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Resumen

En la dinámica de superficies fuera del equilibrio, la ecuación de Kardar-Parisi-Zhang
(KPZ) destaca como el modelo no lineal más simple que presenta soluciones invariantes
de escala. En este trabajo realizamos un estudio numérico de esta teoŕıa mediante la
ecuación de Burgers estocástica en una dimensión, que se puede obtener como la
derivada espacial de la ecuación de KPZ. De este modo, calculamos el campo solución
de la ecuación de Burgers y posteriormente obtenemos su primitiva, que es una solución
de KPZ. En la primera parte, se integra la ecuación de Burgers determinista con el fin
de verificar el esquema numérico empleado. A continuación, consideramos la ecuación
de Burgers estocástica con ruido no correlacionado, obteniendo resultados compatibles
con los estudios anaĺıticos y numéricos previos. Finalmente, analizamos el efecto de
incluir correlaciones temporales en el término de ruido. Los resultados sugieren la exis-
tencia de un ı́ndice de correlación umbral, por debajo del cual el comportamiento del
sistema es próximo al caso no correlacionado. Por otro lado, detectamos escalamiento
anómalo intŕınseco por encima de un ı́ndice umbral diferente. El código completo em-
pleado en la integración numérica es de elaboración propia.

Palabras clave: dinámica de superficies, ecuación de KPZ, ecuación de Burgers
estocástica, ruido con correlaciones temporales.

Abstract

The Kardar-Parisi-Zhang (KPZ) equation stands out in kinetic roughening as the sim-
plest non-linear, out-of-equilibrium model exhibiting scale-invariant solutions. In this
work, we conduct a numerical study of the dynamics of surfaces out of equilibrium by
means of the one-dimensional stochastic Burgers equation, which can be obtained as
the spatial derivative of the KPZ equation. Like this, we compute the time evolution of
the solution field of the Burgers equation and then get its primitive field as a solution
of KPZ. In the first part we integrate the deterministic Burgers equation in order to
check our numerical scheme. Next, we consider the stochastic Burgers equation with
uncorrelated noise, obtaining results compatible with previous analytical and numeri-
cal studies. In the end, we investigate the effects of long term temporal correlations in
the noise term. Our results suggest the existence of a threshold correlation index below
which the behaviour of the system is not too different from the uncorrelated case. In
turn, we observe the emergence of intrinsic anomalous scaling above another threshold
index. The computing code used in the numerical integration is entirely self-developed.

Key words: kinetic roughening, KPZ equation, stochastic Burgers equation, tempo-
rally correlated noise.
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Introduction

In a three-dimensional universe like the one we inhabit, surfaces are present all round
as the boundaries separating two objects in contact. For instance, the earth’s (con-
tinental) surface is the interface between the crust and the atmosphere, the skin sets
the boundaries of our body and the event horizon delimits the borders of a black hole.
In this way, many subjects of interest in diverse fields of science are closely linked to
surfaces, such as friction forces in physics, aerodynamic devices in engineering, cell
membranes in biology or a whole set of problems in mathematics, to cite some of
them. In most cases, the morphology of the surface is a crucial aspect of the study, as
it determines the effects and properties observed, and therefore the study of surfaces
on their own emerges as a relevant topic with uncountable applications in other areas.

As is the case with most of the aforementioned interfaces, surfaces are usually
present in nature and develop in time subject to different laws, which can be due to
multiple processes. Subsequently, we are not only keen on the morphology of a surface
at a given time, but also on its dynamics. The analysis of the formation and later
evolution of an interface and its morphology is frequently known as the study of the
surface growth [4]. The study of interfaces can be extended to other dimensions, given
that the observables that we shall use are not restricted to two-dimensional surfaces.
Like this, a complete theory about interface dynamics in any dimension can be deduced
by carrying out a generalization of the phenomena observed in two dimensions.

The modelling of surface dynamics is generally carried out by means of stochastic
differential equations containing a noise term which accounts for the random factors
in the growth process. One specific instance of surface growth is kinetic roughening,
which characterizes systems presenting totally disordered interfaces in the long term
that exhibit scale invariant properties. Typically, the disorder in surfaces subject
to kinetic roughening processes grows until reaching a stationary saturation regime.
The growth rate and the point of saturation are determined by the so-called critical
exponents, which are generally used to define universality classes. In this way, systems
with apparently different features which show the same behaviour in terms of the
critical exponents are grouped in the same class.

Among the mathematical models aiming to describe kinetic roughening, the Kardar-
Parisi-Zhang (KPZ) equation emerges as one of the most prominent. This non-linear
stochastic differential equation was first proposed by M. Kardar, G. Parisi and Y.-
C. Zhang in 1986 [20] seeking a better description of kinetic roughening processes
than previous attempts. These included two basic models that had successfully ex-
plained some features observed in kinetic roughening: random deposition and the
linear Edwards-Wilkinson equation [12]. While these equations failed to describe the
long term behaviour of certain processes later characterized by the KPZ model, they
play a relevant role in the evolution of KPZ systems as they rule transitory regimes.

Interestingly, the importance of the KPZ equation does not rely only on the ac-
curate description of surface growth processes that it provides, but also in the wide-
ranging amount of problems in non-equilibrium physics that lie within its universality
class. Some examples of these are directed polymers in random media, turbulent liq-
uid crystals, bacterial range expansion or the asymmetric simple exclusion process and
its variations. For this reason, remarkable efforts have been put in the study of the
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KPZ equation over the last 40 years, leading to significant analytical and numerical
results. In particular, its connection with the theory of random matrices has been
analysed, leading to identifying the fluctuations statistics of the KPZ systems with
the Tracy-Widom distribution. Subsequently, an exact solution was found in the late
2000s independently in mathematics by G. Amir, I. Corwin and J. Quastel [3] and
mathematical physics by T. Sasamoto and H. Spohn [34], employing (unsurprisingly)
similar approaches [10].

Another system in the KPZ universality class is related to stochastic hydrodynam-
ics. Indeed, taking the spatial derivative of the KPZ equation results in the stochastic
Burgers equation, the noisy version of the deterministic Burgers equation that models
fluids as a simplified instance of the Navier-Stokes equation. Specifically, the stochas-
tic Burgers equation describes the evolution of the velocity field of a randomly stirred
fluid. Our goal in this work is the numerical study of the one-dimensional stochastic
Burgers equation as an approach to the analysis of kinetic roughening processes. We
will simulate a discretized version of the Burgers equation to obtain the time evolution
of velocity field, and then compute its primitive field that should be a solution of the
corresponding KPZ equation.

The work is divided in four chapters. In Chapter 1, we set the formalism used in
kinetic roughening processes. We define the main observables that shall characterize
the systems throughout the work and present the most relevant models, including the
three mentioned above. We also detail the numerical scheme used for the integration
of the Burgers equation and the algorithm for generating temporally correlated noise
in Chapter 4.

Chapter 2 is dedicated to the study of the deterministic Burgers equation, which
models fluids with no external force. In addition to its intrinsic interest, the deter-
ministic equation will allow us to check our numerical method and understand the
influence of each of the terms in the resulting solution. We introduce the Cole-Hopf
transformation, which leads to obtaining an exact solution, and review the method
of characteristics, which allows to describe the solutions in the inviscid case. In the
end, we simulate the deterministic equation, focusing on observing its characteristic
features and measuring the magnitudes that will be relevant in the stochastic equation.

In Chapter 3 we study the stochastic Burgers equation with conserved, uncorrelated
noise, which is the spatial derivative of the KPZ equation. We start by reviewing exist-
ing analytical results in the random deposition, Edwards-Wilkinson and KPZ models,
as we expect the three regimes are expected to be observed in the time evolution of
KPZ systems. We then show the results of the numerical integration of the stochastic
Burgers equation and compare the critical exponents measured in the Burgers velocity
field and the primitive KPZ height field with previously published results.

Finally, in Chapter 4 we analyse the effects of long-term temporal correlations in
the noise term of the stochastic Burgers equation. The study of temporal correla-
tions is motivated as real physical systems generally show correlations to some extent,
while some present strong correlations leading to notably different properties. Again,
we outline the most relevant published results and then present the outcome of our
simulations, which focus on determining the dependence of the critical exponents on
the correlation strength with the aim of obtaining a new set of results that can be
compared to the unclear existing literature on the topic.
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1 Surface growth processes

The formation of interfaces is generally ruled by multiple factors, most of them at
microscopic scales, making unfeasible the attempt to provide a complete description
of the details of these processes. Conversely, as is the case in many other fields in
physics, the theory of surface growth focuses on finding a small number of basic laws
which are sufficient to describe the global behaviour of an interface. We dedicate this
chapter to set the fundamental concepts in surface dynamics, define the observables
that we shall use to analyse interfaces and review the most relevant models aiming
to characterize growth processes. Even though we will restrict to one-dimensional
interfaces in the rest of the work, we carry out this general introduction in arbitrary
dimension, given that the generalization is straightforward.

In order to illustrate surface growth problems, let us present a couple of examples
showing that surface growth problems are more common than we imagine in our
everyday life. When spilling a liquid over the tablecloth, the evolution of the (one-
dimensional) interface separating the wet and dry parts is a form of surface growth.
Essentially the same process is observed when a sheet of paper is slowly burnt from
one of its ends. Other natural occurrences, like propagation of flame fronts or flux lines
in a superconductor, admit a parallel description, even though they present different
size scales, showing a universal behaviour. This is actually a very common feature in
this kind of problems: we can classify processes into universality classes, in such a way
that the same equation (up to a possible rescaling change of variables) describes very
different systems in nature. We will see this in detail when we introduce some of the
models often used for surface growth.

Figure 1.1: Typical interface created by the accumulation of snowflakes on a window.

Another typical set of surface growth phenomena is that of deposition processes:
starting from a flat interface, we let particles fall on a random position and stick to
the particles deposited previously. Snowflakes collecting on a slanted glass window is
an example of this process. The random deposition of the particles makes the surface
grew towards a rough interface, as Fig. 1.1 depicts. Similar shapes are observed when
atoms are deposited on top of a clean surface forming thin films by molecular beam
epitaxy (MBE).
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1.1 Observables in surface growth

In general, surface growth processes are not deterministic, or at least not to our eyes.
Even though the snowflakes deposition or the advance of the liquid on the tablecloth
follow deterministic equations, their details (i.e. fast internal degrees of freedom)
are by far inaccessible to us and we perceive them as random processes. Therefore,
statistical observables are used in order to study the surface dynamics of interfaces
and classify systems showing a common evolution of these observables.

On this matter, we consider an evolving interface given by a function h(x, t), defined
over a spatial d-dimensional domain Ω = [0, L]d for a positive real number L, called
the lateral size of the system. In these conditions, we present the observables that we
will use in our work [31]. Physical systems are normally defined in the continuum, but
simulations need to be done on discrete, finite systems, so we also consider discrete
definitions of the observables. The details on how to carry out the discretization are
given in section 1.2.3. Moreover, given that we study stochastic processes, we will
generally perform multiple noise realizations and focus on the average value of each
observable, denoted by ⟨·⟩.

• The surface roughness is the standard deviation of the height values of the surface
at a given time,

W (t) =

〈(
1

Ld

∫
Ω

(
h(x, t)− h̄(t)

)2
dx

)1/2
〉
. (1.1)

In the expression above, h̄(t) denotes the mean value of h over the domain Ω at
time t. For the discrete systems used in simulations, L is set to be an integer
and the expression becomes

W (t) =

〈 1

Ld

Ld∑
i=1

(
h(xi, t)− h̄(t)

)21/2〉
. (1.2)

The roughness is the most basic measure of the level of disorder.

• Two further statistical observables for measuring the disorder of a given con-
figuration are skewness and kurtosis. Skewness measures the asymmetry of a
distribution around its mean, and is defined as

S(t) =
1

W 3(t)

〈
1

Ld

∫
Ω

(
h(x, t)− h̄(t)

)3
dx

〉
. (1.3)

In turn, kurtosis measures how important the largest deviations from the mean
(outliers) are. It is given by

K(t) =
1

W 4(t)

〈
1

Ld

∫
Ω

(
h(x, t)− h̄(t)

)4
dx

〉
. (1.4)

A Gaussian distribution verifies K = 3, thus it is usual to consider the excess
kurtosis Ke := K−3 when deciding whether a given distribution is Gaussian. The
corresponding expressions for a discrete system of integer size L are analogous
to the case of surface roughness.
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• The power spectral density (PSD), also known as height structure factor, mea-
sures the contribution of each mode in the spatial Fourier spectrum. It is given
by

Sh(k, t) =
〈
ĥ(k, t)ĥ(−k, t)

〉
=

〈
|ĥ(k, t)|2

〉
, (1.5)

where ĥ(k, t) is the Fourier transform of h(x, t), defined as

ĥ(k, t) =
1

Ld

∫
Ω

h(x, t)e−ik·xdx. (1.6)

Therefore, it allows to identify the dominant spatial scales in the system at a
given time. It is related to the surface roughness as

W 2(t) =
∑
k ̸=0

Sh(k, t). (1.7)

1.2 Kinetic roughening

The morphology of interfaces in surface dynamics can present very different features
depending on the characteristics of the effect causing the surface growth. A first
distinction can be done between systems that evolve towards ordered patterns and
those showing high spatio-temporal disorder in the long term. Our interest focuses
on the systems that exhibit totally disordered interfaces. In this case, the behaviour
of the surface does not depend on the spatial and temporal scales of the system. We
will later characterize this phenomenon, known as scale invariance. The concept has
its origin in the theory of phase transitions in statistical physics. A typical example
is the ferromagnetic transitions described by the Ising model, where a typical size for
the spin clusters cannot be found, resulting in fractal patterns in the spin field at the
critical point [31].

The form of surface growth happening in systems which present scale invariance
is called kinetic roughening. These processes show a common behaviour regarding the
evolution of the statistical observables defined above. We now introduce the general
theory of kinetic roughening and define relevant concepts that emerge from them,
namely the so-called critical exponents. Furthermore, we list some of the models that
better describe kinetic roughening, the so-called universality classes of surface growth.

Let us consider then a kinetic roughening process on a finite system of lateral size
L, with a flat interface h(x, 0) ≡ 0 as initial condition. The evolution of the surface
roughness for several sizes is depicted in Fig. 1.2. First, the roughness increases as a
power of time until reaching a saturation value Wsat. Saturation takes place at a time
tsat, when correlations have spread to the whole system

W (t) ∼
{

tβ, if t ≪ tsat;
Wsat, if t ≫ tsat.

(1.8)

The exponent β is called growth exponent, and remains the same no matter the lateral
size L. However, the saturation value Wsat does depend on L, and thus also tsat,
according to the expressions

Wsat ∼ Lα; tsat ∼ Lz. (1.9)
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Figure 1.2: Evolution of the surface roughness for increasing lateral sizes in a kinetic rough-
ening process. Yellow points correspond to the smallest size and blue to the largest. Data
correspond to the one-dimensional KPZ height field and have been obtained by integrating
the Burgers equation (3.3) as in Chapter 3. The inset shows the collapsed data using the
corresponding scaling exponents α = 1/2 and z = 3/2.

The exponent α is said to be the roughness exponent, while z is called the dynamic
exponent. The relation α = βz follows from the definitions. Moreover, the following
relation between the roughness exponent and the fractal dimension Df of the surface
holds [25]:

α = d+ 1−Df. (1.10)

With all that, a general expression for W (L, t) can be found:

W (L, t) ∼ LαfW

(
t

Lz

)
, (1.11)

where

fW (u) ∼
{

uβ, if u ≪ 1;
1, if u ≫ 1,

(1.12)

and a smooth transition in the region connecting the two limits. eq. (1.11) is called
the Family-Vicsek scaling relation [14]. It follows that the evolution of the roughness
in systems with different lateral size is the same, up to rescaling the variables h and
t. The inset in Fig. 1.2 shows this behaviour, known as scale invariance.

Similarly, the height structure factor typically behaves as

Sh(k, t) ∼
{

t(2α+d)/z, if k−1 ≪ t1/z;
k−(2α+d), if k−1 ≫ t1/z,

(1.13)

where k := |k| denotes the module of the wavenumber, and α and z are the same as
above. Again, we find the following scaling relation:

Sh(k, t) ∼ k−(2α+d)fS (k
zt) , (1.14)
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with

fS(u) ∼
{

u(2α+d)/z, if u ≪ 1;
1, if u ≫ 1.

(1.15)

Fig. 1.3 depicts the time evolution of Sh(k, t) in a kinetic roughening process.

Figure 1.3: Time evolution of the PSD for the largest system of the ones in Fig. 1.2. Starting
in the lowest curve (pink), time is gradually increased with a factor 2 until reaching tsat. The
insets shows the collapsed data for the corresponding scaling exponents α = 1/2 and z = 3/2.

Interestingly, the critical exponents do not depend on the specific details of the
system, such as its viscosity or the intensity of the random process provoking kinetic
roughening. Nonetheless, a single system can go through several regimes as different
effects may dominate its evolution at different time scales. We will better discuss this
behaviour once we present the most common models of kinetic roughening.

Other than the surface roughening and the height structure factor, surface growth
processes are also characterized by the probability distribution of the fluctuations of
the height field. In particular, measuring the evolution of the skewness and excess
kurtosis of the field allows to distinguish between different distributions in some cases.

1.2.1 Anomalous scaling

Under certain conditions, however, the expressions above do not correctly describe ki-
netic roughening processes. Specifically, the spectral roughness exponent in eq. (1.13),
that we shall henceforth denote as αs, may be different from the one defined in eq.
(1.9). This is known as intrinsic anomalous scaling [30]. In this case, a slightly differ-
ent mathematical description of the structure factor is necessary,

Sh(k, t) ∼ k−(2α+d)fS′(kzt), (1.16)

where

fS′(u) ∼
{

u(2α+d)/z, if u ≪ 1;
u2(α−αs), if u ≫ 1.

(1.17)
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One example of a system which exhibits anomalous scaling is the one that we
study in Chapter 4, where the global and spectral roughness of the KPZ equation
with temporally correlated noise differ above a certain threshold. Moreover, we will
see that in this situation αs > 1. This leads to a splitting between the spectral exponent
and the local exponent αloc, which is defined from the roughness evolution at different
spatial scales and is bounded by 1 [31]. Hence, a different kind of anomalous scaling
is found, known as super-roughness [30]. The combination of both effects leads to the
formation of facets in the surface morphology, and we talk about faceted systems [1].

1.2.2 Linear models

A variety of mathematical models are used to describe with kinetic roughening prob-
lems, based on the distinct features and the relevant parameters of each system. The
simplest ones are given by linear differential equations, and in these cases exact ana-
lytical results for the observables introduced above can be obtained. Here we give the
details of two of them.

The most basic linear model reproducing kinetic roughening is a random deposition
process, given by

∂th = η(x, t), (1.18)

where η(x, t) is an uncorrelated noise term verifying

⟨η(x, t)⟩ = 0; ⟨η(x1, t1)η(x2, t2)⟩ = 2Dδd(x1 − x2, t1 − t2), (1.19)

for a given noise intensity D. Such a noise function is usually referred to as white
noise, given that there is no dominant frequency in either the time or space Fourier
spectra. The behaviour of the critical exponents in random deposition processes is
special, since the roughness scales as W (t) ∝ t1/2 for any t > 0. In other words, as
there is no mechanism leading to correlation along the interface, a saturation value is
not achieved, which can be interpreted as α and z being infinite.

The introduction of a relaxation term in eq. (1.18), which takes into account
height diffusion in the surface and therefore produces smoother solutions, leads to
the Edwards-Wilkinson (EW) model [12]:

∂th = ∇2h+ η(x, t). (1.20)

When η is again a white noise, the critical exponents of the one-dimensional EW
equation are z = 2, α = 1/2 and β = α/z = 1/4. As stated before, changing
the relative strength of the terms in the equation does not alter the values of the
exponents. In contrast, considering other correlation relations than the one in eq.
(1.19) leads to a different set of critical exponents and also anomalous scaling, as we
shall study in detail in Chapter 4.

Other linear models are given by a stochastic equation of the form

∂th = −(−∇2)z/2h+ η(x, t), (1.21)

which is a generalization of eq. (1.20) for arbitrary z. The scaling exponents for any
of these equations and any dimension d can be obtained analytically, as shown in [31].
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1.2.3 Non-linear models

Among the non-linear models, the Kardar-Parisi-Zhang (KPZ) equation stands out
as the most relevant one. Originally conceived for describing the dynamics of surface
growth [20], its relevance is also due to its multiple applications in non-equilibrium
statistical physics. These include, for instance, the study of directed polymers in
random media, particle transport, driven-dissipative Bose-Einstein condensates, the
asymmetric simple exclusion process or bacterial range expansion [31, 35]. The KPZ
equation reads

∂th = ν∇2h+
λ

2
(∇h)2 + η(x, t), (1.22)

where the viscosity ν ≥ 0 and coupling constant λ are parameters representing the
strengths of diffusion and non-linearity, respectively, and η is an uncorrelated noise as
in eq. (1.19). An equivalent formulation of eq. (1.22) is obtained by considering the
gradient field u = ∇h of the height function and differentiating. This leads to

∂tu = ν∇2u+ λ(u∇u) +∇η(x, t), (1.23)

which bears the name of Burgers equation with conserved noise, since the noise term
is now the derivative of the one in eq. (1.22). We dedicate Chapter 2 to the study
of the Burgers equation without noise (or deterministic Burgers equation), which was
initially derived as a simpler version of Navier-Stokes equation for fluids. The noise
term models the effect of random stirring, adding random stirred fluids to the long list
of phenomena described by the KPZ equation. Inversely, the Burgers equation provides
an equivalent approach to the problems addressed by KPZ, with the possibility of
checking the results given by the latter or exploring different numerical methods. The
observables defined in eqs. (1.1) and (1.5) can be considered analogously for the velocity
field, including the PSD Su(k, t) that we shall later refer to.

Eq. (1.22) depends on three parameters ν, λ and D, the latter being implicit in the
correlation relation for η, but they are not independent. The following transformations
into dimensionless variables

x̄ =
x

x0

, t̄ =
t

ν−1x2
0

, h̄ =
h

D1/2ν−1/2x
1/2
0

, (1.24)

for arbitrary x0, transform eq. (1.22) into (dropping bars on variables)

∂th = ∇2h+
λ̄

2
(∇h)2 + η(x, t), (1.25)

where λ̄ = λ
(
D
ν3
x0

)1/2
and η has now unit variance. The length x0 is fixed for a

given system and can be set to 1 as the discretization step. This allows us to consider

henceforward ν = D = 1, and use λ̄ = λ
(
D
ν3

)1/2
as the reference parameter of the KPZ

equation. The transformation is not possible in the deterministic case though, so we
will keep working with both parameters in Chapter 2.

As mentioned above, a system usually goes through different regimes before reach-
ing a stationary state. Even in the KPZ model, linear regimes (random deposition
first, EW afterwards) are typically dominant at small times, while non-linearity is
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only observed after certain time. The time scales are influenced by the parameters
of eq. (1.22), while the system size determines whether different regimes are reached
before saturation. In particular, larger L and λ are convenient for observing non-linear
effects. This behaviour is relevant in the analysis of our results in Chapters 3 and 4.

In such systems, an important observable to look at is the distribution of the height
field. In the random deposition and EW models, the interface presents a Gaussian
distribution at any time. In contrast, fluctuations in the growing non-linear regime in
the KPZ equation follow the so-called Tracy-Widom (TW) distribution, before turning
back to Gaussian after saturation [31]. The origin of the TW distribution is found in
the theory of random matrices, as the probability distribution of the normalized largest
eigenvalue of a random Hermitian matrix [37]. Fig. 1.4 compares both distributions.
Among its properties, we remark that neither the skewness (since it is asymmetric)
nor the excess kurtosis are zero, allowing to use these observables as an indicator of
the dominant regime at each time.

Figure 1.4: Comparison between the shapes of the Gaussian and the Tracy-Widom proba-
bility distribution functions (edited from [38]).

Variations of the aforementioned models are used to describe kinetic roughening
processes with slightly different features. In particular, as stated in the introduction,
we are keen on those in which the noise term η(x, t) presents long-term temporal
correlations. In the one-dimensional case, the evolution of the critical exponents in
these systems is well known for linear models. However, we have little information
about non-linear models, specifically the KPZ equation. This is studied in detail in
Chapter 4.

1.3 Numerical methods

Our work consists in the study of one-dimensional systems, which have been discretized
in order to carry out numerical simulations. This way, we have used a one-dimensional
discrete periodic domain 0 ≤ x < L with ∆x = 1, that is to say, a sequence of L
equidistant positions where the positions x = 0 and x = L are equivalent. The use
of finite systems with periodic boundary conditions is a common choice for simulating
very large (or infinite) systems. For increasing values of L, this discretization scheme
models the system as a sequence of positions which approaches the behaviour of large
systems or the continuum. Since our time was not infinite either, we needed to find
a balance between relatively short computation times and large enough systems that
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yield relevant results. In addition, powers of 2 have been used for a more efficient
computation of the fast Fourier transform. Therefore we have set the largest size at
L = 213 = 8192, and used lower sizes, starting at L = 27 = 128, to study scaling
properties.

The time is discretized with a convenient step ∆t in each chapter, with the purpose
of achieving an improved numerical precision when fixing the rest of parameters around
the unit, as wished. This way, we have used ∆t = 10−2 in Chapters 2 and 3, while we
have needed to set ∆t = 10−3 when introducing a source of correlated noise in Chapter
4 in order to get stable simulations.

1.3.1 Integration scheme for the Burgers equation

Most of the simulations performed over the whole work consist of integrating the
complete one-dimensional Burgers equation with conserved noise

∂tu = ν∂2
xu+ λu∂xu+ ∂xη, (1.26)

where the noise term can be set to zero when integrating the deterministic Burgers
equation (Chapter 2). The Euler finite-difference method is the scheme used for its
integration. For any position j of the system, 0 ≤ j < L, the updated velocity at
position j is computed according to [33]

uj(t+∆t) = uj(t) + δtuj∆t+
√
2D∆t(ηj − ηj−1), (1.27)

where D is the noise strength and the deterministic derivative δtuj is given by

δtuj = ν (uj+1 − 2uj + uj−1) +
λ

6

(
u2
j+1 + ujuj+1 − uj−1uj − u2

j−1

)
(1.28)

Periodic boundary conditions are considered. This method is particularly convenient
for integrating the stochastic Burgers equation, as it provides precise, numerically
stable solutions and ensures that the properties of the stationary state are preserved.

Provided that it satisfies the conditions in eq. (1.19), the details of the noise dis-
tribution are not relevant for the results, and therefore we used uniform noise with
zero mean and unit variance as uncorrelated noise in Chapter 3. We next describe the
method used for generating correlated noise.

1.3.2 Generation of long-time correlated noise

In Chapter 4 we introduce temporal correlation in the noise term of Burgers equation.
Thus, we were interested in generating long time series of noise with long temporal
correlation at every position x of our domain. More specifically, we wished to generate
random numbers η(x, t) so that η(x, t0) is an uncorrelated sequence for fixed t0, while
η(x0, t) exhibits long correlations (at least larger than the surface saturation time) for
fixed x0. Mathematically, this can be expressed by the following correlation relation:

⟨η(x, t)η(x′, t′)⟩ ∝ δ(x− x′)|t− t′|2θ−1, (1.29)

where the exponent θ ∈ [0, 1/2) quantifies the temporal correlation, which vanishes
for θ = 0 and increases when θ does.
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With this aim, we have implemented the noise generator successfully used in [1],
which builds L independent sequences with long-range temporal correlation by means
of Mandelbrot’s fast fractional Gaussian noise generator [24]. The relevance of this
method lies on the fact that it does not generate the whole sequence Zj(t) at the
beginning of the simulation, like other popular methods for generating power-law cor-
relations do, but just uses the previous temporal step. This way, we avoid using
a massive amount of computer memory that would restrict the maximum reachable
time in simulations. We next explain its basics, and check that the obtained noise
does have the properties we wish.

We will focus on one fixed position, and compute the temporal sequence Z(t)
generated as correlated noise. The value of Z(t) is defined as the weighted sum of
certain number N of Markov-Gauss processes X(t, rn|MG) with unit variance and
covariance rn = e−Bn

, where B > 1 can be conveniently chosen:

Z(t) =
N∑

n=1

WnX(t, rn|MG). (1.30)

The weights are given by [24]

Wn =
2θ(1/2 + θ)

(
B1/2−θ −B−1/2+θ

)
B2(θ−1/2)n

Γ(2− 2θ)
, (1.31)

where Γ is the complete Gamma function. The number of terms N in eq. (1.30) can be
chosen depending on the balance between accuracy and computational cost. One can
use a quality factor Q to estimate the value of N as function of the wished correlation
time T :

N(T ) =
log(QT )

log(B)
. (1.32)

Lastly, we define the Markov-Gauss processes with the following recurrence rule: for
t = 0, all of them are Gaussian white noises ξn(t), while for higher times we have

X(t, rn|MG) = rnX(t−∆t, rn|MG) +
√

1− r2nξn(t), (1.33)

where ξn(t) is a white noise [1].
We checked that the actual correlation obtained from the series Z(t) is the one

we expect. We worked with the time Fourier transform of the noise, Ẑ(ω), whose
correlation function should be approximated in the low frequency limit ω → 0 as [18]〈∣∣∣Ẑ(ω)∣∣∣2〉 ∝ ω−2θ. (1.34)

This way, we can easily visualize the behaviour of the correlation at very long times,
which would be less feasible when directly working with Z(t). As was the case in [1],
setting the parameters B = 3 and Q = 100 worked for us (so far: check in the end).

Fig. 1.5 is an example of how the power spectrum density S(ω) :=

〈∣∣∣Ẑ(ω)∣∣∣2〉
satisfactory behaves as expected for θ = 0.40. We carry out the same process for a
representative selection of exponents θ ∈ (0, 0.50), as Fig. 1.6 shows. We observe that
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Figure 1.5: Power spectrum density S(ω) for a correlation index θ = 0.40, and comparison
with the expected behaviour S(ω) ∼ ω−2θ as ω → 0.

the correlations produced by the noise generator essentially match the ones we asked
it to, and hence this method can be trusted for introducing temporally long-range
correlated noise in stochastic differential equations.

Figure 1.6: Measured values θm of the correlation exponent for the noise generated using the
Mandelbrot scheme, in comparison with the wished values θw. The dotted line represents
the straight line θm = θw.
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2 The deterministic Burgers equation

In this chapter we study the one-dimensional, not driven Burgers equation,

∂tu = ν∂2
xu+ λu∂xu, (2.1)

where we define u = u(x, t) on the domain 0 < x < L with periodic boundary
conditions u(0, t) = u(L, t) for all t ≥ 0, as in the rest of the work. This equation is a
deterministic second order partial differential equation, whose solutions are uniquely
determined for a fixed initial condition u(x, 0) = f(x).

The expression above was introduced by H. Bateman [6] in 1915 to better under-
stand the motion in fluids, and later studied by J. M. Burgers [8] as a simpler model
than Navier-Stokes describing turbulence. Both equations actually share some char-
acteristics, such as the same type of advective non-linearity, the presence of a diffusion
term that allows to define a Reynolds number, and many common invariance and con-
servation laws. However, the Cole-Hopf transformation provides analytical, explicit
solutions for the Burgers equation, as we show next, meaning that it lacks of one of
the most unique aspects of turbulence: a highly chaotic behaviour [16].

Therefore, the scope of Burgers equation as a model of turbulent systems is not
comparable with that of Navier-Stokes. Despite that, many applications in various
fields have been found since its introduction, one of them being our main object of
study: its relation with the KPZ equation in statistical physics. We are keen on
understanding the deterministic equation first and showing analytical and numerical
results, in order to get useful information for our final goal regarding the stochastic
equation. We further note that the parameter λ is set to −1 when the equation is used
to describe fluids, however we will not fix it and use it as a quantifier of non-linearity,
as it is generally the case in KPZ.

2.1 An exact solution: the Cole-Hopf transformation

As we commented above, the Burgers equation is non-linear, just as Navier-Stokes,
but it admits a change of variables that transforms it into the heat equation, which is
linear. Indeed, let us consider a primitive function of the velocity field, i.e. a function
h(x, t) such that ∂xh = u, and define ϕ(x, t) according to

h(x, t) =
2ν

λ
log(ϕ(x, t)), (2.2)

where the logarithm is defined in an arbitrary base. This is called the Cole-Hopf
transformation. Let us see how we can describe the time evolution of ϕ. First we use
eq. (2.1) and obtain

∂th = ∂t

(∫
udx

)
=

∫
∂tudx =

∫
ν∂2

xudx+

∫
λu∂xudx = ν∂2

xh+
λ

2
(∂xh)

2. (2.3)

Next we consider the relations

∂th =
2ν

λ

∂tϕ

ϕ
, ∂xh =

2ν

λ

∂xϕ

ϕ
, ∂2

xh =
2ν

λ

1

ϕ2

[
ϕ∂2

xϕ− (∂xϕ)
2
]
.
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Replacing in (2.3) and multiplying by λϕ/2ν yields

∂tϕ = ν∂2
xϕ, (2.4)

which corresponds to the heat equation, a paradigm of linear partial derivative equa-
tions, whose solutions have hence been studied in detail. Nonetheless, the non-linearity
of the transformation leads to solutions that are not easy to work with.

We can also define periodicity conditions for h, and subsequently for ϕ, getting
ϕ(0, t) = ϕ(L, t) for t > 0. The initial condition is transformed into ϕ(x, 0) = Θ(x) :=

e
λ
2ν

F (x), where F is a primitive of f . With this, the general solution of eq. (2.4) is
given by [11]

ϕ(x, t) =

∫ L

0

(
1

L

∫
R
eik(x−y)e−νk2tdk

)
Φ(y)dy =:

∫ L

0

H(x− y, t)Φ(y)dy, (2.5)

The function H(x, t) is called heat kernel, and in this case it can be explicitly expressed
as [23]

H(x, t) =
1√
4πνt

e−
x2

4νt .

Bringing back the original variables into (2.5) yields

u(x, t) = −1

λ

∫ L

0
x−y
t
e−

(x−y)2

4νt
+ λ

2ν

∫ y
0 f(z)dzdy∫ L

0
e−

(x−y)2

4νt
+ λ

2ν

∫ y
0 f(z)dzdy

. (2.6)

In this way, the Cole-Hopf method allows us to obtain an analytical expression for
the solutions of the one-dimensional Burgers equation for any initial condition with
good properties. However, it is not straightforward to easily describe or understand
how these solutions behave. One of the common strategies to face this problem is
to use the method of characteristics. It will be studied in detail for the non-viscous
case (ν = 0), since the original method can only be applied to first-order equations,
although there exist generalizations for higher orders.

2.2 The inviscid equation

The inviscid Burgers equation is obtained by removing the diffusion coefficient ν in
eq. (2.1):

∂tu = λu∂xu. (2.7)

This equation belongs to the class of first order quasilinear hyperbolic equations,
that is to say, a hyperbolic equation of first order whose coefficients may depend on
the function but not on its derivatives. More specifically, it is a conservative equation,
in which the average value ū(t) of the field u(x, t) is conserved over time. Indeed, we
show this for a periodic system with size L:

dū(t)

dt
=

d

dt

(
1

L

∫ L

0

udx

)
=

1

L

∫ L

0

∂tudx =
λ

2L

∫ L

0

∂x(u
2)dx =

λ

2L
u2

∣∣∣∣L
x=0

= 0,

where we have used Leibniz integral rule in the first equality. This leads to the following
decomposition of energy, setting ū := ū(t) = ū(0):
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E(t) ∝ 1

L

∫ L

0

u2dx =
1

L

∫ L

0

(u− ū)2dx+ ū2 = W 2(t) + ū2, (2.8)

where W (t) =
(

1
L

∫ L

0
(u− ū)2dx

)1/2

is the roughness of the velocity field, analogous

to the surface roughness defined in eq. (1.1), and which can be discretized the same
way. This decomposition allows to work with the (squared) roughness of the velocity
field as a measure of the effective energy of the system with respect to its equilibrium
state.

The inviscid equation is often used as a model of non-linear wave propagation.
Despite its simple appearance, it leads to solutions showing special features, namely
the formation of discontinuities (shocks), which makes it an interesting case of study by
itself. We discuss this behaviour later, after carrying out an approach to its analytical
solutions, by means of the method of characteristics.

2.2.1 Method of characteristics

Although the inviscid Burgers equation (2.7) appears to be simpler than the complete
equation (2.1), we observe that carrying out the Cole-Hopf transformation is no longer
possible. The key point for the term λu∂xu to be absent in eq. (2.4) is the separation
of the relaxation term ν∂2

xu into two addends, but this is now non-existent. Actually,
the function ϕ(x, t) is not well-defined in this case, and the transformation does not
make sense.

Nevertheless, as commented above, the solutions of eq. (2.7) can be described
through the method of characteristics. For partial differential equations in two vari-
ables (x, t), this method consists in finding curves (x(s), t(s)) in such a way that the
partial differential equation becomes an ordinary differential equation [32]. They are
called the characteristic curves (or simply characteristics) of the equation. For the
inviscid Burgers equation, obtaining the characteristics is especially easy, and their
equations are given by

dx

ds
= −λu,

dt

ds
= 1. (2.9)

We can hence assume t = s, and we get

du(x(t), t)

dt
= ∂xu

dx

dt
+ ∂tu = −λu∂xu+ ∂tu = 0. (2.10)

In other words, u(x(t), t) is constant on the characteristics, and therefore equals
the initial value u(x0, 0) = f(x0). Reconsidering eq. (2.9), it is now straightforward to
solve the first equation and get

x(t) = x0 − λu(x0, 0)t = x0 − λf(x0)t. (2.11)

The characteristics are then straight lines with slope −1/λf(x0) on the (x, t) plane,
along which the value of u is constant and equals f(x0). The solution takes the implicit
form

u(x, t) = u(x0, 0) = f(x0) = f(x(t) + λf(x0)t), (2.12)
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Figure 2.1: Characteristics curves for
fI(x) = −x.

Figure 2.2: Characteristics curves for
fII(x) = sin(πx).

where x and x0 are related according to eq. (2.11). An explicit solution can only be
obtained in the simplest cases, e.g. if f is linear in x. Nonetheless, the main problem
of this solution is not its implicit nature, but solving the intersections between the
characteristics that most initial conditions lead to. Let us detail this point.

As an example, we extend the domain (0, L) to an infinite one, −∞ < x < ∞,
and consider two different initial conditions for eq. (2.7), given by fI(x) = −x and
fII(x) = sin(πx). Figs. 2.1 and 2.2 show the characteristics in both cases. In the case
of fI , we can observe that the straight lines diverge for t > 0, coming from a common
intersection point at t = −1. The solution given in eq. (2.12) determines a value u(x, t)
for every point (x, t) on the upper half-plane, and therefore Burgers equation is solved.
However, fII leads to multiple intersections between the characteristics, in which u(x, t)
is not well-defined. In this case the system’s evolution can only be described for small
times, prior to reaching the first intersection. Actually, if no regularity is imposed to
initial conditions, intersections can be found for arbitrarily small times, provoking a
singularity at t = 0. If the initial condition is not differentiable, there can also exist
points (x, t) such that no characteristic crosses them, and again we cannot define u on
those.

In order to solve this, we need to introduce the concept of weak solution, which a
priori has less good properties than a classical solution. For instance, a weak solution
need not be differentiable or may be only piece-wise continuous [32]. Intersections
between characteristics give rise to a discontinuity in u(x, t) between the values of the
two lines, which is called a shock. This discontinuity typically moves with time at a
velocity related to both values, producing a so-called shock wave. This phenomenon
is later analysed when solving Burgers equation. The time at which the two first
characteristics intersect, and therefore the first discontinuity is observed, is known as
breaking time.

Selecting the physically correct weak solution requires additional criteria, such as
searching for the solution with highest entropy. It can be checked that this is equivalent
to computing the exact solutions via eq. (2.6) in the limit ν → 0. A graphical way
to obtain this solution is to use Maxwell’s equal area rule, according to which the x
coordinate at which the discontinuity must be located is such that the areas enclosed
by the multivalued field and by the shock wave coincide [16, 32]. The method is
depicted in Fig. 2.3.
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Figure 2.3: Graphical illustration of Maxwell’s rule [16].

Back in a periodic domain of length L, we observe that any non-constant initial
condition u(x, 0) = f(x) yields two characteristics with different slopes, which therefore
cross at some point. The example in Fig. 2.2 is selected to show this situation, taking
L = 2 and −1 ≤ x ≤ 1. We will later collect results of the numerical integration
of the inviscid Burgers equation as a particular case of the viscous equation, and
identify these features. The numerical solution will give an idea of how the crossings
of characteristics are solved and show the formation and evolution of the shocks.

2.3 The general form: viscous Burgers equation

We now consider the complete deterministic Burgers equation (2.1), with non-vanishing
viscosity. The viscous term is a relaxation term, which quantifies the resistance of the
system to being deformed, and therefore implies dissipation of energy, no longer result-
ing in a conservative equation. Any physical system is actually subject to dissipative
forces, so a correct estimate of viscosity will provide a better description of a real fluid
than the inviscid equation. The relevance of the viscous term depends on the value
of the diffusion coefficient ν (also called kinematic viscosity following its definition in
fluid dynamics).

Nevertheless, the interest of the viscous equation is lower from a mathematical
point of view, since the extreme phenomena observed in the inviscid equation (shocks,
discontinuous solutions) are dampened when introducing the dissipative term. One
cannot anymore use the characteristics to solve the equation, and the radical behaviour
caused by u staying constant on the characteristic lines becomes now smoother.

The next section is dedicated to comparing the time evolution of the system for
different values of ν through numerical simulations. We will show that solving the
inviscid equation yields shock solutions generated when the characteristics cross each
other, while rounded shapes arise when the diffusion coefficient is present, due to
energy losses.

2.4 Numerical integration of the deterministic equation

The deterministic Burgers equation is the simplest equation that we numerically inte-
grate in this work. Thus, in addition to its intrinsic relevance as a model describing
the evolution of viscous, one-dimensional fluids, it is useful to check that our numerical
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method is efficient and correctly simulates the results expected following theory and
literature.

We work with the discretization of the periodic domain (0, L) explained in section
1.3. The formation of shocks in the solutions of the inviscid Burgers equation, studied
in section 2.2, gives rise to relatively large discontinuities, which cause the integration
method that we use to be highly unstable when the ratio λ/ν is large. Therefore, the
inviscid equation is not integrated, and instead we present simulations corresponding
to approximations with low viscosity showing similar features. Alternative methods
provide better results for small ν but fail when it is large, as no known method is stable
for arbitrary values ν [17]. Given that our goal is to integrate the stochastic equation
with non-vanishing ν, we consider that the approximations that we use perfectly fulfil
our study of the deterministic equation.

Related to that, we focus on measuring the observables of interest for the stochastic
Burgers equation, explained in section 1.2, and studying their relation to the evolution
of the velocity field. Additionally, we check whether the solutions of Burgers equation
behave, in the limit of low viscosity, as the method of characteristics predict for the
inviscid case, and verified the conservation laws linked to that equation. The system’s
response to increasing the diffusion coefficient ν is also studied.

We next present the results of the simulations. Since the solutions of the deter-
ministic Burgers equation with smooth initial conditions have at most only a small
number of discontinuities, 3-dimensional profiles and colour maps proved to be a very
clear way to present and analyse the behaviour of the solutions, despite some sharp
details appearing due to the instabilities at low viscosity. In addition, we shall calcu-
late the time evolution of statistical observables such as roughness and power spectral
density. We keep constant the non-linear parameter λ = 4 and use different values of
the diffusion coefficient ν to study the influence of the ratio λ/ν. A minimum ν = 0.2
is used to simulate an almost inviscid system.

As for the initial conditions, we have chosen to work with three different functions
f(x) = u(x, 0):

1. A Gaussian shape

f1(x) =
1

2
e−(x−c)2/σ, (2.13)

centered at some point c ∈ (0, L) and with dispersion parameter σ > 0, both con-
veniently chosen for a better visualization of the solutions. This initial condition
allows to easily see how a single central perturbation evolves in time.

2. A sinusoidal function of period L

f2(x) =
1

2
sin

(
2πx

L

)
, (2.14)

where the amplitude is chosen for improved numerical stability. The almost
inviscid solutions obtained for this initial condition are compared with the char-
acteristics of Fig. 2.2.

3. A random sum of Fourier terms

f3(x) =
1

2
+

10∑
k=1

ak cos

(
2πkx

L

)
+ bk sin

(
2πkx

L

)
, (2.15)

19



where ak and bk are uniformly generated in [−0.1, 0.1]

Figure 2.4: Time evolution of the velocity field u(x, t) for the almost inviscid system (ν = 0.2)
of size L = 512, using the Gaussian initial condition given by eq. (2.13) with parameters
c = L/2 and σ = 512. The left panel shows the evolution of the velocity profile along the
temporal axis, while the right panel represents its projection on a horizontal plane. The
colour and axis scales are the same in both panels.

The time evolution of an almost inviscid system of size L = 512, with Gaussian
initial condition, is depicted in Fig. 2.4. As predicted by the method of characteristics,
the initial perturbation moves in the negative direction of the x axis and the initial
shape rapidly becomes sharp, as the shock is formed, showing the typical behaviour
of the inviscid Burgers equation. The colour map allows to better observe this tran-
sition. The width of the two white bands, for which u ≃ 0.1, is initially the same
and noticeably changes when the first bunch of characteristics cross, as the dark red
straight lines are absorbed by lower gradient characteristics. We further notice that
the dominant characteristic lines are the ones with lower gradients: the straight lines
on the left of the shock cross lower gradient lines and get curved by them, whereas
the ones on the right keep their initial constant gradient. We will better visualize this
fact when working with sinusoidal initial conditions (Fig. 2.7).

Figs. 2.5 and 2.6 allow to compare the system evolution for different diffusion coef-
ficients. Starting with the same Gaussian initial condition, snapshots at two separate
times (Fig. 2.5) show how the shapes get rounder as viscosity is increased, leading to a
wider field with the same mean value, which remains constant at ū = 0.039 no matter
the value of ν. Fig. 2.6 represents the roughness decay over time. Despite the decay
happening faster for greater ν, we observe that its shape does not depend on viscosity,
vanishing in the t → ∞ limit as the system reaches the stationary state. We have
carried out a longer simulation for L = 256 and ν = 0.2, showing that W (t) ∼ t−1

at long times, in accordance with the effective energy decay law E(t) ∼ W (t)2 ∼ t−2

deduced analytically for the inviscid case [16]. Lastly, we remark that the roughness
corresponding to ν = 0.2 is approximately constant before suffering a steep decay at
t ≃ 25, which seems to match the breaking time when shocks start forming.
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Figure 2.5: Velocity field of the L = 512 system at times t = 0 (solid line), t = T/2 (dashed)
and t = T = 340 (dotted) for several values of ν with the same Gaussian initial condition.
The parameters of eq. (2.13) are set to c = L/2 and σ = 512.

Figure 2.6: Evolution of the system roughness W (t) for several ν in the same conditions as
Fig. 2.5. The inset shows the decay of W (t) at long times for L = 256 and ν = 0.2.

This idea is confirmed when looking at Fig. 2.7 (left panel), depicting the time
evolution of the almost inviscid system of size L = 512 with the sinusoidal initial
condition given by eq. (2.14). First, let us compare the colourmap obtained with the
analytical characteristics drawn in Fig. 2.2. While we have now shifted the domain
a quarter of a period for a better visualization, the directions of the curves are as
expected theoretically, diverging from the u = 0 line at x = 128 towards the one
at x = 384, where the shock is formed. The roughness is essentially constant until
reaching the breaking time at t ≃ 45. This is a consistent result, as the energy
is computed by adding up the values of u2 at each position, which only differ on
their location with respect to the initial ones before reaching the breaking time. It is
slightly noticeable that the actual diffusion coefficient is not zero, since the white band
corresponding to the shock slowly becomes wider. Fig. 2.7 (right panel) corresponds to
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a strong viscosity (ν = 10). Now the shock is not formed: the increase of the field value
around x = 384 is always smooth and gets flatter at long times. The characteristics are
no longer straight lines, but get curved even before crossing, matching the behaviour
observed in Fig. 2.6. Regarding the roughness, the decay starts at t = 0, but an elbow
is appreciable at t ≃ 45.

Figure 2.7: Time evolution of the L = 512 system with the sinusoidal initial condition given
by eq. (2.14) for ν = 0.2 (left) and ν = 10 (right). The insets show the evolution of the
roughness W (t).

We lastly consider the initial condition f3(x) given by eq. (2.15), which represents
a more realistic initial state for a system which has been randomly taken away from
equilibrium. The results obtained for L = 512 are shown in Fig. 2.8. The left panel, in
which the almost inviscid system is simulated, serves as a comparison with respect to
the more regular sinusoidal initial condition from Fig. 2.7. Given that u(x, 0) changes
now much faster within the domain, characteristics first cross for very small times
(though not zero because of the smoothness of f3). Actually, the complexity of the
initial condition rapidly vanishes and only one major shock is found at long times, the
system behaving essentially like the one with simpler initial conditions. The analysis
of the roughness summarizes this: several elbows can be spotted as the decay starts
at small times, before becoming a stable curve for t ≳ 100.

Fig. 2.8 (right panel) depicts the power spectral density (PSD) of the velocity field
at several times, together with the 3-dimensional profile describing the evolution of a
system of size L = 512 and ν = 2, again with initial conditions as in eq. (2.15). This
observable gives little information on the deterministic equation, but will be crucial in
our study of the stochastic equation in future chapters. One can appreciate that the
spectra corresponding to small times show the presence of modes of higher wavenumber
corresponding to the multiple initial oscillations. However, these are absorbed into one
single shock and the dominant mode is the one with smaller wavenumber k = 1/L at
long times.

All in all, our simulations of the Burgers equation yield satisfying results. The well-
known formation of shocks in the low viscosity limit has been observed, presenting
features consistent with the theory and matching previously published results [7].
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Figure 2.8: On the left, time evolution of the almost inviscid system of size L = 512 with a
random initial condition given by eq. (2.15). The inset shows the roughness decay. On the
right, PSD at several times of a system with size L = 512 and ν = 2 for the same kind of
initial condition. The evolution of the velocity field is depicted in the inset.

The algorithm used has proved suitable for the deterministic equation, the numerical
method being really stable in all cases except ν = 0.2, where it presented sharp edges
due to the emergence of shocks. In addition, we have successfully measured the time
evolution of the roughness and power spectral density, two of our main observables
when studying the stochastic equation.

Regarding the deterministic equation on its own, a deeper study would focus on
developing accurate integration schemes for the inviscid equation or extending our
simulations to more complex initial conditions. For instance, an interesting case is
the one of a Brownian initial condition, which can be regarded as the limit of eq.
(2.15) with infinite oscillating modes. This is no longer a smooth (nor differentiable)
function, provoking the formation of a dense set of shocks at t = 0 when working in a
continuous domain [16].
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3 The stochastic Burgers equation with white noise

In Section 1.2 we discussed several models describing kinetic surface roughening. One
of the most important is given by the Kardar-Parisi-Zhang (KPZ) equation, the sim-
plest non-linear out-of-equilibrium model in the continuum showing scale-invariant
solutions [20]. We presented the KPZ equation (1.22) in arbitrary spatial dimension d.
Working in d = 1, the model describes the time evolution of a profile h(x, t) according
to

∂th = ∂2
xh+

λ

2
(∂xh)

2 + η(x, t), (3.1)

where the coupling constant λ quantifies the strength of non-linearity and η(x, t) is an
uncorrelated noise term, whose correlation function is

⟨η(x, t)η(x′, t′)⟩ = 2δ(x− x′)δ(t− t′). (3.2)

Given its notorious relevance as a central model, not only in surface growth but in
many other non-equilibrium phenomena, the KPZ equation has been widely studied
in recent times, both analytically and numerically. In fact, the one-dimensional case
in which we are interested here has been solved exactly. We review some of the
most relevant analytical results in Section 3.2, briefly explaining the methods that
have led to them. Existing numerical studies on the equation are in accordance with
these analytical results [31]. We shall later compare them with the results of our own
simulations in Section 3.3.

In this work we carry out a numerical analysis of the system using a different
approach, as we will not integrate the KPZ equation itself. Setting u(x, t) := ∂xh(x, t)
and taking the spatial derivative in eq. (3.1), we obtain the stochastic Burgers equation
in one dimension with conserved, uncorrelated noise

∂tu = ∂2
xu+ λu∂xu+ ∂xη. (3.3)

The word conserved means that the noise term in the Burgers equation is the spatial
derivative of an uncorrelated noise, so that

∫
∂xηdx = 0 and the mass contribution of

the noise term is exactly zero. When we mention the stochastic Burgers equation in
this work we will refer to the Burgers equation with conserved noise (3.3). Given that
we focus on the KPZ problem, we will not address the equation with non-conserved
noise, which exhibits completely different characteristics [31].

The function u(x, t) represents the slope of the interface h(x, t) of the KPZ equation
at each position of the domain. Alternatively, it can again be interpreted as the
velocity field of a one-dimensional fluid with periodic boundary conditions, with the
introduction of a conserved white noise modelling the presence of a driving force which
randomly stirs the fluid according to ∂xη.

Our goal in this chapter is to compute the time evolution of the field u(x, t) and
then integrate over x in order to recover the profile h(x, t). By doing so, we will
collect the corresponding sets of observables for both fields and measure the scaling
exponents relative to each equation. The obtained results can be compared with
previous published results on the Burgers equation itself and the direct integration of
the KPZ equation.

24



3.1 The multiple regimes of a KPZ system

Just as we did when introducing kinetic roughening processes in Section 1.2, we
consider a flat initial condition for the height field. In one dimension, this means
h(x, 0) ≡ 0 for 0 ≤ x < L, or equivalently u(x, 0) ≡ 0. Taking a look into eq. (3.1), a
flat interface at t = 0 means that the only non-negligible term in the first time steps
is the noise term, and thus the KPZ equation behaves as a random deposition process

∂th ≃ η(x, t) (3.4)

for very small t. The random deposition model might not accurately describe any
physical system in the long term, since the absence of diffusion means no information
transfer between adjoining positions and no correlations, which is not too realistic.
However, as we have suggested and our simulations will confirm, systems subject to
the KPZ or EW equations, or in general any of the models presented in Section 1.2,
behave according to the random deposition model at small time scales, implying that
random deposition is actually a very relevant model in surface growth, at least for
short-time scales.

Likewise, given that the shape of the interface at short times is essentially con-
trolled by the noise term, the height field is highly non-smooth and the first and
second derivatives ∂xh, ∂

2
xh take similar values in average. This makes the linear term

dominate in the following time steps, as it is not squared, and the system behaves
according to the EW model

∂th ≃ ∂2
xh+ η(x, t). (3.5)

We will better understand this behaviour using scaling arguments in the next section.
The opposite effect is observed at long times, with the non-linear term being dominant.
Thus, the KPZ regime is said to be the asymptotic regime of this kind of systems.

While a random deposition stage is generally observed when simulating the KPZ
equation, the coupling constant λ determines how distinct the linear and the non-
linear regimes are. Subsequently, we will compare the evolution of the system for two
different values of λ.

3.2 Existing analytical results

We next summarize the most important methods leading to the exact critical expo-
nents in the three models considered above. The linearity of eqs. (3.4) and (3.5) allows
a simple and straightforward derivation of the critical exponents. In contrast, for the
full KPZ equation we simply give a hint of the main ideas, since a complete analytical
study requires more complex approaches which are beyond the scope of this work.

3.2.1 Random deposition

eq. (3.4) can directly be integrated, obtaining

h(x, t) =

∫ t

0

η(x, t)dt′. (3.6)

Given that ⟨η(x, t)⟩ = 0, the average of h(x, t) vanishes as well, while the noise corre-
lation ⟨η(x, t)η(x′, t′)⟩ = 2Dδ(x− x′)δ(t− t′) implies
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⟨h2(x, t)⟩ = 1

L

∫ L

0

(∫ t

0

η(x, t′)dt′
∫ t

0

η(x, t′′)dt′′
)
dx

=

∫ t

0

∫ t

0

2Dδ(t′ − t′′)dt′dt′′ = 2Dt.

(3.7)

With that, we deduce that W 2(t) = ⟨h2⟩ − ⟨h⟩2 ∝ t, meaning β = 1/2. The surface
roughness does not reach a saturation value.

3.2.2 Edwards-Wilkinson equation

There are two analytical procedures to obtain the critical exponents in the EW equa-
tion: direct integration in the Fourier space or the use of scaling arguments [4]. Here
we show the second one, since the scaling approach is a useful and elegant tool when
it is not possible to integrate the equation analytically.

The main point is that we are looking for scale invariant solutions. The following
rescaling of variables in terms of the critical exponents should provide an interface
statistically equivalent to the original one, therefore satisfying the same eq. (3.5):

x̄ = bx, t̄ = bzt, h̄ = bαt, (3.8)

where b > 0 is arbitrary. We find the following relations between derivatives:

∂2
x̄h̄ = bα−2∂2

xh, ∂t̄h̄ = bα−z∂th. (3.9)

Furthermore, given that δ(ax) = 1
a
δ(x), the noise term must become η̄ = b−1/2−z/2η in

order to recover the correlation relation. Putting all together, the following equation

bα−z∂th = bα−2∂2
xh+ b−1/2−z/2η (3.10)

must be equivalent to eq. (3.5), which yields the relations

z − 2 = 0, −1

2
+

z

2
− α = 0, (3.11)

and thus we get z = 2, α = 1/2 and β = α/z = 1/4.

3.2.3 KPZ equation

When we attempt to repeat the same rescaling trick in the KPZ equation, we get

∂th = bz−2∂2
xh+

λ

2
bα+z−2(∂xh)

2 + b−1/2+z/2+αη. (3.12)

If α > 0, as holds for the three equations considered, we can now see that the linear
term is dominant at short times, whereas non-linearity controls the behaviour at long
times. However, determining the exponents using the same strategy as before is no
longer possible, since it would lead to a system of three independent equations with
only two unknowns. The key point here is that the coefficients do not rescale indepen-
dently, as we already saw in Section 1.2.3 when we discussed dimensionless variables
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and the rescaled coupling constant λ̄ = λ(D/ν3)1/2. Therefore, simple power-counting
fails for the full KPZ equation.

Thus, other more sophisticated techniques must be used to determine the critical
exponents in the case of KPZ, as well as in other non-linear growth models. Systems
in the KPZ universality class satisfy an important symmetry, the Galilean invariance,
which leads to a useful scaling relation between the critical exponents α and z.

The property of Galilean invariance is exhibited by the systems whose behaviour
remains the same in any inertial frame of reference [13]. We show this in the case of
the KPZ equation by performing the following infinitesimal transformation in terms
of a small ϵ > 0:

x′ = x− λϵt,

t′ = t,

h′ = h+ ϵx.

(3.13)

The transformed equation is the same as eq. (3.1) except for the terms O(ϵ2). How-
ever, since we are considering an infinitesimal transformation, these terms can be
neglected and we recover the KPZ equation for the new variables, meaning the sys-
tem is Galilean invariant. This is actually an exact symmetry, given that checking
infinitesimal transformations is sufficient according to the Ward identity [9].

Considering the Burgers equation for the variable v′ = −u′ = −∂xh
′ is equivalent

to setting λ = −1 in eq. (3.3), which is generally done when the equation is used to
describe fluids as we pointed out in Chapter 2. This way, we may write the Galilean
transformed Burgers equation as (dropping tildes)

∂tv + v∂xv = ∂2
xv + ∂xη, (3.14)

where the left-hand side is actually the total derivative

dv

dt
= ∂tv +

dx

dt
· ∂xv = ∂tv + v∂xv (3.15)

which must hold upon rescaling. In other words, Galilean invariance allows us to
transform the KPZ equation for any λ in an equation like (3.14), forcing the relation
between the non-linear term λ

2
(∂xh)

2 and the time derivative ∂th to be the same after
rescaling. Back into eq. (3.12), this is achieved if and only if

α + z = 2 (3.16)

holds. This relation is called the Galilean invariance of the KPZ equation and is not
shared by other models describing kinetic roughening, which makes it a very relevant
feature of KPZ. Despite the fact that our derivation is performed for d = 1, the
relation is valid for any dimension, allowing to focus on computing just one of the
critical exponents. A similar calculation can be carried out for the Burgers equation
with conserved noise yields α + z = 1.

Having the critical exponents α and z constrained to satisfy eq. (3.16) means that
we only need to determine one of them independently. In one dimension, the roughness
exponent α can be computed by means of the fluctuation-dissipation theorem [4, 9].
We start by considering a general Langevin equation

∂th = G(h) + η(t) (3.17)
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for every position 0 ≤ x < L, and associate it with a Fokker-Planck equation which
describes the time evolution of the probability that the interface reaches a certain
height at each position. Details can be found in [4]. One can then find a probability
distribution which is a solution of the Fokker-Planck equation and deduce that the
shape of the interface is exactly a Brownian motion. As a consequence, α = 1/2, and
following eq. (3.16), we get z = 3/2 and β = 1/3. This way, we have obtained the exact
critical exponents of the KPZ equation for d = 1. Similarly, for the one-dimensional
Burgers equation one gets α = −1/2 and z = 3/2.

It is important to remark that the use of the fluctuation-dissipation theorem is not
possible in higher dimensions, and thus the determination of the critical exponents
requires more laborious methods for d > 1. One of the most successful tools in
that sense is the dynamic renormalization group (DRG) approach, which provides a
systematic approximation of the large-scale behaviour of the system. It is based on an
iterative solution in Fourier space in terms of Green functions with a coarse-graining
stage to eliminate small scales and a later rescaling [31]. The critical exponents are
then obtained from the so-called flow equations in the form of a perturbative expansion
series.

In recent years, multiple authors have presented alternative analytical methods
for obtaining the critical exponents of the KPZ equation or other equations of the
same universality class, which present the same set of scaling exponents, such as di-
rected polymers in random media or asymmetric simple exclusion processes. Some of
these problems, as well as the KPZ equation under certain initial conditions, admit a
complete, exact analytical solution [22]. One prominent example is the study of the
fluctuations of the particle flux for discrete time (dTASEP, discrete totally asymmetric
simple exclusion process) carried out by K. Johansson, which reveals the close relation
between the KPZ universality class and the theory of random matrices [19]. A review
on the most basic analytical results about the KPZ equation can be found in [29].

3.3 Numerical integration of the stochastic equation with un-
correlated noise

As we have seen, a lot of effort has been put into the KPZ equation with uncorrelated
noise since it was first proposed in 1986. Specifically, the one-dimensional case is well
understood analytically: not only the exact values of the critical exponents are known,
but the solution h(x, t) has also been determined.

The aim of this section is to compare our numerical simulations with the exist-
ing analytical results. By doing so, we shall check that our numerical method, which
proved to be successful for integrating the deterministic Burgers equation, is equally
valid for the stochastic Burgers equation. Moreover, we use different techniques for
measuring the critical exponents, that will become important in Chapter 4 when com-
puting them for different correlation intensities.

Just as we did with the deterministic equation, we consider again the discretization
of the system described in Section 1.3. We will compare systems of sizes between
L = 128 and L = 8192. In this case we will set the initial condition u(x, 0) ≡ 0, i.e.
we start from a flat interface h(x, 0), following the definition of the scaling exponents
in Section 1.2. Regarding the coupling constant λ, we shall analyse simulations for
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λ = 4 and λ = 8. Both values are small enough to ensure the numerical stability
of the simulations, while they provide an interesting comparison of the transitions
through different growth regimes explained in Section 3.1, as we shall see. Under these
conditions, eq. (3.3) is integrated using the numerical scheme explained in Section 1.3,
and the observables defined in Section 1.2 were computed at a conveniently chosen set
of times for both the field u(x, t) and its primitive field h(x, t) =

∫
u(x, t)dx. We next

present the obtained results.
The time evolution of the surface roughness is depicted in Fig. 3.1 (λ = 4) and Fig.

3.2 (λ = 8). Several regions with different slopes β are present, corresponding to the
time scales in which the different growth regimes dominate. The system spends the
first few time steps in the random deposition regime, with a slope β = 0.44 in both
cases, before switching to a region of slower growth. The presence of three regimes
can be clearly seen in Fig. 3.1 for the system with λ = 4. The roughness grows at
a rate β = 0.26 until t ≃ 102, while a slope β = 0.30 is measured for larger times.
As we predicted, the growth exponents suggest that the system goes through the EW
regime first and then into the asymptotic KPZ regime. We notice that the values of
the exponents are not exact, since the transition between regimes is smooth and thus
the observed behaviour does not correspond purely to any of them. This way, the
exponent related to random deposition is smaller than the theoretical one, whereas
the measured EW and KPZ exponents are closer to each other in comparison with the
expected values 1/4 and 1/3.

Figure 3.1: Time evolution of the surface roughness W (t, L) for systems of different lateral
sizes for λ = 4. The dashed lines show the slopes of the linear fits in the most representative
regions. A logarithmic scale is used in both axes.

Similarly, the system with λ = 8 represented in Fig. 3.2 does not properly enter the
EW regime, but rather a transition zone leading to an earlier and more characteristic
KPZ behaviour as the non-linear coefficient dominates. The roughness describes a
concave curve of increasing slope which stabilizes between t = 10 and t = 102. The
slope between this point and the saturation time of the largest system is β = 0.32.
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Figure 3.2: Time evolution of the surface roughness W (t, L) for systems of different lateral
sizes for λ = 8. The dashed lines show the slopes of the linear fits in the most representative
regions. A logarithmic scale is used in both axes.

This value is closer to the exact β = 1/3, that would be achieved at long time scales
for larger systems than the ones we simulated, or alternatively using a larger λ. High
computational cost and numerical instabilities have not allowed us to do so.

Figure 3.3: Saturation values Wsat of the surface roughness for lateral sizes between L = 128
and L = 4096 using the data of Fig. 3.1 (λ = 4, left panel) and Fig. 3.2 (λ = 8, right
panel). The corresponding linear fits yield roughness exponents α = 0.494 ± 0.008 and
α = 0.499± 0.011, respectively.

Additionally, Figs. 3.1 and 3.2 allow to compute the roughness exponent α for both
coefficients. With this aim, we plot (Fig. 3.3) the saturation roughness for all sizes
except for the largest one (which does not clearly achieve saturation) and performed
a linear fit in each case. Since the theoretical prediction for the roughness exponent is
the same in both EW and KPZ models, it is not relevant whether a given size saturates
in one or another regime and we can consider all sizes at once. The measured slopes
are α = 0.494 ± 0.008 (λ = 4) and α = 0.499 ± 0.011 (λ = 8). Both results are
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consistent with the theoretical value α = 1/2 presented in Section 3.2. Note that
now we could use either Galilean invariance or the measured α and β to compute the
dynamic exponent z of the KPZ model. However, the system does not completely reach
the asymptotic KPZ regime and we cannot affirm that the Galilean symmetry holds
under these conditions, thus a more realistic estimation is to compute the quotients
α/β in each case, yielding z ≃ 1.67 for λ = 4 and z ≃ 1.56 for λ = 8.

Due to the fact that α is the same in the EW and KPZ regimes and that saturation
is achieved early for most sizes, we are able to obtain a direct and accurate measure
of α. In contrast, when the first clause is not satisfied, as it is the case for β and z,
the measured values are far less accurate. Similarly, determining α will prove harder
when we consider temporally correlated noise in Chapter 4.

Figure 3.4: Power spectral density Sh(k, t) of the height field for λ = 8 and L = 8192.
Starting at t0 = 0.04 (purple), each curve represents the PSD for a time 4 times greater
than the one below. The inset shows the collapsed data in the KPZ regime according to eq.
(1.14), using the exponents measured from the roughness evolution that lead to z = 1.56
and 2α+ 1 = 2.

As we argued in Chapter 1, another main observable in the study of kinetic rough-
ening processes is the structure factor or power spectral density. Given that our main
goal is the study of the critical exponents of the KPZ equation, we shall first focus on
the PSD of the λ = 8 system, which behaves closer to the asymptotic KPZ regime ac-
cording to the roughness evolution. Fig. 3.4 depicts the PSD Sh(k, t) of the L = 8192
system at increasing times, while the inset shows the collapsed data using the expo-
nents α and z measured before. We notice that all curves in blue (t ≳ 10) merge into
a single curve, matching the general behaviour in kinetic roughening described by Fig.
1.3. This suggests that the system enters the KPZ regime slightly earlier than consid-
ered before. Following eq. (1.16), the spectral roughness exponent αs can be measured
directly from the slope −(2αs+1) of the function Sh(k, t) at large t. Again, given that
the roughness exponent is the same in both growth regimes, the same slope should be
obtained in every curve. Therefore, we choose to measure over the upper curve and in
a region with a stable slope and enough data. The linear fit performed in that region
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yields αs = (0.51 ± 0.04), the uncertainty being due to the noise in the PSD for the
number of realizations done. This value is consistent with the exponent obtained from
the roughness evolution, as the inset confirms, since the horizontal shape in the upper
part ensures that the relation α = αs holds. We conclude that the scaling corresponds
to the Family-Vicsek class.

Figure 3.5: Power spectral density Su(k, t) of the velocity field for λ = 8 and L = 8192.
Starting at t0 = 0.04 (purple), each curve represents the PSD for a time 4 times greater
than the one below. The inset shows the collapsed data in the KPZ regime according to eq.
(1.14), using α = −1/2 and again z = 1.56.

The results obtained from the analysis of the PSD of the velocity field, Su(k, t),
do not differ much as compared with those for KPZ. We plot again the case λ = 8 in
Fig. 3.5. The shape observed matches the one expected when considering eq. (1.14)
with α = −1/2, and this is confirmed by the measured value αs = −0.50± 0.02. The
collapsed data exhibit the same behaviour as the ones depicted in Fig. 3.4.

Alternatively, the PSD in the case λ = 4 allows to distinguish the two growth
regimes more clearly by collapsing the data with different scaling exponents. This is
done in Fig. 3.6: the pink curves merge into a single curve for z = 1.92, while the blue
curves do in turn for z = 1.67. The spectral roughness exponent is measured the same
way as before, yielding αs = (0.52 ± 0.04), which is also in this case compatible with
the global exponent α.

While the information given by the PSD of the height field and the velocity field are
comparable, the study of the roughness of the field u(x, t) is not that interesting. Since
α < 0 (and thus also β), these exponents lose their physical meaning and cannot be
obtained from the roughness evolution, which shows in fact to be independent (plots
not shown) of the size of the system in our simulations.

In the final part of this section, we shall check the properties of the height distri-
bution of the systems that we have simulated. As we saw in Chapter 1, we expect
the height distribution to present a different shape in the random deposition and EW
regimes than in the proper KPZ regime. Indeed, the theory predicts a Gaussian dis-

32



Figure 3.6: Power spectral density Sh(k, t) of the height field for λ = 4 and L = 8192.
Starting at t0 = 0.04 (purple), each curve represents the PSD for a time 4 times greater
than the one below. The insets show the collapsed data in the EW (left) and KPZ (right)
regimes, using the exponents measured from the roughness evolution, which lead to z = 1.92
and z = 1.67, respectively, while 2α+ 1 = 2 in both cases.

tribution in the first cases and a Tracy-Widom distribution later, which turns back to
Gaussian once the system reaches saturation.

Figure 3.7: Snapshots of the height field of the L = 2048, λ = 8 system at times t = 10−1 (left
panel) and t = 102 (right panel), together with their up-down mirror reflections, allowing to
study the up-down symmetry of the system at different times.

Taking Fig. 3.4 as a reference for the time scales, we plot in Fig. 3.7 the inter-
face morphology h(x, t) for λ = 8 of the highly non-linear L = 2048 system at times
t = 10−1 (random deposition-EW regime, left panel) and t = 102 (KPZ regime, right
panel). For better detecting how symmetric the distributions are, we also plot their
up-down mirror reflections −h(x, t). We notice that the snapshot at t = 10−1 shows
a seemingly symmetric distribution, essentially indistinguishable from its mirror re-
flection. In contrast, one can appreciate at first sight that the height field and its
reflection at t = 102 are different morphologies.
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Figure 3.8: Time evolution of the skewness S of the height field for λ = 8 and several lateral
sizes L. The dashed lines show the theoretical values of the skewness of the Gaussian (red)
and TW (black) distributions. The scale in the horizontal axis is logarithmic.

In order to get quantitative evidence, Fig. 3.8 depicts the time evolution of the
skewness of the height field S(L, t), defined in eq. (1.3), for several sizes and λ = 8.
Now, we notice that the skewness is essentially zero at early times and then grows
steadily until stabilizing around the characteristic value of the TW distribution for
every size L, showing a universal behaviour in accordance with the predictions. The
values decrease again as the systems with different sizes reach the saturation regime,
where the height distribution becomes Gaussian again. Supporting the results in Fig.
3.4, we appreciate that the smaller systems barely visit the KPZ regime, whereas
the largest ones do spend quite some time in it. In turn, Fig. 3.9 allows to confirm
that the distribution in the intermediate times is in fact a TW distribution. We plot
the empirical probability distribution function of the L = 2048, λ = 8 system at time
t = 102 averaged over 500 realizations. We observe that the shape of the PDF matches
the theoretical TW distribution function, namely exhibiting a remarkable asymmetry,
contrary to the Gaussian distribution.

To summarize, we have successfully integrated the stochastic Burgers equation with
the numerical scheme described in Section 1.3, using uncorrelated uniform noise with
zero mean and unit variance. Under these conditions, the method proves to be stable
for a time step ∆t = 0.01, for both values λ = 4 and λ = 8 of the coupling parameter.
We expected to simulate the evolution of KPZ systems by integrating the field u(x, t)
resulting from the Burgers equation and thus obtaining h(x, t). This has been achieved
and the results match the theoretical predictions and previous numerical results for the
KPZ equation: multiple regimes (random deposition, EW and finally KPZ) are visited
by the system before reaching saturation, while the evolution of the surface roughness
follows eq. (1.11) with the expected exponents, the discrepancies being explained by
the mixing between regimes. In addition, the PSDs of both fields h and u and the
exponents extracted from them are in accordance with eq. (1.14), showing that the
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Figure 3.9: Empirical probability distribution function of the fluctuations of the L = 2048,
λ = 8 system at t = 102 averaged over 500 noise realizations. The dashed line represents the
theoretical probability distribution.

system obeys the Family-Vicsek description with the KPZ exponents. Lastly, we have
checked that the distribution of the height field presents up-down symmetry first, as
expected for the random deposition and EW regimes, but becomes an asymmetric TW
distribution in the intermediate times, following the KPZ behaviour, before turning
back to Gaussian in the saturation regime.

The next step is to use a similar integration method to extend these results to the
stochastic Burgers equation with long-range temporally correlated noise. Chapter 4 is
dedicated to this, with the main goal of studying how the critical exponents evolve as
temporal correlations become stronger.
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4 The stochastic Burgers equation with correlated

noise

In the previous chapter, we have integrated the stochastic Burgers equation with a
conserved, uncorrelated noise term, that is, the value of the noise at a given position
and time and the values at surrounding positions and previous and following times
present no statistical correlation. This assumption is an idealization of real physical
systems, which generally exhibit both spatial and temporal correlations, at least in
small scales [35]. Interestingly, the uncorrelated KPZ equation turns out to be a fairly
good approximation to describe systems exhibiting short range correlations, given that
the critical exponents are barely different from the uncorrelated case in these systems,
as multiple studies have shown [1, 26]. Nonetheless, some relevant systems in the
KPZ universality class can present long-range correlations, such as turbulent systems
in the inertial range (spatial correlations) [39] or self-gravitating Newtonian fluids in
the study of the matter distribution in the Universe (temporal correlations) [5]. In
addition to modelling these systems, a study of the KPZ equation with long-range
correlations provides a description of the transition from the uncorrelated (or weakly
correlated) to the strongly correlated regime, suggesting the existence of a threshold
correlation scale above which the critical exponents change drastically, as we shall see
next.

The effects of long range correlations in the KPZ equation were first studied by
E. Medina et al. [26], who proposed a description by means of the following noise
correlator in the Fourier space (again considering just the one-dimensional case):

⟨η̂(k, ω)η̂(k′, ω′)⟩ ∝ k−2ρω−2θ, (4.1)

where ρ, θ ∈ [0, 1/2) are quantifiers of the spatial and temporal correlations, respec-
tively. The system behaves as an uncorrelated system when ρ = θ = 0. Given the
absence of an intrinsic length scale in the problem, several correlation functions yield
the above expression in the limit of low frequencies in Fourier space, for instance

⟨η(x, t)η(x′, t′)⟩ = 2|x− x′|2ρ−1|t− t′|2θ−1. (4.2)

Multiple studies have addressed the case of the KPZ equation with spatially cor-
related noise, i.e. taking the limit θ → 0 in eq. (4.2). The work by Medina et al. [26]
itself included a renormalization group analysis for determining the critical exponents
for ρ > 0, observing two distinguished regimes. Indeed, for correlations below a cer-
tain threshold ρc, they recovered the short-range (ρ = 0) critical exponents, proving
that the KPZ equation with uncorrelated noise is a good approximation in these cases.
Above this limit, they found the following expressions for the critical exponents

z(ρ) =
3− 2ρ

3
, α(ρ) =

3 + 2ρ

3
. (4.3)

We notice that the Galilean invariance still holds, as α(ρ) + z(ρ) = 2 for all ρ. Later
analytical and numerical studies have supported these results, for instance [21] and
[28], to cite one of each.

In contrast, as already pointed out by Medina et al. [26], the case of temporally
correlated noise is more complex, and literature on this problem has remained more
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uncommon. Their work suggested the presence of two regimes separated by a threshold
value θc = 1/6, with the exponents remaining similar to the uncorrelated case for
θ < θc. However, they realized that the Galilean invariance of the system is lost above
the threshold, meaning that simple relations for the critical exponents like (4.3) cannot
be found. Moreover, it has been recently shown [1, 35] that the Family-Vicsek scaling
relation does not describe the system anymore as anomalous scaling emerges, whose
features had already been described by J. J. Ramasco et al. [30] as we detailed in
Chapter 1.

After getting the expected results when applying our integration scheme to the
deterministic equation and the stochastic Burgers equation with white noise, our goal
now is to study long-term temporally correlated noise, in order to obtain a new set
of numerical values for the critical exponents in the range θ ∈ (0, 1/2) that can be
compared with previously published results. Before presenting our simulations, we
carry out a brief overview of the recent analytical and numerical studies on this topic.

4.1 Existing results on long range temporal correlations

We start by considering two limit models for which the critical exponents are known
and give some hints about the KPZ equation with temporally correlated noise. As we
did in Chapter 3, we first study the linear case (λ = 0), for which the exact critical
exponents in terms of θ can be derived. Next, we present the results of studies which
addressed the limit θ = 1/2 by considering columnar noise (i.e. constant in time,
η(x, t) ≡ η(x)). This should give us an idea on how the system behaves under very
strong correlations, in contrast with the analysis carried out Chapter 3 corresponding
to the case θ = 0. We will then aim at obtaining values in the intermediate region
between these limit cases.

4.1.1 Edwards-Wilkinson equation with correlated noise

In their celebrated work, Medina et al. already gave the expression for the dependence
of the critical exponents on the correlation quantifiers, based on simple dimensional
analysis, even though their reasoning imposed a restriction on the dimension of the
system and could not particularly be applied to d = 1 [26]. Later approaches confirmed
the validity of the relation in any dimension, which reads for d = 1

z(ρ, θ) ≡ 2, α(ρ, θ) = 1/2 + ρ+ 2θ. (4.4)

In particular, in the absence of spatially correlated noise, we expect α(θ) = 1/2 + θ.
Nevertheless, anomalous scaling had not been suggested in the first studies on long

range correlations, and it emerged both analytically and numerically in the work car-
ried out by A. Alés and J. M. López [2]. Specifically, they identified super-roughness,
by noticing that the roughness exponent of the velocity field u = ∂xh becomes positive
when ρ+2θ = 1/2. This leads to a rough velocity field and a separation of the so-called
local roughness exponent and the global exponent α at this threshold, which is found
at θc = 1/4 if ρ = 0. We omitted the details of this kind of anomalous scaling since we
shall focus on studying intrinsic anomalous scaling in KPZ. However, we highlight the
existence of a threshold marking two regions with different scaling relations, which we
will find again when studying the KPZ equation.

37



4.1.2 KPZ equation with columnar noise

The KPZ equation with columnar noise models a system for which the noise term
takes a fixed value at each position for all times, while being uncorrelated from site to
site. In other words, the differential equation ruling the process is

∂th = ∂2
xh+

λ

2
(∂xh)

2 + η(x), (4.5)

where η satisfies the correlation relation

⟨η(x)η(x′)⟩ = 2δ(x− x′). (4.6)

This problem has major relevance on its own as it can be directly mapped, by perform-
ing the Cole-Hopf transformation from Chapter 2 backwards, to the diffusion equation
of a classical field Φ in the presence of random spatially distributed traps and sources
[36]. Regarding our problem, columnar noise is equivalent to setting θ = 1/2 in eq.
(4.2) and thus considering independence of the correlator on time. We should then
expect the values of the critical exponents to approach the ones from eq. (4.5) as θ
grows towards 1/2.

I. G. Szendro et al. carried out a numerical integration of eq. (4.5) and observed
the formation of facets in the resulting interface, due to the exponential profile of
the field Φ around localization centers, which transforms into a straight line under
the Cole-Hopf transformation [36]. Noticeably, the KPZ with columnar noise also
showed anomalous scaling induced by the faceted pattern. In this case, the authors
measured the values α = 1.07 ± 0.05 and αs = 1.5 ± 0.05 for the global and spectral
roughness exponents, respectively, showing that this kind of systems exhibits intrinsic
anomalous scaling. In addition, they obtained z = 1.15 ± 0.05. The results were in
perfect agreement with the previous theoretical predictions [27, 30].

4.1.3 KPZ equation with correlated noise

The effects of long term correlations in the complete KPZ equation should describe
the evolution of the critical exponents in the range between the limit values θ = 0
and θ = 1/2 that have already been discussed. However, while the the dependence
α(θ) is linear in the EW model, a different evolution is expected in KPZ as the critical
exponents remain essentially for small correlations.

As discussed above, the behaviour below the threshold θc = 1/6 was described
in the ground-breaking work of Medina et al. [26], who furthermore suggested the
approximation

α(θ) =
1 + 4θ

3 + 2θ
, z(θ) = 2− α(θ) (4.7)

for θ close above that point by neglecting the effects of the violation of Galilean
invariance, and the relations

α(θ) = 1.69θ + 0.22, z(θ) =
2α(θ) + 1

1 + 2θ
(4.8)

for θ ∈ (θc, 1/2), obtained by solving numerically the flow equations given by DRG ap-
proach. Different analytical techniques have been developed since in order to estimate
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the evolution of critical exponents, but the results do not perfectly agree with each
other, some suggesting a different scenario with a smooth dependence on θ and no
threshold, such as the self-consistent expansion (SCE) developed by E. Kaztav and M.
Schwartz [21]. In the quest of clarifying the issue, a recent work by D. Squizzato and
L. Canet [35] carries out a non-perturbative renormalization group approach which
supports the existence of a threshold value θc.

On the numerical side, one of the most successful attempts can be found in the
work by A. Alés and J. M. López [1]. They simulated both the KPZ equation and the
ballistic deposition model, which lies within the KPZ universality class in the absence
of correlation, with correlated noise for multiple θ ∈ (0, 1/2). Interestingly, their results
show a smooth dependence α(θ), but a different threshold index θth ≃ 0.25 does also
play a role as it marks the point where intrinsic anomalous scaling begins to be noticed,
in accordance with the predictions in the θ → 1/2 limit following the study of the KPZ
equation with columnar noise. Additionally, they observed the formation of faceted
patterns in the height profile above a similar threshold, which was also spotted in the
columnar noise limit. While none of these phenomena had been predicted by DRG
techniques in the past, Squizzato and Canet obtained analytical results leading to a
similar dependence on θ of the difference α− αs in [35].

Another unanswered question on this topic is whether the KPZ universality class
is preserved when long term temporal correlations are considered, that is, whether
systems within the KPZ universality class exhibit the same critical exponents as the
KPZ model for large θ. Our numerical simulations of the Burgers equation will help
elucidate this matter, by directly comparing our results with the integration of the
KPZ equation performed in [1]. Moreover, if the answer is positive, we will provide
another set of values of the critical exponents for several θ, increasing the statistical
relevance of the numerical data describing the dependence α(z).

4.2 Numerical integration of the stochastic equation with cor-
related noise

The numerical analysis of the Burgers equation with correlated noise that we present
here is not as complete as some of the aforementioned published works, since correctly
measuring the critical exponents for a representative set of θ would have required more
time than available. There is still work in progress as this project extends beyond the
results shown here and we expect to obtain significant data in the coming future.

Nonetheless, we were able to compute the critical exponents for a set of nine equally
spread θ ∈ (0, 0.5). The relatively low statistical significance of our data do not let
us assure the wished accuracy in the results, especially for large θ, but they serve
as approximations allowing to discuss the behaviour of correlated systems. In turn,
we study in detail the cases θ = 0.20 and θ = 0.45, which show the characteristic
behaviour of each of the two regions separated by the threshold θc, that we find to be
around 0.25.

We use once again the discretization described in Section 1.3 and a flat initial
condition. One of the effects of correlations below the threshold is delaying the entrance
of the system in the asymptotic KPZ regime, therefore we set λ = 8 throughout
this section in order to ensure that we observe non-linear features. The numerical
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integration followed the numerical scheme in Section 1.3, the correlated noise being
generated through the method explained in Section 1.3.2. As a consequence of the
introduction of correlated noise and large non-linearity, the numerical stability was
compromised, and a larger ∆t = 10−3 is used. Just as in Chapter 3, the relevant
statistical observables corresponding to both fields u(x, t) and its primitive h(x, t) are
measured.

We start by considering the system θ = 0.20. Fig. 4.1 shows the time evolution of
the surface roughness for systems of multiple sizes. Given that we now expect different
roughness exponents in the EW and the KPZ regimes, we focus on sizes L ≥ 512. This
is because saturation in smaller sizes takes place earlier and the system does not clearly
enter the KPZ regime before saturating, as we wish in order to measure the correct
critical exponents. Likewise, we measure the growth exponent β only in the asymptotic
region. Nonetheless, we observe again the presence of a first random deposition stage
followed by the dominance of the linear regime, which grows at a rate compatible with
the predicted β = α(θ)/z = 0.45 for θ = 0.20 according to eq. (4.4). The slope in
the asymptotic region stabilizes at β = 0.31. Regarding the roughness exponent, we
measure α = 0.51±0.03 with larger uncertainty than in the uncorrelated case because
less sizes can be considered now.

Figure 4.1: Time evolution of the surface roughness W (L, t) for systems of different lateral
sizes with θ = 0.20. The dashed line shows the linear fit in the asymptotic KPZ regime. A
logarithmic scale is used in both axes.

As we see, for θ = 0.20 the main critical exponents are not noticeably different
from the ones we measured in Chapter 3. The analysis of the PSD shown in Fig. 4.2 is
consistent with these results. Using the same technique as in Section 3.3, we measure
αs = 0.49 ± 0.04, meaning that the global and the spectral roughness exponents are
the same within the margin of uncertainty. This is confirmed as the upper part of the
collapsed curves in the inset, which has slope α−αs according to eq. (1.17), is essentially
horizontal. Thus, for this correlation strength the system belongs to the Family-
Vicsek class just as the uncorrelated systems. We later discuss the results obtained
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Figure 4.2: Power spectral density Sh(k, t) of the height field for L = 8192 and θ = 0.20.
Starting at t0 = 10.24 (purple), each curve represents the PSD for a time 4 times greater
than the one below. The inset shows the collapsed data using the exponents measured from
the roughness evolution, leading to z = 1.65 and 2α+ 1 = 2.02.

for different θ, which show a similar behaviour for θ ≤ 0.20, with α ≈ αs ≈ 0.50, as
Fig. 4.5 (left panel) shows.

Figure 4.3: Time evolution of the surface roughness W (L, t) for systems of different lateral
sizes with θ = 0.45. The dashed line shows the linear fit in the asymptotic KPZ regime. A
logarithmic scale is used in both axes.

In contrast, different results are observed when correlations are strong. The evo-
lution of the surface roughness for θ = 0.45 is depicted in Fig. 4.3. Once again, the
slope goes through different values marking the multiple regimes in the evolution of
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the system, being compatible with the expected values β = 1/2 and β = 0.70 respec-
tively in the random deposition and EW regimes. The slope in the asymptotic region
is β = 0.92. In turn, we measure the global roughness exponent α = 1.05± 0.03.

Figure 4.4: Power spectral density Sh(k, t) of the height field for L = 8192 and θ = 0.45.
Starting at t0 = 10.24 (purple), each curve represents the PSD for a time 4 times greater
than the one below. The inset shows the collapsed data using the exponents measured from
the roughness evolution, leading to z = 1.12 and 2α+ 1 = 3.10

The power spectral density of the height field in the L = 8192 system is shown
in Fig. 4.4. In this case, the aspect of Sh(k, t) for different times radically differs
from the standard behaviour in kinetic roughening from Fig. 4.2, as the curves shift
with time for large k. The spectral exponent is measured over the curve with longest
time, yielding αs = 1.28 ± 0.06. Thus, we obtain different values for the global and
the spectral roughness exponent, meaning that intrinsic anomalous scaling rules the
system. This is also seen in the inset, which depicts the collapsed data using α = 1.05.
Following eq. (1.17), the non-zero slope at large kzt shows that α ̸= αs.

Thus, the obtained results in the two selected systems, with θ = 0.20 and θ = 0.45,
are fairly in accordance with the ones expected: the first system belongs to the Family-
Vicsek scaling class but the second one does not, as intrinsic anomalous scaling is
observed. Likewise, the critical exponents in the first case are similar to those from
the uncorrelated KPZ equation, while great differences are observed for θ = 0.45.

The analysis of the critical exponents over the range θ ∈ [0, 0.5) is depicted in Fig.
4.5. For each correlation index θ, we followed a similar procedure as in the two cases
above: the growth exponent β and the global roughness exponent α were measured
from the time evolution of the surface roughness, while the spectral exponent was
measured independently from the PSD of the largest size L = 8192 in each case. The
dynamic exponent was computed as z = α/β.

Our results suggest the existence of a threshold index θc ≃ 0.25. Below this
value, the critical exponents vary very slowly with θ from the ones of KPZ with
uncorrelated noise. This behaviour is in accordance with the renormalization group
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Figure 4.5: Global α and spectral αs roughness exponents (left panel) and dynamic z and
growth β exponents (right panel) for the different correlation indices θ considered, including
the data from Chapter 3 for θ = 0. We show as well the dependencies predicted using DRG
[26] and SCE [21], whereas the inset shows the difference α − αs. In all cases, the critical
exponents of KPZ with columnar noise [36] are shown at θ = 0.5 in order to display the
expected limit.

analyses performed in [26] and [35], however the value that we get is noticeably larger
than their θc = 1/6. Various explanations can be given for this disagreement. On
the one hand, the renormalization group approach is an approximation based on a
perturbative series expansion. Hence, this technique does not necessarily provide a
fully correct description of real systems. On the other hand, the detailed analysis of
the case θ = 0.30, not shown in this work, can also give a hint on the issue. The
study of the surface roughness using this correlation index shows that small systems
still belong to the Family-Vicsek scaling class, whereas large systems already exhibit
features corresponding to strong correlations. This suggests that the threshold index
depends to some extent on the lateral size L, and therefore it is reasonable that the
finite systems that we simulated present a different threshold when compared with the
ideal solutions derived by means of renormalization group techniques in the infinite
size limit.

Conversely, some of our results are different from those observed in [1], which
describe smooth increasing functions α(θ) = αs(θ) for small θ, yielding for instance
α ≃ 0.6 for θ = 0.20. This value does not lie within our uncertainty region for that
correlation index. Likewise, similar accuracies in our results for θ < 0.25 lead to
conclude that our results below this threshold disagree with the ones obtained in [1]
by integrating the KPZ equation. This difference possibly comes from the fact that
the integration method used in that work involves an approximation in order to ensure
numerical stability, while our discretization scheme does not. These issues need to be
explored futher.

Due to longer saturation times and noisier PSD curves, the points with θ > 0.25
present larger uncertainties than the ones below the threshold, especially in the range
[0.3, 0.4]. Despite that, the trend observed in this region is again in accordance with
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previously published results. Our results show the splitting of the exponents α and
αs suggested in [1] and later supported by [35]. A raw analysis of the inset in Fig. 4.5
would set a threshold θth ≃ 0.30, again slightly shifted with respect to the previously
published result θth ≃ 0.25. Nevertheless, the strong fluctuations in our data do not
allow to confirm this disagreement. Faceted patterns have been observed as well above
θth, as Fig. 4.6 depicts.

Figure 4.6: Snapshot of the height field at t = 5 · 103 in the L = 512 system with θ = 0.45,
showing the formation of faceted patterns above θth.

Furthermore, the points corresponding to the roughness exponent α seem to match
the prediction of the DRG analysis in [26] for θ ≥ 0.35, but this is not the case with
the exponent z (and therefore the dependent β). Previous studies [21, 35] have already
shown this disagreement, proving the limitations of the DRG approach. Actually, we
can see that the DRG prediction does not even agree with the expected columnar noise
limit for these two exponents, while smooth prolongation of our results reach those
values in all cases. Even more troublesome is the fact that existing renormalization
group approaches do not even contemplate the existence of faceted patterns. Likewise,
the SCE approximation provides a closer description of the dynamic exponent z, but
lies considerably far from our data in the cases of α and β, especially in the region
close to θ = 1/2. In turn, our simulations do not allow though to manifestly detect
the breakdown of Galilean invariance, since the fluctuations of our measurements are
comparable to the magnitude α + z − 2 after breaking.
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5 Conclusions

In this work we carried out a numerical study of the one-dimensional stochastic Burg-
ers equation as a model describing surface dynamics out of equilibrium. Indeed, the
stochastic Burgers equation with conserved noise results from taking the spatial deriva-
tive in the celebrated KPZ equation, one of the paradigmatic models in non-equilibrium
physics. Specifically, we were keen on analysing the effects of long-range temporally
correlated noise on the Kardar-Parisi-Zhang equation. With this aim, we first inte-
grated simpler versions of the problem, starting with the deterministic Burgers equa-
tion in Chapter 2 and following with the stochastic Burgers equation with uncorrelated
noise in Chapter 3. These instances allowed us to check the integration method and
refine the measurements that we wished to perform in Chapter 4, which addresses the
case of temporally correlated noise.

The deterministic Burgers equation that we studied in Chapter 2 is an approxi-
mation of the Navier-Stokes equation, and thus is mostly used in the study of fluids.
We were able to identify the main characteristics of this model and understand their
relation with initial conditions and viscosity. Specifically, we observed the formation of
shocks when the so-called characteristic lines cross each other, leading to a decay law
in the effective energy. Our numerical scheme proved to be fairly stable for this equa-
tion, showing some sharp edges in the low viscosity case as a result of the emergence
of shocks.

Our next step was to consider the stochastic Burgers equation with conserved, un-
correlated noise in Chapter 3. We integrated the equation in order to get the velocity
field u(x, t) and then the primitive field h(x, t), so that our results can be compared
to the direct integration of the KPZ equation on the field h. Our simulations show
the well-known features of systems within the KPZ universality class. The time evo-
lution of the surface roughness exhibits the shape expected by the general theory of
kinetic roughening. We detected that systems of different lateral sizes visit the random
deposition and the Edwards-Wilkinson regimes before reaching the asymptotic KPZ
state. Actually, the measured critical exponents show that the systems that we simu-
lated saturate before fully leaving the linear EW regime. Longer computational times
would have allowed us to consider larger sizes and thus better identify the asymptotic
behaviour. The analysis of the PSD showed that the global and spectral roughness
exponents coincide, in agreement with the Family-Vicsek scaling relation. Moreover,
we saw that the probability distribution of the height field is up-down asymmetric
during the asymptotic growing regime, as it follows the Tracy-Widom distribution,
and then becomes symmetric in the saturation phase.

Lastly, Chapter 4 was dedicated to extending the integration method to the stochas-
tic Burgers equation with long-range correlated noise, with the main goal of studying
how the critical exponents evolve as temporal correlations become stronger. In this
way, we numerically integrated the stochastic Burgers equation with correlated noise
for a range of correlation indices θ equally spaced in the range (0, 0.5). We showed the
existence of a threshold index θc that marks a drastic change in the critical exponents
of the correlated systems. Indeed, below θc we find that critical exponents are essen-
tially the same as in the uncorrelated case, while notably different values are obtained
above θc. In addition, we observed the emergence of intrinsic anomalous scaling at an
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apparently different threshold index θth, meaning that the solutions do not belong to
the Family-Vicsek class anymore above that point. The results for strong correlations
are consistent with the expected values in the limit θ = 1/2 corresponding to the KPZ
equation with columnar noise.

Overall, our results provide a good description of the problem. They coincide
with previously published studies on the problem in most qualitative features, while
they agree only partially in quantitative aspects, some values showing a noticeable
disagreement with the existing predictions. Future work under this approach should
focus on obtaining more accurate values for the critical exponents and measuring
them over a denser set of θ, namely giving a detailed description of the dependence
close to the thresholds θc and θth. This would also allow to determine whether their
values are the same or not, since the precision of our results is not enough to resolve
this. Furthermore, we remind that there are very few aspects in which all the existing
literature on the problem agrees. Given the lack of an exact solution, analytical studies
rely on different approximations that manage to describe some of the observed features
but fail in others. For this reason, there is still a lot to be done in the understanding
of the effects of temporally correlated noise in the KPZ equation.

The results shown here are part of a project that extends beyond this work and
aims at simulating other correlated equations whose uncorrelated versions lie within
the KPZ universality class, such as the ballistic deposition model or directed polymers
in random media. In this way, we head towards the ultimate goal of comparing the
data collected from the different systems and shedding some light on this problem.
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