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Abstract. We report the results of a long, 350 ks, BeppoSAX observation of the bright atoll source GX 9+1 in the 0.12-18 keV
energy range. During this observation GX 9+1 showed a large count rate variability in its lightcurve. From its color—color
diagram we selected six zones and extracted the source energy spectrum from each zone. We find that the model, composed of
a blackbody plus a Comptonized component absorbed by an equivalent hydrogen column of ~1.4 X 10?2 cm™2, fits the spectra
in the energy range 1-18 keV well; however, below 1 keV a soft excess is present. We find that the spectrum of GX 9+1, in the
0.12-18 keV energy range, is well fitted by the model above, if we use an equivalent hydrogen column of ~0.8 x 10*2 cm2,
together with several absorption edges from ionized matter (O viII, O VIII, Ne IX, Ar XVII, and CaXX) and an absorption line
from SiXIv. From the study of these features we deduce that the electron density of the plasma and the equivalent hydrogen
column density associated with the ionized matter is ~10'? cm™> and ~10% cm™2, respectively, at a distance from the central
object of r ~ 10'' cm, while at larger distances the equivalent hydrogen column density associated to the ionized matter
decreases down to ~10% cm™2.

The value of the equivalent hydrogen column of ~0.8 x 10?2 cm~2 associated to the interstellar matter implies that GX 9+1 is
at a distance of 5 kpc, and not 8.5-10 kpc as usually assumed. This result implies that the atoll source GX 9+1 does not emit
at the Eddington limit, as supposed until now, but has a luminosity of 6 x 10*7 erg/s in the 0.1-18 keV energy range, typical of

LMXBs belonging to the bright atoll class.
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1. Introduction

The first observation of GX 9+1 (4U 1758-205) was carried out
in 1966 using a proportional counter sensitive to 1.5-10 keV
X-rays on board a rocket (Gursky et al. 1967). Two years later
the presence of the source was confirmed by Bradt et al. (1968),
who also measured the source position at a Galactic longitude
of 9.1° and a Galactic latitude of 1.2°, well in the Galactic
bulge. The distance and companion star of GX 9+1 have re-
mained unknown, despite several attempts made at identifying
the optical counterpart in the early ’70s.

Using the Medium Energy (ME) instrument on board
EXOSAT, Langmeier et al. (1985) performed a spectral and
timing analysis of an observation of GX 9+1 in the 1-30 keV
energy band. During the observation, the source flux varied ir-
regularly on time scales from minutes to hours. No periodic
signal in the range from 16 ms to 2000 s was found with an
upper limit of around 1% (30 confidence level) on the pulsed

http://www.edpsciences.org/aa

fraction. The hardness ratio ([3.4-7.5 keV]/[1-3.2 keV])
showed intensity correlated changes. The energy spectrum was
fitted by a double component model, a blackbody compo-
nent (kT = 1.16-1.26 keV) that was perhaps produced in a
region near the neutron star surface, together with a thermal
bremsstrahlung (k7' = 1315 keV). No iron line at 6.4-6.7 keV
was detected. The X-ray spectral behavior of GX 9+1 indi-
cated that this source belongs to the class of Low-Mass X-
ray Binaries (LMXBs). White et al. (1988) reanalysed the
EXOSAT ME energy spectrum fitting the data with a black-
body component (kT = 1.5 keV), plus a Comptonized compo-
nent with an electron temperature of 3 keV. Both these com-
ponents were absorbed by neutral matter having an equivalent
hydrogen column of 2.1 x 10*?> cm™2. The extrapolated lumi-
nosities in the 0.1-30 keV energy band associated to the black-
body and the Comptonized component were 6 x 1037 erg/s and
1.7 x 108 erg/s, respectively, assuming a distance to the source
of 10 kpc. The distance of 10 kpc was an upper limit, because

http://dx.doi.org/10.1051/0004-6361:20042231
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the source is in the direction of the Galactic center. Despite all
this, GX 9+1 has still been assumed since to be a high luminous
X-ray source.

Hasinger & van der Klis (1989), when studying the fast
timing properties of GX 9+1 based on the EXOSAT data,
concluded that the source was to be included in the Atoll
class. GX 9+1 forms the subclass of persistently bright atoll
sources together with GX 3+1, GX 949, and GX 13+1. In
their Color—Color Diagram (CD), these sources have been seen
to trace out only the banana branch, and their power spec-
tra (PSD) can be described by relatively strong (~3.5% rms)
Very Low Frequency Noise (VLEN) and weak (~2.5% rms)
High Frequency Noise (HFN), as compared to other Atoll
sources (Schulz et al. 1989). An RXTE observation of the
source (Wijnands et al. 1997) showed that, similar to the other
bright Atolls, GX 9+1 did not show Quasi Periodic Oscillations
(QPOs) at kHz frequencies in its power spectrum. This was in
agreement with the fact that Atoll sources in general do not
show kHz QPOs when they are in the banana branch of their
CDs (e.g. van der Klis 2000)

In this work we present a spectral analysis of GX 9+1 in the
0.12-18 keV energy band from a long BeppoSAX observation.
We show that ionized matter is present around the system im-
plying a relatively low value of the interstellar absorption to the
source. This, in turn, suggests that the distance to the source is
~5 kpc implying that GX 9+1 has a sub-Eddington luminosity.

2. Observation

The BeppoSAX observation of GX 9+1 was carried out from
September 16, 2001, 02:01:30.0 (UTC) to September 20, 2001,
03:00:08.5 (UTC), using the four co-aligned Narrow Field
Instruments (NFIs). These are: a Low Energy Concentrator
Spectrometer (LECS; 0.1-10 keV energy range; Parmar
et al. 1997), two Medium Energy Concentrator Spectrometers
(MECS; 1-10 keV energy range; Boella et al. 1997), a High
Pressure Gas Scintillation Proportional Counter (HPGSPC;
7-60 keV energy range; Manzo et al. 1997), and a Phoswich
Detector System (PDS; 13-200 keV energy range; Frontera
et al. 1997). The exposure times were ~60 ks, ~149 ks,
~142 ks, ~71 ks, for LECS, MECS, HPGSPC, and PDS, re-
spectively. The circular fields of view (FOV) of LECS and
MECS are 37" and 56’ in diameter, respectively; while those of
HPGSPC and PDS are hexagonal with FWHM of 78" and 66/,
respectively. The LECS and MECS detectors are position sen-
sitive counters with imaging capability. The HPGSPC and
PDS systems do not have imaging capabilities, and their data
are therefore difficult to interpret and analyse for individual
sources when the FOV includes more than one source. Indeed,
a faint X-ray pulsar, designated SAX J1802.7-2017, was vis-
ible in the MECS FOV at RA(2000.0) = 18h 02m 39.9s and
Dec(2000.0) = —20°1713.50” (position uncertainty 2’), at an
angular distance from GX 9+1 of ~22" (Augello et al. 2003).
Therefore SAX J1802.7-2017 was within the HPGSPC and
PDS FOVs; the presence of the pulsar in the PDS FOV is con-
firmed by the detection of the X-ray pulsations in the PDS data
(see Fig. 6 in Augello et al. 2003). The pulse fraction was 7% +
2% and 36% + 3% in the 13-25 keV and 25-80 keV energy
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Fig. 1. GX 9+1 lightcurve in the energy band 1-10 keV (MECS data).
The open circles are the GX 9+1 count rate; for sake of clarity we
interpolated them. The bin time is 697 s.

bands, respectively (Augello et al. 2003). The lower pulse frac-
tion in the 13-25 keV energy band was probably due to the
presence of X-ray emission from GX 9+1, which decreased
markedly above 25 keV. In consideration of these results we
will not use the PDS data. On the contrary, we will use the
HPGSPC data in the 7-18 keV energy range, where the emis-
sion of GX 9+1 overwhelmed that of SAX J1802.7-2017, as
discussed in detail below.

In Fig. 1 we show the 697 s binned lightcurve of GX 9+1 in
the 1-10 keV energy band. The count rate was highly variable
during the entire observation ranging from ~120 counts s~
up to ~200 counts s~!. In Fig. 2 we show the CD, where
the hard color (HC) is the ratio between the count rate in the
7-10 keV energy band to that in the 3—7 keV energy band and
the soft color (SC) is the ratio between the count rate in the
3—7 keV energy band to the count rate in the 1-3 keV energy
band. Because of the high variability of GX 9+1, we selected
six zones on the CD (see Fig. 2) and extracted the correspond-
ing energy spectra from each zone. In Table 1 we report the in-
tervals of SC and HC that identified the six selected zones; the
exposure times of the LECS, MECS, and HPGSPC for each of
the six intervals are also reported.

3. Spectral analysis

The PHA spectra of the LECS, MECS, and HPGSPC were
rebinned in order to have at least 25 counts/energy chan-
nel and to oversample the instrumental energy resolution by
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Fig. 2. Color—color diagram of GX 9+1. The hard color is the hardness
ratio [7-10 keV]/[3-7 keV] and the soft color is the hardness ratio
[3-7 keV]/[1-3 keV]. The bin time is 8 ks. The boxes indicate the
six selected zones from which we extracted the corresponding energy
spectra.

approximately the same factor at all energies!. To account for
calibration uncertainties, a systematic error of 1% was added
to the data. As customary, in the spectral fitting procedure
we allowed for a different normalization of the LECS and
HPGSPC spectra relative to the MECS spectrum, and checked
that the values obtained in the fits were in the standard range
of each instrument. The energy ranges used for the spectral
analysis were 0.12-2.7 keV for the LECS, 1.8-10 keV for
the MECS, and 7-18 keV for the HPGSPC. We indicated
the six spectra, corresponding to the six intervals selected in
the CD (see Fig. 2), with letters from A to F.

Initially we fitted the continuum emission using a black-
body plus the Comptonization model Comptt (Titarchuk 1994)
including absorption by neutral matter. This model usually
gives a good fit to the spectrum of bright LMXBs (Iaria et al.
2004, and references therein). In our case we obtained an
x?/d.o.f. of 201/167, 219/166, 166/167, 225/167, 177/167,
and 195/167, respectively, for spectra A to F. The equiva-
lent hydrogen column density was ~1.4 x 10> cm™2, while
the blackbody temperature, the seed-photon temperature, and
the electron temperature of the Comptonized component were
0.6 keV, 1 keV, and 2.3 keV, respectively. The optical depth 7 of
the Comptonizing cloud was between 14 and 17 for a spherical
geometry. The residuals with respect to this model are shown
in Fig. 3 and the parameters of the fit are reported in Table 2.

The residuals showed a soft excess below 1 keV with re-
spect to this model which was less evident in Spectrum A

! see the BeppoSAX cookbook at
http://www.sdc.asi.it/software/index.html
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Table 1. Some details of the BeppoSAX observation of GX 9+1. In
Cols. 1 and 2 we report the intervals of Soft Color (SC) and Hard
Color (HC) which identify the six selected zones in the color—color
diagram (see Fig. 2). In the other columns the corresponding expo-
sure times, in ks, of the LECS, MECS, and HPGSPC observations,
respectively, are also shown.

Zone SC HC LECS MECS HPGSPC
interval interval ks ks ks

A 2.00-2.07 0.128-0.136 7 15 16

B 2.07-2.11 0.132-0.138 11 30 30

C 2.11-2.17  0.136-0.140 11 24 22

D 2.17-2.22  0.138-0.144 15 32 29

E 2.22-2.30 0.144-0.152 10 23 21

F 2.26-2.36 0.152-0.164 9 24 23

Energy (keV)

Fig. 3. Residuals in units of o for spectra A, B, C, D, E, and F from top
to bottom, respectively. The residuals concern the model composed of
a blackbody plus a Comptonized component absorbed by an equiva-
lent hydrogen column of 1.4 x 10?> cm™2 (see Table 2).

because of the lower exposure time of the LECS in this in-
terval (see below). The excess had the same behaviour in all
spectra, reaching the maximum at 0.6-0.7 keV. We tried sev-
eral emission components to fit the soft excess but none gave
reasonable results. The addition of another blackbody compo-
nent with a temperature of ~0.05 keV gave a corresponding
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Table 2. Results of the spectral fit in the 0.12-18 keV energy band of spectra A, B, C, D, E, and F with a simple continuum model. The
model is composed of a blackbody plus a Comptonized component (Comptt in XSPEC), both absorbed by neutral matter. Uncertainties are
at 90% confidence level for a single parameter; upper limits are at 95% confidence level. kTgg and Npp are, respectively, the blackbody
temperature and normalization in units of L3g/ D%O, where Lsg is the luminosity in units of 10% ergs/s and D is the distance in units of 10 kpc.
kT is the temperature of the seed photons for the Comptonization, kT is the electron temperature, 7 is the optical depth of the scattering cloud
using a spherical geometry, Neompy 18 the normalization of the Comptt model in XSPEC v.11.2.0 units.

Parameters A B C D E F

Ny (X102 cm™)  1.369*003%  1.38570032 13727093 1.404%00%  1.3757003  1.447700%
kTsg (keV) 0.6017004  0.599 £0.035  0.576*003 05577093 0.59170010  0.5467004
Ngg (x1072) 3.98+070 4201931 383+0.53 3.70+046  4.02°0%  3.79 £0.63
kT, (keV) 0.99+0.11  1.045*3080  1.01070983  0.978709%%  0.986700e7  0.909+0052
kT, (keV) 227700975 232240070 23020090 2.2601008  2.222+09%2 2204+0031
T 14.49+076 13.85+080 14.15%07 1470738} 15.93*07¢  17.15*93

Neomptt LI1+0.11 11327098 12730088 1.362+0.077 1.45170050  1.618*002
X (d.of) 201 (167) 219 (166) 166 (167)  225(167) 177 (167) 195 (167)

unabsorbed luminosity of ~10% erg/s in the 0.1-200 keV en-
ergy range assuming a distance to the source of 8 kpc. This
result is very hard to explain when assuming that the X-ray bi-
nary system contains a neutron star. Instead of a blackbody we
added a Gaussian line centered at 0.6 keV, also in this case, be-
cause of the strong absorption to the source; but the results were
not acceptable because the corresponding equivalent width of
the line was larger than 3 keV. Finally, we tried a partial cov-
ering component to fit the soft excess; and again in this case
we did not obtain a good fit, bacause the addition of this com-
ponent left the y?/d.o.f. values unchanged with respect to the
initial model. This soft excess could therefore be explained in
two ways: either that there was a continuum emission compo-
nent below 1 keV absorbed by a lower equivalent hydrogen
column or that the equivalent hydrogen column of the whole
spectrum was overestimated.

For the first hypothesis, the residuals below 1 keV disap-
peared by adding a continuum emission component absorbed
by a lower value of the equivalent hydrogen column (Nyg ~ 4 X
10%° cm™?) than that required for the other components of the
model (~1.4 x 10?2 cm™2). However in this case the lower
value of Ny was unrealistic since the emitting source should be
less distant than 1 kpc. Because in the LECS and MECS FOV
no contaminating source was visible, we should conclude that
GX 9+1 is closer than 1 kpc or that another source is present
with an angular distance within 30" (i.e. the position recon-
struction uncertainty for MECS in the central area of 9’; see
Boella et al. 1997) to GX 9+1, at a distance less then 1 kpc.
Since this scenario seems to be contrived, in this paper we con-
centrate on the second hypothesis.

A good fit was obtained by adding two absorption edges as-
sociated to O VII and O VIII to the initial model as reported re-
cently by laria et al. (2005) when studying the X-ray spectrum
of Circinus X-1. In Fig. 4 we show residuals of the six spec-
tra with respect to this model, and in Table 3 we report the

Fnergy (keV)

Fig. 4. Residuals in units of ¢ for spectra A, B, C, D, E, and F from
top to bottom, respectively. The residuals concern the model reported
in Table 3.

best-fit parameters and the probability of chance improve-
ment fp for the addition of the O VII and O VIII absorption
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edges to the initial model. The addition of the two absorption
edges allowed us to fit the energy spectrum below 1 keV. The
parameters of the continuum components were unchanged with
respect to the initial model, while the equivalent hydrogen col-
umn Ny became ~1 x 10%2 cm™2. Features were still present
in the residuals at 1.2 keV, 4.2 keV, 5.5 keV, and 7 keV. To
fit these residuals we added several absorption edges by fix-
ing the threshold energies to 1.196 keV, 4.121 keV, 5.470 keV,
and 7.117 keV, corresponding to the absorption edges of Ne IX,
ArXxvIl, CaXxX, and FeT, respectively. Near 2 keV an absorp-
tion feature was present (see Fig. 4), which could be associated
to a L, absorption line of SiX1v. We fixed the centroid energy
of the line finding the width and the intensity for the six spec-
tra. This model provided a good fit of all our six spectra. The
results are reported in Tables 4 and 5, and in Fig. 5 the residuals
with respect to the best fit model are shown.

We found that the parameters of the continuum components
were mostly unchanged compared to the model having only
two absorption edges at low energies (Table 3). The equivalent
hydrogen column was between 0.75 x 10?> cm™2 and 0.85 x
10?2 cm~2. The blackbody temperature was ~0.5 keV; the seed
photon temperature kT and the electron temperature kT, of the
Comptonized component were 1 keV and 2.2 keV, respectively.
The optical depths of the absorption edges associated to O VII
and O vII are 2 and 1.5, respectively. In the spectra A and C
we found an upper limit to the optical depth associated to the
O VII absorption edge, which was compatible with the value
obtained in our other spectra. Since the value of Ny was simi-
lar in the six spectra we suggest that the less evident detection
of the soft excess in spectrum A (see Fig. 3) was due to its
lower LECS statistics (see Table 1). The optical depths asso-
ciated to the NeIX, ArXVII, and Ca XX absorption edge were
around 0.16, 0.03, and 0.03, respectively. The width and the in-
tensity of the L, absorption line associated to Si XIV were less
than 0.20 keV and ~—5 x 1073 photons cm~2 s~!, respectively.

4. Discussion

We analyzed data of GX 9+1 from a BeppoSAX observa-
tion taken in September 2001. The lightcurve showed high
variability of the source during the observation. We selected
six regions in the CD of the source and extracted from each
interval the corresponding spectrum. Because of the pres-
ence of the X-ray pulsar SAX J1802.7-2017 in the HPGSPC
and PDS FOV (Augello et al. 2003), we did not include
the PDS data in our spectral analysis, while we used the
HPGSPC data up to 18 keV under the hypothesis that in this
energy range the emission of GX 9+1 overwhelmed that of
SAX J1802.7-2017. The model used to fit the spectrum of
SAX J1802.7-2017 was a power-law component with a pho-
ton index of —0.1 and a normalization of 1.05 x 1073 ab-
sorbed by an equivalent hydrogen column of 1.7 x 10*? cm™2
(Augello et al. 2003). Extrapolating this spectrum at higher
energies, the corresponding flux of the pulsar, in the energy
range 10-18 keV, was ~2.4 x 10719 erg cm™2 s™!. On the other
hand, the flux of GX 9+1 in the energy range 10-18 keV, us-
ing the model reported in Tables 4 and 5, varied between 1.9 x

10™° erg cm™2 s7! and 3.0 x 107 erg cm™ s~! going from

4 [ T —— T —— ]

Energy (keV)

Fig. 5. Residuals in units of o for spectra A, B, C, D, E, and F from top
to bottom, respectively. The residuals concern the final model reported
in Tables 4 and 5.

Spectrum A to Spectrum F. This implied that, in this energy
band, the flux associated to GX 9+1 was a factor 10 larger
than that of the contaminating source SAX J1802.7-2017. Note
that the adopted model for the spectrum of SAX J1802.7-2017
was unrealistic for energies larger than 10 keV because the
continuum emission of X-ray pulsars is generally fitted by a
power-law component that has a cut-off at energies higher than
~10 keV; the cut-off might further reduce the flux of the pulsar
in the hard X-ray range. These results led us to conclude that
the influence of the pulsar emission in the 10-18 keV energy
band was negligible. Consequently we studied the six energy
spectra of GX 9+1 in the energy band 0.12-18 keV.

The spectra were initially fitted to a blackbody plus a
Comptonized component absorbed by an equivalent hydrogen
column of ~1.4 x 10%2 cm~2; however, below 1 keV a soft ex-
cess was present in the residuals of this model. We obtained
a good fit using the same components described above for the
continuum emission, with the addition of the absorption edges
associated to O vII, O VIII, Ne IX, Ar XVII, Ca XX, and Fe I, and
an absorption line associated to SiXIV (see below). A similar
model was used to fit the spectrum of the bright LMXB Cir X-1
(Taria et al. 2004). The final model gave a value of the equiva-
lent hydrogen column associated to the interstellar absorption
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Table 3. Results of the spectral fit in the 0.12-18 keV energy band of spectra A, B, C, D, E, and F. The model is the same reported in Table 2
with the addition of the absorption edges associated to O VII and O VIIL 7o vy and 7¢ vy indicate the optical depth associated to the O vII and
O VIII absorption edges, respectively. fp is the probability of chance improvement for the addition of the O VII and O VIII absorption edges.

Parameters

A

B

C

D

E

F

Ny (x10?% cm™?)

Eo vii (keV)

To v

Eo v (keV)

To vt

kTBB (keV)
Ngg (x107%)

kT (keV)
kT, (keV)
.

N, comptt

fr
x° (d.o.f)

00T
0.739 (fixed)
<0.78

0.871 (fixed)

1031

0.605+09%

37155

0.99 +0.11

2.279+09%3

14.49+073

1.11 £0.11

0.19
197 (165)

0.74+918

0.739 (fixed)
<1.73

0.871 (fixed)
1.88+0‘21

-0.26

0.606+0'04|

—-0.045

3.53 £0.61

1.02970.9%

2.324%0073

0.73
13.917073

0.089
1.133% 05

1.5% 107
171 (164)

1.012+0.9%

0.739 (fixed)
<1.05

0.871 (fixed)
1.38*02¢

0.573+0034

33903

0.996+0A078

0.068

2.302%00%8

14.18+0¢1

1.281 + 0.045

7.7 % 1075
148 (165)

0700
0.739 (fixed)
<2.13

0.871 (fixed)

1.55*022

0.558 +0.043
3.01708

0.969+0A069

0.062

2.267+0046

0.
14.64%027

1.359 + 0.079

3.7 % 1077
188 (165)

099473

0.739 (fixed)
<2.09

0.871 (fixed)

1.45*02¢

059035

3.53+0.75

0.973+099¢

2.225%0:043

15.92+029

-0.81

1.456 + 0.092

1.0x 107
159 (165)

L039°7%,

0.739 (fixed)
<1.08

0.871 (fixed)
1.55*028

05447323

3.29+£0.63

0.904+0.973

2.210%5:02¢

0.4
17.06*0:4

1.615 +0.079

1.0x 1073
180 (165)

Table 4. Parameters of the continuum model that gives the best fit in the 0.12-18 keV energy band for spectra A, B, C, D, E, and F. The model
is composed by a blackbody plus a Comptonized component including absorption by neutral matter. Uncertainties are at 90% confidence level
for a single parameter; upper limits are at 95% confidence level. Rgp is the blackbody radius, Ry is the seed-photon radius, and Ly is the
unabsorbed luminosity of the source in the energy range 0.12—-18 keV. Rgg, Ry, and L, are calculated assuming a distance to the source of
5 kpc (see text). The blackbody flux, Fluxgg, and the flux associated to the Comptt component, FluXcompy, are in units of 1078 erg cm™? sl
The other parameters are defined as in Tables 2 and 3. fp is the probability of chance improvement for the addition of the Ne IX, Ar XVII, Ca XX

and FeI absorption edges, and of the Si XIV absorption line to the model reported in Table 3.

Continuum A B C D E F
Ny (x10%2 cm™2) 0.927032  0.718%04%  0.82702¢  0.793*04%0  0.728%00%7  0.7717038]
kTgp (keV) 0.53470068 (0.53170076  0.54470972  0.471*0%47  0.490*097  0.517+09%2
Ngg (x107%) 3.547070 334000 371403 3484032 340705 3.91+048
Fluxgp ~0.30 ~0.28 ~0.31 ~0.29 ~0.28 ~0.33
Rpp (km) 20+10 2911 20+10 3710 34+ 11 33+9
kT, (keV) 0.997013  1.003*0432  1.05701F  0.968*0%7L  0.958*00%8  0.998+(0%
kT, (keV) 2.2907099%  2.318709% 233170028 227170037 2226 £0.022  2.225*)03%
T 13.91%?;%; 13.682?;%2 13.5j0};g 14.24j0357;;z 15.47%’5;;9 16. 16j0?§g
.1 .1 .11 .073 .07! .077
Neomp 1187019 1.22¢000  1.28+001 1.438*0073  1.563*007%  1.6200977
FluXcomp ~1.32 ~1.38 ~1.47 ~1.59 ~1.73 ~1.85
Ry (km) 8+2 8§+2 8+2 9+1 9+2 9+2
Lt (x10%7 erg s™") ~4.8 ~4.9 ~5.2 ~5.5 ~5.9 ~6.4
fo 33x107° 34x10* 43x107° 55x107  22x10°%  29x10°
X (d.of) 174 (159) 148 (159) 123 (159) 147 (159) 119 (159) 144 (159)

White et al. 1988). The absorbing equivalent hydrogen column
density estimated by White et al. (1988) and Predehl & Schmitt
(1995) was Ny ~ 1.5 x 10%2 cm™2. First of all we estimated
a new value of the distance to the source based on this value

between ~0.7 x 1022 cm~2 and ~0.9 x 10?2 cm~2, which was a
factor two smaller than in the initial model.

The distance to GX 9+1 is not known but an upper limit was
assumed to be at the distance of the Galactic Center (10 kpc,
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Table 5. Parameters of the absorption edges and the absorption line included in the best fit model of spectra A, B, C, D, E, and F. The
Uncertainties are at 90% confidence level for a single parameter; upper limits are at 95% confidence level. E and 7 indicate the energy and
optical depths of the absorption edges. Eline, Tline» Liine, and EQWs; x1v are the centroid, the width, the intensity, and the equivalent width of the

absorption line. Iy is in units of photons cm™2 s™!. r and n, indicate the distance to the source where the line is produced and the corresponding

electron density (see text).

Features A B C D E F
Eovi (keV) 0.739 (fixed)  0.739 (fixed)  0.739 (fixed)  0.739 (fixed)  0.739 (fixed)  0.739 (fixed)
To vl <3.0 1.43%072 <2.5 1.90%07 2.40+036 2.0*L1

Eo v (keV)
To vl

Ene1x (keV)

TNe IX

Ear xvi (keV)

0.871 (fixed)

0.39
L15% 4

1.196 (fixed)
0.16 +0.10

4.121 (fixed)

-0.85

0.871 (fixed)
188202
1.196 (fixed)
01168

4.121 (fixed)

0.871 (fixed)
1437030
1.196 (fixed)
0.119%39%

4.121 (fixed)

-0.86

0.871 (fixed)

1.60%527

1.196 (fixed)
0193732

4.121 (fixed)

-0.99

0.871 (fixed)

13003

1.196 (fixed)
0.237+5024

4.121 (fixed)

-1.3

0.871 (fixed)
1.50%53¢
1.196 (fixed)
0.1 66f8:8§é

4.121 (fixed)

TAr XVII 0.034 +£0.019 0.031 +£0.017 <0.034 0.038 +0.015 0.037 £0.016 0.033 +0.016
Ecy xx (keV) 5470 (fixed) 5470 (fixed) 5470 (fixed) 5470 (fixed) 5470 (fixed)  5.470 (fixed)
Teaxx 0.032+0.020 0.022+0.018 0.029+0.019 00250018 0.0271*9%% 0,039 +0.017
Ere; (keV) 7117 (fixed)  7.117 (fixed)  7.117 (fixed)  7.117 (fixed)  7.117 (fixed)  7.117 (fixed)
Trel 0.029+0.019 0.021 +0.016 0.026+0.017 00210014 0.0244*0%3% 0034+ 0.014
Esi xiv (keV) 2.006 (fixed)  2.006 (fixed)  2.006 (fixed) 2.006 (fixed)  2.006 (fixed)  2.006 (fixed)
osixiv (keV) <0.15 0.05 (fixed) <0.16 <0.26 <0.12 <0.06
Isixay (x107) 5.8 51429 ~7.0733 ~10.8%37, 72013 —6.7%23
EQWSi XIV (eV) ~8 ~7 ~10 ~14 ~9 ~8

r (x10') (cm) 2.3726 2,738 2.2729 Lo1*) 80 2770058 3.5737

ne (x1012) (em™) 477112 34759 547140 1087300 39739 27732

of Ny, using the code developed by Taylor & Cordes (1993)
to map the ionized hydrogen of our Galaxy. Assuming that the
measured Ny is totally associated to the interstellar matter and
that the 10% of the interstellar hydrogen is ionized, we found
that the corresponding dispersion measure DM associated to
this Ny is ~455 pc cm™. Knowing that the Galactic coordi-
nates of GX 9+1 are /[ = 9.072° and b = 1.172°, a value of
DM ~ 455 pc cm™ in the direction of GX 9+1 gives a distance
to the source of d = 6.4 = 1.9 kpc. In our final model, Ny was
~0.8 x 10%> cm~2, which gives a DM ~ 260 pc cm™> and a cor-
responding distance to the source of d = 4.4 + 1.3 kpc. In the
following we assume 5 kpc as distance to the source, which is
compatible with the distances derived from both the Ny values
discussed above. Our estimation of the distance to GX 9+1 im-
plies that the source has a luminosity of ~6 x 1037 erg/s (in the
0.1-18 keV energy range) and not near the Eddington luminos-
ity as supposed until now.

As already mentioned, the model used to fit the contin-
uum emission is composed of a blackbody plus a Comptonized
component. The corresponding radius of the blackbody compo-
nent, assuming a spherical emission, was ~30 km. This radius
is too large to be associated with the emission from the neu-
tron star surface; therefore the blackbody emission was proba-
bly produced by the inner part of the accretion disk. Following
in 't Zand et al. (1999) we calculated the radius Ry of the
seed-photon emitting region using the parameters reported in

Table 4 and obtained Ry ~ 10 km, which implies that the seed
photons for the Comptonization may come from the neutron
star surface. The parameters associated to the blackbody did
not vary significantly going from spectrum A to F. The flux
of the Comptonized component increased going from ~1.3 X
1078 erg cm™2 s7! (spectrum A) to ~1.9 x 1078 erg cm™2 57!
(spectrum F), while the other parameters associated to the
Comptonized component did not vary significantly. Finally, we
used the relations reported by Titarchuk & Lyubarskij (1995) to
obtain the spectral index associated to the Comptonized com-
ponent (in spherical geometry) for each of the six spectra. The
average spectral index was 0.80 + 0.15, compatible for each
spectrum.

In the six spectra a L, absorption line associated to Si XTIV
was present at 2 keV. The ionization parameter Logoé, cor-
responding to SiXIV, is 2.3. From & = L./(n.*) (see Krolik
et al. 1981) and Lipe = 47D%*line = n?chA f, we could obtain
both an upper limit on the distance to the central source and
the corresponding electron density of the region where the line
was produced. In this formula Ly is the total X-ray unabsorbed
luminosity of the source in the energy band 0.12-18 keV, n.
the electron density, L, the luminosity of the line, D the dis-
tance to the source, I}, the intensity of the line, V the emitting
volume, @ the recombination parameter, A the cosmic abun-
dance of the element, and f the fractional number of ions of the
considered element in the given ionization state. We assumed
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a spherical emitting volume V of radius r and f = 0.6. The
recombination parameter « is obtained using the relation and
the best fit parameters for Si XIV reported by Verner & Ferland
(1996), where we fixed the plasma temperature at the electron
temperature of the Comptonizing cloud. Using the parameters
in Tables 4 and 5 we found that the line was produced at r ~ 2 X
10" cm with a corresponding electron density of n, ~ 5 x
10'2 cm™3; the values of r and 7, are reported for each spec-
trum in Table 5.

The absorption edges associated to O VII, O VIII, and Ne IX
were probably produced in a plasma with a ionization parame-
ter log;o& of around 1.3. We obtained the equivalent hydrogen
column corresponding to the optical depth of the absorption
edges using Ty = oxNuAx f, where ox is the photoionization
cross section for the ion X, Ny is the corresponding equiva-
lent hydrogen column, Ay the abundance of the element X,
and f the fractional number of ions of the considered element
in the given ionization state. The value of the photoionization
cross sections are 2.4 x 1071 cm?, 9.9 x 1072 cm?, and 1.5 x
107" cm? for O vII, O vIII, and Ne IX, respectively (see Verner
et al. 1996). Using the values of 7 reported in Table 5, the cos-
mic abundance of oxygen and neon, and assuming an ioniza-
tion parameter log;o¢ = 1.3 (implying f ~ 0.5 for O v11, O VIII,
and Ne1X) we found that Ny, ,, ~ 2 X 1022 cm™2, Ny, ~
3 x 10”2 cm™ and Ny, ,, ~ 1.5 x 10?2 cm™2. The absorption
edge associated to Ar XVII was probably produced in a plasma
with an ionization parameter log;o¢ of around 2.9 with a corre-
sponding f of 0.7. The value of the photoionization cross sec-
tions associated to ArXVII is 4.2 x 1072 ¢cm? (Verner et al.
1996); and by assuming cosmic abundance of argon we found
that Ny,, ., Was ~10% cm™2. Finally, the absorption edge as-
sociated to CaXX was probably produced in a plasma with a
ionization parameter log o0& of around 3.5 with a correspond-
ing f of 0.7. The value of the photoionization cross sections
associated to Ca XX was 1.6 x 107! cm? (Verner et al. 1996); if
assuming cosmic abundance of calcium, we found that Ny,
is ~10%* cm~2.

We could also estimate an upper limit on the distance d to
the emitting source of the region where the absorption edges
were produced. To do it we used d < Ly/(N¢) (Reynolds &
Fabian 1995), where N is the equivalent hydrogen column as-
sociated to the photoionized matter, d the distance to the cen-
tral object, Ly the unabsorbed luminosity of the source in the
energy range 0.12-18 keV, and ¢ is the ionization parameter
defined above. We found that the O vII, O viII, and Ne IX ab-
sorption edges were produced at a distance to the central object
of d < 1.5 x 10'* cm, the ArXVII absorption edge at d < 8 X
10" cm, and, finally, the CaXX absorption edge at d < 2 X
10" cm.

These results indicate that ionized matter was present
around the system; at 7 ~ 2 x 10'! cm the electron density of
the plasma was n. ~ 10'2 cm™ as indicated by the SiXIV ab-
sorption line. Since SiXIV and Ar XVII peak at the same value
of the ionization parameter (Logé = 2.9), the region produc-
ing the SiXIV absorption line and the Ar XVII absorption edge
was probably the same, which implies that at  ~ 2 x 10!! cm
the equivalent hydrogen column associated to the ionized mat-
ter was ~10% cm™2. The Ca XX absorption edge was probably
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produced in the innermost region because of the larger value
of the ionization parameter associated to Ca XX. In this region
the value of the equivalent hydrogen column associated to the
ionized matter remained ~10> cm™2. The absorption edges as-
sociated to O vII, O vIII, and Ne IX were produced at larger dis-
tances; and in this case the associated equivalent hydrogen col-
umn was one order of magnitude lower, indicating that further
away from the neutron star the density of the ionized matter
decreased, as expected.

Finally in the six spectra we observed the presence of an ab-
sorption edge associated to neutral iron. Knowing that the Fe1
cross section is 3.37 x 1072 cm? and assuming the cosmic
abundance of iron, we found that the equivalent hydrogen col-
umn associated to neutral iron was ~1.5 x 10?2 cm™2. The es-
timated equivalent hydrogen column associated to neutral iron
was about 2 times larger than that seen in the low-energy (inter-
stellar) absorption, indicating an overabundance of iron or per-
haps a special geometry. A possible geometry was suggested
by Singh & Apparao (1994) who found similar results for the
Atoll source 4U 0614409 when analyzing EXOSAT data. The
FeT absorption edge is imprinted on the spectrum due to reflec-
tion by cold or partially ionized matter that is not in the same
line of sight of the direct emission, therefore leading to an es-
timate of Ny, which is different from the value obtained from
low-energy absorption.

5. Conclusions

In this work we present the spectral analysis of GX 9+1 in the
0.12-18 keV energy band, using a 350 ks long BeppoSAX ob-
servation. We selected six zones in the color—color diagram and
extracted an energy spectrum from each zone. We find that the
continuum is well-fitted using a blackbody plus a Comptonized
component and infer that the blackbody emission can be asso-
ciated to the accretion disk and that the Comptonized compo-
nent can be explained as the emission from an optically thick
spherical corona around the neutron star.

Our main results are the detection of ionized matter around
the system producing several absorption edges in the energy
spectrum and a possible reduction in the estimate of the dis-
tance to GX 9+1. The presence of several absorption edges and
an absorption line associated to H-like and He-like ions indi-
cate that the electron density of this plasma is n, ~ 10'?> cm™3
at r ~ 2 x 10" cm. The addition of these features in the
six analyzed spectra gives the value of the equivalent hydrogen
column density associated to interstellar absorption of ~0.8 x
10?2 cm~2. Considering the position of GX 9+1, this implies
a distance to the source of about 5 kpc. An important conse-
quence of this result is that the atoll source GX 9+1 has an un-
absorbed luminosity of ~6 x 10°7 erg s~! in the energy range
0.12-200 keV; i.e. the source is not as bright as supposed up
to now.
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