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ABSTRACT

4U 1820–30 is a well-known ultracompact X-ray binary located in the globular cluster NGC 6624, consisting of a neutron star
accreting material from a helium white dwarf companion characterized by the shortest known orbital period for this type of star
(11.4 minutes). Despite extensive studies, the detection of the relativistic Fe K emission line, indicative of a Compton reflection com-
ponent, has been inconsistently reported and no measurement of the system inclination has been achieved (although it is hypothesized
to be low). In this work, we investigate the broadband spectral and polarimetric properties of 4U 1820–30, exploring the presence of
a reflection component and its role in shaping the polarization signal. We analyzed simultaneous X-ray observations from NICER,
NuSTAR, and IXPE. The spectral continuum was modeled with a disk blackbody, a power law, and a Comptonization component with
seed photons originating from a boundary layer. We detected a strong reflection component, described, for the first time, with two self-
consistent models (Relxillns and Rfxconv), allowing us to provide a measurement of the system inclination angle (31+9

−5 degrees),
supporting the low-inclination hypothesis. Subsolar iron abundances were detected in the accretion disk and interstellar medium,
probably related to the source location in a metal-poor globular cluster. The source exhibits an increase in polarization from an upper
limit of 1.2% in the 2−4 keV band up to about 8% in the 7−8 keV range. The main contribution to the polarization comes from
the Comptonization, with a possible significant contribution from the weak, but highly polarized reflection component. The disk is
expected to be orthogonally polarized to these components, which may help to explain the decreasing of the observed polarization at
low energies. However, the high polarization degree we found in the 7−8 keV band challenges the current models, also taking into
consideration the relatively low inclination angle derived from the spectral analysis.
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1. Introduction

The accretion flow around neutron stars (NSs) in low-mass X-
ray binaries (see Di Salvo et al. 2023, for a review) typically
includes an optically thick accretion disk, a boundary layer con-
necting the disk to the NS’s surface, and a cloud of hot electrons
called the “corona”. These components contribute to the X-ray
spectrum in different ways, with the disk emitting as a multi-
temperature blackbody, while the electrons in corona upscatter
the soft photons, resulting in a high-energy (cutoff) power-
law shape component. The boundary layer can also directly
contribute to a blackbody component or act as a seed-photon
source for the Comptonization component (Mondal et al. 2020;
Marino et al. 2023).

Among NS low-mass X-ray binaries (LMXBs), 4U 1820−30
stands out due to its unique characteristics. The system hosts a
NS accreting material from a white dwarf companion and fea-
tures an ultrashort orbital period of just 11.4 minutes, classifying
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it as an ultracompact X-ray binary (UCXB; Stella et al. 1987).
It is located in the NGC 6624 globular cluster, approximately
8 kpc away (Baumgardt & Vasiliev 2021). 4U 1820−30 is cate-
gorized as an “atoll” source, observed in both soft and hard spec-
tral states, often termed the “banana” and “island” states, respec-
tively (Hasinger & van der Klis 1987; Tarana et al. 2007a).

The source is also known for its luminosity modulation,
often referred to as super-orbital modulation, characterized by
a periodic change (around 170−176 days) in the X-ray luminos-
ity over timescales much longer than the orbital period of the
binary. It was thought to be stable and attributed to the grav-
itational influence of a third star, based on the triple model
hypothesis (Grindlay 1988; Chou & Grindlay 2001). However,
recent studies indicate that the period has decreased from 171
to 167 days over the past 36 years, challenging the triple model
and suggesting an irradiation-induced mass transfer instability
as the cause (Chou et al. 2025). As a result, the source alternates
between a low-luminosity mode, with Llow ∼ 8 × 1036 erg s−1,
and a high-luminosity mode, with Lhigh ∼ 6×1037 erg s−1. Varia-
tions in luminosity and mass transfer rate can significantly affect
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the accretion disk structure and the boundary layer, leading to
changes in the spectral state and the presence of spectral fea-
tures, such as the Fe K emission line. For instance, modula-
tion has been linked to the clustering of Type-I X-ray bursts,
which occur more frequently when the source is in the low mode
(Titarchuk et al. 2013).

The detection of the relativistic Fe K emission line, indica-
tive of a reflection component, has been inconsistently reported
in the literature (Cackett et al. 2008; Titarchuk et al. 2013;
Mondal et al. 2016). All the studies often employ non-self-
consistent modeling that fails to describe the full reflection spec-
trum. This feature in LMXBs serves as a powerful diagnostic
tool, offering critical insights into the system geometry, the phys-
ical properties of the accretion disk, and the behavior of matter
in extreme conditions (e.g., Anitra et al. 2024).

In this paper, we investigate the system geometry by per-
forming a combined spectral and polarimetric analysis on X-ray
data obtained from simultaneous NICER, NuSTAR, and IXPE
observations (see also Di Marco et al. 2023a). Polarization is
indeed very sensitive to the geometry of the accreting system
(Gnarini et al. 2022, 2024; Bobrikova et al. 2025) and provides a
new approach to understanding the physical properties of X-ray
emission from LMXBs. In particular, IXPE has revealed so far
that, for most observed sources, the main source of X-ray in NS-
LMXBs is the Comptonization in the spreading/boundary layer
(see e.g., Ursini et al. 2023; Gnarini et al. 2024), plus the con-
tribution of reflected photons on the accretion disk. Our study
confirms the presence of a strong reflection component in the
spectrum and a subsolar iron abundance in both the disk mate-
rial and the interstellar medium, providing an estimation of the
system inclination. The presence of the reflection component is
also important for the X-ray polarization because the reflected
photons are expected to be highly polarized.

2. Data analysis

4U 1820−30 was observed by the Neutron Star Interior Com-
position Explorer (NICER) on October 11, 2022 (ObsId
5050300117), and on April 15 (ObsId 6689020101) and April
16, 2023 (ObsId 6689020102), with a total exposure time of
26 ks. We processed NICER data using the nicerl2 pipeline
tool in NICERDAS v12, available with HEASoft v6.34, fol-
lowing the recommended calibration procedures and stan-
dard screening (the calibration database version used was
xti20240206). We accumulated light curves from 0.3 to 10 keV
for the three observations using nicerl3-lc to check for Type-
I X-ray bursts, finding none. To generate the spectrum, we used
the nicerl3-spect tool, excluding detectors 14 and 34 due to
elevated noise levels. The background file “scorpeon” was cho-
sen with the bkgformat=file option. Following recommenda-
tions from the NICER help team, we applied a systematic error
as indicated in the latest calibration file and grouped the data
using an optimal rebinning (grouptype=optmin) and ensuring
at least 25 counts per energy bin (Kaastra & Bleeker 2016).

The Nuclear Spectroscopic Telescope Array (NuSTAR),
observed the source on October 12, 2022 (ObsID 90802327002)
and April 15 and 16, 2023 (ObsIDs 90902308002 and
90902308004), with a total exposure time of 49 ks. The data
reduction, as well as spectrum and light curve extraction, was
performed using the nupipeline and nuproducts tools in
HEASoft. A circular region with a radius of 150 arcseconds was
used to extract source events, while background events were
obtained from an equivalent-sized circular region within the
same detector quadrant. We systematically searched for Type-

I X-ray bursts in the NuSTAR data, but none of them were
detected. As with the NICER spectra, we grouped the NuSTAR
data using the ftgrouppha tool, applying optimal rebinning and
ensuring at least 25 counts per energy bin.

The Imaging X-ray Polarimetry Explorer (Weisskopf et al.
2016, 2022) observed 4U 1820−30 twice on October 11, 2022
and between 15 and April 16, 2023 (ObsID 02002399),
for a total exposure of 102.5 ks per detector unit (DU). To
extract the source spectra and light curves, we processed the
level 2 data using xselect, considering a circular region of
120 arcseconds centered on the source and the weighted anal-
ysis scheme (Di Marco et al. 2022). Since the source is bright
(>2 counts s−1 arcmin−2), no background subtraction or rejection
was applied (Di Marco et al. 2023b). We generated the ancil-
lary response file (ARF) and the modulation response file (MRF)
with ixpecalcarf.

3. Spectral analysis

We initially performed a simultaneous fit to analyze the spectral
properties and evaluate the consistency of the three datasets. We
used the energy range of 0.4−10 keV for the NICER spectrum,
as recommended in the calibration guidelines1, and 4.5−35 keV
for the NuSTAR spectrum, excluding energies below 4.5 keV due
to a divergence caused by an excess flux in the FPMA camera
(Madsen et al. 2020), as well as those over 35 keV, where the
background spectrum starts to dominate over the source.

The spectral analysis was conducted with XSPEC v12.14.1
(Arnaud 1996). The continuum was modeled using a multi-color
blackbody component (diskbb in XSPEC, Makishima et al.
1986) and a Comptonized component comptb. The comptb
model deviates from other Comptonization models by incorpo-
rating a component for inward bulk motion, although this aspect
can be neglected by setting the bulk efficiency over the thermal
Comptonization, denoted as δ, to zero (see Farinelli et al. 2008
for a complete description of the model). We also fixed the logA
parameter of the comptb component to a value of 8. This param-
eter, known as the illuminating factor, represents the distribution
of seed photons, where A/(1 + A) corresponds to the fraction
scattered by the Compton cloud, while 1/(1 + A) is the fraction
escaping without scattering. By setting logA to the value 8, we
assumed that all seed photons were up-scattered.

To account for interstellar medium absorption and to allow
for variations in iron and oxygen abundances, we multiplied
total emission by the Tuebingen-Boulder ISM absorption model
(TBfeo in XSPEC). This adjustment was crucial, as NICER
spectra often exhibit residuals potentially linked to the oxygen
K edge (0.56 keV) and the iron L edge (0.71 keV), suggesting
an under- or overabundance of these elements in the interstellar
medium or ionization of neutral oxygen by solar X-ray radia-
tion2. We adopted the most recent ISM abundances and cross
sections as described in Wilms et al. (2000) and Verner et al.
(1996).

When data from different instruments are combined, it is
important to account for potential discrepancies in their flux
cross-calibrations. To address this, we included a multiplica-
tive constant, fixed at 1 for the first spectrum, and allowed to

1 As reported, below 0.4 keV there are several uncertainties that
start to compete, like gain scale, RMF parameters and the Carbon
edge profile (see https://heasarc.gsfc.nasa.gov/docs/nicer/
analysis_threads/cal-recommend/ for more details).
2 See: https://heasarc.gsfc.nasa.gov/docs/nicer/data_
analysis/workshops/NICER-CalStatus-Markwardt-2021.pdf
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Fig. 1. Residuals in units of sigma with respect to Model 0 for the
October and April 16 data (top panel) and April 15 data (bottom panel).
Data were rebinned for visual purposes only.

vary for the others. Thus, our preliminary model was defined as:
Model 0 : const * TBfeo * (Comptb + diskbb).

When we performed a simultaneous fitting of the NICER
and NuSTAR data, a slight offset between the spectral slopes was
observed (Ludlam et al. 2020). To account for this instrumental
discrepancy, we left the index of the Comptonization component,
α in XSPEC, untied between NICER and NuSTAR, allowing for
some flexibility between the two datasets. Nevertheless, we sys-
tematically verified that the difference never exceeded 10%.

The application of this model showed that the April 15
spectra deviated from the others, suggesting a slightly different
spectral state. Consequently, we decided to analyze these data
separately while fitting the October and April 16 data simulta-
neously. This choice is further justified by the slightly differ-
ent spectral state of the source across the three observations.
As reported in Di Marco et al. (2023a), while the observations
from October 11−12 and April 16 exhibit a comparable hard-
ness ratio (defined as the difference between the counts in the
4−10 keV band and the 0.3−4 keV band, divided by the counts
in the 0.3−10 keV band), the April 15 observation shows a higher
hardness ratio, indicating a slightly harder spectrum.

The model fails to fit the entire spectrum, revealing an emis-
sion feature around 6.6 keV in both fits. This feature signifi-
cantly improves the fit when modeled with a Gaussian line at
6.57 keV, likely corresponding to Fe XXV Kα emission line.
Additionally, the model exhibits a flux excess at energies above
30 keV (see Fig. 1). We initially considered the possibility that
this excess might be due to a dominant background contribu-
tion in this energy range, but we ruled out this hypothesis, as the
background level is not comparable to the observed data in this
band. High-energy excesses such as these have been frequently
observed in the literature for various sources (e.g., D’Aì et al.
2010). This may arise from an additional Comptonization pro-
cess involving a plasma of electrons with a non-thermal distri-
bution (see Di Salvo et al. 2000, 2006). In such a scenario, the
seed photon radiation spectrum must originate from the same
region as the seed photons for the thermal component. This

assumption prevents an overestimation of the hard-tail contri-
bution at lower energies, which could otherwise lead to incor-
rect modeling of the low-energy continuum. To simulate this
contribution, we indeed introduce a power-law component with
a low-energy exponential roll-off at the seed photon Comp-
tonization temperature, modeled using the expabs*powlaw
combination. The updated model was, therefore: Model 1:
const*TBfeo*(expabs*powlaw+Comptb+diskbb+gauss).

Introducing the Gaussian and powerlaw components sig-
nificantly improved the fit, flattening the residuals and yielding
a χ2 of 788 with 813 degrees of freedom (d.o.f.) for the October
and April 16 data and 378 with 418 d.o.f. for the April 15 data.
The best-fit centroid energy of the Gaussian at 6.5± 0.1 keV and
6.59±0.06 keV supports the identification of this feature as aris-
ing from the Fe XXV transition. Additionally, the high σ value
(0.9+0.2

−0.1 keV for the first fit and 0.35+0.10
−0.08 keV for the second)

implies that the emission originates from the innermost region
of the accretion disk, consistent with an association to an under-
lying reflection component.

3.1. Reflection component

To test for the presence of a reflection component, we replaced
the Gaussian component with a non-self-consistent model that
describes a line emission from a relativistic accretion disk, using
the diskline model in XSPEC (Fabian et al. 1989). The new
model (Model 2) successfully describes the iron emission line,
providing a statistically good χ2 result at 812(813) for the Octo-
ber and April 16 fit and 345(416) for April 15. However, not all
the line parameters could be constrained. For instance, the incli-
nation angle of the source was fixed at 45 degrees (consistent
with Anderson et al. 1997; Marino et al. 2023). We believe that
this limitation is due to the weakness of the feature, as the nor-
malization of the component is only (1.6−2)×10−3 photon/cm2/s,
representing approximately 0.16% of the total flux. The fit also
suggests the line is emitted from a region close to the NS, with
an upper limit for the inner radius of 37 Rg and 52 Rg for the two
fits, respectively. The other results are reported in Table 1.

As shown in Fig. 2, the residuals in the 5−10 keV band were
not completely flattened by the addition of the diskline and
power-law components. These residuals may arise from addi-
tional features, such as the Compton hump beyond 10 keV, point-
ing to the presence of a reflection continuum in the spectrum. For
this reason, we decided to remove the diskline and use a self-
consistent reflection model.

We employed the convolution model Rfxconv (developed
by Kolehmainen et al. 2011) to reproduce a reflected spectrum
from an ionised disk, applied to a continuum Comptonization
model (comptb in XSPEC) with the parameters linked to those
of the continuum that have already been included. To account
for Doppler and relativistic effects, we used the rdblur convo-
lution model (Fabian et al. 1989). To describe only the reflection
component, we assumed a negative relative reflection fraction
(rel-frac), allowing it to vary between −1 and 0. The best-fit
values for the models are reported in Table 2.

The flattened residuals, shown in Fig. 3, indicate a signifi-
cantly improved fit. The application of the new model (Model 3)
not only reduced the χ2 values in both fits (χ2

oct+apr(d.o.f.) =

762(810) and χ2
apr(d.o.f.) = 316.7/414, with ∆χ2 reductions

of 50 and 30 with respect the Model 2, respectively, for com-
parable degrees of freedom); however, it did provide parame-
ters that describe a physically reliable geometry. As reported
in Table 2, we determined an inner disk radius of 22+25

−7 , Rg
and 44+77

−20, Rg, consistent with both the results of Model 1 and

A83, page 3 of 11



Anitra, A., et al.: A&A, 697, A83 (2025)

Table 1. Best value parameters obtained applying Model 2 to the data.

Model Component Oct. + 16 Apr. 15 Apr.

TBfeo nH (1022) 0.168 ± 0.003 0.170 ± 0.004
O 1.18 ± 0.05 1.20 ± 0.07
Fe 0.7 ± 0.3 0.7 ± 0.4

expabs Ecut (keV) kTs
(†) kTs

(†)

powerlaw Index 2.09 (∗) 2.34 (∗)

Norm 0.027 ± 0.006 0.08 ± 0.02
diskline E (keV) 6.57 ± 0.06 6.56+0.05

−0.07
Index −2.5 ± 0.5 −2.1+0.3

−0.5
Rin(Rg) <37 <52
Rout(Rg) 1000 (∗) 1000 (∗)

Incl (deg) 45 (∗) 45 (∗)

Norm (10−3) 1.5+0.3
−0.2 2.2+0.5

−0.4
comptb kTs (keV) 0.84+0.05

−0.03 1.00 ± 0.04
α 0.87 ± 0.02 0.91 ± 0.03

kTe (keV) 2.93 ± 0.02 2.88 ± 0.03
Norm 0.055 ± 0.001 0.070 ± 0.001

diskbb Tin (keV) 0.64 ± 0.03 0.67 ± 0.03
Norm 910+160

−130 840+130
−120

χ2/d.o.f. 812/813 345/416

Notes. Uncertainties are calculated at the 90% confidence level.
(†)Linked to the photon seed temperature. (∗)Kept frozen during the fit.

the findings reported by Marino et al. (2023). Most notably, we
obtained a well-constrained measurement of the system inclina-
tion angle, with values of 31+8

−5 and 20+13
−20 degrees for the two

datasets, respectively.

3.2. Other reflection models

We also modeled the spectrum using two additional self-
consistent reflection models: RelxillCp (Dauser et al. 2016)
and Relxillns (García et al. 2022). Both models are part of
the Relxill suite and employ an empirical broken power
law to characterize the emissivity profile. The primary distinc-
tion between them lies in the nature of the incident spectrum:
RelxillCp uses the nthcomp model (Zdziarski et al. 1996) as
the primary continuum with a fixed seed photon temperature
of 0.05 keV, whereas Relxillns adopts a blackbody spectrum
with a temperature described by kTbb.

Since both models assume an empirical broken power law
for the emissivity, they include two distinct emissivity indices
corresponding to regions above and below a specified break
radius, Rbr, from the compact object. However, in our analysis,
the data lack sufficient sensitivity to detect a significant differ-
ence between these two regions. Consequently, we opted to link
the two emissivity indices, treating them as a single parameter.
As previously done with Model 3, the relative reflection fraction
was fixed at a negative value, specifically set to −1, while allow-
ing the normalization to vary. For RelxillCp, the Comptoniza-
tion index gamma and the electron temperature were tied to those
of comptb, whereas for Relxillns, the blackbody temperature,
kTbb, was linked to the electron temperature of comptb.

The model with Relxillns (hereafter referred to as Model
4) provided an excellent fit, yielding a χ2(d.o.f.) of 763(811)
for the first fit set, and 326(414) for the second (although there
was no significant improvement over Model 3 in either case).
The best-fit parameters, including the inclination angle and inner
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Fig. 2. Spectra and residuals in units of sigma with respect to Model 2
for the October and April 16 data (top panel) and April 15 data (bottom
panel). Data were rebinned for visual purposes only.

radius are consistent with the previously obtained values. The
rest of the parameters, reported in Table 2, will be discussed in
more detail in the following sections.

Unlike Models 2 and 3A, the RelxillCp model (model 4)
was unable to reach stable values for the inner radius and incli-
nation angle. As a result, we attempted to fix these parameters
to the values obtained previously. However, the model failed to
adequately describe the data. Although the χ2 value was statis-
tically acceptable (850.02 with 810 d.o.f. and 489.66 with 431
d.o.f.), the data showed peculiar residuals in the energy range
corresponding to the iron emission line. Furthermore, the inclu-
sion of the RelxillCp component resulted in a worsening of the
χ2. It is, therefore evident that the use of the RelxillCp compo-
nent does not provide an improved fit to the data. Consequently,
all further discussion of the system will be based on the best-
fit results obtained with Models 2 and 3A. The inadequacy of
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Table 2. Best-fit parameters obtained applying Model 3 (Rfxconv) and Model 4 (Relxillns) to the data.

Model Parameter Model 3 (#) Model 4 (#)

Oct. 15 Apr. Oct. 15 Apr.

Tbfeo nH (1022) 0.179+0.011
−0.009 0.173+0.011

−0.0079 0.181+0.006
−0.005 0.180+0.009

−0.007
O 1.35+0.06

−0.08 1.333+0.13
−0.098 1.36+0.07

−0.06 1.340+0.10
−0.01

Fe 0.5 ± 0.4 0.81+0.45
−0.5 0.5 ± 0.3 0.7 ± 0.5

Expabs E (keV) kTs
(†) kTs

(†) kTs
(†) kTs

(†)

Powerlaw Index 2.7 ± 0.2 2.77+0.18
−0.28 2.606 (∗) 2.8+0.2

−0.3
Norm 0.4+0.3

−0.2 0.46+0.22
−0.4 0.25 ± 0.04 0.7+0.6

−0.5
diskbb Tin (keV) 0.60+0.15

−0.05 0.684+0.083
−0.057 0.61 ± 0.06 0.726+0.11

−0.08
Norm 910+600

−590 660+260
−210 960+330

−230 570+320
−240

Comptb kTs (keV) 0.76+0.14
−0.05 0.978+0.096

−0.069 0.79+0.10
−0.08 1.1+0.2

−0.1
Γ 3 (∗) 3 (∗) 3 (∗) 3 (∗)

α 0.85+0.03
−0.02 0.877+0.044

−0.038 0.93+0.04
−0.03 1.01+0.12

−0.06
∆ 0 (∗) 0 (∗) 0 (∗) 0 (∗)

kTe (keV) 2.88 ± 0.02 2.834+0.029
−0.033 2.91 ± 0.04 2.86+0.06

−0.04
log (A) 8 (∗) 8 (∗) 8 (∗) 8 (∗)

Norm 0.051 ± 0.001 0.065 ± 0.002 0.052 ± 0.001 0.067 ± 0.002
Reflection Index −2.6+0.7

−1.2 −1.7+0.8
−0.5 −2.8+1.5

−0.7 2.3 (∗)

Rin (Rg) 22+25
−7 10 ± 2 (�) <35 10+3

−2
(�)

Rout 1.0 (∗) 1.0 (∗) 1.0 (∗) 1.0 (∗)

Incl (deg) 31+9
−5 15+16

−13 34+7
−5 35+6

−4
Rel refl −0.157+0.053

−0.032 −0.085+0.037
−0.072 −1 (∗) −1 (∗)

Feabund 0.28+0.2
−0.1 0.5+0.4

−0.2 <0.77 (?) <1.26 (?)

log N – – <17.6 <16.5
logξ 2.69+0.05

−0.19 2.8+0.1
−0.2 3.1+0.2

−0.3 2.8 ± 0.2
Norm (10−4) – – 9+3

−2 13+4
−3

χ2/d.o.f. 762/810 317/414 763/810 326/414

Notes. Uncertainties are calculated at the 90% confidence level. (†)Linked to the seed-photon temperature. (∗)Kept frozen during the
fit. (�)Linked to the emitting radius of the diskbb component. (?)Upper limit at 90% confidence level obtained fixing the seed pho-
tons and blackbody temperature. (#)Model 3: const*TBfeo*(expabs*powlaw+rdblur*rfxconv*Comptb+Comptb+diskbb) Model 4:
const*TBfeo*(expabs*powlaw+Relxillns+Comptb+diskbb).

the model in representing the data is likely attributed to the fact
that RelxillCp includes a Comptonized spectrum with a seed
photon temperature fixed at 0.05 keV. This value contrasts with
the seed photon temperature determined for this source, which is
approximately 0.8 keV and 1.0 keV for the two datasets, respec-
tively.

3.3. Polarization analysis

To study the polarization of 4U 1820–30, we first applied the
polconst model to the whole best-fit model obtained for each
dataset. We started by fitting with XSPEC the I, Q, and U spec-
tra averaged throughout the entire IXPE observation (Fig. 4). In
Table 3, the polarization degree (PD) and polarization angle (PA)
measured in different energy ranges are reported. The results
are the same for all the best-fit models considered and are
consistent within errors with that obtained by Di Marco et al.
(2023a) with ixpeobssim: the PD increases from only an upper
limit of 1.2% (at the 99% confidence level) below 4 keV up to
8.0%±3.6% (at the 90% confidence level) in the 7−8 keV energy
bin, but remained unconstrained in the 6−7 keV energy range
where the (unpolarized) Fe line is observed. Polarization in the
7−8 keV energy range is detected at 3σ. Since the observed sud-
den increase in polarization in the 7−8 keV band is peculiar and

has not been observed in any other source, we performed a new
spectropolarimetric analysis using the best-fit models obtained
from the NICER and NuSTAR datasets. In particular, differently
from Di Marco et al. (2023a), we were able to fit the data includ-
ing the reflection component, which can affect the polarization
signal even if its flux is relatively small.

We performed the spectropolarimetric analysis by apply-
ing a constant polarization to each spectral component using
polconst and fixing all spectral parameters to the best-fit val-
ues obtained with NICER and NuSTAR. Due to the limited IXPE
band-pass, it is challenging to constrain both the PD and PA
for all spectral components together. Specifically, the Comp-
tonized and reflected photons tend to overlap significantly and
share a similar spectral shape; therefore, some assumptions are
needed to estimate the polarization properties. In particular, for
all the cases, the polarization of the power law was tied to that
of Comptb since it should originate from hybrid thermal or non-
thermal Comptonization (Sect. 4.1), while we assumed the same
polarization angle for reflection and Comptonization (see e.g.,
Ursini et al. 2023; Gnarini et al. 2024). We first tried to divide
the IXPE observation into two segments simultaneously with
NICER and NuSTAR for each period (i.e., October+April 16
and April 15), but the statistic was not enough to estimate the
polarization of the different spectral components. During the
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Fig. 3. Spectra and residuals in units of sigma with respect to Model
3 (second panel) and 3A (third panel) for the October and April 16 data
(upper panel) and April 15 data (bottom panel). Data were rebinned for
visual purposes only.

spectropolarimetric analysis, we considered only the best fit of
Model 3 obtained using the October+April 16 dataset (Table 2).
No matter whether we separate the observation into two seg-
ments or use the different models in Table 2, we would expect
to obtain similar results for the polarization. This is not only
because the relative fluxes of each component with respect to
the total flux do not differ significantly, but also because the var-
ious observations are broadly consistent, with the only notable
difference being that the April 15 spectrum is slightly harder.

Table 4 reports all the results obtained from the spectropo-
larimetric analysis using polconst for each component. As
reported in Di Marco et al. (2023a) we started by assuming only
one polarized component with the others having null polariza-
tion: for both best-fit models of the October+April 16 dataset,
only upper limits were obtained for the Comptonization and the
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Fig. 4. Deconvolved I spectra of each DU (top panels), Q and U Stokes
spectra (bottom panels), with the best-fit model (October+April 16,
Table 2) and residuals in units of σ.

disk components, while the reflection seems to be very highly
polarized as expected (up to ≈10%; see also Matt 1993). Then,
we tried to consider all components polarized. We first fixed
the PD of Comptonization at 1%, which is a reasonable value
for typical spreading layer configurations (Ursini et al. 2023;
Farinelli et al. 2024; Bobrikova et al. 2025), leaving the PD of
the disk and reflection free to vary; in this case, the fit improves
(χ2/d.o.f. = 1395.8/1335), but both components end up more
polarized than expected, with the reflection reaching ≈16% and
the disk at about 9%; this result is significantly higher than the
classical results for an electron scattering dominated atmosphere
on the accretion disk observed at i ≈ 35◦ (Chandrasekhar 1960).
These high values may be due to the relatively small flux of these
components, which also leads to large errors. On the other hand,
we tried to fix the PD of the reflected photons at 10% (Matt
1993), leaving free to vary the polarization of the disk and the
Comptonization: the fit is better than the cases with only one
polarized component (χ2/d.o.f. = 1396.1/1335), the disk appears
to be again much more polarized than expected (≈8%), while the
PD for Comptonization is consistent with the expected polariza-
tion for spreading layer geometries (≈1%). For both scenarios,
the disk also seems to be polarized orthogonally to the Comp-
tonization, which is the main contribution to the polarized signal
in the 2−8 keV band.

4. Discussion

We analyzed the average broad-band spectra of three simultane-
ous NICER and NuSTAR observations of 4U 1820−30, focusing
on the possible presence of reflection features. As seen in the
previous section, we confirmed the presence of a intense reflec-
tion component, whose inclusion (implemented in Models 2
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and 3A) significantly improved the fit, while flattening the resid-
uals and providing valuable insights into the system parameters,
namely, describing a geometry that is consistent with current lit-
erature results and is physically reliable for this system.

4.1. Continuum spectrum

The continuum emission is aptly described by a disk blackbody
component plus a Comptonized and a power-law component.
All future considerations regarding the continuum will be based
on the parameters obtained with Model 3, as the application of
model 4 yields the same results. The temperature of the black-
body component does not show a significant variation between
the two fits, at 0.60+0.15

−0.05 keV during the October and April 16
observations and 0.68+0.08

−0.06 keV on the April 15 one. The normal-
ization also seems to be consistent within the errors, as we would
expect the size of the emission region to be. The emission region
size can be derived using the formula:

Kdisk =

(
Rdisk

D10 kpc

)2

cos θ,

where Kdisk is the normalization of the blackbody component,
θ is the inclination angle of the disk with respect to the line of
sight, and D10 is the distance to the source in units of 10 kpc.
Assuming the latest estimated distance for the source of 8.0 ±
0.3 kpc (Baumgardt & Vasiliev 2021) and using the obtained
values for the normalization and inclination angle, we derived
apparent blackbody radii, Rbb, of 26+8

−10 km and 21+4
−3 km for the

two datasets, respectively. Correcting these values by a hard-
ening factor of f = 1.7, as suggested by Shimura & Takahara
(1995), which accounts for the effects of electron scattering
in the atmosphere of the accretion disk, we obtained radii of
Reff = 44+13

−18 km and 36+7
−6 km, respectively. These results, in

addition to being perfectly consistent with the inner disk radius
obtained from the reflection component, also indicate that the
disk emission originates from the same region in all three obser-
vations: October 11–12, April 16, and April 15.

As previously discussed, the power-law component is intro-
duced to account for excess emission at high energies that can-
not be explained by simple thermal Comptonization models
alone. These components are often interpreted as originating
from non-thermal processes, or hybrid thermal or non-thermal
Comptonization, which involves both thermal and non-thermal
electron populations in the plasma (e.g., D’Aí et al. 2007). Over
the years, models addressing a self-consistent description of this
emission have been developed, such as EQPAIR by Coppi (1999).
In the case of 4U 1820–30, the presence of a hard tail with a
photon index of approximately 2.4 – consistent with our find-
ings – has previously been observed at high energies (around
50 keV) by Tarana et al. (2007b). The authors suggest that its ori-
gin could be attributed either to non-thermal electrons or to ther-
mal emission from plasmas with a relatively high temperature.
In our analysis, while the inclusion of a power-law component
is statistically significant, improving the χ2 with a confidence
level higher than 7σ, its flux contribution becomes relevant only
at higher energies (approximately 30% of the total flux between
30 and 35 keV). Furthermore, its presence or absence does not
impact the description of the spectrum at lower energies. For
this reason, we do not delve into the use of other self-consistent
models to explore its physical origin.

The main factor preventing us from simultaneously analyz-
ing all three datasets (thereby isolating the April 15 observation
and resulting in its divergent spectral shape) seems to be the

Comptonization component. Indeed, while the electron temper-
ature remains consistent across the two fits (2.88± 0.02 keV and
2.83+0.04

−0.03 keV), the seed photon temperature (kTs) shows a varia-
tion, increasing from 0.76+0.14

−0.05 keV to 0.98+0.09
−0.04 keV, resulting in

a spectral shift towards higher energies. Such a difference in the
seed-photon temperature may indicate a slightly distinct emis-
sion region for the seed photons, as the seed photon radius, Rsp,
can be expressed as (e.g., Anitra et al. 2021):

Rsp = 3 × 104 f 1/2
seed kT−2

s D (km), (1)

where D is the source distance and fseed represents the flux of the
seed photon spectrum before being Comptonized in the corona.

If we consider that when log A assumes its minimum value
(−8), the comptb model is reduced to the standard bb (black-
body) model in XSPEC (Farinelli et al. 2008), the seed photon
flux can be determined by setting log A = −8 and computing the
flux for the Comptonization-only model. Thus, we can obtain a
seed photon flux of (4.3± 0.4)× 10−9 ergs/cm2/s for the October
and April 16 datasets, and (5.5 ± 0.5) × 10−9 ergs/cm2/s for the
April 15 one.

These flux values correspond to seed photon radii of
27+10
−4 km and 19+4

−3 km for the two fits, suggesting that the emis-
sion regions are consistent (within the uncertainties) across all
three observations. Such high values also exclude the NS sur-
face as the source of the seed photons, pointing instead to a more
extended region, which is likely to be the boundary layer con-
necting the inner edge of the accretion disk to the NS surface.

Previous studies have highlighted variations in the seed pho-
ton emission region during the spectral evolution of the source.
As discussed, 4U 1820−30 exhibits intrinsic luminosity modula-
tion, fluctuating between a low mode (Llow ∼ 8 × 1036 erg s−1)
and a high mode (Lhigh ∼ 6 × 1037 erg s−1) over a timescale of
approximately 170 days. Analyzing RXTE data, Titarchuk et al.
(2013) reported an increase in electron temperature from 2.9 to
21 keV with a corresponding decrease in the normalization of
the Comptonization component. This implies a reduction in the
size of the seed-photon region when transitioning from the high
mode to the low mode. More recently, Marino et al. (2023) con-
firmed this trend, through an extensive X-ray campaign involv-
ing NICER, NuSTAR, and AstroSat observations. Their analysis
showed that in the high mode, seed photons are emitted from a
larger region, roughly 15 km, while in the low mode, the emis-
sion region shrinks to about one-third of this size. The authors
attributed these variations to changes in the mass accretion rate:
during the high mode, a higher accretion rate feeds a larger
boundary layer, producing more photons that cool the corona.
Conversely, in the low mode, the reduced accretion rate results in
a smaller seed photon emission region and fewer photons avail-
able to cool the corona.

Our results describe a Comptonization spectrum with an
electron temperature of ∼2.8 keV, where the seed photons are
emitted from a boundary layer of radius ∼23 km. The larger
emission region we infer in this work, compared to Marino et al.
(2023), likely reflects a difference in accretion state. While
the authors of the cited study reported fluxes on the order of
1 × 10−9 erg cm−2 s−1, we measured significantly higher unab-
sorbed fluxes, of around 9.2 × 10−9 erg cm−2 s−1, corresponding
to a luminosity of approximately 7×1037 erg s−1, suggesting that
the source was in a very high mode during our observations. This
supports the idea that variations in the seed photon region are
driven by changes in mass accretion rate, as proposed in other
literature works.
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4.2. Reflection component

The relativistic Fe K line, potentially linked to a reflec-
tion component, has long been a subject of debate in this
source, with multiple studies in the literature have contra-
dicted each other over time. Early observations with Ginga
(Sansom et al. 1989) and RXTE (Bloser et al. 2000) found no
evidence of an Fe K emission line. It was only in 2004, with
the work of Ballantyne & Strohmayer (2004), that a 6.4 keV
emission line was detected during a super-burst observed with
RXTE. Subsequently, Cackett et al. (2008) used Suzaku data and
Titarchuk et al. (2013) used BeppoSAX spectra in their stud-
ies, while, more recently, Marino et al. (2023) provided evi-
dence for a broad, asymmetric Fe K emission described using
the diskline and Laor models. However, contrasting results
have been reported by Costantini et al. (2012) and Mondal et al.
(2016), where the NuSTAR and Swift data did not detect any sig-
nificant Fe K feature.

Within this scenario, our analysis clearly shows the presence
of a strong reflection component in the spectrum, with a signif-
icant percentage of flux contribution (about 7% of the total flux
for all datasets). The reflection component was described using
two different self-consistent models, both of which improved the
chi-squared value with a confidence level exceeding 7 sigma
compared to the model with only the diskline, proving the
presence of a reflection component in the source spectral emis-
sion, at least during the observations considered here.

The inner radius indicates emission from a region close to the
NS, with Rin = 22+25

−7 Rg for the fit obtained using Model 3 and
an upper limit of 35 Rg for the fit with model 4. These radii are
consistent with the blackbody radius obtained from our fits, con-
firming that the disl is placed just outside the boundary layer, as
in the geometry proposed by Marino et al. (2023). However, for
the April 15 dataset, the values of Rin are not well constrained.
Specifically, with Model 3, we obtained Rin = 44+77

−20 Rg, while
the fit with model 4 did not yield a stable value for Rin. Conse-
quently, we opted to link it to the inner radius derived from the
normalization of the diskbb component. Similarly, the error cal-
culation for the emissivity index in Model 4 for the April 15 fits
did not yield a stable value. Consequently, we fixed it to the best
value obtained from the fit. For the other fits, we derived an emis-
sivity index of −2.6+0.7

−1.2 and −2.8+1.5
−0.7 for October and April 16,

respectively, and −1.7+0.8
−0.5 for April 15. These results are consis-

tent with values expected for illumination by an extended corona
or a boundary layer close to the NS surface, rather than from a
compact point source (Dauser et al. 2013; Cackett et al. 2010).

The most significant result of our analysis is a consistent
measurement of the system inclination angle using both models
and across all observations: 31+9

−5 and 34+7
−5 degrees for the Octo-

ber and April 16 data, and 15+16
−13 and 35+6

−4 degrees for the April
15 data. These results match with the low inclination hypothesis
reported in the literature (Anderson et al. 1997).

4.3. Iron abundance

During the fit, we allowed for variations in the iron abundance
in the system and in ISM, as this adjustment improved the fit,
especially when the abundance was set lower than the solar one.
Application of model 3 provides iron abundances in the ISM of
0.5± 0.4 and 0.8+0.4

−0.5, and subsolar iron abundances in the disk of
0.5+0.4
−0.2 and 0.3+0.2

−0.1, for the October plus the April 16 and April
datasets, respectively. Formodel 4, we obtained ISM iron abun-
dances of 0.5 ± 0.3 and 0.7+0.4

−0.5, in line with the ones obtained
throughmodel 3, but the abundance of iron in the disk remained

undefined. To determine a better constrain on the abundances, we
fixed the seed photon temperature for the Comptonization com-
ponent, which is a parameter that was already well-constrained
in previous fits. This resulted in an upper limit of 0.77 for the
October and April 16 data, with 1.26 for April 15.

Certain parameters such as the iron abundance are highly
sensitive to external factors, including the electron density in
the disk. As shown by Ding et al. (2024), in reflection models
with low electron densities (log Ne . 15), the inferred iron abun-
dance often exceeds the solar value. This effect arises because
the strength of iron lines is overestimated to compensate for the
limitations of atomic physics in low-density regimes. At higher
electron densities (log Ne & 15), recombination rates are signif-
icantly reduced, leading to higher gas ionization. This results in
stronger emission lines, such as those of iron and oxygen, while
the continuum below 2 keV becomes less prominent.

To investigate whether the underabundance of iron we
detected is biased by an electron density value, we employed
the steppar command in XSPEC. This means we performed
fits by varying the values of the two parameters within a given
range (from 0.1 to 3 for the iron abundance and from 14 to 20
for the electron density). This approach allowed us to evaluate
all possible combinations of log Ne and iron abundance, mea-
suring how the χ2 value changes relative to the best fit for each
combination. By doing so, we identified parameter combinations
that might result in an equivalent spectral fit. The contour plots
in Fig. 5 show the parameter space explored using model 4 for
both datasets. Even if the regions do not clearly define a lower
limit for the parameters, they reveal how (at least within a 1σ
confidence level) the lowest chi-square values consistently cor-
respond to iron abundances that are always below solar.

The subsolar iron abundance observed in both the disk mate-
rial and the interstellar medium can likely be explained by the
source location within the globular cluster NGC 6624. Globular
clusters are composed of old population II stars, which exhibit
chemical compositions that differ significantly from solar val-
ues. These clusters are particularly notable for their variability
in the abundances of heavy elements such as iron, likely due
to their distinct evolutionary histories (Gratton et al. 2012). The
iron abundance value we derived is consistent with the find-
ings of Heasley et al. (2000). The authors used high-resolution
infrared spectroscopy with the Hubble Space Telescope to mea-
sure an iron abundance for NGC 6624 of [Fe/H] = −0.63 ± 0.1,
where [Fe/H] is the logarithmic ratio of the stellar metal abun-
dance relative to solar values. Furthermore, the presence of a
white dwarf in the system (Stella et al. 1987; Rappaport et al.
1987), rather than a main-sequence star, might also play a role
in altering the metallicity within the disk. It is indeed suggested
by Koliopanos et al. (2021) that the chemical composition of the
accreted material in UCXBs can differ significantly from that
of standard X-ray binaries. In particular, a hydrogen-deficient
composition, resulting from the presence of a white dwarf donor,
could alter the amounts of carbon, oxygen, and iron in the disk,
making the Fe K line either more or less difficult to observe.

4.4. Energy dependence of X-ray polarization

From the relative photon fluxes of each component, we can
notice how the polarization significantly increases where the
contribution of the disk drops: although the X-ray emission is
always dominated by Comptonization in the IXPE band, at low
energies, where no detection is found, the disk represents about
20−25% of the total flux; while it is only 0.1% of the total flux in
the 7−8 keV, where the PD is higher (Table 3). This is in line with
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Fig. 5. Contour plots for the logarithmic electron density (log N) and the iron abundance of the disk obtained applying model 4 to October and
April 16 data (left panel) and April 15 data (right panel). The contours represent the 1σ, 2σ, and 3σ confidence levels, and the cross marks the
best-fit values obtained from the best fit. The axis limits have been rescaled for visual purposes.

Table 3. Polarization measured with XSPEC and percentage of flux of each component related to Model 3.

Energy range PD PA Flux
Disk Comp. PL Refl.

2–8 keV <0.9% Unconstrained 13.8% 77.1% 4.7% 4.4%
2–4 keV <1.2% Unconstrained 21.0% 69.4% 5.6% 4.0%
4–6 keV 1.7% ± 0.8% 121◦ ± 14◦ 2.9% 89.4% 3.6% 4.1%
6–7 keV <4.1% Unconstrained 0.4% 90.2% 2.9% 6.6%
7–8 keV 8.0% ± 3.6% 115◦ ± 14◦ 0.1% 91.5% 2.7% 5.7%

Notes. The errors are at the 90% confidence level, while the upper limits are reported at the 99% confidence level.

a disk polarized orthogonally to both Comptonization and reflec-
tion, as we obtained from spectropolarimetric analysis (Table 4).
Since the Comptonization is the main source of the observed
polarization signal, its PD can not be very high over the entire
2−8 keV energy band; otherwise we would have observed sig-
nificant polarization even at low energies.

Nitindala et al. (2025) recently showed that high levels of
polarization can be achieved through scattering in accretion disk
winds. However, their results indicate that at low inclinations
(e.g., in the case of 4U 1820–30), the contribution of disk winds
to the polarization signal is strongly suppressed, due to the
geometry of the system and the limited scattering along the line
of sight. Furthermore, strong disk winds generally produce clear
spectral signatures, such as absorption lines or P-Cygni profiles,
which have never been observed in the X-ray spectra of this
source. While a minor contribution from a weak or highly ion-
ized wind cannot be entirely excluded, it is unlikely that such
a component alone accounts for the polarization trend we have
observed.

Therefore, we tried to study the behavior of the polarization
as a function of energy using the pollin and polpow mod-
els. These two models describe a polarization with a linear or
a power-law dependence on energy, respectively. In particular,
since we do not find any significant rotation in the PA with
energy for this source, the PA is considered constant, while the
PD can vary with energy E, respectively, as:

pollin : PD(E) = PD1 keV + (E − 1 keV) × APD, (2)
polpow : PD(E) = PD1 keV × EαPD . (3)

We applied these models to both the Comptonization and the
reflection components: in fact, it is possible that at least one of
these two should vary with energy to explain the behavior of the
polarization at higher energies. We report the results obtained
using pollin or polpow in Tables 5 and 6. We considered two
different scenarios: one with constant PD of the reflection (fixed
at 10%; Matt 1993) and the PD of the Comptonization vari-
able with energy (Gnarini et al. 2022; Bobrikova et al. 2025);
and the second, with a constant PD of the Comptonization (fixed
at 1%; Ursini et al. 2023; Gnarini et al. 2024; Farinelli et al.
2024; Bobrikova et al. 2025) and that of the reflection vari-
able with energy (Podgorný et al. 2022, 2023). These cases pro-
vide slightly better fits to the data with respect to using only
polconst, but not so much better as to have a strong claim
of an increasing trend of PD with energy. In any case, none
of these results are able to reproduce the high polarization in
the 7−8 keV bin, in particular, given the relatively low inclina-
tion of the system derived by the spectral analysis: when the
PD of Comptonization increases with energy, the maximum PD
obtained at high energies is ≈3.5%, which is not consistent with
the observed PD, considering the 90% confidence level error;
when the PD of the reflection increases with energy, it will reach
extremely high values in the 7−8 keV range, ≈30% considering
pollin, and ≈40% considering polpow.

5. Conclusions

We present a detailed spectral-polarimetric analysis of the ultra-
compact X-ray binary 4U 1820−30 using data collected by
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Table 4. Polarization degree and angle for different scenarios, applying
polconst to each component.

Component PD (%) PA (deg)

Disk <5.4 Unconstrained
Compton+PL [0] –
Reflection [0] –
Disk [0] –
Compton+PL <1.2 Unconstrained
Reflection [0] –
Disk [0] –
Compton+PL [0] –
Reflection 8.9± 6.8 107± 33
Disk 8.7± 4.1 34± 14
Compton+PL [1] 120± 13
Reflection 16.4± 13.2 =PA Compton+PL
Disk 7.6± 3.6 34± 15
Compton+PL 1.1± 0.7 120± 14
Reflection [10] =PA Compton+PL

Notes. The errors are at the 90% confidence level, while upper limits
are reported at the 99% confidence level. Parameters in square brackets
are frozen. When only one component is polarized, the three best fits are
statistically equivalent (χ2/d.o.f. = 1407.9/1337), while the fit improves
in the last two cases (χ2/d.o.f. = 1396.1/1335).

Table 5. Polarization degree and angle for different scenarios, applying
polconst to the disk and pollin to the other components.

Component PD1 keV (%) APD PA (deg)

Disk 5.9± 2.7 – 36± 15
Comp.+PL [0] 0.3± 0.2 120± 12
Reflection [10] – =PA Comp.+PL
Disk 7.0± 2.7 – 35± 14
Comp.+PL [1] – 120± 12
Reflection [0] 4.4± 3.5 =PA Comp.+PL

Notes. The errors are at the 90% confidence level. Parameters
in square brackets are frozen. The fits are statistically equivalent
(χ2/d.o.f. = 1394.3/1335).

Table 6. Polarization degree and angle for different scenarios, applying
polconst to the disk and polpow to the other components.

Component PD1 keV (%) αPD PA (deg)

Disk 5.9± 2.5 – 36± 15
Comp.+PL [0.1] 1.7± 0.3 120± 12
Reflection [10] – =PA Comp.+PL
Disk 6.8± 2.4 – 35± 13
Comp.+PL [1] – 120± 11
Reflection [1] 1.8± 0.3 =PA Comp.+PL

Notes. The errors are at the 90% confidence level. Parameters
in square brackets are frozen. The fits are statistically equivalent
(χ2/d.o.f. = 1393.6/1335).

NICER, NuSTAR, and IXPE. The continuum emission is well
described by a disk blackbody, a Comptonization component,
and a power law. The inferred blackbody radius is consistent
with the inner accretion disk, while the Comptonized spectrum
reveals a stable electron temperature of ∼2.8 keV and seed pho-

tons originating from a boundary layer at ∼23 km from the NS.
These findings strongly support the geometry driven by accretion
rate variations proposed in Marino et al. (2023), indicating that
the source is in an extremely high state during the observations.

For the first time, we detected a strong reflection compo-
nent in the spectrum, modeled using two different self-consistent
reflection models. This allowed us to infer the a measure of the
inclination angle of the system, confirming a low inclination of
31+9
−5 degrees. We report a subsolar iron abundance both in the

accretion disk and in the ISM, which is likely related to the
source location in the metal-poor globular cluster NGC 6624.
Moreover, the presence of the helium white dwarf companion
could further impact the metallicity of the accretion disk.

The polarimetric analysis confirms a clear trend already
detected by Di Marco et al. (2023a), with the PD increasing
from an upper limit of ∼1.2% at lower energies (2−4 keV) to
8.0% ± 3.6% in the 7−8 keV band. This behavior is extremely
peculiar and, despite reflected photons result being highly polar-
ized (as expected), their contribution is not sufficient to explain
the high PD observed at high energies, especially consider-
ing the relatively low inclination of the system. Therefore, to
explain the high PD at high energies, an additional contribution
to the polarization would be required or a specific shape of the
Comptonizing region that would differ from the classical bound-
ary+spreading layer.
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