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ABSTRACT

Broad emission features of abundant chemical elementk,agitron, are commonly seen in
the X-ray spectra of accreting compact objects and thedlis$ucan provide useful informa-
tion about the geometry of the accretion processes. In thik wve focus our attention on
GX 3+1, a bright, persistent accreting low mass X-ray binalyssified as an atoll source.
Its spectrum is well described by an accretion disc plusldestomptonizing, optically thick
corona which dominates the X-ray emission in the 0.3-20 k&dfgy band. In addition, four
broad emission lines are found and we associate them witkctigfh of hard photons from
the inner regions of the accretion disc where doppler aradivedtic effects are important. We
used self-consistent reflection models to fit the spectrae@?010XMM-Newtonobservation
and the stacking of the whole datasets of 2INDEGRALobservations. We conclude that the
spectra are consistent with reflection produced at gravitational radii by an accretion disc
with an ionization parameter gf~ 600 erg cm 5! and viewed under an inclination angle of
the system of- 35°. Furthermore, we detected for the first time for GX 3+1, thespnce of
a powerlaw component dominant at energies higher than 20dasgibly associated with an
optically thin component of non-thermal electrons.

Key words: accretion, accretion discs — X-rays: binaries — X-Raysaxjab — X-rays: indi-
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1 INTRODUCTION where the local radiation force overcomes the local diswityra
(Titarchuk et al. 2009). We note also that Ng etlal. (2010ppsed
Broad, and possibly asymmetrical, emission features angraanly that in many cases the asymmetrical shape of the specttardsa
found in the X-ray spectra of accreting Galactic black h@iids; seen inNXMM-NewtoiEPIC-pn data may be due to a wrong esti-
Miller et all e.g.2002), supermassive BHs in Active Gaadu- mation of pile-up, although, on the contrary. Miller et &2000)

clei (AGN;|Tanaka et al. 1995; Fabian eilal. 2002) and neustan showed that modest level of pile-up should not significaaffgct
systems (NS; e.q. Bhattacharyya & Strohmeayer 2007: D'Ailet  the spectral analysis. However, the relativistic reflecsgenario
2009; di Salvo et al. 2009). The main observed reflectiorufeat described above appears the more suitable explanation iy ma
can be ascribed to transitions of the K-shell of iron in the en cases (e.g. Di Salvo et al. 2015, in press).

ergy range 6.4-7.0 keV, according to its different stateoafza-

tions. In addition, broad features associated to lightendbal The broad lines produced by relativistic reflection of handp
elements have been found in the spectra of a number of accret-tons from the disc are usually double-peaked due to the mafio
ing sources (e.d. di Salvo et/al. 2009; laria et al. 2009; ial. matter of the disc. Furthermore, the blueshifted peak is aa-
2010; Egron et al. 2013). It has been proposed that the bneade tivistically boosted as a consequence of the matter in theetion
ing of such features can be produced by either i) relateigtilec- disc approaching the observer at speed values of the ordaw a f
tion of hard photons from the surface of the accretion disg.(e tenths of the speed of light when it is at a few gravitatiorzeliir
Fabian et all 1989; Reynolds & Nowak 2003; Fabian &t al. |2005; from the compact object. The broad lines are then gravitatip
Matt|2006) or ii) Compton broadening if the line is emittedtire redshifted when produced close to the compact object. Timbico
inner parts of a moderately, optically thick accretion discona nation of such effects highly distorts the spectral shapth@fine
(ADC), created by the evaporation of outer layers of the disc (Fabian et al. 1989). These effects are observed in many tires
(White & Holt|1982;| Kallman & Whitz 1989; Vrtilek et al. 1993) of abundant chemical elements as Iron. In addition to thedhmon

iii) Another possibility is Compton down-scattering dueatnarrow emission feature, commonly detected at 6.4—7.0 keV, arrptico
wind shell ejected at mildly relativistic velocities at semlisc radii edge atv 8 — 9 keV is usually observed.
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Moreover, a large fraction of hard X-ray photons is reflected
by the accretion disc producing a reflection continuum, due t
the direct Compton scattering, commonly known as “Compton

1st, 2010, combined with the whole available 200TEGRALob-
servations.
XMM-NewtolEPIC-pn data were reduced using the calibra-

bump” which peaks at around 20-30 keV (e.g. George & Fabian tion files (at the date of April 25th, 2014) and the Sciencelysia

1991). Even though often described independently, theratisc
emission features and the reflection continuum are closely r
lated. Self-consistent models can instead investigatephtysics
of the reflection processes taking into account both sdextra-

Software (SAS) v. 13.5.0. At high count rates, X-ray loadamgl
charge transfer inefficiency (CTI) effects have to be cosrsid be-
cause they modify the spectral shape and produce an endfgy sh
on the spectral features (e.g. Guainazzi et al. 2008, XMM-CA

ponents at the same time (Ross et al. 1999; Ross & Fabian 2007;SRN-24). We corrected these effects by adopting the rate de-

Reis et al. 2008; Cackett et/al. 2010; D'Ai etlal. 2010; Egzoal.
2013;|Di Salvo et al. 2015). The detailed study of the reftecti
component plays therefore a fundamental role in the inyastin

pendent pulse height amplitude corrections (RDPHA) whiateh
been shown to provide a better accuracy of the energy sdibecca
tion (Pintore et al. 2014). We extracted the spectra fromisvweith

of the properties of the compact objects (BHs and NSs) and the PATTERNS 4 (which allows for single and double pixel events) and

physical mechanisms of the accreting material around them.

In this work we investigate the spectral properties of the
Galactic source GX 3+1 (Bowyer etlal. 1965), which is a bright
persistent accreting low mass x-ray binary (LMXB). A number
of type | X-ray bursts, likely due to burning helium, has been
detected, with decay timescales ranging from tens of second
up to hours (e.g. Makishima etlal. 1983; den Hartog et al. |2003
Kuulkers & van der Klis| 2000; Kuulkers 2002; Chenevez et al.
2006). The presence of thermonuclear bursts suggest thabth-

we set FLAG=0', retaining events optimally calibrated for spectral
analysis. Source and background spectra were then exiraete
lecting the ranges RAWX=[31:43] and RAWX=[3:5], respeetiv
EPIC-pn spectra were rebinned in energy with an oversaniple o
7 using thespecgrouptask. We looked for pile-up in the EPIC-pn
data by comparing the source spectrum obtained considelitige
columns of the CCD in the range RAWX=[31:43] and the spectra
obtained excising one, three and five central brightestnantuof

the aforementioned RAWX range. We found that pile-up wag onl

pact object hosted in GX 3+1 is an accreting NS. The estimated marginally important and it could be clearly mitigated reing

upper limit to its distance is- 6.1 kpc (Kuulkers & van der Klis
2000). A probable quasi periodic oscillation (QPO) with a-fr

only the brightest central column of the EPIC-pn CCD. Hewraf
we will refer, if not specified, to spectral analysis witholg cen-

guency of 8 Hz has been detected during an EXOSAT observation tral column.

(Lewin et al! 1987). Based on its variability and spectralgarties,
GX 3+1 was classified as an atoll source (Hasinger & van der Kli
1989).| van den Berg etlal. (2014) identified a counterpart ¥f G
3+1inthe near-infrared (NIR) with a Ks=15.8 +/- 0.1 mag segtg
ing that the donor star is not a late-type giant and that thedyhis-
sion is dominated by the heated outer accretion disc. Spiectal-
yses of the source showed that its X-ray spectrum can beiledcr
by a model comprising of a soft blackbody component, mostyik
associated with the accretion disc, and a comptonizing oo,
produced by an optically thick electron population locatkxse to
the NS boundary layet (Mainardi et al. 2010; Piraino et allZ20
Seifina & Titarchukl 2012)._Seifina & Titarchuk (2012), usinly a
the Rossi X-ray Timing Explorer (RXTE) and BeppoSAX data,
showed that the comptonizing component is quite stableesionm
that the energy release in the transition layer betweendtreton

We extracted first and second order RGS spectra using the
standardgsproctask, filtered for periods of high background. After
checking for spectral consistency of RGS 1 and 2 in both firdt a
second order, we stacked together the RGS1 and RGS2 data adop
ing the toolrgscombinewhich combines, separately, first and sec-
ond order spectra. We did not find any feature in the RGS datase
therefore we grouped the two final spectra with a minimum @ 10
counts per energy channel. Since the background, in bogrsrd
was not negligible for energies lower than 0.9 keV, we aredythe
RGS spectra in the range 0.9-2.0 keV. Even though the meat cou
rate is at least a factor of 3 lower (RG88B.4 and RGS2-1.7 cs
s~ 1) than the nominal RGS pile-up threshold, we investigatad ou
data looking up for pile-up effects and we found that piledages
not significantly affect our data because we verified that éirsl
second order spectra are in complete agreement with eaeh oth

disc and the NS dominates over the energy release in the-accre This allows us to confirm that pile-up problems are negligitar

tion disc. A number of broad emission lines were also repidote
Piraino et al.|(2012) and associated with the #ansitions of Ar,
Ca and Fe. These features have been ascribed to relatiegfitic-
tion and the inferred inner disc radius ©f30 gravitational radii
indicated a truncated accretion disc (Piraino €t al. 2012).

In next section, we will carry out a deep spectral analysis
of the broadband spectrum of the stacking of the whole 2061t0
TEGRALobservations and the 202MM-Newtonobservation. In
particular, we will study the properties of the reflectiomymonent,
as shown in Piraino et al. (2012), and extending it with the ofs
self-consistent models. The paper is structured as followSec-
tion[2 we summarize the data selection and reduction preesdu
in Sectior8 we present the spectral results of GX 3+1 andisissc
them in Sectiofil4.

2 DATA REDUCTION

The datasets considered here comprised<ki/1-Newtonobser-
vation (Obs.ID. 0655330201), taken in Timing mode on Septam

this source.

For the scope of the present paper, we also considered all
the availableINTEGRALdata collected in 2010 in the direction
of GX3+1. The dataset included “science windows” (SCWg), i.
the INTEGRALpointings with typical durations of-2 ks each,
from satellite revolution 895 to 981. All data were analyamd
using version 10.0 of the OSA software distributed by the CSD
(Courvoisier et al. 2003). We used data from IBIS/ISGRI @0—
keV, [Lebrun et al. 2003; Ubertini etial. 2003) in which the meu
was located to within 12° from the center of the instrumerid fid
view (FoV), thus avoiding problems with calibration uneénties.

We also extracted JEM-X1 and JEM-X2 (Lund etlal. 2003) data
from the same set of SCWSs. The ISGRI (JEM-X) response matri-
ces were rebinned in order to have 37 (32) energy bins spaitimén
range 20-180 keV (3—-35 keV) for all spectra. This optimizeel t
signal-to-noise (S/N) of the data.

We fitted simultaneously thEMM-Newton(RGS and EPIC-

L http://ixmm2.esac.esa.int/docs/documents/CAL-SRNBARD. ps.gz



pn) andINTEGRAL(JEM-X1, JEM-X2 and INTEGRAL/ISGRI)
spectra, usinggsPECV. 12.8.2 (Arnaud 1996). We selected the en-
ergy ranges 0.9-2.0 keV, 2.4-10.0 keV, 10.0-20.0 keV an@-20.
50.0 keV, for RGS, EPIC-pn, JEM-X1, JEM-X2 and ISGRI, re-
spectively. We ignored the EPIC-pn channels at energiesritvan

2.4 keV as we found a soft excess which was not reconciled with
the RGS data, suggesting that the EPIC-pn calibrationgitingrs
certain below this energy (intern¥MM-Newtonreport CAL-TN-
008@]; see also Piraino et al. 2012).

We introduced a multiplicative constant model in each fit in
order to take into account the diverse flux calibrations efdhn-
sidered instruments and possible differences on the flugezhby
non simultaneity ofXMM-Newtonand INTEGRALobservations.
We fixed to 1 the constant for the EPIC-pn spectrum and allowed
the other constants to vary. In general, the range of thiames
ter is consistent within 1% for the RGS instruments and does not
vary more than~ 20% for the INTEGRAL/ISGRI and JEM-X, in
comparison with the EPIC-pn constant.

3 SPECTRAL ANALYSIS

The aim of the spectral analysis presented here is to pravitar-
acterization of the X-ray emission from GX 3+1 in a broadband
energy range. We are particularly interested in the relaatom-
ponent whose properties can be accurately described ongyn wh
the overall continuum is well constrained. Previous worksy(
Seifina & Titarchuk 2012) have shown that the high energy com-
ponent of GX 3+1 is weakly variable.

We analyse the 2018MM-Newtorobservation with a net ex-
posure time of 55 ks. In Figufé 1, we show the total light ctirve
the 0.3-10 keV energy band: during the exposure, a type t,burs
which characterizes the temporal properties of the sowas,ob-

served and GX 3+1 presented also an unambiguous evidence of

flux variability on timescales of- 5 ks. To test the contribution
of the burst in the spectral parameters, we fit RGS and EPIC-pn
spectra (with and without the burst time interval) adoptingelf-
consistent model, as showed in secfion 3.1, and we find tleat th
X-ray burst does not affect our spectral parameters. Faetingo-
ral variability, we instead investigate if such varialyilitould also
drive spectral changes. To test this, we follow two altaveagp-
proaches based both on temporal and flux variability: in thes fi
one, we split the observation in 11 temporal segments of a&ls;e
while, in the second one, in order to further improve the akgn
to-noise ratio, we divide the observation in three flux bohseg-
ments (low flux € 370 cs '), medium flux (betweeA70 cs s™*
and 400 cs's') and high flux & 400 cs s°1)) and with a similar
amount of collected counts. We extract an EPIC-pn spectpiles,
up corrected, for each segment and we fit the obtained spectra
the 2.4-10 keV energy range, where the calibration of theuns
ment is more accurate. We adopt a simple comptonization imode
based on anTHcomP(Zdziarski et al. 1996) plus a relativistic line
(DISKLINE,|[Fabian et al. 1989; see below for more details). We find
that all the spectral parameters inferred by the spectedysis are
consistent within the uncertainties (at 8onfidence level). We thus
report in the following only on the average spectrum of thelwh
XMM-Newtonobservation.

We note that the Monitor of All-sky X-ray Image (MAXI)
telescope observed GX 3+1 in a quiete stationary flux level in

2 http://xmm2.esac.esa.int/docs/documents/CAL-TN-Q0$3
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Figure 1. XMM-NewtoriEEPIC-pn lightcurve in the 0.3-10 keV energy
range, corrected for pile-up excising the brightest cémtslumn and sam-

pled with bins of 20 seconds. A type-I burst and clear timeatmlity are
observed.

phabs(bbody+nthcomp)
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Figure 2. Unfolded E2f(E) XMM-NewtodEPIC-pn plack, XMM-
NewtorlRGS spectraréd andgreer), INTEGRALIEM-X1 and X2 ¢yan
andmagenty, andINTEGRALUISGRI (blue). The dashed curves represent
the BBODY and theNTHCOMP components (see text). For display purpose
only, RGS data have been rebinned with a minimum ef 26d maximum
number of energy channels of 20.

the 10-20 keV energy band during the entire 2010, with awerag
variability lower than a factor of 2. Therefore, we also diecto
stack all the available 2010 INTEGRAL observations of GX 3+1
in order to improve the signal-to-noise ratio in the band500-
keV. In addition, this choice allows us to collect very highatjty
data for a period which is reasonably close to KidM-Newton
observation. However, although the flux variability was ited
during the 2010, we verify that also the spectral variapiitas
negligible during the year: we compare the INTEGRAL spectra
(both ISGRI and JEM-X instruments) obtained by stacking the
data of the whole year and those obtained by stacking the data
of about 100 days centered at tK&IM-Newtonobservation. We
select 100 days as a test in order to have a good quality cgunti
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Table 1. Best fit spectral parameters obtained with the absorbedncmumh BBODY+NTHCOMP+POWERLAW model. Column 1, 2, 3 and 4 refer to best fit
models where the reflection component is describedBySSIAN, DISKLINE, RFEXCONV or REFLIONX models, respectively. Errors are at’®@or each

parameter.

Model Component 1) ) 3) 4)
PHABS Ny (10?2 cm=2)e 2191008 21707 2.0110-0% 2.0270 0%
BBODY KTy (keV)? 0.541962 0.57+052 0.501001 0.601551
Norm. (L0~3)¢ 20.210-3 17.9702 55709 10.2707
NTHCOMP KT, (keV)? 3.0;%:% 341j_r§:§ 2.25}%:%2 2.21;%:%@
re 2.7+0. 2910 177+ 1.8070:
KTof 1.2*?}153;? 1.26£85'8§ O.69+§:§g 0.92*%2‘2
Norm. (10-2)9 10,6701 10t 21+2 1242
" *—0.1 —1 -2 -2
POWERLAW I'° 47192 4.075:8 3.3670-29 3.3793
+0.4 —+0.7 +0.1 +0.1
Norm. 9 21775 15754 1.2755 0.9
GAUSSIAN  Energy (keV¥ 2.68"9-0 - - -
o_’i 0.06'—0'05 ~ - _
—0.04
_ i 0.5
Norm. (10—3)7 0.7t05 - - -
GAUSSIAN  Energy (keV¥ 3.3779-0 - - -
ot 0.14+0:03 - - -
Norm. (10~3)7 1.379-% - - -
0.02
GAUSSIAN  Energy (keV} 3.987*0.Og - - -
ol o 0.12583183 - - -
Norm. (10~3)J 0.8t0 % - - -
0.02
GAUSSIAN Energy (keV} 6'6gt8'8§ - - -
ot ) 0'35%02:02 - - -
Norm. (10—3)J 24703 - - -
DISKLINE Energy (keV} - 2.6415-02 - -
_ i 0.4
Norm. (10~3) - 161075 - -
DISKLINE  Energy (keV} - 3.3279-02 3.3270-02 3.3570-02
—3\j 0.2 0.2 0.2
Norm. (10~3) - 1.5792 1.2492 0.8t52
DISKLINE Energy (keV} - 3.95"0-02 3.98"0-02 3.9779-02
- i +0.2 0.2 0.1
Norm. (10~3) - 1.1453 09102 06797
DISKLINE  Energy (keV¥ - 6.65"0-02 - -
—3\7 0.2
Norm. (10—3)J - 25107 - -
RDBLUR Betor10* - -2.637052 -2.3070:98 21701
Rin (Ry)’ - 323" 7 79
Rout (Rg)™ - 104 104 104
Inclination (degree) - 41+ 354107 3513
RFXCONV Fe/solaf - - =1 (fixed) -
Log¢? - - 2.7770-08 -
Rel,.. s (srft - - 0-22t8:85§ -
HIGHECUT  CutoffE" - - - =0.2 (fixed)
FoldE® - - - =2.7x kTe
REFLIONX Fe/solaf - - - =1 (fixed)
Loge? - - - 2.947099
_ J055
Norm. (10~6) ¢ - - - 12.270%
x2/dof* 2126.22/1674 2091.52/1675 2132.25/1677 2142.65/1677

a Neutral column density’, Blackbody temperature’; Normalization of thessoDY in unity of ng/DfOkpc, whereLs3g is the luminosity in unity of 18°

erg s~ and Doy, is the distance in unity of 10 kpé; Electrons temperature of the coroi@hoton indexy Seed photons temperatufeNormalization
of NTHCOMP; " Energy of the line¢ Broadening of the linel Normalization of the line¥ Power law dependence of emissivityinner radius in units of
gravitational radii ;" Outer radius in units of gravitational radiiyR™ Inclination angle of the binary systerfiRatio of Iron and Hydrogen abundanée;
Logarithm of the ionization parameter, with the latter egsed in units of erg cng; ¢ Solid angle (2/27) subtended by the reflector as seen from the
corona;” high energy cut-off of the reflection component, set as Meésithe electron temperature of the comptonisation médelding energy of the
cut-off; * Normalization of theREFLIONX component¥ reducedy?;



statistics. No significant spectral variability is detetteThe
total exposure times of the INTEGRAL instruments is then 700
ks, 64 ks and 390 ks for ISGRI, JEM-X1 and JEM-X2, respedfivel

We initially investigate the spectral properties of GX 3+1
adopting a model consisting of an absorbediABS in XSPEQ
blackbody §BODY) plus a comptonizing componemitHCOMP),

as it was shown in previous works to be a good representa-
tion of the source X-ray continuum (e.g. Mainardi etlal. 2010
Seifina & Titarchuk 2012;; Piraino etlal. 2012). We find a ndutra
column density () of ~ 1.6 x 10?2 cm™2, using the abundances
of |Anders & Grevesse| (1989). At soft energies, a blackbody
component with a temperature (§) of ~ 0.6 keV is observed
and it can be associated to a hot accretion disc as the idferre
emission radius i88 + 2 km, which allows us to exclude emission
from the surface of a 1.4 M NS. The comptonizing component
can be instead described by an electron temperatur® (KT~ 2

keV, a seed photons temperature (K®&f ~ 0.2 keV and a photon
index of 1.4. This corona probably originates in the inngjioes

of the disc or more likely in the boundary layer. This model
provides a poor fit ¥*/dof=4881.49/1688; Fig[]2), although
we note that it should be the best choice for the continuum.
Indeed other similar spectral continuum models, for exampl
as BLACKBODY +POWERLAW or a cold DiskeB (Mitsuda et al.
1984) plus a hotBLACKBODY, were tried but they gave sig-
nificantly worse statistical resultsy?/dof=112812.0/1700 and
x>/dof=5063.76/1690, respectively). However, the poor fit of
the BB+NTHCOMP model is not surprising because residuals
from the fit are observed at 2.6, 3.3, 3.9 and 6.4 keV, due to
not modelled emission lines. We also notice the presencenof a
excess at energies higher than 15 keV. In order to improve the
fit, we firstly introduce fourGAUSSIAN components letting the
broadening €) to vary freely amongst the lines. An improvement
in the fit is found §?/dof=2261/1676) and the measured centroid
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sistent with~ 3.4. Although the former is statistically better, the
photon index of the latter may be more likely.

We subsequently substitute the fasirusSIAN models with
relativistic broadened emission featur@sqKLINE in XSPEQ), in
order to test the goodness of the relativistic reflectioarimtetation.
For all the lines, we kept tied the inner disc radius,{Rthe outer
disc radius (R..:), the inclination angle and the emissivity index of
the illuminating sourcebgtor10). We remark that the spectral fit is
insensitive to the outer disc radius parameter, hence wi¢fiefzen
to the value ofl0* gravitational radii (R = 2GM./c?, where
M, is the NS mass). These models provide a significant improve-
ment if compared with the simpleaussiaN models §?*/dof =
2091.52/1675) as would be expected if the lines are produced as a
result of reflection (see Sectibh 1). We found that the enefdlye
lines are consistent with those previously determined thighgaus-
sian models and the relativistic parameters indicate teasystem
is inclined with an angle ofv 41°. In addition, our results sug-
gest that the inner accretion disc is possibly truncatedydvesn
the innermost stable circular orbit {R~ 31 R,), confirming the
findings off Piraino et al.| (2012). However, we propose thatafo
truncation radius of~30 R;, we would expect an inner disc tem-
perature of~ 0.3 keV which significantly differs from the 0.5 keV
temperature found by the spectral analysis and, in paatictd its
corresponding emission radius 2 + 2 km, (assuming a distance
of 6.1 kpc), i.e~11 R,. We note how this result may be affected by
the simplicity of the spectral model and it suggests thaatiepted
reflection model cannot provide a coherent picture for theéeon
lying physics of the accretion processes in GX 3+1. Theestor
self-consistent model appears to be the best choice fopteral
analysis of the source.

3.1 Self-consistent models

The existence of four relativistic emission features sstg¢hat

energy lines is 2.71, 3.33, 3.97 and 6.66 keV. These lines can they are produced by reflection of hard photons from the sur-

thus be associated with S XVI, Ar XVIII, Ca XX (or XIX) and
Fe XXV. The emission features are broad, with widths conepris
between~0.1 and 0.3 keV (Fig]3, top-left). This confirms the
results of Piraino et al. (2012), although we note that weslmeen
able to identify also the S XVI line, which is only marginalgen

in the spectral residuals of their work but statisticallgrsficant

in our (Ax2=71 for 2 additional dof). Furthermore, we add that
the NTHCOMP parameters are now changed: the photon index,
the electron temperature and the seed photons temperatire a
increased to 2.7, 3 keV and 1.2 keV, respectively (see Tdble 1

The presence of an excess in the residuals from the fit at en-

ergies lower than 15 keV was not affected by the introductibn
the lines. Therefore this may be the evidence that it is predu
by an additional spectral component that we tentatively ehod
with a POWERLAW. Hard powerlaws are not unusual in accret-
ing NS (e.g. Di Salvo et &l. 2000, 2001; laria ef al. 2001 datial.
2001b; di Salvo et al. 2004; Paizis etlal. 2006; Piraino e2@07;
Migliari et all 2007), although it has never been clearlyesksd

in the spectra of GX 3+1. The introduction of this componegt s
nificantly improves the fitX?/dof=2126.22/1674) and, hereafter,
it will be considered in all the spectral fits as its presersali
ways statistically significantx? > 70 for 2 additional degree of
freedom). We find that the photon index is very ste¢ff & 0.5)
and it is not able to completely flatten the high energy excé&s
note however that a fit, with a slightly worse statisticahsfigance
(Ax? ~ 10), can also be found, when the photon index is con-

face of the accretion disc. This makes GX 3+1 one of the most
intriguing sources to be studied adopting self-consisteatlels
which describe the reflection continuum component and the di
crete features in accordance with the chemical composition
the accretion disc. To accomplish this study, we make use of a
commonly used self-consistent model: thiexCONV convolution
model (Kolehmainen et 8l. 2011%FXCONV depends on five pa-
rameters: the relative reflection normalization.sgl, the redshift

of the source, the iron abundance relative to Solé¢ /(Solar),
the cosine of the inclination angle and the ionization patem
(Logé) of the disc reflecting surface. We convolve this model with
theNTHCOMP and thePOWERLAW models, as they are the contin-
uum source of hard photons of the spectrum. We further ceavol
the RFXCONV component with a relativistic kerneRPBLUR in
XSPEQ to take into account relativistic distortion due to a ristgt
disc close to a compact object. R&xCONV does not take into ac-
count the presence of Ar XVIIl and Ca XIX features but only Hee
and S lines (which are more abundant), we include BASKLINE
components for them. In particular, we link the parametémsm
BLUR to those of theDISKLINE. We note that the Iron line is the
strongest emission feature in the spectra and it drivespbetial
parameters of the other lines. However, when the lines &ride

to vary independently, the spectral parameters convengarts
values consistent within the errors. It suggests that allittes have

a common origin. The best fit with this model does not intreduc
any significant statistical improvement¥/dof =2132.25/1677,
see Tablé]l-columgt3 and figurd Beottom-lefy with respect to
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Figure 3. Unfolded E2 f(E) XMM-NewtoEPIC-pn plack), XMM-NewtolRGS spectraréd, first order, andgreen secondo order)NTEGRAIIEM-X1
and X2 gyanandmagenta andINTEGRALULISGRI (blue). The top panel shows the best fit with thaussIAN (top-left) orbISKLINE (top-right) models; the
bottom panel shows the best fit with tkexconv (bottom-left) orReFLIONX (bottom-right) self-consistent models. The dashed curepsesent theBoDY
(light blue), the NTHCOMP (light red), the POWERLAW (dark grey, the GAUSSIAN or DISKLINE (purple) and the self-consistenbifange components. For
display purpose only, RGS data have been rebinned with amamiof 20> and maximum number of energy channels of 20.

the DISKLINE model but allows us to give a more physical inter-

is now less extreme than that found in the previous sectiod){

pretation of the spectrum of GX 3+1. We find that the solid an- and it is able to fit satisfactorily the high energy excesssTé-
gle (2/27) subtended by the reflector as seen from the corona is sult suggests that the continuum reflection component igine

0.22 + 0.5 steradians, confirming the expectations of Dove et al.

(1997), which estimated a solid angle of 0.3 for a spherieaing
etry. We find also that the logarithm of the ionization partenef
the disc is~ 2.8, which can widely explain the ionization state of
the four emission lines observed in the spectrum. The iatibn
angle of the system is found to be consistent with 35°. The iro
abundance is compatible with the solar value (assumed t ag 1
the fit was almost insensitive to this parameter and, for rthés
son, we kept it fixed to unity. However the broadband continuu
with the introduction of this self-consistent model, isrsfggcantly
changed: the photon index of thdHCcOMPis decreased te- 1.8

as well as the electron temperature whickif.3 keV. In addition,
the most significant change is seen in fvERLAW photon index
and seed photons temperature which are decreased towasds
and~ 0.7 keV, respectively. The photon index of tRewERLAW

to model correctly the broadband continuum. In additiom, it
ferred inner disc radius is consistent with ¢ Bnd hence largely
discrepant in comparison to the simgleskLINE model. This lat-
ter result is definitely more consistent with the tempemufrthe
disc (i.e.~0.5-0.6 keV) and with its corresponding emission ra-
dius of ~ 15 + 2 km, i.e.~7 R,. Furthermore, we note that the
seed photons temperature and the blackbody temperatuvergre
similar, suggesting that the inner region of the disc is thece of
seed photons for comptonization and that, more likely, fiteally
thick corona is the boundary layer.

To validate our interpretation, we test another widely used
self-consistent model: titreFLIONX model (Ross & Fabian 2005).
The powerlaw photon index of ttREFLIONX component is tied to
the photon index of theTHcompP model, which appears to be the
dominant source of hard photons (see Fidire 3). We then bavo



the REFLIONX model with a relativistic kernelRDBLUR, and also
with aHIGHECUT model in order to limit the spectral extension of
the REFLIONX model and mimic the roll-over of the comptoniza-
tion component. The folding energy is fixed at 0.2 keV while th
high energy cut-off is linked to the electron temperaturénefNTH-
compP model. The parameters of tleDBLUR are then linked to
those of thepISKLINE models used for the Ar XVIII and Ca XIX
lines.

Not surprisingly, the best fit with this model is statistigal
consistent with the previous ong¥/dof=2142.65/1677, see Ta-
ble[, column#4 and figurd_Bpottom-righ), as well as the spec-
tral findings. We note that the reflection component is preduc
by chemical elements with a logarithm of the ionization~d?.9,
reasonably consistent (within the uncertainties) withRRECONV
estimate. The inclination angle of the system is estimatgdnao
be 35°. The relativistic parameters are also in line witharexious
ones, and we find an inner disc radius roughly consistent thih
innermost stable circular orbit. This confirms that texconv
andREFLIONX models give results consistent with each other and
are clearly reproducing the same type of reflection procedga-
ometry of the accretion flow, reinforcing our interpretasoand
conclusions.

It is important to mention that the self-consistent reflacti
models that we used in this work do not take into account thendir
Ca lines which appear to be important in the spectrum of GX 3+1
For this reason, in order to further investigate the natditbe Ar
and Ca lines, we also tried tiReLXILL model (Garcia et al. 2014,
i.e. the relativistic version of theiLLVER model); this is currently
the only self-consistent reflection model including Ar aralt@n-
sitions and is, therefore, the best model to fit these lowggnlares.
We tested the latest public version of this model (v0.2g) nehfer
and Ca transitions are included but it is not possible to pede
dently vary their element abundances. The residuals, wipeact
to the best-fit, still point to an unaccounted excess at tleegies
of the resonant lines, suggesting a possible overabunadnicese
elements. We find, from theiskLINE models, that the ratio of the
equivalent widths of the Ar (Ca) line with respect to thatlef Fe is
~10 (13y%. Using the simple calculations showed in Di Salvo et al.
(2015), we might expect an overabundance of these element$ o
times the solar abundance. We note only that, in the GX 3+&-spe
trum, they are highly statistically significant and, in adul, these
lines are very often found iXMM-Newtonspectra (and perhaps
also inSuzakwspectra, see Di Salvo etlal. 2015) of bright LMXBs.
In conclusion, at this moment we cannot infer any unambiguou
indication about the abundance of these elements, whiahtode
further investigated with suitable reflection models.

Finally, we discuss the importance of thewERLAWcOMpo-
nent: we verified that, without such a component, the fits st
consistent models would provide unphysical results. Iti@aar,
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is related to the seed photons temperature (5 keV) and the
blackbody temperature~( 0.9 keV) which are, however, simply
reversed if compared with the previous ones.

4 DISCUSSION AND CONCLUSIONS

We analysed &MM-Newtonobservation, taken in timing mode,
with the aim to investigate the reflection properties of tleesfs-
tent accreting NS GX 3+1. In addition, we also made use ohall t
availableINTEGRALobservations collected from January to De-
cember, 2010. The whol®NTEGRALdata were stacked together
to improve the signal-to-noise ratio. We have been ableudysthe
X-ray emission from the source in the energy range 0.9-50G&V
3+1is abright, accreting NS located in the direction of tlaa@tic
center. We estimated an unabsorbed total flux-af x 107 erg
cm~2 s7! and a luminosity ok~ 3x 10°7 erg s™* (for a distance of
6.1 kpc). This corresponds t020% of the Eddington luminosity.
The source is characterised by a complex spectral shapasyith-
metrically broadened emission features which were aswatia
reflection of hard photons from the surface of the accretisn.d
They were identified with the transitions of Iron, Calciunrgan
and Sulphur in H-like ionization state. We described theopp
erties adopting either simpleAUSSIAN or DISKLINE models, or
self-consistent models. Our results with theSKLINE models are
consistent with the previous work of Piraino et al. (201%h@ugh
the disc temperature is significantly lower in our workQ(.6 keV
versus 0.9 keV) possibly due to the use of the RGS data. How-
ever, such models do not provide a global picture for theedimr
mechanisms on GX 3+1. On the other hand, the spectral param-
eters obtained adopting self-consistent models are mdrerent
with each other and therefore, hereafter, we discuss thetsesf
the self-consistent models as they provide a more physitaidre-
tation of the X-ray emission from GX 3+1.

We modeled the continuum with a blackbody, more likely as-
sociated with the accretion disc, and a comptonizing corapbn
The latter component is described by a cold £ keV) electron
population having a relatively flat spectrufi (~ 2) which de-
creases rapidly above 20 keV. This component is dominant-at e
ergies between 1.5-30 keV, corresponding to aboti @dthe to-
tal flux emission, and the stability of this high energy comgat
has been widely investigated (€.g. Seifina & Titarchuk 20TRjs
makes feasible our choice to stack all the availdRIEEGRALob-
servations. Such a component is probably produced in thsitien
layer around the NS and can partially cover the inner regibiise
disc (Seifina & Titarchuk 2012). The accretion disc is indteal-
atively hot (~ 0.5-0.6 keV) and we inferred an emission radius of
15 £ 2 km, suggesting it is close to the compact object, and with
a temperature which is very similar to the seed photons teampe

the BLACKBODY temperature would have been decreased toward ture of the optically thick corona, strongly supporting theation

lower temperatures~(0.15 keV) although R, was still close to 6
Ry. Such a low temperature could only be consistent with a kighl

of the corona close to the NS. In addition, we identified afstee
powerlaw componenfl{ ~ 3.4) that does not show any indication

truncated accretion disc, which does not seem the case for GXof a high energy cut-off and that is predominant at energigisen

3+1. For completeness, we mention that we also tried amaltige
model of the continuum in which the seed photons for comptbni
tion were considered as originating from an accretion digtvaith
a blackbody component associated to a hot boundary layeiNS
face emission (“Western” model, e.g. White et al. 1988). Stads-
tics of this model is marginally worsect /dof= 2157.16/1677)
than the continuum model adopted above, but the resultsdiega
the reflection parameters and the significance of the hare paw
are totally in line with those previously found. The onlyfdience

than 30 keV. It is the first time that this component is obserive
GX 3+1 and we found that it contributes to around26f the to-
tal flux. Hard powerlaws, also known as hard tails, are comynon
seen during both low/hard and high/soft states of accrdilagk
holes (McClintock & Remillard 2006) and also in a number of ac
creting NS (e.g._Di Salvo et €l. 2000, 2001; D’Amico etlal. 200
laria et all 2004; Di Salvo et al. 2006; Paizis €t al. 2006; DeAal.
2007; Tarana et &l. 2007; Piraino ellal. 2007). However tbper
ties of the hard tails are different according to the spéstate in
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which they are observed. In particular, during the low/hstates,
they dominate the broadband spectrum and peak above 100 ke
showing a cut-off at high energy which suggests an undeglyin
thermal process (e.lg. McClintock & Remillard 2006). On thigeo
hand, during the soft states, the hard tails are weak ang oaly

a few percent of the total flux emission and they do not present

high energy cut-off. These can be explained as either beiag p
duced in a hybrid thermal/non thermal medium (Poutanen &iCop
1998) or by the bulk motion of accreting material close to Mg
(e.g.lTitarchuk & Zannias 1998). An alternative scenarigpoises

a mechanisms of Comptonization of seed photons by relatiyis
non thermal, electrons in an outflow (elg. Di Salvo et al. 3000
or synchrotron emission from a relativistic jet moving otrh
the system(Markoff et al. 2001). In the latter case, radidgssion
should be observed (elg. Migliari et al. 2007; Homan &t ab420
According to the fact that GX 3+1 is more likely in a high/soft

state and the powerlaw is weak and does not show any spectral

cut-off, we suggest its hard tail is similar to those foundiniy the
high/soft state of the Galactic accreting systems. Howeneradio
emission has still been observed in GX 3i+1 (Berendsen|e®@f)2
and a combined campaign of X-ray and radio observationsadvoul
be required to clarify the accretion mechanisms.

In addition to the continuum components, GX 3+1 is charac-
terized by four broad emission lines which are associateélts
tivistic reflection of hard photons from the surface of thecdiWe
inferred an inclination angle of system and a logarithm efitn-
ization parameter of the accretion disc consistent witha8&f 2.8,
respectively. The inferred ionization parameter is in agrent with
the H-like nature of the discrete features of the S, Ar, Cafad
that we found in the GX 3+1 spectrum. The accretion disc issmor
likely responsible for the reflection component and the ehagf
the emission lines are strongly dependent on the undertongn-
uum, therefore a good modelling of it can support more roboist
clusions about the spectral interpretation. We argue teastudy
of the relativistic emission features of GX 3+1 with simpleep
nomenological models (e.@JSKLINE) provides misleading inter-
pretations of the accretion processes. In fact we foundtledahner
disc radius was consistent with 30 Ry, suggesting that the disc
is truncated away from the NS: however this is difficult tomec
cile with a disc temperature of 0.5 — 0.6 keV, as well as with
the lack of X-ray pulsations probably reflecting the low meiim
field. The self-consistent models (batiFxCONV andREFLIONX)
instead point towards more physical results: the reldiiigflec-
tion is produced at a radius ef 10 R, which is now highly con-
sistent with the disc temperature of 0.5-0.6 keV{& — 0.9 keV,
applying a color correction factor of 1.7). Furthermore tlisc and
the reflection components contribute, together, t% 19 the total
flux. We also finally note that the Ar and Ca lines in GX 3+1 are
possibly over-abundant with respect to the solar one artiefur
analyses and investigations are needed to better underdiein
nature.

We therefore conclude that the broadband spectral pregerti
of GX 3+1 are complex and well described by a combination of a
hot accretion disc and optically thick and thin coronaellikbe
sources of the hard photons responsible for the strong tieflec
component.

Although robust, our analysis was limited by the fact that
the XMM-NewtonandINTEGRALdatasets were not simultaneous.
Therefore we strongly encourage further investigation ¥f %31
with the support of broadband X-ray satellites suctfsagakuand
NuSTARnN order to provide a confirmation of the interpretations of
the spectral results.
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