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Abstract. We report the discovery of narrow Fe and Fe Kα X-ray absorption lines at 6.65+0.05
−0.02 and 6.95+0.05

−0.04 keV
in the persistent emission of the dipping low-mass X-ray binary (LMXB) XB 1916-053 during an XMM-Newton observation
performed in September 2002. In addition, there is marginal evidence for absorption features at 1.48 keV, 2.67 keV, 7.82 keV
and 8.29 keV consistent with Mg, S, Ni Kα and Fe Kβ transitions, respectively. Such absorption lines from
highly ionized ions are now observed in a number of high inclination (i.e. close to edge-on) LMXBs, such as XB 1916-053,
where the inclination is estimated to be between 60–80◦ . This, together with the lack of any orbital phase dependence of
the features (except during dips), suggests that the highly ionized plasma responsible for the absorption lines is located in
a cylindrical geometry around the compact object. Using the ratio of Fe and Fe column densities, we estimate the
photo-ionization parameter of the absorbing material, ξ, to be 103.92 erg cm s−1. Only the Fe line is observed during dipping
intervals and the upper-limits to the Fe column density are consistent with a decrease in the amount of ionization during
dipping intervals. This implies the presence of cooler material in the line of sight during dipping. We also report the discovery
of a 0.98 keV absorption edge in the persistent emission spectrum. The edge energy decreases to 0.87 keV during deep dipping
intervals. The detected feature may result from edges of moderately ionized Ne and/or Fe with the average ionization level
decreasing from persistent emission to deep dipping. This is again consistent with the presence of cooler material in the line of
sight during dipping.
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1. Introduction

XB 1916-053 is a LMXB showing periodic intensity dips in
its light curve (Walter et al. 1982; White & Swank 1982).
Dips are believed to be due to obscuration of the central X-ray
source by a vertical structure located at the outer edge of the
accretion disk and resulting from the impact of the accretion
flow from the companion star into the disk (White & Swank
1982). The presence of dips in XB 1916-053 and the lack of
X-ray eclipses from the companion star indicate that the sys-
tem is viewed relatively close to edge-on, at an inclination an-
gle in the range ∼60–80◦ (Frank et al. 1987; Smale et al. 1988).
The X-ray dip period is 50 min (e.g., White & Swank 1982),
the shortest amongst the dipping sources. The optical counter-
part of XB 1916-053 shows a modulation with a period ∼1%
longer than the X-ray dip period (e.g., Callanan et al. 1995).
This discrepancy has led to several interpretations including su-
perhumps (Schmidtke 1988) and a hierarchical triple system
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model (Grindlay et al. 1988). Retter et al. (2002) recently fa-
vored the superhump model, which invokes a precessing ac-
cretion disk, and which identifies the X-ray period as orbital.
XB 1916-053 is a type I X-ray burster (Becker et al. 1977), in-
dicating that the compact object is a neutron star. XB 1916-053
has shown quasi-periodic oscillations at various frequencies
ranging from∼0.2 to 1300 Hz (Boirin et al. 2000), and a 270 Hz
highly coherent oscillation during an X-ray burst (Galloway
et al. 2001).

XB 1916-053, as most dippers, shows spectral hardening
during dipping. However, the spectral evolution is not consis-
tent with a simple increase of photo-electric absorption by cool
material, as an excess of photons is present at low energy. Two
approaches have been proposed for modelling the spectral evo-
lution during dips. In the “absorbed plus unabsorbed” approach
(e.g., Parmar et al. 1986), the persistent (non-dipping) model
is used to fit the intensity-selected dip spectra, but is divided
into two parts. One part is allowed to be absorbed, whereas
the other one is not. The spectral evolution during dipping is
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well accounted for by a large increase in the column density of
the absorbed component, and a decrease of the normalization
of the unabsorbed component. The latter decrease has been at-
tributed to effects of electron scattering in the absorber. In the
“progressive covering”, or “two-component” or “complex con-
tinuum” approach (e.g., Church et al. 1997), the X-ray emis-
sion originates from two components. The first one, generally
modelled as a blackbody, is from a point-like region, such as a
boundary layer around the compact object. The second com-
ponent, generally modelled as a power-law, comes from an
extended region, such as an accretion disk corona. The com-
plex continuum approach allows both the persistent and the
various intensity-selected dipping spectra to be modelled with
the same two components, and explains the spectral changes
by allowing partial and progressive covering of the extended
source by an opaque absorber that occults various fractions of
the source. The absorption applied to the point-source compo-
nent is allowed to vary independently of the absorption applied
to the extended component, but no partial covering is needed
as the source is supposed to be point-like and thus fully cov-
ered by the absorber in the line of sight during the dips. Both
approaches have been applied to XB 1916-053 (e.g., Yoshida
et al. 1995; Church et al. 1997, respectively).

In addition to the continuum emission, a broad emission
feature interpreted as fluorescent line emission from neutral
Fe was detected from XB 1916-053, at 5.60+0.53

−0.43 keV (Smale
et al. 1992), 6.14+0.18

−1.07 keV (Bloser et al. 2000) and 5.9+0.2
−0.1 keV

(Asai et al. 2000). The low energy of the emission lines com-
pared to the 6.4 keV expected for neutral Fe led Parmar et al.
(2002) to propose that the broad emission feature was mod-
ulated with ∼7 keV absorption features, which were not in-
cluded in the spectral model, reducing the measured energy of
the emission feature. Narrow absorption features from highly
ionized Fe and other metals are now observed in a growing
number of LMXBs (see Table 5), thanks to the improved sensi-
tivity and spectral resolution offered by the new generation of
instruments on-board of Chandra and XMM-Newton. These
discoveries indicate that a highly ionized plasma is present in
these systems, that was so far not taken into account in mod-
els. Therefore, the study of these lines appears to be extremely
important to characterize the geometry and physical properties
of this plasma, that could be a common property of accreting
systems. The presence of absorption lines could be related to
the viewing angle of the system.

In this paper, we report the discovery of narrow Fe
and Fe Kα X-ray absorption lines near 7 keV in the dip-
ping LMXB XB 1916-053. Absorption features due to highly
ionized Mg, S and Ni may also be present. The Fe line
is also observed during dipping intervals. We also report the
discovery of an absorption edge at an energy of 0.98 keV
and 0.87 keV during the persistent and dipping intervals, re-
spectively. Detailed modelling of the continuum emission,
comparison of the “absorbed plus unabsorbed” and “complex
continuum” approaches, and discussion of their physical inter-
pretations are the subject of a separate paper (Webb et al., in
preparation), and are therefore not presented here. In this pa-
per, we focus on the X-ray absorption features, and, in order

to extract their properties, we fit the continuum with a simple
model and follow the complex continuum approach.

2. Observation and data reduction

The XMM-Newton Observatory (Jansen et al. 2001) includes
three 1500 cm2 X-ray telescopes each with an European
Photon Imaging Camera (EPIC, 0.1–15 keV) at the focus.
Two of the EPIC imaging spectrometers use MOS CCDs
(Turner et al. 2001) and one uses pn CCDs (Strüder et al.
2001). Reflection Grating Spectrometers (RGS, 0.35–2.5 keV,
den Herder et al. 2001) are located behind two of the tele-
scopes. XB 1916-053 was observed by XMM-Newton for 17 ks
on September 25, 2002, from 03:55 to 08:31 UTC. All the
EPIC cameras were operating in timing mode, with medium
thickness optical blocking filters applied. As the pn CCD is
more sensitive to the presence of lines than the MOS CCDs
with an effective area a factor 5 higher at ∼7 keV and a better
energy resolution, we concentrate on the analysis of pn data.
We also carry out a spectral analysis of RGS data.

We used the X-ray data products generated by the Pipeline
Processing Subsystem on October 2002. We further filtered
these products and generated lightcurves and spectra using
the Science Analysis Software (SAS) version 5.4.1. Electronic
noise and hot or flickering pixels were rejected. No high back-
ground intervals were present in the data.

In pn timing mode, only one pn CCD chip (correspond-
ing to a field of view of 13.′6 × 4.′4) is used and the data
from that chip are collapsed into a one-dimensional row (4.′4)
to be read out at high speed, the second dimension being
replaced by timing information. This allows a time resolu-
tion of 30 µs, and photon pile-up occurs only for count rates
above 1500 counts s−1. We selected only single and double
events (patterns 0 to 4), and extracted source events from a 53′′
wide column centered on the source position. Background
events were obtained from a column of the same width, but
centered 115′′ from XB 1916-053. We used the latest re-
sponse matrix file for the pn timing mode provided by the
XMM-Newton calibration team (epn ti40 sdY9.rsp, released
in 2003 January). We generated an ancillary response file us-
ing the ftools arfgen. In the source spectrum, we observe two
strong emission features near 0.25 and 0.45 keV which are not
removed by spectral modelling. Such deviations have been re-
ported in the pn timing mode spectrum of XTE J1751-305 by
Miller et al. (2003), who suggest that these are due to incorrect
modelling of the instrumental response. To check this, we have
downloaded several data sets from the XMM-Newton archives
and extracted pn timing mode spectra for several X-ray bina-
ries. For all of them, we find features below 0.6 keV similar
to those observed in the spectrum of XB 1916-053. Thus, we
conclude that these features have an instrumental origin. In the
inspected spectra, we also note deviations to the continuum fit
above 10 keV. We therefore examine pn timing mode data in the
0.6–10 keV energy range. The EPIC pn spectra were rebinned
to oversample the full width at half maximum of the energy res-
olution by a factor 3, and to have a minimum of 20 counts per
bin to allow the use of the χ2 statistic. In order to account for
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Fig. 1. 0.6–10 keV EPIC pn background-subtracted light curve of XB 1916-053 on September 25, 2002, with a binning of 20 s (lower panel)
showing parts of 6 deep dips and weaker intermediate dipping activity. Times are barycenter-corrected. The 0.6–10 keV background light curve
taken from a region adjacent to the source is also shown. The upper panel shows the hardness ratio (counts in the 2.5–10 keV band divided by
counts in the 0.6–2.5 keV band) with a logarithmic scale, and a binning of 20 s. The phase according to the ephemeris of Chou et al. (2001)
is indicated on the top axis. The thick horizontal lines indicate the intervals used for the persistent emission spectral analysis, corresponding to
phases 0.25–0.92, and excluding the secondary dipping activity near 5.7 h.

systematic effects a 2% uncertainty was added quadratically to
each spectral bin.

The SAS task rgsproc was used to produce calibrated
RGS event lists, spectra, and response matrices. The RGS spec-
tra were examined in the 0.5–2.0 keV range, where the source
count rate is high compared to the background count rate. The
spectra were rebinned to have a minimum of 20 counts per bin
to allow the use of the χ2 statistic.

Modelling of EPIC and RGS spectra was carried out us-
ing XSPEC version 11.2. The photo-electric absorption cross
sections of Morrison & McCammon (1983) are used through-
out. All spectral uncertainties are given at 90% confidence, and
upper limits at 95% confidence.

3. Results

3.1. X-ray lightcurve

The 0.6−10 keV background-subtracted light curve obtained
from the EPIC pn is shown in Fig. 1 (bottom panel) with a bin-
ning of 20 s. The upper panel shows the hardness ratio (counts
in the 2.5−10 keV band divided by counts in the 0.6−2.5 keV
band). Times were barycenter-corrected using the SAS task
barycen. The X-ray phase is indicated on the top horizon-
tal axis of Fig. 1, and computed using MJD 50 123.00944 as
zero-phase epoch and an X-ray folding period of 3000.6508 s.
This X-ray ephemeris was obtained by Chou et al. (2001) from
a timing analysis of RXTE observations carried out between
February and October 1996 combined with historical X-ray

data obtained from 1976 to 1996. Dip centers are expected at
phase 0.

No X-ray burst was observed during the ∼4 h
XMM-Newton observation. Four complete dips are visi-
ble, as well as parts of dips at the start and at the end of
the observation. Dip centers occur at phase ∼0.1, rather than
phase 0. Such a phase jitter is consistent with that observed
so far from XB 1916-053: the 101 dip centers recorded by
Chou et al. (2001) follow a distribution with a mean phase
of 0.00098 and a 1σ fluctuation of 0.06. The dipping activity
is associated with spectral hardening. This behavior is usual
for XB 1916-053 and for most of the dippers. The dip shape
varies from dip to dip. The dipping intensity shows erratic
variability, ranging between ∼7% and ∼85% of the persistent
level. Figure 2 shows an expanded view of the fourth complete
dip observed with a time resolution of 4 s. At times, the
dipping is almost total in the 0.6−10 keV energy range when
plotted with this time resolution. Secondary dipping activity
occuring at phase ∼0.6 (i.e. ∼0.5 away from the dip centers) is
also visible, especially at ∼5.65 h. The 0.6−10 keV persistent
intensity (outside the dips) decreased slowly throughout the
observation from ∼67 to ∼62 counts s−1.

3.2. EPIC pn spectra

3.2.1. Persistent emission

Intervals flagged with thick horizontal lines in Fig. 1 were
selected as the persistent emission for the EPIC pn spectral
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Fig. 2. A 0.6–10 keV pn background-subtracted lightcurve of the dip
seen on September 25, 2002, at ∼7.7 h plotted with a time resolution
of 4 s, showing the rapid intensity variability. Times are barycenter-
corrected. The 0.6–10 keV background light curve taken from region
adjacent to the source is also shown. The upper panel shows the hard-
ness ratio (counts between 2.5–10 keV divided by those between 0.6–
2.5 keV). The phase according to the Chou et al. (2001) ephemeris is
indicated.

analysis. They correspond to phases in the range 0.25–0.92.
The interval corresponding to the intermediate dipping activity
visible near 5.7 h has been excluded. The resulting persistent
emission pn spectrum has an exposure of 9.9 ks.

An absorbed disk-blackbody plus power-law model fits the
overall continuum reasonably well. The reduced χ2 (χ2

ν) is 1.48
for 229 degrees of freedom (d.o.f.). The absorption, NH, is
(0.53±0.01)× 1022 atom cm−2, the blackbody effective temper-
ature at the innermost radius, kTin, is 3.2 keV and α is 2.9. We
note that the disk-blackbody component dominates the spec-
trum above ∼3 keV. It is probably over-estimated because of
the lack of data above 10 keV. The inferred inner radius of
the disk is remarkably small (0.5 km assuming an inclination
of 70◦) and thus without any physical meaning. We caution
that the power-law and disk-blackbody continuum model used
here is not unique and other combinations of simple models
can also provide acceptable fits. However, we focus here on
the discovery of absorption features whose properties depend
only weakly on the chosen continuum model. Detailed mod-
elling of the continuum emission and discussion of its physical
interpretation are the subject of a separate paper (Webb et al.,
in preparation). The power-law and disk-blackbody model al-
lows the underlying continuum to be reliably modelled so that
the absorption feature properties can be derived. Furthermore,
this model allows the spectral changes between the persistent
and the dipping emission to be modelled in a coherent way,
within the framework of the complex continuum approach (see
Sect. 3.2.2).

The observed count spectrum fit with the absorbed disk-
blackbody (3.2 keV) and power-law model (α of 2.9) is shown
in Fig. 3a. Examination of the residuals from this fit (Fig. 3b)
reveals a structure around 0.9 keV and two deep negative
structures around 7 keV. The smaller structures at ∼1.8 keV

and ∼2.2 keV are probably due to an incorrect instrumental
modelling of the Si CCD and Au mirror edges.

In order to model the structure around 0.9 keV, a Gaussian
emission feature with an energy of 0.87+0.02

−0.03 keV and width (σ)
of <74 eV was first added to the previous model. This improves
the fit (χ2

ν of 1.35 for 227 d.o.f.). However, an even better fit
is obtained if the Gaussian is replaced by an absorption edge
at 0.98±0.02 keV with an optical depth, τ, of 0.10±0.02. This
results in a χ2

ν of 1.30 for 226 d.o.f. An F-test indicates that
the probability for such an improvement occuring by chance
is 1.7 × 10−7. Thus, including an edge significantly improves
the fit. We note that the RGS data support the edge interpre-
tation independently using a different continuum model (see
Sect. 3.3). The feature could be a K absorption edge from mod-
erately ionized Ne ions, or an L absorption edge from moder-
ately ionized Fe ions, or an edge complex from both kind of
ions, since these astrophysically abundant elements have a se-
ries of photo-ionization thresholds around 0.9 keV (the photo-
ionization thresholds of Ne K and of Fe L being 0.987
and 0.959 keV, respectively).

The two deep negative residuals near 7 keV were mod-
elled using two narrow Gaussian absorption lines centered
on 6.65 keV and 6.95 keV. This results in a χ2

ν of 0.99
for 221 d.o.f. An F-test indicates that the probability for such an
improvement occuring by chance is 2.0× 10−12. The measured
energy of 6.65+0.05

−0.02 keV of the first feature is consistent with
that of FeKα, while the measured energy of 6.95+0.05

−0.04 keV
of the second feature is consistent with that of FeKα (see
Kotani et al. 2000, Table 5, for a list of absorption line candi-
dates and references). Thus, we identify the observed absorp-
tion features with these resonant transitions from highly ion-
ized Fe ions (He-like and H-like ions, respectively).

Table 1 gives the best-fit parameters of the model consisting
of an edge (0.98 keV), a disk-blackbody (3.2 keV), a power-
law (α of 3.2) and two narrow absorption Gaussian lines (6.65
and 6.95 keV). This model and its components are shown to-
gether with the deconvolved spectrum in Fig. 3d. The residuals
from this fit are shown in Fig. 3c. An expanded view of the
residuals in the 4–10 keV range is shown in Fig. 4.

In addition to the clearly detected absorption features
at 6.65 keV and 6.95 keV (Fig. 4, filled arrows), there is ev-
idence for fainter absorption features at 2.67 keV, 7.82 keV
and 8.29 keV (Figs. 3c and 4). When absorption Gaussian
lines are included, their derived energies are 2.67+0.04

−0.07 keV,
7.82+0.03

−0.07 keV and 8.29+0.08
−0.12 keV, and their derived EWs

are −6 ± 3 eV, −21+9
−12 eV and −19+11

−12 eV, respectively.
Although these features are marginal, it is interesting to note
that the measured energies are consistent with that of S,
Ni Kα and Fe Kβ, respectively. Ni Kα
and Fe Kβ features have been seen in the ASCA spec-
trum of GRS 1915+105 (Kotani et al. 2000), and there was
evidence for their presence in the XMM-Newton spectrum
of X 1624-490 (Parmar et al. 2002) too. A P Cygni S fea-
ture is reported in Cir X-1 (Brandt & Schulz 2000). Thus, we
consider the marginal detections of absorption features at 2.67,
7.82 and 8.29 keV in the spectrum of XB 1916-053 as evidence
for the possible presence of S, Ni Kα and Fe
Kβ absorption lines.
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Fig. 3. a) pn spectra of the XB 1916-053 persistent emission and the best-fit disk-blackbody plus power-law continuum model; b) best-fit
residuals which reveal the presence of a broad feature centered near 0.9 keV, together with narrow absorption features at 6.65 and 6.95 keV;
c) residuals when an edge at 0.98 keV and two absorption Gaussian lines at 6.65 and 6.95 keV are included in the spectral model; d) deconvolved
photon spectrum and the best-fit model including an edge at 0.98 keV and two absorption lines at 6.65 and 6.95 keV. The individual components
are indicated. The best-fit parameters for this model are given in Table 1. The other absorption edges visible in the spectrum are attributed to
neutral material in the interstellar medium.

We have searched for K absorption edges in the pn persis-
tent emission spectrum due to neutral Fe, Fe and Fe
expected at 7.12, 8.76 and 9.28 keV. The upper-limits to the
optical depth of an edge at 7.12 keV, 8.76 keV and 9.28 keV
are 0.05, 0.06 and 0.02, respectively.

As a broad emission feature at ∼6 keV interpreted as flu-
orescent line emission from neutral Fe was detected in sev-
eral spectra from XB 1916-053, we tried to include one in the
model. Including a Gaussian emission feature with an energy
of 6.6+0.2

−0.6 keV and width 450 ± 350 eV to the model described
in Table 1 results in a χ2

ν of 0.96 for 218 d.o.f. An F-test indi-
cates that the probability for such an improvement occuring by
chance is 0.035. Thus, the fit is only marginally improved when
the emission line is included. Therefore, the emission line was
not kept in the model. We note however that the significance of
such an emission line depends on the model chosen for the un-
derlying continuum. If the high energy part of the spectrum is
modelled using a cut-off power-law instead of a disk-blackbody
as in the previous model, then the inclusion of a Gaussian
emission line at ∼6 keV significantly improves the fit. For in-
stance, a good fit (χ2

ν of 0.99 for 217 d.o.f.) of the spectrum
is obtained using a model consisting of a disk-blackbody with
kTin of ∼0.3 keV, a cut-off power-law with α of ∼1.6 and Ec

of ∼15 keV, in addition to an edge near 0.98 keV and two ab-
sorption lines near 6.65 and 6.95 keV with similar properties
as in Table 1, and in addition to a Gaussian emission line with
an energy of 6.2 ± 0.3 keV and width of 980+450

−280 eV. An F-test
indicates that the probability of improving the fit by chance
by adding the latter line is 3 × 10−7. So, the Gaussian emis-
sion line is highly significant in that case. This difference illus-
trates rather well the difficulties of spectral fitting with moder-
ate spectral resolution CCD data. The presence of the emission
line is further discussed in the separate paper devoted to the
continuum modelling.

3.2.2. Dipping emission

Intervals with phases in the range 0.92–0.25 were used to in-
vestigate the dipping emission. Within these dipping intervals,
three spectra were extracted based on intensity selection crite-
ria. Events corresponding to a background-subtracted pn 0.6–
10 keV count rate in the range 40–60, 20–40 and 0–20 s−1 (see
Fig. 1) were extracted to form “shallow”, “intermediate”, and
“deep” dipping spectra, respectively.

To quantify the spectral evolution from persistent to deep
dipping emission and extract the properties of lines during
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Table 1. Best-fit to the 0.6–10 keV XB 1916-053 pn persistent emis-
sion spectrum using a disk-blackbody model with an inner tempera-
ture kTin and normalization kDBB given by (Rin/d)2cos i where Rin in
the inner radius in km, d the distance in units of 10 kpc and i the in-
clination and a power-law with a photon index, α and a normalization
at 1 keV, kPL, in unit of ph. keV−1 cm−2 s−1, together with an edge with
an energy, Eedge, and an optical depth, τ, and two Gaussian absorption
lines with their energy, Eline, width, σ and equivalent width, EW.

EPIC pn persistent emission

Component Parameter Value

Disk-blackbody kTin (keV) 3.18 ± 0.08

kDBB 0.106+0.012
−0.006

Power-law α 3.20 ± 0.09

kPL 0.113 ± 0.006

Edge Eedge (keV) 0.98 ± 0.02

τ 0.11 ± 0.03

Fe Kα Eline (keV) 6.65+0.05
−0.02

absorption σ (eV) <100

Gaussian EW (eV) −30 +8
−12

Fe Kα Eline (keV) 6.95+0.05
−0.04

absorption σ (eV) <140

Gaussian EW (eV) −30 +11
−12

NH (atom cm−2) (0.59 ± 0.02) × 1022

χ2
ν (d.o.f.) 0.99 (221)

L0.6−10 keV (erg s−1, at 9.3 kpc) 4.5 × 1036

dipping, the complex continuum approach was used.
Discussion on other possible continuum models is re-
served to a separate paper. Our reference model for the
complex continuum approach is the best-fit to the persistent
spectrum using a model including the edge, the disk-blackbody
and the power-law components. The best-fit NH (applied to
both components) is (0.58 ± 0.02) × 1022 atom cm−2, kTin is
3.13+0.09

−0.08 keV, α is 3.17 ± 0.09, Eedge is 0.98 ± 0.02 keV
and τ is 0.10 ± 0.03 (see also Table 3). We ap-
plied the complex continuum model in the following
form: Edge*[ABDBB*DBB + ABGal*[ABPL* f + (1 − f )]*PL],
where DBB represents the disk-blackbody component (point-
source), and PL the power-law component (extended). f is
the covering fraction (0 <= f <= 1). The AB terms represent
absorption of the form e−σNH where σ are the photoelectric
cross-sections and NH the column density. ABGal represents
Galactic absorption. ABPL reprensents the absorption applied
to the covered fraction of the power-law emission, in addition
to the Galactic absorption. ABDBB represents the absorp-
tion applied to the disk-blackbody component and includes
Galactic absorption.

NGal
H was fixed to 0.58 × 1022 atom cm−2, the value

obtained from the fit to the persistent spectrum. When f is
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Fig. 4. Residuals in the 4–10 keV energy range when the best-fit model
given in Table 1 is fit to the pn spectrum of the XB 1916-053 persis-
tent emission. The normalizations of the narrow absorption features
at 6.65 keV and 6.95 keV have been set to zero. These two absorption
features, identified with Fe Kα and Fe Kα, are shown with
filled arrows. Fainter absorption features shown with non-filled arrows
at 7.83 and 8.29 keV may be present and have energies consistent with
Ni Kα and Fe Kβ transitions.

set to 0, i.e. when the power-law component is uncovered,
the complex continuum model is equivalent to our reference
model applied to the persistent emission, as expected. To
fit each intensity-selected dipping spectrum, only f , NDBB

H ,
and NPL

H are allowed to vary, whereas the parameters and nor-
malizations of the disk-blackbody and power-law components
are fixed to their persistent emission values. The parameters
of the edge (energy and optical depth) were also fixed to the
persistent emission values. This gave reasonably good fit to
each dipping spectrum, with χ2

ν values of 1.28 (227 d.o.f.), 2.03
(225 d.o.f.) and 1.30 (217 d.o.f.) for the shallow, intermediate
and deep dipping spectra, respectively. However, inspection
of the residuals from this fits reveals broad structures be-
low ∼1 keV. These structures are well accounted for if the
edge parameters are allowed to vary, instead of being fixed to
the persistent emission values. When the edge parameters are
allowed to vary, the χ2

ν values become 1.14 (225 d.o.f.), 1.57
(223 d.o.f.) and 1.26 (215 d.o.f.) for the shallow, intermediate
and deep dipping spectra, respectively. F-tests indicate that
the probability for such an improvement occuring by chance
is 8.2 × 10−7, 1.1 × 10−13 and 6.6 × 10−2, respectively. Thus,
while the fit of the deep dipping spectrum is only marginally
improved, the fit of the shallow and intermediate spectra are
significantly improved when the edge parameters are allowed
to vary. The intensity-selected dipping spectra fit in such a way
are shown in Fig. 5. The corresponding best-fit parameters
are given in Table 3 and plotted as a function of intensity in
Fig. 7. The persistent emission parameters are also shown for
comparison. f , NPL

H and NDBB
H are all observed to increase as

XB 1916-053 evolves from its persistent to its deep dipping
state. The power-law emission is progressively covered until



L. Boirin et al.: XMM-Newton observation of XB 1916-053 1067

  

0.001

0.010

 Shallow dipping
 Edge

 Disk-blackbody

 Covered
power-law

 Uncovered
power-law
 Uncovered
power-law

  

0.001

0.010

 P
ho

to
ns

 c
m

-2
 s

-1
 k

eV
-1  Intermediate dipping

1 10
 Energy (keV)

0.001

0.010

 Deep dipping

Fig. 5. Deconvolved pn intensity-selected dipping spectra of
XB 1916-053 fit using a complex continuum model. The differ-
ent components of the model are indicated in the upper panel: the
edge, the disk-blackbody (dotted line), the power-law partly covered
(dashed line) and partly uncovered (dashed-dotted line). Vertical tick
marks indicate the position of the edge in each spectrum. The decrease
of the edge energy as XB 1916-053 evolves from shallow to deep dip-
ping is clearly visible.

Table 2. Spectral parameters of the Fe Kα absorption line de-
tected during intensity-selected dipping intervals. The feature is mod-
elled as a Gaussian line added to the disk-blackbody component of the
complex continuum model. Eline, σ and EW are the line energy, width
and equivalent width, respectively.

EPIC pn dipping emission

Shallow Intermediate Deep

Fe Kα absorption Gaussian

Eline (keV) 6.70 ± 0.05 6.67+0.06
−0.05 6.59 ± 0.05

σ (eV) <110 160+80
−60 <173

EW (eV) −74+20
−27 −168+44

−46 −119+45
−50
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Fig. 6. 4–10 keV residuals when the best-fit complex continuum
model and absorption lines are fit to the pn intensity-selected
XB 1916-053 dipping spectra. The normalizations of the narrow ab-
sorption features have been set to 0. An absorption feature near
6.7 keV, identified with Fe Kα, is detected in each spectrum and
its energy is indicated by vertical tick marks.

f reaches 91% and NPL
H 7.5 × 1022 atom cm−2 in the deepest

dipping spectrum. The disk-blackbody emission is strongly
absorbed, with NDBB

H reaching 34 × 1022 atom cm−2 in the
deepest dipping spectrum. Thus, dipping is well accounted for
by large increases of column density for the point-like disk-
blackbody emission, combined with the extended power-law
emission being progressively covered by the absorber. This
is consistent with previous results of the complex continuum
approach applied to XB 1916-053 and other dipping sources
(e.g., Church et al. 1997). An interesting new result is the
decrease of the edge energy as XB 1916-053 evolves from its
persistent towards its deepest dipping state. Assuming the edge
actually represents a complex of edges from ions in a range of
ionization states, the decrease of energy is consistent with a de-
crease in the average ionization level. This suggests that during
dipping, the additional absorbing material is less ionized than
during the persistent emission. The increase of the edge optical
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Table 3. Best-fits to the intensity-selected dipping spectra using the complex continuum model (see text). The best-fit to the persistent spectrum
used as a basis for the complex continuum approach is also given for comparison.

EPIC pn NDBB
H NPL

H f Eedge τ χ2
ν d.o.f.

(1022 cm−2) (1022 cm−2) (keV)

Persistent emission NH = (0.58 ± 0.02) (0) 0.98 ± 0.02 0.10 ± 0.03 1.30 227

Shallow dipping 1.93+0.12
−0.07 0.2+0.3

−0.1 0.07+0.04
−0.07 0.93 ± 0.02 0.27+0.04

−0.05 1.14 225

Intermediate dipping 8.8 ± 0.4 2.6+0.3
−0.2 0.47 ± 0.02 0.90+0.02

−0.01 0.54+0.07
−0.08 1.57 223

Deep dipping 34 ± 1 7.5 ± 0.3 0.907 ± 0.006 0.87+0.06
−0.04 0.5 ± 0.2 1.26 215

depth from the persistent to the deepest dipping state is consis-
tent with more absorbing material being present in the line of
sight during dipping.

Examination of the intensity-selected dipping spectra
(Fig. 5) reveals narrow absorption features near 6.7 keV.
Adding a Gaussian line in absorption at ∼6.7 keV to the
complex continuum model gives χ2

ν of 0.99 (222 d.o.f.), 1.27
(220 d.o.f.) and 1.12 (212 d.o.f.) for the shallow, intermedi-
ate and deep dipping spectra, respectively. F-tests indicate that
the probability for such an improvement occuring by chance
is 3.5 × 10−7, 9.2 × 10−11 and 4.3 × 10−6, respectively. The
properties of the lines are given in Table 2, and an expanded
view of the residuals to the intensity-selected dipping spec-
tra is shown in Fig. 6. The measured energies of the absorp-
tion lines are all around 6.7 keV and thus consistent with that
of Fe Kα, already detected in the persistent spectrum.
However, there is some evidence for a slight decrease of the
Gaussian energy as XB 1916-053 evolves from shallow to deep
dipping. Considering that the observed absorption feature, with
limited statistics and resolution, may not be only due to one
ion, but may contain unresolved contributions from other ions,
this trend, although marginal, is consistent with the absorbing
material becoming less ionized from shallow to deep dipping.
The absorption feature detected during the deep dipping spec-
trum could be due to the combination of Kα absorption lines
from Fe, Fe and less ionized ions, with a proportion
of Fe and less ionized ions larger than during the inter-
mediate dipping.

In addition to the clearly detected Fe Kα absorption
line, there is evidence for an absorption feature around 8.3 keV
in the deep dipping spectrum (Fig. 6). When an absorption line
is included, its measured energy is 8.35±0.05 keV. This energy
is close to but not consistent with that of Fe Kβ. There
is no obvious feature expected to be strong at that energy. If
the feature is modelled as an edge rather than a Gaussian line,
the best-fit edge energy is 8.0+0.3

−0.4 keV and τ = 0.3 ± 0.1. A
likely explanation for this marginal feature is a combination
of K absorption edges from moderately ionized Fe (Fe and
higher) and neutral or slightly ionized Ni, with possibly the
contribution of absorption lines as well.

We set upper-limits of −54 eV, −72 eV and −50 eV on the
EW of a narrow Fe Kα in shallow, intermediate and deep
dipping spectra, respectively (by including a Gaussian with an
energy fixed to 6.97 keV, the rest energy of the transition, and
a width fixed to 0). The marginally significant lines seen in the
persistent spectrum are not evident in the dipping spectra.
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Fig. 7. Best-fit parameters to the intensity-selected dipping spectra us-
ing the complex continuum approach, plotted as a function of intensity
(see text and Table 3). The best-fit parameters to the persistent spec-
trum using the basis model for the complex continuum approach are
also shown.

3.3. RGS spectra
The dipping activity is clearly visible in the RGS light curve.
The same intervals as used for the pn were used to extract per-
sistent and dipping RGS spectra. We did not further divide the
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dipping intervals using intensity criteria as was done for pn,
because of the low RGS count rate during the dips. RGS1 and
RGS2 spectra were fit together with a unique model to bet-
ter constrain spectral modelling, but the normalizations were
allowed to vary independently to account for calibration differ-
ences. The ranges 0.903–1.177 and 0.516–0.602 keV are not
present in the data from RGS1 and RGS2, respectively, because
of malfunction of the drive electronics for one CCD chip in
each spectrometer.

The persistent emission RGS spectrum was first modelled
using an absorbed power-law. This results in a moderately good
fit with a χ2

ν of 1.26 for 891 d.o.f. However, examination of the
residuals reveals a structure around 0.9 keV similar to the one
observed in the pn spectrum and well accounted for by an edge
(Fig. 3b and Table 1). Therefore, we included such an edge
to the previous model of the RGS spectrum. This gives a χ2

ν

of 1.22 for 889 d.o.f. An F-test indicates that the probability for
such an improvement occuring by chance is 4.8 × 10−7. Thus,
the fit is significantly improved when the edge is included. The
RGS persistent emission spectrum and the best-fit model using
a power-law and an edge are shown in Fig. 8 (top panel), and
the best-fit parameters are given in Table 4. The edge energy
of 0.99 ± 0.02 keV measured from the RGS spectrum is fully
consistent with that obtained from the EPIC pn spectrum.

A good fit to the dipping emission RGS spectrum is
obtained using an absorbed power-law model (χ2

ν of 1.06
for 171 d.o.f.). As an edge around 0.9 keV was detected in
the dipping emission pn spectra, we included an edge to the
previous model of the RGS spectrum. This gives a χ2

ν of 1.00
for 169 d.o.f. An F-test indicates that the probability for such
an improvement occuring by chance is 0.0027, indicating that
the edge is detected at a 99.7% confidence level (3σ). The
RGS dipping emission spectrum and the corresponding best-fit
model using a power-law and an edge are shown in Fig. 8 (bot-
tom panel), and the best-fit parameters are given in Table 4. The
measured edge energy of 0.90+0.07

−0.03 keV obtained from the dip-
ping RGS spectrum is consistent with the mean value obtained
from the three intensity-selected dipping pn spectra (Table 3).
Thus, RGS results strengthen the conclusion drawn from pn re-
sults that the edge energy is less during dipping emission than
during persistent emission, which is consistent with the absorb-
ing material being less ionized during dipping.

We note that the column densities obtained from
the RGS persistent and dipping spectra (NH of
0.41 × 1022 atom cm−2 and 0.51 × 1022 atom cm−2, re-
spectively) are roughly equal to each other and roughly
consistent with that obtained from EPIC pn spectra. Indeed,
the low-energy part of pn spectra (where RGS is sensitive)
is dominated by the uncovered and unabsorbed component
(here the power-law) of the complex continuum model (see
Fig. 5). This component is only affected by the Galactic
absorption, assumed to be 0.58 × 1022 atom cm−2 within
the complex continuum model. When NH is forced to be
≥0.58 × 1022 atom cm−2, almost as good fits as those presented
in Table 4 are obtained to the RGS spectra, with best-fit NH

of 0.58 × 1022 atom cm−2 in both cases, similar parameters
for the edge and α of ∼2.7 and ∼2.9 in the persistent and
dipping spectrum, respectively. No acceptable fit is found to

 
 

0.01

 

 RGS2 persistent emission

 6 8101214161820
 Wavelength (Angstrom)

0.01

   
   

   
   

   
   

   
   

   
   

   
   

   
   

Ph
ot

on
s 

cm
-2
 s

-1
 k

eV
-1

 RGS2 dipping emission

0.6 0.7 0.8 0.9 1.0 2.0
 Energy (keV)

Fig. 8. Deconvolved RGS2 spectra of the XB 1916-053 persistent (top
panel) and dipping emission (bottom panel) fit using a power-law and
an edge model (thick line). The best-fit models were obtained by fit-
ting RGS1 and RGS2 spectra simultaneously (see Table 4), but only
RGS2 spectra are shown for clarity. Vertical tick marks indicate the
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Table 4. Best-fit to RGS persistent and dipping emission spectra of
XB 1916-053 using a power-law model with a photon index, α, to-
gether with an edge with an energy, Eedge, an optical depth, τ. RGS1
and RGS2 spectra are fit together, but the RGS1 and RGS2 power-law
normalizations at 1 keV, kRGS1 and kRGS2 (ph. keV−1 cm−2 s−1), are
allowed to vary independently.

RGS1 & RGS2 Persistent Dipping

Power-law α 2.4+0.2
−0.1 2.1+0.4

−0.3

kRGS1 0.101+0.01
−0.009 0.036+0.01

−0.007

kRGS2 0.092+0.008
−0.009 0.031+0.008

−0.006

Edge Eedge (keV) 0.99 ± 0.02 0.90+0.07
−0.03

τ 0.22 ± 0.06 0.3+0.2
−0.1

NH (1022 cm−2) 0.51 ± 0.03 0.42 ± 0.07

χ2
ν (d.o.f.) 1.22 (889) 1.00 (169)

the RGS dipping spectrum by fixing NH to an higher value
(e.g. 2 × 1022 atom cm−2), since such an absorption implies
basically no counts below 1 keV, whereas counts below 1 keV
are actually present.

An absorption feature is evident near 1.5 keV (8.5 Å)
in the RGS2 persistent emission spectrum shown in Fig. 8.
However this feature is less obvious in RGS1. The inclusion of
a Gaussian absorption line with an energy of 1.48 ± 0.01 keV,
a width of <41 eV, and an EW of −7 ± 3 eV in the com-
bined RGS spectrum is marginally significant. However, it is
interesting to note that the measured energy is consistent with
that of Mg Kα at 1.47 keV. Thus, we consider that there is
marginal evidence for the presence of an absorption line from
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Table 5. X-ray binaries known to exhibit X-ray absorption lines from highly ionized (H- and He-like) Fe and other metals, ordered by increasing
orbital period. The source name is given in Col. 1. The orbital period taken from Ritter & Kolb (2003, see references therein) catalog, unless
otherwhise mentioned, is given in Col. 2. Column 3 indicates if dips (D) and eclipses (E) are observed from the source. The system inclination,
i, is given in Col. 4. It is deduced from the presence of dips or eclipses after Frank et al. (1987), unless otherwhise mentioned. The H-like and/or
He-like ions detected in each source are listed in Col. 5, and the corresponding observatory and references used are given in Cols. 6 and 7.

Source Porb (h) Dips i (◦) H- or He-like ions Observatory References

XB 1916-053 0.8 D 60–80 Fe XMM This work

X 1254-690 3.9 D 60–80 Fe XMM Boirin & Parmar (2003)

MXB 1658-298 7.1 D, E ∼80 O, Ne, Fe XMM Sidoli et al. (2003)

X 1624-490 20.9 D 60–80 Fe XMM Parmar et al. (2002)

GRO J1655-401 62.92 D3 69.5 ± 0.32 Fe ASCA Ueda et al. (1998); Yamaoka et al. (2001)

Cir X-1 3984 D5 high?6 Ne, Mg, Si, S, Fe Chandra Brandt & Schulz (2000)7

GX 13+1 6028 no low?9 Ca, Fe, Ni ASCA, XMM Ueda et al. (2002); Sidoli et al. (2002)

GRS 1915+105 1 804 no ∼7010 Ca, Fe, Ni ASCA, Chandra Kotani et al. (2000); Lee et al. (2002)

1 Microquasar.
2 Orosz & Bailyn (1997).
3 Kuulkers et al. (1998).
4 Kaluziensly et al. (1976).
5 Complex and irregular dipping behaviour (see, e.g., Shirey et al. 1999).
6 High i suggested by spectral properties (Brandt et al. 1996).
7 Braod P Cygni X-ray lines.
8 Corbet (2003).
9 Low i suggested by the high radio to X-ray flux ratio, in the framework of a Doppler boosting model (Schnerr et al. 2003).
10 i inferred assuming the superluminal jets are perpendicular to the disk (Mirabel & Rodriguez 1994).

highly ionized Mg (H-like) in XB 1916-053. The upper-limit
on the EW of a narrow Mg Kα absorption line in the pn
persistent spectrum is −4.5 eV. The upper-limit on the EW of a
narrow MgKα absorption line in the RGS dipping spectrum
is −18 eV. The upper-limits on a narrow Ne absorption line
at 1.02 keV (12.19 Å), a feature detected e.g. in MXB 1658-298
(Sidoli et al. 2001), are −5 and −9 eV in the RGS persistent and
dipping spectra, respectively.

4. Discussion

We have modelled the EPIC pn continuum of XB 1916-053
during persistent emission intervals using a combination of
disk-blackbody and power-law models together with an ab-
sorption edge at 0.98 keV and narrow absorption lines at 6.65
and 6.95 keV. We have characterized the spectral changes in the
EPIC pn data during dipping intervals following the complex
continuum approach, and using the same continuum compo-
nents in order to investigate the properties of the narrow absorp-
tion features. Dipping is well accounted for by large increases
in NH of the point-like disk-blackbody emission, combined
with the extended power-law emission being progressively cov-
ered by the absorber. The edge energy decreases from 0.98 keV
to 0.87 keV as XB 1916-053 evolves from persistent to deep
dipping. This result is consistent with that obtained from RGS
data. This suggests that the detected edge represents a com-
plex of edges from moderately ionized Ne and/or Fe, and that

the average ionization level decreases from persistent to deep
dipping. This implies that during dipping, the absorbing ma-
terial in the line of sight is less ionized than during the per-
sistent emission. Photo-ionization is likely to be the dominant
ionization process in X-ray binaries because of the high radi-
ation field. Since the photo-ionization parameter, ξ = L/ne r2

(e.g., Kallman & McCray 1982), where L is the luminosity of
the ionizing source, ne the electron density and r the distance
to the ionizing source, depends on r−2 and ne

−1, the decrease
of the average ionization level during dipping indicates that the
additional absorbing material during dipping is either more dis-
tant from the ionizing source and/or denser than the absorbing
material present during persistent emission intervals. This sup-
ports the model where the dips are due to relatively cold clouds
near the outer edge or circularization radius, of the disk.

Table 5 lists the X-ray binaries where X-ray absorption
lines from highly ionized Fe or other metals have been re-
ported. We note that Cir X-1 differs from the other sources by
showing broad X-ray lines with P Cygni profiles. The eclipsing,
dipping and bursting LMXB EXO 0748-676, has shown X-ray
absorption lines from H- and He-like ions, but these lines dif-
fer from those found in the other sources in being redshifted,
detected during X-ray bursts and attributed to the neutron star
photosphere (Cottam et al. 2002). Therefore, we did not in-
clude EXO 0748-676 in the table. Note however that the pres-
ence of an highly ionized plasma is nevertheless revealed by
the detection of emission lines and absorption edges during the
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non-bursting emission of EXO 0748-676 (Cottam et al. 2001a;
Jimenez-Garate et al. 2003), as is also true in the accretion
disk corona source 4U 1822-371 (Cottam et al. 2001b). The
most obvious property probably shared by the sources listed
in Table 5 is to be viewed at high inclination. This condition is
strengthened by the discovery of absorption lines in the dipping
source XB 1916-053 reported here. Among the eight sources,
only one, GX 13+1, was suggested to have a low inclination,
because it shows an unusually high radio to X-ray flux ratio,
that can be explained by involving Doppler boosting of the ra-
dio emission, which implies that the radio jets point towards
the observer and thus, that the source is seen close to pole-
on (Schnerr et al. 2003). All the other sources show strong
evidence for being close to edge-on. This shows that inclina-
tion angle is important in determining the strength of these ab-
sorption features, which implies that the absorbing material is
distributed in a cylindrical, rather than a spherical geometry,
around the compact object. The azimuthal symmetry is im-
plied by the lack of any orbital dependence of these features
(e.g., Sidoli et al. 2001; Boirin & Parmar 2003), apart during
dipping, where the absorbing material seems to be less ion-
ized (see below). Thus, the highly ionized material responsible
for the absorption lines is likely to be related to the accretion
disk. Such a highly ionized plasma may be common to systems
accreting via a disk, but its observation made easy when the
system is highly inclined.

Boirin & Parmar (2003) noticed that the ratio of Fe
(H-like) to Fe (He-like) line EWs was higher in
X 1254-690 than in MXB 1658-298 and GX 13+1, suggesting
that the material responsible for the lines was more strongly
ionized in X 1254-690. The authors proposed that the differ-
ence could be related to the overall size of the Roche lobe
around the compact object into which the accretion disk must
fit. Systems with shorter orbital periods are expected to have
smaller accretion disks, and the obscuring material may be ex-
pected to be more photo-ionized in smaller systems with the
same luminosities. As XB 1916-053 has the shortest orbital pe-
riod and similar luminosities to the other systems (see Table 5),
but has an absorbing material less strongly ionized than in
X 1254-690, this hypothesis seems to be excluded.

Narrow absorption lines are detected in the EPIC pn per-
sistent emission of XB 1916-053 at 6.65 and 6.95 keV and
identified with Kα resonant absorption lines from Fe and
Fe, respectively. Since both Fe and Fe absorp-
tion features are detected, some physical parameters of the
plasma responsible for the lines can be estimated. The column
density of each ion can first be estimated from the EW of the
corresponding absorption line, using the relation quoted e.g.,
by Lee et al. (2002, see also references therein) linking the two
quantities, which is valid if the line is unsaturated and on the
linear part of the curve of growth, which is verified in the case
of XB 1916-053. The ratio between Fe and Fe col-
umn densities can then be used to estimate the photo-ionization
parameter, ξ, using the calculations of Kallman & Bautista
(2001). Following this approach, we derive column densities of
3.4×1017 cm−2 and 6.6×1017 cm−2 for Fe and Fe, re-
spectively, and estimate ξ to be 103.92 erg cm s−1 during the per-
sistent emission. An absorption line consistent with FeKα

is also detected in each intensity-selected dipping spectrum,
and upper-limits have been set on the EW of a Fe Kα for
each of these spectra. Thus, we also estimate ξ to be <∼103.83,
<∼103.68 and <∼103.68 erg cm s−1, during shallow, intermediate
and deep dipping, respectively. These values are consistent
with a decrease in ionization as dipping activity increases. This
is again consistent with the presence of cooler material in the
line of sight during dipping. We note that Parmar et al. (2002)
also found evidence from the ratio of Fe/Fe absorp-
tion line depths for the presence of additional cooler material
in the line of sight in another dip source, X 1624-490, during
dipping.

5. Conclusion

We have reported the discovery of narrow absorption lines
at 6.65 and 6.95 keV, consistent with resonant Fe and
Fe Kα transitions, in the persistent emission of the
LMXB XB 1916-053. There is also marginal evidence for ab-
sorption features consistent with Mg, S, Ni Kα
and Fe Kβ transitions. Such absorption lines from highly
ionized ions are now observed in a number of LMXBs seen
close to edge-on (i ∼ 70◦), such as XB 1916-053. This sug-
gests that the highly ionized plasma responsible for the ab-
sorption lines is related to the accretion disk. We have re-
ported the dectection of the Fe line in the dipping emission
of XB 1916-053, and the upper-limits to the Fe column
densities are consistent with a decrease in the amount of ion-
ization during dipping intervals. This implies the presence of
cooler material in the line of sight during dipping. We have
also reported the discovery of a 0.98 keV absorption edge in
the persistent emission spectrum. The edge energy decreases
to 0.87 keV during deep dipping intervals. The detected feature
may result from edges of moderately ionized Ne and/or Fe with
the average ionization level decreasing from persistent emis-
sion to deep dipping. This is again consistent with the presence
of cooler material in the line of sight during dipping.
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