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ABSTRACT

We present results of investigation of the poorly studied X-ray pulsar Swift J1816.7—-1613 during its transition from the type I outburst
to the quiescent state. Our studies are based on the data obtained from X-ray observatories Swift, NuSTAR, and Chandra alongside
with the latest IR data from UKIDSS/GPS and Spitzer/GLIMPSE surveys. The aim of the work is to determine the parameters of the
system, namely the strength of the neutron star magnetic field and the distance to the source, which are required for the interpretation
of the source behaviour in the framework of physically motivated models. No cyclotron absorption line was detected in the broad-band
energy spectrum. However, the timing analysis hints at the typical for the X-ray pulsars magnetic field from a few x10'! to a few
x10'2 G. We also estimated the type of the IR-companion as a BO-2e star located at a distance of 7—13 kpc.
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1. Introduction

The transient X-ray pulsar (XRP) SwiftJ1816.7-1613 was
first detected by the Swift/BAT monitor on March 24, 2008
(Krimm et al. 2008). Pulsations with a period of 142.9 + 0.2s
were discovered in the archival Chandra/ACIS data obtained
serendipitously on February 11, 2007 (Halpern & Gotthelf
2008). An analysis of two other observations of the source per-
formed by RXTE/PCA on March 29 and April 7, 2008, revealed
a weighted average pulse period of 143.2 + 0.1 s (Krimm et al.
2013), with a hint of the spin-up between these two observations
with P = -5.93 x 1077 ss7".

Based on the observed periodicity of the outbursts detected
by Swift/BAT, Corbet & Krimm (2014) proposed an orbital
period of 151.4 + 1.0d for the system. However, La Parola et al.
(2014) reported a different orbital period of 118.5 + 0.8 d using a
113-month BAT survey. Recently, Corbet et al. (2017) searched
for the periodicity of the system by performing power spectral
analysis covering two different time intervals. First, they used
the full BAT light curve of the source and found an orbital period
of 151.1 +0.5d, which is consistent with the period reported
by Corbet & Krimm (2014), but they did not detect the orbital
period of 118.5d. Second, Corbet et al. (2017) considered the
same time restrictions as La Parola et al. (2014) used in their
analysis and found a period of 118.9 + 0.6 d. Corbet et al. (2017)
stated that the difference between the orbital periods is mainly
because of the different time intervals used and that they both
may be not actual orbital periods of the source.

The energy spectrum of SwiftJ1816.7-1613 obtained with
the Chandra observatory on February 11, 2007, was described
by a simple power-law model with a photon index of I'=1.2,
modified by the photoelectric absorption with Ny = 1.2 X
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10%% cm™2, resulting in a flux of 4 x 1072ergecm™s~! in the
2-10keV energy band (Halpern & Gotthelf 2008). The broad-
band combined Swift/XRT and BAT spectrum obtained from
the outburst episodes in the energy range of 0.2-150keV
was analysed by La Parolaet al. (2014). It was modelled by
a power-law model with a photon index of I' ~ 0.1 with
a high energy cut-off at ~10keV, resulting in the average
flux of about 1.3 x 107%ergecm™s~! in the 0.2-150keV
energy range. The column density was estimated to be Ny =
1.0 x 102 cm™2, which is significantly higher than the aver-
age Galactic value in the source direction of 1.35 x 10%> cm™
obtained from ~utor (Willingale et al. 2013)!. The authors
also derived the off-outburst flux from the source of =2.9 x
107"2ergcm™2s7! in the same energy band. SwiftJ1816.7—
1613 was also detected by BeppoSAX in September 29,
1998, with a flux of 3.6 x 107 ergcm™2s7! in 15-30keV
(Orlandini & Frontera 2008) and by XMM-Newton under the
name 2XMM J181642.7-161320 on March 8, 2003, at the
lowest flux of 7 x 1073 ergem 257! in the 0.2-12keV band
(Halpern & Gotthelf 2008).

The nature of the companion star in this system has not been
determined yet. The archival Swifi/UVOT observations of the
source in the given Chandra location did not show any optical
counterpart. However, taking into account the pulse and orbital
periods and their location in the Corbet diagram for high-mass
X-ray binaries (Corbet 1986), both Corbet & Krimm (2014) and
La Parola et al. (2014) argued that the type of system is consis-
tent with a Be/neutron star binary.

' http://www.swift.ac.uk/analysis/nhtot/
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Table 1. X-ray observations of SwiftJ1816.7-1613.

Satellite Date (MJD)  Instrument Exposure (ks)
Swift 54557-54578 XRT 10.2
57803-57866 XRT 23.0
Chandra 54142 ACIS 16.0
NuSTAR 57807 FPMA/B 50.4

The magnetic field of the neutron star (NS) in SwiftJ1816.7—
1613 has never been measured, and the properties of the system
in the hard X-ray band remained unknown. In the current work
we use our single NuSTAR observation in the hard X-rays, multi-
ple archival observations in the standard X-ray energy band, and
the infrared (IR) data in order to determine the properties of the
system and its optical companion.

2. Observations and data reduction

This study is based on the data provided by three X-ray space
satellites Swift, Chandra, and NuSTAR and the latest public IR
data from the UKIDSS/GPS and Spitzer/GLIMPSE surveys. The
details of the X-ray observations are given in Table 1. For all
timing and spectral analysis we use HEASOFT 6.22.1% and xsPEc
version 12.9.1p>.

2.1. Swift/’XRT observations

SwiftJ1816.7-1613 was observed by the XRT telescope
(Burrows et al. 2005) on board the Neil Gehrels Swift Observa-
tory (Gehrels et al. 2004) multiple times in 2008 and 2017 with
total exposures of 10.2 and 23 ks, respectively (see Table 1). All
the Swift observations used in this study were obtained by the
XRT telescope in the photon counting (PC) mode. To produce
the cleaned event files (level 2) from level 1 products, the xrT-
PIPELINE tool from the xrTpas package v3.4.0* was used. Also,
we used xseLEcT V2.4d with the standard criteria to reduce and
analyse Swift/XRT data of SwiftJ1816.7-1613. We extracted the
X-ray spectrum and the light curve of the source for every sin-
gle observation in the energy range of 0.5-10keV using circular
region with a radius of 25”. The background spectra and light
curves, likewise, were extracted from a source-free region with
radius of 50”. The standard grade filtering (0-12 for PC) was
used for the analysis. In order to calculate the ancillary response
files for each observation, we used the task XRTMKARF.

2.2. Chandra observations

SwiftJ1816.7-1613 was also observed by the Chandra
(Weisskopf et al. 1996) advanced CCD Imaging Spectrometer
(ACIS; Garmire et al. 2003) for about 16ks on February 11,
2007 (MJD 54142; ObsID 6689). The source was placed at the
ACIS-S2 with no gratings in use yielding a moderate energy res-
olution. To reproduce and reprocess the archival level 1 data, the
standard pipeline processing was performed using the software
packages c1ao v4.9 (Fruscione et al. 2006) with a suitable cALDB
v4.7.7. The source and background light curves and spectra were
extracted from circular regions of the same radius of 20”.

2 http://heasarc.nasa.gov/lheasoft/

3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
XspecManual.html

4 http://www.swift.ac.uk/analysis/xrt/
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Fig. 1. NuSTAR image of SwiftJ1816.7-1613 extracted from FPMA
(left panel) and FPMB (right panel) in the energy range of 3-79keV.
The solid white circles are the source extraction regions of radius 100”
and the dashed white circles are the background regions of the same
radius which were selected from the source-free regions. The colour
bar on the right hand side shows the number of counts per pixel.

2.3. NuSTAR observation

The Nuclear Spectroscopic Telescope Array (NuSTAR),
launched on June 13, 2012, is the first focusing hard X-ray
telescope operating in a wide energy range of 3-79keV
(Harrison et al. 2013). It consists of two co-aligned grazing
incidence X-ray telescope systems which provide imaging
resolution of 18" (full width at half maximum, FWHM). The
instruments have the spectral energy resolution of 400eV
(FWHM) at 10keV.

In order to reduce the raw observational data, we performed
the standard data reduction procedure described in the NuSTAR
user guide’ using the NuSTAR Data Analysis Software NUSTAR-
pas v1.8.0 with a caLpB version 20180419. The source spectra
and the light curves were extracted from a circular region with
radius of 100” for both FMPA and FMPB using NUPRODUCTS
task (Fig. 1). The background photons were extracted from the
source-free circular regions of the same radius located close to
the source in the nearby chips because the background area in
the source chip is contaminated by a faint X-ray source (bot-
tom right corner of the source chip). Also, as shown in Fig. 1,
a large fraction of the FPMA field of view is contaminated
by stray light. The barycentric correction was applied to the
resulting light curves using standard BARYCOR task and the posi-
tion of the source from the XMM-Newton catalogue (source
XMM J181642.7-161320).

2.4. Infrared observations

In order to study the companion star in the IR band we
use the latest data of the public release of UKIDSS/GPS®
and Spitzer/GLIMPSE’ surveys. Based on these surveys and
the catalogue position of 2XMMJ181642.7-161320 we can
identify its IR counterpart as UGPS J181642.74-161322.2 or
GLIMPSE:G014.5877+00.0913 (see Table 2).

3. Analysis and results

In this section we present the results of the timing and spec-
tral analysis performed on X-ray data, and the analysis of the
infrared observations.

> https://nustar.ssdc.asi.it/news.php#

% http://surveys.roe.ac.uk/wsa/

7 http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=
%20GLIMPSE
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Table 2. Coordinates and IR-magnitudes of the counterpart of
Swift J1816.7-1613 based on UKIDSS/GPS and Spitzer data.

RA 274.1781
Dec -16.2229
[ 14.5877
b 0.0913

H 17.56 £ 0.10
K 14.85 £ 0.02

[3.6] 12.98 +0.08
[45] 12.52+0.14
[5.4] 11.77 +0.20

3.1. Long-term light curve

To investigate the long-term variability of the source we use
individual XRT observations obtained in 2017. The bolometric,
absorption-corrected light curve is shown in the upper panel of
Fig. 2.

First of all, we fitted individual spectra using a simple power
law model modified with the photoelectric absorption (PHABS
X Po in xspec). Due to low count rates all the spectra were
binned to have at least one count in each energy channel and
fitted using the W-statistics (Wachter et al. 1979). In order to
find the bolometric flux from the source we converted the unab-
sorbed flux in the narrow energy band (0.5-10keV) to a wider
energy range (0.5-100 keV) using the bolometric correction fac-
tor Kyol = Fo5-100kev/Fo5-10kev- TO calculate Ky, we used the
simultaneous Swift/XRT and NuSTAR observations. From the
measured fluxes Fos_100kev = 4.6 X 10719 and Fos_10kev =
1.3 x 1079 ergs™! cm™2 (see Sect. 3.4), we estimated the bolo-
metric correction factor Ky, = 3.7. To find the X-ray flux in
the 0.5-100keV energy band, the spectral model (see Sect. 3.4)
was extrapolated to 100 keV. We finally note that in our analysis
the value of Ky, was assumed to be independent of the source
flux.

The variability of the photon index and hydrogen column
density calculated in the 0.5-10keV band are shown in the
middle and bottom panels of Fig. 2, respectively. For the three
data points, shown with red dots, we fixed Ny to the aver-
age value of 9.3 x 102 cm™2 because of the low-count statis-
tics. The last data point (around MJD 57860) presents the
parameters obtained from the averaging of two nearby obser-
vations. The blue horizontal dashed lines show the source fluxes
obtained from Chandra (MID 54142) and XMM-Newton (MID
52706) observations of 7.1 x 10712 and 7 x 10~ ergs~! cm™
in the 2-10keV energy band, respectively. For the two pos-
sible values of the orbital period of the system of 118.5
and 151.1d, Chandra and XMM-Newton observations corre-
spond to the different orbital phases not close to periastron.
These fluxes, as well as the flux 2.9 x 1072ergs™' cm™2
obtained from XRT and BAT observations during the off-
outburst state of the source (La Parolaetal. 2014), suggest
that the flux never drops much below ~10~"?ergs™! cm=2. The
green dashed vertical line indicates the date of our NuSTAR
observation.

As can be seen from Fig. 2 the peak of the outburst in
both XRT and BAT data is reached around MJD 57800. It is
worth mentioning that this date deviates by a few tens of days
from the expectations derived using orbital period and phas-
ing reported by La Parola et al. (2014) and Corbet et al. (2017).
Most probably this is because both values of the orbital period
of the source do not represent its true value due to the non-
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Fig. 2. Top panel: bolometric absorption-corrected X-ray light curve
of SwiftJ1816.7-1613 obtained by Swift/XRT in 2017. Black points
correspond to individual XRT observations and the red points show
the observations in which we fixed the Ny at the average value of
9.3 x 102 cm™2. Grey points represent the 3-day-averaged Swift/BAT
flux in the 15-50keV band (in arbitrary units). Middle panel: variations
in the power-law photon index. Bottom panel: variations in the hydro-
gen column density Ny. The vertical green line indicates the date of our
NuSTAR observation.

periodic behaviour of the source, as discussed in Corbet et al.
(2017).

3.2. Pulse profile and pulsed fraction

Because no accurate orbital parameters required for the cor-
rection for the binary motion are available for the source, we
used only the barycentric-corrected light curves in our tempo-
ral analysis. Therefore, the yielding periods might be affected
by the orbital motion of the system. Using our NuSTAR data we
obtained the spin period Pgp, = 143.6863(2)s, which is con-
sistent within errors with the value obtained by La Parola et al.
(2014). The spin period and its uncertainty were obtained from
the distribution of the results of the period search in 103 simu-
lated light curves following procedure described by Boldin et al.
(2013). To get the pulse period in each light curve, we use the
standard EFSEARCH procedure from the FrooLs package.

Thanks to the wide energy coverage of the NuSTAR obser-
vatory, we can study the pulse profile dependence on energy.
We first extracted the barycentric-corrected light curves in five
energy bands 3-7, 7-18, 18-30, 30-50, and 50-79keV and
then combined the individual light curves from modules FPMA
and FPMB to get better statistics (see details in Krivonos et al.
2015).

Using the program EeroLp, the obtained light curves were
folded with the pulse period to get the pulse profile in each
energy band. The five top panels in Fig. 3 show the evolu-
tion of the pulse profile with increasing energy (from top to
bottom). The pulse profiles have quite complicated structure
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Fig. 3. Top panels: pulse profiles of SwiftJ1816.7-1613 in five differ-
ent energy bands 3-7, 7-18, 18-30, 30-50, and 50-79 keV (from top to
bottom) obtained with the NuSTAR observatory. The fluxes are normal-
ized by the mean flux in each band. The position of the main maximum
and minimum are shown by vertical dashed and dotted lines, respec-
tively. The zero phase was chosen arbitrarily. Botfom panel: hardness
ratio of SwiftJ1816.7-1613 pulse profiles in the energy bands 7-18
and 3-7keV. The blue horizontal line indicates the hardness ratio of
unity.

with multiple peaks. The dominating features, the main max-
imum around phases 0.9-1.1 and the main minimum around
phases 0.2-0.3 (zero phase was chosen arbitrarily), are shown
by the dashed and dotted lines, respectively. The pulse profile
demonstrates a clear dependence on energy. For instance, the
right part of the main peak disappears at higher energies. To
illustrate the energy dependence, we plotted the hardness ratio
of the fluxes in the 7-18 and 3-7 keV bands in the bottom panel
of Fig. 3. The described behaviour is clearly seen from the obvi-
ous decrease in the hardness ratio around the phase 0.1 (1.1).
On the other hand there is a clear hardening of the emission at
phases 0.7-0.9 (left wing of the main peak).

The pulsed fraction calculated as PF = (Fax—Fmin)/(Fmax+
Fiin) is plotted as a function of energy in Fig. 4, where Fp,
and Fp.x are the minimum and maximum fluxes of the pulse
profile, respectively. Below ~30keV the pulsed fraction has a
nearly constant value around 45-50%. However, at energies
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Fig. 5. Power density spectrum of SwiftJ1816.7-1613 obtained from
combined light curves from FPMA and FPMB in the 3-79 keV energy
band. The solid line represents a single power-law fit with index —1.1.
Regular pulsations at ~7 mHz and their harmonics were masked out in
the fit. The dashed line is the broken power-law fit and the red diamond
is the resulting break frequency at 2.4 + 1.8 Hz.

above 30keV, it increases above 60% that is typical for most
XRPs (Lutovinov & Tsygankov 2009).

3.3. Power density spectrum

Figure 5 shows the power density spectrum (PDS) of the com-
bined light curves from FPMA and FPMB in the full energy
band. The PDS was calculated with the HEAsOFT software task
POWSPEC using a Miyamoto normalization. The Poisson noise
level was estimated from the high-frequency 20—100 Hz part of
the PDS and subtracted. The continuum of the PDS was fit with
two models, a single power law and a broken power law. The
regular pulsations at ~143s (0.007 Hz) and several harmonics
are clearly visible in the PDS and were masked out for the fit-
ting purposes. The simple power law with an index of —1.1 is
able to fit the data very well. The broken power law deviates
from the single power law only above ~1 Hz and gives a poorly
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Fig. 6. Top panel: broad-band spectrum of SwiftJ1816.7-1613
obtained by NuSTAR/FPMA and FPMB (red and black crosses) and
Swift/XRT (green crosses) together with the best-fit model cONSTANT X
PHABS(COMPTT + GAUSSIAN) (solid line). Bottom panel: residuals from the
best-fit model in units of standard deviations.

constrained break frequency of 2.4 + 1.8 Hz, but does not signif-
icantly improve the quality of the fit. Therefore, we do not claim
a detection of the break in the PDS. Rather, we take 0.6 Hz as a
lower limit for the break frequency in order to estimate the NS
magnetic field strength (see Sect. 4).

3.4. Spectral analysis

One of the main goals of this study was searching for the
cyclotron resonant scattering feature (cyclotron absorption line)
in the SwiftJ1816.7-1613 spectrum using the NuSTAR data.
NuSTAR presents a unique sensitivity in the energy range
where most of the known cyclotron absorption features have
been detected so far (see Walter et al. 2015, for a review).
First, we extracted the spectra using the described procedure
from the NuSTAR and Swift observations performed simultane-
ously (Swift/XRT ObsID 00031188007). It allowed us to obtain
and analyse in xspec a broad-band, 0.5-79keV spectrum of
SwiftJ1816.7-1613 for the first time.

The spectrum of the source has a shape typical of other
accreting XRPs, demonstrating a cut-off at high energies (see
e.g. Filippova et al. 2005). Although, the NuSTAR observation
provided good statistics, we did not detect a cyclotron absorp-
tion line in the spectrum. To describe the spectral shape, we first
fitted the spectrum using a cut-off power-law model modified by
the photoelectric absorption PHABS X cUTOFFPL. This is the same
model as was used by La Parola et al. (2014) to fit successfully
the joint XRT and BAT spectrum of the source. However, for
the better quality NuSTAR data it resulted in an unacceptable C-
statistic value of 2006 (for 1576 d.o.f.). A better fit quality was
obtained by using the Comptonization model of soft photons
in a hot plasma (Titarchuk 1994), modified by the fluorescent
iron line at 6.4keV and photoelectric absorption PHABS (COMPTT
+ GauU). This composite model yielded a much lower C-value of
1477 (for 1572 d.o.f.).

The broad-band unfolded spectrum and the correspond-
ing residuals from the best-fit model are shown in Fig. 6. In
order to take into account the uncertainty in cross-calibration
between different instruments we added the normalization fac-

Table 3. Best-fit parameters for the joint NuSTAR and Swift/XRT
spectrum approximation with CONSTANT X PHABS(COMPTT + GAUSSIAN)
model.

Model Parameters Unit Value
Constant NuSTAR? 0.968 +0.003
Swift/XRT? 0.63+0.02

Phabs Ny 10?2 cm™2 6.3+0.5
CompTT To keV 1.17£0.02
kT keV 6.82+0.04

Tp 5.77 +0.06

Gaussian Er. keV 6.44 +0.03
OFe keV 0.21 +£0.04

norm 10~*phs~!ecm™ 1.0+0.1

Fos_79 10710 erg sl em™? 4.65 +0.03

Fos-10 1010 erg sl em™? 1.26 +0.02

C-value 1477
d.o.f. 1572

Notes. @Cross-calibration normalization factor between FPMA and
FMPB instruments on board NuSTAR. ® Cross-calibration normaliza-
tion factor between the Swift/XRT and NuSTAR/FPMA instruments.

tor to the model. It gives a normalization of 0.97 between
NuSTAR instruments (FMPA and FMPB) and 0.63 between
FMPA and Swift/XRT. The caussian component representing an
iron fluorescent emission line has peak at 6.44keV and width
of 0.21keV. The best-fit parameters and their uncertainties are
listed in Table. 3.

We note that the best-fit value for the hydrogen column den-
sity Ny = (6.3 + 0.5) x 10*2cm™2 is significantly higher than
the Galactic mean value in this direction of 1.35 x 10?2 cm™
(Willingale et al. 2013). This difference can be due to either
a significant intrinsic absorption in the system or some non-
uniformities in the interstellar medium in the direction to the
source that cannot be detected on the standard maps due to their
angular resolution limits. The absorption value obtained in our
analysis is somewhat lower than the value Ny = (10.2 = 0.5) X
102 cm™? calculated by La Parola et al. (2014) in the direction
to the source. This discrepancy can be caused by different spec-
tral continuum models used in the mentioned work. For the same
reason the Ny obtained from the broad-band spectrum is lower
than that derived from the individual Swift/XRT spectra (see the
bottom panel of Fig. 2).

3.5. Identification of the IR companion

As was mentioned in Sect. 3.4, the absorption value mea-
sured from the X-ray spectrum exceeds significantly the Galac-
tic value in the source direction. To determine the nature of
SwiftJ1816.7-1613, we analysed IR properties of the counter-
part according to the method proposed by Karasev et al. (2010,
2015a). The idea was to obtain photometric observations of an
object in at least two filters, and to know the distance and the
absorption up to the Galactic bulge in the direction of the stud-
ied object. After that we could evaluate the absorption magnitude
to the source and roughly estimate the possible distance and the
spectral class of the companion star.

To obtain reliable estimates of the absorption and other param-
eters using this method, we need to know a correct extinction law
in the direction towards the source. Here we used a non-standard
law Axs/E(J — Ks) ~ 0.43 and Ags/E(H — Ks) ~ 1.12 obtained
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Fig. 7. Left panel: colour—-magnitude diagram for all stars from UKIDSS/GPS sky survey (see Sect. 2.4) in the 3’ X3’ vicinity around Swift J1816.7—
1613. Red clump giants are marked by the red circle. Right panel: distance-absorption diagram that demonstrates which types of stars can be
appropriate as counterparts for SwiftJ1816.7-1613 (white areas). The stars (cyan crosses for Be stars and black crosses for other stars) located
in the grey areas of the diagram cannot be counterparts (see text for details). The black dashed lines represent the absorption and distance to the

Galactic bulge.

for the Galactic bulge interstellar medium by Karasev et al.
(2015a), Alonso-Garcia et al. (2017), and Karasev & Lutovinov
(2018). It is significantly different from the standard one
(Cardelli et al. 1989) and more suitable for studying the central
parts of the Galaxy.

In the next step, we were able to determine the magnitude of
the absorption to the Galactic bulge using the position of the red
clump giants (RCG) on the colour-magnitude diagram (CMD),
reconstructed for all stars in a ~3’ X 3’ vicinity around the object
(Fig. 7, left panel). We note that all RCG stars have approxi-
mately the same luminosity and colour (they are weakly affected
by the metallicity and the age). They form a compact and well-
recognized clump on the red giant branch with the observed
magnitude and colour of their centroid, Ksgcg = 13.51 £ 0.05
and (J — Ks)reg = 3.16 = 0.04. Taking into account an abso-
lute magnitude of RCG Mksrcg ~ —1.61 and their intrinsic
colour (J — Ks)y =~ 0.68 (Alves 2000; Karasev et al. 2010;
Gonzalez et al. 2012; Gontcharov 2017) we were able to esti-
mate the extinction and the distance to these objects (and conse-
quently to the bulge) as Ags = 1.06 £0.03 and D = 6.5 + 0.2 kpc
(here we used the relations Ay — Ags = (J — Ks)rge — (J — K)o,
Aj =~ 3.33 x Ak, in accordance with the above extinction law, as
well as the relation 5 —51log D = Mgsrcc — KSrcg + Aks, Where
D is the distance in pc)®. We note that the obtained distance to
the bulge at [ ~ 14° agrees roughly with the extrapolation of the
results of Gerhard & Martinez-Valpuesta (2012) to these Galac-
tic longitudes.

Once we determined the distance and absorption to the
Galactic bulge in the source direction, we could proceed to esti-
mate the absorption to the source as well as its class and the dis-
tance. Assuming stars of different spectral and luminosity classes
as a counterpart of SwiftJ1816.7-1613 we could define a correc-
tion for the absorption and distance required for each of them to

8 The absolute magnitude of RGC was previously converted to the
UKIRT system using transformation formulas from http://www.
astro.caltech.edu/~jmc/2mass/v3/transformations/
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satisfy the observed magnitudes’. As a result we obtained the
distance-absorption diagram (Fig. 7, right panel), where classes
of stars that potentially could be a companion of SwiftJ1816.7—
1613 are located in white areas, i.e. if the star is located in front
of the bulge, the absorption to it should be lower than the absorp-
tion to the bulge, and vice versa. Stars that cannot be a com-
panion are located in grey areas. Dashed lines correspond to the
absorption and distance to the Galactic bulge and divide the dia-
gram into the above mentioned areas. We note that we do not
know precisely where the extinction law becomes non-standard;
therefore, for stars located in front of the bulge we used a stan-
dard extinction law, and for stars in the bulge or behind it the
non-standard law was applied (for a detailed description of the
method, see Karasev et al. 2015a).

From the distance-absorption diagram we could make
the first essential conclusion: the absorption magnitude to
SwiftJ1816.7-1613 is Ags ~ 3.0. Additionally, the source coun-
terpart belongs to the stars with classes not later than B2-3 for
main sequence or Be-stars, which are located at distances greater
than =7kpc (Fig. 7, right panel). At the same time from the
source behaviour in the X-rays and the Corbet diagram, we have
indirect indications that the companion of SwiftJ1816.7-1613
is probably a Be-star (Corbet & Krimm 2014; La Parola et al.
2014). From Fig. 7 we can see that stars of BO-2e or early classes
located at the distances of 7—13 kpc can be appropriate compan-
ions. We note that we are not able to relate the absorption mea-
sured in the X-rays towards the source (Vy) to the magnitude
of Ay, using standard relations (see e.g. Giiver & Ozel 2009)
because the extinction law towards the source is not the stan-
dard one (see above). Thus, we are unable to compare the IR and
X-ray results directly and dedicated spectroscopic observations
in the near IR band are required to firmly establish the nature of
the companion star in SwiftJ1816.7-1613.

® Absolute magnitudes and intrinsic colours of stars of different spec-
tral and luminosity classes for the corresponding filters were taken from
Wegner (2000, 2006, 2007, 2014) and Wegner (2015) for Be-stars.
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4. Discussion

In this work, we presented a detailed investigation of the tran-
sient XRP SwiftJ1816.7-1613 both in X-ray and infrared bands.
One of our main goals was to estimate the fundamental physical
parameters of the source such as the magnetic field of the NS.
The most straightforward way to determine the magnetic field in
such systems is to find the cyclotron absorption line in its spec-
trum. No such feature was detected through the spectral analysis
of the NuSTAR data. The lack of the cyclotron absorption line
suggests that the magnetic field in SwiftJ1816.7-1613 is either
weaker than ~5 x 10'! G or stronger than ~6 x 10'> G consid-
ering the lower and upper limits of the NuSTAR energy range
where sensitivity allows us to exclude presence of such feature.

In the literature one can find other indirect methods to esti-
mate the strength of the magnetic field in XRPs. However, all
such models require a knowledge of the mass accretion rate onto
the NS, and hence the distance to the system. For the following
discussion we use the distance D = 10kpc obtained in Sect. 3.5.

One of indirect methods to estimate the magnetic field is to
use the so-called propeller effect (Illarionov & Sunyaev 1975;
Stella et al. 1986). In the propeller regime, the accretion would
be prohibited by the centrifugal barrier caused by the rotating
magnetosphere of the NS if the magnetospheric radius is larger
than the corotation radius (R, > R.). It happens at the crit-
ical luminosity Lp,p, Which is a function of the pulse period
and magnetic field strength (see e.g. Campana et al. 2002). As
a result of the propeller effect, the source luminosity drops
sharply by about two orders of magnitude for a typical XRP.
The method of the magnetic field estimate based on the mea-
surement of the critical luminosity Ly, was recently calibrated
using XRPs with known magnetic fields (Tsygankov et al. 2016;
Lutovinov et al. 2017). In order to detect the propeller effect, we
organized a Swift/XRT monitoring of SwiftJ1816.7-1613, how-
ever, no sharp drop in the flux was found in the tail of the studied
outburst (Fig. 2).

Instead of the transition to the propeller regime, the source
light curve shows a slowdown of the flux decline at the level
of a few x107?ergs™' cm™2 (see top panel of Fig. 2), which
corresponds to the source luminosity of a few x10** ergs™.
Although, the XRT monitoring was not long enough to cover
a full orbital cycle, the source fluxes measured by Chandra
and XMM-Newton (2.6 x 107" and 2.6 x 107> ergs™! cm™
after bolometric correction, respectively) as well as the off-
outburst flux of 2.9 x 1072 ergs~! cm™? obtained by XRT and
BAT (La Parola et al. 2014) confirm that the system does not
transit to the propeller regime at any orbital phase between
type I outbursts. This behaviour is very similar to what was
recently revealed in another transient XRP, GRO J1008-57,
where the luminosity stopped its fading around 10 ergs™!
(Tsygankov et al. 2017). This was interpreted as a transition of
the source to the stable accretion from the “cold” low-ionization
disc (Lasota 2001). Based on the analogy with GRO J1008-57,
where the magnetic field is known from the cyclotron line, and
using Eq. (6) from Tsygankov et al. (2017) one can expect the
magnetic field in Swift J1816.7-1613 to be below ~10'3 G.

Another indirect method for evaluating the magnetic field
of the NS is based on the possibility of estimating the inner
radius of the accretion disc (or magnetospheric radius) from the
properties of the PDS. The origin of the flux variability can be
explained with the perturbation propagation model (Lyubarskii
1997). In the framework of this model, stochastic viscous pro-
cesses in the accretion disc perturb the mass accretion rate at a
given radius on timescales close to the local Keplerian frequency.

The resulting PDS of the mass accretion rate at the inner disc
radius can be described with the power law up to the maximum
frequency that can be generated in the disc (Lyubarskii 1997;
Mushtukov et al. 2018). In the case of XRPs, due to the strong
magnetic field of the NS, the disc is truncated by the magneto-
sphere at the radius
Ry =2.6x 10%M" R’ BY L7 cm, 45
where £ is a parameter describing the accretion geometry, typi-
cally taken to be 0.5; M is the NS mass in units of solar masses;
Rg is the NS radius in units of 10 cm; By, is the magnetic field
strength in units of 10'> G; and Ls7 is the luminosity in units of
10*” ergs™! (Lamb et al. 1973).

At smaller radii the noise is not generated and one can expect
a break, i.e. a steepening of the power-law index from ~—1 to
~—2,in the PDS at maximum frequency f, corresponding to the
magnetospheric radius. As a first approximation, the break fre-
quency is related to the Keplerian orbital frequency Qg at the
innermost radius of the disc and offers a way to connect the
power spectrum feature to the magnetic field (Revnivtsev et al.
2009; Tsygankov et al. 2012; Doroshenko et al. 2014):

1 /GM
= —Ox(Rn)/27 = 1| —-
Jo o K (Rm) /27 R

The PDS based on the NuSTAR data presented in Fig. 5 does
not exhibit a significant break and can be fit well with a sim-
ple power law. Based on the broken power-law fit, we can give
only a lower limit estimate to the break frequency, f, > 0.6 Hz.
From Eq. (2) we see that in this case the inner radius has to be
smaller than 2.4 x 10% cm. Assuming luminosity during our NuS-
TAR observation of 5.5 x 106 ergs™! and using Eq. (1), we can
estimate an upper limit for the magnetic field B < 2 x 102G,
which is within the standard range of magnetic fields for XRPs.
If, however, the initial mass accretion rate fluctuations are driven
by the dynamo process at frequency a few times below the local
Keplerian one (King et al. 2004), the resulting magnetic field
strength might be even lower by about the same factor.

@

5. Conclusions

In this work, we presented the results of the X-ray and IR analy-
sis of the poorly studied XRP SwiftJ1816.7-1613 and its optical
companion during the transition from type I outburst to the qui-
escent state. Data obtained from the Chandra, Swift, and NusS-
TAR observatories along with data from the UKIDSS/GPS and
Spitzer/GLIMPSE surveys were used. The aim of this study was
to describe properties of the source in the hard X-ray band as
well as its optical companion for the first time. To estimate the
distance to the source and the nature of the companion star, we
performed an analysis of IR data. As a result, it is suggested that
the companion star in this system can be classified as a BO-2e
star located at a distance of 7-13 kpc. We attempted to estimate
the strength of the NS magnetic field using different methods.
The spectral analysis revealed no cyclotron line in the NuSTAR
broad-band spectrum, which corresponds to the magnetic field
B <5x%x10'" or B > 6x 102 G. According to the long-term light
curve, the system does not switch to the propeller state, keeping
a relatively high luminosity of about 10**~10% ergs~! between
type I outbursts. Using the similarity of this behaviour to that
of another transient Be/XRP GRO J1008-57, and based on the
cold disc model, the magnetic field can be roughly estimated as
B < 103 G. Another method based on the properties of the fast
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flux variability resulted in a lower value of an upper limit for the
magnetic field strength B < 2 x 10'2G. It is important to note
that these methods are applicable only in the case of accretion
from the disc. More sensitive observations in the low state are
required to make final conclusions.
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