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ABSTRACT

We report on the discovery of a new member of the magnetas, (53R J1935+2154, and on
its timing and spectral properties measured by an extemdigervational campaign carried
out between July 2014 and March 2015 withandraand XMM-Newton(11 pointings).

We discovered the spin period of SGR J1935+2154 through &tection of coher-
ent pulsations at a period of about 3.24s. The magnetar wirgledown at a rate of
P=1.43(1)x10"!' s s and with a decreasing trend due to a negafivaf —3.5(7)x 10~
s s72. This implies a surface dipolar magnetic field strength-82x 10'* G, a characteristic
age of about 3.6 kyr and, a spin-down luminosity; l~1.7x10%**erg s . The source spec-
trum is well modelled by a blackbody with temperature of ab®Q0 eV plus a power-law
component with photon index of about 2. The source showeddenate long-term variabil-
ity, with a flux decay of about 25% during the first four montlrsce its discovery, and a
re-brightening of the same amount during the second fourtinson

The X-ray data were also used to study the source environrreparticular, we dis-
covered a diffuse emission extending on spatial scales &oout 1’ up to at least 1around
SGR J1935+2154 both i@handraand XMM-Newtondata. This component is constant in
flux (at least within uncertainties) and its spectrum is wedidelled by a power-law spectrum
steeper than that of the pulsar. Though a scattering hadin@&ems to be more probable we
cannot exclude that part, or all, of the diffuse emissionuie th a pulsar wind nebula.

Key words: stars: neutron — stars: magnetars — X-rays: bursts — X-riaghvidual:
SGRJ1935+2154

1 INTRODUCTION

Large observational and theoretical efforts have beentddvin
the past years to unveil the nature of a sample of peculidr-hig
* E-mail: gianluca@oa-roma.inaf.it energy pulsars, namely the Anomalous X-ray Pulsars (AXRd) a
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the Soft Gamma-ray Repeaters (SGRs). These objects aggdmkli
to be isolated neutron stars and powered by their own mageeti
ergy, stored in a super-strong field, and are collectivellgrred to
as magnetars (Duncan & Thompson 1992; Paczynskil 1992). They
share similar timing properties (spin periétlin the 2-12 s range
and period derivative” in the 107 '*~10~'* ss™!, range). Their
X-ray luminosity, typicallyL x ~ 10*3—10*° erg 57!, generally ex-
ceeds the rotational energy loss rate, while the tempesufrthe
thermal component observed in their spectra are often hitjlaa
those predicted by models of non-magnetic cooling neuttarss
Their (surface dipolar) magnetic fields inferred from thpatar-
loss formula are generally of the order o~R0™ — 10'° G.
However, recently low dipole field magnetars have been #isco
ered, which behave as typical magnetars but with dipolammtag
field as low ass x 10'2 G, i.e. in the range of normal radio pul-
sars|(Rea et al. 2010): these sources possibly store largeeatia
energy in other components of their magnetic field (Turdllale
2011/ Rea et al. 2013).

Sporadically, magnetars emit high energy (up to the MeV
range) bursts and flares which can last from a fraction of arss
to minutes, releasing10°*+10'" erg s™*, often accompanied by
long-lived (up to years) increases of the persistent X-uayihosity
(outbursts). These events may be accompanied or trigggrdd-b
formations or fractures of the neutron star crust and/allgtobal
rearrangements of the star magnetic field. The detectiohexfet
energetic events provides the main channel to identify ngects
of this class.

A fundamental question about magnetar concerns their evolu
tionary link to their less magnetic siblings, the rotatjpowered
pulsars. A number of unexpected results, both from known and
newly discovered magnetars, drastically changed our stetet-
ing of these objects. In 2004, while studying the emissiaoppr
erties of the bright X-ray transient magnetar XTE J18107, the
source was discovered to be a bright transient radio pulsafirst
of the class|(Camilo et &l. 2006). Today we know that 4 out ef th
about 25 known magnetars, are occasionally shining as mdio
sars in the outburst phase. All the radio “active” magnedeeshar-
acterized by a quiescent X-ray over spin-down luminositioraf
Lx/Lsq < 1 (Reaetal. 2012).

Energetic pulsars are known to produce particle outflows, of
ten resulting in spectacular pulsar wind nebulae (PWNe)totkv
the Crab is the most famous example (Weisskopf et al. |2000).
Magnetars are expected to produce particle outflows as wiell,
ther in quiescence or during outbursts accompanying bhigrgts.
Given the strong magnetic fields associated with this clasea-
tron stars, the idea of a wind nebula around a magnetar is thus
promising. There has not been yet a confirmed detection df suc
a nebula, but some cases of “magnetically powered” X-rayneb
lae around pulsars with relatively high magnetic fields hagen
suggested. A peculiar extended emission has been repoaigiica
the rotating radio transient RRAT J1819-1458 (Rea ket al.9200
Camero-Arranz et al. 201.3), with a nominal X-ray efficiemgy ~
0.2, too high to be only rotationally powered. The authors sug-
gested that the occurrence of the nebula might be connedtad w
the high magnetic field (B =510 G) of the pulsar. Similarly,
Younes et all(2012) reported the discovery of a possible wab-
ula around Swift J18340846, with an X-ray efficiencyx ~ 0.7
(but see Esposito etlal. 2013 for a different interpretaiioterms
of dust scatter).

SGRJ1935+2154 is a newly discovered member of the
magnetar family, and was discovered thanks to the detection
of low-Galactic latitude short bursts b8wift on 2014 July 5

Table 1. Summary of theSwift Chandraand XMM-Newtonobservations

used in this work and carried out between July 2014 and Mabds 2

Mission / Obs. ID Instrument Date Exposure
(ks)
Swift/603488000 XRT Jul 5 3.4
Swift/603488002 XRT Jul 6 4.3
Swift/603488004 XRT Jul 7 9.3
Swift/603488006 XRT Jul 8 3.7
Swift/603488008 XRT Jul 13 5.3
Swift/603488009 XRT Jul 13 3.0
Chandra/ 15874 ACIS-S Jul 15 10.1
Swift/603488010 XRT Jul 16 7.1
Chandra/ 15875 ACIS-8 Jul 28 75.4
Chandra/ 17314 ACIS-8 Aug 31 29.2
XMM /0722412501 EPIC Sep 26 19.0
XMM/ 0722412601 EPIC Sep 28 20.0
XMM /0722412701 EPIC Oct 04 18.0
XMM /0722412801 EPIC Oct 16 9.7
XMM /0722412901 EPIC Oct 24 7.3
XMM /0722413001 EPIC Oct 27 12.6
XMM /0748390801 EPIC Nov 15 10.8
XMM/ 0764820101 EPIC Mar 25 28.4

@ Data collected in continuous clocking mode (CC).

(Stamatikos et al._2014). Follow-up observations carriedl oy
Chandra on 2014 July 15 and 29 allowed us to precisely lo-
cate the source and detect its spin peridt8.25 s; Israel et al.
2014) confirming that SGR J1935+2154 is indeed a magnetar. Th
SGRJ1935+2154 position is coincident with the center of the
Galactic supernova remnant (SNR) G57.2+0.8 of undeteirage
and at a possible, but uncertain, distance of 9 kpc (Sun 204l ;
Pavlovic et al. 2013).

In this paper we report on the results ofXdklM-Newtonand
Chandra observational campaign covering the first 8 months of
SGRJ1935+2154's outburst. Our observational campaigngs-o
ing with XMM-Newton and its long-term results will be reported
elsewhere. We also report upper limits on the radio emisgisn
rived from Parkes observations (Burgay et al. 2014). We fest
port on the data analysis, then summarize the results wénebta
for the parameters, properties and environment of this nagne-
tar. Finally we discuss our findings in the contest of the nesamn
scenario.

2 X—RAY OBSERVATIONS
2.1 Chandra

Chandraobservations of SGR J1935+2154 were carried out three
times during July and August 2014 (see Tdble 1) in responseeto
detection of short SGR-like bursts from the source. Thedataset
was acquired with the ACIS-S instrument in Faint imagingn(@d
Exposure) and 1/8 subarray mode (time resolutiob:44 s), while

the subsequent two pointings were obtained with the ACI&-S i
Faint timing (Continuous Clocking) mode (time resolutiol82
ms).

The data were reprocessed with the Chandra Interactive Anal
ysis of Observations softwareipo, version 4.6) using the calibra-
tion files available in th&€handracaLDB 4.6.3 database. The sci-
entific products were extracted following standard proceslubut
adopting extraction regions with different size in ordeptoperly



subtract the underlying diffuse component (see SetfidarddZig-
ure[d). Correspondingly, for the first observation (Fainagimg)
we used circular regions of '5and 3.0') radius for the source
(and diffuse emission) associated to a background anneggorr
with 1.6” and 3.0/ (10", 15”) for the inner and outer radius, re-
spectively. Furthermore we used rectangular boxes'of28 (and

4" x2"") sides aligned to the CCD readout direction for the remain-
ing two observations in CC mode. For the background we used tw
rectangular boxes of 1/5x1.5" (and 2’ x2") at the sides of the
source extraction region. For the spectra, the redistabumhatrices
and the ancillary response files were created USFEICEXTRACT

For the timing analysis, we applied the Solar system batyeen
correction to the photon arrival times wittkxBARY .

2.2 XMM-Newton
XMM-Newtonobservations of SGR J1935+2154 were carried out

The monitoring of SGR J1935+2154 3

3 ANALYSIS AND RESULTS
3.1 Position

We used th&€handraACIS-S observation carried out on 2014 July
the 15th, the only one in imaging mode, in order to precisely |
cate SGR J1935+2154. Only one bright source was detectbé in t
S7 CCD operating at 1/8 of the nominal field of view. The re-
fined position of the source, calculated witavDETECT, is R.A. =
19"34"55:5978s, Dec. = +2153 47/ 7864 (J2000.0; statistical un-
certainty of ¢/02) with a 90% confidence level uncertainty radius
of 0’7. This position is consistent with that of SGR J1935+2154
obtained bySwift R.A. = 19'34™55'68s, Dec. = +215348!2,
J2000.0, radius of’2 at 90% confidence level (Cummings et al.
2014). Correspondingly, we are confident that the source ave d
tected in theChandraimage is indeed the source first detected by
SwiftBAT and later by XRT and responsible for the observed SGR-
like bursts.

between September and March 2015 (see Table 1) to monitor theg 5 Spatial analysis

source decay and study the source properties. We used theadat
lected with the European Photon Imaging Cameri¢), which
consists of two MOS (Turner etlal. 2001) and onelpn (Striitel e

Upon visual inspection of the X-ray images, it is appareftt th
SGRJ1935+2154 is embedded in a patch of diffuse emission. To

2001) CCD detectors. The raw data were reprocessed using theassess this in detail, we built for each pn observation arauo-

XMM-NewtonScience Analysis SoftwareAs, version 14.0) and
the calibration files in theccF release of 2015 March. The pn
operated in Full Window (time resolution of about 73 ms) hil
the MOSs were set in Small Window (time resolution of 300
ms), therefore optimized for the timing analysis. The s
of flaring background were located by intensity filters (seg e
De Luca & Molendi 2004) and excluded from the analysis. Seurc
photons were extracted from circles with radius of’ 4The pn
background was extracted from an annular region with inner a
outer radii of 45 and 90/, respectively (also in this case the choice
was dictated by the diffuse emission component; SeéfidraBd
Figure[1). Photon arrival times were converted to the Sglsiesn
barycenter using theAs task BARYCEN using the source coordi-
nate as inferred from th€handrapointings (see Sectién3.1). The
ancillary response files and the spectral redistributiotrioes for
the spectral analysis were generated WHFGEN and RMFGEN,
respectively. In order to maximize the signal to noise rafocom-
bined, when needed, the spectra from the available EPICreame
and averaged the response files usERgCSPECCOMBINEIN par-
ticular, the latter command was routinely applied for thedgtof
the dim diffuse emission.

2.3 Swift
The Swift X-Ray Telescope (XRT) uses a front-illuminated

file in the 0.4-10 keV band and fit a point spread function (apipr
mated by a King model; Read etlal. 2011) to it. In each instahee
inner part of the profile can be fit by a King model with usualecor
radius and slope values, whereas at raD—40 the data start to
exceed significantly the model prediction. Since we obthicen-
sistent results from all the 2014 observations, we repahtegdame
analysis on the stacked images in order to improve the stgral
noise ratio of the data. We also selected the photons in tBi&e\
energy range, since the spectral analysis (see SécfiosiZot)s
that the diffuse emission is more prominent in this band. ddre-
bined 2014XMM-Newtonprofile is shown in black in Fi§]1. The
diffuse emission emerges aB0" from SGR J1935+2154 and ex-
tends to at least 70 It is however not possible to determine where
the feature ends, because of both the low-signal to noisarge |
distance from the point source and the gaps between the CCDs.
The profile of the lateskMM-Newtondataset has been obtained
separately from the remaining datasets in order to look liaps
variabilities of the diffuse component on long timescaldse two
pn profiles are in agreement within the uncertainties (datexd by
using a Kolmogorov—Smirnov test that there is a substaptath-
ability (¢,50%) that the two profiles have been extracted fthen
same distribution), though a possible shift of the diffusenpo-
nent, towards larger radii, might be present in thé-3®" radius
interval.

A similar analysis was carried out by using the longékan-
dra dataset. Though the latter is in CC mode, the field is notgarti
ularly crowded and only faint point-like objects are degekin the

CCD_detector_sensitive to photons between 0.2 and 19 keV field of view. Correspondingly, it is still possible to gatfieforma-
(Burrows et al 2005) . Two readout modes can be used: pho- tion gver smaller scales than in thiéIM-Newtondata. the ACIS-

ton counting (PC) and windowed timing (WT). The PC mode

S PSF was simulated using the Chandra Ray Tracer (ChaRT) and

provides images and a 2.5s time resolution; in WT mode only nadel of AXAF Response to X-rays (MARX v5.0.0-0) software

one-dimensional imaging is preserved with a time resautd
1.766 ms. Data were processed WKRTPIPELINE (version 12),
and ltered and screened with standard criteria, corredtingf-

fective area, dead columns, etc. Events were extracted &r@M
pixel radius region around the source position. For spectpy
we used the spectral redistribution matrice€xLDB (20130101,
v014 for the PC), while the ancillary response les were geadr
with XRTMKARF.

packagég The result of this analysis is shown in blue in Fiddre 1.
Diffuse emission is clearly present in tl#handradata and starts
becoming detectable at a distance>df” from the source. Due to
poor statistics we have no meaningful information at raaligér

1 For more details on the tasks $ee http://cxc.harvard.bdt/index.htmil
and http://space.mit.edu/cxc/marx/index.html
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Figure 1. Top: 98ks-longXMM-NewtonPN image of the region around
SGR J1935+2154; the 1.4 GHz radio map of SNR G57.2+0.8 isshlean
(blue contours from the VLA Galactic Plane Survey. Stil el28l06; upper
image). TheXMM-Newtonimage has been smoothed with a Gaussian func-
tion with a radius of 4 and magenta contours are displayed in order to em-
phasise the extended emission around SGR J1935+2154. ddledashed
circle marks a distance of 90from the SGR J1935+2154 position. Bot-
tom: 2014 and 201XMM-Newtonand Chandrasurface brightness (black
crosses, purple squares and blue crosses, respectivedyfuastion of the
distance from SGR J1935+2154 compared with their PointgpFanc-
tions (PSF; red lines; lower plot). The ratios between tha dad the PSF
are plotted in the lowest panel.

than~15". Therefore, we are not able to assess if the diffuse struc-
tures detected bYMM-NewtonandChandraare unrelated to each
other or linked somehow.

3.3 Timing analysis

The 0.5-10keV events were used to study the timing propertie
of the pulsar. The average count rate obtained ffeimandraand

Table 2. Timing results.

56926.0
56853.6 — 56976.4

EpochTy (MJID)
Validity range (MJD)

P(Tp) (s) 3.2450650(1)
P(Ty) 1.43(1) x 10~ 11
P(Tp) (s71) —3.5(7) x 10~19
v(To) (Hz) 0.30816023(1)

v(To) (Hzs™ 1)
(To) (Hzs72)

—1.360(3) x 10~ 12
3.3(7) x 10—20

rms residual (ms) 55

x?2 (d.o.f.) 0.57 (6)
B, (Gauss) 2.2 x 101
7 (Yr) 3600

Lo (ergst) 1.7 x 1034

XMM-Newtonwas 0.13#0.02 cts ' and 0.24#0.01 cts s*, re-
spectively. Coherent pulsations at a period of about 3.2drs first
discovered in the 2014 July Z8handradataset carried out in CC
mode (Israel et al. 2014). The pulse shape is nearly sinakaidl
does not show variations as a function of time. Also the mlfssc-
tion, defined as the semi-amplitude of the sinusoid dividgdhle
source average count rate, is time independent (withinrtaioe
ties) and in the 7% + 21% range (1o uncertainty of about 1.5%).
Additionally, the pulse shape does not depend on the enarmer
though a shift in phase of about 0.16 cycles is clearly detebe-
tween the soft (0.5-1.5 keV) and hard (3.0-12.0 keV) enegrgyds,
with hard photons anticipating the soft ones (see Figure 2).

A refined value ofP=3.244978(6) s (1o confidence level;
epoch 56866.0 MJD) was inferred based on a phase-coherant an
ysis. Due to the long time elapsed between the epoch of the firs
period determination and those of the ot@#randraobservations
we were not able to further extend the timing solution based o
the Chandradata. Therefore, we inferred a new phase-coherent
solution by means of the sevexMM-Newtonpointings carried
out between the end of September and mid November 2014 (red
filled circles in left panel of FigurEl2). The new solutionais-
cluded a first period derivative componeft=3.2450656(2) s and
P=1.37(3)x107'! s s7' (1o confidence level; epoch 56926.0
MJD; x? of 3.1 for 4 degree of freedom).

The latter timing solution was accurate enough to include th
previousChandrapointings (black filled circles in left panel of Fig-
ure2). The final timing solution, encompassing the wholeskt;
is reported in Tablgl2 and includes a second period dereatiting
in the direction of decelerating the rate of period chaffg@he in-
clusion of the new?” component has a F-test probabilitysof 10~
and10~" of not being needed (when considering only ¥&M-
Newtondatasets or the whole ten pointings in the fit, respectively)
Moreover, the new timing solution implies a r.m.s. varidbpibf
only 55 ms, corresponding to a timing noise level of less #f#n
well within the value range observed in isolated neutrorssta

We note that the second period derivative we found is unfikel
to result from a change, as a function of time, of the pulséilps
which are almost sinusoidal and show no evidence for vanati
(see right panel of Figuid 2).

We notice that this analysis is valid under the assumptiat th
the location and geometry of the emitting region remainsstzort
throughout the observations, as suggested by studies &f w#n-
sient magnetars (see Perna & Gotihelf 2008; Albanolet al201

The accuracy of the timing solution reported in Tdble2 is
not good enough to coherently include the March 2XNMM-
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Figure 2. Left: SGR J1935+2154's phase evolution as a function of fitted with a a linear plus a quadratic plus a cubic compon@mnger panel). The
residuals with respect to our best phase-coherent solat®meported in the lower panel, in units of seconds. Blackrad dpoints mark th€handraand
XMM-Newtonobservations, respectively. Rigi@¢handraplus XMM-Newtonbackground-subtracted pulse profiles (arbitrary shiftedhe y-axis). From top
to bottom they refer to: (a) 0.5-1.5 keV, (b) 1.5-2.0 keV,Zd)-3.0 keV, (d) 3.0-12.0 keV and (e) 0.5-12.0 keV. The ddsirange curve marks the best fit (by
assuming a model with two sinusoids) of profile (a): a systenshift towards smaller phases (advance in time) as aifumcf energy is evident. Profile (f)

has been obtained by aligning profiles from (a) to (d).

Newtondata. Correspondingly, we inferred the period for this lat-
est pointing similarly to what reported above finding a bedtie

of P=3.24528(6) s (95% confidence level; epoch 57106.0 MJD).
This is less than @ away from the expected period extrapolated
from the timing solution in Tablg2. The pulse profile paraengt
changed significantly with respect to the previous datasétsa
pulsed fraction of only 1% (1) and a more asymmetric shape.

3.4 Spectral analysis

For the phase-averaged spectral analysis (performedXgitEC
12.8.2 fitting package; Arnaud 1996) we started by consideri
all the datasets together. Then, we concentrated on the 129 Ju
2014 data, being the longest and highest stati€ti@ndrapointing
(about 75ks effective exposure for 8200 photons) andXikid/-
Newtonpn spectra (effective exposure time of about 105ks and
22000 events). A summary of the spectral fits is given in Tabl®
account for the above reported diffuse component (see®EER)
we used, as background spectra of the point-like centratepthe
regions we described in Sectfonl2.1 2.2 and from which we
extracted later the diffuse component spectra.

We started by fitting all the 10 datasets carried out duririgi20
separately leaving free to vary all the parameters. Therptisno

was forced to be free but the same among observations. Photon

having energies below about 0.8keV and above 10keV were ig-
nored, owing to the very few counts from SGR J1935+2154 (en-
ergy channels were rebinned in a way of having at least 3Qtgven
Furthermore, all the energy channels consistent with ziéeo the
background subtraction were ignored. The abundances usedl w
those of Wilms et al.| (2000). The spectra were not fitted well b
any single component model such as a power-law (PL) or black-
body (BB) which gave a reduceg® in the 1.2 — 1.8 range de-

freedom, hereafter d.o.f., for ti@handraand XMM-Newtonspec-
tra, respectively). A canonical two-component model ofised to
model magnetars, i.e. an absorbed BB plus PL, resulted irod go
fit with reducedy? of 0.99 (280 d.o.f.) and 1.03 (405 d.o.f.) for
theChandraandXMM-Newtorspectra, respectively. The inclusion
of a further spectral component (the BB in the above proadur
was evaluated to have a formal F-test probability equalde-4nd
7.00 (for Chandraand XMM-Newton respectively) of being sig-
nificant.

A flux variation, of the order of about 25%, was clearly de-
tected between théhandraandXMM-Newtor2014 pointings. On
the other hand no significant flux variation was detected @mon
spectra ofXMM-Newtonobservations. Correspondingly, in order
to increase the statistics we proceeded to combine the évif
Newton2014 spectra together (we used twes task EPICSPEG
COMBINE). By using the latter spectrum we obtain a F-test proba-
bility of 7.8 ¢ that the BB component inclusion is significant. In the
upper panel of Figuld 3 théMM-Newtoncombined source spec-
trum (in black) is reported together with tizhandraspectrum of
the longest pointing (in red; the two furthEhandraspectra are not
shown in Figure for clarity purposes). We note that, withiroat
10 uncertainties, th€handraand XMM-Newtonspectral parame-
ter are consistent with each other with the exception of the fl

The latesiXMM-Newtonpointing, carried out in March 2015,
was not combined with the previous ones in order to look fecsp
tral variability on long time scales. While the PL plus BB spal
decomposition holds also for this dataset, the flux sigmitigan-
creased by about 25% reaching a level similar to that of thgdet
Chandrapointing in July 2014. It is evident from Taljlé 3 that the
only significantly changed parameter is the flux of the PL comp
nent.

Due to the poor statistics of thewift XRT spectra we only

pending on the used single component (282 and 407 degrees ofinferred the 1-10keV fluxes by assuming the PL plus BB model
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that there is no suggestion of variability for the diffuseigsion. A
combined (from the seveKMM-Newtonpointings) spectrum for
the diffuse emission was obtained, in a way similar to thagaaly
described for the source spectrum. TXBIM-Newtoncombined
spectrum of the diffuse emission and the results of the sgdit
ting for the PL model are shown in Figlite 3 and in Table 3. Two
facts can be immediately evinced: a simple model is not a gped
proximation for the diffuse emission and the absorbing wius
significantly different from the one we inferred for the matar. At
present stage we cannot exclude that the two things areddiat
each other. In particular, we note that the largest valudseofesid-
uals originated from few “random” datapoints rather thanaoy
up-and-down trend (often suggesting a wrong adopted amuntin
component; see blue points in the lower panel of Fiilire 330Al
for the diffuse emission we kept separated the 20LBV-Newton
I observation in order to look for spectral variations. Utifioately,
+ 1 the low statistics prevented us in checking if changes irsffec-
j tral parameters are present. The inferred 1-10keV obseiuzd
-4k ‘ ‘ R is (1.67£3:93)x 10 3erg cm2 s, in agreement with the 2014

1 2 5 10 value.

Energy (keV)

16 ———— T

+ SGRXMM PN '
+ SGR Chandra
+ Diffuse XMM

0.1

0.01

Counts st keV1!

10

Residuals (Ao)

g 3.5 Pre-outburst observations

'_\
~

i Swift XRT observed SGR J1935+2154 twice before its activation
W T + *- during theSwift Galactic plane survey (see Campana €t al. [2014).
" + ] The first observation took place on Dec 30, 2010 for 514 s (bbsi

=
N
I

Flux x 1013
'_\
o
I

(erg st cm)

+ 7 00045278001). SGR J1935+2154 is far off-axisl() and we de-
I W | rived a3 o upper limit of3.2 x 102 cts s™* .
Ll Ll Ll The second observation took place on Aug 28, 2011 for
1 10 100 617 s (obsid 00045271001). SGR J1935+2154 is detected t& a ra
Time (d since TJD 16843.0) (1.55 £ 0.63) x 10~ 2 cts s™*. Assuming the same spectral model
Figure 3. Spectra of SGR J1935+2154 and of the diffuse emission around of tll‘leXMM-NeWtombgervz.itlons (see Sectionl3.4 and TEbI.e 3, we
the pulsar. From top to bottom: SGR J1935+2154 cumulatMél-Newton derive a 1-10keV luminosity of9.3 + 3.6) x 10** erg s (in-

[e0)
T
|

PN spectrum, the SGR J1935+21&handra ACIS spectrum of obser- cluding uncertainties in the count rate and assuming ardistaf
vation 15875 and the cumulatiéMM-NewtonPN spectrum of the dif- 9kpc).

fuse emission (upper plot). Residuals gisunits) are shown and refer to The field was also imaged during the ROSAT all-sky survey
the absorbed PL+BB model for SGR J1935+2154 and to a PL model f twice, but the h|gh column density prevents any firm uppemm

the diffuse component. Time evolution for the absorbed k& flux of the observed flux.

SGR J1935+2154 obtained by using datasets fBwift (black triangles),
Chandra(red squares) andMM-Newton(black circles). The zero on the
x-axis marks the&Swift BAT trigger.
4 RADIO OBSERVATIONS

The first radio follow-up observations of SGR J1935+2154ewer
obtained by the combinedMM-Newtonspectrum and includinga  carried out on 9 and 14 July 2014 from the Ooty Radio Telescope
scale factor which was free to vary in order to track the fluiasa (ORT) and the Giant Meterwave Radio Telescope (GMRT), at

tion through the outburst. The lower panel of Fidure 3 inekudll 326.5 and 610.0 MHz, respectively (Surnis et al. 2014). Neqzl

the 1-10keV observed fluxes inferred from tBeift Chandraand radio emission was found down to a flux of 0.4 mJy and 0.2 mJy at
XMM-Newtonspectra. It is evident that the source is still variable 326.5 and 610.0 MHz (assuming a 10% duty cycle), respegtivel
above a general decay trend. The source was observed with the Parkes radio telescope at

The same background regions used to correct the EPIC pn10-cm and 20-cm in four epochs between 1 and 3 August, shortly
source spectra were then assumed as a reliable estimate dif-th after the detection of X-ray pulsations (Israel €t al. 2044) again

fuse emission. For the background of the diffuse emissiocane at 10-cm on 28 September, almost simultaneously with oneiof o
sidered two regions laying far away (at a distane&) from the XMM-Newtonobservations. Observations at 10-cm were obtained
pulsar and in two different CCDs obtaining similar resuitdbth using theaTNF Digital FilterbanksDFB3 (used in search mode with

cases. We first fit all the seven spectra together. The useef on a sampling time of 1 ms) and DFB4 (in folding mode) at a cen-
spectral component gave a relatively good fit with a redugéd tral frequency of 3100 MHz, over 1024 MHz of bandwidth. 20-cm
of 1.22 and 1.33 (107 d.o.f.) for an absorbed PL and BB model, observations were acquired using the reconfigurable dligstek-

respectively. Then we left free to vary all the parametessiltang endHIPSR(HI-Pulsar signal processor) with a central frequency of
in a reducedy? of 1.15 and 1.18 (95 d.o.f.) for the PL and BB 1357 MHz, a 350 MHz bandwidth and a sampling time of 84
model, respectively. While no improvement was achievedtier Further details of the observations are summarized in Hble

BB model the PL model appears to vary amotigM-Newtonob- Data were folded in 120-s long sub-integrations using the

servations at about 2dconfidence level. Therefore, we conclude ephemeris in Tabld 2 and then searched over a range of periods
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Table 3. ChandraandXMM-Newtonspectral results. Errors are at & tonfidence level for a single parameter of interest.

Mission (Model) N r kT Rpg © Fluxd Luminosity* X2 (dof)
(1022 cm=2) (keV) (km) @02 ergenmr2st) (103 ergs?)

SOURCE EMISSION

CHANDRA (BB + PL) 2.0+04 2.8+08 045+0.03 1.9+0.2 1.24 £0.06 3.1+0.5 0.97 (165)
XMM (BB + PL) 1.6 0.2 1.8+0.5 047+0.02 1.6=£0.1 0.89 +£0.05 1.7+04 1.02 (74)
XMM € " 1.6+0.2 21+04 048+0.02 1.6+0.2 1.19 £0.06 2.4+0.5 0.93 (109)

DIFFUSE EMISSION

XMM (PL) 38+04 3.8+03 —— —— 0.14 £ 0.02 0.6+0.1 1.94 (23)

@ xspecmodels;BB = BBODYRAD, PL = POWERLAW.

b We used the abundances of Wilms, Allen & McCray (2000)

¢ The blackbody radius is calculated at infinity and for antaaby distance of 9 kpc.

In the 1-10 keV energy band; fluxes are observed values, asities are de-absorbed quantities.
¢ March 2015XMM-Newtonobservation.

Table 4. The table lists for each radio observation: the date and (g 2014 Chandraand XMM-Newtondatasets and we inferred both a
of the start of the acquisition (in the form yy-mm-dd-hh:mute receiver first and second period derivative. These findings furthefioo
used, either the 10-cm feed of the coaxial 10-50cm (Graret|@005) or that SGR J1935+2154 is indeed a magnetar which is slowimgrdo
the central beam of the 20-cm multibeam receiver (StavBlejth et al. at a rate of about half a millisecond per year. However, ttead
1996); the integration time; the flux density upper limit éopulsed signal is slowing-down due to a negatii@ (see TablEl2). The accurate
with a 3.2's period; the flux density upper limit for a singldseuof 32ms  timing solution allowed us also to infer the dipolar magadield
duration. Flux are expressed in mJy units. strength, an upper limit on the true pulsar age and the quores
ing spin-down luminosity (under usual assumptions).

UT Start Rec Tos () Smin S, SGR J1935+2154 is a seemingly young object3 kyr, with
14-08-01-11:34  10-50cm 3.0 0.04 68 a B, value (~2.2x10' Gauss) well within the typical range of
14-08-02-11:22  10-50cm 3.0 0.04 68 magnetars. The X-ray emission is pulsed. The pulse shape is e
14-08-03-12:29 20cm-MB 1.5 0.05 61 ergy independent (within uncertainties) and it is almostisoidal
14-08-03-13:32  10-50cm 1.0 0.07 68 with a~ 20% pulsed fraction (measured as the semi-amplitude of
14-09-28-08:34  10-50cm 2.0 005 68 the sinusoid divided by the average count rate) during 20bk-

comes less sinusoidal with a pulsed fraction of only 5% dytire
latestXMM-Newtorobservation. We detected an energy-dependent
phase shift{-0.16 cycles at maxiumum), with the hard photons an-
ticipating the soft ones. This behaviour is not very commaioiag
known magnetars, 1RXS J1708009 being a notable exception
At A .~ (though with a different trend in energy; see lIsrael €1 aD120
over DMs up to 1000 both for periodic signals and single dedis [paa et 4 2005). In IRXS J1708009 the shift is likely associated
persed pulses. The 20-cm data were searched in real timg usin ;o presence of a (spin phase) variable hard X-ray conmene
HEIMDALLH, while the 10-cm data were analysed with the package tending up to at least 100 keV (Kuiper etlal. 2006; Gotz 2607).
sigpProc(http://sigproc.sourceforge.net/). No pulsed signahwait Similarly, the pulse profile phése shift of SGR J1935+2154hi
period similar to thatde_tected in Xfrays, _norsingle dispel_rpulses be due to the presence of at least two distinct componenékgpe
were found down to a signal-to-noise ratio of 8. Table 4 isesup- with different weight at different energies. The non detectof

per limits obtained at each epoch and frequency. emission from SGR J1935+2154 at energies above 10 keV dbes no
allow us to firmly assess the cause of the shift.

The source spectrum can be well described by the canoni-
5 DISCUSSION cal two-component model often applied to magnetars, i.aatan
sorbed black body plus a power-law (k0.5keV andl’ ~2).
The SGRJ1935+2154 1-10keV observed flux ofx118~'2 erg
cm 2 s7! is among the lowest observed so far from magne-
tars at the beginning of their outbursts. Although it is pass
that we missed the outburst onset (which perhaps occurifedebe

herent pulsations at a period of about 3.24 s i@fandralong the fgSt burs:] epoch), a l?asccléwardgzearzch of burst activjtihin
pointing carried out in July 2014. Subsequently, by usirguM- BAT data at the position 0 R J1935+2154 gave negativatsesu

Newtonobservations (spaced so to keep the pulse phase coherencécgmm'n%s_ & Cam_r;:_an;wz_]? )15% Err_ns_s on f;%TlseRf[]1935|+2154
among pointings) we started building a timing solution byame Is detected in an archivaiwiit pointing in atafluxonlya

of a phase fitting technique. We were able to phase-conrietieal fa}ctor of few lower than the one detected soon after the launss-
sion. At current stage we cannot exclude that the source dias n

reached the quiescent level or that it has a relatively brigies-
2 se€ http://sourceforge.net/projects/heimdall-aswofirther details cent luminosity. This latter possibility is partially supped by the

spanning+1.5ms with respect to the X-ray value of any given
observing epoch, and over dispersion measures (DM) up t6 100
pcem 3,

The data acquired in search mode were also blindly searched

Thanks to an intensiv€handraand XMM-Newtonobservational
campaign of SGRJ1935+2154 covering the first 8 months since
the first bursts detected bywifBAT, we were able to infer the
main timing and spectral properties of this newly identifiedm-

ber of the magnetar class. In particular, we discoverecgtom-
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unusual properties of SGR J1935+2154 which displays baém-in
vals of flux weakening a brightening superimposed to a slavaye
We note that the latetMM-Newtorpointing occurred less than 20
days from the Konu#¥ind detection of the first intermediate flare
from this source (Golenetskii etlal. 2015).

A significant diffuse emission, extending from spatial ssal
of >1"” up to more than "laround the magnetar, was clearly de-
tected both byChandraand XMM-Newton Due to the use of dif-
ferent instruments/modes at different epochs we were rettab
test if the diffuse component varied in time (as expecteténcase
of scattering by dust clouds on the line-of-sight) betwémrthan-
dra and XMM-Newtonpointings. Among th&XMM-Newtonpoint-
ings the component does not change significantly. Thandra
data allowed us to sample the spatial distribution of the mmm
nent only up to about 20(at larger radii we are hampered by the
statistics), while the lower spatial resolution of tK&IM-Newton
pn allowed us to detect the diffuse emission only beyond e2@u
We do not detect any flux variation for the diffuse emissioroam
the eightXMM-Newtonpointings despite the pulsar enhancement

ity of about 2<10°* erg s'!. At the present stage it is also rather
difficult to obtain a reliable value of the quiescent lumiitpsiue
to the uncertainties on the distance and the flux ofShéft pre-
burst detection. If a distance of 9 kpc is assumed SWét faintest
flux convert to a luminosity of about:510*3 erg s~ *which results
inLx/Lsq ~ 0.25, close to 0.3 limiting value. However, if the dis-
tance is larger and/or the quiescent flux is a factor of fegdathan
estimated fronBwift, the source would move toward higher values
of L x,qui/Lsq in the “radio-quiet” region of the fundamental plane
(see left panel of Figure 2 in Rea etlal. 2012). Corresporgitiie
non detection of radio pulsations might be not that sunpgisi

The uncertainty in the quiescent level of this new magnetar
makes any attempt to infer its evolutionary history rathezartain.
Given the short characteristic age (a few kyrs, which is rposb-
ably representative of the true age given that no substdisid
decay is expected over such a timespan), the present vathe of
magnetic field is likely not that different from that at the ment
of birth. The above reviewed timing characteristics wotlert be
consistent with a quiescent bolometric luminosity of thdewrof

of about 20% between October 2014 and March 2015, a result ~ 5 x 10%*73* erg s! (see Fig. 11 and 12 In Vigano et al. 2013),

which would favour a magnetar wind nebula (MWN) interpreta-
tion. The PL model used to fit the pn spectra implies a relgtive
steep photon index of about 3.8 which is similar to what olesr
for the candidate MWN around Swift J18380846 (Younes et al.
2012), but at the same time is steeper than the PL photon wfdex
SGR J1935+2154 suggesting that the dust scattering soeniyfnt

be more likely.

In Swift J1834-0846 two diffuse components have been iden-
tified: a symmetric component around the magnetar extenging
to about 50 interpreted as a dust scattering halo_(Younes!et al.
2012} Esposito et él. 2013), and an asymmetric componeahext
ing up to 150 proposed as a wind nebula _(Younes et al. 2012).
The spectrum of the former component has a PL photon index
steeper than that of the magnetar (which however, at vagiaiitt
SGRJ1935+2154, is fitted well by a single PL alone likely due t
a very high absorption which hampers the detection of any sof
BB), while the latter has a flatter spectrum. In order to compa
the properties of the diffuse emission around Swift J183846
and SGR J1935+2154, we fitted tldandraand XMM-Newton
spectra of SGRJ1935+2154 with a PL alone obtaining a pho-
ton index of 4.4:0.1 and 4.3-0.1 (we used only photons in the
1.5-8.0keV band similar to the case of SwiftJ18%846) im-
plying that the diffuse component might have a spectrum flat-
ter than that of the magnetar and favouring the wind nebuta sc
nario. In the latter case the efficiency at which the rotai@mergy
loss of a pulsarE..t, is radiated by the PWN is given by =
Lx pwn/Erot = (0.6x10**/1.7x 10**)~0.35, not that different from
what inferred from similar components around Swift J1.88846
and RRAT J1819 1458 (Younes et al. 2012; Rea elial. 2009). Fur-
therXMM-Newtorand/orChandraobservations taken at flux levels
significantly different from those we recorded so far shdwétp in
settling the nature of the diffuse emission.

A search for radio pulsed emission from SGR J1935+2154
gave negative result down to a flux density of about 0.5 mJg (an
70 mJy for a single pulse). It has been suggested that whether

depending on the assumed magnetic field geometry and eevelop
composition.

Constraints on its outburst luminosity evolution can be put
from general considerations (see Pons & Rea 12012; Vigaab et
2013). If we assume that the flux derived by the pre-outlbwsft
observations provides a correct estimate of the magnetas-qu
cence, and we rely on a distance of 9 kpc, then the source dsmin
ity increases from a quiescent level bk 4. ~ 7 x 10** erg s7*
to a 'detected’ outburst peak @fx .t ~ 4 x 103* erg s'*. Such
luminosity variation within the outburst (about a factor % is
rather small for a magnetar with a medium-low quiescent lgsee
Fig. 2 oflPons & Rea 2012). In particular, the outburst peaki{u
nosity usually reaches abolilitt ,.; ~ 5 x 10 erg s7!, due to
the typical energies released in magnetars’ crustal frest(about
10*475 erg:|Pons & Rea 2012; Perna & Pons 2011), coupled with
estimates of the neutrino cooling efficiencies (Pons & ReH220
If there are no intrinsic physical differences between thitburst
and other magnetar outbursts (see Rea & Esposita 2011)when
can foresee two possibilities to explain the relatively lmaximum
luminosity detected.

The first possibility is that we have missed the real outburst
peak of SGR J1935+2154, which was then caught already during
its outburst decay. In this case the quiescent luminosityned by
the archivalSwift observation might be correct, and the magnetar
had a flux increase during the outburst, but we could catchlyt o
thanks to an SGR-like burst detected when the magnetar had al
ready cooled down substantially. Given the typical outbcosling
curves, we can roughly estimate that in this scenario werebde
the source about 10-40 days after its real outburst onset.

The second possibility is that the source distance is farthe
than the assumed SNR distance of 9 kpc (note that the metledd us
by |Pavlovic et all 2013 to infer this distance implies a tie&y
large degree of uncertainty, even a factor of two in bothatioas).

To have an outburst peak luminosity in line with other magrsst
SGRJ1935+2154 should have a distance~@0-30 kpc. At this

not a magnetar can also shine as a transient radio pulsart migh distance the assumelift quiescence level would also be larger

depend on the ratio between its quiescent X-ray luminogity a
spin-down luminosity, given that all magnetars with degdatadio
pulsed emission have this ratio smaller that 3 (Rea et al. 2012),
at variance with typical radio-quiet magnetars that havespent
X-ray luminosity normally exceeding their rotational pawBased
on the coherent timing solution we inferred a spin-down huwsk

(~ 7 x 10** erg s™1), hence a factor of5 in increase in luminos-

ity in the outburst would then be in line with what observedda
predicted) in other cases (see again Fig.2 of Pons & Red 2012)
However, in the direction of SGR J1935+2154 the Galaxy elden
until ~14 kpc (Hou et al. 2009) making such a large distance rather
unlikely.



We then suggest that the very low peak flux of the detected
outburst of SGRJ1935+2154 has no different physics ingblve
with respect to other magnetar outbursts, but we have simply
missed the onset of the outburst. If the flux detecte®Wwiftbefore
the outburst was its quiescent level, we envisage that tHmucst
onset occurred about a month before the first X-ray burstdete
If future observations will set the source at a lower quiaséevel,
the outburst peak should have occurred even longer befofeste
detected its activity.
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