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Abstract

We develop a machine learning algorithm to infer the emergent stochastic equation governing the
evolution of an order parameter of a many-body system. We train our neural network to
independently learn the directed force acting on the order parameter as well as an effective diffusive
noise. We illustrate our approach using the classical Ising model endowed with Glauber dynamics,
and the contact process as test cases. For both models, which represent paradigmatic equilibrium
and nonequilibrium scenarios, the directed force and noise can be efficiently inferred. The directed
force term of the Ising model allows us to reconstruct an effective potential for the order parameter
which develops the characteristic double-well shape below the critical temperature. Despite its
genuine nonequilibrium nature, such an effective potential can also be obtained for the contact
process and its shape signals a phase transition into an absorbing state. Also, in contrast to the
equilibrium Ising model, the presence of an absorbing state renders the noise term dependent on
the value of the order parameter itself.

1. Introduction

Stochastic processes are fundamentally important in physics [1-3]. For instance, random microscopic
fluctuations can strongly impact the evolution of macroscopic physical observables, e.g. order parameters
close to phase transitions. Monte Carlo methods [4—6] are often the ‘benchmark’ for the computational
treatment of classical many-body dynamics, allowing for efficient sampling of stochastic microscopic
configurations and trajectories. The large-scale dynamics of the order parameter are instead typically
modeled by a stochastic differential equation. The latter contains both a force term, leading to a deterministic
drift, and a noise term yielding diffusive behavior’. [7, 8] However, establishing a connection between
fluctuating microscopic stochastic trajectories and the coarse-grained evolution of the order parameter is a
challenging task that can rarely be accomplished analytically.

7 The drift and the diffusion represent the most basic ingredients for a coarse-grained dynamics. More general forms might include
memory kernels or other non-Markovian time dependencies [7, 8].

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Training of the drift coefficient 119 and the diffusion coefficient oy from the stochastic trajectories of the order
parameter. (a) The network for the drift coefficient, 119, is trained by minimizing a distance, L{11](6) in equation (4), between

1o (x) and the drift coefficient i, cf equation (3). For a given value x of the order parameter, we consider all the values Z; close to
it in the observed trajectories, and their update Z, 4. The finite difference Z,; 4 — Z; is then used to locally approximate the drift
coefficient 1. (b) The network for the diffusion coefficient o is trained by minimizing a distance, cf equation (10), between

0% (Z:) and the derivative of the quadratic variation 8;[Z],, see L[o](#) in equation (9). The quadratic variation [Z]; itself, cf
equation (6), is locally approximated from the observed trajectories.

In this paper, we develop a machine learning approach [9-14] to bridge this gap. To illustrate our
method, we consider two paradigmatic classical many-body systems: the 2D Ising model evolving under
Glauber dynamics [15-17] and the nonequilibrium contact process in 1D. The dynamics considered for the
Ising model obey detailed balance, which eventually takes the system to a state of thermal equilibrium. As a
function of temperature, this state shows a transition from a paramagnetic to a ferromagnetic state,
characterized by a zero and non-zero value of the order parameter, respectively. As we will show, this
transition manifests in the structure of the learned drift term cf figure 1(a), from which one can reconstruct
an effective potential that exhibits a characteristic double-well shape below the critical temperature. Both the
paramagnetic and ferromagnetic phases are fluctuating, which is also reflected in the learned noise term. In
contrast to the scenario of the Ising model, the contact process represents a genuine out-of-equilibrium
system [18-21], i.e. its dynamics does not obey detailed balance and its stationary state is non-thermal. The
model features a phase transition between a non-fluctuating absorbing state in which the order parameter is
strictly zero and a fluctuating active phase with a non-vanishing order parameter. Interestingly, we show that
also for this genuine nonequilibrium process, an effective potential governing the deterministic drift of the
order parameter can be constructed using our machine learning approach. Unlike for the Ising model,
however, where the learned noise is such that both phases are fluctuating, a noise term is inferred whose
strength depends on the order parameter. In particular, the noise strength tends to zero for vanishing values
of the order parameter, see sketch in figure 1(b), signalling an approach to the (non-fluctuating) absorbing
state.

Our method is applicable to a wide range of many-body processes in and out of equilibrium. It provides a
way to determine a stochastic equation for order parameters which is intuitive and directly interpretable, as
in mean-field theories. Remarkably, it also carries information about the exact low-dimensional physics of
the considered model, as we demonstrate through estimates of critical exponents. Moreover, our method
should also be applicable for inferring effective stochastic differential equations for the evolution of order
parameters from experimental data. Our approach is based on learning ordinary differential equations,
which are relatively straightforward to handle. In contrast, alternative methods focus on learning the full
probability distribution governing the stochastic process [22-27]. These approaches often require
assumptions about the functional form of the probability distribution, such as modeling it with a set of
Gaussian distributions. Other techniques learn the stochastic differential equation by integrating the
stochastic dynamics and optimizing over the probability distribution of the variable [28—-34], but they
encounter difficulties in the scenarios we focus on, where the data is subject to significant inherent noise. As
background, we explain more in detail what are the physical quantities that we examine. These quantities
describe macroscopic properties of the microscopic spin models, which are referred to as “order parameters”
in statistical mechanics. Order parameters, as discussed in [35], are named for their role in measuring the
degree of order within a physical system. Typically, they have non-zero values in phases where some form of
order exists, and zero values in disordered phases. The coarse-grained quantities we focus on are the averages
of the binary spin values over the lattice size at each time step. We assume that their dynamics can be
described by a stochastic differential equation of the Ito type whose drift and diffusion coefficient are
time-independent. In figure 2, we present various configurations of the microscopic spin system for the Ising
model. Specifically, in figure 2(a), we illustrate several configurations of the microscopic spin system and the
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Figure 2. The stochastic dynamics of the order parameter and its steady state for the dynamical Ising model. In panel (a), the
evolution of the order parameter, specifically the magnetization m,, for the dynamical Ising model is depicted as a function of
time f at a specific value of the control parameter, namely, the temperature T. The insets show the actual corresponding
configurations of the entire spin system at the initial and final states. In the Ising model, varying the temperature results in three
distinct phases: the ordered phase, the critical phase, and the disordered phase. The critical phase appears at the critical
temperature T (see panel (b)). Below the critical temperature, the configurations evolve towards a stationary magnetization per
single spin 1 that is non-zero.

corresponding time evolution of the order parameter. In figure 2(b), we display the stationary values of the
states as a function of the control parameter, which in this case is the temperature.

2. Many-body stochastic processes

2.1. The evolution of stochastic observables

For the sake of concreteness, we focus on many-body lattice systems of N sites, each of which is associated
with a classical spin variable. We denote the system state, or system configuration, through the vector s
containing the values s' of the variables at the different sites i. We furthermore assume the system to be
subject to a discrete-time Markovian stochastic spin-flip dynamics.

Relevant information about the above many-body system is provided by so-called order parameters,
which encode properties of the whole configuration. A paradigmatic example is given by an average of the
form Z, = Z(s,;) = 1%1 >_.s, where s, is the time-evolving state of the system. As a consequence of the
stochastic nature of s;, also the effective dynamics of Z; is stochastic. For large systems and at a continuous
coarse-grained time scale, Z; becomes a continuous random variable that may be expected to obey an
emergent stochastic differential equation of the form

dZt:ﬂ(Zt,t)dt+U(Zt,t)th. (1)

Here, the function p is referred to as the drift coefficient, while o is called diffusion coefficient. W, is a
standard Wiener process [1] and dW, is its increment satisfying the relations E[dW,] = 0 and E[dW?] = dt,
with E denoting expectation over the noise. Despite the simple form of equation (1), understanding the
functional form of 1 and o is in general a difficult task. In the following, we propose a method to learn an
approximation to the analytical form of the drift and the diffusion coefficients by means of neural networks.
We determine two artificial neural networks pp and og (see sketch in figure 1), which describe the dynamics
of Z;, given the network parameters (weights and biases) 6. We restrict ourselves to the Markovian case in
which 1y and o9 do not depend on time

47, = 1 (Z,) At + 09 (Z,) AW, 2)

To approximate the functions ;s and o we use a data-driven method, i.e. the networks 119 and g are trained
on a data set composed of trajectories Z;, which we call ground truth data, see also figure 1. Note that
restricting to the Markovian case of equation (2) is an assumption since, even if the dynamics of the system
configuration s; is Markovian at the microscopic scale, the emergent dynamics of the order parameters—i.e.
macroscopic quantities—may feature non-Markovian effects.

2.2. Neural network representation of the drift and diffusion coefficients
Our approach consists of training the networks 1y and oy with separate routines, independently from each
other.

As we discuss below, this means that the data sets used for training, despite being derived from the same
sets of trajectories, differ from each other. Specifically, in the case of the drift coefficient, the network is
trained using the first moments of the (infinitesimal) finite differences between adjacent time steps in the
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trajectories. For the diffusion coefficient, the network is trained using the time derivative of the quadratic
variation, which is akin to the second moment of the finite differences between two different times in the
trajectories. In fact, nothing prevents us from training the drift and diffusion terms using completely
different sets of trajectories.

The drift term can be quantified by exploiting averages over trajectories of the infinitesimal increment
dZ, in equation (1). More precisely, starting from equation (1) it is possible to show that the function yu at
point x can be obtained as the limit [36-38]

. Ez—x [Zt+dt] - X
pr— 1 —t
) = fim =4

) 3)

where Ez _, denotes expectation conditional on the process being in x at time ¢. In the theory of stochastic
processes, the above limit also provides the action of the so-called infinitesimal generator W on the function
x 1(x) = W] [38].

The limit in equation (3) can be estimated from the data set, as sketched in figures 1-3. To this end, we
generate batches X; = {x,..., %4, } of size dpaech. Each x; in X; is extracted randomly between the minimum
and maximum values of the trajectories Z;. For each x;, we consider all the n; points Z];, in all trajectories,
which belong to the interval of width § around x;, see figure 3(a). The value of § has to be chosen in such a
way that all bins associated with the different x; are sufficiently populated, ensuring the smoothness of the
learned 1i(x;j). We check a posteriori that the predicted dynamics, learned with such a d, corresponds to the
ground truth (see appendix A)®.. We optimize py by minimizing the following loss function, cf figure 3(b)

Avatch )
Llpel (0) =Y |1 () — -~ S A2, )
=1 T

where A Z; = (Z,14; — Z;)/dt. We consider the coarse-grained adimensional time ¢ to correspond to the
number of discrete-time updates of the system normalized by a suitable factor 7 and thus dr = 1/7.

In our data sets, the observed noise is often larger than the drift, cf figures 3(c) and 7(c), especially near
the stationary state, where the drift coefficient vanishes altogether. This is why computing the targets
nij > 7z A, Z, in equation (4) is essential. In fact, no learning would be possible without taking the targets to
be arithmetic averages, due to the above-mentioned large fluctuations.

Since our task is to understand the order-parameter dynamics, we restrict ourselves to the problem of
learning one-dimensional data. This allows for an efficient estimate of the drift coefficient in equation (2). In
one dimension, the stochastic quantity Z, indeed hits the different intervals sufficiently many times during
the evolution, which is needed for proper sampling and computing (). To reduce over-fitting, we train
Nirain different models /~‘i0 (x), with the loss function (4). To each of these models, we assign a weight w; equal
to the inverse of the mean square error between the data estimate of z1(x) and the network result /). As a
reference model g, we take the weighted average over this ‘ensemble’ of models:

Mirain i
Wi lbg

ILLG = Mtrain : (5)
o il

Specifically, the values of #14in, dbatch, Hepochs and d we adopt for the considered models are reported in
table A1 (see appendix A).

In order to learn the diffusion coefficient, we use the ‘second moment’ of dZ;, which is the quadratic
variation [Z];. For stochastic processes as in equation (1), this is given by [39, 40]

t t
2], = / dz? = / dso? (Z,) , (6)
0 0
which is nothing but the integral version of the differential equation

o2, =0%(2). (7)

8 This interval is defined as Bf = {All Zsuch that | Z, — xj| < 6}, and its cardinality is nj = #B’;s. We denote the points in this

interval as Z,.
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Figure 3. Estimation of the drift and diffusion coefficients & and o. In panel (a), some exemplary trajectories Z; for the Ising
model on a 128 x 128 square lattice are depicted. Here, the order parameter Z; is the magnetization ;. These trajectories are
generated using the dynamical rules reported in equation (14) and provide the variable m,. For a given m; (black solid line), all
the n; intersections (red dots) within the shaded area are used to compute the quantity p(x)dt. The latter is plotted in panel (c)
(dashed line), while the solid line is obtained from the trained network pig (). In panel (c) the network for the diffusion
coefficient o (m) is also shown, in order to compare its dependence on the magnetization m with the one of the drift. This can
also be seen in panel (b), where the values for the finite difference of the quadratic variation A, [m]s, upon which the network is
trained, are provided together with the values of the corresponding predictions of the neural network o7 ().

To train the network for the diffusion coefficient oy, we devise a coarse-graining procedure that makes the
spin-flip noise of the stochastic many-body dynamics look like a Wiener process. To this end, we first
compute the quadratic variation from trajectories as

2], = Z (Zutandu — Zu)2 . (8)

u€l0,t]

Here, the integer factor v; > 1 may allow one to magnify the variation at the different times. Furthermore,
we approximate equation (7) by

[Z] t+apdt [Z]t'

02), ~ A, [2], = St

(9)

The factor a; > 1 allows one to coarse-grain the noise over many discrete time-steps, which proved
necessary for convergence during the training procedure. This is mainly due to the fact that the finite
difference in equation (9) is stochastic. For this reason we need an average in order to obtain valuable
information for the training. Equation (9) will still be a good approximation of a time derivative if we
consider a time window a,dt much smaller than the time during which relaxation to stationarity takes place.
The optimization of the network parameters is then performed by minimizing the loss function

L(oo) (0) =Y 1A, [2),— 05 (2)) - (10)

Note that this loss function is insensitive to the sign of o¢. This is not a problem since the stochastic
increment dW; is symmetric under a change of sign.

To summarize, we explicitly selected the following hyper-parameters to control convergence: the number
of hidden layers, the learning rate, the number of epochs, the batch size dpch, and the number of models
used to compute an ‘average model” n,i,. Additionally, we chose a threshold § from which to compute finite
increments from a given initial condition, and a time step d¢. We also set two constants ; and ;. The
constant «; is used in approximating the quadratic variation: [Z]; = Y, (Zi4-,du — Zu)*. The constant av, is
used in computing its finite difference: 0%(Z;) = ([Z];+a,dr — [Z]1)/2dt. For further details on the training
procedure, we refer to the appendix A and to table A1.

3. The kinetic ising model

3.1. The model and its dynamics
The Ising model is a paradigmatic model of statistical mechanics. It provides a qualitative description of the
behavior of molecular magnetic dipoles in a metal. The crystalline structure of the metal is modeled as a
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lattice of N sites. At each site i = 1,2,..., N, a magnetic dipole is represented as a spin variable s’ = +1. The
spins interact with each other according to the following energy functional (Hamiltonian)

H =555 an
i)

Here, the notation (ij) restricts the sites i and j in the sum to be nearest neighbors on the lattice. We consider
a two-dimensional square lattice. This Hamiltonian presents a Z, symmetry since it is invariant under sign
change of every spin variable s — —s'. At thermal equilibrium at a given temperature T, each spin
configuration has a probability described by the Boltzmann distribution g (s) oc e H()/%7 where kg stands
for the Boltzmann constant. Given the magnetization

m= %Zsi, (12)

the order parameter of the model is the expectation of the absolute value of m in the Boltzmann distribution.
The system undergoes a continuous transition from an ordered phase with finite magnetization at
sufficiently low temperatures, to a disordered one with vanishing magnetization. While in one dimension the
model predicts a finite magnetization only at zero temperature, in two dimensions the critical temperature
T, corresponding to the phase transition is finite. Close to T¢, the value of the average magnetization m
follows a power-law behavior

moc |T— T, (13)

where (3 is a so-called critical exponent.

The Ising model discussed above does not possess inherent dynamics. In order to apply our ML method
to this model we can endow it with Glauber dynamics using Metropolis—Hastings sampling, which is usually
utilized for sampling the Boltzmann distribution of the model. Such a dynamic is defined by the single
spin-flip probabilities P = P(s' — —s'), updating the spin variables in the lattice according to

exp (—AE/kgT) if AE>0

14
if AESO0 (1)

P (s’t — —si) =

where AE=H(s!,...,—s,..,sN) — H(s},...,si,..,sN) is the energy change associated with the transition. For
the completion of a single discrete time step s; — s;41, a single spin-flip is attempted N times at a random
site. For such a dynamical Ising model, the (stochastically evolving) order parameter s, is defined as in
equation (12) for an evolving configuration s;. We choose each of the spins in the initial configuration to be
up or down with equal probability, so that for large systems my = 0. For further detail about the model and
its field theoretical representation, see appendix B.1.

3.2. Neural network results

Given a set of trajectories for m;, at temperature T, we learn the corresponding drift term p using the
approach explained above and the loss function L[] (6) in equation (4). The drift term essentially acts as a
directed force on the order parameter and it is thus natural to define an effective potential driving the motion
of m, via the integral

M} (m) = —/0 dxpd (x). (15)

Our results reported in figure 4 show that upon increasing T the effective potential undergoes a transition
from a functional form exhibiting a double well to a single well potential. This fact is connected with the
equilibrium Ising phase transition which can be understood as follows. The stationary values of the
expectation of the order parameter 7, correspond to the minima of the effective potential Mg, see figure 4,
and thus to zeroes of the drift coefficient, ug(msm) = 0, cf figure 5. Since the considered discrete-time
dynamics samples the Boltzmann distribution at stationarity, one essentially has that the stationary values
Mgae should approximate the equilibrium order parameter i, thus connecting the retrieved potential to the
Ising transition.

To benchmark the results from the trained networks 1}, we can thus extract the critical temperature T,
and the critical exponent 3 of the order parameter and compare them with the known values for the Ising
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Figure 4. Effective potential M}, of the Ising model. The effective potential M}, in equation (15) is determined by the integral of
the drift 119 with respect to the magnetization m. One can observe that for increasing temperature this effective potential changes
its functional form from having two distinct minima in the double-well potential to having only one minimum at m = 0.

model. We fit the stationary magnetization gy, to the scaling form of equation (13) by minimizing the
function

e(a,i,ﬁ”) =S lug (21|T77‘C|B) 2. (16)
T

The positive function €(¢y, B, TC) vanishes when ¢, |T — T. |# = iMgar. We consider the values of ¢|, T and 3
that minimize ¢ in equation (16). To find them, the zeroes of the drift coefficient x1}, are computed using the
exact derivatives via automatic differentiation. This is possible since we use differentiable neural networks.
We find the following values: 8 = 0.156 £ 0.001, T, = 2.271 + 0.001, and ¢; = 1.076 = 0.002. Note that the
errors reported are only those related to the fit and do not consider finite-time and finite-size errors. For the
Ising model, the analytical values are 3 = 1/8 and T, = 2/In(1 +1/2) £ 2.269 [41]. Our results are thus in
good agreement with the exact values and show that the networks are able to provide a sound description of
the critical behavior encoded in the data they are trained on.

Close to the critical point, the Ising model with Glauber dynamics is expected to fall in the model A class
according to the Halperin classification [42]. This is a pure relaxation model for a time dependent field in a
double well potential, subject to uncorrelated white noise [43—46]. The latter feature is indeed reflected in
our results on the learned diffusion coefficient oy, shown in figures 3(b) and (c). There, we present oy for
T =2.269, which is in proximity to the critical temperature. As can be seen, the diffusion coefficient oy is
essentially constant when compared with the drift coefficient, entailing white noise in the dynamics of ;.

We thus showed how the learned networks are able to encode significant information about the statics,
i.e. the order-disorder phase transition (see figure 5) and the dynamics, i.e. the form of the noise, for the
process under investigation, through a simple equation.

4. The contact process

4.1. The model

We now apply our method to a paradigmatic nonequilibrium process, the so-called contact process [47, 48].
It was introduced to describe epidemic spreading in the absence of immunization. It is not defined via an
energy function but solely via dynamical rules. The contact process shows a nonequilibrium continuous
phase transition which belongs to the directed percolation universality class [49-53].

Within the epidemic spreading interpretation of the model, each lattice site i represents an individual
which can either be found in the healthy state si = 0 (inactive site) or in the infected state 5’; =1 (active site).
We consider here the case of a one-dimensional lattice. The dynamics occur in discrete time as follows: first,
given the configuration s, at time f, we calculate the probability that each spin flips through the rules

P[0— 1,n}] oc kdtn}/2,

. 17
P[1—0,n}] o ydt. (17)

7
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Figure 5. Neural networks for the drift coefficients ,ug for the Ising model. Due to the Z, symmetry of the Hamiltonian, only the
behavior for m > 0 is shown. Warmer tones correspond to higher temperatures. The higher the temperature, the closer the
non-trivial zero of pu} corresponding to gt is to zero. In the main figure, the dashed line at zero intercepts the graph of the
function ,ug, at the stationary value 714, for each temperature T. Specifically, these values correspond to points where

,ug(fnstat) = 0. In the inset, i, values are shown as a function of their respective temperatures as grey bullets. Additionally, the
inset displays the power law behavior of 7, relative to the distance from the critical temperature T¢, derived by minimizing the
function (¢, Tc, B) in equation (16) as a solid black line.

Here, we introduced the healing rate , the infection rate x and n‘[ indicates the number of infected nearest
neighbors of i. Then, according to the above probability, a spin is extracted, and the corresponding flip is
performed. The order parameter is the number density of infected sites

1 .
pt:N25;7 (18)
i

with N being the total number of sites. We here consider py = 1 as the initial value for the density (all sites
infected).

From the dynamical rules in equation (17), one can see that the state with all healthy sites is a stationary
state. In fact, this is a so-called absorbing state since it can be reached during the dynamics but it cannot be
left. For any finite system, there is always a finite probability of hitting the absorbing state, which is the unique
stationary state of the system. In the thermodynamic limit (N — co) and for sufficiently large infection rates,
a phase with a finite density of infected sites, usually called fluctuating phase [52-54], becomes stable. In
finite systems, this phase eventually dies out and only appears within a meta-stable timescale. The absorbing
phase and the fluctuating phase are separated by a continuous phase transition occurring at a finite critical
value of the infection rate k., above which the system features a nonzero expectation of the stationary density
PDstat- In proximity to the phase transition, the density follows a power-law behavior

ﬁstat“l’f—ﬁc‘ﬁ~ (19)

In the following, we focus on a one-dimensional lattice made of 100 sites and measure the infection rate in
units of .

4.2. Neural network results

We start by discussing the results for the drift term of the contact process. As for the kinetic Ising model, we
train the network for many data sets of trajectories. For each data set at infection rate x, we train a model pj.
The results for learned drifts 1 are shown in figure 6, for different values of . Decreasing «, the zero
crossings 1 (Pstat) = 0 occur at progressively smaller values of pye. In the inset, we illustrate how these can
be used to extract the critical infection rate . and the associated critical exponent 3. As for the kinetic Ising
model, we can fit the density of infected sites to the power law of equation (19) by minimizing the function

G(Elvkcaﬁ):

e(El,RC,B) :ZW (21|I€—RC|B>‘2. (20)
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Figure 6. Drifts pg asa function of p, for different values of the infection rate. In the main figure, the drifts, which are color coded
according to the infection rate k, are depicted. The zeros of the drift term correspond to the stationary values of the stable
stationary points P, where Mg (Pstat) = 0. The dashed line in the figure indicates where these zeros intersect with the drift
coefficient. As the infection rate decreases, the stationary density collapses to psar = 0. From these values, represented as grey
bullets in the inset, the critical exponent 3 can be extracted in the proximity of the critical infection rate .. The solid black line
shown in the inset represents the power law behavior of pg as a function of the infection rate . This power law is obtained by
minimizing the function (%1, &c, B ) in equation (20). The drift terms in the active phase do not vanish when approaching p =0
as one may expect. As discussed in the main text, this is a consequence of the fact that trajectories in the active phase do not visit
sufficiently often values below the stationary values pgir, which affects the training procedure.

The values ¢y, k. and S that we find are 8 = 0.28 £ 0.03, k. = 3.062 = 0.003. These values should be
compared with the values obtained by means of Monte Carlo or series expansion k. = 3.29785(8) [55-57],
B =0.276486(8) [58, 59].

Albeit this agreement, there is in fact a problem with the shape of the learned drifts yf;, as shown in
figure 6. Given that the contact process features an absorbing state at density p = 0, one should expect that
the drift vanishes for this density. This is evidently not the case here. The reason lies in the fact that the
physics actually influences the way in which training data can be produced. In our case, we train the network
considering trajectories starting from the state with all sites infected. For such initial condition and being in
the active phase, the density of infected sites will decrease with time until it reaches a (meta)stable finite value
around which it will fluctuate. This implies that during the learning process values of the density smaller
than the (meta)stable one, including the absorbing-state value p = 0, are not visited sufficiently often.
Therefore, it is not possible to appropriately learn the drift term below such values.

In figure 7, we report the results for the learned diffusion coefficient oy (p), together with the network
prediction for 119(p) and the time derivative of the quadratic variation A, [p];, which the network learns
(details on the network parameters are given in table A1). We consider a value for the infection rate, xk = 3.36,
in the proximity of the critical point .. In contrast to the Ising model, where both phases above and below
the critical point are fluctuating, the presence of an absorbing phase dictates that the diffusion coefficient
must vanish at zero density. This means that the noise must be multiplicative. In fact, it can be proven that
the diffusion coefficient is proportional to the square root of the density [54, 60, 61], which is a consequence
of the central limit theorem and the fact that only active sites can contribute to fluctuations (for details we
refer to appendix B.2). Both the learned diffusion coefficient oy and the drift 1y are not constant and
approach zero for small p, see figure 7(c). They are not strictly zero at p = 0 due to the above-discussed
limitations of the learning procedure.

In figure 7(a) we show a selected trajectory, for which we display p;, We see that oy yields a time averaged
value of the (coarse-grained) derivative of the quadratic variation A, [p], on which it was trained. Moreover,
we also see that the learned noise vanishes as the system enters the absorbing state, i.e. p; = 0 (cf figure 7(b)).

5. Conclusions

We have shown how to encode a simple stochastic equation in an artificial neural network and applied this
method to two paradigmatic models of statistical mechanics, both in and out of equilibrium. Both studied
systems, the kinetic Ising model and the contact process, exhibit a continuous phase transition which also is
captured by the network. For both models we identified the critical point and retrieved the static critical
exponent f3.
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Figure 7. Diffusion in the contact process. (a) A sample trajectory p; for x = 3.36. Such trajectories p; are used to compute the
derivative of the quadratic variation Aq, [p]. This time derivative is used to train the network g, via the loss in equation (10).
(b) The network takes as input the values of p; of a given trajectory and outputs the values o (p;), which approximate the
derivative of the quadratic variation A, [p]:, see equation (6). Unlike in the Ising model, og is not a constant function of the
order parameter p;. The reason is that in the absorbing phase (where the order parameter is strictly zero) no fluctuations take
place, as shown the same trajectory in panel (a). (c) Learned diffusion coefficient oy as a function of the density p. We observe
that o indeed goes to zero for vanishing order parameter p, signalling multiplicative noise. For comparison, we also provide the
results for the corresponding drift pg.

It is important to note that within the chosen approach the network does not learn the order parameter
from raw configurations. Rather, it is fed with a one-dimensional average value of an order parameter
(density or magnetization) and outputs the one-dimensional drift and diffusion coefficients for a given order
parameter value. The network thus learns one-dimensional quantities which simplifies the training process.
In the case of the contact process, a multiplicative form of the noise is retrieved, while for the kinetic Ising
model, the network learns a noise form that is approximately constant, i.e. independent of the value of the
order parameter.

A natural future development would be to use the learned drift as a scaling function and to obtain all the
critical exponents. This approach might also prove useful in classifying universal behavior of different
processes, as two models are expected to belong to the same class, not only if they share the same set of
critical exponents, but also if they share the same scaling function. Another point for future exploration is to
go beyond the inherently Markovian assumption in equation (1), as the success of the results reported here,
even under this assumption, could be attributed to the one-dimensional character of the training data.
Future aims include the application of our approach to trajectories of open quantum processes and the
utilization of machine learning methods that automatically infer the relevant order parameter [34].
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Table Al. Details of the networks’ architecture and of the training procedure. All the trained networks are fully connected feed-forward
multi-perceptron networks [63, 64]. In the first column, the number of neurons n; in the ith layer is reported, as n1 X ... X Moy, With 7 in
{1,2,...,o0ut}. To train each network, the optimizer RMSprop algorithm in the PyTorch implementation is used, where only the
learning rates were modified. The specific activation functions are also displayed. The quantity in refers to how many models are
trained on each dataset, weighted averages of which are taken to compute the reference model. The dimension of the batch use to train is
Apatchs While 7epochs is the number of epochs. The width of the interval from which p is computed (cf figure 3) is 6, while the coarse
graining of the discrete time is 7. The constant « is used in computing the approximation for the quadratic variation

(2] = >, (Zutaydu — Zu)*. The constant a, is instead using in computing its finite difference: 0*(Z;) = ([Z)i4-a,a — [Z)1) /ctadt.

Network details

Learning rate

Layers (RMSprop Activation Htrain> Abatch>
Model architecture optimizer) function Mepochs 0,7 ay,q:
o Ising 1x50x50x 0.3x1073 ReLU 10, 100, 0.01, 1000 —
1 7000
o¢ Ising 1x64x1 1073 Tanh 10, 100, — 1, 500
(intra-layers), 5000
Sigmoid (output)
e Contact 1x50x1 0.5x 1073 ReLU 10, 100, 0.05, 100 —
process 2000
o Contact 1x64x1 107° Tanh 10, 100, — 10 100
process (intra-layers), 5000

Sigmoid (output)

Appendix A. Neural network details and integration of the learned stochastic equations

Because of the different properties of the two models considered in the present work, the kinetic Ising model
and the contact process, the employed networks and the hyper-parameters adopted to train them are slightly
different. In the following, we specify the details of the networks and how the integration of the Ito equation
is performed. The code we use is available at [62].

A.1. Neural network and training details
We model the drift 114 as a fully connected feed-forward neural network. The network is trained by
employing back propagation methods to optimize the loss function (4) This optimization minimizes the
distance between the function pg(x) and the drift coefficient ;1. The back propagation lets us compute the
gradients used in an optimization routine. This routine requires as input a constant, namely, the learning
rate, which amounts to the optimization step in the gradient descent algorithm. The order of magnitude of
the learning rate should be small enough to learn the data’s essential details yet not too small to avoid learning
the noise effects. Moreover, lower learning rates make the optimization procedure slower. The learning rate
we choose is thus a compromise between the optimization velocity and the accuracy of the results. We
optimize the network to learn A;Z;7. The learned ¢ then has to be multiplied with 7 to make it comparable
with the training data. For the Ising model, the time scale 7 is set to 1000. For the contact process, it is 100.
Similarly, the network oy is a fully connected feed-forward network. As for pi4, the input and output
dimensions are one-dimensional. Both for 119 and o the adopted optimizer is the PyTorch implementation
of the RMSprop algorithm [65]. The architecture and training details for the networks and oy are reported in
the table A1, both for the kinetic Ising model and the contact process. For both of this processes the power
law for the stationary values i, and Py only applies in the vicinity of the critical point, and only in the
ordered and the active phase respectively. For the Ising model, the sum in equation (16) is computed for 15
values of the temperature equally spaced in between a minimum value Ty, = 2.2214 and maximum value
Tmax = 2.2759. Similarly, for the contact process, in the sum in equation (20), we use 31 equally spaced
values of the infection rate k, from Kkmin = 2.0 as lowest value to highest value £max = 2.9831.

To find the best critical values in equations (16) and (20), we use the minimization library [66] that allows
to compute exact gradients on the (differentiable) networks 119 and ¢ and minimize them numerically.

A.2. Integration of the It6 equation

In the present work, we extract an approximation to the drift coefficient 1 and the time derivative of the
quadratic variation [Z]; from the ground truth data. It is interesting to numerically solve the learned It6
equation (2) and compare the results with the ground truth Z,. This can be readily done with the machine
learning library Torchsde [67], which we adopt here. The numerical integration of Itd equations requires
small time steps to achieve convergence. The fictitious time scale dt introduced to train the drift g thus
comes in handy for the integration. One needs to pay attention to the increments Wy, — W; of the Wiener
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Figure Al. Dynamical trajectories for the kinetic Ising model (a) and the contact process (b). We report the ground truth
trajectories (‘Data) in red) as well as those generated by numerically integrating the learned It6 equation (2) (‘Network’, in blue).
In panel (a), the time evolution of the magnetization of a two-dimensional lattice of size N = 128 x 128 is shown for a
temperature T = 2.2214. Some samples for the ground truth trajectories and the ones obtained from the network in lighter colors
are displayed together with their averages over 100 trajectories in darker ones. Analogously, in panel (b), the time evolution of the
density of active sites p; on a one-dimensional chain of length N = 100 is shown for x = 3.36, both for the ground truth and for
the data generated by the network together with the respective order parameter estimated from 100 trajectories. The green line
(‘Post-selected data’) represents the order parameter computed only from trajectories which do not decay into the absorbing state
p =0 (for the Ising model, the order parameter is the trajectory average of the absolute value of the magnetization m, at time t).

process in equation (1), which should be distributed with a probability p following a normal distribution

N (0,u) centered around zero and with variance u such that p(W,,, — W,) = N (0,u). The learned o, which
is trained without using the time scale df, has thus to be divided by v/dt to make it comparable with the
values obtained from the drift.

The results obtained by integrating the learned Ito equation (2) present a similar behavior to the ground
truth dynamics, see figure A1(b).

For the contact process, our goal is to describe the dynamics up to the non-absorbing stationary state.
For this reason, we restrict the training of the drift function pg to p, > J in the data set, neglecting the region
near the absorbing state (p; = 0). This allows us to consider short trajectories while retaining important
information about how the active (non-absorbing) stationary state pg, is reached. This implies that the
learned drift function pg has only one stationary state, that is, a zero, in pgar, but not in p, = 0. When
integrating the It6 equation, no trajectory thus goes to the absorbing state, something that instead happens
to the ground truth data. The average of the ground truth data (referred to as ‘Data’ in figure A1) thus slowly
decreases towards zero, while the average of only those trajectories in the ground truth data that do not end
in the absorbing state exhibits a non-zero stationary state (indicated by ‘Post-selected data’ in figure A1). The
latter agrees with the average obtained from integrating the learned It6 equation (indicated by ‘Network’ in
figure A1). In this figure, the first moment of the dynamics is reported in darker tone both for the
magnetization of the Ising model E[m;] and the density of active sites in the contact process E[p;]. A possible
measure d(m3? m?t) of the accuracy of the model is the averages difference between the first moment of
the magnetization (density) m$? (p93?) and the one predicted by the neural network m* over the time
window [0, T]:

d (m;iata, m;let) _ l dr (E [m?ata} _E [T’l’l?et] )2 ) (A.1)
T o

In the reported figure, we find values d(m3%@ m" = 0.0013 for the Ising model, and d(p%?, p"* = 0.0159 in
the case of the contact process.

Appendix B. Field-theoretic formulations

B.1. Kinetic Ising model

The field theory for the kinetic Ising model [42] is introduced by coarse-graining in space the originally
discrete value of the spins s' in the critical regime. Averaging over some mesoscopic spatial volume, a
real-valued spin density field 1) is defined over a (d + 1)-dimensional continuous space-time. Specifically, the
configurations 3, have been coarse-grained so that at each point, a density ¢ € R is defined. Then the
stochastic time evolution for the density ) is provided by

atw(x,t):—w +n(x,1), (B.1)
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with an effective potential functional of the form

Flp] =Ty /ddx\vw (2, 1) |* + uo)? (x, 1) + rop* (x,1) (B.2)
and a Gaussian noise with correlations
(n(x1,0)n(x2,1)) =200 (x1 —x2) 6 (1 — 1) - (B.3)
The diffusion constant I'; and the coupling constants in (B.2) are functions of the model parameters.

B.2. Contact process

For the field-theoretic formulation of the contact process, the average over some mesoscopic box in the
lattice defines a coarse-grained density field p(x, t) (instead of taking the average over the whole lattice p).
The Langevin equation for its time evolution can be derived directly from the master equation of the contact
process and reads [54, 60]

Oip (x,t) = DV?p (x,1) + 1p (x, 1) — Ap* (x,1) +C (x,1) . (B.4)
The noise ((x,t) exhibits a multiplicative form

(C(x1,11) C(x2,12)) =Tp(x1,11) 6 (%1 —X%2) 6 (1 — 12). (B.5)

D is the diffusive constant, while the coupling constants ¢, A, and I are functions of the lattice details and of
the infection rate. The occurrence of a term proportional to p and one proportional to p? in equation (B.4)
can be explained heuristically from the mean-field treatment of the transition rates in equation (17). The
number of sites becoming inactive at time ¢ is >, si o p;. Instead, the number of sites becoming active is
given by the number of inactive sites next to an active site that can be thus be infected. This number is given
by Yoi(st—sith2 =237, 58— 237, sisi ™ o< 2p, — 2p7. In the mean-field treatment, the master equation thus
reads 9,p, = (k — 1) p; — kp;. The form of the noise proportional to ,/p, can be justified by observing that
only active sites contribute to the density fluctuations. To see this, let N be the total number of sites, and let n
be the number of active sites at time ¢. The density of active sites at time ¢ is thus p, = n/N. Now, let X; be the
number of active sites at time ¢’ > ¢ whose infection can be traced back to the ith active site at time . Notice
that the sequence {Xj,...,X,} is formed by independent identically distributed random variables, and

pr =1/N> . X;. Their expectation value and variance will thus be independent of the site i: E[Xj] = v,
Var[X;] = ¢? for some real number v and (. The relation between v, * and the sample average

Xy =1/nY".Xi = py/p: is described by the central limit theorem. This theorem states that for large n, the
probability distribution p of the random variable \/n(X,, — v) converges to a normal distribution centered
around zero and with variance ¢%, A'(0,¢?):

p(Vn(Xy—v))N(0,¢%). (B.6)

Note that for p; to be finite also N must be large. Substituting \/n — Np; and X,, — py /ps, one obtains

p (\/N(Pt’ - Pt’/)) — /PN (0,¢%), (B.7)
which means that the expectation value of py is p;v/, and its variance p,(>.
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