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ABSTRACT

Context. Some close binaries of the β Lyrae type show photometric cycles longer than the orbital one, which are possibly related to
changes in their accretion disks.
Aims. We aim to understand the short- and long-scale morphologic changes observed in the light curve of the eclipsing system OGLE-
BLG-ECL-157529. In particular, we want to shed light on the contribution of the disk variability to these changes, especially those
related to the long cycle, occurring on timescales of hundreds of days.
Methods. We studied I-band Optical Gravitational Lensing Experiment (OGLE) photometric times series spanning 18.5 years, con-
structing disk models by analyzing the orbital light curve at 52 different consecutive epochs. An optimized simplex algorithm was
used to solve the inverse problem by adjusting the light curve with the best stellar-orbital-disk parameters for the system. We applied
an analysis of principal components to the parameters to evaluate their dependence and variability. We constructed a description of
the mass transfer rate in terms of disk parameters.
Results. We find that the overall light variability can be understood in terms of a variable mass transfer rate and variable accretion
disk. The system brightness at orbital phase 0.25 follows the long cycle and is correlated with the mass transfer rate and the disk
thickness. The long-cycle brightness variations can be understood in terms of differential occultation of the hotter star by a disk of
variable thickness. Our model fits the overall light curve during 18.5 years well, including epochs of reversal of main and secondary
eclipse depths. The disk radius cyclically change around the tidal radius, decoupled from changes in the mass transfer rate or system
brightness, suggesting that viscous delay might explain the non-immediate response. Although the disk is large and fills a large frac-
tion of the hot star Roche lobe, Lindblad resonance regions are far beyond the disk, excluding viscous dissipation as a major source
of photometric variability.

Key words. binaries: close – binaries: eclipsing – accretion, accretion disks – stars: evolution – stars: variables: general

1. Introduction

Algol-type binaries are characterized by one of the stellar com-
ponents having inverted its original mass ratio following a Roche
lobe overflow and, over time, showing a less massive star that
is more evolved than the more massive component. Defined in
this way, Algol binaries indicate a particular stage of binary star
evolution. On the other hand, Algol-type eclipsing binaries (also
known as EA-type) refer to the morphology of the light curve,
those showing a flat plateau between eclipse minima, contrary
to the rounded inter-eclipse section of β Lyrae type eclipsing
binaries (also referred as EB-type). In this paper, we use the
term Algols to refer to binaries that have experienced mass ratio
reversals in the past, making up a sample that includes the well-
studied system β Lyrae.

In many Algols, an accretion disk is observed surrounding the
more massive (gainer) component. The disk is fed by a gas stream
falling ballistically from the inner Lagrangian point towards the
gainer. A “hot spot” is eventually formed in the stream-disk
impact region. The first direct evidence of the disk was found in β
Lyrae interferometric images of the Center for High Angular Res-
olution Astronomy (CHARA) (Zhao et al. 2008), while indirect
imaging methods such as Doppler tomography have revealed the

disk and their gaseous structures in some systems (Richards et al.
2014). The nature of these disks is not well understood and still
is the subject of ongoing studies. Accretion towards a near-main
sequence star is not so efficient as towards a compact object,
as tends to happen in cataclysmic variables. This means that
the luminosity observed in some well-developed disks of Algols
is not driven by accretion but probably via heating from pho-
tons emitted by the hot central star (Mennickent et al. 2016b;
Van Rensbergen & De Greve 2016).

The fact that the disk is probably a kind of accretion-
deccretion (AD) disk was pointed out by Wilson (2018), who
proposed a model for β Lyrae including a self-gravitating, semi-
transparent analytic disk model that considers the critical rota-
tion for the more massive star. While the outer parts of the disk
are subject to the mass inflow from the stream falling from the
inner Lagrangian point, the central parts might be subject to
inward-outward transfer of angular momentum from the rapidly
spinning star.

The condition of critical rotation might be satisfied by
the mass gainer stars of double periodic variables (DPVs)
(Mennickent et al. 2003; Mennickent 2017). These close bina-
ries are mostly Algols with B-type main sequence gainers whose
radii are large enough to allow for a near-tangential impact
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Fig. 1. OGLE I-band light curve of OGLE-BLG-ECL-157529. Colors indicate different data ranges. Gray dots show the magnitude at orbital
phase 0.25 for the 52 consecutive data subsamples.

of the gas stream favoring the acceleration to critical rota-
tion (Mennickent et al. 2016a). The peculiar and puzzling con-
dition of DPVs is the presence of a as yet unexplained long
super-orbital photometric periodicity of typical I-band ampli-
tude 0.1–0.2 mag. More than 200 DPVs have been reported in
the Galaxy and the Magellanic Clouds (Mennickent et al. 2003,
2016a; Poleski et al. 2010; Pawlak et al. 2013; Rojas et al. 2021)
and a magnetic dynamo operating in the donor star has been
proposed as the mechanism modulating mass transfer and, as a
result, the system brightness (Schleicher & Mennickent 2017).
Evidence for relatively massive AD disks could be present
in DPVs since most of them show light curves similar to β
Lyrae. The presence of rapidly rotating B-type components
might favor the concentration of mass in the disk around the
gainer. It is well known that single B-type stars are the fastest
rotators among main sequence stars and this can be under-
stood in terms of internal angular-momentum re-distribution dur-
ing nuclear evolution (Granada & Haemmerlé 2014). An open
question remains regarding whether this structural characteristic
operates in B-types gainers that are subject to rapid acceleration
by mass transfer.

From the evolutionary point of view, disks are expected dur-
ing episodes of mass transfer in some close binaries contain-
ing B-type components (Van Rensbergen & De Greve 2016) and
mass is expected to escape from the system due to the criti-
cal rotation of the gainer star at some epochs (Deschamps et al.
2013). However, evidence for such a mass loss is scarce
(Deschamps et al. 2015). In β Lyrae, where a long cycle of
282 days is observed, a bipolar wind of unknown origin
has been revealed by interferometry and optical spectroscopy
(Harmanec et al. 1996), whose properties have been quantified
by Mourard et al. (2018) and Brož et al. (2021). V 393 Scorpii is
another DPV where a bipolar wind has been proposed to explain
spectroscopic observations of high resolution and high signal-to-
noise (Mennickent et al. 2012). Interestingly, few observational
constraints for the long-term variability of β Lyrae type bina-
ries have been provided, however, dedicated photometric sur-
veys provide unique opportunities of exploring this variability
(Garcés et al. 2018; Pawlak et al. 2013; Poleski et al. 2010).

In this paper, we present a study of the eclipsing binary
DPV OGLE-BLG-ECL-157529 (α2000 = 17:53:08.33, δ2000 =
−32:46:27.0, I = 13.035 mag, V = 14.829 mag, Soszyński et al.
2016). This object shows a β Lyrae type orbital light curve, con-
sists of a pair B6 dwarf + K2 giant and is located at a dis-
tance of 3024± 406 pc in the direction of the Galactic Bulge.

It is characterized by the orbital period of 24d.80091± 0d.00044
and a long cycle decreasing in length, from around 900 days to
around 800 days, and amplitude, over 18.5 years of observations
(Mennickent et al. 2020a). These authors found that the overall
light curves can be understood in terms of a variable accretion
disk and that the disk is larger and thicker at long cycle min-
imum and this effect is more pronounced when the long cycle
has a larger amplitude and longer cycle length. The authors con-
structed a model for the system indicating changes in the tem-
peratures of the hot spot and the bright spot of the disk during
the long cycle, and also in the position of the bright spot; hence,
the system represents a unique opportunity for studying the evo-
lution of an accretion disk in a double periodic variable and to
constrain future models for AD disks in close binaries of the
Algol type with β Lyrae type characteristics.

The above authors modeled the system on two epochs, the
minimum and maximum of the long cycle, since these two
epochs presented an inversion of the relative depths of the two
eclipses.They did not study the whole physical content of the
large dataset available. In this paper, we study the disk evolu-
tion of this system further by modeling the light curve in many
subsequent epochs to build the overall picture of disk and sys-
tem evolution during the whole time baseline span of almost 19
years. Following this approach, we are able to gain new insights
on the nature of the long cycle and disk evolution.

2. Photometric data and light curve

The photometric time series analyzed in this study has already
been described by Mennickent et al. (2020a). It consists of
2606 I-band data points taken from The Optical Gravitational
Lensing Experiment (OGLE, Fig. 1): OGLE-II (Szymański
2005) and OGLE-III/IV. The OGLE-IV project is described by
Udalski et al. (2015), while the analysis of photometric uncer-
tainties in the OGLE-IV Galactic Bulge database is given
by Skowron et al. (2016). The whole dataset, summarized in
Table 1, spans a time interval of 6781 d or 18.5 yr. In this paper,
we use the ephemeris for the occultation of the hotter star pro-
vided by Mennickent et al. (2020a):

HJD = (245 6695d.918 ± 0d.059) + (24d.80091 ± 0d.00044) E. (1)

The light curve variability cannot be understood in terms of a
binary system alone, and the presence of circumstellar matter
around the gainer is suggested from the changing depth of the
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Table 1. Summary of photometric observations.

Band/Data-Base N HJD′start HJD′end Mag

I/OGLE-II 346 551.77073 1858.52147 13.213
I/OGLE-III 795 2117.76494 4955.73490 13.221
I/OGLE-IV 1465 5261.84891 7332.50545 13.213

Notes. The number of measurements, starting and ending times, and
average magnitude are given. HJD′ = HJD−2450000. The uncertainty
of a single measurement varies between 4 and 6 mmag.

minima around phase 0.5 (Fig. 1). The cooler star (the donor) is
eclipsed by a variable physical structure. However, the depth of
eclipse at phase 0.0 is rather stable, smoothly increasing during
the whole time baseline. These observational facts were inter-
preted as having been attributed to a circumstellar disk that was
larger at the beginning of the time series and smaller at the end,
and which surrounds the hotter star (Mennickent et al. 2020a).
This scenario can explain even the epochs when the eclipse at
phase 0.0 turns to be dimmer than in phase 0.5 as a result of a
larger occultation on the part of the gainer by a thicker disk.

3. Methodology and light curve analysis

In order to study the photometric changes, we divided the whole
dataset in subsamples of 52 consecutive data points. This num-
ber was chosen because it provides clean orbital light curves with
not much interference of the long cycle. The selection of a differ-
ent number of consecutive segments does not change the results
of this paper, keeping in mind that it must be large enough to
include data to adequately cover the orbital light curve and short
enough to exclude the perturbing influence of the long cycle.

3.1. The light curve model

An optimized simplex algorithm was used to solve the inverse
problem adjusting the light curve with the best stellar-orbital-
disk parameters for the system. The basic elements of the
model, together with the light-curve synthesis procedure, can
be found in the literature (Djurašević 1992, 1996), along with
new and improved versions (Djurašević et al. 2008), which
have been applied to several close binaries in the past (e.g.,
Mennickent & Djurašević 2013; Rosales Guzmán et al. 2018;
Mennickent et al. 2020b).

The model describes the total flux of the binary as the sum
of the stellar fluxes and the radiation emerging from an optically
thick accretion disk surrounding the hotter star and it includes
the geometrical effects produced by the observer inclination.
The disk light contribution is calculated in terms of local Planck
radiation functions at given temperatures and does not consider
the calculation of the radiative transfer. However, the simple
reflection effect as well as the limb and gravity darkening are
included. Details of the model are described in an earlier publi-
cation (Djurašević et al. 2008) and in the references given there.

We use the stellar and system parameters derived by
Mennickent et al. (2020a), which allow us to vary the parame-
ters of the disk (see Table 2).

The disk is characterized by its radius Rd, a vertical thick-
ness at the central and outer edge (dc and de, respectively), and a
radial-dependent temperature profile:

T (r) = Td

(Rd

r

)aT

, (2)

Table 2. Certain stellar, orbital and disk parameters, including orbital
separation, aorb, and system inclination, i.

M1 4.83± 0.3 T2 4400 (fixed)
M2 1.06± 0.2 log g1 3.82± 0.1
R1 4.48± 0.2 log g2 2.02± 0.1
R2 16.6± 0.2 aorb 64.6± 0.3
T1 14000± 500 i 85.5± 0.3
Po 24d.80091± 0d.00044 Rd (27.4→ 33.2)± 0.3

Notes. Indexes 1 and 2 refer to hot and cool stellar components. Inclina-
tion is given in degree, temperatures in Kelvin and masses and lengths in
M� and R�, respectively. The data are from Mennickent et al. (2020a).

where Td is the disk temperature at its outer edge (r = Rd) and
aT is the temperature exponent (aT ≤ 0.75). The value of expo-
nent aT shows how close is the radial temperature profile to the
steady-state configuration (aT = 0.75). The radial dependencies
of the accretion disk temperature show that the surface of the
disk is hotter in the inner regions, and that disk is cooled as we
move away from the center. The above power-law differs from
the one used by Mennickent et al. (2020a) for the first study of
this system. It appears that a power law is a better description for
modeling the β Lyrae disk (Mourard et al. 2018).

In addition, the model considers two shock regions in the
disk edge: one is the hot spot, located around the hypotheti-
cal impact point between the gas stream ejected from the inner
Lagrangian point and the disk, while the other one is a bright
spot, located somewhere in the disk edge. Both regions repre-
sent regions in the disk with variable thickness and temperatures
with respect to the surrounding disk and they have been detected
in Doppler maps of Algols and also in hydrodynamical simula-
tions of gas flows in close binary stars (e.g., Albright & Richards
1996; Bisikalo et al. 2000; Atwood-Stone et al. 2012). Both
spots were found after the analysis of the orbital light curve
of β Lyrae (Mennickent & Djurašević 2013). Interferometric and
polarimetric studies seem to confirm the existence of the hot spot
in this system (Lomax et al. 2012; Mourard et al. 2018). While
the origin of the hot spot is rather clear, the origin of the bright
spot may be attributed to vertical oscillations of the gas at the
outer edge of the accretion disk due to interactions with the
stream of matter (Kaigorodov et al. 2017). We notice that our
model with a single hot spot on the edge of the disk cannot suc-
cessfully describe the relatively complex shape of the constantly
variable light curves as it requires the addition of the bright spot.

In our model, both regions are characterized by their rela-
tive temperatures, Ahs ≡ Ths/Td and Abs ≡ Tbs/Td, for their
angular dimensions, θhs and θbs and their angular locations mea-
sured from the line joining the stars in the direction of the orbital
motion, λhs and λbs. Finally, θrad is the angle between the line
perpendicular to the local disk edge surface and the direction of
the hot spot maximum radiation. We also consider, as a mea-
sure of the disk radius, the parameter Fd ≡Rd/Ryk, where Ryk is
defined by Djurašević (1992) as the distance between the center
of the hot star and its Roche lobe in the direction perpendicular
to the line joining the star centers. Defined in this way, the disk is
only stable within the limit Fd ≤ 1, while with a larger disk radius
the material outside the Roche oval would go to the surrounding
space and, most likely, in the area of the Lagrange equilibrium
point, L3, escaping from the system and forming a kind of cir-
cumbinary envelope. The gravity-darkening coefficients of the
stars are fixed to β1 = 0.25 and β2 = 0.08 and the albedo coeffi-
cients are Ah = 1.0 and A2 = 0.5.
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Fig. 2. Histogram of the calculated Ṁ/Ṁ0 listed in Table A.1.

It is worth noticing that while past models for β Lyrae
assumed a fixed geometry (Mourard et al. 2018; Brož et al.
2021), our model allows for a variable geometry of the accre-
tion disk, being, in principle, superior with regard to studying
the system variability. On the other hand, the treatment of radia-
tive transfer in the circumstellar medium is more complex in the
aforementioned models, including synthetic spectra for stellar
components, local thermodynamic equilibrium, opacities, and
spectral lines, while even some of them include the analysis of
interferometric data allowing us to test the presence of outflows
and jets. Our model does not deal with the treatment of radiative
transfer and works with single-band photometric time series and,
thus, it is limited in this sense.

The result of the light curve modeling is shown in Table A.1.
Some of the single-data-segment fits are shown in Fig. A.1,
illustrating the uncertainties of the measurements, typical orbital
variability, long-term variability, and fit quality. We found some
observed minus calculated residuals that are larger than indi-
vidual datapoint errors, which may be explained as underesti-
mated formal errors or sources of variability not considered by
our model. Another source of the discrepancy could be the fact
that individual light curves span several orbital cycles; thus, part
of the long-term variability is introduced here.

3.2. A simple model for the mass transfer rate

We also calculated an approximation for the mass transfer rate,
Ṁ, using the following assumptions. In a semidetached binary
ongoing Roche lobe overflow with mass transfer rate, Ṁ2,
towards a star of mass M1, the luminosity of the disk hot spot
is (following Warner 1995, Eq. (2.21a)):

Lhs = ητG
M1 Ṁ2

Rd
, (3)

where Rd is the disk radius. The η factor (between 0 and 1) takes
into account the fact that since the stream impacts obliquely, only
the velocity component perpendicular to the disk outer edge par-
ticipates in the transformation to kinetic energy. In addition, τ
is another factor that considers that the fall of material towards
the disk is not from infinity, but from the inner Lagrangian point,
and G is the gravitational constant.

On the other hand, in considering the hot spot radiating as a
blackbody, its luminosity can be expressed as:

Lhs ≈ σT 4
hsdel = σ[AhsTd]4del, (4)

where l is a measure of the arc subtended by the hot spot along
the outer disk edge:

l = Rdθhs, (5)

We note that in the absence of any measurement of the radial
extension of the hot spot, we have used its extension along the
disk border. Hence, during two stages labeled as i (initial) and f
(final), and assuming that η and τ are constant, the mass transfer
rate satisfies the following:

Ṁc, f

Ṁc,i
=

R2
d, f [Ahs, f Td, f ]4de, f θhs, f

R2
d,i[Ahs,iTd,i]4de,iθhs,i

. (6)

This equation allows us to estimate relative mass transfer
rates at different epochs for a given system. In order to normalize
our determined values of Ṁ, we used as initial state the one with
the minimum radius, corresponding to the data string LC = 49,
with a mean HJD′ = 7098.91. These values are also shown in
Table A.1, and an uncertainty of about 50% is derived from the
classical formula of error propagation. The above line of reason-
ing also allows us to compare different systems, A, B, with their
disks. To obtain ṀA/ṀB we need to change indexes f , i by labels
A, B and multiply Eq. (6) by a factor of MB/MA.

3.3. Principal component analysis

Once we derived the set of disk parameters for the light curves,
we ran a principal component analysis (PCA) on the whole
dataset. This tool allows us to reduce the dimensionality of a
dataset, extracting the more significant variables and exploring
the correlations between them. The PCA has been extensively
used in astronomy as a multivariate analysis tool starting from
the work on classification of stellar spectra (Deeming 1964).
The technique has recently been used, for example, in the anal-
ysis and classification of variable stars (Deb & Singh 2009)
and dissecting the molecular structure of the Orion B cloud
(Gratier et al. 2017). We used the PCA tool implemented in the
OriginLab1 software.

4. Results

We find a range of normalized Ṁ values [0.22:5.98] with mean
1.02 and standard deviation 0.90 (Fig. 2). Changes by a factor
27 between minimum and maximum are observed although this
range is based only in a single light curve dataset. The normal-
ized Ṁ distribution can be fit by a Gaussian function centered at
0.66 ± 0.01, area 3.23± 0.20, and full width at half maximum
FWHM (≡w

√
In 4) = 0.33± 0.02, where w is a parameter defin-

ing the width of the gaussian according to the definition given in
Fig. 2. Some outliers are found suggesting epochs of large mass
transfer rate. In order to examine this possibility, we identified
the datasets with the largest Ṁ values, namely, in decreasing
order of Ṁ, LC 5, 4, and 11. These light curves are relatively
well sampled compared with other light curves, hence the large
Ṁ values cannot be due to poor sampling of the orbital cycle.

1 OriginPro, Version 2021. OriginLab Corporation, Northampton,
MA, USA.
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Fig. 3. Results of the PCA analysis along with the time evolution of some disk parameters. Left panel: PCA for the parameters given in Table A.1.
The two principal components, PC1 and PC2, result from lowering the dimension of the dataset. Some parameters are shown in color for a better
visualization. Right panel: temporal evolution of the disk filling factor, its temperature, and temperature exponent. Best fits are also shown, with
their parameters given in Table 4. Typical uncertainties are 0.03, 200 K, and 0.03 for Fd, Td and aT , respectively. They are shown for representative
points to avoid data crowding.

Table 3. Coefficients of the linear decomposition of principal compo-
nents PC1 and PC2.

Par. PC1 PC2 Par. PC1 PC2

HJD′ −0.35992 0.32759 θrad 0.00011 −0.23296
Td 0.35045 −0.26502 Abs −0.33308 0.01494
de 0.22398 0.32982 θbs −0.05614 −0.22559
dc 0.26740 0.37307 λbs 0.29367 0.17763
ad −0.35849 0.28694 Rd 0.22041 −0.30856
Ahs −0.06673 0.17510 I0.25 0.23524 0.40123
θhs 0.09600 −0.16992 Ṁ 0.38702 0.15727
λhs −0.17248 −0.12143

On the contrary, we identified these epochs with relatively bright
disks, whose fluxes are larger than the gainer fluxes (Fig. A.2).

The result of the PCA analysis is shown in Fig. 3 left. The
PC1 and PC2 components capture most of the data variability,
namely, 30.14% and 18.46%, respectively. The linear decom-
positions of PC1 and PC2 in terms of the studied parameters
are given in Table 3. The clustering of parameters in the graph
indicates correlation (or an anticorrelation if they are in opposite
quadrants) and allows us to draw the following conclusions:

There are (anti)correlations between HJD′ and the parame-
ters of temperature, disc radial extension, and temperature index
(Td, Rd, and aT ). This can be interpreted in terms of the link
between these quantities through Eq. (2), along with the ten-
dency of decreasing disk radius with HJD′ that has already been
noted.

There are correlations between the magnitude at orbital
phase (Φo) equal to 0.25, I0.25, and the thicknesses of the disk,
de and dc. This is interesting since it links the long cycle photo-
metric variability with a disk variable parameter and suggests a
direct cause for the long cycle. The magnitude at orbital phase
0.25, I0.25, also is anticorrelated with the hot spot position, θhs,
and to a lesser degree with the bright spot size, θbs. The positions
of the hot and bright spots, λhs and λbs, are anticorrelated. The
relative temperature of the hot spot Ahs is anticorrelated with its
angular size θhs. The mass transfer rate, Ṁ, is correlated with the

position of the bright spot λbs and anticorrelated with the posi-
tion of the hot spot λhs.

The above results can be evaluated in the plots shown in
Fig. 3 (right) and Figs. 4–8. We have made linear fits in some
cases, of the form y = a + bx, whose parameters are given in
Table 4. Color bars in the above plots indicate HJD′ or tempera-
ture ranges. From these plots, the following conclusions can be
outlined:

The central and edge vertical thickness of the disk increases
with the angular position of the bright spot (Fig. 4). When the
system is fainter, the disk is thicker at its center and its outer
edge (Fig. 5)

Larger mass transfer rate corresponds to fainter system
brightness at phase 0.25. When time goes on and the disk size
decreases, this relationship becomes steeper, as becomes evident
noticing the colored data in the upper panel of Fig. 6. In addition,
the mass transfer rate attains a maximum around HJD′ = 1394.8,
namely, at epochs when the system shows larger amplitude of the
long-cycle and a larger disk.

When mass transfer rate increases, the hot and bright spots
becomes closer to the donor (Fig. 6, lower panel). The mass
transfer rate increases with disk temperature (Fig. 7).

The hot spot shows a smaller variability in position compared
with the bright spot. Both are located in the disk edge, at opposite
sides of the donor star. No dependence is observed between disk
radius and spot position (Fig. 8). The disk tends to be larger at
brighter magnitudes at orbital phase 0.25 (Fig. 8).

5. Discussion

Before continuing with the analysis and interpretation of our
results, we must keep in mind the limitations of our model (some
of them already mentioned in Sect. 3.1). The main approxima-
tion is probably based on only the circumstellar material in the
disk being considered, neglecting any light contribution with an
origin located outside this plane above or below the disk. An
additional approximation is the assumption of a disk shape for
the main circumstellar structure. With our model, we do not con-
sider other possible light sources like jets, winds, and outflows.
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Fig. 4. Disk vertical thickness versus position of the bright spot. Best
linear fits are also shown, with their parameters given in Table 4.

However, the two disk spots can, in principle, take into account
variations in the azimuthally dependent disk emissivity. In spite
of the aforementioned limitation, and based on previous studies
of Algols with disks, we have probably considered the main light
sources for the I-band continuum light, as reflected in the very
good match of orbital and long-term light curves over the 18.5
years of observations (Fig. A.1).

During the 18.5 year baseline, the system shows a systematic
decrease in disk size and temperature. At the beginning, the tem-
perature was about 3000 K and the disk almost filled the Roche
lobe of the late B-type star in the radial coordinate. At the end
of the time series, the temperature dropped to 2300 K and the
disk filled about 85% of the Roche lobe radial extension. This
very long-term tendency was accompanied with a large increase
in the temperature power-law index. Remarkably, there are addi-
tional changes in disk radius and temperature around these gen-
eral long-term mean tendencies. These faster changes are more
on timescales of hundreds of days and are associated with the
DPV long cycle of this binary.

The brightness of the system at orbital phase 0.25 turns to
be a useful indicator of the DPV long cycle and correlates with
disk vertical thickness, so the system is brighter when the disk is
thinner. This explains the DPV long cycle in terms of differential
occultation of the hot star. This occultation turns out to be clear
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Fig. 5. Dependence of disk vertical thickness with the system magnitude
at Φo = 0.25. Best linear fits are also shown, with their parameters given
in Table 4.

when comparing the relative flux contribution of donor, disk, and
gainer to the total flux during bright and faint states (Fig. 9).

The brightness also is anticorrelated with the mass trans-
fer rate. Larger mass transfer rates produce a thicker and hotter
disk along with a fainter system. We conclude that the variable
mass transfer rate modulates the overall photometric variabil-
ity. When the disk is larger, it is also thicker and hotter, and the
system is fainter. On the other hand, when the system brighter,
it shows disk spots closer to the donor. This last finding could
be understood in terms of larger turbulent motions during the
thicker and hotter disk stage associated with a larger mass trans-
fer rate, which might help to distribute the heat from the spots to
the surrounding disk regions. This behaviour could be tested in
the future with hydrodynamical simulations. In addition, the lack
of correlation between disk temperature and outer disk thick-
ness probably indicates that the disk is not in hydrostatic equi-
librium and turbulent motions are present. In this context, it may
be worth mentioning that in a detailed model of β Lyrae, the
disk height has to be multiplied by a factor about four times its
expected equilibrium value, possibly reflecting non-negligible
hydrodynamic flows within the disk (Brož et al. 2021).

In hydrostatic equilibrium, the vertical height, H, of an accre-
tion disk at radius, Rd, is:

H
Rd
≈

cs

vk
= cs

√
Rd

GM1
, (7)

where vk is the Keplerian velocity and cs the sound speed, which,
for an isothermal perfect gas, can be approximated as:

cs ≈ 10

√
T

104 K
km s−1, (8)

(Eqs. (3.35) and (3.32) in Kolb 2010). Using the mean parame-
ters at the outer and inner disk we get (vk, cs) = (172.8, 5.0) and
(453.2, 11.8) in km s−1, respectively, yielding H/R = 0.029 and
0.026. Considering the averages de/Rd = 0.098 and dc/R1 = 1.19
and that the vertical thickness is twice H, we conclude that the
disk vertical height is larger than expected for hydrodynamical
equilibrium, at the inner and outer boundaries, reinforcing the
idea that turbulent motions dominate the disk vertical structure.

In our model, the maximum possible disk radius is 33.64R�,
corresponding to Fd = 1.0. Actually, this size is attained around
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HJD′ = 682.53 at a time when the amplitude of the long cycle is
the largest. In principle, the disk can be stable until the last non-
intersecting orbit defined by the tidal radius (Paczynski 1977;
Warner 1995, Eq. (2.61)):

rt

aorb
=

0.6
1 + q

, (9)

we get rt/aorb = 0.492, or rt = 31.77R�. We observe that during
all the observing epochs, the disk shows cycles of radial exten-
sion around the tidal radius (Fig. 10). We also observe that the
disk radius changes are of smaller amplitude when the disk is
large and above the tidal radius, whereas they are of larger ampli-
tude when the disk is smaller and usually below the tidal radius.

The disk radius oscillates around the tidal radius rather
erratically regarding the long DPV cycle traced by the system
brightness, although it takes place on a similar timescale. A pos-
sible explanation for the above behavior is that the disk reacts
rather rapidly to vertical transport of mass, adapting its structure
(in particular, the vertical thickness) to changing mass transfer
rates. This should happen on a dynamical timescale. However,
the radial extension is controlled by the much longer viscous

0 1 0 2 0 3 0
4 0

5 0
6 0

7 0
8 0
9 0
1 0 0

1 1 0
1 2 0

1 3 0
1 4 0

1 5 01 6 01 7 01 8 01 9 02 0 02 1 0
2 2 0

2 3 0
2 4 0

2 5 0
2 6 0
2 7 0
2 8 0

2 9 0
3 0 0

3 1 0
3 2 0

3 3 0 3 4 0 3 5 0

2 0

2 5

3 0

3 5
r a d i u s  ( R  s u n )

1 2 . 9 4

1 2 . 9 7

1 2 . 9 9

1 3 . 0 2

1 3 . 0 4

1 3 . 0 7

1 3 . 0 9

1 3 . 1 2

1 3 . 1 4

m a g - p h a s e 0 2 5

Fig. 8. Radial and angular distribution of hot and bright spots based on
the Rd, θ, and λ parameters. Errors in angular position and size for the
hot and bright spots are 2◦.5, 6◦ and 8◦, 9◦, respectively. The inner and
outer circles represent radii of 20 and 35R�.

Table 4. Parameters of the fits of type y = a + bx. Pearson’s r parameter
is given, along with the errors of the coefficients.

Dataset a εa b εb r

HJD′ aT 0.1371 0.0298 8.13E−5 5.7E−6 0.90
HJD′ Td 3108.3 55.8 −0.1162 0.0107 −0.84
HJD′ Fd 0.9869 0.0166 −1.50E−5 3.2E−6 −0.56
I0.25 de −87.02 23.13 6.91 1.78 0.48
I0.25 dc −121.94 13.62 9.77 1.05 0.80
λbs dc 2.20 0.55 0.0533 0.0091 0.50
λbs de −0.94 0.67 0.0667 0.0011 0.55
Td Rd 22.50 2.13 0.0032 0.0008 0.48

timescale, hence, the disk radius changes more slowly and with
a delay. A likely supporting fact for this picture is the decrease in
disk radius observed on a decade-long timescale following a sus-
tained decrease in the mass transfer rate. It is worth mentioning
that when time evolves and the disk external radius drops below
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Fig. 9. Fluxes at the I-band of gainer, donor and disk per orbital phase,
normalized to the total flux at every orbital phase. Data at the two epochs
for the minimum (dashed lines) and maximum (solid lines) of the long
cycle reported by Mennickent et al. (2020a) are given. These data are
the datasets labeled 11 and 44, respectively, in Table A.1.

the tidal radius, aT goes to 0.75, hence, the disk evolves to the
steady state condition (Fig. 3, right).

The linear theory of tidal interaction of an accretion disk in
a close binary systems predicts the generation of spiral waves
at regions characterized by a Lindblad resonance. A j : k Lind-
blad resonance occurs when j times the disk angular speed Ω is
commensurable with k times the orbital angular speed ω. This
happens when (Whitehurst & King 1991):

r jk

aorb
=

(
j − k

j

)2/3

(1 + q)−1/3. (10)

It has been shown that 3:1 and 2:1 resonances play a role
in the accretion disks of cataclysmic variables, explaining phe-
nomena such as superhumps observed in the light curves dur-
ing superoutbursts of the SU UMa type systems in terms of
disk precession (Whitehurst & King 1991). Disk precession is
rarely mentioned in the literature on Algols, although has been
suggested as possible cause for the 50 day period found in
radio data of β Per (Retter et al. 2005). For our system, we get
r2:1/aorb = 0.59 and r3:1/aorb = 0.71 or 38.11 and 45.87R�. Both
resonance radii exceed the disk size and, therefore, they do not
play a role in the phenomena observed in this system. It is,
in principle, possible that the influence of the 2:1 resonance
expands beyond the 2:1 radius, but it is hard to imagine that
it does so even when the disk is smaller than the tidal radius
when the phenomenon is still visible. Hence, while in SU UMa
stars the light curve oscillations are due to enhanced energy dis-
sipation in precessing disks extending to the resonance radius,
the long-term light oscillations observed in OGLE-BLG-ECL-
157529 cannot possibly have the same origin and are probably
caused, as stated before, by the occultation of the hot star by a
thick disk.

The discovery that a disk of variable thickness is very likely
responsible for the DPV long cycle in OGLE-BLG-ECL-157529
poses a challenge to previous interpretations for such a cycle,
such as a variable bipolar bipolar wind (Mennickent et al. 2012)
or an ejected circumbinary disk (Mennickent et al. 2008). The
above constrains were based on the study of line emissions and

absorptions, probably reflecting the variability of optically thin
disk regions. These kinds of regions might co-exist with the opti-
cally thick disk in β Lyrae type binaries (Brož et al. 2021). On
the contrary, our model is sensible to the optically thick disk,
contributing to the continuum fluxes emitted in the I-band. We
conjecture that the previous interpretations are complementary.
A larger mass transfer rate not only affects the optically thick
disk but also the wind emanating from the hotspot region or even
outflows escaping from the system through the L3 point when the
disk is large enough. It is reasonable to assume now that these
line emission phenomena associated with the long-cycle are not
the cause for the light curve long cycle, but additional phenom-
ena related to the cause of disk thickness change, for example, a
variable mass transfer rate.

Regarding the origin of the mass transfer changes, we
have not found any new information from the analysis of the
light curve. As stated by Mennickent et al. (2020a), the long-
term cycle length fits the magnetic dynamo model proposed
by Schleicher & Mennickent (2017). However, further spectro-
scopic and polarimetric studies are needed to explore the possi-
ble magnetic nature of the donor star.

Our finding of disk structural changes during the long cycle
are in line with those reported for the DPV OGLE-LMC-DPV-
097 (Garcés et al. 2018). For this system, the rapid and large
amplitude changes associated with the long cycle have not per-
mitted an investigation of the orbital light curve during the whole
time baseline and the study focused on the mean high and low
stages only. The above suggests that disk structural changes
might be a characteristic of many (if not all) DPVs.

6. Conclusion

In this work, we investigate the interesting light curve of the
β Lyrae type and double periodic variable OGLE-BLG-ECL-
157529, spanning 18.5 years of I-band data. We constructed
a model for the system that is able to reproduce the overall
light curve at three timescales: the orbital one of 24d.8, the
DPV cycle of hundreds of days, and the overall long-term ten-
dency that spans decades. Our main results, which are new and
serve as a complement to those reported in the seminal work by
Mennickent et al. (2020a), can be summarized as follows:

– The long super-orbital photometric changes can be under-
stood as changes in the mass transfer rate of the system, Ṁ.

– These changes occur on a timescale of hundreds of days and
correspond to the reported DPV cycle, but also happen on a
decade-length timescale.

– The disk radius cyclically changes around the tidal radius on
a timescale of hundreds of days, decoupled of changes in Ṁ
or system brightness.

– On the contrary, on the decade length time scale the disk
radius follows Ṁ, which might be explained in terms of a
slow viscous response to mass input.

– The decade-length timescale variability is characterized by
a decrease in disk radius and disk temperature, along with a
decrease in Ṁ. The disk temperature index aT goes to 0.75,
namely to the steady state condition, when the time evolves
and the disk external radius drops below the tidal radius.

– When Ṁ is large, the disk thickness increases, as does
its temperature. At the same time the system brightness
decreases due to the occultation of the gainer by a thicker
disk.

– In our model, the DPV cycle is produced by time-dependent
occultation of the gainer by a disk of variable thickness.
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Fig. 10. Fractional disk radius, I-band magnitude, and I-band at orbital phase 0.25. This last one traces the DPV long-cycle. The tidal radius is
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– Lindblad resonance regions are far beyond the disk radius,
excluding viscous dissipation or disk precession as a major
source of photometric variability.
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Appendix A: Additional tables and figures

Table A.1. Light curve fit parameters for data segments characterized by label LC and average HJD − 2450000 (HJD′).

LC HJD′ Fd Td aT Ahs θhs λhs θrad Abs θbs λbs Rd de dc I0.25 Ṁ/Ṁ0
±0.03 ±200 ±0.03 ±0.05 ±2.5 ±6.0 ±7.0 ±0.04 ±8.0 ±9.0 ±0.3 ±0.3 ±0.3 ±0.01 ±50%

(K) (o) (o) (o) (o) (o) (R�) (R�) (R�) (mag)

1 625.8 0.97 2688 0.20 1.67 20.4 321.3 0.6 1.34 48.1 97.2 32.60 5.19 5.29 13.06 1.44
2 700.5 1.00 2953 0.14 1.84 19.6 333.6 −24.6 1.50 48.5 65.2 33.60 2.91 5.26 13.01 1.65
3 998.6 0.97 3147 0.21 1.78 18.8 321.4 −20.9 1.54 26.6 30.6 32.61 1.96 4.88 13.06 1.02
4 1295.9 0.93 2991 0.25 1.83 20.2 334.9 −20.6 1.56 39.1 64.0 31.15 2.80 6.85 13.13 2.83
5 1394.8 0.95 3202 0.31 1.73 18.3 348.1 −17.2 1.34 33.7 105.8 31.97 5.98 6.98 13.13 5.98
6 1667.8 0.94 2890 0.23 1.96 19.0 334.2 −6.2 1.69 49.5 56.9 31.61 1.96 4.42 12.94 0.89
7 1766.5 0.97 3009 0.36 1.68 19.8 341.3 −13.6 1.62 48.0 57.1 32.68 1.96 4.90 12.95 0.72
8 2535.6 0.98 3014 0.26 1.90 20.5 336.4 −28.9 1.55 42.0 79.5 32.90 2.35 5.12 12.98 1.61
9 2808.8 0.93 2567 0.41 1.74 18.5 349.9 1.5 1.85 47.3 30.2 31.11 3.11 4.76 13.00 0.62
10 2907.6 0.94 2557 0.40 1.81 18.6 319.9 −23.9 1.50 41.7 59.9 31.50 3.73 6.51 13.14 1.62
11 3180.6 0.93 2793 0.30 1.84 19.7 328.2 −12.9 1.84 43.4 78.1 31.21 3.63 6.79 13.11 2.75
12 3502.9 0.90 2870 0.46 1.87 16.4 339.7 3.6 1.66 46.7 54.4 30.13 1.95 4.94 12.96 0.77
13 3527.8 0.89 2591 0.47 1.94 18.2 349.7 −27.1 1.75 47.6 42.1 29.96 2.44 4.26 12.96 0.62
14 3651.5 0.95 2772 0.42 1.98 19.6 341.2 −27.0 1.61 26.2 63.6 31.87 3.00 5.59 13.06 1.98
15 3874.8 0.95 2780 0.43 1.76 19.9 317.7 −25.6 1.53 45.6 69.4 31.81 2.54 6.26 13.09 1.35
16 3973.6 0.97 2583 0.45 1.81 17.4 325.8 −16.8 1.54 41.1 66.9 32.53 3.13 6.12 13.10 1.16
17 4196.8 0.90 2654 0.37 1.68 15.4 328.3 −15.0 1.40 39.1 57.3 30.24 4.52 4.35 13.00 0.62
18 4246.8 0.97 2715 0.65 1.73 18.4 336.7 −20.7 1.46 43.7 51.4 32.50 2.98 5.14 12.97 0.84
19 4296.6 0.93 2664 0.41 1.90 21.3 331.5 −26.2 1.78 33.2 48.7 31.38 2.21 4.10 12.95 0.62
20 4544.9 0.97 2426 0.49 1.61 18.2 333.5 21.3 1.82 43.3 52.2 32.63 2.29 4.44 12.97 0.23
21 4618.7 0.98 2664 0.40 1.64 20.5 340.6 20.5 1.51 48.2 76.1 32.95 2.60 5.51 13.01 0.70
22 4643.6 0.95 2667 0.49 1.75 15.8 321.3 −29.8 1.67 37.3 57.5 31.89 2.58 5.68 13.05 0.75
23 4891.9 0.93 2746 0.44 1.91 17.9 324.0 −12.0 1.62 27.4 73.9 31.15 3.65 5.45 13.04 1.74
24 5337.8 0.96 2354 0.72 1.84 19.6 347.0 5.7 1.79 34.2 42.2 32.40 1.97 5.40 13.00 0.48
25 5387.8 0.85 2597 0.47 1.86 19.8 346.6 7.0 1.53 48.4 53.0 28.56 2.64 5.25 13.06 0.94
26 5362.5 0.96 2338 0.51 2.00 17.9 335.4 −29.9 1.78 50.7 43.6 32.26 2.00 5.81 13.10 0.69
27 5660.8 0.93 2182 0.63 1.76 20.3 330.3 −16.4 1.49 48.0 55.9 31.41 3.77 5.43 13.09 0.58
28 5685.3 0.90 2255 0.49 1.88 18.3 332.5 −21.0 1.71 29.0 61.2 30.12 3.53 5.35 13.09 0.72
29 5734.9 0.80 2438 0.75 1.99 20.4 332.6 −21.6 1.62 40.4 94.2 26.92 3.67 5.94 13.04 1.76
30 5784.6 0.89 2515 0.69 1.90 20.2 344.4 −10.0 1.55 28.4 43.1 29.89 3.44 5.27 13.04 1.20
31 5834.0 0.89 2257 0.70 1.88 18.8 330.0 −11.3 1.72 38.1 42.7 29.92 3.26 4.71 13.01 0.52
32 5982.9 0.94 2500 0.65 1.81 20.3 340.7 −17.8 1.69 46.3 51.6 31.68 2.75 4.65 12.94 0.61
33 6031.9 0.92 2461 0.71 1.89 15.6 343.8 −23.0 1.80 37.8 69.2 30.91 2.47 5.08 12.95 0.55
34 6032.8 0.88 2599 0.75 1.73 16.4 335.8 −26.8 1.80 28.5 49.3 29.63 2.53 5.77 12.98 0.67
35 6081.8 0.82 2233 0.72 1.89 19.8 347.5 −13.3 1.69 49.6 62.3 27.41 2.94 4.70 13.00 0.48
36 6131.5 0.85 2343 0.75 1.86 14.6 340.6 −28.5 1.72 48.1 52.1 28.67 3.24 5.37 13.01 0.59
37 6181.5 0.81 2266 0.75 1.91 20.5 337.0 28.7 1.67 50.5 53.5 27.15 2.66 5.40 13.04 0.67
38 6231.5 0.89 2318 0.55 1.80 15.4 330.4 −29.9 1.75 45.9 84.6 27.84 3.83 5.65 13.06 0.68
39 6379.8 0.94 2158 0.64 1.90 18.3 330.4 −13.2 1.79 35.9 75.6 31.64 3.03 5.81 13.08 0.64
40 6428.8 0.92 2270 0.63 1.77 17.1 333.4 −5.8 1.57 33.5 63.2 31.00 3.21 5.60 13.08 0.54
41 6454.7 0.94 2229 0.64 1.90 19.7 349.9 −29.3 1.49 50.7 67.9 31.59 3.08 5.47 13.08 0.70
42 6503.6 0.94 2443 0.62 1.89 20.4 337.5 −21.7 1.61 41.0 50.4 31.63 2.53 5.43 13.06 0.83
43 6726.8 0.93 2243 0.71 1.84 20.2 349.5 −16.8 1.77 39.1 47.5 31.24 3.41 4.58 12.98 0.50
44 6751.9 0.95 2492 0.69 1.84 19.4 336.2 −16.0 1.77 47.8 72.6 31.85 2.34 4.80 13.00 0.55
45 6776.7 0.86 2198 0.69 1.64 18.3 341.5 −28.1 1.80 50.1 41.9 28.89 2.72 4.72 12.99 0.22
46 6826.1 0.84 2360 0.61 1.81 17.6 336.9 −21.4 1.71 41.8 45.8 28.18 2.75 4.65 13.01 0.42
47 6900.5 0.86 2198 0.69 1.64 18.3 341.5 −28.1 1.80 50.1 41.9 28.89 2.72 4.72 13.02 0.22
48 7098.8 0.82 2299 0.72 1.83 18.8 328.8 −28.1 1.63 48.2 56.5 27.61 3.33 5.67 13.07 0.76
49 7098.9 0.78 2459 0.54 1.90 17.8 323.6 −18.9 1.70 27.4 43.0 26.35 3.47 5.31 13.10 1.00
50 7173.7 0.86 2486 0.74 1.87 18.6 335.3 −29.5 1.74 27.2 58.7 28.93 3.09 6.40 13.06 1.32
51 7197.9 0.89 2362 0.74 1.90 17.1 335.4 −29.9 1.75 32.0 58.4 29.82 3.45 5.89 13.04 0.99
52 7222.8 0.95 2444 0.63 1.92 17.5 338.3 −28.9 1.76 26.5 51.0 31.98 2.99 5.43 13.04 0.89
Mean 0.91 2543 0.53 1.83 18.6 335.6 −16.3 1.65 40.8 59.1 30.70 3.00 5.34 13.03 1.02
std 0.05 267 0.17 0.10 1.6 8.4 14.0 0.13 8.0 15.7 1.80 0.78 0.67 0.05 0.90

Notes. The meaning of the parameters is explained in the text. The mass transfer rate is normalized to the value of LC= 49, where Rd attains its
minimum value. Typical errors are given along with the means and standard deviations.
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R. E. Mennickent and G. Djurašević: Disk model and evolution in a β Lyrae-type binary

Fig. A.1. Orbital I-band differential light curves and the respective fits for some of the data segments listed in Table A.1. The dashed line indicates
the maximum brightness of the system in the orbital phase 0.25 during all the observations. All the brightness curves are normalized in relation to
this maximum brightness.
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Fig. A.2. Some light curves showing large mass transfer rates (LC = 4, 5, 11), along with others used for comparison (LC = 16, 27, 49). Relative
fluxes of donor, disk, and gainer are shown versus the orbital phase.
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