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Abstract—The results of a long-term photometric observations of the cataclysmic variable EX Dra ac-
quired between 2014 and 2016 at the Crimean Station of the Sternberg Astronomical Institute (24 nights,
more than 10 500 measurements) are presented. The observations were performed using CCD photometers
mounted on 50-cm and 60-cm telescopes in the visible and red, during both quiescence and the active
state. For completeness, photometric observations obtained at the Ondrejov Observatory in 2010 in the
V and R Johnson filters are also used in the analysis. The new observations of EX Dra are used to derive
the orbital period of the system, which agrees well with earlier determinations. A combined model that
takes into account the radiation fluxes from the gaseous stream and a hot spot on the lateral surface of
the accretion disk is used to determine the parameters of the system components (white dwarf, red dwarf,
accretion disk and hot spot, and gaseous stream). Variations of the parameters when the system changes
from one activity state to the other are considered. Six light curves displaying unsatisfactory agreement
between the observed and theoretical light curves can be successfully fitted using a version of the combined
model that includes hot spots on the secondary’s surface. This model is able to qualitatively reproduce a
secondary minima in the light curves that exhibits shifts of this minimum from phase 0.5. The parameters
of dark spots on the red-dwarf surface were determined. The data obtained indicate that the outbursts in

the EX Dra system are related to instability of the matter outflow from the secondary.

DOI: 10.1134/51063772919070035

1. INTRODUCTION

Dwarf novae are close binaries containing a late-
type star (the secondary) that fills its Roche lobe com-
pletely. The outflowing matter accumulates in a disk
and accretes onto the white-dwarf (WD) primary.
Dwarf novae got their name due to their recurrent
outbursts with amplitudes of 2—5™ on timescales
from several days to several months. The outbursts
are due either to instability of the matter outflow rate
from the secondary (the Mass Transfer Instability
Model, MTIM) or thermal instability of matter in the
accretion disk (the Disk Instability Model, DIM), so
that the disk mode is switched from low-viscosity to
high-viscosity (see [1] and references therein). De-
tailed photometric observations of dwarf novae at
early stages of their outbursts and their analysis in
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the framework of these models can make it possible to
draw conclusions concerning possible origins of the
outbursts. Unfortunately, it is fairly difficult to predict
the onset of the next outburst: even if it is known,
the outburst cycle period (F,) is a mean value, the
system’s brightness rises very quickly (usually within
hours), and the duration of the active state is short.
[t is necessary to monitor such objects continuously
over fairly long times exceeding P,, which is not
always possible due to the dwarf nova’s observing
conditions.

2. BRIEF REVIEW OF DATA ON EX Dra

The variable star EX Dra (HS 1804+6753) was
first discovered in the Hamburg Quasar Survey [2].
Subsequent observations of the system [3] demon-
strated that EX Dra is a long-period dwarf nova with
an outburst amplitude of 2—3™ and an orbital period
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Fig. 1. Observations of EX Dra in white light (circles) and in the R filter (red squares) between 1995 and 2016 from AAVSO
data. The vertical lines show the time interval of our observations used to determine the parameters of the system.

of Py, = 5.04"; i.e., the system is a long-period dwarf
nova like EM Cyg ( Py, = 6.96").

The light curves of EX Dra exhibit orbital varia-
tions with the ephemeris [4]

Tinin = HJID 245 2474.80513(10) (1)
+0.209 937 316(13)E
E — 3520
36600 >

The numbers in brackets are uncertainties in the last
digits of the parameter.

Spectroscopic studies of the system [5] indicate
Ha emission lines in its spectrum formed near the
hot spot on the accretion disk and/or near the in-
ner Lagrange point L1. After correction for heat-
ing of the surface of the M1-2 V red dwarf (RD)
with hot radiation from the WD primary, Billington
et al. [5] obtained the semi-amplitude of the sec-
ondary Ko = 2104+ 10 km/s. Taking into account
the radial-velocity curve of the WD, the component-
mass ratio ¢ = M; /My ~ 1.25 was found. The fol-
lowing basic parameters of EX Dra were derived in [6]
based on an analysis of spectroscopic and photomet-
ric observations: ¢ = 1.34,47 = 84.2°, My = 0.75 M,
My = 0.56 M. Baptista et al. [7] analyzed V' and
R light curves of EX Dra in quiescence and out-
burst and derived the following basic parameters from
their analysis of eclipse profiles: ¢ =1.39 +0.12, i =
85° +2.5°, My = (0.75 +0.15) Mg, My = (0.54 +
0.10) Mg, distance to the system d = 290 + 80 pc.

Shaiter and Holland [8] present a study of BV RI
light curves of the system in quiescence (June 2—
19, 2002) using a model taking into account four
radiation sources: the primary (WD), the secondary
(RD), the accretion disk, and the hot spot at the
intersection of the gaseous stream with the outer edge

4 18.4(9) x 10~ *sin <27r

of the disk. The width of the eclipse was used to put
a lower limit on the orbital inclination, ¢ > 83° forq >
1.23. For the fixed temperature T5 = 3750 + 150 K
(corresponding to the RD spectral type M0—2 V),
the best-fit temperature of the WD primary is 7} =
50000 £+ 20000 K, the temperature of the hot spot
is Ts = 40000 £+ 10000 K, temperature of matter at
the disk’s outer edge is Ty = 6500 £+ 1000 K, the disk
radius is Ry/€ = 0.50 4 0.05 (where £ is the distance
between L1 and the center of mass of the WD), and
ag = 0.3+ 0.2 (where g is a parameter that depends
on the viscosity of the matter in the disk, which deter-
mines the temperature change along the radius; oy =
0.75 for a stationary disk [9]). Using estimates of the
secondary’s absolute magnitude based on its spectral
type (8.8 < M, < 9.7), combined with the observed
mid-eclipse brightness (V = 16.57 £ 0.05) and ex-
tinction (A, = 0.45 £ 0.63), Shafter and Holland [8]
determined the distance to EX Dra, d = 240 £ 90 pc.
A list of parameters of EX Dra found earlier in various
studies is presented in Table 1.

Every 10—30 days, the EX Dra system undergoes
outbursts that are up to 10 days in duration. Obser-

vations of the system from the AAVSO archive! in
white light (circles) and in the R filter (red squares)
for 1995—2016 are presented in Fig. 1. Two different
states of the system, first discovered by Halevin and
Henden [10], are clearly visible; according to their
computations, the switch between the states oc-
curred at JD 245 2665. Before this time, the system’s
brightness in quiescence (at minimum brightness)
was ~15.5™ (the out-of-eclipse flux during outbursts
increased to 13.5™); after this date, the brightness
during eclipses increased to ~15" (the out-of-
eclipse flux during outbursts decreased to ~13™).

'The data were taken from the site www.aavso.org/LCGv2/
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Table 1. Parameters of EX Dra from the literature
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Parameter Value Reference Parameter Value Reference

Pyrp, days 0.20993718(2) [8] MO [6]
0.209937399(13) [4] Sp MO+ 2 [7]
0.20993698 [7] M1.5£0.5V [13]

i, deg >83 (8]
85 [10] 163 £ 11 [7]
854+ 2.5 [7] K1, km/s 176 [12]
84.2(6) [6] 167 [5, 6]
82.1 [12]

q= My /M, 1.34 [8] 224 4+ 17 [7]
1.39(11) [7] Ko, km/s 210 [5, 8, 12]
1.25 [5] 223 [6]
1.03—1.37 [12]

My, Mg 0.75(15) [6, 8, 10] 0.31(1) [11]
0.66 [5] Ry, ag 0.27(1) [6]
0.70 [12] quiescence 0.267(4) [7]

0.21 [5]

My, Mg 0.56(2) [6, 8]
0.54(1) [7,10] Ry, & 0.50(1) (7]
0.52 [5] quiescence 0.66 [11]
0.59 [12]

Ry 0.013(1)Rg [6] 0.471(2)ag [6]
0.011(2)Rg [5, 7] £ 0.85(4) R [6, 7]
0.0149ayq [7] 0.82 Rg [12]
0.0317¢ (7]

Rs, Rg 0.57(4) [6, 7] Ry, ag 0.49 [11]
0.59 [12] outburst

11, K 28 000 £ 300 [7] M, 8.8—9.7 [8]
50000 &£ 20000 [8] mag

T5, K 3850 4= 200 [7] E(B-YV), 0.15 [7]
3750 £ 150 [8] mag/kpc

ao, Ro 1.63(2) [6] 290 4+ 80 [7]
1.6(1) [7] d, pc 240 4+ 90 [8]
1.58 [12]

A Fourier analysis of the outburst cycle shows [10]
that, before the switch date, the mean outburst
period was 23.9 days (varying smoothly between ~18
and ~30 days), while the outburst period decreased
twofold aiter the switch, to 10—15 days. The outburst
timescale became very unstable during this process.

Two approaches to explaining dwarf-nova out-
bursts are considered in [14], with the outbursts being
due either to changes in the rate of mass transfer
from the secondary (the MTIM model) or to thermal
instability of matter in the accretion disk (the DIM
model), so that a state with a low viscosity for the
matter is replaced with a state with a high viscosity
(see[1]and references therein). Observations of dwarf
novae obtained in early stages of their outbursts can
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make it possible to explain the outburst as being
associated with one of these models. The MTIM
model predicts that the accretion disk should be com-
pressed at the beginning of the outburst as a result
of the abrupt increase in the outflow of matter with
low angular momentum, while the brightness of the
hot spot should increase in response to the higher
matter ejection rate. Such effects are not expected
in the DIM model. For example, recent observations
of the intermediate polar EX Hya [15] indicate that
the MTIM model is preferred as a description of the
outbursts in this system.

We have studied optical light curves of EX Dra for
March—April 2010 in the V' and R filters and for May
2014—June 2016 in the Reband. The aim of our study
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was to test the hypothesis of Baptista [14] that the
outbursts in this system are due to an increasing rate
of mass outflow from the secondary rather than the

thermal instability associated with changing viscosity
in the disk.

Section 3 describes the observations of EX Dra
and our determination of the binary’s orbital period
using observations during 2010—2016. The models
of the close-binary system we used to determine the
system parameters are briefly described in Section 4.
Section 5 presents the results of our analysis, which
are discussed in Section 6. The main conclusions of
our study are summarized in Section 7.

3. OBSERVATIONS

We observed EX Dra in March—April 2010 at the
Ondrejov Observatory (Czech Republic) using a 65-
cm telescope and Johnson V and R filters. A G2-

3200 CCD camera was used?. The exposure time
in each filter was 90 s. The comparison star was
GSC 04429—01414 (V =14.4™). Since its mag-
nitudes in the visible and red were unknown at the
time of our observations, the results are presented in
relative units.

Observations of the system were obtained in
2014—2016 using CCD photometers mounted on
the 50-cm and 60-cm telescopes of the Crimean
Astronomical Station of the Sternberg Astronomical
Institute. The detector used at the 50-cm telescope
was an Apogee Alta U8300 CCD camera (3326 x
2504 pixels, 1 pixel = 5.4 pm), with the sensitivity
maximum being 60% at 5800—6600 A and 30%

around 4000 A. The detector used at the 60-cm
telescope was an Apogee 47 CCD camera (1024 x
1024 pixels, 1 pixel = 13 pm). The length of the ob-
serving runs depended on the weather conditions and
usually exceeded 5 h, in order to cover 1—1.5 orbital
cycles. Our choice of the filter for the observations
was based on the sensitivity of the light detector used,

which was the highest in the red, Re (A = 6700 A).
The uncertainty of a single measurement was about
the same for both telescopes, o ~ 0.02—0.06™. Since
the object was faint, the exposure time varied from 40
to 60 s, depending on the weather. The details of our
observations are presented in Table 2.

The main comparison star for our 2014—2016
observations was star No. 120 from the AAVSO list of
standards, with coordinates «(2000) = 18"03™37.55°
and §(2000) = 67°57'01.7", in the immediate vicinity
of EX Dra; this star has B = 12.411™, V = 12.038™,
and Re = 11.832™. We verified the constance of the
brightness of the standard star using several check

2See www.gxced.com for details.

KHRUZINA et al.

stars.  On three nights, we used star No. 134 as
a comparison star. We also observed star No. 120
simultaneously on two of these nights, and so were
able to compare the fluxes of EX Dra determined
relative to the two comparison stars. On average,
the difference was found to be Am =m(134) —
m(120) = —0.002 (some of the data points have the
same fluxes in magnitudes), and the flux ratio to
be F'(120) = 0.998 F(134). For consistency, we
reduced all our observations to the standard No. 120.
We reduced our observations using the method of
aperture photometry in the MAXIM-DL software
package.

Seventeen of the 24 observational sets were ob-
tained with the 50-cm telescope (2014—2015), and
7 series between September 2015 and June 2016 with
the 60-cm telescope, while 2 series of Re observations
on one night (May 27, 2014) were obtained simul-
taneously on the two telescopes in order to deter-
mine any systematic difference between the measured
fluxes. A comparison of the light curves shows that
the Re fluxes measured in the instrumental systems
of the 50-cm telescope (Re(50)) and the 60-cm tele-
scope (Rc(60)) are related as

Re(50) = Re(60) + 0.05™.

Here, Re(50) and Rc(60) are expressed in mag-
nitudes.  Similar relations have been found for
the cataclysmic variables GY Cnc [16] and ASAS-
SN 13cx [17], which were also observed with these
same telescopes. All further calculations were made
for the light curves in the AZT-5 instrumental sys-
tem.

Figure 2 shows the time distribution of our obser-
vations. The upper panel corresponds to the R obser-

vations (relative magnitudes),? and the lower panel
to the Rc observations. The observations during
outbursts, when the system’s brightness increases by
~1—1.2™ and the brightness at minimum increases
by no more than ~0.2—0.5™, clearly stand out. The
total amplitude of the light curves is ~1.7" in quies-
cence and ~2.5™ during outburst.

All the Rc observations folded with the orbital
period from Eq. (1) are shown in Fig. 3. Changes
of the shape and amplitude of the light curves during
outburst, compared to those during quiescence, are
clearly visible.

The presence of a sine term in the orbital-motion
ephemerides made it necessary to refine this term for

3We selected only complete light curves obtained on

JD 245 5281—5316, which are to the left of the vertical
dashed line; observations obtained at the Ondrejov Obser-
vatory after 2010 (to the right of the vertical line) cover only
the region of the primary minimum, and were used only to
determine the orbital period.

ASTRONOMY REPORTS Vol.63 No.7 2019
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Table 2. Log of observations of EX Dra
Pl | e | oo || b | i | e | e
2455281,V 0.423—0.588 | 0.824—1.614 144 | 5281.45689 5281.45820 1.961 —0.179
2455294, R 0.424—0.655 | 0.752—1.854 210 | 5294.47576 5294.47714 1.668 | —0.038
2455295,V 0.277-0.563 | 0.816—2.181 235 | 5295.52471 5295.52610 2.0056 | —0.133
2455309, R 0.347-0.622 | 0.835—2.148 250 | 5309.59021 5309.59139 1.318 | —0.789
2455316, R 0.382—0.615 | 0.346—1.456 210 | 5316.51694 5316.51810 1.534 | —0.085
2456790, Re | 0.284-0.497 | 0.019-1.032 266 | 6790.487916 | 6790.48864 15.089 13.003
2456805, Re | 0.291-0.494 | 0.503—1.472 344 | 6805.394538 | 6805.39514 15.524 13.428
2456806, Rc | 0.278—0.480 | 0.205—1.168 252 | 6806.444571 6806.44508 15.370 12.935
2456819, Re | 0.376—0.498 | 0.596—1.177 147 | 6819.462557 | 6819.46396 15.525 13.925
2456834, Rc | 0.281-0.497 | 0.592—1.619 378 | 6834.365058 | 6834.36635 15.528 14.130
2456916, Rec | 0.300—0.508 | 0.277—1.264 706 | 6916.450335 | 6916.45050 15.411 13.314
2456960, Rc | 0.195—-0.550 | 0.359—2.053 1252 | 6960.327314 | 6960.32940 15.573 14.094
2457089, Re | 0.199-0.474 | 0.848—2.159 475 | 7089.439954 | 7089.44041 15.287 13.025
2457090, Re | 0.204—0.538 | 0.635—2.227 660 | 7090.280370 | 7090.28118 15.328 13.059
2457091, Re | 0.218-0.578 | 0.465—2.184 703 | 7091.329479 | 7091.33029 15.444 13.236
2457106, Re | 0.225—0.484 | 0.949-2.183 511 7106.236423 | 7106.23672 15.580 14.114
2457108, Re | 0.256—0.522 | 0.625—1.893 519 | 7108.337453 | 7108.33865 15.611 14.302
2457118, Re | 0.258—0.463 | 0.265—1.243 401 7118411180 | 7118.41122 15.607 14.200
2457123, Re | 0.245—-0.502 | 0.023—1.247 505 | 7123.451527 | 7123.45230 15.614 14.286
2457124, Re | 0.276—0.508 | 0.932—2.036 453 | 7124.290578 | 7124.29130 15.595 13.919
2457167, Re | 0.307—-0.532 | 0.901-1.978 443 | 7167.330393 | 7167.33139 15.591 14.193
2457182, Re | 0.360—0.520 | 0.608—1.370 3156 | 7182441782 | 7182.441783 15.591 14.309
2457267, Re | 0.249-0.500 | 0.959—2.159 497 | 7267.257557 | 7267.25841 15.601 14.275
2457268, Re | 0.251-0.500 | 0.733—1.919 487 | 7268.308530 | 7268.30939 15.635 14.438
2457271, Re | 0.224—-0.469 | 0.894-2.061 487 | 7271.245937 | 7271.24788 15.642 14.549
2457456, Re | 0.198—0.483 | 0.987—2.345 560 | 7456.200439 | 7456.20052 15.211 12.744
2457457, Re | 0.244-0.503 | 0.968—2.203 347 | 7457.250034 | 7457.25049 15.311 12.911
2457463, Re | 0.309-0.573 | 0.856—2.115 343 | 7463.335462 | 7463.33657 15.687 14.440
2457551, Re | 0.271-0.543 | 0.848—2.143 518 | 7551.302396 | 7551.30305 15.672 14.363

The second column gives fractions of the Julian day for the beginning and end of the observations for the corresponding date, and the
third column the corresponding phase interval. For observations in 2010 (five dates), the two last columns present mmin and Mmax
relative to the comparison star.

the epoch of our observations.

and lower panel those for the Rc observations.
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We performed this
procedure separately for the R and Rc observations
using the Lafler—Kinman method. Figure 4 displays
the power spectra derived for the two sets of observa-
tions: the upper panel shows the spectrum for the R

We searched for the orbital period in the frequency

range 4.7—4.8 days™

1

, with a phase increment of

0.005. Bearing in mind the large time gaps between

the individual groups of R observations, we searched

for the orbital period using all the available data, as
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Fig. 2. Time distribution of the observations. The upper
plot shows the relative R observations and the lower plot
the observations in the Rc filter. The observations to the
right of the dashed vertical line in the upper panel were
used only to determination the system’s orbital period,
since they cover only phases near the primary minimum.

well as individual fragments. The results of our anal-
ysis are the following.

(1) The period found for the wide range JD 245
5294—8014, Py, = 0.2099374(5)¢, coincides with

the linear term of Eq. (1), Py, = 0.209937399(13)%,
taken from [4].

(2) The period found for the narrower range
JD 245 5294—5567 is Py, = 0.2099429(1030)¢.

(3) The period found for JD 245 5294—5325 is
Py, = 0.2099576(1080)2.  The significance of the
formal period increase is reduced due to the increased
uncertainty.

The period derived from our Rc observations
(Fig. 4b) is Py, = 0.2099366(6)?. Thus, all the
derived periods coincide, within their errors, with
the period determined in [4]; we used the latter,
more accurate, period when folding the EX Dra light
curves.

KHRUZINA et al.

Re

13

14

15

0 0.5 0 o

Fig. 3. All the Rc observations folded with the
ephemeris (1).

4. MODELS USED TO FIT
THE OBSERVATIONS. DESCRIPTION
OF INPUT PARAMETERS

As a whole, the shapes of the light curves of
EX Dra in quiescence and during outburst are typical
of dwarf novae (see Figs. 5, 6). Such curves can be
successfully reproduced in the standard “combined”
model, taking into account the presence of a hot line
near the lateral surface of the accretion disk and a hot
spot on the disk, on the leeward side of the gaseous
stream [10].

A consideration of the light curves (JD 6805,

6834, 7167, 7267, 7271)* shows that the secondary
minimum, though symmetric, is displaced to the
orbital phase ¢ ~ 0.6 (this is especially obvious for
the light curve for JD 7167); the out-of-eclipse part
of the light curve for JD 6834 even shows two local
minima (see Fig. 6a). Such displacements cannot
be described in the standard combined model, since
the hot spot is screened by the disk edge at these
phases, and the gaseous stream is not visible at
phases ¢ ~ 0.5 for ¢ > 83°. The observed shiit of
the secondary minimum, and also the dips of varying
depth in the light curves, can be reproduced if the
contribution of the light from the secondary to the
total flux is asymmetric. This effect can be created by
the presence of one or two cool spots on the stellar

“Here and below, light curves obtained for a given Julian date,
such as JD 245 6834, are labeled JD 6834, for brevity. The
2010 observations covered only 35 days, and we accordingly
used even shorter abbreviations, for example, JD 295 for the
date JD 245 5295.

ASTRONOMY REPORTS Vol.63 No.7 2019
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Fig. 4. The Lafler—Kinman power spectra constructed using the R (a) and Rc (b) observations.

surface. We used the software described in [19, 20] to
take into account the presence of dark spots on the
RD surface.

4.1. Main Features of the Combined Model

The system consists of a spherical star (primary),
surrounded by an accretion disk, and a RD (sec-
ondary) that completely fills its Roche lobe. The star
was divided into 648 area elements that emit radiation
in accordance with their individual temperatures T;,
which depend on the secondary’s effective tempera-
ture T5. When computing T;, we took into account
the heating of the RD surface by radiation from the
inner regions of the accretion disk with temperature
Tin, Tin > 11, where Ty is the effective temperature
of the primary. The shape and size of the secondary
are determined by the parameter ¢ = M; /M. When
computing the flux from an area element on the RD
surface, we took into account gravitational darkening
and limb darkening in a linear approximation.

The gravitational darkening is given by the for-
mula T; = Tg(g/go)ﬁ, where T; is the local tempera-
ture, g the local gravitational acceleration at the cen-
ter of the area element on the surface of the tidally dis-
torted, late-type star, and 8 = 0.08 [21]. The bright-
ness of an area element on the star was described by

ASTRONOMY REPORTS Vol.63 No.7 2019

the law dI = B\(T')(1 — u(A, T)(1 — cos 7)) cos vdS,
where ~ is the angle between the normal to the area
element on the stellar surface and the line of sight,
u(A,T') the linear limb-darkening coefficient, By(T')
the Planck function, and dS the area of the area
element under consideration.

The primary was taken to be a sphere with radius
Ry located at the focus of a slightly elliptical accretion
disk with eccentricity e < 0.25, semi-major axis a,
and position angle «, (taken to be the angular dis-
tance in the orbital plane between the disk periastron
and the line connecting the centers of mass of the
components). The disk was taken to be optically thick
and to have a complex shape, being geometrically
thin near the surface of the WD and geometrically
thick at its outer edge, with an opening angle By.
The temperature of each area element on the disk
is given by T(r) = Tin(Rin/r)*, where Ry, is the
radius of the first orbit near the primary, R;, ~ R,
and oy depends on the viscosity of the gas in the disk,
ag. In the stationary case, oy = 0.75 [9]; when oy
decreases, the flux from the disk increases consider-
ably due to the shallower radial distribution of the disk
temperature. When computing the local temperature
of a selected area element on the disk, we took into
account heating by radiation from the secondary (this
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Fig. 5. Typical appearance of the light curves of EX Dra during outburst. Unaveraged observations (JD 6790) are plotted.
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Fig. 6. Typical light curves of EX Dra in quiescence.

effect is usually insignificant), as well as heating by
high-temperature radiation arriving from the inner
parts of the disk.

The other emitting components are the following
(see the detailed description in [18]).

1. The region where the gaseous stream collides
with the disk, located near the disk surface. The inter-
action between the stream and the disk is shockless;
a shock appears in a narrow region near the edge
of the stream (the “hot line”, HL) as a result of the
interaction between the incoming flows from the disk
and near-disk halo and the matter of the stream. The

emitting region of the HL is described with a trun-
cated ellipsoid whose center is in the orbital plane,
inside the body of the disk. In the model we used,
the region of energy release consists of two regions on
the surface of the truncated ellipsoid (parts of the HLL
ellipsoid outside the body of the disk), on its windward
(¢ ~ 0.25) and leeward ( ~ 0.75) sides.

2. The hot spot (HS) on the lateral surface of
the disk, on the leeward side of the stream. Here,
the emitting region is represented with a half ellipse
whose center U coincides with the point where the
axis of the gaseous stream intersects the disk.

Our final tables present the following parameters
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of the regions of interaction between the gaseous
stream and the lateral surface of the disk determined
in our analysis: the semi-axes a,, by, ¢, of the ellipsoid
whose part outside the body of the disk describes the
shape of the gaseous stream; the maximum temper-
atures of the matter in the stream at the boundary
with the disk, to the windward, Ty max, and lee-
ward, Tj,, max, sides of the ellipsoid (with increasing
distance from the disk edge, the temperature of the
matter in the HL decreases according to a cosine
law); the angle 51 between the axis of the gaseous
stream and the line joining the binary components
(calculated in the process of the computations); the
radius of the HS on the lateral surface of the disk Ry,
which is the distance between the point U and the
outer edge of the spot in the orbital plane. Part of the
HS isinside the gaseous stream; i.e., the actual size of
the HS on the disk surface is smaller, but the radiation
from the “obscured” part of the spot is compensated
by the emitting regions on the leeward side of the
stream. All the geometric parameters are expressed
in the units of the distance between the component
centers of mass ag (the software assumes ag = 1).

4.2. Main Features of the Model with Spots
on the Secondary’s Surface

This model (which we will call the “spot” model) is
based on the combined model described above, with
the addition of one or two “dark” spots on the surface
of the RD.? The effective temperature of the area ele-
ments in the regions of these spots are lower than the
temperature the area would have in the absence of the
spot by a factor Fj; i.e., T'(zs,ys, 25) = FsTa(z,y, 2).
The parameter F; was assumed to be constant within
a spot. Projected onto a plane tangential to the stellar
surface at the point (z, ys, 25), the spots are circular
with radius Ry, expressed in units of the stellar radius
r; at the point under consideration. We specified the
position of the spot center on the surface using the
two angles n and ¢, where 7 is the spot’s latitude
measured from the tip of the star’s “nose” towards
the back hemisphere (0° < n < 180°) and ¢ is its
longitude (0° < ¢ < 360°) measured clockwise from
the orbital plane; the zero meridian lies in the orbital
plane, in the star’s left hemisphere as viewed from
the primary. The condition for an area element on
the star’s surface with the central coordinates (x, vy,
z) or (r, n, ¢) to be found in the region of a spot is

(r— )2+ (y —ys)? + (2 — 25)2 < RZ

°In principle, there can be any number of spots; however, four
independent parameters (R, Fs, n, ¢) are needed to describe
each of the spots, and the search for the best-fit parameters
becomes much more difficult, even in the case of two spots.
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The number of unknown parameters in a model
with two dark spots increases by eight, with these
additional parameters being directly related to the
dark spots. Thus, it is reasonable to use this model
when the main parameters (those of the disk, HL,
HS) are fixed or vary in sufficiently narrow ranges.

We solved for the parameters in both models yield-
ing a synthetic light curve shape that was maximally
close to the observed light curve using the Nelder—
Mead method [22]. When searching for the global
minimum of the residuals for each of the light curves,
we used several dozen different initial approximations,
with several local minima usually present in the stud-
ied parameter domain for a large number of indepen-
dent variables. To estimate the degree of agreement
between the theoretical and observed light curves of
the close binary in the model used, we calculated the
x? residuals in the form

L (
2:

where mgheor are the magnitudes of the

object at orbital phase j derived theoretically and from
the observations, o; is the dispersion of the observa-
tions for point j, and J is the number of normal points
in the mean light curve.

mtheor _ Qbs)2

m;

)

J
2
9;

and m;?bs

5. MODELING RESULTS

Since the number of imput parameters is fairly
large (q, i, T1, T, Ri, Rg, A% o, e <0.25, ayg,
Ay, by, Cu, Tww,max> Tiw,max, Rsp), we limited the re-
gion of their possible values taking into account data
obtained earlier from spectroscopic and photometric
observations (see Table 1).

We computed the parameters of the synthetic
curves used to describe the observations in two
stages. In the first, the most “classical” light curves
were used to determine the basic parameters of the
system (g, i, Th, To, Ry). Since the light curves
we obtained form a sequence of uniform data (the
observations were reduced to the same instrumental
system, and the same comparison star was used), we
can impose an additional restriction on the region
of permitted parameters of the problem. Namely,
when several light curves were present, we translated
the synthetic light curves into magnitudes using a
uniform energy unit: the flux from the system F'(m)
corresponding to the same magnitude m for all the

® A is the parameter of the paraboloid that describes the inner
(not lateral) surface of the disk; usually A ~6—12. The
lower the value of A, the greater the thickness of the disk’s
outer edge Bq.
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light curves we used for the corresponding filter. In
this case, it is possible to compare the synthetic and
observed light curves based not only on their shapes,
but also on changes in the level of the radiation flux.
A detailed description of this technique can be found
in many of our earlier studies (e.g., [23], as well as the
recent publications [16, 17]).

As a result of the first stage of our analysis, we
selected the following basic parameters: ¢ = 1.34,i =
83.5°, R1 = 0.0315¢ = 0.0167ag. The mean radius
of the secondary is determined by the component-
mass ratio and, for ¢ =1.34, is (Rs) = 0.3649ay;
¢ = 0.5301ap. We did not fix the temperatures of the
stars, but limited their range to the range for M0+2 V
stars (3400—3700 K [24]) for the secondary and to
the interval 19 000—35 000 K for the primary, due to
the considerable variations of the T} values found for
different light curves in the first stage of our compu-
tations. For the energy units, we adopted F(Rc =
13.5) = 0.1658 x 1079, F(AR = 0.0) = 0.11477 x
107Y, and F(AV =0.0) = 0.11056 x 1077 relative
units. Our use of relative units is due to the fact that
the Planck function used to compute the fluxes from
the system components per unit wavelength interval
(in our case, in centimeters) is the energy flux passing
through a 1 cm?, area, while the unit of distance in the
code was ag, the distance between the close-binary
components, so that ap = 1 and its value in physical
units (e.g., cm) is not known beforehand.

In the second stage, we searched for the best-fit
parameters of the system. Tables 3—5 present the
parameters of the components derived using the three
R, two V, and 18 Re light curves in the combined
model, in both quiescence and outburst. Table 6
presents the parameters for six light curves (JD 6805,
6834, 7108, 7167, 7267, 7271) computed with the
spot model, since the shapes of their out-of-eclipse
parts could not be adequately fitted with the combined
model. The lower parts of each of these tables con-
tain the contributions of various components to the
combined flux, averaged over the orbital period. We
estimated the parameter uncertainties by specifying
a conditional boundary inthe residual of 1.1x2, fora
selected light curve. This estimate does not yield the
canonical uncertainty of the corresponding parameter
based on a x? criterion, but enables us to estimate its
stability with respect to variations. The uncertainties
in the last digit of each parameter estimated in this
way are given in parantheses.

Figures 7, 8 show the unaveraged observed R and
V light curves of EX Dra and the light curves syn-
thesized using the parameters from the corresponding
tables. Figures 9—11 display the Rec light curves
in quiescence, Figs. 12 and 13 the Rc light curves
during outburst, and Figs. 14 and 15 the Rc light
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curves synthesized using the parameters from Table 6
obtained with the spot model. To the bottom or to the
right, we present the contributions from the system
components to the combined light for each date in
relative units.

5.1.V Light Curves. Quiescence

Our analysis of the V' data demonstrates (Fig. 7,
Table 3) that both light curves were obtained in qui-
escence. The total variation amplitude did not change
with time; the depth of the secondary minimum de-
creased slightly, and the amplitude of the flux fluc-
tuations also decreased. Comparing the parameters
derived for the JD 281 and JD 295 light curves, we
find that the disk radius increased from 0.4¢ to 0.5¢,
and the thickness of the disk’s outer edge decreased
by almost a factor of two. The steeper radial tem-
perature distribution in the disk, due to an increase
in ay by a factor of 1.3, has the result that the tem-
perature at the disk’s outer edge became lower by
~1700 K, despite the higher temperature 7i, in the
boundary layer (by almost 3000 K). Formally, the
period-averaged contribution of the disk to the total
flux, Fy/Fi,, remained the same within the uncer-
tainties. The azimuth of the stream, (1, depends on
the sound speed for the matter on the stellar surface,
which, in turn, depends on the gas temperature. A de-
crease/increase in () indicates an increase/decrease
in the matter outflow rate from the star, M. In
our case, the stream azimuth is constant within the
uncertainties; the temperature of the star 75 and the
sizes and temperatures of the hot spot and hot line
also did not change (within the uncertainties).

5.2. R Light Curves

Of the three R light curves (JD 294, 309, 316),
only one (JD 309) was obtained during outburst
(see Fig. 8). The total variation amplitude was
1.78™, 2.08™, and 1.62™ for JD 294, 309, and 316,
respectively. However, the light-curve shape changed
appreciably on JD 309, and the out-of-eclipse bright-
ness increased by 0.6—0.7™ compared to the light
curves on adjacent dates in the quiescent state. The
RD temperature T remained the same within the un-
certainties at the beginning of the outburst and after
its end. The WD temperature decreased slightly (by
~8% ) during the outburst and increased by ~6% after
the outburst, compared to the pre-outburst level. The
parameters of the HL and HS remained unchanged
within the uncertainties. Significant changes during
outburst were observed only for the parameters of the
disk. During quiescence, the disk radius remains at
the level 0.5¢ and the half-thickness of its outer edge
is ~1.5°. During outburst, the disk radius increases
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Table 3. Parameters of EX Dra obtained in the combined model from an analysis of the R and V' light curves. The basic
parameters ¢ = 1.34, 4 = 83.5°, Ry = 0.0167ag, £ = 0.530, and (R2) = 0.365aq were fixed

Parameter JD 281 (V) JD 295 (V) JD 294 (R) J gﬁggr(f) JD 316 (R)
AmMmmax —0.18 —0.13 —0.04 —0.79 —0.09
AmMmmin 1.96 2.01 1.67 1.32 1.53
71, K 20500 £ 315 20540 + 210 20310 + 270 18770 + 125 22610 4+ 335
15, K 3640 £+ 35 3625+ 10 3600 £ 20 3640 £ 40 3660 + 25

Accretion disk parameters
e 0.001-0.04 0.001-0.04 0.001-0.01 0.001-0.02 0.002—-0.02
Ry, & 0.40(2) 0.50(4) 0.51(1) 0.72(2) 0.49(4)
a, ag 0.21(1) 0.26(2) 0.27(1) 0.38(1) 0.26(2)
0.584,° 1.6(2) 0.9(1) 1.51(1) 0.42(3) 1.5(1)
Tin, K 22 360 + 395 25190 + 305 20930 + 290 29570 + 485 23180 + 390
Tout, K 8065 + 130 6350 + 60 9330 + 205 11800 4+ 175 8415+ 125
Qg 0.436(9) 0.577(5) 0.352(6) 0.325(8) 0.411(8)
e, 46 + 2 60 + 33 56 + 10 64 + 30 46+ 3
Hot line parameters
Gy, g 0.016(5) 0.027(8) 0.03(1) 0.0013(7) 0.008(2)
by, agp 0.22(2) 0.28(1) 0.29(1) 0.29(4) 0.25(2)
Cy, Ao 0.0062(3) 0.0051(6) 0.007(5) 0.004(1) 0.007(1)
Tww,max, K 34560 £9550 | 41540+ 11950 | 58745+ 16440 | 63035+ 17645 | 40740 £ 16650
Thw,max, K 29560 £ 1220 | 34385+ 870 53 330 + 2420 60 840 + 13 250 36415 4+ 1940
B1,° 17+3 20+ 2 9+1 36 + 2 21 +2
Hot spot radius
Rsp, ag 0.14(4) 0.16(2) 0.16(1) 0.13(5) 0.15(4)
Components’ contribution to the combined flux from the system Fj
Star 0.30(1) 0.34(2) 0.38(1) 0.22(1) 0.40(1)
White dwarf 0.13(2) 0.14(2) 0.06(1) 0.025(3) 0.08(1)
Disk with HS 0.49(6) 0.39(5) 0.54(5) 0.74(6) 0.46(4)
HL 0.08(2) 0.13(2) 0.02(1) 0.015(3) 0.06(1)
X2 1146 1475 1959 5518 2086

to ~0.7¢ and the thickness of its edge decreases to
~0.4°. Thus, the volume of the disk is, on average,
larger by a factor of ~1.2 in quiescence than during
outburst; though the disk has a larger radius during
outburst, it is thinner, has a higher density, and is
hotter than before and after the outburst (7}, and
T,y are higher than in quiescence and the disk
temperature profile is less steep). The contributions
from the system components to the total flux during
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quiescence coincide within the uncertainties; during
the outburst, the period-averaged contribution from
the disk reaches 0.74(6) of the total flux; i.e., it is a
factor of 1.5 higher than in quiescence. The change
in the stream azimuth g; testifies to a relatively high
rate of mass outflow before the outburst, an abrupt
decrease in this outflow during outburst, and a return
to 81 ~ 20° after an outburst.
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Table 4. Parameters of EX Dra obtained in the combined model from an analysis of the Re light curves in quiescence,
with the basic parameters fixed (see Table 3)

Parameter JD 6819 JD 6960 JD 7106 JD 7118 JD 7123
N 138 809—-10 15045 1562 1586
Mimax 13.93 14.09 14.11 14.20 14.29
Mmin 15.53 15.57 15.58 15.61 15.61
T, K 19475 + 600 19615+ 210 20265 £+ 290 19475 + 275 20055 + 290
15, K 3650 + 22 3615 £ 17 3620 £+ 17 3590 + 12 3595 + 20

Accretion disk parameters
e 0.009(8) 0.010(9) 0.005(4) 0.03(2) 0.02(2)
Ra, € 0.32(1) 0.39(3) 0.54(6) 0.62(3) 0.43(2)
a, ap 0.167(6) 0.21(2) 0.29(3) 0.32(2) 0.23(1)
0.584, deg 1.7(4) 0.9(1) 1.1(2) 0.9(1) 0.6(1)
Tin, K 20600 £+ 725 21055 + 280 20745 + 400 19565 + 100 23790 £ 470
Tout, K 12975 + 425 9890 + 95 6730 £ 110 6355 + 20 8210 £ 100
ay 0.23(2) 0.427(8) 0.448(8) 0.435(6) 0.58(1)
e, deg 54 £ 40 60 £ 11 61 £45 45+ 1 64 + 2
Hot line parameters
Ay, Qg 0.010(9) 0.040(4) 0.04(2) 0.05(3) 0.033(6)
by, ag 0.16(4) 0.208(4) 0.31(2) 0.32(2) 0.236(6)
Cv, Q0 0.005(1) 0.004(1) 0.006(1) 0.006(1) 0.003(1)
Tww,max, K 37920+ 30845 | 56090 £ 13875 | 47690 £ 10170 | 33205+ 12605 | 41740+ 12765
T, max, K 38095 + 7560 52445 + 1625 38175 + 2060 33195 + 3505 47 245 + 4690
b1, deg 12+2 1241 14+1 1241 1541
Hot spot radius
Rsp, ao 0.12(5) 0.19(2) 0.14(2) 0.15(4) 0.17(2)
Components’ contribution to the combined flux from the system Fj
Star 0.400(7) 0.446(8) 0.476(8) 0.455(7) 0.523(2)
White dwarf 0.066(9) 0.088(9) 0.084(9) 0.090(9) 0.104(9)
Disk with HS 0.52(6) 0.40(3) 0.37(4) 0.40(3) 0.32(3)
HL 0.014(3) 0.066(9) 0.07(2) 0.055(9) 0.053(8)
X2 4030 1661 1961 5103 3393
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Table 4. (Contd.)

Parameter JD 7124 JD 7182 JD 7267 JD 7463 JD 7551
N 1590—1 1867 2271 3205—6 3624—5
Mimax 13.92 14.31 14.28 14.44 14.36
Mmin 15.60 15.59 15.60 15.69 15.67
T, K 21240 + 240 19035 + 100 20385+ 310 18635 + 325 18560 + 295
15, K 3615+ 18 3605 £+ 19 3605 + 23 3560 + 28 3565 + 20

Accretion disk parameters
e 0.02(1) 0.003(1) 0.03(2) 0.01(1) 0.03(2)
Ra, & 0.52(6) 0.351(1) 0.49(6) 0.42(2) 0.31(9)
a, ap 0.27(3) 0.185(1) 0.25(3) 0.220(9) 0.161(5)
0.584, deg 0.9(1) 0.5(1) 0.9(2) 0.8(1) 1.1(1)
Tin, K 25735 £ 330 19155+ 85 23220 + 390 18635 + 335 20695 + 480
Tout, K 7775+ 75 7380 + 25 6515+ 90 7105+ 80 9480 + 130
Qg 0.521(9) 0.449(1) 0.52(1) 0.50(1) 0.57(1)
e, deg 67 £ 45 40+ 3 69 + 2 47 £ 2 86 £ 2
Hot line parameters
ay, Qo 0.04(1) 0.022(1) 0.03(2) 0.030(6) 0.024(1)
by, ag 0.32(1) 0.308(1) 0.30(2) 0.270(5) 0.147(8)
Cv, G0 0.006(1) 0.002(1) 0.005(1) 0.003(1) 0.003(1)
Tww,max, K 29145 £ 3825 73425 + 6045 30895 + 7320 50520 + 10185 75620 4+ 31 820
T, max, K 37060 + 3085 50635 + 2245 31830 +4175 43040 £ 1230 66 480 + 2600
B, deg 17+£2 9+1 12+£2 9+1 11+1
Hot spot radius
Rsp, ao 0.14(2) 0.09(3) 0.10(4) 0.18(2) 0.17(2)
The components’ light contribution to the combined flux from the system Fj
Star 0.436(9) 0.518(9) 0.51(1) 0.526(8) 0.556(9)
White dwarf 0.088(8) 0.102(9) 0.11(1) 0.112(9) 0.108(9)
Disk with HS 0.39(3) 0.22(2) 0.33(3) 0.28(2) 0.29(3)
HL 0.086(9) 0.16(3) 0.05(1) 0.082(9) 0.046(7)
X2 1626 1176 1294 2233 2163
ASTRONOMY REPORTS Vol.63 No.7 2019
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Table 5. Parameters of EX Dra obtained in the combined model from the analysis of the Re light curves in outburst, with
the basic parameters fixed (see Table 3)

Parameter JD6790 | JD6806 | JD6916 | JD7089 | JD7090 | JD 7091 JD 7456 | JD 7457

N 0 76 600 1424 1428—9 1433—4 3171 317677
Mmax 13.00 12.94 13.31 13.03 13.06 13.24 12.74 12.91
Mimin 15.09 15.37 15.41 15.29 15.33 15.44 15.21 15.31
T, K 20690 £ | 19970+ | 21490+ | 202756+ | 20255+ | 20940+ | 18890+ | 20450 +
+ 425 + 550 + 240 +110 + 225 + 160 + 233 + 155
15, K 3624 £ 44 | 3650 £6 | 3640 44 | 3610 + 24 | 3645 £ 44 | 3650 =20 | 3650 £+ 45 | 3605 £ 15
Accretion disk parameters
e 0.003(3) | 0.036(35) | 0.017(27) | 0.005(4) | 0.005(15) | 0.016(8) | 0.01(2) 0.026(9)
Ra, & 0.72(3) 0.648(2) | 0.67(2) 0.690(6) | 0.659(14) | 0.592(9) | 0.678(10) | 0.700(8)
a, ag 0.38(2) 0.332(1) | 0.349(9) 0.364(4) | 0.348(8) 0.309(5) | 0.357(5) 0.362(4)
0.58q4, deg 0.6(1) 0.7(1) 1.6(2) 1.4(1) 0.7(1) 1.6(1) 1.0(1) 0.8(1)
Tin, K 24195+ | 24605+ | 29710+ | 27200+ | 24785+ | 28825+ | 31780+ | 33420+
+ 540 £+ 700 =+ 395 + 165 + 335 + 275 =+ 395 + 340
Tout, K 12650+ | 12400+ | 8815+ 10350+ | 1256156+ | 10275+ | 11585+ | 11155+
+ 235 =+ 330 £+ 110 £ 55 =+ 140 +90 + 130 + 105
Oy 0.25(1) 0.24(1) 0.423(5) | 0.335(3) | 0.267(5) | 0.375(4) | 0.348(5) | 0.374(3)
e, deg 74 £ 40 73+ 15 60 £ 2 68 £ 35 8l £1 29+l 61 £2 73+2
Parameters of the hot line and the hot spot on the disk
Ay, a0 0.08(2) 0.043(26) | 0.030(22) | 0.079(12) | 0.079(17) | 0.052(24) | 0.07(1) | 0.049(13)
by, ag 0.25(3) 0.36(1) 0.31(2) 0.259(7) | 0.338(18) | 0.278(11) | 0.335(14) | 0.25(2)
Cv, Qo 0.006(1) | 0.007(2) | 0.011(2) | 0.013(1) | 0.005(1) | 0.010(1) | 0.009(1) | 0.007(1)

T, max, K 77670+ | 86470+ | 46520+ | 33650+ | 36275+ | 48535+ | 56010+ | 108475+
+£35700 | £35170 | £22220 | £16690 | £13700 | £21145 | £19465 | + 38540

Tiw,max, K 59360 58965+ | 39050+ | 30660+ | 36390+ | 39730+ | 44120+ | 78880 +
+ 2545 + 6895 =+ 2835 =+ 600 + 3125 + 1385 + 1760 + 2560
B, deg 30+6 18+7 17+3 24+ 2 20+ 1 17+2 22+3 27 +£2
Rsp, ao 0.13(5) 0.12(9) 0.13(3) 0.21(2) 0.19(3) 0.16(3) 0.20(3) 0.17(3)
Components’ contribution to the combined flux from the system Fj
Star 0.176(4) | 0.188(6) | 0.277(1) | 0.198(7) | 0.199(5) | 0.267(9) | 0.196(9) | 0.224(15)
WD 0.033(3) | 0.032(4) | 0.045(5) | 0.030(4) | 0.034(3) | 0.039(5) | 0.022(3) | 0.030(3)
Disk with HS | 0.77(5) 0.72(6) 0.66(5) 0.75(6) 0.73(5) 0.66(5) 0.73(5) 0.73(5)
HL 0.019(3) | 0.06(1) 0.018(3) | 0.022(5) | 0.037(6) | 0.034(7) | 0.052(8) | 0.016(3)
x> 5565 3478 2662 508 1750 1214 3121 1716
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Table 6. Parameters of EX Dra obtained in the model with spots on the secondary from an analysis of Re light curves
during outburst, with the basic parameters fixed (see Table 3)

Parameter JD 6805 JD 6834 JD 7108 JD 7167 JD 7268 JD 7271
N 71 209 1514 1795 2276 2290—1
Mmax 13.43 14.13 14.30 14.19 14.44 14.55
Mmin 15.52 15.53 15.61 15.59 15.64 15.64
T, K 21655 + 205 21660 +£5 21245+ 280 | 20550 £330 | 20215 £ 190 | 19345 £ 145
T3, K 3645 £+ 27 3650 £+ 40 3605 + 13 3610 £+ 25 3590 £+ 18 3595+ 10

Accretion disk parameters
e 0.034(7) 0.08(2) 0.13(2) 0.06(3) 0.016(2) 0.019(3)
Rg, & 0.57(2) 0.69(1) 0.42(3) 0.49(5) 0.43(4) 0.34(1)
a, ap 0.291(12) 0.337(7) 0.199(12) 0.243(22) 0.225(23) 0.175(5)
0.584, deg 1.2(1) 0.74(1) 0.85(8) 1.I(1) 0.9(1) 0.7(1)
Tin, K 32750 + 330 26440 £ 100 | 23715 +£430 | 215204445 | 21510 £ 280 | 20060 + 220
Tout, K 9375 £ 80 6935 £+ 20 7610 £ 110 7235 £ 125 6170 £ 75 7735+ 80
Oy 0.479(6) 0.546(1) 0.545(12) 0.460(9) 0.501(8) 0.417(6)
., deg 59 £ 2 104 £+ 1 71+£2 57 £1 65+£5 62 £ 21
Parameters of the hot line (HL) and the hot spot on the disk
ay, Ao 0.055(2) 0.037(1) 0.019(3) 0.035(8) 0.020(9) 0.016(4)
by, ao 0.263(9) 0.247(1) 0.263(11) 0.296(9) 0.294(8) 0.269(8)
Cy, QO 0.008(1) 0.006(1) 0.004(1) 0.006(1) 0.004(1) 0.003(1)
Tww,max, K 731154+ 18140 | 101900 + 80 | 34 520 £ 4600 | 48 255 + 9400 | 37 290 £ 4550 | 37 385 £ 3545
Thw,max, K 54975 + 1565 79475+ 60 | 38475+ 3700 | 38035 £ 1345 | 28345 + 1080 | 28 510 £+ 1750
B, deg 20+ 1 26+ 1 I1+1 11+2 12+2 11£2
Rsp, ao 0.19(2) 0.11(2) 0.11(2) 0.12(3) 0.08(2) 0.04(2)
Parameters of hot spots on the secondary
Rs1, Ra(7) 0.39(6) 0.40(6) 0.19(7) 0.49(7) 0.34(5) 0.39(4)
fs1 0.93(3) 0.87(9) 0.93(5) 0.94(3) 0.90(7) 0.96(1)
ns1, deg 29+ 3 73 +£ 31 20+ 14 35+ 10 49+ 11 38+6
¢s1, deg 34 £ 20 23 + 21 24 + 22 22 + 14 22+ 13 44+ 15
Rgo, Ra(7) 0.26(9) 0.60(9) 0.23(8) 0.31(2) 0.31(9) 0.49(1)
fs2 0.8(2) 0.33(5) 0.91(8) 0.99(1) 0.85(9) 0.90(6)
1s2, deg 43+7 85+ 6 97 + 23 21 £20 99 +6 92 +2
Ps2, deg 102 £+ 16 208 £ 11 149 £+ 59 121 £ 30 128 + 15 154 +3
Components’ contribution to the combined flux from the system Fjy,
Star 0.32(2) 0.43(1) 0.51(2) 0.45(1) 0.50(1) 0.50(1)
WD 0.056(5) 0.10(1) 0.12(1) 0.10(1) 0.12(1) 0.12(1)
Disk with HS 0.59(4) 0.46(3) 0.29(2) 0.38(3) 0.32(2) 0.32(3)
HL 0.034(5) 0.015(3) 0.08(2) 0.07(2) 0.06(1) 0.06(1)
X2 2151 6867 1704 1682 853 464
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Fig. 7. V observations of EX Dra obtained in 2010 at the Ondrejov Observatory. The dots in the upper panels show the
unaveraged light curves and the solid curves show the theoretical light curves synthesized with the parameters from Table 3.
The lower panels display the contributions of the light from the WD (1), the RD secondary (2), the accretion disk with the hot

spot (3), and the hot line (4) to the total flux (in relative units).

5.3. Re Light Curves

Our data in the Rec band are more numerous;
however, in contrast to the V' and R data, they are
unevenly distributed in the N ~ 0—3625 interval,
where N is the number of the orbital cycle relative
to the first minimum observed in this filter (N =0
for JD 6790.48864, see Table 2). We cannot follow
continuous variations of the system parameters, but
can isolate several interesting groups.

1. The light curves for JD 6805 (N = 71, Table 6),
JD 6806 (N = 76, Table 5), and JD 6819 (N = 138,
Table 4). The light curve for JD 6806 was obtained
during outburst, the those for JD 6805 and 6819
during quiescence. Before the outburst (JD 6805),
cool spots are inferred on the surface of the RD, near
the tip of the “nose” of the star, with radii of 0.3—
0.4 of the RD’s radius in the region considered (see

Fig. 14). Their contrast is not large (~0.8—0.9), but
the spot magnetic fields and the general decrease of
the temperature in their region lead to a decrease in
the matter outflow rate.

Comparing the system parameters, we find that
the disk radius is smaller just before the outburst
than on later dates (Ry4/¢ ~ 0.57, 0.65, and 0.32 for
JD 6805, 6806, and 6819, respectively), while the
thickness of its outer edge is larger than during the
outburst (0.58; ~ 1.2°, 0.7°, and 1.7°, respectively);
the apparent radius of the disk decreases almost
twofold after the outburst, with a corresponding
increase in the thickness of the outer edge. The
radial temperature distribution in the disk is closer
to the equilibrium distribution before than during
and after the outburst (ay ~ 0.48, 0.24, and 0.23,
respectively), but the o values in outburst and qui-
escence are generally comparable. The temperature
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|
e
()]
T

e
W
T

ECLIPSING LONG-PERIOD DWARF NOVA EX DRA

4 %

JD 309

587

—_—
()]
T

—_
o
T

0 0.5 1.0 ¢

A~ N W

0 0.5 1.0 o

0

0.5 1.0 ¢

~a N

0 0.5 1.0 ¢

0 0.5 1.0 ¢

0

0.5 1.0 ¢

Fig. 8. R observations of EX Dra obtained in 2010 at the Ondrejov Observatory. The notation is the same as in Fig. 7.
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Fig. 9. Rc observations of EX Dra obtained in 2014—2015 at the Sternberg Astronomical Institute Crimean Astronomical
Station during quiescence. The notation is the same as in Fig. 7.

ASTRONOMY REPORTS Vol.63 No.7 2019



o88

KHRUZINA et al.

Re
14.0 - - -
14.5 - - -
15.0 - - -
155 JD 7123 JD 7124 N JD 7182 N JD 7267
0 0.5 1.0 ¢ 0 0.5 1.0 ¢
F
4_ - - -
2_ - -
O_ - -
T TN NN S TN T T A TN T T T N S | TN N T T T TN N TN T T S N T 1 TN N N T TN T T A N T T T N | TN N N T TN T T A N T T T N |
0 0.5 1.0 @ 0 0.5 1.0 ¢ 0 0.5 1.0 ¢ 0 0.5 1.0 ¢
Fig. 10. Same as Fig. 9 for observations of EX Dra in 2015.
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Fig. 11. Same as Fig. 9 for observations of EX Dra in 2016.
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Fig. 12. Rc observations of EX Dra obtained at the Sternberg Astronomical Institute’s Crimean Astronomical Station in
2014—2015 during outburst. The notation is the same as in Fig. 7.
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Fig. 13. Same as Fig. 12 for observations of EX Dra on March 8—9, 2015 and March 8—9, 2016.
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Fig. 14. Rc light curves of EX Dra obtained in 2014 (in quiescence). The left panels show unaveraged data points and
theoretical light curves synthesized in the spot model with the parameters from Table 6. The middle panels show the
contributions to the combined flux of the system (in relative units) from the WD (1), RD (2), accretion disk with the hot
spot (3), and hot line (4). The right panels show schematic images of the system for the orbital phases shown.

variations at the outer edge of the disk are small
(Tout ~ 9400—13000 K); the temperature reaches
Tin ~ 33000 K in the boundary layer before outburst,
while it decreases during and after the outburst (T3, ~
25000 and 20 500 K).

2. The light curves on JD 7089 (N = 1424),
JD 7090 (N = 1428—9), JD 7091 (N = 1433—4).
All three light curves were obtained during outburst
(Table 5); the highest flux was observed on the first
date. The outburst durations were at least 10P,,,.
The parameters varied as follows for JD 7089, 7090,
7091, respectively: Ty = 3610, 3645, 3650 K; 51 =
24°, 20°, 17°; Rs/€=0.69, 0.66, 0.59; 0.58; =
1.4°,0.7°, 1.6°; oy = 0.34, 0.27, 0.38; Ti, = 27000,
25000, 29000 K; T, = 10300, 12500, 10300 K;
Fy/Fuy = 0.75, 0.73, 0.66; Tjy max/1000 = 30—31,
33—39, 38—41; Ry, /ag = 0.21, 0.19, 0.16.

3. The light curves during outburst (Table 5) on
JD 7456 (N = 3171), JD 7457 (N = 3176—7), and

in quiescence on JD 7463 (N = 3205—6, Table 4).
The disk parameters during the outburst are close to
those obtained for Group 2, and its contribution to the
total flux at maximum remains about 73%, with oy ~
0.35—0.37. In the transition to quiescence, the disk
radius decreases to 0.42¢, as for Group 1; the disk
temperature in the boundary layer and outer edge de-
creases, and the temperature distribution approaches
the equilibrium distribution.

4. The quiescence light curves on JD 7106 (N =
1504—5, Table 4), JD 7108 (N = 1514, Table 6),
JD 7118 (N = 1562, Table 4), JD 7123 (N = 1586,
Table 4), JD 7124 (N = 1590—91, Table 4). For one
of these light curves (JD 7108), the displacement of
the secondary minimum to phase ¢ ~ 0.6 suggests
the presence of spots on the surface of the secondary,
with one of the spots also situated near the tip of the
star’s “nose”, distorting the ellipsoidal shape of the
secondary’s contribution. We were able to adequately
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Fig. 15. Rc observations of EX Dra obtained in 2015 during quiescence. The left panels show unaveraged data points and
theoretical light curves synthesized in the spot model with the parameters from Table 6. The right panels show the contributions
from the system components to the total flux in relative units. The notation is the same as in Fig. 14.
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fit the other light curves in the model without spots.
The last of these light curves (JD 7124) features an
appreciable increase in the radiation flux, from the
disk and also the HS and HL. If we are observing
the pre-outburst state of the system in this group of
light curves, this is accompanied by the appearance
of spots on the secondary, in the region of the tip
of the star’s “nose”. Here, we observe a relatively
high matter outflow rate (81 ~ 11°—12°). Aitera time
interval of about (20—30)P,,;,, the matter outflow rate
decreases (31 ~ 15°—17°), and the disk radius first
decreases (JD 7123, Ry/§ ~ 0.43), then increases
(JD 7124, Ry/§ ~ 0.52); the radiation from the HS
simultaneously increases.

6. DISCUSSION

In a series of papers, Baptista [14] and Baptista
et al. [25—27] consider two models for dwarf-nova
outbursts. According to the MTIM model [28], an
outburst is a time-dependent response of a viscous
accretion disk to an increase of the mass-transfer
rate from the donor star. In the DIM model [29],
matter is transferred at a nearly constant rate to a

disk with low viscosity ag” and is accumulated until a
critical surface density is reached at a given radius.
A hot wave arises, resulting in the disk switching
to a high-viscosity mode (« ~ 0.1ay), enabling the
gas to quickly propagate inward and be accreted onto
the WD.

The MTIM model predicts small variations of
« in the transition from quiescence to the active
state (outburst); the bright, stationary disk reacts

to changes in the mass-outflow rate M in the same
way as during the same short time interval during

outburst. Due to the abrupt increase in M, this model
predicts an overflow of the gaseous stream and an in-
crease in the emission along its trajectory outside the
accretion disk at the beginning of an outburst. The
disk responds to this unexpected addition of matter
with low specific angular momentum by decreasing
its size; it then expands due to the redistribution
of angular momentum. The quiescent viscosity of
the disk is approximately the same as in outburst,
a ~ 0.2—0.7 for different systems. Objects for which
this outburst model appears valid are called DDNs
systems.

v, vf Ty -1/
7 -~ _ .
Here, ag ~ o = 0.082 {k /J (18000 K) [30]; vy

is the velocity of the shock front traversing the accretion disk,
¢s the sound speed in this front, and T’y the temperature of the
matter in the shock.

KHRUZINA et al.

In the DIM model, reproducing the observed out-
burst durations and amplitudes requires the disk vis-
cosity to be an order of magnitude lower in quies-
cence than in outburst. This model predicts a non-
stationary disk that is not bright in quiescence and

responds weakly to variations of M. There is not a
stronger gaseous stream or contraction of the disk
prior to outburst: the disk simply expands to its
maximum possible size. The outflowing matter accu-
mulates in an unstable, low-viscosity disk. The radial
temperature distribution in outburst is close to the re-
lation T ~ R™3/ (e, ~ 0.75) expected for an optially
thick, steady-state disk [31], while this distribution in
quiescence is fairly flat, oy < 0.75, with Ty < 6000 K
everywhere [32]. Thus, the viscosity of the accretion
disk is much lower than during outburst, and the
disk is far from the steady state. Objects for which
this outburst model appears valid are called MDNs
systems.

Thus, analysis of the observational data suggests
the presence of two different groups of dwarf novae.
While the DIM model can explain the outbursts of
one of these groups, outbursts of dwarf novae in the
other group can be explained only using the MTIM
model. The question is not which of the models is
valid and which is not, but instead which mechanism
should be applied for a particular system.

Membership in a particular group is also indicated
by the morphology of the light curve of an eclipsing
system: since the DIM model assumes that weak
accretion onto the WD, the quiescent light curves are
dominated by the contribution from the HS (a strong
orbital hump), and a two-stage eclipse is observed.
On the other hand, an MTIM viscous quiescent disk
suppresses radiation from the HS, the orbital hump
in the light curve is weak or completely absent, and
smooth eclipse profiles without steps similar to those
in nova-like systems are observed.

Comparing eclipse maps during the brightness
increase at the beginning of an outburst and in qui-
escence suggests that the outbursts in the EX Dra
system correspond to episodes of enhanced matter
outflow from the secondary [7, 14], as predicted by the
MTIM model. The analysis of our observations of the
cataclysmic variable EX Dra testifies that this system
is a DDNs object. This is due to the high viscosity
of the matter in the accretion disk, small changes in
the viscosity in the transition from quiescence to the
active state, and the contraction of the accretion disk
and increase of the radiation from the HS and HL
prior to outburst.

7. CONCLUSIONS

We have analyzed long-term photometric obser-
vations of the dwarf nova EX Dra, a system with a

ASTRONOMY REPORTS Vol.63 No.7 2019
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long orbital period, in quiescence, the pre-outburst
state, and the active state. Our observations were
obtained at the Crimean Astronomical Station of the
Sternberg Ansronomical Institute (2014—2016) and
the Ondrejov Observatory of the Astronomical Insti-
tute of Czech Academy of Sciences (2010), in the Re,
V', R filters. Our analysis of these observations leads
to the following conclusions.

1. The binary’s orbital period derived from our
observations confirms the value found earlier [4].

2. A combined model without spots on the RD
surface and taking into account the presence of a
hot spot on the lateral surface of the accretion disk
and the contribution of light from the stream near the
outer edge of the disk can successfully be applied to
determine the parameters of EX Dra in different states
of the system’s activity for 80% of the studied light
curves.

3. The remaining six observed light curves (20%)
could not be satisfactorily fit with theoretical ones
produced using this model. Accordingly, we added
one or two dark spots on the surface of the RD sec-
ondary to the combined model. Taking the existence
of these spots into account, we were able to qualita-
tively reproduce the existence of secondary minima at
phases differing from ¢ ~ 0.5.

4. A detailed study of the behavior of the system
parameters we have derived and their changes in the
transition from quiescence to the active state confirms
that EX Dra is a DDNs system whose outbursts are
produced by the MTIM model; i.e., the outbursts in
this dwarf-nova system are due to enhanced matter
outflow from the secondary.

5. At this stage in our studies, we cannot rule out
the possible influence of spot activity on the surface
of the late-type secondary on variations of the matter
outflow rate from the star. New observations of this
system are needed to test this hypothesis.
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