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Abstract

Several systems display an equilibrium condensation transition, where a finite fraction of
a conserved quantity is spatially localized. The presence of two conservation laws may
induce the emergence of such transition in an out-of-equilibrium setup, where boundaries
are attached to different and subcritical heat baths. We study this phenomenon in a class of
stochastic lattice models, where the local energy is a general convex function of the local
mass, mass and energy being both globally conserved in the isolated system. We obtain
exact results for the nonequilibrium steady state (spatial profiles, mass and energy currents,
Onsager coefficients) and we highlight important differences between equilibrium and out-
of-equilibrium condensation.

Keywords Localization/condensation in real space - Boundary-driven systems - Coupled
transport processes - Onsager coefficients - Nonequilibrium steady state

1 Introduction

Condensation transitions have been extensively studied in the last decades and they can
correspond to rather different processes: they can be understood as localization processes
where a macroscopic fraction of a conserved quantity is concentrated in a finite region of
space, but they might also indicate a large deviation phenomenon where a single random
variable gives a finite contribution to the constrained sum of many variables. From a physical
point of view, condensation processes can be related to phenomena ranging from aggrega-
tion/fragmentation [1, 2] to localization in propagating light [3, 4], from discrete solitons
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in Bose—Einstein condensates [5] to the formation of jamming in driven flows [6, 7], from
wealth condensation in social economy [8] to localization phenomena in networks [9, 10].

Conservation laws are known to play a crucial role for equilibrium condensation transi-
tions. As an example, a class of condensation models which has played a relevant role in the
advancement of this field is that of mass-transfer models with a factorized steady state.' Let
us suppose that a conserved quantity X = ZlN:] x; is shared among N sites i, each x; being
distributed according to some function f(x). If f(x) decays slower than exponentially, a
condensation process occurs as a cooperative effect above a certain critical value X /N > x,.
In [11] it was shown that the presence of additional conservation laws can enforce con-
densation even with light-tailed distributions, exhibiting exponentially or faster decays. The
opposite outcome can occur with fat-tailed distributions, i.e. the suppression of a condensed
phase that was originally present with a smaller number of conservation laws.

A much less explored field concerns the study of condensation phenomena in steady
out-of-equilibrium conditions. Specifically, we refer to the typical transport setup in which
two external reservoirs with thermodynamic parameters Rz and Ry are in contact at the
left and right boundaries of the system, respectively (see Fig. 1). The bulk dynamics is
assumed to be local, reversible and constrained by a certain number v > 1 of independent
conservation laws, while irreversibility is induced solely by boundary forces when R, # Rg.
In this case, the resulting nonequilibrium stationary state (NESS) breaks time reversal and
v stationary conserved currents flow through the system. The occurrence of condensation
in these conditions displays interesting features that crucially depend on the number of
conservation laws. In systems with v = 1, condensation appears only if a boundary reservoir
imposes overcritical conditions [12]. This fact can be easily understood because a locally
conserved observable, O, should have a spatially monotonous profile O (i) varying between
the values O(1) = O and O(N) = Opg imposed by the reservoirs: therefore, if Oy g are
subcritical, the whole system is.

Recent studies of some of us for a specific model with v = 2 [13, 14] have shown that
in this case a condensed state may arise in the bulk of the system even in the presence
of subcritical boundary conditions, provided that R # Rg.> The origin of this peculiar
behavior can be traced back to the coupled transport between the two stationary currents and
it is the result of a sort of extreme Joule effect. For example, if a linear conductor is subject to
a temperature gradient and to an electric potential gradient, the heating induced by the Joule
effect in the bulk of the sample may induce a non monotonous profile of the temperature. In
our case we have a coupled transport of mass and energy and the “Joule” effect is extreme
because the system can even attain overcritical conditions in the bulk while the boundaries
are maintained below the condensation threshold.

In Ref. [14] the focus was the determination of the Onsager coefficients in the homoge-
neous phase, which allowed to show that steady, not condensed profiles can be forced to enter
the localization region. In Ref. [13] out-of-equilibrium condensation appeared from numer-
ics. In this work we make two important steps forward: we provide a detailed analytical study
of the nonequilibrium steady state and we consider a broad class of condensation models with
v = 2, which includes the model studied in [13, 14] but also other models studied previously
at equilibrium [11, 16, 17], therefore offering a unified vision of their properties. This class

l'n many cases the system is at/out-of equilibrium according to the symmetry/asymmetry of the transfer
process, but the factorized state, therefore the nature of the phase transition, does not change.

2 Previously, this possibility had appeared in a different out-of-equilibrium setup, where one of the two
subcritical reservoirs was replaced by a dissipator [15].
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Fig. 1 The non equilibrium setup: a chain of N sites attached at its ends with two external reservoirs with
thermodynamic parameters 7% and R g. Each reservoir exchanges mass (a) and energy (h) with the chain,

whose corresponding fluxes are denoted by j;Lh’R), see Sect. 3

of models and their equilibrium phase diagrams are defined and discussed in Sect. 2, which
therefore generalizes known results for specific models.

In Sect. 3 we discuss the out-of-equilibrium setup and the different types of reservoirs
that can be employed. This section allows the non specialist reader to gain confidence with
the algorithms used throughout our work.

In Sect. 4 we present the core of our new results: the exact nonequilibrium spatial profiles
of mass and energy, Eq. (17), and the parametric profile, Eq. (18), which is exactly linear. All
these results do not depend on the specific model in the class here considered and, impor-
tantly, hold also in the regime of nonequilibrium condensation. Next, we provide an analytic
expression for the currents, Eqs. (25-26), and of the Onsager coefficients L;;, Eq. (32). It
is worth stressing that the local currents will be shown to display a “universal” dependence
on the mass and energy gradients, while L;; are model-dependent due to their dependence
on the gradients of the grandcanonical parameters, temperature and chemical potential. We
also find an explicit expression for the Seebeck coefficient S close to the critical line and we
show that S # 0, thereby indicating the presence of thermodiffusive coupling in the sense
of linear irreversible thermodynamics [18].

In Sect. 5 we discuss the differences between equilibrium and out-of-equilibrium conden-
sation. This part is supported by the simulation of a specific model, see Figs. 7, 8 and 9, and
by analytical considerations, valid for any model, see Eq. (37) and below. In practice, the
nonequilibrium setup induces the birth and growth of peaks. If peaks can diffuse, they are
destined to die when they attain the subcritical regions: this is the dynamical process at the
origin of the NESS.

In Sect. 6 we present a final discussion about nonequilibrium condensation and the role
of a possible pinning of energy peaks.

2 The Models and Their Equilibrium Properties

The class of models we are going to study is defined on a one-dimensional lattice of sites
labeledbyi =1, ..., N, where N is the system size. On each site it is defined a non-negative
real variable ¢; > 0, here called “local mass” and subject to a stochastic evolution. Another
observable called “local energy” is defined through the relation €; = F(c¢;), where F(c) is a
convex function. The total mass A = ) ; ¢; = Na and the total energy H = ) ; ¢; = Nh
are exactly conserved. We can assume without loss of generality that F(0) = 0.
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100 g

Fig. 2 Equilibrium phase diagrams for F(c) = 2 (top panel) and for F(c) = —In(l 4 ¢) (bottom panel).
The grey regions are forbidden: i < hgs(a) = F(a) and h > hy(a) = N1 F(Na) (for N = 81). The
dashed lines, hc(a) = fooo dx F(ax)e™™ (see the main text), separate the homogeneous (white) phase from
the condensed (dotted) phase. The latter cannot be described in the grandcanonical ensemble

Because of the convexity of F'(c), if y; are positive quantities such that ), y; = 1, it must

be
F (Zym) < Z)’iF(Ci)~ e9)

Choosing y; = 1/N, we obtain F(a) < h. Therefore, the region below hgs(a) = F(a) is
forbidden. The curve h = F'(a) corresponds to masses ¢; that are all the same and it is the
ground state (zero-temperature) curve.

Similarly, using the superadditivity property of a convex function vanishing at the origin,

Y Fe)<F (Zci) : @)

we find that H < F(A),i.e.,h < hy(a) = LF(Na). For F(c) = ¢ (with @ > 1 so as to
ensure convexity) this means hy(a) = N a=lp . (a),acurve which flattens to the vertical axis
in the limit N — oo. For F(c) = —In(1 4 ¢), hy(a) = —N~'In(1 4+ Na), which flattens
to the horizontal axis. The curve A (a) corresponds to all mass localized in a single site k,
Ci = A(S,‘,k.

In the region between the curves hgs(a) and hy(a) there exists a third curve hc(a) sepa-
rating the homogeneous from the condensed phase and corresponding to an infinite, positive
temperature. Here we limit to derive it in a simple and non-formal way, putting the details of
the calculations in Appendix A. In the grandcanonical ensemble the weight of the configu-
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ration {c;} is proportional to e~ PlH(c)=1ACD] \where B is the inverse temperature and 1 the
chemical potential. Moreover, the equilibrium measure factorizes in the product of single-
particle distributions p(c) = z(u, B) ~LePLF©@O—necl where z(u, B) = fooo dc e PLE(©)—pcl
is the (single particle) partition function. The infinite-temperature limit is consistently
obtained letting 8 — 0T with Bu finite in order to enforce finite mass densities [19]. In
this limit, imposing (c), = a, where (-), is the average over the distribution p, implies that
the equilibrium distribution decays exponentially, p(c) = (1/a)e~/% and that Bu = —1/a.
The corresponding average value of the energy is

o0

oo
he(a) = (F(c)) =/ dcF(c)p(c) = / dxF(ax)e ™. 3)
0 0
It is straightforward to prove that

he(yar + (1 — y)az) < yhe(ay) + (1 — y)h(az), 4)

therefore proving that i () is convex as well. For F'(c) = ¢%, weobtainhc(a) = I'(a+1)a%;
for F(c) = —In(1 + ¢), we obtain hc(a) = —e'/*E;(1/a), where Ey(x) = [ due™ /u
is the exponential integral function. In Fig. 2 we plot the phase diagrams: the upper panel
refers to F(c) = c2, corresponding to the case studied in Refs. [13, 14]; the lower panel
refers to F(c¢) = —In(1 + ¢) and corresponds to the case studied in Ref. [17]. The critical
curves hc(a) are plotted as dashed lines. In the rest of the article we will focus on a positive
F(c), with special emphasis on F'(¢) = ¢, a case studied in Refs. [11, 16].

A rigorous treatment of the grandcanonical ensemble, via Laplace transform and saddle
point method, see Appendix A, shows that a solution for Eq. (44) exists only for real positive
B values, i.e. for energy densities below the critical line /.(a). For h > h. the saddle-point
solution breaks down, implying that the grand-canonical ensemble is not defined in this
region. The microcanonical partition function 2 (a, &) can instead be estimated by means of
large-deviations techniques [20-22], which account for the fact that typical configurations
are here characterized by a macroscopic fraction of the total energy 4 concentrated on a
single lattice site. In fact, the value i = h identifies a phase transition from a homogeneous
to a localized phase. More precisely, for 4 > h. a localized phase is developed, with a
macroscopic amount of energy (2 — h.) N condensed on few (eventually one) lattice sites. A
perfect localization is attained only in the thermodynamic limit, where the equilibrium state
consists of a single peak superposed to an extensive background lying on the critical line
h = h and whose mass is distributed exponentially.

Estimates of the microcanonical entropy S(a,h) = In[£2(a,h)] in the condensed
region [23] (from now on we limit to F(c) = ¢*, see Eq. 40) show that for finite excess
energies h — h,

S(a.h) = So(@) = [(h = he)NT'®. ®)

Here So(a) is the contribution of the critical background, while the second term is the effect
of the condensate. Thermodynamically, the condensed phase is therefore characterized by a
negative microcanonical inverse temperature

Sy 1 1
Bm = TN G L= hNT=, (6)

which vanishes in the thermodynamic limit (let us remind that « > 1). For ¢« = 2, the
most studied case, the fact that for finite V, above A the entropy decreases with increasing
the energy can be understood in terms of the effective number K (i, N) of sites hosting the
condensate [24]. Upon increasing 4, the extra energy is more and more localized, K (h, N)
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decreases and the entropy decreases as well, leading to a negative derivative dS/dh. In the
thermodynamic limit, however, K (h, N) = 1 as soon as & > h. and adding energy simply
adds energy to the single peak, keeping unchanged the entropy. This heuristically justifies
the result that 8,, = 0 in the whole condensed phase for N — oo.

A finite N also affects the condensation scenario, as the “true” localization transition is
shifted above the critical line by an amount 8y ~ NU~®/C«=D for Jarge N.3 In the
corresponding intermediate range of energies, hc < h < h¢ + Sy, usually referred to
as “pseudo-condensate” region, spatial localization is practically suppressed by finite-size
fluctuations and the resulting density profiles are effectively delocalized.

This scenario is also visible through the proper order parameter of the transition, the so
called energy participation ratio,*

&2
Ya(N) = %}v?z)’

where (-) represents an ensemble average. For homogeneous states (h < h(), all sites carry
an energy contribution €; ~ h, therefore the numerator is extensive and Y» vanishes in the
thermodynamic limit as N~ In the fully localized region, the numerator in (7) is dominated
by the site k hosting the whole extraenergy, € = (h—hc)N. As aresult, in the thermodynamic
limit Y» converges to a constant: Y» = (h—hc)?/h%. Finally, in the pseudo-condensate region,
the participation ratio is expected to vanish again as 1/N due to the delocalized nature of
this region. We will come back to this when discussing the nonequilibrium localization.

It is worth stressing that our class of models is of interest both in itself and as a limit of
more complicated models. In fact, the Discrete Nonlinear Schrédinger (DNLS) equation [25]
(a Hamiltonian model ubiquitous in physics) displays a non-Gibbsian phase where there is
the spontaneous formation of localized excitations. This model has two conserved quantities,
the total energy H and the total mass A = Zi ¢; (also called norm in such a context), where
¢; is the square modulus of a complex wave amplitude. In proximity of the transition line
between the homogeneous and the localized phase, local energies are well approximated
by a function of local masses, thereby H = Zi F(ci) [26]. In particular, the most studied
model, the cubic DNLS equation [15, 19, 23, 26-28], corresponds to F(c) = ¢? and it is
of interest for different domains, ranging from optics to cold atoms [25]. However, also the
DNLS equations corresponding to F'(¢) = ¢“ (nonlinearity of arbitrary order [16]) and to
F(c) = —In(1 + ¢) (saturable nonlinearity [17]) have been studied. The models F(c) = ¢*
have been studied in [11] and they are also related to the dynamics of polydisperse hard
spheres [29] and to the distribution of entanglement entropy in a random pure state [30].
Finally, at equilibrium these models are also related to the wide class of the Zero Range
Processes [31], where a single conservation law is present, but a fraction of the mass ¢; is
transferred from a site i to another site j with a rate depending on c;.

N

3 Microscopic Dynamics, Nonequilibrium Setup, Heat Baths

Studying dynamics, either at global equilibrium or in an out-of-equilibrium setup, requires to
define some kinetic conservative rules which satisfy detailed balance in the bulk and which

3 This result originates from a matching condition between the usual Gaussian scaling of the microcanonical
entropy at the critical point ic, S(a, h) ~ (h — hc)2N and the large-deviation scaling of S(a, h) in Eq. (5),
see [23].

4 In the literature this quantity is also called inverse participation ratio.
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are properly modified at boundaries to take into account the possible coupling with heat
baths.

The simplest way to satisfy the two conservation rules and the detailed balance condition is
to consider a local, stochastic update algorithm: we choose randomly a triplet of consecutive
sites (i — 1,1, + 1) with local masses (c;—1, ¢;, ci+1), and we update it to a new triplet
(cl{fl, clf, c; +1) such that (i) the sum of the three masses and the sum of the local energies are
conserved; (ii) the probability of the transition {c¢} — {c’} is the same of the inverse transition
{¢’} — {c}. The case where the local energy is the square of the local mass, F(c) = 2,
is particularly simple to simulate because the two constraints ¢;—1 + ¢; + ¢cjiy1 = M =
¢i_y+ci+c;, and ciz_1 —|—cl.2 —i—ciz+l =F= (cl’._l)2 + (cl")2 + (Cz/‘+1)2 define respectively a
plane and a sphere in a three-dimensional space, whose intersection lies on a circle [27, 30,
32, 33]. The accessible mass triplet (¢;_,, ¢}, ¢} 1) is therefore parameterized by an angle,
and the detailed balance condition is easily ensured by picking a random angle extracted
from a uniform probability distribution.’

Depending on the initial masses of the triplet, since ¢; > 0, the physically accessible states
can form either a full circle or the union of three disjoint arcs [32]. In the latter case, occurring
when the mass of a site in the chosen triplet is significantly larger than the other ones, the
final state is chosen in any of the three available arcs. This update allows peaks to freely
diffuse in the lattice [13]. For F(c) # ¢? the solution of the two constraints equations no
longer lies on a circle and a uniform sampling of the microcanonical manifold would require
the explicit parametrization of the intersection curve. In this manuscript we limit numerical
simulations to the case F(c) = c2.

Let us now discuss how to couple the system to two heat baths imposing thermodynamic
parameters Ry = (B, ur) and Rg = (Br, nr) at the left and right chain ends, respectively.
If R = Rrg, the system attains an equilibrium state, while for R; # Rpg, the system
eventually relaxes to an out-of-equilibrium steady state, whose main features will be found
analytically in the next section. We will employ models of reservoirs allowing to thermalize
the system in any point (a, ) of the homogeneous phase, higs(a) < h < he(a).® To study in
detail the dynamics of the nonequilibrium setup, we will use critical heat baths, i.e. reservoirs
imposing critical conditions at the chain ends, h(ar) and hc(ag), with ap # ag. This setup
allows to obtain a NESS which is entirely contained in the condensed phase.

Evolution proceeds as follows. We choose at random a site j = 1, ..., N.If an inner site
is chosen, j =2, ..., N — 1, then the triplet centered in j, (c;_1, ¢}, ¢j+1) is updated with
the dynamic rule defined above. Conversely, if an outer site j = 1, N is chosen, then we
only update the local mass c; of that site to a new one c//. dependent on the thermodynamic
parameters chosen as boundary conditions. Boundary updates can be implemented according
to a Metropolis grand-canonical rule applied to random perturbations of the initial state
c¢; [13]. In this paper we consider a more effective strategy that consists in directly imposing
the equilibrium mass distribution at the chain ends. In the following we will make explicit
reference to the left end, where the imposed distribution on the lattice site ¢ is pr(c1) =
z(ur, /SL)_1 exp[—Br(F(c1) — nrc1)]. Analogous procedure and definitions hold for the
site j = N and are readily obtained by replacing c; — cy and L — R. This method allows
for efficient numerical simulations and it is also useful for the analytical treatment of the
nonequilibrium state.

5 For different F (c) the intersection between the two surfaces is no more a circle and the its parametrization
is far from simple, making time consuming the single evolution of the dynamics.

6 This corresponds to Br, Br > 0 and ensures that the chain edges are always in the homogeneous region.
Accordingly, localized states can emerge only in the bulk as a genuine nonequilibrium effect [13].
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We remark that, for each boundary site, reservoir updates occur on average once every
N random updates of the whole lattice, which implies that the reservoir efficiency is finite.
As a result, usual boundary discontinuities (Kapitza resistance) [34] manifest themselves
at the chain ends in steady nonequilibrium conditions. In practice, the actual distributions
of ¢; and cy are found to be slightly different from p; (c1) and pg(cy), respectively. We
have verified that this effect has negligible impact on the macroscopic steady state and that it
vanishes in the thermodynamic limit. Boundary discontinuities can be eliminated by adding
the constraint that every time cq, cy change with the triplet update they are immediately
replaced by new values extracted from the bath distributions. We will refer to this boundary
rule as heat baths with “infinite efficiency”, since the ends of the chain are immediately
thermalized every time they are moved away from the equilibrium distribution. Finally, as
usual for Monte Carlo simulations, time is measured in Monte Carlo units, that corresponds
to N evolutionary elementary steps.

We can quantify the rate of exchange of mass and energy from the reservoirs to the chain
with the appropriate definitions of mass and energy fluxes. For the left boundary, we define’

. 1
i = - > s

=t

. 1
=Y saw).

=<t

®)

where 8¢ () and d€1(tx) = SF (c1(tx)) represent respectively the variations of the mass
and energy on the first site produced by a reservoir update occurring at time #;. Analogous

definitions hold for the right boundary and steady transport conditions are attained when

(L (R (L (R
jat = =ji® and jit = —ji®.

The time t appearing in Eq. (8) must formally diverge to obtain steady state currents
and the formalism of next Section explains how time averages can be replaced by ensemble
averages. If we are interested to the relaxation process towards the steady state, the currents
are determined numerically using a large but finite 7.

4 The Nonequilibrium Steady State: Exact Spatial Profiles and Currents

In this Section we derive analytical results for some relevant observables characterizing the
NESS, namely average spatial profiles of mass and energies (a; and /;) and their corre-
sponding parametric profiles (%;(a;)), mass and energy currents (j, and j;), and Onsager
coefficients.

Let us consider the evolution of the triplet of neighbouring sites centered in i, 7; =
(i —1,i,i+ 1), with local masses (c;_1, ¢i, ci+1). The mass triplet after the update, Ti’ =
(¢i_y, ¢l ¢ +1)» is chosen with the constraint that

Cioyteitey =M=cioi+citciv (9a)
€1 t+e€ t+ey =E=¢_1+e+6it, (9b)
where €; = F(c;). Solutions of Eq. (9) are a one-parameter family of states Ti’ 0) =G(T1;,0),
where G (-, 0) is a suitable one-to-one transformation mapping 7; to Tl./ and 6 is areal param-
eter. For F(c) = ¢2, 0 is an angle [32].

7 The quantities appearing in the summations are evaluated every time that site i = 1 is chosen. On average,
this happens every Monte Carlo step.
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Total variations of mass and energy of site i, §¢; = (cl/. —¢;) and 8¢; = (elf —€;), involve
the dynamics of three different triplets, namely 7; and 7;+1. In addition, two different kinds
of averages must be taken into account: first the average over 6 for a fixed 7;, indicated with
the symbol (- --), and second the average over the distribution of initial ¢;, indicated with
(¢

Since Eq. (9) are invariant under any permutation of the final masses or energies of the
triplet, the average over 0 is the same for the three sites:

o 0 M 10
G =G =G = 30 (10a)
-~ — — E
et{ = 61{—1 = El{+l = E, (10b)
therefore giving, for local masses in triplet 7;
(E)T = $(cic1 +ci +cig1) — ¢ = §(cio1 — 2¢i + cip1). (1)

If the system is in a steady state, the average over the initial distribution implies that
average masses (c;) appearing in the right-hand side of Eq. (11) can be replaced by their
stationary values ¢; . Finally, summing over all triplets involving site i, we obtain

_ 1 .
(8cidior = g(ai—z +2ai—1 —6a; +2ai+1 +ai+2) B3<i<N-=-2). (12)

For sites i = 2 andi = N — 1, each of which contained in only two triplets, the total
average mass variation is instead given by

J— 1
(8¢c2)ror = g(al —4day + 2a3 + ayq)
(13)

_ 1
(den—1)tor = g(aN —day—1 +2ay-—2 +ay-3).

Clearly, Egs. (12) and (13) are also valid for the energy profiles, provided that ¢; is replaced
by €; and a; by h;.

The hypothesis of stationarity implies that total average variations of mass and energy
vanish, (8¢;)i0r = (8€;)10r = 0, therefore from Eqs. (12) and (13) we obtain a system of
N — 2 linear coupled equations for the spatial mass profile,

ay —4ay +2asz +ags =0

ai—2 +2a;—1 — 6a; +2a;j+1 +ai420=0 B <i <N -2)

ay —4an_1 +2an_2 +ay_3 =0. (14)
An identical (and independent) system of equations is valid for the energies #;.

The missing two equations depend on the coupling with heat baths, see Sect. 3. If they
have “infinite efficiency” (IE), mass boundary conditions are

a =ar, ay = ag (IE baths), (15)

where the mass parameters a; and ar are completely defined through equilibrium grand-
canonical relations respectively by (ur, Br) and (g, Br), see Eq. (44) in Appendix A. In
the presence of heat baths with “finite efficiency” (FE), additional equations obtained from
the average mass variation on sites i = 1, N must be considered, explicitly (8ci n)ror =
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Fig. 3 Parametric profiles with different boundary conditions (L; — R;) and different system sizes N;, see
the legend. The dotted line and the dashed red line are, respectively, the ground state line and the critical
line, for F(c) = ¢2. The first setup (i = 1) corresponds to IE baths, both located in the homogeneous region
(ap =0.5,hy =041,ap = 6, hg = 66). The second setup (i = 2) corresponds to FE critical baths. The
third setup (i = 3) corresponds to FE baths, both located on the ground-state curve. Data have been obtained
numerically and they coincide with the expected analytical expressions

(8ci,N)To n_y + (ar,r — a1,n) = 0, from which we get

3a;, —5a; +ay +az =0

(FE baths). (16)
3agr — Sany +ay-—1 +ay-—2 =

Again, analogous equations for the energy hold replacing a;, g by i1 r and a; by h;.

Once the boundary conditions have been chosen, average spatial profiles of mass a; and
energy h; of the stationary state can be obtained by solving the two systems of equations,
whose solutions can be expressed in the following form

ai =ar + Aij(agr —ar) (17a)
hi =hp +A;(hg —hp). (17b)

The real coefficients A;, which take values between 0 and 1, are the same for mass and energy
because ay, g and h7, g do not explicitly appear in the equations: coefficients A; depend only
on the position i and the size N of the system. Furthermore, since the systems of equations
are invariant under the exchange L — Randi —- N+1—i,wehavethat A; = 1 — An41—;.
Explicit expressions for A; are derived in Appendix B.

A first implication of Eq. (17) is that parametric profiles are perfectly linear independently
on the boundary parameters and on the system size. In fact, we obtain that points (a;, h;) are
arranged along the straight line

hr —hr

h(a) = hy + (a—ar), (18)

ar —ag
as shown in Fig. 3, where we plot the parametric curves for three different nonequilibrium
setups. We remark that the spatial and parametric profiles do not depend on the choice of
F (c), but only on the location of the baths parameters in the (a, &) plane, on the finite/infinite
efficiency of the baths themselves, and on the size N.
While parametric profiles are linear for any N, spatial profiles are affected by boundary
resistance effects, so that ¢; and &; are linear only for large N. However, as shown in Fig. 4
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Fig. 4 Model F(c) = 2. Analytical and numerical spatial profiles of mass (bottom panel) and energy (top

panel), for N = 16 and boundary conditions on the critical line hc = 2a2. “Finite efficiency” (FE) reservoirs
are employed witha; = landag =5

it is apparent that even for a value of N as small as 16, heat baths modify very weakly the
linear profile.

Let us now determine the mass and energy currents in the NESS. Using Egs. (8), (17),
and (49), currents for FE baths read

JH = (8c1) =ar —ar = —Ai(ag —ar) (19
j}EL) = (0€1) =hp —hy = —A1(hg — hyr) o
JB = (scy) = agr —an = Aj(ag —ar) = —jP @n
jigR) = (6eny) =hr —hy = A1(hg — hy) = _j}EL)' (22)

Similar calculations for IE reservoirs give

(L) 1
Ja ' = —g(Az + A3)(ar —ar) (23)

1
W= —3 A2+ A3)(hg = ). &4

In the limit of large N, for FE baths, A; ~ 2/N, and for IE baths, (A2 + A3)/3 ~ 2/N,
so that j, », do not depend on the efficiency of the reservoirs and we obtain

o . 2
Ja=Ji ==jg" = = (ar —ar) = ~20xa (25)

. ) . 2
Jn=j" =i~ —N(hR —hp) ~ —20.h. (26)

The 1/N dependence of stationary currents on boundary imbalances of mass and energy
in Egs. (25) and (26) shows that transport is always diffusive, irrespective of possible con-
densation processes occurring in the lattice. This result is less straightforward than one can
imagine [15].
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4 5 6 T 107 108

Fig.5 Model F(c) = 2. Evolution of the relative asymmetry of the energy flux AJy, () for a system of size
N = 8192. The system is in contact with FE reservoirs imposing boundary conditions on the critical line,
witha;, = 1, agp = 5. Inset: evolution of the relative asymmetry of the mass flux, AJ, (7)

Numerical simulations confirm the above predictions. As a first test, we verified the con-
vergence to a NESS for a system driven in the localized region of parameters. In Fig. 5 we
plot the evolution of the relative asymmetry of the left/right currents of mass and energy,
namely
1R @1 =15 @D
GBSO+ 15 @D
which must vanish in a NESS. The figure shows that the asymmetry of the energy current
AJp (main panel) vanishes much more slowly than the corresponding mass asymmetry AJ,
(inset). This is due to the fact that when the parametric curve overpasses the critical line and
enters the condensed region, emerging peaks localize energy, not mass.® A more detailed
discussion of the localization properties in the NESS is contained in Sect. 5.

In Fig. 6 we show the behavior of energy currents for different system sizes N in the
long-time limit T >> 1. The good agreement between numerics (symbols) and the stationary
analytical expression (full lines) attests that a NESS has always been attained in simulations,
while the comparison with the asymptotic expressions for large N (dashed lines) shows that
as for the currents the thermodynamic limit is attained already for relatively small sizes.

Finally, the knowledge of explicit expressions relating stationary currents to macroscopic
mass and energy gradients, see Eqs. (25) and (26), allows us to derive complete information
on transport coefficients in the linear-response regime, which can be expressed in terms of
Onsager coefficients [35]. More precisely, we can rewrite Egs. (25, 26) in the form

Adun(®) = 27)

jo = Caq0xa + Capoch
J.a aaOx ahOx (28)
Jih = Chadxa + Cppoyh,
with constant coefficients
Cuo =Cpp = -2
aa hh (29)
Cun=Cpa =0.

We recall that Onsager coefficients are properly defined in terms of gradients of 8 and
m = Bu [14]

Ja = —Laq 0xm + Lgqp0x B (30)
Jh = —Lpq 0xm + Lpp0xB. 3D

8 This is true for a positive F(c), see the last section for a comment on this when F(c) is negative.
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Fig. 6 Stationary energy currents versus N. Boundary conditions are obtained with FE critical heat baths
imposing parameters a;, = | and different values of ag, see legend. Full symbols indicate the values of the
fluxes obtained numerically for a total simulation time T = 6.6 x 10°. Solid lines indicate the exact analytical

analytical expression, see Eq. (20). Dashed lines are the asymptotic expressions |j,| = %(h R — hr), see
Eq. (26)
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Therefore, passing from (a, k) to (m, 8) we obtain

Ly =20pa  Lgy = —20ga, (32)
Lpq = 20,h Ly _285}17

where the derivatives appearing in L;; can be derived from equilibrium relationsa = a(m, B)
and h = h(m, B), see Eq. (44). As expected, the Onsager coefficients in Eq. (32) satisfy the
celebrated Onsager reciprocity relations, L,; = Ljp,. Indeed, recalling the grand-canonical
relations a = 9, logz and h = —dglogz, see Appendix A, the equality of off-diagonal
coefficients follows from 9,35 logz = 99, log z and from the regularity of the partition
function z(m, ) in the homogeneous region. In this respect, it is worth noticing that the
above derivation of transport coefficients is necessarily restricted to the homogeneous region
B > 0, as it requires the existence of the grand-canonical ensemble. Although the problem
of energy transport at negative absolute temperatures was recently explored in [36, 37], we
do not expect straightforward generalizations for 8 < 0 for the class of condensation models
here studied. The main reason is that such a program would require to connect the system to
negative-temperature reservoirs, thereby typically resulting in condensation instabilities and
absence of stationary conditions.

It is interesting to work out the limit of vanishing 8 of L;; in Eq. (32) for the class of
models F(c¢) = ¢“. In this case the critical curve is hc(a) = I' (1 + a)a® and we obtain (see
Appendix C)

Lag =2a> Lgy =2al (o + 1)a®*!,
Lig =2al (@ + Da®™ Ly =2[IQa+1) = I'(a + D]a*. (33)
Therefore, all Onsager coefficients are well defined and positive even on the critical line.
Moreover, from the definition of the Seebeck coefficient [18]

Lan
Laa

S=p—"——-m, (34)

we obtain that on the critical line, S = —m = 1/a. Since S # 0, we can conclude that mass
and energy currents in «-models are coupled in the usual sense of irreversible thermody-
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namics. These results generalize the study of Ref. [14] on Onsager coefficients, which was
restricted to the case o = 2.

5 Statistical and Dynamical Properties of Nonequilibrium
Condensation

In this section we discuss in more detail the out-of-equilibrium condensation process and we
compare it with the analog phenomenon occurring at equilibrium. For simplicity we refer to
the class F(c) = ¢“.

Equilibrium condensation can only appear in the microcanonical statistical ensemble,
because the region above the critical line, 7 > h¢(a), cannot be described in terms of the
grand canonical ensemble. The equilibrium condensed phase is therefore characterized by
the exact conservation of the energy density 4, which can be decomposed as the sum of the
critical energy density /¢ plus an extra energy density A = h — hc. The former is uniformly
distributed in the whole system, according to an exponential distribution of the mass; the
latter is localized on a not-extensive number of sites, K (N, A) [24]. In the thermodynamic
limit, K(N — 00, A) — 1 independently on A: only one site hosts the entire extra-
energy, giving rise to a Dirac-delta peak in the energy distribution p(e), for ¢ = AN:
p(e) = pe(e) + %(S(E — AN). The critical energy density p.(¢) is explicitly found from the
relation p.(€)de = p.(c)dc, where € = F(c) and p.(c) = (l/a)e’c/“. For F(c) = ¢“,

exp ( - el/"‘/a)

oSy (35)

Pc (e) =
For finite N, the condensate contribution to p.(€) broadens to a finite-height bump, see
the inset of Fig. 8, where we show the numerical equilibrium energy distributions in the
condensed region for « = 2 and different sizes N. More generally, finite-size effects were
found to deeply modify the equilibrium localization scenario expected in the thermodynamic
limit [11, 23, 24]. Among the most important effects, there is the emergence of a “pseudo-
localized” region above the critical line 4. (a) in which the system is effectively delocalized.
Coming now to the out-of-equilibrium setup with critical heat baths, we can argue that
dynamical evolution proceeds repeatedly through the onset of travelling peaks that are even-
tually destroyed at the chain ends, as their presence is not compatible with heat baths at
positive or infinite temperature. This is clearly shown in Fig. 7, where we plot the time
dependence of position (upper panel) and energy (lower panel) of the highest peak detected
in the chain at various times during a long evolution. The steady state thereby manifests itself
as a balance of the creation and death processes of such peaks. Therefore, if #,(N) is the
typical lifetime of a peak, a NESS establishes only on timescales ¢ >> #,(N). On timescales
shorter or of the order of ¢, (V) the system is not stationary: there is an unbalance of left and
right currents which induces the growth of the travelling peaks, which appears to be linear in
time. From Fig. 7 we have also clear numerical evidence that ¢, (N) increases as N 2 see the
inset of the bottom panel: this result signals a symmetric spatial diffusion process of peaks.
In fact, we have not found evidence of drifts towards a specific side of the chain. Neverthe-
less, we expect that such unbiased diffusion is not universal, as it eventually depends on the
underlying microscopic dynamical rule: an example showing biased diffusion of peaks in
out-of-equilibrium conditions was found in [15] for the deterministic DNLS equation.
At first glance, the emerging picture of an out-of-equilibrium condensed phase originated
by traveling peaks superposed to a delocalized background might appears comparable to
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Fig. 7 Top panel: Evolution of the main peak’s position x*(z), after a transient 7y = 108, on a system with
size N = 8192. The two horizontal dashed lines indicate the borders of the system, which interacts with two
critical heat baths imposing a;, = 1 and ag = 5. Bottom panel: the energy E*(¢) of the main peak (lower
curve) and the energy of the second highest peak, vertically translated to make it evident. In the inset we plot
the mean lifetime 7 of peaks as a function of the system size N. The power-law fit, 7, >~ 0.025N 201 reveals
the diffusive character of their motion

the equilibrium one. On the other hand, a closer inspection reveals an important difference,
because in the NESS peaks are repeatedly created in the bulk and destroyed at the system’s
boundaries and their energy increases in time until they disappear, while in equilibrium con-
ditions their energy simply fluctuates around an average value. Therefore, in nonequilibrium
conditions a single site experiences the passage of peaks of variable heights, even if the num-
ber of peaks which are present in the system at a given time is of order one. The above picture
of peaks diffusing and carrying extra energy with respect to the average local critical energy
can be quantitatively supported, firstly, by a numerical evaluation of the average energy trans-
ported by peaks; secondly, by an alternative derivation, within a continuum approximation,
of the parametric curve of the NESS.

The global extra energy is the sum Eox = Y, (h; — hc(i)), where h; is the average energy
of site i and h.(i) = hc(a;) is the critical energy corresponding to the average mass of site
i. We claim that E,, corresponds to the time average of the energy of traveling peaks. As a
numerical test, we can refer to the setup of Fig. 7 and limit ourselves to the two highest peaks
shown in the bottom panel. Remembering that for large N, a; and k; are linear profiles and
that 4.(i) = 2“:‘2’ we obtain

N
E. >~ / dx2(ag —a(x))(a(x) —ar) ~4.37 x 10, (36)
0

where a(x) = ap + 3(agr —ap),ap = 1,ag =5, and N = 8192. On the other hand, the
time-average energies of the main and second peak are respectively 3.94 x 10> and 0.38 x 10°.
Their sum is 4.32 x 10°, in fairly good agreement with the value of E,, found in Eq. (36).
Passing to a continuum description, it is also possible to evaluate the spatial density of
the extra energy, A(x) = h(x) — hc(x), which is supposed to satisfy a stationary, diffusion
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Fig. 8 Main: nonequilibrium setup with critical baths imposing a;, = 1 and ag = 5. We plot the stationary
energy distribution p(€) for the central site of systems with increasing size N. The size is chosen so that its
average mass is a = 3 and its average energy is 7 = 26. The NESS state has been sampled for times much
larger than the typical peak’s lifetime 7, (N). For comparison, in the inset we plot the equilibrium energy
distribution for the same values of a and /. The full black line is the critical distribution Eq. (35) for o = 2
and a = 3. The vertical dotted lines locate the expected energy of the condensate, equal to (h — hc(a))N

equation of the following form,

d>A(x)
dx?
where D = 2 is the diffusion coefficient of peaks, derived in Appendix D, and /(x) is a
source term accounting for energy injection, determined assuming a “critical” background.
If a(x) is the average mass density at site x, the energy background is ic(a(x)), and I (x) is

determined through the total variation of energy at the site i located in x, once we average
over all moves involving site i,°

D + 1(x) =0, 37

— 1
(8€idior = g(hi—z + 2hi—y — 6h; +2h;11 + hit2). (38)

In the steady state the left hand side vanishes, which imposes the equation determining the
spatial profile 4;. Here instead we suppose that /; is the local, critical energy, so that the
right-hand side does not vanish and the left-hand side is exactly the source term / (x). Passing
from discrete to continuous, we obtain I (x) = 2d?h«(x) /dxz, and Eq. (37) reads

d2
2@ [A(x) + he(x)] =0, 39)

which must be solved with absorbing boundary conditions A(0) = A(L) = 0. We therefore
obtain that A(x) + hc(x) has a linear profile passing from the values imposed by critical
baths, in agreement with the exact, discrete microscopic description discussed in Sect. 4.
The different dynamical behavior of equilibrium and out-of-equilibrium condensation
manifests itself also in the stationary energy distribution, p(€) on a single site. A comparison
of the two regimes is shown in Fig. 8, where we plot the equilibrium (inset) and out-of-
equilibrium (main panel) energy distributions corresponding to the same values of mass

9 See Eq. (12), replacing ¢; with €; and a; with h;.
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Fig.9 Participation ratio Y, vs system size N for a NESS obtained with critical heat baths imposing a;, = 1
and different values of ag (see legend). Y> is obtained numerically from a temporal average over a time
T = 6.6 x 10°. The uncertainty on Y is computed as the standard deviation o = 4/ Y22 — 722, divided by

VT /Tac, Where 74 is the autocorrelation time of the signal Y, (¢). The dashed line is a reference power-law
decay ~ 1/N

and energy densities. The equilibrium distribution has the expected N —dependent form: for
€ K NA, p(e) ~ pc(e), with p.(e) given in Eq. (35), while, for larger energies, p(e)
displays a bump around € = N A. The width of the bump progressively decreases upon
increasing N. On the other hand, the nonequilibrium distribution does not display any bump:
it is a monotonically decreasing function, which however extends over increasingly larger
energies for increasing N.

The lack of the condensation bump in the NESS energy distribution affects also the
behavior of the participation ratio Y> (V) defined in Eq. (7), which is the usual order parameter
for the condensation transition. In equilibrium conditions and for finite sizes, Y> (N) displays a
minimum when plotted versus N, for sufficiently small values of A = h—h,. Such aminimum
originates essentially from the fact that the condensate is localized on a small number of
sites and that the extra energy is constant in time, apart from statistical fluctuations [24].
The regime of nonequilibrium condensation is shown in Fig. 9, where we plot Y>(N) for
different nonequilibrium critical boundary conditions with fixed a; = 1 and different ag.
We always find that Y> decreases monotonically with N and we attribute this feature to the
peculiar dynamics of growth and absorption of travelling peaks. Although we explored the
phenomenon for relatively large sizes and times, numerics by itself is not conclusive and
further efforts would be in order to clarify asymptotic behaviors, in particular to understand
how Y2(N — o0) depends on a; g when (ag —ar) — 0, the nonequilibrium equivalent of
A — 0 for equilibrium systems.

6 A Critical Summary

We have analyzed the phenomenon of nonequilibrium condensation in a class of open lattice
models with two conservation laws steadily driven by boundary reservoirs. Qualitatively new
features were found with respect to the usual condensation transition occurring in equilibrium
conditions. The most important one is that nonequilibrium condensation can appear even if
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reservoirs, by themselves, would locally keep the system in the homogeneous phase. This
feature is due to the existence of two independent conserved quantities (mass and energy)
which determine two macroscopic currents, whose coupling produces a sort of extreme Joule
effect [14].

The nonequilibrium condensation mechanism does not manifest itself with a lower number
of conserved quantities. In fact, if only one conservation law is present and both reservoirs are
(sub)critical, then the whole system lies in the homogeneous phase. As a simple argument, let
us consider an energy-conserving system in contact with heat baths at inverse temperatures
Br and Bg, with B g > B.. We assume here that . is the critical value separating the
homogeneous phase (for § > B.) from the localized one (for 8 < pB.). If transport is
diffusive, the positivity of heat conductivity « and the Fourier law xd 8(x)/dx = const imply
that steady temperature profiles S(x) are always monotonic. Therefore S(x) > B, in the
whole system. The same conclusion remains valid even in the presence of space-dependent
conductivity « (x).

It is worthy of note that the out-of-equilibrium condensate is qualitatively different from
the equilibrium one. The latter requires to be in the microcanonical ensemble, i.e. to have
a perfect conservation of mass and energy. For 4 > h.(a) and large N, the system can be
depicted as a background at critical energy density with the addition of one or more peaks
collecting an extra-energy equal to (h — hc(a))N. This feature is reflected in the marginal
energy distribution p(€) on asingle site, which displays a high-energy bump as a characteristic
signature of the condensed state. In the out-of-equilibrium condensation, the energy of peaks
increases in time (because energy is pumped in the system) until peaks disappear at the
system boundaries. Therefore a lattice site i experiences peaks of all energies, so that there
is no bump in p(¢€). Furthermore, the order parameter Y> (N) (participation ratio) is expected
not to have a minimum with respect to N. In this regard, we recall that the non-monotonic
behavior of Y, (N) in equilibrium conditions provides a practical and unambiguous criterion
for distinguishing finite-size localized states from delocalized ones, the separation point
being precisely the minimum value of Y5 (N) [24]. The monotonic trend of Y>(N) observed
in nonequilibrium conditions prevents such a clear separation.

The above scenario is valid for a wide class of lattice models where masses ¢; are con-
tinuous, positive variables and local energies are €; = F(c;). Many of our results have been
found analytically and they apply to any convex function F'(c). Among the main results,
we have provided a complete characterization of nonequilibrium profiles and stationary cur-
rents which are valid both in the homogeneous region and in the localized one. Moreover,
we have derived Onsager coefficients and shown that the Seebeck coefficient is finite and
nonvanishing on the critical line.

At the macroscopic level, localized NESS are profitably described in terms of a non-
homogeneous diffusion equation for the excess energy field A(x) with respect to the local
critical energy density ic(x), Eq. (37). In particular, we obtain that A(x) is such that A(x) +
hc(x) is a linear function in x, see Eq. (39), which implies that the profiles of A(x) and
h¢(x) have opposite curvatures. Phenomenologically, the concave shape of A(x) for convex
F(c) could be interpreted as a manifestation of a Joule heating effect, whereby the lattice
is “hotter” in the bulk than at the boundaries. It is interesting to note that the source term
accounting for energy injection is /(x) = 2d2hc(x)/ dx?, which is constant for the model
F(c) = c2. This is the reason why in this model the energy E*(¢) of a peak increases linearly
in time, with a constant slope, independent of the peak, see Fig. 7. For different models, the
x—dependence of the source term makes the growth rate of its energy, d E* /dt, dependent on
the peak position, so that E*(¢) is no more a linear function. In spite of this the overall picture
of nonequilibrium condensation is the same: out-of-equilibrium conditions pump energy in
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the system inducing the birth of peaks and the increase of their energy, while they diffuse.
Once a peak attains a (sub)critical boundary, it disappears.

The class of models F(c) = ¢%, with @ > 1, plays a special role because its equilibrium
properties have been studied in some details. In particular it has been shown [11, 23] they
are equivalent to models where only the mass A = ) ; ¢; is conserved, but variables c; are
distributed according to f'(c) ~ exp(—cl/ @). If such models are driven out-of-equilibrium,
they do not show any nonequilibrium condensation, as argued here above.

Models where F'(c) can be negative have not been discussed in detail. We limit to observe
that a negative, strictly convex function F(c) requires that lim,._, |F(c)|/c = 0, which
means that the localization process involves the mass, not the energy. We remark that this is
precisely what happens in the case of the DNLS equation with a saturable nonlinearity [17],
a model which can be traced back to the case F(c) = —In(1 + ¢).

Finally, it is interesting to discuss the role of peak diffusion, a key element to obtain
parametric linear profiles and to obtain a NESS even when the critical line & (a) is crossed.
Let us consider the limiting case in which peak diffusion is suppressed: this scenario can be
obtained by constraining the search of the solutions of Eq. (9). Let us discuss explicitly the
model F(c) = ¢2, in which case the new triplet must be chosen in the intersection between a
plane and a sphere. The condition of positive masses, ¢; > 0, implies that such intersection
may not be a full circle, but the union of three disconnected arcs of circle: this occurs if one
of the three masses is much larger than the other two, which is the typical scenario in the
condensed region, when the triplet includes a peak. In these cases we may suppress peak
diffusion imposing the search of the new triplet in the same arc of circle, a constraint which
does not break detailed balance. In fact, equilibrium properties in the presence or in the
absence of such additional constraint are the same [32].

When the system is out-of-equilibrium, driven by boundaries, the above constraint is rel-
evant because enforcing it makes Eq. (10) no more valid. However, the relevance of the
constraint depends on temperature, because at § — +oo the system is perfectly homoge-
neous and the constraint does not apply: we expect its effects are more and more visible with
decreasing B. In fact, the most striking effect of suppressed diffusion occurs in nonequilib-
rium condensation, hence f(x) < 0, where immobile peaks are unable to discharge their
energy, which therefore continues to grow indefinitely: this process prevents a steady state
from being reached [24].

We conclude by observing that our approach to determine the NESS profiles (spatial and
parametric profiles) can be easily extended to a stripe or to a two-dimensional system. In
this case we have local masses ¢;; and local energies €;; = F(c;;), wherei = 1,..., N and
j=1,..., L. Ifsites (1, j) are attached to the reservoir R and sites (N, j) are attached
to the reservoir R g, we can apply the same method. We expect to find an analytical solution
for the spatial profiles either for small L or for periodic boundary conditions in the direction
perpendicular to the currents.

A Equilibrium Properties: Microcanonical And Grand-Canonical
Descriptions

In the context of equilibrium statistical mechanics, the condensation phenomenon in models
with two conservation laws has been understood from the properties of the microcanonical
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partition function (we assume a convex and positive F(c)),

Q(A, H) =/001_[dci5 (H—ZF(Q))(S(A—ZQ) ) (40)
(U ; ;

It was shown [11, 23] that £2(A, H) can be conveniently obtained by computing its Laplace
transform Z(m, ) with respect to A = Na and H = Nh, followed by an inverse Laplace
transform. Here m and B are real variables conjugate to A and H, respectively. Explicitly,
we write the function Z(m, B) as

Z(m, ) = /oodA /oodH (A, Hye PHAmA 41)
0 0

Remarkably, Z(m, B) takes the factorized form

[e'e) N
Z(m, B) = [/0 dc e*ﬂF@*mC] = [z(m, p)IV, (42)

with 8 > 0. The Laplace inversion formula thereby writes

mo—+ioo dm Bo+ioco dﬂ

Q(A, H) = / eTMNaBND 7. B | (43)

my—ioo 2mi Bo—ioco 2mi

where the parameters mq and By define an integration contour free from singularities. In
the large N limit, the integral in Eq. (43) can be finally evaluated using the saddle-point
approximation, solving the following equations

dIn[z(m, p)] f0°° dec ¢ e —BF(©+me)

om Z(m! /3)
o dlnlzm, A1 _ Jo~ de F(e) e PTrme (44)
aﬂ Z(m7 ﬂ)

From a physical point of view, the above procedure defines the standard grand-canonical
approach, where Z(m, ) is the grand-canonical partition function, 8 > 0 is the inverse
temperature and m = Bu defines implicitly the chemical potential . From the analytic
properties of Z(m, B) and from Eq. (43), it follows that a solution for saddle-point equa-
tions (44) exists only for real positive  values, or equivalently for 4 < h, see Appendix A.2.
This solution provides a one-to-one mapping between parameters (8 > 0, ) and (a, k). The
following two subsections show the explicit solution for the two relevant limits  — +oo
and 8 — 0. For h > h. (condensed region) Eq. (44) has no solutions and the estimation of
the microcanonical partition function £2 (a, h) requires large-deviations techniques [11].

A.1 Limit 8 — +oc (Ground State)

In order to obtain a non vanishing partition function, it is necessary to assume @ > 0, in
which case

c*
z(p, B) —> / deePHe=FE) (45)

0
where wc* = F(c*). The maximum of the exponent is in ¢y, defined by u = F'(cp),

and a(f — +oo, u) = cm, h(B — 400, u) — F(cp). Therefore, the line h = F(a)
is the ground state of the system, as anticipated in the main text by the consideration that it
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corresponds to a perfectly homogeneous state, ¢; = a. The above treatment also implies that
the chemical potential on the ground state is © = F'(a).

A.2 Limit 8 — 0

In this case the grand-canonical weight is proportional to e##¢, which requires S = m —
—y, withy > 0. We then get z(8 — 0, ) = y~ L, a(B — 0,u) = y~ !, and h(p —
O,uw =y fooo dc F(c)e™ 7. Therefore, the critical line is

he(a) = /oodxF(ax)e_x. (46)
0

On this line, the chemical potential diverges according to the relation u — —1/(ap).

B Calculation of the A; Coefficients

Let us consider the system of equations

ay =ar, (47a)

ay —4ay +2az +ags =0 (47b)

ai—2+2a;+1 —6a; +2ai+1+a; =0 3<i<N-2 47c¢c)
ay —4an_1+2an_2+an—3=0 47d)

ay = ag, 47e)

Since the system is linear with N independent equations and N unknowns ¢;, if the solution
exists, it is unique. We can rewrite the unknowns a; in the form

a; =ap + Aj(ag —ayr). (48)

The system (47) is invariant under the exchange L — R,i — N + 1 — i, so we can look
for a solution with the same symmetry, thus imposing

Anti-i = 1— A 49)

Then we can consider an equivalent system of N independent equations obtained either by
summing or subtracting the equations which are mapped into each other with the transforma-
tion L — R,i — N + 1 —i,i.e. the first and last equation, the second and penultimate, the
third and third last, and so on. It can be easily demonstrated that all the @; that satisfy Eq. (49)
are already a solution of all the equations obtained summing the equations: for example,
summing Eq. (47b) with Eq. (47d), and replacing a; with (48) we get

ay —4ay +2a3 +ags +ay —4ay_1 +2an_» +ay_3
= (A1 + An = 4(A2 + Ay-1) +2(A3 + An-2) (50)

+A4+AN,3)(aR —ap)=(1—442+1)(ag —az) =0
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The equations obtained instead from the differences, rewritten in terms of the A; coefficients,
become

A1 =0 (51a)
Al —4A) +2A3+ A4 =0 (51b)
Ai 2 +2Ai11 —6A; +2A; 11 +A; =0 (Slc)

with3 <i < N/2if Niseven,and3 <i < (N —1)/2if N is odd. The system of equations
to solve has therefore been halved compared to the starting one. From this point on let’s focus
only on the even case, with N = 2m.

From Eq. (51¢) with i = m we can obtain A,,_» as a function of A,,,_1, A, Am+1, Am+2,

AmfZ = _2Am71 + 6Am - 2Aerl - Am+2a (52)

which replaced in Eq. (51c) withi = m — 1 gives A,,—3 as a function of A,,_1, A, A1,
An+2. Repeating the substitutions iteratively, we can write A; in the form

Ai = —gm—i+2Am-1+ fm—i+2Am — em—i+2Am+1 — dm—i+2Am+2 (53)
where the coefficients d,, e,, f,, gn are defined by the recurrence relation
Xpta = —2Xp43 +6X 12 — 2X 541 — X, (54)
with the following starting values
dy=-1,d1=0,d, =0,d3=0
e0=0,e1 =—1,e2=0,e3=0
fo=0,f1=0,f2=1 f3=0
80=0,81=0,8=0,¢3=—-1L

(55)

By using Eq. (49), Ajy41 =1 — Ap,and Ayyp =1 — A1, so we can rewrite (51) as

Aj = ojApm—1 + BiAm — Vi, (56)
where
o =dm—it2 — gm—i+2 = (d — Qm—i+2
Bi = (f +Om-i+2 (57)

vi = (e +dm—it2.
By imposing A; = 0, from Eq. (56) with i = 1 we obtain

— 1A,
A,y = M’ (58)
B

which can be replaced in (56) that becomes

Ai =BiAu—1—C;, (59)
where
Bi=a; —a1fi/B1, Ci=yi—npi/bi. (60)
Finally, replacing the A; from (59) in (51b), we obtain
4Cr, —2C3 — Cy
Ay | =————. 61

m-l 4B, —2B3 — By el
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Once replaced in (59), it determines the solution to the system of Eq. (51). The coefficients
A; for i > m are obtained from those with i < m using Eq. (49).

The case with N odd, N = 2m + 1, can be analyzed with the same procedure, obtaining
Eq. (53) and from this the solution expressed in the form (59), with the same definitions of
B; and C; from (60), but with

A = —8m—i+2»
Bi = (f + Dm—i+2, (62)
vi = (€/2+ d)m—it2.
Similarly, we can also solve the system of equations associated with the case of the heat
baths with “finite” efficiency, which correspond to replacing the border condition
A1=0— —5A1+ A+ A3 =0. (63)
Also in this case the solution takes the form (59), but with
C1 —4Cy +2C3+ Cy

Ay = s 64
! By — 4By +2B3 + By ©4)
B = <a,» _p 3t 50“) , (65)
B3+ B2 — 51
V3 +vy2 =5y )
<y P B3 + B2 — 5B (66)

where «;, B;, v; are defined as (60) with N even and as (57) with N odd.

B.1 Closed-Form Expressions for d, e, f, g

The coefficients d,, e, fu, g» canbe expressed in a closed form solving the recursion relation
(54). If we consider X, = x", it satisfies Eq. (54) if x is a solution of

a2t —ext F2x+1=0. (67)
The roots of this polynomial equation are
X1 =xp =1, x3:—2+«/§E¢, X4=—2—\/§Ew. (68)

A general solution X, of the recursion relation (54) is therefore obtained from the roots
x; by considering a linear combination of x'. Since the root x; = 1 occurs 2 times, nx} = n
is added to the linear combination, so the general solution of (54) is

X, = wi +wn + wid" + way”, (69)

where the coefficients w; are determined imposing the initial conditions of the recurrence.
For d,, en, fu, gn this conditions are the ones in (55), from which we can finally obtain the
closed form expressions

dy = (6n — 12+ (=12 + 739" — (12 + 7/3)¢") /36
en = (6n — 144 (7 —43)Y" — (T + 4v/3)¢")/12
fo=(6n—4—0y" +ye¢")/12

gn = (6 —6n+ (=3 +2v3)Y" — 3+ 24/3)¢")/36.

(70)
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With this expressions we can therefore obtain a closed form for the coefficients A;. For
example, in the case with the heat baths with finite efficiency and even size N = 2m, A can
be expressed as

e 4v3-6—¢"(6+43)
L VB m+5V3—6— (6 +4Bm +5v3+6)

that for large N, since |¢| = 2 — /3 < 1, can be approximated with A; ~ 1/m = 2/N.

(71)

C Onsager Coefficients

To obtain the expressions for the Onsager coefficients in the class of models with local energy
€ = ¢}, itis useful to define

1(k) = f - xFexp(—Bx% + mx)dx. (72)
0

With this notation, 7 (0) is equal to the partition function z(m, §), and the k—th moment (ck>
is

(c*y = ! / - xFexp(—Bx% + mx)dx = 1k (73)
z2(B,m) Jo 1(0)’
In particular, we have
(1 1

1O 1@ o

1(0) 1(0)

By deriving I (k) with respect to 8 and m, we obtain

o
ol (k) = / Fexp(—Bx® + mx)dx = I(k + 1)

0 (75)

o0
dpl (k) = —/ M exp(—BxY + mx)dx = —I(k + o).
0

The Onsager coefficients can be obtained considering the derivatives of a and &. For example,
to obtain L,,, we need to calculate

10 _ 10 PO

Ana = = — , 76
ma 'm I(O) I(O) 12(0) (76)
and in a similar way we can calculate all the other derivatives to obtain
Lua = 20ma = 2(1(2)1(0) - 12(1))/12(0)
- _ _ _ 2
Lup = —20ga = Z(I(a + 1)I1(0) I(oz)I(l))/I 0) 7

Ly, = Zamh = Lup
Lpy = —20Bh = 2(1(2@1(0) - Iz(a))/lz(o)

If we now want the coefficients L;; on the critical line & = I'(« + 1), lets consider the
limit 8 — 0, m — —1/a, in which I (k) becomes

lim I(k) = I'(k + Da**!. (78)
B—01
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Therefore, the Onsager coefficients in this limit become

Loa =24%, Ly =2(IFQa+ 1) — '@+ 1))a™ (79)
Laph = Lyg = 2(I'(@ +2) — I'(e + 1))a*™!
=2al (@ + Da*t!. (80)

D The Diffusion Coefficient D

The diffusion coefficient D of the models with the evolution rule defined in Sect.3 can be
obtained making the expression for the probability P (x, ¢) to find a breather on site x at time
t continuous in space and time, so that it can be expressed as a diffusion equation:

AP(x, 1) 92

a7 =DﬁP(x,t). (81)
In the evolution algorithm, which updates the triplets 7; = (i — 1, i, 4+ 1) with i chosen at
random, the only triplets that allow the breather’s movement are 7, 71 and Ty1, which
can be chosen with probability 1/N. In these cases, after the update the energy peak can
be found with probability 1/3 in any one of the sites of the chosen triplet. For example, the
breather can reach x — 2 only when 7 _ is chosen, but each one of T_1, Ty, Ty allow it
to remain in the initial position x. The breather also remains in x if the other triplets of which
it is not part are chosen. Therefore, the probability to find the breather in x at time ¢ + 1 is
given by

P(x,t+1)= % <P(x, 1)+ %(P(x — 1,0+ P(x+1,1)
1 N-3 82)
+ 3 (PG =20+ P(x+2, z))) + =y PO,

Lets Taylor expand (82) to the first order in §¢, the time increment for a single triplet update:
by subtracting P (x, ¢) from both members and then dividing by §¢ we obtain
oP(x,1) 1

2
T <§(P(x -1+ Px+1,1)

| (83)
+ (P =20+ P(x+2,0) - 2P(x, r)) .

We can then Taylor expand (83) to the second order in space x, the first non vanishing order,
from which we get

0P(xr, 1) _ 282 9°P(x,1) _ 07P(x, 1)
ot N&t  ox> 9x2

where 6x = 1 is the distance between two adjacent sites. Time is measured in Monte Carlo
steps 87, that corresponds to N moves that increase time by 6¢, thus 1 = Nét = 1. The
diffusion coefficient D is then is given by

, (84)

2(8x)?
p=200 _,
5T

(85)
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