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Figure 2. Hardness—intensity (left) and color—color (right) diagrams during the IXPE observations, binned in time bins of 180 s, with color highlighting the three

phase intervals chosen for the subsequent analysis.
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Figure 3. Spectral energy distribution of Cir X-1 during P2 (left) and P3 (right) in EFj representation using NICER and NuSTAR (FPMA and FPMB) data and

showing the different model components.

at the wilm values (Wilms et al. 2000); we started with a
tbabs model but found that there were residuals better taken
into account using tbfeo. The resulting model is written in
XSPEC as tbfeo” (diskbb+comptt+Gauss+Gauss).
We started by leaving all the parameters free but found the
temperature of the disk to be degenerate with its norm. We then
fixed the disk temperature to a value minimizing the x> and left
the norm free in the subsequent fit; the resulting best-fit models
are shown in Figure 3, and the parameters are given in Table 2.
We see that the flux during P3 is lower than in P2, and the
spectrum is harder. This is also reflected in a significantly
higher optical depth 7, during P3, while the electron
temperature is nearly the same. We left a free constant between

NICER and NuSTAR, as well as between the different
NuSTAR modules: the two NuSTAR modules, normalized to
NICER, have values of 1.16 and 1.14 in P2 and 1.39 and 1.37
in P3. Since NuSTAR shows calibration uncertainties (Madsen
et al. 2022), we left free a gain offset in the fit. No systematic
errors were added to the fits (a known systematic error of
<1.5% 1is already applied to NICER data by the NICER
pipeline nicerl3-spect). From the relative fluxes of the
components in the nominal IXPE energy band of 2-8 keV, we
see that, even if both components are present, the dominant
component is comptt. One of the Gaussians is an instru-
mental NICER feature, while the other is not visible due to a
low IXPE energy resolution with respect to NICER and
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Table 2
Best-fit Parameters of the Spectral Model tbfeo™ (diskbb+comptt
+Gauss+Gauss) Applied to the Simultaneous Data from NICER and

NuSTAR
Model Parameter P2 P3
tbfeo Ny (102 cm™?) 3.0103 3.09759]
Fe (10 cm™?) <1.6 <0.3
0 (102 cm™?) 2,608 2.7193
diskbb kT, (keV) 0.85° 0.7
norm ([Ri,/Djo]? cos ) 41732 360112
comptt kT (keV) 1.00 £ 0.03 0.74 £ 0.01
kT. (keV) 2561003 253910006
T 493459 7225008
norm 0.68 & 0.02 0.5053¢
Gauss Eiine (keV) 6.5+0.1 6.04799}
o (keV) 127439 1755034
norm (photon s ' cm™?) 0.017 £0.003  0.034 + 0.002
Gauss Ejine (keV) 1.7% 1.7%
o (keV) 0.08 £ 0.03 0.08°
norm (photon s ™! cm™?) 0.009 £ 0.0003  0.005 = 0.001
x?/dof 1271/1222 = 1.04 1398/
1226 = 1.14
Photon flux in 2-8 keV
Fioe (1078 ergs™! cm™2) 2.09 153
Fiskon/ Frot 0.18 0.09
Feompin/ Fiot 0.79 0.85
Faauss/ Frot 0.03 0.06

Notes. Errors are reported at a 68% CL.
# Frozen.

NuSTAR. Therefore, in the following spectropolarimetric
analysis of the IXPE data, we only considered the comptt
component.

4. Polarization Analysis

We studied the polarization of Cir X-1 in the three different
phase and HR intervals. We first performed a study
independent of any spectral model using the pcube algorithm
of the IXPEOBSSSIM software (Baldini et al. 2022). Then we
also studied the polarization applying the spectropolarimetric
analysis in XSPEC (Arnaud 1996) by fitting the /, Q, and U
spectra. In agreement with the spectral models reported in
literature (see, e.g., D’Ai et al. 2012), we describe the [
spectrum with the model: tbabs*comptt, setting the
abundances to the values of Wilms et al. 2000, for the
comptt model the geometry assumed is a disk
(Titarchuk 1994), the hydrogen column density is fixed at the
values found in the fit from the previous section for P2 and P3,
and for the intermediate value for the HR bins. We did not fit
the P1 data, since they are too short, have too few counts for
polarimetric studies, and have no contemporaneous NuSTAR
data (however, we still studied these data using pcube). To
take into account IXPE calibration uncertainties (Di Marco
et al. 2022b; Rankin et al. 2023), we left the gain slope and
offset free, obtaining values, respectively, of the order of 95%
for the slope and in the 0.005-0.2keV range for the offset.

Rankin et al.

The results for the spectral modeling in the two phase intervals
and three HR intervals are reported in Table 3. For the
spectropolarimetric analysis, we use the best-fit spectral fits
from Table 3 and then fit Q and U using the model polconst
in XSPEC (see Table 4 for the obtained results). We also
attempted fitting with the pollin model, but this gave no
improvement over polconst. We considered fitting with a
double polconst model (tbabs™ (comptt™polconst +
diskbb*polconst) ). However, in this case, due to the low
flux of diskbb, not all bins under consideration provide an
acceptable fit with all parameters constrained, and we are not
able to separate the two components.

4.1. Polarization along the Orbital Phase Intervals

We first studied the PD and PA into each single phase
interval in the whole IXPE 2-8 keV energy band. Figure 4 (top)
shows a polar plot representing the PD and PA confidence
regions in the three phase intervals defined in Figure 1. The
polarization in the first phase interval (P1)—the low—hard state
—is unconstrained, as expected due to the low counts; the
polarization in the remaining two phase intervals—P2 and P3
—is significantly detected at a confidence level (CL) higher
than 99%. We also observe a clear rotation of the PA by
49° 4 8° between P2 and P3; a 90° rotation is not consistent
with this result at a 99.5% CL. The numerical values of
polarization obtained in this analysis are reported in Table 5.
The results obtained in these phase intervals using XSPEC are
summarized in Table 4.

We also attempted to measure the polarization properties in
different energy bands (bottom panels of Figure 4). No
evidence for an energy dependence at a 90% CL is observed
in any energy band; however, there are low-significance hints
of a PD energy dependence in P2 and P3. There is also a low-
significance indication of a PA rotation with energy in P1; the
PA at lower energies is consistent with the PA measured in P3,
while at higher energies, it is similar to that of P2.

4.2. Polarization as a Function of HR

Since HR varies during the orbit—even inside the phase
intervals we considered above—we studied the polarization in
different HR states. This analysis is also useful to have an idea,
given the difficulties in the determination of the spectral
components, of the polarization of the different emission
regions/components. We used the HR values in the time bins
of Figure 1 (bottom) to define three different HR intervals: HR1
in the range 0.5-0.6, HR2 in the range 0.6-0.7, and HR3 in the
range 0.7-0.8. Given the large uncertainty on each HR value—
at a level of ~0.05—we used the average HR in larger time
bins of 2000 s each to populate the three HR intervals in the
polarimetric analysis. This average curve is reported in Figure 5
(top).

The polarization computed from events in these HR bins is
shown in Figure 5; the numerical values are reported in
Table 5, while those obtained with XSPEC are in Table 4. The
two estimates are compatible. In the 2—8 keV energy band, the
PD is compatible in the three HR intervals, while the PA shows
a gradual rotation as the HR changes, with a total rotation of the
PA by 67° &+ 11° between the lowest and highest HR bins; a
90° rotation is not consistent with this result at a 68.2% CL.
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Table 3
Best-fit Parameters Obtained by Fitting IXPE Data with the XSPEC Model const*tbabskcomptt

x?/dof Ny (10%% cm™?) (fixed) Ty (keV) kT. (keV) ™ Norm
P2 417 /435 2.77 0.509%2 1.57°9% 115404 1715903
P3 446 /435 2.65 0.595004 2155548 94404 0.77:3%
HR1 404/429 2.7 0.62:0%2 1725097 9.1+ 15507
HR2 397/435 2.7 0.501001 1687003 114403 121598
HR3 398/433 2.7 0.61093 2.1192 101792 0.881503

Note. Uncertainties are at a 68% CL.

Table 4
Polarization Properties Obtained by Fitting the XSPEC Model
constxtbabs*polconstxcomptt to the IXPE I, Q, and U Data

x?/dof PD (%) PA (deg)
P2 594/589 13402 4045
P3 603,/589 1.1+£03 —10+7
HR1 609/583 1.1+03 4349
HR2 551/589 1.1+02 2746
HR3 549/587 1.6+£04 —24+7

Note. Uncertainties are at a 68% CL.

The polarization in different energy bands is reported in
Figure 5 (bottom). No evidence for an energy trend at a 90%
CL is observed in any energy band, but there are only hints of
an increase of PD with energy.

5. Discussion and Conclusions

We studied the X-ray polarization of the NS-XRB Cir X-1
for the first time. With the available statistics, there is no
significant variation with energy (see bottom panels of
Figures 4 and 5). In other XRBs observed by IXPE, an
increase of the PD with energy was observed, but in this case,
we only have hints of such an increase; we also find low-
significance hints of a rotation of the PA with energy in the
hard state at the beginning of the IXPE observation (P1 of
Figure 4), which is the state where the Comptonization
component is stronger. Comparing with Gnarini et al. (2022)
and Poutanen et al. (2023), we find that the energy trend in
polarization for the Cir X-1 observation is compatible with a
shell or sandwich/wedge coronal geometry (with an inclination
of <80°) but not a slab geometry, for which a pronounced
increase with energy would be expected. However, none of
these two scenarios can fully explain our observation, where a
change of the polarization is observed as a function of time and
HR. This can be explained in terms of a scenario such as the
one in Figure 6 (described in more detail below), where an SL
and a BL are present, allowing for a deeper analysis capable of
estimating the system inclination and the inclination of the N'S
axis with respect to the disk, but no such model is currently
available in the literature.

Along Cir X-1's orbit, we observe a rotation of the PA by
49° + 8° between different phase intervals (Figure 4), while the
PD stays constant within the same observing phase intervals.
With the accretion flow expected to be related to the orbital
variations of Cir X-1, we perform an analogous study in HR
intervals; we also observe in this case a constant PD with a
rotation of the PA by 67°+ 11° (Figure 5). The rotation

between phase intervals is compatible with the rotation
between HRs within a 68% CL.

From a spectral point of view, comptt dominates in the
IXPE energy band. However, at least two components are
present, as reported in Section 3. Thus, the variations along the
orbit can be due to a superimposition of two different
components contributing in a different way along the phase
intervals. Looking at the top panel of Figure 5, we see that all
phase intervals are dominated by HR2 (~60%), with a
contribution from HR1 (~35%) in P2 and from HR3 (~35%)
in P3. This confirms a scenario where the accretion flow—and
the HR—varies along the orbit, with the harder state gradually
becoming dominant as we get further away from the end of the
dip (close to the beginning of the first IXPE observation). This
is compatible with a model in which the accretion disk changes
during the orbit due to its eccentricity (Johnston et al. 1999). In
this model, the modulation in the X-ray luminosity is due to
orbital variations in the mass accretion of the compact star;
during the periastron passage, the companion star overfills its
Roche lobe, and the accretion disk is perturbed through both
tidal interaction and a sudden surge of material inflow,
triggering an X-ray outburst.

We can interpret variations of the PA as due to two spectral
components with significantly different PAs: a lower-energy
one dominating at low HR and a harder one dominating at
higher HR. In the intermediate HRs, the two components are
mixed. Such a two-component model, composed of, e.g., a
multicolor blackbody from the accretion disk and a Comp-
tonized component, is the obvious candidate to explain two
components in the polarization and so has been proposed for
the other IXPE observations of weakly magnetized accreting
NSs (Ursini et al. 2023a; Di Marco et al. 2023b; Capitanio et al.
2023; Cocchi et al. 2023; Farinelli et al. 2023). From simple
geometrical considerations, and in the absence of relativistic
effects, each component can be expected to be polarized either
parallel or orthogonal to its symmetry axis. The PA of the
optically thick accretion disk is expected to be perpendicular to
the position angle of the rotation axis. Relativistic effects may
cause a small decrease (for counterclockwise rotation) of the
PA by 5°-10° (Loktev et al. 2022). The Comptonization
component can be associated either with the BL (which is
coplanar with the accretion disk) or with the SL at the NS
surface. The PA of the BL is likely nearly aligned with the PA
of the accretion disk. In the absence of relativistic effects, the
PA of the optically thick SL emission is parallel to the rotation
axis. Due to aberration and Doppler boosting, the emission is
expected to be dominated by the part of the SL. moving toward
the observer, breaking the symmetry and causing a decrease
(also for counterclockwise rotation) of the PA by up to ~20°—
30° depending on the parameters (A. Bobrikova et al. 2023, in
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Figure 4. Polar plot of polarization, computed using the pcube algorithm from the IXPEOBSSSIM software (Baldini et al. 2022), for the three phase intervals defined
in Figure 1. (Top) Polarization in the entire IXPE energy band is reported. The shaded region indicates the direction of the jet (see discussion), and the black lines
indicate this direction and its orthogonal direction. Contours are reported at the 68%, 95%, and 99% CLs. (Bottom) Polarization in different energy bands for the three

phase intervals, with contours showing the 90% CL.

Table 5
Polarization for Different Phase Intervals and HR Using pcube
PD (%) PA (deg) Q/1 (%) U/I (%) MDP (%)
P1 1.1+14 —2+34 1.1+14 —0.1+14 4.1
P2 1.6 £0.3 37+5 0.4+03 1.54+03 0.79
P3 14+03 —-12+7 1.24+0.3 —0.5+0.3 0.98
HRI 1.6 +04 40+7 02+04 1.5+ 04 1.2
HR2 1.3+03 24+6 09403 1.0+ 0.3 0.79
HR3 19+05 —-26+7 1.24+05 —-1.5+05 1.5

Note. Uncertainties are at a 68% CL. The minimum detectable polarization
(MDP) is the maximum polarization produced by statistical fluctuations at a
99% CL.

preparation). If the SL is optically thin, the PA may rotate by an
additional 90° (Sunyaev & Titarchuk 1985; Viironen &
Poutanen 2004). However, it is clear from this consideration
that the difference in the PA of 50°-60°, as found for Cir X-1,
is impossible to produce.

The coexistence of two components with such a large
difference in the PA may be explained if their symmetry axes
are not aligned. This can be related, for example, to a
misalignment of the NS angular momentum with respect to the
orbital axis, thus causing a shift of the symmetry axis of the
Comptonization region (associated with the SL) with respect to
the disk (Abolmasov et al. 2020). We note here that Cir X-1 is

not the only source for which such a misalignment might be
present, but there are other hints; in Cyg X-2, the PAs of the
two components are 66° apart (see Figure 7 in Farinelli et al.
2023), while in XTE J1701—462 and GX 5—1, the difference is
~40°(Cocchi et al. 2023; Fabiani et al. 2023). Also, X-ray
polarimetry provided evidence for a misalignment in the X-ray
pulsar Her X-1 (Doroshenko et al. 2022). Such a misalignment
is in fact more likely for Cir X-1 than for other NS systems, as
the system is younger than 4600 yr (Heinz et al. 2013); if the
newly formed NS spins out of plane with respect to the binary
system, there is not enough time to come to the alignment of
the spinning axes.

At the same time, the accretion disk itself has a lower
temperature compared to the Comptonization components
(Taria et al. 2008) and does not contribute significantly to the
IXPE band. Thus, the only other option for the second
component is the BL. At low accretion rates (Figure 6, left), the
disk is terminated at the innermost stable orbit of ~3
Schwarzschild radii (i.e., about 13.5km for a 1.5 M. NS),
which is likely larger than the NS radius of ~12km (e.g.,
Nittild et al. 2017; Annala et al. 2022). In this situation, the BL.
does not exist at all, and matter freefalls on the NS surface,
forming an SL. Thus, the PA would correspond to the
orientation of the NS rotation axis on the sky. At high
accretion rates (Figure 6, right), the thickness of the SL grows,
connecting it to the accretion disk through the BL. In this case,
the PA would be related to the symmetry axis of the disk.
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Figure 5. Study of polarization binned in HR. (Top) HR trend with time (2000 s time binning); the colored bands identify the chosen binning for HR. (Middle) Polar
plot of polarization, computed using the model-independent pcube algorithm from the IXPEOBSSSIM software (Baldini et al. 2022), for events in different intervals of
HR reported in the top panel in the energy band 2—-8 keV, where the shaded region indicates the direction of the jet (see discussion), and the black lines indicate this
direction and its orthogonal direction. Contours are reported at 68%, 95%, and 99% CLs. (Bottom) Polarization in different energy bands. Contours are reported at a
90% CL.

Tominaga et al. (2023) modeled Cir X-1 as an accretion disk polarimetric information for this phase; if we had observed the
covered by a partially covering medium and interpreted the dip for longer with IXPE, we might have expected a high PD
different phases of the orbit as changes in these two due to obscuration, as observed in black hole systems (Ursini
components. Their observations cover the dip for much longer et al. 2023b; Veledina et al. 2023). It is interesting to note how
than the IXPE polarimetric ones, where there is no significant their model is very good at predicting observational features
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Figure 6. Illustration of a possible accretion geometry in Cir X-1. (Left) Low accretion rate case, when there is a gap between the disk and the NS surface, and the full
SL is developed. (Right) High accretion rate case, where the disk touches the NS surface, and the BL is emitting (with a PA almost perpendicular to the symmetry axis

of the disk).

such as lines, while to interpret the polarization, we need a
geometric model dealing with different features, such as the
model we outlined in this paper.

In order to understand the geometry of the inner accretion
flow in Cir X-1, it is now worth relating the observed PAs to
the orientation of the jet. Cir X-1 is among the few NS-XRBs
showing jets in both the radio and the X-ray. The position angle
of the (approaching) jet measured in the radio lies in the range
110°-140° (Fender et al. 1998; Tudose et al. 2008; Sell et al.
2010; Calvelo et al. 2012; Miller-Jones et al. 2012). Also in the
X-ray, the signature of the (receding) jet is found in the
northwest direction at position angles of about —70° and —35°
(Heinz et al. 2007; Soleri et al. 2009), while the approaching jet
is seen in the PA interval of 90°-150° (Soleri et al. 2009).
Thus, the average jet direction seems to be nearly orthogonal to
the direction of the X-ray polarization in P2 (and at H1 and H2;
see Table 5), which we associate with the BL emission. On the
other hand, the X-ray polarization at the highest HR (HR3) is
~1.30 apart from the jet direction (—35° or 140°-150°).
Finally, the X-ray PA of —12° during P3 is clearly neither
parallel nor perpendicular to the jet. Associating the observed
PA with the SL implies a misalignment of the NS’s angular
momentum from the orbital axis by about 30° (Figure 6).
Because the PA in this case is larger than the jet position angle,
the rotation of the SL (and the disk) has to be clockwise,
corresponding to an inclination exceeding 90°.

Although a large spread in the position angles measured for
the jet can be explained by precession (Sell et al. 2010; Calvelo
et al. 2012), such an interpretation does not work for the
variations of the X-ray PAs because of the much shorter
timescales involved and the detection of different PAs at
different HRs. This gives further support to the interpretation
that variations of the PA are caused by different spectral
components (accretion disk, BL, and SL) dominating at
different times. With the data at hand, it is impossible to
extract those components from the spectra; variations of the
PA, however, strongly support the idea that the NS angular
momentum is misaligned from the orbital one, which is a
necessary requirement for the precession to operate. The X-ray
polarimetric data thus provide a unique view of the geometry of
the accreting NS Cir X-1.
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