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Abstract

We present therst X-ray polarimetric study of the dipping accreting neutron star 4U-1424vith the Imaging

X-ray Polarimetry Explorer. We report a detection of polarization in the nondip time intervals withdenoe

level of 99.99%. We nd an average polarization deg(E®) of 3.1%-+ 0.7% and a polarization angle of°&t 6°

east of north in the-B keV band. We report an upper limit on the PD of 22% during the X-ray dips with 95%

con dence. The PD increases with energy, reaching from 3.0%% in the 46 keV band to 6% 2% in the

6-8 keV band. This indicates the polarization likely arises from Comptonization. The high PD observed is unlikely
to be produced by Comptonization in the boundary layer or spreading layer alone. It can be produced by the
addition of an extended geometrically thin slab corona covering part of the accretion disk, as assumed in previous
models of dippers, adr a re ection component from the accretion disk.

Unified Astronomy Thesaurus concepts: X-ray binary star¢1811); Neutron star§¢1108; X-ray astronomy1810);
Polarimetry(1278

1. Introduction responsible for most of the polarization. In sources with a
radio jet(Sco X-1, Cyg X-2, and Cir X-Lthe X-ray electric

X . X ector position angle(aka polarization anglgPA)) was
contain a hard component believed to be caused by mverSés/ometimes found to be aligned with the (eong et al.2022

Compton scattering in a population of hot electrons known ASe_rinelli et al.2023, though in some instances it was fioa

the corona. However, the location and size of the corona is ezk‘onaca et al2024 Rankin et al2024. The instances where it

matter of debate. One hypothesis, termed the Eastern mod as been aligned with the jet have been interpreted as evidence
attributes the corona to a compact region near or on the N gned Jet! P .
of the corona being located in a boundary or spreading layer

where the accretion disk makes contact with the @&ay. :
: ' close to the NS, rather than an extended atmosphere of the disk
Mitsuda et al.1984 Inogamov & Sunyaev999. The other g_ong et al. 2022. Thus far, then, X-ray polarization

primary hypothesis, the Western model, assumes the corona easurements have primarily supported the Eastern model

large and extende(e.g., White et al1988. These models ; . S
cannot be distinguished by means of spectroscopy alone; the)')1 which the corona is small and similar in size to the NS,

: . . ~10° cm.

both provide adequatets to medium-resolution NS-LMXB .
spectPa(Lin et aI.2(§107: Cocchi et al2011; and see Barrét001 In contrast, the subset of NS-LMXBs known as dippers has
for a reviev). X-ray polarimetry can help break the degeneracy 28" usgd t(t) Slépr;)rt t@hweﬁtg%}:‘qde& wgﬁre tr:lz%gorona IS
between these models by constraining the geometry of thd2r9€ and extendeg.g., Churc ci ska-Churct2004.
Comptonizing region. ippers show irregular but repeated dips in their X-ray _I|ght

The Imaging X-ray Polarimetry ExplordtXPE) enables curves most commonly thought to be caused by obscuration of
such measurements. Previous IXPE observations provided!® X-ay-emitting region by clouds present in a thickened part
constraints on accretion geometries in an initial sample Ofof the outer accretion disk, where the accretion stream from the
the weakly magnetize@honpulsating NS-LMXBs Cyg X-2 companion star impacts the disk. The spectrum during the dips

(Farinelli et al.2023, GS 1826-238 (Capitanio et al2023 is thought to ar_ise from a Comptonization component that only
XTE J1701462 (Coé:chi et al.2023, GX 9+9 (Ursini et ai becomes partially obscured while the thermal component
20233, 4U 1820-303 (Di Mérco ét al. 20233, GX 5_1' becomes completely obscured during the deepest part of
(Fabia’ni et al2023, Cir X-1 (Rankin et al2024), aﬁd Sco X-1 dipping. Obscuratlc_)n o_f t_he thermal component is rapid and
(La Monaca et al2024). X-ray polarization has also been complgte, suggesting it is compact. In contra.st,.the Comp-
measured for Sco X-{Long et al. 2022 using Polar Light tonization componeit obscuration is gradual, with ingress or
(Feng et al2019. In these sources the polarization degRiz) egress times lasting100 s or more. The ingress timer can

in the 2.8 keV band has ranged from 1.0% to 4.6% whenever be estimated as the time that the leading edge of the absorbing
detected, and an upper limit of 1.3% was reported for GS 18265/oud takes to crﬁss the (;]orong_ duef tr? orbital -motion,
—238. The PD generally increases with increasing energy, and! = Por(rd mrp), wherer is the radius of the coronag is

can be interpreted as being attributed to the harder spectrir'i ou';]er radius °|I theh d'srlé anthy, is the orbital period
component. Since the Comptonization component is thought toChurch & Bauci ska-Churci2004. o
be the harder component of the accreting NS spectrum, these X-ray dip studies have lead to estimates of Comptonization

. . O
results suggest that the Comptonization component ist0ronasizes ranging from310° cm to 6x 10" cm (Church &

Neutron stadow-mass X-ray binaryNS-LMXB) spectra

Batuci ska-Church2004. The corona covers a sigeant
fraction of the accretion disk, from6% to as high as-50%,
with the size of the corona increasing with increasing luminosity.

Original content from this work may be used under the terms .These Si.ze estimates are orders of magnitUde larger than those
inferred in the Eastern model. Also, Fourier-frequency-resolved

of the Creative Commons Attribution 4.0 licendeny further o i
distribution of this work must maintain attribution to the augg)and the title X-ray spectroscopy indicates th?-t the Qomptonlzatlon comp-
of the work, journal citation and DOI. onent varies on timescales of millisecof@gfanov et al.2003
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Revnivtsev et al.2013. This can only occur if the hard two-component model with a blackbody representing the NS
component is very small, as it would be if it were a boundary and a power-law component with a cutoff at high energies
layer. The interpretation in terms of an extended corona for therepresenting an extended accretion disk corona. In their model,
dippers is thus in tension with evidence for small NS coronae. the absorption on the blackbody increases to extremely high
It should be noted that the aforementioned explanation oflevels at the time of deepest dipping, rendering it invisible,
dippers is not universally accepted. The reason for thewhile the absorption on the power-law component is nearly
extended corona assumptios that some soft emission constant. A fraction of the power law remains visible, and
persists in the dipping state, which is not consistent with aduring saturated dipping, the spectrum is almost entirely a
simple increase in neutral alogtion. However, Boirin et al.  power law.
(2009 show that the dipping behavior of 4U 13282 can More analyses of the spectrum were done bju@aska-
also be explained by a decrease in the ionization of anChurch et al(2000 and Smale et a2001). They used the
absorber, without the need to assume an extended coronaasic model from Church & Balucinska-Churt995 but
Further exploration of an ionization explanation for the dips is added additional absorption components. In particular, they
presented for several dipping sources in Diaz Trigo et al.added a partial covering absorber with varying column density
(2009, including 4U 1624-49. The spectral changes of these anq covering fraction. This specally partially covered the
sources during dipping can be accurately modeled byextended power-law component when the system was in a dip
allowing an increase in cakn density and a decrease in gtate, while the blackbody component was completely blocked.
the ionization state of a heavilgnized absorber. This raises | their model, thick obscuring clouds found on the outer edge
the possibility that dippers have small coronae located in thegf the disk progressively cover the extended corona but do not
boundary or spreading layer. _ - completely hide it from the line of sight, while they completely
In summary, a variety of NS-LMXBs have been studied with ¢k the NS from view in saturated dipping. Based on these

IXPE, and the ndings have been consistent with the roqits Bguci ska-Church et al(2000 report a radius of
boundaryspreading layer hypothesis for the location of the 5 3% 10 cm for the corona, while Smale et @001 report a
corona. Here, we investigate the dipper 4U 1624 to see if radius of 5.0< 10° cm.

these trends continue at higher inclinations. A Chandra High Energy Transmission GratildETG)
spectrometer observation of 4U 162D was presented in
2. 4U 1624-49 laria et al(2007). Both a broad iron line and narrow absorption

features were present in the spectrum. The broadening of the
line was interpreted as potential evidence of relativistic
re ection off of the accretion disk, but they also noted it could
be due to Compton scattering in the corona of the
accretion disk.

4U 1624-49 is a persistent NS-LMXB. It displays deep
(~75% with respect to-20 keV persistent emission; laria
et al. 2007, 6-8 hr long periodic dips in its light curve that
repeat every~21 hr (Watson et al1985. Because of these
dips, it is expected to have a high inclinat{@rclination> 60°;

) . ; An exploration of 4U 162449's spectrum using an alternate
Frank et al1987), with the dips created by obscuration of the ." . g .
central source by a thickened part of the outer accretion diskdlpplng model was presented by Diaz Trigo e{2009. They

where the incoming stream from the binary companicst myestigated the ioniz_ation state of the absorption lines in the
enters the accretion dig.g., White & Swank 982. Based on d!Epershspehctrum ulsm_g tl?e Xrl1\/|M-NewtonhEP|C pg cI:arrr:era.
Rossi X-ray Timing Explorer observations, Lommen et al. Like .C uren & Balucinska-C “fc'@gga they model the
(2005 argued that 4U 162449 is an atoll source in the banana nondip continuum of 4U 162449 with a blackbody plus a
state, similar to GX-31 and GX 9+9, and viewed at a higher DOW‘?f"‘?‘W model. However, they |n'clude- addltlonal neutral
inclination. Its Eddington ratio is high for an atoll source and |.on|zed absorption that vary dyrlng dlpplng._Thelcqumn
(0.5-0.8 Legg Lommen et al2005. Unlike other objects of its ~ density of the neutral and ionized absorption increase
class, no quasiperiodic oscillations have been observed irfiramatically as the dipping increases in depth, reaching a
4U 162449 (Smale et al200% Lommen et al2009. When ~ maximum ~59x 10° cm * for the neutral absorber and
not in a dip state it sometimes showaring behavior of up to ~ ~68 10°% cm* for the ionized one. In contrast to the other
30% above the persistentID keV ux level (Jones & dippers studied in the paper, the ionization parameter of the
Watson 1989. The ares are taken as evidence for the ionized absorber in 4U 16249 remains constant during
LMXB’s NS naturgChurch & Balucinska-Church995 and dipping. In this picture, thick clouds of neutral and ionized gas
Baluci ska-Church et a(2001) argued they are composed of N the outer parts of the disk obscure the blackbody component
many rapid individual X-ray bursts. and the corona, but ther_e is no need spmly for the corona
The earliest attempt td the spectrum of 4U 16249 used a 10 be extended and partially covered.
blackbody for the highux (nondip states and thermal ~ The most recent spectral study of 4U 1628 was done by
bremsstrahlung for the lowdx (dip) states(Watson et al. ~ Xiang et al.(2009. They found that while a blackbody plus
1985. Jones & Watso(.989 used a single absorbed power law Ppower law ts the spectrum well, a single power law with
to t the nondip spectrum, while a two-component model I' = 2.25 partially(71%) covered by local absorption of column
consisting of a power-law component and a bremsstrahlungdensity (8.1:0:7) x 102 cm~2 in addition to the Galactic
component was used td the dip spectrum. Flaring states were absorption ts the continuum emission slightly better. Based
well t by a blackbody component wilT'~ 2.2 keV. The dip ~ on variability studies of absorption lines conducted with the
spectra showed complex absorption that a single absorptiofChandra HETG spectrometer they conclude that there is
component could nott, with a column density. 2x 10°4cm™ evidence of a two-temperature absorber in the system: a hotter
at the base of the dip. component associated with the corona and a cooler one
Church & Balucinska-Churck1995 proposed the model associated with the accretion disk rim. In their interpretation of
that became standard in the future literature of 4U 1824 a the 4U 1624-49 system, the corona comprises the inner region
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Figure 1.1XPE 2-8 keV light curve for the entire observation. The dip times were selected when the count rate was less than 0.4 dhisithieshold is marked
with a black line. The nondip times were selected when the count rate was greater than 0.45 téthisstereshold is marked with an orange line. The bin size in
the light curve is 16 s, which is the same used to do the titagng. The error bars have been made translucent so the individual points are more easily distinguished.

of the accretion disk out to a radi#s~ 3x 10'° cm and the count rate was 1.17 counts’sper DU. We did not subtract the
hot T~ 3x 10° K gas sandwiches it. The outer accretion disk background in the IXPE data, following the prescription
has a somewhat cooler waff- 1.0x 10° K gas sandwiching  reported in Di Marco et al(2023h for a relatively bright
it. An absorbing bulge lies at the point on the accretion disk rim source.
where the accretion stream intersects the disk, and a dip occurs The entire light curve of the IXPE observation is shown in
when our line of sight passes through it, intersecting the Figurel with 16 s binning. Five dips are clearly visible in the
absorbing bulge, the warm gas, and the hot gas around thdight curve, but no ares are observed. We separated the
corona. observation into dip and nondip times using the total count rate
With the exception of Diaz Trigo et a(2006, these in all three DUs. We chose a threshold<d.40 counts s* to
previous analyses of 4U 16249 conclude that its corona is de ne the times when the source was in the dipping state, and a
at (a height-to-radius ratio of 0.1 at the outer edge; Smalethreshold of>0.45 counts s' to de ne the times when the
et al. 200) and extendedover 50% of the accretion disk source was in a nondipping state. This was done on the basis of
radius; Baluciska-Church et aR001). They have been used as the 16 s binned light curve, and these thresholds are plotted
evidence to support the Western model. This contrast withover the light curve in Figurgé. A representative illustration of
more recent developments which favor the Eastern modelthe thresholds used is presented in Figuresing the second
motivates X-ray polarization studies of dippers and the dip observed by IXPE. Weltered the level-2 eventles to
selection of 4U 162449 as an IXPE target. While polarization only include the source region usiagselect, then Itered
alone cannot determine the size of the corona, the differenthem according to the above thresholds usieglect.
corona shapes predicted by the Eastern and Western models Data from the Monitor of All-Sky X-Ray Imag@AXI)>?
(the boundary layer of the NS versus a slab-like geometricallyinstrument(Matsuoka et al2009 were used to construct a
thin atmosphere of the accretion diskredict different hardnessntensity diagram(HID) to characterize the source
polarization trends with energy, and these trends can bestate during the IXPE observatiorisee Figure3). The
compared to the data obtained by IXREg., Gnarini et al.  horizontal axis is the hardness ratio, which isrdal as the
2022. ratio of uxes in the 410 keV versus 24 keV bands. The
vertical axis is the ux in the 220 keV band. Data were taken
in the interval MJD 599080200. Points with a fractional error
on the hardness greater than 0.2 were removed for clarity. The
ux during the IXPE observatiorfthe red points in Figur8)
was higher than average and the X-ray spectrum was softer
than average.

3. Observations and Data Analysis

IXPE (Weisskopf et al.2022 is a NASA ASI Small
Explorersclass mission that was launched on 2021 December
9. It uses three gas-pixel detectdiermed detector units
(DUs)) to collect spatial, temporal, spectral, and polarimetric
information simultaneously. It is most sensitive in th8 ReV

range and can measure three of the four Stokes paranigters: 4. Polarimetric Analysis

0, andU.
IXPE observed 4U 162449 on 2023 August 123

The PD and PA were measured in both the nondip and dip
times using thepcube algorithm (Baldini et al. 2022. A

(ObsID:0200730)1 for an exposure time of 199 ks. The highly signi cant detection of polarization was made in the

level-2 event data were analyzed usiRBEOBSSIM v30.6.3

whole 28 keV band for the nondip times with a catence

(Baldini et al.2022. We used version 12 of the IXPE response
les. The source region was a 12@dius circle. The average
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Figure 2. Same as Figurg, but zoomed into the second observed dip and the IXPE orbit immediately preceding it to illustrate the thresholds used for the dip and
nondip time selection.
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Figure 3. HID from MAXI. Points during the IXPE observation are marked 5.1. Western Model
in red.

We usedXSPECversion 12.13.1Arnaud 1996 for spectro-

level (CL) of 99.99%. The measured PD was 3.19.7% and polarimetric analysis. We started biging the nondig spectra
the PA was 81+ 6° (east of north Figure 4 shows the  alone with a version of the Western model. We used a
normalized Stokes parameters in the 2 keV wide energy binsconstant * tbabs * (bbody + cutoffpl) model fol-
The corresponding PD and PA contour plots are shown inlowing Bauci ska-Church et ak2000, whereconstant is
Figure 5. We also report the values of the normalized Stokesthe instrumental cross-norfization constant between the
parameters, the PA, and PA in various energy ranges inthree DUs,tbabs represents Galactic absorptidsibody
Table 1. Polarization is signicantly detected above 4 keV, represents blackbody emission from the NS, aadoffpl
while the signicance is just 88% in the2 keV band. We represents the Comptonizezimission from the extended
place a 2 upper limit of 3.5% on the-2} keV PD. corona. We note that the extension of thetoffpl to

We attempted to measure the polarization during the dipenergies below that of the soft photon source would be
times. The count rate during these times was too low to make ainphysical. However, in the Wiesn model, the soft photons
signi cant detection. We place a 95% CL er @pper limit of are thought to arise from the accretion disk, which likely has a
22% on the PD during the dip times. temperature below the 2 keV lower energy bound of IXPE.

There is a tentative increase of PD with energy that can beWe use the model of Baci ska-Church et al(2000 to
seen in Figured and5 and in Tablel. In contrast the PA does enable direct comparison with previously published results.
not show a clear trend with energy. We calculated the We frozecutoffpl I' and E¢ to the best-t values from
v?/ degrees of freedordof) for the assumption that the PD Batuci ska-Church et a{2000 as the limited energy range of
was constant and found &% dof of 6.42. We nd a IXPE did not allow these parategs to be constrained well.
marginally signicant increase of PD with energy at a CL of The resultingy® dof= 749 441. The relatively high?/ dof
95%. We can compare the difference in polarization betweenof 1.7 is likely caused by inconsistencies between the three
the 24 and 68 keV bands, andnd a probability of 2.6% that  DUs. The residuals in thet plotted in Figures do not show
they would be as far apart as they are by chance. any systematic trends. If we add a systematic error of 3%, we
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Table 1
Results of the Polarimetric Analysis for Different Energy Bands
Quantity 28 keV 24 keV 46 keV 6-8 keV 4-8 keV
ol'I (%) —29+0.7 -1.2+0.8 —2.8+0.9 —6.6+ 2.0 —4.0+£0.9
Ul'I (%) 0.9+ 0.7 1.0+ 0.8 0.6+ 0.8 1.5+ 2.0 0.9+ 0.9
PD (%) 3.1+0.7 1.6+ 0.8 2.9+09 6.4+ 2.0 4.1+ 0.9
PA (deg 81+6 71+ 14 84+ 9 83+9 84+6
Note. Errors correspond toolor 68% CL.
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Figure 6. Data and unfolded spectra inEF representation for the nondip
PD((V ) intervals using the best constant * tbabs * (bbody + cutoffpl)

o model. Data from DU1, DU2, and DU3 are shown with black, orange, and blue
error bars, respectively. The solid line is the overall spectral model, the dashed
red line is theobody component, and the dotted blue line is thecoffpl
component. At 5 keV, the stronger component isthedy component.
energy appears reasonable. T dy temperature is some-
what lower than the 1.52 0.05 keV from Smale et a{2001)
and thel 39003 keV from Xiang et al(2009. The 28 keV

2-4 keV luminosity of the source is 3% 10°” erg s* assuming a

% 4-6 keV distance of 15 kp¢Xiang et aI.ZOO_D. N
6-8 keV The nal step of the spectropolarimetritting was to t thel,
x "o ke 0, andU spectra together. We used the previous bastedel for

. the I spectra alone and then tested the effects of assuming that
180 only thebbody component is polarized, or only thetoffpl

Figure 5. Polar plot of PD vs. PA contours in 2 keV wide energy binning. The  component was polarized, or both. The results are presented in
contours represent the 68% and 95% CLs,ordd 2, respectively. Table 3. We see that the twots with a single polarized
component are of comparable quality. The Stokesnd U
spectra with the best- model polconst *cutoffpl are
shown in Figure7. A similar plot for thepolconst *bbody
model looks identical, so we have not shown it here. When the
bbody component was assumed to be polarized, the PD was
3.5%+ 1.3%. For the polarizedutoffpl component, the PD
was 6.8%t 2.8%. The similarity in thg? dof between the two

ts means we cannot distinguishish component is polarized. A

t corresponding to the case where both components are polarized
was not statistically better and had unconstrained parameters, so it
is not shown here.

get a reduced? of approximately (450 447). The derived
spectral parameters shoulde interpreted with caution.
However, the main goal of our spectropolarimetric analysis
is the polarization results. The model provides a reasonéble
to the data, adequate for extiian of the polarization results.
The parameters of thig are given in Tabl@. The spectrum
and model are plotted in Figur@ The level of Galactic
absorption is high, withVyy = (7.7+£0.3 x 10?* cm 2, con-
sistent with previously measured &@.0 by Bauci ska-
Church et al.(2000, 8.6+ 3.1 in Smale et aIéZOO]), and
7.6+ 0.4 in Xiang et al(2009, all in units of 1°cm 2. The
temperature of theobody component is estimated to be
1.22pi 0.01 keV, which is closepto the value of 18D.07 3.2. Eastern Model
from Bauci ska-Church et al(2000, and the blackbody For a representative Eastern model, we chose a
component dominates over the cutoff power-law componentconstant * tbabs * (diskbb + comptt) model to t
across the most of the-2 keV band, which is consistent with  the I spectrum. In this model theliskbb component
Figure 7 in Béuci ska-Church et a{2000. Thus, the spectral  represents the multitemperature blackbody emission from the
shape is similar andxing the power-law index and cutoff accretion disk, while theomptt component represents the

6
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Figure 7. StokesQ (left) and U (right) spectra and the best-spectropolarimetric model assuming that only thecoffpl component is polarized, i.e.,
constant * tbabs * (bbody + polconst % cutoffpl), plotted on a linear scale. The error bars are the data points and the solid line is the overall model.
Black, blue, and orange correspond to DU1, DU2, and DUS3, respectively.

Table 2 ~ 10°
Parameters of the Best-Constant x tbabs * (bbody + cutoffpl) S
Model to the Nondig Spectrum F
— -1
Component Parameter Value n 10
constant Cou1 1.02 Ig
Couz 0.96+ 0.01 © 1072
Cpus 0.92+0.01 S
tbabs (Galacti) Ny (1072 cm?) 7.7+023 S
bbody kT (keV) 1.22+0.01 g 10
Norm (1.4+0.1) x 102 S
Flux® 9.1 i~ : —
cutoffpl r 2.00% 5 o » * * "| ' ) \
. i iyt
o o3 Zof i i g fﬂ A W& it *W MW ||"| "HM i pr
b T \ J
Flux 4.6 54— T T T T T
2 3 4 5 6 7 8
Total Observed DU1 ux® 7.5 Energy (keV)
Ungbsqrbed “Xfl 13.7 , Figure 8. Data and unfolded spectra inEF representation for the nondip
Luminosity (erg s ) 3.7x 10° intervals using the best constant * tbabs * (diskbb + comptt)
model. Data from DU1, DU2, and DU3 are shown with black, orange, and
Notes.Errors correspond to the 90% CL. blue error bars, respectively. The solid line is the overall spectral model, the
2 Erozen at this value. dashed red line is theiskbb component, and the dotted blue line is the
P Fluxes are in units of 13° erg cnm2s L. comptt component, which is the stronger one at 5 keV.

Comptonized emission from the boundary or spreading layer.model t, if we add a systematic error of 3%, we get a reduced
Initial attempts at tting the entire model at once left most XZ close to 1(440Q 447).

parameters unconstrained, so we started ttieg again with The parameters of the Eastern modelare tabulated in
theconstant * tbabs * comptt model alone. We froze the  Table 4. The level of Galactic absorption is higher in this
approx parameter to 1.1 so we were using the spherical Ny = (9.3%3%) x 1022 cm 2 The values okT;, and kT, are
geometry(as would be more appropriate for a NS boundary similar to that of other NS-LMXBs observed with IXR&g., Di
layer spreading laygr We froze the coronal electron temper- Marco et al.2023a Ursini et al.2023h Capitanio et al2023
aturekT, and the corona optical depth to their values from  Farinelli et al. 2023 Rankin et al.2024. There is a wide
GX 9+9, which were 3.4 and 5.1, respectivélyrsini et al. uncertainty in the normalization of th&iskbb Component,
20239. As noted above, GX-89 is thought to have similar  likely due to the fact most of its emission is below the IXPE band.
properties to 4U 162449. The best value of the seed photon The Eastern modelt is plotted over the spectrum in Figuré.
temperature from thist waskTo, = 1.1 keV. We then added a We froze the parameters of tliespectrum model before
diskbb component to the model and set the inner accretionadding polarization components to the model. For the
disk temperaturéT;, to be <1.1 keV and the seed photon spectropolarimetric ts with this model, we tested two
temperature to bl > 1.1 keV. This lead téT, being pegged  possibilities where either théiskbb component or the

at 1.1 keV, so we resdil, to be less than 0.9 keV. The comptt component is polarized. The parameters of thése
resulting t had % dof=738 440, which is a modest are shown in Tabl&. We can see thet with the polarized
improvement over the Western moddl Like the Western = comptt component is much better than thé with the
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Figure 9. StokesQ (left) and U (right) spectra and the best- spectropolarimetric model assuming that only thenptt component is polarized, i.e.,

constant * tbabs * (diskbb + polconst % comptt), plotted on a linear scale. The error bars are the data points and the solid line is the overall model.
Black, blue, and orange correspond to DU1, DU2, and DUS3, respectively.

Table 3
Results of the Spectropolarimetric Analysis for the Westermnstant * tbabs * (bbody + cutoffpl) Model

Components polconst x bbody polconst * cutoffpl
bbody PD (%) 35+1.3 0

PA (deg 81+ 11
cutoffpl PD (%) 0 6.8+ 2.8

PA (deg 80+ 12

x? dof 956 619 960619

Note. Errors correspond to the 90% CL.

polarized diskbb. This indicates that in this model, the Table 4
polarization derives primidy from the Comptonization Parameters of the Best-Constant * thabs # (diskbb + comptt)
component. The spectropolarimetricfor the Eastern model Model to the Nondigl Spectrum

with the polarizetcomptt component is plotted over th@

- . Component Parameter Value
and U spectra in Figur®.

We also attempted & with both thediskbb andcomptt constant Cou1 1L.0°
components being polarized, but the PA on tieskbb gDUZ g'ggi 8'81
component was unconstrained in thts Even if we froze the | alactig Ny (10[2’5'2”172) "o 308
diskbb PA to be 90 offset from thecomptt PA (asis . . \T., (keV) 051+ 0.05
expected based on theory; e.g., ChandrasekB&ff Sobo- Norm 1700+2300
lev 1963, the diskbb PD was unconstrained. Thests are Flux® 35
therefore not explored any further. comptt Redshift 6

kT, (keV) 1.06+ 0.03
6. Discussion kTeS‘eV) g‘l‘:
b .

The PD of 3.1% measured for 4U 16249 in the 28 keV approx 11
band is consistent with the previous X-ray polarization Norm 0.1122568
measurements for NS-LMXBs, which range from about 1.0% Flux® 13.0
in Sco X-1(La Monaca et al2024 to 4.6% in XTEJ1701 .. Observed DUL ux’® 75
—462 (Cocchi et al.2023. The PD does show marginal Unabsorbed ux® 16.4
signi cance for an increase with energy as also observed for Luminosity (erg s ) 4.4%x 10°7
other NS-LMXBs. A notable example is 4U 182803, which
shows a strong increase in polarization with enéBjyMarco Notes.Errors correspond to the 90% CL.

et al.20233. The PD strongly depends on both the shape of the Frozen at this value.

Comptonizing region and the inclination of the source with ° Fluxes are in units of 1d° erg cm 2 s

respect to the line of sigke.g., Gnarini et aR022. The PA of

4U 1624-49 cannot be compared with theoretical expectations The Western model spectropolarimetric results are ambiguous
since the jet direction of the source is unknown, but there is nowith regards to whether the polarization is predominantly
evidence of its rotation with energy. derived from the soffi.e., blackbody component or the hard
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Table 5
Results of the Spectropolarimetric Analysis for the Eastefistant * tbabs * (diskbb + comptt) Model

Components polconst x diskbb polconst * comptt
diskbb PD (%) 51+45 0

PA (deg 74+ 31 -
comptt PD (%) 0 29+1.1

PA (deg 82+ 11

% dof 1018 619 1000619

Note. Errors correspond to the 90% CL.

Comptonizatior{i.e., cutoff power-layycomponent. In contrast, Diaz Trigo et al2013. It was also observed by IXPE in a high
in the Eastern model, spectropolarimetric results clearly indicatesoft statg Ratheesh et a023 and shows PD increasing with
the polarization is primarily produced by the Comptonization energy, and a constant PA. However, the PD is high& in
component. The overall reduced of the Western modelt is the 28 keV band. Unlike 4U 162449, it does not require a
somewhat better than for the Eastern model Comptonization component ta its IXPE and NICER spectra,
4U 1624-49 has specically been described as similar to suggesting its polarization arises entirely from the accretion
GX 949 (Lommen et al2005 in being a bright atoll source  disk emission or its scattering in the surrounding cold material,
that remains in the banana state. The IXPE observation of GX ®.g9., an equatorial wind. In N&XMBs like 4U 1624-49,
+9 suggests that the polarized radiation arises from multiplecontributions from the spreading layer or NS surface, perhaps
components, being a combination of Comptonization in aunpolarized or with polarization orthogonal to the accretion
quasi-spherical or wedge-shaped spreading layer plastien disk, could lower the observed polarization.
of soft photons above the accretion d{sksini et al.20233. We note that a cooler atmosphere of plasma has been
The increasing PD with energy of 4U 162409 is consistent ~ observed from 4U 162449 (Xiang et al.2009. Even if this
with the classical results for a centrally illuminated accretion plasma does not contribute sigoantly to the observed
disk (Matt 1993. The soft NS photons scatter off the disk and Comptonized component of the spectrum, scattering within it
get re ected toward the observer. Theseasied photons are  still could impart additional polarization to the outgoing light.

highly polarized(up to ~20%; Matt 1993 Poutanen et al. Subsequent deeper IXPE observations of dippers, including
1996 and may signicantly contribute to the polarization 4U 1624-49, would allow the PD variation with energy to be
signal even if their fraction of the totalix is small(laria et al. better constrained, allowing models of the corona geometries of

2016. When the spreading layer illuminates the accretion disk, these sources to be more accurately tested. It would also allow the
the PD can reach up to 6% depending on the inclinationupper limits on polarization in the dip states to be more tightly
(Lapidus & Sunyaev985. However, this is overestimated as constrained, which could be used to further test the Western
the direct disk contribution is not taken into account, and it model. If the Western model is correct, one could expect the
tends to lower the polarization since its PA is perpendicular topolarization in the dip state to be higher than in the nondip state,
that of the reected radiatiofMatt 1993 Poutanen et al99§. since the presumably less polarized blackbody component would
4U 1624-49 shows a broad iron lingaria et al.2007) that is be blocked, in a manner similar to the high polarization observed
likely due to reection of X-rays off of the accretion disk. in the obscured active galaxy Circinfursini et al.20231).
There therefore is most likely a contribution to the polarization  If scattering of the central source radiation in a large cool
from a re ection component. corona(or a wingd is responsible for the observed polarization,
The increasing PD with energy is also consistent with the then in reality both the Eastern and Western models would be
results of Monte Carlo numerical simulations considering a correctin some sense: the Eastern model accurately describes the
thick slald torus covering the inner accretion disk or a wedge- properties of the emission region where most of the energy is
like Comptonizing region close to the NGnarini et al2022 produced, while the Western model describes the property of the
Ursini et al. 2023a Capitanio et al.2023. However, the  extended cool corongor possibly a winjl which scatters
observed PD is relatively large compared to the numericalradiation from the central source. This is consistent with
predictions for these geometries. A large PD could be developments in theeld since the original Eastern and Western
explained if the Comptonizing region is a geometrically thin models were proposed, in which it has been found that the X-ray
and optically thick slab covering the accretion disk, in which spectra of LMXBs encode information about multiple indepen-
case the classical results of ChandraseKhf6(Q can be dent emission regions, such as the accretion disk and the
applied. If we assume that the polarized signal is completelyboundary laye(Lin et al. 2007 Cocchi et al2011).
due to the atmosphere of the accretion disk, the measured PD of
3.1% would thus be consistent with a slab at an inclination of

66°. It should be noted that the inclination of dippers without Acknowledgments
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