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The first outburst of the new magnetar candidate SGR 0501+4516
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ABSTRACT
We report here on the outburst onset and evolution of the new soft gamma-ray repeater
SGR 0501+4516. We monitored the new SGR with XMM–Newton starting on 2008 August
23, 1 day after the source became burst active, and continuing with four more observations in
the following month, with the last one on 2008 September 30. Combining the data with the
Swift X-ray telescope (Swift–XRT) and Suzaku data, we modelled the outburst decay over a
3-month period, and we found that the source flux decreased exponentially with a time-scale
of tc = 23.8 d. In the first XMM–Newton observation, a large number of short X-ray bursts
were observed, the rate of which decayed drastically in the following observations. We found
large changes in the spectral and timing behaviour of the source during the first month of the
outburst decay, with softening emission as the flux decayed, and the non-thermal soft X-ray
spectral component fading faster than the thermal one. Almost simultaneously to our second
and fourth XMM–Newton observations (on 2008 August 29 and September 2), we observed
the source in the hard X-ray range with INTEGRAL, which clearly detected the source up
to ∼100 keV in the first pointing, while giving only upper limits during the second pointing,
discovering a variable hard X-ray component fading in less than 10 days after the bursting
activation. We performed a phase-coherent X-ray timing analysis over about 160 days starting
with the burst activation and found evidence of a strong second derivative period component
[P̈ = −1.6(4) × 10−19 s s−2]. Thanks to the phase connection, we were able to study the
phase-resolved spectral evolution of SGR 0501+4516 in great detail. We also report on the
ROSAT quiescent source data, taken back in 1992 when the source exhibits a flux ∼80 times
lower than that measured during the outburst, and a rather soft, thermal spectrum.
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1 IN T RO D U C T I O N

Over the last few years, a number of observational discoveries have
placed ‘magnetars’ (ultramagnetized isolated neutron stars) in the
limelight again. These extreme objects comprise the anomalous
X-ray pulsars (AXPs; 10 objects), and the soft gamma-ray

C© 2009 The Authors. Journal compilation C© 2009 RAS



2420 N. Rea et al.

repeaters (SGRs; four objects), which are observationally very sim-
ilar classes in many respects (for a recent review, see Mereghetti
2008). They are all slow X-ray pulsars with spin periods clustered
in a narrow range (P ∼ 2–12 s), relatively large period derivatives
(Ṗ ∼ 10−13 to 10−10 s s−1), spin-down ages of 103–104 years and
magnetic fields, as inferred from the classical magnetic dipole spin-
down formula, of 1014–1015 G, much higher than the electron quan-
tum critical field (Bcr � 4.4 × 1013 G). About a dozen AXPs and
SGRs are strong persistent X-ray emitters, with X-ray luminosities
of about 1034–1036 erg s−1, and a few transient ones have been dis-
covered in recent years. A peculiarity of these neutron stars is that
their X-ray energy output is much larger than their rotational energy
losses, so they cannot be only rotationally powered. Furthermore,
they lack a companion, so they cannot be accretion powered either.
Rather, the powering mechanism of AXPs and SGRs is believed
to reside in the neutron star ultrastrong magnetic field (Duncan &
Thompson 1992; Thompson & Duncan 1993). Other scenarios, be-
side the ‘magnetar’ model, were proposed to explain AXP and SGR
emission, such as the fossil disc (Chatterjee, Hernquist & Narayan
2000; Perna, Hernquist & Narayan 2000) and the quark-star model
(Ouyed, Leahy & Niebergal 2007a,b).

In the 0.1–10 keV energy band, magnetars spectra are relatively
soft and empirically modelled by an absorbed blackbody (BB;
kT ∼ 0.2–0.6 keV) plus a power law (PL; � ∼ 2–4). Thanks to
INTEGRAL–ISGRI and RXTE–HEXTE, hard X-ray emission up to
∼200 keV has recently been detected from some sources (Kuiper,
Hermsen & Mendez 2004; Kuiper et al. 2006; Mereghetti et al.
2005; Götz et al. 2006). This discovery has opened a new window
on magnetars studies and has shown that their energy output may
be dominated by hard, rather than soft emission.

At variance with other isolated neutron stars, AXPs and SGRs
exhibit spectacular episodes of bursting and flaring activity, during
which their luminosity may change up to 10 orders of magnitude
on time-scales down to few milliseconds. Different types of X-
ray flux variability have been observed, ranging from slow and
moderate flux changes up to a factor of a few on time-scales of
years (shown by virtually all members of the class) to more intense
outbursts with flux variations up to ∼100 lasting for ∼1–3 years
and to short and intense X-ray burst activity on subsecond time-
scales (see Kaspi 2007 and Mereghetti 2008 for reviews of X-ray
variability).

In particular, SGRs are characterized by periods of activity dur-
ing which they emit numerous short bursts in the hard X-ray/soft
gamma-ray energy range (t ∼ 0.1–0.2 s; L ∼ 1038–1041 erg s−1).
This is indeed the defining property that led to the discovery of this
class of sources. In addition, they have been observed to emit inter-
mediate flares, with typical durations of t ∼ 1–60 s and luminosities
of L ∼ 1041 − 1043 erg s−1, and spectacular giant flares. The latter
are rare and unique events in the X-ray sky, by far the most ener-
getic (∼1044–1047 erg s−1) Galactic events currently known, second
only to Supernova explosions. Indeed, the idea that SGRs host an
ultramagnetized neutron star was originally proposed to explain the
very extreme properties of their bursts and flares: in this model,
the frequent short bursts are associated with small cracks in the
neutron star crust, driven by magnetic diffusion, or, alternatively,
with the sudden loss of magnetic equilibrium through the develop-
ment of a tearing instability, while the giant flares would be linked
to global rearrangements of the magnetic field in the neutron stars
magnetosphere and interior (Thompson & Duncan 1995; Lyutikov
2003).

Bursts and flares do not seem to repeat with any regular, pre-
dictable pattern. Giant flares have been so far observed only three

times from the whole sample of SGRs [from SGR 0526−66 in
1979 (Mazets et al. 1979), from SGR 1806−20 in 1998 (Hurley
et al. 1999) and from SGR 1900+14 in 2004 (e.g. Hurley et al.
2005; Palmer et al. 2005)], and never twice from the same source.
As far as short bursts and intermediate flares are concerned, while
some SGRs (such as SGR 1806−20) are extremely active sources,
in other cases no bursts have been detected for many years (as in
the case of SGR 1627−41, that re-activated in 2008 May after a
10 year long stretch of quiescence; Esposito et al. 2008). This sug-
gests that a relatively large number of members of this class has not
been discovered yet, and may manifest themselves in the future.

On 2008 August 22, a new SGR, namely SGR 0501+4516, was
discovered (the first in 10 years), thanks to the Swift burst alert tele-
scope (Swift–BAT) detection of a series of short X-ray bursts and in-
termediate flares (Barthelmy et al. 2008; Holland et al. 2008). X-ray
pulsations were observed by RXTE at a period of 5.7 s, confirming
the magnetar nature of this source (Göğüş, Woods & Kouveliotou
2008), and its counterpart was identified in the infrared and optical
bands (Fatkhullin et al. 2008; Rea et al. 2008b; Rol et al. 2008;
Tanvir & Varricat 2008). Prompt radio observations to search for
the onset of radio pulsation and of a persistent counterpart failed to
reveal any emission in this band in the first days after the outburst
activation (Gelfand et al. 2008; Hessels et al. 2008; Kulkarni & Frail
2008).

In this paper, we present a series of five XMM–Newton observa-
tions of SGR 0501+4516; the first one was performed only 1 day
after the SGR activation and the last one after 38 days. We also
report on two INTEGRAL observations; the first was performed al-
most simultaneously with the second XMM–Newton observation,
while the other one was performed soon after the fourth XMM–
Newton pointing. We used the Swift X-ray telescope (Swift–XRT)
monitoring to model the outburst decay and the spin period evo-
lution of the source until ∼160 days after the onset of the bursting
activity. We also report on the 1992 ROSAT observation of its quies-
cent counterpart. We present details of the observation and analysis
in Section 2 and results in Sections 3 and 4. Discussion follows in
Section 5.

2 O BSERVATI ONS AND A NA LY SI S

2.1 XMM–Newton

The XMM–Newton Observatory (Jansen et al. 2001) observed
SGR 0501+4516 on 2008 August/September (see Table 1) with
the European Photon Imaging Camera (EPIC) instruments (pn and
MOSs; Strüder et al. 2001; Turner et al. 2001), the reflecting grating
spectrometer (RGS; den Herder et al. 2001) and the optical monitor
(OM; Mason et al. 2001).

Data were processed using SAS version 7.1.0 with the most up to
date calibration files (CCF) available at the time the reduction was
performed (2008 October). Standard data screening criteria were
applied in the extraction of scientific products. Soft proton flares
were not observed in any of the observations, resulting in the total
on-source exposure times listed in Table 1.

2.1.1 EPIC and RGS

For four of the observations, the pn camera was set in SMALL WINDOW

mode in order to reduce pileup, while for the 2008 September 30
observation it was in LARGE WINDOW mode. The MOS1 camera was
in FULL FRAME for the first observation and in SMALL WINDOW for all
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Table 1. Top: summary of the first five XMM–Newton observations of SGR 0501+4516. The exposure time refers
to the pn camera. Count rates are background corrected, and refer to the pn in SMALL WINDOW, except for the last
observation which was in LARGE WINDOW. Bottom: timing properties of SGR 0501+4516. The pulsed fraction is
defined as the background corrected (max-min)/(max+min) in the 0.3–12keV energy band. The number of bursts
refers to spikes detected at >35 count s−1.

Parameters 2008-08-23 2008-08-29 2008-08-31 2008-09-02 2008-09-30

Start (UT) 01:07:36 07:10:28 12:09:45 10:00:38 02:18:44
End (UT) 14:35:33 13:58:20 14:59:58 15:41:49 11:22:15
Exposure (ks) 48.9 24.9 10.2 20.5 31.0
Counts s−1 (pn) 8.520 ± 0.016 7.08 ± 0.02 6.60 ± 0.03 6.05 ± 0.02 3.23 ± 0.01

Pulse Period (s) 5.7620694(1) 5.7620730(1) 5.7620742(1) 5.7620754(1) 5.7620917(1)
Pulsed fraction (per cent) 41(1) 35(1) 38(1) 38(1) 43(1)
Number of bursts 80 2 0 0 0

the other pointings. On the other hand, the MOS2 was in TIMING

mode, except for the last observation where it was set in SMALL

WINDOW mode. All other MOS CCDs were in PRIME FULL WINDOW

mode. Thick filters were used for all the instruments, and pileup
was present only in the first MOS1 observation, which we ignored
in the rest of the analysis. No transients were present in any imaging
camera, so we are confident that the MOS2 in non-imaging mode
did not collect photons from anything else than our target.

We performed a two- or one-dimensional point spread function
(PSF) fitting, for the data obtained with the EPIC cameras in imag-
ing mode or timing mode, respectively. The extraction radius was
chosen in such a way as to obtain more than 90 per cent of the
source counts.

We then extracted the source photons, for the cameras setup in
imaging mode, from a circular region with 30 arcsec radius, cen-
tred at the source position [RA 05:01:06.607, Dec. +45:16:33.47
at J2000, with a 1σ error of 1.5 arcsec which refers to the abso-
lute astrometric XMM–Newton accuracy (Kirsch et al. 2004)].1 The
background was obtained from a similar region as far away as pos-
sible from the source location in the same CCD. For the MOS2
camera in timing mode, we extracted the photons from RAWX
274−334, and a similar region was used for the background ex-
traction, although as far as possible from the source position. Only
photons with PATTERN ≤ 4 were used for the pn, with PATTERN
≤ 12 for the MOS2 when in imaging mode and with PATTERN =
0 were used for MOS2 observations in timing mode. All the photon
arrival times have been corrected to refer to the barycentre of the
Solar system.

Thanks to the high timing and spectral resolution2 of the pn and
MOS cameras, and to the high spectroscopic accuracy of the RGS,
we were able to perform timing and spectral analysis, as well as
pulse-phase spectroscopy. Both the MOSs and pn cameras gave
consistent timing and spectral results, and we report only on the pn
results (see Table 1 for the pn source count rates for all five ob-
servations), and the RGS is used only to constrain the presence of
narrow lines (see Section 4).

For the timing (Section 3) and spectral analysis (Section 4), we
removed the bursts observed in the first two observations (August
23 and 29; also see Fig. 1) discarding all the photons corresponding
to intervals where the source count rate exceeded 35 counts s−1

1 Consistent with the more accurate Chandra determination: RA
05:01:06.756, Dec. +45:16:33.92 (0.11 arcsec error circle; Woods, Gogus
& Kouveliotou 2008)
2 See http://xmm.esac.esa.int/ for details.

(a detailed analysis of the bursts themselves will be reported
elsewhere).

2.1.2 Optical monitor

25 OM images of the field were obtained simultaneously to the
X-ray observations through the UV W1 lenticular filter. One fur-
ther image was obtained through the U filter. The UV W1 has an
effective transmission range of λ = 2410–3565 A, peak efficiency
at λ2675 A, full-width half-maximum image resolution of 2 arcsec
and a Vega-spectrum zero point of m = 17.20. The U has an ef-
fective transmission range of λ = 3030–3890 A, peak efficiency
at λ = 3275 A, full width at half-maximum image resolution of
1.55 arcsec and a Vega-spectrum zero point of m = 18.26. Modulo-
8 fixed photon pattern and scattered background light were removed
from individual images before correcting optical distortion and con-
verting images to J2000 celestial coordinates. The XMM–Newton
star trackers provide absolute pointing accurate to 1.8 arcsec. To
refine astrometry, a correction is performed to individual images by
cross-correlating source positions in the OM with counterparts in
the USNO-B1.0 catalogue (Monet et al. 2003). The UV W1 images
were mosaicked to produce a 70 ks summed exposure. The U-band
image was accumulated over an exposure time of 4 ks. Aperture pho-
tometry was performed on the source position of SGR 0501+4516
using a standard 17.5 arcsec radius circular aperture for the UV W1
image and 3 arcsec for the U image, consistent with the calibrated
zero point.

No XMM–OM source is detected within this aperture to 3σ mag-
nitude upper limits of mU > 22.1 and mUVW1 > 23.7 (see Fig. 2).
We also searched for possible counterparts to the X-ray bursts in the
XMM-OM exposures in the UV W1 filter during the first XMM–
Newton observation. We did not find any signature for such bursts
in the UV W1 filter with a 3σ upper limit on each 4 ks image of
mUVW1 > 22.05.

2.2 Integral

INTEGRAL (Winkler et al. 2003) observed SGR 0501+4516 twice,
soon after its discovery: the first observation (orbit 717), soon
after its discovery, started on 2008 August 27 at 00:31 (UT)
as a Target of Opportunity (ToO) observation (ended on Au-
gust 28 08:36 UT), and the second observation in the frame-
work of the Core Programme observations of the Perseus Arm
region started on 2008 September 5 at 05:48 and ended at
07:40 (UT) on September 10 (orbits 720 and 721). We anal-
ysed the IBIS/ISGRI data of both observations. IBIS (Ubertini
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Figure 1. EPIC-pn light curve (binned at 0.5 s) of the 2008 August 23 observation. Times are in seconds from: MJD 54701 01:07:32 (UT).

Figure 2. Co-added image of all the OM observations in the UV W1 filter.
The four bright objects are USNO B1 stars.

et al. 2003) is a coded mask telescope with a wide (29◦ × 29◦) field
of view, sensitive in the 15 keV–10 MeV energy range. We restricted
our analysis to the ISGRI (Lebrun et al. 2003) data, taken by the
IBIS low-energy (15 keV–1 MeV) CdTe detector layer, since ISGRI
is the most sensitive instrument on board INTEGRAL at energies
<300 keV.

For the first observation, an effective exposure of 204 ks was
accumulated at the source position. During this observation, the
source was still burst active and indeed at least four weak bursts
were detected in the ISGRI data (Hurley & Gotz 2008). In the 18–
60 keV image, the source is detected at a ∼4.2σ confidence level,
corresponding to a count rate of 0.31 ± 0.08 counts s−1, while in
the 60–100 keV band the source was detected at a ∼3.5σ level
(0.25 ± 0.07 counts s−1). Above 100 keV, the source is not detected
and the 3σ upper limit is 0.2 counts s−1 (100–200 keV). The ISGRI
response matrices were rebinned to match the above two channels
and the detected flux values were used in the broad-band spectral
analysis (see below Section 4).

We performed the same analysis on the Core Programme data.
In this case, the exposure time was 361 ks at the position of the
source. No persistent or burst emission was detected in this second
observation. We could infer a 3σ upper limit in the 18–60 keV
energy band of 0.18 counts s−1, implying a decrease of the hard
X-ray flux in about 10 days of a factor of ∼2.

2.3 Swift–XRT

The Swift satellite (Gehrels et al. 2004) includes a wide-field instru-
ment, the BAT (Barthelmy et al. 2005), and two narrow-field in-
struments, the XRT (Burrows et al. 2005) and the ultraviolet/optical
telescope (Roming et al. 2005), and discovered the bursting activity
of SGR 0501+4516 thanks to the large field of view of the BAT
camera (Barthelmy et al. 2008; Holland et al. 2008). We briefly
report here on the Swift–XRT monitoring of SGR 0501+4516, and
we refer to Palmer et al. (in preparation) for further details on the
Swift observations.

Starting a few hours after the burst activation, the Swift–XRT
camera monitored SGR 0501+4516, collecting a few tens of obser-
vations in the following 160 days. The XRT instrument was operated
in photon counting (PC) mode for the first two observations, and
in window timing (WT) mode for all the following observations,
which ensures enough timing resolution (1.766 ms) to monitor the
period changes of the source. In our analysis, we ignored the first
two observations in PC mode because they were highly affected by
photon pileup.

The data were processed with standard procedures using the
FTOOLS task XRTPIPELINE (version 0.12.0) and events with grades 0–2
were selected for the WT data. For the timing and spectral analy-
sis, we extracted events in a region of 40 × 40 pixels. To estimate
the background, we extracted the WT events within a similar box
far from the target. The event files were used to study the timing
properties of the pulsar after correcting the photon arrival times to
the barycentre of the Solar system. For the spectral fitting (aimed
at having a reliable flux measurement over the entire outburst), the
data were grouped so as to have at least 20 counts per energy bin.
The ancillary response files were generated with XRTMKARF, and they
account for different extraction regions, vignetting and PSF correc-
tions. We used the latest available spectral redistribution matrix
(v011) in CALDB. We removed the bursts from the XRT observa-
tions taking out all the photons corresponding to intervals where
the source count rate exceeded 5 counts s−1.

2.4 ROSAT

The Röntgensatellit (ROSAT; Snowden & Schmitt 1990;
Voges et al. 1992) position sensitive proportional counter serendip-
itously observed the region of the sky including the position
of SGR 0501+4516 between 1992 September 21 and 24, for
an effective exposure time of 4.2 ks. An off-axis point source,
2RXP J050107.7+451637, was clearly detected in the observation,
the position of which is consistent, within uncertainties, with that
of SGR 0501+4516 as inferred by Chandra (Woods et al. 2008).
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The ROSAT event list and spectrum of 2RXP J050107.7+451637
included about 260 background-subtracted photons accumulated
from a circle of about 1.7 arcmin radius (corresponding to an
encircled energy of ∼90 per cent). The source count rate is
estimated to be (6.6 ± 0.5) × 10−2 counts s−1 after correction for
the PSF and vignetting.

3 X -RAY TIMING A NA LY SIS

We started the timing analysis by performing a power spectrum
of the first XMM–Newton observation (after having cleaned the
data for the bursts; see above), and we found a strong coherent
signal at ∼5.76 s, followed by eight significant harmonics. We
then refined our period measurement studying the phase evolu-
tion within the observation by means of a phase-fitting technique
(see DallOsso et al. 2003 for details). The resulting best-fitting pe-
riod is P = 5.762 070(3) s (1σ confidence level; epoch 54701.0
MJD). The accuracy of 3μs is enough to phase connect coher-
ently the first two XMM–Newton pointings which are about 6 days
apart. The procedure was repeated by adding, each time, a single
XMM–Newton pointing. The relative phases were such that the sig-
nal phase evolution could be followed unambiguously in the five
XMM–Newton observations, and the preliminary phase-coherent
solution for these observations had a best-fitting period of P =
5.762 0692(2) s and Ṗ = 6.8(8) × 10−12 s s−1 [MJD 54701.0 was
used as reference epoch; χ 2 ∼ 4 for three degrees of freedom
(d.o.f.)].

To better sample the pulsations in the time intervals not covered
by XMM–Newton data, and to increase the accuracy of our tim-
ing solution, we also included the Suzaku–XIS observation (Enoto
et al. 2009) and part of the Swift–XRT monitoring data set. A
quadratic term in the phase evolution is required starting about 1
month after the Swift–BAT onset, when the pulse phases increas-
ingly deviate from the extrapolation of the above P − Ṗ solu-
tion (see Fig. 3), resulting in an unacceptable fit (χ 2 ∼ 110 for
16 d.o.f.). Therefore, we added a higher order component to the
above solution to account for the possible presence of a tempo-
rary or secular P̈ term. The resulting new phase-coherent solution
had a best fit for P = 5.7620695(1) s, Ṗ = 6.7(1) × 10−12 s s−1

and P̈ = −1.6(4) × 10−19 s s−2 (MJD 54701.0 was used as ref-
erence epoch; 1σ confidence level; χ 2 = 58 for 45 d.o.f.), or

ν = 0.173 548 754(4) Hz, ν̇ = −2.01(3) × 10−13 Hz s−1 and
ν̈ = 5(1) × 10−21 Hz s−2. The time residuals with respect to the
new timing solution are reported in Fig. 3 (central panel; empty
squares). The significance of the inclusion of the cubic term is
5.3σ . Moreover, the new timing solution implies a rms variability
of only 0.04 s. We note that the new timing solution is in agreement
with that reported by Israel et al. (2008a).

The negative sign of P̈ implies that the spin-down is decreas-
ing on a characteristic time-scale of about half a year. This might
imply that a transient increase of the spin-down above the secular
trend occurred in connection with the outburst onset, and that the
source might now be recovering towards its secular spin-down. We
note that timing components of similar strengths and with similar
evolution time-scales were detected in other AXPs and SGRs fol-
lowing the occurrence of glitches (DallOsso et al. 2003; Dib’ Kaspi
& Gavriil 2008). This finding suggests that a similar event might
have occurred connected to the burst and/or outburst behaviour
displayed by SGR 0501+4516 in 2008 August. Correspondingly,
assuming that the secular spin-down was an order of magnitude
smaller than the one we measured during the outburst, our find-
ings imply a magnetic field strength of the dipolar component in
the range 7 × 1013 < Bd < 2 × 1014 G (assuming a neutron star
moment of inertia of 1045 g cm2).

The 0.3–11 keV SGR 0501+4516 pulse profiles are relatively
complex, with several subpeaks, though dominated by the sinusoidal
fundamental component (see Fig. 4 and top panels of Fig. 9). The
fundamental pulsed fraction calculated as (max−min)/(max+min)
is fairly constant in time (although with some oscillations) changing
from 41 ± 1 per cent during the first XMM–Newton pointing, to
35 ± 1 per cent (second pointing), to 38 ± 1 per cent (third and
fourth pointings) and finally to 43 ± 1 per cent (last pointing; see
also Table 1). At the same time, both the shape and the pulsed
fraction change as a function of energy within each pointing (see
Figs 5 and 6).

The ROSAT photon arrival times were corrected to the barycentre
of the Solar system and a search for coherent periodicities was
performed in a narrow range of trial periods (6.1–5.5 s; we assumed
a conservative value of |Ṗ | = 6 × 10−10 s s−1) centred around the
2008 August period. No significant peaks were found above the 3σ

detection threshold. The corresponding upper limit to the pulsed
fraction is about 50 per cent.

0 50 100 150
0

1

2

3

4

F
lu

x 
(1

0
11

 e
rg

 c
m

2 s
1 )

Time (d  BAT Trigger)

Swift XRT
XMM Newton

Suzaku

ROSAT

100

50

0

P
ha

se
 (

ra
d)

   XMM Newton
   Swift XRT
   Suzaku

0.5

0

0.5

1

100

50

0

0 50 100 150

0.5

0

0.5

1

100

50

0

0 50 100 150

0.5

0

0.5

1

R
es

id
ua

ls
 (

s)

Time (d  54701.0 MJD)

P
ha

se
 (

ra
d)

   XMM Newton
   Swift XRT
   Suzaku

R
es

id
ua

ls
 (

s)

Time (d  54701.0 MJD)

Figure 3. Left-hand panel: the outburst decay of the persistent X-ray flux of SGR 0501+4516 fitted with an exponential function (see Section 5 for details).
We refer here as BAT trigger: MJD 54700.0 12:41:59.000 (UT). The fluxes are absorbed and in the 1–10 keV energy range for XMM–Newton, Swift and Suzaku,
while the ROSAT flux is extrapolated to the same band and refers to two different spectral models (see Section 4 for details).Right-hand panel: the 0.5–10 keV
pulse phase evolution with time, together with the time residuals with respect to the phase coherent timing solution discussed in the text and including P/Ṗ /P̈
components. The solid lines in the upper panel represent the timing solution with (top line) and without (low line) the cubic term.
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Figure 4. Top panel: pulse profiles of the five XMM–Newton observations
in the 0.3–12 keV energy band. Bottom panel: pulsed fraction dependence
with energy for the same observations. In both panels, the black, red, dark
grey, orange and light grey colours refer to the five observations ordered by
increasing epoch.

4 SPECTR A L A NALYSIS

For the spectral analysis, we used source and background photons
extracted as described in Section 2. The response matrices were built
using ad hoc bad-pixel files built for each observation. We use the
XSPEC package (version 11.3, and as a further check also the 12.1) for
all fittings, and used the PHABS absorption model with the Anders
& Grevesse (1989) solar abundances and Balucinska-Church &
McCammon (1998) photoelectric cross-sections. We restricted our
spectral modelling to the EPIC-pn camera and used only the best-
calibrated energy range,3 namely 0.5–10 keV.

4.1 Phase-averaged spectroscopy

We started the spectral analysis by fitting simultaneously the spectra
of all the XMM–Newton observations with the standard BB plus PL
model, leaving all parameters free to vary except for the NH which
was constrained to be the same in all observations. The values for the
simultaneous modelling are reported in Table 2, with a final reduced
χ 2

ν = 1.14 for 838 d.o.f. (see also Fig. 7). The values of the spectral
parameters were not significantly different when modelling each
observation separately. The measured hydrogen column density is
NH = 0.89 × 1022 cm−2, and the absorbed flux in the 0.5–10 keV
band varied from 4.1 to 1.4 × 10−11 erg s−1 cm−2, corresponding
to a luminosity range of 1.2–0.42 × 1035 d2

5 erg s−1 (where d5 is

3 Note that in all our fittings there is a weak spurious absorption feature at
∼2.2 keV, which is of instrumental nature and due to the Au edge.

the source distance in units of 5 kpc; see Section 5.1 for further
discussion on the source distance).

In the 0.5–10 keV band, the BB component accounts for
∼15 per cent of the total absorbed flux throughout the outburst.
The BB radius, as derived from its normalization, is smaller than
the neutron star size, being compatible with a constant of ∼1.4 km
during the first month of the outburst decay (although hints for a
decrease can be seen in the last observation). If the BB emission
originates from the star surface, this would imply that only a small
fraction of the surface is emitting.

There is evidence that as the flux decreased the 0.5–10 keV spec-
trum softened during the first month after the bursting activation
(see Table 2 and Fig. 7). Interestingly, the BB flux decreased much
slower than the PL flux, remaining almost constant for the first 10
days, and significantly decreasing only in the last observation more
than a month after the burst activation (see also Section 5, Figs 6
and 7).

Since the INTEGRAL observation of SGR 0501+4516 was al-
most simultaneous to our second XMM–Newton observation, we
then extended our spectral modelling to the entire 0.5–100 keV
spectrum of the 2008 August 29 observation. We found that the
BB+PL model was no longer statistically acceptable (χ 2

ν = 1.29
for 174 d.o.f.), and that the PL used to model the soft X-ray spectrum
could not account for the emission above 10 keV (as it is usually the
case for SGRs; Götz et al. 2006). We then tried more complex mod-
els. In line with other magnetar spectra (Götz et al. 2006; Kuiper
et al. 2006), we added a second PL to the data to account for the
hard X-ray emission. The results are reported in Table 3 (see also
Fig. 8), where we also report the F-test probability for the addi-
tion of a further component to the fit. We also note that an excess
in the residuals at energies larger than 8 keV was present in the
first XMM–Newton observation when fit with a BB+PL model (see
Fig. 7), probably due to the presence of the same hard X-ray compo-
nent detected by INTEGRAL, which might have been present from
the beginning of the outburst. The subsequent INTEGRAL observa-
tion close to the fourth XMM–Newton observation almost a week
later did not show any hard X-ray emission. Assuming (although
unlikely) that the hard X-ray spectral index did not change during
the flux decay, we can translate our non-detection in a 3σ flux upper
limit in the 18–60 keV band of <9.7 × 10−12 erg s−1.

To take into account the presence of this hard X-ray component,
we also fit the first XMM–Newton observation with a BB plus two
PLs, fixing the PL index of the hard PL at the value inferred from the
XMM–Newton plus INTEGRAL modelling of the second observa-
tion (namely � = 0.8; see the first and second columns of Table 3).
The addition of this component was barely significant, less than in
the 2008 August 29, although in the latter case the INTEGRAL data
were crucial in the spectral modelling. We similarly tried to model
the third XMM–Newton observation adding this PL component but
in this case the addition of this further component was not signif-
icant. As in the case of the soft X-ray component, we found that
the hard X-ray flux decreased significantly during the outburst de-
cay, being undetectable by INTEGRAL only 10 days after the burst
activation.

Simultaneously with the second INTEGRAL observation, an
AGILE observation was reported in the energy range >100 MeV,
starting on August 31 and ending on September 10 (Feroci et al.
2008). During the AGILE observation, the source was marginally
burst active. The AGILE–GRID gamma-ray experiment did not
detected the source, with a reported 2σ upper limit of 13 ×
10−8 photon cm−2 s−1. Assuming an average photon energy
of 500 MeV, this value corresponds to ∼6 × 10−2 keV
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Figure 5. Pulse profiles (phase versus counts s−1) as a function of energy for all five XMM–Newton observations of SGR 0501+4516. Each column displays
one XMM–Newton observation with epoch increasing from left to right.

(keV cm−2 s−1 keV−1), well below the extrapolation at this energy
of the INTEGRAL PL detected during the August 29 observation
(prior to the AGILE observation), that would predict a flux at 500
MeV of ∼103 keV (keV cm−2 s−1 keV−1). This indicates that as in
the AXP cases (Kuiper et al. 2006) also in this SGR the presence of
a spectral cut-off at energies between 100 keV and 100 MeV should
be present spectrum during outburst.

We then studied the pre-outburst quiescent spectrum of
SGR 0501+4516 as observed by ROSAT . The quiescent spec-
trum was well fitted by either a BB or PL single-component
model (see Fig. 7). The best-fitting parameters are NH = 6+5

−3 ×
1021 cm−2 and kT = 0.38+0.36

−0.15 keV for the BB and NH = 8+11
−4 ×

1021 cm−2 and � > 0.6 for the PL (reduced χ 2 = 1.08 and χ 2 =
1.13 for 17 d.o.f., respectively). The 0.1–2.4 keV observed flux is
FX ∼ 1.4 × 10−12 erg cm−2 s−1, corresponding to an extrapolated
1–10 keV fluxes of 1.3 and 4.2 × 10−12 erg cm−2 s−1 for the BB
and PL models, respectively. In analogy with the quiescent spectra

of other magnetars, and given the slightly better reduced χ 2, we
assume that the BB spectral modelling is more correct.

No spectral features were detected in the phase-averaged XMM–
Newton spectra, with 3σ upper limits to the equivalent width of
45 and 65 eV, for a Gaussian absorption line with σ line = 5 eV
(using the RGS spectra) and σ line = 100 eV (using the pn spectra),
respectively.

4.2 Phase-resolved spectroscopy

We performed a phase-resolved spectroscopy (PRS) for all the
XMM–Newton observations. We generated 10 phase-resolved spec-
tra for each observation using the ephemeris reported in Section 3.
The choice of the number of intervals was made a priori in or-
der to have enough statistics in each phase-resolved spectrum to
detect, at a 3σ confidence level, a spectral line with an equivalent
width >30 eV (although none was detected). Note that given the
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Figure 6. Three-dimensional pulse profiles for the five XMM–Newton observations of SGR 0501+4516 (the epoch increases from top to bottom row). Left-hand
column: pulse profiles of the BB component as a function of the energy. Right-hand column: pulse profiles of the PL component as a function of the energy.

phase connection of all the five XMM–Newton observations (see
Section 3) we can reliably follow each phase-resolved spectrum in
time.

The absorbed BB plus PL model provides excellent fits for all 10
phase-resolved spectra in all the observations, both when leaving

NH free and when fixing it to the most accurate value derived in
the phase-averaged fitting of all five XMM–Newton observations
(see Table 2). In Fig. 9, we have plotted the parameters derived
from the PRS analysis and compared them to the pulse profile in
each observation. All the observations showed significant spectral
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Table 2. Parameters for the spectral modelling of the phase-averaged spectrum of
SGR 0501+4516 with an absorbed BB plus a PL [χ2

ν (d.o.f.) = 1.14 (838)], for all five XMM–
Newton observations.

Parameters BB + PL

2008-08-23 2008-08-29 2008-08-31 2008-09-02 2008-09-30
kT (keV) 0.70 ± 0.01 0.69 ± 0.01 0.70 ± 0.01 0.69 ± 0.01 0.66 ± 0.01
BB radius (km) 1.41 ± 0.05 1.49 ± 0.05 1.42 ± 0.06 1.39 ± 0.04 1.04 ± 0.06
BB flux 2.1 ± 0.1 2.3 ± 0.1 2.15 ± 0.13 1.93 ± 0.07 0.86 ± 0.11

� 2.75 ± 0.02 2.92 ± 0.04 2.90 ± 0.06 2.96 ± 0.08 3.01 ± 0.04
PL flux 7.7 ± 0.1 5.8 ± 0.1 5.3 ± 0.2 4.9 ± 0.2 3.3 ± 0.1

Absorbed flux 4.1 ± 0.1 3.4 ± 0.2 3.14 ± 0.23 2.8 ± 0.1 1.4 ± 0.1
Unabsorbed flux 9.6 ± 0.1 8.1 ± 0.2 7.5 ± 0.3 7.0 ± 0.3 4.17 ± 0.11

Note. The NH value is (0.89 ± 0.01) × 1022 cm−2 with solar abundances from Anders &
Grevesse (1989). The BB radius is calculated at infinity, and assuming a distance of 5 kpc (note
that in the error calculation we did not consider the uncertainty in the distance). Unless otherwise
specified, all fluxes are unabsorbed, in the 0.5–10 keV range, and in units of 10−11 erg cm−2 s−1.
Errors are at the 90 per cent confidence level.

10 3

0.01

0.1

1

C
ou

nt
s 

s
1  k

eV
1

011 525.0

4

2

0

2

4

σ

Energy (keV)

ROSAT

XMM Newton

011 525.0

10 4

10 3

0.01

νF
ν [

ke
V

(k
eV

/c
m

2  s
 k

eV
)]

Energy (keV)

Figure 7. Phase-averaged spectra and νF ν plot of the fitted models for the
five XMM–Newton observations (again the black, red, dark grey, orange and
light grey colours refer to the five observations ordered by increasing epoch)
and the quiescent ROSAT counterpart (in blue).

variability with phase, as well as a general softening in time. In
particular, the BB temperature and normalization follow the pulse
profile shape rather well, and remaining on average rather constant
throughout the outburst, with a slightly decrease in the last XMM–
Newton observation. On the other hand, the PL parameters vary in
phase and follow a more complex behaviour, with a double-peaked
change of the photon index (see also Fig. 6 and Section 5 for further
discussion).

5 D ISCUSSION

In the last few years, thanks to the availability of wide-field X-ray
instruments, as Swift–BAT, several outbursts from known AXP and
SGR have been observed, and monitored in great detail. The detec-
tion of an outburst from SGR 0501+4516 has a special significance

since this is the first new SGR discovered over a decade. In this pa-
per, we presented a comprehensive study of the spectral and timing
properties of the source in the X-rays during the entire evolution
of the outburst, starting from ∼1 day after the activation and up
to ∼160 days later. Our investigation is based on XMM–Newton,
Swift–XRT and INTEGRAL data and we also re-examined ROSAT
archival data in which the quiescent emission of SGR 0501+4516
was detected.

5.1 The outburst evolution and time-scale

Thanks to the XMM–Newton and Swift–XRT quasi-continuous mon-
itoring (see Sections 2.1 and 2.3), we could study in detail the
flux decay of SGR 0501+4516 and give an estimate of its typical
time-scale. Fitting the flux evolution in the first 160 days after the
onset of the bursting activity, we found that an exponential func-
tion of the form flux(t) = K1 + K2 exp − (t/t c) provides a good
representation of the data (χ 2

ν = 1.2); the best values of the param-
eters are K1 = (0.66 ± 0.03) × 10−11 erg s−1 cm−2, K2 = (3.52 ±
0.02) × 10−11 erg s−1 cm−2 and t c = 23.81 ± 0.05 d (see Fig. 3).
A fit with a PL was not found to be satisfactory (χ 2

ν = 12). Com-
paring the outburst decay time-scale of SGR 0501+4516 with other
magnetars (see Fig. 11), there is a clear difference in time-scales.
In particular, the outburst decays of other magnetars are usually
fitted by two components: an initial exponential or PL component
accounting for the very fast decrease in the first day or so (suc-
cessfully observed only in a very few cases), followed by a much
flatter PL with an index of δ ∼ 0.2–0.5, where flux(t) = (t − t0)δ

(see Woods et al. 2004; Israel et al. 2007; Esposito et al. 2008). A
pure exponential flux decay with a time-scale of about 24 days is
unusual and has been never observed before. However, we caveat
that the source did not reach the quiescent level yet, hence a second
component (e.g. a PL) in the flux decay can still appear at later
times. Further monitoring observations will allow in the future a
complete modelling of the outburst decay until the quiescent source
level.

From Table 2 and Fig. 6, it is apparent that, at least in the
first 10 days of the outburst, the flux of the BB component de-
cayed more slowly than that of the PL one, both in the phase-
average and the phase-resolved spectra. In particular, fitting the
phase-average BB and PL fluxes of the first four XMM–Newton
observations (see Table 2) with a linear function of the form
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Table 3. Parameters of the spectral modelling of
the phase-averaged spectra of the first two XMM–
Newton observations of SGR 0501+4516 with a
BB plus two PLs.

Parameters BB + 2 PLs

2008-08-23 2008-08-29
NH 0.91 ± 0.02 0.93 ± 0.03

kT (keV) 0.70 ± 0.02 0.69 ± 0.04
BB1 radius (km) 1.4 ± 0.1 1.5 ± 0.3
BB1 flux 2.2 ± 0.1 2.7 ± 0.1

�soft 2.92 ± 0.07 3.2 ± 0.1
PLsoft flux 8.3 ± 0.1 7.1 ± 0.2
�hard 0.8 frozen 0.8 ± 0.2
PLhard flux 3.5 ± 0.1 3.9 ± 0.2

Absorbed flux 7.9 ± 0.1 6.8 ± 0.3
Unabsorbed flux 14.3 ± 0.1 12.6 ± 0.3

χ2
ν (d.o.f.) 1.17 (204) 1.18 (175)

F-test probability 3.1 × 10−5 4.1 × 10−8

Note. For the second observation, we used the
quasi-simultaneous INTEGRAL data (see also
Fig. 8 and Section 2.2). NH is in units of
1022 cm−2, and the BB radius is calculated at in-
finity, assuming a distance of 5 kpc (uncertainties
on the distance have not been included). The BB
and PL fluxes are calculated in the 0.5–100 keV
band. Unless otherwise specified, fluxes are all
unabsorbed and in units of 10−11 erg cm−2 s−1.
Errors are at the 90 per cent confidence level.

flux(t) = A1 + A2t , we found a good fit for A1(PL) = 7.9(1) ×
10−11 erg s−1 cm−2 and A1(BB) = 2.2(1) × 10−11 erg s−1 cm−2 and
with A2(PL) = −0.29(1) × 10−11 erg s−2 cm−2 and A2(BB) =
−0.018(3) × 10−11 erg s−2 cm−2. While the PL flux decreased by
∼25 per cent from the first to the second observation (and kept
decreasing at a reduced rate in observations three and four), the
BB flux stayed approximately constant during the first four ob-
servations. Both fluxes then substantially decreased in observation
five (see also Section 4.2 and next section for the evolution of
the phase-resolved spectra). The relative decays of the thermal and
non-thermal components observed here are reminiscent of those of
CXO J167410.2−455216 after its intense burst of 2006 Septem-
ber 21 (Israel et al. 2007; Muno et al. 2007). Even in that case,
the PL component decayed more rapidly than the BB flux (Israel
et al. 2007). The faster decay of the non-thermal emission from
SGR 0501+4516 is also corroborated by the non-detection of the
source in the second INTEGRAL pointing (see Section 4).

The transient character of the hard component we detected at the
beginning of SGR 0501+4516’s outburst implies that, whatever the
emission mechanism is, thermal bremsstrahlung in the surface lay-
ers heated by returning currents, synchrotron emission from pairs
created higher up (∼100 km) in the magnetosphere (Thompson &
Beloborodov 2005) or resonant up-scattering of seed photons on a
population of highly relativistic electrons (Baring & Harding 2007),
it has to be triggered by the source activity and quickly fade in a few
days. All the previous scenarios are indeed compatible with the ob-
served behaviour provided that a flow of highly relativistic particles
is injected into the magnetosphere during the outburst. Note that
this is the first time that a variable hard X-ray emission is detected
for a magnetar during an outburst. Of course, our observations did
not allow us to distinguish between a rapid spectral softening (as
expected if the particles responsible for the emission becomes less
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Figure 8. Phase-averaged spectra of the second XMM–Newton observation
and the quasi-simultaneous INTEGRAL one, modelled with a BB plus two
PLs (see also Table 3).

and less energetic) and/or an overall fading of the hard component
due to a decrease in its normalization (as expected if the spatial
region occupied/heated by such particles shrinks or if their local
density decreases).

Several investigations have suggested that the observed magnetar
spectra form in the magnetosphere, where thermal photons emitted
from the neutron star’s surface undergo repeated resonant scatter-
ings (Thompson, Lyutikov & Kulkarni 2002; Lyutikov & Gavriil
2006; Fernandez & Thompson 2007; Nobili, Turolla & Zane 2008a,
Rea et al. 2008a). In this scenario, the spectral shape of the non-
thermal component in the ∼0.1–10 keV band (and possibly also that
at INTEGRAL energies; see Baring & Harding 2007, 2008; Nobili,
Turolla & Zane 2008b) is governed by the amount of twist which
is implanted in the magnetosphere as a consequence of large-scale
crustal motions (starquakes). The twist must decay, due to resistive
ohmic dissipation, in order to support its own currents (Beloborodov
& Thompson 2007; Beloborodov 2009) and this, in turn, implies
that the high-energy component of the spectrum has to fade. If either
the initial twist is global or, as it seems more likely, it affects only a
bundle of (closed) field lines (e.g. near a magnetic pole), the mag-
netosphere evolves in such a way as to confine the current-carrying
(∇ ×B �= 0) field lines closer to the magnetic axis (Beloborodov
2009). This necessarily quenches resonant upscattering because the
value of the cyclotron energy in most of the region occupied by the
current-carrying field lines (which now extend to large radii) drops
below ≈1 keV, the typical energy of thermal photons.

Thompson et al. (2002) and Beloborodov & Thompson (2007)
pointed out that the surface of a magnetar with a twisted magne-
tosphere is heated by the returning currents. If the twist decays,
the luminosity and the area of the heated surface decrease in time.
However, while the thermal component is expected to survive over
the time-scale necessary to dissipate the twist energy, the non-
thermal component is more short-lived, since resonant scattering
is no longer possible when the current-carrying bundle becomes
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too small. By comparing the theoretical expectations for a typical
twist duration and luminosity, Beloborodov (2009) found an over-
all agreement with the observed properties of the transient AXP
(TAXP) XTE J1810−197, provided that the twist was localized.
In the case of SGR 0501+4516, the typical derived evolution time
(∼1 month) requires both a twist confined to a small volume (an-
gular extent sin2 θ ∼ 0.1) and a modest twist angle (ψ ∼ 0.1).
The distance of SGR 0501+4516 is not known yet, but it has re-
cently been estimated to be ∼1.5 kpc at the lowest (Aptekar et al.
2009), which implies a minimum source peak luminosity L � 2.5 ×
1034 erg s−1. In this case, the values of the magnetospheric parame-
ters derived above from the time-scale of the outburst evolution are
too small to explain the observed luminosity in terms of dissipation
of the twist energy alone (Ltwist ∼ 1033 erg s−1), and the problem
worsens if the source distance is larger (unless the emission has a
beaming factor �0.1). One possibility is that part of the energy has
been released impulsively in the crust because of the dissipation
of the toroidal field following the starquake, as suggested to ex-
plain the decay of SGR 1900+14 and SGR 1627−41 (Kouvelioutou
et al. 2003; Lyubarsky et al. 2003). However, this scenario predicts
a PL luminosity decline, L ∼ (t − t0)δ , which is not observed in
SGR 0501+4516. We note that the flux decay may follow differ-
ent laws in the untwisting magnetosphere model of Beloborodov
(2009), and the observed different decay time-scales of the thermal
and non-thermal components fit in the latter scenario.

5.2 Spectral variability with phase

To study the pulse profiles and the spectral changes in phase and
time as a whole, we produced what we define hereafter as dynamic
spectral profiles (DSPs), which are shown in Fig. 10. Each column
in Fig. 10 is for one of the five XMM–Newton observations (epoch
increases from left to right). Each panel shows a contour plot of the
νF ν flux as a function of phase and energy, and has been derived
from the 10 phase-resolved spectra extracted as explained above.
The second row refers to the total flux, as derived from the BB+PL
model, while the third and the last rows show, respectively, the
flux of the PL and BB components. The plots illustrate well how
the source spectrum changes as phase and time, and show a clear
evolution of the phase-dependent spectrum during the outburst. At
energies above ∼5 keV, the PL dominates the emission at all times.

From the DSPs, and by comparing the DSPs with the pulse profiles
(see Fig. 10, top panel, and also Fig. 5), it is also evident that most
of the subpeaks of the pulse profiles are related to the PL component
(this is particularly evident in the third and fourth XMM–Newton
observations). On the other hand, the main component of the profiles
is dominated by the BB component, which is always in phase with
the main peak. Moreover, by looking at Fig. 10 it is again evident
how the PL component decreases in intensity on a faster time-scale
than the BB component in all phases. Actually, the BB component
is not only rather constant over the first four observations (covering
the first 10 days after the bursting activation) but in some phases
shows a rebrightening (see Fig. 6 and the third panel in the last row
of Fig. 10). This is likely due to some late heating of the surface,
e.g. by returning currents.

The strong phase dependence of the non-thermal component may
be explained by the fact that, in the twisted magnetosphere model,
both the spatial distributions of the magnetospheric currents (which
act as a ‘scattering medium’) and the surface emission induced by
the returning currents (which acts as source of seed photons for the
resonant scattering) are substantially anisotropic. Even under the
simple assumption where the magnetosphere is dipolar and glob-
ally twisted, the heated part of the surface and the magnetospheric
charges cover two different ranges of magnetic colatitude. If the
twist angle varies during the outburst evolution, both distributions
would move away or towards the poles but at different rates. Of
course, the situation is more complicated if the magnetospheric
twist affects a limited bundle of field lines, as observations seem
to indicate in SGR 1806−20 (Woods et al. 2007) and in the TAXP
XTE J1810−197 (Perna & Gotthelf 2008; Bernardini et al. 2009).
Recent spectral calculations have shown the resonant comptoniza-
tion in locally twisted multipolar fields can give rise to a hard tail
which is highly phase dependent (Pavan et al. 2009). The phase-
resolved spectral evolution of SGR 0501+4516 is very complicated,
but a possible explanation for the variations of the PL component
in terms of a magnetic field which is locally sheared, and the shear
evolves in time, seems promising.

5.3 SGR 0501+4516: AXP or SGR?

For about 20 years after their discovery, SGRs and AXPs were
thought to be two distinct manifestations of highly magnetic neutron
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Figure 10. DSPs. Each column corresponds to one XMM–Newton observation (epoch increases from left to right: 2008 August 23, 29, 31, September 02 and
30). For each observation, the top panel is the 0.3-12 keV pulse profile, while the three bottom panels show in the phase/energy plane the contour plots for the
total (second row), PL (third row) and BB (bottom row) νF ν flux. The colour scale is in units of 0.01 keV (keV cm−2 s−1 keV−1).

stars: the first mainly discovered and characterized by their powerful
bursting activity and the second recognized as bright persistent soft
X-ray emitters with spectra empirically modelled by a BB+PL and
with little or no bursting activity. Furthermore, the discovery of
hard X-ray emission (up to about 200 keV; Götz et al. 2006; Kuiper
et al. 2006) from a few members of both classes added a further
distinction, with AXPs having hard X-ray emission modelled by a
second PL component (in addition to the BB+PL describing the soft
X-ray emission) with �hard ∼ 0.8–1, while the SGR emission was
the natural extrapolation at higher energies of the PL component
modelling their soft X-ray emission (�hard ∼ 1.5–2.0). Over the
past 6 years, the discovery of X-ray bursts from AXPs (Kaspi et al.
2003; Woods et al. 2004), and of BB components in the persistent
spectrum of SGRs (Mereghetti et al. 2005,a), initiated a revision of
this distinction between these two classes.

In this context, SGR 0501+4516 and 1E 1547.0−5408 can be
considered the Rosetta stone for a final unification of SGRs,
AXPs and the so called ‘TAXPs’ into a single class of ‘mag-
netars candidates’. In fact, the properties of this new SGR, as
well as the characteristics of the 2009 January 22 outburst of
the AXP 1E 1547.0−5408 (Gelfand & Gaensler 2007; Halpern
et al. 2008; Mereghetti et al. 2009; Israel et al., in preparation),
argue for a revision of our definition of SGRs and AXPs. In par-
ticular, SGR 0501+4516’s 0.5–10 keV spectrum during outburst
is extremely soft (� ∼ 2.8–3.0) compared to other SGRs (� ∼
1.5–2.0). Such a soft spectrum has been observed in the persistent
emission of SGRs only during the ‘quiescent’ (burst-quiet) phases

of SGR 1627−41 and SGR 0526−66 (Kouvelioutou et al. 2003;
Kulkarni et al. 2003; Mereghetti et al. 2006b). Furthermore, the
spectrum of the quiescent X-ray counterpart of SGR 0501+4516
(see Sections 2.4 and 4) is far too soft for an SGR, while resembles
the pre-outburst spectrum of the TAXP XTE J1810−197 (Gotthelf
et al. 2004).

The name SGR 0501+4516 came from the strong bursting ac-
tivity (see e.g. Aptekar et al. 2009; Enoto et al. 2009) which led to
its discovery. However, bursts as bright and numerous as those ob-
served from this source and other SGRs have recently been observed
from the AXP 1E 1547.0−5408 in 2009 January (Gronwall et al.
2009; Savchenko et al. 2009; von Kienlin & Connaughton 2009),
which emitted bursts as powerful as a typical SGR intermediate
flares (Mereghetti et al. 2009).

Another piece of evidence for the AXP-like behaviour of
SGR 0501+4516 and the SGR-like behaviour of 1E 1547.0−5408
is the photon index of the variable hard X-ray component. As shown
in Section 4, the photon index we measure from the INTEGRAL
spectrum is � ∼ 0.8, which is close to the one reported for AXPs,
while the variable hard X-ray emission during the 2009 January
outburst of 1E 1547.0−5408 has a photon index of � ∼ 1.4–1.6
(den Hartog, Kuiper & Hermsen 2009), typical of SGRs.

6 SU M M A RY

Thanks to the unprecedented prompt observational campaigns of
XMM–Newton, INTEGRAL and Swift, we were able to study in
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Figure 11. Flux evolution of the recent outbursts of a few magnetars (all observed with imaging instruments) compared with SGR 0501+4516. Fluxes are the
observed ones in the 1–10 keV energy range, and the reported times are calculated in days from the detection of the first burst in each source. In particular, we
show CXO J167410.2−455216 as red stars (Israel et al. 2007), SGR 1627−41 as grey circles (Esposito et al. 2008), SGR 1900+14 as orange empty circles
(Israel et al. 2008b), 1E 1547.0−5408 as green empty crosses (Israel et al. in preparation) and SGR 0501+4516 as black squares (this work).

great detail the evolution of the first recorded outburst from the first
new SGR discovered in a decade, SGR 0501+4516. Furthermore,
we could compare its outburst properties with its quiescent emission
as seen by ROSAT . We found the following.

(i) Phase-connected timing analysis of the entire X-ray outburst
of SGR 0501+4516 strongly argue that this source is a magnetar
candidate with a magnetic field of B ∼ 2 × 1014 G. Furthermore,
we identified a negative second period derivative of P̈ = −1.6(4)×
10−19 s s−2 which implies that the spin-down rate is decreasing with
time, possibly in its way to recovering to its secular pre-outburst
spin-down.

(ii) A variable hard X-ray component was detected at the be-
ginning of the outburst (see Fig. 8), and became undetectable by
INTEGRAL sometime within 10 days after the onset of the bursting
activity. This represents the first detection of a variable hard X-ray
component in a magnetar over such a short time-scale.

(iii) The phase-connection of all the observations allowed us to
study the evolution in time of the phase-resolved spectra. We found
that on top of a phase-averaged spectral softening during the outburst
decay, with the BB component decaying on a slower time-scale than
the PL component (see Fig. 6), the spectral evolution also changes
from phase to phase. The main peak of the pulse profile is dominated
by the thermal component, while many other subpeaks are present
in the profiles, which are dominated instead by the non-thermal
component (see Fig. 10).

(iv) No transient optical/ultraviolet source was detected by the
OM on board of XMM–Newton (see Section 2.1.2). Note that the
optical counterpart to this source (Tanvir et al. 2008; Fatkhullin
et al. 2008) is too faint to be observable by the OM, but we could
constrain that no counterpart to the X-ray bursts have been observed
with mUVW1 > 22.05.

(v) From a comparison with other outbursts recently detected
from SGRs and AXPs (see Fig. 11), we show that contrary to
other sources, in the first 160 days of its outburst, SGR 0501+4516

shows a clear exponential decay on a rather slow time-scale of about
24 days (see Fig. 3).

(vi) The discovery of SGR 0501+4516, and its AXP-like char-
acteristics, represents another piece of evidence in the unification
of the magnetar candidate class, weakening further the differences
between AXPs, TAXPs and SGRs.
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Snowden S. L., Schmitt J. H. M. M., 1990, ApJS, 171, 207
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