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ABSTRACT

We present an analysis of the spectral shape and pulse profile of the accretion-powered pulsar 4U 1626—67 observed with
Suzaku and NuSTAR during a spin-up state. The pulsar, which experienced a torque reversal to spin-up in 2008, has a spin period
of ~7.7s. Comparing the phase-averaged spectra obtained with Suzaku in 2010 and with NuSTAR in 2015, we find that the
spectral shape changed between the two observations: the 3—10keV flux increased by ~5% while the 30-60keV flux decreased
significantly by ~35%. Phase-averaged and phase-resolved spectral analysis shows that the continuum spectrum observed by
NuSTAR is well described by an empirical NPEX continuum with an added broad Gaussian emission component around the
spectral peak at ~20keV. Taken together with the observed P value obtained from Fermi/GBM, we conclude that the spectral
change between the Suzaku and NuSTAR observations was likely caused by an increase of the accretion rate. We also report the
possible detection of asymmetry in the profile of the fundamental cyclotron line. Furthermore, we present a study of the energy-
resolved pulse profiles using a new relativistic ray tracing code, where we perform a simultaneous fit to the pulse profiles assuming
a two-column geometry with a mixed pencil- and fan-beam emission pattern. The resulting pulse profile decompositions enable
us to obtain geometrical parameters of accretion columns (inclination, azimuthal and polar angles) and a fiducial set of beam
patterns. This information is important to validate the theoretical predictions from radiation transfer in a strong magnetic field.
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1. INTRODUCTION

The magnetic field strengths of neutron stars can be mea-
sured directly by observing cyclotron resonance scattering
features (CRSFs, or cyclotron lines) in their hard X-ray
spectra. Since the parameters of observed CRSFs are de-
termined by the properties of the accreted plasma (e.g.,
Mészaros 1992; Schonherr et al. 2007; Nishimura 2008;
Schwarm et al. 2017a,b), CRSFs in principle provide us with
powerful probes of physical processes in strong magnetic
fields. This is an active field of research.

The first CRSF was discovered in the X-ray spectrum of
Her X-1 by Truemper et al. (1978). To date, CRSFs have
been detected from over 20 sources (e.g., Mihara 1995;
Caballero & Wilms 2012; Tomsick et al. 2015), with ob-
served magnetic field strengths ranging from 102G to
10'3 G. The Nuclear Spectroscopic Telescope Array (NuS-
TAR; Harrison et al. 2013) is an ideal tool to study cy-
clotron lines, due to its excellent energy resolution and un-
interrupted coverage in the energy band relevant for CRSF
discoveries (e.g., Firstetal. 2014; Tendulkar et al. 2014;
Bhalerao et al. 2015; Tsygankov et al. 2016; Bodaghee et al.
2016; Jaisawal & Naik 2016). On the other hand, modern
theoretical models for cyclotron lines are still not fully in
agreement with observations. Theory mostly predicts com-
plex line shapes, with simulated CRSFs showing emission
wings and asymmetric profiles. Most observations, however,
find CRSFs which are well approximated by smooth, sym-
metric profiles. For example, Her X-1, one of the brightest
CRSEF sources on the sky, shows no sign of asymmetry or
emission wings in its CRSF profile, as shown by Fiirst et al.
(2013) using NuSTAR and Suzaku data. Legitimate cases of
asymmetric CRSFs are rare in the observational literature,
with the most notable example probably being Cep X-4,
which shows extra absorption in its red wing (Fiirst et al.
2015). There is also the case of V 0332+53, which may have
an asymmetric profile (Pottschmidt et al. 2005), although
NuSTAR data show that the significance of the asymmetric
profile depends on the continuum model (Doroshenko et al.
2017).

A notable candidate for a complex CRSF profile is
4U 1626—67. This ultracompact X-ray binary (orbital pe-
riod 42 min; see Middleditch et al. 1981; Chakrabarty 1998)
hosts a 7.7sec pulsar with a cyclotron line at ~37keV
(Orlandini et al. 1998; Coburnetal. 2002; Iwakiri et al.
2012; Camero-Arranz et al. 2012). The pulsar has under-
gone two torque reversals in recorded history, in 1990
(Chakrabarty et al. 1997) and 2008 (Camero-Arranz et al.
2010), and is currently spinning up. Suzaku observa-
tions bracketing the torque reversal found no changes in
the CRSF parameters, despite a factor of ~2.8 increase
in X-ray flux and large changes in the soft X-ray spec-
trum (Camero-Arranz et al. 2012). However, a pulse-phase-
resolved study of the 2006 Suzaku observation (during the
spin-down state) by Iwakiri et al. (2012) reported the possi-
ble detection of an emission-line-like feature at the CRSF
energy in the dim phase of the pulse profile. The statistics

of the 2010 Suzaku observation were too limited to study the
CRSF profile in great detail, despite the higher flux.

An analysis of the NuSTAR observation of 2015 May by
D’Ai et al. (2017, hereafter D17) also showed the CRSF to be
asymmetric. D17 model the phase-averaged broadband spec-
trum obtained by NuSTAR and Swift with the bulk+thermal
Comptonization continuum model of Becker & Wolff (2007)
and an additional component modeled as disk reflection
(Ballantyne et al. 2012) with two CRSFs. The profile
of the first 37.95 £0.15keV CRSF is suggested to be
complex, and, in contrast to the earlier Suzaku analysis
(Camero-Arranz et al. 2012; Iwakiri et al. 2012), a second
harmonic at 61.0 &= 1.0keV is claimed.

In this paper we re-analyze the NuSTAR and Suzaku data
from 4U 1626—67 in order to evaluate the significance of the
asymmetric line profile of the fundamental CRSF and to per-
form an analysis of the source behavior using model inde-
pendent comparisons of the continuum. In addition, to eval-
uate the geometry of the accretion column, we perform pulse
profile modeling using a new relativistic ray tracing code.
Comparing the derived geometrical properties and beam pat-
terns with previous theoretical works, we can achieve an un-
derstanding of the physical processes in the strong magnetic
field. The NuSTAR and Suzaku observations and data reduc-
tions are introduced in Section 2.1 and 2.2, respectively. We
describe the pulsar’s long-term variability in Section 3.1. In
Section 3.2 we model the phase-averaged X-ray spectra using
empirical continua and CRSF models. Section 3.3 presents
our study of the pulse profile using a new relativistic ray trac-
ing code. Motivated by the pulse profile modeling results,
Section 3.4 presents a phase-resolved spectral analysis of the
NuSTAR spectrum. In Section 4.1 we discuss the implica-
tions and origins of the observed spectral and timing changes
between the NuSTAR and Suzaku observations. Section 4.2
investigates the origins of the observed continuum emission.
In Section 4.3 we explain the physical interpretation of the
pulse profile modeling results comparing with previous the-
oretical results which take into account the anisotropy of
the Thomson scattering cross section in a strong magnetized
plasma. Finally, Section 4.4 presents a comprehensive look
at the profile of the fundamental CRSF comparing between
observations and between pulse phase intervals.

All spectral analysis in this work was performed with
XSPEC, v.12.9.0. Unless stated otherwise, all error bars are
at the 90% level for one parameter of interest.

2. OBSERVATIONS AND DATA REDUCTION
2.1. NuSTAR observation of 4U 1626—67

NuSTAR is NASA’s 11th small explorer (SMEX) mis-
sion (Harrison et al. 2013). The satellite covers an energy
range of 3-79keV with two CdZnTe detectors, Focal Plane
Module A and B (FPMA and FPMB), located at the fo-
cal planes of its hard X-ray mirrors. NuSTAR observed
4U 1626—67 from 2015 May 4, 12:46 UT to May 5, 20:27
UT (MJD 57146.5319 to 57147.8521). We reduced the data
with version 1.6.0 of the nupipeline software as dis-
tributed with HEASOFT 6.19. After standard screening of



the data with v20170503 of the NuSTAR calibration data, the
net exposure time of the observation was 65ks. A barycen-
tric correction was applied to the arrival time of each event
in the FPMA and FPMB with the barycorr tool of HEA-
SOFT. We extracted source spectra from FPMA and FPMB
using a circle of radius 100” centered on the source.

For the timing analysis, the background light curves were
extracted from a circular region with a radius of 100" at the
corner of the NuSTAR field of view opposite to the source.
For the spectral analysis, we modeled background spectra
applying the NuSTAR background-fitting and -modeling tool,
nuskybgd (Wik et al. 2014)!, using three blank-sky spectra
for each telescope extracted from annular regions with radii
300”-400", 400"-500", and 500”-600".

2.2. Suzaku observation of 4U 1626—67

Suzaku was the fifth Japanese X-ray satellite (Mitsuda et al.
2007). It was equipped with two types of instruments, the
X-ray Imaging Spectrometer (XIS Koyama et al. 2007) and
the Hard X-ray Detector (HXD Takahashi et al. 2007). The
XIS was a set of four charge-coupled device (CCD) cameras
at the foci of four X-ray telescopes (Serlemitsos et al. 2007),
covering the lower energy band of 0.2-12keV. XIS 0, XIS 2,
and XIS 3 were front-illuminated devices, while XIS 1 was
back-illuminated. XIS 2 was taken offline after microme-
teorite strikes prior to these observations, so we use XIS 0
and XIS 3 (combined: XIS-FI) as well as XIS 1 (XIS-BI)
in this analysis. The HXD consisted of PIN silicon diodes
(HXD-PIN) and Gd;,SiO5Ce (GSO) crystal scintillators, and
covered the 10-600keV energy band.

The data used here are from the second Suzaku observa-
tion of 4U 1626—67, which was performed between 2010
September 6, 12:59 UT and 2010 September 7, 05:42 UT
(MJD 55445.5410 to 55446.2375). The first observation of
the source had been conducted in 2006 March and was ana-
lyzed by Iwakiri et al. (2012). The XIS was operated with the
1/4 window option and standard clocking, which has a time
resolution of 2s. As this is comparable to the 7.7 s pulse
period of of 4U 1626—67, phase-resolved analysis of the
Suzaku data is not practical. Therefore, we used the Suzaku
data for the phase-averaged analysis only. We reprocessed
and screened the XIS and HXD data with the standard cri-
teria, using the Suzaku reprocessing tool aepipeline in
the HEASOFT v6.19 package with calibration versions hxd-
20110913, xis-20151005, and xrt-20110630. The XIS spec-
tra and light curves were extracted from a circular region
with a radius of 4.3’ centered at the source. We accumulated
the XIS background spectra from a source-free region. We
checked the pile-up effect in the same way as in Yamada et al.
(2012) and found that the pile-up fraction was 3% and 1% at
5.7 and 28.7 pixels from the center of the image, respectively.
We excluded the regions which show > 1% pile-up fraction
so that the pile-up effect is negligible for the subsequent anal-

"'https://github.com/NuSTAR/nuskybgd
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Figure 1. Long-term energy-resolved light curves of 4U 1626—67

obtained with MAXI/GSC. Error bars are at the 16 level. Arrows

in the upper panel indicate the dates of the Suzaku and NuSTAR

observations.

ysis. In this paper, we only used the XIS data down to 3keV
to adjust the energy range of NuSTAR.

Since the HXD was not capable of imaging, we applied the
simulated Non-X-ray Background (NXB) model provided by
the Suzaku HXD team (Fukazawa et al. 2009) and a Cosmic
X-ray Background (CXB), assumed to be the same as the
typical model obtained by HEAO-1 (Boldt 1987). The net
exposures were 20.1 ks for the XIS-0,1,3 and 18.7 ks for the
HXD, respectively. Different screening criteria for South At-
lantic Anomaly (SAA) passages and Earth elevation angles
result in different exposures for the XIS and the HXD.

2.3. Long-term trend of the X-ray flux below 20 keV

Figure 1 shows the long-term light curves and hardness ra-
tio of 4U 1626—67 from 2009 October to 2016 January, ob-
tained with MAXI (Matsuoka et al. 2009) on-board the Inter-
national Space Station (ISS). To avoid any systematic mod-
ulation with a period of 70 days caused by the ISS orbit, the
data are binned to a resolution of 70 days per bin. Over the
period considered here the X-ray fluxes monotonically in-
creased by ~20% in both the 2—10 and 10-20keV bands,
while the hardness ratio remained constant.

3. ANALYSIS AND RESULTS
3.1. Timing analysis

Applying epoch folding (Leahy et al. 1983) to the light
curves obtained with the Suzaku HXD-PIN and NuSTAR,
we find the spin period of 4U 1626—67 to be Ps, a1 =
7.6774(1) s and Pyystar = 7.67295(1) s, respectively. These
results are consistent with Fermi/GBM results?.

We estimate the period derivatives, P, at the epochs of the
Suzaku and NuSTAR observations by performing a linear fit
to the Fermi/GBM data for 60 days before and after each ob-
servation. The results are Pg, . = —2.8 x 10~ 1ss™! and

https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.html
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Figure 2. Phase-averaged energy-spectra of 4U 1626—67 divided

by the Crab spectrum. Black and red crosses show the data ob-

tained with Suzaku (XIS-FI and HXD-PIN) and NuSTAR (FPMA),

respectively.

Pyvustar = —3.3 % 10~ Mgt respectively. Using the con-
servative approach of Takagi et al. (2016), the uncertainty of
these P values is 0.2 x 10~ !'ss™!. Thus, the period deriva-
tive P, along with the X-ray flux (Figure 1), increased sig-
nificantly between the two epochs of the Suzaku and NusS-
TAR observations. Accretion torque theory (Ghosh & Lamb
1979) implies that this change in P is due to an increase in
the accretion rate on the neutron star, consistent with the
study of Takagietal. (2016), who find from observations
of 4U 1626—67 spanning 30 years that the period deriva-
tive changes are in good agreement with the prediction by
Ghosh & Lamb (1979).

3.2. Phase-averaged spectral analysis
3.2.1. Crab ratio

First, we examine the ratio of the spectra to that of the
Crab Nebula and pulsar in order to get a model independent
view of their overall properties. Figure 2 shows the ratio of
the phase-averaged spectra obtained by Suzaku and NuSTAR
to that of the Crab, using a canonical model based on the
Suzaku calibration results® as a template for the Crab spec-
trum. We fixed the cross-normalization factor between XISO
and the HXD-PIN to the standard value of 1.16. According
to the NuSTAR calibration results of Madsen et al. (2017), the
cross-normalization factor between the FPMA and Suzaku’s
instruments are 0.99 £ 0.01 for XISO and 1.13 £ 0.03 for the
HXD-PIN, respectively. Comparing with these results, the
cross normalization uncertainty is at the few-percent level.

The CRSF is clearly visible at ~40keV. The ratios in the
soft X-rays below 20keV show that the X-ray flux obtained
with NuSTAR is brighter than that obtained with Suzaku,
which is consistent with the long-term X-ray variation ob-

3 Using the fits for XIS-nominal point-

ings without XIS2 found in Section 222 of

http://www.astro.isas. jaxa.jp/suzaku/doc/suzakumemo/suzakuthambp20@ghéasade.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl

served by MAXI (Figure 1). Above 30keV, however, the
hard X-ray flux decreased in the latter observation. In ad-
dition, the spectral peak energy appears to have slightly
changed from ~22.5keV in the 2010 Suzaku observation
to ~21.5keV in the 2015 NuSTAR observation. A similar
spectral difference is also reported by D17, who compared
the long-term Swift/BAT spectrum with the NuSTAR data.
D17 suggest that the difference is due to a small change of
the depth of the fundamental CRSF; however, the model-
independent Crab ratios in Figure 2 indicate that changes in
the continuum spectral shape should also be considered.

3.2.2. Continuum

Next, we modeled the phase-averaged spectra using the
Negative and Positive power-law times EXponential (NPEX)
model (Mihara 1995; Makishima et al. 1999). To model the
CRSF, we multiplied the continuum by a Gaussian optical
depth absorption model (GABS in XSPEC) exp(—S(E)),
where J
= G2 (E-E)?/(07)

moae ; ey

and where E,, 0,, and d, are the energy, width, and line
depth. We also apply an iron line modeled by an additive
Gaussian, and an additional black body for the soft excess
(Schulz et al. 2001) modeled by a BBODYRAD model, to
the Suzaku and NuSTAR data sets separately. The hydrogen
column density is fixed at the total Galactic H I column den-
sity (Ng = 1 x 1021 ecm=2)*,

The NPEX model succeeded to reproduce the Suzaku data
(left of Figure 3a, with x2/d.o.f. = 326.08/317) but failed
to reproduce the NuSTAR data (right of Figure 3a, with
x%/d.o.f. = 1005.1/427). However, we note that it can
describe the NuSTAR spectrum quite well if the energies
around the spectral peak (between 10 and 30keV) are ex-
cluded. Figure 3b displays the results of a fit when the
10-30keV data are ignored. This motivates the construc-
tion of a new model, which we term “modNPEX,” consisting
of an NPEX continuum with an additional broad Gaussian
emission feature around 20keV. Similar bumps have been
seen in other accretion-powered pulsars (Coburn et al. 2002;
Klochkov et al. 2007; Ferrigno et al. 2009; Vasco et al. 2013;
Farinelli et al. 2016; Ballhausen et al. 2017). When fitting
the Suzaku data, the center energy and the width of the Gaus-
sian model were fixed at the best-fit values of the NuSTAR
data. We found that both data sets are well reproduced by
this model (Figure 3c). A broad Fe Ka emission line is also
detected at ~6.76 keV with a o of ~150€V in both the obser-
vations. These line centroid energies and widths are consis-
tent with the results in previous papers (Camero-Arranz et al.
2012, Suzaku data; D17, NuSTAR data). We also tried
different phenomenological continuum models, the Fermi-
Dirac CutOff (FDCO) model (Tanaka 1986) and a power-law
modified with a high-energy cut-off (HIGHECUT) model

S(E)
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Figure 3. Phase-averaged, background-subtracted spectra of 4U 1626—67 obtained with Suzaku (left panel; black, red, green and blue crosses
denote the XIS-FI, XIS-BI, HXD-PIN and HXD-GSO, respectively) and NuSTAR (right panel; black and red crosses indicate the FPMA and
FPMB, respectively). The top panel on either side shows the count rate spectra along with the best-fit models NPEX-with-broad-Gaussian-
continuum model (modNPEX, dashed line) with a Gaussian absorption (GABS) model, Fe Ko line (dotted line), and an additional black body
(dashed-dotted line) model (see text and Table 1). The lower three panels show the residuals in units of ) from fitting the data with (a) NPEX
with GABS, (b) Same model as (a) but the 10-30keV region was ignored when fitting the model, and (c) modNPEX with GABS.

(White et al. 1983; Coburn et al. 2002; Fiirst et al. 2013). As
a result, we found that the modNPEX is the most success-
ful in providing a good and consistent description of both
the phase-averaged and the two phase-resolved spectra (Sec-
tion 3.4). Therefore, we adopted only the modNPEX as the
continuum emission model in this paper.

It should be noted here that D17, using a HIGHECUT
model (White et al. 1983; Coburn et al. 2002; Fiirst et al.
2013) or bulk+thermal Comptonization continuum model
(Becker & Wolff 2007), noted absorption-like residuals
around ~60keV. They therefore added a second Gaussian
absorption model to describe this feature, which they inter-
pret as the harmonic of the CRSF. However, as D17 acknowl-
edge, the centroid energy of the feature deviates significantly
from an integer multiple of the fundamental energy, quite
a bit more than one expects for a harmonic CRSF (even if
relativistic corrections are taken into account, the harmonic
should lie at roughly twice the energy of the fundamental;
see Pottschmidt et al. 2005). Additionally, the line param-
eters are model-dependent: D17 find a significantly lower
energy of 61 + 1 keV when using the Becker & Wolff (2007)
physical continuum model, compared to their HIGHECUT
fits (67 £3keV), while the line depth drops from SOHZ) to
22+5.

In our analysis of the NuSTAR spectra, a second GABS
feature is not needed to obtain an acceptable fit. Addition-
ally, even when residuals around 60 keV are present, they are
limited to a single bin at the extreme upper end of the use-

ful NuSTAR spectrum. Thus, the feature reported by D17
is mainly constrained by the Swift-BAT spectrum. We fur-
ther note that the Swift-BAT has a tagged >*' Am calibration
source on board, which emits 59 keV photons (Gehrels et al.
2004); this contributes to its background and could result in
line-like features. Thus, further study of 4U 1626—67 with
energy coverage considerably higher than 60keV is needed
to properly study any possible harmonic CRSFE.

As the Crab ratios from Section 3.2.1 suggest, our spec-
tral modeling shows a decrease in the pseudo plasma
temperature kT from 7.170%keV to 5.9 +0.1keV. While
the CRSF is narrower and shallower in the NuSTAR ob-
servation compared to Suzaku. The unabsorbed X-ray
fluxes in the 3.0-10.0keV, 30.0-60.0keV, and 3.0-60.0keV
bands derived with the modNPEX model fitting of the
Suzaku data are 3.2170%9 x 10719, 1.727034 x 10719, and
1297512 x 10 %ergem2s~!, respectively. Assuming a
distance of 10kpc (optical observations constrain its dis-
tance to 5-13kpc Chakrabarty 1998), these fluxes corre-
spond to an X-ray luminosity of 1.54Jj8:i; x 10¥7ergs™! in
the 3.0-60.0keV band. The NuSTAR fluxes in the same en-
ergy ranges are 3.44100¢ x 10710, 1.1470-97 x 1071°, and
1.25ij;:8‘51 x 10~ %ergem2s~!, corresponding to an X-ray
luminosity of 1.50700% x 107 ergs™! in the 3.0-60.0keV
band. Comparison the observed X-ray fluxes by Suzaku with
the NuSTAR results, we found that the 3.0-10.0keV flux in-
creased by ~5%, whereas the 30.0-60.0keV flux decreased
by ~35%.
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Table 1. Best-fit parameters for the phase-averaged Suzaku and
NuSTAR spectra of 4U 1626—67 using the modNPEX continuum
models with one GABS component to describe the fundamental cy-
clotron line.

modNPEX x GABS

Suzaku NuSTAR

kTgp (keV) 0477006 0.471004
Agp® 258120t 254TT
« oSl 04y
kTnpex (keV) 7.179¢ 59191
An(x1072)° 23707 26104
Ap(x107)° 40714 70109
EGaussian (keV) 19.8(fix)  19.870¢
OGaussian (keV) 4.8(fix) 4.8+06
AGaussian(x1073)d 1.8723 3.1+)2
Ege (keV) 675109 6.76+0:03
Ore (keV) 0.1375:9¢  0.157906
Ape(x1074)° 13105 12103
Ecgrsr (keV) 382709 37.7%01
ocrsF (keV) satST 4270
dCrsF 229757 147708
Cxisy " 0.94170:007

Coms — e
22/ dof 323481316 533.08/422
P’ 3.7x1071 1.9x10*

aR% / d? 10> Where Ry, is the radius of the black-body in km and d1¢
is the distance in units of 10 kpc.

bNormalization of the power-law. Defined at 1 keV in units of pho-
tons keV~! em=2 57!,
€ Normalization of the Gaussian. Defined in units of photons keV !

Cm72 571 .

d A cross calibration constant for XIS-BI relative to XIS-FI.
¢ A cross calibration constant for FPMB relative to FPMA.

JNull hypothesis probability.

3.2.3. An asymmetric cyclotron line

The residuals of the modNPEX fit to the NuSTAR data
show a slight systematic structure remaining at around the
fundamental CRSF energy (Figure 3c, right). The pres-
ence of a complex line profile for the fundamental CRSF
is consistent with D17, despite their different approach to
modeling the spectrum. We tried different models to repro-
duce this feature better and investigate its shape. First, we
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Figure 4. Same NuSTAR data as in Figure 3 right panels, but dif-
ferent models are applied. The top panel shows the phase-averaged
spectrum with the best-fit model, consisting of a modNPEX con-
tinuum with two GABS features, both modeling the fundamental
CRSF (see text and Table 2). The lower three panels show the
residuals in units of y from fitting with (a) modNPEX xCYAB, (b)
modNPEX with 2xGABS, and (¢) modNPEX with GABS plus an
additional Gaussian.

replaced the GABS model by a pseudo-Lorentzian absorp-
tion model (CYAB model, cyclabs in XSPEC) and fitted
the spectrum using modNPEX as a continuum model. As
can be seen in Figure 4 and Table 2, this model did not im-
prove the fit relative to the GABS CRSF model. Next, we
added another GABS model, as has been used for V 0332+53
(X0331+53) (Kreykenbohm et al. 2005; Pottschmidt et al.
2005; Nakajima et al. 2010) and Cep X-4 (Fiirst et al. 2015).
With this model, we successfully eliminated the residuals
around the CRSF (Figure 4 and Table 2). These results are
largely consistent with D17, although they tie the energies of
the GABS models to be the same.

However, since the GABS model only produces an absorp-
tion feature, we also tried replacing the second GABS com-
ponent with an additive Gaussian model (i.e., [modNPEX +
Gaussian] x GABS), allowing the Gaussian normalization to
be both positive and negative. The best-fit normalization us-
ing the model is negative at the 56 level, and the energy was
consistent with that found using the 2 x GABS CRSE. To
evaluate the chance probability of improvement of adding the
extra Gaussian component, we simulated 400,000 data sets
using simftest in XSPEC. The evaluated chance proba-
bility was 6.3 x 107> Therefore, we have possibly detected a
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Table 2. Best-fit parameters for the phase-averaged NuSTAR spectra of 4U 1626—67 using the modNPEX continuum models with different
one- and two-component models to describe the fundamental cyclotron line.

modNPEX modNPEX (modNPEX + Gaussian)

x CYAB x GABS x GABS x GABS

kTsp (keV) 0.471004 0.4779:93 0.477003
Apg® 263745 266142 266743
o 0.521900 0.4870:03 0.4870:03
kTnpex (keV) 6.3701 5.9701 59191
An(x1072)b 2.6193 2.6792 2.6702
Ap(x1073)P 6.1197 7.1°94 7.1°04
EGaussian (keV) 20.610¢ 19.8(fix) 19.8(fix)
OGaussian (keV) 50754 4.8(fix) 4.8(fix)
AGaussian (x1073)¢ 31743 3.1703 31703
Ere (keV) 6.761903 6.76 003 6.76 7003
ore (keV) 0.1519:00 0.1579:9 0.1579:9
Ape(x1074)° 12703 1.2103 12103
Ecrsr (keV) 36.6701 39.970:¢ 39.2708
ocrsr (keV) 53103 2.6708 2.9%93
TCRSF 16701 — —
dCRSE — 53733 8.8"28
Eqps (keV) — 359714 32.8199
Gaps (keV) — 3.6703 3.4703
daps — 87742 —
Aaps(x1073)¢ — — ~1.2733
Crpump* 1.002+300 1.002+0:005 1.00279:9%2
x*/dof 596.91/422  508.08/421 507.98/421
Poull 2.1x107° 2.3x1073 23%x1073

“Rim / dfo, where Ry, is the radius of the black-body in km and d is the distance in units of 10 kpc.
bNormalization of the power-law. Defined at 1 keV in units of photons keV~! cm=2 s~1.

¢ Normalization of the Gaussian. Defined in units of photons keV~' cm=2 s~ 1.

d A cross calibration constant for FPMB relative to FPMA.

¢ Null hypothesis probability.

complex line profile for the fundamental CRSF in the phase-
averaged spectrum.

pulse profile modeling using a new relativistic ray tracing
code. Due to the low time resolution of the Suzaku data below
10keV, we concentrate on the NuSTAR data. Figure 5 shows
the energy-resolved and background subtracted pulse pro-

3.3. Pul l deli
ulse profile modeling files in eleven different energy bands obtained with NuSTAR.

Because the energy spectrum of 4U 1626—67 is known to
depend strongly on pulse phase (Pravdo et al. 1979; Kii et al.
1986; Iwakiri et al. 2012), we present in these next two sec-
tions a detailed phase-resolved study. First, to investigate the
geometry of the neutron star quantitatively, we performed

The pulse profiles strongly depend on energy, with a double-
peaked structure below 10 keV which becomes single-peaked
and almost sinusoidal in the higher energy bands. The char-
acteristics of the pulse profiles seen by NuSTAR are con-
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Figure 5. Modeled emission patterns and pulse profiles of 4U 1626—67 in different energy bands. The center panels show the pulse profiles
obtained with NuSTAR (black points) and the fitted model (orange) with its individual components of the fan (solid blue, dashed navy) and
pencil emission (solid red, dashed maroon) of the first and second accretion column, respectively. The left-hand panels show the corresponding

normalized emission patterns, Ig (1), of the two accretion columns. The solid magenta line corresponds to the combined emission pattern of

the fan and pencil beam of the first column. The right-hand panels show the same emission patterns as polar plot, where the right and left

side counting 1) clockwise and counter-clockwise correspond to the first and second accretion column, respectively. The best-fit parameters are

shown in Table 3.

sistent with the RXTE results observed in 2010 (Beri et al.
2014).

We use the relativistic light bending code of Falkner et al.
(2018a,b, see also Schonherretal. 2014) to model the
energy-resolved pulse profiles of 4U 1626—67 (see Figure 5).
This code follows a similar approach to Ferrigno et al. (2011)
to obtain the observable energy and phase dependent flux.
In contrast to Ferrigno et al. (2011), we are able to apply
arbitrary emission patterns to emission regions of any ge-
ometrical shape. The code has been used previously by
Schonherr et al. (2014) to investigate the energy dependent
phase lags in accreting neutron stars.

In our model for 4U 1626—67 we consider a canonical
neutron star of mass M = 1.4M; and radius R = 10km.
The observed X-rays are emitted by two cylindrical ac-
cretion columns AC1 and AC2 of height haci,ac2 and ra-
dius raci,ac2. Allowing for an asymmetric magnetic field,
the columns are positioned individually at azimuthal angles
Paci,ac2 and polar angles @aci ac2, respectively, in a co-
ordinate system that is measured with respect to the neutron
star’s rotational axis. The angle between the line of sight and

the neutron star’s angular momentum vector specifies the in-
clination i of the neutron star. Hence i = 0° would correspond
to a face-on system.

We make the simplified assumption that the emission
pattern of the columns can be described as a mixture of
Gaussian-like fan and pencil beam emission components in
the frame of rest of the neutron star’s surface, e.g., at a given
energy the emissivity of one accretion column is given by

12
n—Tp

Ig(n) Vo,

= 72
=Nyexp | — u]

+ Nrexp _|:\/§G
i

2
where 1) is the angle of the emitted photons measured with
respect to the magnetic field axis in the frame of rest of the
neutron star surface, and where the energy dependent quan-
tities 7, o, and N describe the direction of peak emissivity,
the width, and the strength of the pencil-beam (p) and fan-
beam (f) components, respectively. For the fan beam we set
Me = 90°, i.e., the fan beam is fixed to emit from the sides
of the accretion column perpendicular to the B-Field. While
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Table 3. Fit parameters of the accretion column model. Parameters not listed here are fixed or tied. In particular we impose rac; = race and
hact1 = haca for the column size, Ny, = Np,, Op, = Op,, Tlp, = Tlp, for the pencil beam, and ot, = oy, and ), = 7y, = 90° for the fan beam.
The given errors correspond to the 90% confidence level.

global column; columny
i Pact Oaci rACI haci Pac2 Oac2 | xdof.
[deg] [deg] [deg] (m] [m] [deg] [deg]
9.5+£0.2 | 73.6+0.3 12507097 590+50 252+12 29042 158.1+0.2 | 1146/631
pencil; fan; fan,
AE Np, Op, Tp, Ny, of, Ny,
[keV] [cts/s] [deg] [deg] [cts/s] [deg] [cts/s]
3-5 0957008 4217007 5.73+£0.06  1.217093 18070, 0.01170:013
5-7 | 1.14£0.02 437£0.06 6.12£0.06  1.097003 18019, 0.08+0.02
7-9 103709 4.66+£0.05  6.657007 0847093 18070, 0.16+0.02
9-11 0.837008  4.84700° 7331000 0.60709%  617]20 0.17+0.02
1-13 | 07779%  73+07  94+02 0177008 2002 0.13£0.02
13-15 | 0567092 78+0.6 107703 011750 148739 0.11+0.02
15-17 | 0467003  84+£05 124+£04 0.06+£0.02 13.0709 0.082£0.009
17-20 | 0557002 83+£03 148707 0.026700%9 78 0.08+0.01
20-25 | 0.53+£0.01  7.8+£02 16.2+03 0.0247300¢  5.07)] 0.0670:007
25-30 | 0.18%002  69+03  17.0703  0.0270%2 1172 0.025+0.005
30-50 | 0.07070:008 8.370¢  18.1+07 <0.007 14757 0.018+0.004

we impose the same model for the emissivity pattern on both
poles, the fluxes of the beams are allowed to vary freely.

We model the energy-dependence of the pulse profile by
letting the parameters N, o, and 7] of the emission pattern be
energy dependent. For the models described in the follow-
ing we assume that the emissivity of the accretion column is
independent of height and thus constant over the whole col-
umn. From Equation 2 we then derive the observed energy-
and phase- dependent total flux

FE(9) =F1(¢,Ig) + F2(0,Ig) (3)

where ¢ is the pulse phase and Fj ; is the flux of the indi-
vidual accretion columns emitting with the given, energy de-
pendent, emission pattern I (Eq. 2). The description of the
calculation of F », which accounts for all general relativistic
effects and is in addition to the parameters here dependent on
the neutron star’s inclination, #, is beyond the scope of this
paper and is given in Falkner et al. (2018a,b).

Figure 5 includes the best-fit model described above for the
energy-resolved and background subtracted NuSTAR pulse
profiles in 11 energy bands, which were fitted simultane-
ously. Lines show the overall model and the individual con-
tributions of the fan and pencil beams from each accretion
column. The corresponding parameters are listed in Ta-
ble 3. The geometrical parameters (i, @aci,ac2, Paci,ac2,
hact,ac2, Faci,Ac2) are global, that is the same for all ener-

gies, while the parameters describing the emission profile are
determined for each individual energy band. In the best-fit
case the size of the second accretion column is tied to the
first one, i.e, raco = raci and hacr = haci. Further, the
shape of the energy dependent emission profiles of the two
columns are tied together, i.e., op, = Op,, Mp, = 7, for the
pencil beam component, and o, = oy, and 7}, = 7y, = 90°
for the fan beam component. We found that there are two lo-
cal minima of the xz landscape of the observer inclination i;
one solution is i = 9°, the other is i = 27°. Since the 9° solu-
tion shows a simpler pulse profile evolution than the i = 27°
solution and because of its consistency with the physical sim-
ulation results taking into account the anisotropy of the scat-
tring cross section in a strong magnetic field according to
Kii et al. (1986) (see details in Section 4.3), we only show
the results from the i = 9° solution in this paper. Table 3 also
gives the 90% confidence levels for the parameters. These
uncertainties are purely statistical and driven by a complex
x? landscape. It is probable that these uncertainties are sys-
tematically underestimated. In relation to each other the un-
certainties, however, indicate that the radius and height of the
column, and for some energies the width of the fan-beam are
much less constraint than the other parameters.

The derived best-fit values of ®ac1 .ac2, Paci,ac indicate
an asymmetric B-Field configuration of 4U 1626—67. Such
an orientation of a magnetic field axis was also suggested in
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Table 3 for the best-fit parameters. The panels showing N, o¢, op,
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Figure 7. Phase dependent angle, 1, under which the magnetic field
is seen at either pole according to the best-fit values in Table 3. Solid
and dashed black lines enclose 1 values corresponding to the first
and second accretion column, AC1 and AC2, respectively, account-
ing for light bending. Green lines show the case of neglecting light
bending.

the previous pulse profile modeling results of Leahy (1991)
which shows that nine of 20 pulsars requires an magnetic
field axis offset. The fit shows that the magnetic field of the
first column passes through close to the line of sight during
each rotation. That is, at pulse phase ¢ = Ppcy, when the
first column is in the front, we are looking at the first column
from above with an angle to its magnetic field axis of approx-
imately ®@ac; — i = 3°. Furthermore, the displacement of the
two accretion columns compared to the symmetric antipodal

case is given
A = 1 —arccos (fiac1 0 liac2) @)

which is the angular distance of the two unit vectors,
fiaci,ac2, of the accretion columns positions correspond-
ing to their azimuthal and polar angles. The geometry of
our best-fit model yields a displacement of A = 13°9, which
represents a moderate asymmetry. In our best-fit model we
tie the accretion columns dimensions to prevent parame-
ter degeneracy. Such an asymmetric B-field configuration,
however, may suggest columns of different sizes due to pos-
sible asymmentric accretion flows, that is different accre-
tion rates for the two poles (see e.g., Becker & Wolff 2007,
Postnov et al. 2015). Therefore, and due to the fact that we
make the very simple assumption of an homogeneously emit-
ting surface, the obtained heights and radii of the columns
should not be interpreted as physical quantities.

Despite the simplified assumptions entering the beam pat-
tern, our model describes the observed pulse profiles and
their energy evolution remarkably well and with a smooth
variation of all relevant parameters of the emission charac-
teristics. The evolution of the pulse profile is characterized
by a very wide fan beam which strongly decreases in width
as the energy increases. In contrast, the shape of the pencil
beam component only slightly changes, but the direction of
its peak emission does. This shift explains the widening of
the gap between the double peak in the pulse profile. From
3keV to 10keV the parameters corresponding to the first col-
umn change only slightly, but the normalization of the fan
beam of the second column increases explaining the changes
seen in the pulse profile at these lower energies. For the ge-
ometry in our best-fit model the pencil beam component of
the second accretion column is directed away from the ob-
server over the whole rotational phase and is therefore never
observed. To ensure the correctness® of our fit we therefore
tie the normalization of the two pencil beam components, i.e.,
Np, = Ny, . Figure 6 shows the energy dependency of the pa-
rameter values.

The decomposition of the pulse profiles in the middle
columns of Figure 5 illustrates how these parameter changes
manage to reproduce the pulse profiles so well: The pencil
beam is responsible for the distinct and symmetric double
peak that characterizes the softer energy bands. The peaks
are close together since the pencil beam is directed upwards,
with only a small offset, 1), to the magnetic field, which re-
sembles a conical emission pattern. The strong non-pulsed
continuum between the two peaks is produced by the broad
fan beam, which is shifted by half a phase with respect to
the dip between the double peak of the pencil beam. With
increasing energy the double peak decreases in importance
and its width broadens while the gap in between increases.
This behavior is reflected in the best-fit parameters by show-
ing that the offset angle 7}, and beam width o, increase with

3 Otherwise the fit-algorithm might be stuck at a Np, = 0 solution, disre-
garding the second pencil beam solution also for other tested geometries.



energy (see Figure 6). In addition, the flat plateau at low en-
ergies evolves into an asymmetric peak, which is caused by
the narrowing of the fan beam. The asymmetry visible in this
pulse is caused by the fan beam of the slightly-misaligned
second accretion column. A consequence of this best-fit ge-
ometry is that the pencil beam of the second column is di-
rected away from the observer at all pulse phases, and thus
it is not observable. A second consequence is that the evo-
lution of the direction of the peak emissivity of the primary
pencil beam, 7, , dominates the evolution of the pulsed frac-
tion, (Fmax — Fmin)/ Fmax» While the width of the fan beam,
Of, has only a minor influence (Fig. 6).

We note that extrapolating the behavior of the pencil and
fan beams to even lower energies than considered here pre-
dicts an evolution of the pulse profile towards a shape dom-
inated by the single broad hump of the fan beam, consistent
with the pulse profiles seen by XMM-Newton (Krauss et al.
2007) and Chandra (Hemphill et al. 2017).

Modeling the pulse profiles also yields our viewing angle,
1N, onto the two accretion columns. This parameter is impor-
tant for the interpretation of the CRSF, the shape of which
strongly depends on the angle under which we see the mag-
netic field (Schwarm et al. 2017a,b). As shown in Figure 7,
n is strongly influenced by the effect of light bending, for
the first column 7 varies between 5° and 22° in a small band
with mean width ~ 1°, whereas for the second column the
mean width of the band is ~ 11° between 91° and 110°.

Compared to other models put forward for explaining the
energy dependent change of the pulse profile of 4U 1626—67,
our pulse decomposition explains the observed energy depen-
dent behavior solely by a change in the emission character-
istics of the accretion column, without invoking foreground
effects, such as the absorption by an accretion stream pro-
posed by Beri et al. (2014). The simpler explanation is pos-
sible by virtue of the low inclination of i = 9°5, where rela-
tivistic effects allow a complex interplay between the pencil
and fan beam to produce the observed profiles. Although
there is some systematic uncertainty in the derived inclina-
tion angle due to the complexity of the pulse profile model-
ing, we note that the inclination is in reasonable agreement
with the face on inclination of < 8° inferred by studies of
the orbit of the system that assume that the donor star is
a 0.08 M hydrogen-depleted and partially degenerate star
(Levine et al. 1988; Verbunt et al. 1990; Chakrabarty 1998).

The inclination is in moderate disagreement, however,
with the i < 33° estimate for a 0.02 M helium or carbon-
oxygen white dwarf donor (Verbunt et al. 1990; Chakrabarty
1998). This higher-inclination case is supported by the pres-
ence of a complex of broad, double-peaked emission lines
around 1keV (Schulz et al. 2001; Krauss et al. 2007), which
are consistent with an inclination in the range of 30-40°
(Schulz et al. 2013; Hemphill et al. 2017). The low inclina-
tion found by our pulse profile modeling can possibly be rec-
onciled with the high inclination implied by the disk lines if
the angular momenta of the accretion disk and neutron star
are misaligned. This would result in a strong warp in the
accretion disk, which could explain the disk flips that have
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Figure 8. The phase-resolved energy spectra normalized with a
canonical model of the Crab (Crab Nebula and pulsar) spectrum.
Red and orange crosses show the FPMA and FPMB spectra ex-
tracted from phase interval ¢ = 0.5-1.0 in Figure 5, while blue and
cyan crosses show those from phase interval ¢ = 0.0-0.5.

been invoked to explain the torque reversals of 4U 1626—67
(van Kerkwijk et al. 1998; Wijers & Pringle 1999).

3.4. Phase-resolved spectral analysis

Due to the strong angular dependency of the cyclotron
scattering cross section, we expect that the continuum emis-
sion and CRSF profile will depend on our viewing direc-
tion (see, e.g., Mészdros 1992). Here we perform a phase-
resolved analysis to investigate how the spectral parameters
change with phase. Phase-resolved spectroscopy of the NusS-
TAR data was explored in D17, however, their 20 phase bins
had poor photon statistics, which precluded a detailed study
of the fundamental CRSF. Motivated by our pulse profile
modeling results, we instead divide the events into two phase
intervals: ¢ =0.0-0.5, which is more dominated by soft X-
ray flux and contains the double peaks seen at low energies,
and 0.5-1.0, where the profile is flat at low energies and more
dominated by hard X-ray flux. Based on our pulse profile
modeling, the phase 0.0-0.5 interval corresponds to viewing
angles 1 of the first accretion column between 5° and 16°,
while the 0.5-1.0 interval corresponds to angles between 17°
and 22°.

3.4.1. Crab ratio

Similar to our treatment of the phase averaged data, we first
performed a model independent study of the phase dependent
data using Crab ratios. The normalized phase-resolved spec-
tra by the canonical model of the Crab are shown in Figure 8.
It is clear that the continuum emission and CRSF profile both
depend strongly on the spin phase, with phases 0.5-1.0 being
considerably harder spectrally than the 0.0-0.5 interval.

3.4.2. Continuum and cyclotron line

We model the phase-resolved spectra with the modNPEX
continuum models, which is the successful in reproducing the
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Figure 9. Phase-resolved spectra extracted from the phase inter-
val ¢ = 0.0-0.5 as defined in Figure 5 (black and red crosses for
FPMA and FPMB, respectively) with the best-fit model consisting
of modNPEX with a GABS component. The lower panels show )
residuals of the best-fit results for the models of (a) modNPEX with
GABS.
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Figure 10. Phase-resolved spectra extracted from the phase inter-
val ¢ = 0.5-1.0 as in Figure 5 (black and red crosses for FPMA
and FPMB, respectively) with the best-fit model consisting of mod-
NPEX with two GABS components. The lower panels show
residuals of the best-fit results using (a) modNPEX with GABS,
(b) modNPEX with CYAB, (¢) modNPEX with two GABS, and (d)
modNPEX with GABS plus an additional Gaussian.
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Figure 11. Phase-resolved spectra extracted from the phase interval
¢ = 0.125 — 0.250 defined in Figure 5 (black and red crosses for
FPMA and FPMB, respectively) with the best-fit modNPEX model.
The background spectra are shown as well (black and red x-symbols
for FPMA and FPMB, respectively). The lower panels show the )
residuals for the best-fit models with (a) a pure modNPEX contin-
uum and (b) modNPEX with an additional Gaussian.

phase-averaged spectra (Section 3.2.2). Due to the lower sig-
nal to noise ratio of the spectra, the iron line energy and width
and those of broad Gaussian component for the modNPEX
model were fixed at the values from the phase-averaged spec-
trum (Table 1).

Figure 9 shows the results of the spectral fitting of the spec-
trum accumulated for phase interval ¢ = 0.0-0.5. We do ob-
tain a good fit with the modNPEX continuum, and find that a
single GABS component (Figure 9) is sufficient to reproduce
the CRSF profile.

We then fitted the spectrum from phase interval ¢ = 0.5—
1.0 with the same model. The results are displayed in Fig-
ure 10. With a single GABS component, V-shaped resid-
uals are still visible around the fundamental CRSF (see
Figure 10a), similar to our results for the phase-averaged
NuSTAR spectrum in Section 3.2.3. As before, we tried
a CYAB model (a pseudo-Lorentzian profile) in place of
the GABS component, but this produced worse fits com-
pared to the GABS CRSF, with x?/d.o.f. = 651.69/427
(Figure 10b). We then tried another GABS component
(i.e., modNPEX x GABS x GABS) and an additive Gaussian
component ([modNPEX+Gaussian] x GABS). In both cases,
the extra residuals around the CRSF were eliminated (Fig-
ure 10c,d), and the Gaussian component normalization is
negative at the 5o level. The probability of this feature aris-
ing by chance, determined by simulating 400,000 datasets
with simftest in XSPEC, is 1.8 x 107>, The best fit pa-
rameters using the modNPEX model are summarized in Ta-
ble 4.

Hence, we conclude that we have again tentatively detected
the distorted CRSF which cannot be represented by a simple



Gaussian or pseudo-Lorentzian absorption model, similar to
the CRSF seen in the phase-averaged NuSTAR spectrum.

3.4.3. Dim phase spectrum

Iwakiri et al. (2012) reported the possible detection of an
emission-line-like feature in the dim phase (¢ =0.125-0.250
in Figure 5) of 4U 1626—67 during the spin-down state. We
extracted a spectrum from this phase interval and fitted it with
the modNPEX model; the results are displayed in Figure 11a
and Table 5. The spectrum is well reproduced by only the
continuum model — the CRSF feature does not appear in
the dim phase significantly. However, the residuals around
45 keV do indicate a possible emission-line-like feature, al-
though the signal is weak compared with the background
level. If we add a Gaussian emission component in the same
manner as Iwakiri et al. (2012), with the center energy fixed
at their best-fit value E = 40.5keV (Figure 11b), the fit-
ted width of o = 8.573%keV is consistent with the width
found in the spin-down state, which showed o > 4.5keV,
whereas the normalization of 2.21L8:§ x 10~* photons cm ™2
s~! is lower than the spin-down observation’s 8.83:5 X
10~*phcm~2s~!. The chance probability of improvements
of adding this emission feature is 2.0 x 10~2 determined
by simulating 20,000 datasets with simftest in XSPEC.
Therefore, we concluded that we have only marginally de-
tected the emission line at about 20 level. The observed un-
absorbed fluxes for the dim phase of the spin-down state and
the spin-up state in the 3 - 60 keV band are 2.2Jj8:% x 10710
and 6.070) x 10710 ergem=2s7!, respectively (When we
calculate the fluxes, the blackbody parameters are fixed). We
note that while D17 claimed the presence of an absorption
feature in the dim phase of the pulse, their chosen phase in-
terval is different from ours, corresponding to approximately
¢ =0.2-0.35 in Figure 5, and thus this discrepancy is not
problematic.

4. DISCUSSION

We have presented an analysis of two observations of
4U 1626—67 with Suzaku in 2010 September and NuSTAR
in 2015 May. We have performed broad-band spectral anal-
ysis, using both phase-averaged and phase-resolved data. In
the phase-averaged analysis, we have found a change in the
continuum shapes between the observations and confirmed
the complex profile of the fundamental CRSF in the NuSTAR
data suggested by D17. In the phase-resolved analysis using
the NuSTAR data, we have shown the phase dependence of
the continuum and CRSF feature, and find further evidence
for a distorted CRSF profile during the brighter phase. We
have also modeled the energy-resolved pulse profiles using a
new relativistic ray tracing code. In this section, we discuss
the nature of 4U 1626—67, based on our findings.

4.1. Difference of the continuum and pulse period between
the two observations

We have found that the continuum emission is different
between the 2010 Suzaku and 2015 NuSTAR observations.
Let us consider the implications of this result.
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According to Ghosh & Lamb (1979), for accretion via a
disk, the rate of change in the pulse period, P, is propor-
tional to M®/ 7 where M is the total mass accretion rate onto
the neutron star. Thus, we can estimate the accretion rate
onto 4U 1626—67 using P from Fermi-GBM monitoring. As
found in Section 2.3, P over the Suzaku observation was
—2.8x 107" g5~ 1, while over the NuSTAR observation it
was —3.3 x 107 !'ss~!. The 15% higher P during the NuS-
TAR observation would thus imply a 13% higher accretion
rate per Ghosh & Lamb (1979).

Based on the Crab ratios of these data sets (Figure 2), as
well as our spectral fitting results (Table 1), hard X-ray pho-
tons are suppressed in the NuSTAR observation relative to the
2010 Suzaku spectrum. Since hard X-ray photons are mainly
produced by thermal Comptonization in the accretion column
(Becker & Wolff 2007), we can infer that the electron tem-
perature of the plasma decreased. However, the photon index
o did not change significantly between the observations.

Summarizing our interpretations of our timing and spectral
results, the NuSTAR observation saw a higher accretion rate
and lower temperature in the accretion column compared to
the Suzaku observation. At least in terms of these results, the
spectral variation between the 2010 Suzaku and 2015 NuS-
TAR observations indicate that the decrease in the plasma
temperature is caused by the increased accretion rate. How-
ever, the relation between the accretion rate and the temper-
ature is not simple due to the complex of radiative transfer
processes under the strong magnetic field. Future theoretical
study is needed to verify our interpretation.

4.2. Origin of the continuum emission

The high sensitivity of NuSTAR in the hard X-ray band
and our analyses of the phase-averaged and phase-resolved
spectra lead us to conclude that the most appropriate empiri-
cal model for the continuum emission of 4U 1626—67 is the
modNPEX model. The results indicate that the extra Gaus-
sian is needed to allow the NPEX model-based fit to pro-
vide a good description of the physical continuum. Simi-
lar broad Gaussian features have been detected from several
other accretion-powered pulsars, e.g., 4U 0115+63, Cen X-3,
Her X-1 and A 0535+26 (Ferrigno et al. 2009; Suchy et al.
2008; Vasco et al. 2013; Ballhausen et al. 2017). Since the
broad Gaussian feature appears around the spectral peak, it is
inferred that the main difference between the simple NPEX
continuum model and the observed spectrum is the spectral
shape of the quasi-exponential cutoff. The NPEX model ap-
proximates the Wien peak like cutoff which is expected for
pure thermal Comptonization regime but the shape of the
spectral cutoff is mainly determined by the contribution ra-
tio of the bulk and thermal Comptonization in their photon
propagation process. Moreover, since there are three types
of seed photons (bremsstrahlung and cyclotron emission cre-
ated along the column, black-body emission from the base
of the column), the cutoff shape is also related to the con-
tribution ratio of the seed photons. Therefore, a physical
model fitting is important to investigate the origin of the
broad Gaussian feature observed from 4U 1626—67. How-
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Table 4. Best-fit parameters for the phase 0.0-0.5 and 0.5-1.0 NuSTAR spectra of 4U 1626—67.

modNPEX | modNPEX modNPEX (modNPEX + Gaussian)

x GABS | x GABS x GABS x GABS x GABS
Pulse phase ¢ 0.0-0.5 0.5-1.0
kTgp (keV) 0497004 | 0.427007 0427007 042007
Apg® 244738 | 3521019 35913050 367507
« 0474001 | Lo2*0% 100t 102790
kTnpex (keV) 56703 | 6.0751 6.0 6.0
An(x1072)P 19505 | 48109 4.7+07 49107
Ap(x1073)° 3271 | 103103 12.6703 10.4793
EGaussian (keV) | 19.8(fix) | 19.8(fix) 19.8(fix) 19.8(fix)
OGaussian (keV) | 4.8(fix) | 4.8(fix) 4.8(fix) 4.8(fix)
AGaussian(x1073) | 1.1793 | 51793 55103 54103
Ere (keV) 6.76(fix) | 6.76(fix) 6.76(fix) 6.76(fix)
ore (keV) 0.15(fix) | 0.15(fix) 0.15(fix) 0.15(fix)
Ape(x1074)¢ 1293 | 13703 1.3793 1.3793
E, (keV) 36.5103 | 37.991 39.2759 38.9103
ocrsr (keV) 46704 | 4.0701 2.8103 3.0193
dcrsF 108717 | 159757 10.372% 11.7537
Eqps (keV) — — 342122 325701
Gabs (keV) — — 2.910% 2.8%03
s — — 4.873¢ —
Normgp, x 1073 — — — —1.4703
x*/dof 453.52/427(522.50/427  493.80/424 494.55.47/424
Poun® 1.8x107! | 1.1x1073 1.1x1072 1.0x1072

aRﬁm / dfo, where Ry, is the radius of the black-body in km and d is the distance in units of 10 kpc.

bNormalization of negative (n) and positive (p) NPEX components, defined at 1 keV in units of photons keV~! em=2 s~

¢ Normalization of the Gaussian. Defined in units of photons keV ™! ¢

dNull hypothesis probability.

ever, this is beyond the scope of the present paper. While D17
did fit 4U 1626-67 with the Becker & Wolff (2007) bulk and
thermal Comptonization model, their description includes an
additional reflection component and the unusual 2nd har-
monic absorption feature described earlier. Because of this
and since the individual spectral contributions of the differ-
ent types of Comptonized seed photons are not shown, we
cannot interpret the 20 keV residual within the D17 picture.

4.3. Origin of the pulse profile evolution

Using our new relativistic ray tracing code, we success-
fully reproduce the energy-resolved pulse profiles obtained
by NuSTAR (Section 3.3). We find that the beam pattern

m*2 Sil.

is energy-dependent. The qualitative explanation for the
observed pulse profile evolution is found in the anisotropy
of the Thomson scattering cross section in a strong mag-
netized plasma. In this case the cross section depends on
the photon energy and is different for the ordinary and
extraordinary polarization modes. Kii et al. (1986) simu-
lated the 4U 1626—67 pulse profile during spin-up, as ob-
tained by Tenma during May 3-5, 1983. Their simulation
is based on anisotropic radiation transfer calculations by
Nagel (1981), ignoring vacuum polarization. For a cylin-
drical geometry with a diameter of the Thomson scattering
optical depth 7, = 80, Kii et al. (1986) find the following:
first, ordinary-mode photons dominate in lower energy band,



Table 5. Best fit parameters for the phase 0.125-0.250 NuSTAR
spectra of 4U 1626-67.

modNPEX modNPEX

+ Gaussian emission

kTig (keV) 0.417003 0477003
Apg® 68471530 324712
« 010%5%  —0.15*91
kTnpex (keV) 5.3703 46150
An(x1072)° 1.6752 1.3793
Ap(x1073)° 0.5} <49
EGaussian (keV)  19.8(fix) 19.8(fix)
OGaussian (keV)  4.8(fix) 4.8(fix)
AGaussian(x1073) 05703 1.0753
Ere (keV) 6.76(fix) 6.76(fix)
ore (keV) 0.15(fix) 0.15(fix)
Ape(x1074° 08703 0.9703
E, (keV) — 40.5(fix)
o (keV) — 8.5138
Norm(x10~%) — 2.2%97
%%/ do.f 305.68/384  366.99/382
Pt 3.3x107! 7.0x10!

aRﬁm / d%o, where Ry, is the radius of the black-body in km and dq
is the distance in units of 10 kpc.

bNormalization of negative (n) and positive (p) NPEX components,
defined at 1 keV in units of photons keV~! em=2 s~ 1.

¢ Normalization of the Gaussian. Defined in units of photons keV ™!
em~2 s
dNull hypothesis probability.

whereas extraordinary-mode photons become dominant to-
ward higher energies. Second, the maximum emission angle
for extraordinary-mode photons is offset with respect to the
magnetic field, and that offset becomes slightly stronger at
higher energies. Third, the emission profile with respect to
the magnetic field becomes wider at higher energies. Com-
paring these with our pulse profile modeling results, we
can thus draw qualitative connections between our fan-beam
evolution and Kiietal. (1986)’s ordinary-mode emission
profile, and between our pencil-beam evolution and their
extraordinary-mode emission profile. Therefore, we suggest
that the origin of the observed pulse profile evolution is found
in the energy and polarization dependence of the scattering
cross section in a strongly magnetized plasma.

X-ray polarimetry will be useful to validate this hypothe-
sis, as ordinary- and extraordinary-mode photons contribute
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Figure 12. Ratio residuals of the phase ¢ = 0.5-1.0 spectra to the
continuum component of the best-fit modNPEX model, with the
two GABS components excluded (FPMA:black crosses, FPMB:red
crosses). Magenta, blue, and cyan dotted lines show the contribu-
tions of the primary GABS component, secondary GABS compo-
nent, and sum of the two GABS models, respectively.
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Figure 13. Comparing CRSF shapes between phase ¢ = 0.5-1.0
and ¢ = 0.0-0.5. These are ratio residuals displayed in the same
manner as in Figure 12. Black crosses show the ratio residuals for
the phase ¢ = 0.5-1.0 FPMA spectrum, while orange crosses show
the residuals for phase ¢ = 0.0-0.5.

to polarization with opposite signs. Consider, as an exam-
ple, the future mission IXPE (Weisskopf et al. 2016), which
will operate in the 2-8 keV band. Under our suggestion that
the fan and pencil beams respectively correspond to ordi-
nary and extraordinary-mode photons, Figure 5 predicts that
in IXPE’s band, the polarization degree will be nearly zero
around phase ¢ = 0.45, where the pencil and fan contribu-
tions are comparable, and maximal around phases ¢ = 0.3
and ¢ = 0.75, where one beam dominates over the other.
Meanwhile, the hard X-ray band covered by, e.g., X-Calibur
Beilicke et al. (2014) should find higher overall polarization
with a minimum around phase ¢ =0.7.

4.4. CRSF profile

We have found that the observed fundamental CRSF in
the phase-averaged and the phase ¢ = 0.5-1.0 spectra is bet-
ter described with a two-Gaussian absorption structure than
with a single Gaussian or pseudo-Lorentzian profile (Sec-
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Figure 14. The dim phase spectrum during the spin-down phase of
4U 1626—67 observed by Suzaku in 2006 September (Iwakiri et al.
2012) with the modNPEX-based best-fit model. Black, red, and
green crosses are the XIS-FI, XIS-BI, and HXD-PIN data, respec-
tively. Histograms show the overall modNPEX-based best-fit model
and dotted lines show individual model components.

tion 3.4.2). To highlight this asymmetry, we show in Fig-
ure 12 the ratio between the data and the continuum com-
ponent of the best-fit model, where we have excluded the
CRSF model. The best-fit two-Gaussian absorption model
is overlaid, showing broadening at lower energies. This is
similar to what was reported in the NuSTAR observation of
Cep X-4 (Fiirst et al. 2015). Some explanations of this dis-
torted profile have been proposed. For example, Nishimura
(2011) proposed that the fundamental line profile becomes
asymmetric and shallower toward lower energies due to the
superposition of multiple CRSFs produced at different alti-
tudes along the column, assuming some gradient in the den-
sity, temperature, and magnetic field. Another interpretation
is photon spawning due to inelastic scattering at higher har-
monics (Schonherr et al. 2007) — as electrons excited into
higher Landau levels cascade down to the ground state, many
emitted photons will have similar energy to the fundamental,
“filling in” the fundamental line. In addition, our pulse pro-
file modeling suggests that in the phase interval ¢ = 0.5-1.0,
the second accretion column contributes about 10% of the
flux of the first column. Thus, the emission from the second
pole may slightly contribute to the CRSF shape. However,
a detailed study of the spectra resulting from the mixing of
light from the two columns is beyond the scope of this work.

Our phase-resolved spectral analysis also suggests that the
CRSF profile depends on the spin phase. We have found
that the CRSF in the phase ¢ = 0.0-0.5 spectra, which cor-
responds to the angle nac; = 5° — 16° (Figure 7), is well-
reproduced by a simple GABS model. Figure 13 shows a
comparison of the CRSF shape between phase ¢ = 0.5-1.0
and ¢ = 0.0-0.5 in terms of data-to-model ratio (with the ab-
sorption components excluded). The depth of the line at ¢ =
0.0-0.5 is clearly shallower than at ¢ = 0.5-1.0. It is note-
worthy that the wings of the two profiles resemble each other
while the core of the ¢ = 0.5-1.0 profile appears to be filled
in compared to the ¢ = 0.0-0.5 profile. To evaluate the width
of the CRSF profiles, we calculate the FWHM (full-width-at-

half-maximum) from these ratios. The results are 12.9 keV
and 11.4 keV corresponding to ¢ = 0.0-0.5 and ¢ = 0.5-1.0
, respectively. Therefore, the CRSF is wider and shallower
between Nac1 = 5° — 16° compared to Nac; = 17° — 21° (see
Figure7). The relation between the CRSF shape and the an-
gle 1 is qualitatively consistent with theoretical simulations
when assuming a slab-type geometry (Isenberg et al. 1998;
Schwarm et al. 2017b). The relation is also qualitatively con-
sistent with the theoretical results assuming a cylindrical ge-
ometry illuminated by anisotropic injections and magnetic
field gradients (Nishimura 2015).

The absorption feature disappears in the dim phase
spectrum (phase ¢=0.125-0.250). Although an emission-
line-like featurewas detected in the Suzaku spectrum ob-
served during the 2006 spin-down state of 4U 1626—67
(Iwakiri et al. 2012), it is only marginally detected in the
NuSTAR observation (the probability of the feature arising
by chance is 2.0 x1072). The fact indicates that the flux
of the emission component decreased to the point of non-
detectability in the 2015 spin-up state. According to our
spectral fits (see Section 3.4.3), the intensity of the emis-
sion feature during the NuSTAR observation is about 4 times
lower than during the 2006 Suzaku observation. On the
other hand, the 3—60keV flux of the NuSTAR observation
is about 3 times higher than that of the 2006 Suzaku ob-
servation. As a consistency check we refitted the 2006
Suzaku observation with the same modNPEX model used
for the NuSTAR observation in Section 3.4.3 (Figure 14).
We find consistent results with the emission-line-like fea-
ture around 40keV being possibly detected (the probabil-
ity of this feature arising by chance is 8.0 x 10~* using
20,000 datasets with simftest) and the fitted continuum
approximating the exponentially cut-off power-law used
by Iwakiri et al. (2012) since the contribution of the broad
Gaussian and the positive exponential component are com-
paratively small (AGaussian < 0.4 x 103 keV~lem2s~! and
A, <1.5x 109 keV~lem~2s~!). According to Section 3.3
the dim phase corresponds to Nac; ~ 5°, a viewing angle al-
most parallel to the magnetic field. Nishimura (2015) specif-
ically addressed 4U 1626—67 and found in simulations that
an emission feature could arise at around 50keV for view-
ing angles nearly parallel to the magnetic field, which is
qualitatively consistent with our observations as well.

5. SUMMARY

We have performed a spectral and timing analysis of the
accretion powered 7.7 s pulsar 4U 1626—67 during its spin-
up phase. The results are summarized below:

e The Fermi/GBM P values during the 2010 Suzaku and
2015 NuSTAR observations are different, implying a
~15% increase in the spin-up rate.

o Comparing the phase-averaged 2010 Suzaku and 2015
NuSTAR spectra we found that in addition to the flux
increase below 20keV, the continua differ signifi-
cantly from each other above 25keV, with NuSTAR
data showing less hard X-ray flux.



e Based on the changes in flux, P, and average spectral
shape, we suggest that the accretion rate increased be-
tween the Suzaku and NuSTAR observations, associ-
ated with decreasing plasma temperature.

e Based on the NuSTAR data we confirm earlier results
that the pulse profile is strongly energy dependent and
changes from being dominated by two narrow peaks in
the phase range 0.0-0.5 below 10keV to being domi-
nated by a single broad peak around pulse phase 0.75
above 20keV.

e The CRSF around 37keV in the phase-averaged and
phase 0.5-1.0 NuSTAR spectra could not be adequately
modeled with a single Gaussian (GABS) or pseudo-
Lorentzian (CYAB) optical depth profile. A good de-
scription was, however, obtained with two GABS com-
ponents, leading to an asymmetric profile that is shal-
lower towards lower energies.

e Possible reasons for an asymmetric CRSF shape are
the superposition of line profiles from different loca-
tions in the accretion column or the photon spawning
effect.

e We simultaneously modeled the energy-resolved pulse
profiles using a new relativistic ray tracing code to
evaluate emission patterns. A combination of pencil-
and fan-beam emission with a magnetic field nearly
aligned with the line of sight reproduces the data well.
In this model the narrow double peak in the pulse
profile observed below 10keV in the first half of the
pulse profile is caused by a narrow pencil beam with a
small offset to the magnetic field while the flat part of
the profile is caused by a fan beam. Towards higher
energies the emission geometry of both components
evolves (see Figure 5). In particular the offset of
the pencil beam regarding the magnetic field enlarges,
which causes the double peak to move apart regarding
phase increasing its contribution in the second half of
the pulse profile.

e A comparison of our pulse profile modeling with ear-
lier calculations by Kii et al. (1986) shows that the de-
duced changes in emission pattern may be due to the
energy and polarization dependence of the Thomson
scattering cross section in a strong magnetic field.
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e The CRSF parameters obtained for the two charac-
teristic pulse phase ranges show that the observed
CRSEF profile depends significantly on the pulse phase.
Moreover, our pulse profile modeling leads us to con-
nect the pulse phase with the angle of the emitted
photons measured with respect to the magnetic field
axis. Connecting these results, we found that the
CRSF width decreases and its depth increases with
increasing emission angle. This relation is expected
from theoretical predictions for slab-type geometries
(Isenberg et al. 1998; Schwarm et al. 2017b) as well
as in asymmetrically-illuminated cylindrical-geometry
models with a magnetic field gradient(Nishimura
2015).

e We also checked for the possible presence of a CRSF
signature in emission. Such a feature was tentatively
reported for the phase 0.125-0.250 (dim phase) spec-
trum of the 2006 Suzaku observation, i.e., the spin-
down phase, pre-2008-torque-reversal. Such a feature
was only marginally detected in the 0.125-0.250 NuS-
TAR spectrum.
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