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Glasses and liquids are ubiquitous [1]. However, they remain a puzzle and their description
represents a great challenge for theoreticians [2], probably “the deepest and most interesting
unsolved problem in solid state theory” [3]. In usual statistical mechanics textbooks and courses,
we learn the statistical mechanics formulation of two archetypal and unrealistic materials: the
ideal gas (in the limit of vanishing density) [4] and the perfect crystal (without defects and at
zero temperature) [5, 6]. Properties of more realistic gases or solids can then be deduced from
these limits thanks to perturbative expansions with respect to the density for the former and
to the temperature for the latter. However, dealing with liquids is far more complex because
they are disordered and dense. From a solid perspective, their intrinsic disorder forbids to use
the statistical tools which are implemented in order to deal with crystals. From a gas point of
view, their high density makes interactions between constituents no longer negligible. This is
emphasised by the fact that the liquid is separated from both the gas' and the solid phases by
thermodynamic first order phase transitions [8, 9].

What is then the good statistical mechanics description of these materials? Can one en-
compass the thermal and dynamic properties of liquids and glasses within a single theoretical
framework? The work which is presented here participates to answering these questions. This
introduction poses the main aspects of supercooled liquids and glasses that are relevant for the

'This is true only below the liquid-gas critical point. Above, a single fluid phase exists [7].
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F1G. I.1 | Angell plot which represents the experimental measure of the variation of the bulk viscosity
n for several glass-forming liquids. Data are plotted on a logarithmic scale versus T,/T, where
the glass transition temperature 7, is operatively defined when the viscosity reaches 10'?2 Pa.s. A
significant slowing down is clearly visible: the bulk viscosity (or equivalently the structural relaxation
time) skyrockets with decreasing the temperature on a small window. Strong liquids display an
almost Arrhenius behaviour while the increase in viscosity in fragile liquids is more pronounced and
follows a super-Arrhenius trend. The inset shows the discontinuous jump in the heat capacity at
the glass transition: the heat capacity varies rapidly from its value in the supercooled liquid to its
value in the glass phase which is approximately equal to the heat capacity of the crystal at the same
temperature. Figure from Ref. [15].

work which is presented in the next chapters. Additive information can be found in several
reviews [10-14].

1. PHENOMENOLOGY OF THE GLASS TRANSITION
1.1 DYNAMIC FACTS
1.1.1 DYNAMIC SLOWDOWN

The glass transition concerns a huge variety of materials, from atomic or polymeric lig-
uids [15, 16] to colloidal systems [17, 18], granular materials [19-21] and even active matter [22,
23] and biological objects [24, 25]. They are all characterised by a significant increase in their
microscopic relaxation time (by orders of magnitude) when one control parameter (typically the
temperature or the density) is increased or decreased by a small amount. This is a universal be-
haviour which seems independent of the microscopic details of the materials and which continues
to trigger many studies in order to provide a unified description of glassy materials.

In usual statistical mechanics textbooks, we read that when a liquid is cooled below the
melting point Ty, it undergoes a first order thermodynamic phase transition and ends up in a
solid crystalline phase. However, this statement is only true at the genuine thermodynamic equi-
librium, i.e., if the liquid is cooled infinitely slowly. Instead, if the liquid is cooled fast enough,
it can avoid crystallisation and enter the supercooled regime which represents a metastable

4
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F1G. 1.2 | Schematic evolution of the molar enthalpy or the molar volume of the supercooled liquid
when it is cooled below the melting point at a constant pressure. The curves 1 and 2 are obtained
for two different cooling rates. At high-enough temperatures, they all follow the same master curve
which represents the equation of state of the liquid in the supercooled regime. The liquid eventually
falls out of equilibrium and freezes into an amorphous solid, 7.e., a glass. The lower the cooling rate,
the lower temperature at which the liquid vitrifies. We recall that the glass transition temperature
T, is defined by the condition n(7T,) = 10'? Pa.s with n(7T") the bulk viscosity. When a glass ages, its
thermodynamic properties slowly evolve, for instance it becomes denser and explores lower energies
(curve 3). If the glass ages for a very long time, it can eventually reach equilibrium to follow back
the equation of state of the supercooled liquid. The blue curve instead represents the equilibrium
equation of state of the crystal. Configurations of a 3d system from computer simulations are shown
for a supercooled liquid, a glass and a crystal. Figure from Ref. [26].

thermodynamic phase? with respect to the stable crystal phase. Even though the supercooled
liquid is not the thermodynamic equilibrium phase for T' < T}, it behaves as such as soon as
it does not crystallise. In particular, intensive thermodynamic variables can be defined and the
fluctuation-dissipation theorem holds [10].

In the supercooled regime, the equilibrium relaxation time for density fluctuations 7, (or
equivalently the bulk viscosity 7) increases significantly by several orders of magnitude when
decreasing the temperature in a small interval [15], see F1G. I.1. Therefore, if a liquid is gradually
cooled below T}, at a constant rate, typically between 0.1 K.min~! and 100 K.min™!, there is
a temperature at which the cooling rate becomes too large to allow for the liquid equilibration.
The system falls out of equilibrium and does not flow on a reasonable timescale. The frozen
liquid behaves as a disordered solid which is called a glass. The temperature at which the liquid
forms a glass corresponds to the glass transition temperature and it is denoted by Ty, see F1G. 1.2.

2This is very different from the metastable glassy states which are mentioned in the title of this work
and which are discussed below.
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F1c. 1.3 | Time evolution of the rescaled intermediate scattering function ®4(t) = F(q,t)/F(q,0) for
several temperatures which range from 7' = 413 K (left) to 7" = 270 K (right) from experiments on
glycerol. The wave vector is taken at the first maximum in the structure factor. As the temperature
is reduced, data shift towards later times (on a logarithmic scale) but they also indicate a crossover
from a mere exponential relaxation to a two-step decay with a first relaxation to a plateau which is
followed by a stretched exponential relaxation. Figure from Ref. [29].

We must emphasise that the glass transition is not a genuine thermodynamic phase transition.
Instead, it is protocol-dependent (a lower cooling rate leads to a lower temperature® at which the
supercooled liquid falls out of equilibrium) and it is dependent on the timescale over which the
experiment is performed [27]. Only an operative definition of the glass transition temperature
T, can be given. It is often defined by the condition n(Ty) = 10'2 Pa.s, or equivalently by
the relation 7,(Ty) = 10 s. As a matter of comparison, the relaxation time of liquids at the
melting point is about 1 ps, and the bulk viscosity is about 1072 Pa.s. In other words, on a
small temperature window?, the viscosity and the relaxation time have increased by 14 orders
of magnitude [28].

1.1.2 CORRELATION FUNCTIONS AND RELAXATION SPECTRA

The evolution of the a-relaxation time (or the viscosity) with the temperature or the density
is a shortcut to account for the slowing down of glass-forming liquids. The analysis of correlation
functions in the time domain or of relaxation spectra in the frequency domain shows that the
increase in the relaxation time is accompanied by a qualitative change of the latter. This suggests
a temperature dependence of the relaxation mechanisms. Experiments and simulations usually
focus on the correlation function which is associated with the relaxation of density fluctuations,
namely, the intermediate scattering function [30]

F(g,t) =~ (alt)p-q(0)) (1)

The brackets represent a thermal average at equilibrium at a temperature 7', N stands for the
number of particles, while pq(t) represents the Fourier component of the density field p(x,t) at

*However the variation is quite weak, of about 5 K [16].
“The difference between Ty, and T, is often about Ty, /3.

6
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wave vector g and time ¢ which reads
N .
pq(t) = i, (I.2)
j=1

with 7;(t) the position of particle j at time ¢. Varying the wave vector g allows one to probe the
relaxation at different lengthscales [31]. It is usually taken at the location of the first maximum
in the total structure factor which is computed from the Fourier components of the density field

at equal times [30], namely,

5() = - (Pap-a)- (1.3)

This choice of wave vector amounts to probing the particle motion on lengthscales close to the
average inter-particle distance.

Computer simulations have direct access to the positions of the particles and the computation
of F(q,t) is rather straightforward. In experiments instead, it requires a coherent neutron
scattering apparatus for instance [29]. An example is shown in F1G. 1.3. At high temperatures,
the relaxation is well approximated by a single exponential. At lower temperatures instead, the
intermediate scattering function displays a two-step decay. The first step corresponds to a partial
relaxation of the density fluctuations towards a plateau at microscopic timescales (of about
1 ps). From a nanoscopic point of view, this plateau represents the thermal vibrations which are
performed by the particles in the cages that are formed by their neighbours. The second step of
the relaxation instead represents the complete decorrelation (a-relaxation) on larger timescales
(from picosecond to second). It becomes increasingly stretched as the temperature decreases.
The time evolution of the correlation function is usually fitted by using a stretched exponential
function [32], namely,

F(g,t) oc e (L4)

with 7 and 8 adjustable parameters: 7 closely follows 7, while § slightly decreases when de-
creasing the temperature [33].

Experiments often deal with relaxation spectra instead of correlation functions. For lig-
uids with dipolar moments, the imaginary part of the dielectric susceptibility €”(v) can be
measured [36]. At equilibrium, it is related to the dipole-dipole correlation function by the
fluctuation-dissipation theorem [37]. All correlation functions are expected to display the same
glassy slowdown as the temperature is decreased [38, 39]. As a result, the dipole-dipole correla-
tion should have the same time and temperature evolution as in F1G. 1.3, and the corresponding
spectrum should exhibit signatures of the approach to the glass transition. An example is dis-
played in F1G. I.4. Such as intermediate scattering functions, spectra display richer changes than
the simple increase in the relaxation time. At high temperatures, the spectra follow the Debye
Lorentzian shape, and they peak at the gigahertz scale. This reflects the near-exponential relax-
ation on the picosecond timescale in the time domain. As the temperature decreases, the spectra
broaden and they acquire a two-peak structure which corresponds to the two-step decay in the
time correlation functions. The low-frequency peak accounts for the structural a-relaxation
and its position w, = 1/7, shifts towards lower frequencies when the temperature is decreased.
This peak is often fitted by several empirical formulas, such as the Cole-Davidson [40] or the
Havriliak-Negami [41]

¢’ (v) oc Im {U"‘Z(W} (I.5)
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F1G. 1.4 | (Left) Dielectric loss €”(v) versus frequency v of propylene carbonate on a double loga-
rithmic axis for several temperatures which are directly indicated on the graph. The spectra display
two peaks at low temperatures which stem for the two-step decay in time correlation functions. As
the temperature decreases, the position of the main peak in relaxation spectra shifts towards lower
frequencies. This reflects the increase in the relaxation time. The spectra also become increasingly
broad, as they cover 10 orders of magnitude close to T,. Figure from Ref. [34]. (Right) Dielectric
spectra for glycerol at several temperatures which are indicated on the graph. Data are represented
on a double logarithmic axis and the high-frequency peak is not shown. For low temperatures
close to Ty, data are compatible with a sharp a-peak at low frequencies which is fitted by using a
Cole-Davidson function, while at intermediate frequencies, data display an “excess wing” which is
modelled by a power law. Data from Ref. [35].

laws®, which are the equivalents of the stretched exponential in the frequency domain [42]. In the
above expression, Im{.} denotes the imaginary part of a complex, while a, § and 7 are adjustable
parameters. As the temperature approaches Tg, the low-frequency part of the spectrum becomes
larger and larger, as it almost covers 10 decades. It displays a sharp peak in the millihertz range
which is accompanied at intermediate frequencies (in the hertz to megahertz range) by a slowly
decaying signal. If one tries to fit the main peak (for instance with the previous Havriliak-
Negami process), the signal at intermediate frequencies appears in excess and it is consequently
referred to as the “excess wing” in the experimental literature [35]. It is usually fitted by a
power law [43] or by using a Cole-Cole law5 [44]. Even though the signal in dielectric spectra
could be more complex due to the chemical details of the material [45], the “excess wing” seems
to be a universal feature of the dielectric spectra of glass-forming liquids close to T, [46-49].

1.1.3 DYNAMIC HETEROGENEITIES

At the level of the average correlation functions or the relaxation spectra, assessing the cause
of their broadening as the temperature decreases is difficult. A direct visualisation of the motion
of the particles at the microscopic scale is then more insightful. The motion of the particles
is found to be spatially heterogeneous and intermittent in time. In other words, the particles

®The Cole-Davidson law is obtained from the Havriliak-Negami fitting function by setting o = 1. In
particular, it behaves as a power law of exponent —( at high frequencies and as a power law of exponent
1 at low frequencies.

5The Cole-Cole law is obtained from the Havriliak-Negami fitting function by setting 3 = 1. In
particular, it behaves as a power law of exponent —« at high frequencies.

8
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alternate between sudden jumps and quiescent vibrations around a given position [50]. This
suggests that there are strong spatio-temporal dynamic fluctuations and that the supercooled
liquid is always populated by mobile and immobile regions which relax on different timescales.
However, above the glass transition, the supercooled liquid is ergodic, and slow (resp. fast)
regions regularly become fast (resp. slow) [51].

These dynamic heterogeneities consequently represent a natural explanation of the shape of
the correlation functions and of the relaxation spectra. Indeed, if one assumes that the dynamics
proceeds thanks to the superposition of the relaxation of the different regions of the glass-forming
liquid on different timescales, then this should give rise to a large distribution of timescales
which should result in broad spectra and correlation functions. The local relaxation can be
exponential or already stretched [52] (which corresponds to a “homogeneous” broadening [53]).
In the latter case, this intensifies the broadening of the correlation functions and the relaxation
spectra. Even though the dynamic heterogeneities account for the broadening of the a-peak,
the microscopic origin of the “excess wing” close to T, remains controversial. This stems for
the fact that experiments lack a nanoscopic resolution while computer simulations are often
limited to temperature and time windows at odds with the experimental studies. So far, “excess
wings” have not been reported in computer simulations of the dynamics of glass-forming liquids.
In Chap. VI, we tackle this problem by using the recent swap algorithm [54, 55] which allows
for the fast thermalisation of size-polydisperse model glass-formers down to the extrapolated
experimental glass transition temperature 7.

As the two-point correlation functions, such as the intermediate scattering function, are blind
to the local fluctuations of the dynamics, namely, to the dynamic heterogeneities, four-point
correlation functions at different points in space and at different times have been introduced
to characterise the dynamic heterogeneities, in particular to quantify the typical amplitude
of the dynamic fluctuations along with their typical spatial extent and their typical temporal
duration [51]. In all the experimental and numerical systems which display glassy behaviour, the
variance of the dynamic fluctuations, which is known as the four-point dynamic susceptibility
x4(t), grows with time and it reaches a maximum for times ¢ ~ 7,(T"), before it decreases at
later times [56-58]. Consequently, the a-relaxation time represents the typical duration of the
dynamic heterogeneities before the dynamics becomes uncorrelated [50]. The typical size of
relaxing domains, which is known as the four-point dynamic length £4(¢), also grows with time
and it likely saturates at later times [59]. The maximum value £4(7") of the four-point dynamic
length, which is called the dynamic correlation length, represents the maximum linear extent of
dynamically correlated domains, and it grows upon decreasing the temperature [60, 61].

The origin of the dynamic heterogeneities has been scrutinised in many past studies. In
order to disentangle purely dynamic effects from the heterogeneities which are encoded in the
structure, the iso-configurational ensemble has been introduced [62, 63]. Several simulations
are initiated from the same initial condition with different initial velocities which are drawn
from the Maxwell-Boltzmann distribution (in the case of molecular dynamics simulations) or
with different sequences of random numbers (in the case of Monte Carlo simulations) [64]. The
dynamics of each particle is then averaged over the iso-configurational runs and a propensity
field is computed to reveal dynamic heterogeneities which are rooted in the structure of the
liquid. In particular, correlations with soft vibrational modes [65-67], local density [67, 68],
locally favoured structures [67, 68| or hexatic order [69, 70] have been reported, without being
able to reveal direct causal links or to assess the degree of generality of these correlations among
systems [71]. However, it is expected that at the single-particle level, the dynamic fluctuations
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are essentially of purely dynamic nature. Connections with the statics may only exist at larger
lengthscales and timescales [72]. In Chap. V, we define a new structural indicator which relies
on the strength of a field to localise a given patch of the liquid close to its initial position. Its
correlation with the propensity field would be worth studying in the future.

1.2 PROPERTIES OF THE NON-EQUILIBRIUM GLASS PHASE
1.2.1 TUNING GLASS STABILITY

Below the glass transition temperature T, glasses have a relaxation time that exceeds the
typical experimental time, and they thus behave as non-equilibrium systems. This situation
also happens when the equilibrium supercooled liquid at a temperature 7; is instantaneously
quenched at a low temperature Ty < T, < T [73]. Glasses are found to age, which means that
they are continuously slowly evolving [74]. One can still define intensive variables, for instance
an effective temperature, but they now depend on the waiting or aging time t,, namely, the
elapsed time since the liquid first fell out of equilibrium [75]. The off-equilibrium relaxation time
of aging systems can be measured from the two-time intermediate scattering function, namely,

N
F(q, b, t) = }V< > eiq'[’“j“w+t>—%<tw>l>, (L6)

J,k=1

and it also varies significantly with the age of the glass. The larger ¢, the longer it takes for the
system to decorrelate. In the case of an instantaneous quench, the relaxation time 7 (¢, 73, Tf)
smoothly evolves from the equilibrium a-relaxation at the initial temperature 7,(7}) to a power
law behaviour 7(tw,Ti,T;) ~ th [76]. The average energy is also a decreasing function of .
This suggests that glasses become more stable upon aging [77] (see” F1G. 1.2). A similar effect
appears when the liquid is quenched from a decreasing initial temperature 7; down to 7. In
addition, thanks to temperature cycles, rejuvenation and memory effects can be observed [78].

Overall, the previous facts show that the glass stability (as measured by its lower energy or
enthalpy or its higher density or its higher off-equilibrium relaxation time) is related to the age
of the latter and to the lowest temperature at which it fell out of equilibrium. Therefore, glass
properties can be tuned thanks to aging protocols. However, on experimental timescales, aging
does not result in a large change in glass properties. A more efficient way of enhancing glass
stability is to use vapor deposition [26, 79]. This new preparation protocol consists in slowly
depositing a compound on a substrate at a temperature Ty,,. By considering deposition rates
of about less than 0.5 nm.s~! and substrate temperatures of about 85 % of the glass transition
temperature of the deposited material, more stable glasses with larger density or lower enthalpy
can be formed [80, 81]. The glasses which are obtained by vapor deposition are of similar
stability as glasses which would be aged for about 3500 years [82] (see F1G. 1.2). The high
stability of vapor-deposited glasses originates from the very high mobility of the molecules at
the free surface (first nanometers) as compared to the bulk (we recall that Ty, is usually a
fraction of Ty) [83]. The diffusion coefficient of the molecules at the free surface can be up to
7 orders of magnitude higher than the bulk diffusion constant [84]. Therefore, if the deposition
rate is small enough, then the molecules on the surface can find near-equilibrium configurations,
and this leads to more stable glasses. In Chap. VII, we present other preparation protocols on

"For solid or liquid phases which are poorly compressible, enthalpy and energy are usually roughly
equal.
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Fia. 1.5 | (Left) Stress-strain curves o(vy) which are obtained from athermal quasi-static shear
simulations of a system of N = 96000 size-polydisperse soft spheres. The samples are prepared from
equilibrium configurations at different temperatures T;,; which are then instantaneously quenched
at zero temperature. All the curves display a first elastic regime at small strains and a plastic
regime at large strains which are separated by a yielding transition. At large initial temperatures,
the yielding transition is a smooth crossover. Instead, at low initial temperatures, the yielding
transition becomes a first order non-equilibrium phase transition with a stress discontinuity which
takes the form of an overshoot. Figure from Ref. [85]. (Right) Film of vapor-deposited glass of
indomethacin (inset) which is first heated at a constant rate of 1 K.min~!. The film thickness shows
an abrupt discontinuity in its first derivative with respect to the temperature at a temperature T pget
when the sample “melts” to the supercooled liquid state. The liquid is subsequently cooled with a
cooling rate of 1 K.min~! and it falls out of equilibrium for a larger thickness and a corresponding
lower density. When re-heated at the same rate, the liquid-cooled glass follows the cooling curve
which displays a much lower onset temperature Tinset =~ T, than the one of the vapor-deposited
glass. Figure from Ref. [86].

the computer which are cheap in terms of simulation walltime and which result in more stable
glasses than the ones that are obtained by gradual cooling or physical aging.

1.2.2 INFLUENCE OF GLASS STABILITY UPON SHEARING OR HEATING

Glass properties are history-dependent and protocol-dependent, and glass stability manifests
itself in a variety of phenomena in glasses. First, the behaviour of glasses under shear depends on
their stability. When performing athermal quasi-static shear deformations (at zero temperature
and in the limit of zero shear rate ¥), a glass undergoes a yielding transition from an elastic regime
to a plastic-flow regime at a finite yield strain vy and a corresponding finite yield stress ov in the
plastic regime [87, 88]. Nevertheless, the nature of the yielding transition depends on the glass
stability and it can turn from ductile to brittle upon increasing the glass stability [85, 89]. In
the ductile case, the yielding transition is smooth with a weakening due to small plastic events®.
In the brittle case instead, the elastic regime extends over a broader range of deformations
and there is a sharp stress overshoot which is followed by a discontinuous stress drop. This
results in a catastrophic failure of the material and in the formation of a system-spanning shear
band? [90], see F1G. I.5. Recently, the transition from ductile to brittle yielding upon increasing

8This is what happens with toothpaste for example.
9This is what happens with the screen of a smartphone for instance.
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the glass stability was shown to be controlled by the physics of the zero-temperature random-
field Ising model (RFIM) [91] (see Appendix A of Chap. IT) when driven by an external magnetic
field [92]. The latter displays a hysteresis when the applied magnetic field is first increased and
then decreased. There is a non-equilibrium first order phase transition with a discontinuous
hysteresis loop at a spinodal [93] and a macroscopic avalanche in the magnetic response [94] for
low-enough disorder strength. The line of non-equilibrium first order transition terminates in a
second order critical point at a critical disorder. Above this critical point, the RFIM displays
a continuous hysteresis loop in its magnetic response [95]. In the mapping of glasses onto the
RFIM, the stability of the glass encodes the effective strength of the disorder. In particular,
well-annealed (stable) glasses have a low intrinsic disorder and they show a discontinuity in their
stress-strain curve. Instead, poorly annealed glasses have a higher disorder and their transition
from the elastic regime to the plastic regime upon shearing becomes a mere crossover without
any discontinuity in the stress.

A second manifestation of the history- and protocol-dependent behaviour of glasses is found
upon heating, see Fia. 1.5. When one heats a glass at a finite heating rate, its density or
its enthalpy (or its energy) with respect to the temperature usually displays a discontinuity
in its slope at an onset temperature Tyneet Which marks its transformation from the glass to
the supercooled liquid state [96]. Equivalently, the heat capacity shows a maximum at T =
Tonset [97]. This onset temperature is an increasing function of the glass stability'?: the more
stable the glass, the higher the temperature in order to fall back in equilibrium. For instance, the
vapor-deposited glasses have a larger onset temperature than the liquid-cooled glasses. This is
the manifestation of the enhanced kinetic stability S(T") = Tyec(T)/7a (1) of the vapor-deposited
glasses. The latter represents the ratio of the recovery time to transform back to the supercooled
liquid when suddenly heated at a temperature T" to the bulk relaxation time of the supercooled
liquid at the same temperature [99]. The liquid-cooled glasses typically have a kinetic stability
ratio of about 102 while the ultrastable glasses which are prepared via vapor deposition can reach
stability ratios of about 10° at a constant pressure [100]. The high kinetic ratio of the ultrastable
glasses lies in their recovery mechanism which shares many similarities with the melting of a
crystal, even though the liquid and the glass are not a priori two distinct thermodynamic phases.
In particular, thin films transform via the propagation of a mobility front which starts from
the free surface [101, 102], while larger samples transform thanks to a nucleation-and-growth
mechanism with Avrami-like kinetics [99, 103]. In other words, thick glass samples melt because
of the appearance of rare nuclei of the supercooled liquid in the glass, which is followed by
a rapid growth of these liquid droplets. The influence of the glass stability on the yielding
transition or on the heating behaviour is utilised in Chap. VII in order to assess the stability of
computer-generated glasses via new annealing schemes.

The glass stability also affects other properties, such as sound propagation [104], heat ca-
pacity and conductivity [105-108] (in relation with two-level systems), or vibrational proper-
ties [109].

10We stress that this temperature is a non-equilibrium and protocol-dependent property, and in partic-
ular it is different from the onset temperature of glassy behaviour which is usually defined as the highest
temperature at which the equilibrium time correlation functions display a two-step decay [98].
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F1G. 1.6 | Excess entropy AS of several supercooled liquids with respect to the crystal which has
been divided by its value ASy, at the melting point for various glass-formers. Data are plotted as
a function of the temperature 7" which has been rescaled by the melting point temperature Ty,.
The dotted lines represent the value of the excess entropy below the glass transition temperature
when the systems are out of equilibrium. Equilibrium data look to extrapolate to zero at a finite
temperature Tk. Figure from Ref. [110].

1.3 THERMODYNAMIC FEATURES

The dynamic glass transition corresponds to a huge increase in the relaxation time with
decreasing the temperature. Similarly, the transformation of glasses into supercooled liquids
shows similarities with the melting of crystals. By analogy with critical phenomena and first
order phase transitions in statistical mechanics, a legitimate question that arises is whether the
glass transition is due to the existence of an underlying thermodynamic phase transition at a
temperature lower than T, at which the relaxation time truly diverges.

Seventy years ago, Kauzmann measured the temperature evolution of the excess entropy
AS(T) = Siiq(T) — Sxtal(T') for several glass-forming liquids, with Siiq(7") and Sxta1(7") the total
entropies of the liquid and the crystal at the temperature T respectively [110], see F1G. 1.6.
The excess entropy is found to decrease sharply as the temperature is decreased, as opposed to
other static quantities which vary midly, such as the total pair correlation functions'! [11]. If
one extrapolates Kauzmann’s data to lower temperatures by following the supercooled regime,
one finds that they are compatible with a vanishing excess entropy at a finite temperature
Tk > 0. This entropy crisis then naturally accounts for the jump in the heat capacity at the
glass transition temperature, see the inset in F1a. I.1. The decrease in the excess entropy and its
putative vanishing indicate that the glass transition is not a purely dynamic transition without
any thermodynamic change. However, whether this decrease in the excess entropy is related to
the glassy slowdown is still today strongly debated [112, 113].

From his analysis, Kauzmann concluded that as AS(T) could not be negative, the liquid
should either crystallise or should undergo a thermodynamic phase transition to a glass phase.

"Nevertheless, very small variations in the pair correlation function may rationalise large differences
in the dynamics, as reported recently [111].
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Even though there is no contradiction in the fact that AS(7) becomes negative [114], Kauz-
mann’s intuition of the possibility of a low-temperature thermodynamic singularity has triggered
a succession of theoretical breakthroughs which has led to the mean-field theory of the glass tran-
sition for infinite-dimensional off-lattice particle systems. In this limit, the Kauzmann entropy
crisis is defined in terms of a configurational entropy. It is exactly realised and it corresponds
to a genuine thermodynamic phase transition to an ideal glass phase.

2. THE MEAN-FIELD THEORY OF THE GLASS TRANSITION
2.1 FROM FULLY-CONNECTED SPIN GLASSES TO LIQUIDS IN INFINITE DIMENSIONS

Mean-field theory is usually the starting point to describe phase transitions or critical phe-
nomena. It amounts to neglecting correlations between fluctuations and to derive an effective
field which carries information about the mean interactions between constituents. It is often
more tractable than the initial theory and it may be solved exactly [115]. The mean-field theory
of the glass transition was first derived in the context of spin glasses, namely, spin systems in the
presence of quenched disorder [116-120]. Thanks to the underlying lattice and their mean-field
nature, these models can be solved exactly. Based on phenomenological arguments from density
functional theory, the results which were obtained for spin glasses were advocated to hold for
structural liquids too [121-124].

More recently, the mean-field theory of supercooled liquids and structural glasses was exactly
derived in the limit of infinite dimensions of space d — +oo (see reviews in Ref. [125, 126]).
Qualitatively, the limit of infinite dimensions is of mean-field nature because, for a given particle,
the number of its neighbours diverges with d and its interactions with them can be considered
as an effective thermal bath [127].

In the next sections, we describe the results which are obtained at the mean-field level. They
are next compared with the phenomena which are presented in the previous section.

2.2 THE DYNAMICS IN INFINITE DIMENSIONS

The equilibrium dynamics of supercooled liquids in infinite dimensions was first derived ex-
actly by using path integrals and the Martin-Siggia-Rose-De-Dominicis-Janssen formalism [128,
129], and by considering a Langevin dynamics at the single-particle level [130]. The result is a
generating functional [131] which takes the form of a partition function over trajectories. By
analogy with the statistical mechanics of interacting systems at equilibrium, one can then per-
form a virial expansion of the generating functional in increasing powers of the density [30].
Formally, this amounts to considering a diagrammatic expansion of the generating functional
with density vertices and bonds which are formed by Mayer functions. At order n in density, the
relevant diagrams are made of n vertices and taking into account diagrams with an increasing
number of nodes then corresponds to an expansion in increasing powers of the density. However,
we have already mentioned that the number of neighbours of a given particle diverges with d
in infinite dimensions. As a result, for a central particle ¢ which interacts with particles j and
k, the probability that j and k interact is extremely small. Then, a virial expansion which is
truncated at the second order should already give a reasonable estimate. Actually, the trunca-
tion of the virial expansion to the second order is exact in the limit d — +oo [132, 133]. As a
result, a low-density expansion is equivalent to a high-dimension one [134]. Eventually, saddle-
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point approximations which become exact in the limit d — 400 yield an exact equation for the
correlation function (namely, the mean-squared displacement), which involves a memory kernel
that is determined self-consistently from the autocorrelation of the interaction force between the
particles.

Later on, the mean-field dynamical equations were derived from simpler arguments [126,
127]. By first considering the dynamics at the single-particle level and by assuming that the
interaction between a tagged particle and the other ones can be modelled by an effective friction
(effective bath), one obtains

drZ
dt

dr;
dt
)

¢ z—ﬁ/dtMt—t) GE=10) (17)

where 8 = 1/T (the Boltzmann constant is set to unity) and where the colored noise E;(t) is of
zero mean and of correlation

(Bi()Z;(t) =6;5 [2T¢CoE —¢') + M(t—t)] 1, (1.8)

with d;; the Kronecker delta, which is equal to 1 if ¢ = j and to 0 otherwise. In the above
equation, 1 represents the identity matrix (the components of the noise in different directions
of space are uncorrelated), the first term accounts for the actual thermal bath and the second
term represents the effective bath which takes into account the interactions of a tagged particle
with all its neighbours and which is added in order for the fluctuation-dissipation theorem to
be satisfied. The second term is not delta-correlated in time but it is instead described by a
memory kernel which corresponds to the force-force correlation function, namely,

Mt =) = <= Y (Fis(t) - By (1), (19)

i#]

where the sum runs over all indices 4, j = 1... N and where F;_,;(t) is the force which is exerted
by particle ¢ on particle j at time ¢.

The equation for the memory kernel is obtained by considering the dynamic equation for the
inter-particle distance » = r; — r;. By using Eq. (1.7), one finds
¢dr B dr

dtM t—1
2 dt ( Va

=3 0 dt

(') + E(t) — F(r(t)), (I.10)
where =(t) is a random process of zero mean and of correlation
1
EBEE)) = [Tga(t—t') oM@ —1)| 1, (L11)

and where F(r(t)) = F;_,;(t) is the interaction force between two particles, which depends on
their relative distance. Eq. (I1.9) and (I.10)-(I.11) represent a closed system from which one can
determine the memory kernel self-consistently by iteration. By starting from M (¢) = 0, one can
simulate the process given by Eq. (I.10)-(I.11), then one can compute the corresponding memory
kernel thanks to Eq. (I.9) and can insert this new form into Eq. (I1.10)-(I.11). Eventually, one
can repeat the entire procedure until convergence [135].

Finally, once the memory kernel is known, the differential equation for the mean-squared
displacement, i.e.,

:< Zm —ry( |2>, (L.12)
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F1G. 1.7 | Evolution of the mean-squared displacement A(t) = A(t)d/¢* for infinite-dimensional
hard spheres (with ¢ the diameter of the spheres) for several rescaled packing fractions ¢ = pV¢¢/d,
with V; the volume of the unit sphere in d dimensions and p the number density. Time is expressed
in units of (¢2/T. The mean-squared displacement develops a plateau at intermediate times between
the diffusive regimes at short times and at long times when increasing the density. At large densities
@ > Pq =~ 4.8067, the dynamics is totally arrested with a vanishing long-time diffusion constant.
Figure from Ref. [135].

can be derived from Eq. (I.10) and reads

dA b LdA
dt(t):—,B/O At M (t —t') () + 2dT. (1.13)

The evolution of the mean-squared displacement for hard spheres in the limit d — +oo is
shown in F1G. 1.7. The phenomenology is very similar to what is found experimentally, compare
with F1G. 1.3. When the density is increased (or the temperature is decreased), the mean-
squared displacement is no longer purely diffusive and it develops a two-step increase with a first
increase towards a plateau which is followed by a subsequent diffusion at later times. One strong
prediction of mean-field theory is that the diffusion constant vanishes at a finite temperature or
density. Equivalently, the a-relaxation time diverges at this same state point. This corresponds
to the dynamical transition temperature Ty or density pq which is found by looking for a solution
of Eq. (I.13) with a finite limit when ¢ — +o0o0. When approaching the dynamical transition
from the supercooled liquid side, one finds that the inverse diffusion constant diverges as a power
law. Interestingly, a similar result was also found few decades ago within the mode-coupling
theory [136]. Even though the two approaches yield equations of similar form for the correlation
functions, hence they qualitatively describe the same trends, there are significant quantitative
differences which are due to the successive approximations that are involved in the derivation
of the mode-coupling equations [137, 138]. In particular, in mode-coupling theory, the memory
kernel is expressed as a mere function of the correlation function A(t) while here it is computed
self-consistently from the dynamic process itself.
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2.3 THE THERMODYNAMICS IN INFINITE DIMENSIONS
2.3.1 DEFINITION OF METASTABLE STATES

Below Ty (or above pq), the equilibrium relaxation time is truly infinite. Therefore, the
equilibrium dynamics is no longer ergodic and the system only explores a narrow region of the
phase space. In real space, this limited exploration corresponds to thermal vibrations of the
particles of typical squared amplitude which is given by the plateau value in the mean-squared
displacement. As a consequence, the phase space is split into disconnected components in which
the system is trapped forever. These components represent the metastable states, hence the
name of this thesis. There are two directions of study. On the one hand, one can be interested
in the thermodynamics of the system within a metastable state, to account for the properties of
the glass when the system falls out of equilibrium. One can aim at computing its free energy,
which has two contributions: one comes from the average energy of the configurations that are
visited within the metastable state, while the other one comes from the vibrational entropy of
the glass within the metastable state. On the other hand, one can also focus on the ergodic
supercooled liquid which is obtained when exploring the phase space entirely, i.e., when summing
over all the metastable states. For instance, how many metastable states are there? What is
their structure? How can they be generated, for instance by looking for the extrema of a given
functional?

Here, we describe the second line of thought, and the first one is instead described in the next
chapter. Below the dynamical transition temperature, one can formally rewrite the partition
function of the supercooled liquid as [139, 140]

Z(T) =Y e NP — / dfNIET)-81], (1.14)

where the sum runs over all the metastable states a of free energy per particle f,(T). The
partition function is written in the continuum limit by introducing the complexity

S(f5T) = 5 N (f;T), (1.15)

which represents the logarithm of the number N (f;T) of metastable states of free energy f at
a temperature T' per unit particle. The free energy of the liquid can then be computed from
the previous partition function by using a saddle-point (Laplace) approximation [141] in the
thermodynamic limit (N — +00) and it reads

F(T)= —% In Z(T) = ir}f{f —TY(f;T)} = fA(T)-TZ(f5T). (I.16)

The quantity f*(7') corresponds to the minimiser of the quantity between brackets and it is thus

a solution of
dx 1

*, J—
By performing the saddle-point approximation, one implicitly assumes that the complexity re-
mains finite in the thermodynamic limit, or equivalently that the number of metastable states is
exponentially large in system size. Equivalently, this means that there is an extensive difference
between the free energy of the liquid F(T) and the free energy of a typical glass state f*(T") at
a temperature T', which is precisely the temperature times the complexity. This is confirmed

(L17)
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by direct calculations of the complexity (see the next section). The equilibrium complexity is
finally obtained as ¥(7") = X(f*;T). It is often called the configurational entropy as it quantifies
the number of typical metastable states at a given temperature.

The metastable states correspond to distinct regions of the phase space which are made of
a set of configurations that are connected by thermal vibrations of the particles. It is then
reasonable to associate a different density profile

N
pal@) = <Z 5a — >> (L18)
=1 o

to each metastable state a, where the brackets stand for a thermal average over the metastable
state « only. By starting from density functional theory, a free energy landscape functional
Flp(x)] can be conceptually defined [122, 142, 143]. On general grounds, the emergence of the
metastable states in the equilibrium dynamics is expected to be associated with the emergence of
many metastable minima in the functional F[p(x)] (i.e., in the free energy landscape). Therefore,
the complexity can in principle be derived by first computing F[p(x)] and then by counting
the number N (f;T) of its minima of free energy f [144]. However, deriving the free energy
functional from first principles has been impossible so far. The construction is however possible
in the context of mean-field spin glasses and it is known as the TAP approach [145-148]. In
the following section, we explain how to compute the configurational entropy, even without a
detailed description of the free energy landscape.

Before, we stress once again that a metastable state is not a mere configuration but a set
of configurations in the phase space. In other words, the free energy landscape should not be
confused with the potential energy landscape which corresponds to the total potential energy
of the system as a function of the positions of the particles (i.e., the Hamiltonian H[rN]).
Accordingly, the metastable states should not be confused with the potential energy minima
which are called inherent structures [149]. Free energy minima and energy minima only coincide
at zero temperature.

2.3.2 COMPUTATION OF THE CONFIGURATIONAL ENTROPY AND THE KAUZMANN
TRANSITION

In order to compute the complexity, one can usefully introduce m replicas'? or copies of

the same liquid and assume that the m replicas are constrained to be in the same metastable
state [150]. The partition function of this replicated system of m copies then reads

Z(T) = Y e Vimda — / dfeNEGT)-mBY), (1.19)

The latter results in a replicated free energy

FnlT) = f{mf ~ TS(f; T)} = mf*(T) = TS(7 T), (1.20)
where f*(T) is the solution of

d . _m

D =T (1.21)

2The use of replicas to deal with disordered systems is extensively discussed in Chap. II.
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F1G. 1.8 | Schematic evolution of the complexity X(f;T) at a low-enough temperature T (typically
for T' < Tq). The configurational entropy vanishes at f = fiin(T), it increases with f and it drops
discontinuously to zero at f = fiax(T). The typical free energy f*(T") of the metastable states at
a temperature 7' is given by the graphical solution of Eq. (I.17).

By computing the replicated free energy for an integer number m of replicas and by then
performing an analytical continuation for any real number m, one can derive both the typical
free energy of the glassy metastable states [151]

oF,
(T) = —= T 1.22
(1) 8mmﬁl()’ (1.22)
and the configurational entropy
10 (F
ST =3(fT)= =—— [ = T). 1.2
1) =S(6T) = g ()| @ (1.23)

From the parametric plot of ¥(f*;T) with respect to f*(T'), one can eventually reconstruct
the curve 3(f;T). The shape of this curve is system-dependent but its schematic evolution is
displayed in Fi1G. 1.8. The thermodynamics of the system can now be discussed in the light of
the evolution of the complexity. We restrict ourselves to the case T' < Ty'3.

For temperatures T' < Ty, the evolution of the complexity is usually monotonic with f in a
range [ fmin(T), fmax(T')] and the typical free energy of glassy metastable states f*(7T') is obtained
by the graphical solution of Eq. (I.17). The value of the complexity at this free energy gives
the configurational entropy ¥(7"). As the temperature decreases, 1/7" increases and both f*(T')
and the configurational entropy decrease. Qualitatively, this means that as the temperature is
reduced, the typical free energy of the metastable states decreases but the number of metastable
states which contribute to the free energy of the supercooled liquid also decreases. At this
mean-field level, there is usually'* a temperature Tx < Ty at which f*(T) = fu(T). At
this temperature, the configurational entropy vanishes. This means that the thermodynamics
is now dominated by a sub-exponential number of metastable states which correspond to the
lowest minima of the free energy landscape. Below Tk, the configurational entropy remains
equal to zero'® and the metastable states which were dominating at Tk continue to control

3For T > Ty, metastable states either do not exist or they may exist below an onset temperature but
they do not dominate the thermodynamics.

There are however liquids which do not display an entropy crisis at any finite temperature [126].

5The configurational entropy cannot be negative, see Eq. (I1.15).
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Fia. 1.9 | (Left) Mean-field stress-strain curves for harmonic-sphere and hard-sphere glasses which
are obtained from equilibrium configurations at a density ¢, = 6 (see the caption of FiG. 1.7) and
different temperatures Tg below the dynamical transition temperature (where T = Td? and where
the temperature is expressed in units of the typical interaction energy & between harmonic spheres).
The rescaled stress is ¢ = o/(Td?) where the usual stress o is expressed in units of £/¢3 with ¢
the diameter of the harmonic spheres. Dashed lines represent an approximation of the stress-strain
curve above the Gardner transition [157]. Figure from Ref. [158]. (Right) Rescaled energy é = e/d
(where energies are expressed in units of €) for harmonic spheres as a function of the temperature.
Glasses which are prepared at different initial temperatures leave the supercooled liquid equation
of state and follow distinct glass equations of state. When the system is heated infinitely slowly,
it follows the non-equilibrium glass equation of state until an onset temperature (triangle) where a
spinodal instability occurs and where the glass transforms back to the liquid. Figure from Ref. [159].

the thermodynamic behaviour of the system [152]. At T' = Tk, one can then show that the
free energy F(T') and its first derivative with respect to the temperature are continuous but
the second derivative is discontinuous. This corresponds to a genuine thermodynamic phase
transition' which takes place at Tk between the liquid phase and the ideal glass phase. Glass
formation at the thermodynamic level below Ty is therefore controlled by the number of free
energy minima rather than the value of the free energy at these minima [f*(7") weakly varies with
the temperature and it does not display any singular behaviour while changing the temperature].

Another way of computing the configurational entropy relies on Eq. (I.16). The configura-
tional entropy represents up to a factor T' the difference between the free energy of the liquid
and the free energy of the typical metastable states. Therefore, a direct computation of these
two terms allows for an estimation of the configurational entropy. The computation of the glass
free energy requires to constrain the integration over the phase space to a given metastable
state. In practice, this is done by introducing a penalty in the Hamiltonian of the liquid for
large excursions from a given reference density profile. This construction, which is known as the
theoretical Franz-Parisi construction, is extensively described in Chap. II [153-156].

2.4 PROPERTIES OF THE NON-EQUILIBRIUM GLASS PHASE IN INFINITE DIMENSIONS

The non-equilibrium behaviour of glasses can also be investigated in mean-field theory by
using the constrained thermodynamics formalism, which is described in the next chapter, along

16This thermodynamic phase transition is not of second order because the associated order parameter
jumps discontinuously, see the next chapter. It is thus often called a random first order transition [122].
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with the state-following formalism to follow glasses that are prepared in equilibrium conditions
at an initial temperature down to any lower temperature [160]. The behaviour under applied
quasi-static shear [158, 161] is summarised in F1G. 1.9. An elastic regime with a linear behaviour
is first observed which extends on a range that broadens as the initial temperature decreases
and the glass stability conversely increases. This behaviour is followed by the plastic regime
which corresponds to a spinodal beyond which metastable states no longer exist. For a high
glass stability, a stress overshoot is found at the yielding transition.

The behaviour of glasses upon cooling or heating can also be investigated in the mean-
field limit, see F1Ga. 1.9. By starting from equilibrium configurations and by following a typical
glassy metastable state upon cooling, one finds the glass equation of state which lies above the
equilibrium curve. When the glass is further heated infinitely slowly, the metastable state can be
followed to higher temperatures than the one at which it first fell out of equilibrium. The glass
eventually melts and it transforms back to the liquid at the onset temperature, which increases
with increasing the glass stability [159].

The mean-field theory provides a complete framework to describe structural glasses and
supercooled liquids with arbitrary interaction potentials between constituents. Other physical
properties can also be analysed in this context, for instance the jamming transition and the
vibrational properties of glasses [126, 162, 163], or the Gardner transition [157, 162].

3. TOWARDS A THEORY OF THE GLASS TRANSITION IN FINITE DIMENSIONS
3.1 THE FATE OF THE METASTABLE STATES IN FINITE DIMENSIONS

In the previous section, we have reviewed the main results which have derived over the last
decade from the mean-field theory of the glass transition for particle systems in the limit of
infinite dimensions of space. First, an increase in the relaxation time is found when decreasing
the temperature or increasing the density, with a power law divergence at a dynamical transition
temperature Ty in a similar spirit as in experiments. Below Ty, the dynamics is arrested (the
relaxation time is truly infinite in the thermodynamic limit) because the liquid remains trapped
forever in one of the numerous metastable states which dominate the thermodynamics for T' <
Tyq. Therefore, in mean-field theory, there is a direct connection between the dynamics and
the thermodynamics of supercooled liquids. In addition, the thermodynamics of supercooled
liquids reveals the existence of an exponentially-large number of metastable states below Tj.
The configurational entropy which quantifies the logarithm of this number (per unit particle)
vanishes at a lower temperature Tx. This corresponds to a genuine thermodynamic phase
transition from the supercooled liquid to the ideal glass. This is similar to the extrapolated
entropy crisis which was first found by Kauzmann but it is exactly realised at the mean-field
level and it does not rely on any extrapolation. Indeed, if one assumes that the vibrational
properties and the internal energy of the glass and the crystal at the same temperature are
similar, then the mean-field rigorously-defined configurational entropy is comparable (but not
rigorously equal [114, 164]) to the excess entropy. Finally, the out-of-equilibrium properties of
glasses in mean-field can be investigated. In particular, one can follow the behaviour of the
metastable states when shearing or heating a glass and they are in qualitative agreement with
finite-dimensional glasses.

Mean-field theory thus reproduces the main features of the phenomenology of glassy systems.
A way then to deal with finite-dimensional glasses and supercooled liquids is to consider 1/d as
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a small parameter to compute expansions from the idealised mean-field limit. This is similar in
spirit to what is done in gases and solids (see the beginning of this chapter). However, there
is a strong caveat: the dynamical transition is smeared out when d is finite no matter how
large, and consequently the metastable states are no longer well-defined because they have a
finite lifetime [144]. This is problematic since the dynamics, the Kauzmann transition and the
behaviour upon shearing or heating all rely on the very existence of the metastable states and
on their properties as a function of the temperature or of a non-equilibrium driving. Ergodicity
is thus restored below Ty and presumably down to Tk. This comes from the mean-field nature
of the d — +oo limit as, in this case, the liquid is fully-connected (a given particle interacts
with a diverging number of neighbours). In other words, the actual liquid below Ty does not
remain stuck forever in a metastable state but it can escape from the corresponding free energy
minimum due to non-perturbative activation processes which do not exist in mean-field [124].
Incorporating activated events and fluctuations in the mean-field theory of the glass transition
quantitatively has been impossible to date (see however Ref. [165-168] for first attempts by
using instanton calculations [169]). As activation processes are non-perturbative, this would
require non-perturbative functional renormalisation group techniques [170] (see Ref. [171] for
a tentative perturbative approach via a Migdal-Kadanoff approximation). As a result, the
theoretical description of finite-dimensional glass-forming liquids so far relies on scaling laws
and qualitative discussions which are usually grouped under the “mosaic state” scenario of the
random first order transition (RFOT) theory [122]. This is the object of the next section.

3.2 SPATIAL DEFINITION OF THE METASTABLE STATES: THE POINT-TO-SET LENGTH

In this section, we explain why metastable states cannot exist as such in finite dimensions as
they are unstable with respect to the escape to another metastable state (activation process).
The argument relies on a gedankenexperiment [124, 144]. One first assumes that the free energy
landscape still displays several metastable minima of density profiles p,(x) and free energies
per unit volume f,(7") but with now finite barriers between them. Then, one assumes that all
the particles of the liquid are frozen in a metastable state a, except within a cavity of radius R
which is free to equilibrate and to explore the phase space at a temperature 1" in the presence
of the amorphous boundary. The state « is assumed to be typical at the temperature T, i.e.,
fa(T) = f*(T). When the cavity is in a metastable state v # «, there is a mismatch between
the density profiles at the boundary of the cavity. Accordingly, one should account for a free
energy penalty by introducing a generalised surface tension T, between states o and « and the
corresponding free energy cost TMRG with § < d — 1. When 6 = d — 1, one recovers the usual
surface tension term (up to a prefactor which corresponds to the solid angle in d dimensions).
This is what was advocated in Ref. [172] by considering a Kac version of a model spin glass which
shares similarities with the behaviour of supercooled liquids (see Chap. II). Instead, values of
0 < d — 1 take into account a renormalised value of the exponent due to wetting phenomena
or complex geometries of the interface [173]. For instance, the value § = d/2 was advocated in
Ref. [122, 174].

In order to determine the thermodynamics of the cavity, one computes its partition function,
which reads

Z(R,T) = ¢ Vaf'0fa N~ o= VaRI5/ B s (1.24)
y#a
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with Vj the volume of the unit sphere in d dimensions. In the continuum limit, by introducing!”
Nalf, T3 T) = pa( XIS TIN(f3T) = pa( X1 £ )t 820D, (1.25)

the number of states v of a given free energy per unit volume f and a given surface tension T
with the state «, along with the conditional probability p,(Y|f;T) to have a surface tension T
given that the free energy per unit volume is f, one finds

Z(R,T) = e Valt"Blo 4 / df / AYpo (Y |f; T)e VR BF—RIFX+VaRIS(ST) (1.26)

The above integral can be approximated by the Laplace (saddle-point) method in the limit of
large R. The integral over the free energies is dominated by the value f*(T") of the typical free
energy of glass states at the temperature T if p,(Y|f;T) is sub-dominant. The integral over the
surface tensions is instead dominated by the lowest values and this can lead to a renormalisation
of the exponent 6 if the conditional probability is not of finite range because of arbitrary-low
surface tensions [175]. In any case, after the saddle-point approximation, the partition function
reads (with a possible renormalisation of )

Z(R,T) = e VA" [1 4 e BPTHVARIT) (L1.27)

where k is an irrelevant normalisation constant and where Y*(7T') is a typical surface tension
scale (we recall that the metastable state « is typical at the temperature T'). Eventually, one
finds for the free energy per unit volume in the large R limit

_ T _ T —ROBY*(T)+V, RIS(T)
F(RT) = 3 pmn Z(R.T) = f*(T) = g In |1+ re a ]
B f*(T) for R <« prs(T), <I'28)
"D =TS + O(RED)  for B> gprs(T),

where two different extreme cases are distinguished, which depend on the value of the radius
R of the cavity with respect to the maximum of the argument of the exponential in Eq. (1.27),
namely,

OY*(T 1/(d—0)
()] (1.29)
dVyT>(T)

If the radius of the cavity is R < &prs(T'), then the free energy of the cavity is the one of
a single glassy metastable state. The cavity is too constrained by the boundary and the only
thermodynamic state which is relevant for the thermodynamics is the same as the one outside
the cavity. The system belongs to a well-defined metastable state and behaves as an ideal glass
even above Tk. On the opposite, if R > &prg(T), the exponential term dominates, and the free
energy of the cavity is given by an expression similar to Eq. (I1.16), except for the surface free
energy term which vanishes if R — +o0o. This means that the cavity is no longer in a single
metastable state but it instead resembles a mosaic, and each piece of the mosaic corresponds to
a given metastable state.

Eprs(T) = [

From the previous argument, one concludes that the metastable states in finite dimensions
are only defined up to a certain lengthscale {prg(7") which is called the point-to-set (PTS) length.
For linear sizes larger than the PTS length the liquid cannot belong to a single metastable state:

"In this section, the complexity is defined per unit volume.
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it forms a pattern of different metastable states of typical size {ppg(7") which can of course
fluctuate. This is because the system wants to explore the other metastable states despite the
surface free energy cost and it prefers gaining entropy. The PTS length also receives another
interpretation. This is the typical length over which an amorphous order extends in finite
dimensions. Indeed, if the cavity is of radius R < &prs(7'), then the only physical state which
can be sampled by the cavity is the state that is imposed by the state outside the cavity, namely,
on the boundary. In other words, the PTS length quantifies the spatial correlations between a
particle inside a cavity and the set of particles on the boundary of the cavity, hence its name. The
PTS length grows as the temperature decreases as the configurational entropy also decreases.
It diverges as (T — TK)_(d_e) if there is an entropy crisis, as the configurational entropy can be
linearised close to Ti. In other words, there is a growing amorphous order in the liquid at lower
temperatures with a diverging lengthscale at Tk as for usual second order phase transitions. To
detect amorphous order, one has to introduce two copies or replicas of the same liquid and to
consider the overlap or similarity between them [176], which is extensively discussed in Chap. IV.

The construction with a cavity in a frozen environment has been implemented both in ex-
periments [177] and in computer simulations [178-180] in order to measure the PTS length.
A modest increase when decreasing the temperature has been reported. In addition, the con-
nection with the configurational entropy has been studied [181, 182]. The computation of the
latter requires to consider constrained systems to avoid the escape from the metastable states
and to compute the free energy of the individual glass states [114, 164, 181], see Eq. (I1.16).
The constrained thermodynamics is extensively discussed in Chap. II and its implementation in
finite dimensions by using computer simulations is the object of Chap. III.

3.3 ACTIVATION AND THE ESCAPE FROM THE METASTABLE STATES

So far, the focus has been made on the statics and on the formulation of what could be a
mean-field-like scenario of the glass transition in finite dimensions. However, the relaxation of
the mosaic liquid below T4'® has not been discussed. The dynamics below T} is assumed to be
activated, which is a reasonable assumption since the liquid is described as a mosaic of different
patches in different free energy minima (metastable states). A droplet of size smaller than the
point-to-set (PTS) length £prg(7’) cannot relax as it remains trapped forever in a metastable
state: it behaves as the mean-field ideal glass. For droplets of size R > &prg(7T'), the free energy
barrier to relax is expected to grow with R and therefore the fastest regions to relax are the
smallest, namely, the ones of linear extent £prg(7") [185]. The decorrelation of the droplets of
size Eprs(T) drives the relaxation of the entire mosaic liquid and their relaxation time should
thus be similar to the a-relaxation time 7,(7") of the liquid. Rare fluctuations bring the patches
of size £prs(T) to another metastable state via a barrier crossing, and a reasonable assumption
is that the free energy barrier scales as [¢ps(T)]¥ in analogy with systems that are pinned by
random boundaries [186], where 1) < d is a new exponent [172, 187]. This leads to

o [20)] o
70 T T[S(T)]%/ @0

(1.30)

where 7y is a microscopic timescale. We note that entropic effects for the selection of the final
metastable state have not been taken into account, which are likely to decrease the relaxation

8 Above Ty, the mode-coupling theory (or mean-field theory) may correctly describe the dynamics [183].
However, the crossover from non-activated dynamics to activated dynamics at the avoided dynamical
transition remains elusive [125, 184].
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time [144].

Eq. (1.30) directly relates the relaxation time below the avoided dynamical transition to the
configurational entropy. The slowing down of structural liquids is then accounted for by the fact
that the number of accessible states for the droplets that compose the mosaic liquid decreases as
the temperature decreases, or equivalently by the fact that the dynamics becomes increasingly
collective. The above equation predicts that the a-relaxation time significantly increases when
approaching the Kauzmann transition and it truly diverges when T' = Tk along with the PTS
length. In addition, if one linearises the configurational entropy close to Tk, the a-relaxation
time is found to follow a generalised Vogel-Fulcher-Tammann (VFT) law [124, 144], namely,

Ta(T) 1
ln[ . }N T (L.31)

with o = 9/(d — 0). Experimental data are usually fitted with a VFT law (with o = 1) but of
course this does not represent a proof of any kind, as other fitting functions which come from
different theories of the glass transition perform equally well [98, 188].

A similar relation as Eq. (1.30) was already derived by Adam and Gibbs in 1965, with ¢ = d
and # = 0 (a = 1) [189]. By assuming that the liquid is formed by cooperatively rearranging
regions which can explore a finite number of states, and that each of these regions relaxes due to
activated events, the configurational entropy and the a-relaxation time were related. Eq. (1.30)
and its formulation by Adam and Gibbs have been extensively discussed by using computer
simulations in Ref. [190]. While the latter is found incompatible with the numerical results,
the former instead reproduces the data well and measurements of the exponents # and 1 have
been provided. Yet, there is no theoretical prediction for the exponents which is rooted in first
principle calculations.

Overall, measurements of the configurational entropy and of the PTS length establish that
the glassy slowdown is indeed accompanied by growing thermodynamic fluctuations which are
predicted by the finite-dimensional version of mean-field theory, namely, the random first order
transition theory. In addition, a direct comparison between the statics and the dynamics reveals
that there might be connections between the two and that the dynamics could be driven by a
putative thermodynamic phase transition at Tk.

3.4 DYNAMIC HETEROGENEITIES AND DYNAMIC FACILITATION

So far, we have discussed the dynamics of the liquid below Ty as the independent relaxation of
blobs of typical size {prs(T') due to rare fluctuations which lead to the transitions of the patches
of the mosaic liquid from one metastable state to another. This picture of the relaxation of
the supercooled liquid naturally gives rise to dynamic heterogeneities as all the patches are not
going to relax at the same time (see Sec. 1.1.3). In particular, the random first order transition
(RFOT) theory predicts a non-monotonic dynamic susceptibility x4(¢) with a maximum value
for t ~ 7,(T) and a growing dynamic four-point correlation length £4(¢) which saturates to £q(7")
of about few {pg(7) [191].

However, there are two limitations of the description of the dynamics within the RFOT
framework we have made so far: (i) it does not account for the stretching of the dynamic
time correlation functions and (ii) measurements suggest that the dynamic correlation length
&4(T) grows more rapidly than the point-to-set (PTS) length {ppg(T") for decreasing tempera-
tures [192]. In order to account for these, two modifications of the results of the previous section
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should be made. On the one hand, a reasonable assumption is that the mosaic domains are
distributed in size [122, 144, 174] and shape [193]. This naturally leads to a distribution of free
energy barriers for the transitions between the metastable states, and to a corresponding distri-
bution of the droplet relaxation times [194]. The relaxation should then start with the smallest
domains and eventually end with the largest ones, to give rise to larger dynamic heterogeneities
and a stretching of the correlation functions. However, there is no indication of what should
be the form of the distribution of the free energy barriers and only reasonable guesses can be
made [168, 195]. The numerical work of Chap. V is a tentative to measure the actual spatial
fluctuations of the PTS length (or equivalently of the configurational entropy), which is usually
referred to as the “self-induced” disorder of glass-forming liquids [196, 197] (see Chap. II).

On the other hand, if one droplet relaxes and reaches another metastable state, then the
neighbouring droplets experience another amorphous boundary. This is likely to change the bar-
rier for escaping their own metastable state, and to consequently trigger relaxation nearby [195].
Facilitation effects are therefore expected and they may give rise to correlations in the dynamics
on larger lengthscales than the PTS length [144]. Facilitation effects are at the core of an-
other theory of the glass transition, namely, the dynamic facilitation theory. In this framework,
the relaxation of supercooled liquids is described as the mobility invasion from excitations or
defects of purely dynamic origin [112, 198-200]. This theory was built on lattice Kinetically
Constrained Models (KCMs) with binary on-site variables, namely, the presence or the absence
of an excitation [201]. These models have trivial thermodynamics (typically the one of a non-
interacting lattice gas) and non-trivial dynamic rules for the spatio-temporal evolution of the
excitations [202]. These rules result in a glassy slowdown which is similar to what is found in
supercooled liquids. As a consequence, the dynamic facilitation theory is based on the fact that
there is no connection between the thermodynamics and the dynamics, contrary to the RFOT
theory [see Eq. (1.30)]. In particular, one of the main differences with the RFOT theory is the
nature of the first relaxation events. While they are rooted in the thermodynamics as far as the
RFOT theory is concerned, they represent purely dynamic defects in the dynamic facilitation
theory. Trying to reconcile the RFOT theory with dynamic facilitation remains a big theoretical
challenge, see however Ref. [203-205] for first attempts. In Chap. VI, we assess the respective
roles of dynamic facilitation and activation in the dynamics of supercooled liquids close to T,
by means of computer simulations.

4. STRUCTURE OF THE MANUSCRIPT

The present work aims at studying the meaning and the consequences of the description of
glass-forming liquids in terms of a “complex free energy landscape” which is characterised by a
multitude of “metastable states”!®. As summarised in this introduction, this description is at the
core of the mean-field theory of glass formation and its extension in the form of the random first
order transition theory. Yet, what remains of this construction in two- and three-dimensional
supercooled liquids and glasses? We delve into this question by using different strategies and
mostly by means of state-of-the-art computer simulations.

In Chap. II, we introduce the formalism of constrained thermodynamics in the mean-field
theory of the glass transition along with the order parameter of the random first order transition,
namely, the overlap or similarity between equilibrium configurations. We show that the changes
in the free energy landscape, in particular the emergence of a multitude of metastable states

9The quotation marks emphasise that these concepts are a priori ill-defined in finite dimensions.
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and their subsequent rarefaction as the temperature is lowered, directly translate into thermo-
dynamic singularities in an extended phase diagram when considering the temperature 7" and a
source € that is linearly coupled to the overlap as control parameters. A line of conventional first
order transition for finite € emerges from the random first order transition at Tk, and it ends
in a critical point at a higher temperature 7, and a non-zero field e.. We also discuss the fate
of these thermodynamic singularities in finite dimensions in the framework of statistical field
theory and of previous numerical works.

In Chap. III, we study the statistics of the overlap order parameter and the constrained
thermodynamics of glass-forming liquids in finite dimensions by means of computer simulations.
We first show that the glassy slowdown is accompanied by growing thermodynamic fluctuations
of the overlap order parameter as the temperature is decreased, which may lead to singularities
in the thermodynamics of constrained glass-formers. We then go beyond all past studies by
considering constrained glass-formers in 2d and 3d and we show that they display very different
behaviours. For the first time, we are able to perform a bona fide finite size scaling analysis in
order to characterise the transitions in the phase diagram (e,T") of glass-forming liquids in the
thermodynamic limit. In particular, we provide strong evidence that the critical point at the
end of the first order transition line at (e.,7¢) is in the universality class of the random-field
Ising model (RFIM) and that its lower critical dimension is d = 2. We thus demonstrate the
robustness of the mean-field/random first order transition (RFOT) theory in finite dimensions,
and for the first time we emphasise a genuine thermodynamic phase transition in the physics of
glass-forming liquids, which is not rounded by finite-dimensional fluctuations [206] (as opposed
to the dynamical transition for example). The results of this chapter strengthen the analogy
between supercooled liquids and the RFIM, and they suggest the measure of a number to quan-
tify the effective “self-induced” disorder in glass-forming liquids. In particular, we expect that
performing the analysis of Chap. III in several model glass-formers could lead to a quantitative
comparison of the effective disorder in different supercooled liquids, which could later be used
to rationalise their equilibrium [207, 208] and non-equilibrium dynamic properties [85].

In Chap. IV, we come back to mean-field theory and we discuss the properties of the order
parameter for the ideal glass transition at Tk, namely, the overlap between liquid configurations.
The latter, which quantifies the similarity between configurations of the liquid, is defined up to
a tolerance length whose influence we study systematically. We show that the thermodynamic
properties of constrained supercooled liquids in their phase diagram (e, T) are strongly dependent
on the coarse-graining (tolerance) length in the definition of the overlap, while the dynamical
and static transitions at Ty and Tk respectively are not. These conclusions also hold in finite
dimensions and they are backed by computer simulations. The results of this chapter have
practical outcomes and they are likely to ease the computer simulations of constrained glass-
forming liquids in the future, which have proved useful in Chap. III to study the complexity of
the free energy landscape in finite-dimensional glass-formers. In particular, they open the way
for moving the critical point for € > 0 to higher temperatures by a clever choice of the tolerance
length, and consequently for considering larger system sizes to approach the thermodynamic
limit. Our results also shed light on the structure of the free energy landscape, and they suggest
the definition of a new static landscape-inspired “onset temperature” below which “metastable
states” manifest themselves.

In Chap. V, we manage to directly assess the “self-induced” disorder in a model glass-former
and to measure the fluctuations of the point-to-set length, or equivalently of the configurational
entropy, which are introduced in the RFOT theory to account for the static finite-dimensional
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fluctuations and the dynamic heterogeneities. By constraining a glass-forming liquid with a
field € which is only applied locally in a given region of space, i.e., which is linearly coupled to
the local overlap only, we show strong thermodynamic local fluctuations, which account for the
local fluctuations of the configurational entropy, and we study for the first time their statistics
and their spatial organisation. This opens new directions of research, in particular to study the
correlation with other structural indicators or the propensity, and to assess the connection (if
any) between the statics and the dynamics at the mesoscopic scale in glass-forming liquids.

In Chap. VI, we study the dynamics of glass-forming liquids at very low temperatures via
computer simulations. We are able to surpass all previous numerical studies thanks to the swap
algorithm [54] which allows for a fast thermalisation of size-polydisperse glass-formers down
to very low temperatures, and to investigate time and temperature ranges which are directly
comparable to experiments. In comparison, computer simulations are usually limited to the
first microseconds of the dynamics of supercooled liquid (we recall that at the glass transition
temperature T, the experimental relaxation time is about 102 s). We demonstrate for the first
time the existence of excess wings in the relaxation spectra of a model glass-former in agreement
with the experimental relaxation spectra close to Ty and we are able to unravel its origin which
has been the subject of intense debates for decades. We are also able to rationalise the whole
shape of the experimental relaxation spectra by assessing the relative roles of activation and
dynamic facilitation in the equilibrium dynamics of supercooled liquids. This paves the way
towards a confrontation and/or a conciliation of the RFOT theory and the dynamic facilitation
theory.

In Chap. VII, we study the non-equilibrium properties of the glass phase, which depend on
its stability. However, physical aging often results in weak changes of the latter on reasonable
timescales, and this forbids the systematic investigation of the influence of glass stability in
computer simulations, in particular for metallic glasses with a few number of components for
which the above swap algorithm cannot be implemented. We present numerical protocols to
generate metallic glasses of higher stability than the ones which are obtained by direct aging in an
archetypal model glass-former, namely, the Kob-Andersen model. The stability of the generated
glasses is analysed by rheology and heating procedures, but also thanks to the inherent structure
energies and the fictive temperatures. This allows for a wider exploration of the influence of
glass stability in the future. This also opens new research avenues in the study of stable metallic
glasses in computer simulations, namely, brittle yielding or melting.

In Chap. VIII, we finally conclude and detail several perspectives.

In Chap. IX, we provide a summary of this work in French.
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I1 AN INTRODUCTION TO THE THEORETICAL
FRANZ-PARISI CONSTRUCTION

In this chapter, we describe the Franz-Parisi theoretical construction which enables one to
probe and to characterise the complexity of the free energy landscape of glass-forming liquids.
This construction consists in studying the thermodynamics when the system is constrained
to stay at a finite overlap with a reference configuration of the same system. The overlap
corresponds to the order parameter of the thermodynamic glass transition and it physically
represents the degree of similarity between the two replicas (configuration of the constrained
liquid and reference configuration). Equivalently, the liquid evolves at a temperature 7" with a
finite attraction of typical strength € with a reference configuration. The latter in effect acts as a
source of quenched disorder. The reference configurations correspond to the typical equilibrium
configurations at a temperature Ty. We first present the general statistical mechanics framework
to describe the behaviour of the constrained liquid. The thermodynamics of the constrained
liquid can be related to the properties of the unconstrained liquid (with e = 0) via a change
of thermodynamic ensembles. In this connection, the Franz-Parisi potential quantifies the free
energy cost to constrain the overlap to a given value in the unconstrained liquid, and it plays a
crucial role. We then review mean-field results of a spin glass system, namely, the spherical p-
spin, whose behaviour shares similarities with structural glasses. In particular, we summarise the
calculations of the Franz-Parisi potential and of the phase diagram (e, 7"). The latter displays
a first order transition line between a delocalised phase of low overlap and a localised phase
of higher overlap, which ends in a critical point. We discuss how the thermodynamics in the
plane (¢, T) is a way of detecting changes in the free energy landscape which do not affect the
thermodynamics of the liquid on the ¢ = 0 axis. We extend previous studies of the spherical
p-spin, and we present new results about the systematic influence of the temperature of the
reference configuration 7Ty in the quenched Franz-Parisi setting. In particular, we show that the
critical point moves to a higher temperature and a larger source when Ty decreases. We then
present recent statistical field theory arguments beyond mean-field theory which establish that
the critical point is in the universality class of the random field Ising model (RFIM), provided
it survives despite finite-dimensional fluctuations. Likewise, the first order transition becomes
a first order transition in the presence of quenched disorder. We then extend already published
works by showing that the mapping onto the RFIM close to the critical point holds for any
temperature Ty of the reference configuration, and we discuss the influence of Ty on the strength
of the effective random fields. We end with a review of existing computer simulation studies of
constrained glass-forming liquids in finite dimensions, and we list our directions of study which
are pursued in Chap. III. This chapter is therefore a mixture of a review of existing formalisms
and results and of a few new contributions.
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1. PRESENTATION

The mean-field theory of the glass transition relates the glassy slowdown to the emergence
of a large number of free energy minima. Below the dynamical transition temperature Ty, the
phase space splits into an exponentially-large number of disconnected components which are
called metastable states and which dominate the thermodynamics. The configurational entropy
Y(T) is the logarithm of this number (per particle) and it decreases when the temperature also
decreases until it vanishes at the Kauzmann transition temperature. At this temperature, a
phase transition towards the ideal glass phase occurs.

A convenient theoretical way of studying the complexity of the free energy landscape of
glass-formers has been put forward by Franz and Parisi [148, 153]. It relies on the constrained
thermodynamics which has been briefly discussed in Chap. I. Instead of merely studying the
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€

F1a. I1.1 | Sketch of the Franz-Parisi setting: a replica of a glass-forming liquid (in blue) evolves
at a temperature T, and its overlap with a reference replica of the same liquid (in yellow), which
is sampled at equilibrium at a temperature Tg, is linearly coupled to a source e. Equivalently,
the constrained liquid evolves in the presence of quenched disorder which is represented by the
reference configuration that exerts attractive forces. With a small attraction between the two
copies, the average overlap between the replicas is almost zero (delocalised phase) while it grows
when ¢ increases (localised phase).

liquid, the Franz-Parisi (FP) method then consists in analysing the thermodynamics of two
coupled supercooled liquids in the presence of a finite attraction between them, see F1G. II.1.
One thus introduces two replicas of the same liquid, in a similar spirit as in the Monasson
construction which has been introduced in Chap. I [150]. The strength of the attraction is
denoted by e. In the FP construction, the overlap between the two copies or replicas of the
liquid is the order parameter which enables one to distinguish between a delocalised (liquid)
phase of typical overlap Qrang < 1 and a localised (glassy) phase with a significantly larger
overlap Qs ~ 1. The overlap can be computed from the positions of the N particles in the first

r{ and the second 73 replicas, and it reads

Qs r) = 5 X wllrns — /o), ()

i7j

where the sums run over all indices i,7 = 1...N. In the above equation, w(x) is a window
function which decreases from 1 to 0 on a scale O(1), whose precise expression is not important
for now. The parameter a stands for the tolerance length modulo which one considers two
particles as overlapping. Its role is discussed at length in Chap. IV. Here, we just emphasise
that the tolerance length should be taken as a fraction of the average diameter of the particles.
If a is taken too large, then a particle can have a significant overlap with several particles in the
reference configuration, and the average overlap @ can exceed 1, which may seem unphysical. In
addition, the mean-field theory of the glass transition pictures the phase space of glass-forming
liquids as a set of configurations which forms a single metastable state and which corresponds
to a particular average density profile that slightly changes from one configuration to another
due to thermal vibrations [121, 126, 174]. The tolerance length is precisely designed to account
for these vibrations within a single metastable state in the definition of the overlap.

Two different settings can be imagined. In the annealed setting, both replicas are consid-
ered on an equal footing and they feel the attraction when they explore the phase space at a
temperature 7. In the quenched setting instead, there is an asymmetry between the two repli-
cas. One replica, which we now call the reference configuration and which we denote by r{, is
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instantaneously frozen after it has been sampled with the unconstrained Hamiltonian

A = 53 wllro; — ro ) (112)

i<j

where v(r) is the pairwise radial interaction potential between two particles, and where the sums
run over all particles i, 7 = 1... N. The reference configurations are sampled at a temperature
Ty. The other replica, which we now denote by 7%, explores the phase space at a tempera-
ture T" and it is constrained due to a finite attraction of energy strength e with the reference
configuration. The temperature T' can be equal or not to Ty. When T = Tj, the reference
configurations represent configurations which are relevant for the thermodynamics of the liquid
at the temperature T. Instead, choosing Ty < T allows for an exploration of different regions
of the free energy landscape, and in particular of metastable states which are typical at lower
temperatures [148]. For instance, this could be relevant for the description of the melting of
ultrastable glasses [99, 209]. In the remaining of this chapter (and the following ones), we focus
on the quenched setting which is the more relevant to describe the properties of the free-energy
landscape of glass-forming systems.

The coupling between the two replicas of the same liquid is implemented by linearly biasing
the overlap between the two configurations with a source € in order to favour large overlap values
when € > 0. A thermodynamic constraint is thus imposed to the overlap in order to forbid the
complete decorrelation between the replicas. The Hamiltonian of the constrained liquid when it
is coupled to a reference configuration becomes

FIE[TN;T(])V] = ﬁ[rN] — NGQ[TN;TéV] = %Zv(\m —rjl) — eZw(]n —ro;l/a), (IL.3)

i<y 0,J

where once again the sums run over all particles ¢,7 = 1... N, and where the minus sign in front
of the second term in the right-hand side implies that the two replicas are coupled attractively
when € > 0. We note that the parameter a can also be seen as the attraction range between the
two replicas.

At a fixed temperature T, the state of the constrained liquid is obtained by minimising its
free energy. At the mean-field level, and for T' = Ty and Tx < T < Ty, the thermodynamics
of the system is ruled by a competition between the configurational entropy and the attraction
energy. The contribution of the configurational entropy to the free energy is —73(T'), while the
attraction energy contribution scales like —e. At low fields €, the entropic term dominates the
free energy and the system maximises its entropy. Its thermodynamics takes contributions from
the exponentially large number of metastable states and the liquid is thus in a delocalised phase.
In other words, it has a low overlap with the reference configurations on average. Instead, if €
is increased so that € > T'X(T'), then the attraction energy term dominates and the system ends
up in a localised phase. The liquid only explores a narrow region of the phase space, namely,
the metastable state of the reference configuration, and thus it has a large overlap with the
quenched replica on average.

From this simple argument, one anticipates that the thermodynamics of a constrained super-
cooled liquid allows one to unravel the main features of the free energy landscape. In particular,
it reveals the existence of the metastable states and it enables one to assess their properties. In
addition, the FP construction allows one to explore untypical regions of the free energy land-
scape by varying the temperature T of the reference configurations. On the other hand, tuning
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€ enables one to localise the system in one particular metastable state, hence to quantify the
number of these metastable states, or equivalently the configurational entropy. Overall, this dis-
cussion suggests to systematically study the thermodynamics of constrained supercooled liquids
for generic (T, T, €). This is the object of the next section.

2. STATISTICAL MECHANICS FORMULATION
2.1 THE CANONICAL FREE ENERGY F'(¢)

As mentioned previously, the thermodynamic state of the system is obtained by minimising
its free energy at a fixed temperature. For a given reference configuration r{¥, the free energy
per particle F'(e;r)’) at a fixed temperature 7' reads

Flerd) = —ln/drNe_BﬁE[rN""m, (IL.4)

with § = 1/T (the Boltzmann constant is set to unity). The argument of the logarithm in the
previous equation stands for the partition function of the constrained liquid for a fixed reference
configuration 7'0 However, contrary to unconstrained liquids, the constrained liquid evolves in
the presence of quenched disorder which is represented by the reference configurations. In the
thermodynamic limit, the free energy is self-averaging [210], and consequently, it must be equal
to its average over the disorder. The free energy of the constrained liquid thus equals

/dréve_ﬁom’"év]F(e; rév) T /dr(l]\/e—ﬁofl[ré\’} ln/drNe_ML [rsrg’]
F(e) = F(erll) = -
o N —BoH[rY] N N _—BoH[r]] ’
dry e 70710 dry e 70710

(I1.5)
where By = 1/Tp, where the overline is a short-hand notation for the average over the reference
configurations, and where the denominator in the two last equalities corresponds to the partition
function of the unconstrained liquid at a temperature Tp. We note that this free energy F'(e) is
a function of the triplet (e, 7T, Tp).

2.2 THERMAL VERSUS DISORDER FLUCTUATIONS

Once the free energy is computed, thermodynamic properties of the system can be derived
from it by differentiating with respect to the control parameters [4]. First, the average overlap
is obtained by differentiating the free energy once:

/dr /drNe 50H[’“o} —BH[rN ;] }Q[ N. T(J)V]
@.=- 0
/dr /dr o PoH[rY] = BH[rN Y]

where the prime denotes a derivative with respect to the argument and where (.), stands for the

thermal average in the canonical ensemble at a temperature 7', a source € and a fixed reference

configuration 7§

(I1.6)

Likewise, taking the second derivative of the constrained free energy with respect to € yields

(con)

the connected susceptibility ye , which quantifies the disorder-averaged amplitude of thermal
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fluctuations, namely,

X = NB[(Q%)e — (@2 ] = =F" (o), (IL.7)

Geometrically, the connected susceptibility is the slope of the tangent line of the isotherms <Q>€
with respect to e.

In systems with quenched disorder, there are two sources of fluctuations [211, 212], namely,
thermal fluctuations and disorder fluctuations. In other words, the connected susceptibility
which is defined in the previous equation differs from the total susceptibility which quantifies
the total amount of overlap fluctuations,

X0 = N g [<@2>6 - <@>f} . (IL8)

The difference between the total and the connected susceptibilities represents the overlap fluc-
tuations due to the change in the reference configurations. These disorder fluctuations are
quantified by the disconnected susceptibility

ngis) _ thot) _ chon) = N§ [<Q>z _ @)62} , (11.9)

which cannot be obtained from a derivative of the free energy F'(e) as it does not correspond
to the average over the disorder of a random thermodynamic quantity. Geometrically, the
disconnected susceptibility represents the typical difference at fixed € between isotherms (Q>€
obtained from differents realisations of the reference configuration. Both the connected and the
disconnected susceptibilities are positive as they stand for variances of the order parameter.

2.3 THE FRANZ-PARISI POTENTIAL V(Q)

So far the focus has been made on the canonical ensemble in which the temperature T
and the field € are control parameters'. But several ensembles can be defined by exchanging the
control parameter and its conjugate variable. For instance, in usual statistical physics textbooks,
the microcanonical ensemble corresponds to the ensemble with the energy as control parameter
while in the canonical ensemble the temperature becomes the control parameter [4]. The change
from one ensemble to the other stands for a Legendre transform.

One thus considers a “microcanonical”® ensemble in which the overlap between the two
replicas becomes the control parameter. One introduces the “microcanonical” free energy which
is called the Franz-Parisi (FP) potential V' (Q) in the context of glass-forming liquids, and which
is now a function of (Q, T, Tpy) [148, 153-156]. By following the lines of the previous paragraph,
the FP free energy in this ensemble reads

T /dr(])ve_ﬁomrm ln/drNe_ﬁmrN]Cs(Q[rN;r(J)v] - Q)
V(Q)=—-—% -
N /dréveﬁoH[rév]

~V(QrY),  (IL10)

!The temperature Ty of the reference configurations is another parameter but it is not a control
parameter in the usual sense for the thermodynamics of the constrained liquid.

2We say that this ensemble is “microcanonical” by analogy with the standard formalism of statistical
mechanics, even though the temperature is still a control parameter.
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where

V(Qird) = —]j\;ln/drNe BHEN5 Q[N 1] — Q) (IL.11)

is the FP potential for a given reference configuration r{¥, which is a self-averaging random
variable. We emphasise that the Hamiltonian which is involved in the definition of the FP
potential is the unconstrained Hamiltonian.

Before expliciting the relation between the FP potential and the constrained free energy,
we note that V(Q) has another physical intepretation, besides being the free energy in the iso-
overlap ensemble. Indeed, the argument of the logarithm in Eq. (II.11) corresponds, up to a
normalisation constant, to the unconstrained probability distribution (namely, for e = 0) of the
overlap P(Q;r{’) for a fixed reference configuration r{’. More precisely, one has that

V(Q;rd) = —% InP(Q;r)) — %1nZ(T), (IL.12)

where Z(T') represents the partition function of the unconstrained liquid at a temperature
T. As a consequence, the FP potential can be seen as the large deviation rate function of
the unconstrained probability distribution of the overlap [213]. This gives a practical way of
computing the FP potential when dealing with computer simulations, see Chap. III. But this
also tells that the FP potential represents the free energy cost to force the unconstrained liquid
to have a given overlap () with a reference configuration. In other words, it is the Landau free
energy which quantifies the free energy penalty for the overlap fluctuations in the unconstrained
liquid [214]. It is closely related to the Landau free energy for the overlap fluctuations in the
canonical ensemble where the liquid is constrained with a source e. Indeed, in the canonical
ensemble, the probability distribution of the overlap for a fixed reference configuration 7 reads

[ arvessne 16(@[ v, rév] Q)
drNe=PHe

Therefore, the Landau free energy for the overlap fluctuations in the constrained liquid is merely
given by

P(Q;rd)eNPe, (I1.13)

VAQirl) =~ WP ) = V(Qir) — Q. (1L.14)

up to an irrelevant additive constant.

2.4 CONNECTION BETWEEN THE FRANZ-PARISI POTENTIAL AND THE CONSTRAINED
FREE ENERGY

Two ensembles have now been introduced in which the control parameter and its conjugate
variable have been exchanged. Therefore, in the thermodynamic limit, the canonical free energy
F(€) is the Legendre-Fenchel transform of the “microcanonical” Franz-Parisi (FP) potential [215,
216], which reads

F(e) = nf{V(Q) — Q} = V(Q) ~ Q. (IL.15)

by using a saddle-point (Laplace) approximation. In the above equality, Q (which depends on
€) corresponds to the location of the minimum in V(Q) — €Q, namely,

V(Q) = e, (I1.16)
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by assuming that V(Q) is differentiable.

Geometrically, Eq. (II.15) indicates that F'(¢) is the minimum distance between the curve of
V(Q) and the straight line of slope e. In addition, it implies that F'(e) is a concave function of
e and that the curve F'(¢) is always below its tangent lines. This concavity property can also be
recovered from Eq. (II.7). In addition, we note that F'(e) is just the minimum of the Landau
free energy for the overlap fluctuations in the constrained liquid (I1.14), as it should.

2.5 ENSEMBLE EQUIVALENCE AND PHASE TRANSITIONS

The constrained free energy has now been related to the Franz-Parisi (FP) potential. But a
natural question which arises is whether a reciprocal relation exists to give the FP potential as
a function of F'(¢). In other words, one wants to know if the FP potential can be expressed as
the Legendre-Fenchel transform of the constrained free energy. This is only possible if the two
ensembles in which ) and € are the respective control parameters are equivalent. In this case,
the FP potential can be written as

V(Q) = sup{F(e) + Q}. (11.17)

Therefore, if the ensembles are equivalent and if Eq. (II.17) correctly gives the FP potential,
then the FP potential must be a convex function of Q.

There are three different situations that can be analysed at this stage, and which depend on
the convexity properties of the FP potential.

» If the FP potential is strictly convex at a temperature T', then the ensembles in which @
and € are control parameters are equivalent. The free energy in each ensemble is obtained
via a Legendre transform of the free energy in the other ensemble.

» If the FP potential is marginally convex at a temperature T' with a straight line behaviour
of slope €" in the range [Q1, Qn] with @ < @, then the ensembles are still equivalent
and the FP potential can be computed as the Legendre-Fenchel transform of the free
energy. However, the free energy has a discontinuity in its first derivative for € = ¢* =

[V(Qn) = V(Q1)]/(Qn — Q1), because
F'(e) = —Q = —arginfo{V(Q) — €Q}. (11.18)

The situation is depicted in Fia. I1.2 (a)-(b) and it thus corresponds to a thermodynamic
first order transition in the canonical ensemble (where € is the control parameter) with a
discontinuity in the overlap order parameter when e is tuned to €*. Indeed, from Eq. (I1.6),
one has that the derivative of the constrained free energy with respect to e corresponds to
the opposite of the average order parameter. More precisely, by combining Eq. (I1.6) and
Eq. (I1.18), one notes that for e = €*, the average overlap jumps discontinuously from Q)
to Qn. Finally, if the range over which the FP potential is linear shrinks to a single point
at which the second derivative of the FP potential vanishes, the first derivative of the free
energy F'(e) becomes continuous but its second derivative diverges, and this corresponds
to a second order thermodynamic phase transition and a critical point with diverging
susceptibilities. Indeed, by taking the derivative of Eq. (I1.16) with respect to €, one finds

that -
1
—@ = —. (I1.19)

=3 = v
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Fia. I1.2 | Schematic representation of the Franz-Parisi (FP) potential V(Q) and the canonical
free energy F'(e) which is obtained via a Legendre-Fenchel transform of V(Q). Geometrically, F'(e)
corresponds to the minimum distance between the curve of V(Q) and the straight lines of slope e,
see Eq. (I1.15). (a) If the FP potential is marginally convex between @) and @), with a straight line
behaviour of slope €¢*, (b) the free energy displays a discontinuity in its first derivative for € = €*.
(c) If the FP potential is not convex, (d) the free energy has a discontinuous first derivative for
€ = ¢" which is obtained thanks to the double-tangent construction to the FP potential. In both
cases, this corresponds to a first order phase transition in the canonical ensemble. In panels (a) and
(c), the full disks mark the minimiser Q in the Legendre-Fenchel transform of the FP potential for
the corresponding value of €, see Eq. (11.15).

» If the FP potential is not convex at a temperature T, then the two ensembles are no longer
equivalent as the FP potential potential cannot be computed from the Legendre-Fenchel
transform of the canonical free energy F'(e€). The constrained free energy F'(e) is still the
Legendre-Fenchel transform of V(@) but the reciprocal is false. This also corresponds to a
thermodynamic first order transition in the canonical ensemble for € = €* with €* obtained
by the double-tangent construction, see F1a. I1.2 (c)-(d).

In mean-field models or in systems with long-range interactions, the FP potential can be
non-convex, and this corresponds to the first and third previous cases. On the opposite, this is
rigorously impossible in finite dimensions with short-range interactions in the thermodynamic
limit [217]. As a consequence, the FP potential must be convex, and only the two first cases
can occur. Overall, this discussion suggests that the thermodynamics of constrained liquids can
be singular with thermodynamic phase transitions and a critical point, which can be detected
from the convexity properties of the FP potential. In particular, a critical point in the canonical
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ensemble at a temperature 7T, and a source ¢, exists if there exists an overlap value Q). such that

V/(QC) = €,
V'"(Q.) =0, (I1.20)
V///(QC) —0.

In the previous system, the first equation gives the value of € at the critical point, while the last
one selects the highest temperature at which the FP potential develops an inflexion point.

2.6 SCHEMATIC COMPUTATION OF THE FRANZ-PARISI POTENTIAL

In this section, we schematically review how the Franz-Parisi (FP) potential can be com-
puted, in order to study its convexity properties and to make some progress in the understanding
of the thermodynamics of constrained supercooled liquids. The most convenient way to compute
the FP potential is to use the “replica trick®” [210], which relies on the following equality:

an:limZ -1

n—-0 n

(I1.21)

If one now rewrites Eq. (I[.10) by using the partition function Z(Q;r{’) of the liquid at a
temperature 7T for a given fixed overlap @ with the reference configuration r{’, namely,

T
V(Qirg) = -5 2(Qimg), (I1.22)
then the FP potential reads
T [Z2@r)) -1
V(@) =~ lim {n ' (11.23)

The quantity Z™(Q;r{’) represents the partition function of n non-interacting replicas of the
same supercooled liquid {rév }a=1..n whose overlaps with the same reference configuration rév
are fixed to (). This “replica trick” thus enables one to replace the logarithm that appears
in the definition of the FP potential by a more tractable expression and eventually the limit
n — 0 must be taken by assuming an analytical continuation. In consequence, it handles the
average over the disorder which is represented by the reference configurations, and it leads to

the following expression of the FP potential:

V(Q) = — lim — { / [ drle 2 BaH[rl] ﬁ 5QrN:rd - Q) — 1} , (11.24)
ZO =0 a=1

where Z is the partition function of the unconstrained liquid at a temperature Ty, where 8, = 8
for a = 1...n, and where the sum in the exponential runs from o« = 0 to o = n. In the following,
we always use greek (resp. roman) indices when they range from 0 (resp. 1) to n.

One can then formally rewrite the previous equation as an integral over all square symmetric
overlap matrices of size n + 1 with diagonal elements equal to 1 and first row and column equal

3This is a trick, as opposed to the two replicas which have been introduced previously and which are
“real” replicas.
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to @ [131, 218], namely,

V(Q)z—hmT{;}/dczm/ﬂdrge-iﬁam’“é” 1 5<Q[r£;r5]—czm>—1}

(I1.25)
The last equation defines an overlap dependent action S[Qq] of order n which is formally ob-
tained by integrating the microscopic degrees of freedom, i.e., the positions of the particles in the
replicas. The factor of N in the last row of Eq. (I1.25) comes from the fact that the Hamiltonian
is extensive and so must be the argument of the exponential. Eventually, the FP potential can
be computed from this action by performing a saddle-point (Laplace) approximation in the limit
of large NV which yields

T g NSz - ‘
V(@Q) =~ lim {eNslQial — 1} = ~T lim 9, S[Q%,). (I1.26)
after doing a Taylor expansion of the exponential whose argument is of order n. The expression
of the FP potential involves the derivative of the action S[Qq-] with respect to the replica index
n, which is denoted 0,. In addition, the free parameters @7, for 1 < a < b < n of the overlap
matrix are solutions of the saddle-point equation

90,,S[Q%,] =0, (11.27)

with 0g,, the partial derivative with respect to Qq, i.e., they maximise the action S[Qa~]-

Even though this recipe can be applied systematically in any glass-forming liquid, in general,
deriving the FP potential from the Hamiltonian by integrating over the microscopic degrees of
freedom is a formidable task [197, 218]. One could then consider effective actions, like the one
of Ref. [167, 168] and from this stage, one could continue the calculations along the lines we
detail now.

To derive the FP potential from Eq. (II.26), one needs to solve Eq. (II.27) which actually
corresponds to a set of n(n—1)/2 non-linear coupled equations. Most of the time, this is done by
considering an ansatz for the replica matrix which is motivated by physical considerations. The
overlap matrix ), corresponds to the matrix of the overlap between equilibrium configurations
at a temperature T which are all forced to have an overlap () with the reference configuration. It
is thus sensible to consider a replica symmetric (RS) ansatz [131, 219] where the overlap between
two equilibrium configurations is the same for all the replicas and is equal to (), namely,

Qup = Qo + (1 — Qo)dap, (11.28)

where 04 is the Kronecker delta, which is equal to 1 when a = b and to 0 otherwise. The free
parameter Qg is the solution of a saddle-point equation. From a mathematical point of view,
the action S[Qq] is symmetric under replica permutations and considering an ansatz which
is consistent with this symmetry is then natural [126]. Even though this ansatz is reasonable
because all the replicas are equivalent, it is not always the correct maximiser of the action
S[Qa~]. Two things can happen. On the one hand, this RS ansatz can become unstable, which
means that it becomes a minimum of the action S[Q.,]. This phenomenon is known as a de
Almeida Thouless instability [220-223]. This is something that can be checked by looking at
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the eigenvalues of the Hessian matrix of the action S[Q.,] when it is evaluated for the RS
ansatz [221]. On the other hand, the RS solution can be a relative maximum of S[Q,] but not
the absolute one. This is more difficult to check and this requires physical intuition to guess
another ansatz for the overlap matrix.

This new ansatz must explicitely break the symmetry between the replicas whereas the action
S[Qa~] is symmetric under permutations of the replicas. This phenomenon is called spontaneous
symmetry breaking and it is at the core of the theory of phase transitions [115]. If one imagines
that the phase space is organised into metastable states, it is reasonable to think that the overlap
between equilibrium configurations at a temperature 1" can take two different values, either Qg if
the two replicas are not in the same metastable state or (1 otherwise. This leads to the one-step
replica symmetry breaking (RSB) ansatz for the overlap matrix [131, 210, 224-226], namely,

Qupy = Qo+ (Q1 — Qo)Cap + (1 — Q1) (I1.29)

with (4 the block diagonal matrix with blocks of size x which are filled with 1. Physically,
this RSB ansatz indicates that if one considers two replicas at equilibrium, the overlap can be
either Qg with probability z, or Q1 with probability 1 — x. As a consequence, when Q¢ =
@1, one recovers the RS ansatz of Eq. (I1.28). The three free parameters (Qo, Q1,z) are the
solutions of saddle-point equations. The same problems as for the RS solution can occur, either
an instability or the presence of a higher maximum. Nevertheless, one understands from the
previous discussion how to generate a full hierarchy of ansatz for the overlap matrix by assuming
that each metastable state is actually a metabasin which breaks into smaller metastable states
and by introducing more overlap values [210, 225, 226]. One can thus define k-RSB ansatz with
1 <k < +4o00. The case k = +oo corresponds to an ultrametric structure of the overlap matrix
which is known as a full replica symmetry breaking [210, 224-228]. The correct ansatz is sensitive
to the structure of the free energy landscape and it is thus system-dependent. For simple glasses,
a 1-RSB ansatz gives the correct answer at any temperature, see the next section [126].

In this section, we have reviewed the method to compute the FP potential by using replicas.
However, one cannot go further on general grounds and one has to consider a specific model
in order to analyse the convexity of the FP potential. In the next section, we review the
computation of the FP potential and of the phase diagram (e, T') for an archetypal mean-field spin
glass model. Even though the precise analytical form of the FP potential is system-dependent,
the results of the next section are very general.

3. EXACT RESULTS FROM MEAN-FIELD THEORY: THE SPHERICAL p-SPIN
3.1 THE MODEL

We focus on the fully-connected p-spin models (with p > 3). They correspond to systems
of N spins with p-body long-range interactions which are mediated by random coupling con-
stants. This set of models has been introduced as a generalisation of the Sherrington-Kirkpatrick
model [219, 229] (which is recovered when p = 2), and they behave as the Random Energy
Model [230] in the limit p — +oo. Its thermodynamics has been first studied extensively in
the case of Ising spins [117, 231]. We focus here on spherical p-spin models which have been
introduced by Crisanti and Sommers [221, 232]. The Hamiltonian of the spherical p-spin is given
by

ﬁ [g] = — Z Jil...ipail e Uip; (II?)O)

1<i1 < <ip<N
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where J = {J;, i, }1<i;<.<ip,<n are Gaussian random variables of zero mean and of variance
E{J2_, } = 2!/ 271, (11.31)

In the above equation, J is a constant of unit energy and the scaling with NV ensures that the
unconstrained free energy is extensive. The spin variables are real numbers on the unit sphere,
in other words the spin configurations ¢ = {o;};=1.. n fulfill the spherical constraint

1
v Y oZ=1. (11.32)

In the p-spin model, the overlap between a spin configuration o and a reference one o(© is

A

1 N
Qlo; ¢ = N > i, (I1.33)
=1

without the need of introducing a cutoff parameter a. With this definition, the spherical con-
straint is merely written as Q[o;a] = 1.

We now comment on this model. Instead of dealing with off-lattice continuous degrees of
freedom as for glass-forming liquids, one still treats continuous degrees of freedom but now
on a lattice. This first simplification allows one to get rid of the tolerance length a in the
definition of the overlap and this makes the overlap an average over the sample of a single
site quantity. However, contrary to structural liquids, the p-spin models present a source of
external quenched disorder which corresponds to the random coupling constants.Liquids do not
display explicit quenched disorder but they generate the disorder by themselves, which is thus
said to be “self-induced” [196, 197, 208]. In the p-spin models, the free energy is expected
to be self-averaging with respect to the random coupling constants. Also, when dealing with
the constrained thermodynamics and the Franz-Parisi construction, the disorder average over
the random couplings must be the last to be computed because the constrained p-spin and the
reference configuration face the same realisation of the disorder.

Despite these discrepancies, the p-spin models display several similarities with structural
glasses. First, for T' = Ty, the phase space splits into an exponentially-large number of
metastable states which dominate the thermodynamics?. The dynamical transition tempera-
ture has a simple expression in the p-spin models [11], namely,

Ty=J (11.34)

Contrary to liquids in the limit d — +o00, the metastable states in the spherical p-spin can
be obtained by minimising a free energy in the TAP approach [131, 146, 148, 210], which can
be computed by relying on a diagrammatic expansion of the free energy [145, 152], or via the
cavity method [210, 233]. The configurational entropy X(7') is non-zero for T < Ty [145—

147] and it decreases when the temperature decreases. This illustrates the rarefaction of the
metastable states. The p-spin models also display a static transition temperature Ti where

“In the replica language that we have described in Sec. 2.6, this corresponds to the highest temperature
at which a one-step replica symmetry breaking solution appears in the saddle-point equations when the
unconstrained free energy is computed.
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the number of metastable states becomes sub-exponential in N and where the configurational
entropy vanishes®. The value of the Kauzmann transition temperature reads

Tk = Jy /%(1 — /21 (IL.35)

where y is the solution of 1/p = —y(1 —y +1Iny)/(1 — y)? [152, 233].

The dynamics of the p-spin models is also similar to the one of glass-forming liquids in the
limit of infinite dimensions of space. A Langevin equation for the single-spin dynamics is often
chosen [234], namely,

do; . 9H|o]
a =  9oy(t)

where Z;(t) is a random Gaussian noise which is delta-correlated in time, and where v is a
Lagrange multiplier in order to ensure the spherical constraint of Eq. (I1.32) [232]. From the
dynamics of single spins, a closed differential equation can be obtained for the spin-spin corre-
lation function at equilibrium [233, 235-237], which is very similar to the dynamical mean-field
equation for the mean-squared displacement in supercooled liquids [130], see Eq. (I1.13). In
particular, the numerical resolution of these equations shows that, in both cases, the relaxation
time diverges from above at T' = Ty, and the equilibrium correlation function displays a constant
plateau at lower temperatures [117, 118, 131, 135].

FE(t) — voi(t), (IL.36)

3.2 CALCULATION OF THE FRANZ-PARISI POTENTIAL

One can now compute the Franz-Parisi (FP) potential in the p-spin model in order to detect
singular behaviours which are sketched in F1G. I1.2. In this system, the formal expression of the
FP potential is

—5o1[z)]

V(@ -E{V(@ic®, )} —E {/ a0

V(Q;Q(O), J)} , (I1.37)

see Eq. (II.10) for a comparison with structural glasses. The FP potential should be self-
averaging with respect to the random coupling constants and the average over them (which is
denoted by E{.}) must be the last taken. In the last equation, Zy(J) is the partition function at a
temperature Ty for a given realisation of the random coupling constants and the prime integral
denotes the integral over all the spin configurations which respect the spherical constraint.
Besides, V(Q; o0 J ) is the random FP potential for a given reference configuration o©® and a
given realisation J of the random coupling constants, namely,

V(Q;J(O), J) = —% In /l dge_ﬁmdé(é)[g; Q(O)] - Q). (I1.38)

To compute the FP potential, one can use the strategy which is described in Sec. 2.6 and

°In the replica language, this corresponds to the lowest temperature at which a one-step replica
symmetry breaking solution is found with x = 1.
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which relies on replicas. By using Eq. (I1.23) and Eq. (I1.25), one obtains
V(@) =

T 1

: T (0) - 1o TT s/ A (a
- N E Z()(J)/dQ‘W [ do@em 20 Pl TT 6(Q[0'™: 0 ™) = Qur) — 1
a=0 a,y=0

(11.39)
We note that the prime integral has been replaced by a full integral as the spherical constraint
is taken into account in the product of the delta functions.

Due to the extra source of disorder in the p-spin models, namely, the random coupling
constants, another group of replicas should be introduced, in particular to deal with the disorder
average of Zy(J) [148, 156]. However, if Ty > Tk, not only the unconstrained free energy at
the temperature Tp is self-averaging, but the partition function also is® [208]. We now note
2y = E{Zy(J)}. With this further simplification and because of the mean-field nature of the
model [131], the average over the random coupling constants can be computed straightforwardly
by using Eq. (I1.31), and one ends up with

n n
T /an'y I1 Ao (@ N T* /N 2, , Pl Qb I1 6(Ql';a™] — Qar) — 1
0 a=0 a,y=0
(11.40)
We note that the average over the random coupling constants now couple all the replicas [115,
131].

So far, the recipe of Sec. 2.6 has been followed. For the p-spin model, one can go further and
one can actually integrate over the microscopic degrees of freedom (spin variables). In order to
do so, an exponential representation of the d-functions [131] is introduced, which amounts in
softening the overlap constraints. After a saddle-point (Laplace) approximation in the limit of
large N, one gets

. T (1 (NJ2/4)S]  BafByQhry+(N/2) Indet Qany
Therefore, the action S[Q.,] can be exactly computed for the p-spin model, and it reads
J2 n 1 JQBQ
S[Qaor] = T > BaBy@ + 3 Indet Qo — , v (11.42)

a,y=0
by using that Zy = ¢N/*%3/4 in the limit of large N [131, 221].
One can now compute the FP potential from Eq. (I1.26) first by solving the saddle-point
equation (I1.27), which for the p-spin model is

212
2L Qulr + (@i =0 (11.43)

5A more rigorous method consists in introducing another group of m replicas for the reference con-
figurations and eventually in taking the limit m — 0. For Ty > Tk, a replica symmetric ansatz for the
overlap matrix of the reference replicas describes the problem correctly and this is strictly equivalent
to replacing Zy(J) by its annealed average over the disorder. For T < Tk, this simplification does no
longer hold. Equivalently, a correct description of the problem when introducing two groups of repli-
cas requires the more general one-step replica symmetry breaking ansatz for the overlap matrix of the
reference configurations.
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for 1 <a < b <n, where (Q7!)ay is the inverse matrix of Qq. To solve Eq. (IL.43), the most
general 1-step RSB ansatz of Eq. (I1.29) is inserted. This ansatz is exact at any temperature
for the p-spin models with p > 3 [221, 231], while the resolution of the Sherrington-Kirkpatrick
model with p = 2 requires a full replica symmetry breaking ansatz [210, 225-227].

The parameters in the definition (I1.29) of the overlap matrix are the solutions of saddle-point
equations which are obtained by inserting the 1-RSB ansatz into Eq. (I11.43), namely,

/82<]2 D— 1 QO - Q2
, 11.44
Q [1 — (1 — :C)Ql — .%'Q()}Q ( )
p52=]2 -1 ~p—1 _ (Q1—Qo)(1 — )
(@ =@ )00 = ) 1= (1 - 9@ — #Qu]’ (11:45)
d
" pB272Q1 pB*IPQ

Pt (1= Q) = P (- (1= 2)Q1 - Q) -

BQJQ D D 11— Ql o '

(Q — Q) + = 0.

1—(1—-2)Q1—2Qo
Besides, by inserting the 1-RSB ansatz into Eq. (I1.42) and by using Eq. (I1.26), one obtains the
following expression for the FP potential:

2 2 2
@) 7671] - BoJ or 1 B W (1 - 2)@Q% +2Qf] + 151 (1 =)
1 oo (IL.47)
o —
- ﬁln[l — (1 —2)Q1 — Qo] — 281 —(1—2)Q1 — zQo]’

where one uses that the diagonal elements of the overlap matrix are equal to 1 and that the
elements of the first row and column are equal to Q.

3.3 TEMPERATURE EVOLUTION OF THE FRANZ-PARISI POTENTIAL FOR EQUAL TEM-
PERATURES

We numerically solve the saddle-point equations (I1.44)-(I1.46) in order to compute the Franz-
Parisi (FP) potential for the specific case p = 3 and to follow its temperature evolution. The
resolution of the equations at a fixed temperature T is done numerically by using the Newton-
Raphson method [238]. We start by solving the saddle-point equations for @ = 0 and we then
gradually increase (). For each value of @), several initial guesses are considered with different
values of (Qo, @1, z) in order to find the one-step replica symmetry breaking (1-RSB) solution
if the latter exists. Indeed, a solution with Qg = @)1 always exists and it corresponds to the
replica symmetric (RS) ansatz of Eq. (I1.28). In the case of the p-spin model, the saddle-point
equation within the RS ansatz is written as

pJ252 p1_ Qo—Q°
114
R (N (IL48)
while the FP potential reads
BJ* BeJ? BJ? 1 Qo — Q*
Vhs(Q) = === = = - Q"+ = -6 — 55 In(1 - Qo) - 550 00)' (I1.49)
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F1c. I1.3 | (a) Franz-Parisi (FP) potential for T = T and p = 3. The curves have been translated
so that the value of the FP potential is 0 at its absolute minimum. The FP potential always displays
a minimum for ¢ = 0 which corresponds to the most probable value of the overlap between the
unconstrained p-spin and the reference configuration, see Eq. (I1.12). The FP potential is strictly
convex at high temperatures but loses convexity at Teyx/J = 0.772 (Beyxd = 1.295). The square
marks the location of the inflexion point (Q. ~ 0.285). Below Teyx, the FP potential is no longer
convex on an finite overlap range but it remains a monotonic function of Q). At the dynamical
transition temperature Ty with Ty/J = 0.613 (84J = 1.632), a metastable minimum appears at
a high-overlap value. Below this temperature, the FP potential is non-convex with two minima.
The high-overlap minimum deepens when the temperature decreases. At the Kauzmann transition
temperature Tk /J = 0.586 (fxJ = 1.707), the two minima are of equal depth. (b) Phase diagram
(e, T) for the constrained p-spin in the canonical ensemble (with € as a control parameter) for T' = Ty.
From the thermodynamic glass transition at (¢, T) = (0, Tk), a line of conventional first order phase
transition €*(7T") emerges and it ends in a critical point at (e, T:), with T. = Tiyx where the FP
potential first loses convexity. The line of first order transition separates a delocalised phase of low
overlap above from a localised phase of high overlap below.

For T > Trsp (Trsp/J = 0.666 for p = 3), the RS solution provides the correct value of the
FP potential. However, when T' < Trsg, the replica symmetry is broken for intermediate values
of the overlap @ € [Qmin RBS(T"), @max,rsB(T)]. In this range, the estimate of the FP potential
from the 1-RSB solution with Q)1 # @ and x < 1 is larger than its estimate from the RS ansatz.
Therefore, the 1-RSB solution should be kept because the overlap matrix must maximise the
FP potential. The range over which the replica symmetry is broken increases with decreasing
the temperature. For T' < T, the replica symmetry becomes broken even in the minimum at
@ = 0. For T' < TRrgp, a discontinuous replica symmetry breaking occurs at @ = Qmin,rBs(7)
(with a jump in @7 as a function of @) when increasing @} from 0, and a continuous one at
@ = Qmax,rss(T") (Q1 remains continuous) when decreasing @ from 1 [222, 239]. The replica
symmetry breaking is the manifestation of the fact that the thermodynamics is dominated by a
few number of metastable states or equivalently that the configurational entropy has vanished.

The temperature and overlap dependence of the FP potential is first analysed for the case
T = Tp, see F1a. I1.3 (a). At a very high temperature (7'/J = 0.909), the FP potential is a
monotonic function of @ and it displays a unique minimum at ¢Q = 0. As the FP potential also
corresponds to the large deviation rate function of the unconstrained probability distribution of
the overlap [see Eq. (I1.12)], this minimum merely reflects the fact that the most probable value
of the overlap between equilibrium configurations is 0. The growth of the FP potential indicates
that the excursions of the system towards larger overlap cost free energy. When the temperature
decreases, the minimum at () = 0 remains but the FP potential decreases for high-overlap values,
and this indicates that larger fluctuations of the overlap become possible, as their free energy
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cost decreases.

When T' = Teyx (Tevx/J = 0.772), the FP potential has a vanishing second derivative for
an overlap value Q. (Q. ~ 0.285). For T' < Ty, the FP potential is non-convex over a finite
overlap range but it is still a monotonic function of the overlap. When further decreasing
the temperature, one reaches the dynamical transition temperature Ty (Tgq/J = 0.613), which
is given by Eq. (I1.34). For this particular temperature, one observes that the FP potential
develops a horizontal inflexion point at a large-overlap value Qg where both its first and its
second derivatives vanish. For T' < Ty, this horizontal inflexion point turns into a secondary
minimum. Physically, this means that in the unconstrained liquid, the probability distribution
of the overlap now displays two peaks, see Eq. (II.12): a larger peak at @ = 0 and a smaller
one at () = (g. The latter is the direct manifestation of the splitting of the phase space into
disconnected metastable states. In other words, the absolute minimum in the FP potential at
@) = 0 corresponds to the overlap between two replicas which belong to different metastable
states, while the relative minimum at @ = @ represents the typical overlap between replicas
which are in the same metastable state. In consequence, ()y also corresponds to the value of the
free parameter ()1 when Q) = Q.

The depth of the secondary minimum in the FP potential decreases as the temperature
is decreased. From a probabilistic point of view, this represents an enhanced probability for
two replicas to be in the same metastable state and this thus indicates the rarefaction of the
metastable states. This suggests that the height of the secondary minimum may be related
to the configurational entropy 3 (7'). We recall that the FP potential is a Landau free energy
and that it corresponds to the free energy cost for the overlap fluctuations in the unconstrained
liquid. The value V(Qg) of the FP potential at its secondary minimum should then equal the
free energy cost to constrain the system in the metastable state of the reference configuration,
which is precisely T%(T'). In the p-spin model, both the FP potential and the configurational
entropy can be computed and the exact equality between V(Qg) and TX(T') can be verified [153,
156, 222]. Finally, the values of the FP potential at the two minima become identical precisely
at the Kauzmann transition temperature Tk which is given by Eq. (II.35). This means that
the two overlap values Q = 0 and () = Qg are equally probable, or equivalently that the free
energy cost to maintain two replicas in the same metastable state has vanished. This is the
direct consequence of the Kauzmann entropy crisis.

In the case T' = Tj, one cannot discuss the shape of the FP potential from the calculations of
the previous section when T < Tk because the latter are restricted to Ty > Tk. The shape of the
FP potential when T'= Ty < Tk can be found in Ref. [152] and it displays two minima of equal
depth for Q = 0 and @) = Q. Indeed, in this temperature regime, the configurational entropy is
zero and the number of metastable states is sub-exponential in the system size. Consequently,
it is equally probable for the system to have a low or a high overlap with another equilibrium
configuration whether they belong to the same free energy minimum.

Overall, from this analysis one concludes that the changes in the free energy landscape of
the spherical p-spin are directly encoded in the FP potential. As similar changes exist in the
free energy landscape of glass-forming liquids at the mean-field level, this temperature evolution
of the FP potential is generic for every mean-field glass-former which displays an entropy crisis
and a one-step replica symmetry breaking at T' = Tk. Its computation, for instance in computer
simulations (see Chap. III), is thus of particular relevance.
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3.4 MEAN-FIELD PHASE DIAGRAM (€,7) FOR EQUAL TEMPERATURES

One can now perform a change in ensembles to derive the mean-field phase diagram (e, 7).
The analysis of the temperature evolution of the Franz-Parisi (FP) potential has revealed non-
trivial properties, such as its loss of convexity. As explained in Sec. 2.5, this corresponds to a
first order transition in the thermodynamics of the constrained p-spin, as shown in Ref. [140,
152, 153, 156, 240]. In this section, the focus is still made on the case T' = Tj.

The phase diagram is displayed in F1G. IL.3 (b) and it was first described in Ref. [153]. It
displays a critical point at T, = T.yvx where the FP potential first loses convexity. The value of
the source €. which is needed to be critical is given by the first equation of the system (II1.20),
hence by the slope of the tangent line to the FP potential at its inflexion point. When the
FP potential is not convex, the double-tangent construction locates the field €*(T') at which the
constrained liquid displays a first order phase transition from a low-overlap (delocalised) phase to
a high-overlap (localised) phase. The temperature evolution of the FP potential shows that ¢*(T")
decreases when T' decreases. More precisely, for T' < Ty, the double-tangent construction shows
that €*(T)Qg ~ V(Qg) = TX(T'). This confirms the qualitative discussion of Sec. 1, in particular
the fact that the thermodynamics of the constrained system is ruled by a competition between
the configurational entropy and the attraction energy. One can also note that €*(7") represents
a practical way of measuring the configurational entropy, and this has for instance proved useful
in computer simulations [181, 241]. When T' = Tk, the double-tangent construction gives
€¢* = 0 and the line of first order transition reaches the random first order transition point at
(e,T) = (0,Tk). Below Tk, the FP potential has a similar shape as what is found at 7" = Tk.
Therefore, as long as € > 0, the system ends up in a high-overlap (localised) phase.

Two other lines can be added to the diagram in F1c. I1.3 (b) and can be found in Ref. [153].
They correspond to the spinodal lines, namely, the limits of metastability of the low-overlap
phase and of the high-overlap phase. Both lines converge to the critical point at high tempera-
tures. Besides, the analysis of the temperature evolution of the FP potential indicates that the
spinodal of the high-overlap phase converges to Ty for e = 0.

In the unconstrained liquid, whose behaviour is found on the € = 0 axis of the phase dia-
gram (€,T"), one recovers the thermodynamic phase transition at 7' = Tk from the liquid phase
to the ideal glass phase. The extension of the phase diagram with an additional control pa-
rameter € enables one to emphasise thermodynamic features which are hardly noticeable in the
thermodynamics of the unconstrained liquid and which take place at higher temperatures than
the Kauzmann transition temperature. Such as the temperature evolution of the FP potential,
the shape of the mean-field phase diagram is generic for all the mean-field glass-formers which
display a vanishing configurational entropy [154, 155]. Some systems do not have an entropy
crisis and instead their configurational entropy remains finite even at zero temperature [126].
For these systems, the phase diagram still resembles the one in Fia. I1.3 (b), but the line of first
order transition now extends down to zero temperature [242, 243].

The nature of the phase transitions in the diagram (e, T") can finally be discussed. At T = T¢,
the transition is of second order with a critical point. At this temperature, the constrained
free energy and its first derivative are both continuous but its second derivative diverges. For
Tk < T < T, the transition is a conventional first order transition with a discontinuous jump
in the order parameter, see Eq. (I1.6). The latent heat of this transition from delocalised
to localised phases can be computed and it is strictly negative [153]. Finally, for T' = Tk, the
overlap jumps discontinuously but the latent heat vanishes [153]. This behaviour is intermediate
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between the first order and the second order phase transitions and it has been called a random
first order transition [122, 144], see Chap. I. The overlap therefore represents an appropriate
order parameter to distinguish between the liquid phase and the ideal glass phase on the ¢ = 0
axis above and below Tk respectively.

3.5 MEAN-FIELD PHASE DIAGRAMS (€,7) FOR A FIXED TEMPERATURE OF THE REFER-
ENCE CONFIGURATIONS

So far, the focus has been made on the case T' = Ty. However, T is a free parameter, and in
particular it is possible to fix Ty once and for all whatever T', and then to study the constrained
thermodynamics of the glass-forming liquid at the temperature T. As already discussed, this
corresponds to exploring at a temperature T different metastable states of the glass-forming
liquid than the typical ones at this temperature.

In this section, we extend the results of the previous section which have been reported in
previous works, and we systematically study the influence of the temperature Tj of the reference
configurations on the mean-field phase diagram in F1G. I1.3 (b). By using Eq. (I11.47), the Franz-
Parisi (FP) potential can be computed for any temperature T of the reference configurations
after solving Eq. (I1.44)-(11.46) with the method that has already been described before. We first
note that Eq. (I1.44)-(11.46) do not involve the temperature Ty of the reference configurations
and, as a result, their solution can be computed at once. Once the FP potential is obtained
for several temperatures 7' for a given Ty, its convexity properties can be studied. If it displays
non-convexities, the phase diagram (€, 7") can be computed as in the previous section via the
double-tangent construction.

We show in F1G. I1.4 (a) the phase diagram for a fixed Tj in between Ty and Tk (1p/J = 0.599
or BoJ = 1.67). We observe that the phase diagram still displays a first order transition line
€*(T,Tp) between a low-overlap phase and a high-overlap phase which ends in a critical point.
The diagram nonetheless has several differences with the case T = Ty. On the one hand, the
location of the first order transition line and of the critical point changes with the temperature
To. More precisely, we observe that both are shifted to a higher temperature and a larger
coupling strength. On the other hand, the first order transition line does not converge to the
random first order transition point at Tx, it becomes instead reentrant at low temperatures
and the line €*(T,Tp) goes to zero temperature for a finite value of the attraction between the
replicas. This is a natural consequence of the fact that the FP potential has a double-well
structure with a secondary minimum at a high-overlap value for low-enough temperatures when
Ty < Ty, as reported in Ref. [222]. When the high-overlap metastable minimum exists, its height
has two contributions: one comes from the entropic cost to select a particular metastable state
at a temperature Tp, and the other comes from the difference between the free energy of the
TAP states which dominate at T and which are followed at T and the equilibrium free energy
at the temperature 7' [148, 222].

The phase diagram in F1G. I1.4 (a) also displays a discontinuous replica symmetry breaking
(RSB) line ex (T, Tp) which corresponds to the line where the ansatz that describes the thermo-
dynamics of the constrained system switches from the replica symmetric (RS) one to the 1-RSB
one discontinuously (with a jump in (1 when varying Q). Equivalently, this is the line where
the value of the FP potential for Q = Q = <Q>€ is higher for the 1-RSB ansatz, where Q is the
minimiser in the Legendre-Fenchel transform of Eq. (I1.15). On this line, the configurational

entropy in the iso-overlap ensemble vanishes [222, 244]. As ensembles are equivalent outside the
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Fia. I1.4 | Phase diagram (e, T) of the p-spin model (p = 3) for a fixed temperature Ty of the
reference configurations. We show several cases: (a) To < Ty (To/J = 0.599 or BoJ = 1.67), (b)
Ta < Ty < Tevx (To/J = 0.752 or BoJ = 1.33) and (c) Ty > Tevx (To/J = 0.833 or o J = 1.2). We
have represented the first order transition line €*(7,Tp) from the low-overlap (delocalised) phase
to the high-overlap (localised) phase, along with the lines where the ansatz which describes the
thermodynamics switches from the replica symmetric (RS) one to the one-step replica symmetry
breaking (RSB) one either continuously ear (7', Tp) or discontinuously ek (T, Tp). The phase diagrams
display at most four different phases: a low-overlap RS phase (RS)), a low-overlap 1-RSB phase
(RSB)), a high-overlap RS phase (RS),) and a high-overlap 1-RSB phase (RSB},). The full square
marks the position of the high-temperature critical point, the empty disk marks the end of the first
order transition line at low temperature with a second critical point, and the full diamond stands
for the temperature at which RSB effects appear (Trsg/J = 0.666). The overlap with the reference
configuration is discontinuous on the line €*(T,Tp) but it is continuous otherwise.

first order transition region, this means that in the canonical ensemble, the constrained liquid
has an entropy crisis on the discontinuous RSB line. On this line, the overlap between the con-
strained liquid at a temperature T" and the reference configuration at a temperature Ty remains
continuous but the overlap between two constrained replicas at the temperature T jumps dis-
continuously. We note that this discontinuous RSB line is absent in the diagram in F1a. IL.3 (b).
This is because, in the case T = T, the thermodynamics of the constrained system is always
described by a RS ansatz outside the first order transition region [245, 246].

We can also show the phase diagram for an intermediate case Tg < Ty < Tevx (To/J = 0.752
or BoJ = 1.33) which appears to be more complex, see F1G. 11.4 (b). It still displays a first order
transition line €*(7T', Ty) which ends in a critical point at a high temperature. The position of the
line €*(7T, Tp) and of the critical endpoint are shifted up in temperature and source as compared
to the case T' = Tp, but they appear at lower temperatures and fields than in the case Ty < Tjy.
Besides, we also observe that for this particular choice of Ty, the first order transition line ends
with another critical point at a lower temperature’. This behaviour can be understood from
the analytical expression of the FP potential, see Eq. (I1.47). Indeed, one notes that if Vy(Q)

stands for the FP potential for T = Tp, then one has for fixed Tj:
(8 — Bo)J?

V(Q)=Vr(Q)+ f@p- (I1.50)

"The first order transition line seems to go to zero temperature for Ty < T, and to end in another
critical point for Ty > T, with T, /J ~ 0.749.
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The second term in the right-hand side is of the sign of 1/T" — 1/Ty and it gives a positive
contribution to the second derivative of the FP potential if T' < Ty and a negative one otherwise.
As a result, if T' is very small and Tp is fixed, then V(Q) is less non-convex than Vr(Q): it
can eventually become convex again at very low temperatures, and this implies a second low-
temperature critical point. Physically, the first order transition line may disappear at a lower
critical point because the free energy cost to be in the high-overlap phase may be too prohibitive
to be overcome by the field e. Indeed, a plausible assumption is that the system should be similar
to the unconstrained liquid at the temperature Ty (resp. 1) when it is forced to have a large
(resp. small) overlap with the reference configuration. Consequently, the free energy cost to
force the liquid to have a large overlap () with the reference configuration, as quantified by
V(@), not only takes into account the entropic cost but also the free energy difference between
the temperatures Ty and 1" which grows as T decreases below Tj.

The phase diagram in Fic. I1.4 (b) also displays one more line as compared with that
in F1a. I1.4 (a). It corresponds to the continuous RSB line exp(T, Tp) where the ansatz which
describes the thermodynamics switches from the 1-RSB one to the RS one continuously, namely,
with @1 — Qo — 0. On this line, the RS solution becomes unstable and a de Almeida Thouless
instability occurs [221-223]. For Ty < Ty, the secondary minimum of the FP potential is always
described by the RS ansatz and there is not a de Almeida Thouless instability in this case.

We have finally investigated the fate of the phase diagram for a temperature Ty > Teyx, See
Fic. I1.4 (c) for Tp/J = 0.833 (BoJ = 1.2). We observe that the critical point and the first
order transition line €*(7T,Tp) survive if Ty is sufficiently low. In this case, they appear at a
lower temperature and a smaller source, as compared to the case T = Tj. In addition, the first
order transition line still ends with another critical point at a lower temperature. However, the
first order transition line has considerably shrunk. As T} is increased up to a temperature Tiax
(Tmax/J =~ 0.867), the ansatz to describe the thermodynamics at the critical point becomes a
1-RSB one and the two critical points which delimitate the first order transition line merge and
they eventually annihilate. When Tj > Ti,ax, only the discontinuous and continuous RSB lines
remain, and any phase transition in the canonical ensemble has disappeared. This is reasonable
since the configurational entropy in the constrained liquid vanishes on the discontinuous RSB
line and the competition between the entropy and the attraction energy which is central for the
existence of the transition in the canonical ensemble no longer exists.

We have found complex phase diagrams when varying the temperature Ty of the reference
configurations. This is reminiscent of what is encountered in the p-spin models with a fraction
¢ of spins which are pinned in an equilibrium configuration that has been sampled at a fixed
temperature Ty > T [247], even though the two settings are different [246]. In particular, we
have seen that the location of the first order transition line and the high-temperature critical
point varies with Tj: they seem to move upwards (resp. downwards) in temperature and source
when T} decreases (resp. increases).

3.6 VARIATION OF THE LOCATION OF THE CRITICAL POINT WITH THE TEMPERATURE
OF THE REFERENCE CONFIGURATIONS

We now systematically study the location of the critical point (e.(7p),7¢(7p)) when Ty is
varied in the p-spin model. We use the replica symmetric (RS) expression of the Franz-Parisi
(FP) potential which is given by Eq. (I1.49), as the critical point disappears when it enters the
region of replica symmetry breaking. Besides, to simplify notations, we drop the subscript RS.
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F1G. I1.5 | Systematic evolution of the position of the critical point as a function of the temperature
To of the reference configurations for the spherical p-spin model with p = 3: (a) critical temperature
T.(Tp) and (b) critical field e.(7p). The square marks the location of the critical point for T' = Tj.

To find the critical point, we need to solve the set of equations (I1.20) for the triplet (Q, €, T¢.).

The derivatives in Eq. (I1.20) can be computed exactly from Eq. (I1.49) while Eq. (I1.48)
is used to obtain the derivatives of the saddle-point solution )y with respect to Q. The first

derivative reads )

_pﬁoJ Qr-t 4 Q ’
2 B(1 = Qo)
where 0g stands for the partial derivative with respect to ), and where the derivative with
respect to (g is zero due to the saddle-point condition. The second derivative can be found in
the same way and it reads

V(Q) = 9qV'(Q) + 0g,V'(Q)9qQu

_ 7p(p _21)6()*]2 Qp—Q +

VI(Q) =0oV(Q) = (IL51)

1 (I1.52)
+ Q P aQ Q07
Bl —Qo)  B(1—Qo)
where now we have to take into account the first derivative dg (g of the saddle-point solution with

respect to Q). The latter can be computed by differentiating the saddle-point equation (I1.49)
with respect to @, and it reads

2Q

. (I1.53)
QF*(1-Qo)[p—1—(p+1)Qo) — 1

aQQO = _p52J2

2

The third derivative is obtained similarly and it involves the second derivative of the saddle-point
solution with respect to ), which can be expressed as a function of Q and @y by differentiating
Eq. (I1.53) with respect to Q.

We solve Eq. (I1.20) by means of a Newton-Krylov algorithm. We start from the case T' = T
and we then gradually increase or decrease Ty. We show in FIG. IL.5 the evolution of T,(Tp) and
ec(Tp) with the temperature Tj of the reference configurations. We clearly observe that when Tj
is fixed to a value below (resp. above) T¢yx (the value of T¢ for the case T' = Tj), the critical point
is shifted upwards (resp. downwards) in temperature and source in the phase diagram. The
variation of the critical temperature is quite large, of about 25 % between the case T' = Tj and
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the case of fixed Ty = Tk. This feature can be easily understood from the analytical expression
of the FP potential, and in particular from Eq. (I1.50). Indeed if Ty < T = Teyx, the second
term gives a negative contribution to the second derivative of the FP potential, and this makes
the FP potential even more non-convex. Therefore, the critical point appears at a temperature
Te(Tph) > Teyx. The trend of the critical source e.(7p) as a function of the temperature of the
reference configurations is more complicated to rationalise. On the one hand, as T, (Tj) increases
when Ty decreases, the thermal fluctuations become more significant and consequently the field
to localise the system in the high-overlap phase should increase too. But on the other hand,
considering a smaller Ty leads to a more stable high-overlap phase and it reduces the free energy
cost to be localised at a fixed temperature 7.

Overall, past studies along with our analysis of the phase diagrams have revealed that the
non-trivial modifications of the free energy landscape of glass-forming liquids in the mean-field
limit translate into interesting thermodynamic features in the phase diagram (e,7") which are
robust with respect to changes in the temperature of the reference configurations (if it is not
taken too large). As a consequence, the study of the thermodynamics of constrained supercooled
liquids is of great relevance in order to assess the ability of mean-field theory to describe finite-
dimensional systems. This is the object of Chap. III which relies on computer simulations in
d = 2,3. Calculations of the p-spin model have shown that decreasing T moves the singular
thermodynamic behaviours to larger temperatures T well above the glass transition temperature,
see F1G. I1.5. We expect these trends to be generic in glass-forming liquids and this property is
at the heart of our numerical strategy in Chap. III for the study of the phase diagram (e,T) in
finite dimensions.

4. STATISTICAL FIELD THEORY BEYOND MEAN-FIELD

Before turning to the computer simulations of finite-dimensional systems, we briefly sum-
marise the first steps towards a thermodynamic description of constrained supercooled liquids in
finite dimensions d by using a Landau-Ginzburg functional [214], and by focusing on the high-
temperature critical point at (ec,7,) [218]. We first come back to the general case of structural
liquids before dealing with the spherical p-spin for explicit calculations.

4.1 THE REPLICATED LANDAU-GINZBURG FREE ENERGY

In finite dimensions, a good starting point to study the critical point is to build a Landau-
Ginzburg free energy. Usually, this is done by starting from a mean-field Landau free energy
as a function of the order parameter, and then by considering the possibility of inhomogeneous
profiles. By considering the Franz-Parisi (FP) potential V(Q) as the Landau free energy on
top of which the spatial fluctuations of the overlap could be added may be tempting. However,
in finite dimensions, the only knowledge of the FP potential is not enough to determine the
Landau free energy [248]. Indeed, Eq. (II.10) indicates that the FP potential is the average
over disorder of a random free energy V(Q;r)’). As a result, by computing the FP potential,
one has lost most of the properties of the disorder which is represented by the choice of the
reference configuration. Nevertheless, one must assess the role of the disorder, which is known
to be relevant and to affect the universality class of critical points. For instance random fields
destroy any long-range order in 2d [249].

As a result, previous works in the literature [196, 197, 218, 250] emphasise that one needs

52



II. AN INTRODUCTION TO THE THEORETICAL FRANZ-PARISI CONSTRUCTION

to compute the different cumulants of the random variable V(Q;7’), and not only its first
cumulant which is the FP potential [218, 239]. For instance, the second cumulant quantifies the
total variance of the fluctuations of the FP potential among the realisations of the disorder, and
it is defined as [208, 239, 248]

VO(Q1,Q2) = NB[V(Qu i) V(Qai ) = VIQui md) VIQai )] (IL.54)

where the factor of N comes from the fact that the FP potential is an intensive quantity and
that its typical fluctuations are expected to scale as N~/2, while the factor 8 = 1 /T ensures
that V() (Q1, Q) has the dimension of an energy. The higher order cumulants V) (Qq, ..., Q;)
(I > 3) can be defined similarly.

The different cumulants can be generated by introducing n replicas with the same realisation
of the disorder (reference configuration), and at the end by taking the limit n — 0, as we have
already reviewed for the computation of the FP potential. Nevertheless, in Sec. 2.6, all the
replicas are forced to have the same overlap Q with the reference configuration. In order to
generate the higher order cumulants, one must consider n replicas but with different overlaps
with the reference configuration. For instance, the calculation of the second cumulant requires
two different overlap values, see Eq. (I1.54). Therefore, one introduces n replicas, each of them
having an overlap (), with the reference configuration for a = 1...n, and one is led to define a
replicated FP potential Viep({Qa}) as the large deviation rate function of the joint probability
distribution of the overlaps {Qg}q=1..n in the n unconstrained replicas [218], namely,

/HdrNe Do BaHry] H(5 N}—Qa)
) _

e NBVien({Qa}) — o=NB Y, V(Qairg
/d,réve_ﬂoH["'o ]

(I155)

The free energy Viep({Qaq}) thus corresponds to the Landau free energy of a mixture of n + 1
replicas. The above equation is very similar to Eq. (I1.24) except that now all the replicas have
a different overlap with the reference configuration. One can then once again formally rewrite
Eq. (I.55) as an integral over all the square symmetric overlap matrices Qo of size n + 1 with
diagonal elements equal to 1 and with Q.0 = Qoo = Qu:

/de/ H drévefzaﬁamr H (@ év, év Qav)
¢ NVien((Qu)) — °=0 2= — [ 4Quesian)
/dréve_BOH[rév]

(I1.56)
with the already-introduced overlap dependent action S[Qq~]. In the limit of large N, one can
perform a saddle-point (Laplace) approximation which yields

Viep({Qa}) = —TS[Q4, ], (IL57)

where the overlap matrix Q},, maximises S[Qa-]-

We now review how one can generate the different cumulants of V(Q;r{). The quantity
S, V(Qq;rdY) is of order n and one can do a Taylor expansion of the middle-hand side in
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Eq. (II.55) in an increasing number of sums over replica indices, which yields

Vol (Qe}) = 14 Y- V(Q) — 5 2 VOQuQ) + 6 > V(@000
a,b=

a=1 1 a,b,c=1 (11.58)

Z V QaaQb,Q&Qd)

abcd 1

where the ellipses represent sums over at least 5 replicas. For instance, if one sets all the replicas
to have the same overlap @, = @ with the reference configuration, such as in Sec. 2.6, then
Eq. (I1.58) becomes an expansion in powers of n, namely,

Viep({Qa}) = 1+0V(Q) — v<2 @, Q>+ "VO(Q.0.Q) 21V M(Q.Q.Q.Q+..., (IL59)
so that in the limit n — 0,
V(Q) = rlLILHO anv}ep({Qa}) = _T7£1—>In0 aﬂS[QZV]' (11.60)

One thus recovers Eq. (I1.26). One can do a similar manipulation for the other cumulants.
For example, for the second cumulant, one introduces two groups of replicas: one group of ny
replicas has an overlap )1 with the reference configuration and another group of ns replicas has
an overlap Q2 with the reference configuration, with n = ny + ny. Then Eq. (I1.58) becomes

Vies({Qa}) = 14+ 11V (Q1) + 12V (Q2) — *V )(Q1,Q1) — %V(Z)(QQ,QQ)

(I1.61)
—n1naV A (Q1, Q2) + O(”la ng, nin3, nzn?)
so that in the limit ny,no — 0,
2@ =~ lm B Vip(QD) =T lim 32,,8105] (1L62)

Now that one has defined a replicated Landau free energy, and that one knows how to
generate the different cumulants which are involved in Eq. (I1.58), one can focus on the critical
point (e.(7p), Tc(Tp)), and on the replicated Landau free energy of the constrained liquid precisely
at the critical point which is given by

V}ep,e({Qa}) = rep {Qa GZ Qa; (11'63)

with € = €., see Eq. (II.14). One can perform a Taylor expansion of the previous Landau free
energy for QQ, = Q¢ + ¢ with ¢, < Q. for a = 1...n. At the critical point, the second and
the third derivatives of the first cumulant V' (Q) vanish, see Eq. (I1.20). Consequently, one must
develop the replicated Landau free energy up to the fourth order in ¢,. This result was obtained
in Ref. [218] and it reads, up to an irrelevant additive constant,

BV rep, ec({d)a}) =
> [Lar+ Lo Lot] -3 P o[+ T2 Gt 0n) + Rty + 2 (024 )|

a=1

b5 D butnte [0t Gutat 6| -0 S gunteda+

abc 1 abcd 1
(IL.64)
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with 8. = 1/T,, and where the coefficients can be expressed in terms of the derivatives of the
cumulants of the FP potential, namely,
= BV"(Qc) =0, g3 =B V" (Qc) =0, ga = BV"(Qe),
720 = Be0, 0,V (Qe, Qc)y o1 = BeBeg, VP (Qe, Qo)
722 = fe QQQQV Qe Qc): 723 = 0,V (Qe, Qo) (IL.65)
730 = Be03), 0205V (Qes Qes Q) 731 = BeByag, 0,V (Qe, Qc, Qo)
710 = Be0d, 02050,V P (Qes Qes Qe Qc).-

Once the Landau free energy is obtained, one can define the corresponding Landau-Ginzburg
free energy functional in d dimensions by considering inhomogeneous overlap profiles ¢,(x) for
a=1...nand x € R? to allow for spatial fluctuations. Then, one introduces a free energy
penalty for interfaces, i.e., large spatial variations of the overlap. As usual, one does a Taylor
expansion in terms of the gradient of the overlap field d,¢,, and only keeps the least order term
which respects the assumptions of locality and invariance with respect to spatial rotations and
translations [115]. The Landau-Ginzburg free energy then reads

BeViep. ({9(@)}) =
z d'a | K (0a6ul@))? + Loa(@) + Lou(@)® + Hou(a)’

;i / A 6u(@)0n(w) [r0 + 2 (6ue) + @)

+m¢a< Jon(@) + = (g () +¢b(w>2)} (1160

Z /dquﬁa ) (@) pe( )[730+T31(¢a( ) + () + de())

abc—

o / Ao (2) b (%) bo() da() +

abcd 1

with K an unknown coefficient.

We now comment on the choice of the inhomogeneous term in the previous equation. In
the case of the spherical p-spin, the Landau-Ginzburg functional can be derived exactly by
considering its Kac formulation [251-253]. In this construction, the spherical p-spin which
is defined on a hypercubic lattice in d dimensions has now finite-range interactions, and the
thermodynamic limit (L — +o0) is taken before taking the limit of infinite interaction range.
The obtained inhomogeneous term which accounts for the phase separation is a priori more
complicated than the mere squared gradient term one may naively introduce (see the above
equation) [166, 172]. The first difference is that the inhomogeneous term involves an overlap
dependent “mass” K(Q,(x)) which vanishes when the overlap with the reference configuration
goes to zero. However, close to the critical point, the overlap is finite and it is approximately
equal to Q. > 0. Besides, the prefactor can be regularised by considering a mixed p-spin model.
A two-body interaction of typical amplitude J; is added to the Hamiltonian of Eq. (I1.30) which
makes the prefactor of the squared gradient finite and of order Js. In the limit of small-enough
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Ja, the behaviour of the pure p-spin model is recovered. The second difference is that the Landau-
Ginzburg functional in the Kac limit displays gradient terms of the saddle-point solutions which
have not been included there. As the critical point lies above the Kauzmann transition, one
can assume that the saddle-point solutions adiabatically follow the overlaps with the reference
configuration [173], and their derivatives can thus be written as a function of the derivatives of
the overlaps with the reference configuration. These arguments justify the above approximation
of the interfacial free energy cost in terms of a mere squared gradient near the critical point.

4.2 MAPPING ONTO THE RANDOM-FIELD ISING MODEL

In this section, we extend the result of Ref. [218] where the focus was made on the case
T = Ty. We show that for any temperature of the reference configurations Ty, if the critical point
exists, then it is in the universality class of the random-field Ising model® (RFIM). Details about
the RFIM can be found in Appendix A. For any temperature T of the reference configurations,
one can show that the Landau-Ginzburg free energy of Eq. (I1.66) can be mapped onto the
replicated Hamiltonian of a system in the presence of a random field h(x), a random mass
m(x) and a random cubic coupling A(x). In other words, glass-forming liquids whose overlap
with a reference configuration which is sampled at a temperature T is coupled to an external
source behaves close to the critical point as a random system which is described by the following
disordered Hamiltonian:

SVloe)] = [ e (K @r(@))? + Lo@)? + Lo@) + Loe)’

. . (IL.67)
) a2 4 A gyt o]
with
h(@)h(y) = m206(z — y), h(z)m(y) = —m10(z —y),
m(im(y) = 0@ —y), h@)y) = —dle —y). 69
MEh)R(E) = ~7s00(z — )0 ~ ), h@)h(y)m(E) = 16 — y)d(a 1),

@) ()R (€ h(w) — h(@)h(y) HOhw) = 70d(@ — y)3(@ — 5@ — w).

The random field is known to be the most relevant disorder term [248], as in the RFIM, the
higher-order random terms are anyway generated along the renormalisation flow. The above
derivation shows that, if the critical point at the mean-field level exists for a given value of Ty
and if it survives in finite dimensions [206], then it is in the universality class of the RFIM [250)].
Of course, this mapping is only correct if gy, 720, 722 and 749 are all positive [218], which must
be checked for specific models. In the next section, we come back to the spherical p-spin and we
explain how to compute the second cumulant of the FP potential to derive 7o.

The fact that the long-range physical properties of constrained glass-forming liquids fall
in the universality class of the RFIM may be confusing. Indeed, in Sec. 1, the physics of
constrained liquids has been accounted for by a trade-off between the (configurational) entropy
and the attraction energy. On the opposite, the physics of the RFIM is known to be ruled by a

8There are multiple analogies between glass-forming liquids and the RFIM. They have been docu-
mented in the case of the thermodynamics of constrained liquids, of the non-equilibrium behaviour of
glasses when they are sheared (see Chap. I and Ref. [85]), but also of the equilibrium dynamics close to
the dynamical transition temperature [208].
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zero-temperature fixed point and by a competition between two energies (see Appendix A). In
fact, this seeming contradiction can be solved by invoking the mosaic state [144] of the random
first order transition theory (see Chap. I). In this framework, the configurational entropy is only
defined on a scale below the point-to-set length [196]. It fluctuates from one correlated region to
another and therefore it behaves as a random field which is linearly coupled to the overlap [197,
254]. For instance, the regions of larger configurational entropy tend to have a lower overlap
with the reference configuration.

Finally, we remark that in this section, we have focused on the system close to its putative
critical point in the presence of a finite source €. The mapping onto the RFIM can be extended
on the whole first order transition line for the case T' = Ty but also for the case of fixed Tj, if the
first order transition survives in finite dimensions [218]. When e > 0, the constrained supercooled
liquid behaves as the RFIM below its critical temperature in an external magnetic field which
experiences an equilibrium first order transition with disorder when the applied magnetic field
vanishes [211, 255]. More recently, the mapping was also extended close to (¢,7) = (0, Tk) for
T =Ty, even though the replicated action displays more terms, in particular random bond and
power law decaying multi-body interactions [196, 197].

4.3 THE SECOND CUMULANT OF THE FRANZ-PARISI POTENTIAL AND THE “SELF-INDUCED”
DISORDER

As already discussed, to compute the second cumulant, one has to introduce two groups of
replicas with different overlaps (01 and )2 with the reference configuration, then to compute the
replicated Franz-Parisi (FP) potential from Eq. (IL.57), and eventually to use Eq. (II.62). The
computation of the replicated FP potential requires to find the overlap matrix which maximises
the overlap dependent action S[Qq~]. One can look for a replica symmetric (RS) ansatz. This
is justified by the fact that we later compute the second cumulant for the spherical p-spin model
for which the critical point is always described by a RS ansatz. One thus considers an overlap
matrix at the saddle-point of the form

1 Q1 ... . Q1 Q... O
@ 1 QF ..oV Qn ... .. Qu
: Q(()l) : : : :
: : . : Q(()l) :
Z'y = Ql Qél) e Qél) 1 Q12 e . Q12 , (1169)
: : @) - . .
0 .
: : : : . - (2)
: : : ) : P
@ Qe ... ... Qu QY ... Qf 1

where Q(()l), Q(()Q) and Q12 are free parameters to maximise S[Qa~)-
We now turn to the spherical p-spin for explicit calculations. Inserting the previous ansatz
in Eq. (I1.42) and in the saddle-point equation (I1.43) yields [218, 239]

2
e ’ _ BJ% B (Qi2 — @1Q2) 7 .70
RS (@1,Q2) 9 wl2 28(1 — Q((]l))(1 B QéQ)) ( )
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F1a. 11.6 | Variance of the effective random fields A = 759 in the mapping onto the RFIM for the
spherical p-spin model (with p = 3). The square marks the value of A at the critical point when
T=T,.

where Q((]a) (a = 1,2) is solution of Eq. (I1.48) with @ that is replaced by @, while Q12 extremises
the above expression and is thus solution of

e _ Q12 — Q1Q2 .
2 " - - o)

In the case of the spherical p-spin model, neither the expression of the second cumulant (I1.70)
nor the solution of Eq. (II.71) depend on the temperature Tj of the reference configurations. In

addition, we remark that if @1 = @2 (in particular at the critical point), then Q12 = Q(()l) = Q[()z).

(IL71)

We can now compute the coefficient A = 759 from the second derivative of V(Q)(Ql,Qg)
which is evaluated at the critical point, see Eq. (I1.65). It represents the variance of the effective
random fields in the mapping onto the RFIM and it is thus a measure of the dominant effective
and “self-induced” disorder in the constrained p-spin. Its evolution with the temperature of the
reference configurations is given in F1G. I1.6, where both A and T are rescaled by the appropriate
measure of the interaction coupling. We first note that it always remains positive, as it should.
In addition, it decreases at both large and small values of T while it is maximum for intermediate
values of Ty ~ Teyx. We recall that T,y is the critical temperature for the case T = Ty. As
a result, the case T' = Ty corresponds to a relatively high disorder strength. The evolution of
A(Tp)/J? can be understood qualitatively. On the one hand, when T is lowered, the number of
metastable states in which the reference configurations can be sampled decreases. On the other
hand, when Ty increases, the free energy landscape becomes more trivial and the disorder is less
relevant. If our physical intuition is correct, then the evolution of A with the temperature of
the reference configurations in realistic glass-forming liquids should be similar when rescaling
all quantities by the strength of the effective interactions. As a consequence, decreasing Ty in
constrained glass-forming liquids pushes the critical point at higher temperatures in the liquid
region but it reduces the strength of the effective disorder and it potentially makes more difficult
to assess the role of the disorder in the physics of glass-forming liquids when they are coupled
to a quenched reference.

This section has discussed the first steps towards a statistical field theory of the overlap order
parameter in finite dimensions. However, a more realistic description of supercooled liquids re-
quires a knowledge of the overlap dependent action S[Qq4] from which the cumulants of the FP
potential can be computed. In other words, as derived, even though the statistical field theory
makes general predictions regarding the nature of the transitions, it does not predict whether
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the mean-field phase diagram (¢, 7") survives the introduction of finite-dimensional fluctuations.
Therefore, computer simulations can be helpful to detect phase transitions in constrained su-
percooled liquids but also to measure S[Qqa4] in model glass-formers. Before presenting our
numerical simulations of constrained supercooled liquids in dimensions d = 2,3 in Chap. III, we
first review the results which were obtained in previous works and we develop our directions of
study.

5. COMPUTER STUDIES OF GLASS-FORMERS IN THE FRANZ-PARISI CONSTRUCTION
5.1 STRUCTURAL LIQUIDS

Since coupling the overlap with a reference configuration to an external source may induce
a first order phase transition between a low-overlap phase and a high-overlap phase and since it
may thus reveal the existence of non-trivial thermodynamic fluctuations and of an entropy crisis
at a low and inachievable temperature, computer simulations have been performed in several
three-dimensional models in order to study the main features of the phase diagram (e, 7).

The Franz-Parisi (FP) potential was measured in different model glass-formers for the case
T = Ty by using importance sampling techniques which are similar to the ones that are detailed
in Chap. III. In particular, in small systems, the FP potential shows a tendency to become non-
convex when lowering the temperature, in agreement with the mean-field picture [181, 209, 213,
241]. In larger systems instead, the FP potential turns to become almost linear when lowering
the temperature [256]. These results suggest that the mean-field theory of the glass transition
remains relevant in finite dimensions.

The thermodynamics in the presence of a finite source € was also measured in computer

~

simulations for the case T' = Ty. The isotherms (Q). flatten as the temperature is decreased and
conversely the susceptibilities grow in small systems. The location of the susceptibility maxima
forms a line in the plane (e, 7T") which is often called the “Widom line”. Along the Widom line,
the full overlap probability distribution was also computed, see Eq. (II.13), and it becomes
bimodal at low temperatures. This is the expected distribution if there is a phase separation
between a low-overlap phase and a high-overlap phase [209]. This is also consistent with the
direct real-space analysis of overlap profiles which show macroscopic domains of small and large
overlap [156, 256]. Finally, the phase diagram (e,7") was explored from a dynamic point of view
too. The study of the time variation of the overlap upon heating or cooling for fixed € > 0 has
revealed hysteresis as it is expected when crossing a first order transition line [156].

The influence of the disorder which is represented by the reference configurations was also
assessed in Ref. [209]. For a fixed €, the overlap probability distribution is shown to be different
from one reference configuration to another. Overall, this suggests that the disconnected sus-
ceptibility in Eq. (I1.9) is non-zero in constrained glass-forming liquids and that the disorder is
indeed relevant. In addition, the RFIM-like scaling between the connected and the disconnected
susceptibilities [see Eq. (I1.79) in Appendix A] was also investigated and it appears to be verified
even though the increase in both susceptibilities is mild because of small system sizes.

The role of the temperature Ty of the reference configuration was studied too [209]. When
To is decreased at a fixed temperature T', the overlap probability distribution for the largest
total susceptibility is found to become more bimodal. This shows that the overlap fluctuations
increase when lowering Ty and this result is indeed consistent with the fact that the putative
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critical point is shifted upwards in temperature, see Fia. I1.5.

All the previous results are encouraging. However, their conclusions have been limited to too-
large temperatures or too-small system sizes. In particular, most studies have been performed in
the case T' = Ty for which the critical point may be at or below the avoided dynamical transition
(mode coupling crossover) for which equilibration of the unconstrained liquid becomes difficult
to ensure for a reasonable simulation walltime, see also Appendix A of Chap. III. In other words,
all previous numerical works likely remained above the putative critical point, i.e., along the
Widom line. In order to go further in the simulations of constrained supercooled liquids, one
needs to be able to go to significantly lower temperatures and to larger system sizes. This is
what we achieve in Chap. III by relying on the recently-developed swap algorithm [54]. Finally,
we note that numerical works have concentrated on 3d systems. However, 2d models should
also be investigated as the mapping onto the RFIM excludes the existence of a transition at any
temperature in the thermodynamic limit (the lower critical dimension is 2, see Appendix A).
This is therefore a strong prediction that can be checked. In Chap. III, we also bridge this gap.

5.2 PLAQUETTE MODELS

We also review computer simulations which were performed on plaquette models. The latter
correspond to lattice models of Ising spins with p-body interactions in which interacting spins
form plaquettes of p spins [201]. These models are related to Ising p-spin models [257] which are
at the root of the mean-field theory of the glass transition. However, when the lattices of spins
and bonds are isomorph [258], or equivalently when the number of spins per plaquette equals the
number of plaquettes to which a given spin belongs, the model is well described by the dynamic
facilitation theory as it can be mapped onto a system of localised and non-interacting defects
which diffuse with kinetic constraints, namely, onto a kinetically constrained model [257, 259]
(see Chap. I).

In Ref. [260], the thermodynamics of the d = 3 square pyramid plaquette model which is
attractively coupled to a quenched reference configuration was studied numerically. Spin systems
are easier to simulate than particle systems and larger system sizes and lower temperatures can
thus be achieved. While the dynamics of the unconstrained square pyramid plaquette model is
actually described by the dynamic facilitation theory [112], its thermodynamic behaviour was
shown to be remarkably consistent with the mean-field theory of the glass transition. A random-
field Ising model (RFIM) critical point was found and characterised thanks to a finite-size scaling
analysis. The role of the temperature Tj of the reference configuration on the position of the
critical point was also discussed, with a similar trend as in F1G. IL.5 (a). For this system, the
entropy only vanishes at zero temperature [243, 261] and the results are consistent with a line
of first order transition which converges to (¢,7) = (0,0) in the phase diagram.

The phase diagram (e, T") was also investigated from a dynamic point of view in Ref. [99] for
the 2d triangular plaquette model. The melting dynamics at a temperature T of equilibrium
configurations which were sampled at a temperature Ty was analysed for the unconstrained lig-
uid (¢ = 0) and close to Widom line (¢ > 0). When 0 < Ty < T and when ¢ is small-enough,
the dynamics of the constrained system agrees with the Avrami law which describes the rare
nucleation of small droplets of the stable (low-overlap) phase into the metastable (high-overlap)
one, that is followed by the growth of these nuclei, as it is expected close to a first order tran-
sition [103]. However, the Avrami description fails closer to the Widom line as the typical size
of the domains over which the overlap field is correlated increases and as the disorder starts
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to become relevant (see the Imry-Ma argument in Appendix A). Hence, at short lengthscales
and timescales, the system displays mean-field remnants. In addition, the behaviour is consis-
tent with the RFIM criticality and the fact that any phase transition should disappear in the
thermodynamic limit in 2d.

Overall, the fact that plaquette models behave similarly as glass-forming liquids means that
the mean-field theory of the glass transition and the dynamic facilitation theory are not com-
pletely incompatible. Consequently, the study of constrained glass-formers might be a way
of linking these two theories of the glass transition and this gives another motivation to the
simulations of the next chapter.

APPENDIX A - THE RANDOM-FIELD ISING MODEL
A.1 PRESENTATION

The random-field Ising model (RFIM) is a generalisation of the pure Ising model. It corre-
sponds to a system of Ising spins S; = 4+1 on a hypercubic lattice in d dimensions which interact
with ferromagnetic coupling constants® Ji; > 0. In addition, on each lattice site, the spin S;
interacts with a random field h; [91]. The random fields are quenched random variables which
are usually of zero mean and which are delta-correlated in space. The Hamiltonian of the RFIM
is written as

N
H(S] == Ji;SiS; — > hiSi, (IL.72)
{i.3) i=1

where (i, ) denotes the sum over all nearest neighbour pairs.

Alternatively, the RFIM can be described by a Landau-Ginzburg functional which corre-
sponds to a ¢*-theory of the form [262, 263]

Vo) = [ e {K@.0@) + Lol + So@)! - h@po@)].  (@L73)

where K > 0, go and g4 > 0 are multiplicative constants, and where h(x) is a random field of
zero mean which is delta-correlated in space, namely,

h(z) =0, h(x)h(y) = A5 (x — y), (I1.74)

with ¢ a microscopic length. The coefficient g vanishes at the mean-field second order phase
transition in the pure Ising model (without disorder), it is positive in the paramagnetic phase
and it is negative otherwise. The two formulations of Eq. (I1.72) and (I1.73) describe the same
long-range physics and they thus belong to the same universality class. The long-range physics
is also independent of the details of the distribution of the random fields, provided there are no
long-range correlations among the latter [264]. In practice, a Gaussian distribution is usually
considered.
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1.5

T/J

0 L 1 L 1 L 1

0 0.2 0.6 08

0.4
AJJ?
Fic. I1.7 | Mean-field phase diagram of the random-field Ising model in the plane (A/J2,T/J),
with J the coupling constant between spins, T' the temperature and A the variance of the random
fields. The phase diagram is obtained for a Gaussian distribution of random fields and it displays
a line of second order phase transition between a paramagnetic phase (PM) at high temperatures
and disorder and a ferromagnetic phase (FM) at low temperatures and disorder. The transition line
converges to zero temperature for a finite critical disorder strength A./J? = 2/7. When A = 0, one
recovers the critical behaviour of the pure Ising model with T, (A =0)/J = 1.

A.2 CRITICAL BEHAVIOUR
A.2.1 MEAN-FIELD THEORY

In the mean-field limit, ¢.e., in the limit of long-range ferromagnetic interactions between
spins or of infinite dimensions, the thermodynamics of the random-field Ising model (RFIM)
can be computed exactly. This can for instance be done by using replica calculations to deal
with the average over the realisations of the random fields [265]. The pure Ising model is
described by a single control parameter, namely, the temperature 1" which is rescaled by the
typical ferromagnetic coupling constant J. The RFIM has instead two control parameters,
namely, the rescaled temperature 7/.J and the rescaled variance of the random fields A/J2. A
line of second order phase transition 7T.(A) in the plane (A,T) is then found and separates a
paramagnetic phase with a zero magnetisation at high temperatures and high disorder from a
ferromagnetic phase with a non-zero magnetisation at low temperatures and low disorder. The
phase diagram is shown in F1a. I1.7 for the case of a Gaussian distribution of random fields.
When A = 0, one recovers the critical temperature of the pure Ising model 7.(0)/J = 1. When
T is fixed below T¢(0), another critical point exists for A > 0: the ferromagnetic phase becomes
stable for a small amplitude of the disorder when thermal fluctuations are weaker. The line
extends down to zero temperature with a critical disorder A./J? = 2/ [266]. This indicates
that even at zero temperature, there is a critical point. This also implies that if the disorder
strength is such that A > A, no long-range order is found at any temperature and the system
is always in a paramagnetic phase. In consequence, the physics of the RFIM is different from the
one of the pure Ising model and it is governed by disorder-induced fluctuations rather than by
thermal fluctuations. The existence of a zero-temperature critical point also suggests that the
critical behaviour is not ruled by a competition between the entropy and the energy as for usual
phase transitions but by a competition between two energies, namely, the Zeeman energy (local
alignment with the random field) and the ferromagnetic energy (alignment between spins).

?Contrary to spin glasses [e.g., the p-spin model which is defined by the Hamiltonian (I1.30)], the
ferromagnetic coupling constants J;; are not random in the RFIM.
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We have so far discussed the case of a zero external magnetic field. When the latter is added,
or equivalently when the random field is no longer of zero mean, the phenomenelogy is similar
to the one of the pure Ising model: in the ferromagnetic phase, a thermodynamic first order
phase transition is found when the applied magnetic field turns from negative to positive in the
thermodynamic limit.

A.2.2 THE LOWER CRITICAL DIMENSION

The thermodynamics of the RFIM in finite dimensions d can also be discussed, and the
focus is made on the critical behaviour. First of all, the lower critical dimension of the RFIM
is di = 2 [267, 268], unlike the Ising model for which it is equal to 1. This result can be
understood qualitatively thanks to the Imry-Ma argument that we review now [91, 249]. As
already mentioned, at zero temperature, the transition is ruled by the competition between
the Zeeman energy and the ferromagnetic aligment energy. One imagines that the system in d
dimensions and in the absence of an external magnetic field is in a ferromagnetic phase of up
spins and we want to assess the stability of this state. One now considers a domain of down spins
of size L. The interfacial cost to create such a domain is of order JL?!. Its Zeeman energy
is a random quantity of zero mean and of variance AL?. As a result, the domain can gain at
most a Zeeman energy which is approximately equal to vAL%?2, and its total energy roughly
reads JL4' —/AL?2. For large-enough domains, this energy is negative if d — 1 < d/2, i.e., if
d < 2. In this case, the system prefers creating domains in order to gain a Zeeman energy and
any long-range order is destroyed.

A.2.3 THE ZERO-TEMPERATURE FIXED POINT

For dimensions d > 2 then, the phase diagram looks like FiGg. I1.7. The application of
renormalisation group techniques [269] proves that the pure critical point at a temperature
T.(0) and at zero random field is unstable, and accordingly the disorder is relevant. Along the
line of critical points, the renormalisation flow converges to the zero-temperature fixed point
at A = A, [91, 248]. Therefore, as long as A > 0, the critical behaviour is ruled by the zero-
temperature fixed point which controls the critical exponents for instance. This confirms the
intuition that a competition between two energies controls the physics of the RFIM. However,
temperature is a dangerously irrelevant variable and the renormalised temperature converges
to the fixed point with a non-trivial critical exponent 6 [269]. Because of this new exponent,
the system is described by three independent critical exponents [270], for instance by the triplet
(v,m,7). The first one, v, is the critical exponent which controls the divergence of the correlation
length £ close to the critical point. The two others are the anomalous dimensions which describe
the spatial decrease of the connected correlation function,

1

G (@,y) = (B(@)6w) — @NOW) ~ —— (IL75)
and of the disconnected one!® [270],
G (a,y) = (@) (90w — @] (0] ~ 1o (1175)

OThe integral over space of these correlation functions yields the connected and the disconnected
susceptibilities, which are introduced in Sec. 2.2.
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In particular, the temperature exponent 6 is related to the two anomalous dimensions by the
scaling law [270]
n—n=2-46. (I1.77)

In mean-field theory, n =7 =0, and 6 = 2.

A.2.4 DIMENSIONAL REDUCTION AND ITS BREAKDOWN

A main consequence of the existence of a zero-temperature fixed point and of a new tem-
perature exponent is the fact that the hyperscaling relation is no longer satisfied, and instead
2—a=(d—0)v [262, 263, 271], with « the heat capacity exponent. In mean-field theory, o = 0,
v =1/2, and § = 2. As a consequence, this relation can only be satisfied if d = d, = 6 which
is thus the upper critical dimension above which mean-field theory becomes exact to describe
the critical behaviour of the RFIM. This upper critical dimension can also be derived from
another heuristic argument in the same spirit as the Imry-Ma argument for the lower critical
dimension [91, 262].

The critical exponents of the d-dimensional RFIM have been shown to be equal to the ones
of the pure Ising model in dimensions d — 2 by using perturbation theory [272, 273] and also by
displaying a hidden supersymmetry [274]. This property is known as dimensional reduction and
it is true in particular at the upper critical dimension d,, = 6, as the upper critical dimension of
the system without disorder is 4. Dimensional reduction then implies that the universality class
of the RFIM is merely described by two critical exponents instead of three, and the new scaling
law n = 7 holds [263]. However, dimensional reduction is clearly wrong at the lower critical
dimension of the RFIM which is dj = 2 and not 1 + 2 = 3. In addition, just above the lower
critical dimension, the relation 77 = 27 was proved by using perturbation theory [269], contrary
to the dimensional reduction prediction. An exact functional renormalisation group analysis
solved this paradox and demonstrated that dimensional reduction breaks down in dimensions
d < dpr = 5.1 for the RFIM [275, 276]. Below this dimension, the RFIM and the pure Ising
model universality classes are not related, as confirmed by large-scale computer simulations [277].

A.2.5 THE NUMBER OF INDEPENDENT CRITICAL EXPONENTS

The number of independent critical exponents in the RFIM has been a matter of debate for
many years, as several studies have suggested that the relation

7=2n (IL.78)

should hold in any dimension [278]. Once again, the functional renormalisation group theory
brought a clear answer and showed shown that the above relation does not generally hold [263],
and that it is actually an inequality which was first derived by Schwartz and Soffer [279], namely,
7 < 2n. However, in the range d; < d < dpg, the deviation from Eq. (I1.78) is always quite
small, as direct measures of the critical exponents suggest [264, 277, 280]. A consequence of
Eq. (I1.78) is that when approaching the critical point, the disconnected susceptibility scales as
the square of the connected one [270], namely,

; A 2
(dis) _ (con) ) 1.
X T.(A) X (IL.79)

The prefactor in Eq. (I1.79) represents the ratio of the variance of the random fields A to the
critical temperature for the same value of A. When 7 ~ 27, as it is found in d = 3, Eq. (I.79)

64



II. AN INTRODUCTION TO THE THEORETICAL FRANZ-PARISI CONSTRUCTION

represents a very good approximation.

A.2.6 THE ACTIVATED CRITICAL DYNAMICS

We finally discuss the dynamics of the RFIM close to its critical point, which is expected to
suffer from a critical slowing down. The fluctuations of the order parameter and the associated
relaxation mechanisms become collective on the scale of the correlation length £ which diverges
when approaching the critical point. In standard critical phenomena, for instance in the univer-
sality class of the pure Ising model, the critical dynamics is described by a dynamic exponent z
such that the relaxation time 7 scales as 7 ~ £*. Therefore, in conventional critical phenomena,
7 diverges with a power law at the approach of the critical point [281].

The critical dynamics in the RFIM is different and this is also related to the fact that the
critical behaviour of the system is described by a zero-temperature fixed point. The droplet
scenario [262, 271] assumes that the system displays a distribution of energy barriers of typical
height which grows as &Y because of the quenched disorder, with v another critical exponent.
Relaxation then occurs because of thermal activation over these barriers, and this leads to the

activated dynamic scaling
InT ~ &Y. (11.80)

Besides, the simplest assumption is that 1) should be equal to #. In consequence, the critical
slowing down in the RFIM is far more dramatic than the conventional dynamic scaling, as
the logarithm of the relaxation time instead behaves as a power law of the correlation length.
Formally, the RFIM is characterised by a dynamic exponent z = +oo for d < d,, while above
the upper critical dimension, one should recover the mean-field prediction z = 2 [115, 281].

The activated dynamic scaling of Eq. (I1.80) and the crossover between non-activated dy-
namics (d > dy) and activated dynamics (d < d,) can be understood by using functional
renormalisation group techniques [282]. When dimensional reduction breaks down (d < dpr),
then the relation 1) = 6 is found, in agreement with the droplet scenario. When dpgr < d < dy,
then the dynamics is still activated contrary to what is expected from dimensional reduction.
Therefore, dimensional reduction only applies to static properties. In this regime, 1) decreases
with d and it eventually vanishes at d = d,,.
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PHASE DIAGRAM OF FINITE-DIMENSIONAL
111 CONSTRAINED SUPERCOOLED LIQUIDS FROM
COMPUTER SIMULATIONS

We study the thermodynamics of a model supercooled liquid in dimensions d = 2,3 at a
temperature 1" whose overlap with a reference configuration is biased thanks to an external source
€. Based on our discussion of Chap. II and in particular building on the analytical calculations
of the spherical p-spin model, we consider reference configurations which are sampled at very
low temperatures Ty in order to move all the putative relevant thermodynamic features that are
associated with the overlap fluctuations to higher temperatures. These configurations are easily
generated by using the swap algorithm. Results for the case T' = Ty are instead presented in
the Appendix. To explore the phase diagram and to compute the thermodynamic properties
of constrained supercooled liquids accurately, we use importance sampling techniques, namely,
umbrella sampling and histogram reweighting. We find that the models in both d = 2 and
d = 3 display the mean-field phenomenology in “reasonably small” systems. In particular, the
Franz-Parisi potential, which represents the free energy cost for keeping a certain overlap with
a reference configuration in the bulk liquid, shows a non-convex behaviour while the isotherms
of the overlap with respect to e plateau and the overlap distributions become bimodal at low
temperatures, consistently with a first order transition which ends in a critical point. However, in
low dimensions, e.g., d = 2, 3, strong finite-size effects are expected close to a first order transition
or a critical point. In order to assess the fate of the mean-field results in finite dimensions, we
perform an extensive finite-size analysis and we study the size evolution of the overlap probability
distribution and of the susceptibilities. In agreement with recent field theoretical calculations
beyond mean-field theory, we demonstrate the existence of a first order transition line for finite €
which ends in a critical point in the universality class of the random-field Ising model (RFIM) in
3d. Instead, the 2d system does not present any sign of singular behaviour in the thermodynamic
limit, consistently with the RFIM universality class whose lower critical dimension is equal to
2. The RFIM criticality is confirmed by studying the dynamics of the constrained liquid in 3d
in the vicinity of its critical point, which is found to be compatible with an activated dynamic
scaling. Overall, our results prove that the mean-field results and their extensions to finite
dimensions by using statistical field theory are robust in finite dimensions and they emphasise
the important role of the disorder in some aspects of the physics of supercooled liquids and
glasses, as illustrated by the analogy with the physics of the RFIM.
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Part of this work has already been published in Ref. [283] and results of this chapter will
also be the object of another publication.

1. INTRODUCTION

In Chap. II, we have reviewed the Franz-Parisi (FP) setting in the study of glass-forming
liquids. It consists in linearly biasing the overlap between a liquid configuration at a temperature
T and a quenched reference configuration of the same liquid which has been sampled at a
temperature 7j thanks to an external source €, see Eq. (I1.3). Studying the thermodynamics of
the constrained liquid reveals the non-trivial changes in the underlying free energy landscape at
the mean-field level and it gives access to some properties of the metastable states (free energy
minima). In the plane (e¢,7), a line of first order transition between a low-overlap phase and a
high-overlap phase is found, which ends in a critical point at (e, Tc) [153-155].

In Chap. II, we have also explained the first steps towards a field theory of the overlap beyond
mean-field in finite dimensions d which relies on a replicated Landau-Ginzburg functional of the
overlap profiles. We have detailed its main predictions, namely, that the critical point at (e, T¢)
belongs to the universality class of the random-field Ising model (RFIM) and that the line of
first order transition below it corresponds to a transition in the presence of a random field [218,
250]. This is a strong statement as it forbids the existence of any singular behaviour in the
thermodynamics of constrained liquids in d = 2 [249, 267, 272, 273] or in d = 3 if the disorder
becomes too large [91, 265].

Even though statistical field theory makes predictions about the properties of the phase
diagram of constrained supercooled liquids (¢ > 0) it does not provide information about the
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F1a. II1.1 | Sketch of the different phase diagrams which can be expected for the thermodynamics of
constrained liquids in finite dimensions. The control parameters are the temperature 7" and the field
€ which biases the overlap Q between the configuration of the liquid and a reference configuration
of the same liquid which has been sampled at a temperature T;. The diagrams are pictured here
for the case Tp = T. Panels (a) and (b) represent mean-field-like scenarios for thermal systems,
and which depend on the existence [panel (a)] or the absence [panel (b)] of an entropy crisis at a
temperature Tk > 0. Both diagrams display a line of first order transition (full line) between phases
of low overlap and high overlap which ends in a critical point (e.,T:). Above the critical point, the
Widom line (dashed line) represents the loci of the (finite) maximum of the overlap fluctuations.
(c) Another phase diagram may also be found with a mere Widom line down to zero temperature,
for instance in d = 2 or in d = 3 if the disorder is too strong.

actual existence of the phase transition or of the critical point in realistic glass-forming liquids.
Actually, several different phase diagrams may be envisioned for the thermodynamics of con-
strained supercooled liquids in finite dimensions, see Fi1G. III.1. This is because statistical field
theory has so far dealt with simplified Landau-Ginzburg functionals. Computer simulations
then represent a complementary tool to study the thermodynamics of constrained supercooled
liquids. They allow one to measure the actual Landau-Ginzburg functional of the overlap field
in realistic glass-formers. The measured functional could later be used as an input of statistical
field theory for instance in order to compute the parameters of an effective RFIM description.
In this chapter, we use computer simulations to directly assess the existence of the critical point
and of the associated first order transition line and to check the theoretical predictions from
statistical field theory. We consider the cases d = 2 and d = 3, and in the next section, we
present our numerical strategy.

2. MODEL AND METHODS
2.1 NUMERICAL STRATEGY

The constrained thermodynamics of supercooled liquids depends on the triplet (¢,7',7p). In
the previous chapter, we have computed the mean-field phase diagram (e, T") of the paradigmatic
spherical p-spin model for the case T' = Ty but also for a fixed temperature of the reference
configuration T whatever the temperature 7' [153, 156]. We have shown that considering the
case of a fixed Tp in between the dynamical transition temperature at which the metastable states
first appear and the Kauzmann transition temperature Tk at which the configurational entropy
vanishes moves the critical point and the first order transition line to higher temperatures. This
also changes the shape of the first order transition line which does no longer converge to the
random first order transition point at (¢,7") = (0,7k) but which instead extends down to zero
temperature [222]. We have subsequently rationalised this trend which is thus expected to hold
in mean-field glass-forming liquids. We have also reviewed published numerical works which
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suggest that it should also hold in finite-dimensional liquids [209] and plaquette models [260].

In addition, past numerical works which have focused on the case T' = T have been mostly
limited to the “Widom line”, i.e., the region of the phase diagram above the putative critical
point. This is because in the various systems which have been considered, this critical point
is likely to be close to or below the mode-coupling crossover! Tiet ~ Ty below which the
equilibration of the unconstrained liquid exceeds a reasonable simulation walltime (of about one
week) [209, 213, 256], see Appendix A [283]. Pushing the interesting thermodynamic features to
higher temperatures would then be beneficial by considering stable equilibrium configurations
at a low temperature Ty. This would ease sampling of the phase space of the constrained liquid
because of a smaller bulk relaxation time. We have however seen in Chap. III that this might
come with a less-pronounced RFIM-like behaviour.

In 2017, the swap algorithm was developed and optimised for a family of models with conti-
nous size-polydispersity [54]. The swap algorithm combines standard translational moves with
swap Monte Carlo moves which consist in exchanging the positions (or equivalently the sizes)
of two randomly-chosen particles while respecting detailed balance. This algorithm corresponds
to a non-physical dynamics but it results in an incredibly large equilibration speedup [284] (as
quantified by the ratio of the relaxation time of the swap dynamics to the one of the physical
dynamics), of about 10% at the mode-coupling crossover and up to 10% or even 10'! at the ex-
trapolated (experimental) glass transition temperature? Ty in d = 3 and d = 2 respectively [54,
182]. Consequently, we take advantage of the swap algorithm in order to prepare very stable
configurations in equilibrium at a temperature Ty < 7T}, see TAB. III.1. We have also obtained
results for the case T' = Tj and they are discussed in Appendix A.

To study the thermodynamics of the constrained liquid at a temperature 1" which is coupled
to a reference configuration at a temperature Ty, the easiest thing to do is to directly simu-
late the system with the Hamiltonian (I1.3). However, we need to implement more advanced
simulation techniques because of several sampling issues. First, at high temperatures close to
the putative critical point, the dynamics (even with the swap algorithm) is expected to slow
down significantly [283], see also Sec. 5.2. This critical slowing down is due to diverging thermo-
dynamic fluctuations of the order parameter. In RFIM-like systems, the critical slowing down
is far more spectacular than in pure systems as the relaxation time scales exponentially with
the correlation length (instead of algebraically) [262, 271], see also Appendix A of Chap. II. In
addition, near the anticipated first order transition line, a correct sampling may be hindered
due to large nucleation barriers between the metastable phase and the stable one. The system
may remain trapped for a long time and it may then only sample one of the two phases.

In the next sections, we give more details about the model that we consider and the way com-
puter simulations are performed. We also explain how the thermodynamics of the constrained
liquid is computed without directly simulating the latter but instead via an umbrella sampling
and a subsequent reweighting.

'See Chap. VI for its measurement.

2We define the extrapolated glass transition temperature as the temperature at which the extrapolated
relaxation time increases by twelve orders of magnitude from its value at the onset temperature of glassy
behaviour. The onset temperature is instead defined as the highest temperature at which the relaxation
time departs from its high-temperature Arrhenius behaviour [285-287]. More details can be found in
Chap. VL.
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dt Tth | MMD | Mswap a R To Tinet Tg
2d | 0.005 | 0.5 | 50 10 0.22 | 0.3 | 0.03 | 0.115 | 0.068
3d | 0.01 |05 | 25 1 0.22 | 20 | 0.06 | 0.095 | 0.056

TaB. III.1 | Parameters which are used to run the simulations: time step d¢ for the integration of
the equations of motion, damping time of the thermostat 7i,, number of molecular dynamics steps
nMp between sequences of swap moves, number of swap moves per particle ngyap, tolerance length
a in the definition of the overlap, curvature s of the umbrella potential, temperature Ty of the
reference configuration when it is fixed. We also report the mode-coupling crossover temperature
Tinet and the extrapolated glass transition temperature 7, for comparison.

2.2 MODEL

We study a system of N spherical particles of equal mass m in spatial dimensions d = 2,3
with radial pairwise interactions, as first introduced in Ref. [54]. The diameters {o;};=1..;y of
the particles are drawn from the distribution p(o;) o< o;” 3foro; € [Omins Omax) With omax /O min =~
2.217. Two particles ¢ and j interact with the repulsive potential

12 2 4
U(T‘Z’j) =0 (JU> +co + ¢ <Tz]> + ¢4 (TZ]) ) (III]-)
rij Uij Jij

if their relative distance r;; = |r; — r;| satisfies 7;;/0;; < x. = 1.25, where their interaction
cross-diameter o;; is given by the non-additive rule (¢ > 0)

(1 — plog — o). (II1.2)

The constants ¢y, co and ¢4 are set in order to make the potential and its two first derivatives
continuous at the cutoff distance: cy = —28uvp/zl2, co = 48vp/xl4 ¢y = —21vp/x!8. The distri-
bution of the diameters and the non-additive rule for the cross-diameters reduce the tendency
of the system for crystallisation or demixing. The average diameter o of the particles is used
as unit length (u = 0.2 in this unit), the interaction strength vy is used as unit temperature
(the Boltzmann constant kg is set to unity), and \/ma?/vg is used as unit time. The system is
simulated in a cubic box of linear size L with periodic boundary conditions [64]. The number
density p = N/L? is chosen equal to 1.

The unconstrained system is simulated by using a hybrid scheme which combines molec-
ular dynamics (MD) in the conventional canonical ensemble and the recently developed swap
Monte Carlo algorithm in order to speed up equilibration and phase space exploration [55]. The
scheme consists in the succession of blocks of MD steps and blocks during which swap moves
are performed. The MD is run by implementing the Hoover equations [288] of the Nosé ther-
mostat [289-291] with a time step d¢ (see TAB. III.1) and a thermostat damping time 7y, (see
TaB. III.1). Both have been chosen to maximise the algorithm efficiency along with a proper
sampling of the canonical ensemble. The equations of motion are solved by using a reversible
integrator which is based on a Liouville formulation of the equations [292, 293]. The MD is run
for nyp steps (see TAB. II1.1). Then, the positions and the velocities of the particles are frozen
and Ngwap = Nswap/N swap moves are attempted (see TAB. III.1). For an elementary swap move,
two particles ¢ and j are randomly selected and their diameters are exchanged. The change in
the total potential energy Astap = stap H is then computed (the kinetic energy remains
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constant), with

AN = % S (i — 7). (I1.3)

i<j
and f]swap the total potential energy when particle diameters are swapped. The move is eventu-

ally accepted by following the Metropolis rule, namely, with probability equal to min(1, e 3% Hswap)
(8 = 1/T), in order to respect detailed balance [64, 294]. This combination of thermostated
MD and Monte Carlo swap moves ensures a proper sampling in the canonical ensemble. The
parameters nyp and ngwap have been fixed in order to maximise the algorithm efficiency while
ensuring a proper sampling in the canonical ensemble.

To compute the overlap between the configuration " and a reference configuration r{, i.e.,

A

1 N
QIrY;my'] =~ z_: w(|r; —ro4l/a), (II1.4)

we use the continuous window function w(z) = e "2 and the tolerance length a which is

reported in TAB. III.1. The prefactor In2 is just conventional and it is chosen so that the
window function equals 1/2 for z = 1. Different window functions could be considered, for
instance w(z) = (1 — ) with 6(z) the Heaviside step function [114, 154, 155, 181, 209, 213,
241], a Gaussian [179, 180], or a power law decaying function such as w(z) = (1 + z'2)~! [156].
As we are performing MD simulations, we require a window function which is differentiable in
order to compute forces and this forbids the much used Heaviside function. We have therefore
considered a smooth version of the Heaviside function but we have checked that our results are
qualitatively similar when considering different window functions. For our choice of w(z), the
“random” overlap between two uncorrelated configurations is Quang = pSqa’T'(d/4)/[4(In 2)%/4],
with Sy the area of the unit sphere in d dimensions, and I'(z) the Euler Gamma function.

The tolerance length a also needs to be fixed. Its influence on the results which are presented
here is extensively studied in Chap. IV [295], where we use a mean-field-like model, namely, the
liquid-state theory in the hypernetted chain approximation (see Ref. [296-298] and Ref. [154,
155, 299-302] for its application in the Franz-Parisi setting), and computer simulations. We
briefly recap our findings here. The qualitative behaviour of the constrained liquid is insensitive
to the choice of a, even though the shape of the phase diagram (¢, T’) is quantitatively changed
when varying a. In particular, the critical point is expected to be at a larger temperature when
the value of a decreases. Here, we have chosen a relatively small value of a, namely, a = 0.22.

In the next sections, we explain how to compute the thermodynamics of the model glass-
former we have introduced when the latter is coupled to a reference configuration by means of
simulations at € = 0 only. It relies on a two-step “divide and conquer” strategy. The description
of the first step, namely, umbrella sampling, is the object of the next section.

2.3 UMBRELLA SAMPLING

In Eq. (I1.13), the probability distribution P.(Q;r{") of the overlap in the constrained liquid
has been defined for a fixed reference configuration =) and it is related to the probability
distribution of the overlap in the unconstrained liquid for the same reference configuration
P(Qv r(])V )’ i.e

Pe(Q; 1) ox P(Q; g )N P9 (IIL5)
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1 1
0.8 = H0.8
Z; 0.6 0.6,
&.04 0.4®
<
0.2 0.2
0 0
0 1.10° t2.105 3.10°

Fic. II1.2 | Overlap time series for several biases Q™f for the 3d system with N = 1200,
T = 0.22 and the other parameters which are given in TAB. III.1. From bottom to top,
Q™ =0, 0.12, 0.22, 0.32, 0.40, 0.50, 0.62, 0.72, 0.80, 0.94.

This comes from the fact that the Hamiltonian of the constrained liquid ﬁe[rN ;'] is simply

related to the Hamiltonian of the unconstrained liquid A (V] by
H ;71 = Hr™] - NeQ[r™; ). (IIL.6)

As a result, in principle, the thermodynamics of the constrained liquid for any field € can be
obtained from simulations of the unconstrained liquid only, ¢.e., with € = 0. However, positive
values of € make more probable high-overlap values which are very unlikely in the bulk liquid
with € = 0, see F1G. I1.3 (a). More precisely, Eq. (IIL.5) indicates that high-overlap values are
exponentially more probable in N when € gets larger. Therefore, in order to accurately compute
Pe(Q; rév ) from the unconstrained distribution, fluctuations of the overlap with an exponentially-
small weight in NV must be measured. In a conventional simulation, the system typically explores
a narrow range of overlap values around its random value Q;anq, which corresponds to the overlap
for two uncorrelated configurations and which is the absolute minimum of the Franz-Parisi
potential. Consequently, the correct measure of P(Q;7)’) on the entire range [0, 1] requires a
more sophisticated algorithm in order to sample rare events.

We use umbrella sampling [303-305] to force the liquid towards larger and untypical values
of the overlap, and we sample phase space with the biased Hamiltonian

e rd] = HieN] + W(QrY;mg')) = Hir™] + %Nm(@[r]v; o] - Q)2 (IIL7)

which is obtained by adding a harmonic bias W(Q) of center Q*! and curvature s to the
Hamiltonian of the unconstrained liquid. The factor of IV ensures that the Hamiltonian remains
an extensive quantity. By increasing Q™f, we can explore different regions of the phase space,
which are characterised by larger overlap values, while the strength of the bias x mostly controls
the amplitude of the fluctuations of Q. Umbrella sampling controls the amplitude of the overlap
fluctuations and it makes them small-enough to be sampled more accurately.

For a given reference configuration r{’ and a temperature T, we run ns € [23,35] simula-
tions in parallel with umbrella potentials {Wj}r—1. n. of identical curvature x and of centers
{Q};ef} k=1..n, i order to sample the entire range of overlap values between 0 and 1, see F1G. III.2.
In 2d, we consider systems of moderate size (typically, up to N = 250) and simulations are thus
very slow when a large bias strength  is imposed [306]. In consequence, in the 2d system,
we use a smaller value of the bias strength x (see TAB. III.1) which results in a significant
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overlap between adjacent biased distributions of the order parameter (see Sec. 2.4). In 3d in-
stead, we consider unprecedently large system sizes (typically, up to N = 2400) for such a type
of simulations to investigate the thermodynamic limit because strong finite-size effects are ex-
pected close to a critical point or a first order transition [307, 308]. In order for our reweighting
scheme to scale adequately with NV, we use a large bias strength x (see TAB. III.1) to narrow
the fluctuations (see Sec. 2.5).

For each biased simulation, the system is first equilibrated for —t,e1ax < t < 0. Equilibration
is ensured by checking that the simulations which are started from two distinct initial conditions
converge towards the same stationary state [180, 309]. Then, the statistical properties of the
overlap are measured for 0 < ¢ < t¢q. In 3d, we monitor the mean-squared displacement

. 1 X
At) = N > Iri(t) — ri(0))?, (I11.8)

=1

and we check that at the end of the sampling, it exceeds a target value of 10 [54]. In 2d,
due to the strong Mermin-Wagner fluctuations® which induce large collective translational dis-
placements [312, 313], we instead follow the time evolution of the bond-orientational correlation
function and we require that it has decreased to 0. The latter is defined as

Cys (1) Z v (1) v )], (ITL.9)

where the star denotes the complex conjugate. Its computation requires the definition of the

single-particle quantity .
n; t)

9 (1) = Z ¢?60:1(1) (111.10)
n;(

where n;(¢) is the number of neighbours of partlcle j at time ¢, which are the particles [ which
fulfill the condition |r;(t) — r;(t)|/o;1 < 1.33, and where 0;;(t) is the angle between the z-axis
and the line joining the centers of the two neighbours j and [ [182]. Because this correlation
is rotationally-invariant, the choice of the x-axis is made without any loss of generality. These
criteria in 2d and 3d guarantee that the particles have sufficiently moved and that the system
explores the phase space ergodically.

We emphasise that thanks to the small temperature Ty of the reference configurations and
the swap algorithm, the thermalisation is achieved for each umbrella simulation without par-
allel tempering [314]. The latter corresponds to rarely exchanging the configurations of two
adjacent umbrella simulations while respecting detailed balance to ease exploration of the phase
space. However, its implementation requires that the probability distributions of the order pa-
rameter from two adjacent umbrella simulations (adjacent values of Q") significantly overlap.

3As the overlap Q is defined from the positions of the particles, it may also suffer from the large
and spurious displacements which are associated with the Mermin-Wagner fluctuations. This would
result in the impossibility for the 2d system to be localised. All order parameters of mean-field theory
(for instance the mean-squared displacement [126]) have the same issue. These large displacements are
known to increase with the temperature and (logarithmically) with the system size [310]. For the system
sizes and the temperatures which are considered here, these Mermin-Wagner fluctuations are expected
to be irrelevant. For instance, the translational (self-intermediate scattering function, see Chap. VI) and
orientational (Cly,, see later) correlation functions are very similar and the relaxation times which are
extracted from the two functions closely follow each other when varying the temperature [311].
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Here, instead, we can choose a large curvatuve x which results in non-overlapping probability
distributions of the order parameter, see FiG. IIL.2.

Thanks to the umbrella sampling, we have turned from one complicated problem to ng
simpler tasks as we have shrunk the amplitude of the overlap fluctuations in each umbrella
window. We have thus “divided” the problem. We now need to use the statistics from the
different simulations to “conquer” and to reconstruct the unconstrained probability distribution
P(Q;r{’). This is the object of the next two sections which present histogram reweighting
procedures.

2.4 MULTI-HISTOGRAM REWEIGHTING

In 2d, we implement a method which was used in Ref. [181, 209, 213, 241] to compute
P(Q;r{’) from the ng different biased simulations and which requires that the biased distri-
butions of the order parameter from consecutive umbrella simulations overlap significantly. It
relies on the multiple histogram method, which was first developed with the aim of extrapolating
the thermodynamic properties of the Ising model at temperatures at which the system was not
directly simulated [294, 315, 316]. This method has since been extended to arbitrary collective
variables (such as the overlap) and several potential biases and it is known as the Weighted
Histogram Analysis Method (WHAM) [317, 318].

For the k'™ biased simulation at a temperature T' with a reference configuration r(])V , the
empirical histogram of the overlap is

NQ) iP(Q;réV )eBWr(@) (I11.11)
n Z,

with n; the total number of times the overlap was stored during the k™ biased simulation and Zj
a normalisation constant. As a consequence, from one biased histogram, it is in principle possible
to determine the unconstrained probability distribution P(Q; rév ) of the overlap by inverting the
above equation. However, during a simulation of finite duration t.q, only a restricted range of
overlap values is sampled and in practice, we can only use the above equation to determine
P(Q;r{’) in the range in which the histogram has non-zero values. But, as clearly visible from
FiG. II1.2, this range changes from one simulation to the other, and by combining the different
estimates of P(Q;r)’) from each umbrella simulation, we can reconstruct the unconstrained
overlap probability distribution on the entire range [0, 1].

The reconstruction from Eq. (III.11) requires to know the partition functions Z; which are
a priori unknown. One possibility would be to first measure the unconstrained probability
distribution by a direct simulation of the liquid (without umbrella potential). Then one has
to tune by hand the partition functions, by starting from the histograms N (Q) which overlap
with P(Q; "), in order to obtain a collapse of the different fragments of the distribution [319,
320] (see Chap. VII). This method which is quite simple in spirit is hardly automated. As the
reweighting has to be repeated for each reference configuration, we prefer a systematic method
to compute P(Q; rév ) and to determine the partition functions self-consistently.

As a reconstruction of the unconstrained overlap probability distribution from all the biased
distributions seems possible, we seek P(Q; ') as a linear combination of its estimate from each
separate biased histogram, namely,

PQird) = yeng  ZeNe(Q)e?VH (@), (I11.12)
k=1
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where {yx}x=1. n, are unknown coefficients which verify the condition )", yx = 1. To determine
the coefficients y, we require that the statistical error on the above estimate is minimum. As
the different histograms are measured independently, the squared statistical error on P(Q; rév )
can be expressed as a function of the squared statistical errors on the biased histograms, and it
reads

SP(Q;m))? = > yeny 2ZRON(Q) 2 Q). (I11.13)
k=1

To estimate the statistical error on the biased histogram Ny (Q), we make a gedankenexper-
iment. We assume that we have performed nj times the same simulation with the same bin
center Q};ef during which we have measured nj times the value of the overlap. For instance, this
would correspond to simulations with different initial conditions or different sequences of ran-
dom numbers for swap moves. Then, for each bin, the statistical error is given by the variance
over the ny, histograms. If we denote by brackets [-] the average over the nj simulations, the
statistical error on the biased histogram is given by [321]

QP = gr (@) f1 - QI (111.14)

ng

with g the statistical inefficiency. The latter is given by g = 1 + 27 /Aty with 73, the autocor-
relation time of the overlap for the k" simulation and At the constant time interval between
two measures of the overlap. If the bin width is small-enough, or if the overlap range which is
covered during the k™ simulation is sufficiently large, then [N}(Q)] < n and we obtain for the
statistical error on the unconstrained probability distribution of the overlap

SP(Q; ) = P(Q;rd) Z y,%n,;lgkzkeNﬂw’“(Q). (I11.15)
k=1

To minimise the above expression with respect to the y;’s with the constraint that their sum
equals 1, we minimise the Lagrangian £ = §P(Q;r{)? — v 3, yr, with v a Lagrange multiplier.
By using that ), yx = 1 to determine the Lagrange multiplier, we finally obtain

> g Nk Q)
PQir)) = 5= . (I11.16)
Z nkgk—lzk—lefﬁwk(Q)
k=1

We have thus derived an equation to compute the unconstrained probability distribution
from the biased histograms and which can be easily automated. Nevertheless, this estimate of
P(Q; r(])V ) still requires the partition functions Zj. In fact, they can be computed self-consistently
by using Eq. (III.11), by summing over all bins and by inserting the above equation, i.e.,

1 > 9 Nk (Q)
o= / 197 = : (I11.17)
0 Z nk/gk?lz];le—ﬁ[wk/(Q)_Wk (Q)}

k'=1

75



III. PHASE DIAGRAM OF CONSTRAINED GLASS-FORMING LIQUIDS FROM SIMULATIONS

We have checked that the statistical inefficiencies are not varying much among the different
biased simulations (we choose Atp = dt), and we can simplify the above equations by setting
gr. = 1 for all k.

Eq. (IT1.17) are solved self-consistently by starting from Zj = 1 for all k. The iteration is
stopped when the relative change in the partition functions between two iterations is less than
10719, To avoid overflows or underflows, the partition functions are rescaled at each iteration by
the geometric average of the minimum and the maximum partition functions over all simulations.
In practice, the convergence of the partition functions is fast and the result of the reweighting
procedure weakly depends on the cutoff criterion to stop the iteration [294]. Once the partition
functions are converged, the unconstrained probability distribution can be readily obtained from
Eq. (II1.16) on the entire range [0, 1]. We have thus been able to measure exponentially small
probabilities in NV which correspond to large-overlap values.

The accuracy of the WHAM requires a significant overlap between the adjacent histograms.
As the width of the histograms is expected to shrink with N as 1/v/N, increasing the system
size requires a larger number of simulations. We could tackle this effect by decreasing the
bias curvature s but this may be problematic as it also decreases the driving force towards
configurations with untypically large-overlap values. In 2d, the system sizes that we have used
are moderate (typically, up to N = 250), and the multi-histogram method is suitable. In 3d,
we perform a finite-size scaling analysis for large systems (typically, up to N = 2400), and the
system size is systematically varied. We thus turn to another reweighting procedure in 3d that
we present in the next section.

2.5 GAUSSIAN ENSEMBLE REWEIGHTING

In the 3d system, we want to implement a method which scales not too fast with system
size and in particular which does not require an increasing number of simulations when N
increases. The method is similar in spirit to the umbrella integration [322] or the Gaussian
ensemble [323, 324], and it does not require a significant overlap between adjacent umbrella
probability distributions of the order parameter. Instead of setting x to a small-enough value to
have overlapping adjacent biased histograms, we apply a bias with a large curvature x in order
for the biased histograms to display a sharp peak at their most probable value which we denote
by Qj for k = 1...ns. Taking the logarithm of Eq. (III.11), differentiating with respect to @,
and evaluating at the most probable value yield

! *

Vi@ierd) = - O _ (pf - ). (11L.15)
where the prime denotes the derivative with respect to @, and where V(Q;7{’) is the random
Franz-Parisi (FP) potential for a given reference configuration r{’ which is defined in Eq. (II.11).
Equivalently, it stands for the large deviation rate function of P(Q;r{’), i.e.,

P(Q; ) o e NBV(@irg), (I11.19)

see also Eq. (I1.12).

We note at this point that the normalisation constants Zj have disappeared from the ex-
pression of the unconstrained probability distribution, while they represented a difficulty in the
reweighting procedure of the previous section. As a result, for each simulation, we just need to
measure the most probable value of the overlap. We end up with ng estimates of the derivative

76



III. PHASE DIAGRAM OF CONSTRAINED GLASS-FORMING LIQUIDS FROM SIMULATIONS

F CuBic Sf)line _
0.8 K(QXf — QF) ©

200.4fF
s L

0.05

of /Tre vmﬁ\/\#h{v/ﬁ\ |

—0.05f- i

—0.1F I

_ ‘ I ‘ I ‘ I ‘ !
0'150 0.2 0.4Qref 0.6 0.8

Fi1a. II1.3 | Principle of the Gaussian ensemble reweighting for the 3d system with N = 1200,
T = 0.22 and the other parameters which are given in TAB. IIL.1. (a) Derivative of the large
deviation rate function V(Q;r}’) at the discrete most probable values {Q7}k=1..n, and its cubic
spline interpolation. (b) Unconstrained probability distribution P(Q;7") (e = 0) which is obtained
by integrating the cubic spline and by using Eq. (IT11.19). Distributions P.(Q; 7)) oc P(Q;rl’)eNFe?@
of the overlap for finite values of e = 0.2,0.3,0.4, 0.5 are also represented, see Eq. (II1.5). (c) Skewness
7,21) [see Eq. (111.21)] and kurtosis 7,532) [see Eq. (I11.22)] of the biased histograms Ny (Q) as a function

of the bias center Q.

of V(Q;7)) at different points. As Q*!(Q*) is a smooth function?, we interpolate it by using
a cubic spline [238, 325]. In other words, Q™/(Q*) is locally approximated by a third-degree
polynomial function. Finally, the cubic spline can be integrated analytically to reach V(Q; rév )
up to an additive constant which is chosen so that V(Q;r{’) is zero at its global minimum:

Q
V@) =r [ Q@)@ — 55 (@~ Qhna) (111.20)

The full procedure is represented in F1G. I11.3 (a). The unconstrained probability distribution
is eventually obtained from Eq. (II1.19), see F1G. IIL.3 (b). Once again, we stress that, with this
procedure, we are able to sample the large deviation rate function of P(Q; rév ) on the full range
of overlap values and as a result to measure arbitrary small probabilities.

We now explain how to determine the most probable value of the overlap for a given biased
simulation during the course of the simulation, without actually measuring the histogram N (Q).
This is because we want to avoid systematic errors which are related to the bin width. Our goal is
to derive an expression for the most probable value from quantities which are directly accessible
during a simulation, such as the cumulants of the overlap. To obtain more insight about this

*We have implicitly assumed that the curvature & is the same for all the umbrella simulations, but
the reweighting formula can be straightforwardly extended if not.
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relation, we show in F1G. II1.3 (c) the skewness

SO (Q — (Q)r)*)k 7
(O — (@2}

(I11.21)

and the kurtosis R o
7}&2) _ <(€2 - (Cg>k)2>12c —3 (II1.22)
((Q = (@)
where (.);, denotes the thermal average with the biased Hamiltonian Hy[r; )] with the um-
brella potential Wj. They are both close to 0, which is their expected value if the overlap is
distributed according to a Gaussian. Besides, the kurtosis remains small for all the biases while
the skewness is larger for extreme values of Qf.

Therefore, we reasonably assume that the biased histograms are well approximated by [323]
Ni(Q) x e e~k (Q—Q1)*+61(Q-QF)? [1 +&(Q — Q) } - (Q-Qj, )2 (I11.23)

where the third-order term is considered as a perturbation from the Gaussian limit (£, = 0) and
it is non-zero for extreme values of Q™f only. We restrict ourselves to expansions at the first
order in &, which are correct if oy, 3/2 < 1. We use the proxy in Eq. (II1.23) to compute the
three first cumulants of the overlap, which read, at the leading order in &,

S 36
<Q>k =Q + 404%’
A 1
(Q—(Qr))k = Sar (IT1.24)
A 3k

(Q = (@) =

4ak'

Inserting the second and third equations into the first one yields for the most probable value:

A

e Q= @k
Qk = (@) 20 (O (IT1.25)

In particular, we note that the above equation gives @} = <Q)k when the biased histogram
is symmetric and almost Gaussian. In addition, the small parameter in the above expansions
§ray, -3/2 \/57121) is directly related to the skewness of the biased histogram. F1a. IIL.3 (c) shows
that this parameter is indeed smaller than 1, which makes our approach fully self-consistent.
Expansions at any order could be done but they require to measure an increasing number of
cumulants of the overlap in each biased simulation, which may give rise to larger statistical
errors if .y is not large-enough and to a larger noise in the calculation of the derivative of the
FP potential, see Eq. (II1.18).

The Gaussian approximation is even more accurate when & is large. However, if k becomes
too big, the amplitude of the force which derives from the umbrella bias and which is applied
on each particle grows, and the time step for the integration of the equations of motion must
be decreased to keep the same numerical accuracy and to continue to sample the phase space
correctly. Our choice of k is the result of this compromise.

Overall, the computer study of the thermodynamics of coupled supercooled liquids is a
huge numerical effort as for a given reference configuration r{’, a given temperature 7' and a
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given system size NN, about 30 biased simulations are necessary. This represents a total num-
ber of simulations of about twenty thousands, when one multiplies the number of umbrella
simulations by the number of temperatures which we sample, the number of reference config-
urations and the number of system sizes we consider. The temperatures which we sample are
T = 0.40, 0.35, 0.30, 0.25, 0.22, 0.20, 0.15 in 3d and T = 0.30, 0.20, 0.12, 0.06 in 2d. The sys-
tem sizes which we consider are N = 300, 600, 1200, 2400 in 3d and N = 64, 125, 250 in 2d.
For visualisation, larger sizes are taken, namely, N = 10000 in 3d and N = 2000 in 2d. Finally,
the number of different reference configurations ranges from 10 at large temperatures to 25 at
the lowest temperatures.

We have introduced all the methods which are necessary to the study of the thermodynamics
of constrained supercooled liquids in d = 2,3. Before presenting our results, we explain how
the thermodynamic properties can be extrapolated at temperatures that have not been directly
simulated. This is used in Sec. 5.2.

2.6 TEMPERATURE REWEIGHTING

In order to reduce the number of umbrella sampling simulations, we want to relate the Franz-
Parisi (FP) potential for a fixed reference configuration V,(Q;r{’) at a target temperature T}, to
the FP potential V(Q; 7)) at a temperature T [211, 212, 326] with T, close to T In particular,
this strategy allows us to estimate the thermodynamic properties in 3d at temperatures T' = 0.23
and T' = 0.26 from the umbrella simulations which are done at temperatures T = 0.22 and
T = 0.25. It is only used in Sec. 5.2. We have checked that the temperature reweighting scheme
gives similar results to direct simulations at the target temperature.

As we want to do a reweighting in temperature, not only do we have to measure the statistical
properties of the overlap in the umbrella sampling simulations but also the statistics of the total
energy [294, 315, 316], namely,

N
A 1 A
Hioi[rV; 0N = 3 > v+ Hr'], (I11.26)
i=1
where vV = {v;};—1..n are the velocities of the N particles and where H [*N] is given by

Eq. (I11.3). We advocate that V,(Q; ) is derived from V(Q;7’) by using the relation

1-1T./T
N

(1-T./T)?

N
v EaQir). ()

T,
Ve(@smg) = = V(@Qimg) + E(Qir)) —

in the limit of large N, where E1 2(Q; r{’) respectively stand for the average and the variance of
Hio; at a fixed value Q@ of the overlap and at the temperature T'. In the course of the umbrella
simulations, the first cumulants of the total energy are directly measured. They represent
the evalutation of the quantities E1 2(Q; r{’) at the most probable value of the overlap Q;, for
k = 1...ng if the histogram N (Q) is sharp-enough. Eventually, a cubic spline interpolation is
performed to obtain Ej2(Q;7)’) for arbitrary values of @, similarly to the procedure which is
used for the derivative of the FP potential.

To justify Eq. (I11.27), we introduce the joint probability P(E,Q;r{’) of the total energy
and the overlap with the reference configuration in the unconstrained liquid at the temperature
T. We then make the reasonable assumption that the conditional probability of the total energy
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F1a. I11.4 | Franz-Parisi (FP) potential for the 3d system (N = 600, left) and the 2d system (N = 64,
right) at several temperatures T for a fixed temperature Tj of the reference configurations (7, = 0.06
in 3d and Ty = 0.03 in 2d). The curves have been shifted so that the absolute minimum of the FP
potential is zero. This absolute minimum corresponds to the most probable value of the overlap
between equilibrium unconstrained liquid configurations at temperatures T and Tg respectively. The
FP potential becomes more right-tailed as the temperature is decreased, and this reflects a lower
free energy cost for the overlap fluctuations. The FP potentiel is convex at high temperatures with
a single minimum at @ = Q,anq but it becomes non-convex at lower temperatures (the dashed lines
are guide for the eye). This non-convexity is a finite-size effect which may indicate a first order
transition when the overlap is coupled to an external source €.

given an overlap value @) is a Gaussian, so that the joint probability reads

PE,Q;r) =P(Q;r)) x ;Q—W—EH(Q;?‘év)]g/[QEz(Q;réV)]. (I11.28)
27T'E2(Q;Tév)

We can eventually derive the unconstrained probability distribution of the overlap at any target
temperature T, after reweighting and integration over the energies, namely,

Pu(Q:ird) o / AEP(E, Q: r)e—(BemB)E, (I11.29)

with B = 1/T, and where P(E,Q;r{’) is given by Eq. (I11.28). The integration is straight-
forward to compute and Eq. (II1.27) then follows from the definition of the FP potential, see
Eq. (III.19).

In the next section, we turn to the presentation of our numerical results. We first focus
on small-to-moderate size systems in both d = 2 and d = 3 and we show that they exhibit
mean-field remnants in both cases.

3. MEAN-FIELD-LIKE BEHAVIOUR IN FINITE SYSTEMS

3.1 TEMPERATURE EVOLUTION OF THE FRANZ-PARISI POTENTIAL

We first start with the Franz-Parisi (FP) potential V(Q) which has been defined in Chap. II.
It represents the Landau free energy which quantifies the free energy cost for keeping liquid
configurations at a given overlap () with a reference configuration. Equivalently, it stands for
the large deviation rate function of the unconstrained probability distribution of the overlap,
namely,

V(Q) = — I P(@r) = V(@ird), (111.30)
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Fia. II1.5 | Isotherms (Q). of the overlap order parameter for the 3d system (N = 600, left) and the
2d system (N = 64, right) when the external source € is switched on at several temperatures T for a
fixed temperature Ty (Tp = 0.06 in 3d and T = 0.03 in 2d) of the reference configurations. Isotherms
are strictly increasing at high temperatures but they become almost flat at low temperatures, which
may be the evidence for a first order transition which ends in a critical point.

see also Eq. (I1.12). We recall that the overline denotes the average over the disorder which is
represented by the reference configuration 7). The FP potential is defined up to an irrelevant
additive constant which is chosen here so that it vanishes at its absolute minimum.

We display the temperature evolution of the FP potential for a fixed temperature Ty of the
reference configurations in F1G. II1.4. This picture is very reminiscent of the mean-field results
of the spherical p-spin, compare with Fi1G. I1.3. In particular, we observe that the FP poten-
tial always displays an absolute minimum for ) = (yanq which represents the most probable
overlap value between two equilibrium configurations at temperatures 17" and Ty respectively.
The potential at high overlaps steadily decreases when decreasing the temperature. This re-
flects the lower free energy cost for large excursions of the overlap order parameter. The FP
potential is strictly convex at high temperatures. However, it becomes non-convex at the lowest
temperatures as in mean-field models (see the dashed lines). This feature is a finite-size effect
due to the small system sizes which are considered here, and convexity is necessarily restored in
finite-dimensional systems in the thermodynamic limit (N — +o00) [217].

In mean-field theory, the non-convexities of the FP potential are associated with a first-
order transition when a field e is linearly coupled to the overlap. In finite dimensions, one
should analyse how the convexity of the FP potential is restored in the thermodynamic limit.
A phase transition in the phase diagram (e, T") only exists in the thermodynamic limit if the FP
potential displays a linear behaviour for intermediate overlap values, see F1G. I1.2. Instead, the
transition is totally wiped out if the FP potential becomes strictly convex in the thermodynamic
limit. Complementary with the analysis of the convexity properties of the FP potential, one can
directly study the thermodynamics of a constrained liquid (with a finite €). This is the object
of the next section.

3.2 THERMODYNAMIC PROPERTIES IN THE PRESENCE OF A SOURCE €

The isotherms for relatively small systems (N = 600 in 3d and N = 64 in 2d) are displayed in

~

F1a. IT1.5. They correspond to the external source € versus the average order parameter (@), for
several temperatures 7" at a fixed temperature Ty of the reference configurations, see Eq. (I1.6).
We recall that (.)e stands for the thermal average in the constrained liquid for a fixed reference
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Fic. II1.6 | Disorder-averaged probability distribution Pe(Q;7)) of the overlap @ for the 3d
system (N = 600, left) and the 2d system (N = 64, right) for € = €*(T,Tp) which maximises the
total variance of the overlap order parameter, several temperatures T and a fixed temperature Ty
(To = 0.06 in 3d and Ty = 0.03 in 2d) of the reference configurations. The probability distribution is
single-peaked at large temperatures and broadens with decreasing the temperature which indicates
larger fluctuations of the order parameter. The probability distribution eventually becomes bimodal
at the lowest temperatures which is the expected distribution for a system that displays a phase
separation between the low- and the high-overlap phases, hence a first order transition.

configuration rév . Equivalently, the isotherms correspond to the first cumulant of the disorder-
averaged constrained probability distribution of the overlap. We remark that imposing a finite
positive (resp. negative) e biases the overlap to larger (resp. smaller) values than its “random”
value Qrang. Isotherms are strictly monotonically increasing at large temperatures with an
inflexion point which corresponds to maximised thermal fluctuations at a fixed temperature 7.
Indeed, we have seen in the previous chapter that for any value of €, the slope of the tangent at the
isotherm represents the inverse of the connected susceptibility, see Eq. (I.7). As the temperature
decreases, we first note that the field ¢ beyond which the system is localised also decreases, as
the attraction between configurations has to counterbalance smaller thermal fluctuations (or
equivalently a smaller entropic cost). We also observe that the slope at the inflexion point of the
isotherm decreases until the isotherms almost plateau at the lowest temperatures. This directly
indicates growing fluctuations of the order parameter when decreasing the temperature.

This phenomenology is fully-consistent with phase coexistence at low temperatures betwen
low- and high-overlap phases which ends in a critical point at a larger temperature as predicted
from mean-field theory. For instance, the curves in Fia. II1.5 are very reminiscent of the Van
der Waals isotherms for the liquid-gas transition when they are corrected by the Maxwell con-
struction [9]. The average overlap is here computed in the canonical ensemble in which e is the
control parameter and they cannot show any loop even in small systems. The latter can only
be observed in the “microcanonical” iso-overlap ensemble which in this case is not equivalent
to the canonical ensemble. However, the interpretation of the thermodynamic behaviour from
the isotherms may be misleading because the isotherms in the canonical ensemble can become
strictly flat in the thermodynamic limit only. For finite-size disordered systems, they display a
residual slope of order 1/ VN, see Eq. (IT1.32). In consequence, a finite-size analysis is necessary
to detect a true phase transition in the thermodynamic limit from mean-field remnants and it
is done in the next section.

Our numerical strategy not only enables us to carefully measure the average overlap but also
its average full probability distribution over the reference configurations P¢(Q; rév ) for any source
€. Our discussion of the isotherms has revealed that at a fixed temperature, the connected sus-
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ceptibility displays a maximum for a given intermediate source, and that this maximum increases
with decreasing the temperature. In Chap. II, we have introduced another susceptibility which
quantifies the disorder fluctuations and which is known as the disconnected susceptibility. Both
susceptibilities are maximum around the same value of the external field, which corresponds
to the inflexion point of the isotherms, and we denote by €*(T,Tj) the value of € at which the
total susceptibility which is the sum of the connected and disconnected ones is maximum. We
then show in F1G. II1.6 the disorder-averaged probability distribution of the overlap for several
temperatures T, a fixed temperature T of the reference configuration and € = €*(7,Tp). At
high temperatures, the distribution is almost Gaussian with a single peak at ) which is close to
its average value. Then, as the temperature decreases, the width of the distribution increases,
and this reflects larger overlap fluctuations as already inferred from the slope of the isotherms.
Eventually, the distribution becomes strongly bimodal for the lowest temperatures. This is ex-
actly what is expected if there is a phase separation between a delocalised phase and a localised
phase, which is associated with a first order transition line in the phase diagram (e, 7).

The fact that the probability distribution becomes increasingly bimodal for a fixed system
size as the temperature is decreased represents evidence for the existence of a static (thermo-
dynamic) lengthscale which is associated with the overlap fluctuations and which grows as the
temperature is reduced. This is of course consistent with the existence of a critical point at
a finite temperature T, at which the lengthscale would diverge in the thermodynamic limit.
However, several other scenarios cannot be excluded so far, such as a divergence at zero tem-
perature only or a growth without a divergence of the correlation length, recall the schematic
phase diagrams in F1G. III.1. A finite-size analysis is required to assess what remains of the
mean-field-like behaviour which is found in 2d and 3d small systems in the thermodynamic limit.
This is the object of the next section.

4. CONTRASTING RESULTS IN TWO AND THREE DIMENSIONS THROUGH A FINITE-SIZE
SCALING ANALYSIS

4.1 SYSTEM-SIZE DEPENDENCE OF THE OVERLAP PROBABILITY DISTRIBUTION

To confirm or infirm the existence of a first order transition line that ends in a critical
point, we first analyse the system-size dependence of the probability distribution PE*(Q;’I"(])V )
of the overlap for two different temperatures, see Fi1G. II1.7. At the higher temperature in
3d (T = 0.30), the probability distribution is bimodal in small-enough samples (N < 1000)
but this behaviour disappears when considering large-enough systems, see the curve for N =
2400. For this temperature, the distribution is therefore expected to become Gaussian in the
thermodynamic limit. At the lower temperature in 3d (7' = 0.15), the probability distribution of
the overlap is bimodal for all studied system sizes with two maxima at Q = Qow and @ = Quigh.
In addition, the distribution gets increasingly bimodal when the system size increases: the width
of the two peaks shrinks while the free energy barrier between the two maxima,

n \/Pe* (Qlow; T(J)V) Pex (thgh?T(])V>
Pe* (Qmin; T(])V)
with Qmin the location in the relative minimum of the probability distribution in the range

[Qiow, @high), grows. The probability distribution then appears to tend to a double Dirac distri-
bution in the thermodynamic limit. This gives support to the existence of a critical point at a

BAF(T, Ty) = , (IIL.31)
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Fia. II1.7 | System-size evolution of the probability distribution Pe-(Q; (") of the overlap in 3d
(left) and 2d (right) for € = €*(T,Ty) which maximises the total variance of the order parameter.
The distributions are shown for two different temperatures 7' and a fixed temperature Ty of the
reference configurations (7o = 0.06 in 3d and Ty = 0.03 in 2d). In 3d, at the higher temperature
(T = 0.30), the probability distribution is bimodal for small systems but the free energy barrier
between the low- and high-overlap phases vanishes for larger systems. For the lower temperature
instead (T' = 0.15), the probability distribution of the overlap becomes increasingly bimodal when
N gets larger, consistently with the existence of a first order transition in the thermodynamic
limit. The inset in the bottom left panel shows the probability distributions in logarithmic scale to
appreciate that the free energy barrier between the low-overlap and the high-overlap phases grows
with system size. Instead in 2d, for any temperature, the probability distribution which is bimodal
for small systems always turns to a single-peaked distribution for larger values of N.

finite temperature T, € [0.15,0.30[. We want to stress that the system sizes we are dealing with
here are unprecedently larger than the ones which were considered in past studies on structural
liquids and which were limited to at most a few hundreds of particles [209, 213, 327]. Dealing
with too small systems then tends to overestimate the critical temperature 7 or it may even lead
to an erroneous conclusion regarding the existence of a critical point or a first order transition
(in d = 2 for instance, see below).

In 2d instead, the overlap probability distribution is bimodal in sufficiently small systems but
always narrows and it eventually becomes single-peaked in larger samples. Excluding the unlikely
scenario that bimodality reappears at even larger system sizes, this rules out the existence of
a critical point in 2d for T" > 0.06. We emphasise that thanks to the swap algorithm, we have
been able to prepare equilibrium configurations at Ty = 0.03 which is much lower than the
estimated experimental glass transition temperature T, = 0.068. They represent equilibrium
configurations with an estimated (but unmeasurable) relaxation time of about 103". Converted
into physical units, this corresponds to a relaxation time of about 10'® years which is larger than
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the age of the universe®. In addition, the lowest temperature that we can achieve here (T = 0.06)
is also below the extrapolated glass transition temperature. As a consequence, if a critical point
existed, and considering the small value of Ty, it would likely be observed in the temperature
range that we have investigated. We cannot of course exclude the existence of a critical point
at still lower temperatures but at least in the temperature range down to the estimated glass
transition temperature, there is no signature of a critical point in the thermodynamic limit in the
2d system. Despite this negative answer, we note that we need to go to larger system sizes as the
temperature is decreased to recover a single-peaked probability distribution of the overlap. This
suggests that the previously mentioned static lengthscale which is associated with the overlap
fluctuations is indeed growing as the temperature is reduced. Therefore, even though these is no
phase transition in the phase diagram (e,7T’), the thermodynamics is nonetheless non-trivial as
the order parameter fluctuations and the associated static lengthscale increase with decreasing
the temperature.

We have focused on the case of a fixed Ty. The same analysis of the system-size dependence
of the probability distribution can be performed for the case T' = Ty and it confirms our findings,
see Appendix A. We show the absence of a critical point in 2d in the experimentally-relevant
temperature regime while in 3d, data are instead compatible with the existence of a critical
point but at a much lower temperature 0.085 < 7T, < 0.10 than for Tj = 0.06, close to the mode-
coupling crossover (Tyet = 0.095 in 3d) in agreement with previous numerical studies [209,
256].

In the next section, we proceed to a more detailed finite-size analysis in the case of a fixed
Ty and we give further evidence for the existence in the thermodynamic limit of a first order
transition at the lowest temperature in 3d (" = 0.15).

4.2 FINITE-SIZE SCALING ANALYSIS IN THREE DIMENSIONS INDICATES A FIRST ORDER
TRANSITION IN THE THERMODYNAMIC LIMIT

To further confirm that the system is below a critical point and that it undergoes a first
order transition as a function of € when 7' = 0.15 in the 3d system, and following the results of
statistical field theory [218, 250], we assess the validity of the scaling laws of the random-field
Ising model (RFIM) at its first order transition in the presence of an applied magnetic field. We
consider the constrained liquid in the phase coexistence region, namely, when a field e = €*(T", Tp)
is imposed. We first show in F1G. III.8 the system-size dependence of the connected and the
disconnected susceptibilities when they are evaluated at €*(T,Tp). At a first order transition
region in the presence of quenched disorder, the finite-size scaling behaviour is given by [211,
212]

X(ion) (T7 TO) ~ Ld/2 ~ \/Nu

‘o (I11.32)
)7 Ty~  Li~N.

We note in particular that the disconnected susceptibility dominates the connected susceptibility
in large systems, consistently with the fact that the large-scale physics of the RFIM is ruled by
disorder-induced fluctuations instead of thermal ones and a zero-temperature fixed point [263]
(see also Appendix A of Chap. II). Both relations are well satisfied by our data even though
errorbars are quite large for the largest system sizes.

We also study the size evolution of the free energy barrier AF(T,Ty) between the low- and

5See Chap. VI for more details on how to translate simulation units into physical times.
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F1a. II1.8 | Finite-size scaling analysis of the susceptibilities in 3d in the first order transition re-
gion. Plot of (a) the connected susceptibility x '™ (T, Tp) and of (b) the disconnected susceptibility

Xgihs)(T, Tp) at T = 0.15 for a fixed temperature Ty = 0.06 of the reference configurations. Full lines

are the results of a linear fit of the data. Data follow the peculiar scaling laws of random-field-like
systems, see Eq. (II1.32). Errorbars are obtained thanks to the jacknife method when the average
over the disorder is performed [294].

the high-overlap phases, which is given by Eq. (II1.31). This quantity should verify the following
scaling law if one assumes a planar interface between the two coexisting phases [328, 329]:

AF(T,Tp) InL B

In this equation, A and B represent unknown coeflicients, while the factor of 2 in the denomi-
nator of the left-hand side comes from using periodic boundary conditions. The above relation
illustrates that the free energy barrier per unit area should converge to the surface tension
Y(T,Ty) when L — +oo. When A = 0, standard scaling is recovered if one assumes that the
free energy cost scales as the surface area of the interface, which is planar. Here, we add an
extra In L/L%! dependence to account for massless modes due to the invariance of the free
energy cost with translations of the planar interface and contributions from non-planar inter-
faces [330]. For large-enough sizes (as it is the case here), the first factor dominates the other and
in F1G. II1.9 (a), we show that AF(T,Ty)/(2L4 1) is indeed consistent with a linear behaviour
as a function of In L/L%~!. We extract a finite and positive surface tension Y(T',Tp) ~ 0.0041
for T' = 0.15. This guarantees the self-consistency of our ansatz and this confirms the phase
separation which is associated with the first order transition.

A snapshot of a configuration of the 3d system with N = 10000 at T = 0.15 for a fixed
temperature Ty = 0.06 of the reference configuration is shown in Fia. II1.9 (b). This configu-
ration is obtained during a biased simulation with an umbrella potential that is chosen so that
the overlap is intermediate between Qiow and Qnigh (Q ~ (0.44) and a phase separation is then
expected. This configuration contributes to the minimum in the probability distribution of the
overlap at coexistence between the two phases and it is therefore very unlikely in a direct simu-
lation in the canonical ensemble. These configurations become more likely when performing an
umbrella sampling. This is equivalent to a sampling in a Gaussian ensemble [323, 324] which

interpolates between the canonical ensemble (with fixed €) and the microcanonical ensemble
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Fia. TI1.9 | Analysis of the coexistence between the low- and the high-overlap phases in 3d in
the first order transition region. (a) Size-evolution of the free energy barrier between low- and
high-overlap phases AF(T,Ty)/(2L4 1), see Eq. (I11.31). Data are consistent with a In L/L4~!
dependence, see Eq. (I11.33). The intercept corresponds to the surface tension between the two
coexisting phases Y(T,Tp) ~ 0.0041 for T'= 0.15 and Ty = 0.06. Errorbars are obtained thanks to
the jacknife method when the average over the disorder is performed [294]. (b) Snapshot of a system
of N = 10000 in 3d for T = 0.15, Q ~ 0.44 and a fixed temperature Ty = 0.06 of the reference

configuration from a configuration which is obtained in the course of an umbrella simulation. The
()

i

particles are coloured according to their coarse-grained overlap g
(¢ =1). A macroscopic phase separation is clearly visible.

with the reference configuration

(with fixed overlap). For each particle, we compute a local overlap

N
g =S w(lri - r'”|/a), (IT1.34)
j=1

and we then coarse-grain this single-particle quantity by using an exponential window of size
¢ =1, namely,

0 _ X 5e "

qZ’ - Zje,”j/ga (11135)

where the sums run over all the particles, and where r;; = |r; — r;|. This procedure smoothes
out the spatial fluctuations of the order parameter [69]. We clearly observe that the system
segregates into two phases with distinct values of the overlap. However, the interface is not
perfectly planar and there are inhomogeneities of the overlap inside the high-overlap phase. In
any case, all the particles with a local overlap larger than the average form a single connected
cluster: their relative distance is smaller than 1.5 which corresponds to the first minimum in the
radial pair correlation function g(r) [30]. This snapshot illustrates what a phase separation in
this system looks like [256] and it strengthens the conclusion of the scaling analysis of the free
energy barrier in Eq. (I11.33).
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Fic. II1.10 | Finite-size scaling analysis in 2d. (a) Plot of Txgion) (T, Tp) at T =0.06 and T' = 0.12
for a fixed temperature Ty = 0.03 of the reference configurations. The susceptibility decreases with
the system size and it presumably goes to a finite value in the thermodynamic limit for all the
temperatures. Errorbars are computed thanks to the jacknife method when the average over the
disorder is performed [294]. (b) Snapshot of a system of N = 2000 particles in 2d for T" = 0.06,
Q ~ 0.48 and a fixed temperature Ty = 0.03 of the reference configuration from a configuration
which is obtained in the course of an umbrella simulation. The particles are coloured according to

their coarse-grained overlap ql@) with the reference configuration (¢ = 1). The system does not show

a macroscopic phase separation with a planar interface but small domains instead.

4.3 FINITE-SIZE SCALING ANALYSIS IN TWO DIMENSIONS SHOWS NO SIGN OF PHASE
TRANSITION IN THE THERMODYNAMIC LIMIT

We give further support to the absence of a first order transition in d = 2 in the thermody-
namic limit for the whole accessible temperature range. We study the system on the Widom
line, which we recall is defined as the location of the maxima of the total susceptibility in the
(e, T) plane. We plot in Fia. I11.10 (a) the maximum of the connected susceptibility for the
two temperatures 7' = 0.12 and T = 0.06 and a fixed temperature Ty = 0.03 of the reference
configurations. We observe that, contrary to what is found for the 3d system, the susceptibility
decreases with the system size and it presumably converges to a finite value in the thermody-
namic limit. In real space, the system does not phase separate, as illustrated in F1a. I11.10 (b)
where we display a snapshot of a configuration of N = 2000 particles which is obtained in the
course of an umbrella simulation at T' = 0.06. Instead of a system-spanning phase separation,
the system at intermediate values of the overlap displays small domains which are characterised
by a small or a large overlap. The particles with an overlap larger than the average do not form
a single connected cluster. This is in contrast with the macroscopic phase separation in 3d.

Now that we have given strong evidence for the existence of a phase transition in 3d at a
non-zero temperature, we still need to locate more precisely and to characterise the universality
class of the critical point. This is the object of the next section.
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F1G. TI1.11 | Analysis of the susceptibilities in the 3d system close to the critical point. (a) Scatter
plot of the maximum value of the connected susceptibility Xefon) (T, Ty) versus the maximum value

of the disconnected susceptibility Xiihs) (T, Tp) for a fixed temperature Ty = 0.06 of the reference
configurations. The random-field Ising model quadratic scaling (full line) is well satisfied. (b)-(c)
Finite-size scaling analysis close to the critical point in the 3d system. Plot of the (b) connected
and the (c) disconnected susceptibilities which are rescaled by L?~" and L*~" respectively as a
function of the reduced temperature t = T /T, — 1 for a fixed temperature Ty = 0.06 of the reference
configurations. The data almost collapse (up to uncertainties) for T. ~ 0.17. The dashed lines
are guide for the eye. For all the panels, errorbars are obtained via the jacknife method when the
average over the disorder is performed [294].

5. CHARACTERISATION OF THE CRITICAL POINT IN THE THREE-DIMENSIONAL SYSTEM

5.1 CONFIRMING RANDOM-FIELD ISING MODEL CRITICALITY VIA A FINITE-SIZE SCALING
ANALYSIS

In order to locate and to characterise the critical point in 3d, we focus on the analysis of
the finite-size behaviour of the connected and the disconnected susceptibilities [283]. When
approaching close enough to a critical point in a finite-size system, the correlation length satu-
rates at the linear size L of the system. As a result, on the Widom line, the susceptibilities for
e = €*(T,Tp) should verify the finite-size scaling relations [211]

XNT, Ty) = L2 "Reon(tLY),

(dis) o (I11.36)

XN, Ty) = LA Txais(ELVY).
In the above expressions, Ycon(%) and Ygis(x) represent scaling functions, 7, 77 and v are the
critical exponents of the 3d random-field Ising model (RFIM) universality class and ¢t = T'/T, —1
is the reduced temperature. The RFIM in d > 2 has a critical point at zero temperature when
using the variance of the random field as the control parameter, see Appendix A of Chap. II. In
consequence, the critical exponents can be accurately measured by using an efficient algorithm
which generates the ground state of the RFIM for a given realisation of the random fields [264,
331, 332]. Thus, we build on these studies and we set the critical exponents in Eq. (II1.36) to
their reported values that we round to two significant figures: n ~ 0.52, 7 ~ 1.04 and v ~ 1.37.
We note that 77 >~ 2n [278]. The latter is not an exact equality [263] but the deviation in 3d is
very small and beyond the precision which is required here.
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Combining Eq. (II1.32) and (II1.36) and the approximate relation between 77 and 7, we obtain
that the disconnected susceptibility scales as the square of the connected one. More precisely,
we expect that [270]

e N(T, Ty) ~ =X (T, Ty)?, (IT1.37)

where A represents the variance of the effective random fields that emerge in the mapping from
the constrained supercooled liquid to the RFIM, and where T, is the critical temperature, see
also Eq. (I1.79). In F1c. III.11 (a), we show the scatter plot of the maximum of the connected
susceptibility versus that of the disconnected susceptibility in 3d for a fixed temperature Ty =
0.06 of the reference configurations. The above equation is well satisfied by our data. The
disconnected susceptibility is larger than the connected one at low-enough temperatures or for
large-enough system sizes, which means that the quenched disorder is relevant for the system.
This is a first evidence of random-field-like physics in the transition from the delocalised phase
to the localised phase.

We now turn to the direct finite-size scaling analysis of the two susceptibilities by means of
Eq. (II1.36). In F1G. II1.11 (b)-(c), we show the collapse of the properly rescaled connected and
disconnected susceptibilities as a function of the reduced temperature. The critical temperature
T. remains the unique adjustable parameter to ensure the best data collapse on a master curve.
Even though mixing-field effects may be present [333, 334], we find that a good collapse is
obtained for T, ~ 0.17. This estimate of the critical temperature is found by minimising the
average quadratic difference between the rescaled data and an unknown master curve [335]. This
master curve is taken as a piecewise linear function which is built on a subset of the rescaled
data [336].

The good data collapse which is obtained by a rescaling and by using the known critical
exponents of the 3d RFIM confirms the existence in the 3d supercooled liquid of a critical
point at a finite temperature 7. and a finite source ¢, in the universality class of the RFIM.
This is in agreement with field-theoretical treatments [218]. In addition, from the prefactor of
the quadratic fit in Fi1G. III.11 (a) [compare with Eq. (II1.37)], and by using our estimate of
the critical temperature, we obtain an estimate of the strength of the effective random fields
VA = 0.097. We remark that in the 3d RFIM, one knows from numerical simulations [264, 331]
that the disorder destroys the transition whenever vA /J 2 2.3, where J is the coupling constant
between Ising spins. Accessing the value of this ratio in the 3d liquid would therefore provide
an interesting consistency check. Unfortunately, although J may be in principle estimated
from the surface tension Y (7', Tp), the later must be computed at temperatures much below Tt,
because Y (T, Ty) vanishes at the critical point [331]. This is presently out of reach to computer
simulations of constrained glass-forming liquids.

5.2 ACTIVATED DYNAMICS IN THE VICINITY OF THE CRITICAL POINT

We now turn to the study of the dynamics of the constrained supercooled liquid in the
vicinity of the critical point, a study which has never been attempted before. We perform direct
simulations of the constrained liquid in the canonical ensemble (with fixed €). The relaxation
of the fluctuations of the order parameter on approaching a critical point is characterised by a
slowing down and a divergence of the relaxation time exactly at criticality [281]. In the case of
the RFIM, the slowing down is anomalous and it is described by an activated dynamic scaling
according to which it is not the relaxation time that grows as a power law of the correlation
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length, as usual, but its logarithm, see Eq. (I1.80). This is another consequence of the existence
of a zero-temperature fixed point.

In order to measure the slowing down of the relaxation of order parameter fluctuations,
the dynamics near the critical point at (e, 7¢) is investigated through the equilibrium overlap
autocorrelation function, namely,

€.ty — QU ~ (Q1)(QO) — (Q)0). —

A A )
<(Q(0) - <Q>e)2>e
where we recall that (). denotes a thermal average at a temperature 7" in the presence of the
applied source € for a fixed reference configuration rév . In addition, Q(t) is a short-hand notation
for

Q1) = QM (t);ry'], (IT1.39)

where 7 () denotes the configuration of the constrained liquid at time ¢. The above correlation
function is a random function through the dependence on the reference configuration.

To study the dynamics, we run simulations of the 3d constrained liquid for a system size
N = 1200 by considering the swap algorithm with the Hamiltonian (II1.6) for 25 different
samples r[])V , see Eq. (II1.6). We approach the critical point from above, by using several pairs
(e,T) close to or at the Widom line €*(7,Tp) as determined from the thermodynamic study of
the previous sections. The temperatures which we consider are T' = 0.23, 0.25, 0.26. Lower
temperatures could not be investigated because the relaxation time corresponds to too-large
simulation walltimes. These disproportionately long relaxation times are a first indication in
favour of the existence of a critical slowing down (we recall that the mode-coupling crossover of
the unconstrained liquid is Tyues = 0.095 in 3d). For a fixed reference configuration 7, the liquid
is first equilibrated at a temperature 7" and a field €, and one equilibrium configuration rév is
then stored. Equilibration is checked as in the static study, namely, by running two simulations
from distinct initial conditions. Then, we run 60 simulations in the iso-configurational ensemble
by starting from the very same configuration " and with the initial velocities which are drawn
from the Maxwell-Boltzmann distribution at the temperature 7' [63, 337, 338]. We can then
compute C,(t;7{’) from all runs and we extract the autocorrelation time 7.(7;7{’) when the
autocorrelation function equals 0.2. We self-consistently check afterwards that the simulations

have lasted at least 10 times the autocorrelation time.
We now want to relate 7.(T;7’) to a measurable static quantity which characterises the
approach to the critical point. One expects an activated dynamic scaling of the form [339]

1Ty 1)) = Tol€c(T5 w2 ecéeTimd I, (IIL40)

where 7y and ¢ are some constants, and where z is a dynamic exponent which describes a sub-
dominant behaviour, see Eq. (I1.80). Instead of the correlation length & (T;7’) to which we do
not have direct access, we use the thermal susceptibility

X5 rd) = NB QD) — (2] (I1L.41)

This is a random property due to its dependence on ', whose average over the reference
configurations gives the connected susceptibility. It is a self-averaging quantity and it should
scale as [&.(T;r{)]?7", see Eq. (I11.36). For the 3d RFIM, as 7 =~ 27, we have that 2 — n =~ 6,
where 6 is the temperature exponent, see Eq. (I1.77). As the relation ¢ = 6 has also been
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Fic. I11.12 | (a) Relaxation time 7.(T; 7)) as a function of the thermal susceptibility XET)(T; rdY)
for several samples r{’, temperatures 7', and sources € close to the Widom line. Relaxation times
are obtained when the equilibrium autocorrelation function of the overlap equals 0.2. The latter
correlation has been measured by direct simulations of the constrained liquid in the canonical en-
semble. The colorbar encodes the relative distance of the couple (¢, T') that is used for the simulation

from €*(T;r{’) [field for which sl (T;7Y) is maximum] in the e-direction. All data collapse on a
master curve which is well fitted by Eq. (I11.42) (dashed line), with ¢ ~ 0.015, 7y ~ 88 and z ~ 1.15.
The inset shows a tentative power law fit which obviously fails at high values of the susceptibil-
ity. (b) Disorder-averaged overlap autocorrelation function C.(t; 7)) along the average Widom line
e = ¢*(T,Tp) for several temperatures. The full lines represent a fit to the empirical form which is
presented in Eq. (I11.44), with Cy ~ 0.54 and ¢ ~ 8.2. The data are consistent with a logarithmic
stretching of the correlation functions, see Eq. (I11.43).

shown [282], one has that [¢.(T;7)]¥ ~ XET) (T; 7). We therefore consider the following form

to relate the statics to the dynamics in the vicinity of the critical point:
T 9V = 5. D) (- N Y12/0 axM(Trd) 111.42

Te(Tsry ) = Tolxe /(T5m9)] e , (111.42)

where 7y and ¢ are new constants. We take 6§ ~ 1.49 [331]. Whereas the dominant activated
scaling behaviour is independent of the simulated dynamics, the sub-dominant behaviour and
the prefactor can be modified by choosing an appropriate algorithm®. Here, the swap algorithm
is expected to speed up any pre-asymptotic dynamics and it thus enables one to approach the
critical point more closely [340]. In fact, we have found that the ordinary molecular dynamics

simulations are much too slow near the critical point so that the dynamics cannot be measured
for T < 0.30 (we recall that the critical point is at T, ~ 0.17).

F1a. I11.12 (a) shows the scatter plot of the relaxation time versus the thermal susceptibility.
The latter has been directly measured for temperature 7" = 0.25 and otherwise extrapolated by
using the direct measurements at 7" = 0.22 and 7" = 0.25 and the procedure of Sec. 2.6. The
data are coloured according to the difference between the field € of the simulation and the locus
€*(T; 7)) of the maximum of the thermal susceptibility. The data agree well with the prediction
of Eq. (II1.42). In particular, even though the increase in the relaxation time is limited to a little
more than two orders of magnitude, it is sufficient to distinguish between an activated scaling
(main panel) and a conventional power law scaling (inset).

In a second stage, we also look at the average over the disorder of the autocorrelation function
along the average Widom line at several temperatures, namely, C.(t;r{) for e = *(T,Typ).
Another prediction of the activated dynamic scaling in the RFIM is that the correlation function

In other words, z and 7y may depend on the algorithm.
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should be very stretched, on a logarithmic scale [271], namely,
Ce(t;7Y) = C(Int/In7(T)) (111.43)

with 7(T) the autocorrelation time that is obtained when C.(t;r)') equals 0.2, and C(z) a
scaling function for which no theoretical prediction is available. We find that along the Widom
line, we can fit our data with an empirical form which has been previously used in RFIM-like
systems [341-343], namely,

C(x) = Cpexp(—z¥), (II1.44)

with Cjy and ¢ two temperature independent adjustable parameters. As seen in F1G. I11.12 (b),
the data at large times for all the temperatures agree well with this prediction. A rescaling by
using the variable ¢/7(T") as in conventional critical slowing down is instead inconsistent with
the data.

To finish, we mention that we have also investigated the dynamics of the system in the first
order transition region and we have consistently found the presence of hysteresis loops when
€ is changed at a finite rate and a fixed temperature 7. We have also unsuccessfully looked
for avalanches which are typical of RFIM-like systems at zero temperature [344], namely, large
and sudden drops of the order parameter when changing the source. In the RFIM, avalanches
are well-defined at zero temperature [93] but they are likely blurred by thermal fluctuations
at higher temperatures [95]. Despite this limitation, our study of the dynamics of constrained
liquids is overall consistent with the existence of a RFIM-like critical point which terminates an
associated first order transition line in 3d.

6. CONCLUSIONS

We summarise all our findings in F1G. I11.13 where we show the phase diagram of constrained
model supercooled liquids in d = 2, 3 in the thermodynamic limit. We represent the line €*(7", Tp)
of the loci of the maxima of the total susceptibility in the phase diagram (e, T"). In 3d, there is
a critical point at a finite temperature on this line for 7. ~ 0.17 and €. ~ 0.20, which separates
the first order transition line for T' < T, from the Widom line above the critical point. In 2d
instead, there is no sign of criticality and the phase diagram only displays a Widom line down to
the lowest achievable temperature (which, again, is below the extrapolated experimental glass
transition temperature). We note that the behaviour in 3d is consistent with the mean-field
prediction, compare with F1a. III.1 (a)-(b). Our results also confirm the recent field-theoretical
treatments beyond mean-field [196, 197, 218, 250] which have been reviewed in Chap. II, and
which predict that the behaviour of constrained liquids can be mapped onto the random-field
Ising model (RFIM). Accordingly, we have found no sign of a critical point in 2d as the lower
critical dimension of the RFIM is equal to 2, while we have clearly exhibited a critical point and
a first order transition with quenched disorder in 3d.

The results of this chapter are non-trivial for several reasons. On the one hand, our analysis
of relatively small systems has revealed that mean-field theory is remarkably robust in finite
dimensions. It means that the glassy slowdown of supercooled liquids is actually accompanied
by thermodynamic fluctuations of the overlap which represents the degree of similarity between
equilibrium configurations and which has been identified as the proper order parameter of the
mean-field glass transition. In particular, claims that the glass transition is merely of dynamic
nature are difficult to reconcile with what has been presented in this chapter. We also note that
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F1a. I11.13 | Loci of the maxima of the total susceptibility e*(7T,Tp) in the phase diagram (e, T')
for the 3d system (left) and the 2d system (right) for a fixed temperature Ty of the reference
configurations (Tp = 0.06 in 3d and Tp = 0.03 in 2d). In 3d, a critical point (full yellow square) at
T. ~ 0.17 and €. >~ 0.20 separates the first order transition line (full line) below the critical point from
the Widom line (dashed line) above. In 2d instead, there is neither a critical point nor a first order
transition line but only a Widom line. In both panels, we give several indicative temperature scales:
the onset temperature of glassy behaviour (green disk), the mode-coupling crossover temperature
Tt (pink up triangle), the extrapolated experimental glass transition temperature T, (orange down
triangle) and the temperature Ty of the reference configurations (blue diamond).

studying small systems that display a mean-field-like phenomenology could be used in order to
measure the parameters that enter the replicated Landau-Ginzburg functional which has been
described in the previous chapter and to build an effective field theory for this system [52]. On
the other hand, the existence of a critical point in 3d was not guaranteed because it depends
on the strength of the effective disorder that is generated by the reference configurations, as
compared to the strength of the effective interactions between local overlaps (namely, the ratio
\/Z/ J). It would be interesting to repeat the analysis of this chapter for other model glass-
formers. This would enable one to give a quantitative measure of their relative “self-induced”
disorder v/A/.J (see also Chap. V), and finally to compare these different glass-forming liquids.
For the first time, our results give very strong evidence for the existence in the thermodynamic
limit of a genuine critical point, with a first order transition line at lower temperatures. This
represents, to date, the only piece of the mean-field theory that survives not as a mere crossover
when finite-dimensional fluctuations are present.

At the mean-field level and in statistical field theory, the existence of a first order transition
and of a critical point in the phase diagram (e, T) is the natural consequence of the existence of
an entropy crisis at a Kauzmann transition Tx. From one side, the fact that there is no critical
point in 2d forbids the existence of a finite Kauzmann temperature. This is consistent with the
results of Ref. [182] where it was shown that the configurational entropy for the very same system
vanishes at zero temperature only. Similarly, the point-to-set length, which quantifies the spatial
extent of amorphous order, can only diverge at zero temperature. This is consistent with our
results which show that a static lengthscale is growing along the Widom line but that it remains
finite in the accessible temperature range. In particular, studying the temperature evolution of
the size of the domains of low and high overlap along the Widom line in the 2d system could
be interesting [see F1G. II1.10 (b)], see Chap. V. From the other side, the existence of a critical
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Fig. I11.14 | System-size evolution of the probability distribution P (Q;rl) of the overlap in
3d (left) and 2d (right) for € = €*(T") which maximises the total variance of the order parameter.
The distributions are shown for two different temperatures 7" in the case T = Tp. In 3d, at the
higher temperature (7" = 0.10), the probability distribution is always bimodal for the system sizes
which are considered but the free energy barrier between the two peaks decreases with larger N.
At the lower temperature (T' = 0.085) instead, the free energy barrier grows with system size and
the distribution becomes increasingly bimodal. In 2d, at the larger temperature (7' = 0.12), the
probability distribution is always single-peaked and it narrows when the system size increases. For
the lower temperature (7' = 0.06), the overlap probability distribution goes from a slightly bimodal
shape to a single-peaked one when increasing N.

point at a finite temperature 7, in 3d is consistent with the existence of a finite Kauzmann
transition temperature but, however, does not prove it [243]. Yet, independent measurements
of the configurational entropy in the same 3d system seem to extrapolate to zero at a finite
temperature and, as a result, to corroborate the existence of a finite Tk [114, 164].

APPENDIX A - SIMULATION RESULTS FOR THE CASE OF EQUAL TEMPERATURES T =
To

In this Appendix, we present numerical results for the case where the constrained and the
reference configurations are always at the same temperature (7' = T). We analyse the system-
size dependence of the disorder-averaged probability distribution of the overlap in both 2d and 3d
for two different temperatures, see F1G. II1.14. It is very reminiscent of F1G. II1.7 and the same
observations and conclusions hold. We remark that in 3d, the critical point and the associated
first order transition below remain but for a lower critical temperature 7. € [0.085,0.10[ and a
lower field €, € [0.092,0.125[, in agreement with the analytical results from mean-field theory
(see FiG. II.5) and with past studies [209, 256]. In 2d instead, we find that any singular
behaviour in the thermodynamics of constrained liquids disappears in the thermodynamic limit
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in the experimentally-relevant temperature regime. This result, along with the random-field
Ising model criticality which is predicted from statistical field theory, suggests the absence of
a transition at any finite temperature in d = 2. Interestingly, in 2d, even though there is not
a finite temperature critical point, the static correlation length which is associated with the
overlap fluctuations grows with decreasing Ty. Indeed, for T' = 0.12 for instance, the overlap
distribution is bimodal for N = 64 when the temperature of the reference configuration is fixed
at Ty = 0.03 while it is single-peaked for the case T' = Ty. As the effect of disorder should be
relevant at scales smaller than this static lengthscale this may be related to the high kinetic
stability of ultrastable glasses when they melt at high temperatures [99].
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DETAILED ANALYSIS OF THE DEFINITION OF
IV THE OVERLAP BETWEEN LIQUID
CONFIGURATIONS

The overlap, or similarity, between liquid configurations is at the core of the mean-field de-
scription of the glass transition, and it represents the order parameter for the random first order
transition from the liquid to the ideal glass. It has also proved to be useful when studying three-
dimensional glass-forming liquids, as emphasised in Chap. III, and it has revealed non-trivial
thermodynamic fluctuations at low temperatures. In liquids, the overlap involves a tolerance,
typically of a fraction a/o of the average particle diameter, which is associated with how pre-
cisely similar two configurations must be for belonging to the same physically-relevant “state”.
We have not heretofore discussed the choice of the numerical value of the tolerance length. In-
stead, we have rather chosen a “reasonable” value which is similar to what was used in previous
studies. Here, we systematically investigate the dependence on the overlap fluctuations of the
tolerance length when it is varied over a large range. We mostly focus on the behaviour of the
system when the overlap is coupled to an external source ¢ and we study the influence of the
coarse-graining length a on the resulting phase diagram (e,7"). We show that while the location
of the dynamical transition temperature Tq and of the static Kauzmann transition temperature
Tk (if present) is independent of a/co, that of the critical point at (e, T) largely depends on the
value of a/o. We rationalise our findings by using liquid-state theory and the hypernetted chain
approximation for the correlation functions. We show in particular that a range of a/o below
what is commonly considered maximises the temperature of the critical point 7, by pushing
it up in a liquid region where the bulk viscosity is low. We also confirm the theoretical trends
thanks to computer simulations by using the same tools as in Chap. III. Finally, we discuss our
results and we emphasise what they reveal about the structure of the free energy landscape.
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The results of this chapter have been published in Ref. [295].

1. INTRODUCTION

At the mean-field level, glass formation from a liquid is described as a genuine thermodynamic
transition whose order parameter is the similarity or overlap between liquid configurations [12,
126]. In Chap. II, we have reviewed analytical calculations of the spherical p-spin model. It
is a mean-field model which displays similarities with the behaviour of structural glasses [116,
118, 122], in particular a transition from a replica symmetric liquid phase to a 1-step replica
symmetry broken glass phase [144] which is accompanied by a discontinuity in the overlap
between equilibrium configurations at the Kauzmann transition temperature Tx. For this model,
the overlap is computed from a single-site quantity. More generally, for lattice models, such as the
plaquette models which are discussed in Sec. 5.2 of Chap. II, the overlap between configurations
is naturally computed by considering an on-site variable, namely, the product of the spins in two
configurations at each lattice site. One can further average this product over the whole sample
to obtain a global measure of the similarity between the two configurations. In the case of Ising
spins for example, the overlap takes values between —1 for a complete anti-correlation to +1
for a complete correlation [210]. A slightly different quantity, the bond overlap which considers
nearest neighbour pairs, has also been analysed [345].

For liquids, the definition of the overlap is not as straightforward because it requires to
account first for the permutations of identical particles and then for the fact that the particles
in two similar configurations never sit exactly at the same place because of thermal vibrations.
As a result, the following definition of the overlap between two configurations o and v of N
atoms is chosen:

1 N
Qalry . r)] NZ w(|ra,i — 7,41/ @), (Iv.1)

see also Eq. (II.1). We remind that w(z) is a window function which is 1 for x < 1 and 0 for
x 2 1, typically a Heaviside step function or a smooth version of it. In a related procedure, the
overlap can be defined by discretising space [256, 327]: the sample is divided in small boxes with
a linear size a of the order of a fraction of the inter-particle distance and a discrete variable is
introduced in each box that takes the value 1 if a particle center is present and 0 otherwise. The
overlap then uses the product of these “on-site” variables in two different configurations and the
tolerance is now associated with the box size a.
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We first note that the double sum in Eq. (IV.1) takes care of particle permutations. Then,
a tolerance length a has been introduced to consider that two configurations are similar if the
particle centers in the two configurations differ by at most a small but finite distance. To
emphasise the importance of this length in this chapter, we write the overlap in the above
equation with a subscript a. The tolerance length a has to be fixed, for instance by some
physical arguments [209, 213, 241, 346]. It is reasonable to identify this distance with the
typical amplitude of the vibrational motion of the particles, a length which is a fraction of
the average inter-particle distance. In consequence, in previous studies of model glass-forming
liquids (including ours in Chap. III), the cutoff @ was taken such that a/o = 0.2-0.3, which
seems a physically plausible value for a typical vibrational length. However, no one has so far
investigated what the effect of changing the ratio a/o over a significant range is. The goal of
the present chapter is to fill this gap.

We now focus on the Franz-Parisi (FP) setting [148] which has been discussed at length in
the previous chapters. Namely, we consider the possibility to couple the overlap between the
configuration of a liquid and a reference configuration of the same liquid to an external source
€ to favour large values of the overlap. In mean-field theory, a line of first order transition
emerges from the Kauzmann transition (¢,7") = (0,7k) in the phase diagram (e,7) and ends
in a critical point (e, T¢) at higher temperature (see Chap. II). Strong evidence from computer
simulations also support its existence in 3d realistic model glass-formers (see Chap. III). In this
chapter, we consider another framework for the FP construction, namely, liquid-state theory in
the hypernetted chain approximation [151, 154, 155, 300, 301, 347, 348]. In the next section, we
present the general statistical mechanics framework.

2. LIQUID-STATE THEORY IN THE THEORETICAL FRANZ-PARISI CONSTRUCTION
2.1 COMPUTATION OF THE CONSTRAINED FREE ENERGY

In this section, we explain how to compute the constrained free energy in the canonical
ensemble (with € as a control parameter) by using results from liquid-state theory. The most
convenient way to compute the thermodynamics of constrained liquids for fixed € is to intro-
duce n replicas of the constrained equilibrium configuration {rév }a=1..n, as already explained in
Chap. II. The replica formalism thus amounts to considering an equilibrium liquid mixture of
n + 1 components with Hamiltonian

Hrepe {TN} Z Z Ua'y Ta u"’”y,j‘f a) (IVQ)

a,y=01,j=1

where the interaction potentials are given by
Vo (7,77 ]€,0) = 8y ([ = 7/]) = [(1 = 800)50 + a1 = S0)lew(|r — /| /a),  (IV.3)

with v(r) the pair potential between two particles and d,- the Kronecker delta, which is equal to
1 if @ = v and to 0 otherwise. The first term represents the interaction between two particles in
a single replica, while the second term describes the attraction with the reference configuration.

In liquid-state theory, the free energy can be derived from the Morita-Hiroike functional
Ty [296, 298], The computation of the latter relies on a diagrammatic expansion of the
one-particle densities pg})(r) and the two-particle densities p%) (r,7’) of the replicated (n + 1)-

component liquid mixture [349]. Here, we consider the case where the reference configurations
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are taken at the same temperature and the same density as the constrained liquid for simplicity.

All the replicas thus have the same one-particle density p( )( ) = pW(r). The two-particle
densities are related to the pair correlation functions via [30]

i 1") = pD () pD (1)L + has (j7 — '), (IV.4)

where g (r) = 1+ hay(r) is the conventional pair correlation function [30, 64], namely,
Jary (1) = Z 6(r —Tai + Tyj))es (IV.5)

with r = |r| and the sums which run over ¢,5 = 1... N (with i # j if the two replicas o and ~y
are the same).

Since we are interested in homogeneous phases, considering uniform one-densities p(l) (r)y=p
is sufficient. The Morita-Hiroike functional (per unit volume) then reads [196, 197, 296, 350]

Puail{han}] = (n-+ Dpllnp = 1)+ 2 / Ar[1 + B ()] Bvan (7]e, )

o,y=0
+ P ;O / dr(l + hay(r)] {In[1 + ko~ (r)] — 1} o)
+ = pg;) ppp ath;po/d’lﬁ/(h% /dTp 1o 7”2 azag("r?, 7“2‘) Cvpoq(rp)

+ 2PI,

with vay (|7 — 7’| |€,a) = vay(r,7’|€,a), B = 1/T (the Boltzmann constant is set to unity),
and where 2PI denotes the sum of the two-particle irreducible diagrams which are formed with
density vertices that are linked by total correlation functions [296, 298]. Without these terms,
the above expression reduces to the well known hypernetted chain (HNC) approximation of
liquid-state theory [30]. We also note that the interaction potential with a dependence on € and
a only appears in the second term of the right-hand side of Eq. (IV.6). As the purpose of this
chapter is to study the influence of the parameter a, we usefully isolate the terms which depend
on the potential to formally rewrite the Morita-Hiroike functional as

Pual{hon}] = 27 / Ar[1 + B ()] Bvary (7], @) + Fl{har}] (Iv.7)

a,y=0
where F is independent of the pair potentials.

The equilibrium total correlation functions are obtained by looking for the stationary points
of the Morita-Hiroike functional,

5o (1) 0, or 5P Buay(r|e, a) (IV.8)

Shan(r)

for 0 < a,7 < n, where 6(.)/0hay(r) denotes the functional derivative with respect to the
correlation function hq.(r) which is evaluated at the position 7. As we are interested in the
liquid phase above the ideal glass transition and as we focus on homogeneous phases, we assume
replica symmetry between the n constrained replicas (replica 0 is different due to the attractive
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coupling) in the solution of the above equations and then take the limit n — 0. One thus
needs to consider 4 distinct functions, hi,(r), his(r), hiy(r) and hf, (r), where the superscript *
means that the functions correspond to the solutions of Eq. (IV.8). This is the equivalent of
the replica symmetric ansatz of Eq. (I1.28). The latter involves two overlap parameters which
represent the overlap with the reference configuration and the overlap between two constrained
replicas. The correlation functions hg; () and hiy(r) play similar roles. The first one represents
the correlation function between the positions of the particles in the constrained liquid and in
the reference configuration, the second one the correlation function between the positions of
the particles in two different constrained replicas. Here we need to add two other correlation
functions which correspond to the self correlation functions in the reference configuration hg,(r)
or in a constrained replica hj;(r).

We want to focus on the correlation between the constrained replicas and the reference
one, i.e., on hoi(r). This is because it is directly related to the overlap order parameter, see
Eq. (IV.13). To do this, one can solve the minimisation equations for hgo(r), hi1(r) and hio(r).
The solutions are then functionals of hg;(r) and of the potential v(r), except hoo(r) which only
depends on v(r) and is decoupled from the other total correlation functions in the limit n — 0.
The solutions also depend on p and T but they do not explicitely depend on e and a. We call
Flho1) the functional which results from replacing hoo(r), h11(r) and hia(r) in F[{ha~}] by their
solution. The Morita-Hiroike functional in the limit n — 0 then reads

Jim {PMHH%H - FMH”HRS = / dr[1 + hot (r)]Bew(r/a) + Flhoul, (IV.9)

n—0 n

where RS denotes replica symmetry and where I'vipp o is the Morita-Hiroike functional for the
reference replica, which is evaluated for hgy(r), and which is obtained by setting n = 0 in
Eq. (IV.6). The functional F[hg1] is defined by the above equation and it is equal to

F{hary}] = Tnn0 }

i

1 *
g [l @), (1v.10)

The key point is that the functional F|ho1] is independent of € and a. On the other hand, the
function h{, (r), which is now obtained as the solution of

dF[ho1]

= p? cw(r/a .
oy = PBeu(r/a), (1v.11)

depends on € and on a, see Eq. (IV.8). However, when e = 0, the dependence on a drops out
because the right-hand side of the above equation is simply zero. We note that there is no factor
1/2 in the above equation because the correlation functions are symmetric, e.g., hio(r) = ho1 ().
This equation could also be obtained by a direct differentiation of Eq. (IV.9) with respect to
h01 (T‘)

Eventually, the replica symmetric free energy F,(€) which is introduced in Eq. (II.5) and
which corresponds to the free energy of the constrained liquid with fixed e can be derived from
the functional F[hoi] as

~ lim Invu[{havy}]) — Tmmo
BFa(e) o 710—>0{ ZLp }

= / dr[1 + bty ()] Bew(r /a) + ;]-"[hf;l], (IV.12)

by using Eq. (IV.9). The division by p in the limit of the above equation comes from the fact
that the Morita-Hiroike functional is defined per unit volume. We have also emphasised the
dependence on the tolerance length of the free energy with the subscript a.
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At this stage, we can come to the Franz-Parisi potential V,(Q) that we also write with a
subscript a to emphasise its dependence on the tolerance length. This is the object of the next
section.

2.2 COMPUTATION OF THE FRANZ-PARISI POTENTIAL

From Eq. (IV.1) and the definition of hgi(r), the average overlap between the constrained
and the reference configurations can be expressed as

(Qa)e = p / dr[1 + hoy (r)]w(r/a). (IV.13)

We recall that the brackets represent the thermal average for a given field € and a fixed reference
configuration, while the overline stands for the average over the reference configurations. When
the constrained and the reference configurations are uncorrelated, ho1(r) = 0, and the overlap
takes its “random” value

Qa,rand = p/dTw(r/a). (IV.14)

If the canonical ensemble (with fixed €) and the microcanonical ensemble (with fixed overlap)
are equivalent, which is the case outside the first order transition region, the Franz-Parisi (FP)
potential is obtained by a Legendre-Fenchel transform which yields

BVa(Q) = Slip{ﬁFa(E) + BGQ} = BF(ga) + BE.Q, (IV'15)

see Eq. (I1.17). The field é,, which depends on a, is such that the expression between brackets
is maximum, and thus corresponds to the field such that the canonical average of () is precisely
Q, see Eq. (I1.6). Therefore, the FP potential reads, by using Eq. (IV.12),

AVa(Q) = —p/dr[l + hoy ()] BEaw(r/a) + ;f[h?il] + BéaQ. (IV.16)

As the “random” overlap varies significantly with a, the FP potential is more conveniently
expressed in terms of AQ = @ — Qg rand rather than @, and we obtain

* ~ 1 * ~
BVL(AQ) = —p / i) B (r/a) + - Fliin] + B Q. (IV.17)
By definition of €., the two terms which explicitely depend on it cancel out, and we eventually
obtain

BVA(AQ) = ;f[h&], (IV.18)

where hf; (r) is now considered as a function of AQ and a.

From the above discussion, we can give a practical way of computing the FP potential. For a
given value of ¢, one can solve Eq. (IV.11) to obtain the correlation function Ay, (). This amounts
to minimising the total Morita-Hiroike functional I'yyyg. Then, the FP potential is computed

thanks to Eq. (IV.18) and the corresponding value of AQ = <AQG>E from Eq. (IV.13), namely,

<AQCL>E = <Qa>e - Qa,rand = P/d’l“hgl(?“)w(T/a). (IVlg)
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(a) (b)
//
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Fi1a. IV.1 | (a) Schematic representation of the Franz-Parisi (FP) potential V;,(AQ) when it is non-
convex. The region between the diamonds corresponds to the range over which the FP potential is
concave [V'(AQ) < 0]. The straight line represents the double-tangent construction to locate the
first order transition in the canonical ensemble (fixed €). (b) Derivative of the FP potential and the
corresponding isotherm in the canonical ensemble which is obtained by the Maxwell construction of
equal areas, see Eq. (I1.16). The diamonds correspond to the limit of metastability of the high- and
low-overlap branches in the canonical ensemble. The blue and red curves correspond to the average
order parameter when € is increased or decreased from a high or low value and they may transiently
follow the metastable branches.

By scanning the range of €, we can reconstruct the FP potential. At a high-enough temperature
T or a low-enough density p, Eq. (IV.11) has a unique solution for each value of € and the full
curve of V,(AQ) can be deduced by systematically varying e. This is the situation above the
critical point in the phase diagram (e, T"), or equivalently when the FP potential is convex, as the
ensembles are equivalent. At lower temperatures or higher densities, Eq. (IV.11) may have two
solutions' which correspond to two distinct minima of the Morita-Hiroike functional and to two
different correlation functions hg;(r). These two solutions give the stable and the metastable

branches of the isotherm (AQQ>€ in the canonical ensemble. This is the situation in the first
order transition region, or equivalently when the FP potential is no longer convex. In this case,
by finding both the stable and the metastable minima, not only are we able to reconstruct the
FP potential from Eq. (IV.18) when the two ensembles are equivalent, but also on the entire
range of overlap values over which the FP potential is convex, even though the two ensembles
are not equivalent, see F1a. IV.1. This range in particular includes the secondary minimum if
present.

2.3 GENERIC PROPERTIES OF THE FRANZ-PARISI POTENTIAL WITH RESPECT TO THE
TOLERANCE LENGTH

We are now in a position to discuss two generic properties of the Franz-Parisi (FP) potential
as a function of the cutoff parameter a.

On the one hand, if the FP potential has several extrema, as it does in mean-field treatments,
the value of € at which these extrema are obtained is zero, see Eq. (IV.11) and Eq. (IV.18). As
stressed above, the functions hf;(r) are then independent of a and they correspond to the

"More precisely, Eq. (IV.11) can have three solutions but one of them is a maximum of the Morita-
Hiroike functional and is thus unstable.
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various extrema of the functional F[hoi]. The temperature and the density at which these
extrema appear and disappear as well as the value of the associated free energy are intrinsic
properties of F[hg;] and therefore they do not depend on a. As a result, neither Ty at which an
horizontal inflexion point appears in the FP potential nor Tk at which the two minima of the FP
potential become of equal depth depend on the choice of a. However, the value of the overlap
at these extrema depends on a through Eq. (IV.13). Requiring for physical consistency that the
value of AQ at the secondary minimum (that is denoted by AQg = Qag — Qarand in Chap. II)
which corresponds to the emerging glass phase is positive may put an upper bound on the value
of a, but this does not correspond to a real physical singularity: this point is illustrated and
discussed in more detail below. In addition, the complexity, which represents the free energy
cost to constrain the liquid within a single metastable state and which corresponds to the height
of the secondary minimum in the FP potential, must also be independent of a.

On the other hand, the critical point at Tt in the plane (¢,7") that we have mentioned
in the introduction and studied at length in the simulations of Chap. III corresponds to the
temperature at which the FP potential recovers strict convexity in mean-field approximations
or in large-enough finite-dimensional systems (see Chap. II). In other words, there is a critical
value AQ. of the overlap and a critical field €. such that

BeVa(AQc)
BV (AQ:) = 0, (IV.20)
5CVaW(AQC) = 0,

Il
=
a

e

with 8. = 1/T¢, see Eq. (I1.20). Generically, not only AQ., but also €. and T, should now depend
on a. The location of the critical point, and as a consequence of the whole first order transition
line in the phase diagram (e,T'), therefore varies with the choice of a. Actually, in the theory
of critical phenomena, the non-universal quantities, such as the location of the critical point,
are well known to depend on the short-range fluctuations due to the microscopic details of a
system, and hence on a [242]. Instead, the universality class of the critical point is controlled by
long-range, potentially scale-free, fluctuations and should instead be independent of a. However
here, the situation is more subtle because the properties (Ty or Tk ) on the € = 0 axis of the phase
diagram are also independent of a, and this applies whether or not the system is at criticality.

In the next section we illustrate the above described generic features in the case of an
approximate mean-field treatment which is based on the hypernetted chain closure of liquid-
state theory.

3. HYPERNETTED CHAIN APPROXIMATION AND THE FRANZ-PARISI POTENTIAL

3.1 PRESENTATION OF THE HYPERNETTED CHAIN CLOSURE

The hypernetted chain (HNC) approximation is one of the standard tools of liquid-state
theory to describe the structure and the thermodynamics of liquids. It amounts to neglecting
the two-particle irreducible diagrams in the Morita-Hiroike functional in Eq. (IV.6) [296, 298].
With this simplification, the functional F[hoi] can be written by using the Fourier transforms
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of the correlation functions and reads
Flhor) = plinp = 1)+ 557 [ drlt iy (n)Inft + i, ()] = 1+ Be(r)}
40 [ dr(Lt hoa(r)Hinlt + hor ()] = 1) = 56° [ dr(L+ By (r)){Inlt + hia(r)] - 1)

40 [ ks {Hin(a) = 4 @ = phon(0)® + hiata)* = < Inf1 + plh(a) = hiala)]}

i Ph01(Q)2 _ hia(q) }
[1+ phio(){1 + plhii(a) — hia(@)]} 1+ p[hiy(q) — hia(@)] |

(IV.21)
where g denotes the wave vector (with ¢ = |q|), and where we keep the same notation for the
functions in Fourier and in real spaces. The minimisation equations in Eq. (IV.8) can be cast
in a more familiar form by introducing the direct correlation functions c,(r) that are related
to the total correlation functions by the Ornstein-Zernicke equations [30]. By assuming again
replica symmetry in the limit n — 0, one finds in Fourier space [351, 352]:

1
1+ phoo(q) = 1— peoo(q)’
1
1 con “ 1 peeon(q)’
+ pheon(q) 1 — pceon(q) "

h12(q) = [1 4 pheon(9)]? {c12(q) + p[1 + phoo(q)]co1(q)?}
ho1(q) = [1 + phoo(q)][1 + pheon(q)]co1(q),

where the “connected” correlation functions can be introduced, namely, hcon = h11 — hi2 and
Ceon = €11 — €122. The HNC closure which is derived from the minimisation equations can then

be written as
coo(r

(r) = —Buv(r) + hoo(r) — In[1 4 hoo(r)],
c(r) = —Bu(r) + hu(r) —In[l + hii ()],
c12(r) = hia(r) — In[1 + hia(r)],

co1(r) = Bew(r/a) + ho1(r) — In[1 4 ho1(r)].

From the solution of these equations, one obtains the free energy SF,(€) [see Eq. (IV.12)] and
the Franz-Parisi (FP) potential [see Eq. (IV.18)], whereas the overlap difference with the random
limit AQ is given by Eq. (IV.19).

(IV.23)

The HNC approximation is of mean-field character as it leads to a non-convex potential
at low-enough temperatures for glass-forming liquids and then sustains infinitely long-lived
metastable states [354]. It has already been well studied in the context of the glass transi-
tion [151, 154, 155, 300, 301, 347, 348], including a calculation of the FP potential [154, 155].
Our purpose is not to repeat all of these calculations but to investigate the role of the cutoff
parameter a in the definition of the overlap.

2In the context of disordered systems, his and cis are also called the “disconnected” correlation
functions [353].
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3.2 MODELS AND METHODS FOR THE NUMERICAL RESOLUTION OF THE INTEGRAL EQUA-
TIONS

We consider different single-component liquid models in three dimensions in which the par-
ticles all have the same diameter . We deal with two different interaction potentials: a hard
sphere model with the interaction potential

_JH4oo  forr <o,
v(r) = { 0 otherwise, (Iv.24)
and a soft sphere model with the pair potential
o\ 12 N\ 2 N\ 4
o(r) = 0 (r) + Ko + Ko <U> + K4 <0> for r < 1.250, (IV.25)
0 otherwise.

The latter has already been introduced® in Chap. III, see Eq. (IIL.1). The control parameter is
the density p in the hard sphere case and the temperature 7" in the soft sphere case (in this case,
the density is set to po® = 1). For the threshold function in the definition of the overlap [see
Eq. (IV.1) or Eq. (IV.13)], we have chosen the continuous window function w(z) = e~ 22
Chap. III. In the hypernetted chain approximation where we consider homogeneous configura-
tions, the liquid never crystallises and it always forms an ideal glass through a thermodynamic
phase transition at a low-enough temperature Tk or a high-enough density pk.

as in

Correlation functions in real space are defined on a linear mesh of size dr = ¢/128 for
a/o > 0.1 and dr = 0/512 otherwise (to ensure that a/dr > 10), with a large distance cutoff
of L = 80. We have checked that taking a larger cutoff distance and/or a smaller mesh size
only leads to very small quantitative changes of our results. The functions in Fourier space are
defined on the reciprocal mesh of step 27/L. Eq. (IV.22) and (IV.23) are solved iteratively. This
requires to compute the Fourier transform and its inverse. In 3d and for spherically-symmetric
functions, this procedure is easily implemented by using the fast sine transform algorithm [238]
which relies on the following formulas for a correlation function h(r) and its Fourier transform
h(q) [347):

ghlq) _ 9 /0 e drsin(gr)rh(r),

2m .
LT s h(q)
rh(r) = 7['/0 dgsin(gr) 5y

In particular, one can directly work with the functions rh(r) and gh(q)/(27) and the sine trans-
form of one function is the other one up to a prefactor.

The iterative resolution of Eq. (IV.22) and (IV.23) is done by using the Picard’s method
and works in the following way [151]. From the correlation functions {c,(fiy)(r), hg? (r)} in real
space at iteration k, we compute the Fourier transforms of the direct correlation functions
{c&k,y)(q)} Then, thanks to Eq. (IV.22), we compute the total correlation functions {h&kyﬂ)(q)}

in Fourier space at the next iteration step. After that, the inverse Fourier transforms of the new

(IV.26)

Q

total correlation functions {hgifl)(r)} are computed and the new direct correlation functions

{cg‘fm (r)} are obtained from Eq. (IV.23). Eventually, to smooth changes in the correlation

3We remind that the constants ko, 2 and k4 ensure that v(r) and its two first derivatives are
continuous at r = 1.250.

106



IV. DEFINITION OF THE OVERLAP BETWEEN LIQUID CONFIGURATIONS

functions between two iterations, we take as direct correlation functions {cgﬁl)(r)} for the next
iteration cgﬁl)(r) = ncgiw) (r)+(1— n)c&ky) (r) with » = 0.1. The iteration is stopped when the
total relative change in all the direct correlation functions between two consecutive iterations,
namely,

(IV.27)

is below a threshold of 10710, As the equations for the reference replica are uncoupled from the
others, we can compute hgo(r) independently for each temperature 7" and density p and then
deal with the three other ones by using hoo(r) and coo(r) as inputs.

For a given value of a and a given density p (in the hard sphere case) or a given temperature

T (in the soft sphere case), we follow the recipe which is pictured in FiG. IV.1 to compute the
A (%)
Franz-Parisi (FP) potential and the phase diagram (¢,7). We compute the curves (AQq)e

from Eq. (IV.19) by increasing the source € from 0 (4) or decreasing it from a high-enough value
(-). The first order transition region is detected when there is a range of € values for which the
two curves for increasing and decreasing e differ. With this procedure, we are able to locate the
critical point with an arbitrary degree of precision. In the following, we restrict ourselves to a
precision of 1073 for p.o® and 107> for B.e. in the hard sphere case and of 1073 for T, /vy and
107 for e./vg in the soft sphere case.

Before presenting our results, we comment on the replica symmetric ansatz we consider here.
Such as the spherical p-spin, replica symmetry breaking effects are expected for intermediate
values of the overlap [222] and even close to the absolute low-overlap minimum when approaching
the Kauzmann transition from above. We have not tried to solve the hypernetted chain equations
with a more general one-step replica symmetry breaking ansatz which would require another
correlation function his(r) for replicas that belong to the same metastable state along with a
real parameter z for the size of the blocks with off-diagonal elements h13(r) in the matrix of the
correlation functions between the replicas. The replica symmetry breaking effects are nonetheless
expected to be more limited than for the spherical p-spin [148] because the FP potential cannot
be computed anyway in a given range of intermediate values of the overlap because of ensemble
inequivalence. We may under-estimate the FP potential at high densities or low temperatures,
but its shape is expected to remain qualitatively similar when replica symmetry breaking effects
are taken into account.

3.3 TEMPERATURE EVOLUTION OF THE FRANZ-PARISI POTENTIAL AND PHASE DIAGRAM
(e,T)

We now illustrate in F1G. IV.2 the behaviour of the Franz-Parisi (FP) potential V,(AQ) for
the hard sphere system as the density increases for two different values of the cutoff parameter,
namely, a/oc = 0.2 and a/oc = 0.5. The potential has a similar shape and evolution as first
found in Ref. [154, 155]. We observe that the FP potential at high densities is not obtained
on the entire range [0, 1] because of ensemble inequivalence which is discussed in Sec. 2.2. We
nonetheless note that we are able to construct a curve which is not equal to its convex envelop
by following the metastable solutions of the hypernetted chain (HNC) equations. In particular,
we can detect the secondary minimum in V,(AQ) when it exists.
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Fia. IV.2 | Evolution with the density of the Franz-Parisi potential V,(AQ) in the hypernetted
chain (HNC) approximation for a three-dimensional hard sphere system, the two replicas of same
density p = po, and two different values of the cutoff parameter a, namely, (a) a/oc = 0.2 and (b)
a/o = 0.5. In both panels, the up and the down triangles mark the values of AQ at the dynamical
transition (spinodal of the metastable glass minimum) and the critical point in the plane (e, 7T),
respectively. For both figures, the color code is the same and it is given by the colorbar in panel
(a). The dotted lines represent the region where there is no replica symmetric solution to the HNC
equations in the canonical ensemble.

At pio® = 1.203 the potential has two minima of equal height and the high-overlap minimum
becomes metastable as p decreases until it disappears in a saddle point at pgo® = 1.183 (above
the value of 1.17 which is given in Ref. [154, 155] but in agreement with the value which is
provided in Ref. [151]). At still lower densities, the potential retains a non-convex shape down
to some critical density peyx = pe at which convexity is eventually recovered. This temperature
evolution of the FP potential is what is expected for glassy systems in mean-field which display
a random first order transition, see F1a. I1.3 (a) for comparison. By comparing the two panels
of F1G. IV.2, we stress that the values of pg and pq do not depend on the choice of a as we have
already emphasised. However, those of the overlap at the metastable minimum do depend on
a. We also find, as we further describe below, that the value of the critical density p. depends
on a significantly.

In FI1G. IV.3 we show the phase diagram of the hard sphere model in the (Be, (po®)~!) plane
for the same two values of a as in Fi1G. IV.2. As we have already explained in Chap. II, the
non-convexities of the FP potential give rise to a line of first order transition which emerges
from the thermodynamic glass transition at € = 0 and p = pk. The line ends in a critical point
at (Beec, (peo®)™1). As clearly seen, the location of the line is different for the two values of a,
and that of the critical endpoint as well.

4. HYPERNETTED CHAIN RESULTS FOR THE CRITICAL ENDPOINT
4.1 EVOLUTION OF THE CRITICAL POINT WITH THE TOLERANCE LENGTH

Overall, the results of the previous section are consistent with previous studies on structural
liquids within the hypernetted chain (HNC) approximation and also with mean-field theory [151,
154, 155, 347]. In particular, constrained liquids in the HNC approximation display a line of
first order transition from the Kauzmann point which ends in a critical point that is associated
with the return to convexity of the Franz-Parisi potential. In this section, we systematically
investigate the dependence on a of the critical point in the HNC framework. The critical
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Fic. IV.3 | Phase diagram in the (8¢, (po®)~!) plane for the three-dimensional hard sphere model

in the hypernetted chain approximation, the two replicas of same density p = pg, and the two

same values of a/c as in F1a. IV.2. A line of first order transition (empty symbols) emerges

from the random first order transition at ¢ = 0 and it ends in the critical point (full symbol)

at (Beec, (peo®)™1). The line of first order transition has been obtained thanks to the Maxwell
———(F)
construction of equal areas on the isotherms (AQ,).

density p.(a) for hard spheres or the critical temperature T¢(a) for soft spheres along with the
critical overlap AQ.(a) are determined by the two last conditions in Eq. (IV.20), while (5.€.)(a)
is obtained from the first equality in Eq. (IV.20). Their variation with a is shown in Fia. IV.4,
panels (a)-(c) for the hard sphere system and panels (d)-(f) for the soft sphere case.

We first analyse the variation with a of the critical density p.(a) for hard spheres and the
critical temperature T¢(a) for soft spheres. Both quantities vary by a large amount: more than
15 % for p. and a factor of 2 for T, over the covered range of a. For comparison, we recall
that within HNC the relative change between pgq and pk for hard spheres is 1.7 %. Similarly,
we have found that the relative change between Ty and Tk for soft spheres is about 14 %*.
Furthermore, the evolution of either p. or T, with a is non-monotonic with a minimum in p.
for a ~ 0.080 and a maximum in 7; for a ~ 0.090. By choosing a/c around 0.08-0.09, one can
then move the critical point in the liquid phase quite significantly away from the dynamic and
the thermodynamic glass transitions, as compared to the conventional choice of a = 0.30.

We now look at the values of the source or coupling e.(a) [or rather of (f.e.)(a)] and of the
overlap Qc(a) [or rather of the difference AQ.(a) with the random value| at the critical point.
Their variations with a are non-monotonic, with a minimum in S.¢; and a maximum in AQ.
around a ~ 0.350, both for the hard sphere and the soft sphere systems. In particular, we
observe that their behaviour is of different trend as the one of p. or T.. We also note that the
variation with a of the location of the critical point is not given by a simple physical argument.
Indeed, one could naively expect the source at the critical point €. to be a decreasing function
of the coarse-graining parameter a. Smaller lengthscales a lead to a localisation of the atoms in
the constrained liquid in a smaller volume and may require larger fields. This is indeed what
is observed at small values of a but the behaviour at larger values of a clearly contradicts this
naive expectation. The observed non-monotonic trend and the detailed evolution at small a and
large a are much more involved, and this stems from the non-trivial structure and variation with
a of the pair correlation functions.

Before discussing these two limits, we show in Fic. IV.5 the HNC total correlation functions

“For our model, Ty /vy = 0.0535 and Tk /v = 0.0464 are obtained via the temperature evolution of
the Franz-Parisi potential, similar to FiG. IV.2.
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Fi1a. IV.4 | Variation with the cutoff parameter a in the hypernetted chain approximation of (a)
the critical density p.(a), of (b) the critical value of the source (B.€.)(a), of (c) the overlap difference
AQ.(a) at the critical point for the three-dimensional hard sphere system for the the two replicas
of equal density and of (d) the critical temperature Tc(a), of (e) the critical value of the source
(Beec)(a) and of (f) the overlap difference AQ.(a) at criticality for soft spheres and the two replicas
of equal temperature.

ho1,¢(r), h12,c(7), and hi1(r) at criticality for a wide range of values of a in the case of the hard
sphere system (we now drop the superscript *). We first note that due to the hard-core exclusion,
hi1c(r) = —1 for r < 0. We see that hij¢(r) does not vary much with a and that it reflects
the liquid structure with periodic peaks of spacing o which correspond to the consecutive shells
around a given particle at r = 0. We also remark that the maximum in 11 ¢(r) (which is marked
with a full disk) is non-monotonic with a, and that the highest maxima are obtained for low or
high values of a. This is a direct consequence of the fact that p.(a) is a non-monotonic function
of a and that it is also maximum for high or low values of a. In fact, we have found that hyy ()
is always very similar to hgo(r) which we recall do not depend on a but only on p.(a), see
Appendix A. On the other hand, hg1 ¢(r) and hia () have a non-trivial » dependence on a scale
r ~ a < o. This amounts to the fact that if there is a particle at » = 0 in a constrained replica,
e.g., replica 1, then there is a non-zero probability to find a particle at a distance smaller than a
in another constrained replica, e.g., replica 2, or in the reference replica 0. At larger distances, we
observe periodic peaks of spacing ¢ due to the underlying structure of the liquid. Interestingly,
we observe that the value of the two correlation functions at small r < a varies significantly
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Fi1a. IV.5 | Total correlation functions (a) h11,c(r), (b) h12,c(r), and (c) ho1,c(r) versus r/o (on a
linear scale for the first panel and on a logarithmic scale for the two last ones) at criticality for a
wide range of values of a for hard spheres in the hypernetted chain approximation and for the two
replicas of equal density. In panel (a) the full disk marks the maximum value in hi1 (7).

with a as it strongly increases as a decreases when a < 0.2¢0. In particular, this means that if
two constrained replicas have a given finite overlap with the reference configuration, then their
mutual overlap is also finite and non-zero.

4.2 BEHAVIOUR AT SMALL VALUES OF THE TOLERANCE LENGTH

We now focus on the limit in which @ — 0", where as seen from F1G. IV.4 and Fic. IV.5,
AQc(a) seems to go to 0 whereas (fc€.) (a) and the values of hgj () and hia¢(r) for r < a seem
to diverge. To make some progress in trying to rationalise this limiting behaviour, we assume
that pc(a) and T.(a) remain strictly positive and finite when a — 07, which is compatible
with the data in F1G. IV.4 (a) and F1G. IV.4 (d). We also assume that the total correlation
functions ho1 ¢(r) and hi2.¢(r) can be decomposed into a part that varies on the scale of a, whose
amplitude grows as a — 07, and a part that varies on the scale of o, whose amplitude goes to
zero as a — 07 (we remind that when a = 0, the replicas are decoupled, i.e., hia = hg; = 0 and
hi1 = hoo). The function hjq(r) on the other hand only varies on the scale of o with a O(1)
amplitude, and so does hgoc(r) (which is independent of a).

Through heuristic arguments in the limit a — 0% (see Appendix A), we derive that a
consistent solution of the equations is obtained for the total correlation functions at criticality

111



IV. DEFINITION OF THE OVERLAP BETWEEN LIQUID CONFIGURATIONS

AQL (@) 5 0.12
102} dma3/3 | | ]
r ho1,c(0) ] 4+ |
1 ~ 0.1
h127c(0) ® | 3
] 3 sl i Qg
3 Jo.08
2, S
10 3 S 9 1=
; S
. ] A | =0.06f
L A 4 L
1 0 (a) I \. » .T 0 (b) I I 0.04 (C) I I
%.03 0.064 , 0.14 0.3 0.03 0.064 , 0.14 0.3 "0.03 0.064 6 0.14 0.3
a/o alo a/o

F1c. IV.6 | Limit a — 0" of the hypernetted chain calculation in the case of hard spheres for the two
replicas of equal density. (a) Plot of AQ.(a)/(47a®/3), ho1,c(r — 0) and hiz o(r — 0) versus a/o on
a double logarithmic scale. The continuous lines show the expected a~3/2|Ina|'/? dependence. (b)
(Bc€c)(a) on a linear scale versus a/o on a logarithmic scale along with the expected | In a| behaviour
(continuous line). (¢) Bc(a)Va(AQc(a)) on a linear scale versus a/oc on a logarithmic scale along
with the expected a®/2|Ina|*/? trend (continuous line).

in the form

hote(r) = a=3/2|Inal'?ho; (r/a) + a®?| n a|'/?hoy (r /o),
hig.c(r) = a_3/2| In a|1/2ﬁ12(7‘/a) + a3/2\ In a\l/Qﬁlg(r/J), (1V.28)
hi1o(r) = hoo(r/o) + O(a®|Inal) ‘

) p—

Boo(T/U),

where all the functions fLm(m) and A, (z) have an amplitude and a range of O(1). With the
above ansatz, one finds for the critical overlap

hoo,c (7

~

AQu(a — 07 ~ @32 In o] /247 po(0F) / dzaw(z)ho1 (), (1V.29)
0

and for the critical source, by using the HNC closure equations (IV.23),
(Beee) (a — 0F) ~ Be|Inal, (IV.30)

with B\e a constant. In particular, one finds that
Be(a)Va(AQc(a)) = (BeecAQe) (a) ~ (a|Inal)®? x dmp.(07)Be / dza?w(x)hoy(z)  (IV.31)
0

when a — 07.

We compare the above predictions with the numerical solution of the HNC equations for
small a in F1G. IV.6 for the hard sphere system. Similar trends are observed for the soft sphere
case. The limit when r — 0 of the correlations functions are assimilated at their value for r = dr.
We observe that AQ.(a)/(4ma®/3), ho1c(r — 0), and hygc(r — 0) all diverge as a=/?|In a|'/?
[panel (a)], that (Bcec)(a) diverges as |Ina| [panel (b)] and that S.(a)Va(AQc(a)) vanishes as
a®?|Inal*/? [panel (c)], as expected from the above equations. Even though the results agree
with the predictions correctly, data at lower values of a could be beneficial to have further
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F1a. IV.7 | Result for the metastable glass minimum of the Franz-Parisi potential in the hypernetted
chain approximation for hard spheres at a density po® = 1.193 which is intermediate between pq
and pk and the two replicas of equal density p = po: (a) total correlation function ho1 ¢(r) and (b)
difference in overlap AQ with the global minimum as a function of a, see Eq. (IV.32).

confirmation. However, we have not succeeded in obtaining the position of the critical point
for a < 0.04. Several reasons can be found. On the one hand, when a — 0, all the singular
features of the Franz-Parisi potential become concentrated on a very narrow region as AQ. — 0
and finding the critical point accurately becomes more difficult. On the other hand, for smaller
values of a the critical point may be described by a one-step replica symmetry breaking ansatz
and thus cannot be obtained with our more simple replica symmetric solution.

4.3 BEHAVIOUR AT LARGE VALUES OF THE TOLERANCE LENGTH

Finally, we discuss the case of large values of a. As can be seen from Fi1c. IV.4 (¢) and
Fia. IV.4 (f), the overlap difference AQ.(a) with its random value [which gives the location
of the stable liquid minimum of the Franz-Parisi (FP) potential] decreases as a increases for
a/o 2 0.35 and seems to stick to a finite value for a/o ~ 0.55. For a 2 0.55, the numerical
solutions of Eq. (IV.22) and (IV.23) become more difficult to follow even for p > pq (or T < Ty).
At the same time, the hypernetted integral equations do not seem to be driven to any singularity.

To try to understand this behaviour, we first analyse the behaviour of the metastable mini-
mum when it exists, i.e., beyond the dynamical transition. As we have already noted, the total
correlation functions at the minima of the FP potential are independent of a. We introduce
AQqg(a) the difference between the overlap at the metastable glass minimum and that at the
global minimum for p > pq. By using Eq. (IV.19), it equals

+oo
AQg(a) = 47rp/0 drr?w(r/a)ho1g(r), (IV.32)

with hg1,¢(r) the total correlation function between a constrained replica and the reference one at
the secondary minimum of the FP potential, which again is independent of a. In F1G. IV.7 (a),
we show hg1g(r) for the hard sphere model at a density pq < p < pk. We clearly observe that
it becomes negative for r 2 0.350. Hence, if a becomes too large, the integral in Eq. (IV.32)
can become negative for some values of a. This is directly shown in F1G. IV.7 (b) where we plot
AQ, as a function of a: it is positive for small values, then it turns negative for a/o > 0.556,
it becomes positive again for a/o > 0.938 and it eventually weakly oscillates around a slightly
positive value. This is found for all the densities above pq. The value a, /o for which AQg(a) first
turns negative does not vary much with density: it is equal to 0.5576 at pq and to 0.555 at pk.
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Fi1G. IV.8 | Lowest value of r for which hg1 () vanishes. The straight line which corresponds to
the equation r4(a) = a crosses the data for a ~ 0.39.

In consequence, while the underlying physics is unchanged, by changing the cutoff parameter
in the definition of the overlap, one can switch from correlated replicas at the metastable glass
minimum (AQg > 0) to anti-correlated replicas (AQg < 0). For physical reasons, working with
AQg > 0 and restricting the range of a to a < a, seem more pleasant, but this restriction is not
motivated by the presence of a physical singularity.

From the above considerations, we can rationalise the evolution of the critical point as a/o
approaches values close to 0.55. By replacing for simplicity the smooth w(r/a) by a discontinuous
step function, we can rewrite the critical value of the overlap as

AQ.(a) ~ 47p.(a) /Oa drr?hop (7). (IV.33)

The maximum in AQc(a) [see F1G. IV.4 (c) and F1G. IV.4 (f)] should then appear in the close
vicinity of the value of a for which a = r.(a), where r.(a) is the lowest value of r for which
ho1¢(r) = 0. This quantity is plotted in F1G. IV.8. We observe that the equality a = r.(a) is
obtained for a ~ 0.390, consistently with the position of the maximum in AQ.(a) at amyax/0 =~
0.35. For a > amax, AQc(a) decreases because the integral involves negative values of hgy (7).
As a result, when AQ. becomes too small, all the non-trivial features of the FP potential become
concentrated essentially in a point and one can no longer numerically solve Eq. (IV.20), such as
in the case of small values of a. However, this is not associated with any physical phenomenon.

We now discuss what happens when a is further increased above 0.55. For a small range
of values of a, namely, for 0.555 < a < 0.5576 (see above), an unrealistic behaviour of the
phase transition line between low-overlap and high-overlap phases is expected, which includes
a divergence and a change of sign of € along the first order transition line between pq and pgk.
Then, for larger values of a (but still lower than the next value of a for which AQ, vanishes),
a well behaved first order transition line should be found, yet with a critical endpoint which is
characterised by AQ.(a) < 0 and fc(a)ec(a) < 0. This is confirmed by the results in FiG. IV.9
which are obtained in the three-dimensional hard sphere model and for a value of the cutoff
parameter a = 0.730. In F1a. IV.9 (a), we plot the FP potential, which has the same behaviour
as in F1G. IV.2 except that all its noticeable characteristics are located in the range AQ < 0.
In particular, we still find that the FP potential develops an inflexion point at AQ, < 0 with
a horizontal tangent line at the dynamical transition and a symmetric double-well structure at
the Kauzmann transition. In addition, as the FP potential displays non-convexities, a critical
point is indeed found but with S.e. < 0 and a negative critical overlap difference, as illustrated
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Fia. IV.9 | Results for three-dimensional hard spheres in the hypernetted chain (HNC) approxi-
mation, a/o = 0.73, and the two replicas of equal density. (a) Franz-Parisi potential for various
densities which are indicated by the colorbar. The dotted lines represent the regions where there is
no replica symmetric solution to the HNC equations in the canonical ensemble. The up and down
triangles mark the inflexion point at the dynamical transition and at the critical density respec-
tively. (b) Phase diagram in the ((po®)~!, B¢) plane with the critical point which is emphasised

with a closed symbol. The line of first order transition has been obtained thanks to the Maxwell
——(%)
construction of equal areas on the isotherms (AQ,).

in F1G. IV.9 (b). A corresponding line of first order transition is found in the region of negative
source and it converges to the Kauzmann transition at zero source.

We have so far developed a complete description of the evolution of the critical point with
the coarse-graining parameter a in the limit of liquid-state theory in the hypernetted chain
approximation. In the next section, we confront these results with computer simulations by
using the methods of Chap. III to assess their degree of generality.

5. CONFRONTING THE HYPERNETTED CHAIN RESULTS WITH COMPUTER SIMULATIONS

To complement the detailed but approximate analysis that we have obtained through the
hypernetted chain (HNC) treatment, we turn to the three-dimensional glass-forming liquid model
of soft spheres which is studied in Chap. III, and we perform computer simulations with the
swap algorithm to accelerate the thermalisation. The computer model is very similar to the
soft sphere case of our above analytical calculations, but two differences must be noted. On
the one hand, the simulations deal with a continuous polydisperse mixture and non-additive
cross-diameters to avoid crystallisation and fractionation [54]. On the other hand, the computer
simulations of Chap. III are mostly performed for the case of a fixed temperature of the reference
configurations Ty/vy = 0.06 close to the extrapolated glass transition temperature in order to
push to higher temperatures the critical point. Instead, the above analytical calculations in
the HNC approximation are obtained for the case T' = Ty. To allow for a comparison with
HNC predictions, we repeat the HNC calculations for the case where Ty # T is held fixed and
for the single-component soft sphere liquid. To be quantitatively similar with the choice of
the temperature of the reference configurations in the simulations, we consider an intermediate
Tp between Ty and Tk, namely, To/vg = 0.0499 and we then solve the equations of the HNC
approximation. In this situation, the correlation functions for the reference replica are computed
once and for all independently and they are then used as an input for the subsequent calculations
with a source e.
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In the simulations, the statistical properties of the overlap are computed by using an um-
brella sampling and a subsequent reweighting [283], see Chap. III for details about the methods.
This strategy enables us to compute the Franz-Parisi potential but also all the thermodynamic
properties of the liquid when it is coupled to the quenched reference configuration with an
arbitrary applied source €. In particular, for each temperature in the simulations, we can de-
termine the disorder-averaged probability distribution P(Q;7{’) of the overlap for the value of
the source € = €*(T,Tp) that maximises the total susceptibility (i.e., the total variance of the
order parameter). These distributions are shown in Fia. II1.6 for a system of size N = 600
particles with a = 0.220. We notice that the probability distribution of the overlap becomes
bimodal for temperatures significantly above the critical temperature T,. We recall that for
the same value of a, T, ~ 0.17 while the distributions are already bimodal for T' < 0.30. As a
result, above the critical point (along the “Widom line”) and as long as the overlap distribution
is bimodal, we can study the overlap fluctuations by restricting the integration over the overlap
values to one of the two peaks [211]. In the following, we focus on the low-overlap connected
susceptibility XECOH’ low) at ¢ = ¢* (T, Ty) for each temperature T' of the constrained liquid, which
represents the disorder-averaged amplitude of the thermal fluctuations of the order parameter
in the low-overlap “phase”.

Rigorously, as already emphasised in the previous chapter, the location of the critical point
in a simulation study can only be found through a finite-size scaling analysis. For instance, by
taking into account the dependence on a, the low-overlap connected susceptibility on the Widom
line should scale as

X (T Ty) = BoL* "Seon, 1ow (Yt LY), (IV.34)

with t = T/T.(a) — 1 the reduced temperature, L oc N'/3 the linear size of the system, 7 and
v some critical exponents, Xcon low(2) a universal scaling function, and B, and y, a-dependent
constants, see Eq. (I11.36). We recall that statistical field theory arguments predict that the
critical point is in the universality class of the random-field Ising model (RFIM) [218, 250],
and this is confirmed by our results in Chap. III. Therefore, n and v should be taken as the
critical exponents of the 3d RFIM. The scaling function Xcon low(z) has a maximum for z = z*
which can be understood by studying the two limits of low and high temperatures. On the
one hand, at a temperature 7" which is smaller than 7., the probability distribution of the
overlap at €*(T,Tp) is composed of two well-separated and narrow peaks. The width of the
peaks decreases with decreasing the temperature, which makes Xgon, %) smaller and smaller as
T is reduced. For T larger than 7. but not too large, the overlap probability distribution at
€*(T,Tp) is bimodal. When T is raised, the peaks merge and the free energy barrier between the

low- and the high-overlap peaks vanishes, which leads to a decrease in XSOH’IOW) with increasing

T. The position of the maximum in the connected susceptibility corresponds to a temperature
T*(a,L) = T.(a)(1 + 2L~ /y,). If one assumes that y, depends only slightly on a, the
measure of T*(a, L) at a fixed system size (N = 600 in the remaining of this section) gives a
reasonable proxy for the evolution of the critical temperature with a, but the absolute value of
the temperature is too high.

A comparison between the results of the simulations and the HNC calculations is shown in
Fi1c. IV.10. The trends as a decreases are very similar, in particular a sharp increase in the
temperature is found. The HNC prediction for the critical temperature T¢(a) passes through
a maximum around a/o ~ 0.09 whereas the simulation data appear to plateau at the lowest
studied values. It is unclear if this difference would persist at even lower values of a in the
simulations or with a better determination of the critical temperature. However, studying such
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F1G. IV.10 | Comparison between the results of computer simulations of a size-polydisperse mixture
of N = pL3 = 600 (po3 = 1 with o the average diameter of the particles) soft spheres with a reference
configuration at a low temperature Ty = 0.06vy and the results of the hypernetted chain (HNC)
calculations for a single-component soft sphere liquid (po® = 1 with o the diameter of the particles)
with a reference configuration at a temperature Ty = 0.0499vy. (a) Location of the maximum of
the low-overlap connected susceptibility T*(a, L) for the simulations and of the critical temperature
T.(a) for the HNC calculations. The temperature 7*(a, L) in simulations has been bounded by
running simulations at different temperatures 7' and this provides our errorbar for the estimate of
T*(a,L). (b) Estimates of the source on the Widom line (8¢)*(a, L) = ¢*(T*(a, L), To)/T*(a, L) in
the simulations and of the critical source (S.e.) (a) in the HNC calculations. (c) Plot of the average
overlap difference with the random limit AQ*(a, L) at the temperature T*(a, L) and the source
e*(T*(a, L), Tp) in the simulations and of the overlap difference at criticality AQ.(a) in the HNC
approximation. Errorbars on T*(a, L) propagate to (8¢)* and AQ*(a, L) but they are not reported.

small values of a becomes computationally prohibitively costly as one has to reduce the time
step in the integration of the equations of motion due to the increasing forces which derive
from the umbrella potential when a decreases. The agreement is also good when comparing
the evolution of the critical value of the source Se. For both simulation and HNC results, this
quantity first decreases with increasing a. The HNC prediction for (f.€.)(a) reaches a minimum
for a/o ~ 0.35 and it subsequently increases with a slowly while it seems to plateau in the
simulations. However, for the latter, the critical point falls in a temperature range for which
the equilibration becomes difficult to ensure, even with the swap algorithm. Consequently, we
cannot state whether the quantity (8e)* in the simulations would eventually increase when a gets
even larger, or whether this tendency would remain with a better determination of the critical
point. Finally, the evolution of AQ.(a) strengthens the agreement between the simulations and
the HNC calculations. In both cases, we observe an increase with a at small values of a, which
is followed by a maximum for a/oc ~ 0.35, and a subsequent decrease. This indicates that
our above discussion about the a-dependence of hgi(r) also seems to hold in the numerical
simulations.

The evolutions with a in the simulations and in the HNC treatment of a three-dimensional
glass-forming liquid are thus in qualitative agreement. This is in spite of expected discrepan-
cies that we list now. First, although the interaction potential has the same analytical form in
both cases, the numerical study is performed with continuous size-polydisperse systems to avoid
crystallisation and demixing, while the HNC calculations are done in a monodisperse system.
Besides, the HNC equations are mean-field-like and they lack non-trivial long-range fluctua-
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tions. Finally, finite-size effects close to the critical point may depend on a, which may lead to
varying systematic errors in the determination of 7¢(a) in computer simulations from 7*(a, L).
Nevertheless, the results of this section overall suggest that the fate of the critical point and of
the first order transition line with finite € when varying a goes beyond the HNC approximation.

6. DISCUSSION
6.1 DEPENDENCE OF THE OVERLAP FLUCTUATIONS ON THE TOLERANCE LENGTH

In this chapter, we have studied the influence of the coarse-graining length a on the definition
of the overlap or similarity which describes the complex free energy landscape of glassy systems
and which also provides the order parameter for the glass transition at the mean-field level. We
have more precisely focused on the dependence of the overlap fluctuations on the parameter
a/o in three-dimensional models of glass-forming liquids by relying on the hypernetted chain
(HNC) approximation of liquid-state theory. We have shown that while the dynamical and
thermodynamic glass transitions in this mean-field-like approximation are independent of a /o,
the whole phase diagram which involves a transition between a low-overlap phase and a high-
overlap one in the presence of an applied source e strongly depends on the value of a/o. We
have rationalised through analytical and numerical arguments the evolution of the location of the
critical point ending the transition line between low-overlap and high-overlap phases for small
and large values of a/o and we have also confirmed the theoretical predictions by computer
simulations of a three-dimensional size-polydisperse glass-forming liquid.

At the level of the HNC approximation, but also in computer simulations, we have clearly
shown that the critical temperature T¢ is pushed up by a factor of 2 or more for values of a/o
that are significantly lower than the values a/o ~ 0.2-0.3 which were systematically taken in
previous studies of the overlap in glass-forming liquids. The critical point then appears in the
liquid region where the viscosity is low and the equilibration may be significantly faster. A
similar effect is found when the density is the control parameter but the relative change is of
course smaller although still of the order of 10 %. This represents an important practical asset
for computer simulations. Indeed, it offers the possibility to fasten the simulations in the context
of the study of the phase diagram (e,T"), and therefore to consider larger system sizes than the
ones that have been considered so far, for instance in the purpose of a finite-size scaling analysis
as we do in Chap. III.

However, there are practical limitations to taking too small values of a/o. In molecular dy-
namics simulations, the magnitude of the forces which are exerted by the reference configuration
when € > 0 (or when considering umbrella sampling techniques) increases with decreasing a,
which implies to reduce the time step in the integration of the equations of motion. On the
other hand, in Monte Carlo simulations, significant variations of the overlap are triggered by
smaller amplitudes of the particle displacements as a/o is reduced, which require trial moves
of smaller size. The trade-off between shifting up the critical temperature and maximising the
algorithmic efficiency (simulated physical time versus computer walltime) therefore leads to an
operational optimum value of a, which is around 0.1c.

Choosing a around 0.10 would then significantly accelerate the computer simulations of
constrained supercooled liquids. In addition, this choice could prove useful for glass-forming
liquid models for which the swap algorithm is inefficient and cannot provide reference equilibrium
configurations at a low temperature Ty to shift up the critical temperature. Indeed, almost all

118



IV. DEFINITION OF THE OVERLAP BETWEEN LIQUID CONFIGURATIONS

previous simulation attempts [156, 209, 213, 256] to study the critical point in 3d model glass-
formers, with the typical choice a/o ~ 0.2-0.3 and both the reference and the constrained
replicas at the same temperature, were limited in practice to temperatures above the putative
critical temperature T, and to rather small system sizes. Indeed, T. seems to fall close to the
mode-coupling crossover which represents the lowest temperature for which the equilibration can
be ensured in a reasonable computer walltime without using the swap algorithm. By choosing
an optimised value of a in the definition of the overlap, one could more convincingly study the
existence and the properties of the critical point in a variety of models of glass-forming liquids.
This may be useful to quantify the “self-induced” disorder in different liquids (see Chap. III).

6.2 CONNECTIONS WITH THE STRUCTURE OF THE FREE ENERCGY LANDSCAPE

In this section, we address the physical meaning, if any, of the dependence that we have found
on the tolerance parameter a in the definition of the similarity between liquid configurations,
beyond its practical outcomes. The physical idea behind the definition of the overlap order
parameter is to define some sort of metric between configurations that allows one to sort them
in “metastable states”, when the liquid is in equilibrium at a temperature T'. At the mean-field
level, where metastable states are well defined, the distinguishing property of such states is
not their free energy density and their number (as quantified by the configurational entropy) is
an important factor [139]. But, how exactly similar should two liquid configurations be to be
considered as belonging to the same state in the complex landscape? Varying the tolerance a is
a way to check how the properties of the coarse-grained landscape depend on the more or less
strict definition of the similarity, hence on the coarse-graining length.

We have found that the shape of the phase diagram in the (¢,7) plane for the case T' = Tj
is very robust with the choice of the tolerance a. However, the non-monotonic dependence of
the location of the first order transition line (except Tk) and of its critical endpoint implies for
instance that at a given temperature between Tk and T = maxg{7T.(a)}, there is a range
of tolerance a for which one always finds a value of the applied source € at which coexistence
between low-overlap and high-overlap phases exists, whereas for the complementary domain
of a one is above the critical point and a unique phase is found whatever the applied source.
Above Tc(max) there are no more singularities in the thermodynamics of constrained liquids and
hence no more signatures of a complex free energy landscape, whatever the choice of a. This
temperature® is therefore a candidate for a purely static definition of the “onset temperature”
below which glassy features starts to set in. Then, the value of a for which this maximum is
achieved should represent the typical displacement magnitude of the particles in order for the
system to fall in another “metastable state”. In lattice models or mean-field spin glasses, the
above onset temperature would be the unique value of T¢ in the case T' = Tj.

This new definition of the onset temperature could then be confronted with other landscape-
inspired ones. To do so, we come back to the case of the spherical p-spin model which is
discussed in Chap. II. The latter behaves similarly as mean-field structural glasses, in particular it
undergoes a one-step replica symmetry breaking transition at a temperature Tk, and metastable
states rule its thermodynamics below a higher temperature Ty [116-120]. Meanwhile, some
metastable states survive above the dynamical transition at T and the ones which dominate

. . . — 4
0f course here, we have only considered one window function, namely, w(z) = ¢~ 2. A more

complete definition of the onset temperature would be to take the maximum in the critical temperature
over the window functions and over the tolerance lengths.
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the thermodynamics at Tk cease to exist for Trap/J = /2/(py)(1 — 2/p)P/?>~1 = 0.792 for
p = 3 [with y solution of 1/p = —y(1 — y + Iny)/(1 — y)? and J the strength of the coupling
between spins| [131, 145, 146, 148, 152, 210, 233]. This temperature scale then represents another
measure of a static onset temperature below which the glassy behaviour settles. By comparing
with the critical temperature for the p-spin model (with p = 3) in the case T" = Ty which is
T./J = Tevx/J = 0.772, we note that Tpap > T, which is sensible as the transition from the
delocalised phase to the localised one is controlled by a competition between the configurational
entropy and the attraction energy between the replicas. As a consequence, the two estimates are
somehow close but not equal. At least, they both indicate that the structure of the landscape is
changing at much higher temperatures than the other temperature scales, namely, Tq and Tk.
We should also note that contrary to Trrap which is only well defined in the mean-field limit
and which requires to be able to compute a TAP free energy (a task which has been impossible
so far for structural liquids [126]), our definition of the onset temperature is also valid in finite
dimensions. Finally, we can also compare our definition of the onset temperature to another
landscape-inspired one but which relies on the potential energy landscape rather than the free
energy landscape. One can look at the out-of-equilibrium gradient descent dynamics, i.e., the
zero-temperature dynamics, from equilibrium configurations at a finite temperature 7. It is
usually found that the long-time limit energy of the system (in the so-called inherent state)
converges to a value that depends on T only if T is below a threshold temperature that can
also be considered as an onset temperature [355, 356]. In the case of the pure p-spin model,
the onset temperature which is obtained from the gradient descent dynamics is actually equal
to the dynamical transition temperature. This is a peculiarity of pure p-spin models which do
not display temperature chaos. However, mixed p-spin models indeed have a high-temperature
onset temperature [357] which is well above the dynamical transition temperature. This could
be compared to Trap or T for mixed p-spin models.

The above discussion naturally leads to come back to the question of the configurational
entropy which corresponds to the logarithm of the number of “metastable states” per unit
particle. In a mean-field setting, the configurational entropy is obtained as the difference in
the Franz-Parisi (FP) potential between the metastable and the stable minima for temperatures
between Ty and Tk, and is independent of the choice of a/o. In a 3d glass-former, there are no Ty
and no metastable minimum in the FP potential. Instead, at low temperatures, the FP potential
is non-convex (see F1G. I11.4) in small systems or marginally convex in the thermodynamic limit
with a linear behaviour (see F1G. I1.2). However, there is still a special point, namely, the high-
overlap limit of the straight segment (or of the double-tangent construction in small systems),
that can serve as a proxy for the value of the overlap in the “metastable minimum”. One can
thus tentatively define a configurational entropy as the difference in the FP potential between
this point and the stable minimum [114, 181, 241]. What the results of this chapter show is that
this estimate of the configurational entropy depends on the choice of a/o, because the nature or
the size of the states that are counted may change with it. In other words, the FP potential is no
longer singular in finite dimensions and the choice of the overlap value to compute the difference
in the FP potential with respect to the stable minimum is now a-dependent. One may invoke at
this point a physical constraint to fix the value of a and provide the “most reasonable” counting
by setting a to some typical vibrational length®. However, and as the practical measurements
of the configurational entropy in the computer simulations of glass-forming liquid models are

5For instance, one could consider the height of the plateau in the equilibrium mean-squared displace-
ment, at least at temperatures for which the plateau is indeed observed.
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currently an important research topic [114, 164, 181, 182, 190, 241, 358], the question should
certainly be investigated more thoroughly.

We finally stress that we have considered here the static overlap between equilibrium config-
urations, with no reference to the dynamics. One can also investigate the similarity between a
configuration at a given time t’, and the same configuration which has evolved under the dynam-
ics of its constituents, after an elapsed time ¢ [359]. In Eq. (IV.1), ro; and 7, ; are then replaced
by r;(t') and r;(t +t'). This time-dependent overlap is similar to the intermediate scattering
function in Chap. I. Consequently, the fluctuations of this time-dependent overlap correspond
to the four-point dynamic susceptibility x4(¢) and they are useful to describe the spatially het-
erogeneous nature of the dynamics and the growing extent of dynamic correlations as one cools
a glass-forming liquid [51]. In this case too, the definition of the overlap involves a tolerance a,
but the physical significance and the effect of the latter are more readily understandable than
what has been presented in this chapter [360]. If a/o is too small, the involved dynamics is con-
trolled by only weakly-coupled vibrations and the dynamic correlations remain small. On the
opposite, if a/o is large, one encounters the rather unphysical feature that a particle from the
configuration at time ¢’ can overlap with several other particles at time ¢ +¢'. In between there
is an optimal value of the ratio (around 0.3) for which the spatial correlations in the dynamics
grow bigger. The study of the dynamics of supercooled liquids at very low temperatures and
the associated dynamic heterogeneities are studied in more details in Chap. VI.

APPENDIX A - ANALYSIS OF THE HYPERNETTED CHAIN EQUATIONS IN THE LIMIT OF
VANISHING TOLERANCE LENGTH

In this Appendix, we study the equations of liquid-state theory in the hypernetted chain
(HNC) approximation in the limit @ — 0 in order to derive the scaling laws of Sec. 4.2. When
a/o — 0T, the correlation functions should vary on two very different scales. On the scale r/o
one expects a perturbation from the case a = 0 whereas a singular behaviour should appear on
the scale r/a. We then consider the following ansatz at the critical point:

hoi (r/a) + fi(a)ho(r/o),
hia(r/a) + fa(a)hia(r/o),

(r)
hi2,e(r) 2 (
hi1c(r) = Bgl)(r/a)j- Fa(a) Y (r /o), (IV.35)
hoo (1) = hoo(r/ o),

where the hat and tilde correlation functions have an amplitude and a range of O(1) and where
the prefactors are functions of the tolerance a. Except for hgo which is independent of a, they
could still have sub-dominant terms in a as we have shown explicitly for /7. In Fourier space,
the above expressions translate into

ho1,c(q) = asfl(a)fbm(qa) + Jf1(a)03]:101(q0)7

hioe(q) = @ fao(a)hz(qa) + fa(a)odhia(go), (IV.36)
hiela) = o®hiY(q0) + fa(a)o®hi) (go), '
hooc(q) = o3hoo(qo),

where for simplicity we keep the same notation for the functions in real and Fourier spaces.
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F1G. IV.11 | Plot on a double logarithmic scale of the total correlation functions (a) ho1,c(r) and (b)
hi2,c(r) versus /o at criticality for a/o = 0.04 in the case of hard spheres in the hypernetted chain
approximation for the two replicas of equal density. A decoupling of scales is clearly visible between
the range r ~ a where a monotonic decrease is observed and the range r ~ o where oscillations due
to the underlying liquid structure occur (the dashed line marks r = a).

We expect that the prefactors which express the dependence on a — 07 satisfy

fia), fala) = oo,
~a3f1(a), afa(a) — 0, (IV.37)

The first equation indicates that the amplitude of the correlation functions hgi o(r) and higc(r)
should diverge as a — 0 as seen from FiG. IV.5. The last one instead indicates that the
corresponding terms are perturbations of the case a = 0 if p.(a) or Tc(a) are not singular when
a — 0. Finally, the second equation indicates that the critical overlap difference with the random
value vanishes when a — 0 in agreement with F1G. IV.4 (c) and F1G. IV 4 (f).

The tilde functions which vary on the scale o should keep track of the liquid structure and
peak in Fourier space around 27 /0. On the other hand, the hat functions are expected to behave
roughly as the function w and decay in Fourier space on a scale ¢ ~ 1/a, see F1G. IV.11. As a
result, a complete separation of scales between the hat and tilde functions requires 27 /0 < 1/a.
This is of course verified in the limit a — 0% but this is more difficult to achieve in the numerical
solution of the HNC equations. For instance, when a/o = 0.06, 27a /o is still about 0.38, which is
smaller but not much smaller than 1, and corrections to the asymptotic analysis of the functions
should then be expected. By using the separation of the scales a and o, the HNC closure
in Eq. (IV.23) then leads to direct correlation functions that have a similar structure as their
counterparts in Eq. (IV.35). They are given at the first dominant orders by

co1o(r) = {fl(a)ﬁm(r/a)—1n[1+f1(a)ﬁ01(r/a)]+f3 )Bew(r/a)} + fila)%eoi(r/o),
cra.e(r) = {Bo(@hia(r/a) =1+ fa(@)ha(r/a)]} + fo(a)2era(r/o),
(r) = &y (r/o) + fala)ey (/o).
(r) = coo(r/0o),
(IV.38)
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where
Gor(r/o) = hoi(r/o)?/2,
c12(r/o) = ) h12(7'/‘7)2/2
é&?(r/a) = —Aun)+ + 1 (r/o) —n[1 +h< (r/o)], (IV.39)
W)= BP/o)hQ (/o) /11 + 1 (r/o)],
000(7“/0) = —Bu(r) + hoo(r/o) — In[l + hoo(r/o)),

and where we have assumed that, at criticality, when a — 0T,
(Bece) (@) = fa(@)Be with fa(a) — +oc. (1V.40)

As mentioned above, the functions hgy (r/a) and hiz(r/a) are expected to behave roughly as
w(r/a), i.e., to decay essentially monotonically on a scale of O(1). As a result, we rewrite

[l + fi(a)hor(r/a)] ~ In[fi(a)]Fy(r/a),
{hn[l + fala)hia(r/a)] ~ In[fa(a)]Fa(r/a), (IV.41)

where the functions F} o have an amplitude and a range of O(1). For instance, if hoi(r/a) is
approximated by a step function, the function Fy(r/a) verifies Fy(r/a) ~ ho1(r/a)/ho1(0).

In Fourier space, the expressions in Eq. (IV.38) become

core(@) = {a*fi(a)hor(ga) — a* Wl fi(@)Fi(ga) + 0 fy(a)Bew(ga) } + fi(@)0%e0n (40),
crac(g) = {a3f2<a)?z12<qa> — a®In[f2(a)] F(qa) | + fo(a)20*E12(g0),

ernelg) = 37 (q0) + fala)o ety (a0),

c00,c(q) = U3Coo(q0)

(IV.42)

We now consider the Ornstein-Zernike equations [Eq. (IV.22)] that can be studied for g ~
1/a > 2n/o and for g ~ 27 /0 < 1/a separately. First, the relation between hg1 (q) and cp1,¢(q)
reads

a® fi(a)hoi(qa) + fi(a)o®hoi (qo) =
[1+ 0®phoo(qo)][L + 0 phiY (40) + Ja(a)o® phiy (40) — @® fa(a)phia(qa) — fo(a)o®phus(qo)]
x {a® f1(a)ho1(qa) — a® In[f1(a)]F1(qa) + a?’fg(a)ﬁe w(qa) + O(fl(a)Q)}.
(IV.43)
The decoupling between the two scales in Fourier space is achieved when a — 0" if all the
ha~(go)’s go to zero fast enough when go — oo. It is expected that they indeed do so at least
as fast as 1/(qo)?, as in the Ornstein-Zernike approximation [30]. In this case, one can totally

neglect the contributions of the tilde terms when expanding for ¢ ~ 1/a — 400 as a — 0. In
this framework, the above equation implies that

a® f1(a) fa(a) phia(ga)hoi (ga) + In[fi(a)]F1 (qa) = fa(a)Bew(qa). (IV.44)

From the above equation, we can directly deduce that f3 (a) is sub-leading with respect to f (a).
By using this result, we now obtain another equation from Eq. (IV.43) when g ~ 27 /0, namely,

A ~

a®fi(a)hoi(q = 0){1 — [1 + 0> phoo(qo)][1 + o ph( )(qa)]} + fi(a)o®ho1(qgo) =0,  (IV.45)
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where the right-hand side only contains terms that are sub-dominant with respect to a®f (a)
and/or fi(a) and is thus set to 0. The above equation therefore implies that fi(a) and fi(a) are
both non-zero and verify

fila) = d®fi(a). (IV.46)
It also implies that
o3ho1(qo) = hoi(q = 0){[1 + o> phoo(qo)][1 + a3pl~1£)(qa)] -1}, (IV.47)

with an unimportant choice of normalisation of the functions.

We now proceed in a similar way for the Ornstein-Zernike equation that relates hi2c(¢) and
c12,¢(q). It reads

a® f2(a)hi2(ga) + fo(a)o®hiz(go) =
1+ 0°phY (o) + f3(a)o®phiy (o) — a® fa(a) phia(ga) — Fa(a)o® phaa(go)]?
x {a* fa(a)hna(qa) — a* [ fo(a)] Fo(ga) + O( f2(a)?)

+p[1 + ngiloo(QJ)][GSfl(a)iml(qa) + 0(a3f1(a))]2}?

(IV.48)

where we have again used that f3(a) is negligible with respect to fi(a). When ¢ ~ 1/a, we can
neglect the contributions of the tilde functions again to obtain

a® f1(a)?pho1(ga)? = 2a° f>(a)? phia(ga)? + In[fa(a)) Fa(qa). (IV.49)

The above equation implies that a®f;(a)? is at best of the same order as a®f2(a)? when a — 0.
In particular, it implies that a3f)(a)? is negligible with respect to fa(a). Therefore, by using
this statement and by considering the Ornstein-Zernike equation for his. and ci2 in the case
q ~ 2w /o, we obtain

@ fo(a)haa(q = 0){1 — [1 + o ph\V(qo)]2} + fa(a)o3hiz(qo) = 0, (IV.50)

where the right-hand side is sub-dominant with respect to a3 fa(a) and fa(a) and is thus set to
0. This implies that
fa(a) = @’ fa(a), (IV.51)
and that . .
0*hz(qo) = bz = 0){[1 +0°phif) (g0 — 1}, (1V.52)

with an unimportant choice of normalisation of the functions.

Although Eq. (IV.44) and Eq. (IV.49) could have several possible solutions, a non-trivial
solution is obtained by assuming that in each of these equations all the terms are of the same
order. This gives

a*fi(a)fa(a) ~  fsla)~ In[fi(a)],
{ Sh@P~  dhlaf~ ), (V.53
whose solution is then, at the leading order when a — 07,
fila) ~  fala) ~ a=32y/Ind],
{ f@)~  |mal (IV.54)
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F1G. IV.12 | Total correlation functions hi1 c(r) and hoo,c(r) versus r/co at criticality for a/o = 0.04
in the case of hard spheres in the hypernetted chain approximation and for the two replicas of equal
density. The two functions nearly coincide.

Finally, we consider the Ornstein-Zernike equation relating heonc(q) and ceonc(q)”, namely,

1+ 0*oh\ (g0) + fa(a)o®ph') (qo) — a® fa(a)phia(qa) — fo(a)o® phaa(go) =

{1=0*peY(a0) = fa(a)o™pe} (a0) + Fala)phiz(ga) — a* [ fa(a)]pFo(qa) + O(fa(a)?) }
(IV.55)

-1

At the leading order this immediately leads to
14 o3ph\V (qo) = ! , (IV.56)
1 - o3pe (q0)
and since the HNC closures for Eg(i) and ¢gp have the same form, to
1Y (q0) = hoo(q0), (IV.57)

which is well verified by our numerical solution of the HNC equations (see F1a. IV.12).

In addition, by using Eq. (IV.57) as well as Eq. (IV.52), we find at the next-to-leading order
and when g ~ 27/0 that

F3(a)0* (1Y (a0) = [1+0° phoo(q0)1%57 (q0)} = a® In[fa(a)] Fa(q = 0)[1+ 0% phoo(go)]2. (IV.58)

By assuming that the terms on both sides of the equation are of the same order, Eq. (IV.58)
leads to .
f3(a) = a®In[fz(a)] ~ a®|Inal, (IV.59)

at the leading order when a — 0, and to
o*h{1 (40) = [1 4 o phoo(g0)*[0°2(} (a0) + Fa(q = 0)). (1V.60)

The above derivation provides the expressions which are given in Sec. 4.2.

"We recall that the connected correlations are heon,c = hi1,c — h12,c and Ceone = C11,c — C12,c-
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LOCAL FLUCTUATIONS OF THE
V “SELF-INDUCED” DISORDER IN
GLASS-FORMING LIQUIDS

Glass-forming liquids are intrinsically disordered and their disorder-induced fluctuations are
believed to be important to understand their equilibrium properties, their dynamic behaviour
and their non-equilibrium driving, as suggested by the multiple analogies between glass-forming
liquids and the random-field Ising model. However, contrary to the latter, the disorder in super-
cooled liquids is not a priori quenched as it is rather “self-induced”. Few studies have addressed
the characterisation and the quantification of the effective disorder at the mesoscopic scale be-
tween the single-particle level and the macroscopic scale. The objective of this chapter is to
present a numerical method to measure the local fluctuations of the “self-induced” effective dis-
order in glass-forming liquids. It consists in linearly biasing the overlap or similarity between
a liquid configuration and a reference configuration of the same liquid in a randomly-centered
small cavity with an external field. The field which is required for the liquid to have a locally
high overlap with the reference configuration represents a proxy for the local entropic cost (con-
figurational entropy) to remain close to the reference configuration, and we show that it displays
large spatial fluctuations. We analyse the spatial and the statistical properties of these fluctu-
ations and we show that they are well described by a generalised Gumbel distribution with an
exponential tail at large localising fields. We rationalise this tail by invoking an additional free
energy surface cost due to the mismatch in the density profiles between the cavity when it is
confined close to the reference configuration and the exterior. Finally, we describe several future
directions of study. In a first line of thought, we would like to assess the correlation between these
thermodynamic local fluctuations and local structural properties of the reference configurations.
In a second line of thought, we aim at trying to connect the measured thermodynamic fluctu-
ations with the dynamic heterogeneities which are universally encountered in the equilibrium
dynamics of supercooled liquids when approaching their glass transition temperature.
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This chapter describes a still ongoing work.

1. INTRODUCTION

Mean-field theory accounts for the dynamic and the thermodynamic properties of supercooled
liquids by the existence of a rugged free energy landscape with an exponentially large number of
metastable minima (see Chap. I) [122]. The logarithm of this number (per unit particle) is the
configurational entropy ¥(7") and it vanishes at the Kauzmann transition temperature Tk, where
a genuine thermodynamic phase transition to the ideal glass phase occurs with a jump in the
average overlap order parameter, namely, the similarity between equilibrium configurations [126].
This behaviour is elegantly encompassed in the temperature evolution of the Franz-Parisi (FP)
potential (see Chap. II) which represents the free energy cost to constrain the global overlap
between the configuration of a liquid and a quenched reference configuration of the same liquid
to have a given value [148]. Equivalently, it stands for the large deviation rate function of the
unconstrained probability distribution of the overlap [213].

The FP potential V(Q; rév ) is a random quantity through the choice of the reference con-
figuration r{¥. At the mean-field level, its first cumulant V(Q) = V(Q; ") shows a double-well
structure at Tk with two minima of equal depth. The low-overlap (resp. high-overlap) mini-
mum at @ = Qrand (resp. @ = Q) corresponds to the average overlap for two uncorrelated
(resp. correlated) copies or replicas, i.e., to replicas that belong to different metastable min-
ima (or states) in the free energy landscape (resp. the same metastable state). Above Tk, the
high-overlap minimum becomes metastable and disappears at the dynamical (mode-coupling)
transition Ty. In the temperature range Tx < T < Ty, the difference in height between the
two minima of the FP potential corresponds to the free energy cost to constrain the liquid in
the metastable state of the reference configuration and it thus equals T% (7). Above Ty, the
FP potential has a single minimum for Q = Qanqg but it keeps a non-convex shape up to an
“onset temperature” T,. For T' > T, the FP potential is convex with a single minimum [156].
As already explained in Chap. II, non-convexities of the FP potential directly translate into
thermodynamic transitions when the overlap order parameter with a reference configuration is
linearly coupled to a source €. A line of first order transition emerges from the thermodynamic
glass transition at (0,7k) and ends in a critical point at (€., T,) [153]. In finite dimensions, the
FP potential must be convex but it may develop a linear behaviour for intermediate overlap
values which still corresponds to a first order phase transition in the plane (e, 7).

The average FP potential captures the average thermodynamics of the liquid but not the
sample-to-sample fluctuations which are induced by the change in the reference configura-
tion [208]. These fluctuations are nonetheless interesting. For instance, in an archetypal mean-
field spin glass model which displays similarities with glass-forming liquids, namely, the p-spin
model [117, 221], the random FP potential V(Q;r{’) can still display a secondary minimum
above the dynamical transition temperature when the reference configuration is very stable,
e.g., when the latter is sampled in the metastable states which survive above Ty [239] (see also
Chap. IV). These sample-to-sample fluctuations are expected to be crucial in finite dimensions.
The argument was already given in Chap. II and relies on the mosaic state of the random first or-
der transition (RFOT) theory, i.e., the finite-dimensional formulation of mean-field theory [124,
144]. We reformulate it here by using the FP potential, see F1G. V.1 [196]. In finite dimensions,
one can formally divide the liquid into small blobs of linear size equal to the average point-to-set
(PTS) length, which corresponds to the linear extent of amorphous order and the lengthscale
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VaV,

Fic. V.1 | Schematic representation of a system which is divided in several blobs of linear size
smaller than the average point-to-set length. The local Franz-Parisi potential fluctuates from one
domain to another, and these large fluctuations stand for the “self-induced” disorder in glass-forming
liquids. Figure from Ref. [196].

below which metastable states remain well defined in finite-dimensional glass-forming liquids.
The blobs can be in one of the many metastable states and the FP potential in each blob can
be non-convex. However, fluctuations of the PTS length (or equivalently of the configurational
entropy) are expected and the FP potential should thus fluctuate from one blob to another. In
blobs of smaller configurational entropy, or equivalently of FP potential with a deeper secondary
minimum, large overlap values are more likely. Therefore, the fluctuations of the FP potential
are equivalent to a random field which is linearly coupled to the overlap with the reference
configuration in each blob [254].

This analogy was put on firmer grounds recently, as already mentioned in Chap. II. By
considering a model Landau-Ginzburg functional to describe the overlap fluctuations in glass-
forming liquids close to Tk and € = 0, the latter was mapped onto a replicated action which
derives from a random Hamiltonian in the universality class of the random-field Ising model
(RFIM) [196, 197]. The mapping was also shown to hold on the whole first order transition
line for € > 0 in the phase diagram (¢,7") and at the critical point at (e, 1) [218, 250], if
they survive finite-dimensional fluctuations [206]. However, there is a difference between glass-
forming liquids and the RFIM as the disorder in glass-forming liquids is generated by the system
itself and the nature of the quenched random field is more elusive. This makes the definition
and the quantification of disorder in glass-formers more delicate. There are strong consequences
of this analogy between glass-forming liquids and the RFIM which have already been reported
in the previous chapters. In particular, random fields destroy long-range order in 2d [249]: the
existence of a finite temperature Kauzmann entropy crisis is therefore forbidden and the FP
potential must be strictly convex in the thermodynamic limit at any finite temperature. On the

128



V. LOCAL FLUCTUATIONS OF THE FRANZ-PARISI POTENTIAL

opposite, the Kauzmann transition can survive in 3d if the strength of the effective disorder is
not too large [331]. Consequently, the FP potential can be marginally non-convex at low-enough
temperatures and the mean-field phase diagram (e,7") can survive as such. These predictions
have been confirmed in Chap. III by means of computer simulations.

Therefore, quantifying the strength of the effective disorder in glass-forming liquids is impor-
tant. For instance, it could allow for a determination of the fate of the unreachable Kauzmann
transition in finite dimensions. We have already proposed a way to give a quantitative measure
of the effective disorder in supercooled liquids by studying constrained liquids near the critical
point at (€¢, T¢) in Chap. III. The method relies on measuring the ratio of the standard deviation
of the random fields to the strength of the coupling constant between spins in the effective RFIM
which describes the physics of the overlap close to the critical point [218]. This protocol provides
a single number whose value might constrain the existence of the Kauzmann transition [196,
197]. However, we have been unable to apply the method completely as the computation of the
effective coupling constant between spins requires simulations at very low temperatures. In addi-
tion, this protocol does not allow for the study of the temperature evolution of the “self-induced”
disorder nor of its spatial organisation (see F1G. V.1).

A more complete and intuitive determination of the “self-induced” disorder in glass-forming
liquids requires to study the spatial fluctuations of a static and coarse-grained RFOT-like quan-
tity, e.g., the local configurational entropy or the local PTS length. However, local static prop-
erties are usually computed at the single-particle level and they may eventually be averaged over
larger lengthscales to yield a coarse-grained quantity, see however Ref. [361, 362] for a coarse-
grained and collective quantity in the context of the rheology of glasses. Instead, in this chapter,
we want to propose a coarse-grained and static quantity which can be measured in equilibrium
conditions and which is not built from a single-particle quantity. In addition, in the framework
of the RFOT theory, the local static fluctuations, for instance of the configurational entropy, are
directly related to the dynamic heterogeneities with the regions of larger configurational entropy
able to relax faster [174, 195]. The correlation between the statics and the dynamics has been
mostly investigated in the extreme cases of the single-particle and of the macroscopic scales by
running simulations in the so-called isoconfigurational ensemble [62, 63]. This corresponds to
different trajectories which start from the same initial condition and which are generated by
running the dynamics with different initial particle velocities in molecular dynamics or different
sequences of random numbers in Monte Carlo simulations [64]. The correlation between dy-
namic properties and structural quantities which are computed from the initial configuration of
the particles is eventually assessed. At the single-particle level, a single-particle propensity is
defined as the average of a single-particle dynamic quantity (e.g., the displacement magnitude
or the self-overlap of a given particle) over the trajectories and the correlation with the static
single-particle quantities is subsequently assessed [65-71]. At the macroscopic scale, a structural
quantity is defined for the bulk initial condition and is then correlated to the bulk relaxation
time which is extracted from the average over the trajectories of a global dynamic property
(e.g., the self-intermediate scattering function or the global self-overlap) [190, 363]. However,
the correlation between the dynamics and the statics at the mesoscopic scale would be worth
studying. In particular, according to the RFOT theory, the generalised Adam-Gibbs relation
[see Eq. (I.30)] between the local relaxation time and the local configurational entropy (or the
local PTS length) should hold [124, 144], and studying such a connection could be a more severe
test of the ability of the RFOT theory to describe glass formation in finite dimensions.

In this chapter, we propose a new way of measuring the intrinsic disorder in supercooled
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-(1+9) -

Fic. V.2 | Window function v (z) to define the local overlap, see Eq. (V.1). The parameter 0 is
introduced to smooth out the variations of the window function at the boundaries of the cavity
(x =1). Equivalently, 1+ § stands for the linear extent (in units of the cavity radius R) over which

the source € is imposed. The dashed-dotted curve is the window function to define the core overlap,
see Eq. (V.6).

liquids by directly probing the spatial fluctuations of the random FP potential. This requires to
deal with small systems (ideally of linear extent similar to the PTS length) in order to remove
the long-range finite-dimensional fluctuations [206]. In consequence, two different numerical
strategies can be implemented to measure these fluctuations. On the one hand, bulk systems
with periodic boundary conditions can be considered. This choice of boundary conditions limits
the extent of the spatial fluctuations to the linear size of the system and also avoids surface ef-
fects [64]. This is what was done in Ref. [52] and in the previous chapter. However, small samples
of supercooled liquids tend to crystallise more easily, even when dealing with size-polydisperse
systems. This imposes a lower bound on the sizes which can be achieved in simulations. In
addition, when dealing with periodic boundary conditions, neither the spatial organisation of
the fluctuations of the FP potential nor the role of the boundaries can be assessed. Indeed, in
the qualitative picture of Fig. V.1, the FP potential in the different blobs are assumed to be
independent. Accordingly, for a given blob, this suggests that the FP potential should be taken
as the average over all the realisations of the boundaries.

We thus turn to another method which consists in introducing a local probe in a bulk
system with periodic boundary conditions (significantly larger than the PTS length) to measure
the FP potential in a small spherical cavity of radius R roughly similar to the PTS length while
performing an annealed average over its boundary. This method is directly inspired from the
sketch in F1a. V.1. We describe the general formalism in the next section, and we compare it
with the conventional cavity construction to define the PTS length [124, 144].

2. GENERAL FORMALISM

We first define in the spherical cavity which is centered at a position & a local overlap between
a liquid configuration 7V and a reference configuration r{’ of the same liquid, namely,

Yijwllri = rol/a)y(ri — =|/R)
2i(|ri — x|/ R) ’
where the sums run over all the particles 7,j = 1...N. The window function w(z) and the

tolerance length a are discussed extensively in Chap. IV. We have defined another window
function ¢ (x) which is typically 1 for x < 1 and 0 otherwise to select the particles in the cavity,

QPN r)] = (V.1)
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i.e., the particles with |r; —x| < R, see F1G. V.2. We then define the Franz-Parisi (FP) potential
in the cavity at a temperature T for a fixed reference configuration r{\,

L P Q). (vV.2)

VR (0. pNy = _ In P
(Q?TO ) deRd nP:E

x

where p is the number density, Vy the volume of the unit sphere in d dimensions, and where pV;R?

represents the average number of particles in the cavity, see Eq. (I1.12). We have also introduced

the probability distribution Pm (Q7 ) V) of the local overlap with the reference configuration rév

[which is given by Eq. (V.1)] in the cavity of radius R at a position &, namely,
N N
/ arVe PN ) — Q)

/ dTNG*BH[TN} 7

with 3 = 1/T (the Boltzmann constant is set to 1) and H[r"] the Hamiltonian of the bulk
liquid. In the above formula, (.) stands for the thermal average at the temperature 7. We note
that this definition amounts to an annealed average over the boundaries, i.e., over the positions
of the particles outside the cavity.

D(Qsrd") = (B(QYV[rNsrg! (V.3)

In order to reveal the thermodynamic fluctuations of the local overlap, we introduce a field
€ which is linearly coupled to the overlap with the reference configuration rév in the cavity of
radius R, as already done for the global overlap in bulk glass-forming liquids. In this case, the

system evolves with the biased Hamiltonian®
AN rl] = Hr™] = (pVaR?) x Q0 [rV;r]). (V.4)

Equivalently, the particles inside the cavity feel an attraction with the particles in the reference
configuration. The particles outside the cavity of radius R do not instead feel any attraction and
the exterior of the cavity thus behaves as a reservoir of particles. In other words, our construction
amounts to imposing a local field € which is linearly coupled to the space dependent overlap
field with the reference configuration. This indeed corresponds to an annealed average over the
boundaries.

We comment on the qualitative behaviour of the system when it is coupled to a local field.
For temperatures T' > Tk (if the latter exists), the average overlap between equilibrium config-
urations is Qranda <€ 1. As a result, our setting is in spirit equivalent to a cavity which is free
to evolve with the constraint that the overlap on the boundary is close to 02. Whatever the
size of the cavity with respect to the point-to-set (PTS) length, the local overlap between the
cavity and the reference configuration is always close to Qanqg < 1 for small-enough fields e.
One has to increase € in order to create an inhomogeneous overlap profile and to force the cavity
to have a larger overlap with the reference configuration, i.e., to be localised close to the refer-
ence configuration. As a result, the value of the localising field ¢*(%)(z; r{’) corresponds to an
estimate of the local configurational entropy X (z;r{’), namely, e*(®)(x; 7)) ~ TS(x;7)). We
stress that the localising field (and the local configurational entropy) is a local property of the

"We note that the factor of N in front of the biasing term has been consistently replaced by the
average number of particles in the cavity of radius R, namely, pV;R% with p the number density and V;
the volume of the unit sphere in d dimensions.

2This is not rigorously true, see Fic. V.3.
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reference configuration only, as we average over the positions of the particles in the constrained
liquid (both in the cavity and outside).

We finally mention that our method is different from the usual cavity method to measure
the PTS length (see the gedankenexperiment in Chap. I) [124, 144, 179, 180]. In the latter, a
configuration r{’ is prepared at a temperature 7. Then, all the particles are frozen except the
ones in a cavity of radius R which are free to explore the phase space at the temperature T'. There
is not an imposed field € and the overlap on the boundaries of the cavity is thus fixed to 1 (if one
considers the initial configuration rév as the reference configuration). The control parameter is
instead the radius R of the cavity. For small cavities, i.e., for cavities of smaller radius than the
local PTS length, the overlap field is slightly inhomogeneous and it converges to a high value
close to 1 at the center (which corresponds to the overlap for the “metastable glassy minimum”
Qg of the FP potential). Instead, for larger cavities than the local PTS length, the overlap field
strongly decreases when approaching the center of the cavity to reach the “random” overlap
value Qrang < 1. Nevertheless, our method and the usual cavity setting are both expected to
reveal the local fluctuations of the PTS length, or equivalently of the configurational entropy, by
systematically changing the position of the center @ of the cavity. One advantage of our method
is that confined cavities are usually much slower to relax and to explore the phase space than
the bulk liquid [178]. On the opposite, we expect that in our method the exterior of the cavity
which is free to evolve represents a reservoir of particles and does not hinder the relaxation of

the particles in the cavity.

3. MODEL AND METHODS

We simulate the size-polydisperse model glass-forming liquid [54] which is introduced in
Chap. III with the Hamiltonian (V.4) by using the hybrid scheme which combines molecular
dynamics with a thermostat and swap Monte Carlo moves [55]. The overlap is defined with
the window function w(z) = e~*' 2 and the tolerance length a = 0.22 as in Chap. III. The
other window function v (z) in the definition (V.1) of the local overlap should be smooth on the
boundary of the cavity. Indeed, in the course of a simulation, the particles can enter or leave
the cavity and discontinuities in the forces that are exerted on the particles should be avoided.
We choose

1 ifx <1,
67(1‘71)4 _ 6754
Y(x) = ! 57 +h(x =12+ (z—1)% ifl<az<1+59, (V.5)
—_— e_
0 otherwise,

with 6 = 0.07 (see F1aG. V.2), and where the constants ¢, and ¢ enforce that ¢)(z) and its first
derivative are continuous at z = 1 and # = 1 + 4, i.e., ¢y = —0¢4 and ¢ = 46e~0" /(1 — "),
The choice of § results from the compromise between a smooth evolution of the forces that are
exerted on a particle when it leaves or enters the cavity and the sharp definition of the region
of space where the field € is imposed.

For a given position @ of the cavity center, a given reference configuration 7 which is
prepared at a temperature Ty thanks to the swap algorithm, a given temperature T and a given

field ¢, the radial overlap field (g(r; ")), is inhomogeneous, see F1G. V.3 for an example in 2d,
where (.). stands for the thermal average with the Hamiltonian f[e(,]:ﬁ) [V;7)]. We observe that

the overlap profile is maximum for » < R and that it decays at large distances to its random
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F1a. V.3 | Overlap profile in a 2d system in and near one cavity of radius R = 2.8 when the local
overlap in the cavity with a reference configuration 7', which has been sampled at a temperature
Ty = 0.03, is biased with a field e. The exterior of the cavity instead evolves without any ther-
modynamic constraint. The brackets stand for the thermal average at a temperature T = 0.1 and
for a spherical spatial average. The system size is N = 2000, which corresponds to a linear size
L ~ 45 (the number density is p = 1). The black dashed line marks the radius R of the cavity,
the black dotted line corresponds to the vanishing of the window function ¢ (r/R) at r = (1 + 0)R,
hence the linear extent over which the field € is imposed, and the red dashed-dotted line stands for
the half-radius of the cavity. The overlap profiles are found to decay to the random overlap value
Qrand =~ 0.16 at large distances on a typical lengthscale which is larger than the lengthscale over
which the field e is imposed. The overlap at the center of the cavity (r = 0), or equivalenty the core
overlap which is averaged over space for r < R/2, increases with larger e.

value Qranga = pSqa’l'(d/4)/[4(In2)%*)(~ 0.16 in 2d), with S; the surface of the unit sphere in d
dimensions and I'(x) the Euler Gamma function. The overlap profile at the center of the cavity
also clearly increases with increasing e. However, we note that the overlap is not constant in the
cavity, i.e., we already observe a significant decrease in the overlap for » < R when € increases.
As a result, and similarly to studies on the point-to-set length, we define a core overlap for a
given cavity of radius R at a position x [175], namely,

2i w(|r; —rol/a) O(R/2 — |r; — )
2i0(R/2— |ri — =) ’

QRN rj] = (V.6)

where 0(x) represents the Heaviside step function (see F1G. V.2). The variations of the core
overlap are expected to be sharper with € and likely yield to a more precise definition of the
localising field for which the fluctuations of the core overlap are maximum. In other words, we
define the localising field () (x; 7)) as

(@ 7)) = argmax {(QUF %) — (QU)2). (V.7)

c,T c,x /e

However, we stress that € is coupled to the average overlap in the cavity, not to the core overlap.

We now explain how to measure the localising field for a given position x of the cavity of
radius R, for a given temperature T, and a given reference configuration 7. This requires to
measure the thermal fluctuations of the core overlap for any e and eventually to locate their
maximum. We thus turn to histogram reweighting techniques [315-318, 364]. We perform ng
simulations with fields {ex}x=1.n., Wwe measure ny times the local overlap (V.1) and the core
overlap (V.6) and we compute their normalised joint histograms N (Q,Q.) for & = 1...ns.
Then, the joint probability distribution of the local and the core overlaps in the cavity of radius
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R at a position x for a field € and a reference configuration rév reads

> mNk(Q, Q)
PE(Q,Qe;ry) = (3(QY — @)3(QL) — Qo))e = =2 , (V.8)
Z nkzgleﬂdeRd(%_e)Q
k=1

where the partition functions Zj, are computed self-consistently by iterating the following for-
mula:

S N (@, Qo)

1 1
2= [ aQ [ aqo = - (V.9)
0 0 Z nklzgleBdeRd(ek/fek)Q
k=1

More details about the reweighting procedure can be found in Chap. III. The probability distri-
bution of the core overlap is then derived from the joint distribution:

1 1 anNk(Q7QC)

PQurd) = [ dQPIQ.Qurd) = [ dQ = v
0 O S my g lefVaR 00

k=1

Finally, its second cumulant, namely, the variance of the core overlap, can be computed to yield
the localising field ¢*() (x; 7{Y), see Eq. (V.7).

By biasing the local overlap with different fields €, we are able to sample efficiently the overlap
fluctuations and to scan the entire range of overlap values in the range [0,1]. In other words,
the histogram reweighting procedure also allows for a sampling of the tails of the distribution
of the local overlap in the unconstrained cavity and for a computation of the Franz-Parisi (FP)
potential via

S Ne(@. Qo)

1 1
P = [ dQPE) (@ Qurd) = [ aQu! S wa
0 0 Z nkzk—leﬁdeRdekQ
k=1
see Eq. (V.2).

For each position x of the cavity and each field e, the equilibration is ensured as in Chap. I11
by checking that the simulations from two different initial conditions converge to the same
stationary state. Once the stationary state is obtained, we verify that the cavity explores the
phase space ergodically. We monitor the identity of the particles in the cavity (i.e., the particles
i with |r; — x| < R). We define the ratio of the number of particles in the cavity at time ¢ which
already were in the cavity at time 0 to the number of particles in the cavity at time 0 and we
check that it has decreased to 0.

In the following, we focus on two-dimensional systems (d = 2). Indeed, we note in F1G. V.3
that the decorrelation length of the overlap profile is larger than the length over which the
field € is imposed. In other words, the overlap profile extends outside the cavity on a typical
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lengthscale equal to the average inter-particle distance. In consequence, even though the overlap
with the reference configuration is biased in the cavity of radius R only, this affects an effective
number of particles which is larger than the average number of particles in the cavity. The ratio
of the effective number of particles which are affected to the number of particles in the cavity
scales as (1 + 1/R)? and therefore it increases with d and decreases with R. In consequence,
we choose d = 2 to minimise this effect and to actually perform a local measure of the FP
potential. This also eases the visualisation of the local fluctuations of e*(%)(x; r)’) and allows

for the construction of 2d maps.

The size of the system must be taken sufficiently larger than the radius of the cavity in
order for the cavity not to feel the periodic boundary conditions. The cavity radius also should
exceed several particle average diameters in order to measure coarse-grained quantities. We
thus consider cavities of radius R = 4 (we recall that the distances are expressed in units of
the average particle diameter) in a system of linear size L = 24. This choice corresponds to an
average number of 50 particles in the cavity while the total number of particles in the system
is N = 576. For each reference configuration which is equilibrated at a temperature Ty, we
run simulations at a temperature T for different positions & of the center of the cavities on
a grid of linear spacing u = R/2 = 2 in both directions of space. This represents a total of
(L/u)? = 144 positions of the cavities for a given reference configuration r}’. For each cavity,
we simulate about 10-15 different values of € to reconstruct the FP potential and the cumulants
of the local and the core overlaps adequately. This represents a parallelisable task of more
than a thousand simulations for a given reference configuration. Eventually, more statistics are
obtained by repeating the above procedure for several reference configurations.

Most of the results are shown for the case T' = Ty with temperatures which range from the
onset of glassy behaviour Ty, ~ 0.20 to the extrapolated laboratory glass transition temperature
Ty ~ 0.07 (see Chap. III for the temperature scales of the 2d system and Chap. VI for their
definition). Previous measurements of the point-to-set length in the same system show that it
midly increases from {ppg ~ 1.97 at T = 0.2 to &pps ~ 3.34 at T' = 0.07 [182]. We thus note
that &prg is always much smaller than the linear size L of the system but close to the radius R
of the cavities with the choices of L and R that we have made.

4. THERMODYNAMIC SPATIAL FLUCTUATIONS
4.1 FLUCTUATIONS OF THE FRANZ-PARISI POTENTIAL

We start by showing the results for a given reference configuration 7}’ in Fic. V.4 for the
case T' = Ty = 0.1 which is between the mode-coupling crossover [136] and the extrapolated glass
transition temperature. In F1G. V.4 (a), we display the variation of the average core overlap
with e for four different locations of the center of the cavity. For all the cavities, we observe
a monotonic increase in the average core overlap with €. The isotherms display an inflexion
point which corresponds to the location of the maximum in the core overlap fluctuations for
e = B (z;rY) (see Chap. II). We note significant spatial fluctuations of the isotherms and
accordingly of the localising field ¢*() (a; 7)) which are shown in F1G. V.4 (b). The map has
been computed from the estimates of ¢ (z; 7)) in the 144 cavities via an extrapolation on a
lattice of thinner spacing dr = 0.05 by using an exponential weight of characteristic lengthscale
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F1G. V.4 | (a) Isotherms of the core overlap (Qng))e for four different cavities. The symbols represent
the simulation results while the full curves are obtained via a histogram reweighting. We observe
spatial fluctuations of the isotherms, and consequently of the localising field €*(%) (2, 7{’) (location
of the inflexion point) which are summarised in the map of panel (b). This result is obtained for a
single reference configuration in 2d, with N =576 (L =24), R=4and T =T, =0.1.

¢ =u/2=1,1i.ec., for any y € [0, L]%:

Z:l: 6*(R) (m, rév)e_h:_y'/g
S ele—l/t ’

6>|<(R)( N) —

TR (V.12)

where the sums run over all the positions @ of the cavities. In Fi1Gg. V.4 (b), we observe non-
trivial fluctuations which form domains of spatially-correlated values of the localising field with
a typical linear extent equal to 2-3 particle diameters.

We now turn to the statistical properties of the localising field which are obtained for many

reference configurations r{¥ in the case T = Tp. In FiG. V.5 (a), we plot its average el (T) =

c,1

() (; 7)) and its standard deviation e (T) = [((e* ) (a; 7} )2)) — (€0 (m; rd ))) 142 as
a function of the temperature 7', where the symbol ((.)) stands for an average over the location
of the cavities for a fixed reference configuration 7\ while the overline denotes an average over
the reference configurations. Both cumulants of the localising field have been divided by the
temperature because the relevant control parameter in the Boltzmann weight is Se (the Boltz-
mann constant is set to unity). We observe that the first cumulant decreases with decreasing
the temperature, by about 30 % between the onset temperature of glassy behaviour and the
glass transition temperature. The variation of the standard deviation with the temperature is
more difficult to determine from the data because of the high statistical errors but the latter
also looks to decrease when decreasing the temperature, by about 13 %. Accordingly, the ratio
of the standard deviation e((:g) (T) to the average localising field egﬁ) (T') seems to increase while
decreasing the temperature, which indicates larger relative static fluctuations at lower temper-
atures. However, better statistics would be valuable to clarify the dependence of the cumulants

of the localising field on the temperature.

In order to gain more insight on the fluctuations of the local field, we consider the probability
distribution p(*) (€) of the localising field which is computed over several reference configurations
for different temperatures 7" = Tp, see F1G. V.5 (b). We observe that the histograms for all the
temperatures from the onset temperature of glassy behaviour down to 7}, follow a master curve
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Fic. V.5 | (a) Average e( )( T) and standard deviation e( )( T') of the localising field for several tem-
peratures which range from the experimental glass transition temperature to the onset temperature
of glassy behaviour and for the case T' = Tj. Both quantities have been divided by the temperature
(the Boltzmann constant is set to unity). The standard deviation has been multiplied by 7 in order
to cover a similar range as the first moment. Errorbars are computed thanks to the jacknife method
when the average over the reference configurations is performed [294], they are too small to be
seen for the first cumulant The 1nset represents the ratio of the standard deviation to the average
localising field, namely, ( )/GC 1 ( ), with respect to the temperature T'. (b) Histograms p{?)(¢)

of the localising field for the case T' = Ty. The data have been rescaled by eg;) (T') and plotted as a

function of [e — 6(1?( )]/egg) (T'), see Eq. (V.13). They follow a master curve which is well fitted by
a generalised Gumbel distribution with a single adjustable parameter o ~ 1.3, see Eq. (V.14).

when they are plotted as a function of [e — ! ol ( )] / € (T) and rescaled by egg) (1), i.e.,

(R)

S DY (V.13)
€c,2 (T)

where the prefactor comes from the normalisation of the distribution and where F(z) is a
temperature independent function. The histograms display a temperature independent large tail
at high values of € which decays exponentially while the low-e part of the histogram decreases
sharply and faster than an exponential. The fluctuations of the localising field are therefore right-
tailed and non-Gaussian, and they are well approximated by a generalised Gumbel distribution

with a single free parameter « [365], i.e

)

:u@aa —a(z+e™* _
F(x) = WG ™) 2 = oz + o), (V.14)
with
1 d2r 1 dr, 12
Ha = \/ (1) daQ( )_1|:(dl_2da( )] ) (V.15)
Aa = ™ {lna—r(a)da(a)} .

The parameters of the generalised Gumbel distribution involve the Euler Gamma function I'(«)
and its two first derivatives which read for n > 1:

+0o0
MNa) = / dtt* et
0

n +o0
d F(oz) = / dtt* te Tt (Int)".
0

dan

(V.16)
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Cav‘ity o
Bulk —

Fic. V.6 | Franz-Parisi (FP) potentials ngR)(Q;ré\' ) in cavities of radius R = 4 at a temperature
T = 0.07 for a fixed reference configuration 7}’ which has been sampled at Tp = 0.04. The FP
potential V(Q;7{") for a single reference configuration in a bulk system with periodic boundary
conditions of linear size L = 2R = 8 at the same temperatures is also represented for comparison:
it is smaller at large overlap values and it displays more pronounced non-convexities.

The best estimate of o ~ 1.3 for fitting our data has been found by minimising the sum x?(«)
of the residuals, namely, the quadratic difference between the rescaled histograms at all the
temperatures and the master curve. However, our estimate of « suffers from large uncertainties,
and for instance the values @« = 1 or @ = 7/2 (see later) perform almost equally well, even
though the corresponding values of x?(a) are slightly higher.

When « is an integer, this distribution is usually encountered in extreme-value statistics and
describes the fluctuations of the o largest value in an ensemble of independent and identically
distributed random variables [366]. The generalised Gumbel distribution was also interpreted
as the distribution of the infinite sum of independent and exponentially distributed random
variables [367]. It was first found in the XY model [368] for the distribution of the average
magnetisation at the critical point [369] and has now been displayed in several other strongly
correlated systems, for instance turbulence [370] and interface growth [371], with an apparent
universal reported value o = 7/2 ~ 1.57. However, the connection between our system and these
phenomena is not clear. Indeed, in the latter, the Gumbel distribution describes the fluctuations
of a global spatially averaged variable [372]. On the opposite, here, we have found that the field
which is linearly coupled to the overlap with a reference configuration is distributed according
to a generalised Gumbel distribution, while the distribution of the overlap is almost symmetric
at any temperature.

4.2 INFLUENCE OF THE BOUNDARIES

To understand the origin of this non-Gaussian distribution of the localising field, we com-
pare our protocol with the simulations of small systems with periodic boundary conditions. In
Ref. [52], an almost Gaussian distribution of the localising field was found. As the only differ-
ence between the protocols is the existence of boundaries, the latter should be responsible for
the emergence of a tail at large values of €. By using the change in ensembles in Chap. II, the
boundary should also impact the Franz-Parisi (FP) potential Vm(R)(Q; r{’) in the cavities for a
fixed reference configuration 7)’. In F1G. V.6, we display the FP potentials for several cavities
of radius R = 4 at a temperature 7' = 0.07 for a given reference configuration 7}’ which has
been sampled at a temperature Ty = 0.04. We choose a lower temperature of the reference
configuration as this may lead to more pronounced non-convexities of the FP potential at a
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fixed temperature T (for the influence of the temperature Ty, see Chap. II and Chap. III). The
FP potential in the different cavities is directly compared to the FP potential for a system with
periodic boundary conditions which has been computed via the methods that are presented in
Chap. III. The temperatures T and T are the same in both cases and the size of the bulk
liquid is chosen to be similar to the size of the cavities: the bulk liquid is taken of linear size
L = 2R = 8 which corresponds to a total number N = 64 of particles. We observe that the FP
potential in the cavities is not as non-convex as its counterpart in small systems with periodic
boundary conditions. This suggests that the annealed average over the boundaries is likely to
destabilise the metastable glassy phase in the cavity. Qualitatively, this comes from the fact that
when € increases, the overlap profile penetrates more and more outside the cavity (see F1G. V.3)
and in consequence a larger field is required in order to localise the cavity close to the reference
configuration. In other words, not only e*(R)(:c; rév ) reflects the configurational entropy cost to
enforce a large overlap within the cavity but it also takes a contribution from the free energy
cost to smooth out the mismatch in the density fields just outside the cavity. This is similar
to the contribution of the surface tension in the nucleation argument of the random first order
transition theory [124, 144]. This rationalises the emergence of a tail in p(f)(e) at large values
of € in F1Ga. V.5 (b) (as the localising field is the slope of the tangent line at the FP potential)
and this suggests that the generalised Gumbel distribution should merely be considered as a
convenient fitting function. If our intuition is correct, then the shape of the distribution p)(e)
is likely to change upon increasing the radius R of the cavity to tend to its counterpart in sys-
tems with periodic boundary conditions, because the relative weight of the surface free energy
cost is expected to scale as R4~ with § < d —1 [122, 124, 144, 175].

5. CONCLUSIONS AND PERSPECTIVES
5.1 STATISTICS OF THE LOCAL FRANZ-PARISI POTENTIAL

In this chapter, we have presented a new method to measure the local fluctuations of the
Franz-Parisi (FP) potential which represents the free energy cost to maintain the local overlap
or similarity between a liquid configuration and a reference configuration of the same liquid at a
given value. In the framework of the random first order transition (RFOT) theory, namely, the
finite-dimensional version of the mean-field theory of glass formation, the local configurational
entropy, which corresponds to height of the secondary minimum of the FP potential, behaves as a
random field which is linearly coupled to the local overlap between equilibrium configurations, as
the mapping of glass-forming liquids onto the random-field Ising model (RFIM) suggests [196,
197]. The static and spatial fluctuations of the local overlap in a cavity of radius R can be
magnified by coupling the latter to an external field €, while the exterior is free to evolve without
any thermodynamic constraint. We have revealed non-trivial fluctuations of the field e*(%) (z; rd)
which is needed to localise a patch of radius R close to a reference configuration, namely, to
induce a large local overlap. We have shown that these fluctuations are spatially correlated, 7.e.,
they form domains of about 2-3 particle average diameters. A more accurate computation of the
correlation length of the localising field remains to be done to assess its temperature evolution.
In particular, the latter should be comparable to the one of the point-to-set (PTS) length
which quantifies the typical linear extent of amorphous order in glass-forming liquids and the
lengthscale below which mean-field metastable states are well defined in finite dimensions. The
correlation length of the localising field and the PTS length seem roughly similar but we need to
accumulate more data to confirm this point [182]. In addition, we have shown that the average
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and the standard deviation of the localising field e*(%)(z; r{’) both decrease when decreasing
the temperature, while their ratio seems to increase. We have argued that the fluctuations of
this field represent a reasonable proxy for the spatial variations of the configurational entropy.
Our results are therefore compatible with a decrease in the local configurational entropy and
an increase in its relative fluctuations. This is overall consistent with the RFOT theory which
predicts that the average configurational entropy decreases with the temperature and vanishes
at the Kauzmann transition (if it exists) while its standard deviation remains finite at the
Kauzmann transition: the relative fluctuations of the configurational entropy are thus expected
to diverge at the putative Kauzmann transition [168].

We have also studied the distribution p¥)(¢) of the fluctuations of €*(*)(x; ) which is well
approximated by a temperature independent generalised Gumbel distribution when the data are
properly rescaled and for all the temperatures that range from the onset temperature of glassy
behaviour down to the extrapolated experimental glass transition temperature. Interestingly,
the distribution displays an exponential right tail which corresponds to regions of very large
localising field. However, the form of the distribution is likely to be caused by the presence of
the boundary and the fact that e*(®) (x; rév ) not only must overcome the free energy penalty to
localise a given region of the liquid close to the reference configuration but also the free energy
cost to smooth out the density mismatch between the cavity and the exterior. This point deserves
a more thorough investigation to properly account for the precise shape of the distribution
p)(€) along with the scaling form in Eq. (V.13). In particular, the latter predicts that the
skewness or the excess kurtosis (see Chap. III) of the localising field should be independent® of
the temperature T'. In addition, we have advocated that the shape of the distribution, especially
its exponential tail, should depend on the radius R of the cavity: a systematic investigation of
the R dependence of pf)(e) is left for future work.

Even though these preliminary results are encouraging, our setting is worth comparing to a
similar one in which the exterior of the cavity is frozen in a configuration which has a random
overlap with the reference configuration. This corresponds to a quenched average over the
boundaries. In particular, this strategy might be able to confirm or infirm our interpretation of
the results and to disentangle the two sources of fluctuations which are captured by e*(R) (z; rév ),
namely, fluctuations of the local configurational entropy and of the surface free energy cost.
However, this protocol is far more demanding. On the one hand, cavities with frozen boundaries
are much slower than their bulk counterpart [178], and an accurate sampling would require
longer simulations and/or more clever algorithms, for instance parallel tempering [180, 314]. On
the other hand, an average over the realisations of the boundaries must be taken for a fixed
reference configuration and for each cavity, which multiplies the total number of simulations.

Finally, we come back to the usual cavity setting, as discussed before, which is inspired from
the RFOT theory and which consists in freezing all the particles outside a cavity of radius R while
the particles inside the cavity are free to relax in the presence of the amorphous boundary [124,
144, 175, 178-180, 182, 185]. This amounts to forcing a large overlap close to 1 with the reference
configuration on the boundary of the cavity (in this case e = 0). By decreasing the radius R of
the cavity, a crossover from a low to a high overlap at the center of the cavity is found for R
equal to the PTS length. When varying the location of the cavity, the crossover radius fluctuates
and these fluctuations of the local PTS length also reflect local static fluctuations. The local
fluctuations of the PT'S length may be related to the fluctuations that we have put forward in this

3For instance, the generalised Gumbel distribution with « ~ 1.3 implies that the skewness should be
approximately equal to 0.99 at any temperature.
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Fia. V.7 | (a) Same as F1G. V.4 (b). (b) Map of the local overlap in a bulk liquid of N = 576
particles at a temperature 7' = 0.1 with the same reference configuration as in panel (a) (Tp = 0.1).
Be careful that the map shows 1 — q(:c;rév ). The two maps are highly correlated (the Pearson
correlation rg4e is about —0.64), which means that the regions of high localising field correspond to
the regions of small overlap when the average global overlap is fixed.

chapter, namely, the fluctuations of the localising field e*(R)(a: r{’). In particular, the regions
of larger PTS length shoud be correlated with the regions of lower localising field. An analysis
of the similarities and the differences between our method and the usual cavity construction is
also left for future work.

5.2 CORRELATION WITH STRUCTURAL INDICATORS AND THE DYNAMIC HETEROGENEITIES

Our protocol reveals static fluctuations of the localising field () (ax; 7). The cavities of
larger (resp. smaller) e*(F)(x; r{’) correspond to regions where the overlap is likely to be lower
(resp. higher) and somehow to hotter (resp. colder) zones. A structural characterisation of these
regions could be interesting, for instance by measuring the correlation between the localising field
and several structural indicators [373], such as the local orientational order [69], the machine
learning based softness [374], the vibrational modes, the local energy, the local density [67] or
the local yield stress [361, 362]. Except for the latter, all of the previously mentioned quantities
are defined at the single-particle level and assessing their connection with e*(R)(a:; rév ) requires

a coarse-graining, see later.

As a first step to assess the physical relevance of the fluctuations of the localising field, we
have used umbrella sampling simulations in order to force the bulk liquid to have a global finite
overlap with the reference configuration

R 1Y 1 Y
QIr;r{] = NZ%[T rd] = N Z (|ri —ro,|/a), (V.17)
i=1 =1

where ¢; is the overlap of particle i, see Chap. III. More precisely, we have run simulations of
the liquid with the Hamiltonian

A ) = BN+ G NA(QIrYsrl] - 1) (V.15)

with £ = 0.3 and where Q™ controls the average value of the global overlap. In 2d and for large-
enough samples, the system displays small domains of low and high overlap with the reference
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configuration, see F1G. V.7 (b). The map has been obtained from the measure of the average local
overlap of each particle (g;),, (where (.), denotes an average with the Hamiltonian Hy[r"; 7]
for a fixed reference configuration rév and a fixed temperature 7') via an extrapolation on a
lattice of spacing dr = 0.05 by using an exponential weight of characteristic lengthscale £ = 0.5,

i.e., for any y € [0, L]%:

N) — Zi<%>b6_|ri—y|/€

Q(y§7’0 ZZ e*lrryl/@ ) (Vlg)

where the sums run over i = 1... N. The reference configuration is the same as in F1g. V.4 (b)
[see also F1a. V.7 (a)] and the center of the umbrella potential has been chosen to maximise
the correlation (see later). The domains of large overlap seem to coincide with the regions
of small e*(F)(x; rd): when the overlap is fixed, the domains of low (resp. high) overlap are
preferably pinned on the regions of high (resp. low) field. In 2d, there is no phase transition in
the phase diagram (e, T) when the global overlap Q[rY; 7] is coupled to a field ¢, see Chap. III.
According to our discussion in Chap. II, fixing the global overlap to @ is thus equivalent to
imposing a uniform field € in the sample such that the average overlap is Q. Therefore, when the
global overlap is biased via an external field, the system displays micro-domains. The domains
of high overlap are located in the regions where ¢*(%) (xz;7Y) < € as the global field is high
enough to switch to a locally high-overlap state. The regions of localising field e*(R)(a:; 'r'év ) >e€
remain instead in a locally delocalised state. These results are encouraging but their robustness
needs to be systematically checked by changing the reference configuration, the temperature
or the dimension. In particular, in 3d and at low-enough temperatures, the system displays a
macroscopic phase separation when its global overlap is fixed (see F1G. II1.9), and the correlation
with the localising field is worth assessing in this case. In particular, the domains of low or high
overlap are rough and their shape could maybe be rationalised because their interfaces are pinned
by large or small values of the localising field, as for random-fields systems [375].

Moreover, the regions of higher localising field somehow represent hotter regions, hence
regions which should relax faster than the bulk. This suggests to study the potential connection
between the thermodynamic fluctuations which are presented in this chapter and the dynamic
heterogeneities which are universally found in supercooled liquids at low temperatures, as already
discussed in the introduction. This requires to define a dynamic quantity for each cavity whose
correlation with () (x; 7)) may then be assessed. A first and simple way of characterising
the dynamics of the cavities consists in coarse-graining the single-particle propensity which
is obtained from the iso-configurational runs of the physical dynamics (without swap) that
start from the reference configuration and with randomised initial velocities [62, 63]. One can
be interested in the equilibrium dynamics (with 7' = Tj) but also in the out-of-equilibrium
melting dynamics of very stable reference configurations which are instantaneouly heated at a
higher temperature T' (T" > Tp). In particular, rare regions from which the transformation to
the supercooled liquid initiates may be correlated with the regions of relatively high localising
field [205, 376].

We are currently measuring the correlation between the fluctuations of the Franz-Parisi po-
tential and coarse-grained mesoscopic static or dynamic properties. As correlations can suffer
from large uncertainties when data are interpolated [377], we do not propose an interpolation
scheme to define e*(R)(ac;réV ) at the single-particle level but we instead coarse-grain single-
particle quantities at the cavity lengthscale, as explained above. For a single-particle quantity
w;[r{’] which is defined in the reference configuration (for instance the propensity, the orienta-
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F1G. V.8 | (a) Same as F1c. V.4 (b). (b) Map of the local bond-breaking correlation in a bulk liquid
of N = 576 particles at a temperature 7' = 0.1 for the relaxation dynamics from the same reference
configuration as in panel (a) (Tp = 0.1). Be careful that the map displays 1 — Cg(t,z; 7). The
two maps seem to be correlated (the Pearson correlation r¢g. is about —0.42). The time ¢ has been
chosen to maximise the correlation, and corresponds to t/7, =~ 1.5 x 1072, where the a-relaxation
time 7, is extracted from the isoconfigurational average of the bulk orientational correlation function,
see Eq. (IIL.9).

tional order, the energy, etc.), we first define an associated cavity quantity

@ (e N ~ Yiwilr10(R — |roq — )
(z;7p) S OR—[ros—a) (V.20)

where the sums run over all particles i = 1... N, by averaging w;[r{’] over all the particles which
are in the cavity [we recall that 0(x) denotes the Heaviside step function]. For the propensity,
w;[r{’] also depends on time and the positions of the particles in the previous formula are the
ones at the initial time. Eventually, the temperature dependent Pearson correlation r.(7T") with
the localising field can be computed by averaging over the position @ of the cavities and the
reference configurations rév , i.e.,

(s i) = i) G
971/2 971 2°
(@@ @i 7)) - (i) | (e - (e e )

Twe(T) =

(V.21)

We have obtained preliminary results but we hope to collect new data in the following
weeks to present for the PhD defense. In FiG. V.8, we show a map of the local bond-breaking
correlation w; = C§(t) for the isoconfigurational physical (without swap) and unconstrained
(with € = 0) dynamics which is initiated from the same reference configuration as in F1a. V.4.
The definition of C}(t) is given in Chap. VI, see Eq. (VL.9). Briefly, this number monitors
the change in the environment of a given particle ¢: the particles which have relaxed and
escaped their initial position are characterised by a bond-breaking correlation which is close
to 0, the others have a bond-breaking correlation which is close to 1. The time ¢ has been
chosen to maximise the correlation with the localising field, and is about two decades before the
a-relaxation time. Accordingly, the average over the sample of the bond-breaking correlation
is about 0.9, which means that only 10 % of the particles have relaxed. We observe a non-
zero anti-correlation between the map of the localising field and the map of the bond-breaking
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correlation: the particles which relax the first are preferably located in the cavities with the
larger localising fields. The correlation is found to decay to 0 both at early and late times,
which suggests that the localising field is predictive of the first dynamic events, namely, the
relaxation of some regions of the sample few decades before the bulk. This is compatible with
the results which are presented in Chap. VI, especially with the interplay between activation
and dynamic facilitation in this system.
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ESCAPING “METASTABLE STATES”:

VI WATCHING 1 MILLISECOND OF THE
EQUILIBRIUM RELAXATION IN SUPERCOOLED
LIQUIDS

In this chapter, we combine the swap Monte Carlo algorithm to long multi-CPU molecular
dynamics simulations to analyse the equilibrium dynamics of model bulk supercooled liquids over
a time window of 10 decades and for temperatures down to the experimental glass transition
temperature T;. We start with ensemble-averaged time correlation functions which slow down
and which display a plateau that extends over several decades when decreasing the temperature.
We then show that more interesting features can be found either by computing the relaxation
spectrum in the Fourier domain, or by quenching into the inherent structures and by obtaining
the corresponding inherent structure mean-squared displacement. Both procedures reveal non-
trivial motions at much shorter timescales than the bulk relaxation time for temperatures close
to Ty. These short-time processes manifest themselves into a power law signal in the relaxation
spectrum which is known as the “excess wing”. The latter has been documented in many
experimental studies but its observation in simulations of glass-forming liquids in equilibrium
conditions is a major novelty. Equivalently, in the inherent structure mean-squared displacement,
the short-time processes which populate the excess wing contribute to a systematic sub-diffusive
behaviour. We then use the possibility which is offered by computer simulations to study
the dynamics at the single-particle level and we reveal strong dynamic heterogeneities at times
much smaller than the a-relaxation time. These heterogeneities enable us to distinguish between
mobile and immobile particles at short times. A detailed spatio-temporal analysis reveals that
the structural relaxation starts in rare, localised regions of mobile particles which form clusters.
They are characterised by a power law waiting time distribution which directly accounts for
the emergence of a power law in the relaxation spectra or a sub-diffusive signal in the inherent
structure mean-squared displacements. We further analyse the dynamics at longer times and we
show that the structural relaxation proceeds via dynamic facilitation from these initially relaxed
regions. In particular, we find that the motion of the particles is persistent and correlated among
neighbours, and that the effect of dynamic facilitation becomes stronger as T}, is approached.
Overall, our results show that the structural relaxation in glass-forming liquids near 7, can
now be analysed in computer simulations over experimentally relevant time and temperature
windows. They mainly reveal that the dynamics in deeply supercooled liquids is controlled by
two minimal ingredients, namely, (i) rare and time-distributed events which likely occur via
thermal activation, and (ii) mobility coarsening thanks to dynamic facilitation.
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The work of this chapter is done in collaboration with C. Scalliet. Some of these results have
already been the object of an article which is currently under review, see Ref. [378].

1. INTRODUCTION

In the previous chapters, we have studied the free energy landscape of glass-forming liquids
from a thermodynamic point of view. Our analysis has been based on mean-field concepts
like metastable states, configurational entropy or constrained thermodynamics. We have shown
in Chap. III by using computer simulations that mean-field theory is remarkably robust in
finite dimensions as the thermodynamics of constrained glass-forming liquids is similar to the
mean-field behaviour. This is consistent with other works which focused on the measure of the
configurational entropy [114, 164, 181, 241] or of the point-to-set length [178-180]. Therefore,
in finite dimensions, the dynamic slowdown at the origin of the glass transition is accompanied
by increasing thermodynamic fluctuations of a well chosen order parameter, namely, the overlap
or similarity between equilibrium configurations, which becomes correlated on an increasing
lengthscale as the temperature decreases.

At the mean-field level, there is also a clear connection between the statics of a glass-forming
liquid at low temperatures and its equilibrium dynamics (see Chap. I). Indeed, as the liquid
is cooled down to the dynamical transition temperature, the equilibrium relaxation time 7,(7")
diverges because the system remains stuck in one of the many metastable states whose number
becomes exponential in system size precisely at this temperature [126]. In physical dimensions
instead, both statements cannot be correct as such. On the one hand, metastable states be-
come ill-defined because free energy barriers are not extensive and they do not diverge in the

146



VI. WATCHING 1 MILLISECOND OF THE EQUILIBRIUM RELAXATION IN SUPERCOOLED LIQUIDS

thermodynamic limit [144]. On the other hand, the dynamical (or mode-coupling) transition
at Tet >~ Tq is avoided and it becomes a mere crossover. This avoided transition is advocated
to be due to the activated events and the fact that below Ti,t the system can escape the free
energy minima, see Chap. I. However, the nature and the properties of these non-perturbative
activated events remain elusive [125, 184]. In addition, even though the glass transition in finite
dimensions is accompanied by growing static fluctuations, their connection with the dynamics
is still an open question. In a complementary line of thought, the dynamic facilitation theory,
which is inspired from the study of kinetically constrained models, accounts for the structural
relaxation by the diffusion of rare defects without resorting to static properties [112].

To address these questions and to test the various theories of the glass transition, computer
simulations are a powerful asset. On the one hand, they allow one to study the dynamics at
the single-particle level and in consequence to reveal the microscopic processes responsible for
the relaxation. On the other hand, they can measure mean-field-inspired thermodynamic ob-
servables. For instance, dynamic facilitation has been well documented in computer simulations
at moderately low temperatures [379-381]. The connection between the a-relaxation time and
the configurational entropy or the point-to-set length has also been investigated [190]. However,
in simulations, dynamic studies are typically limited to short timescales, about 5 decades of
increase in the relaxation time, and therefore the equilibrium dynamics can be only analysed
down to the mode-coupling (avoided) transition or just below. This is problematic since for
instance the previously mentioned activated events are expected to control the dynamics below
the mode-coupling crossover, even though they may still exist above Tyet, [382]. In addition, the
influence of facilitation has not been assessed at lower temperatures, nor its relative role with
respect to thermal activation.

On the opposite, experiments have access to the dynamics of supercooled liquids over 12
decades of increase in the relaxation time. However they usually lack microscopic resolution
and thermodynamic measurements are often harder to relate to mean-field-like quantities. A
huge number of works has been dedicated to the measure of the dielectric spectra x”(w) of
glass-forming liquids in the frequency domain [383], see Chap. I. They have revealed that the
dynamic slowdown as monitored by the increase in the a-relaxation time is accompanied by
richer relaxation spectra [384, 385]. At high temperatures, the spectra usually display a single
peak at high frequencies which corresponds to a Debye (exponential) relaxation on the GHz
or the picosecond ranges. As the temperature is lowered, the spectra broaden and they form
two peaks which reflect the two-step decay of the equilibrium correlation functions in the time
domain. The first peak lies in the GHz range and it is attributed to the microscopic relaxation,
namely, the first decay on the picosecond range of the correlation functions to a well defined
plateau in the time domain. The second peak in the dielectric spectra is at much lower frequency
and it stands for the stretched exponential relaxation of the correlation functions in real time.
The position of the peak w, = 1/7, shifts towards lower frequencies when the temperature is
decreased, and this stands for the dynamic slowing down and the increase in the a-relaxation
time. When decreasing the temperature, the low-frequency peak becomes increasingly large and
much wider than what would be expected from a stretched exponential relaxation. The signal
takes the form of a power law x”(w) ~ w™7 for wr, > 1 with an exponent 0.2 < ¢ < 0.4 which
decreases when decreasing the temperature [43]. On logarithmic scales, this signal resembles
an “excess wing” of the a-peak. At T, the wing extends over the Hz-MHz range with an
“amplitude” of about 1 % of the a-peak.

Even though the signal in dielectric spectra could be very complex due to extra microscopic
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processes which originate from the chemical details of the materials [45], the “excess wing” seems
to be a universal feature of the dielectric spectra of glass-forming liquids close to T}, [46-49] and
it can help testing the predictions which come from different theories of the glass transition.
Indeed, a complete theory of the glass transition must account for the shape of the relaxation
spectra (and not only for the shift of the low-frequency peak or the increase in the a-relaxation
time), and this requires insights from computer simulations to elucidate the dynamics at the
microscopic scale. However, the excess wing has never been observed in computer simulations
because of the impossibility to deal with experimentally-relevant time and temperature ranges.
This has led to a collection of phenomenological models to rationalise the shape of the relaxation
spectra which rely on more or less reasonable physical motivations rather than on undisputable
facts. One class of models accounts for the excess wing by coupling the structural relaxation to
another degree of freedom [386—388]. A second class of models relies on heterogeneous dynamics
of static [389-395] or of purely dynamic origin [396].

Recently, the swap Monte Carlo algorithm was developed [54]. It allows for the fast equi-
libration of computer models down to arbitrarily low temperatures. It has already been used
to extend the range of temperatures over which thermodynamic quantities can be computed
in equilibrium conditions. However, the equilibrium physical (without swap) dynamics has not
so far been investigated. The objective of this chapter is to fill this gap. In this chapter, we
show that we are now able to access time and temperature ranges which are similar to what is
achieved in experiments. We compute relaxation spectra close to T, from simulations and we
show that they also display excess wings. We then use the single-particle resolution of computer
simulations to unravel the two main features of the equilibrium dynamics in model deeply su-
percooled liquids down to the extrapolated experimental glass transition temperature, namely,
dynamic heterogeneities and dynamic facilitation.

2. MODEL AND METHODS
2.1 MODEL AND NUMERICAL STRATEGY

We study the equilibrium dynamics of the system which is described in Sec. 2.2 of Chap. III.
By using the hybrid scheme that combines molecular dynamics simulations with swap Monte
Carlo moves [55], one can equilibrate the system down to very low temperatures. Then, via
the swap algorithm, we generate ng € [200,450] independent equilibrium configurations at tem-
peratures T' which range from the onset temperature of glassy behaviour down to Tj,. In this
chapter, we define the onset temperature as the highest temperature where the evolution of the
a-relaxation time with the temperature departs from its high-temperature Arrhenius behaviour
Ta(T) o< ePor/T (where E,, is an adjustable parameter and where the Boltzmann constant is set
to unity) [285-287].

Each equilibrium configuration is then taken as the initial condition of a conventional multi-
CPU molecular dynamics (MD) simulation (without swap). The ngs independent simulations
run for up to 2 x 10° MD steps, which corresponds to a walltime of about one week when using
2 CPUs. We present quantitative results in 3d for a system size N = 1200. We have verified
that our results were not a finite-size artefact by running simulations in 3d for systems of size
N = 10000. These larger systems are also used for visualisation purposes. Our results also seem
to hold in 2d when the right observables are considered (c¢f. Mermin-Wagner fluctuations).
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From an average over the ng runs' at a given temperature, we can determine different dy-
namic observables that are discussed in the next section. We stress that this procedure allows for
accessing the equilibrium dynamics because simulations are run from initial equilibrium condi-
tions which are generated through the swap algorithm. This strategy saves simulation walltime,
namely, the time to generate equilibrium configurations. Indeed, with modern computers, the
number of MD steps which can be done for a few number of CPUs and a simulation walltime
of one week is about 109 MD steps with an optimised choice of the time step dt. At the onset
temperature, the relaxation time usually represents 10> MD steps. This means that by starting
from equilibrium configurations which are generated by the swap algorithm, one can directly
observe the 7 first decades of the increase in the relaxation time. In conventional simulations
instead, one first has to prepare equilibrium configurations by running the physical dynamics.
A usual criterion consists in letting the system equilibrate at a temperature T for at least 107,
and up to 10%7,, with 7, the a-relaxation time at this temperature. As a consequence, one
cannot measure the one to two last decades of glassy slowdown anymore and instead one only
observe the usual 5 decades of the increase in the relaxation time.

2.2 DYNAMIC OBSERVABLES

To quantify the glassy dynamics in the system, we first focus on time correlation functions
and we analyse the temperature behaviour of the self-intermediate scattering function

N
E(t) = % <Zl cos {q : (ri(t) - ’I‘Z(O))}> . (VL.1)

The brackets stand for the ensemble average over the ng trajectories which initiate from equi-
librium configurations at a temperature T, along with a spherical average over all wave vectors
q such that |g| = 6.9, which corresponds to the first peak in the total structure factor. The
sum runs over all particles, and r;(t) denotes the position of particle i at time ¢. The structural
relaxation time 7, is defined by Fy(7,) = e~!. Errorbars are computed thanks to the jacknife
method when the average of the ng runs is computed [294].

In order to compare with experiments directly, we define a relaxation spectrum from the
simulations in the frequency domain by assuming that the dynamics can be described by a
superposition of exponential /Lorentzian processes with a distribution of timescales II(In 7). The
relaxation spectrum then reads [398, 399]

+o0
X' (w) = / II(In T)Llen T, (VI.2)

oo 1+ (wr)

with w the angular frequency. We can approximate the above distribution of timescales by

I(lnT) ~ — (InT), (VL3)

which amounts to assimilating the self-intermediate scattering function to a persistence func-
tion [396].

The computation of the relaxation spectra x”(w) first requires to differentiate the correlation
function with respect to the natural logarithm of time. This is done by using a first-order finite

!This procedure was called the “swarm” relaxation in Ref. [397].
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difference approximation. During the ng simulations, configurations are stored at logarithmically
spaced times {tx}x=1..n, and we thus have that
Fs(tk) - Fs(tkfl)

= if 1. I.4
(tk) In tk —1In tk,1 itk > (V )

dFy
dlnt

The integral in Eq. (VI.2) can then be evaluated by using the right-hand (rectangle) rule at any
angular frequency w, i.e.,

(w) = — é ddllist (t0)- +°Ei’“tk)2 In(th/tr_1)- (VL5)

However, the error on the numerical integration gets larger at small frequencies when the com-
plete decorrelation of the self-intermediate scattering function is not observed (at temperatures
close to Ty), as the integral becomes dominated by the long-time behaviour of Fy(t). The error
also increases at large frequencies due to the time discretisation. Computing x”(w) only at
discrete angular frequencies wy = 27/t for k = 1...n is enough to guarantee a small-enough
error and a fine-enough spacing in the frequency range. Errorbars on the relaxation spectrum
are estimated by computing the typical amplitude of the spectrum which is obtained from a
random Gaussian signal of zero mean and of standard deviation equal to the maximum over
time of the uncertainty on Fg(t).

Complementary with the time correlation functions and the relaxation spectra, we also
monitor the mean-squared displacement (MSD)

N
A=+ <Z ri(t) - n-<o>|2>. (VL6)
=1

If the particles all vibrate around their initial position, then A(t) is a non-zero constant. This
is what is usually observed at intermediate times for glassy systems (after the ballistic regime)
because all the particles are trapped in the cages which are formed by their neighbours. In
order to filter these vibrations, we use a strategy which was already devised in Ref. [400, 401].
We quench at different times (including ¢ = 0) the configuration 7 (t) of the system to its
corresponding inherent state (IS) r4(¢). This is achieved by minimising the total potential
energy H [rN] thanks to a conjugate-gradient algorithm. From the time series of the positions in
the IS, an inherent structure mean-squared displacement (IS-MSD) Arg(¢) is defined similarly to
Eq. (VI.6). If all the particles vibrate around a given position, then the structure of the system is
expected to be unchanged and Arg (t) to remain very small. In addition, if few particles perform
non-trivial displacements and escape their cage, the mean-squared displacement A(t) is likely
to be blind to these as it is dominated by the overwhelming majority of particles which vibrate
in their cages. Thus, the variations of AIS (t) may reveal non-trivial displacements of particles
which lead to changes in the structure above thermal vibrations. Such as correlation functions,
errorbars on the mean-squared displacements are computed thanks to the jacknife method when
the average over the ng independent runs is performed.

2.3 MOBILITY AT THE SINGLE-PARTICLE LEVEL

The above dynamic observables determine the average dynamics. In order to study the
dynamic heterogeneities, we look at the distribution of the displacements of the particles, namely,
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the self-part of the van Hove distribution

N
Go(r,t) = % <Z S(r — |ri(t) — ri(O)])> : (VLT)
=1

with d(x) the Dirac delta function. Its second moment with respect to space at fixed time
t represents the mean-squared displacement A(t) This distribution can be defined either for
the normal dynamics or for the inherent structure (IS) dynamics, and in the latter case, the
distribution is denoted by Gs1s(r,t). Dynamic heterogeneities correspond to the coexistence of
regions of space in which particles move freely with frozen areas, and consequently of mobile
and immobile particles whose definition must be specified (see Chap. I).

We consider several mobility definitions. The first one is based on the displacements: a
particle is said to be mobile at time t if its displacement in the inherent structure is larger than
a given threshold that we extract from the properties of the above van Hove distribution. It is
introduced in Sec. 4.1. The second definition relies on a bond-breaking correlation function to
detect changes in the environment of individual particles. It is used for visualisation purposes
only. At time ¢ = 0, we compute the number n; and the identity of particle i’s neighbours. Two
particles ¢ and j are considered as neighbours at time 0 if r;;/0;; < 1.485, which corresponds to
the first minimum in the total rescaled pair correlation function

N
() = 1 < S 6(r /015 — q:)> , (VLS)
P \ij=1
i#]

with p the density, 7;; = |r; — r;| and o0;; the interaction cross-diameter of particles i and j. At
time ¢t > 0, we define the bond-breaking correlation of particle i,

cir) = ). (VL9)

n;

as the fraction of remaining neighbours of particle i, with n;(¢|0) the number of particles which
were neighbours of particle ¢ at time 0 and which are still its neighbours at time ¢. To avoid
a spurious signal that we attribute to particles that lose their farthest neighbours because of
thermal vibrations, we define the neighbours at time ¢t with a slightly larger cutoff than at time 0,
namely, r;;/0;; < 1.7 [402]. At time 0, Cj(¢) = 1 by definition. Then, as the relaxation proceeds,
the particles experience rearrangements which affect their local environment. In consequence,
the particles which have relaxed lose their neighbours at the initial time and they have C(t) = 0.
Therefore, a particle ¢ is considered as mobile at time ¢ if C']% (t) is below a given threshold. This
threshold is also discussed in Sec. 4.1. In particular, it is chosen so that the two alternative
definitions of mobility give sets of mobile particles with a significant overlap and which are then
consistent with each other.

Finally, we consider connected clusters of mobile particles. Two mobile particles at time
t belong to the same cluster if their relative distance at this time in the inherent structure is
smaller than 1.5, which corresponds to the first minimum in the total radial pair correlation
function ¢(r) (see Chap. IV).

2.4 DICTIONARY TO CONFRONT EXPERIMENT AND SIMULATION TIMESCALES

Thanks to the swap algorithm and the use of many initial configurations, we can measure
two more decades of the increase in the structural relaxation time in computer simulations,
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as compared to previous studies. In addition, we can prepare equilibrium configurations at
very low temperatures. We have advocated that we are now able to directly compete with
experiments and we detail this now. In particular, we explain how we transform simulation
relaxation times 7, into their experimental counterparts in seconds. Experimental measurements
of the temperature evolution of 7, in various glass-forming liquids show that at really high
temperatures, the relaxation time is about 1 ps. As already mentioned before, the data in
this high-temperature regime follow an Arrhenius law which extends over about 2 decades [287,
403], before the growth of the a-relaxation time when decreasing the temperature becomes
super-Arrhenius. Thus, the relaxation time in a large number of experimental molecular liquids
at the onset temperature Ty, is about 7on ~ 100 ps, i.e., 10710 s. In simulations, we can also
measure this onset temperature Ty, and we find Ty, = 0.2 in 3d. At this temperature, the
a-relaxation time approximately equals 7o, =~ 3 (or 3 x 102 MD steps).

Therefore, we use this value to set the dictionary between the simulations and the experi-
ments. We express simulation times in units of 7,, and we directly obtain the physical time in
seconds by multiplying by 10719, For instance, conventional computer simulations (without the
swap) are able to reach 7, /Ton =~ 10-10°, which represents a physical time of about 1 us, hence
a poor degree of supercooling with respect to experimental conditions. On the opposite, with
the swap algorithm, we can measure the seven first decades of the increase in the relaxation
time, namely, 7,/7on ~ 10%-107. The latter corresponds to a physical time of about 1 ms, hence
the title of this chapter. Finally, we later argue that we are able to prepare equilibrium configu-
rations of relaxation time 7, /7o, ~ 10! thanks to the swap algorithm, hence a physical time of
10 s. We recall that in experiments, the glass transition temperature is usually defined when the
a-relaxation time reaches 100 s. As a consequence, we are in a position to study the equilibrium
dynamics of a model glass-former for 7, in the range [10~!!, 10'] s, such as experimental studies.
We present our results in the next section.

3. EQUILIBRIUM CORRELATION FUNCTIONS TOWARDS THE GLASS TRANSITION
3.1 TIME CORRELATION FUNCTIONS

In F1c. VI.1 (a), we show the equilibrium self-intermediate scattering function Fs(t) at several
temperatures. The curves for all the temperatures display the well-known two-step decay, with
a first decrease to a plateau due to the ballistic motion at times t ~ 7,,, which is followed by
the structural relaxation that covers several orders of magnitude in time when the temperature
is decreased over a small temperature window. At the largest temperature T' = 0.095 for which
we display the self-intermediate scattering function, the liquid already has a relaxation time of
about 104, which corresponds to the longest time that is achievable without the swap algorithm.
As a consequence, the combination of the swap algorithm and the “swarm” relaxation clearly
enables us to surpass all previous studies of the dynamics of model glass-formers in computer
simulations.

We note in F1G. VI.1 (a) that we are indeed able to measure the 6-7 first decades of glassy
slowdown for temperatures 7" > 0.0793. We report in F1G. VI.1 (b) the value of the a-relaxation
which is rescaled by its value at the onset temperature, and which grows as the temperature
is decreased. A power law fit of the data 7o, o (T — Tmet) ™7 [136] locates the mode-coupling
crossover at Tyey = 0.095 (with v ~ 2.3) but it obviously fails at fitting the data at lower
temperatures. This is the manifestation of the fact that in finite dimensions, the mode-coupling
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Fic. VI.1 | (a) Self-intermediate scattering function Fy(t) versus time for different temperatures
T which range from the mode-coupling crossover Ty, = 0.095 almost down to the experimental
glass transition temperature T,. A first decay to a plateau due to thermal vibrations is observed.
At high-enough temperatures, we can observe the complete decorrelation with a second stretched
exponential relaxation. At lower temperatures instead, the relaxation time exceeds the simulation
window and only the beginning of the relaxation is observed. Errorbars are too small to be visible.
(b) Rescaled a-relaxation time 7, by its value 7., at the onset temperature as a function of the
inverse temperature 1/7. This time has been directly measured when Fy(7,) = e~! (Data), or
obtained via a time-temperature superposition (TTS) at low 7" when a sufficient decorrelation is
observed. The dashed-dotted curve shows a power law fit to determine the location of the mode-
coupling crossover and the straight line represents an Arrhenius fit which models the data well
at low temperatures. The vertical dashed line marks the extrapolated laboratory glass transition
temperature T, = 0.056.

dynamical transition becomes a mere crossover. Below Ty, and in the temperature range
0.0793 < T < 0.095 in which we observe a sufficient decorrelation over the accessible time
window, we can fit the second step of the relaxation in Fy(¢) by a stretched exponential of the
form [32]

Fy(t) = Fye~W/M", (VL.10)

with Fp, 7 and § fitting parameters. We find that 7 varies by several orders of magnitude
and it closely follows 7,. On the opposite, the amplitude of the plateau Fj slightly increases
upon lowering the temperature while the stretching exponent 5 ~ 0.56 turns out to be almost
temperature independent. We use this property in order to extrapolate the relaxation at lower
temperatures where the correlation function still significantly decorrelates but does not reach the
threshold value to measure 7,. We perform a time-temperature superposition (T'TS) in which
starting from high temperatures, we rescale both axes of FiG. VI.1 (a) in order to obtain a
collapse of the data. This allows for an extrapolation of the relaxation time over 2 more decades
when it is too large to be measured [404], see F1G. VI.1 (b).

Our results for 7, (Data +TTS) are well-described by an Arrhenius behaviour 7, oc e/T

with E, an activation energy (E, ~ 2.67), which yields the extrapolated laboratory glass tran-
sition temperature T, ~ 0.056 when 7,/7on = 10'2. In the following, we use this Arrhenius
fit to extrapolate 7, when it is too large to be measured. The Arrhenius trend is believed to
represent a safe extrapolation of the relaxation time and consequently a lower bound of the
actual relaxation time and of the extrapolated glass transition temperature [54].

Thus, in the range 0.059 < T' < 0.095, we are probing the dynamics below Ty, and almost
down to T, in a similar range as in experiments. In the next section, we directly confront with
experiments by computing the relaxation spectrum of Eq. (VI.2).
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Fia. VI.2 | Relaxation spectra x”(w) with respect to the angular frequency w, as defined by
Eq. (VI.2). For the two lowest temperatures, the spectrum has been computed after smoothing the
curve of Fy(t). A first high-frequency peak is observed for all the temperatures which corresponds to
the first decay in Fy(t) to its plateau value. At high temperatures, a second peak is observed, which
stands for the second step of the relaxation in Fy(t), see F1G. VI.1 (a). The dashed lines correspond to
the a-peak prediction when Fy(t) is modelled by a stretched exponential with a stretching exponent
B = 0.56 and with 7, which is extrapolated from the Arrhenius fit of F1a. VL1 (b), see Eq. (VI.10).
The straight line is a power law of the form w™7 with an exponent ¢ = 0.38 which approximates
the data well. The color code is the same as in Fic. VL.1 (a). Errorbars are of order 4 x 1074,

3.2 EMERGENCE OF “EXCESS WINGS” IN THE RELAXATION SPECTRA NEAR THE GLASS
TRANSITION

From F(t), we can compute x”(w) as an equivalent of the experimental dielectric loss, see
Eq. (VI.2). The data from the different temperatures are shown in F1G. VI.2. For the two
lowest temperatures, namely, T'= 0.059 and T = 0.062, the data for Fy(¢) are noisy and weakly
decreasing, and this leads to numerical artefacts in the computation of the relaxation spectrum.
Therefore, for these two temperatures, we have smoothed the self-intermediate scattering func-
tion before computing the spectrum by using a smoothed cubic spline interpolation [405]. The
spectra all have a first peak which is located at wen ~ 1/7on with a weak temperature depen-
dence, and which accounts for the ballistic regime and the decrease in Fy(t) to its plateau value.
For temperatures T > 0.09, we detect a second peak at much lower frequency w, ~ 1/7, which
corresponds to the structural relaxation and to the second step in the decay of Fy(t). At lower
temperatures however (T' < 0.085), this a-peak is no longer present in the achievable frequency
window. Still, the data systematically increase at low frequencies for all the temperatures, which
indicates that relaxation processes are taking place.

As Fy(t) is well-fitted by a stretched exponential [see Eq. (VI.10)] with a known value of g
and 7, which is extrapolated from the Arrhenius fit in FiGg. VI.1 (b), we are able to predict
the a-peak when it cannot be measured directly, and we plot it with dashed lines in F1G. VI.2.
It behaves as a power law with exponents 1 and —f at low and high frequencies respectively.
This behaviour is similar to the empirical Cole-Davidson curve which is often used to fit the
main peak in the experimental dielectric spectra [40] (see Chap. I). For T" > 0.075, the low-
frequency part of the spectrum is well approximated by the a-peak prediction which comes from
the stretched exponential. However, at lower temperatures, we clearly see that the relaxation
spectra systematically lie above the prediction from the stretched exponential fit. Instead, the
signal shows a power law behaviour x”(w) ~ w™7 in the range w € [107%, 1073], with an exponent
0.34 < 0 < 0.38 which slightly increases with 7', and which is much smaller than the stretching
exponent f3 [we recall that the a-peak scales as x”(w) ~ w™? at high frequencies].

154



VI. WATCHING 1 MILLISECOND OF THE EQUILIBRIUM RELAXATION IN SUPERCOOLED LIQUIDS

100
Z10)
Aq
élO’Z;

<

103

10740
002

':sf‘k ‘t‘umm\ sl vl vl v vl vl
10t 10° 10t 102 t103 10* 105 10° 10

F1G. VI.3 | Mean-squared displacement in the normal dynamics A(¢) (full lines) and in the inherent
structures Als(t) (full lines with symbols). The dashed and dashed-dotted lines respectively magnify
the ballistic regime at microscopic times and the diffusive regime at larger times and high-enough
temperatures. The mean-squared displacements for the normal dynamics and the inherent structures
coincide in the diffusive regime. Instead, a sub-diffusive behaviour with a systematic growth is clearly
visible in the time evolution of Arg(t) in the plateau regime of the normal dynamics. The color code
is similar to F1c¢. VI.1 (a). Errorbars are too small to be visible.

As a result, for temperatures close to T, the spectra of glass-forming liquids are not merely
composed of two peaks which stand for the microscopic motion at short times (large frequencies)
and the structural relaxation at larger times (lower frequencies). At intermediate frequencies,
there is an excess signal which is very similar to the experimental excess wing. We observe that
this signal is one hundred times smaller than the main a-peak and that it covers a range of
frequencies w € [107%, 1073] which corresponds to a range of physical frequencies [10%,107] Hz.
As a consequence, this excess signal has the same trend, frequency range and amplitude as excess
wings which are observed in experiments. In Appendix A, we study the fate of the power law
signal in our numerical spectra in the out-of-equilibrium dynamics of glasses of different stability
to further confirm the similarity with experimental findings.

Consequently, F1G. VI.2 represents the first observation of excess wings in computer simula-
tions of equilibrium model glass-formers to date. We stress that the wing becomes clearly visible
only at temperatures 7' 2 T,, which explains why it has not been reported before in computer
simulations of spherical particles. This observation strengthens the universal character of the
excess wing but it also implies that there is no need for an extra degree of freedom to observe
excess signals in the relaxation spectra, which is a key assumption for some of the models that
try to account for the excess wings.

3.3 SUB-DIFFUSIVE MOTION IN THE INHERENT STRUCTURE MEAN-SQUARED DISPLACE-
MENTS

The processes which lead to the excess wing at intermediate frequencies correspond to pro-
cesses at intermediate times which take place over several decades, when Fg(t) develops a plateau.
They are thus masked by the vibrations of the particles but they are revealed once translat-
ing the data into the Fourier domain, via the time derivative in Eq. (VI.2). Another way of
revealing these processes is to quench to the inherent states, as we explain now. In Fia. VI.3,
we represent the mean-squared displacement (MSD) A(t) (full lines). The data clearly show
the ballistic regime at early times with A(t) ~ t2. At large times, diffusion takes place for

T > 0.09, with A(t) ~ t. At lower temperatures, the diffusive regime leaves the simulation
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Fic. VI.4 | van Hove distribution of displacements in the inherent structures Gsis(r,¢) when
Arg(t) = 1.5 x 1072, The dashed-dotted line is an exponential fit of the tail of the distribution. The
inset shows a comparison of the van Hove distribution in the normal dynamics (MD) and in the
inherent structures (IS) for 7' = 0.07. They agree at large displacements but the peak at r = 0 is
significantly narrower and higher in the inherent structures because thermal vibrations are partially
filtered. The color code is given in F1a. VL1 (a).

window and we can only observe the beginning of the escape from the plateau. In Fic. VI.3,
we also display the inherent structure mean-squared displacement (IS-MSD) Als(t) with full
lines and symbols (see Sec. 2). Both mean-squared displacements coincide at large times and in
consequence the quenching protocol leaves unaffected the diffusive regime because the system
has escaped from its initial structure. At intermediate times instead, Als(t) is much smaller
than A(t) by 2 orders of magnitude. This large difference reveals that the main contribution to
the MSD in the plateau regime represents vibrations of particles in the cages which are formed
by their neighbours, without any significant change in the structure. The quenching protocol
masks these vibrations partially, similarly to the computation of x”(w) at the level of the time
correlation function. In the plateau regime, and at all the temperatures down to T;, we observe
that Arg(t) systematically increases with a sub-diffusive behaviour [401]. We conclude that at
these timescales which are much smaller than 7., not only the particles vibrate in their cages,
but they also perform non-trivial displacements which lead to structural changes, as revealed by
quenching the configuration into its inherent structure. At Tj, these processes occur as fast as
t ~ Ton and they continue up to the longest time we can simulate. This corresponds to a time
regime and an amplitude similar to the excess wing.

We thus conclude from the two previous sections that going to the Fourier domain or to the
inherent structures filters trivial the thermal vibrations of the particles in the cages which are
formed by their neighbours. This emphasises that in the plateau regime of the time correlation
functions, non-trivial processes occur and give rise to a wing in the relaxation spectra or to a sub-
diffusive behaviour in the inherent structure mean-squared displacements. In the next section,
we study the real-space organisation and the statistical properties of the particle motions which
contribute to the relaxation much before the bulk.

4. SHORT-TIME RELAXATION MUCH BEFORE THE BULK

4.1 DYNAMIC HETEROGENEITIES AND MOBILITY CLASSIFICATION

To have more intuition about the events which contribute to the relaxation and which occur
much before the bulk, we analyse the dynamics at the single-particle level. In FiG. V1.4, we plot
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F1a. VL5 | Snapshot which shows how the relaxation initiates in a 3d system of N = 10000 at a
temperature T' = 0.07 (7, /Ton = 6 x 107 or 6 ms in physical time). The snapshot is taken at a time
t =105 (t/7o, = 5 x 107%). Only the mobile particles (according to the bond-breaking criterion)
which belong to clusters of size larger than 4 particles are represented. The particles are coloured
according to the common logarithm of their relaxation time log 7l = In72/In 10, i.e., the first time
t at which their bond-breaking correlation verifies C§(t) < 0.55. The diameter of the particles is
set to 1.5 (distance criterion to belong to the same cluster) in order to more easily see the clusters.
We observe that the birth of clusters is time-distributed on a logarithmic scale and that the clusters
tend to grow in a hierarchical way as the relaxation proceeds.

the van Hove distribution of displacements in the inherent structures when Als(t) =15x%x1072,
which broadly corresponds to the beginning of the escape from the plateau in the normal mean-
squared displacement. For all the temperatures, the distribution displays a strong peak around
r = 0, which stands for the vibrations of the particles around the position they occupied at t = 0.
At these timescales much smaller than 7, we already observe that the van Hove distribution is
very broad. On the one hand, for temperatures T' < 0.07, the distribution displays a secondary
maximum for r ~ 0.9 which stands for the particles that replace their neighbours: the location
of the maximum approximately coincides with the position of the main peak in the total pair
correlation function g(r). On the other hand, the van Hove distribution shows an exponential
tail which includes displacements that exceed the average inter-particle distance.

Consequently, as T' decreases, the dynamic heterogeneities become more pronounced, even
at very short timescales t < 7,. A large majority of particles is immobile, these particles have
small displacements (a fraction of their diameter) and they populate the high peak at r = 0
of Gg15(r,t). They coexist with a tiny fraction of mobile particles with displacements that can
be larger than several times their diameter, and which corresponds to the second peak and the
exponential tail in G 1g(r, ). In the following, we define mobile particles at time ¢ as the particles
with a displacement in the inherent structure larger than 0.8 at time ¢. The corresponding
threshold for C’]i3 (t) is 0.55. These mobile particles have escaped their initial position and they
thus participate to the signal in the inherent structure mean-squared displacements and to the
excess wing in the relaxation spectra. Their fraction at early times is very small as the tail and
the second peak in Gg1s(r,t) are both of much lower amplitude than the main peak at r = 0.
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Fia. V1.6 | Spatio-temporal distribution of clusters of mobile particles. (a) Average number of
clusters n.(t) of mobile particles (displacement in the inherent structure larger than 0.8). This
number first grows with time before it reaches a maximum and it finally decreases towards 1 when
all the particles have escaped from their initial position. At very low temperatures, the number of
clusters grows as a power law with a similar exponent as the exponent of the excess wing, namely,
0.38 (straight line). (b) Average number of mobile particles n(¢) per cluster. The data increase and
they reach the total number of particles IV at late times. The vertical dashed lines mark the time ¢
at which n(t) is maximum for 0.07 < T' < 0.095. For both panels, the color code is the same and
it is provided in F1c. VI.1 (a).

This fraction of mobile particles can be estimated by computing the area below the curve of
the van Hove distribution for r > 0.8 and reads 0.8 % for T = 0.059 and AIS =1.5x 1072,
consistently with the amplitude of the excess wing and the inherent structure mean-squared
displacement.

Now that we are able to identify the mobile particles which are responsible for the early
relaxation, we analyse their distribution in both space and time in the next section to understand
how the relaxation proceeds much before the bulk.

4.2 BIRTH AND GROWTH OF INDEPENDENT CLUSTERS

We start by a qualitative analysis of a snapshot of a system of N = 10000 particles, see
Fic. VLI.5. For visualisation, we turn to the mobility definition which is based on the bond-
breaking correlation. The snapshot is taken in the time and the temperature regimes for which
there is a deviation between the numerical relaxation spectrum and its stretched exponential
prediction, namely, 7" = 0.07 (which corresponds to an a-relaxation time of 6 ms) and t/7, =
5x1073. We observe that at this time, the sample is populated by rare, localised and independent
regions of mobile particles. We also observe that the birth of these clusters of mobile particles
is distributed in time on a logarithmic scale. In other words, as the relaxation proceeds, new
clusters appear independently throughout the simulation box. Indeed, in FiG. VI.5, the particles
are colored according to the common logarithm? of the first time 7% at which their bond-breaking
correlation C% is below 0.55. Some clusters are formed around red particles which relax as fast
as t = 103 (7, = 2 x 108), while others are only made of blue particles and they only appear two
decades after. Finally, we note that the clusters are not of a single color but instead red particles
are surrounded by yellow/green particles, themselves surrounded by blue particles. This suggests
that the clusters also grow as the relaxation proceeds and this is the manifestation of dynamic
facilitation in the system. In fact, the mobile particles tend to make their neighbours more

?We define the common logarithm of 7 as log 7 = In7/1In 10 with In 7 the natural logarithm of 7.
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Fi1a. V1.7 | Distribution of the common logarithm of the appearance time of the clusters of mobile
particles IT,,,(log7) up to an irrelevant normalisation factor. The mobile particles are defined by
the fact that their displacement in the inherent structure is larger than 0.8. The data are plotted
as a function of t/7,, where 7, is directly measured or is extrapolated thanks to the Arrhenius fit
in F1g. VI.1 (b). At very low temperatures, the distribution is well approximated by a power law
app(log 7) ~ 7938 with the same exponent as the excess wing and the number of clusters (straight
line). The color code is provided in Fic. VI.1 (a).

mobile at later times and in consequence mobility propagates throughout the sample.

At this stage, one can envision two different ways for the system to relax: (i) creation of
new clusters of mobile particles or (ii) growth of the already born clusters. We now analyse the
first process quantitatively, and we leave the second one for the next section. We come back to
the system of N = 1200 with the mobility definition which is based on the displacements in the
inherent structures. In F1a. VI.6, we show the average number of clusters n.(t) and the average
number of particles per cluster n(t) as a function of time. The number of clusters first increases
with time for all the temperatures while their average size midly grows from 1 to less than
ten particles. This is the direct manifestation of the fact that rare localised regions of mobile
particles appear independently in the sample. At later times instead, the number of clusters
decreases towards 1 while their size reaches the total number of particles N in the system.
Indeed, when t — +o00, the system is composed of a single cluster because all the particles have
escaped from their initial position. As a result, the number of clusters reaches a maximum at
t = t. which is visible for T" > 0.07 and which otherwise leaves the simulation time window. This
time broadly corresponds to the time at which the average size of clusters starts to skyrocket.
We have checked that these behaviours are not finite-size artefacts. The number of clusters is
extensive in system size, which means that the absolute value of n.(t) is proportional to the size
N of the system, but the time and the temperature evolution is independent of the system size.
Similarly, the average size of clusters n(t) is independent of the system size at short times but it
obviously scales linearly with N at later times, and its time evolution is also independent of N.

When the maximum in the number of clusters is reached at a time which is too large to
be measured, we observe that n(t) grows as a power law, namely, n.(t) ~ t38 with a similar
exponent as the one of the excess wing in FiGg. VI.2. On the opposite, the average size of
clusters is very small in this regime, at most 7-8 particles. This suggests that the appareance of
rare clusters rather than their growth is responsible for the signal at intermediate frequencies in
the relaxation spectra (wings) or at intermediate times in the inherent structure mean-squared
displacements. In addition, the fact that n.(t) grows as a power law means that the appearance
of the clusters is not characterised by a mere characteristic time but instead it is described
by a distribution of timescales which covers several decades. This is what we directly check
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Fia. V1.8 | Distribution of cluster sizes (number of particles) P(n,t.) at the time ¢, where the
number of clusters is maximum. The data are consistent with a temperature independent power
law of exponent —1.8 which is cut at large cluster sizes because of finite-size effects. The color code
is the same as in F1a. VI.1 (a).

by measuring the distribution of the common logarithm of the appearance time of the clusters
IIpp(log 7), see F1Gg. VI.7. For T' < 0.07, we cannot measure the whole distribution which is
thus determined up to an irrelevant normalisation constant.

At high temperatures, the distribution is already very broad and it covers about 6 orders of
magnitude. The first clusters appear as early as 10~%7, and they thus relax much before the
bulk. The distribution peaks near 10~!7,, and it has a cutoff around 10'7,. As T is lowered,
the distribution displays a power law tail for 7 < 7, over several decades with an almost
constant exponent I,y (log 7) ~ 70-38_ This distribution proves that the appearance of clusters
is time-distributed but it also rationalises the behaviours which are observed in Fig. VI.2 and
Fia. VI.6 (a). Indeed, the distribution of the common logarithm of the appearance time of
clusters should be related to the number of clusters by the equality

dne
dt

where the factor 7 comes from the jacobian, namely, dlog 7 oc d7/7. As a result, if II,pp (log 7) ~
7938 then n.(t) ~ t%38 which is consistent with the result in Fig. VL6 (a). In addition, as the
relaxation at short times is dominated by the growth of the number of clusters rather than that
of their average size, it is reasonable to approximate the distribution in Eq. (VI.2) for t < 7,
by the distribution of the appearance time of clusters. Then, a mere change of variables leads
to x(w) ~ w938 in agreement with F1G. VI.2. This demonstrates that the high-frequency
power law in the relaxation spectrum and the sub-diffusive behaviour in the inherent structure
mean-squared displacement close to T}, are the direct consequences of the relaxation of a sparse
population of clusters which is characterised by a broad distribution of relaxation times.

Mapp(log 7) ~ 7 (1), (VI.11)

So far, we have focused on the early stages of the relaxation. We explain in the next section
how relaxation proceeds from these small clusters of mobile particles via dynamic facilitation.

5. DYNAMIC FACILITATION TOWARDS THE a-RELAXATION
5.1 MOBILITY PERCOLATION

The way the sample fully relaxes relies on dynamic facilitation. This is already visible in
the snapshot in FiG. VI.5 where we see that the clusters are composed of particles of different
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relaxation times from the lowest at their core to the largest at their boundaries. This suggests
that mobility propagates from neighbours to neighbours and that it gradually invades the system.
This picture is also fully consistent with the results in F1G. VI.6. Indeed, the distribution of
the appearance time of the clusters shows a cutoff for ¢ = 107,. However, at this time, the
correlation function Fi(¢) has not fully relaxed and it still equals about 0.1. This means that
10 % of the sample is still immobile. This suggests that at longer times, no new cluster of mobile
particles appears but instead immobile regions are progressively invaded from their boundaries
via dynamic facilitation. This is also consistent with the evolutions of the number and of the
size of clusters. For t > t. (where ¢, stands for the location of the maximum in the number of
clusters), n¢(t) decreases while n(t) fastly grows, consistently with the fact that the clusters start
to merge and that the mobility percolates in the system. This fact is directly demonstrated in
F1a. VI.8 where we show the size distribution of clusters P(n,t) at the maximum in the number
of clusters, namely, for t = t.. We observe that it follows a power law behaviour P(n, t.) ~ n~ %
which is exponentially cut at large cluster sizes. The exponential cutoff is due to a finite-size
effect (we have confirmed this point by running simulations with systems of size N = 10000)
while the power law trend is indeed characteristic of the percolation transition, even though
the exponent is different from the one of the random percolation [406]. This trend has also
been found in previous studies of dynamic facilitation at higher temperatures [406-411]. We
confirm here that it still holds at lower temperatures where the contrast between the mobile and
immobile particles becomes clearer.

Our results are consistent with mobility percolation in the entire sample from rare regions
of mobile particles to the entire bulk system. In the next section, we analyse the mechanisms
which are responsible for dynamic facilitation or mobility percolation.

5.2 MULTIPLE RELAXATIONS AND MOBILITY PROPAGATION

In order to quantify the role of facilitation in the dynamics, we compare this scenario to
the opposite one in which we assume that the system relaxes because of the succession of
independent events. We then define xy,(t) = Ny, (t)/N the average fraction of particles which
are mobile (with the criterion on the displacement in the inherent structures) in the interval
[0,t], and Zym(t) = Nym(t)/N the average fraction of particles which are mobile in both intervals
[0,¢] and [t,2t]. If the dynamics could be described by the relaxation of independent events,
then the probability to be mobile in both intervals would be the product of the probabilities to
be mobile in each interval, i.e., Tym(t) = zm(t)?. Instead, larger values of @y, (t) indicate that
the particles can relax several times and that their motion is persistent and hence facilitated.
One could argue that the fraction of very mobile particles can be over-estimated because of
particles which move reversibly, namely, which come back at their initial position, and which
do not participate to the relaxation. In order to take into account this effect, we also introduce
the fraction Zyey(t) = Nrev(t)/N of mobile particles in the range [0, ] which come back to their
initial position in the range [t,2¢]. To decide whether a particle has performed a reversible
motion, we look if its displacement in the inherent structures between 0 and 2t is such that
|718,:(2t) — 718,:(0)| < 0.5, which corresponds to the first minimum in the van Hove distribution
of the displacements in the inherent structures, see F1c. VI.4.

We thus introduce the ratio

Tym (t) — Trev(t) — a:m(t)2
Tm(t) — xm(t)?

ct) = (VL12)

161



VI. WATCHING 1 MILLISECOND OF THE EQUILIBRIUM RELAXATION IN SUPERCOOLED LIQUIDS

4

I |
, AR

ekl 1 yr el Ll Ll [RSIEETT
1076 10~ 102 100 102
t/Ta

Fi1c. V1.9 | (a) Ratio c(t) [see Eq. (VI.12)] as a function of time, where z,, (t) represents the fraction
of particles which is mobile in the range [0, ¢] (with the criterion on the displacement in the inherent
structure), while vy, (¢) is the number of particles which are mobile in the two intervals [0, ¢] and
[t,2t]. Time is rescaled by 7, which is directly measured from Fy(t) or which is deduced from
the Arrhenius extrapolation in Fia. VI.1 (b). The data display a maximum for ¢/7, ~ 1. The
dashed lines mark the maximum in the number of clusters where mobility percolation sets in. (b)
Probability for a particle to undergo a reversible motion as a function of ¢/7,. This probability
is equal to the ratio yey(t)/zm(t), where xyoy(t) is the fraction of particles which are mobile in
the range [0,t] and which come back to their initial position in the range [¢,2t]. The fraction of
particles which move reversibly decreases as the relaxation proceeds and it plateaus for ¢t < 7, with
an enhanced probability to have a reversible motion as the temperature decreases. The color legend
is similar for both panels and it is provided in F1c. VI.1 (a).

The numerator vanishes if the dynamics in the ranges [0,t] and [t,2¢] are independent and if
one assumes that the probability that a particle comes back to its initial position is negligible if
the dynamics proceeds via independent events. The denominator is for normalisation purposes
and it ensures that c(t) lies between 0 and 1. The results are presented in F1G. VI.9 (a) versus
t/7,. We note that c(t) first increases with time, which means that the mobile particles which
undergo irreversible motions in a given interval are also mobile irreversiblely in the next one with
a higher and higher probability. This implies that the mobility is persistent in the system, in the
sense that a mobile particle undergoes several relaxations. We also observe that c(t) decreases
and is likely to vanish when ¢ becomes larger than typically several 7,. This is because the
displacements of the particles in the ranges [0, ¢] and [t, 2¢] become irreversible and uncorrelated
in this case. As a result, ¢(t) exhibits a maximum which turns out to be close to 7,: the
probability for a particle to be mobile in the interval [t,2¢] given it was mobile in the range
[0,¢] is maximum. We finally remark that the full curve of ¢(t) shifts to higher values when
T decreases, which suggests that the dynamics is even more persistent when decreasing the
temperature.

Even though reversible particle motions do not participate to the relaxation, they give in-
dication on how particle motion proceeds. In F1a. V1.9 (b), we show the ratio of the fraction
of very mobile particles which have a reversible motion to the fraction of mobile particles. This
ratio thus corresponds to the probability for a particle to come back to its initial position in the
range [t,2t] given that it has escaped from it in the range [0,¢]. We observe that this fraction
consistently decreases with time. At short times, particles try to escape their initial position
but this attempted relaxation is sometimes a failure and the particles come back to their ini-
tial cages. At later times instead, as the particles have multiplied trials to escape their cages
and as other particles have already managed to relax, an irreversible relaxation becomes more
probable (the probability for a particle to be immobile in the range [¢,2t] given it was mobile
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F1a. VI.10 | Displacement-weighted pair correlation function g, (r,t) for ¢ = t. which corresponds
to the location of the maximum in the number of clusters, hence to mobility percolation in the
system. We represent the equilibrium pair correlation function g(r) at T'= 0.07 for comparison (it
varies weakly with the temperature). The color code is similar to F1a. VL1 (a).

in the range [0, t] also decreases as the relaxation proceeds). For all the temperatures, and even
though our data are noisy, we observe that the ratio xyey(t)/xm(t) plateaus for t < 7, and the
amplitude of the plateau increases as the temperature decreases, from 0.1 at 7' = 0.095 to 0.25
at T = 0.059. This suggests that the motion of the particles become increasingly reversible at
short times as the temperature decreases and that the first dynamic events actually correspond
to very frequent motions of the particles which rarely lead to an actual relaxation.

To explain why the dynamics becomes increasingly persistent as the temperature is lowered
or as the relaxation proceeds, we look at a displacement-weighted pair correlation function
gu(r,t) [412], namely,

1

9u(r1) = o D @u(t 0)uu; (26, 1)3(r — ;(0) + rj<o>>> , (VL13)

where the sums run over i,5 = 1...N, where u;(t2,t1) = |risi(t2) — r1s,i(t1)], and where
u(ta, t1) = (N3, u;i(te,t1)). The prefactor in Eq. (VI.13) ensures that g,(r,t) converges to 1
in the large-r limit (we recall that p is the average number density which is equal to 1). If the
displacements in the ranges [0,t] and [t,2t] are uncorrelated in space, then g, (r,t) should be
similar to the conventional pair correlation function g(r) at equilibrium at a temperature 7" [30].
Instead, positive correlations between displacements should lead to an enhanced displacement-
weighted pair correlation function. In Fia. VI.10, we plot g,(r,t) for several temperatures and
for t = t. where the number of clusters of mobile particles is maximum and where the mobility
percolates in the system. The equilibrium pair correlation functions are also represented to
assess the degree of correlation between the displacements of the particles. The correlation
gu(r, tc) shows a similar variation with the distance r as g(r), with several extrema because of
the underlying structure of the liquid. We note a shift in the position of the maxima in the
displacement-weighted pair correlation function towards lower distances which stands for the fact
that small particles are usually more mobile than the larger ones. We also clearly observe that
gu(r,tc) is much larger than the equilibrium pair correlation function at small distances. This
means that there is a correlation between the fact that a particle is mobile in the range [0, ¢] and
that its neighbours become mobile in the range [¢,2¢]. The maximum in g,(r,t.) increases with
decreasing the temperature, which indicates that the correlation between the displacements of
the particles at unequal times increases as the temperature is lowered. The typical decay length

163



VI. WATCHING 1 MILLISECOND OF THE EQUILIBRIUM RELAXATION IN SUPERCOOLED LIQUIDS

of g, (r, tc) also seems to increase as T goes down (even though the linear size of the simulation
box is moderate), which is indicative of a growing dynamic correlation length.

Overall, this indicates that the motion of the mobile particles becomes more and more
persistent at low temperatures because the particles are able to make their neighbours mobile.
This is consistent with the fact that the mobility is coarsening and transmitting from particles to
their neighbours and in consequence that the dynamics is facilitated. The effect of facilitation
is most important close to the peak in c¢(t), namely, for ¢ ~ 7,. In addition, the relative
contribution of facilitation in the relaxation process grows when T is lowered as emphasised by
the temperature evolution of the maximum in ¢(¢) or its value at ¢ = t. where the mobility
percolation settles.

Facilitation has already been discussed at length in the literature. Our quantification of
facilitation is very reminiscent of several already reported measurements even though the latter
were performed at much higher temperatures and they required more choices in the definition of
mobile particles. In particular, we believe that our ratio ¢(t) is close to the facilitation volume
around an excitation which was introduced in Ref. [379]. This facilitation volume was found
to be a non-monotonic function of time with a maximum whose amplitude was growing with
decreasing the temperature. In addition, the results of Fic. VI.9 and Fic. VI.10 resemble
previous analyses which were based on the measure of the probability distribution to find a
mobile particle in the interval [t,2t] at a distance r from a particle which was mobile in the
range [0,¢]. A ratio was defined by comparing the integrated probability distribution to the
expected one assuming no correlation in the displacements of the particles [381, 411].

6. CONCLUSIONS
6.1 SUMMARY OF THE RESULTS

We summarise the main findings of this chapter. Thanks to the swap algorithm and long
conventional molecular dynamics simulations, we have been able to access the equilibrium dy-
namics of deeply supercooled liquids over a large time window. Computer simulations are now
in a position to directly compare with experiments while they have been at odds for several
decades. Thanks to filtering procedures, we have managed to reveal that at very low tempera-
tures the dynamics initiates from a weak population of diluted clusters whose waiting times are
power law distributed. This is in contrast to the average correlation functions which display a
plateau over several orders of magnitude. We have then seen how these small clusters facilitate
their neighbourhood in a hierarchical manner to construct the structural relaxation [413]. The
effect of facilitation seems more pronounced as the temperature is decreased. In Ref. [414], the
effect of facilitation was instead found to become weaker as the glass transition was approached
in a granular material. However, the analysis of Ref. [414] relied on tools which are very differ-
ent from ours [415]. Trying to repeat this analysis in our system may be valuable in order to
understand this seeming contradiction. The dynamics in other glass-formers may also be worth
studying to assess the robustness of the evolution of facilitation with the temperature.

Moreover, we have shown that the short-time processes which take the form of small clusters
are very reproducible, as shown by the evolution of the ratio ¢(¢) in Sec. 5. Indeed, as the
dynamics is time-reversible, the ratio ¢(¢) also quantifies how the forward (from ¢ to 2¢) and
the backward (from ¢ to 0) dynamic heterogeneities look similar and therefore how predictible

164



VI. WATCHING 1 MILLISECOND OF THE EQUILIBRIUM RELAXATION IN SUPERCOOLED LIQUIDS

they are®. We first note that the predictability is maximum for times close to 7, in agreement
with past studies [72]. But interestingly, below the mode-coupling crossover, the dynamics
becomes reproducible at shorter and shorter timescales. This means that the first events which
are responsible for the excess wing are increasingly predictible as T" approaches T, from above.
Whether the events which account for the excess wing can be deduced from structural indicators,
such as the ones in Ref. [373], is left for future work.

In the next section, we discuss the consequences of our results on the shape of the relaxation
spectra.

6.2 MICROSCOPIC ORIGIN OF THE SHAPE OF THE RELAXATION SPECTRA

Our findings, which hold down to T, reveal that the dynamics can be described by two
minimal ingredients, namely, dynamic heterogeneities at short times and subsequent facilitation.
The first events appear independently throughout the sample while facilitation terminates the
structural relaxation and it helps relaxing the slowest regions. Therefore, as far as the relaxation
spectra are concerned, this suggests that what is called an “excess wing” is actually not an
excess process but the very beginning of the a-relaxation. Instead, the a-peak stands for the
relaxation of larger regions of the sample via dynamic facilitation. As a result, the a-peak is
the one that should be rather considered to be in excess of an underlying broader distribution
of timescales. Facilitation compresses the latter distribution by fastening all the slowest regions
of the sample and this naturally leads to an excess a-peak. In Ref. [378], we have devised a
minimal facilitated trap model to explain the shape of the relaxation spectra and to confirm the
above scenario. It is minimal in the sense that it is only built on dynamic heterogeneities and
dynamic facilitation. The system is composed of a collection of traps. Each trap is characterised
by an energy E > 0 which is distributed according to a normalised distribution p(FE) and by
a relaxation time which is exponentially-distributed and of mean o e?F (with 8 the inverse
temperature), as in the original trap model [194, 416]. On top of this, we add facilitation in a
mean-field way (see Ref. [417, 418] for a real space version). Whenever a trap relaxes, all the
other trap energies are shifted by a random amount while leaving unchanged the equilibrium
distribution P(E) oc p(E)e’F of energies. A new relaxation time is then computed for each
trap from its new energy. These random energy kicks result in the diffusion of the traps in the
energy space towards the most probable energy and thus in a faster relaxation. The spectrum
of the trap model can be computed analytically without facilitation and it can be measured
numerically when facilitation is implemented. We have found that the high-frequency range is
unaffected while the low-frequency part is highly compressed. This results in a more compressed
a-peak in the presence of dynamic facilitation.

We can also confront our numerical results to the collection of models which have already
been introduced to describe the shape of the experimental dielectric spectra. First, we emphasise
that the model under study in this chapter is a simple size-polydisperse glass-former of spherical
particles. As a result, the coupling between the translation of the particles and an extra degree
of freedom is not needed to account for the excess wing. Of course, such a coupling can exist
and may lead to even richer spectra with additional processes which take the form of a 8-peak at
intermediate frequencies [419]. Instead, we have seen that the wing is due to small and localised
regions of mobile particles in a sea of quiescent particles, as already predicted by Johari and

3 As we simulate the equilibrium dynamics, the configuration at time ¢ is an equilibrium configuration
just like the initial configuration which is prepared with the swap algorithm.

165



VI. WATCHING 1 MILLISECOND OF THE EQUILIBRIUM RELAXATION IN SUPERCOOLED LIQUIDS

10'F (b) 2
1002
< 10—1 L
10~ rrdoef? nel®) ~ 10 3
il

:\\ Ll Lol Lol Lol PR L |
100 10t 102 10; 104 10° 106

Fic. VI.11 | (a) Relaxation spectrum x”(w) in systems which were equilibrated at a temperature
T; and subsequently aged at a temperature T = 0.062 during t,, = 2 x 10°. The curve for T; = 0.062
corresponds to the equilibrium curve, see FiG. VI.2. The spectra shift to lower values for a fixed
frequency w < 1073 when 7T; is decreased in agreement with the rarefaction of short-time processes
with increasing the glass stability. (b) Average number of clusters n.(t) of mobile particles (with the
same definition as in F1G. VI.6). The number of localised regions of mobile particles at short times
decreases for fixed time with increasing the stability, namely, with decreasing the initial temperature
T;. For both panels, the color legend is similar and it is given in panel (a).

Goldstein several decades ago [420-422]. However, the origin of these dynamic heterogeneities
at much shorter times than the bulk relaxation time has not been investigated to discriminate
between all the models which account for the excess wing and this is left for future work. The
short-time processes are likely to be activated but studying their nature and their characteristics
would be interesting. This could also allow for a more deeply understanding of the interplay
between the dynamic facilitation theory [112] and the random first order transition theory [122,
144].

APPENDIX A - SUPPRESSION OF THE “EXCESS WING” IN STABLE GLASSES

Experiments on aging systems [384, 385, 423, 424] or ultrastable glasses [82, 425] suggest
that the excess wings in the relaxation spectra are suppressed with increasing the stability
of the sample: both their amplitude and the absolute value of the exponent in the power
law decrease. To assess the influence of the glass stability on short-time processes, we have
first prepared ns = 100 equilibrium initial conditions via the swap algorithm at temperatures
T; = 0.07, 0.08, 0.10 close to and below the mode-coupling crossover. This variation in 7; allows
for probing systems with different degrees of stability. The swap algorithm is then turned off
and the configurations age at a temperature 7' = 0.062 during ¢,, = 2 x 105 by using simulations
in the canonical ensemble with a Nosé-Hoover thermostat. The aging time corresponds to about
one week of simulation. We have restricted ourselves to sufficiently large ty, in order to shift the
a-relaxation peak in the relaxation spectra outside the simulation window and in consequence
to maximise the frequency range over which the excess wing can be observed. We have also
checked that our measurements are not very sensitive to ty in the small range of values of ¢
that we can achieve with simulations of reasonable walltime (between one day and one week).
After this aging procedure, we have measured the relaxation function Fg(¢) and computed the
corresponding spectrum x”(w) by using the methods which are described in Sec. 2: we have
run conventional molecular dynamics simulations by starting from the aged configurations at
T = 0.062.
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The results are presented in Fia. VI.11. FiG. VI.11 (a) shows the relaxation spectra x”(w).
The curves shift towards lower values by one order of magnitude for a fixed frequency w < 1073
in the range of initial temperatures that we have investigated. In addition, the exponent of the
power law which fits the signal at intermediate frequencies smoothly decreases from o = 0.44 at
T; = 0.10 to 0 = 0.38 at T} = 0.062. Overall, this suggests that more stable glasses have weaker
short-time processes and they are thus the slowest to relax, which result in a smaller excess wing.
To understand the effect of glass stability, we show the number of clusters of mobile particles in
Fia. VI.11 (b) (with the same definition as in F1G. VI.6). The data clearly show that the number
of relaxation events is strongly suppressed with enhanced glass stability. In addition, the number
of clusters of mobile particles grows as a power law with time with a similar exponent as the
excess wing. These observations strengthen the connections we have made in Sec. 4 between the
first rare and localised regions to relax and the excess wing in the relaxation spectra. We thus
expect even more events at short timescales for very poorly annealed glasses [426, 427]. These
events are fully irreversible and of non-equilibrium nature and they may lead to a secondary
B-peak in the relaxation spectra.
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ARTICLE: STABLE GLASSY CONFIGURATIONS
V11 OF THE KOB—ANDERSEN MODEL THROUGH
THE SWAP MONTE CARLO ALGORITHM

The swap Monte Carlo algorithm allows for the preparation of highly stable glassy config-
urations for a number of glass-formers, but it is inefficient for some models, such as the much
studied binary Kob-Andersen (KA) mixture. This algorithm consists in exchanging the posi-
tions or equivalently the diameters of two randomly-chosen particles while respecting detailed
balance. However, in binary models, such as the KA mixture, the swap of unequal species is
almost always rejected because the difference in sizes is too large. Generalisations to the KA
model have been developed recently where the swap algorithm can instead be very effective.
These generalisations rely on the introduction of a small fraction of particles whose sizes inter-
polate between the sizes of the two types of particles in the binary mixture. In this chapter, we
show that these models can be used to considerably enhance the stability of glassy configurations
in the original KA model at no computational cost. We successfully develop several numerical
strategies both in and out of equilibrium to achieve this goal and we show how to optimise
them. We provide several physical measurements which indicate that the proposed algorithms
considerably enhance mechanical and thermodynamic stability in the KA model, including a
transition towards brittle yielding. Our results thus pave the way for future studies of stable
glasses by using the KA model.
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The work of this chapter is done in collaboration with A. D. S. Parmar. The results of this
chapter have been published in Ref. [428].
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1. INTRODUCTION

The swap Monte Carlo algorithm has become a powerful asset in the simulations of glass-
forming liquids for a broad (but incomplete) class of model glass-formers [54, 55, 429]. It
enables one to equilibrate supercooled liquids down to extremely low temperatures, even below
the extrapolated glass transition temperature [182]. In other words it allows one to explore
deeper regions of the free energy landscape in equilibrium configurations unlike other preparation
protocols like gradual cooling.

The Kob-Andersen (KA) model is a binary mixture of Lennard-Jones particles which was
devised to describe the generic physical properties of simple metallic glasses [430]. For this
well studied model, the swap Monte Carlo algorithm is however inefficient as the swap of unlike
species is almost always rejected [431]. Therefore, the simulation of the low-temperature proper-
ties of the KA model requires alternative methods, such as parallel tempering [432], simulations
on graphic cards [401, 432], ghost particle insertion [433], Wang-Landau algorithm [434], tran-
sition path sampling [433, 435], physical vapor deposition [436], or oscillatory shear [437-439].
However, none of these attempts could provide the type of speedup that the swap Monte Carlo
has provided in the models where it is efficient. There is thus a clear need to further develop
computational algorithms to produce more stable glassy configurations of the KA model.

Recently, generalised versions to the KA model have been introduced. They are called KA1
and KAy models, they are very similar to the original KA model, and for these models, the
swap Monte Carlo algorithm is very efficient [440]. The strategy relies on introducing a small
amount of additional species to the binary KA mixture to enhance the swap efficiency. This
strategy is likely to allow for the investigation of properties of simple metallic glasses down to
the experimental glass transition, but not for the KA model itself. In this chapter, we instead
demonstrate that the production of very stable configurations within the KA; model can in turn
be used to produce stable glassy configurations of the original KA model as well, for a modest
computational effort. The KA model is the most studied glass model and a huge number of
numerical tools have been developed for its analysis. Consequently, we aim at paving the way
for future studies of stable glass physics within the KA model.

In this chapter, we first define the various glass models we consider in Sec. 2. In Sec. 3, we
use histogram reweighting techniques to measure equilibrium properties of the KA model but
we show that equilibrium properties of the KA model can be deduced from simulations of the
KA1 model only for temperatures at which the KA model can be directly simulated. We thus
turn to non-equilibrium properties of KA glasses, as presented in Chap. I. In Sec. 4, we present
two annealing procedures to prepare stable configurations of the KA model from configurations
of the KA1 model whose stability we directly quantify in Sec. 5. We finally conclude in Sec. 6.

2. MODELS

We consider mixtures of particles ¢ = 1... N of different species which are characterised by
a number w; € [0,1]. The interaction potential between two particles ¢ and j is

12 6
v(rijlwi, wj) = 4w, [(:UJ]) - (:w]) ] : (VIL1)
) i

which depends on the distance r;; between the two particles. It also involves the interaction
strength Euwiw, and the cross-diameter Owiw;s which both depend on the types w; and w; of the
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two particles. The potential is truncated and shifted to 0 at the cutoft distance 2.50y,,., .

We focus on two related models. The first one is the standard Kob-Andersen (KA) model [430]
which is a 80:20 binary mixture of N4 particles of type A (with w; = 1) and Np particles of
type B (with w; = 0). The interaction parameters are: cap/caa = 1.5, epp/eaa = 1.0,
oap/oaa = 0.8, and opp/oaa = 0.88. Enmergies and lengths are expressed in units of €44
and 044 respectively, and the Boltzmann constant is set to unity. We denote by Hgka [rN | the
corresponding Hamiltonian of the KA model.

We also consider an extended version of the KA model (KA;) by introducing a small fraction
d = N¢/(Na + Np) of particles of type C which interpolate continuously between A and B
particles. More precisely, the C particles are characterised by a uniform distribution of w; €]0, 1],
while the A (resp. B) particles are still associated with the type w; = 1 (resp. w; = 0). The
Hamiltonian of the KA model is

1
Ha[r™] = 5 > v(riglws, wy), (VIL2)
i#]
where the sums run over all particles i,j = 1...N with ¢ # j, and where the additional

interaction parameters are:

Xiw, = wiXaa + (1 —w;)Xap,
Xow, =wiXap + (1 —wi)Xpp, (VIL3)
Xuiw; = wijXaa+ (1 — wij) XpB,

with X = o,e and with w;; = (w; + w;)/2 [440]. We also define the Hamiltonian Ho[r"] the
system would have if the C' particles with w; < 0.2 (resp. w; > 0.2) were taken as B (resp.
A) particles. Thus, Hg is the Hamiltonian of the corresponding KA model, which is given by
Eq. (VIL.2) where w; is replaced by w; = 1 — 0(1 — w;/0.2) and where 6(z) is the Heaviside step
function. Finally, we define

WIrN] = Ha1[rN] — Ho[r)] (VIL.4)

as the difference between the KA; and the KA energies for a given configuration of the KA,
model.

We study the KA; model with No = 5, Ny = 800 and Ng = 200 (so that 6 = 0.5 %), at
a number density p = 1.2 under periodic boundary conditions. The model is studied by using
the swap Monte Carlo algorithm [54]. With probability p = 0.2, the identity of a randomly-
chosen particle ¢ is exchanged with the one of another randomly-chosen particle j. Otherwise,
with probability 1 — p, a standard translational move is performed in which the position r; of a
particle ¢ is incremented by a random displacement d7; which is drawn in a cube of linear size
0.15 around the origin [441]. The choice of p has been optimised in order to maximise the swap
efficiency, i.e., the ratio between the relaxation time of the system to the simulation walltime.
Both moves are accepted according to the Metropolis rule [64, 293]. The position of the center
of mass is held fixed.

Due to the large difference in diameters between the A and B particles, the swap moves are
inefficient in the KA model [431], whereas the introduction of a small fraction of C' particles
makes the swap moves possible and results in a much faster relaxation [440]. The structural
relaxation time 7, of the system is defined as the time value at which the self-intermediate
scattering function for the whole system, with a wave number which corresponds to the first
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maximum in the total structure factor, decays to the value e~! (see Chap. VI). The a-relaxation
time is expressed in units of Monte Carlo (MC) steps, where 1 MC step corresponds to N
attempted moves. The lowest temperature for which we can ensure equilibration in the KA
model is T ~ 0.415, whereas for the KA; we can reach T ~ 0.36 for a comparable numerical
effort of 108 Monte Carlo steps. In terms of 7,, this represents a speedup factor of more than
10% over the standard KA model at the lowest temperature [440].

3. REWEIGHTING EQUILIBRIUM DISTRIBUTIONS
3.1 GENERAL FORMALISM

The aim of this chapter is to access the low-temperature properties of the KA model from
simulations of the KA; model only. We have seen in Chap. III that in computer simulations,
a system can be forced to sample untypical regions of the phase space. This is usually done
thanks to biased simulations, which rely on the umbrella sampling technique or which use
external sources that are coupled to well chosen collective variables [293, 305, 442]. By looking
at Eq. (VIL.4), one can identify the KA; model as a biased version of the KA model, where an
external field of amplitude equal to 1 has been coupled to the order parameter W. Therefore, by
using reweighting methods [294], we can potentially measure thermodynamic properties of the
KA model without actually simulating it. As we are able to thermalise the KA; model to lower
temperatures than the original KA model, we may be able to access low temperatures where
only the KA1 model can reach equilibrium.

In particular, we focus on the probability distribution of the energy in the standard KA
model

ArV§(E — Hya[rN])e PHralr "]

P(E) = (0(E — HKA) ) #a = -
/ gpN o~ BHKAl]

: (VIL5)

with 0(z) the delta function and (--- ), , the thermodynamic average at inverse temperature
B = T~! for the Hamiltonian Hxk. We then rewrite Eq. (VIL.5) by using quantities which are
defined within the KA; model, namely,

ArVs(E — N1\, —BHA [PV ]+AWr Y]
. _ Jartae -l O~ H)e™ ), ViLs
(B) - — _ B~ . (vLg)
/dr o~ BHAlN [+ BWIrN) (€ )2,

where now (---)y, stands for the thermodynamic average for the Hamiltonian H;. We have
used Eq. (VIL.4) and the fact that, by definition, Ho = Hka.

By introducing Pﬁ)(W) = (0(W — W))y, the probability distribution of W in the KA;
model, by using the trivial identity eV = i dwefW s (W — W) and the Kolmogorov definition
of a conditional probability [443], Eq. (VII.6) can be written as

/ AW Py (BIW) Py (W)Y
P(E) = : (VIL7)
/ aw PS) (W)W
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Fic. VIL.1 | (a) Probability distributions P(ll), P7(110) of energies 1 and H in the extended Kob-
Andersen (KA;) system at T' = 0.45 along with the reweighted probability distribution P(E) [Rew.]
of the energy for the Kob-Andersen (KA) model which is obtained from Eq. (VIL.7). The probability
distribution P(F) has also been directly measured in the KA model [KA] to check the quality of the

reweighting procedure. (b) Plot of Pé\l,)(W)eBW with (red) and without (black) umbrella sampling.
The vertical dashed line marks the limit of W in the unbiased Monte Carlo simulations of the KA1
model. (c) Relaxation time 7, of the system in the different umbrella simulations as a function of
W), w, » the average value of W.

where P7(-110)|W is the conditional probability of Hy given W in the KA; model. The two distri-
butions in the right-hand side of Eq. (VIL.7) can be measured in the course of a simulation of
the KA; model and can be subsequently reweighted to obtain the probability distribution of
the energy in the KA model in the left-hand side. Thus, in principle, the properties of the KA
model can be obtained without ever performing a simulation of the KA model itself but by only

working with the KA; model where the swap Monte Carlo works well.

In Fia. VIL.1 (a), we show the distributions of H; and Ho in the KA; model, for a tem-
perature 7' = 0.45 for which the relaxation time of the KA model is 7o /7Ton =~ 2 x 102, with
Ton = 3 x 103 the relaxation time at the onset temperature T,, ~ 0.70 of glassy behaviour (which
corresponds to the appearance of a two-step decay in the time dependence of correlation func-
tions). We also show P(F) which is directly measured in the KA model to assess the validity
of the reweighting procedure. The product Pé\l,)(W)eﬂw plays a crucial role in the reweight-
ing scheme as emphasised by Eq. (VIL.7). However, as shown in F1G. VIL.1 (b), this quantity
exponentially increases without bounds in the range of W that is being explored in a direct
simulation of the KA; model. This finding indicates that a direct application of Eq. (VIL.7)
is not possible with this set of data, as the tails of the distributions which are involved in the
various integrands are not appropriately sampled. This limitation becomes increasingly difficult
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to tackle when ¢ increases, which explains why we chose the smallest value 6 = 0.5 % that was
studied in Ref. [440].

3.2 UMBRELLA SAMPLING SIMULATIONS

To overcome this sampling issue, we need to force the system to visit untypical larger values
of W. To this end, we use umbrella sampling techniques [293, 442], as already implemented in
the study of glass-forming liquids in the Franz-Parisi setting, see Chap. I1I. We perform several
simulations of the KA1 model in parallel, and each simulation is run with a biased Hamiltonian
of the form

Hiw, [ = Ha[rN] + (W [P — Wh)?, (VILS8)

with k = 0.05 the strength of the bias, in order to be able to sample values of the energy
difference W around Wy € [—17.5,20]. By combining the different umbrella simulations, we can

extend the range over which ng‘w and Pé\lj) are measured. The former remains identical when
the phase space is sampled with the Hamiltonian H; y,. On the opposite, the latter is obtained

by histogram reweighting as
P (W) = Z(Wo) PLO) (W) efrW=Wo)?, (VIL9)

with PS,’WO) the probability density of W with the bias and Z(W}) an unknown normalisation
constant [364]. For two consecutive values of Wy, the ratio of these normalisation constants

can be estimated from the range of overlapping values of the biased probabilities [319, 320],
without resorting to the heavy machinary of WHAM (as used in Chap. III) [294, 317, 318]. We

first measure the unbiased probability distribution Pﬁ) which is well normalised. Then, for the
umbrella simulations which sample a range of VW which overlaps with the range of the unbiased
distribution, we tune the normalisation constant Z(Wp) in order for PS,) that is computed from
Eq. (VIL.9) to be “glued” so that it matches with the unbiased distribution on their mutual
range. This procedure is eventually iterated for the successive umbrella simulations. Finally,
the most accurate value is kept for each bin. In F1G. VII.1 (b), we show that PS)(W) exp(BW)
is now bounded with a maximum for W ~ 0. This implies that the integrals in Eq. (VIL.7) are
dominated by configurations with W ~ 0, i.e., KA-like configurations. After umbrella sampling,
Eq. (VIL7) can now be numerically evaluated to obtain an accurate estimate of P(E), see
Fi1a. VIL.1 (a).

We have shown that thermodynamic properties of the KA model can be computed from
simulations of the KA; model, which can involve the efficient swap moves. However, these
measurements rely on umbrella sampling simulations, and care must be taken that these biased
simulations are all performed in equilibrium conditions. To ensure a proper sampling in the
umbrella simulations, we measure the relaxation time 7, as a function of <W>H1,W0’ the average
value of W, see F1G. VIL1 (c). It turns out that 7, increases from its value in the KA; model
to its value in the KA model when <W>H1,wo ~ (, and it increases further for positive values.
The biased KA1 system visits KA-like configurations when <W>H1,Wo ~ 0, for which the swap
algorithm is inefficient, despite the fact that the acceptance rate of swap moves is actually very
high. This means that the frequently-accepted swap moves in the biased KA; model do not
accelerate the equilibration when sampling KA-like configurations.

Therefore, the strategy devised here does work correctly, and numerical results for the KA
model can be obtained without ever simulating it. However it can only be implemented at
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sufficiently high temperatures, as one needs to achieve equilibration times close to the one of the
KA model itself to implement the reweighting procedure. In other words, at equilibrium, we can
measure P(F) by using the KA; model only in a range of temperatures for which it can directly
be measured in the KA model as well, as a continuous chain of equilibrium simulations which
interpolate between the KA; and the KA models is needed. There is thus no computational
advantage. In the next section, we see how we can use equilibrium stable KA; configurations
to gain information about the KA model at low temperatures while relaxing the constraint to
remain in equilibrium conditions.

4. ANNEALING PROCEDURES TO GENERATE GLASSY KOB-ANDERSEN CONFIGURA-
TIONS

To produce useful results for the KA model by using only the KA; model, one needs to
smoothly transform KA, data into KA ones. If this is done in fully equilibrium conditions, a
bottleneck is necessarily encountered as the final steps involve being in equilibrium within a
system close to the KA model. This is always problematic, as the swap Monte Carlo algorithm
does not work well in this regime.

In this section, we again transform the KA results (which benefit from the swap algorithm)
into the KA ones (which do not), but we relax the constraint that the final configurations are
at equilibrium. To this end, we develop two annealing procedures to smoothly transform in
a finite amount of time very stable KA; configurations into KA ones. The hope is that the
gain in stability in the first steps is not completely lost during the annealing procedure, and in
consequence new regions in the free energy landscape of the KA model may be explored.

In method I, we perform simulations with the Hamiltonian 1w, and we linearly increase
the value of the bias Wy up to Wy = 0 (the system is then close to the KA model) in a total
number of Monte Carlo steps tyc. Initially, the value of Wy is set to the instantaneous value of
W in the initial configuration. We eventually switch the Hamiltonian to Hg, which is equivalent
to treating the final configuration as a genuine KA configuration. In this method, the KA; model
is thus gradually biased by using the umbrella sampling Hamiltonian in Eq. (VIIL.8) towards the
KA model.

In method II, we do not rely on umbrella sampling and we always use the unconstrained KA
Hamiltonian. We gradually convert the minority species C' particles into A or B particles, and
we therefore achieve the desired Hi — Ho annealing. In practice, we run simulations with the
Hamiltonian H; and at each MC step, with probability p,, = 1/50, we pick up one C particle at
random and we increase (resp. decrease) its type w; by a small increment dw if initially w; > 0.2
(resp. w; < 0.2). Otherwise, with probability 1 — p,,, we perform translational or swap moves
according to the procedure which is presented in Sec. 2. The increment dw is chosen so that
after an average number of tyj¢ MC steps, the C' particles are all converted into either A or B
particles. We can then switch the Hamiltonian to Hp, which is again equivalent to treating the
final configuration as a genuine KA configuration.

In both methods, we transform the KA; configurations into the KA configurations at a
constant temperature. More complicated annealing schemes could involve changing other pa-
rameters as well [444], but we remain at the least level of complexity for now. To compare the
relative efficiency of all our schemes, we use a similar computational effort for all the configura-
tions, which corresponds to a maximum simulation walltime of 2 weeks (about 10® Monte Carlo
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steps). Even though the annealing methods may look artificial regarding other preparation pro-
tocols (like gradual cooling or aging), the only thing that matters is that a genuine amorphous
KA glass is eventually obtained through the algorithm.

In order to implement our methods, we first prepare a series of equilibrium and glassy
configurations of the KA; model for which equilibration is ensured down to 7' = 0.36. To produce
glassy configurations at even lower temperatures, we quench several equilibrium configurations
at T = 0.36 to a range of lower temperatures instantaneously, down to 7" = 0.30. Each of
these glasses subsequently ages during ¢, = 10%. The equilibrium (for T > 0.36) and aged
(for T < 0.36) KA; configurations are then slowly annealed towards KA configurations by
using methods I and II. We use annealing times tyc from 9 x 10° to 7.5 x 107, to keep the
longest simulations to at most 102 Monte Carlo steps and to ensure a fair comparison between
all the protocols. To improve the statistics, we perform 30 independent simulations for each
temperature.

As a result of the annealing methods, we obtain an ensemble of KA configurations at various
temperatures, whose stability we can compare to direct simulations of the KA model over a sim-
ilar preparation timescale. For the comparison with directly prepared KA configurations, we use
either equilibrium configurations for 7' > 0.415 (lowest temperature for which the equilibration
is ensured) while for 7' < 0.415, we quench equilibrium KA configurations at 7' = 0.415 down
to the desired temperature instantaneously and we let them age for 108 Monte Carlo steps.

5. ENHANCED STABILITY OF THE ANNEALED GLASSY KOB-ANDERSEN CONFIGURA-
TIONS

In this section, we analyse the properties of the glassy KA configurations which are obtained
thanks to methods I/IT and we compare them to the standard aged KA glasses.

5.1 INHERENT STRUCTURE ENERGIES

Our first strategy to quantify the stability of the KA configurations is to quench them to
T = 0 and to record the inherent structure (IS) energy per particle. In FiG. VII.2, we show the
average energy of the IS per particle erg for (a) method I and (b) method II as a function of
the inverse temperature for three different annealing rates, which correspond to tyc = 9 x 10,
9% 10°% or 7.5 x 107 (and dw = 107%, 1075 or 1.2 x 1076 for method II). For a given rate, we have
checked the influence of the number of the C' particles. We have found that for concentrations
which are larger than 6 = 0.5 %, higher energy states are reached. This is why we only show
results for § = 0.5 %. In addition, we clearly see that the lower annealing rates give lower IS
energies at a fixed temperature.

As a matter of comparison, we show two additional data sets in F1G. VII.2. The first one
represents the average IS energy of the KA; model for the set of initial conditions which have
been described before. The second one corresponds to the IS energies which are directly obtained
in the KA model, as explained in the previous section. The annealing data clearly lie above the
data for the KA; model. This suggests that during the annealing procedure, some of the initial
stability which is gained via the swap Monte Carlo algorithm is lost. However, the annealed
states lie much below the IS energies of the KA configurations which are obtained by direct
aging for a comparable numerical effort. Overall, this suggests that the annealing procedures 1
and II at small rates lead to more stable KA states with lower IS energies.
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Fi1a. VII.2 | Average inherent structure energy per particle erg for the Kob-Andersen (KA) model,
the extended Kob-Andersen (KA;) model along with the energies for KA configurations which are
annealed by using (a) method I and (b) method II at different rates as a function of the inverse
temperature 7. The dashed blue line corresponds to ej¢(T") = a/T+b which fits the equilibrium data
for the KA model (with a and b adjustable parameters). Fictive temperatures of aged or annealed
KA configurations are determined via the intersection between the dashed-dotted horizontal lines
and the straight line fit of the equilibrium data for the KA model. The legend is similar for the two
panels and it is given in panel (b).

5.2 FICTIVE TEMPERATURES

To further quantify the stability of the annealed states, we estimate their fictive temperature
Tt. To this end, we fit the temperature evolution of the equilibrium IS energy of the KA model
as ejd(T) = a/T + b (with a, b fitting parameters), which is shown by the dashed blue line in
Fia. VIL.2 [188, 355].

We can then directly read-off the value of the fictive temperatures by the identification
ers = e%(T t). This is shown with the black and purple dashed-dotted lines in FiG. VII.2. We
find that in a direct KA simulation, the lowest IS energies correspond to Tt ~ 0.386, whereas
the lowest IS energies for methods I and II give Ty ~ 0.355. The latter is within 18 % of the
estimated experimental glass transition temperature for this system, namely, Ty ~ 0.30. These
fictive temperature values confirm the enhanced stability of the annealed KA configurations.

5.3 RELAXATION TIMESCALES

To determine the dynamic speedup which is gained by the above annealing protocols, we
convert the obtained IS energies (or equivalently fictive temperatures) into an equilibrium relax-
ation timescale. To do this, we first need to extrapolate the equilibrium relaxation time 7,(7")
of the KA model to lower temperatures, to infer relaxation timescales that are too large to be
directly measured [404]. We use a parabolic fit of the temperature dependence of 7,(T") [188],
namely, 7 ,(T) = To,pe‘l(l/Tfl/TP)2 (with 79 p, J and T}, adjustable parameters). Consequently,
for each value of the IS energy in Fic. VII.2, we determine the corresponding fictive temperature
Tt (thanks to the method of the previous section), and we compute the extrapolated a-relaxation
time 7, = 7o p(7) from the parabolic fit. In FiG. VIL.3, we display the parametric plot 7,(ers)
for IS energies at various temperatures, either by direct aging in the KA model or by annealing
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F1G. VII.3 | Parametric plot of the estimated relaxation time 7, versus the average inherent struc-
ture (IS) energy per particle e;s. The dashed line combines the estimate of 7,(7) by using a
parabolic fit with an affine dependence of eyg with 1/7". We can then report the IS energies which
are obtained by direct aging in the Kob-Andersen (KA) model, or by annealing the extended Kob-
Andersen (KA;) model with methods I and IT at the lowest annealing rate (tyc = 7.5 x 107), and
convert the IS energies into estimated relaxation times.

KA; configurations with the slowest annealing rate. The lowest IS energies which are obtained
for the annealed configurations provide much larger estimates of the corresponding relaxation
timescales, with a speedup factor of about 10 - 103. Therefore, we conclude that the speedup
factor which is obtained for the KA; model with § = 0.5 % translates into a similar speedup for
the original KA model, for an equivalent computational effort.

We recall that this very large speedup factor is obtained while keeping constant the total
computational timescale for the preparation of the KA configurations. In other words, the
speedup which is offered by the present algorithms is totally costless, unlike all the other methods
which have been described in the introduction. We did not attempt to combine this approach
to any other technique, such as parallel tempering, graphic cards, or longer simulation times.
This would provide even more stable configurations, at the expense of increased computational
time and, for some of these methods, a different scaling of the efficiency with system size.

5.4 CALORIMETRIC MEASUREMENTS

We next perform calorimetric measurements, in order to study the stability of the generated
glasses in the spirit of experiments on vapor-deposited ultrastable glasses [79, 445] (see Chap. I).
The idea is to monitor the onset temperature Ty at which the potential energy per particle e(T")
shows a brutal change of slope from its low-temperature glassy behaviour when the glass sample
is heated at a constant rate. Note that this temperature is different from the onset temperature
of glassy behaviour 7Ty, which has been mentioned before, as Tj is a non-equilibrium, rate-
dependent quantity while Ty, is measured at equilibrium.

In F1G. VIL4, we compare four different glasses at the same heating rate of 1076, The first
one is obtained from an equilibrium configuration at 7" = 1.36 which is subsequently cooled
at a constant rate of 1077. The second one represents a KA sample which is equilibrated at
T = 0.415 and which is subsequently aged at T' = 0.36 during t,, = 10%. Finally, the third and
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Fi1G. VII.4 | Potential energy per particle e of various glasses that are heated at a constant rate
1076: the liquid-cooled (LC KA) and the aged Kob-Andersen glasses show a relatively lower onset
temperature Ty, as compared to the glasses which are generated by the two annealing methods I
and II from the extended Kob-Andersen (KA;) model. The onset temperatures Ty are marked by
arrows. For the liquid-cooled glass cooled at a constant rate 10~7, the cooling curve is also displayed.

the fourth ones correspond to annealed samples which are prepared thanks to methods I/IT at
the same temperature 7' = 0.36 and the lowest annealing rate (with t\c = 7.5 x 107). For the
liquid-cooled glass, we estimate the onset temperature Ty = 0.56. The well aged KA sample
shows a moderately larger onset temperature, namely, Ty = 0.58, while the two annealed glasses
display a higher Ty = 0.65, which again reflects the much larger kinetic stability which is reached
by using our new annealing methods.

5.5 RHEOLOGY

We finally examine the stability of the annealed KA configurations against shear deformation.
The stability of glassy configurations has recently been shown to qualitatively affect the nature of
the yielding transition, with a sharp ductile-to-brittle transition with increasing the stability [85,
89, 446-448] (see also Chap. I). This transition is characterised by the emergence, in large-enough
systems, of a macroscopic discontinuity in the stress-strain curves, which is accompanied by the
formation of a macroscopic failure that takes the form of a system-spanning shear band. Despite
scores of rheological studies of the KA model, this transition has not been observed in this model
so far [448].

To study the rheology of stable KA configurations, we need to prepare larger configurations.
We first produce very large KA/KA; samples by replicating 3% systems of N = 1000/1005
particles to obtain larger samples of N = 27000/27135 particles. These replicated systems are
further aged for 10° MC steps at a temperature T = 0.36. The KA; samples are then annealed
to KA configurations by using both methods I and II, with tyc = 5 x 104, p, = 1/50 and
dw =5 x 1073, From these KA configurations, we perform a constant-volume athermal quasi-
static shear protocol in the zz-plane with a strain increment Ay = 10~* by using Lees-Edwards
periodic boundary conditions. Each strain increment is followed by an energy minimisation by
using the conjugate-gradient method.

In Fra. VIL5 (a), we present the stress-strain curves for three different samples for each
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Fia. VIL5 | (a) Stress-strain curves for aged Kob-Andersen (KA) and annealed samples with
methods I and II from the extended Kob-Andersen (KA;) mixture. We report three independent
loading curves for each case. The smooth stress overshoot of the aged KA glasses turns into a sharp
stress drop for the stable annealed samples. Snapshots of the non-affine displacement between
v=0and vy = 0.11 for (b) a KA sample, (c) an annealed sample with method I and (d) an annealed
sample with method II. The color of the particles encodes the absolute magnitude of their non-affine
displacement in units of o 44.

of the three different preparation protocols (aged KA, methods I and II). In all cases, upon
increasing the strain, we observe an elastic regime, a weakening due to small plastic events, a
stress drop at the yielding transition, and finally a steady-state regime at large deformations.
For the aged KA samples, the yielding transition after the stress overshoot is the result of several
plastic events, which result in a modest stress drop and a relatively homogeneous strain field, see
snapshot in F1G. VIL5 (b). The two annealing protocols provide KA samples with a much lower
fictive temperature. This results in unique, sharp and macroscopic stress drops in the stress-
strain curves of all the samples, which are associated with system-spanning shear bands that are
formed within a single energy minimisation, and a highly heterogeneous plastic deformation field,
see snapshots in F1G. VIL5 (c)-(d). The strong shear localisation at the yielding transition is
correlated with the increased stability of the system [85, 89, 446-452], which further confirms that
the proposed annealing methods produce highly stable KA glass configurations and complement
other preparation protocols, like cycling shear at a finite temperature and a finite shear rate [437].

6. CONCLUSIONS

In this chapter, we have examined the possibility of using the speedup which is offered by
the swap Monte Carlo algorithm in the extended Kob-Andersen (KA;) model to access low
energy states in the original Kob-Andersen (KA) model where swap moves are inefficient. An
equilibrium method introduces a bottleneck with equilibration times that are as large as in
the original KA model and therefore this method does not provide any significant speedup. We
have however introduced two non-equilibrium annealing methods that produce very stable glassy
configurations of the KA model at equivalent computational cost, with a speedup of about 2-3
orders of magnitude. The achieved glass states have a significantly lower inherent structure
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energy than the one of the glasses which are obtained by direct aging in the KA model, they
also have lower fictive temperatures, and calorimetric properties that indeed correspond to an
enhanced kinetic stability.

The behaviour under shear of the glassy configurations which are obtained thanks to our
new protocol is also consistent with an enhanced stability as compared to aged configurations.
In particular, our results demonstrate that brittle yielding can now be analysed in computer
simulations of metallic glasses as well as in experiments, and especially in the KA model which
is one of the most studied models. More precisely, we have demonstrated that the behaviour
of KA glasses can turn from ductile to brittle by tuning the degree of annealing of the configu-
ration before shearing. This result was first shown in size-polydisperse soft sphere systems [85]
(see Chap. I), and now in the KA model which mimics metallic glasses with a small number
of components. As a consequence, this new possibility opens interesting research avenues to
understand, for instance, the correlation between the deformation in the brittle regime and dif-
ferent structural indicators, such as the ones which were studied in Ref. [373], but also locally
favoured structures which are well documented in the KA model [363, 453]. In addition, within
the KA model, the influence of the attractive interaction forces between the particles on the
yielding behaviour could be investigated, by a direct comparison with a purely repulsive model,
namely, a model of particles which interact via the Weeks-Chandler-Andersen (WCA) poten-
tial [454]. These attractive forces are known to affect the equilibrium behaviour of glass-forming
liquids quantitatively [455] and experiments suggest that the rheology of attractive glasses is
also quantitatively different from their repulsive counterparts [456].

We have thus developed a computationally cheap method to produce KA glassy configura-
tions that are very stable, although being out of equilibrium, and which belong to regions of
the landscape that cannot be accessed by direct simulations of the KA model. Unlike parallel
tempering, transition path sampling, or ghost insertion method, the methods which are pro-
posed here scale very well with system size, and they are conceptually very simple. The present
algorithm thus out-performs these more complicated algorithms. This strategy is generic, and
it can be implemented in other glass-formers with a small number of components. In addition,
combining the annealing methods with a parallel tempering scheme or graphic card simulations
would allow for the production of even more stable systems. These would prove useful for further
investigations of physical properties of highly stable metallic glasses by using the well studied
KA model.
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This work has addressed several questions regarding the concept of metastable state which is
central in the mean-field theory of the glass transition and its finite-dimensional version, namely,
the random first order transition theory. Supercooled liquids and glasses are believed to evolve
in very rugged free energy landscapes with an exponentially large number of minima which
control their low-temperature properties from the thermodynamic and the dynamic points of
view. As a result, supercooled liquids and glasses share similarities with other current research
topics, e.g., jamming [457] or machine learning [458].

1. THE THERMODYNAMICS OF CONSTRAINED GLASS-FORMING LIQUIDS
1.1 CONCLUSIONS

In Chap. I, we have first reviewed the concept of metastable states at the mean-field level.
Their number sharply becomes exponential in the system size below the mode-coupling (dynam-
ical) transition temperature, it decreases with decreasing then temperature and eventually gets
sub-exponential in the system size at the Kauzmann transition temperature where a genuine
thermodynamic phase transition to an ideal glass phase occurs. In Chap. II, we have then re-
viewed the Franz-Parisi construction in which one considers a supercooled liquid whose overlap
or similarity with a quenched reference configuration of the same supercooled liquid is linearly
coupled to a field €. In this setting, the existence of metastable states directly translates into
a thermodynamic first order phase transition line from a delocalised phase of low overlap to a
localised phase of higher overlap which emerges from the random first order transition point at
T = Tk and € = 0 and which ends in a critical point at a higher temperature T' = T, and a finite
field € = €. in the phase diagram (¢,T") of glass-forming liquids.

In Chap. III, we have performed computer simulations in 2d and 3d by using importance
sampling techniques and reweighting schemes to study the fate of the phase diagram (e, 7).
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Thanks to an original finite-size scaling analysis, we have revealed that the phase transition and
the critical point which are predicted at the mean-field level survive the introduction of finite-
dimensional fluctuations in 3d and are ruled by the physics of the random-field Ising model
(RFIM). In 2d instead, any transition is smeared out in the thermodynamic limit because the
disorder destroys long-range order. Overall, our study reveals that mean-field results are robust
in finite dimensions despite the fact that metastable states are no longer well defined in physical
dimensions. This also strengthens the connection between glass-forming liquids and the RFIM
which has been reported in different contexts.

In Chap. IV, we have studied the role of the tolerance length in the definition of the overlap,
i.e., the small displacement of the particles which is authorised to consider that two liquid
configurations are similar and that they belong to the same “metastable state”. We have shown,
within the hypernetted chain approximation of liquid-state theory, that the dynamical transition
and the Kauzmann transition are independent of the tolerance length which defines the overlap
but the whole phase diagram of constrained supercooled liquids for finite € does depend on it, in
particular the location of the first order transition between the delocalised and localised phases
and the associated critical endpoint. The latter result has been confirmed thanks to computer
simulations. From a practical point of view, a clever choice of the coarse-graining length could
push the critical point and the first order phase transition higher in temperature to more easily
sample them. From a more conceptual point of view, the variation of the phase diagram with the
coarse-graining length gives information about the structure of the coarse-grained free energy
landscape. In particular, the definition of “metastable states” in finite dimensions depend on
the tolerance length in the definition of the overlap and so do the configurational entropy and
the point-to-set length.

In Chap. V, we have studied the spatial fluctuations of the Franz-Parisi potential by biasing
the local overlap between a configuration of a model glass-forming liquid and a reference config-
uration of the same liquid with a field. We have shown large spatial fluctuations of the field in
order to localise a given patch of a liquid close to the reference configuration, namely, to force a
large local overlap. The measure of these spatial fluctuations thus represents a quantitative as-
sessment of the “self-induced” disorder in glass-forming liquids. We believe that the distribution
of the localising field accounts for the spatial fluctuations of the local configurational entropy
and also of the local surface free energy penalty due to the mismatch in density profiles be-
tween the constrained cavity when close to the reference configuration and the free exterior. We
have finally paved the way towards a quantitative assessment of the correlation between these
thermodynamic local fluctuations with structural indicators of the reference configurations and
the dynamic propensity when measuring the bulk equilibrium or melting dynamics from the
reference configurations.

1.2 PERSPECTIVES

We have presented the first finite-size scaling analysis of the constrained thermodynamics of
supercooled liquids in the quenched Franz-Parisi setting. Repeating the complete analysis for
different model glass-formers would be interesting as the existence and the location of the phase
transitions in constrained supercooled liquids are expected to depend on the strength of the
“self-induced” disorder. The comparison of different liquids could further confirm the relation
between glass-forming liquids and the RFIM but also could allow for a quantitative comparison
of the effective disorder in different glass-formers. This measure of “self-induced” disorder could
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eventually be related to other properties of the equilibrium supercooled liquid or of the glass
phase. For instance, more intrinsically-disordered liquids are expected to be strong with an
Arrhenius-like increase of the a-relaxation time when decreasing the temperature while less
intrinsically-disordered liquids may display a super-Arrhenius behaviour [207]. In addition, we
have already reported in Chap. I that the yielding behaviour of glasses depends on the stability
of the initial state which behaves as an effective source of disorder [85]. It could be interesting
to compare models of different intrinsic disorder for a fixed kinetic stability.

Considering the pinning case could also be interesting: a fraction of particles ¢ is pinned
to its position in an equilibrium configuration at a temperature Ty which can be equal to the
temperature of the constrained liquid or which can be held fixed [246]. The pinning protocol
shares similarities with the Franz-Parisi setting, in particular the existence of phase transitions
in the plane (¢,T) and of a critical point which should also be in the universality class of the
RFIM [250]. However, the nature of the first order transition line is different: it is a random first
order transition rather than a conventional first order transition. Our study could potentially
inspire work in this direction too.

Our work has also raised questions regarding the measure of the configurational entropy or
the point-to-set length in finite dimensional systems. From our comparison between mean-field
calculations and computer simulations, we expect that both quantities depend on the observable
which is used. In particular, when they are computed from the overlap and the Franz-Parisi
potential, they may vary with the tolerance length which is involved in the definition of the
overlap. Investigating this dependence in a systematic way would be valuable to reinforce our
understanding of these quantities but also of the definition of the metastable states in finite
dimensions.

Finally, we have been able to go beyond the bulk behaviour of supercooled liquids in order
to assess the local fluctuations of the field to localise a given region of the liquid close to a
reference configuration (hence to assess local fluctuations of the configurational entropy). In the
random first order transition theory, the regions of higher configurational entropy (or localising
field) are expected to be faster to relax. As a consequence, assessing the connections with
the dynamics could be interesting through the iso-configurational ensemble construction. In
particular, one could ask whether these local thermodynamic fluctuations are predictive of the
dynamics and over which timescales and lengthscales. This is a direction of study that we are
currently investigating.

2. THE DYNAMICS OF SUPERCOOLED LIQUIDS CLOSE TO THEIR GLASS TRANSITION

2.1 CONCLUSIONS

In Chap. VI, we have for the first time studied the dynamics of supercooled liquids close
to their glass transition temperature by using computer simulations. We have been able to
compute relaxation spectra which are similar to what is usually measured in experiments. We
have shown that the excess wing which appears in the spectra close to the glass transition
temperature directly originates from dynamic heterogeneities at very short times with respect
to the bulk relaxation time. These heterogeneities are formed by rare and small clusters of
mobile particles. The appearance time of these clusters is power law distributed on several
decades and this directly accounts for the existence of excess wings in the relaxation spectra.
The relaxation of the bulk then proceeds via mobility percolation in the entire system from these
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initially relaxed regions. Mobility invasion relies on dynamic facilitation with mobile particles
which undergo multiple relaxations but also which help their neighbours relaxing.

2.2 PERSPECTIVES

Our work has provided a clear description of how relaxation proceeds at low temperatures
in bulk supercooled liquids. But the nature of the first events which populate the excess wing
remains elusive. They are likely activated but their characterisation could be valuable. For
instance, what is their activation (free) energy? Are they simple events which are performed by
individual particles and which correspond to barrier crossings or are they already complicated
and collective processes? We have shown that the first relaxation events should be increasingly
predictible as the temperature is decreased, consequently are their locations related to static
properties which are encoded in the structure of the initial configuration?

Another line of questions concerns the relative role of facilitation as the temperature is
decreased. In particular, our results are in contradiction with the findings of Ref. [414] which
indicate that the effect of facilitation decreases as the temperature is decreased while activation
becomes more important. However, this difference might be explained by the fact that the
analysis of Ref. [414] relies on very different tools from ours. The investigation of several models
of glass-forming liquids at very low temperatures could help solving this paradox and clarifying
the temperature evolution of the facilitation processes.

3. THE PROPERTIES OF THE NON-EQUILIBRIUM GLASS PHASE
3.1 CONCLUSIONS

In Chap. VII, we have studied an extended version of the Kob-Andersen model in which the
swap algorithm is efficient to go deeper in the free energy landscape, contrary to the original
model. We have shown that some equilibrium properties of the original model can be computed
from simulations in the extended model, but this can only be achieved at temperatures at which
we can directly simulate the Kob-Andersen model, hence decreasing the interest of the method.
However, if we relax the requirement to remain at equilibrium, we have shown that annealing
schemes allow for transforming stable equilibrium configurations of the extended Kob-Andersen
model into glassy configurations of the original model which are more stable than configurations
that are obtained by direct aging for equivalent simulation walltimes. The stability of the
new generated Kob-Andersen glasses has been revealed by several indicators, including lower
inherent structure energies and fictive temperatures, brittle yielding and higher non-equilibrium
onset temperatures upon heating.

3.2 PERSPECTIVES

The Kob-Andersen model represents the archetypal computer model of metallic glasses with
a few number of components. Computer simulations have been mostly unsuccessfull to produce
stable metallic glasses so far or they require advanced simulation techniques, but we have filled
this gap. In consequence, properties of stable metallic glasses are now reachable in the context
of numerical studies, for instance brittle yielding or melting. In addition, as the Kob-Andersen is
the most studied model of glasses, many different properties are largely documented in the litera-

184



VIII. CONCLUSIONS AND PERSPECTIVES

ture. For instance, locally favoured structures have been reported, but also the non-perturbative
effects of the attractive component of the interaction potential between the particles have been
scrutinised. The non-equilibrium behaviour of stable glasses could thus be confronted with these
properties.
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1. MOTIVATIONS

Dans le Chap. I et le Chap. II, nous présentons le contexte de recherche de la these. Nous
commencons par la phénoménologie de la transition vitreuse puis nous introduisons la théorie
champ moyen qui décrit le comportement vitreux des verres de spin avec désordre gelé et depuis
plus récemment les liquides surfondus (refroidis sous leur point de fusion sans cristalliser) en
dimension infinie. Finalement, nous décrivons les premiers éléments d’une théorie de la transition
vitreuse en dimension finie s’appuyant sur des concepts champ moyen connue sous le nom de
théorie RFOT (Random First Order Transition).

Nous commencons par rappeler les principaux éléments factuels associés a la transition vit-
reuse. Cette derniére concerne une grande variété de matériaux caractérisés par une croissance
significative (au moins exponentielle) de leur temps de relaxation ou de leur viscosité lorsqu’un
parametre de controle (typiquement la température) est diminué sur un faible intervalle. Lorsque
le temps de relaxation 7,(7") excede le temps typique de I'expérience ou de la simulation, le sys-
teme tombe hors d’équilibre et forme un matériau solide amorphe, c’est-a-dire un verre. Il
n’existe pas de définition rigoureuse de la température de transition vitreuse, car cette derniere
dépend du protocole (par exemple la vitesse de refroidissement du liquide) et du temps typique
d’observation. Seule une définition empirique et pragmatique peut étre donnée, et on choisit
usuellement 7,(Ty) = 10? s (sachant que le temps de relaxation a haute température est de
I'ordre de 10712 s 3 10710 ).

Non seulement le temps de relaxation augmente de facon significative, mais la dépendance
temporelle des fonctions de corrélation a ’équilibre évolue a mesure que la température diminue.
Ces derniéres, notamment la fonction de corrélation des fluctuations de densité (fonction de
diffusion intermédiaire), passent d’une relaxation exponentielle sur une échelle de temps de
I’ordre d’1 ps a haute température a une relaxation en deux étapes a plus basse température avec
une premiére relaxation partielle vers un plateau sur une échelle de temps de I’ordre de 1 ps suivie
par une seconde relaxation structurelle o dont le temps de relaxation varie sur plusieurs ordres
de grandeur a mesure que la température diminue. La seconde relaxation devient également de
plus en plus étirée a mesure que la température diminue. Il en est de méme des spectres de
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relaxation qui sont reliés aux fonctions de corrélation par le théoréme de fluctuation-dissipation
A Dléquilibre. A haute température, les spectres sont constitués d’un seul pic assimilable &
une Lorentzienne & environ 100 GHz. A plus basse température, les spectres montrent deux
pics, un a hautes fréquences correspondant a la premiere étape de la relaxation sur un temps
microscopique, suivi par un second pic « qui se décale vers les basses fréquences a mesure que
la température diminue et qui s’élargit. Proche de la température de transition vitreuse 7,
le spectre de relaxation s’enrichit encore davantage avec I’émergence d’un signal & fréquences
intermédiaires entre le pic microscopique et le pic a (excess wing). Ce signal est dit en exces,
car si on modélise le pic a par une fonction de relaxation usuelle (Cole-Davidson ou Havriliak-
Negami), le signal a fréquences intermédiaires se situe au-dessus de la modélisation. Ce signal
aux fréquences intermédiaires n’apparait que proche de la transition vitreuse et n’a été observé
que dans des expériences qui manquent d’une résolution a 1’échelle élémentaire (nanoscopique
pour les verres structuraux). Ainsi, il n’existe pas de consensus quant & son origine.

La transition vitreuse est une transition dynamique, mais il est légitime de se demander si elle
n’est pas due a une transition thermodynamique sous-jacente, avec un temps de relaxation qui
divergerait a une température inférieure a la température de transition vitreuse expérimentale
dont la définition est purement empirique. Il y a 70 ans, Kauzmann a mis en évidence que
I’entropie d’exces représentant la différence entre ’entropie du liquide surfondu et ’entropie
du cristal & la méme température variait de fagon significative et s’annulait & une température
en dessous de la température de Kauzmann Tk < T,. Cette entropie d’exceés a par la suite
été interprétée comme étant une entropie de configuration quantifiant le logarithme du nombre
d’« états amorphes » accessibles au liquide dont I'annulation suggere ’existence d’une transition
de phase thermodynamique vers une phase ot un seul état amorphe est possible, celui du verre
idéal. Méme si cette interprétation de ’entropie d’exces n’est pas rigoureuse, elle a motivé de
nombreux travaux théoriques aboutissant a la théorie champ moyen de la transition vitreuse
dans laquelle cette « crise entropique » se produit de facon exacte.

La théorie champ moyen des liquides surfondus décrit la thermodynamique et la dynamique
des liquides en dimension infinie. L’étude de la dynamique montre que le temps de relaxation
augmente en loi de puissance a basse température et diverge a une température finie dite de
transition dynamique Ty4. Sous cette température, I’espace des phases se scinde en un nombre
exponentiellement grand de composantes appelées états métastables et dans lesquelles le liquide
reste piégé indéfiniment. Pour T" < Ty, le temps de relaxation du liquide est véritablement infini,
I’espace des phases ne peut pas étre exploré de maniere ergodique et les états métastables sont
donc rigoureusement définis. Physiquement, ces états métastables correspondent & un ensemble
de configurations caractérisées par un méme profil de densité moyen. En champ moyen, les états
métastables contrélent la dynamique, la thermodynamique et les propriétés hors d’équilibre des
verres. Le logarithme de leur nombre, I’entropie de configuration, peut étre calculé exactement,
et devient positif de fagon discontinue a T' = Ty. Il décroit quand la température diminue jusqu’a
atteindre une seconde température dite de transition statique et notée Tk en lien avec les travaux
de Kauzmann ou ’entropie de configuration s’annule. A cette température, il se produit en
champ moyen une véritable transition de phase thermodynamique de la phase liquide a la phase
vitreuse idéale. Un bon parametre d’ordre de cette transition est le degré de similarité ou le
recouvrement (overlap) entre configurations d’équilibre du liquide, qui saute de fagon discontinue
a T = Tk d’une valeur proche de 0 a une valeur proche de 1 quand la température diminue.

Une fois le bon parametre d’ordre obtenu, il est naturel de définir I’énergie libre de Landau
associée. Cette derniére décrit le cotit en énergie libre des fluctuations du recouvrement entre
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le liquide et une configuration de référence de méme liquide, moyenné sur les configurations
de référence. Dans le contexte de la transition vitreuse, cette fonction de grande déviation
s’appelle le potentiel de Franz-Parisi (FP). Toute la thermodynamique des systémes vitreux
est alors élégamment décrite par 'évolution en température du potentiel de FP. A T = T,
celui-ci a deux minima de méme profondeur correspondant & des valeurs de recouvrement entre
configurations d’équilibre proches de 0 et de 1. Le premier décrit le liquide et le second le
verre idéal. Quand T > Tk, le minimum de haut recouvrement devient métastable vis-a-vis du
liquide. La différence entre les deux minima pour Ty < T' < Tk représente le cofit en énergie libre
pour localiser le liquide proche de la configuration de référence et est donc égal par définition a
I’entropie de configuration multipliée par la température. Le minimum secondaire du potentiel
de FP disparait en un point col pour T' = Ty reflétant la disparition des états métastables.
Néanmoins, le potentiel de FP reste non convexe jusqu’a une température T, > Ty. Finalement,
por T > T, le potentiel de FP est convexe avec un seul minimum correspondant a un faible
recouvrement entre configurations d’équilibre et décrivant la phase liquide.

La théorie champ moyen de la transition vitreuse donne un cadre complet pour décrire les lig-
uides surfondus. En particulier, elle indique que la transition vitreuse dynamique s’accompagne
d’une signature thermodynamique, mais qui est inaccessible a I’équilibre. Cependant, en cou-
plant le recouvrement entre configurations d’équilibre & un champ e, il est possible de stabiliser
la phase de haut recouvrement (vitreuse) a haute température. Les résultats de calculs champ
moyen montrent qu’une ligne de transition de phase du premier ordre dans le plan (e, T") émerge
de la transition vitreuse thermodynamique en champ nul (e = 0 et T'= Tk) et s’achéve par un
point critique a plus haute température et a champ non nul (e, 7t). Cette température critique
correspond a la température a laquelle le potentiel de FP devient strictement convexe. En par-
ticulier, elle se trouve dans un régime accessible a ’équilibre (T, > Tq) et est la conséquence
directe d’une crise entropique a plus basse température. Ainsi, la thermodynamique contrainte
de liquides surfondus rend observable en champ moyen les modifications non triviales du paysage
d’énergie libre.

La description théorique des liquides en dimension finie est nettement plus ardue que la
théorie champ moyen. Cela vient du fait que les états métastables ne sont plus définis de fagon
rigoureuse dans ce cas : leur durée de vie est finie et leur extension spatiale est limitée. Cela
implique notamment que la transition dynamique est évitée en dimension finie et I'ergodicité
est restaurée probablement jusqu’a T = Tk grace a des processus activés qui permettent au
liquide de s’échapper des états métastables. Le liquide pour T' < Ty est alors schématiquement
décrit par une mosaique de sous-éléments de taille typique égale a la longueur de corrélation
statique (point-to-set), chaque portion du liquide étant dans un état métastable bien défini.
Cette longueur statique &ppg(7') décrit extension spatiale de 1'ordre amorphe dans un liquide.
Elle croit & mesure que la température diminue et diverge a T' = Tk si la crise entropique survit
a lintroduction des fluctuations inhérentes a la dimension finie. Par conséquent, l’entropie
de configuration n’est rigoureusement définie que pour des échelles de longueur inférieures a
&prs(T) et fluctue probablement spatialement dans le liquide. Certaines régions sont alors
caractérisées par une entropie de configuration locale plus faible et sont donc susceptibles d’avoir
un recouvrement plus grand avec la configuration de référence. Ainsi, ces fluctuations spatiales
de l'entropie de configuration représentent un champ aléatoire couplé au recouvrement. La
description de la thermodynamique des systémes vitreux en dimension finie nécessite donc de
batir une théorie des champs du recouvrement entre configurations d’équilibre et qui tient compte
du désordre auto-induit. Des premieres avancées ont été faites dans cette direction ces dernieres
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années. Notamment, il est attendu de nombreuses analogies avec le modele d’Ising en champ
aléatoire (RFIM).

Le travail de cette these participe a l'effort de définir et d’étudier les propriétés des états
métastables, ainsi que de déterminer leur pertinence dans la thermodynamique et la dynamique
des liquides surfondus en dimension finie par le prisme des simulations numériques et des calculs
analytiques. La description des résultats obtenus est 1’objectif de la section suivante.

2. RESUME DES RESULTATS OBTENUS

2.1 THERMODYNAMIQUE CONTRAINTE DES LIQUIDES SURFONDUS

Dans le Chap. II, nous étendons les études analytiques du p-spin sphérique, un modele
champ moyen de verre de spin dont la thermodynamique et la dynamique sont similaires a celles
des liquides structuraux, avec I'existence d’une transition dynamique et d’une transition statique
associées a des non-convexités du potentiel de FP. Nous considérons la possibilité d’échantillonner
les configurations de référence a une température Ty fixée et différente de la température T' du
liquide pour calculer le recouvrement du liquide. Nous montrons une diversité de diagrammes
des phases (¢, T) quand le recouvrement entre le liquide a température 7" et la configuration de
référence préparée a T est couplé linéairement & un champ €, et nous mettons notamment en
évidence que la ligne de transition de phase du premier ordre et le point critique pour € > 0 se
produisent a plus haute température quand Ty est choisie entre Ty et Tk. Ces résultats seront
utilisés dans le chapitre suivant afin de faciliter I’étude de la thermodynamique contrainte des
liquides surfondus en dimension finie par les simulations numériques. Par la suite, nous allons
au-dela du comportement moyen et nous étudions analytiquement les fluctuations du potentiel
de FP. Nous montrons que pour toute valeur de Ty, le point critique contraint (e.(7p),7c(To))
est décrit par la classe d’universalité du RFIM et nous montrons comment le désordre effectif
varie avec la température de la configuration de référence.

Dans le Chap. I1I, nous étudions le diagramme des phases (¢,7') d’un liquide surfondu mod-
éle en dimensions d = 2, 3 par le biais de simulations numériques. Les résultats sont en majorité
obtenus pour une température Ty prise suffisamment basse afin de déplacer tous les éléments
potentiellement intéressants du diagramme des phases & plus haute température. Ces configu-
rations sont facilement générées a 'aide de 'algorithme du swap récemment développé et qui
permet d’équilibrer des liquides surfondus a des températures inférieures a la température de
transition vitreuse expérimentale (correspondant & une augmentation du temps de relaxation
microscopique de 12 ordres de grandeur par rapport a sa valeur a plus haute température ou le
comportement vitreux commence & se manifester). Les résultats pour le cas T' = Tj sont égale-
ment présentés en annexe. Pour explorer le diagramme des phases (¢,7T') et pour calculer avec
précision les propriétés thermodynamiques des liquides surfondus contraints, nous utilisons des
techniques d’échantillonnage avancées, a savoir I’échantillonnage parapluie (umbrella sampling)
et la repondération d’histogrammes (histogram reweighting), qui permettent de déterminer les
propriétés d’équilibre pour € > 0 par le biais de simulations a € = 0 seulement. Ceci est mo-
tivé par le fait que proche d’un point critique et d’une transition de phase du premier ordre,
I’exploration ergodique de ’espace des phases n’est plus garantie. Nous constatons que les mod-
eles a la fois en dimensions d = 2 et d = 3 présentent la phénoménologie de la théorie champ
moyen dans des systéemes raisonnablement petits. En particulier, le potentiel de FP est non
convexe tandis que les isothermes du recouvrement en fonction du champ € et les distributions
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de probabilité du parametre d’ordre deviennent bimodales a basses températures. Tout ceci est
cohérent avec ’existence d’une transition de phase du premier ordre se terminant a un point
critique a plus haute température. Cependant, en dimensions finies, d’'importants effets de taille
finie sont attendus a proximité d’une transition de phase du premier ordre ou d’un point cri-
tique. Ainsi, nous effectuons une analyse en taille finie (finite size scaling) approfondie et nous
étudions I’évolution de la distribution de probabilité du parametre d’ordre et des susceptibilités
en fonction de la taille du systeme. Cela nous permet de démontrer 'existence dans la limite
thermodynamique d’une ligne de transition du premier ordre en champ aléatoire pour € fini
terminée par un point critique dans la classe d’universalité du RFIM en 3d. A linverse, le
systeéme a 2d ne présente aucune transition dans la limite thermodynamique, en cohérence avec
la classe d’universalité du RFIM dont la dimension critique inférieure est égale a 2. Le com-
portement critique RFIM est confirmé par 1’étude de la dynamique du liquide contraint en 3d
au voisinage de son point critique, qui est compatible avec une relaxation activée. Les résultats
de ce chapitre montrent donc que la théorie champ moyen et sa généralisation par la théorie
statistique des champs est remarquablement robuste en dimensions finies. En particulier, ils
impliquent ’absence d’une transition de Kauzmann en 2d a température finie alors qu’a 3d ils
ne contredisent pas l’existence d’une transition vitreuse thermodynamique a T > 0. Ce travail
a donné lieu a une publication [283] et sera ’objet d’une seconde publication prochainement.

Dans le Chap. IV, nous étudions précisément la définition du parametre d’ordre de la tran-
sition vitreuse thermodynamique, a savoir la similarité ou recouvrement entre configurations
d’équilibre. Dans les liquides, la définition du recouvrement implique une longueur de tolérance
a, généralement une fraction du diametre moyen des particules, associée au déplacement typ-
ique autorisé pour considérer que deux configurations doivent appartenir au méme « état mé-
tastable ». Dans le Chap. III, les simulations numériques ont été menées en choisissant une
longueur de tolérance « raisonnable » mais aucune étude n’a été menée pour étudier systéma-
tiquement son influence sur les fluctuations du recouvrement entre configurations d’équilibre, et
notamment sur les transitions statique a Tk et dynamique a Ty ainsi que sur le diagramme des
phases (¢, 7). Nous montrons d’une part que les positions des transitions dynamique et statique
sont indépendantes de a. D’autre part, nous mettons en évidence que la ligne de transition de
phase du premier ordre pour € > 0 et le point critique & (e.,7t) dépendent de fagon non triviale
de a. Les résultats de ce chapitre sont en premier lieu obtenus en champ moyen en utilisant une
approximation de la théorie des liquides, a savoir ’approximation de la chaine hyper-réticulée
(HNC). Ils sont par la suite confirmés par des simulations numériques analogues a celles du
Chap. III. Ils suggerent notamment qu’une plage de valeurs de a inférieure a celle usuellement
considérée maximise la température T.. D’un point de vue pratique, cela permettra d’accélérer
les simulations numériques pour ’étude de la thermodynamique contrainte des liquides dans le
futur. D’un point de vue plus conceptuel, cela suggere 1’existence d’une échelle de température
supérieure a Ty sous laquelle 'effet des états métastables commence a se manifester. Ce travail
a donné lieu & une publication [295].

Dans le Chap. V, nous allons au-dela de la thermodynamique moyenne des liquides surfon-
dus et nous étudions les fluctuations du potentiel de FP décrites par la physique du RFIM.
Cependant, contrairement a ce dernier, le désordre des liquides est auto-induit et plus difficile
a quantifier. L’objectif de ce chapitre est de présenter une méthode numérique pour répondre
a cet objectif. Elle consiste a coupler linéairement & un champ extérieur le recouvrement dans
une cavité sphérique entre le liquide et une configuration de référence. Nous mettons en évi-
dence d’importantes fluctuations spatiales du champ nécessaire pour localiser le liquide proche
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de la configuration de référence localement, ou encore pour imposer un haut recouvrement lo-
cal. Nous analysons les propriétés spatiales et statistiques de ces fluctuations et en particulier
nous montrons qu’elles sont correctement décrites par une distribution de Gumbel généralisée
caractérisée par une queue exponentielle a grandes valeurs de champ. Nous rationalisons cette
derniere en expliquant que le champ nécessaire a la localisation représente non seulement le
colit entropique pour étre localisé proche de la configuration de référence, mais tient également
compte d’un coiit supplémentaire en énergie libre en raison de la différence des profils de densité
entre 'intérieur de la cavité lorsqu’elle est confinée proche de la configuration de référence et
son extérieur (analogue a un terme de tension de surface). Ce chapitre décrit un travail en
cours et nous expliquons les investigations que nous sommes actuellement en train de mener.
D’une part, nous proposons d’évaluer la corrélation entre ces fluctuations thermodynamiques
locales et des propriétés structurelles locales de la configuration de référence. Dans un second
temps, nous suggérons d’essayer de relier les fluctuations thermodynamiques que nous mesurons
aux hétérogénéités dynamiques rencontrées universellement dans la dynamique d’équilibre des
liquides surfondus en étudiant la dynamique de relaxation des fluctuations de densité a partir
des configurations de référence.

2.2 DYNAMIQUE D’EQUILIBRE DES LIQUIDES PROCHES DE LEUR TRANSITION VITREUSE

Dans le Chap. VI, nous étudions la dynamique d’équilibre de liquides surfondus proches de
leur transition vitreuse expérimentale sur une échelle de temps de 10 décades. Pour cela, nous
combinons 'algorithme récent du swap a de longues simulations de dynamique moléculaire par-
allélisées. Alors que les fonctions de corrélation moyennes temporelles montrent un plateau qui
s’étend sur plusieurs décades, le calcul des spectres de relaxation et du déplacement carré moyen
dans les structures inhérentes donnent acces a des résultats plus riches. Les deux procédures
révelent des mouvements non triviaux a 1’échelle de quelques particules et & des échelles de
temps treés courtes par rapport a la relaxation a. Ces processus donnent lieu a une loi de puis-
sance dans les spectres de relaxation, analogue a ce qui est observé expérimentalement (excess
wing). Son observation dans les simulations de liquides surfondus a I’équilibre est une nouveauté
majeure. De maniere équivalente, dans le déplacement carré moyen des structures inhérentes,
les processus a temps courts contribuent & un comportement sous-diffusif. Nous révélons donc
de fortes hétérogénéités dynamiques a temps tres courts par rapport a 7, qui nous permet-
tent de distinguer les particules mobiles et immobiles. Une étude détaillée de la distribution
spatio-temporelle de ces hétérogénéités révele que la relaxation structurelle commence dans des
régions diluées et localisées dont le temps d’apparition est distribué en loi de puissance. Cette
derniere permet d’expliquer directement 1’émergence d’une loi de puissance dans les spectres de
relaxation ou d’un comportement sous-diffusif dans le déplacement carré moyen des structures
inhérentes. Nous analysons par la suite la dynamique a des temps plus longs et nous mon-
trons que la relaxation structurelle procede par facilitation dynamique a partir de ces régions
initialement plus mobiles. En particulier, nous constatons que le mouvement des particules est
persistant et corrélé entre voisins et que 'effet de la facilitation dynamique devient plus fort
a mesure que 'on s’approche de la transition vitreuse. Globalement, nos résultats montrent
que la relaxation structurelle dans les liquides surfondus peut maintenant étre analysée dans
des simulations numériques pour des températures proches de 7. Ils révelent principalement
que la dynamique dans les liquides surfondus est le résultat de deux ingrédients minimaux, a
savoir (i) des événements rares et distribués dans le temps, se produisant vraisemblablement par
activation thermique et (ii) croissance des domaines qui ont relaxé par facilitation dynamique.
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Le projet décrit dans ce chapitre a été mené en collaboration avec C. Scalliet et a donné lieu
a une publication [378]. Il serait intéressant dans l’avenir de caractériser en détail les événe-
ments a temps courts responsables de la loi de puissance dans les spectres de relaxation (énergie
d’activation, géométrie, nombre de particules impliquées, etc.).

2.3 PROPRIETES HORS D’EQUILIBRE DES VERRES

Dans le Chap. VII, nous étudions une généralisation récente du modele binaire de Kob-
Andersen (KA) qui est 'un des systémes vitreux les plus employés en simulations. L’algorithme
du swap qui a été mis a profit dans différents chapitres de cette thése est tres efficace pour
les modeles dont les particules présentent une large dispersion de tailles et permet de générer
des configurations d’équilibre a des températures plus basses que ce qu’il est possible de faire
par des simulations numériques classiques. Il consiste a échanger aléatoirement le diametre de
deux particules choisies aléatoirement en respectant le principe de balance détaillée. Cependant,
I’algorithme du swap est inefficace pour le modele original de KA, car la différence de tailles
entre les deux types de particules composant le mélange binaire est trop grande. Dans les
généralisations du modele de KA, I'algorithme du swap peut au contraire étre tres efficace. Ces
généralisations reposent sur 'introduction d’une faible fraction de particules dont les tailles sont
intermédiaires entre les tailles des deux types de particules du mélange binaire. Dans ce chapitre,
nous montrons que ces modeles peuvent étre utilisés pour améliorer considérablement la stabilité
de configurations vitreuses du modele original de KA. Nous développons avec succes plusieurs
stratégies numériques a la fois a I’équilibre et hors d’équilibre pour atteindre cet objectif. Nous
menons ensuite plusieurs mesures pour montrer que les configurations générées sont bien plus
stables que les verres obtenus directement a partir du modele de KA par vieillissement. Nous
étudions notamment le comportement des verres sous chauffage et sous cisaillement, et nous
mettons en évidence une transition ductile-fragile lorsque la stabilité des verres augmente. Nos
résultats ouvrent ainsi la voie & de futures études de verres stables utilisant le modele de KA. Ce
projet a été mené en collaboration avec A. D. S. Parmar et a donné lieu & une publication [428].
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ETATS METASTABLES DANS DES VERRES MODELES

La mécanique statistique explique désormais les transitions de phase se produisant dans des substances simples a
I’équilibre thermodynamique. Néanmoins, la transition vitreuse, observée universellement des lors qu'un liquide
est refroidi ou comprimé suffisamment rapidement pour éviter sa cristallisation, est toujours source d’intenses
recherches. Dans I’approximation de champ moyen, le ralentissement des systémes vitreux est la conséquence
de I’émergence d'un paysage d’énergie libre rugueux avec un nombre exponentiellement grand de minima corre-
spondant aux états métastables. Ces derniers dictent également les propriétés thermodynamiques des liquides
surfondus ainsi que le comportement hors-équilibre des verres. Ils sont cependant mal définis au-dela du champ
moyen : ils ont une durée de vie finie et une extension spatiale limitée. Le travail de cette thése participe a l'effort
de définir et de caractériser les états métastables en dimension finie par les simulations numériques et les travaux
analytiques. Nous exploitons dans un premier temps la thermodynamique contrainte des liquides surfondus dans
la construction de Franz et Parisi. La théorie champ moyen prédit que I'existence d’états métastables se manifeste
par une ligne de transition de phase et un point critique dans un diagramme des phases étendu. Nous utilisons
les simulations numériques et nous montrons que les résultats champ moyen survivent malgré l'introduction de
fluctuations de dimension finie. Nous sommes capables de caractériser le point critique et d’en donner sa classe
d’universalité ainsi que sa dimension critique inférieure. Nous étudions ensuite en détail la définition du parameétre
d’ordre associé a cette transition analytiquement et numériquement pour orienter d’éventuelles futures études,
mais également pour mieux comprendre la structure gros-grains du paysage d’énergie libre de verres modeles.
Finalement, nous nous intéressons & la thermodynamique des liquides surfondus en présence d’une contrainte
thermodynamique locale et nous révélons d’importantes fluctuations spatiales. Dans un second temps, nous étu-
dions la dynamique des liquides surfondus proches de leur transition vitreuse en mettant a profit un algorithme
récent pour générer des configurations d’équilibre de liquides modeéles a trés basses températures. Nous montrons
que la dynamique de relaxation résulte de 'apparition distribuée de régions mobiles qui croissent par facilitation.
Dans un troisieme temps, nous étudions les propriétés de verres hors-équilibre, et nous mettons en place des
protocoles numériques qui permettent de générer des verres beaucoup plus stables que ceux obtenus usuellement
en simulations par vieillissement.

MoTs-CLES : physique statistique des systémes désordonnés, simulations numériques, théorie champ moyen,

construction de Franz-Parisi, dynamique d’équilibre des liquides surfondus, transition vitreuse.

METASTABLE STATES IN MODEL GLASS-FORMERS

Statistical mechanics now explains the phase transitions occurring in simple substances at equilibrium. However,
the glass transition, which is universally observed when a liquid is cooled or compressed quickly enough to avoid
crystallization is still a source of intense research. At the mean-field level, the slowing down of glassy systems
is the consequence of the emergence of a rough free energy landscape with an exponentially large number of
minima corresponding to metastable states. These metastable states also dictate the thermodynamic properties
of supercooled liquids as well as the out-of-equilibrium behaviour of glasses. They are however ill-defined beyond
mean-field: they have a finite lifetime and a restricted spatial extension. This work contributes to the effort of
defining and characterising metastable states in finite dimensions thanks to numerical simulations and analytical
calculations. Firstly, we consider the constrained thermodynamics of supercooled liquids in the construction put
forward by Franz and Parisi. Mean-field theory predicts that the existence of metastable states manifests itself in
a phase transition line and a critical point in an extended phase diagram. We use numerical simulations and we
show that mean-field results survive despite the introduction of finite-dimensional fluctuations. We are able to
characterise the critical point and we study its universality class along with its lower critical dimension. We then
study the definition of the order parameter associated with this transition analytically and numerically in detail
to guide any future work but also to better understand the coarse-grained structure of the free energy landscape
of model glass-formers. We finally focus on the thermodynamics of supercooled liquids in the presence of a
local thermodynamic constraint and we reveal significant spatial fluctuations. Secondly, we study the dynamics of
supercooled liquids close to their glass transition by taking advantage of a recent algorithm to generate equilibrium
configurations of model liquids at very low temperatures. We show that the relaxation dynamics results from
the distributed appearance of mobile regions that grow thanks to dynamic facilitation. Thirdly, we study the
properties of non-equilibrium glasses, and we implement computer methods that allow us to generate much more
stable glasses than those usually obtained in aging simulations.

KEYWORDS: statistical physics of disordered systems, numerical simulations, mean-field theory, Franz-Parisi

construction, equilibrium dynamics of supercooled liquids, glass transition.
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