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ABSTRACT
We report on a puzzling event that occurred during a long BeppoSAX observation of the slowly
rotating binary pulsar GX 1+4. During this event, lasting about 1 d, the source X-ray flux was
over a factor 10 lower than normal. The low-energy pulsations disappeared while at higher
energies they were shifted in phase by ∼0.25. The continuum spectrum taken outside this low-
intensity event was well fitted by an absorbed cut-off power law and exhibited a broad iron line
at ∼6.5 keV probably due to the blending of the neutral (6.4 keV) and ionized (6.7 keV) Kα

iron lines. The spectrum during the event was Compton reflection dominated and it showed
two narrow iron lines at ∼6.4 and ∼7.0 keV, the latter never revealed before in this source. We
also present a possible model for this event in which a variation of the accretion rate thickens
a torus-like accretion disc that hides for a while the direct neutron star emission from our line
of sight. In this scenario, the Compton reflected emission observed during the event is well
explained in terms of emission reflected by the side of the torus facing our line of sight.
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1 I N T RO D U C T I O N

Accreting X-ray pulsars are neutron stars (NSs) in binary systems,
the emission of which is powered by accretion of matter from the
companion. In several of these systems, a highly variable X-ray flux
is revealed, usually caused by variations of the mass accretion rate
or by the occurrence of eclipses or dips.

NS X-ray binaries are usually divided in two subclasses depend-
ing on the companion mass: namely, the high-mass and low-mass
X-ray binaries (HMXRBs and LMXRBs; for a review see Joss
& Rappaport 1984). Pulsation periods extend over a wide range
(∼1.5 ms–8000 s); most of the X-ray emission detected from binary
pulsars is in the 2–20 keV energy range; X-ray spectra are com-
plex and often cannot be described in terms of a single component.
A common spectral description is in terms of a two-component
model, consisting of a soft component, usually a blackbody or a
disc–blackbody model (kT ∼ 0.5–3 keV), and a hard component
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modelled by a power law with a high-energy cut-off. There is evi-
dence in several cases for one or more lines between 6 and 7 keV,
most probably due to iron (Fe) (Becker et al. 1978; White et al.
1980).

Compton reflection of X-rays, has been studied in detail in the
last few decades (see Rybicki & Lightman 1979; Lightman & White
1988; White, Lightman & Zdziarski 1988) and it might occur when
X-ray and γ -ray radiation impinges upon a slab of cold material.
The expected UV to X-ray spectrum will then be composed of three
different components: (i) the optically thick UV radiation from the
thermal matter (usually modelled by a blackbody); (ii) the (possibly
non-thermal) primary X-ray radiation (usually modelled by a power
law); and (iii) and the reprocessed component by the cold material.
The X-ray spectrum of the latter has a characteristic shape (dictated
by the photoelectric absorption at low energies and Compton scat-
tering at higher energies), with a broad hump around 30 keV (e.g.
Matt, Perola & Piro 1991). Many fluorescent emission lines are also
present, by far the most prominent being the iron Kα at 6.4 keV. This
Compton reflection component was first observed in active galactic
nuclei (AGN; Pounds et al. 1990; Nandra & Pounds 1994), where
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it is almost ubiquitous (Perola et al. 2002; Bianchi et al. 2004), and
it is often present also in X-ray binaries, especially in black hole
systems (see e.g. Done 2004, for a review).

GX 1+4 is a LMXRB system harbouring an ∼130-s pulsar
(Lewin, Rickter & McClintock 1971) accreting mass from a red
giant companion (V2116 Ophiuchi) of class M5 III (Davidsen,
Malina & Bowyer 1977; Pereira et al. 1999; Chakrabarty & Roche
1997; Chakrabarty et al. 1998). In the NS X-ray binary zoo, we know
only another system with a red giant companion: 4U 1700+24 (Gal-
loway, Sokoloski & Kenyon 2002; Masetti et al. 2002).

GX 1+4 shows a variable X-ray flux on virtually all time-scales
so far investigated, from minutes to years. It is a relatively bright
X-ray pulsar system and it has displayed the largest spin-up rate
recorded for an X-ray pulsar (Lewin et al. 1971). The average spin-
up trend reversed in 1983 to spin down at approximately the same
rate: since then, other changes in the sign of the torque have been
observed for this source (Chakrabarty et al. 1997). It is somehow a
peculiar object among the X-ray binaries because of the high mag-
netic field that the NS is believed to have, which was inferred from
its timing properties (∼2–3 × 1013 G; Dotani et al. 1989; Greenhill
et al. 1993; Cui 1997). In fact, the presence of such a high mag-
netic field in a slowly rotating NS with a red giant companion is an
intriguing puzzle for the evolutionary scenario of this binary sys-
tem. GX 1+4 lies in the Galactic plane in the direction of the bulge
(RA17h32m03.s0; Dec.−24◦44′44.′′3) and it has an atypical spectrum
compared with other X-ray binaries. This source has not shown so
far a soft emission component (although it might be undetected due
to the very high absorption, N H > 2 × 1022 atom cm−2); it has a very
hard X-ray spectrum that seems to be completely non-thermal and
is usually fitted by a Comptonization model or a cut-off power law.
The spectral parameters are rather variable. Moreover, a pronounced
Fe emission line at ∼6.5 keV is often observed.

In this paper, we report on a long (about 3.5 d) BeppoSAX obser-
vation of GX 1+4 performed around 2000 November. The source
showed a marked intensity drop event, lasting for about 90 ks, fol-
lowed by a recovery to an almost normal intensity state. We anal-
ysed spectral and timing variations correlated with this event, and
we present a model to interpret the source behaviour.

2 O B S E RVAT I O N

BeppoSAX observed GX 1+4 three times: in 1996, 1997 and 2000.
The first two observations are reported elsewhere (Naik, Paul &
Callanan 2004), while here we report on the ∼3.5-d observa-
tion carried out between 2000 October 29 and November 2. The
BeppoSAX observatory covered more than three decades of energy,
from 0.1 to 200 keV. The payload was composed of two Wide Field
Cameras (WFCs; Jager et al. 1997) and four co-aligned instru-
ments, the Narrow Field Instruments (NFIs, Boella et al. 1997a):
Low Energy Concentrator Spectrometer, 0.1–10 keV (LECS;
Parmar et al. 1997); Medium Energy Concentrator Spectrome-
ter, 1–10 keV (MECS; Boella et al. 1997b); High Pressure Gas
Scintillation Proportional Counter, 4–100 keV (HPGSPC; Manzo
et al. 1997); and Phoswich Detector System, 15–200 keV (PDS;
Frontera et al. 1997). All four NFI instruments were on during the
observation.

Because the LECS and MECS have imaging capabilities, we ex-
tracted the events from circular regions of 6-arcmin radii centred
on the peak of the source point spread function (PSF). The LECS
background was subtracted using a background appropriate for low-
latitude sources, i.e. source-free observations close to the Galactic
plane with a total exposure time of 210 ks (in order to avoid un-

derestimating the background, we did not use standard background
subtraction from a region in the same image, far from the source;
note that, for highly absorbed and intense sources, the low-energy
background should be subtracted as reported in Parmar et al. 1999).
The MECS background was extracted from an annulus around the
source. The HPGSPC and PDS do not have imaging capabilities
so the background subtraction was obtained using off-source data
collected during the rocking of the collimators.

We carried out timing and spectral analysis using the data col-
lected from these four instruments. We corrected all arrival times to
the barycentre of the Solar system.

LECS and MECS spectra were accumulated from the same circu-
lar regions used for the event files and re-binned in order to have at
least 50 photons per bin; HPGSPC and PDS spectra were re-binned
so as to have at least 80 and 100 photons in each bin, respectively.
With this choice, the minimum chi-squared techniques could be re-
liably used in spectral fitting. For the spectral analysis, we restricted
the energy range of the instruments to: 1–4 keV for the LECS (due
to the very high background and absorption value), 1.65–10.5 keV
for the MECS, 9.8–20 keV for the HPGSPC and 15–200 keV for
the PDS. Only those bins in which the count rate (after background
subtraction) was significantly higher than zero were used in the spec-
tral analysis. In time intervals in which the source was dimmest,
the LECS spectra contained no useful information and were thus
excluded from the analysis.

LECS response matrices were made using the LECS matrix gen-
eration tool LEMAT (included in SAXDAS 2.2.1) in order to account
for the high count rate of the source (for details see the BeppoSAX
cookbook: Fiore, Guainazzi & Grandi 1999). The matrices of the
other instrument are those provided by the BeppoSAX data analysis
centre.

During the analysis, we discovered the presence of a ghost source
in the third MECS instrument (see Fig. 1). The ghost is probably
due to a spurious reflection in the telescope mirrors of a source
out of the instrument field of view. The presence of this source
does not affect the analysis of GX 1+4 because it lies ∼25 arcmin
off-axis and it is present only in the third MECS. However, given
the no-imaging capability of the PDS and the HPGSPC, and their
larger field of view, we had to ensure that photons from this source
did not contaminate the high-energy emission of our target. To this
aim, we extracted the MECS 3 spectrum of the ghost source, gener-
ated an appropriate off-axis response matrix and fitted its spectrum.
Based on the 1–10 keV spectrum of this source, we estimated that its
10–100 keV flux was more than 2 orders of magnitude lower than
that of GX 1+4 in the same energy band. We concluded that the
HPGSPC and the PDS spectra are largely dominated by our target.

Figure 1. Comparison between the MECS3 and MECS2 observations
of GX 1+4 (1.65–10 keV energy range). A ghost source is present in the
MECS3.
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3 R E S U LT S

3.1 Timing analysis

In all the energy bands we investigated, the X-ray light curve of
the source showed a large flux variability (see Fig. 2, top panel). In
the MECS energy range, the source intensity dramatically dropped
from ∼4 to ∼0.3 count s−1, then, after an ∼90-ks-long low-emission
state, slowly increased reaching ∼10 count s−1, dropped again for
less than 10 s and then returned to its starting intensity level.

Pulsations were clearly seen in the power spectrum, the funda-
mental frequency was followed by six harmonics (Fig. 2 bottom
panel). We then carried out an epoch folding search followed by
phase-fitting period determination, which gave a refined spin period
value of P s = 134.925 ± 0.001 s (at 117 85.000 781 TJD; all errors
in the text, if not otherwise specified, are at the 90 per cent con-
fidence level (c.l.); all errors in the figures are at the 1σ c.l.). The
timing analysis was carried out using XRONOS tools version 5.19.

We analysed in the same way the previous two BeppoSAX obser-
vations (in 1996 and 1997) and derived a secular spin period deriva-
tive of Ṗ = (1.0 ± 0.2) × 10−7 s s−1 across the three observations.
Note that, although GX 1+4 shows a characteristic spin-down trend,
its timing behaviour has not been always stable and a period deriva-
tive reverse has been observed on a few occasions (Chakrabarty
et al. 1997b; Pereira, Braga & Jablonski 1999). Therefore, the pe-
riod derivative estimated from the three BeppoSAX data sets should
be regarded as an average Ṗ value.

We divided the observation into 10 time intervals (Fig. 2, top
panel) and searched for pulsations in each interval with all four Bep-
poSAX instruments. During the whole observation, except interval
D, all instruments showed pulsations at the same spin period. Dur-

Figure 2. Top panel: MECS (1.65–10 keV) light curve of the BeppoSAX
2000 observation (100-s bins) with the time interval divisions. Bottom panel:
power spectrum density in the same energy band. First three peaks are spuri-
ous due to the BeppoSAX orbit, while the others are the NS spin fundamental
peak at ∼0.0075 Hz followed by six harmonics.

ing the search for pulsations in the low-intensity state (interval D),
we found that in the LECS and in part of the MECS bands (<7 keV)
no pulsed emission was present (upper limits on the pulsed fraction
(PF) are 7 and 5 per cent for MECS and LECS, respectively; see
also Fig. 4), while at higher energies (>7 keV) a quasi-sinusoidal
pulsed signal was always clearly detected (>8σ c.l.; see Figs 3
and 4).

In all four instrument, we studied the pulse profiles in various
energy ranges, finding marked differences (see Fig. 3). By consid-
ering data taken with the same instrument and comparing the phase
of the pulse minimum among the HPGSPC and PDS pulse profiles,
we found evidence for a shift in phase between the pulses detected
at different times. For instance, the minima of the HPGSPC folded
light curves of intervals A and D are shifted in phase by 0.22 ±
0.05 and there is evidence for a trend in the phase shift evolution.1

If we concentrate on the pulse minimum and we use interval D as
a reference (see Fig. 3, in particular the third panel from the left),
the phase shifts seems to decrease from interval A to D and then to
increase again until the end of the observation.

Variations of the PF are shown in Fig. 4. During the low-intensity
emission (interval D), the PF below 7 keV is consistent with zero
(note that, in Fig. 4, LECS and MECS PFs in the interval D are 1σ

upper limits), while at higher energies it increases to 20 ± 4 per cent
(7–35 keV) and 32 ± 5 per cent (35–100 keV). The PFs were in-
ferred using the simple (I max − I min)/(2I max + 2I min) formula; the
high variability of the pulse profile prevented us from using a more
accurate technique, like fitting with one or more sine functions.

3.2 Spectral analysis

Because GX 1+4 shows a large intensity variability, we considered
separately spectra corresponding to the high- and low-emission parts
of the light curve studying the spectral changes over the 10 time
intervals used for the timing analysis (Fig. 2, top panel).

We first fitted the spectra by using a simple absorbed cut-off
power law. This model gave a satisfactory reduced χ2 ∼ 1 only in
the intervals corresponding to a high source intensity (all except
intervals C, D, E and F, where χ2 ∼ 2). We then added a blackbody
model in order to search for a soft component (present in other
X-ray binaries) but the addition of this further component was not
significant.

Concerning the spectra relative to the low-intensity part of the
observation, we tried to fit them using the same broad-band model
of the other spectra but adding a partial covering factor; the resulting
χ 2 was about 1.5, better than the fit with the cut-off power law alone
but still quite large.

We then noticed that the source spectral shape in the low-emission
state was reminiscent of that expected for a Compton reflection
dominated spectrum, therefore we fit all spectra by using an expo-
nentially cut-off power law (mimicking the incident X-ray beam)
reflected by some neutral material (which we tentatively associate to
the disc; Pexrav model in XSPEC; Magdziarz & Zdziarski 1995). By
varying the relative amount of reflected and primary components,
this provided an accurate model for all the GX 1+4 spectra taken
in different intensity states (see Fig. 5 and Table 1). The reflection

1 Because of the highly variable pulse profile of this source, it is not possible
to study quantitatively the evolution of the phase shift during the observation,
because it is rather difficult to find a common model that fits the various light
curves and then an exact definition of the pulse minimum. This issue can
then be discussed only qualitatively.
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Figure 3. LECS (0.2–4 keV), MECS (1.65–7 keV), HPGSPC (7–35 keV) and PDS (35–100 keV) folded light curves at the NS spin period for all time intervals
(see also Fig. 2). The scale on the y-axis is arbitrary normalized count s−1. The vertical lines are added in order to help visualize the shifts in the phase minima,
more evident in the third panel.

Figure 4. Pulsed fractions for different instruments calculated with the
formula: (I max − I min)/(2I max + 2I min). Energy ranges for the four instru-
ments are reported in the caption of Fig. 3.

parameter was small or even compatible with zero away from the
low-intensity event, while during the latter it reached the highest
values (∼40).

By adopting this spectral decomposition, we found evidence also
for changes in the absorption parameter (N H) and photon index (�)

during the observation. The hydrogen column density N H varied
between 7–48 × 1022 atom cm−2, reaching the highest values just
before and after the low-intensity event. Note that the average ISM
absorption value in the direction of GX 1+4 (computed using the
NH tool provided by HEASARC) is 3.2 × 1021 atom cm−2, meaning
that most of the absorption is due to local material.

The power-law index � decreases by 10–20 per cent when the
source enters into the Compton reflection dominated phase (inter-
val D) and the spectrum remained hard until interval H, where a
flaring event occurred. This was followed by an abrupt decrease
with spectral softening and then a recovery to a harder value.

All time-resolved spectra showed at least an Fe line emission
feature. In all intervals but D and E, only one broad (∼0.3 keV) Fe
line emission was present at ∼6.55 keV. In several other sources,
a broad Fe line was detected around this energy, but then obser-
vations with higher spectral resolution instruments (Chandra and
XMM–Newton) disentangled the blending of two narrow lines at
∼6.4 and 6.7 keV (Audley 1997; Gallo et al. 2004). In order to in-
vestigate the possible occurrence of blending, we fitted the spectra
adding to the continuum model two Gaussians with fixed peak en-
ergies at 6.4 and 6.7 keV (neutral and He-like Fe Kα, respectively)
and forcing their widths to be equal. The fit gave narrow widths
(<0.1 keV, which is the energy resolution of the instrument at that
energy) and a ratio between the two line normalizations was variable
in time ranging between I 6.7 keV/I 6.4 keV ∼ 0.2–0.6. However, the
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Figure 5. Time-resolved spectra. Time intervals are reported in Fig. 1 and spectral parameters in Table 1.
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Figure 5 – continued

reduced chi-squared remained close to one with three more param-
eters and the F-test revealed the addition of a new Gaussian function
to be not significant. Only high-resolution observations could shed
more light on this topic.

In intervals D and E, while the continuum reduced substantially,
an additional narrow line at ∼7.05 keV was clearly revealed. At the
same time, the broad line at ∼6.55 keV became narrower and its
centroid shifted at slightly lower energies. The ∼7-keV line was
possibly present also in higher intensity spectra but was too weak to

be detected because of the intense continuum emission. A natural
interpretation is that the broad line detected during the high-emission
results from the blending of a 6.4-keV neutral Fe Kα and a 6.7-keV
He-like Fe, while the two narrow lines in the low-intensity emission
are the neutral Fe Kα and Kβ. The Kβ flux is about 20 per cent
of that of the Kα, slightly larger than the expected value of 15–
16 per cent (Molendi, Bianchi & Matt 2003). However, we would
like to stress the fact that the relatively poor MECS energy resolution
makes our interpretation of these lines quite uncertain. For example,
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Table 1. Spectral parameters for different time intervals (intervals D-a and D-b are respectively the first and the second half of interval D).

A B C D-a D-b E

N H (1022 atoms cm−2) 7.4 ± 0.2 17 ± 1 39 ± 5 22 ± 2 20 ± 6 48 ± 3

Pexrav � 1.48 ± 0.06 1.7 ± 0.1 1.4 ± 0.3 1.3 ± 0.1 1.2 ± 0.2 0.9 ± 0.2
Pexrav Efold (keV) 42 ± 3 57 ± 12 37 ± 10 40 ± 2 37 ± 2 25 ± 4
Pexrav rel-refl 0.9 ± 0.1 1.2 ± 0.3 1.2 ± 0.8 8 ± 2 42 ± 3 0.14 ± 0.08
Pexrav norm (10−2) 7.9 ± 0.8 12 ± 3 5 ± 2 0.5 ± 0.1 0.2 ± 0.1 3 ± 1

1st Fe line (keV) 6.51 ± 0.04 6.54 ± 0.07 6.58 ± 0.09 6.48 ± 0.02 6.47 ± 0.08 6.47 ± 0.05
1st line width (keV) 0.23 ± 0.05 0.2 ± 0.1 0.3 ± 0.1 < 0.1 < 0.1 < 0.1
1st line eqw (eV) 256 201 860 2160 1730 823
1st line norm (10−3) 1.18 ± 0.21 1.0 ± 0.2 2.4 ± 0.5 1.3 ± 0.2 1.7 ± 0.3 3.2 ± 0.1
2nd Fe line (keV) 7.05 ± 0.11 7.05 ± 0.11 7.05 ± 0.18
2nd line width (keV) < 0.1 < 0.1 < 0.1
2nd line eqw (eV) 518 485 201
2nd line norm (10−3) 0.27 ± 0.03 0.40 ± 0.03 0.70 ± 0.12

χ2(d.o.f.)a 1.1(221) 1.2(225) 1.3(226) 1.3(114) 1.3(141) 1.2 (125)
Unab flux (10−9 erg cm−2 s−1) 1.5 1.5 0.87 0.35 0.59 1.3

F G H I J

N H (1022 atoms cm−2) 25.2 ± 1.4 15 ± 1 9.7 ± 0.3 11 ± 1 7.4 ± 0.3

Pexrav � 0.9 ± 0.1 1.16 ± 0.11 1.19 ± 0.07 1.6 ± 0.1 1.19 ± 0.08
Pexrav Efold (keV) 23 ± 2 30 ± 3 31 ± 1 41 ± 5 30 ± 2
Pexrav rel-refl ∼0 ∼0 ∼0 0.3 ± 0.2 ∼0
Pexrav norm (10−2) 4 ± 1 5 ± 1 7.2 ± 0.8 6 ± 1 5.6 ± 0.7

1st Fe line (keV) 6.55 ± 0.03 6.50 ± 0.03 6.51 ± 0.03 6.50 ± 0.03 6.52 ± 0.03
1st line width (keV) 0.32 ± 0.05 0.23 ± 0.09 0.30 ± 0.05 0.25 ± 0.07 0.23 ± 0.07
1st line eqw (eV) 628 421 379 263 247
1st line norm (10−3) 3.7 ± 0.1 2.0 ± 0.1 2.4 ± 0.1 0.72 ± 0.09 1.24 ± 0.1

χ2(d.o.f.) 1.1(147) 1.2(166) 1.18(92) 1.08(138) 1.05(185)
Unab flux (10−9 erg cm−2 s−1) 1.9 1.9 1.9 0.76 1.5

Note: adegrees of freedom (d.o.f.).

we cannot exclude that the line at 7.05 ± 0.11 keV can be, at least
in part, due to the 6.93-keV Fe XXVI line.

In some spectra (especially during intervals A and G), there was
weak evidence for an absorption feature in the 32–37 keV range,
similar to an edge or a cyclotron line. An absorption edge at these
energies is unlikely: however, while fitting a cyclotron model (cy-
clabs in XSPEC), we found an improvement of the chi-squared value
with an F-test probability of 2.5σ and 2.3σ for intervals A and G,
respectively. If real, the feature can be interpreted as an electron cy-
clotron feature. The inferred surface magnetic field of the NS would
then be ∼4 × 1012 G, much lower than the value proposed by in-
terpreting the torque reversal of the source (Dotani et al. 1989). In
order to better study the possible presence of a cyclotron line, we
made a pulse phase spectroscopy (PPS) analysis in time intervals
A and G in the whole 1–200 keV energy band. In fact, cyclotron
lines are often expected to have a spin-phase dependent strength,
but unfortunately the PPS analysis did not yield any improvement
of the line significance. Further observations (e.g. INTEGRAL) are
needed to confirm this very weak evidence.

4 D I S C U S S I O N

We reported on the results of a long BeppoSAX observation of the
X-ray binary pulsar GX 1+4, during which the source entered a
phase of low X-ray emission. During the low event: (i) a Compton

reflection dominated spectrum was clearly detected, for the first
time in this source; (ii) pulsations were not detectable with the low-
energy instruments, while they were clearly visible above 7 keV; and
(iii) an emission line at ∼7.05 keV was revealed for the first time in
this source.

Moreover, we found that the pulse profile of GX 1+4 is highly
energy and time dependent, and the pulse minimum at the higher en-
ergies systematically shifted in phase during the whole observation.
A broad Fe line at ∼6.5 keV, detected also with past missions, was
present in all spectra, while the substantial reduction of the contin-
uum emission during the low-intensity event allowed us to reveal,
for the first time, a second Fe line at ∼7.05 keV.

A similar (although shorter) low-emission event was observed in
GX 1+4 with RXTE (Giles et al. 2000; Galloway et al. 2000) but,
due to the poor RXTE spectral resolution, a comparison between
the spectra of these two events is not straightforward. During a few
occasions, GX 1+4 was detected by RXTE in an unusual low-flux
non-pulsating state (Cui 1997; Cui & Smith 2004). The source fluxes
in such observations were comparable to the flux of the source dur-
ing the low-intensity event reported here. Cui (1997) also pointed
out that the X-ray spectrum was harder than usual and interpreted
these non-pulsating events as due to an onset of a centrifugal bar-
rier during the transition to the propeller regime. However, although
such events were extremely similar to the one reported here, an in-
terpretation in terms of the onset of a centrifugal barrier appears less
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likely because no pulsations are expected in the propeller regime,
if accretion onto the magnetic poles is halted, neither at low nor at
high energies. There could also be particular magnetospheric config-
urations through which, even in the propeller regime, matter might
reach the magnetic poles of the NS causing pulsations (see also
Campana et al. 2001). However, even in this case, it is not obvious
to explain why pulsations are visible only at high X-ray energies
and the pulse minima shift in phase with time.

In order to interpret the low-intensity event that occurred during
the BeppoSAX observation, we present below different models we
have examined.

A crucial insight was derived from the fact that we found a com-
mon spectral model that describes spectra taken at all the observed
intensity states, merely by varying the relative contribution of the
reflected component. The onset of a Compton reflection component
is unlikely to be due to a different emission state of the source it-
self. It is instead most probably associated with the reprocessing
of the NS emission by some Compton thick material (possibly the
accretion disc that partially intercepts the NS X-ray beam). More-
over, the high variability in the absorption value detected during the
BeppoSAX observation and the lack of X-ray pulsations at low en-
ergies during the low event do not find a natural explanation in a
scenario where the onset of the low state is caused by a variation of
emission of the NS itself.

Another possibility is a variation in the accretion rate from the
companion star (as proposed by Galloway et al. 2000, for the other
low-emission event). While variations might well be present, they
cannot explain alone the onset of a pronounced reflection compo-
nent, the highly variable absorption, the unpulsed emission at low
energies or the varying shift in phase of the high-energy folded light
curves.

Our spectral analysis indicates that the spectrum observed during
the low-intensity event should not be due to the direct NS surface
emission. Rather most of the photons we see, reach us after reflection
off material located in the proximity of the NS. This material might
be due to the disc surrounding the NS or to the high-density wind
of the companion, perhaps accompanied by a sort of eclipse from
the giant companion itself. Below we discuss these possibilities.

The observed decrease in X-ray intensity might be due to a partial
eclipse, for instance the direct NS emission might be hidden, from
our line of sight, by the limb of the giant companion. In this case, the
X-ray spectrum observed during the eclipse would be mainly pro-
duced through the Compton reflection off the material surrounding
the companion, e.g. its dense stellar wind.

The observed changes in N H are naturally explained by this sce-
nario. Because the stellar wind is denser and denser approaching the
giant surface, N H is expected to reach the highest values soon be-
fore the eclipse ingress (interval C) and soon after the eclipse egress
(interval E), because at these epochs the direct X-ray photons pass
through a more dense material before their detection.

Furthermore, if the emission lines observed with BeppoSAX were
a blending of the 6.4- and 6.7-keV Fe during the high-intensity
emission (respectively neutral and ionized Fe; see also Section 3.2)
and the 6.4- and 7.0-keV features were neutral Fe lines during the
low-emission event, this could be in agreement with the eclipse
scenario. In fact, during the partial eclipse, the regions closer to
the NS, which are expected to be the most ionized, are covered
by the companion. We therefore expect to detect ionization lines
when the NS is not obscured and lines from neutral material during
the eclipse, when only the farther regions are visible.

However, in order to produce such a highly reflection-dominated
spectrum, this model requires that the Compton thick material is

Figure 6. Schematic two dimensional picture of the torus-like accretion
disc around the NS. Before the increase of the accretion rate, the torus was
smaller and the observer could see the direct NS emission; as the torus starts
to thicken, the direct emission is hidden while the reflected component (solid
line) prevails.

distributed along a wide solid angle around the source, and this
distribution is difficult to ascribe to stellar companion wind material
only. Moreover, taking into account the large size of the companion
star compared with the NS radius, the occurrence of an ∼90-ks
eclipse requires an ad hoc fine tuning of the system inclination. Both
problems might be partially reduced if we assume that at least part
of the scattering material is located in the accretion disc. For certain
inclination angles, the disc could subtend a wide solid angle around
the NS and because of the large disc size, compared with the NS
radius, a lesser degree of fine tuning would be required. However,
this scenario requires a different tuning, now on the inclination of
the disc itself.

Another possible scenario, the one we favour, is one in which the
material responsible for the occultation of the direct NS emission
might be provided by a torus-like accretion disc around the compact
source (see Fig. 6). The increase in the accretion rate from the com-
panion star, possibly due to a change in the wind parameters, would
cause the inner torus to thicken,2 thus hiding the direct emission of
the NS from our line of sight.

In this scenario, the Compton reflected emission observed during
the low event is well explained in terms of emission reflected by the
side of the torus facing our line of sight.

In order to prevent light traveltime smearing of the pulsations,
the reflecting zone should not be farther than cP s ∼ 4 × 1012 cm
(where c is the light velocity and Ps the source spin period). The
inner radius of the accretion disc is dictated by the magnetospheric
radius (Rm) of the NS. Because torque reversals have been detected
in GX 1+4 Rm must be close to the corotation radius, Rm ∼ R cor =
(GMxP2

s /4π2)1/3 = 8.2 × 109 cm, which is smaller than cPs. Fur-
thermore, for a P s = 134.925(1) s pulsar, a phase shift between
pulse minima of ∼0.22, like that observed across intervals A and
D (see Section 3.1), corresponds to a delay time of 29 ± 6 s and to
a difference in photon path of ∼8.7 × 1011 cm. In this picture, the
lack of low-energy pulsations may be explained if we consider a
reflecting material composed of different layers: the near at the NS,
the Compton thicker; the farther, the Compton thinner. In fact, if the
Compton thinner material is expected to be mainly responsible for

2 Note that the occurrence of accretion rate changes in the history of this
source is well supported by the detections of spin-torque variations in the
pulse timing history (Chakrabarty et al. 1997).
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the low-energy reflection, it could be too far from the source to keep
the coherence in the low-energy photons that are reflecting.

Moreover, the N H variation can be understood as follows: by
increasing the torus, the amount of materials in the line of sight
starts to increase and, therefore, so does the N H value (intervals B
and C). When the direct emission is completely hidden (interval
D), the N H value decreases because only the reflected component is
seen. The egress from the low state is an epoch when the torus starts
to shrink down again (intervals E and F) and the direct emission
slowly re-enters into view, in the beginning through a large amount
of material.

This scenario strengthens the interpretation of the two narrow
lines present during the event as the neutral Fe Kα and Kβ and
the broad line as the blending of the neutral Fe Kα and the He-like
Fe Kα. In fact, because out of the low-intensity event the whole disc
emission is visible (in particular the disc regions close to the NS
which are highly ionized by the intense NS X-ray beam), we then
expect to see both neutral and ionized Fe emission lines. On the
other hand, when the torus hides the NS from the direct view, only
the reflection by the external regions is visible and we then expect
to detect only neutral lines.

The intensity of the neutral iron line is expected to correlate with
the intensity of the reflection component (e.g. George & Fabian
1991; Matt et al. 1991). Unfortunately, the poor BeppoSAX energy
resolution makes it difficult to separate the neutral and ionized lines.
Nevertheless, we tried to fit the iron line with two unresolved (i.e.
δ-function) lines with energies fixed to 6.4 and 6.7 keV (the neutral
and He-like ions, respectively). The fit is as good as the one with
the broad line. The equivalent width (EW) of the neutral line is very
large (of the order of 1–2 keV) when the reflection component dom-
inates the spectrum, as in interval D, as expected from Monte Carlo
simulations (e.g. Matt et al. 1991). In intervals A–C, the line EW is
much smaller (up to about 250 eV), because of the dilution by the
direct power law. In intervals F–J, when the reflection component is
very small, there is still a substantial neutral line (EW of about 100–
200 eV), which can be due to the absorbing matter, which has a large
covering factor (e.g. Matt 2002). Interval E is instead puzzling, as
there is still a very large neutral iron line (EW ∼ 800 eV) and a small
reflection component. In the framework of our proposed scenario,
however, it is possible that the torus, while shrinking, becomes also
less optically thick (or at least the visible part of it does so). In fact,
for Thomson optical depths of a few tenths, a still very intense iron
line is expected, while the reflection continuum is much reduced,
especially above 10 keV (Matt, Guainazzi & Maiolino 2003).

The model described above is analogous to that proposed for
some AGN (Walter & Fink 2003; Revnivtsev et al. 2003; Matt &
Guainazzi 2003).

The N H value observed in GX 1+4 during some part of the ob-
servation is similar to that measured in some of the highly ab-
sorbed INTEGRAL sources; therefore, we could speculate that the
highly absorbed INTEGRAL sources are compact binary systems (as
GX 1+4) where, due to a particular line of sight and inclination, the
direct emission of the compact object does not reach the observer,
being always hidden by the inner accretion torus.

While this work was being drafted, Naik et al. (2004) published a
paper on the same observation. Their spectral modelling is not fully
consistent with ours. Naik et al. claimed the presence of a soft excess
that we do not detect. One possibility could be the different tech-
nique they adopted for the background extraction. The technique
they used may have led to an underestimate of the background at
energies �2 keV, then a low-energy excess might have resulted (see
Sections 2 and 3 for further explanation). Moreover, they fit the spec-

trum of the low-intensity event with a Comptonization model with
a higher temperature of seed photons and a higher absorption value
than in the normal emission state. However, it is not clear how a hot
Comptonizing material might produce a 2.1 keV equivalent width
neutral Fe emission line, as present during this low-intensity event.
These authors did not use the HPGSPC instrument in the analy-
sis, which is a large help in constraining the broad-band spectrum;
furthermore, they divided the observation into three time intervals,
which we believe not enough to reveal and model all the spectral
changes that occurred during the observation.
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