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In January 1979, for the first time, recurrent shatlQOms) and intensg-ray bursts were de-
tected from a source in the direction of the Galactic cefagr named SGR1806-20. Since then,
many advances have been achieved in the study of this clasgioénergy emitting isolated neu-
tron stars, thought to shine in the X-rays due to the decalya$trongest magnetic fields present
in the Universe £ 10 Gauss). In the following a number of recent results will bportéed
and discussed with particular emphasis on the short andsetevents displayed by this class of
objects. Time resolved spectroscopic studies of the flaiestom from magnetars was in fact
used to infer information related to the neutron star andmatmsphere structure, the emitting
processes, and the confined fireball properties. In paaticwithin the magnetar model, the ma-
jority of these findings can be accounted for in terms of ttedisad emission from the E-mode
and O-mode photospheres.
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1. MAGnetic NEutron sTARS

Soft Gamma-ray Repeaters (SGRs; seven confirmed members) and AnsiXaiay Pulsars
(AXPs; ten confirmed members) are two classes of X-ray pulsating sowitte no evidence for
companion stars and first identified due to their rather different phenaognwith respect to
other classes of high energy sources. The SGRs were discovespdraslically bursting objects,
while the AXPs were regarded as peculiar pulsars with long spin perio@sid& that, more
recent observations unveiled several similarities between these twosclagsse include rotation
periods of several seconds~P-12 s), rapid spin dowk(~101's s°1), large and variable X-ray
luminosities, and the emission of flares and short bursts [fee [1] foi@wevTheir spectra in
the 0.1-10 keV band are relatively soft and can be empirically fitted with actwaponent model,
an absorbed blackbodiT ~ 0.2-0.6 keV) plus a power-law (~ 2—4). INTEGRALobservations
revealed the presence of sizeable emission up 200 keV, which accounts for up to 50% of the
total flux [2 —[4]. Hard X-ray spectra are well represented by a pdawerwhich dominates above
~ 20 keV in AXPs.

SGRs and AXPs are currently interpreted as observational manifestatinagoetars, namely
neutron stars endowed with ultra-strong magnetic fidldf [5, 6]. In this frame the high energy
emission of these objects, including the peculiar bursting activity, is ultimatelypahby the de-
cay of the enormous magnetic field. In order to explain the observed ptegrwdogy, magnetars
magnetic fields are expected to bd0'4-10'°Gauss> Boep ~ 4.4 x 10'3 Gauss on the surface
and one (or more) order of magnitude higher in the intefipr[[4—10]. Thisifgds compatible
with the magnetic fields of 104 Gauss inferred for SGRs and AXPs from their period and period
derivative (e.g.[[A1]).

In the magnetar model, the magnetic field is the dominant source of free efoedgys of
magnitudes higher than the rotational energy of the star), powering thisteet emission through
low-level seismic activity and heating of the stellar interir [9]. When magnétesses build
up sufficiently to crack a patch of the neutron star crust, the resultingsttpuake” ejects hot
plasma particles into the magnetosphere, which results in an SGR[burstti8hatively, the short
SGR bursts may arise from magnetic reconnection events in the stellar mauregeoELR]. Giant
flares likely result from a sudden reconfiguration of the star's magnelit fivat produces large
fractures in the crust and propagates outwards through Alfvén vedeemrmous powef[]3]. The
ringing tail that follows results most likely from the part of the fireball thahains trapped in
the stardZs magnetosphere. The energy release in the ringing tail yields a limit foxtamael
field of magnetars 10 Gauss) in agreement with the values inferred from spin-down dipole
losses[[B[14]. The super-Eddington fluxes observed in the tails of themts are thought to be
possible because of the suppression of the electron scattering acieas@ the presence of very
strong magnetic field4][5]. In the following I will focus on a number of re¢aesults and on the
information that have been obtained by means of the study of the timing andedpeoperties of
the flaring activity of magnetars.

2. Intermediate Flares

Burst activity in SGRs occurs sporadically and is quite diverse in behdiwst active phases
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of SGRs vary both in total energy released and duration, tending to loemivated into relatively
narrow intervals (weeks or months) separated by relatively long pe(iess) of quiescence.
Since its discovery in 1979, when bursts where detected three times in HygeIGR 190814
remained in quiescence until 1992, when a handful of bursts were dgteated within a few
days [1b,[1p]. In 1998 the source entered an unprecedented feaetivity during which more
than 1000 burst were recorded within 9 months, and culminated witk- #@0 s long and rather
intense 1998 August 27 giant flare event4 x 10**ergs1). Burst activity was detected until 1999.
Finally, after almost two years of inactivity, on 2001 April 18, an intengsklang (~ 40 s) burst was
detected from SGR 190014 [[LT]. The energy released by this flare (fevt0* ergs) was less than
that of the giant flare, though larger than that of the most common shorta@ks. Consequently
the flare was dubbed an “intermediate flarp” [18]. Indeed, looking lzdke burst history of
SGR 1906-14 and other SGRs, it was realized that a handful of similar events,atberzd by a
longer duration (few seconds—few tens of seconds) and a highaec#luban those characterizing
short bursts, were present. These bursts were then grouped intasiseot intermediate flares
likely forming a continuum in terms of duration and fluende$ [19].

A number of broad-band spectroscopic studies of short and interméidisgs were carried
out in the past by different missions. The study of the cumulative spgotsperties of 100 bursts
from SGR 1806—20 in the 5-200 keV energy range showed that the mainigotons in the burst
spectra was remarkably stable in spite of the large intensity spread (a &6y and that the
low-energy (below 15 keV) data were inconsistent with the an OTTB modeptoaided a good
fit to the high-energy portion of the spectruin][20] 21]. Qualitatively simifsecsral properties
were measured during a bright intermediate flare from SGR42@0singHETE—2data, which
also showed that the OTTB model largely overestimated the flux at low endgld keV,[19]).
The broadband spectrum (7—100 keV) was best fitted by the sum oflaskldndy (BB) laws.

Feroci et al. (2004[[22]) analyzed the 1.5-100 keV BeppoSAX splgatoperties of 10 short
burst from SGR 190014, further confirming that the best fit was obtained by means of an alterna
tive spectral model such as two blackbodies or a cut-off power law.

2.1 The March 2006 Burst Storm from SGR 1900+14

In 2006 March the Soft Gamma-ray Repeater SGR 1900+14 resumedstmpuactivity after
about 2 years of quiescence. The Swift mission observed a the interst¢storm” which lasted
for ~30 s, when Swift was pointing at the source with the narrow field of viewunstnts. More
than 40 bursts were detected both by BAT and by XRT, seven of whictasgéntermediate flares
(IFs): several times T8ergs were released (sde][23] for details).

With respect to the former studies of the broad-band spectrum of similatsevbe Swift
observation of 2006 March 29 has the advantage of a large numbeemisei#40 between short
bursts and IFs), therefore largely improving the statistics over which ttaélet analysis can be
carried out. The impact of the increased statistics and time resolution is ewtentcomparing
the Swiftresults with previous ones. On 2001 July 2, HIEETE-2instruments recorded a 3.5s IF
from SGR 1906-14 and a time resolved\{ >30 ms) spectral analysis was carried out in the 2—
100 keV range[[19]. They found that the 2BB model fitted the spectra thelhigher temperature
blackbody (BBarg) evolving in a manner consistent with a shrinking emitting region, the lower
temperature one (BRx) showing a constant radius. Figyije 2 includes both the results obtained
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Figure 1. SwiftBAT light curves obtained during the burst “storm” of 2006 fida 29.

from the Swift and HETE-2 data: clearly, ti8wiftdata fill in those regions on tHeT-R? plane,
which remained unexplored wWithETE-2

A number of properties can be inferred: a) Bwiftdata populate, almost homogeneously, all
temperatures betweer and 12 keV, and the ETE-2measurements (black diamonds in Figire 2)
can be regarded as a subset of them; b) the distribution is such thatpaesige between the
populated regions and the rest of #e-R? plane is clearly present, with a cut-off (or sharp turn) in
the distribution oRggp atkT, ~ 12—13 keV. This sharp edge provides an estimate of the typical size
of the relevant emitting regions (by assuming a reference distance ot1{Pdp[2%]): 30—200 km
range for the BB component and 3-30 km range for the B@ne. c) there is an additional turn
in the BB, component size between 6 and 16 km, at approximately 10 keV (see [figuned2d)
there is a strong correlation betwaehandR3 in the brightest phases of the IFs, corresponding to
BB temperatures: 10 keV. This correlation is consistent with a power-law with index of abeRit
(while, were the luminosity the same for all events, the relationship expeatedBB component
would be y=x4, wherex = kT andy = R3p).

The sharp edge in the distribution of the 2BB parameters suggests thatratieateffect
occurs. As we can see from right panel of Fig{ire 2, as long as botodBiponent are below
~ 3 x 10*ergs?, their two luminosities are strongly correlateld(BBhq,q) versusL(BBsot) is
well fitted by a power law with index 04#0.3 at 1o c.l.). This correlation, which suggests a
physical link between the two BB components, was already noticed by iFsardacollaborators
from BeppoSAXiata (filled squares in Figuf¢ 2, right pangl}|[22]). It is apparentttieste data are
fully consistent with those obtained wiBwiftand can be regarded as a subsample of the latter. The
correlation no longer holds for luminosity values abev& x 10°°ergs 1. Above this value, the
luminosity of the BBost component reaches a maximum in the (7-d4)*°ergs ! range, while
that of the BByrg continues to increase up to3 x 10*tergs . Clearly, this previously unknown
behavior strengthens the idea of a saturation mechanism in the burst emission

In the following, we will concentrate on the information (mainly concerning thghbest part
of IFs) which can be inferred from spectral analysis of IFs.

i) the existence of two blackbody components, the harder one (kT,, ~ 7-11keV) having a system-
atically smaller radius (Rggh < 25km) than the softer one (Rggs ~ 25-100km).
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Figure2: SwiftBAT time-resolved spectral results obtained during thetistorm” of 2006 March 29. Left
panel: square of radii of the two blackbodies as a functiothefr temperatures for the whole30 s BAT
dataset. Red filled squares and dark green filled circles tharBB;y; component for luminosities below
and above 310%ergs %, respectively. Violet filled triangles and blue filled stare the same quantities as
above for the BBs,g component. Black diamonds marks the HETE measurementmedtfor the 2001 IF
([@]:004). We also plot two representative power-lawsRée= kT?, with o equal—3 and—4 (the latter
corresponding to the expected relation for a pure BB). Rigirtel: Time-resolved bolometric luminosity
of the BBso versus that of the BRyq (in units of 1d°). The solid line marks the power-law relation
L0, = (Lp2 )¢ with 0=0.70£0.03 (1o c.l.) obtained by fitting points in the 0.01+3% range. Filled

soft —

squares represent the measurements for short byrgts F22]adapted fron{ [23]=108).

This first finding shows that different thermal components originate fildferent regions around
the NS, ranging from its surface (B < Rys) to well up in the magnetosphere, at a height of
several stellar radii. The maximum observed flare luminosity3s 10*ergs, attained by the
hard blackbody component at an effective temperature I keV and radius of-15km. This
matches well the magnetic Eddington luminositygqg, at that same radius, for a surface dipole
field ~8x 10" G (this value of the B-field is very close to that deduced from the spindavenaf
SGR 1906-14), where (cfr. [[5[]8]):

4/3 4/3 2/3
LEqu(f)ZZLEdd< B ) ~ 2 X 1040[ B ] ( R> ergs™. (2.1)

102G Rus

If radiation originated from a trapped hot fireball this would be in line with tremtbtical expec-
tation that the radiative efficiency of a magnetic confined fireball nevezexis (to within a small
factor) the magnetic Eddington fluf [B,]14]. The radius and temperaturevthanferred at maxi-
mum burst luminosity are also in good agreement with the prediction for the emagsiaing from
a trapped fireball []8])

Most remarkably, the luminosity of the soft component can be larger thtedfs * out to
R~100km. For R-(30-40) km this value exceeds the magnetic Eddington luminosity at the cor-
responding radius (for a dipole field geometry). This suggests that nusgieric confinement
plays an active role at those distances, with magnetic stresses balamtaigpreforces.

i) the existence of a clear correlation between the luminosities of the two components up to
~ 3x 10"ergs !, above which value the luminosity of softer blackbody shows signs of satura-
tion, while that of the harder blackbody still grows up to a few times 10*ergs?.



Magnetar X—ray flashes Israel Gian Luca

This second finding implies that, in the luminosity rangé®a0* ergs?, the total radiation en-
ergy is divided almost equally between the two components. Combining theniation of the
two panels of Figure§ 2 we can see that, for a given luminasity**ergs?, there are two sepa-
rate emission regions: a smaller and hotter one, whose radiating areatsugigéssion from (part
of) the NS surface with a relatively high effective temperature (10-¥2,kglus a second, possi-
bly magnetospheric region, with significantly larger emitting area and lowectafé temperature
(3—7 keV). The hotter component attains the highest luminositees;> 10*'ergs?, as its radius
grows slightly and the effective temperature decreases. On the ottekrthartolder component is
characterized by a minimum blackbody radius~025 km and maximum temperatureof7 keV.

A possible interpretation involves the different way in which photons witlinany (O) or ex-
traordinary (E) polarization mode (a property introduced by the preseia birefringent medium,
such as the magnetic field; J26]) propagate across the magnetospliere.tt® scattering cross
section of E-mode photons is much reduced in presence of strong magelels; E-mode pho-
tons have a scattering photosphere which is located much closer to the N®dhaf O-mode
photons. On the other hand, in supercritical magnetic fiBlob Bqep), E-mode photons have a
non-negligible probability of splitting (and switching to the O-mode). The podityis a strong
function of energy, so that E-mode photons of high energy cannaltfavfrom their scattering
photosphere before splitting into O-mode photons. As a consequenaegdttn scattering (and,
with lower efficiency, photon merging), a fraction of O-mode photons ¢sm switch back to the
E-mode. Therefore, the two modes are effectively coupled and aectedivat comparable rates
as long as mode switching is efficient. an approximately equal distribution ofjeiethe two
modes is thus to be expectédl [8 12]. This may suggest that the two othspeetral components
reflect the population of photons in the two polarization modes and, thusegians from which
they are emitted.

The sharp and narrow gap between the emitting regions of the two BBsadites of ¢~ 20—
30km), can be interpreted as the signature of the presence of an E-piittiegsphotosphere;
this represents the surface (at radiRis= Ryep) below which the magnetic field is supercritical
(B > Bgen), photon splitting is efficient and the two polarization modes can remain caufed
mode photons can stream freely to the observer from the splitting photeq@lheadiusRye, ~ 20—
30 km), which then would naturally define a maximum size for the emission regi@diition in
this polarization mode. On the other hand, O-mode photons could not oridginataegions in-
ternal to the splitting photosphere, as their scattering optical depth is still mrgdr han unity
within that volume.

iii) the existence of a correlation between temperature and blackbody radius, which holds for the
most luminous parts of the flares (approximately for Lyt > 4 x 10°%ergs ™).

Finally, our third finding is the apparent correlation between the surfadgemperature of the
spectral components at different luminosities. This behavior does metahalear interpretation.
As shown in Figurd]2, the top part of the data strip is well fit by a powerdawT,;3, whereZ

is the radiating blackbody surface. SirE&% = L, this impliesTs; O L. Therefore, along lines of
constant luminosity, the radiating surface would scaleTiké, i.e. steeper than the data points (on

the edge of the allowed region in the kT versifsgRane). TheZT2 =const relation that implies a
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Figure 3: Left panel: square of the radii of the BB+BB model componersts function of their tempera-
tures. The red circles and blue squares denote the soft adéTiaalues, respectively. The siT values
show an anti-correlation gf = —0.5,P = 0.06 WithR%Bs, and the har&T shows a strong anti-correlation of
p=-0.7,P=0.01 withR%Bh. Right panel: bolometric luminosity of the hard BB compon@iparg) versus
that of the soft BB componenks) in units of 16° ergs s1. The solid line is the powerlaw fit which gives
the relationLsoft = (Lhard® Wherea = 0.6+0.1 (from [27)).

roughly constant number of emitted photons per unit time.

At the highest luminositiest 10*1 ergs™?) of the flares, where the softer blackbody saturates,
the observed correlation involves both components. It is tempting to attribute thisfact that, in
this luminosity range, Comptonization, and/or adiabatic losses play a domirtaim tbe forma-
tion of the emerging spectrum, both processes being characterized ssreation of the photon
number (photon splitting should have only a minor impact). This is in agreementheitbredic-
tion by [], that at effective temperatures less thah0 keV photon splitting would not be efficient
in maintaining a pure Planck spectrum for both modes.

2.2 Further Observations. the case of SGR 0501+4516 and 1E 1547.0-5408

The results outlined in the previous section are certainly interesting, thoegtstiould be
confirmed and tested through the study of similar events (IFs or bursts) wiftbient statistics
detected both from the same source or from other magnetars.

During 2008 three outbursts from three different magnetars weretddtemmely SGR 1627-
41, SGR0501+4516 and 1E 1547.0-5408. In all cases the outbwstsonere studied bgwift
after the detection of one or more bursts from the sources in the BAT ¢faiilsl see[[28 F30]).
In all cases the statistics collected by BAT was not sufficient (both in terrdstetcted bursts and
statistics within each burst) to allow a detailed time-resolved study of the speateatheters during
the bursts. However, in the case of SGR 0501+4516 more than 50 bestsdentified out of
which 18 had enough counts to carry out a relatively detailed time-avesggetral analysis[([R7];
see Figurg]3). Among the several different spectral models used,ttodf owerlaw and the two-
blackbody models provided the best fitin the 15-150 keV energy rdngarticular, the mean hard
and soft blackbody temperatures are found t&be 12.8+0.7 keV andkT = 4.6+0.5 keV for the
BBsoft and BB,arg COMponents, respectively. Moreover, they are anti-correlated withgtierre of
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Figure 4: Similar to Figure 2 but for SGR 196014 and 1E 1547.0-5408 together. Radii and luminosities
(the latter without uncertainties in order to better apjatecthe comparison with the corresponding quantities
inferred for SGR 1908 14) are normalized to the distances of 15kpc for SGR 39Dand 4.5 kpc for
1E 1547.0-5408 (adapted frofn [§2] 33]). Left panel: greyfoiefer to SGR 190014, while those in blue
and violet mark the hard and soft blackbody components of5@ D-5408, respectively. Right panel: grey
points refer to SGR 196014.

the radii of the hard and soft emitting regiofs6, andRgg,) asRgg 0 kT >8 andRgg O kT 27,
respectively, similarly to the case of SGR 19aB4([27]). However, by comparing datapoints in
Figure[ and]3, it is evident that the “saturation” effect was not redcheing SGR 0501+4516
bursts, or at least not observable within the time-averaged spectra.

It was only in January 2009 that a large outburst was detected frorB4EQA-5408 after only
three months from the previous one (Seé [32, 33] for more details). 4AEQH408 is very peculiar
magnetar, first discovered in 1980 with tBénsteinX —ray satellite [34], but studied in detail for
the first time only in 2007[[35]. Using data collected in June 2007 with both thkeBaadio
telescope and the Australia Telescope Compact Array, the source aamiguously classified
as a transient magnetar by measurihg 2.069 s and® ~ 2.3 x 10 11 s/s [36]. During January
22, 2009, the source entered in a rather strong state of burst actikstyd@tected bypwift BAT),
accompanied by a strong enhancement of the continuwma¥ flux, which culminated when
more than 200 bursts (some of which were classified as IFs) were estbgdtheINT EGRAL
SPI instrument in a few hour§ [37]. Moreover, the distance to 1E 158408-was independently
found to be in the 45 kpc range on the basis of the possible association with the supernovantmn
G327.24-0.13 [3%], and, more convincingly, from the analysis of multiple expandirggraround
the source[[38].

Several tens of bursts were also detecte@Wjft BAT for several weeks since the outburst on-
set, ensuring a reliable dataset to carry out time-resolved spectrosttmy brightest events and
to prove (or disprove) the findings inferred for SGR 190@. About 1300 spectra were analysed,
similarly to the case of SGR 198a.4, in an automatic and systematic fashion (§€le [32] for the de-
tails). The radius and luminosity values were corrected for the distance sbtirce (we assumed
4.5 kpc) and were compared with those of SGR 1908 already presented in FigJie 2 (rescaled to
15 kpc with respect to Figuf¢ 2). FigUie 4 summarizes the comparison brethe@vo sources. A
number of properties can be immediately noticed: i) the datapoint distributiottssfwo sources
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in thekT versusR3; plane are very similar, ii) the two distributions have a significant relative shift
both inkT andR2;, which could partially be caused by the different distances of the twaesiii)

the “saturation” effect (the sharp edge in the distribution of datapointsithes by theR? = kT2
relation) and the cut-off at around (10-15) keV are present in batinces, iv) the “saturation”

is also clearly present in tHe,aq VErsusLsest plane, where thégqf inferred for 1E 1547.0-5408
saturates at a flux of about210*%rg/s, a factor of 10 smaller then that of SGR 1904 [32].

While the greatest part of the above listed properties are not that wtegpé is worth com-
menting on the overall shift of thieser; distributions. In fact, according to Hg. .1 the saturation
occurs when the magnetic field ability to confine the fireball is itself saturatixthkrefore strictly
dependent on the value of the magnetic field at the given radius. If thisthggis is correct, then
it would be possible to infer a number of properties comparing the distribugiodshecking that
the so obtained results quantities (suctBaw d) are in agreement with those obtained by means
of different approaches (e.g. from timing analysis or other techniquegarticular, Eq[ 2]1 can
be rewritten in the following form

d Fmax -1/2 KT 5/4 Baurf 1/4 Rus 5/8
) ~oax(—max Ll 2.2)
kpc 10-5erg/cnt/s keV 104G 10km

where the flux and the distance have been explicitly reported (decoupéingftomL andR). The
importance of this relationship is that, if the magnetic field strength has beereihfiey means
of different techniques (timing analysis as an example) it is then possibleritee e approxi-
mated value for the distance by using the saturation flux value recorddtefeources. Viceversa,
if the distance is known from other considerations it is then possible to inéemihgnetic field
strength. By inserting the (unabsorbed) bolometric fluxes (3 and 6 timesetgs cn?s* for
SGR 1906-14 and 1E 1547.0-5408, respectively) andkfiezalues corresponding to the cut-off re-
gions (~13keV and~11keV for SGR 1909 14 and 1E 1547.0-5408, respectively) in relatipn (2.2)
above, the following distance estimates are obtairtk@r oo~ 8.5kpc anddig;s47 ~ 4.0 kpc.
Note thatbona fidevalues of the magnetic field strength-of5 x 104 G and~ 2.2 x 104G were
assumed for SGR 19604 and 1E 1547.0-5408, respectivdly][B9, 30].

It is worth noticing that the distance to SGR 19aD4 is highly uncertain, with only a lower
limit of 5 kpc and a maximum possible distance in the 12-15 kpc rgngé [P4(RBihe other hand,
1E 1547.0-5408 has a reliable distance measurement obtained in two iddeperays, SNR-
association and dust (expanding) rings, both pointing to a distance in Shge+range. These
numbers corroborate the idea of using the saturation observed in magastarpowerful and
alternative way of assessing either the distance or the magnetic field stiength of the two
quantities is already inferred independently.
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