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ABSTRACT

We report the discovery of absorption features in the X-ray spectrum of the transient X-ray pulsar
GRO J2058+4-42. The features are detected around ~ 10, ~ 20 and ~ 30 keV in both NuSTAR
observations carried out during the source type II outburst in spring 2019. The most intriguing
property is that the deficit of photons around these energies is registered only in the narrow phase
interval covering around 10% of the pulsar spin period. We interpret these absorption lines as a
cyclotron resonant scattering line (fundamental) and two higher harmonics. The measured energy
allow us to estimate the magnetic field strength of the neutron star as ~ 102 G.
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1. INTRODUCTION

GRO J2058+42 is a slowly rotating (Pipin =~ 196 s)
transient X-ray pulsar (XRP) discovered with the Burst
and Transient Source Experiment (BATSE) on board
the Compton Gamma-Ray Observatory (CGRO) dur-
ing a type II (giant) outburst in 1995 September
(Wilson et al. 1995). After this outburst a dozen nor-
mal ones (type I) had been observed during the next two
years with CGRO and the Rossi X-Ray Timing Ezxplorer
(RXTE). These type I outbursts were spaced by about
110 day intervals, which was interpreted as an orbital
period of the system (Wilson et al. 1996; Bildsten et al.
1997). At the same time additional short and weak out-
bursts were detected by BATSE halfway between these
type I outbursts (Wilson et al. 1998). Combining these
measurements with ones carried out with the All-Sky
Monitor (ASM) on board the RXTE observatory an al-
ternative orbital period of ~ 55 days was also considered
(Wilson et al. 1998, 2005).
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The source localization accuracy (30'x60'), obtained
with the CGRO (Grove 1995) and subsequently re-
stricted down to 4’ with RXTE (Wilson et al. 1996),
did not allow us to make an immediate determina-
tion of the optical counterpart. Only after the iden-
tification of GRO J2058+42 with the Chandra source
CXOU J205847.54414637 and following observations in
the optical band was the normal companion reliably
recognized as a Be star at a distance of 9.0 £ 1.3 kpc
(Wilson et al. 2005).

Spectral properties of the source are poorly
known. They were briefly reported and discussed by
Wilson et al. (2000, 2005) using the RXTE/PCA and
Chandra data and by Krimm et al. (2008) based on the
Swift X-Ray Telescope (XRT) data. These authors used
an absorbed power law to describe the source spectrum
in soft X-rays and the bremsstrahlung model in a wider
energy band.

In this Letter we perform a detailed spectral analy-
sis of GRO J2058+42 and report the discovery of the
cyclotron absorption line in its spectrum with the Nu-
clear Spectroscopic Telescope Array (NuSTAR) observa-
tory during the type II outburst in the spring of 2019.
For the first time for accreting XRPs such a feature is ro-
bustly detected only in the narrow range of pulse phases.
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Figure 1. The Swift/BAT light curve (black crosses, 15-50
keV), Fermi/GBM pulsed emission (blue crosses, 12-50 keV),
and Swift/XRT flux (red open circle, 1-10keV) measured
from GRO J2058+4-42 during the 2019 outburst. Swift/BAT
data are in mCrab units (left axis), Fermi/GBM data are
in keVem™2s7!, and Swift/XRT data are in ergs™ ' cm™?2
(right axis). To trace the outburst morphology XRT and
GBM curves are aligned with the BAT one at the moment
of the second NuSTAR observation. Dates of two NuSTAR
observations are marked with vertical magenta arrows.

2. OBSERVATIONS AND DATA REDUCTION

Since its discovery in 1995 during the giant outburst
and subsequent two years of activity, GRO J2058+42 re-
mained in a quiet state until 2019. Only one weak type I
outburst was detected in 2008 May (Krimm et al. 2008).
The beginning of new type II outburst was registered
with the Neil Gehrels Swift Observatory (Gehrels et al.
2004) on 2019 March 22 (Barthelmy et al. 2019) and
later confirmed by the detection of the pulsed emission
(Malacaria et al. 2019) with the Gamma-ray Burst Mon-
itor (GBM; Meegan et al. 2009) on board the Fermi
observatory.

This outburst lasted more than 100 days and was mon-
itored by several X-ray instruments. To trace the source
light curve we used available data from the Swift/BAT
telescope (Krimm et al. 2013) in the 15-50 keV energy
band (Figure 1).! The Swift/BAT data have a gap

L https://swift.gsfc.nasa.gov/results/transients/weak /\ GROJ2058p42

around the outburst maximum; therefore, to better
demonstrate an entire morphology of the outburst we
used data of the Fermi/GBM? that were aligned with
the BAT ones at the moment of the second NuSTAR
observation. Both light curves are in a good agreement
with each other (Figure 1).

We also used data from the Swift/XRT (Burrows et al.
2005) to trace the evolution of the source flux in the soft
energy band. The fluxes measured with XRT in the 1-
10 keV energy range are shown in Figure 1 by red open
circles. They were calculated from the source spectra
obtained with the online tools (Evans et al. 2009), pro-
vided by the UK Swift Science Data Center.?

The Nuclear Spectroscopic Telescope Array NuS-
TAR observatory consists of two identical X-ray tele-
scope modules, referred to as FPMA and FPMB
(Harrison et al. 2013). It provides X-ray imaging, spec-
troscopy, and timing in the energy range of 3-79keV
with an angular resolution of 18” (FWHM) and spec-
tral resolution of 400eV (FWHM) at 10keV. NuSTAR
performed two observations of GRO J2058+42 on 2019
March 25 (ObsID: 90501313002) and 2019 April 11 (Ob-
sID: 90501313004) with the on-source exposures of ~ 20
and ~ 40ks, respectively. Note that both observations
were carried out near the maximum of the outburst (see
Figure 1, marked with the magenta arrows as ”1” and
”2”). The NuSTAR data were processed with the stan-
dard NuSTAR Data Analysis Software (NUSTARDAS)
v1.8.0 provided under HEASOFT v6.25 with the CALDB
version 20190513.

In the following spectral analysis we used the 4 — 79
keV energy band. An increase of the lower threshold en-
ergy from the standard 3 to 4 keV is due to both obser-
vations being made during the solar activity periods. It
could affect the correctness of the background estimation
with standard routines below 4 keV, where the back-
ground could dominated by a few lines and the ~ 1keV
thermal plasma component, probably connected with re-
flected solar X-rays (Wik et al. 2014).

All obtained spectra were grouped to have at least
25 counts per bin using the GRPPHA tool. The final
data analysis (timing and spectral) was performed with
the HEASOFT 6.25 software package. All uncertainties
are quoted at the 90% confidence level, if not stated
otherwise.

3. RESULTS

We performed a complete timing and spectral (includ-
ing pulse-phase-resolved) analysis for both NuSTAR ob-

2 https://gammaray.msfc.nasa.gov/gbm /science/pulsars/\lightcurves/groj20

3 http://www.swift.ac.uk/user_objects/
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Figure 2. Energy-resolved pulse profiles of GRO J2058+-42
obtained with NuSTAR in the first observation. In the bot-
tom panel an averaged pulse profile is shown. Vertical lines
demonstrate phase bins selected for spectral analysis.

servations. Resulting spectra and pulse profiles of the
source are very similar each other and for briefness we
present most of following figures only for the first obser-
vation.

3.1. Energy-resolved pulse profile

Orbital ephemerides for GRO J2058+42 are unknown;
therefore, the pulsating signal was searched only in
barycentered light curves. Pulsations were clearly de-
tected with the high significance at periods of 195.240(2)
and 194.149(1) s for the first and second NuSTAR ob-
servations, respectively. These values were used in the
subsequent analysis to fold light curves and for the pulse-
phase-resolved spectroscopy.

Figure 2 presents energy-resolved pulse profiles of the
source obtained in the first NuSTAR observation. We
attributed the phase 0 to the minimum of the folded
light curve in the full instrument energy band. The pulse
profile is clearly evolving with the energy.

At the few to about 10 keV energy range, the profile
shows three distinct peaks at phases 0.1, 0.3, and 0.5. As
the energy increases the two "outer” peaks disappear and
the central peak eventually expands, while its minimum
shifts to the phase ~ 0.7.

The pulsed fraction gradually increases with the en-
ergy from ~ 40% at 3 — 5 keV to ~ 60% at 50 — 70 keV,

which is observed for the majority of bright XRPs (see,
e.g., Lutovinov & Tsygankov 2009).

3.2. Phase-averaged spectrum

The spectrum of GRO J2058+442 has a typical
shape for accreting XRPs (see, e.g., Nagase 1989;
Filippova et al. 2005) and demonstrates an exponential
cutoff at high energies (Figure 3(a)), that, e.g., can be
explained in terms of the Comptonization processes in
hot emission regions (see, e.g., Sunyaev & Titarchuk
1980; Meszaros & Nagel 1985).  Therefore, at the
first stage it was approximated with several commonly
used models: a power law with an exponential cutoff
(cutoffpl in the XSPEC package), a power law with
a high-energy cutoff (powerlawxhighcut), and a ther-
mal Comptonization (comptt). To take into account
the uncertainty in the calibrations of two modules of
NuSTAR the cross-calibration constant C' between them
was included in all spectral fits. It was found that the
Comptonization model (Titarchuk 1994) with an inclu-
sion of the iron emission line at 6.4 keV in the form of
the Gaussian profile describes the GRO J2058+42 spec-
trum significantly better than other models (x? = 2255
for 2117 degrees of freedom (dof) in a comparison with
3730 (2120 dof) and 3911 (2119 dof) for the first two
models). Results of the approximation of the source
spectrum obtained in the first NuSTAR observation
with this model are show in Figure 3a. Best-fit pa-
rameters are as follows: the seed photons tempera-
ture kT = 1.55 £ 0.15keV, the plasma temperature
kT = 10.25 £+ 0.04keV, the plasma optical depth 7 =
5.02 + 0.03, the iron line energy Fr, = 6.48 £+ 0.03keV,
the iron line width op. = 0.24 4+ 0.03keV, its equivalent
width EWg, = 70 £ 9¢eV, the total flux in the 4-79 keV
energy range Fy_79 ~ 3.6 x 107 %ergs™!cm™2. From
the bottom panel (Figure 3b) it is seen that this model
describes the spectrum adequately, and no obvious addi-
tional components are required. Note that it is difficult
to compare directly the results of our measurements with
ones obtained earlier (Wilson et al. 2005; Krimm et al.
2008), as the source was observed in different intensity
states in different energy bands. Nevertheless, if we are
restricted to only soft X-rays (< 10keV) and used the
power-law model its parameters will be comparable with
previously reported results.

The second NuSTAR observation was performed at
the decaying part of the outburst (Figure 1) at a sim-
ilar source intensity to the first one, Fjy_79 =~ 4.3 X
10~ %ergs~'ecm™2. Spectral parameters measured in
this observation agree well with those reported above,
and again no additional components are required to de-
scribe the source spectrum.
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Figure 3. (a) Broadband energy spectrum of
GRO J2058+42 obtained in the first NuSTAR observa-
tion. Black and red crosses correspond to FPMA and
FPMB modules. Blue solid line represents the best-fit
model (see details in the text). (b) Residuals from the
best-fit model.

3.3. Pulse-phase-resolved spectroscopy

It is well established that spectra of XRPs are
significantly variable with the pulse phase. Param-
eters of the cyclotron resonant scattering features
(CRSFs), if they are present in the spectra, also change
(see, e.g., Burderi et al. 2000; Kreykenbohm et al. 2004;
Heindl et al. 2004; Lutovinov et al. 2015, and refer-
ences therein). Therefore, the pulse-phase-resolved spec-
troscopy can be considered as a tool for the diagnosis of
the geometry of the emission regions in the vicinity of
the neutron star and its magnetic field structure. To
trace an evolution of the GRO J2058+442 spectrum with
the pulse phase we used the ratio of each phase’s spec-
trum to the pulsed-averaged one. It is important to note
that the result of such an approach does not depend on
the specific spectral model.

Results of the analysis are shown in Figure 4. It is
clearly seen that the source spectrum varies significantly
with the pulse phase, primarily demonstrating an evo-
lution of its hardness. In particular, the spectrum is
hardest at the phases of 0.95 — 0.25 where the small in-
terpeak is observed (see Figure 2). The spectra become
gradually softer to the maximum of the first peak and
to the second peak (phases 0.45 —0.55) and returning to
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Figure 4. Ratio of the source spectra, measured at a given
phase, to the averaged one (blue points) for two NuSTAR ob-
servations of GRO J2058+42 (left panels correspond to the
observation 1, right ones - to the observation 2). For compar-
ison, the ratio at the phase 0.05-0.15 is shown in each panel
with thin black lines.

the hard state further. It is important to note that such
a behaviour is identical for both observations (Figure 4).

The most exceptional spectra are registered at phases
of 0.05 — 0.15 in both observations, where an obvious
deficit of photons around ~ 10 and ~ 20 keV is ob-
served (Figure 4 and 5a). To quantify these features
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the spectrum from the first NuSTAR observation was
fitted with different models. First of all we used the
simplest model adequately describing the averaged spec-
trum (comptt+gaus), resulting in an unacceptable fit
with x? = 1449.6 for 1127 dof and obvious residuals
around ~ 10 and ~ 20 keV (Figure 5(b)). The suc-
cessive inclusion of additional CRSF components in the
form of the gabs model significantly improves the fit
quality: up to x> = 1310.1 (1124 dof) with the line
around ~ 10 keV (Figure 5(c)) and up to x? = 1103.0
(1121 dof) with two lines at ~ 10 and ~ 20 keV (Figure
5(d)). Moreover, there is a marginal hint for the pres-
ence of an additional weak absorption feature around
~ 30 keV (Figure 5e, fit quality is x? = 1094.6 for 1118
dof).

Similar absorption features at the same energies also
are registered also in the source spectrum reconstructed
for the same pulse phases in the second NuSTAR obser-
vation, but in this case an additional third absorption
line at ~ 30 keV improves the fit more significantly, from
X% = 1584 (1531 dof) to x? = 1547.8 (1528 dof).

We interpreted these features as a cyclotron absorp-
tion line at ~ 10 keV with two higher harmonics, with
parameters that can be summarized as in Table 1.

ObsID Ee,keV o, keV Te
90501313002 10.00%0:27 2.637053 0.3475:50
10.4775:22 3237039 0.4270-4%
28.237399 211727 0.12102!

. . 4
90501313004 10.91%0:%2 3.1475 0% 0.2475.32
42 .52 .
19.4070:4%7 3.337027 0497999
28.3110-07 3.4073:30 0.18704%

where E., 0. and 7, are the energy, width, and optical
depth of the cyclotron line and its higher harmonics.

To estimate the detection significance for each absorp-
tion feature we performed three 10* Monte Carlo sim-
ulations of the source spectra, successively adding the
first, second, and third gabs components. We found
that for the first observation the probabilities of chance
occurrence of 10, 20, and 30 keV features are < 1074,
< 1074, and 0.1145, respectively. For the second obser-
vation corresponding probabilities are < 1074, < 1074,
and 10~%. Taking into account that the lines are reg-
istered independently in two observations at the same
energies, the joint probabilities that they originate by
chance are significantly lower.

We made a detailed search for any absorption features
in spectra at other pulse phases, but all of them can be
well described with the simple model, used for averaged
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Figure 5. Energy spectrum of GRO J2058+42 at the pulse
phases 0.05-0.15 for the first NuSTAR observation. The data
from both the FPMA and FPMB modules are shown by black
and red points, respectively. Residuals in the bottom panels
demonstrate the quality of fits with four different models (see
the text for details).

spectra, and no additional absorption lines are required.
To increase statistics we also constructed the spectrum
averaged over all phases with the exception of data at
phases 0.05 — 0.15, and again we found no indication of
the presence of the absorption lines in this spectrum.

4. DISCUSSION AND CONCLUSIONS

Here we present the first robust detection of the CRSF
localized in a very narrow range of the spin phases of
GRO J2058+42 and covering only ~10% of the entire
spin period. Previous evidence of a similar transient
CRSF, detectable in a small fraction of the pulsar rota-
tion, was revealed in spectra of several isolated neutron
stars (see e.g. Borghese et al. 2015). However, in the
classical XRPs only a hint for the marginal detection of
such a feature was reported for EXO 20304375 based on
the INTEGRAL data (Klochkov et al. 2008).

To explain the peculiar spectral properties of
GRO J2058+42 one can consider a geometrical config-
uration of the system.

High mass accretion rates onto the surface of neu-
tron stars in XRPs result in the appearance of accre-
tion columns confined by a strong magnetic field of the
neutron star and supported by a high internal radiation
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pressure (Basko & Sunyaev 1976; Wang & Frank 1981;
Mushtukov et al. 2015). Thus, the cyclotron line can
originate from the accretion column (Nishimura 2014,
2015; Schonherr et al. 2014) or it can be a result of the
reflection of X-rays from the atmosphere of the neutron
star (Poutanen et al. 2013; Lutovinov et al. 2015). Due
to a large gradient of the B-field strength over the vis-
ible column height (see, e.g., Nishimura 2015) or lati-
tudes on the stellar surface, the scattering feature can
vanish from the observed energy spectra. However, a sit-
uation where the accretion column is partially eclipsed
by the neutron star at certain phases of the pulse and
the observer sees only a fraction of the accretion col-
umn is possible (Mushtukov et al. 2018). In this case,
the dispersion of the magnetic field strength over the
visible part of the column is relatively small, and the
cyclotron line can appear at some phases of pulsations
as it is observed in GRO J2058+-42.

It is also necessary to note that the visibility of
both the neutron star surface and accretion column is
strongly affected by the effects of gravitational light
bending (see e.g. Riffert & Meszaros 1988; Kraus 2001;
Mushtukov et al. 2018). Remarkably, the column lo-
cated on the opposite side of the neutron star tends to
provide the majority of the observed X-ray energy flux
due to effects of the gravitational lensing. In general,
the pulse profile and spectrum of XRPs at supercritical
luminosities are determined by a large number of factors
including the accretion column height, compactness of
the central object, angular distribution of initial X-ray
photons at the stellar surface, edges of accretion col-
umn, etc. All of these factors have to be included in an
accurate theoretical model.

Considering the E, ~ 10 keV feature as a fundamental
energy of the cyclotron absorption line, the magnetic
field in the emission region can be estimated as B ~
1012 G.

Another independent way to estimate independently
the magnetic field of the neutron star is to consider
its quiescent luminosity and long-term flux behavior.
In particular, it was shown that the transition to the
so-called propeller regime (Illarionov & Sunyaev 1975),
when the rotating magnetosphere centrifugally inhibits
the accretion process, can be used to determine a
dipole component of the magnetic field of the neu-
tron star (Tsygankov et al. 2016a,b; Lutovinov et al.
2017). After the transition to the propeller regime the

source spectrum becomes much softer with the black-
body temperature of ~ 0.5 keV and quiescent lumi-
nosity of ~ 1033 erg s~! (Wijnands & Degenaar 2016;
Tsygankov et al. 2016a, 2017b). However, as it was
shown later by Tsygankov et al. (2017a), a transition
to the propeller regime is possible only for relatively
fast spinning XRPs (Pipin S 10 s). In the slowly ro-
tating pulsars (like GRO J2058+42) the accretion disk
switches to the “cold” low-ionization state maintain-
ing a stable mass accretion rate around 10'4~1% g s~ 1.
This rate depends on the inner radius of the disk
(Tsygankov et al. 2017a) and therefore can be utilized to
estimate the magnetic field in XRPs (Tsygankov et al.
2019; Nabizadeh et al. 2019). Note that an analogous
physical mechanism was proposed earlier for cataclysmic
variables (see, e.g., Lasota 2001).

As can be seen from Figure 1 GRO J2058+42 switched
to the quiescent state around MJD 58640. This state
is characterized by a stable low-level flux around
1072 ergs—' cm ™2, that corresponds to the luminosity
around 103 erg s—!, assuming a distance to the source of
9 kpe. It is worth noting that a serendipitous Chandra
detection of the source on 2004 February 24 resulted
in the same flux, pointing to the quiescent nature of
this emission. Important information about the emis-
sion mechanism can be derived from the spectral anal-
ysis in the quiescent state; however, available data do
not allow us to robustly discriminate between the soft
blackbody-like and hard accretion-like spectral models.
However, as discussed above, this luminosity is too high
for the propeller regime and can be interpreted as a sta-
ble accretion from the cold disk. In this case we can use
Eq. (7) from Tsygankov et al. (2017a) to estimate the
magnetic field in the neutron star in GRO J2058+42.
Assuming a standard mass and radius of the neutron
star and the source distance of 9 kpc, we get a mag-
netic field strength around (1 — 2) x 10'2 G, which is in
very good agreement with the value derived from the
cyclotron energy.
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