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Abstract
Aims. I present a photometric analysis of short-term (4 days) optical monitoring observations of the optical counterpart to
the Be/X-ray binary GRO J2058+42. The purpose of this analysis is to search for variabilities in the light curve of the Be star,
and then, determine whether the variabilities are due to pulsation, or due to rotation.
Methods. I performed optical photometric observations in the V band of the Be/X-ray binary GRO J2058+42 and several
secondary standard stars near the target within the 9 arcmin field of view. The final light curve was obtained through differential
photometry between the source and the average of the most stable standard stars. The reduction of the data was done by using
IRAF while the frequency analysis was used with PERIOD04.
Results. The timing analysis resulted in the detection of three significant frequencies at 2.64 c d-1 , 2.41 c d-1 and 3.99 c d-1 ,
which i attribute to non-radial pulsations.
Conclusion. The three frequencies cannot be explained by rotation of hot spots on the surface of the Be star and can only be
attributed to non-radial pulsations.

I. I NTRODUCTION
X-ray binaries are systems that consist of a compact object
orbiting an optical companion. The term “compact” refers to
the remnant after the death of a star (White darf, Neutron
star, Black hole) and “optical” to the nuclear burning that is
still taking place into a stars interior. In such systems there
exists a transfer of mass from the optical companion to the
compact object. Depending on the mass of the companion,
these systems can be divided into two categories such as (a)
Low-Mass X-ray binaries (LMXB) (if the spectral type of the
donor is A or later) and (b) High-Mass X-ray binaries (HMXB)
(if it’s O or B).
A. LMXBs
LMXBs consist of a companion star with spectral type
A or later, or in some cases a white dwarf, and a compact
object which is a neutron star or a black hole. They radiate
mainly on the soft X-ray spectra. They do not have a strong
stellar wind and thus the mass transfer from the donor to the
compact object is usually done via Roche lobe overflow. When
the donor fills its Roche lobe, material is transferred to the
compact object, through the first Lagrange point, and as a
result an accretion disk is formed (B. Paul and S. Naik 2011).
The radiation that is produced is mostly X-rays, but also a
fraction visible.
B. HMXBs
HMXBs contain massive and early-type (O or B type)
companion stars. These systems sometimes appear as the
brightest objects of the X-ray sky. In case of high mass/neutron
star binaries, we can further divide into two subcategories,
(a)Super giant X-ray binaries (SGXB) and (b) Be/X-ray binaries (BeXB).

Fig. 1: Classification of X-ray binaries.

In case of SGXBs, the optical counterpart is a luminosity
class I or II star. In such systems, the optical companion emits
strong stellar winds, removing between 10-6 -10-8 M yr-1 with a
terminal velocity up to 2000 km s-1 . Matter falls down onto an
enormous well of gravitational potential and is accelerated to
extremely high velocities. When the matter reaches the surface
of the compact star, it is rapidly decelerated and the free-fall
kinetic energy radiated away as heat, which gives power to Xrays. (Reig 2011). When the neutron star is at a close distance
and captures a ftaction of this wind, strong X-ray emission
is produced and these systems can easily be discovered. In
high luminosity SGXBs, which have very short orbital periods,
mass transfer occurs via Roche lobe overflow, X-ray emission
is highly enhanced and an accretion disk is formed around the
neutron star (Reig 2011) .

C. Transient X-ray binaries
BeXBs are considered as transient X-ray binaries harbouring a fast rotating neutron star that orbits a Be star in a
quite eccentric orbit (e ≥ 0.3). The term transient is used
when the variability of the source exceed, at least, two orders
of magnitude with respect to the quiescent state which may
correspond to a non-detection state (Reig 2011). Be stars
are very rapidly rotating main sequence B stars. In fact, the
majority of them are found to rotate at 0.7 of their break-up
(critical) velocity (Porter & Rivinius 2003). B stars become
Be when the Be-phenomenon occurs. A dense disk forms in
its equatorial plane which is fed from the material expelled
from the fast rotating Be star (rotation rate of about 75% of
critical or above) (Rivinius, Carciofi, Martayan 2013) due to
radiatively driven wind or photospheric pulsations (Porter &
Rivinius 2003).
Disks in Be stars are understood with the viscous disk model
(Lee, Osaki & Saio 1991; Okazaki 2001). Quasi Keplerian
disks are held by viscosity (Okazaki & Negueruela 2001;
Okazaki 2001). Angular momentum is transferred from the
inner regions of the disk towards the outer region by the
viscosity. The interaction between the neutron star and the
disk causes the X-ray outbursts, which appers in two different
forms. When the neutron star goes through periastron passage,
matter is accreted onto the neutron star and as a result type I
outbursts occur. These are short-lived and periodic outbursts
and tend to cover a relatively small fraction of the orbital
period (0.2-0.3 Porb), reaching peak luminosities Lx ≤ 1037
erg s-1 . The X-ray emission appears to pulsate with the spin
period of the neutron star (Rosswog and Bruggen 2007). Major
increase of the X-ray flux has been also observed in these
systems such as 103 -104 that at quiescence. That kind of
outbursts are defined as type II outbursts. They may reach
the Eddington luminosity (Lx ≥ 1038 erg s-1 ) for a neutron
star and become the brightest objects of the X-ray sky. The
timing of these outbursts is related with orbital phases close
to periastron or when the outer layers of the Be stars disk
reaches the first Lagrance point and a large fraction of the disk
is accreted onto the neutron star. Since the fuel that energizes
these outbursts comes from the material in the circumstellar
disk, major changes in the structure of the disc would be
expected. In some systems they truly led to the complete
disappearance of the disc, and in other, apparently, produced
no effect on the disc (Norton et al. 1994).
D. Persistent X-ray binaries
Also, there are quiet systems showing no significant variation in their light curves, with rare and unpredicted increases in
intensity by less than an order of magnitude. These systems are
referred as persistent BeXRs. They emit low X-ray luminosity
(L2−20keV ∼ 1034−35 erg s-1 ) and are characterised by slowly
rotating pulsars (Pspin ≥ 200 seconds).
E. Optical and IR monitoring
Besides X-ray monitoring which provides information on
the physical conditions in the vicinity of the neutron star,

Fig. 2: Long-term light curves of EXO 2030+375 (Reig 2011).

Fig. 3: Long-term light curves of 4U 0115+63 (Reig 2011).

optical and infrared observations reveal the physical state of
the Be star’s disk and also its photosphere. More precisely, Be
stars show complicated line profiles containing an absorption
component from the photosphere and an emission component
from the circumstellar disk (Balmer lines plus forbidden
lines in emission ; Lamers et al. 1998). In fact the two
main observational characteristics that make them differ from
regular B-type stars, are the emission spectral lines (such
as Ha) and the IR excess. That emission state is related to
the letter ”e” and refers B-type stars as Be stars. The Ha
line (6562.8 Å) in emission is the prime indicator for the
presence of a circumstellar disc , while its strength provides
information about the size of the emitting region. Moreover,
the Ha’s profile shape is also important to study the conditions
in the disk. Assymetries in the line profile indicate a perturbed
disk owing to density anisotropies, while symmetric lines are
generated in axisymmetric disks. Coe et al. 1994, reported that
there is a linear correlation between the infrared excess and
the EW(Ha) in BeXBs. In other words, the infrared excess
observed in BeXBs is due to the same processes as those

responsible for Balmer line emission. Although the Ha and
infrared emission correlate as expected for a common origin
in the disk, the spatial extension and precise localisation in
the disc are different. Gies et al. 2007, found that the angular
size of the infrared emission is consistenly smaller than that
determined for the Ha emission. Hence, the IR emission forms
closer to the star than does the Ha emission. Clark et al.
2001; Grundstrom et al. 2007, point out that an increase in
disc brightness occurs first in the IR flux excess and later
in the Ha as expected for an outwardly progressing density
enhancement.
F. Rotation and pulsation in early-type Be stars
Observations of Be stars show periodic light and line profile
variations on a wide range of time scales in all wavelengths.
More precisely Be stars show two different types of photometric variability. Besides the disk which is the main source
of long-term variability (change in structure, size and density)
with time scales of months to decades, rotation and pulsation
produce short-term variability ranging from hours to couple
days. To establish a criterion, we consider as short-period
variations those with frequencies higher than 0.3 c d−1 . In
early Be stars short periodic light and line profile variability
are nearly omnipresent. Hubert and Floquet (1998), based on
Hipparcos observations, found that this short-term is present
in 86% of early Be stars in 40% of intermediate sub-spectral
range types (B4e-B5e) and in only 18% of late Be stars. A
major question debated in the last decades has been whether
the variability with periods between 0.3 and 2 days is due to
pulsation, or due to rotation.
The driving mechanism under which a star pulsates is called
k-mechanism. This works when H and He block the radiative
outflow due to their orbiting electrons absorbing photons. As
a result a build of heat energy raises the temperature and
pressure in the interior of the star. This leads to a sweeling
as the radiative pressure begins to overcome the gravitational
force acting inwards, upsetting the equillibrium. During this
heating and expansion the H and He can become ionised,
which has the effect of reducing opacity. Hence, more radiation
now can pass through the ionised material, which reduces the
pressure of radiation, causing the star to contract back towards
its original equilibrium. The reduction in radiation pressure
also cools the material, so H and He recombine. Therefore
the star is ready for the process to begin again (iron group
elements, which have many free electrons, are also believed
to play an important role in the opacity mechanism).
There are two different types of oscillation modes : radial
and non-radial oscillation modes. Radial is an oscillation
where by the star rhythmically expands and contracts while
keeping its spherical symmetry. Only radial movements occur
and the oscillation can be described in a 1-D parameter n,
while l=m=0 (according to spherical harmonics, an oscillation
can be defined by 3 quantum parameters, n = number of radial
nodes, l = number of azimuthal nodal lines, m = 2l+1, number
of potential oscillation modes by rotating the nodal lines),
which n is the number of nodes between the center and the

Fig. 4: Spherical harmonics. The right part represents rotation
to the right, while the left part represents rotation to the left.

surface of the star (Fig. 4). In non-radial pulsations both radial
and transverse motion break the spherical symmetry of the star
and we speak of non-radial oscillations. Three parameters are
now needed in order to describe the oscillation n, l and m
(see reference for n,l,m above). A non-radially oscillating star
is subdivided in different regions of which some move periodically inwards while others move simultaneously outwards
(D. Baade & L. A. Balona 1994).
The pulsation modes are devided into pressure and gravity
modes. In pressure modes (P-modes) the pressure is the
primary restoring force for a star perturbed from equilibrium.
They are acoustic waves and have gas motions that are
primarily vertical. On the other hand, in gravity modes (Gmodes) buoyancy is the restoring force and gas motions are
primarily horizontal. Both modes can be described in terms of
propagation waves.
II. O BSERVATIONS AND DATA REDUCTION
The CCD observations were obtained between July 15 and
July 18 2020 using the 1.3 m telescope of the Skinakas
Observatory (SKO) located in the island of Crete (Greece).
The telescope is equipped with a 2048x2108 pixel CCD
camera. Bias and flat-field corrections were applied to the
CCD images. Flat-field calibration frames are images of a
flat source (e.g the sky). We turned the telescope to the East
and took 10 frames with an exposure time of 10 seconds.
The average value of the counts on each image was around
40.000-50.000. If we noticed a star on any frame, we moved
the telescope around 1-3o from its previous position. Flat
frames measure the quantum efficiency of the CCDs pixels
(chip sensitivity, vignetting and dust on telescopes lens) (Fig.
5). Before monitoring our target, we also captured 10 Bias
frames (Fig. 6). These are zero second exposures obtained
with the shutter closed. Bias frames measure the counts, which
correspond to the charge, of empty pixels. We wanted to
measure the charge of empty pixels right before the start of the
targets observations. At the end of the observations ten more
Bias frames were obtained in order to check whether the bias
level was stable during the night. Finally the data of the night
were uploaded on Skinakas server.

Fig. 5: Average flat frame.
Fig. 7: Bias extracted & Flat normalized frame. Optical
counterpart of GROJ2058+42 is centered.

Fig. 6: Average bias frame.

Once the Bias & Flats images were obtained, we turned the
telescope to RA = 20h 58m 47s , DEC = +41o 46’36”, which are
the coordinates of the optical counterpart to GROJ2058+42
(Reig et al. 2004) and switched the filter wheel to V filter
(Fig. 7).
We followed the same procedure for each night. A total of
548 CCD frames were collected during the observations with

Fig. 8: Skinakas Observatory in the morning

Fig. 9: List of long-term standard stars in the field. The optical
counterpart of GROJ2058+42 is centered.
an exposure time of 180 seconds. The weather conditions were
quite good, despite a howling wind on the third day.
A. Data analysis
The data were reduced with IRAF software. IRAF is an
archaic yet popular piece of software used in astrophysics. It
consists of set of different packages that you interact with by
typing commands. The task ”imarith” was used to subtract the
Bias frames from the targets raw images, but also divide them
with the Flats (normalization). The frames were displayed
and processed with DS9 program. Because the source was
monitored for the entire duration of the night, small shifts in
the pixel coordinates were observed. To facilitate the extraction
of the instrumental magnitudes, all images were aligned to
a reference frame. Instrumental magnitudes were extracted
by means of aperture photometry. In order to remove the
airmass contribution from the target observations (remove the
effects of variations in the transparency of the atmosphere),
the instrumental magnitude of nine long-term standards that
were on the same field were also extracted. The standard stars
were taken from Reig & Fabregat (2015) (Fig. 9).
Because all nine standard stars are long-term standards, a
check was necessary in order to determine which were the
most suitable during the observations (short-term). The stability of the standards were tested by computing the standard
deviation of the differential light curve of one standard star
minus the average of the rest. After repeating this procedure
for all standard stars, i ended up with three that had the
minimum deviation of their instrumental magnitudes during
the time of observations. These three were used as reference,
i.e the subtraction between the average value of these three

standards (Mstandards) and the target (Mtarget) was calculated
(differential magnitudes). In that way the true signal of the
Be star was isolated. The same three standards were used as
reference for all four days. The plot of differential magnitudes
(Mstandards-Mtarget) versus time (t) is the true light curve of
the source (Fig. 11).
Then i searched for periodicities in the final light curve.
The frequency analysis was performed with the package
PERIOD04. The program offers tools to extract the individual
frequencies from the multiperiodic content of time series and
provides a flexible interface to perform multiple-frequency fits.
For the extraction of frequencies from the data, period applies
discrete Fourier transform. Fourier transform mentions that any
periodic function can be analyzed to a sum of sines and cosines
functions. So the initial signal was actually decomposed into
periodic frequencies. But, one needs to adopt a stop criterion to
decide whether or not a candidate frequency is still significant
or not. The method used by Period04 in order to determine
this criterion is the signal to noise amplitude ratio requirement
(SNR). To calculate the SNR of each peak, the signal (S) is
the amplitude of the peak for each frequency obtained. And
the noise (N) is assumed to be the average amplitude, within
a 5 c d−1 frequency interval, of the residual periodogram after
the prewhitening of all the frequencies detected. Breger et al.
(1993) shown that for a multi-site campaign a S/N ≥ 4 might
be a good criterion to distinguish between peaks due to real
frequencies and noise. Prewhitening a frequency in the periodogram, is the basic method for searching multiperiodicity.
First you find the most probable frequency with the method
discussed above, make a least-squared fitting to determine the
amplitude and phase of the oscillation and then you remove
that frequency from the light curve. By removing I mean
subtract that periodicity from the original data. This process
is made until the new frequency founded has a S/N less than
4.
III. R ESULTS
In this chapter the results of the V band photometric analysis
of each night individually are presented, but also the results
after a frequency search on the final light curve of the Be star.
The differential optical light curve of the optical counterpart
of the Be/X-ray binary system GROJ2058+42 is shown in
Fig. 11. As one can notice the signal is quite variable, so a
frequency analysis was performed. Because we are interested
in periodic behaviour with a period of hours to a couple of
days, the analysis was restricted to the frequency range of 0.5
to 30 c d-1 .
A. Frequency analysis
By running PERIOD04 on the source light curve a periodic
signal with frequency 2.645 c d-1 and amplitude 7.06 mmag
was detected. The significance of that first frequency was
confirmed through the ratio of the peak height to the mean
surrounding noise level in the periodogram (SNR = 4.94).
Because that value is close to the threshold, SNR = 4, a
number of tests were held in order to check whether the

standard deviation were used with the same methodology, as
explained in the observations and data reduction section. The
results for the first frequency were quite similar, Ftest1 = 2.62
c d-1 , SNRtest1 = 4.69, Ftest2 = 2.64 c d-1 , SNRtest2 = 4.84,
Ftest3 = 2.66 c d-1 , SNRtest3 = 5.06. I also ran a test where
i extracted the differential light curve for standard stars only.
The subtraction between instrumental magnitudes of standards
stars only was calcuted and their light curve was extracted in
order to check whether that frequency was present. The result
for the first frequency was F4test = 3.38 c d-1 , SNR4test = 2.46,
non significant peak. Period04 did not detect any periodic
signal from the standards light curve. So the result is that
frequency 2.645 c d-1 with and amplitude of 7.06 mmag is
real. The periodogram (Fig. 12) and phase diagram (Fig.13)
of that frequency can be seen below.
A search for other frequencies was also performed on the
prewhitened light curve. After extracting the first frequency,
a fourier transform on the residual signal was performed. In
that way the initial frequency (F1 = 2.64 c d-1 ) was subtracted
from the signal and period04 searched for another one. The
result for the second frequency was F2 = 2.41 c d-1 with an
amplitude of 4.5 mmag and a SNR2 = 5.4. That means that F2
is also real. Following the same procedure a new frequency
was extracted with a value of F3 = 3.99 c d-1 , amplitude of
2.5 mmag and SNR3 = 6.1. The fourth frequency that was
extracted had a value of F4 = 7.86 c d-1 but with a SNR4 =
2.23, non statistically significant peak. After the prewhitening
of the third frequency the final SNR of the frequencies was
SNR1 = 13.4, SNR2 = 11.9, SNR3 = 6.1. That is because the
final calculation of the SNR was applied for the frequency F3
and as someone can see from Fig. 16, the mean noise between
a 5 c d-1 from the peak is around 1.2 mmag, but when the
SNR for the F1 was calculated that mean value was around
3.2 mmag. So a multiplication by 3 is expected. The same
happens for the SNR of F2 . So I conclude that the Be star
exhibits three periodic frequencies.
In Fig. 12, Fig. 14 and Fig.16 besides the frequencies, a
typical 1 c d-1 alias pattern is present. This is because the
set of observations necessarily had a one day periodicity in
its data spacing, since we could only observe our target at
night. When period04 converts contineous Fourier transform
into discrete Fourier transform, due to data spacing, distant
frequencies interfere (aliasing).

Fig. 10: Day 1 - Day 4 ; Differential light curves of Be star.
The Y-axis represents Mstandards - Msource, while X-axis
represents time. In the 3rd night there are some missing points
in the light curve due to a strong wind that occured during the
night, which disoriented the autoguider.

frequency is indeed real. For each test different standard stars
(except the best three) from the field with a little higher

Fig. 11: Final differential light curve for the period 15 – 18 July 2020. Significant variability is present.

-1.

Fig. 12: Periodogram of frequency 2.64 c d

Fig. 13: Phase diagram of frequency 2.64 c d-1 . The Phase
axis represents one wave period. A period of a cosine wave is
present.

Fig. 14: Periodogram of frequency 2.41 c d-1.

Fig. 15: Phase diagram of frequency 2.41 c d-1 . A period of
a cosine wave is present.

Fig. 16: Periodogram of frequency 3.99 c d-1. .

Fig. 17: Phase diagram of frequency 3.99 c d-1 . A period of
a quite cosine wave is present.

IV. D ISCUSSION

For the purposes of this thesis, only photometric observations were obtained. The short-term variability of the light
curve can not be associated with the physical conditions of the
disc. For that kind of information spectroscopic observations
are required at longer time scales. So that short-term photometric variability can only be associated with the conditions
on the photosphere of the Be star. But what kind of activity
affects the photosphere of a B type star? The pulsation and
rotation of the inhomogeneous stellar surface.
In order to identify these periodic variations with rotational
modulation, someone needs to demonstrate that these photometric variations have a period which correspond to an angular
velocity equal or lesser than the critical angular velocity of the
star.
For a centrally condensed star, the critical velocity of
rotation is given by

uc =

q
p
GM/Re = 2GM/3Rp

(1)

where M is the stellar mass and ‘e’ and ‘p’ subscripts are used
throughout to denote equatorial and polar values. Considering
that the mass of the optical counterpart to GROJ2058+42 is
M = 18Mo and its radius R = 8Ro (typical values of a B-type
star) , it emerges that the critical velocity of rotation is uc =
538.381 km s-1 . F1 = 2.64 c d-1 corresponds to T1 = 9.09 hrs,
F2 = 2.41 c d-1 to T2 = 9.95 hrs, F3 = 3.99 c d-1 to T3 = 6.01
hrs and assuming that the angular velocity of a rotating star
is given by

u = 2piR/T = 2piRF

(2)

matter away from the rotation axis, would have tear the star
apart. So we conclude that these periodicities are attributed to
stellar non radial pulsation (NRP).
Although the two modulations co-exist and maybe be responsible for the Be phenomenon, it is clear that pulsation
seems to be the more convincing argument to explain periodic
short-term variations in the light curves of B-type stars.
In NRP hypothesis it is clear that practically all light
and line profile variation must be caused by the temperature
perturbation, i.e the pulsations are thought to be opacity
driven. Metallicity plays an important role on the opacity
mechanism, since the iron group elements have many free
electrons which can block the radiative outflow. Hence we
can say that stars with abundance of iron-group elements are
more likely to display light variabilities due to pulsation. For
further determination of the pulsation modes such as gravity
or pressure, spectroscopy observations are required.
NRP supporters mention that variability due to rotational
modulation needs the existence of inhomogeneities in the
photosphere such as starspots, and the only physical mechanism proposed to produce this effect is the presence of
strong magnetic fields. However, the external layers of Be
stars are completely radiative and the existence of magnetic
fields in Be stars should be rather rare and weak. In fact,
no magnetic field has been consistently detected so far in
any Be star, despite very accurate recent searches in several
tens of Be stars (Wade 2010). Balona, 2011, observed a large
fraction of Be stars and concluded that the period of their
light variation were consistent with their expected rotation
periods. Also, a prominent peak and its harmonic were visible
in the periodograms and he assumed to be a result of rotational
modulation. Balona mentions that this corotating feature which
appears to be present in many hot stars, it is possible that it
may not be the same as a sunspot and may not involve a
magnetic field. One thing is certain that further investigation
including surface convection is required.
Theoretical work of Puls et al. 2008 predicts that in stars
with low metallicity the radiatively driven stellar winds are less
effiecient. As a result the mass loss is lower and consequently
less angular momentum is lost, meaning that the stars should
rotate faster. Observations on Magellanic clouds confirmed this
(stars in SMC rotate faster than in LMC, Z(SMC) is lesser than
Z(LMC)). Thomas Rivinius, 2013, trying to explain the high
fraction of pulsating Be stars in the SMC, suggests that fast
rotation either favors the pulsating mechanisms, or enhances
the amplitude of the existing modes to make them more easily
detectable.
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