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Abstract

The preparation process of two recent earthquak@s) occurred in Cephalonia (Kefalonia)

island, Greece, [(38.22N, 20.53 E), 26 January 2014M,=6.0, depth = 21 km], and

[(38.25' N, 20.39E), 3 February 2014M,,=5.9, depth = 10 km], respectively, is studied in

terms of the critical dynamics revealed in obseleslof the involved non-linear processes.
Specifically, we show, by means of the method dfcad fluctuations (MCF), that signatures
of critical, as well as tricritical, dynamics werembedded in the fracture-induced
electromagnetic emissions (EME) recorded by twtasta in locations near the epicenters of
these two EQs. It is worth noting that both, the MEME recorded by the telemetric stations
on the island of Cephalonia and the neighboringnisl of Zante (Zakynthos), reached
simultaneously critical condition a few days beftine occurrence of each earthquake. The
critical characteristics embedded in the EME signaére further verified using the natural
time (NT) method. Moreover, we show, in terms o tNT method, that the foreshock
seismic activity also presented critical charastes before each one of these events.
Importantly, the revealed critical process seentsetéocused on the area corresponding to the
west Cephalonia zone, following the seismotect@md hazard zoning of the lonian Islands

area near Cephalonia.

Keywords: Fracture-induced electromagnetic emissions; Eagkel dynamics; Criticality -
Tricriticality; Method of Critical Fluctuations; Naral Time Analysis; Seismotectonic Zone

Partitioning.

1. Introduction

The possible connection of the electromagnetic (Edivity that is observed prior to
significant earthquakes (EQs) with the correspogdiQ preparation processes, often referred
to as seismo-electromagnetics, has been intensivadgtigated during the last years. Several
possible EQ precursors have been suggested iiteraure Uyeda et al., 2009a; Cicerone et
al., 2009; Hayakawa, 2013a, 2013b; Varotsos 20CQ&ptgos et al., 201)bThe possible
relation of the field observed fracture-inducedcetemagnetic emissions (EME) in the

frequency bands of MHz and kHassociated with shallow EQs with magnitude 6 ogédar
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that occurred in land or near coast, has been emimn a series of publications in order to
contribute to a better understanding of the undeglyrocesses (e.gkftaxias et al., 2001,
2004, 2008, 2013; Kapiris et al., 2004; Karamarntoal.e 2006; Papadimitriou et al., 2008;
Contoyiannis et al., 2005, 2013, 2015; Eftaxias Ratirakis, 2013; Potirakis et al., 2011,
2012a, 2012b, 2012c, 2013, 2015; Minadakis et@éll2a, 2012 while a four-stage model
for the preparation of an EQ by means of its olegler EM activity has been recently put
forward Eftaxias and Potirakis, 2013, and references thef@ontoyiannis et al., 2015, and
references thereinin summary, the proposed four stages of thefdast of EQ preparation
process and the associated, appropriately idetiid observables, specifically EM time
series excerpts for which specific features havenhbdentified using appropriate time series
analysis methods, appear in the following ord&or(ner et al., 2015, and references thgrein
1st stage: valid MHz anomaly; 2nd stage: kHz angreahibiting tri-critical characteristics;
3rd stage: strong avalanche-like kHz anomaly; 4#ges electromagnetic quiescence. It is
noted that, according to the aforementioned foagetmodel, the pre-EQ MHz EME is
considered to be emitted during the fracture of gaet of the Earth’'s crust that is
characterized by high heterogeneity. During thiagghthe fracture is non-directional and
spans over a large area that surrounds the farhilgrge high-strength entities distributed
along the fault sustaining the system. Note thaafoEQ of magnitude ~6 the corresponding

fracture process extends to a radius of ~12(&awfnan et al., 1998

Two strong shallow EQs occurred recently in west8reece (see Fig. 1). On 26 January
2014 (13:55:43 UT) arM, =6.0 EQ, hereafter also referred to as “EQL1”, occuwadhe
island of Cephalonia (Kefalonia), with epicente28.22 N, 20.53 E) and depth of ~16km.
The second significant EQWV,, =5.9, hereafter also referred to as “EQ2", occurredtun
same island on 3 February 2014 (03:08:45 UT), ejticenter at (38.25N, 20.4C6 E) and
depth of ~11km. Various studies of the two eartlkggahave already been published
indicating their seismotectonic importan¢é(astathis et al., 2014; Valkaniotis et al., 2014;
Papadopoulos et al., 2014; Ganas et al., 2Bakkas and Lagios, 2015; Merryman Boncori et
al., 2019 as they were located on two different active thattat belong to the same seismic

source zone.

Two pairs of MHz EM signals were recorded, withamgpling rate of 1 sample/s, prior to
each one of the above mentioned significant shall@)s; one pair of simultaneous signals
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was recorded by two different stations prior tohreaoe of them. On 24 January 2014, two

days before theM,, =6.0 Cephalonia EQ (EQ1), two telemetric stations of BM signal

monitoring network (see Fig. 1), the station of Balpnia, located on the same island (38.18
N, 20.59 E), and the station of Zante (Zakynthos), locatec neighboring island belonging
to the same (lonian) island complex (37.R, 20.74 E), simultaneously recorded the first

pair of aforementioned signals. The same picturse vegpeated for the second significant
Cephalonia EQM,, =5.9 (EQ2). Specifically, both the Cephalonia and tlenté stations

simultaneously recorded the second pair of afordioeed signals on 28 January 2014, six
days prior to the specific EQ. Note that it hasrbespeatedly made clear that all the pre-EQ
EME signals, which have been observed by our mongmetwork, have been recorded only
prior to strong shallow EQs, that have taken ptatéand (or near the coast-line); this fact, in
combination to the recently proposed fractal geimma model Eftaxias et al., 2004;
Eftaxias and Potirakis, 20},3&xplains why they succeed to be transmittedinnrhis model
gives a good reason for the increased possibifitgedection of such EM radiation, since a
fractal geo-antenna emits significantly increasewgr, compared to the power that would be
radiated by the same source, if a dipole antenrdehwas considered. It should also be noted
that, none of the recordings of the other monipsiations of our network (except from the

ones of Cephalonia and Zante) presented critiGaladteristics before these two specific EQs.

<Figure 1 should be placed around here>

The analysis of the specific EM time series, ushng method of critical fluctuations (MCF)
(Contoyiannis and Diakonos, 2000; Contoyiannis ef 2002, 2018 revealed critical
features, implying that the possibly related ungded geophysical process was at critical
state before the occurrence of each one of the @Qsterest. The critical characteristics
embedded in the specific time series were furtleeified by means of theatural time (NT)
method {arotsos et al., 2011a, 2011b, Potirakis et al132®015. The presence of the
“critical point” during which any two active partsf the system are highly correlated,
theoretically even at arbitrarily long distances,other words when “everything depends on

everything else”, is consistent with the view ttied EQ preparation process during the period
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that the MHz EME are emitted is a spatially exteasprocess. Note that this process

corresponds to the first stage of the aforementidoar-stage model.

Moreover, we analyzed the foreshock seismic agtivging the NT method; the obtained
results indicate that seismicity also presenteticaticharacteristics before each one of the
two important eventsThis result implies that the observed EM anomalg #re associated

foreshock seismic activity might be considered tag“sides of the same coin”. Last but not
least, one day before the occurrence of EQ2, areddays after the corresponding critical
EME signal, tricritical characteristics were revaghin the EME recorded by the Cephalonia

station.

The remainder of this manuscript is organized dsvis: A brief introduction to the MCF
and the NT analysis methods is provided in Sec®iomhe analysis of the EME recordings
according to these two methods is presented inide& Section 4 presents the results
obtained by the analysis of the foreshock seismtiwity using the NT method, while Section

5 concludes the manuscript by summarizing and dsng the findings.

2. Critical Dynamics Analysis Methods

Criticality has early been suggested as an EQ psecysign Chelidze, 1982; Chelidze and
Kolesnikov, 1982; Chelidze et al., 2006; Rundlalket 2012; Wanliss et al., 20LlXCritical
phenomena have been proposed as the likely franrketwostudy the origins of EQ related
EM fluctuations, suggesting that the theory of ghxansitions and critical phenomena may
be useful in gaining insight to the mechanism dairtftomplex dynamicsBowman et al.,
1998; Contoyiannis et al., 2004a, 2005, 2015; \&a®tet al., 2011a, 20110One possible
reason for the appropriateness of this model mayhbeway in which correlations spread
thought a disordered medium/ system comprised bérsts. From a qualitative / intuitive
perspective, according to the specific approadhally single isolated activated parts emerge
in the system which, then, progressively grow araliferate, leading to cooperative effects.
Local interactions evolve to long-range correlasiopventually extending along the entire
system. A key point in the study of dynamical systehat develop critical phenomena is the
identification of the “critical epoch” during whictie “short-range” correlations evolve into
“long-range” ones. Therefore, the theory of phasaditions and critical phenomena seem to
be appropriate for the study of dynamical complgstems in which local interactions evolve
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to long-range correlations, such as the disord&adh’s crust during the preparation of an
EQ. Note that for an EQ of magnitude ~6 the comwadmg fracture process extends to a
radius of ~120kmEowman et al., 1998

It is worth noting that key characteristics of d@ical point in a phase transition of the second
order are the existence of highly correlated flattans and scale invariance in the statistical
properties. By means of experiments on systemseptiag this kind of criticality as well as
by appropriately designed numerical experimentdjas been confirmed that right at the
“critical point” the subunits are highly correlategten at arbitrarily large “distance”. At the
critical state self-similar structures appear biothime and space. This fact is quantitatively
manifested by power law expressions describing dis¢ributions of spatial or temporal

quantities associated with the aforementionedseiftar structurestanley, 1987, 1999

The time series analysis methods employed in thiggepfor the evaluation of the MHz EME

recordings and the seismicity around the Cephalstaad in terms of critical dynamics are

briefly presented in the following. Specificalljzet method of critical fluctuations (MCF) is

described in Sub-Section 2.1, while the naturakt{(idT) method is described in Sub-Section
2.2.

2.1 Method of critical fluctuations (MCF)

In the direction of comprehending the dynamics afystem undergoing a continuous phase
transition at critical state, the method of crititactuations (MCF) has been proposed for the
analysis of critical fluctuations in the systemdiservables Gontoyiannis and Diakonos,
2000; Contoyiannis et al., 200Z2The dynamics of various dynamical systems hasenb
successfully analyzed by MCF; these include therfeal., 3D Ising) Contoyiannis et al.,
2002, geophysicalContoyiannis and Eftaxias 2008; Contoyiannis et28l04a, 2010, 20)5
biological (electro-cardiac signalsy¢ntoyiannis et al., 2004b; Contoyiannis et al13@&nd

economic system®©gun et al., 2014

It has been shownCpntoyiannis and Diakonos, 200¢hat the dynamics of the order

parameter fluctuationg at the critical state for a second-order phasesitian can be

theoretically formulated by the non-linear interaitt map:

¢n+l = ¢n + u¢nz ! (1)
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where ¢, is the scaled order parameter value at the tirreeval n; u denotes an effective
positive coupling parameter describing the nondmself-interaction of the order parameter;
Z stands for a characteristic exponent associatddtive isothermal exponeidt for critical

systems at thermal equilibriunz £ 6 +1). The marginal fixed-point of the above map is the

zero point, as expected from critical phenomenarthe

However, it has been shown that in order to quatintély study a real (or numerical)
dynamical system one has to add an unavoidableséhderm, ¢,, to Eq. (1), which is
produced by all stochastic processésr{toyiannis and Diakonos, 200Note that, from the
intermittency mathematical framework point of vietlve “noise” term denotes ergodicity in
the available phase space. In this respect, theah&p. (1), for positive values of the order

parameter, becomes:

b =| b +Ud +5, |. )

Based on the map of Eqg. (2), MCF has been intratlasea method capable of identifying
whether a system is in critical state of internmttetype by analyzing time-series
corresponding to an observable of the specificesysin a few words, MCF is based on the

property of maps of intermittent-type, like the srod Eqgs. (1) and (2), that the distribution of

properly defined laminar lengths (waiting timds¥ollow a power-lawP(l) ~ 17" (Schuster,
1998, where the exponenp, is p :1+% (Contoyiannis et al., 2002 However, the

distribution of waiting times for a real data tireeries which is not characterized by critical
dynamics follows an exponential decay, rather thgmower-law one Gontoyiannis et al.,

20043, due to stochastic noise and finite size effebierefore, the dynamics of a real time
series can be estimated by fitting the distributtdrwaiting times (laminar lengths) to a

function p(I) combining both power-law and exponential dedcagrtoyiannis and Diakonos,

2007%):
p()~1 P ()

The values of the two exponents, and p,, which result after fitting laminar lengths

distribution in a log-log scale diagram, reveal theerlying dynamics. Exact critical state

calls for p, =0; in such a case it i®, = p >1. As a result, in order for a real system to be
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considered to be at critical statmth criticality conditions P, >1 and p; ~0 have to be
satisfied.

Note that the choice of the functign(l) of Eq. (3), which combines both power-law and
exponential decay, to model the distribution oftimagi times was deliberately made in order
to include both these fundamentally different betwsy i.e., the critical dynamics
(Contoyiannis et al.,, 2002and the complete absence of specific dynamiaosclfsistic

processes)ontoyiannis et al., 2003prespectively. Of course, the specific functideoa

models intermediate behavioSdntoyiannis and Diakonos, 2007

In applying the MCF the corresponding factorsagf) appear to be competitive: any increase
of the p, exponent value corresponds topg exponent value reduction and vice versa.
However, this is expected because, for example,irergase of the value op, exponent

signifies the departure from critical dynamics dhds the reduction of, exponent value.

What is interesting to us is to apply MCF analysi®bserve this competition in the case of
pre-earthquake EME time-series and see whetheslitened exponent values are consistent
with those of MCF analyzes performed on other tsages with large statistics which are

considered as references for the application ofneethod. This competition can be observed
even within the critical windows as shown in Figd.and 3d.

Moreover, a special dynamics case is the one krasvttricritical crossover dynamics”. In
statistical physics, a tricritical point is a pointthe phase diagram of a system at which the
two basic kinds of phase transition, that is thetforder transition and the second order
transition, meetHuang, 198Y. A characteristic property of the area around ffoint is the
co-existence of three phases, specifically, thé Bignmetry phase, the low symmetry phase,
and an intermediate “mixing state”. A passage tghothis area, around the tricritical point,
from the second order phase transition to the fster phase transition through the
intermediate mixing state constitutes a tricriticadssoverkuang, 198Y.

The specific dynamics is proved to be expressetthdynap Contoyiannis et al., 20}5

: (4)

M, =M, —um~“+¢,

where m stands for the order parameter. This map diffemnfthe critical map of Eq. (2) in

the sigh of the parameter and exponent . Note that for reasons of unified formulation we
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use for these parameters the same notation a® iaritical map of Eq. (2). At the level of
MCF analysis this dynamics is expressed by thenastid values for the two characteristic

exponentsp,,p, values, that satisfyhe tricriticality condition p, <1, p, 0. These values

have been characterized i@qntoyiannis and Diakonos, 200&s a signature of tricritical

behavior.

Note that in order for a time-series to be posdiblee analyzed by the MCF, it should at least
present cumulative stationarity. Therefore, a cativg stationarity test is always performed
before applying the MCF method; examples can baedan already published articlés.g.,
Contoyiannis et al., 2004a, 2005, 2010; Contoysrand Eftaxias, 2008; Potirakis et al.,
2015) More details on the application of MCF can benfbun several published articles
(e.g.,Contoyiannis et al. 2002, 2013, 20Q,18s well as in Section 3 where its application on

the MHz EM variations is presented.

2.2 Natural time method (NT)

The natural time method was originally proposedtii@ analysis for a point process like DC
or ultra-low frequency<1 Hz) SES Yarotsos et al., 20Q2/arotsos, 2005 and has been
shown to be optimal for enhancing the signals attime-frequency spacélfe et al., 2006
The transformation of a time-series of “events’hirthe conventional time domain to natural
time domain is performed by ignoring the time-staofigach event and retaining only their

normalized order (index) of occurrence. Expliciily,a time series oN successive events,

the natural time,y, , of the k" event is the index of occurrence of this eventmadized, by
dividing by the total number of the considered dsery, =k/N. On the other hand, the

“energy”, Q., of each, k™, event is preserved. We note that the quan@ty represents

different physical quantities for various time ssrifor EQ time series it has been assigned to
a seismic energy released (e.g., seismic mom¥atp{sos et al., 2005; Uyeda et al., 2009b
and for SES signals that are of dichotomous natuoerresponds to SES pulse duration
(Varotsos, 2005 while for MHz electromagnetic emission signalsatt are of non-

dichotomous nature, it has been attributed to tiexrgy of fracto-electromagnetic emission

events as defined iRotirakis et al. (2013)The transformed time serieg,(Q,) is then
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2

studied through the normalized power spectrﬂrﬁy):‘zr=1 p.exp( jay, )| , wherew is

the natural angular frequency; = 27¢ , with ¢ standing for the frequency in natural time,

termed “natural frequency”, ang, =Q, / Z:len corresponds to thk"™ event’s normalized

energy. Note that, the term “natural frequency’wdtmot be confused with the rate at which
a system oscillates when it is not driven by areedl force; it defines an analysis domain
dual to the natural time domain, in the framewoilourier—Stieltjes transfornarotsos et
al., 2011h.

The study ofl‘[(w) at @ close to zero reveals the dynamic evolution oftiime series under
analysis. This is because all the moments of te&iblution of p, can be estimated from
II(w) at @ —>0 (Varotsos et al., 201)aAiming to that, by the Taylor expansion

N(z)=1-xa’+m*+ ..., the quantity is defined, where
2
K= pklf_(z:'zl pklk) , i.e., the variance ofy, weighted for p, characterizing the

dispersion of the most significant events withie tihescaled” interva(O,l]. Moreover, the

entropy in natural time, S,, is defined VYarotsos et al, 2006 as

Sm:ZkN=l pk;(kIn;(k—(ZkN=lpk;(k)In(ZkN=lpk;(k) and correspondsVérotsos et al., 2006,
20111 to the value atj=1 of the derivative of the fluctuation functiof(q) :<Zq>—<;(>q
with respect toq (while x; corresponds toF (q) for q=2). It is a dynamic entropy
depending on the sequential order of eveMardtsos et al.,, 2006 The entropy, S, ,
obtained upon considerinydrotsos et al., 20Q&he time reversar , i.e., TP, = Py_ma IS
also considered.

A system is considered to approach criticality wkies parametek, converges to the value
k, =0.070 and at the same time both the entropy in natimad &ind the entropy under time

reversal satisfy the conditio®,,S, <S,=(IN2/2)-1 4 (Sarlis et al., 2011 where S,

stands for the entropy of a “uniform” distributionnatural time Yarotsos et al., 2006
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In the special case of natural time analysis afsbock seismicityMarotsos et al., 2001,
2005,2006; Sarlis et al., 2008he seismicity is considered to be in a trugaai state, a “true

coincidence” is achieved, when three additionald@tions are satisfied: (i) The “average”

distance(D) between the curves of normalized power spefdt(ar) of the evolving
seismicity and the theoretical estimationl®fz),

e (@) =(18/55°) - 6coss/ &°)—( 12siv/ B°) Tyyey (@) x1-xa°, for
x,=0.070 should be smaller that0?, i.e., (D) = (|l(a) - e (z)]) <10°; (i) the

parameterx,; should approach the valug = 0.070 “by descending from aboveVérotsos et

al., 2002; (iii) Since the underlying process is expectethe¢ self-similar, the time of the true

coincidence should not vary upon changing (witleiasonable limits) either the magnitude

threshold,M or the area, used in the calculation.

thres 1

It should be finally clarified that in the cases#ismicity analysis, the temporal evolution of

the parameters;, S,, S,_, and (D) is studied as new events that exceed the magnitude

thresholdM,, .. are progressively included in the analysis. Spedlf/, as soon as one more

thres

event is included, first the time serieg, (Q, ) is rescaled in the natural time domain, since

each time thek™ event corresponds to a natural tinyg =k/N, where N is the

progressively increasing (by each new event inchjsitotal number of the considered
successive events; then all the parameters invaivélte natural time analysis are calculated

for this new time series; this process continuds tire time of occurrence of the main event.

More details on the application of NT on MHz EMEveall as on foreshock seismicity can be
found in already published articleRdtirakis et al. 2013, 20),5as well as in Sections 3 and 4,
where its application on the MHz EM variations aiadeshock seismicity is presented,

respectively.

Note that in the case of NT analysis of foreshoskmicity, the introduction of magnitude

threshold, M excludes some of the weaker EQ events (with ntagd@i below this

thres 1
threshold) from the NT analysis. On one hand, ihisecessary in order to exclude events for
which the recorded magnitude is not consideredabldi depending on the installed

seismographic network characteristics, a specifagmtude threshold is usually defined to
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assure data completeness. On the other hand, éhef warious magnitude thresholdd,, .

offers a means of more accurate determinationeofithe when criticality is reached. In some
cases, it happens that more than one time-points gafisfy the rest of NT critical state
conditions, however the time of the true coincidersfinally selected by the last condition

that “true coincidence should not vary upon chaggwithin reasonable limits) either the

magnitude threshold\ or the area, used in the calculation.”

thres ?
3. Electromagnetic Emissions Analysis Results

Part of the MHz recordings of the Cephalonia staéissociated with thi1, =6.0 EQ (EQ1)

is shown in Fig. 2a. This was recorded in day @y, that is ~2 days before the occurrence
of EQL. This stationary time series excerpt, hawangtal length of 2.8 h (10,000 samples)
starting at 24 Jan. 2014 (12:46:40 UT), was analymethe MCF method and was identified
to be a “critical window” (CW). CWs are time intefg of the MHz EME signals presenting
features analogous to the critical point of a sdomrler phase transitio@@ntoyiannis et al.,
2005.

The main steps of the MCF analysis (e@ontoyiannis et al., 2013, 20[Lbn the specific
time series are shown in Fig. 2b- Fig. 2d. Firstlisgribution of the amplitude values of the
analyzed signal was obtained from which, usingrtteghod of turning pointsPingel et al.,

1999, a fixed-point, that is the start of laminar i@, ¢, of about 700 mV was determined.
Fig. 2c portrays the obtained distribution of laariengths for the end poig = 655MV ,
that is the distribution of waiting times, referredas laminar lengthk, between the fixed-

point ¢, and the end point, as well as the fitted functiorf (I)oc| ™™ with the

corresponding exponentp, =1.35, p,=0.00C with R*=0.999. Note that the distribution

of laminar lengths is directly fitted to the spécifnodel using the Levenberg-Marquardt
algorithm, while the fitting criterion is the chgggare minimization. The fitting is not done in
log-log space; the axes of Fig. 2c¢ are logarithfmidhe easier depiction of the distribution of

laminar lengths. Finally, Fig. 2d shows the obtdip#t of the p,, p, exponents vsg . From
Fig. 2d it is apparent that the criticality condits, p, >1 and p, 0, are satisfied for a wide

range of end pointg,, revealing the power-law decay feature of the tseges that proves
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that the system is characterized by intermittemiaglyics; in other words, the MHz time series

excerpt of Fig. 2a is indeed a CW.

<Figure 2 should be placed around here>

Part of the MHz recordings of the Zante statioroesded with EQL1 is shown in Fig. 3a. This

was also recorded in day of year 24, that is ~2 dejore the occurrence of Cephalonia EQ1.
This stationary time series excerpt, having a tietiadjth of 2.8 h (10,000 samples) starting at
24 Jan. 2014 (12:46:40 UT), was also analyzed eyMEF method and was identified to be a
“critical window” (CW).

The application of the MCF analysis on the spedifite series (cf. Fig. 3), revealed that the
criticality conditions, p, >1 and p, ~ 0, are satisfied for a wide range of end poigtsfor

this signal too. In other words, this signal haoambedded the power-law decay feature that

indicates intermittent dynamics, rendering it a CW.

<Figure 3 should be placed around here>

After the M, =6.0 (EQ1), ~ a week later, the second,, =5.9 (EQ2), occurred on the

same island with a focal area a few km further tthenfirst one. Six days earlier, both the
Cephalonia and Zante stations simultaneously recoMHz EME. Specifically, a stationary
time series excerpt, having a total length of 3.32,000 samples) starting at 28 Jan. 2014
(05:33:20 UT), from Caphalonia station and a stetig time series excerpt, having a total
length of 5 h (18,000 samples) starting at 28 2814 (03:53:20 UT), from Zante station
were analyzed by the MCF method and both of theme wkentified to be CWs. Note that the
Cephalonia CW was emitted within the time frameavhich the Zante CW was emitted. Figs

4 & 5 show the results of the corresponding analyse

<Figure 4 should be placed around here>
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<Figure 5 should be placed around here>

In summary, we conclude that, according to the M@&lysis method, both stations recorded
MHz signals that simultaneously presented critgtalte features two days before the first
main event and six days before the second maintelrerorder to verify this finding, we
proceeded to the analysis of all the corresponMhiz signals by means of the NT analysis
method, according to the way of application proplosePotirakis et al. (2013)According to
the specific procedure for the application of th& Method on the MHz signals, we
performed an exhaustive search seeking for at mastamplitude threshold value (applied
over the total length of the analyzed signal),idniich the corresponding fracto-EME events
satisfy the natural time method criticality condlits. The idea is that if the MCF gives valid
information, and as a consequence the analyzed $enies excerpt is indeed in critical
condition, then there should be at least one tltdskalue for which the NT criticality
conditions (cf. Sec. 2.2) are satisfied. Indeedgmmarent from Fig. 6, all four signals satisfy
the criticality conditions according to the NT methfor at least one of the considered

threshold values, therefore the results obtainethéyCF method are successfully verified.

<Figure 6 should be placed around here>

On 2 February 2014, i.e., one day before the oeous of EQ2, MHz EME presenting

tricritical characteristics was recorded by the l@dpnia station. This signal emerged five
days after the CWs that were identified in the dianeously recorded, by the Cephalonia and
Zante stations, MHz EME. The specific MHz time aesrexcerpt from Cephalonia station,
having a total length of 7.5 h (27,000 samplesitisgaat 2 Feb. 2014 (07:46:40 UT), was
analyzed by means of the MCF method yielding tselte shown in Fig. 7. As apparent from

the results, this signal satisfies the tricritibalconditions p, <1, p, = 0 (cf. Sec. 2.1) for a

wide range of end pointg, revealing the intermediate “mixing state” betweka second

order phase transition to the first order phasesiten. Unfortunately, during the time that
the Cephalonia station recorded trictitical MHzrsily the Zante station was out of order;

actually, it was out of order for several hoursidgthe specific day.
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<Figure 7 should be placed around here>

It has been recently foun@g¢ntoyiannis et al., 20)%hat such a behavior is identified in the
kHz EME which usually emerge near the end of thezMHME when the environment in
which the EQ preparation process evolves changes lfieterogeneous to less heterogeneous,
and before the emergence of the strong avalankbddiiz EME which have been attributed
to the fracture of the asperities sustaining thdtfactually, this has been proposed as the
second stage of the four-stage model for the pagiparof an EQ by means of its observable
EM activity (Eftaxias and Potirakis, 2013, and references thef@ontoyiannis et al., 2015,
and references therein; Donner et al., 30The identification of tricritical behavior in MH
EME is a quite important finding, indicating thdtet tricritical behavior, attributed to the
second stage of the aforementioned four-stage model be identified either in kHz or in
MHz EME, leading thus to a revision the specifiarfstage model in order to include this

case too.

As a conclusion, after the first stage of the E@ppration process where MHz EME with
critical features are emitted, a second stagevisllwhere MHz or kHz or both MHz and kHz
EME with trictitical features are emitted. As aldgamentioned (cf. Sec. 2.1), in terms of
statistical physics the trictitical behavior is amermediate dynamical state which is
developed in region of the phase diagram of a systeund the trictitical point, which can
be approached either from the edge of the firseopmhase transition (characterizing the
strong avalanche-like kHz EME attributed to thedhstage of the four-stage model) or from
the edge of the second order phase transitiondcteaizing the critical MHz EME attributed
to the first stage of the four-stage model). Thanesfalthough it is expected that the trictitical
behavior will be rarely observed, as it has alrebdgn discussed irContoyiannis et al.,
2019, it can be found either in MHz time series, fallog the emission of a critical MHz
EME, or in kHz time series preceding the emissibavalanche-like kHz EME.
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4. Foreshock Seismic Activity Analysis Results

As already mentioned iRotirakis et al. (2013, 2015)seismicity and pre-fracture EMEs
should be two sides of the same coin concerningei@Qegeneration process. If the MHz
EMEs and the corresponding foreshock seismic seguarre observable manifestations of the
same complex system at critical state, both shbelghossible to be described as a critical
phenomenon by means of the natural time methodérdtbre, we also proceeded to the
examination of the corresponding foreshock seisawitvity around Cephalonia before each
one of the significant EQs of interest in ordenvésify this suggestion. However, we did not
apply the NT method on concentric circles aroureddpicenter of each EQ, asHotirakis et

al. (2013, 2015) but instead we decided to study seismicity witlaireas determined

according to seismotectonic and earthquake hazaedia.

Following the detailed study presented \famvakaris et al(2016, we incorporated the
seismic zones proposed there for our area of stlldys, as it is presented in Fig. 8, we
defined five separate seismic zones, based orriteei& explored ivamvakaris et al(2016

and the seismic zonation proposed by them. Sineestbdy area, comprises the most
seismically active zone in Greece, assigned alsdidfhest value on the Earthquake Building
Code for the country, a large number of sourcesstiand strain studies have been used in
their study to establish such definition of zonikignce, it was found well justified to follow
their zone definition. In Fig. 8, from east to westd north to south, one can identify the
zones of Akarnania (area no. 1), Lefkada islandaaro. 2), east Cephalonia island (area no.
3), west Cephalonia island (area no. 4), and Zmstaed (area no. 5), respectively, covering

the area of the lonian Sea near Cephalonia island.

<Figure 8 should be placed around here>

Before we proceed to the NT analysis of seismitiig, seismic activity prior to EQ1, as well
as between EQl and EQ?2 is briefly discussed irtioalao the above mentioned seismic
zones. Earthquake parametric data have been edri'em the National Observatory of

Athens on-line cataloguehitp://www.gein.noa.gr/en/seismicity/earthquakeat@ig, while

for all the presented maps and calculations thal loeagnitude M, ), as provided by the
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specific earthquake catalog, is used. The foresBedmic activity before EQ1 for the whole
investigated area of the lonian Sea region fromDE2ember 2013 up to the time of
occurrence of the main event is shown in the mapigf 9a. As it can be easily observed
from this map, there was a high seismic activityntyafocused on two specific zones: west
Cephalonia and Zante. Notably, an EQ bF =4.7 occurred in Zante on 11/01/2014
04:12:58, indicated by the black arrow in Fig. Ba. EQs were recorded in Akarnania, while
very few events were recorded in Lefkada and eaph@lonia. The events which occurred in
west Cephalonia are also shown in a separate nfag.i®b for later reference.

<Figure 9 should be placed around here>

Applying the natural time analysis on seismic dafa Sec. 2.2), the evolution of the time

series (,,Q,) was studied for the foreshock seismicity priorBQ1, whereQ, is in this

case the seismic energy released during kfieevent. The seismic momenil,, as
proportional to the seismic energy, is usually ad&red {/arotsos et al., 2005; Uyeda et al.,

2009b; Potirakis et al., 2013,201®ur calculations were based on the seismic moriven
(in dyn.cm) resulting from the correspondid, as {/arotsos et al., 2005; Potirakis et al.,

2013, 2015 M, =10 First, we performed an NT analysis on the seiynactivity

of the whole investigated lonian Sea region dutimg period from 13/12/2013 00:00:00 to
26/01/2014 13:55:44 UT, i.e., just after the ocence of EQL, for different magnitude
thresholds,M

for which all earthquakes havind, > M, were included in the analysis.

thres ! thres

Note that, onlyM,, . =2 was considered in order to assure data completdBasuliaras et

al., 2013a, 2013b

For all the considered threshold values, the resalt the same: no indication of criticality
was identified (see for example Fig. 10a). Sinaewa have already mentioned, the whole
investigated area was mainly dominated by the seisetivity in west Cephalonia and the

seismic activity in Zante, while an EQ M, = 4.7 occurred in Zante, we decided to start the

NT analysis after the occurrence of the specifintZaEQ, in order to exclude from our

analysis possible foreshock activity related to specific event. As a result, we performed
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NT analysis for the time period 11/01/2014 04:13(0&t after theM =4.7 Zante EQ) to

26/01/2014 13:55:44 UT, for different magnitudeeiirolds in three successively enclosed
areas: namely, the whole investigated area of folskands region, both Cephalonia (east and
west) zones combined, and the zone of west CephalBepresentative examples of these
analyses are depicted in Fig. 10b — Fig. 10d. Ttadyais over the whole investigated area of
the lonian Islands region indicates that seismi@gches criticality on 19 and 20 of January,
while the two other progressively narrower areadicaie that the criticality conditions
according to NT method are satisfied on 19 and 2Jamuary. These results imply that
seismicity was also in critical condition a few dgyrior to the occurrence of the first studied
significant Cephalonia EQ (EQ1). Actually, in thpesific case, the critical condition of
seismicity was reached before, but quite closegh&emission of the corresponding MHz
signals for which critical behavior was identifieef. Sec. 3). Note that a very recent analysis
on the foreshock seismic activity before EQL, inmie of a combination of multiresolution
wavelets and NT analysis, which was performed amcentric areas of 50 km and 30 km
radii around the epicenter of EQL, also found Mitanalysis criticality requirements are met

a few days before EQL1 (at approximately 20 Januyagijianatos et al., 2095

<Figure 10 should be placed around here>

Before the application of the NT method to the reéssactivity prior to EQ2, one should first
study the time evolution of the activity betweea tivo significant events of interest, in order
to minimize if possible the influence of the filSQ aftershock sequence on the NT analysis.

Our first observation about the EQs which occudadng the specific time period was that,

all but one had epicenters in west Cephalonia. ©nyM  =2.3 EQ occurred in Zante, at

(37.79 N, 21.00 E) on 28 January 2014 02:08:27 UT.

Fig. 11a shows all the events that were recordegtdanwhole investigated area of the lonian
Islands region vs. time from just after EQWY, , =6.0) up to the time of EQ2Nl,, =5.9),
including EQ2. As it can be seen, if one consideeat both significant EQs of interest were

main events, it is quite difficult to separate si®esmic activity of the specific time period into
aftershocks of the first EQ and foreshocks of #neoad one. However, we observe that up to
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a specific time point, there is a rapid decreasth®frunning mean magnitude of the recorded
EQs, while after that the long range (75 eventsihimg mean value seems to be almost
constant over time with the short range (25 evemng) varying around it. We arbitrarily set
the 29 January 00:00:00 UT as the time point aftach the recorded seismicity is no longer
dominated by the aftershocks of EQL; this by nomaamplies that the aftershock sequence
of the EQL stops after that date. It should alsauhéerlined that changing this, arbitrarily
selected, date within reasonable limits, does mgifscantly changes the results of our
corresponding NT analysis which are presented @&xtthe other hand, a significant shift of
this limit towards EQ1, i.e., to earlier dates, utes to severe changes indicating the
domination of the recorded seismicity by the afieck sequence of EQ1L. Accordingly, the
considered as foreshock seismic activity before H@2 from 29/01/2014 00:00 UT up to
the time of occurrence of EQ2, is presented inntfag of Fig. 11b for west Cephalonia and

analyzed in the following.

<Figure 11 should be placed around here>

Next, we applied the NT method on the seismicityvalst Cephalonia for the time period
from 29/01/2014 00:00:00 to 03/02/2014 03:08:47 WUibte that we also applied the NT

method on the whole investigated area of the lomstands region, obtaining practically the

same results. As we have already mentioned, ondy Mn = 2.3 EQ occurred outside the

> 2.3 this

west Cephalonia zone, so, on the one hand for matgthreshold valueM,, >
event was excluded, while, on the other hand, e¥en lower threshold values

(2 M, . < 2.3) its inclusion does not change the results sigaifily. Fig. 12 shows the NT

thres
analysis results for some threshold values prothiag seismicity reaches criticality on 1 or 2
February 2014, that is one or two days before ttwaiwence of the second significant EQ of

interest M, =5.9).Actually, in the specific case, the critical cdiah of seismicity was

reached after, but quite close, to the emissiothefcorresponding MHz signals for which
critical behavior was identified (cf. Sec. 3).
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<Figure 12 should be placed around here>

5. Discussion - Conclusions

Based on the methods of critical fluctuations amdural time, we have shown that the
fracture-induced MHz EME recorded by two stationsour network prior to two recent
significant EQs occurred in Cephalonia presentcality characteristics, implying that they

emerge from a system in critical state.

There are two key points that render these obsenstinique in the up to now research on
the pre-EQ EME:

() The Cephalonia station is known for being irgBwe to EQ preparation processes
happening outside of the wider area of Cephalosland, as well as to EQ preparation
processes leading to low magnitude EQs within tlea af Cephalonia island. Note that the
only signal that has been previously recorded seterthe M=6 EQ that occurred on the
specific island in 2007Qontoyiannis et al., 20}0

(ii) Prior to each one of the studied significar@% two MHz EME time series presenting
critical characteristics were recorded simultangounstwo different stations very close to the
focal areas, while no other station of our netw@fk Fig. 1) recorded such signals prior to the
specific EQs. This indicates that the revealedcality was not associated with a global
phenomenon, such as critical variations in the $phere, but was rather local to the area of
the lonian Islands region, enhancing the hypothissisthese EME were associated with the
EQ preparation process taking place prior to the significant EQs. This feature, combined
with the above mentioned sensitivity of the Cephilostation only to significant EQs
occurring on the specific island, could have bemmsered as an indication of the location of

the impending EQs.

EME, as a phenomenon rooted in the damage proskes|d be an indicator of memory
effects. Laboratory studies verify that: during laydoading, the level of EME increases
significantly when the stress exceeds the maximuevipusly reached stress level (Kaizer
effect). The existence of Kaizer effect predicts #M silence during the aftershock period
(Eftaxias et al., 2013; Eftaxias and Potirakis, 20&8d references therginThus, the
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appearance of the second EM anomaly may revealtiigatorresponding preparation of

fracture process has been organized in a new harrie

We note that, according to the view that seismianyg pre-EQ EM emissions should be “two
sides of the same coin” concerning the earthquakeermtion process, the corresponding
foreshock seismic activity, as another manifestatibthe same complex system, should be at
critical state as well, before the occurrence ofian event. We have shown that this really
happens for both significant EQs we studied. Imgotty, the revealed critical process seems
to be focused on an area corresponding to the ®ephalonia zone, one of the parts
according to the seismotectonic and hazard zondipaing of the wider area of the lonian
Islands.

To be more detailed, the foreshock seismicity daset with the first M, =6.0) EQ

reached critical condition a few days before theuo@nce of the main event. Specifically, it
came to critical condition before, but quite closethe emission of the corresponding MHz
signals for which critical behavior was identifieflhe seismicity that was considered as

foreshock of the secondM, =5.9) EQ also reached criticality few days before the

occurrence of the main event. In contrary to thet f£Q case, it came to criticality after, but
quite close, to the emission of the correspondirtdgMignals for which critical behavior was
identified.

One more outcome of our study was the identifieatbtricritical crossover dynamics in the

MHz emissions recorded just before the occurreridbeosecond significant EQ of interest

(M, =5.9) at the Cephalonia station. Note that, unfortugathe Zante station was out of

order for several hours during the specific dagluding the time window during which the
tricritical features were identified in the Cephabo recordings. As a result, we could not
cross check whether tricritical signals simultarsdpalso reached Zante. This is considered a
quite important finding, since it verifies a thetcally expected situation, namely the
approach of the intermediate dynamical state cfitical crossover, either from the first or
from the second order phase transition state.rmgef pre-EQ EME, this leads to a revision
of the four-stage model for the preparation of &ty means of its observable EM activity.
Namely, after the first stage of the EQ preparapoocess where MHz EME with critical
features are emitted, a second stage follows wkiéte or kHz or both MHz and kHz EME

with trictitical features are emitted. Specificallthe trictitical crossover dynamics can be
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identified either in MHz time series, following tleenission of a critical MHz EME, or in kHz
time series preceding the emission of avalancte#idz EME. In summary, the proposed
four stages of the last part of EQ preparation ggsecand the associated, appropriately
identified, EM observables appear in the followorger: 1st stage: valid MHz anomaly; 2nd
stage: MHz or kHz or MHz and kHz anomaly exhibitinigcritical characteristics; 3rd stage:
strong avalanche-like kHz anomaly; 4th stage: sbethgnetic quiescence. Note that the
specific four-stage model is a suggestion that setenbe verified by the up to now available
MHz-kHz observation data and corresponding timéseanalyzes, while a rebuttal has not
yet appeared in the literature. However, the undeding of the physical processes involved
in the preparation of an EQ and their relation &miaus available observables is an open
scientific issue. Much effort still remains to baigh before one can claim clear understanding

of EQ preparation processes and associated pogséuarsors.

As it has been repeatedly pointed out in previooskw €.g., Eftaxias et al., 2013; Eftaxias
and Potirakis, 2013, and references thgreour view is that such observations and the
associated analyses offer valuable informationtfi@ comprehension of the Earth system
processes that take place prior to the occurreheesgnificant EQ. As it is known, a large
number of other precursory phenomena are also waseboth by ground and satellite
stations, prior to significant EQs. Only a combiredluation of our observations with other
well documented precursory phenomena could possdnigier our observations useful for a
reliable short-term forecast solution. Unfortungtéh the cases of the Cephalonia EQs under
study this requirement was not fulfilled. To thesbef our knowledge, only one paper
reporting the emergence of VLF seismic-ionosphdisturbances four days before the first
Cephalonia EQSkeberis et al., 20)%as been published up to now. It is very impdrthat

the specific disturbances, which also correspond $patially extensive process as happens
with the MHz EME, were recorded during the sameetwindow with the here presented
MHz critical signals. However, more precursory ptraena could have been investigated if
appropriate observation data were available. Foamge, if ground-based magnetic
observatories in the area of Greece had availablgnetometer data for the time period of
interest, EQ-related ULF magnetic field variatiomsther of lithospheric or ionospheric
origin, which are also a result of spatially exiteagrocesses and in other cases have been
shown to present critical characteristics prioE®@ occurrenceHayakawa et al., 20)5could

also be investigated.
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Figure 1. Map with distribution of stations of the telemetrnetwork that monitors
electromagnetic variations in the MHz and kHz bandSreece, which were operating during
the time period of interest. The locations of theplalonia and Zante stations are marked by
the magenta square and triangle, respectivelyewhé rest of the remote stations are denoted

by red circles and the central data recording sdsye blue circle. The epicenters of the two

significant EQs of interest are also marked, th&t fEQ1,M,, =6.0) by a red cross and the
second (EQ2M,, =5.9) by a green X mark. (For interpretation of theerehces to colors,

the reader is referred to the online version of gaper.)
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Figure 2. (a) The 10,000 samples long critical window of MElz EME that was recorded

before the Cephalonid , =6.0 EQ at the Cephalonia station. (b) Amplitude disttion of

the signal of Fig. 2a. (c) Distribution of lamini@ngths for the end poing =655mV, as a

representative example of the involved fitting. Bodd line corresponds to the fitted function

(cf. to text in Sec. 2.1) with the values of theresponding exponentp,, p, also noted. (d)

The obtained exponentp,, p, vs. different values of the end of laminar regign The

horizontal dashed line indicates the critical lifjt, =1).
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Figure 3. (a) The 10,000 samples long critical window ¢ ¥iHz EME that was recorded
prior to the Cephaloni , = 6.0 EQ at the Zante station, while (b), (c), and (@) similar to
the corresponding parts of Fig. 2. From 3b, a figpetht (start of laminar regions), of
about 600 mV results, while in Fig. 3c, the digitibn of laminar lengths is given for the end
point ¢ =665mV for which the exponentsp,=1.49, p,=0.00C with R*=0.999 were

obtained.
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Figure 4. (a) The 12,000 samples long critical window of MElz EME that was recorded
before the CephalonidM ,=5.9 EQ at the Cephalonia station, while (b), (c), &dyl are
similar to the corresponding parts of Fig. 2. Ig.Fc, the distribution of laminar lengths is

given for the end poing = 660mV .



Potirakis et al. Recent Cephalonia EQs: candid&teEecursors, a nonlinear dynamics approach. p. 33

750 ‘
700 (b)
650
600
< 550
>
£ 500
N 1
450 -
=
400
350 I
0 —amsses.__
15000 20000 25000 30000 350 400 450 500 550 600
t (sec) i)
1.6
*
14 r‘—*\__ - (d)(
100 1.2 2
= 10 - s s e e e e e e e e e mm - - -
o 0.8
10 0.6
0.4
; 02 P,
1 00 = a—0 L4
1 10 398 400 402 404 406 408 410 412 414 416

I ¢|

Figure 5. (a) The 18,000 samples long critical window of MElz EME that was recorded
before the Cephaloni/,, =5.9 EQ at the Zante station; (b), (c), and (d) areilamo the
corresponding parts of Fig. 2. In Fig. 5c¢, therthsition of laminar lengths corresponds to the

end pointg =400mV .
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2 Figure 6. Natural time analysis results obtained for the MEME signals shown in: (a) Fig.
3  2a, recorded at Cephalonia station prior to EQILF{®. 3a, recorded at Zante station prior to
4 EQ1, (c) Fig. 4a, recorded at Cephalonia statioor go EQ2, and (d) Fig. 5a, recorded at

5 Zante station prior to EQ2. The quantities (solid curve),S, (dash-dot curve), an&,
6 (dot curve) vs. amplitude threshold for each MHgnal are shown. The entropy limit of
7 S(=0.096§, the value 0.07C and a region of+0.00% around it are denoted by the

8 horizontal solid light green, solid grey and theeygrdashed lines, respectively. (For
9 interpretation of the references to colors, thaleeas referred to the online version of this

10  paper.)
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Figure 7. (a) The 27,000 samples long tricritical excerpthef MHz EME that was recorded

before the Cephaloni# ,=5.9 EQ at the Cephalonia station; (b), (c), and (&)smilar to

the corresponding parts of Fig. 2. In Fig. 7c,drsribution of laminar lengths corresponds to

the end pointg =675mV .
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Figure 8. Seismic zonation in the lonian Islands area. Tuations of the Cephalonia and
Zante stations, as well as the epicenters of tlee dignificant EQs of interest are marked,

using the same signs presented in Fig. 1.
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Seismic Activity in w. Cephalonia, M>2
time period: 13-Dec-2013 to 26-Jan-2014
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Figure 9. Foreshock seismic activityM, ) before EQ1: (a) for the whole investigated arka o

the lonian Sea region; (b) for west Cephaloniar {Rterpretation of the references to colors,

the reader is referred to the online version of gaper.)
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Figure 10. Temporal evolutions of the four natural time (NRalysis parameters«{, S,,

S and(D)) for the foreshock seismic activity recorded ptmiEQ1L: (a) for the activity of

the whole investigated area of the lonian SeaNhr threshold 2.5, during the period from

13/12/2013 00:00:00 to 26/01/2014 13:55:44 UT (mfser the occurrence of EQ1); (b) for

the activity of the whole investigated area of khieian Sea forM, threshold 2.3, during the

period from 11/01/2014 04:13:00 (just after thg =4.7 occurred in Zante) to 26/01/2014

13:55:44 UT,; (c) for the activity of both Cephalar{east and west) zones combined by

threshold 2.1, during the period from 13/12/201300@0 to 26/01/2014 13:55:44 UT;. (d)

for the activity of the west Cephaloniafdvl, threshold 2.1, during the period from

13/12/2013 00:00:00 to 26/01/2014 13:55:44 UT. Nbtd the events employed depend on
the considered threshold. Moreover, the time (x¢)sas not linear in terms of the

conventional date of occurrence of the events,esiie employed events appear equally

spaced relative to x-axis, as the natural timeasgmtation demands, although they are not
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equally spaced in conventional time. The horizostdid light green, solid grey and the grey
dashed lines, denote the same quantities as in6Fiyhile the horizontal solid brown line

denotes thel0 limit for (D). (For interpretation of the references to coldng, reader is

referred to the online version of this paper.)
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Seismic Activity vs. time, IVIL> 2
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Seismic Activity in w. Cephalonia, ML} 2
time period: 29-Jan-2014 to 03-Feb-2014
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Figure 11. (a) Seismic activity from the time immediately afeQ1 (M, =6.0) up to the
time of EQ2 M, =5.9) for the whole investigated area of the lonian.SHae moving

averages of the recorded earthquake local magmitusletime for calculation windows of 25
and 75 successive events are shown by the daslhgehtaaand solid grey curve, respectively.
The vertical solid red line denotes the time p@@tlanuary 00:00:00 UT. (b) The considered
as foreshock seismic activity before EQ2 (from 222014 00:00 UT up to the time of
occurrence of EQ2) for west Cephalonia. All presdniagnitudes are local magnitudes

(M, ).(For interpretation of the references to coldtse reader is referred to the online

version of this paper.)
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Cephalonia during the time period from 29/01/201400:00 to 03/02/2014 03:08:47 UT
(between EQ1,M,=6.0, and EQ2,M,=5.9): (a)-(d) Temporal evolutions of the four

natural time analysis parameters ( S, , S,_, and<D>) for the differentM | thresholds 2.2,

2.6, 2.8, and 3.0, respectively. Note that the sv@mployed depend on the considered

threshold. Moreover, the time (x-) axis is not &nen terms of the conventional date of

occurrence of the events, since the employed ewapmear equally spaced relative to x-axis,

as the natural time representation demands, althabgy are not equally spaced in

conventional time. The horizontal solid light greewolid grey and the grey dashed lines,

denote the same quantities as in Fig. 6, whilehtrezontal solid brown line denotes the™>

limit for (D} (For interpretation of the references to coldhg reader is referred to the

online version of this paper.)



