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Abstract: An exact response theory has recently been developed within the field of Nonequilibrium
Molecular Dynamics. Its main ingredient is known as the Dissipation Function, (). This quantity
determines nonequilbrium properties like thermodynamic potentials do with equilibrium states.
In particular, () can be used to determine the exact response of particle systems obeying classical
mechanical laws, subjected to perturbations of arbitrary size. Under certain conditions, it can also
be used to express the response of a single system, in contrast to the standard response theory,
which concerns ensembles of identical systems. The dimensions of () are those of a rate, hence () can
be associated with the entropy production rate, provided local thermodynamic equilibrium holds.
When this is not the case for a particle system, or generic dynamical systems are considered, () can
equally be defined, and it yields formal, thermodynamic-like, relations. While such relations may have
no physical content, they may still constitute interesting characterizations of the relevant dynamics.
Moreover, such a formal approach turns physically relevant, because it allows a deeper analysis of ()
and of response theory than possible in case of fully fledged physical models. Here, we investigate
the relation between linear and exact response, pointing out conditions for the validity of the response
theory, as well as difficulties and opportunities for the physical interpretation of certain formal results.

Keywords: dissipative systems; entropy production; response theory; nonequilibrium steady states;
nonequilibrium molecular dynamics; formal thermodynamics

1. Introduction

Since the 1980s, a dynamical systems approach to nonequilibrium phenomena has been developed,
side by side with the increase of computing power and the ability to perform Molecular Dynamics
(MD) simulations. Classical MD consists of algorithms meant to solve Newton’s dynamical equations
for interacting particle systems, that may be subjected to external fields. Such investigations result
quite informative and practically useful, when quantum effects are irrelevant or negligible, which is
the case of fluids under standard conditions.

Provided no dissipative forces are present, one speaks of equilibrium MD, which is widely
used together with statistical mechanical relations, in order to compute: rheological properties,
polymers behaviours in porous media, defects in crystals, friction between surfaces, formation of
atomic clusters, features of biological macromolecules, formation of drugs, etc. The results are most
satisfactory, and, in practice, difficulties only arise if the interatomic forces are too complicated to
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properly implement, if the required number of simulated particles is too large, or the simulation times
too long. In fact, the statistical relations connecting microscopic dynamical quantities to macroscopic
properties provide quite an accurate and complete description of material objects. Therefore, MD is
used to properly interpret results of experiments, and even in place of expensive or impossible
experiments. For instance, MD may illustrate the formation of crystal defects, the propagation of
fracture fronts inside solids, and the thermal dilation of nuclear fuel pellets inside a nuclear reactor,
just to mention a few examples. The relevant literature is enormous, and dates back to early days of
electronic computers, the Fermi-Pasta-Ulam-Tsingou problem being a forerunner that opened the
way to an incredible number of mathematical, computational and physical advances [1,2]; see e.g., the
books [3-7].

When the system of interest is driven away from equilibrium by external forces that continually
feed energy in it and, at the same time, it is in contact with some environment that removes energy
from it, a nonequilibrium steady state may be reached. The question is how to effectively model the
typically very large environment [8]. Various methods have been developed for that. In particular,
researchers introduced “synthetic forces” meant to efficiently represent the effect of a bath or reservoir
on the property of interest for the system of interest, without simulating the atoms of the environment.
Nonequilibrium MD (NEMD) was thus born, focusing on specific quantities of specific systems [6,9].

The term “synthetic” means that such forces do not exist in nature; they merely constitute a
“mathematical device used to transform a difficult boundary condition problem, the flow of heat in a system
bounded by walls maintained at differing temperatures, into a much simpler mechanical problem”, cf. the
Introduction of Ref. [6]. In practice, the synthetic forces constrain in various ways the dynamics
of particle systems fixing, for instance, the average of the fluctuating kinetic temperature. Such an
approach is so successful that the corresponding algorithms are now provided as default routines of
MD packages [10,11].

If the constraints are holonomic and the other forces conservative, the resulting equations
of motion are Hamiltonian [12]; otherwise they are non-Hamiltonian and, in particular, they are
dissipative, in the sense that on average they contract phase space volumes, although they remain
time reversal invariant [6]. Consequently, from the angle of dynamical systems, their invariant
measures are singular with respect to the Lebesgue measure. This approach may sound odd, if one
expects all features of the dynamics to be derived from a Hamiltonian, but it simply replicates the
usual construction of effective models, that bridge the gap between different levels of descriptions of
natural phenomena, [13]. For instance, the Boltzmann equation and the Langevin equation alter the
Hamiltonian dynamics to the point that it becomes irreversible and not deterministic; at the same time
their success and foundational importance is not questionable. Justifications of the NEMD approach,
within its specific realm, have been provided, demonstrating, for instance, that it properly computes
transport coefficients [6]. Moreover, NEMD has been shown to provide a route to extend to dissipative
dynamics the theory of equivalence of ensembles, as well as Khinchin’s approach to ergodic theory in
physics [6,9,14-16].

The point is the following: no mathematical model spans all space and time scales of interest
for a given material object: a model is acceptable when it describes a certain set of properties that
are observable within given space and time scales. Of course, the wider the range of applicability
of the model, the better it is. In this respect, classical Hamiltonian dynamics is no exception.
It constitutes a tremendously effective microscopic model for a vast variety of non-dissipative
phenomena, but dissipation makes its use problematic, cf. recent investigations on kinetic theory [17,18].
Analogously, models derived within the framework of NEMD, such as Gaussian thermostatted
dynamics, or Nosé-Hoover thermostatted dynamics can be accepted as valid models of certain
phenomena. The question is how many aspects of a given phenomenon are properly described by
NEMD models. As generally true in physics, interesting results and relations can be derived in
uncharted territories, but only experience can eventually confirm or refute their validity.
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As a matter of fact, NEMD has become popular for its effectiveness in computing transport
coefficients, such as the viscosity of a fluid [6]. It was also realized that such coefficients can be
obtained from dynamical systems properties such as the sum of Lyapunov exponents or, under
special conditions, just from the sum of the largest and of the smallest exponent [6]. In turn, —A,
the opposite of the phase space volumes variation rate A, which turns out to be proportional to the
thermostatting (fictitious or synthetic) term may also be proportional to the entropy production ¢
when thermodynamics applies, see e.g., Ref. [19]. (A similar idea had previously been independently
investigated by Andrej, who followed a different approach [20]). This idea became very popular
when Evans, Cohen and Morriss applied a representation of SRB measures to the fluctuations of A
in a Gaussian isoenergetic shearing system [21], as in that case such a quantity equals the entropy
production, when local thermodynamic equilibrium (LTE) holds. That paper derived and tested
the Fluctuation Relation (FR), one of the rare exact relations for nonequilibrium thermodynamics
based on microscopic deterministic dynamics. For a time reversal invariant model of shearing fluids,
the FR states that positive values of the energy dissipation, are exponentially more probable than their
opposite. This was interpreted as an explanation of the second law of thermodynamics, and motivated
a flurry of activity. Moreover, it led various authors to identify the entropy production with the phase
space contraction [22,23].

Although A is relatively easy to handle in dynamical systems theory, it was pointed out that its
identification with ¢ is only justified in a limited set of cases [24,25]. Furthermore, in time dependent
settings and in presence of fluctuations, the connection of A with physically measurable properties
results rather loose. It was then shown that the physically relevant quantity in the cases described by
NEMD is the so called Dissipation Function (2, which preserves the meaning of energy dissipation
rate even when LTE is violated, and thermodynamic quantities such as ¢ do not exist. Only in a few
cases () equals —A, although steady state averages of () and —A may be simply related to each other.

Later (2 became the basis for a general response theory, in which it plays a role as fundamental
for nonequilibrium states as thermodynamic potentials do for equilibrium states. It can be used to
solve in terms of physically relevant quantities the Liouville equation and, consequently, to investigate
the exact average response of the observables of ensembles of systems. Furthermore, () can be used to
provide conditions for the evolution of single systems, [26,27]. (This should be contrasted with the fact
that almost invariably response of systems to perturbations is given in terms of ensembles, and that
a comparatively limited amount of works have tackled response beyond its linear approximations).
Most importantly, these results are expressed in terms of a physically measurable quantity, rather than
in terms of an abstract phase space quantity.

Unfortunately, it is rather complicated to thoroughly investigate the properties of the dissipation
function in realistic particle models. Therefore, we consider mathematically amenable dynamical
systems, even if their physical relevance may be limited, as often and successfully done in statistical
physics, with the purpose of illustrating aspects of the relation between dynamics and thermodynamics;
think for example of Helmoltz’s celebrated theorem [28]. Recently, Qian, Wang and Yi have also
followed this route, scrutinizing a number of interesting examples and investigating them in terms of
the phase space contraction rate —A [29]. The result is a set of intriguing relations between different
dynamical quantities and formal thermodynamic quantities. In consideration of the fact that small
systems, hence non-thermodynamic fluctuating quantities, as well as time dependent situations are
ever more relevant in science and technology, we are going to perform a similar analysis within the
dissipation function formalism.

This paper is organized as follows. Section 2 summarizes the theory of the Dissipation Function,
also analyzing exactly solvable examples and numerical simulations. Section 3 compares linear
Green—Kubo and exact response. Section 4 follows in part Ref. [29], using () rather than A. The two
approaches appear as largely equivalent, since they both arise from the solution of the Liouville
equation. Section 5 explicitly solves the cases of simple attractors, and of small dissipation, in the
sense of small A. Section 6 discusses with examples the conditions under which the exact response
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theory based on ) holds, showing that () has to be continuous at least, and that the initial phase
space probability density fj has to be positive in all the space that can be explored by the dynamics.
This condition, called ergodic consistency [30] is reminiscent, but weaker than the requirement
that initial and asymptotic measure be absolutely continuous with respect to each other, also called
equivalence [31]. If that is not the case, modifications to the response formulae are required [32].

Finally, Section 7 summarises our work, highlighting two points in particular: investigating
simple systems allows us to understand properties of () that are not immediately evident in realistic
particle systems; on the other hand we propose a kind of thermodynamic formalism for the analysis
of dynamical systems, cf. Ref. [33], that is based on the language of nonequilibrium, rather than of
equilibrium, statistical mechanics. Section 7 also stresses the role of () as the energy dissipation, in the
case of interacting particle systems.

Remark: one of the anonymous referees pointed out that the scope of our investigation can be
substantially extended, because: “most quantum transport effects could be recast into a classical simulation
picture of nonlocal collisions”, cf. [34,35].

2. The Dissipation Function

Consider a system whose “microscopic” state is described by a dynamical system
x=V(x); xeMCR"; M = phase space 1)

Let (1) generate a flow on M, i.e., amap S' : M — M, such that S/(x), t € R is the solution of
(1) at time t with initial condition x. Further properties of M and V(x) will be specified when needed.
Let po be a probability measure absolutely continuous w.r.t. the Lebesgue measure dx, and denote by
fo(x) its density function, i.e., dug(x) = fo(x)dx. A measure y is called invariant if u(S~'E) = u(E)
for any measurable set E C M and for all € R. If y is not invariant, it evolves under the dynamics,
so that at time ¢ it is expressed by it (E) = po(S™'E). Provided the flow is sufficiently smooth, i is
absolutely continuous, and has density f;(x) that satisfies [27]:

oft

= (0 = fi(x) O (), @
where Of(x) is the dissipation function, defined by:
Ofi(x) = — [A(x) + V(x) - VIn fy(x)] . 3
and
A(x) = divV(x), (4)

denotes the phase space variation rate. Its negative, —A(x), is called phase space contraction rate. In
the case the dynamical systems represents an equilibrium system, with equilibrium distribution p,
so that f;(x) = fy(x), the dissipation function identically vanishes, 0o (x) = 0. It is obviously true
also the converse: if (/0(x) = 0 then fy(x) is an invariant density. In the general case, the solution of
(2), is given by [27]:

fix) = exp {QF ;0 } fox), 5)

where, for every phase function O we use the notation
s 0
Ors(x) = /r O (S™x)dt hence Q@tlo(x) = /_t 0N (S7x)dr. (6)

Given any observable O : M — R, we define its ensemble average according to the measure
dui(x) = fi(x)dx as
(©),= [ 0xfiax. @)
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Under suitable conditions, discussed in Section 6, this average can be computed using the
dissipation function as follows [27]:

(0), = (O>0+/()t<(OoST)~Qf°>OdT. ©)

Equation (8) gives the response of an equilibrium system, characterized by the distribution ),
invariant for the dynamics x = Vj(x), which at time 0 is perturbed so that its dynamics becomes
Equation (1). The measure y is not invariant under the new dynamics, hence it evolves together with
the averages representing the observables. At time ¢ the initial measure has turned into y;, and the
initial average (O), into (O),.

In the long time limit, the response may be given by a non equilibrium invariant distribution.
As (8) is exact, the existence of such an asymptotic average is equivalent, as a necessary and sufficient
condition called OT-mixing, to the convergence of the following limit:

t—o0

t . r
1 . 0 —
lim | <(OoS) 0 >0dr Lo €R. )
for any observable O. A sufficient condition for the existence of Lo is [26]:
((0osh ) =o(t™), (10)

A further useful asymptotic property is obtained by considering two observables O and Q. In this
case, we say that the system is T-mixing [26] if

lim [((008")Q), — ((008")),(Q)] =0. (11)

t—o0

We observe that setting Q = Q/0 in (11) we obtain a weak form of QT-mixing, namely

lim ((005") Q) =0, (12)

t—o0

given that one has, cf. Section 6 and [27]:

<Qf0>0 —0. (13)

Obviously, T-mixing implies weak ()T-mixing. We observe that these properties may hold on a
specific set of observables for a given fy but not for other initial distributions.

A fundamental difference between T-mixing and the mixing property of standard ergodic theory
is that T-mixing concerns a the decay of correlations w.r.t. the initial state y, hence it may properly
describe the irreversible relaxation of a given system to a stationary state. Mixing, instead, corresponds
to a decay of correlations within a given steady state, since it refers to an invariant measure [5]. We refer
to Refs. [5,27] for a broader discussion of these issues.

2.1. Examples

The physical meaning of the Dissipation Function can be appreciated by considering some special
choices of vector field V, and of initial probability density fy. First, consider the NEMD systems
for which () has been introduced, to see that in such cases it is directly related to the instantaneous
dissipative flux. The simplest of these systems have the following equations of motion:

pi = F+D;T)-F —ap; (14)
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where I' = (q, p) collectively represents all coordinates q and momenta p of the N particles, and F, is
the external driving field, coupled to the particles via the “charges” C;(I') and D;(T’). The term « is a
Lagrange multiplier meant to implement some constraint, so that the system reaches a steady state
despite the driving field. In the NEMD literature « is said to implement a deterministic, time reversible
thermostat [6]. If this thermostat is set to 0, one obtains the adiabatic equations of motion:

G = p/mHCD)E, i=1.,N
pi = F+Dy(I)F (13)

which imply a continuous growth of energy. Then, one must assume that the support of f is densely
explored by a single equilibrium trajectory [30].

Denoting by & the internal interaction potential energy of the N particles, the dissipative flux, J,
is obtained from the time derivative of the internal energy

N .. p.
%:22}+@@

1=

under the dynamics (15), which represents how much energy has to be dissipated in order to keep the
steady state. The result is:

_ N o p;
H”d:;(al~Di—Fi'Ci)'FeE—JV'Fe (16)

where V is the volume of the system.
Consider a few common examples.

2.1.1. Microcanonical Ensemble

For the isoenergetic dynamics, in which the internal energy is conserved, i.e., Hy is fixed and
Hp = 0, the equilibrium ensemble f; is microcanonical. Therefore, for an equilibrium Hamiltonian N
particle system in d dimensions, one has [30]:

](F)V . Fe

0 = =3k

(17)

where K is the kinetic energy of the N particles, while

N, (9C;i oD,
A(T) = g( (ajcf) + gp(ir)

1 1
as in the original paper [36]. Then, one may write:

(I') =In M — Aty (T) = =Ap 4 (T)

(0)
O - f0(5t+rr)

tt+T

As even the O(1/N) correction in Equation (18) is proportional to &, one observes that in this case
both () and A are proportional to the rate of energy dissipation (17).

2.1.2. Gaussian Isokinetic System

In this case the kinetic energy K is fixed, and one may formally write K = (dN —d — 1)kgT =
(AN —d —1)/B, if also the center of mass is fixed, to prevent contributions from drift, so that:

(Ho(T) +J(I)V - F)p

o) =N —da-1 1)
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In turn, A is still expressed by (18), with a different O(1/N) term. In this case, fy writes:
AD) = e PHB(K(T) - Ko)
where Q is the normalization constant. The result for the dissipation function is:

Ooa() = £ [* Fo(s°T)ds — R (1) = ~TFo)y, VB + 0 (111) (20)

where the bar over the observables denotes time average. Combining this with Equations (18) and (19),
one obtains

o(T) = —J(T) - FVB+O (;) . 1)

where ¢ is the entropy production, if local thermodynamic equilibrium is verified. We observe that
—A and Q differ by a term proportional to the fluctuating H. If these fluctuations average to zero,
the averages of —A and Q) coincide, however, depending on how the respective fluctuations are
distributed, various relations may apply to one and not to the other. For instance, the steady state
fluctuation relation may hold for () but not for A, [37,38].

2.1.3. Nosé-Hoover Thermostat

In this case, there is one extra equation to be added to the equations of motion (14):
.1
(= - (2K(T') — dNkgT) (22)

where T sets the relaxation time scale of the thermostat, and T is the imposed average temperature.
Then, we may write:

(e SOV E
£(r) = - (o) + 50 @)
and for unperturbed Hamiltonian dynamics, one may write:
o
A(T)=V~l"+a—§=—dN§. (24)
In this case, f is given by
foT) = e P10
where M is the normalization. It follows that:
fo(T) B [ (6(ST)+ QLS TIE(ST) ds
fo(S7T)
which implies:
Q) =-J(T)-FVB. (25)

We conclude that for equilibrium Hamiltonian dynamics, the driven nonequilibrium evolution
is characterized by the dissipation function, which equals the entropy production, in case local
thermodynamic equilibrium holds. Additionally, in this case —A and Q) differ by a term proportional
to Hp, and the same remarks concluding the previous subsection equally apply.

2.1.4. Canonical Ensemble for Generic Dynamics

The canonical ensemble describes the equilibrium state of a Hamiltonian particle systems in
contact with a heat bath at temperature kgT = B~!, with which it can exchange energy but not
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matter. Here, we consider a general case in which the vector field V(x) is not necessarily Hamiltonian,
but there still is an energy function H. In addition, we assume that the initial distribution has the same

form of the canonical Gibbs density:
e—BH (x)
p

Zg being the normalization constant. Then, the Dissipation Function reads:
QR (x) = BH(x) = A(x), (27)

where we use the notation F(x) = V(x) - VH(x). The Dissipation Function (/0 is not necessarily zero,
in this case, and the density evolves as follows, cf. (5):

exp {— —tx
7100 = foo) exp (BUH() — Hs ™) ~ A-go(x)} = SELLHE )

where: Z;1(x) = exp{—A,tlo(x)}Z}gl. In the case of Hamiltonian dynamics, x = (q,p) € R?,
V(x) = JVH(x) where J is a symplectic matrix, we have H(x) = V(x) - VH(x) = 0 and A(x) = 0.
Thus, in the equilibrium canonical ensemble, where (26) is invariant and the phase space volume is
conserved, the dissipation function is identically zero Q/o(x) = 0.

The extended canonical equilibrium distribution of the Nosé—Hoover thermostatted system can
be framed in this way: its dynamics includes a degree of freedom ( that represents the heat bath,
and system plus bath constitute a canonical equilibrium state. For instance, consider a system made
of N identical noninteracting one-dimensional oscillators in contact with a bath at temperature T,
implemented by a single Nosé-Hoover thermostat. This thermostat introduces an indirect coupling
among the oscillators, which however does not represent a proper interaction leading to LTE. We
illustrate these facts considering both linear and nonlinear oscillators, i.e., potential energies U(g) =
—w}q*™/(a 4+ 1), witha = 1 and & = 3. The equations of motion are

pi=-—mwiqt —gpi, i=1,...,N, (28)
(=1(¥-1),

where T is the target kinetic energy per particle,

1 &,
K(p) = Wz;pi

is the kinetic energy per particle, and 7 the relaxation time. In order to elucidate the

non-thermodynamic nature of the model (28), we simulated a system of N = 30 oscillators in the

linear case, « = 1, withm = 1, w% =2,7=2and T = 100. As expected because of the improper

particles coupling expressed by {, we observe no equipartition; cf. Figure 1, which shows that the time

average K; of the kinetic energies of single particles substantially change with their label i, while the

time average K of the total is equal to T within numerical errors. The same happens also with a = 3.
To promote LTE in this system, we introduce nearest neighbour interactions as:

pi = —maw§qi + k(i1 —2q9i +qi1) — Cpi, i=1,...,N, (29)

in place of the second of (28), taking k > 0 as the coupling strength, and qo = qu, gu+1 = qo as
boundary conditions. Unlike the previous non-interacting model, the linear (¢ = 1) and nonlinear
(« = 3) cases behave in a different way. While still absent in the linear case, equipartition is established
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with the cubic local field. Figure 2 shows the time averages ; Z]] LAt ;) of the kinetic energies of
some particles sampled form a long trajectory of the coupled system w1th N = 10. We consider the
cases with k = 1, 2, 5 in order to make evident the role of the coupling. These simulations show
that increasing the particles coupling k speeds up the equipartition process. Changing the oscillators
frequency, instead, has no effect on equipartition, cf. Figure 1.

Now, focusing on the energy Hy = 5-- YN, PP+ W3 YN, q? of the system of oscillators alone,
i.e., without the bath, and taking f; as

1
fo(T) = e Pl (30)
Zy
in order to define a kind of reduced dissipation function for the dynamics with the bath, one obtains:

of —2 (v L $12) -t (121 ) - -eonat - vt (5,

which is not identically zero even in the equilibrium state. There is no immediate physical interpretation

of the quantity ﬁf O but it clearly shows that, in this framework, the thermostat has to be included to
properly speak of equilibrium.

Time average kinetic energy oscillator 5 250 Time average kinetic energy oscillator 4
200
)
2
@ 150
g
"¢ 100
- |-
50
! i 0 i
0 50000 100000 150,000 200,000 0 50000 100000 150000 200,000

t [n=h] t [nsh]

Time average kinetic energy oscillator 10

Time average kinetic energy oscillator 9
250} :

| -

0 H H
0 50,000 100,000 150,000 200,000 0 50,000 100,000 150,000 200,000
t [n+h] t [nsh]

Figure 1. System of linear oscillators, « = 1, subjected to a Nosé-Hoover thermostat, (28), with N = 30,

=1, a)g = 2,7 =2and T = 100. Time average of kinetic energy of oscillators i = 4,5,9,10
versus time. The dependence of the asymptotic values on i demonstrate the violation of equipartition.
The dashed vertical line marks the instant of time at which the constant w% is changed to w% + (5(4)5 to
check whether the oscillator “temperature” also changes. It appears that it does not.
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2
i

time average of pz.
time average of p

J J

Figure 2. System with N = 10 coupled oscillators, witha =3, m =1, w% = 1. The temperature forced
by the Nose—Hoover thermostat is T = 20, and the response time T = 1. The plots represent the time
averages j Z] 1P ( i), of the kinetic energies of three particles (i = 1,4,8) sampled at t; = =103},
for increasing J. In the left panel, where | = 500, the outer continuous (red online) lines correspond to
the coupling parameter k = 1, while the inner dotted lines (blue online) correspond to k = 2. In the right
panel the focus is on a shorter interval, ] = 150, where the relaxation phase can be better appreciated.
In this case the outer lines (red online) correspond to k = 1, the middle lines (blue online) correspond
to k = 2, the inner line (black) correspond to k = 5. Larger coupling enhances the convergence rate
towards equipartition, as expected.

2.1.5. Hamiltonian and Gradient Vector Field with Canonical and Gaussian fy

In the case of Hamiltonian dynamics perturbed by a gradient term [39]:
V(x) =]JVH(x) — VL(x), (31)

where the unperturbed equilibrium density should be chosen consistently with the constraints that
remain in place when the perturbation is switched on, in order to implement the above-mentioned
ergodic consistency condition. For instance if the system temperature remains fixed, one may take the
canonical distribution, fy(x) = e H(X) /Z, that implies:

0 (x) = AL(x) — BVL(x) - VH(x),

AL = —A being the Laplacian of L. One observes that 2/0 only depends on L if VL is orthogonal to
VH. If VL is in addition a Hamiltonian perturbation, the perturbed steady state remains equal to the
unperturbed equilibrium. Now, taking an initial uncorrelated Gaussian distribution:

(xi*Vi)z

H Fal (32)

one obtains:

n

0 = —A(x) + Y Vi) S = AL() +Z<ZL] axx *’éif))xf;z”é 3)

i=1 oj i

Jij being the entries of J. Again, a Hamiltonian perturbation such that

N 9H(x) oL(x)
i — =0, Vi=1,..,N 34
j:Z;]l] aX] axi ( )
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implies that the Gaussian (32) is invariant under the dynamics. These two examples constitute
elementary warnings against too quick thermodynamic interpretations of generic particle systems,
much as it may be interesting in certain circumstances [40].

2.2. The Dissipation Function and the Phase Space Contraction Rate

The Dissipation Function satisfies the Non Equilibrium Partition identity [27]:

<exp (—Q@tlo) >0 =1 (35)

Using Jensen inequality, we can also write:

exp {f <Q@t,0>o} <1 (36)

obtaining;: <Qf0t0> .
—0)y =

in accordance with both our physical intuition on the dissipation of energy in macroscopic systems
and with the interpretation of this quantity as a Kullback-Leibler divergence between the initial and
the evolved probability distribution in phase space [27].

One motivation to derive relations like these, see e.g., Refs. [27,30] where various others are
derived, resides in the fact that they are only based on the dynamics and on the initial probability
distribution, whatever phenomenon they represent, hence they hold very generally. At the same time,
this also means that blind thermodynamic interpretations are to be avoided, although no difficulty
arises from a purely dynamical systems standpoint.

The distinction between the dissipation function and the phase space contraction rate —A becomes
particularly evident when considering particle systems. In fact, the steady state phase space average of
—A equals the steady state entropy production of certain NEMD models [6,19], and it can be expressed
as:

ep = — /M A(X)dpx), (37)

p being the corresponding invariant measure, and e, the steady state entropy production or the energy
dissipation. On these grounds, Gallavotti and Cohen proposed —A as the steady state definition
of entropy production tout court, [41], followed by Ruelle [23]. Earlier, a similar idea had been
contemplated by Andrey [20], who referred to the variation in time of the Gibbs entropy. The Gibbs
entropy, however, is not directly related, in general, to the entropy of a nonequilbrium system [42—44].
(Note: this statement does not concern the formally analogous definition of entropy common in the
theory of stochastic processes, since they are not defined in phase space but in the space of observables.)
Therefore, —A cannot be directly related, in general, to the entropy production, when considering time
dependent states or steady state fluctuations, cf. Section 2.1 and Refs. [27,30,38].

On the other hand, it is interesting to investigate both —A and () as properties of
dynamical systems, in a kind of extension of the thermodynamic formalism [33], that refers the
non-equilibrium language.

Given an initial absolutely continuous probability measure djo(x) = fo(x)dx on the phase space
M, and letting y; be the evolution of yg at time £, the corresponding average of the dissipation
function is:

(Qfy, = /M Qfodpy = —(A)r — (V- Vin fo)s (38)

which in the case of a uniform density f; yields:

Q) = —(A) (39)
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In this case, even (M0 does not need to represent any entropy production rate: the equilibrium
dynamics would have at least to be phase space volumes preserving, for O to be related to the
dissipation of energy [30]. Using Equation (8) and the fact that (Qf0)y = 0, we may also write:

CA) = — /Ot (0 (nosT)) dr (40)

In the case of a generic probability density fy, the exact response formula (8) and (40) yield:

<(—A—Qf0) ost>0 — —(A)— <Qf0>t _ <v.v1nf0>0+/0t <Qf0 (V- Vin fy) oST]>OdT (41)

which quantifies the difference between the mean phase space contraction rate and the energy
dissipation in time. In the case (QT-mixing, Equation (9), holds, t can be replaced by o in (41),
obtaining the asymptotic difference between the two quantities:

lim [(—A)t - <Qf0>t] = <v.v1nf0>o+/0°° <Qf0 [(V-Vlnfo)OST]>0dr. (42)

t—o0

From the definition of dissipation function O ie, Equation (3) with t = 0, one also observes that

d
_A _Of s _ t
( A 520)08 —dtlnfooS (43)

t=s
Therefore, the time integrated difference of —A and Qfo merely amounts to a boundary term:
t
/ (—A - 0F) ($x)ds = In fo(x) — In fo(S'x) (44)
0

which, however, may bear noticeably affect the statistic of fluctuations: the distribution of such
boundary terms may, for instance, imply the validity of the FR for /o and not for —A, cf. [37,38,45].

3. Exact Response and GK Formalism

In this section, we compare the classical linear response theory, or Green-Kubo formalism, with the
exact response represented by Equation (8). Consider a perturbed vector field

Ge(x) = Go(x) + € Gp(x), (45)
where € may or may not be small. Then, the Dissipation Function can be written as:
O (x) = O (x) +e Q{gp (x). (46)
and the evolution of a probability density fy(x) is given by
* it * it
fi(x;€) = fo(x) exp {/ dt Qg (ng)] exp {e/ dt QGU,, (ng)] . (47)
—t —t
where St denotes the flow of the vector field G¢(x). Thus, the exact response equation (8) reads

(O)ye = [ O filxi€)dx

= <o>0+/0t <(oosgx) .Qfgo(x)>0dr+e /Ot <(oosgx) ~Q£]p(x)>0dr.

(48)
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In case Gg derives from a Hamiltonian Hj, the unperturbed dynamics preserves phase space
volumes, and one can write:

1 1

—[fo,Ho) = =L 49
% [fo, Ho] 7 0fo (49)
where £y = [Hy, -] is the Liouvillean corresponding to Hy and [, -] denotes the associated Poisson
brackets. Then, we may define the perturbation operator £, as:

0f =-Go-Vinfy =

1 1
0f =-Gp-Vinfo=—+Ifo Hyl = L 50
G, p fo % [fo, Hpl % pfo (50)
so that the (total) dissipation function can be written as:
of -1
G = 7 (Lot+eLly)fo, (51)

fo
Substituting (51) in (48) yields:

(0) +/ < )Eofo( )>Odr+e /Ot<((’)(sgx)f0§x)cpf0(x)>0dr

. (52)
_ 0>0+/0 dt ./de(’)(ng)Eofo(x)+e /0th /deO(sgx)cpfo(x)

and in case the initial distribution fy(x) is the equilibrium state of the unperturbed system, so that
Ly fo = 0, one obtains:

(O) = (O +e [ dr [ x0T Lpfolx). 3)

Provided the response Equation (8) applies, the formulae (52) and (53) for the evolution of phase
space averages are both exact: there is no assumption on the size of € and no approximation has
been made. An approximate formula can be obtained in the small-€ limit, starting from Equation (47),

by truncating to first order the exponential expansion, and recalling that Qjé)o (x) = 0. This yields:

filxie) i= folx) + efolx) | Ot dr 0l (55%) = folx) +efolx) | 4Tl (5:7). (54)

where the tilde symbol stresses that this is but an approximation of the probability density at time ¢,
which is not guaranteed to be a probability density itself. Nevertheless, multiplying (54) by O and
integrating over the phase space, one gets:

()= [ O e)ix = (O)g+¢ [ dr (06008 (5:%), 55)

In order to keep the truncation error bounded in time, one may assume that the time integral
exists. For instance, <O(x)0é’p (S7tx) >0 maybe of order o(t 1), which is reminiscent of the QT-mixing
condition. The difference between the exact response formula, (48), and the approximate one, (55),
amounts to:

(O)pe — (O)pe = e/ot dr {{0(s3)-0f (%)) ~ (00 (5:™)) |} (56)

0

that, in general, does not vanish, and may grow large in time.
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May the difference of responses Equation (56) become negligible, in some limit? Applying the
transformation S; "x = y to the second integrand of (56), one obtains:

{0000k (57), = [ 0000 (ST fox)dx = [ O(SINOE, (1)fo(STy) Isi ()] dy, 67)

where |Jsz(y)| = 1 since we are dealing with Hamiltonian dynamics-being |Js:(y)| the Jacobian
determinant. Thus, Equation (56) can be rewritten as:

(©)— (O =e [ ar [ O(STIOL (9 folx) — fo(SEx) dx (58)

For every finite t, this quantity vanishes in the € — 0 limit but, unlike the case of the Green—-Kubo
theory of linear response, the flow used in (58) is the perturbed one, S{, not the unperturbed S§.

As a matter of fact, the success of the Green—Kubo theory is based on its ability to compute the
response by averaging with respect to the equilibrium ensemble for the unperturbed dynamics, and
by simulating such an unperturbed dynamics [46]. The procedure, illustrated in many textbooks,
including [46,47], uses the canonical ensemble for the unperturbed Hamiltonian Hy, Z, Lexp{—BHy},
and assumes that the parameter € is the magnitude of and external force F.. Within the framework
of NEMD and Equation (14), one starts from the unthermostatted, « = 0 situation. Without loss
of generality, the external driving F, can be written as a scalar quantity, since its direction can be
embedded in the coefficients C; and D;. Then, the unthermostatted perturbed equations are derived
from a Hamiltonian, H = Hy + Hp,. Writing x = (q, p) to distinguish configuration from momenta,
G, is obtained deriving H):

C;F, = Oy - pp = O (59)
1te — apl 7 1te — aql
and the following holds:
aq op {BC oD; } {BC aDi}
0=A= + + — ¢ F., hence + =0. (60)
op ZZ% ag;  opi ¢ Z aq;  p;
In this case, one has:
N . .
h_ _c . 19fo N cHo oMol .
Og, =-Gp Vinfy= 790 =2-G,-VHy = /3; Ba; +D; 3p; F.=—BVJE.  (61)

which equals Equation (16), and shows again that nge, not —A, represents that energy dissipation
rate. Now, following the Green—Kubo approach [46,47], which rests on the fact that

[Ho Hp] = [H, Hp] , (62)

one may use the unperturbed dynamics, and eventually write:

()3, = (O)o— BE: Jy v (0085 LY, [C/50 + DigR] ) (63)
= (0)o = BVE. JydT (] (O 5;7))q (64)

to first order in € = F,, for a generic observable O. The function R(t) = (J (O o §f)), is called the
response function. In particular, the difference in (56) between exact and linear response can be
expressed as:

t
(O) — (O)7 = e/o dr (08 [00ST- 008y ) (65)

€



Entropy 2020, 22, 835 15 of 33

That the full dynamics S¢ can be replaced by the equilibrium dynamics S§ is a far from trivial fact.
In fact, van Kampen raised one of the best known objections to this theory, based on the observation
that particles dynamics are typically chaotic [48]. He maintained that while there is no doubt that
linear response works in practice, the derivations a la Green and Kubo do not explain why. He stated
that: “Linear response theory does provide expressions for the phenomenological coefficients, but I assert that it
arrives at these expressions by a mathematical exercise, rather than by describing the actual mechanism which
is responsible for the response” [48]. It fact, to justify the Green—Kubo calculation, one must invoke
non trivial ingredients, such as the large value of N, which makes the perturbation per degree of
freedom negligible, and the mingling of contrasting contributions operated by chaos, see e.g., [45,49,50].
As such conditions actually hold in macroscopic particles systems under quite variegated conditions,
the Green—Kubo reasoning explains the success of linear response.

3.1. Exact Response and GK Formalism: Example 1

Consider a particle in a two-dimensional space, whose unperturbed Hamiltonian is Hy =
(P2 + pﬁ) /2. Take the canonical ensemble fy = Z; ! exp(—BHp) as the initial distribution. Introduce
an external field with Hamiltonian H, = —Eqy, as a perturbation to obtain H = Hy + Hp.
The corresponding equations of motion are:

Gx = Pxs
qy = Py
(66)
PX = E/
?y =0,

with the dissipation function
of = ol +of = gEp,,

in which the momentum in x-direction plays the role of internal dissipative flux with E the
corresponding thermodynamic force, i.e.,, ] = —py and F, = E. Note that the present example
is an instance of the adiabatic system (15), in which C; = C; = 0and D; = 1, Dy = 0, see (59). Sticking
to the notation of Section 2.1 in the following we denote by I = (qx, 4y, px, py) the phase space points
and observe that the solution of (66) with initial condition I gives py (T, t) = px + Et and p, (T, t) = p,.

Then, thanks to Equation (5), we compute the time evolution of the probability distribution
function f;(T') starting from the integrated dissipation function:

0 t2
O, (1) = BE [ ps(T,s)ds = BEpst — BE*S,

obtaining
0 2
£(T) = fo(T)e™ ) = fo(T) exp [ﬁEth = ﬁEZZ] .

Following the discussion in Section 3, we expand the exponential in the limit of small external
field E, and we neglect the terms of order higher than linear in E, to obtain the linear response for the
evolving density:

fi(T) = fo(T) (1 + BEpxt).

The difference between exact and linear response can be further clarified by looking at the
Liouville equation for f;(T') and proceeding & la Green—Kubo. Let us start introducing the Liouville
operator of the perturbed system:

L=Ly+AL,
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where Ly = pxdg, + pydg, corresponds to the unperturbed system and AL = L, = Ed), corresponds
to the perturbation. Splitting the evolving ensemble distribution function as:

fr(T) = fo(T) + Afi(T)
the Liouville equation takes the form:
I (fo(T) + Afi(T)) + (Lo + AL)(fo(T) + Afi(T)) = 0

Recalling that the equilibrium distribution f,(T') is invariant under the unperturbed dynamics—so
that (9t + Lo) fo(I') = 0—we obtain the evolution equation for the deviation Af;(T):

(0t + Lo)Afi(T) = —ALFH(T) — ALAS(T).
Then, assuming that ACAf;(T') is negligible w.r.t. the other terms, we arrive at:
(9 + Lo)Afi(T) = =ALfo(I). (67)
Since ALfy(T') = Edy, [Zo_l exp(—,BHo)} = —BEpxfo(T), the Equation (67) can be rewritten as

(0t + px9g, + py9q, ) Aft(T) = BEpx fo(T)

where Bfo = —dfy/90Hy, E = F. and px = —], according to standard notation. The solution to the
evolution equation for the variation of the ensemble distribution function, is given by:

M) =~ [ drexpl—(t ~ D) LJALfo(T) = ~BE [ drexpl—(t ~ 1) Lo)(~po)folT)

t (68)
= —ﬁFg/O drexp[—(t — 1) Lo]J(T) fo(T),

where we have used the fact that the external perturbation is not time dependent.
Let us now compute the phase space average of an observable O, using f;(I') = fo(I') + Af¢(T).
We can write:

(©)F = (0)g—E. [ dr [ dT(T)I(T) expl—(t — D) LJO(T)

t t (69)
:<o>0+ﬁg/0 dT/M deo(l")px(OoSé_T(F)):<O>O+/0 dr (0085 ™)-0f )

noting that S}, is the flow of the unperturbed dynamics. As an example, take O = py, and compute its
time evolving linear response. Since (py), = 0 and <p§>0 = B~!, we have:

N E t _Bp2 _B 1
(px)y = %/0 dS/dPye ZPy/dpxe 2Vip2 = BE <P§>Ot=BEBt= Et (70)

Now, denoting by Sk the flow of the perturbed system, and recalling that py o Sk = p, + Et and
QJEO = BEpxy, the exact response formula (8) yields:

(e = [ dv [ AT (a0 SETNOL) = pE [ dv [ ATy (s + Eper) = BE(R) 1= Bt (71)
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For such an observable, linear and exact response coincide. In general, we have:
0), — (0); = d QP [(006SE) — (0oshT 72
(0),—(0)7 = [ ds (0P [(005F) — (OoS5T]), . 72)

For an analytic observable that do not depend on g, and gy, we have:
+o0 O(k) ,
O(SLT) = Ope + Etypy) = Olpapy) + 3 o P (g, 73)
k=1

assuming that O = O(px, py) is an analytic function, and denoting by OW) the k—th partial derivative
of O with respect to py, at fixed py. The difference between the exact and the linear response
would read:

©), -5 = dr<ﬂf° +Z ”"’py) Er>k> 74)
0

Depending on the particular functional form of O this quantity may grow rapidly or less rapidly
with t and, as long as O(SLT) exists at all ¢, this difference at fixed t goes to 0 as E — 0.

3.2. Exact Response and GK Formalism: Example 2

Let the unperturbed Hamiltonian correspond to a harmonic oscillator Hy = (p? + w?¢?)/2, and let
the perturbation take the form H, = —Eq. The equations of motion of H = Hy + H), are:

{ Z z rlij’ — w?g, 75

— E)coswt+ £ sme—
st 1) = <q 2> . (76)
p (q——) smwt—l—pcoswt

The dissipation function with initial distribution fy = e PH0 /7, is given by:

with flow

2
Q{P:—G~Vlnf0=(PrE—W2’7)'/3<;]q)ZﬁEp @7)

since the vector field is Hamiltonian and A vanishes. Moreover, we see that Qlfgo coincides with the

dissipation function Qg’ of the vector filed of Hy,, because fj is the equilibrium distribution of Hy.
Thus the exact and the linear response formulas are respectively given by:

(©) = (O + [ ds (6EP (0050 )

and

(O) = (©)o+ [ ds (EP (0055 ). )

Consider now O = g. In this case O o 5% and O o Sj are given by (76). For E # 0 we have:

*lg(ﬁerfqu) E E
(BEp (OoSt))o = .//dqdp%ﬁlip [(q - a)2> cosa)t+£sinwt+ —

(80)
BE . ., +ood +ood e—ﬁ(éJr%zqz) ) _E .
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since (p)o = [ [dqdp fo(q,p)p =0, (q)0 = [ [dqdp fo(q,p)q = 0and (p*)o = [ [dqdp fo(q, p)p* =
B~L. The response formula (78) gives

t
(e = (p)o —i—/o dsgsinws = 5(1 — cos wt). (81)

Analogously, the unperturbed dynamics, given by E = 0 in (76), yields:

~ e ) , E
(BEp (00S5®))o = //dqdeﬁEp {QCOSW(t*S)ﬁ’%SID(O(t*S)] = sinw (t —s), (82)

and from (79)
t
(p)r =(p)o —I—/O dsg sinw (t —s) = 5(1 — cos wt). (83)

This shows that the perturbed and unperturbed responses of the observable O = p coincide.
If we consider the observable O = g p, the situation is different. In the first place,

OoSk=— —E21'2t+ - B 2wt —p(g- L ) sin?wt + p - sin2wt
=-w{qg-—5 ) gsin2wt+plg——5 JcosTwt—p|q——5 |sin"wt+p°5—sin2w .

_E(_E sin wt + £coswt

w\17 w2 P2 ’

that must be multiplied by p before taking the ensemble averages in (78) and (79). This gives a linear

combination of monomials p, pq, pq®, p*q, p>, whose average with respect to (-)o vanishes, and a non

vanishing term

2 E 2 2
p 7 [— cos” wt + sin wt—l—coswt}

Thus, recalling that (p?)g = p~!, we have:

t E E? 1
(gp)t = /SE/O dsﬁ<p2>0 {— cos? ws + sin? ws + cos ws} =3 [sinwt + EsinZwt . (85)

On the other hand, from (84) with E = 0, we obtain that p(O o S)) is a linear combination of
7*p, qp*, p®. This implies that (BEp (O 0 S{°))o = 0 and, from (79), that (qp);” = 0, showing that
the perturbed and unperturbed responses substantially differ in the case of O = gp, unless E is
particularly small.

4. Formal Thermodynamics

Following Qian and collaborators [29], we now obtain various new relations for the dissipation
function. To this end, suppose that the system admits an energy function H : M — R, H € C}(RN,R).
Let us introduce the set I';, in phase space, defined as follows:

I, = {xeRN:H(x) <h}

and its boundary:
or, = {x e RN : H(x) = h}

The set I'j, includes all points in phase space whose energy is equal to or lower than the threshold
h, and dI'), is its boundary, constituted by the phase points whose energy equals the threshold value.
Introduce the measure of such sets w.r.t. the time evolving probability measure:

pue(h) = 5 fi(x) dx
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where f;(x) is a sufficiently well behaved probability density. Then, the function

ft(x) , 1 ifxery,
“l/tt(h)Xh(X)’ Xh = { 0 ifx¢ rh (86)

where Y, is the characteristic function of I, plays the role of a probability density in I';. Using
Reynolds Transport Theorem plus the regularity of the surface dI';, one finds:

i) = itn = [0 S )

where do is the surface element area. This quantity can be interpreted as the measure w.r.t. the density
fi(x) of the constant energy surface dI';. The time derivative along a trajectory of the energy function
H(x) is given by:

H(x) = V(x) - VH(x)

hence we may define a formal heat flux through the boundary dI';, as:

. 1 do
Q) =~y [ VOO VHOOR)

If in addition, we introduce the formal temperature as the inverse of the logarithmic derivative of
the constant energy volume w.r.t. the energy parameter h:

-1
Ti(h) = (g nmn) =

we can relate the ensuing formal entropy production rate to the average of the dissipation function
concerning the set I'y:

Q1 : _
ep(i51) = 2 = iy /r;, O (x) fi(x) dx =

This result is readily obtained as follows:

W<Qﬁ ‘Xh>t (83)

do

. 1 1
Q) = =gy fo VOO VHORC o = = [V (RIV() dx

where the equality is guaranteed by Divergence Theorem, VH/|VH| being the unit vector
everywhere normal to the surface I, and by the identity V - (fi(x)V(x)) = —Qft(x)fi(x).
Then Equations (3) and (5), yield:

Of (x) = = (AX) + V(x) - VIn fi(x)) = = |A(x) + V(x) - VIn(fo(x) exp{ QP ()} | =

(89)
=~ [AK) + V() - V(in folx) + O, ()]
that leads to:
0ff (x) = O (x) — V(x) - VO, (x). (90)
Therefore, we can now write:
. — 1 t — 1 0 fU
ep(iit) = i o OIS dx = s | (0000 = V0 - V0% 009 2000 fi() e o

Mol (/M O (x) x4 (x) fi (x) dx — /M V(x) - VQJEt,O(x)Xh(X)ft(X) dx)
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The first addend within the brackets can be reworked using the response formula (8), where Q/f0
restricted to I'j, is considered like any other phase function:

S 00020 () fi () dox = [ QR0 (x) fol(x) dx + i [ Q0 (STx)x0,(STX) Q0 (x) fo (x) dx dT  (92)

while for the second contribution, we have:

/M V00 VO, (000 () dx_/ MO Vtho( 01 fo3)e™ 0 dix

(93)
= [ V00 - Ve, fo(x) dx

Rearranging the two contributions, the first integral in Equation (91) becomes:

Oty = {0y, + tdr dxQfo(er)xh(STx)Qfo(x)fo(x)— V~V€Q@fr0)(h (94)
(o), = (@) + || av [,

0

and finally:

ep(l;t) = ytih) {<<Qf0 V. VleOf/O) Xh>0 + /Ot <Qf0 (Qfoxh) o 5T>0 dr} . (95)

Letting i grow in Equation (88), these conditional averages converge to the average on
M, yielding:
lim e, (1) = (1), =0

h—o0

where (13) has been used. This is consistent with the fact that in this model no “energy” can flow out
of M, or in M from outside.

Note that such a reasoning actually does not refer to a physical flow: in the first place, it occurs
in phase space, rather than in real space; furthermore the dynamics does not need to describe any
physical phenomenon. Therefore, the thermodynamic interpretation of the above relations should
be taken with a grain of salt [43,44], while it may be suggestive in the analysis of dynamical systems,
analogously to the thermodynamic formalism [33].

The Case with Constant or Slowly-Varying Volume Contraction

Assume that the probability density fj is continuous with compact support M, and take V(x) =
Vo (x) + eV1(x), with Vy, V7 sufficiently regular, Ag(x) = divVy(x) = —Ag < 0. Assume also that the
system is () T-mixing. To compute <Q{}’ >t up to O(e), observe that:

<Q\f/0>t _ /Of <QJ§’ (Q{? osg) >OdT _ /Of <Q{; (Q{}; osg) >0dr+e/0f <Q]‘(/0 (01;01 osg) >0dT (96)
where
P (x) = O’f}g(X) +eﬂ{,°1 (x) = —Ag — Vo(x) - Vn f(x) + EQ{;I(X)

Substituting in (96), we have:
(aff) =3t
+ A /Ot dt /M dxfo(x)Vo(SITx) - VIn fo (STX) + A ./O't dt ./M dxfo(x)Vo(x) - VIn fo(x) (97)
+ /0 it [ axfo(x)(Vo(SEx) - ¥n fo(S2%)) (Vo(x) - V'In fo(x) + Ofe)
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The second integral can be computed explicitly taking fo(x) = 0 on oM:
(Vo Vn fo)y = /M Vo(x) - Vfo(x)dx = /M div(Vo(x) fo(x)Jdx — /M divVo(x) fo(x)dx.  (98)
As the divergence of V equals the constant —Ag, and [, , fo(x)dx = 1, we have:
(Vo-Vinfo)y = Ao+ /M div(Vo(x) fo(x))dx. (99)
The integral in the previous equation is, by the Divergence Theorem, equal to
|, fot0va(x) - n()de =0,

Then
(Vo Vinfo)y = Ao, (100)

and
(0f), =223+ 20 [ (Vo(SE(x)) - VI fo(SE(9))g Tt
, 0 (101)
+ [ {(Vo(SE0) - T olST()) (Vo(x) - Tl fofx)) g+ Ofe).

Averaging A one has instead:

()= [ ACOfGdx = [ (h—edivVi() fi(0)dx = Ao +O(e),
since to first order, our vector field has a constant phase space volumes contraction rate.

Example 1. The simplest case is obtained when the initial distribution is uniform, i.e., fo(x) =constant, as if
the “equilibrium” vector field vanishes. In that case the integrals in (101) vanish, and

(o) =223t+0(e).
Example 2. Suppose the coordinates in the initial ensemble are independent, i.e.,
n
folx) =[Tsi(xi),
i=1
with g; being one dimensional density functions. Then,

Kl O — 8 (xx)
axk 1nf0( )_ gk(xk) (102)

and Equation (101) can be rewritten as follows:
2) — 2026440 ) /t (50 8iL5EX)i)

(o), =28+ 20 L [ {vosi ey ) aes
(
(

0
. sty s, (103)
+ Z/o <Vol-(5§x)Voj(x)gl'((s€ ;l) g]‘ ];>OdT+O(€).
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In the special case of Gaussian marginals

(g~ 1)? /
1 -5 8i(xi) (xx — )
Xp) = e ko =— 104
8i(xk) V27oy 8i(xi) U;% (104

we have:

(), =28t =20 072 [ (Vor(SE((ST)i — )+
t = (105)
+ 3 @0) 2 [ (Vor(SPVoy G (SE0) — ) — 1)), T +O(e).

ij=1

The simplest example can be obtained with € = 0 and Vy;(x) = —A;x;, A; > 0, and assuming py = 0.
Then, observing that the i-th component of Stx, can be written as (Stx); = e~ %i*x;, Equation (105) becomes:

<Qf°> _2/\2t+)\020 2/\/ —2“<x%>odr+

(106)
Y (007) A, / 2T (22 d,
=1
where Ag = YLy A;. In addition, recalling that (x2), = o7 and < 2x 12>0 = 0707, we have:
fo 2 4 —2A;t < 2(Ai+A)t
<Q>_2At+ “Aon AOZe +2/\+A 2/\+A (107)

=1 ij=1 i,j
The previous result could have been obtained directly from Equation (96), noting that:

A;
O ()= o - ) 22
i=1"q

S

Equation (107) shows that the average dissipation function <Q{}]>t diverges as t — oo, because the

dynamics has the global attractor x = 0. Thus, Q{? tends to the non vanishing phase space contraction rate
—Ag. That is not the case for € > 0.

5. Simple Attractors and Small Dissipation

Consider the dynamical system (1) on a compact phase space M containing a set of attracting
fixed points A = {x,...,x} with (open) basins of attraction B; = {x € M : Stx — xj, t—
+o0},j=1,...,k, such that U{-‘ZlB]- = M, modulo a set of zero Lebesgue measure. Let f be the initial
probability density and f; its evolution at time t. Recalling that the basins of attraction are pairwise
disjoint, for any continuous phase function C we can write:

k

(€)= [ COfilx)dx = [ C(sfolx)dx =} [ C(8X)folx) dx. (108)
M M = Js
Taking the limit, by bounded convergence we have:
k
thﬁlg t—ZwC X;) where ) w; =1, wiE/B,»fO(x) dx >0 (109)

i=1

This shows that the asymptotic mean of C is the weighted mean of the values of C on the attracting
fixed points, with weights given by the po-probability measure of the corresponding basins of attraction.
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In other words, the probability measure d;(x) = fi(x) dx converges weakly in time to v = Y5_, w;dy,,
with éy, the atomic measure on x;. In this case it is easy to compute the correlation function of A and C

w.r.t. yo:
((A0S8")C)y—((A05"))4(Cy (110)

that is used to define T-mixing and, taking C = /0, to define QT-mixing, cf. Equations (10) and (11).
The t — oo limit of (110) then yields:

t—

k
lim [((A0S")C)y— ((A28"))(C)] )lexz [/ (x) fo(x) dx — w; /MC<x>fo<x)dx} (111)

l

and, assuming that also Ofois continuous,

lim [<(ccsf)0f0>of<(cesf)>0<0f0>0] = lim <(ces Qf°> Zc /B, QP (x)fo(x)dx  (112)

t—o0 t—oc0 -
since (Vo) = 0.

Remark 1. For k > 1, the response from a single initial condition is not unique and depends on the initial
distribution fo. Hence, T-mixing does not hold, since it requires the long time averages to be independent of
the initial condition [26]. On the other hand, OT-mixing holds, since it is necessary and sufficient for the
convergence of the full phase space averages to their asymptotic limit, i.e., (109).

Now, consider a case with small dissipation:
x = V(x;€) = Vo(x) +€eVi(x), (113)

where € is small, and

divVy(x) =0; Vo(x) - Vfo(x) =0 (114)

Then, the unperturbed dynamics x = Vj(x) preserves the volume and the initial density,
since Q{% (x) = 0, while the dissipation function only depends on the perturbation eVy:

O (x) = e (x) = —€[divVy(x) + Vi(x) - VIn fo(x)] (115)

Let the initial probability density f be positive for every x in the phase space M, a condition at
times called ergodic consistency [30]. In this case, the probability density at time ¢ is given by:

i) = folx)exp e [ Of (570 e

where S{ is the flow of (113). Taking « € (0,1) and fc = 1/€%, it can be shown that the difference
between the evolved density and the initial one is O(e!~%), in the e-dependent time interval bound by

—te, provided Q{}) is continuous in M. In particular, one has:

Qf (STx) dty te = O £ (116)

<max‘Qf0

‘te

which defines the maximum magnitude of Qf ? in M. Consequently, for 0 < t < t.:

ft() = foO)| = fo(x)

exp (e /_Ot Q{/"I(ng) dT) - 1’ < fo(x) [exp (ﬁ{,"lelf"‘) - 1] = fo(x) O(e'™) (117)
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We can use this inequality to bound from above the variation of an observable of the system at
hand. For a continuous function B, one obtains:

[(B) = (Blol < [ 1B (exp [0 =] ~1) folx) dx < O(e! ™) max[B()|  (118)

6. Conditions on Dynamics and Probability Density

As observed in [27], the dissipation function can be obtained starting from the Liouville equation:

V() = ~AOAG) = V(x) - Vufilx) 19

and factorizing f(x) in the right hand side. The result is Equation (2) with Q/ft(x) defined as in (3).
The standard conditions of physical interest, under which this operation can be performed are the
following:

e the vector field should be everywhere differentiable in the phase space M for A to exist;
e theinitial density fy should be everywhere positive in M for its logarithm to exist;
e theinitial density fy should be everywhere differentiable in M for its gradient to exist.

This also guarantees that the dissipation function be continuous, which is what is used to derive
Equation (8) from Equation (7), via Equation (5). In the physical literature, these requirements are
satisfied if (a) the condition sometimes called ergodic consistency holds [30]—fy should be the
equilibrium ensemble for the dynamics subjected to the same constraints of the nonequilbrium
dynamics—and if (b) the particles interactions are sufficiently regular. The effects of discontinuities
can be controlled if the dynamics are piecewise regular (as in billiards), or the probability decays
sufficiently fast when approaching singularities. A full mathematical treatment of these aspects is far
from trivial for physically relevant particle systems, and the success of the theory can only be judged
a posteriori, on a case by case basis.

At the same time, various mathematical aspects can be understood considering simple examples,
that can be explicitly solved. Let us focus on simple cases in which the above conditions are violated.
This is important both to delineate the range of applicability of the theory based on the dissipation
function and, at the same time, to find corrections where needed.

When f;(x) is not differentiable, one may replace (119) by its weak form, i.e.,

/M h(x) fe(x)dx = l//.\jz(x)fo(x)dx + /Ot//}/{(x) - Vh(x) fr(x)dxdt, forall h(x) € CF(M), (120)

Ci’ (M) being the set of smooth functions with compact support in M. The non-differentiability, of f;,
however, is not the only issue. In what follows we take fy and f; with compact support Ky and K; in
M, while M is not necessarily compact.

Examples

Example 3. Consider the dynamical system
¥x=-x; xeR (121)

and the following initial density:

0, else

) _{ 1/2, xe€[-1,1] 12
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t

that is compactly supported and non differentiable at 1 and —1. As the initial condition x evolves like S'x = e~ 'x,
[t is given by
1, . 1 if xe|—et e
ft(x) = Ee X[—e*f,e*t](x) ,  with X[—e*f,e*‘](x) = { 0 ifx¢ [_e—t,e—t] (123)

Then, Equation (119) does not apply, while Equation (120) does. Indeed, the left hand side and
the first term in the right hand side of (120) are

As= [ h s = ezt/_eig(gc)dx, and Bi= [ () fo(x)dx = %/_11h(x)dx. (124)

The phase integral in the right hand side of (120) yields:

N()dx = — & Th(e=) + h(—e= g/
/M() Vhix)f; - /xh 5 ™) +h(—e)] + 5 [h@x)ds,  (25)
and the corresponding time integral becomes:
1t e [
C _/ ds/ AXV (x) - Vh(x)fe(x) = =5 [ [h(e™) + (= ds+/ ds E/h(x)dx , (126)
7673

Then, integrating by parts and using Leibniz’s formula in the last integral, we get:

[olt o] o1 e o

t —t 1
c=5 h( )dx—%/_lh(x)dx. (128)

Form (124) we get A = B + C, that proves (120).
The probability with density f;(x) converges weakly to the delta function at x = 0, since for any
continuous O, the mean value theorem yields:

and

0), = /O(x)ft(x)dx = ezt/e?_t(x)dx =0(x) > 0O(0) as t— 400,

for one x; € (—e~!,e™"). Can this result be obtained via the response formula (8)? Because A(x) = —1,

and dfy/dx = 0, the dissipation function takes the form:

Of(x) = —A(x) - vir) 2F) 4 (129)

on the interval [—1, 1]. Hence, unlike the cases addressed so far, <Qf 0 >0 does not vanish, it equals 1!

More generally, given the 1-D system ¥ = V(x) with x € R and fj supported on any interval
[a,]], integration by parts yields:

(a%), = /ab <—V'<x> —V() ;ggi;) folx)dx = V(a)fo(a) = V(b)fo(b), (130)

showing that <Qf 0>0 vanishes only if some conditions, such as V(a) = V(b) = 0or fy(a) = fo(b) =
are verified.
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In Ref. [27], the equality ( Q') = 0 was obtained from the conservation of probability and from
q y 5 p ty

t
the interchange of the time derivative with the integration in phase space:

oft d
i\ = f — - _9a._
<Q t>ft /MQ tfdT = T 4T = T /M f;dT 31=0 (131)

This exchange is legitimate under the joint continuity w.r.t. x and ¢ of f; and of df;/9t, which is
not the case of our example. Consequently, Equation (8) leads to the nonsensical expression:

(0, = (O)y + /Ot dt /jl O(e~'x)dx, (132)

which diverges linearly with ¢, rather than converging to O(0), because O(e 'x) — O(0). This is
related to the fact that <Qf 0 >0 # 0, due to the non differentiability of fy. If, on the other hand, one has

fo(x) = 3(1 — x?) /4 with x € [—1,1], one obtains:

1-3x?
fo — o ; fo\ —
Qo (x) T2 which leads to <Q >0 0 (133)

Then, taking for instance O(x) = x", which can be used for analytic functions, one has:

3 [ —ns ! n _ 3 3 —nt
(0), = ((9>0+1/0 dse /Adxx (1-3x2) = CESCES) + CESCEE) [e™" —1] (134)

for even n, which correctly converges to O(0) = 0, and 0 for odd n, which equals O(0) at all times.
The role of Equation (13) is further clarified noticing that for a finite ¢ one can write:

t/ OosT)-Oh) dr = /dr/ (06 57(x)) - QO (x) fo (x)dx

(135)
= [, |3 [0 s700i] 0200 o
Then, assuming the t — oo limit and the phase integration can be exchanged in Equation (135),

the previous equation yields:

lim Ot <((’)osT) -Qf0>0d1— =0- <Qf0>

t—00 0

where O is the time average of O. This shows that Equation (9) requires <Qf 0 >0 =0, i.e., that either

Q0 vanishes or changes sign in M.

On the other hand, one realizes that this is not sufficient in general. For instance, despite the
correct result (134), the blind application of Equation (5) for the case of Equation (121) with density
3(1 — x?)/4in [—1,1], yields an incorrect evolved density f;. In this case, we have:

2s 2
0N (S5x) = Qo (e=5x) = H (136)
and . >y )
al, (x) = | /_t QN (S5x)ds = 3t + In ’el_x;‘ (137)

which implies:
3 _
fi(x) = 1 ‘e 2 xz‘ et (138)
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that is not normalized on [—1,1]. This difficulty is not related to the violation of Equation (13),
but to the fact that the support of f; changes with time or, equivalently, that Equation (5) attributes a
positive probability to points outside [—1,1]. An analogous, even more macroscopic, situation arises if
M =11,2] and fy(x) = 2(3 — x) /3, which yields V(1) fo(1) = V(2) fo(2), hence yields (13) with non
vanishing V(1), V(2) and fy(1), fo(2). This stresses that dynamical equations and phase space must be
properly chosen.

The point is that the preimages S™°x of part of the points in M, for some s > 0, lie outside M.
In these cases, Equation (5) requires that only the contributions of the points x with S™°x € M be
included in the calculations, as discussed in Ref. [32].

Example 4. Consider the dynamical system
¥=x—x3 (139)

that has two asymptotically stable fixed points x_ = —1 and x4 = 1, and an unstable fixed point, xo = 0.
Take the invariant set M = [—1,1] as the phase space of the system. The flow is given by:

—t
Sty = e xe M. (140)

VItaZ(e 2 —1)’

Assuming fo(x) = 1/2, uniform on M, the dissipation function is expressed by: Q/0(x) =
—A(x) = 3x2 — 1, hence it changes sign in M. The evolved distribution is given by:

fi(x) = %X[_Ll](x) et (1—x%+ xze’Zt)*% ) (141)

If, on the other hand, fy(x) = 3(1 — x?), we have
Ofo(x) =522 -1 (142)

that also changes sign, and the density at time t becomes:

filx) = ze*f (1—22)(1— 22+ 2 2) 3 (143)

From (141) and (143) one can see that in both cases dy; = f;(x)dx converges weakly to %(5_1 +61).

This is correctly so because the flow vanishes at the boundaries of the phase space: M is invariant;

hence the points inside M have no preimage outside M. In this case, the non-differentiability of the
uniform density in R has no bearing on the theory.

Example 5. Let us consider the one-dimensional dynamical system:
¥x=—-x+ex’, 0<e<l, (144)

and denote Vy(x) = —x and Vy,(x) = x3. This system has three fixed points: xo = 0, which is asymptotically
stable, and the unstable points x_ = —1/\/€ and x4 = 1/+/€. We denote by M. the set [—1/+/€,1//€] D
[—1, 1], which is invariant, being invariant the intervals [—1/+/€,0] and [0,1/+/€]. Integrating the differential

equation, we obtain

xe !

V1tex2(e2-1)

Stx = for x e M. (145)
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Then, expanding with respect to €,

Stx = 56x — §x3e*t(e7 1)+ 0 (e x’e t(efzt — 1)2)) , xXEM,t>0,0<e<1, (146)

where S{x = xe™!. The uniform probability on [—1,1] fo(x) = 1/2, has compact support in Me D
[—1,1]. Substituting Q{% (x) =1and Q{}; (x) = —3x? in Equation (47) yields:

0 XZe—ZT

1 0
) = g e | [ ar| e |2 [ ity

1
= X1 (x)e' (1—ex® + exzeZt)fg.

(147)

This allows us to check that the probability measure du§(x) = f;(x; €) dx converges weakly to the
delta function at x = 0 as t — oo The linear approximation for small € can be obtained, in analogy with
the Hamiltonian case, cf. (54), by truncating the exponential in (47):

fi(x;€) = fo(x) exp {/Ot dTQ{%(SeTX):| {1 + e/ot dt Q{};(Sgrx)] (148)

which gives:
fi(x;€) = E (x)e [1— §ln ( — ex? + ex? 2t) (149)
filx;e) = S X[-11)(*)€ 5 e .
It can also be observed that the linear approximation at € = 0 of the exact evolved density (147),

P

fi(x;e) = ;X[ 11]( el {1—3(1 €X +ex2e2t>} (150)

does not coincide with Equation (149), but it can be obtained from Equation (149) approximating In x
to first order in x.
Given that Q{% eV, —(1 — 3ex?), the exact response of ensemble averages is given by:

(0, / dr/ )(1 — 3ex?)dx, (151)

that, on the basis of the previous remarks, converges to 0(0), as t — . As observed in Section 3, the
linear approximation analogous to the GK response is obtained by replacing the exact flow SLx with
the linearized one, Sjx = xe™/, in Equation (151).

Now, let A and B be smooth functions, and fj a probability density with compact support K in
Me, containing x = 0 in its interior, for instance K = [—1,1]. In order to check T-mixing, see (11),
let us write:

lim;_c0 [filA Stx)B(x)fo (%) alx—f1 A Stx)fo dxf B(x)fo(x )dx} (152)
f B(x)fo(x)dx — A f B(x)fo(x)dx =0 (153)

which follows from the uniform convergence of Stx to 0, from the boundedness of A and B in any
compact set and from the continuity of A. This proves the T-mixing property (11) for the present
example. The same reasoning shows that the system is also (T-mixing.

Example 6. Consider the one-dimensional dynamical system:

x=x—ex’, 0<e<], (154)
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that is the time reversed version of (144). The point xo = 0 is now unstable, while x_ = —1/+/€ and
x4 = 1/+/€ are stable, and Me = [—1/+/€,1/+/€] D [—1,1] is invariant. The flow is expressed by:

xet

1+ ex2(e2t —1)

Skx = = Shx — Ex3et(e2t -1)+0 <€2x5et(e2t - 1)2)) , for x e M. (155)

2

where Shx = xe'. The e expansion at € = 0

Stx = Shx — §x3et(e2t 1)+ .. (156)

has an error that grows without limit as t increases, which shows the unsuitability of the linear response. In this
case, always assuming fo(x) = 1/2 in [—1,1], Equation (47) yields

1 0 0 x2e21'

1
- EX[*M] (x) e (1- ex? + exze_Zt)_%,

(157)

being Q{,Oo(x) = —land Q{})p(x) = 3x2, since Vo(x) = x and V,(x) = —x3. Observe that f;(+1/+/€;€) —
oo while fi(x;€) — 0 for —1/+y/e < x < 1/+/€ as t — oo. Thus the measure du§(x) = fi(x;€) dx converges
weakly to %5,1/\/5 + %51/\/5.

Example 7. Let us consider
x=¢(x— x3), -1<e<1, (158)

and assume the invariant interval M = [—1,1] as the phase space. For € # 0 the fixed points are xg = 0,
x_ = —land x; = 1. For € > 0, the point 0 is unstable, while —1 and 1 are stable. The opposite holds for
€ < 0. For € = 0, all the points are fixed. The flow is given by:

xe€t

Stx = .
¢ V1+ex2(exl —1)

(159)

Taking the initial uniform distribution on [—1,1], being QP = —e(1 — 3x2), the evolved density is:
1
fxie) = Sxpan(x)e < (1 —ex’ + exZe 273, (160)

For € > 0 the distribution du$ (x) = fi(x; €) dx converges to 6_1 + 161, while for € < 0 the limit is .
The response is

t 1
(0); = (0 - / dr/ O(STx)(1 — 3ex?)dx (161)
0 -1
Once again, the linear response approach is scarcely interesting.

7. Concluding Remarks

In this paper we have reviewed the developments that led from nonequilbrium molecular
dynamics (NEMD) to the fluctuation relations (FR) and to the exact response theory, which develops
the previous formalism based on the so-called Transient Time Correlation Function [6]. Within this
framework, some authors have adopted the phase space contraction rate —A as a definition of the
steady state entropy production rate ¢ [23,41], after —A and ¢ had been observed to be proportional
to each other, in the original paper on fluctuations relations [36]. That paper dealt with the Gaussian
thermostatted iso-energetic model of a shearing fluid known as SLLOD. In that case, the steady
phase space contraction and entropy production rates could indeed be directly related to each other,
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something that in NEMD models had already been pointed earlier [19,51,52]. Mostly the interest had
been on steady state state averages of such quantities. It was then realized that such an identification
is justified only for steady state averages of certain NEMD models and that, in general, fluctuations
require —A to be distinguished from the energy dissipation rate [24,25,53]. At the same time, the
function that represents energy dissipation in molecular dynamics has been identified as the dissipation
function (), the function that obeys the FR. For the transient FR this happens quite generally; for the
steady state FR it is required that correlations w.r.t. the initial distribution do not grow too fast,
something implied by the T-mixing condition [26].

Through a number of examples, including NEMD models as well as simple exactly solvable
models, we have illustrated these facts and how the exact response formula, based on (), applies. In
particular we have analyzed the relation between () and —A, noting that in the analysis of generic
dynamical systems the two quantities are by and large equivalent, while in the case of particle systems
the first corresponds to a real observable. We have then compared the exact response formula with the
one of the Green-Kubo linear theory, quantifying their difference, that typically grows with the size of
the perturbation and of time, but also showing that in some simple case they yield the same result.

We have then investigated “formal thermodynamics” along the lines of Ref. [29], introducing
a formal temperature and a formal energy flow, and using () instead of —A as a notion of formal
entropy production rate. Analogously to earlier works, e.g., Refs. [54-56], this means that the phase
space is treated as real space, and its different regions as different locations in real space. Clearly,
the 2dN-dimensional phase space of an N particle system in d dimensions and the phase points that
flow in it are totally different from the 2d-dimensional real space and the particles that flow through
it [43,44]. (A point in phase space has no extension nor “inertia”, it does not interact with other points,
and it equally represents the microstate of a large or small system. Any other point represents another
system that can be arbitrarily close or far from it. A particle in real space has a finite extension, interacts
with nearby particles, and follows Newton’s laws with its inertia. Just this has numerous consequences.
For instance, while the Gibbs entropy represents thermodynamic entropy only at equilibrium, the
Boltzmann entropy works also in time dependent situations, Refs. [44,57]). Therefore, in general, a
direct identification of flows and related quantities in phase space with their physical counterparts
is not possible. Nevertheless, this analysis is reminiscent of the thermodynamic formalism, which is
important for dynamical systems in general [33]. Furthermore, it may find direct physical application
in systems of non-interacting particles, for which the factorization of the phase space distributions
makes phase space and real space almost the same. Such systems may not behave thermodynamically,
but they are of greater and greater interest in e.g., bio- and nano-technology (cf. transport in highly
confining media), for photons in optical wave-guides or random media, for cold atoms etc.

Finally, we have observed that the exact response formula (8), mainly rests on the regularity
of the vector fields, and on the ergodic consistency of the initial distribution, which ensure the
regularity of the dissipation function as well. These mathematical conditions need further scrutiny, in
more realistic cases, but are relatively minimal, hence hint at a wide applicability of the theory. The
investigation of physical applications of this theory is just at the beginning; many are indeed the cases
in which perturbations cannot be taken as small compared to the reference signals; they range from
nano-technology to geophysical and even astrophysical phenomena [58].
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