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We report results from a broad-band spectral analysis of the dipping neutron star low-mass X-ray binary XB
1916-053 using the Chandra and Nuclear Spectroscopic Telescope Array (NuSTAR) observation. The spectrum can
be well described with a combination of emission from a multi-colour disk (kT;, ~0.7 keV), a single-temperature
blackbody (kTy ~1.4 keV), and thermal Comptonization components (I' ~ 1.9; kT, ~17 keV), with the neutron
star surface (or boundary layer) serving as the primary source of Comptonizing seed photons. The timing
and spectral properties suggest that the source is in a soft state, albeit with a relatively high electron corona
temperature. Additionally, absorption features were detected in the persistent spectrum from the highly ionized
Si, S, Ar, Ca, Fe and a blend of highly ionized Fe Kf and Ni Ka transitions. These features suggest the presence of
a highly ionized atmosphere above the accretion disk during persistent intervals. During the dipping intervals,

the line of sight is obscured by the outer disk structure or bulge, which is denser and less ionized.

1. Introduction

Low Mass X-ray Binaries (LMXBs) are celestial systems character-
ized by the presence of a compact object, either a neutron star (NS)
or a black hole (BH), paired with a low-mass companion star with a
mass typically S 1 solar mass (M) (for review see, e.g., Bahramian
and Degenaar, 2023). In these binaries, the compact object draws ma-
terial from its companion through accretion, leading to the emission
of X-rays. The accretion rate is usually inferred from the position of
the sources in their X-ray colour-colour diagrams or hardness-intensity
diagrams (HIDs; Lewin and van der Klis, 2006). LMXBs exhibit distinc-
tive patterns in these diagrams, and their luminosity spans a range of
0.001 —0.5Lgyq (van der Klis, 2006), where Lgy, is Eddington Luminos-
ity. The low luminosity sources trace out an atoll-like shape, with the
different branches referred to as the banana branch associated with a
high inferred accretion rate and the island state corresponding to a low
inferred accretion rate (Hasinger and van der Klis, 1989).

The X-ray emission from NS LMXBs consists of three primary com-
ponents: disk blackbody emission originating from the accretion disk,
a blackbody component from the NS surface or boundary layer and a
Comptonization component arising from the scattering of soft X-rays in
the surrounding corona (Done et al., 2007; Lin et al., 2007, 2009; Ar-
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mas Padilla et al., 2017; Sharma et al., 2018). During the soft state of NS
LMXBs, the emission is dominated by thermal components, with a weak
Comptonized component characterized by low temperature and high
optical depth (Bloser et al., 2000; Sakurai et al., 2012; Armas Padilla et
al., 2017; Sharma et al., 2018, 2020a). In the hard state, the spectra are
dominated by a hard Comptonized component exhibiting temperatures
in the range of several tens of keV and low optical depths. The thermal
components are observed at lower temperatures (k7T < 1 keV) and sig-
nificantly reduced luminosity levels (e.g., Sakurai et al., 2012; Zhang et
al., 2016; Armas Padilla et al., 2017; Sharma et al., 2018).

Narrow absorption features from highly ionized Fe and other ele-
ments have been observed in several NS LMXBs (e.g., Sidoli et al., 2001;
Diaz Trigo et al., 2006; Hyodo et al., 2009; Ponti et al., 2014, 2015;
Raman et al., 2018; Sharma et al., 2018). These systems typically have
high inclination angles, with many being classified as dippers (Boirin
et al., 2004; Diaz Trigo et al., 2006; Diaz Trigo and Boirin, 2013). The
highly ionized plasma giving rise to these features is hypothesized to
originate within the atmosphere or wind of the accretion disk. These
high-inclination sources also provide an opportunity to study the pre-
cise orbital evolution in LMXBs, where eclipses (Jain et al., 2017, 2022;
Ponti et al., 2017; Iaria et al., 2018) or the periodic dips (Iaria et al.,
2015, 2021; Gambino et al., 2016) can be used as the marker. Few sys-
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tems also show the signature of a triple system (Jain et al., 2017; Iaria
et al., 2018, 2021).

1.1. XB 1916-053

XB 1916-053 (also known as 4U 1915-05) is an atoll NS LMXB sys-
tem that was discovered with Einstein Observatory in 1977 (Becker et al.,
1977). It shows intriguing behaviour with regular and periodic dips of
intensity within its light curve (Walter et al., 1982; White and Swank,
1982). These dips usually occur on the time scale of the source’s orbital
period (~50 min; Smale et al., 1988; Church et al., 1997) and are caused
by the structure of the accretion disk obstructing our view of the central
emission regions. Dipping systems are useful for researching the struc-
ture and properties of the accretion disk, as well as the geometry of the
emission regions. The source also shows type-I X-ray bursts, indicating
the central source to be a NS (Becker et al., 1977; Smale et al., 1988;
Galloway et al., 2008).

The X-ray spectrum of XB 1916-053 can be well modelled with ab-
sorbed thermal emission from NS and accretion disk, and the thermal
Comptonized emission (Bloser et al., 2000; Boirin et al., 2004; Zhang
et al., 2014; Gambino et al., 2019). The spectrum of XB 1916-053 also
shows absorption lines from highly ionized ions super-imposed on the
continuum emission (Boirin et al., 2004; Iaria et al., 2006, 2021; Trueba
et al., 2020). XB 1916-053 exhibits notable variations in its orbital pe-
riod. The binary period is represented either by the X-ray dip period or
the slightly (~1%) longer optical modulation period. Some studies have
suggested that this discrepancy could be explained by the presence of
a precessing accretion disk in the system, as described in the SU UMa
model (White, 1989; Chou et al., 2001), or the possibility of a third body
in a hierarchical triple system (Grindlay et al., 1988; Iaria et al., 2015).
Additionally, Retter et al. (2002) reported a periodicity of 2979 seconds
in the RXTE light curves, consistent with findings in earlier Ginga data
(Smale et al., 1989). The 2979-second period was interpreted as a neg-
ative superhump or an infrahump, where the X-ray period is the orbital
period of the system that beats with the nodal precession period of 4.86
days, suggesting the disk is tilted with respect to the equatorial plane
(Retter et al., 2002; Hu et al., 2008).

In this work, we report the results of the spectral study of the per-
sistent and dipping emission of XB 1916-053 by using the simultaneous
Chandra and Nuclear Spectroscopic Telescope Array (NuSTAR) observa-
tion made during 2021. We report the detection of absorption features
due to highly ionized materials during the persistent and dipping phases.
We also report the update on the orbital ephemeris by including a newer
dip arrival time measurement using the NuSTAR observation.

2. Observation and data reduction

The NuSTAR (Harrison et al., 2013) mission features two telescopes,
focusing X-rays between 3 and 79 keV onto two identical focal planes
(usually called focal plane modules A and B, or FPMA and FPMB). XB
1916-053 was observed with NuSTAR (obsID =90701325002) on 2021-
09-01 for an exposure of ~31 ks. We have used the most recent NuSTAR
analysis software distributed with HEASOFT version 6.31.1 and the
latest calibration files (version 20230124) for the reduction and anal-
ysis of the NuSTAR data. The calibrated and screened event files have
been generated by using the task NUPIPELINE. A circular region of ra-
dius 80 arcsec centred at the source position was used to extract the
source events. Background events were extracted from a circular re-
gion of the same size away from the source. The task NUPRODUCT was
used to generate the light curves, spectra, and response files. The spectra
were optimally binned using FTGROUPPHA by following the Kaastra and
Bleeker (2016) optimal binning scheme with a minimum of 25 counts
per bin. The FPMA and FPMB light curves were background corrected
and summed using LCMATH. To perform the orbital phase-resolved spec-
troscopy and orbital timing study, photon arrival times were corrected
to the Solar system barycentre using barycorr.
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XB 1916-053 was observed simultaneously with Chandra using the
ACIS/low energy transmission grating (LETG) for a total exposure of
~10 ks. To reduce pileup, the observation used a sub-array of 512 rows,
yielding a frame time of 1.7 s. We ignored the zeroth-order events in our
spectral analysis and used only the first-order grating spectra (e.g., Iaria
et al., 2006, 2021). Data reduction was carried out using CIAO 4.17 with
Chandra calibration database CALDB v.4.11.6. The standard processing
was performed with the chandra repro script to generate clean level
2 event files, source grating spectra, background spectra and response
files. A background-corrected LETG light curve in the 1-8 keV energy
range was extracted from a cleaned event file using dmextract. The
dmcopy tool was used to apply the Good Time Interval (GTI) filtering to
exclude the dipping events. The positive and negative first-order LETG
spectra were combined using combine-grating-spectra, and the
final spectrum was optimally rebinned following the Kaastra and Bleeker
(2016) scheme.

We have used XSPEC (Arnaud, 1996) version 12.13.0c for the spec-
tral fitting. The photo-electric absorption cross-section of Verner et al.
(1996) and abundance of Wilms et al. (2000) have been used through-
out. We have assumed the source distance to be equal to 9 kpc (Galloway
et al., 2008). All the spectral uncertainties and the upper limits reported
in this paper are at a 90% confidence level unless specified. All uncer-
tainties from timing analysis are reported at a 68% confidence level
unless specified.

3. Spectral analysis

Fig. 1 shows the background-corrected light curves of XB 1916-053
from NuSTAR and Chandra binned at 20 s in the energy range of 3-30
keV and 1-8 keV, respectively. The source light curve exhibited periodic
absorption dips, as depicted in the top left panel of Fig. 1. The bottom
panel shows the hardness ratio, which is a ratio of count rates in the
energy range of 10-30 and 3-10 keV for NuSTAR and ratio in the 3-8
keV and 1-3 keV for Chandra. The hardness ratio values from Chandra
have been shifted and adjusted for visualization purposes and do not
represent absolute values. During the absorption dips, the hardness ratio
notably increases due to the absorption of soft X-rays. The figure also
includes the HID of XB 1916-053, shown in the right panel. In the HID,
hardness represents the hardness ratio while intensity corresponds to
the count rate in the 3-30 keV energy range.

Two methods were employed to extract spectra during the absorp-
tion dips and persistent emissions of XB 1916-053 from NuSTAR. In the
first method, a count rate cut of 80% of the average persistent count
rate of ~15 counts s~! was applied. Segmentation was performed us-
ing 12 counts s~! threshold (marked with a red dashed line in Fig. 1),
resulting in segments representing the persistent and dip intervals (re-
ferred to as intensity-resolved spectra). GTIs were then created based
on intensity filters, and spectra from FPMA and FPMB were extracted
accordingly. In an alternative approach, spectra were extracted based
on the orbital phase of XB 1916-053 (referred to as orbit-resolved spec-
tra). Fig. 2 displays the orbital folded profile of the source at an orbital
period of 3000.6511 seconds, with the dip center aligned at 0.5 phase.
Dipping spectra were obtained from the 0.44-0.56 orbital phase (blue
region in Fig. 2), while the persistent emission spectra were extracted
from regions outside the dipping phase (black region in Fig. 2).

Similarly for Chandra data, the dipping intervals were excluded to
extract the persistent spectrum, resulting in a net source exposure of 9
ks. Due to the limited exposure time of only ~500 s during the dipping
phase, we did not use Chandra data for the dipping study.

3.1. Persistent spectra

3.1.1. NuSTAR

The spectra extracted from NuSTAR-FPMA and NuSTAR-FPMB obser-
vations were fitted simultaneously. We have added a constant to account
for the cross-calibration of two instruments. The value of constant for
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Fig. 1. Left: The light curve of XB 1916-053 from NuSTAR and Chandra/LETG binned at 20 s. The horizontal dashed green line marks the division of the persistent
and dipping regions for NuSTAR. The bottom panel shows the hardness ratio, calculated as the ratio of count rates in the energy range of 10-30 and 3-10 keV for
NuSTAR and in the 3-8 keV and 1-3 keV for Chandra. Note that the Chandra hardness ratio values have been shifted and adjusted for visualization purposes and do
not represent absolute values. Right: Hardness-intensity diagram (HID) from NuSTAR data, where hardness is the ratio between count rates in 10-30 and 3-10 keV,
and intensity is the count rate in the 3-30 keV energy range. The vertical dashed red line marks the division between the persistent and dipping regions.

0.8 -

Normalized intensity

0.6 -

|
0.4
Orbital Phase

0.2

Fig. 2. The folded light curve of XB 1916-053 at an orbital period of 3000.6511
s. The 0.5 phase marks the dip arrival time at MJD 59458.14333. The dipping
region is marked with a blue colour in the 0.44-0.56 phase (between red dashed
vertical lines).

NuSTAR-FPMA was fixed to 1 and set free for FPMB. The NuSTAR data
in the 3-75 keV energy range were used for spectral fitting.

The persistent spectrum of XB 1916-053 was modelled using the
thermal Comptonization model thcomp (Zdziarski et al., 2020), which
describes spectra from Comptonization by thermal electrons emitted by
a spherical source with the sinusoidal-like spatial distribution of the
seed photons. Compared to the widely used nthcomp model, thcomp
agrees much better with actual Monte Carlo spectra from Comptoniza-
tion (Zdziarski et al., 2020). Being a convolution model, thcomp allows
for the Comptonization of various seed photon distributions (e.g., black-
body or disk blackbody), capturing both upscattering and downscatter-
ing effects (see, Zdziarski et al., 2020). The model also provides a correct
description of Comptonized spectra at energies comparable to those of
the seed photons and involves four parameters: asymptotic power-law
photon index (I'), electron temperature (k7T,), covering fraction (f,,)
and redshift which was fixed to zero in our analysis. Since the interstel-
lar absorption is often poorly constrained in NuSTAR owing to a low
energy threshold of 3 keV, N, was fixed to 1.65 X 102! cm~2 (see, sec-
tion 3.1.3).

Regardless of the assumed seed photon sources, absorbed thermal
Comptonization models with either blackbody or disk blackbody seeds
failed to provide a satisfactory fit (Model M1 and M2; Table 1), primarily
due to residuals in the 6-9 keV range, likely caused by multiple absorp-
tion features. To account for these, we incorporated a photo-ionized

Table 1
Best-fit statistics of different spectral models used.
S. Model y*/dof C-stat/dof
No. NuSTAR  Chandra+NuSTAR
M1 tbabs*thcomp*BB 472/323  1305/743
M2  tbabs*nthcomp*diskBB 440/323  1231/743
M3 tbabs*zxipcf* (thcomp*BB) 419/320 1141/740
M4  tbabsxzxipcf* (thcompxdiskBB) 368/320 1103/740
M5  tbabsxzxipcf* (thcompxdiskBB+BB) 313/318 775/738
M6  tbabsxzxipcfx (diskBB+thcomp*BB) 301/318 762/738

absorber, zxipcf (Reeves et al., 2008), a model commonly used to de-
scribe absorption features in NS LMXBs (e.g., Ponti et al., 2015; Raman
et al., 2018; Sharma et al., 2018; Gambino et al., 2019). While the ad-
dition of zxipcf (Models M3 and M4) improved the fit, it remained
statistically unsatisfactory (Table 1).

Further improvement was achieved by including an additional soft
thermal component, leading to a three-component model comprising
two soft thermal components (from the accretion disk and NS surface)
and a Comptonized component originating from either of thermal seed
(Lin et al., 2007; Sharma et al., 2018; Gambino et al., 2019). This addi-
tion of an additional soft component further improved the fit to y2/dof
= 313/318 and y?/dof = 301/318 for models M5 (disk blackbody
seeds) and M6 (blackbody seeds), respectively, with a probability of
chance improvement (PCI) of < 10711, Notably, the Comptonization
associated with the NS blackbody (Model M6) was favourable over
Model M5 as it resulted in better-fit statistics and PCI of 5 x 1074,
To further assess the significance of this result, we simulated 1000
spectra and fitted them with models M5 and M6 to derive a distri-
bution of fit statistics for both models. A Kolmogorov-Smirnov (KS)
test! was performed to compare the two samples, confirming that
Model M6 describes the spectra more accurately, with a p-value of
0.0026. The y2/dof values obtained from the different models used are
summarized in Table 1. A more complex double-seed Comptonization
model (tbabs*zxipcf* (thcomp*diskbb + thcomp*BB)) was sta-
tistically insignificant (Zhang et al., 2014; Gambino et al., 2019), and
foov for disk seed Comptonization was found to be only 7 x 107, fur-
ther supporting the dominance of blackbody as the primary seed photon
source.

1 https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.ks_
2samp.html.
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Fig. 3. Left: (a) The Persistent spectrum of XB 1916-053 from the NuSTAR observation fitted with a model comprising a multi-coloured disk blackbody (diskbb) and
single-temperature blackbody (bbodyrad) that is Comptonized (thcomp), with absorption from neutral (tbabs) and ionized (zxipcf) material. b) Residuals (y =
(data-model)/error) after fitting only the continuum model (excluding ionized absorption), showing prominent absorption features in the 6-10 keV range, primarily
due to Fe K absorption at 6.7 keV and 8 keV. c) Residuals from the best-fit model tbabs*zxipcf* (diskbb+thcomp*BB) show a satisfactory fit, with zxipcf
component accounting for the narrow Fe K absorption lines. Right: Same as the left panel, but for the persistent spectrum using a joint fit of Chandra+NuSTAR.

A similar trend was observed in the orbit-resolved persistent spec-
trum, suggesting the presence of two soft thermal components and
Comptonized emission with blackbody as the dominant source of seed
photons. Hence, all results reported in this paper are based on intensity-
resolved spectra.

Since the covering fraction of zxipcf was pegged at 1, we fixed it
under the assumption that the ionized absorber fully covered the central
emission region. Allowing the redshift parameter (z) of zxipcf to vary
did not improve the fit, yielding a best-fit value consistent with zero,
indicating a static accretion disk atmosphere. Consequently, z of zx-
ipcf was fixed to zero. Using high-resolution Chandra spectra, Trueba
et al. (2020) also suggested the bulk of absorption from static disk atmo-
sphere located close to the compact object with a redshift of ~ 220 —290
km s~!. The best-fit parameters obtained from Model M6 are presented
in Table 2. The corresponding best-fit spectrum is shown in the left
panel of Fig. 3(a) with residuals from the best-fit model in Fig. 3(c).
For comparison, Fig. 3(b) shows best-fit residuals without zxipcf and
only continuum emission, highlighting the presence of an ionized ab-
sorber.

Two major absorption features were observed in the spectrum at

6. 75+8 (l)g keV and 8. 09+8 22 keV with equivalent widths of _42+15

and 24“3 eV, respectively. The significance of lines are around 9
and ~ 4. 30', respectively, based on the ratio of the line normalization
to its one-sigma error. The absorption line observed at ~6.75 keV may
be interpreted as a Ka line from He-like and H-like iron. The absorp-
tion feature at ~8 keV may be produced by a blend of the K absorption
lines from He-like/H-like iron (at 7.88 keV/8.26 keV) and He-like/H-like
nickel (at 7.77-7.81 keV/8.07-8.10 keV). Similar absorption-line fea-
tures at these energies have been previously observed in XB 1916-053
(Boirin et al., 2004; Iaria et al., 2006; Zhang et al., 2014; Gambino
et al., 2019) and in other NS LMXBs (Sidoli et al., 2002; Diaz Trigo
et al., 2006; Hyodo et al., 2009; Ponti et al., 2015; Sharma et al.,
2018).

3.1.2. Chandra

The grating spectrum was fit in the 1-8 keV range due to poor signal-
to-noise outside this energy range. C-stat was used as fitting statistics
(Cash, 1979). The continuum can be well-fitted with absorbed power-
law with an equivalent hydrogen column density of N = 4.3(2) x 10?!
cm2, a photon index of 1.84 (2), and a power-law normalization of
0.071 (8), consistent with Iaria et al. (2006). The presence of several
absorption features was clearly evident in the residuals. Due to the low
signal-to-noise ratio, we could not extract detailed information about
the absorption lines and instead focused on their detection. To do so,
we modelled each feature using a Gaussian line with negative normal-
ization. We identified seven absorption lines centred at 2.008 (5), 2.639
(7), 3.106 (12), 3.273 (18), 4.128*002_ 6.66 (5) and 6.99*( 0% keV, cor-
responding to Si X1v, S XVI, S XVI Kﬁ/Ar XVII, Ar xvIil, Ca XX, Fe XxxXv
and Fe xxv1, respectively. Their equivalent widths were 3.9 +2.9, 8 +4,
8+5,11+5,13+9, 110+£40, and 98 +59 eV, respectively. Additionally,
we detected an absorption feature at 1. 522“‘8 ggg keV, with an equiva-
lent width of 2.9 + 1.7 eV. This feature could be associated with the
Fe-complex or an instrumental feature. In Fig. 4, we present the flux
spectrum in the narrow energy range of 1.4-5 keV, highlighting the de-
tected absorption features.

3.1.3. Chandra+NuSTAR

As the Chandra data is contemporaneous to NuSTAR, we performed
a joint fit, extending the low energy coverage down to 1 keV. Similar to
the NuSTAR-only spectra, the joint spectra continuum is well-described
by the two soft thermal components and a thermal Comptonized compo-
nent (Table 1). However, a degeneracy was observed between Models
M5 and M6, as these two models can not be distinguished based on
fit statistics. We also assessed this further by simulation of 1000 spec-
tra but found that the distributions of fit statistics of both models were
nearly identical. We also tested a double-seed Comptonization model
(tbabs*zxipcf* (thcomp*diskbb + thcomp*BB)), but it was sta-
tistically insignificant. However, this model suggested a blackbody cov-
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Fig. 4. Flux spectra and best-fit model for the combined first-order LETG Chan-
dra spectrum of XB 1916-053. For visual clarity, only the 1.4-5 keV range
is shown. The solid red line represents the best-fit model, incorporating both
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which are labelled in the figure.

Table 2

Best-fit spectral parameters of XB 1916-053 during the persistent emission.
All errors and upper limits reported in this table are at a 90% confidence level
(Ay?=27).

Component Parameters NuSTAR Chandra+NuSTAR
M6 M6 M5
tbabs Ny (10% cm™) 1,650 1.65 +0.80 18710
zxipef Ny (102 em™) 1157150 3522 42+
log¢ 38+03 4177011 4.197019
diskBB kT, (keV) STHE 0.73+£0.05 0.61*0 07
Norm 118721 287423 | Rt
®R;, (km) 23120 1244 16.475¢
BBodyrad  kTpp (keV) 1.25%048 1.37 £0.08 1.66 +0.08
Norm 8.5 5.8 0.62+0 1%
Rgy (km) 26+03 2174020 071+
thcomp r 1.93+£0.05 193£006  1.85+0.04
KT, (keV) 16.47% 17.575% 14.6f:§
I T Y X
2 39£0.7 3.75+0.7 45x0.6
Cons Crems 0.986+0.006  0.986+0.006  0.986 +0.006
Cchandra 099+0.02  0.99+0.02
Flux® Fra o 42x10710  43x107°  43x1071°
F(g?gk}m) v 7.1 10*12 6.2 10712 6.2x 10*13
R S o
Bbp 0 eV o -10 o 10 b -10
1100 kev 23x10 22x10 3.9%10
x*/dof 301.5/319
C-stat/dof 762/738 774.6/738

2 Unabsorbed flux in units of erg cm™2 s7!.

b For assumed inclination angle of 75°.

+0.07
—-0.12°

6% 10~* with an upper limit of 0.38. This implies that the corona pre-
dominantly covers the blackbody source, making it the primary seed
photon source. Despite these results, Model M5 cannot be statistically
ruled out. The best-fit parameters for Models M5 and M6 are presented
in Table 2. The best-fit spectrum with M6 is shown in the right panel of
Fig. 3. The spectral parameters remain consistent with those obtained
from the NuSTAR-only spectra. However, a discrepancy is observed with
diskbb component, likely due to the limited low-energy coverage of
NuSTAR, which affects the disk component constraints. Differences in
the ionized absorber were also observed between the two spectra, possi-
bly due to the presence of highly ionized absorption lines in the Chandra
spectra, consistent with Gambino et al. (2019); Iaria et al. (2021). The
inclusion of an additional absorber did not provide any improvement to
the fit.

ering fraction (f,,) of 0.75 while for the diskbb, f,,, was only
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Table 3
Best-fit spectral parameters of XB 1916-053 during the dipping
emission, with the continuum fixed to the persistent emission.
All errors and upper limits reported in this table are at a 90%
confidence level (A y2 =2.7).

Component Parameters 1-Absorber 2-Absorber
zxipef Ny (102 em™) 7978 73t8
0.13 0.12
logé 2.097013 2.03:“]
Cov. frac. 0.65+0.03 0.63 +0.03
Cepmp 0.967 +0.03  0.965 +0.030
x*/dof 167.5/136 168/136

The unabsorbed flux of both the total emission and individual spec-
tral components was calculated using cflux convolution model in
XSPEC. The total unabsorbed flux in the 0.1-100 keV energy range was
estimated to be ~ 6.2 x 10710 erg em~2 s~!, corresponding to an X-ray
luminosity of ~ 6 x 103 erg s™!. For Model M6, the emission from the
accretion disk contributes around 28% of the total emission, while the
emission from the NS contributes around 72%, with equal parts being
directly observed and Comptonized. Similar flux distribution was also
observed with Suzaku spectra from 2006 (Gambino et al., 2019). In con-
trast, Model M5 exhibits a drastically different flux contribution, where
the NS accounts for only 8% of the total flux, while the accretion disk
dominates with 92%, of which 32% is directly observed, and 60% is
Comptonized. Notably, the flux estimated from NuSTAR-only spectra is
higher due to poorly constrained disk blackbody component, emphasiz-
ing the need for broadband spectral coverage to accurately model soft
emission components, such as accretion disks in LMXBs.

3.1.4. Dipping spectra

To investigate the effect of absorption dips, a spectrum from the
dipping region was extracted using both methods described earlier in
Section 3. Assuming the dipping activity arises from absorption caused
by the passage of the vertical structures obscuring our view to the
source (Diaz Trigo et al., 2006) and the underlying continuum spectrum
remains constant throughout the observation, any spectral variations
observed during the dipping intervals are attributed solely due to the
passage of this absorbing material along our line of sight. Therefore, a
continuum similar to the best-fit persistent spectrum was used to de-
scribe the dip spectrum, with fixed continuum model parameters except
for the ionized absorption component. Initially, we assumed a single ab-
sorber for the dipping phase. The dipping absorber was found to have
a column density of ~ 8 x 10>} cm™2, a low ionization parameter of
log & ~ 2 and a covering fraction of 65%.

As the persistent emission also shows the presence of an ionized
absorbing medium from the accretion disk atmosphere, hence two ab-
sorbers may be present during dipping activity, one from the accretion
disk atmosphere and the other from the vertical structure near the bulge
where the accretion stream encounters the rim of the disk (e.g., Trueba
et al., 2020). Therefore, we also used two ionized absorber components
in which the first absorber was fixed to match the persistent emission,
accounting for the accretion disk atmosphere. Fitting the dip spectrum
with either a 1-absorber or 2-absorber model resulted in comparable
fit statistics, with parameter values consistent within uncertainties (see
Table 3). Fig. 5(a) shows the comparison of the persistent and dip-
ping spectra, while panel (b) shows residuals of the dipping spectrum
compared to the best-fit model of the persistent spectrum, highlighting
significant absorption of soft X-ray emission primarily below 15 keV.
Fig. 5(c) shows the residuals with the best-fit dipping spectra with the
2-absorber model.

The orbit-resolved dip spectrum resulted in similar absorbing column
density and ionization parameter. However, a lower value of the cover-
ing fraction (~ 40%) was observed for both 1-absorber and 2-absorber
models, possibly due to orbit-to-orbit variation of dipping intervals (Ra-
man et al., 2018).
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Fig. 5. (a) A comparison between persistent and dip spectrum of XB 1916-053.
The persistent spectrum is shown in grey, while dip spectra are in blue (FPMA)
and red (FPMB). The dip spectrum is fitted with the same model as persistent
spectra with continuum parameters fixed. An additional ionized absorber com-
ponent was added to account for dips (2-Absorber model). b) Residuals showing
the contribution of the ionized absorber during dipping compared to the persis-
tent emission. c) Residuals from the best-fit model for the dipping intervals.

3.2. Update on orbital ephemeris

We folded the NuSTAR light curve adopting a reference period of
3000.6511 s (laria et al., 2015). To estimate the dip arrival time,
the folded profile was modelled with a step-ramp function. A dip ar-
rival time of MJD 59458.14333 (6) was obtained. Adopting a refer-
ence orbital period of P, =3000.6511 sec and reference epoch Tj, =
50123.00873 MJD, the orbital cycle number N = 268793 was inferred.
The delay associated was found to be 1618 (5) sec with reference to
constant orbital period. We included this measured dip arrival time and
delay with those reported in Iaria et al. (2015, 2021) to update the or-
bital ephemeris.

Following Iaria et al. (2015, 2021), we fitted the delays as a func-
tion of dip arrival time adopting the linear+quadratic (LQ) model y =
a+ bt + ct?, where a = AT, is a correction to the reference epoch Ty,
b= AP, /P,y in units of s d~! with AP, is correction to the adopted
orbital period and ¢ = 0.5P, / 'D,b in units of s d~2 which give the mea-
sure of orbital period derivative P, . As reported by Iaria et al. (2015,
2021), the LQ model is not a good estimate of the measured delays of
XB 1916-053 and yielded a y2/dof of 363/28. The residuals showed
systematic variations mimicking sinusoidal variations.

To address this, we added a sinusoidal term to the LQ model, result-
ing in the LQS model such that y = a + bt + ct> + AsinQz(t — ¢)/ Pod)s
where A is the amplitude of the sinusoidal function in seconds, P, is
the period of the sine function in days, and ¢ is the time at which the
sinusoidal function is null. The LQS model improves the fit significantly
to y2/dof of 45/25 with an F-test probability of 1.8 x 10~!!. Notably,
the best-fit residuals exhibited no further systematic variations. The re-
sultant best-fit values are reported in Table 4 along with a comparison
to the previously reported results by Iaria et al. (2021). Fig. 6 illustrates
the fit to the delays and the corresponding best-fit residuals, which man-
ifest sinusoidal variations indicative of the underlying orbital dynamics.
The obtained orbital ephemeris is largely consistent with that reported
by laria et al. (2021) and given as:
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Table 4

Best-fit values of the functions adopted to fit the delays. All er-
rors reported in this table are at 68% confidence level (A 72=1.

Parameters laria et al. (2021) This work
a(s) 14+ 14 09+14
b(103sd™) 543 T+2
c (107 sd?) 1.82+0.04 1.85+0.04
Tl) (MJD) 50123.0089 + 0.0002 50123.00874 +0.00016
orb (s) 3000.65129 + 0.00008 3000.65136 + 0.00008
P, (ss” h (1.46 +£0.03) x 10711 (1.49 +0.03) x 10~
A (s) 130+ 14 146 + 13
¢ (d) 1262 + 133 1230 + 122
Poa () 9099 + 302 8845 +243
x*/dof 37/24 45/25
2000 C T T T T T T T T /_
C 4]
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Fig. 6. Top panel: Delays vs time. The red curve represents the best fit for the LQ
function, while the blue curve represents the best fit for the LQS function. The
NuSTAR observation is highlighted with the green box. Middle panel: Residuals
in units of sigma (¢ = (data-model)/error), corresponding to the LQS model.
Bottom panel: Residuals in units of seconds, without the sine function. The ma-
genta line shows the sinusoidal variations due to the presence of a third body.

Ty (N) = 50123.00874(16) MID 4 2000-09136(8)
P 86400 eh)
_ A . 2
2. 10713 N2 ( - )
+2.59(6) x 10 + 86400 sin P (t @)

w1th Proa = 8845 +243 d (242 +0.7 yr), ¢ = 1230 + 122 d, and

=146 + 13 5. The corresponding orbital period derivative is P, =
1.49(3) x 10~ ss~!1, Further, the addition of a cubic term to the LQ or
LQS model does not improve the fit to delays.

4. Discussion and conclusions

In this study, we performed a comprehensive spectral and timing
analysis of the NS LMXB XB 1916-053 using contemporaneous Chandra
and NuSTAR observations from 2021. Our analysis presents the emis-
sion properties of the system during persistent and dipping intervals,
highlighting the complexity of the X-ray spectrum and the significant
role of ionized absorbers.

4.1. Persistent emission
The broad-band X-ray spectra of XB 1916-053 in the persistent state

can be effectively modelled with a combination of a blackbody, disk
blackbody, and thermal Comptonized emission. Our study supports the
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NS surface (or boundary layer) as the dominant source for the Comp-
tonization seed photons yielding the observed hard emission (Model
M6). However, a contribution from the accretion disk (Model M5) can-
not be ruled out based on fit statistics, suggesting a possible mix of both
seed sources. The broadband coverage reveals that the accretion disk
has a much lower covering fraction compared to the NS surface, rein-
forcing the blackbody seed as the most suitable model.

Based on our modelling, the accretion disk extends close to the NS
surface or forms a boundary layer, with matter accreting primarily along
an equatorial zone and emitting blackbody radiation. This emission is
then moderately Comptonized by the hot corona. The electron temper-
ature of Comptonizing plasma was found to be ~17 keV with an optical
depth of ~4. This temperature is notably higher than the previous re-
port for XB 1916-053 in the soft state (Zhang et al., 2014; Gambino et
al., 2019), indicating a harder spectrum compared to the earlier Suzaku
observations. The estimated broadband flux in our analysis is compara-
ble to that observed with Suzaku (Zhang et al., 2014; Gambino et al.,
2019). Although the exact geometry of the corona remains uncertain,
our spectral modelling and parameter estimates suggest an optically
thick, compact corona surrounding the NS (similar to the single seed ge-
ometry given in Fig. 3(a) of Zhang et al., 2014). Dipping LMXBs in the
soft state are known to exhibit systematically harder spectra compared
to non-dipping LMXBs (Gladstone et al., 2007). This spectral hardening
can be attributed to the oblate shape of the Comptonizing corona, where
up-scattered photons travel a longer path along the line of sight (Zhang
et al., 2014, 2016; Sharma et al., 2018). The observed electron temper-
ature and optical depth are consistent with the hard state. However, the
disk and blackbody temperatures, as well as their contributions to the
total flux, suggest characteristics of the soft state (e.g., Armas Padilla et
al., 2017; Sharma et al., 2018).

We have observed highly-ionized absorption lines from Si, S, Ar, Ca,
Fe and a blend of highly ionized Fe Kf and Ni Ke in the persistent X-ray
spectrum, indicating the existence of a complex ionized absorber along
the line of sight, with origins likely in the disk atmosphere (Diaz Trigo
and Boirin, 2013). The ionized disk absorber has an absorption column
density ~ 1023 ecm~2 and an ionization parameter, log & ~4. Previously,
Ke transition lines, as well as Kf transition lines of Fe were observed
with XMM-Newton, Chandra and Suzaku (Boirin et al., 2004; Iaria et al.,
2006; Juett and Chakrabarty, 2006; Gambino et al., 2019). Similar ion-
ized absorbers have been observed in other high-inclination NS LMXBs,
such as EXO 0748-676, AX J1745.6-2901, and MXB 1658-298, but only
in their soft states (Ponti et al., 2014, 2015, 2019; Sharma et al., 2018).
These features tend to disappear in the hard state due to thermal photo-
ionization instability (Bianchi et al., 2017; Ponti et al., 2019). However,
in the AMXP Swift J1749.4-2807, disk winds were observed in the in-
termediate or hard-intermediate state, proposed to be propeller-driven
(Marino et al., 2022).

In order to corroborate the spectral state identification, we extracted
the Leahy-normalised Fourier Power Density Spectrum (PDS) from the
3-30 keV persistent and average light curves, binned at 1 s. The PDS
from the persistent light curve is consistent with a constant power of ~2,
compatible with Poisson noise. The fractional rms was measured to be
~3-6%, suggesting very little X-ray variability. This contrasts with the
behaviour of NS LMXBs in the hard state, which typically exhibits rms
amplitudes of 10-20% or higher (see, e.g., Muifioz-Darias et al., 2014).
Hence, the timing properties of XB 1916-053 during persistent emission
more closely resemble those of a soft state, challenging the hard state
identification. The PDS from the average light curve is dominated by red
noise below 0.01 Hz with an rms of ~14% and is consistent with Poisson
noise at higher frequencies. The enhanced variability at low frequencies
in the average light curve can be attributed to dipping activity.

4.1.1. Inclination & magnetic field estimates

The emission from the accretion disk contributes around 28% to the
total emission, while the NS accounts for the remaining 72%, with its
emission split equally between direct observation and Comptonization.
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In a standard accretion disk, half of the gravitational energy is expected
to be radiated by the matter before it reaches the inner radius (R;,).
The remaining half of the energy, along with the energy released from
R;, to the NS radius, contributes to powering the blackbody emission
from the NS surface/boundary layer and the corona. As a result, the
disk luminosity is anticipated to be comparable to that of the Comp-
tonized blackbody, however, the observed fluxes will vary depending on
our viewing angle. Assuming the equatorial geometry of the blackbody-
radiating area and corona around the NS, we can estimate the inclination
angle i of the disk as

.z K
tani = Z —BB

2

Fiisk @
(Mitsuda et al., 1984; Sakurai et al., 2012). The observed ratio of Fgg to
Fy; is 2.6, which helps to constrain the inclination angle to be around
76°, consistent with the expected range for dipping but not eclipsing
source (60° <i <75° Frank et al., 1987).

The inner disk radius R;, can be estimated from diskbb normaliza-
tion (N ormgy.) using Ry, = ax(Normyy, / cosi)'/? D, km, where D,
is the distance to the source in units of 10 kpc, i is the inclination angle
of disk, and « = 0.41 and k¥ = 1.7 are correction factors (Mitsuda et
al., 1984; Shimura and Takahara, 1995; Kubota et al., 1998). The inner
disk radius of 11.211'2 km is estimated assuming the inclination angle
of 75° (Frank et al., 1987). However, the value of the inner disk radius
is uncertain, subject to the uncertainty in the disk inclination angle i.
Similarly, the size of the blackbody emitting region can be estimated us-
ing the normalization of bbodyrad model, which scales as (Rgg / D1()>.
The normalization of the blackbody component implies an emitting re-
gion size of Rpp ~2 km, indicating that the blackbody emission arises
from an equatorial belt-like region on the NS surface (Lin et al., 2007).
In contrast, Gambino et al. (2019) reported a larger seed photon radius
of ~10-14 km and an inner disk radius of ~30 km, albeit with larger
uncertainty. Our analysis provides a more precise estimate of both the
inner disk radius and seed photon radius, which are consistent with the
soft spectral state. This improvement is likely due to a more appropriate
model selection for describing the continuum, the broadband spectral
coverage provided by Chandra and NuSTAR, and their superior spectral
resolution. The relatively small blackbody radius can be explained if a
geometrically thin accretion stream deposits matter onto a well-defined
impact region near the NS equator, where the accreting material ef-
ficiently releases energy before gradually spreading across the stellar
surface (Lin et al., 2007).

The inferred inner disk radius of ~11 km suggests that the accretion
disk extends moderately close to the NS surface, leading to the formation
of a boundary layer around the NS (Popham and Sunyaev, 2001). To
investigate the extent of the boundary layer, we use the mass accretion
rate (M) to estimate its maximum radial extent. According to Equation
25 of Popham and Sunyaev (2001), the maximum radial extent of this
region can be estimated as

M >|2A19 . -

log(R _
g( 10-9-85 Moy,.—l

nax = Ru) 250240245 log (
We determine the mass accretion rate using the unabsorbed luminos-
ity from 0.1-100.0 keV and an accretion efficiency of #=0.2 to be
513 x 1071°M, yr~!. This gives a maximum radial extent of 5.44R,
for the boundary layer, which is 1.2 km from the NS surface. This value
is consistent with the estimated location of the inner disk radius.

We can also estimate limits on the magnetic field strength assuming
the inner accretion disk is truncated at magnetospheric radius (Cackett
et al., 2009; Degenaar et al., 2014; Sharma et al., 2019). To calculate
the magnetic field strength (B), we have used the following expression
originally given by Ibragimov and Poutanen (2009),

M, 1/4 R. 7/4 R =3
B=144x 1077 (2 ) (= ) T ()
A \Tamg ) \toxm) o6 em
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n 1072 erg cm=2 -1 9 kpc
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where k, represents the geometry coefficient with a permissible value
of 0.5-1.1 (Psaltis and Chakrabarty, 1999; Long et al., 2005; KluZniak
and Rappaport, 2007), f,,, is the anisotropy correction factor which is
approximately unity (Ibragimov and Poutanen, 2009), and # is the ac-
cretion efficiency factor. We have assumed k = 0.5, 1 =02, f,, =
1, D=9 kpc, and a reasonable NS mass and radius of Mys = 1.4M
and Ryg = 10 km, respectively, along with the average 0.1-100 keV
bolometric flux of 6.2 x 107! erg ecm™2 s~! from our best-fitting re-
sults. We estimate the upper limit of the magnetic field strength to be
B < 4.5x 108 G, considering an upper limit of 13 km on the inner disk
radius. This estimate is consistent with the magnetic field strengths of
several NS LMXBs and accreting millisecond X-ray pulsars (Mukherjee
et al., 2015; Ludlam et al., 2017; Sharma et al., 2019, 2020b; Beri et
al., 2023). If the accretion disk is indeed truncated by the NS’s magnetic
pressure, with matter funnelled along magnetic field lines, one would
typically expect X-ray pulsations provided that the spin and magnetic
axes are misaligned. However, no pulsations have been detected from
XB 1916-053. While the system’s high inclination could play a role, this
alone cannot fully explain the absence of pulsations, as X-ray pulsations
have been observed in highly inclined sources such as XB 1822-371 (e.g.,
Anitra et al., 2021; Iaria et al., 2024). Therefore, a weak magnetic field
strength that is insufficient to channel the accreting matter to magnetic
poles remains a plausible explanation for the lack of detected pulsations.

4.2. Dipping emission

The continuum model used for persistent spectra also provides a
good fit for the spectrum during dipping. For the dip spectrum, the pa-
rameters of the continuum were fixed to the persistent values, while the
parameters of the ionized absorbers (zxipcf) were allowed to vary. The
dip spectra show significant changes attributed to the increased absorp-
tion column density (~ 8 X 10?3 cm~2) and a lower ionization parameter
(log & ~ 2). These variations are likely due to the obscuration by denser,
less ionized material near the outer disk or bulge. In XB 1916-053 and
other dippers, particularly strong absorption lines are detected during
dipping events and are typically associated with the outermost edge of
the accretion disk (Diaz Trigo et al., 2006).

Since dip spectra are affected by absorption from both the inner disk
atmosphere and the outermost disk, therefore, we added an additional
absorber component with the first absorber component fixed to the pa-
rameters of the accretion disk absorber from the persistent emission.
However, no significant difference was found between the 1-absorber
and 2-absorber models. During dipping, the ionized plasma exhibited a
lower ionization parameter and a higher column density. The transition
from the persistent to the dip spectrum can thus be explained as a de-
crease of the ionization parameter £ of the plasma with a simultaneous
increase of the equivalent hydrogen column density of an ionized ab-
sorber interposed between the observer and the central emitting source
(Boirin et al., 2004). The lack of a significant difference between the
1-absorber and 2-absorber models suggests that the absorption is likely
coming from a continuous structure whose properties evolve between
the persistent and dipping states rather than from two well-separated
regions. It could be possible that the absorbing medium is relatively ho-
mogeneous in structure, gradually increasing in density and decreasing
in ionization as the system moves into the dipping phase, as the line of
sight intercepts a denser but not strongly fragmented region.

During persistent intervals, the ionized plasma transmits all photons
except those with energies matching different ions’ transitions, such as
highly ionized Fe K, and K and Ni ions transitions. This results in signif-
icant absorption of photons during persistent intervals. Similarly, atomic
transitions and edges from many ions affect the transmission during the
dipping intervals as the ionization is lower, leading to a strongly energy-
dependent transmission. During dipping, edges are stronger because of
the larger column density.
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4.3. Orbital

Previously, Iaria et al. (2021) studied the orbital evolution of XB
1916-053 with 40 years of baseline. NuSTAR observation has extended
the baseline to 3 more years. The results obtained are well consistent
with previous results (Iaria et al., 2018, 2021). The orbital evolution
can be explained with the quadratic model with sinusoidal modulation
at ~24 years with an amplitude of ~146 It-sec. XB 1916-053 shows an
orbital period derivative of ~ 1.5 x 107! s s~!. The observed period
derivative can be interpreted as the mass loss from companion out-
flowing from the system (Iaria et al., 2021). However, no search for
detection of outflow was done in this source as the optical counterpart
of XB 1916-053 is dim (V' ~ 21 mag). Similar to GX 1+4 (Chakrabarty
et al., 1998), the P Cygni profile of the He emission line can be studied
in XB 1916-053 with sensitive instruments.

5. Conclusion

We have presented a broadband spectral and emission geometry
analysis of the XB 1916-053 using simultaneous Chandra and NuSTAR
observations. Our results indicate that most of the emission originates
from the NS surface or boundary layer, with a significant fraction un-
dergoing Comptonization by a hot electron cloud, producing the ob-
served hard X-rays. The timing and spectral properties suggest that XB
1916-053 is in a soft state, albeit with a relatively high electron tem-
perature of kT, ~17 keV. Additionally, absorption features from highly
ionized ions reveal the presence of an accretion disk atmosphere dur-
ing persistent intervals. While during dipping intervals, the line of sight
is obscured by a denser, less ionized outer disk structure or bulge. Fur-
thermore, by analyzing dip arrival times, we have refined the orbital
ephemeris of XB 1916-053, extending its baseline by an additional three
years.
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