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Abstract

X-ray polarization is a powerful tool to investigate the geometry of accreting material around black holes, allowing
independent measurements of the black hole spin and orientation of the innermost parts of the accretion disk. We
perform X-ray spectropolarimetric analysis of an X-ray binary system in the Large Magellanic Cloud, LMC X-3,
that hosts a stellar-mass black hole, known to be persistently accreting since its discovery. We report the first
detection of the X-ray polarization in LMC X-3 with the Imaging X-ray Polarimetry Explorer, and find the average
polarization degree (PD) of 3.2% + 0.6% and a constant polarization angle of —42° 4+ 6° over the 2-8 keV range.
Using accompanying spectroscopic observations by NICER, NuSTAR, and the Neil Gehrels Swift observatories,
we confirm previous measurements of the black hole spin via the X-ray continuum method, a ~ 0.2. From
polarization analysis only, we found consistent results with low black hole spin, with an upper limit of a < 0.7 ata
90% confidence level. A slight increase in the PD with energy, similar to other black hole X-ray binaries in the soft
state, is suggested from the data but with a low statistical significance.

Unified Astronomy Thesaurus concepts: X-ray binary stars (1811); X-ray observatories (1819); Accretion (14);
Astrophysical black holes (98); Black hole physics (159); Spectropolarimetry (1973); High mass x-ray binary stars
(733); X-ray astronomy (1810); X-ray detectors (1815)

1. Introduction

Accreting stellar-mass black hole X-ray binaries (BHXRBs)
are among the brightest X-ray sources in our Galaxy. While
only a few of them are persistent sources, most of them are
transients characterized by short, weeks to months, periods of
activity and longer, years to decades, quiescent episodes (Frank
et al. 2002; Zdziarski & Gierliriski 2004). BHXRBs have been
found to swing between different spectral states, which are
distinguished by broadband spectra and timing characteristics
(Zdziarski & Gierliniski 2004; Done et al. 2007; Belloni 2010).
In the hard state, the spectrum has a power-law-like shape that
is believed to be produced by multiple Compton (up-)scattering
events of low-energy photons in a hot medium, referred to as a
hot accretion flow or a corona. The soft state spectrum
resembles blackbody radiation, and is commonly attributed to
the multicolor emission of the disk (Novikov & Thorne 1973;
Shakura & Sunyaev 1973), which extends down to the
innermost stable circular orbit (ISCO). The shape of the
spectrum is tightly related to the radius of the ISCO, and by
extension, the black hole spin. This property enables the
determination of BH spins using the so-called continuum fitting
method (Shafee et al. 2006; McClintock et al. 2014).

X-ray polarization offers an alternative means to probe the
topology of accreting matter and these measurements have
become accessible following the launch of the Imaging X-ray

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Polarimetry Explorer (IXPE; Weisskopf et al. 2022). The first
results on the hard state BHXRB Cyg X-1 suggest the hot
medium is extended along the disk plane (Krawczynski et al.
2022), and may have a substantial outflow velocity (Poutanen
et al. 2023). Another persistent source Cyg X-3 instead was
found to possess an optically thick, elevated envelope resulting
from super-Eddington accretion (Veledina et al. 2023).

It has been anticipated that the energy dependence of X-ray
polarization degree (PD) and polarization angle (PA) in the soft
state sources could be utilized for measuring the black hole spin
(e.g., Dovciak et al. 2008; Schnittman & Krolik 2009;
Mikusincova et al. 2023). Polarization in the accretion disk
(Rees 1975) can be produced by electron scattering in the upper
layers of the disk (a disk atmosphere). In the case of a razor-
thin semi-infinite atmosphere, the PD is a known function of
the disk inclination (Chandrasekhar 1960; Sobolev 1963).
Light bending, relativistic aberration, and frame-dragging
effects modify the viewing angles of different parts of the
accretion disk, resulting in a characteristic rotation of PA and
an overall depolarization, both of which depend on the BH spin
(Connors & Stark 1977; Connors et al. 1980).

Yet, the first polarization measurements of a BHXRB in the
soft state, 4U 1630-47, revealed severe problems with this
standard scenario, as neither a characteristic depolarization nor
PA rotation have been observed (Ratheesh et al. 2023). On the
contrary, the observed high PD exceeding 8% and its increase
with energy pose significant challenges to all existing models.
These models thus invariably require parameter adjustments to
account for the observed values. Follow-up observation of
4U 1630-47 in the steep power-law state (when both the disk
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and Comptonization continuum significantly contribute to the
X-ray band) emphasizes the difficulties highlighted by the soft
state data (Rodriguez Cavero et al. 2023).

Other IXPE observations of BHXRBs in the soft state
include LMC X-1 (Podgorny et al. 2023), 4U 19574115
(Marra et al. 2023), and CygX-1 (Dovciak et al. 2023;
J. Steiner et al. 2023, in preparation). LMC X-1 is a low-
inclination system (i = 36°, Orosz et al. 2009). As expected, it
has exhibited a low PD of around 1% (Podgorny et al. 2023). In
addition, a significant contribution to the polarization was
possibly due to a Comptonization component. A higher
inclination system, 4U 19574115 (i &~ 70°-75°, Hakala et al.
1999), revealed a higher polarization fraction of PD ~2%
(Marra et al. 2023). Overall, the polarization properties of both
sources were found to be consistent with theoretical expecta-
tions given their inclinations.

The first X-ray polarization measurement of LMC X-3 is the
subject of the present study. LMC X-3 is an X-ray binary
located in the Large Magellanic Cloud (LMC) at the most
recently estimated distance D =49.59 +0.09 (statistical) &
0.54 (systematic) kpc (Pietrzyniski et al. 2019). The mass of the
black hole, companion star, and the inclination of the system
are constrained from optical photometric and spectroscopic
observations: Mgy = 6.98 &+ 0.56M -, My, =3.63 £0.57M,
and i = 6972 (Orosz et al. 2014), where M, is the mass of the
Sun. In the X-rays, LMC X-3 was first detected by the UHURU
satellite (Leong et al. 1971) and has subsequently been
observed by all major X-ray satellites, owing to its persistent
nature. These studies revealed the source to reside primarily in
the soft state (Treves et al. 1988; Ebisawa et al. 1993; Nowak
et al. 2001), with only rare hard state occurrences (Wilms et al.
2001; Wu et al. 2001) and occasional entry into an anomalous
low state characterized by a drop in X-ray flux by a few orders
of magnitude (Smale & Boyd 2012; Torpin et al. 2017).

The LMC X-3’s soft state spectrum was found to be well
modeled by a multicolor disk, whose inner temperature is
proportional to the fourth root of the X-ray luminosity
(Gierlinski & Done 2004). Given the known distance and
almost persistent stay in the high/soft state, LMC X-3 has been
identified as one of the most promising targets for black hole
spin measurements using the X-ray continuum fitting method.
Steiner et al. (2010) analyzed a large set of RXTE observations
and found a constant inner disk radius until reaching a critical
luminosity, found to be around 0.3 Lgygq (Where Lgyq is the
Eddington Iuminosity, Lgqq = 1.26 X 1038M/MD erg s_l). For
higher luminosities, the measured value for the innermost disk
radius increased, indicating a change in the structure of the
accretion disk or the disk atmosphere. To account for this
behavior, slim disk models were developed (Straub et al. 2011).
The slim disk is a solution with the aspect ratio H/R <1
(where H is the scale height of the disk and R is the radius from
the center). However, the apparent increase of the innermost
disk radius at high luminosity remained unsolved.

The black hole spin is closely related to the innermost disk
radius, assuming the accretion disk extends down to ISCO. The
first spin estimates were affected by uncertainty due to the
unknown mass of the black hole. More accurate spin
measurements were possible only following precise determina-
tion of the black hole’s mass from optical spectroscopy (Orosz
et al. 2014). The spin was measured through the X-ray
continuum fitting method as a ~ 0.2 (Steiner et al. 2014). The
low value of the black hole spin has been subsequently
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confirmed in more recent analyses (Bhuvana et al. 2022;
Yilmaz et al. 2023). Yilmaz et al. (2023) reported a measured
value for black hole spin as a~0.1. In their analysis, they
relaxed the condition of a constant innermost radius at ISCO
and showed a scatter of the inner disk radius measurements in
different observations during the outbursts (see their Figures 7
and 9).

In this paper, we present the analysis of the first IXPE
observations of LMC X-3, showing that the polarimetric data
are in line with the low spin of the black hole, previously
measured only by X-ray spectroscopy. The observations are
described in Section 2. The results of the spectropolarimetric
modeling are presented in Section 3 and discussed in Section 4.
Section 5 summarizes the main results of the analysis.

2. Observations

LMC X-3 was observed in 2023 July by multiple X-ray
instruments. All studied observations are summarized in
Table 1. Data reduction and processing are described in more
detail in the following sections.

2.1. IXPE

LMC X-3 was observed by IXPE on 2023 July 7-8 and
12-21 (ObsID: 02006599) with a total exposure time 562 ks.
IXPE detectors (Soffitta et al. 2021) can measure the Stokes
parameters /, Q, and U and they have imaging capabilities, so
the source and background regions can be spatially separated.
Level 2 event files were downloaded from the HEASARC and
then filtered for source and background regions using the
xpselect tool from the IXPEOBSSIM software package
version 30.5 (Baldini et al. 2022). The source extraction
regions were selected for each detector unit as circles with a
radius of 60”. The background regions were defined as annuli
with an inner radius of 180” and an outer radius of 280",

Polarization cubes were generated using the unweighted
pcube algorithm (Baldini et al. 2022). We produced PD and
PA in five energy bins and obtained significant detection in all
bins but the last. We further used the IXPEOBSSIM PHAI
algorithm to generate the weighted Stokes I, Q, and U
parameters with different binning in energy. For the analysis,
we used 11 bins (10 bins with a bin size 0.5 keV in the 2-7 keV
energy range, and 1 keV bin in 7-8 keV), while for plotting, we
used five bins to compare with the unweighted pcube results.
We used the IXPEOBSSIM unweighted algorithm to further
generate Q/I and U/I spectra that were converted to XSPEC-
employable FITS spectra with the FTOOL f1x2xsp with unit
response matrices.

2.2. NICER

The Neutron-Star Interior Composition Explorer (NICER) is
a soft X-ray timing mission deployed on the International
Space Station (ISS). NICER is composed of 52 silicon-drift
detectors, sensitive from ~0.2 to 12 keV, with <100 ns timing
fidelity (Gendreau et al. 2012). Each detector is paired with a
single-bounce reflector optic, all mutually co-aligned on the
sky. NICER carried out two observations of LMC X-3 during
the IXPE campaign, on 2023 July 8 and 17, corresponding to
OBSIDs 6101010117 and 6101010118, respectively. These
observations were obtained after one of the detector thermal
shields was damaged in 2023 May, which resulted in a light
leak during ISS daytime, which resulted in optical loading of
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Table 1
List of Observations
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Observatory Instrument Observation ID
IXPE GPD 02006599
02006599
NICER XTI 6101010117
6101010118
NuSTAR FPMA /FPMB 309020041002
309020041004
309020041006
Swift XRT 00089714001
00089714002
00089714003

Start Date End Date Net Exposure (ks)
2023-07-07 18:42:31 2023-07-09 13:39:07 105.2
2023-07-12 16:55:48 2023-07-20 14:19:34 458.6
2023-07-08 10:10:50 2023-07-08 16:34:40 2.14
2023-07-17 23:37:19 2023-07-17 23:40:14 0.16
2023-07-09 12:16:09 2023-07-09 23:51:09 27.6
2023-07-14 07:56:09 2023-07-15 06:31:32 28.1
2023-07-19 19:41:09 2023-07-21 07:16:23 29.0
2023-07-09 19:29:38 2023-07-09 19:31:50 1.3
2023-07-14 02:50:08 2023-07-14 16:54:56 1.8
2023-07-20 01:21:15 2023-07-20 04:42:56 1.9

the detectors, producing an increase in noise and potential
packet losses.>®

LMC X-3 could only be observed during ISS daytime, and
as a result, we found it necessary to use nonstandard filtering to
recover usable data. For both observations, 42 of NICER’s 52
detectors were turned on. We screened the active detectors for
outlier behavior on the basis of rates of X-ray, overshoot, and
undershoot events, flagging >10-(robust) o outliers from the
detector ensemble. This resulted in discarding all data from
between one and seven detectors per continuous GTI interval.
We obtained a useful exposure time of ~2.2 ks and ~160 s, for
the two observations, respectively, and were initially extracted
separately per continuous GTI segment. After checking their
mutual consistency, we merged them together for the spectral
analysis. In order to avoid contamination from low-energy
noise events, which are exacerbated by the light leak, we
restrict our analysis to an energy range >0.5keV. Response
products were generated based on the number of active
detectors, and rates were adjusted for 2 1% detector dead time
caused primarily by optical-loading events.

Because NICER is non-imaging, the spectral background is
determined via various empirical models (Remillard et al.
2022). We adopt the SCORPEON background model,” and is
normalized to the number of selected detectors.

2.3. NuSTAR

Three accompanying observations by the NuSTAR satellite
(Harrison et al. 2013) were performed at the beginning, in the
middle, and at the end of the IXPE observation with a total net
exposure time of ~85 ks, see more details in Table 1. NuSTAR
data were reduced using the standard Data Analysis Software
(NuSTARDAS). The NuSTAR calibration files available in the
CALDB database were used to calibrate the cleaned event files,
produced by the nupipeline task. The source regions were
selected as circles with a radius of 60” centered on the source
image, and background regions with a radius of 90” were
selected from the corner of the same quadrant in the source-free
region. The source spectrum is soft and background dominates
over the source above 20keV. Therefore, we limit the
NuSTAR data of LMC X-3 at high energy to be below
20 keV in all spectral analyses.

38 https:/ /heasarc.gsfc.nasa.gov /docs /nicer /analysis_threads/light-leak-
overview/
%9 https: / /heasarc.gsfc.nasa.gov /docs /nicer /analysis_threads /scorpeon-
overview/

2.4. Neil Gehrels Swift Observatory

Simultaneous to NuSTAR, the Neil Gehrels Swift Observa-
tory (Gehrels et al. 2004) observed LMC X-3 with exposure
times of 1.3 ks (ObsID: 00089714001, 2023 July 9), 1.8 ks
(ObsID: 00089714002, 2023 July 14), and 1.9 ks (ObsID:
00089714003, 2023 July 20). Individual X-ray Telescope
(XRT; Burrows et al. 2005) spectra were extracted using the
standard online tools provided by the UK Swift Science Data
Centre (Evans et al. 2009) using a source region of 60" radius
centered at the source location.

2.5. Software Tools for Data Analysis

We used the HEASOFT® software package (Blackburn 1995),
version 6.31, for the data reduction and rebinning, and the
XSPEC software package (Arnaud 1996), version 12.13, for the
spectral analysis. We rebinned all the NICER, NuSTAR, and
Swift data with the tool ftgrouppha and applied optimal
binning (Kaastra & Bleeker 2016) together with the condition
for a minimum signal-to-noise ratio to be equal to 3. For the
time-averaged spectral fits, we combined observations from
multiple exposures using ADDSPEC.PY.®' Across the entire
paper, the errors are quoted as 90% confidence levels if not
stated otherwise.

3. Results
3.1. X-Ray Polarimetric Measurements

The IXPE light curve is shown in Figure 1. LMC X-3 shows
a steady continuous increase of the flux during the exposure.
The count rate (averaged over all three GPDs) increased from
about 1.2 ctss ' at the beginning of the observation to
1.5 ctss™ ' at the end of the observation. The polarization is
characterized by the Stokes Q and U parameters divided by the
Stokes parameter [ (total number of counts). The Q/I and U/I
light curves are shown in the middle panels of Figure 1. The
variations observed are consistent with statistical fluctuations
only, with a successful joint fit of a constant to both Q/I and
U/I light curves achieving x?/dof = 153.7/166. There is also
no evidence for any significant changes in the spectral
hardness, defined as the difference between counts in the hard
(4-8 keV) and soft (2—4 keV) energy bands divided by the total
number of counts in the 2—-8 keV band, as shown in the bottom
panel of Figure 1.

0 hitps: / /heasarc.gsfc.nasa.gov /docs/software /lheasoft/
61 https://github.com/JohannesBuchner/BXA
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Figure 1. IXPE light curve: variation of the counts (top panel), normalized
Stokes parameters Q/I (second panel) and U/I (third panel), and spectral
hardness (bottom panel), as a function of time (in Modified Julian Date). The
dates of the accompanying observations by NICER and NuSTAR are indicated
as shaded regions.

Using the time-integrated measurements of the Stokes
parameters, we derived the PD and PA using the xpbin tool
within the pcube algorithm. The average 2-8 keV PD for all
three detectors is PD =3.1% + 0.4%, and the PA = —45° £ 4°
with the 1o errors. The measurements are above the so-
called minimum detectable polarization, MDPgg, which is the
degree of polarization, for which the probability of the
detection of the corresponding amplitude modulation only by
chance is 1% (Weisskopf et al. 2010). In our observation
MDPyg = 1.23% in 2-8keV. The energy dependence of PD
and PA is shown in Figure 2, with the data binned in five
energy bins. Measurement of the polarization above the MDPgyq
is achieved in the entire band with the exception of the highest
energy bin (6.5-8 keV), where the MDPy, is higher than the
actual measurement. In the 2-5keV energy band, the PD is
around 3%. An increasing trend of polarization with energy is
apparent from the plot, but the measurement uncertainty gets
significantly larger (see more in Section 4). The PA is
consistent with being a constant with only possible small
deviations at higher-energy bins.

3.2. X-Ray Spectral Analysis

To properly model and interpret the polarization measure-
ments, a robust spectral fit is first needed. For this purpose, the
long IXPE observation was accompanied by several exposures
with sensitive instruments suitable for a broadband spectro-
scopic analysis (see Table 1).

3.2.1. A Quick-look Analysis of the NICER, NuSTAR, and Swift
Accompanying Spectra

We first analyzed the NICER, NuSTAR, and Swift spectra
using a simple absorbed multicolored disk blackbody emission
(Mitsuda et al. 1984) and power-law component for the
Comptonization, which allows us to estimate the disk
temperature and the fraction of the Comptonized emission in
the X-ray spectra. We used the tbabs model to account for

Svoboda et al.

absorption in the line of sight in our Galaxy (Wilms et al. 2000)
and fixed the value of the hydrogen column density to
Ny=45x10" cm 2 from a full sky HI survey (HI4PI
Collaboration et al. 2016). We further add a cross-normal-
ization factor to account for changes between different
instruments. The model in XSPEC notation is constx
tbabs* (diskbb + powerlaw). The disk temperature as
well as the power-law photon index values were linked
between different instruments and also between different
exposures. Only the normalization factors of both components
(disk blackbody and power law) were allowed to vary to
determine if there is any spectral variability and of which
component.

We found that the spectrum is dominated by the disk
blackbody emission with the Comptonization component
significant only for NuSTAR observations that have a coverage
above 10keV, see Figure 3. For the inner disk temperature, we
obtained the value kT ~ 1.1 keV. We get the power-law photon
index of I'~2.4. The NuSTAR observations reveal a clear
variability of the Comptonization component above ~15 keV.
The simple diskbb + powerlaw model allows us to estimate
the fraction of the Comptonized emission, which is less than
1% in 2-8 keV. The model decomposed in the two components
is plotted in Figure 3 for the three NuSTAR observations. The
strongest Comptonization component is measured in the last
observation. However, it is evident from the plot that the
Comptonization contributes very little to the IXPE 2-8 keV
energy band, and thus we can assume that the measured
polarization is related to the main component, which is the
thermal emission of the accretion disk.

From comparing the three Swift spectra, we see that there is
no significant variability in the soft X-ray band, confirming the
results suggested by the IXPE hardness ratio shown in
Figure 1. The only apparent but small difference is around
1.5keV between the first and the other two observations (see
the bottom panel of Figure 3). Any further investigation of this
discrepancy is beyond the scope of this analysis, and therefore,
we limited the Swift spectra to be in the 2-8 keV energy range
for further spectral analysis with the merged spectra
(Section 3.2.2). Similar discrepancies below 2 keV are likewise
seen between Swift and NICER measurements. These residuals
lead to a fit that is not formally acceptable, with a chi-square
value of x> = 1255 for 411 degrees of freedom (Xfe 4~ 3).

3.2.2. Spectral Analysis with Relativistic Models for the Accretion
Disk Emission

Owing to the detection of little spectral variability, we
further use merged Swift and NuSTAR spectra. There are
known calibration uncertainties with the IXPE spectra, and we
therefore applied the gain model to fit the offset slope and
intercept for IXPE. We further performed a spectral analysis of
seven data sets (one NICER, two NuSTAR detectors FPMA
and FPMB, one Swift, and three detectors of IXPE) with a
cross-calibration constant fixed to 1 for NICER and allowed to
vary between 0.8 and 1.2 for the other detectors. Figure 4
shows the time-averaged spectra of different detectors in the
first (top) panel.

We first employed a relativistic accretion disk model
kerrbb (Li et al. 2005) convolved with a nonrelativistic
Comptonization model simpl (Sunyaev & Titarchuk 1980;
Steiner et al. 2009), allowing for both up- and down-scattering.
For absorption, we employed the tbfeo model allowing for
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Figure 3. Top: unfolded spectra (plot eufspec in XSPEC) with a joint
spectral fit using the simple absorbed diskbb+powerlaw model employing
the NICER and three Swift and NuSTAR exposures. Bottom: the residuals of
the data from the model.

different oxygen and iron abundances. Because the LMC is a
low-metallicity environment, we let the abundances be in the
interval 0.25—1. The fit converged to Ny~ 0.03 x 10** cm >
with the oxygen and iron abundances being pegged at their
low-value limits at 0.25. We note that since the column density
is lower than the column density expected in the line of sight in
our Galaxy, the low oxygen and iron abundances may be an
artifact of calibration uncertainties in the 0.5-1keV band for
NICER and/or due to variations of the absorption column
within our Galaxy. No evidence for local absorption is
consistent with LMC X-3’s location at a large distance from
the center of the LMC, away from any gaseous nebulae.
With the tbfeoxsimpl+kerrbb model, we obtained the
dimensionless black hole spin a = 0.20 £ 0.02, accretion rate
M ~ (4.5-5.6) x 10'8 gs~' and the photon index pegged at
I' =2.0, which was the lowest allowed value. We allowed the
hardening factor of the kerrbb model to vary and we
obtained /i, ~ 1.7 for NuSTAR and £, =~ 1.9 for NICER. The fit
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Figure 4. Top: time-averaged NICER, NuSTAR, Swift, and IXPE data.
Middle: the residuals of the data from the model using tbfeoxsimpl *
kerrbb. Bottom: the residuals of the data from the final best-fit model.

was formally not acceptable with \?/v=676/274~2.5,
mainly due to discrepancies between NICER and NuSTAR
data, whose residuals had opposite slopes in the overlapping
energy band (see the second panel of Figure 4 at 3-8 keV
energy band).

The lowest measured accretion rate 4.5 x 10" gs
corresponds to the luminosity L = 77Mc 0.3 Lggq, where n
is the accretion efficiency 1~ 0.065 (for a =0.2). At such a
luminosity, LMC X-3 might deviate from the standard thin disk
model, and a slim disk scenario was proposed to take place at
the high-luminosity regime (Straub et al. 2011). Therefore, we
replaced the kerrbb model with the slimbh model
(Sadowski et al. 2011; Straub et al. 2011), and we obtained a

—1
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Table 2
Spectral Fit Parameters with the Final Preferred Spectral Model
Component Parameter Description Value
(units) NICER NuSTAR Swift IXPE
TBfeo Ny (102 cm™2) H column density 0.046 + 0.003
(6] Abundance 03+0.2
Fe Abundance 0.8+04
SLIMBH M, (M) Black hole mass 6.98 (frozen)
a/M Black hole spin 0.19 £+ 0.02
Liaa Luminosity 0.40 £ 0.01 0.43 £ 0.01 0.41 £ 0.02 0.5010:02
i (deg) Inclination 69.2 (frozen)
«a Viscosity 0.1 (frozen)
Dy, (kpe) Distance 49.59 (frozen)
hd Color hardening —1 (i.e., using TLUSTY)
lfiag Limb darkening 0 (frozen)
Viiag Self-irradiation 0 (frozen)
norm Normalization 1 (frozen)
SIMPL r Photon index 2.7+0.3
FracSctr Scattered fraction 0.012759%
x*/dof 277/265 ~ 1.04

Note. The final model in the XSPEC notation is constantxedgexgabs*tbfeo*simpl+slimbh. Model parameters for cross-calibration and instrumental

features are summarized in Table 3.

significantly better fit with y?/v=414/277~1.5. The
s1limbh model improved the consistency of the data residuals
between NICER and NuSTAR.

The only residuals were now narrow features around 2 and
2.4keV for NICER and 10keV for NuSTAR, which can be
seen in the second panel of Figure 4. Similar residuals in the
NICER data were reported in some previous analyses and
attributed to calibration uncertainties, see, e.g., Wang et al.
(2021) and NICER calibration documentation.®” The 10 keV
dip in the NuSTAR data is not apparent in a simple diskbb
+powerlaw fit (see Figure 3), and is thus most likely a model-
dependent feature present in residuals of both the simplx
kerrbb and simplkxslimbh models. A similar feature was
also reported in the analysis of LMC X-1 with the kerrbb +
nthcomp model (Podgorny et al. 2023), suggesting its relation
to an interplay between a high-energy tail of the relativistic
thermal disk emission model and Comptonization. For our final
model, we account for the 2 and 10 keV features with narrow
Gaussian absorption lines and the 2.4keV feature with a
smeared-edge component. The goodness of the final fit is
x%/v=1277/265 ~ 1.04. The residuals from the best-fit model
are shown in the third panel of Figure 4.

The values of the best-fit model are summarized in Table 2.
The spin value is consistent with the measurements using the
kerrbb model, a ~ 0.20 & 0.02. The spectral hardening in the
s1imbh model is not a free parameter, but is instead calculated
using the vertical structure computed using the TLUSTY code
(Hubeny & Lanz 1995). The estimated luminosity is in the
range of L =0.40-0.45 Lgyq depending on which detector is
considered (the slightly higher value for IXPE can be, however,
affected by the fitted cross-calibration constants lower than 1).
The parameters of the Comptonization model simpl were
constrained well only from the NuSTAR spectra, and therefore,

62 https: / /heasarc.gsfc.nasa.gov /docs /heasarc/caldb/nicer/docs /xti/
NICER-xti20221001-Release-Notes.pdf

we linked the values between the different detectors. The
photon index is I'=2.7+ 0.3 and the scattering fraction is
0.0120:50}. Similarly, absorption was best constrained from the
NICER data and we linked the absorption parameters for the
different detectors to it.

In our preferred model, the black hole mass and inclination
are initially fixed to the values from the dynamical measure-
ments (Orosz et al. 2014). Because in the IXPE observation of
Cyg X-1 the inclination of the innermost accretion disk from
the X-ray spectroscopy and polarimetry was found to be
different from the value for the orbital inclination
(Krawczynski et al. 2022), we also performed an alternative
spectral fit with free inclination. The best-fit value of the
inclination changed slightly to i = 71.8739 deg, and the
corresponding inferred luminosity increased from L=
0.43 Lggq to L = 0.48 Lggq. The goodness of the fit improved by
Ax?=310-317=—7 compared to the initial fit. This
improvement was only marginal and we conclude that the
inclination of the accretion disk constrained from the X-ray
spectra is consistent with the inclination of the binary system
constrained from the optical measurements.

3.3. Spectropolarimetric Analysis

We first included the IXPE Q and U spectra in our analysis
by taking our best-fitting spectral model from Table 2 and
assigning a constant PD and PA to it using the polconst
model. For Q and U spectra, we applied the same gain as for /
spectra, and we also kept the cross-normalization factors. The
only free parameters were the PD and PA, noted as A and ¢ in
the polconst model. Considering the full IXPE bandpass
yields a PD of A =3.2% 4+ 0.6% and a PA of ) = — 42° + 6°.

To test whether the polarization is increasing linearly with
the energy, we replaced the polconst model by pollin and
fitted the 2-8 keV I, O, and U spectra. The polarization fraction
in the pollin model is parametrized with the polarization
fraction at 1keV, A;, and the slope Agope. We obtained a


https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/nicer/docs/xti/NICER-xti20221001-Release-Notes.pdf
https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/nicer/docs/xti/NICER-xti20221001-Release-Notes.pdf
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Figure 5. Polar plot of the polarization measured in different energy ranges
with the spectral best-fit model. The filled contours correspond to the 68% (10)
and the outer contours to the 99.9% confidence levels, respectively.

similarly good fit as with the polconst model with
A = 1f%% and Agope = (6 £ 6) X 1073, ie., being consistent
with the polarization being constant. The statistical improve-
ment is only marginal with Ax*~ 2 for one additional free
parameter, giving the F-test probability ~0.4 that the
improvement is just coincidental.

To investigate any (other than linear) energy dependence, we
performed the fit in four different energy bands spanning
2-8keV and calculated contours using 50 steps in each
parameter. We defined the energy bands as 2-3, 3-4.1, 4.1-5.3,
and 5.3-8 keV. Figure 5 shows the resulting contours in the
polar plot of PD and PA. While there is an apparent trend of
increasing PD with the energy as in Figure 2, the significance
of the change is not high. The PD is consistent with being a
constant below 5 keV, and increases with energy above 5 keV
only at the 1o confidence level.

We then proceeded to fit physical models that self-
consistently predict energy-dependent polarization properties.
Since no polarized slim disk model currently exists, we were
limited to fitting standard thin disk models. We employed
models from the relativistic package KY (Dovciak et al. 2004),
which has been developed for spectral, timing, and polarimetry
analysis. For simplicity, we neglected the contribution due to
the Comptonization that is less than 1% in the 2-8 keV energy
range (see Figure 3). We employed the relativistic thin
Novikov-Thorne disk model kynbbrr (Taverna et al. 2020;
Mikusincova et al. 2023). This includes the same parameters as
kerrbb, with some extra parameters required to specify the
polarization properties such as the position angle of the disk
(and black hole) rotation axis on the plane of the sky x, the
optical depth of electron scattering in the disk atmosphere T,
and the albedo that defines the reflectivity of the disk surface
for returning radiation (radiation that is lensed by a black hole
such that it returns and reflects on the other part of the disk
before reaching an observer). The Stokes parameter in the
model allows us to define how the polarization is calculated.
We used Stokes = —1, which reads the polarization from
loaded I, Q, and U spectra.

A joint fit of the IXPE I, O, and U spectra provided
an acceptable fit with x*/v=102/95 using the constx
tbfeoxkynbbrr model. The parameters of the absorption,
cross-normalization constants, and gain parameters were fixed
to the values from the previous global spectral fit (see Tables 2
and 3). The only free values in the kynbbrr model were black
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hole spin, measured as a=0.140.1, the accretion rate
M = 0.457 007 Mgaq, the position angle of the disk rotation axis
Xo=47°+6° and the normalization parameter Ny =
0.042 4+ 0.005. The accretion rate M =~ 0.45 Mgy, is consistent
with the previous finding using the kerrbb and slimbh
models. The normalization in the kynbbrr model would be 1
for a source at a distance of 10 kpc. The distance of LMC X-3
is &50 kpc, and thus, the normalization value is expected to be
around 1/5% ~0.04, consistent with the measurement.

3.4. Black Hole Spin Measurements from the Polarimetry

For fitting the black hole spin from the polarimetric
measurements only, independently of the total spectrum, we
employed the normalized Q/I and U/I spectra, to which we
applied the kynbbrr model with the normalization fixed to 1.
The Stokes parameter in the kynbbrr model, which is a
switch parameter defining the output of the model, needs to be
set to 8 for Q/I and 9 for U/I, respectively. The normalization
in this case needs to be set to 1. We fixed the accretion rate to
M = 0.45Mgqq. We tested two cases of albedo, 0 and 1. While
the albedo = 0 means that no returning radiation is taken into
account, albedo = 1 corresponds to the 100% reflectivity of the
gravitationally light-bended returning radiation. The albedo is
important mainly for a highly spinning black hole when the
ISCO extends closer to the black hole and more returning
radiation is expected (Cunningham 1976).

For the albedo equal to 0, we fitted the Q/I and U/I spectra
with the black hole spin a and X, as free parameters. We
obtained a perfectly acceptable fit with x*/v=19.9/20 ~ 1.0,
a < 0.66, and yo=44°6 £+ 6°4. The energy-dependent PD and
PA output of this model is plotted in Figure 2 by a dashed
(blue) line. For a nonzero value of the albedo, the model is
currently calculated for 20 values of the spin and does not
allow for a direct fitting of this parameter. We applied the
steppar command in XSPEC to calculate the x2 values for the
different values of the black hole spin, and for the comparison,
we performed the same procedure for albedo equal to 0.

Figure 6 shows the dependence of the fit goodness against
the spin value for the two cases with albedo equal to O and 1,
respectively. With 90% confidence, the black hole spin is
required to be lower than 0.66 for albedo =0 and lower than
0.3 for albedo = 1. The case of albedo = 0 is preferred by the fit
with lower x* values. The results indicate that the sole
polarimetry measurements are consistent with the low black
hole spin in LMC X-3, independently of the spectral fitting.

4. Discussion

With the best-fit spectral model, we obtained for the
polarimetry PD =3.2% + 0.6% and PA =—42°+6° in the
2-8keV energy band, assuming a constant polarization over
energy. These measurements are in perfect agreement with the
values (PD=3.1%+04% and PA = —45°+4°) obtained
from an alternative analysis using the xpbin tool within the
pcube algorithm (see Section 3.1).

Regarding the PA measurements, there are no known large-
scale physical structures associated with LMC X-3 with which
to compare the PA. LMC X-3 is persistently in the high/soft
state and no jet has been detected in the radio despite several
efforts (Fender et al. 1998; Gallo et al. 2003; Lang et al. 2007).
There is also no evidence for ionization cones in the far-UV
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Table 3
Modeling Cross-calibration and Instrumental Features in the Final Spectral Fit
Component Parameter NICER NESTAR Swift IXPE
FPMA FPMB GPD 1 GPD 2 GPD 3
CONSTANT 1 (frozen) 1.18 £ 0.03 1.16 £+ 0.03 1.23 +£0.07 0.88 +0.02 0.86 + 0.02 0.81 +0.02
GABS E (keV) 2.07 £ 0.04 9.9+0.1 2.14 4+ 0.04
o (keV) 0.08 " 002 pegeed 0.1 (pegged) 0.03 +0.03
EDGE E (keV) 2.35 4+ 0.05
7 (keV) 0.02 £ 0.02
GAIN slope 0.95+0%2 0.96 + 0.01 095002
offset (keV) 0.08003 0.0579%3 0.07+3%
T 14 T T T T T
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Figure 6. Polarimetry constraints of the black hole spin, expressed as the 0
goodness of the fit (as the x? values) vs. black hole spin from Q/I and U/I 2 3 4 5 6 7 8

fitting with the kynbbrr model for two extreme values of albedo: 0 (black
solid line) and 1 (red dotted—dashed line). The dotted horizontal lines represent
90% confidence levels.

(Hutchings et al. 2003), or the presence of any significant
emission or absorption lines in soft X-rays (Page et al. 2003).

The level of the PD is consistent with expectations for the
thermal disk emission around a black hole with a low spin and
high inclination (see the case of a =0 and i = 70° in Figure 4 in
Mikusincova et al. (2023) with a constant PD just slightly
below 3%). The Novikov-Thorne model, assumed in the
kynbbrr spectral model, provides a reasonably good fit to the
X-ray polarimetry despite the best-fit spectral model employing
a slim disk. This is most likely explained by the limited
statistics of the X-ray polarimetry fit, while the spectral fit is
sensitive to small differences between the kerrbb and
slimbh models, which can possibly be attributed to the
treatment of the spectral hardening in these models.

The black hole spin, solely constrained from the X-ray
polarimetry using normalized Stokes parameters Q/I and U/I,
is consistent with the results of determining the spin from the
spectral fitting. The constraints on the spin are tighter if the
reflection of the returning radiation is taken into account, but
even for a model with no reflected returning radiation
(albedo = 0), the spin is constrained to be less than 0.7 (see
Figure 6).

While the X-ray polarization is well described by the model
with constant PD with energy, the data tentatively indicate an
increase in the PD with energy, which is most prominently
visible in the plot showing the results from the pcube analysis
(see Figure 2, especially above 5keV). At higher energies,
however, the uncertainty of the polarization measurements

E [keV]

Figure 7. Comparison of the energy dependence of the PD in X-ray binaries in
the high/soft state dominated by the thermal emission of the accretion disk.

increases due to a lower number of counts, and thus in our case,
the PD increase with energy is suggested with only marginal
statistical significance (see Figure 5).

The increasing energy dependence is included in the model
variant kynebbrr of the KY package. We employed this
model using the same spectral parameters from the fit of the
kerrbb model with only free parameters to be the optical
depth 7 and x. The spin was set to a = 0.2 because letting it
free will lead to a tight degeneracy with 7. The accretion rate
was fixed to M = 0.45Mgqq, the albedo to 0, and the
normalization to 1. We obtained a very good fit with
X*/v=15/20~0.75. The x*/v <1 indicates that the errors
might be overestimated. The best-fit parameters are
Xo=45°+6° and 7 = 575. The PD and PA using this model
are shown in Figure 2 (green dotted—dashed line), showing the
increasing trend of the PD with energy and being more
consistent with the measurements at high energies.

The trend of increasing PD with energy and roughly constant
PA seems, nevertheless, to be typical for observations of
BHXRBs in the high/soft state. A comparison of the behavior
of the PD with energy for three BHXRBSs in the high/soft state
is shown in Figure 7, where a similar trend is apparent for all
sources. Various explanations have been proposed, and
different scenarios might be responsible for the observed trend
in different sources. In the most prominent case of 4U 1630-47,
the PD increase with energy is statistically very significant. A
possible explanation attributes this to absorption in the upper
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layer of the accretion disk in combination with a relativistic
bulk motion, which could also explain a higher PD than
expected from an accretion disk with an electron-scattering-
dominated atmosphere (Ratheesh et al. 2023). For 4U 1957
+11, the increase can be explained by a combination of a high
spin value and high albedo (Marra et al., in preparation). High
albedo is, however, unlikely in the case of LMC X-3 given the
low value of the black hole spin. To perform a robust statistical
test of the significance of the PD’s increase with energy, a
longer observation would be needed to obtain a significant
measurement up to 8 keV.

5. Conclusions

We report on the first X-ray polarimetric observation of the
accreting stellar-mass black hole LMC X-3 with the IXPE. The
polarization is significantly detected with the PD being
3.2% + 0.6% and PA measured as —42° £ 6° in the 2-8 keV
energy band. We performed a spectropolarimetric fit, including
the accompanying observations by the NICER, NuSTAR, and
Swift satellites, showing that the X-ray spectrum is best
modeled by a slim accretion disk with an intrinsic luminosity of
L~0.4 Lgyqq. We used the spectral data to measure the black
hole spin a~0.2. Using solely the polarimetric normalized
Stokes parameters Q/I and U/I, we obtained for the black hole
spin a < 0.7 at a 90% confidence level, in agreement with the
spectroscopic measurements.
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