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ABSTRACT

The Be/X-ray pulsar 4U 0115+63 underwent a type II outburst in 2023. After the outburst, similar to the outbursts in 2015 and 2017,
the source decayed into a quiescent state. Two out of three XMM-Newton observations conducted after the 2023 outburst confirmed the
source to be in a low-luminosity state at a level of Ly ~ 1033 erg s~!. X-ray pulsations were detected at ~0.277 Hz in both observations
with a pulsed fraction exceeding 50%. The power density spectra show no significant low-frequency red noise in either observation,
suggesting that the radiation is not driven by accretion. The energy spectra in this state can be described by a single blackbody
component, with an emitting area smaller than the typical size of the polar caps during the accretion phase. Based on the timing and
spectral properties, we suggest that the propeller effect is active during the quiescent state, resulting in a total quenching of accretion.
We discuss possible mechanisms for the generation of pulsations in this regime and consider the scenario of neutron star crust cooling.
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1. Introduction

Transient X-ray pulsars (XRPs) in Be X-ray binaries (BeXRPs)
host a highly magnetized neutron star (NS) with a magnetic
field on the order of B ~ 10'>-10'3 G. BeXRPs emit X-rays
when accreting matter from a decretion disk that episodically
forms around a rapidly rotating Be-type companion star. As the
accreted material approaches the NS magnetosphere, it couples
to the magnetic field lines and is funneled onto the magnetic
poles. This process releases gravitational potential energy, which
is radiated as X-rays. The anisotropic nature of the accretion
flow leads to pulsed X-ray emission modulated by the NS rota-
tion (for a review, see Mushtukov & Tsygankov 2024). These
systems usually have significantly eccentric orbits. Near peri-
astron, the increase in the mass accretion rate can trigger a
so-called type I outburst, with X-ray luminosities reaching up
to Lx ~ 10%7 erg s~L. In other cases, BeXRPs can reach lumi-
nosities above the Eddington limit for a NS during giant (type
IT) outbursts. The physical mechanism behind type II outbursts
remains uncertain (see the review by Reig 2011).

The temporal evolution of the observed X-ray flux from tran-
sient XRPs is governed to a large extent by the interaction of
matter with the magnetic field. For instance, for the systems
with fast-spinning NSs (typical spin period Py, < 10s), at
the end of the outburst, when the mass accretion rate decreases
to a threshold value, the accretion is expected to be inhib-
ited by the centrifugal barrier — the so-called propeller regime
(Illarionov & Sunyaev 1975). The threshold mass accretion rate
corresponding to the transition to the propeller regime corre-

* Corresponding author: hua.h.xiao@utu. fi

sponds to the equality of the magnetospheric and corotation radii
of the NS and can be expressed as (e.g., Stella et al. 1986)

Lpeop = 4 x 107 K% B}, P10 M R ergs™,

where Bj; is the magnetic field strength in units of 102G, Pypin
is the spin period in seconds, M| 4 is the NS mass in units of
1.4 Mo, Rg is the radius in 10° cm, and k is a geometric factor
of order unity. Below this luminosity threshold, accretion onto
the NS is expected to cease abruptly, resulting in a sharp decline
in observed flux and a transition to a low-luminosity quiescent
state. In several XRPs, dramatic luminosity evolutions have been
observed in the final stages of their outbursts and are consid-
ered to result from the propeller effect, for example SXP4.78
(Semena et al. 2019), GROJ1750-27 (Lutovinov et al. 2019),
4U0115+63, and V 0332+53 (Stella et al. 1986; Campana et al.
2001; Tsygankov et al. 2016).

At the same time, most transient XRPs observed in quies-
cence exhibit a nonzero flux in the X-ray band, with a typical
luminosity of Ly s_joxev < 10** ergs™! (Tsygankov et al. 2017a).
Moreover, some sources still display pulsations during this state
(e.g., 4U1145-619, Mukherjee & Paul 2005; 1A 1118-615,
Rutledge et al. 2007; 1A 0535+262, Mukherjee & Paul 2005;
and 4U 0115+63, Rouco Escorial et al. 2017, 2020; see also
Table 1 in Tsygankov et al. 2017a for a complete source list).
The reason for this phenomenon remains unknown, with two
main hypotheses proposed. The first is the leakage of matter
through the centrifugal barrier along magnetic field lines, which
leads to the formation of hot spots (see, e.g., Elsner & Lamb
1977, Ikhsanov 2001; Liietal. 2014; Orlandini et al. 2004;
Mukherjee & Paul 2005). The second is thermal emission from
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a cooling, accretion-heated NS, in which more heat from the
solid crustal layer is conducted to the magnetic poles due to
anisotropic heat transport governed by the magnetic field lines
(Rouco Escorial et al. 2017).

Therefore, the possibility of accretion onto the NS surface in
the propeller regime remains viable and has not been definitively
ruled out by observational data. Determining the origin of the
emission in the quiescent state of a transient XRP requires high-
quality data obtained during this phase. Such data were acquired
with the XMM-Newton observatory for the well-studied pulsar
4U 0115+63 following its 2023 outburst.

4U0115+63 is a typical transient BeXRP that was discov-
ered by the Uhuru satellite (Giacconi et al. 1972) and identified
as having a B0.2Ve spectral type companion star (Johns et al.
1978). The NS has a magnetic field strength B ~ 1.3 x 102G
as measured from the cyclotron line energy (Heindl et al. 2000)
a spin period Py, ~ 3.61s (Cominsky et al. 1978). It orbits its
companion every 24.3d with an eccentricity of approximately
0.34 (Rappaport et al. 1978). The distance to the source is esti-
mated to be ~5.0kpc, based on the Gaia data (Neumann et al.
2023).

Over the last decade, 4U 0115+63 has experienced several
giant type II outbursts. Tsygankov et al. (2016) discovered a
rapid drop in flux following the 2015 outburst and suggested
that the source had transitioned into the propeller regime. The
authors estimated the threshold luminosity for this transition to
be (1.4 + 0.4) x 103 ergs™!. Based on follow-up observations
using Swift and XMM-Newton at the end of this and the follow-
ing outbursts, the source was found to be in a low-luminosity
state with Los_joey ~ 103 erg s (Wijnands & Degenaar
2016; Rouco Escorial et al. 2017, 2020). X-ray pulsations were
detected in the XMM-Newton observations during this state
(Rouco Escorial et al. 2017, 2020).

In this study we performed timing and spectral analysis of
the deep XMM-Newton observations of 4U0115+63 obtained
after the 2023 giant outburst to constrain the origin of its pul-
sating emission in the quiescent state.

2. Observations and data reduction

In March 2023, 4U0115+63 exhibited a new type II out-
burst, followed by a decay into a low-luminosity (quiescent)
state. XMM-Newton observed the source multiple times, and we
used the suitable data from the XMM European Photon Imag-
ing Camera (EPIC), Specifically, EPIC-PN (hereafter PN) and
EPIC-MOS (hereafter MOS) detectors. Observations were con-
ducted on 2023 July 13 (MJD 60138, hereafter Obs1), August
4 (MJD 60160, Obs2), and September 11 (MJD 60198, Obs3).
We also included an observation conducted on 2016 February 17
(MJD 57435; Obs2016), when the source was in the quiescence
(see Table 1 and Fig. 1 for details).

Following the official SAS Science threads’, the data reduc-
tion was performed by using the Science Analysis System (SAS
v22.1.0)? software with the latest calibration datasets. We used
the epproc and emproc tasks to produce calibrated and concate-
nated event lists from the PN and MOS cameras, respectively. To
remove high background flaring activity from the observations,
the single-event (PATTERN==0) light curves in the 10—-12keV
band for the PN camera and >10keV for the MOS cameras
were extracted; then we used the threshold rates for a steady low

I https://www.cosmos.esa.int/web/xmm-newton/
sas-threads
2 https://www.cosmos.esa.int/web/xmm-newton/sas
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Fig. 1. Light curves of 4U0115+63 during and after the 2023 giant
outburst observed with Swift/BAT (gray) and XMM-Newton (red). The
luminosities of XMM-Newton observations in the 0.3—10keV band
are (7.3703) x 10*% ergs™', (6.4704) x 10*? ergs™, and (1.65 + 0.02) x
10% erg s~! for Obs1, Obs2, and Obs3, respectively, obtained by spectral
analysis described in Sect. 3.2 using a distance of 5.0 kpc. The vertical
dashed blue lines represent the times of periastron passages determined
by adopting the ephemeris of Raichur & Paul (2010).

background (see Table 1) to get the good time intervals of each
observation. Due to the very low count rates of the source dur-
ing the XMM-Newton observations, Obs1, Obs2, and Obs2016
were not affected by pile-up. For these observations, the source
region was identified as a circular region with a 20" radius, and
the background was extracted from a nearby, source-free circular
region with a 50" radius on the same CCD. For Obs3, to mitigate
pile-up effects, we used an annular source region centered on the
source position, with an inner radius of 10" and an outer radius
of 20”. We extracted the single and double events (PATTERN < 4)
for the PN camera and the events between single and quadruple
(PATTERN < 12) for the MOS cameras. The barycentric correc-
tion was performed by using barycen task.

For the timing analysis, we used the epiclccorr task
to obtain net light curves. We used the powspec tool to get
the power density spectra (PDSs) and folded the pulse pro-
files using the efold tool from the HEASoft v6.35.1 package®.
The background spectra were scaled using the backscale task.
The response matrix and the ancillary response files were gen-
erated using rmfgen and arfgen, respectively. We used the
epicspeccombine task to combine the spectra of three EPIC
cameras in order to improve statistics. Due to the very few counts
in the spectra, we re-binned the spectra with grppha tool to
make sure each bin has a minimum count of 5. The spectral anal-
ysis was performed by using the X-ray spectral fitting package
(XSPEC) version 12.15.0 (Arnaud 1996). We used C-statistics for
the statistics of fitting. All uncertainties in this paper for spectral
analysis correspond to a confidence level of 90%, estimated by
running Monte Carlo Markov chains with a length of 20 000 with
a burn-in of 10 000 using the Goodman-Weare algorithm.

3. Results

Discriminating between accretion and cooling scenarios for the
observed emission from a transient XRP in the quiescent state
can be achieved by analyzing both the timing and spectral prop-
erties of its emission.

3 https://heasarc.gsfc.nasa.gov/docs/software/lheasoft
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Table 1. Details of the XMM-Newton observations of 4U 0115463 used in this paper.

Obs No. ObsID Time PN exposure time  Count rate”®  Threshold rate )
(MJD) (ks) (counts™) (counts™)
Obsl 0883350401 60138.72-60138.84 ~6.2 0.49+0.04 >0.55,>0.2, >0.25
Obs2 0883350301 60160.55-60160.78 ~5.9 0.43+0.04 >0.45, >0.15, >0.2
Obs3 0883351701 60198.44-60198.67 ~13.3 7.85+0.09 >1.0, >0.2, >0.25
Obs2016 0790180301  57435.30-57435.91 ~21.3 0.32+0.04  >0.55, >0.2, >0.25

Notes. @The average count rates are obtained from PN light curves in 0.3—10keV band and the errors are 1o-. ®’The threshold rate are shown in
the following order: PN, MOS1 and MOS?2. All observations were conducted in Full-Frame science mode.
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Fig. 2. Lomb-Scargle periodograms of 4U 0115+63 derived from three
background-subtracted light curves with 0.1 s bins, observed by XMM-
Newton in 2023. Clear pulsations are detected at a frequency of
~0.277 Hz, corresponding to the NS spin frequency.

3.1. Timing analysis

X-ray pulsations from 4U 0115+63 during its quiescent states
have been detected after the 2015 and 2017 giant outbursts
(Rouco Escorial et al. 2017, 2020). To search for possible peri-
odic signals associated with the NS spin in the data obtained dur-
ing the 2023 outburst (see Table 1), we extracted the background
subtracted PN light curves in 0.3—10keV band with a bin size
of 0.1 s and calculated their Lomb-Scargle periodograms (Lomb
1976; Scargle 1982) in 0.1-0.5Hz range using the PYTHON
package ASTROPY. The results are shown is Fig. 2. We did
not use the data from the MOS cameras in the timing analysis
due to their poor time resolution (2.6s in full frame mode)*.
The Lomb-Scargle periodograms show significant signals at
~0.277Hz in all three observations, corresponding to the NS
spin frequency. We examined the confidence levels of these peri-
odic signals, resulting in false alarm probabilities of 2.8 x 107>,
4 x 1073, and 3.2 x 10729 for Obsl, Obs2, and Obs3, respec-
tively. The corresponding pulse periods were precisely esti-
mated using the Z> method (Buccheri et al. 1983) in STINGRAY
(Huppenkothen et al. 2019) package to be 3.6136 + 0.0003s,
3.6143 £ 0.0003 s, and 3.61339 + 0.00005 s, respectively, where
the uncertainties correspond to the standard deviation.

4 https://heasarc.gsfc.nasa.gov/FTP/xmm/doc/XMM_UHB.
pdf
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Fig. 3. PDSs of 4U 0115+63 normalized as in Leahy et al. (1983) and
obtained using 0.1 s binned, background-subtracted light curves. The
gray step line represents the PDS from Obs3, which clearly shows a red
noise component at low frequencies. The red step line corresponds to
the PDS from the combined light curves of Obs1, Obs2, and Obs2016,
which exhibits a flat (white noise) distribution in the 0.003—1 Hz range.
The inset provides a zoomed-in view around the NS spin frequency
(highlighted by the green stripe).

In accreting systems like XRPs, accretion is an intrinsically
noisy process, where fluctuations in the mass accretion rate are
driven by random variations in the viscosity within the accre-
tion disk (Lyubarskii 1997). Therefore, if accretion is the pri-
mary mechanism responsible for the observed X-ray emission,
a feasible way to validate this process is by studying the aperi-
odic variability in the light curves (e.g., Doroshenko et al. 2020).
Specifically, the authors compared the PDSs of accreting pulsars
and non-accreting systems (such as magnetars and radio pul-
sars), showing that low-frequency noise dominates the PDSs of
accreting systems. They attributed these differences to the pres-
ence or absence of ongoing accretion onto the NS.

To test for the presence of accretion in 4U 0115+63 during
the different states observed with XMM-Newton, we generated
PDSs using the powspec tool from the HEASoft package, as
shown in Fig. 3. We note that the XMM-Newton observation
from 2016 (Obs2016) shows an averaged count rate similar to
that of Obs1 and Obs2 (Rouco Escorial et al. 2020). Therefore,
we included this observation in the timing and spectral analy-
sis to improve the statistics. As clearly seen in Fig. 3, the red
noise dominates the low-frequency part of the PDS in Obs3.
This observation was performed when the NS was near perias-
tron passage (see Fig. 1), a phase where the system is expected
to experience an increased accretion rate, potentially leading to
a type I outburst. In contrast, the PDS of the merged light curves
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Fig. 4. Pulse profiles from the XMM-Newton observations obtained dur-
ing the quiescent (top) and accreting (bottom) states of 4U 0115+63,
folded using background-subtracted light curves with 0.1s binning in
the 0.3-10keV energy range and using spin periods estimated via
epoch-folding. The profiles were normalized by their average count
rates. Phases were aligned using the cross-correlation method.

from Obs1, Obs2, and Obs2016 remains flat at a level of ~2 at
low frequencies, which is characteristic of the white noise. We
fitted this PDS with a constant value of 2, yielding a reduced chi-
square of sze 4 = 0.82 with 511 degrees of freedom. At the same
time, peaks in the PDS corresponding to the spin frequency are
significantly detected at ~0.277 Hz in both states. We fitted both
peaks with a Gaussian function, resulting in a standard deviation
of 3 x 10~* Hz for the quiescent observations, whereas the peak
in Obs3 appears broadened with a higher standard deviation of
1 x 1073 Hz, likely due to the interplay between periodic and
aperiodic variability.

The pulse profiles of 4U 0115463 obtained when the source
was in the quiescent (Obsl, Obs2, and Obs2016) and accret-
ing states (Obs3) are shown in Fig. 4. For the quiescence, the
pulse profiles are very similar, consisting of a sinusoidal-like
peak accompanied by a weak harmonic, consistent with the find-
ings of Rouco Escorial et al. (2020). The averaged pulse profile
was fitted with a combination of a sinusoid and its first har-
monic, revealing an amplitude ratio between the fundamental
and harmonic of approximately 3. We quantified the pulse ampli-
tude using the fractional root-mean-square pulsed fraction (PF),
which is defined as

PF = (Zﬁl(l’i — 7)2/N)l/2

7

ey

where N represents the number of phase bins, r; is the count rate
in the i-th phase bin, and 7 is the phase-averaged count rate. The
resulting PF values for Obs1, Obs2, and Obs2016 are 52 + 5%,
55 + 5%, and 56 = 5%, respectively. For comparison, we also
calculated the PF for Obs3, which is 26 + 6%, approximately
half the value observed in the quiescent-state observations.
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3.2. Spectral analysis

The main aim of the current work is to determine the physical
origin (whether the low-level accretion or the NS cooling) of the
X-ray emission of the 4U 0115+63 emission observed in the qui-
escent state. Therefore, our spectral analysis primarily focuses
on the data from Obs1, Obs2, and Obs2016, while Obs3 is used
as a reference case with clear evidence of ongoing accretion.

According to observational studies (Tsygankov et al. 2016;
Wijnands & Degenaar 2016; Rouco Escorial et al. 2017, 2020),
the continuum emission of 4U 0115+63 in the quiescent states can
be described by a blackbody model. We adopted a spectral model
consisting of ablackbody component (bbodyrad in XSPEC) mod-
ified by interstellar photoelectric absorption (tbabs in XSPEC).
The hydrogen column density, Ny, was fixed at 9 x 10*! cm™
following Wijnands & Degenaar (2016). Element abundances
were set to wilm (Wilms et al. 2000) and photoelectric cross-
sections to vern (Verner et al. 1996). As shown in Table 2, the
fitting results shows an acceptable goodness-of-fit statistics: C-
statistic/d.o.f. = 86.1/86, 28.1/37, and 229.6/202 for Obs1, Obs2,
and Obs2016, respectively. The best-fit blackbody temperatures
(kTgp) for these three spectra are 0.44*09% 0.49 + 0.06, and
0.43 + 0.02 keV, respectively. Assuming isotropic emission and
a distance of 5.0kpc, the corresponding emission region radii,
derived from the model normalization, are 0.39*07.0.30*0:11 and
0.32 +0.03 km, respectively. These radii are significantly smaller
than the canonical NS radius, suggesting that the X-ray emis-
sion originates from localized hot spots at the magnetic poles of
the NS. For Obs3, the spectrum cannot be described by a single
bbodyrad. We therefore fitted the spectrum using an absorbed
power-law model, i.e., tbabs* (powerlaw), which provides a
good fit with y?/d.o.f.=734.81/732. The resulting parameters
indicate a hard photon index of I' = 0.81 + 0.03, which is typ-
ical of the accreting state.

We note that the spectral parameters and fluxes of Obsl
and Obs2 are similar to those of Obs2016 (Rouco Escorial et al.
2017) when modeled with the bbodyrad component, indi-
cating that all three observations likely correspond to similar
radiative states. Therefore, it is reasonable to fit these spectra
simultaneously to improve count statistics. A constant com-
ponent was included to account for possible cross-calibration
differences between XMM-Newton cameras, as well as varia-
tions in the source’s flux across the different observations. This
model provides a good fit to the combined data, with a C-
statistic/d.o.f. = 343.4/326. The fitting results are shown in Fig. 5
and summarized in Table 2.

At the same time, Wijnands & Degenaar (2016),
Rouco Escorial et al. (2017, 2020) suggested that the spec-
tra of 4U0115+63 in quiescence can also be described
by a power-law model with large photon index. We therefore
attempted to replace the bbodyrad component with a pegpwrlw
model in XSPEC. Consistent with Rouco Escorial et al. (2020),
the model reveals a soft spectrum with the photon index
I = 27 +0.2, 2473, and 2.7 + 0.1 for Obsl, Obs2 and
Obs2016, respectively. However, this model did not provide
satisfactory fits to the spectra, yielding poor goodness-of-fit
values: C-statistic/d.o.f. = 173.2/86 for Obs1, 55.4/37 for Obs2
and 464.4/202 for Obs2016. We show the residuals in Fig. 5. We
also tested other models commonly used for accreting XRPs,
such as comptt and cutoffpl, but the parameters could not
be reliably constrained in either case due to the narrow energy
band of XMM-Newton.

Similar to the timing analysis (e.g., the presence of
red noise), the spectral shape of an XRP’s emission
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Fig. 5. Spectral energy distribution of 4U 0115+63. Panel (a): Unfolded
EFg spectra during XMM-Newton observations Obsl (black), Obs2
(blue), and Obs2016 (red) and fitted jointly. The dashed black curve
represents the bbodyrad component. The dotted gray line shows a pos-
sible additional hard component, and the solid gray line indicates the
total model spectrum. As a comparison, the spectrum of Obs3 is also
in orange, and its low-energy part (<1keV) is excluded to simplify
the panel. Residuals from the spectral fits using the bbodyrad and the
bbodyrad + gaussian models are shown in panels (b) and (c), respec-
tively. Panels (d), (e), and (f) show the residuals for Obs1, Obs2, and
Obs2016, respectively, using the pegpwrlw model.

may provide strong evidence of either ongoing accretion
or its absence. Notably, Tsygankov etal. (2019a) demon-
strated that even at low mass accretion rates, the X-ray
spectrum of XRPs cannot be adequately described by a
simple blackbody model. In practice, at low luminosities
(Lx < 10¥ergs™"), XRP spectra typically exhibit a char-
acteristic “two-hump” shape. This feature has been reported
in several sources, including X Persei (Doroshenko et al.
2012), GX304-1 (Tsygankovetal. 2019a), 1A 0535+262
(Tsygankov et al. 2019b), GROJ1008-57 (Lutovinov et al.
2021), and 2RXPJ130159.6-635806 (Salganik etal. 2025).
The hard spectral component is thought to arise partly
from cyclotron radiation, originating from interaction of the
accretion flow with the NS atmosphere, Comptonized in its
upper hot layers (Nelsonetal. 1995; Di Salvoetal. 1998;
Coburn et al. 2001; Tsygankov et al. 2019b; Mushtukov et al.
2021; Sokolova-Lapa et al. 2021).

Mushtukov et al. (2021) and Sokolova-Lapa et al. (2021)
modeled this scenario and successfully reproduced the over-
all shape of the low-luminosity spectra of A 0535+262 and
GX304-1. Both models predict that the position of the hard
component coincides with the cyclotron energy of the pul-
sar. To test for the presence of a hard emission compo-
nent related to the accretion process during the quiescent
state, we added a gaussian component to our spectral model
(i.e., const*tbabs*bbodyrad), fixing its central energy at
12keV, corresponding to the fundamental cyclotron line of
4U0115+63 (e.g., White et al. 1983). Following the suggestion
by Tsygankov et al. (2019a) that the hard component typically
contributes about half the flux of the soft component, we con-
strained the flux of the gaussian component in our fitting pro-
cedure to be half that of the blackbody component. However,
the best-fit results gave a width of the gaussian close to zero.
This suggests that the hard component is not necessary for the
spectral fitting. We further fixed its width at 10keV to enable a
comparison between fits with and without the hard component,
resulting a goodness-of-fit of C-statistic/d.o.f. =392.2/325. The
negative value of AC = —48.7 indicates that the two-component
model provides a worse fit to the spectrum compared to the
single-blackbody model. Therefore, the presence of a hard com-
ponent in the quiescence spectrum can be tentatively ruled out.
The corresponding fits are shown in Fig. 5. However, we note
that the limited energy coverage of the available data restricts
one to fully characterize the spectra above 10keV, the spectral
results should be interpreted with caution. Nevertheless, due to
the low cyclotron line energy of 4U 0115+63, future broadband
observations of this source would be valuable for understanding
the radiation mechanisms in the low-luminosity state.

Using the single-blackbody model, we performed phase-
resolved spectroscopy by dividing the pulse phase and corre-
sponding spectra into four phase intervals (¢;—4 = 0-0.25,
0.25-0.5,0.5-0.75, and 0.75—-1), where phases are aligned with
the pulse profiles shown in Fig. 4. The constant parameter was
fixed to the values obtained from the phase-averaged spectra.
The results are presented in Fig. 6 and Table 2. The blackbody
temperature (kTgg) remains relatively stable across most of the
spin phase but drops to 0.39keV during the pulse trough. The
blackbody radius exhibits a weak positive correlation with the
pulse intensity, varying within the range Rgg = 0.26—0.42 km.
However, the low statistics of the phase-resolved spectra are
insufficient for further investigating the dependence of flux on
kTBB and/or RBB-

4. Discussion and conclusion

To investigate the origin of the X-ray emission from tran-
sient XRPs in the quiescent state, we conducted a timing and
spectral analysis of the well-known BeXRP 4U 0115463 using
XMM-Newton observations obtained in 2023 following a type
IT outburst. As in previous post-outburst episodes observed
in 2015 (Wijnands & Degenaar 2016; Tsygankov et al. 2016;
Rouco Escorial et al. 2017) and 2017 (Rouco Escorial et al.
2020), the source displayed a low X-ray luminosity of
~10% ergs™! during quiescence, along with type I outbursts
occurring near periastron passages.

In systems where the accretion process occurs through the
disk, as is expected in 4U 0115+63, the red noise arises from the
stochastic nature of viscosity within the accretion disk (Lyubarskii
1997). Random fluctuations in viscosity lead to local variations in
mass density, which propagate both inward and outward through
the disk under the influence of viscous diffusion (Mushtukov et al.
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Table 2. Best-fitting spectral parameters for the averaged and phase-resolved spectra of 4U 0115+63.

Parameter Obs1 Obs2 Obs2016 Averaged o 03 b3 [on
Const - - - 1.14f8ﬁ 1.14 (fixed) 1.14 (fixed) 1.14 (fixed) 1.14 (fixed)
Cobs2 - - - 1 (fixed) 1 (fixed) 1 (fixed) 1 (fixed) 1 (fixed)
Cobs2016 - - - 0.73*043 073 (fixed)  0.73 (fixed)  0.73 (fixed)  0.73 (fixed)
Ny (102 cm™2) 0.9 (fixed) 0.9 (fixed) 0.9 (fixed) 0.9 (fixed) 0.9 (fixed) 0.9 (fixed) 0.9 (fixed) 0.9 (fixed)
kTgg (keV) 0.44%092 0.49’:8;8‘6) 0.43+002 0.447001 0.47’:8:82 045709 0.47+09 O.39f8;g§
Rpp (km) 0.39“:8281 0.30’:%(1); 0.32’:8183 0.36’:8% O.26’jg:(1)2 0.41f8;82 0.42f818§ 0.35j8:(1);
Flux (107" ergem™2s71) 2.38fg:{§ 2.09f8;{§ 1.53f8;8} 2.10f8;_§ 1.47j8:§j 2.84f8§; 3.95f8;ﬁ l.Ong:g%
Lx (10%%ergs™) 73403 6.4+04 4803 640> 4549 8.7°1 12.1%3 3.2%7
C-statistic/d.o.f. 86.1/86 28.1/37 229.6/202  343.4/326 33.0/29 58.5/59 86.3/74 26.6/26

Notes. Unabsorbed X-ray fluxes and luminosities are calculated in the 0.3—10keV energy range. The blackbody emission radius Rgg was estimated

by assuming an isotropic source at a distance of 5.0 kpc.
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Fig. 6. Phase-resolved spectral parameters of 4U0115+63 obtained
using the model const*tbabs*bbodyrad. Instrumental cross-
calibration constants were fixed at their average values. Unabsorbed X-
ray fluxes were calculated in the 0.5-10keV energy range. The black-
body radius (Rpp) is derived from the normalization of the bbodyrad
component, assuming isotropic emission and a source distance of
5.0kpc. The dotted gray lines in each panel indicate the average pulse
profiles from Obs1, Obs2, and Obs2016 in arbitrary units.

2018, 2019). This process generates variability in the mass accre-
tion rate at the inner disk radius, and the fluctuations are sub-
sequently reflected at the NS surface, resulting in the observed
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variability of the X-ray flux (Revnivtsev et al. 2009). Viscous dif-
fusion acts to suppress mass accretion rate fluctuations at frequen-
cies higher than the local viscous frequency. However, even in
a cold accretion disk (Tsygankov et al. 2017b) characterized by
low viscosity, initial fluctuations are not entirely damped and can
still propagate inward, reaching the inner disk radius and influ-
encing the mass accretion rate onto the NS. In systems accreting
from a stellar wind, variability in the mass accretion rate is instead
driven by the intrinsic inhomogeneity, or clumpiness, of the wind
(Walter & Zurita Heras 2007).

Timing analysis revealed the absence of low-frequency red
noise in the PDSs of 4U0115+63 during quiescence (Obsl,
Obs2, and Obs2016). This contrasts sharply with Obs3, obtained
near periastron passage, where a prominent red-noise component
is detected in the PDS, consistent with the presence of accretion,
as also indicated by the spectral analysis. As previously shown
by Doroshenko et al. (2020), the lack of low-frequency variabil-
ity is a characteristic feature of non-accreting systems, such as
magnetars and radio pulsars.

The results of the joint spectral analysis of Obs1, Obs2, and
Obs2016 suggest that the continuum emission of 4U 0115+63
during the quiescent state is well described by a single black-
body model, rather than the two-hump spectrum typically asso-
ciated with low-level accretion in XRPs. This finding aligns with
the timing analysis, which also supports a non-accreting sce-
nario. We therefore conclude that, during these observations, the
accreting material did not reach the NS surface due to the action
of the centrifugal barrier, i.e., the propeller effect.

At the same time, X-ray pulsations at 0.277 Hz, correspond-
ing to the NS spin frequency, are clearly detected in this regime
in all three observations. The pulse profiles exhibit a sinusoidal-
like shape accompanied by a weak harmonic component and a
high root-mean-square pulsed fraction (PF > 50%), consistent
with previous XMM-Newton observations (Rouco Escorial et al.
2017, 2020). This pulsation behavior has been interpreted as
evidence of nonuniform thermal emission from the NS surface,
likely caused by anisotropic cooling due to the presence of a
strong magnetic field in the stellar crust (e.g., Geppert et al.
2006; Geppert & Vigano 2014). Pérez-Azorin et al. (2006) mod-
eled the temperature distribution in the crust of a magnetized
NS and found that the resulting X-ray spectrum can be well
described by a single blackbody with an emitting area sig-
nificantly smaller than the full stellar surface, consistent with
our results. Depending on the crustal temperature distribution
for different model configurations, the predicted pulsed fraction
from this cooling scenario is in the range 15-28% for a NS with
B~ 10"G.
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The tentative positive correlation between the blackbody
temperature and the X-ray flux over the pulse phase (see the
two upper panels in Fig. 6) further supports the interpretation
of the emission as originating from a cooling atmosphere rather
than from ongoing accretion. In a passively cooling, magnetized
NS atmosphere, the temperature typically increases with optical
depth (see, e.g., Shibanov et al. 1992), meaning that observers
looking closer to the surface normal see deeper, hotter layers,
while those viewing at larger angles sample cooler, upper layers.
This geometry naturally leads to a positive correlation between
the observed flux and blackbody temperature across the pulse
phase. In contrast, accretion-heated atmospheres are expected to
exhibit an inverse temperature profile, with external heating pro-
ducing hotter upper layers (e.g., Suleimanov et al. 2018). In such
a case, the observed flux could be anticorrelated with the appar-
ent temperature, especially in the presence of significant optical
depth effects. Therefore, the observed tentative temperature—flux
correlation may serve as an indicator of anisotropic thermal cool-
ing rather than ongoing accretion.

On longer timescales, we find that the observed quies-
cent flux decreased between 2016 and 2023 (see Tables 1
and 2). Such variability on year-long timescales cannot be
explained by deep crustal heating, which evolves only over
10*~10° yr (Brown et al. 1998). Instead, it points to processes
operating in the outer crust. Similar conclusions were reached
by Rouco Escorial et al. (2017, 2020), who studied the low-
luminosity states of 4U0115+63 after its 2015 and 2017 giant
outbursts. In that case, the year-to-year differences in flux
between post-outburst states can be naturally interpreted as
changes in the amount of heat deposited during the preceding
accretion episode.

Different authors, based on the magnetic hydrogen atmo-
sphere models of a cooling NS, have theoretically pre-
dicted a spectrum similar to a blackbody (e.g., Zane et al.
2000; Ho & Lai 2001). We also modeled such emission
using undisturbed magnetized hydrogen model atmospheres
(Suleimanov et al. 2009). We computed a model atmosphere
with parameters k7. = 0.44keV, M = 1.4 My, R = 12km, and
a surface magnetic field normal to the atmosphere of 1.3x10'2 G.
The emergent model spectrum is described well by a diluted
blackbody with the flux of Fr = wm Bg(f.Te). A color correc-
tion factor of f. =~ 1.25, and a dilution factor of w ~ 0.41. This
implies that the actual size of the emission region is larger than
that inferred from a simple blackbody model, R ~ w2 Rgp ~
1.56 Rgp.

We also investigated the angular dependence of the emergent
model emission and find that radiation emitted tangentially to the
surface, i.e., along the atmosphere plane, is less shifted to high
energies (f. ~ 1.1 for the zenith angle, 6, of 81°). It is inter-
esting that the ratio of the observed blackbody temperatures of
the pulse-average flux spectrum and the low-flux spectrum of the
pulse profile is approximately equal to the ratio of the color cor-
rection factors for the flux spectrum and the intensity spectrum
emitted at 6 = 81°: 0.44keV/0.39keV = 1.25/1.11 = 1.13.

This means that the observed decrease in blackbody temper-
ature can be explained by the model in which, at the pulse phase
with the lower temperature, we see the bright spot inclined at a
large angle to the line of sight. Thus, we conclude that a model
of the magnetized NS atmosphere can explain the observed spec-
trum of the source and its phase dependence. More detailed mod-
eling will be presented in a separate paper.

Future observational and theoretical studies of XRPs across
different luminosity states will be valuable for advancing our
understanding of emission mechanisms in highly magnetized

NSs in quiescence. In particular, measurements of polariza-
tion properties could reveal the pulsar orientation (see, e.g.,
Poutanen et al. 2024) and help verify the models proposed
above.
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