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Abstract

We report on a timing and spectral analysis of a 50 ks NuSTAR observation of IGR J16320—4751 (= AXJ1631.9
—4752), a high-mass X-ray binary hosting a slowly rotating neutron star. In this observation from 2015, the spin
period was 1308.8 +0.4s giving a period derivative P ~ 2 x 10°% s s™' when compared with the period
measured in 2004. In addition, the pulsed fraction decreased as a function of energy, as opposed to the constant
trend that was seen previously. This suggests a change in the accretion geometry of the system during the
intervening 11 yr. The phase-averaged spectra were fit with the typical model for accreting pulsars: a power law
with an exponential cutoff. This left positive residuals at 6.4 keV attributable to the known iron Ko line, as well as
negative residuals around 14 keV from a candidate cyclotron line detected at a significance of 50. We found no
significant differences in the spectral parameters across the spin period, other than the expected changes in flux and
component normalizations. A flare lasting around 5 ks was captured during the first half of the observation, where
the X-ray emission hardened and the local column density decreased. Finally, the binary orbital period was refined
to 8.9912 + 0.0078 days thanks to Swift/BAT monitoring data from 2005-2022.

Unified Astronomy Thesaurus concepts: X-ray binary stars (1811); High mass x-ray binary stars (733); Neutron

stars (1108); Pulsars (1306); Compact objects (288); Massive stars (732)

1. Introduction

Hard X-ray monitoring of the Galactic plane by INTEGRAL
has uncovered dozens of new high-mass X-ray binaries
(HMXBs; Walter et al. 2015; Sidoli & Paizis 2018; Kretschmar
et al. 2019). These are systems in which a neutron star (NS) or
a black hole accretes from a massive companion star
(M Z 5 M_). Given that INTEGRAL’s position uncertainty is
a few arcminutes, the only way to tell that these objects are
HMXBs is by follow-up observations with X-ray telescopes
such as Chandra, NuSTAR, Suzaku, Swift, and XMM-Newton.

During follow-up observations, many HMXBs have pre-
sented characteristics that understandably hindered their
detection in lower-energy X-ray surveys. They could be
extremely obscured below 5 keV with X-ray-absorbing column
densities (Ny) several times 102 ¢cm™2, or an order of
magnitude more than the cumulative Galactic absorption along
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the line of sight (e.g., Matt & Guainazzi 2003; Walter et al.
2003; Patel et al. 2004). Some stay at a low level of emission
for months or years (~10°% ergs ') and awaken with huge
flares where the luminosity would increase by up to 6 orders of
magnitude (i.e., supergiant fast X-ray transients or SFXTs; in’t
Zand 2005; Negueruela et al. 2006; Romano et al. 2014, 2015;
Bozzo et al. 2015; Sidoli et al. 2016). Finally, they could have
spin periods lasting around 1 ks (e.g., Bodaghee et al. 2006;
Rodriguez et al. 2006; Zurita Heras et al. 2006).

One of the obscured HMXBs detected early in the INTEGRAL
mission was IGR J16320—4751 (Rodriguez et al. 2003; Tomsick
et al. 2003). This turned out to be the high-energy counterpart of
an unclassified X-ray source named AX J1631.9—4752 that had
been discovered two years earlier by ASCA (Sugizaki et al. 2001).
A coherent pulsation of 1309 £40s, consistent with the spin
period of an accreting NS, was measured with XMM-Newton
(Lutovinov et al. 2005), and was later refined to 1303.8 £0.9s
(Rodriguez et al. 2006). While the source varies on short
timescales, its average, hard X-ray flux since its discovery by
ASCA has stayed within a narrow range (Krimm et al. 2013;
Krivonos et al. 2022). Near-IR spectroscopy suggests a supergiant
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Figure 1. Images of IGR J16320—4751 gathered with NuSTAR FPMA (left) and FPMB (right) at 3-79 keV. The images are presented in J2000.0 equatorial
coordinates, they are scaled logarithmically, and the extraction regions for the source (75" radius) and background (100" radius) are indicated.

donor star whose spectral type is BN0.5 Ia (Coleiro et al. 2013),
thereby confirming its status as an HMXB at a distance of
~3.5kpc (Rahoui et al. 2008). Six arcminutes away
from IGRJ16320—4751 is an unrelated pulsar wind nebula
(Acero et al. 2015) detected in the gamma rays by Fermi/LAT
(4FGL J1633.0—4746e; Abdollahi et al. 2020) and HESS
(HESS J1632—478; Aharonian et al. 2006).

With a short orbital period of 8.99 & 0.01 days (Corbet et al.
2005; Levine et al. 2011; Garcia et al. 2018), the large
absorption (Ny > 10>} cm™?) is likely due to the NS being
shrouded by the wind of its companion star. In the case of
supergiant donors, the stellar wind is the main contributor to
the photoelectric absorption and the Fe Ka emission (Giménez-
Garcia et al. 2015; Pradhan et al. 2018). In the specific case of
IGR J16320—4751, Garcia et al. (2018) demonstrated that
these parameters as measured by XMM-Newton are modulated
with the orbital period of the binary as determined by Swift/
BAT, i.e., they are related to the configuration of the X-ray
source and surrounding wind as viewed by the observer.

In 2015, NuSTAR pointed at IGR J16320—4751 for 29 hr
and the results are presented for the first time in this paper.
Procedures for analysis of the NuSTAR data are described in
Section 2. Results from timing and spectral analyses are
presented in Section 3, and they are discussed in Section 4.

2. Observations and Data Analysis

NuSTAR observed IGR J16320—4751 for a total of 103.6 ks
from 18:46:07 (UT) on 2015 June 6 to 23:36:07 (UT) on 2015
June 7. This observation (ObsID: 30101026002) collected 49.8
ks of on-source time (good time intervals) on each of its two
focal plane modules A and B (FPMA and FPMB), which have
a 13’ x 13/ field of view (FoV).

The NuSTAR data were reduced using nupipeline and
nuproducts from the NuSTAR Data Analysis Software

(NuSTARDAS v2.1.1) as distributed with HEASoft (v6.29;
Nasa High Energy Astrophysics Science Archive Research
Center (Heasarc) 2014). Response files were linked to the latest
calibration database available at the time (CALDB 20220105).
We extracted source counts for FPMA and FPMB from a
circular region with a radius of 75" centered at the source
position listed in the 4XMM Serendipitous Source Catalog
(Webb et al. 2020): R.A. (J2000.0) = 16"32™01:76, and
decl. = —47°52/29” 0. Background counts were extracted from
a circular region (100” radius) situated away from the source
region while remaining on the same detector chip.

Figure 1 presents the field of IGR J16320—4751 from FPMA
and FPMB along with the source and background extraction
regions. Stray light from GX 340 + 0, situated 3° outside the
FoV, affected a small portion of one detector chip from each
module. The boundary of the stray light contamination region
was far enough away from the location of IGR J16320—4751
that it did not impact our analysis.

A concurrent Swift/XRT observation (ObsID: 00081642001)
was performed on 2015 June 6 between 20:07:38 and 22:06:56
(UT) for an effective exposure time of 1703 s. The Swift/XRT
data were processed according to the standard procedure of
xrtpipeline (v0.13.6). Source counts were extracted from
inside a circular region whose radius was 20 pixels (1 pixel ~
236). Background events were taken from an annular source-
free region centered on the source (inner/outer radii of 70/110
pixels). Ancillary response files were generated with xrtmkarf
(v0.6.3) to account for the different extraction regions,
vignetting, and point-spread function corrections, while the
spectral redistribution matrix was the most recent version
available (20130101v014).

Light-curve data for IGR J16320—4751 were downloaded
from the Swift/BAT Hard X-Ray Transient Monitor'

15 https: / /swift.gsfc.nasa.gov /results /transients /
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Table 1
Log of Observations of IGR J16320—4751

Telescope Observation ID Pointing R.A. (J2000) Pointing Decl. (J2000) Start Date (UT) End Date (UT) Effective Exposure (ks)
NuSTAR 30001008002 248.0277 —47.904 2015-06-06 18:46:07  2015-06-07 23:36:07 49.845
Swift/XRT 00081642001 247.9418 —47.8672 2015-06-06 20:07:38  2015-06-06 22:06:56 1.703
(Krimm et al. 2013), where the source is listed under its alias T T arans T T T T
AXJ1631.9—-4752. These data consist of a count rate and error 35F \ ]
at 15-50 keV collected during each orbital pointing of the Swift 30k ]
satellite between 2005 February 14 and 2022 July 20. Data of 2 n
. . o25¢ + |

poor quality were excluded by selecting only those rows where o .
“DATA_FLAG==0.” The remaining 78,882 pointings have x20p 4 . PO
exposure times that range from 64 s to 2.64 ks (an average of S5k J,;: ' . 3 ]
665 s) giving a total effective exposure time of 52.5 Ms spread 5 1ok Ht ¢+ Lot I ]
over 550 Ms of calendar time (6366 days). [ ' '§ R % .4 § {3% 3 ‘i’%

Relying on the 4XMM position above, we performed SE o ay il } ‘f? :3: f} |4 ;} P % 17
barycentric corrections on the NuSTAR data in nuproducts, opte ¥ e e . S ; -
while the Swift XRT and BAT data were barycentered using _03f
barycorr with the orbital ephemeris parameter set to gfo.z i
geocenter. Timing and spectral data were analyzed in o ¢ }
Xronos (v6.0) and XSpec (v12.12.0; Arnaud 1996), respec- @01 :ﬂ Mk Jﬁ h ﬂ “ w “ b * * *“ m w
tively, with the latter assuming the elemental abundances from ok A T N PRI S0 A W .4 FUE
Wilms et al. (2000) and the photoionization cross sections from _
Verner et al. (1996). The NuSTAR data were restricted to E +05F
3-79keV, the Swift/XRT data were limited to 0.3-10keV, = of %ﬁ rﬂm » 1 W rﬁ m H‘w
and known bad channels from both telescopes were ignored. T 05l
The NuSTAR spectral counts were grouped such that each bin R
had a minimum significance of 50 (for phase-resolved analysis) 100

and 100 (for phase-averaged analysis) permitting the use of x*
statistics, while the Swift/XRT spectral data were grouped at
20 counts per bin. Unless specified otherwise, error bars in the
figures indicate 1o confidence boundaries, while error values
cited in the text and tables are given at 90% confidence. A log
of NuSTAR and Swift/XRT observations is provided in
Table 1.

3. Results
3.1. Timing Analysis
3.1.1. Light Curve

Figure 2 shows the NuSTAR background-subtracted light
curve (3-79 keV) and hardness ratio, where the net source
counts from both modules have been summed. The hardness
ratio is defined as (H — S)/(H + §), where S (3-10 keV) and
H (10-79 keV) are the net count rates. In FPMA, there were a
total of 110,296 £ 333 net counts in 49.89 ks of effective
exposure time, and in FPMB, there were 98,064 4314 net
counts in 49.84 ks. Summing the net counts from both modules
returned a total of 208,360 + 458 counts or a count rate of
4.18 £0.01 counts s~

A flare lasting ~5 ks was noticed around 22 ks into the
observation. This time interval of 22-27 ks after the
observation began was called the “flare” epoch. During the
flare, there were 14,321 £ 120 net counts in FPMA, and
12,756 £ 113 net counts in FPMB, with an effective exposure
time of 2.26 ks per module. When the modules were summed,
the total net count was 27,078 4 165 with an average count rate
of 11.98 4 0.07 counts s~ '

The rest of the observation, i.e., excluding the flare, was
referred to as the “nonflare” epoch. This epoch contained

T|me ks

Figure 2. Light curve and hardness ratio from NuSTAR (3-79 keV) for
IGR J16320—4751 with 100 s in each bin (T, = MID 57,179.795322). The
total (FPMA+FPMB) net source count rate is presented in the top panel, where
the background count rate, as shown in the middle panel, has been scaled by
area and subtracted. The hardness ratio is featured in the bottom panel, where S
and H represent the count rates at 3—10 keV and 10-79 keV, respectively. The
flare corresponds to an epoch 22-27 ks into the observation (highlighted in
light yellow and bounded by dashed lines). The dotted lines indicate the start
and stop times of the contemporaneous Swift/XRT pointing.

95,975 +311 net counts in FPMA (47.64 ks), and
85,308 + 293 net counts in FPMB (47.59 ks). A sum of both
modules gave 181,283 £427 total net counts or 3.81
0.01 counts s .

In Swift/XRT, there were 112 j: 12 net counts in 1703 s for
a count rate of (6.6 £0.7) x 1072 counts s~ !

3.1.2. Spin Period

A periodicity search was performed with efsearch on the
source (+ background) light curve (0.1 s resolution) of the full
observation in five energy bands: 3-6keV, 6-12keV,
12-25 keV, 25-79keV, and 3-79keV. A coherent pulsation
near the known period of 1300s was detected in all energy
bands except 25-79keV. The pulsation was detected most
significantly at lower energies (Figure 3). Figure 4 presents the
pulse profile with 20 bins per period for energies up to 25 keV.
In the 3-6 keV band, the best-fitting period was 1308.8 0.4 s,
where the centroid was determined with the Press & Rybicki
(1989) fast algorithm for Lomb-Scargle periodograms
(Lomb 1976; Scargle 1982) and the error from Horne &
Baliunas (1986) and Leahy (1987).
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Figure 3. Spin period search (> distribution) on the NuSTAR light curve of
IGR J16320—4751 with 20 bins per period and a resolution of 1.2 s in three
energy bands: 3-6 keV (top panel, red curve), 6-12 keV (middle panel, green
curve), and 12-25 keV (bottom panel, blue curve). The best-fitting spin period
(P =1308.8 s) is denoted by a dotted line.
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Figure 4. Pulse profiles (P =1308.8 s) in three energy bands from the
NuSTAR observation. The pulse is repeated once for ease of viewing. Bins
attributed to the peak (white, phases 0.2-0.6) and to the valley (gray, phases
0.0-0.2 and 0.6-1.0) are designated for phase-resolved spectroscopy. All
panels have the same vertical scale.

Featuring a single broad peak and a mirrored valley, the
shape of the pulse profile from this 2015 NuSTAR observation
is similar to the one from 2004 using XMM-Newton and
INTEGRAL (Rodriguez et al. 2006). However, there was a
significant difference in the pulsed fraction between the
observations. The pulsed fraction is defined as
(Imax - Imin)/(lmax + Imin)a where Imax and Imin are the
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Figure 5. Energy dependence of the pulsed fraction. The pulsed fractions of the
IGR J16320—4751 light curves are shown for the 2015 NuSTAR observation
(blue; P = 1308.8 s) and for the 2004 observation by Rodriguez et al. (2006)
combining XMM-Newton and INTEGRAL (magenta; P = 1303 s). The rms
values of the NuSTAR light curves (green) are also plotted as a reference.

normalized count rates in the highest-intensity bin (phase:
0.35-0.40) and lowest-intensity bin (phase: 0.0-0.05), respec-
tively. Figure 5 shows that the pulsed fraction decreased
significantly as a function of energy during this NuSTAR
observation. The rms of the NuSTAR light curves had a similar
negative correlation with energy. This behavior is different
from what was previously seen by XMM-Newton and
INTEGRAL, where the pulsed fraction was consistent with
being constant as a function of energy (Rodriguez et al. 2006).

3.1.3. Orbital Period

The 17 yr BAT light curve of IGR J16320—4751 illustrates
the stability of the source flux on timescales of years, as shown
in the main panel of Figure 6. The figure reveals a prominent
flare around MJD 58,500, where, over the course of 2-3
months, the source count rate increased up to a factor of nearly
20t0 7.4 x 1072 ctscm 2 s~ ! from a mean value (without the
flare) of 3.8 x 10> ctscm 2 s~ !. We used e fsearch with 20
bins per period and a resolution of 50s to generate a
periodogram (upper inset panel of Figure 6), and we fit its
peak with a Gaussian to obtain an orbital period of
8.9912 +0.0078 days with T = MJD 59,760.449555 corresp-
onding to the phase bin with the lowest flux in the folded light
curve (lower inset panel of Figure 6). This means the NuSTAR
observation coincided with orbital phases 0.97-1.0 and
0.0-0.11. The orbital period matches the value obtained by
Garcia et al. (2018) at a higher significance thanks to five
additional years of data.

3.2. Spectral Analysis

3.2.1. Phase-averaged Spectroscopy

The spectral data from FPMA and FPMB were collected so
that each bin had a signal-to-noise ratio of at least 10. These
spectra were initially fit with a power law attenuated by a
photoelectric absorption component at low energies (Tbabs)
and an exponential cutoff at high energies (CutoffPL). An
instrumental constant (Const) was fixed at 1 for FPMA and
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Figure 6. Light curve and orbital period search from Swift/BAT Transient
Monitor (Krimm et al. 2013) data of IGR J16320—4751 at 15-50 keV. The
main panel presents the count rates at which each bin collects 1 Ms of exposure
time. The average count rate (3.8 x 1073 cts em ™2 s~"), which excludes the
prominent flare (whose apex occurs on MJD 58,505), is denoted as a horizontal
red line. The dotted line indicates the time of the NuSTAR observation. The
upper inset panel shows results from an orbital period search centered at
8.9912 days (dotted vertical line), with 20 bins per period and a resolution of
50 s, while the lower inset panel gives two cycles of the orbital period.

allowed to vary for FPMB. This constant was 0.95 £ 0.01 in all
cases except for the flare epoch, where it was 0.96 = 0.02. This
spectral model was called “Model 17 (M1), and it left positive
residuals around 6.4 keV attributable to an iron Ko line often
seen in HMXBs with supergiant donors.

A Gaussian to account for the iron line was then included as
“Model 2” (M2). The improvement in fit quality was significant
with x2/d.o.f. dropping from 1.40/930 in M1 to 1.16/927 in
M2 for the full observation. A similar improvement was seen in
the nonflare epoch with x?/d.o.f. decreasing from 1.35/873 in
MI to 1.13/870 in M2.

The addition of a cyclotron line (cyclabs; Makishima
et al. 1990; Mihara et al. 1990) in “Model 3” (M3) to account
for negative residuals at 10-20 keV led to a slight decrease in
x>/d.o.f. to 1.12/924 for the full observation. For the nonflare
spectrum, the inclusion of the cyclotron component led to a
significant improvement in the fit quality with xf /d.o.f.
reduced to 1.07/867.

Figure 7 presents the NuSTAR spectra from the full
observation (left column) and from the nonflare epoch (right
column) with the best-fitting model (M3), as well as the
residuals from models that gradually included more compo-
nents. The model parameters are listed in Table 2.

During the nonflare epoch, the best-fitting spectral para-
meters from M3 were a column density Ny = (10.5 £ 1.6) x
10*> ¢cm ™2, a photon index T' = —0.0819, and a cutoff
energy Eq = 11.97% keV. The energy and width of the iron
line were 6.28005 keV and 0.50 = 0.08 keV, respectively. The
cyclotron line had a centroid energy of Ey. = 14.3709 keV

with a width of o = 427} keV and a low optical depth
7=0.10 £ 0.02. Confidence contours for the continuum and

Bodaghee et al.

cyclotron resonance scattering feature (CRSF) parameters are
shown in Figure 8.

Models with a high-energy cutoff (highecut; White et al.
1983), a negative and positive power-law exponential (NPEX;
Makishima et al. 1999), a reflection component (reflect;
Magdziarz & Zdziarski 1995), thermal Comptonization
(compTT and nthComp; Titarchuk 1994; Zdziarski et al.
1996; Zycki et al. 1999), and a Fermi—Dirac cutoff (FDcut;
Tanaka 1986) were also attempted. None of them provided a
significant improvement over M3.

There were too few counts in Swift/XRT (~100) to be
useful for our spectral analysis. Fitting the Swift 0.5-10 keV
spectrum by itself with an absorbed power law led to
unconstrained parameters, whether grouping to a minimum of
20 counts per bin, or leaving the counts unbinned and using
Cash (1979) statistics. Jointly fitting the Swift and NuSTAR
spectra returned an instrumental constant ~4 for NuSTAR,
even during the nonflare epoch. Depending on the epoch, fits to
the combined Swift and NuSTAR spectra at 0.5-79 keV gave a
column density of (16-21) X 10*> cm 2. Since this was
consistent with the values we obtained when relying on
NuSTAR alone, as well as with the values cited by Rodriguez
et al. (2006) and by Garcia et al. (2018), the Swift spectral data
were no longer included in the analysis.

The significance of the cyclotron line was estimated using
the F-statistic (e.g., Orlandini et al. 2012; Sartore et al. 2015;
Brumback et al. 2018). The XSpec script fakeit was used to
simulate 2 x 10° spectra based on the model representing the
null hypothesis, i.e., an absorbed, cutoff power law with an iron
line but without a cyclabs component (the “null model” or
M2). Each simulated spectrum was binned in the same way as
the observed data set and fit with the null model, and its X2 was
recorded. Then, each simulated spectrum was fit with the “best-
fitting model” (M3), which was the null model plus a
cyclabs component whose parameters were allowed to vary
within the 90% confidence region of the best-fitting values, and
its x> was noted. These simulations yielded a distribution of
reduced (i.e., normalized by the d.o.f.) ratios Fy, = X(Z)/ Xlz,
where the subscripts 0 and 1 denote the null model (M2) and
the best-fitting model (M3), respectively. Every ratio from the
simulations was less than the observed F,; = 1.051 with the
largest simulated value being F,, = 1.033. From this distribu-
tion, we infer that the cyclotron line was significant at a level of
at least 50 after accounting for the number of trials.

3.2.2. Phase-resolved Spectroscopy

We performed phase-resolved spectroscopy focusing only on
data from the nonflare epoch. The pulse profile was split
according to phases belonging to the “valley” (phases: 0-0.2,
0.6-1.0) and “peak” (phases: 0.2-0.6) as shown in Figure 4.
This allocated a total of 105,410 % 325 net counts to the valley
in 28.85 ks of effective exposure time, and 75,516 4+ 557 net
counts to the peak in 18.78 ks of effective exposure time, when
summing the counts from both modules.

Figure 9 presents the phase-resolved spectra fit with the three
models introduced earlier, and Table 3 lists the model
parameters. M3 continued to provide the best fit. Count rates
and model-derived fluxes were between 10% and 20% higher
during the peak than they were during the valley, which is
consistent with the pulsed fraction. Figure 10 shows the
confidence regions for the continuum and CRSF parameters
during the peak and valley phases.
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Figure 7. Phase-averaged NuSTAR spectra for IGR J16320—4751. The column of panels on the left presents the background-subtracted source spectrum from the full
observation, while the column of panels on the right features the spectrum restricted to the nonflare epoch as defined in Figure 2. Within each column, the top panel
contains the spectral data and the best-fitting model (M3), while the lower rows of panels show residuals from fitting the three Cutof £PL-based models listed in
Table 2. Each bin collects a minimum significance of 200 to better highlight deviations from the model (compared with 100 during fits).

During the valley phase, there were negative residuals in the
spectral fits for the 30-35 keV energy range. This energy is a
little higher than would be expected for the harmonic to a
candidate cyclotron line at 15keV. Introducm§ a second
cyclotron component did not reduce the x~°, and the
component’s parameters could not be constrained without
holding the others constant. This dip was not observed in the
spectral residuals during the peak phase.

4. Discussion

The unusual properties of obscured, slowly rotating pulsars
such as IGR J16320—4751 trace their origin to the interaction
between the NS’s magnetosphere and the inhomogeneous
accretion stream from the stellar wind (e.g., Grebenev &
Sunyaev 2007; Patel et al. 2007; Bozzo et al. 2008;
Manousakis et al. 2012; Oskinova et al. 2012; Hainich et al.
2020). The magnetic field strength (B) of the NS can be directly
measured by observing CRSFs, which are generally observed
as absorption lines between 10 and 100keV. They arise
through resonant scattering of photons emitted by electrons that
move perpendicularly to the B-field and whose energies (E) are
discretized into integer multiples of the fundamental Landau
level: Eqyc ~ 12(B/ 10" G) keV (Truemper et al. 1978; Coburn
et al. 2002).

Thanks to NuSTAR, we were able to perform a spectro-
scopic study of IGR J16320—4751 with unprecedented energy

resolution and sensitivity above 10keV. A spectral model
consisting of an absorbed power law left residuals near the
known iron Ka line energy of 6.4 keV. However, there were
also residuals around 14 keV due to a possible CRSF. The
addition of a cyclotron line to the model improved the fit
quality enough that the distribution of F-statistics implied a
detection significance of 50. The energy of the candidate
cyclotron line was close to, but not statistically compatible
with, the cutoff energy. Plus, in every instance of our simulated
spectra, a model that included a cutoff and a cyclotron led to a
better fit than a model with a cutoff alone. One alternative is
that the candidate cyclotron line is an example of the “10 keV
bump” noted in other accreting X-ray pulsars (Coburn et al.
2002; Ferrigno et al. 2009). However, a model in which the
cyclotron line was replaced with a Gaussian emission line or a
Compton hump led to a poorer-quality fit. As an additional test,
we followed the procedure in Bottacini (2022) where the
cyclotron energy was stepped in increments of 0.4keV
(NuSTAR’s energy resolution) through the full 3-79 keV
band, until the best fit was obtained based on 2. Once again,
the cyclotron was detected significantly around 14keV
(according to the reduced F-statistic distribution) and away
from the cutoff energy and the possible bump. A cyclotron line
energy of 14keV corresponds to a B-field magnitude of
1.2 x 10" G, neglecting the gravitational redshift of the
emission region. This is the first time that the magnetic field
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Table 2
Parameters from Different Empirical Models Fit to NuSTAR Spectra of IGR J16320—4751
Flare Nonflare Full Nonflare Full Nonflare Full
Ml M2 M3
photoelectric absorption (Tbabs)
Ny 11.743¢ 19.4+09 180+ 09 134+12 122+ 1.1 105+ 1.6 104+ 14
cutoff power law (CutoffPL)
r —0.04 +0.12 0.48 + 0.04 0.39 + 0.04 0.18 + 0.06 0.09 + 0.06 —0.08*019 —0.09%0%
E.," 11.6549 15.279¢ 14.3793 127405 12.1 £ 04 110+ 0.6 10.950¢
Fou 37.9793 34.4129 317123 185123 172439 119134 12.6%34
Fe Ka line (Gauss)
Eg.® 6.34 £ 0.06 6.34 £ 0.06 6.2810:9¢ 6.307008
Ore’ 0.44 + 0.08 0.46 + 0.08 0.50 + 0.08 0.48 + 0.09
feef 19632 212563 2315534 227754
CRSF (cyclabs)
Ep® 143493 134419
Teye” 42414 4.37%)
Teye 0.10 £ 0.02 0.0870%3
¥2 (dof) 1.17 (224) 1.35 (873) 1.40 (930) 1.13 (870) 1.16 (927) 1.07 (867) 1.12 (924)
F 26461932 8.8570:03 9.65+3:9¢ 8.91°5% 9.72+0.93 8.97+05% 9.78+0%
Notes.
2 Equivalent hydrogen column density (x 10%% cm™2).
° In keV.

¢ Normalization at 1 keV (x 107* ph sV em 2 keVTh.
d Optical depth.
¢ Model-derived flux in the 2-10 keV band (x 107" erg s~ cm™2).

12
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Figure 8. Confidence regions for the cyclotron parameters from the best-fitting
spectral model (M3) during the nonflare epoch. Red, green, and blue lines
represent 68%, 90%, and 99% confidence contours, respectively, around the
optimal value shown as a cross.

of this source has been measured. It is not particularly strong
compared with that of its peers (Staubert et al. 2019).
Cyclotron lines show variability with luminosity and pulse
phase, and are often most significantly detected during certain
phases (e.g., Suchy et al. 2012). The candidate cyclotron line in
IGR J16320—4751 was easier to detect during the nonflare
epoch, and during the valley when analyzing by phase. We saw
no evidence of an increase in the line energy with pulse phase,
as was seen in Her X-1 (e.g., Soong et al. 1990; Vasco et al.
2013), nor were there significant negative/positive correlations
with luminosity (Staubert et al. 2019, and references therein).

The cyclotron scattering cross section and by extension the
optical depth are strongly affected by the viewing angle relative
to the axis defined by the magnetic field (e.g., Schwarm et al.
2017a, 2017b). The optical depth of 7.y = 0.1 in IGR J16320
—4751 is lower than those of the 10 other sources reported in
Coburn et al. (2002), which range from 0.16 to 2.1. Also, the
ratio of width to energy (ocyc /ECyc =(0.3) that we measured is
more than twice as high as expected based on the trend found
in Coburn et al. (2002), where deeper CRSFs tended to be
broader (Figure 11). On the other hand, our values for
IGR J16320—4751 occupy a region of the parameter space
that was inaccessible to the systematic study of RXTE data by
Coburn et al. (2002), but that can now be explored by
NuSTAR, which we did by adding 12 more HMXBs listed in
Staubert et al. (2019), and references therein. Whereas
IGR J16320—4751 was once an outlier compared with the
HMXBs of Coburn et al. (2002), it now has company in that it
overlaps  statistically with IGR J18027—-2016 and
KS 1947 4 300. Both of them had many years pass between
their discovery (Borozdin et al. 1990; Augello et al. 2003) and
the detection of weak cyclotron lines by NuSTAR (Fiirst et al.
2014a; Lutovinov et al. 2017).

A coherent modulation with a period of 1308.8 £0.4 s was
measured by NuSTAR. This is known to be the spin period of
the NS in IGR J16320—4751. Rodriguez et al. (2006) found an
average value of 1303 s between two separate XMM-Newton
observations from 2004, while Garcia et al. (2018) reported a
period of ~1300s from XMM-Newton observations between
2003 and 2008. Assuming there was no torque reversal
(Bildsten et al. 1997), a 5.8 s difference between measurements
from 2004 and 2015 (3943 days) indicates a spin-down trend
with a period derivative P ~ 2 x 1078 s s~'. Attributing the
slowing down of the NS to magnetic braking or propellor
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Figure 9. Phase-resolved NuSTAR spectra for IGR J16320—4751 from FPMA (blue) and FPMB (red) during the nonflare epoch. The column of panels on the left
shows the source spectrum during the valley phases defined in Figure 4, while the column of panels on the right shows data from the peak phase. In each column, the
top row shows the spectrum and best-fitting model (M3), while the second, third, and fourth rows present the residuals from fitting the models listed in Table 3. For
visual clarity, the spectra were rebinned to a minimum significance of 100 (compared with 5o during fits).

effects (Illarionov & Sunyaev 1975) would require a higher
magnetic field strength and pulsation frequency than what we
measured for IGRJ16320—4751. The accretion of material
with negative angular momentum appears to be the most likely
explanation, and this could proceed either through an
inhomogeneous stellar wind (Shakura et al. 2012), or via a
short-lived accretion disk. In addition to provoking outbursts in
the SFXT IGR J17544—-2619 (Romano et al. 2015), transient
accretion disks may explain long-term changes in the spin
period of other HMXBs with supergiant stars such as
OAO 1657—415 (Jenke et al. 2012) and IGR J16393—-4643
(Bodaghee et al. 2016). The spin period derivatives of
IGR J16320—4751 and IGR J16393—4643 are equal in magni-
tude, but unequal in direction: the former is slowing down
while the latter is speeding up.

The pulsation was detected in every energy band that we
analyzed except for 25-79 keV, where few counts remained
since the spectral continuum decayed exponentially at
210keV. The pulsed fraction at 3—6 keV was twice as large
as that at 12-25 keV, which is surprising given that the pulsed
fraction stayed constant with energy in 2004. It is also
surprising given that in accreting X-ray pulsars, the pulsed
fraction tends to increase with energy (Nagase 1989; Bildsten
et al. 1997; Mushtukov & Tsygankov 2022). This suggests a
physical change in the system in the intervening 11 yr, which
could include, for example, a reconfiguration of the magnetic
field, a change in the energy dependence over the beam, or a
change in beam pattern or size. The low significance and low

pulsed fraction of the modulation at energies above 10keV
could explain the weakness of the candidate cyclotron line.

IGR J16320—4751 is a persistent X-ray source with a count
rate that stayed relatively constant over almost 2 decades of
Swift/BAT monitoring at 15-50 keV (Krimm et al. 2013). Still,
the source experienced small flares with the largest flare
reaching a count rate 20 times the average. An orbital
modulation with a refined period of 8.9912+0.0078 days
was found, in agreement with previous measurements (Corbet
et al. 2005; Levine et al. 2011; Garcia et al. 2018). The
NuSTAR observation covered orbital phases 0.97-0.11, where
phase 0 (= 1) represents the minimum point of the orbital
profile. By extension, the NuSTAR observation occurred close
to superior conjunction, i.e., when the X-ray-emitting NS was
furthest in its orbit with respect to the observer. With an
eccentricity of 0.2 and an inclination angle of 62° (Garcia et al.
2018), the source is not eclipsing so attenuation of X-rays at this
phase is likely due to absorption by the companion star’s wind.
The XMM-Newton observation of Rodriguez et al. (2006)
coincided with phases 0.40-0.46, i.e., just before the maximum
point of the orbital profile, or near inferior conjunction.

The unabsorbed 2-10 keV flux reponed by Rodnguez et al.
(2006) during their nonflare epoch is 9.2 x 10~ ergem 25,
which is equivalent to the absorption-corrected flux for the nonflare
epoch that we found with NuSTAR: 1.1 x107'* ergem2s™%.
This is somewhat surprising given that the 2004 XMM-Newton
and 2015 NuSTAR observations occurred, respectively, near the
highest and lowest points in the orbital profile. However,
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Table 3
Fitting Parameters of the Phase-resolved Nonflare Spectra of IGR J16320—4751 with Three Empirical Models
Valley Peak Valley Peak Valley Peak
M1 M2 M3
photoelectric absorption (Tbabs)
Ny® 182412 209+ 1.4 13.3%1¢ 13.5+30 105419 8.4733
cutoff power law (CutoffPL)
r 0.37 £ 0.05 0.60 = 0.06 0.13 £ 0.08 0.22 £0.11 —0.10 £ 0.12 —0.257934
E." 14.6507 149+0.8 127431 11.9%08 112+0.7 9.6799
Foui 259127 49.51%2 15.842% 22233 104434 9.8747
Fe Ka line (Gauss)
Ep° 6.34 4 0.07 631 +0.11 6.30 + 0.07 6.14703%2
op" 0.34761 064101 04007 0.747833
Sl 1453 3R 177543 417718
CRSF (cyclabs)

b 2.8
Ecrsr 151+ 1.0 13.8753
OCRsF 39717 58733
TCRSF. 0.10 £ 0.03 0.155034
y2, (do.tf) 1.15 (1197) 1.25 (1029) 1.07 (1194) 1.16 (1026) 1.04 (1191) 1.13 (1023)
F 8.2579% 9.67+99%8 8.29" 9.75:99] 8.35°0% 9.85+0%
Notes.

2 Equivalent hydrogen column density (x 10%% cm™2).
° In keV.
¢ Normalization at 1 keV (x 107* ph sV em2 keVTh.
d Optical depth.
€ Model-derived flux in the 2-10 keV band (x 107! erg s em ™).
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Figure 10. Same as Figure 8, with identical limits for the axes, but for phases
corresponding to the peak (dotted lines) and the valley (solid lines).

Garcia et al. (2018) reported on a 2008 XMM-Newton observation
taken during phase O where the flux was 2.17 x
1079 ergem 25! (0.15-12 keV), so the flux discrepancy is
probably due to the stochastic variability of the source.

Based on infrared spectroscopy of the counterpart to
IGR J16320—4751, Rahoui et al. (2008) estimated a source
distance of 3.5 kpc. At this distance, the intrinsic (i.e., absorption-
corrected) 2-10 keV source luminosity would be 1.7 x
10* ergs™! outside the flare, and 5.1 x 10*° ergs~' during the
flare. No objects listed in the Gaia DR3 (Gaia Collaboration et al.
2016, 2021) catalog of parallax-derived distances (Bailer-Jones
et al. 2021) were within 5” of the 4XMM position of IGR J16320
—4751. If we assume a distance of 10kpc instead, then the

CRSF

Figure 11. Relative width (o/E) vs. optical depth (7) of the CRSF (adapted
from Coburn et al. 2002). The location of IGR J16320—4751 in the parameter
space is indicated by the red triangle, while other HMXBs appear as black
circles (from Coburn et al. 2002) or blue squares (from Staubert et al. 2019, and
references therein).

luminosities during the nonflare and flare epochs would be
1.4 % 10 ergs " and 4.2 x 10% erg s ', respectively.

5. Conclusions

NuSTAR gave an exclusive look at the accreting X-ray pulsar
IGR J16320—4751 in an energy band above 10keV that has not
been covered with as fine a spectral resolution with other
telescopes. The spectrum of IGR J16320—4751 was best fit by
introducing a CRSF at ~14 keV in addition to a cutoff power-law
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continuum and an Fe K line. If confirmed, the cyclotron line
would represent the first direct measurement of a 1.2 x 10> G
magnetic field for the NS in IGRJ16320—4751. In this 2015
study, the pulsed fraction showed a significant negative
correlation with energy, whereas the pulsed fraction remained
constant in 2004. This suggests that the system’s magnetically
driven accretion geometry changed between the observations.

NuSTAR provided new insights into the evolution of line
properties on long and short timescales in HMXBs known to
have CRSFs, e.g., HerX-1 and VelaX-1 (Fiirst et al.
2013, 2014b). NuSTAR has also uncovered cyclotron lines
for HMXBs not previously known to have them (e.g., Fiirst
et al. 2014a; Tendulkar et al. 2014; Bhalerao et al. 2015;
Bodaghee et al. 2016). With ~35 known CRSF sources,
including candidate cyclotron sources, of which IGR J16320
—4751 is now a member, the increasing sample size will permit
studies of the relationship between the B-field and other
properties, such as luminosity, companion type, spin period,
and orbital period (e.g., Schonherr et al. 2014; Christodoulou
et al. 2019; Staubert et al. 2019).
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