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We studied an exceptional period of activity of the anomalous X-ray pulsar 1E 1547.0-5408 in

January 2009, during which about 200 hard X-ray / softγ-ray bursts were detected by differ-

ent instruments on board of ESA’sγ-ray observatoryINTEGRAL. Even though the source was

outside theINTEGRALinstruments field of view during the major part of the outburst, we were

able to study the statistical properties as well as spectraland timing characteristics of 84 short

(100 ms−10 s) bursts from the source. We find that the luminosity of the22 January 2009 bursts

of 1E 1547.0-5408 was≥ 1042 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 of magnitude larger than the luminosity

of the previously reported bursts from AXPs. We identify various morphologies of the bursts.

We find that the bursts of 1E 1547.0-5408 harden with increasing luminosity. Such a behavior is

opposite of those observed in SGR bursts, but is similar to the hardness-luminosity relation ob-

served in AXP 1E 2259+586. Our observations strengthens theconjecture that AXPs and SGRs

are different representatives of one and the same source type.
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1. Introduction

Anomalous X-ray pulsars (AXP) and soft gamma repeaters (SGR) are believed to be young
neutron stars with ultra-strong magnetic fields exceeding the Schwinger magnetic field BSchw =

m2
ec3/eh̄≃ 4.4×1013 G [26, 21]. SGRs are known to exhibit periods of activity, during which they

emit a large amount of short bursts with typical durations of∼ 100 ms and a luminosity reaching
∼ 1042 erg s−1 (see [21] for a recent review). Similar, but much fainter (by several orders of
magnitude) bursts are observed also in AXPs [8, 30]. Contrary to the SGRbursts, which exhibit
spectral softening with increasing luminosity [11], the brighter AXP bursts appear to have harder
spectra [7].

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

1E 1547.0-5408 was discovered by theEinsteinsatellite [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 supernova
remnant candidate SNR G327.24-0.13 [9]. A discovery of pulsed radio emission with a period
P ≃ 2 s and period derivativėP ≃ 2.3× 10−11 s−1 enabled the estimation of the magnetic field
close to the neutron starB≃ 2.2×1014 G as well as of its distanceD ≃ 9 kpc [2]. The X-ray flux
from the source is known to exhibit large variations in the range of(0.1−5)×10−12 erg cm−2s−1

in the 1-8 keV energy band, which corresponds to variations of the source luminosity 1034 erg s−1

≤ LX ≤ 1035 erg s−1 [14].
In this paper we report on a study of the episode of bursting activity of 1E1547.0-5408 in

January 2009. During this episode, about 200 bursts from the source[24, 23] were detected by
the Anti-Coincidence Shield (ACS) of the spectrometer SPI on board theINTEGRALsatellite [29].
The flaring activity of the source was initially discovered bySwift [13] and was also observed by
theFermi/GBMtelescope [4, 28]. Major episodes of activity consisting of clusters of∼ 10−102

bursts are typical for SGRs, but in the case of AXPs such activity was detected only once, in the
source 1E 2259+586 in 2003 [7]. The extended report of our study ispresented in the paper [25].

2. Data analysis

The ACS is an active shield of the INTEGRAL spectrometer SPI [27]. It features huge, nearly
isotropic effective area (about 1m2). Overall detector count rate is recorded in time intervals of 50
ms. No energy or directional information is available. The low-energy threshold corresponds to
approximately 80 keV. The ISGRI detector is part of the IBIS telescope on-board ofINTEGRAL.
It is sensitive to photons between 15 keV and 1 MeV. ISGRI works in photon-by-photon mode
allowing to produce the high time resolution lightcurves. The walls of the collimator above the
ISGRI detector are made of lead and act as a shield to photons with energiesof up to 200 keV.

For our analysis we have extracted the ACS and ISGRI detector lightcurves from the data of
INTEGRALrevolution 766, which covers a period from 2009-01-20T14:34 to 2009-01-23T04:23
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Figure 1: Top: the thick solid line is the rate of bursts as
a function of time on 22 January 2009. The dashed blue
histogram shows the cumulative burst distribution. The thin
straight solid historgam shows a fit with an exponentially
rising burst rate with rise timeTr = 1.94 hr. Bottom: the
waiting time between subsequent bursts as a function of
time.

Figure 2: SPI/ACS lightcurve during the main
activity episode of 1E 1547.0-5408 between
6:30 and 7:00, 22 January 2009 (UTC).

UTC. During this revolution 1E 1547.0-5408 was at∼ 60◦ off-axis angle, outside the field of
view (FoV). Using theii_light (from the OSA 7.0 [5]) tool we have extracted ISGRI detector
lightcurves in two energy bands, 20−60 keV and 60−200 keV and have applied the barycentric
time correction.

We have identified the moments of the on-set of individul bursts as the moments when the
count rate in the ACS rises above the 5σ level above the background, defined as 10-second coutrate
average. To get rid of the instrumental short spikes observed in the ACS(most likely related to par-
ticle precipitations) we accepted for the statistical studies only the ACS bursts with the couterparts
in ISGRI detector lightcurves with a significance higher than 3 sigma. This selects 84 out of about
200 bursts detected in the ACS lightcurve during the analyzed period.

3. Results

3.1 The 22 January 2009 activity episode

The upper panel of the Figure 1 shows the evolution of the rate of bursts on 22 January 2009.
The maximum of burst activity happened around UTC 22-01-09T06:40 withmore than 40 bursts
detected within half-an-hour. This major activity episode was preceded byseveral weaker episodes,
with a growing peak burst rate. A fit of the evolution of the burst rate with anexponential func-
tion, N ∝ exp[(t − tmax)/Tr ], gives the rise timeTr = 1.94±0.14 hr. (see upper panel of Fig. 1).
The increase of the burst rate ended abruptly half an hour after the major activity episode and
subsequently continued to decrease on several hour- and day-time scales.

3.2 Individual burst lightcurves

An expanded view of the strongest bursts, markeda, b, c andd in Fig. 2 is shown in Fig. 3.
The upper panels of the figure show the evolution of the SPI/ACS (RACS, measured in cts s−1,
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dashed blue curve) and ISGRI 20-60 keV (R20−60, measured in cts cm−2s−1, solid red curve) and
60-200 keV (R60−200, measured in cts cm−2s−1, dotted black curve) count rates. The middle panel
shows the evolution of the ISGRI-ISGRI hardness ratioH1 = R60−200/R20−60, while the lower
panels show the evolution of the ACS-ISGRI hardness ratio, defined asH = 10−6RACS/R20−60.
All the four strongest bursts which happened during the main activity episode have qualitatively
different time profiles.

The lightcurve of bursta 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 "plateau"phase 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 of ∼ 100 ms duration,
and a∼ 1 s long softer "tail". The peak count rate in the ACS detector is∼ 1.8× 106 cts s−1

and close to the one observed in the giant flare of SGR 1820-06 by [20].However, in both cases
the ACS signal was affected by saturation effects. An order-of-magnitude conservative estimate
of the peak flux could be obtained assuming all the photons to have the energy just above the
threshold of the detectors (Ethr ≃ 80 keV) and adopting the minimal value of the ACS effective
area (Aeff,ACS(0.2 MeV) ∼ 103 cm2 [27]. One then finds the limit on the flux1 F ≥

Eγ RACS

Aeff,ACS
≃

3×10−4erg cm−2s−1 and the luminosityLb = 4πD2F ≥ 3×1042erg s−1. This luminosity is several
orders of magnitude larger than that of the bursts of the AXPs observed up to now, but comparable
to the one of a typical SGR burst (see e.g. [21]). The 100 ms burst phase of the brightest event
is followed by a softer "afterglow" tail which is characterized by a power-law decay profile with
Tdec≃ 10 ms for the ACS and ISGRI 60-200 keV energy band andTdec≃ 30 ms in the ISGRI
20-60 keV energy band. The powerlaw decay ends abruptly∼ 1 s after the start of the burst.

A somewhat weaker burst shown in Fig. 3c exhibits a spike plus afterglow morphology similar
to the one of burstb, but with a much larger fraction of the power emitted during the afterglow
phase. The hardness ratio does not change over the time interval whereISGRI data are available.
One can clearly identify the oscillations with the period≃ 2 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 duration of∼ 100 ms,
with almost no detectable afterglow. The ratio of the peak luminosity of the spike tothe peak
luminosity of the afterglow in this burst and the hardness of the spike emission are comparable to
the one of the strongest burstb.

3.3 Statistical study of the burst properties

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

1the analysis of [23], which appeared after this paper was submitted, results in a comparable estimate of the lower
limit on the source flux.
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Figure 3: The lightcurves of the bursts marked asa,b,c andd in Fig.2. See the explanations in the text.

In most of the bursts a significant contribution to the total energy output comes from the
afterglow emission. At the same time the burst durationT is correlated with the peak flux, i.e.
bursts with stronger spikes possess on average stronger afterglows.The observed fluence-duration
correlation (T1.4±0.2

peak andF ∼ T1.58±0.08) is different from the one observed in 1E 2259+586 (F ∼

T0.54±0.08 by [7]) and instead resembles more the fluence-duration relation of SGR bursts, e.g.
F ∼ T1.13 in SGR 1900+14, [10].

The distribution of burst durations can be fit with a log-normal distribution witha mean of
T = 68±3 ms and a scatter of 30 ms< T < 155 ms.

Figure 4 shows a comparison of the shifted by an integer number of periodsafterglows of three
bright bursts: the solid line -b, the dashed line -c and the dotted line - a somewhat weaker burst
which happened two hours later. Although the phases of the maxima of the pulsed afterglow do
not coincide exactly, they are rather close to each other. This might indicatethat the afterglows
of different bursts are produced by one and the same "hot spot" on theneutron star’s surface or
that the "trapped fireball" in the neutron star’s magnetosphere always appears at the same latitude /
longitude.

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

The large effective area of the ACS detector enables us to detect the bursts with a fluence
down to three orders of magnitude lower than the one of the brightest bursts. The fluence distri-
bution follows a power law with an exponent−0.5±0.1 over a dynamic range of∼ 3 decades in
fluence. This behavior is similar to the one observed in the SGR bursts [10].The luminosities of the
brightest bursts from 1E 1547.0-5408 are≥ 1042 erg s−1 while of the weakest one -∼ 1039 erg s−1,
matching the luminosity of the brightest burst from AXPs detected before. Interestingly, inspite of
significant differences in the luminosity, the bursts of the 1E 2259+586 [7]featured similar power-
law-shaped distributions (with the slope of 0.7±0.1). The distribution of the burst peak count rates
has a smaller dynamical range. A powerlaw fit of this distribution, is characterized by a slope of
−0.8±0.2, flatter than that of the distribution of the burst fluxes in 1E 2259+586, 1.42±0.13.
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Figure 4: Relative phases of the pulses of the burst afterglows. The green dotted line shows a burst which
occurred on January 22, 8:18 am. Black solid line shows the brightest burstb shifted by 2671 periods
forward in time. The blue dashed line shows the second-brightest burstc shifted by 2589 periods. The count
rate of this burst is multiplied by a factor of three to highlight the similarity with the time profile of the burst
c. The vertical dotted and dashed lines show the phases of the maxima of the pulses of the burst afterglows.
The vertical solid lines are shifted by∆φ = 0.25 with respect to the vertical dotted lines

4. Discussion and conclusions

We have studied an exceptional period of activity of 1E 1547.0-5408 which occurred on 22
January 2009. During this activity period, about 200 bursts were detected by SPI/ACS and 84 of
them were also detected by IBIS/ISGRI detector. The luminosity of the brightest of these bursts is
substantially brighter than ever detected from an AXP and comparable to the luminosity of the SGR
bursts. In spite of the fact that the source was outside of the field of view of the INTEGRALinstru-
ments, we were able to study spectral and temporal characteristics of the bursts, which 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 increasedon the time scale of
about one hour, reaching a peak at around UTC 2009-22-01T06:40. The maximum of the activity
was characterized by a very high rate of bursts from the source, with theminimum of the waiting
time between subsequent bursts reaching 0.2 s. We estimate the lower limit on the peak luminosity
of the brightest burst to beL > 3×1042 ergs−1. Our study of the statistical properties of the large
amount of the 1E 1547.0-5408 bursts reveals that the typical duration of the bursts is∼ 100 ms. The
distribution of the burst duration extends to∼ 10 s. We find that brighter bursts are characterized
by longer durations and by harder spectra. The extended afterglows of the brightest bursts exhibit
pulsations with a period equal to the rotation period of the neutron star. The phases of the maxima
of the pulsed afterglow emission of different bursts are close to each other but the bright short
spikes of different bursts do not tend to arrive at a preferred phase.

A consistent interpretation of the burst timing and spectral properties observed in the 22 Jan-
uary 2009 activity episode of 1E 1547.0-5408 within the two main models of the magnetar flares,
the "crustal fracture" and the "magnetic reconnection" models [26, 19],requires further theoretical
investigation. Observation of SGR-like bursts from an AXP adds additionalargument in favor of
the hypothesis that AXPs and SGRs form a unique source population, so that 1E 1547.0-5408 is an
"intermediate" AXP/SGR representative of this population.
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