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ABSTRACT

When the EPIC-pn instrument on boa¢iM-Newtoris operated in Timing mode, high count
rates (> 100 cts s™1) of bright sources may affect the calibration of the eneples result-
ing in a modification of the real spectral shape. The comestirelated to this effect are then
strongly important in the study of the spectral properfiests of these calibrations are more
suitable in sources which spectra are characterised byga faimber of discrete features.
Therefore, in this work, we carried out a spectral analythe accreting Neutron Star GX
13+1, which is a dipping source with several narrow absorplines and a broad emission
line in its spectrum. We tested two different correctionragghes on akMM-NewtorEPIC-

pn observation taken in Timing mode: the standard Rate DipdrCTI (RDCTI orepfas})
and the new, Rate Dependent Pulse Height Amplitude (RDPlaAkctions. We found that,
in general, the two corrections marginally affect the prtipe of the overall broadband con-
tinuum, while hints of differences in the broad emissiorlgpectral shape are seen. On the
other hand, they are dramatically important for the cedterergy of the absorption lines.
In particular, the RDPHA corrections provide a better eaterof the spectral properties of
these features than the RDCTI corrections. Indeed thealeséeatures observed in the data,
applying the former method, are physically more consistettit those already found in other
ChandraandXMM-Newtonobservations of GX 13+1.

Key words: accretion, accretion discs — X-rays: binaries — X-Raysaxgjak — X-rays: indi-
viduals

1 INTRODUCTION i.e. energy, which these bright sources deposit on the CCD ma
o ) ) affect the calibration of the energy scale. In particuladistorts

The calibration of the detectors used in astronomy is fur@em e observed spectral shape of the sources, altering thetiic

tal for the sake of scientific studies. However, the processehe results. In order to account for this effect, two approachese

basis of the calibrations are often complex especially fstru- developed: one is calibrated on the spectrum in Pulse bvari

ments which are onboard satellites. Indeed their calibmathave to (P1), assuming an astrophysical model of the spectrum i the

quickly evolve with time as the space environment does nafifa 3 keV energy band; while the other one acts on the Pulse Height

the stability of the instruments, for example due to the iotpéth Analyser information (PHA, Guainazzi 2013). The formejexh
micrometeorites, excessive irradiation by high energyigas or Rate Dependent Charge Transfer inefficiency (RDCTepfast
unexpected effects that were not observed on the groundisFoc  ainazzi et al. 2008, XMM-CAL-SRN-288, was historically de-

ing our attention to X-ray satellites, they are also highffieeted  yejoped to correct for Charge Transfer Inefficiency (CTH aray

by fluorescence emission lines produced by material in ttedlisa loading (XRL), although their energy-dependence is basedrs
environment when irradiated by X-ray photons. Furthermte verified assumptions (GuainazziSmith 2013, XMM-CAL-SNR-
calibration of the instruments are also carried out usingany 030F). Instead in the second approach, called Rate Dependent
source onboard of the satellite which produces only a fevesion Pulse Height Amplitude (RDPHA), the energy scale is catifda
lines and does not allow a precise calibration of the whokrgn by fitting the peaks in derivative PHA spectra correspondintie
range. Si-K (~ 1.7 keV) and Au-M ¢~ 2.3 keV) edges of the instrumen-

Here we focus our attention on the impact of the calibration tal response, where the gradient of the effective area ifatgest.
of the energy scale in the EPIC-pn instrument (Strider Cfl1)
on-board XMM-Newton|(Jansen et/al. 2001), when this instoim
is operated in Timing Mode and observing bright sourcesl (0 1 http://xmm2.esac.esa.int/docs/documents/CAL-SRNBARD. ps.gz
count s1). It has been noticed that the large amount of photons, 2 http://xmm2.esac.esa.int/docs/documents/CAL-SRN2EBG. pdf
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It also includes an empirical calibration at the energy ef titan-
sitions of theK, Iron line (6.4-7.0 keV, Guainazzi, 2014, XMM-
CAL-SRN-OSlE). The RDPHA approach avoids any assumption

creting NS GX 13+1. Data were reduced using the latest cal-
ibrations (at the date of April 25th, 2014) and Science Analy
sis Software (SAS) v. 13.5.0. At high count rates, X-ray load

on the model dependency in the spectral range around thes edgeing and CTI effects have to be taken into account as they af-

and it is also calibrated in PHA space before events are actede
for gain and CTI. In order to test the goodness of these cibores;
bright sources with a number of features (in absorption assiaon)
are needed.

fect the spectral shape and, in particular, they producenargg
shift on the spectral features. In order to optimize the data
duction, we generated two EPIC-pn events files, each on¢ecrea
according to the RDCTI and RDPHA corrections: for the RD-

To investigate these two approaches, we selected the brightCTI corrections, we made use of the standaptﬂastcorrectior@
source GX 13+1 as a test-study. GX 13+1 is a low mass X-ray adopting the following command:EPPROC RUNEPREJEGIYES

binary (LMXB) source which is a well known persistent aceret
ing neutron star (NS) at the distanceft 1 kpc. Its companion

is an evolved K IV mass-donor giant star (Bandyopadhyay'.et al
1999). In particular, GX 13+1 is a dipping source (Corbetiet a
2010;/ Diaz Trigo et al. 2012) which has probably shown mhcio
dips due to the orbital motion_(laria et'al. 2014) during thst|
decades. It was suggested that dips are more likely prodoged
optically thick material at the outer edge of the disc credtg the
collision between the accretion flow from the companion atat
the outer disc (e.d. White & Swank 1982) or by outflows in the
outer disc. The orbital period of GX 13+1 is 24.52 days, mgkin
this source the second LMXB with the longest orbital periftdra
GRS 1915+105.

The continuum emission of GX 13+1 can be described with
the combination of a multicolour blackbody plus a cold, epti
cally thick comptonisation component (elg. Homan et al. 4200
Diaz Trigo et al! 2012). Because the comptonisation iscaji
thick, it can be also approximated by a blackbody comporighi;
ening the fit calculation given that the properties of the ptaomis-
ing component (electron temperature and optical depth)sually
poorly constrained (Ueda et|al. 2001; Sidoli €t al. 2002;&Jedal.
2004). The spectra show also the existence of several apéer
tures (Diaz Trigo et al. 2012; D'Ai etal. 2014). These aseagi-

WITHXRLCORRECTION=YES RUNEPFASTFYES'"; for the RDPHA
corrections, we reprocessed the data using the commam: “
PROC RUNEPREJECTYES WITHXRLCORRECTION-YES RUNEP
FAST=NO WITHRDPHA=YES". The command RUNEPFAST=NO
WITHRDPHA=YES" has to be explicitly applied in order to avoid
the combined use of both corrections. We note that the adétiie
CTI (epfasj task is the latest released version and its effect on data
is dissimilar from versions oépfastolder than May 23, 2012.
Indeed the older versions combined XRL and rate-depend&ht C
corrections in a single correction, while they are now agpBepa-
rately, each with its appropriate calibration. Hence tHécations
due to differenepfastversions might provide different results.

For each EPIC-pn event file, we extracted the spectra from
events withPATTERNSK 4 (which allows for single and double pixel
events) and we sefFLAG=0' retaining events optimally calibrated
for spectral analysis. Source and background spectra Weneeix-
tracted selecting the ranges RAWX=[31:41] and RAWX=[3r8},
spectively. We generated the auxiliary files usarfgenand set-
ting “detmaptype=psf” and “psfmodel=EXTENDED", using the
calibration file “XRT3XPSF.0016.CCF” (Guainazzi et al., 2014;
XMM-CAL-SRN-OSlﬁ). EPIC-pn spectra were subsequently re-
binned with an oversample of 3 usisgecgroup

Finally, all RGS spectra were extracted using the standard

ated with a warm absorbing medium close to the source and pro- rgsproctask, filtered for periods of high background and grouped

duced by outflows from the outer regions of the accretion.dike
warm absorber is present during all the orbital period arghirtie-
come denser during the dips episodes, suggesting a cylahdiis-
tribution around the source. It also results more opaque paob-
ably cloudy, close to the plane of the disc. In addition, thecap-
tion lines associated to the warm absorber are producedgbyyhi
ionised species and indicate bulk outflow velocities~oft00 km
s (Ueda et al. 2004; Madej etlal. 2013; D’'Ai eilal. 2014).

with a minimum of 25 counts per noticed channel.

The RGS and EPIC-pn spectra were then fitted simultaneously
usingxsPECV. 12.8.1 (Arnaud 1996), in the range 0.6-2.0 keV and
2.0-10.0 keV, respectively.

We also compared the EPIC-pn data ©tendraobservation,
with Obs.ID 11814. In particular, we analysed the data ofHigh
Energy Grating (HEG) instrument onboattiandra Since the data
reduction and extraction process is described in D’Ai 5(2414),

Furthermore, a broad, emission component at the energy of we suggest the reader to reference that paper for moresietail

the K-shell of the Iron XXI-XXVI was found and interpreted as
reflection of hard photons from the surface of the accretiso d
(Diaz Trigo et all 2012). The broadness of the line has begn s
gested not to be produced by relativistic effects but by Gomp
broadening in the corona, although this interpretation esn
guestioned (Cackett & Miller 2013).

GX 13+1 is therefore an ideal candidate to test the RDCTI
and RDPHA calibration approaches as it shows a simple contin
uum characterised by a number of narrow absorption featunds
a broad emission line.

2 DATA REDUCTION

We carried out a spectral analysis on adBIM-Newtonobser-
vation (Obs.ID. 0122340901) taken in Timing mode, of the ac-

3 http://xmm2.esac.esa.int/docs/documents/CAL-SRN2EB 4. pdf

2.1 Pile-up

The source has a mean count rate in the EPIC-pn detecto(76)

cts s, close to the nominal threshold for pile-up effects, that is
> 800 cts s'* in Timing mode. In order to test the presence of
pile-up effects in the EPIC data, we initially made use of 875

tool epatplot It provides indications that the data are affected by
pile-up which can be widely corrected excising the thregHiri

est central column (RAWX=[35:37]). However, the best test be
done comparing the residuals of the spectra with none, bnee t
and five columns excised, where a fit with a same spectral model
is adopted. Hence we selected the range 2.4-10 keV of the four

4 http://xmm.esac.esa.int/sas/current/documentaticedtis/EPIC repro-
cessing.shtml
5 http://xmm2.esac.esa.int/docs/documents/CAL-SRN3EBB. pdf
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Figure 1. EPIC-pn spectra where aniléck), one ¢ed), three green) and
five (blue) columns were excised in order to test for pile-up effects.al¢o
show the residuals obtained adopting the medelBS* EDGE*(NTHCOMP
+ GAUSS) and fitting the spectra simultaneously. We found consistdre-
tween the spectra obtained when removing three and five edwhthe
CCD.

EPIC-pn spectra (RDPHA corrected) and we fitted them simulta
neously with an absorbedrHcompmodel (Zdziarski et al. 1996),
letting only the normalizations between the spectra fraatg. We

EPIC-pn RDPHA vs RDCTI corrections

keV2 (Photons cm2 s71 keV?)

Energy (keV)

Figure 2. Comparison of the unfoldedt(f (E)) EPIC-pn spectra in the
5-10 keV energy band, applying RDPHAl#ck spectrum) and RDCTI
(red spectrum) corrections. Both dataset are fitted with theiresponding
best fit modelsEDGE-PHABS (BBODY+NTHCOMP+6 GAUSSIAN) showed
in Table[1 and’R (the emission feature is taken into accoBelpw 5 keV,
the spectra are generally consistent. Instead, aboventieisttold, clear dis-
crepancies in the features and the continua are seen ($ge tex

3.1 Broadband continuum and narrow absorption features

In Table[d (columns#3 and 4), we show the best fit parameters ob-

also added an absorption edge and Gaussian models to take int tained with the continuum model described in the previogtice.

account some absorption narrow lines and a broad emissien i
(see next sections for major details). We obtained a redyéeaf

1.9 (x* = 874.93 for 451 degrees of freedom). We show the best
fit and its residuals in Figurgl 1. Inspecting the residugiecta
extracted after excising three and five columns are comsjsten-
firming that removing only three CCD column corrects for pile
effects. Therefore in the spectral analyses of the nextosectve
will only consider the spectrum extracted removing theghren-
tral column. We also highlight that the same findings hold &bs

the RDCTI corrected spectra.

3 SPECTRAL ANALYSIS

We analysed spectra extracted from RDPHA and RDCTI cordecte
event files and we adopted the same continuum for both of them.
The neutral absorption is described with theass model, using
the abundance of Anders & Grevesse (1989). The continuum is i
stead based on a blackbody compon@®dDY in XSPEQ plus a
comptonisation componenktHCOMP in XSPEG |Zdziarski et al.
1996). We note that leaving the seed photons temperatute.(RT
free to vary makes this parameter totally unconstrainegtefore
we linked it with the blackbody temperature, assuming thaseed
photons for comptonisation are provided by the inner regjafrthe
accretion disc.

We introduced a multiplicative constant model in each fit in
order to take into account the diverse calibration of RGSERIC
instruments. We fixed to 1 the constant for the EPIC-pn specttr
and allowed the RGS constants to vary. In general, this paterm
range does not vary more than%0n comparison with the EPIC-
pn constant.

RDPHA and RDCTI corrections give similar continuum parame-
ters: they are both well described bygaoDy with a temperature

of ~ 0.55 keV and the comptonisation component shows a marked
roll-over into theXMM-Newtorbandpass. Indeed, the electron tem-
perature (KT) is consistent with~ 1.2 keV, while the powerlaw
photon index ) lies at 1.0, although it pegged to the lower limit.

Not surprisingly, several features (in absorption and sioig
are clearly observed in the EPIC-pn spectra and we initrathgel
all of them with Gaussian components, follow|ng Diaz Treial.
(2012) and DAl et al..(2014). For the absorption lines, wedi at
zero the dispersion widths()) as they are narrower than the de-
tector sensitivity. All the best fit of the features are pdmd in
Table[2 and they are all statistically significant for therespond-
ing spectrum. An absorption line at 2.2 — 2.3 keV is found in
both spectra that we identify as the residuals of calibnagimund
the instrumental edge of Au-M at 2.3 keV. We also highligtatth
the residuals associated to these features are clearhgstrin the
RDCTI data (more than 1 than in the RDPHA spectrum (less
than %), suggesting that RDPHA calibrations provide a better cor-
rection at low energies. Other marginally statisticallgeutable
features may also be found in the RGS spectra, but they are not
taken into account as they are beyond the scope of this paper.
addition, an absorption edge at8 — 9 keV (associated to highly
ionised species of Iron, Fe XXI - XXV) is observed and it wasrth
included in the fit.

The absorption lines of the RDPHA corrected spectrum, or-
dered by energy as shown in Table 2, can be associated to Fe XXV
K, (6.70 keV), Fe XXVIK, (6.99 keV), Fe XXVKj (7.86 keV)
and Fe XXVI K (8.19 keV), respectively. Notably, the centroid
energy of these features are only marginally affected byctre
tinuum and are compatible with zero shift although the utadety
on them is of the order of 900 km s™'. In addition, we note
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Table 1.Best fit spectral parameters obtained with the absoBlseby+NTHCOMPmModel plusDiSKLINE or sc reflionx.The Gaussian lines and the absorption
edge are always taken into account. Errors are & 81 each parameter.

Model Component 1 col. removed
@ @ ® Q] ®) (6 U] ®)
RDPHA RDCTI RDPHA RDCTI RDPHA* RDCTI
PHABS Ny (1022 cm—2)e 2671005 2701008 2.6815 08 2.6815-02 2.001008  3.667005 34707
BBODY KTy (keV)? 0‘551?3;08%01 o.52t§;03%01 0.53t§;03%m 0541@%01 0.531“5;0;003 - 0.33t§;08%09
Norm.¢ 0.0367059"  0.03710-001  0.0347 5000 0.03770-%9 0.00270:50% - 0.02270-609
NTHCOMP  KTc (keV)? 14258218‘1‘ 1.1%82:3} 1.1%81;8; 14111(:32;83 1.2025:?1 1.201{%;%@ 1.1‘%81;8}
re 1oto 1.0 1ot% Loto 1.4470) 1.436*6“ 1410
kTo/ =KTyp =KTyp =KTyp =KTyp =KTyp 1.270% = KTy
DISKLINE  Energy (keVy - - 6.63"000 6.60"005
Betor10” - - -2.3770%° 243702
Rin (Ry)’ - - 1647, 62
Inclination (degreé) - - 90" 5, <21
Norm.™ - - 1.1r55x1072  6.9170 59 x10-3
HIGHECUT  cutoffE (keV)* - - - - 0.1 (frozen)
foldfE (keV)° - - - - 2.7xkT, (frozen)
h 0.1 0.3 0.1
RDBLUR  Betorl0” - - - - -2.822_*0_09 -2.5;0_4 -z.fz_*o_l
i i)
Rin (Rq) - - - - 7.0;61 101 3 15148
Inclination (degreé) - - - - 667, 521 > 60
REFLIONX  Fe/solaP - - - - 3.0, 3.0 3.0,
¢ (ergcms1)g - - - - <20 1060752 220"17
x?/dof" 904.01/836  891.08/836  900.26/834 885.94/834 923.56/835 29.42/836  922.98/835

1 EPIC-pn spectrum corrected for pile-up removing the cértrightest column® Column density? Blackbody temperature and seed photons temperature
of the NTHCOMP; ¢ Normalization of thesBBODY component in unity OL§9/D10kPC, whereL3g is the luminosity in unity of 18° erg s™1) andD1ggp. is

the distance in unity of 10 kpe Electrons temperature of the corotigPhoton indexy Seed photons temperature (usually equal teb)T Energy of the
relativistic line;” Power law dependence of emissivityinner radius in terms of gravitational radiug R Inclination angle of the binary syster¥;
Normalization of the model ikspPecunit; ™ low energy cut-off of the reflection componefithigh energy cut-off of the reflection component, set as 2.7
times the electron temperature of the comptonisation mé&dehtio of Iron and hydrogen abundanédpnisation parametef: reducedy? of the best fit
including the absorption/emission features shown in T@ble

x: the value pegged at its higher/lower limit; Two alternative models (with and withoeBobY component) are shown for this spectrum.

marginal hints of the K lines of S XVI K, (2.64 KeV), Ar XVIII of ~ 6000 and~ 30000 km s~ !, respectively, but they are larger
K, (3.30 keV) and Ca XXK,, (4.10 keV), but they are not statis-  than the velocities commonly observed in the dippers.

tically significant. However, these claims are only qualitative and might be mis-
On the other hand, the RDCTI corrected spectrum shows a '€ading. Hence, in order to better constrain the propedfethe
number of features whose energies are not consistent vaeth ~ Warm medium which is more likely responsible for the narrdw a
found in the RDPHA corrected spectrum. Indeed, we detedted a SOrption lines, we Sulet't”te the Gaussian models .W'thmR
sorption lines at 6.55 keV, 6.83 keV, 7.69 keV and 7.99 ke\¢ (se  9rid (Kallman & Bautista 2001). The selectedTAR grid depends
Tablel2). In Figurél2, we show the significant discrepanciebe on the cqlumn deqsnty of t_he warm gbsort_)er, its |or_1|sat|uellang|
centroid energies of absorption lines in the RDCTI and RDPHA it redshift/blueshift velocity. The dispersion veloagynot a vari-
corrected spectra. Hence, those found in the RDCTI dataidsil  @ble parameter of the grid and is fixed to zero. In Table 2, we/sh
either different line species or miscalibrations of therggescale that for the RDPHA spectrum the warm absorber column derssity
with one of the two corrections. We add that the energy limes i about an order of magnitude higher than that of the RDCTI-spec

the RDCTI spectrum do not appear to be consistent with known rum (60 x 10%% cm™* vs 4 x 10* cm~?). The ionisation is also
rest frame absorption lines: we might claim that the higkesrgy clearly higher for the RDPHA spectrum-(4.2 vs ~ 3.4).

line (7.99 keV) can be associated to the same Fe XXYIliKke of This latter result is consistent with the energy of the Irdges
the RDPHA corrected spectrum, but with a high redshiftq500 found in both spectra. Indeed, the edge in the RDCTI cordecte
km s~1). Adopting a similar argument also to the lines at 6.55 keV spectrum is at 8.4 keV, which energy may be associated toerlow
and 6.83 keV, and associating them to Fe XXV and Fe XXVI, we level of Iron ionisation (Fe XXIII-XXIV) if compared to the B-
would expect a redshift of- 6000/7000 km s *. On the other PHA corrected one~ 8.8 keV, Fe XXV). In addition, we note that
hand, a similar approach can be applied to the line at 7.6%kaly if the RDCTI edge is associated anyway with the Fe XXVI or XXV
if associated to Fe XXVK g, would be redshifted of- 4000 km K-edge, we should consider a high redshift {5000 km s'). On
s, Alternatively, the lines at 6.83 keV and 7.69 keV might be as the other hand, this redshift is not consistent with the gtife of
sociated to blueshifted lines of Fe XXV and Fe XXVI with veikyc 2600 km s™! found with thexsTAR model (Tabl€R), unless to hy-
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Table 2. Best fitting absorption features evaluated adopting a Gauss
XSTAR model and introducing an absorption edge. Errors are @ 80
each parameter.

Model Component 1 col. removéd
RDPHA RDCTI
EMISSION FEATURE
GAUSSIAN  Ejjne (keV)® 6.697007 6337008
oy (keV)P 0.34%0:1 0.2470:1
¢ c +0.02'08 _3 +n.01'08 —2
Norm: 59792 x 10 12791 x 10
ABSORPTION FEATURES
GAUSSIAN®  Ejjpe (keV) 2260005 222008
Norm. 6.2703 x 1073 1.6705 x 1073
GAUSSIAN  Ejpe (keV) 6.7010-02 6.5510-0
Norm. 19T07T x 1073 16707 x 1073
GAUSSIAN  Ejine (keV) 6.997001 6.837002
Norm. 26704 x 1073 1.870% x 1073
GAUSSIAN  Ejine (KeV) 7.86f8:8§ 7.69700%
Norm. 11103 x 1073 11703 x 1073
GAUSSIAN  Ejine (keV) 8.1970:05 799100
Norm. 9F3 x 1074 13703 x 1073
EDGE Ecage (keV) 8.7f§§06 &38}:%;;;
T 0.1375'05 0.277 g2
N4bs (1022 em=2)¢ 60720 4!
XSTAR Log(Eaps)© 4.240.1 3.41 £ 0.09
zabs (km S—l)f _330—260 _2600—1800

+500 +1300

L EPIC-pn spectrum corrected for pile-up removing the céntraghtest
column; @ Energy of the feature® Line width in keV ¢ Normalization

of the feature XsPEC units); ¢ columns density of the warm absorber;
© jonisation parameter of the warm absorbérblueshift velocity of the
warm absorberx This line can be associated to a residual of calibration
around the instrumental Au-M edge.

pothesize that the edge is produced near the compact olsjdct a
is affected by relativistic redshift. We finally mention thesTAR
leaves stronger residuals around 6.5-7.2 keV in the RDCH,da
suggesting that, in this spectrum, either the lines aredb(as the
dispersion velocity is fixed at zero) &ISTAR is not able to simul-
taneously well model all the lines present in the spectrum.

The XSTAR grid in the RDPHA spectrum provides instead a
blueshift of~ 300 km s™! which better matches the blueshift of
the absorption lines found in oth¥MM-NewtonandChandraob-
servations of GX 13+1 (we will discuss a direct comparisothwi
theChandradata in Sectioh 314).

3.2 Broad emission line

The comparisons in the previous section can be further dgtén
investigating the properties of the broad Iron emissioa.|iWe ini-
tially model it with a Gaussian component in which we left the
parameter free to vary, as the line is clearly broad. Howewer
limited its range to 0.7 keV, in order to avoid unphysicalues.

In Figure[3, we show the residuals of the best fit continuum
model and absorption features: a clear emission featueis, s
expected, atv 6 — 7 keV and we note that the spectral shape is
different adopting the two calibrations. This feature se¢msug-
gest that the RDCTI correction produces a marginally lessiph

RDPHA vs RDCTI, Iron line residuals

N o
T T i
=
e
—
et
—_—
—— -

Energy (keV)

Figure 3. Residuals of the best fit continuum model and absorptionifeat
in the 2.0-10 keV energy range, for the RDPH#ack and RDCTI (ed)

spectra. As expected, an emission line is clearly found &ét— 7 keV and
it displays a different shape for the two calibrations (&)t

cal energy of the Iron line (6.3 keV), which is expected to be o
served between 6.4 and 7.0 keV (depending on the iron iaoisat
level), although the error bars make the feature being stersi
with 6.4 keV, i.e. neutral Fe. We found that its broadness 8.3
keV. On the other hand, the RDPHA corrections provide angner
line of 6.6 keV which is (well) consistent with the energieaiid in
Diaz Trigo et al.|(2012) and D’Ai et al. (2014), and it candsso-
ciated to Fe XXV. However, its broadness is larger (0.7 keé\nt
that of the RDCTI corrected spectrum. We note that also tenin
sity is about a factor of 4 stronger than in the RDCTI data. The
discrepancy in the two spectra for the observed properfigkseo
broad Gaussian profile could be due either directly to therdv
calibration of the energy scale or to the difference in theeuly-
ing modeling of the continuum or also to a mismodeling of the |
itself.

However, as we have already shown that the continuum pa-
rameters are insensitive to the detailed calibration ofeahergy
scale and the width of the line suggests also relativistieasm
ing, we substitute the Gaussian model witlDesKLINE model
(Fabian et al. 1989) in order to describe a relativistic otita line.
This model depends on six parameters: the energy of thetliee,
radius of the inner and outer disR{, and R,..) in unit of gravita-
tional radius, the inclination angle of the system, the pelae in-
dex Betor1Q in the radial dependence of the emissivity, and finally
the normalization. We do not allow the energy line to go belitre
range 6.4-7.0 keV as it represents the lower and upper eliengy
of the K, Iron emission lines in all possible ionisation states.

In Fig.[4, we show the unfolded spectra related to the best fits
model. Although the shape of the lines appears differengeim-
eral, the continuum parameters are consistent within tioesewith
those inferred adopting the simple Gaussian line (see MHblEhe
emission energy line in both RDCTI and RDPHA data are consis-
tent with 6.6-6.7 keV (Fe XXV), while the emissivity indexasn-
strained between -2.4 and -2.6. In addition, although tferied
inner disc radius R;»,) is poorly constrained, our results point to-
wards R;, ~ 6 R, for both the RDPHA and RDCTI corrected
spectra, while the outer radius has been fixedd Ry as it was
unconstrained. The inclination angle is instead extrerdéfgrent
for the two corrections as a large inclination anglef0°) is found



6 Pintore et al.
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for the RDPHA corrected spectrum while, for the RDCTI coteec
spectrum, the inclination angle is consistent with a vatweel than

~ 30°. The latter result collides with the findings of dips in the
lightcurves of GX 13+1, which are usually observed in sosimgith
high inclination angles* 65°).

3.3 Reflection component

However, thedIskLINE model gives account of the shape of a sin-
gle emission line and does not describe the whole reflectitin-e
sion and this may lead to a wrong estimate of the inclination a
gle, for example. Hence, we refined our previous resultstsubs
tuting theDISKLINE model with a full broadband self-consistent
reflection model, i.e. theerFLIONX model (Ross & Fabian 2005).

It takes into account the reflection continuum and a set afrelie
features. The reflection component close to the NS should-be a
fected by Doppler and relativistic effects in the inner cegi close

to the compact object which are not included in the model.dden
we multiplied the reflection component by the relativistarmel
RDBLUR that depends on the inner disc radius, the emissivity in-
dex (Betor10), the inclination angle and the outer disc radius. The
latter has again been fixed 16* Ry, as it turned out to be uncon-
strained. In addition, we also introduced@GEHECUT component
which allowed us to physically constrain the highest eneegge

of the reflected emission. We fixed the low energy cut-off at 0.
keV, while the folding energy cut-off was tied to the electtem-
perature of the comptonising componenas<kT. since, for sat-
urated comptonisation, a Wien bump is formec~ai3 times the
electron temperature. Finally, we linked the photon indéxhe
NTHcoMP model to that of the reflection component.

In Figure[® and Tablel 1 (columis7 and 8), we show the best
fit parameters for the RDPHA and RDCTI corrected spectra. The
addition of the broad-band reflection component modifiestee-
tral description of the continuum, i.e. the parameters eftilack-
body and the Comptonized components. Not surprisingly Hte p
ton index of thenTHcoMP model pegged (or is very close) to 1.4,
since therRerLIONX model is not calculated fdr below 1.4. How-

ever, in the previous section, we found that the photon inafex
theNTHCcoMmPwould prefer to settle close to 1. Therefore, it is im-
portant to mention that the use REFLIONX might force the fit to
converge towards spectral parameters of the broadbanthaont
which are affected by this assumption.

We note that in the case of the RDPHA corrected spectrum, the
NTHCOMP component dominates in whole bandpass, with a black-
body emission stronger than the reflection one at energiesvbe
~ 4 keV. However, for this best fit, the ionisation parameterhaf t
REFLIONX is dramatically low & 15 erg cm s'') and, moreover,
the normalization of the soft component is mostly uncoiirséc
This may suggest that the properties of the spectrum doealnot
low us to describe the overall continuum with both HEeFLIONX
and theBoDY components. Therefore, in Taljle 1, we show also
an alternative fit without theBoDY component whose spectral pa-
rameters appear instead physically more plausible. Indma'nbni-
sation parameter is now increased up-td 100 erg cm s*, which
is more acceptable than the previousl5 erg cm § Hereafter
we consider this fit as reference for the RDPHA data.

On the other hand, the RDCTI corrected spectrum does not
suffer of this degeneracy in the spectral parameters. BH@DY
component is well constrained, with the reflection compoieat
dominates over the blackbody emission and is predominaamteat
gies below 1.5 keV. The parameters of ionisation is consistéth
~ 200 erg cm §*. The discrepancies in the reflection properties
inferred with REFLIONX between RDPHA and RDCTI corrected
spectra again suggest that the shape of the Iron emissemiay
be different for the two spectra as found with a simpkuSSIAN
or DISKLINE model.

Then, we further note that the column density of the RDCTI
has raised up t8.4 x 10?2 cm~2 while that of the RDPHA (in the
fit without a blackbody) settles at 3.7 x 102 cm™2. In addition,
the abundance of iron relative to solar value is over-aboin@a 3,
which was set as upper limit in order to avoid unphysical @aju
The latter result is found also in the RDPHA data, although th
error bars in the parameters of both spectra are large.

Finally, the RDBLUR parameters that account for the rela-
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tivistic smearing of the reflection component give similastfit
parameters for the RDPHA and RDCTI data. In particular tinein
disc radius is consistent with 6 — 15 R, and the inclination angle
is larger than~ 50°, which would be consistent with the expected
high inclination due to the presence of dips.

continuum free to vary between the spectra because the HEG da
can show spectral variability and they are also affectedileyyp.
Since this is not taken into account, the continuum spestrape
can be different from that of the RDPHA spectrum. This is sup-
posed not to be an issue for the absorption features as wkethec

The spectral parameters obtained from the fits of the broad that they are largely independent from the continuum moddl a
component clearly suggest that RDCTI and RDPHA corrections are usually found also at different levels of luminosity @deet al.

provide different spectral shapes. However, they do notalls to
univocally discriminate between the goodness of the twoecer
tions. We can only note that different spectral results &tained
in the two cases.

3.4 Comparing XMM-Newton and Chandra data

We found that the RDPHA and RDCTI corrections provide simila
broadband continua and the study of the broad iron emissien |
suggests that also the inclination angle is compatible thigt in-
ferred by the existence of dips in the lightcurve. Howeves,nete
that the most important discrepancy (beyond the ionisatiesl of

the reflection component) between the two corrections toah$o

be the centroid energy line of the absorption features waiighifi-
cantly differ for the two corrective approaches of spedttmwvever,
the RDPHA corrected spectrum shows absorption featuresavho
energies are largely consistent with those found in the @tzaob-
servation presented in D’Ai etlal. (2014). To better assleissis-
sue, we fitted simultaneously the HEG and RDPHA spectra,tadop
ing a continuum model consisting of an absoriedicomp and
aDISKLINE. We added Gaussian models, with dispersion velocity
fixed at O, in order to fit the lines at 6.69 keV, 6.70 keV and 8.2
keV (the line at~ 7.8 keV is not present in th€handraspec-
trum), plus the addition of an absorption edge-a8.8 keV. These
features are the focus of such a spectral comparison as they a
common to theChandraand EPIC-pn RDPHA corrected spectra.
Furthermore, in HEG data, we also considered significaesliof
Ca XX K, Si XIV K, and Si XVI K, lines at 4.10 keV~ 2.0
keV and~ 2.6 keV respectively (D’Ai et &l. 2014), which are not
(or, at maximum, marginally) seen in the EPIC-pn data. Wethef

2004). On the other hand, the energy lines are linked between
spectra during the fit calculation, except their normailiset In
Figure[®, we show the best fit obtained with the mentioned fnode
The best fit energy lines of the common lines are 6.76@2.(¢08)
keV, 6.98 0.01) keV and 8.19 £0.09) keV, and the edge is at
8.84 (+0.08) keV which are widely consistent with those found in
Sectior 3.1L.

Itis evident that no significant residuals are still pressuept
for a HEG point at~ 7 keV, which present a residual at4o, and
the EPIC-pn absorption lines at 7.9 keV and~ 2.3 keV. We
suppose that the former is produced by either a broadenitigeof
line in theChandradata or to a blueshift of the line which cannot be
detected in the EPIC-pn spectrum; on the other handythied keV
line is the Fe XXV Kz which is not observed in the HEG data while
the 2.3 keV line is instead likely a residual in the calibvatof the
EPIC instrument around the Au edge. This may suggest that the
RDPHA calibrations may be further improved. In any casehas t
other absorption features are totally consistent betwee ldnd
EPIC-pn data, we strongly suggest that the RDPHA calibnatio
should to be preferred to the RDCTI ones.

4 DISCUSSION

In this work we have analysed a singi&M-Newtonobservation
taken inTimingmode of the LMXB dipping source GX 13+1. The
main goal of this paper is studying the impact of differeritra-
tions (RDPHA and RDCT]I) of the energy scale in EPIC-pn Tim-
ing Mode on the spectral modeling of the LMXB dipping source
GX 13+1. The RDPHA is an empirical correction of the energy
scale that does not assume any specific energy-dependenite, a
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is instead for the RDCTI correction. We have proven that RBPH
and RDCTI corrected data provide different spectral resarid we
tentatively try to understand which correction offers thestrplau-
sible and physically acceptable scenario. We have shownitha
order to avoid spurious effects on the spectral analysistaltiee
existence of pile-up, it is necessary to remove the threghtest,
central columns of the EPIC-pn CCD.

We found that the broad band continuum can be well de-
scribed for both types of spectral data by the combinatiom of
soft blackbody and an optically thick, cold comptonisingnpm-
nent. This result is consistent with that found for otherratc
ing NSs and also foKMM-Newtonand Chandraspectra of GX
13+1 (e.gl Diaz Trigo et al. 2012; D’Ai etlal. 2014 and refeze
therein). The soft component provides an inner temperatane
sistent with~ 0.6 keV for the two corrections. From its normal-
ization, we infer an emission radius ef 40 km, which prevents
to relate this emission with the NS surface and allows us teemo
likely associate it to the accretion disc. The parametetiseofomp-
tonising corona, which may be possibly produced close theakS
instead consistent with a cold-( 1.2 keV) electron population,
where we assumed that the seed photons are provided by #re inn
disc regions for both spectra.

Notably, several features are clearly observed in the RDPHA
and RDCTI corrected spectra and it has been suggested #yat th
are produced by a warm absorber during both dips and pearsiste
epochs of GX 13+1. The warm absorber may be created by out-
flows at the outer regions of the disc where the thermal pressu
is stronger than the relative gravitational pull (e.g.DTaigo et al.
2012 D'Ai et all 2014). The narrow absorption featureshesest
gauge to estimate the accuracy of the energy scale yieldéldeby
two aforementioned calibration methods. We compared corgb
tion lines, modeled with a Gaussian, to the absorption liies
served in theChandra/HEGdata presented in D’Ai et al. (2014).

In that work, the authors found the existence of lines at 2462
4.118, 6.706, 6.978, 8.273 keV associated with S XVI, Ca XX, F
XXV, Fe XXVI K , and Fe XXVI Kz, respectively, with possibly
blueshifts comprise between 200 — 1000 km s™1. We detected
the same lines (although the first two are not statisticainis-
cant) only on the RDPHA data, with the addition of a line at27.8
keV, more likely associated to Fe XXV K Unfortunately the error
bars inferred by a simple Gaussian model are large and pgesi@n
constrain the possible blueshift of most of these featUrbis may
be done only to the line of Fe XXVI K which is shifted if com-
pared to the rest frame energy (6.9662 keV), suggestingeshifi

of ~ 1500 & 300 km s~*. On the other hand, the lines in the RD-
CTI data are systematically different and shifted from ¢hfmund

in the RDPHA corrected spectrum. These absorption featifres
associated to the lines observeddhandradata, should have too
large redshifts ¥ 5000 km s™!; see sectioh 3]1) which are phys-
ically implausible if produced by a warm absorber locatethat
outer edge of the disc.

We note that, however, these associations might then be mis-
leading. Therefore, we tentatively tried to better conisttiae prop-
erties of the warm medium which produces these absorptnas i
adopting anxSTAR grid. It showed us that for the RDPHA spec-
trum, the column density of the ionised medium~is6 x 1023
cm~2, with an ionisation level of Log{) ~ 4.2, and more likely
ejected by the system with a velocity ef 300 km s™'. On the
other hand, for the RDCTI data, column density and ionigatio
are an order of magnitudine lower while the blueshift velpcs
instead a factor of 8-9 higher than the RDPHA data. However,
the blueshift velocity in the RDPHA corrected spectrum ighity
consistent with those found in previous works (Ueda &t a420
Madej et all 2013; Diaz Trigo etlal. 2012; D'Ai etal. 2014).ad-
dition, thexsTAR grid is not completely able to model the lines at
6-7 keV in the RDCTI spectrum, suggesting either a broadgain
a general mis-modeling of the lines. This result furthemsus the
conclusion that the RDPHA corrections are generally mdiabie
than the RDCTI ones.

We then found that RDCTI and RDPHA corrections provide
similar results on the continuum and the broad emission ifrtlee
latter is described by a model more complex than a simple Gaus
sian. In fact, we found the existence of residuals which ssgg
relativistic broadening of the line. For this reason, wéatly intro-
duced thepiskLINE model which shows that the inclination angle
is small (< 30°) for the RDCTI data and not consistent with the
dip episodes of GX 13+1, which instead point towards a lange i
clination angle 0 — 85°). On the other hand, this finding is, how-
ever, not confirmed if we model the disc reflection with thd-sel
consistent disc reflection codeeFLIONX (Ross & Fabian 2005)
modified by a relativistic kernel. Indeed, for both speciva,found
that the inclination angle can be larger than 50°, confirmhrag
a single Gaussian @iskLINE model are too simple for the qual-
ity of the data. However, we highlight that the results ol with
REFLIONX can be affected by the pitfall of the model,REsFLIONX
is not defined for photon index lower than 1.4 while we fourat th
both type of spectra can be fitted byemHcompPwith T' ~ 1.0. In
addition,REFLIONX does not take into account the self-ionisation
of the accretion disc, introducing a possible source of taogy
in the description of the continuum. With that in mind, foetfit
of the RDPHA spectrum, we observed a degeneracy in the spectr
parameters of theBODY and REFLIONX component, or in other
words, we could find two best fits which are statistically camp
rable: in the first one, the normalization of the soft compurie
poorly constrained and the ionisation parameter ofREELIONX
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is close to its lower limit & 15 erg cm s'); in the other case,
the soft component can be removed from the fit and the ionisati
parameter converges towards more physical valuesl@00 erg

The aim of this work was to analyse and test the two calibra-
tions on one EPIC-pXMM-Newtonobservation, taken in Timing
mode, of the persistent accreting NS GX 13+1. This sourcéiig-a

cm s1). The spectral degeneracy warns that the data are possiblyper which has shown periodic dips and its spectra are cleaiseti

not adequate to constrain the properties of the blackbodyséon,
when usingrREFLIONX because of the complexity of the adopted
model. We highlight that in the first fit, the reflection systdim
cally needs to converge towards a strong iron emission finew
ionisation conditions. This is in contrast with the existerof H-
like and He-like Iron absorption features that can exisy émicase

of ionisation higher than 100 erg cm s (Kallman et all 2004). On
the other hand, this is instead satisfied in the second bgstfitre
the ionisation parameter is higher than 1000 erg crh Fhe dis-
crepancy with the latter ionisation value and that founchvitite
XSTAR grid may more likely suggest that the density of the mate-
rial is different in the warm absorber and in the disc. Indtéar the
RDCTI data, the ionisation parameter of the reflection canepo

is lower (~ 200 erg cm s'') than the second best fit of the RDPHA
data and only marginally supports the value found with xise
TAR grid (> 1000 erg cm $'). Such a low ionisation level of the
reflection component may collide with the energies of theogis
tion lines that, according t&STAR, would be expected at energies
higher than those found in RDCTI corrected spectrum. Howeve
as the ionisation parameter depends on the density, we gate a
that the absorption features are more likely produced in mwa
medium. This should have a densit0¢> cm~2) lower than that
in the accretion disc, where the reflection is produced. Hewas
the ionisation parameter depends also on the distance, nvta
exclude the effect of the latter on the estimates of the @ius.

We finally conclude that the reflection component cannot be
easily investigated to infer the goodness of one corredtiamom-
parison to the other. Instead, it clearly suggests that pleets,
i.e. the shapes of the broad emission line, obtained withwioe
calibrations are different. However, the quality of the tearrec-
tions can be discriminated studying the narrow absorptioes|
Indeed, adopting simple continuum models and Gaussian Isode
for the narrow absorption features, the RDPHA correctedtspe
of GX 13+1 provides more physical spectral parameters. ttigpa
ular, regarding the absorption lines that are much moreistems
with those inferred also bZhandra In addition, the residuals at
the energy of the instrumental Au edge (2.2-2.3 keV) are lemal
in the RDPHA data, favouring a better calibration of thatrgge
range with the RDPHA corrections. For these reasons, aitihou
the EPIC-pn calibrations can be further improved, we prephat
the RDPHA corrections should be generally preferred to tae-s
dard RDCTI (orepfas} corrections, especially in case of spectra
with a large number of absorption features. Hence, suppatitn
by our results, RDPHA will be the default calibration of thexh
SAS version (SAS v.14), superseding RDCTI (epfas} that was
the default from SAS v.9 to SAS v.13.5. Our conclusions wal b
further tested on other accreting sources in order to stgith
more solid basis the RDPHA corrections.

5 CONCLUSIONS

Accuracy of the scale energy calibration ¥XMM-Newtondata
taken in Timing mode is extremely important when observing
bright sources, where rate-dependent effects have to ke tato
account. For this reason, two calibration approaches hege de-
veloped: the new RDPHA and the standard RDGEfifésj correc-
tions.

by a number of absorption features. It also shows an emisisien
associated to the Fe XXV or XXVI K transition. Hence GX 3+1
is a suitable source to infer the goodness of the two caidirst

thanks to its several absorption features, the emissi@ndimd a
simple continuum. We found that:

e the continuum can be well described, in both spectra, by a
blackbody of~ 0.5 keV and a high energy comptonisation with
electron temperature of 1.1 — 1.2 keV and photon index of 1;

e however, the two calibrations provide different resultshof
spectral features as the absorption lines observed in t&Rand
RDPHA spectra differ significantly.

e We suggest that the lines in the RDCTI spectrum could be
associated to known atomic transitions only assuming iogda
bly high inflow and outflow velocities for this source. On thear
hand, the absorption lines in the RDPHA spectrum are more con
sistent with those already found in previoGsandraand XMM-
Newtonobservations and we easily associated them to Fe XXV
(6.70 keV), Fe XXVIK, (6.99 keV), Fe XXVK; (7.86 keV) and
Fe XXVI Kz (8.19 keV).

e We also observed marginal differences in the shape of the
broad emission line, either when fit with@SKLINE or with a
REFLIONX model. However, such a component cannot allow us to
clearly infer the validity of the two corrections becauséhef poor
quality of the constraints on the best fit parameters.

e Finally, although we note that improvement can be made es-
pecially at the energy of the instrumental Au lire 2.3 keV), our
results suggest that the RDPHA calibrations are more palgic
reliable than the RDCTI ones and, for this reason, they shbal
implemented as default as of SASv14 (and associated daia-red
tion pipeline).
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