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A B S T R A C T 

This work is devoted to the study of the broad-band 0.8–79 keV spectral and timing properties of the poorly studied X-ray pulsar 
XTE J1859 + 083 during its 2015 outburst based on the data from the NuSTAR and Swift observatories. We show that the source 
pulse profile has complex shape that depends on the energy band. Pulse fraction of XTE J1859 + 083 has constant value around 

35 per cent in the broad energy band, this behaviour is atypical for X-ray pulsars. At the same time its energy spectrum is typical 
of this class of objects and has a power-law shape with an exponential cutoff at high energies. No cyclotron absorption line 
was disco v ered in the source spectrum. On the basis of indirect method and the absence of a cyclotron line, an estimation was 
made for the magnetic field strength as less than 5 × 10 

11 G or belonging to the interval from 5 × 10 

12 to 2 . 0 

+ 0 . 9 
−1 . 2 × 10 

13 G. 
Data from the NOT and SALT telescopes as well as optical and IR sky surveys allowed us also to study the nature of its optical 
companion. We have proposed and studied new possible candidates for the optical companion of XTE J1859 + 083 and the most 
lik ely candidate w as identified. The results of the optical and IR photometry and spectroscopy of these possible companions 
showed that the system is a Be X-ray binary, showing Br γ , He I , and strong H α spectral lines. 

Key words: accretion, accretion discs – scattering – stars: magnetic field – stars: neutron – pulsars: general – X-rays: binaries. 
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 I N T RO D U C T I O N  

he transient X-ray pulsar (XRP) XTE J1859 + 083 with a pulsation
eriod of 9.8 s was disco v ered in 1999 August using the Proportional
ounter Array (PCA) on board the Rossi X-ray Timing Explorer 
 RXTE ) (Marshall et al. 1999 ) and localized with coordinates
A = 18 h 59 . m 1, Dec. = 8 ◦15 ′ with error radius of 2 arcmin at a
0 per cent confidence level. The transient nature of the source was
onfirmed by deep observation performed in 2007 with the XRT 

elescope on board of the Neil Gehrels Swift observatory, which 
ade it possible to set a 3 σ upper limit on the 0.3–10 keV flux from

he source in the quiescent state of 5 × 10 −14 erg s −1 cm 

−2 (Romano
t al. 2007 ). Based on the data from a long-term monitoring of the
ulsar by the All-Sky Monitor (ASM) aboard the RXTE observatory, 
orbet et al. ( 2009 ) estimated the orbital period of the system P orb =
0.65 ± 0.08 d, consistent with the Be-nature of the potential optical 
ompanion. The authors also noticed a non-monotonic change in the 
 E-mail: alsalganik@gmail.com 
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ulsation frequency, most likely associated with the motion of the 
eutron star (NS) in the binary system. More accurate localization 
f XTE J1859 + 083 with coordinates RA = 18 h 59 m 2, Dec. = 8 ◦14 

′ 

ith error radius of 1 arcmin (at 90 per cent confidence level) was
btained using the BeppoSAX observatory data (Corbet et al. 2009 ). 
In 2015 February, the all-sky monitor MAXI detected a new X-ray

utburst from XTE J1859 + 083 (Negoro et al. 2015 ). The outburst
as confirmed by observations with other instruments: Swift /BAT 

Krimm et al. 2015 ), Fermi /GBM (Finger, Jenke & Wilson-Hodge
015 ), Swift /XRT (Li & Kong 2015 ), INTEGRAL (Malyshev & Gotz
015 ). Based on the data from the Swift /XRT, Li & Kong ( 2015 )
btained an accurate localisation of the source at RA = 18 h 59 m 01 . s 57,
ec. = 08 ◦14 

′ 
44 . ′′ 2 with the 1 . ′′ 9 error radius at a 90 per cent

onfidence level. This allowed the authors to propose the star USNO-
1.0 0982-0467424 (2MASS 18590163 + 0814444) as a possible 
ptical companion in the system. 
Applying the torque model to the spin period measurements made 

ith Fermi /Gamma-ray Burst Monitor (GBM) at the beginning of 
015, Bissinger ( 2016 ) obtained an estimate for the orbital period
 orb in the system of about 38 d, as well as estimates of the others
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Figure 1. Light curve of XTE J1859 + 083 according to the Swift /BAT 

telescope monitoring in the 15–50 keV energy range. The moment of 
observation of the source with NuSTAR is shown by vertical dashed line. 
Swift /XRT observations are superimposed for comparison. 
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rbital parameters. At the same time the residuals of the observational
ata from the model demonstrate an additional periodicity of 65 d,
hich is close to the value of the orbital period obtained by Corbet

t al. ( 2009 ). Bissinger ( 2016 ) suggests that this may be a so-
alled ‘superorbital’ period of the system. Similar estimates for the
arameters of the binary system were independently obtained by
ark H. Finger within the framework of the Fermi GBM Accreting

ulsars Program (GAPP). 1 

In this paper, we present results of the first detailed study of the
roperties of XTE J1859 + 083 in a wide energy range of 0.8–79 keV,
arried out using data from the Swift and NuSTAR observatories, that
llowed us to estimate some properties of the NS in the system.
n addition, based on the infrared observations with the Nordic
ptical Telescope ( NOT ) and the optical observations with the
outhern African Large Telescope ( SALT ) we analysed properties
f the potential companion star and made conclusions about the type
f the system. 

 DATA  ANA LY SIS  

TE J1859 + 083 was observed during the 2015 outburst with several
-ray instruments. For our X-ray analysis we used simultaneous
bservations with the NuSTAR (ObsID 90001010002) and Swift /XRT
ObsID 00081447001) telescopes done on 2015 March 31 at the
nitial stage of the outburst decay. 

.1 NuSTAR obser v atory 

he NuSTAR observatory includes two co-aligned X-ray telescopes
ocusing X-ray photons on to two Focal Plane Modules A and B
FPMA and FPMB; Harrison et al. 2013 ). NuSTAR energy range is
–79 keV; in the context of the current work the most important
uSTAR capability is its high sensitivity in the hard X-rays. 
The ef fecti v e e xposure time of the NuSTAR observation is 20

s. The data were processed using the HEASOFT package version
.28 and the CALDB 4.9.0 calibration files package in accordance
ith the data analysis manual. 2 The data for the analysis of the

ource were extracted from a region with a radius of 40 arcsec;
he radius of the background region was 114 arcsec. The extraction
egions were selected to maximize the signal-to-noise ratio at high
ner gies. Ener gy channels were binned in accordance with the optmal
inning algorithm proposed by Kaastra & Bleeker ( 2016 ) using the
TGROUPPHA utility from the FTOOLS package. The counts from the
wo telescopes were summed after the background subtraction and
arycentric correction was done using the BARYCORR utility. 

.2 Swift obser v atory 

bservation of the Swift /XRT (ObsID 00081447001) was performed
n two modes simultaneously with NuSTAR : Photon Counting
ode (PC) with the exposure of 362 s and Windowed Timing
ode (WT) with the exposure of 572 s. Since the source was

right, for the spectral analysis we used only data obtained in
he WT mode to exclude the possible influence of the pile-
p ef fect. To follo w the outburst e v olution at soft X-ray ener -
ies we also used a series of the Swift /XRT observations (Ob-
ID 00037043005, 00037043006, 00037043009, 00037043010,
0037043011, 00081447001, 00037043012, 00037043014) done in
 http:// gammaray.nsstc.nasa.gov/ gbm/ science/ pulsars/ lightcurves/ xtej1859 
html 
 https:// heasarc.gsfc.nasa.gov/ docs/nustar/ analysis/nustar swguide.pdf
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NRAS 509, 5955–5963 (2022) 
he WT mode (Fig. 1 ). Swift /BAT light curve 3 is also plotted for
omparison. The Swift /XRT light curve was obtained by fitting the
pectra with simple absorbed power-law model. 

The Swift /XRT spectra were produced using the online service
rovided by the UK Swift Science Data Center (Evans et al. 2009 ). 4 

he spectral channels were grouped in such a way that each
hannel had at least one count. The resulting broad-band spectrum
f the source from all instruments was approximated with several
ontinuum models using W-statistics 5 (Wachter, Leach & Kellogg
979 ) in the XSPEC 12.11.1 package (Arnaud 1996 ). All errors are
iven at the 1 σ confidence level if not specified otherwise. 

.3 Optical and IR sky sur v eys 

he magnitudes of stars in optical and near-IR ranges presented in
he paper are taken from the public catalogues of sk y surv e ys P an-
TARRS (Chambers et al. 2016 ), 6 and UKIDSS ESO. 7 We also
se IPHAS sky survey data. Magnitudes of probable counterparts
n H α and other filters of this surv e y, were determined through
n additional photometric analysis of IPHAS image data using the
SF-photometry ( D AOPHO T II ). To convert the obtained instrumental
agnitudes to the real ones, we match our results (for all stars

f the field) with a standard IPHAS DR2 catalogue (Drew et al.
005 ; Barentsen et al. 2014 ) 8 and estimate the conversion factor
etween instrumental and real/observed magnitudes. A search for an
ptical/infrared companion of the source based on the data from the
an-STARRS, IPHAS and UKIDSS sky surveys revealed two poten-

ial counterparts (the Northern and the Southern, see Section 3.3).
hen, we determined magnitudes of the proposed counterparts in the
 α, r , and i filters. The coordinates and distances to putative compan-

on stars, among others, were obtained by Bailer-Jones et al. ( 2021 )
 https:// heasarc.gsfc.nasa.gov/ xanadu/xspec/manual/ XSappendixStatistics.h 
ml 
 ht tps://panstarrs.st sci.edu 
 http:// wsa.roe.ac.uk/ dr 11plus r elease.html 
 ht tps://cdsarc.cds.unist ra.fr/viz-bin/cat/II/321 

http://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/xtej1859.html
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Figure 2. Normalized pulse profiles of XTE J1859 + 083 in different energy 
bands according to the NuSTAR data. 
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see catalogue ht tps://cdsarc.unist ra.fr/viz-bin/cat/I/352 ) based on 
aia 9 Early Data Release 3 (EDR3). 

.4 Nordic Optical Telescope 

he near-infrared Camera and Spectrograph, NOTCam (Abbott et al. 
000 ), with its Hawaii-1 HgCdTe detector was used at the 2.56-m
OT (Djupvik & Andersen 2010 ) to obtain K-band spectra on 2021

une 20 of both candidates inside the error circle of Swift /XRT. The
nstrument setup used was the WF-camera (0.234 arcsec per pixel), 
he 128 micron wide slit (0.6 arcsec), Grism #1, with the MKO
-band filter (NOT #208) used as an order sorter. Grism #1 has a
ispersion of 4.1 Å per pixel in the K-band, giving a resolving power
f λ/ �λ = 2100 for our setup. 
The night was photometric and the seeing measured in the 

cquisition images had a full width at half-maximum (FWHM) = 0.7 
rcsec. The rotator was oriented to include the two targets, separated 
y 1.8 arcsec, in the slit. The average airmass was 1.1. The spectra
ere obtained in an AB AB AB dithering mode, exposing 300 s per

ndividual spectrum using the ramp-sampling mode with 10 non- 
estructive readouts every 30 s. This cycle was repeated 2.5 times to
rovide 15 individual spectra. Arc and halogen lamps were observed 
hile still pointing to the target, and the nearby A0 V star HD189920
as observed as a telluric standard just before the target. 
The data were reduced with own scripts within the IRAF package. 10 

he individual exposures were corrected for hot pixels, using darks 
btained with the same integration time to make hot pixel masks,
at-field corrected using the halogen flats, and sky-subtracted using 

he dithered neighbouring frame. The individual 1D spectra were 
ptimally extracted and wavelength calibrated, after which they were 
ombined to final spectra. The telluric standard was observed and 
educed in a similar manner and used to correct the science spectra
or the features produced by the Earth’s atmosphere, removing first 
ts Br γ absorption line. 

For an approximate flux calibration of the spectra, we used a 
ample of 10 high quality 2MASS stars in the acquisition image in
rder to derive the magnitudes of the two targets to be 13.35 and
3.61 mag, respectively, for the Northern (component 1) and the 
outhern (component 2). We estimate the uncertainty to be 0.1 mag 
ased on the 0.06 mag scatter in the offset between NOTCam and
MASS magnitudes of the calibration stars and the slightly different 
-band filters. After having divided the spectra by the A0 V standard,
e multiply each target spectrum by its properly flux-scaled Vega 

ontinuum, which corrects the slope and provides an approximate 
ux calibration. 

.5 Southern African Large Telescope spectroscopy 

pectroscopy of the two optical counterpart candidates was under- 
ak en with SALT (Buckley, Sw art & Meiring 2006 ) on 2021 August
8. Two consecutive 1200 s exposures were obtained, beginning at 
8:08:25 UTC, with the Robert Stobie Spectrograph (RSS; Burgh 
t al. 2003 ) which used the PG900 VPH grating, co v ering the re gion
920–6990 ÅÅ at a mean resolution of 5.7 Å with a 1.5 arcsec slit
idth. 
The spectra were initially reduced using the PYSALT package 

Crawford et al. 2010 ), 11 which undertakes bias, gain, and amplifier 
 https:// sci.esa.int/ web/ gaia 
0 https:// iraf.noao.edu/ 
1 https://astr onomer s.salt.ac.za/softwar e/ pysalt-documentation/ 

r
t  

o
 

s

ross-talk corrections, mosaics the three CCDs, and applies cosmetic 
orrections. The spectral e xtraction, wav elength calibration, and 
ackground subtraction were all undertaken using standard IRAF 

outines, as was the relative flux calibration. Due to the mediocre
eeing of 2 arcsec, it was not possible to extract the spectra of the
wo stars separately therefore the derived spectrum is for both stars
ombined. 

 RESULTS  

.1 Timing analysis 

lux pulsations from XTE J1859 + 083 were searched in the NuSTAR
ata in the full energy range using the EFSEARCH tool from the
EASOFT package. As a result, the pulsation period was determined 
 spin = 9.79156 ± 0.00001 s. The uncertainty for the period was
stimated by simulating a large number of light curves obtained by
arying the count rate from the source within the statistical error,
ollowed by searching for the period in the simulated light curv e. F or
 more detailed description of the method, see Boldin, Tsygankov &
uto vino v ( 2013 ). 
High count statistics allowed us to study the dependence of the

ource pulse profile on photon energy. In Fig. 2 one can find energy-
esolved pulse profiles of XTE J1859 + 083 normalized by the average
ntensity in a given energy band. We see that at soft energies the pulse
rofile in the first approximation can be described by two broad peaks
ith maxima at phases 0.1–0.3 and 0.8–0.9. At higher energies, a
ner structure of the profile begins to appear with an increase of the
elative contribution of the intermediate peak at phases 0.5–0.6. At 
he highest energies (abo v e 40 keV), the contribution of the left wing
f the first peak is significantly weakened. 
The energy-resolved count rate C of the pulsar was also used to

tudy the dependence of the pulsed fraction, defined as (max C −
MNRAS 509, 5955–5963 (2022) 

https://cdsarc.unistra.fr/viz-bin/cat/I/352
https://sci.esa.int/web/gaia
https://iraf.noao.edu/
https://astronomers.salt.ac.za/software/pysalt-documentation/
art/stab3362_f2.eps
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Figure 3. Dependence of the pulsed fraction in XTE J1859 + 083 on the 
energy obtained from the NuSTAR data. 

Figure 4. Panel a: Unfolded spectrum of XTE J1859 + 083 and its 
approximation with the model CONST × TBABS × (GABS × PO ×
HIGHECUT + GAUSS) shown by a solid line. Red and black crosses show 

the data from the FPMA and FPMB telescopes of the NuSTAR observatory, 
respectively; blue crosses are for the Swift /XRT. The lower three panels show 

the deviations of the data from the models based on different continua: PO ×
HIGHECUT ( panel b ), CUTOFFPL ( panel c ), COMPTT ( panel d ). 
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in C )/(max C + min C ), on energy, as shown in Fig. 3 . The pulsed
raction in each band was calculated using 15 phase bins in the pulse
rofile. We see that the pulsed fraction is practically independent of
he energy, staying at around 35 per cent. Such behaviour is atypical
or most of the studied X-ray pulsars, where a significant increase of
he pulsed fraction with the photon energy is usually observed (see
.g. Luto vino v & Tsyganko v 2009 ). 

.2 Spectral analysis 

ig. 4 shows the phase averaged energy spectrum of XTE J1859 + 083
ccording to the FPMA and FPMB modules of the NuSTAR observa-
ory and the Swift /XRT telescope in the WT mode, obtained during
imultaneous observations on 2015 March 31. The use of data from
oth observatories made it possible to co v er a wide range of energies
NRAS 509, 5955–5963 (2022) 
rom 0.8 to 79 keV. We see that the spectrum of XTE J1859 + 083 has
 typical shape for X-ray pulsars (e.g. Coburn et al. 2002 ; Filippova
t al. 2005 ). 

The source spectrum is best described by an exponential cutoff
ower-law model ( POWERLAW × HIGHECUT in XSPEC ). The model
as modified by photoabsorption using the TBABS component with

he abundances adopted from Wilms, Allen & McCray ( 2000 ). The
iscontinuity at the cutoff, which resulted in artificial absorption-
ike residuals around the cutoff energy E cut , was ‘smoothed’ using
aussian absorption line GABS at energy E gabs , which was tied to

he parameter E cut , with the width of σ gabs = 0.1 E cut keV and
he optical depth τ gabs (see e.g. Coburn et al. 2002 for details).
he presence of a significant iron fluorescent K α line at 6.4 keV
onfirms its disco v ery by K ̈uhnel et al. ( 2016 ) in the Swift /XRT
ata. It was modeled with a Gaussian emission line GAUSS . To take
nto account possible systematic uncertainties in the calibration of
uST AR /FPMA, NuST AR /FPMB, and Swift /XRT, a cross-calibration
oefficient was introduced using the multiplicative component CONST

n the model. This constant for FPMA was fixed at 1.0 and kept free
or FPMB and XRT. The resulting best-fit parameters for the full
odel are summarized in Table 1 . 
We also considered other models, usually used for the description

f X-ray pulsars spectra: the exponential cutoff power-law model
UTOFFPL and the Comptonized radiation model COMPTT from
itarchuk ( 1994 ). But they demonstrate a significantly worse statistic
nd approximation quality (see Table 1 ). 

It is worth noting that the neutral hydrogen column density N H 

hows a systematic spread depending on the continuum model used.
evertheless, we see in Table 1 that regardless of the specific model,

he value of N H turns out to be 2–3 times higher than the Galactic
alue in the direction to the source 0.94 × 10 22 cm 

−2 obtained by
I4PI Collaboration ( 2016 ). 
To study the evolution of spectral parameters as a function of the

otation phase of the NS, we carried out a pulse phase-resolved spec-
roscopy using the NuSTAR data, divided into 10 evenly distributed
hases. To approximate the phase spectra, we used the same model
ONST × TBABS × (GABS × PO × HIGHECUT + GAUSS) as for the
verage spectrum. The results shown in Fig. 5 demonstrate significant
ariations in the exponential decay energy E fold , exponential cutoff
nergy E cut , and photon index 	 with the pulse phase. The model
sed is purely phenomenological and therefore it is difficult to
ra w an y physical conclusion on the origin of the evolution of
pectral parameters. Ho we ver, using spectrum softness, which is
efined as the ratio of unnormalized count rate pulse profiles in the
–10 keV/10–20 keV energy ranges, we note the general trends in
he change of the spectral form at different pulse phases (see the
oftness panel in Fig. 5 ). We see that the spectrum in the interval
etween phases 0.6 and 0.8 is much softer than that in the interval
.8–0.9. 

.3 Optical and IR identification 

n order to determine the nature of the optical companion of
TE J1859 + 083 we attempted to impro v e its X-ray localization.
or that we used the XRT data collected in the PC mode during

he 2015 outburst and the online tool provided by the UK Swift
cience Data Center (see Goad et al. 2007 ; Evans et al. 2009 ).
nfortunately, due to a high flux from the source, all observations
ere affected by the pile-up effect. Formally, according to Evans

t al. ( 2009 ), modern algorithms allow obtaining the position of
he source quite accurately even in the presence of the noted
f fect. Ne vertheless, for the further analysis we selected only one

art/stab3362_f3.eps
art/stab3362_f4.eps
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Table 1. Best-fitting spectral parameters of XTE J1859 + 083 for different continuum models. 

Parameter GABS × PO × HIGHECUT COMPTT CUTOFFPL 

const FPMA 1.000 (frozen) 1.000 (frozen) 1.000 (frozen) 

const FPMB 1.042 ± 0.003 1.042 ± 0.003 1.041 ± 0.003 

const XRT 1.005 ± 0.018 1.036 ± 0.018 0.985 ± 0.018 

N H , 10 22 cm 

−2 3.1 ± 0.1 3.9 ± 0.1 2.2 ± 0.1 

E cut , keV 18.9 ± 0.3 
E fold , keV 27.0 ± 0.5 24.9 ± 0.3 

	 1.40 ± 0.01 1.04 ± 0.01 

T 0 , keV 0.22 ± 0.08 
T , keV 8.41 ± 0.05 
τ 4.43 ± 0.02 
geometry β 1.0 (frozen) 
Norm continuum 

, 
ph keV 

−1 s −1 cm 

−2 
0.123 ± 0.001 0.054 ± 0.011 0.083 ± 0.001 

E gabs , keV 18.9 ( = E cut ) 
σ gabs , keV 1.9 ( = 0.1 × E cut ) 
τ gabs 0.06 ± 0.02 
E gauss , keV 6.43 ± 0.04 6.47 ± 0.04 6.41 ± 0.05 

σ gauss , keV 0.15 ± 0.11 0.15 (frozen) 0.15 (frozen) 

Norm gauss , ph s −1 cm 

−2 (3.2 ± 0.6) × 10 −4 (3.0 ± 0.4) × 10 −4 (1.8 ± 0.4) × 10 −4 

Flux 0 . 8 −79keV , erg s −1 cm 

−2 (2.65 ± 0.01) × 10 −9 (2.64 ± 0.01) × 10 −9 (2.64 ± 0.01) × 10 −9 

W-statistic/degrees of freedom 1161/1129 1572/1131 1785/1132 

Figure 5. The softness ratio of the XTE J1859 + 083 and the evolution of the 
spectral model parameters as a function of the spin phase. The averaged pulse 
profile in a wide energy range is superimposed in grey for visual comparison. 

o
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p
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Figure 6. Image of the sky region containing XTE J1859 + 083 in the K filter 
according to the UKIDSS sky survey (UKIRT telescope). The circle shows 
the area of localization of the source obtained with the Swift /XRT. Possible 
optical/IR companions are marked with arrows and numbers. The positions 
of the optical companion candidate from Li & Kong ( 2015 ) are marked with 
red and blue arrows. 

R  

u  

t  

o  

P
o  

c  

t  

L  

i  

(
 

m  

t  

#  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/4/5955/6440179 by Turun Yliopiston Kirjasto user on 03 M
arch 2022
bservation ObsID 00081447001 [performed on 2015 March 31, 
fter the observation utilized by Li & Kong ( 2015 )] in which the
ile-up effect is least pronounced. Using an additional astrometric 
orrection with the UV O T telescope we obtained the source position:
A = 18 h 59 m 01 . s 65, Dec. = + 08 ◦14 
′ 
44 . ′′ 4 with the localization

ncertainty of 2.2 arcsec (90 per cent cl), that is compatible with
he result from Li & Kong ( 2015 ). A subsequent search for an
ptical/infrared companion of the source based on the data from the
an-STARRS, IPHAS, and UKIDSS sky surveys revealed that two 
bjects fall within the XRT error radius (see Fig. 6 ), each of which
an potentially be a companion of XTE J1859 + 083 (see Table 2 for
heir parameters). It is worth noting that the candidate considered by
i & Kong ( 2015 ) as a potential companion of the object under study

s probably the superposition of the sources discussed in this work
see red and blue crosses in Fig. 6 ). 

We see in Table 2 that both stars have approximately the same
agnitudes in the optical filters r and i , as well as in the H α filter. In

he infrared range, star #1 turns out to be somewhat brighter than star
2 according to the archi v al data of the UKIDSS catalogue obtained
MNRAS 509, 5955–5963 (2022) 
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Table 2. Possible IR/optical companions of XTE J1859 + 083 and their 
observed magnitudes. 

Number 1 2 

RA 18 h 59 m 01 . s 64 18 h 59 m 01 . s 63 

Dec. + 08 ◦14 
′ 
45 . ′′ 4 + 08 ◦14 

′ 
43 . ′′ 6 

l 41.1348 ◦ 41.1344 ◦

b 2.0767 ◦ 2.0764 ◦

IPHAS Vega (2004 July 9) 

r 20.80 ± 0.08 20.76 ± 0.08 

H α 20.05 ± 0.09 20.01 ± 0.10 

i 18.46 ± 0.04 18.79 ± 0.05 

Pan-STARRS AB (2011 August 31) 

r 20.940 ± 0.031 20.559 ± 0.027 

i 18.917 ± 0.013 18.972 ± 0.006 

UKIDSS (2009 June 2) 

J 14.902 ± 0.003 15.497 ± 0.004 

H 13.792 ± 0.002 14.746 ± 0.004 

K 13.268 ± 0.002 14.147 ± 0.005 

UKIDSS (2012 April 25) 

K 13.250 ± 0.003 14.593 ± 0.009 

NOT (2021 June 20) 

Ks 13.35 ± 0.06 13.61 ± 0.06 

Figure 7. K -band spectra of the two candidates for optical companion of 
XTE J1859 + 083 based on the NOT data. Upper panel is for star #1 and the 
bottom one for star #2. 
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Figure 8. SALT optical spectrum of the combined light of the two candidates 
for the optical counterpart of XTE J1859 + 083. The two gaps are due to the 
CCD mosaic nature of the RSS detector. 
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n 2009–2012. At the same time, star #2 demonstrates a significant
ariability of its flux in the K -filter, so that during observations
ith the NOT telescope in June 2021, its observed magnitude was

omparable to that of star #1. Based on the abo v e results it is not
bvious which of the two optical/IR sources is the true companion of
TE J1859 + 083. Therefore, we performed dedicated spectroscopic
bservations in the infrared and optical bands. 
First of all, using NOT facilities we performed the K -band

pectroscopy for both candidates (see Fig. 7 ). The spectrum of the
tar #1 (the upper panel) has no sign of Br γ emission, the spectrum is
eatureless apart from the presence of CO bands in absorption at 2.29
nd 2.32 μm which points to a late-type star, the strength of the CO
ands indicating spectral type as late as K or M (Wallace & Hinkle
997 ). For star #2 (the bottom panel), which is slightly fainter, there
re clear Br γ and He I 2.058 μm lines in emission, which points
NRAS 509, 5955–5963 (2022) 
o a Be-type star (for examples of the K -band spectra of Be stars,
ee Clark & Steele 2000 ). We note that the equi v alent width of He I
ine exceeds that of Br γ . The lack of He II at 2.189 μm excludes
pectral types earlier than O9 V (Hanson et al. 2005 ), although
dmittedly our spectrum has a low signal to noise and faint lines
ay go undetected, but it compares well to a B1 spectral type of
e stars in the spectral atlas of Hanson, Conti & Rieke ( 1996 ), and
e estimate the spectral class of star #2 as similar to B0-2Ve. Thus,
ased on the NOT data we consider star #2 to be the most probable
ompanion of the XTE J1859 + 083; since the object behaves like a
ystem with a Be-star in X-rays, its orbital period is consistent with
ossible Be-nature (see Corbet et al. 2009 ) and its X-ray outburst
hape is typical for systems with Be-stars (see Fig. 1 ). At the same
ime, we cannot completely exclude that the real companion of the
ource is star #1. 

Results from the SALT spectroscopy confirm that the optical
ounterpart is a Be star from the detection of a strong H α emission
ine, although it was not possible to discriminate between the two
tars. In Fig. 8 we show the SALT optical spectrum, which is
onsistent with a heavily reddened Be star. The H α line has a FWHM
f 18 Å and the equi v alent width of −14 Å. 
According to the Ks -band photometry using the NOTCam ac-

uisition images calibrated towards 2MASS stars, star #1 has
s = 13.35 ± 0.06 mag, and star #2 Ks = 13.61 ± 0.06 mag.

nterestingly, as it was already mentioned abo v e, star #2 turned
ut to be significantly brighter than in the both observations of
KIDSS surv e y ( K = 14.147 ± 0.005 and K = 14.593 ± 0.009,

ee Table 2 ). At the same time in the case of star #1, the UKIDSS
alue ( K = 13.265 ± 0.002) agrees with the estimates from the
OT observations. This indicates the possible variable nature of star
2 in the infrared band that is often observed in Be-stars (see e.g.
ougherty & Taylor 1994 ). 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

.1 Distance estimation 

he information on the distance to the possible companions is
aluable in understanding of the nature of XTE J1859 + 083. Thanks
o the Gaia observatory data, processed by Bailer-Jones et al. ( 2021 ),
e have the distance estimates for each of the putative companions.
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Figure 9. Extinction–distance plots obtained for each of the two possible companions of XTE J1859 + 083. They show at what distance stars of different classes 
should be located and how strongly they should be extincted in order to satisfy the observed magnitudes of objects in the H - and K -filters from Table 2 . Blue 
crosses mark the subclass of Be stars. The dashed line corresponds to the photometric distance to each of the objects taken from the work of Bailer-Jones et al. 
( 2021 ), and the shaded area corresponds to errors for this distance. 
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he photogeometric distance (recommended by the authors as more 
ccurate) to star #1 is 6 . 1 + 2 . 0 

−1 . 0 kpc and to star #2 is 8 . 7 + 3 . 6 
−5 . 1 kpc. 

To check how these values compare with the estimated star 
lasses we investigated both stars using the method described and 
uccessively applied by Karasev, Tsygankov & Lutovinov ( 2015 ), 
abizadeh et al. ( 2019 ), and Tsygankov et al. ( 2021 ). Taking the

bsolute values of stars of various classes in the H and K photometric
lters from Wegner ( 2000 , 2006 , 2007 , 2014 , 2015 ) and applying
orrections for the extinction and the distance, we determined at 
hat distance they should be located and how strongly they should be

xtincted to match the observed magnitudes of the investigated com- 
anion in the H and K filters. The result of this approach for different
ossible types of the companion candidates is shown in Fig. 9 . We
ote that because the magnitude of star #2 in the K filter significantly
aries with time, we provide our estimations for this object using
nly H and K magnitudes obtained on the same date on 2009 June
. Moreo v er, in our analysis, we use close photometric filters H
nd K that minimize the probable effect of increasing amplitude of
ariations with wavelength for Be-stars (Dougherty & Taylor 1994 ). 

From this approach we can estimate the extinction in the direction 
o the source and the distance. Taking into account, that the star
1 is probably a late-type star, and star #2 is a Be-star we can
stimate the extinction in their directions as A K , 1 ∼ (0.5 − 0.7) and 
 K , 2 ∼ (1 − 1.2), respectively (Fig. 9 ). Using the standard extinction 

aw from Cardelli, Clayton & Mathis ( 1989 ) 12 these values can
e converted into the corresponding column densities of hydrogen 
toms using the correlation N H = 2.87 × 10 21 A V (Foight et al. 2016 ):
 H, 1 � (1.3 − 1.8) × 10 22 cm 

−2 and N H, 2 � (2.6 − 3.1) ×
0 22 cm 

−2 . The latter values are in good agreement with the
nes measured from the source spectrum that can be considered 
s an additional indication that star #2 is the true counterpart 
or XTE J1859 + 083. 
2 Because XTE J1859 + 083 is at a significant distance from the Galactic 
ulge, all estimates were made under the assumption of the standard extinction 
a w giv en by Cardelli et al. ( 1989 ), with A V = 8.93 A K . 

t  

m  

t  

r  

c  
Besides, using diagram in Fig. 9 , we can also get the distance
or the star #2 as 11.7 − 21.5 kpc for reasonable classes of
tars (B0-2IV-Ve): D B0IV-Ve � 21.5 kpc, D B1IV-Ve � 14.6 kpc, 
 B1.5IV-Ve � 12.1 kpc, D B2IV-Ve � 11.7 kpc. The stars of the B1.5-
IV-Ve classes are more appropriate for star #2 to be consistent with
he Gaia distance estimations. 

Additional constraints on the distance to the system can be given
y using the constraint on the NS luminosity in the quiescent state. In
he work of Romano et al. ( 2007 ), the source was not detected and the
uthors gave a 3 σ upper limit for the flux of 5 × 10 −14 erg s −1 cm 

−2 

ssuming a spectral model of the absorbed power law with a photon
ndex of 2 and the hydrogen column density of 9 × 10 21 cm 

−2 .
e recalculated this upper limit for the source flux in the XRT

bservation 00037043003 using the absorbed power-law model with 
arameters taken from the best approximations of the broad-band 
pectrum by the PO × HIGHECUT model (see Table 1 ). This gives
he value of the 3 σ upper limit of 7.6 × 10 −14 erg s −1 cm 

−2 . At
he same time, Tsygankov et al. ( 2016 , 2017 ) showed that even in
he absence of accretion on the NS, its luminosity, provided by the
ooling of the NS crust, does not fall below ∼10 33 erg s −1 . The lack
f detection of XTE J1859 + 083 with the abo v e upper limit for a
i ven luminosity allo ws to constrain the distance to the system to be
arger than ∼10 kpc, which is also in a better agreement with star #2
s the optical companion. 

.2 Estimation of the magnetic field strength 

ne of the goals of our w ork w as to determine the magnetic field
trength of the NS in XTE J1859 + 083. The most direct method for
his is to detect the cyclotron absorption line in the energy spectrum
f the source (see e.g. Staubert et al. 2019 , and references therein).
ur analysis did not reveal presence of such a spectral feature in

he energy range 5–50 keV, which allows us to roughly limit the NS
agnetic field strength to be weaker than 5 × 10 11 G or stronger

han 5 × 10 12 G. This conclusion was verified using the phase-
esolved spectroscopy, as in spectra of some of X-ray pulsars the
yclotron line or its higher harmonics appear only at certain phases of
MNRAS 509, 5955–5963 (2022) 
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otation of the NS (see e.g. Molkov et al. 2019 , 2021 ). No significant
etection of any absorption features was found using such an
nalysis. 

It is possible to roughly restrict the magnetic field from abo v e
y using the absence of the observed transition of the pulsar to the
ropeller regime (see Illarionov & Sunyaev 1975 ) in observation
wift /XRT with the lowest unabsorbed flux of (7.9 ± 0.2) ×
0 −10 erg s −1 cm 

−2 (ObsID 00037043014), where pulsations of the
ource radiation are still detected and its energy spectrum has a
ard shape (see Fig. 1 ). Using formula (1) from Campana et al.
 2002 ), we can estimate the magnetic field of the NS to be less than
 . 0 + 0 . 9 

−1 . 2 × 10 13 G taking the distance to star #2 as the most probable
ptical companion. 
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