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S4o Pauio, 20 de cutubro de 2017.

O Prof. Carlos Eduardo Fiore dos Santos ministrou as disciplinas “Fisica | para a Escola
Politécnica” e “Fisica IV para a Escola Politécnica” em 2016 e 2017. Publicou 7 trabalhos em
periddicos indexados relevantes na sua drea de pesquisa e tém ainda outros dois manuscritos
em preparacéo. Concluiu uma orientacdo de mestrado (cujos resultados foram publicados na
revista Physical Review E) e esta orientando um estudante de mestrado, um de doutorado e um
de iniciagao cientifica. Participou também de diversas outras atividades académicas, além de ser
membro do conselho de departamento.

Considero assim, o relatério de atividades para o seu estagio probatéric em RDIDE
aprovado, tendo sido seu desempenho excelente, assim como seu projeto de pesquisa para o

préximo biénio.

Saoe Paulo, 20 de outubro de 2017
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RELATORIO DE ATIVIDADES
BIENIO 2016-2017
Prof. Dr. Carlos Eduardo Fiore.

Departamento de Fisica Geral, Instituto de Fisica da USP

1. Resumo das atividades de Pesquisa

Neste relatério farei uma breve descricdo das minhas atividades de
pesquisa desenvolvidas no presente perfodo {Novembro/15-outubro/17), no
qual se insere o presente projeto. Minhas atividades de pesquisa podem ser
agrupadas em 3 temas dentro da area de Fisica Estatistica: Algoritmos e
métodos para o estudo de transicbes de fase, Polimorfisrmo liquido,
anomalias e efeite hidrofébico em modelos estatisticos simplificados para a
agua e processos de reagdo e difusdo. No presente perfodo, atuei
principalmente no Gltimo tema e iniciei a pesquisa na area de sincronizacéo
em sistemas dinamicos, em colaboragdo com o Prof. Tiago Pereira {ICMC-
U5P) e Dr. Ralf Toenjes {Universidade de Potsdam-Alemanha). Esta
colaboracéo tem como objetive estudar a influéncia de ruido no modelo de
Kuramoto em grafos do tipo estrela e em estruturas mais complexas, dentre
elas redes do tipo Barabasi-Albert que ndo apresentam uma escala
caracteristica,

A primeira parte deste projeto de pesquisa refere-se as transicdes com
estados absorventes, Neste contexto, estudamos sob duas diferentes
frentes de pesquisa, o efeito de um ingrediente recém proposto: A
desordem temporal. Nesse caso, 0s parametros de controle variam com o
tempo {e ndo espacialmente). Resultados para o processo de contato
revelaram diferentes tipos de comportamento critico. Enquanto Mufioz e
colaboradores [Phys, Rev. Lett. 106, 235702 (2011)] sugerem um
comportamento critico usual (algébrico) com expoentes ndo universais,
Hoyos e colaberadores [Phys. Rev. E 94, 022111, (2016))] derivaram um
novo tipo de comportamento, com expoentes universais e compertamento
ndo algebrico no regime de desordem temporal “forte”. Na primeira frente,
no qual se inseriu o projeto de mestrado do estudante Carlos Mario Solano
(bolsa CNPq), investigarmos a desordem temporal num modelo com
transicéo critica. Verificamos por meio de simulacdes numéricas e analises
de campo médio que dependendo de como a desordem temporal é incluida,
o efeito no diagrama de fases é diferente. Enquanto deserdem inclufda nos
parametros de reacdo pode levar a uma supressdo da reentrancia (para
desordem uniforme), desordem incluida na difusdo a preserva. Andlise do
comportamento critico nos mostrou um comportamento critico similar ac
recém proposto por Hoyos e colaboradores. No entanto, no regime de



difusao suficientemente alta, a classe de percolagao direcionada parece ser
recuperada,

Na segunda frente, estudamos sey efeito em transicdes descontinuas com
estados absorventes, Este estudo teve como motivagao inicial um estudo
recente onde se mostrou (por meio de simulagdes numéricas) que a
desordem espacial destréi a transi¢ao descontinua, tornando-a critica e
similar ao caso das transi¢bes criticas na presenca de desordem espacial,
Mestramos, [Physical Review E 94, 052138, (2016)] que ao contrario do
caso espacial, desordem temporal nao profbe a ocorréncia de transicdes
descontinuas, embora a supressao da coexisténcia de fases tenha verificada
em alguns casos. Num trabalho subsequente, em colaboracdo com José A.
Hoyos e Marcelo M. de Qliveira desenvolvermnos uma teoria para transicdes
descontinuas na presenca de desordem temporal, Este trabalho estd em
fase de conclusdo e o artigo contendo os principais resultados ests sendo
finalizado.

A terceira frente tem como objetivo estudar o modelo de Kuramoto na
presenca de rufde em grafos do tipo estrela e redes sem escala, Ele é
constitufdo por N vértices nao interagentes entre si, denominado folhas e
um sitio central (hub) que interage individualmente com cada uma das
folhas, Para o caso puro (sem ruido), resultados mostram, tanto sob o ponto
de vista de cdlculo numérico quanto para a solu¢do exata, a existéncia de
uma transicao descontinua (explosiva) caracterizada pela existéncia de
bistabilidade para numa regido intermediaria de interagdo entre os
osciladores e 0 hub, Consideramos na primeira parte deste projeto o ruide
incluido somente nas folhas, somente no hub e em ambos. No primeiro
Caso, a presenca de ruido nas fothas destrol a sincronizagéo explosiva, inibe
uma sincronizagdo do sistema. Por outro lado, ruido somente no “hub”
favorece a sincronizacao, mesmo para interacdo suficientemente pequena,
Ambos os comportamentos e uma sincronizagdo explosiva aparecem
quando o rufdo incluido em todo sistema.

Na quarta parte deste projeto, ainda em andamento, considerei um novo
tema de pesquisa: Um estudo sobre a transicio descontinua no modelo do
votante majoritario (VM) com inércia. Originalmente, o modelo VM
apresenta uma transi¢éo continua, independentemente da topologia da
rede [J. Stat. Phys. 66, 273 (1992); Phys. Rev, E 91, 022816 (2015)]. Muito
recentemente (Phys. Rev. E 85, 042304 (2017)} descobriu-se gue na
presenga de inércia, isto €, um quando ha uma probabilidade de um dado
sitio permanecer no mesmo estado, a transi¢do torna-se descontinua com
histerese, similar a bistabilidade descrita anteriormente para o modelo de
Kuramoto, O presente estudo tem como primeiro objetivo a inclusio de
inércia parcial, isto é, quando apenas uma parte dos sitios (no presente caso
com maior grau) possui inércia.



2. Indicadores de Producao cientifica e académica no biénio
{(2016-2017)

No presente periedo (novembro-2015-outubro 2017) publiquei 7 artigos
cientificos e 2 estdo artigos estdo sendo finalizados.

*» M. M. de Oliveira, M. G. E. daLluz e C. E. Fiore, “Generic finite size scaling
for discontinuous nonequilibrium phase transitions into absorbing states”,
Physical Review E 92, 062126 (2015).

* M. M. de Oliveira e C. E. Fiore, “Temporal disorder does not forbid
discontinuous absorbing phase transitions, Physical Review F 94, 052138,
(2016).

* C. M. B. Solano, M. M, de Oliveira e C. E. Fiore, "Comparing the influence of
distinct kinds of temporal disorder in an one-dimensional absorbing
transition mode!”, Physical Review E 94, 042123, (2016).

* 5. Planegonda e C, E. Fiore, “Influence of competition in minimal systems
with discontinuous absorbing phase transitions”, Physica A, 451, 359,
(2016).

* K. Kramer, M. Koehler, C. E. Fiore e M. G. E, da Luz, “Emergence of distinct
spatial patterns in cellular automata with inertia”, Entropy 94, 042123
(2017).

* M. M. de Oliveira e C. E. Fiore, “Effects of diffusion in competitive contact
processes on bipartite lattices”, ). Stat. Mech. v. 2017, p. 053211, {2017),

« Pedro E. Harunari, M. M. de Oliveira e C. E. Fiore, “Partial inertia induces
additional phase transition in the explosive majority voter”, aceito para
publicagao no Physical Review E; arXiv: 1706.07465.

= C. E. Fiore, M. M, de Oliveira e }. A. Hoyos, “Discontinuous absorbing phase
transitions in the presence of temporal disorder”, em preparacao.

* Jesus M. Encinas, P. E. Harunari, M. M. de Oliveira e C. £, Fiore,
“Fundamental ingredients for the emergence of discontinuous phase
transitions in the majority vate model”, em preparaco.

Sou bolsista de produtividade do CNPq (nivel 1) desde 01/2010. As folhas de
rosto dos artigos supracitados encontram-se no material anexo.

3. Resumo dos principais resultados:

1. Physica A 451, 349 (2016). Abaixo mostramos o diagrama de fases
de uma versdo bidimensional do processo de contato, no qual 2
criagao requer pelo menos duas particulas para criar uma terceira (no



de fases abaixo, mostramos g influéncia da competicao com
inferagdo usual {uma particula para criacdo). Vemos gue taxas

refativamente pequenas de competicio la suprimem a coexisténcia
de fases.
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2. Physical Review E 94, 052138, (2016). A seguir comparamos o
comportamento do sistema puro (sem desordem temporal) com o
sistema desordenado. Note um comportamento simiiar, isto ¢ um
comportamento bi-estdvel, consistente com a coexisténcia de fases,
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de controle e difusdo, No primeiro caso, a desordem {quando introduzida por
mejo de uma distribuicdo uniforme) destréi o comportamento reentrante. Se
ela for introduzida Como uma distribuicdo bimodal {n&o mostrado agui) ou

se introduzida no parametro difusivo ela é aumentada,
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4. J. Stat. Mech. v. 2017, P. 053211, (2017).. Processo de contato em diferentes
sub-redes bipartidas na presenca de difusdo. Neste caso, cada sub-rede
tem uma taxa de criacdo diferente e um termo de aniquilacdo também
depende da densidade local. Estes dois ingredientes levam a0 surgimento
de uma fase ativa assimétrica, na qual cada uma das sub-redes tem
diferentes densidades de OCupagdo. Na presenca de difusdo Vemos que a
fase ativa assimétrica diminui até desaparecer numa difusio critica. Abaixo
resultados de campo médio simples {linhas vermethas) e simulacBes
numeéricas (simbolos). O comportamento critico ndo ¢ alterado pela difuséo,

ll\g

Transicées descontinuas com estados absorventes na presenca de
desordem temporal. Neste trabaiho, estendemos ¢ estudo anterior e
mostramos que de fato a presenga de desordem temporal ndo proibe a
ocorréncia de transicées descontinuas, embora ela provogue algumas
mudangas significativas. TransicSes descontinuas apresentam, conforme
mencionamos anteriormente, a bistabilidade. Este fato tem um papel
fundamental. Considere um dos parametros de controle (taxa de criacdo)
variar com o tempo, de forma que {por simplicidade) ele obedeca & uma
distribuicdo bimodal. Em outras palavras, o sisterna pode ter apenas dois
valores a medida que o tempo evolui. Se um dos valores estiver na fase
ativa com bistabilidade e outro na fase absorvente, mostramos que o
sistema decaird para a fase absorvente. Se um deles estiver na fase ativa
com bistabifidade e outro na fase ativa sem bistabilidade, mostramos que
no primeiro caso o sistema estard na fase com bistabilidade. No segundo
modelo, o comportamento do sistema bem como sua fase dependerd da
diferenca entre as taxas de criac3o.



Se um valor de A corresponder a fase ativa sem bistabilidade e outro na
abscrvente, no primeiro caso o sistema estara a fase absorvente, enquanto
que para o segundo modelo também dependerd da diferenca entre as taxas.
Abaixo, resultados para dois sistemas (o primeiro madelo foi estudado em
Physical Review E 94, 052138, {2016) e os novos resultados reforcam
aqueles mostrados anteriormente) na presenca de desordem temporal,
sendo a abcissa e ordenada o valor médio de A e a diferenca entre as taxas
de criacao &M, respectivamente. Aqui “mestastable” denota a fase que
apresenta bistabilidade e “active” a fase sem bistabilidade. Linhas
tracejadas e continuas correspondem a transicdes descontinuas e
continuas, respectivarnente.

Ag Y Y

6. Resultados para o modelo de Kuramoto na presenga de ruido, Temos um
sistema composto por uma colecd@o de osciladores com interacdo apenas
entre o sitio central e as folhas [Phys. Rev. E 82, 012904 (2015)] acrescido
de um ruido gaussiano. No primeiro e segundo graficos, resuitados para o
ruido introduzido apenas nas folhas. Vemos gue a medida que a intensidade
do ruido ¥ aumenta, a sincronizacao deixa de ser explosiva e é
desfavorecida {a partir de um valor limite de intensidade). Por comparacag,
linhas tracejadas correspondem ao resultado exato para o caso puro, Phys.
Rev. E 92, 012904. No segundo grafico, comparamos com céiculo semi-
analitico. Apesar da concordancia qualitativa, resultados numéricos
apresentam efeitos de tamanho finito (& medida gue o tamanho do sistema
aumenta, os resultados numéricos aproximams-se dos analiticos), Resultados
para ruido introduzido apenas no sitio central (nao mostrados aqui)
mostram um efeito contrario: o rufdo favorece uma sincronizacao do
sistema, mesmo para interacdo pequena,
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7. Modelo votante majoritéario (MV) com inércia. Recentemente proposto em
Phys. Rev. E 95, 042304 (2017) mostrou-se gue na presenca de inércia, a
transicdo ordem-desordem do MV torna-se descontinua. Na primeira parte
(em fase de conclusdo) mostramos que a presencga de inércia parcial
(somente acrescida nos sitios com mais vizinhos) provoca o aparecimento
de uma transiclo de fase adicional (curvas vermelhas), entre duas fases
sincronizadas quando a inércia for elevada. Curvas pretas e verdes
correspondem ao caso com restricdo pequena e elevada, respectivamente.
No primeiro caso a transicio é similar ao caso com inércia em todo sistema,
enquanto no segundo a transicdo é continua.
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4.Participacao em congressos e visitas cientificas

Participei do primeiro Encontro de Fisica 2016, ocorrido entre os dias 04 e
07 de setembro de 2016 em Natal (ES). Apresentel o trabalho {oral)
“Influence of temporal disorder in one dimensional absorbing phase
transitions”,

Participei da visita cientifica, entre os dias 24 de fevereiro e 10 de marco
(2017) e também entre os dias 1 e 13 de setembro (2017), na Universidade
de Potsdam, referente a colaborag¢éo cientifica com o Dr. Ralf Toenjes.
Também presentei dois seminérios, senda o primeiro para o grupo de Caos e
Sistemas Dindmicos da propria universidade e ¢ segundo seminario foi
apresentado na Universidade de Humboldt (Berlin).

5. Seminarios Apresentados

Apresentei diferentes seminarios nos Departamentos de Fisica
Geral do IFUSP (3/2016 e 4/2017) e de Fisica da UFPR
(6/2016). Apresentei também, a convite da comisséoc de
Pesquisa, um coléquio no IFUSP em maio de 2017,

6. Orientacdes concluidas e em andamento

Concluf a orientagdo de mestrado do estudante Carlos Solano, cujos
resuitados foram publicados no periédico Physical Review E, Também estou
orientando o estudante de iniciacao cientifica Pedro Eduardo Harunari (com
bolsa FAPESP), cujo projeto visa o estudo do fendmeno da sincronizacéo
explosiva em modelos de Kuramoto e o estudo da transicio descontinua no
modelc do votante majoritario com inércia.



Iniciei a orientacio de doutorado do estudante Jesus Mauricio Riveros, cujo
primeiro objetivo do projeto visa o estudo de ingredientes minimos na
transicdo descontinua do modelo do votante majoritario com inéreja.

Iniciei a orientacdo de mestrado do estudante Carlos Ermnesto Moa, cujo
primeiro objetivo do projeto visa o estudo de transicbes descontinuas com
estados absorventes em redes complexas.,

7. Participacdo em bancas examinadoras.

1. Diego Sales de Oliveira, Teoria cindtica e aplicacdes em
plasmas termonucleares, exame de qualificacdo de doutorado-
IFUSP (2016).

2. Joniel Carlos Francisco Alves dos Santos, Distribuicfio de
comprimentos de conjugacédo em polimeros em solucéo,
doutorado-UFPR (20186).

3. Flavia Mayumi Hirata, Dindmica estocastica de populacdes
bioldgicas, exame de qualificacdo de doutorado-IFUSP (2016).

4. Bruno Jeferson Lourenco, Amostragem entrépica tomogréafica;
aprimoramente e aplicacdes ao modelo de Ising
antiferromagnético com campo externo e ao problema de flow
shop scheduling, doutorado-UFMG (2016).

5.Mauro Lucio Lob&o tannini, Traffic model with an absorbing
phase transition, doutorado-UFMG (2017).

6. Tiago Boff Pedro, Estudo de modelo epidemiolégico
competitivo com dinamica estocéstica ndo-Markoviana,
doutorado-UFSC (2017).

7. Fernando Takeshi Tamouye, Enovelamento de proteinas e
ligagbes de hidrogénio - estudo de modelos minimos, mestrado-
IFUSP (2017).

8. Disciplinas Ministradas

Ministrei as disciplinas Fisica Il {1° semestre de 2016 e 2017} e
Fisica IV para a Escola Politécnica (2° semestre de 2016 e 2017),
respectivamente. Os comprovantes encontram-se em anexo,



9. Atividades Administrativas

So0u membro titular do conselho do departamento de Fisica Geral desde
meados de 2014. Sou representante do Departamento de Fisica Geral na
comissao de Informética,

Sao Paulo, 15 de outubro de 2017 ff"‘

Prof. Dr. Carlos E. Fiore dos Santos
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Generic finite size scaling for discontinuous nonequilibrinm phase transitions into absorbing state s

M. M. de Oliveira,"? M. G. E. da Luz,” and C. E. Fiore*

Viepartamenio de Fisica e Matemdtica. CAP, Universidade F

Federal de Séo Jodeo del Rei, Curo Braneo, MO 36420-000 Brazif

“Theoretical Phyvsios Bivision, School of Phyvsicy and Astronomy, University af Manchesier, Manchester M3 9PL, United Kingdom
*Departamento de Fisica, Universidade Federal do Parand, Curitibe, PR 81531980, Brazil

iistinnte de Fisica, Universidade de Sao Paulo, Caixa Postal 66318, Sdo Paulo, SP05315-970, Brazil

(Roeceived 24 July 2015; revised masuscript received 26 October 2015: published {5 December 2013}

Bused on guasistationary distribution ideas. a general finite size scaling theory 15 proposed for discontinuous

nonequilibrium phase transitions into absorbing states. Analogously to the equilibrium case, we show that

guamtitics such as response functions. cumulants, and equal ares probability distributions all scale with the volume,

thus allowing proper estimates for the thermodynamic limit. To illustrate these results, five very distinct lattice

muodels displaying nonequilibrium transitions-—£o single and infinitely many absorbing states-are investiguted.
The innate dilficulties in analyzing shsorbing phase transitions are civcumvented through quasistationary
simulation methods. Qur findings {allied to numerical studies in the litersture) strongly point o o unilving
discontineous phase fransition scaling behavior for equilibrium and this important class of noncquitibrium

systems,
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L INTRODUCTION

A nonequilibrium phase transition (NEQPT) into absorbing
sttes (ASY is key in a wide range of phenomena, such as
i3] chemical reactions, interface growth, epidemics, and
population dynamics, Likewise, it is relevant for the emergence
of spatictemporal chaos in different classes of problems,
as experimentally verified in liquid crystal electroconvection
ted, driven suspensions [7], and superconducting vortices (8},
So. mueh has been done on continuous NEQPT, especially
Vidressing universality [3,5,9,10). However, comparatively
tiention has bcen paid to discontinuous (ransitions in
i owith AS {11 12], the case, e.g., in catastrophic shift
;)un.raau [13] (bearing important questions regarding the in-
fluence of diffusion and disorder in creating or destroying AS),
heterogeneous catalysis [14,15], ecological {16,171, granular
[1R] and replicator dynamics [19]. cooperative coinfection
{201, language formation {21}, and social patterns 27].

Discontinuous transitions to AS conceivably require mech-
anisms to suppress the formation of absorbing minority islands
indaced by fluctuations [23,24]. Also, there is strong evidence
that they cannot oceur in one dimension (1 D) if the intcractions
are short ranged: The absence of boundary fields would
prevent the stabilization of compact clusters [251. In spite
of these presumably universal facts, a general description
of discontinuous NEQPT, including the ability 1o identify a
possible scaling behavior, is still lacking.

Equilibrium first-order transitions are characterized by
discontinuities in the order parameter ¢ and by thermodynamaic
“densities”, whose susceptibilities display deltatike shapes. In
finite systems, such guantities become continuous functions of
the control parameter 2. However. the infinite limit still can be
estimated from a inie size scaling theory (FSS) [26-33], when
secenud derivatives seale finearly with the volume V = 17 (for
Pdimension and L the lattice size), Also, 1Ay — Ayl
owith o, (a0 ) the coexistence point for a finite
oy e ).

AS. precise methods such as spreading

NEQPT
Li\‘limb ¢ for continuous transitions-—as well as

ST O

A3 IR IAYO6IEI608) 062126-1

PACS number(s): 05.20.Ga. 13 71

aFSS framework (as the above) are absent in the disconiire e -
case. Actually, a difficalty in its analysis is that h
often prevent simulations to properly converge. pr
any scaling inference. Even for large systems, eveniually i
dynamics will end up in an A8 via a statistical fuctustion

of small, but nonzero, probability. Also, metastable states can
make it hard to locate or even classify transition points dua Lo
doubts if the observed order parameter jump is genuine.

In the present article we address such a class of problers,
presenting solid arguments for a common finite size scaling
hehavior. Based on previous suggestions [11,34-36}--and in
the fact that equilibrium and nonequilibrium phase transitions
share important similarities when the latter display stationary
(steady) states [37] (see belowr-we develop a FSS for
transitions nto single and infinitely many AS by means of the
quasistationary {QS5} concept. We show that, in full analogy
with equilibrivm, standard quantities follow the same 1/ V
scaling. Five models are used to illustrate our resuits,

. I
2Odaniein -

. THEORY ANDMETHOD

The quasistationary probability distribeion
powerful for continuous NEQPTS ] ke
here. In very general terms. the mam purpose
method 18 to evade just the absorplien provenss.
assume at lime ¢ the microstate (7 probability disiebe:
P(o.1) and the survival probability Pir). Le., the prob
that the system is still active. Then. the QSPD, £
lim, . Plo.r}/ P, describes the asyvmptolic propertis
a finlte system conditioned to survival [ Ca practice.
Pog is calculated by effectively redistributing the flux from
the absorbing state to the system’s nonabsorhing subspace
when the dynamics is sufficiently close 1o the absorbing
condition. In this case, aithough the detailed balance is not
satisfied, if the redistribution is made compatible with the Q5
distribution itsell” (through a sclf-consistent procedure—-sec
Ref. {381}, then the global balance [4:] is verified in the
nonabsorbing subspace of the original problem. Furthermore,
the QS distribution becomes the stationary solution of the

©2015 American Phisical Sociery
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Influence of competition in minimal systems with
discontinuous absorbing phase transitions

Salete Pianegonda ™", Carlos E. Fiore “*

* Instituto de Fisica, Universidade Federal do Rio Grande do Sul, Caixa Postal 15051, CEP 91501-970, Parto Afegre, RS, Brazil
Y Deparramento de Fisica, Universidade Federal do Parand, Caixa Postal 19044, CEP 81531-98G, Curitiba, PR, Brazil
Unstittito de Fisica, Universidade de S§o Pawlo, Caixa Postal 66318, 05315-970 Sie Pawlo, SP, Brazil

ARTICLE I'NFO ABSTRACT
DI Contact processes {CP's) with particle creation requiring a minimal neighberhood { restric-
113 Jannary 2016 tive or threshold CP's) present a novel sort of discontinuous absorbing transitions, that
pite ondine 23 fanuary 2016 revealed itself robust under the inclusion of different ingredients, such as distinct lattice
- topologies, particle annihilations and diffusion. Here, we tackle on the influence of compe-
:_‘);;‘-"W;'{r_:’mmm Lition between restrictive and standard dynamics {that describes the usual (P and a cantin-

uous DP transition is presented). Systems have been studied via mean-field theory (MFT
and numerical simulations. Results show partiat contrast between MFT and numerical re-
suits. While the former predicts that considerable competition rates are required to shili
the phase transition, the latter reveals the change occurs for rather limited (small) frac-
tions. Thus, unlike previous ingredients (such as diffusion and others), limited competitive
rates suppress the phase coexistence.

Critical phenomena
Discantingous phase transitions
Absarbing states

© 2016 Elsevier B.Y. All rights resepved

1. Introduction

The usual contact process { 1] is probably the simplest example of system presenting an absorhing phase bran o,
is cemposed of two subprocesses: “spontanecus” annihilation and “catalytic” particie creation. in which news specize
created only in empty sites on the neighborhood of at least one particle. Despite the lack of an exact solution, 115 7
transition and critical hehavior are very well known and belong to the robust directed percolation (DP) universatits
g . Many gencralizations of its rules can be extended not only for theoretical purposes, but also lor the descriptic
a large vanety of systems in the framework of physics [3,6], chemistry {7,%], ecology [9] and others. in these cases, b
Jompetition among dynamics leads to several new findings. In some cases [, 4], the competition hetween particie hopiny

Aiffusion} and annihilation of three adjacent particles (instead of 4 single particle) is responsible for a reentrant phase

: entereanon rates with respect to their first and secend neighbors, the competition is responsible for the appearance of
i active asvimetric phase with spontaneous breaking symmetry, Also, witen particies interact in a symbiotic manner [ 7],

wnve symmettic phases, in which only one species is present, emerge. An interesting zeneralization is the called
cantve dthreshold) CPs, in which the phase transition changes from continuous to discontinuous for d = 2. They are
o to the usual CP, but one requires at least two particles for creating a new species {in the original CP at least one
ricle is needed ), Different restrictive models have revealed that the phase transition remains firsc-order by including

= Corresponding author,
Fomail addresses: Dot . CE Fiore),

0378437 He 2016 Elsevier BV All rights reserved,



PHYSICAL REVIEW E 94, 042123 (20164)
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C. M. D. Solano,' M. M. de Oliveira,” and C. E. Fiore!
Hastituto de Fisica, Universidade de Sdo Paulo, Séo Paule-SP 053 14-970, Brezil
*Pepartamento de Fivica e Matemdtica, CAP, Universidade Federal de SGo Jodo del Rel, Quira Branco-MG 364 20-000. Brazil
(Received 22 June 2016: revised manuscript received 23 August 2016: published 19 October 2016)

Recenlly # was stated that tenporal diserder constitnies a refevani perturbation in absorbing phase (ransitions
tor ail dimensions. However, its effect on systems other than the standard contact process (CP), its competition

with other ingredients (e.g., particle diffusion), and other kinds of disorder {hesides the standurd TETUNENTS

unknown In order 10 shed some light on the above-mentioned points, we investigale a vartanl of the wwnd 0

namely, the triplet annihilation model, in which the competition between triplet annihilation and angle par
diffusion leads 10 an unusual phase diagram bebavior, with reentrant shape and endiess activity for sufficienii-

large diffusion rates, Two kinds of time-dependent disorder have beea considered. In the former. i is ntroduced

in the creation-annihilation parameters (as commonly coasidered in recent studies), whereas in the Latter. 1he
diffusion rate D is allowed to be time dependent. Tn all cascs, the disorder foliows a uniform distribution with
fixed mean and width @. Two values of o have been considered in order to exemplify the regime of “weaker” and
“stronger” wemporal disorder strengths. Qur results show that in the former approach, the disorder suppresses the
recnirant phase diagram with a crilical behavior deviating from the directed percolation (DP) universality class
it the regime of low diffusion rates, while they sirongly suggest that the DP class is recovered lor larger hopping
rales. An opposite scenario is found in Lhe Lauter disorder approach, with & substantial increase of reentrant shape
und the maximum diffusion, in which the reentrant shape also displays a critical behavior consistent with the DP

unsversighty class (in similarity with the pure model). [n order to compare with very recent claims, the resulls
trom fiking o bimodal distribution and critical behavior in the limit of strong disorder are presented. Also, the

. rusilts derived from the mean-field theory are performed, presenting partial agreement wilh numerical results,

Lastly. a comparison with the diffusive disordered CP is underiaken,

DOV DL A PhysRevE D421 23

L EINTRODUCTION

Although typical nonequilibrium phase transitions into
an absorbing phase belong generically to the very well-
established directed percolation (DP) universality class
[1-5], the inclusion of impurities or defects drasticaily affects
its critical behavior [6-121." Such disorder approach is an
unavoidable ingredient of real systems and has been argued
to be one of the causes for the rarity of DP behavior in
experiments [13}. For these reasons, the study of disordered
systems has earned considerable attention in recent years.

Impurities and defects are different kinds of spatial diserder
that lead 1o the existence of rare regions in the absorbing
phase. characterized by large local activity and siow decay
~olgebraic. instead of exponential) toward the extinction with
ronuniversal exponents [1112]. It is typically introduced in
o distinet ways, i.e., through random spatial variation of the
control parameter £117 or throngh random deletion of sites or
vnds (7Y,

Fuen though less studied than the spatia! disorder, the

yprab disorder has also attracted interest [14-19). In
i1 to the previeus case. the control paramecter 1s allowed

oo ume dependent, resulting in lemporarty active (ordered)
and absorbing (disordered) phases, whose effects are more
relevantat the emergence of the phuse transition. Heuristically,
the importance of temporai disorder can he set through
the generalization of the Harns criterion (valid for spatial
disorder} {20]. proposed by Kinzel [21]. According to it, the
wemporal disorder is a relevan! perturbation whenever the clean
temporal correlation exponent (without disorder) v, satisfies

2HTOAO0AA20 16/ 2 12300

the condition v < 2. Since, for the DP universality class.
v reads v = 1.733847(6),1.2050(60), and 1.110(10) in
one, two, and three dimensions, respectively, the temporal
disorder is expected fo destabilize the DP absorbing phev.
transition. Recent results for the contact precess €70

the prototypical model in the DP class. e
The temporal disorder also reveals 2 e
phase, named remporal Griffiths phuase. 1w whes o
lifetime exhibits a power-law behavior tinstemd
growth) [15,17,19}. Despite this, results are e :
for the contact process and with partially conflietire e
sions, The first set of numerical results, from Ref.. |
predicts nonuniversal critical behavior with algebraic bob -
£77 {where o is the critical exponent of a given i |
and dependence on the disorder strength. On the other 1
based on a strong-noise normalization group (RG) anab i
and simulations, a behavior of type “[ln 11 with universa
critical exponents has been argued for the CP in very receni
works by Vojta ez o, [17] and Barghathi e af. [16],

Additicnally, the effects of temperai disorder in the pres-
ence of other ingredients, such as particle diffusion, and
interactions have not been considered yer. In particular, several
works have shown that the diffusion constitutes a relevant
perturbation, drastically affecting the critical behavior [3,27]
or even leading 1o distinet scenarios for discontinuaus phase
transitions |23-25].

In order lo cover the above points. in this work we invest-
gate the effects of temporal disorder in a variant of e wsust €0
namely, the triplet annibilation model {TAM) |~
slochastic laltice model that was proposed i loss o

042123-1 CInE e e
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Recent papers have shown that spatial {quenched) disorder can suppress discontinuous absorbing phase
ransitions. Conversely, the scenario for lemporal disorder is still unknown. To shed some light in this direction,

we investigate its effect in three different two-dimensional models which are known o exhibit discontinuous
absorbing phase transitions. The lemporal disorder is introduced by allowing the control parameter to be fime
dependent p — p{r). cither varving as a eniform distribution with mean # and variance o or as a bimodal
distribution, Auctuating between a value p and a value py, < p. In contrast to spatial disorder, our numerical
results strongly suggest that such uncorrelated temporal disorder does nol forhid the existence ol a discontinaous
ubsorbing phase transition. We find that all cases are characterized by behaviors similar to their pure twithon

disorder} counterparts, including bistability around the coexistence poinl and common fintte-size \mlinn bofur i
with the inverse of the system volume, as recently proposed [M. M. de Oliveira ¢f af, Phyvs. Row

(2015}]. We also observe that icmpmal disorder does not induce lemporal Gritfiths phases around dﬁxummau‘ s

phase transitions, at least not for ¢ = 2.

DO O3/ PhysRevE 04052138

L INTRODUCTION

Nonequilibrium phase transitions are considered a key
lewture of a countless number of phenomena, such as magnetic
=stems, bhiological and ccological models, and many others
| 1. Recently, considerable interest has been devoted to the
melusion of more reatistic ingredients in order to describe {or
numicy the effects of impurities or external fluctuations, as
o iy their effects in the phase transition [5-10].

Uommonly, these ingredients are introduced by allowing
e control parameter to assume distinct values in space
andfor time. The former case, regarded as guenched disor-
der. affects drastically the phase transitions, leading to the
existence of a new universality classes and local regions in
the absorbing phases, characterized by large activities with
slow decays toward extinction. These rare zones typically
arise when the activation rate A lies between the clean value
A" (without disorder) and the dirty (disordered) critical point
Aovie, A8 < 4 < ). Moreover, in these demains the system
may exhibil nonuniversal exponents toward full extinction
FU1-13] Heuristically, the Harris criterion [14] establishes that
quenched disorder i1s a relevant perturbation if vy, < 2, where
of 18 the system dimensionality and v, is the spatial correlation
length exponent. For models belorging to the directed per-
colation {DP) universality class v) = 1.096854(4), 0.734(4),
and 0.581(5) in d = 1, 2, and 3, respectively. Consequently,
the Harris criterion indicates that spatial disorder is a relevant
perturbation for continuous absorbing phase transitions in all
Jdimensions.,

Conversely, the Imry-Ma [13] and Aizenman-Weht [16]
criteria establish that quenched disorder suppresses the phase
coexistence in equilibriom systems for 4 € 2. Afterward, it
= s hown | 719 that the discontinuous transition in the Ziff-

chae-Barshad (Z2GB)y moade] hecomes continvous when the
wrastreneth i Lrge enough. More recently, Villa-Martin
P have suggested that the Imirv-Ma-Ajzenman-Wehl

conjecture should be extended for discontnucus absorbing

2ATO-OOA 20 S A T IR T
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phase transitions for d < 2, irrespective of the i
magnitude,

Although less studied than spatial disorder, the influcnce
of temporal disorder has also been considered i somc
cases [20-221 In conirast to the guenched disorder. here
the control parameter becomes time dependent, resulting in a
temporarily active {ordered) as well as absorbing (disordered
phases, whose effect of variability becomes pronounced at the
emergence of the phase transition. [n particular, the available
results have shown that temporal disorder is a highly relevant
perturbation [23], suppressing the DP phase transitions in all
dimensions. For systems with up-down symmetsy they are
relevant only for o 2 3. Temporal Griffiths phases (TGPs),
regions in the active phase characierized by power-law spatial
scaling and generic divergences of susceptibility, have alwe
been reported for absorbing phase transitions [ i
but not found in low-dimensional systems with
symmetry [22], On the other hand, the off
disorder for discoatinuous absorbing phieae o
unknown.

To shed some light in this dircction. berg we iy
the effects of temporal disorder in discontinuaous
phase transition. Our study aims to answer three 1)
questiens: (1) Is the occurrence of phase coexistence fark i
under the presence ol {emporal disorder? (i) If 1o w i
changes does i1 provoke with respect o the pure (withui
disorder} version? (i} Does the temporal disorder induen
temporal Griffiths phases around these phase transtiions”
These ideas will be tested in three models which are known
Lo yield discontinuous absorbing phase transitions in two- and
infinite-dimensional systems, namely, the ZGB model for CO
oxidation [26] and twe lattice versions of the second Schlogl
model (SSM) [12,27]. As we will show, in all cases the phase
transition 1s characterized by a behavior similar to their pure
{without disorder) counterparts, including bistability around
the coexistence point and common finite-size scaling behavior

2016 American Physicad Socicls
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Abstract: We propose a Cellular Automata {CA} model in which three ubiquitous and rehevan:
processes in nature are present, namely, spatial competition, distinction between dynamically stronger
and weaker agents and the existence of an inner resistance to changes in the actual state §,, (= 1,0, + 1
of each CA latfice cell n (which we call inertia). Considering ensembles of initial lattices, we stuh

the average properties of the CA final stationary configuration structures resulting from the system
time evolution. Assuming the inertia a (proper) control parameter, we identify qualitative chanyes
in the CA spatial patterns resembling usual phase transitions. Interestingly, some of the observed
features may be associated with continuous transitions (critical phenomena). However, certain
quantities seem to present jumps, typical of discontinuous transitions. We argue that these apparent
contradictory findings can be attributed to the inertia parameter’s discrete character. Along the work,
we alsi briefly discuss a few potential applications for the present CA formulation.

Keywords: cellular automata; spatial-temporal patterns; complexity; phase transitions; emergent
behavior; phase segregation; ecotones

1. Introeduction

Spatial-temporal pattern structures are ubiquitous [1,2], especially in biclogicat and b =
phenomena [3-6]. They commonly originate from {nonlinear} driving forces acting joca :
elements of a spatially-extended system. Often, this type of global emergent behavior cannat
“guessed” simply from a direct qualitative inspection of the interactions between the individia!
constituents {i.e., at the microscopic level). The full dynamics, the macroscopic description [8], ¢ o
be understood only as a collective effect. Such a scenario frames what is frequently termed in e

1 ..
Ly i

literature complex systems.

Likewise, phase transitions do constitute an extremely relevant class of processes. In particuiar,
the so-called critical phenomena lead to a very rich range of distinct comportment [7,5]. Briefly, not
too close to a critical point A, the system microscopic organization varies continuously with a given
control parameter A (for instance, temperature, chemical potential, etc.), maintaining a certain main
characteristic, e.g., a non-null magnetization or some degree of ordered aggregation, quantified by a
macroscopic order parameter . However, by crossing Ac (with F{A/} usually vanishing), the system
qualitatively changes, going through a phase transition, e.g., becoming non-magnetic or complete
disordered. Moreover, around the critical point [7], there is the development of infinite correlation

Extbropy 2017, 19, 102; doi:10.3390 /¢ 19030002 wwsemdpheom Sournal fontrapy



Fundamental ingredients for the emergence of discontinuocus phase transitions i i

majority vote model
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Recently Chen et al [Phve. Bevo B 8950 042304 (2017)] have fonnd ong that ag explosive
g wodiseontinions) trausition appears in the majority vote (3MV) modol when one HHOrportes
atevn proportioual to the Toead spin {neetial ter) in complex networks. Here we advance Lhe
vather incomplete understanding abont the discontinuons MV teansition by inspoecting throngonly
the vole of three fidanental ingredients: inertiag systen connectivity and the lattice Luprofogy,
Analdvsis bivee heen carrdod ont for regnlar lattices and random vegular networks and difforent heroos
fstevacting neighborhood} througlhs mean-ficld treatient and munevieal shanbadions, One fHoeines
reveal that not ondy the inertia but also the connectivity constitnd e ossondial elomend s for <1l TR
plinse transition. Astonndingly. » discontinuous transition abso manifests i howe-dimensiona |
topologios. exposing a sealing hehavier cutirely different than Wese Irons the comphos e
i which relevant quantitios seale with the systewn vohone, as recewnly propesed o 17~
862126 (2015). Therefore. our findings put on firmer hases the essentind tssnes for the nnodl + o
ol discoutinmons transitions n such relevant class of systent with “apedow s’ syt

L INTRODUCTION

Spontaneous breaking svmmetry manifeosts in a count-
sort of systems in nature besides the classical
ferrotmagnetic-paratiagnetic phase fransition.  Fishes,
avwving dnordered =chools as a strategy of protecting
vhonelves agaiust predators, suddenly reverse ibs diree-
Baonation due to the emergence of some external [actor,
= water turbulenee or apacity, Other remarkable
e aees for some species of asian fireflies [2]. They
sutting ashes of Hight at night from an unsynehro-
v, Bowwe time later, the whole swarm is flashing
colwrent way. Order-disorder transitions also de-
shie the spontancous formation of a comnuon langnage,
we or the emergence of consensus in distinet con-
3A(TALTA UMA FRASE AQUI)These examples
dhtrate the relovance of transitions in svstems witls 25
Fap-down”) in the scope of physics. biology. chemistry,
social dynamics and others, Several systems [4-6] have
heen considered aimed at tackiing their mam features,
including critical behavior, universality classes and more
recently the cntropy production.

Recently, discontinuous nonequilibrium phase transi-
tioms have attracted great deal of interest, in part due to
the ascertainment that in several situations the crossover
between distinet regimes do not follow smooth behav-
fors {7-9]. but iustead they manilest by means of abrupt
=hifts. Another reasen. from practical purposes, concerns
that comparatively (nonequilibrium) first-order phase
niusitions have reeeived mmeh less attention if compared

i Ep e

to the critical case, implying in » fossor 5
regarding their fundamental aspects. fueln !
mechanisms for their ocourrence [4 6. 1.
with distinct dynamics [11]. a finfte size theoon
ers.

5
H

First-order transitions in the clags of systoms il -
metry “up-down” cxemplily most of above ot
points [12, 13]. A possible route for overcoining 1
lack of knowledgement has heen drawn with the reeen
work by Chen ot al. [14]. They have asseted that the
usual majority vote {MV) model, an emblematic exam-
ple of system with Z; synunetry [15--17)], presents o dis
continuous transition when relevant strengths of inertis
{dependence cn the local spin) in complex networks o
incorporated in the dynamies. The original vorsion.
which the dynamics is ruled anly from the spiuy e
barhood, presents a critical phase transition. i
the lattice topology and neighborliood,

Although fertia plavs a Furdansaial vl
the phase transition. ity efeen iy o oo
have not been satisfactory i
words, does the phase transifion <Lyt o -
the neighborhood or on the contrny
imal neighborhood for {together e el -
the shifting? Second. is the topoiogy o Dsion
gredient? In more conerete terms. do conglos
structures bring us similar conclusions?

Almed al addressing aforementioned que-1i
we examinge the vole of three lindamental ingros |
ertia, system connectivity and ihe lattice fopoiour
instance we consider lattice regular and raudosn ot
topologies for different system degrees by weans of niean-
field treatment and numerical simulations. Our findines
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Abstract., We investigaie the influence of particle diffusion in the two-
diwension contact process (CP) with a competitive dynamics in bipartite
sublattices, proposed in de Oliveira and Dickman (2011 FPhys, Rew B B4
(311125). The particie creation depends on its st and second neighbors and the
extinction increases according to the local density. In contrast to the standasl
CP model, mean-field theory and nmunerical simmulations predict three sialle
phases: inactive {absorbing), active symmetric and active asviometric, & :
by distinct sublattice particle occupations. Qur resuits frons MV Al O
Carlo shimulations reveal that low diffusion rates do not destros o
ordering, ensuring the maintenance of she asvinmetric plase. hy

hand, for diffusion larger than a threshold value L., the sabboiics o

i suppressed and only the usual active {symmetrickinactive fransition
prosented. We also show the eritical behavior and universality classes ay
affected hy the diffusion.

Keywords: diffusion in random media, phase transitions into abserbing statos.
stochastic particle dynamnics

whenn anv cortespondence shonld b sedibronand,
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Based on mean-field theory and Monte Carlo shuulations, we develop o general theory o diseon-
Litnous nen-equilibrium phase trausitions into an absor bmg, state in the presence of a thne-virving
cuviromuental noise. Our study takes into account two important examples of discontinuons transi.

tions. in whicly the phase coexistence omerges from different ingrodients.

The former. named second

Schodégl moedel {(S8M) the particle creation requires a minimal neighborhood of two particles. whoress
the Jatter (o-CP) the long-range interaction, is responsible for shifting the phase transition. from
cotinious to discontinuous. The temporal disorder o introduced by allowing the control parasc
ter to he time dependent. according to a bimodal distribution. Our results veinfloree recent fiudings

(Phys. Roev,

temsporal disovder does ot forbid disconthmous transition in jow dimensional systoims,

04, 052138 (2016)), in which in contrast to the nocorrelated quenched disorder.

Tlowever,

the classifieation of plase transition depends on the strength of disorder and the iodel properties,
Ninnerieal shnnlatious confivnn results obtained hrom the mean-field thoory,

PACS munbers: 05.70. Lo (05,50 4q. 05.60.4bx

. INTRODUCTION

Disorder duc to spatial or temporal inhomogeneities
is an unavoidable ingredient of real systems and com-
monly plays a significant role in their hvh-(wi@ur [1--3].
In pari.i{:ular in the last decade, the effects of spatial
{(quenched} {4-8] and temporal disorder [9-14] have at-
tracted a considerable attention in the context of absorb-
ing phase transitions (APTs) {156--17].

Such far from equilibrium phase transitions oceur when
varving a conlrol parameter the system changes from a
rajcroscopic active phase to a frozen absorbing phase, in
which there are no fluctnations. APTs can be found in a
wide variety of models in ecology [18] | epidemic spread-
ing 149, sociophysics [20], and other felds.
well as observed in the equilibrium  models,
hed disorder can strongly affects critical APTS, re-
¢ ina completely different scaling behavior than the
pservod i the pure (non-disordored) models. Rare
sons sueh as Grifftiths phases with boge activity and
dovw decay toward Lhe absorbing state alse can emerge
ws effects of quosched disorder [4-x]

The ollects of temporal disorder. on the other hand,
are less understood. In such case. the control param-
oler is time dependent, resulting in o temporarily ae-
tive/ordered as well ag absorbing/disordered phases, The
Hirst studies {9, 214, focused on systoms belonging to the
directed pereclation (DP) universality class (the generic
APT universalily class), revealed that temporal disor-
der is a highly relevant perturbation to the critical ab-
=orhing transition, suppressing the DP universality class,
irrespectively the dimension. In contrast, its effects in
=vslems with up-down symmetry are relevant only for

d > 3 {10]. More recent works have put their efects un-
der more solid theoretical basis, including # new ki
scaling behavior [11, 12]. The effects of distine: -
introducing temporal disorder in sneh o0
recently addressed in Ref. [1 .

he crifient coni
fopie of h

Besides less studied than {
discontinuous APTs become a
the last years [22-31) Regarding the offecr o0l
such context. it wag showu that u;l(*{'l'r(\h‘-‘w ‘
disorder affects drastically lirst-order ADPTS
larity with the the Tmry- Ma erit orion L1
transitions, absorbing transitions become ronwlid
presence of quenched disorder for d < 2. (See hoseo
the intriguing contrast with available results for the 26T
model {331}, On the other hand, some kinds of correlaten
quenched disorder have no elfects in the nature of che
discontimious APT [34].

\ fgt rgreines

The effects of temporal disorder in discontinuons APTS
are still less clear.  Very recently it was found that.
m contrast to quenched disorder, uncorrelated fempo-
ral disorder docs not forbid the cccurrence of discon-
tintots absorbing iransitions iy bidimensional svsten
(361 More specifically, in the presence of temporal dises.
der, the phase transitions are signed by shmilar featin
than the pure cases, including bistability arovad the -
existence point, common finite size scaling bolnwior wb
the inverse of the svstem, and the absenee of '
Griffiths phases around phase transition= .o
their pure conmterparts 303 Despite o1
sion of phase coexistence was veriliesl
sufficientlv larvee dizorder.

Based on o moean-fickd like descripfon
simple {(but geueral} theory for discontinn
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LExplosive (i.e., discontinuous} transitions have aroused great interest by manifesting in distinct systems, such

as synchronization in coupled oscilintors, percolation regime, absorbing phase transitions, and more recently,
the mujority-voele model with mertia. In the latter, the model rules are slightly modified by the inclusion of

a term depending on the local spin (an inertial ferm). In such a case, Chen ef af. [Phys Rev, E 95, (-

42306

(2017}] have found that relevant incrtia changes the nature of the phase transition in complex networks. from
continuous o discontinuous. Here we give a further step by embedding inertza only in vertices with dogis

larger than a threshold value {kj&*. {k} being the mean system degree and A7 the fraction restriction Oy vl

frem mean-ficld analysis and extensive numerical simuiations, reveal that an explosive transition s pe

baoth homaegeneous and heterogencous structures for small and intermediate 4 's. Otherwise.

a faroe vostrroioog

can suslain a discontinuous transition only in the heterogencous case. This shares same similwitios with e

tesudts for the Kuramoto moded [Phyvs, Rev. E9E 022818 (2015)]. Surprisingly, intermedinte restriction and
inertia are responsible for the emergence of an extra phase, in which the system is partisdly synchronized nac

classilication of phase transition depends on the inertia and the attice wpology. In this case, the system exhibis

two phase transilions.

DOT: 11 103/PhysRevE 00.002300

I INTRODUCTION

An explosive {discontinuous) transition occurs when an
tnitesimal increase of the control parameter produces
shrupt change in macroscopic quantities. This kind of
<ton has attracted a Jot of interest in the recent years,
‘amgd by the discovery of a procedure (the “Achlioptas
process”) that gives rise to an abrupt percolation transition
in complex networks [i—4]. While subsequent works have
shown the Achlioptas process {transition was, in fact, a
continuous phase transition- with unusual finite-size scaling
[5=71 many related models with alternative mechanisms
showing genuinely discontinuous and anomalous transitions
have now been discovered (see Ref, [8] and references therein).
One of these main cxamples appear in the context of
coupled oscillators in which the Kuramoto model (KM) [9]
plays a central role. The original KM describes self-sustained
coupled phase oscillators and exhibits a continuous phase
transition at a critical coupling, beyond which a collective
behavior is achieved. A few years ago, in a pioneering work,
Gardefies e al. [1{)], discovered that a discontinuous phase
transition to synchronization emerges as a consequence of the
correlation between structure and local dynamics when a scale-
free network is considered. Subsequent studies have confirmed
the trensition robustness under changing ingredients, such as
e topology [ O, time delay {1 £, disorder [12], and inertia
¢ Analysis of the explosive transition in simpler structures,
ks star graphs, for which exact treatment is possible [ 14],
i~ conhirmed that the transition to collective behavior is
“riinuous. Investigating the explosive synchronization in
wric complex network, Zhang ef al. [15] have [ound that a
iive correlation between the oscillators frequency and the
of their corresponding vertices is the required condition

v iusp by
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forits appearance. More recently, Pinto et al. [16] have verites
that it suffices to fulfill the above minimal requirement for the
hubs (e.g., the vertices with higher degrees) for promoting an
abrupt transition.

Besides dynamical systems, they manifest in Markovian
nonequilibrium reaction-diffusion processes. Two groups are
important in this context: those presenting absorbing states and
the up-down symmetric systems. In the former, distinct mecha-
nisms, such as the inclusion of a quadratic term in the particle
creation rates [17,18], the need of a minimal neighborhood
for generaling subsequent offsprings [19], synergetic effeo
m maltispecies modeis [20,21], or cooperative mini'c; I
multiple diseascs cpidemic models [22-241, can e 1
account for shifting, from a continuous ran: '
generically (o the directed percolation « D
{25-271) to a discoatinuous one.

The Majority Vote (MV) model 1 one o

nonequilibrium up-down symmetric systems
order-disorder phase fransition [25]. Extensive
model in distinct laltice topologies (besides the s
ones) showed that the symmetry-breaking pha«
not affected by the kind of the underiving oo
although the critical behavior results in setof criticui 2
entirely different [20]. However, very recently. Chen «
[31] verified that the usual second-order phase transition io
the majority vote (MV) becomes first-order when a lenm
depending on the local density is included in the dynamics
(an inertial effect).

Aimed at investigating how the network topology and
inertial effects contribule to the emergence of the explosive
transiticn in the MV model, in this work we include the
inertia only in a given fraction of sites with degree k larger
than a threshold {k}&*. We observe that the MV transition
remains explosive only for a low or intermediate fraction of
restricion &£* in homogeneous structures. On the other hand. &
helerogeneous networks, it is sufficient to include inertia ort

b
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Transicées de fase descontinuas em redes

complexas

Prof. Dr. Carlos Eduardo Fiore dos Santos

Instituto de Fisica - USP, Sdo Paulo.

1 Resumo

O presente projeto tem como objetivo estudar diferentes transi¢ées de fase des-
continuas em redes complexas: Primeiramente, pretendemos investigar a recém des-
coberta (ransigao descontinua no modelo do votaate majoritario com inércia. Este
estudo visa compreender melhor qual(is) ingrediente(s) é(sdo} essencial(is) para o sur-
gimento de uma mudanca na ordem da transi¢do. Na sequéncia pretendemos estudar
a influéncia de diferentes ingredientes, dentre eles a desordem tempoeral no presente
modelo. Finalmente, pretendemos estudar ingredientes ininimos para a ocorréneia de
transi¢bes descontinuas com estados absorventes em redes complexas, em conformi-

dade com o estudo realizado em [21] para redes regulares.

2 Introducgao

Transigoes de fase e criticalidade ocorrem tanto em sistemas em equilibrio termo-
dindmico quanto em sistemas irreversiveis {1, 2, 3, 4], Dentre os intimeros exemplos,
citamos sistemas magnéticos, ligas metdlicas, cristais liguidos, cristais liquidos tur-
bulentos, sincronizagio de osciladores, modelos de percolagio e outros. No equilibrio
termodinimico, os sisternas sdo descritos pela teoria dos ensembles de Cibbs. Fora do
equilibrio, hé diversas abordagens, dentre elas as que descrevem os sistemas fora de
equilibrio através de processos estocédsticos ! markovianos. Duas classes importantes
de sistemas descritos com esta abordagem sio os processos irreversiveis com cstados
absorventes e aqueles com simetrias de inversio. Um estado absorvente é definido
como wna configuragao inativa na qual a transicio para qualquer outra configuragao

¢ proibida, embora a transicio de outros estados para ele possa ocorrer. Uma vez que

'Processe estocdstico é o nome dado a todo sistema governado por regras de evolugio proba-
bilisticas, ou seja, ndo deterministicas.



©sses caracteristicas nio possuem um andlogo na mecénica, estatistica de equilibrio,
elas tém atraido considersve] interesse, sejam por descrever uma grande variedade de
problemas, como dinimica, populacional, catdlise heterogénea, crescimento de inter-
faces e propagagao de epidemias [3,5,6,7, 8] e mais recentemente pelo interesse om
verificacdes experimentais, observadas pela primeira vez em eristais liquidos turbu-
lentos [9].

Assim como nos sistemas em equilibrio termodinimico, as transigies para estados
absorventes podem ser categorizadas em classes de universalidade. Nesta categoria
de sistemnas, a classe de universalidade da percolagdo direcionada [3] desempenha um
papel central, descrevendo sistemas com umn tinico estado absorvente, come é o caso
do processo de contato [10], o autémato celular de Domany-Kinzel [11], modelos com
mais de um estado absorvente [12] ou ainda alguns processos com infinitos estados
absorventes [13]. No caso de simetrias de inversdo, suas regras microscopicas violam
o balango detalhado, porém eles nio apresentam estados absorventes [4]. No caso
das transigoes criticas em sistemas com simetria de inversio, uma classe diferente da
percolagio direcionada é encontrada, em alguns casos com um comportamento critico
similar a0 modelo de Ising [14].

O processo de contato (10} é considerado um dos sistemas mais simples com
transicac de fase com estado absorvente. Ele ¢ definido em uma rede onde cada
sftio tem dois estados possiveis: vazio cu ocupado por uma particula. Sua dindmica
se caracteriza pela competicio entre a aniquilacio espontanea de particulas e a criacio
catalitica das mesmas. Na versio original, é necessdrio apenas uma particula vizinha
a wi sitic vazio para que uma nova particula seja criada. O modelo do contato apre-
senta duas fases, sendo uma delas ativa, na qual particulas sfo criadas e destru{das,
& outra absorvente {(com densidade nula), onde ndo ocorre nenhuma atividade, Con-
forme mencionamos anteriormente, a transicio de fases é continua e o0s expocntes
criticos pertencemn & classe de universalidade da percolagio direcionada. A partir
do processo de contato, diferentes generalizaces dio origem & uma variedade de re-
sultados, dentre eles mudan¢a no comportamento critico 8, 6, 15], surgimento de
diferentes estruturas [16], diagrama de fases reentrante (17, 18] ou ainda uma mu-
danca na ordem da transicdo. Este iltimo tem dispertado considerdvel interesse nos
Gltimos anos. Genericamente, transicées descontinuas necessitam de um mecanismo
capaz de suprimir a existéncia de estados de baixas densidades. De acordo com a
classificagio de Flgart e Kamenev [19], sistemas com uma tnica espécie, sem sime-
trias adicionais com criagiio catalitica de n particulas e aniquilacio espontanea de &
particulas representadas pelas reacies nd — (n+m)A e kA = (k- I)A, respecti-
vamente apresentam transicées descontinuas sempre que k£ < n. Embora els sugere

ingredientes importantes e necessarios para a ocorréncia de transicoes descontinuas,



a classificacio de Elgart e Kamenev nao leva em conta fatores também importantes,
como dimensionalidade do sistema, topologia da rede, difusio, desordem e outros,
Como disso temos as reagoes 24 — 34 ¢ A — 0. Embora classificacio é obedecida
(pols n =2 >k = 1), verifica-se que em uma dimensao a transicio de fase ¢ sempre
continua. Por outro lado, a extensio das regras aclma para sistemas bidimensionzis
pode levar a uma transicéo descontinua [20, 21, 22]. Essa transi¢iao descontinua tem
sc revelado robusta com relagdo a inclusfio de determinados ngredientes, dentre cles,
diferentes mecanismos de criagao ¢ aniquilacio de particulas, difusio ou ainda de-
sordem temporal [21, 23, 24]. Com relaciio a este tltimo, recentemente, um grande
interesse tem despertado na inclusio de ingredientes mais realistas, a fim de descrever
(a0 menos de uma forma aproximada) o efeito de impurezas ou flutuagoes externas,
bem como seu efeito em transigées de fases [25, 26, 27, 28, 29, 30]. Tipicamente,
estes ingredientes sdo levados em conta permitindo os pardmetros de controle vari-
ando espacialmente ou temporalmente. O primeiro caso, conhecido também como
desordem quenched (temperada), afeta drasticamente a transigiio de fascs. Nesta si-
tuagio, como as taxas de criagdo e aniquilacao variam espacialmente, o sistema pode
apresentar regioes com maiores e menores atividade e portanto a fase absorvente
pode conter regides locais de grande atividade, no qual o decaimento da densidade
global em direcio a extingao é esperado para tempos suficientemente longos. Nestes
casos, verilica-se que o decaimento ¢ algébrico e exibe comportamento nao unver-
sal. Também, o comportamento crftico é também drasticamente afetado, diferindo
do comportamento comunentemente observado nas transicées de fase continuas. No
caso de lransicdes descontinuas, resuliados recentes [29] mostraram que a coexisténcia,
de fases é destrufda, tornando-se critica, cujo comportamento é similar ao mencionado
anteriormente. Na dire¢fo contréria, a desordem temporal, onde o parametro de con-
trole ¢ permitido variar com o tempo, tém sido também estudado [24, 31, 32, 33, 34],
revelando que ela pode levar & uma mudanga considerdvel no comportamento critico,
cuja classe de universalidade torna-se diferente da percolagdo direcionada. No caso de
sistemnas com simetria de inversao, a desordem temporal parece ser irrelevante em bai-
xas dimensdes [35]. Embora um certo Avanco ocorrel, ressaltamos que estudos para
outros sistemas sao ainda necessérios [31, 32, 33, 34, 36]. No caso de transicoes des-
continuas, muito recentemente mostramos [24] que a desordem temporal, nio destréi
a coexisténcia de fases e elas podem ocorrer em baixas dimensoes, preservando todas
as propriedades do sistema puro (sem desordemn). Uma argumentacio para esta di-
ferenga seria que ao contrario da desordem espacial, em baixas dimensoes {onde as
flutuagGes sic esperadas maiores) as flutuacdes adicionais que surgem devido a desor-
dem f{emporal nao sio suficientes para mudar a ordem da transicac. Por outro lado,

em dimensGes maiores, onde o cfeito das flutuagdes devido & prépria dindmica sic



Inenores, a desordem temporal poderia em prineipio ter um efeito mais significative
e alterar a ordem da transicao de fases. Ressaltamos que este estudo ainda carece de
melhor compreensio bem como uma fundamentacio tedrica.

Um mportante exemplo de sistema irreversivel com simetria de inversio ¢ o mo-
delo do votante majoritdrio (VM) [14]. Assim como ho processo de contato, ele ¢
descrito numa rede por meio de um processo markoviano, ne qual wn dado sitie 4
da rede pode estar num estado “up” (oy = 1} ou “down” (o: = —1). Tal sitio da
rede muda sua varidvel (de o; para —0;) com probabilidade dependente da opiniao
de sua vizinhanga [4, 14]. Se a maioria de seus vizinhos estiver no estado de spin
contririo, ele muda de opiniao com probabilidade 1 — [+ Caso contrério, se a minoria
tiver opinido contréria, ele muda de opinido com prebabilidade complementar f. O
VM tem sido estudado em diversas topologias de rede, tanto regulares quanto em
redes complexas 137]. Em todos os casos a transi¢do ¢ continua, sendo no primeiro
Caso pertencente a mesma classe de universalidade do madelo de Ising. Em redes
complexas, uma nova classe de universalidade tem sido verificada [37]

A maioria dos exemplos acima refere-se 3 transigbes descontinuas ocorrendo em re-
des regulares ou ainda & transigoes continuas. Recentemente um considerdvel interesse
1no estudo em redes complexas tem despertado. Fm rmitos casos, tem-se verificado
que em redes complexas, a transigao de fase pode se tornar descontinua, Destacarmos
os fenémenos da percolacio (38, 39], e sincronizagio explosivas (40, 41, 42, 43] ou
ainda na transi¢éo descontinua no modelo VM com inéreia [44]. Neste tltimo caso,
além da opinido dos vizinhos, acrescenta-se uma probabilidade do sitio permanecer no
mesmo estado, independente da opinido de seus vizinhos (inércia). Para altas taxas

de inéreia, a transicdo torna-se descontinua.

3 Metodologia e objetivos

Na primeira parte deste projeto pretendemos realizar um estudo comparativo para o
modcio VM com inéreia considerando redes regulares ¢ topologias do tipo Erdos-Rényi
e Barabasi-Albert com diferentes conectividades, Este estudo visa compreendermos
qual(is) ingrediente(s) é(sdo) essencial(is) para a mudanga na ordem da transicio,
Em seguida, pretendemos estudar a influéncia de diferentes ingredientes, dentre eles
a desordem temporal no modelo acima mencionado. Desejamos também verificar se
a inclusiio destes ingredientes altera ou nio a ordem da transicao.

Também pretendemos estender, para redes complexas, o cstudo de transigdes des-
continuas com estados absorventes considerados em vedes regulares (21, 24]. Neste
caso, a cxisténcia de uma vizinhanga minima é o mmgrediente que altera a ordem

da transicao de fase. Desejamos estabelecer se este € 0 caso para redes complexas,



Tomaremos como ponto de partida o estudo iniciado por Durret [22] considerande
diferentes regras de criagao e aniquilagio de particulas. Em todos os €as0s, daremos

destaque as simulagdes computacionais e aproximagdes de campo médio.

3.1 Metas

Temos como principais metas publicar artigos em periédicos indexados com fator de
impacto superior & 1.5 e também participar de congressos, workshops e outros eventos

cientificos,

4 Recursos Computacionais

B importante ressaltar que os recursos computacionais do Instituto de Fisica da usp

a0 suficientes para realizacdo dos cilculos numéricos que pretendemnoes efetuar.

Referéncias

(1] S. R. A. Salinas, (ntrodugio & Fisica Estatistica, EDUSP, 1999).

(2] H. E. Stanley, Introduction to Phase Transitions and Critical Phenomena, (Clan-
deron Press Oxford 1996).

13] J. Marro e R. Dickman, Nonequilibrium Phase Transitions in Lattice Models
(Cambridge University Press, Cambridge, 1999).

[4] T. Tomé e Mario J. de Oliveira, Dindmice Estocdstica e Irreversibilidade,
(EDUSP, 2001).

15] G. Odor, Universality In Nonequilibrium Lattice Systems: Theoretical Founda-
tions (World Scientific, Singapore, 2007)

[6] M. Henkel, H. Hinrichsen ¢ §. Lubeck, Non-Equilibrium Phase Transitions Vo-
lume I: Absorbing Phase Transitions (Springer-Verlag, The Netherlands, 2008).

[7] H. Hinrichsen, Adv. Phys. 49, 815 (2000).
[8] G. Odor, Rev. Mod. Phys 76, 663 (2004).

9] K. A. Takeuchi, M. Kuroda, H. Chaté e M. Sano, Phys. Rev. Le tt. 99, 234503
(2007).



[10] T.E. Harris, Ann. Probab. 2, 969 (1974).

[L1] E. Domany e W. Kinzel, Phys. Rev. Lett. 53, 311 (1984).

(12} R. M. Ziff, E. Gulari e Y. Barshad, Phys. Rev. Lett. 56, 25 53 (19886).
(13} I Jensen, Phys. Rev. Lett. 70, 1465 (1993).

[14] M. J. de Oliveira, J. Stat. Phys. 66, 273 (1992).

[15] R. Dickman e M. A. F. de Menezes, Phys. Rev. E 66, 045101 (2002); S. €. Park
e H. Park, Phys. Rev. Lett 94, 065701 (2005).

[16] T. Vojta e M. Dickison, Phys. Rev. 72, 036126 {2005); H. Barghathi e T.
Vojta, Phys. Rev. Lett 109, 170603 (2012),

[17] R. Dickman, Phys. Rev. B 40, 7005 (1989). R. Dickman, Phys. Rev. A 42, 6985
(1990).

[18] Carlos E. Fiore e M. J. de Oliveira, Phys. Rev. E 72, 046137 (2005).

[19] V. Elgart e A. Kamenev, Phys. Rev. E 74, 041101 (2006).

(20] E. F. da Silvae M. J. de Oliveira, Comp. Phys. Comm. 183, 2001 {(2012),
[21] Carlos E. Fiore, Phys. Rev. E 89, 022104 (2014).

[22] C. Varghese e R. Durrett, Phys. Rev. E 87, 062819 (2013).

(23] S. Planegonda and C. E. Fiore, J. Stat. Mech. 2015, P08018 (2015).

[24] M. M de Oliveira and C. E. Fiore, Phys. Rev. E 94, 052138 (2016).

[25] G. M. Buendia and P. A. Rikvold, Phys. Rev. E 88, 12132 (2013).

[26] V. Bustos, R. O. Unac, and G. Zgrablich, Phys. Rev. E 62, 8768 (2000).
(27] D.-J. Lin, X. Guo, and J. W. Evans, Phys. Rev. Lett. 98, 05 0601 (2007).

(28] C. Buono, F. Vazquez, P. A, Macri e L. A. Braunstein Phys. Rev. E 88, 022813
(2013).

[29] P. Villa Martin, J. A. Bonachela e M, A. Mudioz, Phys. Rev. E 89, 012145 (2014),
[30] M. M. de Oliveira, S. G. Alvese S. C. Ferreira, Phys. Rev. E 63, 012110 (2016).

[31] T. Jensen, Phys. Rev. Lett. 77, 4088 (1996).



[32] F. Vazquez, J. A. Bonachela, C. Lépez e M. A. Mufioz, Phys. Rev. Lott. 106,
235702 (2011).

[33] T. Vojta and J. A. Hoyos, Europhys. Lett. 112, 30002 (201 5).
[34] H. Barghathi, J. A. Hoyos, T' .Vojta, Phys. Rev. E 94, 022111 (2016).

[35] R. M-Garcia, F. Vazquez, C. Lépez e M. A, Mufioz, Phys. Rev. E. 85, 051125
(2012).

[36] C. M. D. Solano, M. M. de Oliveira e C. E, Fiore, Phys. Rev. £ 94 042123,
(2016).

[87] L. F. C. Pereira and F. G. Brady Moreira, Phys. Rev. E 71, 016123 (2005).
(38] D. Achlioptas, R. M. D.Souza, and J. Spencer, Science 323, 1453 (2009).
139] N. A. M. Araiijo e H. J. Herrmann, Phys. Rev. Lett. 105, 035701 {2010).

[40] 1. Gémez-Graredies, S. Gémez, A. Arenas e Y. Moreno, Phys. Rev. Lett. 108,
128701 (2011),

[41} X. Zhang, X. Hu, J. Kurths e 7. Liu, Phys. Rev. E 88, 010 802(RR) (2013).
[42] R. S. Pinto ¢ A. Saa, Phys. Rev. E 91, 022818 (2015).
[43] V. Vlasov, Y. Zou e T. Pereira, Phys. Rev. E 92, 012904 (2 015).

[44] H. Chen, C. Shen, H. Zhang, G. Li, Z. Hou and J. Kurths, arXiv:1609.00469.



