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Abstract

The exact response theory, also known as Transient Time Correlation Function formalism,
is a powerful method concerning how observables respond to a given perturbation of
the dynamics of the systems of interest, and it extends linear response theory to generic
(autonomous) dynamical systems. Its main ingredient is the so-called dissipation function.
In this paper, we adapt this theory for time-lagged systems, and we illustrate its applicability
considering simple examples of delay equations, with different memory terms. Adopting
the technique already used for time deterministic as well as stochastic time-dependent
perturbations, the dynamics is described in a higher dimensional phase space, in which the
delay-dependent dynamics is mapped into an augmented phase space: the new dynamics is
proven to be autonomous and suitable for the exact responses to be computed. In addition,
we explore the comparison between linear and exact approaches for a specific kernel choice.

Keywords: Transient Time Correlation Function; uncertainty quantification; dissipation
function

1. Introduction

One of the most successful tools developed in statistical mechanics is linear response
theory [1], which is an easy and intuitive approach to describe macroscopic systems driven
away from, but close to, thermodynamic equilibrium in terms of their equilibrium dynamics
and probability distributions [2,3]. Its range of applicability is wide and widely used in a
lot of fields, such as climate physics [4], and justifies all linear transport laws. However, it
applies to small drivings and away from critical situations such as those concerning phase
transitions. More recently, an exact response theory has been developed within the field of
molecular dynamics, emerging from the literature concerning fluctuation theorems [5-7].

W) Check for updates This theory is also called Transient Time Correlation Function (TTCF) formalism [8-10].
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In this paper, we propose an adaptation of the methods used in [17,18] for treating
systems characterized by a time-delay in the dynamics, which are a fundamental tool
of investigation for feedback control [21], and other countless phenomena [22-24]. In
doing this, we will also touch on the problem of quantification of uncertainties [25], which
is of interest in general time-evolving systems well beyond statistical mechanics. This
involves the derivation of information on the moments of the distributions under study,
which the exact response theory allows, since the powers of an observable are observables
themselves [3,26].

The paper is structured as follows. In Section 2, we recap the main ideas behind the
exact response theory, or TTCF, starting from the linear response theory, a fundamental
framework in which the role of the initial perturbation is highlighted. After that, the
augmented phase-space method is summarized, where a time-dependent perturbation is
described within an enlarged phase space: its role is to embed both the physical dynamics
and the time-dependence of the perturbation within a harmonic oscillator. This choice al-
lows one to describe the system in the higher-dimensional space in terms of an autonomous
dynamics, in which the time-independent theory can be applied. In Section 3, we develop
the model of a particle within a viscous media whose effect on the velocity is time-delayed.
Specifically, we analyze three kinds of kernels: the Erlang-type kernel, a rich class including
a long-tail distribution for the delay [27], the exponential as its special first-order case,
and the stepwise kernel. We also analyze how averages of simple quantities change. We
computed as examples the averages of some interesting physical quantities. Furthermore,
in Section 4 we provide a comparison between the linear response approach and the exact
response method. Finally, in Section 5 we discuss our work and summarize the main results
of the paper and how the augmented phase-space method allows one to treat time-delayed
systems: this idea can be applied to a wide class of problems, as discussed below.

2. Response Theory

This section recaps the mathematical background for the response theory and summa-
rizes the main results of [28-30], explained in higher detail in [3].

Suppose .# is the phase space of a physical system whose quantities are described
by the phase-space variable I' € .#, where I' := (q1,...,9n,pP1,...,Pn) represents the
configuration of a system of n particles, and suppose the known evolution rule is defined
in terms of the following dynamical system:

I'=G(I), (1)

whose solution at time ¢, given by S Ty, concerns the initial condition I'y and the evolution
operator S [31]. A useful quantity is the phase-space variation rate A : .# — R defined as

A= Vr-G. (2)

where the dot represents the scalar product. Endow the phase space with a suit-
able probability measure absolutely continuous with respect to the Lebesgue measure,
duo(I') = fo(I')dT’, where fj is the probability density. Let a physical observable be defined
by 0 : .# — R. If dug is not invariant, its density evolves in time and is denoted by f; at
time t. Then, the phase-space average of & at time ¢ is expressed by

Bq(0) = | omfmar. )
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2.1. Linear Response Theory

Linear response theory is a powerful tool useful for understanding the effect of a small
intensity perturbation. Given a physical system described by the dynamical system Gy(T'),
suppose a perturbation is switched on at time ¢ = 0, in the form of an additive vector field
Gext(T', t) = F(t)r(T):

G(F/ t) = GO(F) + Gext(r/ t)/ (4)

where G governs the dynamics after the perturbation of dimensionless intensity .#, and
7t depends only on the phase variable I'. The evolution of the probability density in time
starting from an equilibrium distribution fj is described in terms of the Liouvillian operator
2, which satisfies the Liouville equation:

0 . .
Y V0 (fO) = V- (fGo + fGe) =~y + Lo)f = —iZf )
where % f = —iVr - (fGp) denotes the Liouvillian of the unperturbed dynamics, and

Loxtf == —iVr - (fGext) the one of the perturbation. Truncating to first order in the pertur-
bation, the solution of the Liouville equation takes the form

fi(T) = et fy(r J@e*”%zmmmm+Ho ©)

where the higher orders in .# are taken into account by H.O. and thus are negligible. The
corresponding linear approximation to the evolution of observables is then expressed
by [2,3]

Eﬂ[ ]Efo f dSR i’*S ) (7)

where R(t) is the response function expressed by

R(t) = BEf, [(60Sp)]], 8)

in which | is the dissipative flux. This celebrated result, is the basis of the linear transport
laws. Remarkably, it shows that memory is practically unavoidable in the response of
dynamical systems. This fact can be neglected when describing the behavior of thermody-
namic systems, because the memory decays so rapidly compared to observation times that
it is not relevant on the macroscopic scale. On the other hand, many non-thermodynamic
behaviors are known, even at the macroscopic level, in which memory effects are unavoid-

able [3].

2.2. The Time-Independent Exact Response

The exact response theory was first developed by [7]. In this section, we summarize the
time-independent exact response theory in the framework of general dynamical systems,
which have been thoroughly explained in [3,9]. Suppose that the dynamics is described by
I' € ./ in terms of the following evolution rule:

I'=G(I,t) = Go(I') + Gext(T, t), €)

where Gyt (T, t) denotes the perturbation employed on the unperturbed dynamics, with
flux S'T. Let f; be a probability density function such that du(T') = fo(T)dT. Performing the
divergence operations in Equation (5), and grouping terms in a different way, the Eulerian
form of the Liouville equation (Equation (5)) can also be written as

Liry= oy, (10)

https:/ /doi.org/10.3390/e28030350
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with (') being known as the dissipation function, defined by
Q) == —A@T) = G(I') - VrIn f(T), (11)
where A is defined in (2). The solution of (10) takes the form
fost(S'T) = exp{QL 4 (T}A(D), (12)

where Q{?t (I = S; Ofo(SET)d( is the integral of the dissipation function along the trajectory
of the flux of I between s and ¢. As in the linear regime, we are interested in the evolution
of the observables rather than the probabilities. In this case, one obtains the following:

t
I@xﬁ):Eﬁxﬁy+LﬂyJQﬁ(ﬁosﬂkh, (13)

where o denotes the composition, i.e., the evaluation of the observable under the action of
the dynamics 0'(5°-).

Equation (13) highlights that the evolution of the ensemble average of an observ-
able can be computed in terms of the unperturbed equilibrium distribution fy: the key
difference between the linear case lies in the fact that the exact evolution is given by the
dissipation function Q0 and that the flow of the dynamical system is the perturbed one
5°. Originally derived for time-independent perturbations, this theory has then been
extended to time-dependent perturbations [16,17], to stochastic time dependencies [18],
and to quantum mechanics [19]. In the next subsection we illustrate the case of time-
dependent perturbations.

2.3. The Augmented Phase-Space Method

To cast time-dependent perturbations within the framework of the exact response the-
ory illustrated above, one can remove the time dependence introducing auxiliary variables,
enlarging the phase space as follows. Given a generic dynamical system I' = G(T) suppose
we have an additive perturbation written in the form

I = G(T,t) = Go(T) + Fw(t), (14)

where G and Gy stand for perturbed and unperturbed vector fields, respectively. Since any
perturbation can be interpreted as periodic with period T, such that T is enough larger than
the observation scale time, we can rewrite any perturbation as a Fourier series:

+00

40
Fw(t) = Z a,ePrt = Z apwn(0,¢) = w6, ¢), (15)

n=—00 n=—0o

where B, = 27tn/T are the Fourier frequencies. In recent work [18], an analogous strategy
has been carried out to handle stochastic perturbations, making use of the Karhunen-Loeve
expansion for Wiener and other stochastic processes. In practice, the main difference
between the stochastic and deterministic perturbations is that the coefficients a;, are random
variables in the first case and are fixed numbers in the second. Therefore, the two cases can
be easily treated in parallel. In both cases, one may assume that the perturbation is periodic
with a period much larger than any physically relevant time [2]. Then, this periodicity
suggests the use of a harmonic oscillator in the space .#p,, to remove the time variable from
the relevant vector field:

=9

it (16)
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The dynamics now lives in the augmented phase space .# := .4t x Mpp Whose phase-space
variable is I' = (T, 6, ¢). Substituting (15) in (14), and explicitly writing the components of
the vector field, we obtain the following:

(r> + Zn——oo Ky1Wn (9 4))
G (r> + Zn:—oo Kp2Wn (9/ 4))

(L,0,¢) = : (17)
GN(T) + X0 o annwn (6, )
¢

—w?6

Qz

T(t) =

where the angular variables obey Equation (16). In this way, the exact response theory can
be applied, up to some adaptations to the current time-delayed case. In the augmented
space, the phase-space variation rate A = div G equals the unperturbed rate due to the null
contribution of the harmonic oscillator dynamics:

A(T) = A(D). (18)

Given fo(I') and go(6, ¢) probability distributions over ./ and .#j, respectively, the un-
perturbed distribution over the augmented phase space dji on .# can be given by the
probability density

fo(T,6,¢) = fo(D)g0(6, ¢), (19)

i.e., factorized in terms of the two independent distributions. Then, the dissipation function
Qo for the augmented phase space takes the form [18]

N (T,0,9) = ~A(T,0,¢) ~ < In foT,0,9)

1
A Vfo(T,6,¢) - G(T,6,¢)

; 1 t® N ofo (20)
=Q/T) - o) nZOO wn (0, 9) Z “nkm(r)
1 &go ago )
6, 0,
1 AT
and the exact response for a generic observable ¢ reads as

4101 = B0+ [ B0(605ds

(21)

[0 fEO (60 )]s,

where the first term in the right-hand side of the formula is equal to the average of the
observable with respect to the unperturbed distribution, while the second expectation is
evaluated over the extended phase space .#p,. More precisely,

E;[OF(605)] = L//G(,, 0(6, ¢)dod¢ L{ Qf(T,6,$)0(5°(T)) fo(T)dT, (22)
where, being that the observable ¢ is only dependent on I', the embedding in the extended
phase space I does not change its values and one can state that & (5°(T')) = ¢/(S*(T')), where
S expresses the perturbed evolution in the original phase space .#, while $° expresses
that in the augmented space .#. The extra term takes into account the evolution of the
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time-dependent perturbation in the integral in ///94,, whose action on w;, is an average with
respect to go(6, ¢).

The choice of gj is independent of the dynamics and thus a convenient choice of
distribution is the uniform one, since all derivatives vanish to 0 and ergodic consistency
is not violated, as pointed out in the relevant work [6]; further details on the effect of a
peaked distribution on specific initial conditions are given in Appendix B.

3. Delay Equation

We now turn to delay equations, illustrating with several examples how the exact
response theory can be applied. We consider the following paradigmatic equation:

o(t) = jo g(t— D(@)dZ = —(g+0)(b), (23)

where g is the memory kernel. In this class of equations, the current rate of velocity change,
v(t), depends not only on the current velocity v, but on the entire history of the system.
However, the specific examples we consider only serve as illustrations of the applicability
of the exact response theory. Whether the delay equations are solved analytically or
numerically and the form of their solutions does not concern our work. Also, the symbol v
is commonly associated with a velocity, but it may represent any quantity of interest.

It is reasonable to assume v and g Laplace-transformable on [0, +c0) as both the state
variable and the convolution kernel are typically locally integrable. Thus we prescribe the
following initial conditions for the dynamics (23), v(0) = vy, v'(0) = 0, and introduce

+00

+00
v<s>=${v}<s>=j ettt Gls) = Z{g}(s) = fo eg(bd,  (24)

0
where s denotes the Laplace domain variable. In order to recast the original differential
equation into an algebraic form, we make use of the Laplace transform property for
convolutions, obtaining

-1 -1 (40
= = . 2
o) = 21 - 2 g 25)
For a vast set of phenomena, tempered kernels of the form
ata—le—bt
8(t) = T (26)

with « € RT are employed to describe anomalous transport scenarios like fractional
diffusion [32-34] whenever « describes fractional dynamics, otherwise they can describe
non-trivial memory effects. In return, the inverse Laplace transform of V(s) typically
involves Prabhakar-type Mittag—Leffler [35] functions such as

2 (7)k 27

(28)

https://doi.org/10.3390/e28030350
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For this family of memory kernels, like for many others, solutions can be obtained with
well-known techniques. However, we will only use them as illustrations of the applicability
of the TTCF formalism, based on the extended phase space and dissipation function Q2. The
purpose of the present paper is indeed to show how the response of dynamics expressed
by delay equations can be approached within that formalism, that also provides techniques
for the quantification of uncertainties. In the following we consider three main functional
forms of g(t), the Erlang-type kernel, a particular kind of tempered kernel where parameter
« in (26) is a positive integer, the exponential case, and the stepwise continuous function,
through which one can arbitrarily closely approximate memory kernels of a vast class
of forms.

3.1. Exponentially Decreasing Memory Kernel

The Erlang-type kernel with & = 1 simply reduces to g(t) = ae~"*, whose physical
meaning is also known and used for modeling fast decaying memory, as for some viscoelas-
ticity models [38] and brownian motion with memory effects. Substituting this functional
form into (23), we obtain

u(t) + bo(t) + av(t) = 0, (29)

where the exponentially decaying memory allows the system to be recasted as a damped
harmonic oscillator. Being that the system is autonomous, the exact response formalism
can be directly applied by introducing auxiliary variables x(t) := v(t), z(t) := x(f):

Lo _ z(t)
) =G = <—ax(t) - bz(t))' (30)

with I' = (x,z) € .#. The flow associated to the current dynamical system reads

gt <x0> _ (xoe—bt/Z (cos(a)t) + % sin(wt))) 31)

29 —x0 Le t/2(sin(wt))
where w = v4a — b?/2 is the system’s natural oscillation frequency. Initial conditions are
set to x(0) = xp and z(0) = 0, consistent with the original system (23).
For the sake of illustration, we now choose a bivariate Gaussian distribution as the
initial probability density:

_ 1 _ (x— Vx)z _ (z - FZ)Z
folx,z) = 2noyes O F < 202 202 ) (32)
Since the phase-space variation rate A(I') = V- G(I') = —b, the dissipation function
reads as
O — _A(T) = Vrln fo(T) - G(T) = 25 ;2“") — (ax + bz)(z;iz’m +b. (33)
X z

Let us now focus on the evolution of some physical observables. Taking & = x, since
that the initial expectation Ef [x] = iy, the correlation function yields

https://doi.org/10.3390/e28030350
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[[Eaiafece sas
0

— fot L// <z(x;;") — (ax + bz)@ + b) (cos(ws) + % sin(ws)>xoe—bs/2

oz

(x—pz)* (2= p2)?
X o exp ( 207 202 dxdzds

__Hz b2 -~
<2w sin(wt) cos(wt))

27005

(34)

so that
Ej[x] = By, [x] fEf [ (x 0 $°)]ds
b (35)
= Ux+ %e_bm <2a) sin(wt) — cos(wt)).
xvz
If we take & = x?, we get that E o [x?] = 02 + 2 and

f B, [0 (2 0 57)]ds

Jj ( &= i) (ax+bz)(z;22”2)+b)

b2 b
2 2 . 2 ,—s
x (cos (wt) + 12 5 (wt) + — cos(wt) s1n(wt))xoe (36)

N2 Y
1 eXp <_ (x VX) _ (Z VZ) )dxdzds

x 2 2
27050, 20% 207

a+b> . a b(3a — b?) a-b
= #x]/lz( ab —e (b(,ﬂ + W COS(ZUJt) — i sm(Zwt))),

so that

Ef[x*] = Ep[x*] + Lt Ef, [0 (x? 0 §%)]ds
(37)

T a+b®  _( a  bBa-b? a-b*
=0y +tpx+ Vxﬂz( poa e o2 + i cos(2wt) 5o sin(2wt) | |.

With the just computed two moments, we can now estimate the evolution of the
uncertainty of the observable x, if it was initially given by the bivariate Gaussian (32).
Since the expected value for the observable &' = z is simply Ef, [z] = piz, we have that

fot Ep,[0f(z05%)]ds
- .rj (Z(X—zﬂx) — (ax + bz)(z_iz}&) + b) (_ﬁ Sin(a)t))xoe_bs/z
0oJu 02 2 o2 2 " -
) 270307 p (— x ;UEX) G ;UIZ;Z) )dxdzds
= 27_[}(:(02 (—1 2 (cos(a)t) + % sin(wt))),

hence finally we obtain

https://doi.org/10.3390/e28030350
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t
Ej 2] :Efo[z]+f0 B, [0 (z 0 5°)]ds

_ Hz . —bt/2 L :
=Yz + < 1+e (cos(wt) + 50 s1n(wt)>>.

z
271005

(39)

Comparison with Evolution in .4

Let us now introduce a fictitious time-dependent perturbation w(t) = 0 amplified
by some factor F, with the purpose of representing the same system treated above within
the extended theory, for time-dependent perturbations. The dynamical system now takes

the form
I'(t) = G(T) = 2() (40)
B ~ \ —ax(t) —bz(t) + Fw(t) )
and, following our approach, it is first re-written over the extended phase space .# =
M % My as
z(t)
f(f) _G(T) = —ax(t) — bz(t) + w(6, ¢) . 1)
¢(t)
—w?0(t)
The corresponding evolution in .# follows
X X —ht/Z( b
0 0e cos(wt) + 5 sin(wt)
at| 20| _ —x0e /2L sin(wt) ‘ (42)
6o 6y cos(wt) + % sin(wt)
$o ¢o cos(wt) — wbp sin(wt)

The bivariate Gaussian (32), over the original phase space .#, still is the unperturbed
probability density. Then, we define the initial distribution in the augmented phase space as

fo(T,0,¢) = fo(I)go(6, ¢), (43)

choosing the uniform distribution over .#p, with F = 4 / 02 + ¢3, so that go(6, ) = 1/27p.
In principle, this expression allows a variety of initial values for the time-dependent
perturbation, unlike the usual expression that has a fixed initial value. Although irrelevant
in the present case, because the perturbation vanishes, this is useful in general, as it allows
one to also study the consequences of the distribution of the initial perturbation values.
These, like any other physical quantity, are typically affected by errors or uncertainties.

Given that A(T) = A(T) = —b, the dissipation function over the augmented phase
space now reads as

ah(T,6,¢) = —A() - fo(rlgcp)v/%(r, 6,¢)- G(T,0,9)
A - , (44)
AT) = 5 VA - GO)
— 0Ofo I),

https:/ /doi.org/10.3390/e28030350


https://doi.org/10.3390/e28030350

Entropy 2026, 28, 350

10 of 24

as required, since Fw(t) = w(f,¢) = 0. Similarly, by choosing a generic observable
0 = 0(T') and evaluating the response to the perturbation, we get

E -

t ~ F ~ ~
7101 =E; 0] +L Efo[ﬂfo(ﬁoss)]ds (45)

but since (/0 (T,8,$) = Qf0(T), it is clear that the initial expectation value in .#

E,(0)= | of®dr = | of(Dg(e,e)drdedy
M K%Xﬁggb
[ soe.p)avap [ ofmar (46)
Moy Y
= Efo[ﬁ]

equals its value in .#, as required, and the correlation function in M
[Qfo(F08%)] = f O (608 fy(T)dr
M
= J O (6 0 %) fo(I)g0(6, ¢)dTdOdg
A X Moy (47)
[ soegieds | 0h@os)fmar
My M
=E,[Qf(005%)].

does too. This simple example illustrates how the calculations in the augmented phase
space reproduce those in the original phase space, as should be. However, in the augmented
space, one can additionally treat the possible, and in practice unavoidable, statistic of the
time-dependent perturbations.

3.2. Second Order Erlang-Type Kernel

We now consider kernel (26) with the choice of & = 2, so that g(t) = ate™, with
a,b > 0. This way the dynamics prescribed by (23) reads as

t t
o(t) = —JO gt —s)v(s)ds = — L a(t—s)e Pt=)y(s)ds, (48)

which can be recast in a three-dimensional ODE system of the form

y(t) = —by(t) + z() (49)

upon introducing the following auxiliary variables:

t t
y(t) :=0(t) = —J a(t—s)e PE9)y(s)ds,  z(t) := —J ae (=9 p(s)ds. (50)
0 0
In vector formulation,
(A y
it =|y|=| -ty+z |=cm, (51)
z —ax — bz

https://doi.org/10.3390/e28030350
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it is possible to compute the phase-space contraction rate A(I') = V- G(I') = —2b and the
flow operator

k 13k
X0 X0 Y% ”3;{ - 1F1(2k; 3k + 1; —bt)
| yo | = x0a XL, ;ﬁ; 1F1 (2k +2;3k + 3; —bt) (52)
20 X0 Y- 0[ ;‘,fﬁl, \F1 (2K + 2;3k +2; —bt) + bggf)k Fi(2k; 3k + 1; —bt)]

with compatible initial conditions x(0) = vg, y(0) = 0, and z(0) = 0. Assuming a multivari-
ate Gaussian distribution as the equilibrium pdf,

fO(x/ylz) =

———exp | —
(27‘()3/20'x0'y0'z P ( 20'% 20’5 20'22

(x - ,ux)z (y - }’l]/)z (Z - #2)2 > , (53)

the dissipation function is as follows:

0fo = “A(T) — Vrln fo(T) = —2b — y(";;‘x) by + z)“’(;;y) 4 (ax + bz)(Z;ZZP‘Z). (54)

Considering now the evolution of observable & = x, that describes the system’s velocity,
being the expectation E [x] = piy, the correlation function yields

Ef, [0 (x08%)]
1 (x — pa) (Y — y) (z — pz)
- —2h -y~ (p Y bz)——FZ
(2n)320.0y0- J//( Vg ) 7 (00 (55)
& aksk (x—p)®  (—py)? (z—p)?
X (x Z @ 1F1(2k; 3k +1; —bs) | exp ( 207 205 T 02 >dxdydz.

Considering instead & = x?, related to the energy of the system, we first recall that
Ef [x%] = 42 + 02 and express the correlation function as

Ef, [0 (x% 0 §%)]
1 j (x — px) (v — y) (z — pz)
= —2b—y———= —(=by +z + (ax + bz)———*
(27T)3/20x0yaz M ( Y o by +2) 0'5 ( ) o? (56)
£ gk ’ - p)? =) (2 pe)?
X (x Z @ 1F1(2k; 3k +1;—bs) | exp (— 207 207 BT >dxdydz.

Hence, finally, when considering ¢ = y, i.e., the system’s acceleration, we first recall
Ef[y] = py, and the correlation function yields

Ef[Qf0(y 0 5°)]
1 (x — px) (v — Hy) (z —pz)
= —2b—y——~> —(=b bz)——-—~>
@ o, b( Vg AT e )
O kBk+2 (57)
x | ax Z ——— 1 F1(2k+ 2,3k + 3; —bs))
( ~ (3k +2)!
_(x— p)? - Hy)? (== pz)?
X exp ( 202 205 202 dxdydz.
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8(t) + y10(t) =

Regardless of the specific choice of the observable, adopting the response formula
in (13) is sufficient to connect the correlation function with the response of the considered
physical variable at time ¢.

3.3. Simple Function Memory Kernel

Another interesting example of delay equations can be constructed in terms of linear
combinations of step functions, also known as simple functions. These can, in fact, approx-
imate as accurately as needed all integrable functions. Let us begin with a free particle
subjected to a retarded friction oy made of N steps, each acting for a time T:

-

T te(0,7]
N T2 te(T,27]
= Z ViX ((i—1yrir] ) = 3 , YiER, (58)
= v~ te ((N—-1)t,N1|
0 t¢(0,NT]

assuming that no memory is present up to t = 0. By plugging this memory kernel inside
the integro-differential Equation (23) and noticing that the term —(0)v(t) = 0 under our
assumptions, a convenient reformulation of (58) yields

fm(ZVk (t—( —l)T)—H(t—kT)])U(s)ds

=

(59)
N
(71(5 (t—s) Z Vi — Yk—1)0(t —s— (k= 1)T) — yNbo(t — s — NT))U(s)ds
which can be written as
N
= > (= m-1)o(t = (k= DT)H(t = (k= 1)T) + yno(t — NT)H(t — NT), (60)

k=2

that represents a harmonic oscillator subjected to a cumulative time-delayed forcing that
follows specific rules. For t € (0, 7], no forcing is present, while as time grows above T,
additional memory effects play the role of perturbations to the original dynamics. As
time passes, new contributions to the dynamics appear due to past memory terms, whose
intensity depends on the variation rates Ay = yx — yx_1. For t € (0, 7], we have

o(t) + mo(t) =0, (61)
which is the equation of a harmonic oscillator in .# in which the role of the “position” of the

oscillator is given by the velocity and whose solution can be written as v(t) = vy cos(y/71t),
if the initial conditions are assumed to be v(0) = vg and 9(0) = 0. For t € (7,27], we have

o(t) + 1o(t) = —(y2 — 7)ot — 1), (62)

where v(t — 7) is the solution coming from (61), delayed in time by a factor 7. In other
words the system at step 2 becomes

= vp(71 — 72) cos (v (t — 1)), (63)

o(t) + mo(t)
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an ordinary delayed differential equation, whose delay is included in the forcing term; for
more details for an alternative proof see Appendix A. As time grows, additional delays
arise to continue the solution of the previous step in a differentiable fashion, which leads to

H(t) + 110(t) = vo(y1 — 712) (cos(y/71T) cos(y/71t) + sin(/71T) sin(/711))

64
= 00(11 — 12) (A(T) cos(y/71t) + B(1) sin(y11t)), o

where the delay is expressed by the driving terms A(7) = cos(,/y7) and B(7) = sin(/77).
With the necessary caution, this process can be repeated to reach any time ¢ > 0.

For the applicability of the exact response formalism to this class of delayed systems,
let us start from the first step where, for later convenience, we shall call x(t) our physical
(velocity) variable and z(t) its time derivative. Letting ; = 7 for simplicity, we can write

x(t) = 2(t) (G
{2(t):—'yx(t) or I(t) = G(I) (GZ(I’)>' (65)

The flow operator then reads as

gs(*0) _ x0 cos (/1) (66)
20 —/rxosin (yt) )’
having assumed x(0) = xp and z(0) = 0 as the initial conditions, consistently with the

original integro-differential equation. As the phase-space variation rate vanishes, A(I') = 0,
the dissipation function reads as

1 - Mx — Mz
ONT) = — 5 Vfolx2): <_fy x) - = ), = Ly, ©7)

Since no memory effect is present, the time-independent exact response formula could be
initially applied to the evolution of the average of the observable. However, it is better
to use the form defined in the augmented phase space, that becomes necessary for times
larger than 7. In the second step, t € (7,27], we take 7, = 0 and 7; = 7, implying that
memory lasts only for a time 7. The delayed system becomes

X(t) + yx(t) = xp7y cos (v (t — 7)), (68)

which can be cast in the form

(t) = 2(8) .
z(t) = —yx(t) + xo7y cos (y/7(t — 7)) = —yx(t) + Fw(t,7),

where the term Fw(t, ), with F = xp7, accounts for a time-delayed forcing and is not
present in the first step. To account for such forcing we move from the basic dynamics
I'(t) = G(T) to

G1(I)

Go(T) + Faot) |

() = (70)

—w?0
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Xt

Zr

¢

This is done by introducing two auxiliary variables, 8 and ¢, that obey

6
{¢—fw% v

in the corresponding extended phase space .#p,. This allows us to re-write the delay Fuw(t)
as a time-independent term in ./

Fu(t) = A(T)¢ + B(1)0 = w(6, $), (72)

with (6, ¢) = (sin(wt), cos(wt)). In Equation (15), we now have a single frequency, which

7, and ay = 6,1 where §;; is the Kronecker symbol. Therefore, the dynamics of
the system can now be approached as an autonomous dynamical system in .# given by
the following equations:

G1 (F) zZ
f(t) _G(T,0,9) — Gy(T) +¢Fw(6,<p) |t A(;)q) + B(1)6 ‘ 73)
—70 —0.

Referring to the dynamics in (73), the flow operator, with generic initial conditions
(x1,27,0¢, ¢r), can be expressed as

(Arpxe = 0 = 20— GDB(x)K + ADK) ) cos( 1)
+<B( )xe + 2(\/)52 - (\} + (ff)(A(r)Kl—B(r)K2)> sin(y/7t)

(A(T)ZT - Bg}“ + B(D)xey/7 + 52 (A(DK; — B(T)K2)> cos(y/7t)

(74)
—|—<B(T)ZT + 408 — AT+ SR ADK + B(T)K1)> sin(y/7t)
(A(T)GT — (\T%’)T> cos(/7t) + (B(T)(-)T T)(pT) sin(y/7t)
(B(T)QTW + A(T)4>T) cos(y/7t) + ( — A(T)0/7 + B(T)ng) sin(y/7t)
where B
Ki = B: + Agr, Ko = 225 _ A /76, (75)

W

As in the previous example, we take the initial probability density in the augmented phase

space given by Equations (19) and (32) and go(6, ¢) = 1/27p, with p = /63 + $3. This

allows us to write the following:

QP (,0,9) = ~A(T0,9) ~ FI0foT,0.9) = ~ =S T(T0.9)-CT.0.9)
_ofory L Ofo(x,z)
(1) - | Lo, 0)| 76)
—0h[) + %(A(ryp + B(1)0).

z

We note that this dissipation function equals the dissipation function for the original
dynamics with an extra term concerning the contribution of the auxiliary dynamics, which
is linear in both 6 and ¢. Even if the dynamics may look formal without memory, because
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the corresponding kernel is piecewise constant, some kind of dissipation arises because it
still changes in time. The exact response formula now reads as

t s
E;[0] = Ej[6] +J E; (€0 §9)0/0]ds

=E,[0 JJ (0 0§50 fo(T)dI'ds

1) ot
+LL/Z(ﬁ S*)(A(T)¢ + B(1)0) 2 fo(I)dI'ds -

=E[0] + JOT L/[(ﬁo $)QV0 fo(T')dI'ds
t
+f L/(ﬁo §)Qfo fo(T)dTds
! - ~  ~ ~
v [ [ @osamg + b Sl fyraras

z
This equation shows that the exact response in .# is the one for the time-dependent
perturbation with an additional term produced by the variables of the auxiliary space.
That represents the possibility of considering the initial values of the time-dependent
perturbation to be random and distributed according to some given law, while usually
these initial values are fixed. Nevertheless, in some cases, the existing symmetries yield
zero for this term. Consider, for instance, the observable & = x, since trivially E o [x] = pa,

we can write
1 ‘ (x — px) -~ (z—pz)
Troes Jo J/; (x cos(y/7s)) ( =7 o

X z

fT L,(x 0§90 fy(T)dl'ds =

0

—42)? (2= )’ (78)
X exp (_ (x 20'];2%) _ (Z 20-,1;;2) )dxdzds = % (Sin (ﬁt) — sin (ﬁT)))
and
f J xoSs Qfofo )drds N 27T(7x0'z J‘TJ’ |:A 1—/);(2 - B\(;))/Z
- 2\/;[) (B(1)K1 + A(T)K )) cos(\/7s) + (B( )x + Az(;f/)gz B A\(/’%)Z
r— N .
+ <2\/;) (A(T)K1 — B(T)K )) sm(fs)] <( UxP‘ ), o—; >7x)
X exp (_ (x ;UI;X)Z - (Z ; ];Z)2>dXdZdS (79)
ZHUXUZLJ [ ) cos(y/7s) + B(T) sin(y/7s)) x
— (A(7)sin(y/7s) + B(7) Cos(ﬁS))\%)] ((x (—T%MZ I (—Tzzuz) W)
X exp (_ & ;agx)z B ;U§2)2)dxdzd5,
while
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JJ (x0 5 ¢+B())(Z"‘Z)f(f)dfds

(A(T)¢ + B(1) d9d¢f (z— pz) [A(T)xB(T)KZ

27100 f/// o2

27TP Mg 2\
_B(n)z  (t-1) A(DKy A1)z
2 L2 Bk + A ) cos(y ) + (Beyr+ 5022 - 200 .
_ RV
+ 2 Ak =Bk sinws)] exp (— o 20’2"" - anazas
= % (A(T)¢p + B(t d6d4> ) cos(v/7s) + B(T) sin(y/78)) x
(27T) P‘TxUz k//%,
_ )2
— (A(x)sin(y/7s) + B(z) cos(/75)) ﬁ)] exp ( & 202"‘) - B Y araaas,
Considering instead ¢ = x2, since E fo [x2] = y2 + 02, we can write
Jor J//{(x2 o SS)QfOfO(F)dFdS = 27'5;(02 fo L// (x cos(ﬁs))Z ( (x (—T%I/ix)z — (z (—T;z) ’Yx) o
X exp (— (x ;U];éx)Z _é ;UZZ)Z)dxdzds
and
&5\ fo 7 B(T)Z
J J x2 0§90 £o(T)drds = Znaxaz LJ [ Z\F Y
- S Bk + AK) ) costy) + (Brx+ 02 - A0E
DA - Bk sty | (E ot - Eeda)
X exp ( (x ;(T‘l;x)z _G ;U‘uz)z)dxdzds (82)
ZmeUZJ f [ ) cos(+/7s) + B(7) sin(,/7s))x
2 —_ J—
— (A(1)sin(y/7s) + B(7) cos(ﬁs))\%>] <(" U%W)z _G UZ;‘Z)W)
_ 2 _ 2
X exp ( (x Z(TZX) — (z 2(7‘1:22) )dxdzds,
while
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JJ x2 0 §5%)(A(T)g + B(T )9)(2‘”Z)f(f)dfds

Uz

(z — pz) B(1)Kz
Zmrxaz f/// o2 [A(T)x 27
B(r)z (t—1) A(DKy  A(1)z
VY2V 2V VY
_ 2 _ RS
+ (tz \/;) (A(T)Ky — B(T)Ky )) sin(fs)] exp (— (x 2;;") _G 2;2;2) )dxdzds
1

(B()Ky + A(D)K >)cos<fs> (<>x+

G |, A B0)aed [ ELLI () oy o s 7

(27)2p0x0y ) 4

o o 2
— (A(®)sin(ys) + B(r) cos(y7s)) ﬁ)] eXp< « 20’;’“) - B anazas

4

Concerning &' = z instead, recalling that E o [z] = yz, one has

LT I%(ZOSS)QfOfO(F)drdS _ an-xo-z JOT J//[ (= yAxsin(y7s)) ((x ;%}lx)z (z (_T;Z)’Yx>

X exp (_ (x - ]/lx)Z _ (Z ;U];éz)z>dxdzds =z (COS (ﬂi’) — COSs (\F’)/T))

202

and

ff (z0 $)Q0 £y (T) drds_maxazﬁf [(A 27 — K1 + B(T)x0r/Y

+ T(A(T)Kl — B(71) 2)) cos(1/7s) + (B(T)ZT + Az(\/)gl — A(T)xe /Y

+ 820 (Ao + B(T)Kl)) SIn(fs)] <( — i), L) ')/x)

2 0z

— 1. )2 —
X exp (— (x 2(7]/2[x> _G o P;Z) )dxdzds

(s—1)

27‘[0'x(7'z L J [ COS \/75 + B( )SIH(WS))ZT + (B(T)WCOS(WS)

_ _ 2 _ 2
- a@sintys) | (E 2z - Bl oxp (- B EE - B Yz

Ox UZ z

while

JJ (20 §)(A(T)p + B(t )9)(Z_V2)f(f)dfds

27T0x 0 _[//{ < C,ZzVZ) |:<A(T)ZT - Béi/)gl + B(T)xz /Y

— A(T)x\/y

- /,GJ o s |5

n U;J(A(T)Kl -~ B(T)Kz)) cos(y/7t) + (B(T)ZT *

A(T)K1
27

+ (=1 (A(T)Kz + B(T)K )) sm(\fs)} exp (— (o~ pix)? _G _‘uz)z)dxdzds

2 202 207

- (271)2p0y 0

PRV 2
+ (B(1)y/7 cos(y/7s) — A(T)ﬁsin(ﬁs))] exp <— (x 20}?) _ 2;;2) >dxdzds.

z

1 Jj% (A()p + Bl d9d¢f J [ T) cos(+/7s) + B(7) sin(/7s)) z¢

(83)

(84)

(85)

(86)

https://doi.org/10.3390/e28030350


https://doi.org/10.3390/e28030350

Entropy 2026, 28, 350

18 of 24

To better understand the time evolution of such observables, we choose to consider a wider
time interval compared to the one introduced at the beginning of the section. For the sake
of this representation, we considered the case where system (62) is defined for ¢ < 107,
meaning that the piecewise memory kernel has been picked as y(t —s) = 7y for t € (7, 107]
and 0 otherwise. Initial conditions at t = T have been set in order to guarantee continuity
and differentiability of the trajectory coming from the interval t € (0, 7], meaning that
X¢ = xpcos(y/7T) and z¢ = —/xp sin (/7).

We remark that the method we showed for a two-step kernel can be iterated for a
bigger number of steps thus approximating more complex functional forms. This approach
suggests an algorithmic scheme suitable for treating the problems numerically, whose point
of view is often necessary for a wide variety of phenomena [39,40].

4. Comparison Between Linear Response and Exact Response

Let us now show how the exact response method performs against a linear response:
for the sake of simplicity, we consider the memory kernel for the two steps and we restrict
to the case where pi, =0, i = 0,02 = 1/By and (7% = 1/B. Let us consider a perturbation
of a simple Hamiltonian, whose variables of position and momentum are denoted by (v, p):

1 1
H(v,p,t) = Epz + 'yivz —w(t)v 87)

= Hy(v, p) + Hp(v, p, 1),

where Hy(v,p) = %pz + 'y%vz is the unperturbed Hamiltonian describing the un-
perturbed dynamics of the harmonic oscillator of (61) and Hy(v,p,t) = —w(t)v =
—0v(A(T) cos(y/7t) + B(7) sin(/7t)) corresponds to the perturbation that starts acting on
the system at time f = 7. Within this formalism, (v, p) represent the coordinates in the
symplectic space in which H is defined and are physically equivalent to (x, z) supposing
the “mass” is set to 1.

Under these assumptions, the response function (8) is a two-time equilibrium correla-
tion function, in which only the unperturbed dynamics is used,

R(t) = =BEf,[(0 o S5)7t(I)] (88)
and since this is for a Hamiltonian dynamics J(I') = — dzl(tr) , the linear response Equation (7)
takes the following form:
"
Ej(ctzn)[ o) = Efo 1+ ﬁj Efo [(Oo SO) ]d (89)

in which p = kt%T and fo(T) = e~PH0(I) /Z is the canonical equilibrium distribution.

The unperturbed flow Sj considers the dynamics before the perturbation acts on
the system at time T and therefore follows from the equations of motion of Hy for the
variables (v, p).

We now focus on comparing the linear response with the exact response for three
observables, v, p and v2.

The linear response for ¢ = v reads as

EU)[o] = By fo +5J (5)E,[(v0S5) - 7]ds. (90)
Direct calculations leads to
E{"[o] = 0. (91)
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The evolution of v according to the exact dynamics is compared graphically with the
evolution to the linear one and showed in the left panel of Figure 1.
0 = p instead has a linear response that evolves according to

, t
E}im) [Pl =Ep[p] + ﬁL w(s)Eys,[(poSp) - 7tlds, (92)

which is equal to
ER" (] =0 93)

The same comparison for the p variable is represented in the right panel of Figure 1.
Finally, regarding the observable & = ©?, direct calculation leads to a vanishing

response, i.e.,
1

-5

The linear response theory leads to a time-constant term, which is a strong approximation

EU™[0?] = B [0?] (94)

ft

of the actual dynamics, as proven in the previous section.

For a valid comparison between the linear and exact responses, computed for velocity,
acceleration and squared velocity, we set the parameters of the equilibrium distribution fo,
involved in the exact response calculation, to match the ones of the canonical distribution
involved in the linear approach. The following pictures, comparing the evolution of the
response of different observables, refer then to jiy = p; = 0, 02 = 1/B7 and ¢ = 1/8 with
B = 1000 in order to ensure that the variance o; is small enough to approximate a Dirac
delta centered on zg = 0.

— Exact (y=0.5) Linear (y=1.0) — Exact (y=0.5) Linear (y=1.0)
--- Linear (y=0.5) —— Exact (y=2.0) 0.100 -~ Linear (y=0.5) —— Exact (y=2.0)
0.12 Exact(y=10) === Linear (y=2.0) Exact(y=1.0) === Linear (y=2.0)

0.075

0.050

0.025

Ezlv]
Eqlp]

1

0.000

-0.025 \
0.02

000 \;—\ ~0.050 Xy

-0.075

Figure 1. The left (right) panel shows the comparison in the evolution of the response of observable
0 = x, indicated as v in the linear picture (& = z, replaced by p in the linear picture), between exact
(continuous) and linear (dotted) frameworks, for different values of the forcing frequency: v = 0.5
(blue), ¥ = 1.0 (orange) and v = 2.0 (green). For t € [0, T), the dynamics are linear, and the linear
and exact response coincide, as evidenced in the magnification boxes. At ¢ = T, the kernel y changes
discontinuously, which amounts to a strong nonlinearity. The linear response does not capture this
effect, the exact one does: the response result is continuous, with a discontinuity in its time derivative.

While the linear formalism (dotted lines) predicts a null response for variables v and
p, Figure 1 shows how, within the exact formalism (continuous lines), both observables
present oscillations whose amplitude and frequency depend on the specific choice of 7.
Moreover, it is interesting to notice how the oscillation amplitudes increase consistently
with increasing values of 7, despite the non-linear dependence on the forcing frequency.
Indeed, such a parameter is present not only as the frequency of the forcing, but also
alongside xg as a multiplying factor in the dynamics (68), influencing both the frequency
and amplitude of oscillations at the same time. The accordance between the linear and
exact regimes is perfectly captured for 0 < t < T = 1, where the system is described by the
unperturbed dynamics (61). Since the time-dependent forcing w(t) is delayed by a factor T,
differences between the two responses emerge from ¢t > T when a strong nonlinearity (a
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discontinuity in the kernel ) is switched on. Indeed, the linear form of the observables,
the piecewise constant form of 7, and the symmetry of the initial distribution prevent the
linear response from realizing that the dynamics changes at t = 7.

Concerning variable x2 (v2 in the linear framework), displayed in Figure 2, it is
interesting to notice how, within the linear regime, such a response exhibits oscillatory
patterns that differ from the value of . The exact response shows instead an overall
decreasing behavior with oscillations of bigger amplitudes the greater the value of 7. In
this case, the observable is sufficiently sensitive to the perturbation, and even its linear
response evolves in time for t > 7. It differs, however, from the exact response.

Finally, we note that we have treated a case in which the initial value of z equals
zero, according to Equation (23). This can be easily generalized by adding the constant
zp to the right-hand side of that equation. The response can then be computed for an
initial distribution of zg values. If this distribution has a mean of 0, the present case can be
recovered in the limit in which its variance shrinks to 0.

0.004 A

—— Exact (y=0.5) Linear (y=1.0)
——- Linear (y=0.5) —— Exact (y=2.0)
0.003 4 Exact (y=1.0) —=—- Linear (y=2.0)

0.002 -

0.001 -

0.000 -

E[v?]

—0.001 A

—0.002 -

—0.003 A

—0.004 -

Figure 2. Comparison of the predicted response for observable & = v? between the exact response
(continuous line) and the linear regime (dotted line) for different values of the forcing frequency:
¥ = 0.5 (blue), ¥ = 1.0 (orange) and v = 2.0 (green). For € [0, T), the linear and exact response
coincide, as expected. For t > T, the equivalence of the two responses is lost.

5. Conclusions

In this work we showed how the applicability of the exact response theory developed
in the field of molecular dynamics [7] extends to delay equations. The approach followed
the ideas first developed by [17,18], for time-dependent and stochastic dynamics, based on
auxiliary variables that eliminate the explicit time dependence of perturbations, without
affecting the phase-space variation rate.

We focused on simple examples to illustrate how this can be done. One needs the delay
equation to be cast in a set of ODEs, whose solution must be computed as normal. Once this
solution is available, the machinery of the response theory allows to effectively compute
the statistics of all observables of interest, including the evolution of their uncertainty. As
a first example we have an exponentially decaying memory kernel, which is common,
for example, for viscoelasticity [38]. This model is equivalent to autonomous dynamics,
with viscosity or friction, and can thus be tackled directly with the exact response theory.
Naturally, this is not always the case. Subsequently, we focused on a more general case, a
second-order Erlang-type kernel that exhibits non monotonic memory behavior, typically
employed in many problems in the context of anomalous transport.

As a third example, we thus focused on kernels that are piecewise constant, i.e., belong
to the class of simple functions, dense e.g., in L', and hence capable of approximating to
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any desired accuracy a very wide class of kernels. An interesting feature of these kernels is
resonant forcing, that acts on a harmonic oscillator. The oscillatory behavior of the forcing
allows a convenient parameterization of the dynamics in the augmented phase space. The
resulting dynamics is physically equivalent to the original one, but autonomous, making
the exact response theory applicable.

It is important to note that the auxiliary dynamics in .#p, does not alter the dynamics.
However, it comes with the benefit of one further degree of randomness, or of uncertainty,
that can be profitably quantified and used in practical applications. Indeed, not only the
initial conditions of the system of interest are usually only partially known, but also the
actions of the perturbing agents. The choice of a J-distributed initial condition for the
augmented phase-space variables (6, ¢g) therefore not only does not satisfy the ergodic
consistency but would also not be achievable as fixing specific initial conditions 6y, ¢o
would not be desirable, being that the initial perturbation, like the initial conditions in
general, cannot be known with infinite accuracy. The comparison with the linear response
framework emphasizes the generality of the exact response machinery in capturing more
complex behaviors beyond the linear regime. Our work in this respect is introductory,
but clarifies a method for computing the response of observables of systems characterized
by time-delay satisfying integro-differential equations of the kind (23). These constitute
a vast and important branch of current research that is impossible to summarize here,
see Refs. [41,42].

Further considerations must be performed: the applicability of this method strongly
relies on the existence and uniqueness of the solutions of the dynamical system in the
restricted phase space .#, which is not always guaranteed. In addition, the construction of
the piecewise kernel model is complex and computationally demanding.

Possible directions to be pursued in future research include exploring the applicability
of the exact response theory to other kinds of time-delay equations, not necessarily in the
form of integro-differential equations.
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Appendix A. Alternative Proof for the Piecewise Kernel

An alternative derivation of the dynamics governing the system with a stepwise
continuous memory kernel (58) employs careful integration steps depending on the adopted
discretization. Starting from ¢t € (0, 7], we have

t
o) =~ | o(s)ds (A1)

0
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References

and differentiating we obtain
() + mo(t) =0, (A2)

that represents a harmonic oscillator with frequency w = ,/77. Moving to t € (7,27], a
second memory step 7, joins the dynamics, with 0 < 7, < ;. Integrating, one obtains

t—1 t
(t) = —7 J v(s)ds — 1 J v(s)ds (A3)
0 t—T
and differentiating again leads to
o(t) + 1o(t) = =(r2 =)ot — 1), (A4)

with v(t — T) = vy cos(y/71(t — 7)), representing a forced harmonic oscillator in resonance.
One can now continue, successively joining and keeping continuity and differentiability,
the solutions of equations of this form.

Appendix B. Alternative Choices for g

The choice of gy is arbitrary and free, since the dynamics must not be dependent on
the fictitious dynamics. Let us take as a matter of example the sine variant of the bivariate
von Mises distribution [43]:

80(6,¢) = Zs(k1, ko, k3) exp (ky cos(8 — u) + kp cos(¢p — v) + k3 sin(6 — u) sin(¢p —v)), (AD)

where y, v are the means for 0, ¢, respectively, and k1, k, are their concentrations and k3 is
related to their correlation.

Applying this distribution to the stepwise constant function, the third term for Ofis
no longer 0 but is equals to

) <¢580(9/ ¢) _ p980(0, 4’))

00 ¢ (A6)

—ki¢psin(f — u) — ko0sin(¢p — v) + k3[0sin(6 — p) cos(¢p — v) — ¢ sin(¢p — v) cos(0 — u)].

When the term (A6) is different from 0, then (22) takes an extra term of the form

s 980 _ 4980
Ef,[00S°T] L/% dod¢ <<p 0 %% > (A7)
As precisely explained in [18], this term is equal to 0 due to the interchangeable role of
the auxiliary variables.
This argument, which here has been carried out using a common known distribution,
holds for any choice of differentiable gg. For simplicity, it is often sufficient to use the
uniform distribution, which simplifies calculations.
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