DRAFT VERSION NOVEMBER 4, 2020
Typeset using IATEX twocolumn style in AASTeX63

Spectral and timing characterization of the X-ray pulsar XTE J1858+4034 with NuSTAR and
Fermi/GBM and a candidate cyclotron line

C. MALACARIA, b2 P. KRETSCHMAR,® K. K. MADSEN,*® C.A. WiLsoN-HoDGE,® JoEL B. CoLey,”® P. JENKE,’

ALEXANDER A. LutoviNov,'® K. PorTscumipT,®® SERGEY S. TSYGANKOV,

110 AND J. Winms!'?

LNASA Marshall Space Flight Center, NSSTC, 320 Sparkman Drive, Huntsville, AL 35805, USA*
2 Universities Space Research Association, Science and Technology Institute, 320 Sparkman Drive, Huntsville, AL 35805, USA
3 Buropean Space Agency (ESA), European Space Astronomy Centre (ESAC), Camino Bagjo del Castillo s/n, 28692 Villanueva de la
Canada, Madrid, Spain
4CRESST and X-ray Astrophysics Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
5 Department of Physics and Center for Space Science and Technology, University of Maryland, Baltimore County, Baltimore, MD 21250,

68T 12 Astrophysics Branch, NASA Marshall Space Flight Center, Huntsville, AL 35812, USA
7 Department of Physics and Astronomy, Howard University, Washington, DC 20059, USA
8 CRESST and Astroparticle Physics Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

9 University of Alabama in Huntsville (UAH), Center for Space Plasma and Aeronomic Research (CSPAR), 301 Sparkman Drive,
Huntsville, Alabama 385899

10 Space Research Institute of the Russian Academy of Sciences, Profsoyuznaya Str. 84/32, Moscow 117997, Russia
1 Department of Physics and Astronomy, FI-20014 University of Turku, Finland

12 Remeis-Observatory and Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg,
Sternwartstr. 7, 96049 Bamberg, Germany

ABSTRACT

Accreting X-ray pulsars (XRPs) undergo luminous X-ray outbursts during which the spectral and
timing behavior of the neutron star can be studied in detail. We analyze a NuSTAR observation of
the XRP XTE J18584-034 during its outburst in 2019. The spectrum is fit with a phenomenological, a
semi-empirical and a physical spectral model. A candidate cyclotron line is found at 48 keV, implying
a magnetic field of 5.4 x 1012 G at the site of emission. This is also supported by the physical best-fit
model. A nominal Gaia distance of 1.55kpc is available for a star that is close to — although not
coincident with — the previously proposed optical counterpart but, based on Fermi Gamma-ray Burst
Monitor data, the standard disk accretion-torque theory allowed us to infer a distance of 10.941.0 kpc.
Pulse profiles are single-peaked and show a pulsed fraction that is strongly energy-dependent at least

up to 40keV.

Keywords: X-ray binary stars — stars: neutron — pulsars: individual: XTE J18584-034 — accretion,

accretion disks — magnetic fields

1. INTRODUCTION

Accreting X-ray pulsars (XRPs) are binary systems
consisting of a neutron star (NS) which accretes matter
originating from the stellar wind of the donor compan-
ion star. XTE J1858+034 is an XRP discovered with the
Rossi X-ray Timing Explorer (RXTE) in 1998 by Remil-
lard et al. (1998) and Takeshima et al. (1998). Those
observations also detected X-ray pulsations with a pe-
riod of ~221s. X-ray emission from this source has been
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detected only in a few short outbursts (Nakajima et al.
2019, and references therein), thus preventing to obtain
an orbital solution or an in-depth characterization of
the system. A Cyclotron Resonant Scattering Feature
(CRSF) also was not observed from this source so far,
thus the NS magnetic field strength is unknown. When
observed, the energy FE.,. of the fundamental CRSF
probes the magnetic field strength at the site of spectral
emission, Eeye ~ 11.6xB12(1 + z;) "' keV, where Bz is
the magnetic field in units of 10'? G, and z, is the grav-
itational redshift (see Staubert et al. 2019 for a recent
review). However, Paul & Rao (1998) proposed a mag-
netic field strength of 0.8 x 1012 x dj,. G (with dj,. the
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Figure 1. Swift/BAT daily average light curve of XTE
J1858+4-034 during the outburst in 2019 (black dots). The
NuSTAR observation time is also shown (red dashed line).

distance value in units of kpc), based on the observation
of quasi-periodical oscillations in this system.

Reig et al. (2004, 2005) proposed a Be-type star for
the optical counterpart, of which neither the spectral
subtype nor the distance was found. This star was the
only one within the X-ray error circle (Molkov et al.
2004) showing Ha emission. More recently, Gaia iden-
tified a different optical counterpart candidate, with a
distance of 1.55 kpc (Bailer-Jones et al. 2018). However,
this source has a large (~ 103”) angular offset compared
to the optical counterpart proposed by Reig et al. (2005).

Recently, the source has undergone a new outburst
episode (Nakajima et al. 2019), and it was observed with
NuSTAR. Here we study its spectral and timing charac-
teristics and finally form a consistent general overview
for the X-ray behaviour of XTE J1858+034. The analy-
sis presented here is complemented by that proposed in
an accompanying paper by Tsygankov et al. (subm.).

2. DATA REDUCTION

NuSTAR (Harrison et al. 2013) was launched in 2012.
It is currently the only X-ray mission with a telescope
able to focus hard X-rays above 10 keV. NuSTAR con-
sists of two identical co-aligned telescopes that focus X-
ray photons onto two independent Focal Plane Modules,
FPMA and FPMB. At the focus of each telescope mod-
ule are four (2 x 2) solid-state cadmium zinc telluride
(CdZnTe) imaging detectors. These provide wide-band
(3-79keV) energy coverage with a FWHM of 18" and a
spectral resolution of 400eV at 10keV.

NuSTAR observed XTE J1858+034 on 2019 Novem-
ber 3 (ObsID 90501348002, MJD 58790), during an out-
burst (see Fig. 1). The total exposure time was about 44
ks. NuSTAR data were reduced with NUSTARDAS v1.9.5

provided by the HEASOFT v6.27.2 and using the CALDB
20200526 (Madsen et al. 2020). Cleaned events were ob-
tained following the standard NuSTAR guidelines. The
resulting images are shown in Fig. 2. Source spectra
were extracted through the NUPRODUCTS routine. The
source extraction region was a 65" radius circular re-
gion centered on the source, while the background was
extracted from a source-free region on the same detec-
tor with radii of 90 and 105” for FPMA and FPMB,
respectively. We also verified that shifting the extrac-
tion regions in order to account for the offset between
the images from the two modules does not significantly
affect the results. However, in FPMB part of the source
events fall on the chip gap between detectors 0 and 3, re-
sulting in unaccounted loss of effective area. This, along
with the fact that there are calibration issues with detec-
tor absorption component of detector 3 (priv. comm.),
led us to exclude the entire detector 3 from the FPMB
extraction region. We obtained the FPMB ARF from a
15" radius circular region centered on the source, which
ensures that the detector absorption of detector 3 did
not get included. Similarly, to avoid accidentally in-
cluding the RMF from detector 3 during RMF genera-
tion the RMF for detector 0 was obtained directly from
the CALDB (nuBcutdet0-20100101v001).

Spectral data were analyzed using XSPEC v12.11.01
(Arnaud 1996). NuSTAR data were used in the range
3 —60keV (3.5 — 60keV for FPMB), above which the
background dominates. Spectra were rebinned to have
at least 50 counts per bin.

3. RESULTS
3.1. Spectral analysis

The spectrum of XTE J1858+4034 as observed by
NuSTAR in November 2019 clearly shows a steep
shape. FPMA and FPMB spectra have been fitted
simultaneously, allowing for a cross-normalization fac-
tor. For the spectral fit, standard phenomenological
and semi-empirical continuum models have been em-
ployed, namely two variants of the cutoff power-law
model (cutoffpl and highecut*pow in XSPEC) and a
Comptonization model of soft photons in a hot plasma
(compTT in XSPEC, Titarchuk 1994), respectively. To ob-
tain an acceptable fit, the cutoffpl and highecut*pow
models need an additional component in the lower en-
ergy band, which has been modeled as a blackbody emis-
sion as found in other accreting XRPs (see, e.g., La
Palombara & Mereghetti 2006). However, the black-
body temperature is high with respect to other XRPs,
indicating that the phenomenological model is likely in-
adequate. Moreover, we also tested a purely-physical
model of thermal and bulk Comptonization of the seed
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Figure 2. NuSTAR images of XTE J1858+034 as observed in November 2019 from FPMA (left) and FPMB (right). Circular
green regions centered on the source represent the source extraction regions. Yellow solid circles on the top corner represent the
background extraction regions. For FPMB, the blue small circle represents the ARF extraction region, while the barred cyan
square represents the exclusion of detector 3 (see text). The color bar shows the number of counts per pixel.

photons produced by cyclotron cooling, Ferrigno et al.
2009 (bwcycl in XSPEC). For a fixed value of mass and
radius of the accreting star, the bwcycl model has six
free parameters, namely the accretion rate M, the mag-
netic field strength B, the accretion column radius g,
the electron temperature T, the photon diffusion pa-
rameter £ and the Comptonization parameter §. This
model was successfully used to fit the broad-band energy
spectrum of a number of bright (= 1037 ergs™!) accret-
ing XRPs (see, e.g., Epili et al. 2017; D’Al et al. 2017;
Wolff et al. 2016).

For all tested models, the photoelectric absorption
component and elemental abundances were set accord-
ing to Wilms et al. 2000 (tbabs in XSPEC) to account for
photoelectric absorption by neutral interstellar matter
(or column density Ng), and assuming model-relative
(wilm) solar abundances. For reference, the Galactic Ny
in the direction of the source is about 1.7 x 10*2 cm—2
(HI4PI Collaboration et al. 2016). All tested models
also were equipped with a Gaussian emission line at 6.4
keV to account for the Fe Ka fluorescence emission.

All fit continuum models show absorption-like resid-
uals in the range 40 — 50keV. These residuals can be
modeled with a Gaussian absorption line (see Fig. 3).
The improvement in the best-fit statistics is maximum
in the compTT model, i.e. Ax? = 878. Other models
show an improvement of Ay Z 400, with the lowest
Ax derived from the highecut*pow model. The sig-
nificance of the line in the compTT model has been as-
sessed through Monte Carlo simulations. For this task,
the XSPEC simftest routine was adopted, which allows
to simulate a chosen number of spectra based on the

actual data and test the resulting Ax? between each
instance fit with and without the model component in
exam (the Gaussian absorption line in our case). Fol-
lowing Bhalerao et al. (2015); Bodaghee et al. (2016),
the column density parameter was fixed to its best-fit
value, and the energy and width of the Gaussian ab-
sorption line were left free to vary within their 90% con-
fidence region in order to improve the speed and con-
vergence of the fits. Simulations results are reported in
Fig. 4 for a 10* iterations process and confirm the signif-
icance of the absorption feature at > 3o c.l. Following
Marcu-Cheatham et al. (2015), we also investigated the
impact of a variable background normalization on the
absorption feature parameters. Using the XSPEC tool
recorn, it was found that the absorption line param-
eters do not change significantly up to a 50% higher
background level, thus strengthening the interpretation
of the absorption feature as real and not due to artifacts.
The feature was also observed in phase-resolved spec-
tra presented in the accompanying paper by Tsygankov
et al. (subm.). Interpreting the feature at 48keV as a
CRSF, and assuming a gravitational redshift of z; = 0.3,
a magnetic field strength of B= (5.4 £ 0.1) x 102 G is
obtained.

Following the bwcycl model instructions!, it is conve-
nient to freeze some of the model parameters in order to
help the computation of the best-fit parameters. Once
the best-fit was found, the column density Ny was fixed
to its best-fit value to help the fit converge and to ob-

L https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual /node148.
html.
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Figure 3. Top: XTE J1858+4-034 spectrum as observed by
NuSTAR in 2019 and fit with a ComptTT model. Lower panels
are referred with a letter in the upper left corner. Panel a:
residuals of the ComptTT model. Panel b: residuals of the
best-fit ComptTT model including a Gaussian absorption line
at ~ 48keV (see Table 1). Panel c: residuals of the best-
fit BWCYC IIa model including a Gaussian absorption line at
~ 48keV (see Table 2). Spectra and residuals have been
rebinned for plotting purpose. The orange text in the right
corners of the lower panels shows the correspondent model
x? divided by v degrees of freedom.

tain parameters errors. Mass and radius of the NS were
fixed to their canonical values of 1.4Mg and 10km, re-
spectively. However, it is preferable to also fix the values
of the NS magnetic field, its distance and its mass accre-
tion rate (as derived by the observed luminosity). For
XTE J1858+034, there are no previous estimations of
the magnetic field, while a measurement of the distance
is necessary for the latter two parameters. The Guaia
Data Release 2 (DR2, Gaia Collaboration et al. 2018)
finds the XTE J1858+034 closest optical counterpart at
an angular offset of ~ 103" from the counterpart pro-
posed by Reig et al. (2005). Gaia’s counterpart has a
distance value of 1.55702% kpc. However, as already no-
ticed in Malacaria et al. (2020), the Gaia distance does
not match with accretion-torque expectations (see Fig. 5
of their work). Therefore, different configurations of the
model have been tested (see Table 2).

First, a distance of 1.55kpc was tested in the bwcycl
model, along with a mass accretion rate M = 2.4 x
10" gs~! derived assuming a luminosity L = 77M 2,
with efficiency n = 0.2 (Sibgatullin & Sunyaev 2000),
and c¢ the speed of light. For this model configura-
tion, the magnetic field strength also was tested as a
free parameter (BWCYC Ia), and by fixing its value to
B =5.4x 102G (BWCYC Ib). However, the latter con-
figuration (Ib) was found unable to fit the data. Alter-

Observed

10! 102 103
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Figure 4. Results of 10000 Monte Carlo simulations to test
the significance of the Gaussian absorption line in the CompTT
model. The solid histogram shows the frequency (y-axis) of
Ax? values (x-axis) obtained in the simulation. The red
dashed line shows the observed Ax? = 878.

natively, a model configuration with B = 5.4 x 10'2 G,
d = 1.55kpc and M left as a free parameter also fits the
data (BWCYC Ic), but the resulting M value is about
five times higher than that assumed in BWCYC Ic (see
Table 2).

Second, a different configuration of the model was
tested, based on a distance value inferred from the spin-
up (P) measured by Fermi-GBM. To this aim, the pub-
licly available spin-frequency values from GBM were
used. The spin-up was measured during an interval of
about 6 days around MJD 55458. The resulting spin-
up value is |[P| = 10.5421(6)syr~! (see also Malacaria
et al. 2020, and references therein). Since the orbital
parameters of this system are unknown, we tested the
contribution of orbital modulation to the observed spin-
up. First, a visual inspection of the Swift/BAT data for
this source revealed an outbursts recurrence of ~81 days,
here assumed as the orbital period. Moreover, a value of
the mass function f(M) = M,3sini/(M. + Myg)? =
10 was assumed, where M, and Mg are the mass of the
companion and that of the NS, respectively, 7 is the bi-
nary system inclination. This value was chosen to max-
imize the semi-major projected axis, a, sini = 4001-
s which, together with an eccentricity value as high
as e = 0.8, in turn maximize the orbital signature
on the observed spin frequency. Finally, an epoch of
T0 = 53436 MJD was chosen at the beginning of the
first of the recurring outbursts. An argument of periapse
of w = 195° was found to best-fit the GBM frequency
values assuming no accretion torque. Despite all the as-
sumptions, a spin-period derivative of about 11 syr—!



Table 1. Best-fit results of XTE J1858+034 spectral anal-
ysis with a cutoff power-law model cutoffpl and a Comp-
tonization model CompTT. All reported errors are at 1o c.l.

cutoffpl CompTT
CrpuB 0.74775-901 0.74775 951
Ny [10*2 em™2) 7.6754 5.8753
kT [keV] 5.27152 -
normpyp 0.015215-9002 -
Exo [keV] 6.4770:92 6.4870 05
OKxa [keV] 0.2679:92 0.287005
normpg, (107%4) 55104 5.9754
r 0.0375:33 -
HighECut [keV] 35708 —
normr " 0.0257050% -
TO [keV] - 1.0219:03

KT comprr [keV] — 5.617008

7p [keV] - 7071008
NOTM CompTT - 0.022810-0003
Egabs [keV] 46.879 48.0793
gabs [keV] (A 8.675:S
Strengthgabs 14.9154% 21.3%32
Flux' 1.49975:993 149979003
x?/d.o.f. 1645/1574 1643/1573

* In units of photons/keV/cm?/s at 1 keV. T Flux calcu-
lated for the entire model in the 3—60 keV band and reported

in units of 107 %ergem™2s7!. Flux values with estimated

errors were derived using the cflux model from XSPEC as
resulting from FPMA.

is still required to fit the data. We therefore conclude
that the orbital contribution to the measured P is not
significant.

Assuming a magnetic field strength of 5.4x10'2 G
and adopting the NuSTAR measured flux of
1.5x107%ergem 257! (see Table 1 and 2), the stan-
dard accretion-disk torque theory (Ghosh & Lamb
1979) for a |P| = 10.5syr~! allows to infer a distance
of d = 10.9 £+ 1.0kpc (estimated uncertainty at 1o c.l.).
This distance value is also independently confirmed by
the analysis of the optical companion star as reported in
the accompanying paper by Tsygankov et al. (subm.).
A distance of d = 10.9kpc was used to characterize
a different set of configurations of the bwcyc model.
The corresponding M =12 x 10" gs~! was adopted
altogether. The model was tested with the magnetic
field strength as a free parameter (BWCYC IIa) and as
fixed to 5.4x10'2 G (BWCYC IIb). For comparison with
BWCYC Ic, a model configuration with a free M (and

—— 3-10keV 20-30 keV 40-60 keV
40 — 10-20kev  — 30-40 keV 3-60 keV'

Rate [c/s] (Arbitrary scale)
&

0.00 025 0.50 075 1.00 125 150 175 2.00
Phase

Figure 5. XTE J1858+034 energy-resolved pulse profiles as
observed by NuSTAR. The energy band increases upwards.
Pulse profiles are shown twice in phase and rescaled in count
rate for clarity.

a fixed magnetic field strength) was also tested (BWCYC
Ilc).

3.2. Timing analysis

For the timing analysis, the nuproducts task was
used to obtain light curves out of calibrated and cleaned
events. These light curves were corrected for livetime,
exposure and vignetting effects, and were extracted in
the following energy bands: 3 — 10, 10 — 20, 20 — 30,
30 — 40, 40 — 60 and 3 — 60keV.

All light curves were barycentered using the
barycorr tool and the NuSTAR clock correction file
nuCclock20100101v103. The light curve in the 3 —
60 keV energy band was binned to 5s and used to search
for pulsations around the known 221 s periodicity with
the epoch folding method (Leahy 1987). The procedure
results in a measured period of P = 218.393(2)s. The
uncertainty was estimated by simulating 500 light curves
based on real data and altered with Poisson noise.

Light curves in different energy bands were folded to
the best-fit spin period to obtain pulse profiles with a
resolution of 20 phase bins (see Fig. 5). In turn, these
were used to explore the pulsed fraction variation as a
function of the energy (see Fig. 6). The pulsed fraction
here is defined as (Ijmax — Lmin)/(Imaz + Lmin), Where
ILmaz, Imin are the maximum and minimum pulse profile
count rate, respectively.

4. DISCUSSION

4.1. Thermal Comptonization and a candidate
cyclotron line

The hard spectrum of XTE J1858+034 resembles that
of other accreting X-ray pulsars observed both at low
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Table 2. Best-fit results of XTE J1858+034 spectral analysis with different configurations of the physical Bulk+Thermal
Comptonization model bwcyc. BWCYC Ia, Ic have the distance value fixed at the source’s Gaia closest counterpart d = 1.55 kpc
(BWCYC Ib does not fit the data, see text, and is therefore not included in this table). BWCYC IIa, IIb, IIc have the distance

value fixed at d = 10.9kpc. All reported errors are at 1o c.l.

BWCYC Ia BWCYC Ic

BWCYC Ila BWCYC IIb BWCYC Ilc

(d, M fixed, B free)

(d, B fixed, M free)

(d, M fixed, B free)

(d, B, M fixed)

(d, B fixed, M free)

Crrus 0.7473:50} 0.747+3:501 0.74879:501 0.74879901 0.74870 001
Ny [10%% em™?] 7.4103 8.2108 8.6103 8.4%03 8.4103
Exo [keV] 6471052 6.4710 52 6.4770:0 6.48%002 6471002
0K [keV] 0291002 0.2719-02 0.27193-0 0.28%9:02 0.27%9:02
normp, (107%) 6.1753 547073 557074 5617073 56709

3 19.9% 109 25550 42797 3.270% 29758

5 (506778 E—2 0.8%94 04793 0.619% 0.7+93
B [10'2 G] 0.15%9:03 5.4 (fixed) 44162 5.4 (fixed) 5.4 (fixed)
M [107 g/s] 0.024 (fixed) 0.12+5:9% 1.2 (fixed) 1.2 (fixed) 11497
T. [keV] 5.8115-03 54192 56192 55101 5.2103
ro [m] 208.5+122 14.3770, 7355, 66122 49739

d [kpc] 1.55 (fixed) 1.55 (fixed) 10.9 (fixed) 10.9 (fixed) 10.9 (fixed)
Egabs [keV] 485198 482119 483107 48.679% 483119
T gabs [keV] 9.2+0:3 9.2+%1 10.3797 9.6+12 9.3%0%
Strengthgaps 25.9128 24.3113 25.4752 27.6731 25.37539
Flux! 1.499+9-003 1.499+6-003 1.49970-90% 149970955 1.49910:00%
x?/d.o.f. 1653/1574 1648/1574 1648/1574 1648/1575 1648/1574

* unconstrained. t Flux calculated in the 3 — 60keV band and reported in units of 1079 erg cm 257! Flux values with

estimated errors were derived using the cflux model from XSPEC as calculated for FPMA.

and high luminosity and well fit by a CompTT model
(Mukerjee et al. 2020, and references therein). The ob-
servation of CompTT spectra in accreting X-ray pulsars
is usually interpreted as the result of thermal Comp-
tonization processes in which the thermal energy of the
accreting gas is transferred to the seed photons orig-
inating from the NS hotspots (Becker & Wolff 2007).
An increasing number of these sources also show that
an additional CompTT component emerges in the high-
energy range of the spectrum at low-luminosity stages
(Tsygankov et al. 2019a,b). Although the formation of
such component is not clear yet, it is likely due to a
combination of cyclotron emission and following ther-
mal Comptonized emission from a thin overheated layer
of the NS atmosphere (see Tsygankov et al. 2019b, and
references therein). In this context, X Persei is a remark-
able case since it has been shown that the cyclotron line
in its spectrum can be mimicked by the convolution of
the two CompTT spectral components around the energy
where the flux from the low- and high-energy compo-
nents is comparable (Doroshenko et al. 2012). However,
among the sources whose spectrum is formed by two
CompTT components, X Persei is the one with the highest
electron temperature of the hard-energy CompTT compo-

nent, kT ~ 15keV. If the absorption feature at ~ 48 keV
in XTE J18584-034 is in fact resulting from the blend of
two CompTT components, the high-energy CompTT would
peak around 22 keV. This would make XTE J1858+034
the most extreme among the X-ray pulsars that show
such spectral shape. Moreover, such a spectral shape
has so far only been observed in low-luminosity X-ray
pulsars. This would be the case for XTE J1858+034 if
the Gaia distance of d = 1.55kpc is the true distance.
However, the analysis reported in Sect. 3.1 shows that
a distance of 10.9 kpc is more consistent with X-ray ob-
servations of the spin period derivative, as well as with
the study of the optical companion performed by Tsy-
gankov et al. (subm.). A second Gaussian or CompTT
component that peaked above 45keV was also tested in
place of the absorption feature, but could not be suc-
cessfully fit (x2,; > 1.4), although possibly due to the
lack of statistics above 60keV. In the following section
we discuss the scenarios of spectral formation for the
low- and high-luminosity cases (d = 1.55 and 10.9kpc,
respectively).

4.2. Thermal and bulk Comptonization



Dealing with two different possible values of the source
distance, two different configurations of the BWwcyc model
have been tested in this work.

If XTE J1858+034 distance is d = 1.55kpc, the de-
rived flux of 1.5x 107 ergecm 257! (see Table 1) implies
a luminosity of 4.3 x 103° ergs~!. In this case, the BWCYC
Ia fit returns anomalous values of the ¢ and § param-
eters and an unexpectedly low magnetic field strength
(1.5 x 1011 G). On the other hand, the BWCYC Ic fit re-
turns a column radius value rg that is consistent with
zero, and the model needs a mass accretion rate M that
is about 5 times larger than that inferred from the X-ray
(isotropic) luminosity. A BWCYC Ib model configuration
with distance, magnetic field strength and M fixed to
their expected values do not fit the data.

On the other hand, if the source distance is d =
10.9 kpc, the derived flux of 1.5 x 107 ? ergecm ™25~ ! im-
plies a luminosity of 2.1 x 1037 ergs™!. In this case,
all configurations of the bwcyc model are statistically
equivalent and all parameters show acceptable values.
For the BWCYC IIa configuration, the returned magnetic
field strength of 4.2 x 10'2 G is consistent within 2o with
that inferred from the candidate CRSF. Contrary to the
case with d = 1.55kpc, the BWCYC IIb model fits the
data and also returns acceptable values of the fit pa-
rameters. The BWCYC IIc fit returns the smallest (but
still acceptable) ro value, and a mass accretion rate M
that is almost coincident with that inferred from the
X-ray (isotropic) luminosity.

In any case, when interpreting the results from the
BWcyc model, it is important to keep in mind that, as
reported in Ferrigno et al. (2009), the BWcyc model may
need adjustments in the spectral parameters with re-
spect to the original prescriptions. For example, the
best-fit magnetic field value may differ from that in-
ferred by the CRSF if the spectrum is formed at a NS
site that is spatially different than the CRSF forming
region. Likewise, the best-fit mass accretion rate M can
be different from that inferred by the X-ray luminosity
due to an uncertain efficiency conversion factor (1) and
anisotropic emission.

4.3. Timing results

Pulse profiles of XTE J1858+034 as observed
by NuSTAR show a single-peak structure and a shape
that is only weakly energy-dependent (see Fig. 5). This
is typically observed at low mass accretion rates (see,
e.g. Malacaria et al. 2015), and qualitatively interpreted
as the beaming pattern resulting from a pencil-beam
emission. However, single-peaked pulse profiles are also
observed at high accretion rates, like in the case of
Pulsating Ultra-Luminous X-ray sources (PULXs), e.g.

0.45

0.40

Pulsed fraction

0.35

0.30

10 20 0 o 50 60
Energy [keV]

Figure 6. XTE J1858+4-034 pulsed fraction as a function
of the energy during the NuSTAR observation in November
2019.

Swift J0243.6+6124, where single-peak pulse profiles
persist at high luminosity and only switch to more com-
plex profiles at super-Eddington luminosity (Wilson-
Hodge et al. 2018).

The pulsed fraction shows a considerable energy-
dependence, and almost doubles from 20% in the 3 —
10keV to about 40% in the 30 — 40keV energy band,
above which the lack of statistics prevent us from draw-
ing firm conclusions.

5. CONCLUSIONS

We analyzed the NuSTAR observation of the 2019 out-
burst of the BeXRB XTE J1858+034. The source, rel-
atively poorly studied, has now been characterized in
different ways. A candidate cyclotron line is found in
its spectrum at 48keV. This implies a magnetic field
strength of 5.4 x 10'2 G, consistent with the value ob-
tained from the physical fitting model of thermal and
bulk Comptonization bwcyc in its best-fit configura-
tions. Arguments are given to review the previously
proposed optical counterpart and its distance value in
favor of a distance of 10.9 + 1.0 kpc obtained from stan-
dard accretion-torque theory.
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