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ABSTRACT

Context. X-ray spectra of accretion-powered X-ray pulsars can often be described using a power-law continuum with a high-energy
cutoff, which might be further modified by additional spectral components. The Be X-ray binary system 4U 0115463 is well known
for having one of the highest numbers of detected harmonics of its cyclotron resonant scattering features (CRSFs), a pronounced spec-
tral component known as the “10keV feature”, and quasiperiodic oscillations (QPOs) with a period of about 500 s during outbursts.
Aims. The changes in count rate by a factor of two during the ~500 s QPOs allow us to probe the variation in the spectral components
with flux. We study the “10keV feature” in emission, aiming to disentangle it from the broadband continuum and CRSFs and inves-
tigate its origin.

Methods. We focus on the flux-dependent behavior of the CRSF and its harmonics, and particularly the contribution of the “10keV
feature”, as seen in the flux-resolved analysis of two NuSTAR observations of the 2015 outburst.

Results. Comparing the flux-resolved spectra of a given observation with the respective total dataset revealed a distinct change in
overall spectral shape at the position of the “10keV feature” but no comparable deviation at the energies of the harmonic CRSFs.
The change associated with the “10keV feature” does not seem to involve its centroid energy, which remains constant within a given
observation. We find indications for an anticorrelation between the continuum flux and the ratio of the “10keV feature” flux to the
continuum flux within each observation.

Conclusions. The analysis strengthens previous claims that the “10keV feature” shows some independence from the remaining
features. This result supports the interpretation that the “10keV feature” has a different formation mechanism than the continuum
emission, although its origin lies within the same physical environment.

Key words. binaries: general — stars: emission-line, Be — pulsars: individual: 4U 0115463 — X-rays: binaries

1. Introduction

Be X-ray binaries (BeXRBs) are a subclass of high mass X-
ray binaries (HMXBs), where a neutron star (NS) is in an
eccentric orbit around a Be-type star. They exhibit luminous
X-ray outbursts when matter from the Be star’s decretion disk
flows onto the NS. Two types of outbursts have been identi-
fied. Type I outbursts are periodic and typically occur when the
accretor approaches periastron and accretes part of the decre-
tion disk (Okazaki et al. 2013). Type II outbursts are more lumi-

* Corresponding author: katrin.berger@fau.de
T Deceased 17 June 2025.

nous, can last up to several weeks, show no dependence on
orbital phase, and are probably caused by a strong misalignment
between the decretion disk and the binary orbit (Martin et al.
2014; Martin & Charles 2024, and references therein). In the
course of an outburst, the mass accretion rate onto the strongly
magnetized NS can vary by several orders of magnitude, mak-
ing BeXRBs especially useful laboratories to study accretion
physics of NSs.

One particularly interesting system is 4U 0115+63, which
undergoes giant type II outbursts that typically last one to
two months every few years (Miiller etal. 2013, and refer-
ences therein, hereafter M13). Discovered as an X-ray source
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by Uhuru (Giacconi et al. 1972), 4U0115+63 consists of a NS
with the Be-type companion star V635 Cas (Unger et al. 1998;
Negueruela & Okazaki 2001) in an eccentric (e = 0.34) orbit
with a 24.3d orbital period (Rappaport et al. 1978). The sys-
tem is located at a distance of 5.8*2kpc (Bailer-Jones et al.

2021)". The NS has a spin period of ~3.6s (Cominsky et al.
1978). 4U 0115+63 is well known for its uniquely high number
of cyclotron resonant scattering features (CRSFs). These fea-
tures are created in the strong magnetic field at the poles of
a NS and represent the energy difference between the discrete
Landau levels. Transitions between nonadjacent levels lead to
higher harmonic lines. For 4U 0115+63 a total of five harmonic
lines were detected in the X-ray band (Santangelo et al. 1999;
Heindl et al. 2000; Ferrigno et al. 2009). The fundamental line
is at ~12keV, which is low compared to most other cyclotron
line sources (Staubert et al. 2019) and corresponds to a mag-
netic field strength of ~10'>G — similarly one of the lowest
known among HMXB pulsars. Due to the high number of lines,
modeling the continuum and lines requires very careful analy-
sis. As discussed in detail by M 13 and Bissinger né Kiihnel et al.
(2020, hereafter B20), when using a continuum description that
yields physically meaningful parameters for the CRSF parame-
ters, their energy is independent of the source luminosity. Based
on an alternative model, other publications claim a very strong
correlation between the luminosity and the CRSF energy (see
e.g., Nakajima et al. 2006; Li et al. 2012; Roy et al. 2024); see
Sect. 4 for further details and a discussion of the continuum mod-
els. Another prominent feature, visible in 4U0115+63’s light
curve, is its quasiperiodic oscillations (QPOs), with an ampli-
tude of ~2 in count rate on ~500...900 s timescales found dur-
ing its 1999 outbursts (Heindl et al. 2000) and also detected in
later outbursts (Roy et al. 2019).

Of special interest to this work is 4U0115+63’s spectral
complexity. Generally, the X-ray spectra of HMXBs in out-
burst can be well described by power-law continua with a high-
energy cutoff. However, additional components at intermediate
energies are often required to adequately model the spectra.
A complex structure of residuals around 10keV is particu-
larly common when using standard phenomenological models
(Coburn et al. 2002; Manikantan et al. 2023). They can be effec-
tively modeled by an additional broad Gaussian component, with
a centroid energy of ~10keV, either in emission (for example,
Vybornov et al. 2017; Thalhammer et al. 2021, for Cep X-4 and
Cen X-3) or in absorption (see, for example, Fiirst et al. 2014;
Diez et al. 2022, for analysis of Vela X-1), commonly referred
to as the “10keV feature”.

4U0115+63 is a system with a particularly complex inter-
mediate energy region due to the presence of the fundamen-
tal CRSEF, along with the onset of the spectral turnover. The
“10keV feature” at around ~8keV in emission in the spectrum
of this source has been reported and discussed by, for example,
Ferrigno et al. (2009), M13, and B20. It remains unclear whether
this feature can be considered an independent physical compo-
nent or if its presence merely reflects a more complex formation
of the broadband continuum that cannot entirely be accounted
for with a cutoff power law. Since the luminosity dependence of
the other spectral features is well established, we address this
issue by studying the behavior of the “10keV feature” at dif-
ferent luminosities using the count rate variations in the QPOs.
Up to now no proper explanation of the origin of these QPOs
is given in the literature. For example, Roy et al. (2019) and

! Gaia DR3 quotes a geometric distance of

(Gaia Collaboration 2016, 2023).
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Fig. 1. Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005) light
curve of the 2015 outburst of 4U0115463 in the 15-50keV band
with a binning of 1d. The blue-shaded regions highlight the quasi-
simultaneous NuSTAR and Swift observation times.

Table 1. List of observations of 4U 0115+63.

ID ObsID Start Time [UTC] fexp [S]

N1 90102016002 2015-10-22 17:30:49 8584 (FPMA)
S1 00081774001 2015-10-23 00:17:44 2356 (XRT)
N2 90102016004 2015-10-30 14:01:22 14564 (FPMA)
S2 00081774002 2015-10-30 23:26:58 1974 (XRT)

Li et al. (2025) show that models commonly used for explain-
ing QPOs in LMXBs can be ruled out, such as the beat or the
Keplerian frequency model, disk precession, and thermal insta-
bilities in the disk. The modulation also cannot be explained by
variations in foreground absorption. While work on the origin
of the QPO is clearly needed, a possible explanation consists of
variations in the mass accretion rate at the poles, even though the
physical origin of the modulation is unknown. For this purpose
we analyze two observations, each performed with the Nuclear
Spectroscopic Telescope Array (NuSTAR, Harrison et al. 2013)
and the Neil Gehrels Swift Observatory (Swift, Troja 2020;
Gehrels & Swift Team 2004), taken during the 2015 outburst of
4U0115+63.

The paper is structured as follows. In Sect. 2, we introduce
the NuSTAR and Swift observations of 4U0115+63 and dis-
cuss the data reduction. Section 3 presents our timing analysis,
while in Sect. 4 we present the averaged spectral analysis of
the Swift and NuSTAR data. Section 5 covers the flux-resolved
spectroscopy of the NuSTAR observations. We summarize and
discuss our results on the “10keV feature” and its origin in
Sect. 6.

2. Outburst profile, data acquisition, and reduction

We analyze observations taken with NuSTAR and Swift during
the bright type II outburst of 4U 0115+63 in 2015. This outburst
started around 2015 October 15, lasted for about 30 days, and
had a peak flux of ~450 mCrab in the 15-50keV band of Swift
BAT (Fig. 1). See Table 1 for a log of observations. Data from
the 2023 outburst yield similar results to those presented here
and will be discussed in a separate publication.

4U0115+63 was observed twice by NuSTAR during
this outburst: first on 2015 October 22 for ~9ks (ObsID
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90102016002; hereafter referred to as N1) during the outburst
maximum at a 1-60keV luminosity of ~6.8x10°” erg s~!, and
on 2015 October 30 for ~15ks (ObsID: 90102016004; here-
after called N2) at a luminosity of ~4.4 x 10°” ergs~'. Here
and in the following, luminosities were determined using a
distance of 5.8 kpc (Bailer-Jones et al. 2021). The observation
times are highlighted in Fig. 1. These two datasets have pre-
viously been analyzed by Roy et al. (2019), Liu et al. (2020),
Manikantan et al. (2024) and Stierhof et al. (2025), with a differ-
ent focus compared to this paper. We ignore NuSTAR data taken
above 60keV, which are strongly background-dominated. Data
products were extracted using HEASOFT (version 6.30.1) and
the NuSTAR calibration database (CALDB) (version 20220912)
and reprocessed following The NuSTAR Data Analysis Software
Guide”. Using newer software versions did not affect the follow-
ing results. We chose circular extraction regions of 100" radius
centered on the source for the source region and placed back-
ground regions in the outer areas of the field of view.

To obtain a sanity check for our modeling of the soft
X-ray absorption, we also utilized Swift X-ray telescope
(XRT; Burrows et al. 2005) snapshot observations taken in
window timing (WT) mode simultaneously with the NuS-
TAR observations N1 and N2, with exposure times of ~2.4ks
(ObsID: 00081774001; hereafter S1) and ~2.0ks (ObsID:
00081774002; hereafter S2), respectively. Data products were
extracted using HEASOFT (version 6.30.1) and Swift CALDB
(version 20220803). We defined the source region with 22" x40”
rectangular boxes and the background region with a 25" x 45”
area in a corner of the XRT chip. Previous discussions of
these two observations are given by Tsygankov et al. (2016),
Wijnands & Degenaar (2016), and Rouco Escorial et al. (2017).
Since our aim is solely to check our treatment of the soft
absorption, we performed a simultaneous fit to the 1.0-4.5keV
XRT-data and the 4.5-60keV NuSTAR spectrum. These con-
secutive energy ranges avoid discrepancies due to known prob-
lems with cross-calibrating the two instruments (Madsen et al.
2020, 2021), as suggested by the NuSTAR Guest observer facil-
ity (K. Pottschmidt, priv. comm.). Further extending the energy
ranges to enable overlap between the datasets leads to compara-
ble results but increases systematic uncertainties due to detector
calibration issues. For N1/S1 the best-fit Ny-values agree with
the NuSTAR -only fits, while for N2/S2 the combined fit yields a
slightly higher value of Ny at a level that does not affect our sub-
sequent results. For this reason, and given that the XRT obser-
vations only cover a small part of the NuSTAR exposure time,
we use Swift data only in our study of the average spectrum
(Sect. 4), not in the flux-resolved analysis (Sect. 5).

3. NuSTAR light curves and the “500s QPO”

Figure 2 shows the light curves of N1 and N2. The Swift snap-
shot times are highlighted by the green-shaded regions. As previ-
ously reported by, for example, Heindl et al. (1999), Dugair et al.
(2013), and Dingetal. (2021), the source showed a strong
~2mHz QPO during N1 and N2, with maximum count rates
of up to twice the average clearly visible on ~500 s timescales.
Figure 3 displays a representative section of the N1 light curve
and the entire S1 light curve, which spans less than four full QPO
cycles.

Using power spectral densities (PSDs) from N1 and N2
observations, which combine FPMA and FPMB, we can com-

2 https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
nustar_swguide.pdf
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Fig. 2. N1 (top) and N2 (bottom) light curves, using combined data from
FPMA and FPMB for clarity binned at three times the spin period of
4U 0115+63. The green-shaded regions highlight the observation peri-
ods of the S1 and S2 Swift snapshots.
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Fig. 3. Selected part of the 4U0115+63 light curve, showing NuS-
TAR (red) and Swift (dark green) data highlighting the system’s strong
QPOs.

pare the variability seen here with the earlier RXTE-PCA obser-
vations from 1999 (Heindl et al. 1999). To cover a wide range
of frequencies, we utilized light curves with initial binning
ranging from 0.01s to 100s across the full NuSTAR energy
range. We used the normalization by Miyamoto et al. (1991).
The PSDs are shown in Fig. 4 superposed on the RXTE results
from Heindl et al. (1999, their Fig. 5, black). The vertical solid
orange lines indicate the NS spin frequency at ~0.28 Hz and its
higher harmonics. Their relative strengths are a measure of the
complexity of the pulse profile. See, for example, the PSD of
Vela X-1 discussed by Fiirst et al. (2010). Two additional smaller
peaks appear at 1.6 and 2.6 times the NS’s spin frequency,
which are only visible in the NuSTAR data (Fig. 4, dashed
lines). The discrepancy seen above ~0.4 Hz is due to well-known
dead-time effects in the NuSTAR data (Bachetti et al. 2015;
Bachetti & Huppenkothen 2018).

Since our work focuses on low-frequencies variability,
we chose not to perform dead-time corrections to mitigate
discrepancies at the high-frequency end of our dataset. At
lower frequencies, the PSDs measured with NuSTAR and
RXTE-PCA are very similar in amplitude and shape. In
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Fig. 4. PSDs of the NuSTAR observations, shown in red for N1 and
blue for N2. For comparison the black data points indicate the results
obtained by Heindl et al. (1999). The vertical solid orange lines high-
light the spin frequency of the NS and its higher harmonics. The vertical
dashed lines mark two additional peaks at 1.6 and 2.6 times the NS spin
frequency.

summary, 4U 0115+63’s variability remained remarkably con-
stant between the two outbursts in 1999 and 2015. A tim-
ing analysis including the PSDs of the NuSTAR data from
4U0115+63’s 2023 outburst was also performed by Jain et al.
(2025). Their results are consistent with ours (except for their
proper treatment of the Poisson noise correction at high frequen-
cies, which we do not apply here). Li et al. (2025) performed a
pulse-phase resolved analysis of 4U 0115+63’s millihertz QPOs
in the 2023 observations. They found no luminosity dependence
of the frequency but report that the power of the ~1 mHz QPO is
energy-dependent, while the 2 mHz power is not.

To study short term spectral changes during the QPO, we
subdivided each NuSTAR observation into four different sub-
sets. To generate the good time intervals (GTIs) corresponding
to a given count rate range in the full NuSTAR energy range, we
used 1 s binned light curves of the total observation. The selec-
tion criteria were chosen as follows. The light curve was first
sliced every nx 100 counts s~!, where n is an integer. To facilitate
spectral fitting with similar signal-to-noise ratios between the
spectra, we combined these slices. The lowest count rate band
required the greatest share of data with about 50% of the total
counts, as it spans the longest observation time and thus includes
the highest fraction of the background counts. For both obser-
vations this resulted in more than 10° counts per flux-resolved
spectrum. The remaining data were then distributed approxi-
mately equally in the three higher bands. Each of the remaining
count rate bands in the end held more than 2 X 10° counts. Initial
light curve slice size affected sorting flexibility but ensured bet-
ter result reproducibility and reduced the personal selection bias.
We named the flux-resolved spectra Ri.j, where i = 1,2 corre-
sponds to the N1 and N2 NuSTAR observations, respectively,
and j = 1,2,3,4 denotes the serial number from the lowest to
highest rate band. The final selection of the rate bands for N1
and N2 is illustrated in Fig. 5. During the analysis, several other
intensity selections were tested, focusing, for example, on QPO
phase rather than purely on count rate (for details, see Berger
2022). We found that different intensity selections did not sig-
nificantly change the results of the following analysis.
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4. Average spectrum and the “10 keV feature”

We now turn to the analysis of the spectra. We start with
establishing the baseline spectral shape by analyzing the flux-
averaged data and use it for the flux-resolved analysis in Sect. 5.
We modeled the joint NuSTAR (4.5-60keV) and Swift-XRT
(1-4.5keV) spectra using the Interactive Spectral Interpretation
System (ISIS), version 1.6.2-51 (Houck & Denicola 2000). Both
datasets were rebinned sufficiently to warrant the applications of
Xz statistics. Unless stated otherwise, all listed uncertainties are
given at a 90% confidence level.

Due to the presence of the CRSFs, 4U0115+63’s X-ray
spectrum is notoriously difficult to model. M13 and B20 give an
extensive discussion of the various empirical continuum models
used in the literature. They show that a high number of differ-
ent combinations of continua and CRSF models (some with and
without a “10keV feature”) yield formally correct descriptions
of the data in a statistical sense. The choice between modeling
approaches must therefore be based on physical assumptions,
not solely on fit statistics. M13 and B20 show that continuum
models based on the negative and positive exponential func-
tion or combinations of blackbodies with a power law yield
cyclotron line parameters that are not physical. For example,
B20 show in their discussion of the Iyer et al. (2015) model
that the model component intended to describe the fundamen-
tal CRSF causes a relative continuum flux reduction of almost
90% (see Fig. 5 and Table 2 from B20). This reduction is incon-
sistent with our understanding of cyclotron scattering in accre-
tion columns (e.g., Schwarm et al. 2017). Other line parameters
found with these continua, such as their very large widths, also
disagree with typical CRSF parameters from other sources and
expected from accretion column theory. For instance, Li et al.
(2012) modeled observations of the 2008 outburst with a fun-
damental cyclotron line as high in energy as ~17keV, and with
higher harmonics starting at ~23 keV. Notable in this approach is
its very large width of almost 6 keV for the fundamental line and
the decreasing widths for the higher harmonics. This behavior
disagrees with what is expected from Doppler broadening, where
ocrsk ¢ Ecrsr (Meszaros & Nagel 1985b, their Eq. (1)). Apply-
ing this continuum model results in a CRSF energy-luminosity
correlation widely cited in the literature (e.g., Lietal. 2012;
Roy et al. 2024). However, M 13 and B20 argue that this correla-
tion appears as an artifact: the line components model changes in
continuum slope and exponential cutoff with luminosity, rather
than intrinsic CRSF behavior.

In this paper, we therefore concentrate on the implications of
utilizing a simple empirical continuum model that, when applied
to 4U0115+63, yields CRSF parameters that are more in line
with those seen in many CRSF sources (M13; B20), namely a
power law with a high energy exponential cutoff,
Non o< E™" exp(~E/Eola), M
where I is the photon index and Ey,q4 the folding energy. We
account for absorption in the interstellar medium using the
absorption model by Wilms et al. (2000) with cross sections by
Verner et al. (1996). Following B20, we describe emission from
the ionized plasma in the vicinity of the X-ray source by includ-
ing three additive narrow (o~ = 107° eV) Gaussian emission lines
describing the Fe Ka line at 6.4keV, the Fe XXV Kea line at
6.69keV, and the Fe XXVI Ka line at 6.97keV. The centroids
of the lines were taken from Kortright & Thompson (2000) and
from the AtomDB Atomic Database. Above 7keV, the X-ray
continuum is heavily modified by cyclotron lines. We describe
the lines as multiplicative absorption lines with Gaussian optical
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Fig. 5. Selected rates for extracting different flux-resolved spectra from N1 (left) and N2 (right) using 1s binning. The selection criteria were
chosen to be <700 cts/s, 700-800 cts/s, 800-900 cts/s, and >900 cts/s for N1 and <500 cts/s, S00-600 cts/s, 600-700 cts/s, and >700 cts/s for N2.

depth profiles modeled with the gabs function (Arnaud et al.
2022), parameterized by their strength Dcrsp, width ocrsp, and
energy Ecgrsp. Individual lines are differentiated by consecu-
tive numbers, starting from O for the fundamental line. As we
show below, the NuSTAR data have a sufficiently high signal-
to-noise ratio (S/N) to detect four CRSFs. To avoid degenera-
cies of the line parameters with the continuum components, we
fixed the energies of the harmonic lines to be integer multiples
of Ecrsro. This approach is justified by earlier analyses (e.g.,
Pottschmidt et al. 2005, M13, and B20). We confirmed these
results in a test spectral fit where we set Ecrsp, = CERECRSE
and found cg to never exceed +5%. We therefore omitted this
constant, as our analysis does not focus on CRSF energies.

Following the argument of Meszaros & Nagel (1985b, their
Eq. (1)), we coupled the CRSF widths ocrsp,, to the respec-
tive line energy, using the constant ccrsg,-- This approach mit-
igates nonphysical correlations between the CRSFs and the
continuum introduced when the parameters are left free (M13;
B20). Finally, we also included a multiplicative constant to account
for uncertainties in the relative flux calibration of the instruments,
normalizing all fluxes to that measured with NuSTAR-FPMA.

Other analyses, for example M13, used the cyclabs func-
tion instead of gabs to model the CRSFs. A detailed explana-
tion of both functions is given in Arnaud et al. (2022). Fits to
40U 0115+63 with both CRSF models were compared and dis-
cussed by B20, who showed that both models can describe the
spectra of 4U0115+63 equally well. Therefore, the only bene-
fit of choosing a specific model is comparability with previous
results using the same model.

Consistent with earlier work, our analysis shows that a broad
“10keV feature” is required (for example, Ferrigno et al. 2009;
Liu et al. 2020, M13; B20). Following M13, we added a Gaus-
sian line profile to account for the presence of the “10keV fea-
ture”, with width ojgkev, energy Ejokev, and flux Fipkey. In
another approach Farinelli et al. (2016) modeled the “10keV
feature” using cyclotron emission convolved with a varying
magnetic field in the accretion column. B20 discuss the possi-
bility of using a blackbody component to model the “10keV
feature” in 4U 0115+63 instead of a broad Gaussian, concluding
that it does not provide a sufficient description of the component
and leads to strong residuals below 10 keV. We can confirm this
conclusion with our own unsuccessful attempts.

Finally, we modeled the spectra using a power law with
a high energy exponential cutoff, four CRSFs, a broad Gaus-
sian to account for the “10keV feature”, and three narrow

Gaussian features for the iron lines. The resulting best-fit param-
eters for the two sets of combined data from NuSTAR and
Swift are listed in Table B.1; see Fig. 6 for the spectra and the
respective best fit. The model describes the underlying spectra
well, showing no systematic deviations in the residuals, result-
ing in a fit with y?/d.o.f. = 660.6/441 = 1.50 for Ol and
x?/d.of. = 623.9/439 = 1.42 for O2. The reduced y? can in
principle be further improved when relaxing the constraints on
the CRSF parameters, for example by not coupling the line ener-
gies. However, as the additional constraints were required for
the subsequent flux-dependent analysis, we maintained them to
ensure comparability.

5. Flux-dependence of the “10 keV feature”

In this section, we use 4U 0115+63’s QPOs to study the behav-
ior of its spectral components, primarily the “10keV feature”, at
different flux levels on short time scales. To this end, we divided
each observation based on the NuSTAR count rate (see Sect. 3)
and conducted a spectral analysis on the flux-selected spectra.
We maintained the assumptions from Sect. 4 for modeling the
observation-averaged spectra, to ensure consistent fit approaches
and perform the analysis solely based on the NuSTAR data due
to lack of Swift coverage.

5.1. Flux-resolved spectroscopy

We extracted flux-resolved NuSTAR spectra following the pro-
cedures outlined in Sect. 4. Figures A.la and 7a show the residu-
als between these flux-resolved spectra and the shape of the best-
fit model from the respective time-averaged observation after a
simple renormalization of the model. The residuals in Figs. A.1
and 7 clearly show a strong deviation from the best-fit spec-
tral shape of the time-averaged spectrum for both observations,
only around 10keV. For the lowest count-rate band, we clearly
see a flux excess, which then transitions to a flux deficit in the
highest band. Simultaneously, the spectral shape outside this
band, including the harmonic CRSFs, does not vary in shape.
This result implies that, when using our continuum modeling
approach, a separate spectral component may produce the flux
in this band, varying less during the QPO than the remaining
continuum.

To quantify the change in the 10keV band, we modeled
the flux-resolved spectra with our baseline model. Since fore-
ground absorption is flux-independent on the short timescales
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Fig. 6. Top: NuSTAR and Swift spectra of O1 (left) and O2 (right) with the best-fit model (black). The data from XRT are shown in green, FPMA
in the lighter color, and FPMB in the darker color. Middle: Visualization of different model components. The data are shown in gray, and the model
using the best-fit parameters is shown in black. The component contribution is shown in orange, using a dash-dotted line for the cutoft power law,
a dashed line for the “10keV feature”, and a dotted line for the iron lines. Bottom: Residuals of the best-fit model.

considered here and Swift coverage is insufficient (covering
fewer than four QPO cycles; see Fig. 3) in our spectral fits, we
couple Ny across the flux-resolved spectra. Similarly, several
other parameters are flux-independent, including the detector
constant cppyvp and the coupling constant between the cyclotron
line width and energy, ccrsr,»- As a sanity check, we also per-
formed the following analysis without coupling these constants,
with similar principal results. The energy of the “10keV fea-
ture” was also coupled, as initial spectral fits with free Ejgkev
showed no significant variations. Applying these constraints
helped us constrain the remaining spectral parameters, in par-
ticular the position of the fundamental CRSF of R1.4, as this
dataset has the lowest signal-to-noise ratio among all subsets.
The resulting simultaneous fit of all four spectra describes the
spectra and their variation well (y?/d.o.f. 1429.2/1220 =
1.17 for N1 and y?/d.o.f. 1416.4/1211 1.17 for N2).
The resulting best-fit parameters are listed in Table B.2 and
visualized in Fig. 8. As shown by the residuals in Figs. A.lc
and 7c, the model gives a good description of the data. Fit-
ting the datasets individually, instead of simultaneously as
mentioned above, leads to comparable parameters within the
uncertainties.

We also attempted spectral fitting with fewer constraints,
for example, individually determining ccrsp and Ejggey for
each spectral subset. This resulted in fit statistics nearly as good
as our final results; however, it produced a physically unrea-
sonable combination of parameters, such as the fundamental
CRSF describing an unreasonably high continuum fraction. In
particular, the data from the lowest rate band could not be
well constrained. Since our previous modeling approach already
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describes the data well, a more complicated model is not justi-
fied. We thus adopted it as our best-fit model.

5.2. The “10keV feature” as a distinct spectral component

To visualize the overall contribution of the “10keV feature” to
the spectra, in Figs. A.1d and 7d, we show the residuals when
setting the flux of the Gaussian component to zero. The residuals
clearly show that the feature has a constant width, but that its
relative contribution to the remaining continuum decreases with
increasing count rate. We note that the energy range affected by
the “10keV feature” also contains the fluorescent iron lines.
Since the lines are much narrower than the “10keV feature”, it
is possible to separate the behavior of the fluorescent lines from
that of the “10keV feature”.

Although we can separate the fluorescent lines from the fea-
ture, the energy range around ~10keV contains contributions
from multiple other spectral components, such as the fundamen-
tal CRSF. Degeneracies between the parameters describing these
features can complicate the interpretation of our fit results. We
therefore examine the correlations between these components by
looking at the confidence contours for different pairs of param-
eters, specifically the “10keV feature”, fundamental CRSF, and
cutoff power-law continuum (Lampton et al. 1976).

Figure 9 shows the confidence regions between the rela-
tive flux of the “10keV feature”, i.e., the ratio of the flux to
the “10keV feature” and the 3—-50keV cutoff power-law flux,
Fiokev/FpL, and the centroid energy of the “10keV feature”
Ejoxev. The relative flux of the “10keV feature” with respect
to the continuum flux increases as continuum flux decreases,
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leading to separated solutions. Using the approach outlined by
Ferrigno et al. (2020), which computes the distribution of corre-
lation coeflicients between two variables assuming the posterior
intervals have Gaussian distributions, we find that the false alarm
probability for the correlation between Fgkev/Fpr, and Fpp is
0.11 for N1 and 0.05 for N2. The corresponding * values are
[0.82,0.89, 0.94] (N1) and [0.93, 0.95, 0.97] (N2).

We emphasize that our fits coupled Ejgkev across the rate
bands, since initial fits showed no indication count-rate depen-
dence on the feature’s center energy. We also emphasize that
Eokev changed between the two observations.

Again using confidence contours, we checked for possi-
ble correlations between the CRSF and continuum parameters
(Fig. 9b and d). The data are described using the same value for
ccrsro for all resolved spectra of an observation (Table B.2).
For observation N1, Fig. 9b shows no visible changes in the

CRSF parameters Dcrsro and Ecgrsr,o. We note a minor anticor-
relation in the N2 analysis, but all values for Dcgrsgy still agree
within 30 and provide no evidence of flux-dependent variability,
while Ecrsr, only varies slightly. Figures 9¢ and d clearly show
Fpp increasing with count rate across the selected bands of both
observations, enabling us to probe the behavior of the “10keV
feature” at different luminosities.

6. Discussion

In the following we discuss the interplay between the source’s
CRSFs, its “10keV feature” (Sect. 6.1), and their parameter
changes between datasets (Sect. 6.2). We conclude this section
by giving an overview of possible origins of the “10keV fea-
ture” (Sect. 6.3).
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6.1. Disentangling the “10keV feature” and the CRSFs

As shown in Sect. 5, the flux-averaged model still provides a
rather good description of the spectral shape below ~6keV and
above ~20keV after renormalization (Fig. 7a). A separate spec-
tral component, with a different flux-dependent behavior than
that of the underlying continuum, must contribute to the emis-
sion at around 10keV.

Apart from the power-law continuum, the spectrum around
10keV is shaped by two spectral components, the fundamen-
tal CRSF and the “10keV feature”. We can assess fundamen-
tal cyclotron line variability based on the behavior of the higher
harmonics, which are easier to decouple from the continuum.
To investigate these changes, we look at the data-model ratios
of the spectral subsets, using the rescaled flux-averaged model.
Apart from the strong deviation around ~10keV, we find fur-
ther variations at higher energies that are less statistically signif-
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icant (see Figs. A.la and 7a). Although these deviations seem
to appear where the higher harmonic CRSFs are located, they
do not exactly align with the harmonic energies. Furthermore,
the residuals around 10 keV can be resolved after refitting, while
higher-energy wiggles remain visible (see Figures A.lc and 7c).
This speaks against a systematic shift in the cyclotron energy or
in the strength of the higher harmonics. Moreover, variability of
the cyclotron energy with count rate (Fig. 9d) is only visible for
the N2 observation, not in the N1 data, and is therefore unlikely
to be the cause of the flux-dependence seen in both observations.

We conclude that even if the cyclotron line is slightly vari-
able, this variability is not sufficiently strong to describe the
observed flux changes in the 10keV band. This is further sup-
ported by the failure of attempts to model the rate-dependent
flux change in the ~10keV region solely by varying the CRSF
parameters and keeping both the “10keV feature” and the con-
tinuum fixed. This leaves only the “10keV feature” as the source
of the observed flux-dependence.

6.2. Flux-correlations of the “10keV feature” within and
between observations

In the following we examine the changes in the “10keV fea-
ture” parameters. First, the confidence contours shown in Fig. 9c
again support our main result that within each observation the
flux ratio Fgkev/FpL is strongly anticorrelated with the over-
all continuum Fpr. This is the first time that this flux-dependent
variation in the 4U 0115+63 spectra is reported. In previous anal-
yses, when comparing multiple observations from the same or
several outbursts, the change in the spectra was not seen. It
might be that this independent behavior of the “10keV fea-
ture” only occurs on shorter timescales comparable with lumi-
nosity changes in the ~500 s QPOs. Overall, these results again
hint toward the “10keV feature” being an additional spectral
component. This correlation is strongest in the lower-luminosity
observation N2. There is a similar trend between Fp;, and the
cyclotron line energy Ecrspo, With a more apparent anticorrela-
tion for the N2 observation (Fig. 9d). The similarity between the
two observed correlations may point to a common origin.

However, while we do not observe any dependence of the
“10keV feature” energy on the individual rate bands within each
observation, we do find that the centroid energy differs between
the two observations, with the more luminous observation N1
showing a lower energy for the “10keV feature”. This trend
between observations is consistent with M13, who suggested
that the centroid energy decreases with increasing overall flux.
Similarly, we find a small variation in the feature’s width and no
change in the CRSF energy between the two observations. Such
a shift in the “10keV feature” between observations could hint
at an additional luminosity dependence of its underlying creation
mechanism. This diverging behavior for the “10keV feature”
energy and cyclotron line rather suggests unrelated underlying
physical mechanisms, in contrast to the similar rate dependence
seen within each observation.

6.3. Possible physical origin of the “10 keV feature”

Our results, particularly the anticorrelation between the flux ratio
Fiokev/FpL and the power-law flux presented in Sect. 5, sup-
port the interpretation that the “10keV feature” represents a
spectral component that is to some degree different in its for-
mation from the overall continuum. However, this decoupling is
not complete, as the flux of the “10keV feature” still increases
with the power-law flux, suggesting that the “10keV feature”
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resolved spectra, the best-fit values are marked with a cross. The dotted lines show the 30 contours, and the solid lines indicate the 10~ contours for
the N1 (red) and N2 (blue) observations, respectively. The black points mark the best-fit values from the flux-averaged dataset, while the shaded
regions in the left panels (N1 in red and N2 in blue) highlight the uncertainties of the averaged best fit, as given in Table B.1.

likely originates from the same physical environment. Based on
our current understanding of spectral formation in highly magne-
tized plasma near the NS surface, several possible explanations
for the origin of this feature can be outlined. Here, we review the
proposed physical mechanisms for the formation of the spectrum
at intermediate energies — and, more specifically, the “10keV
feature”— and present our interpretations with respect to the
observed behavior.

The X-ray continuum in the accretion channel is expected
to form by thermal and bulk Comptonization of bremsstrahlung,
blackbody radiation, and cyclotron emission (see, for example,
M¢észaros 1992; Arons et al. 1987). Cyclotron emission occurs
when collisions between electrons and protons in a magne-
tized plasma excite electrons to higher Landau levels. Excita-
tions are followed by radiative decay, producing photons with

energies approximately equal to the local cyclotron energy.
When collisions occur due to the thermal motion of parti-
cles, this process is known as cyclotron cooling. When the
cyclotron energy is comparable to the plasma temperature, it
can become the dominant cooling mechanism. Depending on
reprocessing of cyclotron photons by the surrounding plasma,
they can significantly contribute to the total flux. It is important
to note, however, that generally all radiative processes, includ-
ing bremsstrahlung and Compton scattering are affected by the
strong magnetic field, which introduces anisotropy, resonances,
and polarization effects.

The physical models currently available for fitting the spectra
of X-ray pulsars are limited to continuum models that describe
polarization- and angle-averaged bulk and thermal Comptoniza-
tion of seed bremsstrahlung, blackbody, and cyclotron photons
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(Becker & Wolft 2007; Farinelli et al. 2016). In these mod-
els, bremsstrahlung is assumed to follow the classical, non-
magnetic cross section, while cyclotron emission accounts
for magnetic effects. Such continuum models typically pro-
vide a smooth power-law-like spectrum with a high-energy
cutoff dominated by the Comptonized bremsstrahlung (see,
e.g., Becker & Wolff 2007). Ferrigno et al. (2009) adopted the
Becker & Wolff (2007) model to fit BeppoSAX data of the 1999
outburst of 4U 0115+63. While their phenomenological model
required significant contribution from the “10keV feature” to
the total flux, the physical model was able to describe the spec-
tra with only a minor Gaussian component at ~9keV to flat-
ten the residuals. At the same time, the continuum formation
in the model was dominated by cyclotron emission. This was
possible, however, only by assuming a magnetic field for the
cyclotron emission almost twice as low as that estimated from
the observed fundamental cyclotron resonance. Ferrigno et al.
(2009) interpreted this discrepancy as possible evidence for a
spatial separation between the region where the cyclotron emis-
sion is produced and the region where the cyclotron lines are
imprinted onto the spectrum. In this case, the cyclotron emission
would originate higher up in the accretion channel and then be
advected downward by the bulk flow, reprocessed by the ther-
mal plasma, and emitted from the column walls where CRSFs
form. See Becker & Wolft (2022) and Li et al. (2024) for further
extensions of this model and West et al. (2017a,b, 2024) for a
discussion of a variant of this model where the height-dependent
structure is solved using a numerical approach.

We note, however, that Becker & Wolft (2007) assume the
seed photons are mainly thermal cyclotron emission (in addition
to those from bremsstrahlung and blackbody radiation), which is
unlikely to dominate under conditions where the bulk flow veloc-
ity remains high and capable of advecting photons downward. At
the same time, under conditions typical for accretion columns in
X-ray pulsars, cyclotron processes resulting from thermal colli-
sions must be treated as part of the bremsstrahlung emissivity
and free-free absorption, which reduces their contribution and
influences spectral formation (see Nagel 1980; Nagel & Ventura
1983; Meszaros & Nagel 1985a). This fact, along with the lack
of bulk-induced cyclotron emission, prevents a reliable assess-
ment of the true contribution of cyclotron emission using the
currently available continuum models.

B20 suggested that for conditions where the cyclotron
energy is close to the local plasma temperature, as expected
for 4U 0115+63’s relatively low magnetic field, cyclotron emis-
sion from thermal collisions could result in a broad, emission
line-like excess. The position of this feature would depend on
the plasma temperature and the cyclotron energy. A similar
effect has been proposed for nonthermal (bulk-induced) colli-
sions between ambient electrons in the accretion channel and
the bulk flow (Nelson et al. 1993). Simulations by Nelson et al.
(1995) showed that this effect can result in the formation of
a broad line-like excess in the spectrum. However, the forma-
tion of this feature depends on the energy deposition within
the emitting region. For bulk-flow collisions, simulations show
that collisional excitations mainly occur in the upper (though
optically thick) part of the NS atmosphere (see, for example,
Miller et al. 1989). Assessing the efficiency and the exact sig-
natures of thermal-motion-induced excitations also requires a
simultaneous treatment of the energy balance in the emission
region and radiative transfer.

Other possible explanations for the “10keV feature” are
based on the fact that spectral formation must include strong
polarization effects and radiation redistribution in a hot plasma,
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Fig. 10. Top: Modeled photon flux in two polarization modes. The
figure emphasizes the formation of a strong red wing due to redis-
tribution near cyclotron resonance. Simulations were performed for a
homogeneous slab of self-emitting magnetized plasma with 7 = 1000,
ne = 102cm™3, kT, = SkeV, and E.. = 20keV. The spectra for
each polarization mode are integrated over angles. Photon polariza-
tion modes, mode 1 (F;) and mode 2 (F,), include vacuum effects
and plasma polarization (corresponding to the continuous behavior of
the refractive indices, see Sokolova-Lapa et al. 2023, for more details).
Assuming a gravitational redshift of (1 +z) = 1.24, the cyclotron line in
the final spectrum appears at 15 keV. The spectra are shown on the red-
shifted energy grid. A fit to the power-law spectrum with a high-energy
cutoff (cutoffpl), using a photon index of I' = 0.47, a cutoft energy
of Egq = 6.6keV, and a normalization of N = 2.4 x 10?2, is shown in
energy flux space to illustrate the generally assumed continuum behav-
ior. Bottom: Ratio between the modeled photon flux and cutoffpl.

and that the formation of the continuum and cyclotron lines can-
not be fully decoupled. Together, these effects provide a complex
continuum shape characterized by dips and excesses imposed
on a general power-law cutoff (Sokolova-Lapa etal. 2023).
Depending on the magnetic field strength and local plasma con-
ditions, several basic mechanisms for the formation of a “10keV
feature”-like hump at intermediate energies can be outlined. First
of all, in a strong magnetic field the two polarization modes of
radiation have principally different energy- and angle-dependent
opacities. This behavior is imprinted onto the radiation emerging
from a strongly magnetized medium, leading to characteristic
energy-dependent structures in the two polarization modes (see,
for example, Nagel 1981; Meszaros & Nagel 1985a), which can,
in principle, be visible even in the polarization-averaged spec-
trum. Under typical conditions, the spectrum of the extraor-
dinary mode generally peaks at intermediate energies, around
~10keV, and could therefore be responsible for the “10keV
feature” (Sokolova-Lapa et al. 2023). We note that the loca-
tion of the peak varies only mildly with magnetic field strength
(Sokolova-Lapa 2023). This scenario for the formation of the
hump could in principle be tested observationally with X-ray
polarimetry.

Another possibility involves a more complex formation of
the fundamental line. Since CRSFs arise in spectra due to
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resonant Compton scattering in a hot plasma, their formation
is subject to significant redistribution, which can lead to the
development of line wings. At the plasma temperatures typi-
cally expected in the accretion channel (4-8keV) and under
sufficiently strong magnetic fields, it is primarily the red wing
of the fundamental line that becomes prominent in the spec-
tra (Alexander et al. 1989; Schonherr et al. 2007; Schwarm et al.
2017). Simultaneous treatment of the continuum and cyclotron
line formation shows that this broadened red wing can produce
a noticeable hump at energies below the fundamental cyclotron
resonance (Sokolova-Lapa 2023). Interestingly, cyclotron line
formation tends to produce a blue wing for moderate mag-
netic fields when bulk motion Comptonization is considered
(Loudas et al. 2024).

Figure 10 (top) shows an example of spectra in two
polarization modes, obtained from radiative transfer simu-
lations in a highly magnetized, warm, steady-state plasma.
For this exploratory study, we used the homogeneous
model of Meszaros & Nagel (1985a,b), also utilized by
Sokolova-Lapa et al. (2023), calculated with the FINRAD trans-
fer code and magnetic opacities for both the continuum and the
fundamental cyclotron resonance. The transfer was performed
in a 1D slab geometry, assuming a high Thomson optical depth,
7r = 1000 and an electron density, n, = 10?2 cm™3. We set the
electron temperature to 5keV and chose a relatively low mag-
netic field, corresponding to a cyclotron energy of 20keV on the
NS surface.

This setup results in a cyclotron line at ~16keV in the red-
shifted, angle-integrated spectra. The combined spectrum for
the polarization modes show a general power-law-like behav-
ior with a high-energy cutoff. However, cyclotron resonance,
formed through complex energy and angle redistribution, affects
the spectrum over a wide range of energies.

We approximate the modeled spectrum as a power law
including a high-energy cutoff (cutoffpl) and show the total
flux ratio in Fig. 10 (bottom). Below the resonance, the excess
in the form of the cyclotron line’s red wing is particularly
noticeable. Note that in reality, for lower magnetic fields, the
spectral shape of the line’s blue wing may be influenced by
a second harmonic cyclotron line not included in the theoreti-
cal model. Although we chose the magnetic field to represent
the case of 4U 0115+63, these simulations are not intended to
model the spectrum of this particular source. They merely illus-
trate the complexity of the spectra that emerges even within this
simplified framework. These complexities manifest as dip- or
hump-like deviations from the power-law continuum. Additional
physical effects, such as the influence of bulk motion and light
bending near the NS, may further modify the spectra signifi-
cantly. The deviation of the humps from the continuum, shown
in Fig. 10, is of similar order of magnitude to the relative flux of
the “10keV feature” found in our analysis (Figs. A.1d and 7d).
It is also compatible with the ~35% and ~51% of the continuum
flux attributed to the “10keV feature” in the analysis of ear-
lier observations by B20. We emphasize that we currently do not
fully know how changes of plasma parameters affect changes
in the accretion flow. Further effects, such as the influence of
temperature in the line-forming region on photon reprocessing,
have not yet been fully accounted for. These results are therefore
exploratory only.

7. Summary and conclusions

In this paper we analyzed short-timescale flux variations in the
X-ray spectrum of 4U0115+63 on timescales of the system’s

QPOs and the base-level flux changes. As the flux variations on
QPO timescales could be due to changes in the accretion flow,
we performed a count-rate-resolved analysis to study the spectral
behavior at different intensities. As the individual QPO peaks in
the light curve show strong variability (see Fig. 3), this selection
does not constitute a QPO phase-resolved analysis. After estab-
lishing a model for the flux-averaged datasets (Sect. 4) and then
applying it to the flux-resolved analysis (Sect. 5.1), we identified
a change in the overall spectral shape, particularly in the energy
range of the “10keV feature”, compared to the flux-averaged
data. This suggests the “10keV feature” is an independent spec-
tral component rather than a modeling artifact.

Assuming an exponentially cutoff power-law continuum, our
results provide the strongest evidence to date that the “10keV
feature” is likely a separate spectral component. Specifically, we
find that the centroid energy of the “10keV feature” is flux-
independent (Fig. 9a) within each individual observation, while
its relative flux, Fgxev/FpL, depends on flux (Fig. 9c). Since
flux-dependent changes in the CRSFs do not affect the “10keV
feature” (Fig. 9b), these results strengthen the interpretation of
the “10keV feature” as a separate spectral component and
allows us to explain the spectrum without using a second fun-
damental CRSF, as sometimes done in the literature. Although
both observations show similar principal behavior, Ejgey dif-
fers between them, potentially due to the different source fluxes.
If true, this result could suggest some level of coupling between
the physical formation of the general continuum and the “10keV
feature”.

As discussed in Sect. 6.3, there are three possible expla-
nations for the “10keV feature”. First, as speculated by B20,
the “10keV feature” could be due to cyclotron emission. Sec-
ond, a more complex formation mechanism for the CRSFs, in
which Compton scattering produces a broadened red wing of the
absorption line, could mimic the feature. Finally, polarized radia-
tive transfer that accounts for cyclotron resonance redistribution
in strongly magnetized plasmas also yields a spectral feature in
the 10keV band (Sokolova-Lapa et al. 2023). Further observa-
tions, especially with X-ray polarimetry above ~7keV — that
is, at harder energies than those with current missions such as
IXPE — would help us choose between these possibilities.
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Appendix A: Additional figures (N1)

In the main body of the paper we showed the results from the flux-resolved analysis of N2, see Fig. 7. The residuals of the analysis
of observation N1 are shown here in Figure A.1.
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Fig. A.1. Residuals of the flux-resolved spectra of N1 (FPMA in gray, FPMB in varying color). The blue dashed lines in panels (a) and (b) mark
the positions of the CRSFs, using the values listed in Table B.1. The y? residuals (a) and ratio (b), when only evaluating and re-normalizing the
flux-averaged best-fit parameters, are shown. Refitting the parameters of the four flux-resolved spectra simultaneously, lead to the best fit as given

in panel (c). Panel (d) highlights the contribution of the

best-fit that is shown in the lower left panel.

“10keV feature”, by showing the resulting ratio after removing the component from the
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Appendix B: Fit parameters

Table B.1 lists all best fit parameters of the spectral fits to both NuSTAR observations of 4U 0115+63, both with and without
considering the corresponding Swift observations. The best fit parameters for the flux-resolved analysis are listed in Table B.2.

Table B.1. Best parameters of the averged spectral fit with confidence limits.

Parameter N1 Ol N2 02
CFPMA 1.00" 1.007 1.00 1.00"
CFPMB 0.9619+0.0017  0.9619 +0.0017  0.9732+0.0016  0.9731 +0.0016
CXRT 0.941 = 0.012 0.890 = 0.013
Ny [10%2 cm 2] 23+0.8 1.93 £0.07 12£0.7 1.99 £ 0.07
Ecrsr,o [keV] 11.78 +0.09 11.76 + 0.08 11.76%0-10 11.71 +£0.10
ocrsF,o0 [keV] 1.23 1.25% 1.39 1.42°
Dcrsr, o0 [keV] 0.173+0:028 0.182+0:023 0.134+0:034 0.155+0:03¢
Ecrsr,1 [keV] 23.6° 23.5¢ 23.5¢ 23.4
ocrs, 1 [keV] 2.45° 2.50° 2.78° 2.85%
Dcrsr. 1 [keV] LO1*014 105014 112029 L1570
EcrsF,2 [keV] 35.3¢ 35.3¢ 35.3¢ 35.1¢
OCRSF,2 [keV] 3.68" 3750 4.16° 4.27b
DcrsF.2 [keV] 1.9+0.4 1.9+04 2.1+0.6 22708
Ecrsr,3 [keV] 47.14 47.0° 47.0¢ 46.8¢
oCrsF, 3 [keV] 4.91° 5.01° 5.55% 5.70°
Dcrsk,3 [keV] 2.1+09 22+09 <1.88 L1t

r 0.37+906 0.390 = 0.030 0.34 £0.05 0.40 +0.04
Efola [keV] 9.50*928 9.56*024 9.14*9:30 9.3370%8
FpL [keVs™' cm™] 8.6870:2 8.77+0:13 6.04 +0.12 6.16 +0.09
Ajokev [phs™! em™2] 1.007 1.007 1.00 1.007
Eioiev [keV] 6.647039 6.84*0-17 7.41£0.15 7.53£0.12
Tiokev [keV] 3.837018 3.75£0.11 3.30 +0.09 3.23 +0.08
Fiokev [keVs™! em2] 2.69%027 2.5932 +0.0025 1.6970-11 1.6530*0:0017
Fiokev/FpL 0.310*5:053 0.29670012 0.280 +0.016 0.268 + 0.013
AFeko [1073 phs™ em™2] 14£04 1.60 £ 0.28 1.19£0.21 1.13£0.19
Efeka [keV] 6.40° 6.407 6.40° 6.407
Afexxvka [107% phs™' cm™] 1.02 +0.30 1.11+0.28 1.02+539 0.96 +0.19
EFexxvKa [keV] 6.69" 6.69" 6.69" 6.69"
Afexxvike [107 phs~tcm™] 0.45+0.28 0.56 + 0.26 <0332 <0323
EFexxviKe [keV] 6.97" 6.97° 6.97° 6.97
CCRSF, 0.104+0:008 0.106 = 0.007 0.11870011 0.122+0011
red. y? / d.o.f. 1.49 /326 1.50/ 441 1.53/325 1.42 /439

Notes. The NuSTAR observations were fitted with (O1 and 02) and without (N1 and N2) using the corresponding Swift observation. The symbols
indicate as follows:

® Fixed

@ Set to the multiple integer value of Ecgsg,o

® Coupled to the respective CRSF energy via ccrsp, 0

@ For fitting, Forev is coupled to Fpp via Figxev/Fpr. The uncertainty of F;0keV is derived by error propagation from the uncertainties of Fpy,
and Foxev/Fpr.
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