A&A 420, 1039-1045 (2004)
DOI: 10.1051/0004-6361:20040126
© ESO 2004

A8§tronomy
Astrophysics

Modeling the changing spot features of SW Lacertae:
A three year study*

B. Albayrak!, G. Djurasevié?, S. Erkapi¢?, and T. Tanriverdi'

! Ankara University, Faculty of Science, Dept. of Astronomy and Space Sciences, 06100 Tandogan, Ankara, Turkey
2 Astronomical Observatory, Volgina 7, 11160 Belgrade, Serbia and Montenegro and Isaac Newton Institute of Chile,

Yugoslav branch, Yugoslavia

Received 1 April 2003 / Accepted 18 March 2004

Abstract. In the present study, the activity of the eclipsing binary of the W UMa-type system SW Lac is examined by analysing
the new BV photoelectric observations obtained in 2001, 2002 and 2003 at the Ankara University Observatory. During this
period, the seasonal light curves show significant differences and asymmetries. A simultaneous analysis of the light curves
is made using DjuraSevi¢’s inverse-problem method. To explain the light-curve asymmetries and the different maximum light
levels in the seasonal light curves we used a Roche model that involved regions containing spots on the components. The
analysis shows that SW Lac is in an overcontact configuration with a relatively high degree of overcontact foe; ~ 31%. The
Roche model with spotted areas on the more massive and cooler component yields a good fit of the observations for the whole
set of the seasonal light curves, without any changes of the basic system parameters. This indicates that the complex nature of
the light-curve variations during the examined period can be explained by the changes of spotted areas on the cooler component,

which cover a significant part of the stellar surface.
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1. Introduction

The short-period (P ~ 0!32) W UMa-type eclipsing bi-
nary SW Lac (Vmax = 8791, HD 216598, BD+37° 4717,
HIP 113052) has been extensively observed because of the
variability in the light curve and period since its discovery
by Miss Ashall (Leavitt 1918). The first photometric obser-
vations were made by Brownlee (1957), who reported a vari-
able and asymmetric light curve for the system. The pecularity
had been noticed by all other observers (e.g. Bookmyer 1965;
Chou 1963; Rucinski 1968; Muthsam & Rakos 1974; Leung
et al. 1984; Niarchos 1987; Lafta & Grainer 1985; Pena et al.
1993; Jeong et al. 1994; Pribulla et al. 1999). The light curve
variation of the system has been interpreted as being produced
by the existence of active spot region(s) on the system’s com-
ponents (Stepien 1980; Binnendijk 1984; Leung et al. 1984;
Eaton 1986; Jeong et al. 1994; Lee et al. 1991; Djurasevi¢ &
Erkapi¢ 1997; Pribulla et al. 1999). The period variation of the
system is explained by Panchatsaram & Abhyankar (1981) and
Pribulla et al. (1999) as due to orbital motion caused by a third
and fourth component in the system. Hendry & Mochnacki
(1998) detected a late-type third component in the spectrum
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of SW Lac. The contribution of the additional components to
the light curve of SW Lac is negligible (Pribulla et al. 1999).
Infrared observations were obtained by Jameson & Akinci
(1979). Eaton (1983, 1986), Rucinski (1984), and Jeong et al.
(1994) analysed IUE observations of the binary.

The spectral types of the component stars of SW Lac were
classified as G3V+G3V by Wood (1980). From a radial velocity
study, Struve (1949) determined a mass ratio of ¢ = m./my =
1.17. The indices (h, c) refer to the hotter (less massive) sec-
ondary and cooler (more massive) primary component, respec-
tively. The most recent radial velocity observations yielded a
revised mass ratio of ¢ = m¢/my = 1.255 (Zhai & Lu 1989).

The aim of the present paper is to analyse the seasonal
(2001, 2002 and 2003) B and V light curves with a fixed re-
vised mass ratio of ¢ = m./my = 1.255, to study the activity of
the system, and to estimate the orbital and physical parameters
of SW Lac.

2. New observations

The BV observations of SW Lac were carried out on two nights
(Oct. 5 and 12) in 2001, one night (Oct. 18) in 2002, and
two nights (Oct. 3 and 22) in 2003 at the Ankara University
Observatory, using an uncooled SSP-5A photometer attached
to a 30-cm Maksutov telescope. The stars BD+37° 4715 and
BD+37° 4711 were used as comparison and check stars, re-
spectively. A total of 235, 181 and 405 observations was ob-
tained in each passband for observing seasons of 2001, 2002
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Fig. 1. Observed (LCO) and final synthetic (LCC) light curves of SW Lac with final O—C residuals obtained by analysing seasonal (the left
panel for 2001 and the right panel for 2002) B and V observations, and the view of the system at orbital phase 0.75, obtained with the parameters
estimated by analysing the observations. The reference light level of the 2002 light curve at orbital phase 0.25, which is very probably free of

spot effects, is shown by the dashed line.

and 2003, respectively. The nightly extinction coefficients for
each passband were determined by using the observations of
the comparison star. The probable error of a single observation
point was estimated to be +0.026 in both B and V passbands for
the 2001 and 2002 seasons, and +0.017 in B and +0.020 in V
for the 2003 season. The instrumental differential B and V mag-
nitudes in the sense variable minus comparison corrected for
the atmospheric extinction, are given in Table 1 (accessible in
electronic form at CDS). The differential B and V light curves
obtained in the three observing seasons are shown in Figs. 1
and 2. There is a significant asymmetry in the light curves,

where the light at phase 0.25 as max I is brighter than that at
phase 0.75 as max II.

Three (2 primary and 1 secondary), two (1 primary and
1 secondary), and four (2 primary and 2 secondary) min-
ima times for each passband were calculated from the 2001,
2002, and 2003 observations, respectively, using the method of
Kwee & van Woerden (1956). The first mentioned has already
been published by Albayrak et al. (2002), while the others are
given in Table 2. The most recent study of the period changes
of SW Lac was made by Derekas et al. (2002). Their study
based on eclipse timings taken from 1990 to 2001 revealed a
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Fig. 2. Observed (LCO) and final synthetic (LCC) light curves of
SW Lac with final O-C residuals obtained by analysing seasonal
(2003) B and V observations and the view of the system at orbital
phase 0.35, obtained with the parameters estimated by analysing the
observations. The reference light level of the 2002 light curve at or-
bital phase 0.25, which is very probably free of spot effects, is shown
by the dashed line.

continuously decreasing period for the system. Thus, by using
only our minima times to compute the phase of the observa-
tions, we determined the following light elements:

HJD Minl = 2451 056.2839 + 093207152 X E.
+16 +3

Because of the variable period of SW Lac, the new linear ele-
ments will be valid only for a few years around 2003.
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Table 2. The minima times obtained in 2002 and 2003 seasons.

HID Error  Mintype  Filter
2452 566+
0.3720  0.0003 I B
0.3717  0.0003 I Vv
0.5303  0.0002 I B
0.5301  0.0003 I Vv
2452905+
0.3683  0.0002 I B
0.3675  0.0001 I Vv
0.5279  0.0001 I B
0.5278  0.0001 B
2452916+
0.2729  0.0001 I B
0.2725  0.0001 I Vv
0.4324  0.0001 I B
0.4320  0.0001 I Vv

3. Light curve analysis

We analyzed the curves using the synthetic light curve pro-
gramme by Djurasevi¢ (1992a) modified for contact configu-
rations (DjuraSevié et al. 1998). The programme is based on
the Roche model and the principles arising from the paper by
Wilson & Devinney (1971). The light-curve analysis was made
by applying the inverse-problem method (Djurasevi¢ 1992b)
based on Marquardt’s (1963) algorithm.

The filling parameters of our model include the “spatial
filling factor”, Fyc = Ruc/RRoche,.» Where Rroche,. 18 the po-
lar radius of the critical Roche lobe and Ry is the modeled
value, and the “fill-out”, f, is defined through dimensionless Q
equipotentials as:

f;)ver[%] =100 - (Qh,c - Q)/(Qo — Qp),

where Qy ¢, Qi, and Q, are the potentials of the common photo-
sphere and of the inner and outer contact surfaces, respectively.

In the light curve analysis, the mass ratio of the compo-
nents was fixed at ¢ = m./my = 1.255, estimated by Zhai &
Lu (1989) from the radial velocity solution. Based on the spec-
tral type (G3V; Wood et al. 1980) the temperature of the less
massive (hotter) component, T}, was set at 5630 K.

The present analysis yields F}, > 1 for the filling coeffi-
cient in the critical Roche lobe, i.e., there is an overcontact
configuration.

The intensity and angular distribution of the radiation of el-
ementary cells are determined from the stellar effective temper-
ature, limb-darkening, gravity-darkening and from the effect of
reflection in the system.

Following Lucy (1967), Rucinski (1969) and Rafert &
Twigg (1980), the gravity-darkening exponents of the stars,
PBhc, and their albedos, Ap., were set at the values of 0.08
and 0.5, respectively, appropriate for stars with convective
envelopes.

A non-linear limb-darkening law has been used in
the present work to avoid the possible negative influence
of the wrong evaluation of limb-darkening coefficients on
other parameters in the inverse problem. In agreement with
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Claret’s (2000) paper, whose tables we used, we chose the new
approximation which can be written as:

1)

i = et - - - - ad - g

—ay(1 - 1%) D

where a; 534 are the limb-darkening passband specific coeffi-
cients and g = cosy. I(1) is the passband specific intensity
at the center of the stellar disc, and vy is the angle between
the line of sight and the emergent flux. This law, based on the
Least-Squares Method, is able to describe the intensity distri-
bution over the whole stellar disk very well, with very good flux
conservation. The values of the passband limb-darkening coef-
ficients are derived from the current values of the stellar effec-
tive temperature 7.¢ and surface gravity log g in each iteration,
by interpolation for both of these quantities in Claret’s (2000)
tables. This was achieved by bi-linear interpolation (Press et al.
1992).

For a successful application of this model in the analysis
of the observed light curves, the inverse-problem method pro-
posed by Djurasevi¢ (1992b) was used. Optimum model pa-
rameters are obtained through the minimization of >(0-C)?,
where O—C is the residual between the observed (LCO) and
synthetic (LCC) light curves for a given orbital phase. The min-
imisation of X is done in an iterative cycle of corrections of
the model parameters by using the modified Marquardt (1963)
algorithm. In this way, the inverse-problem method provides
estimates of the system parameters and their standard errors.

The presence of spots (cool or hot) was used to model the
asymmetries in the light curves. In our code these active re-
gions are approximated by circular spots, characterised by the
temperature contrast between the spot and the surrounding pho-
tosphere (As = Ts/T.), by the angular dimension (radius) of
the spot (6s) and by the longitude (1s) and latitude (gs) of the
spot centre. For more details see e.g. DjuraSevié et al. (1998).

Since the stars in the system have external convective en-
velopes, which can exhibit magnetic activity, we started the
“spotted solution” by assuming that the components of SW Lac
have cool spots, of the same nature as solar magnetic spots.
Moreover, since the results of the light curve analysis depend
on the choice of the adopted working hypothesis, the analy-
sis was carried out within the framework of several hypotheses
with spots on the components. Finally, on the basis of the si-
multaneous analysis of seasonal B and V light curves, we have
chosen the Roche model with dark spots on the more mas-
sive (cooler) component as the optimum solution for modeling
the asymmetry and depressions in SW Lac light curves. The
cooler component has a deeper convective layer which means
that more intense active regions can be expected.

The analysis of the asymmetry and deformation of the sea-
sonal light curves of SW Lac presents a problem. Due to the
lack of light curves that are free of spot effect we cannot reli-
ably estimate the reference light level representing the immac-
ulate configuration. The highest light level is found in the 2002
light curves at the orbital phase 0.25. In the further analysis
this maximum light level is taken as the reference level with
the spot effect contamination most probably at the minimum.
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The rest of the light curves are scaled to this light level, which
is denoted by a dashed line in Figs. 1 and 2.

The simultaneous analysis of the 2002 light curves gave us
the estimates for the basic system parameters, and for the pa-
rameters of the active cool spot region which deforms the light
curves. In the analysis of these seasonal light curves, the in-
clination of the orbit was estimated to be i ~ 798, the filling
coeflicient for the critical Roche lobe F}, ~ 1.06 and the tem-
perature of the cooler (more massive) star T, ~ 5348 K.

The system’s basic parameters, obtained by analysing the
2002 seasonal light curves, were fixed in the inverse-problem
solution for other, more or less deformed and asymmetrical
light curves. In the subsequent analysis, these light curves are
normalised to the reference light level of the 2002 light curves
at orbital phase 0.25, and their analysis was made with optimis-
ing the spot parameters. Since one cannot exclude in advance
the possibility of a change of basic system parameters, they are
also included in the iterative procedure of optimisation in the
final iterations. As we expected, these parameters remained un-
changed, with the exception of relatively small changes in the
temperature of the secondary.

The analysis shows that the 2001 and 2002 seasonal light
curves can be successfully fit by using the Roche model with
one spot on the more massive (cooler) component. In addition
to asymmetry, the 2003 light curves also exhibit a conspicious
depression of the light level compared to the reference maxi-
mum light level in the year 2002 (dashed line in Figs. 1 and 2).
To interpret these light curves we had to provide the Roche
model with two active cool spot regions. With this model we
obtained a good fit of the 2003 seasonal light curve without
any changes of the basic system parameters. The unchanged
values of the basic system parameters and the good quality of
the fit for all three seasonal light curves are proof that the hy-
pothesis in which the spots were placed on the more massive
component was well chosen.

Also, this indicates that the nature of the light-curve varia-
tions during the examined period can be basically explained by
the changes in the spot areas across the stellar surfaces.

4. Results and discussion

The parameters derived from the light-curve analysis are listed
in Table 3. The first three rows of the table present the number
of observations 7, the final sum of squares of residuals between
observed (LCO) and synthetic (LCC) light curves

i(oi_ci)z,
izl

and the standard deviation of the observations

oo Z?:l(oi_ci)zl
- (n-1)

In the same table the spot characteristics (spot temperature fac-
tor, As = Ts/T.; angular radius, 6s; longitude, Ag; latitude,
@s; spot area in percents of the stellar surface on which the
spots are located, os;52[%]) are also given. The determina-
tion of these parameters is based on the simultaneous fitting
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Table 3. Results of the analysis of the SW Lac seasonal light curves obtained by solving the inverse problem for the Roche model including
active regions on the more massive (cooler) component.

Quantity 2001 2002 2003

n 470 362 810

(0-C)? 0.1624 0.1342 0.1976

o 0.0186 0.0193 0.0156

q = me/my 1.255 1.255 1.255

She 1.0 1.0 1.0

Bre 0.08 0.08 0.08

Ape 0.5 0.5 0.5

Ty 5630 5630 5630

Ag) = Ts/T. 0.84 +0.01 0.85 +0.01 0.87 +0.01

Os1 31.8+0.5 444 +0.4 469+ 04

Ast 2789 + 1.6 2943 + 1.1 263.6 + 1.3

¥s1 483+ 1.6 454 £ 1.1 61.9+1.2

o1 [%] ~7 ~14 ~16

Ay = Ts/T. 0.89 +0.01

Os2 26.4 +0.4

Asy 87.8 + 1.6

©vs2 30527

o2 [%] ~5

T. 5347 + 12 5348 + 11 5345 + 13

Fy 1.059 +0.001 1.060 + 0.001 1.060 + 0.001
i[°] 79.85 £ 0.11 79.85+0.14 79.85 +0.09

a'l"c (B) +0.5308, +0.5979  +0.5308, +0.5977  +0.5308, +0.5983
a;’c (B) —-0.3755, -0.6945  —-0.3754, —0.6934  —0.3754, —0.6964
ag’c (B) +1.3274, +1.7057  +1.3274, +1.7045  +1.3273, +1.7077
aZ’C (B) -0.5963, -0.7035  -0.5963, -0.7032  —0.5963, —0.7039
a'f’c V) +0.5750, +0.6261  +0.5750, +0.6260  +0.5750, +0.6264
a;’c V) -0.2306, —0.5050  —-0.2305, —0.5041  —0.2305, —0.5067
ag’c V) +0.9634, +1.3431  +0.9634, +1.3418  +0.9634, +1.3453
aﬂ’c V) -0.4920, —-0.6255 —-0.4919, -0.6251 —0.4919, —-0.6262
Qne 3.9801 3.9796 3.9795

Jover[%] 30.86 30.95 30.96

Ry[D =1] 0.357 0.357 0.357

R.D=1] 0.395 0.395 0.395

Ln/(Ly + L)(B; V) 0.538; 0.530 0.548; 0.540 0.557; 0.548

My [Ms] 0.78 +0.03

M. [Mo] 0.98 +0.02

R [Ro] 0.92 +0.02

R [Ro] 1.02 +£0.02

log gn 4.40 +0.02

log g. 4.41 +£0.02

My 5.07 +0.03

M; 5.09 +0.05

dob [Ro] 2.375 £ 0.009

Note: n — number of observations, £(O—C)? — final sum of squares of residuals between observed (LCO) and synthetic (LCC) light curves,
o — standard deviation of the observations, g = m./my — mass ratio of the components, fh, Snc, Anc — nonsynchronous rotation coefficients,
gravity-darkening exponents and albedo of the components, T}, — temperature of the hotter primary and cooler secondary, As; 2, 6s12, As12
and ¢s;, — spots’ temperature coefficient, angular dimension, longitude and latitude (in arc degrees), os;s2[%] — spot area in percents of
the stellar surface on which the spots are located, Fy,. — filling factors for the critical Roche lobe of the hotter (less massive) and cooler
(more massive) star, i [°] — orbit inclination (in degrees), a?’c, alz"c, a;"c, aﬂ’c — nonlinear (B, V) limb-darkening coefficients of the components
(Claret’s formula), ©;, . — dimensionless surface potentials of the primary and secondary, fove[%] = 100 - (Qhc — Qin)/(Qou — Qin) — degree of
overcontact, Ry, — polar radii of the components in units of the distance between the component centres, Ly /(L, + L.) — (B; V) luminosity of
the hotter star (including spot on the cooler one), My [Ms], Ruc[Ro] — stellar masses and mean radii of stars in solar units, log gp . — logarithm
(base 10) of the mean surface acceleration (effective gravity) for system stars, ME;; — absolute bolometric magnitudes of SW Lac components,
and g, [Ro] — orbital semi-major axis in units of solar radius.
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of the available light curves in the B and V photometric bands
for three epochs of the observations with the same set of ba-
sic system parameters. The relative area of the circular spot
is calculated assuming that the shape of the star is spheri-
cal, and it is only a rough approximation of the real situation.
This value gives us the ratio of the spot surface to the stellar
surface, and can be used as an indicator of the spot activity.
Finally, in Table 3 we present some important absolute param-
eters. They are derived from the mass ratio of the components
q = m¢/my = 1.255, estimated by Zhai & Lu (1989) from a
radial velocity study.

The errors of the parameter estimates arise from the nonlin-
ear least-squares method on which the inverse-problem method
is based. The uncertainties of these parameters may be larger
than we estimated. Having in mind the errors of the input pa-
rameters of the model, which are treated as fixed in the inverse
problem, we estimate that the errors of the parameters will def-
initely be larger (approximately 2 times).

The solution for each seasonal individual light curve is pre-
sented in Figs. 1 and 2, where the optimum fit of the observed
light curves (LCO) to the synthetic ones (LCC) is shown. The
O-C residuals between the observed (LCO) and optimum syn-
thetic (LCC) light curves are given too. The figure also includes
the view of Roche models for observing seasons (2001, 2002
and 2003) separately. Using such plots, one can see how a close
binary system would appear at a certain orbital phase, chosen
so that the spots are visible.

It is evident from Table 3 and from Figs. 1 and 2 that the
Roche model with the spot areas on the cooler component gives
a satisfactory fit of the seasonal light curves.

Moreover, several attempts were made to fit the observa-
tions by assuming a spot model with spots on both components.
In that case we can obtain fits which are similar in quality, but
for this we need some changes of system basic parameters de-
rived by analysing the individual seasonal light curves. We con-
sider that case as less reliable, so that we feel that it should
probably be excluded.

The size of the spot area can be used as an indicator of the
system activity. The analysis of the asymmetric light curves
from 2001 shows the presence of a smaller spotted area (os; ~
7%), located relatively close to the stellar polar region. The
analysis of the light curves from 2002 gives a larger spot on
the same stellar hemisphere, which covers a significant part of
the stellar surface (os; ~ 14%). So, their presence leads to
a conspicuous asymmetry in the light curves. It appears that
the system’s activity was higher in 2002. In the year 2003, the
light curves are less asymmetrical, but they exhibit a large de-
pression of the maximum light level compared to the reference
level in 2002. Modeling the 2003 light curves without chang-
ing basic system parameters requires a more complex Roche
model with two spot regions on the secondary, which is an in-
dication of the increased activity of the system during the year
2003. The location of the large spot (os; ~ 16%), near the
stellar polar region, has not changed significantly compared to
the previous two seasons but the spot is somewhat larger. The
additional small spot (os; ~ 5%) is located at almost oppo-
site longitude and at moderate latitude. These two spots cover
approximately 21% of the surface of the secondary, and show
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that the system activity is larger than in the two previous sea-
sons.

5. Conclusions

Both presentations of our results obtained in the analysis of
SW Lac light curves in 2001, 2002 and 2003 (Table 3 and
Figs. 1 and 2) show that the Roche model with the spot ar-
eas on the cooler component provides a satisfying fit of the
observations. From the whole period the main variations in the
light curves can be explained by the development and migra-
tion of spot regions on the cooler component. The spot area
shows a continous increase during the whole examined period.
The solutions obtained by solving the inverse problem do not
show changes of the system basic parameters among the differ-
ent seasonal light curves. Consequently, the complex nature of
the light-curve variations may be attributed to variable starspot
activity.

The model can successfully reproduce the observed light
curves which cover an interval of 3 years. Our analysis shows
that during the deeper (primary) minimum the cooler (more
massive and larger) component eclipses the hotter (less massive
and smaller) one. The solutions presented here indicated that
SW Lac is in an overcontact configuration with a relatively high
degree of overcontact fover ~ 31%, with a small temperature
difference between the components (AT = Ty, — T. ~ 280 K)
indicating thermal contact between the components.

Having in mind the large changes in the shape of the light
curves, future continuous photometric observations of this in-
teresting system are of great interest. To monitor the develop-
ment of active regions at stellar surface and to establish the
possible cyclic nature of the system activity, photometric ob-
servations of SW Lac should be carried out for at least 10 years.
These observations together with the analysis of the orbital pe-
riod variations could then offer a relatively reliable estimate of
the evolution of SW Lac.
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