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Abstract. The quasi-simultaneous electrophotometric, polarimetric and spectroscopic observations of the single active spotted
star LQ Hya are presented. The photometric variability of the star can be described completely by a zonal starspots model.
Spotted regions occupy up to 23% of the total stellar surface. The temperature difference between the unspotted photosphere
and starspots is about 800 K. Starspots are localized at the low and middle latitudes. We find for the first time broad-band linear
polarization of the stellar light and its rotational modulation connected to the local magnetic region on the stellar surface. We
suspect that there is a spacial connection between plages, magnetic regions and the mostly spotted stellar longitudes.
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1. Introduction

Spots are of ten percent on cool low luminosity dwarf stars.
An axial rotation of a spotted star and slow variations of the
starspot geometry cause so-called the BY Dra-type photomet-
ric variability. Stars of this type form a group consisting of
more than 112 spotted red dwarf stars with spectral types
from GOVe to M6Ve (Alekseev 2000). The BY Dra-type pho-
tometric variability is expressed in brightness rotational mod-
ulation and slow variations of mean stellar brightness. The
magnetic field of starspots causes the Zeeman polarization ef-
fect. It is detected in broad-band linear polarimetric observa-
tions (Piirola 1977; Huovelin et al. 1985, 1988, 1989; Alekseev
2000b). All BY Dra-type variables are chromospherically ac-
tive and show emission lines in their spectra. One of the most
typical lines for such stars is a hydrogen emission H,,.

LQ Hya (Gl 355 = HD 82558 = BD-10°2857) is a young
dKOe single BY Dra-type variable star probably just arriv-
ing on the zero-age main sequence. Its age according to the
lithium Lil6707.8 A line observations is about 7.5 x 107 years
(Fekel et al. 1986a). The photometric variability of LQ Hya
was found by Eggen (1984) and Fekel et al. (1986a) in 1982.
Later these observations were continued by Strassmeier & Hall
(1988) and Boyd et al. (1990). Long-term series of photomet-
ric observations carried out by Jetsu (1993), Cutispoto (1991,
1993, 1996, 1998a,b), Cutispoto et al. (2001), Strassmeier et al.
(1993, 1997) suggest the presence of the cycle of stellar ac-
tivity like the solar one (Oldh et al. 2000). Strassmeier et al.
(1993) and Alekseev & Gershberg (1996a) made a simulation
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of the LQ Hya starspots. Their results strongly depend on the
input starspot geometry, for example, some high-latitude spots
(Strassmeier et al. 1993) or low-latitude spotted belts (Alekseev
& Gershberg 1996ab).

Fekel et al. (1986a,b) noted for the star very strong emis-
sions in chromospheric Call H and K lines, in the far ultravio-
let, and the completely filled H,, line. Vilhu et al. (1991) found
the variations of H, emission with a time scale of about year,
and fast (days) variability, not correlated with the stellar rota-
tion. At the same time, Strassmeier et al. (1993) showed the
presence of rotational modulation in the Call and H, chromo-
spheric line parameters. These facts indicate that the H,, chro-
mospheric emission may be formed as in the chromospheric
network, so in active regions above starspots (Strassmeier et al.
1993).

The aim of the present study is to understand active regions
on the LQ Hya surface. We have thus constructed starspots
models for LQ Hya on the basis of the total set of published
and original photometric observations. We also consider the
connection between starspots, chromospheric activity and mag-
netic regions.

2. Observations and results
2.1. Photometry

The photometric observations used the 1.25 m telescope
AZT-11 of the Crimean Astrophysical Observatory equipped
with the UBVRI double image chopping photometer-
polarimeter of Piirola (Piirola 1984, 1988; Kalmin 1995;
Kalmin & Shakhovskoy 1995). All LQ Hya measures were ob-
tained with respect to HD 82508 (G2III, V = 7758, U — B =
0m35, B—-V = 01, V-R = 0"9, V-1 = 1703,
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Fig.1. Light curves of LQ Hya in the V band. Our data are de-
noted as points, the T7 Vienna University automatic telescope ob-
servations (Strassmeier et al. 1997) denoted as open circles, and the
APT Phoenix observations denoted as diamonds.

Cutispoto 1991), hereafter cl; and HD 82477 (K2III, V =
6"13, U -B = 0M9, B-V = 1718, V - R = 0789,
V — 1 = 1752, Cutispoto 1991) was used as a check star c2.
All observations utilized Johnson U BVRI filters. The measure-
ment of each star consists of four 10-s integrations averaged in
each filter. A complete observation sequence consists of three
cl—var—c2—cl sets averaged to obtain one data point. The ob-
servations were corrected for atmospheric extinction and trans-
formed into the standard Johnson UBVRI system. The typical
accuracy of the photometry of program stars is 0701. The previ-
ous results of our LQ Hya photometric observations were pub-
lished in (Alekseev 1998, 1999, 2001; Alekseev & Gershberg
1996a).

LQ Hya was observed regularly during 1994, 1999 and
2001. During 1995 and 1996 there were a few measurements
only. Light curves of LQ Hya in the V band are shown in Fig. 1.
The data were phased with a photometric period computed by
Jetsu (1993):

JD =2445274.220+ 1.601135E. 1)

In 1994-1996 the star was observed by Strassmeier et al.
(1997). Their data are also given in Fig. 1.

In 1995 and 1996 the rotational modulation amplitude AV
decreased from 0708 to 0702 with the roughly constant mean
brightness level. In 1994 and 1999 the light curves had a
single-peaked shape approximated by a sine with amplitude
AV = 0709 and 0705, respectively. The light curve in 2001
had an irregular shape with the rotational modulation ampli-
tude 07 14. The mean stellar brightness varies slowly from year
to year with a magnitude of about 07'10. The location of the
light curve minimum remained stable during 1994-1999. The
color variations agree with the V band modulation, showing
the star is redder at light minimum. The results of our LQ Hya
photometric observations are given in Table 1.
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Fig. 2. Long-term light curve of LQ Hya in the V band. The vertical
bars indicate the peak-to-peak amplitude of the light curves, and the
solid line indicate the fit with two periods by Oléh et al. (2000).

The long-term light curve of LQ Hya was built first by Jetsu
(1993) and Strassmeier et al. (1993, 1997). We added our data
and extended the total time coverage to the year 2001 (Fig. 2).

From Fig. 2, we can see that the rotational modulation
amplitude AV varies from 0704 in 1990 to 0™19 in 1987. At
the same time, the mean brightness of the star changed rela-
tively weakly. The amplitude of its variations is equal to about
0710. Olah et al. (2000) showed that the photometric behaviour
of LQ Hya can be approximated with two periods of 11.4
and 6.75 years. Our observations agree very well with this re-
sult (Fig. 2). The star was in the brightest state in 1984 and
1991 with Vys = 7777 + 0701, which we assumed to be an
unspotted magnitude. The corresponding absolute brightness
is My = 6740.

We compared values of the stellar brightness in UBRI
Johnson bands with the V band ones. The data by Cutispoto
(1991, 1993, 1996, 1998a,b), Cutispoto et al. (2001) and
Strassmeier et al. (1993, 1997) in RI bands were reduced from
the Cousins system into the Johnson one using the dependences
found by Bessel (1979). From this comparison we can see
that the brightnesses in the UBRI bands depend linearly on
V band magnitude. Such dependences are typical for BY Dra
type variables. The corresponding linear regression coefficients
are: dU/dV = 1.29 + 0.15, dB/dV = 1.10 £ 0.11, dR/dV =
0.74+0.01 and d//dV = 0.67 £0.01. Taking into account these
values and the maximum brightness value V,,s = 777 + 0701
we can obtain the color indices of the LQ Hya unspotted pho-
tosphere: U — B = 0752 + 0"m01, B -V = (0790 + 0701,
V—-R =0"76x0701, V-1 = 1™32+0701. These color indices
are redder than the typical values for a normal KOV star. Thus
the absolute magnitude of the LQ Hya unspotted photosphere
and its color indices correspond rather to a K2V star.

2.2. Polarimetry

The simultaneous photometric and linear polarimetric UBVRI
observations were carried out in March 2001 on the 1.25 m
telescope AZT — 11. The measurement of a comparison star
or a check star consisted of eight 10-s integrations in each fil-
ter corresponding to the eight 1/2 polarizer positions. Each
measurement of LQ Hya was carried out in four series.
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Table 1. UBVRI photometric observations of LQ Hya.
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number
epoch of <V> AV U-B B-V V-R V-1 phase
nights
1994.3 5 7.84 0.09 0.59 0.88 0.78 1.33 0.60
1995-6 7 7.88 0.07  0.58 0.87 0.80 1.35 0.6
1999.2 6 7.94  0.05 0.59 0.88 0.82 1.38 0.57
2001.2 8 7.90 0.14 0.60 0.87 0.80 1.29 0.1
This technique allows us to obtain a typical accuracy on the oa L v g‘oof i
P, and P, Stokes parameter measurements of about 0.02% in ° . *
the U band and 0.01% in other bands and to confirm our pho- 7.9 x . i .
tometric accuracy. oo * \'\‘J

In Table 2 we list results of the UBVRI linear polarimetric
observations of LQ Hya. For each passband we give the av-
eraged Stokes parameters P, and P, with their deviations, the
results of the standard y? test (the reduced y2/(N — 1) values
with N —1 degrees of freedom), and the probability F',, that the
Stokes parameters are variable. The Fy, value should then pro-
vide an estimate of the significance of the observed variations.
Also we give the average of the most significant polarization
degree deviations from zero in each passband. These are val-
ues P of average polarization degree of 20~ greater than zero.
This definition of P correctly determines the degree of linear
polarization for stars with a large net P (Huovelin et al. 1988).

We can see from Table 2 that the star shows significant
linear polarization and variations of the Stokes parameters in
all passbands. The growth of the average polarization degree
from 7 band to U is clearly seen. The largest amplitudes of the
Stokes parameter variations are seen in the U band: 0.30% for
P, and 0.23% for P, respectively. In Fig. 3 the linear polariza-
tion degree and the position angle in U band are presented as a
function of the photometric phase. One can see that the phase
of the maximum polarization differs from the phase of the min-
imum brightness (i.e. maximum spot area) 0.25 of the rotation
period. This difference depends on the spot size and is typical
of magnetic spots (Huovelin & Saar 1991).

We can estimate a filling factor of the magnetic region using
any assumption about the broad-band linear polarization origin.
In this paper we shall consider the magnetic intensification ef-
fect only, because the contribution of the Thompson scattering
is negligible, and Rayleigh scattering is probably a significant
contributor in polarization only for stars with low gravity and
extended atmospheres (not dwarfs) (Huovelin & Saar 1991).
Saar & Huovelin (1993) showed that the maximum polariza-
tion degree is proportional to coefficient A which depends from
the spotarea S as

A(S) = -2.128 X 107* + 1.076S — 4.8125

+9.0585° - 6.265 %, 2)
where S is given in percent. Saar & Huovelin (1993) com-
puted expecting values of maximum polarization degrees in
UBVRI bands for the range of 4000 K < T.z < 6500 K
and 3.0 < log g < 4.5. Using these data, we can estimate
from Pg the value of the magnetic region filling factor. In our
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Fig. 3. Light curve of LQ Hya in the V band and polarization degree P
and position angle € in the U band as a function of photometric phase.
The continuous lines are the weighted 2nd order Fourier fits. The be-
ginning and the end of non-duplicated data marked by dashed lines.

estimations we assume that the local magnetic field strength is
about 2-3 kGs (as typical for KOV — K2V stars, Saar 1996).

In Fig. 4 the comparison of observed maximum polariza-
tion values P (points) in 2001 with the maximum possible po-
larization for magnetic intensification model (dashed line) in
UBVRI bands are shown. One can see thatin U and B bands the
maximum observed polarization degree P corresponds to the
maximum possible value, i.e. the magnetic region filling factor
is about § = 24% of the total stellar surface. This value agrees
with our estimations of starspot area in the same year (see be-
low). In the VRI bands the observed P values are greater than
the theoretical polarization ones. We can explain this result by
an additional source of polarization, for example, a circumstel-
lar disk remains (LQ Hya is a relatively young star having in-
frared excess).

2.3. Spectroscopy

The high resolution (R = 20000) spectroscopic observations
of LQ Hya were carried out on 13 nights from December 1998
to March 2001 with the 2.6 m Shain telescope of the Crimean
observatory, equipped with a Coudé spectrograph and a 1024 x
256 pixel CCD camera. All observations in the H, wavelength
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Table 2. Linear polarization of LQ Hya in 2001.
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band <P, > o Y /IN=-1) Fyu < P, > o Y’ /IN-1) Fyu <P> o Py
U -0.150 0.156 3.63 99 0.157  0.203 3.56 99 0.246  0.225 0.284 +0.093
B —-0.036  0.061 2.90 95 -0.126 0.078 3.05 98 0.148  0.065 0.164 +0.022
\Y -0.011 0.062 6.69 99 -0.091 0.074 5.37 99  0.132 0.072 0.116 +£0.022
R -0.026  0.026 242 92 -0.082 0.067 7.42 99  0.094 0.049 0.126+0.011
1 0.005  0.031 1.36 60 —0.082 0.045 3.35 99 0.093 0.035 0.090 +0.014
0.4
P, % 1.6
s
03+ |V :
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Fig. 4. Wavelength dependence of the polarization degree. Points show 0.8
observational estimations of the maximum polarization degree Ps,
and the dashed curve shows the expected theoretical dependence in
UBVRI bands.
0.6
. . . —-300 —-200 —-100 0 100 200 300
region were made in the second order of the spectrograph with
aresolution about 0.3 A and a useful wavelength range of 60 A.
All integrations had an exposure of about 20-30 min and a typ- Vo km/s

ical signal-to—noise relation of about 70—130. The images were
cleaned of cosmic particles and corrected by the flat field. The
obtained spectra were reduced with the help of numerical code
S PE by S. G. Sergeev. We used observations of a bright early-
type fast rotating star for the atmospheric water correction.

All obtained spectra are presented in Figs. 5a, b (thin lines).
They are superimposed on synthetic spectra (thick lines) calcu-
lated with the help of the SYNTH and ROTATE programs of
Piskunov (1992), and the VALD database of atomic spectral-
line parameters (Piskunov et al. 1995, 1999). The synthetic
spectrum was computed with the following model: T =
5000 K, log g = 4.0, Vsint = 25 kms™, Viiero = 0.5 kms™,
Vimacro = 1.5 kms™!. The same model was adopted by Rice
& Strassmeier (1998) for the Doppler Imaging. Residual pure
emission spectra (dashed lines) are also shown in Fig. 5.

In all spectra one can clearly see the absorption H, wings
and the emission core with a central reversal at the rest wave-
length. This central reversal is typical of active red dwarfs
and formed by the optically thick chromosphere. All spectra
show the H, line asymmetry: one emission peak (most of-
ten “blue”) is stronger than the other. The reasons for this
asymmetry discussed by Strassmeier et al. (1993) are a weak
chromospheric velocity field and a rotational modulation by
bright plages. On the one hand, one can see that for some

Fig.5. a) H, line profiles for LQ Hya in 1998-1999. The thin lines
show the observed spectra, the thick lines show the synthetic spectra,
and the dashed lines show the residual pure emission spectra.

spectra (17.02.99, 24.01.01 and 17.03.01) the “red” peak ap-
pears stronger than the “blue” one indicating the bright plage
presence. On the other hand, the width of emission line indi-
cates gas motion on the line of sight with typical velocities
up to 80 + 100 km s~!. Thus, these velocities are connected
with large-scale motions of gas in chromosphere. Some spec-
tra (9.12.99, 11.12.99) demonstrate blue asymmetry of the H,
emission profile. This asymmetry is seen as an extend emission
wing reaching the value —150 kms~!. Thus, we can see a com-
bination of stellar plages moving in and out of view and local
velocity fields.

In Table 3 we give the main characteristics of the H, line:
Julian Date HJD of the spectrum and the corresponding phase;
ratios Fiax/Feone Of the peak emission flux to the continuum
flux for real spectra and the same for the pure emission; the
distance between the “blue” and the “red” peaks Adpeak; the
F'rea/ Fowe ratio of the peak fluxes; the width of the pure emis-
sion profile FWHM and the equivalent width of the pure emis-
sion value.
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Fig. 5. b) H, line profiles for LQ Hya in 2001 year.

We may roughly estimate physical parameters for the lower
chromospheres of LQ Hya given by the model of Cram &
Mullan (1979) assumptions. It is a model of an optically thick
isothermal chromosphere. The optical depth of the isothermal
chromosphere is

In Tehrom = (Adpeak/2AAp)%, A3)

where AAp is the Doppler width. For the typical chromospheric
temperature Tehom = 10000 K this value is equal to about
0.28 A. Thus, the chromospheric optical depth may vary in ac-
tive regions from 6 to 200 depending on rotational phase. The
electron density may be estimated by:

ne = 1.67 X 10" (Finax / Feont)(B(Tet)/ B(Tehrom) oo~ (4)

For the Table 3 data, n. varies from 9.0 x 10! to 3.0 x
102 cm™. These values agree with those estimated by
Strassmeier et al. (1993). It is important to note that if n, ~
6 x 10" ¢cm™ the replacement of the collisional line formation
mechanism by the photoionization one must be done.

3. The starspots model simulations

To find the area and temperature of the spot region, we must
know the brightness of the unspotted photosphere and the rela-
tions between the Am values at different wavelengths which can
be estimated from the observations. In our calculations we use
the Vs value and the coefficients dB/dV, dR/dV and dI/dV.
We must also make some initial assumptions about the spotted
region configurations.
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Traditional algorithms lead to large near-pole circular spots
on all red dwarfs of any spectral type. This conclusion contra-
dicts the solar spots picture. On the other hand, Eaton et al.
(1996) showed that the aggregate of many (5-40) low-latitude
starspots can fit the photometric behaviour of any real spotted
star.

Alekseev & Gershberg (1996a,b, 1997) showed that the
spotted regions on cool stars can be represented by two spot-
ted belts located symmetrically about the equator. These belts
occupy regions with latitudes from ¢y to =(¢9 + A¢) and
have a spot coverage that varies linearly with longitude from 1
at the minimum brightness phase to some value fy,;, at the
maximum brightness phase, where 0 < fin < 1. Such a
zonal model can fit any light curve without the second humps.
The model was applied to several spotted red dwarfs with the
spectral classes from G2 to M4.5 and rotation velocities up
to 25 kms™! (Alekseev 2001; Alekseev & Gershberg 1997;
Alekseev & Kozlova 2000, 2001) and these results were in
qualitative agreement with the pattern of solar spots. It should
be noted that our algorithm did not impose any restriction on
definable spot latitudes with the exception of a natural limit
@0 + Agp < 90°, where it produces a polar spot. Thus the spot
latitudes are the definable variables depending on the dB/dV,
dR/dV and dI/dV coefficients (the value ¢y + A¢/2 increas-
ing with the dB/dV growth and anticorrelating with dR/dV and
dl/dV, Alekseev & Gershberg 1996b).

In our calculations we use two input variables. They are
the brightness rotational modulation amplitude AV, and the dif-
ference between the maximum stellar brightness in every sea-
son and the brightness of the unspotted photosphere AViax.
The five input parameters of the spot modelling are following:
the coefficients dB/dV, dR/dV and dI/dV, the inclination of
the stellar rotation axis ¢ and the stellar photosphere temper-
ature Tpnor. We calculate the radiation deficit at BVRI bands
creates by starspots by Dorren (1987). The limb-darkening co-
efficients were taken from van Hamme (1993).

To estimate the inclination angle ¢ = 70°, we use the values
of the rotation velocity V sint = 25+2 km s71, the stellar radius
R = 0.79 R, and the photometric period P, = 19601136 given
by Jetsu (1993). The photospheric temperature Tpho; = 5000 K
was estimated by using the calibration of Johnson (1966) from
the (V — R) and (V — I) color indices of the unspotted photo-
sphere. Strassmeier et al. (1993) and Rice & Strassmeier (1998)
obtain similar Tphe; values from the spectral classification and
the model of the photosphere. The starspots models for LQ Hya
are given in the Table 4.

According to this table, the photometric behaviour of
LQ Hya can be explained by a zonal model where the distance
from the spotted belts to the stellar equator is from ¢g = 24°
to ¢o = 34°. The spotted belt width A¢ varies from 9° to 25°.
Thus, the mean latitude of starspots is about 33—40°. The cov-
erage parameter fy, varies from 0.00 to 0.67, which yields a
total spotarea S max + S min Up to 22.5% of the total stellar sur-
face. The ratio of the brightnesses of the spots and the quiet
photosphere By varies from 0.31 to 0.37 corresponding to a
temperature difference AT of about 800 K.
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Table 3. Spectroscopic observations of LQ Hya in H, region.

L. Yu. Alekseev and O. V. Kozlova: Starspots and active regions on LOHya

HID Phase Fmax/Fcont Fmax/Fcnnl A/lpcak FWHM Frcd/Fbluc EW
original pure original  original original A
profile emission profile profile profile

51163.6404  0.276 1.08 1.46 0.98 1.28 0.97 0.75
51199.5183  0.684 1.18 1.59 0.86 1.68 0.99 1.09
51227.3891  0.091 1.06 1.42 0.83 1.25 1.01 0.72
512443119  0.660 1.15 1.55 0.74 1.42 0.99 0.91
51522.5996  0.466 1.10 1.50 1.08 1.40 0.98 1.05
51524.5956  0.713 1.29 1.64 0.92 1.78 0.97 1.59
51525.5932  0.336 1.12 1.48 1.29 1.54 0.97 0.98
51934.3916  0.654 1.07 1.45 1.19 1.47 1.03 0.82
51935.3931  0.279 1.09 1.49 0.92 1.47 1.00 0.83
51951.3827  0.266 1.18 1.57 1.12 1.58 0.99 1.15
51982.3210  0.589 1.25 1.62 0.92 1.54 0.92 1.18
51983.3711 0.244 1.09 1.45 1.12 1.47 0.95 0.82
51986.3844  0.126 1.11 1.48 1.06 1.30 1.07 0.78

3.1. Comparison with other models

Our values of the total spot area demonstrate very good agree-
ment with the starspot mapping results obtained by other meth-
ods such as light curve simulations (Strassmeier et al. 1993)
and Doppler Imaging (Strassmeier et al. 1993; Saar et al. 1992,
1994; Rice & Strassmeier 1998; Donati 1999; Berdyugina et al.
2001).

The results of the light curve simulations (Strassmeier et al.
1993) and Doppler Imaging (Strassmeier et al. 1993; Saar
et al. 1992, 1994; Rice & Strassmeier 1998; Donati 1999) give
the AT values of about 500—600 K and up to 700 K. Results
of Doppler Imaging by Berdyugina et al. (2001) and starspot
temperature estimated by the spectral observations of the TiO
molecular bands (Saar & Neft 1990) agree with our estimations
very well.

For the latitudinal distribution of the spotted regions we see
a good agreement with the results of Doppler Imaging show-
ing the existence of medium-latitude and low-latitude starspots.
But the same results show also near-polar spots, which are not
shown by our calculations.

We considered the following starspots models: the zonal
model, the model of three rectangular spots (Strassmeier et al.
1993), the model of a near — polar spot and the Doppler
Imaging. For each model we constructed synthetic light curves
in BVRI bands and obtained the difference between the maxi-
mum stellar brightness in every season and the unspotted pho-
tosphere brightness AVyax, the amplitude of rotational mod-
ulation AV, and the coefficients dB/dV, dR/dV, dI/dV. A
comparison between these parameters with the observational
ones is presented in Table 5 is only in electronic form at
http://www.edpsciences.org.

The zonal model shows a good representation of observa-
tions for all epochs.

The model of three rectangular near-equatorial spots
(Strassmeier et al. 1993) gives a good agreement with the ob-
servations in 1991 for AV,,.x and AV values, but for the coef-
ficients dB/dV and d//dV the agreement with observations is
significantly worse.

For the model of near-pole spot we see a good agreement
for AV and AV in all epochs excepting 1994.3 and 1999.2
when this agreement is slightly worse. In the epoch 1995.0
the AVx and AV parameters fit the observations not well. For
all epochs we do not see a good agreement with observations
for the coeflicients dB/dV, dR/dV and dI/dV.

The Doppler Imaging carried out by Berdyugina et al.
(2001) gives for all epoches the coefficients dB/dV, dR/dV
and d//dV close to the ones calculated with the zonal model.
The AVyx and AV parameters in the epoch 1994.0 are close to
our results too. In the epoch 1994.3 the AV ,.x and AV parame-
ters fitting is not very good, and in the epoch 1999.3 we do not
see any agreement in these parameters.

The Doppler Imaging carried out by Strassmeier et al.
(1993), Rice & Strassmeier (1998) and Donati (1999) do
not give a satisfactory agreement with the observations both
for AVpax and AV parameters and for dB/dV, dR/dV, dI/dV
coefficients.

Thus, the zonal model fits the photometric behaviour
of LQ Hya much the same as other starspots models. Doppler
Imaging needs quasisimultaneous photometric observations to
construct self-consistent starspots model.

4. The starspots — active regions connection

In previous papers (Alekseev & Kozlova 2000, 2001) we noted
that the active regions (plages) for the chromospherically active
binaries V 775 Her and VY Ari are concentrated near the most
spotted longitude. We present in Figs. 6a, b the light curves of
LQ Hya in 1999 and 2001 compared with the H,, line behaviour
as a function of rotational phase.

In 1999 the light curve minimum corresponding to the most
spotted longitude coincides with the maximum of the pure
emission equivalent width EW, the width of the pure emis-
sion profile FWHM and the relative pure emission intensity
Fiax/Feont- This effect indicates the presence of the chromo-
spherically active regions (plages) which concentrate at the
most spotted regions.
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Table 4. Starspots parameters of LQ Hya.
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epoch AV max AV 0 AP fuin By Smax Smin  reference
1983.00 0.014 0.075 33 12 000 037 7.6 2.5 1
1984.05 0.020 0.076 32 12 000 036 7.8 2.6 2
1984.07 0.000 0.119 32 16 0.00 035 104 3.5 1
198495 0.020 0.088 31 13 000 036 8.6 2.9 3
1985.10 0.034 0.055 31 10 020 037 7.1 3.6 3
1985.23 0.022 0.072 32 12 0.03 037 7.7 2.8 3
1987.12 0.078 0.120 25 20 023 033 137 7.1 4
1987.27 0.053 0.189 24 25 0.03 031 16.1 5.8 4
198795 0.083 0.066 27 15 041 035 110 7.2 5
1989.20 0.110 0.080 25 18 045 034 134 9.1 6
1990.03 0.065 0.075 28 15 030 035 106 6.1 4
1990.16 0.056 0.047 30 11 039 037 83 5.3 4
1990.2 0.05 0.04 30 10 041 037 7.1 4.6 7
1990.29 0.042 0.063 31 12 022 037 8.6 4.4 4
1990.87 0.011 0.099 32 15 0.00 036 9.8 33 4
199096 0.012 0.114 31 16 000 0.35 105 3.5 4
1991.10 0.010 0.090 32 13 0.00 0.35 8.4 2.8 8
1991.15 0.010 0.060 34 9 0.00 037 6.1 2.0 8
1991.3 0.04 008 30 14 015 036 95 4.3 9
1991.36 0.014 0.154 29 21 0.00 034 135 45 4
1991.83 0.056 0.085 28 15 022 035 106 5.5 4
1992.05 0.029 0.133 28 19 000 034 120 4.0 4
1992.18 0.034 0.125 28 18 0.02 034 11.8 4.1 4,10
199230 0.027 0.113 30 17 0.00 035 11.1 3.7 4
1993.0 0.03 0.10 30 16 0.03 035 102 37 11
1993.02  0.01 0.07 34 11 000 037 74 2.5 12
1994.0 0.01 0.12 31 17 0.00 035 109 3.6 11
1994.30  0.03 0.09 31 15 005 036 98 3.7 11, 13-16
1995.0 0.08 0.08 27 17 035 035 119 72 11
1996.0 0.08 0.02 30 10 072 037 82 7.0 11
1997.0 0.06 006 29 13 034 036 93 5.6 17
1999.2 0.15 0.05 24 17 067 033 137 112 this
2001.1 0.06 0.14 26 21 012 033 143 6.2 paper

1) Fekel et al. (1986a); 2) Eggen (1984); 3) Strassmeier & Hall (1988); 4) Jetsu (1993); 5) Cutispoto (1991); 6) Cutispoto (1993); 7) Cutispoto
(1996); 8) Strassmeier et al. (1993); 9) Cutispoto (1998a); 10) Cutispoto (1998b); 11) Strassmeier et al. (1997); 12) Cutispoto et al. (2001); 13)
Alekseev & Gershberg (1996a); 14) Alekseev (1998); 15) Alekseev (1999); 16) Alekseev (2001); 17) Strassmeier et al. (1999).

On the other hand, in 2001 such effect is absent. The vari-
ations of the H, parameters do not correlate with the spot area
and show the large scattering. This effect indicates the uniform
distribution of plages.

In Fig. 7, we present the dependence of the pure H, emis-
sion equivalent width on the stellar brightness and the depen-
dence of the H, luminosity on the total spotarea on LQ Hya
constructed on the basis of our observations and literature data
(Fekel et al. 1986a,b; Vilhu et al. 1991; Strassmeier et al. 1990,
1993; Montes et al. 1999; Thatcher & Robinson 1993).

The V band magnitudes in Fig. 7a were measured from the
unspotted photosphere brightness. The strong photometric vari-
ability does not lead to considerable variation in the H, pure
emission equivalent width (the EW value varies from 0.47 to
1.59 A). Figure 7b takes into account the variations of the con-
tinuum level in the 6563 A wavelength region. It demonstrates
the comparison of the chromospheric luminosity with the spot
area. The methods of the L., estimation from the equivalent
width EW value were described by Alekseev et al. (2001).
Based on the absolute magnitudes of LQ Hya in the Johnson

R band at the observed epoch Mg, we transformed the pure H,
emission equivalent width EW into absolute luminosity using
the well-known calibration of the Johnson (1966) R band:

L(H,) = 2.1 x 10°" " EW erg/s. (5)

The total radiative losses from the stellar chromosphere Ly,
can be estimated from the relation L., = L(H,)/kl where k is
the ratio of the H, line flux to to the total Balmer flux and [/
is the ratio of the Balmer emission to the total radiation losses.
According to Sundland et al. (1988), and Shakhovskaya (1974),
H, emits about 53% of the total chromospheric Balmer line
emission. Further, the contribution of the Balmer lines to the to-
tal radiative losses from the chromosphere depends on the spec-
tral type and ranges from 13% for the Sun to 77% for UV Cet
(Pettersen 1987). The [ value for LQ Hya is about 18%.

We can see from Fig. 7b, that the spotarea growth from 2 to
12% of the total surface corresponds to L, variations from
5.12 x 10% to 1.57 x 10% erg/s, which are not correlated
with the spot area. The bolometric luminosity deficit caused by
starspots varies from 1.02 x 103! to 5.78 x 10°! erg/s. Thus, the
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Fig.6. a) V band light curve of LQ Hya in 1999 year and H, line
behavior as a function of rotational phase. Diamonds show the H,
data in 1998 December—1999 March, and squares show the H, data in
1999 December.

chromosphere of LQ Hya radiates from 1 to 13% of the total
stellar luminosity blocked by the starspots.

5. Conclusions

In this paper we present quasi-simultaneous photometric, po-
larimetric and spectroscopic data of surface inhomogeneities
in the photosphere and the lower chromosphere of the
young rapidly rotating dwarf LQ Hya. This study showed
the following:

1. The photometric variability of LQ Hya can be described
completely by the zonal starspots model. According to this
model, the spot area of LQ Hya reaches up to 22% of the to-
tal stellar surface, and the temperature difference between
the unspotted photosphere and the spots is about 800 K.
These values agree with the results obtained by other au-
thors using multicolor photometry, spectroscopy of TiO
molecular bands and Doppler Imaging.

2. Starspots are localized on medium latitudes 24—48°. This
conclusion agrees with results of Doppler Imaging show-
ing the existence of medium latitude starspots, but does not
confirm an existence of near-polar starspots shown by the
same authors.

3. There is not a satisfactory agreement between the location
of starspot pattern by our calculations (24—48° with the cal-
culations of the flux tube rising in the assumption of both
overshoot dynamo (30-70°) (Schiissler et al. 1996; Granzer
et al. 2000) and distributed dynamo (near 50°) (Kitchatinov
et al. 2000). On the other hand, there is no agreement with
the fact that Doppler Imaging shows near-polar spots.

4. A comparison of our estimations of the mean starspot lat-
itudes < ¢ >= ¢ + A¢/2 with stellar photometric peri-
ods Ppypoc shows the growth of Ppyo with increasing < ¢ >.
This effect indicates the stellar differential rotation with pa-
rameter D; = 0.10 (for the solar rotation parameter D, is
equal 0.19).

5. For the first time the broad-band linear polarization on
LQ Hya was detected in all UBVRI bands. Its variability
is caused by rotational modulation due to magnetic regions
on the stellar surface with a filling factor of about 17-20%
of the total stellar surface. This value agrees with the dark
spot total area estimation obtained for the same year. This
filling factor value may be underestimated.

Fig. 6. b) V band light curve of LQ Hya in 2001 year and H,, behavior
as a function of rotational phase.
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Fig.7. a) The H, pure emission equivalent width as a function of the
stellar brightness. The symbols denotes data by different authors: 1:
Fekel et al. (1986a,b); 2) Strassmeier et al. (1993); 3) Vilhu et al.
(1991); 4) Montes et al. (1999); 5) Strassmeier et al. (1990); 6)
Thatcher & Robinson (1993); 7) this paper.

6. The quasi-simultaneous photometric and spectroscopic ob-
servations in 1999 show a presence of chromospherically
active regions (plages) which are concentrated near the
most spotted longitudes. On the other hand, in 2001 the H,
emission parameters do not correlate with the starspots, in-
dicating the uniformly longitudial distribution of plages or
the primary contribution of a chromospheric network to
the H, emission in this year. An analysis of the H, line
shapes shows a combination of moving stellar plages and
local velocity fields. Electron density estimations point to a
“mixed” H, line formation.

7. The estimation of plage area in the optically thick chromo-
sphere may be realized in the framework of a black-body
radiation model. For T¢prom = 10000 K the H, pure emis-
sion surface flux is about 3.4 x 107 ergc™' cm™2 A~'. The
H, chromospheric luminosity of LQ Hya in 1999 and 2001
varied from 6.6 x 10?8 to 1.3 x 10%. Thus, the plage area of
LQ Hya is about of 14% of the total surface, and is compa-
rable with the spotarea.

8. A comparison of the spot area with the long-term H,, vari-
ations does not show any correlation. The bolometric lu-
minosity deficit due to starspots is from 1.02 x 10°! to
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Fig. 7. b) The chromospheric emission on LQ Hya as a function of the
spot area.

5.78 x 103! erg/s. The stellar chromosphere radiates about
10% of the total energy blocked by starspots.
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