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Abstract

We report a Hitomi observation of IGR J16318-4848, a high-mass X-ray binary system with
an extremely strong absorption of Ny ~ 10%* cm~2. Previous X-ray studies revealed that its
spectrum is dominated by strong fluorescence lines of Fe as well as continuum emission. For
physical and geometrical insight into the nature of the reprocessing material, we utilize the
high spectroscopic resolving power of the X-ray microcalorimeter (the soft X-ray spectrometer;
SXS) and the wide-band sensitivity by the soft and hard X-ray imager (SXI and HXI) aboard
Hitomi. Even though photon counts are limited due to unintended off-axis pointing, the SXS
spectrum resolves Fe Koy and Koy lines and puts strong constraints on the line centroid and
width. The line width corresponds to the velocity of 160725° km s~*. This represents the most
accurate, and smallest, width measurement of this line made so far from any X-ray binary,
much less than the Doppler broadening and shift expected from speeds which are character-
istic of similar systems. Combined with the K-shell edge energy measured by the SXI and HXI
spectra, the ionization state of Fe is estimated to be in the range of Fe I-IV. Considering the
estimated ionization parameter and the distance between the X-ray source and the absorber,
the density and thickness of the materials are estimated. The extraordinarily strong absorption
and the absence of a Compton shoulder component is confirmed. These characteristics sug-
gest reprocessing materials which are distributed in a narrow solid angle or scattering primarily
with warm free electrons or neutral hydrogen. This measurement was achieved using the SXS
detection of 19 photons. This provides strong motivation for follow-up observations of this and
other X-ray binaries using the X-ray Astrophysics Recovery Mission, and other comparable
future instruments.

Key words: Stars: individual:IGR J16318-4848 — binaries: general — X-rays: binaries

1 Introduction

High-mass X-ray binaries (HMXBs) consist of a compact object
(neutron star or black hole candidate) and a massive companion
star that is typically a Be star or a supergiant O or B type star.
HXMBs with Be companions often show periodic variability in
X-ray flux when the compact object passes through a circum-
stellar decretion disk surrounding the star. Supergiant HMXBs
exhibit X-ray time variability associated with eclipse, or partial
eclipse, of the compact object by the companion star.

In addition to the comprehensive catalog of the galactic
HMXBs by Liu et al. (2006), a recent deep survey in the
hard X-ray and soft gamma-ray band performed by IBIS/ISGRI
(Ubertini et al. 2003; Lebrun et al. 2003) onboard International
Gamma-Ray Astrophysics Laboratory (INTEGRAL) (Winkler
et al. 2003) has discovered a considerable number of HMXBs
that are summarized in a catalog by Krivonos et al. (2017).
More than half exhibit persistent time variability in the hard

*The corresponding authors are Hiroshi NAKAJIMA, Kiyoshi HAYASHIDA,
Tim KALLMAN, Takuya MIYAZAWA, Hiromitsu TAKAHASHI, and Matteo
GUAINAZZI

X-ray band (Lutovinov et al. 2013). One of the highlights of
the survey is the discovery of a number of HMXBs that exhibit
extraordinarily strong absorption with their distribution in the
galaxy correlating with that of star forming regions (Bodaghee
et al. 2012; Coleiro and Chaty 2013). IGR J16318-4848 (here-
after IGR J16318) was the first discovered and remains the most

extreme example of such objects.

IGR J16318 was discovered in the scanning observation of
the Galactic plane by the INTEGRAL/IBIS/ISGRI (Courvoisier
et al. 2003; Walter et al. 2003). Examination of archival ASCA
data revealed extremely strong X-ray absorption toward the di-
rection of the source (Murakami et al. 2003). The X-ray spec-
trum is dominated by Fe Ko, K3, and Ni Ko fluorescence emis-
sion lines and continuum (Matt and Guainazzi 2003; Revnivtsev
2003). The fluorescence lines as well as the continuum vary on
time scales of thousands of seconds, corresponding to an upper
limit on the emitting region size approximately 10*® cm (Walter
et al. 2003).

The optical/near-infrared (NIR) counterpart exhibits less ab-
sorption than that measured in the X-ray band, which implies
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that the absorbing material is concentrated around the compact
object (Filliatre and Chaty 2004; Lutovinov et al. 2005). The
NIR spectroscopy suggests that the counterpart is a supergiant
Bl[e] star (Filliatre and Chaty 2004) based on the detection of
forbidden lines of Fe. Such stars are also known to contain
dust in their envelopes (Miroshnichenko 2007); a mid-infrared
observation revealed that it is surrounded by dust and cold gas
with a heated inner rim (Chaty and Rahoui 2012). The distance
to the target was derived by Filliatre and Chaty (2004) based on
fitting of the optical/NIR spectral energy distribution (SED) fit-
ting to be 0.9-6.2 kpc. Rahoui et al. (2008) performed SED fit-
ting from optical to mid-infrared band, and utilizing the known
stellar classification of the companion star obtained a distance
of 1.6 kpc.

Long term monitoring of the hard X-ray flux with Swift/BAT
shows a periodicity of ~ 80 d (Jain et al. 2009; Iyer and Paul
2017). Although the companion star belongs to the spectral type
of B[e], there is no obvious coincidence between numbers of
outbursts and orbital phase (Jain et al. 2009). Monitoring in
the soft and hard X-ray band shows that the source is always
bright with flux dynamic range of a factor 5 and Compton thick
(Nu > 1.1 x 10** cm~2) (Barragan et al. 2010). The statisti-
cally best spectrum obtained with Suzaku (Mitsuda et al. 2007)
shows no Compton shoulder, which implies a non-spherical and
inhomogeneous absorber (Barragén et al. 2009). The average
X-ray spectrum of the source exhibits a continuum typical for
neutron stars (Walter et al. 2004). Moreover, the source shows
disagreement in its X-ray/radio flux relationship with that ob-
served in the low/hard state of black hole binaries (Filliatre and
Chaty 2004). Nevertheless, the nature of the compact source
(neutron star or black hole candidate) is uncertain because pul-
sations have not been detected.

Hitomi, the Japan-led X-ray astronomy satellite (Takahashi
et al. 2017), carried a microcalorimeter array (SXS; soft X-ray
spectrometer) (Kelley et al. 2017) which had outstanding en-
ergy resolution in the energy band containing the Fe K-shell
lines. Combined with an X-ray CCD camera (SXI; soft X-ray
imager) (Tanaka et al. 2017) and a hard X-ray imager (HXI)
(Nakazawa et al. 2017), it provided unprecedented wide-band
imaging spectroscopy. Hitomi was lost due to an accident a
month after the launch. The observation of IGR J16318 was
performed during the instrument check-out phase to demon-
strate the spectroscopic performance of Hitomi. In spite of oft-
set pointing during the observation due to incomplete attitude
calibration, it is possible to extract significant scientific results
from the limited data.

In the remainder of this paper, we first describe the obser-
vation log including some notes on the data reduction in sec-
tion 2. The imaging and spectroscopic analyses (section 3) are
followed by the discussion (section 4) and summary (section 5).
Measurement errors correspond to the 90 % confidence level,

unless otherwise indicated.

2 Observation and data reduction
2.1 Observation

Pointing toward IGR J16318 started on 22:28 10th March 2016
UT and ended on 16:20 14th March 2016 UT. While the SXS
and SXI were already in operation, the HXI was undergoing the
startup procedure of one of the two sensors (HXI-1). Because
the observation was performed before optimizing the alignment
matrices of star trackers (STT1 and STT2), the target was at off-
axis positions throughout the observation. The off-axis angle
was 5’ according to the SXI image after the switch of the STT
from STT1 to STT2 on 17:58 13th March, which limit the effec-
tive area of all the instruments. The fields of view (FoV) of the
SXS and HXI are 3/05 and 9!2 square, respectively. Therefore
only the SXI caught the target securely within its FoV thanks to
its large FoV of 38’ square (Nakajima 2017).

The microcalorimeter array in the SXS was already in ther-
mal equilibrium at the time of our observation (Fujimoto et al.
2016; Noda et al. 2016). The energy resolution of the onboard
radioactive ®°Fe source was 4.9 eV full width half maximum
(FWHM) as reported by Leutenegger et al. (2017). However,
the SXS was not in the normal operation mode in terms of some
calibration items as follows. The gate valve was still closed
and hence the effective area in the soft energy band was lim-
ited. The Modulated X-ray Source (MXS; de Vries et al. 2017)
was also not yet available for contemporaneous gain measure-
ment, which forces us to estimate the gain uncertainty only by
onboard radioactive *®Fe sources.

The SXI was in normal operation with the “Full Window
+ No Burst” mode (Tanaka et al. 2017). Temperature of the
CCDs was already stable at —110°C at the time of the expo-
sure (Nakajima et al. 2017). The observation was carried out
before optimizing the parameters for the dark level calculation
and hence the SXI suffered from a cross-talk issue. That is,
an anomalously low dark level can be induced in a pixel by a
charged particle event in the adjacent segment. The dark level
leads to continuous false events in the pixel and the erroneously
higher pulse heights for the normal events around the pixel. To
minimize the effect of the cross-talk issue, the lower threshold
of the effective energy band was set to be 100 ch, which corre-
sponds to 600 eV.

The HXI-1 completed its startup procedure and started ob-
servation on 21:30 12th March UT. The target came at the edge
of the HXI-1 FoV after the switch of the STT. Another sensor
HXI-2 was still undergoing increasing of the high voltage for
the Si/CdTe double-sided strip detectors.
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2.2 Data reduction

Hereafter, we concentrate on the data after the STT switch be-
cause event files of all the three instruments are available in
the interval. We utilize the data cleaned and processed with a
script version 03.01.005.005. All the reduction and analyses be-
low employ the Hitomi software version 5b and the calibration
database released on 11th May 2017 (Angelini et al. 2017) '.
The effective exposure times of the SXI, SXS, and HXI-1 are
39.4, 68.9, and 39.4 ks, respectively, after the data reduction.

2.2.1 SXS

Owing to the shape of the point spread function (PSF) of the
soft X-ray telescope (SXT-S; Maeda et al. 2017), some photons
from the target reached the SXS in spite of the off-axis point-
ing. Furthermore, there was a wobble of the satellite at the be-
ginning of the observation, so that the optical axis of the SXT-S
temporarily approached the target direction. Then a part of the
FoV of the SXS overlapped with a photon extracting region for
the SXI as shown in figure 1 top panel.

To retrieve photons from the target during the wobbling,
we relax the standard screening criteria for the angular dis-
tance between the actual pointing and the mean pointing po-
sition (ANG_DIST) from 1/5 to 4/0. Besides the grade filtering
in the standard screening, events flagged due to close proximity
in time of 0.72 ms to other events are additionally filtered.

Figure 2 shows light curves around Fe K« line, wide energy
band as well as the history of the ANG_DIST. The events con-
centrate around the time of the wobbling in both energy bands.
There is no bright celestial target around the direction where the
satellite pointed at this time. No background flare events can be
seen for other instruments around this time. Figure 1 bottom
panel shows the spatial distribution of the events in the energy
band from 6.38 to 6.42 keV. The 19 events spatially concentrate
toward the target position. This provides strong indication that
these events originate from the target.

2.2.2 SXI and HXI

With regard to the SXI data, false events originating from
the cross talk issue are eliminated with the parameters in
sxipipeline set as follows: N,in of 6, PHA,, of 15, and
R of 0.7 (Nakajima et al. 2017). The SXI also suffers from a
light leak due to optical/infrared light primarily when the mi-
nus Z axis of the spacecraft points to the day earth (MZDYE).
Although our observation was free from the MZDYE periods,
there was another moderate light leak during the sun illumi-
nation of the spacecraft. We also see possible charges left in-
side the CCDs after the passage of the South Atlantic Anomaly
(SAA) as described in Nakajima et al. (2017). The pulse heights
of the events detected around the physical edge of the CCDs are
weakly affected by these issues. The target was always near the

! https:/heasarc.gsfc.nasa.gov/docs/hitomi/calib/
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Fig. 1. (Top) SXS exposure map with the designation of the exposure time
for each pointing position. The magenta circle corresponds to the source
extraction region for the SXI (see figure 4 bottom panel). (Bottom) Spatial
event distribution of the SXS microcalorimeter array in the DET coordinate
in the energy band from 6.38 to 6.42 keV. Blue, red, yellow and white pix-
els correspond to detection of one, two, three and four events, respectively.
The black pixel at the bottom right is the calibration pixel that is not directly
exposed to the sky.
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Fig. 2. (Top) Event light curve of the SXS full array in the energy band from
6.38 to 6.42 keV binned with 400 s. (Middle) Same as the top panel but for
the wide energy band from 2 to 12 keV. (Bottom) History of ANG_DIST with
8 s resolution.

physical edge of the CCD1 during the exposure. To minimize
the effect of these problems, we choose only the data during the
eclipse of the spacecraft and when the time after the passage of
the SAA is larger than 1800 s (Nakajima et al. 2017). The pile-
up fraction is estimated using pileest and the results is below
0.7% with a grade migration parameter of 0.1.

No additional filtering is applied to the HXI-1 cleaned event
files.

3 Analyses

All the spectral analyses described below are performed using
XSPEC v12.9.0u (Arnaud 1996). We adopt the spectral model
tbvarabs for the photoelectric absorption using the interstellar
medium abundances described in Wilms et al. (2000).

3.1 SXS Spectral Analysis

The spectrum obtained with the SXS in the 2-12 keV band is
shown in the top panel of figure 3. The events are summed over
all the 35 pixels and their total number is 752. The concentra-
tions of events near 5.9, 9.7 and 11.5 keV originate from the
instrumental background lines of Mn Ko, Au Lo and L3, re-
spectively. Due to the limited statistics of the events, we focus
on the spectral analysis around a peak at 6.4 keV that is mag-
nified in the bottom panel of figure 3. Most of the events fall
within 6.39-6.41 keV and the primary peak is slightly above
6.40 keV. This distribution corresponds to the Fe Koy and Kas
lines.

We estimate the number of non-X-ray background (NXB)
events (Kilbourne et al. 2017) included in the 6.4 keV line uti-

lizing sxsnxbgen. This tool considers the magnetic cut-off
rigidity (COR) weighting of the observation and extract events
with identical filtering as the source data from the SXS archive
NXB event file. Because the events in the energy band of 6.38—
6.42 keV are detected in the specific pixels as shown in the bot-
tom panel of figure 1, we only consider those pixels to calcu-
late the NXB. The estimated NXB spectrum is overlaid on the
source spectrum in the bottom panel of figure 3. The expected
number of NXB counts in 6.38-6.42 keV range is < 2 when we
assume the same exposure time as the target.

The Ko line centroid near 6.4 keV implies neutral or near-
neutral ionization state of Fe. If so, the line should be modeled
with Lorentzian functions (Agarwal 1979) that analytically rep-
resent the natural shape of an emission line. It is well known
that the K« lines of the 3d transition metals are highly asymmet-
ric. Holzer et al. (1997) applied seven Lorentzians to accurately
represent the asymmetric Ko line from neutral Fe. We assume
the near-neutral state and then adopt the best-fit parameters in
Holzer et al. (1997), which will be justified in section 4. The
NXB spectrum is represented using a power-law model with
its index fixed to zero. The power-law component is also in-
cluded to the source spectrum with its parameters linked be-
tween the source and background. We set the following four
parameters to be free: the energy at the maximum of the pri-
mary Lorentzian (a1 in Table II in Holzer et al. (1997)), its
width, the normalization factor commonly multiplied to all the
seven Lorentzians, and the flux of the power-law component.
The relative energy at the maximum of each Lorentzian is fixed
as well as the relative width and amplitude. The continuum
emissions from the target and the cosmic X-ray background are
ignored from the statistical point of view. We adopt c-statistics
(Cash 1979) for the spectral fitting. The original 0.5 eV per
bin source and background spectra are fitted while the binned
spectra are shown in figure 3 for display purposes. The best-fit
energy at the maximum of the primary Lorentzian is 6405.4 eV
and its width is 3.5 eV (FWHM). This yields the Fe Ko line
centroid of 6404.3 eV, a value which is remarkably similar with
that of neutral Fe (6403.1 eV) measured by Holzer et al. (1997).

To investigate the probability distribution function in the pa-
rameter space, we performed Markov Chain Monte Carlo sim-
ulations within XSPEC. We adopt a proposal distribution of a
Gaussian for the chain with a length of 10°. Considering the
distribution, the energy at the maximum of the primary com-
ponent and its width are estimated to be 6405.4%2% eV and
3.5f?‘é eV, respectively. The best-fit parameters for the spec-
tral fit are summarized in table 1. This is the first observational
result resolving Fe Koy and Kas lines for X-ray binary sys-
tems, which demonstrates the superb energy resolution of the

microcalorimeter.

The accuracy of the energy scale of the SXS is affected

by the instrumental gain uncertainty. There had been no
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Fig. 3. (Top) SXS spectrum summed over all the 35 pixels. Peaks around
5.9,9.7, and 11.5 keV are the instrumental background of Mn Ko, Au Lo and
L3, respectively. Poisson error bars (Gehrels 1986) are presented. Note that
the spectrum is binned to 4 eV. (Bottom) Same as the top panel but for the
energy range near 6.4 keV. The sum of the fitted models of seven Lorentzian
functions for the Fe Ka lines and a power-law is shown in a solid red line,
with each component shown in dashed lines and different colors. Although
the fitting is performed using the original 0.5 eV per bin spectrum, we show
the spectrum with a binning of 2 eV for display purposes. Blue data with
filled triangles are the calculated NXB spectrum that is not subtracted from
the source spectrum.

Table 1. Best-fit parameters for the
SXS spectrum.

Parameter Value
Ea11” (eV) 6405.4+
0q11 (FWHM in eV) 3.5%
In11 (1074 ecm=2571) 2.4

r 0 (fixed)
A0 3em™2s71) 1.6
C-stat (d.o.f.) 131.7 (234)

* Energy at the maximum of the primary
Lorentzian (11 in Table II in Holzer et al.
(1997)).

1 See text for a discussion of the probability
distributions for F11 and o11.

on-orbit full-array gain calibration before the observation of
IGR J16318. A later calibration using the filter-wheel >°Fe
sources was carried out after changing several cooler power
settings (Eckart et al. in preparation). Because the MXS was
not yet available, a dedicated calibration pixel that was located
outside of the aperture and continuously illuminated by a colli-
mated 5°Fe source served as the only contemporaneous energy-
scale reference. The time-dependent scaling required to correct
the gain was applied to each pixel in the array. It was known
prior to launch that the time-dependent gain-correction func-
tion for the calibration pixel generally did not adequately cor-
rect the energy scale of the array pixels. The relationship be-
tween changes of the calibration pixel and of the array was not
fixed, but rather depended on the temperatures of the various
shields and interfaces in the dewar. Therefore, although the rel-
ative drift rates across the array were characterized during the
later calibration with the filter-wheel ®®Fe source, the changes
in cooler power settings between the IGR J16318 observation
and that calibration limit the usefulness of that characteriza-
tion. In fact, the measured relative gain drift predict a much
larger energy-scale offset between the final two pointings of the
Perseus cluster of galaxies than was actually observed.

To overcome our limited ability to extrapolate from the cali-
bration pixel, we examined the whole-array Mn Ko instrumen-
tal line (Kilbourne et al. 2017) in source-free data taken from
7th March to 15th March, when the SXS was being operated
with the same cooler settings (Tsujimoto et al. 2017) as those
in the IGR J16318 observation. The SXS energy scale is found
to be shifted by at most +1 £ 0.5 eV at 5.9 keV. Further insight
into the gain uncertainty comes from examining the errors in
the Mn K33 position in the filter-wheel 5°Fe data after adjusting
all the pixels gain scales based on the Mn K« line. The er-
rors ranged within —0.6—+0.2 eV, which indicate the minimum
scale of the gain uncertainty at 6.5 keV. We conclude that the
gain shift with uncertainty of the line centroid of Fe Ka, which
is between the Mn Ko and K lines, is +1 4= 0.5 eV at the time
of the observation of IGR J16318.
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circle. Regions shown by green rectangles with red lines are excluded in the
extraction.

3.2 SXI and HXI Analysis

The SXI image in the energy band from 4.0 to 12 keV is shown
in figure 4. This shows the only additional X-ray source in the
FoV, based on the 2XMMi-DR3 catalog (Lin et al. 2012). Note
that the additional filtering of the sun illumination of the space-
craft and the time after the passage of the SAA is not applied
to the image because the filtering has only a small effect on the
pulse height of each event. Another note is that the PSF shape of
the target is not smooth because some pixels are affected by the
cross-talk issue (Nakajima et al. 2017) and have been filtered.
In spite of the unintended off-axis pointing, the target was se-
curely in the CCD1. Photon extracting regions are drawn with
a magenta circle.

The hard X-ray image obtained by the HXI-1 in the energy
band from 5.5 to 80 keV is shown in figure 5. The circular
region in magenta designates the same region as that in figure 4.
Thanks to the moderate PSF of the hard X-ray telescope (Awaki
et al. 2016), a number of events were detected even though the
target is just on the edge of the FoV. The source and background
spectra are extracted from the regions colored in yellow with
solid and dashed lines, respectively.

Figure 6 shows the light curves of the SXI and HXI-1 ex-
tracted from the source regions designated in figure 4 and fig-
ure 5, respectively. Background is not subtracted and aspect
correction is not applied. Barycenter and dead time correction
are applied for the HXI-1 data prior to the extraction. Note that
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[
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Fig. 5. HXI-1 image after the standard screening in the energy band of 5.5 to
80 keV smoothed by a Gaussian of 8 pixels. Source and background regions
are shown with a solid ellipse and a dashed polygon, respectively. The same
sky region as in figure 4 is designated with magenta circle as a reference.
A region shown by yellow rectangle with red line is excluded in the source
extraction.

the additional filtering of the sun illumination of the spacecraft
and the time after the passage of the SAA is not applied for
the SXI light curve because the filtering has only a small effect
on the pulse height of each event. The event rate in the energy
band dominated by fluorescence lines and continuum both ex-
hibit time variability on a time scale of thousands of seconds,
which is also seen in the previous observations (Ibarra et al.
2007; Barragan et al. 2009). The root mean square fractional
variation of the continuum band is 0.34 + 0.03 (HXI-1) and
< 0.17 (30) (SXI), while that of the fluorescence line band is
< 0.25 (HXI-1) and < 0.15 (SXI).

Pulsation search was performed both for the SXI and HXI-1
light curves in each band shown in figure 6 and also in the en-
tire band. After the search from 1 s to one tenth of the exposure
time of each instrument, we found no significant periodic pulsa-
tion. This prevents a conclusive determination that the compact
object is a neutron star.

Because there is no apparent outburst during the exposure,
we extract the spectra of the SXI and HXI-1 without any dis-
The NXB for the SXI is calculated using
sxinxbgen that considers both the magnetic COR weighting

tinction of time.

of the observation and the position of the source extracting re-
gion in the CCD. To maximize the statistics, we subtract only
the NXB component rather than extracting background spec-
trum from the surrounding region for the SXI. We extract all
the events during the good time interval of each instrument
and hence the extracted durations are not precisely coincident
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Fig. 6. Light curves of the SXI (top) and HXI-1 (bottom) with 400 s resolution.
The energy bands dominated by the fluorescence lines (red) and continuum
emission (green) are shown with the ratio between the two bands (blue).

between the SXI and HXI-1. In figure 7 top panel, we ap-
ply a model of tbvarabs*{cutoffpl+gau+gau+gau} (here-
after model A). We set the Fe abundance of the absorbing ma-
terial to be free to reproduce both of the low-energy extinction
and the Fe absorption edge, while the abundances of other ele-
ments are fixed to solar values. The difference from the model
adopted in Barragdn et al. (2009) is that we represent the flu-
orescence lines from the excitation states with different total
angular momenta (Ka; and Kas, KB; and Kf33) with a sin-
gle Gaussian function, while Barragén et al. (2009) introduce a
Gaussian function for each fluorescence line. Considering that
the Fe Ka line width measured with the SXS is negligible for
the SXI and HXI-1, the widths of the Gaussian functions are
fixed to be zero. Furthermore, the line centroid of Ni K« is fixed
so that the ratio of the centroids of Fe Ko« and Ni Ko becomes
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Fig. 7. (Top) Spectra obtained with the SXI (black) and HXI-1 (red). The
best-fit spectral model is drawn with solid lines. Each model component is
designated with dashed lines. (Bottom) Unfolded spectra using the best-fit
model A summarized in table 2. Color coding is the same as that in the top
panel.

the value in Holzer et al. (1997). We also introduce a constant
factor that is multiplied to the HXI-1 data to account for possi-
ble inter-instrument calibration uncertainty of the effective area.
An edge-like structure seen slightly below 30 keV is due to an
edge in quantum efficiency of the CdTe double-sided strip de-
tectors and hence is not seen in the unfolded spectrum shown in
the bottom panel of figure 7.

The best-fit parameters are summarized in table 2.
Comparison of the spectral parameters with those obtained from
the Suzaku observation in 2006 (Barragan et al. 2009) shows
that the flux of continuum and line components significantly
decreased in the ten year interval while the equivalent widths
increased. The unabsorbed luminosity in the 2-10 keV band is
1.0 x 10* and 5.0 x 1035 ergs s~ ! assuming the distance to
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Table 2. Best-fit parameters for the SXI and HXI-1 spectra.

Parameter model A model B
Ny (1024 em—2) 2061521 2197000
Are 1.1979-%9 0 (fixed)
Fedge N/A 7.108%070%
TMAX N/A 2327048
r 0741029 0.501902
E}, (keV) 3781193 30.91,%°
A(1073 em™2 571 47793 24107

E(FeKa) (keV) 642670010 642770011
EW (Fe Ka) (keV) 2.15 2.09

I(FeKa) (1073 em=2s~1) 227038 1.6702
E(Fe KB) (keV) 7.10170°050 710870018
EW (Fe KB) (keV) 0.38 0.49
I(FeKB) (10~%em~25~1) 19799 1.8752
I(NiKa) (1074 em=2 51 <4.0 21178
constant factor 1.177 1.213
x? (d.o.f.) 2450 (251)  250.3 (249)

* Exponential cutoff energy in the power-law model.

the target of 0.9 and 6.2 kpc, respectively. This is much less
than the Eddington limit of 1.8 x 10°® ergs s™* for a neutron
star of 1.4 M and is consistent with values derived for the vast
majority of HMXBs, even if including correction for the partial
blockage of the continuum source as discussed in section 4.

The Fe K-shell absorption edge energy is another key pa-
rameter that strongly depends on the ionization state of the re-
processing materials. In order to explore this we add the edge
model that gives

()
f (E)_{ f(E)-exp[—mmax (E/Feage) *]

where Feqge and Tvax are the edge position and the absorp-

(E < Eedge)
(E Z Eedge)7

tion depth at the edge, respectively. Because the edge model
accounts for absorption at the edge position, we set the Fe abun-
dance of the tbvarabs to zero in our spectral fitting. The results
are given in table 2 in the column labelled model B.

Evaluating the flux of the possible Compton shoulder is per-
formed by adding another Gaussian function to model A with
its centroid and width (1o) fixed to 6.3 keV and 50 eV, respec-
tively (Matt 2002). There is no significant flux of the additional
-2 S—l

line with its 90% upper limit of 5.4 x 10~* cm that corre-

sponds to the 90% upper limit of the equivalent width of 103 eV.

4 Discussion

The Fe line in IGR J16318 contains information about the ion-
ization state and kinematics of the emitting gas via the pro-
file shape. It also contains information about the quantity
and geometrical distribution of the emitting gas via the line
strength, i.e., the flux or equivalent width. This does not
necessarily yield unique determinations of interesting physi-

cal quantities, but can strongly constrain them under various

scenarios. General discussions of the dependence of flux or
equivalent width have been provided by many authors, e.g.,
Koyama (1985), Makishima (1986), Torrejon et al. (2010), and
Giménez-Garcia et al. (2015).

In particular, in the simplest case of a point source of con-
tinuum producing the Fe K line via fluorescence at the center
of a spherical uniform cloud, simple analytic calculations show
that the line equivalent width is approximately proportional to
the equivalent hydrogen column density (/N#) of the cloud for
Nu < 1.5 x 10** cm™2. At greater Ny the gas becomes
Thomson thick and the equivalent width no longer increases.
The maximum equivalent width is 1-2 keV and depends on the
Fe elemental abundance and on the shape of the SED of the
continuum source in the energy band above ~ 6 keV. For so-
lar Fe abundance and an SED consisting of a power-law with
photon index of 2, the maximum attainable equivalent width is
less than 2 keV. Numerical calculations for toroidal reproces-
sors show that the Thomson thin approximation breaks down at
Ng much less than 1.5 x 10%* cm ™2 (Yagoob et al. 2010).

Equivalent widths greater than 2 keV can be obtained if the
reprocessor is not spherically symmetric around the continuum
source, i.e., if there is an opaque screen along the direct line of
sight to the continuum source. This is the most likely expla-
nation for large equivalent widths observed from X-ray binaries
during eclipse (e.g., Watanabe et al. 2006), or Seyfert 2 galaxies
(Krolik and Kallman 1987; Koss et al. 2016). This provides a
likely explanation for the large equivalent width observed from
IGR J16318; it is crudely consistent with the column density
we measure Ny ~ 2.1 x 10** cm™? together with at least a
partial blockage of the continuum source by a structure that has
Thomson depth much greater than unity. Then we predict that
the true luminosity of the source is greater than we infer from
simple dilution at a distance of 0.9-6.2 kpc, by a factor 2.

We derived the line centroid of Fe K« in spite of low photon
statistics. The weighted average of the energies at the maxima
of the seven Lorentzian functions is 6399.1755 eV if we con-
sider the gain shift and uncertainty of the SXS. Our result is con-
sistent with those obtained with CCD detectors aboard XMM-
Newton (Ibarra et al. 2007) and Suzaku (Barragan et al. 2009).
However, the uncertainty of the measurement significantly im-
proved with the SXS. We have to consider the systematic ve-
locity and the orbital velocity of the reprocessor. According to
the NIR spectroscopy, there is no significant systemic veloc-
ity of the companion star with cAX/A = —110 & 130 km s™*
(Filliatre and Chaty 2004). If we assume the masses of the com-
panion star and the compact object of 30 M and 1.4 Mg re-
spectively, the line-of-sight velocity of the compact object with
respect to the companion star is within £155 km s~ . Then the
total Doppler velocity is expected to be —110 4 200 km s~ %,
corresponding to the shift of 2.3 £4.3 eV.

The top panel of figure 8 shows the theoretical value of the
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Fe Ko line centroid (Ejine) versus ionization state (Palmeri et al.
2003; Mendoza et al. 2004; Yamaguchi et al. 2014). Comparing
those with the measured values, the ionization state of Fe I-X
is preferred. This is in agreement with the other HMXBs re-
ported by Torrejon et al. (2010). On the other hand, the line
centroid measured with the SXI and HXI-1 conflicts formally, at
the 90% level with that measured with the SXS. Monitoring the
pulse heights of the onboard calibration 5°Fe source by the SXI
(Nakajima et al. 2017) reveals that the pulse heights disperse in
the range of ~ 2-3 ch that corresponds to ~ 12-18 eV. This can
be interpreted as a systematic uncertainty on the SXI energy
scale and this brings the SXI+HXI-1 into marginal agreement
with the SXS.

The middle panel shows the absorption edge of the Fe
(Eedge) as a function of ionization state (Kallman et al. 2004;
Bearden and Burr 1967). The edge energy measured with the
SXT and HXI-1 strongly constrain the ionization state to be no
higher than FeIIl, which is consistent with that obtained with
the Fe Ka line centroid. Even if we consider the gain un-
certainty of the SXI as noted above, the ionization state is no
higher than FeIV. We also plot the difference between Ecqge
and Ejine in the bottom panel because such difference is rather
robust against the inaccurate energy scale. Although the result
suggests the very cold reprocessor, Fe I-IV is possible if we
introduce a Doppler shift of ~ 1000 km s~ (see later for a jus-
tification of this assumed value). Barragan et al. (2009) also
discuss the ionization state of Fe with the statistically best spec-
trum. Although their line centroid value itself does not reject
the slightly ionized state, they claim that the reprocessing ma-
terials are neutral considering the systematic uncertainty of the
gain of Suzaku/XIS (Koyama et al. 2007). Here we develop the
discussion with the updated and upgraded data obtained with
Hitomi.

Kallman et al. (2004) calculated the abundance distribution
of the Fe ions in a photoionized plasma as a function of the ion-
ization parameter £ = L /nR? (Tarter et al. 1969), where n is the
gas density, R is the distance between the X-ray source of ioniz-
ing radiation and the gas, and L is the luminosity of the contin-
uum emission. The range of ionization states Fe I-IV is consis-
tent with an ionization parameter value log(¢) < —2. The dis-
tance between X-ray source and gas responsible for the Fe emis-
sion, R, can be estimated based on the X-ray time variability.
Walter et al. (2003) estimated the distance to be R ~ 10'% cm
with XMM-Newton by the maximum delay observed between
the Fe K line and the continuum variations. Light curves ob-
tained from other observations (Ibarra et al. 2007) also exhibited
that Fe Ko line followed almost immediately the continuum.
Applying the R ~ 10'® cm, we estimate n and the thickness
of the reprocessing materials along the line of sight (I) to be
n 23 x 10" cm™® and I = Ny /n S 7 x 10" cm, respectively.
If we consider the ~ 80 d orbit and the masses of the compan-
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Fig. 8. (Top) Fe Ko line centroid (Ejine) as a function of the ionization
state calculated by Yamaguchi et al. (2014) from the expectation by Palmeri
et al. (2003) (charge number < 8) and Mendoza et al. (2004) (charge num-
ber > 9). Values measured with the SXS and SXI+HXI-1 are shown by
the red and blue solid lines, respectively. The gain shift of +1 eV and the
most probable systematic velocity of the reprocessor are corrected for the
SXS. The dashed lines designate 90 % confidence level. (Middle) Fe K-shell
ionization energy (Ec.qgc) as a function of the ionization state expected by
Kallman et al. (2004) (charge number > 1) and Bearden and Burr (1967)
(charge number = 0). Values measured with the combined spectra of the
SXI and HXI-1 is shown by the blue solid line as well as the statistical error
range (dashed line). (Bottom) Difference of Ecqge and Eiine is plotted as
well as the measured value with the SXI and HXI-1.

ion star and the compact object as above, the distance between
them is 2 x 10'® cm. The maximum size of the reprocessor
and R may be comparable with the system size.

One of the most probable candidates for the reprocessor is
the cold stellar wind from the massive companion star. The
wind velocity (v,,) at the distance r can be estimated assuming
the typical S-law of

Vy = voo(l—R*/r)B7

where v is the terminal velocity and R. is the stellar radius.
Assuming the commonly used 5 = 0.5 and r» = 2R.., we ob-
tain vy /vso ~ 0.7. When we assign a typical v of the early
type stars of ~ 1500-2000 km s~* (Abbott 1978), v,, ~ 1050—
1400 km s is obtained. The measured Fe Ko line width is
equivalent to v = 16013%° km s™!. This is much less than the
Doppler broadening expected from speeds that are character-
istic of similar systems. This indicates that the line emitting
region does not cover the whole region of the stellar wind in-
cluding the companion star. It suggests that the line may be
produced in a relatively small region centered on the compact
object. In this case, the line centroid will be Doppler-shifted
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depending on the orbital phase of the compact object. When
we shift both of the line centroid and the K-shell edge en-
ergy by 25 eV that corresponds to v, of 1250 km s~ !, the
two estimates of ionization state contradict each other. This
implies that the preferred orbital phase is ~ 0.25 or ~ 0.75.
However, v distributes in a wide range even among mem-
bers of the supergiant HMXBs (Giménez-Garcia et al. 2016).
Furthermore, Manousakis and Walter (2011) argue that highly
absorbed HMXB systems have lower wind velocities than clas-
sical supergiant HMXBs. An atmosphere model for the donor
of Vela X-1 by Sander et al. (2017) also expects that the wind
velocity at the neutron star location is significantly lower than
that predicted by the 5-law. More accurate determination of v
of the companion star is needed for further discussion. Another
interesting possibility is discussed by Torrejon et al. (2015) for
supergiant HMXB. These authors argue that Fe Ka must be pro-
duced close to the photosphere of the donor star, where the wind
is still in the acceleration zone, in the region facing the compact
object. This case agrees with the fact that the reprocessor does
not cover the X-ray source completely. The SXS established an
empirical upper limit to the Fe Ka width which would imply
stellar wind velocities at distances of 1.06 R.—1.10 R... This is
in agreement with theoretical predictions on the onset of wind
clumps given by Sundqvist and Owocki (2013).

To investigate the time variability of the line and continuum
emissions obtained in this observation, we plot the ratio of the
continuum flux to the fluorescence line flux as a function of the
latter for the SXI in figure 9 top panel. The clear positive cor-
relation indicates that the continuum component exhibits vari-
ability with a larger dynamical range than the line component,
as measured with the fractional variation of the light curves in
section 3.2. In other words, at least part of the line emission
does not follow the continuum variability on time scales less
than 400 s. This is consistent with the results obtained by Ibarra
et al. (2007) with XMM-Newton. One possible explanation for
the positive correlation is that the continuum is produced in a
compact region while the line emission takes place in a signifi-
cantly extended region. Another possibility is the time variation
of the column density on the line of sight. Because the X-ray
flux around the Fe K band can be affected by the absorption col-
umn, time variation of the absorption column on the line of sight
can cause time variation only in the low energy band. To clarify
this, we check the correlation between the count light curves in
the 8—13 keV and 13-50 keV band with the HXI-1 as shown in
the bottom panel of figure 9. The clear positive correlation is a
hint of the intrinsic variation of the continuum rather than due
to the changes in the intervening column density.

The absence of the Compton shoulder is confirmed as it
was in the spectrum obtained by Suzaku (Barragan et al. 2009),
making a clear contrast with another strongly absorbed HMXB
GX 301-2 (Watanabe et al. 2003; Fiirst et al. 2011). Walter et al.
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Fig. 9. (Top) Intensity ratio between the continuum and fluorescence line
band versus the intensity in the former band for the SXI. The bin size is
400 s. (Bottom) Count light curves of 13-50 keV band obtained with the
HXI-1 versus that in the 813 keV band.
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(2003) and Ibarra et al. (2007) point out that the absence of a
Compton shoulder can be due to an inhomogeneous distribution
of reprocessing material. Another possibility is the smearing of
the Compton shoulder due to the free electrons with an temper-
ature of several eV (Watanabe et al. 2003) and/or the scattering
with neutral hydrogen (Sunyaev and Churazov 1996; Sunyaev
et al. 1999). In fact, mid-infrared observations of IGR J16318
by Chaty and Rahoui (2012) revealed a spectral component with
a temperature ~ 37,000-40,000 K. Since this temperature is
higher than that of typical B1 supergiant stars, they suggest that
the component corresponds to dense and hot material surround-
ing the stellar photosphere and irradiated by X-rays from the
compact object. Deeper exposure with high spectral resolution
like the SXS is required for the further understanding of the cir-
cumstellar environment of this system.

5 Summary

In spite of observing challenges such as the large offset an-
gle and the issues such as cross-talk for the SXI, we analyze
photons from the target for all of the instruments that had been
started up at the time of the Hitomi observation of IGR J16318.
The microcalorimeter spectrum resolved the Fe Ka; and Koo
lines for the first time in an X-ray binary system and revealed
that the line width is narrower than that compatible with the full
range of speeds expected from a stellar wind. Combining the
line centroid measured by the SXS and the energy of the Fe K-
shell absorption edge by SXI+HXI-1, we put a constraint on the
ionization state of the reprocessing materials to be in the range
of FeI-IV. Judging from the ionization parameter, the density
and thickness of the materials are estimated. As reported in
the past observations, the absorption is extraordinarily strong
(Nu > 10** cm™2) and the Compton shoulder component is
not apparent. These characteristics can be attributed to repro-
cessing materials which are distributed in a narrow solid angle
or scattering primarily with warm free electrons or neutral hy-
drogen.

The Hitomi observation of IGR J16318 measured the width
and energy of the Fe K fluorescence line with precision which
are unprecedented for an X-ray binary. They reveal a line width
and shift which are much less than the Doppler broadening and
shift expected from speeds which are characteristic of similar
systems. This was achieved using the SXS detection of 19 pho-
tons. If the aspect stability and accuracy of Hitomi pointing sys-
tem had been accurate at the few arc minutes level, we would
have obtained far more detailed diagnostics for the Fe K line and
absorption edge diagnostics. However this was not achieved in
the initial operations of the Hitomi mission. We now know that
the physics of the Fe K line is considerably different for this
object, and perhaps for other X-ray binaries, from that previ-
ously assumed despite over 40 years of detailed study. Thus,

microcalorimeter observations of X-ray binaries in the future
with the X-ray recovery mission will open up a new and excit-
ing field of study.
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