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Summary of the properties of

o Natural Time. Introduction
Seismic Electric Signals

What happened before the 4 major Earthquakes
in Greece during 2008



Seismic Electric Signals (SES)
(VAN method, 1981)

We measure both the electric field and the magnetic field
<1Hz

Several measuring dipoles (pairs of electrodes, ~2m)
L = a few tens of meters (short dipoles)
to a few tens of kilometers (long dipoles)
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AV/L = constant

B S single SES
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SES physical properties
since 1984, P. Varotsos & K. Alexopoulos Tectonophysics 110, 73-125 (1984)

Sensitive points

SES are recorded only at certain sites of the Earth’s surface .... detailed
experimentation is necessary.

Selectivity
...Each sensitive site records SES only from certain seismic areas (selectivity map)

For a given pair: “SES station — seismic region”:

EE% = const
NS

(polarity: constant)

2)+3)! — epicentral determination

log (ALV j ~ (0.3 —0.4)YM + const

which leads to the determination of magnitude
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magnetic field prior to major earthquakes, Phys. Rev. Lett. 91, 148501 (2003)
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During the last decade:
When the expected magnitude is around 6.0 or larger, the SES
activities are submitted for publication to International Journals well in

advance
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P. Varotsos, N. Sarlis, and E. Skordas, " A note on the spatial extent of the Volos SES sensitive

site", Acta Geophysica Polonica, Vol. 49 (2001), 425-435.
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THERMODYNAMICS OF
POINT DEFECTS AND THEIR
RELATION WITH BULK
PROPERTIES
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See page 184 of P. Varotsos, The Physics of Seismic Electric Signals, TerraPub,
Tokyo, 2005
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————————————————————————————————————————————

SES transmission model suggested

g
e = by Varotsos and Alexopoulos [1986]
: Y 4 The dipole source may be parallel
y s (B) or perpendicular to the
4 neighbouring conductive path.
\L//r B - _100km_
source Tom b Ah .
The case A exhibits “over-
D V/ A : ] 2
x o E amplification™.
Varotsos and Alexopoulos [1986]
P — SIS suggested that A i1s more probable
_ 0 5 . . .
e than B; this seems to coincide with
p L A the recent aspects that there is always
e W ' a significant component of the
o em1tt1ng dipole perpendicular to the
o conductive path
(':‘__/_—y source
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When the SES is emitted, the current follows the most conductive channel through which
most of this current travels; since the emitting source lies near a channel of high
conductivity, if the measuring station lies at a site close to the upper end of the conductive
channel, the observed electric field (E) is order(s) of magnitude stronger than in the case of
a homogeneous or horizontally layered earth.

Actually, numerical solutions of Maxwell equations (Sarlis et al., , Geoph. Res. Lett. 26,
3245, 1999), being in full agreement with analytical solutions (Varotsos et al. J. Appl. Phys.
83, 60, 1998), indicate that, within a certain region (i.e., above the end of the channel), at
distances r ~ 100km from EQs of magnitude M 5.5-6.0, the electric field may reach
detectable values (5-10 mV/km). This explains why the SES observations revealed the so
called selectivity effect.
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NATURAL TIME (pvoixog ypovoq)

Lett. 94, 170601 (2005)

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.

lon current fluctuationsin
membrane channdls.

All SES activitiesfall on a
universal curve (critical
dynamics)

Phys.Rev.E 66, 011902 (2002)

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

Phys.Rev.E67, 021109 (2003)

Earthquakes:

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. E 70, 011106 (2004)
Phys. Rev. E71,011110 (2005)

Appl. Phys. Lett. 91,
064106(2007)

*The seismicities of various
countries fall on a universal
curve.

*Order parameter

*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.

Phys. Rev. E 72, 041103

(2005); Phys. Rev. E 73,

The entropy S changes to S-

under timereversal.
Phys.Rev.E71, 032102 (2005)

031114 (2006); Phys. Rev. E
74,021123 (2006); Journal of
Applied Physics 103, 014906
(2008)

Similar looking signals that are
emitted from systems with
different dynamics can be
distinguished.

M oder n techniques of statistical
physics, e.g., Hurst Analysis,
Wavelet 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 field can result in
large rearrangements of
fluxing the sample, known as
flux avalanches

*Rice piles
(Self Organized Criticality)
Phys.Rev.B 73, 054504 (2006) 15
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For example, we refer to the analysis of dichotomous electric signals (Fig.1(a)) where we

consider £, as being proportional to the duration of the A-th pulse. As another example, to

perform the analysis of seismic events (Fig.1(b)), we consider the time evolution of the pair

(z.-M, ) where a7, stands for the seismic moment of the £-th event, since a7, 1s proportional to
the energy emitted 1n that earthquake (cf. a7, differs essentially from the magnitude M, but they

are interconnected).

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



Physical Review E 70,011106 (2004) & Physical Review E 71,011110 (2005)

a conventional time
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Schematic diagram of a three heartbeat excerpt of an ECG
in the usual (conventional) time—domain (a), and the (JT—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).
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In a time series comprising N events, the natural time 1s defined as

k

Zkzﬁ

and serves as an index for the occurrence of the A-th event
In natural time analysis the evolution of the pair of two quantities (y,,£,) 1s considered,

where £, denotes in general a quantity proportional to energy of the individual event.
For the purpose of analysis, the following confinuous function o) was introduced
iEk exp(imi) N i
(@) = E T2 3 p, explio )
S, F

1
n=1

where p, =2

>,
and «=27p and ¢ stands for the frequency in natural time, termed natural frequency.

We then compute the power spectrum Mi(w) of o) as
(@) = |0(@)

If we regard p, as a probability density function, o) may be justified to be treated

mathematically as a characteristic function in analogy with the probability theory. Then, the
properties of the distribution of p, can be estimated by the expansion of this characteristic

function for @ —>o0.

Practica of Athens Academy 76, 294 (2001)



The Taylor expansion, around »=o0, of the relation 1i(w)=|®(w)|’ reveals that
(o) =1-xe +x,0 +x0° +x0°+....,

where

1 d*T{ew
K== —(2 ) | oo
2 dom

we now consider

dTl{@)
dew’

d*0(w)

a0 (@) N zd(D(a)) dd”" (w)
dw*

-0
(@) dw’ dw deo

+ O(w)

and taking into account that ow)=3" p, expiay,), with o(0)=1, we find:
K = —%{—Zmzﬁ - pxi +2(me)ﬂ=(zz)—(x)2,
where (y"}=3 p. 1l .

Thus:

Practica of Athens Academy 76, 294 (2001)



Criticality

When the system enters the critical stage, the following relation holds

(@) = 18 _6005&) 12s1n @

5w 5w’ - 5w
For » o0, this equation leads to M) ~1-0.072

which reflects that the variance of y is given by

x, :<;{2)—(;g)2 =0.07,
where (7(y)= 22l )

Since, at -0, « 15 linearly related to 1) (because 1) =1-424'«, for $—0) one can study,

instead of i), the PDF of «, 1.€., Px)

Practica of Athens Academy 76, 294 (2001)



The entropy in natural time

S=(ylm-(p1n ()

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

0186

el | | | | '_ S 1s a dynamic entropy and hence differs essentially

" :S<X'"X >-<y >In<y> | from the usual static entropy:

2T e | Shannon: -2p; Inp;

0.06 - Q{ \

j|||||||||||l|2|||||||||||0|L||||!C||||||||f[|!||||||||| ||!_|a||||||||||||1_ When reversing the time arrow, S changes to S-

1 (casual operator)

our ! Varotsos et al., Phys. Rev. £ 71, 032102 (2005)

otz S=<ylny >—<ymin<y> .

N

008 /_—/ x/_

006 | ] For criticality: Both S and S- are smaller than that of a

004 - Q< g

TN | “uniform” distribution S, =(In2)/2-1/4 = 0.0966
N T

[=]
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smaller than the &5 value (=2 lﬂ_‘j'_‘.l of the Markovian time series = l I 1 | l '
(10° events) depicted in Fig. 2. 10 3 4 5 6 7 8
Number of beats
Varotsos et al., Phys. Rev. E 70,011106 FIG. 2. (Color) (a) The 85(QT) value for each of the 24 SD and
(2004) 10 H (see Table I) and (b) the average of the &5(QT) values—
designated by {85(QT)}—along with their standard error deviation

for each of the two groups SD and H vs the time-window length.

Varotsos et al., Phys. Rev. E 71,011110 (2005)
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Heartbeats warn of
sudden death risk

DUNCAN GRAHA

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
in Greece.
The finding 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 a million
peopledie each yearin the US
alone when their heart suddenly
stops and, like the soccer player
Marc-Vivien Foé who collapsed
and died last year while playing
for Cameroon, many of them have
had no history of hean problemns.

Evenaperson’ o
electrocardiogram, can look
nermal formuch of thetime. in
patients with Brugada syndrome,
forexample, abnormal electrical
signals sporadically stop their
hearts from pumping properly.
Long QT syndrome is a similar
condition, which can strike young,
fit adults, and has also been linked
tocot 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 ATIACK 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 to describe 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

his colleagues analysed 95 sample
BOGs taken from public databases

conditions and 1o 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
ave a family history
jen cardiac death”

future issue of Physical Review E.
e Yy
be used asan initial screen to
flag up all types of heart
problems. “In principle our
method should be applied toall
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
atherstudies 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 £0G traces and found that the more random the variation in Q-1 interval, the higher the risk of sudden cardiac death

P~ Airial depalarisation: top chambers conlracl (S - Ventricular depolarsation: Langer, lowei cham
51 - Wentricular repolarisation: cells in the lower chambers mchatpe, &

peepaiation for the nexd contraction

ottt

10 | NewsScientist | 3 April 2004

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

up to scrutiny 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 he 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. Sothe jury will remain out
until the method is tested to see if
it is able 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.
the UK, about 3500 people die
from this syndrome each year,
‘This may not be enough to give
rise Lo a nationwide screening
programme

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

wWww.newscientist.com
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1st usefulness of Natural Time

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

» Normalized power spectrum IT(m) (or &, =(2")-(2)")

> Hurst

» Detrended Fluctuation Analysis (DFA)

> Multifractal DFA

» Wavelet Transform

» Entropy

ATTENTION: A4/l the above 1in natural time

24



Apart from SES activities one usually also records artificial noises

SES activities Artificial noises
(satisfying the well known criteria* )
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P.Varotsos, N. Sarlis, E.Skordas, Phys. Rev. E, 67, 021109,2003

P Varotsos and M. Lazaridou, Tectonophysics 188,321, 1991
‘P Varotsos, K. Alexopoulos and M. Lazaridou, Tectonophys;cs 224, 1, 1993
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2nd ysefulness of Natural Time

How the time of occurrence of the impending mainshock is estimated

We study how the seismicity evolved after the recording of the SES activity by
considering two areas A and B to check the spatial invariance (criticality).

If we set the natural time for seismicity zero at the initiation of the SES activity,
we form time series of seismic events in natural time for various time windows
as the number N of consecutive (small) EQs increases. We then compute the
normalized power spectrum in natural time II(¢) for each of the time windows.

We investigate when the power spectrum obeys the relation
18 6cosw 12sinw
I[I(w) = - -
(@) S0° S50° S50°

which holds when the system enters the critical stage (o =27¢)

This coincidence between the theoretical and the computed curve occurs roughly
a few days before the strong EQ. To ensure that this coincidence is a true one we
also calculate the evolution of the quantities.k;, S and S.
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The conditions for a coincidence to be considered as true are the following:

First, the "average' distance < D> between the empirical and the theoretical I1(p)

(i.e., the red and the blue line, respectively) should be smaller than 107.

Second, in the examples observed to date, a few events before the coincidence
leading to the strong EQ, the evolving II(¢) has been found to approach the
theoretical one, i.e., the blue one from below (cf. this reflects that during this

approach the k;-value decreases as the number of events increases).

In addition, both values S and S- should be smaller than Su at the coincidence.
Finally, since the process concerned is self-similar ( critical dynamics), the time of
the occurrence of the (true) coincidence should not change, in principle, upon
changing either the (surrounding) area or the magnitude threshold used in the
calculation.

K,=0.070, S,S.<S5,(=0.0966) 2
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fleld wriariona|s7, a5 20]. Acually, the analyss of the
ariginal ttme seres of the SES actiities hava been shown
to cbay & 1) f-bahiarior{a, 41).

The 1/f* bebuvior hes boon will undemtood on the
baste of dynamic scalitig observad 41 apuabdeium ort-
ieal points whem the powerlaw corralaticas In time
stem from the Infnterange correltlons m spacse |
Rt [ and reforences tharan). Mest of the ohsrmions
mantoned whove, bowaver, retar 1o phi-
neemana for which -despite some chalbmging 1heoretical
ntwnpu[u 49, 4 43)- possibile generte machanbsms

o seads veriant fluciustions bave not yei boon
tdamt u:l In other words, despita tts ubiguity. there =
ne ye universal explanatfon whout the phercmaenon of
the 1/ bahsvior. %n:hu b boon expressed [eq.

(0 that it mmunmqmnui‘
:Jlmn..d Interaciens but 11 B G groerk: mat
lex systams.

It har bocn reconthy shownidn 49, 47, 45, 49, o0, 51,
B4, 54, G, GG 57 that novel dy namic I:nnm Iu.dd:n
bnii.l.nd the time serles of complax svstoms can emerge
I we amlyse them o terms of & newly Inteoducsd vime
demain, lormed natural time y (sea below). [t scoms that
this analyss mables the study of the dynamic evelution
n! ex ayvstom and dent ifles whan the svstom enters
stage. Natural ime domidn be optmal[ss] for

tang the sigmal's boculttation I the time froquahcy

pant, ﬂ.leh-: rms to il dosire to peduce unoartainty
nnd cxtract signol miormation os much e possible. na
tima sofles o N ovents, the nataral fimee gy =
/N serves s an |-h:|.¢1.l'1h!u|.¢mmn
of the b-th event. The evoluticn of the pir (yy. Q) =
studied[95. 40, 46, 47, 4§, 45 B0, 61, 52, A8 Gb, 06,
whern Uy, denotes o quantity proporticnal to the cnangy
rokossed tn the d-th ovent. For exnmple, for dichotomous
signals, which 1s foquestly the case of SES wtivities, Gy
stunds for the duratlon of the &th pulse. The normalized
power spectrum i) = B wne introduced 80 46,
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Seismic Electric Signals and 1/f “noise” in natural time
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Abstract
By making use of the concept of natural time, a simple model is proposed which exhibits the
1/ f* behavior with ¢ close to unity. The properties of the model are compared to those of the
Seismic Electric Signals (SES) activities that have been found to obey the ubiquitous 1/ f* behavior

with ¢ = 1. This comparison, which iz made by using the most recent SES data, reveals certain

similarities, but the following important difference is found: The model suggests that the entropy
S_ under time reversal becomes larger compared to the entropy S in forward time, thus disagreeing
with the experimental SES results which show that § may be either smaller or larger than 5_.

This might be due to the fact that SES activities exhibit orifical dynamies, while the model cannot.

capture all the characteristics of such dynamics.

PACS numbers: 05.40.-a, 05.45.Tp, 91.30.Dk, 89.75.k

34



Feb 8,2007, s s . s

o 100 200 300 400 S00 1) 700

F Apr 23,2007

. . . . . .
o 200 400 B00 SO0 100D 1200 MDD 1EDD 1800 200D
time (s)

Apr 24,2007

. . . . A .
o Wb WO 300 400 =0 @0 FOD &0 GO0 1000
time ()

 [Nov 7,2007 . . .
o 2000 4000 GLOD D00 CO00
tirne (5]

FIG. 5: Four electric signals recorded at PAT(sampling rate f..,=1 sample/sec) on February 8,
2007(a), April 23, 2007(b), April 24, 2007(c) and November 7, 2007(d).



TABLE I: The values of 5, sy, S_ for the electric signals presented in Fig.5.

Date recorded s Koy S_
Feb 8, 2007 0.0671+0.007 0.074+0.007 0.07940.007
Apr 23, 2007 0.07140.005 0.069+0.003 0.06640.005
Apr 24, 2007 0.07240.003 0.067+0.003 0.06940.003
Nov 7, 2007 0.070£0.005 0.0654-0.005 0.070£0.005
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IV. CONCLUSIONS

[n swmmary, using the newly introduced concept of natural time:(a) A simple model is
proposed that exhibits 1/f* behavior with a close to unity. (b} Electric signals, recorded

during the last few months in Greece, are classified as SES activities since thev exhibit in-

finetely ranged temporal correlations.

APPENDIX: WHAT HAPPENED AFTER THE SES ACTIVITIES DEPICTED
IN FIG.5

We clarify that. during the last decade. preseismic information|65] based on SES activ-

ities is issued only when the magnitude of the strongest EQ of the impending EQ activ-

ity is estimated -by means of the SES amplitude|26-30] to be comparable to 6.0 units or

larger|36].]

3. Study of the seismicity after the SES activity on November 7. 2007

This studv (along the lines explained above) is still in progress by investigating the

seismicity in the area B of Fig.8 as well as in the larger area. i.e.. N328FERL. 37




2

i 1T | I ®
YA R
73 T
o "ha . b _ﬁ_ﬂ.?..,.
U RS
~F YA
NI Y - T P
ffzw S R I
SN AR AL 2
I 7 T ] s )
/ w,@ \W _m
i g
AR _

v

42°N

41°N

40°N

3N

38N

e .

18°E

a7°N

36°N

35°N

20°E 21°E 22°E  23E  24°E  25°E

19°E

g7°E 28°E 29°E 30°E

26°E

38



22,30 3860
Area Epg gg N2z 6o Miheg=23.10

014

01

008 -

008 -

004 -

002 -

A 4

0
aFH1/24
000000

072101
Q00000

O7M2/08 07215 o722z
000000 000000 00:00:00

Conventional time (Year/Month/Day)

Large Area

07225
000000

0&/01/05
00:00:00

Q02012
000000

39



22.20 3860
Area Epg gg N2z 6o Miheg=23.10

015

014 -

01

008 -

008 -

004 -

002 -

0
aFH1/24
000000

072101
Q00000

O7FM 208 07215 o7 222 07229
00:00:Q0 . CID:DC::DD Q00000 000000
Conventional time (Year/Month/Day)

Small Area

0&/01/05
00:00:00

Q02012
000000

40



T I e

i

ﬂ..a
4 a 5
) O ] el I
(RENEYIRS Ol < 20 BN E S
.. S o ) .
— Lma_ﬂ, - Ve I ml
< = S N B -1 /
w N L%% ! % ] Mﬂmmﬂs&,.ﬂnmﬁ a nm M
I 5 T P L]
—st N s \mwm,ﬁﬁ,.« Lo —.
REmE . 5
i T A |
o - RS mmf%M
- Wf B 3 ~F/cw,, m.u —.
& T Ao A
1 Ry I F |
M A °
-um ¥ C - AT -.
i v 1
! N —
ra ra . < < e z s
[4] — [=} [)] [+ 8] [ [4%] [y
o ~ ~ M e ™ ™ Gy

20°E 21°E  2B2°E  23'E

19°E

25°E  28°E ZF'E  2R'E  29°E  30°E

24°E

1B°E

41



Seismic Electric Signals and 1/f “noise” in natural time

P. A. Varotsos,"* N, V. Sarlis,! and E. S. Skordas'

1Solid State Section and Solid Earth Physics Institute, Physics Department,
University of Athens, Panepistimiopolis, Zografos 157 84, Athens, Greece

By making use of the concept of natural time, a simple model is proposed which exhibits the 1/f¢
behavior with a close to unity. The properties of the model are compared to those of the Seismic
Electric Signals (SES) activities that have been found to obey the ubiquitous 1/f® behavior with
a ~ 1. This comparison, which is made by using the most recent SES data (that were followed
by three magnitude 6.0-class earthquakes), reveals certain similarities, but the following important
difference is found: The model suggests that the entropy S- under time reversal becomes larger
compared to the entropy S in forward time, thus disagreeing with the experimental SES results
which show that S may be either smaller or larger than S—. This might be due to the fact that SES
activities exhibit critical dynamics, while the model cannot capture all the characteristics of such

dynamics.

PACS numbers: 05.40.-a, 05.45.Tp, 91.30.Dk, 89.75.-k

arXiv:0711.3766v3 [cond-mat.stat-mech] 1 Feb 2008

I. INTRODUCTION

Among the different features that characterize com-
plex physical systems, the most ubiquitous is the pres-
ence of 1/f® noise in fluctuating physical variables[l].
This means that the Fourier power spectrum S(f) of
fluctuations scales with frequency f as S(f) ~ 1/f%
The power-law behavior often persists over several or-
ders of magnitude with cutoffs present at both high and
low frequencies. Typical values of the exponent a ap-
proximately range between 0.8 and 4 (e.g., see Ref.[2]
and references therein), but in a loose terminology all
these systems are said to exhibit 1/f “noise”. Such a
“noise” is found in a large variety of systems, e.g., con-
densed matter systems (for example, an excellent review
can be found in Ref.(3]), freeway traffic[4, 5, 6], granular
flow{7], DNA sequence[8], heartbeat[9], ionic current fluc-
tuations in membrane channels[10], river discharge[11],
the number of stocks traded daily[12], chaotic quantum
systems[13, 14, 15, 16], the light of quasars[17], human
cognition[18] and coordination{19], burst errors in com-
munication systems[20], electrical measurements[21], the
electric noise in carbon nanotubes[22] and in nanoparticle
films[23], the occurrence of earthquakes(24] etc. In some
of these systems, the exponent a was reported to be very
close to 1, but good quality data supporting such a value
exist in a few of them[3]. As a first example, we refer
to the voltage fluctuations when current flows through a
resistor[25]. As a second example we mention the case
of Seismic Electric Signals (SES) activities which are
transient low frequency (< 1Hz) electric signals observed
before earthquakes [26, 27, 28, 29, 30, 31, 32, 33, 34},
since they are emitted when the stress in the focal re-
gion reaches a critical value before the failure(35, 36].
These electric signals, for strong earthquakes with mag-
nitude 6.5 or larger, are also accompanied by detectable

*Elcctronic address: pvaro@otenet.gr

TABLE I: The values of S, x1, S- for the electric signals
presented in Fig.5.

Date recorded S K1 S-
Feb 8, 2007 0.067+£0.007  0.074+0.007 0.079+0.007
Apr 23, 2007  0.0714+0.005 0.069+0.003  0.066+0.005
Apr 24, 2007 0.0724+0.003  0.067+0.003  0.069+0.003
Nov 7, 2007 0.070£0.005 0.065+0.005 0.070+0.005

magnetic field variations[37, 38, 39, 40]. Actually, the
analysis of the original time series of the SES activities
have been shown to obey a 1/ f-behavior[41, 42].

The 1/f* behavior has been well understood on the
basis of dynamic scaling observed at equilibrium crit-
ical points where the power-law correlations in time
stem from the infinite-range correlations in space (see
Ref.[2] and references therein). Most of the observations
mentioned above, however, refer to nonequilibrium phe-
nomena for which -despite some challenging theoretical
attempts(46, 47, 48, 49]- possible generic mechanisms
leading to scale invariant fluctuations have not yet been
identified. In other words, despite its ubiquity, there is
no yet universal explanation about the phenomenon of
the 1/f® behavior. Opinions have been expressed (e.g.,
see Ref.[13]) that it does not arise as a consequence of
particular physical interactions, but it is a generic mani-
festation of complex systems.

It has been recently shown[41, 50, 51, 52, 53, 54, 55,
56, 57, 58, 59, 60, 61] that novel dynamic features hidden
behind the time series of complex systems can emerge
if we analyze them in terms of a newly introduced time
domain, termed natural time x (sce below). It seems that
this analysis enables the study of the dynamic evolution
of a complex system and identifies when the system enters
a critical stage. Natural time domain is optimal[62] for
enhancing the signal’s localization in the time frequency
space, which conforms to the desire to reduce uncertainty
and extract signal information as much as possible. In a
time series comprising N events, the natural time xx =
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Page 12 of the arXiv paper on February 1, 2008

............. 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 document 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 N3368§E22§g and in the one surrounding the epicenter[69] (36°N 23°E).
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Study of the Prob( K ) for the seismicity (Mires=3.2) that occurred within the area
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[emsev_ml:00242] Re: Seismic Electric Signals and 1/f “noise" in natural time

From: Tetsuya KODAMA <kodama.tetsuya@jaxa.jp> (Tsukuba Space Center)

To: emsev mi@emsev-iugg.org
Date: 2008-03-19 07:51

Dear colleagues,

Greek Seismologist Varotsos predicts earthquake 6.0R !
http://www.youtube.com/watch?v=EK02VRdfW2s

YouTube is great! B-)

Early Earthquake Waming?
http://www.youtube.com/watch?v=03Cn90OUGAAQD

SETI Institute Science Day 2006 (Part 1 of 6)
http://www.youtube.com/watch?v=AFX52qjN6VU

Fox KTVU Special Report with QuakeFinder and Tom
http://www.youtube.com/watch?v=X0MqUKpFv3o0

T. Kodama
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Investigation of the seismicity after the initiation of a Seismic Electric Signal activity
until the main shock
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of the Beismic Eleotric Signal aotivity mniil the imprading maisshook This makes s
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I INTRODUCTION

i erifiol value before the ﬁﬂmﬂill 'Iq.lnd for EQs
with magnitude 6.5 or larger, are aecompamind by de-
Ructulde mgnlic fiuld 1'.|r|'|||.i'x||||.'L 14, l':-:. A e
quimet of SES ohaerved within n shart time (g, = 1}
ia tecmed SES actlvity the analysis of which has boen
shown to cbey mn 1/{ behavior[td, 17, Recently, a

mthcd[18, 16, 20, 21, 2. 23 has been presented that
enahles the ghortening of the time-window of the impend-
ing mainshock from e few hours to e few dags caly. Tt s
Esed oo the concept of & now ties domedn, tormed naty-
ral time{16, 18, 18] and |mvestigntes the crder paramoter
of s e also below) that ocours after the
SES getiviy nzd hefooe the maln ghock in the area san-
r“.hlr 10 n|ITrr & spong 1’!'.! The h'u|mul.rn|| nt o thet

ennthod eosstitutes the bhasle atm of the present paper in

et reeend SES elaetrle feld data are alan presenied.

Iz o time series consisting of N owests, the mafunal
time Yy = k/N serves as an index16, 18, 19) for the
oeourremen of the k-th svest. The evolution of the palr
[in Q) Is stadlied |13, 16, 18, 10, 20, 21, 20, 23, 34, 4,
%, 97, 1), where ), donotes o quantity proportionsl to
thy energy released In the k-th event. For dichotomous
signads, for cxnmple, which la frequestly the caan of SE3
nctivities, G enn be repleced by the duratim of the k-th
pulse. As & second example, we nefer to the analysis of
selamicity(11, 18, 19, B, where O may be comldeed
s the selsmle moment of the k-th event, since My
is roughly proporticnnl to the enengy Telased during an
EQ. The normalized power spectrom s given[16, 18, 15

*Elactrenic nddrmm: ponrclobet. g

[ |[|:||.l"l = |'#|:M'H1 where ¢-|:m.| i diefined vy
< [
) =3 P (M—N) i1
L=l

Ir this definition, py stands for g = Qa/Foney Gu,
amd w = Zodk whern o denotes the natwmd Equ.m:[
The santinueus functicn ﬂl[ﬂ] in Bq_n} shaukd mat he

=], 1,2, .., whils in natural time annalysis the proper-
tiew ol 1] or Tl aze studsed|12, 16, 18, 19] for nas-
ural Eroquencies o b than 0.5, This 16 se, hecauss in
this Tnzge of v 10{w] ar 115 reduce to n eharasteristic
Jumetion for the probuhility distribation py, = the contet
of probability theory.

Wham the antrs the eritianl stage, the following
relathom fi, 18, ).

18 femw 12sinw
[RE-IE - e - A
which far w = 0, dmglifies t0]12, 16. 18]
1) 72 1= 00w,

This relative reflectsf0] that the variancs (7 - 0¥ of
v 1 ghven by

i = 03 - () =, ]

whare (f(y]) = £, ufl30). Note that in the case of
selrmizlzy, Eq.ﬁﬂ)ﬂ"ln foord |2 to deseribn ndequately
Wl st ru].l vl ol o l‘m-th-mn, 3 Bhowm,
in Hrf.|'|J Il[uJ]ﬂI'U-FUEﬂfH.]mhmldmdu
an order pernmeter for pelsmbclty sinee ltn wlue chinges
abruptly when & main shock ceours amd the statisd-
enl praperties of te fucrustions resemble those bn u{hl"‘T
udlibrham Ir'tlﬂ [#g., thres-dirsesslonsl turb-

Reist | | na well ao in L'l.lllili.lll'illlll eHiiml 'Fll.\.'ll.\.l.lll!.'lul.
(g md.hm-unll Ising madel).

Apart from 1) ar #y, ancther wefd quantity in nat-
urkl ties is thi [ e) o F which is defined r|.'~||!!. E-'ll

S=lilay) )l

No true coincidence yet
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L INTRODUCTION

Saismie Eloctric Signals (SES) are transient low fre-
quanzy [ 1Hx) electric signals that have bﬂn ohserved
dn}lltammﬂuhd’mwtqum] Th.o}'mnn:ut-
ted when the stress in the foml region reschis o eritionl
vilue before the Eadlurajil, 12]. This stems from the fact
that & stress wriation affects the Gibbs epergy for the
dafost Earmaticn[L3], migraticn[ld] and activation [15] in
solids. For EQs with megmituda 6.5 or larger, SES are we-
companisd by detoctable magnetic feld warations|16, 17,
18], A sequansa of SES obscrved within a short time [=.g.
= 1h} is termed SE3 activity the analysis of which has
hesn shown to obey an 1) f-behevicr|10, 30). Recently,
o mathed[21, 23, 23, 24, 25, 26] has been prosontod that
enahlos the shortening of the time-window of th impend-
ing mainshock from & few hours to & fow days only. It &
bused en the concapt of a new time domain, termed natu-
1al time{19, 21, 27] and investigates the srder paramatar
of seismicity[2¥ (sew also below) that occurs after the
SES activity ard befora the main shoek in the ara mn-
didste to suffer & strang EX). The improvemont of that
mathod constitutes the basie aim of the present papsr in
view of the grent practical imporiancs in determining the
tim& of an impending mtastropho. Along thosa lines, the
most rasertt SES electrie flold dats are slss proseatod.

In & timeo series consisting of N ovonts, the matueal
time v, = kN mrves s an index|19, 24, 99] for the
conurranes of the bth ovant. The evalution of the pair
[, Q) is studied|12 19, 01, 22 03, 04, 2= 0§, 07, 2§,
0,30, 31), whane denotes b qmm]r [:m:l]:-cartmualm
the erergy relessed in the k-th event. For dichotomous
gignals, for oxample, which it froquently the case of SES
wetivities, () 280 be replacsed by the duration of the kth
pulse. As nosecond exumpla, we refer to the analysis of
seinmidty|[11, 21, 39, 3, where Qy may ke considared
s tho soismic moment Moy of the deth mvent, sinee Mo
is Toughly propartionsl to the energy rakased during an

*Correspondance tor P, Vircteos [praoficienstgr)

E(. The normalized power spectrum is given[19, 21, 2]
by Tljw) = |8 {w)|®, whare $(w) is dofined as

N
k
Fiu) -E Py ST [r_u?) (1)
£=l !
In this duflnition, pe stands for pe = G/ T0_ Qn,
and w = d7¢; where & denotes the matural frequency.
The contimous function ${u) in Eq.(1) should net ba
confused with the ususl discrete Fourier transform be-
couse the latter comsidars coly the relevant vahuos at
=012 .. whilsin natursl time snalysis the propar-
ties of TI{w) or TH4) are studied[12, 10, 21, 29 for nat-
ural frequencies & loss than 0.5 This s 5o, beewase in
this mnge of ¢, [Tiw) or I¢) rodums to a obemotoristic
Sfaneticn for the probabdity distribution pe in the soobext
of probabdlity theocy.

Whan the systam <ntsrs the eriticalstagu, the Ellowing
relation halds[19, 21, 23|:

Geosw  1Dminw
i) "__F_ ORI
which for w — 0, simplifles to{12, 19, 21]
THiw es 1= 0U07R.

This ralation reflects[23] that the varisnea (%) — (v of
i is given by

2

gy = i) =00, i3

whira (f{y]) = EI‘L,P.H;:.]- Note thet in the case of
seismicty, Eq.(2) was found[23] to deseribe adequately
tha moast probabls value of I{w). Purthermeara, os shown
in Ref.[28), Ijw) for w— 0 (o7 &) oun be considered as
0 order paramater for seismicity sinee its vahe shanges
abruptly when & main sheek ocours and the statist-
ol properties of its flustuations rosemble thoso in cthar
ponequilibinm systems (o.g., threo-dimensional turbu.
lent Bow) as well as in equilibrium oritical phepomens
(&g, twe-dimensional Ising madal).

Apart from Iw) oc &y, another usefol quantity in nat-
ural time is the entropy 8, which is defined as[21, 28]

§ = fylay) - (x)lnly).
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2. Note Added on May 20, 2008,

At 1511 UT on May 25, 2008 a Ms(ATH)=4.6 EQ
oceurred at 38.2°N 22.7°E (PDE of USCS reported
mb=4.7). It is not yet clear whether this E{) i= asso-
ciated with the shaded area n Fig® {in particular with
its lobe that almost reaches PAT) or with the rectangular
area NSRS S,

In addition, at 23:26 UT on May 27, 2008 a
Ms(ATH)=5.1 EQ occurred with an epicenter around
35.5°N 22.4°E, as expected by the Note added on May
19, 2008, Upon the occurrence of this event, Prob(s)
exhibits a pronounced maximum at k1 = 0,07 marked by
an arrow in Fig 10 drawn for My, = 3.9, (An addi-
tional arrow marks an earlier maximum on May &, 2008

that preceded the aforementioned Ms(ATH)=5.6 EQ) on  at x; = 0.07 appears simultaneously for Mg, = 4.0
May 10, 2008). (uite interestingly, this exhibits mag-  and Mih,., = 4.1 as can be verified by an inspection of
nitude threshold invariance {a behavior that should be Figs.(11) and (12), respectively.

obeved at the erifical point) since a similar maximum



3.8, [subssquent to the long duration SES activity recorded at PIR during February 29 to March 2, 2008)

FIG. 10 Probis, | versus s of the sesmicity, for M-
within the shaded area shown in Fig.s. The two arcows mark the maxima at & = 0,07 that cocurred on May B, 2008 {i.e., on the cocurence of the 20th svent after the

SES) and on May 27, 2005 (ie.,on the occurence of the 32nd event after the SES). The first maximum has been follawed by the 3.0EQ on May 10, 2008, as described

in the Appendiz.
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FIG. 11: The same as Fig.10, but for Miaree = 4.0. The last histegram cerresponds to the 5.1 event cn May 27, 2008 and exhibits 5 mmdimum at &, = 0.07.
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4.1, The last histogram corresponds to the 5.1 event on May 27, 2008 and exchibits a maimam at < = 0.07.

FIG. 12: The same as Fig.10, but for Migre
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