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Abstract Systems allowing anomalous transport of mass, momentum energy, etc., such as low-dimensional particles systems or
highly confining media, are hard to characterize thermodynamically. Indeed, local thermodynamic equilibrium may not be established
and their behaviour often strongly depends on many microscopic parameters, including the symmetry of the interaction potentials.
Thermodynamic state equations, on the other hand, involve a small set of observables, which are obtained averaging in time and over
the large number of particles that populate mesoscopic cells in which local equilibrium can be realized. In this work we show that a
linear relation discovered earlier, that connects the average distance between pairs of consecutive particles with their kinetic energy,
applies to quite a large set of 1-dimensional particle systems known to produce anomalous transport. This relation is microscopic
in nature, since the quantities involved are neither averaged over many particles, neither over very large times. Nevertheless, its
robustness is under variations of the external parameters, and the limited set of quantities it involves qualify it as a state equation,
analogously to thermodynamic relations. We provide conditions for which the relation can be violated within a limited range of
parameters values, and we find that it can be extended to two-dimensional networks of coupled oscillators. The validity of this relation
further shows that the states of aggregation of matter in low-dimensional systems are often different from standard macroscopic
ones.

1 Introduction

The properties of 1-dimensional systems made of linearly or nonlinearly interacting oscillators are the subject of a vast literature, that
began with the FPUT model [1], and then ramified in countless directions. Initially, the problem of energy equipartition, relaxation
to equilibrium, and related ergodic notions were investigated. Later, energy transport in nonequilibrium conditions became most
popular. See e.g. [2] for a selection of works concerning both phenomena. Chains of oscillators have been considered because of
their simplicity and, more recently, because they appeared to enjoy some properties of nanotechnological interest [3]. While energy
equipartition is fairly well understood [4—7], the transport of energy still poses numerous questions. One widely accepted view is that
energy transport in FPUT-like 1-dimensional systems is typically anomalous, i.e. it violates Fourier law, although different and even
contrasting points of view are found in the specialized literature, see e.g. [8—12]. One characteristic feature of anomalous transport
is that bulk properties depend on the boundary conditions and, in particular, depend on the length of the chain. Therefore, local
thermodynamic equilibrium! is not established [14—17]. Indeed, by its very definition, locality requires spatial correlations to decay
within mesoscopic distances. Then, properties of matter in the bulk, such as the transport coefficients, are not affected by boundaries
located “sufficiently far”, i.e. beyond a moderate number of mean free paths from the place of interest. For a detailed discussion of
the local thermodynamic equilibrium condition see e.g. references [18] Chapter II Section 9, [19] Chapters 3-5, [20] Section 15.1,
[21] Section 2.3, [22] Section 3.3, [23] Chapter 1, [24, 25]. It is clear that observables of small and low-dimensional systems are
less likely to obey local thermodynamic equilibrium than 3-dimensional macroscopic systems, because spatial constraints hinder
the decay of correlations. This constitutes part of the reasons leading to anomalous transport.

Interestingly, mean free paths are known to be unbounded in many 1-dimensional systems, so locality is violated, but in certain
cases one may identify structures that interact over short distances and enjoy locality (high-frequency modes), while others do not,
and lead to anomalous transport (low-frequency modes) [26]. This allows a consistent description of the phenomenon at hand.
Furthermore, there are models and conditions under which transport turns normal even in 1-dimensional systems, see e.g. [2, 3,

4 e-mail: vincenzo.diflorio@polito.it (corresponding author)
1 Thermodynamic equilibrium is the fundamental property justifying the local mass, momentum and energy balances as thermodynamic relations [13].
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27-29]. In particular, the symmetries of the oscillators interaction potentials have been found to play a important role in certain
models [8—12]. This result can also be obtained by adding a strain to the chains [30].

Given the complexity of such a scenario, it is desirable to find relations describing the state of 1-dimensional systems in terms of a
reduced number of variables, i.e. of counterparts of the thermodynamic equations of state, holding beyond standard thermodynamics.
In this respect, it is interesting to recall the beginning of Section 9 of Ref. [18], which explains that different kinds of thermodynamic
quantities exist “Thermodynamic physical quantities are those which describe macroscopic states of bodies. They include some which
have both a thermodynamic and a purely mechanical significance, such as energy and volume. There are also, however, quantities
of another kind, which appear as a result of purely statistical laws and have no meaning when applied to non-macroscopic systems,
for example entropy”.

The relation discovered in Ref. [15] (Eq. (5) of that paper) and investigated in a handful of papers: [16, 17, 31, 32] seems to
be a good candidate for such an equation of state. Indeed, we are going to show that it holds in a vast variety of cases, in which
the boundary between purely mechanical and purely statistical quantities is blurred, both in absence and in presence of external
drivings. Although it is reminiscent of the virial theorem of Clausius [33], we conclude that this relation does not derive straight
from pure mechanics: it carries statistical information as well. At the same time, it is a microscopic kind of relation because it does
not involve averaging over many particles or over very large times.

The rest of the article is organised as follows. In Sect. 2 we present and discuss the microscopic state equation and review the
1-dimensional particle systems on which it is tested. In Sect. 3, we numerically evaluate the validity of Eq. (7) for different potentials.
In Sect. 4, we focus our attention on the behaviour of 8—FPUT chains, giving an attempt at a theoretical explanation of our results.
In this section the chain with stochastic baths is also considered. In Sect. 5, we validate the linear relation (7) for 2-dimensional nets.
Finally, in Sect. 6, we draw our conclusions.

2 Models and the microscopic relation

In the present paper, we consider systems of N interacting oscillators of unit mass and positions x; € R, withi =1, ..., N. In
positions xo and xy4+; we place particles that do not move and interact, respectively, with particle 1 and N like all oscillators do. In
some cases, these walls repel the approaching moving particles, confining the dynamics within the interval [xg, xy+1]; in other cases,
they allow the moving particles to pass beyond them. Particles 1 and N also interact with deterministic or stochastic thermostats,
of temperatures 77 and Tg, respectively. Letting r denote the difference of coordinates of particles with consecutive labels, e.g.
(xi+1 — x;), the potential energies of the particles interactions we investigate are expressed by:

k
e Harmonic: V(r) = 5(r —a)? )
r2ifr>a

Harmonic+hard core: V(r) = )
+o0 if r<a

]
[SlEay

e Soft-point: V(r) = l<r2 + %) 3
2 r
o\ 12 o\6
e Lennard-Jones: V(r)= 46[(7) - (7> :| “
e f— FPUT: V(r)= %(r —a)’+ %(r —a)* ®)

In Eq. (1), a is the distance at which the energy is minimum. In Eq. (2), a is the radius of the hard core elastic repulsion. In Eq. (4),
€ characterizes the intensity of the interaction, and ¢ is the distance at which the Lennard-Jones (LJ) potential vanishes, a = 21/64
being the rest distance at which the potential switches from being repulsive to being attractive. In Eq. (5), a is the distance at which
the B-FPUT force vanishes, i.e. the rest distance at which the interaction energy is minimum. The rest distance of the soft-point chain
(SPC), i.e. the chain with potential (3), is a = 1.. In the LJ case, we also consider first and second nearest neighbour interactions,
meaning that they consist of the sum of two terms involving two neighbours, respectively, with characteristic distances o and 20°:

12 6 12 6
V() = 4{(") - (5) } +4e[<2"> - (2—") } (6)
ry r r r

where r; is the distance between the particle of interest i say, and particle i + 1, and r, the distance between particle i and particle
i + 2. Then, the mechanical equilibrium configuration of the chain is the same produced by the potential (4).

Denoting by S; = (r;) the time average of r; = x;41 — X;, i.e. of the difference of the coordinates of two particles with consecutive
labels (obviously a microscopic quantity), and by T; = ( 1’1‘2 /2) the time average of the kinetic energy of the particle labelled by i
(another microscopic quantity), Eq. (5) of Ref. [15] can be written as:

Tizcl-Si+C2, i=1,..,.N (7)
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where ¢; and ¢, are real coefficients that depend on the system under investigation. This relation has been reported to hold in
numerous situations, cf. [15-17, 31]. Was ¢, negligible, we would have had a microscopic version of Boyle’s law, but in general ¢; is
not negligible. The quantities S and 7 can be seen as microscopic extensions of the notions of local inverse density and temperature
(apart from the factor &, ).2 In Ref. [32], the equation of state (7) has been derived under the assumption that a functional dependence
F(S, T) =0 of S and T exists at each point along the chain, and that AT = Tg — T, is small.

Based on the results of Refs.[10, 30], in the present paper, we are going to show that such a derivation does not apply in the
case of symmetric potentials, and we develop a more general approach. In particular, we investigate the validity of the equation of
state (7) mainly considering 1-dimensional chains of oscillators linked by nearest neighbours interactions. We study the effects of
stretching or compressing our chains, which is achieved placing the walls at distances larger or shorter than N + 1 times the rest
distance a. The deformation of the chain is quantified introducing the dilation factor:

_ XN+1 — X0

TSI ©

where xy+1 and xq are the fixed positions at the two ends of the chain. In the absence of thermostats, the moving particles oscillate
about their mechanical equilibrium positions, expressed by:

x9=jiga, i=1,...N. ©)

1

When o = 1 the chain is neither stretched nor compressed, and the quantity that can be associated with pressure, P say, depends on
the potential, e.g. for 8—FPUT, o = 1 corresponds P = 0. The cases with « > 1 correspond to a stretched chain, called negative
pressure states, P < 0. The cases with @ < 1 correspond to compressed chains, of positive pressure, P > 0. This terminology
is motivated by the assumption that the equilibrium statistic of the microscopic phases is given by canonical distributions with a
constant parameter P denoting the pressure, and is justified by the fact that the particles at x = 0 and x = (N + 1)a are subjected to
mean forces that, respectively, pull inside, vanish, or push outside the interval [xg, xy+1] they delimit.

We have found that changing « at fixed Ty, and T, intriguing and unexpected profiles of S and T arise, and that the microscopic
equation of state (7) robustly holds, except in particular regions of the parameter space, which are wider in the case of the 8-FPUT
chains than in the other chains we studied. These facts are related to the symmetries of the interaction potentials, which under certain
conditions also affect the energy transport as in Refs. [8—10, 10-12, 30], while under other conditions they do not [34, 35]. Omitting
to repeat all times that the boundary particles usually do not behave like the bulk particles, our main findings are the following.

Commonly, the T profile interpolates monotonically between 77, and Tg, hence relation (7) can be verified if also S is monotonic.
This is not always the case. For instance, Eq. (7) does not hold for the 8-FPUT chains, whose potential is symmetric, when the
mechanical equilibrium configuration of the chain constitutes a lattice whose nodes are the rest positions of the potential. In that
case, indeed, the S profile is flat. Differently, in the case of harmonic potentials, which are also symmetric, Eq. (7) holds. The fact is
that both S and T are flat in the bulk of harmonic chains; hence, Eq. (7) is verified with ¢c; = 0 and ¢ = T'. Stretching or compressing
the B-FPUT chain, i.e. setting « > 1 or o < 1, respectively, the situation changes drastically. The rest positions of the particles
in the chain do not coincide anymore with x; = ia. Consequently, the interaction potential is not symmetric about the mechanical
equilibrium positions, the S profile acquires a slope, and it gradually couples to T as Eq. (7) prescribes.

For asymmetric potentials, the relation (7) is generally quite robust under parameters variations. The §-FPUT chains are peculiar
from this point of view. This may be related to the fact that their potential, while confining particles more strongly than harmonic
potentials, lacks a short-range repulsive singularity.

Changing bath temperatures one obtains different S and T profiles, with different ¢; and c,. Fixing Tk, these coefficients vary
linearly with 77, up to quite large values, and then they bend toward a nonlinear regime for still higher values. This has been observed
to be the case for the S-FPUT, the SPC and the nearest neighbour LJ potentials. The above suggests that Eq. (7) is a nontrivial relation,
albeit simple and concerning the two most obvious observables of 1-dimensional particles systems. Symmetries of potentials and
equilibrium positions play an enthralling role, here, as they do for energy transport.

As analogous results hold also with stochastic thermal baths, Eq. (7) is suitable to play the role of an equation of state for
nonequilibrium (even nonstationary and nonthermodynamic) states of oscillators chains,? capable of distinguishing qualitatively
different situations for a wide set of 1-dimensional systems. Indeed, with only two microscopic parameters, it characterizes states
in a simple fashion, without need for detailed knowledge of the dynamics, like equilibrium thermodynamic equations of state.

We conclude that the case of @ = 1, which is usually investigated, is peculiar also from the point of view of the state equation
(7) that qualitatively changes behaviour at that point. In fact, it is reasonable that something happens when pressure changes from
positive to negative. Interestingly, reducing temperature jumps or eliminating them, setting 7; = T, does not change this qualitative
picture. The validity of Eq. (7) is gradually restored when the asymmetry of the overall interaction potential turns significant.

In the following sections we report our results about systems with the potentials introduced above. The numerical integrator
used is the fourth-order Runge—Kutta method with step size 1073 In most cases the heat baths are modelled by the deterministic

2 The thermodynamic density and temperature require not only averaging over microscopically very long times, but also averaging over mesoscopic cells
occupied by a large number of particles, in which boundary effects are negligible compared to the content of the bulk.

3In equilibrium it holds, but trivially.
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Fig. 1 Left panel: long-range harmonic potential and short-range hard core repulsion (2) with N = 100 and 77, = 50 and T = 1. In this panel red circles
represent the right-hand side of (7). Right panel: verification of relation (7), for SPC chains with @ = 1, Tg = 1 and Ty = 5. In both cases, temperature
and S profiles are nontrivially coupled since relation (7) is perfectly verified with ¢; > 0. This means that density of particles is lower where the kinetic
temperature is higher. The values of ¢, are not negligible; therefore, this system does not behave like a perfect gas

Nosé—Hoover thermostat with relaxation time set to 1. However, in order to check the robustness of our results against the modelling
of the baths, a stochastic bath is used and described in Subsect. 4.2.

3 Effect of interaction potentials

The microscopic interaction potentials have limited impact on thermodynamic quantities that concern large systems occupying a
3-dimensional volume. The effect may be observed on a quantitative level for certain variables, but systems characterized by quite
different microscopic dynamics enjoy an almost incredible similarity as proven, for instance, by the perfect gas law or by the existence
of universality classes. About thermal phenomena, this was concisely and wittily expressed in Ref. [36] even for nonequilibrium
macroscopic systems, driven by thermal baths interacting with their surface: “the properties of a ‘long’ metal bar should not depend
", Recently these notions have been considered also in the
case of anomalous transport phenomena [37], which low-dimensional lattices of oscillators commonly yield. Nevertheless, no fully
developed theory is available about such phenomena and systems. Moreover, the nonlocality observed in numerous 1-dimensional
systems may amplify the effect of microscopic interactions and affect the validity of certain relations. Therefore, we now investigate
the validity of Eq. (7) for different interaction potentials, recalling that potential symmetry or asymmetry at times makes a difference
also for transport [10, 30]. In our case, the interaction potential is indeed responsible for different phenomena, which we first
illustrate and later interpret theoretically. We begin with the harmonic potential, which is symmetric, and with the nonsymmetric
potential obtained adding hard core interactions to the harmonic springs. These potentials may be regard as two limit cases obtained
by deformation of the 8—FPUT potential. Later we briefly consider also the Lennard—Jones and the SPC potentials.

on whether its ends are in contact with water or with wine ‘heat reservoirs

3.1 Harmonic and harmonic plus hard core

Consider harmonic potentials with « = 1 and Nosé—Hoover thermostats at 7; = 5 and Tr = 1. We realize that Eq. (7) is trivially
verified, as already observed in Ref. [15] for much larger AT, because the T and S profiles are flat in the bulk of the harmonic chain,
and Eq. (7) holds setting ¢; = 0, and properly fixing c.

If we add hard core repulsion to the harmonic thermostatted chain, see Eq. (2), we find that the T and S profiles generally verify
Eq. (7), with ¢; > 0. Then, kinetic temperature and mass distribution are coupled in such a way that the mean distance between
particles is higher in the regions of higher kinetic temperature. This is what one would expect for a normal thermodynamic system,
when the mean kinetic temperature corresponds to the thermodynamic temperature, and the mean distance between particles can be
directly related to the inverse density. In particular, the left panel of Fig. 1 shows the excellent agreement of the data with relation
(7) for simulations with N = 100, ¢« = 1, and a relatively large AT that should not fit the derivation of Ref. [32]. Note that c¢;
is large in our simulations, which excludes that the system is considered a perfect gas. Indeed, for a perfect gas the temperature is
proportional to the inverse of the density, so ¢z is zero. On the contrary, we note that for a system of many particles, N > 1, and
given L, the average length of the chain, ¢, approximately equals the mean temperature of the chain:

@ Springer
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lines are the linear fit for 77 up to 5. A linear behaviour is evidenced for relatively small 77 , which turns nonlinear at higher 77,

| 2

N
In fact, computing the mean temperature, Eq. (7) yields:

N N

1

Son=9 Z re=Tlie (10)
i=1 i=1

which approximately equals ¢; if N is large compared to L, i.e. if the spacing between particles is small on the scale of the chain.
3.2 SPC potential

In the SPC case, Eq. (7) is well verified, for « = 1 with ¢; > 0, see the right panel of Fig. 1, which means that the density of
particles is lower where the kinetic temperature is higher, as normally expected when thermodynamic identifications make sense.
This is illustrated by simulations performed for N = 100 and Nosé—Hoover thermostats of temperatures 7; = 5 on the left and
Tr = 1 on the right. Further simulations lead to the same results. The behaviour of ¢; and ¢; with Ty, is quite interesting: at small
Ty, they lie on a straight line, which bends at higher 77, cf. Fig. 2. The relatively high values of ¢; indicate that this chain does not
behave like a perfect gas, if S and T are interpreted as thermodynamic quantities.

3.3 LJ potential

For the LJ case, the validity of (7) is verified quite generally for « = 1 with ¢; > 0, as we have observed for N = 100, 150 and 200.
As an example, in the right upper panel of Fig. 3 we represent the case N = 200 with first and second nearest neighbour interactions.

Interestingly, although Eq. (7) also performs relatively well, the situation is different for the LJ potential with nearest neighbour
interaction only, cf. left upper panel of Fig. 3. Indeed, the S profile is slightly nonmonotonic, while the T profile is monotonic, which
means that Eq. (7) cannot be exact, but only approximately valid. Nevertheless, this relation remains generally quite accurate, even
under mild as well as strong stretching conditions, where ¢ is always positive. For nearest neighbour LJ chains we verified this fact
for several values of « ranging from 1.2 to 100, and we found that relation (7) holds even when the raw data are noisy. This then
suggests one further test. In the lower panels of Fig. 3, the profiles are shown for growing times of 1/4, 1/2, and total time #;y,x With
tmax = 8 - 107, Figure 3 shows that relation (7) is verified also when 7 and S profiles are far from their asymptotic shape.

One further observation for LJ chains is that the S profile converges to a bounded asymptotic profile S as the left reservoir
temperature 77, grows, at fixed Tp=1. In other words, denoting by SiTL the value of the S profile at the i-th site, with left bath at
temperature 77, and by S7° the corresponding asymptotic value, we can write:

STt = §%° +67,(i), where 87,(i) > 0 as Ty — o0 . (11)

Relation (7) holds for all 77, and our simulations show that its coefficients ¢; and ¢, depend on 77, and draw a straight line up to
quite large values of 77 . Consequently, the kinetic temperature profile at finite 77, can be related to the asymptotic S profile as:

Ti = cl(TL)S + ea(Ty) + e (TL)87, (i) - 12)

@ Springer
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Fig. 3 Top panels: Relation (7) for LJ chains with nearest neighbour interactions (left panel), and first and second nearest neighbour interactions (right panel).
N =200, =1, T, = 1 and T = 10. The density profile is not strictly monotonic, which makes Eq. (7) only approximately but reasonably well verified.
Bottom panels: LJ chain with nearest neighbour interactions with N = 200, Nosé—Hoover thermostats at 7;, = 5 and T = 1, and « = 100. Equation (7)
is verified even if the averaging times are quite short: 1/4 (left panel) and at 1/2 (right panel) of the maximum time

In fact, something more can be observed: Fig. 4 shows the validity of an asymptotic form of (7), i.e.:

T; = ¢1(T1)S7° + (1) 13)
where
. T, —Tro T —Tro oo
7)== =9 T))=Trp— ———8 14
ci(T) 59— 520 e2(TL) = Tro 5o — s (14)

4 B-FPUT oscillators

Given the wide applicability of the state Eq. (7) revealed by the previous cases, in this section we investigate S-FPUT chains,
which are known to be peculiar under various respects. We consider states of the chain at different pressure, generated by different
stretching rates «.

When o = 1, the chain is neither compressed nor stretched (for any value of a). In this case, not only the interaction potential is
symmetric with respect to its centre, but this centre coincides with the rest distance for any pair of interacting particles. Consequently,
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Fig. 4 LJ chain with N = 100 and Tg = 1. Equation (13) with coefficients given by Eq. (14) is well verified. The S°° profile is the one obtained at 77 = 300.
Beyond this value, variations of this profile are not appreciable

the forces acting on each particle are symmetric with respect to their mechanical equilibrium positions, xie 9 about which particles
oscillate if there are no thermostats.

In equilibrium conditions, i.e. if there are thermostats at same temperature acting on particles 1 and N, the mean distance of
particle 1 from particles O and 2, and of particle N from particles N — 1 and N + 1 could be different from the mean distance between
consecutive particles in the bulk of the chain. In fact, there would be different forces acting on these particles. On the other hand,
physically one expects the symmetry of the potentials about the mechanical equilibrium positions to make equally spaced the bulk
particles (that do not interact with thermostatted particles). The kinetic energy of all particles would also be uniform along the chain;
therefore, the state Eq. (7) would be trivially verified, i.e. with ¢; = 0, as usual at equilibrium.

Now, we consider 8-FPUT chains with a = 1, @ = 1, and Nosé-Hoover thermostats at T = 1 and 7, = 5. Like in the case of
harmonic chains studied in Ref. [36], we find that the inverse density profile, S, is practically flat, with S; = a, apart from the region
next to the walls and thermostats. This shows that the particles in the bulk oscillate about their mechanical equilibrium positions xl.e 4
Unlike harmonic chains, however, the kinetic temperature profile, 7', monotonically decreases with the particle label i, interpolating
between T and Tg, cf. Fig. 5. This holds with different bath temperatures, as long o = 1. In this case, (7) cannot hold because no
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Fig. 5 Profile of T (left) and S (right) for the B—FPUT chain with N = 100,a = 1l « = 1, T;, = 5 and T = 1. The rest distance of particles is positive;
hence, they repel each other when they get too close. The length of the chain makes it neither stretched not compressed, on average. The profile of § is
constant and equal to the equilibrium distance a, a part from negligible noise, magnified by the scale of the vertical axis

factor c; turns the 0 angular coefficient of a horizontal line into a positive one. Consequently, the 7 and the S profiles are decoupled
from each other and cannot be related by an equation of state.

Quite unexpectedly, then, the relation F(P, S, T) = 0 of Ref. [32], from which Eq. (7) could be obtained in the limit of small
perturbations of the equilibrium state, does not apply, irrespective of the smallness of the perturbation. On the other hand, this is
a singular condition that is strictly verified only at « = 1, as far as simulations demonstrate. It signals that the chain behaviour
drastically changes when passing from compressed to stretched.

We argue that such facts are consequence of the symmetry about the equilibrium positions of the forces acting on the oscillators.
Symmetry tends to preserve the uniformity of the distribution of particles, as much as allowed by the contrasting effects of the
boundary conditions.

As a matter of fact, the scenario changes for ¢ 7#1, when the mechanical equilibrium positions (9) do not coincide anymore
with the rest positions of the interaction potential, which are points of symmetry for that potential.* Then, the forces acting on the
particles appear generated by nonsymmetric potentials that contribute to break the spatial uniformity of the distribution of particles.
The S and T profiles may then be coupled, and various possibilities arise.

For o <1, the chain is compressed, at “equilibrium” the pressure is positive, the gradients of the 7 and S profiles have same sign,
and the constant ¢ is positive. This means that density is lower where the chain is hotter, which seems to be a normal condition.
However, the relation (7) is not perfectly verified for « = 0.5 and 0.8, as top row of Fig. 6 shows.

Like under compression, Eq. (7) is only approximately verified when the chain is mildly stretched. Results from simulations with
a = 1and o = 1.2 and 1.5 are reported in bottom row of Fig. 6. We may regard the range 1 < o < 2 analogous to 0 < @ < 1 for
shifting (with opposite sign) the chain mechanical equilibrium positions with respect to the rest positions of the interaction potential.
Indeed, a similar performance of the linear relation is obtained. What matters is how much « differs from 1, whether larger or
smaller. Note the similarity of the cases with « = 0.8 and 1.2, and that of the cases with « = 0.5 and 1.5. Relation (7) improves as
|1 — | grows; cf. left panel of the top row of Fig. 6, concerning the case @ = 0.5 and 0.8, with those of the top row of Fig. 6, for
a=12and1.5.

Figure 7 provides an overview of the behaviour of the weakly deformed chain. As « departs from 1, growing or decreasing is the
same, the mechanical equilibrium positions depart from the points of symmetry of the interaction potentials, and monotonic S profiles,
which can be coupled with the monotonic profiles of 7, immediately emerge: this appears to be a discontinuous nonequilibrium
transition. Consequently, the linear relation (7) becomes verified, with varying degrees of accuracy.

As ¢y and ¢, depend on the baths temperatures, it is interesting to study how they are related to each other. Having fixed Tg we
have found the same behaviour observed for SPC and LJ, see Sects. 3.2 and 3.3, i.e. that both coefficients depend linearly on 7}, at
least up to a certain value, and then the dependence turns nonlinear at higher 77 .

4.1 Effects of symmetry of potentials

As reported in Sect. 4, the particles of the B—FPUT model, which has symmetric interaction potential, do not shift their mean
position, even in presence of a temperature gradient, when the system is at its rest length (¢ = 1). However, if we stretch or

4 The case @ = 0 means that the chain is always stretched and, indeed, we have found the same results obtained with @ > 1; hence, we do not report them.
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Fig. 6 S—FPUT chain with N = 100, a = 1, and Nosé—Hoover thermostats at 7y, = 5 and T = 1. Top row: the chain is compressed with « =0.5 (left)
and o =0.8 (right). Bottom row: the chain is stretched with « =1.2 (left) and « =1.5 (right). Equation (7) is better verified when « differs more from 1. Note
the similarity of top left panel with bottom right panel, and of top right panel with bottom left panel. Under compression ¢ is positive. Under stretching it
is negative

compress the chain, a mass gradient develops and can be coupled to the T profile. Moreover, some behaviour transition takes place
as the stretching grows.

To understand why this happens, we have investigated the interactions change that particles perceive under stretching. For the
sake of definiteness we consider half of the potential acting on the generic i-th particle, i.e.:

r—a? —a?

V(r) = 3 + ) , (15)

where r = r; = x;4+1 — x; and a is the rest length of the spring. When the chain is neither stretched nor compressed (o« = 1),
the mechanical equilibrium is expressed by xie ? = ja. In this case, the potential V is symmetric with respect to the mechanical
equilibrium distance r = r¢? = a, and the density profiles are flat, in accord with the numerical data shown in Fig. 5.

If we stretch the chain by a factor @ > 1, so that the distance between the two fixed particles at the ends of the chain is «(N + 1)a,
the new equilibrium configuration is given by ile 1 = iaa = i(a+d), whered = a(a—1)is the distance between the stretched and the
rest equilibrium positions. In this situation the particles oscillate about fle 7 and the displacements r; oscillate about r = 7¢¢ = a +d,
which is neither a point of symmetry nor a minimum of V, see Fig. 8. Let us examine the effect of this asymmetry as the chain is
stretched, and the vertical axis r = 7¢7 in Fig. 8 is moved to the right of r = a (corresponding to d = 0).

In order to focus on the new equilibrium displacement 7¢¢ = a + d we rewrite the potential V setting r = 7°? + z in (15), which
yields:

@ Springer



622  Page 10 of 15 Eur. Phys. J. Plus (2024) 139:622

Fig. 7 —FPUT chain with 5 T T T T T T T T T

N =100,a =1, and —a=0.2
Nosé-Hoover thermostats at 3
Tg = 1l and Ty = 5, and different
values of «, in the interval [0.2, 2].
The sudden change of ¢ S; + ¢3,
when o decreases or increases
away from 1 is shown. For o = 1,
since the relation (7) does not
work, we put ¢ = 0 and

c) = (TL + TR)/Z =3
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[, e \ I / \ /
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| |
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d> a*t -
Vir)=V@El+z)= —+—+ Vy(2)
2 4
with
Vol(z) = alz+szzz+a3 2 +S4Z4, (16)
where
2 1 2 1
aj=d(1+d”), s = 5(1+3d ), a3 =d, sS4 = T

The subscript « in (16) refers to the fact that the coefficients of the polynomial Vo (z) viad depend on «. Indeed, the coefficients of
the asymmetric terms (odd powers) in V,(z) are:

a=al— D +a%@—1?%), a3=ala—1),

and those of the symmetric one (even powers) are

$) = l(1 +3a%(@—1)?%), si= 1
2 4
Obviously, the asymmetric coefficients vanish for @ = 1. Thus, in the case of a slightly stretched chain (i.e. fora =~ 1) \70( (z)is asmall
perturbation of the original symmetric potential that still dominates the dynamics. In the opposite limit, i.e. for a large stretching
of the chain (o > 1) the terms in the potential with the largest coefficients are the harmonic and the first-order anharmonic ones,
with a; ~ a3(e — 1)3. More precisely, consider that anharmonic interactions are required for nonconstant temperature profiles to
be established, and that fluctuations of positions can be relatively large, e.g. O(1). Then, for a = 1 or larger, we have the following:

1. For a stretching factor o« = 1+6 with 0 < § < 1, (i.e. small d > 0), aj, a3 = O(3) and sp, s4 = O(1), then the nonlinear
interaction is dominated by the symmetric potential terms s; 72 + s4z* and, as in the case of B-FPUT with « = 1, relation (7)
fails.

2. For o =~ 1.5 (i.e. d = 0.5), and deviations z = O(1) from equilibrium, the amplitudes of symmetric and asymmetric terms,
ie. spz2 +s4z% and a; z + a3 z°, are of the same order (since the coefficients in (16) do the same) and the relation is only
approximately satisfied (Fig. 6).
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Fig. 9 Top panels: the profiles of 7 and S for the chain with interacting potential (17) and g3 = 0.0, N = 100,a = l o =1, T =5, Tg = 1. In this
case, the rest distance of particles is positive; hence, particles repel each other when they get too close. However, even in the presence of a (small) cubic
perturbation of the B-FPUT potential, the length of the chain makes it neither stretched nor compressed, on average. The profile of S is constant and equal to
the equilibrium distance a, a part from negligible noise. Bottom panels: Linear relation (7) for the chain with interacting potential (17) and with N = 100,
a=1a=1,T; =5and Tg = 1. The coefficient of the cubic term of the potential is g3 = 0.1 in the left panel and g3 = 1.0 in the right one

3. Fora ~2(i.e.d = 1), and z = O(1), the asymmetric nonlinear term becomes relevant. Indeed, a > 1 implies a; > s>, s4 and
the law (7) is almost perfectly satisfied (Fig. 7).

4. Fora > 2, we have a; > sy > a3 > s4 and, though the harmonic term is still dominant, the cubic term becomes increasingly
important, since the coefficient of the quartic term s4 remains unchanged and equal to 1/4. In this regime the particles become
peculiarly correlated with each other and with the thermostats. Simulations in this regime are numerically challenging, so the
possible results have to be further investigated.

We conclude that asymmetric interactions, whichever way they are generated, allow the validity of the equation of state (7), as long
as they are not negligible.
This reasoning is consistent with simulations of a chain with this potential:

V@) = %(r—a)%%(r—a)%ii(r—a)“, (17)

where go = g4 = 1 are constants and we study the validity of (7) modifying g3. As we can see in top panels of Fig. 9, for g3 = 0.01
the asymmetric term is totally dominated by the symmetric ones and the linear relation (7) is not satisfied. However, increasing the
coefficient of the cubic term we can observe that the relation is better and better satisfied, cf. bottom panels of Fig. 9. Therefore, the
mass gradient couples with the temperature gradient when the asymmetric term is not negligible, compared to the symmetric ones.
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4.2 Stochastic baths

One may wonder whether the above results are due to the known peculiar nature of the Nosé—Hoover thermostat in 1-dimensional
systems. As a matter of fact, the detailed structure of our results is affected by the thermal bath model, unlike what happens in
real 3-dimensional thermodynamic systems, [15]. However, qualitatively they remain the same if the Nosé—Hoover thermostats are
replaced by stochastic baths. Following Ref. [28], we implement such baths by simulating the elastic collisions of particles 1 and N
with virtual Maxwellian bath particles at temperatures 77, and Tg, see Egs. (41) and (42) of [28]. Moreover, the random number k
of discrete time steps between two consecutive collision of a particle with the bath is assumed to have a geometric distribution:

P(k) = h(1 —h)*1 | (18)

where h = ydt, dr is the time step, and y is a positive parameter such that yds < 1, which determines the rate of interaction.
For B-FPUT with T = 1, T, = S5and dt = 1073, we then varied « and y, obtaining the following results:

a = 0.5) Equation (7) holds with ¢; > 0, and thermostat efficiencies y = 10, cf. Fig. 10a.

a = 1) T profile monotonically decreases, while S profile is flat for y = 10, cf. Fig. 10b. In this case, Eq. (7) does not work;
density gradient and temperature gradients are decoupled.

o = 2) T and S profiles have opposite trend, so the linear relation is verified with ¢; < 0. See Fig. 10c for y = 10.

5 Two-dimensional lattice

We briefly mention that an extension to 2-dimensional systems of Eq. (7) also holds. In this case, we consider a network with
particles in positions r(i, j), i =1, ..., ny, j =1, ..., n, in the plane (x, y). We have nearest neighbour harmonic interactions,
with vanishing rest length, which means that the springs joining the particles are stretched. Then, particle labelled by (i, j) interact
with particles labelled by (i, j + 1), (i — 1, j), (i, j — 1) and (i + 1, j). The boundary particles r(1, j), r(ny, j), r(i, 1), r(i, ny),
i=1,...,ny, j=1,..., ny interact with wall particles that are at rest so that the positions r*?(i, j) = (ai, aj) constitute the
mechanical equilibrium configuration of the net. The particles on the left (L), r(i, 1), also interact with a Nosé—Hoover thermostat
at temperature 77 ; those on the right (R), r(i, n,), with a thermostat at temperature 7. The kinetic temperature is defined by

T, = <Ui2j>’ (19)
where v;; = drgt’j ) is the velocity of particle (i, j), while by inverse average distance of neighbouring particles around the particle
labelled by (i, j) we mean:

1
(Sij) = 7 IrG. j+ 1) = x@, plHrd — 1, j) —r@ j)l
+r(@, j = 1) =@, DI +r@ +1,7) =G ). (20)

Our simulations show that, as common in 1-dimensional cases, the kinetic temperature in the centre of the lattice gets higher than
at the thermostatted boundaries.”> On the other hand, unlike the one-dimensional temperature profile of the harmonic system, in the
two dimensional one T;; may be not flat in the bulk.

Now, we rewrite Eq. (7) for the particles labelled by (i, j) as:

(v2) =107 +eo. 1)

where p;; is the average density at (i, j). Because in two dimensions one may take p;; as proportional to the inverse of a square
distance, i.e. p;j (Sij)_z, we obtain:

<vl-2’j> =c3 (S,'j)z +c4. (22)

This prediction is confirmed by a numerical quadratic fit. We do not mention any other details here, except that an example in which
(22) can be verified is, for instance, a 20 x 20 lattice with 7, = 10 and Tg = 1.

6 Concluding remarks
In this paper we have shown that Eq. (7) holds quite widely, and can be considered a state equation for 1-dimensional chains of

oscillators. Was ¢> negligible, we would have had Boyle’s law, but in general c¢; is not negligible, and it even gets larger for larger
temperature jumps. This characterizes a nonstandard state of aggregation of matter.

5 For instance, such a behaviour i.e. T; > max{Ty,, Tg}, can be observed in the bulk of a stretched 1-dimensional §—FPUT model with N = 100, 7;, =5,
Tg = land @ > 3.5.
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In certain regions of the parameter space, Eq. (7) fails, especially for the B-FPUT potential. In particular, Eq. (7) does not hold
in B—FPUT chains when the mechanical equilibrium configuration of the chain constitutes a lattice whose nodes lie in the rest
positions of the interaction potential, which is symmetric with respect to such positions. In that case, T is monotonic, thanks to the
presence of nonlinear interactions, but S remains flat; hence, the two profiles cannot be matched by a relation like (7).

The B-FPUT chains are peculiar, because their potential is symmetric, it confines particles more strongly than harmonic potentials,
and it does not preserve their initial order. Nevertheless, this failure carries information about a significant change of behaviour,
associated with a change of sign of pressure: in a range of values of the dilatation factor « around 1, the pressure is nonzero, and
Eq. (7) holds.

In the harmonic cases, Eq. (7) is verified because both S and T profiles are flat; therefore, it suffices to take c; = 0and ¢, = T.

For nonlinear interactions, the 7 profile typically interpolates monotonically between 7y, and Tk, and S is monotonic, in such a
way that values ¢; and ¢, can be found for Eq. (7) to represent the data. This is the case of the harmonic+hard core, LJ and SPC
potentials. As changing bath temperatures one obtains different S and T profiles, ¢ and ¢, change too. The question is whether they
follow any rule. As a matter of fact, they vary linearly with 77 up to quite large values of the difference 7; — T, and then they bend
toward a nonlinear regime for still higher values. This has been observed to be the case for the 8-FPUT, the SPC and the nearest
neighbour LJ potentials. Furthermore, Eq. (7) holds even under time averaging not sufficient to yield the stationary state S and T
profiles. This fact further shows that Eq. (7) goes beyond a thermodynamic law.
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Noteworthy is the behaviour under compression or extension of the chains. The 8—FPUT cases, in particular, present a variety
of situations, in which the applicability of Eq. (7) alternates. Stretching or compressing the chain, the equilibrium positions of the
particles in the chain shift with respect to the minimum of the pair interaction potential. Consequently, the particles in the bulk of the
chain are subjected to potentials that appear symmetric or asymmetric, depending on the (a)symmetry of the interaction potential.
The (a)symmetry depends on the stretching parameter «: changing «, the potential about the mechanical equilibrium positions
changes from being dominated by its quadratic term, which is symmetric and not capable of producing a monotonic 7 profile, to
being sensibly asymmetric, thanks to the linear and cubic terms. This is accompanied by transition regions in the range of «, in
which the state Eq. (7) holds, to regions in which it does not. Such variations of behaviour occur because the volume (or inverse
density) gets at times decoupled from the temperature.

In particular, varying «, flat § profiles acquire a slope, and gradually couple to the T profile via relation (7). The respective
gradients have same sign, hence ¢; > 0, when o < 1, i.e. positive pressure, while they have opposite sign, hence ¢; < 0, when
a > 1, i.e. negative pressure. Consequently, the applicability of Eq. (7) changes.

Notably, the linear state equation linking temperature and inverse density holds also in 2-dimensional systems, once the density
is properly defined, considering that volume corresponds to squared distances, cf. Eqs (21) and (22).

The above suggests that Eq. (7) is a nontrivial relation, although simple and concerning the two most obvious observables
of particles systems. It appears suitable to play the role of an equation of state for equilibrium (where it holds trivially) and
nonequilibrium (even nonstationary and nonthermodynamic) states of oscillators networks. It distinguishes qualitatively different
situations, for a wide set of systems. It characterizes states in a simple fashion, involving a small set of parameters, without detailed
knowledge of the dynamics, as required of usual equilibrium thermodynamic equations of state, although it strictly is a microscopic
relation.
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