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We studied an exceptional period of activity of the anomsal&tray pulsar 1E 1547.0-5408 in
January 2009, during which about 200 hard X-ray / gefay bursts were detected by differ-
ent instruments on board of ESAsray observatoryNTEGRAL Even though the source was
outside thdNTEGRALinstruments field of view during the major part of the outbunge were
able to study the statistical properties as well as speatrdltiming characteristics of 84 short
(100 ms-10 s) bursts from the source. We find that the luminosity of2Bdanuary 2009 bursts
of 1E 1547.0-5408 was 10*? erg s 1 above~ 80 keV, which is comparable to that of the bursts
of soft gamma repeaters (SGR) and is at least two orders afitogg larger than the luminosity
of the previously reported bursts from AXPs. We identifyisas morphologies of the bursts.
We find that the bursts of 1E 1547.0-5408 harden with incngglsiminosity. Such a behavior is
opposite of those observed in SGR bursts, but is similarédtirdness-luminosity relation ob-
served in AXP 1E 2259+586. Our observations strengthenedhjecture that AXPs and SGRs
are different representatives of one and the same souree typ
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1. Introduction

Anomalous X-ray pulsars (AXP) and soft gamma repeaters (SGR) fiexdrbto be young
neutron stars with ultra-strong magnetic fields exceeding the Schwingereti@afiald Bschw =
mgc/eh ~ 4.4 x 10*3 G [26, 21]. SGRs are known to exhibit periods of activity, during whiayth
emit a large amount of short bursts with typical durations-df00 ms and a luminosity reaching
~ 10* erg s (see [21] for a recent review). Similar, but much fainter (by severdérs of
magnitude) bursts are observed also in AXPs [8, 30]. Contrary to thel&@dRs, which exhibit
spectral softening with increasing luminosity [11], the brighter AXP burgfear to have harder
spectra [7].

The lightcurves of the AXP bursts have a rich morphology, classifiedargionally in two
types: short bursts with symmetric time profiles (type A) and longer fast-stmv-decay bursts
with the decaying tails lasting tens to hundred seconds (type B) [30]. The Ay bursts resemble
the short bursts of SGRs (although with much lower luminosity), while the "typbusgsts are
weak analogs of the so-called "giant flares" of SGRs which are usuadisacterized by a short
spike followed by a longer pulsating tail lasting up to thousands of seconds.

1E 1547.0-5408 was discovered by thimsteinsatellite [18] in the search of an X-ray coun-
terpart of aCOS-Bsource and was recently identified as a magnetar in the center of the ®ugpern
remnant candidate SNR G327.24-0.13 [9]. A discovery of pulsed radieston with a period
P~ 2 s and period derivative ~ 2.3 x 1011 s~1 enabled the estimation of the magnetic field
close to the neutron st&~ 2.2 x 10'* G as well as of its distand® ~ 9 kpc [2]. The X-ray flux
from the source is known to exhibit large variations in the rang@df—5) x 10-*? erg cnr2s!
in the 1-8 keV energy band, which corresponds to variations of thesduminosity 16* erg s
<Lx <10 ergs?t[14].

In this paper we report on a study of the episode of bursting activity af547.0-5408 in
January 2009. During this episode, about 200 bursts from the sf2#c@3] were detected by
the Anti-Coincidence Shield (ACS) of the spectrometer SPI on boariNfiEGRALsatellite [29].
The flaring activity of the source was initially discovered $wift[13] and was also observed by
the Fermi/GBMtelescope [4, 28]. Major episodes of activity consisting of clusters @b — 107
bursts are typical for SGRs, but in the case of AXPs such activity weetgel only once, in the
source 1E 2259+586 in 2003 [7]. The extended report of our stuglesented in the paper [25].

2. Data analysis

The ACS is an active shield of the INTEGRAL spectrometer SPI [27].dtuees huge, nearly
isotropic effective area (aboutrfi’). Overall detector count rate is recorded in time intervals of 50
ms. No energy or directional information is available. The low-energy timidscorresponds to
approximately 80 keV. The ISGRI detector is part of the IBIS telescopleaamd ofINTEGRAL
It is sensitive to photons between 15 keV and 1 MeV. ISGRI works in phbtephoton mode
allowing to produce the high time resolution lightcurves. The walls of the collimdtovethe
ISGRI detector are made of lead and act as a shield to photons with erafrgjeso 200 keV.

For our analysis we have extracted the ACS and ISGRI detector ligh&tnuwa the data of
INTEGRALrevolution 766, which covers a period from 2009-01-20T14:34 to 2DD23T04:23
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Figure 1: Top: the thick solid line is the rate of bursts aBigure2: SPI/ACS lightcurve during the main
a function of time on 22 January 2009. The dashed bhamivity episode of 1E 1547.0-5408 between
histogram shows the cumulative burst distribution. The tt§:30 and 7:00, 22 January 2009 (UTC).
straight solid historgam shows a fit with an exponentially

rising burst rate with rise tim&@, = 1.94 hr. Bottom the

waiting time between subsequent bursts as a function of

time.

UTC. During this revolution 1E 1547.0-5408 was at6(* off-axis angle, outside the field of
view (FoV). Using theé i _| i ght (from the OSA 7.0 [5]) tool we have extracted ISGRI detector
lightcurves in two energy bands, 2060 keV and 66- 200 keV and have applied the barycentric
time correction.

We have identified the moments of the on-set of individul bursts as the momaéaets tive
count rate in the ACS rises above the level above the background, defined as 10-second coutrate
average. To get rid of the instrumental short spikes observed in thMGS likely related to par-
ticle precipitations) we accepted for the statistical studies only the ACS buithtthe couterparts
in ISGRI detector lightcurves with a significance higher than 3 sigma. Thistsedé out of about
200 bursts detected in the ACS lightcurve during the analyzed period.

3. Resaults

3.1 The 22 January 2009 activity episode

The upper panel of the Figure 1 shows the evolution of the rate of burs28 danuary 2009.
The maximum of burst activity happened around UTC 22-01-09T06:40mwite than 40 bursts
detected within half-an-hour. This major activity episode was precedse\gral weaker episodes,
with a growing peak burst rate. A fit of the evolution of the burst rate witkexgponential func-
tion, N O exp[(t —tmax)/Tr], gives the rise timd, = 1.94+0.14 hr. (see upper panel of Fig. 1).
The increase of the burst rate ended abruptly half an hour after the nwdidtyaepisode and
subsequently continued to decrease on several hour- and day-tilee sca

3.2 Individual burst lightcurves

An expanded view of the strongest bursts, marée, c andd in Fig. 2 is shown in Fig. 3.
The upper panels of the figure show the evolution of the SPI/ARGd, measured in cts$,
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dashed blue curve) and ISGRI 20-60 keRs{_g0, measured in cts cnis 1, solid red curve) and
60-200 keV Rso_200, Measured in cts cnds 2, dotted black curve) count rates. The middle panel
shows the evolution of the ISGRI-ISGRI hardness r&tio= Rso_200/Rz0-60, While the lower
panels show the evolution of the ACS-ISGRI hardness ratio, defingt! -ast0 ®Racs/Roo_s0.

All the four strongest bursts which happened during the main activity épikave qualitatively
different time profiles.

The lightcurve of bursa has a "flat top" shape with a sharp rise and decay and a nearly constant
flux "plateau” period of- 1 s duration. This shape is similar to the one of the "precursor" to the
bright flare of the SGR 1806-20 reported by [15]. During the "platgséd'se the spectrum of the
source does not vary, as one can see from the lower panel of Fig. 3a

The strongest burst shown in Fig. 3b consists of a bright short spike X0 ms duration,
and a~ 1 s long softer "tail". The peak count rate in the ACS detector 6.8 x 1P cts s'1
and close to the one observed in the giant flare of SGR 1820-06 by {z@}ever, in both cases
the ACS signal was affected by saturation effects. An order-of-madmitonservative estimate
of the peak flux could be obtained assuming all the photons to have theygnstgbove the
threshold of the detector&g,, ~ 80 keV) and adopting the minimal value of the ACS effective
area Petracs(0.2 MeV) ~ 10° cn? [27]. One then finds the limit on the flukF > % ~
3x 10 “%erg cm?s~1 and the luminosity., = 4nD?F > 3 x 10*%erg s 1. This luminosity is several
orders of magnitude larger than that of the bursts of the AXPs obsep/emnow, but comparable
to the one of a typical SGR burst (see e.g. [21]). The 100 ms bursepfabe brightest event
is followed by a softer "afterglow" tail which is characterized by a polaer-decay profile with
Tgec ~ 10 ms for the ACS and ISGRI 60-200 keV energy band &pd~ 30 ms in the ISGRI
20-60 keV energy band. The powerlaw decay ends abrupflys after the start of the burst.

A somewhat weaker burst shown in Fig. 3c exhibits a spike plus afterglawhtogy similar
to the one of bursb, but with a much larger fraction of the power emitted during the afterglow
phase. The hardness ratio does not change over the time interval \Bl&#Ré data are available.
One can clearly identify the oscillations with the perie@ s, close to the period of rotation of the
neutron star. These oscillations were previously reported by [22].

The burstd shown in the Fig. 3d consists of a single hard spike of the duratien 130 ms,
with almost no detectable afterglow. The ratio of the peak luminosity of the spikeetpeak
luminosity of the afterglow in this burst and the hardness of the spike emisgaromparable to
the one of the strongest buist

3.3 Statistical study of the burst properties

We found significant correlation between the hardness and the ACSrataun While the
value of the hardness of the brightest bursts is affected by the satueffttats, for the moderate
flux values the observed conclusion is robust. The dependence ddrtthedss of the spectrum on
the luminosity was noticed in the bursts of 1E 2259+586 by [7]. This type péundence is the
opposite of those observed in SGR bursts, for which a softening of #erem with increasing
luminosity was observed [11].

1the analysis of [23], which appeared after this paper was submittedisr@sa comparable estimate of the lower
limit on the source flux.
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Figure 3: The lightcurves of the bursts markedab,c andd in Fig.2. See the explanations in the text.

In most of the bursts a significant contribution to the total energy output €droen the
afterglow emission. At the same time the burst durafiois correlated with the peak flux, i.e.
bursts with stronger spikes possess on average stronger afterglogvebserved fluence-duration
correlation T 1402 andF ~ T158£0.08) s different from the one observed in 1E 2259+586~
T054+0.08 [y [7]) and instead resembles more the fluence-duration relation of S@&®spe.g.
F ~ T113in SGR 1900+14, [10].

The distribution of burst durations can be fit with a log-normal distribution &itlmean of
T =68+ 3 ms and a scatter of 30 msT < 155 ms.

Figure 4 shows a comparison of the shifted by an integer number of pafietglows of three
bright bursts: the solid line b, the dashed line € and the dotted line - a somewhat weaker burst
which happened two hours later. Although the phases of the maxima of tredmfterglow do
not coincide exactly, they are rather close to each other. This might indiwatt¢he afterglows
of different bursts are produced by one and the same "hot spot" ometliteon star’s surface or
that the "trapped fireball" in the neutron star's magnetosphere alwagsepat the same latitude /
longitude.

Contrary to the pulsed afterglows, the short spikes of different bdstsot arrive in phase.
For example, the burst shown by the green dotted line in Fig. 4 has a sadmf she afterglow, but
does not possess an initial spike at all. We have also found bursts in thieichoment of arrival
of the short spike is delayed compared to the moment of the onset of theylaftdike" emission.

The large effective area of the ACS detector enables us to detect this lith a fluence
down to three orders of magnitude lower than the one of the brightest biifstsfluence distri-
bution follows a power law with an exponer0.5+ 0.1 over a dynamic range of 3 decades in
fluence. This behavior is similar to the one observed in the SGR burstslli®]uminosities of the
brightest bursts from 1E 1547.0-5408 ard 0* erg s * while of the weakest one~ 10*° erg s %,
matching the luminosity of the brightest burst from AXPs detected beforerdstingly, inspite of
significant differences in the luminosity, the bursts of the 1E 2259+58&ftlired similar power-
law-shaped distributions (with the slope o7@-0.1). The distribution of the burst peak count rates
has a smaller dynamical range. A powerlaw fit of this distribution, is chaiaeteby a slope of
—0.8+ 0.2, flatter than that of the distribution of the burst fluxes in 1E 2259+58@ 4 0.13.
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Figure 4: Relative phases of the pulses of the burst afterglows. Téergdotted line shows a burst which
occurred on January 22, 8:18 am. Black solid line shows tightast burst shifted by 2671 periods
forward in time. The blue dashed line shows the second-teaghurst shifted by 2589 periods. The count
rate of this burst is multiplied by a factor of three to higjfii the similarity with the time profile of the burst
¢. The vertical dotted and dashed lines show the phases ofdikirma of the pulses of the burst afterglows.
The vertical solid lines are shifted iyp = 0.25 with respect to the vertical dotted lines

4. Discussion and conclusions

We have studied an exceptional period of activity of 1E 1547.0-5408hwidcurred on 22
January 2009. During this activity period, about 200 bursts were ekdy SPI/ACS and 84 of
them were also detected by IBIS/ISGRI detector. The luminosity of the bagbtehese bursts is
substantially brighter than ever detected from an AXP and comparable torivelsity of the SGR
bursts. In spite of the fact that the source was outside of the field of idwedNTEGRALinstru-
ments, we were able to study spectral and temporal characteristics ofrii®, hich appeared to
be strong enough to penetrate through the walls of the IBIS imager.

We have found that the activity of the source has exponentially increastte time scale of
about one hour, reaching a peak at around UTC 2009-22-01TO8HOmMaximum of the activity
was characterized by a very high rate of bursts from the source, witmitiiemum of the waiting
time between subsequent bursts reaching 0.2 s. We estimate the lower limit @akleminosity
of the brightest burst to bie > 3 x 10*? ergs™1. Our study of the statistical properties of the large
amount of the 1E 1547.0-5408 bursts reveals that the typical duratioa biithts isw 100 ms. The
distribution of the burst duration extends+010 s. We find that brighter bursts are characterized
by longer durations and by harder spectra. The extended aftergfdatws brightest bursts exhibit
pulsations with a period equal to the rotation period of the neutron star. Adsep of the maxima
of the pulsed afterglow emission of different bursts are close to each botihéhe bright short
spikes of different bursts do not tend to arrive at a preferredephas

A consistent interpretation of the burst timing and spectral properties\ausa the 22 Jan-
uary 2009 activity episode of 1E 1547.0-5408 within the two main models of tlymetar flares,
the "crustal fracture" and the "magnetic reconnection” models [26rd@liires further theoretical
investigation. Observation of SGR-like bursts from an AXP adds additamgiment in favor of
the hypothesis that AXPs and SGRs form a unique source populatiorgtsiii 547.0-5408 is an
"intermediate” AXP/SGR representative of this population.
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