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Abstract

We study the scaling properties of a one-dimensional interface at equilibrium,
at finite temperature and in a disordered environment with a finite disorder
correlation length. We focus our approach on the scalings of its geometrical
fluctuations as a function of its length. At large lengthscales, the roughness of the
interface, defined as the variance of its endpoint fluctuations, follows a power-
law behaviour whose exponent characterises its superdiffusive behaviour. In
1+1 dimensions, the roughness exponent is known to be the characteristic 2/3
exponent of the Kardar—Parisi—Zhang (KPZ) universality class. An important
feature of the model description is that its Flory exponent, obtained by a power
counting argument on its Hamiltonian, is equal to 3/5 and thus does not yield
the correct KPZ roughness exponent. In this work, we review the available
power-counting options, and relate the physical validity of the exponent values
that they predict, to the existence (or not) of well-defined optimal trajectories in
a large-size or low-temperature asymptotics. We identify the crucial role of the
‘cut-off” lengths of the problem (the disorder correlation length and the system
size), which one has to carefully follow throughout the scaling analysis. To
complement the latter, we device a novel Gaussian variational method (GVM)
scheme to compute the roughness, taking into account the effect of a large but
finite interface length. Interestingly, such a procedure yields the correct KPZ
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roughness exponent, instead of the Flory exponent usually obtained through
the GVM approach for an infinite interface. We explain the physical origin of
this improvement of the GVM procedure and discuss possible extensions of
this work to other disordered systems.

Keywords: disordered elastic systems, directed polymer, interfaces in
disordered media, scaling theory, Kardar—Parisi—Zhang equation, Gaussian
variational method

(Some figures may appear in colour only in the online journal)

1. Introduction

Scaling analysis is a very powerful tool in theoretical physics, as it often allows to take
remarkably fast shortcuts of otherwise long and cumbersome computations. Indeed, in many
cases, the dominant physical behaviour predicted by a model can be pointed out by literally
back-of-the-envelope calculations based on such scaling analyses. Nevertheless, at the same
time, scaling arguments are usually presented as untrustworthy beforehand, but rather as a
posteriori explanations of a given problem, constructed by reasoning on the interplay between
its ‘typical’ scales. They allow in fact to recover some physical intuition on the model pre-
dictions, disregarding the level of technical difficulties associated to their derivation. There
is thus a great temptation to perform straightforward power countings on a Hamiltonian or
an equation of motion, as in the so-called ‘Imry-Ma’ [1, 2] or ‘Flory’ constructions [3, 4],
and then to assume that the corresponding scaling behaviours are physically meaningful. But
in order to assess this, one must validate independently the implicit assumptions on which
such scaling arguments rely. In particular, when dealing with averages of observables in field
theories, a natural approach consists in examining the explicit implementation of such scaling
procedures directly on the corresponding path integrals.

From that perspective, one problem of particular interest is the characterisation of the geo-
metrical fluctuations of a one-dimensional (1D) interface, with a short-range elasticity and at
equilibrium at finite temperature in a quenched random-bond Gaussian disorder. As a standard
problem in classical disordered systems, it has been extensively studied over the last dec-
ades—analytically, numerically, and also in relation with experiments [5, 6]. It can moreover
be exactly mapped on the characterisation of a directed polymer (DP) end-point fluctuations in
a disordered 2D plane, whose free energy evolves according to the 1D Kardar—Parisi—Zhang
(KPZ) equation [7, 8] with ‘sharp-wedge’ initial conditions. This specific problem hence
relates more broadly to the 1D KPZ universality class [9, 10], and as we will see, it provides
an interesting illustration of and a useful insight into some of the issues that may arise when
invoking scaling arguments.

One observable that still has to be computed exactly, even after all these decades of studies,
is the complete roughness function B() of the static 1D interface, i.e. the variance of its rela-
tive displacements as a function of the lengthscale ¢, with a finite disorder correlation length &
and at finite temperature 7. For an uncorrelated disorder (£ = 0), the scaling of the asymptotic
roughness at large lengthscales has been known for a long time to be B(t) ~ T2} *3 att — oo,
i.e. with the KPZ roughness exponent (xp, = 2/3 [10], although its numerical prefactor itself
has only recently been exactly computed [11]. However, at £ > 0, the only available analytical
predictions for the complete roughness function have been obtained in a Gaussian-Variational-
Method (GVM) approximation scheme [12—14]. Such GVM approximations provide precious
analytical shortcuts, but the predicted roughness is not exact so it is crucial to identify which
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of its features can be trusted (or not). For instance, the GVM procedure starting from the
Hamiltonian of an infinite 1D interface predicts the wrong asymptotic scaling B(t) ~ T%5/> at
t — 00, i.e. with the so-called Flory exponent (i = 3/5. This scaling can otherwise be obtained
by a straightforward power counting on the Hamiltonian [12, 14]. This is not a coincidence,
since these GVM scaling predictions are intimately related to the power countings on the
Hamiltonian, and in turn, their identification as the ‘true’ physical scalings corresponds to
specific assumptions in the saddle-point analysis of the underlying path integrals.

The aim of the present study is precisely to investigate when and why do simple power
countings help to correctly predict the asymptotic roughness B(¢), and to understand how they
relate either to the existence of path-integral saddle points or to GVM predictions. The outline
of this paper is thus the following. We first recall in section 2 the definitions of the model and
observable that we are considering. Then in section 3 we review different options of rescalings
based on straightforward power countings, either on the 1D interface Hamiltonian or on the
DP endpoint free energy, without or with replicas. In section 4 we identify how the physically
meaningful power countings can be derived from a saddle point analysis of path integrals,
i.e. from the existence of optimal trajectories either at zero temperature or at asymptotically
large timescales. Similarly, we discuss why the Flory scaling on the Hamiltonian fails to
predict the physical roughness exponent at large lengthscales. A key ingredient will be to
keep simultaneously track of a finite disorder correlation length &, a finite temperature 7, and
a finite total length #; of the interface, in order to properly rescale the observable averages.
Combining these power-counting and saddle-point considerations, we revisit in section 5 the
GVM approximation schemes for the computation of the roughness, recalling on the one hand
the main assumptions and predictions of previous GVM computations [12—14]. On the other
hand, we show how it is possible to recover by GVM the correct KPZ asymptotic scaling of
the roughness (with a roughness exponent ¢ = 2/3), in other words how to avoid the usual
Flory pitfall leading to (i = 3/5. At last, we conclude in section 6 on the physical picture we
have obtained—that can a priori be applied to other disordered systems—and present some
perspectives to this work. Note that we have gathered in appendices A and B the details of a
GVM computation and of a numerical procedure used to analyse GVM variational equations.

2. Static 1D interface and growing 1+1 directed polymer (DP)

We start by defining the model of the 1D interface that we are considering (in section 2.1),
and the observable we want to compute (in section 2.2)—its static roughness, which quantifies
the variance of its geometrical fluctuations at thermal equilibrium. A broader context and more
details to this model are given for instance in [12, 14, 15]. We then briefly recall how this specific
problem can be mapped on studying the endpoint fluctuations of a random walk or a growing
directed ‘polymer’ (in section 2.3), along with the main features of these fluctuations that are
exactly known (in section 2.4). So at the end we will have the explicit expressions of the quanti-
ties on which, in the next section, we will perform power countings and scaling arguments,
which are either path integrals or simple integrals, either before or after using the so-called
‘replica trick’. The reader already familiar to this method could thus go directly to section 3.

2.1. Hamiltonian of the 1D interface

We consider a 1D interface with a short-range elasticity, embedded in a quenched random-
bond (i.e. short-range) Gaussian disorder with a finite correlation length . We restrict our-
selves to the case where its position can be parametrized by a univalued function with respect
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Figure 1. Illustration of the mapping between the static 1D interface and the growing
1+1 DP. (Left) Configuration of a 1D interface, of finite size t;, parametrized by the
‘displacement field’ y(z), with respect to a flat reference axis. (Right) DP representation
of a finite segment of the interface: the DP endpoint encodes all the possible paths from
t = 0to t = 11, in the disordered energy landscape V(t, y), into its free energy Fy(#,y).

to a flat reference axis, the ‘displacement field” y(f) € R at a position 7 € R, as illustrated in
figure 1. We thus restrict ourselves to the case of an interface without bubbles nor overhangs.

Assuming that the interface is only weakly distorted, in other words that it can be described
in the ‘elastic limit’, the energy associated with a configuration y(¢) is given by the following
Hamiltonian:

HIy®), Vil =f0fdt [%(&y(t))2 + V(t,y(t))] 1)

where #; is the total length of the interface, the elastic constant c is the elastic energy per unit
of length, and V is a quenched random potential. Characterised by its distribution P [V], the
disorder is assumed to be Gaussian, hence fully described by its zero mean and its two-point
correlation function:

V(t,y) =0 (@)

Vt,y)V(t'y) =D 6@t — 1) R(y — ') 3

with — denoting the statistical average over disorder. Accounting for a random-bond dis-
order, the correlator R¢(y) is assumed to decay exponentially fast at large y, and to scale as a
Gaussian function would typically do:

L3
= “)
VaTéE

The Hamiltonian (1) has a quadratic deterministic part, which reduces the problem to
Gaussian path integrals in absence of disorder, and a linear additive stochastic part, which
allows to compute the averages over disorder. This is thus a standard ‘textbook’ Hamiltonian.
Moreover, we emphasise that it keeps explicitly track of the finite total length t; of the inter-
face, which has to be taken care of in the course of rescaling procedures, and will actually play
a crucial role for the new GVM computation presented in section 5.2.

Re(y) =& R(y/6) eg  RS(y)=
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2.2. Geometrical fluctuations and roughness of the static interface

We want to characterise the geometrical fluctuations as a function of the lengthscale 7 < ty,
when the interface is equilibrated at finite temperature 7. Denoting by (---) the statistical aver-
age over thermal fluctuations at fixed disorder, this amounts to fix one point of the interface
(y(0) = 0) and to consider observables depending solely on y(¢):

—FHLy(®), V3t
J oo DYDY OLy(a)] f

—LHLy(1), Vil
Joo YO

Oyl ) = fDV?‘?[V] (5)

lN
= lim Dy.(t) (... Dy (1) O 1 e—TH[yl(z) ,,,,, RGRN
n—0 fyl(o):() yl( )( )fy 0 yn( ) [yl( f)] (6)

n

where we have transformed (5) into (6) by using the ‘replica trick’, as detailed for instance in
[12, 16, 17]. The ‘roughness’ function is then simply defined as the variance of the geometri-

cal fluctuations: B(t;) = { y(tr)?).
Introducing n replicas of the system and performing the disorder average, we can directly

define the replicated Hamiltonian ’?{ [y(6), ..., 3,(8); tr] as:

exp(—%ﬁ [0, -3 (): 1] )E exp(—% > HIy®, V] ] )
a=1

and thanks to the additive and Gaussian nature of the disorder and its zero mean, we have:

H Iy, ... 5(0): 1] Zj;{dt l% > Oy ()) —g > Re(y(0) —yh(t))]
a=1

a,b=1
®)
We emphasise that this is an exact expression, although physically meaningful in the peculiar
n — 0 limit of (5).

2.3. Free energy of the growing 1-+1 DP endpoint

Since we are focusing on observables depending solely on y(#), given that y(0) = 0, this
problem can be mapped exactly to the study of a DP endpoint fluctuations in dimension 1 + 1
(i.e. internal and transverse dimensions are both equal to 1), as initially stated for instance in
[8] and illustrated in figure 1.

In this language, the statistical average (O [ y(#¢)] ) becomes straightforwardly (O(y)) N
other words the average of an observable depending on the DP endpoint y after a fixed grow-

ing ‘time’ #;, as for instance the roughness function can be obtained as B(t;) = ( y?) " The path
integral (5) can then be rewritten, before and after the replica trick, as:

—HF—olte. )+ Fo(tr.y)]
JLdvoe

(O(y), = f Dy PE. 1] [ dy e HFv-oteny) ey ©)
R
L L Ftey.
= lim dY1(~~)f dy, O(ype 7" e (10)
n—0JR R
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with the total free energy F(t,y) of the DP endpoint at fixed disorder having two contributions:

Fv(t»)’):FV:O(I,Y)+FV(I’Y) (11)

On the one hand, Fy_q(t, y) is the free energy in absence of disorder, and it corresponds to a
Boltzmann weight given by a normalised Gaussian function of variance By, (t) = Tt/c:

2
exp[— Y ] 5
Foo(t,y) = —Tind — L 20l Uo7 | T, 2nTt

\27B(t) 2t 2 c

On the other hand, the disorder free energy Fy (¢, y)—strictly zero in absence of disorder—is
in fact translation invariant in distribution in the y direction, at fixed #:

(12)

PE(tr, -+ Y), te] = P [Fy(t, ), 1] (13)

as is also the underlying random potential V(z,y) (3), thanks to the statistical tilt symmetry
(STS), as detailed in appendix B of [15].

Similarly to (5) and (6), introducing n replicas of the system and performing the disorder
average, we can directly define the replicated free energy as

1 1y
eXp(_?F(tf, yls . -~’yn)) = exp(_? Z FV(tf’ ya)) (14)
a=1

Its distribution is however not Gaussian, except for in the steady state (f; = oo) for the £ = 0
case. Hence, the replicated free energy includes a priori all the cumulants of P [Fy(t, ), t],
along with a non-zero mean:

~ n 1 noo_
F(te,y, )0 = 2 Fo—o(te, y) + T > Cle,y, — )
a=1 a,b=1

2 c
+nFyr, 0) — ;‘—TFV(tf, 07 + higher cumulants (15)

with the two-point correlator C(tt,y, — y,) = (Fy(t1,y,) — Fv(te, y,))*
At last, in order to close this definitions section, we recall that the total free energy Fy(t,y)
evolves according to a 1D KPZ equation with ‘sharp wedge’ initial condition at # = 0 [8, 18]:

T 1
OiFy(t,y) = %aiFv(L)’) - E[ava(t,y)]2 +V(t.y) (16)

e FONTT = 6(y) a7

and the disorder free energy itself follows a ‘tilted’ KPZ equation with flat initial condition
att = 0:

_ _ T - 1 _
a,F(t,y) + %ava(t,y) = 2Ry — ORGP V@) (18)

Fy(0,y) =0 (19)

as we have presented in [15], and is furthermore detailed in the section 3.3 of [14].
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2.4. Exactly known scalings £ = 0 and predictions at £ >0

One of the advantages of the mapping from the 1D interface to the 1+1 DP is that it trans-
forms the path integrals f Dy(t) of (5) into simple integrals f dy of (9). From the point of view
of the static interface, it amounts to considering an effective description at fixed lengthscale or
‘time’ f¢, in which the Boltzmann weights of possible trajectories y(¢) at intermediate ‘times’
t € [0, ], at fixed disorder V, are encoded in a normalised spirit into the evolution of the free
energy.

In order to do so, the price to pay is that the corresponding free energy Fy(t,y) follows a
non-linear stochastic partial differential equation, namely the 1D KPZ equation (16), which
has been remarkably tricky to tackle over the last three decades [9, 19]. Nevertheless, the case
of the 1D KPZ equation with an uncorrelated noise—i.e. our random potential V(¢,y) in (16)
with ¢ = 0—has been recently elucidated, for different initial conditions and in particular for
the sharp-wedge condition (17) that is relevant for us. We refer the interested reader to the
recent short review [10], which retraces the main contributions in the field and their corre-
sponding references. Thereafter we selectively recall the £ = 0 features related to our scalings
considerations, with respect to both the interface roughness and the DP endpoint free-energy
fluctuations at large #:

e At £ = 0, the steady state distribution of Fy(t, y) is purely Gaussian, as initially stated
in [8] and rederived for instance in [4, 15] from the Fokker—Planck equation at infinite
‘time’:

2, [F]ocexp{—%% [ [ayF(ynz} 20)

= Fop _FOp) = %ya—ybl @1)

In other words, the steady-state free energy is a (‘double-sided’-)Brownian process of

. e _ 1/2 )
the coordinate y and thus scales in distribution as F'( y) @ (%y) (see section 3.3 for a

detailed formulation in terms of rescaling properties).

Approaching the steady state, at asymptotically large #, the distribution P [F,(t;, y)]is not
Gaussian anymore, and it is described by an ‘Airy’ process. In particular, its two-point
correlator displays two regimes in y, at small y the same Brownian scaling as in the steady
state:

- — = cD
Cltry) = (Rl y) = Fultr, 00° ~ ==yl for |y] < VB ~ 1" (22)

and at large y it saturates to a plateau %\/B(tf), at | y| > /B(#;). Moreover, being non-

Gaussian, the distribution P [Fy(t;, y)] displays non-trivial higher n-point correlators,
but for our scaling considerations we can focus solely on C(¢;, y). At sufficiently large t;
the Brownian scaling is still the dominant one for the disorder free energy:

. d 2 . . . .
Fy(t;,y) @ ( %y , and this for an increasingly wider range of y as t; — oo.

* In (22), B(t;) is nothing but the DP endpoint variance, and both its asymptotic scalings are
known:
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D 2/3 )
B ~ (c_T) 797 with  (py = 2/3 (23)
2 T o, .
B(tr) o Bu(1) = :tf with (= 172 (24)

with a single crossover scale at t;, = T°/(cD?). We can immediately notice that, according
to these scalings, the 7'— 0 limit of the (¢ = 0)-roughness is ill-defined, as the amplitude
of B(t;) would violently diverge at fixed but large f.

These different features have been proven to be exact in the case of a completely uncor-
related disorder (£ = 0), yet their mathematical derivation crucially depends on the specific
limit £ — 0 (see [19] for a pedagogical exposition). An important issue is thus to assess the
robustness of these different scaling features when having simultaneously ¢ > 0 and a finite
temperature 7 > 0. In a series of successive works [12—15, 20], we have in fact investigated
the consequences of a finite disorder correlation length £ > 0 as defined in (3) and (4), using
in particular scaling arguments and GVM computation schemes for the roughness, two com-
plementary types of analytical approaches that we will revisit here. Regarding the physical
picture that has emerged from these works, it can be summarised into three points, that will
actually guide the course of our presentation throughout the next sections:

(1) the previous asymptotic scalings at large #; seem to be robust to the addition of a finite &,

on the one hand the Brownian scaling for the disorder free energy Fy(t;,y) @ y!/2, and on

the other hand the KPZ roughness exponent for B(t;) ~ t}w;

(i1) however, the prefactors of these scalings must display a non-trivial dependence on both 7
and &:

— d) o ~
F(t,y)~ (Dy)" and B(tr) ~ (DI (25)

with the amplitude D of the disorder free energy experiencing a crossover at the charac-
teristic temperature To(€) = (£cD)'/3, with the following two asymptotic behaviours:

atT<TL, f(T,O)~TIT:

aT>T, f(T,6-1 (26)

D=Lrre) win {
T
hence the two limits of 7 — 0 and £ — 0 can obviously not be exchanged with impunity;
(ii1) similarly, the typical lengthscale marking the beginning of the asymptotic regime at large
tg, the so-called ‘Larkin length’L.(T', £), displays the following temperature crossover:

T3 75
L LOO~—5 L0~ @D

LC(T’ 5) ~

(TIf(T,€))
cD?

where its high-temperature behaviour L.(7', 0) coincides as expected with the crossover
lengthscale #;, exactly known at £ = 0 (up to numerical factors that we skip throughout
our scaling considerations).

The only available analytical predictions for the complete crossover in temperature, param-
etrized by the ‘fudging’ parameter f(7', ), have been obtained by GVM computation, relat-
ing directly this parameter f to the full-replica-symmetry-breaking cutoff [12, 14], as we will
recall in section 5. We moreover mention that the scaling features in (i) can be shown, within a
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non-perturbative functional renormalization group study of the 1D KPZ equation at £ > 0 [21]
to be a universal feature of the 1D KPZ equation.

At last, we emphasise that these scalings are given for the continuum model of the inter-
face, so that the case of an interface or a DP on a lattice requires a careful translation, as pre-
sented for instance in appendix E of [13].

3. Power countings and Flory arguments

We now examine systematically the different options of rescalings of the statistical averages,
defined either with respect to the interface Hamiltonian in (5) and (6) (path integrals f Dy(1)),
or with respect to the DP endpoint free energy in (9) and (10) (simple integrals f dy). We focus
specifically on the roughness function:

(YOP)epr.e. (Static 1D interface)

B(t;c,D, T, t) = (28)

<y2>l‘f|{c,D,T,§} (1+1 DP endpoint)

and we emphasise that we have kept the same set of parameters {c, D, T, &, t;} in the two sides
of the mapping in order to avoid any unnecessary confusion.

In a nutshell, when we rescale the spatial coordinates {t = bf,y = af }, we want to review
different options that we might have in order to reabsorb the dependence on {a, b} into the
parameters of the statistical averages (28):

B(t;c,D,T, &, 1) = a® B(tlb; ¢!, D', T', €, t;/b) (29)

As a compromise, from now on we will make a slight abuse of notation in order to discuss
these scalings, playing with the set of parameters that are made explicit after 7 in the roughness
function B(#; ...). The convention will be that we indicate by primes the rescaled parameters
within the scaling function B(7; ...). For instance when rescaling the DP free energy according
to the Brownian scaling (25), we will rather consider:

B(tr;c, D, T, &) = a® Bpp(t/b; ¢!, D', T, €') (30)

In fact the rewritings (29) and (30) dictate how the spatial coordinates {¢ = b,y = ay } must
be conjointly rescaled, in order to rescale with a single overall prefactor the different contrib-
utions of the full Hamiltonian H [ y(¢), V; t¢] or the full free energy Fy(#,y), along with their
associated Boltzmann weights oc exp{—H [ y(¢), V; #] /T} and o< exp{—Fy(t;, y)/T} in the sta-
tistical averages (5) and (9).

Such power counting corresponds to the so-called ‘Imry-Ma’ [1, 2] or ‘Flory’ construc-
tions [3, 4]. Although any rescaling a ~ b compatible with these Flory ‘rules’ is of course
allowed, the physical interpretation of ( as being the ‘true’ roughness exponent of the prob-
lem is not guaranteed at all. Nevertheless, we want to emphasise that the scope of such rescal-
ings is broader than the determination of the sole roughness exponent, since they affect the
asymptotic behaviour of the scaling functions B(7; ---) or Bpp(f; ---) and might accordingly
provide a possibly simpler physical picture, when determining those scaling functions.

We have already partly addressed this issue in [15] (in section IV) and in [14] (in chapter
4 and section 5.5). Here we recall for reference the power countings on the Hamiltonian and
on the free energy (under the Brownian scaling assumption (25)), and we present in addition
their counterparts with replicas. These different Flory scalings are summarised in section 3.5.
In the next section 4 we will focus on three specific cases where a saddle-point analysis of the
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path integrals allows to confirm or to disqualify the Flory exponent; we will provide the miss-
ing key ingredients that allow to firmly assess what were yet in [14, 15] indirect statements,
on the existence and properties of saddle points (or from a more physical point of view, of
optimal trajectories).

3.1. Hamiltonian H [ y(t), V; ]

We first recall the expression of the Hamiltonian:

H YO, Vi te] 2 Ha [y(0): 1] + Hais [ Y0, Vi 1] (31)

Haly(in) | = j; Ldr %@y(r))z, (32)

Has @, Vil | = [ dr v,y (33)
D/,E/ 0 Dl,g/

VENVWY)|, = DS~ Ry ~ ) (34)

where the dependence on the different parameters has been made explicit. We then rescale the
spatial coordinates and the energy (we set the Boltzmann constant kg = 1 so that the temper-
ature has the units of an energy) according to:

t=bi, y=ap, T=ET (35)

so that the different parts of the Hamiltonian are rescaled as:

ca* PN
Her [y(2); 1] = Hei [Y(@); 1] (36)

/

c'=c =1

12
Hais [¥(2), V1] 7) Hais [(), V5 1] (37)

@ (bDo

D'=D,¢'=¢ D'=DIDy.£'=¢la

The rescaling of the disorder Hamiltonian is only valid ‘in distribution’, as indicated by the
‘d’; the random potential of V(¢,y) is a stochastic variable and as such cannot be rescaled
straightforwardly as the deterministic H,;. Nevertheless, the scaling of its Gaussian distribu-
tion can be deduced from its two-point correlator:

2 (dN) T~/ — —1ccs _ 2y ,—1 6 _
V(t,y) DD V@, v,y DD Db '6(t —t"ya 'Resa(3 — ")
D T~ A v N A~ D A A
= V@ HVE.F) Q= v, (38)
ba D=l¢=¢la 4 D'=1,¢'=¢la

This scaling in distribution yields a scaling relation on non-fluctuating observables when deal-
ing with statistical averages, after averaging over disorder.

In the statistical averages (O [ y(#)] ), the Boltzmann weight oc e~ 7" Y0-V+1i] i not modi-
fied provided that the elastic and disorder parts of the Hamiltonian scales identically, i.e.
ca*/b = (bD/a)"?, and that the temperature is redefined accordingly:

10
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Table 1. List of the rescaling choices for the Hamiltonian H [ y(¢), V; t] when imposing
¢'=1land D' = 1(i.e. Dy = D).

Constraint: o Possibly
D =1 b E Dy a relevant for

;. 73 73
()T’ = 1 z T p = £=0

’ gl Tf» 13 —

. 3 \3/5
(10 i =1 tr (D45 D ( D'z’;'f) T
C
()T =TIf % f D T Temperature
¢ b crossover
(39)

T~'"H [y(1), Vs 1]

¢ =1,D" = D/Dy,
T =T/E,¢ =¢/a

2 A ~
o —p =T "EEH (), Vi
=¢

This ‘Flory recipe’ guarantees that the roughness can thus be rescaled exactly, while fixing the
relations between the scalings factors {a, b, E }:
;' =1,D'=—,T =

B(t;e,D, T, & ty) = a> B(f = &= % = t—f) (40)

S|~
)
S

a = (DY py” = b= (Dy"*c?ay”, (=135

with (41)

E = cdlb = (cD(z)b)U5 = (cDya)'3

with B(f; ...) a scaling function with adimensional parameters, on which the scaling assump-
tions are actually made. So for the Hamiltonian (31)—(33) the Flory exponent is Cg) = 3/5.
Nevertheless, we still have two free parameters to fix, and in (40) this would correspond to
choose two typical scales and to examine the behaviour of B(f; ...).

Physically, depending on the regimes we are interested in (low temperature, high temper-
ature, large #, ), we expect that there should be one typical scale and associated rescaling, for
which the behaviour of the scaling function B(f; ...) simplifies radically. In (40), we have in
fact several natural choices, that we list in the tables 1 and 2. Note that in all cases, we choose
to rescale the elastic constant to ¢’ = L

In table 1, we have imposed ¢/ = D’ = 1 allowing for a rescaling of the thermal fluctua-
tions (via T’ = TIE ) and of the disorder correlation length (via & = £/a), and as such they
are particularly suited for studying the temperature crossover of the roughness [14, 15]. For
(1a), (1b) and (1c), b can be identified as the Larkin length L (7, £) in its different temperature
regimes (27), with in particular f = f(T, ) the ‘fudging’ parameter describing the complete
temperature crossover. The rescalings (1b) and (1¢) will be examined from the point of view
of (non-)existent saddle-point of path integrals in section 4.4.

In table 2, we mention a few alternatives that were not presented in [14, 15], which are also
valid rescaling with the Flory construction (40) and (41). This illustrate the variety of possible

typical scales with ¢ (Fl) = 3/5, although they do not seem relevant for examining the asymptotic

1
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Table 2. List of the additional rescaling choices for the Hamiltonian H [ y(¢), V; ]
when imposing ¢’ = land either ' = 1(i.e.a =& orT' = 1(i.e. E =T).

Constraint: b E Dy a Comment
g7 r 13 Regime at #; > b ill-defined for
Ra)¢'=1T = T < both limits 7— 0 and £ — 0.
@by =1Lk=1t %2 ifs £ Vanishing disorder strength at
f ty — 0o V(T &) (unphysical!)

Q)T =1k=1t T (Ti)”z (2)1/2 Vanishing disorder strength and
? cty c di . .
iverging correlation length at
tf— OQ.

roughness to the specific limits we are interested in, namely 7 — 0, £ — 0 or #; — 00, as briefly
commented in the table.

3.2. Replicated Hamiltonian T [ y(t), ..., y,@); ]

We now examine the replicated Hamiltonian:

IO, 3@ 16] 2 Het [0 -3, (0): 161+ Fats [0, o3, (0: 1] (42)
Her [0i(0)s oo 30161 | = f "l an(azyjm)z 43)
L, Vo 25
~ D/ tr n
Hais [ 91(0), s 303 1] === ), 9 X ReGy0) — 30 (44)
D/, T/,gr 0 j,k: 1 D/, T’, f/

where the dependence on the different parameter has been made explicit. Note that the dis-
order part has an explicit temperature dependence, contrary to the original Hamiltonian. We
then rescale the spatial coordinates and the energy according to:

t=1>bf, y=aj, T=ET (45)

so that the different parts of the Hamiltonian are rescaled as:

~ CCl2 ~ ~ A N A ~
He [y,(®), ..., 3,(8); 1] = THel (@), ....5,(); f] (46)
c'=c c'=1
~ Dob ~ . . o A
Hais 1(2), o vn(t): 8] | pr = p, = = His MG AGRANY — D/Do, 47
T’:T, Ea T/:T/E,
& =¢ ¢ =¢/a

12
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The scaling of the disorder replicated Hamiltonian is exact, and not only in distribution as in
(37), but in both those cases the power counting is based on the two-point correlator scaling
Re(y) = a 'Resa( yla).

Because of the explicit temperature dependence of %dis and its specific dependence on a
and b, the Flory construction based on the replicated Hamiltonian will have a different Flory
exponent. Indeed, on the one hand its elastic and disorder parts scale ichentically provided
that ca®/b = (Dyb)/(Ea). On the other hand, the Boltzmann weight oc e~ 7HI®:-50:1 i not
modified if £ = ca?/b, for the same reason as in (39), although here a and b depend on E as
well. Thus the ‘Flory recipe’ yields the following rewriting of the roughness and the relations
between scaling factors {a, b, E I8

BeD.T.et)=a?Bli=Lic—1p= 2 p Lo S5k (48)
b E a b

1/3 ~\1/2
o a= (2] preap=|E] 2 (P =23
with D,

cE 0 (49)

E = ca®lb = (cDW) " = (cDya)"3

with B(f;...) a scaling function with adimensional parameters. So for the replicated
Hamiltonian (42)—(44) the apparent Flory exponent is C(Fz) = 2/3, however E (a) and E (b)
are exactly the same as in (49). In fact, if we combine the two relations in (49), we simply
recover their counterparts (41) for the original Hamiltonian, and in particular that ‘a ~ b>'>
(e ¢ = 3/5).

In the relations (48) and (49), we still have two free parameters to fix, and in (48) this would,
again, correspond to choose two typical scales and to examine the behaviour of B(f; ...). Since
the rescaling of the original Hamiltonian and of its replicated counterpart are both based on
the same scaling for the disorder, we expect physically that we should find the same values for
{a,b, E } when we fix the two remaining free parameters. And indeed we find for instance the
same values for ¢/ = D’ = 1 as those listed in table 1, confirming that the crossover length-
scales, such as the Larkin length, should be the same with or without replicas.

Nevertheless, the Flory construction of the replicated Hamiltonian suggests more transpar-
ently an additional rescaling, which turns out to correspond exactly to the ‘physical’ scal-
ings of the 1D interface at large lengthscale #;. Imposing again ¢’ = 1, we choose to control
conjointly D’ and T” via their ratio D'/T" = 1/f, f being thus a parameter which controls the
amplitude of the disorder replicated Hamiltonian. This choice implies:

D DDy 1 Dy D
r TE f E TIf
1/3 1/3
a = 2,\0/ b2/3 — D b2/3 (51)
cE cTlf

2 1/3 1/2

=[] =[P (52)
TIf TIf

13
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Imposing moreover that #; = 1, in other words considering the problem at fixed lengthscale
b = t;, we eventually obtain the KPZ scaling for the roughness and the Brownian scaling for
the disorder free energy, with the correct exponents and temperature-dependent prefactors (as
recalled in section 2.4):

1/3 2 3
b—t, a=|-2 23 E= DV (53)
cTIf TIlf
This implies:
T pe ; 1/3 o
==/ [(T/f)s tf] “Nuae) 0w oY
D T 1
D’=a=7:ﬂf () (55)
§ § °
=== = &u(tr)
< a p \'" 23 & (56)
cTIf f
and coming back at last to the expression for the roughness (48):
D\ » .
B(t;e,D, T, tr) = (ﬁ) 1" B(l; L3y (). By (1), &), 1) (57)

2/3
This means that, for the asymptotic roughness to be given by (%) t?/S’ the scaling function

indicated by the underbrace should tend to a numerical constant in the limit ¢ — oc. In fact,
this condition self-consistently defines the value of /= f(T, &). In fact, the specific rescaling
(53) will be used for the starting point of the GVM computation scheme presented from sec-
tion 5.2 and on, imposing f= 1 and thus better suited for capturing the ‘high-temperature’
regime.

3.3. DP free energy Fy(t,y)

When we were examining the Hamiltonian, without or with replicas, the scaling of the
Gaussian disorder was given by the two-point disorder correlator, which was an input of
the model so there was no additional assumption to be made, with respect to this scaling.
On the contrary, when considering the free energy at fixed #, the scaling of the disorder free
energy Fy(t, y) is not known a priori, and effectively depends on t;, as mentioned in section 2.4.

If we assume nevertheless a dominant Brownian scaling in distribution (25) Fy (¢, y) ~ (5 2,
we can perform the same programme as for the (non-)replicated Hamiltonians.
We first recall the expression for the free energy:
cy?

11 - T . 27Tt
Fy(t:,y) D R o, y) + Fy(ts,y), Fy_o(t,y) = 2 + ) In " f
f

(58)

Rescaling once again the spatial coordinates and the energy according to {t = bf,y = ay,
T=ET }, we focus exclusively on the y-dependent contributions to the free energy, which
14
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are the sole relevant contributions at fixed #; with respect to statistical averages (9)). They are
rescaled as:

2 2 52
c ca _ d
D @I ) @D Boa)? Fy(ir. 5) (59)
20 b 2 B'—D.e—¢ B'=DiDhe'=cla

In the statistical averages (O(y)), in (9), the Boltzmann weight oc e” 03 is not mod-
ified provided that the two previous conmbutlons to the free energy scale identically, i.e.
ca*lb = (50(1)” 2, and that the temperature is redefined accordingly with E = ca*/basin (39).
This Flory construction on the free energy yields the following rescaled roughness, along with
the corresponding relations between the scaling factors {a, b, E }:

_ . D T
B(t;¢, D, T, &) = a® Bpp| iy = B —,b =2 1= = &= £ (60)
b Dy E

a = (Dole®) b3 = b = (21Dy) a2, @ =273
with N —” 3 N
E = ca’lb = (Dob/c) = (Dya)\"? (61)

with Bpp(f; ...) a scaling function with adimensional parameters, based on the assumption of
a dominant Brownian scaling of the DP disorder free energy.

Among the different options of typical parameters, that could be listed as in tables 1 and
2, we can highlight one option, which consists in identifying the Flory constructions of the
replicated Hamiltonian and of the free energy, respectively (49) and (61), as they have in com-

mon that ¢\ = ¢ = 2/3.

Do\ F 12
Y [ [ v 4

D ~
R=Di=%> = cE Do (62)
cE E

Dy
>
= (cDb) " = (cDpa)"3

This choice consistently yields the same scalings as for the replicated Hamiltonian (49), as
expected.

3.4. Replicated DP free energy F(t, Vo - V)

At last, we examine the Flory construction starting from the replicated free energy, keeping
only its y-dependent contributions, which are the sole relevant contributions at fixed # with
respect to statistical averages (10), and its two-point cumulant, under the Brownian scaling
assumption:

n

15 _
F(tfsyl,-n,yn ( )Zi+7ZC(tf,yj_yk)~ +... (63)
Jk=1 D,

with C defined just after (15), and with abehaviour atlarge t; sketch forinstance in (22). Rescaling
once again the spatial coordinates and the energy according to {t = bf,y = ay, T = ET }, the
first two parts of this free energy are rescaled as:

15
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n C/yz n );2
= — 64
=1 2t¢ e =l 2t¢ e (64)
1 - — 50(1 1 - — A

— C(tf,y‘ — }’k) N === C(tf,y' — 57]() S /T (65)

, Z J D' =D, J D" = D/Dy,

4T jk=1 T =T E 4AT/E jk=1 T = T/E,O

&=¢ & =¢/a

Similarly to the non-replicated free-energy case discussed in section 3.3, we impose on the
one hand that these two parts scale identically, i.e. ca*/b = 50a/E , and on the other hand we
consistently redefine the overall temperature in the Boltzmann weight with E = ca®/b. This
‘Flory recipe’ thus yields:

B(ty;e,D, T, €) = a® Bpp| iy = t—f;c’ =1,D' = %,T’ = g,g’ _& (66)
b Dy E a
a=2pmp=Ls =
with cE Dy (67)

~ ~2 1/3 ~
E = ca*/b = (Dyblc) = (Doa)'’?

with Bpp(f; ...) a scaling function with adimensional parameters, based on the assumption of
a dominant Brownian scaling of the DP disorder free energy.

So this last Flory construction, based on the replicated DP free energy assuming a Brownian
scaling, yields a new Flory exponent ( ;4) = 1, however £ (a) and E (b) are exactly the same as
in (61). In fact, if we combine the two relations in (67), we simply recover their counterparts

(61) for the original DP free energy, and in particular that ‘a ~ b*? (i.e. Cg) = 2/3).

3.5. Summary of the different power countings

Throughout this section, we have explored the different power countings and Flory rescalings,
either on the 1D interface Hamiltonian or on the DP free energy, without or with replicas,
based on a rescaling of the spatial coordinates with (a,b) and of the energy with E. These dif-
ferent power countings are listed in table 3.

We have seen that these quantities have different values for the Flory exponent, defined
by the identical scaling of the two parts of each quantity: (g) = %, C(Fz) = %, Cg) = %, Cg) =1
When we impose moreover that the Boltzmann weight in statistical averages should not be
modified by a Flory rescaling, we recover the same expressions for the Hamiltonians, and
similarly for the DP free energies.

Since all these power countings are based on quantities which are different incarnations
of the same model, these different rescalings turn out to be equivalent, and it is possible to
recover one from each other. Nevertheless, they are nothing more than power countings at this
stage, and an additional physical input is required in order to assess if a given Flory exponent
corresponds (or not) to a physical exponent, and which features of the Flory construction are
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Table 3. List of the Flory power countings presented in section 3.

Starting point Reference Power counting Cp E = ca*b

HIy@), Vi) @0)and (41)  a=DV B, 35 (D) = (cDoa)”?

~ 1/3 1/5

HIn@, oyl @9 and @) a=(5) 5 23 (D) = (Do) "
~ ~2 173 ~

Fy(tr,y) 60)and 61)  a= (Dolc?) b, 2/3 Dgple) = (Doa)

~ N, ~2 173 ~

F(tt, Y -5 )) (66) and (67) a= C—EBb, 1 (Dyble) = (Doa)'"?

to be trusted (or not). For that purpose, in the next section we will discuss how path-integral
saddle points can precisely provide such an input.

4., Saddle points and optimal trajectories in path integrals

In this section we examine, using a saddle-point asymptotic analysis, the relation between the
roughness exponent at large #; and the Flory exponents arising from the well-chosen scalings
allowing for a common rescaling of elastic and disordered contributions to the free energy
or to the Hamiltonian, as we have just discussed in section 3. We first justify why the Flory
rescaling of the free energy gives the correct roughness exponent (in section 4.1), while the
Flory rescaling of the Hamiltonian does not (in section 4.2)—noticing the crucial role of the
disorder correlation length ¢ in the KPZ problem. The key ingredient is the Lax—Oleinik prin-
ciple [22-25], which gives a condition for the existence of optimal point-to-line trajectories
in the zero-temperature limit. We then describe how the use of this principle makes it possible
to identify the explicit dependency in & of the asymptotic roughness, in the zero-temperature
limit, from a saddle-point analysis on the Hamiltonian at 7 — O (in section 4.3). Last (in sec-
tion 4.4), we discuss these three cases from the perspective of the scaling function B(f; ...), as
introduced in section 3 for the corresponding Flory power countings.

4.1. Saddle point on the free energy at large lengthscale t

As we have recalled in section 2.4, in the large-#; regime and at £ = 0, the disorder free energy
F(t;,y) rescales as a Brownian process in the coordinate y, see (21). Moreover, we pointed
out in section 3.3 that the associated power counting assuming such a Brownian scaling gives
a Flory exponent 2/3. In fact, such a Flory-type argument was precisely invoked by Huse,
Henley and Fisher in [8] to identify this exponent as the asymptotic roughness exponent for
the disordered interface problem. In [15], we have proposed a procedure explaining how this
power counting generalises at £ > 0 and why such a Flory-type arguments holds for predicting
the correct roughness exponent, by using a large-t; saddle-point analysis that we recall here for
reference. Indeed, it offers a good starting point to understand which physical reasons under-
pin the matching or not between the Flory exponent and the physical roughness exponent,
seen in the light of a saddle-point asymptotic analysis.

Using the Brownian scaling of the disordered free energy at large #; rederived in section 3.3,
one performs the following rescaling

_ .2 —(n ZL%A i (i) N2 13502
t =, y=DI/lc )3y, Fy(t,y) = (D ti/c) PF(t,y) (68)
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where F is a Brownian motion of the coordinate § with unit variance. It implies from (9) for
O(y) = y? that, in the explicit expression of the roughness function, the elastic and disorder
contribution share a common prefactor as follows:

5T ¢
B(t;) e | 22 13 by(ty) (69)

A AD 1(D? §2 INSPNIIN
fRdyy expy —7| k) | 7 FF@.Y)

bilt) = . (70)
J.d9 exp{ —%(%tfﬂ%z + E(, y)] }

where the overline denotes the average over F. At fixed F (i.e. at fixed disorder configuration),
one can evaluate the integrals over y using a saddle-point asymptotic analysis in the large-t;

limit. The numerator and the denominator of (70) are dominated by the same value y *[F]of §

W=

which minimises the rescaled energy y; + F(f, ). We emphasise that this implies that $*[F] is

independent of t;, and that b(t;) = ()7*[1:“ 1)? ~ t(f). We thus deduce from (70) that
B(tr) o @*[F)?* (D/c*)s t} (71)
1= 00

which yields as announced the roughness exponent ¢ = % So, on the one hand the power
counting based on the Brownian scaling puts as a prefactor t?/ 3 prescribed by the Flory scal-
ing, and on the other hand the independence on # of the saddle point $*[F] selects the Flory
scaling as the ‘true’ physical one.

This procedure provides an example where the naive Flory power counting gives a correct
prediction. A key point in the reasoning is that the minimiser $*[F'] of y; + F(f,$) does exist
and has a finite variance, which can be justified mathematically. In fact, in the uncorrelated
disorder case (£ = 0), the Brownian scaling of Fy can be extended to include the large- but
finite-#; regime where the fluctuations in the coordinate y are described by the Airy process
[26]. Then, a similar rescaling procedure follows and leads to the same expression of the
asymptotic roughness as (69) and (70) with now F being the opposite of the Airy, process
Ay(¥). The same saddle-point analysis can be performed where ¥* is now the minimiser of

%2 — Ay(¥), which does exist and whose distribution has been characterised in [11, 27, 28]. In

particular, this allows one to evaluate the numerical constant (§*[£])? in the prefactor of the
asymptotic roughness (71).

As for the correlated disorder case & > 0, as long as the Brownian scaling is the dominant
one in the evaluation of the path-integral saddle point, this argument remains valid and yields
the KPZ roughness exponent. However, it cannot yield more information than the value of this
exponent, and in particular it does not give access to the temperature dependence of the ampl-
itude D, which controls both the disorder free-energy and the roughness amplitudes, accord-
ing to (25) and (26). Nevertheless, a non-perturbative functional renormalisation study of the
1D KPZ at £ > 0 supports the assumption of the dominant Brownian scaling of the free-energy

[21], in agreement with previous numerical studies [13, 20], assessing furthermore the validity
of the present argument for the roughness exponent ( = %
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We now try to implement the same construction for the Hamiltonian description of the
roughness and explain why it fails.

4.2. Saddle point on the Hamiltonian with the Flory scaling
As we pointed out in section 3.1, from the Flory rescaling of the Hamiltonian
1
A D)5, 3
t=tf,  y= t%F(—z) b G (72)
c

one gets from the path integral (5) for O [ y(¢)] = y(¢)* an expression of the roughness in which
the prefactors of the elastic and disorder contributions, in the Hamiltonian, are rescaled with
a common prefactor as follows:
D 2
B(y) = [—2]5 125 by(ty) (73)
c

R D (1 2 B on e
Jio DY@ 31)? exp{—“;”rfs Jy di [;@;y)z + Vé(m(t,y(t))]}

batty) = — (74)
PN D5 =z rl |1 ~ N A an
S0y DI exp{—TSth Jo [5(6;y>2 + vwf)(t,y(r))]}
Here, the ( a la Flory-)rescaled disorder correlation length reads
Ep(ty) = %
CF(D)g (75)
=

and the random potential Vg has a correlation length é and a disorder strength equal to 1:
Ve(@ 9V’ 3') = 6" — DR — 9) (76)
We consider at first the case of a strictly uncorrelated disorder (£ = 0) where in (74) the
arguments of exponentials take the form tlf/S times a tp-independent expression. The path int-

egral (74) thus takes precisely a form which (in appearance) is amenable to a saddle-point
analysis at #; — oo, similarly to the expression (69) that we have recalled in the previous sub-

section. By analogy, let us precisely assume that there exists an optimal trajectory y5(7) that
minimises the integral of the rescaled energy j; Laf [%(8;)3)2 + Ve_o(, $(F ))], with the initial

condition y(0) = 0. Then, because in (74) this minimiser would be the same in the numerator
and in the denominator, one would obtain

2
g — 56
Bap T GHOY [g)s i )

where the overline denotes the average over the rescaled random potential V. This reasoning,
that would lead to a roughness exponent ( = g, is in fact wrong: the optimal trajectory y}*;(f )

does not exist and the saddle-point analysis that we have sketched is invalid, because the
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uncorrelated disorder ‘75:0 is too irregular, for the assumption of the existence of an optimal
trajectory to be valid.

Indeed, for a minimiser of the Hamiltonian (1) to exist, according to the Lax—Oleinik prin-
ciple, the disorder has to be smooth enough: in our context, this requires to have a non-zero
correlation length, see for instance [25] for a discussion of this optimisation principle in the
context of the noisy Burgers equation (the original variational principle was designed for the
noiseless Burgers equation [22, 23, 29] and was later generalised to the noisy one [24, 25]).
Hence, let us consider as a second step the case of correlated disorder (§ > 0) and try to imple-
ment a saddle-point analysis. After the Flory rescaling (72) leading to the reformulation (74),
the distribution of the rescaled disorder Vg(,f)(f,)?) depends on t; via its correlation length,
according to (75). In other words, the rescaled Hamiltonian

A N ~ 1 A A ~ ~
Hy[$(2), Ee(te)] = fo ds B(afﬁ)2+V5F<tf>(t,§(t))] (78)

depends on #; and even though, thanks to the Lax—Oleinik principle, a minimising trajectory
)?‘*;(f ; tr) does exist, it actually depends on #. In the end, this means that one cannot use the
corresponding saddle-point asymptotics

2
T — 5 6
Ba) % Giiny (B)St; (79)

2
to infer directly the value of the roughness exponent. In this expression, in fact, one necessar-

ily has (yA‘*;(l 1 11))? ~ t?/ 15 in order to recover the correct KPZ exponent, as known from (71)

for instance, and thus to be self-consistently compatible with the Brownian scaling of Fy. The
physical interpretation of this result is the following: the variance of the endpoint fluctuation

of the optimal trajectory b,(tr) = )?*V(f ; tr) of the rescaled Hamiltonian (78) depends on #, and

this occurs only through the rescaled disorder correlation length éF(tf) ~ t§3/5 given in (75). As

ty — 00, this variance diverges as t?/ 15 this is a manifestation that the £ — 0 limit of the optimal
trajectory of the Hamiltonian is ill-defined.

This very fact is, as we have discussed, at the core of the invalidity of the Flory roughness
exponent (i = 3/5 for the KPZ fluctuations ; as we have seen, this mismatch is due to the
singular scaling properties of the £ = 0 uncorrelated disorder. In pictorial words, the naive
(Flory) power counting performed on the Hamiltonian yields a ‘bare’ (or ‘dimensional’—
and incorrect) roughness exponent (r = 3/5 and amounts to neglecting the existence of a
microscopic length &. This very length, in turn, if correctly taken into consideration, modifies
the bare dimensional exponent and ‘dresses’ (j to give the valid { = 2/3 KPZ exponent. In sec-
tion 4.1, the assumption of the dominant Brownian scaling of the disorder free energy #; — co

was the key that allowed us to take a successful shortcut and circumvent this pitfall: otherwise

we are simply not able to guess specifically that by(#¢) ~ t?/ 5,

4.3. Saddle point on the Hamiltonian at low temperature T

We just used the Lax—Oleinik principle to explain why the Flory power counting on the
Hamiltonian fails to yield the correct roughness exponent. Here we invoke this principle again,
but this time in order to determine the low-temperature asymptotics 7 — 0 of our problem. In
fact, the Lax—Oleinik principle is the missing ingredient that completes and thus confirms the
saddle-point argument given in section IV.B.1 of [15].
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We consider the following Flory rescaling, as given in section 3.1:

T3 T3 T3

—< 1, tr = i, = =39, T. = (&cD)'3 (80)
D’ 1= ah y=_57 ¢ = (&D)

with the characteristic temperature that has been previously defined between (25) and (26). It
allows to factor out the dependency of the elastic and disorder contribution to the Hamiltonian

into a common prefactor, while fixing the correlation length of the disorder to 1 as follows:

B(ty) = &bs(fr) (81)

=

Loy D3O 3G exp{ 5 [[1af | 30050007 + V560 |}

bs(fy) = (82)

SropoD3Oexp{ = [ [1@u500)7 + V5600 |}

Here the disorder V] has a strength D equal to 1 and is correlated with a correlation length §A
equalto1:

VI, SN, 9") = (' = DRe=1(9' = 9) (83)

and the rescaled Hamiltonian
N I
o dt | S @37 + 0.5 (84)

is independent of the temperature 7, which means that (82) is amenable to a well-posed
low-temperature asymptotic analysis thanks the large T./T prefactor in the argument of the
exponentials.

The numerator and the denominator of (82) are both dominated by the same minimising
trajectory )7";(? ; fr) whose existence, this time, is guaranteed by the Lax—Oleinik principle,
because the rescaled correlation length of the disorder is finite (é = 1). Since (84) is explicitly
independent of the physical parameters, y5(f;7) depends only on 7 and 7 and on no other
parameters. In particular, at 7 = 1 the path integral hidden in b3(1) yields a plain numerical
constant, which is finite thanks to the Lax—Oleinik principle, and the corresponding roughness
is:

s
B(tf = LC(O’ 5)) = 52» LC(O’ g) = C2 (85)
cD
emphasising the special role played by the zero-temperature Larkin length L.(0, §), presented
in (27) as the typical lengthscale marking the beginning of the asymptotic regime at large .
Coming back to (82), if we assume that above the Larkin length, at large 7;, we have a scale
invariance in the form of a power law, this means that

b(ir) . ~ At (86)

—00
where A = 0p1; ft))? is a numerical prefactor, independent of the physical parameters. The
reasoning exposed above does not allow to extract the value of the exponent ¢, but the assump-

tion of ¢ = % is supported for instance by the saddle-point argument presented in section 4.1.
From (82) and (85) it follows that
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4

N 75 Y3 4

B(ty) ~ A&|—=| 1}, inthe T— 0 asymptotics (87)
=00 cD?

By direct identification with the result (71), this allows us to identify the low-temperature
asymptotic behaviour of the amplitude D of the disorder free-energy fluctuations as

~

D _ e

T=0 7C = DT (88)
We can immediately see, by comparing it to the exact result liméﬁoﬁ = ¢D/T recalled in
(21), that the two limits 7— 0 and £ — 0 do not commute.

The relation (88) is one of the few known asymptotic results valid for a £ > 0 correlated
disorder ; it as been supported by a variety of other analytical approaches [14, 15] as well as
checked numerically [20]. It is one of the essential ways of characterising the ‘low-temper-
ature’ phase of the KPZ equation, which illustrates the importance of keeping track of the
finite disorder correlation length, especially as the thermal fluctuations vanish in this specific
limit.

4.4. Interpretation of the saddle-points asymptotics for the scalings

We can revisit the three rescalings that we have presented in the previous subsections by
rewriting them with the explicit dependencies of the rescaled roughness functions B and Bpp
in the physical parameters, as defined by (28)—(30) in section 3. Note that we consider ¢ = t;,
so we have removed thereafter the explicit last parameter giving the length of the interface.

* The rescaling of section 4.1 is based on a Flory power counting of the free energy, first
assuming a dominant Brownian scaling of the disorder free energy, and secondly setting

ff =1
AR T ¢
Bl e,D,7,6) @ | S| i Boo| 13 1,1, ——, ——— (89)
¢ (D tslc)s (Dtie?)s
The existence of a large-f¢ saddle point can then be reformulated as:
_ T _
bitn) 2 Bop| 1:1.1, | = Bo|nnr00f[~8 ©O

~ 17 ~ 1].5
(Dtelcys (Drjlc?ys ) "=

In other words, the limit Bpp(1;1,1,0,0) is a well-defined finite numerical constant, so
the roughness scaling can be read straightforwardly from the prefactor in (89) at large #:
Y asd 2
B(ti;c,D, T, &) ~ (D /c)3t,
e Similarly, the rescaling of section 4.2 is based on a Flory power counting of the
Hamiltonian, setting again 7y = 1:

5
D _ T
B(t:e,D,T.6) B || #° B 11,1, -, ¢ 1 (91)
¢ (cD%)s (Dtic?)s
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The large-#; limit can be reformulated as:

a A, T § 215 _ 1 A1 15 305 92
by(ty) = B| 11,1, ((;thf)lls’ (Dt%/cz)lﬁ]tr:oo ty il]_l)](l)B(l, 1,1,e7°, €) (92)

In fact, this limit is not defined, as b,(#;) diverges at t; — co. It can only be characterised
indirectly by comparison with (90).
e The last rescaling, of section 4.3, is based on the same Flory power counting of the

Hamiltonian:
@) 2n T
B(tg; ¢, D, T, &) = & B(i;l,l,—,l) (93)
L(0,8) T.
Setting this time #; = #;/L.(0, £), the zero-temperature limit can consequently be reform-
ulated as:
4
" _ 1 T = 4 i
bai) 2 Bl ——; 1,1, —, 1| = B{———:1,1,0,1] ~ ( ‘ ) (94)
Lc(0,8) T. )7-0 | L0,8) =00\ Le(0,8)

So the limit B(f; 1,1,0, 1) is well-defined and behaves asymptotically as a power law.
Physically, this means that there exists an optimal trajectory in the random potential,
thanks to the Lax—Oleinik principle, whose fluctuations are finite at fixed # and scale-
invariant at large #; > L (0, &).

The three rescalings (89), (91) and (93) take the form of a prefactor multiplying the rough-
ness function rescaled in an explicit manner. In the #; — oo asymptotic regime, the two first
relations correspond to a joint £ — 0 and 7 — 0 limit, which, as we have discussed, has to
be considered with care. The saddle-point analysis allowed us to show that the first relation
gives the correct KPZ exponent (the rescaled roughness goes to a constant). In the second
relation (91), it would be tempting to first send 7 to O and then to send # to +o0, assum-
ing that the rescaled roughness would go to a constant as the rescaled correlation length
é () = 5/(Dt§/c2)% goes to zero. However, as we have seen, this is in fact wrong: in (91), the
rescaled roughness keeps full memory of é (t¢) even as f (tr) — 0. In fact, the rescaling (91)
was mentioned in [12], stating that obviously the simultaneous limit of 7 — 0 and £ — 0 begin
ill-defined, as these limits are not exchangeable. Here, thanks to the Lax—Oleinik principle,
we can give a physical meaning to this mathematical statement: the existence (or not) of
an optimal trajectory with a finite variance, which is guaranteed only in a smooth enough
random potential. As for the last relation, (93), it is more amenable to a well-defined zero-
temperature limit, since its correlation length is kept finite, equal to 1. Assuming the value
of the exponent ( gives the complete prefactor of the asymptotic roughness in the zero-
temperature limit.

We mention finally that an extension of such rescalings and saddle-point analysis gives
access to the non-linear response of the interface to an external force driving it out of equi-
librium [30], characterised by the so-called ‘creep’ law relating the interface velocity to the
force.

23



J. Phys. A: Math. Theor. 50 (2017) 104001 E Agoritsas and V Lecomte

5. Gaussian variational method (GVM)

As we have discussed in the previous section, combining scaling and saddle-point arguments
can yield information about the asymptotic behaviour of the roughness function. However,
in order to have access to its full lengthscale dependence, alternative analytical tools are
required, and the GVM approach precisely provides a framework for computing an approxi-
mate expression for B(#). As a starting point, thermal and disorder averages of observables are
expressed within the replica approach (see equation (6)) through a replicated Hamiltonian (8)
that enters in the definition of its associated Boltzmann weight (7). In general, the computation
of such averages is difficult because the replicated Hamiltonian is non-quadratic. The GVM
computation scheme [31, 32] consists in finding the ‘best’ quadratic Hamiltonian represent-
ing the replicated one, according to a well-defined extremalisation criterion. It is equivalent
to performing a Hartree—Fock approximation on the field theory associated to the replicated
Hamiltonian [31, 33]. It has been applied to a variety of systems belonging to the class of
elastic manifolds in random media [31, 34-37].

Here we first recall in section 5.1 the GVM results obtained in previous works [12—-14] on
the interface with a short-range elasticity and in a random-bond correlated disorder (as defined
in section 2.1). For the Hamiltonian description of the infinite interface, such a GVM approach
yields the Flory exponent (g = 3/5 for the roughness at large # instead of the correct KPZ
exponent ¢ = 2/3 [12, 14]. We then show in sections 5.2-5.4 that, in fact, by considering a
finite interface instead of an infinite one, the GVM computation is strongly modified and yields
the correct KPZ exponent for the asymptotic roughness. We finally discuss in section 5.5 the
physical interpretation of those results. In addition, the details regarding the analytical and
numerical computations have been gathered in the appendices A and B, respectively.

5.1. Previous GVM approximation schemes

In a first computation scheme, for an infinite interface (ff = +o0) in the Hamiltonian descrip-
tion, the replicas y = (,(¢))1<q<n are described by continuous Fourier modes with g € R, for
which a quadratic trial Hamiltonian is defined as follows:

—_ l - — -1 1 — d_q
Hoty =5 [ 4 3 w0 witdg=2h (95)

with Gg;,l(q) an X na ‘hierarchical matrix’, whose lines and columns are obtained by permuta-
tions of the first line [12, 16, 17, 31]. Note that the trial Hamiltonian H[y] does not couple the

different Fourier modes. The Gibbs-Bogoliubov variational principle which characterises [12,
31] the best trial Hamiltonian takes the form 6 F,,,/6G.(q) = 0 (Y a, b, g), for the variational
free energy JF, defined as

Fou=Fo+ (H-Ho), (96)

Here (- ), denotes the average with respect to the variational Boltzmann weight oc e~ 170l The
Hamiltonians ‘H and H are respectively given by (8) and (95). Besides

1
Fo= 7 log Z, 97)

is the free energy corresponding to the partition function Z, which normalises the
Boltzmann weight e~770Y) Once the optimal ‘hierarchical matrices’ G;bl(q) and G,(q)
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are found, the roughness is reconstituted from the structure factor computed in the GVM
approximation as

s@ = [ dq'<yl<—q')yl(q>>0 20 71im Gii(q) (98)

B(t) = fR dq 211 — cos(gn] S(q) (99)

The details of the computation are given in [12]. We summarise here the structure of the
results for comparison to the ones mentioned or derived in the next subsections. The quadratic
form defined by the replica matrix G5, whose first line is chosen for the definition of the other
lines by permutation, is parametrized as

G (@) = ¢q*6us — Oup (100)

In absence of disorder, a,;, = 0 so S(g) = %, and we recover the pure thermal roughness

By (t) = Tt/c (recalled for instance in (24)). With disorder, the first line of the matrix g, is rep-
resented by an increasing function o(u) of a continuous parameter u € [0, 1], or, equivalently,
by the self-energy function

[o] (w) = uo(u) — j(;u dvo(v) (101)

Writing explicitly the variational equation and solving it yields [12] that:

) AW ifu<u
oGy = {[a] o) ifu> u. (102)

where A is a constant that depends on the physical parameters ¢,D and 7. The cut-off u.
depends on & and on the other parameters only through the ratio 7/T;. The power-law behav-
iour for u < u. corresponds to a full replica symmetry breaking (full-RSB) regime, which
is often encountered in glassy systems where it indicates the occurrence of an hierarchical
organisation of an infinite number of metastable states into valleys and sub-valleys [16]. It
appears that the exponent 10 in (102), when reconstituting the roughness function from the
structure factor (98), dictates that the roughness B(f) obtained in the GVM approximation
behaves as B(t) ~ t>%F at large ¢, with (i = 3/5 being the Flory exponent. This point will be
thoroughly discussed in section 5.5 in the comparison between different GVM approaches.

In a second computation scheme, the GVM approach can be also implemented at the free-
energy level, as described in [12, 14]. In this construction, for a large but finite interface
(tr < 4+00), the replicas y = (,)1<qa<n describe the position of the end-point of the replicated
polymer. Its replicated free energy is given by (15). At fixed #, the quadratic trial replicated
free energy is defined as follows:

Y 1 n —_
Fo(tr, y) = 5 > WGy, (103)
a,b=1
The Bogoliubov variational principle characterising the best G, takes the form
OFvad OG(tr) = 0 (Va, b), for the variational freNe energy JFy,r defined as in (96)—(97) but
now for the corresponding Boltzmann weight e~1hY), Once the optimal hierarchical matrix
G;bl(tf) is found, the GVM approximation of the roughness function is reconstituted directly

from

25



J. Phys. A: Math. Theor. 50 (2017) 104001 E Agoritsas and V Lecomte

B =" <<y1>2> = Tlim Gu(t) (104)
0 n—

The structure of the solution of the variational equation is rather different from the infinite-#;
Hamiltonian one: in contrast to (102) one now has two plateaus

0 if u < u(t)
[olw) =3 Au® ifulty) <u<uc (105)
[o] (ue) if u>u

The form of the solution yields a roughness B(t;) ~ t}” 3 (at 1y > 00) with the KPZ roughness
exponent. This GVM approximation however relies on the assumption that the disorder free
energy Fy(t, y) fluctuates as a Brownian process in the coordinate y. This assumption is only
approximate at £ > 0 and # < 0o, as discussed in section 2.4. Nevertheless, we have actually
checked in a third GVM computation scheme that including the saturation of the two-point
correlator C(t, y) for large y (22), and thus breaking the Brownian scaling, still self-consis-
tently predicts the same asymptotic roughness behaviour, see [13] and appendix D of [14].

In the next subsections, we present a new GVM approach, based on the Hamiltonian
description at finite ¢ (hence not based on such a Brownian approximation) while still allow-
ing us to recover the correct KPZ exponent.

5.2. Beyond the Flory scaling: a finite-tt GVM scheme in the Hamiltonian description

Our aim is to adapt the Hamiltonian GVM of the infinite interface to the description of a finite
interface of length #;. To proceed, we first identify the rescaling which makes it possible to
extract as a prefactor of B(#;) the dominant behaviour at large #. Instead of using the Flory
rescaling (72) of the (non-replicated) Hamiltonian (1), we use the following rescaling:

A 2
t=ti,  y1)= t‘( ) yi), (= 3 (106)
which, in the replicated Hamiltonian (8), absorbs the coefficients of the elastic and disorder

contribution into a common prefactor:

D\¥ 5 .. TN (107)
s = () & tm [ D@02 e —[] 7[5, (0]

ﬁ[&(?),f(tf)}=/oldf{z (93a) ZR ( )’a())] (108)

Now instead of the Flory-rescaled correlation length (75), the correlator is taken at a
KPZ-rescaled correlation length

R 5 é- (D )2/3 %
- = s Bisym =\
s o\ yBasympt0) S v (109)
i()

We will denote the rescaled inverse temperature appearing in (107) as
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3 1
~ te te 3
B =| 5| = [LC(T’O)] (110)
cD?

We emphasise that in the large-#; regime, we have { (t) ~ tf_2/3 < land ﬁ )y '~ t;m < 1,50

that studying the asymptotic roughness at t; — oo amounts here to taking a zero-temperature-

like limit, since the reduced temperature 7'/7; reads 1/(35 1/3) ~ t{m <L

Although, in (107), the correct large-#; behaviour in t‘f” 3 appears as a prefactor of the rough-
ness, it is not obvious how to extract from the expression (107) the large-#; asymptotics of
B(t¢). Indeed, performing a saddle-point asymptotic analysis in the #; — oo regime is not com-
patible with the n — 0 limit, and a full computation of the replicated roughness would involve
the understanding of a complete #-dependent Bethe Ansatz solution [38—41]—which is out
of reach of the presently available technology and would also only be possible at ¢ = 0. Here,
we will resort to a study of the roughness (107) based on the GVM approximation. The choice
(106) is the Flory scaling obtained in section 3.2, and as already mentioned, this power count-
ing coincides with the high-temperature (or equivalently ¢ = 0) asymptotic roughness scaling.
As such, it includes explicitly the high-temperature Larkin length L.(T,0) ~ T3/(cD?) of (27).
This means in particular that, for our GVM computation to predict the correct asymptotic
roughness, we must have at 7> T.(&):

1
3
lim f DY@ 517 expl —| - | HF@. Eulp — cte < oo (111)
§(0)=0 tf— 00

n—0

cD?

The complete GVM study of this problem is itself rather cumbersome: one has to sepa-
rate the fluctuations of the endpoint (at # = #;) from the bulk ones (0 < 7 < #) in order to use
a Fourier representation of (7). This requires to use a ‘dual GVM’ scheme, with distinct
Gaussian variational Ansitze for the endpoint and bulk fields [42]. We restrict our study here
to a simplified case yielding physically equivalent results: from now on, we constrain the
interface to start from O in O and to end in O in #. The roughness will be measured at any
intermediate point 0 < 7 < ¢ (for instance in ¢ = #/2). In the large-#; limit, the corresponding
roughness exponent is not affected by such a boundary condition. The analysis of the dual
GVM will be exposed in a future study [42].

Because the interface has a finite length 7 € [0, 1], the Fourier modes are discrete, and we
indexed them w € 27Z:

1 L . .
(w) = fo & e 50 50 = Y §(w) (112)
The rescaled replicated Hamiltonian (108) rewrites
HI§w), €] = Hal§w)] + Hasl§w), €] (113)
~ 1
Hal§(w)] = Zzngy;(—w))z(w) (114)
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~ o 1 ~ N PN o
Haslfw), €] = — f AR (N) f i 3 ePlnd-ud] (115)
R ¢ 0
a<b
Since we work at fixed f¢, from now on we will skip the explicit dependence on #; of both 5 ()
and B(t¢), in order to simplify the notations.
Similarly to the GVM presented in section 5.1, the hierarchical replica matrix G;bl(w), with

a,be{l,...,n}and w € 277, is parametrized as

Gap(w) = wbap — Gup (116)
For its inverse, one has on the one hand the diagonal coefficient
Guaw) = G(w) 117

which encodes the structure factor and hence the roughness according to (98) and (99). On
the other hand, for a = b, as in section 5.1, the G,;(w) are described by a function G(w, u) of
a continuous parameter u € [0, 1]. As derived in appendix A.2 of appendix A, the variational
equations take the following form

_3
A 2

o) = Lﬁi{/@gz + YI6W) — Gl u)]} (118)
= -

16 - Gy - L SGIAD) i gy coiny o)) (119)
- ’ u  2lol@w) 2 2Jlol)

The variational equations of the infinite-ty Hamiltonian GVM [12] present a very similar struc-

ture: the only difference is that the expressions coth(%w/ [a]1(-) ) in (119) are then replaced by

1. As we will explain, this difference crucially implies that the two GVMs possess distinct
scalings. From a technical point of view, we will see that the singular behaviour of cothx
as x — 0 affects the full scaling of the GVM solution. This corresponds to the fact that the
small{o](u) regime governs the large physical scales, and this is precisely the regime where

1 .
coth(?/ [o](u) ) behaves very differently from 1.

5.8. Results of the finite-t; GVM scheme

As detailed in appendix A.3 of appendix A, one infers from the variational equations (118) and
(119) that whenever o/(1) = 0 (i.e. when the solution is not a plateau), one has:

L 3(21x2
5

% A3 1
] B35 u{lolw)} 10

sinh2(%1/ [U](u)) | ol coth(%,/[a](u))
_l’_ —_
sinh(\/[a](u)) + Jlol(u) 3 sinh(\/[U](M)) + o)

=1 for the infinite-ty GVM

(120)
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Figure 2. Possible value of [¢](#) deduced from the parametric equation (120) for the
finite-t; Hamiltonian GVM, when ¢'(u) = 0. (Left) Normal scale. (Right) Log-Log scale.
The increasing branch of [¢](u) is the physical branch. At large [o](«#), one recovers a
behaviour of the form [o](t) ~ A u'”, akin to the infinite-ty GVM result (102). However,
for small u there is no solution such that ¢’(u) = 0, which implies that o(u) has a plateau
on an interval [0, u,] with u, > 0. This fact marks the main physical difference between

the finite-#r and the infinite-ty GVM solutions. The numerical parameter is ,é = 10.

This equation takes the form u = ﬂA %g([a](u)) from which one infers a parametric form for
[o](u). For the infinite-ty GVM, the solution is simply [o](u) o< u'%, as recalled in section 5.1.
We represent on figure 2 the form of [o](«) implied by the parametric equation (120) for
the finite-fy GVM. Only one branch is physically allowed: the one with [o](x) increasing. In
the [o](u) > 1 regime, the result becomes equivalent to [¢'](«) oc u'. This is self-consistently
checked from (120), where for [c](#) > 1 the underbrace goes to 1.

A striking feature of the parametric equation (120) is that there is no solution for [¢](«) in the
regime u — 0. It marks a strong difference with the infinite-#yf Hamiltonian GVM. This is seen
from (120), for instance by looking for a solution of the form [o](u) ~ u” < 1 (with v > 0) in

the limit # — 0. One finds v = —5 which is self-contradictory with the assumption [g(u)] < L

Also, a direct numerical study of the parametric equation (120), read as u = ﬁ&gg([a](u)),
shows that the function G(-) only takes values which are bounded away from 0—see figure 2.
This implies that (i) there is necessarily a non-empty interval [0, u,[ on which [o](u) is con-
stant, since (120) is valid only for o/(1) = 0; and that (ii) [c'](u«) presents a discontinuity (i.e.
a step) in u,, since the minimal value that a non-constant [o](#) can take is strictly positive
according to (120).

Note that the discontinuous behaviour of [¢](u) that we have described as resulting from

the parametric equation (120) can be traced back to the singular behaviour of coth(‘/ [o](u) )

as [o](u#) — 0 in the variational equation (119). In turn, the coth function arises from the sum
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Figure 3. 7 iterations of the fixed-point procedure deduced from (118) and (119)
(and described in appendix A.3) for the finite-tf Hamiltonian GVM. It supports the
convergence of gi(u) to a 1-step RSB form, with o(u < u.) = 0 and o(u > u.) = cte.,
corresponding to (121). The index k of the iteration increases from the red to the dark
purple curves. (Left) op (). (Right ox (1) in log—log scale. One observes that in the region
before the cut-off u., x(u) does not converge to any stable power-law regime, contrarily
to what is observed for other GVM procedures (see figures B1 and B2). The numerical

parameters are ﬁ =10 andf =038

over the discrete Fourier modes w € 27Z, i.e. from the very fact that the interface that we
consider has a finite length #. A sum over continuous Fourier modes yields 1 instead of the
coth function.

5.4. Scaling analysis in the £ — 0 regime

Solving the variational equations (118) and (119) and finding the stable optimal solution is a
more complex task for the finite-#y Hamiltonian GVM than for the infinite-#; one, for which
[c](u) is a pure power law with a plateau at u € [u,, 1]. To help finding the form of the solution,
we have developed a numerical iterative procedure, as exposed in appendix B. As a benchmark,
we have tested this procedure on the infinite- Hamiltonian GVM (see section B.1) and on the
free-energy GVM (see appendix B.2), whose analytical solutions are fully known [12, 14].
We have obtained that this iterative procedure successfully recovers the analytical results
recalled in section 5.1.

We have applied the same numerical procedure to the finite-#f Hamiltonian GVM, for small
values of the disorder correlation length £ (which yield the most stable numerical results). As
shown on figure 3, the iterative procedure for the GVM equations (118) and (119), described
in appendix B.3, supports a /-step RSB form for o(u), instead of a full-RSB solution. It cor-
responds for [¢](u) to a step function, with a plateau X; after a cut-off u,:

[0](u) = {gl Zi Z (121)

One indeed observes on figure 3 (see also the inset of figure 4 (left) that, in a region [0, u.],
the successive iterations ox(u) converge to zero, while for u > u., the ox(u)’s converge to a
constant plateau. This means that the iterations oy () converge to the a step function, without
developing any stable power-law intermediate regime, in opposition to the results presented in
figures B1 and B2 for the other versions of the GVM.

We have thus studied analytically the behaviour of a 1-step RSB form (121) of the solution
to the GVM variational equations (118) and (119). The determination of the optimal values
(according to the variational principle) of the parameters 3; and u, is rather complex. It is
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Figure 4. Iterations op(u) of the fixed-point procedure for o(u) (described in
appendix B.3) for the finite-tf GVM, in the small-{ regime, where oy(1) converges

to a 1l-step RSB form. The iterations oy(u) are evaluated for different values of
e (Y, t}z) = 23t§1), t(f3) = 26t§1) }. (Left) Results for t}l) (k increasing from red to violet)
and t%z) (k increasing from rose to green). The inset shows the log—log representation
for t%'), illustrating the absence of power-law regime. (Right) Results for tg), tf) and
t(f3) (k increasing from cyan to orange). The scaling (122) implies that u. is divided
by 2 from t?) to t(fi+'), as observed. Similarly, the height 3; of the plateau o(u > u.) is
multiplied by 8. This supports the scaling relation (122): ﬁuc ~ z(f) that is essential for

the determination of the KPZ exponent { = %, see (128).

detailed in appendices A.4 and A.5 of appendix A, in a self-consistent large # asymptotics.
One finds that, as t; — oo, and as long as & can be neglected, one has:

2
3

1
1 (T°) 4 o (T5) 32

These two asymptotic behaviour also include a purely (€, ¢, D, T-independent) numerical pref-
actor that we omit here for clarity. We conjecture that, at finite &, the optimal solution to the
variational equations consists also in two plateaus, but separated by a full-RSB branch belong-
ing to the non-constant [¢](u) plotted in figure 2. We reserve the study of such a solution to
a future study [42] ; it would make it possible to track the role of ¢ in the scalings. Since ¢ is
neglected before obtaining the solution (122), it is not surprising that the combination of the
parameters {c, D, T'} that rescales the length #; of the interface is precisely the high-temperature

Larkin length L.(T',0) = cTT; defined in (27).
We now determine the scaling of the roughness implied by the asymptotic behaviour (122).
One has, defining a roughness function B(; t;) at an intermediate position #;:

Bnstr) = ([y(n) — y(O)F) with0 <4<z (123)
2

W (LY@ ving = 124
cT Iy

In the GVM approximation, one uses the following estimate:
(F@P) = (R@EP), (125)

Coming back to the Fourier representation, one has
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(Gi@P), = A"S20 — cosw i) G(w) (126)

1 — cos(w i)) w?+ Si/u
(A43)ﬂ Z( ( 1)) VU

o2 ) (127)

Using the Poisson summation formula for summing over the discrete Fourier modes, one finds

1 1
sinh(%(l - a)zf) sinh(%tlzf)
o)

n sl sl
(Gi@7), = b2+ - 1 (128)
2 U smh( 2)
With the large-#; asymptotics (122), one obtains
s \3 1
A T5 )3 -1
(Gi@?), = COE + Cl( 1)2) 3 (129)

where Cjy and C| are numerical constants, independent of #;. At dominant order, we thus have
< (yl(ﬂ))2> ~ t?, and coming back to the original roughness function through (124), one finally
obtains { = In other words, the Flory rescaling of the replicated Hamiltonian (106) has put
as a prefactor of the roughness (107) the high-temperature asymptotic roughness ( )2’ 33,
and the GVM procedure has shown that at leading order in the limit #; — co the correctlon to
this scaling is only a numerical factor, as expected from (111).

The numerical iterative procedure for the GVM equations, described in section B.3, allows
one to test the previously obtained scalings (122) of the cut-off u, ~ tf“ 3 and of the amplitude
o1 = Xylue ~ ty of o(u) for u > u,, in the regime where a 1-step RSB form for o(u) is valid (i.e.
at sufficiently small ¢ for our approximation to be self-consistent). As shown on figure 4, the
predicted scalings (122) are in agreement with the numerical observations.

Last, one remarks that the 1-step RSB Ansatz (121) also describes the small #; regime: one
checks from (A.36) and (A.55) that as #r — 0, one has u, — 1 and ¥; — 0. One recovers a rep-
lica symmetric solution, with o(u) — 0 Y u € [0, 1], so that the trial replicated Hamiltonian has
only an elastic contribution. From the expression (128) of the rescaled roughness, one finds
that ((§,(7))*) ~ ﬁ _lfl and inserting this results in (124) one recovers the expected thermal

roughness B(t¢) ~ Tt¢/c as t; — 0. In particular, the typical lengthscale separating the ther-
mal and the KPZ regimes of the roughness, defined as the intersection point between those

two regimes, is the (¢ = 0)-Larkin length (27) L.(T,0) = —. To study the lower temperature

regime of the Larkin length, one would have to solve the ﬁmte -ty Hamiltonian GVM equa-
tions at £ > 0 [42].

5.5. Discussion

We now explain the reason why taking an interface of finite length #, compared to the infinite-#;
case, modifies the structure of the Hamiltonian GVM in a way which is significant enough
to induce a change of the asymptotic roughness exponent ¢ from (p = 3/5 to (xp, = 2/3. Let
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us come back to the roughness B(#, t¢) at position #;, defined in (123), and to its expression in
terms of the diagonal coefficient G(w) of the hierarchical matrix [31]:

2
B, 1) ¥ (%)3r$< 3715701 = cosw i) G(w) (130)
¢ w
o A23) 1 dv  [o](v)
G = w2(1 +f0 V2 w?+ [U](V)) (131)

Because of the denominator w? + [¢'](v), one finds that the large-scale regime (f = 00, t; = 00
with finite # = #/t; ) is governed by the behaviour of [o](#) at small values of [¢](), and
hence at small u. In fact, in [12] (section IV.E) it was shown by analysing (130) and (131) that
the large-#; behaviour of the roughness in ~ t?g*”y‘“"‘ is governed as follows whenever [o](u)
behaves as a power-law for small u:
Y 11

[o](u) o = Casympt = 5 + > (132)
For the infinite-ty Hamiltonian GVM, the function [¢](«#) behaves as a power-law as u — 0.
This is found by solving explicitly the variational equations (B.1) and (B.2), but this can also
be obtained heuristically in a simple way. Inserting [o](«) ~ u” into (B.2), one gets

_24v

fR dg [G(q)— G(q,u)] U2 (133)

and thus from (B.1) u’~'~ u3">" which imposes v — 1 = %2 ;’ Y

using (132), one finally finds that the infinite-fy Hamiltonian GVM is bound to have a rough-

and one finds v = 10. Hence,

ness scaling with the Flory exponent% +L=3a large scales.

For the finite-#f Hamiltonian GVM, on the other hand, as discussed in section 5.3 and
shown on figure 2, the function [¢](u) has to start by a plateau at small u. This implies that
the previous reasoning cannot be applied. Since the GVM variational equations (118) and
(119) intertwine all values of u, one obtains in the end a different GVM structure. In the £ — 0
regime discussed in section 5.4, one gets a 1-step RSB solution instead of a full-RSB one. In
other words, formally, the limits # — 0 and #; — co do not commute: the # — 0 regime (which
governs the large physical scales) is different in the finite- and in the infinite-ty Hamiltonian
GVMs approximations. The physical interpretation of this statement is as follows: if we dis-
card from the beginning the existence of a finite interface length #, we forbid the GVM to take
into account the dependence in #¢ in its self-consistent variational equation, therefore missing
the correct roughness exponent at the end of the day. In particular, one may wonder if the
behaviour ou] ~ u'° for u far enough from 0 illustrated on figure 2, in the regime where o{u]
is non-constant, might prevent the GVM from yielding the correct roughness exponent 2/3.
However, since o[u] has to start by a plateau for small «, the previous reasoning based on (133)
and (B.1) cannot be applied and the roughness exponent is thus not constrained to be equal to
the 3/5 Flory one in our approach.

As a final remark, we emphasise that the free-energy GVM computation was successful in

catching ¢ = % because we had put by hand from the beginning, as a shortcut, the Brownian

scaling of the disorder free-energy. The infinite-# Hamiltonian GVM cannot catch this value
of the exponent, because it predicts that the structure factor at small Fourier modes displays a
Flory scaling, as we have just discussed. For the free-energy GVM at fixed #; — oo, we need
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some additional input regarding the scaling of the free-energy, namely, that it has a Brownian
distribution [12, 14]. If one accounts for the finite-#; correction to its pure Brownian scaling,
the GVM approximation can be shown to be self-consistent [13]. Keeping track of the finite t;
within a Hamiltonian GVM approach thus appears to be the correct way in order to avoid the
Flory pitfall in this computation scheme.

6. Concluding remarks

In this work, we first revisited the standard Flory arguments regarding the geometrical fluctua-
tions of the static 1D interface with a short-range elasticity and a random-bond disorder, at
finite temperature and with a finite disorder correlation length. This specific problem can be
exactly mapped on the free-energy fluctuations of a growing 14-1 DP, which evolve according
to a KPZ equation, and as such is relevant for the whole 1D KPZ universality class. Comparing
different possible power countings, performed either on the 1D interface Hamiltonian or on
the 1+1 DP free energy (without or with replicas), we identified the physically meaningful
power countings through a saddle-point analysis of path integrals: we found that the validity
of exponents found by power counting arises as a consequence of the existence of optimal tra-
jectories with finite variance, either at zero temperature or at asymptotically large timescales.
Moreover, we related the failure of the Flory power counting on the Hamiltonian on the one
hand to the absence of such a saddle point, and on the other hand to having wrongly neglected
the scaling of the disorder correlation length .

Secondly, using our new insights on Flory arguments, power countings, and optimal trajec-
tories, we devised a GVM approximation scheme for the Hamiltonian description of the inter-
face, taking into account the finite length #; of the interface. In the large-#; regime, it allowed
us to compute the interface roughness with its correct KPZ asymptotic scaling (B(t) ~ t*?),
avoiding the usual Flory pitfall (B(¢) ~ 1%/%). We were thus able to address one of the remain-
ing open issues of [12], rehabilitating the GVM predictions of scaling exponents. We identi-
fied the precise features of the GVM solution which allow for a non-Flory roughness exponent
to emerge. Another advantage, compared to the free-energy GVM procedure, is that we do
not rely here on a STS decomposition, which is rather specific of the 141 DP, opening per-
spectives to apply the proposed procedure to other systems. Our solution, however, is for the
moment restricted to the £ — 0 regime. The understanding of the GVM dependence in £ is an
open perspective: we conjecture that instead of a 1-step RSB solution, the GVM variational
equation presents a full-RSB solution surrounded by two plateaus [42]. Such an approach
should allow to capture the full temperature dependence of the interface characteristic crosso-
ver length- and energy-scales, taking into account the finite disorder correlation length £. Once
this issue is settled, a natural application of our finite-length GVM framework would be to
determine the polymer endpoint momenta and distribution, following the ideas presented in
[35, 43]. Of particular interest are moment ratios such as the kurtosis or the skewness, which
could be computed in principle from this distribution: they are independent of the amplitude
of the fluctuations and their value could be compared to known numerical, experimental and
analytical results [44-47].

More generally, studying disordered systems, we showed that it can be very useful to
reformulate standard scaling arguments directly on the underlying path integrals of observ-
able averages, in order to validate (or to invalidate) the corresponding scaling predictions
regarding a given observable, averaged over disorder and thermal fluctuations. In that respect,
the Lax—Oleinik principle played a key role in setting a rigorous framework for the existence
of optimal trajectories. Such a procedure could of course be generalised to disordered elastic
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systems beyond the static 1D case that we have considered. For instance, it can be used for
identifying the validity range of the so-called quasistatic ‘creep’ regime, reformulating the
corresponding standard scaling arguments [2, 48] into the analysis of a saddle point small-
force asymptotic behaviour of the system velocity (represented as path integral), as we have
recently done with other co-authors in [30].

Besides, the approach we have presented can be extended to interfaces with more general
boundary conditions: instead of pinning the two extremities of the interface to 0, one can free
its endpoint and include the study of its fluctuations within the GVM approximation scheme
(this requires to device a ‘dual GVM’ description with two GVM Ansitze capturing the fluc-
tuations of both the bulk and the extremities of the interface [42]). Other perspectives include
for instance the study of the DP in dimensions higher than 141 [49, 50]. The connection to
the ‘self-consistent expansion’ approach [51, 52] is also worth investigating, as it corresponds
at minimal order to an Hartree—Fock approximation and as it as been applied to the study of
the dynamics of the KPZ equation [53].

In conclusion, although scalings arguments can be very powerful shortcuts to potentially
long and cumbersome computations, they rely on implicit assumptions which must be inde-
pendently validated. In that respect, identifying saddle points of path integrals describing
observable averages is a possible strategy worth keeping in mind.
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Appendix A. The finite-t; Hamiltonian GVM approach

In this section, we provide the details of the finite-f Hamiltonian GVM computations pre-
sented in sections 5.2 and 5.3. The starting point is the rescaled and replicated Hamiltonian
(108):

~ a0 Lo 1 A ~ ~
H[i(t), f(tf)] = fO di [Z E(ny;)z - ZRfuf)[y},(t) —y;(t)]] (A.1)
a a<b

whose different contributions are defined by (113)—(115). We consider the trial Hamiltonian
(95) but with discrete Fourier modes (w € 27Z) instead of continuous Fourier modes (g € R):

%ol:y, tf] = 1 Z Z ya(—w)G;bl(w)yb(w) (with dg = d_q) (A2)
2 w ab=1 27

with G;bl(w) a hierarchical matrix. We emphasise that the successive steps of the derivation are

similar to those presented in [12] until (A.25). As we detail, having discrete modes instead of

continuous ones modifies the GVM solution and affects drastically the scaling properties at

large lengthscales.
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A.1. Variational equations

The Bogoliubov variational principle takes the form 0F,/0G(w) = 0 (Va,b,w) for the
variational free energy

Foar = Fo+ <7sz - %0>0 (A.3)
with
Fo= —ﬁullog Zy= —% Zlog det G(w) + const. (A.4)
and
~ ~ 1 n n
(Ho = Hody = Z< P ACE A B y;(w)Ga,}(w)yz(w)> (A.S)
w \a=1 a,b=1 0
1 u _ - -
= 222 2 [wbw + Gap @)@ (A.6)
w a,b=1
il
=5 X W+ Gy ()] Gup(w) (A7)
w a,b=1
i
= TZ wW?Gae(w) + const. (A.8)
w a=1

For a Gaussian quenched random potential, with a generic two-point correlator of Fourier
transform R 5()\), the averaged disorder Hamiltonian is:

<Hdls[y(w) f(tf) f d/\REO‘)Z < I RAGES ya<t>]> (A.9)
0
- f AAR;(N) f & Zb e ([O-5OT), (A.10)
a<

Then, using that in the GVM

e A1
() = 3 P), = B D [Gua@) + Gip(w) — 2Gup()] (A1)
one obtains finally
~ Gaa(w)+ Gpp(w) —2Gan(w)
(Falseéw]) =~ [ owo T e 2 23 TGt 2t (A12)
The extremalisation of F,,, with respect to G p(w) (a = b) yields that G; p(w) = —aoyp is inde-

pendent of w:

2 =S G+ Gipl(@) — 2Gap(w)
0= -Gl — [ a0 e 2 FBD ANy
243 R s

36



J. Phys. A: Math. Theor. 50 (2017) 104001 E Agoritsas and V Lecomte

—A—z w w)— w
— Uah:2f RN 23 SICu)+ Gonl) =26 )] (A.14)
R

Introducing G,(w) = G(w) the variational equation OF/0G,»(w) = 0 writes

~ 25 6(w) - G (w)]
oy = 2 f RN Z[ '
R

(A.15)
The variation with respect to G,,(w) (in which (ﬁel — %0)0, through (A.8), gives a non-zero
contribution) yields

0= _LAGa7¢11+ LA‘-‘}z(saa + LA Z Oaa’
203 203 20 d(za) (A.16)

= "%0aa

26
where for the last term we recognised g, from (A.15). One thus obtains that
Oaga = — Z Oaa’ (A.17)
a'(=a)

This implies that the sum of the coefficients on each line or column of the hierarchical matrix,
namely its ‘connected part’, stems solely from the elastic part of the Hamiltonian:

n G.'G.=1 n
Gl =Y Ghpw) =uw? e ™D Gw) = Gupw) = 1w? (A.18)

a=1 a=1

A.2. Continuous parametrization of the variational equation

Then, introducing a continuous parametrization of the space of replicas, we mapa € {1, ... n}
tou € [0, 1]and (A.15) becomes:

X Z[G(w)—cw,u)]

o(u) =2 fR R NN I (A.19)

We now use that G, verifies the replica algebra of hierarchical matrices (see appendix II of
[31], or, for notations similar to the ones used here, appendix B of [12]):

o'(u)

2GW) — G(w,u)] = — .
(G- @) + [010))? (A.20)
[o] (u) = uo(u) — fou dv o(v) (A.21)
~ 1 1 L dy 1
G -Glw)=———"""— — £ -
(w) (w, u) u G @) 1 ol fu V2 G @) + [0100) (A.22)
~ 1
Gw) = ——|1 &l o0 (A.23)
G. (w) 0 v G (w)+[o](v) G (w)
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where the connected term writes G;](w) = w?, as mentioned in (A.18).

Besides, in order to go further in explicit computations, we choose specifically a Gaussian
function for the disorder two-point correlator (4):

RN = e ¢¥ (A24)

The integral over the transverse continuous Fourier modes ) in the variational equation (A.19)
can be computed. This yields the form of the variational equation announced in section 5.2 of
the main text:
_3
2

o(u) = %33{352 + %:[G(w) ~ G(w, u)]} (A.25)

where, by summing explicitly over w € 277 the hierarchical inversion relations (A.22), one
has

16 — G - ) coth(% [a](u)) ! dy coth(% [a](v))
W) —Glwu)]=———— 7 I VA
- u  2J[olu) « v: o 2 /[ol(v)

This equation resembles that of the infinite-ty Hamiltonian GVM in [12]:
_ I

- 1 1
dg|G(@) — Gg,u)|= — ——— — —_—
L/I;& q[ @ 4 U)] u 2[ol(n) fu v 2 J[e]1v) (A.27)

(A.26)

since the only difference is that coth(% [a](u)) is replaced by 1. Technically, this differ-

ence is the precise origin of the distinct scalings presented by the two GVMs (due to the
singular behaviour of coth x as x — 0). Physically, this is understood by the fact that the small-

[c](u) regime, where coth(%,/[a](u)) is singular, governs the large-scale behaviour of the

roughness.

A.3. Comparison to the Hamiltonian GVM: a self-consistent equation on [c](u)

In the study of the Hamiltonian GVM of the infinite interface (denoted symbolically by
GVM,), solving the variational equation is done by differentiating the variational equa-
tion with respect to «# and identifying of a self-consistent equation on [o](u) (valid when [o](u)
is non-constant). One then finds that it is solved by [o](u) u'%. The complete form of [o](u),
recalled in (102), is then a combination between this power-law behaviour and a plateau. We
follow here a similar procedure for the finite-ty GVM computation, in order to understand the
difference between these two procedures.

Since the GVM variational equations are closely related to those of the GVM, (see the
comment after (A.26)), we indicate using braces the factors which are equal to 1 in the GVM,
and different from 1 in our finite-#; settings here. By direct computation, one directly checks
from (A.26) that:

=1 for GVM
o'y sinh(JIo1@) ) + JIolw)
Bllolwp  sink(3Io1w)
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Differentiating (A.25) with respect to u yields

) sinh(w/[a](u))-i- [o](w)

5
3 A3 A2 ~ )
o'(u) = ,32{55 +> [6Ww) — G(w, u)]} X (A.29)
T ? (ol sin(3101w)
=1for GVMy,
Hence, if o/(u) = 0
307 A1 5 3 Sinh(x/ [o](u)) + JIol(u)
L= Tmsd o (o)) 2 (A30)

sinh2<%\/[a](u) )

3

J4NE L3 0 sinh?(3(Tolw) |’

a(u)z(—) B35 {lolwho | — (A31)
sinh(y[o1(u) + \[o1())

27
=1 for GVM

Differentiating again with respect to u and assuming o/(u) = 0

3
9\% sinh?(+/[o1(u) :
1= 1(27 - )Ségu (o160} 613 S
5\« sinh(\/[o1() ) + VIo1()

W=

sinh5(1/ [o1(w) )
sinh(To1Ge) ) (sinh([1@) ) + Vo 1w) )8

=1 for GVM,

+ [o]w)

It can also be rewritten

13(27><29

éé 1
5 ) B3 u{lol)} 1o

sinh2(%\/ [o](n) ) 1 [o](u) COth(%«/ [o](u) )
X 1 +

sinh(\/ [U](u)) + V01w 3 sinh(\/[a](u)) + JIolw)

=1 for GVM

(A.32)

as the result announced in the main text at (120). This is the equation one has to solve in order
to determine [o](u) in the segment(s) where o’(u) = 0.
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A.4. Study of the finite-t; Hamiltonian GVM solution with a 1-step RSB Ansatz

Supported by the numerical results presented in section 5.4, we study in this subsection a
1-step RSB form of the solution to the variational equations (A.25) and (A.26) for the finite-#¢
Hamiltonian GVM.

A.4.1. Form of the 1-step RSB Ansatz. The 1-step RSB Ansatz takes the following form (tak-
ing notations similar to those of [37]):

o) = 0 u<Uug A33
TS e u> e (A.33)
which implies
0 u<ue
[o](u) = { S ws (A.34)
From (A.26):
+00 u<ue
STGw) - Glw,w] = 4 coth(3%7) (A35)
o ——— u>u

2%
The GVM equations (A.25) and (A.26) become

o] eon(mm)|
ﬁ AP+ ——=
S F 2y

3
2 (A.36)

A.4.2. Variational free energy in the 1-step RSB Ansatz. In the full-RSB cases recalled in sec-
tion 5.1 from [12], the variational equation for o(u#) contained all the information for solving
both the power-law behaviour and the plateau, along with the value of the full-RSB cutoff
uc. On the contrary, in the 1-step case, the value of the cut-off u. is determined by differen-
tiating the variational free energy J, With respect to u. and one actually needs to explicitly

compute lim .Rar The computation of three contributions to the variational free energy

n—-0

Foar = <%el — Ho)o + <Hdis>0 + Fo, defined in (A.3)—(A.9) is the longest computation of the
solution of the 1-step RSB Ansatz. One has first:

5—1

hm (Hel H0>0:%Zw2é(w) (A.37)
secondly:
L XSG - Glow]
rllgr})n<Hdls> —fd‘)\Rg()\)fO due 5% (A38)

1 2
A.39
=3 = du {§ +4 Z[G(w) G(w, u)]} ( )
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and thirdly, up to an additive constant:

liII(l) 1.7-'0 ——5 hm Zlogdet G(w) (A.40)

n—-0n

_ l Udu G(w) — [Gl(w, u)

=2 %:[ log Guo(w) + fo 5 log - ] (A41)
Ls

= 5 Z[+ log w? +- f — log(1 — w? [G](w, u))] (A.42)

with G.(w) = (G;l(w)f = l/w? and [G(w) = fou dv G(w, v). One uses then

~ a2 1 w4 Sifue
Gw) & — —7— A.43
@) w? W+ ( )

1 1 1 .
5+ 1—— 5 if u <ue
(A22) Jucw ue Jwe+ 3,

G(w) — G(w, u) | (A.44)
- if u>u
w”+ X
1 W+ Si/uc fu<u
2 2 c
AN (A.44) W w4 X
Z [Gw) — Gw,w] =" )" | . (A.45)
v v if u> u,

w2+21

S, u.)  ifu<u.

— 3 coth(3y/31) (A.46)

ifu>u
2.5 ¢
0 if u<u
[Gl(w,u) = iz 221 > e (A.47)
w® w+ X

Here the first sum (for u < u.) in (A.45) is singular because of the term w = 0, and decom-
posed as follows, with wg = 0*:

1
1 W24 1 1 1 1 coth\5v3
euy=y o tee 1o Lo (L 1 (3 (A48)
w w+ X Uwy 12u. U > 2%

w
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Gathering the results, one has

2
}'lvl}rSB* ﬁ Z{w + Zifue + 10gw2+[i—l]log 2w ]

w4+ Y U w4+ X
1 1
1 2 1 2
42 1 W+ Sue so CO‘h(E\/_)
+2\/_ Uc ﬁf +Z P T Ary, A —uNb +——=—— 25
(A.49)
Al
- ﬂ_[[i _ 1] lﬁcoth(lﬁ,) - [L _ ]Zlog(l 4 _H
2 Uc 2 2 Uc
1
! l 2
32 a0 1 o) coth(2 El
c Z s Ue 1_ c
+2ﬁu{ﬂf+6(1u) 2+ (1 —u)y BE + 205
(A.50)

where we have used that

2
ZL&/“C_Z{(il] 2 +1} (A.51)

w4+ Y A w4

:(__1) VT cotn( 557 ) o (A52)

C

where 400 depends on no parameters. Using Euler’s formula for infinite products, one has
(1 [
S sinh (35 ) (A53)
> log| 1+ = [=log ————+
w w V2
and finally
sinh(%\/ o )
5

AL 2 1 2
2 - .o coth(?/El)

i hmonftis) (2

Uc U

B 2
+ Uc + G(E N Mc) —+ (1 — uc) +—7 + “OO”
e BE I B¢ Xy
(A.54)
Differentiating the free energy w.r.t. 1/u., one gets, sending wy to 0 afterwards:
3! sinh(+/%;
5— l\/21 COth(l\/ZI) — log#
212 2 S
1
1 1
, B2 | 4o coth(%ﬁ/zl) 2
Uc BE + (A.55)
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This equation will allow to determine the cutoff u..

A.5. KPZ Scaling of the 1-step RSB solution at large t

Assuming that at £ = 0 the solution of the GVM variational equation is 1-step RSB with
self-consistently,

Y- oo as tr = 00 (A.56)

one obtains from the variational equation (A.37) that
33 AN
i~ U ﬂz 214 — Y~ (uc 52) (A.57)

We now use the equation (A.55) in 3, u., which depends on { ﬁ s f }, to determine a relation on
u.: remarking that the dominant terms of the first bracket compensate at large ¥}, and that the
rest yields a constant, one has

G~ @S2 R u G~ i (A58)
from which we deduce

Bue~1 (A.59)
This implies that at large #;

_1 2
hom 1,3 5, 430 3 (A.60)

which self-consistently justifies the divergence of X as # — o0.

Appendix B. Numerical solution to the GVM variational equations

Solving analytically the variational equations of the GVM approach is not an obvious task.
To get a hint of the solutions, we present a numerical scheme to solve the variational equa-
tions iteratively. We first test it on the well-studied cases of the infinite-# Hamiltonian GVM
in appendix B.1, and the free-energy GVM in appendix B.2, before applying it to the finite-#
Hamiltonian GVM in appendix B.3.

B.1. Iterative procedure: (i) the infinite-t; Hamiltonian GVM

Here the variational equation, similar to (A.25), reads

3
2 s3[ e ald ~ 2
o(u) = Eﬂz[é +5 fR dq [G(q) — G(q, u)]] (B.)
and the integral over g of the equivalent of (A.22) yields
~ 1 1 Ldv 1
d G _— G N = —-——— -
j}; q [G(q) (g,u)] N f 2 010 (B.2)

This pair of equations can be seen as a fixed-point equation for o(u). One can thus solve this
pair using an iterative procedure on o(u), which, if converging, gives a stable solution to (B.1)
and (B.2).
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0.0 . . X X 4 I 005 0.10 Y 0.10 0.50 1
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Figure B1. 10 iterations of the iterative procedure described in appendix B.1 for the
infinite-f Hamiltonian GVM, showing the convergence of o;(u) to a form o(u < u.) < u
and o(u > uc;) = o(uc). (Left) op(u) forl < k< 10. (Center) ox(u) in log—log scale. (Right)
the logarithmic derivative of g;(u). In all figures, k increases from 1 to 10 from red to
blue. The dashed lines correspond to the full RSB regime o(u < u.) o< u°. Parameters

areB:Zandf:%.

Starting from an ‘initial’ oy(«), one iterates numerically for k£ > O the following procedure
to evaluate o (1) from o;(u):

e determine [0} ](u) from oy (1)
e determine the corresponding j]i% dq [Gi(q) — Gi(g, u)] from (B.2)
e determine the next iteration o (#) from (B.1) as

3
2 [ Al 3 -
Uk+1(”):ﬁﬂz[§2+ﬂ ]fqu [Gk(q)*Gk(q,u)]] ? (B.3)

If the procedure converges as the number of iteration steps increases (i.e. if op(u) = oo(1t)
as k — o0), one expects to obtain a fixed point o,,(«) which is a stable solution of the vari-
ational equation (B.1). Figure B1 confirms the convergence of the procedure to the expected
form of the solution that can be obtained analytically by the full solution of the problem, as
discussed in section 5.1, and that o(u < u.) o< u” and o(u > u.) = o(u.), as discussed in sec-
tion 5.1 and in [12, 14].

B.2. lterative procedure: (ii) the free-energy GVM

Here the variational equation reads [12, 14]:

3, Al _1
o(u) = HE+F716 - Gy 2 (B.4)

2 A
N B
and the equivalent of (A.22) yields (with G;l =1):

= 1 1 Ly 1
G-6w=-——- [T B.S
Yol R ®->

We recall that the all the #; dependence is hidden in the rescaled inverse temperature ﬂA and
disorder correlation length £. Hence, starting from an ‘initial” op(«) and iterating numerically
the following procedure for k > 0O:

e determine [} ](u) from oy (u),
e determine the corresponding [Gx — Gi(u)] from (B.5),
e determine the next iteration oy, ;(«) from (B.4) as
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Figure B2. 200 iterations of the fixed-point procedure for the free-energy GVM,
described in appendix B.2, showing the convergence of gy (u)to aformo(u < u,) = o(u,),
o(u, < u < ue)ocu? and o(u > ue) = o(uc). The index k grows from 1 to 200 from red
to dark purple. (Left) o(u) for 1 < k<200 (Center) o;() in log-log scale. (Right) the
logarithmic derivative of oy(u). The dashed lines correspond to the full RSB regime

o(uy < u < uc) o< u?. Parameters are 3 = 20 and £ = %

o
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~
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Figure B3. G — G(u) for the free-energy GVM, after 200 iterations. (Left) log—log
scale. (Center) logarithmic derivative. (Right) logarithmic derivative of the only first
term of (B.5). The dashed orange lines correspond to the full RSB regime behaviour
G- G, <u<u)oxu?, see (B.9). The dotted green lines correspond to a 1/u

behaviour of (B.7). Parameters are § = 20 and 5 = 2]—0.

3, o 1
i) = —=F2E + 371Gy~ Gyl 2 (B.6)
T

One can expect, if the procedure converges with o;(u) — 0x(1), to obtain a fixed point o,,(u)
which is a solution of the variational equation (B.4). Results shown on figure B2 confirm the
convergence to the expected form of the solution obtained analytically by the full solution
of the problem o(u < u,) = o(u,), o(u, < u < uc) oc u®> and o(u > u.) = o(u.), see section 5.1
and [12, 14].

Note that in (B.5) there is a non-trivial interplay between the first and second terms, as seen
from figure B3 (right):

1 .

- if0<u<u,
1 1 "
———————~qu *+constant if u, <u<uc (B.7)
u G, + ol 1

— ifu.<u<1

u

The behaviour of o(u) is more complex that in the Hamiltonian GVM. In fact, one can infer
it from the following a heuristic reasoning: if one assumes that
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o(uy) if0<u<u,
o) ~qu’ "l ifu,<u<u, (B.8)
o(ue) ifuc<u<l

then, in the regime u, < u < u., one has [c](u) ~ u”. Thus, as read from (B.5) (see figure B3),

G—Gu,) if0<u<u,
G—Gu)~3 uw U ify,<u<u, (B.9)
G—Gu,) ifuc<u<l

Finally, (B.4) implies u”~' ~ uz+), whence v = 3.

B.3. lterative procedure: (iii) the finite-time Hamiltonian GVM

The iterative procedure for the GVM equations (A.25) and (A.26), after starting from an initial
oo(u), is thus

e determine [} ](w, u) from o (),
e determine the corresponding Zw[Gk(w) — Gi(w, u)), from (A.26),
e determine the next iteration gy (#) from (A.25) as

_3

S . .
o) = 23 2{552 + S Gu(w) — Gulw, u)]} ’ (B.10)
JT »

The numerical results shown on figures 3 and 4 in the main text, support a /-step RSB form
for o(u) instead of a full-RSB solution, at least in the regime £ — O that we considered in the
numerical study.
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