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Abstract

Abstract

The broadband X-ray continuum of the Be X-ray binary Cepheus X-4 in quiescence
was investigated using two NuSTAR observations performed during the decay phase
of the 2023 outburst. The aim was to search for evidence of the spectral transitions
recently reported for other Be X-ray binaries at low accretion rates. Cepheus X-4 hosts
a strongly magnetized, rotating neutron star, and the 2023 observations captured the
source at luminosities of ∼2×1035 erg s−1, the lowest flux levels reported for this system
to date. In comparison with earlier high-luminosity observations (1 × 1036 erg s−1), the
continuum shape and the behavior of the cyclotron resonant scattering feature (CRSF)
were examined. In low flux levels, the spectral region above 20 keV is dominated by
instrumental background, requiring careful background treatment. For the first obser-
vation of 1o23, which is brighter than the second observation of 2023, after explicitly
modeling the internal lines and freeing the background scale factor, a statistically sig-
nificant cyclotron line detection at ∼28 keV confirmed. In contrast, for the fainter 2O23
observation, the source counts are insufficient, and the CRSF cannot be constrained.
Simulations across different luminosities demonstrate that below 1 × ∼1036 erg s−1, the
recovery of CRSF parameters is increasingly biased by degeneracy with the broad ∼10
keV feature and by internal background lines. Restricting the fit to narrower energy
ranges or adopting alternative parameterizations did not improve the recovery. Finally,
a positive correlation between CRSF energy and luminosity reported, while the pho-
ton Index shows an inverse correlation, suggesting that different spectral components
respond differently to changes in the accretion rate. The results highlight that reliable
CRSF measurements at very low luminosities require both careful background mod-
eling and cautious interpretation of residual features, particularly in the presence of
strong instrumental effects.
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Introduction

1 Introduction

The capability to see celestial objects in the X-ray range has been made possible by
the development of rockets and satellites that carry instruments outside of Earth’s
atmosphere. However, observing beyond the atmosphere is not sufficient, to focus X-
rays, specialized optical systems are required. Ordinary materials do not reflect X-rays
effectively, as they tend to be absorbed or transmitted. Efficient reflection occurs only
when photons interact with mirror surfaces at very grazing angles. In Wolter-type
X-ray optics, paraboloid and hyperboloid mirrors are combined to achieve double graz-
ing reflections and focus X-rays onto detectors. Another consideration is that with
increasing photon energy, the maximum grazing angle for reflection decreases. As a
result, detecting higher-energy X-rays requires even smaller incidence angles and ad-
vanced coatings or techniques. These factors make the construction of X-ray telescopes
(rocket-based) more challenging than their optical counterparts. After WWII, with im-
provements in radar technology, high-altitude rockets were developed, which led to the
first detection of X-ray emissions from the sun (by Friedman et al. (1951) with a V-2
rocket). Later on, with the advent of the imaging X-ray telescope (constructed by
Giacconi et al. (1962)), the first known cosmic X-ray source outside the solar system
was discovered, namely Scorpius X–1.

With the discovery of cosmic X-ray sources through early instruments, such as OSO 1
for solar activity Fazio and Hafner (1967), UHURU Giacconi et al. (1972), X-ray astron-
omy rapidly advanced, enabling the development of increasingly capable space-based
telescopes designed to investigate high-energy phenomena across the universe with
much greater precision (for more detail see Giacconi (1970)). In addition to the space
missions, this relatively quick advancement in X-ray astronomy made it possible to
thoroughly examine compact objects. Of these, neutron stars in binary systems have
become especially useful as astrophysical laboratories due to their complex interactions
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between detectable X-ray emission, accretion dynamics, and powerful gravitational and
magnetic fields. One such systems is Cepheus X-4, which is the subject of this thesis,
more specifically, it will examine the system’s low-luminosity X-ray behavior.

In this thesis, I explain my study in five main sections. The theoretical background is
introduced in Sect.(1), which also discusses the physical characteristics and develop-
ment of neutron stars, their interactions within binary systems, and the classification
of X-ray binaries, with a focus on Be X-ray binaries and in particular Cepheus X-4.
The NuSTAR telescope is described in Sect.(2), along with its instrumental elements
and background effects that are pertinent to the analysis. The data analysis procedure,
including spectrum modeling and background contamination treatment, is described in
Sect.(3). The results of the 2023 observations are shown in Sect.(4), and their implica-
tions for comprehending low-luminosity behavior in X-ray binary systems are discussed
in Sect.(5).

1.1 Formation and general properties of a neutron
star

A laconic overview of the formation tracks and bulk properties of NSs is provided
here, with historical landmarks stated first and the present-day picture summarized
thereafter. NSs are some of the most compact celestial bodies in the universe, named
for their neutronic composition. Typical mass, radius, and density values for a NS
are of M = 1–2 M⊙ where solar mass is M⊙ = 2 × 1033 g, R = 106 cm, and their
average mass density is 𝜌∼1015 g cm−3. For reference, the nuclear saturation density is
𝜌0 = 2.8 × 1014 g cm−3. In the core of an NS, the density can reach values an order
of magnitude higher than 𝜌0 (Lattimer and Prakash, 2004; Ginzburg and Syrovatskĭı,
1966).

The concept of neutron stars was first proposed in the 1930s (Landau, 1932; Chan-
drasekhar, 1931; Baade and Zwicky, 1934), and the first observational confirmation
occurred in 1967 (Hewish et al., 1968). Isolated NSs were first identified through their
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radio pulses (Hewish et al., 1968), whereas accreting NSs in binary systems were de-
tected via their X-ray and 𝛾-ray emission (Helfand et al., 1980; Lamb, 1982).

Thereafter, the proposal of NS as a product of supernova explosions in 1933–1934,
the following study of Walter Baade and Fritz Zwicky theorized how a star (that left
the main sequence) transitions to an NS. They also noted that these stars would be
incredibly dense and small, suggesting that the gravitational binding energy needs to
be greater than a normal star.

Understanding NSs requires knowledge of the state equations for a gravitationally dense
body. In 1933, Sterne (1933) presented a classical framework explaining nuclear matter
in equilibrium . Further theoretical work was made by Tolman and by Oppenheimer
and Volkoff in 1939 who a general relativistic solution for a spherical star. This for-
mulation predicted a maximum mass of 0.7 M⊙ for stable neutron stars composed of
non-interacting degenerate neutrons.

Further theoretical work expanded this formulation because the mass was not high
enough to neglect the nuclear interactions. Between the 1940s and 1960s, Cameron
and Zeldovich improved the equation of state models by including the nuclear forces,
which increased the mass limit up to 2 M⊙. This expansion also considered different
particles such as muons, hyperons, mesons, and possibly quarks.

Massive nuclei form through the fusion of atomic nuclei; however, according to con-
temporary theoretical frameworks, if the mass of the core remnant exceeds the Oppen-
heimer–Volkoff limit, neutron degeneracy pressure and other hadronic forces become
insufficient to halt gravitational collapse. This threshold sets the maximum mass that
a neutron star can support. An NS is the outcome only if the core mass remains below
this critical limit (Lattimer and Prakash, 2004).

A NS is born in a supernova. This process begins when nuclear reactions within the
star lead to the accumulation of iron isotopes in its core. The collapse of this iron (and
nickel) core under its gravitational pull is prevented only by the pressure exerted by
the Fermi gas. Iron is produced at the final stages of stellar nucleosynthesis because
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it has the highest binding energy per nucleon, making further fusion energetically un-
favorable. As the star undergoes silicon burning—a rapid phase lasting merely a few
days—the iron core’s mass exceeds the Chandrasekhar limit of 1.44 M⊙. This limit rep-
resents the critical mass where the pressure from degenerate electrons is just enough
to counteract gravitational forces. During the subsequent gravitational collapse, the
star’s outer layers are expelled at velocities of about 0.01–0.03 c by a shock wave, re-
leasing enormous gravitational energy of ∼1053 erg, while the core itself continues to
collapse at a comparably steady pace (Lattimer and Prakash, 2004; Chandrasekhar,
1931, P. Haensel, 2007).

In the framework of general relativity, especially in the study of magnetic NS, Gins-
burg’s relativistic treatment of magnetic dipole fields, which incorporates the curvature
of spacetime around a collapsing star, is frequently referenced. He provided a frame-
work to understand the neutron magnetosphere, a region where charged particles emit
electromagnetic waves ranging from radio to X-ray frequencies. He also demonstrated
how magnetic pressure, magneto-hydrodynamic instabilities, and the current-carrying
envelope affect the dynamics of such stars. Furthermore, general relativity predicts
that rotating neutron stars can emit gravitational waves due to shape distortions
caused by oscillations, magnetic rotation, or external forces (Lattimer and Prakash,
2004; Ginzburg and Syrovatskĭı, 1966; Oppenheimer and Volkoff, 1939; Tolman, 1939;
Bombaci, 1996).

The scope of this thesis is a two-body system, the structure of which can be charac-
terized through Roche lobe geometry. A comprehensive discussion of this geometry is
given in Sect. 1.2.

1.2 Roche lobe geometry

To introduce Cepheus X-4 as a binary system, the classification of X-ray binaries, and
to explain the accretion in these systems, the orbital structure of binary systems will
be shown. The concept of Roche lobe overflow provides a widely used framework to
describe mass transfer in close binary systems. In the Roche lobe geometry (see Fig.1),
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each body is surrounded by two Roche lobes, which is a teardrop-shaped gravitational
region around a star in a binary system, defined by the equipotential surface in the
Roche potential that passes through the inner Lagrangian point, which is the langrage
1 (L1) point between 2 bodies (see Fig.2). Fig.1 is the representation of the Roche

Figure 1: Illustration of the Roche lobe geometry (Leahy and Leahy, 2015).

Lobes surrounding. The Roche lobe radius is defined as the radius of a lobe itself,
4
3𝜋 R3

L, see Eq.1.1, 1.2. The Roche lobe radius RL,1 of the primary star in a binary
system can be approximated by the Eggleton formula (Eggleton, 1983):

RL,1

a = 0.49q2/3

0.6q2/3 + ln(1 + q1/3) (1.1)

where q = M1 / M2 is the mass ratio, and a is the binary separation. A simpler but
less accurate approximation is (Hut, 1980,Hut, 1981):

RL,1

a ≈ 0.44 q0.33

(1 + q)0.2 (1.2)

As shown in Fig.2, which is the representation of Eq.1.1 and 1.2, each body’s Roche
lobe is bounded together by an equipotential surface that has a Lagrange point, that
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Figure 2: Roche potential in the orbital plane for a binary system (Bonneau et al.,
2015).

is, where the potential energy is zero. This concept was first introduced by (Paczyn-
ski, 1971), who showed how these systems evolve dynamically and geometrically (see
Fig.4). This geometry determines whether mass transfer occurs via L1 or through
stellar winds, which significantly affects the formation of accretion structures (Podsi-
adlowski, 2014).

This geometric framework provides the basis for distinguishing between different types
of mass transfers, which is essential for classifying X-ray binary systems.

1.3 X-ray Binaries

When an NS resides in a binary system, its detection becomes more feasible due to the
high-energy X-rays produced by the accretion process. The first detection of an NS in
a binary system through its high-energy X-ray emission has been made by (Giacconi
et al., 1971, Ricker et al., 1973, Schreier et al., 1972, Tananbaum et al., 1972, Belian
et al., 1976, Grindlay et al., 1976).
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X-ray binaries consist of a compact object and an optical companion. They are classi-
fied based on the type of compact object they contain, that is, a neutron star, a black
hole, or a white dwarf. Further sub-classification can be done via the optical compan-
ion. Although this thesis specifically focuses on HMXBs, a brief review of LMXBs is
included to cover this class. Systems with companion stars more massive than 8 ≥ M⊙

and lower than 2 ∼ M⊙ are classified as HMXB or LMXB, respectively. The next
sections will cover two main subclasses of X-ray binaries: high-mass X-ray binaries
(HMXB) and low-mass X-ray binaries (LMXB).

1.3.1 Low mass X-ray Binaries

As previously noted, LMXBs consist of a neutron star as the compact object and a low
mass star as the optical companion (∼1 M⊙). They can also consist of a Black hole
(BH), but this thesis will only cover NS-XRBs. In LMXBs, mass transfer most often
happens through Roche-lobe overflow. As the companion star fills its Roche lobe, mass
accretes at the inner Lagrangian point and settles into a disk around the neutron star.
This is quite different from HMXBs, where material is usually pulled from the strong
stellar wind or captured from a decretion disk. The activity of LMXBs is well described
by the Disk Instability Model (DIM), when changes in temperature and viscosity, es-
pecially those linked to hydrogen ionization—destabilize the disk, they trigger sudden
bursts of accretion followed by long phases of quiescence. The accretion process lasts
for weeks to months. However, this time interval can change from months to tens of
years. The differences between relatively short and long accretions can be explained by
the different disk instability models, such as Lasota (2000), where the inner accretion
is an advection-dominated accretion flow, and it correlates with the orbital phase of
the system. While the hydrogen ionization instability model proposed by Meyer and
Meyer-Hofmeister (1981) specifically allocates the outbursts to a sudden change in the
ionization state of the disk material. The transition from neutral to partially ionized
hydrogen alters the opacity and viscosity of the disk, triggering the rapid onset of ac-
cretion phases.

From the results of the previous studies and space missions, there are more than ∼300
confirmed and waiting to be confirmed LMXBs in the Milky Way (Avakyan et al.,
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2023). Resolving the compact object in an LMXB is an especially challenging task.
This is primarily due to the dominance of high-energy X-rays emitted from the disk,
which makes the companion’s optical contributions comparatively small. Typically,
techniques such as radial velocity measurements or a standard mass function are used
to identify the compact object as an NS or a BH (Bahramian and Degenaar, 2023).

In the following subsection, the HMXBs will be mentioned to complete this classifica-
tion.

1.3.2 High mass X-ray Binaries

Among all X-ray emitting systems, HMXBs stand out as some quantity. They are typ-
ically composed of a compact object (such as a neutron star) and a high-mass optical
companion—usually a B-type star or an OB supergiant.

In these systems, the optical companion is the source of accreting material, and the
transfer occurs via either disk-fed accretion or stellar wind accretion. The presence
of accretion disks in HMXBs is inferred from various observational features, such as
high X-ray luminosity, their location in the Corbet diagram, where the Corbit diagram
shows the relation between spin and orbital periods of HMXBs, (typically with Pspin,≲

, 10 s and 𝑃orb,≲, 5 days, see Fig.3), and rapid spin-up episodes indicative of angular
momentum transfer (Corbet, 1986; Tjemkes et al., 1986).

Binary systems that contain an OB-supergiant are called a supergiant X-ray binary
system, or (SgXB) for short. They are characterized by orbital periods of less than 10
days, and eccentricities smaller than < 0.1.

In general, their luminosity can change between 1035–10−37 erg s−1 when they are
steady. However, while the Roche lobe overflows, this value can be higher than the
critical luminosity (𝐿𝑋 > 1038 erg s−1). Despite the Roche lobe overflow, X-ray radia-
tion from these systems is powered by the accreted matter onto the neutron star.
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Figure 3: Corbet diagram showing the relation between spin and orbital periods of
known HMXBs in the Milky Way, LMC, and SMC (Sokolova-Lapa et al.,
2023).

Examples of HMXBs where a disk is apparent with an OB-supergiant are OAO 1657–
415, 4U 0114+650, GX 301–2, IGR J08408–4503, and Vela X–1 (see Kretschmar et
al., 2019 for a detailed review of the prototypical SgXB Vela X-1). According to
previous studies, in these systems the wind speed is slower than that of a typical iso-
lated OB-supergiant (Friend and Castor, 1982). In wind-accreting systems, the optical
companion’s stellar wind is line-driven and therefore inherently clumpy. The ionizing
X-rays emitted by the NS can disrupt the line-driving mechanism, further influencing
the wind structure. In such systems, RLOF, which occurs when a star fills its roche
lobe, is not expected (Kreykenbohm et al., 2008). Another clue to classify the systems
as SgXB is the presence of the HeII 𝜆 4686 line in the optical spectra, which indicates
emission from a region hotter than the super-giant’s stellar surface (Hutchings et al.,
1977). As an example, SMC X–1, Cen X–3, Cyg X–1, and LMC X–4 are close but not
experiencing RLOF.

In contrast to SgXBs, Be/X-ray binaries (BeXRBs) show longer orbital periods (20-
1000 days) and higher eccentricities (> 0.1), which strongly influence the mass transfer
dynamics. The optical companion in these systems is a Be star, which can be char-
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acterized by emission lines originating from their decretion disk. Mass is primarily
accreted during periastron passage from the decretion disk that surrounds the optical
companion, given its rapid rotation. Accretion at periastron passage, when the neu-
tron star is closest to the optical companion, is the source of the interaction with the
decretion disk. Along the orbit, the optical companion’s Roche lobe changes in size,
affecting accreted material and influencing the frequency of X-ray outbursts (Okazaki
and Negueruela, 2001). A temporary accretion disk is formed around the neutron star
as the captured material is funneled toward its magnetosphere.

As the material approaches the magnetosphere, magnetic pressure surpasses gas pres-
sure. The radius at which this occurs is called the magnetospheric radius, sometimes
referred to as the Alfvén radius (RA). It is the location where the ram pressure of the
inflowing matter becomes comparable to the magnetic pressure of the NS (see Eq.1.3).
While RA denotes a specific balance border, RM is used as a more general expression for
the effective boundary of the magnetosphere, depending on the adopted model (Lamb
et al., 1974).

In magnetized NSs, the accretion disk is truncated at the Alfvén radius. In case of a
strong magnetic field, this radius can exceed the co-rotation radius, as a result, the
centrifugal barrier expels the accreted matter, known as the propeller regime (Illarionov
and Syunyayev, 1975), which reduces accretion. During the peak luminosity state,
known as the outburst phase, BeXRBs exhibit high accretion rates, often facilitated
by the interaction between the neutron star’s strong magnetic field and the dense
circumstellar material.

RA ≈
(︃

𝜇4

2GMṀ2

)︃1/7

(1.3)

where M is the NS mass, 𝜇 is the magnetospheric dipole moment, and Ṁ is the mass
accretion rate. For an NS with a strong magnetic field (∼1014 G), the accretion flow
is dominated by the magnetic field within this radius. The inflowing matter from the
disk does not stop at the Alfvén radius; instead, it is forced to follow the magnetic field
lines and is funneled toward the magnetic poles of the NS at relativistic speed. For
further clarification of the next step, I will explain the accretion process in the next
section (for column and the surface see (Basko and Sunyaev, 1976; Becker and Wolff,
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2007), for later column models:(Sokolova-Lapa et al., 2021; Mushtukov et al., 2021)).

1.4 Accretion column

When matter, guided by the neutron star’s magnetic field lines, approaches the stel-
lar surface, it is funneled into narrow accretion columns primarily due to the strong
magnetic field (see Fig.4). These columns form above the magnetic poles, where the
inflowing plasma is channeled by the field lines until it is decelerated in a shock and
the energy is released as X-ray radiation from the surface.

The accretion rate is the most prominent factor in this process, as both the accre-
tion mechanisms and spectral behavior depend on it.In such systems, accretion rate,
Ṁ can range from ∼1012 to 1019 g s−1. With the low accretion rate, there are no ex-
tended accretion column structures, and the matter instead decelerates onto the NS’s
atmosphere.

Figure 4: Illustration of matter (green region) channeled by the NS’s magnetic field
lines (white curves) onto the magnetic poles, where it is funneled into ac-
cretion columns that release X-rays (blue glow) (Courtesy of E. Sokolova-
Lapa).

To estimate the energetic output of the accretion process, matter falls from infinity
onto a compact object of radius R was assumed. This infalling releases gravitational
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energy per unit time—i.e., the accretion luminosity—which can be approximated as:

Lacc = GṀMNS

R (1.4)

where G is the gravitational constant, MNS is the NS mass, Ṁ is the mass accretion
rate, and R is the NS radius. This expression assumes that the gravitational potential
energy released by accretion is entirely converted into radiation, and thus represents
an upper limit to the luminosity. In reality, part of the energy may be carried away or
dissipated through other processes (such as neutrino emission, advection, or outflows).
For typical accretion column parameters, the free-fall velocity at the magnetic poles
is

v =
√︁

2GMNS/R (1.5)

For the typical parameters of an accretion column, the free-fall velocity at the poles is,
from Eq.1.5, v ≈ 0.65 c, while in the accretion column, the area that mass accretes is
typically small, with an area of 𝜋𝑟2

0 ≲ 1, km2.

While early accretion column models captured geometric and energetic constraints,
they lacked a comprehensive treatment of radiative processes inside the column. The
classical model of accretion column by Basko and Sunyaev (1976) focused on the
dynamics of a radiative, radiation-pressure–dominated shock. They also proposed
an alternative pulsation mechanism, which involves a co-rotating plasma layer near
the Alfvén surface that can occur at intervals corresponding to the hotspot emission,
thereby imprinting pulsation patterns in the observed X-ray light curve (such as the
light curve of Her X–1 and Cen X–3, see Fig.5).

The evolution of the accretion column follows the changes in the mass accretion rate.
At very low accretion rates, matter flows along the neutron star’s magnetic field lines
and reaches the surface, slowing down mostly through Coulomb collisions in the dense
atmosphere. In this situation, most of the gravitational energy is deposited locally,
forming a quasi-static "sinking" or "thermal mound" at the base of the column (Becker
and Wolff (2007)). As the accretion rate increases, so does the photon flux and plasma
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density. Then, other deceleration processes, such as collisionless gas-mediated shocks,
can start to take effect in the plasma flow above the surface. After the luminosity has
reached a critical threshold, Lcrit, the luminosity at which radiation pressure balances
the incoming matter, radiation pressure becomes strong enough to decelerate the flow.
This produces a radiation-dominated shock above the neutron star. The shock converts
the kinetic energy of the infalling plasma into X-ray emission, thereby shaping the beam
patterns and spectral characteristics of the source. The column structure varies with
the accretion rate. As the accretion rate decreases, radiation pressure is no longer
sufficient to stop the flow, and the dominant stopping mechanism changes from a
radiation-dominated shock to a collisionless shock and/or Coulomb collisions. This
evolutionary trend explains how low-luminosity hot spots gradually give way to high-
luminosity, structured accretion columns found in bright X-ray pulsars.
Another important step taken by Becker and Wolff (2007), a new theoretical model

for the spectral formation in accretion-powered X-ray pulsars. They addressed the
radiative processes inside the column by developing an analytical model in which the
emergent X-ray spectrum is shaped by both bulk and thermal Comptonization of seed
photons (bremsstrahlung, cyclotron, and blackbody). They showed that the phase-
averaged spectra of Her X–1, LMC X–4, and Cen X–3 can be described by their
model, and the understanding of the approach is that the Comptonized bremsstrahlung
emission dominates the spectra in these bright sources (Becker and Wolff, 2007).

The spectrum serves as a distinctive signature for most astrophysical objects. For
BeXRB spectra (see Fig.8), Two characteristic spectral shapes are typically observed.
In the high-luminosity state, the spectrum is well described by a simple power-law com-
bined with a photoelectric absorption component and a high-energy exponential cutoff
model. The soft-excess part of the spectrum is often assigned to Comptonization, since
the observed low-energy excess arises from Compton scatterings. More generally, bulk
and thermal Comptonization in the post-shock flow shape the high-energy continuum
as a power-law with an exponential cutoff in high-luminosity states.

In many BeXRBs, a 10 keV feature is observed between 8—25 keV and is typically mod-
eled with a broad Gaussian component. In the low mass accretion (low-luminosity)
state, the spectrum frequently exhibits a double-hump structure. In some studies, this
morphology has been modeled using an additional Comptonization component together
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Figure 5: The X-ray flux as the function of pulse phase, 0 ≤ 𝜙 < 1. The observational
data were shown in panels a and b. Theoretical pulse profile is shown in
panel c (Basko and Sunyaev, 1976).
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Figure 6: Illustration of an accretion process onto magnetic poles of the NS. Photons
are released from the surface close to the base of this column, and they are
created by the bremsstrahlung and cyclotron emission (Becker and Wolff,
2007).
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with a CRSF. Although this parametrization lacks a firm physical interpretation, it is
effective for phenomenological modeling of low-luminosity spectra and facilitates com-
parison between different observations (Sokolova-Lapa et al., 2021, Mushtukov et al.,
2021).

In the bright X-ray pulsars with luminosities near or above the Eddington limit, radi-
ation pressure dominates the flow dynamics. Deceleration heats up the plasma, which
can then emit thermally. In addition, electrons excited by deceleration can radiate
through cyclotron emission, with Compton scattering occurring on top. One can also
radiate energy away in the shock. Radiation pressure converts the flow’s kinetic energy
into radiation. The seed photons created by bremsstrahlung and cyclotron emission
mechanisms upscatter through bulk-motion and thermal inverse Compton scattering
(hereafter, Comptonization) as they diffuse through the column.

Cyclotron Resonance Scattering Feature

In a strong magnetic field, the electron motion perpendicular to the field is quantized
into Landau levels; photons propagating in the column resonantly scatter off electrons
occupying these levels. Electrons generate these levels through their perpendicular
(to the local B-field) motion, while moving along the field lines. The flow, therefore,
exhibits resonant scattering at the cyclotron energy, producing the observed spectral
features. The cyclotron scattering cross-section exhibits a resonance at the cyclotron
energy (𝐸CRSF) for photons propagating at all angles relative to the magnetic field;
however, the resonance profile (e.g., its strength and broadening) depends on the angle
𝜃 between the photon propagation direction k and the magnetic field B (Staubert et
al., 2007).

BeXRB spectra

The spectral formation mechanisms in accreting X-ray pulsars, which differ depending
on the source luminosity. In the hard X-ray spectra of most accreting magnetized
NSs, an absorption-like feature, the cyclotron resonance scattering feature (CRSF),
is observed. The first CRSF (also known as the cyclotron line) was identified in Her
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Figure 7: Her X–1’s X-ray spectrum, which was discovered as the first cyclotron line
in 1976 during a balloon observation (Truemper, 1978).

X-1 during a balloon-borne observation in 1976 (see Fig.7, Truemper (1978)). Under-
standing how these photons interact within the magnetized plasma column is key to
connecting it with the spectral feature, like CRSF. The energy spacing between Landau
levels is ℏ𝜔, where 𝜔 = eB

me c , is the electron cyclotron frequency, e electron charge, B is
the magnetic field strength in the scattering region, me, is the electron’s mass, and c is
the speed of light (Schwarm et al., 2016). Photons resonantly scattering in the strong
magnetic field originate discrete spectral features, which can be used to estimate the
magnetic-field strength and plasma conditions (1.6).

B ≃ 1
(1 + z)

(︃
Ecycn=1

11.6 keV

)︃
× 1012 G (1.6)

Where n (with n = 1 is the fundamental line), represents the number of Landau levels
involved, z denotes the gravitational redshift resulting from the NS’s mass, and B12

is the magnetic field intensity measured in units of 1012 Gauss. The fundamental line
arises from a scattering event from the ground state to the first excited Landau level,
occurring when n = 1. When n ≤ 2, these lines are designated as harmonics. The ob-
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servation of such attributes may subsequently be used to calculate the magnetic field
strength. In this relation, B is the local magnetic field at the line formation region
(height = r), for a dipole, B(r) ≈ Bsurface(R*/r)3. Variations in the column height
with accretion rate/luminosity, therefore, lead to luminosity-dependent shifts in the
observed CRSF energy (Ginzburg and Syrovatskĭı, 1966).

Below, Fig.8, how the underlying flow dynamics evolve with accretion rate and give rise
to these spectral states summarized (Tsygankov et al., 2019). For moderate accretion
rates of 1015–1017, g, s−1, the inflowing matter is primarily decelerated in a collisionless
shock that forms above the surface (Langer and Rappaport, 1982); the emerging con-
tinuum is then shaped by the shock structure and subsequent Comptonization within
the column. At lower accretion rates (≲ 1015 g s−1), Coulomb collisions have been pro-

Figure 8: Different luminosity observation of A0535+262 (Tsygankov et al., 2019).

posed as the main deceleration mechanism (Langer and Rappaport, 1982, Staubert et
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al., 2007). These processes represent suggested scenarios rather than firmly established
knowledge. In this case, most of the released energy is stored in the neutron-star at-
mosphere, and the resulting radiation emerges primarily in the soft X-ray band. These
photons are produced mainly through free–free emission and cyclotron radiation. At
mass accretion rates lower than ∼1015 g s−1, the matter can approach closer to the sur-
face and pass through the radiation-dominated shock above it, with an even stronger
deceleration mechanism dominated by Coulomb collisions (Zel’dovich and Shakura,
1969). For highly magnetized neutron stars and at low accretion rates, the inflowing
plasma is decelerated predominantly through Coulomb collisions. In this regime, ap-
proximately ∼80% of the accretion energy is deposited as heating of the neutron-star
atmosphere, while only a fraction escapes directly as X-ray radiation (Sokolova-Lapa
et al., 2021, Bykov and Krasil’Shchikov, 2004, Vybornov et al., 2017).

The double-hump spectral morphology is examined in detail in the Results section.
Following the theoretical and observational background, attention is focused on the
BeXRB Cepheus X-4, a well-studied system. A brief historical overview of its observa-
tions is provided before addressing the challenges encountered during the analysis.

1.5 Brief history of Cepheus X-4

Cepheus X-4 was discovered in 1972 with OSO 7 (Ulmer et al., 1973) as a new transient
X-ray source in the constellation of Cepheus. This discovery was important because
the source had not appeared in earlier surveys. After this discovery, it was labeled
as GS 2138+56 during a month-long X-ray outburst observed by Ginga (Makino and
GINGA Team, 1988a). During its first observed outburst, it reached its maximum
flux of 100 mCrab and pulsations at 66.2490 ± 0.0001 s were detected Koyama et al.
(1991) and Makino and GINGA Team, 1988b. This physical phenomenon categorizes
our source as a BeXRB. In 1991, during the next outburst, the first CRSF detected
cyclotron line at 30.5 ± 0.4 keV (Mihara et al., 1991).

The next outburst was observed in June 1993, when the pulse period was measured
at 66.2552 ± 0.0007 s. The second prominent aspect was that there was a Be star
at 𝛼 = 21h 39m 30s.6 and 𝛿 = + 56o 59′ 1′′.6, proposed as the optical companion
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Roche et al., 1997. Later, Bonnet-Bidaud & Mouchet confirmed the optical com-
panion and Cepheus X-4 as a BeXRB with a distance of 3.8 ± 0.6 kpc (Bonnet-Bidaud
and Mouchet, 1998). Next, another outburst was observed in July and August of 1997
with BATSE and the RXTE. Two years later, a spin-down rate was noticed by Wilson
et al. (1999), and in addition, constraints on the orbital period were placed using the
aforementioned space telescopes.

Figure 9: Pulse–averaged NuSTAR spectra of first observations from 2014 Panel b
shows the model without CRSF, panel c shows the model with the CRSF,
but the strength of the line is 0. The panel d shows the best-fit model
(black line) (Vybornov et al., 2017).

The next event was observed in 2002 with RXTE and analyzed by McBride et al.
(2007). A cyclotron line was found at 30.7 ± +0.8

−0.7 keV with a strength and depth of
3.6+2.9

−1.5 keV and 0.7+0.3
−0.2, respectively.

The relevance of measuring the cyclotron line in Cep X-4 is that its energy has been
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Cepheus X-4 Daily Light Curve

Figure 10: Daily lightcurve of Cepheus X-4. The NuSTAR observations I analyzed
are labeled by their MJD date.

observed to vary with luminosity in different outbursts. In previous analysis, the line
energy increases with luminosity, while in others it decreases, indicating changes in
the accretion column structure and shock height. Therefore, repeated observations
of the CRSF in this source provide valuable information on how the magnetic field
region reacts to different accretion regimes. In 2014, another outburst was observed
by NuSTAR. According to (Fuerst et al. (2015)), the cyclotron line fit parameters
found for the first observation and the second observation were 𝐸𝐶𝑦𝑐 = 30.39+0.17

−0.14 and
29.42+0.27

−0.24, respectively. From another research, Vybornov et al., 2017 CRSF reported
in the same region (ECRSF = 30.6+0.2

−0.3, ECRSF = 29.0+0.3
−0.2, for the first and second

observations, respectively, see Fig.9). In this study, CRSF is reported as a harmonic
characteristic, so two of the same functions are used for describing this region (second
harmonic ECRSF = 54.8+0.5

−0.5, ECRSF = 54.0+1.5
−1.4, for the first and second observations,

respectively).

From Fermi observations (the light curve from 2000 to present, see Fig.10) and previous
studies, it can be seen that the system goes through an outburst phase every 4 to 5
years. Despite its short orbital period of 20 days, these outbursts do not occur at every
periastron passage, suggesting that additional factors, such as a different mechanism,
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affect the accretion behavior.

In particular, the recent 2023. NuSTAR observations, which are in a low luminosity
state, offer an opportunity to investigate a possible transition to the quiescence state,
and, in the case of a CRSF detection, a possible accretion in a low accretion state.

1.6 Aim of the Thesis and Relevance to
Cepheus X-4

In accreting neutron stars, CRSFs provide a direct measurement of the magnetic field
strength and provide a crucial comprehension of the physics of the accretion column.
Detecting this feature at very low luminosities is particularly important, as it can reveal
how the emission region and accretion geometry evolve when the mass accretion rate
drops to near the propeller or quiescent regimes. In our case, for Cepheus X-4’s low
luminosity observation, detecting such a feature is challenging because the spectrum is
dominated above ∼20 keV by the instrumental background.

The 2023 NuSTAR observations were taken during the decay phase of an outburst. To
enable a direct comparison between luminosity regimes, I additionally examined 2014
NuSTAR observations of the same source, when the source was in a much brighter state.
Using the same instrument for both datasets enables us to track spectral evolution
from high to low luminosity while assessing how instrumental effects influence the
observations in each regime.

Given the extremely faint 2023 observations, an additional background treatment was
essential. A background modeling approach was implemented to separate instrumental
effects from potential astrophysical features, particularly in the energy range where a
CRSF is expected to appear. This approach offers a rare opportunity to test the
detectability of CRSFs in the low-luminosity regime and to examine the corresponding
changes in accretion physics.

The following section outlines the instrumental characteristics of NuSTAR, and it pro-
vides the necessary background to understand how its response and background be-
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havior affect low-luminosity observations. This instrumental information is important
because it helps us understand how much the energy range, where cyclotron features
expected, is influenced by the instrument itself.
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2 NuSTAR

The Nuclear Spectroscopic Telescope ARray (NuSTAR) is an X-ray space telescope
operating in the 3–79 keV spectral energy range (Harrison et al., 2013). It was launched
in 2012, and the expected orbit lifetime is approximately ∼10 years. Up to the present,
NuSTAR is still operating and is the only NASA Explorer Mission that focuses on this
energy range. The schematics of NuSTAR are shown in Fig.1. The optic modules in

Figure 1: 2 detectors (A and B) on the FPB. Deployed mass and on the optic module,
there are lasers to align with the star tracker (Harrison et al., 2013).

NuSTAR are co-aligned with the detectors Focal Plane Module A (FPMA) and Focal
Plane Module B (FPMB) on the Focal Plane Bench (FPB), and they have a conical
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Figure 2: The effective area of X-ray telescopes, i.e., NuSTAR (yellow), XMM-Newton
PN (red), Chandra ACIS (green), Suzaku XIS (blue), and Swift XRT (vio-
let), in comparison (Harrison et al., 2013).

Wolter-I approximation (for more information see Petre and Serlemitsos, 1985). The
optic modules and FPB are separated by a mast (∼350 kg) in the middle, which is
10.15 m tall.

In its first 3 years of observing time, the instrumental effects have become well un-
derstood. To minimize their impact, source and background region selection methods,
meteorology data checking (observations during the solar flares or the passage of the
South Atlantic Anomaly, etc), and a couple of more suggestions have been made by
the NuSTAR team (Madsen et al., 2017, Harrison et al., 2013).

2.1 Optic modules

On the star tracker of the telescope, there are optic modules called OPT0 and OPT1 for
FPMA and FPMB, respectively. Each module contains 133 multilayer-coated grazing-
incidence shells arranged in a conical approximation to Wolter-I geometry. These
mirrors focus X-rays onto the detectors, achieving a large concentration factor that
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significantly increases the signal-to-background ratio. Both optics have six thermistors
on each module to check the temperature and a Multi Layer Insulation (MLI) designed
to keep the temperature ∼20 C∘.

2.1.1 Multi layer insulation

In 2017, the temperature of the left top sub-detector DET1 (see Fig.4) on the FPMA
increased significantly and started to show consistently higher temperatures than those
present for FPMB. (Madsen et al., 2020).

Figure 3: MLI fraction as a function of time with color scale, that is mostly affecting
the sub-component of the detector A.(Madsen et al., 2020).

This was the first sudden temperature increase on OPT0 that was noticed in late 2017.
In late 2024, they found a new tear on OPT1 (see Fig.3). These temperature increases
mainly affect the difference between detectors in the spectra. The following sections
will focus on a background modeling approach for NuSTAR to address the background
features.
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2.2 Detectors

FPMA and FPMB have the same design, and they both have 4096 pixels that are
intended to be created identically. CZT is the surface material of NuSTAR’s detectors,
which themselves are semiconductors. As expected, minor differences were detected
during construction, and these differences increased over time for several reasons.

Figure 4: Left: Photograph of 2 x 2 array of Cadmium-Zinc-Tellurium (CZT) de-
tectors. 1024 pixels for each detector, each pixel is 0.6 mm. Right: Each
detector in the FPB is referred to as Det0, Det1, Det2, and Det3 (Harrison
et al., 2013).

They are shown in Fig.4. In each detector, there are 4 sub-detectors (DET0, DET1,
DET2, DET3), each with an array of 32 × 32, 0.6 × 0.6 mm pixels, which provides a
12′ field of view (FoV). Another essential instrumental information of NuSTAR is the
effective area of the detectors because it directly impacts NuSTAR’s sensitivity, which
relates to NuSTAR’s ability to detect faint sources 2. The effective area of NuSTAR
detectors refers to the area of the telescope’s optics that effectively captures X-rays
and is crucial for determining the instrument’s sensitivity. It varies with the energy
and off-axis angle, and is calibrated using observations of the Crab Nebula. For sub-
detectors, the spatial distributions of cosmic X-ray background (CXB) are shown in
Fig.5.
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Figure 5: NuSTAR FPMA (left) and FPMB (right) 3-–20 keV stacked images of the
COSMOS field in detector coordinates. The image demonstrates the total
counts registered in each detector pixel during the exposure time of 2.4 Ms.
The square root color map ranges from 50 to 250 counts per pixel (Madsen
et al., 2021).

2.3 NuSTAR background

Like most space telescopes, NuSTAR has intrinsic and extrinsic components that are
changing due to temporal, spatial, and for different spectral variations. As its known
from the previous studies, the background of NuSTAR is highly apparent for sources
that have low flux or are observed in a low flux state. To explain the effects, here are
the components of this background model created by Wik et al., 2014 in Fig.6.The
background model can be described mathematically as Eq.2.1,

𝐵𝑑(𝐸, 𝑥, 𝑦) = 𝐼𝑑(𝐸) + 𝐴𝑑(𝐸, 𝑥, 𝑦) + 𝑆𝑑(𝐸) + 𝑓𝑑(𝐸, 𝑥, 𝑦) (2.1)

Where Bd(E, x, y) is the total background for each detector at energy E and detector
pixel position x and y. Id(E) is the component for the features caused by interactions
between the detector material and the incoming high-energy photons (called internal
lines in Fig.2.1. Ad(E, x, y) and Sd(E) account for the stray light (SL), and scattered
and reflected stray light, respectively. fd(E, x, y) is the focused cosmic background; it’s
for the background caused by incoming cosmic X-rays. All the components are shown
in Fig.6. To understand the limitations of the intended spectral analysis, a background
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Figure 6: The background of NuSTAR. In the soft energies, the major effect is the
aperture, sun, and focused cosmic X-ray background (fCXB) (Wik et al.,
2014).
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treatment is necessary, especially because of prominent background features at energies
between 25–32 keV. To comprehend this better, one also needs to understand their
physical origin of the components closely.

2.3.1 Stray Light

The Aperture Stray Light (Ad(E, x, y)) is effects caused by a stray light (SL) coming
in from the space between the detectors of the telescope and the optics part is not
baffled, and it depends on the light’s angle to the line of sight (see Fig.7).

SL mainly originates from Solar X-rays, Earth albedo X-rays, or, all the Cosmic X-
ray background (CXB) and bright off-axis sources. For each observation, solar effects
depend on the solar flares and solar winds. Therefore, it is important to examine the
solar activity during the selected observation. Later on, the shape of the CXB in this
background model is created by the canonical HEAO-1 A2 spectral model that between
3–60 keV (Boldt, 1987). Fig.5 shows that the instrumental background is different for
each sub-detector. Consequently, the background selection methods are essential to
decrease the effects of the background, which these effects are mostly contribute at low
energies. The next component is Sd(E), which originates not from direct stray light
but from reflected and scattered X-rays due to the structural geometry of NuSTAR.
Because certain parts of the telescope are exposed, X-rays from the sky can undergo
reflections before reaching the detectors. In Fig.8, the different reflection types were
shown. The reflection from the primary mirror and the secondary mirror of NuSTAR.
And also, the last possibility is the back reflection. Not all the reflection results as SL.
One of the effects is called ghost rays (GR), which is caused by the single reflection
from the primary and secondary mirrors (Madsen et al., 2015, Earnshaw et al., 2022,
Madsen et al., 2017, Madsen et al., 2020,Marcotulli et al., 2025).

Possible sources for reflected photons are CXB, the X-ray reflected from Earth’s at-
mosphere (and the albedo of Earth), and the sun. According to the NuSTAR team,
10%–20% of the aperture is resulting from CXB emission. Furthermore, these solar
effects (and Earth’s albedo) are mostly apparent below ∼6 keV. Therefore, the contri-
bution of CXB emission is visible above ∼6 keV. The X-rays from these sources, such
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Figure 7: Left: This illustration shows clearly that some of the Rays are not coming
from the Optics but from the space between the detectors and optics. Right:
the bright part is the source of the aperture in the background of NuSTAR
(Wik et al., 2014).
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as CXB, result in different background contributions depending on their path. If they
enter directly through an unbaffled region, they contribute to the aperture stray light,
if they pass through the optics but undergo unfocused single reflections, they appear
as the scattered/reflected component (e.g., ghost rays).

Figure 8: Left: The reflection types. Right: The geometric area of different com-
ponents of NuSTAR and these areas have been tried to corrected for the
aperture stop before, and the effect of the aperture decreased to the mini-
mum. In addition, this process also puts a hard limit on the effective area
(Madsen et al., 2017).

These effects can mainly be solved with aperture stops, MLI on the detector, laser
alignment between the star tracker and the FPB, and other factors for the predicted
problem that may appear in the future.

2.3.2 Cosmic background

As mentioned in the previous section, one of the components in the background model
of NuSTAR is focused Cosmic X–ray background (fCXB), which is inherent. It has a
contribution below ∼15 keV and an effect of approximately a 10 percent increase on
the flux of the aperture. Since this effect’s intensity is proportional to the solid angle,
it’s visible through the aperture stops. Because it varies for different observations and
also for detectors, the selection of different regions might affect the flux.
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Figure 9: On both of the detectors, on the left the effects of SL in NuSTAR obser-
vation were shown (obsID: 90201027002). On the right, GR and SL are
affecting the pixels (obsID: 90201020002).

2.3.3 Strongest instrumental effect: internal lines

In NuSTAR observations, due to its instrumental background behavior, a background
dominance above ∼15–20 keV appears in the low luminosity state. This part of the
background consists of an activation process that combines a proton interaction (spal-
lation) of Cadmium and a few other unstable elements (such as Ag) between 22–
25 keV (see Fig.10), and K-shell fluorescence lines of Iodine and Cesium at ∼28 keV
and ∼30 keV, respectively.

Due to the material of the detectors, each of them can interact with cosmic-ray radia-
tion. Here, this interaction results in spallation, leading to elements, such as cadmium
and tellurium, in the detectors being turned into unstable isotopes. While these un-
stable isotopes decay, they emit characteristic X-ray photons, the strongest of which
is 105Ca (formed by the activation of Cadmium, at 25 keV). As a result, products of
radioactive activation in the CZT material can create X-ray lines above ∼20 keV inside
the detector, because of which they are called intrinsic lines (Grefenstette et al., 2023,
Kitaguchi et al., 2014, for the spallation Russell et al., 1995).
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Figure 10: The internal lines and their origin (Harrison et al., 2013).

105
48 Cd → 105

49 In + 𝑒− + 𝜈𝑒 (2.2)

Moreover, when photons or other high-energy particles interact with matter, they can
emit fluorescence X-rays. For example, a cosmic photon can hit one of the atoms and
dislocate one of the electrons in its inner shells; this atom will release a characteristic
X-ray photon (in this case, fluorescence photon) when one of the electrons from the
outer shells transitions inwards. These types of fluorescence lines can be seen at specific
energies (Madsen et al., 2020, Marcotulli et al., 2025).

The most dominant internal lines, Iodine and Cesium, appear due to the CeI shield
that surrounds the detector. The main purpose of the shield is, in the line-of-sight
of the detector, to determine the incoming high-energy photons and cosmic rays and
suppress them. However, when the CeI material interacts with these cosmic rays and
high-energy photons, it emits K-shell fluorescence radiation. In the previous studies,
and theNuSTAR team itself also confirmed that these are the strongest background
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lines in NuSTAR (Madsen et al., 2020, Tang et al., 2021, Wik et al., 2014).

The dominant internal fluorescence lines are K-shell transitions, the photon energy of
K → L K𝛼 transition can be written approximately as,

Eline = EK − EL3 (2.3)

where EK and EL3 are the K and L3 binding energies, respectively. Because of spin–orbit
splitting and larger radiative transition probabilities for the EL3 sub-shell, K → L K𝛼

transition is usually the strongest and hence the most easily observed. For the rel-
evant elements, the evaluated K𝛼1 energies are Iodine K𝛼1 ≈ 28.612 keV and Ce-
sium K𝛼1 ≈ 30.973 keV (were calculated from the values written in Table.1, Deslat-
tes et al., 2003, Krause, 1979). These K𝛼 features are produced in the CSI anti-
coincidence/shield material in front of the detectors and are identified as the strongest
non-X-ray background lines in NuSTAR. This has been documented in NuSTAR cali-
bration and background studies (Madsen et al., 2015).

Table 1: Characteristic K-shell energies for Iodine (I, Z=53) and Cesium (Cs, Z=55).
Energies are given in keV (Center for X-ray Optics, Lawrence Berkeley Na-
tional Laboratory, 2009).

Element Transition Energy (keV)
Iodine (I) K edge 33.169

K𝛼1 28.612
K𝛼2 28.403
K𝛽1 32.295

Cesium (Cs) K edge 35.985
K𝛼1 30.973
K𝛼2 30.756
K𝛽1 34.987

Since the background is more apparent in low-luminosity observations and for sources
in low-luminosity states, I will first examine how previous studies have approached the
issue of background treatment.
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2.4 Previous approaches for background treatment

In the previous section, I outlined the instrumental background of NuSTAR to explain
the complexity of the cyclotron region in Cepheus X-4’s spectra. The background
features have been considered in previous studies and affect almost every part of the
spectrum: the aperture and solar flares in soft energies (between 8 − 20 keV) and the
hard X-ray region above.

After the launch of NuSTAR, the NuSTAR team (Wik et al., 2014) developed a back-
ground model, first applied in a Bullet Cluster analysis. Their off-source regions model
has been widely used, as it captures all background effects and produces files for spec-
tral fitting (Gastaldello et al., 2015; Wallbank et al., 2022; Bauer et al., 2015). However,
for low-luminosity sources like Cepheus X-4, the generated background is not always
suitable, because this approach relies on existing background datasets.

For instance, in Mandel et al. (2025), spectra dominated by background were binned
to a signal-to-noise ratio SNR> 2, and multiple observations were combined using
HEASOFT addspec. This procedure improved the count rate and allowed grouping with
a minimum of 20 counts per bin. They reported a 12 keV feature caused by high
background and poor SNR. Similarly, most extended source studies and low-luminosity
point sources, such as accreting white dwarfs, require careful background treatment
(Mukai, 2017).

In studies of Galactic Bulge diffuse emission, unfocused 0-bounce photons reaching the
detectors must be accounted for, even with aperture stops and optics bench shielding.
Additionally, internal continua and lines vary between observations (2.3). Background
models such as Wik et al., 2014 have been used to mitigate these instrumental effects
(Perez et al., 2019). In the neutrino minimal standard model (𝜈MSM) study, multiple
M31 observations were combined to search for sterile neutrino decay lines, carefully
treating 0-bounce and 2-bounce photons as well as solar and internal line effects (Ng
et al., 2019).

Similarly, in NGC 253, combining NuSTAR, Chandra, and VLBA observations re-
vealed challenges in resolving sources above ∼10 keV. Three NuSTAR observations
were combined to improve dataset quality.
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Building upon these examples, in the next section, I present my own data analysis, in-
cluding background treatment steps, the 2014 observations covering the high-luminosity
state, and problems encountered due to HEASOFT software changes.
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3 Data Analysis

In this chapter, the analysis of high- and low-luminosity observations of Cepheus X-4
is presented. The 2023 NuSTAR observations, obtained during the decay phase of an
outburst, and the 2014 observations, corresponding to a high-luminosity state, are ex-
amined to investigate the shift from an outburst to a possible transition into quiescence,
representing a low-luminosity state. The core purpose of this thesis is to establish a con-
nection between the high- and low-luminosity observations (see Sect.1.6). To do this,
the analysis utilizes both high- and low-luminosity datasets, requiring a consistent con-
sideration of background contributions and instrumental effects. To characterize and
interpret the transition to different levels of luminosities as well as the dominance of
the instrumental effect, a spectral model with background treatment was used. This
background approach suggests that the differences between the two luminosity levels
can potentially be attributed to associated source characteristics rather than instru-
mental effects.

In the following sections, the data reduction process will be summarized, the challenges
encountered when comparing the adopted model with those used in previous studies
will be discussed, and the spectral model with background treatment will be examined
in detail.

3.1 Data Reduction

The 2023 NuSTAR observations of Cepheus X-4 (1o23, OBSID: 90901322002 and 2o23,
OBSID: 90901322002) and 2014 NuSTAR observations of Cepheus X-4 (1o14, OBSID:
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80002016002 and 2o14, OBSID: 80002016004) were analyzed. The corresponding ex-
posure times for these observations were 26458 s, 31510 s, 40416 s, and 41160 s, re-
spectively.

Figure 1: X-ray images of Cep X-4 extracted from cleaned FITS event files in three
different energy bands, created with SAOImage DS9. The circular region
outlined in green indicates the source extraction area in each panel. Top
panel: 3—10 keV, with counts displayed in red. Middle panel: 10—20 keV,
with counts displayed in green. Bottom panel: 20—50 keV, with counts
displayed in blue. The color coding is used only for visualization and does
not represent true RGB images.

The 2014 Cepheus X-4 observations were of type S09, indicating that they were per-
formed in coordination with the Suzaku Cycle 9 program. While S09 refers to planned
observations, the low-luminosity observations (1o23 and 2o23) were conducted as target-
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Figure 2: Selected background region for 1o23 FPMA in discrete line box.

of-opportunity observations, proposed by Ralf Ballhausen within the NuSTAR Guest
Observer program; such observations are not part of the planned observation cycle.

Data extraction and spectral fitting were performed using HEASOFT Version 6.35, with
ISISremeis scripts applied for the extraction process. For 1o23 and 2o23, the source
region size was set to 120 arcsec to include all detectable source counts from the detec-
tor (see RGB image of Cepheus X-4 in Fig.1). For the background modeling approach,
a box annulus was selected to obtain a stronger background spectrum when comparing
with the source spectra (see Fig.2). For 1o14 and 2o14, the sizes of the selected source
regions were set to 120 arcsec. To account for instrumental effects and background
contributions, the background region was selected as a box annulus surrounding the
source. The source itself, as well as regions potentially affected by the source emission,
were excluded from the background extraction region. Calibration was performed using
CALDB Version 8.7.43, and the analysis was carried out with the Interactive Spectral
Interpretation System (ISIS) Version 1.6.2-53.

Binning was performed using the optimal binning method with a minimum count rate
of 10 cts/s for the low luminosity state observations (1o23 and 2o23) (Kaastra, J. S.
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Figure 3: The 1o23 with different extraction regions.

Figure 4: The source and the background are plotted together to show how 2023
observations are background-dominated above ∼20 keV.
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