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Abstract

The cavity method is an effective technique born to analyze classical system
defined on graphs, and then also quantum systems, at equilibrium; by exploiting
graphical models, it is indeed possible to derive self-consistent equations for one-
site cavity marginals that, if obtained, allow for the computation of full one-site
marginals, so that local observables can be easily computed. At equilibrium, and
especially in the case of quantum systems, the results obtained with the cavity
method provide a starting point for the application of the dynamical mean-field
theory approach: this allows for a description of a many-body problem as a one-body
problem by means of a set of effective quantities that have to be computed self-
consistently. The dynamical mean-field theory approach has proven its effectiveness
in many-body quantum mechanics for the analysis of both fermionic (F-DMFT)
and bosonic (B-DMFT) systems. The approach based on the cavity method and
on dynamical mean-field theories for the analysis of classical and quantum systems
at equilibrium can be extended to out-of-equilibrium classical systems; these can
be defined as a set of stochastic differential equations on a graph, each of them
describing the behavior of a degree of freedom associated to a node subjected
to a local term, to the interactions with the neighbors and to an additive noise.
Again with the help of graphical models, it is possible to apply the dynamic
cavity method to derive a set of self-consistent equations for the cavity marginals
and then for the full marginals; by performing a large connectivity expansion
typical of the dynamical mean-field theory approach, one is able to obtain a set of
effective stochastic differential equations, one for each degree of freedom, where the
interaction term gets substituted by a set of terms involving cavity mean functions,
cavity correlation functions and cavity response functions. The set of effective
equations can be reduced to a single effective equation, with a single cavity mean
function, a single cavity correlation function and a single response function, if
one considers regular graphs, like a Bethe lattice; it is also possible to analyze
disordered systems with this approach by performing configurational averages.
The goal of this thesis is the development of an algorithm aimed at computing
the cavity mean function, the cavity correlation function and the cavity response
function appearing in the effective stochastic differential equation of a generic
dynamics defined on a Bethe lattice with linear interactions and additive noise.
From a conceptual point of view the structure of the algorithm is the following: the
cavity quantities are initialized, then they are used to generate a certain number
of trajectories according to the effective equation of the dynamics, which in turn
are used to update the cavity quantities in an iterative fashion until convergence is
reached. After convergence, the cavity quantities can be plugged into the effective



equation of the dynamics, so that trajectories can be generated in order to perform
a statistical analysis of the dynamics under exam.
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Chapter 1

The cavity method

1.1 Introduction

The purpose of this chapter is to present the cavity method for classical systems|[1]
and quantum systems|[2][3][4]. The physical model that allows to easily show the
ideas behind this approach is nothing but the Ising model on a Bethe lattice for the
classical case, which is then promoted to a system of quantum spins in a transverse
field for the quantum case on the same underlying graph. Starting from the classical
case, the cavity method is presented in its simplest form, then it is generalized to
deal with the heterogeneity of the couplings and fields; to apply the method to the
quantum system, the Suzuki-Trotter procedure is introduced, which has proven to
be an extremely effective technique able to transform any quantum system into a
classical system with an extra dimension; once the classical counterpart is obtained,
it is possible to apply the same ideas developed for the classical system. However,
the formal complexity of the quantum system turned classical have prompted the
derivation of simplified, but still effective, techniques, like the projected cavity
mapping approach and the cavity mean-field approximation.

1.2 The classical cavity method

1.2.1 The cavity method on a Bethe lattice

The cavity method is a powerful tool in the field of statistical physics, as it allows
to analyze various types of systems; it was introduced to treat classical spin models
characterized by disorder, but it has been proven effective also to deal with complex
optimization problem and in the field of condensed matter physics.

The simplest way to present the classical cavity method is by means of a
practical example[1]; therefore, let us consider an Ising system with nearest neighbor
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The cavity method

interactions on a Bethe lattice, that is a tree-like graph G = (V, E), with V' being
the node set and E being the edge set, characterized by the following Hamiltonian:

H(o)=-J> oi0;—h) o; (1.1)
(:) g

where J > 0 is the coupling constant, h is the external field and ¢ = {0,- €

{-1,1}:i € V} is a configuration of simple spin variables.
The Boltzmann-Gibbs measure is simply given by:

1
(o) = Ee—ﬁﬂ@ (1.2)

with 2 = ¥, e ##(@ being the partition function and B being the inverse
temperature. -

The cavity method takes advantage of the natural recursive structure of the
underlying infinite tree on which the system is defined; it is useful to introduce the
following two quantities:

- Z;,j(0;): it is the partial partition function associated to the directed edge
(1, 7) for the subtree rooted in i, excluded the branch directed toward j

- Z;(0;): it is the partition function of the whole tree, with a fixed value of o;

For these quantities it is possible to derive simple recursive relations:

Zi—>j(0i) = e H (Z Zk%i(ak)eﬁ{]amk) (1.3)

kedi\j ~ Ok

Zi(o)) = ] (Z Zk%i(ak)eﬁ‘]”"”ﬂ (1.4)
keoi © ok
with 07 being the neighborhood of node i, that is 0i = {j € V : (i,5) € E}.
The partial partition functions defined above can be used to derive the following
probability distributions:

Ci—>j(0'z‘) = % - (1.5a)
_ 1 oBhoi H (chﬁi(ak)eﬁ‘]gmk) (1.5b)

Fi—j keai\j \ ok

2



The cavity method

__Zilo)

Ci(ai) - Zo” ZZ'(O',) — (16&)
_ 1 g, , BIaio
= Zie kgi <%€: Cr—i(ok)e ) (1.6b)

with z,,; and z; being simple normalization constants.

It is worth to mention that it is possible to deal with this type of recursive
equations by means of factor graphs. Indeed, the Boltzmann-Gibbs measure of the
model under exam can be rewritten as a product of factors:

c(a) = iefﬁH(g) _ L LI vij(oi,05) [T i(o) (L.7)
2 2 (i.7) i
with ¢;;(0;,0;) = €799 and ¢;(0;) = €79, If the graph G on which the Ising
model is defined is a tree, then also the corresponding factor graph is a tree; an
example of tree-like factor graph for the Ising model is represented in figure 1.1,
where factor nodes are represented using white rectangles and variable nodes are
represented using black dots.

A & 0
O\ P
O
SO = 8 o Ly K
- | | ] -
- (]
3 > & X
3
O ‘b
o £ % &
L] Ay
[7
'y
A 9!
]
(]
O
[ |
[7

Figure 1.1: Example of factor graph for the Ising model defined on a tree.
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The cavity method

If the graph G is a finite tree, the set of recursive equations has a single solution,
which can be obtained by propagating the recursion starting from the leaves of the
tree. The recursive step is represented pictorially in figure 1.2.

Cly—skey (01. )

—

Yo k(o)

efhak,

Figure 1.2: Pictorial representation of the recursive relation.

Once the probability distributions {c;,;(0:), ¢j—i(0j)} i j)er have been computed,
it is possible to get the set of the other distributions {c;(0;)}iev, which are nothing
but the marginal Boltzmann-Gibbs distributions; indeed, it is possible to write:

a\{oi}

with ¢ indicating a specific configuration of the set of spin variables; the
knowledge of the distribution ¢;(o;) allows for the computation of local observables,
which can be obtained as (O;) = >, O;(0;)c;(03).

The cavity method can be applied also on graphs which are not tree-like, although
in these situations the distributions that are obtained are just approximations of
the real ones.

It is interesting to consider what happens on a Bethe lattice, that is on an
infinite tree in which each node has exactly the same connectivity K; on such a
graph, the quantities ¢;_,; become the same on all edges, hence, it is convenient to
replace them with the common quantity ceq, (o). For ¢, (0) it is possible to write
the following self-consistent equation:

ccav(a):z ePho > Ceas(01) ... Coqp (T g1 €271 HHoK=1) (1.9)
cav 01,...sOK_1

4



The cavity method

with 2.4, being a simple normalization constant.
The full Boltzmann-Gibbs distribution of a spin variable can be recovered as:

1
C(U) :7€Bh0 Z Ccav(01)"'Ccav(O'K—l)eﬁja(gl—’—m—’—ai{) (110)

z 01,0, 0K

where all the neighbors of a node are taken into account and where z is just
another normalization constant.

It is worth noticing that the system can be described in an even simpler way
by introducing a cavity field he,, and an effective field h.ss; this comes from the
fact that, since a spin variable o can take just two values, both the distributions
Ceav(0) and c(o) can be parametrized with a single quantity. The best suited
parametrization is the following one:

eﬁhcavg
cav =~ 1.11
Cean(0) 2cosh(Bheay) ( )
ePhesso
(1.12)

clo) = 2cosh(Bheyy)

By plugging the expressions above into the equation for c., and ¢ and by
performing the required computations, the following expressions for the cavity field
and for the effective field are obtained:

K-1

heaw = h + atanh[tanh(8.J) tanh(Bheay )] (1.13)

hefp=h+ [5( atanh[tanh(8.J) tanh(Bheay )] (1.14)

It is not hard to see that, in the absence of an external field (h = 0), the expected
behavior of the system is recovered: a phase transition at a critical temperature (.
separates a low temperature phase, in which h.,, and h.rs are both different from
zero, from a high temperature phase in which both h.q, and h.sy vanish; the critical
temperature of the Ising model defined on a Bethe lattice is obtained from the
self-consistent equation for the effective field and it is equal to 3, = + atanh(%).

The one that has been discussed up to now is just a simplified presentation
of the cavity method; its power emerges if the magnetic fields associated to the
vertices and the couplings associated to the edges of the underlying graph are
allowed to be heterogeneous. This increased freedom in the parameters of the
system is responsible for a much richer physical picture, but it is also responsible
for a more complex mathematical description.

5



The cavity method

At this point the generalization of the cavity method to a system with het-
erogeneous parameters can be presented; for convenience the graph on which the
system is defined is still a Bethe lattice, in order to exploit once again the recursive
structure of the tree and the fixed degree of each node. The coupling of each edge
is sampled independently from a distribution P(.J;;) and the same can be done for
the external magnetic fields with some distribution P(h;).

On a finite graph, for a single realization of the entire set of couplings and of
the external fields, the cavity method reduces to a message-passing algorithm that
allows for the computation of the distributions {¢;,;(0;)} ¢ j)er and {c;(0;) biev.
The expressions of this algorithm are nothing but the recursive relations that have
already been presented, corrected to account for heterogeneous couplings and fields:

1
cisj(0;) = ——Phioi H (ch%i(ak)eﬁ‘h’“”i”’ﬁ (1.15)
Fi—j kedi\j * Ok
1
ci(oy) = —Phici H (ch%(ak)eﬁ‘]ik‘””’“> (1.16)
Ri—j kedi N on

If the graph is a tree the system of equations defined above has a unique fixed
point; if instead loops are present, the landscape of fixed points is more complex
and this can create issues for what concerns the convergence of the system of
self-consistent equations.

1.2.2 Generalization to the case of heterogeneous couplings
and fields

In the case of heterogeneous couplings it is still possible to perform a parametrization
of both distributions ¢;_,;(0;) and ¢;(0;); this time the parametrization is achieved by
introducing a 'local cavity field" h;_,; q, associated to the removal of each directed
edge (i,7) and a "local effective field" h;.s; for each node i. The parametrized
distributions read:

eﬁhi—ﬂ,cav [eF

2cosh(Bhi—jcav)

Cis3(07) = (1.17)
eBhicrfo

ci(o3) = m (1.18)

If we now exploit once again the recursive relations for the distributions ¢;_;(0;)
and ¢;(0;) in the case of a finite tree and plug in those the parametrized distributions
introduced above, we obtain the following relations for the parameters:

6



The cavity method

1
hisjcan = hi + = Z atanh[tanh(8J;x) tanh(Bhg—i cav)] (1.19)
5 keoi\j
hiepr = 5 Z atanh[tanh(8J;,) tanh(Bhg— cav)] (1.20)
keoi

By solving all these equations one obtains the set of cavity fields {hi—; cav }(ij)c
and the set of effective fields {h;.rs}icv, which allow to describe the behavior
of the entire system and to compute observables. This approach based on the
parametrization of the distributions is essentially equivalent to that based on the
set of recursive relations for the distributions: in both cases one ends up with
the entire set of distributions, so that observables can then be easily computed.
There is however an important shortcoming for both approaches: they both hold
for a single realization of the couplings and of the external fields, while it could be
interesting to analyze the physics of the system independently from the specific
realization of the parameters. With this idea in mind, the focus can now be shifted
to derive a probability distribution for the cavity field h.,, and for the effective
field h.ss by averaging over all the possible realizations of the couplings and of the
external fields.

If the system is defined on a Bethe lattice with connectivity K, it is possible to
consider a generic node i on the lattice and exploit some simple rules of probabil-
ity[2][4]; in the following we can enumerate the neighbors of the node 7 from 1 to
K, with the node K being the one disconnected for the cavity case. Starting from
the equations (1.19) and (1.20), we can write the following self-consistent equations
for P(heqy), the distribution of the local cavity field, and P(hess), the distribution
for the local effective field:

1

K—-1 K—
P(hews) = / dhP(h) ]‘[ dJ,P(J)) TT dhyscarP(hycan) %

q=1

X (5( cav —h — Z ;atanh (tanh(ﬁJq) tanh(ﬁhq,cw)>) (1.21)
K
Plhess) = [ dnP(h ) TTd7sP () TT A Py o)
q=1 q=1

X (5( eff — f: ;atanh (tanh(ﬁj )tanh(ﬁhqymv)>) (1.22)
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where the index ¢ has been dropped from the external field and the couplings,
since the specific node under exam is irrelevant being the graph a Bethe lattice.

The equations above are nothing but self-consistent equations for the distri-
butions P(heq,) and P(hess) respectively. To solve such equations it is necessary
to exploit numerical methods(like the population dynamics algorithm[2]...), as an
analytical solution is, in general, too difficult to get.

It is interesting to notice that, while in the case of homogeneous couplings the
role of order parameter is played by the cavity field and by the effective field, in
the heterogeneous case this role is played by the corresponding distributions, where
the different phases of the system can be identified by monitoring the moments of
the distributions themselves.

It is important to point out that such an equation can be derived for the Bethe
lattice, which is an idealized perfectly recursive tree with vertices indistinguishable
from each other, while for a generic tree with an heterogeneous structure each
vertex is can in principle be different from all the others. In these kind of situations
the method has to be generalized to account for the variable number of neighbors
of each node.

1.2.3 Brief presentation of the population dynamics algo-
rithm

To conclude this section about the classical cavity method it is worthy to show
how to derive a distribution like that of the cavity field, on a Bethe lattice of
connectivity K, defined by an equation of the type (1.21). The idea is to represent
the distribution P(hee,) by means of a population of field k2, ..., hM with M >> 1;
this population is then updated using the equation relating the cavity field on
one node with the ones on its neighbors and the probability distributions of the
couplings and of the external magnetic fields.

Once the population hl,,, ..., M has been initialized in some way, it is possible
to perform the following iterative step:

1. choose K — 1 indices 71, ...,7x—1 € {1, ..., M} randomly uniformly

2. generate K — 1 couplings Ji, ..., Jx_; from the distribution P(.J), where we
have assumed that the distribution of the coupling is the same on every edge

3. generate an external magnetic field h from the distribution P(h), where we
have assumed the distribution of the external magnetic field to be the same
on every node

4. compute a new cavity field A%\ according to hl = h +

+ % S atanh (tanh(ﬁJl) tanh(ﬁhgw))
8



The cavity method

5. choose an index j € {1,..., M} and replace h!,, with the new value h"°* that
just been computed

The convergence of the algorithm presented above can be monitored by checking
the moments of the distribution P(h.,), where the rth moment is defined as
LM ki, . I M is large enough, the population hl,,, ..., hY, provides a good

approximation of the probability distribution P(hcay).

1.3 The quantum cavity method

1.3.1 The Suzuki-Trotter procedure

In this section the quantum cavity method is presented[2][3][4]; for simplicity, the
system under consideration is once again a spin system, but this time standard spin
variables are replaced by quantum operators. Hence, the Hamiltonian operator
reads:

A

H(o},....0%,0%,...,08) =—J> o} i = Ry of (1.23)
(6,3) g

where h is the external transverse field, J is the coupling constant between
nearest neighbors and the underlying graph G = (V| F) for the moment is a finite
tree with NV nodes.

Such an Hamiltonian operator describes a set of interacting spins subjected
to an external transverse magnetic field; o7 is the Pauli matrix associated to the
direction z and to the site 7 on the graph, while o7 is the Pauli matrix associated
to the direction x and to the site .

The Hilbert space of the system is spanned by the basis of 2V vectors of the
form |g) = |0y, ...,0n), where o; € {1, —1} is representatives of the two possible
eigenstates of the operator o7, | 1), | {)s, associated to the eigenvalues 1 and -1
respectively.

It is convenient to recall the anti-commutation relations between the operators
appearing in H:

l07,07] = (1.24a)
07,071 =0 (1.24b)
07, 07] = 2i6; jo! (1.24c)

and also the action of the operators on the states of the basis:

9
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oilo1,...,on) = 0ilor, ..., oN) (1.25a)
05101, ey Oiy ey ON) = |01, ooy =04y ooy ON) (1.25b)

with o; € {1, —1}.

Before applying the cavity method as it has been presented in the previous
section, it is necessary to obtain an equivalent classical system by means of the
Suzuki-Trotter approach; this is a well know method which allows to transform
a quantum system in D-dimensions into a classical system in (D+1)-dimensions,
where the extra dimension is that of imaginary time. This is achieved by exploiting
the following trick for the partition function:

X 5 g 5 -
Z=Trle"] = lim Trie ="M= 1l —w; N 1.2

rle) = i Tr[(e %N ylim 2 (el ") a) - (1.26)

The idea here is to split the imaginary time axis, which is closed on itself like a

ring, into an infinite number of smaller intervals; then, it is possible to associate

to each of these intervals an identity operator Z, so that it is possible to evaluate

explicitly the expectatlon value of each operator e - A
Hence, if 7% = 3" o [c*)(¢®] (o € {1, ..., N,}) is the identity operator associated
to the time interval «, with |g®) = |0%,...,0%), the partition function reads:

Z = lim Z<Q|Ile_N£sﬁIQ...IN“"e_N%ﬁ|g) (1.27a)

Ngs—+o00

= lim Z ]‘[ ol | got )y (1.27b)

Nsﬁ-‘roo oNs a=1

where 0@ € {—1,1}" is the conﬁguration of the N spins in the time interval .

Note that ! = g™=*1; this comes from the reorganization of the terms, which
leads to the presence of the scalar product (o|c') = 0, ,1 and to the identification
|oNsF1) = |g). This is the reason why it is said that the imaginary time axis is
closed on itself as a ring. )

At this point it is convenient to analyze each expectation value <g"‘|e—N£sH |oatL)
separately:

B z 2 Bh
(Qa|6 153H| a+1> _ <Qa|6N5 Z(i,j) Jojoi+r 3, 0f a+1> = (1,28&)

— 61\% Z(i,i) Jo-’?tO—Jq <Qa|€% Zz of ag > = (128b)
N
B a o
= eNs Z(m') Jog 9; H<g?|e%az?c 0-?+1> (1280)
ii

10
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This result has been obtained by neglecting the term of order O (ﬁ) and smaller,

which is reasonable since N, — +0o0.
a+1

i

Bh s
In order to evaluate (o®|e™:% |o
in series:

), the exponential operator can be expanded

s k
en =% (%) (0%)F = (1.29a)

k=0
o ﬁh T 1 ﬁh‘ ? x\2 1 ﬁh’ ’ x\3 _
—I—i—NSJi —1—2 N, (af) +3! N (cf) + ... = (1.29b)
__Bh . 1(BRN?_ 1 (BR\’ ,
(1.29(1)

where the properties of the Pauli matrices have been exploited, as (o%)* = T if
k is even and (0%)* = o if k is odd.
By grouping the terms associated to the identity operator Z and the terms

Bh o
associated to the spin operator of, the exponential operator e’ can finally be
rewritten as:

o1 o 1/8h\> Bh 1 (Bh\® i

= cosh (f\[]:)I + sinh (ijj)af (1.30b)

Bh o
Now the computation of the expectation value (¢%|e™: |¢®t1) is trivial:

o

o?t) = cosh (i{:) (0| Z|ott) + sinh (]B\Z

h h
= cosh <]6VS>5U?’U?+1 + sinh (]BV8> 50’,?‘,70‘?+1 (131b)

Such an expression can be recast by introducing the following parametrization:

><0?|af|a°‘+1> = (1.31a)

i

ot

(0?|e%af oty = el (1.32)

The parameter I' can be determined by solving the following system of equations:

11
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r _ Bh
e' = cosh <M>

(1.33)
e ! = sinh (ﬁ)

which results in [' = log coth (M)
All these results can be put together to derive the final expression of the partition
function Z:

Ns B a+1
Z= 1 N5 Lty JORT A Dt 1.34
NSLH-il-oo ol ;,NS };[1 ‘ ( a)
= i —PHsr 1.34b
Nsi)n—il-oo ol 21\’5 € ( )
with Hgpr = Z 212y Jofto YN 52 0%00 ! being the so-called

Suzuki-Trotter Hamlltoman

The system of N quantum spins has been transformed, by means of the Suzuki-
Trotter approach, into a system of N x N, classical spins, or, equivalently, into a
system of NV spin trajectories in imaginary time, where a spin trajectory can be
thought of as a vector that can take 2" possible values. In order to explicitate the
fact that the Hamiltonian Hgp involves spin trajectories, the sum appearing in the
partition function can be rewritten as:

Z = lim e PHsT (1.35)
Ns—+oo o a;l,m,Ns}
{U }161 .....

It is worth to remember that the Suzuki-Trotter approach that has been used to
derive a classical representation of a quantum system is part of a set of approaches,
characterized by a similar methodology, which are widely used in quantum statistical
mechanics to analyze many-body systems at equilibrium. The most important of
these techniques consists in writing the partition function as:

—BH . L A\N,

Z="Trle ] = ylim  Trl(e” % )] (1.36)

exactly as it has been done at the beginning of our derivation, starting from a
second quantization Hamiltonian operator. Then it is common to use a number
N, of identity operators, represented using fermionic or bosonic coherent states
depending on the kind of system that is being analyzed, to evaluate the expectation
values of the operators e WA , in a way which is completely analogous to what has
been done for the system of quantum spins. In the end, one gets an expression of the

12
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partition function analogous to that of a classical system, with the extra perk that,
if the limit of N, that goes to infinity is explicitely taken, one obtains in general
a functional representation of the partition function; this becomes particularly
important for system that can then be analyzed by means of the standard techniques
of classical statistical field theory, like the renormalization group. This approach
allows to transform any quantum system at equilibrium in D-dimensions into
a classical system in (D + 1)-dimensions, where the extra dimension is that of
imaginary time, which is always closed on itself as a ring as a consequence of the
system under exam being at equilibrium.

After this brief digression, the analysis of the system of quantum spins can
resume, starting from the Hamiltonian:

BHgr = —— Z Z Joiod — T Z > ofoitt (1.37)

3 a=1( a=1 1
From this expression we can notice two important things related to the interaction

between spin trajectories:

1. the first term in the Hamiltonian tells us that the original graph on which the
system has been defined is preserved by the Suzuki-Trotter procedure, as each

spin traJectory {oo}eetlNs} interacts with all the other spin trajectories
{o }?663{11 } which are in its neighborhood on the original underlying graph

2. the second term of the Hamiltonian is instead describing a "ferromagnetic"
interaction between a spin and itself along the imaginary time axis, as ' > 1
for h # 0; if instead h = 0, then I" = 0 and the quantum system reduces to a
classical one, as it is reasonable to expect once the non triviality associated to
the non zero commutator (o7, o¥] of each site in the graph is lost

The fact that the quantum system has been transformed into a classical one
in which the original interaction graph is preserved is crucial for the application
of the cavity method. This time, instead of considering a distribution associated
to a single spin variable o;, like in the classical case, it is necessary to consider a
distribution for the entire spin trajectory, which can be indicated with the notation

_ (1 N,

g, ={o;,....,0;°}.

To write down the equations for the distributions associated to the spin trajec-
tories it is convenient to consider the factor graph associated to the Suzuki-Trotter
Hamiltonian: the resulting factor graph develops in three dimensions, where the
extra dimension comes from the fact that in the Suzuki-Trotter procedure imaginary
time has been added, so that each variable o couples also with o¢™ and o'
The resulting factor graph is represented in ﬁgure 1.3, where a spin trajectory is

now a 'rod" parallel to the imaginary time axis.
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=

\
[

imaginary time axis

Figure 1.3: Example of factor graph resulting from the Suzuki-Trotter procedure.

Hence, in a way similar to what has been done for the classical case, the following
quantities can be introduced:

- Zi,;(g;): it is the partial partition function associated to the trajectory o,
with the rod associated to g; removed

- Zi(g;): it is the partition function of the whole system with the trajectory g;
kept fixed

For both partition functions it is possible to exploit the recursive structure of
the original underlying tree to write the recursive equations:

Zii(0;) = oz ottt H (sz—n O-k)egi a= 101%;:) (1.38)
kcdi\j
Zi(e) = " En e ] (Bl ERTE) (139)
keoi O

The corresponding distributions are readily obtained:

Zii(a;)
Cimsj(0i) = #_U(,) = (1.40a)
— 5F2a oot H (chﬁl Uk)elﬂVi a= 1”?‘713> (1.40b)
Zi—j kedi\j
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_ Zila)
ci(a;) = T Ze) (141a)
]_ oo a+1 J olgY
= - ﬁFZa 19 9% I | ( E Ck—)z O'k)egs a= 1 ¢ k) (141b)

keoi

fea

with z,,; and z; being the normalization constants.
The set of recursive equations that characterize the quantum cavity method is
now clear:

Cinj(oi) = el Lalyotor™ 11 (ch—n Uk)ejﬁvi o= 10?0?) (1.42)

Fi—j kEdi\j © Tk

ci(os) = Lo Yo, oror ™ II (chﬂ (op)e e 2 1"?"?> (1.43)

ZZ keoi O

The structure of these recursive equations is similar to that of the classical cavity
method, but the fact that spin trajectories now replace simple spin variables makes
the problem much more complex.

Again, if the graph G is a Bethe lattice of connectivity K, a slight simplification
is possible, as it is enoughe to consider a single distribution ¢4, (o) in place of all
the {ci-;(0;)}uj)er and a single ¢(o) in place of all the {c;(¢;)}icv; therefore the
recursive equations take the form:

1 N, 1
Ccav(g) _ TQBFZQL gt %
cav

Ns @ o @
X Z Ccav(gl)---ccav(QK_l)e% waq 0 (0T Ao ) (1.44)

gly"':QK_l

c(o) = leﬁrzg;a%aﬂ X
z

Ns o o oY
X Z Ccav(gl)'--ccav(QK)e% a=17 (Ul +W+UK) (145)

glw“’g}(

The distribution ¢(g) can then be used to compute local observable[3], as it is
nothing but the marginal distribution of a generic spin trajectory; however, the fact
that the system under exam is a quantum system makes the computation more
involved. Let O; be the operator corresponding to some local observable computed
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at site ¢ in the lattice; then the value of the observable associated to the operator
O; is obtained as:

Tr[@ie_ﬁﬁ]

A 1 A -
N = o—BH] _
(O;) ZTr [O;e "] Trle—d7]

(1.46)
as defined by the laws of quantum statistical mechanics.

In order to get an explicit expression for (OAJ which exploits the distribution
c(a), it is convenient to apply again the Suzuki-Trotter procedure and write:

Tr(0e " = lim Tr[Oy(e PR ) V] = (1.472)
— ] A, 75% Ns —
= NSIEEOOZQXQOZ((E Ns )V a) (1.47Db)
_ 1 A7l —s=H72 7N, —%-H
= NSILIEOOEQ:(QWZI e N UL I e N g) (1.47¢)

Note that, in the expression above, O; can be placed anywhere in the productory
of the operators, thanks to the cyclic invariance of the trace. Therefore, the previous
expression becomes:

TriOwe ™M = lm Y (|0 %o ) x
° al,..,ols
N, 5
< T1 (el e (1as)
a=1,a#a’

with o/ that can take any value in {1, ..., Ny}.

o _B A /
It is now convenient to multiplicate and divide by (g® |e” ¥ |g®'+1):

A |0, 7 | ol +1
Tr(O;e )= lim Y (o” [Oie — o >><
Ng—~+o00 ol oNs <Qa/|e—N—5H|Qa/+1>

Ne 5
< TL("le % |g™) (1.49)

a=1

By noticing that (ga/]OAie*N%Hma’“) = OAJE")(Q“’\@’N%I:I]QO"“% the explicit

expression for (O;) reads:
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A 1 / N B8 [
N == 1 ; «a NS a+1 — 1
0=z Jm, X 06 Il o) (1.500)
1 /
=2 lim S O(0f )e PHsT (1.50b)
® ol,...,alVs
1 /
I £ (Yo~ BHsT
=2 Nslﬂoo 21: . Oi(of e (1.50c)
{og &
Therefore, we can conclude that:
(0;) = lim S 00 )ei(ay) (1.51)

Ng—~+o00
o

Since o' can take any value in {1, ..., N}, the expectation value of O; can be
recasted as:

A . 1 Ns o
(O;) = | Jim_ ; cilas) a; Oy(0f") (1.52)

The fact that the system of quantum spins has been defined on a Bethe lattice
with an homogeneous transverse field and an homogeneous coupling constant allows
us to drop the index i and to identify the marginal ¢;(¢;) with the distribution ¢(o)
obtained with the quantum cavity method; hence, it is possible to write:

(O) = lim Zc(g)ﬁ 3" 0(0™) (1.53)

Ng—+o00 -

The fact that the index ¢ has been dropped also from the observable O simply
means that it is a local quantity which does not depend on the specific site of the
lattice.

1.3.2 Generalization of the quantum cavity method in the
case of heterogeneous couplings and fields

As for the classical case, the results that have been obtained from the Suzuki-Trotter
procedure can be generalized to a case in which both the couplings and the external
fields are heterogeneous and sampled independently from some distributions P(.J;;)
and P(h;). The quantum Hamiltonian for the heterogeneous case is:

A

H(0F,....0%,07,...,0%) = = > Jijoio; =Y hiof (1.54)
(,3) i
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By carrying all the required computation one finds the partition function for
the heterogeneous case, which reads:

Z= i e PHEY 1.55
i, 2 e (1.55)

with H§g = —5- SN gy Jigolos — 0y 3 Tiofof ™ being the Suzuki-
Trotter Hamiltonian for the heterogeneous system, with I'; = % log coth(f\},”).
In this context it is possible to generalize the recursive equations for the distri-

butions ¢;_,;(c;) and ¢;(g;) that have already been defined for the homogeneous
case; these now reads:

s o NS . felpNGT)
Cimj(ai) = ef LaliTiotol™ 11 (ch—n((jk)e]\i 2t Tk Uk) (1.56)
Zi—j k€di\j Tk
Cl(g) ;eﬁst Flo'OéUUéle H <ch_ﬂ O-k)ej\i Z s JkU?O'?) (157)

kedi ~ oy

If solved on a finite graph, these equations provide all the required distributions
to compute the observables of the system; however, such a solution holds only for
a specific realization of the couplings and of the external fields. To go beyond the
single realization of couplings and fields, it is necessary to introduce a relatively
complex object, that is a distribution of distributions. While in the classical case
the cavity field is replaced by a distribution when switching to the heterogeneous
case, in the quantum case the cavity distribution is replaced by a distribution
of distributions. Such complex objects can be defined by means of a functional
self-consistent equation, in complete analogy to what has been done to derive the
self-consistent equation for the distribution of the fields in the classical case.

To write down the equations it is convenient to consider again a Bethe lattice
with a certain connectivity K, focus on a generic node 7 and delete one of the edges
connecting ¢ to some neighbor; the neighbors of the node ¢ can be enumerated
from 1 to K, with the neighbor K being the one which is disconnected. The
self-consistent equations for the distributions of distributions then read:

K-1

P[CC(I’U / H ch,cav [Cq cav H dJ P JK)th(h)

5ZN9 To®gat! %

ZC(I/U

X 6 (Ccav (Q) -

X Zi:_[: (;cqu eNsZ 1 Ja® "q)) (1.58)
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/ H Deyean(0,) Pleg.ean H dJ,P(J,)dhP(h)x

q=1

/BZNS Fo@gatl >

X 0 (Ccav (Q) -

an'u

(St S %)) (150

where the index ¢ has been dropped in both the expressions above, since it is
irrelevant to consider the specific node 7 or any other node, being the underlying
graph a Bethe lattice.

1.3.3 The projected cavity mapping

An alternative approach to deal with quantum spin systems is that of the projected
cavity mapping[2]; to present this method a Bethe lattice is considered once again,
with homogeneous couplings and external fields, so that it is possible to exploit its
useful properties. Here the focus is on a single node and on its K neighbors; let vg
be the central node and let the nodes vy, vs,..., Vg be its neighbors, as pictured in
figure 1.4.

VK

Figure 1.4: Node of the Bethe lattice under exam with its neighbors.

The projected cavity mapping focuses on node vy, with the link between vy itself
and vi removed, and assumes that each node v;, with i € {1,..., K — 1}, can be
described by an Hamiltonian operator I:If““ = —ho? — h®o7: here h is the usual
external magnetic field, while A’ plays the role of the cavity field.
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The system of spin 0 with its remaining K — 1 neighbors can be described by
the following Hamiltonian operator:

K—1
Hy = —hof — 3 (hof + h*o} + Jogo7) (1.60)

i=1
However, since the neighbors of vy are described by an Hamiltonian operator
of the type F[f“” and since we are considering a Bethe lattice, it is reasonable
to assume that also the node vy can be described by an Hamiltonian operator
Hs™ = —hot —h*og when the focus switches on the node v and on its neighbors,
exploiting once again the recursive tree-like structure of the underlying graph. The
field h° can be computed by imposing that the magnetization of node vy, defined
as mg = (o§), computed with H, is compatible with the one computed with ﬁga”.
Hence, we can start by computing mg for the case with Hy, which is obtained

as:

S TT[JSe*ﬁHO] B > onor1 (00, ---,UK—1|U§€7’BIA{°|007 ey OK—1)
0= - = _
TT[G_BHO} ZUO,...,JK,l <007 EEE) O-Kfl‘e_ﬂHO |O-07 ) O-K71>

(1.61)

where the vectors of the basis used to compute the trace are of the form
|00, ..., 0K —1), with each o; € {—1,1} being representative of the two possible
eigenvalues associated to the operator o7.

Obtaining explicitly the result of this expression is non trivial, due to the fact
that it is necessary to compute e ?#°|oy, ...,0x_1). The best strategy here is to
diagonalize the Hamiltonian operator flo and then use the results to compute the
trace of the exponential operator e #Ho,

At this point it is necessary to compute (6¢) with the Hamiltonian H§®; this is
given by:

oy = D) Sl g g
O Tr[eBEET) Y, (ol P |ay)
C (Le PE L) — (—1]e PH™| — 1) (1.62b)

(e AL 4 (— 15| — 1)

This time, since the Hamiltonian operator FIS‘“’ involves only the spin operators
of node vy, it is possible to compute the trace by using the basis of vectors of the
form |oy), with o¢ € {—1,1}.

Now, in order to compute the expectation values of the operator e =876 it is
convenient to diagonalize the matrix —SH{* and then use the results to compute
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the matrix e #H5""; once the exponential matrix has been computed, its diagonal
elements can be plugged into the expression (o¢) written above. In conclusion, one
arrives to the following equation for the cavity field A*":

hcav
my = ——————tanh B/ he@w? + h2 (1.63)
A /h]cav2 + h2

The projected cavity mapping can be generalized to the case of heterogeneous
couplings and external magnetic fields sampled respectively from some distributions
P(J;;) and P(h;). If the graph is still a Bethe lattice and the focus is once again
the node vy and its neighbors apart from vy, as represented in figure 1.4, it is
possible to associate to each of the nodes vy,...,ux_; an Hamiltonian operator
ﬁf‘“’ = —h;0f — h{* o}, where now h{® is the local cavity field; the Hamiltonian
operator that is now associated to the central spin on node vy is given by:

d—1
Hy = —hooy — Z (hiUf + hi*o; + JOiUS"f) (1.64)

=1

The self-consistency of the approach is achieved by assuming that also the
behavior of the spin on node vy can be described by an Hamiltonian operator
which is analogous to that of its neighbors, that is ﬁ]gfw, and by imposing that the
expectation value of of computed with H, is compatible with the one computed
with f]g‘“’, exactly like it has been done in the case of homogeneous couplings and
fields. By repeating similar computation to those done for the homogeneous case,
one arrives at the following equation:

hcav
mo = ————tanh B/ hgv? 4 hi (1.65)
/hccw + h2

where my is nothing but the expectation value of of computed with the Hamil-
tonian operator Hy, which now contains all the information about the couplings
Jo1, ..., Jo—1 and the local cavity fields h{*, ..., h%", of the neighbors of node vy.

Since it is more interesting to make our results independent on the single realiza-
tion of the couplings and of the external magnetic fields, it would be reasonable to
average over all the possible realizations of the parameters using the distributions
P(J;;) and P(h;); however, in the case of the projected cavity mapping, this is
not so easy to do, as the parameters of the neighbors do not appear explicitly in
mg. Formally, it is still possible to write down a self-consistent equation for the
probability distribution associated to the local cavity field P(h®") as:
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K-1

K-1
P(he) :/ H dh;P(h;) 1:[1 dJoiP(Jo;) H dhi® P(h{*") x

=1

X 0 (mo ({hi}izo,...,Kla {Joi iz, k-1, {h?(w}i:L.“,Kl) +

h
— \/ﬁtanhﬁx/hm%th) (1.66)
hcav +h

The projected cavity mapping approach provides a simplified way to treat
systems of quantum spins: indeed, it allows to replace the entire spin trajectory
resulting from the Suzuki-Trotter procedure with a single number, or better, by
means of a probability distribution associated to such a parameter. The population
dynamics algorithm can be used to compute the distribution P(h“?), which here
becomes the natural order parameter for the system, as it happened also in the
classical case; however, the computation of the distribution is heavier, from a
numerical point of view, with respect to the classical case, due to the fact that the
derivation of myg is not straightforward.

1.3.4 The cavity mean-field approximation

As an improvement to the projected cavity mapping approach, the cavity mean-field
approximation has been introduced[2]. To present this method it is convenient to
consider once again a Bethe lattice with connectivity K and to start from the case
of homogeneous couplings and external magnetic fields. If the portion of Bethe
lattice pictured in figure 1.4 is taken as a reference, it is possible to focus on the
node vy and on its neighbors, apart from the node vg.

The Hamiltonian operators associated to the neighbors are the same that have
been introduced for the projected cavity mapping, that is ]:I,fa“ = —ho! — h*a?;

(3 7, Y

for what concerns the Hamiltonian operator of the spin on node v, it reads instead
HewMF — _pot — 52 K71 J(07). This choice implies that h® = > J(o?)
and it directly provides us with a self-consistent equation for the cavity field A,

The quantity (¢7) can be computed as:

7

Triore-PH:"]

N =2 1.67
<Jz > TT[ H ] ( )
To find the result of the expression above it is possible to exploit what has
already been computed while analyzing the projected cavity mapping, where it was

found that:
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(07) = \/h27 tanh 3/ heav? 4 h2 (1.68)
hcav + h2

Therefore, the self-consistent equation for the cavity field reads:

he* = Z J— e tanh 51/ heav? 4 2 (1.69)
i=1 1/hczw2 + h2

which reduces to:

hee
hew = (K — 1)J\/27 tanh 3/ heav? 4 h2 (1.70)
hccw + h2

The generalization to the heterogeneous case is straightforward; in this case the
Hamiltonian operators associated to the nodes vq,...,vx_1 take the form ]:If“” =
—h;of — h{* o7, where h{" is the usual local cavity field, while the Hamiltonian
operator describing the behavior on the spin on the node vy is H cav—MFE = —hyo§ —
o E JOZ< #). The equation relating the local cavity fields of the nodes vy,...,vx_;
to the local cavity field on the node v, is simply given by:

he* = Z Joi h2 - tanh 31/ h¢v? 4 h? (1.71)
i=1 \/ h$™S + h;

This result holds for a specific realization of the couplings and of the external
magnetic fields; to make the results general, it is possible to follow the same
procedure that has already been used a few times to derive a distribution for the
local cavity field. This time the self-consistent equation for the distribution reads:

K-1 K-1 K-1

P = [ [T anP () T P C) T dne Pl

hCCLU
(h“”’ Z Joi——=— tanh B/ h{* + h2) (1.72)
i=1 \/ h + h

The cavity mean-field approximation in the heterogeneous case defines once
again a probability distribution for the local cavity field. From a practical point of
view, the desired distribution can be obtained by means of the population dynamics
algorithm, like in the case of the projected cavity mapping; this time however,
it should be a little bit simpler, since the update of the local cavity field in the
algorithm is simply given by (1.71).
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Chapter 2

Relation between the cavity
method and dynamical
mean-field theory

2.1 Introduction

This chapter focuses on the relation between the cavity method and the approach
of dynamical mean-field theory. In the previous chapter the classical cavity method
has been presented, together with a simple, but still practically complex, version of
the quantum cavity method for spin systems. Here the procedure to turn a quantum
system into a classical system is analyzed further: in particular, the approach which
allows to go from the second quantization Hamiltonian of a many-body system
to an equivalent classical field theory is presented in details, with a brief review
of bosonic coherent states. The procedure is implemented for the Bose-Hubbard
model on a Bethe lattice, with the aim to derive a cavity distribution and a full
marginal distribution, in a way similar to what has been done for the system of
quantum spins in a transverse field in the previous chapter. The choice of the
model to examine has fallen on the Bose-Hubbard model so that the equations of
bosonic dynamical mean field theory[3][5][6][7] can be derived directly from the
expressions obtained via the cavity method, showing the strong relation that exists
between the methodology of the cavity method and that of dynamical mean-field
theory.
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2.2 Application of the cavity method for the anal-
ysis of the Bose-Hubbard model

2.2.1 Presentation of the model and brief review of bosonic
coherent states

Let us start by recalling that the Hamiltonian operator of the Bose-Hubbard
model[1] on a graph with N nodes is given by:
N
H=-JY (dla, +ala.) + A%l aate — 1> @l (2.1)
(a)
where @, is the usual annihilation operator associated to site c, while a, is the

usual creation operator associated to site «; these operators are characterized by
the following commutation relations:

(0, 3] = (2.2a)
al, af] = (2.2b)
A, ag] = oy (2.2¢)

and the action of these operators on Fock states is simply given by:

(o |na) = V/Na|Ma — 1) (2.3a)
al |na) = Ve + 1ng + 1) (2.3b)

&gda|na> = Na|Na) = Na|Na) (2.3¢)

where n, = &L&a is the usual number operator associated to the site a.

The first term of the Hamiltonian, weighted by the hopping amplitude J, is
associated to the hopping of bosons between nearest neighbors; the second term is
instead a term associated to the on-site interactions, whose strength is measured
by U; the third term is simply fixing the particle density by means of the chemical
potential p.

In the following, bosonic coherent states will be used to derive the field theory
of the Bose-Hubbard model, so it is convenient to review their main properties[§].
It is possible to start by remembering that a Fock state can be expressed in terms
of creation operators acting on the vacuum; for a graph with N sites, it can be
written:

(af)
N

N
ny, ...,7’LN> = H

a=1

25
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The set of Fock states {|n1, ,nN>}{ 012 }} can be used as a basis on
ni,...,nny€10,1,2,..

which a generic coherent state |®) can be expanded:
+oo

+00
|<I>> = Z...Z¢n17,__7nN|n1,...,nN> (25)
n1 ny

Coherent states are defined as the eigenstates of the annihilation operators;
therefore, for a generic site «, it is possible to write:

(a|®) = B,| D) (2.6)

where ®,, is the eigenvalue associates to the operator a,, with a € {1, ..., N}.
By exploiting this information, the structure of the coefficients {®,, ..} ap-
pearing in the expansion can be obtained. For simplicity, the case with a single

mode is considered; the action of the annihilation operator @ on the coherent state
|D) is:

+oo +oo +oo
alPy =ad P,ln) =D Dualn) = P,/njn—1) = (2.7a)
n=0 n=0 n=0
+00 +oo
=S o, /nln—1)=3 &, Vn+1|n) = (2.7b)
n=1 n=0
+oo
—D|B) =Y D, n) (2.7¢)
n=0

From this expression it is possible to obtain a sort of recursive equation for the
coefficients:

)
o, —, 2.8
R | (28)
or equivalently:
)
q)n_ q)n—l (29)

By iterating this recursion, it is possible to derive the generic structure of a
coefficient ®,,, given the initial coefficient ®q:

D, (2.10)

Therefore, the expression of a coherent state, in the case of a single mode,
becomes:
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400 n dT n
)= %m (2.11)

The initial value @ can be obtained from the normalization procedure; indeed,
by imposing that (®|P) = 1:

+o0 400 CD n (I)*)m

ey > ! %7— (min) =1 (212)
n=0m=0
which results in:
+o0 0)) 2 2
D [o[™ =1 | D™ =1 - & = e 2.13
— !

Hence, the final expression for a single mode coherent state is given by:

122 X (D)

(@) =e 2"

n=0

‘ | ) (2.14)

It is worth to recall that it is quite common to find bosonic coherent states as
unnormalized, as in that case they can be compactly written as:

= (@) = (@)r@hn

9 =3 i) =30

Another important expression is that of the identity operator, which in the
single mode case takes the form:

10) = e*'|0) (2.15)

dBdD*
I:/ S ") (o] (2.16)

It is important to remember that this expression of the identity operator has to
be used when dealing with not normalized coherent states. If that is not the case,
the correct form of the identity operator becomes the following one:

abde
7= / (@ (2.17)

271

A result which will be useful later is that of the scalar product between two
bosonic coherent states:

27



Relation between the cavity method and dynamical mean-field theory

(WD) — (a'“’fg (%ﬂ <m|> e—”f;oz <(I)7):|n>> ~ (21%)
R io i) Wi:fjn) (mn) = (2.18b)
_ ey (‘I’;CII’W _ (2.18¢)
= eWz'Qe‘I%Q;*Oq’ (2.18d)

If the states are not normalized, the result simply becomes:

(U|P) =¥ ® (2.19)

With a reasoning similar to the one that has just been carried out, it is possible
to derive the coherent states for a multi mode case. The expansion on the Fock
state basis now reads:

N +oo
fl
oHlnaZ—O a

The action of the creation and annihilation operators on the bra (®| and on the
ket |®) can be summarized as:

= X Paih (2.20)

(| D) = By | D) (2.21a)
al | ®) = 0, |®) (2.21D)
(®|dg = Do, (D] (2.21¢)
(Bl = (DX (2.21d)

This brief summary of the properties of the bosonic coherent states can be
concluded with the expression of the identity operator for the multi mode case to
be used with normalized coherent states:

N
- /11 0ol -3, gy g (2.22)

The expression to be used with not normalized coherent states is instead:

/N“@*m| (2.23)
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The scalar product between multi mode coherent states simply reads:

(U]@) = e~ Xa 5 Lo 155X, vat (2.24)

If instead not normalized states are considered, the scalar product simply
becomes:

(U|@) = e2oa Vot (2.25)

2.2.2 Derivation of the field theory and quantum cavity
method

Now that the properties of bosonic coherent states have been reviewed, it is possible
to present the technique which allows to derive a classical field theory, with the
usual extra dimension of imaginary time, starting directly from the Hamiltonian
operator of the model under consideration[1][5][6][7]. The starting point is exactly
the same of the Suzuki-Trotter procedure, that is the partition function rewritten
as:
B . -2 A\N,
Z="Trle "] = NSILIEOOTT[(e Ns ) (2.26)

In this particular case, it is convenient to separate the two terms of the Hamil-
tonian as:

FI = I:—,hop + ]flloc (227&)
Hyop = —J Y (a}a, +ala,) (2.27b)
(o)
N N U
Hoe =Y [Q(agagaaaa) - uagaal (2.27¢)
a=1

With this separation in mind, the partition function can be rewritten as:

5 A 5 A
Z = lim Tr[(e” m:Hroremniloe)Ns] (2.28)
Ng—+o00
8§ 5 A 5 5
where the fact that e” 3 = 7 N flror g™, Hioe comes from the fact that, since

Ny — +o00, the commutator between F[loc and ﬁhop can be approximated as
[Hloca Hhap] ~ 0.

Formally, the procedure presented here is almost analogous to the one that has
already been implemented for the system of quantum spins: an imaginary time
axis can be introduced and a set of identity operators, this time expressed in the
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basis of bosonic coherent states, can be used to evaluate the expectation values of

Lh Lh
the operator e™ Ns “hore™ Ny o,

Therefore, one has:

+oo
Z= lm 3 (] (e e e w e I (2.29)
ni,...,nny=0
><...I(e_N%Hh"Pe_N%H“’C)Iml,.. ny) = (2.29D)
N N. N,
d®, “d(I)* : e N
— lim Z / Pa o o= Fem; e o (2.29¢)
Ns—+o00
ni,...,nny=0
x (n1, .. nNy(eﬂ%Hhope*mHloc)z...z(e*%Hhoz}e*%ch)\¢N5> < (2.29d)
x (@ |ny, .., ny) (2.29¢)

where the superscript Ny appearing in the eigenvalues of the annihilation opera-
tors indicates that ®,* and (IDZNS are to be referred to the N,-th sub-interval of
the imaginary time axis.

Now the terms can be reorganized and, by exploiting the representation of the
identity operator in the basis of Fock states T =31 |ni,..,ny)(n1, .., nxl,
it is possible to write:

N d(I) Nsdq)*NS _Z ®x Ns g, Ns
—F @ 721 X

Z = Ilim H

ym (2.30a)

+oo
X <(I)NS ( Z |n17"'7nN><n17""nN‘>>< (230b)
n1,...,nNy=0
% (efNiSHhopefNiSHloc)I I(eiNisﬁh0p€7N£5Hloc)’®Ns> = (230C)
N 4D, NSd(I)*NS « Nagp, Ns
1 e 2300

Ng—+o00

X <¢Ns |(e_NisHhope_NisHloc)I“‘I(e_NisI:Ih"pe_NisHloc) ®N3> (2308)

The other identity operators appearing in the expression of the partition function
can be explicitated:

N N l
~ im dd) d(I) Ao dPy e SV arla,l

Ns—ro0 llal

Ns
x TT(® (e % Mror e Hioe) | 11y (2.31)
=1
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with the periodic boundary condition |®@Ys*1) = |®!), which results in a set of
periodic boundary conditions for the eigenvalues ®. = &+ for each a € {1,.., N}.

_ B8 q _B8f
The expectation value (®!|(e” ¥ Thore™n:Moe) | BT can now be computed; this
8 5
can be achieved by performing an expansion of both e™ s Hhon and ¢~ wa e and by
retaining the terms which are first order in Nﬁ, this can be done due to the fact

the Nﬂ tends to zero as N, tends to plus infinity. Hence:

() (¢ N5 Mhone™ 35 Moe) | 1) o (@) (T — ﬁ(ﬁ,w,, + o)) |71 = (2.32a)

= @0 — L@ (T + ) )2 = (2.32b)
N . .

= e2am Pa'P (1 - ﬁH({@al}ae{l,..,N}, {<1>a”1}ae{1,...,m)) (2.32¢)

where H({®:}ac1. N1, {®a’ " Jacqr.vy) is given by:

H({(I)Zl}oae{l,..7N}7 {q)al+1}a6{1,.,.,N}) =
— Y@ e
(o :’Y>

By exploiting the fact that is small in the limit of Ny — 400, the expectation

value (®'|(e” s Hhon = 05 Hl"c)|<I>l+1> can finally be approximated as:

<(I)l|(€f]\%ﬁhope*1\%ﬁloc> (I)l+1> ~ ezg:l Prlp,lt! y

x e~ W AP acti {2 acin) (2,34)

This result can be plugged back into the expression of the partition function,
which becomes:

N l
= lim /H dCI> dCID s - Z;V:lq»zl%lx

Ns=tooJ 10 45

N. *
Xez,zlza f @ Yo 26 e ) (2.35)
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Now, the length of the small time interval can be renamed as 6 = 5~ and the
terms of the partition function can be reorganized as:

Ns N d@ ldq)*l
2=/ 11

=1 a=1

X e (2.36)

The limit of & — 0 can be formally taken at this step: this requires to replace
the discrete variable with continuous time-dependent functions for each site of
the lattice; moreover, discrete differences become derivatives and sums become
integrals. Therefore, the partition function can be rewritten as:

a=1

Z= /]‘[ch VDO (7 )exp{—/o m{i(v (;T )®a(r)+
+oxnei) - X @00 + %0 <T>>}} (237)

where 7 is the imaginary time.
Hence, the action of the Bose-Hubbard model reads:

SH{Pa(7) taeqr,.. v {20 (T) aeqr,.vy] =
= /05 dT{ 2—:1 <CI>Z(T)(£_ — )CI)a(T) + g@i(T)q)z(T)Q)—l—
—J Z (®(7), () + 7 (1) Dq (T))} (2.38)

To understand why the integral in imaginary time goes from 0 to [, let us
consider again the initial expression of the partition function as the trace of the
operator e #H:

“+oo

2= (n,.nnle P ing, o) (2.39)

N1,V

The expectation value (nq, ..., nN|e_5H]n1, ...,ny) can be reinterpreted, from a
purely quantum mechanical point of view, as the probability amplitude for the
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state |nq,...,ny) to evolve into itself after an imaginary time interval of length 3:
this is a consequence of the fact that the operator e=BH in nothing but the time
evolution operator over the time interval [0, 5]; the fact that the time is considered
imaginary is a consequence of the usual definition of the propagators, which is
characterized by the presence of the imaginary unit in the exponent. Under this
light, the practical meaning of the Suzuki-Trotter procedure becomes evident: the
imaginary time axis [0, 5] is split into an infinite number of time intervals whose
length tend to zero; then the evolution of the system over all these time intervals is
evaluated by introducing all the identity operators associated to the different time
intervals and this leads to the derivation of an effective action for the quantum
system under exam. As a last remark, it is crucial to remember that periodic
boundary conditions hold; as a consequence, the imaginary time axis is actually
closed on itself as a ring; moreover, the following periodic conditions hold for the
bosonic functions:

D, (0) = Do () (2.40a)
@5(0) = @3,(8) (2.40D)

for each a € {1,.., N}.

Since the partition function of the Bose-Hubbard model has now been computed
for a generic lattice, it is possible to apply, at least from a theoretical point of
view, the cavity method. Let us then consider a Bethe lattice with connectivity K;
by looking at the expression of the partition function, it is possible to identify a
portion of the measure which is local and a portion of the measure which is instead
associated to the edges connecting the sites; therefore, it is reasonablee to put
forward the following ansatz for the cavity distribution, due to the regularity of
the Bethe lattice and due to the fact that U and p are the same on all sites while
J is the same for all the edges:

1 ffdf{@*(r)(aiu)<1><r>+g<1>2(r><b*2<r>}
Cean(P(7), P*(7)) = e

ZCG/U

% / 1:_[ D(I)i(T)Dq)i*(T)Ccav(q)i(T)v @:(7))X

X

77 dT{qﬁ(T) S e () +a(n) K @;(T)}

X e (2.41)

where 2.4, is just the normalization constant fixed by:
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— Iy dr{@*m(;’,—u>¢<r>+g’<1>2(f><b*2<7>}
Zeav = /D@(T)D@*(T)e X

K-1

X / H D®i(1)DP;"(7)Cean(Pi(T), P7 (7)) %

i=1

I3 dT{q’*m it HOREIOD Dt HCp

} (2.42)

X e

Note that the index of the site a has been dropped from the functions on
which c¢.,, depends on, as the actual site taken under exam to write the ansatz is
indistinguishable from all the others, being the model defined on a Bethe lattice; the
index ¢ appearing in the expression has instead been introduced just for practical
purposes, to enumerate the quantities associated to the various neighbors of the
site taken as a reference.

Similar expressions can be obtained for the full marginal distribution if all the
neighbors are taken into account:

1 —ffdr{@*m(;—#><1><T>+g<1>2(7><1>*2<7>}
= —e X

z

% / 1:[1 D(Pi(T)D@i*(T)ccav(q)i(T)7 @:(T)) X

c(®(7), ®"(7))

Jfof’ d’T{(b*(’T) Zfil ®;(7)+®(7) Zfil @j(r)}
€

x (2.43)
where z is the usual normalization constant:
-y dr{@*m(;;—u)@(r)+3®%>¢*2<r)}
z = /DCI)(T)DCI)*(T)e X
K
x [ T1 D@(r) DO () can (@1(7), @7 (7))
i=1
Jfof’ dT{c}*(T) Zfil ®;(7)+®(7) Zfil @j(r)}
X e (2.44)

From a formal point of view, the expressions defined above could have been
obtained following the usual recipe: starting from the discrete-time version of
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the partition function, one could have defined a factor graph similar to that used
for the presentation of the quantum cavity method for spin systems; then, by
grouping together the variables associated to a site in pairs of trajectories, such as
{@al, @Zl}le{17,,,7]v5}, the standard cavity method could have been applied to derive
the equations for ¢ .,(®(7), ®*(7)) and for ¢(®(7), *(7)) presented above.

2.2.3 Connection with B-DMFT

It is interesting to show the connection between the approach of the cavity method
applied after the computation of the partition function of the Bose-Hubbard model
by means of the coherent-states path integral formulation and the approach of
bosonic dynamical mean-field theory(B-DMFT)[1].

B-DMFT was introduced after its counterpart for fermionic systems with the
goal of studying strongly correlated bosonic systems defined on lattices, while
taking into account both the normal phase and the condensate phase of bosons.
The general idea of B-DMFT is to isolate a single site of the lattice and treat
the interactions of this site with the rest of the system as interactions with two
reservoirs, one of normal bosons and one for condensate bosons, whose properties
are encoded in specific functions to be determined self-consistently[5][6][7]. It is
important to remember that the expressions obtained with this approach include
all the local and dynamical correlations of the system under exam and are exact
on lattices with an infinite connectivity, which is equivalent to having infinite
dimensions. This last statement is explicative of the mean-field character of the
approach, hence the name of dynamical mean-field theory.

To derive the action of the Bose-Hubbard model in the contest of B-DMFT it is
possible to proceed in two not so different ways: the first starts directly from the full
action (2.38), where a single site of the lattice is isolated and where the properties
of the reservoirs are determined by means of an expansion of the portion of the
action describing the hopping between the different sites; the second instead starts
from the expression of the normalization constant of the full marginal distribution
(2.44) and proceeds with a large connectivity expansion of the exponential term
resulting from the hopping term of the Hamiltonian. In the following this second
approach will be analyzed in details, but first, it is necessary to do two things: to
perform the large connectivity expansion, it is convenient to redefine the coupling
constant as J = %, with K being the connectivity of the lattice; to make the
results consistent with those found in the literature, it is necessary to make some
simple change to the expression of the normalization constant of (2.44).

In order to obtain the desired expression for the normalization constant which will
be used to perform the large connectivity expansion, it is necessary to symmetrize
the term associated to the imaginary time derivative appearing in the action (2.38):
this can be achieved by performing the coherent-states path integral formulation
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with normalized coherent states and with the corresponding expression of the
identity operator. To clarify this step, it is possible to start from the expression of
the partition function obtained during the computations of the previous section:

N U gl
= lim /H d(I) d(I) —Q ¢ Z Z;v:l@zl%lx

Ns=too 15 450

2

x TT(®!|(e~ ¥ Hhong= w0 Hioe Y | 1H1) (2.45)
1

-
Il

If normalized coherent states are used, this expression becomes:

N l l N,
N, ch> a5 ; ;
= lim / H H ’BS Hhope_NiSHloc)|¢l+l> (246)

Ns=too 125 454

The term <®l|(e_Nisﬁh"pe_N%ﬁl“)@”l) now becomes:

(D¢ Hron = Hioc) |+ g o0 021087 = S0, @i tel

Xe*%Zgﬂ‘DZlH@fjle*N%H({‘bé Yae(n, . npA®a' T aeqr, 1) (2_47)

The expression of the partition function then becomes:

Ne NP, ld(I)*
%l l+1 1 N. * Ll
= lim H ez DML L SRS D AU DAL o Pa

Ns—=oo /5 4251

#ltlgltl _ B §Ns x1 b
Xe*525:12a21% oy e Ns =1 AP aeqr vy A®a™ Haeqrny) (2-48)

By setting once again ¢ = Nﬁ the partition function can be rewritten as:

, NsNdcbald@*’ 1Y L0 — o,
z =i [T =50 e {—‘5Z< B

a=1

1 N . (b* +1 q)*l N . }
1 Yo a * 1
52 P 5 ) + 2 H{ O Faeqt, v AP Faepnvy) ¢ (2:49)
a=1 =1

By explicitely taking the limit of § — 0, we obtain the expression of the partition
function in continous time:
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_J Z (@F(7) D, (7) + B (7), (T))}} (2.50)

Therefore, the symmetrized action of the Bose-Hubbard model reads:

S[{(I)a(T)}ae{l,..,N}a 1@, (7)}a6{17--,N}] =

ot i G- >%<¢>+;%<ﬂ<—§— o

- Z@?( ), ) J Z (®5(1),() + @3 ()a(r) ) (251)

At this point it is straightforward to derive the desired expression for the
normalization constant z of the full marginal distribution to be used for the large
connectivity expansion, which is given by:

- foﬁ dT{ %q)*(T)(éir“)q)(T)Jréq)(T)(£M)¢*(T)+l2]¢2(7)¢*2(7)}

z = /D(I)(T)Dq)*(T)G X

x H / DP;(7) DD;* (7)Con(@i(), (7))

£ f7 dT{é*(T)qH(T)Jr@(T)@;(T)}
X (2.52)

where the coupling constant has now been correctly rescaled.

To perform the large connectivity expansion, it is possible to start from the
exponential associated to the hopping between sites:
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Z [ ar { O* (1) (r)+0(7) D (1) }
e = (2.53a)

:1+}j(/O’BdT{@*(T)@Z-(T)+@(T)q> (r )} +2jK22/ dn /Oﬂdﬁx (2.53b)

X {@*(Tl)(l)i(Tl) + CI)(Tl)CI):((Tl)}{(I)*(Tg)q)i(TQ) + @(Tg)Qj(Tg)}nL (2.53¢)

+0<[;2> = (2.53d)

=1+ % /05 dT{(I)*(T)(I)i(T) + @(7)P; (1 )} + [{.Z/ dm /05 dry X (2.53¢)

X {(I)*(Tl)q)i(Tl)(I)*(Tg)@i(Tg) + O (1) P (1) D (72) D} (72)+ (2.53f)

+ O(71) Q7 (11) @ (72) i(72) + ©(71) ] (1) D (72) P (7 )} + 0(;2> (2.53g)

It is useful to define a cavity average for a generic observable O(®;(7), (7)) as

(O(®i(7), ®;(7)))ear =
= [ D®(T) D; (7)o (@:(7). B (7)O(®:(7). @ (7)) (254)

()

By exploiting this definition, one can write:

% /s dT{<I> (T)®3(r)+(r)® <T>}
/ D®,(7) DB (7) Conn (3(7), B2 (7)) —  (2.55)
1) df{q’*(ﬂ@i(f»m + <I><T><<I>:<T>>m}+ (2.55b)
2K2 / dTl/ dT?{ (71) 2" (72) (P (71) Pi(72)) cavt (2.55¢)
+ (1) B (12) (P (11) D} (72))caw + P(11) ¥ (72) (D] (11) P (72) ) cavt (2.55d)
 R)Or) @ ) o +0( 35 (2.5%)

To obtain the B-DMFT action of the Bose-Hubbard model it is necessary to
exponentiate the last expression in the following way:

38



Relation between the cavity method and dynamical mean-field theory

Sy
*
—~
B
~—
—
A
—~
~—
~
Q
Q
<
+
o
—~
B
~—
—~
A
—~
2
~—
~
Q
=]
<
—
_I_

—HMn@@ﬂ@ﬂn@ﬁn»m}+o@;))}<z%>

The logarithm at the exponent can be expanded as well, hence one gets:

% fOB dﬂ'{CIJ*(7')'131'(7')+CI>(7')<I>;k (T)}

= exp {d /05 dT{‘I)*(T)<‘I)i(T)>cav + (I)(T)@):(T»cav}"’

2d2/ dTl/ dTQ{ O*(15) %

XQ@mmmwmfw¢m»m@@amQ+¢%>me
X <<(I)i(7—1)q);'k(7_2)>cav - <(I)i(7—1 cav cav) + (I) ><
X <<(I)2<<T1>(Di<7—2)>cav - <(I)2<(7—1 cav cav) + CI) 7—1

X <<(1):(7_1)(D: (72))cav — (P (1)) can (P} (7—2)>cav> }}

(2.57a)

(2.57b)

(2.57¢)
(2.57d)
(2.57e)

(2.57f)

(2.57g)

In the expression above the first and the second moments with respect to the
cavity distribution ceq, (®;(7), (7)) can be recognized. The first moments can be

renamed as:

\IJ(T) = <(I)i (T)>cav

(2.58a)
(2.58b)
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while the second moments can be recast as:

Gran(T1,72) = (@4(11) @} (7)) ear — (Pi(71))
Gy (11, 72) = (®i(10) @i(72) ) car — (Pi(71))
G?iv(ﬁ? T9) = (D7 (1) P} (72)) cav — (P} (1)
Gy (11, ma) = (@] (1) ®i(72)) cav — (D7 (71)

Grau(T1, T2) = (Pi(11) P} (72))caw — W(11) U™ (72)
Giczw(ThT?) = (Pi(71)Pi(72)) cav — V(71)¥(72)
Grau(T1,T2) = (D7 (71) P (72))eaw — ¥ (1) U7 (72)
Gl (11, 72) = (@] (1) Pi(72))caw — ¥ (11

Finally, it is possible to write:

/ D@Z(T)Dq): (T)Ccav<q)i(7-)7 (I): (T))G

= exp {[‘Z /Oﬁ dT{fb*(T)\IJ(T) - <I>(T)\If*(7)}—l—

j2

+2K2

% foﬂ d‘r{@* (1)®i(7)+2(1)® (T)}

B B 19
/0 dT1/0 dTQ{(I)*(Tl)CI)*(TQ)GCM(TI,7'2)+<I>*(7'1)<I>(7'2)><

X Gay (11, 72) + ©(11) P (12) G2, (11, T2) + D (71) P (72) G2, (71, Tz)}} (2.61)

Obviously, the equality holds only in the limit of d large (ideally d — +o00); for

lattices with a finite connectivity, this is clearly just an approximation.

The expression for the normalization constant z then reads:
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Relation between the cavity method and dynamical mean-field theory

-7 dT{w(T)(ai_#)@(T)Jrgqﬂ(r)@*?(r)}

2= / D®(r) D" (1)e x

X ﬁexp {Z /Oﬁ dT{q)*(T)\I/(T) - (I)(T)\I/*(T)}—l—
2K2/ dﬁ/ dTQ{ (11)®*(12) G2 (11, 7o) + @ (71)P(72) X

X Gpay(11,72) + @(11) 0% (12) G (11, T2) + (71) B (72) G2, (11, 72)}} (2.62)

In the contest of B-DMFT the normalization constant z can be reinterpreted as
the partition function of an isolated site, where the local action is given by:

Swe= [ df{qwm((,i ) B(r) ()~ ) () Z¢2(7)¢*2(7)}+
_ j/ﬁ dr{(I)*(T)\I/(T) + &(7) + \If*(T)}+
/ dﬁ/ dTQ{ (11)® (Tz)Gigv(ﬁ,Tz) + @*(71)P(72) X

X Gy (11, 72) + (1) " (12) G2, (11, 72) + (1) D(72) Gray (11, 72)} (2.63)

To complete the picture of B-DMFT, it is necessary to compute the quantities
U(r), U*(7), GX (11, 7), G2 (11, 72), GZL (11, 72) and G*2 (71, T»); since these have
been defined as averages with respect to the cavity distribution c..,(®(7), ®*(7)),
the action which allows to self-consistently compute them is simply obtained by
considering a lattice with a connectivity K — 1. Therefore, it is useful to consider

also the following action:
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S = |, dT{‘I’*W(i — R)B() + 0(7) (- £~ )7 () + g@2<7>q>*2<7>}+

_ [{(K ) /Oﬂ dT{CI)*(T)\I/(T) L () + xp*(f)}+

- 2‘7[(2(K —1) /05 dry /OB d@{@*(ﬁ)@*(@)@gv(ﬁ,72) + @ (1) (72) X

X Gla(11,72) + (1) (1) Gz (11, 72) + qD(Tl)q)(Tz)Ggiv(ﬁ»ﬁ)} (2.64)

To conclude this chapter, some final considerations can be made. Starting from
the many-body quantum Hamiltonian, the partition function of the system has been
derived and from that, the cavity method has been applied to obtain the expressions
of the cavity measure and of the one-site marginal distribution; while in the case of
classical systems this is enough, for quantum spins it is necessary to go beyond to
get a representation of the system which allows for numerical approaches|7]. The
solution is provided by the dynamical mean-filed theory approach, which provides
an effective description of the original system in terms of quantities that can be
computed self-consistently. The most important takeaway of this chapter is the
methodology that allowed to go from the original Hamiltonian operator of the
model under exam, up to an effective action which can be analyzed using the
approach of Matsubara frequencies, apart from the non-linear term associated
to the same-site interaction term; indeed, such methodology can be extended to
complex classical systems defined on graph to obtain effective descriptions which
can be analyzed by means of numerical methods. The remaining chapters of this
thesis are indeed devoted at the presentation of the extension of the methodology
presented here to classical systems and to the derivation of an algorithm for the
derivation of numerical results.
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Chapter 3

The dynamic cavity
approach for out of
equilibrium systems

3.1 Introduction

While in the two previous chapters a recipe has been laid out for the analysis of
classical and quantum systems at equilibrium, it would be interesting to understand
whether the ideas of the cavity method and of the dynamical mean-field theory
approach can be extended to study out of equilibrium problems. Starting from this
premise and following the approach developed in [9], a generic dynamics defined
on a graph with linear couplings is analyzed and the dynamic cavity equations are
derived; from those a set of effective equations of the dynamics can be obtained by
performing a large connectivity (or small coupling) expansion, with an approach
similar to that of B-DMFT. The set of effective equations involves quantities that
can be computed self-consistently by means of an algorithm presented in [10], whose
main ideas are analyzed at the end of the chapter.

3.2 The dynamic cavity approach

3.2.1 Derivation of the dynamic cavity equations

To present the dynamic cavity approach, a set of interacting degrees of freedom
defined on a graph G = (V, E) is considered; these are such that their evolution is
described by a set of Langevin equations and that the interactions between them
are linear. Hence, for each degree of freedom z;(t), with ¢« € V, it is possible to
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write:

dl‘i
dt

= flei(®)] +a Y Jigz;(t) +ni(t) (3.1)

jedi

where the noise 7;(t) is a Gaussian white noise with the following properties:

(ni(t)) =0 (3.2a)
(mi(t)n; () = 2g[ai(8)]0:,36(t — 1) (3.2b)

In the equation above the parameter « is added, so that later a series expansion
can be performed, while the parameters J;; are nothing but the coupling constants
between the various degrees of freedom of the system.

To derive the effective equations it is necessary to go through the path integral
representation of the equations of the dynamics; this can be achieved by means of
the Martin-Siggia-Rose-Janssen-De Dominicis (MSRJD) functional formalism. To
this purpose, it is convenient to exploit a discrete-time formulation of the dynamics;
the scheme used here is the Euler-Maruyama’s one, where t = An and A is a small
time step approaching zero. Within this picture, the identification 27 = z;(t = nA)
for the trajectories and An* = f7£2+1)A dtn;(t) for the noise(Ito convention) can be
made. The discretized version of the stochastic differential equation presented at
the beginning is:

=+ (f[x?] +ay Jijx?) A+ A (3.3)

jedi
with n going from 0 to 7" = 7 /A, where T is the time horizon of the dynamics.
The properties of the noise in discrete time read:

(An) =0 (3.4a)
(AP AnT) = 2g[a}]6; j0nm (3.4b)

The dynamical partition function of the MSRJD formalism is given by:

Z :</Dinl($?) H5x?+l’x?+f[x:in]A+aAZjeai Jle;L+A77:L> = (35&)

An

- < / DRDX [[ pi(a?) [ e (@i ot - SlellAzal ye g S~ Al )> (3.5b)

—

An
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where (...) A, indicates that the average is taken over all the possible realization
of the noise trajectories associated to the nodes in the graph, where p;(2?) is the
probability distribution for the initial value of the trajectory x; and where the
functional measure is compactly written as [ DX = []; [ Dx; = [[;, [ dz} and
[ DX =TI, | D%, =TI, . J di.

By noticing that only a part of the integrand of the functional integral depends
on the noise and that this part factorizes over the nodes, we can compute the
average (...) &, by factorizing over the nodes and by exploiting the following result:

<eiﬁf5ni> _ /ngei:eﬁ&mp[gm} — (3.6a)
A7
1 e
= / dARTeE A ¢ T = (3.6b)
a1 2g[x"]
=[[e = = (3.6¢)
— BRI Gii (3.6d)

where [ DA, = [T1, dAn?, where P[&ni] is the probability distribution associ-
ated to the trajectory of the noise of the node ¢ and where G; is nothing but the
covariance matrix of the Gaussian random vector 5771' with zero mean, and it is
such that G} = (AnrAn) — (Agp) (An}') = 29[} AS .

The dynamical partition function can be factorized as:

z = [ DxD3 H{pi@?) [[ e ot et = feTIa) —glepIaG } < (3.7)
<11 H{eaMJiﬂf?z%Jmm} (3.7h)
i<j n

This factorization of the dynamical partition function is useful to determine the
factor graph of this model, which is of great help in putting forward the following
dynamic cavity equation:

L5, {Hererter—sinia gz}

X

n

X H DXkD)ACkai[Xk,)A(k]eaAZn(J’”ijzxz ikt ay) (3.8)
kEdi\j
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where Z7" is nothing but a normalization constant:

_san(ntl_ n_ n _ n A1\ 2
Zij" = /DxincieZ”{ BT e TR gl A }x
X H DXkD)A(kaZ'[Xk,)A(k]€OCAZn(Jkiiin?+Jikii?IZ) (39)
kedi\j

The expression for the full marginal can be obtained by considering all the
neighbors of a node:

o] = LS et senagenaa}

< I1 /DXkDfikaz‘[Xk,fik]eaAZ"(Jkim:m%‘]im?xz) (3.10)
kedi

where Z; is the corresponding normalization constant:

—ign (z" T —gn— flaP]A)—g[zP] A (272
Ziz/DxincieZ”{ LS TN

< I1 /DXkDf(kaz‘[Xk,fik]eaAZ"(Jkimzzglﬂim?xg) (3.11)
kedi

3.2.2 Small coupling expansion

To proceed in the derivation of the effective stochastic differential equations, it is
useful to perform an expansion of the exponential term that appears in (3.8); the
expansion is carried out by exploiting the parameter «, which is assumed to be
small for the moment; moreover, it allows to interpret this same analysis as an
expansion around the non-interacting case. The expansion reads:

/kaDf(kcki[xk,fck]eaA 2 on Uniid ] +Janidlay) (3.12a)
— / Dx DRy i [, %] (1 +aA S (Jidpal 4 Jgidlar)+ (3.12D)
+ ;a2A2 Z(J,fim:ga;;%f;g’x?' + JEigranign oy (3.12¢)
+ Ty 2R atid? af + JpJpadtayial o) + o<a2)> (3.12d)
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The cavity marginals can be used to define local statistical averages:

<O[Xk, Xk] / l)Xkl)XkC]f\Z [Xk, Xk]O[Xk, Xk] (313)

Hence, it is possible to define:

« the averages u;\;(t) = (z;(t); and fn;(t) = (&:(t));

+ the connected two-times cavity correlation function Cy (¢, t") = (z;(t)z;(t')\;—
g ()i (1)

o the cavity response functions Rp;(t,t') = (z;(t)id;(t'))\; and By;(t,t) =
(ii(£)iZi(t')

Since the dynamics is causal, it is reasonable to expect that /i, ;(t) and Bi\j (t,t)
both vanish for all ¢t and ¢'; moreover, being R, ;(t,t') the response function, it
vanishes for t < /. Given that in the expansion we are dealing with discrete time
quantities, it is convenient to set yi} ; = pa;(t = An), O = C\;(t = An, ' = An/)
and R ;(t,t') = Ry ;(t = An,t" = An/).

By computing the averages, one gets:

/DXkD)A(kC]m'[Xk,)A(k]eaAZn(J]“mk i Jikidi o) = (314&)
=1+4+aA Z(sz W] + i dT () + (3.14b)
+ a2A2 (J 2(iapiay W atal 4 J5(apal )i anial (3.14c)
+ JuiJik (z'ifz:czl)\ix?ifv?/ + Jikai<a:Zi§7’,;‘/>\ii§:?x?/> + o(a?) (3.14d)

The expression of (3.14a) can be simplified by exploiting the consequences of
causality:
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/ Dy D&, kg e@ 2 Umitial HIwidla) (3.15)

=1+ ozAZJzkm (p)i + a2A2 Z 2 (apay Wadtidy + (3.15Db)

+ §a2A2 S 20 i(wiay Widtal) + o(a?) = (3.15¢)
n>n'

nn

1
= exp{log (1 +aA Z St (xy )i + 2a2A2 ST TR (aral )\ adtia? + (3.15d)
n>n'

1 ! ’
+ §a2A2 > 2T Jei{apidy \adl el + o(a2)> } (3.15¢)

At this point is convenient to expand the logarithm, so that one obtains an
exponential which is a function of x; and X;:

/DXkD}Ackcki[Xk,fck]eO‘A(J’“i"’?kx Hiwidlag) ~ (3.16a)

~ exp <04AZ St (xy )i + 0z2A2 Z 2 (apay W tidy + (3.16Db)

+ ;cﬂA? g:n 2Jikai<x2i:%z')\ii£;;‘x;‘ )+ (3.16¢)

— ;ofAQZ 242" () N <le)\i = (3.16d)

= exp <aA > Judd i + a2A2 Z g ,?\7; izriaT 4 (3.16¢)

+a?A Y JikjkiRZg,iffx?) (3.16f)
n>n/

This result can now be substituted in the expressions of the normalization
constants Zf]fw and Z;:
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n

Z{" = /DXZ-DfCZ'eXp (Z{ — i@ (2t — 2 — flaMA — g[xf]A(i"f)z)}—l—

1 : :
tad ) Y Jwittup A+ get Y Y SO i A%

n kedi\j n,n' kedi\j

+a® > > JikaiRZ’\?lifﬁ?/AQO (3.17)

n>n' k€di\j

Z; = /DXZ-Df(iexp (Z{ — i@ (2t — 2 — flaMA — g[x?]A(f?)Q)}—i-

n

1 / /
tad ) JwitupA + 50’y Y TR iRiEy AN

n keoi n,n' k€di

+a® > Y JikaiRZ’\?lif?x?/AZO (3.18)

n>n' k€D

These expressions play a key role in the derivation of the effective equations
of the dynamics: indeed, Z; can be reinterpreted as the local dynamical partition
function associated to the node 7 in the graph, where the interactions with the
neighbors have been hidden in the quantities ji;\;, Cp\; and Ry, with & € 01; in a
similar way, Z;; can be reinterpreted as a sort of local cavity dynamical partition
function. These objects play the same role of the quantities z and z.,, that were
considered during the analysis of the B-DMFT approach; moreover, it is not hard
to see the connection between that approach and the one that is being analyzed
right now: in particular, apart from the derivation of the partition function, which
is different in the two cases, the expansion and the approximation of the interaction
term is almost analogous, showing the effectiveness of these approaches to deal with
different physical systems, both classical and quantum and both at equilibrium
and out of equilibrium.

Before proceeding to the derivation of the effective equations of the dynamics,
it is important to discuss the fact that the assumption of small coupling required
to deal with the interactions is equivalent to that of large connectivity of the graph
on which the dynamics is defined. To clarify this point, it is convenient to revisit
the way in which a dynamics on a graph is defined starting from an Hamiltonian
describing the behavior of the degrees of freedom associated to the nodes of the
graph itself. If one consider the generic noisy dynamics with linear interactions that
has been used to present the dynamic cavity approach, the starting Hamiltonian
would be:
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H[{CE; }leV Z f Il — Z Z Jljxl(t)xl(t) (319)
lev leV jedl
with G = (V) E) being the graph on which the dynamics is defined.
The dynamics of the degree of freedom associated to a generic node i, as
prescribed by non equilibrium statistical mechanics|[8], is given by:

dri _ 0[O hev]

with 7;(t) being the noise.

If the graph on which the dynamics is defined is characterized by a large
connectivity, it is customary to rescale the coupling constants to avoid divergencies,
exactly as it would be done in equilibrium statistical mechanics. Therefore, the
constant « that has been introduced in 3.1 to derive the dynamic cavity equations
can be seen as the constant performing the necessary rescaling from a graph with
a large connectivity K, namely a o K~7 for some v < 0 which depends on the
dynamics under exam. In conclusion, if the coupling constants in the Hamiltonian
‘H are redefined as Jl’j = aJj;, it becomes clear to see that requiring the couplings
to be small is equivalent to requiring the connectivity to be large.

+ ni(1) (3.20)

3.2.3 Derivation of the effective stochastic differential equa-
tions

The way to derive the effective equations is to apply backwards the MSRJD

formalism, bur first, it is necessary to rewrite Z;” and Z; as averages of the

type (...) Ay this can be achieved by performing backwards the Gaussian integral

associated to the noise.

Therefore, let us consider the terms in the functional integrals involving products
of the type i#72?"; in the case of Z" we have:

eXp{Z[—Ag[a:?] (27) — ;aQAZ > > JiChTE A;“;l] } = (3.21a)

n n' keoi\j

= exp{—2 Zx lmg[ Pl a’A? Y RO 1 ”} = (3.21Db)

n,n/ kedi\j

1 T A
= exp{—Qﬁ?Giﬁi} = <eZXiTA”i> (3.21c)
Aﬁm

The partition functions can be rewritten as:
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23 = { [ Pxvxess( T { - n(art - ot - flolar

n

o ¥ b0t S el s -} )) G2

kedi\j n':n/<n kedi\j An

7= < / Dxliiexp(Z{ — it~ a — flaf) At

n

keoi n’:n/<n k€0i

S0 S St S S ek st -} )) G
An

Finally, these two expressions can be used to derive the desired effective stochastic
differential equations. Since the parameter « is no longer necessary, it can be set
equal to one; however, it is important to remember that the results derived with
the approach developed here holds under the assumption of weak coupling or large
connectivity. The equations in discrete time are:

Pt =al + flaf]A+ Y Jir g A+
kedi\j

+ 3N TaduB el AT+ An? (3.24)

n/:n/<n k€di\j

e = )+ Y T At
keoi

+ 3 Y TaduRE AT+ An? (3.25)

n’:n'<n kedi

where A?yi is a random vector such that, in the cavity case:

(Ani') =0 (3.26a)

(Anr ANy = 29[l Adw + Y JRLOWNT A (3.26b)
kedi\j

while for the full case:
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(An;') = (3.27a)

(An;'An} > = 227 Adu + Y JROR A (3.27b)
keoi

The equations in continuous time are easily obtained:

dl’i
dt

= fla:()] + > Jipwi(t)+

kedi\j

+ Y / A Ty Rins (6, 1)i(t') +mi(t) (3.28)

kedi\j

where 7;(t) is now a colored Gaussian noise with the following moments:

(mi(t)) =0 (3.29a)
mOm(t) = 29[zt =)+ D> JiCrpalt = 1) (3.29b)

kedi\j

d!L‘Z‘
dt

= flz(®O)] + D T (1) +

keoi

+ 3 [N dudiRi( ) + mlt) (3.30)

keoi

where 7;(t) is again a colored Gaussian noise with the following moments:

(mi(t)) =0 (3.31a)
)

(m(t)mi(¥)) = 29l (D)ot = ¢') + > JiCrilt — 1) (3.31b)
keoi

The only difference in the moments of the noises for the two effective equations
is in the set of indices over which the sum of the second order moments runs, being
{k€di\j}in (3.29b) and {k € 0i} in (3.31b).

Note that the equations have been derived by considering a site ¢ chosen
arbitrarily in the graph, but the same results could have been obtained by taking
any other node under consideration. In the following equations (3.28) and (3.30) will
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be referred to as the equations of the dynamical mean field theory approach(DMFT),
or simply as effective equations of the dynamics.

Given the quantities {pn;(t)}reoi;, {Cri(t, ')} reon; and {Rpi(t, ') breon s
(3.28) describes the dynamics of x;(t) when the link with its neighbor x;(¢) has
been severed. The quantities appearing in the equation are unknown in principle;
however, if a certain number of trajectories of the neighbors was known, it would
be possible to estimate the quantities required to describe the behaviour of x;(t).
This idea is the starting point for the derivation of the algorithm which allows to
compute all the quantities appearing in the DMFT equations of a dynamics.

3.3 Scheme for the derivation of the DMFT equa-
tions

3.3.1 Analysis of a generic dynamics

As it has been pointed out observing equations (3.28) and (3.30), it is possible
to develop an algorithm for the computation of the quantities {g\:(t)}rcai
{Cri(t, 1) }eeany and {Rii(t, ') breai,; for each node 4 in any given graph.

In the previous section the way to derive a set of effective equations describing
a given dynamics has been presented; it is important to notice how the underlying
graph of the dynamics and the coupling constants were assumed to be known.
To really understand and appreciate the effectiveness of the DMFT approach, it
would be interesting to consider a situation in which the couplings are sampled
from some distribution P(.J;;) and in which the underlying graph is regular with
connectivity K. The choice of regularity of the graph is motivated by the will
to simplify the nature of the equations that will be derived within this section;
however, the dynamical mean-field theory approach can be extended, in principle,
to account for graphs which are not regular: this approach is known in the literature
as heterogeneous dynamical mean-field theory(HDMFT)[11].

If the couplings are sampled from some distribution P(.J;;), it is necessary to
extend the approach developed in the previous section; in particular, it is necessary
to perform a configurational average of both Zf* and Z;:

1Z5"] :/ I POw)dInz? (3.32)
kedi\j
[Zi] = / [T P(Jix)dJiwZ;i (3.33)
kedi
where [...] indicates the configurational average and where the couplings are

assumed to be symmetric, namely J;; = Jj;. The expressions of the partition
functions Z” and Z; that appears in the configurational averages are the ones
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obtained just after the small-coupling expansion, so that it is possible to exploit the
directly the moments of the chosen distribution P(.J;;). Therefore, the prescription
to find the effective equations of the dynamics in the presence of disorder is the
following: first, the partition functions Z;" and Z; are obtained through the
MSRJD approach; then the configurational average is taken; at this point the
small-coupling expansion is carried out up to the second order and the averages
with respect to the cavity marginals are computed, so that the DMFT quantities p,
C and R can be made explicit; now the terms resulting from the expansion can be
exponentiated again using the exp-log trick; to conclude the procedure, the average
with respect to the noise is performed backwards and the final expressions for Zg"
and Z; are obtained.

3.3.2 The homogeneous case

The simplest choice that can be made concerning the couplings consists in setting
P(Jiy) = 6(Jy. — J).

For what concerns the graph on which the dynamics is simulated, it is interesting
to start from the case of the Bethe lattice; in this case the assumptions of the
dynamic cavity approach for the derivation of the cavity equations are exact, as
the Bethe lattice is a tree-like graph.

The original equation of the dynamics with homogeneous couplings for a given
node then becomes:

Wi o]+ 3 ,(0) + w0 (3.34)
jeoi
with:
(1)) = 0 (3.350)
(m(O(£) = 2D5(t ) (3.35b)

Within this simplified picture in which the function f[x;(t)] and the parameter
D are the same on every node and in which the couplings are homogeneous, that
is J;; = J, the DMFT equations of the dynamics take a simple form. Indeed, the
quantities {/xp\;(t) beeaivi, {Cri(t, ') ecaiy and {Rpi(t,t') }reas; become the same
on every edge: hence, it is possible to replace, in the effective equation, each pu;(t)
with the common quantity fic.,(t), each Cp\;(t,t") with the quantity Ce,.,(t,t") and
each Rp\;(t,t") with Re.,(t,t"), where the subscript cav is a reference to the fact
that the reference dynamics for these quantities is the one in which one of the
neighboring nodes has been removed. Therefore the effective equations describing
the dynamics reduce to:
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f;’ = (O] + (K = D (t) + (K = 1) [ L B ()2 () + n(t) (3.36)
with:
(n(t)) =0 (3.37a)
()t = 2Dt —t') 4+ (K — 1)J*Clgy (L, 1) (3.37b)

Also for the case of the full dynamics it is possible to rewrite the equation in
terms of fiean(t), Cean(t,t') and Req, (£, 1'):

Cf; = flz(t)] + K Jpieas(t) + K J? /Ot dt' Reau(t, )2 (t') + 0(t) (3.38)

with:
(n(t)) =0 (3.39)
(nn(t")) = 2D5(t —t') + K J*Cean (t, 1) (3.39b)

In the expressions above the index i has been dropped, since the dynamics of a
node is completely equivalent to that of any other node on the graph; the sum on
the neighborhood has been substituted by the multiplication by a constant related
to K, which is nothing but the connectivity of the Bethe lattice.

Formally, fieay(t), Cean(t,t') and Req,(t,t") can be defined as:

freav(t) = (@(t)) k1 (3.40)
Couo(t,) = (2(t)2()) 1 (3.41)
Reay(t,1) = % i (3.42)

where (...) k1 now indicates an average taken by removing one of the neighbors
of the chosen node on the Bethe lattice, effectively separating a sub-tree from the
rest of the lattice; this means that, to compute empirically averages of the type
(..)k—1, it is necessary to consider the dynamics of (3.36). The field A(t) is a
local external field that can be added to equation (3.34) to compute the response
message with a linear response approach.

As a final remark before presenting the algorithm used to compute the quantities
eaw(t), Cean(t, ') and R, (t,t'), which will be referred to as DMFT messages, it is
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important to remember that the coupling J, the connectivity K and the parameters
of the function f[z(¢)] have to chosen in such a way to avoid an unstable dynamics.

Despite its simplicity, the homogeneous dynamics allows for the introduction
of a simple algorithm for the computation of the messages: once they have been
obtained, the correctness of the algorithm can be tested by generating trajectories
of x(t) according to (3.34) and to (3.38), for a simple dynamics, like that of a
linear model in which f[z(t)] = —Az(¢), which can be easily analyzed with direct
simulations on a random regular graph. Once the validity of the algorithm has
been established, it will be possible to study more complex model.

3.4 Algorithm for the derivation of the DMFT
messages

Here the general structure of the algorithm for the computation of the DMFT
messages of a generic dynamics is presented[10]; the basic idea is the following one:
the messages ficqy(t), Cean(t, ') and Req,(t,t') are initialized in some way, then they
are used to generate a certain number of trajectories of x(t), which in conclusion are
used to make a self-consistent update of the messages according to the expressions
(3.40)-(3.42).

Since in the algorithm it is necessary to integrate numerically the equations
of the dynamics to generate the trajectories and to derive the response function
R.ov(t,1'), it is convenient to write (3.36) and (3.38) in discrete time. The equation
for the cavity dynamics reads:

a = o A 4 (K = 1) JARG, + (K = 1)J2A% Y Rz ™ + An" (3.43)

cav

n’/=0
where Ap® = [{X"D% dtn(t) and:
(An™) =0 (3.44a)
(A"AR™YY = 2DAS, v + (K — 1)J2C™" A2 (3.44b)

The expressions for the full dynamics in discrete time are similar:

2" =" 4 fla"A + KJARE, + KJ2PA2 Y RV ™ 4+ At (3.45)

nl:o cav
whit:
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(An™) =0 (3.46a)
(A"AN™Y = 2DAS, v + K J?Cm™ A? (3.46b)

cav

Notice that the equations in discrete time have been derived according to the
Euler-Maruyama scheme, which is a relatively good scheme in the case of additive
noise. If instead the noise becomes multiplicative, it is necessary to use a different
numerical scheme.

Within this discrete time picture, z(t) and fieq,(t) become the vectors x and
Ueay, While Cuup(t,1) and Re.,(t,t") become the matrices Cey, and Reqy.

The key quantities of the algorithm are:

- leavs Cear and Ry, the desired DMFT quantities

- ey, O and Ry, the new DMFT quantities computed at each iteration

of the algorithm
- T, the total number of time steps
- A, the size of the time step

- Niraj, the number of trajectories that are generated at each iteration for the
self-consistent update of the DMFT quantities

- K, the connectivity of the lattice

- «, the parameter for the soft update of picay, Ceavw and R, at each iteration
of the algorithm

- (€1, €2, €3), threshold values for the convergence of ficay, Cear and Regy

3.4.1 Initialization
Step 0: initialization of the DMFT messages

The first thing to do is to initialize picay, Cear and Req,: the way in which this is
done depends on the dynamics that is being analyzed; however, for what concerns
Crav, it is reasonable to choose a symmetric positive definite matrix, while for R,
the natural choice is some lower triangular matrix, since the analysis is limited
to causal dynamics. The initialization of picay is more subtle, as it can lead to
instabilities in the algorithm; some suggestions for the initialization of fi., can
come from a phenomenological analysis of the dynamics under exam.
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3.4.2 Iterative step
Step 1: generation of the trajectories

A number Ny,q; of trajectories, that is vectors of length 7', is generated according to
(3.43) by means of the current values of the DMFT quantities y',,, C%,, and RL,,.
The first values of each trajectory are chosen according to some distribution p(z°)
to be chosen a priori; the remaining values of the vector are computed according
to (3.43): this means that the full trajectory is computed by numerical integration
with the Euler-Maruyama approach. Since the trajectories are all independent, it
is possible to generate them in parallel to reduce the computational time of the

algorithm, if the hardware allows it.

new
cav

Step 2: derivation of p

The new value of the mean is obtained starting from (3.40); that expression indicates

that the new mean ppey can be computed by taking the empirical average over

the trajectories generated at step 1:

1 Ntraj
! (3.47)

new,n __

ol =
oo Ntraj

J=1

for n € {1,..T'}.

Step 3: derivation of C7¢"

cav

The new covariance matrix C¢" can be computed starting from (3.41); therefore,

each element of the matrix is obtained as:

Nt'raj
new,n,n’ __ 1 n, n' new,n , new,n’
Ccav - N, xjxj ~ Heav Meaw (348)
traj j=1

for n,n’ € {0,..T'}.

Step 4: derivation of R!¢Y

cav

The computation of R[S is more complicated; one of the possible approaches can

be derived starting from (3.42). The idea here is to obtain a differential equation for
R.qv by taking the average (3.36) and then by computing the functional derivative
of the resulting equation with respect to the external field. In the case of a general
term f[x(t)], this leads to the following equation in continuous time:
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ARIES(1, 1) 5<f[9:(t)}>f<—1
dt 5h(t’)

cav cav

-1) J2 / dt" RV (YR ) +6(t — 1) (3.49)

This equation has to be considered in discrete time in order to obtain a way

to compute all the elements R"™™"; for the computation of the first term on the

r.h.s. of (3.49) it is necessary to use the trajectories generated at step 1, if f[z(t)]
is not linear in x(¢) and approximations are required in this case.

Step 5: check for convergence

At this point pre, C and R[S’ can be compared with the current messages

i, Clop and R In particular, the algorithm stops if the following conditions

cav cav*
are all satisfied:

new,i

max {|N(:(w7 - Mfzﬁvl} <€

i€l,.
Jrglax {|C™ = Call|} < e2
,max {|ReE —Rull} < e

If instead these conditions are not satisfied, the algorithm proceeds for a new
iteration.

The choice of these constraint is motivated by the observation that having the
convergence of large vectors or matrices is hard, in general; therefore, if the largest
difference between the old DMFT quantity and the new one is smaller than the
chosen tolerance, it is safe to say that the matrix, or the vector, has converged.

Step 6: soft update of the messages
If the check for convergence at step 5 fails, a soft-update of the messages is made,

according to:

Mlc—(;} - CYlucav + (1 - Oé)li?;ff

Cl+1 — CYCl ( )Cnew

cav cav cav
l+1 ! new
Rcav = Rcav ( ) Rcav

The choice of performing a soft-update of the messages is motivated by the will
to avoid large jumps in the space of the DMFT quantities, which could lead to
instabilities in the algorithm.
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3.4.3 Conclusion

After the initialization of the messages at step 0, the steps 1 to 6 are repeated
iteratively until convergence or until a certain number of iterations is executed.
Indeed, if the values €1, €5 and €3 are too small, it is quite difficult to have a complete
convergence of the messages, as it could happen that most of the components
of the messages reach convergence, but the check still fails due to some isolated
component.

It is worth to mention that both the number of trajectories Ny.q; and the soft-
update parameter o can vary from step to step: changing Ny, affects the precision
of the estimates of the DMFT messages, while changing « affects the speed of
convergence, apart from the precision of the estimates; moreover, there can be some
situations in which a good choice of « allows to avoid convergence issues, which are
frequently related to the quantity C.,,, which can become non positive definite.

Once ficay, Cear and R, have been computed, they can be used to generate
trajectories of x(t) according to (3.45); then, it is possible to exploit them to make
a statistical analysis of the model and compare the results with direct numerical
simulations.

3.5 Alternative approach for the update of the
response function

Let us consider again the way in which the message R4, (t,t') has been computed
in the presentation of the fourth step of the algorithm: as it is possible to see from
(3.49), the first term on the r.h.s of the equation can be easily computed only if
flz(t)] is linear in x(t); unfortunately, there are many models in which this does
not happen. Therefore, there is the need to find a different approach to complete
the algorithm, in such a way that it can be used to study also models in which
flz(t)] is non-linear.

To this purpose, it is convenient to remember the definition of the response
function as it has been introduced in the explanation of the dynamic cavity approach:

d(zi(t))

Ry (t,1) = Shi(t')

= (@ (t)iz;(t'))\, (3.52)

h=0

In the homogeneous case, this expression reduces to:

0z (t)) k-1

Fent:1) = 5300

= ()i (t) k- (3.53)

In order to compute this average, let us consider the partition function of a
single node:
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zZ= / DxD%Dnp(a°) Plx|h, 5] P[] (3.54)

where p(2°) is the probability distribution of the initial value of z(t), P[x|h,n]
is the probability distribution associated to a certain trajectory given an external
field h(t) and a realization of the noise n(t) and P[n] is the probability distribution
associated to a realization of the noise.

The expressions of the distributions P[x|h,n] and P[n| are:

Plxlh, ] o exp { i [ [@(t) (; ] — (K — Djteun(0)+
(K= 1)) /Ot At Reao (t,1)2(t') — h(t) — n(t)ﬂ } (3.55)
and:

Pln] o exp (—; [ dudsn(t)G 3)77(3)) (3.56)

with Geg(t, 1) = 2g[x(t)]0(t — ') + (K — 1)J?Clau(t,t') being the covariance
matrix of the noise 7(t).
Hence, one can write:

Reao(t, ) = [(m(zt’) <x(t)>K_11 = (3.57a)
h=0

= [M(zt’) /DXD)A(an(lL‘O)P[X“L,U]P[U]J}(t)] - = (3.57b)

= [/ DXD&an(xO)P[n]x(t)W] (3.57¢)

It is convenient to notice that taking the functional derivative of P[x|h,n] with
respect to h(t') is equivalent to taking the functional derivative with respect to
n(t"), due to the similarity of the term associated to the external field to the term
associated to the noise in P[x|h,n]. Hence, by making an integration by part, one
has:
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Rean(t,t') = l/ DxDﬁan(xO)P[n]m(t)W] (3.58a)
_ [_ | DxDRDyp(a®) Pl (1) gf([m (3.58b)
_ { | DXDXDp (") Pixih n] Plila(t) [ dsGob (v s)n(s)hzo — (358

= (st0) [ asGaA (¢t ) (3.55)

K-1

This result provides a practical way to update the response message, without
having to deal with the complications arising from the non linearity of the function
flz(t)]. Indeed, from a practical point of view, a response message can be computed
for each of the trajectories generated in the iterative step and then perform an
average. If R;.., is the response matrix obtained from the j-th trajectory, in
discrete time we find the following expression for the elements of the matrix:

] cav

RV — yz )" At (3.59)

In conclusion, the new response message is obtained as:

Ntra]

R = R can 3.60
cav Ntraj Z Js ( )

This way of computing the response function goes by the name of generating
functional approach[10] and it has the perk of being extremely general: the ex-
pression of the response function is the same for every model; the only thing that
depends on the dynamics under analysis is the way in which the trajectories of the
noise and of the degrees of freedom are generated.

This approach, despite being theoretically exact and general, is too heavy from
a numerical point of view: indeed, the number of trajectories required to obtain
a relatively good approximation of R, is extremely large, so large that this
approach becomes simply too ineffective to be used. For this reason, it is necessary
to find alternative approaches to deal with models in which the local term f|x(¢)]
is non-linear in z(t).

62



Chapter 4

Numerical implementation
of the DMFT algorithm for
the analysis of physical
models

4.1 Introduction

Here the algorithm that has been outlined at the end of the previous chapter
is implemented for various physical models defined on a Bethe lattice: first, the
correctness of the algorithm is tested on the linear model; then, the algorithm
is applied to the ¢*-model, which is characterized by non-trivial features that
require the development and the testing of an approximation; after that, the DMFT
approach is implemented for the 2-spin model both without and with disorder[12].
For all the models cited above, the results obtained with the DMFT algorithm are
compared with those obtained through direct numerical simulations of the model
themselves on random regular graphs. The choice of random regular graphs for
the simulations of the models is motivated by the fact that these are the finite
graphs closest to a Bethe lattice, which has been used in the previous chapter
for the derivation of the equations of the dynamic cavity approach; indeed, on a
random regular graph, each node has the same number of neighbors and, if the
graph is large enough, the effect of loops can be safely neglected. The algorithm
and all the code used to obtain the numerical results presented in this chapter
have been written using the Julia programming language and it is available at
https://github.com/LorenzoDemichelis99. Computational resources to run
the algorithms were provided by the SmartData@PoliTO interdepartmental center
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on Big Data and Data Science.

4.2 The linear model

4.2.1 Presentation of the model

The first model that can be used to test the algorithm is the linear model with
homogeneous couplings, in which f[z;(t)] = —Az;(t). The reason why this model
can be chosen to test the algorithm, apart from it being exactly solvable from an
analytical point of view, is that the local term f[z(t)] is linear in z(t); indeed, any
model with linear interactions and additive noise can be analyzed without any
approximation if the local term f[z(t)] is linear in z(t), so that the cavity response
function Req,(t,t") can be computed exactly.

The original equation describing the dynamics of a node ¢ on the Bethe lattice
is:

d:nz
dt

= Az () + J Y xi(t) +mi(t (4.1)

jEDI

with:

0 (4.2a)
t')

(n (t) (_ ) = 2D6(t — ¢ (4.2b)

The DMFT equations for this model are readily obtained, as it is enough to
make the substitution f[z(¢)] = —Az(¢) in the effective equations obtained in the
previous chapter. Hence, the effective equation for the cavity dynamics reads:

Zf = —Az(t) + (K = 1)J prean (1) + (K — 1) /Ot At Reau (¢, )2 (') +(t)  (4.3)

with:

(n(t)n(t") = 2D8(t — ') + (K — 1) Coau (¢, ) (4.4Db)
While for the full dynamics the equation reads:

d t
d;;’ = (t) + KT fte (t) + K J? / At Roy (£, )2 (1) + 11(1) (4.5)
0
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with:
(n(t)) =0 (4.6a)
(ntnt)) = 2Dt —t') + KJ*Crap(t, 1) (4.6b)
For this dynamics we have f[z(t)] = —Az(t): this term has to balance the term

associated to the interaction with the neighbors, characterized by the constant J
and by a sum over the neighbors, which can be rewritten just by multiplying by the
connectivity K in this particular homogeneous case; hence, to avoid instability, K.J
has to be smaller than A. If this condition is satisfied, we can expect the system to
converge to an equilibrium in which the average value of x(¢) is equal to zero and
its actual value fluctuates around the equilibrium according to the noise 7(t).

To apply the algorithm presented before it is necessary to specify the full
equation for the computation of the cavity response function R, (¢,t’). For this
trivial model we have:

fle®l k-1 O (t)) -1
Sh(t') Sh(t')

Therefore, the differential equation for R,,, reduces to:

= -\

h=0

= —ARea(t, 1) (4.7)

h=0

dReay(t,t')

= _)\Rcav tvt/
7 (¢, )+

t
4 (K —1)J? / At R (1, ") Roao (1", 8) + 5(t — 1) (4.8)
0

As it is possible to notice, x(t) does not appear in the equation: this means that
R4, has to be computed just once, right after step 0 of the algorithm, and then it
can be used at each iteration to generate the trajectories required for the update
of pieay and Cly,.

The discrete time version of the equation above is:

n
R = (L= AARET + (K = 1)J°A 3 RV R + 0w (49)
n’’=0
It is worth to notice that causality can be exploited to simplify the equation
above: indeed, a generic element R%" is different from zero only if n > n’/. Hence,
the expression above can be rewritten as:

n—1

RLY — (1 = MA)REY 4+ (K —1)J2A% Y REVRYY 46,0 (4.10)

cav cav cav *leav
n''=n/+1
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4.2.2 Numerical results

Here some simple results about the trivial dynamics of the linear model are
presented; in order to show the validity of the algorithm that has been developed,
the results obtained with it can be compared with those obtained by simulating the
linear dynamics on a random regular graph. The first thing that can be presented
is the relaxation of (z(¢)) in the stable phase of the linear model, computed by
taking the average over a set of 10° trajectories generated according to equation
4.5, using the DMFT quantities ficay(t), Cean(t, 1) and Req,(t,t') obtained with the
algorithm. The relaxation is presented in figure 4.1, where the average trajectory
is pictured in red, while those in blue are ten trajectories taken from the set used
to compute the average.

Figure 4.1: Relaxation of (z(t)) in the stable phase of the linear model.

These results were obtained by setting 7" = 1000 and A = 0.01: this choice
is enough to observe the relaxation toward the equilibrium value; moreover, the
choice of a small A allows to reduce the error due to Euler-Maruyama procedure for
the numerical integration of the equations during the generation of the trajectories;
such a choice for the integration of the equations allows the algorithm to remain
relatively fast and efficient, with a small price to pay in terms of precision of the
results. For what concerns the parameters of the model, the following choices were
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made: A =15.0, D =0.1, J=1.0 and K = 10, so that the dynamics is stable. To
generate the trajectories of x(t) according to equation 4.5, the initial condition was
set to x(0) = 5.0+ 0, where ¢ is a Gaussian random variable with mean y = 0.0 and
variance o2 = 0.1. In conclusion, it is necessary to specify the parameters of the
algorithm: the soft-update parameter was set to a = 0.5; the algorithm made 30
iterations generating 10% trajectories, which amounts to a rough step in the space
of the DMFT quantities, then it made 10 iterations generating 10* trajectories and
20 iterations generating 10° trajectories, where these two sets of iterations were
used to refine the results obtained in the first set of iterations. In order to check
that the choices for the parameters a, NV;,,; and of the number of iterations were
good, it is possible to analyze the behavior of the € value of both i, and Cg,
as functions of the iterations. As it is possible to observe in figure 4.2, both ¢,
and ec go to zero already after 20 iterations, so it is safe to say that the algorithm
has converged. The DMFT quantities computed by the algorithm are presented in
figure 4.3.

3

1 \
0 10 20 30 40 50 60
terations

Figure 4.2: ¢ values of the DMFT quantities as a function of the iterations.

To conclude the analysis of the numerical results of the linear model, it is
possible to show that the data obtained with the DMFT algorithm are in agreement
with those obtained by simulating directly the dynamics. As anticipated in the
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Figure 4.3: DMFT quantities of the linear model.

introduction of the chapter, the dynamics is simulated on a random regular graph
with ten thousand node: this choice allows to replicate relatively well the dynamics
on a Bethe lattice, if the size of the finite graph is sufficiently large, so that the
presence of loops can actually be neglected. To show the validity of the results
obtained with the algorithm, it is convenient to compute the quantities (x(t))ps
and Cpg(t,t') and compare them with the quantities (x(t)) pyrrr and Cppyrpr(t, t);
these are:

« (@()ps = 5 S Nnodes 1:.(1) is the average trajectory computed by simulat-
ing the dynamics on the random regular graph, with x;(¢) being the trajectory
of the node 7 on the graph

o Cps(tt) = e e my(t)as(t) = (i St aa(t)) (5 Tl m(t)))

Nnodes
is the covariance matrix of the trajectories of the nodes of the graph

o (z(t))parrr is computed by averaging over a set of 10° trajectories generated
according to equation 4.5 using the DMFT quantities obtained with the
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algorithm

o Cpypr(t,t') is the covariance matrix computed using the same set of trajec-
tories used to compute (x(t)) pyrpr

5
—— DMFT
ar —Ds |
=37
Ear
1 K
ok ' ; ;
0 250 500 750 1000
T
2 1.00
= —— DMFT
5 0.75 Ds |
% 0.50 |
< 0.25 +
=
5’ 0.00 _— . et -
0 250 500 750 1000
T

Figure 4.4: Comparison between the data obtained by means of direct simulations
of the dynamics and the data obtained with the DMFT algorithm; the covariance
function is rescaled by its value at the initial time ¢, = 0.

Obviously, to simulate the linear dynamics on the random regular graph the
same choices in terms of parameters and initial conditions used to run the DMFET
algorithm were made. From figure 4.4 it is possible to see that (x(t))ps perfectly
agrees with (x(t)) parpr, while, for what concerns the agreement between Cpg(t,t')
and Cpyper(t,t'), it can be seen that Cpg(t,t') is affected by small fluctuations
which can be imputed to the fact that only 10* are used for the estimate in place
of the 10° trajectories used to estimate Cpyrpr(t,t').
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4.3 The ¢* model

4.3.1 Presentation of the model

One of the simplest non trivial models that can be studied with the DMFT approach
is the ¢* model, in which f[z(t)] = —Az(t) —uz?®(t). The equation for the dynamics
of a degree of freedom defined on a Bethe lattice with homogeneous couplings
reads:

dz i
dt

= —Az;(t) —ua®(t) + J Y w;(t) +ni(t) (4.11)

j€Di

where 7;(t) is the usual Gaussian additive white noise with:

(ni(t)) =0 (4.12a)
(ni()m(t")) = 2D4(t — t') (4.12b)

While in the case of the linear model there was only a single stable phase toward
which the system could relax, in the case of the ¢* model the picture is a little
bit richer: there is still a phase in which the degrees of freedom relax toward zero
value, but, if certain relations between the parameters A, u, J and D are satisfied,
it is possible to observe a spontaneous symmetry breaking in which the degrees of
freedom settle around a non zero value.

To grasp something about this dynamics, it is convenient to analyze the model
in the absence of noise; in this case, given u and J positives and fixed, there exists
a critical A. = KJ such that: if A < A., the system possess two symmetric stable
states at the values 4,/ ‘”i = if instead A > )., the system possess a single stable
state at zero value. The presence of the noise enriches this picture, introducing
fluctuations in the degrees of freedom, making the phase diagram of the model
more complex. To better understand the effect of the parameter D on this model,
that is the effect of the noise, it is useful to derive density plots by means of direct

simulations, which are pictured in 4.5.

For this model it can be noticed that, since we are considering a case with no
disorder, that is P(.J;;) = d(Ji;; — J), the effective equations of the dynamics are
exactly the same that has been derived in the previous chapter for the homogeneous
case; the only thing that changes is the term f[x(¢)], which now reads f[z(t)] =
=z (t) — uz(t).

The effective equation for the cavity dynamics is:
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Figure 4.5: Density plots of the ¢* model in the presence of noise: the plot on
the left has been obtained for a connectivity K = 3, while the plot on the right has
been obtained for a connectivity K = 10; both density plots have been computed
by simulating directly the ¢* model on a random regular graph; the model has
been simulated via numerical integration with the Euler-Maruyama approach with
a time step A = 0.1 and for a number of time steps T' = 3000, which was enough
for the model to relaxe towards equilibrium, starting from an initial condition of
x;(0) = 1 for each node on the graph; the model has been simulated with a constant
value u = 0.01, while varying the parameters A and D.
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CZ = —w(t) —ux®(t) + (K — 1) J pean (t)+
(-0 "t R (1, )2 () + n(t) (4.13)
with:

(n(t)) =0 (4.14a)
(ntn(t)) =2D6(t —t') + (K — 1)J*Clgu(t, 1) (4.14b)

For the full dynamics the equation reads:

d t
d;f = a(t) — uz(t) + KJ oy (t) + K J? / dt' Rogy (8, 8)2(t') + (1) (4.15)
0

with:
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(n(t)) =0 (4.16a)
(n(tn(t)) = 2D§(t —t') + KJ*Cay(t, 1) (4.16b)

4.3.2 Approximation of the cavity response function

For the ¢*-model, f[z(t)] is now a non linear function of z(t), therefore there are
some issues arising in the computation of the cavity response function. Indeed, in
the equation for R, the following term appears:

Sfla | @tk 5(2% (1)) 11
) o ) iy OR(E) | ey
. ' 9/ 02(1)
= —AReoo(t, ') — 3u<x (t)éh(t’)>K_1 . (4.17D)

As it is possible to see from the expression above, while the first term simply
contains the cavity response function R,(t,t'), the second term is non trivial.
From a theoretical point of view this term can be computed using the generating
functional approach, which is general and, in principle, exact; however, as it has
been pointed out before, that approach requires an extremely large number of
trajectories to make a precise estimate. Since the number of trajectories is simply
too large for the algorithm to remain efficient, it is necessary to pursue an alternative
approach, consisting in the following approximation:

9, 02 (t 2 ox(t
<$ (t)5h((t/)) >K1 h=0 ~ <$ (t>>K 1‘h O< ((t/))>K 11h=0 - (4-183)
= (@*(O)k|,_, o 5(;22,1( - = (4.18D)
= (@) k1|, Rea(t,t) (4.18c)

With this approximation in mind, the differential equation for the cavity response
function reads:

AR car(t, 1)

dt ( A= Bu(z ()>K1’h:0)Rc(w(t,t/)—|—

t
+ (K — 1)J2/ dt" Rean(t, ") Reao (", 1) + 5(t — 1) (4.19)
0
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In discrete time, the equation above becomes:

cav cav

Rn—l—l,n’ = <1 — AA — 3UA<ZL‘”2>K_1|h0> Rn,n’+

n

+ (K . 1)J2A2 Z Rn,n//Rn//’n/ + 6’”7”, (420)

cav *Ycav
n/'=0

To compute the term (x"?)g_1|s—¢ at each iteration of the algorithm, it is

possible to exploit the trajectories generated using the messages at the previous
step; the same trajectories that are used to make the self-consistent update of ficq,
and C,,.

Now we have everything we need to apply the algorithm to the ¢* model and
test the approximation that has been developed to update R.., at each iteration.

4.3.3 Numerical results

To start the numerical analysis of the ¢*-model, it is reasonable to check that the
DMFT algorithm is capable of reproducing both the equilibrium phases discussed
during the presentation of the model, that is the equilibrium phase in which
(x(t — 400)) tends to zero and also the equilibrium phase in which (z(t — +00))
tends to a non zero value. To set the parameters for this preliminary analysis, it is
possible to exploit the information obtained during the derivation of the density
plots of the ¢*-model for different connectivities.

Both pictures in figure 4.6 represent the relaxation of the average value of
the degree of freedom (x(t)) with (A = 15.0,J = 1.0,u = 0.01,D = 0.1) being
the parameters for the first picture and (A = 5.0,J = 1.0,u = 0.01,D = 0.1)
being the parameters for the second picture. The dynamics has been simulated
with 7' = 1000 and A = 0.01. To compute the DMFT quantities, the algorithm
performed 30 iterations generating 10° trajectories for the update, 10 iterations
generating 10* trajectories and 20 iterations generating 10° trajectories: the first
set of iterations correspond to rough steps in the space of the quantities ficu,
Ceav and R.,,, while the last two sets are used to refine them; to perform all the
iterations, a soft-update parameter of o = 0.5 was used. At every iteration all
the trajectories were generated with the initial condition z(0) = 1.0 + ¢, with ¢
being a Gaussian random variable with mean p = 0.0 and variance 02 = 0.1, so
that it was possible to observe the relaxation dynamics for both phases. After the
computation of the DMFT quantities, these have been used to generate trajectories
according to the effective stochastic differential equations of the full dynamics to
produce the plots of figure 4.6: for both picture, (x(t)) is presented in red, while
the blue curves are ten trajectories randomly selected from the set used to compute
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Figure 4.6: Relaxation of (x(t)) toward equilibrium: in the picture above the
relaxation associated to the phase with zero as the equilibrium value is presented,
while in the picture below the relaxation associated to the phase with a non-zero
equilibrium value is presented.
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(x(t)). To verify that the algorithm has converged, it is convenient to analyze
the € values of the DMFT quantities as a function of the iterations presented in
figure 4.7: from the data of the picture, it can be understood that the algorithm
has reached convergence, so that the obtained DMFT quantities can be trusted
to generate trajectories according to equation 4.15 and then compare the results
with those obtained by means of direct numerical simulations. To complete the
presentation of a typical set of results of the DMFT algorithm applied to the
¢*-model, it is convenient to show the DMFT quantities ficay(t), Ceao(t1,t2) and
Reav(t1,12), which are presented in figure 4.8: as it is possible to see from the
picture, both the cavity response function R.q,(t1,t2) and the cavity correlation
function C.qy(t1,t2) decay to zero after a certain time, with the decay being slightly
different in the two phases; instead, for what concern pi.q,(t), it is possible to observe
an obvious difference between the two phases, as in one case it decays to zero,
while in the other it reaches a non-zero value which is a bit smaller than (z(t — 00)).

Before proceeding with the analysis of the results, it is worthy to investigate
the effects of the approximation that has been chosen for the computation of
the response function. To understand these effects, it is reasonable to see the
consequences of changing the connectivity K and the coupling constant J on the
accuracy of the results obtained with the DMFT algorithm, where the accuracy
is verified by comparing the equilibrium value (z(t — 400)) obtained by means
of direct simulations of the dynamics on a random regular graph and the one
obtained with the DMFT algorithm and then by computing the absolute error and
the relative error. For both the direct simulations of the dynamics and the DMFT
algorithm the values T" = 1000 and A = 0.01 were used, with the trajectories
generated starting from the initial condition z;(0) = 1.0 Vi € V| with G = (V, E)
being the random regular graph used simulate the dynamics, and with x(0) = 1.0
for the trajectories generated by the DMFT algorithm. For what concern the
parameters specific to the DMFT algorithm, that is the soft-update parameter «,
the number of trajectories Ny.q; generated for the update of the DMFT quantities
and the number of iterations, values similar to those used to obtain the data
represented in figure 4.6 were used. All the data gathered for this analysis were
obtained in a setting where the parameter D of the noise was set to a small
value, in order to reduce the effect of the noise on the error and to simplify the
analysis of the approximation. If (z(t — +00))ps = ﬁZz’ev z;(t — +o0) is
the average equilibrium value obtained by simulating directly the dynamics and
(alt = +00)parrr = 3= S a5(t — +00), with {a;(t) 1 J € {1 Noug}}
being the set of trajectories simulated with the DMFT algorithm, the errors are
computed as:

€abs = ‘(SL’(t — +OO)>DS — <.T}(t — +OO)>DMFT| (421)
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Figure 4.7: € values of the DMFT quantities as a function of the iterations: the
picture at the top shows the e values obtained during the derivation of the results

for the phase in which (z(t)) relaxes toward zero, while the picture at the bottom
shows the € values obtained during the derivation of the results for the other phase.
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Figure 4.8: DMFT quantities: here the DMFT quantities computed by the
algorithm are presented for both the phases of the model, where the function
Cean(t, to) has been rescaled by the initial value Ceqy,(to, to); the value g is simply
the the initial value on the time axis.
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Figure 4.9: Comparison of the results between direct simulations (DS) and
DMFT algorithm (DMFT): the two plots at the top were obtained in the phase
with (x(t — +00)) = 0, while the two at the bottoms were obtained in the phase
with (z(t — +00)) different from zero. The covariance functions are showed
rescaled by the value C(to, to).
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Figure 4.10: Absolute error €, and relative error €., as a function of the
connectivity K and for different values of the parameter u; the coupling constant
and the parameter of the local term chosen here are J = 1.0 and A = 3.0; the
parameter of the fluctuations is set to D = 0.01.
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Figure 4.11: Absolute error €4, and relative error €, as a function of the coupling
constant J and for different values of the parameter u; the connectivity and the
parameter of the local term chosen here are K = 10 and A = 3.0; the parameter of
the fluctuations is set to D = 0.01.

(x(t = 4+00))ps — (z(t = +00)) pmrFr
(x(t = 4+00))ps

As it is possible to see in figure 4.10, both the absolute error and the relative
error decrease as a the connectivity K increases; this can be easily explained: the
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effective equations that are implemented in the algorithm have been derived starting
from the assumption that the coupling constant is small, or equivalently, that the
connectivity of the graph is large; as a consequence, it is reasonable to expect that
the results obtained with the algorithm are affected by a non negligible error if the
connectivity is small, and it is also reasonable to observe that this error decreases
as the connectivity increases, as the effective equations of the DMFT approach
becomes better at capturing the real behavior of the dynamics under exam. From
figure 4.10 it can seen that the absolute error decreases as u increases at a fixed
value of K, but this is due to the fact that the absolute error does not take into
account the increase of (z(t — +00)) as u decreases; when this is considered, as
it happens in the relative error, the error itself becomes independent in the value
of u. The most important conclusion that can be made observing figure 4.10 is
that the relative error becomes smaller than 1% already for K = 6, signaling that
despite its crudeness, the approximation used in the differential equation of the
cavity response function is good enough to obtain acceptable numerical results.

The analysis of the approximation can be concluded by analyzing the results
presented in figure 4.11: here the absolute error and the relative error are computed
by keeping the constant the connectivity K while varying u and the coupling
constant J. As it is possible to see from the picture, the absolute error decreases
as J increases up to a point in which it remains constant. Note that it would be
reasonable to expect that the error increases as J increases, since it would mean
going out of the regime in which the effective description of the dynamics holds;
to observe such an increase in the error, it would be necessary to use very large
values of J, but this is complicated by stability issues in the process of numerical
integration of the stochastic differential equations, which could be overcome by
reducing the connectivity K. In conclusion, it is possible to see that by increasing J
while remaining in the regime of validity of the effective description of the dynamics,
both the absolute error and the relative error decreases, but this is decrease is very
small: indeed, by observing the relative error, it can be seen that it decreases from
the 0.5 % to the 0.2 %.

A further proof of the effectiveness of the approximation used for the cavity
response function can be provided by comparing the values of (x(t — +00)) obtained
with direct simulations and with the algorithm in proximity of the equilibrium
phase transition in the plane (Du, J) for different values of the connectivity K.
The results of the comparison are presented in figures 4.12 and 4.13: the dots in
blue have been obtained by simulating the dynamics on a graph with a thousand
nodes many times and by computing the quantity (z(tf — +00))pg, together
with the standard deviation; the dots in red have been obtained with the DMFT
algorithm by computing (z(t — +00))purr and the standard deviation from a
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set of a thousand trajectories. Since the dynamics was analyzed close to a phase
boundary, it was necessary to gather a relatively large amount of data from the
direct simulations in order to obtain precise estimates of (z(t — +00)), due to
the presence of fluctuations; for what concern the data acquired with the DMFT
algorithm, a relatively small amount of data was more than enough to obtain
precise estimates of (z(t — +00)), suggesting that the DMFT approach is capable
of compensating the effect of fluctuations close to a phase boundary. For both the
simulations and the algorithm, the parameters T' = 1000 and A = 0.1 were chosen;
for the initial conditions, each initial value of a trajectory (z;(0) for the simulations

or z(0) for a trajectory of the DMFT algorithm) was set equal to \/%_’\ it A < A,
or equal to zero if A > \., so that the relaxation process to the equilibrium value
could be speed up. The parameters o and Ny,; and the number of iterations of
the DMFT algorithm were chosen similar to those used for obtaining the results
presented in figure 4.6. Each set of points presented in the figures 4.12 and 4.13
has been obtained by varying A while keeping all the other parameters constant;
moreover, to compare the values of (z(t = +00))ps and (z(t = +00)) pypr along
the Du axis, u was kept constant, while D was left to take the values 0.001, 0.01,
0.1 and 1.0.

For what concern the comparison itself, the results can be easily explained.
In the case with K = 3 there is a discrepancy between the ones obtained with
the simulations and the ones obtained with the DMFT algorithm in the phase
with (z(t — 400)) different from zero, while there is agreement in the phase with
(x(t — 400)) equal to zero. In the case with K = 10 there is instead agreement
in both phases, proving once again that the approximation used for the cavity
response function is trustworthy if the connectivity is sufficiently large.

4.4 The 2-spin model without disorder

4.4.1 Presentation of the model

An interesting model that can be analyzed without the need of any crude ap-
proximation is the 2-spin model. Within this model a set of continuous variables
{z;(t) }iev is associated to the nodes of a graph G = (V, E); these variable interacts
according to the Hamiltonian:

H[7] = -

> Z Jij i (4.23)

1=1 j€oi

N | —

and are subjected to the spherical constraint > | #2(¢) = N.
The relaxation dynamics of such a system can be described by considering the
following stochastic differential equation for each variable z;(¢):
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Figure 4.12: Comparison between the results of direct numerical simulations and
those obtained with the DMFT algorithm at fixed v and K=3.

dl‘i

which reduces to:

SH[7]

&t~ o AWm) 4 (4.24)
Cilx; =D Jya(t) = At)xi(t) + ni(t) (4.25)

jEOi

where A(t) is the Lagrange multiplier enforcing the spherical constraint, whose
expression has to be determined self-consistently, and 7;(¢) is Gaussian noise with
zero mean and correlation (n;(t)n;(t')) = 2D;;0(t — t') modeling the effect of
temperature.
If the couplings are positive and homogeneous, that is they are all equal to some
value J > 0, the behavior of the system is trivial: it presents a low temperature
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Figure 4.13: Comparison between the results of direct numerical simulations and
those obtained with the DMFT algorithm at fixed v and K=10.

ferromagnetic phase, where each variable z;(t) is equal to one (or to minus one)
once the equilibrium is reached, and a high temperature paramagnetic phase where
each variable relaxes to zero; as the temperature is modeled by the parameter D, it
is reasonable to expect that, for each value of J and K, there exists a critical value
D, separating the high temperature phase from the low temperature phase. Note
that if J is too large, the dynamics becomes unstable, as for each degree of freedom
the term associated to the Lagrange multiplier is no longer able to compensate the
growth of the term associated to the interaction; moreover, J cannot be too large
because of the hypothesis on which the effective equations of the dynamics have
been derived.

More information about the behavior of the 2-spin model without disorder can
be obtained by computing some density plots, like the ones presented in 4.14.
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Figure 4.14: Density plots of the 2-spin model in the presence of noise: the plot
on the left has been obtained for a connectivity K = 3, while the plot on the
right has been obtained for a connectivity K = 10; both density plots have been
computed by simulating directly the 2-spin model on a random regular graph; the
model has been simulated via numerical integration with the Euler-Maruyama
approach with a time step A = 0.1 and for a number of time steps 7" = 2000, which
was enough for the model to relaxe towards equilibrium, starting from an initial
condition where each degree of freedom on the graph is distributed according to
a standard distribution; the model has been simulated with a value of J smaller
than one, to ensure the stability of the dynamics.

4.4.2 Derivation of the effective equations of the dynamics
in the homogeneous case

Let us here consider the homogeneous case in which the couplings are all the same,
that is the case in which the distribution P(J;;) is simply a Dirac’s delta function,
namely P(J;;) = §(J;; — J). In this simple case the effective equations of the
dynamics can be immediately obtained by substituting the term f[z(¢)] in the
equations for a general dynamics with homogeneous couplings with the term of the
2-spin model —A(t)x(t).

Therefore, the effective equation for the cavity dynamics reads:

= AO2(0) + (K = 1) e ()
(-0 "t R (1, ) 2() + (t) (4.26)
with:
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(n(t)) =0 (4.27a)
(")) = 2D6(t —t') + (I — 1)J*Cluy(t, t') (4.27D)

For the full dynamics the equation reads:

CZ = AD() + K Tpeas(t) + KT " Rt )2 () + () (4.28)
with:

(n() =0 (4.292)

(ntnt)) = 2Dt —t') + KJ*Crap(t, 1) (4.29b)

4.4.3 Derivation of the equation for the Lagrange multiplier
in the homogeneous case

To complete the picture of the 2-spin model in the absence of disorder, it is necessary
to derive an explicit equation for the Lagrange multiplier. This can be done by
remembering that the correlation function of the degrees of freedom, which can be
indicated with C'(t,t') = (x(t)x(t')) x, has to be equal to one for all t = ¢'. Hence,
by exploiting the spherical constraint, we can write:

[d(](t,t’) N dC(t,t)

— 4.
Za T P o

which results in:

(o) (), ], 0

Here we can compute the two terms of the expression above one by one. For
the first term, we have:

<dfl(tt)x(t/)>K = —At)(x(t)z(t') k + KJ pean () (@(t)) k+
+ KJ? /0 t dt" Rego (8, ") (2 ()2 (') k + ()2 (') (4.32)

For the second term, we have:
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<x<t>d$<t')> N S

+KJ? /O ’ dt" Rego (', ") (2()2(¢")) i + (n(t)2(t)) i (4-33)

By plugging these expressions back into the equation (4.31), we get:

= M) (s)a())se + K a8 () s+
KT [t o5 ) ()2 () ¢ + (n(s)a(s) e+
= M) ()2(8)) i+ K Tptean($) ()it
F I [t R (5. 8) (@(t")a(s))k + (n(s)a(s))ic = 0 (434)

By reorganizing the terms and by recalling that (z(s)z(s))x = C(s,s) = 1, we
get the following expression for the Lagrange multiplier at any given time:

A(8) = K J pean(8){(x(s)) +
+ KJQ/O dt" Reao (s, ") {x(s)x(t")) k + (n(s)x(s))x (4.35)

4.4.4 DMFT algorithm for the 2-spin model without disor-
der

The fact that the Lagrange multiplier has to be computed self-consistently is
responsible for a modification of the DMFT algorithm presented in the previous
chapter. Hence, the steps of the algorithm can be briefly reviewed together with
the modifications required to account for the Lagrange multiplier.

The key quantities of the algorithm here reads:

- leavs Cear and Ry, the desired DMFT quantities
- A is the Lagrange multiplier

- Ry O and RECY, the new messages computed at each iteration of the

cav cav ?

algorithm
- A" is the new Lagrange multiplier computed at each iteration of the algorithm

- T, the total number of time steps

86



Numerical implementation of the DMF'T algorithm for the analysis of physical models

- A, the size of the time step

- Niraj, the number of trajectories that are generated at each iteration for the
self-consistent update of the messages and of the Lagrange multiplier

- K, the connectivity of the lattice

- «, the parameter for the soft update of A, picay, Cear and R4, at each iteration
of the algorithm

- (€1, €2, €3, €4), threshold values for the convergence of A, ficav, Ceqv and Reqy

Initialization

Step 0: initialization of the messages and of the Lagrange multiplier

Clearly, the first step is the initialization of the messages ficay, Ceqn and Ry, and of
the Lagrange multiplier A\. For what concerns the initialization of the cavity mean
lheav, it can be set all equal to one in the ferromagnetic phase and all equal to zero
in the paramagnetic phase. For both the cavity correlation function C.,, and for
the cavity response function R, the standard choices hold: C,, can be initialized
with a symmetric positive definite matrix, while R.,, can be initialized with a
lower triangular matrix. To conclude the initialization, it is necessary to set the
Lagrange multiplier A; this can be achieved with the help of numerical simulations:
indeed, the dynamics of the 2-spin model without disorder can be simulated on a
small random regular graph, so that the data can be gathered quickly, then the
Lagrange multiplier of the DMFT algorithm can be set all equal to the value of
the Lagrange multiplier of the direct simulation taken once equilibrium is reached.

Iterative step

Step 1: generation of the trajectories(full dynamics)

A number Ny, of trajectories of the noise {Anj}je{l’_“,ij} and Ny.,; trajectories
of the degree of freedom {x;};cq1,....n,,,,} according to the effective equation for the
full dynamics:

P = gt A A KTt KA YD R - At (4.36)

j cav cav
n’:n/<n

and R

cav

with j € {1,..., Nipo; } and with pl,,, C!

o being the current values of
the DMFT quantities.
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Step 2: computation of the new Lagrange multiplier \"**%
The Nyq; trajectories of the noise and of the degree of freedom can now be used to
compute A" according to the following equation:

Nt'raj
)\n,new K‘]:ucav xn+
Ntra] j=1 /
Nt’l‘ﬂ.j Nt'ra]
KJPAS Rt ng Anta (4.37
i n’z_() “ Ntra] Z1 :E x " ANW@J z—:l 17] g )

where we have exploited the fact that the average (...)x over the dynamics can
be replaced by an average over the trajectories. Note that this is just the discrete
time version of equation 4.35.

Step 3: generation of the trajectories(cavity dynamics)

A number Ny,,; of trajectories of the noise {Anj}je{l,m,ij} and Ny,,; trajectories
of the degree of freedom {x;};cq,.., Nura;} @ccording to the effective equation for the
cavity dynamics:

n+l _ ,..n nl_n n Il n
o =2 = XM A 4 (K = 1)JApg,, ="+

+(K—1)2A% S R 4 An? (4.38)
n’:n'<n

and R

cav

with j € {1,..., Nyyg; } and with pl,,, C!

o being the current values of
the DMFT quantities.

Step 4: derivation of C7¢"

cav

The elements of the matrix Cl" can be computed by means of the trajectories

{x;}jeq1,...Noa,) that have been generated as:

1 Nt'raj , 1 Ntraj 1 Ntraj ,
new,n,n’ __ n,n _ n n
Chormt = N T N 53 1\ > (4.39)
traj j trajy traj j=1

7=1

Step 5: derivation of R

The cavity response function can be computed using the temporal integration
approach, which is exact for this particular model. In continuous time the differential

equation for R"(t,t') reads:
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cav

dt

dR (t,t ) _ —)\(t)Rnew(t, t,)—l—

cav

cav cav

t
(K — 1) / AR (1, " R0 (1" ) + 6(t — 1) (4.40)
0

In discrete time the equation becomes:

Rnew,nJrl,n’ _ (1 o )\nA>Rnew,n,n’+

cav cav

+ (K o 1)J2A2 Z Rnew,n,n”Rnew,n”,n’ + (Sn,n’ (441)

cav cav
n/'=0

s a consequence of causality, on e elements M2 with ny > ngy are
A f lity, only the el ts Rpo™M"2 with ny >
different from zero; hence the equation above can be rewritten as:

Rnew,n—i—l,n' _ (1 o )\nA>Rnew,n,n’+

cav cav

n—1
+ (K . 1)J2A2 Z Rnew’n’n”Rnewm//’m + (Snm/ (442)

cav cav
n''=n/+1

Step 6: check for convergence

At this point it is necessary to compare the current messages and the current
Lagrange multiplier with the one computed at the steps 2, 4 and 5 and check
whether the following conditions are satisfied:

igle.a?.)’(T{])\"ew’i A < (4.43a)
e ([t —pt} < (4.43b)
Jmax {[CE = Coa ™I} < & (4.43¢)
Jmas (IR — Ry M) < ey (4.434)

If all these conditions are satisfied, the algorithm stops; otherwise, it proceeds
to perform a soft-update of the messages and of the Lagrange multiplier.

Step 7: soft-update of the DMFT quantities and of the Lagrange multi-
plier
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If the check for convergence at step 6 fails, a soft-update of the messages is made,
according to:

A= oAl 4+ (1= a) A
H’H_l — aul + (1 o a)unew
Crar' T = aCly' + (1 — @)Ce™

Rea™™ = aReq + (1 — a) RS
The choice of performing a soft-update of the messages is motivated, as for the
original algorithm, by the will to avoid large jumps in the space of the messages
and of the Lagrange multiplier, which could lead to instabilities in the algorithm.

Conclusion

The algorithm works as follows: it start with the initialization of the quantities of
interests; then the steps from 2 to 7 are repeated iteratively, so that the messages
and the Lagrange multiplier are updated at each iteration; as soon as the check
for convergence succeed, the algorithm stops. If the check for convergence never
succeed, the algorithm goes on for a predetermined number of iterations.

4.4.5 Numerical results

To present the numerical results for the 2-spin model without disorder it is conve-
nient to follow the same scheme used for the linear model; this time however, it is
necessary to analyze the dynamics in both its phases: the ferromagnetic phase, in
which (x(t — 4+00)) is equal to a non zero value, and the paramagnetic phase, in
which (z(t)) relaxes toward zero at equilibrium. It is important to point out that,
in order to avoid the arising of numerical instabilities, the coupling constant J has
been rescaled by the connectivity K.

The presentation of the results can start from the ferromagnetic phase, which is
obtained by setting K = 10, J = 1.0 and D = 0.01. The dynamics was analyzed
with T'= 1500 and A = 0.01, so that the time window is large enough to observe
the relaxation of the trajectories to the equilibrium value. The initial conditions
were such that z(0) = 0.5 4+ §, where § is a Gaussian random variable with mean
i = 0 and variance o2 = 0.01; in a way similar to that of the ¢*-model, the system
can relax to a positive equilibrium value and also to symmetric negative value;
however, the choice of the initial conditions allow to select the phase characterized
by a positive equilibrium value. To derive the DMFT quantities, the algorithm
performed 30 iterations generating 10% trajectories, 20 iterations generating 10*
trajectories and then 20 iterations generating 10° trajectories; it was convenient to
set a = 0.5 for the first set of iterations, a = 0.7 for the second set of iterations
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and o = 0.8 for the last set of iterations; the change of the value of o during the
various set of iterations can be motivated by the will of reducing "oscillations"
in the DMFT quantities during the refinement phase: this way of updating the
DMFT quantities was prompted by the analysis of the € values during various runs
of the algorithm, where these were seen oscillating after an initial decay, suggesting
that an increase in a could help in smoothing out their profiles and increase the
precision of the estimates. In the ferromagnetic phase the trajectories relaxed to
a non zero value, which for this particular choice of the parameter K, J and D
is exactly one, as it can be seen from figure 4.15: as usual, the one in red is the
average trajectory, while the ones in blue are ten sample trajectories selected from a
set of 10% trajectories, generated using the DMFT quantities after the convergence
of the algorithm.
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Figure 4.15: Relaxation of (x(t)) in the ferromagnetic phase.

As it can be seen in figure 4.16, the € values are quite large during the initial
iterations of the algorithm, then decrease to zero as the number of iterations grows;
it is safe to say that the algorithm has converged after sixty iterations.

In figure 4.17 the DMFT quantities and the Lagrange multiplier are represented;
it can be seen that both the rescaled cavity correlation function and the cavity
response function decay to zero, which is a typical behavior for these quantities, as
it has been observed also in the previously analyzed dynamics; the cavity mean
function and the Lagrange multiplier instead settle to a constant value.
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Figure 4.16: ¢ values of the DMFT quantities as a function of the iterations.

To conclude the analysis of the results of the ferromagnetic phase, the results ob-
tained with the DMFT algorithm can be compared with those obtained with direct
numerical simulations on random regular graphs. The comparison is presented in
figure 4.18: for what concern (z(t)) and the Lagrange multiplier, the agreement is
perfect; instead, for what concern the correlation function, it is possible to see that
the one obtained by direct simulations is affected by fluctuations, but the overall
behavior matches the one of the correlation function obtained with the DMFT
algorithm. The quality of the results relative to the correlation function could be
improved either by simulating the dynamics on a larger graph, or by simulating
the dynamics many times on a graph with the same size.

At this point the dynamics of the 2-spin model in the paramagnetic phase can be
analyzed; the results in this case have were derived with by choosing the parameters
K =10, J =1.0and D = 10.0, with 7" = 1500 and A = 0.01. The initial condition
for the generation of the trajectories in this phase was set to z(0) = d, with § being
a value sampled from a standard distribution. The DMFT quantities computed by
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Figure 4.17: DMFT quantities of the 2-spin model in the ferromagnetic phase.

the algorithm were derived with the following settings for what concern «, Ny,
and the number of iterations: 30 iterations generating 10 trajectories with o = 0.5;
20 iterations generating 10* trajectories with a = 0.7; 20 iterations generating 10*
trajectories with a = 0.8; 20 iterations generating 10* trajectories with a = 0.9;
20 iterations generating 10° trajectories with a = 0.95. The reason behind these
choices for «, N;q; and the number of iterations can be found in the the fact that
the parameter D is large; this is necessary to observe the paramagnetic phase,
as suggested from the density plot on the right of figure 4.14, however, it has
important consequences on the convergence process of the algorithm and on the
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Figure 4.18: Comparison between the data obtained by means of direct simu-
lations of the dynamics and the data obtained with the DMFT algorithm in the
ferromagnetic phase; the covariance function is rescaled by its value at the initial
time to = 0.

quality of the results: large fluctuations associated to the noise are responsible for
large fluctuations of the Lagrange multiplier and of the DMFT quantities from
iteration to iteration, as it can be seen from the € values showed in figure 4.20;
this effect can be mitigated by increasing Ny,; and by increasing the number of
iterations; moreover, it helps to progressively reduce the soft-update parameter «
to smooth the variations of the quantities of interests and refine their estimates.

In figure 4.19 the average trajectory is showed in red, while the ones in blue are
the usual ten sample trajectories chosen from the set used to obtain the average.
As it is possible to see, the trajectories in blue are characterized by very large
fluctuations and this is coherent with the fact that the parameter D of the noise
was set to a large value. In figure 4.21 the DMFT quantities and the Lagrange
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multiplier obtained by the algorithm are presented: the cavity mean, as expected,
is very close to zero; both the rescaled cavity correlation function and the cavity
response function decay to zero, as observed also in the other analyzed dynamics;
the Lagrange multiplier settles to a value close to one, but it is characterized
by relatively large fluctuations, which are coherent with the fluctuations of the
trajectories. To conclude the analysis, it is possible to consider the comparison of
the results pictured in figure 4.22: it can be observed that there is agreement for
what concern the average trajectory and the rescaled correlation function; instead,
for what concern the Lagrange multiplier, the agreement is less clear to establish,
due to the large fluctuations of the results obtained with direct simulations.
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Figure 4.19: Relaxation of (x(¢)) in the paramagnetic phase.

The 2-spin model with disorder

4.5.1 Presentation of the model

By introducing disorder in the 2-spin model it is possible to really appreciate
the effectiveness of the DMFT approach. The starting point is nothing but the
Hamiltonian which has already been introduced during the analysis of the 2-spin
model without disorder; therefore, the equation describing the dynamics of a node
simply reads:
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Figure 4.20: ¢ values of the DMFT quantities as a function of the iterations.

CZJ; - Z Jijxj@) - /\<t)$z‘(t) + T]i(t) (4_45)

j€di

where A(t) is once again the Lagrange multiplier, whose expression has to be
determined in a way analogous to what has already been done in the case without
disorder.

The disorder is introduced in this model by choosing to sample each coupling
Jij = Jji independently from a symmetric distribution P(.J;;) = %(5(Jij —J)+
%5 (Jij + J). For this reason it is necessary to perform explicitly the configura-
tional average over the disorder to obtain the effective equations for the dynamics.
The introduction of disorder enriches the physical picture of the standard 2-spin
model[9][12]; in particular, the system no longer exhibit the equilibrium phases
observed in the case with homogeneous couplings, as the trajectories do not con-
verge to a unique value; moreover, the system starts to show glassy features, the
easier to observe and investigate being the aging phenomenon: the rugged energy
landscape created by the introduction of disorder is responsible for a slow relaxation

96



Numerical implementation of the DMF'T algorithm for the analysis of physical models

0.005 p
0.000 A Aoy [T
E _oo0s Lt W ud WA LA
:3_‘ —0.010
—0.015 MWM }f‘NV

0 500 1000 1500

cav

1.00
0.75

0.50 \
0.25

0.00 -
0 500 1000 1500

Ccm)(ta to)/cmu(tow to)

1.00
0.75

0.50 \
0.25
0.00

Rcm) (t: to)

0 500 1000 1500

15 ‘ ‘ ‘

1.0 L AL all T e W i P P T AT LY LR L | P P —

0.0 |
0 500 1000 1500

Figure 4.21: DMFT quantities of the 2-spin model in the paramagnetic phase.

dynamics, which keeps memory of how much time the system has already spent in
the low temperature phase; the aging behavior can be detected by analyzing the
correlation function of the trajectories of the degrees of freedom.

97



Numerical implementation of the DMF'T algorithm for the analysis of physical models

1.0

DMFT
DS
05

0.0 F

((1))

-0.5 F

-1.0

) I I I
0 500 1000 1500

1.00 |
0.75
0.50

0.25 |

C(t,ty)/C(tg, ty)

0.00

I I I I
0 500 1000 1500

75

DMFT
DS

5.0 |

i ‘ | , | i)

S T TR PR TARY PR A A TR LT R
oo | vllihen I‘H”I‘ ml it ‘ Wi AN M'l' U S

25 F

I I I I
0 500 1000 1500

Figure 4.22: Comparison between the data obtained by means of direct simu-
lations of the dynamics and the data obtained with the DMFT algorithm in the
paramagnetic phase; the covariance function is rescaled by its value at the initial
time to = 0.

4.5.2 Derivation of the effective equations of the dynamics
in presence of disorder

In order to apply the DMFT algorithm it is necessary to derive a description of
the system which is independent on the specific realization of the couplings. To do
such a thing, it is necessary to perform a configurational average of the dynamical
partition functions Z77" and Z;, before performing the small-coupling expansion,
so that the effective equations of the dynamics can be explicitly derived.

As it has been suggested in the previous chapter, one can write:

1Zi) = | 11 dJwP(Jin) 25" (4.46)
kedi\j
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2] :/ 11 dJiP(Jir) Z; (4.47)
keoi
For convenience, the general expressions for Z;j"” and Z; obtained by means of

the dynamic cavity approach can be recalled:

—izn (™t g — e A)— gz A(27)2
Zf;w:/DxiD&ieZ"{ P e e -l IAED? |

X H DXkD)A(kai[Xk,)A(k]eaAZn(‘]kimzx?—i_‘]ikm?xz) (4.48)
kEDi\j

—ia} (@ o7~ e 1A) -l IAED? |

X H /DXkD)A(kai [Xk, )A(k]eaA 2 (i@ +Jinid} oy (4.49)
kedi
where the parameter o appearing in the exponentials associated to the interac-
tions between nearest neighbors is the usual parameter required to perform the
small-coupling expansion.
By performing explicitely the configurational averages according to the symmetric
distribution, one gets:

|
Zem) = / I s <5(Jik — J)+ 6(Ju + J)) e — (4.502)
kedi\j
|
— - / 1 dJud(Ji — J) 25"+ (4.50b)
2 kedi\j
1
+5 / 1 dJad(Jix + J)ZE = (4.50¢)
kedi\j
1 cav 1 —,cav
|
kedi
|
— - / T dJud (T — J)Zi+ (4.51b)
2 keoi
1
+ 7/ T dJid(Ji + J)Zi = (4.51c)
2 keoi
Lyl (4.51d)
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. +,cav —,cav + - . .
where the expressions of Z,>™, Z,"", Z;" and Z; are respectively:

—ig™ (2" g flePA)— gz A(ZT
Zi7"" = /DxiD&ieZ"{ P e S 1A) gl IA 1)2}><

X H DXkD)A(kai[Xk,)A(k]eaAZn(Jiij?—i_Jm?xz) (452)
keoi\j

ian (xf“fx?ff[z?]ﬂ)*g[x?m(i?)z}

zy = | D D= L x

X H DXkD)A(kai[Xk,}A(k]e_aAZn(Jiizx?—i_Jm?xz) (453)
keoi\j

z¢ - [ px DieSe { - = aa) -larisa?

X H /DX]CD}A(;CCM[X]“)A(k]eaAZn(Jiiz$?+Ji£?$Z) (454)
keoi

—izn(z™ g — flzP]A)—g[zP]A(27)2
Zi—/Dxincl-eZ"{ P e ) -l IAED? |

X H /DX]CD}A(]CCM[X]C,)A(k]e_aAZn(Jiij?—i_Jm?xz) (455)
keoi

At this point, to derive the effective equations, it is necessary to perform the
small-coupling expansion. The procedure can be done for Z" only, as for Z; it
would almost the same. Hence, it is possible to write:

—i@? (2" T g — flan]A)—g[zT] A(27)2
kedi\j n
1 ! ! ! !
+ §a2A2 S (Jigpatiay af + JHEraiE) o) + (4.56¢)
+ JEaRarial oy + JHEraay o) + o(a2)> (4.56d)
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—izn (2" gz A)— gz A (272
Zi;’ca‘v — /DXZD)"Czezn{ 7,( i i f[ 7,]A) g[ Z]A< 1) }X

keoi\j n

7

1 / / ’ /
2 /A2 2.5n, . n;an N 2:5mn, . n;sn N
+§& AN (JHRRalidy o + JHElad) ay) +
n,n’
i WL

2:an, n:sn' n' 2. amn, n;~n' n' 2
+ JHgpaial x) + JHztaliz) o) + o(« ))

Therefore, Z7" reads:

1 —ign (@ g~ flan]A)—g[zP]A(ET)2
g :2{/DXiD§(i€Zn{ NS NG O

kedi\j n

1 / / / !
SAM M 2 A2 2. n_ n:-~sn'_n 2:an, . n:sn' n
+ Jizlxy) + 5 A (JHRpaliay af + JRidTapidl o) +

n,n’
i i

1 g (T g flen A—glz? £m)2
+2{/DX1D)A(162"{ s i —fleflA g[z]A(z))}X

2:an_n:an' _n' 2:-an_n:an'_n'
+ JAzpatiz] o) 4+ JHE )« ))}—l—

kedi\j n

1 / ! ’ /
SAM T 2 A2 2:an, n:-~sn'_n 2:sn, n:-~sn'_n
+ Jizlx}) + 3¢ AN (JHERaliEy o + JHEP ! o) +

n,n’

i

2. an,n:an' n' 2:an, n:sn'  n' 2
+ Joizpaid) oy + Joia)ady x; ))} + o(a”)

By grouping together the terms Z;" becomes:
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—iz? (T —a — fa] A)—glz?] A (272
Zew = /Dxin(ieE"{ e TN gle A | (4.592)
kedi\j
1 / / / /
+ §a2A2 S O (JFHEREY af 4 JHRTaE] o) + (4.59¢)
+ JZianaria a J%'@;?f,;i@?,;’ﬁ’)) (4.59d)

By recalling that the local statistical averages are defined as:

<O[Xk, }A(]€]>\Z = /DXkD)A(kaz [Xk, }A(k}O[Xk, }A(k] (460)

and the definition of the messages, it is possible to write:

23] = [ DxDxeso(S{ - ir(ar™ - a7 - ut1) - gt AG )4
1 nn' - an - an! nn' - sn_n'
+ 50422 > i 18T AP+a® > Y P K 187 T A2> (4.61)

n,n' kedi\j n>n' k€di\j

Similarly for Z; we have:

[Zi] = /DXz’DfiieXp (Z { —idf (a7 — af — fla}]A) — g[x?]A(:fc?f}—i—
1 ! / / /
+oa?y > JORTiEtET AT o Yy Y PR id el A2> (4.62)
2 n,n’ kedi n>n' k€oi
The final step for the derivation of the effective equation consists in performing
backward the Gaussian integrals associated to the noise term; once that is done,
we get the following expressions for the partition functions averaged over all the
possible realizations of the couplings:

n

2] = { | DDy (Z {—iraps —ap - flat)a

An

- Xy pmgaar-an))) o

n':n'<n kedi\j
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— < | DxiD%iexp (Xﬂj{ — i@ (e = — flal] At
— 3 Y PRE YA - An?)}>> (4.64)

n’:n/<n ke€oi A“n

Finally, the expressions for the effective equations of the 2-spin model, after
having averaged over disorder, can be written in discrete time. The equation for
the cavity dynamics reads:

et =2+ fl2A+ > Y IR k\zx A2 4 At (4.65)
n’:n/<n k€di\j

where the properties of the noise are:

(A =0 (4.662)
(APARY) = 2g[a?) MG + > JPCRYA? (4.66D)
kedi\j

The equation for the full dynamics instead reads:
gt =ap + fl]A+ Y Y PR T A2 A (4.67)
n’mn/<n k€oi

where the properties of the noise now are:

(Apm) =0 (4.68a)

(A An) = 2g[27) MG + > JAOT A (4.68b)
keoi

The parameter « has been set equal to one in the expressions above, as it is no
longer necessary.

The equations in continuous time are readily obtained; for the cavity case, one
has:

dx i
dt

= flm@®]+ 3 / dt' T2 R o(t, ) () + mi(t) (4.69)
keoi\j

where 7;(t) is now a colored Gaussian noise with the following moments:
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(mi(t)) =0 (4.70a)
)

(mi()ni(t")) = 2g[x: (D)6t =)+ > J*Cr(t, 1) (4.70b)
kedi\j

For the full case, one has:

dz i
dt

= flai®) + X [ AP Rt )l + ) (4.71)

keoi

where 7;(t) is once again a colored Gaussian noise with the following moments:

(mi(t)) =0 (4.72a)
)

(ni()ni(t")) = 29l (D))ot —t') + > J*Cr(t, 1) (4.72b)
keoi

Since only regular graphs will be considered in the following, it is possible
to notice that, taken any node in the graph, the incoming messages from the
various edges are exactly the same. Hence, the effective equations of the dynamics
introduced above can be simplified; in continuous time the equation for the cavity
dynamics reads:

= M0(0) + (K 1) [ PRt ) £nle) (AT

where the properties of the noise are:

(n(t)) =0 (4.74a)
((En(t')) = 2D6(t — ) + (K — 1)7°Cans (8.t (4.74b)
To obtain the equation for the full dynamics it is enough to replace K — 1 with
K:
dx b2 Nl 4!
= AWa(t) + K / dt' T2 Rea (1, ) (1) + (1) (4.75)
0

where the properties of the noise are:

(n(t)) =0 (4.76a)
(n()n(t')) = 2D3(t —t') + KJ*Coan(t, 1) (4.76D)
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In the expressions above the index ¢ has been dropped, as it is now irrelevant
which node is under consideration; moreover, two things have been specified: the
term f[x(t)] has been substituted by the typical term of the 2-spin model, where
A(t) is the Lagrange multiplier whose explicit expression has to be determined

self-consistently; the term g[x(t)] of the noise has been substituted by a constant
D.

4.5.3 Derivation of the equation for the Lagrange multiplier
in presence of disorder

To analyze this model with the DMFT algorithm it is crucial to derive an expression
for the Lagrange multiplier A(t). Let C(¢,t) be the two-point correlation function
of x(t) in the full dynamics case; namely, C(t,t') = (x(t)z(t')) k. The spherical
constraint of the 2-spin model forces the correlation function to be equal to one
when t = t/, that is C(¢,t) = 1; this translates into the following expression:

ldCXutﬁ_%dCXutﬁ

=0 4.77
dt dat’ L e ( )

which results in:

() () o e

The two terms can be analyzed one by one:

(“e0)) = -AOlaloat et

+KJ? /0 t dt" Requ(t, ") (x(t) (")) k + (n()z(t') k. (4.79)

For the second term, we have:

+ KJ? /0 ' dt" Rego (', ") (2 ()2 (') e + (02 (') (4.80)

Hence, by plugging back these two results into (4.78), one gets:
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— A(s)(z(s)a(s))k + K.J* /O dt" Requ (s, ") {x(s)x(t")) i + (n(s)(s)) k+

= As){z(s)z(s))x + KJ* /O dt" Rea (5, 1") (x(t")x(s)) i + (n(s)2(s)) e = 0 (4.81)

By reorganizing the terms and by noticing that (z(s)z(s))x = C(s,s) =1, we
finally obtain the explicit expression for the Lagrange multiplier A(s):

As) = KJ? /08 dt" Reao (8, ") {2 (8)x(t")) k + (n(s)2(s)) K (4.82)

4.5.4 DMFT algorithm for the 2-spin model in presence of
disorder

The algorithm that can be used to analyze the 2-spin model in the presence of
disorder is clearly similar to the one outlined for the analysis of the 2-spin model
in the absence of disorder; the main difference is that in this case the message ficq
is no longer present, so the steps involving it are obviously modified.

The key quantities of the algorithm here reads:

- Ceap and Ry, the desired messages

- A is the Lagrange multiplier

- O and RSV, the new messages computed at each iteration of the algorithm
- A" is the new Lagrange multiplier computed at each iteration of the algorithm
- T, the total number of time steps

- A, the size of the time step

- Nirqj, the number of trajectories that are generated at each iteration for the
self-consistent update of the messages and of the Lagrange multiplier

- K, the connectivity of the lattice

- «, the parameter for the soft update of A\, C.,, and R.,, at each iteration of
the algorithm

- (€1, €2, €3), threshold values for the convergence of A\, C, and Reg,
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Initialization

Step 0: initialization of the messages and of the Lagrange multiplier
The first step is the initialization of the messages C.,, and R.,, and of the Lagrange
multiplier X\. The initialization of C\,, and R, is trivial: the first can be initialized
as a positive definite matrix, while the second can be initialized as a lower triangular
matrix. The initialization of the Lagrange multiplier A can be done with the same
approach used for the 2-spin model without disorder: the dynamics can be directly
simulated on a small random regular graph, so that the results can be gathered
quickly, and then the Lagrange multiplier of the DMFT algorithm can be initialized
by setting all its components equal to the value that the Lagrange multiplier
computed with the simulation takes after the initial relaxation phase.

Iterative step

Step 1: generation of the trajectories(full dynamics)

A number Ny, of trajectories of the noise {An;}jeq1,... N0, a0d Nigj trajectories
of the degree of freedom {x;};c1,... n,,.,} according to the effective equation for the
full dynamics:

N n nl n nn/l n' n
2 = gt A A + KJPAY Y R 4 A (4.83)

j cav
n’:n'/<n

with j € {1,...,; Nyaj} and with X, B! and C!, being the current values of

cav cav

the Lagrange multiplier and of the DMFT quantities.

Step 2: computation of the new Lagrange multiplier \**%

The N4 trajectories of the noise and of the degree of freedom can now be used to
compute A" according to the following equation:

n 1 Nt'raj Nt”lj
Anew KJZA R?(j;/ xﬂﬂ' + A?’/nl’n (484)
n/Z:O Ntraj j=1 7 ANtTaj ]; 7

where we have exploited the fact that the average (...); over the dynamics can
be replaced by an average over the trajectories.

Step 3: generation of the trajectories(cavity dynamics)

A number Ny, of trajectories of the noise {Anj}je{l,...,ij} and Ny,; trajectories
of the degree of freedom {z; }je{l,..., Niraj} according to the effective equation for the
cavity dynamics:
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n n nit_.n nn/l n’ n
e =2t — X"l A+ (K — 1)JPA” YT RET T + A (4.85)

j cav
n’:n/<n

with j € {1,...,; Nyoj} and with X', B! and C!, being the current values of

cav cav

the Lagrange multiplier and of the DMFT quantities.

Step 4: derivation of C"°V

cav

The elements of the matrix C7)%" can be computed by means of the trajectories

{Z;}jeq1,...Nova,;) that have been generated as:

1 Nt'raj 1 Ntraj 1 Ntraj
new,n,n’ __ n_n' n n’
(7000 _— ]\[ irjiﬂj - j\] 2{: er j\[ irj (4.8(3)
traj j traj j traj

new

Step 5: derivation of R
The cavity response function can be computed using the temporal integration
approach, which is exact for this particular model. In continuous time the differential

equation for R (t,t') reads:

ane'w (t, tl>

cav

_ new !/
o = —AO)RY(t, 1)+

cav

cav cav

t
(K — 1) / AR (1, " R0 (1" ) + 6( — 1) (4.87)
0

In discrete time the equation becomes:

Rnew,n—l—l,n’ _ (1 _ )\nA)Rnew,n,n’+

cav cav

+ (K . 1)J2A2 Z Rnew»n,n”Rnewm’gn/ + 5n,n, (488)

cav cav
n'’=0

Step 6: check for convergence

At this point it is necessary to compare the current messages and the current
Lagrange multiplier with the one computed at the steps 2, 4 and 5 and check
whether the following conditions are satisfied:

new, __ 0, <
zenfaXT{P‘ A} < e (4.89a)
~max_{|Cr’™ — Coan™™ [} < € (4.89b)
i,0€1,...,T
- max {’R?;;U’i’j - Rcavl’m‘} < €3 (4.89¢)
i,j€1,...,T
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If all these conditions are satisfied, the algorithm stops; otherwise, it proceeds
to perform a soft-update of the messages and of the Lagrange multiplier.

Step 7: soft-update of the DMFT quantities and of the Lagrange multi-
plier

If the check for convergence at step 6 fails, a soft-update of the messages is made,
according to:

AT =aX + (1 —a)Ame
C(cavH_1 - aCcavl + (1 - a)cnew

Rea™ = @R’ + (1 — a)Rpgy
The choice of performing a soft-update of the messages is motivated, as for the
original algorithm, by the will to avoid large jumps in the space of the messages
and of the Lagrange multiplier, which could lead to instabilities in the algorithm.

Conclusion

The algorithm works as follows: it start with the initialization of the quantities of
interests; then the steps from 2 to 7 are repeated iteratively, so that the messages
and the Lagrange multiplier are updated at each iteration; as soon as the check
for convergence succeed, the algorithm stops. If the check for convergence never
succeed, the algorithm goes on for a predetermined number of iterations.

4.5.5 Numerical results

The structure for the presentation of the results is the same used for the previous
analyzed models, but this time only one set of results has to be showed, since this
model is not characterized by different equilibrium phases. However, despite its
simplicity, the disordered 2-spin model presents glassy features like that of the aging
behavior, which can be investigated using the DMFT algorithm. To see that this
model fails to reach an equilibrium, it is enough to see the trajectories presented
in figure 4.23; these were obtained by choosing the parameters K = 10, J = 1.0
and D = 0.01, with the coupling constant being rescaled by v/K. The parameters
for the integration of the equations were set to T'= 1500 and A = 0.01. For what
concerns the parameters a, Nyq; and the number of iterations, the following choices
were made: 100 iterations were made while generating 103 trajectories and then
20 iterations while generating 10* trajectories; all the iterations were made using
a = 0.9. The choice of a relatively large soft-update parameter was forced by the
fact that any other smaller value caused either the noise covariance matrix G or
the cavity correlation matrix C,,, to become non positive definite; this choice for
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« was responsible for a slower convergence of the algorithm, hence the increase in
the number of iterations with respect to the other analyzed models.

x(t)

g™ ‘..-,u‘;, ! "
: B, %ﬁpf}% PSR r)
s W AN n s bwﬁ ot
AN

) '
0 500 1000 1500
T

Figure 4.23

As usual, the convergence of the algorithm can be checked by observing the
behavior of the e values of the DMFT quantities in figure 4.24: after large variations
in the initial fifty iterations, all the € went to zero; hence, it is safe to say that the
algorithm has converged.

For what concerns the DMFT quantities computed by the algorithm, it is
possible to see in figure 4.25 that both the rescaled cavity correlation function and
the cavity response function are characterized by the usual profile in which they
decay to zero; instead, for what concerns the Lagrange multiplier, it has reached a
constant value with a smooth profile.

To validate the results obtained by the algorithm, it is useful to compare the
correlation function of the trajectories generated by the algorithm at convergence
and the Lagrange multiplier with the ones obtained by direct numerical simulations;
as it is possible to see from figure 4.26, the agreement between the results is almost
perfect.

To conclude the analysis of the 2-spin model with disorder, the results obtained
investigating the aging phenomenon presented in figure 4.27 can de discussed.
To obtain these result. the DMFT algorithm was run for different values of the
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Figure 4.24: ¢ values of the DMFT quantities as a function of the iterations.

connectivity K, while keeping the same coupling constant, which was fixed to
J = 1.0. In order to observe aging, it was necessary to consider a relatively large A
and also a large T', so that the value of 7 could range from 10! up to at least 10?;
to do this, it was necessary to modify the algorithm by implementing a time-slicing
approach: this means that the convergence is not reached directly on the entire
time window of length T', but starting from a much smaller time window which
is progressively increased up to the value T. The procedure can be clarified as
follows: the original time window 7" was partitioned in a number @) of smaller
slices {11, ..., T : Zqul T, = T}; the algorithm started from the initial slice T} by
generating the trajectories and by updating the DMFT quantities until convergence
was reached on this first slice; then, the trajectories were generated over the new
increased time slice T} + 15 and the DMFT quantities were updated as well until
convergence was reached over T + T5; the procedure went on until convergence
was reached over the entire time window of interest T' = Zqul T;,. To obtain the
results presented in figure 4.27, the full time window was set to 7" = 1500, with
A = 0.1; the time window pas partitioned into smaller slices, with 7}, = 100 for each
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Figure 4.25: DMFT quantities of the disordered 2-spin model.

q € {1,...,Q}; in each time slice, the soft-update parameter was set to a = 0.95 for
80 iterations generating 103 trajectories and to a = 0.99 for 50 iterations generating
10* trajectories. The parameter of the noise was set to D = 0.3 and the initial
conditions for the trajectories were chosen as z(0) = 0, with ¢ being a normal
standard random variable.

To make the figure 4.27, the DMFT quantities computed by the algorithm were
used to generate 10° trajectories according to the full dynamics defined by equation
4.75, and then these were used to compute the correlation matrix. The curves in
the picture are nothing but the correlation function C(t,, + 7,t,), where t,, is the
waiting time, that is the time spent in the low-temperature frozen phase. As it is
possible to see, for each value of the connectivity showed in the figure, the rate
at which the correlation function decay decreases as the waiting time increases,
which is coherent with the expectations. Moreover, it is possible to notice that, at
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Figure 4.26: Comparison between the data obtained by means of direct simulations
of the dynamics and the data obtained with the DMFT algorithm; the covariance
function is rescaled by its value at the initial time ¢, = 0.

fixed waiting time, the correlation function decays at a rate which decreases as the
connectivity of the lattice increases.
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Figure 4.27: Aging in the 2-spin model with disorder: C(t, + 7,t,) is the
correlation function computed using the trajectories generated using the DMFT
quantities at convergence; C(t,, + 7,t,) is presented at fixed connectivity K for
different values of the waiting time ¢,, in the top-left, top-right and bottom-left
corners; C(t, +T,t,) is presented for different connectivity K at fixed waiting time
t,, in the bottom-right corner.
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Chapter 5
Conclusions and Outlooks

With this last chapter it is possible to sum up the results of this thesis work
and make some considerations about further developments. From a theoretical
point, it has been showed that cavity approaches allow to analyze classical and
quantum systems defined on various lattices at equilibrium, in a way which is
theoretically exact and prone to the derivation of intuitive numerical algorithms
for the computation of useful local distributions and observables. Moreover, it has
been showed that the methodologies of dynamical mean-field approaches can be
successfully applied to quantum systems at equilibrium (B-DMFT and F-DMFT)
and to classical systems out of equilibrium. For this last class of systems, it has
been showed that the recipe based on the dynamical cavity approach and on a
small-coupling expansion (or equivalently large connectivity expansion) allows to
derive an effective description of the system based on a set of cavity mean functions,
cavity correlation functions and cavity response functions.

Depending on the properties of the dynamics that is being analyzed and on also
on the properties of the graph, different paths are available. If the dynamics is
sufficiently simple and the underlying graph is regular, the system can be described
by using a single cavity mean function, a single cavity correlation function and
a single cavity response function; these can be computed using the algorithm
developed in this thesis, but sometimes approximations are required to compute the
cavity response function in closed form, as pointed out during the analysis of the
¢*-model. If instead the graph is not regular or the dynamics is not simple enough,
it is not possible to make the reductions of the sets of cavity quantities to their
respective single quantity; in these cases it is convenient to define distributions
for the cavity quantities, which in principle can be obtained using a population
dynamics algorithm, deploying similar, but more general, ideas to the ones of the
algorithm presented in this thesis.
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Now some considerations about the algorithm developed in this thesis can be
summed up: it is important to remember that effective equations which provide
the theoretical starting point of the algorithm itself have been derived under the
assumptions of small-coupling constant or large connectivity; choosing proper values
of T and A is crucial to avoid divergences of the generated trajectories, but this
issue can be overcome by means of the time-slicing approach, at the expense of
the efficiency of the algorithm; setting the soft-update parameter is non trivial
and requires an analysis based on trial and errors to obtain the optimal value.
In conclusion, the algorithm is sufficiently simple and general, so that it can be
applied to various dynamics. From a theoretical point of view, exact results could
be obtained also for non-linear dynamics, if the generating functional approach
could be efficiently implemented; for the moment, approximations are still required,
in such a way that the cavity response function can be easily estimated.

A possible improvement in the framework of interest of this thesis could be the
development of a population dynamic algorithm able to derive the distributions of
the cavity mean function, the cavity correlation function and the cavity response
function for the effective description of a dynamics on a graph with a generic
connectivity. Such an algorithm would provide a more general approach to tackle
problems involving degree heterogeneity and also disorder; however, such an algo-
rithm would require approximation for what concerns the cavity response function;
hence, further investigation in the numerical implementation of the generating
functional approach are worthy of interest.
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