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16Dipartimento di Fisica, Università di Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy
17NASA Marshall Space Flight Center, Huntsville, AL 35812, USA

18Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Via Pietro Giuria 1, 10125 Torino, Italy
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ABSTRACT

The launch of the Imaging X-ray Polarimetry Explorer (IXPE) on 2021 December 9 has opened a

new window in X-ray astronomy. We report here the results of the first IXPE observation of a weakly

magnetized neutron star, GS 1826−238, performed on 2022 March 29–31 when the source was in a

high soft state. An upper limit (99.73% confidence level) of 1.3% for the linear polarization degree is

obtained over the IXPE 2–8 keV energy range. Coordinated INTEGRAL and NICER observations
were carried out simultaneously with IXPE. The spectral parameters obtained from the fits to the

broad-band spectrum were used as inputs for Monte Carlo simulations considering different possible

geometries of the X-ray emitting region. Comparing the IXPE upper limit with these simulations, we

can put constraints on the geometry and inclination angle of GS 1826−238.

Keywords: accretion, accretion disks – polarization – stars: neutron – X-rays: binaries

1. INTRODUCTION

Weakly magnetized neutron stars in low-mass X-

ray binaries (NS-LMXBs) are believed to accrete via

Roche-lobe overflow from a stellar companion, which

is typically a main sequence star with a mass lower

∗ Deceased

than ∼ 1M� or an evolved white dwarf. These ob-

jects are highly variable in the X-rays at the timescale

ranging from milliseconds to years. The classifica-

tion of NS-LMXBs is historically based on the tracks

that they draw on the so called color-color diagram

(CCD, Hasinger & van der Klis 1989; van der Klis

1995). The sources are divided as a function of the

X-ray luminosity as follows: a) high soft state (HSS)
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Z-sources (> 1038 erg s−1); b) HSS bright atoll sources

(1037 − 1038 erg s−1); c) low hard state (LHS) atoll

sources (∼ 1036 erg s−1) (van der Klis 2006, and ref-

erences therein). The “Z” and “atoll” terms directly

derive from the shape of the track in the CCDs. The

majority of persistent NS-LMXB are generally observed

either in HSS or (less frequently) in LHS, but most of

the transients and several persistent sources can perform

state transitions from LHS to HSS and vice-versa in a

relatively short timescale (van der Klis 2006).

The emission of this class of sources consists of two

main spectral components: a soft (< 1 keV) ther-

mal component, produced by a relatively cold, optically

thick, accretion disk, and a hard component, that can

be modeled with Comptonization in a hot, relatively op-

tically thin, electron plasma (often called corona) (Done

et al. 2007). Moreover, the frequent observation of an

iron emission line at ∼ 6–7 keV, especially in the HSS

sources (Ludlam et al. 2022), is likely a signature of re-

flection by a colder medium (such as the geometrically

thin accretion disk itself). In addition, the HSS spec-

tra could show transient hard tails detected well beyond

the Comptonized component, and up to ∼ 200–300 keV

whose origin is unclear (see Paizis et al. 2006, and ref-

erences therein). In LHS (but rarely also in HSS) NS-

LMXBs typically show X-ray bursts, which are occa-

sional powerful flashes (with their fluence of ∼ 1040 erg

on a ∼ 100 s timescale) due to a thermonuclear run-

away in the dense H+He layer at the neutron star sur-

face (Lewin et al. 1993). The evolution of the physical

parameters (plasma temperature, accretion rate, inner

disk radius, etc.) defines the characteristics of the spec-

tral states. For example, LHS plasma is much hotter

and transparent (electron temperature kT > 20 keV,

Thomson optical depth τ ∼ 2) with respect to the HSS

ones (kT ∼ 3 keV, τ > 5 depending on the geometry of

the plasma itself).

The presence of the NS surface stops the accretion

flow forming a transition layer between the disk and the

NS surface. This layer is also named spreading (SL) or

boundary (BL) layer. In particular, the BL is the part

of the accretion disk where the gas decelerates, while the

SL is the gas layer at the NS surface, which can extend to

high latitudes (Inogamov & Sunyaev 1999; Suleimanov

& Poutanen 2006). In one of the most accredited model,

the Eastern model (Mitsuda et al. 1984), the soft compo-

nent originates in the accretion disk, while the electron

corona comptonizes the seed photons emitted by the NS

surface and/or the boundary/spreading layer. Recently,

Long et al. (2022) published a significant detection of a

polarization signal (in the energy range 4–8 keV) in Sco

X-1 with the PolarLight (Feng et al. 2019) instrument.

Their results, and in particular the polarization angle

roughly aligned with the radio jet, favor an electron

corona located in the spreading/transition layer. Timing

analysis of these sources also supports the presence of

the spreading layer, which may be even directly respon-

sible of the emission of the hard component (Gilfanov

et al. 2003; Revnivtsev & Gilfanov 2006). As discussed

in Revnivtsev et al. (2013), on the base of the RXTE

data, the hard component of NS-LMXB spectra can be

modeled with a diluted blackbody. However, high sen-

sitivity spectroscopy together with broad spectral cov-

erage, such those permitted by BeppoSAX or NuSTAR,

have shown that the hard emission is compatible with

a comptonization spectrum (see, e.g., Iaria et al. 2020;

Di Salvo et al. 2002, and references therein) rather than

a diluted blackbody. Therefore, the nature of the hard

component in the NS-LMXB spectra still remains an

unresolved issue. In this framework, spectroscopy can-

not help because of degeneracy in the parameter space

providing information on the shape and extension of the

region where Comptonization occurs. Polarimetry is the

key to identify the nature and the geometry of the sys-

tem removing degeneracy left by spectroscopy. In fact,

different geometries and viewing angles result in quite

different polarization degree (PD) and polarization an-

gle (PA).

1.1. GS 1826−238

GS 1826−238 is an accreting NS-LMXB. Until 2016

it was classified as an atoll source in the hard spectral

state. The peculiarity of this source was the presence

of extremely regular X-ray bursts over a range of sev-

eral years (Cocchi et al. 2000; Zamfir et al. 2012). For

this reason it is also known as “clocked burster”. The

clocked bursts occurred when GS 1826−238 was in the

hard state as indicated by the CCD (Cocchi et al. 2011;

Sánchez-Fernández et al. 2020), while during the occa-

sional short transitions to the HSS (happened before

MJD 57500), the bursts occurred less regularly and were

often shorter than in the hard state (Chenevez et al.

2016). At the beginning of 2016, GS 1826−238 un-

derwent a major transition to the HSS. Since then, the

source remained in the same state until the observational

campaign described in this paper. The characteristics

of the GS 1826−238 binary system are poorly known.

As reported by Homer et al. (1998), a low amplitude

modulation present in the optical light curve and the

lack of eclipses imply a probable inclination of less than

70◦. Other authors report tighter constraints. For ex-

ample, Johnston et al. (2020) modelled multi-epoch X-

ray bursts from GS 1826−238 with Markov chain Monte

Carlo (MCMC) simulations obtaining an inclination an-
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Table 1. IXPE, NICER and INTEGRAL observation log

Telescope Obsid Date Net exposure (ks)

IXPE 01002801 2022-03-29/31 92

NICER 5050310103 2022-03-30 6.4

INTEGRAL 2485/1970005 2022-03-28/30 139/108a

aJEM-X1/JEM-X2 exposure time.

gle of i ∼ 69+2
−3 deg. Mescheryakov et al. (2011) esti-

mated an inclination angle of 62.5 ± 5.5 deg from the

mean optical flux and the amplitude of periodic modu-

lations in the optical light curve.

2. DATA REDUCTION AND ANALYSIS

2.1. The long time behavior of GS 1826−238

The left-top panel of Figure 1 reports the 2–

10 keV MAXI (Matsuoka et al. 2009) light curve

of GS 1826−238, while the left-bottom panel shows

the hardness ratio (HR). The major transition of

GS 1826−238 to the HSS is clearly visible in the MAXI

light curve and in the HR at about MJD 57500. Af-

ter that date, the large and periodic (P ∼72 d) flux

variations correspond to only slight variations in the

HR (left panels of Figure 1) probably due to a spuri-

ous 72-day oscillation sometimes present in the MAXI

light curves (Mihara et al. 2022). The right panel of

Figure 1 shows the hardness–intensity diagram (HID)

for the sources based on the MAXI data.1 The red

points represent the values of the HID after the major

transition to HSS and are all concentrated in a narrow

range of intensity and hardness. This implies that, after

MJD 57500, there were no transitions back to LHS. On

the contrary, the spreading of the black points is due to

several short transitions to the HSS before MJD 57500.

IXPE observed the source on 2022 March 29–31.

A coordinated observational campaign with NICER

and INTEGRAL was performed simultaneously with

IXPE. The dates and the duration of the obser-

vations are reported in Table 1. An X-ray burst

was detected in the JEM-X data in a time period

not overlapping with NICER and IXPE observations

(MJD 59667). The science window containing the X-ray

burst (id:248500190010) was excluded from data analy-

sis. The green points in Figure 1 represent the values of

1 We report here the HID and not the CCD for the
GS 1826−238 MAXI data, because the errors in the CCD are
too large to obtain a clear diagram.

HID at the time of the IXPE, NICER and INTEGRAL

observations.

2.2. IXPE data

The Imaging X-ray Polarimetry Explorer (IXPE,

Weisskopf et al. 2022) is a NASA/ASI mission launched

on 2021 December 9. IXPE is observing all major classes

of galactic and extragalactic X-ray sources, providing

space, energy and time resolved polarimetry (Soffitta

et al. 2021). With respect to the previous X-ray polari-

metric mission, OSO-8, IXPE needs about two orders of

magnitude less exposure time to reach the same sensitiv-

ity, and it provides imaging capability with ≤ 30′′ angu-

lar resolution over > 11′ field of view, together with 1–

2µs timing accuracy and a moderate spectral resolution

typical for proportional counters. It consists of three X-

ray telescopes with identical mirror modules and identi-

cal polarization-sensitive imaging detector units (DUs)

at their focus. The IXPE observation took place on 2022

March 29–31, for a total net exposure time of 85 ks after

taking into account Earth occultations.

The IXPE data extraction was performed by means

of the IXPE collaboration software tool ixpeobssim

(Baldini et al. 2022) version 26.3.2: xppicorr to apply

the energy calibration with in-flight calibration sources

(as such an correction was not implemented yet in

the official pipeline at the time of the observation),

xpselect to filter data and xpbin to apply different

binning algorithms for generating images and spectra.

Rebinning and spectro-polarimetric analysis was per-

formed with ftools and xspec (HEASOFT version

6.30.1). We compared the results of the polarimet-

ric analysis obtained with both xspec and ixpeob-

ssim tools (pcube). While xspec requires the defini-

tion of a spectro-polarimetric model, ixpeobssim al-

lows a model independent analysis that computes the

polarization only on the basis of detected photons. The

ixpeobssim response matrices version v010 were em-

ployed, corresponding to the latest available version in

the HEASARC database. Data analysis was performed

following the unweighted method.2

The statistical uncertainties of PD and PA when using

ixpeobssim are calculated with the assumption that the

Stokes parameters are normally distributed and uncorre-

lated, and that PD and PA are considered independent,

as described in Kislat et al. (2015). We report these un-

certainties in the tables as 68.27% (1-σ) confidence level.

The uncertainties from the xspec analysis reported in

2 In the unweighted analysis method, equal weights are assigned
to each photo-electron track, regardless of its shape.
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Figure 1. Left top panel: the 2–20 keV MAXI light curve of GS 1826−238 in units of ph cm−2s−1. Left bottom panel:
Hardness-ratio (2–4 keV/4–10 keV) as a function of time. The green, gray and red arrows indicate the IXPE, NICER and
INTEGRAL observation dates, respectively. Right panel: the hardness-intensity diagram (HID) of GS 1826−238 derived from
the MAXI data. The red points correspond to the HSS after the major transition in MJD 57500 (the black points represent
the HID before MJD 57500), while the green points correspond to the times of the NICER, IXPE and INTEGRAL/JEM-X
observations reported in this paper. Flux variations among the green points are mostly due to the MAXI spurious modulation
(Mihara et al. 2022).

the tables are computed with the error command of

xspec for one parameter of interest.

It is worth noting that the PD and PA are, actually,

not independent. The contours representing the 68.27%,

95.45% and 99.73% confidence levels of the joint mea-

surement of the PD and PA are a more appropriate

method to represent the uncertainties. With ixpeob-

ssim such contours are derived as described in Weisskopf

et al. (2010), Strohmayer & Kallman (2013) and Muleri

(2022) by using the parameters obtained by the pcube

algorithm itself. In the xspec the contours are obtained

using the steppar command for two parameters of in-

terest. The upper limits to the PD are based upon its

error in one dimension, without regard to the value of

the PA. Therefore, they are computed using a χ2 with

one degree of freedom.

Source and background regions where selected from

the image of each DU. The source is centered in a circu-

lar region of 60′′ in radius. The background is extracted

from an annular region with the internal and external

radii of 180′′ and 240′′, respectively. The background is

almost negligible with respect to the source. The ratio

of counts of background over the source (by scaling for

the extraction region areas) is only ∼ 0.3%.

2.2.1. The IXPE spectrum

The IXPE light curve and HR are substantially con-

stant so we extracted the nine IXPE Stokes parameters

(I, Q and U for each DU) integrating over the entire ob-

servation. However, it should be noted that they were

not compatible with the NICER +JEMX spectra due to

an improper correction of telescope vignetting, caused

by the off axis pointing of GS 1826−238 still present

at the date of the observation. Due to GS 1826−238

brightness the systematic effect induced is highly signif-

icant in the energy spectrum.3 It must be remarked,

however, that this problem affects in the same way I, Q

and U , and therefore the PD and PA are not affected.

2.3. NICER data

NICER performed four observations of the source,

with continuous exposure, in the period 2022 March 28–

31. During the first two observations significant variabil-

ity in the HR did not permit to extract a single averaged

spectrum. For this reason we used in the joint fit only

the third observation, ObsID 5050310103, that was si-

multaneous with IXPE and has an exposure time of 6.4

ks. The NICER data were reduced using heasoft 6.30

and the nicerl2 task to apply standard calibration and

screenings, with caldb version 20210707.

2.4. INTEGRAL data

INTEGRAL observed the source from 2022-03-28
17:25 to 2022-03-30 23:40 UT for a total of 186 ks. IN-

TEGRAL data were reduced using the latest release of

the standard On-line Scientific Analysis (OSA, version

11.2), distributed by the INTEGRAL Science Data Cen-

tre (ISDC, Courvoisier et al. 2003) through the multi-

messenger online data analysis platform (MMODA,

Neronov et al. 2021). This target of opportunity ob-

servations were performed using hexagonal dithering

to maintain GS 1826−238 in the fully coded field of

view of JEM-X, the INTEGRAL X-ray telescope (Lund

et al. 2003). The JEM-X spectra were extracted in the

range 3–35 keV with a response matrix with 16 stan-

dard channels. A systematic error of 1.5% was added in

quadrature for the spectral analysis. Even if the INTE-

3 https://heasarc.gsfc.nasa.gov/FTP/ixpe/data/obs/01/01002801/README
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Figure 2. An unfolded spectrum of GS 1826−238 as ob-
served by NICER (black crosses) and JEM-X1 and 2 (both
shown as blue crosses). The red dashed line represents the ac-
cretion disk emission (diskbb in xspec); the pink dot–dashed
line represent the emission of the Comptonized component
(comptt in xspec) The spectral parameters are given in Ta-
ble 2. The residuals below 2 keV are due to the NICER
instrumental issue as reported by Miller et al. (2018) and do
not affect significantly the continuous spectrum (see text for
details).

GRAL observation did not overlap exactly the IXPE and

NICER observations, the JEM-X spectrum was in good

agreement with the NICER one. Because the JEM-X

HR did not change significantly during the observation,

it was possible to extract the averaged spectrum. Only

the JEM-X data were used for the spectral extraction

because IBIS, the γ-ray energy detector (Ubertini et al.

1999; Lebrun et al. 2003), did not detect the source with

a 3-σ upper limit on the flux of ∼ 10−11 erg cm−2 s−1

(3 mCrab) in the 28–40 keV energy range, implying that

the high-energy tail was not present.

3. RESULTS

3.1. Spectroscopy of GS 1826−238

We carried out the spectral analysis of the joint

NICER and JEM-X spectrum using xspec, version

12.12.1. The model used for the fitting procedure is

a disk black-body component (Mitsuda et al. 1984)

plus a Comptonization of soft photons in a hot plasma

(Titarchuk 1994). Both components are modified by in-

terstellar absorption. The xspec syntax of the model

has the form: phabs*(diskbb+comptt). No reflection

component and iron line are needed in the spectral fit.

We performed the spectral fitting for two different ge-

ometries: slab and sphere. The spectral parameters ob-

tained from the fitting procedures are reported in Ta-

ble 2. The corresponding unfolded spectrum is shown

Table 2. Best-fit spectral parameters obtained
from the NICER and JEM-X data

Fit parameter Slab/Sphere

NH(1022 cm−2)a 0.351+0.004
−0.005

kTin (keV)b 0.94±0.1

Nd(Rin km)c 277+134
−55 (14+3

−2)

kT0 (keV)d 1.3±0.2

kTe (keV)e 2.7+3.0
−0.2

τ0,slab(τ0,sphere)
f 4.9+1.8

−3.2 (10.8+3.5
−6.8)

NC
g 0.3±0.1

χ2
red (d.o.f.)h 0.7 (172)

f(2−8 keV) (erg cm−2 s−1)i 4.42×10−9

f(2−4 keV) (erg cm−2 s−1)i 2.24×10−9

f(4−8 keV) (erg cm−2 s−1)i 2.18×10−9

fph
disk / fph

tot
j 0.55

fene
disk/ fene

tot
k 0.45

Note—Both slab and sphere geometries give
identical spectral parameters except for the
value of plasma optical depth.

aEquivalent hydrogen column density.

b Inner disk temperature.

c diskbb normalization parameter Nd =
(Rin/10 kpc)2 cos θ, where Rin is the disk inner
radius in km and θ is the viewing angle (θ=60◦).

dSeed photons temperature.

eElectron temperature.

fPlasma optical depths for spherical and slab ge-
ometry.

gNormalization of the comptt component.

hReduced χ2 and the degrees of freedom.

i The unabsorbed flux in the energy range speci-
fied by the subscript.

jFraction of all photons in the 2–8 keV range in
the diskbb component.

kFraction of the energy flux in the 2–8 keV in the
diskbb component.

in Figure 2. The features present in the residuals are due

to NICER instrumental issue (Strohmayer et al. 2018;

Miller et al. 2018). We verified, in two different ways,

that these features do not affect the continuous spec-

trum: 1) modelling the features by adding two Gaussian

line profiles to the model; 2) ignoring the NICER spec-
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Table 3. Normalized Stokes parameters for GS 1826−238 as ob-
served by the three DUs of IXPE in various energy bands .

DU1 DU2 DU3 All DUs

2–8 keV

Q/I (%) 0.48±0.63 0.14±0.65 −0.11±0.66 0.18±0.37

U/I (%) 0.90±0.63 −0.49±0.65 0.90±0.66 0.42±0.37

2–4 keV

Q/I (%) 0.50±0.62 0.23±0.63 −0.26±0.65 0.17±0.37

U/I (%) 1.42±0.62 −0.28±0.63 0.16±0.65 0.45±0.37

4–8 keV

Q/I (%) 0.4±1.3 −0.1±1.3 0.2±1.3 0.19±0.74

U/I (%) −0.3±1.3 −1.0±1.3 2.7±1.3 0.37±0.74

Note—The values of the average modulation factors of the three
DUs in various energy ranges are: 31.8% (2–8 keV), 26.7% (2–4
keV) and 43.6% (4–8 keV), respectively.

trum in the range 0–2.3 keV. In both cases the spectral

parameters remain consistent within the errors.

The spectrum of GS 1826−238 is consistent with

those reported in literature for a weakly-magnetized NS-

LMXB in HSS, with the low temperature (∼2.7 keV)

and a highly opaque electron plasma (see, for example,

Paizis et al. 2006). As expected, both geometries are

consistent with the data (see Table 2 for details).

3.2. Polarization measurements

The Stokes parameters of GS 1826−238 observed by

IXPE in the 2–8, 2–4 and 4–8 keV energy bands, ob-

tained with ixpeobssim, are reported in Table 3 and in

Figure 3. No detection of polarization can be claimed.

We also analyzed the variation of Stokes parameters as

a function of time, but we did not obtain any significant

detection.

We performed the fitting spectro-polarimetric proce-

dure by applying the polconst convolution model to

the IXPE spectra (I, Q and U) using xspec (syntax:

polconst*phabs(diskbb+comptt)). This model de-

scribes a constant source polarization. In order to derive

the polarization parameters (PD and PA of polconst

model, the spectral parameters of phabs, diskbb and

comptt models were fixed to those found from spectral

fitting of the NICER and JEM-X data (see Table 2). As

expected, the PD is compatible with null polarization

and the PA is unconstrained even at a confidence level

as low as 68.27%. Table 4 reports the upper limits cal-

culated with both ixpeobssim and xspec at different

confidence levels.

Table 4. X-ray polarization of GS 1826−238 computed
by means of ixpeobssim and xspec

Energy Band PD (%)

2–8 keV

ixpeobsim @68.27% (1-σ) <0.84

xspec @68.27% <0.69

xspec @99.73% <1.3

2–4 keV

ixpeobssim @68.27% (1-σ) <0.85

xspec @68.27% < 0.90

xspec @99.73% <1.6

4–8 keV

ixpeobssim @68.27% (1-σ) <0.94

xspec @68.27% <0.82

xspec @99.73% < 2.0

Note—ixpeobssim uncertainties are estimated assum-
ing that variables are normally distributed, whereas
xspec uncertainties are estimated by varying each pa-
rameter along χ2 surface. The upper limits to the PD
are obtained from the one-dimensional errors, without
regard to the value of the PA. Thus, they are computed
using a χ2 with one degree of freedom.

Figure 4 reports the contours of PD and PA of the

IXPE observation in the 2–8, 2–4 and 4–8 keV en-

ergy bands. They are obtained both with xspec (red

cross and solid contours) and ixpeobssim (pink star and

dashed contours) by summing the events from the three

DUs. The 1σ upper limits on the PD from ixpeob-

ssim (0.84, 0.85 and 0.94% in the 2–8, 2–4 and 4–8 keV

range, respectively, see Table 4) derived as described in

Baldini et al. (2022) are somewhat larger than the es-

timates using a Bayesian approach presented by Maier

et al. (2014), which would give 0.56, 0.59, 0.82%, but are

consistent with the corresponding limits from the xspec

of 0.69, 0.90, and 0.82%. The xspec 3σ upper limits

(99.73% confidence level) are 1.3, 1.6, and 2.0%, while

the Bayesian approach gives rather consistent limits of

1.41, 1.44, and 2.37%. In any case, the PA is uncon-

strained in all three energy bands (see Figure 4).

4. DISCUSSION AND CONCLUSIONS

In order to put constraints on the geometry of the

GS 1826−238 system, firstly we performed simula-

tions with the general relativistic Monte Carlo code,

monk (Zhang et al. 2019), suitably adapted to com-

pute the X-ray polarized radiation coming from weakly

magnetized NS-LMXBs in Kerr spacetime, accounting
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Figure 3. Stokes parameters in the 2–8 keV, 2–4 keV and 4–8 keV energy band for DU1 (blue), DU2 (orange) and DU3 (green)
and by summing the events of the three DUs (black). The red point represents the null polarization.

Figure 4. Contour of the PD and PA for GS 1826−238 in the 2–4, 4–8 and 2–8 keV energy bands obtained with xspec
(red cross and solid contours) and ixpeobssim (pink star and dashed contours) by summing the events from the three DUs.
Contours correspond to the 68.27%, 95.45% and 99.73% confidence levels. Both sets of contour levels, obtained with xspec and
ixpeobssim, are computed for a joint measurement of PD and PA. Therefore, they are derived using a χ2 with two degrees of
freedom.

for the contributions of the neutron star, disk and

corona (see for details Gnarini et al. 2022, and refer-

ences therein).

As reported in Gnarini et al. (2022), a black-body

spectrum is assumed to model the unpolarized neutron

star surface emission, while the seed photons from the

disk are generated according to the disk emissivity. The

hot electron corona is illuminated by both the neutron

star and the accretion disk and, when a photon reaches

the corona, it is Compton scattered, assuming the Klein-

Nishina cross section. The energy and polarization spec-

trum is produced by counting the photons arrived to the

observer.

The simulations were performed using as input param-

eters the best-fit spectral parameters reported in Table 2

for different geometries and considering a standard neu-

tron star with 1.4 M�, 12 km radius and 3 ms period,

in analogy to the one derived from QPOs by Wijnands

et al. (1998) for Cygnus X-2 (see also Patruno et al.

2017, for a statistical analysis of the spin distributions of

NS-LMXBs). In order to prove the presence, and even-

tually the geometry, of the electron corona and to test

if the nature of the hard component is instead strictly

connected with the spreading layer, we performed sim-

ulations with three different geometries, chosen among

those implemented in the code, as shown in Figure 5:

• Pseudo–toroidal geometry (as defined in Gnarini

et al. 2022): a rectangular section torus with sim-

ilar vertical and horizontal length scales (2H ∼
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Figure 5. Schematic representation of the three different geometries used in monk simulations: the pseudo–toroidal geometry
(left panel), the shell (middle panel) and the wedge (right panel).

2-4 keV integrated P[%]

0 20 40 60 80
inclination [deg]

0

1

2

3

4

P
 [
%

]

Shell

Shell+ no CS pol.

Torus

Torus+ no CS pol.

Wedge

Wedge+ no CS pol.

4-8 keV integrated P [%]

0 20 40 60 80
inclination [deg]

0

1

2

3

4

P
[%

]

Shell

Shell+ no CS pol.

Torus

Torus+ no CS pol.

Wedge

Wedge+ no CS pol.

2-8 keV integrated P [%]

0 20 40 60 80
inclination [deg]

0

1

2

3

4

P
[%

]

Shell

Shell+ no CS pol.

Torus

Torus+ no CS pol.

Wedge

Wedge+ no CS pol.

Figure 6. Monk simulations of GS 1826−238 PD integrated over different energy ranges: 2–4 keV (left panel); 4–8 keV (middle
panel); 2–8 keV (right panel) as a function of the inclination angle. The black horizontal dashed lines represent the upper limits
on the PD from Table 4. The upper gray hatched regions represent the values of PD excluded by our results. While the vertical
dashed bands represent the interval of i fixed by the indirect measurements of the GS 1826−238 inclination angle reported by
both Johnston et al. (2020), black dashed lines, and Mescheryakov et al. (2011), light blue dashed lines. Results are given for
two cases of disk seed photons: polarized according to the Chandrasekhar (1960) law or unpolarized (labeled ‘no CS pol’).

∆R) corotating with the disk. As reported in

Gnarini et al. (2022), the slab corona is assumed

to cover only part of the disk, starting from the in-

ner disk radius until 15 gravitational radii. While,

the vertical thickness is set in order to cover most

of the NS surface.

• Shell geometry: a stationary spherical shell sur-

rounding the NS (roughly mimicking the spread-

ing layer of Inogamov & Sunyaev 1999); we chose

the same radius used in Gnarini et al. (2022).4

However, when varying the radius of the shell, the

symmetry does not change, consequently the PD

remains substantially unvaried.

• Wedge geometry: a conical section torus around

the NS equator lying between the disk and the

NS surface and rotating with Keplerian velocity

(roughly mimicking the equatorial boundary layer,

e.g., Popham & Sunyaev 2001). The torus is

jointed to both NS surface and inner part of the

disk (it extends from 6 to 8 gravitational radii).

4 Some preliminary tests on a co-rotating corona indicate that the
PD is similar to the stationary case.

Figure 6 shows the net polarization fraction integrated

over three different IXPE energy bands as a function

of the inclination angle, for the three different geome-

tries. We also consider two cases for the polarization

of the disk seed photons: polarized according to the

Chandrasekhar (1960) law for the semi-infinite, plane-

parallel, pure electron-scattering atmosphere, and unpo-

larized (labeled ‘no CS pol’ in Fig. 6). The black dashed

lines represent the IXPE 3σ upper limit for each energy

band (see Table 4).

For pseudo–toroidal geometry, the presence of intrin-

sic polarization of disk seed photons does not signifi-

cantly change the net fraction of polarized light since

disk photons dominate only at lower energies. There-

fore, we can derive a relatively stringent upper limit on

the viewing angle: i . 47◦(see the right panel of Figure

6). The PA for pseudo–toroidal geometry is misaligned

and not perpendicular with respect to the disk, as re-

sults of the sum of disk and NS contributions together

with GR effects (see Gnarini et al. 2022, for more details

on this geometry).

Considering the shell geometry, the presence or ab-

sence of intrinsic polarization could substantially change

the PD while the PA is always parallel to the disk. In

fact, for unpolarized disk seed photons, the fraction of

polarized light remains well below 1% for all inclinations
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in all the energy bands. On the other hand, in case of

intrinsic polarization of the seed photons, a constraint

on GS 1826−238 viewing angle is derived: i . 62◦(see

left panel of Figure 6).

Finally, for the wedge geometry, the presence or the

absence of intrinsic polarization slightly changes the po-

larization fraction giving upper limits of i . 42◦ and

i . 39◦, respectively. For this configuration, the PA

is misaligned by approximately 25◦ from the projection

of the rotation axis, as results of general and special

relativity effects and the sum of the different photon

populations.

On the other hand, comparing the inclination val-

ues reported by previous authors, i.e. 69+2
−3 deg (John-

ston et al. 2020), and 62.◦5 ± 5.◦5 (Mescheryakov et al.

2011), with our simulations, both pseudo–toroidal and

wedge geometries seems to be excluded. In fact as the

plots in Figure 6 show, for inclinations between 57◦ and

72◦ there should be a detection of polarization at least

in one of the three considered energy ranges (see the

dashed rectangle in the three panels of Figure 6). For

the shell geometry and no intrinsic polarization, there is

no detection within the interval of viewing angles con-

sidered in all the three energy ranges. On the contrary,

in the case of shell geometry and intrinsic polarization,

the interval of viewing angles with no detection is re-

stricted to 57◦ . i . 62◦ excluding the values of incli-

nation reported by Johnston et al. (2020), i ∼ 69+2
−3 deg,

but not those reported by Mescheryakov et al. (2011),

i ∼ 62.◦5 ± 5.◦5. However, the results are computed

using only the value of best-fit parameters without in-

cluding the errors. These can lead to slight variations

on the inclination constraints. Therefore, either the

GS 1826−238 system could have a spherical symmetry

or its inclination is lower than previously measured. In

fact, most of the simulations show (see, e.g., Gnarini

et al. 2022; Schnittman & Krolik 2009) that small view-

ing angles correspond to a lower fraction of polarized

light emitted by a source.

We have to underline that a significant percentage of

polarized light was measured in various LMXBs, such

as, for example, the mentioned Sco X-1 and recently

Cyg X-2 (Farinelli et al., submitted). Both sources are

observed at inclination angles comparable with that of

GS 1826−238. However, these two sources are classified

as Z sources, while GS 1826−238 is the first atoll source

observed by IXPE. A comparison between the two kind

of sources is not always possible. For example, Long

et al. (2022) report that in Sco X-1 the PD has a strong

dependence on the luminosity and the spectral branch.

Instead, the IXPE data of GS 1826−238 present quite

stable light curve and hardness ratio. Therefore, it is im-

possible to extract any information about the evolution

of the PD as a function of luminosity and the spectral

state unlike the case of Sco X-1.

As reported by Lapidus & Sunyaev (1985) and

Schnittman & Krolik (2009) the reflection from the ac-

cretion disk of the radiation produced by the SL or self-

illumination of the disk can produce substantial polar-

ization. However, we do not detect in GS 1826−238,

at least with the spectral resolution of NICER, the iron

line that is a typical signature of disk reflection in the

HSS sources (e.g. Cyg X-2 and Sco X-1; D’Aı́ et al.

2007; Di Salvo et al. 2002). One possibility is that the

disk is strongly ionized reducing the strength of the iron

line. On the other hand, the latitudinal extent of the

SL might not be large enough to produce significant il-

lumination of the disk resulting in a weak signal. This

could be one of the reasons why we could only establish

an upper limit for polarization in GS 1826−238.

Finally, by significantly varying the dimension of the

hot corona or considering more complicated shapes (e.g.

a combination of two proposed geometries), the PD

could be very different compared to the previous cases.

However, if we assume that the spherical geometry, that

seems favored by the simulations, mimic the SL (thus

the SL subsume the role of the corona), it could not

be extended more than some fraction of the NS radius

(the same line of thinking could be applied in case of

the boundary layer). Furthermore, two different emis-

sion components (for example, the disk and the reflec-

tion component) or two different populations of elec-

trons emitting in different regions, may have similar PD

but orthogonal PA.
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