)e for the reversible random walk. As an immediate conse-

quence of Theorem 4.8 we get that, for any function f : ’]lev — R,
OB [FX)] = [ conlwlt = 9)(eEF, U - v)ds
0
= §R</ et (f e W=Ls(g . v))ds) (5.4)
0
= R(e(f, (iw = £ 71 (W -0)))

For the above formula, recall (4.4), that the above integrands decay exponentially fast in s and that
R(2) denotes the real part of the complex number z. Calling (Y,));>0 the random walk obtained by
lifting to Z¢ the original one (Xt’\)tzo, we get that the mean instantaneous velocity in the OSS at
time t is given by

d

Va(l) = B [V = 3 B [R5 X2+ e (5.5)
e:le|=1
In what follows we denote by e, e, . . . , e4 the canonical basis of R¢. Moreover, we let ¢, v : 'H‘jiv — R
be defined as
d
c(x) = Z [7“(3:, r+ej)+r(x,x— ej)} e, (5.6)
j=1
d
y(x) == Z [r(z, 2 +ej) —r(z,z—ej)]ej = Z r(z,x + e)e. (5.7)

I
—

J e:le]=1

Theorem 5.1. Given w # 0 it holds
=0V (t) = &E(ei“ta(w)v) , (5.8)
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where the complex mobility matrix o(w) = (0,(w)) is the d x d matriz with complex entries
given by

Uj,k(w) = W[Cj](sj,k + <’}/j, (z’w — ,C*)fl\lfw

= 7[cj]0j 5 + / v, e~ (=L )S\I/k>ds .

0
For the reversible random walk it holds ¥(x) = —2v(z) and L* = L, thus implying that o(w) s
symmetric and

o k(w) = mle;]6 e — 2(v5, (iw — L) )

+o0 , (5.10)
= mlcldjn — 2/ (7, e @3V ds
0

The proof of the above theorem is given in Section 15.1.

Remark 5.2. Given d x d complex matrices A, B with R(e™!Av) = R(e*!Bv) for all t > 0 and
v € RY, then necessarily A = B, since it must be cos(wt)R(A — B)v = 0 and sin(wt)3(A — B)v = 0
for all t > 0 and v € R% In particular, the validity of the identity (5.8) for all ¢,v univocally
determines o(w).

In Section 6.6 we will compute o(w) explicitly in particular cases. When the system is very
heterogenous, o(w) cannot be computed explicitly. Formulas (5.9) and (5.10) in Theorem 5.1
are nevertheless useful for investigating the properties of o(w) (cf. Faggionato and Mathieu, in
preparation) and also for proving homogenization of o(w) as N — 400 in the case of random
unperturbed jump rates (cf. Faggionato and Salvi, in preparation).

5.1. Extension to more general jump rates. We can introduce and analyze the complex mobility
matrix also when the unperturbed process has long jumps. We describe below how to modify the
above discussion in the general case.

We fix a finite set Z C Z% such that the canonical projection 7 : Z¢ — ']I‘ﬁlv = Z1/NZ% is injective
when restricted to Z. Given x € T¢ and z € Z we write z + z for the site x + 7(z) in T4,. The
above sum is understood in the additive quotient group T%¢, = Z¢/NZ% (also before we wrote = + e
for  + w(e)). Since 7 restricted to Z is injective, the sites x 4+ z with z € Z are all distinct.

We assume now that the unperturbed Markov jump process (X;):>¢ is an irreducible Markov
chain (random walk) on T4 with jump rates r(z,y) and that 7(z,y) = 0ify € {x + 2 : 2 € Z}.
Fixed a unit vector v € R? we define the perturbed jump rates as

r? (5.11)

MNa.y) exp{Acos(wt)(z-v)}r(z,x+2) ify=x+z for some z € Z,
x,y) = .
0 otherwise .

Since 7 is injective on Z, if y = x + 2z for some z € Z then z in univocally determined, thus assuring
the the above definition is well posed. Due to (5.11) g(s,z,y) = 7(s)E(x,y) with 7(s) = cos(ws)
and
B, y) = {z-v ify:a.:—i—zforsomezez,
0 otherwise .

In place of (5.2) we now set ¥(z) := — >,z (r*(z,2+2) +7(z, 2+ 2))z. Then (5.3) remains valid.
Indeed, for z € Z we have E(x + z,z) = —z - v and therefore EX. (z) = ZyGTS’l\r r*(x,y)E(y,x) =
—> ez (z, 2+ 2)z-v. Due to (5.3) equation (5.4) is still valid.

We now introduce the lifted random walk Y := (Y,});>0 by requiring that 7(Y}) = X}* and that
Y makes a jump z whenever X* jumps from z to 24z for some z € Z (due to our assumptions, a.s.
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the jumps of X* belongs to Z). As Y3* we can take any point in 77!(X{). The mean instantaneous
velocity is now given by

d
Va(t) =~ En, YA =Y B, [rM(X) X} +2)]2. (5.12)
zZEZ

Theorem 5.3. Fiz w # 0 and set y(x) := ) .z r(x,x + 2)z. Then the content of Theorem 5.3
remains valid by replacing the term 7(c;]6;p in (5.9) and (5.10) with Y,z 7[r(-,- + 2)]zj2k.

The proof is a slight modification of the proof of Theorem 5.1 and it is sketched in Section 15.2.

6. Examples

In this section we present some applications of the theoretical results developed so far.

6.1. Random walks on Z% with confining potential and external field. Below, given sites y, z € Z%,
we write y ~ z if |y — z| = 1.

6.1.1. Unperturbed random walk. As unperturbed process we take the nearest—neighbour random
walk (X¢);>0 on Z¢ with transition rates given by

1 1
r2) =ep{ — (VR -V +5/ 0.2 v~z (6.1)
for V' potential function. We assume that
lim V(y) =400 and | f]le < 0. (6.2)

ly|—=+oc
At cost of including the inverse temperature 8 in V and f, we take § = 1. If the above rates
come from a local detailed balance then it must be :EZZ; = ¢ 2HW2) | where AH(y,z2) is the
energetic variation in a transition from y to z. In this case, due to (6.1), we have AH(y,z) =
(V(z) = V(y) + 3[f(z,y) — f(y,2)] for y ~ 2. It is then natural to think of f(y,z) as the work
done by an external field on the particle during the transition from y to z and therefore to take
fly,z) = —f(z,y), thus leading to

AH(y,z) = (V(z) =V() = fly.2), y~=z. (6.3)

The special case of a spatially uniform external field equal to v € R (in addition to the conservative

field associated to V') can be described by taking f(y,z) = v - (z — y), or equivalently by changing

the potential V(y) into V(y) — v - y. In general, one can include into V' the effect of all potential
fields.

The factor e~2/(%2) in the rate r(y, z) can also be due to a microscopic energetic barrier (as in

the random barrier model) and in this case it is natural to have f(y, z) = f(z,y). Of course, we can
take f =0 as well.

Following Bertini et al. (2015a, Section 10.5), when V' € C'(R?), we say that V has diverging
radial variation which dominates the transversal variation if, by orthogonally decomposing VV (y)
with y # 0 as

VV(y) =(VV(y), 99+ W(y) with §:=y/|y|,
it holds

. o < @
|y‘ll>r£1roo(VV(y),y> +oo and |[W(y)| < NG
for « € [0,1) and C' > 0. Note that (6.4) implies that lim,|_,; V(y) = +o0
We recall some results for the unperturbed random walk obtained (sometimes implicitly) in
Bertini et al. (2015a):

(VV(y),9) +C (6.4)

Proposition 6.1 (Bertini et al., 2015a). The following hold:
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(i) The unperturbed random walk does not explode almost surely for any starting point.
(i) If f(y.2) = f(z,y) for ally ~ z and if Z = 3 za e VW) < oo, then the unperturbed
random walk is reversible with respect to the stationary distribution m(z) = e~V ®) /Z.
(iii) The unperturbed random walk admits a stationary distribution if

L
im ——U(y) =400, Uy) :==e"W/2, (6.5)
ly| =400 U
(iv) Setting ro(y, 2) := exp{—3(V(z) — V(y))}, the above condition (6.5) is satisfied if 7o(y) :=
Dy T0(Ys2) = +00 as |y| — oo, and this in turn holds whenever V € CYR?) has
diverging radial variation which dominates the transversal variation.

We refer the interested reader to Bertini et al. (2015a, Section 10.5) for a class of external forces
f for which the stationary distribution exists and is given by 7 (z) = e~V (®)/Z.

Proof of Proposition .1: Non—explosion in Item (i) is guaranteed by the existence of a diverging
non-negative function U on Z? satisfying (2.3). As discussed in Bertini et al. (2015a, Section 10.5),
this can be taken to be U(y) = ¢V ®/2, to find that

LU V(2)-V(y)
W= (T 1)
i 1 1 L1l (6'6>
— Z (1 _ eﬁ(wzrwy))egf(y,z) <2de7= wyezd.
z:1zvYy

To prove Item (ii) one easily checks detailed balance. To prove Item (iii), by Bertini et al. (2015a,
Proposition 4.1), it is enough to show that (6.5) implies Condition C'(o) with 0 = 0 defined in Bertini
et al. (2015a, Section 3). By taking w, := U there, this condition C'(0) reduces to the following:
(8) X25omy Ty, 2)U(2) < 400 for all y; (b) U is bounded from below by a positive constant; (c)
limyy 4o W(y) = +oo where W(y) := —LU(y)/U(y); (d) W is bounded from below. We note
that (a) is trivially satisfied; (b) is valid as U = ¢"/2 and limyy 400 V(y) = +00; (d) follows from
(¢), and (c) corresponds to (6.5).

Finally, Item (iv) follows from the observations contained in the proof of Bertini et al. (2015a,
Lemma 10.3). For the reader’s convenience we just point out that the first part follows from the
estimate

v

= (y) = Z r(y,2) — Z 2 W2) > j(y)e 2l — 2gelfll (6.7)

zzny zizrvy
We point out that the derivation of the second part of Item (iv) in the proof of Bertini et al. (2015a,

Lemma 10.3) does not use that zyezd e V¥ < 400 as assumed at the beginning of Section 10.5
in Bertini et al. (2015a) . O

In the case d = 1 we can say more. Indeed, writing m(y) = e*V(y)¢(y), the measure m(y) satisfies
detailed balance if and only if

P(y)ezf D) = gy 4 1)ez (1) Yy € 7,
which means ¢(y) = ¢(0)c(y) for all y € Z, where

» Hg;é o3 (f(j,jJrl)*f(jJrlJ)) ify>1, (63)
C = .
Y 2 3 (FGHD=1G+D)  4py < 1)

As an immediate consequence we have:
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Proposition 6.2. For d = 1 the unperturbed random walk admits a reversible distribution © if
and only if Z =3 e VWe(y) < +oo. In this case we have 7(y) = e VWe(y)/Z. In par-
ticular reversibility takes place in the following cases: (i) f(y,z) = f(z,y) for all y ~ z and
> veZ e_v(y) < +oo, (i) f is only non—zero on a finite family of edges and ZyEZ eVl < too,
(7)”) Z +||fH00|y| < +OO

6.1.2. Perturbed random walk. For the perturbed process we fix A > 0 and a bounded and measur-
able function g : [0,#] x Z¢ x Z% — R, and set (s, y, z) = MY r(y, 2) for all s € [0,t] and
neighbouring vertices y ~ z.

We isolate the following technical result for later applications:

Lemma 6.3. Let o : [0,t] x Z% x Z¢ — R be bounded and measurable (for example, o = g). Then
a satisfies Condition Clv,t] with parameter 0 == ||| te~ = for v = 6, and any = € Z2, and in
general for any distribution v such that v]e"/?] < 4+o0.

Proof: By Lemma 2.3, in order to guarantee that a function « satisfies Condition Cf[v,t] with
parameter § > 0 it suffices to find a positive function U : Z¢ — R, bounded away from zero, such
that LU < CU — 0|al,U for some C > 0 and such that v[U] < +oco. Again we take U := /2.
Since lim|y|, 1o V(y) = +o0, U is bounded away from zero. By (6.7) (LU/U)(y) < 2d ellfll/2
fo(y)e IMllee/2 while

lalr(s,9) == > lals,y, 2)[r(y, 2) < l|allofol(y)el/I=/2.

zizrvy
It thus suffices to take 6 := |la||3 e~ I/l= to have that LU/U < C — 6]a|, for some C > 0. O

The application of Lemma 6.3 above is twofold. Firstly, one can take o = g (since g is bounded),
to get that g satisfies Condition C[v,t] for v as in the lemma. This, by Theorem 2.5, automatically
implies non-explosion of the perturbed process for A < 1/(8|glls el ||°°), as well as the linear
response results stated in Theorems 3.5 and 3.6. Secondly, one can apply Lemma 6.3 to a bounded
function « entering in the definition of the additive functional (3.10), to get that « satisfies Condition
C[v,t] and therefore the quantities in (3.11) belong to LP(P,). For example, by Lemma 6.3, if «
and v are bounded then (3.8), (3.9), (3.12) hold for v = §, with x € X and in general for any initial
distribution v with v[e"/?] < 4-o0.

We conclude this section by discussing an application of Theorem 3.6 on linear response starting
from the unperturbed stationary distribution w. We consider jump rates defined in terms of a
local detailed balance. As for (6.3) we consider g(s, -, ) antisymmetric, i.e. g(s,x,y) = —g(s,y, x).
Then we focus on the work functional F'(X|o, ), given by the work done by all forces (also the
time-dependent ones producing the perturbation). We have

F(Xpg) =-V(X)+V(Xo)+ Y f(Xe, Xo)+2X D g(s, Xo, X). (6.9)
s€(0,t] s€(0,t]

Proposition 6.4. Suppose that the unperturbed process has a stationary distribution m, from which
it is started (see Propositions 0.1 and 0.2 for sufficient conditions). Suppose that f and g satisfy
Condition C[rn,t] and that V € LP(m) for some p € (1,400) (by Lemma 6.3 and since V. — +00
it suffices to require 7r[ev/2] < +00, which reads Zyezd e VW/2 <« 400 in the case of zero external
force f =0). Then

n=oBx[F(Xp )] = / ds Ex [V (X, )he—s(X0)] + /0 E:[(f9)r(s, Xs)]ds
/ds/ dul, | fr(s, Xs)ths—u(Xs_ u)} +/OtE7r[gr(s,Xs)]ds,
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with Y (x) defined as in (3.15).
Proof: By linearity, we have

=B [F(Xfy )] = Or=0Bx [F1 (X7 )] + Or=0B[Fa (X )] + Orz0 (2AER[F3(X{p )])
where

Fi(€og) =V (&), Fallpg) = Y F& &)y Fsl€og) = D 9(s,& &)

s€(0,t] 5€(0,t]

Note that, referring to the beginning of Section 3.1, F} is a functional of type (1), while F» and F3
are functionals of type (3) with f and g bounded.

If the bounded functions f and g satisfy Condition C[r,t] and V € LP(r) for some p € (1, +00)
(which, by stationarity, is equivalent to V(X;) € LP(P,)), then the assumptions of Theorem 3.6
are satisfied. We point out that we have excluded apriori the case p = +oo since V(y) — 400
as |y| — oo, and therefore it cannot be V' € L*®(w). We observe that 7[e"/?] < 400 and the
boundedness of f and g imply that f and g satisfy Condition C[r, ] by Lemma 6.3. If 7[e"/2] < +o0,
then trivially we also have V' € LP(r) for any p € (1,+00). If f =0, then 7(y) = e~V /Z where
Z:=3, e V() < 400 (see Proposition 6.1-(ii)). On the other hand, the condition Z < +oo is
trivially satisfied if EyEZd e VW/2 <« 400 as V is a diverging function. In particular, for f = 0 and
under the assumption »_ 74 e VW2 < o0, we get w[e"/?] = > yezd e VW2 < o0

By applying Theorem 3.6 we then get

OnmoBr [F1(XD)] = — /0 ds Ex [V (Xs)thi—s(Xo0)],
Or-oB[F3(X) )] = /0 Ex[(fg)e(s, X,)]ds + /0 ds /0 S B [fo(5, X Xo)],

t
Or=0 (2AEA[F3(X7 4)]) = Q;EI%)EHF?»(X{(\),Q)] = 2B [F3(X )] = 2/0 Ex[gr(s, Xs)]ds.

In the last line, the second equality follows from (3.4) in Proposition 3.1, and in the third equality
we have used that G(X[gy) introduced in (3.5) defines a martingale, as anticipated in Remark 3.2.
Putting all together we get our claim. O

Remark 6.5. We point out that the non-explosion of the perturbed chain could have alternatively
been derived using Theorem 1 in Chou and Khasminskii (2011) with Lyapunov function e"/2, with
computations similar to the one in (6.6), under the assumption that the perturbation g is continuous
in time.

6.2. Birth and death processes. Consider a birth and death process on the set of non-negative
integers N, that is a Markov jump process (in particular, a continuous-time Markov chain) (X;)¢>0
with transition rates

r(0,1) =7 >0 r(k,k+1) =7 >0

and 7(k,j) = 0 otherwise (for later use we set r; := 0). This can of course be seen as a particular
instance of a random walk in confining potential with external field, and thus analyzed as in the
previous section. We take here a different approach.

It is known (cf. Chen, 2004, Corollary 3.18, Chou and Khasminskii, 2011, Remark 4) that the
the unperturbed process a.s. does not explode if and only if

o0 — — —

1 T 1 T, T 1
> k=00, with = kA o p kL RELLTL L (610)
k=0 Tk Tk Tk—1 " Tk—1 "1 To
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Hence, we assume (6.10) to be satisfied. If in addition
ot Lt
rogry T
Z:=1+) - —Fl oo, (6.11)
k21 rl 7’2 T/{,‘
then the unperturbed process admits a invariant distribution 7, which is unique, reversible and
given by
L _Lrgr iy

(k) . k>1 (6.12)

7 TITy T
(this statement can be verified by simple computations). Note that when r,:r =T forall K > 0 and
r, =1~ for all k> 1 then (6.10) is always satisfied, while (6.11) reduces to r~ > T, and n(k) is
proportional to (r*/r~)* for all k > 0.

For the perturbation fix A > 0 and a bounded measurable function g : [0,¢] x N x N — R, and set
Mk, k4 1) = HRRED

Then, if v is a probability distribution on N and ¢ > 0, the function g satisfies Condition C[v, t] in
Definition 2.2 if and only if for some 6 > 0

t t
Ey[exp {9/0 \g(s,XS,X5+1)|r}SdS+9/O \g(s,XS,XS—l)]r;(sds}] < 0. (6.13)

If the above condition is satisfied then the perturbed process X* almost surely does not explode in
[0, ] for A small by Theorem 2.5, and the linear response results described in Theorems 3.5 and 3.6
hold.

Note that, since g is bounded, (6.13) trivially holds if, writing 7 = r,j +7,. , the collection (71 )x>0
is uniformly bounded. If, on the other hand, supj~q 7x = +o0c then again (6.13) trivially holds if g
is only non-zero on a finite number of edges (i.e. if the perturbation is finitely supported). We now
discuss sufficient conditions for (6.13) to hold in the general case supysq7r = +0o and g non-zero
on infinitely many edges. To this aim we first observe that, if limsup;_, 7“,": /T < 1, then both
(6.10) and (6.11) are satisfied. In particular, the unperturbed system a.s. does not explode and it
admits the invariant distribution 7.

Lemma 6.6. Assume that limsup,_, v} /r, < 1. Let o : [0,] x N x N = R be measurable and
bounded (e.g. take o = g). Then, for any B > 1, there exists 6 > 0 such that « satisfies Condition
C[v,t] with parameter 6 for any distribution v satisfying v[W] < +oo where W (k) := B*. In
particular, a satisfies Condition C[d,,t] with the same parameter 6 for all x € Ze.

Proof: Recalling Lemma 2.3, to guarantee (6.13) it suffices to find a positive function U : N — R,
strictly bounded away from zero, such that v[U] < +oo and such that LU < CU — 0|, U for some
C,0 > 0. The last property holds provided
Uk+1) Uk—1) _

<W 14 9||a||oo)r,j n (Tk) 1y 9||a||oo)7“k <C VkeN. (6.14)
Under the assumption that limsupy_, ., r]j /ri; < 1, there exists v < 1 such that 7'; < vr, for all
k sufficiently large. Set U(k) := A* for A € (1, B] to be chosen later. Then, by taking v with
v[W] < 400, we have v[U] < +00. Moreover the inequality (6.14) reads

(A 14 eua”m)r; + (% -

Using that r; < 47, we see that the left hand side is bounded by (v(4 — 1) + 6(y + 1)[|af|ec +
1/A —1)r, for k large enough, so (6.14) holds provided

YA = 1)+ 8(7+ Dljalle + 1/A— 1 < 0.

1+ 9HozHoo>rk_ <C VkeN.



Time-dependent and time-periodic linear response 883

Writing A = 1 + ¢, and multiplying both members by (1 + €)/e, it can be easily checked that the
last expression is equivalent to

Y1 +e)+0(v+1)[laflo(1+€)/e < 1. (6.15)

As v < 1 we can take ¢ small to have A = 1+ ¢ < B and 7(1 4+ ¢) < 1, afterwards we can take
0 small to ensure (6.15). This proves the first part of the lemma, while the last statement follows
immediately from the first part. ([l

We conclude by discussing linear response formulas when starting from the stationary distribution
7 defined in (6.12) assuming both (6.10) and (6.11). We suppose that g satisfies condition C[r,¢].
For example, according to Lemma 6.6 and due to the explicit form (6.12) of 7, g satisfies condition
Clm,t] if v := limsupy_,o v} /r;, <1 and
ii.i...rg__l if < +00
=1 T2 -1 Tk

for some B > 1. As v < 1, it is enough that » ;°, '?k/r,; < 400 for some ¥ € (v,1).

Note that, since the unperturbed dynamics is reversible with respect to the stationary distribution
m, then r*(k,k£1) =r(k,k £ 1) = rk,i. It thus follows from Theorem 3.6 that if v : N — R is a
measurable function with v(X;) € LP(P,) (i.e. v € LP(m)) for some p > 1, then

On=0Er [v(X)] = /Ot ds Er [0(X5)tt—s(Xo)]
with ¢y_s(Xo) defined as in (3.15). By reversibility we have
Vs(k) =1 (g(s,k+ 1,k) — g(s, k, k+ 1)) + 7 (9(s, k — 1,k) — g(s,k, k — 1)) .
In the decoupled case g(s, k,k + 1) = 7(s)Eif for s € [0,¢] and k > 0, we get

IM=oEr[v(X})] = /0 dsT(t — $)Er [v(Xs)(Ey (Xo) — Er(X0))]

- /0 dsr(t — 8)Ex [0(X.) (Fx 1 — B + (B, — Bx e

Note that if E,j = E* and E, = E~ the above formula simplifies to

Or_oEx [0(X])] = (B~ — ET) /0 ds(t — ) [0(X) (15, — %,)].

Linear response formulas for the additive functionals discussed in Theorem 3.6 can be written down
similarly. To check that the quantities in (3.11) are in LP(7) for o bounded, it is enough to check
that « satisfies condition C[r,¢] and Lemma 6.6 can help to this aim.

Remark 6.7. An alternative criterion for non-explosion of the perturbed birth and death process is
proved in Chou and Khasminskir (2011), see Proposition 6 therein.

6.3. Instability of non-explosion under small perturbations. We provide here the counterexample
mentioned in Remark 2.6. As unperturbed process we take a birth and death process on N =
{0,1,2,3...} with birth rates r} = (k + 1) for all ¥ > 0 and death rates r, = r; for all k >

1. By criterion (6.10) it is simple to check that the unperturbed process a.s. does not explode.

However, we can perturb it by setting r,i"_ = r, and r2’+ = e’} (ie. g(s,k,k+1) = 1 and

g(s,k+1,k) = 0). Then, again by (6.10), one can check that for any A > 0 the perturbed process
explodes in finite time with positive probability. Indeed, for the perturbed process 74 in (6.10)

is given by v, = Z?:o m In the last sum the first C'lnk terms contribute for at most
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C(Ink)(k + 1 — Clnk)? which is summable in k, while the remaining terms contribute for at most
(k4 1)e= ¢k which is summable in k when taking C' = C/(\) large enough.

6.4. Birth processes. We point out that, while we have presented in Lemma 2.3 sufficient conditions
for Condition C|v,t] to hold, these are not necessary, and in some cases one can directly and more
efficiently verify Condition Clv,t] using Definition 2.2. As an example, take a pure birth process on
N ={0,1,2...}, starting at 0 (hence v = Jp) and staying in each state i € N an exponential time
of parameter 7; € (0,00) and then jumping to i + 1. Then if o : [0,¢] x N x N — R is a bounded
measurable function,

E[exp{9/0t|a|T(s,Xs)ds}] gE[exp {QHaHOO /Otf(XS)dsH,

and by taking # = 1/|la|/s one can directly check that

E[exp{/otf(Xs)ds}] =1 —I—gfofl---mlz

which is finite as long as 7, < n/t for n large enough. On the other hand, if we take e.g. « constant,

the criterion in Lemma 2.3 cannot be fulfilled for diverging rates #,. To justify our claim, we take
a(s,z,y) = 1 without loss of generality. Then (c) in Lemma 2.3 reads fn(U((JTE:)l) —-1460)<C.If

limy, o 7, = +00, we would have limsup,, ., ., U[(]TE:)D <1-—46. As > 0, this would imply that

limy,—y 40 U(n) = 0, thus violating (a) in Lemma 2.3.

6.5. Random walk on Z¢ in a random conductance field. We consider a random walk (Yf)tzo on Z4
in a random environment &. The space of environments is given by the product space Z := (0, A]%
with the product topology, endowed with the Borel o—field, £; being the set of non-oriented edges
of Z% and A being a fixed positive constant. We write §x,y in place of g, 1 for the value of § at
the edge {z,y} (note that &, , = &, ). Since the environment £ at a given edge does not depend
on the orientation of the edge, £ is also called conductance field. Given £ € = the random walk
(Yf)tzo starts at the origin and performs nearest—neighbour jumps with jump rate from x to y
given by r(x,y) := & 4. We consider the perturbed random walk (Yf”\)tzo with perturbed jump
rates r(z,y) = r(z,y)et bey) = fx,ye)‘gg(t’x’y) where ¢ is bounded and measurable in &, ¢, x,y.
As &4 < A, both the original random walk and the perturbed one a.s. do not explode, g satisfies
condition C[v,t] for any distribution v and any time ¢ and one can therefore apply Theorems 3.5
and 3.6 to deal with the linear response (for each fixed environment &).

To benefit from the stationarity and get more explicit formulas, it is convenient to change view-
point by considering the process environment viewed from the particle, as we now detail. The group
Z% acts on Z by spatial translations as (728) 2,y = &atzy+-- We fix a probability measure P on ©
which is stationary w.r.t. the spatial translations 7, and such that

P €E : 1.6 = 1,€ for some z # 2/ in Z4) =0 (6.16)

(for example P can be a product probability measure on =). We assume that also g is stationary,
i.e. g is of the form

g (t,z,y) = h(t, &,y — )

for some bounded measurable function h : [0,400) X E x {z € Z%: |2| = 1}.
Given § € E we write ({)¢>0 for the Markov jump process given by the environment viewed from
the walker when the latter starts at the origin with environment &. Simply we have & := & and
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& = Tyew for all £ > 0. The Markov jump process (Xt)i>0 we are interested in is just (&)s>0. The
; > >
space (X, B) is then given by = with the Borel o—field and the transition kernel is given by

(€)= ) €osbre().
zi|z|=1
Note that now the perturbation is dictated by the new function g(¢,&,&') := h(t, &, 2) if ¢ = 1.€
with 2| = 1 (Le. 1) (€, d¢') = MEEEr(¢,d¢') as in (2.4)). Moreover the random walk (V)0
starting at the origin can be written as an additive functional of [ :

YE=F(og) = Y. olé,&) V>0, (6.17)
se(o,t]:és,yéfs

where

€)= z if &’ :.7'25’ for some z with |2| =1,
0 otherwise.

Although a priori the above function a is not well defined pointwise, due to (6.16) for P-a.a. §

the expression F(£s—,&s) in (6.17) is well defined for all times s (similar considerations hold for

g(s,&,¢") defined above).

By the stationarity of P w.r.t. the spatial translations 7, and since §; , = &, », we get that P is
a reversible distribution for the process (&;)i>0. Moreover, we have

(O@)T(S,f): Z go,th(Svgvz)a ar(sag): Z SO,ZZ'

z:|z|=1 z:|z|=1

Since |a|, is uniformly bounded, Condition C[P,t] is satisfied (see Definition 2.2). Hence, by
Theorem 3.6, we have

- / dP(E)ES[YE] = /0 ds / AP(E)ES[(ag), (5, 7yE)]

1]

_ /Otds /O Y [ AP(E)ES [ (5, 7y c)sulrye &), (6.18)

where Eg[] denotes the expectation w.r.t. the random walk (Yf’)‘)tzo starting at the origin in the
fixed environment & and 15(§) = >_.jc1=1 So,e(h(s, e —€) — h(s, € €)).

Let us make more explicit formula (6.18) when ¢(¢,z,y) := (y — x) - v for |z — y| = 1 where v
is a fixed vector. This case corresponds to applying to the particle an external field, constant in
time and space. The same external field appears e.g. in Faggionato et al. (2019); Gantert et al.
(2017, 2012); Lebowitz and Rost (1994); Mathieu and Piatnitski (2018). We write ¢(£) for the so
called local drift of the unperturbed random walk, i.e. ¢(&) := Zz:|z|:1 €o,.%, and we also write
(&) =2 z1=1 €0,2(2 - v)z. Since h(t,§,2) = z - v, it is easy to check that

ar(s,§) = 0(€)  (ag)r(s,6) =0(&)  ¥s(§) = =20(§) - v.

As a consequence (6.18) reads (by the change of variables v — s — u)
t
oo [ aP@ESY) = [ s [ dP(ES[ocr )]
t s
+ 2/0 ds/o du /EdP(E)Eg [@(Tyséf) (‘P(Tyff) : U)} .
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Since the probability P is invariant (and even reversible) for the process “environment viewed from
the particle", we can simplify the above expression and get

oro [ aPOBS[YE] =t [ ap©oce)
v2 [[arte—r) [ aP@(ol6) 0)EE[olrys)].

6.6. Complex mobility matriz. We use here the notation introduced in Section 5 dealing with
nearest-neighbor random walks. Suppose that the unperturbed Markov jump process on the torus
']I“]iv = 7Z4/N7Z% has spatially homogeneous jump rates, i.e. 7(x,y) = r(x + 2,y + 2) for all z,y € ’]le\,,
z € Z% where the sums = + 2z, y + 2z are thought modulo NZ%. We consider the perturbation
with jump rates (5.1) with w # 0. As 7 (z,y) depends on z,y only via y — x, one can directly
compute the mean instantaneous velocity Vi(¢) given in (5.5) getting Vi(t) = >, jc1=1 (0, e)e =
> eilel=1 €xp{Acos(wt)e - v}r(0,e)e. As a consequence

O=0Vr(t) = Z cos(wt)(e - v)r(0,e)e = R(e“'o(w)v), (6.19)
e:le|]=1
o(w)v = Z (e-v)r(0,e)e. (6.20)
e:le|=1
In particular, denoting the canonical basis of R? by ey, ea,...,eq, we have o(w)e; = (T(O,ej) +

(0, —¢j))ej, i.e. o(w)ij = 8;;(r(0,e;) +r(0,—¢;)). Note that, with spatial homogeneity, o(w) does
not depend on the frequency w. The direct computation of V)(¢) becomes more involved in the
presence of spatial heterogeneity, where o(w) exhibits a nontrivial dependence on w.

We now use directly Theorem 5.1 to compute o(w) in the special case given by d = 1, N even
and 2-periodic unperturbed jump rates of the form

rar ifx=0,

r(a:,ac—i—l):{ v

ro ifx=0,

ri ifz=1, ry ifz=1,

r(z,x—1) = {

for positive constants roi, rli, where we write x = 0 if x is even, and z = 1 if x is odd. Then the

unperturbed invariant distribution is given by

r(z) = (rf—f—rf)/Z ifz=0,
N (rd +r5)/2 ifx=1,

where Z is the normalizing constant Z = (N/2)(rgy + 75 +r + ;). Moreover the functions c,~y
in Theorem 5.1 are given by

Co;zrar—{—ra 1f:L‘EO7 ’}/0::7“3—7"6 leL'EO,
clz)=9q " T T v(x) = L L
cii=r{ +r; ifx=1, y1:=r{ —r; ifex=1.

The reversed rates are then given by

7 ifz=0 T oifz=0
r*(x,x+1) = (00/01)7“17 1 v 7 r(z,x—1) = (60/01)71 1 v 7
(c1i/co)rg ifx=1, (c1fco)rg ifax=1,

and the function ¥ in (5.2) is given by

_ J(eo/er)n =0 = co(m/er —/c0) iz =0,
U(z) = {(61/00)70 — v =c1(qo/co —1fc1)  ifz=1. (6.21)
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If f: T4 — C has period 2 (i.e. it is constant on even sites and constant on odd sites), then

iwf(0) —co(f(1)— f(0)) ifz=0,

iwf(1) = er(F(0) — f(1)  ifw=1. (6.22)

(i — L) (x) = {

By comparing (6.21) and (6.22) we get

cm/a—w/c) .=
. paxy—1 — iw-t-cot-c mE=
(tlw — L) ¢($)_{Cl(%/000"ﬂ1/01) ifx=1.

w+co+c1

By (5.9) in Theorem 5.1 we then get the following expression for the complex mobility constant:

olw) = S [o4 (B - 2) 12

—_. (6.23)
co+c1 c1 co/ w + ¢y + c1

Note that, in the spatially homogeneous case rf = r0+ =r" and r =ry =717, (6.23) reduces to

o(w) = rT + 7~ in agreement with (6.20). Moreover, coming back to the general setting, we have
reversibility if and only if i /ry =ry /rf, i.e. r] = ary and r{ = arg for some a > 0. Finally, we
point out that one could have computed directly V) (t) by finding the distribution 7y ; of the OSS at
time ¢ as 7y ; must be spatially 2-periodic. In particular, 7y ; can be computed from the continuity

equation:

atﬂ')\,t(()) + 7T>\,t(0) [ekcos(wt),r.g + e—A cos(wt)ra:| ( )
6.24
_ 77/\,7&(1) [eACoS(wt)riF + efAcos(wt)Tl_} -0

(use also that my¢(1) = 1 —mx4(0) and that 7 ,(0) is T—periodic for T' = 27 /w). The computation
of o(w) by means on Theorem 5.1 is, on the other hand, simpler.

7. Stochastic calculus background

We collect here some useful facts from the theory of stochastic calculus for processes with jumps.
Our discussion is based on Davis (1993) and Jacod and Shiryaev (2003, Chapter 1).
We first prove Lemma 3.4 for later use:

Proof of Lemma 3./: We just prove (3.7), as the rest of the lemma follows trivially from (3.7).
Defining «a(s, z,y) := 0 if s > ¢ it is enough to prove that

Eo| Y la(s, Xoo, X, :Emo[/0+ooa\r(s,Xs)ds] (7.1)

s€(0,+00)

for each starting point xg such that the unperturbed process has a.s. no explosion (this holds for
v-a.a. o). Let 71 < 79 < 73 < --- be the jump times of the unperturbed Markov jump process
starting at xg. As a.s. this process does not explode and since #(x) € (0,400) for all z € X, all
times 7 are finite and diverge to +oo0.

We have

71 +OO ~ tl
E’”“[/o ‘a|r(S’Xs)d8] :/0 dtle_r(x())tlf(fﬂo)/o ds |l (s, zo)
+OO +OO A +OO )
= / ds |aly (s, zo) / dire” " (o) = / ds |al, (s, zg)e " (®0)
0 s ;
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while
1

+o0 R
Ez, \a(n,Xﬁ_,Xﬁ)@ :/O dseT(xo)sf(xo)/xr(xo,da:l)m

+00 R
/ ds e @03 ), (s, x0) .
0

The above results imply that Eq, [ [i" |alr(s, Xs)ds] = Eqg, [|a(r1, X7,—, X7,)|]. By conditioning on

0
Tk, X7, We then get

|ae(s, zo, x1)]

TkJrl
Ey | / (8, Xa)ds] = Eap [|(is1, Xoups—s Xnss)]

k

for all kK > 0, where 79 := 0. By summing among k > 0 and using that 7, — 400 we get (7.1). O

7.1. Martingales and local martingales. In this subsection and in the next one we let [0, ¢] be the time
observation window, which in later applications will be the time window of the perturbed Markov
jump process. Let us denote by (Q, F°,P,) the probability space on which the unperturbed Markov
process X|o 4 is defined. Denote by (F9) sefo,s) the natural filtration associated to it, that is FOis
the smallest o—algebra that makes the random variables {X,, : v < s} measurable. We can make
this into a right—continuous filtration (Fs).cp,q that satisfies the so called usual conditions Jacod
and Shiryaev (2003) by setting F; := o(F,N) and, for s € [0,t), Fy := lim,~ s 0(Fo, N), where in
general o(F2, N) is the smallest o-algebra containing both F? and A, and A is the collection of all
subsets of sets in F¥ with P,~measure zero. Similarly we define F := o(F°,N). Then (F;)sep,q is
right—continuous, Fs C F and Fg 2 N. We can therefore think of the unperturbed Markov jump
process as being defined on the filtered probability space (2, F, (Fs)sejo,, Pv), where we keep the
notation P, for the probability measure on (€2, F) given by the completion of the original P, in
particular giving zero mass to the sets in /. We remark that Q can be D([0,¢],X), in which case
P, coincides with the law of the unperturbed process.

A cadlag adapted process M = (M) sefo,) on the filtered probability space
(0, F, (Fs)sefoq, Pv) is said to be a martingale if M; is integrable and E,[M;|F,| = M, almost
surely, for all 0 < u < s < t. It is said to be a local martingale if there exists a non-decreasing
sequence (T},),>0 of stopping times with respect to the filtration (Fs)gcp such that T;, — ¢ almost
surely as n — oo, and the stopped process (MI")scpo, defined by MI" = Mar, is a martingale
for all n > 0. We recall that a stopping time 7" with respect to the filtration (Fs) sefo,¢] 1s a random
time such that {T" < s} € F; for all s € [0,¢].

A sufficient condition for a local martingale (Mj) sefo,] to be a true martingale is given by the
following result.

Lemma 7.1. Let M = (Ms)se[&t} be a local martingale, and assume that there exists an integrable
random variable Y such that |Ms| <Y for all s € [0,t]. Then M is a true martingale.

This is a straightforward corollary of Jacod and Shiryaev (2003, Proposition 1.47-(c)) together
with the observation that under the assumptions of Lemma 7.1 the process M is of class (D), as
defined in Jacod and Shiryaev (2003, Definition 1.46).

A local martingale is said to be continuous if its trajectories are continuous. In what follows we
will work with a class of martingales which is orthogonal, as defined below, to that of continuous

local martingales, namely the class of purely discontinuous local martingales.

7.2. Purely discontinuous local martingales. Recall from Jacod and Shiryaev (2003, Definition 4.11(a))
that two local martingales are said to be orthogonal if their product is a local martingale. A local
martingale equal to zero at time ¢ = 0 and which is orthogonal to all continuous local martingales
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is called a purely discontinuous local martingale (Jacod and Shiryaev, 2003, Definition 4.11(b)). If,
in addition, it is a true martingale, we call it a purely discontinuous martingale.
Let a: [0,¢] x X x X — R be a measurable function such that

t
Z la(s, Xs—, X5)| < 00, / lae]y(u, Xy)du < 0o (7.2)
s€(0,¢] 0

P,—almost surely. Then similarly to Davis (1993, Theorem (A4.9), p. 272) the process (Ms)se(o
defined by

M = Z a(u7XuaXu)_/ ar(uaXu)du (73)
u€(0,s] 0

is a local martingale (see Appendix A for the details). Moreover, it is of finite variation, since it is
made of a piecewise constant term and a Lebesgue integral term. Since all local martingales starting
at zero and of finite variation are purely discontinuous (see Lemma 4.14(b) of Jacod and Shiryaev,
2003), it follows that (Ms)sepo, is a purely discontinuous local martingale.

For the next lemma recall Definition 3.3.

Lemma 7.2. Let M = (Mjs)qcjoq be a local martingale of the form (7.3) with o satisfying (7.2). If
« is Py —integrable (for example if a satisfies Condition Clv,t]), then M is a martingale.

Proof: 1t is enough to apply Lemma 7.1 with

t
Y= 3 Jol(n X, X,) + / (11, X,y O
u€(0,t] 0

Let (Ns)se[o,q be another such local martingale, with

N, = Z 7(“7Xu,Xu)/ ’Yr(uaXu)dU
u€(0,s] 0

where v : [0,1] x X x X — R satisfies (7.2) with 7 in place of a. We define the covariation process
([M, N]s)se[o,t] by setting

M, Nls= > o, Xue, Xu)y(t, Xuey Xo)
u€(0,s]

(cf. Definition 4.45 and Theorem 4.52 in Jacod and Shiryaev (2003), and use that the continuous
martingale part, defined in Theorem 4.18 in Jacod and Shiryaev (2003), of purely discontinuous
local martingales is identically zero). It then follows from Proposition 4.50 of Jacod and Shiryaev
(2003) that the process (MsNs — [M, N]s)se[o,q 15 again a local martingale.

Remark 7.3. In this subsection and in the previous one we have worked with the unperturbed Markov
jump process up to time t. Equivalently, one could deal with this process defined for all times, and in
particular defined on the filtered probability space (2, F, (Fs)s>0, Py) where Fy := lim,~ s 0(F2, N)
for all s > 0. We point out that in this case, in the definition of local martingale, one has to take a
sequence of stopping times 7, such that T, — +oco almost surely. Then, given a : [0, 1] x X x X — R,
in order to define processes as M, in (7.3) for all times s > 0, one has just to extend o to Ry x X x X
by setting a(s,-,-) = 0 for times s > ¢.
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8. Proof of Lemma 2.4
We start with a preliminary lemma.

Lemma 8.1. Let F(s,y, z) be a measurable function on [0,t] x X x X such that

(e, (s,y) = /XeF(S’y’Z)r(y,dz) < +oo forall s € [0,t], ye X (8.1)

and define Mf : D¢([0,t], X) = R as

t
M (£o,) ==exp{ > F(s,&-,&) —/0 (e —1),(s,&)ds)} . (8.2)

s€[0,t]
Then, Ex[Mf(X[07t])] <1 forv-a.a. x.
Note that 1,(s,y) = #(y) < +o0, hence (ef” — 1),. is well defined and finite by (8.1).

Proof: Consider the time-inhomogeneous Markov jump process X [lg g on X with transition kernel

rF(y,dz) := r(y, dz)el(#¥2), defined up its explosion time 7o,. Given a Borel set B C D([0,], X),
let Pf,(B) be the probability that X[g g € B when starting at x (note that the event {X[g g € B}

implies that X [Ig,t] does not explode in [0,]). Call P, ;(B) the analogous probability for X 4. P£ .
and P,; are measures on D¢([0,t], X'). Take x such that a.s. the unperturbed Markov process
starting at x does not explode (thus implying that P, ; is a probability measure). Note that this
holds for v—a.a. by our main Assumption in Section 2.2. Then one easily checks (as for (3.2))
that M is the Radon—Nikodym derivative of the measure P£ ¢ Wt Ppg.o As ng ; has total mass

bounded by 1, we have E, [Mf(X[O,t])] = Pgt(Df([O,t],X)) <1 O

Proof of Lemma 2./: We fix § > 0 and set F(s,y,2) := In(1 + d|a|(s,y,2)). Then (ef).(s,y) =
7(y) + dla)r(s,y) < (1 + d||alls)”(y). In particular, condition (8.1) is satisfied. By Lemma 8.1 we
then get that E,[M/ (X}o4)] < 1. Since, (e = 1).(s,y) = dlal,(s,y), M{ (§,q) can be rewritten as

M (§o.) =exp{ > F(s,&-.,&) 0 /0 ol (s, &)ds ] (8.3)

s€(0,t]

As In(1+z) > z/2 for x € [0, 1], by taking § small such that J||a|l.c < 1 we get that

E, [exp{Ni(X[o4)}] < E,[Mf (Xpg)] <1 (8.4)
where
5 t
Nil€og) =5 3 lal(s,6 6 = 0 / (s, £5)ds (8.5)
s€(0,t] 0

We now observe that, by Schwarz inequality, (2.7) and (8.4), for § < 6 it holds

E, [eg 2 se(0,1] |a\(Sva—:Xs)] [ $N(X0.)+3 Jo |04\r(57Xs)d8]

E,|e
E, [eNt(X[O,t])] %EV [66 Jo ‘O‘IT(S’Xs)dS] 2 < +o00.

(8.6)

IN

By the above considerations, (2.8) holds for 7y := §/4 and in particular for v := min{||a||3t, 0} /4. O
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9. Proof of Lemma 2.3 and its extension

The following result reduces to Lemma 2.3 when U, = U for all n:

Lemma 9.1. For a given function « : [0,t] X X x X — R suppose that there exist a sequence of
measurable real functions U, on X and positive constants 0, C, c such that
(i) Un(x )>cf0rall$€X and n > 1;
(ii) [y Un xdy)<+oof0rall:v€)(cmdn>1
(iii) settmg V (x) := —LU,(x)/Uy,(x), the sequence of functions V,, : X — R converges pointwise
to some function V:X >R,
(iv) V>0 |al, — C;
(V) Usup(®) := sup,,>1 Un(x) < 400 for each x € X;
(vi) v[Usup) < +00.
Then « satisfies Condition C|v,t| with parameter 6.

Proof: We use Lemma 8.1 with the function F,(y,2) := In(Uy(2)/Uyx(y)), which is well defined
by Item (i). Moreover (ef),(y) = Un(y) " [ 7(y,dz)Un(2) < 400 due to Items (i) and (ii). By
observing that
Un(X
exp{ 5 B e} - L
s€(0,t]
and (ef™ — 1), = LU, /U,, we get that
Un(Xt) / LU, /
M/ (X(0,q) = — | =E(Xo)d V(X)d 9.1
P Xoa) = gy ol - ) T s} 2 s e Jdsp. (9)

To get the above lower bound we used Item (i) and the definitions of Ugyp, V.. As a byproduct of
(9.1) with the bound E, [Mf” (X[O,t])] <1 (which holds for v—a.a. z by Lemma 8.1) we get that

Ea;[exp{/ot Vn(Xs)ds}] < Usup(2)

c
for v—a.a. x € X. By taking the limit n — oo (using Item (iii) and Fatou’s lemma) we get
[efo (X5) ds} < Usup(z)/c. By combining the above bound with Item (iv), we get that

E, [eefg\odr(s,Xs)ds} < eCtUsup(ﬂc) (9.2)
o c
for v-a.a. x € X. Finally, by averaging the above bound with respect to v and using Item (vi), we
gather that

E [69f0t|a|r(s,Xs)ds} < eCtV[Usup] <0

12 -~ .
c

This in particular implies (2.7). O

10. Proof of Theorem 2.5

To start with, recall that (3.2) has been obtained under the assumption that the perturbed
process does not explode in [0,t] P,—a.s.. Nevertheless, the same identity remains valid when
dropping the non—explosion assumption by replacing E, [F(X [%‘) t])] in the left hand side of (3.2) by
E, [F(X[%‘m)]l(Tg\o > t)]. We recall that 72, denotes the explosion time of the perturbed process.
Then, taking F' =1,

Po(rd > 1) = B, | [X0-7200 e T exg(s,xs,xg)],

s€(0,t):
Xs—#Xs
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and the non—explosion of the perturbed process up to time ¢ becomes equivalent to

E, | [Fo-ne]e 7 eAg(S’Xs—’XS)} =1. (10.1)

s€(0,t]:
Xo_#X,
Below we prove that (10.1) holds for A small enough by observing that the Lh.s. is the expectation
of an exponential martingale associated to the change of measure P, — P. Our discussion is based
on stochastic calculus (see Jacod and Shiryaev, 2003 and Section 7 above).
For s € [0, ] set
Y, = el [Fx0 R 00 | du [[ ok,
u€(0,s]:
Xy—#Xu
we aim to show that E,[Y;] = 1. It is enough to prove that the process Y := (Y)s oy is a
martingale, since this implies that E,[Y;] = E,[Yp] = 1. We will divide the proof that Y is a
martingale in three parts: firstly we introduce in (10.2) a process Z := (Zs)¢[0,) and show that it
is a purely discontinuous local martingale, secondly we show that Y is the stochastic exponential of
Z and it is a local martingale; thirdly we prove that Y is uniformly integrable and therefore it is a
martingale. It is only in the last part that we will use Condition C[v, t] after performing the Taylor
expansion eM(®Xuw¥) — 1 ~ \g(u, X,,y) for X small (this explains why the condition concerns the
exponential moments on g and not of e*9).

e The process Z = (Zs)e|o,q mentioned above is defined as

S
Zoi= Y (MXumX) ) — / [0 (Xu) — 7(Xy)]du. (10.2)

u€(0,s] 0
We claim that Z is a purely discontinuous local martingale. To prove our claim we take a(u, x,y) :=
eMwTy) 1 and observe that [afe < 400 as ||g]lee < +00. Since Z, = > ue(0,5) Ot Xue, Xoy) —
fos a;(u, Xy )du and by the discussion at the beginning of Section 7.2, to show that Z is a purely dis-
continuous local martingale we just need to check that « satisfies condition (7.2).  Since
2 se(oq la(s, Xs—, Xs)| can be bounded by |a/[o times the total number of jumps in [0,¢], and
since the latter is P,—a.s. finite as the unperturbed process has no explosion P,—a.s., we conclude
that 3 g lo(s, Xs—, Xs)| < oo Py-as.. Now it remains to prove that fot ||y (u, Xy)du < oo

P,—a.s.. To this aim we observe that

t t t
/ laln (1, X,)du < ||0<||OO/ du/ T(Xu,dy):||a||oo/ dui(X,).
0 0 X 0

Since P,—a.s. the trajectory (Xy)ue[py Visits a finite number of states (again as the unperturbed
process does not explode), the last integral is finite P,—a.s., thus concluding the check of (7.2) and
therefore the proof of our claim.

e We now show that Y is the stochastic exponential of Z and it is a local martingale. The first
property means that Y is the unique (up to indistinguishability) adapted and cadlag solution in
[0,t] to the SDE

dYs =Ys_dZ;s
Yo =1,
where Y, = lim, »,Y,. Indeed, by Theorem 4.61 of Jacod and Shiryaev (2003), the stochastic
exponential of Z is given for s € [0,¢] by
EZ)s=eP"7 T (1+AZ)e >

u€e(0,s]:
s
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where AZy = Z; — Z,_ denotes the jump of the process Z at time s (which vanishes if s is not a
jump time of the process X). Since AZ; = (X Xs) 1 we find

E(Z)S = exXp {Zs + Z [)\g(u,Xu_,Xu) — (eAg(u,Xu,J(u) _ 1)]}
u€(0,s]

—exp{ - [ 06— (X)Jdu+ A Y gl X X)) = Ve

for all s € [0,¢]. Thus Y is the stochastic exponential of Z.
Now, since Z is a purely discontinuous local martingale, it follows from Jacod and Shiryaev
(2003), Theorem 4.61(b) that Y is also a local martingale.

e We conclude by showing that the process Y is in fact a true martingale. Due to Lemma 7.1 it
is enough to show that 0 < Y; <Y for all s € [0,¢] and that E,[Y] < +o0, where

t
Y :=exp {2)\/0 lg|r(u, Xo)du + A Z lg(u, Xo—, Xu)\} .
u€e(0,t]

To check that 0 <Y, <Y it is convenient to observe that
S
Vome{ [ du [ r(udy)@ - MOS0 1003 gu X, X
0 X u€(0,s]

As a consequence, for any s € [0, t], we can bound

o<y, < exp{/OS/XT(dey)‘e)\g(u,Xu,y) — 1|du + A Z ]g(u,Xu_,Xu)\}
u€e(0,s]

t
< exp {2)\/ lg|r (u, Xy)du + X\ Z |g(u,Xu_,Xu)]} =Y,
0 ue(0,t]

for all A small enough such that A||g|jcc < 1 (here we used that |e* — 1| < 2|z| for all x with |z| < 1).
To see that Y is integrable we note that

t 1/2
E,[Y] SEy[eXp{él)\/o |g|r(s,Xs)ds}} -Ey[exp{Q)\ 3 lgls, Xoo, Xo)|}
s€(0,t]

}1/2

by Schwarz inequality. Recall that g satisfies Condition Cf[v,t] with some parameter § > 0. It
follows that the first expectation in the right hand side is finite provided 4\ < 8, while by Lemma
2.4 the second expectation in the right hand side is finite provided 2\ < 4='min{#, ||g[|=}}. All
the above constraints on A reduce to A < 8 'min{f, 1/||g|/oc}. In this case Y is integrable and
therefore Y is a martingale. This concludes the proof of Theorem 2.5.

11. Proof of Proposition 3.1

Trivially, by our assumptions, F'(X[g) is integrable with respect to PP,.

In what follows, ¢,C,.. will denote an absolute constant which can change from line to line.
Moreover, g will be the exponent conjugate to p, i.e. such that 1/p+1/q = 1. Note that g € [1, +00).
Let &9, € Dy([0,1], X). Recall (3.2):

E,|F(X{g)| = By [F(Xjgg)e™ 0]
with

t
Ra(&o,5) = —Ax(§0,9)) :/0 dS/XT(fs,dy)(l - ekg(s’gs’y)) FA) gls.6, ).
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From now on we restrict to A small enough that A||g|e < 1/2. As |1 —€* + 2| < ca? for |2] < 1, it
holds

/X (&, dy) |1 — MY 1 \g(s, &6, y)| < A2(gP)r(s,€5) < cllgllooN2]glr(5,Es) -

Hence, we get
t
Ra(€0.1) — AGe(€op)| < llglloch? /0 g1+ (s, £2)ds (11.1)

As |e? — 1 — z| < 22%el* for all z € R, we get |e® — e¥| < e¥(|z — y| + |z — y|?el*Y]) for all z,y € R.
Hence,

" = (1+y)| < [e” — '] + [ — (1 +y)| < el(jo —y|+ |z — y|?e" ¥ +¢?). (11.2)

Take now
T = R)\(X[Oﬂ) and Yy = )\Gt(X[O,t]) .

IF(Xp )] < IFXp)lr@n) el Lae, ) (11.3)
E, [ |F(X0,0)Gt(Xj0.)|] < IF(X o)l o @) lv/M Lo, (11.4)
[, [ F(X{5.0)] = Bu [F(Xpo.9)] — AE, [F(Xj0.)G(Xp0,4) ]|

= |E, [F(Xpg) (e = A +9)]| < IF(Xp )o@ lle” = (1 +v)llzae,) - (11.5)

Hence to get that all expectations in Proposition 3.1 are well defined and finite it is enough to prove
that z, y belong to L4(P, ), while to get (3.4) it is enough to prove that the r.h.s. of (11.2) has norm
in L4(P,) bounded by o()A). In what follows we focus on the last claim, the proof that z,y € LY(P,)
can be obtained by similar arguments.

As g is bounded and it satisfies Condition C[v, A], by Lemma 2.4 we get that G(X|gy) is upper
bounded by the sum of two non-negative terms, namely fg lg|r(s, Xs)ds and ), |g(s, Xs—, Xs)|, each
one having finite exponential moment when multiplied by a suitable small constant (independent
from \). By applying Schwarz inequality we then conclude that for any a € [1,00) there exists
Mo(a) < oo such that el¥l = MG X00)| helongs to L(P,) for all A € [0, Ag(a)], and moreover

sup He‘y|”La(pU) < 400. (11.6)
A< o(a)

In addition, since g satisfies Condition C[v, A] we have that fg lg|r(s, Xs)ds belongs to L*(P,) for
any a € [1,+0oc). Moreover, since A™2|z — y| < cHgHoofg lglr(s, Xs)ds (cf. (11.1)), using (11.6) and
Schwarz inequality we conclude that

sup [ A2z = yle | Lop,) < +oo. (11.7)
A< (29)

By the same arguments based on (11.1) we also have that el*=¥| belongs to L%(P,) for any
a € [1,400) and A < Aj(a) for some Aj(a) > 0, with

sup [|el* Y| ap,) < +o0. (11.8)
A< (a)

Hence, using (11.6), (11.8) and Schwarz inequality, we gather that

sup || ellele=vl | 20(p,) < +00. (11.9)
A<Ao(49)A1 (49)



Time-dependent and time-periodic linear response 895

By (11.1) and the previous observations on fg lgl(s, Xs)ds, we get that A™*|z — y|? belongs to
L%(P,) and the norm can be bounded by a A-independent constant. As a byproduct of (11.9) and
Schwarz inequality, we get that
sup | A72|z — y[2elVlelovl lLa(e,) < +oo. (11.10)
A<Ao(4g)AA1(4g)
As e WIGX 00| helongs to L(P,) by (11.6), we get that A~ly = G(Xo,) belongs to L*(P,) for
any a € [1,+00). By taking a = 2¢, by (11.6) and Schwarz inequality, we conclude that

sup || A"2y2el || Lo, < +o0. (11.11)
A<Ao(29)
By combining (11.7), (11.10) and (11.11) we conclude that the r.h.s. of (11.2) has norm in L(P,)
bounded by A\? times a A-independent constant. Hence the r.h.s. of (11.5) is upper bounded by
CIlF(X0.9)|l e, )A* for X small enough.

12. Proof of Theorem 3.5

Using that the expectations in the statement of Proposition 3.1 are well defined and finite and
using the bounds in Section 11 as well as the bounds below, it is easy to prove that expectations in
the statement of Theorem 3.5 are well defined and finite.

The result for case (1) follows directly from (3.4) in Proposition 3.1. We use it to deduce the
linear response formula for case (2). Indeed, by Fubini’s theorem,

t
8)\01[*3,,[/ v(s,XsA)ds]
0

' ¢ M — (U]
= -0 /OEV[W&Xi)]ds:nm By [v(s, X2)] — By [v(s, X,)]

d
A—0 0 )\ s

| (12.1)
_ /0 E, [v(s, Xs)Gs(X[g.)|ds

(Bl Xt
0

+ lim

A—0 A

Then, by the last statement in Section 11 applied when |v(s, Xs)||rrp,) < +00, we have that for
all s € [0,1]

‘ El/ [U(Sv Xs)\)] — EV [’U(S, X5>]

—E,[v(s, XS)GS(X[QS])]) ds.

. - Bulo(s, X6, (Xiog)]| < A5, X e

which, together with the assumption fg |v(s, Xs)|lr(p,)ds < oo, implies that the last term in the
chain of equalities (12.1) vanishes, thus proving the required identity.
We now move to case (3). Since « is IP,—integrable, it satisfies condition (7.2) P,-almost surely.

Hence we can use the stochastic calculus techniques for processes with jumps presented in Section
7. Write G in place of G5(X[g ), and for s € [0,] set

Foi= > a(u, Xu , Xu).
u€(0,s]
Note that Fy = F'(Xg ). Since F'(X|gy) € LP(P,) for some p > 1, to get (3.12) we can apply (3.4),
hence we just need to show that the r.h.s. of (3.12) equals E, [GFy].
To compute E,[G¢Fi] we start by noticing that, since g satisfies condition C[v,t], (Gs)sejo, 1s a
purely discontinuous martingale by Lemma 7.2.
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Next, we compensate (F) sefo,s] to make it into a purely discontinuous martingale. By the P,—
integrability assumption on «, we can define

F, := F, —/ / a(u, Xy, y)r(Xy, dy)du = Fy —/ o (u, Xy)du,

and (F}) se[o,y] is a purely discontinuous martingale again by Lemma 7.2. Recall from Section 7.2
that the covariation process of G' and F is given by

[Ga F]S = Z a(u, Xu,,Xu)g(u,Xu,,Xu),
u€(0,s]

which is well defined and integrable since g is bounded and « is P,—integrable by (3.11). Then
by Proposition 4.50 of Jacod and Shiryaev (2003) the process (GsFs — [G, F)s) selo,y) defines a local
martingale. We claim that it is a true martingale. Indeed, since g is bounded and it satisfies
Condition Clv,t] (and therefore also (2.8) in Lemma 2.4), the assumptions (3.11) on « together
with Hoélder’s inequality imply that the product

<Z |g(s, Xs—, X \+/9\ (s, Xs) )(Z (s, Xy X |+/Ia| (s, Xs) >
s€(0,¢] s€(0,t]

belongs to L'(P,). It thus follows from Lemma 7.1 that (GsFs — (G, Fls)scoy defines a true
martingale, thus proving our claim. As a consequence

E,[GiF] = B [[G, Fli]

~5,| 3 as e gt X X0 = [ B l(ag)o. X0

s€(0,t]

(12.2)

where in the second identity we have used that

S
> alu Xus, X)glu Xun X) = [ (ag) (. Xo)du
u€(0,s] 0

defines a martingale for s € [0, ], as it is of the form (7.3) and ag is P,~integrable (see Lemma 7.2).
To finish the computation of E,[G;F};] we observe that, by Fubini and the fact that (Gs)scpy is a
martingale,

E, [Gt /0 ol Xu)du] _ /0 "By [ (5, X,) G ds — /0 By fan (s X)Gi] s, (123)

Putting together (12.2) and (12.3), we get

E,[G¢F :/0 Ey[(ag)r(s,XS)]ds—i—/O Ey[ar(s,Xs)Gs}ds,

which concludes the proof of Theorem 3.5.

13. Proof of Theorem 3.6

The decoupled case follows easily from the general case, hence we focus on the first part of the
theorem. We aim to compute the r.h.s. of (3.8), (3.9) and (3.12) in cases (1), (2) and (3) in
Theorem 3.5. We achieve this by performing a time-inversion of the unperturbed process. Recall
the definition of the time-reversed process (X7).cjo, given in Section 3.2. In particular, we use the
following equality in distribution (valid for any s € [0, t])

(Xe, Gs(Xjo,)) £ (X5, GE(X ) (13.1)



Time-dependent and time-periodic linear response 897

by defining
Gileos) = Y oG- ubn&) - [ onls—udu.
uE(0,5]:6u—#Eu 0
Let us consider first case (1). From (13.1) it follows that
B [0(X0)Gi(Xi0.0)] = Exlo(X5)G1 (X)) = Balo(X0)Ex; (GI(Xpy )] (13.2)

We claim that the process

[0,t] > 5+ > gt —u, X7 X5) — / gh(t —u, XF)ds (13.3)
we(0,8): X5 _#X7 0

defines a martingale for the probability measure P, and for m-a.a. z € X, where g;. denotes the
contraction of ¢g* as in (2.6), with respect to the transition kernel r*(z,dy) in place of r(z,dy).
Note that, with some abuse of notation, we have written P, for the probability referred to the time-
reserved unperturbed process starting at z. To prove our claim, we observe that the above process
(13.3) defines a local martingale since it is of the form (7.3). On the other hand, by time-inversion
and using Lemma 3.4 (recall that g satisfies Condition C[m,t]), we have

E-l > lt-wXi X0 =B Y gl X, X)l| < 40,
u€(0,t]: X _#X¥ u€(0,t]: Xy—#Xu

As a consequence E, [Zue(o,t}:x*jéx* lg* (t — u, X;,,X{';)@ < 400 for m-a.a. x € X, thus implying

that the process (13.3) is a martingale for P, and for 7—a.a. x € X’ as explained in Section 7 (now
referred to the time-reversed unperturbed stationary process).
Due to the above claim, for 7—a.a. r € X,

¢
E. [G:(ng),t])] =E, [/0 (g;'f* (t—u, X)) —gr(t— u,XZ))du ,

from which we gather that (cf. (13.2))

Er[v(Xe)Ge(Xpo,)] = /0 Ex [v(X5) (g7 (t — u, X3) — gr(t — u, X)) | du
(13.4)

- /0 B [0(X0) (97 (t — u, Xima) = g0 (t =, Xy ) Jdus,

where the second equality follows from (13.1). This concludes the proof of case (1).
The result for case (2) follows by combining (3.9) in Theorem 3.5 and (13.4) with v(s,-) and s in
place of v(-) and t, respectively, giving

/0 dsEﬂ[v(s,Xs)GS(X[(]’s])] =
/ ds /S duEr [v(s, X§) (g5 (s — u, X35) — gr(s —u, X)) ]
0 0

:/ ds/sduEﬂ[v(s,XS)(g:*(s—u,XSu)—gr(s—u,Xsu))}.
0 0

For case (3), in light of (3.12) in Theorem 3.5, it will suffice to show that for all s < ¢ it holds

Balay (5, X)Gu) = [ a5, X3) (55 = 0, 0) = gl — 0, X)) du
s (13.5)
= /0 E, [aT(s, XS)(g;f*(s — Uy Xo—y) — gr(s — u,XS_u))}du.
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The derivation of (13.5) is identical to the proof of (13.4) (with ¢ replaced by s) and uses the
time-inversion identity (13.1).

14. Time periodic case: Proof of Lemma 4.2, Lemma 4.3 and Theorem 4.5

Proof of Lemma /.2: Since r*(x,y) > 0 whenever r(y,x) > 0, Assumption 4.1 implies the irre-
ducibility of the Markov jump process with generator £*, and this is equivalent to the fact that zero
is a simple eigenvalue of £* (trivially the non-zero constant functions are the associated eigenvec-
tors).

Let us move to the other complex eigenvalues. Write f € L%(rw) as f = fr + ifr, where fg, fr
are real functions. Then we have §R(<f, E*f)) = (fr, L*fr) + (f1, L f1), R(:) denoting the real
part. As for real functions g we have (g, L*g) = (Lg,g) = (g, Lg) we conclude that §]‘E(<f7 L*f}) =
(fr,Sfr) + (f1,Sfr), where S = (L + L*)/2. As Sg(x) = 3, rs(z,y)[g(y) — g(x)] with rg(z,y) =
(r(z,y) +r*(z,y))/2, we find that S itself is the Markov generator of a Markov jump process on X
with rates rg(x,y) which are easily seen to satisfy detailed balance w.r.t. w. We therefore get

ZZ z)rs(z,y)gy) — g(x)*> >0 g: X = R. (14.1)

Moreover, since rg(z,y) > 0 if r(z, y) > 0, also S is irreducible. This implies that (g, —Sg) in (14.1)
is zero if and only if g is constant, and otherwise it is strictly positive. Putting all together, we
conclude that ?R(( 1, L f)) < 0 for any f : X — C which is not constant. Now let f be an eigenvector
of £* with eigenvalue A # 0. We have (f,L*f) = A||f||>. Hence, R((f, L*f)) = R\)||f]|*. As f is
not constant (otherwise we would have A = 0), we conclude that 0 > R((f,£*f)) /[ f|I* = R(\). O

Proof of Lemma /.5: Recall that we consider a,; as column vectors, while we consider m,my, 7T
as row vectors. We write A™ for the transpose of a matrix A and we denote by D the diagonal
matrix with diagonal z—entry given by 7(z). Letting P} := e?*", we have (P}, = Po(X5 = y) =
(Pr)y27m(y)/m(z). In particular it holds P; = DP:D~! and #7 = Da, thus implying that

(#(Pr—1))" = D(P; —Da. (14.2)
On the other hand, by Theorem 3.6, time-inversion and the T—periodicity of 5, we have

(wPr)(z) =Y m(y)Or=oPy (X3 = 2) = OroBr [Lxr_y]
y

= /OT dsEr [Lix;—ayr—s(XJ)] = W(ﬂf)(/OT ds 685*1#%8)(93) (14.3)

= W(m)(/OT ds esg*w,s> (x).

Hence, rewriting the members in (4.5) as (14.2) and (14.3), we have D(P;—I)a = —D f(;[ dse=" .
We therefore conclude that a € L3(7) solves the equation in a

T
(Pp — T = —/0 dse’* ¢ g a e L3(m). (14.4)

As (Pj — 1) is injective on L3(m) (recall that 0 is a simple eigenvalue of £*), we have that the
solution in Lg(m) of the above equation (14.1) is unique. Since [;° dse** ¢_, belongs to L3(r), to
conclude the proof it remains to check that o := fooo ds e 4p_, solves (14.4). By the T-periodicity
of 15, we have

o0

00 T o0
/ dsesE = / ds 3 e+ Y | (3 T / ds e, . (14.5)
0 0

k=0 k=0
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Since eT*" = P, we gather that (Pj — 1) Y 22, e~ = —I on L3(). This observation and (14.5)
imply that o = fo ds et 4p_, solves (14.4). O

Proof of Theorem /.5: Since X is finite (and therefore sup,cy 7(z) < 4o00) and ¢ is bounded, g

satisfies Condition C[m,T].

e Proof of (4.8). We have E., [v(X)] =, Tr(x)ﬁ;’(tg)v(x), hence Oy—oEr, [v(X})] = 7[(ar,v)],
e. (by Corollary 4.4) O\—oEn, [v(X})] = Jo% ds (v, e ), which allows to conclude.

o Proof of (4.9). By (4.8) it is enough to show that

¢ t
Or=0Er, [/ U(S,X?)ds} :/ Or=0Er, |:’U(S,XS>\)] ds.
0 0
To this aim we observe that, by Fubini’s theorem,
t t
GAOIEM[/ v(s,Xi‘)ds] = 8>\0/ Er, [U(S,X?)]ds
0 0
EEnr, [v(s, X2)] — Ex[v(s, X2)]

S

ds (14.6)

= lim
A—0 0 )\

t
+(3>\0E7T[/0 ’U(S,XSA)dS].

Note that, since X is finite, the assumption fot lu(s,z)|ds < oo for all x € X easily implies that

fg |v(s, Xs)|lLrp,)ds < oo for all p > 1. Thus in the last term of (14.6) the derivative can be
exchanged with the integration as follows by comparing (3.8) and (3.9) in Theorem 3.5. The term
in the middle line of (14.6) equals

t AN A _
lim/ v(s,x)Pﬂ(XS =) — Pr(X{ x)ds
0

X A—0 A
. t
_ Z Z }\136 [7( :((yy)) — 1>/0 v(s, ) IP)y(Xsf\ = x)ds (14.7)
TeEX yeX
=3 Y / o(s,2)P, (X, = a)ds,
TeEX yexX

where in the last equality we have used the dominated convergence theorem to argue that
lim o fgv( )Py (X = 2)ds = fo z)Py (X5 = x)ds, since by assumption fo [v(s,z)|ds < o0
for all z € X and by Theorem 3.5 P, (X S)‘ = z) is differentiable (and therefore continuous) at A = 0.
Reasoning as done for (14.7) (but Without the use of the dominated convergence theorem), we get

Er XN | —Enx|v(s,X2
that the last expression in (14.7) equals fg limy_,0 —2 [v(s )]/\ [v(s )] ds.

Since we have been able to exchange the limit with the integral in the term in the middle line of
(14.6) and to exchange the derivative with the integral in the last term of (14.6), we conclude that

t t
(%\ZOIEM{/O v(s,Xg\)ds} :/0 Or=0Er, |:U(8,XS)‘):|dS

as required.

e Proof of (4.10). We now focus on Oy—oEx, [Zse(o,t] als, X2, X)].

Generalizing (2.6), we set B, (s,z) := Zyexﬁ(s,x,y)r;\(x,y) for any 8 : [0,t] x X x X — R.
We claim that the process [0,] 5 s = > e, olu, Xp_, X)) — [y QA (u, Xdu € R defines a
martingale w.r.t. Pz, for all \. To prove our claim, we think of the process (&s)se[o,g, Where
&s = (s, X>‘ X)‘) and X0 = XO, as a PDMP with state space R x X x X and with the following
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local characteristics Davis (1993, Section 24): the jump intensity rate at (s, z,y) is given by #)(y) =
> .cx T2y, 2), the probability transition kernel equals Q((s,2,9),-) = > .cx (12 (1, 2)/72(Y)) 0(s.4.2)
and the vector fields on R associated to each (z,y) € X x X are given by the unit vector field.
Then the claim follows from Item 2 of Davis (1993)[Theorem (26.12)] applied to the process
(M) sejo,q defined therein, since the integrability condition in the above cited theorem reduces

to Ex, [> e, la(s, X2, XM)|] < +o0. Due to Item 1 of Davis (1993)[Theorem (26.12)] the above
bound is equivalent to the bound E, [ f(f a2 (s, X M] < +oo. This last bound is fulfilled since the

expectation inside can be bounded by el Y ovex fg || (s, x)ds, which is finite by our assump-
tions.
Due to the above claim we find

t
OAZOIEM[ Z a(s,XS’\_,X?)} = ax\OEm[/O arsx(s,X;\)ds}

s€(0,¢]

¢
= 6,\:0/ Ex, [arﬁ(s,Xﬁ)]ds (14.8)
0

= 0,\:0/0 Z Tas(2) Z als, z,y)rd(xz, y)ds.

reX yeX

Similarly to (14.6), to see that in the last term of (14.8) the derivative can be taken inside the
sign of integration we proceed as follows. Since my 4(z) = Y., mA(2)Po(X2 = ) and 7(z) =
> ex T(2)P.(Xs = ), we can rewrite the last term of (14.8) as the sum of the following three
terms:

t

A= Z lim {MPZ(XS)‘ = x)e)‘g(s’gg’y)a(s,x,y)r(m,y)ds] ,
oy aCX A—0 0 )\

t A —
B : Z lim PZ<X5 - $) — ]PZ(XS —_ .%') e)\g(s,:v,y)

7(z) a(s,z,y)r(z,y)ds,

A—0 /o A
T,Yy,2EX
t Ag(szy) _ q
C = Z )l\lg%) ; m(2)P,(Xs = x)%a(s,x,y)r(m,y)ds.
Z',y,ZEX

For all terms A, B,C' we get that they remain unchanged if we move the limit limy_,o inside the
time integral. This can be achieved as follows. To deal with A, we take M outside the

time integral, we use that limy_, M = m(2)a(z) and we apply the dominated convergence
theorem to get the limit of the remaining time integral. Indeed, the remaining integrand is bounded
for, say, all A € [0, 1], by ell9ll|al,(-, z), which is integrable on [0, ] by assumption. To deal with B
we use that P, (X2 = ) differs from its first-order expansion P, (X, = z) + \E, (Lx,=21Gs(X[0,4))]
by at most cA?, where c is a constant independent from z and s (this follows from the last statement
concerning (11.5) in Section 11). We then apply the dominated convergence theorem (we use again
that |al.(-, =) is integrable on [0, ¢] and we bound E,[1{x,—,3Gs(X[,5)] by [|gllec (t+E-[IN¢]) < +o00,
N¢ being the total number of jumps in the time interval [0,¢]). To deal with C' we just apply the
dominated convergence theorem.

As commented above, all terms A, B, C' remain unchanged if we move the limit limy_, inside the
time integral. This allows us to conclude that in the last term of (14.8) the derivative can be taken
inside the sign of integration. As a consequence, this term equals

Z () Z /Ot a(s,x, y)@,\:o<ﬂi’(sg) ri‘(m,y))ds.

zeX yeX
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Using that

on-a( 225 20.0) = (anla) + 9o, r,0)

we end up with
t t
8>\:0Em[ Z oz(s,X;‘_,Xg‘)} :/ ds(ar(sy.),a5>+/ Ex[(ag)r(s, Xs)]ds.
s€(0,t] 0 0

As ags = fooo du e"* 1y, (see Corollary 4.4) we have

t
/ ds(ay(s,-), as) / ds/ du{o(s u£*ws u)

(14.9)
/ ds/ du ( “Lar Vs Ys—u) / ds/ dulE, ar(s Xu)ths—u(X0)|
thus giving the identity
t
8A:0Em{ Z oz(s,XS)‘_,X;\)] :/ ]Eﬂ[(ag)r(s,Xs)]ds
s€(0,t] 0
t [ee)
+/ ds/ duEﬂ[aT(s,Xu)ws,u(Xo)].
0 0
O

15. Proof of Theorems 5.1 and 5.3

15.1. Proof of Theorem 5.1. By (5.5) we have V() = > .= exp{Acos(wt)e - v}Er, [r(X}, X+
e)]e. Hence
O=oVi(t) = Z cos(wt)(e - v)E, [r(Xt,Xt + e)]e
e:le|=1

+ D OB, (XN, X+ e)]e = A+ B.
e:le|=1

(15.1)

By stationarity E, [T(Xt, X+ e)] = 77[7“(- ] This observation allows to rewrite the j** coor-
dinate of the vector A as A; = cos(wt)v;7[c;] = R(e“'v;7[c;]). On the other hand, by (5.1) we
have

B; = Oxcon [1(XD)] = R (3 (o = £9)7(¥ - 0)))

Hence

(9r=0Va(®); = R(e™* (wyles] + (3, (w0 = £ 71 (W -0) ) ) = % (wtz Jwvk)  (15.2)

where o(w);x = 7[cj]djxk + (75, (iw — £*)71Wy). This allows to get (5.8), (5.9) and (5.10) (recall
(1.9)).

Let us conclude by showing that the matrix o(w) in (5.10) is symmetric for the reversible random
walk. It is enough to show that (v;, (iw — L) 1y) = (i, (iw — £)71v;) for all j, k. As L = L*, we
have (v;, (iw — £) 7 tyi) = ((—iw — L)1y, v). As v;, 7 are real functions, we have

(—iw = L) g, m) = Y (@) ((—iw — £)71) () ()

xT

—Z (i — £)717) (@) (@) = (e, (00 — £) 715
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O
15.2. Proof of Theorem 5.5. By (5.12) we have
Wa(t) = Z exp { A cos(wt) (z - v) }Eqr, [r(X{\, X+ z)]z.
z€Z
Hence
h=oVa(t) = ) cos(wt)(z - v)Ex [r(Xy, Xy + 2)] 2
€2 o (15.3)
+ Z N=0Bn, [r( X}, X} +2)]2 =1 A+ B.
z€EZ
The j** coordinate of the vector A is given by
d .
Aj = Z %(e’wt( Z zjzpm(r(-,- + z)]))vk .
k=1 z€Z
From this point onwards the conclusion of the proof is then identical to that of Theorem 5.1. [
Appendix A. Local martingales for Markov jump processes
Fixed z9p € X we consider here the unperturbed Markov process X := (X;)s>0 starting at

Xo = xo assuming it does not explode and apply the analysis in Davis (1993, App. A5) to the
process Y := (Y;)s>0 defined as Y := (X,_, X;) for s > 0 and Yy := (29, x0). The process ¥ can
be described via the formalism in Davis (1993, App. Al). To this aim we define T3, T5,... as the
jump times of Y and set Ty := 0, Sy, := T}, —Tj—1 for k> 1 and Zj, := Y7, € X x X for kK > 1. Note
that the jump times 77 < T < ... of the process Y coincide with the jump times 7 < 79 < ...
of the process X. Then the process (zs)s>0 in Davis (1993, page 257) associated to the sequence
(Sk, Zg)k>1 corresponds to Y. We point out that the functions p* introduced in Davis (1993,
page 258) are the following: p' is the law of (Sy,Z;) and, for k > 1, p*(wi,we,...,wk_1;-) is the
law of (Sk,T}) conditional on the event that (S1, Z1) = w1, (52, Z2) = wa, ..., (Sk—1, Zk—1) = Wk—1
(if the above event has positive probability, otherwise the definition of p*(wy,ws,...,wp_1;-) does
not play any role).

We now move to Davis (1993, App. A5) and explain how the key objects there read in our context.
Below A is a measurable subset of X x X and wu, s,t are times in R,.

We want to compute ®4(s) introduced in Davis (1993, App. A5). Setting F4!(u) := Py (S1 >
u, Z; € A), we have ®4!(s) := — f(o,s} st dF (u). Therefore

FXXX,l(u_)

r(zo,dz)

D (s) = Poy (S1 € (5,5 +ds], Z1 € A| S1 > 5) = 'F(mo)ds/ 14 (z0, 21)

x (o)

and therefore ®{'(s) = s [, r(z0, dz1)La(zo, 21) = s(La)r(20).
We now want to compute &4 (wq,s) of Davis (1993, App. A5) with wy = (s1,20,21). Setting
FA2((s1,20,71),u) = Py (Sa > u, Zo € AlSy = 81, Z1 = (z0,71)), we have

1
(I)A s 7:13 7:[' ,S = —/
2 (( 1,40 1) ) (0,5] FXXX’Q((Slvx(]:xl)?u_)

dFA’Q((sl, X0, 1), ) .
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Therefore
d@f((sl,xo,y),s) =P, (52 € (s,s+ds|, Za € A|S1 = s1, Z1 = (x0,71), S2 > 5)

:ds/ r(x1,dxa)la(xy, x2)
X

and therefore ®3'((sy1, 0, x1),5) = s(14),(21).
All other functions @ﬁ can be computed similarly. It then follows that, for s € (Tx_1, Tk, the
function p(s, A) defined in Davis (1993, page 276) equals

p(s, A) = 51(1a)r(Xo) + S2(La)r(X1y) + -+ + Spe1(La)r (X1 ) + (5 = Tima) (La)r (X, ) -
On the other hand p(s, A) and ¢(s, A) in Davis (1993, App. A5) are given by

p(SaA) = Z ]lA(Xu—’Xu) and q(st) :p(S,A)—ﬁ(S,A)
u€(0,s]

Hence, given a measurable function « : [0,00) X X x X — R, we have

M ::/ a(u, z,y)q(du, dx,dy) = Z a(u,Xu_,Xu)—/ oy (u, Xy)du . (A.1)
(0,8]x X x X ue(0,9] 0

Recall from Davis (1993, pages 270, 276) that the (deterministic) measurable function « : [0, +00) X
X x X — R belongs to L'°°(p) if there exists a non-decreasing sequence of stopping times (£,)n>1
such that &, — oo almost surely as n — oo and alpg,) is in L'(p) for all n > 1, i.e.

B (2l X X)lloey @) =B X lalu Xu X)) <o

u€(0,s] u€(0,s]N(0,6n)

for all n > 1. The space Llloc (p) can be defined analogously by integrating with respect to p rather
than p, and it is proved in Davis (1993, Proposition (A4.5) and page 276) that a € LY¢(p) if and
only if a € LY¢(p). Moreover, if a € L°(p) then the process M defined in (A.1) above is a local
martingale Davis (1993, Proposition (A5.3)).

We conclude this appendix by showing that if « : [0,00) x X x X — R is a measurable function
satisfying (7.2), then the associated process M defined in (A.1) is a local martingale. To this end it
will suffice to show that a € Llfc(p). Indeed, define the non-decreasing sequence of stopping times
(&n)n>1 by setting &, := inf{s € [0,00) : }°, (o4 [@(u, Xu—, Xu)| = n}. Then the requirement
alje,) € Li(p) is trivially satisfied, and &, — oo as n — oo by the non-explosion assumption of
the unperturbed process in [0, c0).

When working with functions « : [0,¢] x X x X — R as in the previous sections, one can apply
the above results by setting a(s,-,-) = 0 for s > t. As a consequence, the process (M;) ¢(o, defined
by (7.3) is a local martingale.

Appendix B. Comparison with linear response when starting with the invariant dis-
tribution of the perturbed process

Trivially, our results apply also to a time-independent perturbation function g. In this case we
write the perturbed rates simply as (z,dy) = r(z,dy)e*®¥). Due to time-independence, one
can ask whether the perturbed Markov jump process admits an invariant distribution and if this is
unique at cost of restricting to the class C of distributions which are absolutely continuous w.r.t.
the invariant distribution 7 of the unperturbed Markov jump process. In the case where there is
a unique invariant distribution 7 (in C), it is natural then to investigate the linear response of
the perturbed system with initial distribution given by 7y (analogously to what we have done in
Theorem 4.8 for the OSS when g is time-periodic).
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Concerning the linear response, using the same notation of Proposition 3.1, at a formal level we
would get

OrEr, [F (X )] = Orcon, [F (Xio)] + 0ron [F(X3)]. (B.1)

Our results in Section 3.2 give information on the term 0y\—gE, [F (X[%) t])] in the r.h.s.. Proving

existence and uniqueness of 7y and analyzing the term Oy—oEr, [F (X [o,t})] in the r.h.s. is usually
hard (cf. e.g. Faggionato et al., 2019; Gantert et al., 2017, 2012; Hairer and Majda, 2010; Komorowski
and Olla, 2005; Lebowitz and Rost, 1994; Mathieu and Piatnitski, 2018). The analysis simplifies
when one can use perturbation theory, e.g. when the unperturbed process is an irreducible Markov
chain with finite state space X'. This case is indeed covered by Section 4 as a degenerate case,
since any time-independent function g is also T—periodic (for any 7" > 0) and in this case the OSS
coincide with the stationary state. In particular, Theorems 4.5 and 4.8 give the linear response of
the perturbed system with initial distribution given by 7).

We now sketch a direct analysis of term Oy—oEr, [F (X [O,t])] for this particular case (i.e. irreducible
Markov chain with finite state space), without passing through time-periodic systems. As well as
giving a more natural derivation, this will also explain why the decomposition (B.1) leads indeed
to the same formulas appearing in Theorems 4.5 and 4.8.

Recall the definition of the operator £* and its rates 7*(z,y) given in Section 4. Since 7*(z,7) > 0
if and only if r(z,y) > 0, the perturbed Markov chain remains irreducible and therefore it has a
unique invariant distribution 7y (since w(x) > 0 for all z € X, trivially 7y < 7). The time-invariance
of 7y corresponds to the system

Z <7T,\(y)rk(y, x) — 7T)\(l’)7‘>\(33,y)) =0 Ve e X. (B.2)

Yy

If we see 7y as a row vector and the infinitesimal generator £* of the perturbed Markov chain as a

matrix, the identity (B.2) corresponds to T L = 0. By matrix perturbation theory (Kato, 1982),

we get that my is differentiable at A = 0. Therefore, setting 7(x) := Or—omr(x), from (B.2) we get
S (7)r(y,z) — w(@)r(z,y) = (r@)r(@,y)gl@.y) — m(y)ry, 2)g(y,2)) , Yz € X.  (B.3)

y y

Dividing by m(z), using the intertwining relation 7(a)r(a,b) = 7(b)r*(b,a) and that }_ r(z,y) =

>, 7" (z,y) (which can be derived from }_ w(z)r(z,y) = >_, 7(y)r(y, z) and the above intertwining

relation), we get that (B.3) is equivalent to

——, @) =) (@ y)gy, ) —r(z,y)g(x,y)) (B.4)

Y

T Tio) e
,C;— ¢, ﬂ_(ﬂf)—

Note that (z) = ¢¢(x) for all ¢ > 0, with 9); defined as in (3.15) and (4.6). Since L£* is an
isomorphism when restricted to L3(m) (see Section 1) and Z,¢ € L&(r) (as can be easily checked),
with the notation introduced in (4.2) and due to Lemma 4.2 we get £ = —(L£*)"1¢y = I e qpds.
Note that this last identity coincides with that of Lemma 4.3. In the same context of Proposition
3.1 we then get that

O=oBry [F(Xp0.))] = Ex [(£71)*9(X0) F (X))

_ /O - Ex[e* ¢(Xo)F (Xpy)]ds. (B5)

If e.g. one takes F(£j ) = v(&), the rightmost term in (B.5) equals

/OOO Ex[¢(Xo0)v(Xiys)]ds = /too Ex[t(Xo)v(Xs)]ds.
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Hence, due to decomposition (B.1) and the first formula in Theorem 3.6, we obtain (4.8) in Theorem
4.5. The same analysis can be carried out also for (4.9) and (4.10).

We stress that the above derivation is based on matrix perturbation theory, while for more
general stochastic systems more sophisticated approaches are necessary (cf. Hairer and Majda,
2010; Komorowski and Olla, 2005; Mathieu and Piatnitski, 2018).
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