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Introduction

The name of “glass” and the appellation “glassy” are used for systems whose dynamics is very slow and
with no sign of conventional long-range order. At low temperature, these systems can end up in some
arrested out-of-equilibrium state, the so-called glass, corresponding to a dynamics that is too slow to be
detectable (the relevant degrees of freedom look frozen on experimental time scales) and then appear
as mechanically rigid as a solid can be. A huge variety of materials, called “glass formers”, can form a
glass: this is for example the case of polymer glasses (plastics), molecular glasses, colloidal gels, foams,
spin glasses, vortex glasses, electron glasses. In the above examples, the “glassy” degrees of freedom
are associated with molecules, monomers, colloidal particles, bubbles, spin magnetic dipoles, vortices
or electrons. [1]

In this thesis we will be concerned by two kinds of glassy systems: the structural glasses [2, 3, 4]
and the spin glasses [5, 6]. In the former the degrees of freedom are molecules and the disorder is
self-induced when the temperature diminishes; in the latter the degrees of freedom are spins and there
is quenched disorder due to the presence of frozen-in magnetic impurities and defects.

The two classes of systems introduced above (and more generally glassy systems) are subject to a
phenomenon that is called frustration: it corresponds to the impossibility to minimize the total energy
of the system by minimizing sequentially the interactions between degrees of freedom. In structural
glasses, the frustration is geometrical and arises when one tries to arrange locally the molecules to
optimize the local energetic cost and does not manage to generalize this optimization to the whole space.
In spin glasses the mechanism of the frustration which is shown in figure 1 is linked to the presence of
quenched disorder which prevents one from satisfying the local spin-spin interactions without arriving
at a contradiction. The frustration is accompanied by a large degenerescence of the states of low energy
and can therefore be responsible for the existence of complex free-energy landscapes.

Jig = +1

Jy = -1 Jaz = +1

4 3

J3g = +1

Figure 1: Frustration in an Ising spin-glass model of four spins (1,2,3,4) represented by red arrows, 1 or |,
whose Hamiltonian is H = — Zle Ji,i419:8i41, with S5 = S1. The four couplings J;; are distributed between
the two values 1 with some probability distribution: here, 3 interactions are ferromagnetic Ji3/23/34 = +1 and
one is anti-ferromagnetic Jy; = —1. Satisfying sequentially the local interactions one arrives at a contradiction
and the system is frustrated. There are several states of minimal energy which correspond, e.g., to 7 = 1 or |
and therefore the ground state is degenerate.

In three-dimensional structural glasses the slowing down of the dynamics has not been given (yet)
a widely accepted explanation: there are for instance proposals to associate it to the existence of an
underlying thermodynamic phase transition [7, 8, 9], or to to the existence of an underlying dynamical
transition [10, 11]. In three-dimensional Ising spin glasses, this slowing down is accepted to be associated
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with the existence of a thermodynamic phase transition at finite temperature, from a paramagnetic
to a spin-glass phases; however many questions are still open concerning the nature of the spin-glass
phase [12, 13, 14]. Structural and (Ising) spin glasses will be presented in more details in the chapter 1.

In general, a good starting point to try to understand a problem in statistical physics is to study
its mean-field approximation. On the one hand, since this approximation neglects long-range spatial
fluctuations, it is simpler to study than the exact theory in three dimensions. On the other hand, the
mean-field approximation often gives interesting qualitative information on the macroscopic physics of
the system of interest even in finite dimensions.

The mean-field approximations of structural glasses and spin glasses [15, 16, 17] have been shown
to be exact in the limit of infinite dimensions [18, 19, 20, 21, 22]. (We will often contrast infinite
dimensions to finite dimensions, which include the three-dimensional case.) Both mean-field theories
predict thermodynamic phase transitions at some finite temperature from a paramagnetic phase to an
“ideal”-glass phase (for structural glasses) or to a spin-glass phase (for Ising spin glasses). However,
they are intricate theories that are, e.g., written in terms of a n X n overlap matrix order parameter
with n — 0 [16] and associated to complex free-energy landscapes with the presence of ubiquitous
metastability. The latter appears to be a central ingredient in the mean-field description of the glass
transitions and glass phases. For structural glasses, as pictorially represented in figure 2, the mean-field
free energy is for low-enough temperatures above the thermodynamic transition temperature a rough
and hilly landscape with degenerate metastable minima whose number is exponential in the system
size. For Ising spin glasses, the mean-field free energy for temperatures lower than the transition one
is characterized by an infinite hierarchy of minima [23] (each minimum is divided in several smaller
minima, themselves divided in other smaller minima, etc.).

F[p(r)]

Figure 2: Structural glass: Pictorial mean-field free energy F[p(r)] as a function of the density field p(r)
for lower-enough temperatures larger than the glass-transition temperature with a huge number of metastable
minima.

One can wonder which signatures of the mean-field metastability remain in the thermodynamics of
finite-dimensional systems. Metastability may indeed be considered as an irrelevant mean-field artifact
since fluctuations destroy it in finite dimensions. To answer this, one should include fluctuations to
the mean-field descriptions and see their effect on the mean-field scenarios. A method of choice to
perform this is the renormalization group [24] which allows one to treat the fluctuations beyond the
mean-field description. This method is presented in chapter 2 with an emphasis on nonperturbative
approaches [25, 26]. Since studying the role of fluctuations directly on realistic models of structural
and spin glasses is a hard task, we try to somehow sidestep the difficulty by investigating fluctuations
in simpler related finite-dimensional models.

In chapter 3, we study the return to convexity of the free energy of a simple one-dimensional toy
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model as its size increases. The finite size of the system indeed constrains the spatial fluctuations, which
for instance allows some form of metastability and a nonconvex shape of the thermodynamic potential.
As this is the situation in computer simulations of glassy systems, one may wonder what kind of
information on the system in its thermodynamic limit and if the proper effective theory to describe it
can be extracted from systems of small to moderate sizes. For the case of the return to convexity in the
one-dimensional ¢* theory, we also investigate possible approximation schemes for the nonperturbative
renormalization group [25, 26] that could take into account the strong, nonperturbative, effect of the
spatial fluctuations that destroy ordering.

Due to the complex structure of the mean-field theory for structural glasses, it is still unclear what
is the nature of the relevant spatial fluctuations that lead to the glassy phenomenology in finite (say,
three) dimensions. In chapter 4, by investigating simple glass-forming systems, known as plaquette
spin models [27], on Bethe lattices of varying coordination number and comparing with results on
Euclidean lattices, we try to disentangle the effect of “short-range” fluctuations, associated with the
local environment, and that of “long-range” fluctuations in the glassy properties of these models.

In chapter 5, we analyze spatial correlations in the dynamics, a phenomenon associated with the
development of dynamical heterogeneities in glass-forming systems. To shed light on the origin of these
correlations and contrast them with the putative correlations responsible for the strong slowing down
of the dynamics in glass formers, we study analytically a non-glassy finite-dimensional model with a
simple non-glassy yet thermally activated dynamics.

Finally in chapter 6, we study the more standard problem of the role of large-scale fluctuations on
the critical behavior of the Ising spin glass (in the absence of an applied-magnetic field). We do so
by applying the nonperturbative renormalization group, in an effort to extend this method to glassy
systems characterized by a complex order-parameter field.






CHAPTER 1
Structural and spin glasses: a
perspective
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1.1 Structural glasses

1.1.1 Phenomenology

Liquids that have been cooled “fast enough”, such that the standard first-order transition leading to the
crystalline phase is avoided, reach an equilibrium metastable phase named supercooled liquid phase.
The terminology “fast enough”, commonly used by the experimentalists, can be clarified: below the
melting temperature T,,, if one wants to avoid nucleation of the stable crystalline phase, the cooling rate
must be higher than the nucleation rate, so that the system is not given enough time to form a stable
nucleus and start crystallization. At the same time, the cooling rate must not be too large, or the system
would not manage to equilibrate. The supercooled liquid phase is a locally stable state, albeit with a
higher free energy than the true stable state which is the crystal phase. In the supercooled liquid phase,
the viscosity 71 of the system begins to grow in a very dramatic way when the temperature decreases
(typically, the viscosity grows by 14 orders of magnitude when 7' is decreased by 30 — 40%). 7 is linked
to the relaxation time 7 of the system, i.e. the time required to reach equilibrium. By convention,
when the relaxation time is of order 7 ~ 102 — 103 sec and larger, corresponding to a viscosity around
n ~ 10'2 Pa.s and more, the system in practice falls out of equilibrium on the experimental time
scale: this corresponds to the experimental glass transition temperature 7Ty which then represents a
dynamical crossover rather than a true phase transition. As a consequence, one is unable to equilibrate
the supercooled liquid below T}, which reaches one of the numerous possible out of equilibrium states
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called glasses, depending on the initial conditions. See [28, 2, 3, 4] for reviews/book where more on the
supercooled liquids phenomenology can be found.

The above phenomenon is schematically represented on figure 1.1, which represents the enthalpies
of the crystal and of the liquid/supercooled-liquid/glass phases.

Melting
Q
£ Glass transition P
S \ e
: %
5 -
2 1 Super-
) ! cooled
£ Glass 1 jiquid
&3] 1
i
Crystal !
T T
Temperature

Figure 1.1: Volume or enthalpy of a liquid at constant pressure as a function of temperature. The different
phases evoked in the previous paragraph are represented: liquid, crystal, supercooled liquid and glass. T, is the
melting temperature. A “fast enough” cooling yields a glass transition at a temperature 7, which depends on
the cooling rate. Reprinted from [29], where it was adapted from [30]

In the following, we will be concerned by the equilibrium (metastable) supercooled liquid phase,
and not the out-of-equilibrium glass.

Growing time scale

From experimental results, supercooled liquids are usually classified according to their “fragility”,
which characterizes the temperature dependence: see figure 1.2. [31] At one end of the spectrum,
“strong” glasses whose relaxation time follows an Arrhenius temperature dependence, 7 ~ eAE/(kpT),

are network glasses where dynamics is dominated by the constant energy barrier AE associated with
breaking covalent bonds between constituents.

"
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Figure 1.2: The Angell plot from [32], representing the log of the viscosity n ~ 7 as a function of the inverse

of the temperature rescaled with T}, classifies the liquids according to their fragility, i.e., the deviation from
Arrhenius behavior 7 ~ e2E/ksT,

“Fragile” glass formers (the vast majority of polymeric and molecular liquids) are characterized
by a faster-than-Arrhenius, a super-Arrhenius, temperature dependence of the relaxation time: 7 ~
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exp [AE(T)/(kpT)] with AE(T) increasing as one approaches the glass transition. A popular fitting
formula to describe this behavior is the Vogel-Fulcher-Tamman (VFT) expression [33, 34, 35]

A
T ~ exp <T—T0)7 (1.1)

where A and Ty are adjustable parameters. This expression suggests a divergence of the relaxation

time at an unreachable temperature Ty below the experimental glass transition Tj. In any case, the
growth of the activation barriers as one cools the fragile liquid toward Tj is indicative of a collective
phenomenon, necessarily accompanied by the growth of some correlation length. [36]

Growing length scale?

In standard phase transitions, the growth of a time scale is associated to the concomitant growth
of a length scale. The most easily accessible length scale is that obtained from the classical two-point
density-density correlation function. One can consider the radial correlation function g(r) which gives
information about the structural properties of standard liquids: ¢(r) gives the average probability to
find a particle at a distance r from any particle. Its Fourier integral gives the static structure factor
S(q), which is directly measured in experiments. These two quantities do not show any marked change
as one cools the liquid down to T}, as one can see on figure 1.3.

3.0 - |
@2.5 ;. T=0.446;‘c=25000;
& ] e T=0.6; =106

2.0 - T=1.0;1=9.2

1.5

1.0
0.5
0.0 -

30.0

Figure 1.3: Structure factor S(q) as a function of the momentum ¢ for three different temperatures obtained
from a computer simulation of a glass-forming liquid model, reprinted from [37].

An understanding and a detailed identification of the collective behavior at the origin of the growing
of relaxation times has been a recurring quest in the physics of glasses. [3, 1] We will discuss the subject
of growing length scales associated to collective behavior in the glass formation further down in the
manuscript.

Entropy

Another quantity which can be experimentally measured is the heat capacity at constant pressure
Cp, from which we can determine the total entropy Sy of the supercooled liquid as Cp = T'dSg /dT.
One can plot the entropies of the supercooled liquid Sg and of the crystal S as a function of the
temperature, see figure 1.4. One observes that the entropy of the liquid decreases much more rapidly
than that of the crystal. If the data are extrapolated below T}, one could reach a temperature Ty at
which the two entropies are equal, a rather strange phenomenon. [38] This, together with the empirical
observation that Tk ~ Ty (where T is defined above) within 10% or so, is suggestive of the possible
existence of an ideal, and unreachable, glass transition at Tk .
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Figure 1.4: Entropies of the supercooled liquid Ss and the crystal S.. as a function of temperature. By
extrapolation, one finds the Kauzmann temperature Tk, at which Sg; = S.,. Reprinted from [38].

Dynamical heterogeneities

The heterogeneous character of the dynamics in glass-forming liquids has been established in the last
two decades. When approaching the glass transition at Ty, one observes, e.g. by confocal microscopy in
colloidal suspensions or by computer simulations of liquid models, the presence of fast and slow moving
regions, which stay so over an increasing time scale. [39, 40]

A snapshot from a computer simulation is shown in figure 1.5 (a), where the fastest particles are
colored in dark red, whereas the slowest are in blue, and a gradation covers the intermediate regimes.
On the second panel, figure 1.5 (b), are represented the vector displacements of the particles, by mean
of arrows of different lengths and pointing in different directions, on a time scale comparable to the
structural relaxation time 7 = 7, which is the time needed by the configuration to relax. Both figures
show that the mobility varies among the particles, but also that particles with similar mobilities have
the tendency to gather spatially.

(a)

Figure 1.5: (a) Simulation of supercooled liquid showing dynamical heterogeneities: particles change colors
depending on their mobility, dark red is for the fastest, dark blue for the slowest, and the gradation stands for
the intermediate regimes. Reprinted from [41]. (b) Arrows represent particles displacements on a time scale of
the order of the structural relaxation time. Both figures show that mobility varies among particles, and also that
particles sharing the same mobility are probable to be side by side. Reprinted from [3].

These dynamical heterogeneities are a form of space-time fluctuations and can be characterized
by correlations and an associated length scale. Such correlations in the dynamics cannot be unveiled
by conventional pair correlation functions. They require multi-point space-time correlation functions.
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Consider for instance a local probe of the motion for atom j between two times 0 and ¢, e.g., fj(q,t) =
r {e’q 73 ()=r;(0)) } The average dynamics is characterlzed by the usual auto-correlation function (self-
intermediate scattering function) Fy(g,t) = N~} Zj:l (fj(g,t)) represented in figure 1.6 (a). The
fluctuations in the dynamics, with 6f;(q,t) = fj (g,t) — (fj(g,t)), can be characterized by higher-order
correlation functions such as

g r, t N2 Z 5 rl] 5f1(q07 )5fj<QOvt)> ) (1'2)

1,j=1

with ¢go usually taken as the location of the peak of S(q) represented in figure 1.3. The quantity g4 is
a 4-point space-time correlation function from which one can extract a “dynamical” correlation length
&4(t) describing how far the motion of particles is correlated during an elapsed time ¢. A less detailed
description is embodied in the “nonlinear dynamic susceptibility”

xa(t) = ]‘\/[/d?’rg4(r, t). (1.3)

At fixed temperature, x4(¢) has a nonmonotonic behavior (see figure 1.6) and goes through a maximum
for a time t of the order of the a-relaxation time. At this time, the correlations in the dynamics are
maximum. (Although this nonlinear susceptibility is not directly accessible in experiments on molecular
liquids, several proxies have been studied that all display the same behavior.)

1 T T LNSPPES
0.8} - 10t L A )
< 06 T g
= =
<4t - <107'F .
0.2+ . "
0 10-3 F /Iicroscoplic Early 13 Late IB _
10° 102 10* 106 108 10° 102 10* 106 108

(a) ! (b) t

Figure 1.6: Measure of Fs(qo,t) (here ¢ = go of the text) (a) and corresponding regime of x4(¢) (b) in Lennard-
Jones supercooled liquids simulations. In particular x4(¢) has a maximum around 7 = 7, time lapse at which
the particles dynamics is maximally correlated. Reprinted from [3].

The peak is found to grow when the temperature is decreased. Typically, in simulations, it grows
by two orders of magnitude between the highest temperature at which it appears and the lowest
temperatures at which the system can be equilibrated. Therefore the dynamical volume over which
dynamics is correlated is observed to grow with the inverse temperature, which suggests that the
glass transition is a collective phenomenon. For various estimates, the length scale characterizing such
correlations in the dynamics appears however to grow not bigger than 5 to 10 molecular diameters at
Tg. [39, 40]

1.1.2 Mode-coupling theory

The mode-coupling theory (MCT) predicts a dynamical arrest of the liquid structural relaxation at
some temperature Tysor based only on the modest variation of the auto-correlation function. Formally,
the MCT derives a set of nonlinear self-consistent equations [10] describing the evolution of the time-
dependent auto-correlation function C(t) of the local density field at time ¢, p(7t) = N1 Zi\il d(zi(t)—
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), that characterizes the supercooled liquid composed by N particles evolving in a continuous volume
V. In Fourier space, pg(t) is the density fluctuation of wavelength ¢ and defines

C(t) = {pa, Opa (0°) — {par)” . (1.4)

which can be measured in supercooled liquids by neutron scattering or computer simulation. At high
temperature (yellow curves on figure 1.7 (a)), the dynamical relaxation follows a standard exponential
decay C(t) ~ exp(—t/7). When the temperature decreases (red curves), a “plateau” develops and the
relaxation now displays two steps: a rapid 8 and a slow « regimes. The « relaxation step is often
described by a stretched exponential, C'(t) ~ e_(t/T)B, with 0 < 8 < 1.

1

é temperature (K) 1 T T T

2 o 0.8 i

g :

E 0.6} 4

@ = —  T=Tycr|
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E

2 of 02f 4
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&k 10-2 10° 102 100 100
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(a)

Figure 1.7: Typical shape of the dynamical auto-correlation function C(¢) in log-time scale obtained for different
temperatures. At high temperature the relaxation is exponential and below some temperature it displays a two-
step relaxation characteristic of low-temperature supercooled liquids: the fast 5- and slow a-relaxation regimes.
(a) C(t) from water supercooled liquids experiments, here C(t) is the coherent intermediate scattering function.
Reprinted from [42]. (b) C(t) from the solution of the MCT non-linear self-consistent equations, for different
temperatures approaching Thsor. Reprinted from [3].

MCT equations can be derived using the Zwanzig-Mori formalism [43, 44] and have the form of
generalized Langevin equations, with a time-dependent memory kernel. The memory kernel is then
obtained in a specific, mode-coupling approximation, and is expressed in terms of the static structure
factor S(q). The nonlinearity of the equations gives rise to a sharp feedback between static structure
and dynamics, and even a small change in the static structure factor leads to a strong slowing down of
the relaxation.

The solution of the MCT equations displays a relaxation in two steps, similarly to what is observed
in experimental supercooled liquids. These solutions are represented on figure 1.7 (b) for different
temperatures.

At some temperature Thsor the system exhibits a dynamical arrest, corresponding to a transition
from an ergodic to a nonergodic state. No concomitant singularity in thermodynamic quantities and in
the structure of the system are observed. The MCT a-relaxation time is found to diverge as a power

law:
1

(T — Tyvor)?
The profound difference with the dynamical arrest predicted by the empirical VFT fit (1.1) when

(1.5)

Ta =

approaching Tj indicates that
Tyier > Ty > Tp. (1.6)

The dynamical transition at Th;or is avoided in real supercooled liquids, as shown in figure 1.8, and at
best persists as a dynamical crossover.
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Figure 1.8: log;, of the viscosity n ~ 7 as a function of the inverse temperature for liquid ortho-terphenyl from
Ref. [45]. The solid line is the mode-coupling prediction of the relaxation time, it fits well the high temperature
region, but breaks down at some point and diverges at Th;cr, which is interpreted as a crossover temperature.

To conclude, mode-coupling approach can thus describe at best the dynamics of moderately su-
percooled liquids at temperatures T' > Tysor. Possibly, it can also apply to the fast [-relaxations
even below Th;or. However it misses the deeply-supercooled regime in which the dynamics is better
described as thermally activated.

1.1.3 Mean-field theory of glasses

The mean-field theory of glasses originates in the physical picture that the slowing down of relaxation in
glass-forming liquids is a consequence of the existence of a complex free-energy landscape with numerous
minima that the system has to explore in order to relax. [46, 47, 48]

Kirkpatrick, Thirumalai and Wolynes looked for other simpler mean-field models in which such free-
energy landscape could exist, and where a phenomenology similar to the structural glasses occurs. [48,
49] This is the case of the Potts-glass model and of the spherical p-spin model with infinite-range
interactions, for example. This analogy was also supplemented by a crude mean-field density functional
theory of glass-forming liquids [47, 50] and by a scaling theory that one now refers to as the “random
first-order transition” (RFOT) theory [7]; see [51, 9] for reviews.

1.1.3.1 The spherical p-spin model

For illustration we consider below the spherical p-spin model. The behavior of the Potts-glass model is
similar. The p-spin model was introduced in [52]. Its Hamiltonian is:

N
H({O’Z}) = — Z Jil,...,ip0i1-~-0ip s (1.7)
11,.ip=1

where the sum runs over all possible ensembles of p spins among the N spins of the system, the
interactions are therefore fully-connected and there is no lattice structure. The o;’s are Ising spins
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or spherical spins with constraint Zfi 1 02-2 = N, and the J;, ;s are quenched random couplings
distributed accorded to a Gaussian probability density with zero mean and variance p!/(2NP~1).

The origin of the disorder is different between supercooled liquids and p-spin model, as in the former
it is self induced while the temperature is lowered whereas in the latter the disorder is quenched and
put by hand, by the introduction of random coupling constants.

The spherical p-spin model with p > 3 nevertheless provides a convenient framework to introduce
a mean-field theory presenting a complex free-energy landscape and a phenomenology related to that
observed in real supercooled liquids, see below.

One first defines the partition function, summing the Boltzmann weights over all N-spin configura-
tions {o;} = (o1, ...,0n) and introducing a site-dependent external field h; that will be used to compute
configurations corresponding to free-energy minima,

N
Z({hi}) =Y _exp [-BH({oi}) + B hioi|. (1.8)
i) i=1

The Gibbs free energy is the Legendre transform of the Helmholtz free energy obtained from
—B'log Z ({h;}) with the magnetization per site i: m; = — [8Z ({h:})] ' 0Z ({h:}) /(8hi) = {(03).

It is given by
N
F({mi}) = —Blog Z ({h}}) + >_ him,, (1.9)

=1

where the external field configuration has to be fixed such that the relation

Olog Z ({hi})

— ; =0 1.10
S— ‘{hi}:{hz} o (1.10)
is verified. F' has been named the TAP free-energy from the names of Thouless, Anderson and Palmer

who first introduced it. [53]
It appears that F' is composed of many minima, which can be found by searching for the configu-

rations {m}} satisfying the equation

OF ({mi})

= 1.11
om; {mi}={m}} ( )

The remarkable property of this model when p > 3 is that the number of solutions of the solutions of
the above equation, and more restrictively the number of minima, is exponentially large in the system
size N for a whole range of temperature. One is interested in computing the thermodynamic properties
of this collection of minima. Since the model is fully connected, the connectivity is equal to the number
of degrees of freedom and this precludes the formation of finite clusters where the order parameter
takes different values. As a result, barriers between locally stable states are extensive, infinite in the
thermodynamic limit; thus, when the system enters a locally stable state it cannot escape from it to
reach the global minimum, and stays for an infinite time in a metastable state. The sharp separation
between configurations within one free-energy minimum and different minima allows one to perform a
well-defined coarse graining. One computes first the free-energy density of one minimum (state) p by
summing over configurations {o;} belonging to this minimum g

1 e
== o S e o), (1.12)
{oi}en
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Introducing the f-dependent configurational entropy (density) s.(f) = N~!log 25:1 d(f— fu) counting
the logarithm of the number of minima with fixed free-energy density f, one can write the partition
function of the system summing on the different states. This is the second step:

N
Z=3 N / df exp-ONU-Tse(1)] (1.13)

pn=1
The free-energy density of the system in the thermodynamic limit can be evaluated by a saddle-point

calculation: 1

N8B

The metastable states dominating the partition function have a free-energy density f*(7") which is

F = log Z = m}n [f —Tsc(f)] - (1.14)

solution of equation (1.14). This defines rigorously the configurational entropy, or complexity (in the
spin-glass community), which counts the number of statistically available states, as

5¢(T) = s(f*(T)) . (1.15)

By analyzing the behavior of s.(T') when the temperature is varied, one identifies two characteristic
temperatures, Ty and Tx: at Ty, the equilibrium configuration entropy first emerges as a nonzero quan-
tity (the number of relevant states is then exponentially large in V) and at Tx < Ty, this configurational
vanishes.

For T' > Ty, the configurational entropy drops to zero discontinuously. Above Ty only one global
free-energy minimum exists, corresponding to the the high-temperature paramagnetic phase. Mean
field free-energy barriers separating metastable states being of infinite height, the system remains stuck
in one metastable state below T,; and the relaxation time 7 diverges at T};; consequently, the dynamics
is out of equilibrium below Ty. This breaking of ergodicity corresponds to a transition which is purely
dynamical, and no singularity in the free energy is found. Actually this singularity is a mean-field
artifact, as the fully-connected nature of the description prevents the existence of thermal fluctuations
allowing the system to relax between minima. The temperature Ty is the equivalent of Th;or of
section 1.1.2 at which a similar dynamical transition occur.

At Ty, the configurational entropy linearly vanishes giving back an entropy crisis d la Kauzmann
(see figure 1.4). A thermodynamic phase transition occurs toward a new amorphous state corresponding
to the minimum in which the system is stuck, which is now an equilibrium ideal glass state. This RFOT
(which also goes under the name of “one-step replica symmetry breaking”, see below) is second order
in the usual thermodynamic sense (with no latent heat) but accompanied by a discontinuous jump of
the order parameter as in first-order transitions.

The spherical p-spin model also displays a MCT-like two-step relaxation (as plotted in figure 1.7
(a)) and aging properties akin to what is observed in real structural glasses. [52, 54, 17]

1.1.3.2 Order parameter: overlap matrix

As for the Sherrington-Kirkpatrick Ising spin glass [16, 12, 55, 56, 57, 58], the order parameter Q of
this mean-field glass transition is a complicated object, a (n x n) matrix of overlaps with n — 0, which
measures the average structural similarity between configurations in different minima.

Replica trick

Historically this order parameter comes from the fact that a convenient way to compute the free
energy in models with quenched disorder is to use the replica trick. It allows one to compute the
free energy averaged over disorder, namely F = —B 'logZ, by using the exact equality logZ =



14 Chapter 1. Structural and spin glasses: a perspective

lim,, o [(ﬁ — 1)/n] Hence, by letting n be an integer, the partition function has to be copied n times
before the product of exponential is averaged

Zi— Y T Al (1.16)
{091} oo}

Then n replicas of the system formally identified by indexes (ai,...,a,) appear. Each one is in a
configuration {c%}, and all of them are submitted to the same quenched disorder, leading to the
possibility to integrate Z™ over an unique disorder distribution. This leads to an effective coupling
between replicas and one finally has to perform the usually uncontrolled procedure of letting n go to
zero after a continuation to noninteger values of n in order to obtain the correct averaged free energy
F.

The overlap between two replicas, or configurations, {¢?} and {o’}, shows up naturally in the

calculation of F and provides an order parameter. One can define

N
1
Qab = Nzagaﬁ’, (1.17)
i=1
with Qg = 1 if the two configurations a and b are identical, Q. = —1 if they are anti-correlated, and

Qap = 0 if they are uncorrelated. The self-overlap is Qg = 1 due to the Ising or spherical constraint.

Overlap matrix

Then, one can construct the (n x n) matrix of overlaps Qup and (Q4p) which is the order parame-
ter [16] Physically, the continuous version of the matrix of average overlaps is linked to the probability
distribution of having some overlap g between configurations of the system averaged over the disorder
P(q). Mathematically, P(q) is equal to the fraction of elements (Q,) of the overlap matrix equal to g¢:

P(q) = lim ——— 25 (Qab)) (1.18)

n—0 n
a;éb

If the replicas are all symmetric and (Qqp) = qo for all a and b different, the probability distribution
is just one Dirac-d centered in qo: P(q) = 0(¢ — qo). The overlap matrix is then “replica symmetric”.

Having just one possible value of overlap precludes the existence of more than one state. (A spin
reversed state must also of course exist and the overlap between the two states in then —qg. We consider
here only positive values of the overlap.) If & and 3 are two states, then two configurations {¢% } and
{02} belonging to o are more similar than two configurations {¢%} and {o®} respectively from o and
B. The thermally averaged overlap must therefore take two values: (Qa,q4,) = q1 and (Qap) = qo, With
¢1 > qo- The probability distribution has two d-peaks, P(q) = m16(q¢ — q1) + (1 — m1) d(q — qo) (with
mq the probability of being in the same state), and characterizes a “first step of replica symmetry

breaking” (1-RSB) of the overlap matrix. As n — 0 is necessary to recover the correct physics, one also
takes the limit my; — 0.

The overlap matrix for r steps of replica symmetry breaking can be constructed following the
scheme represented on figure 1.9. For the p-spin model described above, only one step of replica-
symmetry breaking is needed (when p > 3). We will see that for the mean-field Ising spin-glass case
(see section 1.2.3) the phase transition is described in terms of a matrix where the symmetry between
replicas has been fully broken (full-RSB), meaning that the number of steps goes to infinity r — co. [16]

The order parameter, which is zero in the disordered (paramagnetic) phase and nonzero in the
ordered (spin-glass) phase, is a single parameter, say qp, akin to the Edwards-Anderson [59] parameter

¢4 = N1 Zf\; 1 <JZ‘>2, when the system remains replica symmetric but becomes a full function in the
full-RSB case [12].
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Figure 1.9: Construction of the overlap matrix for r = 1 and r = 2 steps of replica symmetry breaking, with
n>mjp > mg > ... > My > 0. One can iterate it r times to reach any step r of replica symmetry breaking.
When r = oo, the full Parisi replica symmetry breaking overlap matrix, order parameter of the Ising spin glass
transition in the mean-field theory, is obtained. On the diagonal, the elements are Q,q = 1.

1.1.3.3 Glass-forming liquids in infinite spatial dimension

The RFOT scenario occurring in mean-field p-spin and Potts-glass models has also been found in several
liquid models when treated within mean-field-like approximations. [47, 60, 61, 62] More importantly,
the RFOT scenario has recently been shown to occur exactly for the glass formation and the glass phase
of liquids in infinite spatial dimensions [21, 22, 63, 64]: this definitely confirms the RFOT 2-temperature
scenario as the mean-field theory of glass-forming liquids.

Some tools from spin-glass theory [6], such as the replica method and generating functional ap-
proaches, have been developed to study the mean-field version of supercooled liquids models. [65, 66, 17]
This requires to work with the density functional F[{p(r)}] which is written as an integral over the
volume of the system of functions of the whole density field p(r). It contains all information on the
positions of the particles in the system, but is potentially highly complex. The configurational space
has 3N dimensions, with N the number of particles (atoms), which makes any free-energy landscape
hard to visualize. On figure 2 we pictured an overly schematic view of F[{p(r)}] as a function of p(r).

1.1.3.4 Franz-Parisi potential

However, instead of working with the free-energy functional, one can construct a reduced free energy
which already contains interesting information. In the context of the mean-field theory of glasses, the
order parameter of the glass transition is the overlap of a configuration a with a reference configuration
r. ' The probability distribution function of the overlap between a and r is naturally associated to
a large deviation function, the Franz-Parisi potential V(q) [67]. It measures the free-energy cost to
maintain a configuration with a fixed average overlap ¢ with a reference one r and is illustrated in
figure 1.10. (Note that figure 1.10 corresponds to a mean-field description in which the potential is
nonconvex. )

The knowledge of which minima are likely to be visited by the system among the exponentially
large number of potential ones (below some temperature) is reduced to the knowledge of the minima

I This description has transformed the self-induced disorder of supercooled liquids into a quenched one, represented by
the fixed reference configuration.
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of V(q).

When T' > Ty, V(q) has a unique minimum and the corresponding phase is symmetric, with an
order parameter ¢®4 = 0. At T = T, V(q) develops a spinodal at some positive value of g. When
T < Ty, V(q) has a secondary minimum. The equilibrium order parameter is always ¢4 = 0 as all the
available configurations are statistically equally accessible. At T' = Tk the secondary local minimum
of V(q) becomes stable and the order parameter jumps discontinuously to ¢%4 # 0.

0.08 T T
0.06 |
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Figure 1.10: Franz-Parisi potential V' (¢) as a function of the average overlap ¢ between a system configuration
and an equilibrium reference one for different temperatures. Reprinted and adapted from [3].

The height difference between the global minimum and the metastable minimum gives access to the
configurational entropy (density) s.(7'). Indeed maintaining the system in the metastable minimum
between Ty and Tk yields an entropic cost of T s.(T") coming from the non-exploration of the other
metastable states. The shape of V' (q) also illustrates the first-order character of the glass transition, as
the order parameter appears discontinuously at T'k.
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Figure 1.11: Phase diagram in temperature-coupling phase space, separating a high-temperature low-overlap
phase from a low-temperature high-overlap phase for the mean-field p-spin model with p = 4. There are three
curves, the rightmost is the spinodal of the metastable state which touches ¢ = 0 at Ty; the middle one is the
first-order transition line reaching ¢ = 0 at Tx > 0; the leftmost is the spinodal of the ¢ ~ 0 minimum. The
three curves match at a terminal critical point. Reprinted from [68].

From the shape of V(q), one also concludes that a first-order transition from low- to high-overlap
phases must exist when an external field ¢ linearly coupled to the overlap is turned on between T,; and
Tk . [68, 69] Such a line of transitions is potentially interesting because they occur at higher temperatures
than that at Tk in € = 0 and could therefore be easier to detect. The free energy F'(¢) of the system
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is obtained via a Legendre transform

OF (¢)

1.1

V(q) = F(e) +qe with ¢=-—

and corresponds to a tilted V(q). If ¢ > 0, the high-¢ minimum of V'(g) is favored and will appear upon
lowering the temperature at T;(e) > Ty(0) = Ty. The first-order transition will occur at Ty (g) > Tk,
hence creating a line between low- and high-q phases in the T-¢ plane. The line of first-order transition
ends in a critical point at some value . and T, = Ty (e.) (see figure 1.11).

1.1.4 Beyond the mean-field theory

The question is to know whether the mean-field theory of glasses presented above is the correct effective
theory to describe supercooled liquids in finite dimensions or not, i.e., remains robust to the introduction
of fluctuations. Either the thermodynamic glass transition at Tk > 0 persists or disappears, one has
to find the fluctuation mechanisms responsible for the relaxation of finite-dimensional systems below
T, and above Tk.

1.1.4.1 Phenomenological arguments

Assuming that the mean-field theory of glasses is qualitatively correct in finite-dimensional systems,
the fluctuations can be tentatively accounted for through phenomenological arguments of nucleation
and the “mosaic scenario”. [7]

Nucleation destroys metastable states in finite dimensions
In the above mean-field description the properties of the system were computed as if it was charac-
terized by a collection of metastable states with infinite lifetime.
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Figure 1.12: Free-energy of the Curie-Weiss model as a function of the magnetization m. (a) For three
values of the temperature, T' > T,, T =T, and T < T,.. (b) T < T, for three values of the external
field h > 0, h =0 and h < 0. For h # 0, a metastable state appear in the free-energy.

Metastable states are present within the Ginzburg-Landau description of the fully connected Ising
model (Curie-Weiss model) in an external field, when looking at the free energy as a function of the
magnetization m, near the phase transition, see figure 1.12. Below a certain temperature it presents
two minima with different extensive free energies. The free energy is therefore nonconver. The barrier
between minima is extensive and the system in the thermodynamic limit will remain an infinite time
in the metastable minimum even if it is not the one of lowest free energy.

In a finite-dimensional system, nonuniform configurations are relevant and the free energy does not
retain the nonconvex shape. A fluctuation of the order parameter when the system is in a metastable
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state takes the form of a nucleation bubble. [70, 28] Consider for instance the d-dimensional Ising
model below T, in the presence of an external positive magnetic field h. In this case the stable state
has a positive magnetization and the metastable state of the mean-field description has a negative
magnetization (see figure 1.12 (b)).

AF(R)
o 1
0 0.5 g U R
_ f *

(a) (b) -

Figure 1.13: (a) Nucleation region for the Ising model for A > 0 in 2 dimensions. The two phases of
different magnetization + (stable) and — (metastable) coexist and have respective energy fi and f_;
o is the surface tension. (b) The nucleation bubble of radius Ry relaxes in the outer phase if it is larger
than a critical value R, depending on the different energies, found as the radius where AF' is maximal.

Imagine we insert a bubble of radius R of the stable phase within the metastable phase, as repre-
sented in figure 1.13 (a). It exists a typical radius R, below which the free-energy cost to maintain
the bubble within the metastable phase is positive and the bubble therefore shrinks and disappears.
Above this radius, the nucleation bubble is free-energetically favorable and grows without bound such
that the metastable state disappears. The free-energy cost of the bubble is AF(R) = o R — AfRY,
whose typical shape is plotted in figure 1.13 (b). The first term is the free-energy cost associated with
the creation of an interface, with o the surface tension between the metastable and the stable phases.
The second term is the difference of the bulk free-energy density between the metastable and stable
phases, Af > 0. R, is defined as the location of the maximum of AF(R).
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Figure 1.14: Free-energy of the Curie-Weiss model as a function of the magnetization m for T' < T, and
h < 0. The free energy is nonconvex in mean field (purple line), and performing a Maxwell construction
(red line) allows one to recover the needed convexity property of the free energy for finite-dimensional
Systems.

The above phenomenological approach justifies that the escape of the system from a metastable
state to reach the stable state is described by the nucleation (and further growth) of a droplet: this
leads to activated dynamics. As a result, finite-dimensional systems always present a convex free energy,
which one can approximate from the mean-field result by the Maxwell construction (see figure 1.14).
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This convexity implies that metastability disappears. The system in the thermodynamic limit is either
in the global minimum of the free energy when the latter is unique or in one of the two pure states if
there is a phase transition and a coexistence curve. However, systems smaller than the typical length
scale of the relevant fluctuations will essentially behave as systems “without” fluctuations for which the
mean-field approximation is well suited.

“Mosaic” scenario for glass-forming liquids in finite dimensions

Schematically, the mosaic picture states that a finite-dimensional supercooled liquid in the regime
T < T < Ty is composed of finite domains of linear size £ in different states corresponding to minima
of the complex free-energy landscape, with equal free-energy densities. This requires the existence
of interfaces, whose energetic cost is proportional to a surface tension Y. In supercooled liquids the
interface between different states can be very rough with effective dimension § < d — 1. Thus, a nucleus
of linear size R has an interface free-energy cost of AFj,, = Y RY.

For the Curie-Weiss model the balancing term was the free-energy density difference Af > 0. Here
free-energy densities of all states are the same. However, localizing the system in one state among the
exponentially large number has an entropic cost, the competing term is thus AF,; = T s.(T) R%. The
free energy of a droplet of size R is then

AF(R) = YR’ — Ts.(T)R?. (1.20)

This can be associated to a length scale, the mosaic length, found by setting equation (1.20) to zero:

£ (TZE(TT)))CII“’ (1.21)

The mosaic length captures the emergence of a cooperative behavior. Indeed, it is inversely proportional
to the configurational entropy (density) s.(7'). As the latter decreases with T' below T}, it leads to an
increase of ¢ that finally diverges at Tk as s.(Tx) = 0. (The critical nucleus obtained as the maximum
of AF(R) scales in the same manner.)

It has been argued that the mosaic length scale is directly connected to a “point-to-set” correla-
tion length £prg. [71] This has given support to the mosaic scenario, as the point-to-set length can
be computed in long-range-interaction models (Kac models, see below) [72] and in computer simula-
tions [73, 74, 75]: it gives the spatial extent over which the effect of equilibrium amorphous boundary
condition propagates, see figure 1.15.
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Figure 1.15: Point-to-set length scale from [76].

Starting with an equilibrium configuration of the system, a cavity of radius R is created outside
which the particles are frozen. The particles inside the cavity can rearrange, and the system evolves
with this constraint, the outer particles acting as a pinning field. The point-to-set length scale is defined
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as the minimal cavity radius such that the similarity between the new and the initial configurations
goes to zero at the center. Metastability and a mean-field like description then have some physical
meaning on linear scales smaller than £prg only.

The point-to-set length also yields an upper bound for the relaxation time 7 < e¢hrs/T (c a
constant) [36, 77] which predicts that a diverging relaxation time implies a diverging length scale. The
relaxation time is expected to be given by an Arrhenius-like law, 7 = 19exp [AE(T)/(kpT)], with the
barrier AFE(T) growing with & with another critical exponent 1),

AE(T) ~ Ao €Y. (1.22)

Replacing the T-dependent barrier AE(T') by its expression in equation (1.22) and the configurational
entropy (density) by s, S (T — Tk), one obtains a relaxation time 7 which would diverge at Tk as
—1K

Y(T) \a
T~ exp [(T_(T)K) . ‘9] . (1.23)
The above expression of 7 is similar to the phenomenological VFT law given in equation (1.1) when
Ty ~ T}, and is equal to it when 6 = d/2 and ¢ = 0 as argued in [7].

1.1.4.2 Fluctuations beyond mean field: a review of past and ongoing work

One would like to study through first-principle methods the influence of spatial fluctuations in finite
dimensions on the mean-field description of the glass transition. For instance, one knows that by
definition (a Legendre transform) the equilibrium free energy of the finite-dimensional system has to be
convex. One would thus like to find statistically relevant fluctuation mechanisms by which metastability
and nonconvexity of the free energy that are central in the mean-field treatment disappear in finite
dimensions.

Yet, at the mean-field level, the nature of metastability and of the metastable states of the density
functional F[{p(x)}] is quite elusive [71, 78, 79] and the effective or coarse-grained landscape of minima
and saddle-points is expected to be very complex, with a number of minima that is exponentially
large in the system size. Finding the mechanism by which fluctuations alter this mean-field free-energy
landscape, e.g., via some form of nucleation events, is therefore a very challenging task.

Several steps have been recently achieved in investigating the role of fluctuations beyond the mean-
field theory of glasses:

- “Instanton” calculations have been performed on the effective Franz-Parisi potential of the repli-
cated theory and give an estimation of the surface tension of some droplet. [80, 78, 79]

- Kac models have been studied: these models have long-range interactions and, depending on the
order in which one takes the thermodynamic limit and the limit where the range of interactions goes
to infinity, they are exactly described either by the conventional mean-field results (where the free
energy can be nonconvex) or by an improved version in which nonuniform configurations are allowed
and convexity of the free energy is recovered. Kac models have been used to provide an analytic
determination of the mosaic length scale [72]. Instanton calculations also allowed the determination of
a “glassy coherent length” [78], argued to lead to a relaxation time [81] that would be in agreement
with the phenomenological mosaic scenario.

- Real-space Migdal-Kadanoff renormalization group methods applied on spin-glass models supposed
to be in the same universality class as finite-dimensional structural glasses (which is exact in d = o0)
have found that in large but finite dimensions the glass transition could be controlled by a nontrivial
zero-temperature fixed point. [82, 83]
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- The dynamics of the finite-dimensional glass-formers near Ty, known to be a dynamical crossover
(from experiments), has been thoroughly investigated. Using MCT equations that can be written
to study the dynamics of glass-forming models near T, [84, 85|, analytical computations of the ef-
fect of long-range fluctuations (added perturbatively) on this dynamical transition have been per-
formed. [86, 87, 88, 89] This yields an avoided dynamical transition in finite-dimensional systems.
Dynamical heterogeneities and activated dynamics then also naturally emerge.

- A mapping of supercooled liquids in finite dimensions onto Ising-like systems with disorder is also
suggested.

It has been shown that the critical fluctuations of the overlap close to the dynamical transition are
in the same universality class as the spinodal point of the random-field Ising model (RFIM) 2. [95] If
one thinks of the liquid below Ty as formed of finite-size domains in which a local Franz-Parisi potential
can be defined, the local (domain) configurational entropy would play the role of an applied random
field and the local (domain) overlap that of the local magnetization. [95, 96]

Then, when an external field ¢ is applied, glassy systems presenting a RFOT in mean-field develop
a first-order transition line in the 7' — ¢ plane (see section 1.1.3.4). Such line has been detected in
computer simulation of finite-dimensional systems. [97, 98, 99, 100] Studies have predicted that its
terminal critical point (in 7, £, > 0) is in the universality class of the RFIM. [101, 102] A glass
transition line can also be obtained in the T" — ¢ plane when “pinning” a certain fraction c of particles
in the system. It is predicted on the basis of mean-field glassy models [103] and claimed to be observed
in simulations of finite-dimensional liquid models [104]. It was established [105] that fluctuations close
to the critical endpoint can also be mapped onto the RFIM, in agreement with other results. [103, 106]

Additional suggestions of mapping of supercooled liquids in finite dimensions onto Ising-like systems
with disorder has also appeared in various numerical computer simulations [107, 98, 99, 100]. The same
conclusion has been obtained in computer simulations of finite-dimensional glassy plaquette models in
an external field [108, 109].

- Another mapping has been proposed in [110] where it is argued that the effective theory for the
glass transition is in the universality class of an Ising spin glass in a field. This would invalidate the
possibility of a nonzero temperature glass transition in finite-dimensional systems, similarly to the
absence of a de Almeida-Thouless line for Ising spin glasses in finite dimensions argued by the authors
(see also section 1.2.3). A real-space RG treatment has been performed in support of this idea. [111]

1.1.5 A diversity of theoretical approaches

Explaining the glass transition and the slowing down of relaxation that leads to it remain an open
and controversial issue. The established existence of a mean-field theory does not preclude alternative
theories focusing directly on 3-dimensional glass-forming systems with no reference to this mean-field
scenario. As stressed above, spatial fluctuations can be for glass formation in d = 3 and one may as well
try to postulate the nature and the effect of these fluctuations based on physical intuition. Among the
many attempts, one could notice those based on the existence of some locally-preferred order and its

2The RFIM is a paradigmatic model showing a competition between ferromagnetic interactions and quenched dis-
order. [90, 91, 92, 93, 94]. Its Hamiltonian (in its simplest form) is like the simple Ising one, but with random fields
h; (following some probability distribution that can be Gaussian) applied on each sites ¢ of the lattice: H[{o;}] =
—J > i) Oi05 — SN, hioi, where o7 = +1 are Ising spins, and }; ;s is over nearest neighbors. From the mean-field
infinite-range treatment, if disorder strength h? is too strong compared to the ferromagnetic coupling, the system is para-
magnetic at all temperatures. If it is smaller than some critical value, the system can present a phase transition at some
temperature between a high-temperature paramagnetic phase and a low-temperature ferromagnetic one. This mean-field
description is qualitatively correct above the upper critical dimension which is d,, = 6 [90].
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possible frustration at large distance [8, 112] or, in a quite well different vein, those relying on a purely
dynamical description in terms of mobility defects and dynamical facilitation [113]. In the following,
we will only discuss the latter because we will come back to it again in chapter 4.

1.1.5.1 Dynamic facilitation

In the Dynamical Facilitation Theory (DFT) [11], it is postulated that the physics of glass-forming
liquids can be understood purely at the dynamical level, with no need for any thermodynamic or
landscape description.

Dynamic facilitation is the fact that a mobile region, called mobility defect, prompts the mobility
of others nearby regions, generating highly rearranging domains and dynamical heterogeneities. [113]
The rest of the system is essentially frozen. Hence relaxation comes with cooperative moves in real
space, which become harder and harder the more the temperature decreases. Therefore glassiness is
the consequence of effective dynamical constraints in the motion of particles when the temperature is
lowered, irrespective of the thermodynamics of the system. [114]

Kinetically constrained models

DFT is realized in simple models with trivial thermodynamics but with dynamical rules enforcing
kinetic constraints. Examples are the Fredrickson-Andersen model [115] and the East model [116].

The Fredrickson-Andersen model is a lattice-gas model of particles that can be either mobile n; = 1
or immobile n; = 0. Its Hamiltonian is given by:

N
H({n;}) = Jzn, (1.24)

The constant J is the energy scale arising from the production of a mobility defect n; = 1 on site i.
The thermodynamics of the model is therefore trivial and has no singularity at nonzero temperature.
The dynamics however is nontrivial due to the introduction of a kinetic constraint: a variable is allowed
to change state at a given site if and only if a minimum number of its nearest neighbors are empty.
On can also define models with some asymmetry in the dynamical constraint, as the East model [11].
The relaxation time is generally found to diverge at zero temperature only, either in an Arrhenius-type
of behavior for “noncooperative” models or in a super-Arrhenius way for “cooperative” models [11].
Dynamical facilitation and properly chosen KCM’s are able to reproduce the salient features of the
dynamics of supercooled liquids [117]. However, there remains some arbitrariness in the choice of the
proper KCM and an instability to describe thermodynamical features of real glass-formers such as the
rapid decrease of the entropy.

Plaquette spin models

In these lattice spin models the local interactions involve spins belonging to plaquettes. Different
plaquette models have been studied in the literature, which are characterized by the number p of spins
around an elementary plaquette, the number ¢ of plaquettes attached to a given site, and more generally
by the lattice type. When p = ¢, their dynamics on Euclidean lattices can be fully described by localized
defects and the dynamic-facilitation theory. [118, 119, 114, 27]

For example the Hamiltonian of the square-plaquette model on a square lattice (¢ = p = 4) is given
by

H({oi}] = =T 01020304, (1.25)
n

where p labels the square plaquettes, o,; = %1 the four Ising spins composing p, and J > 0 is the
energy coupling strength. If the spin variables are changed into plaquettes variables 0,10,20,30,4 —
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Sy, the above Hamiltonian becomes that of a noninteracting model of variables S, = £1 and its
thermodynamics is therefore trivial. Its dynamics however is not simple, as a simple spin flip changes
the state of all the plaquettes to which it belongs to. It has been shown that the dynamics of this model
can be studied by looking at the —1 plaquettes only, which play the role of mobility defects as they
favor the —1 transformation of the surrounding plaquettes variables, and can be described as resulting
from effective kinetic constraints. These models are thus akin to KCM’s. [114].

When the number of spins per plaquette is even, such as the square-plaquette model or the cubic
plaquette model on a cubic lattice (¢ = p = 8), the model is characterized by a relaxation time that
follows an Arrhenius law, like strong glass formers. [120, 121, 27, 122, 123]

Models with an odd number of spins per plaquette have also been studied on 2-dimensional and
3-dimensional Euclidean lattices. In the triangular-plaquette model, the ferromagnetic interactions
involve the 3 spins of each upward-pointing triangle in a triangular lattice (¢ = p = 3) and in the square-
pyramid model they involve the 5 spins of each upward-pointing square-based pyramid on a body-
centered cubic lattice (¢ = p = 5). They represent “fragile” glass-formers, for which the relaxation time
7 grows with decreasing temperature T in a super-Arrhenius manner with log 7 oc 1/T2. [119, 114, 27]
These models have been extensively investigated in relation to the theory of glass formation, more
specifically for their connection to simple glass-forming models with kinetic constraints, see [27] for a
review.

The main advantage of these models is their dual nature: they appear as KCM’s and good models
for the DFT at the defect (plaquette) level (when ¢ = p), yet represent bona fide models with nontrivial
thermodynamics and local, unconstrained, dynamics at the spin level. In consequence they provide a
framework to understand the possible connection between theories of the glass transition, based whether
on a nontrivial dynamics (DFT) or on a nontrivial thermodynamics (mean-field theory of glasses). We
will consider them in chapter 4.

1.2 Spin glasses

1.2.1 Phenomenology

The magnetic moments that compose spin glass materials are submitted to random ferromagnetic and
antiferromagnetic interactions due to frozen-in structural disorder in the system. Indeed, the scattering
of the conduction electrons leads to indirect interactions between spins that oscillate strongly with the
distance. Therefore, as distance between spins is random, some interactions will be positive, favoring
ferromagnetic alignment, others will be negative, favoring anti-ferromagnetic alignment. The spins
are in the impossibility to find an alignment that satisfies all the interactions: this phenomenon is
called frustration [124] (see figure 1 were it is sketched for four Ising spins). As a consequence and as
represented on figure 1.16, no conventional long range order can be established, with all spins pointing
in the same direction (ferromagnetic order), or in alternate directions (antiferromagnetic order).

Nevertheless, at some critical temperature T, the system presents a second-order phase transi-
tion [126] toward a phase with a new kind of order: with spins &; pointing in random but well defined
directions, such that the magnetization is zero N~! Zfi L (Gi) =0but N7t Zf\i L (@)? is different from
zero, where the brackets denote a thermal average. This phase has been called the spin-glass phase,
and its nature is still not understood (see below). Experimentally and from computer simulations one
can approach the critical point from the high temperature side only, as the relaxation time is infinite
in the spin-glass phase. The system then falls out of equilibrium and displays aging behavior. [127]
It seems that the combination of randomness and frustration is the source of this new kind of phase
transition.
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Figure 1.16: Pictorial comparison between different orders on a two-dimensional discrete lattice: (a) spin glass,
(b) ferromagnetic and (c) antiferromagnetic. Reprinted from [125].

1.2.2 Edwards-Anderson model

The first effective model of spin glasses was introduced by Edwards and Anderson (EA) in [59]. They
proposed the following effective spin-glass Hamiltonian, in the case of Ising spins o; = £1,

H= —ij‘jUin —hZUl‘, (1.26)
(i,3) i

where the sum (i, j) runs over all distinct nearest neighbors sites of a lattice of N sites, and h is an
external magnetic field that will often be set to zero in the following. The .J;; are finite-range random
interactions that can be ferromagnetic or antiferromagnetic and mimic the oscillating interactions of
experimental spin glasses. They follow some probability distribution P(J;;), that can be chosen as
Gaussian with zero mean, J = 0, where the overline denotes an average over the quenched disorder.
The different observables are computed for fixed configurations of the quenched disorder, over which
an average is finally performed.

Edwards and Anderson argued that this model should present a spin-glass phase transition at a
critical temperature 7., with a paramagnetic high-temperature phase and a spin-glass low-temperature
phase. The order parameter of this transition, since called Edwards-Anderson parameter (see also
section 1.1.3.1), is the “overlap” between spin configurations averaged over disorder,

ga 1 2
= — (o4)°, (1.27)
S P

where (.) is a thermal average for a fixed configuration of the disorder. ¢4 is zero above T, and grows
continuously for 7' < T, showing that the transition is second order.

The phase transition in the EA Ising spin glass was put in evidence in computer simulations in
dimension d = 3 in [128, 129] and with renormalization calculations in [130]. It is also now confirmed
by large scale computer simulations. [131, 132] Several studies [133, 134, 135, 136, 137] have been
devoted to the determination of the lower critical dimension d;, defined as the dimension at which the
transition disappears. They agree on a value of the lower critical dimension between 2 and 3 (possibly
dl >~ 25)

1.2.3 Mean-field theory

Sherrington and Kirkpatrick (SK) studied the Hamiltonian (1.26) in the fully-connected version where
the J;; are of infinite range, [15] showing the existence of a mean-field spin-glass transition at a tem-
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perature T, from a paramagnetic phase to a mean-field spin-glass phase. See [5, 138] for reviews where
the mean-field theory of spin glasses is developed.

The free energy (averaged over the quenched disorder) of the system, FF = —37llog Z, can be
formally computed by use of the replica trick (see section 1.1.3.2). This generates n replicas of the
system with a n — 0 limit to evaluate in order to recover the initial physical situation. One can rewrite
the partition function in terms of an overlap between replicas a and b, Qup = N~* Zfi 1 Jfaf (i is the
lattice position). The Edwards-Anderson parameter is directly linked to this quantity as

¢"4 = lim _ > (Qav) - (1.28)

The high-T and low-T phases are studied by finding the singularities of the free energy in the framework
of the replica method. Sherrington and Kirkpatrick considered a replica symmetric (RS) solution with
Qap = Q when a # b. The EA parameter in this case is just ¢“4 = (Q). Under this hypothesis, they
found two solutions: ¢®4 = 0, supposed to correspond to the high-temperature phase, and ¢®4 # 0,
supposed to describe the low-temperature (spin-glass) phase. They also computed the critical exponents
of this second-order transition. This yielded the upper critical dimension as the dimension for which
the scaling relation 23 + v = d,v is verified for the mean-field critical exponents, hence d,, = 6 for the
spin-glass universality class. °

The stability of a phase is determined by computing the curvature(s) (called “masses” in field

theory) at the corresponding extremum of free energy. If there are many directions, as in the case
n(n;l) % n(n271)
second derivatives of the free energy (called Hessian matrix) with respect to the fields 6Qp0Qcq (With

a < b, ¢ < d). Its eigenvalues give access to the stability of the solution along the corresponding
eigendirection. A positive eigenvalue corresponds to a stable eigendirection, along which if the system

matrix of

of a replicated theory, the curvatures in all directions are obtained from a

is perturbed it will end in the same state; the contrary happens for a negative eigenvalue, and any
fluctuation occurring in the corresponding eigendirection will make the system escape from its state. A
zero eigenvalue is related to a eigendirection said “marginal”, and generically one has to compute the
third order derivative of the free energy evaluated at the extremum to determine the stability.

The first solution, ¢#4 = 0, yields a diagonal Hessian matrix. Its eigenvalues \; are all degenerate
and are given by, when n = 0,
T-T,

A =2
1 T

(1.29)

The paramagnetic state, ¢4 = 0, is stable for temperatures T > T, as A\; > 0. The properties
of the high-temperature phase are therefore well described by a replica symmetric order parameter.
As expected in phase transitions, this phase becomes marginally stable at T = T, (A; = 0) and is
completely unstable for T' < T, (A1 < 0). To correct this the system usually has to break a symmetry,
acquiring a nonzero order parameter so that the eigenvalues become non-negative.

Such a symmetry breaking corresponds to the other, nontrivial, solution with ¢4 # 0. It should
describe the low-temperature phase. It is usually expected to be stable for T' < T.. This yields a
symmetric stability matrix that can be diagonalized [140]: it has three distinct n-dependent eigenvalues,
two of them being degenerate when n = 0. The related three eigendirections and their respective n-
dimensions are the replicon “R” (@), the anomalous “A” (n — 1) and longitudinal “L” (1) ones.

3For the mean-field spin-glass transition they are given by 8 =1,y =1 and v = 1/2 hence d,, = 6. [139)
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When n = 0, the eigenvalues are given by (A and L are degenerate)

T.—T
T. '’

4 (T.—T\>
AR=—= .
B=73 < T, >
One immediately sees for T < T, that this solution, ¢®4 # 0, is stable along the anomalous and
longitudinal eigendirections (A4 > 0), but unstable along the replicon one (Ag < 0). The replica-

AL =2
(1.30)

symmetric solution cannot therefore be the right description of the low-temperature phase for T' < 7.

The correct description of the mean-field Sherrington-Kirkpatrick model for the low-temperature
phase was obtained by Parisi [16, 12, 55, 56, 57, 58]. It involves an additional symmetry breaking,
namely the breaking of the replica symmetry when computing the relevant saddle-point in the mean-
field treatment. The replica symmetry is continuously broken and involves an infinite number of stages
(r — oo in section 1.1.3.2) that leads to an overlap order parameter which is now a whole function.
The physical interpretation of this solution is that the low-temperature phase is characterized by an
infinite number of pure states (which generalizes the two pure states found in a simple ferromagnetic
model) with an ultrametric organization [23]. By studying the stability of this solution, it has been
shown that it is stable, albeit marginally stable, in all directions. [141]

1.2.4 Beyond the mean-field theory

For spin glasses, it has been shown that the mean-field approximation is quantitatively correct in
infinite-dimensions. [18, 19, 20] Fluctuations of field, that are by definition absent in mean field, are
present in finite dimensions and may modify the scenario for finite-dimensional systems. In the case of
spin glasses, is the nature of the low-temperature phase the same as predicted in the mean field, as it
occurs in the Ising model, for example? The situation is not clear and is still today not settled. One
should however distinguish what happens for the (critical) transition itself and for the low-temperature
spin-glass phase.

For the former, the conventional scenario appears to apply: the spatial fluctuations present in finite-
dimensional systems modify the mean-field critical exponents only below an upper-critical dimension
d, = 6 and do not change the qualitative features of the critical point and of the associated scaling
behavior above a lower critical dimension d; between 2 and 3. The critical exponents have been
computed in a perturbative renormalization group treatment in d =6 — ¢, £ > 0. [139]

Quite different is the issue of the nature of the low-temperature phase. As it has been briefly
discussed above, the mean-field theory predicts an intricate spin-glass ordered phase characterized by
an infinite number of pure states and obtained through a spontaneous breaking of the replica symmetry
when n — 0. How fluctuations alter this phase is still contentious as no successful renormalization group
treatment has been developed, at least below the putative upper critical dimension d,, = 6 [141].

An alternative theoretical framework formulated directly in low dimensions focuses on fluctuations
associated with low-energy “droplet” excitations and predicts a low-temperature phase with only a
finite number of pure states (see below).

1.2.5 Droplet theory

A quite different theoretical approach is the droplet theory, independently developed by Bray and
Moore [13, 142, 143] and Fisher and Huse [14, 144, 145]. This approach directly focuses on the spin-
glass phase in finite dimensions and on the role of spatial fluctuations. The number of pure states is
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assumed to be finite, essentially two as in ferromagnets, and the criticality of the low-temperature phase
is explained by the presence of large-scale excitations described as droplets. This approach is motivated
by real-space renormalization studies on “domain walls” [146, 134, 130]. These studies predict that the
lower-critical dimension for the existence of the spin-glass phase is between 2 and 3: 2 < d; < 3.

A key difference in the predictions of the mean-field and droplet theories is that in the presence of
a uniform (or random) applied field, there is no transition in the droplet theory whereas there is still a
finite-temperature transition with replica-symmetry breaking in the mean-field description.
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2.1 Method of instantons

In classical statistical mechanics, the partition function is the quantity one needs to compute in order
to extract the thermodynamic characteristics of a system at equilibrium. It is given by the expression

Z(B) =Y e AU, (2.1)
(v}

where 8 = 1/(kgT), {0} represents all the possible configurations of the system and H({c}) is the
Hamiltonian. Using Feynman path integral formalism and taking the continuum limit, one can go from
classical statistical mechanics to statistical field theory. The field ¢(x) is a function of space. The
partition function is rewritten under the form of an integral over all the paths ¢(x),

Z(B) = /Dgoe—ﬁHM. (2.2)
There are situations, e.g. when 8 — oo (or T'— 0) or in the mean-field limit, where one is interested

in the configurations or paths that minimize the energy,

dH [y ‘
dp(x) lp(@)=pu(x)

=0. (2.3)

These minimum energy configurations, also called classical solutions in a more general setting, can be
uniform (this is what gives the conventional mean-field description) or not. An instanton is a localized
solution whose energy or action H[p,] is finite (and nonzero). [147, 148, 149] In the above, we have
considered the partition function appropriate for an equilibrium state in classical physics but the whole
formalism can be generalized to describe space-time behavior either in quantum-field theory or for the
dynamics of classical systems. In chapter 5 of this manuscript, we will consider the dynamics of a
system of particles in the low temperature limit 7" — 0, and make use of the instanton formalism:
having a finite action, instantons indeed provide the dominant contribution to describe the dynamics
in this limit.



30 Chapter 2. Theoretical tools

Let us illustrate here the instanton method for the simple case of the equilibrium behavior of a
one-dimensional scalar-field theory, with potential V(¢(z)) and the lowest order gradient term. [148]
The Hamiltonian (or action in field theory) in this case reads:

c
1ol = [ {5 @0t + Viet} | (2.9
x
where ¢ > 0 is a parameter. We are looking for solutions of equation (2.3), which here becomes:

Ppu(x) OV (p(x))
2 do(x)

=0. (2.5)

Px

By making the formal replacements (z — t; ¢x(z) — X (t)) this equation corresponds to Newton’s
i 2

equation for a particle at position in time X () with kinetic energy § <X (t)) into the reversed potential

—V(X(t)), see figure 2.1 (a). For example, for a double-well potential V (o(z)) = § (¢(z)? — @%)2 (then

it corresponds to the ¢* theory), with 7 > 0 and ¢y > 0, a uniform solution of (2.5) is given by ¢, = +q

and a localized solution of (2.5) is simply:

o«(x) = Lo tanh(z /o), (2.6)

where 0 = /2¢/r is the width of the instanton (not to be confused with o of equation (2.1)). The
boundary conditions of the solution also minimize the energy: ¢,(z — —00) = Fpp and @, (x — +00) =
+¢p. The resulting “instanton” ¢,(z) = ¢o tanh(xz/o) (the “kink”) is represented on figure 2.1 (b) for

wo =1 and o = 0.3; its * — —x reverse, p,(x) = —pp tanh(z/0), is the “anti-kink”.
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Figure 2.1: One-dimensional ¢* theory. (a) Reversed potential —V (¢) for the 1d ¢* theory. The instantonic
trajectory (b) corresponds with formal replacements (x — t; ¢, (z) — X (¢)) to a particle X (¢) living in —V (X (¢))
and going from position —pg at ¢ = —00 to +¢g at t = 4o00. (b) Instanton: ¢, (z) = ¢ tanh(x/o) for ¢y =1
and o = 0.3.

Originally, the method of instantons was developed in order to compute passage probabilities of
tunneling in quantum mechanics, see [148]. Indeed, exp(—35Sy), with S, the “action” of an instanton, is
the probability of tunneling from —¢g to g in the potential +V[p]. In the classical mechanics case, this
corresponds to a particle climbing an energy barrier S,. The action corresponding to the instantonic
solution can be rewritten as .

So= [ de V(o)) (27)
—%o
and is a finite quantity (even in the thermodynamic limit).

One can easily prove that instantons are very localized and rare objects [148]. Therefore on an

interval on length L, or of duration 7, a typical configuration of the system at low temperature will be
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composed by a succession of 2n kink and anti-kink instantonic events (like the kink shown in figure 2.1
(b)) centered on positions 1,2, - , T2y, as shown schematically for n = 2 on figure 2.2. Here we
consider periodic boundary conditions hence the number of instantons must be even.

1.5
1.0
Z 00
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-1.0

-1.5
=20 -10 0 10 20

Figure 2.2: One-dimensional ¢? theory. A possible configuration ¢.(x) for a linear system of size L = 40 with
periodic boundary conditions composed by 2 instantons/anti-instantons (like the one of figure 2.1 (b)) centered
in positions x1,xo, T3, 4.

The partition function of the system can then be obtained by adding to the contribution of the
uniform solutions ¢ = +¢q all the possible configurations of 2n instantons that can occur on a segment
of size L, as the one represented in figure 2.2 for n = 2. One has to take into account that the positions
x; can be wherever on the interval [—L/2;+L/2], which gives an entropic factor. In addition, as each
instanton costs an energy Sy, and that uniform profiles ¢y do not cost energy, the total energetic cost
of a configuration with 2n instantons is simply given by 2n.S,. One then has to sum over all possible
positions x;’s to obtain Z(3). In particular, when o = 0, the instantonic trajectories becomes sharp
jumps of zero width. In this case the entropic factor is simplified, and is given by:

L/2 L/2 L/2 L2n
dl‘l / dxg s / d.’BQn = . 2.8
/—L/2 z1 Tp—1 (2n)' ( )

One obtains Z(f) by summing over all possible configurations going from +¢g (or —pp) in —L/2 to
+¢o (or —pp) in +L/2, which corresponds to summing over all integers n:

25 =3 e I (2.9)
vt (2n)!” '

The case of nonzero width o is done in chapter 3. In addition, one can also include the fact that
the real trajectories occurring in a system at low temperature can be slightly modified with respect
to the instantonic trajectories which are exactly valid at T" = 0. This results in the introduction in
the expression of Z(f3) of a term accounting for the fluctuations of shape, determined by evaluating a

Gaussian integral over the second order field derivative 0 H[p(z)]/(0p(z")dp(y')) o’ This involves

*

the computation of the determinant of the operator —92 + V"[¢]. [148, 149]

2.2 Renormalization group

Phase transitions are ubiquitous in physics. This generic term encodes the fact that a system drastically
changes its properties under the variation of some external parameter, for example the temperature
T. When it crosses a critical value T, particular of the system, the phase transition occurs. This is
generally captured by an adequate order parameter, which passes from zero to a nonzero value at the
transition.
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The most common phases transitions are separated in two classes.

On the one hand, first-order phase transitions, which are characterized by a discontinuous emergence
of a nonzero order parameter, resulting in the existence of a latent heat (related to the height of the
“jump”). The correlation length ¢ remains finite in the whole temperature range.

On the other hand, second-order phase transitions, for which the emergence of a nonzero order
parameter is continuous, which results in the absence of latent heat. The correlation length diverges at
the transition, basically meaning that all the degrees of freedom are correlated. The system then shows
scale invariance. The key consequence of this scale invariance is that the thermodynamic parameters
can be expressed as scaling laws of the distance to the critical external parameter, involving critical
exponents. For example, for a temperature T' larger than but close to the critical one, the correlation
length behaves like

E~ (T —T.)" (2.10)

and diverges when T — T, with a critical exponent v. These exponents are part of the more general
category of “universal quantities”, which are independent on the microscopic details of the systems.
They are identical for systems belonging to the same universality class which is characterized for instance
by the type of symmetry that is broken at the transition. On the contrary, non-universal quantities
depend on the particular system under study: it is the case for the value of the critical temperature,
for example.

In this thesis we will be concerned by different universality classes: The chapter 3 deals with the
Ising model universality class in which the low temperature phase breaks the two-state Zo symmetry.
The chapter 4 is concerned by both the pure and the random-field Ising model universality classes. The
chapter 6 treats of the Ising spin-glass universality class.

A key theoretical framework to compute universal and non-universal quantities characterizing phase
transitions, and more specifically critical points at which scale invariance arises, is the renormalization
group (RG) [24]. Although a large body of RG studies have used perturbation expansions (£ expansion
with e the distance to the upper critical dimension, expansion in the coupling constants, etc.) we will
be concerned by nonperturbative implementations of the RG.

2.2.1 Real-space renormalization group

The simplest (and usually crudest) way of implementing a nonperturbative renormalization group is
the Migdal-Kadanoff procedure [150, 151, 152, 153] that relies on a renormalization of the partition
function in real space.

As mentioned above, in the vicinity of second-order phase transitions, it is expected that for the
long-distance physics and for universal quantities, the details of what happens at short-length scales do
not matter. Therefore, one is aiming at a coarse-graining process that averages the fluctuations which
are irrelevant for the physics at large scales and gives access to the long-distance physics.

Consider for instance the Ising model on a triangular lattice in dimension two. To obtain information
on thermodynamic quantities, on has to sum over the spin degrees of freedom to obtain the partition

7 Z BTG ) 5iS; (2.11)

{s:}
with (7, j) the sum over nearest neighbors sites, the lattice containing N sites. Instead of doing the sum
in one breath, the idea behind the RG procedure is to sum recursively on degrees of freedom contained

function

in some groups, or blocks, of spins whose shape depends on the geometry of the initial system. Here,
these blocks can be chosen to triangular plaquettes, see figure 2.3. On one block A is defined a new
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Figure 2.3: Triangular lattice with Ising spins S; on the vertices, i = 1, ..., N. Block-spins SA (A=1,J,K) are
defined following (2.12) on triangular plaquettes A, where Sf are the three spins of A, j = 1,2,3. Reprinted
from [26].

spin, called block-spin S'A, which is defined according to some rule: for example, one can choose a
“majority rule”,
5S4 = sign(S{t + 55" + S5 (2.12)

One then sums over all the initial degrees of freedom SZA yielding this block-spin, making some coarse
graining that brings a new effective interaction between the S4%s. In the thermodynamic limit the
number of sites NV — oo, hence the number of degrees of freedom is let unchanged by the above coarse
graining. A difference exists, however, in the effective lattice spacing between block-spins, which is now
> a. This introduces the last RG operation, a reduction of the scale of the lattice to recover the initial
lattice spacing. Doing so, the partition function finally obtained is left invariant.

In general, the process generates new interactions between spins that no longer have the same form as
in equation (2.11). To make progress and do actual computations, one must proceed to approximations.
A bold one is to neglect all multi-spin interactions except the pair ones, so that the new Hamiltonian
for block spins has the same form as the original one. Let’s denote by J() the effective pair interaction
existing between block-spins, where the 1 stands for “one” step. The partition function can therefore
be rewritten with S4 transformed in S (i and A both take values between 1 and o) as it is always an
Ising spin,

7= " w55, (2.13)
{8}

The procedure can be repeated with the RG transformations for the couplings, J™t1) = R(J™). At
this stage we remember that at the critical point the system is scale invariant. This implies that the
above decimation at criticality yields invariant coupling constants, J* = R(J*),which correspond to
fixed points of the RG transformation. One can then search for the critical fixed point J* of this real-
space RG procedure and get the critical physics by evaluating Z for this coupling. If one considers a
system close to (but not at) criticality, the RG flow of the coupling will spend a long time in the close
vicinity of the critical fixed point, before finally flowing away from it to reach one of the two trivial
fixed points describing the paramagnetic and ferromagnetic phases.

This real-space RG method is nonperturbative but the approximations that are made are in general
uncontrolled and not easy to improve in a systematic way. In one dimension, one can devise real-space
RG schemes that are exact. This is what we have done in our study detailed in chapter 3.

2.2.2 Nonperturbative RG in momentum space

An alternative implementation of the nonperturbative RG is to work in momentum space instead of
real space. This was originally developed by Wilson [24] and later by others [154, 155, 156]. We will
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present here the nonperturbative RG (NPRG) formalism as formulated by C. Wetterich in terms of the
effective average action [157, 158, 159, 160, 161]; for reviews see [25, 26].

The NPRG is based on the original idea of Wilson which aims to determine effective actions giving
the correct long-distance physics by progressively integrating short-wavelength/high-momentum fluc-
tuations. However, instead of working with the abstract action Sy of the modes which have not been
yet integrated out, one computes the effective action I'y (or Gibbs free-energy functional) of the modes
(K")? > k? that have already been integrated out, with |k| < |k’| < A, and A the ultraviolet cutoff that
is of order of the inverse lattice spacing (or microscopic length scale). This quantity possesses a quite
simple physical interpretation, as will be seen.

The effective average action I'y, verifies the following properties: When |k| = A, no fluctuations have
been integrated out and I'y is the initial (bare) action of the system

'r=285, (2.14)
and when k = 0, all fluctuations are integrated out and I'y, is the Gibbs free energy of the model
Ty=T. (2.15)

The introduction of the scale k permits to interpolate between the microscopic action and the macro-
scopic free energy by introducing a family of effective average actions in between. I'y is a coarse grained
free energy with coarse-graining domains of linear size |k|~!, such that all the fluctuations details within
the domains have been averaged out.

2.2.2.1 Definition of the effective average action

The partition function can be supplemented by a source term, linear in the field,
ZMJ_ /1M%3sM+fom@h@y (2.16)

A thermodynamic potential can be defined as
Wh] = log Z[h], (2.17)

and it is equal to the Helmholtz free energy F up to some —B3~ ! factor. The functional derivative of
W [h] with respect to the source gives the connected correlation functions, in particular the thermal
average of the field density, the magnetization, is

T = (ola)) = o). (2.18)

which is used in a Legendre transform to give another thermodynamic potential, the effective action
T[¢] = —W[h] + /dda; o(x)h(x), (2.19)

where h(z) is obtained by inverting the relation (2.18). In statistical physics, this effective action is the

Gibbs free energy, and
T'[¢]

¢()

which in absence of external field corresponds to extrema of I.

= h(x), (2.20)
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The effective average action I'y is a generalization of the above effective action at the scale k.
Technically, 'y is built by adding a term to the action S which limits the domain of momenta over
which the integration is performed, such that the modes ¢? > k? are averaged and those with ¢* < k?
are not (or weakly) affected. This is the regularization or cutoff term,

1

ASi[p] = 5

/ddq Ri(4%) ¢qp—q (2.21)
where Ry (g?) plays the role of a mass term, freezing “low-momenta” modes. Actually, the latter enter
into the definition of the propagators Pj(q?) o (q2 + Ry, (q2))_1, which are integrated in d dimensions
on the range [0; A]; Ry (¢?) plays the role of an infrared (IR) cutoff as it suppresses the contributions of
the low momenta modes with ¢? < k2. The regulator term satisfies two properties:

o It is of order k? for ¢*> < k2, such that it freezes the contribution of momenta ¢* < k2,

e It vanishes for ¢> > k2, such that the highest momenta are not affected by the presence of the
regulator.

-1
A commonly used regulator function is the exponential one, Rj(¢?) = ¢° (qu/ K _ 1) , which

verifies the above conditions. A sharper one called the Litim regulator [162] is also often used, it is

given by the expression !

Ri(¢?) = (K — O (K — %), (2:22)
and allows for analytic computations of integrals over the propagators.

The action S thus modified gives rise to a Helmholtz free energy with cutoff k&
Wi [h] = log / Dy e~ SE-ASe+ ] dapl@h(@) (2.23)

and the effective average action I'y is obtained through the Legendre transform of Wj[h], but modified
by the subtraction of the cutoff term, i.e.,

Tulo] = ~Wilh) + [ d'a d(a)hu(z) ~ ASilo], (220
with ¢(z) = %, and hy(x) obtained by inverting it. Because of the subtraction of ASi[¢] the
effective average action does not need to be convex, whereas the associated Legendre transform I'y, +AS),
does by definition.

The limit I'g = I" can be recovered from the above equation easily as the cutoff ASy vanishes when
k — 0. The subtraction of ASy ensures that I'y = S is also recovered, without modifying the other
limit. [25]

2.2.2.2 Exact flow equation

An exact equation giving the evolution of the effective average action with the change of the fluctuation
cutoff k can be derived [163, 160, 161]:

0

sl =g { [ @+ miana] " 5L (2.25)

~1
where { Ef) + Ri(q?) 1} has to be understood as an inverse in the operator sense. The second order

functional derivative and the trace term contain absolutely everything on which the theory depends,

In the case where the field is also renormalized, a factor Zj, appears in the expressions of Ry (q2).
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momenta or coordinates and internal indices if they are present:

@ . n_ _ 0Tk[g]
Fk;a,b(Q7 q)= m ) (2.26)

and

T&«:Z/d%:VQZ/(ggd:VQZ/. (2.27)

The integral appearing in this flow equation is over one loop, or one momentum vector, which
simplifies crucially the problem in comparison to the perturbative case in which a term of order n in
perturbation implies to compute an n-loop integral. The presence of Ry (¢?) in the integrand regularizes
the expression in the ultraviolet (UV) and the IR. For ¢* > k2, 9y Ri.(¢%) = 0 and the upper bound in
effectively replaced by k; on the other side, all the modes with ¢? < k2 are given a mass of order k2
which freezes them, and k acts as an IR cutoff that provides from any ¢ — 0 divergence.

In practice, it is convenient to take the regulator derivative at the end, and the flow equation (2.25)
is often expressed as

S14lg) = 28t flos [ 2+ Ru()1]} (2.28)

with the introduction of the operator 51@ = 68%8%,% which acts only on the R dependence of the right

hand side.

The flow equation (2.25) is an exact equation and its solution contains all the properties of the
system. However, despite its apparent simple character, it is in general impossible to solve without
introducing some approximations. Indeed, the functionals I';[¢] and F,(f()z »(@,¢') depend on the complete
profile(s) ¢4(q), and are extremely complicated mathematical 0bjects.7 7

2.2.2.3 Diagrammatic representation

In the case of a theory without internal indices, the equation (2.25) is more explicitly written in
reciprocal space under the form of an integral over ¢

0 1 d%q ORy(¢?)
R Hel =3 / 2m)d ok

Priq.—ql9] (2.29)

where Py, _4[¢] is the propagator, which depends on the field configuration, defined as
-1
Prig,—ql¢] = {( 2+ Ri(q) 1) ] : (2.30)
q,—q

This equation, and its higher fields derivatives, can be rewritten under the form of Feynman diagram(s)
The graphical representation of the above equation (2.29) is

q

—-q

2
where the cross corresponds to the derivative aRg,(f ) and the simple line is the propagator P, _,. If we

consider a theory with internal indices, again, these indices have to appear on the diagram.
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q2 a3
a1 44
. . . . 4 :
Figure 2.4: Diagrammatic representation of Fi;;l’q%q&% = m.

The evolution equation of any vertex F,(:) has also a simple diagrammatic representation. The

(n) _ or . . o .
vertex I, = m (n > 3) can be represented diagrammatically, for example it is done in

figure 2.4 for n = 4.

The flow equation for F,(;) [¢] is obtained taking one field derivative of equation (2.29):

0 5Fk[¢] 1~ 3)
%5(25@1) - §ak /qQ " L sna0,05 Dhia,—az - (2.31)

Taking the derivative of the diagram representing %Fk[gé] with respect to ¢(q1) is equivalent to create a
leg to this diagram, carrying a momentum ¢, as shown in figure 2.5. At this stage, one has understood

q2

q3

Figure 2.5: Diagrammatic representation of % gg’(‘(%

that propagators (and indices) appearing inside a loop are integrated (summed), and the ones present
on the external leg(s) are fixed by the field derivative(s).

Similarly, we can take another field derivative of diagram of figure 2.5 to obtain the higher-order
flow equation

0 5°Ti[9]

_ 15 4) (3) (3)
Ok 66(q1)00(qa) iak {/qg}q4 Dianaz.asias Dhimanas — /q&%q&% D hiar,as.00 Thi=a1.05 Liigo 5,06 P’f%—‘(ZG:’B |
2.32

represented on figure 2.6.

2In the diagrams the vectors have been omitted to simplify the notation.
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q3
92 q3 d6

~ { q1 q2

0 0°T'k[9] 1
=50

Ok 6¢(q1)06(q2)

@ q4 44 q5

. . . . 8 _ 5°Tw[¢]
Figure 2.6: Diagrammatic representation of g 58 )5o(a) -

Etc.

2.2.2.4 Approximations and truncations

The main difficulty is to find an approximation scheme for the problem at hand. Different general
schemes have been proposed and we summarize some of them below.

Derivative expansion

In the study of critical phenomena, we are concerned by the long-distance physics. It is there-
fore possible to expand the effective average action in gradients of the field (around a uniform field
configuration). For illustration, the two lowest truncations of the derivative expansion are:

-0(8°) Local potential approzimation (LPA): At the lowest order, the only term kept is the usual
gradient squared

ol = [ e [Uio() + 5 @0t (2.39)

where Ug(¢) is the effective potential, which is equal to the effective average action evaluated for
a uniform field (times the volume of the system). The kinetic term is not renormalized during the
process.

-0(0?):At second order, one has (for a 1-component scalar theory)

Zi(¢(x))

ol = [ e [viot) + 24

<aw¢<x>)2] (2.34)

where one now has a new function Zj(¢) characterizing the renormalization of the field.
- The derivative expansion approximation can be truncated still at higher orders of derivatives,
involving more functions.

Expansion in powers of the field around a nontrivial configuration
If we want to describe the properties of the system near a certain constant profile ¢, it may be
useful to write I';, as an expansion in powers of ¢(z) — ¢ ;. Truncated at some order NN, this gives

N n
Tilg] =) 71,/ T %2 [6(z)) — dox] T (@1, oo, s do) + O(6 1), (2.35)
n=0 j=1

and if ¢g 5, corresponds to a minimum of I'y, the first field derivative vanishes, F;ﬂl)(ml; ¢0,x) = 0. In the
above expression the notation

0"y,

6p(21).-.09(xn) lp=d0

g (T15 e T do k) = (2.36)

has been used and will reappear in the following.
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Mixing the approximations
One can combine the derivative expansion and the expansion in powers of the field (around a
nontrivial configuration), e.g.,

(o) (6 — do)" (2.37)

3‘}—‘

¢0 k) (6 — dor)" . (2.38)

3‘r—t

i

The so-called LPA’ approximation amounts to keeping the full potential U (¢) and truncating Z(¢)
at the zeroth order, i.e., Zy(¢) = Z(do k)-

Expansion in invariants

An alternative expansion to that in the field difference from a nontrivial configuration consists in
using invariants. This guaranties that the symmetries of the theory are preserved by the truncation.
This can be illustrated for the simple case of the ¢* theory. There is an unique invariant p = %ng, and
I'x can be expanded as

nwri/fxﬁwm+;mwﬂawmf+owﬂ. (2.39)

The above expression is manifestly invariant by the Zy (or O(V)) symmetry as is the bare action.

This is relatively easy to perform for a theory with an unique invariant, however this can be more
involved for more complex theories with internal indices, for which the symmetry can be described
by many index-dependent invariants. In chapter 6, we construct the effective potential Uy for such a
theory in the case of the Ising spin-glass model.

2.2.2.5 % theory within the LPA

As an illustration, we first consider the LPA for the p? theory. As already discussed, this theory
has a unique invariant p = %ng, hence its potential Uy can be defined as a function of p. With this

(2)(

approximation I';™ (q, ¢') in a uniform profile p is given by

r?(q,q)| =
p

(¢ +Ui(p) + 20U (p) 5(g + ¢) (2.40)

where the primes on U(p) denote derivatives with respect to p. In this case the propagator (2.30) is
easy to compute. Inserting the LPA ansatz, (2.33), in the exact RG equation, (2.25), leads to

g 1 ddq 8kRk(q2)
o Ukl = 2/@Wﬁ+%w+%ww+mww (2.41)

This equation can be solved numerically once a regulator function Rj(g?) has been chosen.

The physical quantity that will give us the macroscopic properties of the system is limyg_,o Ux(¢) =
Uo(¢). If ¢oy is the minimum of Ug(¢), it will be equal to the average order parameter ¢g o in
the limit & — 0. In the high temperature phase, the average order parameter is zero, hence the
potential Up(¢) has a unique minimum centered on ¢g ;o = 0. In the phase where the symmetry is
spontaneously broken, the average order parameter is nonzero, the potential therefore has two minima
located in £¢pr—0 # 0. However, I'y = I', the Gibbs free energy which is given by a Legendre
transform and must be convex at all temperatures by definition. The exact shape of the potential in
the low temperature phase is therefore flat between the two values +¢g 0 7# 0.
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Figure 2.7: Evolution of the average potential Uy(¢) (here ¢ is noted ¢) when the scale k of the included
fluctuations is varied. Here is plotted the particular case where the initial condition Up(¢) is a double-well
potential which minimum is in position > ¢g k0, hence Uy(¢) converges toward the broken symmetry phase
potential with lowering k. The inner part progressively flattens to recover the convexity property of the Gibbs
free energy (times V') when k = 0. Reprinted form [25].

These behaviors are recovered if one solves the flow equation (2.41) for an initial condition of the
average potential at scale A which has the shape of a potential in the broken symmetry phase. For a
coarse grained Ising model, one can choose an initial condition corresponding to a ¢* potential, with
two symmetric minima located at some finite symmetric values, which can be fine tuned. * The initial
position of one minimum (the minima are symmetric) is a marker of how much the system is in the
low temperature phase: the more it is initially set to be far from the origin, the more the system is in
a broken symmetry phase. More explicitly, if the initial minimum is larger than ¢ x—0, Ur—o(¢) will
converge toward the potential of the broken symmetry phase, see figure 2.7, and inversely.

At the critical point, which localizes the limit between the two phases, the average order parameter
®0,k—0 s zero. In particular, one observes in the case of the LPA that the minimum at criticality goes
to zero when k£ — 0 with some power of k

Ok X pok ~ K, (2.42)

corresponding to the dimension of the minimum in reciprocal space (in this case the anomalous dimen-
sion n = 0).

So far we have considered an operation which is the analog of coarse-graining in the real space RG
of section 2.2.1. The second step of the RG transformation, i.e., a rescaling of the system under study,
is necessary to find the fixed points of the RG transformation. For this we will use scaling dimensions
like the one of pgj in equation (2.42) near k = 0. One then obtains a dimensionless flow equation, and
the critical point of the physical system is determined by finding the associated fixed point solution. It
contains information about universal quantity.

30ne has to note that from a polynomial initial condition of the potential, truncated at O(¢*) for example, the inner
part of the potential will never be flat. This feature requires to consider the exact, complete expansion, of the potential.
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2.2.2.6 Dimensionless flow equation for the LPA

In order to find the critical fixed point associated with scale free behavior, we have to write equa-
tion (2.41) in a dimensionless form. If 7, ux and g are the dimensionless equivalent of I'y, Uy and p,

one has:
Fk = ko Yk 5
Uy, = k% uy, (2.43)
p=k"?g,

where we have used that dimensionally [x] = k~! . With the above set of relations, we can compute
the dimension of any field derivative of Ug(p).

To find a fixed point of the renormalization group procedure, we have to determine the flow equation
of the dimensionless potential ug(g). The total derivative k:d%uk(@) reads

k%uk@ = k% |1 (K728) | = —dui(@) + kokui(2) + 1 (8) (4~ 2) 6. (2.44)

At this point, we can introduce the dimensionless RG “time” ¢ and the dimensionless derivative % (and
Or)
k d d
t=log—, —=k—.
BN @t dk

When a total derivative %x appears, it can be replaced by %, in analogy with real time derivatives.

(2.45)

The fixed point solution u(g) is found by solving %uk(é) = 0, which is given by
0= —du.(d) + u,(d) (d —2) g+ valf [ul(8) +20u)(d)] , (2.46)

where the rightmost term is the dimensionless equivalent of the integral in equation (2.41), which
is written with help of the “threshold function” lg defined, after using the dimensionless variables
y = ¢*/k* and r1.(y) = Ri(q®)/k?, as

1 [ _ Ok (y)
d _* d/2—1 tTk\Y
lo(w) =5 /O dyy T T (2.47)

where vy is a factor coming from the integration over angular variables, with € the solid angle in

dimension d,
Qd o 27Td/2
2(2m)d” IYOR

The values of the above threshold function /¢ for the Litim regulator (2.22) can be found in [26].

Vg = (2.48)

Fixing a regulator function r;(y), equation (2.46) can be numerically solved. Although it seems to
admit an infinity of solutions, it has been shown that the physical solution corresponds to a particular
u(0) which is regular in g [156, 164].

The average potential can also be studied for more complex O(N) theories, the * theory corre-
sponding to N = 1. They are all described in terms of an unique invariant, implying that the average
potential is a function of one variable which can be found by solving one differential equation. However,
for theories involving more than one invariant we are faced with functions of several variables and a
system of differential equations has to be solved. In practice, this is doable is the number of invariants
is not too large.
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2.2.3 Fixed points and stability

The system of dimensionless flow equations (for the LPA and more involved truncations) can admit
several fixed points, one of them corresponds to the critical point in the dimension d at which the
problem is studied. The latter is unstable, with only one relevant direction *.

The stability of the fixed point is studied by linearizing the dimensionless flow equations around the
fixed point. In the case where the functions are expanded around some field configuration and one has
flow equations for couplings constants, this gives rise to a matrix, whose eigenvalues encode the stability
of the fixed point. More generally, one may have to solve a system of partial differential equations.
With our choice of RG time t = log %, an unstable direction corresponds to a negative eigenvalue.

The eigenvalues of a critical fixed point are all positive (the stable eigendirections) excepted one:
the eigendirection associated to the temperature, which is unstable as it automatically drags the system
out of criticality if different from 7. In the case where an external field A is applied, a second eigenvalue
is negative in the eigendirection associated to the external field.

The unstable directions correspond to relevant coupling constants, when the stable ones are linked
to irrelevant couplings. One can also find a zero eigenvalue, which corresponds to a marginal direction:
one therefore needs to go beyond the linear perturbation to know if it is relevant or irrelevant.

In field theory, the Gaussian theory contains a simple-well potential term, centered on O:
1
Ho= [l [ (0s0(2))° + Lo(2)”| (2.49)

The RG procedure can be exactly performed, as only simple Gaussian integrals appear, and the dimen-
sionless flow equations admit one fixed point, called the Gaussian fixed point. Actually, this fixed point
is stable for systems in dimension d above the upper critical dimension d,, and the critical exponents
are the classical ones predicted by the mean-field theory.

Generally, one is more interested in the critical properties of systems below the upper critical
dimension, real systems being generally contained in the dimension interval d € [1;d,[. In this case,
fluctuations become important, and they are not described by the above Gaussian theory. The trivial
Gaussian fixed point hence becomes unstable (repulsive), meaning that the universal physics is described
by an other, nontrivial fixed point.

2.2.4 Critical exponents

The anomalous dimension accounts for the effect of field renormalization and describes the critical
behavior of the pair correlation function:

1
e
T=T, r¢=2+n

GA(r) (2.50)
When approaching the critical point, the behavior of the correlation length is governed by a power law
with critical exponent v:

E~(T—-T)™". (2.51)
The critical exponent v can be obtained from the knowledge of the eigenvalues of the stability matrix

around the critical fixed point. Generically, v is given by the inverse of the relevant eigenvalue A\; (in
the case where the is no external field):

1

4In the presence of an external field, there is an additional relevant direction.
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Other critical exponents can be determined from the scaling relations that are verified in the framework
of the nonperturbative RG:

a=2—-vd,

’727/(2_77)7

5:d+2—77 (2.53)
d—2+n’

B:%(d—2+n).

Therefore, only v and 1 are independent critical exponents (at least when there is no additional dan-
gerously irrelevant operator as it is the case, for instance, for the critical point of the random-field Ising
model [165]).
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The results of this chapter have been published in [166].

The activated dynamics that is expected to play a fundamental role in supercooled liquids below
the dynamical transition Ty is intimately related to the presence of metastability in the systems. This
metastability takes place in the complex mean-field free-energy landscape in the form of an exponential
number (in the system size) of metastable minima.

No one knows what is left from the mean-field theory in finite dimensions. Studying directly the
effect of fluctuations starting from the mean-field theory is an extremely hard task. This is partly
due to the very intricate nature of the associated replica-field theory which involves a n X n overlap
matrix order parameter, with n that must be analytically continued to zero, and also to the necessity to
introduce nonperturbative events. Some of the different attempts that have been done in this direction
are reported in section 1.1.4.2.

One can then prefer to work with effective theories, which basically encode the main physical
mechanisms while leaving out the inessential ones and are usually easier to study. These theories then
contain the long-distance properties of the system under study all in having washed out the irrelevant
small-length-scale details of the original system. Their effective Hamiltonian, that can be strikingly
different (and, as one hopes, simpler) from the microscopic theory, are expressed in terms of effective
parameters which are not known a priori, and the fundamental step for a correct description of the
macroscopic physics in terms of an effective theory is then to find these parameters.

A possible effective theory for supercooled liquids is a RFIM-like theory, and the interested reader
is redirected to section 1.1.4.2 where several references where it is argued for that are given. One possi-
bility to proceed would then be to consider the finite-dimensional results of simulations, that take into
account, virtually exactly, of all the spatial fluctuations of the system including highly nonperturbative
ones, in order to determine the effective parameters of the effective theory describing the system in
the thermodynamic limit. One finds that supercooled liquids in finite (small-enough) sizes eventually
behave in a mean-field manner, if the relevant fluctuations responsible for the disappearance of the
metastability occur on a length scale larger than the system size, and one can measure a nonconvex
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Franz-Parisi potential V' (q). [167] This potential was introduced in section 1.1.3.4. Studying for an en-
semble of reference liquid configurations the average value of V(¢) and its fluctuations in such-finite-size
systems should provide a way to access these parameters. [102] Once they are known, predictions of the
effective theory on long length scales could be further checked against other numerical or experimental
observations.

One however has to design a method to extract the effective parameters from the nonconvex shape
of V(g) measured in finite-size computer simulations. This requires a better understanding of the role
played by nonperturbative fluctuations and the development of a theoretical approach able to capture
them at all scales.

The aim of this chapter is to study this problem on a toy model that is simple enough to be
thoroughly investigated. We propose the study of a simple model presenting metastability when studied
on small-enough-finite sizes. Its mean-field like double-well structure gradually evolves when finite-size
(and finite-dimensional) fluctuations are progressively introduced, in practice by increasing the size
over which the model is defined. The model can be fully investigated from analytic and numerical
computations. We will then characterize completely the fluctuations present in the system. We will
understand how they affect the potential, from its mean-field like shape in small sizes to the the expected
convex shape in the thermodynamic limit, and will determine from this evolution the parameters of the
effective theory. In order to mimic the situation in structural glasses, in parallel to exact computations
valid when the temperature goes to zero, T' — 0, we perform numerical simulations and numerical
calculations on finite-size systems at low but finite 7. Once analyzed by scaling arguments, these
results allow to characterize fully the relevant fluctuations that bridge the gap from small-sizes results
to the thermodynamic limit and to determine the effective parameters of the effective theory.

3.1 One-dimensional model

The model that we focus on is the one-dimensional ¢* scalar field theory defined by the Hamiltonian

L C
Huldl = [z [§0r0° +Vipta))] (31)

where L is the system size, ¢ > 0, and the local potential V() has a double-well form

r

1= (3.2)

V(p)

with 7 > 0. We are interested in the low-temperature regime. There, the physics of the model
is governed by strong nonperturbative fluctuations: these are kinks or domain walls of small width
between the positively magnetized and negatively magnetized phases (to use the language of magnetic
systems), and the order parameter varies from F1 to +1 on a very small distance. These spatially
localized defects are a priori energetically unfavorable: they have a finite energetic cost. Hence, their
density is always finite, albeit very small at low temperature (it follows a Boltzmann distribution).
However, by redistributing the positions of these kinks the system can gain entropy. The standard
balance between energy and entropy gives the kinks/anti-kinks redistribution winner: it is therefore
their presence that destroys the phase transition which is predicted at the mean-field level and remains
in a perturbative treatment.

Mirroring the current situation in glasses, the problem we consider is one in which we want to infer
the parameters of a theory that we conjecture to be of the Ising/p* type from the results of simulations
and to further check that the effective microscopic theory we have in mind is the correct one. The input
from simulations and other essentially exact computations that we consider as available knowledge is
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the probability of observing a given average value ¢ of the field in a system of finite size L, or, more
precisely, its logarithm,

UL(6) = _51L In P,() (3.3)

where Pr(¢) is the probability density to observe + [ dap(z) equal to ¢ in a system of size L with
periodic boundary conditions and § = 1/(kgT). We will call Ur(¢) the finite-size effective potential
since it takes into account all fluctuations exactly, up to the length-scale L. In the L — 0 limit it
coincides with the bare potential V' (¢), whereas in the thermodynamic limit it is equal to the exact
effective potential (Gibbs free energy) as a function of ¢.

Of course, in the case of the one-dimensional (? field theory we know from the start that the proper
effective theory is just that given in equation (3.1). Nevertheless, the problem of inferring the bare
parameters of the theory, ¢, r, and the energy of a kink from the behavior of finite-size systems is not
straightforward. Moreover, understanding in detail the evolution of Ur(¢), i.e., how the change in
shape of the finite-size effective potential is related to the progressive integration of nonperturbative
fluctuations is also very instructive. The knowledge gained in the case of this simple problem will likely
be useful for tackling more difficult and still unsolved ones.

We also tried to develop an approach that progressively takes into account fluctuations, including
the nonperturbative ones, and allows one to eventually describe the macroscopic behavior. The theo-
retical method of choice for progressively bridging the gap from microscopic to macroscopic physics is
the renormalization group (RG) (see section 2.2). In particular the nonperturbative renormalization
group (NPRG) could be able to catch the effect of all kinds of fluctuations, from perturbative to non-
perturbative ones. The NPRG starts from an exact flow equation for the running effective action I'y[¢],
which can be solved successfully if one manages to find a simple yet rich enough truncation for it.

In both of the above situations, i.e., either in a system of finite size L or within the NPRG in a system
in the thermodynamic limit but in the presence of an infrared cutoff on fluctuations of wavelength larger
than 1/k, fluctuations are limited. As a result, the relevant potential, be it the finite-size one UL (¢)
or the running effective one Ug(¢) = I'x[¢]/(BL), need not be convex. Just like in the mean-field limit
where no fluctuations are taken into account, which in the present case leads to a Landau potential equal
to the bare V(¢), metastability can thus be present. As the length scale over which fluctuations are
allowed increases, i.e., with increasing L or decreasing k, metastability should become less pronounced
and in the macroscopic limit, L — oo or k — 0, both Ur(¢) and U (¢) should converge to the convex
exact effective potential.

The typical evolution with L of UL(¢) is shown in figure 3.1 (a) and that of the running effective
potential Ug(¢) is plotted in figure 3.1 (b). (In the latter case, we have obtained the result by using
the so-called Local Potential Approximation (LPA) of the exact NPRG equation.) The progressive
disappearance of metastability is clearly observed in the two cases. The question we want to address
in the former case is as follows: Say we are given some numerical data in the form of figure 3.1 (a);
how can one extract information about the corresponding effective theory and its parameters? On the
other hand, in the latter case, it is possible to develop a suitable approximation scheme of the effective
action such that the NPRG is able to reproduce the main features associated with the nonperturbative
fluctuations in the present model?

3.2 The finite-size effective potential

In this section we study the behavior of the finite-size effective potential Uy (¢) and its evolution with the
system size L. We first describe intuitively the shape of Uy (¢) and explain the ideas on how to extract
the relevant quantities such as the correlation length & and the surface tension v from the evolution of
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Figure 3.1: 1-dimensional ¢* scalar field theory. (a) Plot of the finite-size effective potential Uz (¢) as
a function of ¢ for different values of L, as obtained by MonteCarlo simulation: L = 4, 8,16, 32,128 for
model parameters r = 2, ¢ =4, § = 1. (b) Plot of the running effective potential Uy(¢) = I'x(¢)/(BL)
as a function of ¢ for different values of k obtained by using the Local Potential Approximation (LPA).
The model parameters are ¢ = 1, =1, r = 1/2, and A = 1. The flow equation is obtained with a
regulator of the form[162] Ry(p) = (k* — p?)O(k* — p?): OxUi(¢) = —n U] (¢)[U}(¢) + k*]~. Note
that there is a k-dependent but ¢-independent contribution that is not included (hence the apparent
difference of behavior with that in (a).

UL(¢), by focusing in particular on the behavior of two quantities: the curvature of Ur(¢) in ¢ = 0,
k1, = UJ(0), and the height of the barrier of Uy (¢) between the maximum in ¢ = 0 and the minima
in @pin ~ +1 (when present), Ay = Ur(0) — Ur(¢min). We then present detailed analytic results for
UL(¢) in the limit of zero temperature, which are obtained through the instanton technique, and use
them as a benchmark to check the validity of our recipes for extracting the correlation length and the
surface tension. Finally, we numerically determine the behavior of Uy (¢) at finite temperature, i.e. at
finite (but large) . To this aim, we have combined Monte-Carlo (MC) simulations and perturbation
expansions based on a real-space RG and transfer matrix treatments. We then apply again the recipes
for extracting the temperature dependence of ¢ and v and compare the output with the direct numerical
computation of these quantities.

3.2.1 The shape of UL(¢) and its evolution with L

At any given finite temperature, i.e., at any given finite correlation length &, if the system size goes to
infinity, then the magnetization distribution goes to a Gaussian centered at ¢ = 0, due to the central
limit theorem, and eventually converges to a Dirac-delta function. (We use in this section the language
of magnetic systems and call ¢ the magnetization, or, more properly, the magnetization density.) Thus,
in the thermodynamic limit, the finite-size effective potential displays an unique (parabolic) minimum
in ¢ = 0. On the other hand, at any given finite system size, as the temperature goes to zero and the
correlation length goes to infinity, the magnetization goes to either plus or minus one with probability
one. For £ > L the finite-size effective potential is given by two symmetric minima centered in +1.
As a result, a nontrivial distribution of Pf(¢) and a nontrivial shape of Ur(¢) arise between the two
opposite limits considered above.

In order to figure out intuitively the evolution of Pr(¢) and Ur(¢) with the system size, let us
first focus on the typical configurations of the field ¢(x) which, at least at low enough temperature,
dominate the Gibbs measure. These are the configurations associated with the ground states of the
system, corresponding to constant positive or negative magnetization profiles p(z) = +1, and the
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a b) 0

Figure 3.2: Sketch of the evolution of the shape of the finite-size effective potential Ur(¢) for different
system sizes L: a) L <20;b) 20 K LK &) LSEd) L~Ee) L6 ) L>E.

lowest excitations above them, involving domain walls (i.e., kinks and anti-kinks), which correspond to
instantons that minimize the hamiltonian and connect positively and negatively magnetized regions (see
chapter 2). At low enough temperature (large enough correlation length), the typical configurations
of the field are thus well described by regions with almost constant +1 magnetization separated by
narrow domain walls. The width o of a domain wall is the typical size of an interface. The energy of
a domain wall, S*, is, by definition, proportional to the microscopic surface tension + of the model,
which is defined as the energy cost associated with the creation of an interface between two regions
with opposite magnetization. It is easy to show (see below for more details) that the typical distance
between domain walls is of the order of the correlation length &, which is proportional to 5",

If L is smaller than 20, no domain walls can be present in the system. (We consider periodic
boundary conditions, so that the number of domain walls must be even.) Thus, Pp(¢) ~ e #LV(®) and
UL(¢) ~ V(o) (see figure 3.2 (a)). Therefore, from equation (3.2), A ~r/4 and K ~ —r.

For L > 20 but still much smaller than the correlation length £, the probability of finding a domain
wall is very small. The typical field configurations are then approximately constant +1 magnetization
profiles plus some small thermal fluctuations, whose amplitude depends on V" (¢ = £1) = 2r. On the
other hand, configurations with zero magnetization correspond to field profiles with 2n domains walls,
with n € N*, that are suitably placed between 0 and L (obviously, 2noc < L). The thermodynamic

weight of such configurations is proportional to 25" and the probability of having ¢ = 0 is obtained
as
L « (L—40)? « (L—60)" R
PL(¢=0) o o o™ + (80) e 15 4 (1920) e 05" ¢ ] : (3.4)

where the terms (L — 40)%/8, (L — 60)*/192, etc., correspond to the combinatorial factors accounting
for the number of field configurations with 4, 6, etc., domain walls between 0 and L that have zero
magnetization (see the next section for more details). As long as 20 < L < &, all configurations with
more than a single kink/anti-kink pair are highly suppressed and their contribution can be neglected.
Therefore, P (¢ = 0) is dominated by field profiles with only two domains walls. Since all such profiles
have the same combinatorial factor (and thus the same probability), independently of the distance
between the kink and the anti-kink, all intermediate magnetization values, sufficiently away from +1,
occur with approximately the same probability. As a result, for 20 < L < £ the finite-size effective
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potential Ur(¢) is given by two deep narrow symmetric minima around ¢,,;, ~ +1 (whose curvature is
simply given by 2r/L) that are separated by a central region where Uy (¢) is approximatively constant.
This is sketched in figure 3.2 (b). The barrier height Ay, = UL (0) — UL (¢min) is then given by 25*/L,
and the curvature in ¢ =0 is k, = U/ (0) ~ 0.

The qualitative shape of Ur(¢) does not show any significant change until L < €. At this point, the
terms of equation (3.4) corresponding to field configurations with more than two domain walls start to
give a significant contribution to Pr,(¢). Since there are exponentially many more configurations of the
domain walls corresponding to zero magnetization with respect to configurations yielding positive or
negative magnetization, P (¢) starts to develop a secondary maximum around ¢ = 0 as a result of this
entropic effect. Correspondingly, U, (¢) develops a secondary minimum in zero, as sketched in figure 3.2
(c). In this regime the behavior of the barrier height Az and of the curvature x, are model-dependent
and cannot be determined by simple intuitive argument: they must be computed in some explicit way,
as we do in the following subsections.

For L ~ ¢ the barrier Ay, is expected to disappear as the value of the potential in ¢ = 0 crosses that
in ¢ >~ £1 (see figure 3.2 (d)). As L further increases the minima in £1 become higher and eventually
disappear. However, the potential may still remain nonconvex, as illustrated in figure 3.2 (e). Full
convexity is recovered only for L — oco. It is then easy to show that the finite-size effective potential
coincides with the Gibbs free-energy density (or exact effective potential) U(¢) of the system:

L6) = V(@) o7 ) (35

where U(¢) is defined as the Legendre transform of the Helhmoltz free energy,

U(¢) = 571 £(8,h) + ho, (3.6)

where h is the external magnetic field and () = —0f (5, h)/I(Bh) = ¢ (we have again used the magnetic
language). As a consequence, for L > ¢ the finite-size effective potential is a convex function of ¢ and

presents a unique minimum in ¢ = 0: see figure 3.2 (f). In the thermodynamic limit the curvature sp,
1

approaches ko = U”(0) = x ', where x is the magnetic susceptibility defined as x = 9{p)/0h|p—0 =

({¢®) = (2)*)In=0-

A KL
1/x

O e r

Figure 3.3: Schematic plot of the curvature x;, = UJ(0) (a) and of the barrier height Ay, = U (0) —
UL(¢min) times the system size L (b) as a function of L. The barrier height is shown on a log-log plot.
The labels a)-f) correspond to the shapes of UL(¢) of figure 3.2. Note that the behavior of LA} at
small L < 20 is not universal and depends on the bare parameters.

Based on the intuitive arguments discussed above, we can qualitatively determine the behavior of
the quantities of interest for us, kK and Ay, as a function of L. They are schematically represented
in figure 3.3. On very short length scales, L < 20, the curvature is negative, Kk, ~ —r. Then, for



3.2. The finite-size effective potential 51

20 < L < &, k1, is approximately zero. For L < &, K, starts to grow and for L — oo it approaches 1/
as 1/L. In turn, the barrier height Ay behaves roughly as 2v/L for 20 < L < & and rapidly vanishes
for L 2 €.

We can therefore extract the important physical quantities by focusing on the behavior of k7 and
Ay For instance, one possible recipe is to try to collapse the curves of kj, versus L obtained at different
temperatures onto a master curve by rescaling the axes by adjustable parameters. The parameters that
provide the best collapse should then be x(T)~! for x, (vertical axis) and &(T') for L (horizontal axis).
Another possibility would be to plot LAy, as a function of L and, knowing the correlation length &(7")
from the previous operation, to look for a plateau or a region of weak dependence on L for L < &:
at low enough temperature, the height of the plateau should then be twice the surface tension v(T).
(Alternatively, one could do a log-log plot as in figure 3.3 (b).) In the next subsections we will implement
and check these ideas in a quantitative way.

3.2.2 Ug(¢) in the T'— 0 (£ — o0) limit

As explained above, at very small temperature the Gibbs measure is dominated by the ground state
of the system and the lowest excitations above it. The ground states of equation (3.1) correspond to
constant field configurations ¢(z) = +1. The lowest excitations above the ground states correspond to
nonuniform kink and anti-kink instantonic profiles that are obtained by minimizing the Hamiltonian:

OH L [p(x)] —0 = 06290*(55) _ IV (p(2)) 7 (3.7)

590('%) <p* 81.2 8@(.7]) Lp*

with the boundary conditions ¢p*(x — —o0) = F1 and ¢*(x — +o00) = £1. This differential equation
can be solved exactly for the p? theory in d = 1, yielding

©*(z) = £ tanh(z/0), (3.8)

with 0 = /2c¢/r. The energy cost associated to such domain walls can be obtained by plugging
equation (3.8) into equation (3.1) (momentarily, we have redefined the system from —L/2 to L/2 and
taken the instanton center far away from the edges); this gives S* = [ Hy[p*(z)]dz ~ /8rc/9. Note
that we can make more precise now the notion of “low-temperature regime”: It is obtained by letting
either 8 or r be large, such that the Boltzmann factor associated with the presence of a domain wall,
exp(—pf4/8rc/9), is much smaller than 1.

Small fluctuations of the field around the instantonic profile can be easily taken into account at a
Gaussian level. After expanding the Hamiltonian around the instantonic solution up to second order
in 0p(z) = p(x) — ¢*(z), the thermodynamic weight of a single instanton is expressed as

Sp(z) 5 (y)
o* . (3.9)

_B rdzd _?Hp
Z ~ e Ps" /DSO e 2 420 T
In order to compute the functional integral above one thus need to diagonalize the operator correspond-

ing to the kernel
2

0
M) = 8 |~ + V(@) | o~ ). (3.10)
which yields )

Zl ~ G*BS* _ 6755*+%1n(27r/detM) . (311)

In the present low-temperature limit, it can be shown, following the arguments of e.g. [149], that
det M ~ Br and, thus, S* ~ S* — (1/2)5~ L In(Br) + O(B71).
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At very low temperature the typical configurations of the field are therefore described by a dilute
gas of domain walls separated by regions with constant ¢ = £1. The partition function of the system
can thus be written as a sum over the number n of kink/anti-kink pairs (as discussed above, the number
of domain walls must be even to be compatible with the periodic boundary conditions) weighted by the
energy cost e=2"%5" times an appropriate combinatorial coefficient I, accounting for all the possible
configurations of the positions of 2n domain walls between 0 and L:

[L/20] )
Zp =Y IDp(L)e 5", (3.12)
n=0

where [z] denotes the integer part of x. Note that, since the instantons have a finite width o, we
cannot place more than (L/20) kink/anti-kink pairs between 0 and L. The problem of determining the
combinatorial coefficients I, is equivalent to computing the entropy of a gas of 2n hard spheres of size
o on a ring of length L (see appendix A.1). The resulting expression is

(D) = = —2 (1 — 200yt (3.13)

n (2n—1)

Two length scales thus naturally emerge from the calculation: o, the typical size of an interface, and 5"
(here and in the following we have set the microscopic length scale 1/A to unity), which corresponds to
the typical distance between two consecutive instantons. Following arguments similar to those in [168]
the latter can easily be shown to be (up to a trivial proportionality constant) the correlation length &
of the system as obtained from the exponential decay of the two-point connected correlation function.

After introducing the rescaled variables ¢ = L/e?%" and a = ¢/L, the partition function finally

reads
1/(20)] o,

Zi(Ca) =2 Y W(l — 2na)? L, (3.14)
n=0 '

The computation of the magnetization probability distribution Pr(¢) in the 7" — 0 limit can be
carried out in a similar way. Note that an analogous computation has already been done for the Ising
model in d = 1 [168] (see also below).

For each given instantonic configuration with 2n alternate kinks and anti-kinks we define z;, i =
1,...,2n, as the lengths of the regions with constant o = £1. In terms of these variables, the extensive

magnetization M reads
n

L
M = /O p(r)de =+ (w21 — 72) - (3.15)

i=1
Note that thanks to the translational invariance, one can choose without loss of generality to place
the first domain wall at x = 0. The sign of M in front of the sum thus depends on whether the first

instanton is from ¢ = —1 to ¢ = +1 or vice versa. Since each domain wall has a width o, we also have
that
2n
> ay=L-2n0. (3.16)
i=1

In consequence, the extensive magnetization is bounded as |M| < L — 2no. When enforcing the
constraints given by equations (3.15) and (3.16) one obtains

[(L—|M])/20]
1 Qx
PL(M) = —|6(M = L) + 6(M + L) + 2 > Jon(M, L) e~ 2155 ] : (3.17)

L n=1
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where 71, is defined in equation (3.12). Again, the combinatorial factors Jo, (M, L) can be computed
exactly (see appendix A.1). After introducing the rescaled variables (, o defined above and the mag-
netization density ¢ = M /L and using the fact that 6(L¢) = (1/L)d(¢) and Pr(L¢) = (1/L)Pr(¢), we

finally obtain:

[(1-161)/20] g2 g2yl
PUO) = oty [P0~ D0 R D +2 Y g N

where Z7((,«) is given in equation (3.14). It is easily checked that Pr(¢) is properly normalized,
f_ll Pr(¢)d¢ = 1. One also finds that in the limit ¢ — 0, i.e., when the domain walls become infinitely
sharp, and for S* = 2J, equations (3.14) and (3.18) give back the exact results derived for the one-
dimensional Ising model.[168]. These calculations are explicitly done in appendix A.1.

The finite-size effective potential and its evolution with the system size can be now explicitly de-
termined in the 7" — 0 limit from the relation in equation (3.3). UL(¢) behaves as anticipated in the
previous section: It presents two narrow minima in ¢ = 41, corresponding to the §-functions, ' and
a secondary minimum in ¢ = 0 due to the entropic term in equation (3.18). As L increases (i.e., «
decreases) the minimum in ¢ = 0 becomes deeper and deeper, as the sum over n in equation (3.18)
grows exponentially fast with (/a. For L ~ £ the value of the minimum in ¢ = 0 crosses that of the
two symmetric minima in ¢ = +1 (strictly speaking the value of the minima in ¢ = +1 is defined only
for a nonzero temperature; otherwise, one has to consider the weight of the delta peaks). Nevertheless,
at any finite L the potential remains nonconvex due to the vestiges of the two minima in +1. It is only

in the thermodynamic limit that Ur_,+(¢) = U(¢) recovers full convexity.
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Figure 3.4: (a) Rescaled curvature ysr as a function of L/¢ for the p? field theory in d = 1 in the
low-temperature regime for 8 = 1, r varying from 2 to 6, and for ¢ = 2r. (b) Log-log plot of the rescaled
barrier, LAy /(25%), as a function of L/ for the ¢* field theory in d = 1 for 8 = 1, 7 varying from 4 to
10, and ¢ = 2r. The curves stop on the low side for L = 20 + a and the barrier is not defined within

the instanton treatment for L < 20.

From equations (3.3), (3.14), and (3.18), one can compute all the desired characteristics of UL (¢),
such as the curvature in ¢ = 0, sz, and the barrier height (when present), A;. Following the ideas
presented in the previous section, we plot in figure 3.4 (a) the curvature 7, multiplied by the magnetic
susceptibility x as a function of the system size L divided by the correlation length &, for different

'Note that at small but finite temperature, the two §-functions in ¢ = +1 acquire a finite width due to the small
gaussian thermal fluctuations of the fields around ¢(z) = £1. Locally, the amplitude of such thermal fluctuations is
simply related to V" (¢ = £1) = 2r. Therefore the curvature of the two minima of Ur(¢) in ¢ = +1 is 287 /L.
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temperatures. > We have set 3 = 1, ¢ = 2r and a range of r from 2 to 6 (as discussed above, the
low-temperature limit here means that exp(—£1/8rc/9) = exp(—4r/3) < 1). The curves show a perfect
collapse, as expected. Via the instanton calculation we indeed have access to all physical quantities of
the present simple model. This is a consistency check of the recipe discussed above and an illustration
of the range of temperatures where the asymptotic results apply. We show in figure 3.4 (b) the evolution
of the barrier height Ay, multiplied by the system size L and divided by twice the domain-wall (free)
energy S* as a function of L /€ for p =1, ¢ = 2r, and for r varying from 4 to 10. This log-log plot is
very similar to the sketch in figure 3.3 (b). The value LAy /(25%) ~ 1 (implying v ~ S* as expected)
is observed for L ~ 20, which corresponds to very small values of L/&, especially at low temperature.
There is then a broad regime, up to L/{ < 1, where one observes a small decay, by less than a factor
of 10. Finally, for L 2 £ there is a fast (exponential) decay.

These plots validate at a quantitative level the proposed ways of extracting the parameters of the
theory from the behavior of the finite-size effective potential. We now turn to the same exercise but in
the finite temperature regime where the analytical solution via the instantons is no longer a sufficient
description.

3.2.3 Ur(¢)/L for finite but large ¢

In this section we apply and test the empirical recipes to extract £, x and + proposed above on a system
at large but finite correlation length (corresponding to small but finite temperature). We obtain a
numerical estimate of the finite-size effective potential Uy (¢) for a range of values of L through several
methods.

First, we have performed MC simulations. To this aim, we first discretize the continuum field
theory of equation (3.1) by replacing the gradient by its discrete lattice version. The Hamiltonian thus
becomes

L
Hi({ei}) = a Y |52 (pi = pir) + Vigi)| - (3.19)
1=1

We set the lattice spacing a to 1 (note that for ¢ = 2r the width of a domain wall is then o = 2 > a)
and we consider periodic boundary conditions: ¢r1 = 1.

The numerical simulations are performed with a Metropolis algorithm: At each time step we pick
a site 7 at random, and attempt to change the value of ¢; by a random quantity, dp;, extracted
from a gaussian distribution with zero mean and variance o,. We then compute the energy difference
AHp = cdpi(0p; + 20; — 20i41) + V(pi + dp;) — V(p;) and accept the move with the Metropolis
probability p = min{1, e #2HL}, Time is advanced by 1/L. The typical width of the field shifts o, is
optimized recursively during the dynamics by enforcing that the acceptance rate of the moves (averaged
over the last 100 MC steps) is approximately equal to 0.3.

We start from a given initial condition (for instance ¢; = +1 Vi) and let the system evolve and
equilibrate. The equilibration time 7, which of course depends on 3, r, and L, can be extracted from
the exponential decay of dynamical correlation functions such as (1/L) 3", (@ (t+") i (') =~ (p?) e 77,
In order to compute the magnetization probability distribution, Pr(¢$), we measure the instantaneous
magnetization (t) = (1/L) >, ¢;(t) at regular time intervals corresponding to several times the equili-
bration time, say 107. This allows us to make sure that the values of ¢(¢) measured during the dynamics
are statistically independent. In this way we construct a histogram of the magnetizations which gives

?Note that in the T — 0 limit, the correlation function has a simple exponential form, G? (r) ~ e /6. As a
consequence, the magnetic susceptibility becomes x = 2 [ G((;Q)(T’) x 2¢ and Koo = 1/(2£). This result can be obtained
analytically, as shown in appendix A.2.
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an estimate of Pr(¢) and, from equation (3.3), we obtain U (¢). Results for =1, r =2, ¢ = 2r, and
L varying from 4 to 128 are shown in figure 3.1 (a).

Note that in order to obtain an accurate enough estimate of Pr(¢) and of Ur(¢), we need to
sample rare events, which take place with an exponentially small probability in the system size. As a
consequence, the number of measurements of the instantaneous magnetization must scale exponentially
with L. Since the computational time of a single MC step scales linearly with the system size, this
implies that the total computational time of our MC simulations scales as 7Le”. Therefore, MC results
are limited to not too large values of L, typically L < 10%.

In order to overcome this limitation and study larger system sizes, we have used a 1/L perturbation
expansion combined with an exact computation of the (Helmholtz) free energy of the model through
both a real-space RG approach and a transfer-matrix technique.

Let us start with the definition of the magnetization probability distribution,

_ Tr{%}(S(L¢ — Zz @i)efﬁHL

Prlo) Tryypye M

: (3.20)

where Try, ) = J 11; dpi. By using the integral representation of the d-function, one easily obtains

Py(¢) = LBIL(5.0) / " dpe-LBrLBR) e (3.21)
and ,
UL(6) =~y [ due BGR9  fy(5.0), (3.22)

where fr(5, 1) is the Helmholtz free-energy density of a system of size L in the presence of an external
uniform magnetic field p/3:

1 _ 0
fo(B,u) = —B—LlnTr{%}e BHL 1Y @i (3.23)
For large enough L the integral in equations (3.21) and (3.22) is dominated by the maximum in pu = p*,
which is given by *

OBfL(B, 1)

2 +¢=0. (3.24)

l’l’*

Expanding the argument of the exponential around p* leads to
* * B B K /8
BIL(B. 1) + b = BFL(B. ) + w6+ 517 (60)” + G 17 0) + AV

where f*(n) = 0" fr(B,p)/Ou"|x and 6p = p — p*. One can thus treat all terms beyond the gaussian
level in a perturbative way and obtain a systematic expansion of Pr(¢) and Ur(¢) in powers of 1/L.
From a straightforward calculation, one finds up to the order 1/L?:

~ * M* 1 2 1
Ur(¢) = frL(8,1") + ﬁ(ﬁ - fL(B3,0) — B—Lln el + R

The above equation deserves some comments:

I V&
@p " @53
83| £ 248\ £

(3.25)

3Since the integrand in equations (3.21) and (3.22) is an analytic function, we can modify the contour in the complex
plane.
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(1) As already mentioned, in the thermodynamic limit, Uz, (¢) converges to the Gibbs free-
energy density U(¢), which is defined as the Legendre transform of the Helmholtz free-energy density
fr—oo(B,h) (see equation (3.6)) and is therefore a convex function of the magnetization ¢.

(2) equation (3.25) is actually an expansion in powers of £/L. The successive derivatives of the
Helmholtz free energy with respect to the external field p yield the n-points connected correlation func-
tions, Bf*(n) = (1/L) >, i, ( @iy Pin)con, Which thus behave as ¢n=1/L. As a result, the expansion
of equation (3.25) does not converge for L/{ < 1 (even if L is large) and is expected to poorly behave
compared to the numerical simulations in this regime. On the other hand, it should provide a good
description of the finite-size effective potential for L/§ > 1.

(3) In order to make some use of equation (3.25) we need to know the expression of the Helmholtz
free energy of the model on a ring of L sites, at temperature 5, and in the presence of an external
uniform magnetic field p/g.

The calculation of f1,(3, 1) can be done exactly by using a real-space RG approach (see chapter 2),
called the Migdal-Kadanoff (MK) scheme. It consists in integrating out iteratively half of the sites of
the systems (say the odd sites) at each decimation step, and computing recursively the effective pair
interaction potential, W,,(¢, ¢'), among the remaining sites. Consider for instance three consecutive
sites, i, ¢ + 1, and 7 + 2, at the p-th step of the renormalization procedure. After integrating out the
field on the site ¢ 4+ 1, one finds the following exact recursive equation:

1 +oo
Wpt1(@i, pit2) = ~3 ln/ A1 e PWeleipir)TWo (i1 0ir2)] (3.26)

with the initial condition:

Wo(e,¢') = 2722 (p—¢')*+ % [V(w) +V(¢) - % (p+¢)| - (3.27)

For a system of size L = 2P, after p— 1 decimation steps, there are only two sites left and the Helmholtz
free-energy density can be obtained as a simple integration:

o

fo(Bo) = ———In / T dpdy Wit (3.28)

28" |

This procedure allows one to obtain very accurate numerical values of fr(3, 1) and of its derivatives,

provided that the size of the system is an integer power of 2. In order to access other values of the

system size L, we have complemented the RG calculation by a transfer-matrix (TM) approach.
Indeed, the partition function of the system can be written as, with Ay > Ay > -+ > Ap:

ZL(ﬁv“) = Tr{%‘}TWMOQT@msOB o 'TSOL7901 = TrT" = )‘f + )‘5 +.

where the transfer-matrix operator is such that T, , = exp(—BWy(p,¢’)) with Wy given by equa-
tion (3.27). One can then numerically diagonalize the operator by discretizing the values of the fields
¢ and ¢’ and compute its eigenvalues, A1, Ag,..., which leads to an approximate expression for the
Helmholtz free-energy density,

Fu(B.p) 2~ ks = 0 O 1o [Oa/0)]

Since the correlation length of the system is given by

¢l=—In(A/\1) , (3.29)
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Figure 3.5: (a) Log-log plot of the curvature k7, = U} (0) as a function of L for § =1, r = 4, 6, 8, 10,
12, and ¢ = 2r. (b) Same data with a rescaling of the horizontal and vertical axes, as L /& and x ik,
respectively, to provide the best collapse to a mastercurve.

Figure 3.6: Plot of the scaling parameter {y;; versus r and comparison with the direct computation
of the correlation length through MC and instanton techniques. Recall that have set 5 = 1, so that
the temperature dependence is controlled by 7. (Recall that since ¢ = 2r, the instanton width ¢ =
\/2¢/r = 2.) The error bars associated with the fitting procedure are very small in this case and of the
order of the symbol size.

equation (3.29) provides a good approximation for fr(/, ) only for L = &.

The finite-size effective potential Uy, (¢) is then obtained from equation (3.25). The numerical results
for the curvature £y, in ¢ = 0 and for the barrier height A; at small but finite temperature (or rather,
correlation length) are displayed in figures 3.5 and 3.7. In figure 3.5 (a), we plot k, versus L for several
temperatures (actually, values of r as we fix = 1) and in figure 3.5 (b) we show the best data collapse
on a mastercurve after rescaling both the curvature and the system size by temperature-dependent
adjustable parameters. (Note that the curvature x, is obtained from the 1/L expansion only as the
numerical accuracy of our MC data is not high enough to allow a good determination of the curvature.)
In figure 3.6 we plot the best-fit parameter {y;; versus r and compare it to a direct determination of the
correlation length through MC simulations and the instanton technique: we find a very good agreement
between the two sets of data. The same agreement is obtained for x;; which is found proportional to
the correlation length, {¢;; or £, as expected in one dimension.
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Figure 3.7: (a) Log-log plot of the barrier height times the system size, LA, versus L/{; for =1,
c=2r,r=4,6,8,9, 10. Filled circles correspond to MC data. Empty squares are obtained using the
1/L expansion with the real-space RG approach and filled triangles correspond to the 1/L expansion
with the transfer-matrix approach. (b) Same data with an adjustment of the vertical axis, LA /v,
to provide the best collapse for L/&z; < 1.
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Figure 3.8: Plot of the scaling parameter ~;;, multiplied by 3/r, versus r and comparison with the
direct instanton computation of the surface tension. The error bars are associated to the uncertainty of
the collapse procedure. Recall that we have set 8 =1 and ¢ = 2r, so that the temperature dependence
is controlled by 7, with v oc r. Note also that the instanton calculation breaks down at small 7.

In figure 3.7 (a), we display a log-log plot of LAy, versus L/{y; where {7 is obtained from the
previous data collapse in figure 3.5. (As could be anticipated, the 1/L expansion fails completely
for L/¢ < 1 and is not shown here.) figure 3.7 (b) then shows the same data with LA divided
by a temperature-dependent adjustable parameter ~y; that ensures the best collapse of all curves for
L/¢ < 1 (this parameter is determined up to a multiplicative constant). When plotted as a function of
r, we find that this best-fit parameter 7; matches very well the r dependence of the direct estimate
of the surface tension of the model through the instanton technique: see figure 3.8. Here, 8 = 1 and
¢ = 2r, so that 35* = 4r/3 — (1/2) Inr for large enough r. We have arbitrarily adjusted the unknown
constant in 7y; so that the latter is roughly equal to 265*: the plot in figure 3.7 (b) is shown with this
choice of constant (which merely shifts all curves by a constant amount on the log scale).

These plots therefore confirm that the ideas and recipes we have proposed to extract the correlation
length &, the susceptibility x and the surface tension ~ (or alternatively the amplitude of the gradient
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term c¢) from finite-size numerical data for the effective potential work nicely. Without a priori knowl-
edge one can empirically determine the relevant parameters of the underlying (effective) theory from
observations on finite-size systems.

3.3 Nonperturbative renormalization group

We also attacked the same problem by using a specular and complementary approach: starting from a
known microscopic (or to the least effective) theory and trying to include the fluctuations, in particular
possibly strongly nonperturbative ones, to describe the observed macroscopic behavior. The method
of choice that could possibly achieve this is the RG, more precisely the nonperturbative RG (NPRG),
see section 2.2. Being able to capture the effect of nonperturbative fluctuations via a NPRG approach
(supposed capable to taken then into account efficiently) on the model under study could open the
way to new ideas for treating the effect of activated phenomena in supercooled liquids, where they are
ubiquitous. All details of this section are relegated to appendix A.3, as it does not enter directly in the
topic of this thesis.

Applications of the NPRG formalism to the one-dimensional ¢* theory have been previously con-
sidered. [169, 170, 171, 172] In these studies it was found that simple approximation schemes fail to
recover the low-temperature physics of the model, in particular the activated scaling form of the cor-
relation length (£ efBS*). To understand the underlying reason for this failure, an exact asymptotic
low-temperature form of the running effective action I'y[¢] has to be derived by using the instanton
approach and a mapping to the one-dimensional Ising model.

We tested different approximation schemes for the expression of the effective action. The first one is
the so-called derivative expansion, where the running effective action at scale k is expanded in gradients
of the field. Unfortunately finite truncations of the derivative expansion are unable to reproduce the
exact features of the low-temperature physics. The lowest order in the derivative expansion is given by
the LPA. In this case the return to convexity of the potential Uy (¢) when k is lowered is observed, as it
can be seen on figure 3.1 (b), determined using the Litim regulator given in equation (2.22). The LPA
provides a good description for values of T higher than the energy barrier of the double well, or more
precisely than the instanton energy cost S*. Nevertheless, it fails to reproduce the low-temperature
results with a thermally activated dependence of the correlation length, o exp(3S*). For instance,
the curvature of the effective potential in zero, k- = U;_,(0), which should vanish exponentially
when 7' — 0 as exp(—3S5*) (see also section 3.2) is generically found to vanish as a power law of T'
instead. The nonperturbative regime associated with the rare localized events, which is captured by
the instanton calculation, is therefore completely missed.

Actually, going to any finite order of the truncation of the derivative expansion, one always finds
an inconsistency in the higher order flow equation. The right-hand side is of higher order in exp(3S})
than the left-hand side and precludes from the extraction of an asymptotic behavior when 35} — oo.
This is however corrected by cancellation of terms in the non-truncated approximation, effect that
cannot take place at all orders when the truncation is finite. The appropriate ansatz of I'y[¢] would
therefore contain an infinite sum of derivative terms of the form (9¢(z))*. This however leads to an
infinite set of differential equations that cannot be treated with standard methods. Another routes
have been tried, they are briefly explained in appendix 2.2. All of them have failed to properly describe
the nonperturbative physics of the one-dimensional ¢* at low temperature. More work is needed to
possibly find a solution to this unsatisfactory theoretical situation.
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3.4 Conclusion

We have studied the ¢? theory at low temperature in the regime where the behavior of the system
is completely dominated by nonperturbative instantonic fluctuations. The variation of the “maximal”
spatial extent of these fluctuations, possibly controlled by the size of the system, gives rise to nontrivial
shape of the effective potential. It has a double-well shape when fluctuations are “absent” (small sizes),
suffers nontrivial changes when they are progressively included (size increases), and converges toward
a convex shape when fluctuations occur at all scales (thermodynamic limit).

This shape variation is intimately related to the parameters of the underlying microscopic or effective
theory. For the ¢* theory studied here, surface tension and correlation length can be extracted from
empirical analysis of the curvature in zero and of the barrier height of the effective potential obtained
from the numerical study of finite-size systems. This strategy could be very useful in the analysis of
finite-size numerical simulation of glassy systems where a Franz-Parisi potential can be defined. Such
analysis of this potential and its fluctuations could allow to extract the parameters of the effective theory
of supercooled liquids in the thermodynamic limit, which would supposedly map on a RFIM-like theory.

We also illustrate the difficulty to describe the low-temperature nonperturbative physics of the
one-dimensional p? theory through truncations of the NPRG.
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The results of this chapter have been published in [173].

When coupling different copies of glassy systems, and when considering the similarity or averaged
overlap between configurations as an order parameter, the mean-field theory of glasses predict a first-
order transition line in the temperature (T7')—coupling (¢) plane separating a low-overlap from a high-
overlap phase and terminating in a critical point (see also section 1.1.3.4). In particular, this line
terminates at € = 0 (which then corresponds to the usual physical situation for glass formation) at a
temperature Tk > 0, corresponding to a realization of the entropy crisis of the RFOT scenario.

Such field-induced transitions were also recently found in several computer simulations for 3-
dimensional Lennard-Jones or hard-spheres glass-forming liquids, albeit for small systems. [97, 98,
99, 100] The presence of this first-order transition for some positive value of ¢ was sometimes viewed as
an indirect evidence of the existence of a RFOT scenario (at ¢ = 0) in finite-dimensional glass-formers.
However, since as soon as ¢ is too small the system equilibrates on out-of-experimental time scales and
no transition line can be found, this assumes that a smooth extrapolation of the € > 0 transition line
can be done down to £ = 0, which is not evident since, e.g., some singularity could be present around
e~0.

Recently, the thermodynamic behavior of coupled plaquette spin models models (see also sec-
tion 1.1.5.1) with p = ¢ was studied in dimensions d = 2 and d = 3, [174, 108, 109] which correspond
respectively to the triangular-plaquette model (TPM) with p = ¢ = 3 and the square-pyramid model
(SPyM) with p = ¢ = 5. These works presented strong numerical evidence for the existence of a transi-
tion line in the T — ¢ plane. What appears specific, though, about the thermodynamic transition line
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in these plaquette spin models is that it exactly goes to zero temperature at ¢ = 0, T = 0, and does
so in a singular manner.

This raises an interesting possibility, namely, that fluctuations present in finite-dimensional systems
could generically depress the thermodynamic glass transition temperature Tk predicted by the mean-
field theory to zero temperature. In particular, this would prevent the appealing extrapolation of the
computer-simulation results of a T' — ¢ transition line for € > 0 down to € = 0.

To address the issue of the effect of fluctuations on the first-order transition line, a possibility is to
study the thermodynamic behavior of plaquette spin models of glasses in the presence of a coupling
between replicas of the system, on a lattice where spatial fluctuations of the order-parameter field are
not present, or nearly. In order to do this we can distinguish between long-range and short-range
fluctuations. The distinction appears somehow arbitrary because fluctuations may of course appear on
a continuum of scales. What is meant by “long-range fluctuations” are long wave-length fluctuations
whose correlations in space may become scale-free, e.g., near critical points. They are responsible for
the difference between mean-field and finite-dimensional results at criticality or for the disappearance
of metastability in finite dimensions; they can be present in (infinite) Euclidean lattices, but not in
Bethe lattices and other tree-like or fully-connected structures in which the spatial correlations are
intrinsically limited. “Short-range fluctuations” instead denote here fluctuations that are associated
with the local environment, as, e.g., the connectivity of the lattice, and that never become scale-free:
such fluctuations are present in Bethe lattices (and Euclidean lattices as well of course) but are absent
in the fully connected lattice which is typically a fluctuation-less system.

This study will give us more insight on the proper effect of long-range and short-range fluctuations
in specific glassy systems that are plaquette (spin) models.

4.1 The plaquette spin models

The Hamiltonian of the plaquette spins models reads
J
HCl==3) om0 (4.1)
o

where C = {0;} denotes the spins configuration on a lattice of IV sites, J is a positive coupling, 0, = +1,
w1 is the index characterizing the elementary plaquettes of the lattice, and « spans the p sites around
the plaquette. This Hamiltonian is the same as the p-spin model one given in equation (1.7) where the
random coupling between spins J;; has been replaced by the constant .J, and the interactions do not
occur between p randomly chosen spins but on one plaquette containing p spins.

We will study two cases with ¢ = p, either the TPM where ¢ = p = 3 and the SPyM where
¢ = p = 5. Both plaquette models Euclidean lattice structure are represented on figure 4.1: the TPM is
designed for a triangular lattice, where the plaquettes are the upward-pointing triangles; the SPyM is
constructed on a body-centered cubic lattice, where each square-based upward pyramid is a plaquette.

We recall (see also section 1.1.3.2) that the overlap at site ¢ between two configurations C = {o;}
and ¢’ = {o}} (measuring the similarity between them) is defined as

q; = 0 0’;. (42)

As 0; = £1, it is clear from its definition that it is also an Ising variable, with ¢; = +1.
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Figure 4.1: TPM and SPyM on Euclidean lattices. (a) Triangular plaquettes (¢ = p = 3) enlightened in gray,
the ferromagnetic interactions involve the 3 spins of each upward-pointing triangle in a triangular lattice. (b)
Square-pyramid plaquette (¢ = p = 5), interactions involve the 5 spins (gray balls) of each upward-pointing
square-based pyramid on a body-centered cubic lattice. Both reprinted from [108].

4.1.1 Different couplings between configurations

Garrahan, Turner and Jack studied coupled systems in two different settings: an “annealed” one, where
two coupled replicas of the system evolve together, for the 2-d (TPM) and 3-d (SPyM) systems [174, 108]
and a “quenched” one, where the configurations of the system are biased to be similar to a fixed reference
configuration, for the 3-d (SPyM) case [109].

In all cases one has to study the thermodynamics in the presence of an attractive coupling between
configurations. The two settings are presented in detail below.

Quenched coupling

In this case one is interested in the distribution of the overlap between the system’s configurations
and a fixed reference equilibrium configuration Cy [67, 68]. The probability of a configuration C in the
presence of an attractive coupling € with Cp is then given by

PelCICo] = e ® oA (43)

Ze [CO]

where ¢ and p respectively denote the sites and the elementary plaquettes of the lattice, and ¢ is the
strength of the attractive coupling.

From the normalization factor Z.[Cy| one defines (—f) times the free energy of the system as a
function of e: W,[Cy] = In Z.[Cy].

Due to the dependence on Cy this is a random function and it can be characterized by its cumulants,
Wi(e) = W[Col, Wa(e,e") = W[Co]We[Co] — We[Co] We[Co, ete., where the overline denotes an average
over the reference configuration. Although one could investigate the influence of a reference configu-
ration equilibrated at a different temperature than the physical one T'=1/8 (kg = 1), we focus here

on the most relevant case where the reference configuration is drawn from the equilibrium Boltzmann

distribution at temperature 1"
1 8s

plCo) = S Tuchirie. m

The so-called Franz-Parisi potential V' (q) (more precisely 5V (q)) corresponds to the Legendre transform
of (=Wi(e)) ',

V() = —Wi(e) + feq,  with q=0aWi(e)/e, (45)

where ¢ is the average overlap ¢ = N~} Zf\il o; 0. More details on the Franz-Parisi potential V(g)

can be found in the section 1.1.3.4, together with references.

W1 (e) will be abusively called free energy in the following.
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Annealed coupling
In this case one focuses on two coupled replicas C = {0;} and C’ = {o}}, both equilibrated at the
same temperature 7' = 1/ with the Hamiltonian

H[C,C') = H[C] + H[C'| + Be > ai0}, (4.6)

where H|[C] is given by equation (4.1). The free energy ? for the coupled replicas is defined as
W (g) = In Trexp(—BH:[C,(']), (4.7)

where the trace is over the spin variables 0;, 0} = +1.

4.1.2 From coupled replicas to plaquette models in a field

When ¢ = p the plaquette spin models have a dual representation in which one switches from the
Ising spins, o;, defined on the sites of the original lattice with connectivity ¢ to the Ising plaquette
variables, S,, = [[,, 0ua, placed on the dual lattice with the same connectivity c. As shown for instance
in [118, 119, 27, 174], the mapping from one representation to the other is one-to-one with appropriate
boundary conditions (at least for the TPM and SPyM studied here).

In terms of the plaquette variables, one can reexpress the Hamiltonian in equation (4.1) as

c) = —%Zs#, (4.8)
W

which corresponds to a noninteracting Ising model in an external field .J/2. This representation in terms
of plaquette variables is particularly useful to study the quenched and annealed Franz-Parisi potential.
We first rewrite the Hamiltonian of a interacting spins system in a configuration C and cou-

pled to a conﬁguration Co in terms of the overlap variables ¢; = aia?, introducing the constraint
Z{o’i:j:l} [1;0(q —oio ) =1L
e~ BHe[{ai}|Col — Z o5 T ououptfe T oio? H 8(q; — 0i0?). (4.9)
{oi=+£1} '
Due to the properties of Ising variables, (69)? = 1, one has o; = ¢;0?, and H.[{q;}|Co] can be expressed
as

Hel[{ai}Col = —5 Z Op1 - /,Lp Qul " Qup — € Z qi - (4.10)

By using the dual representation ¢

e O‘Mp = 52 for the configuration Cy, we finally find

He[{a:}ICo] = —fZS Gt Gup =€ 3 G- (4.11)

In summary, we started with a Hamiltonian with spins variables interacting via constant pair in-
teractions, and coupled to random applied fields determined by the reference equilibrium configuration
Co, and eventually found a Hamiltonian with overlap variables (that also are Ising spins) whose pair
interactions are now random and coupled to a constant external field e.

We now consider separately the annealed and the quenched settings.

2The same shortcut will be done for W™ (g).
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4.1.2.1 Mapping in the annealed case and self-dual line

We start with the simpler annealed case. The Franz-Parisi potential is obtained from the annealed free
energy, which from equations (4.6), (4.7), and (4.11) is given by

e = Y | Y e DS R s ) (4.12)
{ai==1} \{5,=%1}
where the configuration Cyp = C’ in equation (4.11) is now considered as annealed and we have therefore

replaced the subscript 0 by a prime on S),. By performing the sum over the plaquette variables explicitly,
one ends up with
W (&) = In Z e~ PH" {ai}]
{gi=%1}
where the Hamiltonian H%"[{¢; }| reads

H{gi}] = —= Zln [2cosh < (1 + H qW))] — EZqi. (4.13)

The above expression In [2 cosh (% 1+T1E_, qw)>] assumes two values depending on [[%_; qua,

In [2 cosh (3.])] H Qua =1
H" [{ai}] = » (4.14)
m2 if  J] gu=-1,
a=1

which gives the effective Hamiltonian:
an In [2cosh (8J In2
H [{ } 52{2(1—'_]](]“0‘) (1_HqMa>}_5ZQi
a=1 %
:——ﬁlncosh BJ)] Zqu 5Zqz+cst

noa=1

(4.15)

where cst denotes an irrelevant constant.

As first shown by Garrahan [174], the annealed computation therefore amounts to studying a
plaquette spin model with a coupling J = (1/8)In[cosh(3.J)] in a uniform external field H =
This model is known to have an exact duality property [175, 176, 177], which implies that the
partition function Z(J, H) associated with the Hamiltonian in equation (4.15) satisfies Z (J,H) =
[sinh(B3.J) sinh(26H)|N/2Z(J', H') with tanh(3.J'/2) = e~2*! and tanh(BH') = e~ #/.

As a result [174, 108], the annealed free energy W (J,¢), where we have made the dependence on
the coupling J explicit, satisfies

Wan(J, ) — gln[sinh(Qﬁg)] — (g ey — gln[sinh(Qﬁg’)] , (4.16)

where tanh(3.J/2) = e 7' and tanh(Be/2) = e #/". There is therefore a self-dual line which is char-
acterized by sinh(8J)sinh(fBe) = 1. If the free energy has a singularity in a point (8J, fe), by equa-
tion (4.16) it is also singular in the point obtained by the above transformation. As a result, if the
model has a single phase transition, it must take place along the self-dual line which emanates from the
point at zero temperature and zero coupling, T" = ¢ = 0. Note that the result is valid for the Euclidean
lattices as well as for the Husimi trees, provided ¢ = p.
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4.1.2.2 Mapping in the quenched case

We now consider the quenched case. The reference configuration Cyp in equation (4.10) represents
some quenched disorder. More precisely, from the form of the Hamiltonian in equation (4.10) the
disorder appears as random couplings, J Sg. Computing the quenched Franz-Parisi potential is then
tantamount to obtaining the partition function of a model with random p-spin interactions in a uniform
external field. Therefore it corresponds to (—1/3 times) the quenched average free energy, which using
equations (4.3), (4.11) is given by

Wie) =logZCol o Y. p{SIH I Y f3TuShamamtie i (4.17)
{S9=%1} {gi=%1}

The distribution of the random interactions (4.4) are given by that of the variable Sg, which for an
equilibrium distribution at temperature 7' = 1/ is simply

p({50}) o [ exp [(i") sg] . (4.18)

The average of 5’72 is tanh(5.J/2), whereas the variance is given by W = tanh?(8J/2) + 6 [l —
tanh?((.J/2)]. Thus, the disorder is such that the average interaction is ferromagnetic and the fluctua-
tions are smaller than the mean value, in particular at low temperature.

The computation of the free energy W[Cp] does not lead to further simplifications, such as the
self-dual line found in the annealed case.

4.2 Euclidean-lattice triangular and square-pyramid plaquette mod-
els

In the annealed case, the two models, TPM (2d) and SPyM (3d), both display a first-order transition
line in the T' — ¢ plane between a phase with a low overlap between the two replicas and one with a
high overlap [174, 108]. Thanks to the duality relation (4.16), one knows that the transition line must
be along the self-dual line, which is defined by the relation sinh(S.J) sinh(Se) = 1. This line terminates
in a critical point that was found to be in the universality class of the Ising model [108], as originally
predicted in the work [101]. The results are reprinted on figure 4.2 (a).

In the quenched case, for the 3-d SPyM, numerical simulations by Jack and Garrahan[109] gave
evidence for the existence of a first-order critical line terminating in a critical point in the universality
class of the random-field Ising model (RFIM), as theoretically predicted [101, 102], see figure 4.2 (b).

The represented transition line (on figure 4.2 (b)) is an estimation, based on a scaling near € ~ 0,
T ~ 0, which is obtained in two steps. First evaluating the configurational entropy on the transition
line ¢*(T), given by the height difference of the two minima of V(g) given in (4.5):

TS(T)=V(g~1)—V(g~0)~Aqe(T), (4.19)

where Ag ~ O(1) is the overlap difference between minima. One has then to estimate the config-
urational entropy S.(7"). In plaquette models it is expected to behave as the total Shannon entropy
S = — 3, pilogp;, where p; is the probability of the state i. [109] (Indeed there is no intra-state entropy
since T' ~ 0.) At very low temperature, one defect plaquette S, = —1 has a probability weight e /T

and the relevant configurations are only composed by one defect, more defects yielding an infinitely less
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Figure 4.2: Temperature T versus coupling e phases diagrams for the plaquette spin models. (a) TPM (2d)
and SPyM (3d) in the annealed case. The dashed line is the continuation of the self-dual line, and the terminal
critical point are in the Ising universality class. Reprinted from [108]. (b) SPyM (3d) in the quenched case. The
large-dashed line is an estimation based on of the scaling ¢ ~ Ae™ /7 fore ~ 0, T ~ 0 (A = 1.25) and passing by
the points at which the transition has effectively been detected. Unfilled circles localize a second order transition
line. The TPM presents no transition line in the quenched case, as the disorder kills it in 2d (see main text).
The terminal critical point is in the random-field Ising model universality class.

—JJT

favorable configuration when T" — 0. Hence the total entropy writes S ol J/Te , which allows to
—)

localize the first-order transition line:

e(T) ~ Je /T, (4.20)
T—0
This relation is actually valid for the quenched case and the annealed case TPM and SPyM on both
Euclidean and Bethe lattice, the above arguments being applicable in all the cases. It is moreover
visible on the figures 4.2 for the Euclidean case, and as we shall show, is the same in the Bethe case.
Note that in the quenched case there should be no finite-temperature phase transition for the TPM.
Due to the presence of quenched disorder, the existence of the first-order transition line and of a terminal
critical point in the universality class of the RFIM is excluded in d = 2. The presence of quenched
disorder kills the transition in dimensions d < 2, as it was explained with the Imry-Ma argument [90, 94]
and its rigorous formalization by Aizenman and Wehr [178].
In appendix B.1 we give heuristic arguments for why, as expected on general grounds [101, 102],
the terminal critical point of the coupled plaquette spin models in the annealed setting is in the Ising

universality class of the simple Ising model and that in the quenched setting in the universality class
of the RFIM.

4.3 Bethe-lattices triangular and square-pyramid plaquette models

In order to discuss a mean-field version of the TPM and the SPyM that correctly takes into account
“short-range fluctuations” we consider plaquette models on Bethe hyper-lattices (or Husimi trees, the
analog of a Bethe lattice for systems with plaquette interactions [179]).

In the present case, the lattice is formed of elementary plaquettes of p sites that are connected
through a tree-like structure with a fixed connectivity ¢. Each spin is involved in exactly ¢ plaquettes,
hence in ¢ distinct p-spin interactions. Due to the tree structure, spatial fluctuations are restricted and
the models have a mean-field character.
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We are primarily interested in the Bethe (hyper) lattice versions of the 2-dimensional TPM, which
corresponds to ¢ = p = 3, and of the 3-dimensional SPyM, which corresponds to ¢ = p = 5. In these
cases, the lattice is a Husimi tree in which each site is connected to exactly ¢ = p elementary plaquettes,
themselves comprising exactly p sites forming a triangle for the TPM and a pyramid for the SPyM: see
figure 4.3 for the case ¢ =p = 3.

As already mentioned, the mapping between site and plaquette variables, the mapping between
coupled replicas and plaquette spin models in a field, and the duality relations hold also for Bethe
hyper-lattices. They will be used in the following to simplify the analysis. Although we focus on
models with ¢ = p, it is also interesting to study cases in which c is different from p in order to discuss
the results from a more general perspective. Along the way, we will therefore consider the treatment
for generic values of ¢ and p.

4.3.1 Quenched case

When ¢ = p, one expects that, if present, the phase transitions consist in a single first-order line
terminating in a critical point. On general grounds one expects the mean-field, i.e., Bethe-lattice,
critical temperature to be higher than its Euclidean counterpart.

Furthermore, due to the tree structure of the Bethe hyper-lattice, one can derive self-consistent
equations that allow one to obtain the phase diagram in the 7" — ¢ plane. This imply to use the so-
called cavity method [179, 180, 181, 182], allowing to derive self-consistent recurrence equations on the
“cavity field”. The cavity field hff) represents the effect on site ¢ of plaquette p of all the spins except
those involved in the plaquettes other than p containing the site i (see figure 4.3). To do so, the primary
assumption is that the different cavity fields of a Husimi tree are uncorrelated in the large-size limit.
Typical loops are indeed of order log(size) and have a vanishing contribution when the system size goes
to infinity.

One sub-tree of connectivity ¢ can be constructed from a plaquette of p sites by adding (p—1)(c—1)
branches emanating from p—1 sites and by leaving unconnected one “cavity” site. In turn, (p—1)(c—1)
such sub-trees, whose cavity fields are known, can be attached to a new plaquette p to form a new,
larger, sub-tree (figure 4.3).

Figure 4.3: Local structure of the Bethe hyper-lattice for p = ¢ = 3. The cavity fields that satisfy the
recursive cavity equation in equation (4.23) are also shown.
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For one configuration {ql(}),. o )} of the plaquette u, the energy E M({qf}),. o )}) of the new
sub-tree can be written as the sum of the contributions due to the individual effective cavity fields
acting on sites {1,...,4 — 1,7+ 1, ..., p} of plaquette u plus the energy of the plaquette in the presence
of a constant external field € (not counted on site 7):

J . L
Bl d®h) = =25, T[4 — 3 (e + HP)of) (@21

JER JEM\I

where H,Sj) =2 si\u hY) is the total cavity field acting on site j. The notations \¢ and \p mean that
we exclude the spin ¢ or the plaquette p from the sum, and Greek letters refer to plaquettes and Latin
letters to sites. The mapping from section 4.1.2.2 has been used to write (4.21).

Then, S, = £1 (we have dropped the superscript 0 from the notations of the previous section) is a
binary random variable taken from the d15tr1but10n p[S, = £1] = e*#7/2/[2cosh(B./2)]. Tracing out
over the configurations {qu - ,q,(f 1), SH), ,qu } gives the effective cavity field hL) acting on site ¢
of the plaquette u via

CoPa _ > o BB (el gD (4.22)
(g a N\ Y= {£1)

with C' a normalization constant. Equation (4.22) can be further rewritten as [179]

tanh(Bh{))) = tan (5‘]5 ) IT tann |8 > 29+ e . (4.23)

JEM\L ZEYAVE

Figure 4.3 provides a visual representation of the cavity fields.

The hff)’s are random variables that depend on the disorder realization. Therefore, we have to
follow their whole probability distribution P(h). In the thermodynamic limit, equation (4.23) becomes
a self-consistent equation for P(h):

Py =Y 1S, / ﬁﬁ [dh(j)P(hf,j))}d(h—hif)) (4.24)
j=1 v=1

Sp==+1

with hff) given by equation(4.23). Note that these cavity equations are valid for all values of ¢ and p.
This equation can be solved numerically by using population dynamics [179, 181, 182], with a
population of 10 millions fields.

4.3.2 Annealed case

Thanks to the duality relation, one knows that the transition line on the Bethe lattice must be along
the same self-dual line as for the Euclidean case, which is defined by the relation sinh(g8.J) sinh(f5e) = 1.
Therefore, only the location of the terminal critical point is different.

The cavity method explained in the previous section can be applied to the simpler annealed case.
In the case of annealed setting, the quenched disorder is absent and the plaquette interaction coupling
is fixed to J = (1/8)In[cosh(S3.J)]. Therefore P(h) (4.24) converges to a Dirac delta function and we
have to solve a simple self-consistent recurrence equation on the cavity field h:

tanh(8h) = tanh (%) tanh [8(c — 1)h 4 Be]P ™" . (4.25)
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Note that these cavity equations are valid for all values of ¢ and p.

After solving this equation and plugging the solution into the expression of the free energy of the
plaquette model model in a field one can reconstruct the phase diagrams. The details of the computation
of the intensive annealed free energy from the cavity solution are given in appendix B.2.

4.3.3 Phase diagrams

In both quenched and annealed settings, after solving the equation for the cavity field and plugging the
solution into the expression of the free energy of the plaquette model in a field one can reconstruct the
phase diagrams. The details of the computation of the intensive quenched and annealed free energies
are given in appendix B.2. The first order transition line from a high-overlap to a low-overlap phases
is determined by finding, for fixed values of the temperature 7', the field €,(7") for which the intensive
free-energy values of the two phases are equal. For each setting, this is done by injecting the two
solutions (one for the low-overlap phase and the other for the high-overlap phase) of the above cavity
equations into the corresponding free-energy expression. This gives two functions of € (at fixed T') that
has to be varied until they are equal, then ¢ = ¢, (7).

The phase diagram that we obtain for the SPyM is shown in the upper left panel of figure 4.4 (a)
while that for the TPM is shown in the left panel of figure 4.4 (b). In both cases, the transition line
emerges from the singular point at T'= 0 and € = 0. As anticipated, the transition line in the annealed
case is on the self-dual line. It is always above the quenched transition line, as could have also been
expected since disorder suppresses the transition.

Both the annealed and the quenched transition lines T (¢) (or equivalently, €,(T")), display a singular
behavior, &,(T) ~ Je~7/T given in equation (4.20), when T — 0.

Finally, the results obtained here for the SPyM and the TPM on Bethe hyper-lattices can be
compared with those on Euclidean lattices. For the SPyM they are plotted together with the numerical
results and estimates of [109] in figure 4.5. The agreement is quite remarkable in this case. As expected
for any mean-field treatment, the critical temperatures are overestimated compared to the d = 3 case,
but the overall features of the phase diagram, including the singular behavior when 7" and € go to zero
are similar in both descriptions. For the TPM, the annealed results are in good agreement between the
Bethe hyper-lattice and the 2-dimensional (triangular) lattice. As already mentioned, this however can
no longer be true for the quenched case: a transition is found on the Bethe lattice whereas it should be
absent in d = 2.

The main lesson brought by these results is that the singular behavior of the transition line in the
TPM and SPyM, with a transition temperature that goes to zero when the coupling goes to zero, is
not the consequence of the long-range fluctuations, hence not an intrinsic property of finite dimensions.
The very same behavior is found in the Bethe-lattice versions of the TPM and SPyM.

4.4 Role of fluctuations in glassy plaquette spin models

4.4.1 Short-range fluctuations

One can probe the role of short-range fluctuations by changing the connectivity c at fixed p for the
Bethe hyper-lattice. In the absence of coupling ¢, it is known that the plaquette spin models on Bethe
lattices can display, as temperature is lowered, a sequence of two transitions [179, 183, 184, 185, 186]: a
dynamical one Ty and a static one at T, yielding an exact realization of the mean-field RFOT scenario
(see section 1.1.3.1). Adding a bias in the form of an attractive coupling € with other configurations
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Figure 4.4: Temperature 1" versus coupling B¢ phases diagrams for the plaquette spin models in both
the annealed and the quenched descriptions on Bethe hyper-lattices with (a) p =5 and ¢ = 4,5, 6, and
(b) p=3and ¢ =3 and ¢ = 4 (¢ = 2 corresponds to the 1-dimensional chain and is of no interest here).
The interaction strength J is set equal to 1. The dashed line is the continuation of the self-dual line
(see text). We consider fe instead of e for the horizontal axis to better compare all cases; otherwise
the transition line for ¢ = 4 terminates in e, = 0 at 7' = 0 , although the situation is quite different
from the case ¢ = 5 because there is a nonzero configurational entropy at T'= 0 and &, actually scales
as T and not J exp(—J/T).
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Figure 4.5: Temperature T versus coupling e phase diagram of the square-pyramid model (SPyM) in
both the annealed and the quenched descriptions for the Bethe hyper-lattice with ¢ = 5 (dashed lines)
and for d = 3 (full lines [109, 108]). The transition lines are between a high-T" phase with low overlap
and a low-T phase with high overlap. The interaction strength J is set equal to 1. Inset: Sketch of
the Franz-Parisi potential V'(¢) as a function of the overlap in the mean-field description (left) and for
d = 3 (right).

then produces a line of first-order transitions between a low- and a high-overlap phase that emanates
from Tk and terminates at higher 7" and ¢ in a critical point.

For ¢ > p one finds that Tx > 0. The phase diagram in the T-8e plane obtained from the cavity
equations, is illustrated in the right panels of figures 4.4 (a) and (b). The annealed transition line (in
blue) reaches the vertical axis at a temperature larger than the quenched Tk but that may be either
smaller (¢ = 6,p = 5) or larger (¢ = 4,p = 3) than Ty. This is the conventional mean-field RFOT
scenario with Tx > 0, as it also appears in a fully connected lattice (¢ — o0) or in infinite dimensions.

On the contrary, when ¢ < p the configurational entropy S.(T) ~ fe,(T) from equation (4.19)
remains nonzero in 7' = 0 at ¢ = 0 and there is therefore no Kauzmann transition in the absence of
coupling. The transition line persists down to a threshold value ¢4 of the connectivity but it reaches
the zero-temperature line at a nonzero value of the rescaled coupling Be, (see figure 4.4 (a)) .

The case ¢ = p, which can also be realized in Euclidean space, appears somehow marginal: there is
an entropy catastrophe but exactly at zero temperature, i.e., Tx = 0.

Short-range fluctuations therefore appear very influent on the thermodynamic behavior of plaquette
spin models in zero field. They are responsible of the location of the transition line in ¢ = 0 and of
the existence of a RFOT (either in Tx = 0 or > 0) or not. This is in agreement with a previous work
where short-range fluctuations were argued to be important for the RFOT scenario. [187]

3Both lines terminate at the same value of e. This is due to the fact that in the zero-temperature limit the couplings
do not fluctuate any longer in the quenched case: they all become equal to J. In consequence, quenched and annealed
settings coincide.
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4.4.2 Long-range fluctuations

The role of long-range fluctuations can be assessed by comparing Bethe and Euclidean lattices with the
same ¢ = p. As seen from figure 4.5, long-range fluctuations do not change the topology of the phase
diagram for the SPyM model, neither in the annealed setting nor, if one compares with the numerical
results of [109], in the quenched one. They do of course modify the location of the transitions and change
the behavior near the critical terminal points: the values of the critical exponent are the classical (mean-
field) ones on the Bethe lattice but are those of the d = 3 pure or random-field Ising model in Euclidean
space (see also appendix B.1).

Long-range fluctuations also enforce convexity of the potential V(q) (see the sketch in figure 4.5)
and prevent true metastability. As a result, the dynamical transition found at Ty in € = 0, which can
be associated to a spinodal point (where a secondary minimum first appears in the potential V(q)), is
avoided and can at best remain in the form of a crossover. However, all this is akin to what is obtained
in a conventional 3-dimensional ferromagnet at a first-order phase transition and does not call into
question the qualitative or even semi-quantitative relevance of the mean-field description.

For the 2-dimensional case in the quenched setting long-range fluctuations have a more severe in-
fluence. The TPM with ¢ = p = 3 displays a transition line in the quenched calculation on the Bethe
hyper-lattice but the transition should be absent on the triangular lattice. In Euclidean space, d = 2
is indeed the lower critical dimension of the RFIM (see section 4.2), which means that the fluctua-
tions depress the transition to zero temperature and zero random-field strength: no finite-temperature
transition therefore exists in the T' — € plane.

4.5 Remarks

As sketched in figure 4.5, if a transition is present in the presence of a biasing field € in d = 3, V(q)
remains singular when ¢ = 0 (with a linear segment) and a configurational entropy S. (more precisely
T times S;) can then be unequivocally defined at low enough 7' as the difference between the two
ends of the singular segment of V(g), even in the thermodynamic limit and in finite d. This will be in
agreement with the mean-field based assumptions underlying the RFOT theory.

Implications for the dynamics can also be done. It has been recently shown that the dynamics of
a plaquette spin model on a random-regular graph/Bethe lattice with ¢ = p (the authors focused on
¢ = p = 3 but the conclusion is more general)[188] is equivalent to that of a kinetically constrained
model of noninteracting spins. So, plaquette spin models with ¢ = p appear to share similar glassy
features on Bethe and Euclidean lattices, even at the dynamical level. The dynamics is therefore ruled
by the kinetically constrained motion of localized defects. The latter have a relaxation time diverging
at zero temperature exactly, as the thermodynamics is totally trivial for the KCM. In particular 7 has
been computed for the plaquette models with ¢ = p, and it appears to have two distinct behaviors
depending on if the parameters ¢ = p are even or odd (see section 1.1.5.1). In particular they present
either an Arrhenius like or super-Arrhenius like behavior:

InTx1/T if ¢=p even,

4.26
InToc1/T? if e¢=p odd. (4.26)

However, it is clear that the usual RFOT explanation of glassy dynamics in terms of mosaics
and entropic droplets does not apply for these models. It stipulates that the relaxation time behaves

AE(T)/T

following 7 < e , where the energy barrier AE(T) is given by equations (1.21), (1.22). Replacing

the configurational entropy (density) by its value here Se(T') ~ J/T e~ */T the relaxation time would
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be given by:
Y (T)¥/(d=9)
T

InT x

v
exp {(d — H)T] , (4.27)
with Y(7T) the surface tension of the droplets of the mosaic scenario and v and 6 critical exponents.
All these quantities are defined in section 1.1.4.1.

This would be in disagreement with the expressions of equation (4.26) be ¢ = p odd or even. One
therefore faces different possibilities: The first one is that the RFOT theory gives a good description
of the thermodynamics in three dimensions but that it fails for the dynamics. Another is that the
RFOT arguments for the slow relaxation hold but that the proposed scalings for £ and 7 (in equa-
tions (1.21), (1.23)) designed for a divergence at some Tx # 0 do not apply since the point-to-set
length diverges at zero temperature only. The approach to a zero-temperature glass transition, which
is not the usual situation envisaged by the RFOT theory, might lead to important changes. For example
metastable states seem to have zero surface tension in plaquette spin models [123], whereas it was some
nonzero function Y (7) in the mosaic theory.

4.6 Conclusion

This chapter is an assessment of the role of the fluctuations on overlap-based phase transitions in
plaquette spin models of glasses in the presence of a biasing field. Motivated by the computer simulation
results of [174, 108, 109] who found a transition line, in the temperature-coupling plane between a low-
overlap and a high-overlap phases, that predicts the realization of a RFOT scenario when the coupling
is zero at zero temperature exactly with a singular behavior of the transition line, and argued that
Tx = 0 could eventually be a more generic effect of fluctuations on the RFOT scenario in glass-formers,
we addressed the issue of the fluctuations on these plaquette spin models.

We have distinguished the effect of what we called “long-range fluctuations” and “short-range
fluctuations” on the RFOT scenario by comparing the thermodynamics of plaquette spin models on
Bethe and Euclidean lattices (which is given by the results evoked in the above paragraph). The latter
contains all ranges of fluctuations, by definition, whereas the former presents short-range ones only.
The description on Bethe lattices is then an improved mean-field approximation.

At least for the 3-dimensional square pyramid model (SPyM), we have seen that the main properties
of the transition line, namely the singular behavior when € ~ 0 and 7" ~ 0, the fact that Tx = 0 and the
overall shape of the line, are qualitatively the same on Bethe and Euclidean lattices and are therefore
quite robust to the introduction of long-range fluctuations. Therefore, it appears that the long-range
fluctuations are not responsible for the fact that Tx = 0 in the SPyM. However, it also appears that
the short-range fluctuations, which are tuned by varying the inter-plaquette connectivity on the Bethe
lattice, are responsible for the position of the terminal point of the transition line at € = 0, the situation
where T = 0 being peculiar to the SPyM-like cases where the connectivity is equal to the number of
spins per plaquette, as changing this one can also find Tk > 0 or no Tk at all.

The mean-field description for the SPyM in d = 3, provided that it correctly encompasses the de-
scription of the local environment, appears surprisingly robust to the introduction of the long-range
fluctuations. In d = 2 however, the mean-field description completely fails to describe the thermody-
namic properties of the triangular-plaquette model on Euclidean lattice. Indeed, in two dimensions
the disorder kills the line of transition whereas the plaquette model with ¢ = p = 3 on the Bethe
lattice predicts an in-field line of transition. This scenario is also what occurs for the classical Ising
model in one dimension, in which there is no transition whereas the mean-field description predicts it;
this nevertheless does not modify the validity of the qualitative information (existence of a transition,
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nature of the low temperature phase and of the order parameter, etc) given by the mean-field approx-
imation is dimensions higher than one. One can then expect that here, where the effective theory is
presumably an Ising-like theory with disorder, the failing of the mean-field description to describe the
thermodynamics of the system in d = 2 does not challenge the validity of the mean-field description in
higher dimensions.

The robust mean-field account of the transition line in d = 3 could suggest that glassy systems
are well described in the absence of bias, as far as the thermodynamic aspects involving the overlap
order parameter are concerned, by the mean-field approximation. However standard phenomenological
arguments applied to obtain predictions on the dynamics of finite-dimensional systems (to go beyond
the mean-field artifact of a dynamical transition occurring at T,) are not able to capture the true
relaxation time of plaquette spin models. An account of the dynamical events allowing the relaxation
of finite-dimensional plaquette models from first-principle calculation at the level of the mean-field
approximation would be required.






CHAPTER 5

Space-time fluctuations in Arrhenius
systems

Contents
5.1 Introduction . . . . . . . . @ @ @ i i i i i i e e e e e e e e e e e 75
5.2 The model: system {particles + bath} . . . . ... ... ... ... ..... 7T
5.3 From a deterministic Hamiltonian to Langevin equations . ... ... ... .. 78
5.3.1 Normal modes . . . . . . . . . e 79
5.3.2 Expressing the Hamiltonian in terms of the normal modes . . . . . . ... . ... .. 79
5.3.3 Generalized Langevin equations . . . . . . . . . . . ... 81
5.3.4 Random force, generalized potential and memory kernel . . . . . . . . ... ... .. 83
5.3.5  Properties of the stochastic noise generated by the bath . . . . . .. ... ... ... 84
5.4 Deterministic field theory for particles with stochastic dynamics . . . . . . .. 85
5.5 Low-T calculations: saddle points and instantons . . ... ... ......... 87
5.5.1 Saddle point and non-linear coupled-differential equations . . . . . . ... .. .. .. 87
5.5.2  Simplest nontrivial solutions: general kernel . . . . . . . ... ... o0 88
5.5.3 Simplest nontrivial solutions: approximated kernel . . . . . . . ... ... ... ... 89
5.6 Three-point susceptibility . ... ... ... ... ... . 0oL 95
5.7 Four-point susceptibility . ... ... ... ... 0 000000 98
5.7.1 Master equation . . . . . ... Lo e 99
5.7.2 Four-point correlation function and susceptibility . . . . . . . .. .. ... 101
5.8 Conclusion and perspectives . . . . . . . v v v i ittt e e e e e e e e e e e 104

The work of this chapter is still in progress.

5.1 Introduction

In section 1.1.1 we presented the notion of dynamical heterogeneities; see [40] for a reviewing book.
They can be characterized by a dynamical correlation length £4(¢) through the 4-point space-time
correlation function g4(r,t), &4(t) describing how far the motion of particles is correlated during an
elapsed time ¢. The “nonlinear dynamic susceptibility” y4(t) gives access to the maximal value of £4(t)
which corresponds to a time of order of the a-relaxation time.

The measure of the two above quantities requires a “tracking” of all the particle positions. This is
easy in simulations, but impossible in real experiments. In the latter case one prefers the use of “re-
sponse functions” which quantify how the system reacts to some external, well-controlled, perturbation.
Unfortunately, nor g4(r,t) or x4(t) are directly linked to a response function.
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They are however indirectly related to the “three-point” dynamic susceptibility yx7. It gives the
response of the auto-correlation function C(t) to a change of temperature,
oC(t)
t —.
xr(t) oT
For a system with deterministic Hamiltonian dynamics and closed volume V', all the “histo-
ries” of the N particles in positions x;(t) at time ¢ are encoded in the possible initial configura-
tions {x;(0)} of the system. The statistic average of an observable O can then be computed ex-
actly by Weighting the initial configurations by their respective Boltzmann weights, as (O(t)) =
(Z(t=0)) f{x O{zi(t)}) e PHUEz 0}, The total Hamiltonian can also be expressed as a sum
of its elementary degrees of freedom H[{x;(0 f h[{zi(0)};%]. Then the auto-correlation function

O(t) = N7 L {{a(0)5(0)) — {5(0) } becomes:

c(t) Z/{ (0)e? g O} _ 1 Z/ i o8 Syl

(5.2)
We can compute its derivative with respect to the inverse temperature 8 = (kgT)~!. The figures shown
all along this chapter have been done for kg = 1. Using (h[{z;(0)}; ¥]) = ho(¥) and % = —(kpT?)~1
xT becomes

(5.1)

1 1Y .
xr(t) = ET2 N z; /ﬁ<[$j(t) — 20][2(0) — xo][A[{z:(0)}; ¥] — ho(¥)]) - (5.3)

The integrand is a two-time and two-space-point function and can give rise to a dynamical length scale,
be it trivial or not.

Evaluating the square of x7(t) and using the Cauchy-Schwarz relation, one finds an inequality (or
bound) between x%(t) and x4(t), that must be valid in systems where the energy is conserved, [189, 190]
and in particular if we consider the NV E ensemble (where the energy is fixed and the temperature

varies), this inequality reads:
1
)2 < s (6H? 5.4

The quantity <(5H = H[{zi(0)}] — 7—[0)2> represents the average energy fluctuations. It is equal to

N ¢y kgT? in the NV T ensemble, with ¢y the intensive heat capacity at constant volume V which is
equal to 3/2 kp for a monatomic gas.

The above dynamical length scale, {;(t), and the static point-to-set length scale are often seen as
evidences of the emergence of cooperativity in supercooled liquids. One does not know to what extent
these two length scales are two facets of the same physical phenomenon. In this respect, we will study
the dynamical correlations emerging in Arrhenius systems. On the one hand these systems can be
seen as a collection of independent degrees of freedom, with no static correlations whatsoever, and no
cooperative glassy dynamics (at least in the usual sense). On the other hand, Arrhenius systems can be
viewed as a collection of independent two-level systems that relax on a typical time 7 o< €2/7, where A
is some constant energy barrier. The auto-correlation function has a simple behavior C/(t) oc e=/7(T),
which directly yields an expression for the dynamical susceptibility, x7(t) o 1/T2(t/7)%e~*/7. This
function is non-monotonous with a maximum at time ¢ = 7 which increases as 1/T2. Then, there exists
a x4(t) that must satisfy the bound and eventually has a maximum, which would be associated to the
presence of a growing dynamical correlation length which diverges at T = 0 and at least as 1/72.
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Finding this dynamic length scale for Arrhenius systems could allow one to pinpoint the mechanisms
responsible for it. These non-glassy mechanisms could occur in supercooled liquids that also present
Arrhenius, or super-Arrhenius, dynamics. They should then not be identified erroneously as a marker
of glassiness and the related dynamical length scale as an evidence of the emergence of cooperativity
in glassy systems. Their knowledge would allow to discriminate between trivial (Arrhenius-like) and
nontrivial (glassy) properties of the dynamical heterogeneities of glasses.

One can then ask for the possible physical mechanisms yielding to such a dynamical correlation
in simple Arrhenius systems, and the most reasonable hypothesis seems to be that the dynamical
correlation is mediated by the thermal bath. Indeed, the jump of an Arrhenius particle above the
energy barrier A could generate a perturbation of order A that can be very large compared to kg T,
the typical thermal energy of the degrees of freedom of the bath, if we choose to work at low enough
temperature such that the thermal fluctuations are negligible, A > kpT. This mechanism could give
rise to some nontrivial dynamical correlation. Since the bound given by equation (5.4) is valid in the
NV E ensemble, we want to dive the Arrhenius systems in a thermal bath that allow for conservation
of the total energy of the system and that is “complex” enough such that it can mediate dynamical
correlations.

In the following, we will try to compute the two dynamical susceptibilities, xy7 and x4. To do
this, we first present the model and the modelisation of the thermal bath by an assembly of harmonic
oscillators [191, 192], then we will derive generalized Langevin equations for the Arrhenius systems
following [43, 191, 44, 193, 194, 195] and we will transform these differential equations with stochastic
noise into deterministic differential equations following the Martin-Siggia-Rose-De Dominicis-Janssen
formalism [196, 197, 198]. Since we are interesting in the finding of eventual dynamical length scales
that should diverge at T' = 0, we will restrict our calculations to the limit of low temperatures and will
present instantons calculations that one can then perform (see also chapter 2).

5.2 The model: system {particles + bath}

The model is defined on a square lattice in dimension d = 3, with linear size L and volume V', containing
N sites separated by a lattice spacing a, hence N = (L/ a)g. Each site is the equilibrium position of
a harmonic oscillator of mass m, which is connected to its 2d nearest neighbors by springs of stiffness
Kj. It has been shown that an assembly of harmonic oscillators can play the role of a heat bath. [191]

Then, we distribute Arrhenius systems, which are modeled by a collection of Ng, independent
particles of mass M > m, living in one-dimensional double-well (dw) potentials at fixed random positions
in space. The center of the double well i is fized at position EZ and X;(t) represents the coordinate of
the particle inside the double well ¢ relative to its center. To be concrete, we take the following form of
the potential, with two symmetric minima in +1,

A
V(X) = Z(X2 —1)2. (5.5)
The probability to jump from one minimum to the other follow an Arrhenius law, namely the relaxation
time of one particle is 7 = 79?2/, where § = (kgT)~!, A/4 is the height of the potential barrier and
7o is some microscopic relaxation time. The thermodynamic limit is taken in such a way that N — oo
and Ny, — oo with Ny, /N = p = finite but small, p being the density of double wells.

In addition, each particle particle ¢ is coupled to its nearest oscillator of the bath by a spring of
stiffness ¢, and the quadratic coupling between the particle in the double well and the oscillator in the
bath is such that the force is zero when the oscillator is at its equilibrium position and the particle on
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the top of the barrier of V. A pictorial representation of the model projected in one dimension is shown
in figure 5.1.

o I e
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Figure 5.1: Pictorial sketch of the model in one dimension.

(5SU]( ) is the distance of the j-th oscillator with respect to its equilibrium position §Z;(t) = Z;(t) — l;-,

with l = (l;ﬁ,lg,lz) and 5 € a{l,...,L/a} for e = {z,y, z}. We suppose that the whole system {bath

+ partlcles} is isolated such that the total energy is conserved,

H{X}, {62}, {X}, {62}] = EF X)) + EP[{02}] + E,[{X}, {62)] = cst. (5.6)
The total kinetic energies of the particles (P) and of the bath (B) are given by:

Ndw .

EP[{X)] = Z X (5.7)

EB[{sz}] = Z 07(t)2. (5.8)

The total potential energy of the ensemble bath plus Ny, particles can be written as a sum of subcom-
ponents,

E,[{X},{68}) = B ({X}] + B [{o2}] + E;[{X}, {62}], (5.9)

corresponding to the total double-well potential energy of particles and to the total elastic potential
energy of the bath, respectively given by,

Naw
EF{Xy =Y > V(Xic) (5.10)
i=1 e=x,y,z
N
PR = 03 (6554 (1) — 67512 (5.11)
7j=1

and a elastic potential energy of interaction (I) between bath and particles,
2
By [{ X}, {07}] = Z (X)) - o7m(1)) (5.12)
where we have introduced 0Zg, (t) = Zjv 1 0% (t)é(l; — Ry).

5.3 From a deterministic Hamiltonian to Langevin equations

In this section, we are going to derive generalized Langevin equations for our double-well systems
interacting with a heat bath formed by the three-dimensional assembly of harmonic oscillators. Then,
we will give the statistic properties of the heat bath. [43, 191, 44, 193, 194, 195]
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5.3.1 Normal modes

It is well known that the motion of an ensemble of harmonic oscillators in euclidean lattices can be de-
scribed in terms of normal modes, i.e., standing waves with the same wave number and frequency. [199]
For periodic boundary conditions, the wave number values must respect that:

) ) 2
etbut) — gikulptl) k, = i%pu with p=u=z,y,z2, (5.13)

with p;, py, p. integers. The wave number that can be taken in one direction depends on the linear size
of the system L, or, equivalently, on the linear number of harmonic oscillators L/a, and is such that
(kg ky, k) = (20/L) (pz, Dy, P=), With (psz, py,pz) € {0;+£1;...;4£L/(2a)}, and with increment of 27/L
between two nearest wave vectors.

The distance §2;(t) of a harmonic oscillator j with respect to its equilibrium position l_; is, using

the notation ) ;= Z?k/:,ky,kz)zfn/m
= oiF
5 (t) \ﬁ Zu (5.14)
The uj; are complex numbers, and u their complex conjugate. To ensure that 5%( ) is real we have

¢ = Uty = |uz]>. We finally
introduce the Fourler transform of the Kronecker delta function in dlscrete space

to impose that i} = =q - i» from Wthh ensues the following property: ;i

— 4»—0

. Z Utk (5.15)

\

5.3.2 Expressing the Hamiltonian in terms of the normal modes

The different terms of the Hamiltonian can be rewritten in terms of the normal modes.
Kinetic energy
The kinetic energy of the bath of oscillators becomes:

m 5o m .
=3 Dby g =5 > _lig®). (5.16)
k& B

Potential energy
The total potential energy Ef + Ef —|—Ep{ is going to be rewritten like Ef + Ef —I—Ep{, the two being
equal. The first term, expression (5.11), becomes:

1 .
= §ZA%\UE(1€)|2. (5.17)
3

We have introduced A?, )\i = KoY Nt Zjvzl eiF+R)-1; <1 — eiE'(fj+1*rj)) (1 — e“g'(ff“*rj)>, the k-
dependent coupling between phonons that propagate within the bath of harmonic oscillators. In di-
mension d = 3 when ||k|| < 1, with k? = ||k||> = k and K = Ko/d (see appendix C.1), it reads

A2 = Ka’k? + o(k?). (5.18)
The third term, expression (5.12), can be reexpressed as

—

> gttt (5.19)
i

l\’)\QQ
%F
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and developed into three distinct contributions:

1) One depending only on the X;(t).

2) A term depending only on the degrees of freedom of the bath, that can be written, with p = Ng,,/N
the density of double wells,

Naw

lg . R - S | i . 1 .
N2 > ity (1) Y e FHRIR = 2P 9 2 up(t)ug ()0 f = 5”92 (1)) . (5.20)
kK’ 7=1 k,k’ k

3) And a term coupling the normal modes to the double-well particles.
The above three contributions can be distributed into the following redefinitions of the potential ener-

gies:
Naw g Ngw g
EP = EF (D)2 = ‘ ()2
By =B+ 3 5Xie'=> > (V(Xia) + §Xia0?) (5.21)
i=1 e=x,y,z i=1 e=x,y,2
~ 1 g . 1 ~
Ej =B} +5) Solap) =5 Y Az, (5.22)
E E
g Ndw L.
E, = ~ oy 2. i) > ()™, (5.23)
j=1 P

where we have introduced a modified phonon coupling,
X=X +gp. (5.24)

In the following, we further manipulate the expression of the potential energy. The sum Ef + E’é

can be rewritten as a factorized square, with R, = R,, — Ra,

2 Naw ikRmn

EB 4 Bl = B+ - %QN Y X.E.mnY - - (5.25)
mon—=1 3 k
The first term is given by:
oA o el TP % e | (@ - L1 % X, ()i (5.26)
P R KRy S I 0 Uy 2 -

The second term gives rise to a local contribution when m = n and to a nonlocal contribution when
m # n. The local part is —3g%a S~ Naw ¥ (#)2 (in the thermodynamic limit N — o), with

= (2nK)! — ! &arcan ™ 5
o= - B (5] o

Together with Ef in equation (5.21), it allows us to define an effective “free” double-well potential

Un,, for the particles,

Naw Naw

UN ., ({Xz}> => > [V(Xi,s) + g (1-ga) Xz?,a] =Y ) Vi(Xig) +cst, (5.28)

i=1 e=x,y,z i=1 e=x,y,2
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where cst denotes an irrelevant constant that will be neglected. V; is the new effective local potential
for each particle (in direction ¢),

A

2
Vi(Xig) = 7 (X = XG)7 (5.29)
and X is a redefinition of the minimum of V' in equation (5.5), defined if 1 > (¢/A) (1 — ag),
ngl—%(l—ag). (5.30)

The nonlocal part, yielding a total effective interaction energy

Ndw

INd'w {XZE} Z Z ‘/2 Xme)Xna)y (531)

e= a:yzmn 1

gives rise to an effective ferromagnetic pair interaction mediated by the bath, as it can be found for
instance in [200] for Brownian particles. This comes from the fact that when two particles in two
double wells are, say, respectively in +1 and in —1, the harmonic oscillators of the bath are either
“compressed” or “elongated”, and this gives rise to an elastic cost. For two particles at dimensionless
distance Rynp = Rinn /a (a being the lattice spacing), the effective ferromagnetic pair potential reads

‘/2 (Xm,57 Xn,s) = _Xm,e Xn,s Y(Rmn) 3 (532)

whose interaction is asymptotically given by a Yukawa potential:

Y (Rpn) ~ 479; Rl ep{—\/gﬁmn]. (5.33)

The constant o and the function Y(Rmn) are computed in appendix C.3.1.

This effective ferromagnetic interaction gives rise to a static length scale that can eventually be large.
We want to be in a regime where the dynamical length scale(s) are large compared to this static length
scale, and this will be so if we impose to the effective energy of interaction of the ferromagnetic state to
be small compared to the total thermal-energy fluctuations, N kg T > |In,, ({Xic} = {+1}or{—1})|.
This energy is computed in appendix C.2 and yields the following condition, where constants of order

one have been discarded,
T>pg. (5.34)

Before going to the next section, we set the Hamiltonian of the system to be written as
H{ X}, {a}, {X}, {i}] =EF[{ XY + Un,, [ XY + In,, [ XN + B2 [{ay] + BEPY (X}, {ay). (5:35)
and we finally define the effective potential energy of the particles, or generalized potential, as

WNdw - UNdw + INdw : (536)

5.3.3 Generalized Langevin equations

We suppose that the time dependence of the X ;j(t) is known. Dynamical equations are computed from
Hamilton’s equations for both bath and particles degrees of freedom, which are, in each of the three
directions of space denoted by ¢, with by _ = bz _- €,

(t) = —miiz

— i ()5 o) = i, (1)} (5:37)

Oug,
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OH

()= —MX;(t); 0%

{8H

5%, () = Xje(t)} (5.38)

Using the expression of the Hamiltonian in equation (5.35), we obtain the equations of motion for the
particles and for the bath degrees of freedom:

miig_(t) + Nug (1) = ==Y Xjo(t)e (5.39)

MX;.(t) = _8614)/(ydw + LS g e — 2 S Xn’s(t)% 3 ;2 cos [E (én - Rj)} . (5.40)
, - — X2

They are coupled differential equations, nonlinear in space and nonlocal both in space and time. The
solution of the equation of motion of one of the bath’s degrees of freedom uj _ in equation (5.39), with
initial position and velocity uz _(0) and ug _(0), can be formally written as

g X sinfwy (t — t')]

ks(o) . g/m —ikR; /t / /
- = u; wt) + — wit) + =— E ! t X, _— 41
uks(t) uk’e(()) cos(wt) . sin(wgt) ~ 2 e J ; d ],E(t) , (5.41)

> Wk

where we defined the phonon frequency wy = \/Xz /m. Inserting equation (5.41) in equation (5.40),
we obtain an equation of motion for the particles that depends on the bath only through its initial
condition:

(5.42)

2 t ; /
g 1 iR (Ri—R, sinfwg (t — t')]
+ E g k(B =R )/0 dt' Xp (t') ———=.

Wk

We integrate by part the last term, this yields a memory kernel that couples to the velocity of the

particle:
t . oy 1 t . 4
/ at’ X () SO L (4 = X0 (0) cos(unt)] — / at' X (¢) 0D (s
0 ' Wi wi ’ ’ 0 ’ Wy,

After a distribution of the above leftmost term (into brackets), the equation (5.42) becomes:

MXJ:€(t) = _((931};/(]:? + 92 ZXn,s(t)% Z ~i (eilg(ﬁnfﬁj) — cos {E (En — R})D
’ " k

AL
9N~ iR g~ 1 e g (0)
+ N Z et [(uE’E(O) - Z Nl Xn,5(0)> cos(wyt) + " sin(wgt) (5.44)
k n
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Since e*(Fn=Ri) _ ¢os [E (ﬁ] - ﬁnﬂ =1/2 (eig(ﬁ"_ﬁj) — e_“;(ﬁ"_ﬁf)>, the rightmost term of the

above equation vanishes. ! This last equation is a generalized Langevin equation for the particle j

Naw
5 ow,
MEX,e(0) = =S ) O [ KoK=, (5.45)
J,€

living in the generalized potential Wy, , with a memory kernel K}, (t —¢') non local in space and time
acting as a time-dependent dissipation term, and subject to a random force Fj . coming from the bath.
5.3.4 Random force, generalized potential and memory kernel

The random force is given by the expression:

i (0)

Fi(t) = \/LN Z iR R [(ugﬁ(o) — % > N Xn,g(())) cos(wyt) + sin(wyt)| , (5.46)
k n

and the two contributions of Wy, are given by:

Naw
UNdw {X} Z UNd {Xza} Z Zvl s
E=T,Y,2 e=x,y,z i=1
Now (5.47)
Ing, ({Xi}) = Z I(E ({Xie}) = Z Z Va (Xie, Xje) -
e=x,Y,2 e=x,y,z i,j=1

i<j

They can be respectively rewritten as a sum over all local potentials V; (X . ), defined in equation (5.29),

€

and all pair interaction potentials V5 (X; ., X c), defined in equation (5.32).
The memory kernel of dissipation, nonlocal in time, reads:

1 5 coslwi(t —t'
Kin(t—t) = an Z’“me. (5.48)
2
E

The kernel is symmetric in ¢t — —t, Kp,(t) = Kpp(—t). It is estimated using arguments of continuity in
appendix C.3.2. The different expression then obtained are compared to the above exact expression in
figure 5.2. The expressions found are: a local (in space) one when n = p, with Ry, = ||R, — R,|| and

R = R/a,
sin (\ / %77 t)
Kopn(t) ~ o ——— 2
\/ Kot
m
and a nonlocal (in space) asymptotic expression when n # p

. (Rn,, . \/§t> . <Rn,, ¥ \/§t>

One can go furthe'r and make a very crude approximation of the above expressions. It
consists in replacing %ix) by §(z) and 1 (Sinlntegral [A(B + Ct)] + Sinlntegral [A(B — Ct)]) by

(5.49)

1. .
Kopp(t) ~ ;Y(Rnp) <SinIntegral + SinIntegral

) + O(panp) )

(5.50)

~\N-2/ 7. R -
'We have used that the sum N~ 'Y ; (/\k) (ek‘Z — e_kz) evaluates to zero, as k € Z3.
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[©O(t+ B/C)—0O(t — B/C)] (both exact when A — 00). The interest of this crudest approximation is
to perform analytically time integrals where the dissipation kernels appear. This approximation makes
sense if the details of K,;(t) do not influence (much) the particles dynamics, as one can see on figure 5.2.
We thus introduce the following simplified memory kernels: the local one,

Kon(t) =~ 0 d(1), (5.51)

and the nonlocal one,

A~

Fnp(t — ') = Y (Rnp) [@ (V(t )+ Rnp) e (V(t ) - Rnp)} . (5.52)

For simplicity of notation we have introduced the frequency v = \/K/m and the constant o = ¢° .

0.15 \ - 7 ] 0.008[" N A ]
) [ HAAAFAAAA ~— Y(Ry)
— Exact I — Exact | Y, |
(1] 0.006 X ‘
0.0  ~ %pﬂ I 1 App. | ‘
s elta . 0.004 — Theta
' 0.05 &
A R 0.002 ]
\ | 1 f\
0.00 _—
AAVAYERVAY, 0.000
\ V vvv\/\} \/\fvw
-10 -5 0 5 10 —20 ~10 0 10 20

(a) t (b) t

Figure 5.2: Memory kernels of dissipation K;;(t) for i = j (a) and i # j (b) (here Ri; = R;;). The different
curves are obtained either: from their exact expression (5.48) (purple), from their estimations (5.49) and (5.50)
(orange), and from their crudest analytic approximations (5.51) and (5.52) (blue). The parameters are such that:
K=1 m=1, pg=0.0001, Rij = 10. We observe an error of order O(pgf%ij) ~ 0.001 between the purple and
the orange curves of K;;(t) when i # j, that we suppose (at least for the moment) does not spoil our calculations.

The local and the nonlocal kernels are represented on figure 5.2. The above estimation (orange)
and the crude approximation (blue) are compared to the numerical values (purple) obtained from the
expression in equation (5.48). The estimation of K, ;(t) with n # j in equation (5.50) presents a
deviation of order O(pgR,,) (see figure 5.2 (b)) that we do not take into account for the moment,
supposing that it does not spoil our calculations.

5.3.5 Properties of the stochastic noise generated by the bath

Suppose that at ¢ = 0 the bath is equilibrated in presence of the particles. Hence, its possible initial con-
figurations follow a Gibbs distribution with probability po = (Zo(8)) ' e #PoNaw | with 8 = (kpT) !
The quantities Ey,n,, and Zy(f) are, respectively, the energy of the bath for a particular configuration
of the system {particles + bath} and the partition function of the system, both at time ¢t = 0. The
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expression of Ey.y,, is, from equation (5.35),

EO§Ndw =
1 g 1 Ndw . g 1 Ndw .
= 2 Y2 | = > —ikR — > kR
) Z m|ug(0)\ + Ak U;;;(O) - ﬁ?ﬁ ; J(O) €z€ ’ _;;(0) - ﬁfi ; J(O) exe
k = =
1 g 1 Ndw oL 2
== mlitz(0 2—|—X2 Ur(0) — == X'Oé'me_ikRj
> 2O 3% a0~ 55 X0
(5.53)
Zo(p) is the sum over all the initial configurations {{"E(O)}; {ﬁE(O)}} of the Boltzmann weight:
ZoB) =Y., e N, (5.54)

{a@;(0)} {1z (0)}

Knowing the initial probability pg, we can determine the stochastic properties of the bath noise,
in the light of [192, 201]. It consists in computing the moments of the probability distribution of
the stochastic force Fj.(t), which depends on the stochastic variables uE’E(O) and 11,—578(0), as we can
see in equation (5.46). We therefore introduce the average over the initial configurations of the bath,
() = (Zo(B)) ! Z{ﬁ»(o)},{{%(o)} e PEoNg, . From standard properties of Gaussian distributions, we
determine the mean arkld thekvariance of the stochastic variables composing pg directly looking at the
expression of Ey.y,, . In each space direction € we have the means,

| Naw . (5.55)
up (0) = === > Xje(0)e ™) =0,
0

. kT
<u];’5(0)uk/751(0)>0 = 765,—13’5575/ , (5.56)
Ndw Nd'w
g 1 _ikR; g 1 k'R, kT

up (0) — —==z » X, (0)e """ ug ,(0) — = > X;-(0)e i = 0 700,

< k,g( ) \/N)\z ; J,S( ) k’g( ) \/ﬁ)\% ; J,e( ) >O )\z k,—k' V€€
(5.57)

and the covariance,

(ug (0, ,(0)) = 0. (5.58)

The above relations yield the following properties of the stochastic noise coming from the bath. The
means immediately imply that

(Fje(t))g =0, (5.59)
and the variances and the covariance allow us to compute the time-correlation of the stochastic force,
20T 1 kR +ik' B
<Fj’€(t)Fj/7€/ (t’)>0 _9 Trl; N ) e 5,;’4—5,55’5/ [cos(wkt) cos(wpt') + sin(wyt) Sin(Wklt/)]
Bk

2T 1 o= = t—t
_ 9B Opor — Z eZk(Rj_RJ")COS[wiEZ)] = kpT0c o Kjjr (t— t/) )
k

(5.60)
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where we have recognized the expression of the memory kernel Kj;/(t —t’) given in equation (5.48).

5.4 Deterministic field theory for particles with stochastic dynamics

We use the Martin-Siggia-Rose-De Dominicis-Janssen formalism to integrate over the bath noise and
obtain a deterministic field theory. [196, 197, 198] The partition function of the system {particles +
bath} is defined as a path integral over all possible time-trajectories X;(t) of all the particles ¢ (i from
1 to Ngy) and over the time-configurations of the noise force Fy(t) acting on particle i.

The noise is a sum of independent Gaussian variables, hence it is also a Gaussian variable. Its
probability distribution is therefore fully determined by its average (5.59) and its variance (5.60),

[{F} t} o exp —*ZZ / dty dty Fi o (ty) [kpT6. o Kij(t — t2)] " Fror(ta) (5.61)

i,j e’

We compute the partition function Z [{5}715] adding particle dependent external fields ﬁl in order
to compute thermodynamic quantities from field derivatives with respect to the external fields. It
will be useful to compute correlations. The particles positions have to be solution of the Langevin
equation (5.45) at all times 0 < t; < t, this is imposed as a constraint by introducing a Dirac delta
function. The partition function is then given by:

Ngw t
{h} t /H1 1:[ (DX;.DF}.) [{F};t} exp{ZZ/O 2t hi,g(t/)pi,a(t/)}
Nau
H ZZ (MXJE (t1) Ndw ) + Z/ dty Xy o (ta) Kjn(t) — to) — Fjﬁ(tl))
t1=0 J

(5.62)

The integral representation of the §-function, §(%) = (27)~3 f_oooo dij e~ requires the introduction of

conjugate variables, 3. We call these conjugate variables X je(t). After introducing the probability
distribution of the bath force given in equation (5.61) in the above equation, we obtain:

Ndw

Z |{h}t] /H DX;.DX;. %

- t R . a Ndw
exp {—Z/ dthj,a(tl) <MXj7g(t1) —+ aXNdw —|— Z/ dtz Xng tQ an(tl — tQ)
0 D€

/'DFjﬁ exp {—; Z /Ot dty dtQFms(tl) [kBTKnj(tl — tQ)]_l Fjﬁ(tg) + /0 at’ [hj}a(t/) + Z'Xj,e(t,):| Fj’s(t/)}]] .
(5.63)

The partition function can be written as a product of three partition functions in each space di-
rection, Z [{E}J} = zz[{h};t]zy[{h}; t]z.[{h};t]. Since the moves of the particles in the three space
directions should be independent, we can equivalently restrict the study of the particle displacement to
one direction of space. In the following, we will therefore rename the different e-dependent variables as
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Xie — Xj. To compute z[{h};t] = z,[{h};t], we have to integrate over the stochastic force. This gives
rise to a functional Gaussian integral,

1 t
/ [[PFiexp f§§ : / dty dtoFy(t1) [kpT Kyt — Fj(ts) +§ : / dt’ t") +iX;(t )] Fj(t)
; > JO
? n,J

(5.64)

We use the notation F = (F1,...,Fn,, ), the same for ¢ = h +iX and the Ny, X Ny, matrix M =
kT K(t — t'). The above functional Gaussian integral then becomes

_ 1 [t . . t - .
/DF exp {—2/ dt1 dtQFt(tl)M(tl — tg)le(tQ) +/ dtq (Z)t(tl)F(tl)} s (565)
0 0
and once the integration over the stochastic forces have been performed, reads

t
ditKeXp{kBQT /0 dty dtsd (1)K (1 —t2)¢(t2)} . (5.66)

This expression can be used to compute the expression in equation (5.64),

Naw

1 /-cBT Z / dty dts [h (t1) +iX; (tl)} Kty — to) [hn(t2)+z’f(n(t2)} . (5.67)

ex
vdet K P

This allows us to introduce an action S[{X}, {X};1] entering in the definition of the partition function

z[{h};t],

Ndw

2[R} t] o / H (px;D%)) m ¢S XN LX) (5.68)

The conjugate variables are redefined as X j — ikgT X ;- The action obtained is fully deterministic, the
price to pay is however to deal with the hard-to-interpret conjugate variables X,

Naw
[{X} {X} {h} t] —— Z / dty dtg[kBTh (tl) +X (tl)]KJn(tl —tQ)[kBTh (tg)—i-X (tg)]
Naw e

N
+Z/ dth tl (MX (tl) 8 Nduy —1—2/ dtQX ]n(tl—tg)) .
(5.69)

The potential appearing above is W](Vsd)w, with ZE:%%Z WJ(\iz)w = Wh,,,, that we have renamed WJ(\iz)w —
Wn,.,- From the expression of S, one can compute correlation functions taking derivatives with respect
to external sources. In general computing correlation functions from the action above is a hard task.

However, simplifications arise if one works at very low temperature.

5.5 Low-T calculations: saddle points and instantons

At present, our aim is to compute the statistically relevant time-trajectories {{X )} {X (t)}} of the

Ngy, particles. These trajectories may dominate the partition function in equation (5.68) at very low
T. At low temperature (when S/T < 1), they are easily accessible through a saddle-point method



90 Chapter 5. Space-time fluctuations in Arrhenius systems

onto the action S[{X},{X};] found by setting h,(t) = 0 for all n in equation (5.69). The solutions
found, {{X () {X *(t)}}, correspond to the lowest energy-cost trajectories. There are generically

two kinds of solutions: the trivial constant profiles ones, and the nontrivial ones called instantons,
corresponding to sharp jumps between the trivial solutions. See also section 2.1 speaking about the
method of instantons.

5.5.1 Saddle point and non-linear coupled-differential equations

The instantons solutions are found by minimizing the action S[{X},{X};t] with respect to the trajec-
tories {{X 1}, {X (t)}} This is technically doable by taking functional derivatives of S[{X},{X};1],

and gives a system of 2Ny, coupled differential equations:

OSH{X}, {X}:4] ‘
X;(t) Xr Xy

. (5.70)
SUX) AR
0X;(t) XX
The above equations read, more precisely,
S (4! s WNdw *
0= MX3(t)+ X](t) Z t/dth (t1)0p K pj(ty — t) —i—ZX
(5.71)

.. OWn
_ * / dw
0=MX*t)+ ox: +Z

/ dty X*( )Knj(t’—tl)—/Otdtl)?;(tl)l(nj(t’—tl)].

Different integrations by parts are performed, yielding boundary terms (BT) that have to be evaluated.
. t . t

In equation (5.71) (top), two BT appear, [Xj(tl)&glé(tl - t’)} . and [Othj(tl)(S(tl - t’)}o with ¢’ fixed,

which are zero for 0 < ¢/ < t. Another BT, [0(t' — t2) K, (t1 — tz)]gl = 6(t' — t1)K;;(0), yields the

following condition on the times appearing above: 0 <t < t;. In equation (5.71) (bottom), a term

K,,j(t1)d(t" — 0) appears, which is null for the same reason as above.

The mass of each particle is such that M > m, we can therefore neglect the inertial part of the

Langevin equations, X;(t) =~ 0 and X]*(t) ~ 0, going in the over-damped limit.

5.5.2 Simplest nontrivial solutions: general kernel

The constant profile Xj*(t) = 0 and X7 () = 0 is the most trivial solution of the system composed by
equations (5.71); we are interested in nontrivial ones. Below, we will deal with two kind of instantonic
solutions for the particles in the double wells that will be characterized by the different energetic costs
they yield. At very low temperature, the trajectories are a sequence of time lapses where the particles
stay static in one of the two minima, followed by dynamical jumps across the potential energy barrier
which corresponds to an instanton. This instanton can be decomposed in two parts, namely, the
“descent” of the potential energy barrier which will be characterized by a zero energetic cost, and the
“climb” of the potential energy barrier which will have a finite (and obviously positive) energetic cost.

Descent
The most simple nontrivial and non-constant solution one finds corresponds to the one with all the
X75(t) = 0, for all j = {1,...., Ngw}. This immediately verifies equation (5.71) (top). Replacing the
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X;(t) by 0 in equation (5.71) (bottom), we obtain a set of coupled dynamical equations for the particles
Xr, forall j € {l,---, Ngw},

Xi(t')=0

% _ oW ¢ 5.72
/ dty X7 (1) Ky —t1) = — a)]gjw Z/ dty X5 (t) K (' — 1) (5.72)
0 J n#j

They correspond to a particle X; living in a generalized potential Wy, ~and creating a time dissipation
K,,j(t —t') on the other particles X5 with n # j, and Kj;(t —t') on itself. The static solutions of the
above system of equations correspond to X]* = 0 for all j, and obviously correspond to stationary points
of the generalized potential Wy, , that can be minima, maxima and saddle points. In the instanton
method, these static solutions are joined by instantonic trajectories involving 1,2,--- , Ng, particles
that can be found by searching for solutions of the above differential equations with Xj* # 0 for all the
j’s.

We can evaluate the energetic cost associated to such an instantonic trajectory, injecting the differ-
ential equation (5.72) in the effective action (5.69) for {h(t) = 0}. The fact that Xj*(t’) =0, for all j
and ¢, immediately provides that the trajectory has a zero energy cost,

SEX* L {X" =0, (5.73)

and that this instantonic trajectory then corresponds to the “descent” trajectory of, say, n particles,
from a saddle point A of Wy, to a minimum B of Wy, (corresponding to a stable state), that are
such that Wy, (A4) > Wn,, (B).

Climb
Another simple solution consists in fixing X]*(t) = X]*(t) It transforms equation (5.71) (bottom)
in the time-reversal of the bottom equation of the system (5.72),

X; () = X5(t')

t - ow, 5.74
/ dtl Xj (tl)ij(t/*tl) = — a)](vjw t/ + g / dth n](t *tl) ( )
t/

In addition, injecting X;(t) = Xj*(t) into equation (5.71) (top) gives the time derivative of the bottom
expression of the system (5.74) just obtained. One finds back that the static solutions are given by the
stationary point of Wy, , and that the instantonic trajectory can be found by searching for non-static
solutions.

If the system of equations (5.72) encodes the descent trajectory of particles within Wy, , the
system of equations (5.74) which formally corresponds to its time-reverse trajectory then encodes the
“climbing” one. We can compute the related energy cost, and obtain that it is finite, and can indeed
describe the jump of particles over an energy barrier,

Naw Ndw

SHX*Y, (X)) = Z/ dt1 X;(t1) {MX (t) + 8‘;;];;111@1)} /dt1 Zat1< >+8t1WNdw

= EP(t) - EF(t = 0) + W, (t) — Wi, (t =0).
(5.75)
The details of this computation are given in appendix C.4. Despite of the complex structure of the

differential equations giving the instantonic solution, the finite action of the climb is simply given by the
difference between final and initial energy values, irrespective to the details of the instantonic trajectory.
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5.5.3 Simplest nontrivial solutions: approximated kernel

The expressions of the instantonic solutions simplify if we replace the local and nonlocal memory kernels
by their crudest approximations, given in equations (5.51) and (5.52), respectively. The integrals then
are exactly computable and we will use that f(f dt’ 6(t —t') = 1/2. The potential Wy, is expressed in
terms of a free Uy, and a interaction Iy, contributions, expression (5.47) projected in one direction
(for example € = ), the latter verifying that dIn,, /(0X;)(t) = —>_,; X;(t) Y (R12).

The descent solution then has a “delay” term, with tgj = min (t’ — Rij /v; 0),
X;t)=0
o _OU, for 1€{l,---,Ngw} (5.76)
ZXH) = dw Y X* d ’ y AVdw
£ 10) = I )+ Sy o
j#i

and the climb solution has an “advance” term, with ¢7; = min (t’ + Rij Jv; t)’
X (H) = X7 (¥)
%Xl*(t/) = —I—aUNdw ZY X* tc ) for i€ {17 o 7Ndw}a (577)
J#

5.5.3.1 Low-density expansion

In the following, we want to compute the two dynamical susceptibilities presented in the introduction
of this chapter, x7(t) and x4(t). In order to compute them, we are going to make expansions in the
density p, that should be correct if p is low enough.

x1 - We have seen in section 5.1 that for a system with Hamiltonian dynamics, x7 could be defined
by the expression in equation (5.3). In our case, the three point dynamic susceptibility of the double

well reads
Ndw

LS () — (X5 (0) — (X)) o Vg - (5.78)
j=1

= T N

where the statistical average (. ), is computed with respect to the initial bath-configuration distribution
defined in section 5.3.5 and Eo,y,, is the energy of the thermal bath in presence of the Ng, particles
at t = 0 for a particular initial configuration of the system {particles + bath}, given in equation (5.53).

We have used that its average over all the initial bath configurations is (Eo.n,, ), = 0. To compute

x1, we consider that each term of the sum, corresponding to a particle j, has a dOIOninant contribution
(of order 1) coming from the correlation of the particle j in the absence of the Ny, — 1 other particles
of the bath, and then the effect of the presence of Ny, — 1 other particles in the bath contributes as
a correction term of order p. We can also use that, in the case where there is only one particle in the
bath, the mean position of that particle is equal to zero, (X )0’1 = 0, since this particle does not feel the
effective ferromagnetic pair interaction that would be generated by the other particles, and the problem
of one free particle (submitted to thermal noise) in a double well is symmetric. The average (.),, is
computed for a bath containing only one particle (j = 1), whose initial energy is given by Eo.n,, =1. In
equation, this means that each term of the above sum can be rewritten as

([X5(8) = (X)) [X5(0) = (Xj)o) BNy, o = (X1(H)X1(0)Eo)g, +O(p), (5.79)
and that the quantity of interest, xr, can be computed for a bath containing only one particle at leading
order, plus sub-leading corrections of order p,

1
kpT?

xr(t) = (X1(t)X1(0)Eo;1), + O(p) - (5.80)
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X4 - The four-point susceptibility was introduced in section 5.1, and for the double-well particles it
is defined as

xa(t) = ﬁ S { ([Xi(t) = (Xa)ol[Xi(0) — (Xi)o] [X;(t) — (X)) [X;(0) = (X;)o]),
— ([Xi(t) = (Xi)o)[X:(0) — (Xi)ol)o ([X;(t) = (X;)o][X;(0) — <Xj>0]>0} :

We are going to use the same argument than above, that is that one-particle quantities can be estimated

(5.81)

by their leading order, such that the “self” part (when i = j) of the expression of x4 is given by

([X() = (Xa)gl*[Xi(0) = (Xi)oJ*)y — {[Xi(t) = (Xi)o][Xi(0) — (Xi)ol)g

= (X1(12X1(0)2)y , — (X1 (D) X1(0)3; + Op), (5.82)

and also the connected part of the nonlocal contribution of x4 (when i # j)

([Xi(t) — (Xl [Xi(0) = (Xi)olo ([X5(t) — (X)) [X;(0) — (X;)])y = (X1(6)X1(0))g 1 + O(p) . (5.83)

The effect of the Ny, — 1 other particles that yields a correction of order p in the self part of x4, whose
p-expansion is given in equation (5.82), acts as a small field on particle 1 which modifies slightly the
stationary positions of X; (see below), and should therefore be trivial and not be responsible for the
existence of dynamical correlations in x4(t¢). For this reason we neglect this correction of O(p) in the
following.

Similarly, two-particle quantities appearing in the sum giving x4 are computed, at leading order,
for a bath containing only two particles, and the effect of the presence of the Ny, — 2 other particles are
encoded in a correction term of order p. Introducing the average (. >0,2, computed for a bath containing
two double wells whose initial energy is given by Ey.n, —2, we obtain that the two-particle terms are
given by, with i # 7,

([X(8) = (Xa)o][X3(0) — (Xa)o] [ (1) — (X)) [X(0) = (X))o = (X1 (8)X1(0)X2(t) X2(0))g 5 + Olp) -
(5.84)

(Notice that the approximation in equation (5.83) can be a source of error. This is discussed in the
conclusion of this chapter.) Within this low-p approximation and using translation invariance for the
particle that are indiscernible, the four-point susceptibility is given by:

walt) = 5 ((NOPX0R),, - OX0)F,)
| Naw (5.85)
i 2 R OXO XX, — (X OX )5, +0(0)
w Ty

We have seen with the above density expansion that, at leading order, the two dynamic susceptibil-
ities that we want to compute can be fully characterized by quantities calculated with baths containing
only one or two particles. Therefore, in the following we focus on these two situations. We will drop
the x to simplify the notations.

5.5.3.2 One particle

For a single particle “1” in a double-well potential, the effect of the other particles is absent in the
expression of Uy, ~and the potential is simply given by:

Ui(X) = Vi(X) = % (X% - Xx3)°, (5.86)
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with X defined in equation (5.30). The differential equations giving the instantonic solutions become
(with “—” standing for the descent and “+” for the climb):

X)=0 X (t) = X (1)
o ) o . 5.87
X =gt ) | FHO =4y ) 8

There are two kind of solutions verifying the above equations: constant profiles +Xg, costing zero
energy, and instantons linking the constant profiles. Their energetic cost is given by the action of the
climb (the descent costing zero energy) in equation (5.75), for one particle whose climb occurs between

t = —coandt =08 [X+,X+] =M (X+(0)2 —X+(—oo)2> + Vi (X4(0)) — Vi (X4(—00)). Each
instanton then costs a finite energy Sy which is given by

S, =Vi(0) = AX; /4, (5.88)
if Xy(t=—00)=+Xp, X (0)=0and X, (t=—00)=X,(t=0)=0.
The instantonic solutions verify the following equation:

Xi(t) = i2§ X+ () (X+(6)® = X3) (5.89)

which can be solved analytically for both descent and climb: a typical solution has been represented on
figure 5.3. This is rather well known [202], and one finds that the time spent at the top of the barrier
is of duration 6t ~ —log T, and is very short compared to the typical time separating two consecutive
instantons, 7 = eP S,

Figure 5.3: Instanton solutions for one independent particle linking the constant profiles +Xo. X, (¢) and
X_(t) correspond respectively to the “climb” and to the “descent” solutions. The “width” of the instanton is
0t ~ —log T and is small compared to the distance between consecutive instantons, 7 = e® 5.

5.5.3.3 Two particles

We solve numerically the coupled differential equations in (5.76) and (5.77), for a system of two particles
at mutual (dimensionless) distance Rj2 on a time interval [0;¢]. The free potential Uy, in this case is
equal to:

A A
Ua(X1, X2) = Vi(X0) + Vi(X2) = (X7 = X3)" + 7 (X3 - X0)" (5.90)
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with X and Y (Rj2) defined in equations (5.30) and (5.33), respectively.
The coupled equations are different depending if we consider the descent solution (—), with ¢4 =

min (t’ — Ris/v; O),

. oU. R .
TX1 () = o () + Y (Rio) X, (ta) X () =0
i 8Ul” (5.91)
3 X () = g = () + Y (Ri) X (ta) Ko (#) =0,
or the climb solution (4), with ¢, = min (t’ + ng/y; t),
; oU- . . )
TX4(t) = 4 () = Y (Ri2)Xoi (t) X1 (t) = Xu s (t)
2 X1+ (5.92)
o . oU- . . . :
Xy () = F o (t) = Y(R12) X1 4 (te) Xo (') = Xo ().
2 90X,

The solutions of the above systems of differential equations are either constant profiles (X{, X§) or finite-
energetic cost instantons linking them. We find the constant profiles by solving, for all j, X; +(t) =0
and setting X;(t) = X7 for all ¢, this gives:

U R

8ch = Y (R12) XS

8U1 . (5.93)
2 s c

oX: = Y (R12) X¢

The system has nine solutions (X{, X¢), which, of course, correspond to stationary points of the poten-
tial Wa(X1, X2). The solutions are: the global maximum in (0,0), the minima in ~ (£Xy, £X0) noted
(+,+), (=, =), (+,—), (—,+), and the saddle points in ~ (0, £X() or ~ (£Xp, 0) (saddle points) noted

(0,+), (0,—), (+,0), (—,0). Introducing ©1(n) = \/1 +nY (Ri2)/(AX2) with ¢ > 1 and ¢_ < 1,
the static solutions are given by:

(X715 X9) = (&, ) = (£Xo v+ (1); £Xov4+(1)) 5 (£,F) = (EXov-(1); FXov-(1)) ;

0.4) = (3T @0 2V TH @00

(5.94)

(+,0) = (i%ﬂ eI Ve mzwm) ;
(0,0) = (0; 0) .

The respective potential energies of the stationary states are, with S, the action of the instanton of an
independent particle (see above),

v (R 2 Y (R ’
Wy (£,+) = —XSY (1%12) - (2A12) ;o Wa(E,F) = +X3Y (Ru) B <2A12> (5.95)

WQ(O,:E)ZWQ(:E,O):S*—{— W2(0,0)22S*.

2A
The instantons are found in two steps: ? First solving the system of differential equations which
gives the descent part of the instanton. Then, since the climb system of equations is formally identical

2We previously considered a perturbative treatment of Y(ng) < 1 around the one particle solution found above.
However this yielded diverging contributions and we abandoned it.
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to the time reverse of the descent system of equations (forgetting about the auxiliary variables), we
find the climb solution by taking the time reverse of the descent solution.

Simple instanton

We search the instanton for one particle, say X7, while the other, X3, stays in the same minimum.
The descent solution is found by solving equations (5.91) with an initial condition taken among the
saddle points of Wy, (4,0) and (0, £). The width (in time) dt of the kink is small compared to ng/y.
Then, supposing that the particle was static a time Ris /v before the kink, we can consider the delayed
positions, X1 _(t4) and Xy, (tq) with ty = t— Ry3/v as constant and equal to the initial condition (=, 0)
or (0,£) on the interval ¢ € [0;n dt], where t = 0 is the initial time of the kink and n is an integer.
The system should at ¢ = 0 is at a stationary point of W5. Then, in order to find a dynamical solution
one has to slightly perturb the initial condition away from the maximum, X; _(0) — X; _(0) £¢, with
e > 0 small.

l. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Xo¥—_(1) .
- Xl+(t) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.5 X (t) - X2,+(U
1
ot 0 X2,-(0) 2 Ry
0
1-y_ (2. (2)
T LX)
—O 5 _] 7X(j IH//\%L// (2)
Xou,( | 71 "
Y PR | R N

Figure 5.4: Sketch of the simple instanton solutions for two coupled particles, X5 | (t) and X5 (), corre-
sponding respectively to the “climb” and to the “descent”. The stationary points of W5 (X7, X2) by which the
solutions pass are represented. Here Rio = Rs.

As an example, in figure 5.4 we show a sketch of the descent solutions, X; _(¢) in orange and X _ ()
in green, for t > 0 and for the initial condition: (Xj,_(0), X, (0)) = (04 ¢,—). A time Ryy/v after
the beginning of the descent kink, the solution Xs _(t) begins to feel a contribution from the delayed
term X _(t4) which varies of O(1) on a time O(dt). This creates a small “kink” on X5 _(t), as one can
see on figure 5.4. The height of this kink is of order O [Y (ng) AXL_], where AX; _ = O(1) gives
the difference between final and initial positions during the precedent kink.The system then ends in an
“approximate” stable state (4, —).

Indeed, one can see that after an other time interval Rjs/v, the particle X _(t) will feel a

. N2
contribution from Xy _(tg), creating a kink of order O [Y (ng) AXQ’_i| = 0 [Y <R12> }, since

AXy_ =0 [Y (ng)} The stable state will be reached when the above serie will have converged,

and that happens exponentially fast in fhz/ V.

On can obtain an other descent solution with initial condition : (X;,_(0), X2 _(0)) = (0—¢,—). Its
time reverse gives the climb solution shown in figure 5.4, in purple for X; ; () and blue for Xa (¢).
Joining the two at ¢t = 0 gives the simple instanton at leading order for the two coupled particles.

The effective ferromagnetic interaction between X; and Xo yields different finite energetic cost if
the climb begins from a ferromagnetic initial state, (4, £), or from an anti-ferromagnetic one, (£, F).
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The former costs more energy than the latter:

ST(£, %) — (0,2)] = Wa(0,£) — Wa(%,+) = S, + X2V (1%12

~—
+

>
\Y
n

SI(F,£) = (0,£)] = Wa(0, %) — Wa(F,£) = S, — X2V (1%12) n

In the computation of the energetic costs we have considered the initial and final states as stable
states of Wy, hence neglecting sub-leading corrections of the exponential convergence (in Rj2/v) of the
instanton toward a stable state. This approximation will be kept in the following of this chapter.

Double instanton

Besides the instantonic solutions during which only one particles overcomes the barrier (and whose
energy cost is of order S, ), there is another class of possible solutions, that we will call the “double
instanton”: it corresponds to two particles jumping together over the barrier. These solutions will
turn out to cost an energy of order 2 5, and one could generically expect that only yield a sub-leading
contribution. Yet, as we will discuss below, they might be relevant for the computation of the dynamical
susceptibilities.

In order to find the double instanton solution, we perform the same analysis than above with the
initial condition (0,0). The initial position X; _(0) is slightly perturbed by ¢, hence X; makes the first
descent kink. It is shown in figure 5.5 for the initial condition (e,0). After a time Rjs/v, the second
particle feels a contribution from X; _(¢4) and begins to move toward a stable state of W5, as shown on
figure 5.5. If one does not apply at hand an e-perturbation on Xy _(0) = 0 the final state will always
be ferromagnetic. As in the case of the simple instanton, the climb solution is taken as the time reverse
of the descent solution with initial condition (—¢,0).

1
X, V1t (2)v. (2) Xo¥+(1)
— Xp+() = Xo4(D) .
0-5 X () — X (1)
ot
0
§ 2 R]2/V
-0.5 :
_X”w+(1)5 J X, 1+u/\/%m @
7] e

Figure 5.5: Double instanton solutions for two coupled particles, X; /5, (t) and X, 5 _(t), corresponding respec-
tively to the “climb” and to the “descent”. Here Ris = ng.

The finite energetic cost of the double instanton depends on the initial state of the climb, ferromag-
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netic or anti-ferromagnetic. The former will cost more energy than the latter:

NN
ST(£, %) — (0,0)] = Wa(0,0) — Wa(£,£) =25, + X2Y (Rm) +— i > 25,
A (5.97)
) Y (Rm)
S[(F,£) = (0,0)] = Wa(0,0) — Wa(F,+) =28, — X2Y (ng) + 5 <25,

where we have also considered that initial and final states can be taken as stable states of W5. The
instantonic solution form (F, £) to (0,0) has a smaller energetic cost than two independent instantons
and might be physically relevant.

5.6 Three-point susceptibility

We have seen in section 5.5.3.1 that the three-point susceptibility is given by the equation (5.80), for
which we have to compute (X1(¢)X1(0)Eop;1),, for a bath containing only one particle.

Ep.1 contains a kinetic and a potential parts, Fo,; = E((),? + E((fl) , that, we suppose for the moment,
contribute identically to the expression of y7. We use the expression in equation (5.46) at ¢ = 0 (in
one particular space direction ¢), with F1(t = 0) = > F} 7(0), to write

DX

k

2

LN g2 ik R
=53 D Ae MR H0) Fy g

—

. 1 L iR
E(gf’l) = E(O) _ 9 —X1(0) é,e ikF

N =

(5.98)

Using the equation (5.15) to reintroduce the lattice spacing in the above expression, the quantity to
compute becomes:

N
11 BBy G- 7. 3
(X OE7) = 3 2 S F PG RIS, (X1(6) X1(0) F, £(0) Fy 1,(0) ) (5.99)

— L— 01
7j=1 kK

The dynamical correlation <X 1(6) X1 (O)EO:?1 >0 X and probably also the three-point dynamical suscep-

tibility xr(t), is composed of small correlations <X1 (t) X1(0) F| z(0) F| &, (O)>0 that are of order g2,
) ’ ’1

since we know from the equation (5.60) that the time-correlation of the stochastic force is of order g2.
This correlation propagates via phonons of wavelength E, and when one sums over all wavelengths and
over all space points one finds a correlation <X1 (t)Xl(O)E((J};D1)>O ) which is of order 1, as well as the
three-point dynamic susceptibility x7(¢). 7

We can use the field theory obtained via the Martin-Siggia-Rose-De Dominicis-Janssen formalism
to compute this correlation function. Indeed, we remark that field derivatives of the partition function
in equation (5.62) (in one fixed direction ) with respect to the sources hl,E(t/ ) and evaluated in zero

field give rise to the connected correlation functions of the stochastic force, with <F1 E(0)>0 L= 0,

1 dz[{h}]
=(F »(0)F, ¢ ) 1
T = O 005 g 0t g ~ (PO T2 ) (3-100)
Therefore the average of equation (5.99) can be computed via:
6 (X1(t)X1(0))o 1y
X)X F ~(0)F, ¢, = ; . 101
(X10X20) F, z(0) F g 0) S 05 0 - (5.101)
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We can compute an estimation of the above quantity from the expression in equation (5.68) of the
partition function. This is an estimation because all the terms that would be generated by the field
derivative with respect to the fields are not displayed, however we can suppose that they would yield
the same conclusion as the one we give at the end of this section. One of the terms generated by the

computation of the correlation <X1 (t)X1(0) Fy z(0) Fy 7, (0)>0 is given by:
’ ’ 7]_

1 t . o N - N ¢ {h—01:
Th=ong / dty dte K11 (ty; k) K11 (te; k') / DX1DX1 X1 (1) X1(0) X1 (#1) X1 (t) e P [X1-Xn (h=0}]
—0%:4] J,

= /Ot dtl dtQ Kll(tl; E)Kll(tg; E’) <X1(t)X1(O) Xl(tl)Xl(t2)>0 1 5
(5.102)

-,

with Kll(tl) = ZE Kll(tl; k)

This quantity is not easy to compute. However, in the limit of low temperatures we can make use
of the instanton method, exact in the limit 7" — 0 (see section 2.1). The system is then dominated by
trajectories which minimize the action S [Xl, X1, {h =0} t] . From section 5.5.3.2 we know that these
trajectories are composed by constant profiles + X linked by localized (in time) instantonic jumps. The
energetic cost of the former is zero, and of the latter is S, = AX§/4. A trajectory of duration ¢ and
composed by n instantons has therefore a probability e "85
that the instantons width is negligible compared to the distance between two consecutive instantons.

. In the following we make the hypothesis

Since subsequent instantons are uncorrelated, we suppose that they arrive at Poissonian times. As a
consequence, the entropic factor coming from the location of the n instantons is simply given by this

t t t tn
/ dty / dts / dty = . (5.103)
0 t1 tn—1 n:

The probability for a particle to go from, say, X;(0) = —Xp to X1(t) = —Xp is then given by a sum
over all possible even values of n = 2k,

integral

1 oo tQk‘
P(=Xo = —Xo) = Z@*WS*@ =2 cosh (t/7) with 7 =¢%5, (5.104)
k=0 )

with M some normalization constant, and becomes a sum over odd values if initial and final states are
different. Summing over all possible initial and final states, we can compute easily the autocorrelation
function of a system of Ny, particles,

C(t) = (X1(t)X1(0))g; — (X1)§, + O(p) = X3 e™2/" + 0(p). (5.105)

We now turn to compute the quantity of interest which is given in equation (5.102). From equa-
tion (5.87), X1(t') is nonzero only if #' is evaluated during an instantonic event which are assumed to
have a zero width. Therefore we add the constraint that at time ¢; occurs the mi-th instanton and
at time to > t; occurs the (mj + mg)-th instanton, obliging us to consider at least n = 2 instantons
to have a nonzero expression. Then we can also estimate that, at the “middle” of the kink/anti-kink,
when X (t) ~ +X(/2, the auxiliary variables are given by X; = X; = (2/0) (9x,U1) (X1 ~ TX0/2)
+A Xg’/a, with 0 = g? a. Then the expression becomes, supposing that X7(0) = —Xj,

<X1(t)X1(O) X (tl)Xl(t2)>071 x X8 g 3 (—1)re S

n=2

© 00 mi—1 tgnl_l - (ts — tl)m2_1 (t — ta)ms (5.106)
Z Z Z ot = m(—l) (mg — 1)! ms!

mi1=1mo=1m3=0
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The factor (—1)™ account for the fact that X;(0)X;(¢) = £X2 depending if the number n of instanton is
even or odd, respectively. The factor (—1)™~1 (or (—1)"2) takes into account that X1 (¢;) (or Xi(t2))
does not have the same sign if m; (or ms) is a kink or an anti-kink. The sums over mj, mo and ms can
be performed by shifting m; and my by minus one, this yields: — [t — 2(t2 — ¢1)]" "% /((n — 2)!). This
expression can be injected into equation (5.106) and gives, after summing over n,

2
<X1(t)X1(0) Xl(tl)Xl(t2)>0 o <4S*> exp (—[t — 2 (ts — t1)]/7) - (5.107)

TO

)

If the trajectory begins from Xj(0) = + X, one has to consider factors (—1)™ and (—1)™2~! instead,
and one obtains exactly the same contribution. We have also considered the case where the times ¢;
and to fall into the same instantonic event, t; = to, this yields a similar expression. Injecting all the
ingredients into equation (5.99) we obtain an estimation of <X1 (t)Xl(O)E(gZ;l)>O .

N

252 t t to
g7 *et/TZ{T/O dty [f; (tl)]2+4/0 dt2/0 dty fi (t1) f (t2) ewﬂl)/f}, (5.108)

72 52 .
J=1

where we have introduced the function f; (¢1), with Ky (t1; k) from equation (5.48),

oi_py~ 1 - 1 iR —Ry) cos(wy T
fi(t) = My, FEutk) = 5 > el (X“) (5.109)
- ~ k
k k

This function can be rewritten as f;(t1) = (2r)~2 K~1/2 ag/d? bj <\/K/m t a/alj)7 with a the lattice

spacing and the length d; = ||l_; — §1\| The scaling function ¢; contains a unique dynamical length
scale d;, the distance between the double well and site j, over which phonons propagate with a constant
velocity ¢ = a /K /m. The computation of ¢; is performed in appendix C.5. We can make a change of
variable to reexpress the equation (5.108), replacing the time variables ¢; over which the integrals are
performed by t; — xt;, « being without dimension and ¢; = d;/c a time scale, and this gives a new
expression for equation (5.108),

892 53 atet/T N 1 - /t/t /t/t / /)
— — d 4 d d T
P g b T =y W @6 ) <

(5.110)

This estimation is informative since it implies that <X1 (t) X1 (O)E(()f)1)>0 . is composed of small contri-

butions that propagate in a ballistic way: they cover distances d; with constant velocity c. If the other

terms composing the dynamical correlation <X 1(6) X1 (O)E(() 1)>0 . behave in the same fashion and if Eé];gl)

and E(()c% contribute identically to x7, we can estimate that the maximal dynamical correlation that
arises from the maximum of y7 at ¢t ~ 7 has a ballistic dynamical length scale ¢ 7. Physically, the jump
of an Arrhenius particle over its potential energy barrier creates a perturbation of order A which is large
compared to the thermal fluctuations of the bath kg7, this perturbation propagates within the bath
and generates small-amplitude dynamical correlations that spread on a ballistic length scale of order
c7: the jump of an Arrhenius particle dynamically correlates to a volume (c¢7)? of the bath around
it. After a time of order 7, the Arrhenius particles makes a new jump and the dynamical correlation
begins to vanish.
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5.7 Four-point susceptibility

We have seen in section 5.5.3.1 that the four-point susceptibility is given by the equation (5.85), for
which we have to compute <X1(t)2X1(0)2>01, (X1(1)X1(0))g; and (X1(t)X1(0)X2(t)X2(0))g,. We
introduce the four-point correlation function as

ga(Raa, t) = (X1(6) X1(0) X2 (1) X2(0))g o — (X1()X1(0)) ; (5.111)

where Ry is the dimensionless distance between particles 1 and 2. We can transform the sum appearing
in the expression of x4 in an integral, using that the double-wells are separated by a typical distance

A# = p~1/3 — dF, then
Ndw

> ga(Ryjt) :p/ 37 ga(7,1). (5.112)
j=2

The integral is over a dimensionless volume of radius 7 v (with v = \/K/m = ¢/a) because two particles
at distance # > 7 v cannot be correlated since they would have relaxed before the ballistic signal or
correlation would arrive (see also section 5.6), and g4(7 > 7v,t) >~ 0. The four-point susceptibility can
then be rewritten as

Xa(t) ~ Ntw {< (£)*X1(0)*)g, — X1<0)>3,1+p/ ,d3fg4(f,t>+0<p2)}- (5.113)

(rv)3

We want to compute g4(7,t), with # > 1. In order to proceed we use again the method of instantons,
valid in the low temperature limit. Then, we know that the time-trajectories of our two particles,
X1(t) and Xs(t), are dominated by constant profiles, (£,4) and (+,7F), costing almost no energy,
and instanton trajectories linking them, given by either a simple O(1) jump or two, called respectively
the “simple” and “double” instantons. To compute statistic averages one has to sum over all possible
trajectories of this kind, akin to what was done to compute x7.

However it is slightly more involved here as one is confronted to four constant profiles (instead of
two for xr) and to four different instantons, or four different energy costs, from the left state to the
right state,

(£,£) = (0,£); (7 %) = (0,£); (£,£) — (0,0); (F,£) — (0,0). (5.114)

The energy costs of the above instantons are fully determined by the initial and final states, as one can
see in equations (5.96) and (5.97). Since the instantons are diluted enough in time, typically separated
by a time of order of the relaxation time of one Arrhenius particle, it should then be possible to compute
the averages by means of transition rates between steady states and a master equation.

5.7.1 Master equation

General considerations

We are interested on the statistics of the dynamical jumps, that requires the knowledge of the
time-dependent probability P,(t) to find the system in state .

The Master equation gives a differential equation for the probability P, (t) to be in the steady state
« at time t. It requires the knowledge of the ensemble of steady states, {2, and of the transition rates
from state 3 to state o, 73— = rag. The probability then verifies:

chCzyt(t) = %raﬁPﬂ(t) , (5.115)
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which can be expressed in a matrix form dl;—it) — rP(t), with r the transfer matrix, such that (Nag =

rag- The transfer matrix contains the probability to go from any state 5 to any state a on a time interval
dt. It must satisfy some properties. Since the total probability must be conserved, ) Pu(t) = 1, the
diagonal elements of the transfer matrix are constrained,

2 d?t(t) =D 7asPs(t) =0 = ) map=0 = Taa=-) Tas. (5.116)

a€el) afeR a€el) BF#a

Then, in order for equilibrium to be reachable, the detailed balance must be satisfied,
raBPB = T’ﬁaPa . (5.117)
One can find a formal solution for the probability, for all « € €2,

Pu(t) = Z(ert)ocﬁpﬁ(o) ) (5.118)

BeN

with Pg(0) the initial probability of state 5. In order to find explicit solutions one has to diagonalize the
transfer matrix. It is not doable directly as the matrix is not symmetric and one has to “symmetrize”
it. One constructs a new ratio matrix, symmetric, rog = Po 1/ 2(O) Tap Pg/ 2(0). This yields a master
equation for a new probability, Pa(t) = Pa(t)//Pa(0), whose explicit solutions can be computed.
Introducing the eigenvalues of T, \;, and M = {#;} the matrix of eigenvectors, 7;, the probability can
be computed via:

= > Moy eM' (M71),5 P5(0). (5.119)

ByeEN

The initial probability is then recovered using Pa(t) = /Pa(0)Pa(t). From the expression of P (t),
any average of a time-dependent observable O(¢)O(0) can be computed as:

( Y Oa(t)VPa(0) May ™' (M71)_ 5 05(0)1/P5(0), (5.120)

aB'yEQ

(O(1)0(0)

with Z(t) the partition function, Z(t) = > cq Pa(t), and P,(0) the initial probability of state o at
thermal equilibrium.

Our problem

In our case, Arrhenius systems, the transition rate to go from one state o to another state v is
proportional to e #2F with AFE some finite energy barrier and 3 the inverse temperature. Here the
transitions between states occur through instantonic trajectories whose energy barriers are given by
the action of the corresponding instanton.

System of two coupled particles

For the case of two coupled partlcles (i.e. g > 0) at distance Ry the instantons have a width of
ot = 2R12/1/ If 6t < 7, i.e ng < Tv, one can define the transition rates on a time span 6t like
follows. As soon as Rjp > 7 v the particles decorrelate faster than the ballistic wave would propagate
and the particles are independent. In the former case the transfer matrix is given by, in the basis 2 =

{(+7+)7 (_7 _)7 (+7 _>7 <_7 +)}7 with 7= 6185*7 C = eBY(R12)2/(2A) > 1 and n = eﬁXgY(Rm) > 17

11 O T O
P2t ey 2 T2y 5.121)
L O O e '
PR e R T
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The diagonal elements 7;; verify equation (5.116). Since Y (1%12) < 1, the following holds x> /¢ >

1t/¢? > 1, and some transitions are more probable than the others.
The initial probability of the steady state « is given by o e #"2(®) From equation (5.95), we have

that:
1 1

Py+)(0) = P (0) = Z0) 1S 5 Pi(0) = P (0) = Z(0) ple, (5.122)
with Z(0) the normalization, Z(0) = > .o Pa(0). One can check easily that detailed balance is then
satisfied.

The two quantities to compute are expressed with the expression (5.120), replacing the observable
O by X7 X5. Using that the eigenvalues of the matrix ¥ and the matrix M are given by:

po—1 0 —p-

_ 2(¢+7) 2u(+7) 2(K+1) 10 —p?
{AZ} - {07 - ,U/C27_2 [ CQTQ T ,UCQT ’ M= 1 0 _1 1 y (5123)
1 0 1 1
we determine the following expression, with Z(t) = 1,
Xq 2 2 212 2 2 212 —2(”2;1)
(L0 0)Xa(0 X200 = s | BP0+ (D = 0P 4 [0 (P + e (e ).
(5.124)

System of one particle
In this case the transfer matrix in the basis {Xo, —Xo} = {+,—} and the initial probability are
simply given by:

T T

P
r:( T _1> PO =P(0)= . (5.125)

The eigenvalues of ¥ and the matrix M are then given by:

) = {—i,o} , M= ( *11 1 > : (5.126)

from which we compute the following, with Z(t) = 1,
(X1(1)*X1(0)%), = X5, (X(B)X1(0))g, = Xge /7. (5.127)

We find back the auto-correlation function of equation (5.105) since C(t) = (X1(¢)X1(0))o; + O(p),
from which we obtain back xpr = 9pC(t). This yields:

1 AX§t

t)=— 0_

xr(t) kgT? 2 1

e 2T 1 0(p). (5.128)

5.7.2 Four-point correlation function and susceptibility

The approach described above gives access to the self part of x4 and to the function g4(7,t), that appear
in the expression (5.113). Using that [¢_(1)? 4 ¢4 (1)?] = 2, we find that they are given by

(X (12X1(0)%),, — (Xa()X1(0)3, = Xd (1-e497) |
2 ()2 = oo (V" ap2e et
(1+p2)”

(5.129)

ga(7,t) = X with 7> 1.
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1/2 (kg T?)?

<6H?> /\/Tz(t)

= xa(®)

XYa(c0)~Xo*

0o 05 1 15 2 25 3
t/T

Figure 5.6: Schematic left and right sides of the bound N, (kpT?)? x%(t)/ (§H?) < Ngwxa(t) (the overall
Ny, factors are not reported on the figure to alleviate the legend). The left term is non-monotonous with a
maximum at ¢ = 7/2. Then, if Ngux4(00) < Naw(ksT?)? x3(7/2)/ (§H?), which is equivalent to X3 < p3? for
our problem (see main text), x4(t) must also be a non-monotonous function of ¢ in order to satisfy the bound at
all times.

When the particles are decorrelated, g = 0, then (¢, u,%4+(1),9-(1)) = 1 and one finds that all the
contributions to y4 are zero, except the “self” part. The nonlocal part of x4, g4(7,t), begins near 0 at
t = 0 and converges toward the square of the static two-point correlation function, Cs: (7) = (X1 X 2>072,
when t — 00. Cgqt(7) can be determined by evaluating the square root of the infinite-time limit of
g4(7,t), and is a strictly increasing function of the inverse temperature f:

- 1)+(0u2 (245 (1)? =y (1)%) = XE tanh [ X3V (Rra) | + Y(AR) '
(5.130)

3

Cotar(7) = (Jim g4(7,1))

Between the two above limits, g4(#, ) and x4(t) can eventually present a non-monotonous behavior. ‘
X4(t) must be non-monotonous in order to satisfy the bound given in equation (5.4) at all times ¢ if
we satisfy a condition that is pictorially represented on figure 5.6, and corresponds to impose that the
long-time limit of x4, lim;—,00 X4(t) = Xa(00), is lower than (kpT?)? x7(7/2)/ (§6H?). From the generic
expression of the bound in equation (5.4) and using that <6H 2>0 = N cy kgT? and that xr(t) is given
by the equation (5.128), the bound can be rewritten as

2 2
xalt) = 52k (N ) (X‘EA) (1) om0l (5.131)

We can then express the condition to have a non-monotonous behavior of x4(t) (and g4(7,t)) for our
problem, demanding to x4(c0) to be smaller than the right-hand side of the above inequality evaluated
in t = 7/2. x4(t) in the infinite-time limit is usually dominated by the static susceptibility to the
square, p f d37 C’Stat(f)Q. In our case, the self part of x4, dominates the long time limit since we are
in the low-p and low-g regime, and forms a plateau whose height is x4(c0) ~ X§/Ng,. This plateau
must be lower than the peak of the right-hand side of the inequality in equation (5.131) evaluated for

5x4 (t) is given by a sum of positive contributions, ga(7,t), for different values of # and can present a non-monotonous
behavior with ¢ only if g4(7,¢) also in non-monotonous with ¢.
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t = 7/2, using that Ng,/N = p it gives:

X8A
2

2
X3 /Ngw < 52 ks < ) (1/2)? e 2 = T < p'/2. (5.132)
N cy
If the above condition is verified we should be in a regime where the bound is not trivially satisfied
by the self part and the static correlations of y4. In the meantime, we remember that the condition
given in equation (5.34) must be respected otherwise the correlations would be dominated by the static
length scale, this condition is recalled here: T >> pg.

(10)*

stat

~

&(ro,t/7) ;5 C

— B=30
B=40
— B=50

<

t/7(B)

Figure 5.7: Representation of g4(70,t) (here ro = #y), 7o > 1, as a function of ¢ for various values of the
inverse temperature 3. The static average Ciqt(70)? is also represented. The parameters are fixed such that:
fOZngzl,gzo.OOLp:O.l, A:L K():l.

L4y — xa(t/7)

N Sl () |

0.8/ , ,

0.6; — p=30 |

0.4/ ‘ ~ B=40

0.2 N o

0'0; / el ]
00 05 1.0 15 20 25 30

t/7(B)

Figure 5.8: Representation of the left and right sides of the bound Ngw x4(t) > Naw (kpT?)? x3(t)/ (6H?) for
different values of § (the overall Ny, factors are not reported on the figure to alleviate the legend). All quantities
are computed with the master equation formalism. We clearly see that for times of order 7 and when the the
bound is not trivially satisfied, i.e. by the self part of y4(¢), the right term Ng, (kgT?)? x%(t)/ <5H2>, dashed
lines, is larger than the left term Ny, x4(t), plain lines, hence violating the said bound.

However, even in respecting these two conditions, i.e. pg < T < p'/2, ga (and x4) is a strictly
monotonous (and increasing) function of ¢, as it can be viewed on figure 5.7. *

4Actually it can be non-monotonous in the limit of high temperatures, with a maximum at a time to = 7/2 ,LLC2/(1 +
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As expected from the above argument, the bound given in equation (5.131) is then found to be
not satisfied at all times. Even if it is trivially satisfied when ¢ > 7 since the self part of x4(t) is
always larger than the long time limit of y7(t), indeed Ny, limys., x4(t) ~ X is always larger than
Ngw limgs.r x7(t) ~ 0, this is not so at times of order of the relaxation time 7 as one can see on
figure 5.8.

Since the physical bound is violated, our result for x4 and g4 are clearly wrong, and we are obviously
unable to determine a dynamical length scale from their behaviors. At present we have to understand
what are the possible sources that could have yield an error; the different possibilities are exposed in
more details in the conclusion.

5.8 Conclusion and perspectives

From a simple implementation of the Cauchy-Schwarz theorem one finds that the four-point suscep-
tibility, x4(t), is bounded by below by a term depending on the three-point susceptibility squared,
x7(t)?. In glassy systems the two above quantities have been efficiently used to determine a nontrivial
dynamical length scale that characterizes how far can be two correlated events occurring at distinct
times ¢; and to. This length scale is maximal when |t; — t2] is of order 7, the relaxation time of the
system, and can be related to the maximum of y4. This dynamical length scale as well as the static
point-to-set length scale are two of the strongest candidates that could characterize the relevant fluc-
tuations responsible for the relaxation occurring in supercooled liquids. One does not know if they
can be considered as different evidences of the same physical phenomenon. If it is the case, is the
physical mechanism generating them linked to the glassy properties of supercooled liquids and can the
associated dynamical length scale be viewed as concomitant to the emergence of some cooperativity in
the system? Or, does the underlying physical mechanism have a non-glassy origin?

In this chapter we studied a model of independent Arrhenius systems coupled via a conservative
bath of harmonic oscillators for which the three-point susceptibility is known to be non-monotonous in
time, with a maximum at time of order 7 which increases with the inverse temperature squared, 72.
Since the bound should be satisfied in these systems, one eventually expects a non-monotonous x4(t)
from which could be extracted a nontrivial dynamical length scale going at least as 77~2. In parallel, one
knows from the beginning that the static of these systems is trivial, at least in the range of parameters
where the effective ferromagnetic coupling generated by the interaction with the bath can be neglected.
Hence, characterizing the dynamical length scale existing in such Arrhenius systems could allow one to
understand the non-glassy mechanisms at the origin of its existence. Such knowledge could be used as
a benchmark to distinguish the trivial, non-glassy, and nontrival, glassy, generators of this dynamical
length scale in supercooled liquids.

In Arrhenius systems at low 7', a fluctuation of the order of the Arrhenius barrier (O(1)) is huge
compared to the thermal fluctuations, kgT". We found that these fluctuations of order 1 excite phonons
that propagate in the bath, each one carrying a correlation proportional to the square of the (small)
coupling between Arrhenius systems and the bath. These phonons propagate ballistically (with a
constant velocity ¢ depending on the parameters of the bath) and the dynamical correlation that arises
from the peak of yr at times of order 7 spreads on a dynamical length scale ¢7 and over a volume
of order (¢7)? in dimension three. Here we have studied a simplified version of thermal bath with

p? = 2p¢?) log (2u¢ ™" /(1 + p?)). This to is positive only when (72 < (1 + p%)/(2p) < ¢* = exp (fﬁY(f)2 /A) <
cosh (/3’ X2y (ﬁ)) < exp (5 Y (f)2 /A)7 then only if Y (13)2 < BY () < 1. We can then make three expansions that yield
a supplementary condition for the temperature, 8 < 2/(A Xél). This is in contradiction with our primary assumption for
validity of the instanton method, 8 S, > 1, and cannot be considered as the relevant mechanism for non-monotonicity.
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quadratic couplings and this is why we have found a simple ballistic propagation of the phonons. In
a more realistic case, the couplings are not simply quadratic and the ballistic regime, that would exist
for short times, would be rapidly replaced by a diffusive regime. [203]

Then we have computed y4(t) using a master equation formalism, however we obtained an incon-
sistent result since the bound evoked above is “violated” for times of order 7. We have therefore been
unable to go further in the characterization of the dynamical length scale(s) existing in our “simple”
problem.

To bypass this unsatisfactory situation, we have tried to understand the possible sources of error
that could arise from our study.

First, we could have neglected other important instantonic solutions that give rise to dynamical
correlations in y4(t). To this respect, we have performed numerical computer simulations of the exact
generalized Langevin equations with the approximate nonlocal memory kernel of dissipation for a bath
containing two Arrhenius particles and yet, we have not been able to see any sign of the existence
of a peak in g4. A first possibility is that the approximations for the kernel were maybe too violent
and not valid. Then, if the existence of very small dynamical correlations that spread over a length
scale ¢7 is the sole source of dynamical correlation, the jump of one particle would create a signal
that would propagate through phonons and would change a little the potential barrier of the other
particle. Such effect would therefore be invisible in g4 obtained from computer simulations, since their
amplitude would be exponentially small and smeared by the statistic noise. However once integrated
over the relevant volume (c7)3, which is exponentially large, they would have satisfied the bound.
Another possible explanation for the failure of these simulations could be that the instanton involving
the mutual jump of two particles over an Arrhenius barrier is responsible for the dynamical correlations,
and that it would not have been present in our result with the correct statistics since it requires quite
long times of simulation to happen.

Second, the error could come from one of the approximations made in this chapter. There are several
of them, but the most important one is the low-density expansion. It allowed us to compute correlations
existing in a bath containing Ny, particles at leading order via correlations existing in bathes containing
only one or two particles. Carrying too far this expansion, we could have simplified a correlation that
should have been computed for a bath containing two particles, i.e. (X1(0)X1(t)X2(0)X2(t)), in a
product of correlations computed for a bath containing only one particle, i.e. (X7(0)X;(t))*. For
example, if we did so in a regime where the two particles can effectively be dynamically correlated,
their mutual correlation cannot be factorized; it is the case if the distance separating them is smaller
than ¢, the ballistic length that phonons can cover in a time span equal to the Arrhenius relaxation
time after which the two particles totally decorrelate. This would mean in particular that all the
dynamical correlations mediated by the bath are trivial and propagate via phonons on ballistic length
scales.

We have tried to go beyond the low-density expansion, which would change some of the equations
of this chapter. This seems to yield a non-monotonous behavior of x4 that could satisfy the bound and
from which a length scale could be extracted. However, all this is still very preliminary and begs for a
deeper understanding.
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The results of this chapter are under preparation to be published.

6.1 Introduction

In this chapter, we consider a different type of glassy systems than those studied above: the Ising spin
glass, which we have briefly introduced and reviewed in chapter 1. Our goal is to extend the formalism
of the nonperturbative renormalization group (NPRG) presented in chapter 2 to such a system in order
to investigate the long-distance behavior. As we will see, there are serious technical difficulties to
achieve this, mostly related to the nature of the order parameter field, but our hope is to be able to
tackle unsettled problems concerning the role fluctuations in spin glasses by a novel approach.

As discussed in the introductory chapter, the main open issues in spin glasses theory concern the
nature of the low-temperature (spin-glass ordered) phase and the existence of a transition in presence
of an applied magnetic field. In this work we consider as a first step a simpler question, that of critical
behavior associated with the transition between the paramagnetic and the spin-glass phases in zero
applied field.

We first recall the field theoretical description of the spin-glass transition point. The first treatment
to go from the microscopic EA Hamiltonian (1.26) to a continuous Ginzburg-Landau-Wilson field
theory was proposed by Harris and Lubensky [139, 204] in their RG treatment of the critical behavior
in zero applied field. A similar derivation was given shortly after in [205], who constructed a field
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theoretical Lagrangian up to cubic order using a Hubbard-Stratonovich transformation [206]. The use
of this transformation and the generic cubic field theory, with all possible terms generated during a
field expansion (argued to be necessary to study the transition in a field), can also be found in [207].

When performing the Hubbard-Stratonovich transformation, the replica trick is used to formally
integrate the disorder (see section 1.1.3.2). The collective overlap variables are defined as Qu(i) =
S28%(1 — 64p) (hence Quq = 0 and Qup = Qpa), where a and b refer to replicas and i to a site of the
lattice. Their average gives back the EA order parameter (see section 1.2.3).

The Hamiltonian is then expanded in powers of the field Q4 around zero (to study the critical
behavior) and the continuum limit is taken. This gives at order O(Q%)

H[{Qab}] = /ddx ; Z (8 Qab ZQ + w1 Z Qab ch Qca( )

(ab) (ab) (abe)

tur Y Qab(7)Qoe() Qea(7)Qua () + 2 ZQab ) tus Y Qu()Qh(z) tus > Qoy(x)Q2(x)

(abed) (abe) (abed)
(6.1)

where Z(ab) = Za<b7 Z(abc) = Za<b<c7 ete.

This effective Hamiltonian has an important symmetry that it inherits from the original Edwards-
Anderson Hamiltonian through the replica method: if for one replica index, say a, one changes Q ()
in —Qgp(z) for all space points x and all other replica indices b, the Hamiltonian is left invariant. As
a result in each polynomial term, a given replica index must appear an even number of times. This is
easily generalized to higher order terms not present in equation (6.1).

6.2 Ising spin glass in zero field: previous results

6.2.1 Mean-field critical exponents and beyond with perturbative RG

Within the mean-field description, the critical exponents are given by the classical values

F—1/2,

6.2
o (62)

which are valid above an upper critical dimension d,, = 6. [59, 15, 139]

The first RG study of the critical behavior was performed by Harris and Lubensky [139]. They
computed, in perturbation around the mean field solution in d = 6 — ¢, the critical exponents of the
spin glass transition at order O(e).

The ¢ expansion was extended to order O(g?) in [208]. The coefficients of the O(e?) of the serie were
first computed in [209] but were found to be erroneous and were corrected in [210]. In practice, the
perturbative RG can involve a very high number of diagrams (going to O(eP) generates all the p-loop
diagrams) and the computation of their contributions rapidly becomes tedious. No calculation beyond
O(£3) has been carried out. The three-loop critical exponents of the spin glass transition are given by

1
V(E) = 2+ 2o 1657422 — 1.2597 % 4+ O(),

n(e) = —§ +1.2593e2 +0.7637£3 + O(e?) .
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Figure 6.1: Critical exponents (a) v and (b) 1 from both computer simulations and from the RG e-expansion.
The e-expansion is very far from the computer simulations results as soon as the dimension is d < 5.9 — 5.8.

They are shown in figure 6.1 together with results of computer simulations. Except extremely close
to d = 6, the predictions from the e-expansion are strikingly poor, being complete nonsense below
d ~ 5.9 or 5.8. This rather unusual feature may also explain why no one attempted to go to the next
order in the perturbation in €. We will see that a much better and simpler result can be reached with
a nonperturbative RG approach.

6.2.2 Critical exponents from computer simulations and lower critical dimension

The most accurate determination of the critical exponents of the zero field transition of the EA Ising
spin glass known to date are listed in the following table. They are computed for a Gaussian distribution
of the random couplings. The values for dimensions d = 3, 4, 5 and d > 6 are respectively collected
from [211, 212, 213].

Table 6.1: Critical exponents of the Ising spin glass from simulations in various dimensions d. The mean field
(MF) values are also given.

d>6 5 4 3
v| 12 0.720(5) 1.113(1) 2.562(42)
n| 0 -022(2) -0.30(5) -0.3900(36)

The other exponents can be deduced from the standard scaling relations, given in equation (2.53).

We recall that the transition in the Ising spin glass remains down to a lower critical dimension d;
between 2 and 3 (see also section 1.2.2).

6.3 Approximation scheme for the nonperturbative RG for the Ising
spin glass
We saw in chapter 2 that the derivative expansion provides a powerful approximation scheme to solve

the exact functional RG equation for the effective average action. In the context of the critical behavior
of the Ising spin glass with field theoretical description based on the Hamiltonian (or “bare action”)
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given in equation (6.1), the order 92 of the expansion of the effective average action reads

Cel{Qull = [ @' 85 3" Zuctes (Qule))) 2:Qui(e)0:Qurla) + U (Qus(a))) | (64
(cd),(ef)

As previously discussed, an important symmetry of the problem (in zero applied magnetic field) is that
when changing Qg (z) to —Qup(x) for a given replica index a for all space points = and all other replica
indices b # a, the effective action should be left invariant. This also constrains the form of the quadratic
infrared (IR) regulator used to suppress long wavelength fluctuations of the overlap field, which can be
chosen as

ASL{Quw}] = Z//ddmddx’Rk 1z —2']) Qup(x) Qup(z’) . (6.5)

The flow of the effective average action I'y is described by the exact RG equation

_17ab,ab

oL [{Qus}] = Z / 9 Rig { & 4 ry1) ]_ (6.6)

where f f (277 d, Z(ab) = 4 and ,(f) is the matrix of the second derivatives, i.e.,

) 6
P caater WO = 56 03601

[ [{Qab}] ) (67)

with ¢ < d and e < f.

One immediately sees from equation (6.6) that there is a severe difficulty for deriving RG flow
equations for functions of this order O(9?) as done for the simpler problem of the ¢* theory discussed
in chapter 2. Indeed, even if one considers spatially uniform configurations of the overlap field, Qu(x) =
) 4 Ryl in replica indices: eith
b r1 1n replica indices: elther one
keeps generic configurations in replica space and the inversion is not possible in general (in the absence

Qap, there is a priori no way to properly invert the matrix

of a procedure generalizing the expansion in free replica sums used to derive the nonperturbative RG
theory of the RFIM [214]) or one chooses configurations with a specific symmetry in replica indices,
e.g., a replica symmetric configuration with Q., = @ for all a and b different, and one cannot obtain a
closed set of functional equations.

An alternative is then to further expand the functions Z; and U around a nontrivial configuration,
as also often employed in nonperturbative RG studies. [25] A choice that has been proven efficient for
retaining the nonperturbative character of the RG method is to expand around one of the (nonzero)
minima of the running potential Uy. [25] (This implies before all that fluctuations are accounted for,
the system is in the symmetry-broken phase with a nontrivial minimum different from zero.) In what
follows, for studying the critical point of the Ising spin glass in zero field, we choose a replica symmetric

minimum of Uy ({Qa}), i.€

gL
k —Uk b =0 6.8
Ukea (@) = 55 Us (Qud) |, (6.3
for all ¢ < d. For convenience, we will use in the following the short-hand notation |g, to indicate that
a function or its derivatives are evaluated for all QQ,;’s equal to the minimum Q.
For the kinetic (gradient) term of the effective average action, we will consider the lowest-order
approximation,

Zk§0d7€f ({Qab}) = Zk 5@0 5fd (69)
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with 6(¥(0) = (27)~¢V and V the volume of the system.

More care is needed for the expansion around @y, of the potential Uy, ({Qqp}). Indeed we would like
to work with an expansion that when truncated does not break the symmetry of the effective action
already mentioned and in which the definition of the coupling constants (evaluated at the minimum)
does not depend on the order of the truncation. Let us illustrate these considerations with a (much)

where Zj, = Zi.qp.ap ({Qr}) is given by
1 d < 52Ty,

Z,

6.10
e (6.10)

simpler problem, that of the standard ¢* theory with Z inversion symmetry. The theory has an unique
invariant (for the Zy symmetry), p(z) = 1/2¢(x)?. The potential can then be expanded around the
nontrivial minimum pg = 1/2 ¢2 as
2 .
Uk(p) = Tl (p—pr)" - (6.11)
i=2

Uk(¢)

This form of the potential, when truncated at any order i = p, encodes by construction the Zs symmetry.
The coupling constants Ay 9; for ¢ < p can be defined in a way that does not depend on the level p of
the truncation. An obvious choice is

%

0
kg = =—U, , 6.12
k32 9 k(p) o ( )

as the contribution of the terms of higher order than 7 vanishes when evaluated at the minimum. This
choice however relies on the uniqueness of the invariant p and will not be of any use when considering the
spin-glass problem in which the number of invariants is infinite. One can instead make use of derivatives
with respect to the original ¢ field and a proper definition can still be found by obtaining the coupling
constants Ap.4, Ak, - Ak;2p from the derivatives with respect to ¢ up to order p evaluated in the

minimum ¢g. For instance, Uél)(gbk) defines ¢y; adding Ué2)(¢k) = g4 @2 then defines \y.4; adding
U,gg) = 3 Ak Ok + Ais6 (b% defines A.6; etc. At the level p, truncating the potential at any order strictly
larger than p does not change the expressions of the coupling constants up to Ag.zp.

6.4 Expansion in invariants of the potential around the minimum
and definition of the coupling constants

In this section we detail how to expand the effective average potential Uy around the replica symmetric
minimum configuration Q) while keeping track at each order of the symmetry of the effective action,
i.e., the invariance for any given replica index a under the change Qu(z) — —Qup(x) for all other
replica indices b and all space points x. Invariants here refer to combinations of the overlap fields that
satisfy this symmetry. There is a list of such quantities in appendix D.1.

To achieve our goal, we do not expand the potential in mere powers of the overlap fluctuations
0Qab = Qup — Qk as done, e.g., in [215, 207]. As a first step, one can reorganize the expansion in Qg’s
similar to that given in equation (6.1) with the help of invariants that vanish when evaluated at the
minimum @ (meaning that all the overlaps Qg are set equal to Q) and, apart from the lowest order
are such that their first derivatives also vanish when evaluated at Q.

We define a variable pﬁ) written in terms of the unique invariant of O(Q?),

1
P = 5(Qu — Q1) (6.13)
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and the higher-order terms up to p = 5 (the replica indices are distinct, a,b,c,d,e #) are defined as
follows:

ﬂabc QuvQocQea — Qk Qk (pab + p((,i) + pg)) )

'U’abcd Qabechdea Qk Qk <pab) +p(2) _|_p(2) +p£li)> ’

D = o AR =D b=l N

Mabcde QabQbeQcdQdeQea — Qk Qk (pab + pl(;c) + p(z) ElQe) + pgi)) ,

5 3 5 1 3 3 5 2
éb?: p((lb)'ut(lb)c’ Véb.);d th(zb) ('U’((zc)d + Nz(;c21> , V(Ebide = P((zb)“f:d)e

The terms of order O(Q°) are given in appendix D.2. Each of the above term is such that replica indices
appear an even number of times, as desired. The expansion of the potential can then be reexpressed as

Ur({Qab}) = Win(Qi) D nloh + Uka (@) D by + Ura(Qi) DA

(abe) (abcd) (ab)

+ Uis(Qi) Y Al + Ura(Q) > Aopna

(abe) (abed)

(6.15)

+ Vi1 (Qk) Z ufﬁ,lde + Vi 2(Qk) Z V(gii

(abede) (abc)
+ Vi 3(Qk) Z Vabcd + Viea(Qr) Z Vc(ziide

(abed) (abcde)

The terms of order Q% are given in equations (D.1), (D.2)and (D.3). The above expression of Uy is
not satisfying yet, although the invariance is now manifest at each order. Indeed, as explained in the
simple example of the ¢? theory treated above, we also require that the coupling constants (i.e., the
parameters in front of the various invariants) be defined through derivatives evaluated at the minimum
Q@ in such a way that the expression does not depend on the order of the truncation of the expansion.

As can be seen with the help of the tables in appendix D.3, second-order derivatives of U, evaluated
at the minimum, for instance, may involve terms of the expansion in equation (6.15) up to arbitrarily
high orders (contrarily to what found above for the ¢* theory). One should therefore proceed to
an additional resummation and reorganization of all the terms so that the newly defined coupling
constants up to a given order, say p, can be defined through derivatives of order p or less in a way that
is independent on the level ¢ of the truncation, provided of course that ¢ > p.

The procedure has unfortunately to be implemented order by order explicitly. We use the derivatives
of the various terms of the expansion in equation (6.15) evaluated at the minimum @y, which are listed
up to O(Q’) and to fourth-order derivatives in tables D.3 to D.5 of appendix D. One then has to
consider a term by term approach to ensure that all new coupling constants up to order p are exactly
defined from derivatives of order up to n < p evaluated at @, irrespective of the order ¢ > p of the
truncation. (This implies that these derivatives when applied to any term of order larger than ¢ gives
exactly zero.) We have checked the construction explicitly up to order ¢ = 6. However, the number
of derivatives growing with the order more rapidly than the number of possible invariants (hence, of
coupling constants), the problem appears underconstrained and one expects that it is always possible
to find a solution. ' The solution however is not unique and the coupling constants may therefore be

LAt any order p the number of derivatives is given by the number of possible multigraphs with an infinite set of nodes
and with p edges where the loops are forbidden [216, 217, 218] and the number of invariants is given by the number of
Euler multigraphs with the same property [219, 220].
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defined through different sets of derivatives. In an exact treatment this has of course no consequences,
but it does when considering an approximation where the potential is truncated at given order.

Let us now illustrate the procedure at the lowest orders. We introduce for convenience the variables
Xfp ) (p is the order of the term, i the label of the associated coupling constant) defined by:

=D e X0 =3 w5V =3000 V=300 XV =30 A

(abc) abcd) (ab) (abe) (abed)
(5) (5) (5) _
Z Hapede > Z Vabc ’ Z Vabed s X Z Vabcde ’ etc. ’
(abcde) (abc) (abed) (abede)
(6.16)
and we look for an expansion of the potential U in the form
Ur({Qap}) = Wion X + Z Upi XY + Z Vi X2 +0(QY), (6.17)

=1 =1

which corresponds to a rearrangement of the expression in equation (6.15) with new coupling constants
and new invariants distinguished by a tilde.
At the lowest order, we require that one exactly has
— 53U
Wi1= —————, (6.18)
' 5Qab5Qb05Qca
where a,b,c are all distinct (one can, e.g., choose a < b < ¢). This condition is satisfied at each
subsequent order of a truncation of the expansion of Uy if order by order, the third derivative involved

v (p)

in equation (6.18) gives zero when acting on any invariant X
combinations of the original X Z.(Q) 's with ¢ < p. (By construction, X {3) =X §3) )
From table D.3, one can check that 63/(6Q.,0Qpc0Qcq) acting on any Xi(4) is zero when evaluated

at the minimum. Hence, )254) = Xl-(4) . For the O(Q®) terms, the solution is of the form

with p > 4. These invariants are linear

4
X2 = x-S by Qe XY - ¢ Q3 X1V (6.19)

j=1

where the coefficients b;; and ¢; must be chosen such that 53X / (0Qab0Qbc0Qca)|Q, = 0. This re-
quirement is easily satisfied considering that there are 20 unknowns for only 4 constraints.

At the next order, i.e., O(Q*), one has to choose the protocol to define the coupling constants ﬁkﬂ-,
i=1,---,4, knowing that fWJk,l is defined by equation (6.18). As detailed in appendix D.2, one can
come up with two different acceptable sets of conditions using all three derivatives of second order and
one derivative of third order, all evaluated at the minimum @Qj. One finds

52U
5@21) Qrk

52U . ~ ~
= Qe Wit + (n = 3)Q2Uja + QU5
0Qab0Qbc | Qx (6.20)

52U, 92 Gt Q2(7
5Qab5ch Qk kR kkA
53U,

5Qab6Qb65Qca Qk

= (1~ 2@ Wia — (1~ D0~ 9Q} Ui + 33T

= Wk,l )
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and either (later called choice (A))

53Uy ~
L N 6.21
502,00~ O (621
or (and choice (B))
53Uy, ~
—_— =QrUk1. 6.22
6@0,1)5@1)65@0(1 Qk Qk ol ( )

It is possible to define the invariants X i(s) such that they do not contribute to these derivatives evaluated
at Qr (see appendix D.2). We expect that this is also possible for higher-order terms because the system
of linear equations to solve has many more unknowns than the number of constraints. In principle the
procedure can be generalized to consider higher orders. In practice we have only studied the two orders
presented above.

In what follows we show how to implement the nonperturbative RG by using the above considera-
tions.

6.5 Implementing the nonperturbative RG with the chosen approx-
imation scheme

We can now insert the chosen ansatz for the effective average action,

D l{Quit] = [ @58 3203 (0:@ua@))? + Ui ({Qul)}) ¢ (6.23)

(cd)

where Uy is expanded in invariants around the minimum @y as in equation (6.17), into the exact RG
equation, equation (6.6).

At the lowest order of the expansion of Uy, one has to consider the RG flow of 3 parameters, Zp,
Qr, and Wk,l- The corresponding equations can be derived from the definitions of the three quantities,
equation (6.10) for the field renormalization constant Zj, equation (6.8) for the nontrivial minimum
of the potential Q, and equation (6.18) for the coupling constant Wk,l, by differentiating the exact
RG equation in equation (6.23) and evaluating the final expression for a uniform configuration of the
field overlaps with Qu, = Qy for all distinct pairs (a,b) of replica indices. When proceeding to these
manipulations, the ansatz in equation (6.23) with Uy truncated at the lowest order is inserted in the
right-hand side of the functional RG flow equation.

For spatially uniform field configurations and the ansatz in equation (6.23), one has

Fl(fi)zb,cd(% ) =0q+ ¢) Thsapeald®) (6.24)
with
Fl(c2;c)zb,cd(q2) = Zkq"SacObd + Uliizb,cd ; (6.25)

where we have taken a < b and ¢ < d, and for the proper (1-particle irreducible) vertices of order n > 3,

F%lbl,m,anbn(% Q) = 5(d)(QI + - qn) Uig;r;)lbl,--~,anbn : (6.26)

After differentiating the exact functional RG equation for I'y and evaluating the result at the
minimum @) of the potential, one obtains expressions of the form

1~
aUu M | =29,0% 0| 6.27
tk,aka 2tab()Qk ( )
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2 4 (3),(3)
atrgﬁt)zb,cd(QQ)’Qk = 26 {Ec(tb)cd(o) Eab cd (q )} Qk’ (628)
and
3 4),(3 3 4),(3
atUlg zzb cdef — 76 { cib)a(i e)f( )< ) Féb,)cc(l;e)f(o) FaEb)e} gd( ) c(d)e; c)Lb(O) + F(b)cd ef(o)} O :
(6.29)

etc., where the operator 5t acts only on the IR cutoff function R} (¢?), and the expressions of the various
quantities D(3)(0), E((li) wq(0), -+, F (52)6 d,.7(0) are given in appendix D.4. These expressions involve the
proper vertices obtained from equa‘éioh (6.26) as well as the propagators P.apcq(q?) evaluated for
spatially uniform overlap fields (in practice here all chosen equal to Qy):

Piabed(q?) = [( @ () + Rk(q2)1> _1} , (6.30)

ab,cd

where a < b and ¢ < d. For the replica-symmetric minimum configuration, Q. = @k, one has
Trnea(@®) = (1= 80) (1 = 0c.2) (T2 (0%) et + baady, ]
+ T (@) 0a.d(l — 4.e) + 0pe(1 — Sa.a) + Oac(1 = Ga) + p,a(1 — bayc)] (6.31)
FTE@) (1= b0.e) (1= daa) (1= 8,0)(1 = )

with (distinct a, b, ¢, d)

FIE:Z;%(qz) = F/(€2;()1b,ab(q2) = Z + U(,Qf 7
2 2 2

Fl(c,%(q2) - Fgc ()J,b bc(qQ) = Ung) ) (632)
2 2 2

TEN@?) =Ty cald®) = U -

)

It is easy to check that the matrix Py.qpca(¢?) has the same form as that of Fl(fib Cd(q2) in equa-

tion (6.31) with

1
e 92 sn(n —3) n—1 1
k(@) = o FO) + Bue®) | TO) + Rela®) | TOL) + Reld?)
. 1

. 2 ~ fn(n-3) g = n ) n=2 6.33
2O =500 | T+ B | IO + el | T+ )|

20N _ 2 i n _ 2(n - 1) n-2
Pis(q”) = n(n—1)(n —2) _Fi(jj)q(qQ) + Ri(q?) p](f;l)q(q2) + Ri(q?) * F,(j)L(q2) + Ri(q?)

2)

where we have introduced the eigenvalues of ,(C s Tiir A, L(q2) =7Z1Lq® + Uk(;_zl)% 4> With the “masses”

given by

Dt (n- UGS~ (n-3) U3, (6.34)

)
2 9) 1 2
Uk = Ulg;l +2(n —2) Uzg;z) + 5(” —2)(n—3) U;E;;:Z :
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: « : ” « ” « : : » n(n—1)
and corresponding to the “replicon” (R), “anomalous” (A), and “longitudinal” (L) sectors of the =%— x

”(nT_l) matrix. [6] In the limit n — 0, one can see that the anomalous and longitudinal masses are
degenerate, with their difference going to 0 linearly in n. When n — 0, it is then convenient to

introduce the quantity

7@ _p® B
@ _Ysa" YL 2 (n=3)

In this limit the propagators Py 1, Py 2, Pi 3 become

Pra(q)| _ = 3Pr(¢’) =2 Pale®) —2U%, PR(@D)| _ |
3 3
Pea(a®)| _ =5 Pr(e®) = 5 Pala®) =200, PG| _ (6.36)
Pea(@®)| _ = Prlg®) = Pale®) —2UL, PR _ .
with
1
PR(QQ)‘ 0 2 2 (2) ln=0"
"=0 ¢*Zk + Ry(q®) + Upp ™=
) (6.37)
Pala” 0 2 2 0
"0 27k + Ri(g?) + U} 'n=

Finally, from equation (6.27) we obtain the flow of Q. By deriving equation (6.28) with respect to

q? (which therefore only involves E((l?g)cff)(

Zj, and from equation (6.29) specified to Ug.ap pe,ca (@) (distinct a, b, ¢) we obtain the flow of Wk,l. In all
cases, we have to use the identity that for any function fy, 0fr(Qr) = O¢ filg, + Z(Cd) Jricd(Qr) 0 Q.

When studying the next order of the truncation, one also needs the flow of the 4 coupling constants
Up.i, or equivalently the flow of the 4 derivatives in equations (6.20) and (6.21) or (6.22) evaluated in Q.
the flow of the 3 second-order derivatives is obtained from equation (6.28) and that of the additional
third-order derivative from equation (6.29).

2)) and evaluating the result in ¢ = 0 we obtain the flow of

In the practical implementation of this nonperturbative RG, we have used the so-called optimized
regulator proposed by Litim, which is given by the expression

Ri(¢®) = Zp(K® — )O(k* — ¢?). (6.38)

It gives a mass equal to Z; (k* — ¢?) to the field fluctuations with ¢> < k2, hence freezing them, and
does not affect the ones with ¢ > k? as it vanishes in this range, see also section 2.2.2.1.

6.6 Nonperturbative RG equations in dimensionless form

In order to search for the fixed point controlling the critical point of the Ising spin glass in zero applied
field, one needs to cast the RG flow equations derived in the preceding section into a dimensionless
form. This can be done by introducing scaling dimensions and dimensionless quantities (which will be
denoted by lowercase letters while their dimensionful counterpart are denoted by capital letters):

Uk = kduk,
Q=k>1712 (6.39)
(n) _ p.d+n(1-d n/2 (n)

U = k= d2) z 2,
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We also introduce dimensionless momentum, regulator and propagator,

q=kq,
Ri(¢%) = ka i (6%) (6.40)
)

Piabed(q®

1 - .
P2 Phiabed (6°) -
A running anomalous dimension 7 is also defined from the flow equation of Z,
nk = —0¢log Zy, (6.41)

which, by using the definition of Z; and the flow equation in equation (6.28) can be rewritten as
L d (5 3,3
M= = <ategb?a§,> () , )
k

2 dp?
where e(®:(3) is the dimensionless counterpart of E®)-®3). In deriving equation (6.42) we have used the
fact that 4 does not depend on p? and that similarly F,(f’()l codef = U ,233 codef does not depend on p?

in the present approximation. The explicit expression of eé‘?&(g ) (ﬁQ) is for instance

(6.42)

5?=0’

3),(3) / » 3
et(zb)a(b)(pz Z /“k .ab,ef,gh Pkigh, ii(@%) “i(c z)zb ij,im Philmef <’q +p| ) (6.43)
(ef).(gh),
(i7).(lm)

The flow of the needed derivatives of the potential evaluated in the minimum in dimensionless form
is obtained from equations (6.28), (6.29) and generically read

D) () = [ d+3 (d 2+ le)] U o () + Ol o
n 6.44
+ 0qp Z ul _ ) (ax) ( )

k;a1b,...,anbn,anr1bni1
(an+1 anrl)

where we have defined

1
Sqr = qr + 5(—2 +d+ ) q - (6.45)

The notation & = dx/dt is used when there is no ambiguity. From equation (6.44) one easily obtains
that
_ 1 Btdé?(oﬂqk
- @ 7
2 (ed) uk;ab,cd

where d((;z) again denotes the dimensionless counterpart of D((;) and the denominator can be simply

(6.46)

rewritten as
1
Wi ca(0k) = i (a) +2(n = 2) ui(ge) + 5 (n — 2)(n — 3) ugy (ar)
(cd) (6.47)

(2)

where w; 7 (gr)’s is the dimensionless longitudinal mass evaluated in gy.
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6.7 Lowest-order O(Q?) truncation

We consider now the lowest-order approximation in which the expansion of the potential Uy in equa-
tion (6.17) is truncated at the first nonzero term:

Ur({Qaw}) = Wk,leg)) (6.48)

where ijl is defined by equation (6.18). This approximation of the nonperturbative RG which we will
refer to as “NPRG-0" has already been discussed in section 6.5.

The different field derivatives of Uy appearing in the flow equations can be expressed in this trun-

cation as
(3) _ (3) _
) —~ Uk;ab,bc,ca Q - kal Uk;ab,bc,cd Q =0
Uk;ab,ab o = —(n—2)Qk Wi, 3) g 3) g
(2) k;ab,ab,ab Q =0 k;ab,ac,ad Q =0 0 .
kabbe| —Qkal g * Uy =0 for i >4
3) _g 3) _0 Qu
(2) k;ab,ab,bc o - k;ab,ac,de o -
Uk:;ab,cd Q =0 (3) (3)
’ Ugab,ab,cd =0 Uk'bdf =0
;a0,a0,¢ Qk: ,ao,ca,e Qk

(6.49)

= Wk,l is true beyond the present

with distinct a, b, ¢, d, e, f. (We recall that the equation U,g ib be.cal
k
truncation.)

The three coupled dimensionless flow equations read

L o d (53,03
Nk = §wk,1 ap2 <ateab ab ( )

q’“> ‘f’:‘)’ (6.50)

. 1 ~(3)
=——(—2+d —0id; 7 (0
dr 2( + +77k)%+2(n_2)qk tab()qk,
as u,(f)L(qk) = (n — 2) gt wg,1 from equation (6.34), and
. 1
iy = (=6 -+ d -+ ) wi + wy Ol oo (0) . (6.51)
k

We have defined the dimensionless coupling constant wy 1 associated with Wkl and we intro-

duced the tilde quantities as éﬁ?ﬁ’) (p*) ‘q;c = wk%egi)a(g’) (p*) )Qk’ cAZg)(O)’qk = ﬁ d:(zb)( 0)| and

3)(0) N = w, (3)7(3)7(3)7(3)(0)

1 Jab,be,ca

f ab. b . C a to make the coupling constant wy ; apparent in the flow

dk
equations. The deﬁnitions of the dimensionless diagrams are given with dimensions in: el b) (5 )( p) (D.20),

d( )(0) (D.19) and f abbe. ca(g) (3)(0) (D.21). After having performed the sums over replica indices, we
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find
o), =22 [pa (@),
@), =20-2) [ s () v (i+58)
= 2)pi2 (6%) prz (10 9F) + (0 =3) prs (@°) pra (12 +21%)] |
e / {(n=2pka () +301= 2 pia () (0= 2) 2k () + (0= 3) 5k ()]

n((n —9)n + 54) — 104] p} » (%) + 6(n — 3)(3n — 10) pi 5 (¢°) Pr,3(4, —q)
+3<n —4)(n=3)(n+2)pr2 (¢°) piz (%) +4(n = 5)(n—4)(n—3)pi 5 (¢°)}

dk

(6.52)

The first and last equations of (6.52) involve ¢-integrations of products of propagators [ [\ pa, (ch)
for m = 1,3 with the a;’s € {1,2,3}. Using equation (6.36), the propagators pi 23 are rewritten in
terms of the diagonal propagators pr 4. As a consequence, we have to compute only one kind of integral
in the flow equations of ¢ and wy, ;; it is given by:

: (6.53)

J(R,nRr; A,na) =vd5t/ diq* " pr ()" pa ()™ .
k

0

with ng and na integers such that 1 < ng +n4a < 2m. The computation of this integral can be
performed using the expressions of pr (QQ), Tk (42) and the Litim regulator in equation (6.38), and
gives in the limit n — 0:

M
2 (1- )
(1+uhia0) ™ (1+uh@)™ \ L+ 1+ uh(a)
with vy a factor coming from the integration over angular variables,
Qd 27Td/2
= ith Qg = . .
Vg 2n)?’ wi d T(d/2) (6.55)

The equation for 7 requires to compute an other integral, slightly more involved, whose general ex-
pression is

. d 3 o A ~d— A2\ T ~ N n
j2(R,np; A,na) = vg <A28t/ dq ¢ pr (6*)"" pa (G + %) A) ) (6.56)
dp 0 qr;p=0
The computation of this integral can also be performed, with the result in the limit n — O:
2
j2(R,nRr; A;na) = va nRTA (6.57)

(i)™ ()

The physics at criticalitity is obtained by finding the fixed point of the system formed by equa-
tions (6.50) and (6.51) in the limit n — 0, with the knowledge of 7 as a function of ¢, and wy .
In addition to the Gaussian fixed point {¢* = 0,w] = 0}, we find below d = 6 a nontrivial solution
{¢*,w}} which is plotted in figure 6.2 (a) and (b) as a function of the distance from the upper critical



122 Chapter 6. Critical behavior of the Ising spin-glass below six dimensions
2.5 '
200 — eRG :
« NPRG-0
1.5
Y
1.0
0.5
0. _
00 05 10 15 20 25 30 080 05 10 15 20 25 30
(a) 6—d (b) 6—d
4
10 + Simulations
- Simulations — eRG A \
0.5 — eRG 2f +» NPRG-0 .
- NPRG-0 1
0.0
-0.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(c) 6-d (d)
5 25
4 « Simulations 2.0 — ¢-RG ]
— e-RG cu . O(q) >
3l . NPRG-0 ~15 - NPRG-0: :
~ = * W (Qw)
2 $1.0
1 0.5
8 09
.0 0.5 1.0 1.5 2.0 2.5 3.0 .0 0.5 1.0 1.5 2.0 2.5 3.0
6-d 6—d

() (f)

Figure 6.2: Fixed point solution for the critical point of the Ising spin glass at the lowest order NPRG-0 of the
nonperturbative RG approach (in brown) versus 6 — d. We also show the perturbative e expansion to order *
(purple) and results from computer simulations (red points): (a) Dimensionless minimum ¢*; (b) dimensionless
cubic coupling constant wj; (c) anomalous dimension 7; (d) relevant (A1) and irrelevant eigenvalues of the
stability matrix around the fixed point; (e) correlation length exponent v; and (f) dimensionless anomalous and

(2

longitudinal masses u, , = —2¢* w7y (in brown) and replicon mass “5(23-2 =0 (in blue).
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dimension, 6 — d. In figure 6.2 (c) we also plot the anomalous dimension 7 obtained at the fixed point.
By studying the linear stability of the RG flow equations around the fixed point, we have determined
the relevant eigenvalue, A\; < 0, and the irrelevant one, Ay > 0, also shown as a function of dimensions:
see figure 6.2 (d). From the relevant eigenvalue one can obtain the correlation length exponent v as

p— (6.58)

and it is plotted in figure 6.2 (e).

The critical fixed point is found from d, = 6 down to some lower critical dimension less than
3, d; ~ 2.97. When approaching this lower critical dimension from above, both the value of the
dimensionless minimum ¢* and the correlation length exponent v diverge (see figures 6.2 (a),(e)) in
agreement with theoretical predictions. [221]

In figures 6.2 (a)-(e) we have also plotted the results of the perturbative RG up to 3 loops [209] as
well as the results from state-of-the-art computer simulations [211, 212, 213]. The comparison clearly
shows that while the ¢ expansion even at order €3 fails when & > 0.1 — 0.2, as already mentioned in
section 6.2, the present nonperturbative RG is quantitatively correct for a larger domain of dimensions
and is still semi-quantitatively good in d = 3 (the predicted anomalous dimension 7 is about —0.5 to
be compared with the simulation result n ~ —0.4).

Near d = 6, the present NPRG-0 approximation exactly reproduces the 1-loop perturbative calcu-
lation, with

¢ = Ve/(3v2) (14 0(e)) ,
wi=—Ve/2(1+0(e)) (6.59)

A = —2+§6, A2 :€+O(52),
in agreement with [139, 215]. However, it represents a drastic improvement over the perturbative RG
when dimension is lowered.

All in all, the success of the NPRG-0 approximation for describing the critical behavior of the Ising
spin glass suggests that the nonperturbative RG may prove a very promising approach. A shortcoming
of the present truncation is that the dimensionless replicon mass u,.5 is exactly zero by construction
(see also figure 6.2 (f)). It would be interesting to check whether it becomes negative in an improved
truncation. In simpler cases, such as the ¢* theory, the dimensionless potential at the critical fixed
point has a shape that resembles the shape of a dimensionful potential in the symmetry broken phase
of a finite-size system: in some sense it gives some indication of the symmetry-breaking scenario. One
knows that for spin glasses, a negative dimensionful replicon mass may signal an instability toward
replica symmetry breaking. [6] Knowing whether the dimensionless replicon mass is negative or not at
the critical point would then provide a nontrivial piece of information. We therefore consider below the
next order of the NPRG truncation scheme.

6.8 Next-order O(Q") truncation

The potential is now truncated at order O(Q%), i.e.

4
Ue({Qab}) = Wit [Qu) X1 + 3 U X[V (6.60)
=1
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and the 1ndependent ﬂowmg parameters ¢ of the theory, in addition to the field renormalization constant
Zy., are Qy, Wk 1, Uk 1 Uk 2, Uk 3, and Uk 4, which are defined from derivatives of the potential U}, as
explained in section 6.4. Note that there are two possible choices denoted (A) and (B) that depend
on which specific third-order derivative is considered in addition to that defining fWJk’l. The different
field derivatives of Uy at this level of the truncation are, with (a,b,c,d,e, f #) and evaluated in

{Qab} = {Qk}a

— ~ 1 o~
Ulna,, === 2Q Wi — (1~ 2)(n — 3)Q40k1 + 5010k,

(2)

kabbe| , = @k Wk,l +(n— 3)@%@,1 + Q%ﬁk,?; ) (6.61)

Qk
(2
Uk;ab,cd o

= 2@%1714,1 + Qiﬁm ,

(3) —W 3) - (4) B
Uk;abybC,Ca - kal ’ Uk;ab,bc,cd - QkUk,l ) Uk;ab,bc,cd,da = Uk71 ,
3) — .17 (3) _ (4) _
Ukiabﬂbﬂlb - QkUka ’ Uk’;ab,ac,ad =0, Uk;ab,ab,ab,ab = Uk,2 )
“ “ O (6.62)
(3) AT (3) _ (4) _ .
Ukiababe|, = QUks> Ukabacde|,, =0 Usababbebe| , = Ur3>
(3) — O.07 (3) _ (1) _
Uk‘;ab,ab,cd Qx - Qk‘UkA ) Uk;ab,cd,ef O — 0, Uk;ab,ab,cd,cd On == Uk74 5
(4) _
Uk;othe'rs Qn 07
(0) (6.63)
Uy =0 for i >5.
Qk

The above expressions of the derivatives of the potential enter in the right-hand side of the flow
equations (the “beta functions”) of Zj, @ and the 5 coupling constants. As explained above, these cou-
pling constants are defined from a restricted set of derivatives, which we write below in a dimensionless
form (as before the dimensionless quantities are written without a tilde to alleviate the notation):

2
“l(c;()zb,ab w —(n = 2)gr wg1 — (n—2)(n — 3)qpuk + g%%uk,z ,
2
ul(c;t)zb,bc = qr w1+ (n— 3)‘11%’%,1 + ql%’uk,s )
o (6.64)
U(z) =9 2U + 2U
kiab.ed|, qrUk1 T Uk 4

U(g) = w
k;ab,be,ca = Wk,1>
dk

and either one of two choices,
(3)
(A) k ab,ab,cd

3
(B) ul(e;ib,bc,cd
()3

= qrUk4
o (6.65)
= QKU1 -

One can invert the two above systems (A) and (B) to obtain the explicit expressions of the constants as
functions of the field derivatives of ug; this simple inversion is done in appendix D.5.1. The dimensionless
flow equations of 7 and ¢ are given by equations (6.42) and (6.46), with the longitudinal mass

3 Uk, 5 ) (4uk,3 + (TL — 3)uk74)> . (6.66)

1 n
0 (qx) = (n— 2) gy + 02 (2<n S 3) (- D + L+
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Figure 6.3: Critical fixed point properties of the Ising spin glass at the next order O(Q*) NPRG-1 (A) and
(B) versus 6 — d. We also display in brown the results of the NPRG-0. (a) Dimensionless minimum ¢*; (b)
dimensionless cubic coupling constant w3; (¢) anomalous dimension 7; (d) correlation length exponent v (we
expect v to behave similarly for the choice (B) but we did not perform the calculation); (e) dimensionless

(2)

anomalous/longitudinal mass u,(fll / 1(gx); and (f) dimensionless replicon mass u.p(qk)-
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The five dimensionless RG flow equations {1, 1, Uk 2, Uk 3, Uk 4} are directly obtained from the
expressions given in appendix D.5.1, D.5.2.

The physics at criticalitity is obtained by finding the critical fixed point {g*, w7, u}, u5, u}, uj} of
the system of RG flow equations, 1 being determined as a function of the independent couplings. The
cases (A) and (B) give almost the same results. The dimensionless dependence of ¢* and wj are given
in figures 6.3 (a) and (b), that of the anomalous dimension 7 and of the correlation length exponent v
in figures 6.3 (c) and (d). We also show the predictions of the NPRG-0. The results of the NPRG-1 (A)
or (B) are clearly not as good as those of the lower approximation NPRG-0, except possibly close to the
upper critical dimension d,, = 6. Strinkingly, one finds that the critical fixed point no longer extends
continuously down to a dimension between 2 and 3. The fixed point emerging from the Gaussian one
below d = 6 indeed disappears at a dimension d ~ 5.4 where it seems to merge with another (unstable)
fixed point (and a new, probably unphysical, fiwed point then emerges): see figure 6.3 and the square-
root like behavior of the various quantities when approaching d ~ 5.4 from above, a behavior that
is typical of the collapse of two fixed points. This scenario of an accidental collapse with spurious
fixed points is found in other theories like the O(N) model studied by the nonperturbative RG with a
truncated expansion around a nontrivial minimum [Delamotte, private communications]: whereas the
lowest-order approximation is well behaved, the higher order generates spurious unstable fixed points
that at some (unphysical) dimension come to collapse with the (physical) critical fixed point. This
occurs even at quite high orders (even as high as 16 [Delamotte, private communications|) and is cured
by considering a functional approach where, e.g., one derives and solves the RG flow for the effective
average potential as a function of the order parameter field. We seem to encounter the same problem
for the Ising spin-glass critical behavior.

The interesting piece of information that we nonetheless obtain from this NPRG-1 truncation con-
cerns the dimensionless replicon mass expressed (when n — 0) as

1
Uy q) = gq% (6uk,1 + ug2 — 6ug3 + 3uk74) . (6.67)

(2) (
Over the range of dimensions where a reasonable critical fixed point exists, this dimensionless mass is
negative (see figure 6.3 (f)).

6.9 One-loop-improved approximation

A possible solution for avoiding the generation of spurious fixed points as one increases the number of
coupling constants is to treat the new coupling constants not as independent parameters determined
from additional flow equations but as “slave” parameters explicitly determined in terms of lower-order
terms. This is what is achieved by a mixed approximation scheme to the nonperturbative RG equation
known as the one-loop improved approximation [222]. The couplings are therefore divided in primary
ones that follow nonperturbative RG flow equations (in which other couplings may also appear) and
secondary ones that are expressed in terms of 1-PI vertices obtained from a one-loop-like approximation
involving the nonperturbative propagator calculated from the nonperturbative RG flow for the primary
parameters.

The rationale for this approximation scheme is that higher-order 1-PI vertices are more easily
approximated in the infrared (IR) regularized theory at scale k, even via a one-loop-like formula [222].
As we will see, the implementation of this approximation scheme in the spin-glass problem is however
not as straightforward as for the p* theory, again due to the nature of the order parameter and of the
invariants. This will require an additional approximation. We now give the main steps of the procedure.
More details are given in appendix D.6.
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We start from the expression in invariants of the potential given in equation (6.17), which we recall
here:

4
U{Qu}] = Wi x® + Z o, x4+ Z Vi [ x-S by xY -2 x{V | +0@Q%)  (6.68)
=1 j=1

and where the constants {b;;,c;} for i = 1,...,4 and j = 1,...,4 have two possible solutions, which are
given in the equations (D.12) for (A) and (D.13) for (B) (see appendix D.6).

The RG equations for n; and g are the same as in equations (6.42) and (6.46), and the RG flow
equation for wy; is (with distinct a, b, ¢):

. 1 1~
g = 5(=64+d+3m0) wis + 59 {2500 0) = 3500+ 15 (0)}

? " (6.69)
+ 5qk Zuk ;ab,be ca,gh‘ an ’
(gh)
with the definitions of f(z)bi?’ca(?)) (0), fég)éf’c)a( 0) and f absbe.ca(0) given in (D.21).
All the 1-PI vertices, i.e. field derivatives of the effective average action, ’yg_za)l by anb, LOT T =

2,3,4,5 that are nonzero are listed in appendix D.6.1. These field derivatives are potentially functions
of all the couplings of the expansion of the potential in equation (6.68). For simplicity, we will use a
truncation of the exact potential (6.68) at order O(Q®); hence all the dependence on the couplings of
higher order is neglected.

One-loop-improved prescription

The secondary couplings {uy 1, uk 2, Uk 3, Uk 4, Vk 1, Uk 2, Vk.3, Vg4 are computed as slave functions
of the independent parameters {qx,wy 1}. Namely, they are determined from the one-loop-improved
prescription of the 4™ for n = 4,5. This method is justified if the corrections to the flow equations of
the independent primary couplings brought by the secondary couplings are small and can be seen as
perturbations.

The one-loop improved prescription provides an expression for the field derivatives of I'y (the 1-PI
vertices) in terms of the independent parameters g and wy; only:

1
Qlc 2 5@(11 b1 ---5Qanbn

where the Trlog term is the one-loop approximation and the effective action I'y is the O(Q?3) truncation
of I', given by:

(n)

k;a1by,...,anbn

, (6.70)

Qk

Trlog [71(3) + Ry, 1}

Tr[{Qu}] = / %Zkaanb(x))MWk,lZug?c . (6.71)

* (ab) (abc)

The different nonzero field derivatives of Uy, (the local piece of T'y) are listed in equation (6.49). The
one-loop-improved prescription of the 7(5)’5 and 7(4)’8, and the expressions of the secondary couplings
ug;’s and vy ;’s in terms of them are given in appendix D.6.2. These expressions of the uy ;’s and vy ;’s
thus obtained are injected into the different 1-PI vertices v listed from (D.44) to (D.47) that appear
into the three dimensionless flow equations.

Critical fixed-point solution

All the results of this section have been obtained for the choice (A) of the potential. The same study
has been performed for the choice (B), the results obtained are almost identical with that obtained with
the choice (A) and for this reason they are not represented.
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We search for the critical fixed-point solution {g*, w7} of the RG flow equations with 7 and the
secondary couplings {1, U2, Uk 3, Uk 4, Uk 1, Vk,2, Uk 3, Vka} fully determined as functions of g and
'U}k’l.

The critical fixed-point solution seems to depend on the maximal number of distinct replicas 7,44
apb, listed in (D.44)
to (D.47). Indeed, the Trace present in the flow equations generates sums over replica indices, and
distinct replicas generates factors like (n — 3)(n — 4)(n — 5) that can potentially be large and violate
the assumed perturbative character of the terms containing the secondary couplings uy; and vy ;.

that we consider in the indices {a1, b1, ..., ap, by} of the different vertices 71?-215;1 A

We study the critical fixed point for various n,4., beginning with ny,4,, = 3 (the minimal number

required to define wy; as it comes from 71(521) becar With a,b,c #). The definition of the secondary

couplings in equations (D.49) and (D.48) imply a dependence on n,,,. For a given value of 1,4, the
only nonzero coupling constants are

Nmax = 3 — Ug,2, Uk,3, Vg2,

Nmaz =4 — Up2, U3, Vg2 Ukl Ukds Vg3, (6.72)

Nmaz = 9 — Ug2, Uk3, Vk25 Ukl Uk4d, Vk3; Vk 1, Vk4-
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Figure 6.4: Fixed point solution for the critical point of the Ising spin glass at the O(Q®%) truncation of the po-
tential in one-loop-improved approximation of the nonperturbative RG versus 6 —d. We compare three situations
where the maximal number of replicas 1,4, appearing in the vertices is varied: n,qa. = 3 (red/gray), nmae. = 4
(purple/pink) and n,,q. = 5 (blue/black). We also display the results of the NPRG-0 (in brown/orange). (a)
Anomalous dimension 7; and (b) correlation length critical exponent v.

The critical exponents of the critical fixed-point solutions are represented as a function of the
distance 6 — d to the upper critical dimension in figure 6.4 for each case of n,,4,. In this case there are
no spurious fixed points that come to collapse the critical fixed point but the lower critical dimension
is now found to be too small compared to expected values (d; is supposed to be between dimensions 2
and 3). In particular for n,,., = 4, the exponent v diverges for a dimension d between 0 and 1, which
is unphysical.

We also studied the one-loop improved scheme when the truncation for the primary parameters is
carried out at the next order to see the influence of the truncation on the results. The case N = 4
is slightly better for the O(Q®) truncation of Uy, plotted here, than for the O(Q*) truncation whose
results are shown in appendix D.6.4. In the latter the exponent v is found to diverge for d = 0 only,
hence mo lower critical dimension is found. This can be linked to the fact that at fixed m,qz, the
order of truncation of U has to be such that not too many derivatives are missed in the lists (D.44)
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and (D.47). One can note indeed that the more reasonable behavior is obtained in the case 14 = 3
for both truncations to O(Q*) and O(Q?).

2.0 w : : ; :
0(Q%) N - NPRG-0 0.00;
: * Npax=3 ;
1.[- max -~ t
= 0 * Npax=4 = 0'01j
O * Npax=d <
8 1.0 = 0.02E
3 5-0.03}
—0.04¢
0.0 o el

0 1 2 3 4 5 6 0.0:)0 ; 5 5 ; g .
(a) 6—d (b) 6-d

Figure 6.5: Fixed point solution for the critical point of the Ising spin glass at the O(Q®) truncation of the po-
tential in one-loop improved approximation of the nonperturbative RG versus 6 —d. We compare three situations
where the maximal number of replicas 1,4, appearing in the vertices is varied: n,q, = 3 (red/gray), nmaes = 4

(purple/pink) and nmq, = 5 (blue/black). We also display the results of the NPRG-0 (in brown/orange). (a)
(2

Dimensionless anomalous/longitudinal mass u, s (gx); and (b) dimensionless replicon mass ufR(qk).

We obtain in each case a positive dimensionless anomalous/longitudinal dimensionless mass and
a negative dimensionless replicon mass, as plotted in figure 6.5 for the O(Q®) truncation of Uy (the
O(Q*) plots can be found in appendix D.6.4 and display the same behavior). The masses are given by
expressions in terms of secondary couplings in equations (6.66) (for n — 0) and (6.67).

6.10 Conclusion

In this chapter, we have developed a nonperturbative RG approach to study the critical behavior
associated with the phase transition of the Ising spin glass in zero applied field. To get around the
methodological difficulties due to the nature of the order parameter (a n X n matrix with n — 0) we
have devised an approximation scheme based on an expansion around a nontrivial minimum of the
potential that keeps explicitly into account the symmetry of the theory at each order of the truncation.

Whereas we find that the lowest-order approximation is very successful compared to the € expansion
in describing the critical physics from the upper critical dimension d,, = 6 down to d = 3, problems
arising from the generation of spurious fixed points appear at higher orders and are only partly solved
by another, mixed, approximation scheme known as one-loop improved.

One could then try to expand around a minimum of the potential with a more complex structure,
i.e., a Parisi full-RSB solution. This would considerably increase the complexity of the algebra for
deriving flow equations (see e.g. [141]) and there is no guarantee that spurious fixed points would not
be generated at high-enough order of the truncation. It seems that any further progress by means
of the nonperturbative RG will have to retain the functional character of the method and avoid field
expansions.






Conclusion and perspectives

Understanding glassy systems, such as structural glasses and spin glasses, in two and three dimensions
still represents a challenge for physicists. Mean-field approximations for both systems have been known
for some time and proven exact (quite recently for glass-forming liquids) when the dimension is infinite.
These mean-field scenarios are quite intricate and involve complex free-energy landscapes, multitude of
pure states, and metastability, all phenomena that may be fragile in the presence of spatial fluctuations
which are ubiquitous in finite-dimensional systems. In this work we have tackled this problem of the
effect of fluctuations in glassy systems. The task being arduous, we have studied a set of relatively
simple, yet finite-dimensional, models and for this purpose we have used and developed a variety of
theoretical tools.

Below, we briefly summarize the main conclusions of this work and sketch some perspectives. The
interested reader can go back to the conclusion section that closes each chapter for more details.

In chapter 3, we have considered the role of nonperturbative fluctuations in a one-dimensional
toy model in which these fluctuations destroy the phase transition found at the mean-field level. The
extent of the fluctuations can be restricted either by considering a finite-size system or by introducing an
infrared cutoff in the renormalization group formalism. We have shown how one can extract information
on the parameters of the underlying theory from finite-size studies of systems of small to moderate sizes
and how to build from this an effective theory. This provides a guide for computer-simulation studies
of glass-forming liquid models that for practical reasons can only access limited system sizes. We have
also studied how various approximation schemes of the nonperturbative renormalization group fail on
describing strong fluctuations and rare events in the simple (and otherwise well known) example of the
one-dimensional ¢* theory.

In chapter 4, we have investigated the thermodynamic properties of plaquette spin models of glass-
forming systems that have been described in terms of kinetically-constrained motion of localized de-
fects [27] and taken as a paradigm for the theory of dynamical facilitation [11]. Both “short-range”
fluctuations associated with the local environment on Bethe lattice and “long-range” fluctuations that
distinguish Euclidean from Bethe lattices with the same local environment have been considered. Sur-
prisingly, we have found that what was considered as singular thermodynamic properties characteristic
of the three-dimensional (Euclidean) models are reproduced on a Bethe lattice, provided one chooses
the same local environment. The long-range fluctuations therefore seem to have a week influence on
these properties, contrary to short-range fluctuations. In two dimensions however, long-range fluctua-
tions have a more drastic effect as they destroy the phase transition predicted from the Bethe lattice
calculation.

In chapter 5, we have investigated analytically the spatial correlations in the dynamics of a simple
finite-dimensional system whose relaxation is thermally activated yet trivial in the sense that it is
described by a single constant activation energy and an Arrhenius law. These correlations are usually
associated with the development of dynamical heterogeneities in glassy systems and characterized by a
length scale that can be extracted from multi-body (beyond two) space-time correlation functions. [40]
We have found that such a “dynamical” length does grow in the system under study in spite of the
absence of any cooperativity in the relaxation. However, the nature of this length in the present model
appears rather trivial and not directly related to the kind of dynamical heterogeneities observed in
glass-forming liquids. The study is still in progress to determine whether there is or not an additional
characteristic length at play in the behavior of the four-point space-time correlation function.

Finally, in chapter 6 we have considered the critical behavior associated with the phase transition of
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the Edwards-Anderson Ising spin-glass model [59] in the absence of an applied magnetic field. We have
developed an approximation scheme of the nonperturbative renormalization group that preserves the
original symmetry of the model. We have found that the lowest order of our scheme provides a good
description of the critical behavior down to the dimension three, which must be contrasted with the
poor performance of the perturbative renormalization group treatment. However, at the higher orders
the situation deteriorates due to the presence of spurious fixed points that may annihilate the critical
fixed point in (unphysical) dimensions larger than three. In the range of dimensions where the critical
fixed point exists, the dimensionless replicon mass is negative at the fixed point (the dimensionful mass
is of course zero), which may be tentatively interpreted as indicating that replica symmetry must be
broken in the spin-glass phase for all finite sizes. [58] (Nothing can be said for the thermodynamic
limit or equivalently the limit where the infrared cutoff is zero.) The goal of this study was not the
description of the critical behavior per se (as the existence of a transition in dimension three is well
established and large-scale computer simulations provide accurate estimates of the critical properties)
but rather to provide a first implementation of the nonperturbative renormalization group for glassy
systems characterized by an overlap order parameter field. [16, 12] The difficulties encountered in
the present study suggest that the next step to make progress within this framework is to develop a
functional approximation scheme that avoids field expansions.

Despite progress made by several authors and the insight provided by phenomenological approaches,
a description from first principles of the effect of the spatial fluctuations on the properties of glassy
systems is clearly a daunting task. We have emphasized in several places of this manuscript the
obstacles on the way to a full-blown implementation of a nonperturbative renormalization group and
pointed out that a functional approach would likely be necessary to make further progress. Another
potentially useful approach, more specifically for the case of glass-forming liquids and (structural)
glasses, is to devise a proper effective theory in which the already nontrivial effect of the short-range
fluctuations have been incorporated. As found from previous work [7, 95, 105, 86, 102, 89] (for a
differing view see [110]) a good candidate is some variant of the random-field Ising model [90, 94] or its
field-theoretical version. The parameters of this effective theory could be systematically extracted from
finite-size computer-simulation studies of realistic glass-forming models (as proposed in chapter 3). The
long-distance physics of this effective theory could then be determined either by numerical simulations
or renormalization group analysis. Whether or not this leads to a complete description of both the
statistics and the dynamics of glassy systems in three dimensions is yet to be seen.



APPENDIX A
Non-perturbative fluctuations in a
simple model with metastability

A.1 Computation of the combinatorial factors for the gas of instan-
tons

The combinatorial coefficients I, (L) are configuration integrals of 2n domain walls of width ¢ on a ring
of size L. This problem is equivalent to the computation of the partition function of 2n (discernible)
hard spheres of size o on a ring of size L in D = 1. As done in the main text, we define z;, i = 1,...,2n,
as the lengths of the regions with constant ¢ = +1 (i.e., the gaps between the spheres). These variables
must satisfy the constraint 21221 x; + 2no = L.

One then has

L L—2no L—2noc—xon_1 L—2no—(z2n—1+x2n—2++x2)
Ion(L) = / dxzn—1/ dzoy—2 - - / dzy,
n Jo 0 0

where the factor L comes from translational invariance and the factor 1/n accounts for the number of
ways one can choose the first kink/anti-kink pair. In the following, we will determine the expression of
15, by recurrence. In order to do this, it is convenient to introduce the functions

Yy Y—Tp—_1 Yy—(Tn—1+Tn_2++x2)
gn(Y) :/ dmn_l/ dxn_g---/ dzy, (A1)
0 0 0
in terms of which the combinatorial factors can be expressed as
L
Iy (L) = - gon(L — 2n0) . (A.2)
From the definition in equation (A.1), one can write g,+1(y) in terms of g, (y),
y y
dra(@) = [ A galy = ) = [ dougnan). (A3)
0 0
which, from go(y) = foy dx; = y and by recurrence, immediately leads to
ynfl
= : A4
9n(y) 1) (A.4)

Finally, after plugging equation (A.4) into (A.2), one obtains equation (3.13) of the main text.
In order to compute the combinatorial factors Ja, (M, L) one has to impose that the gaps x; satisfy
the two following constraints:

2n
g x;i=L—2no,
i=1
n

> (wai1 —w2i) = M,

i=1
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which can be rewritten as
- L—2ko+M
E Ti—1= ——F

2 )
=1

As a result, the integrals over the variables x; can be divided into separate integrations over even and
odd gaps, which can be written in terms of the functions g, (y) defined above. This yields

L L—2noc— M L—2nc+ M
J2n(M7L) = 2ngn< 9 >gn< B > .

The extra 1/2 factor comes from the fact that only half of the configurations, namely, those with the
first domain wall joining ¢ = —1 to ¢ = 41, contribute to magnetization +M, whereas the others
contribute to —M. After using the exact expression in equation (A.1), one finally finds

n—1
;L= 2n0)? - MQ]
Jon(M, L) =

2n  220-D(p—1)12 (A.5)

which, with the help of the intensive variables ¢ = M/L and o = o /L, leads to equation (3.18) of the
main text.

In the following we show that Pr(¢) given in equation (3.18) is properly normalized to 1. We
start by computing the integrals over ¢ of the terms of the sum separately. By changing variable to
x = ¢/(1 —2na) one gets

C\2n [H-2na) [(1 —2na)? — qﬁ?}n_l
You(L) =2 <> / do

2 —(1—2na) n'(n - 1)'
(¢/2)* " o n-
:2m(1—2na)2( 1)(1—27104)/_1 dz (1 — 2"t

The integral over dz can be computed as

+1 w/2 F(n)
_ »2\n—1 _ 2n—1 _
/1 dz (1 —x°) 2/0 df (cos 0) ﬁf(n+1/2)’
where T'(n + 1/2) = 27"(2n — 1)!! /7. By using the fact that
(2n)!  (2n)!
— 1= =
@n =DM =000 = g -
one then finds ( J2n-1
_oon (1= 2na)*"™
From equations (3.18), (3.14) and (A.6), one ends up with
+1 1 +1 1/(2a) (1 o Qna)Qn—l
do Pr(¢) = ——— de (6(¢p —1) + (o +1)) + 20
[ a0Pe) = g | [ a0 Glo— 1+ s+ 1) > e B
20 (A.7)
1/ _ 2n—1
_ 1 Z o¢2n (1 —2na) 1.
ZL(C705) n=0 (277’)‘
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The expression of Pr(¢) for the one-dimensional Ising model [168] can be recovered as a particular
case of equation (3.18) in the limit o — 0 (i.e., for infinitely sharp domain walls) and for S* = 2J. In
particular one then has

o 2n
ZL(Ca=0)=2)" gn)l = 2cosh ¢,
n=0 ’

(

and

00 2 n—1
PL(6) = 5o ; [<6<¢ ~D+o(@+1) + ;2“/ 2>2"(71u<f—)1>! '

These expressions coincide with the results of reference [168].

A.2 Instanton calculation for the one-dimensional Ising model

As stated in the main text, we consider the one-dimensional Ising model with periodic boundary
condition which is described by the Hamiltonian

L L
H[{oi}] = —JZUWiH — hZai (A.8)

where o111 = o1, the lattice spacing which is as unity, and, contrary to the case studied in section 3.2,
only the thermodynamic limit L — oo is considered.

We summarize the main (known) results about the model. The partition function can be computed
using the transfer matrix method.[223] The transfer matrix is given by

I o=
V= (e—J _/;+j> (A.9)

where h = Bh and J = BJ and the partition function is obtained as Zy = TrVY. One can easily
diagonalize the transfer matrix with the rotation

U= <cos€ —sm9> (A.10)

sinf@ cosf

where 1/ tan(20) = e2/ sinh h. The eigenvalues are given by

Ar = e/ cosh £ \/e2j cosh? h — 2sinh(2J) . (A.11)
The average magnetization m =< o; > is then
J o h 7
m = Smhh _ (A.12)
\/62J cosh? h — 2sinh(2.J)

and the two-point connected correlation function

il
G (|i — j|) = (oi0) — m? = sin®(26) (i) , (A.13)

which can be rewritten as
G (r) = sin?(20)e7/¢ (A.14)
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-1
where & = [ln (i—;)} . These expressions provide the magnetization and the two-point function at

fixed external magnetic field h. However we would like to have the magnetization instead of the external
field as the primary variable since we want to work with the effective action defined by the Legendre
transform.

One can thus invert the relation in equation (A.12) to obtain

e \/1—m2(1—e_4j)+e_2j

= = -, (A.15)
A \/1—m2(1—e*4‘7)—e*2‘7
so that, in the limit of very low temperature, one gets
2 —2J
£(m)! % (A.16)
-m
and
GO (r) = (1 — m2)e~/m). (A17)

These results are used in section A.3.1.

A.3 Nonperturbative renormalization group

See section 2.2 for an introduction on the nonperturbative renormalization group (NPRG).
A k-dependent cutoff function is added to the microscopic (bare) action S[¢] (S[p] is equal to the
Hamiltonian Hp [p] of equation (3.1)) that freezes all fluctuations with &’ < k:

Sle] — Sklgl = Sle] + =

5 [rmae-o), (A19)

q

where fq = [diq/(2m)? with d the space dimension. The function Rj(g) is the regulator.

The effective average action I'g[¢] can be constructed, and an exact evolution equation of I'y[¢] under
the variation of k can be written. The k-dependent magnetization ¢ (z) = (p(z)) is introduced, where
the average (.)x is taken by using the modified action Si[¢]. The k subscript in is then omitted and
or(x) = ¢(z). In particular the exact flow equation for I'y[¢] writes, from equation (2.25):

3Fakk[¢] _ g /m y Ri(z —y) [(r}? + BRk> _1} . (A.19)

with the initial condition Tz[¢] = BS[¢] and T\ (z1,...,2n) = 6"T/6¢(21) ... 6¢(xn). The whole

equation is multiplied by 5 such that I'y[¢] has no dimension; we have used the notation fac =/ dz.
By differentiation, this functional flow equation is equivalent to an infinite hierarchy of coupled

flow equations for the running effective potential, Uy (¢) = T'x[¢]/L¢, and the running field derivatives

I’](Cn) (z1,...,oy) (then all evaluated for uniform field configurations).

A.3.1 Running effective action and instantons in the limit 7" — 0 ({ — o0)

We first compute the expression of the running effective potential, Ug(¢) = I'x[¢]/L with ¢ a uniform
field, by using the instanton technique in the low-temperature regime where the correlation length is
large (see also section 3.2).
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For the one-dimensional ¢* theory under study, the k-dependent regularized action (A.18) reads

L ¢ 1 [t L
Sile] :/0 dz [5(&5@)2 + V(cp(x))} + 2/0 dx/O dy ¢(2) R(z — y)d(y) (A.20)

- L Viou) + 3 R0}k

where S[¢] have been replaced by the Hamiltonian Hp[p] of equation (3.1) and V() is given in
equation (3.2),

dns = anguin, | V(o) + 5 Ru(0)¢?] (A21)

and we have added the last term in equation (A.20) for convenience, so that Si[¢o ] = 0. Contrary to
the previous section on the finite-size effective potential, we take here the thermodynamic limit and let
L — oo. The restriction to the spatial extent of the fluctuations is now provided by the IR regulator
Ri(q).

A very simple regulator is the Callan-Symanzik one, Rj(q) = k?, which amounts to adding a
conventional mass term to the bare action S[p] (A.18). (Note that in this case the running effective
action is equal to the bare action only in the limit A — oo but this has no consequences for the physics
at intermediate and small momentum scales.) It is then possible to see that there exists a threshold
k = k. such that ¢g # 0 for all k > k.. This threshold corresponds to the moment along the RG flow
where the running modified potential V() + %kQ@Q develops two minima and has a double-well shape.
One can expect that this qualitative evolution is very general and does not depend on the details of
the regulator. The precise form of R (q) changes only the point k. where the double-well shape first
appears.

For k > k. we can thus evaluate the probability of finding a particular magnetization in the system
by using the instanton method, much like in section 3.2.2. This probability is given by

o [ 2n 2n n
Pk(¢ = M/L) = NZ e 285k / (Hd22> ) <Z zi— L — 2nok> ) [Z (Zgi_l — hgi) — ﬂ
n>1 0 \i=1 i=1 i—1 o,k

(A.22)

where z; is the length of the ith interval separated by two domain walls, A is a normalization constant,
S}, is the action evaluated on an single instanton profile and oy, is the instanton width. By exponentiating
the Dirac delta functions and passing from a discrete sum to a continuum one so that al. = 2n, we get

o) 100 o] 2n
Pi() :N,/ da e_aL’BS’z/ dudu/ (H dzi> X
0 —ioo 0 -

pL(1+ aoy,) + Lz/(;iC — Z (1 +1v)z2i-1 + (1 — v)zgi]]
ko=

(A.23)

exp

where N’ is another normalization constant. Integration over the variables z; then leads to

Pi(¢) = N’/ doe™EOSE / dpdr exp {L (u + auoy + I/(bfk - %111(/1,2 - 1/2)>} ) (A.24)
0 —1400 )

For large L we can use a saddle point evaluation of the integrals over p and v, which gives

Pu(¢) =N’ /000 daexp [— aLBS; + L (a —alna+ %ln[(l + aoy)? — (gb((iﬂ) ] : (A.25)
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Finally the integral over a can also be evaluated with the saddle point method and the value of «
at the saddle point is found to be
2
o % -BSt (A.26)
B
where the range of magnetizations is limited to ¢ < ¢ ;. The low-temperature regime corresponds to
BSy large and the system is then described by a dilute instanton gas. The running effective potential
Uy is just —1/(BL) times In Py(¢), to which one subtracts the contribution of the IR regulator, and it
is given by

U(6) = —;L In Py(6) — SRu(0) (6% — 62,) + V(o)
1 2 o 1 , , (A.27)
= —B 1-— q%keﬁ - iRk(O) (d’ - ¢0,k) + V(¢O,k) )

which is valid for ¢ < ¢ and is asymptotically exact when the temperature goes to zero. The
associated flow equation reads

ok~ or | A\t 5 (66 — 9°) (A.28)

k() 0 | 1 [ ¢ g 1aRk()
[ B\ T a ]+

(n) (

To go further and find the asymptotic low-temperature expressions for the I', ™/ (x1, ..., x,,) vertices

at scale k, we use a short-cut provided by an approximate mapping when 7" — 0 between the ¢* theory
and the Ising model. The latter is described by the Hamiltonian

H[{o:}] = —JZamlH hZO'Z (A.29)

where o741 = 01 if periodic boundary conditions are used and we have set the lattice spacing to one.
The thermodynamic limit with L — oo is considered here. This calculation for the one-dimensional
Ising model is rather standard[223] and the details are given in appendix A.2.

In the low-temperature limit, the long-distance properties of both theories are described in the
continuum. The expressions of their pair correlation function are respectively: for the Ising case

1
GO (r;m) ~ (1 —m?)e™€™  with  £(m) ~ 5V 1—m2, e (A.30)

¢(m) being the correlation length and m the magnetization per site, and for the (modified) * theory
(from the instanton calculation)

G/ 6) = (@R — #)e /) with €(9) = 3 [1- Let. (A31)
0,k

From the comparison between (A.30) and (A.31), one can see that the two theories map onto each
other with the following formal replacements when 7' — 0:

2J = S; and  (1—m?) = (65, — ¢°) (A.32)

and S, the instanton action, is identified with the domain-wall energy when 7" — 0.
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At low temperature, the two-leg vertex can be written as

12 1

I po) ~ 55
g WO = 550
where the last term is due to the definition of the running effective action from the modified Legendre
transform (2.24). This expression can be put in the form

£() [p* +€72(9)] — Ri(0) (A.33)

BT (056) = Zi(d)p* + UL (9) (A.34)
where Zi(¢) can be obtained as
i 297 L@ _ 1

In addition, we can check that

1 e~ PS5k

1
B — ,/1—(;52/@%7,67

in complete agreement with equation (A.27).

Ui (¢) + Rk (0) (A.36)

By using the mapping with the one-dimensional Ising model, we can also obtain low-temperature

expressions for the higher-order 1PI correlation functions, F,(f’), F,(:L), ---, at the scale k. With the
results given in appendix A.4 we obtain
2
c(@)s
T (p1, pa, p3; 8) = (2m)5(p1 + pe +p3)w [3 — €(¢)* (p1p2 + p1p3 + p2p3)] (A.37)

B0 e LB L0 (oo + s(610) prpanns

~[3¢(0)? + 5(0)2€(8)* (p1p2 + P1p3 + P14 + P2ps + papa + p3pa) + 3[5¢(B)? + s(6)%])

(4)
r 1 D2, P3, P45 Q) =
) (P1,p2, D3, P43 D) (A.38)

where c(¢) = ¢ and c(¢)? + s(¢)? = ¢3’k (c should not be confused with the notation also used for the
prefactor of the derivative term in the bare action). More generally the running 1PI correlation function

can be cast in the form F,(f) (P1, ;@) = (2m)8(p1+ - +n)E(D) g (E(P)p1, - -+, E(P)pn; &) Where
the remaining ¢ dependence in g, does not contain exponential terms involving exp(35y).

A.3.2 Approximation schemes

Having obtained the exact expressions for the running effective potential and the running 1PI correlation
functions in the low-temperature limit, we can now test approximation schemes for the exact NPRG
equation in equation (A.19). Among the several approximation schemes so far proposed, we will focus
first on the most popular one, the so-called derivative expansion. In this approximation, the running
effective action at the scale k is expanded in gradients of the field,

Fk[gﬁ]zﬁ/x 6¢(x)>2+...

1
U -7
(60 + 50l (255
where the higher-order terms involve 4, 6, etc., derivatives of the field. We will show that finite trun-
cations of the derivative expansion are unable to reproduce the exact features of the low-temperature

(A.39)

physics.
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A.3.2.1 LPA

The Local potential Approximation (LPA) is the lowest order of the derivative equation. It corresponds

0 (2.33)
2
=5 [ oot + 5 (%52) ] , (A.40)

where the coefficient of the gradient term is constant and is not renormalized. Plugging this ansatz into
equation (A.19), computing it for a uniform field ¢ and choosing the simple regulator Ry(q) = bik? with
by constant (taken to 1) lead to the following differential equation for the running effective potential

Uk(9):

NUr(¢) = L

NV OER (A.41)

It is easily verified that the exact expression in equation (A.27) does not satisfy the above equation.
The latter is actually unable to reproduce the correct scaling of the correlation length, with, e.g.,
U/ + k? o exp(—BS5) [see equation (A.36)].

In figure 3.1 (b), we have plotted the running effective potential Uy(¢) at several values of k, as ob-
tained from the LPA with the Litim regulator (2.22): Ri(p) = (k?—p*)O(k?—p?). The curves illustrate
the return to convexity of the potential. However, as also known from previous attempts,[169, 170, 172]
if the LPA provides a good description for values of T higher than the energy barrier of the double well,
or more precisely than the instanton energy cost S*, they fail to reproduce the low-temperature result
with a thermally activated dependence of the correlation length, o exp(8S*). For instance, the curva-
ture of the effective potential in zero, kr—o = U}_,(0), which should vanish exponentially when 7" — 0
as exp(—F5*) (see also section 3.2) is generically found to vanish as a power law of T instead. The
nonperturbative regime associated with the rare localized events, which is captured by the instanton
calculation, is therefore completely missed.

A.3.2.2 Second order of the derivation expansion

The next order corresponds to the following ansatz (from (2.34) setting Y (¢(x)) = 0), sometimes called

LPA’:
2
— 5 / Ui(9(a)) + 5 25(9) (gi’)

When inserted in the exact RG flow equation, this ansatz leads to two coupled differential equations

(A.42)

for the functions Uy (¢) and Zy(¢) [the latter is obtained from the exact flow equation for the second

vertex F,(f) with the use of the prescription given in the first equality of equation (A.35)]:

OUk(9) = @akwkk% (Z(6) (UL(9) + bk?)] (A.43)
8ka((b) = ;8k(bkk:2)><
G OP 20 (UL10) + k) AL 0207 (L16) + k)
P TP Z0) ™ (U(0) + bik?) ™ = L2(6)2(0) 2 (UL(6) + byk?)

(A.44)
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where the IR cutoff function is of the same form as above (and a residual k-dependence is allowed in
b.).

When inserting the exact expression for Uy(¢) and Z(¢) given in equations (A.27), (A.35), and
(A.36), one can see that equation (A.43) is now satisfied at leading order in exp(—/35Sj) but not equation
(A.44). The exact expressions indeed generate terms of order exp(24Sy) in the right-hand side of
equation (A.44) which do not cancel and have no counterparts in the left-hand side [which is itself
essentially of order exp(8Sj)]. The problem found at the LPA level can be formally cured at the level
of the effective average potential but at the expense of an inconsistency at the level of the function

Z1(9).

A.3.2.3 Fourth order of the derivative expansion

To check whether the results found above correspond to a more systematic pattern, we have considered
the fourth order, which corresponds to taking (2.34), called the leading approximation:

el = [ |00 + 3206 @0(0)? + Vi6(o)) 0(a)" (4.45)

The equation for the running effective potential in equation (A.43) is unchanged but that for Z(¢) is
now obtained as

OL0) = SOL0K) |~ UL P 20 (UL(0)+ k)
o ZUOUL OV Z(6) 2 (UL6) + bk?) ™ 4 L2012 20(6)2 (U1(6) + bek?) ™"
_é /,(¢)Zk(¢)_1/2 (U]/C/(QZ)) + bka)_3/2 . %Yk(¢)zk(¢)—3/2 (U];/(¢) + bkk‘Q)_l/2
(A.46)

An equation for Y (¢) is also derived by considering the flow of the 4-point 1PI vertex but it is too long
to be given here.

When inserting the exact low-temperature expressions for Uy(¢), Zx(¢), and Yy (¢) [the latter can be
obtained from equations (A.37,A.38)] in the three flow equations corresponding to the present ansatz,
one finds that both the equation for Uy and that for Zj in equation (A.46) are satisfied. For the latter,
the term involving Yj(¢) in the right-hand side of equation (A.46) now exactly cancels the term in
exp(20S}) that led to an inconsistency in the second-order approximation (see above). On the other
hand, one can check that the approximate equation for Y;(¢) is not satisfied by the exact expression
because of the presence of terms of order exp(43S}) in the right-hand side [while Y}, itself behaves as
exp(385;)]-

A.3.2.4 General scheme and further approximations

Guided by the above results, it is now easy to infer the general pattern. The prefactors of the terms
with 21 derivatives of the field in the derivative expansion of the running effective action I'y[¢] are of
order exp[(2] — 1)$S}] in the low-temperature regime [and U}/ (¢) + Ry(0) is itself of order exp(—3S})].
This dominant behavior when 35} — oo emerges from the exact NPRG hierarchy of equations for the
1PT vertices because terms that would naively lead to a higher power in exp(8S}) in the right-hand
side of the equations (the “beta functions”) exactly cancel out. This cancelation effect is however lost if
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one truncates the expansion, whatever the order of the truncation. We conjecture that the appropriate
ansatz of I'y[¢] that reproduces the low-temperature physics of the model is instead

EDD (;myk,m(qb(w»w(x))” (A.47)
=1

with, to make contact with the previous notations, Y; 2(¢) = Zx(¢) and Yi4(¢) = Yi(¢). Note that
the above form of T';, is not the most general one: in the derivative expansion, the term of order 6% is
actually a combination of terms involving (9¢)%, 0%2¢(0¢)*~2, - - -, 9?'¢ which even after integration by
part cannot in general be reduced to a single contribution as in equation (A.47). The specific form in
equation (A.47) results from the rather simple momentum dependence of the 1PI correlation functions
in the one-dimensional Ising model and * theory at low temperature.

The above finding allows us to discuss another approximation of the NPRG called BMW.[224] It
corresponds to a closure of the exact NPRG hierarchy at the level of the equation for the 1PI two-point
function I‘,(f) (p, @):

o1 (.0) = 5 [ S10R[Gula. 07 Culo+ 0.1 (.0 —p — 60 = SGula, T (0 —p. 0.~ )]

(A.48)
where Gi(p,¢) = [Fgf) (p, ) + Ri(p)]~!. The BMW closure consists in setting to zero the internal
momentum ¢ appearing in the 3- and 4- point vertices in the right-hand side. After using the consistency
relations, F,(fg)(p,o, —p; @) = (9F,(€2)(p; ¢)/0¢ and F,(f)(p, —p,0,0;0) = 82F,(€2)(p; #)/0¢?, one obtains a
closed equation

@ 0717 202 (.
ar (p.6) = [ S50 (0) [Gula, 0 Calp + 4. [W] - 5Gua. 0P )
(A.49)

which can be combined with the equation for the running effective potential Uy(¢). It is easily checked
that equation (A.49) is not compatible with the exact low-temperature expressions of Uy and F,(f) given
in section A.3.1: after scaling the momenta by £(¢) (see section A.3.1), the left-hand side of equation
(A.49) scales as ¢! whereas the right-hand side has a term in ¢° that does not cancel out. Just like
truncations of the derivative expansion, the BMW closure is therefore unable to properly describe the
nonperturbative physics of the one-dimensional p? at low temperature.

The alternative to the existing approximation schemes of the NPRG is to start from the exact low-
temperature ansatz in equation (A.47). This however leads to an infinite set of differential equations that
cannot be treated with standard methods. We have tried another route which amounts to considering
the running effective action as being local in the two variables ¢(x) and d¢(x) and introduce an auxiliary
field qg( ) to decouple 0¢(x) from ¢(x). This procedure however is highly ambiguous. In addition, say
we end up with a running effective action of the form I'y[¢, gb L Vi(o(x), g%(:c)), it is not clear that
standard approximations on this ansatz will correctly capture the expected low-temperature physics.
Actually we have tried an LPA approximation at the level of the two fields ¢ and QAS and it completely
misses the nonperturbative regime.

A.3.3 Higher dimensions

In a sense, the one-dimensional case is harder than the situation in higher dimensions. There, the
transition associated with a spontaneous symmetry breaking is not destroyed by the fluctuations and
the return to convexity has been shown to be properly described through simple approximations of the
NPRG. [225, 226, 25]
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Consider for instance the 3-dimensional ¢* theory. As far as the finite-size effective potential Uy ()
is concerned, one can repeat and adapt the qualitative arguments developed in section 3.2.1. At low
enough temperature, the bare potential has two minima in, say, ¢ = 41 and the relevant excitations
above the uniform ground states are system-spanning domain walls or interfaces between regions of
essentially constant positive and negative magnetization. When the system size L becomes larger than
the interface width (which is of the order of the correlation length[227]), the system can accommodate
one system-spanning interface: Uy, (¢) should then have, on top of the two symmetric minima for ¢ ~ +1,
a plateau for intermediate values of the field; the height of the plateau compared to the bottom of the
minima is given by T/L where T is the surface tension. As L increases, this height decreases and goes
to zero in the thermodynamic limit. The effective potential is convex with a flat intermediate portion
corresponding to phase coexistence. The evolution with L of Ur(¢) is schematically depicted in figure
A.1. In this case, studying finite-size systems should allow one to extract two physical quantities, the
surface tension and the correlation length which corresponds to the interface width.

L=a L L=00

k=0

Figure A.1: Schematic plot of the evolution of the shape of the finite-size effective potential Uy (¢)
(top) and of the running effective potential Ui (¢) (bottom) with either system size L or running IR
momentum scale k for the ¢* theory in 3 dimensions.

This 3-dimensional ¢* theory in the symmetry-broken region ' has also been studied in detail
within the NPRG framework.[225, 226, 25] Although influenced by domain walls as in one dimension,
the long-distance physics is nonetheless different as these nonperturbative fluctuations are not strong
enough to destroy the phase transition. As a result, simple approximation schemes of the running
effective action properly capture the effect of these fluctuations. The running effective potential U (¢)
evolves with decreasing k from the bare double-well potential to a convex effective potential when k = 0:
see the schematic plot in figure A.1. Provided one chooses an appropriate class of IR regulator,[25]
the intermediate “inner” part of Ug(¢) displays at small k a parabolic shape oc k2¢? that comes in
addition to the two symmetric minima in ¢ = #£ ¢q . This parabolic dependence corresponds to the
expected exact behavior obtained by considering the nonuniform configurations of the field involving
domain walls. The remarkable feature is that this behavior is recovered by using approximations of
the NPRG, such as the first orders of the derivative expansion, which only consider expansions about
uniform fields.[226] This is in stark contrast with the situation encountered in one dimension.

IThe return to convexity of the running effective potential has also been studied in the O(N) model with N > 2. In
this case, the excitations above the ground state take the form of spin waves: see Refs. [[228],[226]].
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A.4 Derivation of I‘f) and Fgf) from the one-dimensional Ising model

We start from the calculation of the 3-point correlation function in the Ising model. We need to compute

(0iCitr Citritra) - (A.50)
It is given by
(0iCitr Oirytry) = w”ﬁ [SVSVSVN—ri=r2] (A.51)
where
S = <(1) _01> . (A.52)

After diagonalizing the transfer matrix (see appendix A.2) and using that

1 ([ cos(20)  —sin(20)
U sU= <— sin(20) —cos(26)) ’ (A.53)
one obtains in the thermodynamic limit
A\ A\ "2 A r1+r2
<O-i0-i+7‘1 Ui+T1+7”2> =c + cs® 3N +{ I . (A'54)
At At At

where ¢ = cos(20) = m and s = sin(20) = 1 —m? (c should not be confused with the notation also used
for the prefactor of the derivative term in the bare action). The connected 3-point correlation function
is then given by

A ri+re
(00 trsGismra)e = (0 — (01))@itrs — (Gitrs)) (Gisrsirn — (Gitmira))) = 268 (M) .

(A.55)

If we call x1 =1, xzo =1+ r1, x3 =1 + r1 + 79, the above result translates into

)\_ xr3—ITq
W (21 < 29 < 3) = —2¢s> <)\+> : (A.56)

so that the 3-point connected correlation function for generic arguments can be written as

(3) — 92082 | [ 2= 2=
W (1, z2, 3) 2cs ~ ~

<)‘_>x3m O(z3 — 22)0O(x2 — 1) + (A_>x1x3 O(z1 — 72)O (22 — 73)

A

>$2_Il O(xg — x3)0O(x3 —x1) + (M)xl_% O(x1 — x3)0O(x3 — x2)

A
A
A\ 2T A\ F3Tr2
+ <)\> O(xo — 11)O (21 — 23) + (/\> O(x3 — 1)0(z1 — xz)] ;
+ +

(A.57)

where ©(z) is the Heaviside step function. Neglecting the underlying lattice and performing the Fourier
transform lead to

4cs*€2 ((p1p2 + pip3 + paps) — 3672)

PP+ (P12 (p+E2) (A.58)

W (p1, pa, p3) = (27)3(p1 + p2 + p3)
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We now use the mapping between the Ising model and the ¢* theory at low temperature and the relation
between the connected 3-point correlation function and the 1PI 3-point vertex. [149] We finally obtain

T (p1,p2,p3) = T (01) T (02) T (03) W (91, p2, p3)
52 (A.59)
= (2m)d(p1 + p2 +p3)7§(¢) [3¢72(#) — (p1p2 + p1p3 + p2p3)]

where ¢ = ¢ and s = gb%’k — ¢%. Note that it is f](f) (p) = Gf,g(p)_l, obtained from T';[¢] = Tx[¢] +

g dqRi(q)¢(q)9(—q), which appears in equation (A.59) and not N p). The calculation of I’ ™) can
2 k k

be done in an analogous way and leads to equation (A.38). Although a cumbersome derivation, the
higher orders can also be obtained along the same lines.






APPENDIX B

Short- and long-range fluctuations in
glassy plaquette spin models

B.1 Universality class of the terminal critical points

If present the terminal critical points take place for nonzero values of the coupling € and therefore
nonzero values of the mean overlap ¢. As a result, one can expand the effective Hamiltonian for
the overlap variables in the region around the critical point. It is convenient to move on to a soft-
spin description by replacing the hard constraint ¢; = +1 by an additional term in the Hamiltonian
V(gi) = (A\/8)(¢? — 1) and let the ¢;’s take any real value. The annealed and quenched Hamiltonians
for the overlap variables become [see equations (4.15) and (4.11) of the main text|

Han{% :_721_[%‘0‘_62%4_2‘/% ) (B'l)

pnoa=1

HI[{q:}|Co] = —fZSOHqW—EZquZV (), (B.2)

with J = (1/8) In[cosh(8.J)] and the Sps mdependently distributed variables with 572 = tanh(5J/2),
SHSY = tanh?(8J/2) + d,,[1 — tanh?(8.J/2)], etc. (see the main text).

For the annealed case, we simply expand around the saddle-point solution ¢.: ¢; = ¢« + ¢;, with g,
solution of

pgqi’ e+ V'(q.) =0. (B.3)
One then obtains
HE iy = HE ] = =502 D didy + 3 Z (32 — 2)¢7 + 4.0} + ] + (B4)
<i3>

where < 45 > is a sum over distinct nearest-neighbor pairs on the lattice and the ellipsis denote 3-body
and higher-order ferromagnetic interactions. These interactions are known to be subdominant near
the critical point if the pair interactions do not vanish, which is the case if €. > 0, and consequently
g« > 0 (note that g, is the mean-field or saddle-point value and is different from the exact ¢., but this is
irrelevant for the argument). The effective Hamiltonian in equation (B.4) has no Z3 inversion symmetry,
but as for the gas-liquid critical point of a fluid this is also known to be irrelevant at criticality (the Zs
symmetry is asymptotically restored at the underlying renormalization-group fixed point). The critical
point of the annealed model is therefore expected to be in the universality class of the Ising model.
For the quenched setting, the argument is slightly more involved. One expand the overlap variable
as before, ¢; = g« + ¢;; however, g, is the saddle-point solution not for the Hamiltonian in equation
(B.2), which would be site-dependent due to the quenched disorder, but for the replicated theory,

cosh|(
HEep{ai ] = Z [ ﬁj/ziii(;?/z)na Lo } _E;ZIQ?Jr%:Z:V(Q?), (B.5)
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where a = 1,--- ,n is the replica index. Looking for a replica-symmetric and spatially uniform saddle-
point solution leads to the following equation for ¢, when n — 0:

— p% tanh(B.J/2)¢? ' —e +V'(¢.) = 0. (B.6)

The effective hamiltonian can then be rewritten as

J
H[{g:}1Co] — HE"[geICol = —5a2 250 S duy — e S0 D (S0 -
<ij> % u/i
-2 Z Z SO ¢z¢] 2[2(3(13 - 2)¢12 + 4Q*¢? + (b;l] ey
<> p/<ij> i

(B.7)
where @ = tanh(8J/2), the sum on p/i is over all plaquettes attached to site i and that on u/ < ij > is
over all plaquettes sharing the edge (i7); the ellipsis denotes 3-body and higher-order mteractlons The
Hamiltonian is therefore that of a lattice scalar-field theory with random fields, (.J/2)¢? ™" $2 /i (S 0 SB),
and random bonds, (J/2)¢? > Douj<i> (52 - 572) Provided ¢, > 0, the dominant features at long
distance are thus the ferromagnetic pair interactions and the random field, and the associated critical
point is then expected to be in the universality class of the RFIM.

B.2 Cavity equations for the Bethe-lattice coupled plaquette spin
models: free energy

In order to compute the free energy per site one starts with p(c — 1) sub-trees. As illustrated in
figure B.1, one can either add a new plaquette p and connect (¢ — 1) sub-trees to each site of the
plaquette or add (p — p/c) sites linked to ¢ sub-trees.

Correspondingly, the average free energy per site can be computed as the difference between a
“plaquette” (p) contribution and a “site” (s) contribution:

c—1 p
51 =5 % pisid [ TTTT [P 02108 20 (12,5
Su_il j=lv=1 (B.)
(c—1) / H th P*(h )} log Z9) ({h9)})
with P*(h) the sationnary probability distribution solution of equation (4.24).
The plaquette and site contributions Z,g“ ) and Zs(] ) read respectively:
1) ({,0) CELTS 90

28 = Y e[S+ 8Y af) e+ HY (B.9)

{qﬁl), ,qﬁp)—ﬂ:l} 1EN Sn

and

Z({hP}) = 3 exp [qu(6+ Zh(f))} : (B.10)

qj=:|:1 l/aj

In the annealed setting, the free energy is simply expressed as

~Bf = glogzpw*) —(c—1)log Z(h*) (B.11)
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Figure B.1: One can merge (p — 1)(c — 1) sub-trees of N sites either to one plaquette p or to (p — p/c)
sites. In the former case, one has a new tree with p(c — 1) N + p sites and in the latter case, (p — p/c)
trees with ¢V 4 1 sites. We illustrate here the TPM where ¢ = p = 3.

with h* the solution of equation (4.25) and

Zy(h)y= Y exp {% [Ta? +8E+m>" q,(j)}

{gi) ol =1} “Cp ven (B.12)

Zy(h) = 3" exp [Bale + h)] -

q==1






APPENDIX C
Space-time fluctuations in Arrhenius
systems

C.1 Normal modes

The internal energy (5.11) is modified by the introduction of normal modes,
K() - 5 1 i LT ik (it —Ls 2‘7. [ N
P = 10 S an)ig (1) 5 S e ®HT (- R Gty - o® el = DS 2, (e

where we introduced )\%, the coupling between phonons that propagate within the bath of harmonic
oscillators. The rightmost term can be decomposed on each space direction e,

- —

Z % Z ei(75+’5’)'fj(1 - eifg'(fj+1—fj))(1 _ €i1€'~(lj+1—lj))

e={z,y,z} o JL
lj+1—l5)=¢
B N/d . ~ 1
_ Z (1 o eik~€5) 1 ezk’ e5 Z e _ Z (1 - eiak-€5)(1 o eiak’-é’e)g(SE,_El 7
e={z,y,2} e={z,y,2}

where we have used that the difference (l}H - l_;) can take three distinct values a{€y, €, €, }, each of
them in equal proportion é. The coupling is given by, with k. = k- €. and K = Ky/d,

: k. k. k.
)\2 =K Z —etheay(1 —emihed) 4 ¢ [sm <2a> + sin? <;a> + sin? <2a>] . (C.2)

£=x,Y,2

C.2 Effective ferromagnetic interaction energy

Our aim is to compute the following term

Ing, ({Xi} = {+Xo}or {-=Xo}) , (C.3)

=

which is given by, using equations (5.31) and (5.32),

2 Ndw
5> Y(fimn). (C.4)
m,n=1
m#n
We can transform this double sum into a double integration, setting Ry, = ||Z — 7]|/a, Z and § being

the positions of the particles equilibrium positions. The integration must be done in respect to an
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”exclusion” radius lower cutoff corresponding to the minimal radius separating two nearest neighbors
particles R*. Hence the sum becomes, with the dimensionless variables & = z/a, § = y/a, R* = R*/a,

Nauw NGLPR /2 g3 pNJRT2 g3
N w w Y - —
>, V()= [ / LY (||F = dll/a) © (|| — g1 - R")

) CN3Resa (B*)3 ) _N13 Ry (R¥)?

m#n
a8 NR 2 N3 R . . X
_ 6/ d%/ @2y (J131) e (1131 - &)
(R¥)° J_NY/3Re 2 —NM3Rs
/3 Hx 1/3
a6 1/3 5 3 ;w R o R a6 ~ \6 Naw 9 N
~ (Vo) / S EPY )~ g Na (%) /1 2y (RZ)
(C.5)
with 2 = 2/R*. The above expression is finally
Ndw N;/S
S Y (Run) ~ Naw / dE?Y(R*Z) . (C.6)
m,n= 1
m;tnl
The right function has the form Y (2) = Ae_zi, with A and B > 0, thus its integration yields
Nl . A /
Al as B 5 [e_B (1+ B) — e BNals (1 + BN;L/U?))} . (C.7)
As A = ﬁg and B = %R*, we have % = ) %. The volume is equivalently given by
V =N and V = (R*)3Ngy, hence 1 = (&)° = NT = p, the density of double-wells. The

(7+)”

effective interaction energy becomes

X pg " PI N 1/3 .
Naw ({+X0}) ~ _7Ndw4 |: A < \/ ,OQR > € \/> ( p??N(%JBR ):|

+
XO Pg R*
~ —N, A /
Ngyw>1 2 dw < >

—

C.3 Different sums over k

(C.8)

In the following we will have to evaluate terms like % > i Using that, for L = V1/3 Jarge, the sum can
be transformed in an integral, of some function f(k) becomes

™

- 1 L3 T o o 1 Toa g
szk N)/Jdkf(k):(%)g/_ﬂdkf(k), (C.9)

a

as the number of sites is N = a% and where we have defined the dimensionless variable k = ak. In
addition the system under study is isotropic and all the functions we will encounter can be expressed

in term of spherical coordinates (k,0,$). They all have the same form f(k) = %, where XQ =
gp+ K k2 + 0(12:2), where we have used p = N]‘{,‘” as the density of double-wells. Therefore the integrals

all read

~

1 T A e 1 21 T T
3/ PG 3/ d¢/ desine/ g2 1k:0:0) (C.10)
2m)3 J_r  gp+ KE2  (27)% o 0 0 gp + Kk?




C.3. Different sums over k 153

In the limit where pg < 1 and in dimension d = 3, the rightmost integral is dominated by the infra-red
regime where k£ < 1.
C.3.1 Effective interaction between particles

We want to evaluate following sum which appears in the expression (5.25),
1 otk (Bm—Fn)
in the two possible cases, n = m and n # m.

C.3.1.1 Casem=mn

We have to compute
1 1 1 T sy 1
==Y —=-—-4 dk k* = 12
“ NZ)\% (2m)3 7T/o a2’ (12

with )\z = gp+ Ka?k? + o(k?) from (5.24), where we have used p = Nd”

This reads, integrated over the dimensionless k,

1 LA 1 1 1 K
a=_— dk k? — = 1— =4/ PY avctan | my[— || . (C.13)
212 Jo gp+ Kk2 21K T\ K g

C.3.1.2 Case m#n

as the density of double-wells.

We define
Y (Ron) = 6> M Ronn) (C.14)

with the dimensionless variable R, = Ry /a, a being the lattice spacing, Ry, = ||ﬁmn]| The
function to compute, h(Ry,,) with R, > 1, is given by

R 1 etk Emn
h(Rn) = NZ 5 (C.15)
P k
Changing variable for }%, the term to compute becomes
h(émn): 1 /7r d]? szmn 1 /27rd¢/ dk:~ / desmeeszmncos@ (C.16)
@n3 ). X2 (@)
k
1 2 77 mn
= / dkk% (C.17)
(27)2 R, Jo Kk2+ pg
which gives
B(Bn) = —s L [ SinIntegral(rRum) — =1/ 22 Ry + O(gp) (C.18)
mn) = 27T2R K minvegral{mfimn o\ | gp)| - .

Using that for values of > 1, SinIntegral(2mx) ~ §0O(z), where ©(x) = 1 if 2 > 0 is the Heaviside
function, h(R,,,) can be expressed as

- 1 1 Py 7 ) 11 { Pg 7 ]
h(Rpn) = ———1(1-— Ry +0O ~ ————exp |—/=Rmn| , C.19
(o) = 7 (1 /2 ) = mraew| (C.19)

with both Ry, > 1 and pgRmn < 1.
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C.3.2 Memory kernel

We have to compute the equation 5.48, that we recall

g 1 iR coslwg(t —t
Knp(t —t ) m N Z Whnp [ (.5]% )] ) (CQO)

E
32
where ﬁnp =R, — ];’:p and w% = EE We will determine an estimation for the above quantity by using
continuity of different limits. As is said in the main text, this gives a quite reasonable description of
the dissipation kernel for the parameters we are concerned in.

C.3.2.1 Casen=p

We have to determine:

Kot —t') = fnjifzcos[w’zfg_t/)] (C.21)
i

In the following limits the kernel is given the following expressions.
ot =1t (C.20) evaluates to g x (C.13), or

Kon(0) = 52 [1 S e (”\/@] | o)
x  cos [\/E(t—t’)l%] 2 om sin [\/gﬂ(t—t’)}

1
Kouno(t —t') = ¢*— | dkk? § =9
o )= 272 Jo K2 2m2 K3/2 (t—t)

et #t and pg =0

(C.23)

We find that the limits coincide, limy_y Kyppno(t —t') = limyg—0 Kpn(0). Then we estimate the kernel
of dissipation when t # t’ and pg # 0 by

Kot —t') = 29— vm [1 — i\/garctan <7r K)] ™ [\/gm_t/)] . (C.24)

8/2 Pg (t—t)

C.3.2.2 Casen#p

We have to determine, with n # p:

i, COSlwi (t — )]
Koplt—#) = 2L Z iy G = 1) (©.25)
The dimensionless variables are k = ak and R = R/a, with R,y = ||Jj2np|| The sum can be transformed
as
Ry COS [wg(t — t’)] 2 ~o COS Wk(t —t)] [T . ik Ry cos 0
v Z : y: 27T do " dick ,% i df sin @ ¢ tinp c0s
1 2 P cosw; (t — t')] SiB (I;Rnp)
= o j coslnlt Z )] P (C.26)
22 k
Ryp

k:
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2m cos[t—t’) (Kl;:2+pg)/m]
_ / i — sin (kRnp) . (C27)
Ry, Kk*+ pg
Then in the following limits the kernel takes the expressions below.

e When ¢ = t/, we recover the integral (C.17) which values is (C.19), hence the kernel at time t = ¢’
writes, for Rnp > 1 and ngnp <1,

1 /P9 4
np

e When t # ¢’ and pg =0

Koot — ¢ _ dkk? - 5
p,o( ) 27T2 Rnp KkQ
9247%[( (SinIntegral (Rnp - \/g(t - t’)) + SinIntegral | (Rnp + \/g(t - tl))] ) :

(C.29)

The limits coincide limy_,y Kypio(t — t') = limpg—0 Kyp(0). Then we estimate the kernel of dissipation
when t # t' and pg # 0 by

R 1 _IPg 5

T <Rnp - \/i(t - t’))

with both Ry, > 1 and pgRm, < 1.

(Sinlntegral + SinIntegral

T (Rnp + \/g(t - t’))]) , (C.30)

C.4 Simplification for the action of the climb

The finite action of the climb, equation (5.75) of the main text, is computed using the following
simplification:

Nyw t ]
) 1 )
> / dty X;(t1) [/ dty X, (to) K jn(t1 — t2) — 2/ dty X, (to) Kjn(t1 — t2)| =
n,j=1 0 i
1 Naw t _ t ] t ) ¢ . 1
5 |:/ dtl Xj(tl)/ dtg Xn(tg)an(tl — tg) — / dtl Xj(tl) / dtg Xn(tg)an(tl — tg) =
ni=1 /0 0 0 t 1
1 Naw t i t ) t ) t i 1
5 |:/ dtl Xn(tl) / dtg Xj(tg)an(tl — tg) — / dtl Xj(tl) / dtg Xn(tg)an(tl — tg) =
n,j=1 0 t1 0 t1 i
1 Naw t i t ) t i t ) 1
5 |:/0 dtl Xj(tl)/t dtg Xn(tg)an(tl — tg) — /0 dtl Xj(tl) /t dtg Xn(tQ)an(tl - t2) =0.
n,j=1 1 1 i
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C.5 Scaling function appearing in the three-point susceptibility

We have introduced the function f; (¢1), with K11 (tq; k) from equation (5.48) and o = g2 o,

BT By~ 1 - 1 R(—B,) cos(wg T
Fy () = SO Ty Ly 1) = 1 30 RO ) (©32)
- - k
k k

We recall that wy, = A\y/v/m = /K/mak + O(gp). Then the above can be rewritten, with 7 = ak

dimensionless,
o cos<\/f§yt1>
(lj—R1)
Y

£ () = (2m)°° / " By il -+ 0(p)

0 0
a T | K S
=2 (27T)_2K_1/2_,_,/ dy cos —yty | sin (ya 7 |l; — Ri||) + O(p).
I = Rall Jo m ( ’ )

We change variable for z = ya™! Hl_; — Ry||, always dimensionless, and Hl_; — Ry|| = d;. Since
sin Ay cos By = 1/2 {sin [y(A + B)| +sin [y(A — B)]}, we obtain

2 pmwdj/a K a K a
; = (2 _QK_l/Qa/ d i 1 \/»t : 1_ =2y 0 )
[ (t1) = (2m) £ ), zQsin |z |1+ ma +sin |2 ”mdj 1 +0(p)
(C.34)
The initial function can therefore be written

_ _ a® t

fi(t) = @2m) K 1/% b; (t) : (C.35)
i J

With, tj = dj/a\/%,

6 (2) = /;dj/a dz {Sm [Z (1 * tt]ﬂ e ['Z <1 - ttj)] } o) (C.36)

1 1 cos[mK t; (1+1t/t;)] cos[mKt;(1l—t/t;)]
Tt 1ot 1Jit/tj o 1—]t/tj 00,

The function ¢, defined for 0 < ¢1,t; < t, is such that ¢;(t1/t;) — +t; when t; — tl_/+.



APPENDIX D
Critical behavior of the Ising spin glass
below six dimensions

D.1 Simple invariants of the Ising spin-glass theory built from the
overlaps

The invariants of the Ising spin-glass theory are polynomials of the overlap field such that replica indices
must appear an even number of times. They are listed in the two following tables up to order O(Q°).

Table D.1: Invariants of the Ising spin glass field theory up to O(Q5).

0@ | owh | o@y | o)

ng Qabecha Qabechdea QabechdeeQea
31) szQabecha
Q2 Q% Q2,QveQcaQan

szde ngchQdeQec

Table D.2: Invariants of the Ising spin glass field theory at O(Q°).

| 0(Q%) |

QabechdeeQefoa QibQZc (de ngchQcadeQda

gb ngQgc gd ngchchQdeer

Qﬁngc ngQ Qde szchQdeQefoc
Qﬁngd ngQ dQ QabechaQadeeQea
QZngc ga Qabechdea QabechaneQefod

D.2 Expansion around the minimum in terms of invariants up to

0(Q%)

Each term of the expansion is chosen to be a function of the invariants of the same or lower order, having
its first field derivative equal to zero in Q, and being itself zero in Q)x. The terms are listed below in
increasing order of O(QP). For orders up to O(Q®), they are given in the main text in equation (6.14).
For order O(Q%), they are (with distinct replica indices a, b, ¢, d, e, f #),

'uabcdef QabechdeeQefoa Qk: - ka (pab + pl()c) + pgd) + 95126) + pg‘) + ,OSca)> ; (Dl)
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((Z) _ (2 (2) (2)

Nab = Pab Pap Pab 6) (2 (2) (2

© U o . Nabed,2 = Pab Pac Pad
(2)

oo = 3un Pan (P2 ) 3®), 4 = 02022

(6) (2) (2) (2) (6) 2 (2 (2

Mlabe,2 = Pab Poe Pea Nabede = Pab Pac Pde

Mds = Pt Por P Momdes = Po P4 PLF (D-2)
g C(L?J)cd = Pgb) 'ufzb)cd Tég):d = Nfl;)cﬂt(zbzi

Tuhee = ipfi) <M((zzi + 5)42) Tatede = Mol

(6) ®3) (3
U((z?))cde F= pz(zb):ugcll)e f Tabedes = Habeltdef

The sums are over distinct ordered replica indices ) (abe) = Y a<bees €te. The potential can thus be
rewritten as (the dependence on @y of the coupling constants is not shown)

Un({Quo}) = Wit > 1)

(abe)
T Uk Y mlpea+ Unz 3 MG+ Uks D Mg+ Ukt D, Al
(abed) (ab) (abe) (abed)
(abcde) (abc) (abed) (abcde)
T Tia Y taeaer + Th2 Dy + Tea 9 oy + T Y g (D.3)
(abedef) (ab) (abe) (abc)
6 6 6 6
+ Ths Z nz(zbld,l + Th6 Z n((lb)cd,Q + Th,7 Z nt(l,b)cd,3 + Th,s Z n((zblde
(abed) (abed) (abed) (abede)
+ Tk 9 Z nabcdef + Tk 10 Z Jabcd + Tk 11 Z Jabcde + Tk’ 12 Z Uabcdef
(abedef) (abed) (abede) (abedef)
T Tis Y Tana + Thaa Y Tandae + Thas D Tapeaey + O(Q7).
(abed) (abede) (abedef)

As explained in the main text, this form is not yet satisfying, and some work remains to be done. It is
explained below.

A a starting point, we rewrite equation (D.3) in a more compact form:

4 4 15
Ul{Qa} = Wit X1 + 3 U X 43 Vi P+ Y 1, X0 +0@). (D4
=1 =1 =1

The Xi(j Vs are expressed as sums of order O(Q’) of the terms of the invariant expansion listed
3 3 4 4
n (6.14), (D.1), and (D.2). For example, X{ ) = > (abe) ,u((lb)c, X§ ) = > (abed) ,ugb)cd, etc.
As explained in the main text, our goal is to reorganize the above expression of the potential in
such a way that one can define the (new) coupling constants via derivatives of the potential evaluated

at the minimum @ whose expression does not depend on terms above a certain order of the expansion.
We therefore rewrite Uy, as

Un({Qab}) = Wit X% + Z Ui XV + Z Vi X+ ZTk i o, (D.5)



D.2. Expansion around the minimum in terms of invariants up to O(Q°) 159

where the new invariants are expressed as linear combinations of the old ones:

O - x®

)N(i(4) = Xi(4) —a; Q Xﬁ)
4
X0 =xP =3 b ux - Qi xf? (D6)
j—l
)?1(6) Zdz] Qk;X Zem Qk _sz%Xf))
7=1

etc. We want Wk,l to be defined irrespective of )~(Z-(4), )}55), ..., the CNf;m»’s to be defined irrespective of
X .(5), X .(6), etc. We also require that any subtracted term of the right hand side of expressions (D.6)

(2 (2
should not involve more distinct replica indices than the number of replicas involved in the definition
of the left hand side. (If this was left to happen, factors (n — p)~! would be present in the right hand
side and would cause divergences for a fixed number n = p of replicas, whereas this should be valid
whatever the number n of replicas is.)

To implement the procedure, we make use of the tables D.3 to D.5 given below.
For the lowest order O(Q?) truncation, we choose to use the third order derivative to define Wi. In
this case one has
53Uy
6Qab5ch(5Qca Qk

The X Z.(4)’s all have their derivative with respect to 0Qu,0Qp.0Qcq in Q equal to zero so that one has

Wi = (D.7)

to consider the X Z»(S)’s to guarantee the exactness of equation (D.7), which leads to one constraint for
each Xi(5). At the next order, we want to define the ﬁm’s using the three second order derivatives and

one third order derivative. The Xi(S)’s have to be modified according to

4
£ =X 3y QX et X9, s

j=1

The ¢;’s and b;;’s are obtained by solving the following system of five equations (with a, b, ¢, d #), with
the three conditions on the second-order derivatives evaluated in Q)

52X (5) 52)2'.(5) 52)’2(5)
=0, 7 -0 , )
5QabaQab Qk 5Qab5ch Qk (5Qab5ch Qk

and two conditions on third-order derivatives evaluated in (Qywhich must include the derivative used
for the definition of Wy, 1,

=0, (D.9)

52X
) — i | =0, D.10
( ) 5Qab5Qb05Qca Qk ( )

and a second one, which a priori can be one of the following four (the numbers (p) refers to the derivative

number as in table D.3):

$B3X® 33X
o) 2 =0 @ SA g
Qab Qk 5Qab6QCd Qk (D 11)
(53)?( ) 53)}(5) '
3 =0 5) ——t—= .
( ) Q 5ch Qk ( ) 5Qab5chdch Qk
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There are four )21(5)’8 and five equations for each )A(/i(s): therefore we have a system of 20 equations and

20 unknowns to solve. The choices (2) and (3) of the equation (D.11) are not acceptable, because they
force one to subtract terms with more replicas than XZ-(5) itself. The other choices (4) and (5) have
solutions which are given below: for (4) (called (A) in the main text)

{Cl — O,CQ — 1,63 — 0,C4 — 0,[)1’1 — 2(n — 4),[)1,2 — 3(n — 4)(n — 3)(n — 2),[)1,3 — —(TL — 4)(n — 3),
b174 — 0,52’1 — 0, b2,2 — 3(n — 2),()273 — —1, b2,4 — O, 5371 — 1,b372 — 3(n — 3)(n — 2),()3’3 — 3 — n,
n—4

b3’4 — —2, b471 — 5

,b472 — %(n — 4)(71 — 3)(71 — 2),[)473 — —%(n — 4)(77, — 3),()474 — 4 — n},
(D.12)

and for (5) (called (B) in the main text)

{c1 = 0,¢0 = 1,63 = 0,c4 = 0,017 = n—4,b12—0,b13 = 0,b14 = 2(n—4),ba1 — 0,
b272 — 3(n — 2), b273 — —17 5274 — 0, b371 — 2, b372 — 6(n — 3)(n — 2), b3,3 — 6 — 2n, b374 — —4,
b471 — 0, b4,2 — O, b473 — 0, b4,4 — 0} .
(D.13)

The potential is then given by

4 4
UHQu}) = Win X2V + 3" Ui X+ 12, X + 0(Q°) (D.14)
=1 =1

where the )?1(5)’5 are given by one of the two solutions in (D.12) and (D.13).
The constants Wy, 1 and Uy ; are thus exactly defined through the following expressions, which do
not involve higher order coupling constants:

52U,
5@21, Qk

52U, ~ ~ ~
k1 —q Wii + (n—3)Q% Ukt + QU3 ,
0Qap0Qbe 1Qx (D.15)

ﬂ =20Q2 U, + Q2T
6Qab5ch Qk kR fkA

83U,
5Qab5ch(5Qca Qk

and either (choice (A) in the main text)

— ~ 1 .~
=—(n—2)Qk Wi1— (n—2)(n —4)Q} U1 + gQ%Um ,

= Wk,l ;

53Uy, ~
4y 27k | 0y Uy, D.16
@ 5@21,5@@[ Qk @t Uk ( )
or (choice (B) in the main text)
53Uy, ~
5) ——— = Uk . D.a7
) 3G nQua 0~ O (D17

The implicit assumption here is that one can generalize the construction given above for the X 1(5) to
the higher-order terms. As mentioned in the main text, this is supported by the fact that the system of
linear equations to be solved is underconstrained, the number of possibilities for defining an acceptable
set of new invariants increasing with the order. (This is easily verified at the order O(QY) for the )N(i(e’).)
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D.3 Table of field derivatives of various invariants in U, evaluated at

the minimum

The definitions of the variables X i(p ) expressed in terms of the invariants are:

= >t

=Y u

4)

abed
(abc) abcd)
(5) § : (5)
Z Habede > Vabe s
(abede) (abc)

= ZAS;}, x{*

(ab)

Z Vc(l,iid )

(abed)

(4)
§ : Aabc’ X4
E : l/abcde’

(abe)

x{P =

(abede)

)
)\((zbcd ’

=2

(abed)

C. i

(D.18)

and give, in the tables below, the derivatives of the variables Xz-(p ) (up to O(Q?)) with respect to the
overlap fields and evaluated in the minimum, {Qu} = {Qx}-

Table D.3: Derivatives of X\¥ and X (i = 1,2,3,4) in {Qu} = {Qx}

Xf?’) Xf4) X2(4) X§4) Xi4)
1 0Qz ~(n=2)Qr —(n-2)(n-3)Q¢ 3Qf 0 0
2 0Qap0Qbe Qk (n—3)Q; 0 Q7 0
3 0Qap0Qcd 0 207 0 0 Q3
1 0Qab0Qbc0Qca 1 0 0 0 0
2 503, 0 0 G 0 0
3 6Q%,0Que 0 0 0 Qr 0
4 6Q2,0Qcq 0 0 0 0 Q
5 0Qab0Qpc0Q cd 0 Qk 0 0 0
6 0Qab0Qac0Qud 0 0 0 0 0
7 0Qup0Qacd Qe 0 0 0 0 0
8 0Qab0QcadQey 0 0 0 0 0
1 0QubdQpc0QcadQuq 0 1 0 0 0
2 5Qy 0 0 1 0 0
3 6Q%,0Q5, 0 0 0 1 0
4 5Q%0Q%, 0 0 0 0 1
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Table D.4: Derivatives of XZ.(5) (1=1,2,3,4) in {Qu} = {Qk}

X1(5) X§5) X?(’E)) XAES)
1 6Q%, —(n—2)(n-3)(n—4)Q3 0 0 0
2 0Qab0Qbe (n—3)(n—4)Q3} 0 0 0
3 0Qap0Qcd 4(n —4)Q} 0 0 0
1 0Qab0Qbc0Qca 0 Q3 0 0
2 6Q3, 0 —(n—2)Q3 0 0
3 00300 0 300 —(n-3)Q7 0
4 5Q%0Qed 0 0 —2Q? —(n—4)Q?
5 0Qap0Qpc0Qcd (n—4)Q% 0 20Q% 0
6 0Qub0Qac0Qad 0 0 3Q? 0
7 0Qab0QacdQue 2Q% 0 0 Qi
8 0Qup0QcadQcs 0 0 0 0
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Table D.5: Derivatives of X\» (i = 1,2,3,4) in {Qu} = {Qx}

X1(5) X2(5) X§5) Xf))
1 0Qup0Qpc0Qcad0Qda 0 0 0 0
2 sQ, 0  —2(n—2)Qs 0 0
3 6Q2,0Q2, 0 —2Qs, —2(n — 3)Qy 0
4 0Q50Q% 0 0 —4Qr  —2(n—4)Qx
5 0Q20QacdQu 0 o 0 0
6 0Qu0QacdQbc0CQca 0 0 Qk 0
7 0Qup0QacdQbcdQde 0 0 0 Qr
8 5Q2b5ch 0 Qk 0 0
9 5Q3,6Quca 0 0 0 0
10 6Q2%,6Qbc0Quq 0 0 Qr 0
11 6Q%,0Q4c0Qq 0 0 Qk 0
12 0Q2%,0Qp0Q e 0 0 0 0
13 6Q%,0Q4c0Qpa 0 0 0 0
14 0Q20QcdQce 0 0 0 Qr
15 6Q%0Qed0Qcs 0 0 0 0
16 0Qup0Quc0QcidQde Qi 0 0 0
17 0QupdQpc0QcadQeyr 0 0 0 0
18 0Qup0Qpc0Qcd0Qce 0 0 0 0
19 0Qap0QacdQad0Qac 0 0 0 0
20 0Qap0QcddQcedQcy 0 0 0 0
21 0Qac0QaadQpedQpyr 0 0 0 0
22 0Quc0Qpc0Qac0Qrg 0 0 0 0
23 0Qap0QcadQefdQqgn 0 0 0 0

D.4 Terms appearing in the RG flow equations of the derivatives of

the effective average action

The terms appear in the flow equations obtained by functional differentiation of the exact RG equation
for 'y, and are evaluated for a spatially uniform field configuration. A graphical representation (without
replica indices) has been given in chapter 2. We obtain the following expressions:

o= |

(cd),
(ef)

(3)
Fk;ab,cd,ef

(Oa q, —Q) Pk;ef,cd(‘]?) 5

(D.19)
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3 3 N
E(gbcgl) Z / k;ab,ef,gh paQa —q — p)Pk,ghzg( )Pl(cgdmlm( p7_Q7Q+p)Pk§lm7€f(|Q+ﬁl2)7

(ef).(gh), “4
(i3),(Im)

4 4
Etgb?cd(o) = Z Fl(f;z)zb,cd,ef,gh(ov 0,q, _Q) Pk;ef,gh(QQ) )

(ef),(gh)
(D.20)
3),(3),(3 3 3
F(Eb,)cé,gf( )(0) = Z /Fl(e;()zbgh,ij (07 q, _Q) Pk;ij,lt(QQ) P]E:;gd,lt,mn(()? q, _Q) Pmn’op(QZ) X
(gh),Gi5),(t), V4
(mn),(op),(rs)
3
FlE;;gf}op,rs(O7 q, _Q) Prs,gh(q2) )
FO.6) ) = r@® P 2y p(3) P 2y (D:21)
ab7cd;ef(0) - Z k;ab7cd’gh,ij (07 07 Q7 _q) kf,lj,lp(q ) k;ef}lp’mn(oﬂ q7 _Q) mn,gh(q )7
ij), Y4
S
(5) _ (5) 2
Fab,cd,ef(o) - Z /Fk;ab,cd,ef,gh,ij (0’ 0’ Oa q, —CI) f)ij,gh(q ) .
(gh),(i5) *1

By an abuse of notation, we have defined the proper vertices F,(g”) without the delta function (@) (@1 +
o+ qn)-

D.5 Truncation of the expansion in invariants around the minimum
at order O(Q?)
D.5.1 Expressions of the coupling constants

The two systems of equations, (6.64) and (6.65) of the main text, can be inverted to obtain the expres-
sions of the constants as functions of the field derivatives of uy. For the choice (A), it gives

A I C) u®
NG) ksab,ed — Ykiab,ab,cd Tk kab,ab,cd
Wk,1 = uk;ab,bc,ca y o Uk = 202 » Uk4 = ———— ’
K qj, K di qk

2 3 3 2
3(n - 2) (ul(c;()zb,cd(n - 3) - ul(c;z)zb,ab,cd(n - B)Qk + 2ul(c;c)zb,bc,caqk> + GUI(C;L)lb,ab

(A) Uk 2 = 2q2 . )
k k
(2) (2 (3) (3)
Up 3 = _uk ;ab, cd(n - 3> + 2uk;ab,bc + uk ;ab,ab, cd(n - 3)Qk - 2uk;ab,bc,can
’ qu .
and for the choice (B)
(3) (2 (3)
—y® _ Ukabbe,ed _ Ukiabed — 2o be,calk
Wg,1 = k ab,bc,ca an )y Uk = Tk " )y Uk4 = qk an ’
(2 (3) (3)
3 (uk;ab,ab + (TZ - Q)Qk (uk;ab,bc,cd(n - 3) + uk;ab,bc,ca))
(B) Uk,2 = qg a )
k k
(2) (3) (3)
Uggsab,be — k (“k;ab,bc,cd(" —3)+ uk;ab,bc,ca)
Ug,3 = 3 .
95 qk

(D.22)

(D.23)
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D.5.2 Dimensionless flow equations

that we are susceptible to use are (with distinct a,b, ¢, and the three

(n)
The five & <ukna1b1’ anbn

dt
different cases {e, f} = {a,b} or {b,c} or {c,d}) read
d (@ _ (2) 4) (3).(3) g
% (U ;ab,e lIk) - <_2+77k) uk;ab,ef + at{ abef(o) - eabef ( )} 0 +5q’€ Zukabefgh‘ k,

(gh)

d ( (3 (3),(3),3) 4),3)
dt( gcabbcca ” { fbbcca ( ) 3f bbcca( )}

1 3
) - 7(d —6+3 nk) ulg:;ib,bc,ca

dk dk

+ 0qr Zukabcdefgh‘ o’

(gh)
(D.24)
with in addition for the choice (A)
4 ne —l(d—6—|—3 )u(?’) +9 Zu ‘
dt k;ab,ab,cd " - 9 Mk k;ab,ab,cd an Ak k;ab,ab,cd,gh an
(A) (gh) (D.25)

1 ~
50 {2 Fni Y (0) = £5 0 (0) = 2 500 (0)} ‘qk !

and the choice (B)

(3) 1 (3)
pn (uk;ab,bc,cd qk> = §(d — 6+ 3M%) Uy peca| T+ O Z uk ab be cd,gh‘ 0

(B) " (gh) (D.26)
4) 4),
L2550 0) 2 195,800 - 1080}

9k

The functions d%)(0), €', (p), eg?,;@g@ 0), £8P (), and f400).(0) for all values of
a,b,e,dye, f € {1,...,n} are coefficients which contain both sums over indices and integrals over mo-
menta of the propagators. Their formal definition is given in (D.19), (D.20), and (D.21) respectively.
Some of their expressions once the sums have been done can be found in the appendix D.5.3, the others
are too long to be reproduced here.

D.5.3 Contributions to dimensionless beta functions

For simplicity of notation, we rename the different nonzero dimensionless field derivatives, in equa-
tions (6.61) and (6.62), of the dimensionless potential uy, (distinct a, b, ¢, d)

U(g) = w
k;ab,be,ca @ - W (4)
3) Up-abbe,cdda| = UL
u =w k
k;ab,ab,ab @ 2 (4)
3) Uk ab,ab,ab,ab o = U2,
uk;ab,ab,bc @ = ws, (4) (D27)
3) Uk:ababbebe|  — U3
u =w Ok
k;ab,ab,cd o 4, 4
3) Up-ababeded| = U4
u =w k
k;ab,be,cd o 5

The propagators p;m-((jz) below, with ¢ = 1,2, 3, are also evaluated in ¢;. Below, we give the not-too-long
contributions to the dimensionless beta functions, and we precise which contributions are missing.
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D.5.3.1 Equation for ¢

0Ol =[085 (21 (0= 2) (0 = 3w +4ug) +2u2) + (1~ 3)(0 — 2)pa (o + )
+4(n — 2)p2 (4(n — 3)ws + 2wy + 4ws)} .

D.5.3.2 Equations for n

efl’))’(’l(g) (ﬁQ)\qk = i /d(j gt {Q(n —2)p1 [4]92 (n2w421 + 2nw3 + 4nwaws — Tnwi + 4(n — 3)(n — 2)w?
q

+8(n — 3) (w1 + w3 + wy) ws + 8wiws + dwews — 12waws + 12wi)

+(n — 3)p3 (8ws ((n — 4)wy + 4ws) + 8(2n — w2 + wy ((n — 9)n + 24)wy + 4ws) + 8w§)]

+ (n —2) (4p3 [n*w] + 2(n — 2)wi + 4wy (2(n — 2)ws + (n — 3) (nws + 3wy) + ws) + 18nw3
—Tnwi 4 2(n — 3)(n(n + 13) — 50)w? + 12nwswy + 4(n — 3)ws (2(n + 5)ws + (8n — 29)wy + wo)
—36w3 + 12w} + dwowsy — 36w3wy]

+16(n — 3)p3p2 [2ws ((n — 2)ws + 2(3n — 10)ws) + (n — 4)w? + (n(3n — 11) — 2)w?

+2ws (((n — 5)n 4+ 5)ws + wa) + wy (0 — 4wy + 2(n — 2)ws + dws) + 2w3]

+ (n — 3)p3 [8(n — 4) (w4 + 6ws) wy + 8(n(11ln — 89) + 181)w?

+ wy (24(n — 4)ws + (n(Tn — 55) + 112)wy + 4dws)

+8ws (4(2n — T)ws + (n — 4)(5n — 21)wa) + 8wi + 8wj))

+2p7 [4(n — 2)wi +3(n — 2) ((n — 3) (w] + 4w?) + 4w3) + 2w3]} .

(D.28)
; a (,@2
D.5.3.3 Equation for 3 (v, .la
4 o o1 1
eab,ab(o)‘% =/ dqq ug +2(n —2)uz + 5(” —2)(n—3)ua ¢ p1, (D.29)
q
3 1
> Vb cala = w3+ 2(n = 2) wg + S(n = 2)(n — Bwy, (D.30)
(cd)
and the expression of 6((13)&(5 )(0)|Qk is obtained by evaluating equation (D.28) for p = 0.
: a (.2
D.5.3.4 Equation for 3 (v, bc’%
G (0)]ge = [ d3a* " {2us +2(n—3 D.31
€abpe(O)lgx = aqq {2us +2(n = 3)u1} p2, (D.31)
q

1
Zﬁi?bc,eﬂ% =wy +2ws+2(n —3)ws + (n — 3) wg + §(n —=3)(n — 4wy, (D.32)
(ef)
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1
e((l?l’)(f)(O)hk = /d(j g1 {2p% [2nw§ + 8wyws + dwows + dnwywz — 12wsws + n*w? — Tnwi + 12w3
q

+4(n — 3)(n — 2)w? + 8(n — 3) (w1 + w3 + ws) ws]
+p1 [2(n — 3)p3 (2w3 + 2 ((n — 2)wa + 2(3n — 10)ws) w3 + (n — 4)w] + (n(3n — 11) — 2)w?
+2 (w2 + ((n — 5)n + 5)ws) ws + wy (dws + (n — 4)ws + 2(n — 2)ws))
+p2 (2(n — 2)wi + 4 (wa + 2(n — 2)ws + (0 — 3) (3ws + nws)) wi + 18nw3 — 36w3 + n*wj — Tnwji
+ 1203 + 2(n — 3)(n(n + 13) — 50)w? + dwowsz + 12nwswy — 36w3wy
+4(n — 3) (w2 + 2(n + 5)ws + (8n — 29)w4) ws)]

(n—3)

2

+4(n(n(4n + 17) — 303) + 702)w? — 8wzwy + 8 (2(n(4n — 13) — 3)wz + (n(n(n + 3) — 62) + 139)wy) ws
+ 4wy (2ws + (n — 4)wy + 2(2n — T)ws)
+ 4wy (2wg 4+ 8(n — 3)ws + ((n — 4)n + 6)wy + 2(n(2n — 3) — 16)ws)]

+ pops [win® + 5win® + 16wswan® + 28win — T8win — 56wswin + 4(n — 2)wi — 40w3 + 168w}

1
+ (- 3)p3 [Twin® — 85win® + 40wswan® + 52win + 346win — 312wzwsn + 8(n — 4)wi — 192w3

— 472w3 + 8(n(14(n — 12)n + 687) — 954)w? 4 616wsw,

+8(2(2n(5n — 39) + 153)ws + (n(n(7n — 83) + 334) — 454)wy) ws

+8wi ((2n —7) (2ws + (n — 4)wy) + 2(4(n — 8)n + 65)ws) + 4ws (2ws + (n — 4) (wy + 4ws))]
+ p3 [2(3n — 8)w? +12((3n — 8)ws + (n — 3) ((n — 4)ws + (3n — 8)ws)) wy + w3

+ 6w ((n — 2)ws + (n — 3) (wg + 2ws))

+3((3(n — 2)n — 4)wji + 2(n — 3) ((5n — 14)ws + 4(4n — 11)ws) ws

+(n = 3) (((n = 5)n + T)wj +4(2(n — 6)n + 19)wsws + 2(n(7n — 33) + 30)w?))] } .

(D.33)
; a (.2
D.5.3.5 Equation for 7 (u;. ., .4la
4) _ ~ad—1 4 D.34
eab,cd(0)|‘1k - Adqq {2 ug + ul}p37 ( 3 )
q
1
S 8 deflan = 2wa + dws + 4(n — 4)wr + 5(n—4)(n = 5w, (D.35)
(ef)
. . (3),(3)
and we do not give the expression of e ;" (0)]g,-
; a (,3)
D.5.3.6 Equation for g (u; . qla
1 n ad—
Tanbena (o = 5 ((n = 3)ur + us) / dg "~ {16pap ((n — 3)ws + ws)
q
D.36
+ 4(n — 3)paps ((n — d)wy + 2(n — 2)ws + 4ws) + (n — 3)p2 (2(n — 4) (wg + 6ws) + 4wy) (D-36)
+4p§ ((n —2)wy +2(n — 2)ws + (n — 3) (nws + 3wy) + wa) + 4p%w1} ,
4
Z Py((zb?bc,ca,ef‘% =0 ) (D37)
(ef)
and we do not give the expression of fég)éﬁgc)(;(g) (0)] gy -
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D.5.3.7 Choice (A): equation for 4 (“123()119 b Cd\qk)

PR = 5 [ 3@ {us g (2pa ((n s + wn) + 292 ((n = 3)us + wn + )
q

+ 4paps (2(2n — Nws + (n — 4)(n — 1wy + 2(n — 4)nws + 2wy + 2ws)

+ 93 (4(n — 4wy 4+ 2(n — 5)(n — H)ws + 4(n(3n — 23) + 45)ws)

+4p2 ((n — Dwy + 2(n — Dws 4+ n ((n — 3)ws + 2wy) + wy — bws + 2ws) + 4p%w5] (D.38)
+ w4 [2psp1 (4(n — 4)ws + ((n — 9)n + 22)wy + 2ws)
+p3 (4((n — T)n + 13)wy + 8(n — 4)(n — 3)ws) + 16p3 ((3n — 11)ws + wy + w3)
+ 4pa (2p1 ((n — 4)wy + 2ws + 2ws) + p3 (2(n — 4wy + 4(n — 3)ws + n (4(n — T)ws + 2wy)

—8wy + 52ws)) + 4pjws] }

1 - de
PR = § [ d2a® {40~ 2)us [4ps (200~ 3)paws + 2 (0 = s + w1+ ws))
q

+4(n — 3)paps ((n — 4)wy + 2(2n — T)ws + 2wy + 2ws3) + 4p3 (3(n — 2)wsz + 3(n — 3) (wy + 2ws)
+ws) + (n — 3)p3 (2(n — 4) (ws + 4ws) + dws) + 4pjws]
+ (n—3)(n — 2)ua [(n — 2) (8p3 ((n — 3)ws + w1 + w3) + 8ps (2(n — 3)psws + 2p1w3)
+2(n — 3)p3 (2p1 + p3) wa) + 4pTws]
+ 2uy [8p3 ((n — 4)wa + 2(2n — T)ws + 2wy + 2ws3)
+p3 (8(n — 4)wy 4+ 6(n —4) ((n — 5) (wg + 4ws) + 4ws) + 4ws)
+8p2 (2ps ((n — 4) (wy + 4ws) + 2ws) + 4dp1ws) + 4piwy + 8psprwa) }
(D.39)

4
Z ’yt(zb?ab,cd,ef’% = U4, (D.40)
(ef)

and we do not give the expression of f 52)4232&(3)(0”%-

D.5.3.8 Choice (B): equation for 4

e |
k;ab,be,cd 9k

PR Ola, = 5 [ A" {us dps (2 (0 = D5 + ) + 202 (0 = B + 1wy +wn)

q
+ 4paps (2(2n — Nws + (n — 4)(n — 1wy + 2(n — 4)nws + 2wy + 2ws)
+ P2 (4(n — dwy + 2(n — 5)(n — Hwy + 4(n(3n — 23) + 45)ws) + 4p5 ((n — 4wy + 2(n — 1)ws
+n ((n — 3)ws + 2wy) + we — Swy + 2ws) + 4p%w5]
+u1 [2psp1 (4(n — 4wz + ((n — Nn + 22)wa + 2ws) + p3 (4((n — T)n + 13)wy + 8(n — 4)(n — 3)ws)
+16p3 ((3n — 11)ws + w1 + ws) + 4p2 (2p1 (0 — 4)wy + 2ws + 2ws)
+p3 (2(n — 4w + 4(n — 3)ws +n (4(n — T)ws + 2ws) — Swa + 52ws)) + 4pfws] } |

(D.41)
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1 o
f«ié)bc va(0)]g, = B /dq ¢! {uz [2p1 (2p3 ((n — 3)ws + ws3) + 2pa (0 — V)ws + wy + w3 + 2wy))
q

+ 4p3 (3(n — 4)wy + (8n — 26)ws + 2w; + 6ws)

+ 2paps (2(n — 3)wy + (8n — 26)ws + n ((n — 5)wy + 2(2n — T)ws) + 2ws + 6wy — 6ws)

+4p3 ((n — w1 + (2n — T)wz + (n — 4) ((n — d)ws + (4n — 17)ws)) + 4piws]

+ (n —3)u1 [2p1 ((n — 3)p3 ((n — 4)wa + 2ws + 2ws) + 2p2 ((n — Dws + (n — 3) (wg + ws) + w1 + w2))
+ (n = 3)p3 (2(n — H)wy + 4(n — 3)ws) + 2(n — 3)paps (nwy + 8nws + 2wy + 2wz — 26ws)

+4p5 ((n — 2)wy + 3(n — 2)ws + (n — 3)(n + 2)ws) + 4piws] }

(D.42)
Z'Vabbccdef‘qk =u1, (D.43)
(ef)
3),3),3)
and we do not give the expression of f! abbecd  (0)lg-

D.5.4 Results: additional plots
We give additional results for the NPRG-1 (A).

¢ NPRG-0: N 0.6
NPRG-1-A: =~ A; - A 05 - w’ ‘
Lo~ M~ A = A : _ NPRG-1-A
4 A3 A4 A5 A6 ()'45 u
0.3f - us
02f - ug

.
.
oo
eoo®
....................
.

AAAAAAAAAAAAAAAAA

Figure D.1: Fixed point solution for the critical point of the Ising spin glass at the next order NPRG-1 (A) of
the truncation of the nonperturbative RG approach versus 6 — d. We also display in brown the results of the
NPRG-0. (a) Relevant (A1) and irrelevant (\;, ¢ # 1) eigenvalues of the stability matrix at the critical fixed
point; and (b) dimensionless quartic constants u}.

D.6 One-loop-improved approximation

D.6.1 Expression of the n-point 1-PI vertices 7"

The function d((l )( 0) defined in (D.19) appearing in the flow of ¢; and the function e( ) ( )( %) defined
in (D.20) appearing in 7, both involve the 3-point 1-PI vertices ’yc(Lb?C def (0,4,—q). The functlons needed
for the flow of wy, ; are directly visible in (6.69), and they require 3 to 5-point vertices 722?0d7€f(0, d,—q),
’yc(li?cd,ef,gh(o’o’ d,—q) and ’yc(z?),)cd,ef,gh,ij (0,0,0,4,—q). Finally, the three flow equations contains the 2-
point vertices 751?;?&1(‘}7 —q), explicitly used in the propagators.

All the 1-PI vertices fy(n) for n = 2,3,4,5 that are nonzero are listed below for the choice

k;a1b1,...,anbn
of solution (A) of the constants {b;;,c;} of the exact potential (the choice (B) is also feasible, other

similar relations are obtained). These field derivatives of the effective average action are potentially
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functions of all the couplings of the expansion in invariants of the potential. Actually, with the choice of

(2)

(2) (2)

. o 3 3
solution (A)v the derivatives ’yk;ab,ab(oﬂ%’ ’Yk;ab,bc(o)hﬂc’ Vi ;ab, cd( )|f1k7 Vl(f;(zb,bc,ca(o)bk and fyl(c;c)tb,ab,cd(o)h]k
(with a,b,c,d #) are exactly given by the following expressions at the minimum, involving orders

until O(Q*) of the expansion. All the others receive contributions from the higher order terms of
the development, involving couplings vy ;, tr; (O(Q°) terms), etc. (In the following list of definitions,

from (D.44) to

’Ykabab 0)|q, =

(
71(21) be
(

(

(2)
7k .ab,cd 0

—(n = 2)gr w1 — (n—2)(n — 3)qiug1 +

’Yk ab be,ca 0 |‘1k = Wk,1

3)

1
7k ab abpe0 lg = Qrur3 + gq,% (6(n—4)(n —

)
)
Mgw = 2qhu,1 + qiue
)
)

1
Vi-ab.abab(O)la, = qkur2 — 5 (n — 2)q (6(n —

2

2 3
’Yk ab ac,ad 0 |(1k = 3quk’,3 + O(thk’,i)

2 3
Vk; ab acde(Olax = @i (2061 + vk a) + O(gity,i)

(
71@ ab abed(O)lax = Qi
7k zzb (

(

(

(

)
)
1 2
)|(Zk = qkUgk,1 — iqk (2(n —
)
)
)

3
'Yk ab cdef(Olg = O(gitr) ,

L,
—qi.u
3% k,2

0)lge = @ w1 + (0 — 3)qun,1 + Grug,3

1)(n — 3)v1 +3(n —3) (n -

3)vka +3(n—4)(n —

(D.47), all indices are distinct two by two (a,b,c,d, e, f,g #).) We obtain:

4)vg 4 + 203) + 8ug2) + O(qity,;)

3)Uka + 8uk2) + O(gits )

A)vp1 + (0 — 4)vpa — 20k3) + O(gite,)

(D.44)

7;f3b7b67cd7da(0)\qk = upy — %qk (4(n — 4vg1 + (0 — 4)vpa + 20k3) + O(giitrs)
1D, Ol = ks — %(n — 2)qs (6(n — 4)(n — 3)vpr +3(n — 3) (1 — 4)vps + 2003) + 10042) + O(24)
e Ol = 13+ Sk (600 = 4)(n = By +3(n = 3) (0~ A)ons — 20m) + 2082) + Oait)
%ﬁb,ab,cd,cd(o)lqk = g — (N — 1)@k — 2qkVe3 + O(Grti,i) ,
(D.45)
Teabavacse Ol = Gk + O ts) Vo abeao (Ol = Guvna + O(aita)
Yo absacspescdOla, = @3 + O(aite) 7/24317 sercdde(Olax = awvr1 + O(gitns)
Temaceste Ol = i+ O0@H) oy peter Ol = Olaiti,)
71(c4ab ab,ab, be(O)lgx = @rvr2 + O( tk.i) 715;4311; bc,cd,ce(o) g = O(qitk,i) (D.46)
’Yl(c ababbebd()lae = Qwvrs + O(ditr,i) 7134317 acadae( g = O(gitr,i) ‘
’Yl(g ababbe.cd Ola, = ks + O(Gitr.q) 7124313 ccecs(Ola = O(dity)
’71(c4ab abve.de(Olae = O(giitr.s) ’Yi(ggb aededr(Ola, = O(ditr)
'Yziib abacbd(Olay = O(giitr.) ’Yi(gi)zb,ac,ef,gh(o) g = O(gietr,i)
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5
ﬁy/(c (zb bc,cd7de,ea(0)|% =Ug1t O(thk l) (5)
(5) vk;ab,bc,ca,ad,de(o)
Vi;ab,be,ca,ab, ab(O) |(1k = Vg2 + O(Qk’tk,z) (5) 0
(5) o Vizab bc,ca,ab,de( )
ryk;ab7bc,ca,ad,ad(0)|% =vg3t (thk Z) 7(5) (0)
(5) k;ab,bc,ca,de,df
fyk;ab,bc,ca,de,de(o)’% = Vg4 + O(thk 'L) (5) 0
(5) O Vk;ab,be,ca,ab, cd( )
Fyk;ab,bc,ca,ab,bc(o)h]k - (thk Z) (5) 0
(5) Vi ;ab,be,ca,ad, be( )
/yk;ab,bc,ca,ab,ad(o) |Qk ( ktk Z) (5) 0
(5) ryk;ab,bc,ca,ad,ef( )
’Yk;ab,bc,ca,ad,ae(o) |fIk (thk 1) 7(5) (0)
5 k;ab,be,ca,de, f
ryl(c;(zb,bc,ca,ad,bd(o) |Qk - O(thk Z) aoasnEeld

g = O(qklk,i)

g = O(akt,i)

g = O(aklk,i)

g = O(qklk,i) (D.47)
g = O(akt,i)

g = O(qklk,i)

g = O(akt,i) -

For simplicity, we will take a truncation of the exact potential in equation (6.68) at order O(Q®), hence

all the dependence on the #j ;’s are set to zero in the above expressions.

D.6.2 One-loop-improved prescriptions

After neglecting all t;’s and higher order coupling constants in equation (D.47), the four v ;’s are

exactly determined by the following expressions (distinct a, b, ¢, d, €)

and from (D.45

4)
Ug,1 = 'Yl(g;ab,bc,cd,da(o)‘qk

_ @
Uk,2 = Vk;ab,ab,ab,ab( )|‘1k

_ @
Uk,3 = ’yk;ab,ab,bc,bc( )|Qk

U

Uk

Uk

Vg

—+ %qk (4(n —
+ 50— 2ar (60—
1
6

1= VISC)Eb,bc,cd,de,ea(O)\qk )
2= ’Yi(cizb,bc,ca,ab,ab(oﬂqk )
3= /yli?c)bb,bc,ca,ad@d(oﬂ% )
A= 'Yi(jib,bc,ca,de,de(o)‘qk )

), the four uy ;’s are given by (distinct a, b, ¢, d)

4)vg1 + (n —4)vp g + 2ur3) ,

2)(n— 3)ops +3(n—3) ((n -

(D.48)

4)vp 4 + 20k 3) + 100k 2) ,

qr (6(n —4)(n —3)vk +3(n—3) ((n —4)vpa — 2uk3) + 202) ,

(D.49)

7(3),(3),(3),(3),(3)

0},

ab,bc,ea,de,cd

),(3),(3) 7(3):(3),(3),(3),(3)

ad,ad,bc,ca,ab

(0) +2h (0),

Uk,4 = ’nfib,ab,cd,cd(o)\qk +(n— 4)%%4 + 2qxvk,3 -
After, the 1-PI vertices v and v are given by their one-loop-improved prescriptions (distinct
a, b, c,d, e), namely,
5
fyl(c;(zb,bc,cd,de,ea(o) |Qk
L 12(3),(3),3),(3),3) 7(3),(3):(3),(3),(3) 7(3),(3):(3),(3),(3)
= 5 {hab,bc,cd de,ea ( ) hab de,bc,ea,cd ( ) +5 h’ab be,de,ea,cd ( ) +5h
5 7(3),(3),(3),(3),(3) 7(3),(3),(3),(3),(3)
fyl(g;g,b,bc,ca,ab@b( )‘Qk =3 hab be,ca,ab,ab (0) +3 hab be,ab,ca,ab (0) )
5 7(3),(3),(3),(3),(3) 7(3),(3),(3),(3),(3 7(3),(3),(3
’Y](g;gb,bc,ca,ad,ad( )’% - had b(c a(gl ca,ab (0) had ad,ca,bc,ab )(0) +2 had ca,bc,ad,ab
5 7(3),(3),(3),(3),(3) 7(3),(3),(3),(3),(3)
Vl(c;gb,bc,ca,de,de( )|Qk =3 hab be,ca,de,de ( ) +3 hab de,bc,ca,de (0) ’

(D.50)
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and

—(3),(3),(3),(3 —(3),(3),(3),(3
’yl(c;gb,bc,cd,da(oﬂf]k = g((zb)b(c,zd(,d)a( )(0) + 2g(gb?b(c,c)l(§,c)d( )(0)} ;

1

2
VIE?Qb,ab,ab,ab(Oqu = gggb)a(b 3115321;(3)(0)7

1

2

1

2

(4) (3).(3).3).3) (D-51)
{ ababbcbc (0) +gabbcabbc ( )} )

Vksab,ab,be, pe(0)gx =
0)] ):(3),(3) (3),(3),(3),(3)

)
o ababcdcd (0)+gabcdabcd ( )}

Vi:ab,ab,cd, d(0)]g, =

where the functions &> ®G®) 4hg g®6)3).) read (for all a # b, c £ d, e # f, g # h and i # j):

3),(3),(3
hfzb c(d efg)h(zg) @ )(0) = Z /x
(kl),(mn),(op),(gr),(st),(uv),(wz),(y=),(aB),(vd)

—(3 ~ ~

’ng)kl mn(ov q, _Q) Pmn op(q’ _Q) fyid)op qr (O q’ - )pqr st (q Q) (D52)
T 00028 =@ P e (@ =) T w2 (02 & =) By (@ — )

’yz(j)aﬁ »\/6(0 qa - )p'y§ kl(qa Q)

and

—(3),(3),(3),(3
g((zb?c(d,)e},g)h( )(0) = Z /X
(kl),(mn),(op),(qr),(st),(wv),(wz),(y )

~3)

(D.53)
’Yab Kkl mn(o q,— )pmn op(

~ ~

(j) cd opqr( .4 _q)pqr,st(qA’ _Q)
) h w:c,yz(o q _(j) ﬁyz,kl(qv _Q) .

’yif)st uv (0 q,— )puv wx(Qa

The functions 5(3)7(3)7(3)7(3)7( ) and g®(®):().3) inyolve integrals over products of respectively 4 and 5
propagators T)k;abﬁd(é, —qG). To compute these integrals, the propagators are transformed into sums
of diagonal propagators, following the expressions given in equation (6.36) (for n — 0). Following
equations (6.34) and (6.35), the diagonal masses can be found as

a2 _
U =0,
;(cl‘ = —2q) W1, (D.54)

The zero replicon mass simplifies the replicon diagonal propagator to pr(¢%) = r(¢%)~!. The dif-
ferent integrals hence appearing are composed by a product of 4 < mpr + ma < 10 propagators
Pr(G®)™R D 4(G%)™4, and they are given by the generic expression

J(R,mp; A,ma) = Ud/o dq G Br(@®) ™ BA(%) ™ (D.55)

The integrals can be computed for the Litim regulator, one part of the integral can be expressed exactly
when the other involves the hypergeometric function o F; defined for mpg +m4 > % and 51(621)4 > 0. The
integral is then given by

E(Rv mp; Au mA) =

121 eh (mas =4+ mp+ma L= &+ mp +ma, ~ag) ) (D.56)
L
27 d@+ay)m T(ma)T (1—9%+mp+ma)T (—ﬂ,(fil)
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The second part of j(R, mg; A,m4) involves an integration on ¢ over a range [1; co[ which is ultraviolet
divergent if the condition mp + ma > g is not respected; as soon as this is verified, like in our case
as mrp +my > 4 and % < 3, the integral is convergent and finite. However, one has to be careful as
%, which could then give a too large
importance to secondary couplings supposed to be perturbative: this indeed occurs when one aims to
compute third order derivatives 7(3) by the one loop improved prescription. Since our choice is limited

to mgr + ma > 4, no such problems occur and we obtain only small corrections to the independent

it leads to large values for the limiting case when mpg + m4 =

couplings.

Using the above equations, one obtains expressions for the vy ;’s and the uy;’s that are functions of
only ¢ and wy 1.

D.6.3 Additional results for the O(Q’) truncation of the potential

All the results of this appendix have been obtained for the choice (A) of the potential (6.68). The same
study has also been performed for the choice (B), but as the results are almost indistinguishable from
those for the choice (A), they have not been represented.

2.0
: i 0.0
- NPRG-0 0(Q%) ol 0 N
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(c) 6—d.

Figure D.2: Fixed point solution for the critical point of the Ising spin glass at the O(Q®) truncation of
the potential in the one-loop improved approximation of the nonperturbative RG versus 6 — d. We compare
three situations where the maximal number of replicas n,,., appearing in the vertices is varied: N0 = 3
(red/gray), nmez = 4 (purple/pink) and ny,q; = 5 (blue/black). We also display the results of the NPRG-0 (in
brown/orange). (a) Dimensionless minimum ¢*; (b) dimensionless cubic coupling constant wy; and (c) relevant
(A1) and irrelevant eigenvalues (A;, i # 1) of the stability matrix at the critical fixed point.
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Figure D.3: Fixed point solution for the critical point of the Ising spin glass at the O(Q®) truncation of
the potential in the one-loop improved approximation of the nonperturbative RG versus 6 — d. We compare
three situations where the maximal number of replicas n,,., appearing in the vertices is varied: N4, = 3
(red/gray), nmaz = 4 (purple/pink) and n,,q., = 5 (blue/black). We also display the results of the NPRG-0 (in
brown/orange). (a) Dimensionless quartic couplings u}; and (b) dimensionless quintic couplings v}

D.6.4 Results for the O(Q*) truncation of the potential

All the results shown here have been obtained for the choice (A) of the potential for the same reason
as given above.

With this truncation, setting n,,q.. = 3 gives results which are qualitatively in agreement with the
NPRG-0 ones; in particular, the critical exponents behave similarly, also do ¢* and w7; differences
appear however in the behavior of Ao which does not diverge between d = 2 and d = 3 and the
anomalous mass which remains quite small. The same truncation with n,,,, = 4 gives poor results,
very far from the NPRG-0 ones: indeed v is decreasing, there is no lower critical dimension as no
divergence nor instability of the fixed point appear. However, we observe that going to the next order
of truncation of the potential substantially improves the behavior and restores in large part the good
properties and the behavior of the NPRG-0 (see main text).
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Figure D.4: Fixed point solution for the critical point of the Ising spin glass at the O(Q*) truncation of the
potential in the one-loop improved approximation of the nonperturbative RG versus 6 — d. We compare two
situations where the maximal number of replicas 1,4, appearing in the vertices is varied: 0. = 3 (red/gray)
and Nnar = 4 (purple/pink). We also display the results of the NPRG-0 (in brown/orange). (a) dimensionless
minimum ¢*; and (b) dimensionless cubic coupling constant wy.
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Figure D.5: Fixed point solution for the critical point of the Ising spin glass at the O(Q?) truncation of the
potential in the one-loop improved approximation of the nonperturbative RG versus 6 — d. We compare two
situations where the maximal number of replicas n,,q., appearing in the vertices is varied: 1,4, = 3 (red/gray)
and Nmaer = 4 (purple/pink). We also display the results of the NPRG-0 (in brown/orange). (a) Anomalous
dimension 7; (b) relevant (A1) and irrelevant eigenvalues (X;, @ # 1) of the stability matrix at the critical fixed

(2)

point; (c) correlation length critical exponent v; (d) dimensionless anomalous/longitudinal mass u,. (qx); (e)

(2

dimensionless replicon mass u *,;{(qk); and (f) dimensionless quartic couplings u}.
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Le roéle des fluctuations dans les systémes vitreux de dimension finie

Résumé : Les systemes vitreux sujets a une diminution de la température présentent une dynamique
tres lente, et a une valeur suffisamment faible de celle-ci se trouvent dans un état désordonné dit “gelé”.
Cette these traite du cas des verres structuraux, comme les liquides surfondus, et du cas des verres
de spins. Dans les deux cas, les scénarios physiques issus des théories de champ moyen sont connus et
pourraient étre sensibles a I'introduction des fluctuations présentes dans les systemes de dimension finie.
L’étude de leur effet dans les systemes vitreux étant difficile, nous avons étudié des modeles simples
reliés au probleme de la transition vitreuse dans lesquels 'effet des fluctuations peut étre analysé en
détail.

Concernant les verres structuraux, nous étudions tout d’abord le retour a la convexité de ’énergie
libre d’un systeme unidimensionnel ou les fluctuations sont contraintes par la taille finie du systeme.
Ensuite, nous étudions le role des fluctuations de “courte” et de “longue” portée dans un systeme vitreux
appelé “modele de plaquette” en comparant les propriétés thermodynamiques du systeme connues sur
réseaux KEuclidiens a celles que nous avons obtenues sur un réseau “en arbre”. Enfin, nous étudions
I'existence de fluctuations spatio-temporelles au sein d’un modele de systemes a dynamique activée
couplés via un bain thermal a faible température.

Concernant les verres de spins, nous construisons une approche du groupe de renormalisation non-
perturbatif afin de décrire I'effet des fluctuations critiques sur les propriétés critiques du verre de spin
d’Ising en champ nul en dimensions inférieures a six.

The role of fluctuations in finite-dimensional glassy systems

Abstract: When the temperature diminishes, glassy systems present a very sluggish dynamics and
at low enough temperature can finish in some arrested disordered state. This thesis deals about the
case of structural glasses, to which category supercooled liquids belong to, and spin glasses. In these
two cases the physical scenarios issued from the mean-field theories are known and could be fragile
to the introduction of fluctuations that are present in finite-dimensional systems. Since the study of
the effect of fluctuations in glassy systems is a daunting task, the aim of this thesis is to study simple
related problems in which the effect of fluctuations can be thoroughly investigated.

For the structural-glass case, we study first the return to convexity of the free energy of a uni-
dimensional finite-size system where fluctuations are restricted by the finite size of the system. Then,
we study the role of “short”- and “long”-range fluctuations in a glass-former model called “plaquette
model” in comparing the thermodynamic properties of the system which are known on Euclidean lattices
with the ones we obtained on a “tree” lattice. Finally, we study the existence of space-time fluctuations
in a model made of activated-dynamics systems coupled via a thermal bath at low temperature.

For the spin-glass case, we construct a scheme for the nonperturbative renormalization group to
describe the effect of critical fluctuations on the critical properties of the Ising spin glass in zero field
in dimensions lower than six.




