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NATURAL TIME (@vo1K0G ypOovoq)

It was suggested by P. Varotsos, N. Sarlis and E. Skordas, Practica of Athens Academy 76, 294 (2001). It
extracts signal information as much as possible Phys. Rev. Lett. 94, 170601 (2005) . For a recent review see P.
Varotsos, N. Sarlis and E. Skordas “Natural Time Analysis: The New View of Time” Springer-Verlag (2011).

Ton currentfluctuations in
membrane channels

exhibit properties described by
the “uniform” distribution which
1s completely different from
those of SES (critical dynamics)

Phys.Rev.E 66, 011902 (2002)

Analysis of electrocardiograms
in natural time:

The sudden cardiac death
individuals are distinguished
from the truly healthy ones as
well as from patients.

Phys. Rev. E70,011106
2004);Phys. Rev. E71,011110
2005 ;Afgl' Phys. Lett. 91,
64106(2007); EPL 87, 18003
(2009)

The entropy S changes to S-

under time reversal.
Phys.Rev.ET71, 032102 (2005) and
its change can be used for
}gedlctlng the avalanches 1n the

FC Tectonophysics 513, 49
(2011)

Discrimination of SES
activities (strongest memory)
from noise emitted from nearby
artificial sources

Phys.Rev.E67, 021109 (2003);
CHAOS 19, 023114(2009); 20
033111 (2010); Tectonophysics
503, 189-194 (2011).

Earthquakes:
Universal curve
Order parameter

which exhibits characteristic
fluctuations before mainshocks

Identify correlations between
earthquake magnitudes

Studying the seismicity after an
SES activity, we can determine
the time-window of the
impending mainshock with
good accuracy of a few hours to
a few days.

Predict the magnitude of
aftershocks

Similar looking signals that are
emitted from systems with
different dynamics can be
distinguished.
Modern techniques of statistical
%ysws, ¢.g., Hurst Analysis,
avelet transform, Detrended
Fluctuation Analysis (DFA) etc.
should be better made in natural
time.

Phys. Rev. E 68, 031106 (2003)

High Tc-superconductors

Small changes in the magnetic
ield can result in large
rearrangements of fluxing the
sample, known as flux avalanches)
Rice piles
(Self Organized Criticality)

P}Iz)ys.Rev.B 73, 054504 (2006);
EPL 96, 28006 (2011)

Critical Systems in general

Proc. Nat. Acad. Sc. USA 108,
11361-11364 (2011) 2
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Studying the seismicity after an SES activity, we can determine the
time-window of the impending mainshock with good accuracy of
a few hours to a few days.
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The book entitled
"NATURAL TIME
ANALYSIS: THE NEW
VIEW OF TIME, Seismic
Electric Signals,
Earthquakes and other

complex time series" by P.

Varotsos, N. Sarlis and E.
Skordas appeared in 2011
by Springer.

NATURAL TIME ANALYSIS:
THE NEW VIEW OF TIME

Precursory Seismic Electric Signals,
Earthquakes and other Complex Time-Series

Panayiotis A. Varotsos, Nicholas V. Sarlis
and Efthimios S. Skordas

mavepdy 6T olx EoTty dveu xviioews xol pEToBolic ypovos.

It is evident that without movement and change there is no time.
ARISTOTLE
{4th century B.C.)

«. [N respect to its rdle in the equations of physics, though not with regard to
its physical significance, time is equivalent to the space co-ordinates {apart
from the relations of reality). From this point of view, physics is, as it were,
Euclidean geometry of four dimensions, or, more correctly, a statics in a four-
dimensional Euclidean continm.

ALBERT EINSTEIN

{Mature, 1921)

FHE

We are familiar with the idea of the comtinunsr, or we believe ourselves to be. We are
not familiar with the enormous difficulty this concept presents to the mind, unless
we have studied very modern mathematics (Dirichlet, Dedekind, Cantor). The
Greeks hit on these difficulties, became fully aware of them, were profoundly shaken
by them.

... 30, in brief, we do not belong to this material world that science constructs for us.
We are not in it, we are outside. We are only spectators.

ERWIN SCHRODINGER

{Nature and Greeks, 1954)

@ Springer PR@




Introduction to Natural Time
Analysis (NTA)

Let us assume a time series
comprising N events. In NTA,
the first event is "placed' on the
horizontal axis at x,=1/N, the

second at x,=2/N etc. In general,

TR the event that occurred k-th In
X natural G order is placed at x, =k/N.

duration

T
el

- We call x,=k/N natural time.

magnitude

- For each event k, we consider a
quantity Q, which is, in general,

proportional to the released
energy E,.

mic
moment

Seis

natural time

P—Varotsos, N-Sarlis;-and E-Skordas;—n NTA, we study the evolugion

Practica of Athens Academy 76, 294 .
001 of the pair (x,,Q,) .



NTA in electrocardiograms

natural time

Qv

Schematic diagrain of a three heartbeat excerpt of an ECG
in the usual {(conventional) time—domain (a), and the QT—interval
time—series of (a) read in the natural time (b). The vertical bars
are equally spaced, but the length of each bar denotes the
duration of the corresponding QT—interval marked in (a).




In order to study the evolution of the pairs (x,,Q ) in

natural time analysis, we define the normalized energy
release:

Since p, are positive and sum up to unity they can be
considered as probabilities. Thus,

D(e)=(expliog )= p. explioy,)

n=1

or M(w)=|P(w)|?

may be considered as characteristic functions for the

distribution of p, in the sense of Probability Theory. 7
P. Varotsos. N. Sarlis. and E. Skordas. Practica of Athens Academy 76. 294 (2001)




The variance K, of natural time

Since characteristic functions provide
iInformation on the distribution when w—0, we
study N(w) in this limit:

As w—0, Tl(w)=1-K w2

where
K1=<X2>_<X>2=Z(Xk)zpk_(zxkpk)z
IS the variance of natural time.

8
P. Varotsos, N. Sarlis, and E. Skordas, Practica of Athens Academy 76, 294 (2001)



Important properties of k.

“The quantity k., or equivalently the quantity

[T(w)=|P(w)|?for w—0, has been proposed
as an order parameter (OP) for seismicity.
[P. Varotsos et al. Phys. Rev. E 72, 041103 (2005)]

*For systems at criticality the following
condition holds k,=0.070

[P. Varotsos et al. Proc. Nat. Acad. Sc. USA 108,
11361-11364 (2011) ]



Why k., behaves like an OP for EQs?

10 12 14 16 18
Number of EQs after SES

The value of K, after the Seismic

Electric Signal on April 18, 1995
until the 6.6 Kozani-Grevana EQ
on May 13, 1995 (labelled 18).

Varotsos P. A.,

°K, 1s non-zero before the

occurence of a strong
earthquake (EQ) (like
magnetization M 1S non-
zero  below the Curie
temperature n the
unsymmetrical phase)

*k, becomes zero upon the

occurrence of a strong EQ
(like M 1s zero above the
Curie temperature 1n the

symmetrical phase)
Sarlis N. V., Tanaka H. K. and

Skordas E. S., Phys. Rev. E, 72 (2005) 041103.



The values of kK for various
dynamical universality classes

Ising (2D), Model A @
| Ising (2D), Model B @
Ising (3D), Model A

C%st:;e Potts(2D), Model A

4-state Potts(2D), Model A
XY(2D), Model A @ |
O(N-c0)(3D), Model A®
O(3)(3D), Model AO

1.8 2.0 2:2 2.4 2.6
Z

Fig. 1. The values of x4 as a function of dynamic critical exponent z. Various
dynamical universality classes are depicted according to their dynamic critical
exponent values (see tables IV, VI, IX, and XI of ref. 19). Models A and B
correspond to nonconserved or conserved order parameter dynamics as
defined by Hohenberg and Halperin (33).

P. Varotsos et al. Proc. Nat. Acad. Sc. USA 108, 11361-11364 (2011)




The entropy S in natural time
S=<xlnyx>-<x>In <x>

e Sis adynamic entropy and hence differs

essentially from the usual (static)

Shannon entropy: -2p; Inp;

 When reversing the time arrow, S changes
to S_ being a “causal” operator
[Varotsos et al., Phys. Rev. E 71, 032102 (2005)]

The S value corresponding to the
“uniform” distribution is denoted by
0.07 o Su=|n(2)/2'1 /4200966

0.06

0 10 20 30 40 50 60 70 80

Varotsos et al., Practica of Athens Academy 76, 294 (2001); Phys. Rev. k2 68,
031106 (2003); ibid 70, 011106 (2004)



The entropy S in natural time
S=<xlnyx>-<x>In <x>

e Sis adynamic entropy and hence differs

essentially from the usual (static)

Shannon entropy: -2p; Inp;

o )  When reversing the time arrow, S changes
i to S_ being a “causal” operator
[Varotsos et al., Phys. Rev. E 71, 032102 (2005)]

The S value corresponding to the
| “uniform” distribution is denoted by
SN _ S =In(2)/2-1/4=0.0966

0.06

Varotsos et al., Practica of Athens Academy 76, 294 (2001); Phys. Rev. k3 68,
031106 (2003); ibid 70, 011106 (2004)
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An application of S to ECGs

reversed conventional time

R

Q C?m+.2

m+1
natural time

Varotsos et al., Appl. Phys. Lett. 91, 0641066 (2007)
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Fig. 5: (Color online) The complexity measure N3 vs. o[AS7]
for the RR time series. The green horizontal line corresponds

H. E. Europhys.
Lett. 43, 363
(1998)

to the minimum value of N3, while the two vertical green lines
to the minimum and maximum o[AS7] values, respectively,
computed in H. The (black) square and the corresponding error
bars depict the values of the complexity measures obtained
from the model proposed here. As for the complexity measures
obtained from the model suggested in ref. [49] (using the
same parameters with those given in fig. 2 of ref. [49]), they
correspond to the (green) circle.




Magnetic flux avalanches 1n
YBa Cu, O,

NN

Aegerter C. M., Welling M. S. and
Wijngaarden R. J., Europhys.

~| ML ‘ | - Lett., 65 (2004) 753.
0 \U‘L il ‘L ‘ A |

200 400 600 800 1000 1200

Sarlis N. V., Varotsos P. A. and
Skordas E. S., Phys. Rev. B, 73
(2006) 054504.

L) W Y ' Fih
0 20 40 60 80 100 120 140
time (steps)



80
time {steps)

B0 80 100 120 140
N

FIG. 1. (a) The time evolution of the magnetic flux
YBa,Cu;0,_, inside the sample over the first run of Fig. 2 of R
14. (b) The results of the variance k, (dotted line) and the entrop
(solid line) as they evolve event by event, when the data of (a)
analyzed in the natural time domain.
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P(s)

F1G. 2. The PDF P(s) versus the cluster area 5 of the C clusters
of Ref. 16, for H=0.5 for various values of n=50, 100, 200, 600,
1000, and 2000. The line P(s)=s"" with r=4/3, as analytically
found in Ref. 16 to describe Pis), is also drawn as a guide to the

Cye.

Py )

18 A. Carbone and H. E. Stanley, Physica A 340, 544 (2004).
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FIG. 3. The PDF's of x; and § obtained from a Monte Carlo
simulation for the generalized stochastic model of Ref. 16 for
H=0.5, n=200, and N=140. The dotted and dashed PDF's corre-
spond to two different noncritical cases (see the text).




Seismic Electric Signal Activities

Seismic Electric Signals (SES) activities are series of low
frequency electric signals that precede earthquakes,
reported in the 80’s.

Almost 30 years ago, it has been suggested that SES
activities arise from a cooperative orientation of electric
dipoles formed due to defects when the stress in the focal
area reaches a critical value. Cooperativity 1s a hallmark of
criticality.

20
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The Physics of
Seismic Electric Signals

TERRAPUB, Tokyo

The cover of the book entitled “Physics of Seismic Electric Signals® by P. Varotsos »
released in 2005 by the Japanese Publishing House TerraPub in Tokyo.



EARTHQUAKE PREDICTION

BY SEISMIC ELECTRIC SIGNALS
The success of the VAN method

over thirty years
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@ Springer PR@

The cover of the book entitled “Earthquake prediction by Seismic Electric Signals™ by
Mary S. Lazaridou-Varotsos released in 2013 by Springer
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1.1 Data collection and the telemetric network

g Fig. 1.2 Map showing the sites of the stations
& bk Sicion of the.real.-tune telemetric network currently
M Central Station operating 1n Greece.




VOLOS STATION
[ |gneiss schists
[T Imarbles
alluvia
B voleanic rocks
[ peridotites and gabbros

I fluviolacustrine and
—— terrestial deposits

777 amphibole-epidote-chlorite schists

1Km
—

P. Varotsos, N. Sarlis, and E. Skordas, " A note on the spatial extent of the Volos SES sensitive 26
site", Acta Geophysica Polonica, Vol. 49 (2001), 425-435.




1st usefulness of Natural Time

Several Modern Procedures to distinguish true preseismic signals (critical
dynamics) from “artificial” noise:

>  Normalized power spectrum I1(®) (or x,=(x)=(0%)

>  Hurst

»  Detrended Fluctuation Analysis (DFA)

>  Multifractal DFA

>  Wavelet Transform

>  Entropy

ATTENTION: A/l the above in natural time

27



Natural time analysis results In the
following additional facts:

e First, based on the data of the SES activities and on the natural time
analysis of subsequent seismicity, successful predictions (concerning the
magnitude, epicenter and time-window) have been publicized well in
advance, for all five major earthquakes with Mw>6.4 (related to four
mainshocks) in Greece during the last decade [e.g. see Seiya Uyeda and

Masashi Kamogawa, EOS, Transactions, American Geophysical Union 89,
363 (2008); 91, 163 (2010)].

e Second, the recording of SES activities are shown to be accompanied by
characteristic changes of independent geophysical data.

28



Prediction of
the largest
moment
magnitude EQ
during the last
30 years 1n
Greece

The first page of the article by P. Varotsos, N. Sarlis and E Skordas that was publicised

on February 1, 2008 on the scientific website of the Library at Cornell University.



as follows (see Fig.16): One SES activity at PAT on 10
January, 2008 and another one on 14 January, 2008 at
the station PIR located in western Greece, see Fig.13 (cf.
The configuration of the measuring dipoles in the latter
station is described in detail in the EPAPS documentg
of Ref.[60]). Their subsequent seismicities are currently
studied along the lines explained above considering the
evolving seismicity in the following areas: Concerning
the former SES activity at PAT the areas depicted in
Fig.13, while for the one at PIR on 14 January, 2008, the
subsequent seismicity is studied in the area B of Fig.9
as well as in the larger area [N35§E255|and in the one
surrounding the epicenter[69] (36°N 23°E).

......
||||||

Page 12 of the article publicised on February 1, 2008. See the section shown by the
arrow, which reports that two sets of new preseismic signals (SES activities) were
recorded on 10 and 14 January at the stations PAT and PIR, respectively
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NPOZEIEMIKEE AONHZEIZ KAI NAAI AI'IO THN OMAAA BAN
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The front page of the newspaper ETHNOS on Sunday February 10, 2008 entitled
“Forecast-mystery for an earthquake of 6 Richter’. Furthermore, the publication of
..a strong earthquake greater than 6.0 Richter is imminent”
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The left rectangle outlined in red is described on page 12 of
the article released on February 1, 2008 as being the most
likely for the upcoming earthquake




Fos, Vol. 89, No. 39,

NEWS

The Prediction of Two Large Earthquakes

in Greece
PAGE 363

The VAN experimental method of short-
term earthquake prediction {named after
the initials of three Greek physicists,
Panayiotis Varolsos, Kessar Alexopoulos,
and Konstantine Nomicos) has been used
to monitor preseismic electric signals since
the 1980s [see Varotsos, 2005]. From observed
telluric current signals, called seismic elec-
tric signals (SES). the epicentral area, mag-
mitude, and accurrence time of an impend-
ing earthquake are estimalted. SES are
interpreted as having been emitted when
the focal region in which the earthquake
in question could accur has entered the
critical regime (i.e., a stage close to the
rupture.

The VAN method recently reached the
stage of possibly enabling the narrowing of
the time window of earthquake prediction
to the order of a few days. This narrowing
is made possible by the use of a new
method called "natural time analyvsis,” This
analysis has been developed to i(ii—""t!”}'
the time when a dyvnamic svstem (i.e., a
system evolving with time) ﬂxh.hn.‘, h{ah;w-
or similar to a phase change [Voaroftsos
et al, 2008, and references therein]. On the

hypathesis that the main shock earthquake
is a critical phenomenon, when SES activ-
ity is observed. natural time analysis is
conducted on the seismicities of small
earthquakes in the suspected future epi-
central area solely by considering their
order of oceurrence and the energy emit-
ted by each of them. The term natural time
analysis stems from the disregard of the
conventional time of the earthquakes'
occurrence. It has been found that such an
analysis enables the identification of the
time of the main shock usually within a
few days before it occurs (see P Varotsos
et al., Seismic electric signals and 1/1
"noise” in natural time, al hitpdarsiv.org/
abs/ 07113766}

On 14 February 2008, a large earthquake
(L5 Geological Survey M=6.9) and its
mrobable aftershock (M=6.2) occurred in
the lonian dea close 1o the region of south-
western Peloponnese, in Greece. The paper
by P Varotsos et al. (htip:/farxiv.org/
abs/OT11.3766), which appeared 2 weeks
earlier {1 February 2008), reported that
new electric signals were registered on
11 January at the Pirgos VAN electro-
telluric station in western Greece, the
earthquake for which. however, had not

23 September 2008

vet occurred, The report also indicated
that on the basis of the recorded signal
amplitude, the magnitude of the impend-
ing earthquake had been expected to be
more than & and that the epicenter would
be inside the area with C()tlr{iillélleﬁ-
J6.0"=38.06"N, 20.0"=22 5"E, i.e., approxi-
mately in a 250 x 260 »qt,ar&, I\:Iumeter
area in southwestern Peloponnese,

On 10 February 2008, an article on the
front page of the Greek newspaper Ethnos
announced that 4 magnitude & earthquake
would oceur imminently in the predicted
area. Four days later, on 11 February, the
two earthquakes occurred tnside the
expected area. The first one, the largest in
Greece since 1983, was also felt in some
adjacent countries. This was a case where
prediction by the VAN method was docu-
mented in a scientific publication as well as
in the public media well before the main
shock occurred,

References

Varotsos, EL20000 The Phvsics of Sefsiic Electric
Signais, TerraPub, Tokyo

Varotsos, PA, NV Sarlis, F. 5 Skordas, and M. 5 Laza-
riclou (2008 ), Fluctuations, urder time reversal, of
the natural time and the entropy distinguish Sl
lar looking clectric signals of different dynamics
LAppd Phvs 103 014906, don: 10, 1063/1. 28T,

—SEva LvEna, Farthguake Prediction Research
Center, Tokal Unversity, Tokyo, lapan: and
MASASHI KAMC A. Department of Physics,
Tokvo Gakugel University, Tokyo, Japan; E-mail:
Kamogawa@i-gakugdeiac)p

The article of Professors SEIYA UYEDA and MASASHI KAMOGAWA in the
journal EOS of the American Geophysical Union, on 23 September 2008




Natural time analysis of seismological
catalogs

Two techniques

(A) A natural time window
comprising 6 to 40 EQs sliding
event by event through an

| EEEEEN : . .
| iﬁr“ II Illlmm I | excerpt of a seismic catalog

leads to various K, values.

(B) We calculate for each EQ
e, (=41 in the present
example) the K values using
the previous 6 to 40

consecutive EQs (in the
opposite direction to that in A).
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and after mainshocks

N. V. Saruis, E. S. SkorpAs and P. A. VaroTsos!®
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Abstract — It is widely accepted that the observed earthquake scaling laws indicate the proximity
of the system to a critical point. Using the order parameter (OF) for seismicity suggested on the
basis of natural time as well as the detrended Huctuation analysis of the magnitude time-series,
we investigate the behavior of seismicity before and after significant earthquakes. The analysis
reveals that the Huctuations of the OF before major earthquakes exhibit a characteristic feature
which, if quantified properly, may be used as decision variable to predict the occurrence of a large
earthquake in the next time step based solely on the magnitudes of previous earthquakes.

Copyright © EPLA, 2010
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New result!

The variabllity of k.,

Exhibits an increase when
approaching a main shock.
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Scale-specific order parameter fluctuations of seismicity
in natural time before mainshocks
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Solid State Section and Solid Earth Physics Institute, Physics Department, University of Athens
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PACS 91.30.4b — Theory and modeling, computational seismology
PACS 89.76.Da — Sy=tems obeyving scaling laws
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Abstract — We have previonsly shown that the probability distribution of the order parameter
k1 of seismicity in natural time turns to be bimodal when approaching a mainshock. This reflects
that, for wvarious natural time window lengths ending at a given mainshock, the fluctuations
of &; considerably increase for smaller lengths, € e, upon approaching a mainshock. Here, as
a second step, we investigate the order parameter fluctuations, but when considering a natural
time window of a fixed-length =sliding throngh a seismic catalog. We find that when this length
becomes comparable with the lead time of Seismic Electric Signals activities (i.¢e.. of the order of a
few months), the fluctuations exhibit a global minimum before the strongest mainshock. Thus, the
approach of the Iatter is characterized by two distinct features of the order parameter fluctuations
that complement each other.

Copyright (€) EPLA, 2011
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Fig. 1: (Color online) (a) The variability of k1 ws. the number
of events (earthquakes) when a natural time window of length
W = 300 events is sliding through the NCEDC catalog for
the seismicity (M = 2.5) in California during the 25 year
period January 1, 1979 to December 31, 2003. The earthquakes
that occurred are shown in black (with magnitudes labelled
M((NCEDC) in the right scale). (b) The same as in (a) but
here the wariability of k1 is plotted ws. the conventional time
(UT). (¢) An excerpt of (b) showing the variability of k1 wvs.
the conventional time during the almost 14 month period from
00:00 UT May 1, 1991 until the occurrence of the Landers
earthquake on June 28, 1992. The horizontal dotted (blue) lines
were drawn as a guide to the eye indicating the minimum 3
ralue.
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Fig. 2: (Color online) (a) The variability of k1 ws. the number

of events (earthquakes) when a natural time window of length
W = 300 events is sliding through the GI-NOA catalog for the
seismicity (Mg = 3.2) in the area N33:8E25Y in Greece during
the ten year period January 1, 1999 to December 31, 2008. The
earthquakes that occurred are shown in black (M (AT H) in
the right scale). (b) The same as in (a) but here the variability
of K, is plotted ws. the conventional time (UT). (¢) An excerpt
of (b) showing the variability of k1 ws. the conventional time
during an almost three month period from 00:00 UT March 1,
2008 until the Mg (AT H)= 6.5 earthquake on June 8, 2008.
The horizontal dotted (blue) lines were drawn as a guide to
the eye indicating the minimum 3 value.



New result!
The variability of k.,

B = o(K,)/u(K,),
calculated for the specific scale
W=300, which
corresponds to the average lead
time of SES, exhibits a clear
minimum before the strongest
mainshock.
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Scale-specific order parameter fluctuations of seismicity before
mainshocks: Natural time and Detrended Fluctuation Analysis
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Abstract — The order parameter fluctuations of seismicity are investigated upon considering a
natural time window of fixed length sliding through the consecutive earthquakes that occurred in
California. We previously found that when this length corresponds to a time period of the order of
a few months, the Huctuations exhibit a global minimum before the strongest mainshock. Here, we
show that in California, during the twenty five year period 1979-2003, minima of the Huctuations
are identified 1 to 5 months before four out of five mainshocks with magnitude M = 7.0 or larger as
well as before the M = 6.9 Northridge earthquake. These minima are accompanied by minima of
the exponent & of the Detrended Fluctuation Analysis (DFA) of the earthquake magnitude time
series, which since a < 0.5 indicate anticorrelated behavior. These results of DFA alone cannot
serve for prediction purposes, but do so when combined with the aforementioned minima in the
fAuctuations of the order parameter of seismicity identified in natural time analysis.
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Fig. 3: (Color online) The same as in fig. 2, but the relevant
quantities here are plotted vs. the conventional time.




Table 1: All major EQs with M > 7.0 within N3} *Wii>: during the period 1979-2003. The M = 6.9 Northridge earthquake is
also included in italics. The values of minima observed for the variability 3 of k1 and the DFA exponent o together with the
dates of their observation, in parentheses, are also inserted. The lead time At for each case is shown in the last column.

EQ Date

LAT

M (NCEDC)

EQ Name

i}

(4]

1980-11-08
1939-10-18
1992-06-28
1994-01-17
1994-09-01

1999-10-16

41.08

a7.04

34.19

3/.23

40.41

34.60

— 118.55

Eureka
Loma Prieta
Landers

Northridge

Mendocino fault

Hector Mine

0.444
(1980-05-01)

0.378
(1992-01-28)
0./59
(1993-11-14)
0.472
(1994-08-01)
0.444
(1999-05-14)

0.445
(1980-08-01)

0.383
(1992-02-02)
0.431
(1993-11-14)
0.458
(1994-05-09)
0.422
(1999-05-15)

At (months)



The recording of SES activities are shown to be accompanied
by characteristic changes of independent geophysical data
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New result!

The minimum of the variability of k.,
B = o(k,)/u(k,), calculated for

the specific scale W=300 (which
corresponds to the lead time of SES)
occurs almost simultaneously

with the SES activity initiation



The Izu Islands volcanic-seismic
swarm activity in 2000

Uyeda, S., Hayakawa, M., Nagao, T., Molchanov, O., Hattori, K.,
Orihara, Y., Gotoh, K., Akinaga, Y., Tanaka, H., 2002. Electric
and magnetic phenomena observed before the volcano-seismic

activity 1in 2000 1n the Izu Island region, Japan. Proc. Natl. Acad.

Sci. USA 99, 7352-7355.

Uyeda, S., Kamogawa, M., Tanaka, H., 2009. Analysis of
electrical activity and seismicity in the natural time domain for the

volcanic-seismic swarm activity in 2000 1n the Izu Island region,
Japan. J. Geophys. Res. 114, B02310.
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The SES activity
at Niijima Island, Japan
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Figure 10. Three year record [Uyeda et al., 2002]. Time
change of the 0.01 Hz spectral intensity ratio of geoelectric
potential difference at Wak-Air and Air-Boe dipn]eq
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Figure Y. Examples of typical 24-h records of the Wak-Air long dipole potential difference [Uyeda et
al., 2002] (50 mV/km scale is indicated on the vertical axis). (a) Before 26 April. Records showed mainly
smooth variations only. (b) During 2 months before the onset (26 June) of the seismic swarm activity.
Numerous anomalous changes occurred. (c) Just after 26 June. Anomalous changes were more
conspicuous, (d) After the cessation of the swarm activity, records resumed usual quietness. Time
windows 1, 2, 3, and 4 are indicated in Figure 10 (top).

months hemre Ihe SEISMIC SWarm i"*ﬁ June to 29 August).
The gap in data was caused by the system failure due to
shaking and typhoons in July and August 2000. The
numbers 1, 2, 3, and 4 correspond to those in Figure 9. A is
the date of the “true coincidence.”



Tectonophysics 589 (2013) 116-125

Seismic Electric Signals: An additional fact showing their physical interconnection
with seismicity

P.A. Varotsos ™, N.V. Sarlis, E.S. Skordas, M.S. Lazaridou

Solid State Section and Solid Earth Physics Institute, Physics Department, University of Athens, Panepistimiopolis, Zografos 157 84, Athens, Greece

ABSTRACT

Natural time analysis reveals novel dynamical features hidden behind time series in complex systems. By ap-
plying it to the time series of earthquakes, we find that the order parameter of seismicity exhibits a unique
change approximately at the date(s) at which Seismic Electric Signals (SES) activities have been reported
to initiate. In particular, we show that the fluctuations of the order parameter of seismicity in Japan exhibits
a clearly detectable minimum approximately at the time of the initiation of the SES activity observed by
Uyeda and coworkers almost two months before the onset of the volcanic-seismic swarm activity in 2000
in the Izu Island region, Japan. To the best of our knowledge, this is the first time that, well before the occur-
rence of major earthquakes, anomalous changes are found to appear almost simultaneously in two indepen-
dent datasets of different geophysical observables (geoelectrical measurements, seismicity). In addition, we
show that these two phenomena are also linked closely in space.

© 2013 Elsevier B.V. All rights reserved.

* On the occasion of the 80th birthday of Professor Seiya Uyeda.
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PA. Varotsos et al / Tectonophysics 589 (2013) 116-125 T h e n Od eS a n d I i n kS
are taken from:

Tenenbaum, J.N.,
Havlin, S., Stanley,
H.E., Earthquake
networks based on
similar activity patterns
Phys. Rev. E 86,
046107 (2012).

The stars show the epicenters of the 200
events when the ending of the natural
time window of length W=200 lies on the
minimum of B on 26 April 2000. The
yellow rectangle boundaries mark the
area used in the present analysis.
The two areas (out of 16): “broken black™
and “solid purple” of 15°x15° do not
exhibit a minimumof B at a date close to
124°'E126'E 128'E 130°E 132'E 134'E 136°'E 138'E 140°E 142°E 144°E146'E 148'E  mwdSRaN o1y | WPAO[O[ORVY/ o1 (R a (=10 {0 Mo (=T-10 8
does so. %




Conclusion

If we consider a wide area (15°%15°) not
containing strong nodes and links the
phenomenon studied cannot be seen in these
wide areas.

This strengthens the existence of strong links
representing large correlations between
patterns in locations separated by more than
1000km as well the stability of these links
over time as found by Tenenbaum, Havlin
and Stanley, Phys. Rev. E 86, 046107 (2012)

[cf . the time period of the two studies is different]
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Origin of the Usefulness of the Natural-Time Representation of Complex Time Series

Sumiyoshi Abe,""* N.V. Sarlis,” E. S. Skordas,”” H. K. Tanaka,>* and P. A. Varotsos™*'
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The concept of natural time turmed out to be useful in revealing dynamical features behind complex
time series including electrocardiograms, ionic current fluctuations of membrane channels, seismic
electric signals, and seismic event correlation. However, the origin of this empirical usefulness is yet
to be clarified. Here. it is shown that this time domain is in fact optimal for enhancing the signals in time-
frequency space by employing the Wigner function and measuring its localization property.

DOI: 10.1103/PhysRevLett.94. 170601 PACS numbers: 05.40.—a, 05.45.Tp. 05.90.4+m, 87.104¢
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FIG. 1. An example of observed time series of SES activity
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randomly generated time. In (b), the natural time serves as an
index of the occurrence of each pulse (reduced by the total
number of pulses), while the amplitude is proportional to the
duration of each electric pulse [12-15].
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FIG. 2. The plots of the Wigner functions of the SES activity A
in Fig. 3 given below in (a) the conventional time domain and
(b} the natural-time domain. Significant enhancement of the
signal is recognized in the natural-time domain at both edges
but mainly in the localized structures in the intermediate region.
Note that, instead of y;, Ny, = k is used (see the text). @ has
the unit [rad/sec], whereas @ has [rad].




To quantify the degrees of disorder in the time-
frequency spaces with various time domains, we employ.
as mentioned, the Tsallis entropy [27] defined by

1 P X
S, = duWwd —11 3)
:,r 1.— g ( ‘.[ S ) (3)

where [du is the collective notation for integral and
sum over the time-frequency space and g is the positive
entropic index. In the limit g — 1, this quantity tends to the
form of the Boltzmann-Gibbs-Shannon entropy § =
— [dpuW InW. This limit cannot however be taken, since
the Wigner function is a pseudodistribution and takes

negative values, in general. S, is, however, well defined

G

if ¢ 1s even. Thus, we propose to use the value

y) TABLE 1. The number of N pulses and the values of p(5; <
55%) for the 10 electric signals analyzed. The estimation error is
at the most 1.6%.
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Abstract

Natural time analysis provides a general framework for the study of
complex systems. It enables the identification of novel dynamical
features hidden behind the time series of complex systems.

Natural time analysis has been shown to extract the maximum
information possible in the study of the dynamical evolution of a complex
system. It identifies when a system enters a critical stage. Hence, it plays
a key role in predicting catastrophic events in general. We review a
series of such examples including the analysis of avalanches of the
penetration of magnetic flux into thin films of high Tc superconductors,
the identification of sudden cardiac death risk, the recognition of electric
signals that precede earthquakes and the determination of the time of
an impending mainshock. In particular, we review cases of major
earthquakes that occurred in Greece, California and Japan.
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K, (F<X*>-<X>) characterizes signals
emitted from critical systems

Seismic Electric Signals activities

Signal

S

K|

S

PAT***)
EE |

PAT,
PIR;"""
PR,
PAT;™"
pAT, "
PATs
PAT;
PAT,
PAT
PIR;

0.067+0.003*)
0.081=:0.003*)
0.0710.010
0.070+0.008")
0.092+0.004")
0.088+0.007
0.0830.004
0.087+0.004
0.088+0.003
0.087+0.007
0.094=0.005
0.089+0.003
0.089+0.004
0.080+0.005
0.078+0.006
0.080+0.002

0.074=0.002
0.070+0.012
(0L.077£0.004
(LO730.007

0.085+0.005
(0L0670.007
0.071+0.005
0.072£0.003
0.070=0.005
0.086+0.003

0.06340.003*)
0.07840.004*)
0.07140.006
0.0680.004"
0.07140.004*)
0.08440.007
0.07440.002
0.07540.004
0.07140.005
0.07740.017
0.07540.004
0.07640.004
0.0800.005
0.07340.004
0.07440.004
0.07240.002

0.07540.002
(0.062+0.010
0.076£0.005
(L.072£0.005

0.0734+0.007
0.074£0.007
0.06940.003
(L.067x£0.003
0.065+0.005
0.0704+0.005

0.074+£0.003
0.103£0.003
0.082+0.010
0.084+£0.008
0.071+£0.004
0.098+£0.010
0.080+0.004
0.081+£0.004
0.072+0.015
0.081+0.007

0.078+0.003
0.084+0.003
0.093+£0.004
0.086£0.006
0.092+0.005
0.078+£0.002
0.078£0.002
0.051£0.010
0.082+0.004
0.081£0.006

0.080+£0.004
0.079+0.007
0.066£0.005
0.069£0.003
0.070£0.005
0.070£0.005

Table 4.6 Continued.

man-made “artificial”

8

K

0.143+0.003%
0.103=+0.003*!
0.117+0.010*
0.106=0.010*!
0.091+0.011*
0.102+0.007*!

0.116=0.005
0.117£0.004
0.110£0.010
0.112+0.005
0.122+0.012
0.104=£0.005
0.124+0.007
0.124=+0.005

0.11540.003"
0.09340.003"/
0.100£0.008*
0.10040.013*
0.086+0.007*/
0.084+0.004*

0.085£0.005
0.0954+0.007
0.091+0.005
0.087+0.007
0.088+0.007
0.094£+0.005
0.084+0.007
0.087=L0.005

0.127+0.004
0.122+£0.003
0.118£0.010
0.13840.010
0.1204+0.011
0.095+£0.007
0.083+0.005
0.09940.005
0.095+0.010
0.087+0.006
0.079+0.012
(0.103£0.009
0.077+0.008
0.0814+0.007




The recording of SES activities are shown to be accompanied
by characteristic changes of independent geophysical data

A C T A
Vaol. XLIX, No. 4

A NOTE ON THE SPATIAL EXTENT
OF THE VOLOS SES SENSITIVE SITE

Panayiotis VAROTSOS, Nikos SARLIS and Efthimios SKORDAS

Solid Earth Physics Institute, Department of Physics, University of Athens
Knossou str, 36, Ano Glyfada 165 61, Athens, Greece
e-mail: pvaro@ otenel.gr

Abstract

A very strong disturbance, wirth a duration of around two hours, was recorded
at Yolos SES sensitive area on March 17, 2001. It was clearly detected in a zone
with spatial dimensions (a few tens km) % (several km): this zone, if the disturbance
is actually a SES activity, might reveal the extent of the relevant SES sensitive site.
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The major Aegean Mw6.5 earthquake on
July 26, 2001

The area ‘bordered’ by the broken
curve (surrounding VOL) was the
predicted area in Varotsos, P.,
Sarlis, N., Skordas, E.: Acta
Geophys. Pol. 49, 425435 (2001)
for the epicenter of the impending
EQ related to the SES activity
recorded at VOL (four months
before).

® Feld Station 70
B Cenfral Station




The major Aegean Mw6.5 earthquake on
July 26, 2001

The area ‘bordered’ by the broken
curve (surrounding VOL) was the
predicted area in Varotsos, P.,
Sarlis, N., Skordas, E.: Acta
Geophys. Pol. 49, 425435 (2001)
for the epicenter of the impending
EQ related to the SES activity
recorded at VOL (four months
before).
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PHYSICAL REVIEW E 86. 046107 (2012)

Earthquake networks based on similar activity patterns

Joel N. Tenenbaum,"? Shlomo Havlin,* and H. Eugene Stanley!

' Center for Polymer Studies and Department of Physics, Boston University, Boston, Massachusetts 02215, USA
2Operations Technology and Management, School of Management, Boston University, Boston, Massachusetts 02215, USA
*Department of Physics, Bar-1lan University - Ramat-Gan IL-52900, Israel
(Received 12 June 2012: published 15 October 2012)

Earthquakes are a complex spatiotemporal phenomenon. the underlying mechanism for which is still not fully
understood despite decades of research and analysis. We propose and develop a network approach to earthquake
events. In this network, a node represents a spatial location while a link between two nodes represents similar
activity patterns in the two different locations. The strength of a link is proportional to the strength of the cross
correlation in activities of two nodes joined by the link. We apply our network approach to a Japanese earthquake
catalog spanning the 14-year period 1985-1998. We find strong links representing large correlations between
patterns in locations separated by more than 1000 kilometers, corroborating prior observations that earthquake
interactions have no characteristic length scale. We find network characteristics not attributable to chance alone.
including a large number of network links, high node assortativity, and strong stability over time.

DOI: 10.1103/PhysRevE.86.046107 PACS number(s): 89.75.Da. 91.30.Px, 91.30.Ab. 91.30.Dk
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Seismic ElectricJSignals: An additional fact showing their physical interconnection
with seismicity

P.A. Varotsos ™, N.V. Sarlis, E.S. Skordas, M.S. Lazaridou

Solid State Section and Solid Earth Physics Institute, Physics Department, University of Athens, Panepistimiopolis, Zografos 157 84, Athens, Greece

ARTICLE INFO ABSTRACT
Article history: Natural time analysis reveals novel dynamical features hidden behind time series in complex systems. By ap-
Received 21 August 2012 plying it to the time series of earthquakes, we find that the order parameter of seismicity exhibits a unique

Received in revised form 3 December 2012
Accepted 25 December 2012
Available online 6 January 2013

change approximately at the date(s) at which Seismic Electric Signals (SES) activities have been reported
to initiate. In particular, we show that the fluctuations of the order parameter of seismicity in Japan exhibits
a clearly detectable minimum approximately at the time of the initiation of the SES activity observed by
Uyeda and coworkers almost two months before the onset of the volcanic-seismic swarm activity in 2000

g:‘:::nﬂizdéimm Signals in the Izu Island region, Japan. To the best of our knowledge, this is the first time that, well before the occur-
Natural time analysis rence of major earthquakes, anomalous changes are found to appear almost simultaneously in two indepen-
Earthquakes dent datasets of different geophysical observables ( gecelectrical measurements, seismicity). In addition, we
Pressure Stimulated Currents SES model show that these two phenomena are also linked closely in space.

Criticality © 2013 Elsevier B.V. All rights reserved.
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Fig. 8.19 (a): The time
evolution of the magnetic
flux in YBa>CuzO7_, inside
the sample over the 1st run
of Fig.2 of Ref.[3]. (b): The
results of the variance K
(dotted) and the entropy S
(solid) as they evolve event
by event, when the data of
(a) are analyzed in the natural
time-domain. Taken from

Ref.[70].

(2) 3500

A® (D)

(b)

8 Natural Time Analysis of Dynamical Models

3000

2500

2000

15600 |
1000 | |

500 R

*.‘I |i|

\ \'l |ﬂi |

]” ” | “ Lmﬁlh ‘! ‘JL’N

|

\w (i,

0.2
018
016
014
012

01
0.08
0.06
0.04
0.02

60 80
time (steps)

100 120 140

60 80 100 120 140

75



0.09
007 e 2t m\f‘}aﬁim_"rl“—:“:ﬂm_ e, T D=B
D DS 1 1 1 1 1 ]

Mb:”}h' 1_h:“:--_—-4'_"“:-=.|"'_--:~r:‘:r: T————— D=

0.0
% EDUD 1DUDEJ HSDD{] EDUDU ESDDU BDDDD
Number of Avalances

Fig. 8.16 The evolution of k7 values versus the number of consecutive avalanches for various D
values, i.e., for D=2 to D=7, for the centrally fed sandpile. The initial condition is z; = 0. For the
sake of comparison, the broken horizontal line shows the value of k3 = 0.070. Taken from Ref.[81].

76



Heartbeats warn of
sudden death risk

DUNCAN GRAHAM-ROWE

HOW do you tell a healthy heart
from one that could stop without
warning? By measuring variations
in the length of the heartbeat,

according to a team of researchers

inding could provide a
way to screen for people at risk of
sudden cardiac death. Such
people’s heartbeat often looks
perfectly healthy by conventional
criteria. Yet a quarter of amillion
peopledieeach yearin the US
alone when their heart suddenly
stopsand, like the soccer player
Marc-Vivien Foé who collapsed
and died last year while playing
for Cameroon, many of them have
had no histery of heart prablems.

Evena person's ECG, or
electrocardiogram, can look
normal formuch of thetime.ln
patients with Brugada syndrome,
forexample, abnormal electrical
signals sporadically stop their
hearts frem pumping properly.
Long QT syndrome isa similar
condition, which can strike young,
fit adults, and has also been linked
to cot death.

Standard approaches to
analysing ECGs tend to focus on
the peaks and troughs of the trace
Instead, Panayiotis Varotsos of
the University of Athens has

HEART ATTACK WARNING:

been studying the variation in the
length of time it takes for the
heart to complete one beat (see
Graphic, below).

The amount of variation in the
rate of heartbeats is already used
to measure aerobic fitness, with
more variation meaning a fitter
heart. However, for Varotsos the
crucial test is the variationin the
length of each beat, and whether
this variation is random.

He adapted equations he had
previously used todescribe physical
systems such as earthquakes to
predict that, in a healthy heart,
these variations will have some
degree of order. But if there is
something wrong with the heart,
however subtle, it should disrupt
that order, making the variation

Totest the theory, Varolsos an
his colleagues analysed 95 sample
BOGs taken from public databases

conditions and 10 from healthy
patients. He found that the beats
of the diseased hearts did indeed
vary more randomly and the

results are to be published in 3

“The method could be

particularly useful for screening
those who have a family history
of sudden cardiac death”

future issue of Physical Review E.
mﬁ?
be used asan initial screen to
flag upall types of heart
problems. “In principle our
method should be applied to all
causes of cardiac arrest.”

Alot of research has gone into
discovering ways to identify
cardiac diseases from an ECG.
Some have used data mining
techniques - screening blind for
any effect that comes up, while
otherstudies have looked for
chaotic signatures that might
distinguish unhealthy hearts
from healthy ones (New Scientist,
3 January 1998, p 20}.

But so far no method has stood

Varotsos and colleagues studied G traces and found that the more random the variation in (- interval, the higher the risk of sudden qrdiac death

P - Alrial depoiarisation: top chambers contredt QRS - Ventrirul! Sepolarisation: ‘arger, lowet (ha
§1 = ventricular repolarisation: cells in the lower chambees sechatge, &

peepacation for the nmd contraction

ers contract

0 | KewScientist | 3 April 2004

Footballer Marc-Vivien Foé died of a cardiac arrest on the pitch last year &

up toscrutiny in clinical trials,
says Arun Holden, a
computational biologist at the
University of Leeds, UK. Varotsos
believes his discovery has a better
chance of turning out to be real
because be used a physical model
of how the heart works to predicta
specific effect.

However, as Tim Bowker of the
British Heart Foundation points
out, there is no way of knowing
more about the patients whose
ECGs were used in the database
“Without knowing this, one
doesn’t know that it applies to any
group other than these 105," he
says. So the jury will remain out
until the method is tested to see if
it isable to predict cardiac health

it proves reliable, the method
could be particularly useful for
screening those who have a family
history of sudden cardiac death. Ir
the UK, about 3500 people die
from this syndrome each year.
This may not be enough to give
rise to a nationwide screening
programme.

Instead, Varotsos suggests that
cardiologists could apply his
method to Holter monitors
the portable ECG devices that are
used to monitor patients thought
to be at risk. @

www.newscentist.com
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Why k., behaves like an OP for EQs?

10 12 14 16 18
Number of EQs after SES

The value of K, after the Seismic

Electric Signal on April 18, 1995
until the 6.6 Kozani-Grevana EQ
on May 13, 1995 (labelled 18).

Varotsos P. A.,

°K, 1s non-zero before the

occurence of a strong
earthquake (EQ) (like
magnetization M 1S non-
zero  below the Curie
temperature n the
unsymmetrical phase)

*k, becomes zero upon the

occurrence of a strong EQ
(like M 1s zero above the
Curie temperature 1n the

symmetrical phase)
Sarlis N. V., Tanaka H. K. and

Skordas E. S., Phys. Rev. E, 72 (2005) 041103.



What happens with the g-th order fluctuation
functions A(q)=07/ [+ [y[1?

*We observe that 4(g) pass through 0 when
q=1 since A(qg=1)=0.

*As said 4(g=2)=k, (=0.070 for critical
systems).

*We observe that the curvature in the region
[1,2] 1s not high. Thus, the distinction of
critical from non-critical systems may
probably stem from the value of derivative of

A(q) for g=1. Thus, the derivative

A'(q@)=04 ¢ Iny (3 GI03 In L30T

for g=1 of the q-th order fluctuation
function may be of primary importance in
Natural Time Analysis

Varotsos et al., Practica of Athens Academy 76, 294 (2001);Phys. Rev. E. 68, 031106 (2003)



Why k. =0.07 for critical systems?

Having in mind that p(x)~¢, and

—— ¢~t!% as the system approaches
criticality, we make the ansatz

L=200

ol p(X)=N _x"*

0.4 0.6
k (10* MCS)

Ising (2D), Model A @
Ising (2D), Model B @
Ising (3D), Model A

L=100
L=200
L=400
L=1,000
z=2.165

0.01
k (102 MCS)

d

Ae Potts(2D), Model A

4-state Potts(2D), Model A
XY(2D), Model A @
O(N—-c0)(3D), Model A®
O(3)(3D), Model AO

L=200
L=400
£L=1,000

Ve S

0.4 0.6
k (103 MCS)

P. Varotsos, N. V. Sarlis, E. S. Skordas, S. Uyeda, and M.
Kamogawa,Proc. Natl. Acad. Sci. U.S.A. 108, 11361 (2011).
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