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ABSTRACT

The Be/X-ray binary 4U 0115+63 underwent a Type II giant outburst in 2023, reaching a peak luminosity of ~10% ergs™'. We
analyzed two NuSTAR observations, one during a high state and one during a low state. The high-state data reveal quasiperiodic

oscillations (QPOs) at 1.1 + 0.2mHz and 71.9%14 mHz, while the low-state data show peaks at 2.4 + 0.2mHz, 8.1*)$ mHz, and

67.6*33 mHz. Focusing on the ~1 mHz and ~2 mHz QPOs, we found no significant correlation between their frequencies and lumi-
nosity. Common models such as the beat frequency model, Keplerian frequency model, disk precession, and disk thermal instability
failed to explain these QPOs. Additionally, the energy dependence of the two QPOs differed: the rms of ~1 mHz QPO decreased with
energy below 10keV and then increased, and its phase-resolved spectra softened at the peak phase. In contrast, the rms of ~2 mHz

QPO remained stable, and its spectra exhibited no phase-dependent variations. This suggests that the two QPOs are driven by different

physical (albeit unknown) mechanisms.
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1. Introduction

Neutron star high-mass X-ray binaries are divided into Be/X-
ray binaries (BeXBs) and supergiant X-ray binaries (see reviews
by Reig 2011; Mushtukov & Tsygankov 2022). BeXBs, which
feature a dwarf, subgiant, or giant OBe star as the optical com-
panion, are the most numerous class. These systems exhibit
one of two accretion behaviors: persistent emission at Lx ~
10**3%ergs™! or transient activity with quiescent luminosities
below ~10** ergs™'. The active phases include two types of
outbursts: Type I X-ray outbursts are periodic and coincide
with periastron passage, with a typical luminosity of Lx ~
10°%37 ergs~!. Type II X-ray outbursts occur much less fre-
quently but have a higher luminosity of Lx > 10°” ergs™ and
show no orbital modulation.

4U0115+63 is one of the more active transients in the
BeXB category. It was discovered during the Uhuru mis-
sion sky survey in 1972 (Giacconi et al. 1972) and has since
been observed to undergo outbursts almost every few years
(Yamamoto et al. 2011; Nakajima et al. 2016, 2023). Based on
extensive observational data, the pulsation period and orbital
period of 4U0115+63 are estimated to be 3.6s and 24.3d,
respectively (Rappaport et al. 1978). The distance to the source
is typically assumed to be 7 kpc (Okazaki & Negueruela 2001;
Gaia Collaboration 2018).

In the spectra of 4U0115+63, five cyclotron resonant scat-
tering features (CRSFs) were reported in the spectrum, at ~11.2,
22.9, 32.6, 40.8, and 53 keV (Wheaton et al. 1979; White et al.
1983; Ferrigno et al. 2009). White et al. (1983) suggested that
the CRSF at ~20keV was the second harmonic resonance.

* Corresponding author: taolian@ihep.ac.cn

Using 11keV as the fundamental line energy, the magnetic
field of 4U 0115+63 was inferred to be ~10'> G. Subsequently,
Heindl et al. (1999) and Santangelo et al. (1999) independently
discovered the presence of multiple harmonic lines using data
from the Rossi X-ray Timing Explorer (RXTE) and BeppoSAX,
respectively. However, Iyer et al. (2015) used a modified contin-
uum model and detected two lines near 12 and 15keV in RXTE
and Suzaku data. Follow-up observations during the 2015 and
2023 outbursts using the Nuclear Spectroscopic Telescope Array
(NuSTAR) confirmed the presence of two fundamental CRSFs at
~12 and 16keV, as reported by Liu et al. (2020) and Roy et al.
(2024).

In timing analyses, multiple quasiperiodic oscillations
(QPOs) at different frequencies have been found in the light
curve of 4U 0115463, and multiple QPOs were even observed in
one observation. Soong & Swank (1989) first detected a broad
QPO peak at ~62mHz using High Energy Astronomy Obser-
vatory 1 (HEAO 1) data. During the March 1999 outburst,
Heindl et al. (1999) reported a strong 2 mHz QPO and consid-
ered that it was most likely due to the obscuration of the neu-
tron star by hot accretion disk matter. Dugair et al. (2013) ana-
lyzed a total of 95 publicly available RXTE observations for
4U0115+63 during three outbursts and detected a ~41 mHz
QPO, as well as the previously reported ~2mHz and ~62 mHz
QPOs. There was no correlation between these QPO parame-
ters and the flux. Subsequently, Roy et al. (2019) found a lower-
frequency ~1 mHz intensity oscillation from Large Area X-ray
Proportional Counter (LAXPC) observations of 4U 0115+63 in
October 2015 and investigated the luminosity and energy depen-
dence of the QPO. Additionally, a ~10 mHz QPO was detected
in 4U0115+63 during the 2017 outburst using Insight-Hard

Al124, page 1 of 9

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202555558
https://www.aanda.org
http://orcid.org/0000-0003-3260-8718
http://orcid.org/0000-0001-9893-8248
http://orcid.org/0000-0003-4498-9925
mailto: taolian@ihep.ac.cn
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Li, P. P, et al.: A&A, 703, A124 (2025)

P1 P2 P3
600
700 ﬁ
- < 500
ﬁ 600 E
C 500 &
o 400
5 4001
’
300 ¢
7 = LA S A LN,
2.6 2.251 :4%: N L) ¢ %H
o T T T r
T 24 6000 7000 8000 9000
2.2 Time (s)
6-20 keV /3-6 keV
0 5000 10000 15000 20000 25000 30000 35000 40000
Time (s)
160
P1P2P3P4P5
2 140
T 1401 <
w0
O | 2120
0 1201 ol i |
2 T N TR LN l
2 | i\ Il | 100
100 ; | } } ' +
2.50
2900 LTttt
T sl +++ X ' 4t 1 4 ++++
2.50 : : : : : :
£ 12500 12750 13000 13250 13500 13750 14000
2.254 Time (s)
2.00 6-20 KeV'/3-6 keV
: 0 10000 20000 30000 40000 50000
Time (s)

Fig. 1. X-ray light curves (with 50 s bins) and HRs of 4U 0115 + 63 during the 2023 outburst from Obs. 1 (upper panel) and Obs. 2 (lower panel).
The HR is 6—-20 keV versus 3—6 keV. The insert shows the details of the light curve. Different colors represent the different phases used for spectral

analysis in Sect. 3.4.

X-ray Modulation Telescope (Insight-HXMT) data (Ding et al.
2021).

Overall, 4U0115+63 is a unique source, with multiple
CRSFs detected in its spectrum and multiple frequency modu-
lations observed in its light curve. The lowest QPO frequency is
~1 mHz, which is prominently visible in the light curve. How-
ever, due to its transient nature and long period, high signal-to-
noise ratio and wide energy range data have been scarce, result-
ing in insufficient studies of the ~1 mHz QPO. As the lowest-
millihertz QPO reported in BeXBs to date, the ~1 mHz QPO
provides valuable insights into the large-scale structural evolu-
tion of the accretion flow. In this work we performed timing anal-
ysis on two observations of the 2023 outburst of 4U 0115463 by
NuSTAR. We find a ~1 mHz QPO in the high-state data and
a ~2mHz QPO in the low-state data, indicating that these two
QPO frequencies are independent and not harmonic. Addition-
ally, the long period allowed us to analyze phase-resolved spec-
tra of the QPOs, thereby establishing a connection between the
QPOs and the spectra, particularly with Fe lines and CRSFs.
This may help us constrain the origin of the QPOs. Details of
the analysis methods and results are presented in Sect. 3, and
discussions and conclusions in Sects. 4 and 5, respectively.

2. Observations and data reduction

NuSTAR made two observations during the 2023 outburst of
4U0115+63, with ObsIDs 90902316002 and 90902316004,
hereafter referred to as Obs. 1 and Obs. 2, respectively. The
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first observation was made on April 9, 2023 (MJD 60043), with
a total exposure time of 25342 s. The second observation was
made on April 26, 2023 (MJD 60060), with a total exposure time
of 33376ss.

NuSTAR is the first focusing high-energy X-ray mission that
contains two detector units (FPMA and FPMB), allowing imag-
ing of the sky in the energy range 3—-79keV (Harrison et al.
2013). NuSTAR Data Analysis Software (NuSTARDAS) is inte-
grated in HEASoft. We used the HEASoft v6.33.2 and
the NuSTAR calibration database (CALDB v20240729). In this
work, all data were calibrated and screened to obtain clean
events using the nupipeline script. The keyword STATUEXPR
is set to be STATUS==b0000xxx00xx0000. Subsequently, DS9
was utilized to generate source extraction and background
region files, followed by the application of the nuproducts
command to extract source spectra and light curves. Dur-
ing this process, barycenter correction was applied by setting
write_baryevtfile=yes and barycorr=yes. Light curves in
different energy bands were extracted by setting the parameters
pilow and pihigh.

3. Analysis and results
3.1. Light curve and hardness ratio

NuSTAR conducted two observations of the peak and decay
phases of the 2023 outburst of 4U 0115+63. Figure 1 displays the
light curve and hardness ratio (HR) from the two observations
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Fig. 2. Left panels (ObsID 90902316002), top to bottom: Miyamoto-normalized PDS, residuals of the PDS fitting, and PDSs in the 3—6keV,
6.0-8.5keV, 8.5-13.0keV, and 13.0-78 keV bands. In the top panel, the cyan curves show the Lorentzian components, and the gray curves the
power-law components of the fitted model. Only the PSD below 0.2 Hz is modeled; above this frequency the neutron-star spin frequency and its

harmonics dominate. Right panels: Same but for ObsID 90902316004.

with a bin size of 50 s. HR is defined as the ratio of the 6—20keV
to the 3—6 keV count rate. In the upper panel of Fig. 1, the count
rate of 4U 0115+63 fluctuates between ~400—600 cts/s, and HR
decreases by ~10% when the count rate is high. Notably, when
the source brightness is faint, there is less correlation between
the count rate and hardness, as shown in the zoomed insert in
the lower panel of Fig. 1. Moreover, both light curves in Fig. 1
exhibit significant modulation, which prompted us to conduct a
detailed timing analysis.

3.2. Search for QPOs

The most common method in timing analysis is to gen-
erate power density spectra (PDSs) from light curves
to search for potential quasi-periodic signals. We gener-
ated dead-time-corrected average PDSs for the 3-78keV

light curves (bin size=0.25s) of both NuSTAR obser-
vations using the Fourier amplitude difference correction
(Bachetti & Huppenkothen 2018) in Stingray (Bachetti et al.
2022). For the segment size, we aimed for larger values, espe-
cially for Obs. 1, as it exhibited modulation of ~1000s in the
light curve. However, due to satellite observation constraints,
the longest uninterrupted data segment is ~3000s. Therefore,
we set the segment length to 3000s for Obs. 1 and 2048s
for Obs. 2. The power was normalized using fractional rms-
squared normalization, also known as Miyamoto normalization
(Belloni & Hasinger 1990). As shown in the upper panel of
Fig. 2, the PDS of Obs. 1 has two broad peaks, while the PDS of
Obs. 2 has three narrower peaks.

To quantify the properties of each peak, we fitted them
using a Lorentzian model in XSPEC and also used a power-
law model to account for Poisson noise and band-limited noise.
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Table 1. Lorentzian fitting parameters for the PDS.

ObsID vy (mHz) rms; (%) Q

v, (mHz)

rmss (%) Qs x*/d.of.

rms; (%) Q2 v3 (mHz)

90902316002 (high state)
90902316004 (low state)

l.lfgé
+0..
2.4%05

5.7fu 1.6f{:g

4.3’:{:5 6.6:’22

8.1:’8:2

71.9+11,4

67.6733
=35

24700 1198 90/120
34710 39136 70700 1670 55/99

Notes. v, rms, and Q represent the centroid frequency, fractional rms amplitude, and quality factor, respectively.

We calculated the quality factor and the fractional rms ampli-
tude for each Lorentzian component, which are defined as fol-

lows: Q = vo/FWHM and rms = 1/fP(v)dv (van der Klis 1989;

Belloni & Hasinger 1990). The results are listed in Table 1. Due
to the close frequency and broad peak, the center frequency of
the rightmost peak (v3) in the PDSs of Obs. 1 (high state) and
Obs. 2 (low state) is ~70 mHz, possibly corresponding to the
QPO peak at ~62 mHz reported by Soong & Swank (1989) dur-
ing the 1978 outburst. The center frequencies of the leftmost
peaks (v;) in the PDSs are 1.1 +£0.2 mHz and 2.4 +0.2 mHz, con-
sistent with the modulations seen in Fig. 1. Furthermore, Obs. 2
exhibits a peak () at 8.1*0:¢ mHz, which may be a harmonic of
v1 or an additional QPO, but this cannot be conclusively deter-
mined.

It is worth noting that the modulation in the light curve in the
upper panel of Fig. 1 appears significant, but ~1 mHz QPO peak
in the PDS of Obs. 1 is quite broad. This is because the frequency
resolution of the PDS is limited by the time window of the
space observations (VanderPlas 2018). Therefore, we also com-
puted the Lomb-Scargle periodogram for the entire light curve
of the observation, which is an algorithm specifically designed
to detect and characterize periodic signals in unevenly sampled
data (Lomb 1976; Scargle 1982). The frequencies detected in
Obs. 1 and Obs. 2 are 0.9 mHz and 2.1 mHz, respectively, as
shown in Fig. A.1. These frequencies are consistent with the cen-
tral frequencies obtained by fitting the PDSs with a Lorentzian
function, further confirming the presence of the QPO in the data.
In Fig. A.1, the other strong peaks besides the highest one are
due to signal aliasing caused by the observation gaps.

3.3. Energy dependence of QPO

To investigate the energy dependence of the QPO feature, we
generated PDSs in the four energy bands of 3—6keV, 6-8.5keV,
8.5-13keV, and 13-78keV. As shown in the lower panel of
Fig. 2, the v3 in Obs. 1 is very weak in the PDSs across dif-
ferent energy bands, so we did not calculate its rms further. For
Obs. 1, the rms of v; decreases with energy, from ~8% in the
3—-6keV band to ~4% in the 8.5—13 keV band. Above 13keV,
the rms increases again to ~6%, as shown in Fig. 3. However,
for the three QPOs in Obs. 2, the rms does not show a significant
change with energy. Below, we discuss these properties in detail.

3.4. Phase-resolved spectra of QPO

Typically, the phase-resolved spectra is to divide the observed
data according to the different phases of the neutron star
pulse period and perform independent spectral analysis of the
data for each phase segment. In this work we applied phase-
resolved analysis to ~2mHz QPO in Obs. 2 using variational
mode decomposition (VMD) and Hilbert spectral analysis to
reveal spectral variations at different phases (see reviews by
Huang et al. 1998; Huang & Wu 2008; Dragomiretskiy & Zosso
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Fig. 3. QPO rms variation with energy from Obs. 1 (upper panel) and
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2014). Mode decomposition separates a time series into multiple
intrinsic mode functions (IMFs), expressed as

Ji(@) = A(t) cos (¢ (1)) , ey

where Ay (f) and ¢;(¢) are the instantaneous amplitude and phase
of the k-th IMF, respectively. For a time series f(¢), the Hilbert
transform is applied using
1 f(@
H(f(@®) =—pv | =—dr, (2)
s -7

to obtain the corresponding analytic signal, which is defined as

o) = f(0) + JH(FD) = A@D)e™?, 3)

where j is the imaginary unit. The time-dependent amplitude
A(?) and phase ¢(#) can be obtained from the analytic signal.
However, the modulation period in Obs. 1 is ~1000 s, a good
time interval contains fewer than three cycles, and the modula-
tion curve is very irregular, so there is a high likelihood that the
modes decomposed via VMD deviate from the true QPO modu-
lation. Therefore, we selected a segment of the light curve with
clear modulation, as shown in the zoomed insert of Fig. 1. We
divided this segment into three intervals (P1, P2, and P3), each
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Table 2. Best-fitting spectral parameters of the NuSTAR observations of 4U 0115+63.

ObsID 90902316002 90902316004
MID 60043 60060
Components Parameters P1 P2 P3 P1 P2 P3 P4 P5
TBabs Ny (10?2 cm™2) 1.3 (fixed)
gabs2 E (keV) 21.66f8§§ 21.13fg:§§ 22.19f8f§ 22.46j}:(‘)g 23.28f}:?g 20.54:1):22 21.99f}}? 22.18;1);2
o (keV) 8.37f}:}§ 6.83t8;§§ 6.21:1):}5;‘ 5.43f8§§ 6 14’:&:})3 4.68fgjgg 5.16f(1’:g? 5.33j8:§‘3’
Depth (keV) 21.97j§:§§ 14.133:2 1 1.613"1’; 13.893}; 15.73:2:53 10.233:}3 10.631’3}8 12.273;‘;
absl E (keV) 12.607924 1275023 1250018 14607073 1490709 14,0308} 14,8103 1444706
g o (kCV) 1 88+O(.)21260 2 17+0(,)f€221 2 394—0(.)2117 2 89+0(.)5612 3 14+095%) 2 82+0(.)561 3 14+0(.)2%0 2 82+094é6
9%_0 3> 029 27021 ©7_056 7046 02049 025 02039
Depth (keV) 0.78f8"2‘§ 1.14j8:;‘? 2.27f8$ 2.87jf';‘5‘ 3.62“:%}; 2.15f{'g; 3~29f8232 2.87f}:32
gaussian E]:e(l((ke\/\;) g.ggf%‘})g g.z;fg:g 6.48%‘;(;?3 .
o (ke 220015 AT 0% <U.
Ngau (x1072) 0.65f8;§}‘ 0.88’:8;22 0.59f8§?
comptt Ty (keV) <0.52 <0.48 <0.50 <0.51 <1.41 <1.52 <0.48 <1.66
kT (keV) 4.14j§;)38;4 4.08j§(;)g§5 4.16j+g(;)3326 3.93j§(;)}§2 3.93%;(;)}5?0 3.73j+3(;)8339 3.75t§(;)3339 3.79t+3(;)}j1
T . 12.52;10(:)762 1 1.83+_004:14%0 10.92+_00§39 11.8‘&6%33 4 12.35+_00(:)369 12.42+_00(.)32 4 12.6()+60(:%5 12.3 1+606336
Neomp (X107) 74370 7.34%055 8.497 17 1.70%00 1.95%0%3 2.0970 0 1.947 005 L7270
y*/d.o.f. 993/976 1032/980 979/960 704/677 657/691 729/717 837/721 792/690

Notes. Uncertainties are given at 90% confidence ranges.

represented by different colors, and extracted the spectra for each
interval. The spectra were re-binned to have at least 50 counts
per energy bin using the task grppha. Subsequently, we fitted
the 3—40keV spectra for each phase in XSPEC using the model
constxTBabsxgabsxgabsx(comptt+gaussian). The abun-
dances were set to WILM (Wilms et al. 2000), and the cross sec-
tions to VERN (Verner et al. 1996). Since the NuSTAR data do
not cover energies below 3 keV, the hydrogen column density
(Ny) in Tbabs was fixed at 1.3 x 10?2 cm™2, as obtained from the
broadband joint spectra of Suzaku and RXTE (Iyer et al. 2015).
Additionally, we tested other values and found that even dou-
bling or halving Ny had little impact on the fit results, and the
x? value increased by less than 20. The two gabs components
were used to describe the cyclotron absorption feature at around
10keV and its harmonic, while a gaussian component was
used to model the iron emission line around 6.4 keV. The detailed
spectral parameters are listed in Table 2 and the evolution of
these parameters with phase is shown in Fig. 4. From Fig. 4, it
can be seen that the width and depth of the two cyclotron absorp-
tion lines exhibit opposite trends.

In Obs. 2 we selected two good time intervals with clear
modulation and performed mode decomposition using the
Python package vmdpy (Carvalho et al. 2020). Figure 5 shows an
example of a 3300 s long light curve along with its correspond-
ing QPO IMF. Subsequently, we applied the Hilbert transform to
the QPO IMF to obtain the instantaneous phases. We divided one
period into five bins and extracted the spectra for each bin based
on the phase function. The spectral fitting for each bin is same
as the method used for Obs. 1, except that a Gaussian compo-
nent was removed due to the weak iron line emission. The evo-
lution of the spectral parameters with phase is shown in Fig. 6.
Except for the normalization (N¢omp) of the compTT component,
the spectral parameters do not show significant evolution with
phase. This is consistent with the hardness behavior shown in
the lower panel of Fig. 1.

4. Discussion

High magnetic field neutron star systems show only low-
frequency broad QPO peaks, in the range 1 mHz to about

1Hz (see Devasiaetal. 2011, and references therein). Most
QPOs are transient and even in persistent sources (see,
e.g., Angelini et al. 1991; Liu et al. 2022; Sharma et al. 2023),
they are not always observed. However, in some transient
sources, such as 1A 0535+262 (Maetal. 2022), 1A 1118-61
(Devasia et al. 2011), and XTEJ1858+034 (Mukherjee et al.
2006), QPOs have been detected more frequently. These mil-
lihertz QPOs are generally thought to be related to the rota-
tion of the inner accretion disk. Beat frequency model (BFM)
and Keplerian frequency model (KFM) are the two most widely
applied models: The BFM posits that the QPO frequency arises
from the beat frequency modulation between the orbital fre-
quency (vx) of the inner accretion disk and the spin frequency
(Vspin) Of the neutron star (Alpar & Shaham 1985). In contrast,
the KFM suggests that QPOs arise from periodic obscuration
of the accretion column radiation by the inner accretion disk
(van der Klis et al. 1987). Both models predict a positive cor-
relation between QPO frequency and accretion rate. Although
this relationship has been observed in some sources (see, e.g.,
Finger et al. 1996; Devasia et al. 2011), it is important to note
that in the majority sources, no such variation in QPO frequency
with accretion rate has been detected (see, e.g., Qu et al. 2005;
James et al. 2010).

Multiple QPOs can appear simultaneously in a single
light curve of 4U0115+63, as reported in previous studies
(Dugair et al. 2013; Roy etal. 2019; Dingetal. 2021). Cur-
rently, no clear correlation has been established between the
QPO occurrence and luminosity. We report the analysis of
NuSTAR data from the 2023 outburst of 4U0115+63, where
we observe two QPOs at frequencies of 1.1 + 0.2mHz and

71.93(1):;1 mHz in the high state, and three QPOs at frequen-

cies of 2.4 + 0.2mHz, 8.1t8:2 mHz, and 67.6fg:g mHz in the
low state. All these QPOs (except the 8.1 mHz QPO) have been
observed in previous outbursts. Notably, the flux and rms val-
ues of the ~2 and ~62 mHz QPOs — observed simultaneously in
our low-state data — show approximate consistency with those
concurrently detected in the 2004 RXTE data by Dugair et al.
(2013). However, whether this consistency indicates a genuine
physical correlation requires further observational verification.
The 8.1f8:g mHz feature might correspond to the 10 mHz peak
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the data used for the phase-resolved spectral analysis. The triangles indicate the upper limits.

reported by Ding et al. (2021). Regrettably, the short good time 900

interval of the Insight-HXMT data precludes the confirmation of

potential signals near ~2 mHz. Furthermore, our power spectrum 800

analysis reveals no detections of the 41 mHz QPO (Dugair et al. @ 700

2013), or the 4 mHz and 14.9 mHz QPOs (Ding et al. 2021). ‘g
We primarily focused on the ~1 mHz and ~2 mHz QPOs, 8 600

which show clear modulation in the light curve. In this work,

these two QPOs ware detected separately in two observations 200

during a outburst, rather than exhibiting a harmonic relation- 400

ship. This naturally raises the question of whether these QPOs

originate from the same mechanism operating at different lumi-
nosities. To address this, by combing with past reports (Roy et al.
2019), we present the relationships between frequency and lumi-
nosity for ~1 mHz and 2 mHz QPOs, respectively. As shown in
Fig. 7, despite the detection of both ~1 mHz and ~2 mHz QPOs
at comparable luminosity levels, their frequency evolution with
respect to luminosity exhibits distinct characteristics. Addition-
ally, the energy dependence of the rms of the two QPOs dif-
fers: the rms of ~1 mHz QPO decreases with energy and then
increases above 10 keV, while the rms of ~2 mHz QPO does not
show any significant evolution with energy (see Fig. 3). This fur-
ther suggests that the two QPOs do not originate from the same
mechanism.

Moreover, our findings indicate that there is no positive
correlation between frequency and luminosity for each QPO
(Fig. 7). Consequently, conventional models like BFM and KFM
do not sufficiently account for the origin of these QPOs. Along-
side these models, Roy et al. (2019) also proposed alternative
mechanisms for explaining QPOs, such as the warping or pre-
cession of the accretion disk induced by the neutron star’s mag-
netic torque on its inner region (Frank et al. 2002), as well as the
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Fig. 5. Example of a 3300 s long light curve (blue dots) of Obs. 2 along
with its corresponding QPO IMF (solid red line).

viscous relaxation timescale resulting from thermal disk insta-
bilities (Shirakawa & Lai 2002). These mechanisms also predict
a positive relationship between QPO frequency and luminos-
ity. Thus, these models are also somewhat lacking in adequately
explaining the origins of ~1 mHz and ~2 mHz QPOs.

We also analyzed the phase-resolved spectra of the QPOs in
both observations to explore the evolution of spectral parame-
ters at different QPO phases, particularly the cyclotron absorp-
tion lines and iron lines. In Obs. 1, the light curve modulation
is asymmetric, featuring a gradual rise followed by a rapid fall
(refer to Fig. 1). From Fig. 4, it can be seen that the values of
the width and depth of the cyclotron absorption line at ~10keV
are larger in the high-intensity phase (P3), while the cyclotron
absorption line at ~20keV shows the opposite behavior. To bet-
ter understand how photon counts vary across energy ranges,
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Fig. 6. Variation in spectral parameters with phase for Obs. 2, including the central energy (E;, E,), width (o1, 0,), and depth (Depth;, Depth,)
of the cyclotron absorption line (and its harmonics) and the plasma temperature (kT'), plasma optical depth (7), and normalization (Ncomp) of the
compTT component. The solid sky-blue line represents the QPO waveform from the Hilbert spectral analysis phase-folding.
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Fig. 7. QPO frequency as a function of luminosity. Purple and orange
represent the ~2mHz QPO and ~1mHz QPO, respectively. The
inverted triangles correspond to data from Roy et al. (2019), while the
squares represent the results of this study. We excluded the ~2 mHz data
point from Roy et al. (2019) in cases where ~2 mHz and ~1 mHz QPOs
were detected simultaneously in a single power spectrum, as they likely
represent harmonic components.

we compared phases P2 and P3 (Obs. 1) against P1 by plot-
ting the count rate ratio versus energy. From the lower panel of
Fig. 8, a dip is observed at ~10keV, whereas no such feature is
present at ~20 keV. We note that X-ray pulsars typically exhibit
softer spectra at higher luminosities (see, e.g., Reig & Nespoli
2013; Li et al. 2024). Therefore, the enhancement of the CRSF
at ~10keV is likely due to the softening of the continuum.
Considering the degeneracy in fitting the ~10keV and ~20keV
absorption lines, a deeper and broader ~10keV feature would
artificially result in a shallower and narrower ~20keV line. In
addition, we do not detect any evolution of Fe lines with QPO

Obs. 1: P2/P1

Obs. 1: P3/P1

20 25 30 35

Energy

5 10 15
Fig. 8. Evolution of the count rate ratio with energy. The values repre-

sent the ratios of different energy bins in phases P2 and P3 of Obs. 1
relative to those in phase P1.

phase. In contrast to Obs. 1, the light curve modulation in Obs. 2
is more symmetric, and there is no significant evolution of the
spectral parameters in different QPO phases (Fig. 6).

5. Conclusion

We analyzed two observations (ObsIDs 90902316002 and
90902316004) of the 2023 outburst of 4U 0115+63, correspond-
ing to the high and low states, using NuSTAR data. The PDS
of the high-state data shows two peaks, at 1.1 + 0.2 mHz and
71.9*| )4 mHz, while the low-state PSD shows three peaks, at

A124, page 7 of 9
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2.4 + 0.2mHz, 8.1*)¢mHz, and 67.6*33 mHz. We focused on
the behaviors of the ~1 mHz and ~2mHz QPOs. This is the
first instance where these two QPOs have been independently
observed in two distinct observations during an outburst, rather
than being identified as harmonic components of a single QPO.
Additionally, the two QPOs exhibited different energy
dependences: The rms amplitude of the ~1 mHz QPO decreased
with energy below 10keV, then increased at higher energies,
and the phase-resolved spectra of the QPO softened during the
peak phase. In contrast, the ~2 mHz QPO displayed a stable rms
amplitude across energies and showed no phase-dependent spec-
tral variations. These results strongly suggest that the two QPOs
are generated by different physical mechanisms. However, the
frequencies of these two QPOs showed no significant correlation
with luminosity. Common models such as the BFM, KFM, disk
precession, and disk thermal instability failed to explain these
QPOs, leaving their underlying physical mechanisms a puzzle.
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Fig. A.1. Upper panel: Lomb-Scargle periodogram computed from the
light curve of Obs.1 with a 50 s bin. Lower panel: Lomb-Scargle peri-
odogram computed from the light curve of Obs.2 with a 20 s bin.
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