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ABSTRACT

Context. The High-Mass X-ray Binary (HMXB) system GX 301-2 is a persistent source with a well-known variable cyclotron line
centered at 35 keV. Recently, a second cyclotron line at 50keV has been reported with a presumably difterent behavior than the 35 keV
line.

Aims. We investigate the presence of the newly discovered cyclotron line in the phase-averaged and phase-resolved spectra at higher
luminosities than before. We further aim to determine the pulse-phase variability of both lines.

Methods. We analyze a NuSTAR observation of GX 301-2 covering the pre-periastron flare, where the source luminosity reached its
peak of ~4 x 10%7 erg s~ in the 5-50keV range. We analyze the phase-averaged spectra in the NuSTAR energy range from 3.5-79 keV
for both the complete observation and three time segments of it. We further analyze the phase-resolved spectra and the pulse-phase
variability of continuum and cyclotron line parameters.

Results. We confirm that the description of the phase-averaged spectrum requires a second absorption feature at SI.Sf{:(‘) keV besides
the established line at 35 keV. The statistical significance of this feature in the phase-averaged spectrum is > 99.999%. We further find
that the 50 keV cyclotron line is present in three of eight phase bins.

Conclusions. Based on the results of our analysis, we confirm that the detected absorption feature is very likely to be a cyclotron line.
We discuss a variety of physical scenarios which could explain the proposed anharmonicity, but also outline circumstances under which
the lines are harmonically related. We further present the cyclotron line history of GX 301-2 and evaluate concordance among each

other. We also discuss an alternative spectral model including cyclotron line emission wings.

1. Introduction

Cyclotron Resonant Scattering Features (CRSFs), also referred
to as “cyclotron lines”, are characteristic absorption-line-like fea-
tures observed in the hard X-ray spectra of a number of accretion-
powered X-ray binaries harboring a strongly magnetized neutron
star (see Staubert et al. 2019, for a review). The X-ray spectra
are expected to be formed in structures called accretion columns
near the magnetic poles of the accreting neutron star (NS). Close
to the neutron star, the accreted matter is funneled towards the
magnetic poles due to the strong magnetic field, B ~ 10'>G. In
the plasma of the accretion column, charged particles such as
electrons experience Landau quantization, where their momenta
perpendicular to the magnetic field lines are quantized. Inelastic
scattering of photons off these electrons can result in the forma-
tion of an absorption-line like feature at an energy corresponding
to the cyclotron energy ~ 12keV B/10'? G.

The diagnostic power of such cyclotron lines lies in the pos-
sibility to infer the magnetic field strength at the region of their
formation directly from the line centroid energy. In addition,

cyclotron line parameters are sensitive to the other characteris-
tics of the accreting plasma, such as temperature, density, and
the velocity of the flow. Pulse-phase-resolved studies of CRSFs
have further contributed to the investigation of the accretion ge-
omerty of neutron stars and their emission characteristics (see,
e.g., Maitra 2017). However, CRSFs are by no means observed in
all accreting pulsars and the exact physical conditions necessary
to form an observable CRSF are not yet well understood. Exten-
sive observational campaigns over the last decades (e.g., Staubert
et al. 2019; Pradhan et al. 2021) have found variability of CRSF
parameters with rotational phase of the pulsar as well as different
types of correlations of the CRSF energy with X-ray luminosity.
Different explanations for this behavior were proposed, involv-
ing, for example, the displacement of the line-forming region
inside the accretion channel (e.g., Becker et al. 2012; Nishimura
2014), reflection from the neutron star surface (e.g., Poutanen
et al. 2013), or a Doppler shift of photons during scattering in the
accretion flow (Nishimura 2014; Mushtukov et al. 2015).

In sources which exhibit multiple cyclotron lines, the relation
between those is of particular interest, raising the question about
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their origin as to whether they are individual features from dif-
ferent regions or harmonic lines. The spacing of the line energies
allows for probing the region of their formation and provides
insights on the complex process of photon redistribution in reso-
nant scattering events in an inhomogeneous medium. Kendziorra
et al. (1992) were the first to claim CRSFs at 54 keV and possibly
27keV for Vela X-1 (see Kretschmar et al. 2021, for an extensive
review). Subsequent analyses confirmed the lower CRSF (see,
e.g., Kretschmar et al. 1997; Kreykenbohm et al. 1999), whilst
other studies (see, e.g., Orlandini et al. 1998) only found the
higher CRSF. The phase-resolved analysis of an RXTE observa-
tion of Vela X-1 by Kreykenbohm et al. (2002) detected both lines
and identified them as fundamental and second harmonic, which
has been confirmed by many subsequent studies (see, e.g., Wang
2014; First et al. 2014; Diez et al. 2022). Another prominent
X-ray source with multiple cyclotron lines is 4U 0115+63. Its
X-ray spectrum shows up to five cyclotron lines at energies of
nearly integer multiples of 11keV (Heindl et al. 1999; Ferrigno
et al. 2009; Tsygankov et al. 2007), which are interpreted as a
fundamental line and its higher harmonics (also, an additional
fundamental line was reported at ~16 keV, Iyer et al. 2015; Liu
et al. 2020).

The focus of this work is the study of the presence and re-
lation of the multiple cyclotron lines in GX301-2 (alias 4U
1223-62). GX 301-2, discovered by McClintock et al. (1971),
is a High Mass X-ray Binary system that contains a neutron star
rotating with a period of ~700s (White et al. 1976) and accret-
ing from the stellar wind of the B hypergiant Wray 977 (Bradt
et al. 1977; Kaper et al. 2006), which is clumpy (Fiirst et al.
2011; Roy et al. 2024). Under the assumption that the rotating
vector model (see, e.g., Radhakrishnan & Cooke 1969) is ap-
plicable for GX 301-2 and that emission is dominated by the
ordinary polarisation mode, Suleimanov et al. (2023) determine
the inclination and magnetic obliquity of the source using polari-
metric measurements and report values of i, = 135° £ 17° and
0 = 43° + 12°, respectively. Using the Gaia survey (Data Release
3, Gaia Collaboration 2016, 2023), Bailer-Jones et al. (2021) esti-
mate a distance of GX 301-2 of 3.55f8:{2 kpc. GX 301-2 moves
around its companion on an orbit with an eccentricity of 0.47
(Koh et al. 1997) and an orbital period of ~41.5d (Watson et al.
1982; Sato et al. 1986; Leahy 2002), showing rapid orbital decay
(Manikantan et al. 2024). It shows regular pre-periastron flares,
where the luminosity increases by roughly an order of magnitude
compared to other orbital phases (Pravdo et al. 1995; Pravdo
& Ghosh 2001; Islam & Paul 2014). Whilst the pre-periastron
flare itself is regular, the timing and luminosity of the maximum
cannot be predicted precisely, which complicates the scheduling
of its observation. The X-ray pulsar is a well established CRSF
source with a line centered at ~35keV (Mihara 1995). The CRSF
energy is strongly variable with pulse-phase between ~30-40 keV
(Kreykenbohm et al. 2004). Additionally, higher CRSF energies
around 45-53 keV have been reported, leading to speculation
about the luminosity dependence of the CRSF (La Barbera et al.
2005; Suchy et al. 2012) and whether changes in luminosity are
responsible for the observation of higher CRSF energies.

The Nuclear Spectroscopic Telescope Array (NuSTAR, Harri-
son et al. 2013) observed the source twice between 2014-2015
at orbital phases of 0.67 and 0.87, where the luminosity was
on the order of 3-4x103¢ erg s~!, which is roughly one order of
magnitude lower than during the periodic pre-periastron flares.
First et al. (2018) studied the two observations along with an
archival Suzaku observation and reported two non-harmonically
spaced CRSFs, one around 35 keV and one at 50 keV. The exis-
tence of two separate lines was confirmed by Ding et al. (2021),
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Fig. 1. Orbital geometry of the system GX 301-2 based on Fig. 1 of
Fiirst et al. (2011). We show the neutron star orbit around its B hypergiant
companion Wray 977 along with the orbital Swift/BAT (Krimm et al.
2013) count rate as determined from the long-term BAT light curve in
blue. We further show the orbital phases of NuSTAR observations of
GX 301-2 and the corresponding year in red. The 2022 observation was
omitted as it was performed at nearly the same orbital phase as the 2014
observation. For the orbital parameters, we use the values presented by
Kaper et al. (2006), that is asini = 368.3°, ¢ = 0.462, w = 310.4°
and Ryryo77 = 62 R,. We use an inclination of i = 55° (within the
range given by Leahy & Kostka 2008). Epoch folding of the long-term
Swift/BAT light curve yields an orbital period of 41.474 + 0.006 d, which
is in good agreement with the period stated by Doroshenko et al. (2010)
as derived from Koh et al. (1997) including an orbital period derivative.
We subsequently use the periastron passage Tpy = 53531.65 MJD from
Doroshenko et al. (2010). For the calculation of orbital phases we take
the orbital period derivative Py, = —3.7 - 10°ss™! (Doroshenko et al.
2010) into account.

using observations of GX 301-2 by the Hard X-ray Modulation
Telescope Insight-HXMT (Zhang et al. 2020) at different orbital
phases. Their systematic analysis included data from about 40
pointed observations at different luminosities and finds a lower
energy of the first CRSF of ~26-35keV and thus higher ratio
of the centroid energies of the two CRSFs (x1.63). We give an
overview over past NuSTAR observations of GX301-2 along
with the determined cyclotron line energies in Table 1. Further-
more, we show the orbit of the neutron star around its companion
along with the orbital phases of recent NuSTAR observations of
GX301-2in Fig. 1.

Fiirst et al. (2018) argue that unlike the first CRSF, the poten-
tial second harmonic does not show a clear phase variability. They
propose a scenario where both CRSFs originate from different
regions inside the same accretion column. In particular, one line
is supposed to form at the bottom of the column and one at higher
altitudes in a radiation-dominated shock, with the latter being
subjected to relativistic boosting and therefore showing different
pulse-phase variability. While the idea that in many accreting
pulsars only one accretion column is visible for most of the rota-
tional period has already been discussed in the context of pulse
profile modeling (Falkner 2018), in general, CRSFs with energies
different from purely harmonic spacing have been assumed to
require the superposition of emission from two accretion columns
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Table 1. Summary of NuSTAR observations of GX 301-2.

Date gon® L3P Observation ID  Exposure [ks] Ecgrsri [keV]  Ecrsr2 [keV]  Reference

20141029 067 071 30001041002 382 347721 5067 Fiirstetal. (2018)
2015-10-04 087 108 30101042002 35.7 34,541 49.6*13  Fiirst et al. (2018)
2019-03-03 0.93 3.69 90501306002 23.0 36.7+0.3 55.1 fgg Nabizadeh et al. (2019)
2020-12-27 097 502 30601013002 485 37441 51.5*11  This work

2022-02-02 0.67 0.55 30701001002 35.6 35.4f8:g ¢ 54+2¢  McCulloch et al. (in prep.)

@ Qrbital phase, which is calculated in the same manner as described in the caption of Fig. 1.

® Absorbed luminosity in units of 10%7 ergs™! in the energy band 5-50keV in the neutron star rest frame as obtained directly from
the NuSTAR data. In order to transform the value from the observer’s frame to the NS frame, the obtained values are multiplied by
(1 + 2)*, where z = 0.3, which takes the gravitational red-shift, time dilatation and surface magnification into account.

(© The cyclotron line parameters for the most recent observation are preliminary results and subject to further analysis.

and an asymmetric B-field or mass accretion (see, e.g., Liu et al.
2020).

For some HMXBs that show cyclotron lines, the centroid
energy of the CRSF varies with the X-ray luminosity (see, e.g.,
Staubert et al. 2019, Fig. 9). Both positive and negative correla-
tions have been observed for different sources. An analysis of
a more recent NuSTAR observation of GX 301-2 at a luminos-
ity of ~0.3 x 10*” ergs™! (in the observer’s frame, derived using
d = 3.55kpc in the energy range of 3—79keV from Nabizadeh
et al. 2019) has resulted in higher centroid energies for both
cyclotron lines compared to the observations studied by Fiirst
et al. (2018), where the source luminosity was on the order of
0.3-0.4 x 107 ergs™! (in the observer’s frame, derived using
d = 3.55kpc in the energy range of 5-50 keV). Nabizadeh et al.
(2019) thus conclude a positive correlation between cyclotron line
energy and luminosity of GX 301-2. The orbital phase-resolved
analysis by Ding et al. (2021) showed a positive luminosity-
dependence of both cyclotron line energies for luminosities below
10%7 erg s™! and a negative dependence above this threshold.

In this work, we investigate whether the newly discovered
CRSF is also present during the pre-periastron flare, where the
source luminosity is on the order of a few 10*7 ergs~! as well as
analyze its pulse-phase dependence. We present a spectral and
timing analysis of a NuSTAR observation of the pre-periastron
flare and compare the source behavior to previous observations at
different luminosity states. The remainder of the paper is struc-
tured as follows: We describe the data reduction in Sect. 2. In
Sect. 3 we describe the spectral analysis of the whole observation
as well as three time-segmented spectra. In Sect. 4 we present
our spectral analysis of eight phase bins, where we focus on the
phase-dependence of the continuum and cyclotron line param-
eters. We discuss the results of the preceding sections from a
physical standpoint and elaborate on their physical implications
in Sect. 5. In Sect. 6 we briefly summarize the key findings of our
analysis.

2. Data Acquisition and Reduction

In the following we describe the data acquisition, data reduction
methods and setup for the spectral analysis.

GX301-2 was observed during one of its regular pre-
periastron flares (Pravdo et al. 1995) on 2020 December 27 at
an orbital phase of 0.97 (as calculated from orbital parameters
given in the caption of Fig. 1) with NuSTAR’s two nearly identical
Focal Plane Modules (FPMs). We show a long-time Swift/BAT
lightcurve of GX 301-2 as well as the light curve of the NuSTAR
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Fig. 2. NuSTAR observation of GX 301-2 in the context of its long-term
behavior. a: Hardness ratio, (H — S)/(H + S), of NuSTAR observation
with hard energy range 10-30keV and soft energy range 4—10keV. The
dashed lines indicate the division into time segments studied individually
in Sect. 3.2. b: Light curve of NuSTAR observation. ¢: Swift/BAT light
curve between MJD 59100 and MJD 59300 (Krimm et al. 2013). We
show ~5 orbital periods and indicate the pre-periastron flares with orange
bars.
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observation along with its hardness ratio in Fig. 2. The NuSTAR
observation captured the pre-periastron flare, but a significant
fraction of the data was lost due to a telemetry issue. The result-
ing effective exposure time is ~48.5 ks per FPM.
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We use nupipeline from HEAsoft v. 6.30.1 with CALDB
version 20220802 for standard reprocessing and screening, and
treat both detectors individually. We select circular source and
background regions with 120" radius each. The time-resolution
of the extracted light curves is 1s. Our analysis requires us to
resolve spectral features above 50keV as accurately as possible.
We therefore apply the rebinning criteria proposed by Kaastra &
Bleeker (2016), which are optimized for the energy resolution of
the detector rather than ensuring a certain signal-to-noise. We use
the y2-statistic to evaluate spectral models.

Misalignments of few tens of eV between the energy grids of
the two NuSTAR focal plane modules with respect to the energy
of the Fe K edge became apparent in a preliminary analysis. By
introducing an additive gain shift to the energy grids of both detec-
tors, respectively, and fitting both offset parameters grpma,/rFPmB.»
the misalignments can be corrected for. All spectral analysis
was performed with ISIS, version 1.6.2-51 (Houck & Denicola
2000). Unless otherwise noted, uncertainties are given at a 90%
level. Luminosities are given in the observer’s frame unless stated
otherwise.

3. Phase-averaged spectroscopy

GX301-2 is highly variable on all timescales from the pulse
period to beyond the orbital period. In this section, we analyze
the phase-averaged spectrum and its variation on the timescale
of hours, i.e., the duration of the observation. Figure 2 shows
that the actual pre-periastron flare (shown with orange bars in the
bottom panel) is already preceded by significant flaring activity
on timescales of ks that are also associated with spectral vari-
ability (see, e.g., Leahy & Kostka 2008; Evangelista et al. 2010).
The figure shows significant fluctuations in the hardness ratio
throughout the orbital phase, aligning with the fluctuations in the
absorption column density throughout the source’s orbit, as re-
ported in literature (Islam & Paul 2014). The spectral analysis of
GX301-2 therefore requires a solid understanding of its timing
properties. In Sect. 3.1 we analyze the spectrum of the complete
observation. In Sect. 3.2 we divide the observation into three time
segments based on changes in flux level and hardness ratio and
analyze spectral changes on the timescale of hours.

3.1. Time-averaged spectral analysis

We conduct the spectral analysis by making use of purely empiri-
cal models. An extensive list of commonly used empirical con-
tinuum models is presented by Miiller et al. (2013) and Staubert
et al. (2019). We use a powerlaw component in combination with
a Fermi-Dirac cutoff (FDcut, Tanaka 1986)

continuum(E) = powerlaw(E) X FDcut(E)

E - Ecutoﬁ )]l
Efo1d ’

where K is a normalization constant, I" the photon index and
Euoft/fold the cutoff and folding energy, respectively. The model
has also been used by Kreykenbohm et al. (2004) to success-
fully describe the X-ray continuum of GX 301-2 during the pre-
periastron flare as observed with RXTE and more recently by
Nabizadeh et al. (2019) in their analysis of a NuSTAR observation
of GX301-2 from 2019. Fiirst et al. (2018) on the other hand
used the NPEX model (Mihara 1995) to describe the continuum in
NuSTAR observations from 2014 and 2015.

For the observation in focus of this publication, multiple em-
pirical continuum models are tested in a preliminary analysis.

=K-ETx (D)

1+exp(
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Only a powerlaw including a FDcut cutoff provides a good de-
scription of the data and is therefore used throughout this spectral
analysis. In general, we acknowledge the variety of continuum
models that have been successfully used to describe the X-ray
spectrum of GX 301-2 and emphasize that possible correlations
between continuum parameters and cyclotron lines (see, e.g.,
Miiller et al. 2013) call for caution when comparing cyclotron
line parameters resulting from analyses with different continuum
models.

In order to account for photoelectric absorption in the inter-
stellar medium and by neutral material near the X-ray source, we
use a partial covering model (PCEF, see, e.g., Ballhausen 2021;
Diez et al. 2022),

PCF(E) = fpcr X thabs (E) + (1 — fpcr) X thabs,(E), 2)
where fpcr is the partial covering fraction and tbabs is the ab-
sorption model of Wilms et al. (2000). Our absorption model
therefore has three parameters, fpcr and the hydrogen column
densities Ny > of the two underlying absorption components, for
which we assume the cross sections by Verner & Yakovlev (1995)
and the elemental abundances by Wilms et al. (2000). We model
both CRSFs as absorption lines with Gaussian optical depth using
the model gabs (see, e.g., Staubert et al. 2019). Its parameters are
the cyclotron line energy Ecgs, its width ocrsr and its strength
dcrsr, from which the optical depth at Ecrsp can be derived as

T = dcrsg/( \/ﬂO'CRSF). For an in-depth discussion of CRSFs
and their modeling, see, e.g. Staubert et al. (2019). We further
include components for the two prominent neutral iron emission
lines Fe Ka and Fe K@ as additive Gaussian emission lines using
the model egauss. It is defined as

A [_(E—Eo)z}
N2 Y

where A is the normalization representing the area under the
Gaussian curve, Ej is the center of the Gaussian curve and o
its width. The soft X-ray spectrum of GX 301-2 was studied in
detail by Watanabe et al. (2003) using Chandra High-Energy
Transmission Grating (HETG) observations, which show that
the widths of the iron emission lines are smaller than the energy
resolution of NuSTAR (~400¢eV at 6.4keV, see Harrison et al.
2013), for which reason we do not expect to be able to constrain
them. We therefore fix the line widths to 1 eV. We furthermore
fix both line energies to their theoretical values as given in the
X-Ray Data Booklet' (based on Bearden 1967; Krause & Oliver
1979), that is Erck, = 6.397keV and Er.xg = 7.058 keV. The
centroid energy of the Fe Ka line was determined as the average
of the two Fe energy levels contributing to the observed emission
line at 6.391 keV and 6.404 keV. The study of the fluorescence
lines is outside the scope of this paper, we therefore refer to Fiirst
etal. (2011) for a detailed study of the fluorescence lines in the
X-ray spectrum of GX 301-2.

Our preliminary analysis shows the presence of an excess at
the lower end of the NuSTAR energy range at 3.5-5.0keV, which
cannot be described correctly with the continuum model. We
therefore include a blackbody component bbody to account for
the soft excess. Using the above model provides no satisfactory
description of the soft X-ray spectrum at energies of 5—-7 keV. We
therefore include an additional Gaussian line (hereafter denoted
by index SE for soft emission), with centroid energy of ~6keV
and width below 1 keV. An extensive justification for this com-
ponent is given in Appendix B. We note that this added emission

egauss(FE) = 3)

I See https://xdb.1bl.gov/


https://xdb.lbl.gov/

Nicolas Zalot et al.: An in-depth analysis of the variable cyclotron lines in GX 301-2

component is far narrower than the blackbody component and
cannot be compensated for by varying blackbody temperature
and normalization.

To account for detector flux calibration uncertainties a multi-
plicative factor Cgpyp for the FPMB spectrum is introduced. This
parameter is expected to be well within ~3% of unity (see, e.g.,
Madsen et al. 2022). To account for a shift in the energy grids of
both detectors we include additive gain shift components (grpma
and grpmp), Which shift the energy grids according to their value.
The total model can therefore be expressed as

f(E) =detconst X [(continuum(E) + bbody(E))x
PCF(E) x gabs,(E) X gabs,(E)+
egauss,(E) + egaussyz(E) + egaussgp(E)] .

“4)

The two iron lines and the additional Gaussian line are not subject
to absorption in our spectral model as defined in Eq. (4). The use
of either unabsorbed or absorbed emission lines constitutes a
simplification of the expected conditions, where the reprocessing
of radiation within the ambient medium gives rise to the observed
emission as well as absorption features simultaneously. A prelim-
inary analysis shows that both fit statistic as well as line shape
do not differ from a model in which the emission lines are also
absorbed, we therefore use a model in which the lines are not
absorbed.

In the remainder of this paper, the index 1 and term “lower
line” denote the CRSF first claimed by Mihara (1995) around
35keV; the index 2 and term “higher line” denote the CRSF
discovered by Fiirst et al. (2018) around 50keV. Furthermore,
unless otherwise stated, parameters by Fiirst et al. (2018) used
for comparison to our findings are results of their NPEX fit to the
NuSTAR observation from 2015 (see their Table 2).

Our model with two cyclotron lines provides the most accept-
able fit to the data among the tested models, with a goodness of fit
statistics of y?/d.o.f. = 720/477 = 1.51. We show the observed
spectrum along with the best-fit model in the upper panel of Fig. 3.
All free fit parameters are given in Table 3. We will call this model
the Whole Observation Fit (WOF) in the remainder of this paper.
We further show y residuals in the second panel as well as residu-
als of the fit with both cyclotron lines removed in succession in
order to illustrate their impact on the spectral fit. The residuals of
the best-fit model do not deviate significantly from the data and do
not show a systematic structure, but rather stochastic variability.
The only exception is an excess below 4 keV, which we attribute
to the use of a simplified absorption model; this deviation does
however not affect the analysis of the CRSFs.

The energy of the lower cyclotron line is Ecrspi =
374} keV, which is roughly 3keV higher than the value re-
ported by Fiirst et al. (2018) for observations at different or-
bital phase and luminosity. The width of the line is found to be
O CRSFI = 6.631):3 keV, with a strength dcgrsg) = 5 .Sf%:‘s‘ keV, corre-
sponding to an optical depth 7; = 0.33 at the centroid energy. The
second cyclotron line has a line energy of Ecrsrz = 51.5% | keV.
This value is ~2 keV higher than the values reported by Fiirst et al.
(2018). We further report a width of ocrspr = 5.1”_’(1)2 keV and a

strength of dcrspr = 7.7’:%3 keV, i.e., an optical depth 7, = 0.60
at Ecrsp. It is evident that the lower CRSF is wider than the
high-energy line. Since thermal broadening is proportional to the
line energy, other broadening mechanisms are required to explain
the observed behavior.

From an alternative fit model in which the Gaussian emission
lines are subject to the partial covering absorption component, we
determine the equivalent width of the absorbed Fe Ka emission
line to be EWg, = 401eV. This value is roughly a factor of 3
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Fig. 3. Continuum modeling of GX 301-2. a spectra of the two NuSTAR
FPMs in blue and purple with best-fit model shown in black. Models with
both CRSFs removed in turn and model without CRSFs shown in green,
red and orange. b: y residuals of best fit. ¢ and d: Residuals of best-fit
with both CRSFs removed in succession. e: Best-fit of alternative model
with only one CRSF. f: Best-fit of alternative model without CRSFs. The
spectra have been rebinned for plotting purposes.
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Table 2. CRSF parameters and goodness of fit of models including zero,
one and two CRSF components. The residuals of the respective models
are shown in Fig. 3, panels f, e and b.

Fit with 0 CRSFs 1 CRSF 2 CRSFs
Ecgsr1 [keV] — 345+05 374711
ocrsri [keV] - 3.7+08 6.6°3
dcrsri [keV] - 0867012 55734
Ecrsr2 [keV] - - 515%
ocrsrz [keV] - - 5149
dcrsra [keV] - - 77435
y*/d.of. 1065/483 820/480  720/477
X?ed 2.20 1.71 1.51

higher than that obtained by Fiirst et al. (2018), who report a
value of EWg, = 134 eV for their second NuSTAR observation,
whose luminosity is lower by a factor of ~8 compared to the
observation studied here. During our spectral analysis we further
tested models containing one and zero CRSFs. The residuals of
these models are shown in Fig. 3e and f, and their CRSF param-
eters are given in Table 2. Both the residuals and fit statistic of
the fit without CRSFs indicates that the model lacks a required
component in the range 30—50 keV. The model with one CRSF
contains a comparably narrow and shallow CRSF at 35 keV. The
residuals indicate the presence of a second possibly also narrow
CRSF at energies ~50keV. The inclusion of such a component
however changes the parameters of the lower CRSF in an unex-
pected way: its centroid energy is shifted by 3 keV toward higher
energies whilst nearly doubling in width and increasing sixfold
in strength, which implies an increase in optical depth by factor
4. With a width of 5.1 keV, the second CRSF is also wider than
expected from the residuals in Fig. 3, panel e. Investigation of
the parameter space shows that no statistically favorable set of
parameters that preserves the shallow and narrow nature of the
lower cyclotron line exists. While the two features show very
minor overlap at most, they nevertheless influence each other
indirectly via changes in the overall continuum shape, which can
lead to the observed unexpected change in CRSF parameters.

We further note that the fitted gain offsets are —32.2 eV and
—61.2eV for the two focal plane modules, which corresponds
to ~0.75 and ~1.5 NuSTAR energy bins, respectively. Grefen-
stette et al. (2022) quote expected gain offsets of ~40eV, which
indicates that the found offsets are within the expected range.
This is also consistent with Diez et al. (2023), who find an offset
between NuSTAR and XMM-Newton of —87 eV and Ballhausen
et al. (2020), who obtained gain offsets of —25eV and —67 eV for
the two NuSTAR FPMs, respectively. We therefore conclude that
the obtained gain offsets are within the expected range.

We stress that while the residuals alone are a sufficiently
strong argument for the inclusion of a second CRSF, we back up
our finding by use of statistical means. The improvement in y?
statistic by including a second CRSF with three additional free
parameters is found to be Ay?> = 100. We aim to show that the
statistic improvement found above stems from the correct model-
ing of an actual observed absorption feature and is not merely a
consequence of adding degrees of freedom to the fit model until
it describes the spectrum sufficiently well. We therefore simulate
spectra in order to show the statistical significance of the CRSF
detection.

We simulate 100 000 observations of GX 301-2 based on the
spectral model described in Eq. (4) with only CRSF1. The pa-

Article number, page 6 of 20

rameters are drawn from Gaussian distributions centered around
the best-fit value as given in the left-most column of Table 3 and
variance derived from the parameter uncertainty. We therefore
make use of our best-fit model but remove CRSF2 manually. Al-
ternatively, one could use the parameters of a model that contains
only one CRSF ab initio. The statistical results of the two ap-
proaches may differ slightly as the parameters of CRSF1 change
upon the inclusion of CRSF2. We argue however that the best de-
scription of the phase-averaged spectrum is obtained with CRSF1
as stated in the last column of Table 2, i.e., in a fit with both
CRSFs; we therefore base our statistical test on the best-fit includ-
ing both lines, where CRSF2 is removed manually. The spectra
are simulated based on Poisson statistics.

We fit both models with one and two CRSFs respectively to
the data. In the 100 000 simulated spectra and the corresponding
fit models, we find no simulation showing an improvement of
more than A/\/z = 100 in fit statistic upon the inclusion of CRSF2;
we therefore detect the second CRSF with a statistical significance
of > 99.999%.

Fiirst et al. (2018) carried out a similar test and found one
false positive out of 10 000 simulated and tested spectra, which
corresponds to a false positive rate of < 0.01%. It is noteworthy
that the statistical test of the 2020 NuSTAR observation shows a
much higher detection confidence, which is most likely due to
the fact that the observation at hand has a higher luminosity of
factor ~8.

We lastly comment on the present statistical test, which is
used both in this work as well as by Fiirst et al. (2018). We assume
that parameters are Gaussian-distributed, which is not necessarily
the case. Moreover, drawing parameters independently from each
other implies the assumption that they are uncorrelated, which is
generally not justified for such a phenomenological model. As
a result of this, we most likely sample a much larger parame-
ter space than intended, which also contains spectra which do
not agree with out best-fit model within uncertainty. Therefore,
our statistical test should be understood as a lower limit of the
significance of the presence of CRSF2 in the phase-averaged
spectrum.

Apart from the solution presented here with two CRSFs, an-
other solution with comparable fit statistic exists, in which ocrsi
exceeds 10 keV. Cyclotron lines are expected to be broadened by
a variety of causes: thermal motion of electrons and inhomogeni-
ties in the conditions of the line-forming region such as magnetic
field strength, plasma temperature and density. Lastly, the view-
ing angle on the accretion column is also expected to impact the
observed line shape in the phase-averaged spectrum (see, e.g.,
Schwarm 2017), which introduces a pulse-phase variability as the
viewing angle changes over the pulse period. All of the above can
lead to wider CRSF profiles and potentially complex line shapes.
Here, however, we argue that the “narrow-CRSF” solution for the
phase-averaged spectrum is more physically motivated for the
following reasons:

1. The wide CRSF removes ~5% of the total counts, whereas the
narrow CRSF in our best-fit model removes ~1%. Although
physically plausible cases of exceptionally influential CRSFs
have been found before (Nakajima et al. 2010; Malacaria et al.
2023), Staubert et al. (2019, Table A.5) show that CRSFs with
o > 10keV are more the exception than the rule. Furthermore,
the table shows that such wide CRSFs are predominantly
found for high-energy CRSFs with line energies Ecrsp =

50keV.
2. The residuals shown in Fig. 3f do not support the claim of

a cyclotron line width >10keV as the absorption feature at
~35keV is at most ~8 keV wide.
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Fig. 4. Ratios between spectra of the three time segments versus the spec-
trum of the whole observation. The dashed line indicates the behavior
expected in the case of no spectral change.

3. The existence of the solution with a broad CRSF parameters
can be explained by correlations between continuum and
CRSF parameters (see, e.g., Miiller et al. 2013), where the
CRSF models a part of the continuum and no longer describes
the absorption feature caused by cyclotron resonant scattering.

We therefore continue with the narrow-CRSF solution described
and shown above as the basis of physical interpretation of the
phase-averaged spectrum.

3.2. Time-segmented spectral analysis

The upper panel of Fig. 2 shows a significant temporal change
in the hardness ratio of the 4-10keV and 10-30keV bands. This
variation could be due to a change of the continuum shape, which
in turn could influence the modeling of the CRSFs. In order to
better understand the temporal variation of the spectrum that
precedes the pre-periastron flare and the change in absorption
during the flare, we divide the observation in three time segments
marked as X,Y and Z (TimeSegment X, TS Y, and TS Z). The
segmentation is carried out in consideration of changes in both
the hardness ratio and flux level of the source as indicated by the
vertical line in the upper and middle panel of Fig. 2. Alternatively
to such a temporal division, one can argue that a division only
with regard to hardness ratio is more appropriate, but such an ap-
proach lacks the ability to gain an understanding of the interesting
temporal evolution of the source at the onset of the pre-periastron
flare. Time segment Z coincides with the flaring event, where the
source reaches its peak luminosity (see, e.g., Kreykenbohm et al.
2004, their Fig. 1, or the lower panel of Fig. 2).

In order to identify potential changes in the spectral compo-
nents between the three time segments, we start by inspecting
the ratio between the time segment spectra and that of the whole
observation, which are shown in Fig. 4. Deviations from a hor-
izontal line indicate possible spectral changes during the time
segment with respect to the full observation. Most notably, the
three ratios do not match in shape or trend over the whole spectral
range. Above 10keV, especially TS X and TS Y show signif-
icant curvatures of concave and convex nature with respect to

4 [-Time'Seq. VP/d.of = 445437 = 1.02

L

i

IFPI\/IB

4 _—Time' Seﬂ Y i
> E il
- : Wu W‘|

4

| |
- 588/44§ =1.32

;; ZTir}ne'Seg. |z !
- *"Wlinl

]
5 8 20 30 50 80
Energy [keV]

Fig. 5. Residuals of best-fits to time-segmented spectra.

the expected horizontal line, respectively. The most profound
differences however are present in the energy band up to 10 keV,
most notably around the prominent iron line at 6.4 keV. This be-
havior is a potential indicator of a change in absorption during
the observation.

To assess the spectral changes among the time-segmented
spectra which are indicated by the ratios shown in Fig. 4, we
apply the continuum model (Eq. 4) to the individual spectra
extracted for the three time segments. The y residuals of the fits
are shown in Fig. 5, the fit parameters are given in Table 3.

Apart from few outliers at ~6 keV the residuals of the fits to
the time-segmented spectra show no systematic deviation from
the data. We find that the absorption model parameters change
during TS Y as Ny ; increases by a factor of 1.7 whilst Ny, de-
creases by 25%. The partial covering fraction decreases over the
whole observation from 0.64 to 0.46. The continuum parameters
such as photon index, cutoff and folding energy also differ be-
tween the time segments, which is expected due to the observed
curvatures in Fig. 4. The blackbody temperature increases grad-
ually over the observation. For TS X and TS Y, the upper limit
of its contribution to the spectrum cannot be constrained; for
TS Y we find a relative norm that exceeds the value obtained
for the whole observation by a factor of ~60, which most likely
massively overestimates the actual contribution of the blackbody
component, as we expect its relative contribution with respect to
the continuum to be well below a factor of 10. The contribution
of both iron lines increases over the duration of the observation,
the normalization of the Gaussian soft component increases from
TS X to TS Y and remains constant within uncertainty from TS Y
to TS Z.

We now turn to the parameters in the focus of this study,
those of the CRSFs. The line energy of the lower line remains
constant within uncertainty intervals and is consistent with the
value determined for the whole observation in all time segments.
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The line widths and strengths during TS X and TS Z are in
agreement with those width obtained for the whole observation,
for TS Y the width increases to 10keV and its strength increases
to 14keV. For CRSF2, we also find that the line energies are
consistent with the ones obtained in Sect. 3.1. Both the width and
strengths found in the time-segmented spectra are also consistent
with the WOF. We note that due to the reduced number of counts
in the segmented spectra the CRSF parameters are generally less
well-constrained as in the fit of the whole observation.

In conclusion, we find that both the continuum shape and
absorption are variable on the timescales of the observation. The
cyclotron line parameters however vary only negligibly and are
mostly consistent with the WOF values as shown by the above
time-segmented analysis. The above claim is also supported by a
preliminary analysis of the whole observation in the hard X-ray
band from 10-79 keV, which poses the advantage of being mostly
unaffected by changes in absorption; it further confirms that the
excess below 4keV in Fig. 3b does not affect the analysis of
the cyclotron lines. We therefore conclude that it is justified to
conduct the subsequent phase-resolved analysis for the whole
observation together instead of a time-segmented manner as in
Sect. 3.2.

4. Phase-resolved spectroscopy

After analyzing the phase-averaged spectrum of GX 301-2, we
now turn to the analysis of the phase-resolved spectrum. Using
epoch folding (see, e.g., Leahy et al. 1983), we determine the
pulse period of the neutron star to be P = 671.62 + 0.05 s based
on NuSTAR light curves with 1 s binning. We show both the pulse
profile for different energy bands as well as the hardness ratio in
Fig. 6. The pulse profile shows two peaks. We define the phase
zero as the minimum between the main and weaker pulse. The
main peak is at a phase of ¢ ~ 0.6-0.9 and a weaker peak at
¢ ~ 0.1-0.3. A similar pulse profile structure was also obtained
by Alonso-Herndndez et al. (2022, their Fig. 3), who analyzed
the 0.5-78 keV pulse profile of GX 301-2.

To further illustrate GX 301-2’s behavior over pulse-phase,
we show a phase energy map, where count rates are shown as
a function of both pulse-phase and energy, in Fig. 7. The peak
at ¢ ~ 0.2 is most prominent at energies exceeding 10 keV and
less pronounced at energies below ~6keV. The main peak at
¢ ~ 0.7, on the other hand, is also present in the soft X-ray band.
Both peaks show a splitting into two components towards lower
energies. At energies above 35keV a phase shift of the peaks
is present. To further investigate the pulsations and especially
whether the Fe Ka shows weaker pulsations than other soft com-
ponents, we show the pulsed fraction as a function of energy in
Fig. 8. It is evident that the pulsed fraction is highly variable
with energy. In the 3.5-20 keV range it shows a slight decrease
from 0.4 to 0.3. Towards higher energies the pulsed fraction in-
creases significantly up to 0.9 at 50 keV. Most notably, the Fe Ka
line shows far weaker pulsations than other soft components as
the pulsed fraction decreases from 0.4 to ~0.1 at the energy of
the iron emission line. Such a behavior was previously reported
by Fiirst et al. (2011, Fig. 7 therein) based on a XMM-Newton
observation of GX 301-2 during the pre-periastron flare.

The main focus of our phase-resolved analysis is to assess the
presence of the two cyclotron lines and if present determine their
pulse-phase variability. For this purpose, we fit our model as in
Eq. (4) to eight phase bins that are extracted from the data of the
whole observation.

We choose the phase bins by considering both the pulse pro-
file and hardness ratios, where we aim to divide bins wherever
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significant changes in either quantity are present, as marked in
Fig. 6 with vertical dashed lines. The phase-resolved background
spectra contain very few counts due to their respective short expo-
sure times. As the background is not expected to vary with pulse
phase, we use the phase-averaged background spectra also for the
phase-resolved analysis to improve statistics. We freeze parame-
ters which are not expected to vary with pulse-phase and showed
little to no phase-dependence in a preliminary analysis. They
include the detector constant, gain shift, blackbody temperature,
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Table 3. Fit parameters of most relevant fits to the phase-averaged spectrum. We show the parameters of the fit to the whole observation and the

three time segments.

Parameter WOF TS X TSY TS Z
Ny [102 cm™2] 300+ 1.3 24.8%18 41+4 25.8%39
Nirz [10%* em™] 2.94+028 2.59+030 1931032 2.69+022
ot 051473028 06400 0543790 04670
Fy[keV s~ em™2]¢ 11.7£0.6 7.0%03 106709 16.805
r 0.28*912 0.94+00% 0.35+£0.09 0.59*313
Ego [keV] 6.50*920 7.0193 6.1704 6.39103%
Ecuofr [keV] 14233 2224007 20.173 16.8*11
Nigp 119030 §+%3 67+34 17413
Tpp [keV] 0.439*9028 0.25+004 0.264+0022 0.341+9:0%
Afeko [107 phs™h cm™] 9.78 £0.12 6.2*0 10.32 £ 0.19 12404
Arexp [107 phs™ em™] 0.84 +0.10 0.62+0:17 0.96 = 0.14 1.41+920
Asg [1073 phs™' cm™2] 8.0*19 2.0%0 6.4*07 5.89)9
Egg [keV] 6.289 + 0.021 6.16*19 6.310 £ 0.027 6.28700°
osg [keV] 0.6109 0.23+920 0.51+903 0.42+913
dcrsri [keV] 5.5124 5.21249 14417 5.833
s [keV] 5.1+10 3,613 5.0+ 4919
dcrsra [keV] 77453 5258 6.9*5; 6+
CrpMB 1.0035 £0.0011  1.0006 + 0.0023  1.0030 = 0.0020  1.0036 + 0.0017
greva [eV] ~322+20 ~1878, ~32.1+29 -28'7
grevs [eV] -61.2+2.0 -48+8, -59.1+2.9 -59*1
Ly 2837913 L6971 25577 406703
x*/d.of. 720/477 445/437 588/445 494/451
X 1.51 1.02 1.32 1.10

@ Unabsorbed flux of the continuum and blackbody in the energy range of 5-50 keV.
(®) Relative norm of the blackbody component with respect to the powerlaw component.

© Luminosity in units of 10*’erg s™! in the energy range of 5-50keV and observer’s frame.
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Fig. 8. Pulsed fraction as a function of energy. We define the pulsed
fraction as (Nmax = Nmin)/ (NVmax + Nmin), Where Npax/min are the maximum
and minimum rates of the pulse profile in a given energy bin.

Gaussian emission lines and the Gaussian soft emission compo-

nent. We show the phase dependencies of all free parameters in
Fig. 9 and the residuals of the fits in Fig. 10.

We find that CRSF1 is present in all eight phase bins, as resid-
uals of fits excluding it show deviations from the model around
35keV. For the higher CRSF, the picture is not as clear. At its
high energy, background events and the low count rate compli-
cate the investigation of its presence. In order to nevertheless
judge the presence of CRSF2 reliably multiple criteria have to be

considered:

1. Do the residuals indicate a missing model component between

45-60keV? (see Table 4, second column)
2. Can the fitted energy, width and strength of CRSF2 be con-

strained within reason?? If not, does a fit with Ecgsp, and
o crsrz as in the phase-averaged analysis in Sect. 3.1 and free
dcrsr provide a good description of the data? (see Table 4,

third column)

3. Does a statistical test support the detection claim of CRSF2
with at least 30~ confidence? (see Table 4, fourth through

seventh column)

2 Ecrsrr between 45-60keV, ocrsr between 0—12keV and derses

between 0-50 keV.
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Fig. 9. Phase dependencies of all free parameters in the phase-averaged analysis. Red: Phase-averaged parameter values. Gray: Normalized pulse
profile. Arrows indicate where uncertainty intervals hit their predefined range limits.

We note that in other publications the absence of a CRSF
is often statistically substantiated by showing that the strength
of the fitted CRSF is consistent with zero (see, e.g., Konig et al.
2020). This approach is however not feasible in this case due
to the low signal-to-noise ratio at energies exceeding ~50keV:
even if no CRSF is present, the included gabs component models
either part of the continuum and cutoff or narrow continuum
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troughs of stochastic nature. In either case, the fitted strength is
not consistent with zero. However, in those cases the improvement
in y? is sufficiently small to utilize the same statistical test as used
for the phase-averaged analysis in Sect. 3.1.

We employ the above described strategy for each phase bin
and summarize our findings in Table 4. Based on our established
criteria, we detect CRSF2 with at least 30 significance in phase
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Fig. 10. y residuals of fits to the phase-resolved spectra. Color-coding of
NuSTAR focal plane modules as in above figures.

bins 1, 2 and 4. We stress that the non-detection in the other phase
bins can either be due to the abscence of the spectral feature
during those time or insufficient count rates to detect the spectral
feature. We therefore only claim the detection of CRSF2 in phase
bins 1,2 and 4, but not that CRSF2 is absent in the other phase
bins.

Both absorption column densities show little variation with
pulse-phase and are evenly distributed around the value obtained
in the phase-averaged analysis. The partial covering fraction
traces the pulse profile. The blackbody component is also vari-
able over the pulse-phase and decreases with pulse-phase apart
from two outliers in phase bins 1 and 3. Apart from one out-
lier in phase bin 4, the folding energy is consistently below the
phase-averaged value and is variable in the range 5.5-6.5 keV.
To investigate why the phase-resolved values are not evenly dis-
tributed around the phase-averaged value we remind that the
continuum and CRSF1 parameters in Sect. 3.1 changed signifi-
cantly upon the inclusion of CRSF2. In a fit of the phase-averaged
spectrum with only CRSF1 present, we find a folding energy of
5. 812”’8 8‘2‘3 keV; we find that the phase-resolved values for Eg,q
are distributed evenly around it. The cutoff energy is consistently
above the phase-averaged value and varies with pulse-phase, for
which a similar argument as for the folding energy can be made.
Its lower confidence limit cannot be constrained in phase bin
4, which is most likely the result of an interplay with CRSF2,
whose strength is significantly overestimated in this phase bin
and also cannot be fully constrained. The powerlaw flux varies
with pulse-phase as expected; the photon index I also shows sig-

nificant pulse-phase variability. For CRSF1 we find that the line
energy is generally lower than that found in the phase-averaged
analysis and increases from ~32keV to ~41keV from phases
0.4-1.0. The width of CRSFI is lower than the value obtained
in the phase-averaged analysis and is consistent with a value of
~4keV. The strength is also notably weaker; the line appears
to be shallow, but continuously detectable. For CRSF2, the line
energy increases over the three phase bins during which it was
detected. The widths scatter around the value determined in the
phase-averaged analysis. The strength in phase bins 1 and 2 is
consistent with the phase-averaged value, in phase bin 4 however
its upper limit cannot be constrained and the parameter value it-
self most likely significantly overestimates its actual contribution
due to correlations with the continuum parameters, in particular
the cutoff and folding energies.

In summary, whilst CRSF1 is detectable over the whole pulse
period, CRSF2 can only be detected with high statistical signifi-
cance during a fraction of the pulse period.

5. Discussion

In the discussion of our findings we focus on the properties of
the detected cyclotron lines. In Sect. 5.1, we discuss the phase-
variability of the cyclotron lines. In Sect. 5.2 we discuss the rela-
tion between the two cyclotron lines and their potential indepen-
dence from each other. In Sect. 5.3 we interpret our findings from
a physical point of view and propose scenarios for the formation
of both lines. In Sect. 5.4 we discuss the luminosity-dependence
of both CRSFs. In Sect. 5.5 we discuss an alternative interpre-
tation of the hard X-ray spectrum of GX 301-2 by considering
emission wings of cyclotron lines.

5.1. Phase-variability of the CRSFs

In this section we aim to compare the phase-dependencies of the
cyclotron line energies we observed with those obtained by Fiirst
et al. (2018). We show the cyclotron line energies as a function
of pulse-phase for both this work as well as Fiirst et al. (2018) in
Fig. 11.

For the lower line we find that our obtained values are in very
good agreement with those obtained for the previous observation.
For the higher line, we find that our obtained values for phase
bins 1 and 2 are in good agreement whereas the value for phase
bin 4 is a few keV higher in comparison.

In order to further assess the pulse-phase-dependency of the
newly discovered line it is desirable to determine its dependency
at different orbital phases. Ding et al. (2021) conducted an or-
bital phase-resolved analysis using Insight-HXMT and detected
both cyclotron lines at different orbital phases. Furthermore, the
low count rates at energies of 50keV and higher significantly
impede both the analysis of the higher cyclotron line and its fit-
ting using commonly used algorithms. Observations with longer
exposure time and more sensitive X-ray observatories can solve
this problem to some extent.

5.2. Harmonicity of the CRSFs

We discuss the possibility of a harmonic relation between the
two CRSFs, in order to discern their relative dependance. Other
HMXBs such as 4U 0115+63 (see, e.g., Heindl et al. 1999; Fer-
rigno et al. 2009) and V0332+53 (Tsygankov et al. 2006) are
known to exhibit multiple harmonics of a CRSF in their X-ray
spectra, with the harmonic lines exhibiting nearly integer mul-
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Table 4. Summary of search for CRSF2 in the phase-resolved spectra.

Phase Bin  Residuals indicate CRSF2¥  E, o constrained” Ay?>¢  Ngp? CE)"Z 1]idenc[<;] Final evaluation?
0 N N 6 15013 84987 140 N
1 N Y 27 38 99962 3.50 Y
2 Y Y 50 5 99.995 4.00 Y
3 N N 3 50986 49.014 0.60 N
4 Y Y 40 12 99988 3.80 Y
5 N Y 7 17212 82788 130 N
6 N N 3 35919 64.081 090 N
7 N Y 8 4161 95.839 2.00 N

@ Indicator whether the residuals of a fit which excludes CRSF2 indicate a missing model component at 50 ke V.

(®) Can the energy, width and strength of CRSF2 be constrained in a spectral fit?

(© Improvement in statistic upon inclusion of CRSF2 in the spectral model.

@ Number of false positives out of 100 000 simulated spectra where Ay? exceeds the corresponding value upon inclusion of CRSF2.
© Final evaluation whether CRSF2 is detected in the corresponding phase bin.
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Fig. 11. Phase-dependencies of both cyclotron lines as determined in
this work (blue circles) and by Fiirst et al. (2018, black squares). We also
show our phase-averaged values in red.

tiples of the fundamental line energy. Some anharmonicity of
the lines is expected from relativistic theory, as given by the
resonance condition (see, e.g., Eq. 1 of Araya & Harding 1999)

_ N1+2n(B/B)sin -1
= ) meC,
sin“ @

hw, ()

where n is the number of a cyclotron harmonic (n = 1 corresponds
to the fundamental, which is considered the first harmonic), B, =~
4.413 x 103 G s the critical field given by the Schwinger limit, 6
is the viewing angle with respect to the magnetic field axis, and
mec? is the electron rest energy. For the smaller magnetic fields
discussed here, with B/B. ~ 0.1, the ratio between the second
harmonic and the fundamental resonance energy is expected to
be between 1.9-2.0, regardless of observer inclination.

Here, we find a ratio between the line energies of ~1.4, mak-
ing a harmonic relation with CRSF1 as the fundamental line
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unlikely. We nevertheless discuss a scenario where both lines are
harmonically related, as follows.

The two observed lines could be higher harmonics of a funda-
mental line at ~17 keV, whose second and third harmonic lines
would be at 34 keV and 51 keV, respectively. In this case, a ratio
of ~1.4 is expected between %ws and fiw; (see Eq. 5). However,
in the many analyses of the X-ray spectrum of GX 301-2, such a
CRSF has never been found. This is corroborated by our analysis,
as the residuals displayed in Fig. 3b do not indicate that the de-
scription of the data between 15-20keV lacks a required model
component. The non-detection of a CRSF at 17 keV could how-
ever be attributed to photon spawning, which would lead to a less
pronounced fundamental line. Excitation of electrons to higher
Landau levels, n > 2, most likely leads to radiative decay to the
closest lower level, n — 1. The energy of the emitted “spawned”
photon is equal to the energy difference between the Landau lev-
els. This leads to an excess of photons near the fundamental line
energy (see, e.g., Schwarm et al. 2017a,b), which could poten-
tially fill up the otherwise observable apparent absorption feature
or even lead to an excess at this energy. Given both NuSTAR’s
energy resolution of 400 eV below ~40 keV (Harrison et al. 2013,
their Fig. 8) as well as the high luminosity of the observation, we
expect that even if photon spawning plays a significant role in
the filling of the fundamental line, there should be a detectable
shallow absorption or weak emission feature at the fundamental
line energy, as it is highly unlikely that the process of photon
spawning exactly compensates the absorption feature *. No such
features were detected in this observation, or have been reported
previously. In addition, this scenario is inconsistent with sources
like 4U 0115+63, and V0332+52, where photon spawning pro-
vides such an insignificant contribution that the clear classical
ratio of harmonics is preserved to a high degree, together with
a prominent fundamental line in the spectra (see, e.g., Ferrigno
et al. 2009). This is made even more puzzling by the lower mag-
netic field of these sources which is expected to lead to higher
efficiency of this process.

It is noteworthy that multiple anharmonic CRSFs have already
been claimed at least once before the year 2018 for GX 301-2:
Orlandini et al. (2000) found that the BeppoSAX spectrum of
GX 301-2 requires two presumably independent CRSFs. They
find time-variable line energies around 20-25 keV and 45-55 keV

3 Photon spawning could potentially modify the shape of the funda-
mental line, which would displace its centroid energy, however simula-
tions show that this effect is not pronounced (see Schonherr et al. 2007;
Schwarm et al. 2017a).
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(Orlandini et al. 2000, their Fig. 1), where the temporal variability
occurs on the order of tens of days, which is most likely related
to the orbital cycle of the NS and the consequent change in mass
accretion rate. Their higher line can be identified as the 50 keV
line discovered by First et al. (2018). However, Orlandini &
Fiume (2001) later list the parameters of the higher CRSF as
Ecrsr = 49.5 £ 1.0keV and ocrsg = 17.9 + 2.5keV, where at
least the latter parameter raises concerns on whether an actual
cyclotron resonance scattering feature was detected. Such wide
CRSFs have not been observed in GX 301-2 with NuSTAR ob-
servations and it is rather unlikely that the Doppler-broadened
absorption feature would be so wide. To further illustrate this,
we refer to Meszaros & Nagel (1985, their Eq. 1), who give an
angle-dependent formula for the width of CRSFs, which can be
expressed as

E [ kT,
OCRSF = 2.55keV - 30C1(R§€7 . lkeeV -cosé (6)

where k is the Boltzmann constant, T, the plasma temperature,
and 6 the observer’s inclination to the magnetic field axis. One
can see that the width stated by Orlandini & Fiume (2001) would
require a plasma temperature of at least ~18 keV, which signifi-
cantly exceeds the theoretically expected plasma temperature of
~5keV (see, e.g., Becker & Wolff 2007) as well as experimental
findings such as ~4-10keV for A 0535+262 (see Ballhausen et al.
2017). Moreover, for most sources exhibiting electron cyclotron
lines the width of the features are well below ~12 keV (see, e.g.
Staubert et al. 2019, Table A.5). The preliminary analysis of a
more recent NuSTAR observation of GX 301-2 (McCulloch et
al., in prep.) shows that both CRSFs are present in the spectrum
at energies consistent with values stated by Fiirst et al. (2018).

We further note that consequent anharmonically-spaced cy-
clotron lines have been observed in the spectra of other accreting
X-ray pulsars and have nonetheless been interpreted as harmon-
ics. For example, a second cyclotron line was observed in the
spectra of Cep X-4, where a known fundamental line at ~30keV
(Mihara et al. 1991) was supplemented by a harmonic at ~45 keV
(from a Suzaku observation of the 2014 outburst, see Jaisawal
& Naik 2015) and ~55keV (from a NuSTAR observation of the
same outburst, see Vybornov et al. 2017). Similarly, in Cen X-3,
a second harmonic at ~47keV was recently claimed by Yang
et al. (2023) from an Insight-HXMT observation, in addition to a
previously discovered line at ~28 keV (Audley 1997; Santangelo
et al. 1998). A fundamental and a second harmonic were found
at ~44keV and ~73keV in the spectrum of MAXI J1409-619
(Orlandini et al. 2012).

Jaisawal & Naik (2015) invoked a possible theoretical expla-
nation for the non-harmonic ratio of cyclotron lines observed in
Cep X-4. Nishimura (2005) and Schonherr et al. (2007) showed
that if the magnetic field strength varies within the line-forming
region, the ratio of subsequent harmonics deviates from 1.9, and
instead, the ratio increases for magnetic fields that decrease with
the height of the line-forming region and vice versa (see also Ku-
mar et al. 2022). According to Schonherr et al. (2007), spawned
photons play a major role in this process, providing more efficient
filling of the fundamental line.

Cyclotron line energies have been found to vary both with
time and luminosity. For Vela X-1, Fiirst et al. (2014) find a
positive correlation of the second harmonic line whilst the funda-
mental line shows a negative correlation for luminosities below
~7-10% ergs~!, followed by a flattening up to ~10%” erg s~!. This
implies that there is a direct proportionality between line energy
ratios and luminosity, and therefore that the ratios of cyclotron

Table 5. Ratio of cyclotron line energies in recent publications on
GX301-2.

Reference Gorb Y Ratio
This work 097 1.38+0.07
Ding et al. (2021) 009  1.68%12
Nabizadeh etal. 2019) 093  1.501+0032
Fiirst et al. (2018)% 0.67 1.46+0.13
Fiirst et al. (2018) 087 1441011

@ Orbital phase, which is calculated in the same manner as
described in the caption of Fig. 1.

® Fiirst et al. (2018) analyze two NuSTAR observations, hence
the two separate table entries.

line energies are also not necessarily constant over time. More
recently, Diez et al. (2022) also report variability in the cyclotron
line energies of both the first and second harmonic, but could
not confirm an overall positive correlation of the cyclotron en-
ergies with luminosity. On the other hand, Liu et al. (2022) find
a positive luminosity correlation for the fundamental line using
Insight-HXMT observations, whilst the second harmonic appears
to be uncorrelated with luminosity. Based on 11 observations
taken over 1.5 years, they report a decrease in the line energy
ratio from ~2.0 to ~1.7.

Despite the discrepancies, the aforementioned studies all
agree on varying line energy ratios over time, furthermore provid-
ing a range of w,/w;~1.5-1.7. Although this is slightly higher
than our obtained line energy ratio of ~1.4, they are significantly
lower than the ~1.9 expected from simple theoretical consider-
ations. We display the ratio between the cyclotron line energies
Ecrsr2/Ecrsp1 of GX 301-2 as stated in recent publications in
Table 5. It is evident that our line energy ratio is the lowest to
date, while the other reported values lie within the range observed
in other sources. Our obtained value is in agreement with the two
line energy ratios reported by Fiirst et al. (2018) within uncer-
tainties. As indicated by the examples from literature above, a
non-integer line energy ratio alone is no convincing argument that
two cyclotron lines are not harmonically related. Below, we there-
fore discuss possible physical scenarios for both the harmonic
and anharmonic case.

5.3. Line-forming regions and physical interpretations

In consideration of the results of the phase-averaged analysis in
Sect. 3, most notably the non-integer line energy ratio, and the
phase-resolved analysis in Sect. 4, which showed that CRSF2
is only detectable during a fraction of the pulse phase, we here
discuss possible formation scenarios for the two CRSFs in both
the harmonic and anharmonic case. We further debate multiple
physical scenarios which could result in this behavior.

Since CRSFs serve as probes for the magnetic field strength
of the NS, the presence of two cyclotron lines in GX 301-2’s
spectrum implies that if independently formed, they must form
in regions with different magnetic field strengths. From Staubert
etal. (2019), Eq. 1 therein, we can estimate the field strengths to
be B; ~ 4.2 x 102G, and B, ~ 5.8 x 10!2 G, in the correspond-
ing line-forming regions. In the following, we briefly discuss
possible explanations for the observed CRSFs and where they
are formed. First, we revisit Fiirst et al. (2018)’s interpretation
that the high-energy line is formed at the NS surface whereas the
lower line is formed at a height of ~1.5 km. Fiirst et al. argue that
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no phase-variability is expected for CRSF2 in this case, which is
corroborated by their analysis. However, we would like to note
that due to the strong dependence of the cyclotron resonance
profile with respect to the angle between observer inclination
and the magnetic field axis features formed at the surface of the
NS are still expected to show significant phase-variability (see,
e.g. Schwarm et al. 2017a, Fig. 5). Our analysis instead shows
CRSF1 present during all pulse phases and CRSF2 only present in
phase bins 1, 2 and 4. However, this discrepancy can be resolved,
given the following geometry: the orientation of the accretion
column could be such that its bottom is obstructed for phases 0
and 5-8 (neglecting phase bin 3), resulting in the non-detection of
CRSF?2 there. CRSF1 however is expected to form at an altitude
of 1.5 km above the surface and can either be observed directly
without obstruction by the neutron star or aided by relativistic
light bending around the neutron star (see, e.g., Falkner 2018).
In conclusion, there indeed exists a scenario where two inde-
pendently formed cyclotron lines could have formed within the
same accretion column, and be in agreement with the observed
pulse-phase variability.

Further, we consider the possibility that the two lines form
within different accretion columns situated at the magnetic poles
of the NS. In this picture, the observed phenomenon can be un-
derstood based on arguments related to the system geometry or
magnetic field structure. For pulsars, we expect that the position
of the accretion columns does not coincide with the rotational
axis of the NS and are separated by an offset angle y. For such
inclined rotators, the magnetospheric radius decreases with in-
creasing offset angle (Bozzo et al. 2018). This could result in
different mass-accretion rates onto the poles of the NS. In this
case, the CRSFs may form at different heights within the two
columns. In such a scenario, these two independently formed
CRSFs can be observed as anharmonic lines with differing pulse-
phase variability.

Similarly, even with symmetric mass accretion rates an expla-
nation for the observed cyclotron line behaviour can be found:
magnetic field structures can be more complex than the often
assumed ideal dipole field, e.g., a distorted dipole field, which
has been invoked to explain asymmetric pulse profiles as shown
in Fig. 6 (Kraus et al. 1995). If present, such an asymmetric
magnetic field would naturally lead to differing magnetic field
strengths in line-forming regions within the accretion columns,
which subsequently leads to the formation of CRSFs with dif-
fering centroid energies. Jaisawal & Naik (2015) suggest that a
significant phase shift in CRSF parameters is expected in this
case.

A distorted dipole field has already been invoked for other
systems. For example, Liu et al. (2020) detected two funda-
mental CRSFs at 12keV and 16keV in the X-ray spectrum of
4U 0115+63, and based on the phase-variability of the line equiv-
alent widths, argued that the lines each form in different accretion
columns, in regions with magnetic field strengths of ~1.1x 102G
and ~1.4 x 10" G. The small difference in line energy makes it
difficult to disentangle the higher harmonics of each fundamental
line Liu et al. (2020, Sect. 4.1).

The results of our analyses of GX 301-2 presented here can
be explained by any of the aforementioned scenarios and further
research is required to definitively determine whether the two
cyclotron lines form within the same accretion column and if so,
whether they are harmonically related.
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5.4. Cyclotron line energies in historic context

Since the first claim of a cyclotron line in the spectrum of
GX301-2 by Mihara (1995) nearly 30 years ago, many sub-
sequent analyses reported cyclotron lines at energies in the range
30-55keV. In this section we collate many CRSF energy values
for GX 301-2 from literature and investigate possible explana-
tions for the differing values in the literature. We further aim to
determine whether a possible luminosity-correlation of the CRSF
line energy can account for them. Many cyclotron line sources
are known to show such a correlation (see, e.g., Staubert et al.
2019). For GX 301-2 such a dependency was suggested by La
Barbera et al. (2005).

As the luminosity and flux estimates stated in relevant pub-
lications naturally depend on the spectral model used and the
energy range of the instrument, we resort to different means to
estimate the source brightness. Both the Swift/BAT (Krimm et al.
2013) and the RXTE ASM (Levine et al. 1996) observatories have
been monitoring GX 301—-2 almost daily for more than 25 years
(for an extensive analysis of the ASM light curve of GX301-2
see Leahy 2002). A method to allow comparison between the
observed count rates from the two observatories is given in Ap-
pendix A. We take the Swift/BAT count rate as a rough luminosity
estimate and consider the variation of CRSF energy with respect
to it. One caveat of this method is the strong assumption that the
source spectrum remains constant over time, which is generally
not justified. We note however that Staubert et al. (2014, 2016)
employ the same method in their analysis of the long-term decay
of the cyclotron line energy in Her X-1. We show the obtained
data points in Fig. 12.

Fig. 12 shows that no simple luminosity-correlation can be
inferred. Moreover, we note that CRSFs have been found both
within the known ranges of 30—40keV and 50-55keV as well
as between the two intervals, where we note that CRSF energies
are generally less well constrained. Furthermore, it appears that
observations with NuSTAR and Insight-HXMT can constrain
the CRSF line energy much better compared to observations
with other instruments. Our analysis above showed correlations
between CRSF and continuum parameters which raises doubts
whether all data points shown in Fig. 12 correctly model an
absorption component interpreted as a cyclotron line. Therefore,
we only consider CRSF values that fulfill the following criteria:

1. The ratio between uncertainty in line energy and line energy

AEcrsr/Ecrsy must be at most 20%.
2. The width of the CRSF must be reasonably small. We estimate

an upper limit of the CRSF width by using Eq. (6) for 6 =
0, Ecrsr as stated in the literature and k7T, = 6.50keV as
obtained in Sect. 3.1 for the folding energy, which serves as
a rough estimate of the plasma temperature. We discard all
CRSF values whose width exceeds this value by more than
20%.

The CRSF values that meet the criteria are shown in Fig. 12 as
opaque data points with solid error bars, while values not meeting
the criteria are shown as semi-transparent data points with dashed
error bars. Our classification mostly removes CRSF values that
are between the two well-known “bands”. A clear correlation
with luminosity in terms of BAT count rate can however still not
be inferred from our collected and filtered data points.

5.5. Models including cyclotron line emission wings

In the above sections, we discussed spectral models utilizing
two cyclotron line components. There are however physical mod-
els that can potentially explain the observed X-ray spectrum of
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Fig. 12. Cyclotron line energy as a function of Swift/BAT count rate.
For the data points from this work we use the CRSF line energies as
obtained from the phase-averaged analysis in Sect. 3.1. Where required,
the ASM count rate was converted as Swift/BAT count rate as described
in Appendix A. The uncertainties are given on a 90% level. The semi-
transparent data points with dashed error bars do not satisfy the criteria
described in Sect. 5.4, as they are either too wide or the line energy is
too poorly constrained. The two gray areas represent regions where we
find the cyclotron line energies to be believable. Data are from Ding et al.
(2021), Nabizadeh et al. (2019), Fiirst et al. (2018), Suchy et al. (2012),
Doroshenko et al. (2010), La Barbera et al. (2005), Coburn et al. (2002),
and Orlandini & Fiume (2001).

GX 301-2 using only one such feature. Schonherr et al. (2007)
studied cyclotron line shapes in detail and state that CRSFs often
exhibit emission wings. If emission wings are present in the spec-
trum, the neglect to model them can lead to wavy residuals, from
which additional cyclotron lines could erroneously be identified.
Recently, it was shown that for low mass-accretion rates, emis-
sion wings of a cyclotron line formed by resonant redistribution
in the hot NS atmosphere can significantly modify a wide range
of the X-ray continuum (Sokolova-Lapa et al. 2021; Mushtukov
et al. 2021). This process has likely led to erroneous interpreta-
tion of a dip in the spectrum of Be X-ray binary X Persei as a
cyclotron line (Coburn et al. 2001). Similar dips were shown to be
present at intermediate energies in low-luminosity observations
of GX 304-1 (Tsygankov et al. 2019b) and A 0535+262 (Tsy-
gankov et al. 2019a), for which cyclotron lines are well-known at
higher energies (see, e.g., Malacaria et al. 2015; Ballhausen et al.
2017). At higher mass-accretion rates, relevant for GX 301-2,
the formation of emission wings likely has less dramatic mani-
festation, but redistribution during Compton scattering in a warm
plasma should still contribute to their formation (Schonherr et al.
2007; Schwarm et al. 2017a). A similar nature can be attributed
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Fig. 13. Spectral fits of models including either the 35 keV cyclotron line
with blue emission wing or the 50 keV cyclotron line with red emission
wing. Top panel: 10-79keV NuSTAR data and models. Lower panels:
residuals of the shown models.

to the high-energy hump below the cyclotron line in the spectra of
A 0535+262 (Ballhausen et al. 2017). In addition, it was recently
shown by Loudas et al. (2024) that pronounced blue wings of
cyclotron lines can be formed by bulk Comptonization in the
radiative shock.

Here, we investigate the two possibilities that the complex
structure of the continuum of GX301-2 is created by either
the 35 keV cyclotron line with a blue emission wing situated at
~40keV or the 50 keV CRSF with a red emission wing also at
~40keV. We therefore fit a model of the form

f(E) =detconst X PCF(E) X gabs(E)x

(powerlaw(E) X FDcut(E) + egauss(E)) 7
to the 10-79 keV spectrum of GX 301-2. The parameters of the
partial covering absorption component are set to those determined
in Sect. 3.1. The spectra along with residuals are shown in Fig. 13,
the fit parameters given in Table 6.

For the model of the 35keV CRSF, the gabs component
naturally describes the CRSF and the egauss component its blue
wing. The centroid energy of the blue emission wing cannot
be constrained, we therefore tie it to the CRSF parameters via
Ewing = Ecrsr + ocrse- The second column of Table 6 shows
that the area of the blue wing is consistent with zero and its width
is unexpectedly small. Along with the fact that the residuals
(Fig. 13, middle panel) still show a significant dip at 50keV, we
conclude that this model cannot describe the X-ray continuum of
GX301-2 satisfactorily.

The model including the 50keV CRSF and its red wing on
the other hand provides a better description of the data: it can con-
strain both emission wing and CRSF parameters and the residuals
show no significant deviations from the data; we especially stress
that no dip at 35 keV, the energy of the prominent cyclotron line
of GX 301-2, is evident. Also in terms of the statistical evaluation
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Table 6. Best-fit parameters of fits shown in Fig. 13. Parameters without
uncertainties denote fixed parameters.

Parameter Blue Wing Fit Red Wing Fit
Kp.9 0.213+£0.010  0.179 +0.020
r 0.441 +0.023 0.29+0:07
Efolq [keV] 5.862+0.021 7.0*97
Ecuorr [keV] 16.99 +0.22 14.2+26
Awing [phs™Tem™]  (571) x 10 (3.741%) x 1073
Eing [keV] 38.23 40.6 + 0.6
O wing [keV] 0.4134 3.9107
Ecrsr [keV] 34.6%09 48.8%39
ocrsr [keV] 3.6708 12741
dcrsr [keV] 0.83*03 3647
Crpums 0.9989 +0.0015  0.9988 + 0.0015
x*/d.odf. 567/409 457/408
Xy 1.39 1.12

@ Normalization constant of powerlaw component.

of goodness of fit it provides an acceptable result. The strength of
the CRSF of 36 keV is larger than found in the analyses in Sect. 3,
which itself is however no ground for concern, as the models are
built on different underlying physical ideas (multiple CRSFs ver-
sus one CRSF including emission wings). We note that the width
of the CRSF of 12.7keV is also high in comparison and at least
raises some concern whether an actual absorption feature due to
cyclotron resonant scattering is being modeled (see, e.g. Staubert
etal. 2019, Table A.5 for typical CRSF widths). In order to follow
up on this interesting and promising alternative interpretation of
the observation better constraints on the high-energy emission of
GX301-2 are required.

6. Conclusion

In summary, our analysis of the NuSTAR observation of
GX301-2 has shown that

1. Two absorption features, most likely CRSFs, are present in
both the phase-averaged and -resolved spectra. The line spac-
ing is not harmonic and no potential fundamental line around
17 keV has been found. Both CRSFs are present throughout
the whole observation.

2. The lower cyclotron line is present during the whole pulse
period; the higher cyclotron line only during phases ¢ ~ 0.2—
0.6. The pulse-phase-dependency of the lower line is in very
good agreement with results by Fiirst et al. (2018). In the
phase-resolved analysis, both lines are generally more narrow
and weaker than in the phase-averaged spectra.

3. Although the ratio between the line energies of 1.38 does
itself not suggest a harmonic relation between the two lines,
we cannot rule out this possibility on the grounds of multiple
studies of other sources, where ratios below 2 have been
found. We note however, that the ratio found here is the lowest
reported for GX 301-2 to date.

4. Based on observations of GX 301-2 by various observatories
over the last 20 years, no clear correlation of the cyclotron
line energy with Swift/BAT count rate can be inferred. While
there are also publications in which values for Ecrsr between
40-50keV have been found, these have to be considered in
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more detail as it is possible that they describe two CRSFs
with one model component. Only the analysis of archival data
can allow to draw conclusions about these certain values.

5. An alternative interpretation, in which the hard X-ray spec-
trum is modeled with a powerlaw continuum and 50 keV
CRSF with a red emission wing provides a good description
of the data and calls for further investigation of its applicabil-
ity to the X-ray spectrum of GX 301-2.

Considering the long history of the spectral study of GX301-2,
we note that further significant progress in disentangling cyclotron
lines and continuum effects will require noticeably better con-
straints of the high-energy emission above ~60keV at interme-
diate flux levels. New missions such as the probe-class mission
concept High Energy X-ray Probe (HEX-P) are expected to take
on this particular challenge for accreting neutron stars in HMXBs
(Ludlam et al. 2023).
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Fig. A.1. Cross-calibration between Swift/BAT and RXTE/ASM. Black:

Cumulative sum of the ASM count rates as a function of the cumulative
sum of the BAT count rates. Red: Fitted linear curve.

Table A.1. Best-fit parameters to fit function as in Eq. (A.2) and data in
Fig. A.1.

Parameter Value Unit
m 32.395 £ 0.021 CCasm/CCgar
t 4.98 +0.25 CCASM

Appendix A: RXTE/ASM-Swift/BAT cross-calibration

In order to derive daily light curves for GX 301-2 for the past
~3 decades, we use both Swift/BAT (Krimm et al. 2013) and
RXTE/ASM (Levine et al. 1996) light curves binned to 1 d time
resolution®. In order to combine the measurements from both
observatories we aim to derive a simple method to relate their
count rates. This is possible as there is a ~6 year time window in
which both satellites observed the source almost daily. In total,
we find 1900 days with coverage by both observatories between
MID 53416-55925. As the individual data points of the daily
light curves can be strongly influenced by background radiation
and noise they are not suited to derive a relation between the two
detectors. We therefore calculate the cumulative sum of all data
points for both light curves, i.e.,

CCasm(T) = (A.D)

T
Casm(D),

i=1

where Casm(i) is the count rate observed with the All-Sky-
Monitor on day MJD =i + 53415 and T € [1,2509]. We show
the obtained cumulative sum of the ASM as a function of the
cumulative sum of the BAT monitor in Fig. A.1, together with a
linear fit of the form

CCasm(CCpar) = m - CCpat + 1. (A.2)

The best-fit parameters are given in Table A.1. The y? fit statistic
does not take the uncertainties of the input values into account,
which are used to calculate the expected values. However, as
the uncertainties of CCgar are very small in comparison to the
corresponding quantity of the ASM, it is sufficient to not consider
them for the fitting algorithm. We find that the fit describes the
data very well, and that there are only very small deviations from
the best-fit.

Using Eq. (A.2), we can determine the BAT count rate from
measured ASM count rates via

Coar =m™" - Casm- (A.3)

4 For Swift/BAT: https://swift.gsfc.nasa.gov/results/
transients/. For RXTE/ASM: http://xte.mit.edu/asmlc/ASM.
html
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Fig. A.2. Light curve comparison between BAT and converted ASM.
Blue: Light curve of GX 301-2 as observed with Swift/BAT. Red: ASM
light curve converted to BAT-comparable count rates.

The parameter ¢ is not required for this conversion as it corre-
sponds to the - theoretically zero - offset between the two cumu-
lative sums and bears no meaning for individual count rates. We
can now use the above equation to estimate BAT count rates from
ASM count rates for those MJDs where no BAT observation took
place.

In order to judge how well this cross-calibration works, we
show both BAT and ASM-converted BAT count rates for the in-
terval MJD 54000-54300 in Fig. A.2. We note that the general
orbital luminosity-dependency of GX 301-2 is apparent in the
ASM-converted BAT rate, whereas there are a non-negligible
number of outliers where the converted rate is significantly higher
or lower than the BAT count rate. Overall, is evident that the
procedure can be used to roughly estimate the corresponding
Swift/BAT count rate from an observed ASM count rate; however
it is also apparent that there are some data points in Fig. A.2 for
which the values determined by the two observatories differ sig-
nificantly. This is not surprising since instrument effects are not
taken into account in the procedure and since ASM and Swift/BAT
cover different energy bands of 2—10kev and 15-50 keV, respec-
tively. In general, the light curve obtained with Swift/BAT shows
far fewer outliers and in comparison shows a more periodic light
curve that more closely resembles the expected periodic X-ray
emission that stems from the orbital characteristics of the system
(see, e.g., Islam & Paul 2014, their Fig. 1). This is consistent with
the harder energy band being less affected by processes outside
of the accretion column like flaring or absorption. Therefore, the
Swift/BAT light curve is in our case favourable over the ASM
light curve. In conclusion, we obtained a light curve combined
from the two observatories, which roughly resembles the X-ray
luminosity of the source.

Appendix B: Gaussian soft emission

In Sect. 3.1 we introduced a Gaussian soft emission component in
our spectral model. In this appendix, we briefly explain why this
parameter is required. Our preliminary spectral analysis includes
the application of different phenomenological empirical models
such as FDcut, cutoffpl and NPEX, the former two also in
combination with blackbody components. Applying a comparably
simple model of the form

f(E) = detconst x (PCF(E) x continuum(E)
+ egauss,(E) + egaussﬁ(E)) (B.1)

either with or without a gain shift shows very strong deviations
from the data at energies of 67 keV. The structure of the residuals
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Fig. B.1. y residuals of cutoffpl+bbody fit with and without
added Gaussian soft component. The component has a center po-
sition of ~6.1keV, a width of ~0.9keV and a normalization of
~0.07 photons s~ cm™. The color scheme for NuSTAR’s focal plane
modules is as in previous figures.

indicate an incorrect modeling of the iron line complex, which
can partly be solved by allowing the Fe Ka line energy to shift
to ~6.1 keV. Such a shift is not expected from a physical point of
view; further it does not fully solve the modeling issues. In order
obtain a better empirical description of the spectrum in the range
6-7keV, we introduce a Gaussian emission component centered
at ~6keV. We show the residuals of a cutoffpl+bbody fit with
and without the Gaussian emission component in the soft X-ray
band in Fig. B.1.

We note that the additional soft emission component is very
prominent and contributes around 20% of the total model counts
at its centroid energy. Whilst the X-ray spectrum of GX 301-2 is
known to exhibit a Compton shoulder (see, e.g., Watanabe et al.
2003, Fig. 1) at energies of ~6.2 keV, the residuals shown in the
upper panel of Fig. B.1 do not indicate that the Compton shoulder
is responsible for the observed deviations from the model. We
argue that both calibration issues and a complex continuum shape
in the soft X-ray band lead to deviations from the model, which
therefore needs to include the empirical Gaussian emission com-
ponent. Furthermore, NuSTAR’s energy resolution of ~400eV at
6.4keV (see Harrison et al. 2013) does not suffice to model the
soft emission in detail. To model both the soft and the hard X-ray
band simultaneously, coordinated contemporaneous observations
of NuSTAR and XMM-Newton or Swift/XRT are required.

In the present work, we see the inclusion of the additional
soft Gaussian feature as a means to account for the complex soft
X-ray emission structure of GX 301-2, which is not of interest in
this work and does not influence our investigation of the cyclotron
lines.

Appendix C: Detection significance of the 35 keV
CRSF in the phase-resolved spectra

Based on the fact that the strength of the 35keV CRSF in the
phase-resolved spectral fits (see Fig. 9) is predominantly low and
under ~5 keV, the question arises with which significance the line
is detected and whether even spectral fits without it can provide
a good description of the data. We therefore employ the same

statistical test as for CRSF2 as in Sect. 4 in order to determine the
detection confidence for each phase bin, respectively. Analogous
to Table 4, we give the results of this statistical test in Table C.1.

It is evident that the 35 keV CRSF can be detected with at least
30 significance during the whole pulse phase. We consequently
argue that CRSF1 is present throughout the whole pulse phase
as found in many previous studies (see, e.g., Kreykenbohm et al.
2004; Fiirst et al. 2018)
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Table C.1. Summary of search for CRSF1 in the phase-resolved spectra.

Phase Bin  Residuals indicate CRSF1¢  E, o constrained”  Ay?¢  Ngp? CF"Z 1]idence[a_] Final evaluation?
0 Y Y 21 15 99.985 370 Y
1 Y Y 90 0 >99.999 >440 Y
2 N Y 53 0 >99.999 >440 Y
3 Y Y 45 0 >99.999 >44c0 Y
4 Y Y 101 0 >99.999 >440 Y
5 N Y 20 36 99.964 3.50 Y
6 Y Y 92 0 >99.999 >44c0 Y
7 N Y 25 1 99.999 440 Y

@ Indicator whether the residuals of a fit with excluding CRSF1 indicate a missing model component at 35keV.

(®) Can the energy, width and strength of CRSF1 be constrained in a spectral fit?

(© Improvement in statistic upon inclusion of CRSF1 in the spectral model.

@ Number of false positives out of 100 000 simulated spectra where Ay? exceeds the corresponding value upon inclusion of CRSF1.
© Final evaluation whether CRSF1 is detected in the corresponding phase bin.
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