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X-Ray Polarization from the Atoll 4U 1735—44 Suggests a Low Inclination
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Abstract

X-ray polarimetry is a new tool capable of probing the geometry of accretion onto weakly magnetized neutron
stars. Here we present the first X-ray spectropolarimetric results from coordinated observations of the atoll source
4U 1735—44, conducted with the Imaging X-ray Polarimetry Explorer (IXPE), Neutron Star Interior Composition
Explorer, and Nuclear Spectroscopic Telescope Array. Over the 2-8 keV energy range, we obtained a marginal
detection of polarization with the polarization degree of 1.4% =+ 0.7% and polarization angle of —29° + 14°,
corresponding to a 3¢ upper limit on the polarization degree of 3.5%. The best-fit model to describe the spectrum
comprises a thermal component associated with the accretion disk, a Comptonized blackbody component, and a
relativistic reflection component. From the reflection model, we infer a disk inclination of ~40°. The
spectroscopic and polarimetric properties of 4U 1735—44 are consistent with those observed in other atoll sources
studied by IXPE, with its low polarization likely due to its low inclination.

Unified Astronomy Thesaurus concepts: Stellar accretion disks (1579); Neutron stars (1108); Low-mass x-ray

binary stars (939); Spectropolarimetry (1973); Polarimetry (1278)

1. Introduction

Accreting weakly magnetized neutron stars (WMNSs) in
low-mass X-ray binaries (LMXBs) are among the brightest
X-ray sources in the sky and exhibit complex behavior that is
not yet fully understood. They accrete mass via Roche-lobe
overflow from a low-mass (typically <1 M) companion,
forming an accretion disk (A. Bahramian & N. Degenaar
2024).

The spectrum of WMNSs is usually modeled by the sum of
two components: a soft thermal component (<1 keV)
associated with the accretion disk (N. I. Shakura & R. A. Sun-
yaev 1973), and a hard component resulting from Comptoniza-
tion in a relatively cool plasma in the boundary layer
(BL) between the disk and the neutron star (NS) surface
(N. I. Shakura & R. A. Sunyaev 1988; R. Popham & R. Sun-
yaev 2001) or the spreading layer (SL) where the accreted
material spreads to higher latitudes (N. A. Inogamov &
R. A. Sunyaev 1999; V. Suleimanov & J. Poutanen 2006). In
addition, X-ray illumination of the accretion disk can produce a
reflection component with both continuum and line features,
most notably an iron emission line at 67 keV. Furthermore,
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WMNSs can also display Type-I X-ray bursts, which are
caused by thermonuclear explosions of the matter accreted
from a companion onto the NS surface (see, e.g.,
W. H. G. Lewin et al. 1993).

Beyond these common characteristics, WMNSs have
historically been classified into two main categories: Z and
atoll sources (see, e.g., G. Hasinger & M. van der Klis 1989).
This classification is based on the patterns these sources
display in the color—color diagram (CCD) or the hardness—
intensity diagram (HID), as well as their correlated spectral
and timing properties. Atoll sources are characterized by a
lower luminosity (10*°~10%7 ergs™") compared to Z sources
(10%® ergs™!, near the Eddington luminosity).

Despite all the advances that have been made in studying the
WMNS with spectroscopy and timing, many fundamental
questions remain open. For instance, both the classification
into Z and atoll sources and the state transitions of the sources
lack physical explanations. The geometry of the region
between the NS surface and the inner parts of the accretion
disk also remains a mystery. In this context, polarimetry is a
powerful tool to examine the geometry of the surroundings of
compact objects. Polarimetric properties of the emission
coming from different regions of the WMNS have been
predicted by M. Dov¢iak et al. (2008) and V. Loktev et al.
(2022) for the disk, by I. I. Lapidus & R. A. Sunyaev (1985),
A. Gnarini et al. (2022), R. Farinelli et al. (2024), and
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A. Bobrikova et al. (2025) for the Comptonized component,
and by G. Matt (1993) and J. Poutanen et al. (1996) for the
reflected component.

Since the launch of the Imaging X-ray Polarimetry Explorer
(IXPE; M. C. Weisskopf et al. 2022) in 2021 December, X-ray
polarimetry has been actively used to study the geometry of
various accreting compact objects. Only for the WMNSs, a dozen
discoveries have been made. For instance, in the Z-source Cyg X-
2 (R. Farinelli et al. 2023), the polarization of the Comptonized
component was aligned with the jet, putting a constraint on the
geometry of the boundary region. For the atoll sources GX 949,
4U 1820—303, and 4U 1624—49, a trend of a strong dependence
of polarization degree (PD) on energy was found (F. Ursini et al.
2023; A. Di Marco et al. 2023a; M. L. Saade et al. 2024,
respectively), while for the Z-sources XTE J1701—-462, GX 340
40 and GX 5—1, the common trend was a significant change in
PD with the transition between the hard and soft state (M. Cocchi
et al. 2023; F. La Monaca et al. 2024; S. Fabiani et al. 2024,
respectively). Even the upper limits on the PD obtained for
GS 1826-238, Ser X-1, GX 341, and GX 9+1 (F. Capitanio
et al. 2023; F. Ursini et al. 2024; A. Gnarini et al. 2024; A. Tarana
et al. 2025, respectively) were used to constrain the inclination of
these objects.

It is worth noting that GX 949, 4U 1820—303, and 4U 1624
—49 showed clear signatures of reflection, whereas GS 1826
—238 did not. Reflected emission has been proposed as a key
factor in the high polarization observed in these atoll sources,
which could explain why GS 1826—238 showed no significant
polarization while the three others did. However, Ser X-1,
GX 341, and GX 9+1, despite also exhibiting reflection
features, showed no polarization detection. This has been
attributed to the low inclination of these sources.

Moreover, hints for a misalignment between the NS rotation
axis and the orbital axis were obtained for Cir X-1 (J. Rankin
et al. 2024) and GX 13+1 (A. Bobrikova et al. 2024a, 2024b),
although an alternative explanation in terms of eclipse of the
scattering region by the outer part of the cold disk also exists
(A. Di Marco et al. 2025). Note that both Cir X-1 (T. Oosterbr-
oek et al. 1995; R. E. Shirey et al. 1998) and GX 13+1
(R. S. Schnerr et al. 2003; J. K. Fridriksson et al. 2015) are
peculiar cases that display both Z and atoll features. Similar
behavior has been observed in other sources, with M. Ng et al.
(2024) recently reporting that the behavior of 1A 1744361 is
consistent with the idea that atoll and Z sources may represent
different accretion regimes.

We combine spectroscopic and polarimetric analyses to probe
the geometry of a bright atoll source 4U 1735—44. It has a
luminosity of around 10% of the Eddington luminosity and is
located at a distance of 5.6737 kpc (C. A. L. Bailer-Jones et al.
2018). It has an orbital period of 4.564 =+ 0.005 hr
(R. H. D. Corbet et al. 1989). The inclination of the system is
constrained from optical observations at 27°-60° (J. Casares
et al. 2006). Analyzing BeppoSAX and XMM-Newton data,
B. Miick et al. (2013) obtained an inclination closer to the upper
limit of nearly 60°, while R. M. Ludlam et al. (2020), using
simultaneous Neutron Star Interior Composition Explorer
(NICER) and Nuclear Spectroscopic Telescope Array (NuSTAR)
observations, obtained two values, approximately 42° or 57°,
concluding that the constraint on inclination is highly model-
dependent. The spectrum of 4U 1735—44 has been studied
extensively, with a special focus on the reflected component of
the emission (see R. M. Ludlam et al. 2020, and references
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Table 1
Log of Observations of 4U 1735—44 Presented in the Paper

Observatory Dates ObsID Instrument Duration

(ks)

IXPE 2024 Aug 31 03004001 DUI1 38.8

DU2 38.9

DU3 389

NICER 2024 Aug 28 7700030101 XTI 1.8

2024 Aug 29 7700030102 XTI 0*

2024 Aug 30 7700030103 XTI 0.4

NuSTAR 2024 Aug 31 31001011002 FPMA 337

FPMB 342

Note.

? The second NICER observation, 7700030102, had no usable data due to
known optical light leak issues.

therein). The source is also known to experience regular Type I
X-ray bursts (J. van Paradijs et al. 1988; Y.-J. Lei et al. 2013).
The paper is structured as follows. We describe the
observatories used and the data reduction process briefly in
Section 2. We present the results of the data analysis in
Section 3. We discuss the results and conclude in Section 4.

2. Observations
2.1. IXPE

The Imaging X-ray Polarimetry Explorer (IXPE;
M. C. Weisskopf et al. 2022) is the first observatory dedicated
to X-ray polarimetry. The mission consists of three identical
telescopes, each featuring a gas pixel detector that is sensitive
to X-ray polarization in the 2-8 keV energy range (L. Baldini
et al. 2021; P. Soffitta et al. 2021). These detectors are
positioned at the focal point of the grazing incidence mirror
assembly modules. IXPE observed 4U 1735—44 on 2024
August 31 for a total exposure time of about 39 ks for each
detector unit (DU). The corresponding ObsIDs and exposure
times are given in Table 1.

For the model-independent polarimetric analysis, we
processed the data using the IXPEOBSSIM software, version
30.6.3 (L. Baldini et al. 2022). The normalized Stokes g and u
parameters, as well as the PD and polarization angle (PA),
were obtained through the pcube binning algorithm (F. Kislat
et al. 2015).

To carry out the spectral and spectropolarimetric analysis, the
source and background regions were selected from the image of
each of the three DUs. Source spectra and light curves were
extracted from a circular region with a 114” radius centered on
the source, while the background was selected as an annular
region centered on the source spanning 180"-240". We iteratively
determined the source extraction radii from 30” to 180" in 5”
steps in order to maximize the signal-to-noise ratio (S/N) across
the entire IXPE energy range. This approach is similar to that
used by E. Piconcelli et al. (2004). Due to the high brightness of
this source, the background is negligible (see A. Di Marco et al.
2023b) and was not subtracted. The data reduction was
performed, applying the weighted scheme (A. Di Marco et al.
2022). For this analysis, we used the HEASOFT package, version
6.34 (Nasa Heasarc 2014), standard FTOOLS and XSPEC
(K. A. Arnaud 1996). The calibration files were obtained from
the CALDB version 20240125.
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Figure 1. Averaged polarization properties. Left: normalized Stokes g and u parameters in the 2—8 keV band, for the three IXPE DUs and their combination. Errors
are provided at 1o CL. Right: polarization contours in the 2-8 keV band at the 68%, 90% and 99% confidence levels obtained with the ixpe protractor task.

2.2. NuSTAR

NuSTAR (F. A. Harrison et al. 2013) is the first focusing high-
energy X-ray mission, operating in the 3—79 keV energy range. It
consists of two focal plane modules (FPMA and FPMB) with a
spectral resolution of 400 eV (FWHM) at 10 keV.

NuSTAR observed 4U 1735—44 on 2024 August 31 for a
total of about 33 ks (see Table 1). We processed the data using
NuSTAR Data Analysis Software NUSTARDAS provided under
HEASOFT v 6.34. The extraction region radii were determined
using the same iterative method as used with IXPE. The
extraction radii are 140" for both focal plane modules (FPMs).
The calibration files were obtained from the CALDB version
20240812.

2.3. NICER

NICER (K. C. Gendreau et al. 2016) is mounted on the
International Space Station and provides exceptional spectral
and timing resolution despite lacking imaging capabilities. Its
primary instrument, the X-ray Timing Instrument (XTI),
operates in the soft X-ray energy range of 0.2-12 keV.

NICER observed 4U 1735—44 on 2024 August 28, 29, and
30 for a total of 2.2 ks (see Table 1), although the second
NICER observation, from August 29, had no usable data due
to known optical light leak issues. We processed the data using
the NICER Data Analysis Software NICERDAS provided
under HEASOFT v 6.34. We used the standard NICER-
recommended calibration and filtering tool NICERL2 to
produce the clean event files. Standard screening criteria were
applied. The calibration files were obtained from the CALDB
version 20240206.

3. Data Analysis

3.1. Model-independent Polarimetric Analysis

We performed model-independent polarimetry using the
pcube tool. The normalized Stokes parameters for the
2-8 keV band are plotted in Figure 1(a), and the polarization
contours for PD and PA are shown in Figure 1(b). Combining

the data from all three DUs, we obtain a marginally significant
(20) detection of polarization with PD = 1.4% =+ 0.7% and
PA = —29° + 14°, which corresponds to a 30 upper limit for
the PD of 3.5%.

We then analyzed the energy dependence of the polarimetric
properties. The results are displayed in Figure 2. The lower panel
shows also the MDP99, i.e., the maximum polarization produced
by random fluctuations when a true polarization is zero at a
confidence level of 99%. A polarization signal is detected at the
99% confidence level (CL) in the 6-7 keV energy bin only with
the PD=8.5% =+ 2.9% and PA = —14° + 10°, while the PD is
clearly below the MDP99 of ~3% below 4 keV. This may
suggest a possible energy dependence of the PD, but a higher
statistical significance is required to draw firm conclusions. We
tested alternative binning schemes; however, broader bins did not
improve the net significance.

Finally, no evidence for spectral hardness changes is
observed, as seen in Figure 3. Thus, we do not expect large
variations in polarization over the observation.

3.2. Spectroscopic Analysis

NICER observations happened one day before the IXPE or
NuSTAR observations (see Figure 3). Although we attempted
a joint spectral fit, the NICER spectrum was not compatible
with those from IXPE or NuSTAR, likely due to being in a
different spectral state, and no satisfactory fit could be
obtained. Hence, we used NuSTAR + IXPE data to perform
the spectroscopic analysis.

We began the spectroscopic analysis with a rather simple
model. We used the diskbb model to simulate the emission
coming from the accretion disk and the comptt model to
simulate the Comptonized emission of the BL/SL region. We
chose the spherical geometry of the Comptonizing media. We
used the tbabs model (J. Wilms et al. 2000) to account for
the absorption of the source emission in the interstellar
medium. As neither IXPE nor NuSTAR have coverage below
2keV, we used the HEASARC Ny calculator tool based on the
survey reported in HI4PI Collaboration et al. (2016).
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Figure 3. Light curves obtained from IXPE, NuSTAR, and NICER. IXPE
hardness ratio (5-8 keV/3-5 keV) and NuSTAR hard color (10-20 keV)/
(6-10 keV) are also shown. IXPE observations are shown in orange,
simultaneous NuSTAR observations are marked in green and nonsimultaneous
observations are marked in gray.

However, the residuals strongly suggested adding a
component to account for the reflection of SL/BL emission
from the accretion disk. We first added the gauss model to
simulate the iron line. We obtained a rather broad Gaussian

Teodori et al.

Table 2
Best-fitting Model Parameters of the Fits to the NuSTAR + IXPE Data
Parameter Model 1 Model 2
tbabs
Ny (10 cm™2)? [0.28] [0.28]
diskbb
kT (keV) 0.79 + 0.02 0.90790%
normgy 400 + 35 240 + 30
comptt
KTy (keV) 1.11 £ 0.02 13475007
kT, (keV) 3.01 + 0.02 2.96 + 0.02
T 12.0 £ 0.1 13.6 £ 0.2
Normyy, 0.27 £+ 0.01 0.19 £+ 0.01
gauss
E (keV) 6.517 004
o (keV) 0.88758
norm, 0.006 + 0.001
relxillNS
Gem [30]
a [0.0]
incl (deg) v 3913
Ry, (ISCO) - 3.745%
Roy (grav. r.) [400.0]
kTyp (keV) e [:kTp,comptt]
log & 2.701898
Are [1.0]
logN [19.0]
norm, (107%) 1.8 + 0.2
Cross-calibration constants
Cpui_FPMA 0.874 + 0.002 0.873 £ 0.002
Cbu2—FPMA 0.879 £ 0.002 0.879 £ 0.002
Cpu3s—FPMA 0.857 + 0.002 0.856 + 0.002
CEPMB_FPMA 0.986 + 0.001 0.986 + 0.001
X*/degrees of freedom 711/648 679/647
Photon flux ratios, 2-8 keV
Faiskob/ Frot 0.279 0.327
Feomptt/ Frot 0.707 0.476
Fgauss/ Frot 0.014
Frclxillns/Flol 0.197
Fior (erg s~' cm™2) 40 x 107° 4.0 x 107°

Notes. Uncertainties are given at a 68% CL. Parameters in square brackets
were kept frozen during the fit. Flux is unabsorbed.

 This parameter comes from the HEASARC Ny calculator tool based on a
HI4PI survey (HI4PI Collaboration et al. 2016).

component with o = 0.88700ckeV at E = 6.521)0: keV,
which is an expected energy of the Ko iron line. The results
are presented in Table 2, “Model 1” column, and in Figure 4,
left panel. We then replaced the gauss component with the
relxill1NS (J. A. Garcia et al. 2022) model. Results of this
fit are presented in Table 2, “Model 2” column, and in
Figure 4, right panel. We note a higher quality of the fit with
the relxill model.

We tied the blackbody temperature to that of the plasma in
the comptt model and kept the reflected fraction at —1.0 to
model only the reflected component without the blackbody.
For the relxil1NS component, we left the inclination, the
inner radius R;,, the ionization of the accretion disk log¢, and
the normalization of the model to change freely. We fixed the



THE ASTROPHYSICAL JOURNAL, 1002:143 (7pp), 2026 May 10

—

EFg (keVcem 2s™1)

Ay
o
oIS
=

Energy (keV)

Figure 4. Spectral energy distribution of 4U 1735—44. The IXPE and NuSTAR data
tbabsx* (diskbb+comptt+Gauss) model. Right panel: fit with the tbabsx

residuals.

dimensionless spin of the NS at a = 0.0 as most NSs in
LMXBs have a < 0.3 (D. K. Galloway et al. 2008; J. M. Miller
et al. 2011). The lack of data in the low-energy range limited
our constraint capabilities. Thus, based on previous spectro-
scopic analyses of the 4U 1735—44 (R. M. Ludlam et al.
2020), we fixed the emissivity for the coronal flavor models at
g = 3.0, the density of the accretion disk at log N = 19.0, and
the iron abundance at solar level, Ag. = 1.0.

The resulting inclination of 39° is lower than the values
inferred from previous X-ray observations by B. Miick et al.
(2013; ~ 60°) and R. M. Ludlam et al. (2020; 42°-57°), but is
within the broader range of 27°-60° derived from optical
observations by J. Casares et al. (2006). Temperatures of the disk
kT;, and blackbody emission kT, as well as the Comptonizing
media temperature k7, are in agreement with the previous
spectroscopic studies of the source (see, e.g., B. Miick et al. 2013;
R. M. Ludlam et al. 2020; S. Lavanya et al. 2024). For the
inclination obtained from the fit, the disk component normal-
ization corresponds to an inner radius Ry, g cxpp &~ 1012 km,
depending on the model. According to the correlation between
the apparent and true inner radii of the disk given in, for example,
A. Kubota et al. (1998), the true inner radius of the disk is only a
few km larger than the standard NS radius. Inner radius of the
accretion disk from the relxillNS model, however, is
constrained at Ry, ye1xi11ns = 3.7 03 Risco &~ 45 km.

3.3. Spectropolarimetric Analysis

To conduct the spectropolarimetric analysis, we used the
spectral model presented in Section 3.2 and added the
polarimetric model polconst. We again fitted NuSTAR +
IXPE data and obtained the values of the overall
PD = 1.0% + 0.5% and PA = —25° 4+ 15° (1o CL). It is,
however, important to note that we can only obtain an upper
limit of 2.4% on the PD at 30 CL, which means that we do not
have a strong detection of polarization and the PA is not well
constrained. We then attempted to use the pollin polari-
metric model and fixed the slope on PA at 0. We obtained
PDjev = —1.3% =+ 1.2%, PDgope = 0.9 £ 0.5% keV ™" and a
PA = —29° + 11° (errors at 1o CL)."> We performed an F-test

13 The negative value of the PD at 1 keV and a positive PD slope imply a
change of the PA by 90° between 1 keV and higher energies, i.e., the actual
value of the PA at 1 keV is 63°.

Teodori et al.

\-
£

="
-

EFg (keVcem2s™!)

Energy (keV)

are shown with green and orange crosses, respectively. Left panel: fit with the
(diskbb+comptt+relxillNS) model. The lower panels show the fit

Table 3
Spectropolarimetric Constraints on the Polarization of Different Spectral
Components from the NuSTAR + IXPE Data

Component PD PA
(%) (deg)
overall 1.0 £ 0.5 -25+15
diskbb [1] 54738
comptt [1] -3548
relxillNS 5.6439 —2742
diskbb 1.5+ 1.1 4313
comptt [1] —31%3
relxillNS [5] -3513
diskbb 09 £+ 0.5 -25+15
comptt =PDagi skpp =PAqiskpp
gauss [0] [0]

Note. Errors are given at 68% CL. Parameters in square brackets were kept
frozen during the fit.

to check if the pollin model improved the fitting results
significantly, and obtained a probability of 0.082. Hence, we
did not see any significant improvement of the fit with
pollin.

We proceeded with a study of the polarization of each
component independently. As we only have a marginal
detection of polarization, such a study would not be possible
without some artificial constraints. Results of this analysis are
presented in Table 3. First, we fixed the polarization of the
diskbb and comptt components to be at PD = 1%,
following the expected polarization from these components
(V. Loktev et al. 2022; R. Farinelli et al. 2024; A. Bobrikova
et al. 2025), and let the polarization of the relxil1NS
component to vary freely. We obtained a PD,cixii1ns =
5.6739% at 1o CL with the 30 upper limit of 15%. At 1o CL,
we also obtained constraints on PAs of different components
and saw that disk emission seems to be polarized almost
orthogonal to the Comptonized component and the reflection.
The difference in PA of ~90° between diskbb and other
components is consistent with the results of the fit with
pollin model, which show a flip of the PA by 90° in the
IXPE range. We note, however, that the error bars on PA are
large for all the components.
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Then, we fixed the relxi11NS component polarization at
5% based on our previous results and allowed the diskbb
polarization to vary, obtaining a PDg; gxpp, = 1.5% = 1.1% at
lo CL with the 30 upper limit of 5%. We saw again
PA,c1xi11ns almost coinciding with PA_ e within 1o
errors, while PAg; giop differs by ~75°. With this test, we also
confirmed that fixing and thawing various components did not
have a strong influence on the polarimetric picture. Unfortu-
nately, the statistics did not allow us to perform any further
quantitative investigations of the spectro-polarimetric proper-
ties using Model 2.

Lastly, we came back to Model 1 from Table 2. As the
fluorescent iron line is supposed to be unpolarized, we fixed
PD and PA for the gauss component to zero. As we aimed at
studying the overall polarization of the source emission, we
tied the polarimetric properties of the comptt component to
the ones of the diskbb component. We obtained a
PD = 0.9% =+ 0.5% and PA = —25° £+ 15° at 1o CL with
the 30 upper limit on the PD of 2.4%. These results are in
alignment with the ones obtained from the spectropolarimetric
analysis using Model 2.

4. Discussion and Summary

We used IXPE, NuSTAR, and NICER data to investigate
the X-ray spectropolarimetric properties of 4U 1735—44. With
the model-independent analysis, we obtained a marginal
detection of polarization with a PD of 1.4% =+ 0.7% and PA
of —29° £ 14° with the corresponding 3¢ upper limit on the
PD of 3.5%. These results, together with the presence of
reflection features and a low estimated inclination of 39°, are
broadly consistent with the results of other atolls. The
spectropolarimetric analysis yielded a PD = 1.0% 4+ 0.5%
and PA = —25° 4+ 15° with the corresponding 3¢ upper limit
on the PD of 2.4%, which is consistent with the values
obtained from the pcube polarimetric analysis.

Among other atoll sources, these results are similar to
GS 1826—238 (F. Capitanio et al. 2023), Ser X-1 (F. Ursini
et al. 2024), GX 341 (A. Gnarini et al. 2024), and GX 9+1
(A. Tarana et al. 2025), for which only upper limits could be
obtained at 3¢ level. The case of 4U 1735—44 appears to be
consistent in particular with that of Ser X-1, GX 3+1, and
GX 9+1, which, due to their low inclination, showed no
polarization detection despite exhibiting reflection features.
This suggests 4U 1735—44 may have a similar system
geometry and configuration of the Comptonization region.

For future work, longer observations with IXPE should
enable tighter constraints on the polarization parameters of
4U 1735—44. In addition to the increased exposure time,
applying an event-based maximum likelihood estimation
analysis, as described in H. L. Marshall (2021a,
2021b, 2024) and implemented as a Bayesian nested sampling
(BNS) method by S. Ravi et al. (2026), can also enhance the
detection significance. A longer exposure and stronger
polarization signal would shed further light onto the source’s
behavior.
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