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Abstract

Building on recently derived inhomogeneous Mode-Coupling Theory, we extend the Generalised
Mode Coupling Theory (GMCT) of supercooled liquids to inhomogeneous environments. This pro-
vides a systematic and rigorous way of deriving high-point dynamical susceptibilities from varia-
tions of the many-body dynamic structure factors with respect to their conjugate field by treating
the equations of motion as a Landau theory. This provides a movel and fully microscopic frame-
work to probe for collective relaxation mechanisms in supercooled liquids near the glass transition.
We provide an in-depth exploration of these higher-order susceptibilities in the case of a simplified
schematic model by studying the behaviour and criticality of dynamical susceptibilities for different
glass transition scenarios.
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1 Introduction

1.1 The Glass Transition in a Nutshell

Glasses are ubiquitous in today’s world, from mere kitchenware to the latest smartphones, we can
find structural glasses everywhere. Glasses can be made out of an immense variety of base materials
: silica, polymers or even metals. In recent years we have seen the advent of colloidal and granular
glasses in our labs as prototypical glass-forming materials. It might thus come as a surprise that the
nature of the glass transition is still very poorly understood to this day [4].

Under regular conditions, as a liquid is cooled to its melting temperature Ty, a first order phase
transition occurs and the liquid crystallises via nucleation processes. Suppose instead that the lig-
uid does not crystallise upon cooling it past Th;. For instance we could temperature quench it fast
enough to simply forbid nucleation, or consider a complex material which does not admit any stable
crystalline structure. The liquid then enters a supercooled regime, which is a metastable state of
matter. As the temperature is further lowered, very little structural changes are observed, (see Fig.2
for a schematic illustration) yet there exists a small temperature window AT centred around T in
which the viscosity increases dramatically (over 10 orders of magnitude) and full dynamical arrest,
on experimental timescales, is reached. This is commonly referred to as a glassy state, and T is
called the glass transition temperature. The dramatic increase in relaxation time within the space of
minute changes in control parameters accompanied by an apparent decoupling between structure and
dynamics was referred to as “deepest and most interesting unsolved problem in solid state theory” [4]
by P.W. Anderson, the 1977 Nobel Laureate in Physics.

(a) (b)

Figure 2: (a) Schematic illustration of liquid-like behaviour. Particles are in a ballistic / diffusive
regime and the structural correlations are short-lived. (b) Schematic Illustration of deep supercooled
/ glass-like behaviour. Particles do not diffuse over experimental time-scales and vibrate randomly
around some effective equilibrium point.

We emphasise that the transition temperature is empirically defined. On general grounds, Tg is
defined as the point where the viscosity v ~ 10'3 [P], in CGS units. We also stress that the super-
cooled state being a non-equilibrium state, T is highly protocol dependent. Furthermore, the glass
transition also has tints of a regular thermodynamic transition of second-order. This is notable in
the behaviour of the heat capacity, which has an abrupt but continuous jump across T. This leads
to important properties of various macroscopic observables which may display hysteresis behaviour
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across transition lines in the phase diagram.

It is then more appropriate to cast the glass transition as an ergodicity-breaking transition, rather
than a phase transition. We may think of it as a purely dynamical phenomena (a dramatic increase in
the kinetic coefficients) with some thermodynamic features. In the supercool regime, the free-energy
landscape becomes increasingly rugged and our system gets effectively stuck in some deep local min-
ima. It does not visit the neighbouring basins anymore, which breaks ergodicity. To detect this
ergodicity breaking point, we use an order parameter that we denote Fa(k,t) x (p(0)*px(t)) where
Pk (t) is a time-dependent Fourier mode of density fluctuations. F3 is then an autocorrelation function
of these density modes. This quantity has the advantage that at long-times it behaves as an order
parameter. We find that F» = 0 in the liquid regime as we can effectively see a liquid as a Markoffian
system where the density field relaxes over short timescales, while F;, > 0 in the glassy state since
time-dependent structural correlation functions do not decay in solids. By long-time here we mean a
time too long to be observed over experimental timescales. We will come back to this order parameter
later on.

We briefly consider the thermodynamics of a deeply supercooled liquid. Once in the supercooled
regime (past the red-point in Fig.3), one may imagine that a liquid can be cooled indefinitely while
never turning into a glass using suitable protocols: the system remains on the blue curve. We can then
imagine delaying the glass transition to lower temperatures until the excess entropy Sexc(T) of the
liquid with respect to the corresponding crystal state vanishes at some temperature T (Sexc(Tk) = 0,
purple point in Fig.3). This point is known as the Kauzmann temperature [42, 43] and is the source
of an interesting paradox : at Tk, we find that the total entropies of a crystal and that of an
amorphous solid are equal ! To circumvent this paradox, a true thermodynamic phase transition has
been historically postulated to take place at Tk, where spontaneous symmetry breaking into the true
thermodynamically stable crystalline state is expected. Since still little is known regarding the nature
of the very deep supercooled regime, we may not neglect other possible resolutions to this paradox.
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Figure 3: Illustrated phase-diagram of a liquid at low temperatures and/or high packing densities. Thy
is the melting temperature, T the glass transition temperature and Ty the Kauzmann temperature.
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1.2 Hopes for a Growing Lengthscale
1.2.1 Dynamical Heterogeneity in Supercooled Liquids

It has long been known that supercooled liquids display strongly heterogeneous dynamics, also of-
ten referred to as dynamical heterogeneity [72, 68, 13]. More precisely it is not uncommon to find
persistent correlations between particle motion in “effective” clusters of size say &;. We show an
example of dynamical heterogeneity in a system of binary hard-disks [56] in Fig.4. We clearly see that
there are regions of fast-moving particles (in green & red) that coexist with regions of slower moving
particles (in blue). This type of behaviour is actually common to a very wide variety of glass-forming
materials. The existence of these correlated clusters raises important questions about the true nature
of the glass transition and its connection with conventional thermodynamic phase transitions. We are
entitled to ask about the mechanisms leading to the emergence these structures, what their sizes are
and what quantities govern their size. We may also ask if there are particular structural patterns in
these correlated clusters with recent answers from machine learning aided studies [19, 71]. Yet despite
years of efforts, these questions are still central to the glass transition problem and are for mostly still
unanswered and poorly understood.

f fast

slow

Figure 4: Mobility field for a simulation of binary hard-disks with radii og,o0y, for the small and
large disks respectively. In blue : the slow particles and in red : fast particles. Fast particles have
travelled mean-square distance (r?) > oy, and slow particles (r?) < 0.01oy, over the principal structural
relazation time 7o. Adapted from [56]

The existence of these correlated clusters is in line with the early phenomenological approaches to
the glass transition of Adam-Gibbs [1], where the concept of cooperatively rearranging regions (CRRs)
was first introduced. This was later more rigorously formalised in the context of Random First Or-
der Transition Theory [17] (for a concise review), where it is argued that the size of these CRRs
(sometimes referred to as glassites) scales as & ~ 1/Sexc, the inverse excess configurational entropy
previously introduced. As the Kauzmann point is approached, we see that £ — oo as expected for
second order phase transitions. However, liquids tend to vitrify at much higher temperatures than
the Kauzmann point. So while the existence of a strictly diverging lengthscale at the structural glass
transition, which is of interest here, remains a hot debate in the field, we shall nonetheless accept that
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there exists at least an emerging and growing one from the combination of numerical and experimental
results available. These provide a compelling basis for a viable critical phenomena-like description of
glass formation. In this case, we would observe the growth of some sort of a long-ranged ‘amorphous’
order, hidden in high-order correlation functions indicating the onset of vitrification.

A gross measure of dynamical heterogeneity is the non-Gaussian parameter as(t) [54] which can
be calculated from particle displacements. For 3D systems, the non-Gaussian parameter is defined as

3 (Ar(t)*
aa(t) = 3 it 1 1)

The non-Gaussian parameter measures the deviation of the particle relaxation from the Gaussian pro-
cess expected of conventional equilibrium liquids. We show in Fig.5a an example of the non-Gaussian
parameter ao(t) for a supercooled Lennard-Jones mixture displaying dynamical heterogeneities. We
see that it has a peak-like behaviour and that this peak grows as the temperature is lowered. It is clear
that by construction as(t) does capture dynamical heterogeneity in some way, as we observe growing
deviations from Gaussian relaxation as the system descends in the supercooled regime. However, this
quantity only provides evidence of such non-trivial relaxation processes which are generally assumed
to be of cooperative nature, even though nothing in as(t) indicates that this might be the case.
Extracting a meaningful growing length-scale associated with collective effects from this quantity is
therefore impossible.

The established standard measure of dynamical heterogeneity takes the form of a 4-point dynam-
ical susceptibility denoted x4(¢) [13]. In resonance with critical phenomena, we may define y4(t) as
the (spontaneous) fluctuations of some mobility field, say pu(r,t,t’) which quantifies the mobility of a
particle located at r in time interval ¢ — ¢’. We can imagine this mobility as the continuum limit of
the one showed in Fig.4. Fluctuations in this mobility field indicate the presence of dynamical het-
erogeneities [30]. Mathematically, we write Var[u(r,t,t")] = G4(r,t,t’), and the 4-point susceptibility
would then be given by the spatial integration of the latter:

Ir]

Xa(t,t") :/er4(r,t,t’) N/drB(r,t,t’)e‘m (2)

where & (T) is the length-scale that we seek to extract and B(r,t,t') some scaling function. Numer-
ous studies (both experimental and numerical) [10, 46, 66, 11] demonstrate that x4(f) grows in a
peak-like manner as the experimental glass transition is approached. This indicates a growing value
of &4(T — T.) [63]. We provide an example of x4(t) for a simulated supercooled liquid in Fig.5b. We
observe a similar behaviour as that of as(t): x4(¢t) displays a peak-like behaviour and as the temper-
ature is lowered, we see that the peak grows and is shifted in time. The location of the peak in time
is generally non-arbitrary and can be associated with structural relaxation timescales in the systems.
Obtaining an accurate measure of y4(t) in the supercooled regime is a complicated task both numer-
ically and experimentally. Measuring 4-point susceptibilities requires long temporal (several decades)
and extensive spatial resolutions (sub-particle radii resolution over large length-scales) since we are
probing for correlations of collective fluctuations.
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Figure 5: (a) Non-Gaussian parameter as(t) for a supercooled Lennard-Jones liquid at dimensionless
temperatures T = 0.550,0.480,0.451. Reproduced from [45] (b) 4-point dynamic correlation function
xa(t) for a supercooled interacting fluid. Reproduced from [11]

1.2.2 Conventional Critical Phenomena

An important question is whether or not we may cast the problem of the glass transition in the
conventional formalism of critical phenomena. Phase transitions are generally characterised by order
parameters, whose sign or value correspond to a particular phase. The order parameter is generally a
scalar, vector or tensor quantity. For instance the the density field p(r) acts as the order parameter
for the liquid-gas transition, or the magnetisation M (r) in a paramagnetic-ferromagnetic transition.

To see how the formalism of conventional critical phenomena might be applicable to the glass tran-
sition, we recapitulate standard results for the (continuum) paramagnetic-ferromagnetic transition.
The order parameter is the magnetisation M (r,T), let us denote by T the critical temperature at
which ferromagnetic ordering takes place (also known as the Curie temperature). Within the Landau
formalism of second order phase transitions, we may expand the free-energy F in powers of the order
parameter (and powers of its gradients) by simply requiring a Z, invariant free-energy in M. This
gives :

—

FIM) = [ e (n(@)F S0P + @B + @M+ @) 5iw) )

by truncating the expansion at O(M*). The factors ;(T) are continuous functions of the temperature,
and they dictate the behaviour of the system. The last term represents the coupling with the conjugate
field H, and we treat it as a source term to generate correlation functions in the partition function. We
can determine equilibrium states by finding solutions to 6 F[M]/dM (r') = 0. We define susceptibilities
as the variation of relevant order parameters with respect to their conjugate field. In the case of the
paramagnetic-ferromagnetic transition, the magnetic susceptibility reads:

_ O0M(r)
- SH(r)

which, assuming an isotropic medium can be written in Fourier g-space as:

Xm(r, ', T)
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2
x—=
1+ &|q|
where ¢ is known as the correlation length, due to its physical dimension. It describes the length-scale
over which the response of magnetisation (i.e. individual spins) is correlated. More intuitively, a low
susceptibility implies a single-component response, while a large one implies a collective response to
an external stimulus. Near the critical point and in a vanishing external field, both the susceptibilities
and the correlation length diverge as:

Xm(Q) (4)

lim (T, H) x (1—-T/Tc)"* lim &(T,H)x (1-T/T¢c)"* (5)
H—0;T—TZ H—0;T—TZ
where quantities 4, v4 are known as critical exponents. They govern the scaling of these divergences
at criticality. Calculating these critical exponents forms the basis of the modern approach to critical
phenomena and their classification into universality classes from renormalisation group methods for
instance.

1.2.3 Dynamical Non-Linear Susceptibilities

We have already mentioned in previous sections that x4(t) is a historically important probe and
quantifier of dynamical heterogeneity. However we have also said that it was a very difficult quantity
to calculate. We have in mind to construct an equation of motion for a quantity that is capable of
capturing dynamical heterogeneity. We recall that we have an order parameter to detect the glassy
phase : our auto-correlation function of density modes F»(k, t). By interpreting the equation of motion
for this order parameter as a Landau theory (we need simply assume it exists for now), we would
then be able to consider variations of this order parameter with respect to its conjugate field that we
denote U(qg). We should have in mind that U(q,) is an external small pinning field, like a sine or a
cosine wave with wave-number q, as schematically depicted in Fig.6. We can then define a dynamic
susceptibility, that we denote x3(¢) analogously to the magnetic susceptibility in conventional critical
phenomena :

1 0Pk K 1)
U—0  dU(qp)

Ak A

where we have written Fp(k;k',t) o< (pfpw (t)) with two explicit wave-number modes, because the
presence of the pinning field U breaks translational invariance. This type of 3-point susceptibility was
first proposed as an alternative to y4(t) in a series of important papers [15, 14]. The 4-point and
3-point susceptibilities are actually intimately linked. In the case where the conjugate field is assumed
to be the density field, a simple combination of the Cauchy-Schwartz inequality and the Fluctuation
Dissipation theorem leads to the conclusion that x4(t) > porrB~1(x3(t))? [12, 15, 14], where pq is
the bulk-fluid density, k7 the isothermal compressibility and 8 the inverse temperature. That is, the
3-point susceptibility provides a strict lower bound to the 4-point one. Similar expressions also exist
in the case of different conjugate fields [12, 15, 14]. The 3-point susceptibility has the advantage of
being much easier to determine than the 4-point one. The reason is that obtaining a good-enough
signal for Fy and then taking a derivative with respect to the conjugate field is much easier (for both
simulations and experiments) than waiting for spontaneous fluctuations in the mobility fields in the
deep supercooled regime to determine a 4-point correlation function with sufficient accuracy.

= x3(k; k', qq, t) (6)

Following the theoretical introduction of these 3-point susceptibilities in [12, 15, 14], several groups
were able to extract this 3-point susceptibility from high-precision dielectric spectroscopy experiments

10
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in supercooled glycerol [27, 9, 24]. More recently, the 5-point dielectric susceptibility xs5(¢) [2] was
even extracted from supercooled glycerol and propylene carbonate. All these studies demonstrate
that x3(¢) (and x5(t)) behave as ‘conventional’ critical susceptibilities near vitrification. Hence, the
3-point susceptibility (and its higher order counter-parts) could be very useful objects to probe for
the putative growing lengthscale at the onset of the glassy-regime in supercooled liquids. In light of
these promising experimental and theoretical results, our objective with this work is to derive a fully
microscopic framework that enables us to obtain an equation of motion for the non-linear suscepti-
bilities X2,41(t) of any order. For simplicity, we will consider a conjugate field U(qy) = gpq, that
couples exclusively to single density modes where g is a coupling strength.

Figure 6: Schematic illustration of the pinning field U(q,) and the collective response it induces in
a liquid in a supercooled regime. We denote &5(t) the lengthscale over which the 3-point correlated
response extends.

1.3 A Microscopic Framework

Despite decades of efforts, the Mode Coupling Theory (MCT) [20, 32] stands as the only fully micro-
scopic approach to the glass transition problem. The MCT allows for the derivation a self-consistent
equation of motion for the order parameter Fy(k,t) (also commonly referred to as an intermediate
scattering function) which take as input structural information only. One of great successes of the
MCT is the prediction of an ergodic-to-non-ergodic transition at temperature TyicT from static struc-
ture factor input only. The theory is also capable of predicting qualitative phase-diagrams for rich
glass formers as shown in Fig.7a [67]. Furthermore, the theory also makes important predictions
relating power-law exponents of intermediate scattering functions at key physical timescales near the
glass transition which are consistent with experimental findings.

However despite the qualitative and quantitative successes, the critical temperature TyicT system-
atically overestimates the experimentally observed glass transition temperature Tg. It is thus not
uncommon to find ‘shifted’ and rescaled MCT predictions in the literature to allow for direct com-
parison with experiments. We note that several attempts, commonly referred to as extended MCT
(eMCT) [36, 60] introduce additional couplings to the theory with the hope of curing the spurious
transition. This however poses serious problems in the case of Brownian dynamics, where no such
couplings actually exist. Lastly, we mention that MCT also fails to report on the notorious breakdown
of the Stokes-Einstein relation in the supercooled regime.

This caveat of the MCT can (amongst other things) be traced back to an uncontrolled approz-

11
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imation made to obtain a self-consistent equation of motion for Fy(k,?). In 2003, an ambitious
theoretical framework was developed by Szamel [61] which effectively delays this uncontrolled approx-
imation by including physical higher-order density correlations in the picture. These higher-order
density correlation functions are defined as straight generalisations of Fy(k,t): Fo,(ky,....kp,t)
(P, -+-Pre, Py (t)--Px,, (t)). This framework is now formally known as the Generalised Mode Coupling
Theory (GMCT) [41]. By incorporating higher-order correlation functions, the hope was to cure
MCT’s overestimation of T,. Initial results by Wu et al. [70] were promising in this light, and more
recent results seem to show that a ‘logarithmic convergence’ Tamer — T is attained by increas-
ing the number of considered many-density correlation functions in the theory [49, 50]. GMCT also
provides quantitative improvements on the power-law exponents of the MCT. Other recent GMCT
results [26] also show that it is capable of accurately predicting very different dynamics of interacting
glass formers from essentially indistinguishable (for the human eye) structural input. In this case as
well, we see from Fig.7b below that increasing the number n,., of many-body correlation functions
in the theory seemingly leads to a convergence towards the simulation results.

0.60 T I T I T T
r "torroncino" B 57
glass
S 058 fully frozen (III) * v $=0.2 n
§ - - +8=0.1935 ¢
= -
S 056 7 =35=018 | -
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Q Q 27 —@— KABLJ: Simulations
8-1 - o~ —t— WCA: Simulations
= 052 —&— KABLJ: (GMCT Nmax=2
s U 1] —A— WCA: (G)MCT Nimax=2
i KABLJ: GMCT Npax=3
WCA: GMCT Npax=3
0.50 —8— KABLJ: GMCT Npax=4
01 —A— WCA: GMCT Nimax=4
0.0 0.2 0.4 0.6 0.8 Y 01 02 03 0.4 05 06
% (vol-% small particles) 71

(a) (b)

Figure 7: (a) Phase diagram of binary hard-sphere system predicted by MCT. Parameter § represent
the radii ratio of the binary system [67]. - (b) Comparison of relazation time predicted from GMCT
for multi-component interacting glass formers with simulation [26].

In this work, we will make use of the fact that the GMCT of the glass transition can incorporate
an arbitrary number of many-density correlation functions Fy,, to obtain direct access to the higher-
order dynamical susceptibilities defined as straight generalisations to (6). In a first instance, we will
therefore extend the GMCT to inhomogeneous environments by appropriately considering a spatially
varying external field U(qo) that we recall is chosen to couple to the density modes. We stress that this
is a completely novel result, and refer to this new framework as iGMCT. By treating the equations of
motion for these Fy,, as a Landau theory [5], their functional variations with respect to the external field
U(q) then results in an equation of motion for the odd-point susceptibilities xan41(t) = 6 Fop (t) /06U
of any order which can in turn be solved self-consistently. We note that progress in this line has already
been made in recent years with the development of the inhomogeneous MCT from which the 3-point
susceptibility has been derived [18, 52]. Additionally, the microscopic equation for the three-point
susceptibility x3(¢) has been solved in [64] with non-trivial results relating to the dependence on the
wave-numbers. The authors report on the emergence of a lengthscale from the iMCT framework but
more intriguingly on the absence of a dominant density mode gy that would drive these dynamical
heterogeneities in time. We stress however that the development of these non-linear susceptibilities is

12



still in its infancy, and in-depth comparisons with the established y4(t) are still lacking.

2 A Microscopic Framework for the Glass Transition in Inho-
mogeneous Environments

2.1 The Mori-Zwanzig Formalism & Generalised Langevin Equations

We seek to construct equations of motion for a set of classical dynamical observables in the language
of statistical mechanics. These observables will eventually turn out to be our order parameters Fb,,
but we keep the discussion general for now. We demonstrate below how to construct a formal function
space out of classical dynamical variables and how to derive Generalised Langevin Equations (GLEs)
in this function space. This technique serves as the basis of mode-coupling theories.

Let A be a general dynamical variable of an arbitrary autonomous classical system with Hamil-
tonian H. Clearly A = A({q}, {p}) is a function of the set of generalised positions and momenta
{q}, {p}. This dynamical variable evolves in time according to Hamilton’s equation of motion, which
can be casted in the following compact form using Poisson brackets:

dA(t) .

[ .

where the Liouvillian operator :

8pj 6qj' 3(]]' 3pj

has been defined. We note that (7) is a linear differential equation which admits solution
A(t) = e At = 0)

= (iLt)!
!

9)

At = 0)

=0

provided that £ is bounded in the (function) space of dynamical variables. This demonstrates that
the Liouvillian is the infinitesimal generator of the time-translation group in classical mechanics [34].
Since ¢L is a linear operator, we may think of the dynamical variables on which it acts as members of
some vector space. To make this idea clearer, we introduce bra-ket notation : A — |A) € H, where
H denotes the space of all dynamical variables. Additionally, we introduce an inner product on this
vector space with the help of a Gibbsian probability weight ¥(I") = exp[—8H ()]

(A|B) = % / dDA* By (T) (10)

where A* denotes complex conjugation and Z the partition function. This choice of inner product is
commonly referred to as Zwanzig’s inner product [73]. Other suitable inner products also exist, see for
instance Mori’s inner product [38], which resembles a (classical) Kubo transform. A Euclidean metric
can be easily defined as d = /(A|A). This completes the construction of our space of dynamical
variables, which is formally a Hilbert function space.

The formal solution (9) for the time evolution of dynamical variables is not very useful as evaluat-
ing the exponential of a differential operator is generally a complex task. Instead, it is more judicious
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2.1 The Mori-Zwanzig Formalism & Generalised Langevin Equations

to consider only a subset of dynamical variables {|.4;)} C H, whose elements are referred to as slow
variables and are generally of greater physical interest such as the energy density, number density,
momentum density,or angular momentum density [58, 57, 51]. In our case, we will later restrict
the slow subspace to (multiplets) of density modes and their associated currents. If necessary, the
Gram-Schmidt procedure (or any other orthonormalisation method) can be employed to construct an
orthonormal basis for the subspace spanned by this set. The denomination slow stems from the fact
that these dynamical variables should evolve on macroscopic time-scales rather than microscopic.

We abuse notation and write |A(t = 0)) = |.A) for quantities evaluated at zero time from now on
and for the rest of this work. We may define a projector P, which projects any dynamical variable
onto the subspace spanned by our chosen subset {|.A;)}. The physical motivation behind this is that
the equations of motion for a set of macroscopic ‘slow’ observables are generally self-determined in
physics. Formally, we write

P=> |A)gw (Al (11)
L

where g; = <A1|Al/)71 is such that P2 = P, as for any projector. Let us denote the complement to
this projector by @ = 1 — P. We may re-write the Liouville equation:

d|A;(t d .
| djt( )> _ %elbﬁ ‘.Aj>
= e""H(P + Q)iL|A;)
= (AADT (A Ar) T A + QL] Ay) (12)

L

= 370 A1) + ¢ E1QIL | A;)
l

where the quantities i€);; are elements of a matrix Q2 which we call a frequency matrix since it has the
dimension of inverse time. We now decompose the time-evolution operator in a non-trivial manner
using the Dyson identity:

eiﬁt _ eiﬁto(t) + ein)t
where it can be shown that [55]
t . .
o) = Z/ dre TP Le2F
0

Upon substitution into (12), we obtain

d]A;(1))

A _ 5 i, 1) + / dreLO-IP L f(0) + (1) (13)
l

where the fluctuating force |f;(t)) = e!£% QL |A;) has been defined. At time zero, we can write
f5) = (1= P)I4;)
= [A;) =i A (14)

l
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2.1 The Mori-Zwanzig Formalism & Generalised Langevin Equations

where we have used the following result: P|A;) = 3°,iQ;,|A;). Formally, the fast-fluctuating force
is composed of the time-derivative of the slow-variables, projected in the orthonormal (fast) subspace
and propagated in that same fast-subspace [55]. By construction we have that the fluctuating force is
orthogonal to the set of slow dynamical variables : (f;(¢)|.A;) =0V j and at all times, which motivates
its nomenclature. Next we need to determine iPL |f;(t)):

IPLIf () = GLE)ANT (A A [Ar)

LU

=i Y (f0)1ADT (Al AT A

LU

=i Y (01 QLAN (AAN) T A (15)

LU

== (HOLAO)" (AT A

LU

— =S Kt A
l

where in the third line we have made use of orthogonality of the fluctuating force |f;) with the slow
subset {|.4;)}. By substitution into (13), we obtain:

d|A;(t) . K
A S i o) = 3 [ drtatr) A= 0) + 110 (16)
1 1
Since we are interested in correlation functions of slow variables C;; () = (A;].A;(t)), we close the above
expression to obtain, using matrix notation (and changing variables in the convolution integral):

dC(t)

dt

—iQ-Ct) - /t drK(t — 1) - C(7) (17)

which is known as the Mori-Zwanzig (M-Z) equation. It is a type of Generalised Langevin Equation
due to its resemblance to the phenomenological equation for a Brownian colloid in a solvent if we as-
sociate the integral term with random stochastic forces. The M-Z equation differs from conventional
Fokker-Planck approaches of out-of-equilibrium statistical mechanics [65] by its delayed-feedback na-
ture encoded in the memory kernel K and the absence of explicit random processes. The M-Z equation
is microscopically exact and fully deterministic. As we will see, once the slow variables of a system
have been identified, the main difficulty lies in finding an approximate closed form for the memory
kernel K. We stress that while the memory kernel is proportional to the auto-correlation of the ran-
dom force, it does not necessarily imply that it is a fast-variable itself. Lastly, we emphasise that no
approximations have been made, and that (17) is a formally exact equation for the time evolution of
correlation functions.

The construction leading to (17) helps us understand the behaviour of the solutions in an abstract
manner. Since time evolution takes the form of a unitary operator, we may imagine the time evolution
of the vector of slow variables |A) as a rotation over the surface of a classical ‘Bloch hypersphere’.

-

At short times, |.A) remains in the sub-space spanned by its elements, but at longer-times the time-

-

evolution will make |.A) pick up character from the fast-subspace [73], which we associate with random
noise and non-trivial hydrodynamic effects in applications to liquid behaviour. It is this ‘interaction’

—

of | A) with the fast subspace that leads to the successes of mode-coupling theories in predicting
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2.2 Inhomogeneous General Langevin Equations

the behaviour of supercooled liquids for instance. We additionally mention that the above formalism
is directly translatable to quantum systems where the language of Hilbert spaces is more common [53].

{14}

Z

Figure 8: Schematic illustration of the Mori-Zwanzig projection operator formalism. The green blob
represents our functional space of all dynamical variables. In orange we represent the slow-subspace.
The exact solution to the slow variables (black trajectory) is projected onto the slow subspace (red
trajectory) with the help of projection operator P.

2.2 Inhomogeneous General Langevin Equations

We extend the formalism of the previous section to inhomogeneous environments. We consider a
classical fluid of N-particles in a spatially varying external field U(q,) which couples to density fluctu-
ations. The Hamiltonian reads : H = Ho+ U(q,) where H, contains the usual kinetic and interaction
potential contributions. In addition to the matrix structure of the equation of motion we introduce a
*-product, which takes into account integration over the relevant shared degrees of freedom (momenta
in our case below). This is due to translational-symmetry breaking from the external field. We should
think of it as a continuous matrix product as is common in Green’s function methods in field theories.
Using Einstein summation convention for repeated (matrix) Greek indices, (17) now reads:

Cap(t) = iy * w(t)Jr/O dTKon (t =7) % Cyp(1) = 0 (18)

where for instance, the frequency matrix now admits the following form : iQ,5 = (A4|A,)* (A, |Az) L.
Down the line we will also make use of a timescale separation approximation, which decomposes the
integral kernel into K, 5(t) = vapd(t) + Myps(t). The fast decaying quantities are all concatenated in
an effective instantaneous friction parameter v,5 while the slow modes are kept in the memory term
Mop(t).

To obtain the final form of the equations of motion, we will have to invert correlation-functions,
which is a non-trivial exercise from the given ‘operator’-like structure of the latter. Accounting for
the fact that classical quantities commute with each other with an appropriate symmetry factor 1/m/!,
we define the inverse of an arbitrary equal-time correlation matrix Cfﬁm) of dimension 2m in Fourier
space as follows [3, 62]:
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2.3 Inhomogeneous Mode Coupling Theory

-1

(ky, oo ks K/, oK) ((1(2"0) K/, . KK, LK)

(e () ) - 55 % ()

|

’{k;’} ay vB
= 64 Z Sicy it Oy K,

o({k,})

= (5a3 Idgm(kl, 7km7 k/lﬁ ceey k;w)
(19)

where the sum ) _ runs over all permutations of the elements of the set {k;} We have defined a
general identity that we denote Idg,, (ky, ..., km; k], ..., k},) = Zo_({k(}) O, 1 -0k, k;, Which is some-
times referred to as a symmetrised generalised Kronecker symbol. We note that we must pay careful
attention to algebraic manipulations in theories with an inhomogeneous environment as the nature of
the considered external field could breaks the hermicity of the Hamiltonian (H # H') and thus that
of the Liouvillian as well (i£ # —iLT).

In the present work, we will always have a subset of slow variables of dimension two, so that the
MZ equation is a 2 x 2 matrix integro-differential equation. Ultimately, only the 2-1 element of the
system will be of interest to us. Explicitly, we can always write (for reasons that will become clear
later on)

Cll(t) = ing * Cgl(t)
and

Ogl(t) = iQQl * Cll(t) — /dTKQQ(t — ’7’) * 021(’7')

We invert the first equation to close the second one in favour of Cy;(¢), leading to :

C'u(t) — 1019 * 197 * Cu(t) +v Cu(t) + /dT i€)q9 * Mgg(t — T) * (ing)_l * 011(7') =0 (20)

which forms the basis of inhomogeneous mode coupling theories for the glass transition.

2.3 Inhomogeneous Mode Coupling Theory

We are now in a position to choose our set of dynamical variables and derive an inhomogeneous Mode-
Coupling Theory (iMCT). Since we seek to derive a theory for dynamical correlations of density fields,
a density fluctuation mode and its associated (longitudinal) current seems an appropriate starting
point. In Fourier space, these quantities take the following form :

AL () = |pk(t) =

M-

N
oiker; () _ <Zeik~rj(t)>
j=1

k-p; ok ()
m

Jj=1

(21)

M-

I
-

1A (1) = E ) =

J

where the canonical average is performed with respect to the perturbed Hamiltonian H defined in
the previous section. The dynamic correlation matrix is thus Cop(k; k', t) = <A§{a)|A1(§) (t)) where the
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2.3 Inhomogeneous Mode Coupling Theory

semi-column separates the vectors in the space of dynamical variables (to the right of the semi-column)
from those belonging to its dual (to the left of the semi-colomn). By convention, we will always assume
that time-dependent quantities belong to the space of dynamical variables and are thus to the right of
the semi-column. It is easy to see that for our choice of dynamical variables, the zero-time correlation
matrix is diagonal: C,g  dqg, as for any equal time variable z, (z|t) = — (z|&) = 0 by integrating
by parts. We thus have

(22)

C(kis;ko,t =0) = (Ns(kl;kQ) 0 )

0 NEBT (k) - ko) (ki — ko)

The first entry S(ki;ks) = N1 (px, |pk,) is known as the (inhomogeneous) static-structure factor.
We have also defined the average of a single density mode ¢(k) = N _1<Z;V:1 e™Ti) . Along with their
higher-order equivalents, many-body structure factors serves as sole initial conditions to the equations
of motion we derive. The 2-body static structure factor S(ki;ks) is related to the well known pair-
distribution function g(ry,rs), which can be calculated from integral equation theory [39]. Its time
dependent version will be denoted F(ki;ka,t) = N1 (py, |px, (t)) which we recall serves as an order
parameter to detect the glass phase. Fy is often referred to as the dynamical structure factor. To
obtain the second non-zero entry, we make use of the following result :

Y g K
(AP 143 = < S X Plpmien X Pr >

m m
L=1
N
kT A ) L
A~ BT Z o { (k k/)e_’k'r‘ezk 'r”>
L,'=1
NkpT /

In the absence of an external field, we have ¢(k)dxo = 1. We note that we make use of energy

conservation to write (v?vf}') = aakpT/m, as the direction vector k only picks up a single ar-
bitrary direction . The next quantity to be evaluated is the frequency matrix iQ.s(ki, ko) =

Zk<A§<OI)|Al(<7)><A1(J)|A1(<ﬂ2)>_1. It can be put into form
‘ 0 ik1[0k, k
Q k 7l( = R ke 23
) (Zk EeLk, - (ik)p(ki — k)S ™! (k; ko) 0 (23)

At last the integral kernel needs to be evaluated. We recall the definition of the fluctuating force (14)
which in our case is a two-component vector where the first element is zero:

0
Ifi.) = <|Rk>>

|Rie) = [AD) =i (k, k) |AL) (24)
k/

and
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2.3 Inhomogeneous Mode Coupling Theory

which can then be inserted in the definition of the memory kernel (15):

K(ki;ko, 1) = Y (fie, [€" 9% fic) (Axc| Ax,) "
k

-1
B 0 0 NS(k;ko) 0
B zk: (o (Rklei9£t|Rk)> ( 0 Jo(k; k2)>

0 0
- (0 zk<Rkl|ei%|Rk>J21<k;k2>>

This form justifies the inversion leading to (20), as all matrix elements of K are zero expect for the

lower-right corner. We note that we have defined J, ' (k; k') = <A(2) \A(2)> ! to ease notation. In full,
we may now write the inhomogeneous GLE for the dynamic structure factor:

. . kT
0= Fy(kirko,t) + vEa(kis ko, t) + —— Y (k1 - K)g(ki — k) S~ (k; K ) Fa(K'; ko, 1)
kK’
| (25)
+ Z/ |k3 (R "9 [Ri) Ty (ks K ) P (K o, 7)

k,k’

The principal difficulty lies in the calculation of the propagation of the fluctuating force in the fast sub-
space : (Ry, |9 Ry), as a closed form for Q is not directly obtainable, let alone its exponential. We
look for a first order approximation to this correlation-function. We remark that |Ry) o |A1((2)> x |%p>
is an impulse term. Since any force can be expressed as the gradient of a potential, we heuristically
have, neglecting the external field contributions:

jtp = ZV O(Jr; —rp]) Ziq@(q)ﬁgﬁq

w q
which contains a pair of fluctuating density modes. Moreover, a pair of density modes |jp) is the
simplest combination of dynamical variables at hand that satisfies the even-parity of |R) under time-
reversal. Surprisingly then, we find a slow variable hidden in the memory function which we thought
was governed by fast variables ! This result suggests that a pair of density modes is an appropriate can-
didate to construct a subspace which we can restrict the fast dynamics to. We replace the propagation
in the fast-subspace by a time-propagation in the entire space of dynamical variables, but projected
onto pairs of density modes. More formally, the following approximation is made e?S£t — Paetct P,
[55, 34] where P, is a projection operator onto the subspace spanned by pairs of density modes |jqfq/):

1 Ao \ga A A A A=lys A
Py = W Z |Pqpq’> <Pqpq’ | Pq”pq”’> <Pq”Pq’”| (26)
Q,...,q""’

It is easy to show that PyPy = Py is indeed a projector by using the definition of the inverse (19). We
emphasise that this approximation is uncontrolled at best, as important other important contributions
from the fast-subspace could be neglected. Denoting by G(q,q';k, k') = (pqpq |pxpx’) static four-point
structure factors and Fy(q,q’;k, k', t) o< (pqfq |px(t)pr (1)) the associated time-dependent quantity,
we may write:
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2.3 Inhomogeneous Mode Coupling Theory

(Ric, |P2e™"Ps| Rac) = Z > (Rulpayfa, )G (A1, d2; A3, 90) Falay, i di, gbi 1)

q BEP ql 5. 7CI4

x G~ (qlqu;anq2)<ﬁqéﬁqz‘Rk> (27)
1
:WZ > Vao(kisa,q)Fu(a, 959", q”, )V (ki q”,q"”)

a.q9’q”,q9"”’

where the following inhomogeneous vertices Vg, have been defined:

1 PO _
qu (kl’ qQ, q/) = 91 Z <Rk1 ‘pq”pq’”> G l(q//a q”/; q, q/)

2 111
qa’,q
1 g D - —
2|N2 <Rk1|pq//pq///> [S 1(q//;q)S (q/// q)+S l(ql/;q/)S (q/// q)]
//7q///
=2 Y (Buligriar) [S7 0" @S (@)
q//’q///

In the second line above, we made use of Gaussian factorisation of the four-point static correlation
functions [69] G(kl, kg; kg,7 k4) ~ GD (kl, kg; k3, k4) = S(kl, kg)S(kQ, k4) + S(kl, k4)S(k2, kg) The
form of the inverse GBl follows from the definition given in (19). We can simplify it further by writing
down explicitly the fluctuating force term :

I —iNkgT |+ _
(R, | par o) = TB |:(k1 -q")S7 (ki —q";9") + (4" = q")
iNkpT ~— - (28)
+ 2 an Z Kk - k¢(k1 _ k)S_l(k; k/)S3(k/; q//, q///)

k,k’

where S3(k; k', k") = N~ pk|pw prr) is a 3-point static correlator. Hence, the full inhomogeneous
mode coupling vertex can be written as

ikpT A
qu(k;q, q/) — _Z B Z |:(k1 ~q")5’_1(k1 _q//;q///) + (q// o q///) S_l(q”;q)S (q/// q)

Nm q’’,q'"

(29)

T
ZkB Z > ki -ko(ki —k)STH(k; K)S5(K5q”,q")S T " @)S T (A" )

q’’,q'" k K’

By defining a reduced vertex function :

_ 1
Vo, (kiq,q') = 3 Va, (k;q,9q")

we may write down the full e.o.m. for dynamic structure factors F5 :
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) : kpT
0= Fy(ki; ko, t) + vFs (ks ko, t) + % > (ki K)d(k — k)ST (ks K) Fa(K ko, )
kk’

[ _ - .
dry > > Ve kiad)Fi(a.diq" "t = 1)V (ka’ q") )7 (ki K) Bk ko, 7)
k,k/ q’q/ q/l,ql’/

kgT [*

+7
m-Jo

(30)
where momentum conservation is implied : k; = ko + q; in the statistically averaged quantities. We
observe that the effect of the external field is entirely implicit in (30), which has a very similar form
to that of homogeneous mode-coupling theory [20]. Indeed, all necessary information is contained
within the (many-body) static structure factors which serve as initial conditions to the equation of
motion. The reason for this is rooted in density functional theory, which tells us that the density
profile p(r) and higher order equivalents p(™ ({r;}) (from which many-body structure factors can be
derived) are uniquely determined by the interaction potentials between particles, and the external
field. Furthermore, the reader familiar with statistical field-theoretic ideas may recognise the similar-
ity of (30) with the Dyson equation : F' = Fy + F % X x Fy. The similarity with a phonon propagator
in the random phase approximation (RPA) is even more striking when (30) is expressed in Laplace
frequency-space, which heuristically gives F(z) o [z — M(z)]~! and where the memory kernel acts as
self-energy corrections. While there exists a large number of field-theoretic approaches to the prob-
lem of glass formation, the equivalence of equations of motion obtained from truncated perturbative
expansions and that obtained via projection operator techniques remains unclear [6, 5, 28, 29]

The next step to finalise the mode-coupling theory would be to render (30) self-consistent by
approximating the dynamic four-point structure factor

n "

Fi(a,959",q",t —7) = Fa(q,;q",t = 7)F2(d’, ;9" t = 7) + (4" < ")

By applying this last factorisation approximation, we recover known results previously derived by
Biroli et al. [18]. However, we seek to derive an inhomogeneous Generalised Mode-Coupling theory
(iGMCT), in the spirit of [61, 41]. The idea is to delay the self-consistent approximation in order
to incorporate higher-order correlation functions in our framework. The incorporation and treatment
of higher-order correlation functions has been central to the understanding of glass physics in the
recent years. We can then follow the Mori-Zwanzig formalism once again to obtain a formally exact
equation of motion for the 4-point correlation function Fy(q,q’;q”,q”,t) by considering doublets
of density modes |pqfq/) as slow dynamical variables. The equation of motion for Fy will in turn
have a memory function of its own, which to first order can be shown to be governed by 6-point
correlation functions Fg as we will see. This 6-point function will in turn be governed by an 8-point
function Fg etc. We then effectively obtain a hierarchy of coupled equations of motion for the set
of even dynamic many-body density correlation functions Fs,. We may then imagine delaying the
self consistent approximation to infinity, which would effectively wash it away. With these ideas in
mind, we turn ourselves to the derivation of equations of motion for higher-order dynamic structure
factors Fo, (K1, ..., kn; Knt1, ..., Kon, £) in the presence of a spatially varying external field from the
Mori-Zwanzig formalism. We note that the derivation of an inhomogeneous GMCT is a completely
novel result.
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2.4 Inhomogeneous Generalised Mode Coupling Theory

2.4 Inhomogeneous Generalised Mode Coupling Theory
2.4.1 An Explicit Equation of motion for Fj

We derive below an explicit equation of motion for the 4-point inhomogeneous dynamic correlation
function: Fy(ky, ko; ks, ka,t) = N~ i, Pr, | i, (t)x, (£)).  From the Mori-Zwanzig formalism de-
veloped for arbitrary dynamical variables, we know that (18) is correct for the following choice of
dynamical variables: a density mode doublet \ASL,) = |pkpr’) and the associated generalised current

|ASIZ,> = —i\ASL). By extracting the two necessary equations:

: R
Cu(ky ko, ks, kast) = o > Qo (k, ko, k, k) Cor (K, k' ks, ka; t)
" kK

and

. yR—
Cn(ky ko, ks, kast) = o > Q01 (K, ko, k, k) Cha (K, k' ks, ka; t)
" kK

1
5 Z/dt’KQQ(kl,kg,k, K';#)Co1 (k, K ks, kys t —t)
" kK

we can then close this last one in favour of C; to eventually give

. 1 . .
011(k17k27k37k4;t) — (2')2 Z 2912(1{1,1{2,1(7 k/)zﬂgl(k’ k/7k//,k/”)oll(k//,k/”,k37k4;t)
Yok, K
1
—W/dt' ST Qs (ki ko, k, K) Koo (k, K, K K5 1) (31)
° k,‘.A,k””/

X (inQ)_l (k”, k/”, k””, 1{/////)(;\111 (1{////7 k/””, 1{37 1{47 t _ t/)

From our choice of dynamical variables, we immediately have at zero time C3 o dop. Where we can
write the matrix

NG(k,X';q,q 0
C(k, k/; q, q/) _ ( K 54q,9 ) , / (32)
0 J4 (ka k ', 4 )
where G is the static 4-point structure factor introduced in the previous section. It will be Gaussian
decomposed as custom (G ~ Gp). The quantity J; = (A®|AR)) is evaluated using similar tricks as

for Jo. This essentially consists of :

1 Ak A A AX A A
Ji(k,X'q,q") = — [(k - Q) (P Par Pa—xc) + (K- &) (P Padar k)
mp3
(33)
+ (k' -q) (PPar Pa—1r) + (k- q'){PicPabar—x')
where we remark that all 3-point correlators in (33) above are of the form (papnpcra). We factorise

the terms as : {Papbpcid) = {Petd)(PaPb), Which is of O(N?). We note that we omit terms from the
decomposition that go as (fa){fbPc+a). This is due to the fact that in the zero field limit, such terms
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2.4 Inhomogeneous Generalised Mode Coupling Theory

g0 X d5,0 which will be neglected as our theoretical development ignores all zero wave-vector modes.
This is an illustration of the N-ordering argument that is often used in mode-coupling theories [57].
Hence we may write:

T K5 q,q) ~ | (- @S q)bk — ) + (k- ) S(K; @)k — o)

T mp

(34)
+ (K- q)S(k;q" )oK —q) + (K - q')S(k; q)p(k' — q’)}

In turn, the frequency matrix also goes as iQa5 o< (1—0,5) where: iQ12(k,k’;q,q") = ild2(k, k';q,q'),
and

901 (k, K50, 0) = —— > [ (k-m)g(k —n) (S (0; Q)0 o + 5 (03 )0k q) + (k > K)
mf

such that we may write the frequency term in (31) as

2
% > Qoi(ke, ko, K K")Cry (K" K" k3, kaj t) =
° k' k"
1 _ 35
= TmpB > <(k1 -n)¢(k; —1)S~ ! (n;q)C1i(q, ko; ks, ky, t) (35)
n,q
+ (kl < kg)

We notice the important similarity of the frequency term above with that of homogeneous GMCT
where it is found that ngi) ~ zQézl) +iQ§21) [41]. Additionally, while the term seems divergent we must
keep in mind that momentum conservation must be enforced on each observable. This adds strong
constraints over the summations.

We now turn ourselves to the integral term. After insertion of the two 212 in the third term of
(31) on the right hand side, we eventually have

1 0
— [ dt') Kok, ko, kK t)= k k' ks kgt —t
2 Z 22( 1, 82, K, 3 )8tcll( ; , B3, Ke, )
k.k’
where
1 _
Kok ko, ks ki) = 50 (Ricy s 9 Ricae (Ao [ A e, ) ™ (36)
T kK
with
(2 { 2 2 1 1 _ 1
B = 1A00) ~ s 2 (A AR AL 1AL o) TH AL o) (37)
: k,....k""’

the fluctuating force term associated with doublets of density modes. For analogous reasons as (24),
the propagator in the fast-subspace cannot be evaluated exactly. In the spirit of MCT we look for
the dominant terms in the fluctuating force. It is not hard to see that similar impulse terms arise and
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2.4 Inhomogeneous Generalised Mode Coupling Theory

that this time to leading order, |R) ~ |ppp) : triplets of density modes. We then decide to restrict
the dynamics of the 4-point dynamic correlator onto the subsapce spanned by 6-point correlators.
Formally, we make the following approximation:

(R[e'9“2!|R) — (R|Pse'™"Ps|R) (38)

with P3 a projector on density triplets. Contrary to homogeneous GMCT where the projection is
made on a set of two dominant density triplets denoted |am,), |Bn) [41], we consider a projection onto
the subspace of all density triplets |Vn, ny,ns) = |fnyfnsPng). We show in Sec-2.3 that Ps reduces to
the homogeneous triplet projection in an appropriate vanishing field limit. The projector then reads:

—1
Z |’7n1,n2,n3> <7n1,n2,n3 |’7n’1,n’2,né> <’Vn’1,n’2,ng (39)

1
302
B o o

where we naturally have P3P3 = P3. We may then write the projected integral kernel:

<Rk1,k2 |P3eu:tp3|Rk,k/> = Z qu (kla ko; {nj}) <'7n1,n2,n3 Yn/ n,,n} (t)> V(ZO (k7 k/; {Il;})

1
31?2
(81 {n;}.{n}}
(40)
where a ‘generalised’ vertex analogous to the iMCT case can be defined:

Z (Ruc, 1eo | g mg ) (g gt [V moms)

’ ’ ’
n’,nj,ng

V‘lo(klakQ;nth,ng) = 3

1 . (2
= ? Z <A1(<1),k2|Pyn'1,n’2,n'3><7n'1,n'2,n/3|’Yn1,n2,n3>

’ ’ ’
n17n27n3

-1

1 ikgT _
i Z , m kzk: Zn: ((k1-n)gp(ky —n)S™ (m; kK" )0y, 1 + (k1 ¢ ka))
n;,n,,ng )

1 —
X <A£(”),k”/ "Yn’l 7n’2 ,né > <’7n’1 ,nﬁ‘, ,né |’7n1 ,N2,n3 > !

(41)

We notice that the quantity (y|y) is a 6-point static density correlation function, which we Gaussian
factorise into 6 terms : (y|y) ~ >  N3SSS. We also apply the usual set of approximations on the
other static correlation functions. Lengthy algebraic manipulations eventually lead to

—6tkpT

Va mN

Z(kl . H)S_l (Il; nl)aklfn,nz 51(27“3

D(k17k2;n17ﬂ2,n3) ~

ikgT _
oNT 2 X <<k1~n>¢(kl—n>5 (k") S5(k" kai mf, i, mf)

n},...n5 k" ,n (42)
x S7Hn);n;)S™ (nh;ny) St (nk; n3)>
+ (kl — kg)

While the first and second terms of (42) above seem to differ by a factor of 1/N, both go as O(1) in
the thermodynamic limit, and thus must be regarded on equal footings. Hence, the full equation of
motion for the 4-point dynamic structure factor F; can be written in full as:
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2.4 Inhomogeneous Generalised Mode Coupling Theory

.. . kgT
0 = Falkr, koi ks, ke ) + vFa (kKo ke, e, ) + =22 37 (k- K)ok = k)S™H (I K Fa (K oo K, K 1)

Kk’
+ 5L Sy 1)k — 1057 (s 1) P (ke K K, K )
m b b b b b
kK
N

.
+ 3 Z Z /qu(kl,kg;n1,nz,ng)Ff;(nl,ng,ng;n’l,n’g,ng,t—T)Vgo(k,k/;n'l,ng,ng)
0

N2(3!
(2') (3’) {nJ},{n;}k,.A.,k”'

x Jy (kKK K Fy (K K ks, ka, 7)

(3)
We would like to emphasise that this is the first fully microscopic equation of motion for a dynamic
4-point correlation function of density modes in the presence of a spatially varying external field,
and provides way to go beyond iMCT which is ultimately still cluttered by the same issues as its
homogeneous counterpart. This is an important first step towards the development of an iGMCT. We
will see later that a variation of (43) with respect to the conjugate field will in turn give an equation
of motion for the 5-point susceptibility xs.

2.4.2 Generalisation to Arbitrary Order

Having derived the first two levels of the hierarchy explicitly, we are in position to write down the
iGMCT equation of motion at any hierarchy level provided that : a) the chosen slow variables are
always density multiplets and their associated currents, b) the memory kernel is projected onto the
(n 4 1)-th density multiplet. Indeed it is not hard to show inductively that the memory kernel in the
equation of motion for the 2n-th dynamic correlator is always proportional to 2(n + 1)-th collective

modes analogously to [41]. Let us adopt the general notation |A£11) k) = Pk, - - - Px,,) for density mul-

)

tiplets and |Afl) k) = —Z|Al({11) ...k, ) for the associated current. Then, the equation of motion for the

many body dynamic structure factor Fay,(ki,...,Kn; Knit1, ..., Kan, t) = N_1<Al(<11),...,kn|‘41(<13+1 .... Ko, (1))
reads:

. 1
0 =Fon (K1, oo i K1 o Kam, )+ — > Qan(Kiy e K Ky oK) Pan (Ko K K s Kan)
k)

+V2nF2n(k17 '~-7kn§ kn+17 ~'~»k2n)

1 t
a2 /O A Mon (K1, oo ki K, o K = 1) T3 (K)o KK K
AN

_|_

- 1 12
X an(kl, ,kn, kn+17 ---7k2n7 T)

(44)
where the following constraint must be satisfied Z?:l k; — Z?ZH_H k; —qg = 0. The bare frequency
term may be written as:
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2.4 Inhomogeneous Generalised Mode Coupling Theory

Don(lr, Ky, ,) = o SO (ARJAD A A
{pj
(1) i(1 1 1 -1
n| Z ki,.. 7kn|"4§;)1),...,pn><"4£)1),...,pn|145111),...,qn>
{p;}
kgT . . PO A
" nlm > (&1 P1){frcs—p, Prcs--Pren | Ppy -Pp, ) + (P14 Pa) + - + (P1 <> D))
{Pj}
X <;3p1...ﬁpn pql...ﬁanl + (ki o ko) +...+ (k1 & k)

We now Gaussian factorise the inverse n-point static correlator as usual, and employ an N-ordering
argument for the static (n —1)-th dimension correlator. More precisely, we keep only S,,_1 &~ ¢S...5 ~
O(N™) in its factorisation. It is easy to see that factorisation into products of many-body structure
factors (> 2) leads to a quantity of order O(N™), m < n. Then, writing explicitly the ki-term only
and using n-fold permutation symmetries over dummy summation variables {pj}7 we find

kgTn(n — 1)InINN"—1 _ _
~ Tl ) > (k1 p1)g(ki — p1)S(ka; Po) X o X S(kn;P,)S ™ (Prsar) X o X ST (P, )

nlmN™
{pj}
+ (k1 s k2) + ..o+ (kl <~ kn)
kgTn! _
= =23 (k p)o(ks — P1)S T (P13 A1) a0y X - X O, (K1 ka) o (K 0 Ky
P1
(45)
Whence we can write in full that
Z Qon (K, oo ks Koo K ) Fon (Ko K Ky, o ko) =
{k’
_ kBT (46)

(k1 - p)p(ki — P)S™H(p; K ) Fop (K Ko, oo, Kns Kt 1, -0, Koy
p,k’

+ (kl s kQ) + ...+ (kl <~ kn)

We then see that analogously to the homogeneous GMCT bare frequencies, the inhomogeneous GMCT
has a bare frequency term of arbitrary order 2n that can essentially be written as a sum of n bare
frequencies of order 2 : Qg ~ Qo+ ... + Qg [41]. Moving onto the memory term M, it can be written
as:

Map (ki oo ks Ky o K0 t) = (Ri, ke |elQ‘Ct|Rk/1, K )
~ (R, .. x,|Pni1e’ct Pny1|Ri . xr)

where we have defined the projector on the (n + 1)-th set of density modes:
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2.4 Inhomogeneous Generalised Mode Coupling Theory

1
- - © ) “1,,40)
P e }Z{)l}m o) A p o Mol
P;P;
~ 1 Sy -1 o )
NW{ }2{: 1A o ST (P13 PY) X e x S (Prt1i Pt )(Ap, o |
pjapj

We recall from the generalised Langevin equation (12) the definition of the arbitrary second element
of the fluctuating force vector:

2
|Rk17-»-7 > |"4E<1)7 . n | ZZQQ% klv nvqla' 7qn)|Aq1 ..... q >

n

{q;} (48)
= |Ry(k1,.... kn)) + |Ra(kq, ..., kp))

Hence, the memory term can be written as

M2n(k17 7k’n7k/17 . 7k:7,a )

N
:W{ ; }V2n ki,....kn;P1, - ,Pn+1)F2(n+1)(p1,---»pn+1;p/17~-~7pﬁz+1,t) (49)
p;}.{pj

X V3 (K, oo K5 P, ooy Plast)

where the generalised vertex function reads

. 1 1 1 1 —1
V2n<k1a ey kn7 P pn-i—l) = m Z <Rk1,...,kn |A((11)7...,qn+1><A((:11),.“,qn+1 |A§:)1),4..,pn+1>
{Qj}
1 _ _
~ N Z<Rk1, Lk |Aq1, qn+1>5 Y(ai;py) X o x S 1(C1n+1§pn+1)
{Qj}

(50)

We can evaluate the term (R|A) = (R1]A) + (R2|A) by construction using the same set of tricks used
in prior parts of this work. For the first term (R;|A), we only write the k; element, the others can be
written by mere variable exchange. This gives:
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2.4 Inhomogeneous Generalised Mode Coupling Theory

A® (1)
n+1lz k1, 7

1 1
CI17 SAn41 > <A‘(11)a~~vqn+1 |A( )

>71
Pi,-sPny1
1

(2 _ _
= Nl <AE<1),...,k"|A£111),...,qn 1>S 1(‘11;1)1) X ..x S
Nt +
{a;}

1) — _
Nn+1 Z A( ..... k, 1(111), ,qn+1>s 1(q1§p1> X ..o x 8 !

(qn+1§ pn—‘,—l)

(qn+1; pn+1)

o 2 (k1 @) e, Prc i, [Py P ) + (@€ @) 4+ (6 )

x §~1
_ —ikpT(n+1)
mNn+1

(Q1;P1) X ... X S_l(qn+1;pn+1) + (k1 < ko) + ... + (k1 > ky)

Z (k1 - 91) (P, —a, Pz Pk, |Pa, Pet,y i )S™H(ay; py)
{Qj}

; X X Sil(qn—kl;pn_pl)
—ikgT(n + 1)n!N™
e nENnH) > (k- ap)S(ki — ap592)S(ka; a3) X
{(lj}

x §~1

+ (k; < ko) +

x S(kn; knt1)S™ (a1 py) X

(qn+1§ pn+1) + (kl x4 k2) + ...+ (kl <~ kn)

—ikgT(n+1 ! _

# Z(kl ~qp)S 1(q1;p1)6k1 a.p3 Ok pg X oo X 5kn,pn+1 +
qa

(k1 <~ kg) + ...+ (k1 <~ kn)

(51)
where in the 6-th line we have Gaussian decomposed the 2n-point static structure factor, we then

systematically apply the identity (19) for the static structure factors. For the second term (Ra|A)
making use of the bare frequency result (46) we may write

szT 1 1 1 (1) —
sy DI (U —P)S T @) (AG, i, A AL 1A 07
{t/} P
(k1 < k2) + ..+ (kl <~ kn)
ikgT _
e 2 2 (ki p)(ks —p)S T (5 @)S2na(q ko,
{t/} p.a

aknatlla --'at;z-ﬁ-l)s_l(t/l;tl)

X oo X STt 15 trg)

(52)

Whence, in full the arbitrary vertex can be written as
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2.5 Off-Diagonal Homogeneous Generalised Mode Coupling Theory

—ikBT (n+1)' _
Von (K1, oo, Kni Prs ooy Prg1) = - ~ Z(k1 - @)S™H (@ P1) 0k, —q.py Okaupy X o X Oleyp iy
qa
1 _
- W Z Z (kl : p/)¢(k1 - p/)S l(p/;q/)SQn—‘rl(q/ak% "'7kn;t/1a "'atiﬂ-l)

) 5 W)

+ (ks < ko) + ... + (k1 < k)
(53)
The last term to be evaluated is the inverse current sznl (k1, ooy ks Kpg 1y, Ko ) = <A1(<21),...,kﬂ |Afn)+17___7k% YL,
Due to the number of terms arising from both the use of equipartition and that of factorisation ansatz,
a closed form satisfying (19) could not be found. We suggest instead to find the inverse numerically
if one desires to solve these equations.

The general coupled hierarchy of equations of motions that (44) defines for the many-body dynamic
structure factors Fb,, is to our knowledge the most general inhomogeneous GMCT that can be written.
Indeed, the inclusion of a spatially varying external field forces the framework to consider all possible
couplings between the modes which in this case presents itself with the large number of running
summations over k-space. This hierarchy also provides a good starting point to develop a GMCT
for geometrically constrained systems, along the lines of [47, 59]. We point out however that in the
case of extreme geometric confinements it could be useful to decompose the set of slow variables into
longitudinal and transverse Fourier density modes.

2.5 Off-Diagonal Homogeneous Generalised Mode Coupling Theory

In order to make sure that the inhomogeneous theory developed in the previous sections is coherent and
consistent, we take the zero-field limit U(q,) — 0 from which we should recover standard (diagonal)
GMCT [41] within a suitable set of approximations. Furthermore, this zero field limit also provides
a consistent way of deriving a more complete version of homogeneous GMCT which is referred to
as off-diagonal GMCT. The GMCT derived in [41] indeed only develops equations of motion for the
diagonalised many-density correlation functions Fo, (K1, ..., kn; k1, ..., ky, t), and does not include the
incorporation of off-diagonal terms. The most general many-density correlation function is given
by Fon(ki,....kn; knt1, ..., Kop, t) with the only requirement of momentum conservation: Z?Zl k; —

Z?Zn +1kj = 0. We see that taking the zero-field limit of (44) and simply enforcing momentum
conservation gives direct access to this off-diagonal GMCT. We mention that to our knowledge only
one attempt to the derivation of this off-diagonal GMCT exists for the 4-point dynamic correlation

function Fy [25]. We note however that their approach is different than ours.

2.5.1 Recovering Mode-Coupling Theory

We consider the zero-field limit of the inhomogenous MCT given by (30). We first note that the two
derivative terms are trivial since limy_o Fa(k; k', t) = Fy(k, )0y v where we abuse notation slightly.
The frequency term reads
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2.5 Off-Diagonal Homogeneous Generalised Mode Coupling Theory

kT _
51310% k§k£ (k; - k) ¢ (k; — k) S71 (k; K') Fy (—K'; ko, 1)
kT —1 / ’
= (k1 -k) ¢ (k1 — k) S™" (k k') Fa (k's ko, t) Ok 1 Oy KOk K (54)
k,k’
kT |ki|?
=B Fy (ki t
m S(kl) 2( 1 )

which is the standard MCT-result. We then look at the individual terms of the vertices individually.
The zero-field vertices read :

1
i : Y = lim — Ao —1 0 1 . ’
&vlglo qu (k7 q,q ) - [1]1510 2' Z <Rk1 | pq// pq///>GD (q ,q 59,9 )

q//-,q//l
=1 - (2 " 11
= lim o Z/”(A | paPar)Gp (d”.d";a,d')
q’,q
(1) PO —1 0 . /
*(}13105 ”Z”Xk}ﬂm ki, k | papg)Gp (d”,d"59,9")
q7,q

) kT | ki-q ki -q
1 — A(2 1" 122 = —7/ L] 71 _ ’ —_— P
Jim q;q:ﬁf | farpar )G (a5 @) = =T | SO gy Dl
as well as

lim — Z 22921 kl (1) ‘ ﬁ ”[) ///>G_1 (q// q///,q q/) o ZkBT |k1|

U0 2' ’ o p T

q/l qII/ k
where we have used the convolution approximation for S3 [8]. We then find that

ki-qa  ki-q
+ K| Oy o 55
S(al) 50 1'] kwara - (59)

which corresponds to the well-known MCT-vertex function [34] (up to a factor of 1/2 which is present
in front of the time-integral as a symmetry factor). Focusing now on the integral term as a whole, we
write:

ikgT
Nm

. . N _ . N —
lljlinquD (ki;q,9") =V (ki;q,q") =

dT > Z V(ki;a,d)0k; qra Fa(a, 454", 4" 7)oqraram+ar VK 4" a7 gy g
k k/ .. ///

X J (k) Oy pe Fo(kay t — 7) 0

k
=7/ 97 > kj;V(kl; a4,k — @) Fu(a ki —q;q", ko — q”, 7)dk, 1, VI (k23 q” ko — q)
0 a,q9”’

X J_l(kQ)Fg(kg,t — T)
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2.5 Off-Diagonal Homogeneous Generalised Mode Coupling Theory

Whence, the full equation of motion in the vanishing field limit, where we slightly abuse notation
Writing Fg(kl;kl,t) = Fg(k17t> :

. kpT|k|”
Fy(ky, t) + B2 1210
2k, 1) + mS (k)

I :
37 dr Y V(ki;q, ki —q)Fi(a ki —a;d ki — ', 7)Vi(ki; ' ki — q)J (ki) Fa(ky,t —7) =0
o i

Fg(kl,t) + Z/Fg(kht)

(56)

To recover standard diagonal MCT, we use the diagonal approximation [40] which enforces q = ¢'.
Lastly noting that J=1(k) = m/NkgT, we eventually obtain after absorbing the 1/4 factor inside the
vertices:

. ksT|ky|?

Fy(ky,t) + mS(ky) Fy(kq,t)

m (57)

t
dr ) |V(ki;q. ks — Q)|*Fi(q, ki — q;q, k1 — q, 7) Fa(ky,t —7) =0
q

which is the standard result before the self-consistent approximation Fy(q,k; — q;q,k; — q,t) =
Fy(ky — q,t)F>(q,t) to recover the homogeneous Mode Coupling Theory.

2.5.2 Recovering Generalised-Mode-Coupling Theory

In this section we look at the zero field limit of the iGMCT hierarchy developed earlier. We begin with
the equation of motion for F4 (kl, kg; k37 1{47 t) Clearly the terms in F4(k1, kg; k3, k4, t), P’4(k17 kg; k3, 1{47 t)
are trivial, as we only require momentum conservation:

(}iino Fy(ki,kosks, ka, t) = Fu(ki, ko ks, ka, )0k, 4k ks +ks

Moving onto the frequency term, we find that

1
lim — %~ Qu(ky, ko; k, K')Fa(k, K’ ks, Kq, )

U—02
k,k’
_ kgT ) .
= lim S5 g;zn: (k1 - m)g(ks —m) (S7(105K) 0y 10 + S (03K )by 1) + (k1 ¢ ko)) Fi(k, K'sks, Kk, )
kBT 25k2,k'5n,k /.
= 72m l;(:/zn: ((kl . ndkhn) (w) + (k1 — k2)) F4(k7k 7k37k47t)

kpT [ ki*  |kof?
_ kp <|1|+|2|

Fy(ki, ko k3, ky, t)o
m S(kl) S(k2)> 4( 1,82, K3, K4, ) ki+ko,ks+ky

as expected. Now regarding the integral term, enforcing momentum conservation leads to :
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from which we immediately see the form of the two conserved modes have the same form as the modes

{|an), |Bn)} [41] upon a shift in wave-vector summations and diagonal approximation (n; = ny). It
is possible to show, following the simple simplification ansatze used in this work that :

. kT (ki -(k; —n ki -n
[1]1310 Z V(k17k2;n1,n27n3)F4(n1,n27n3;---)NZ 5 ( 1 ) :

L N \ S(ki—n) | S(n)

kgT (ko (ks —mn) ko n
2 rfN( 25(1(2241) + SQ(n)

- |k1|2> Fy(ki —n,n, ky;...)

- |k2|2) F4(k17n7 k2 —1n; )
(59)

which is equivalent to [41]. The homogeneous equation of motion for the four-point dynamic correlator
can now be written down and is analogous to the one found in [41]. We omit it here for brevity however.
We emphasise once more that off-diagonal GMCT has the potential of solving some caveats of the
diagonal GMCT and that our very general framework provides a consistent approach to obtain off-
diagonal GMCT. We believe that the off-diagonal contributions could be important to the theory,
giving possible insights into what the diagonal GMCT is still missing. Especially relating to the
break-down of the Stokes-Einstein relation in the deep supercooled regime.

3 Equations of Motion for the Dynamical Susceptibilities

3.1 Linear Response Theory

Having developed a hierarchy of equation of motion for dynamic multi-point correlators in the presence
of an external field and having verified that the zero field limits gave consistent results, we now move
onto a linear response expansion of the order parameters Fy,. In the spirit of [18], we define a
generalised multi-point dynamic susceptibility as

= lim 0Fon(ky, . KniKny1, .. Kon, £)
U—=0 (5U(q0)

X2n+1(kla"'ak’n;kn+1a-"7k2n7q07t) (60)
We must also look at the response of the many-body static structure factors Sa,,, the inverses S~! and
the generalised inverse currents JQ_nl7 since variations of static quantities do not necessarily vanish. We
recall that our external field couples to density modes, and thus acts as a source term in the partition
function Z:

2 / dle—AH (D) ~BU(ag)

where U(qy) = gpq,, With g an infinitesimal coupling constant that fixes the units. Then, for any
static observable O, (ky,....,k,) & {Jx,...fx,) (which may also contain time-derivatives, omitted here
for simplicity), we find that
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1) 1)
_ 1 s s —BH(D)-BU(qm)
Jim 5U(q0)0n(k1,-~-,kn) Jim 5T (q0) /dekl---pkne °

=5 [ e, oD (61)
= B0, 11(ky, s Ky dg) 0k, 4.4k g0

where in the last line we enforce momentum conservation explicitly. én+1 is then the response of the
static quantity observable O,,. We see that the response of an object with n degrees of freedom has
(n+ 1) degrees of freedom. We summarise the response of the necessary static quantities below:

e The statistical average of single density modes

1)
[}1310 50 (q )¢>(k) = —pS(k;qy)dk,q,

e The 2n-many body symmetric static structure factors

é
(}%O 6U(q0) SQn(kla ey kn; kn+17 E) k2n) = _65271-"—1(1{1) [x3) kn; kn+17 ey k2n7 q0)6k1+---+kn7kn+l+~--+k2n+qO

which may then be simplified using the convolution approximations in Appendix A.
e The inverse 2-point correlation, obtained from functional differentiation of identity (19)
Sz(kis ko, qp)
S(k1)S(ke)

Other inverse quantities should be obtainable via analogous methods.

1)
lim 75_1(1{1; k2) = 6 5k17k2+q0 ~ BS(CIQ)(Skl,kTHm

U—06U(qy)

We then start by taking limy 0 d/6U(qq) of (30), which we re-write below :

0 )
0= glglo 6U(qO)F2(k1’k2’ t) + th 6U(q0)VF2(k1’k2’ t)
5 kgT 1yt ',
[1]1210 5U(q0) E (k1 . k)qﬁ(kl - k)S (k, k )Fg(k ,kg, t)

k. k’

. 4 kBT ,// Tt L M N T—1 1, L T /.
+U~>O(5U(q0 / 1; Z,,, Vo, (kiia,a) Fala, @5 q”, q"s ¢ = 7)Vg (ks q",a") ] (ki K B (K ko, 7)

3.1.1 3-Point Dynamical Susceptibilities
The principal task is to evaluate the response of the static coefficients. We find that for the bare-

frequency term
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5 kT O
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[k |

- m)@(kl; ko + dg)dk, ko tq,

Moving onto the integral term. The variation of the vertex

6 —ikgT /- » / /
lim ki (ky — ki — q:
050 00 (qg) 2mN ( 1 (ki —aq) 577 (kg q,q)+(q<—>q))

1) ’LkBT
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XS )Sl /// /)

V <k17q,q)

lim 0
U=0 5U(q0)

2mN [ Q) +ki-(k; —q)+ ki - (ky —qq) — 2|k1|] Ok, ,q+a'+q,

(63)

This means that the term §/5U(VVTJ~1) = VV1§/6UJ! in the integral term. Hence, the equation
of motion for the three-point susceptibility x3 reads

. S k; - (k k,|?
a1 ke, )0k, s + (I:Lol) <k1|2_ 1 (kg — ki |

)>
S By — a8k dearay — — i X (s ke, D)0 e,
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m uz " " T " "
— | d —Vi(ki;q, ki — q)Fu(— B P Vik:: K —
+NkBT 0 T%kg ( 1;9, K1 q) 4( 9,9 139 ,K1—q ,T) ( 1,9,k q)
x (k1 - ki — @) S(q0) Fa(ka, t — 7) 0k, kotap
+ NEaT /dTZ k—;v(kl;q,kl —a)xs(a, ki —a;d ke — ', 1)V (ko; o' ko — @) Fa (o, t — 7)0k, katag
q.,9’

m kl 12 /
— |4 — " Vi(k;:q,k; — q)Fi(—q,q — ki:q . k — f(k :q.,k —-q
+NkBT/ T§|k2+q0|v( ek —a)Fy(—q,9 —ki;d ke +aqg — q, 7)Vi(ks +qp;d’ ko + dy — d)

X XS(kQ + qg; ko, t — T)(Skl,k2+q0 =0

(64)
We remark that if we were to truncate the hierarchy in the Mode Coupling Approximation, the integral
containing x5 would instead go as ~ 2x3F, as found in [18, 52]. This is an important result, as we
have derived an explicit and first-principles based equation for the three-point dynamical susceptibility
of a supercooled liquid. As mentioned, we could in principle use the Mode Coupling Approximation
here, but given the generality of the framework developed in the previous sections, we can derive
similar microscopic equations for all the other odd-point susceptibilities.
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3.2 Inclusion of Higher-Order Susceptibilities

3.2 Inclusion of Higher-Order Susceptibilities
3.2.1 5-point Dynamical Susceptibility

We apply the same methods as for the previous section on (43), the equation of motion for the 4-th
point dynamic structure factor. Calculations for the time-derivative terms and the frequency terms
are identical to the ones presented in the previous section, we write them down directly:

. 5 . .
[}ILHO m <F4(k17 k27 k37k47t) + I/F4(k17k27 k37 k47t>)

= —BXs(ki, kos k3, ka, g, 1)k, 110 ks +kataqo — BVX5 (K1, ko3 ks, Ka, qg, )0k, 4k ks +ks+q,

and
0% 50 (ag) 5U o) mpB Z (ki —1)S™" (n;q) Fiy(q, kas ks, ka, 1) + (ki ¢ ko))
_ S(m 0 @klz B m] Fu(ky — g, ki K. K, O t1es s ks,
65
+ % [k2|2 _ m} Fy(k1, ko — qo; ks, ka, 1)k, 4k, ko +ka+ao (65)

(P, el Y5 (i1, Ko: Ks, Ka, dig, £)0
S(kl) S(kg) 5 k1, K2, K3, K4,{p, ki+ko,ks+kitq,

from which we will be later able extract inductively all higher-order variations of the bare-frequency
terms. Moving onto the integral term, we write from (42)

1 617
lim 7V4(k17k2§ ng, no, 1’13) = 71{1 : (1’11 + qO)S(qO)6k1—nl—qo,n26k27n3

U—06U(qq) Nm
AR (k1 — ag)S(qg)Ss(k1 — qg, ko; 1'11,112,1’13)61{
N2m S(ki — qp)S(n1)S(n2) S (n3) H ol
i |k1|25(q0)S5(k1 — qo,kg;nl,ng,ng)(S
N2m S(n1)S(nz)S(ns) k1~ Qo tka.nitnatns

o |k1|256(k1,k2;n17n2,n3,%)5
NZm  S(k1)S(n1)S(ny)S(ng) o Hremtnetnsta

i [ki]?S(qy)S5(ki, ka;ny + g, 12, n)

i NZm S(k1)S(ng)S(ns3) Oks +ka,ni+ng-+ns-+dy
i |k1|25(%)55(k1,k2;n17n2+q0,n3)5
Nzm S(k1)S(n1)S(ns) ka ez na +na s +ap
+ g |k1|25(%)55(k17k2; ni,ng,ng + qO)é
N?m S(k1)S(n1)S(n2) kitks,ni+nz24ns+q,
+ (kl <> kQ)

= Vi(k1, ko;ny, ny, ng, o)k, +ka,n1+n2405+qq
(66)

It would be an interesting result that the response of the vertices for the 4-point dynamic correlation
function vanish much like in the iMCT case. From a strictly mathematical point of view, we know that
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3.2 Inclusion of Higher-Order Susceptibilities

the vertices of the homogeneous GMCT (both diagonal and off-diagonal) are simply linear combina-
tions of the homogeneous MCT vertices [41, 25]. Given the striking resemblance of the homogeneous
and inhomogeneous hierarchies, it would not be surprising that within a reasonable set of approxima-
tions we could also write the inhomogeneous vertex (42) as a linear combination of (29), which would
in turn lead to the following result : V4 = 0. This is however a combinatorially complicated task, but
we believe that a well written script in a symbolic programming language could manage this task. We
leave this for future work.

Lastly we need to determine the variation 6/6U.J, 1. To do so, consider the following identity
involving Jy o< (A2 A®2)):

1 A A A XA 1A A =
21 Z<pk1pk2 |pkpk/><pkpk' ‘pk3pk4> b= 5k17k35k2,k4
" kK

To obtain the response of the inverse generalised current J, ! one must consider the variation of the
identity :

5 ) . ) . )
S S (sl ) e ) =0 67
5T %;(pk P | PP ) (P | Pres Prics ) (67)

lim

U—0
where we can apply the chain rule and then re-arrange in favour of the wanted result. We note
however that the right hand side of this identity is a simple combination of Kronecker deltas due to
the presence of the time derivatives which breaks the exchange symmetry ki <> ko. Unfortunately
a closed form for this inverse could not be found analytically without any justified approximations.
We will therefore simply write 6 /06U (qq).J; * = J; * for the current-current correlation response and

suggest determining this inverse numerically when the equations are solved. We now write down the
equation of motion for the 5-point susceptibility:

TalFy, Fs,dg, t] = Xs(k1, ko; k3, ka, 9o, )0k, 4ko ks +ka+q, T VaXs(Ka, kos ks, ke, dg, £k, 11, ks +katqo

T
S(kl) S(kz) 581, K2, K3, K4,{p, k1 +ka, ks +ki+qq

1 t
+ [CEEE > > / drVa(ki, kosti, to, ki + ko — t1 — t2)
. . O

kK’ t1,b2 ¢t}
X x7(t1,te, ki + ko —t1 — to;t1,t0, kg + ko — t] — t5,qp,t — 7)
x Vi(k ki + ks — qp — kst 6, ki + ko — g — t] — th)
x Jyt(k, k) +ko —qy — kK ki + ko — qp — k)
x Fy(K k; + ko — qp — K'; ks, Ky, T)0k, 4o ks +kat+ao
t

+ m YN /0 drVa(ki, kst to, ki + ko — t1 — to)

kK’ t1,t2 ¢,
X Fg(ti,to, ky + ko —t; —to;t],th,ky +ko —t] —t5,t —7)
x Vi(k ki + ko — ki t), th, ki + ko — t) — t})
x Ji(k, kg + ko — kK kg + ko — K)
x X5(k' k1 — ko — K'; k3, ka, Q, T) Ok, ks ks +katay

(68)
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3.2 Inclusion of Higher-Order Susceptibilities

where we have collected all terms which do not contain any susceptibilities in a general functional of
the 4 and 6-point dynamic correlation function that we denote 72. We see that just as x3 is dependent
on xs, we find that x5 in turn depends on x7, the 7-point dynamical susceptibility. Equation (68)
above forms the second iteration of the infinite hierarchy of equations of motion for the dynamical
susceptibilities that our framework can generate.

3.2.2 Generalisation to Arbitrary Order

Akin to inhomogeneous GMCT, we may extend the hierarchy of the dynamical susceptibilities to
arbitrary order. This new hierarchy inherits the properties of the GMCT one, with the exception
that it is now a set of linear coupled integro-differential equations. Starting from (44) We find for the
variation of the frequency term:

J n!

[}linm mggn(kla -"akn;qh 7qn) = |~ E(kl : ql)S(q0)5k17q1+q05k2,q2 X X 5kn,Qn

+ E‘kll S(q0)6k1,q1+QQ6k27QQ X X 6k7l)q‘n,

Moving onto the the variation of the vertices, we find

) 1)
hm 7V2n(kla L) kn; plv ceey pn+1)

U—06U(qq)
—i(n+1)!
= Tm(kl ~(P1 +40))S(A0)0k; —p, —a,py Okz,py X - X Okp sy
_iky - (ki = dg) Santi(ki —qg, ko, - K b ~-~,tn+1)5
Nmm Sk — qg)S(b1) X . X S(bpyy) oFothmbitFtarita
i|k1|2 S(q0)52n+1(k1 — qu kg, ...,kn;tl, ...,tn+1)5
Nmm S(t1) X .. X S(tns1) kit Ak it Atntitao
i Z|k1|2 SQ(n+1)(k17 eeey kn; t17 "'7t7l+17 qO) 6
N™m S(t1) X ... X S(tpt1) Kakeotkn bt Hntitdg

7:|k1‘2 Sgn+1(k1, ...,k";tl —+ qo,tg, -~-7tn+1)
N"™m S(kl)S(tQ) X ... X S(thrl)

+(tp o t) +. 4+ (6 & tn+1)}]

= VQn(k17 N P15 Ppt1s q0)6k1+"'+k7l)p1+"'+pn+l+q0
(70)

To generalise the discussion around (66), showing that the response of an arbitrary vertex vanishes
within a reasonable set of approximations would have two principal consequences. Firstly, it would
drastically simplify the equations of motion for the susceptibilities by removing two integrals involving
memory kernel evaluations. Secondly, vanishing vertex responses of any order would imply that the
‘coupling’ of the modes is insensitive to external perturbations (at least to linear order) which in turn
implies a very strong robustness of the hierarchy of equations of motion.
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3.2 Inclusion of Higher-Order Susceptibilities

Hence, we may then write the equation of motion
tibility as :

for an arbitrary (2n + 1)-th dynamical suscep-

TanlFPon, Fogni1), dos t] = Xznt1(Ke, oo, Kni Knt 1, ooy Kon, Qo )0y 4.k kg kom0
+ vanXent1 (ks o Kni Kng1, oo Kon, o, €0k, 4+ 4k kgt 44 konag
2
+ (SIHJ ) +..+ ;Zib) Xon+1(K1, o Kns Kngts oo Kon, oy )0k, 4k kg1 4+t kon 4o
1 t
+W{tj§t;}{k;},{ky}/o ArVan(Kys oy Kni by, ot ki + o+ Ky — b — o — ty,)
X Xo(nt1)41(b1s ooy b3 0, st 1, Doyt — 7)
XV (K, K, Kyt k=K — =K —qpi bt ke Ak — ) — L —t —qp)
x Jot Ky, Kk Ak, — K — K g kLK 1,k1+...+kn—k;’— — K
ngn(k’l',.. Ky 1 ki+ .o+ ky =Kk — =K — doiKngts o Kon, )0k ok Kt bt kan g
o (n+ 5 > /dTVgn Kis oo Kni e b ki 4k — 61— = 6)
{t AR
X Fo(ngny (b1, st ki 4o ky — b — =tttk L+ Ky —t,t—7)
x VI (K, K, ki 4tk — K — =K, ittt k4L + Ky, —t)
x JHK LK Lk ek, — K — K KK 1,k1+...+kn—k’1’ ~K!_ )
><)'(271-&-1(k17~- k;; 1,k1+-~-+kn—k/1/ kx 17kn+17--~7k2n7quT)6k1+...+kn,kn+1+...+k2n+q0

1—Cl0)

(71)
where again the general functional 75, contains all terms generated by the linear response expansion
but that do not contain any susceptibility terms.

3.2.3 General Comments on Non-Linear Susceptibilities

From the above derivation, we note that we can cast the dynamical susceptibilities into the following
form :

/Odfﬁzn [{F2; (ks 1)}, i (ks 1)} dos £, 7] % Xzns (Ka, o Kan, o, 7) = Ton[{F; ({1}, 8] (72)

where 7 < n and ﬁgn is a linear non-local differential operator. We hypothesise that f)gn becomes
singular at the transition temperature TeymoT, akin to the (G)MCT where an eigenvalue of a critical
operator vanishes [32] ; this would lead to a true divergence of the dynamical susceptibilities and
justify that the structural glass transition predicted by GMCT is indeed a Landau mean-field theory.
In fact, the association of the singularity of some linear operator to a growing lengthscale at the glass
transition is not a new idea and has been present for some years in field-theoretical approaches to the
problem [22, 16]. This extended framework is also an important test for the validity of GMCT as a
valid theory of the structural glass transition.

We emphasise that (71) is a really novel result which gives us direct theoretical access to non-linear
susceptibilities, and thus collective effects in supercooled liquids from a fully first-principles framework.
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While it will prove to be a herculean task, we believe that this hierarchy can be numerically tackled, at
least for the first few susceptibilities. We have high hopes that direct comparison with experimentally
measured non-linear susceptibilities [27, 9, 24] as well as from molecular dynamics simulations in the
presence of external pinning fields [44] will finally shed light on the putative idea of emerging and
growing lengthscales in supercooled liquids approaching the glass transition.

4 Toy Models of the Glass Transition & Extensions to Dy-
namical Susceptibilities

4.1 Definitions of Toy Models

In order to get an idea of the qualitative behaviour of both GMCT and the associated dynamical
susceptibilities, we study simplified versions of the microscopic equations derived in this work. These
simplified models are known as schematic models in the glass literature. Schematic models have
proven useful to study semi quantitative behaviour of different glass transition scenarios [23, 40].
These simplified models are obtained from the microscopic equations (44) and (71) by dropping all
wave-vector dependence and retaining only the time-dependence in the observables. This is equivalent
to restricting all-physical processes to a single arbitrary shell in momentum space. From (44) and
(71), we then perform the following ‘substitutions’:

e The wave-number dependent many-body intermediate scattering functions
For(k1y oo, K K1, o0y Ko, t) = o ()
become simple functions of time
e The wave-number dependent dynamical susceptibilities
Xom+1 (K1, ooy Ko Kb 15 s Kom, 9o, ) = Xomt1(g, t)

become schematic susceptibilities. We note that we retain a single wave-number (modulus) ¢, to
effectively account for the lengthscale over which the system is perturbed, as displayed in Fig.6.

e The frequency term and its response expansion :

ng(kl, ceey km, km+1, ...7k2m) — U2m

QZm(kla ceey kma km+1, ceey k2m; qO) — ﬁ2m
where we do not retain the ¢ dependence in fis,, for simplicity, so as to reduce the number of
parameters in the model.

e The vertices and inverse current terms are combined into a single effective coupling term that
we may interpret as an inverse temperature:

Vo * Vi % Jort = Aom
and the 3 integrals that come from linear response are combined into the same coupling
{WQm * ng * J2_7r1L + VQ’”’L * W;n * J2_771L + ng * Vg’m * j2_7rlb} — A2m

This means that the 3-integrals that arise in the general functional T in (72), the eigenvalue
equation for the susceptibilities are effectively combined into a single integral equivalent to the
integral term arising the schematic GMCT.
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4.1 Definitions of Toy Models

e We note that the coupling on the response of the memory function takes the following form
: Aom(q) = Ao (1 — Tayg?). This form arises from symmetry arguments (namely rotational
invariance) [18, 52]. Since it corresponds to a perturbative expansion truncated beyond linear
order, we require that the product I's,,q? < 1.

By applying the above ‘simplifications’, we formally obtain two infinite hierarchies coupled integro-
differential equations. By allowing for generalisation of the functional form of the integral kernels, we
write:

82 ¢2n a¢2n

8QSQn
oz Ty

ot

=0 (73)

t=1

t
+ plondon + Aoy / dTM2(£) (t—7)—%—
0

subject to initial conditions ¢9,(t = 0) = 1 and égn(t = 0) = 0. While the dynamical susceptibilities
read :

0? 0 _
oz T Vg tHen Xon+1(¢; 1) + fizn@2n(t)

aqj)Zn
ot
(74)

1o} n ;t 3} n
+ / dr {Aang(ff) (t— T)ngi;(q) + dan(g) MY (gst — 7) f;i + Mg MEY) (8 — )22
0

t=1 t=1

subject to initial conditions xa2,+1(¢,t = 0) = 1 and x2,+1(q,t = 0) = 0. We note that the
generalisation of the integral kernels formally reads Méi) = M[{¢2(j)}] some functional of corre-

lators and MQ(;() = M'[{x2¢j+1)},{¢j}] some other functional of both the correlators and their
suscepibilities which is in fact directly obtained from M([{¢s(;)}]. The first hierarchy considered

has Méi (t) = ¢2(n+1)(t), and is referred to as schematic generalised mode coupling theory where
each variable ¢o, can be heuristically associated with the many-body dynamic structure factors
Fy, from earlier sections. Various parametrisation have been thoroughly studied through the years
[48, 21, 33, 35] and analytical results exist for the infinite limit n — oo in the case of the Mayer-
Miyazaki-Reichmann (MMR) parametrisation [40]. For the second hierarchy considered, we find that
Mz(fi) (¢;t) = X2(n+1)+1(g; t) by simple generalisation from 71. Numerical treatments of the hierarchies
requires truncation at an appropriate order N.. Three common closure types can be identified from
the literature:

e Exponential closure : where Mz(ﬁ,) (t) = 0 is enforced by hand. Then, the corresponding ¢an, ()
decouples from the rest of the hierarchy and exhibits (oscillatory) decay behaviour. We formally
denote this closure type EXP —N,

o Mean-field closures of type I : where Méf:,)c (t) is self-consistently approximated with a product

of different ¢’s
MR (1) = i, ()i (1)---62s, (1) H Gai, (1)

possibly under the constraint that Zp 145 = N¢ (in the case of schematic GMCT). We formally

denote this closure type MF —2N,[..., 7, ...].
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4.2 Ergodicity Breaking in Schematic Models

o Mean-field closures of type II : a slightly more general case of Mean-field closures of type I which
allows for multi-linear products of lower order ¢’s

MQ(??L (t) = adai, (1) P2iy (). P2:, (t) + Bbaiy () Paiy, (t)... 211 () + ...

Mean-field closures of type II can be found in the spin glass literature [7, 21], or can be relevant
for systems where different modes of observables couple in asymmetric ways. They provide a some-
what consistent way of introducing additional parameters which unfold the parameter space into new
dimensions, leading to richer bifurcation structures.

We emphasise that by construction the choice of self-consistent closure immediately determines that

of the susceptibility hierarchy. It is a trivial exercise to see that exponential closures give MQ%)C (g;1) =
0. Mean-field closures of type I are slightly more complex. By the chain-rule, we find that

Mz(;sf)c (1) = X2i,+1 (@ ) P2y (t)...P2i, (t) + D2iy (£) X200 +1(q5 1) D24, (1) 4 .. + D2iy (£) 2y (F)...x20,+1(q5 1)

and analogously for the Mean-field closures of type II. We would like to emphasise the flexibility of
these two coupled hierarchies of equations of motion for the schematic structure factors ¢o,(t) and
their associated susceptibilities x2,+1(g;t). In addition to the freedom in the choice of self-consistent
closure relation, the level dependent coefficients poy,, fion, 2, as well as the coupling parameters Asg,
can in principle be any desired real-number.

4.2 Ergodicity Breaking in Schematic Models

We know from prior studies [40] that closure of exponential type systematically lead to avoided glass
transition singularities. This in turn implies (and we have checked this rigorously) that the associ-
ated schematic dynamical susceptibilities do not display critical-like behaviour, and are thus of no
true interest in the context of this work. In the case of mean-field closures of type I & II however,
the schematic generalised mode coupling theory possesses an ergodicity breaking transition that is
analogous to the one encountered in the microscopic equations of motion. We can therefore hope to
see diverging non-linear susceptibilities near this transition. The non-ergodic state (glass state) is
defined as ¢o(t — 00) > 0, while the ergodic state (liquid) is identified as ¢o(t — 00) = 0. Denoting
da(t — 00) = ¢5°, this quantity serves as an order parameter akin to F5(t) in the microscopic theory.
We recall that in the glass regime, the long-time limit of F5(t) serves as an order parameter for the
transition, and that in the case of these schematic models we can analyse the true asymptotic limits.

In these schematic models, the breadth of possible parametrisations can lead to very different types
of glass transition singuarities [33, 35, 37, 21]. In order to study these, we consider the long-time limit
of the schematic GMCT hierarchy, which can be investigated in Laplace frequency space (using the
well known property lim; o f(t) = lim,_0 2L{f}(2)), where we find that

o0
N2m¢2m _ AQmMQ(Z?OO (75)

1— ¢35,
determines the long-time behaviour of the order parameters. The glass singularity manifests itself as
the point where ¢3¢, (also referred to as a form factor) is no longer zero for a given point in param-
eter space. We note that there are strong constraints on the solutions that we allow. For instance all
physical solutions must satisfy : ¢35, € [0,1]. We follow the terminology of bifurcations introduced by
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4.3 Numerical Results

Arnol’d [34]. Solving for the form factors generally amounts to solving a set of polynomial equations
in these. The singularities are characterised by the degeneracy of these roots, and we denote A; the
bifurcation point associated with an [-th order degeneracy. The simplest glass transition scenario is
then the As transition, where non-ergodic and ergodic form factor collide. This is also known as a
fold bifurcation in the literature. More generally, a singularity of type A; consists of the coalescence
of two singularities of type A;_; in parameter space. Singularities of type As and A4 are known as
cusps and swallowtails in the bifurcation literature. These higher order bifurcation scenarios however
require a certain minimal number of variable parameters to be observed.

4.3 Numerical Results
4.3.1 Hierarchy Parametrisations

For the rest of this work, we turn our attention to two special cases of mean-field closures of type I: (i)
Méf:,)c (t) = ¢o(t)Ne+! that we abbreviate with MF —2N [1V*+1] and (ii) Mé;@c (t) = ¢a(t)dan, (t) which
we abbreviate MF —2N,[1!, N!]. For any closure level N, the hierarchy of coupled relaxators with MF
closures exhibit glass transition singularities of type As. We identify two important parametrisations
for the hierarchies [23]:

(A) {p2n = n and Ay, = An'~", with v > 0}

(B) {uan =mn and Ag, = A(n + ¢), with ¢ > 0}

which will be referred to as model A and model B respectively from now on. For simplicity, in all
cases considered we will assume that fis,, = po,. Model A is interesting because it allows us to probe
for 3 different regimes. In the case where the exponent v < 1, we have a coupling strength As,, which
increases as the total hierarchy level N, increases. Physically speaking, this case increases the influ-
ence of many-body correlators on the solution of the lowest order one ¢2(t). Vice-versa when v > 1,
where we attribute less ‘weight’ to the higher-order correlators as the hierarchy height V. increases.
The special case v = 1 recovers the MMR model [23] previously mentioned. In the case of model B,
we consider a linearly increasing coupling throughout throughout the hierarchy.

4.3.2 Numerical Methods

We define the principal characteristic timescale TéQn) of the 2n-th correlator as (;52”(7&2")) = le-1,

which we interpret as a de-correlation time and corresponds to the principal a-relaxation regime.
Hence, whenever ¢o,, (t) < (;52”(7'0([2”)) we have a liquid configuration. Similarly, the secondary 8 re-
laxation time Tg%) is defined as d)gm(ré%)) = ¢5,,, where ¢$, is the long-time limit of the the 2n-th
correlation function at the critical point. In glasses, the -regime is often associated with the onset
of caging mechanisms where particles are effectively kinetically trapped by their neighbours.

The time-dependent solutions to the hierarchies are obtained using the algorithm described in
[31], which has been suitably modified for the dynamical susceptibilities hierarchy. In brief, the two
hierarchies are solved in parallel using a modified Euler’s integration method with a logarithmically
increasing time-step and solving for fixed-point equations until convergence at each time-step. We
point out that the logarithmically increasing time-step size employed in this work can introduce very
subtle errors near critical points. In our case this is especially true for growing hierarchy closure
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4.3 Numerical Results

level N. While it is very easy to solve for say N = 10000 on both sides of the transition, systematic
studies of scaling laws near criticality are in practice very difficult to do. The results from direct in-
tegration techniques presented in the rest of this work are henceforth restricted lower values of N < 20.

MF —2N,[..., 7, ...

g

- D -« -

N N )

A2n

Figure 9: Schematic illustration of the GMCT hierarchy of coupled relaxators.

4.3.3 Phase Diagrams

We plot below phase diagrams of Model-A and Model-B for various parameter values of v and ¢. We
remark that the location of the transition point is strongly dependent on the choice of parametrisation
as we increase the hierarchy height N. This is especially true for model-A where as N is increased, we
systematically observe that A§ grows continuously and is expected to diverge as N — co. Given that
we interpret Ao as an inverse temperature, we find that the structure of the hierarchy systematically
accelerates the dynamics. This has also been demonstrated in the fully microscopic theory [49, 26],
where increasing the hierarchy heights leads to lower 7,,. We also note that for Model A, there is a
notable difference in the phase-curve for a given self-consistent closure relation : mixed closures such
as MF —2N,[1}, N}] systematically have higher transition points, which means that they display faster
dynamics. This behaviour is intuitively expected: below the transition, we anticipate higher-order
correlations to decay (much) faster than the two-body correlation function. Using a self-consistent
closure involving higher-order correlation function will make the highest level of the hierarchy decay
faster than if it only involved low-order ones, amd thus the whole spectrum of the dynamics will be
accelerated.
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MODEL A : Ay, = Am!~

MODEL B : Ay, = A(m + c)
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Figure 10: (a) Phase Diagrams for schematic GMCT Model A with exponents v =1/2,1,2 and mean-
field closures discussed in the text. (b) Phase Diagrams for schematic GMCT Model B with parameter
¢ =1/2,1 and mean-field closures discussed in the text

The two models A & B of the hierarchies above display a bifurcation at some critical A§, beyond
which the 2n-th point correlators admit finite values at long-times. In effect, have a single bifurcation
parameter: A in both model A and model B, and for all parametrisations of similar types, we have an
A, singularity. By virtue of the strong topological classification of bifurcation types we expect very
similar qualitative behaviour from both models. We have verified this claim numerically for a very
wide range of points in parameter space. The following discussion on the results therefore focuses on
Model A, but the conclusions also extend to Model B.

4.3.4 Scaling Laws at Criticality

(2n)

We study scaling relations for the principal relaxation time 75"’ as we approach the Ay singularity.

We begin by looking at the scaling of the principal relaxation time TC(YQ") x €. We systematically
verify that the analytical results presented in [40] and find that v, = 1.769 is actually independent of
the level of the hierarchy, as displayed for TéQ), Tc(f) in Fig.11 below. We emphasise that this result is

actually independent of the parametrisation As, of the system, provided that we remain at an As point.

The B regime previously defined also offers interesting scaling laws. We define a relative trajectory
for the 2n-th correlator : A¢an(t) = |p2n(t) — ¢5,,| where by definition we expect Ag¢o,(73) = 0.
Arbitrarily close to the transition point, we numerically observe power-law regimes for correlators of
any level and make the ansatz : A¢g,(t) ~ t~% for t < 75 and Agay, (t) ~ t¥ for t > 75 for ay, b, level
dependent exponents. We also find that the exponents extracted all satisfy the established general
relations [23, 40]:
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1 1
"= 20, " 2,
(76)
(1 +by)? y (1 - 2a,)
L(1+2b,)  T(1-a,)?

which hold valid arbitrarily close to the critical As point. This relation is one of the great successes
of the Mode Coupling Theory. A possible numerical solution to (76) give v = 1.769, a = 0.395
and b = 1. Numerical verification for different cases are shown in Fig.12. We numerically find that
Gn, by and -y, are independent of n for the model considered. Within reasonable numerical accuracy
we are also able to confirm that the fitted exponents agree with the solution proposed above. The
independence of the scaling exponents from the hierarchy level show that the inclusion of higher order
correlation functions in the framework does not damage the successful parts of MCT. We note that as
we study higher-order correlation functions, the time-window for the existence of these scaling laws
shortens. This is expected as the criticality of higher-order correlation functions is thought to emerge
only asymptotically close to the bifurcation point.
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Figure 11: (a)-(b) Scaling relation for the principal relazation time
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relazation time T,S” associated with correlation function ¢4(t) for Model A with parameters v = 0, 2.
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Figure 12: (a)-(b)-(c) Relative trajectories with respect to the glass-plateau value |Agam(t)] =
|p2m (t) — @55,| for two parametrisations of Model-A with v = 0, 2.

4.3.5 Schematic Nonlinear Susceptibilities at Criticality

Now that the behaviour of the dynamic correlation functions is better understood near the critical
point, we move on to the study of their associated dynamical susceptibilities. We pay particular at-
tention to their global behaviour as well as near the important timescales («, 8 regimes) at the onset
of criticality.

We show in Fig.13 the solutions to the dynamical susceptibilities x3(q;t), x5(q;t) and x21(g;t) for
various value of ¢, relative distances e = |Ay — A§|/AS to the critical point A§ and hierarchy levels
N, =1,2,10 respectively. This means that we do not show the effect from the inclusion of higher-order
correlation functions to lower-order susceptibilities. Firstly, we observe that the plotted non-linear sus-
ceptibilities shown display critical-behaviour as we approach criticality. We checked consistently and
we are in position to say that this extends to all dynamical susceptibilities, of any order asymptotically
close to the critical point for the two models considered. Additionally, we remark a behaviour that is
very similar to that of the non-Gaussian parameter as () and the 4-point function x4(¢) measured from
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simulations shown in Fig.5a-5b ; as the glass transition is approached, we see that the susceptibilities
grow and are shifted in time. We also consistently checked and are able to say that the location of the
peaks of the susceptibilties x3,,,; coincides with the principal structural time T&Qn) of the association
2n-point correlation function. Our schematic model also displays a non-trivial dependence on the
perturbative wave-number q. We systematically find for all susceptibilities that the peak is highest in
the limit ¢ — 0 and smallest for ¢ — 1 (we recall the value of I'y,q? < 1 is bounded). This indicates
that our model captures a dependence on the lengthscale over which the system is perturbed, with
highest responses for larger perturbation lengthscales. This observation suggests that we are really
probing for collective dynamical responses. We hypothesise that such a perturbation lengthscale also
exists in both the microscopic solutions to the hierarchies derived in the previous sections as well as
in real structural glass forming materials. This would provide concrete evidence that the nonlinear
susceptibilities x2,,+1(t) are indeed appropriate probes for macroscopic collective dynamical responses.

We recall that in the schematic GMCT, increasing the level N, of the hierarchy systematically
accelerates the dynamics, but at relative distances to the critical points the scaling laws are rigorously
preserved. In Fig. 14-15 we verify that the time-evolution of the susceptibilities has unchanged scaling.
We find that at fixed €, ¢ = 0 and increasing N, the curves are simply shifted in time to the right.
This holds true for susceptibilities of any order. In the case of large perturbation scales (¢ < 1),

n)

that governed by scaling

laws xon4+1(g = 0;t) ~ t% for t < and X2n41(q = 0;t) ~ tPn for t > Té2n). The exponents

an, by are actually the same as the ones discussed in the previous sections for the behaviour of the
correlation functions ¢o,(t) in the S-regime. We have verified this numerically, and we see in Fig.
14-15 that increasing the hierarchy level N, does not affect the scaling of this growth. While all the
high-point non-linear susceptibilities behave critically close to the transition, they are ‘polluted’ by
an increasing number of non-linearities and the window to observe these scalings around Ty @ are
shortened, much like for the dynamical correlation functions studied in the previous section. This
type of two-step growth behaviour has sometimes been associated to a change in regime from dilute
to dense collectively responding structures in the glassy regime [18], but more rigorous studies in this
regime are necessary to shed light on this.

we notice a two step growth of all dynamical susceptibilities around T;
(2n)
s
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Figure 13: (a) g-dependence of the 3-point susceptibility for Model A xs(q;t) for various relative dis-

tances to the critical point € at hierarchy level N, = 1. (b)-(c) g-dependence of the 5-point susceptibility

for Model A x5(q;t) for various relative distances to the critical point € and parameters v = 0,2 at
hierarchy level N, = 2.. (d) g-dependence of the 21-point susceptibility for Model A x21(q;t) for vari-

ous relative distances to the critical point € and parameters v = 2 at hierarchy level N, = 10.
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Figure 14: (a)-(b) behaviour of the three-point susceptibility xs at ¢ =0 and € = 1e-6 and parameter
v = 0,2 for increasing hierarchy level N.
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Figure 15: (a)-(b) Behaviour of the five-point susceptibility x5 at ¢ = 0 and € = le-6 and parameter
v = 0,2 for increasing hierarchy level N. Exponents a = 0.395,b = 1 are the schematic (G)MCT
exponents.

We now look of x3,.,(q) the peak of the non-linear susceptibilities as we approach the bifurcation
point. At short wavelengths, we find that the peaks of the first few levels stabilises at a constant value
of order O(10% — 10%) for ¢ = le-4, while for larger wavelengths we observe a continuous decay of
X3n41(q) for ¢ > 1072, As displayed in Fig.16, for large wave-numbers the continuous decay follows a
power-law behaviour whose exponent is quantitatively dependent on both the system parametrisation
and hierarchy level. We remark however that x3,.,(¢ — 1) & ¢~ %" with A, € [3.7,3.9] fitted
numerically for n = 1,2. By taking into account this tail-like behaviour of x5, ,(¢) at long wave-
lengths, we consider a generalised scaling law also found in [64]
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&
an + ﬂn(qgn)Q + en(qgnyl

to which the data is fitted. We note that &, is the ‘lengthscale’ (should we restore units) associated
to the (2n + 1)-th susceptibility x2,+1. We anticipate this lengthscale to diverge as well &,, « e ¥~
along with x3,,1(¢ = 0) o e7¥». Analysis of x5, (¢ — 0) with respect to € for n = 1 lead to the
conclusion that x3(¢ — 0) x € ~ O(1). Looking at the scaling of x3 with e in detail and find that
the associated exponent is ¥; = 1. Similar analysis performed on the higher-order susceptibilities
lead to the conclusion that v, = 1 for all levels n tested, independent of MF-closure type as well.
Akin to the observations made for the scaling laws of ¢s,,’s, this scaling relation is robust to different
parametrisation of models A and B. At low wave-numbers, the quadratic and quartic terms in the
denominator of (77) can be neglected, and so we find that x3,,1(q) o & ~ e ¥ = &, o e /4,
independent of the closure level N.. Interestingly, these exponents are identical to the ones determined
for for fully microscopic calculations of the three-point dynamic susceptibility [64, 52].

Xon+1(q) (77)
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5 Conclusion

In this work we extended the recently derived generalised mode-coupling theory of glass-forming lig-
uids to inhomogeneous environments in the presence of a spatially varying external field. We find that
the form of the inhomogeneous and homogeneous hierarchies of order parameters are very similar, the
main differences coming in the form of non-translationally invariant quantities. Taking the zero-field
limit of this new theory provides a way to consistently obtain off-diagonal Generalised Mode Coupling
Theory, which is believed to be an important improvement on diagonal Generalised Mode Coupling
Theory. Indeed, the theory developed in [23] employs a diagonal approximation, which restricts some
momentum integrations to specific shells in k-space. Regarding inhomogeneous Generalised Mode
Coupling Theory as a Landau theory for phase transitions [5], our formalism enables us to system-
atically take variations of the many-body intermediate scattering functions Fb,, with respect to the
pinning field to obtain equations of motion for the many-body dynamical susceptibilities Xx2.m+1(q)
where q is the wave-length of the induced perturbation. much like in spin glasses, these non-linear
susceptibilities are excellent candidates to probe for collective effects in the structural glass transition.

From the hierarchical structure of iGMCT, we find that the dynamical susceptibilities form of hi-
erarchy of coupled linear integro-differential equations which take as initial conditions full solutions to
the homogeneous GMCT. This is the main drawback of solving for the microscopic equations as solving
for GMCT is already a herculean task [49, 50]. In the spirit of early GMCT studies [23, 40], we ex-
plore numerically a mathematically similar but much simpler hierarchy of coupled integro-differential
equations where all wave-vector dependence has been dropped. In this simpler model, we find that
that dynamical susceptibilities of any order are critical-like near the Ay glass transition singularity,
and we are able to extract diverging length scales with critical exponents v = 1/4 for susceptibilities
of any order in the limit of ¢ — 0. Furthermore, we report on a multi-step responses in time to an
external perturbation hinting at very complicated dynamical processes.

Future endeavors will have the intention to build on this work for more complicated (polydisperse)
glass-formers to investigate growing length-scales in different glass transition scenarios. Accounting
for polydispersity will involve a generalisation of the dynamic structure factors and non-linear dy-
namical susceptibilities to tensor quantities : Fy,' " "“" and x5, {*"” with the presence of multiple
infinitesimal generating terms accounting for each species: U7(qy).

Lastly, we point out that carefully designed experiments are capable of measuring these high-point
dynamical susceptibilities [12, 2]. It would be interesting to compare these with microscopic results
from our susceptibility hierarchy. The novel framework developed in this work promises to build an
important bridge between dynamical and thermodynamical theories of the structural glass transition.
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A Convolution Approximations

We show the general framework required to derive generalised convolution approximations for high-
point static structure factors within the formalism of Density Functional Theory (DFT). These
quantities are useful since many-body static structure factors serve as initial conditions for (Gen-
eralised) Mode Coupling Theories. We first briefly summarise the results from [8]. We consider a
one-component fluid in an external field. We denote E the grand-canonical partition function (GPF),
z(r) = A=3 exp[B1(r)] the local activity, with ¢(r) = 1 — ¢(r) which are respectively the chemical po-
tential and the external potential. As usual the microscopic density is defined as p(r) = >, 6(r —r;).
We denote F[p(r)] the free-energy of the system, which is a functional of the density. We now introduce
a set of important distribution functions.

1. The n-particle density, denoted p(”)(rl7 ..., Ty, ) which is generated by derivatives of the GPF

(IT= 2(r))  on=

My, .yry) = 78
P ) E dz(ry)...02(rp) (78)
2. The n-particle distribution function g(™)
(n)
g(n)(r17...7rn) — P (rla"'arn) (79)

1=, pM(r;)

3. The correlation function h(™

(Hﬂ’:l Z(I'j)) 571 lOg(E)
(n) T1,.yTp) = n]
" : (Hj:l pM(r;)) 0z(r1)...02(ry) (80)

4. The density correlation function H (™)

HO () = ([ple1) = oD (r0)] . [plen) = pM ()] )
- 5" log(2) (81)
~ Slog(z(ry))...0log(z(ry))

Following [39], we note that H(™) is also generated by the Grand potential Q, for n > 2:

- 550
6B(r1)...08Y (rn)

and also that this many-body distribution functions is directly proportional to the many-body

structure factors that Generalised Mode Coupling Theories take as input : S, (ky,....,k,—1) =
“THM (ky, ..., k

P ( 1yeeey n—l)-

HO(ry, ym,) = (82)

5. The inverse of H(™ denoted K (™

_ "BF

5pM (r1)...0pM (ry,)

I G G L A (Y
PO (e 1 001~ )0 =) = e )

KO (r, . ry) =

o4



and its version in Fourier-space, assuming translational invariance :

J7e 2 (Ko, ... k) = W — & (ka, ..., ky) (84)

Py

6. The direct correlation function ¢, generated by the excess free energy Fexe

SV (ry, .1y ) OBF,
(n) _ Lyesin=1) exc
D ) 50 (e 5500 (1) - 6p () (82)

We note that the following functional identity immediately follows

/dI’3K(2) (I‘l, I'3)H(2)(I'3, 1’2) = (5(1‘1 — 1‘2) (86)

We refer to this equation as OZ-2 from now on. Substituting the results summarised above gives :

r ; ri —r —C(z) ri,r 5210g(5) = r{y —r
faes (o =m0 - e ‘”)610g<z<r3>>alog<z<r2>> ora = xz)

= /dr3 (p(l)l(rl)é(rl —r3) —c? (rl,r3)> (p(l)(rg)p(l)(rg)h(Q) (ra,r3) + pM (r2)d(ry — r3)> =6(r; —r2)

= " (r,1y) = P (ry, 1) + /dI‘gC(Q)(I‘l,I‘3)p(1)(r3)h(2) (ra,13)

which is the Ornstein Zernike [39] relation ! We seek to generalise to higher order correlation functions
in order to derive convolution approximations in momentum space. To do so we consider successive
functional derivatives of the functional identity above. For instance:

(2)
/dr3K(2)(I‘1,I‘3)H(2)(I‘3,I'2) = /drg{K(g)(I‘4,I'1,I‘3)H(2)(I'3,I'2) +K(2)(r1,r3)W}
pPYATy

§log(z(rs)) 6HP (r3,13)
— [ drsd K® H® /d K® ,
/1‘3{ (ra,ry,13) (r3,r2) + s (r1,r3) 5pM(rs)  dlog(2(rs))

:/dl‘3{K(3)(f4,1‘171'3)H(2)(I'3,P2)+/dr5K(2)(1‘17P3)H(3)(I‘3,Pz,l‘s)é(l;)g(l()z((ri))}
prry

:/dI‘g{K(g)(I‘4,I'17I‘3)H(2)(I‘3,I'2)+/dI‘5K(2)(r1,I‘3)H(3)(I‘3,I‘2,I‘5)K(2)(I‘5,I‘4)}

3p (ra)

and hence, OZ-3 reads:

/dr{K(3)(r4,r1,r)H(2)(r, ra) + /dr/K(2)(r1,r)H(?’)(r,rg,r’)K(Q)(r’,m)} =0 (87)

which, up to relabelling this result is in agreement with [8]. Assuming translational invariance, OZ-3
(87) above reads in Fourier space after rearranging in favour of H®):

_f((3)(k1, k2)g(2>(k2)
K@) (k) K@ (k; 4 ky)

H® (ky,ky) =

%)



From which we easily obtain:

53(1{1, kg) =~ S(kl)S(kg)S(kl + kg) (88)
by neglecting higher-order direct correlation functions &™ for n > 3. To obtain the higher-order

convolution approximations, the same method applies.

S4 convolution : We consider a variation of OZ-3 with respect to the density field, which gives
0Z-4, then expressed in Fourier space

KO (k) K(

H® (ki kg, k3) = — — _ [ )(kq, ko, ks) H® (ky + ko + k3)
+K® (ky, kg)H(?’)(kl + ko, kd)f(( )(k3) + K@ (ky,ks) H® (k) + ks, ko) K@ (k)

+K@ (k) H® (ko + k3, ki) K (ko, k3)]

which eventually gives

Si(ky, ko, ks, ky) = S(ky)S(ks)S(ks)S (k) <S(k1 + ko) + S(ky +ks) + S(ky + ks) — 2) (89)
We summarise below the results for the next two orders.

S5 convolution

ki, ki +ko +ks)  Sz(ki,ky)
S(ks) S(k1)

Ss(k1, ko, ks, ka, Ks) :S(kl)S(kg)S(kg,)S(ks){65(k4) — 2<53(

SL"SZI“’{’;)“*) S?’él;i’gl)“*)) — S5(ky + ko, ky) — S3(ky + ks, ky) — S5(ky + ks, ky)
Lt (S4(k1 + ko, ks, ky)  Si(ky + ks, ko, ky) N Sa(ka + kg,kl,k4)>

S(ks) S(ks) S(ko) S(ky)
Si(ko, ks, ky)  Sa(ki, ko ks)  Si(ky, ks, ky) }
S(kz2)S(ks) S(k1)S(ks) S(k1)S(ks)
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S convolution :

Se(k1, ko, k3, kq, ks)
Sa(ki,ks)  Ss(ki,ka)  Ss(ki, ks)
S(ks) S(ky) S(ks)

- S(kQ)S(k:s)S(k4)5(k5)5(k6){ —245(k,) + 6(

S3(ky, ko) 53(k17k2+k3+k4+k5)) (
+2( Sk, ky + ks) + Sk, ks + k
(k) Ske) 3(ki, kg +ks) + Sz(ki, ks +ks)

+S3(ky, ks + ka) + S3(ki1, ks + kg + ks) 4 Sz(ki, ko + ks) + Sz(ki, ko + ky)

+S53(k1, ko + ks + ks) + S3(ky, ko + k3) + Ss(ky, ke + ks + k) + S3(ky, ko + ks + k4)>

B 2(54(1(171{4,1{5) Sa(ki, ks, ks)  Sa(ki, ks, ka)  Sa(ki,ko,ks)  Si(ki, ko, ky)
S(k4)S(ks) S(ks3)S(ks) S(k3)S (k) S(k2)S(ks) S(ky)S(kz)
Sa(ki, ko, ks)  Sa(ki, ko, ks +ks +ks)  Si(ki ks, ko + ks +ks)  Si(ki, ks, ko + ks + ks)

S(ka)S(ks) S(k2)S(ks +ka +k5) S(ks)S(ka +ka +ks) S(k4)S(ke)
Sa(ki, ks, ka + ks + k4)) B <54(k1, ks ks +ks) Sk, ka, ks +ks)
S(ks)S(ke) S(ks) S(ka)

Sy(ky, ks, ks +ky)  Sa(ki, ko, ks +ks)  Sa(ki kg ko +ks)  Si(ki, ks, ka4 ky)
S(ks) S(ks) S(ka) S(ks)

Si(ki, ko, ks +ks) | Si(ki ks, ko +ks)  Si(ki ko, ks +kys)  Sa(ki, ks +ky, k3 +ks)
S(ko) S(ks) S(ko) S(kg)

S4(k17k3,k2 +k4) S4(k17k3+k5,k2 +k4) S4(k1,k2 +k3,k5) S4(k1,k47k2 +k3)
S(ks) S(ks) S(ks) S(ka)

54(k17k2+k3,k4+k5)> Ss(ki, ko, ks, ks)  Ss(ki ko, ks, ks)  Ss(ki, ko, ks, ky)
S(ke) S(k2)S(ks)S(ks)  S(k2)S(ks)S(ks)  S(ka)S(ks)S(ka)
Ss(ki, ko, ks, ks +ks)  Ss(ki, ko, ka, ks +ks)  Ss(ki, ks, ky, ko + ks)

S(k2)S(ks)S(ke) S(k2)S(ks)S(ke) S(k3)S(ks)S(ke)
Ss(ky, ko, ks, ks +ks)  Ss(ky, ko + ks, ke, ks)  Ss(ky, ks, ks, ko + ky) Ss(k1, ks, kg, ks) }
S(ke)S(ka)S(ks) S(ka)S(ks)S(ke) S(ke)S(ks)S(ks) S(k3)S(ka)S(ks)

We note that the equations for S5 above can be further simplified by plugging in the appropriate
convolution approximations of lower order.
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B Numerical Methods for Schematic Models & Parametrisa-
tion Detalils

We outline the numerical algorithm used to solve the schematic GMCT and schematic dynamical
susceptibilities. The essence of the numerical technique lies in the treatment of the convolution
integral, where we use:

/ot duM (t — u)F(u) = /Ot2 Mt —w)Fu) + /tt M= E

= Mt — t2)F(ts) — M(£)F(0) — / " GudI(— u)F(u) + / "Bt — ) F ()

N t; ) N’ t; )
= M(t — t3)F(ta) — M(t)F(0) — Z/ duM (t — u)F(u) — Z/ duM (u)F(t — )
=17t j=17ti—1

N
R M (timin) F(ti;) — M () F(0) = Y (M (tig) = M(tij1)Z[F(t;)]

N/
= (F(tioj) = F(tij+1))Z[M(t))]
j=1
(90)

where the sum limits satisfy NAt = t5 and N'At =t — t5. WLOG we will assume At = 1. We have
also used

tj ) 1
/ duc(u)B(u) = 5 (alty) — alt;-1))(B(t;) + B(tj-1)) (91)
tj—1

We can re-write the hierarchies (73), (74) in the form A¢q, (t;) —l—BMéi) (t;)+C = 0and Axxan+1(ti)+
BXMQ(Z) (t;) + Cx = 0. The exact coefficients are

A= (mn+ 322 2 ) M2 1) (92)
B = *An(ﬁn(o) + AnI[(rbn(tl)] (93)
2uy, Vp 5 4 1
C= _W(bn(ti—l) + ﬁﬁﬁn(ti—ﬂ - ﬁ(ﬁn(ti—l) + @Q%(U—Q) - @%(tz‘—s)
A (M (ki) 6n(t) = ME (t1)T6n(00)] — ot )TIME) (1))
— Ay i (MT(L¢) (tij) — Mr(bm(ti—j-&-l)) Z(pn(t;)] (94)
j=2

- A, Z ((ti—j) — ¢(ti—j+1))I[M7(1¢) (t;)]

for the hierarchy of the dynamical correlation functions and are
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3y, 2
— 2o, 2 (¢)
Ax = (m+ 22 2 ) 4 A2 () (95)
Bx = =X (q)9n(0) + A (@) Z[dn(t1)] (96)
2uy, 5 Un 4 1 _
Cx = _?X2n+1(tifl) - @X%H(hq) + T&X2n+1(ti72) + Ex2n+1(ti7i2) - ﬁXZnJrl(tifB) + [in®n(ts)

A (M (b5 6(t) = M (1) (0) = (M) (ti1) = M ()Tl ()] = (n(tim1) — du(8))ZIME (11)])
+ Ay <M7(z¢) (tiviy)Xont1 (tiy) — M (tim1)Z[Xont1(t1)] — Xons1 (ti—1)Z[MP) (t1)]
— M (t;)x2n41(0) + ML (ti)I[X2n+1(t1)])

+An(q) (M7§X)(ti—i2)¢n(ti2) — M (ti-1)Z[pn(t1)] — b (ti—1)Z[M (t1)] + b (t:) Z[ M (tl)])
—An 22 (M7(1¢) (timy) — M? (tl-,jﬂ)) Tlxan+1(t5)]

j=2
—An i (Xont1(tizj) — Xont1(tiji1)) ZIMED) ()]

j=2
— Ay i (MT(L¢) (timj) — Mr(L(b) (tz‘—j+1)> Zipn(t;)]

j=2

i—ig

- A, Z (B(ti—j) — D(timjs1)) Z[MID ()]
=2

@Y (Mt ) = MO (t541) ) Tl (L))

=2

=L,

—1

- )\n(Q) (¢7L(ti—j) - ¢n(ti—j+1))I[M'r(LX) (tj)]

¥

<
||
N

(97)

for the dynamical susceptibilities. The algorithm requires as input the first 2N points of the solution
for x2n+1(gq;t). We do so by considering a Taylor development.

Bn(t) = 6a(0) + du(0)t + 5B (0)F + O(F) o
Xan+1(t) = x2n+1(0) + X2n+1(0)t + %X2n+1(0)t2 +O(t%)

OVERDAMPED scheme : then we have as initial conditions ¢,(0) = x2,+1(0) = 1. From the
e.om. we determine that
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fin, | n
Pn(t) =1— Lot [un + M (0)} 12
t+ 1y [t i pnfin + MO 0)] 2 + 22 E0 01 0

Un n vn

Xont1(t) =1 —

UNDERDAMPED scheme : then we have as initial conditions ¢,,(0) = x2n+1(0) = 1 and
&n(0) = X2n+1(0) = 0. This leads to the following initialisation terms :

My,

2

_ Mot pn
2

bn(t) =1 — t2
(100)

Xent1(t) =1 t?
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