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Abstract. Accreting, Weakly magnetized Neutron Stars in Low-mass X-ray binaries (NS-
LMXBs) are a fundamental laboratory to study radiation processes in the strong gravity
regime. The X-ray emission of NS-LMXBs is well described by a soft thermal emission
plus a harder component related to Compton scatterings in the hot electron plasma around
the NS. The Imaging X-ray Polarimetry Explorer (/XPE) can provide for the first time X-ray
polarimetric information, vital for understanding the geometry of the Comptonizing region,
left unconstrained by spectroscopy alone. During the first two-year observational campaign,
IXPE observed several bright NS-LMXBs, including both Atolls and Z-sources. We sum-
marize here the main results obtained from the spectro-polarimetric analysis of IXPE ob-
servations, providing an in-depth interpretation of these results, including also physically
motivated numerical simulations to enhance our understanding of the accreting system.
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1. Introduction

Weakly magnetized Neutron Stars in Low-
mass X-ray binaries (NS-LMXBs) accrete
matter via Roche-lobe overflow from a com-
panion star, with a mass typically lower than
~ 1 Mg or an evolved white dwarf. The pres-
ence of the NS surface stops the accretion flow
forming a boundary/spreading layer between
the disk and the NS surface (Inogamov &
Sunyaev||1999; Suleimanov & Poutanen|2006).
They are highly variable objects on timescales
from months down to fraction of seconds. NS-
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LMXBs are traditionally classified in a few
broad categories according to their joint tim-
ing and spectral properties in the classic X-ray
band (1-10 keV) and following their tracks in
the Hard-color/Soft-color diagrams (CCDs) or
hardness-intensity diagrams (HIDs, Hasinger
& van der Klis|1989; ivan der Klis|[1989):

— Soft State Z-sources (> 103 erg/s)
— Bright Atoll sources (10°7 — 10 erg/s)
— Hard State Atoll sources (~ 103 erg/s)

Z-sources trace out a Z-shaped tracks in the
CCDs and HIDs on timescales of hours to a
day (see Fig. [I), consisting of three branches
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Fig. 1. Typical CCD diagrams for Atoll- and Z-sources, with the expected direction of increasing mass
accretion rate 7i. Atoll-sources are found in the island state (IS) or in the banana state, moving between the
lower (LB) and upper banana (UB) branches. Z-sources moves along the three branches of the Z-track: the
horizontal (HB), the normal (NB) and the flaring branch (FB). Adapted from |Migliari & Fender2006|

(Hasinger & van der Klis|1989)): the Horizontal
Branch (HB), the Normal Branch (NB) and
the Flaring Branch (FB). The luminosities and
the accretion rate increase as the sources move
from the HB to the FB (Migliari & Fender
2006). Atoll-sources cover a wide range in lu-
minosities, from 0.1% Lggq up to about 50%
Lgq4q (van der Klis|2000), accreting at relatively
low rates (compared to Z-sources). Many of
these sources frequently exhibit X-ray bursts.
At high luminosities, atoll-sources trace out
a well-defined curved banana branch in the
CCDs or HIDs (see Fig. [I), along which
sources move on timescales of hours to day.
The harder regions of the CCD patterns are
traced out at lower luminosities and the motion
is often much slower, forming isolated patches
in the CCD or HIDs (the island state,|Hasinger
& van der Klis|1989).

The X-ray emission of NS-LMXBs is gen-
erally modelled with two main spectral com-
ponents: a soft thermal emission produced by
the relatively cold and optically thick accretion
disc and a harder component related to the in-
verse Compton scattering of these soft photons
by the hot electron plasma in the corona or in
the spreading layer close to the NS (eastern

model, Mitsuda et al.||1984} [1989). The oppo-
site occurs in the western model (White et al.
1988): the hotter NS population is directly
detected and modelled by pure black-body
while the cold, disc photons are Compton-
upscattered by the electron corona. However,
it is reasonable to think that both soft seed
photon populations are scattered in the corona
(Cocchi et al.[2011). Moreover, the frequent
observation of a Fe emission line at ~ 6 keV,
especially in Z-sources, strongly suggests that
Compton reflection by a colder medium (such
as the outer accretion disc itself) is a further
spectral component that needs to be taken into
account (D’ A1 et al.[[2009; [Ludlam et al.|[2019;
laria et al.2020; |[Ludlam et al.[2022). While X-
ray spectroscopy provides information on the
physical parameters of the emitting regions (al-
though the two emission models are largely
degenerate), X-ray polarimetry is able to con-
strain geometrical properties, such as the shape
and the extension of the Comptonizing region.
In fact, different geometries result in different
values and behaviour of the polarization degree
(PD) and polarization angle (PA; Gnarini et al.
2022).
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2. IXPE

The Imaging X-ray Polarimetry Explorer
(IXPE; Weisskopf et al.||2022)) is a NASA/ASI
mission successfully launched on 2021
December 9 providing for the first time
space, energy and time resolved polarimetry.
IXPE operates in the 2-8 keV band and is
equipped with three identical X-ray telescopes
with polarization-sensitive imaging detectors
(the gas-pixel detectors; |Costa et al.| 2001).
With respect to previous X-ray polarimetric
missions, IXPE provides imaging capability
with < 30 arcsec angular resolution over
> 11 arcmin field of view, together with 1-2
ps timing accuracy and moderate spectral
resolution.

3. Results

During the first two-year campaign, several
NS-LMXBs were observed by IXPE, includ-
ing both Atoll (i.e. GS 1826-238, GX 949
and 4U 1820-303) and Z-sources (Cyg X-2,
XTE J1701-462 and GX 5-1). The observa-
tional results can be compared with theoreti-
cal expectations. In particular, the X-ray polar-
ized radiation coming from weakly magnetized
NS-LMXBs can be computed with the general
relativistic radiative transfer Monte Carlo code
MONK, suitably adapted for NS-LMXBs (Zhang
et al.|2019; |Gnarini et al.|[2022). As expected,
the polarization degree and angle strongly de-
pend on the geometries of the Comptonizing
region and the viewing angles of the source
(Gnarini et al|22022} |Capitanio et al. 2023}
Ursini et al.[2023). More symmetric configura-
tions result in lower polarization. In addition,
the higher the inclination of the system, the
higher the polarized signal.

3.1. Atoll-sources

In Atoll sources, the observed polarization re-
sults to be generally rather weak (less than
1.5 = 2% in the whole IXPE band; Table [I)
but with a strong energy dependence. The
first Atoll observed was GS 1826-238 and
only a 30 upper limit of 1.3% was obtained
(Capitanio et al.|[2023). No reflection features

were detected. This low polarized signal seems
to rule out a radially extended X-ray emitting
region seen at high inclination as the main
source of the polarization, while it is more con-
sistent with a (quasi)-spherical configuration of
the Comptonizing region (Gnarini et al.|2022).

The second observed Atoll GX 949 shows
a polarization of ~ 2%, with an indication
of an increasing trend with energy (Ursini
et al.|2023). In this source, a reflection com-
ponent is detected and the observed polariza-
tion can be explained by the combination of
Comptonization in a boundary layer plus re-
flection. Indeed, a spreading layer-like geom-
etry is not able to produce the entire polarized
single for the inferred inclination of the source,
and highly polarized reflected photons con-
tribute to the polarization even if their fraction
to the total flux is small (~ 6%). The observed
spectrum of GX 9+9 is very similar to that of
GS 1826-238, with similar fluxes and spec-
tral parameters. However, GS 1826-238 does
not show any reflection features. Therefore, re-
flection could be precisely the difference that
causes the detection of the polarized signal in
GX 9+9.

In the case of the ultra-compact NS-
LMXBs 4U 1820-303, the observed polar-
ization degree strongly increases from an up-
per limit of < 1% at lower energies to ~
10% in the 7-8 keV energy range (D1 Marco
et al.[[2023). By fitting the NICER+NuSTAR
spectra with a model including the disc ther-
mal emission, the Comptonized radiation and
the reflection, it can be noted that the po-
larization degree rapidly increases as soon
as the disk component drops down to a
flux below 1072 ergs s™' cm™2. This sug-
gests that the polarization angles of each sin-
gle component of the spectrum (i.e. disk,
Comptonization+reflection) are orientated dif-
ferently, resulting in a decrease of the to-
tal polarization degree in the spectral range
where both components are present. Therefore,
the high polarization degree value in the
7-8 keV energy range is related only to
Comptonization and reflection. For a spread-
ing layer-like geometry, the expected polariza-
tion degree should be ~ 1 — 2% and reflected
photons can significantly increase the polariza-
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tion degree as they are highly polarized (up to
~ 20— 30%, Matt|1993; |Poutanen et al.|[1996).

3.2. Z-sources

The Z-sources resulted to be the most polarized
weakly magnetized NS-LMXBs in the whole
IXPE band (Table [T). The observed polariza-
tion degree seems to be related to the position
along the Z-track (Cocchi et al.[2023}; |[Fabiani
et al.|[2023): on the HB, the X-ray radiation is
more polarized (up to 4-5% for XTE J1701-
462 and GX 5-1) and starts decreasing moving
towards the NB and FB (1-2% for Cyg X-2,
XTE J1701-462 and GX 5-1). The direction
of the polarization found for Cyg X-2 is con-
sistent with that of the radio jet (i.e. perpendic-
ular to the accretion disc, |[Farinelli et al.[2023)),
also in line with recent observation of Sco X—
1 with PolarLight (Long et al.|2022). This re-
sult excludes the possibility that most of the
observed polarization comes from an optically
thick photosphere of the accretion disc, as oth-
erwise the polarization angle would be orthog-
onal to the disc symmetry axis (Chandrasekhar
1960). The spectro-polarimetric fit provides
only upper limits to the polarization of the soft
disc emission (< 2%). The classical results by
Chandrasekhar| (1960) are valid for the initial
radiation at the bottom of a scattering medium
with optical depth 7 > 1. For 7 < 2, the po-
larization can be higher than the correspond-
ing value for a semi-infinite atmosphere, with
the polarization vector aligned with the surface
normal (Sunyaev & Titarchuk||1985).

The observations of transient hard tails in
the spectra of Z-sources are strictly correlated
with the HB in the CCD (D’Amico et al.
2001; D1 Salvo et al. 2002; Farinelli et al.
2005)) and possibly produced by scattering in
a jet-like outflow (Reig & Kylafis|[2016). It is
thus tempting to link the strong polarimetric
signal found along the HB to the accelerat-
ing mechanism (still not fully understood) that
produces jet emission and possibly jet-related
hard tails (Reig & Kylafis|2016). However, the
contribution of the hard tails to the flux in the
IXPE band is not expected to exceed 10% (see
Paizis et al.[2006) and therefore it is not very
likely that this component is responsible for

Table 1. PDs calculated with I1XPEOBSSIM
(Baldini et al.|[2022) of the NS-LMXBs ob-
served by IXPE.

Source PD(2-8 keV)
GS 1826-238 < 1.3%
GX 9+9 1.4% + 0.3%
4U 1820-303 < 1.5%
Cyg X-2 (NB) 1.8% + 0.3%
XTE J1701-462 (HB) 4.6% = 0.4%
XTE J1701-462 (NB/FB) <1.5%
GX 5-1 (HB) 4.3% +0.3%
GX 5-1 (NB/FB) 2.0% = 0.3%

a strong polarized signal. The high polariza-
tion may rather originate in the spreading layer
around the NS and roughly perpendicular to
the disc plane or from reflection off the disc of
the NS/spreading layer Comptonized photons.
The higher polarization degree value of the
hard component is very difficult to explain by
Comptonization alone, and reflection seems to
be a crucial contribution. The reflection spec-
trum is produced by photons scattered by the
accretion disc and these photons are highly po-
larized, contributing significantly to the polar-
ization even if their fraction to the total flux is
small (Matt||1993} Poutanen et al.|1996).

4. Conclusions

X-ray polarimetry can assess the geometry of
the accreting system of NS-LMXBs and the
physical processes that produce the X-ray radi-
ation. In particular, X-ray polarimetry can dis-
tinguish between different geometries of the
Comptonizing region. The polarization degree
and angle are very distinctive between various
geometries: an extended equatorial slab that
covers the entire disc produces a strong polar-
ized signal (as expected from classical results,
see |Chandrasekhar| [1960; Matt| |1993)), while
more spherical symmetric configurations (such
as a shell or a spreading layer geometry) are
characterized by lower polarization.

Z-sources are significantly more polarized
with respect to Atolls in the 2-8 keV bands,
with a higher polarization degree when the
sources are on the HB and lower moving along
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the NB and FB. Atoll-sources show a strong
energy dependence, with polarization degree
also reaching ~ 8 — 10% at high energies. Both
these behaviours fit very well the idea that the
polarization is related to the combination of
Comptonization in the boundary layer (with
typical PD ~ 1 — 2%) plus reflection of soft
photons off the disc (PD ~ 15 —20%).
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