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Similarities of multiple fracturing on a neutron star and on the Earth
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In this paper the similarities of multiple fracturing on a neutron star and on the Earth are explored, including
power-law energy distributions, clustering, and the symptoms of transition to a major rupture. These similari-
ties may reflect a scenario of a critical transition, common for a broader class of nonlinear systems.

PACS numbgs): 05.40-a, 05.45-a, 91.45:-c, 68.35.Rh

Flashes of energy radiated by a neutron star in the form of SGR1806-20 SEQUENCE
soft y-ray repeater$SGR’S [1,2] are probably generated by . . .
starquakes analogous to earthquakes. The source of a star- 1 ne 111 starquakes with celestial coordinates 1806-20

quake is a fracture in the neutron star crust, which may reWere recorded during continuous observation from August

lease strain energies up to “6erg [3]. The recorded 1978 to April 1985(Fig. 1). They occurred abou_t 40000
SGR1806-20 sequence shows not only the power-law energ,sparsoago. The obselrved energy of an event varies from 1.4
distribution[4], but also symptoms of a transition to the main < 10°°erg to 5.3<10"erg. Note that the observed energies
rupture common with earthquake sequences. The subsequdiitearthquakes are observed in a much wider relative energy
decline of activity in the series of “aftershocks” also follows range, about 14 units of decimal logarithmic scale.
the law founded for earthquakes. Thus the limits of similaritySGR1806-20 is the longest sequence attributed to the same
in the dynamics of the multiple fracturing are dramatically neutron star. No other sequence long enough for our analysis

expanded. has been identified so far.
Starquakes provide the drastic extension of the realm of
multiple fracturing previously observed in an already broad ENERGY DISTRIBUTION

variety of conditions, from the lithosphere of the Earth
through geotechnical and engineering constructions to labo- A fundamental property of multiple fracturing is the
ratory samples of solid materig]5,6]. The energy released power-law distribution of energy legN(E)=a+b
by observed fractures ranges fron?4érg for the strongest xlog;oE, known in seismology as the Gutenberg-Richter
earthquakes down to a fraction of an erg for laboratorylaw [5-7]. Here E is the energy of an evenN(E) is the
samples. Starquakes occur in an even more different enviromumber of events of energy abokie Typically b= 2/3. This
ment of a neutron star. The star 1806-20, whose crust has ag a first approximation valid over a sufficient period and
average densityz 10" that of the Earth, period of rotation territory for a certain energy rang& i ,Ema-
7.5 s, and magnetic field of ¥0Gauss, produced energy by  Figure Za) shows the energy distribution for SGR1806-
fracture up to 1Perg in y rays[4]. The solid crust, where 20. In spite of the narrow energy range it shows the
starquakes occur, is about 1 km thick; it is made of a solidGutenberg-Richter lawas the linear part of the graphts
lattice of heavy nuclei, with electrons flowing, somewhatslope,b=1 is within the limits observed for the earthquakes.
like a terrestrial metal but much denser. Large differences in  Moreover, as is the case for the earthquakes in many re-
forces load the crust causing fracturing. On the Earth congions, the graph bends down at large energies. Such a bend is
vection currents in the mantle provide these forces. On neunevitable since the maximum energy release is limited by
tron stars convection ceases about 20 s after they form, sbe size of the crust and energy density. On the other hand, in
that such forces are unavailable. The crust of a neutron star iae presence of the largest earthquakes the downward bend
loaded instead by super-strong stellar magnetic forces as theay disappear or may even reverse to an upward bend. One
field drifts through it. may speculate that larger starquakes are possible on 1806-20.
The discrete cascades of multiple fracturing are believed Figure 2b) shows the energy distribution separately for
to be chaotic, so that only after certain averaging the regulagtarquakes before the main event on November 16, 1983,
properties emerge. These are power-law energy distributions 5.17x 10*'erg and after it. We see that the Gutenberg-
[5-7], clustering in many form$8-10], and certain symp- Richter law holds in each case: the distributions are close to
toms of transition to a major rupture, called in seismologylinear on a considerable part of the energy range. However,
premonitory seismicity patterngl1,12. (A broader over- contrary to what is observed on earthquak@s after the
view of chaos and self-organization in multiple fracturing, largest event is smaller than before it.
with emphasis on earthquakes, is given elsewhi&se-16.)
These properties exist in diverse conditions, previously ex- CLUSTERING
plored. Here, we check whether the similarity of multiple
fracturing extends to a neutron star, transcending its fantastic Earthquakes tend to occur in time-space clusf8sl()].
difference. The most prominent among these af@eshocksmain
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FIG. 1. The SGR 1806-20 sequence of starquaked. Time refers to registration; starquakes occurred at the distance of about 40 000
light years. The largest event, November 16, 1983, 8:34 GEFF5.17X 10" erg, is marked as a solid dot.

shock-aftershocks sequencesd swarmsof earthquakes. SYMPTOMS OF TRANSITION TO THE MAIN RUPTURE
The main shock is the largest earthquake in a sequence, fore- __ . . . . .
shocks are rather rare, and aftershocks are usually numerous. | 11S i @ rich property of multiple fracturingl1,12 that

The rate of aftershocks occurrence decreases with time fofPMPrises the energy distribution and clustering, although it
lowing the Omori law: A (1) =t~ 3+, where\(t) is the is not as well established yet as the other two properties. As

intensity of the aftershock activity at timeafter the main- ~ &lréady mentioned, Figs. 1 and 3 demonstrate an escalation

shock. The members of a swarm have about the same enerdy. fracturing lasting nearly 1000 days and culminated with
The association of starquakes into clusters is rather cledhe largest starquake on November 16. The escalation is ex-

from Figs. 1 and 3. We see a number of clusters before theressed both in the intensity of starquake occurrence and in

main event. Half of the starquakes that precede the maithe energy release. The starquakes come more frequency and

event happen in the last seven days, in the last 30 min fivin larger clusters.

“foreshocks” occurred. The main event has a prominent se- A similar progression is observed in many earthquake se-

quence of “aftershocks.” The first happened one second afguences, e.g., the one presented in Fi@).4An integral

ter [not shown on Fig. ®)], the first five happened in 200 measure of fracturing called the “cumulative Benioff strain

min. The Omori law(with «=0.18 can be seen as a linear release”e(t) was used to define such progressi¢hs,18.

segment of the graph in bilogarithmic scale between 200 mirt sums up the square root of the enefgy? for consecutive

and 100 days. events. It was suggestdd9—-21 that a power-law rise of
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100 {— 100 I the background seismicity, “a static state,” which consists
[=——1—1---att] of the earthquakes smaller than the earthquakes, targeted for
prediction. The progression of starquakes to the main event
3 (Figs. 1 and 3 fits the qualitative description of the
\ intermediate-term premonitory patterf25,26 with a lead
time of the order of years: Before a strong earthquake the
earthquake flow in a medium magnitude range becomes
more intense and irregular, earthquakes become more clus-
tered in space and time.”
Algorithms for unambiguous reproducible determination
of premonitory patterns can be schematically described as
ENERGY (erg) ENERGY (erg) follows. We compute in the running time-windows certain
FIG. 2. Cumulative energy distribution of starquakes in SGRIOPUSt characteristics of the “static state” within an area
1806-20. The linear segment of the graph suggests the analog of tg@nsidered. When the characteristics become anomalous we

Gutenberg-Richter law for all 111 starquakeght), as well as for ~detect a premonitory pattern. The patterns are used either
starquakes before the main event and for its “aftershocisft: alone or in a combination. Their definition is normalized, so

|—first 35 events; ll—next 35 events; Aft—the main and subse-that they can be applied without additional adaptation in dif-
quent events ferent energy ranges.
Figure 4a) shows five premonitory patterns detected by

e(t) culminates with the largest earthquake, and is accompasuch algorithms before the largest starquake.
nied by logarithmic-periodic variations &f(t). Specifically, (i) PatternX is the large value of the sum of the are@s
e(t)=A—-Bt™{1+CcosInt)}, wheret is the time to the ruptured in the earthquakes’ sourd®2]. The coarse esti-
largest earthquake. Figure 3 shows the power-law increase afiate S~E?? is used.
e(t) for SGR 1806-20 as a linear segment of the graph in a (ii) PatternB is the large number of aftershocks after
bilogarithmic scale. Moreover, one can observe a possibleome mainshock23].
trace of four logarithmic-periodic oscillations. (iii ) Characteristics used in prediction algorithm [21].

Let us check now whether or not the main starquake oBesidesB, they include large values of the number of events
November 16 is preceded by other premonitory patterns oN, its deviation from long-term trend and the linear con-
seismicity tested worldwid§22—26. They are detected in centration of sourceg.
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FIG. 3. Progression of starquakes: The cumulative numbers of events pre@eétinand following(right) the main event on November
16 are given at the top. Note that the accumulation of starquakes after the main event is made in revérse, firam April 1985 to the
time of the main event on November)1&traight lines highlight the nearly linear parts of the graphs that correspond to power-law rise and
decay, correspondingly. At the bottom similar graphs for the cumulative “Benioff strain release” are given.
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FIG. 4. Premonitory patterns before the main starquake on November 16(d%&3d before the Agaba earthquake on November 22,
1995 (b). The location is presented at the top. The “static state” is plotted with the main event marked by a star. Beneath, the graphs of
integral measures of the “static state” are given. Their anomalous values are highlighted by enlarged solid dots. Note that the anomalous
values precede the main event in both cases. For the M8 algorithm, we outline also théshkaed rectangleThe patterng, N, L, and
B are measured, respectively, in #ger unit time, number per unit time, number per unit time squared, and nuéhisethe dimensionless
linear concentration.

As one can observe in Fig(&, the patterns closely pre- quakes. This is illustrated by a comparison of the sequences
cede the largest starquake. For comparison with earthquakeshown at the top of Figs.(d) and 4b). We assume, hypo-
we show a similar resu[27] for the sequence preceding the thetically, that six years for starquakes are equivalent to 80
1995 Agaba earthquakid-ig. 4(b)]. The patterns are pre- years for earthquakes, as far as a transition to the main event
monitory for both sequences. is concerned. For patteBiwe used an alternative definition,
Table | illustrates the validity of the premonitory patterns
of seismicity. It summarizes the results of advance prediction TaABLE I. Performance of the M8 algorithm aimed at prediction
by the algorithm Mg 28]; the last seven largest earthquakesof magnitude 8.0 or greater earthquakes in the Circum Pacific seis-
of the world, M=8, were predicted justifying a high statis- mic belt[27]. We distinguish two time intervals, the first starts after
tical significance level of the method. the algorithm was published and the second one after the algorithm
It should be emphasized that the similarity of premonitorywas set up for research testing in a real-time prediction experiment
patterns for starquakes and earthquakes is only qualitative29].
established so far. One or two numerical parameters of each
algorithm had to be readjusted because of the small number Large earthquakes . e
of observed starquakggust 111 and the narrow range of ——————— Space-time occupiedsignificance

1 i 0, 0,
their energy in logarithmic scaléor earthquakes it would be Test period Predicted Total by alarms(%) level (%)
equivalent to a magnitude interval of about one uniWe  1985-1997 7 7 334 99.86
have also readjusted the time scale for starquakes since thaig2—1997 5 5 31.3 99.40

dynamics evolves much faster than the dynamics of earth
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practically equivalent to the standard one: we counted théave generated all premonitory patterns. Figure 3 shows a
events with weightS (the same as in pattef) to compen- consecutive rise of activity at different time scales. This ob-

sate for the narrow energy range. servation suggests that the premonitory patterns can be found
at different time scales as well. This may occur in the regions
DISCUSSION of medium or low seismicity where separate clusters of

] o ] ] earthquakes may organize in a similar escalating structure.
Did we find in SGR1806-20 the major properties of earth-Tpe Agaba sequend€ig. 4(b)] is one of these cases.
quake sequences? Yes, but only with readjustments of some |t the similarity discussed here really exists, how do we
numerical parameters in definitions designed for earthexplain it, given the huge difference in conditions on the
quakes. Therefore we have established, in a strict sense, on4rth and the neutron star? The simplest answer is that the
the qualitative similarity of the properties considered. How-myftiple fracturing may reflect a critical transition, common

ever, even that seems striking, since for the earthquakeg, a proader class of nonlinear systef8,14,30,31.
themselves the similarity of premonitory phenomena is broad
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