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Abstract. Gray and collaborators have recently demonstrated that line-depth ratios are a powerful tool for temperature discrim-
ination, able to resolve differences <10 K.

The method has been applied to detect temperature variations in the 5-15 K range due to activity cycles (e.g. Gray
et al. 1996a, 1996b) or to rotation modulation produced by large surface features, called “star-patches”, like that detected
in £ Boo A by Toner & Gray (1988).

Cool starspots of a few tenths of the stellar surface produce bumps in a line profile, which migrate through the line profile
allowing Doppler-imaging in fast rotating stars. In the hypothesis that in slowly-rotating stars the passage of dark spots pro-
duces modulation of the center line depth of different amount in lines of different sensitivity to temperature, we have made test
observations on three active binaries of the RS CVn type.

Based on observations made at the Catania Astrophysical Observatory at a resolution R = 14 000, we show that line-depth ratios
can be effectively used to determine spot temperatures of active binary systems.

Using, on average, ten line pairs, selected in the 6100-6300 A wavelength range, with the help of observations of 30 main
sequence and giant stars, we have derived a calibration relation of line-depth ratios (LDR) in an absolute temperature scale,
taking into account the gravity effect in the calibration relation.

Single LDRs converted to temperature through the calibration relations have led to clear rotational modulation of the average
surface temperature with amplitudes of 177 K, 119 K, and 127 K for VY Ari, IM Peg and HK Lac, with average estimated errors
of about 10 K.

We show that the observed temperature variation amplitude allows us to define a minimum fractional spotted area coverage as
a function of spot-photosphere temperature ratio.

Adopting the maximum value of average temperature, determined from the LDRs, as that of the unspotted photosphere, we
computed the average spot temperature corresponding to the minimum spot coverage. Although not univocally constrained,
the temperature difference (AT = Ty, — Tp) obtained for the three systems, AT =890K for VY Ari, AT =750K for IM Peg,

and AT = 810 K for HK Lac, are in good agreement with values derived with other methods.
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1. Introduction

Photometric variations attributed to starspots clearly depend on
a number of physical parameters, i.e. size, location, effective
temperature of the spots or spot groups. The numerous attempts
made to extract this information by modelling the photometric
light curve unavoidably meet with the non-uniqueness of the
solutions. While a certain spot configuration can reasonably re-
produce the photometric variations, it is not possible to invert
models to derive unique values for spot sizes, shapes and tem-
peratures. There is a fundamental trade-off between spot area
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* Based on observations collected at Catania Astrophysical
Observatory, Italy.

and spot temperature. Very precise data at least in two colors
are required to resolve this ambiguity. Unfortunately the most
used color index, the B — V, is not of great help because, as the
spot becomes darker its contribution to the color of the visible
stellar hemisphere decreases and the observed color variation
associated with the rotational modulation is always small. The
use of the V — R color is more effective for the contemporane-
ous determination of starspot temperature and area, as earlier
shown by Vogt (1981). The method determines the V — R color
difference between the star and spot, while the spot temperature
is derived through the (V — R)—T.g calibration.

The Doppler-imaging technique (e.g. Vogt et al. 1987;
Piskunov 1991) based on a series of high resolution spectral
line profiles allows us to produce an image of the stellar sur-
face with high degree of sophistication and accuracy (for recent
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developments see Rice & Strassmeier 2000). However, the tem-
perature scale remains model dependent, in the sense that with
a given set of stellar atmosphere models, the stellar image can
be considered as the distribution of effective temperature across
the stellar surface. The temperature scale of the image can be
fixed by simultaneous photometric observations.

Following the earlier suggestions that TiO bands at
8860 A could be used to measure starspot temperatures
(e.g. Vogt 1979; Ramsey & Nations 1980), Huenemoerder &
Ramsey (1987) attempted a quantitative study of the effect of
spots on the TiO bands to derive spot temperatures and surface
coverage. Recently Neff et al. (1995) and O’Neal et al. (1996)
obtained an evaluation of spot temperature with an estimated
error of £100-200 K and of the surface filling factor for a num-
ber of active stars using both bands of TiO at 7055 and 8860 A.
Although the method looks very effective for stars with spot
temperatures lower than 3500 K, it fails for stars with effective
temperature higher than 5000 K if the average temperature dif-
ference is Ter—Tsp < 1500 K, as generally observed. Moreover,
the method requires an independent determination of Teg.

In a series of recent works Gray and collaborators have
demonstrated that line-depth ratios are a powerful temperature
discriminant, capable of resolving differences <10 K, and have
determined 7. of several main sequence (Gray & Johanson
1991) and giant stars (Gray & Brown 2001). Although the ef-
fective temperature scale calibration can be set to few tens of a
degree, temperature differences can be measured with a preci-
sion less than one degree. Temperature variation in the 5-15 K
range over the rotational period and the activity cycle has been
reported for € Eri (Gray & Baliunas 1995), o Dra (Gray et al.
1992), as well as for the Sun along the 11-year cycle (Gray &
Livingston 1997).

Application of this method to the study of temperature vari-
ations associated with stellar surface features, as discussed by
Gray (1996), is particularly challenging because several physi-
cal variables interact simultaneously, each impressing their sig-
nature on the spectral lines. In particular, cool surface features
(spots) cause bumps in a line profile, which migrate through
the line profile allowing Doppler-imaging in fast rotating stars.
Since the size of the bump, to the first order, is determined by
the loss of continuum light at the Doppler position of the bump,
in a slowly rotating star we cannot see a clear Doppler shift
but can expect a slight rotational modulation of the central line
depth. For example, following Gray (1996), if the passage of
a dark spot at the central meridian produces a decrease of 10%
in the stellar disk light, then the bump would have a height
of 10% of the depth of the line. The line depth will be reduced
by about this quantity.

Let us now consider the line-depth ratios in a slowly ro-
tating star and select two lines, one insensitive and one very
sensitive to temperature. Due to the presence of a dark spot
that produces a decrease of 10% in the continuum, the depth
of both lines would be equally affected, and reduced by 10%
and their depth ratio would remain unchanged. But due to the
lower temperature in the spot, the line sensitive to the tem-
perature will change its intrinsic depth and consequently also
the depth ratio of the two lines will change. The amount of
depth ratio variation should depend on the sensitivity to the
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temperature variation of the specific lines considered, and the
fraction of surface covered by the spot.

On the basis of these considerations we have made some
test observations on rather active, slowly rotating RS CVn bi-
naries, namely VY Ari, IM Peg and HK Lac to investigate
the applicability of the method and its ability to determine the
spot temperature. The paper develops as follows: in Sect. 2
we present the observations and data reduction; in Sect. 3 the
temperature calibration of the line-depth ratios; in Sect. 4 the
results of temperature modulation of the active stars will be
discussed, and in Sect. 5 a method to determine the spot tem-
perature and the filling factor will be discussed.

2. Data analysis
2.1. Observations and reduction

Spectroscopic observations have been performed with the
REOSC échelle spectrograph at the 91-cm telescope of
Catania Astrophysical Observatory — M. G. Fracastoro station
(Serra La Nave, Mt. Etna). The spectrograph is fed by the tele-
scope through an optical fibre (UV — NIR, 200 um core diam-
eter) and is placed in a stable position in the room below the
dome level. Spectra were recorded on a CCD camera equipped
with a thinned back-illuminated SITe CCD of 1024 x 1024 pix-
els (size 24 x 24 um). The échelle crossed configuration yields
a resolution of about 14 000, as deduced from the FWHM of
the lines of the Th-Ar calibration lamp. The observations have
been made in the red region. The detector allows us to record
five orders in each frame, spanning from about 5860 to 6700 A.
In this spectral region there are several line pairs of low and
high excitation potential, whose depth ratios are suitable for
effective temperature determination.

The data reduction was performed by using the ECHELLE task
of IRAF' package following the standard steps: background
subtraction, division by a flat field spectrum given by a halogen
lamp, wavelength calibration using the emission lines of a Th-
Ar lamp, and normalization to the continuum through a polyno-
mial fit. Particular care was paid to the continuum level defini-
tion. The IRAF task continuuMm was used for such a purpose and
we chose a low-order (3rd—4th) Legendre polynomial to follow
the continuum behaviour in each spectral order that is the result
of the true spectral shape and of residual instrumental effects,
like the blazing curvature, spectrograph sensitivity, etc., that are
not fully removed by the reduction process.

The choice of a low-order polynomial guarantees a good
definition of the continuum level at least on a spatial scale of
a few tens of A, much more than the typical wavelength sepa-
ration of line pairs.

Observations were carried out from August 2000 to
January 2001, on three selected targets, i.e. VY Ari, HK Lac,
IM Peg, whose main parameters are reported in Table 1. The
main requirement for the selection was the known strong
spottedness and low vsini. The vsini of the targets is in

' IRAF is distributed by the National Optical Astronomy
Observatory, which is operated by the Association of the Universities
for Research in Astronomy, inc. (AURA) under cooperative agreement
with the National Science Foundation.
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Table 1. Main parameters of observed active stars. Table 2. Standard stars observed for the depth-Tq calibrations.
HD Name Sp. Type Vv vsini Prot HD Name Sp. T. Vv n B-V Ty
(mag) (kms™) (days) (mag)  (mas) (K)

209813 HK Lac KOIIT 6.52 15 24.4284 GIANTS
216489  IM Peg K2III-11 5.60 26 24.494 161239 84 Her G2IlIb  5.714 26.13  0.654 5732
17433 VY Ari  K3-4V-IV 6.9 6 16.1996 196755 k Del G2V 5.069 33.27 0.705 5583
161797 u Her G3IvV 3417 119.05 0.752 5451
188512 B Aql GS8IV 3.715 7295 0.855 5183
the 6-24 km s~! range, so if the spots or the spotted area is 23249 6 Eri KOIV 3527 11058 0922 5024
large enough to feel the rotation broadening effect the width of 62345  x Gem GSIlla  3.568 2273 0932 5001
the bumps caused by the spot visibility would be of the same 216131 uPeg GSIII 3488 2795 00934 4996
order as the width of a spectral resolution element. The slow 22796 12 Tau GOIII  5.565 814 0934 4996
rotation combined with the relatively low spectral resolution 28100 7 Tau G7llla  4.692 717 0982 4891
will ensure the non-detection of the Doppler shift of the bump 197989 € Cyg KOII 2467 4526 1.034 4783
along the spectral lines due to the spot rotation. 74442 §Cne KOIIb  3.937 2397 1.082 4687
In addition to the active stars, a number of giant and 12929 o Ari K2 2.009 4948 1.153 4552
main sequence stars of spectral type in the range G2III-MOIII 54719 7 Gem KO 4407 1081 1261 4350
and F§V-K7V, respectlve!y, have been .observed to establish the 43232 yMon KIS 3.972 506 1320 4239
temperature scale. of the lme—.depth. ratios. . . 49161 17 Mon KAl 4.758 673 1394 4096
The average signal-to-noise ratio (S /N) at continuum in the 69267 B Cnc KAIT 3532 1123 1481 3923
spectral region of interest was 200—500 for the calibration stars 29139 o Tau K5I 0868 5009 1537 3813
and about 100150 for the active stars. 60522 wvGem MOIIb 4058 13.57 1539 3809
DWARFS
2.2. Calibration stars and temperature scale 187691 54 Aql F8V  5.116 51.57 0.552 6045
. L. . . 22484 10 Tau  FI9IV-V 4290 72.89 0.574 5976
To convert tbe 'depth ratio variation of our active stars into tem- 157214 72 Her GOV 5394 6948 0619 5837
perature Va'rlatlon we nejed to define a temperature scale for the 186408 16CygA G1.SVb 5960 4625 0.645 5758
rr}easured 11ne-d.epth ratios. We have .then observed a number of 217014  S1Peg  G25IV 5463 6510 0665 5699
single stars of different spectral type in the range from F8 to MO 20630 1 Cet GSV 4836 10918 0679 5658
and luminosity class from V to III. Main criteria for the selec- 10700 7 Cet GSV 3496 27417 0727 5520
tion were: (i) a low rotation velocity, (ii) a reasonably good 3651 54 Psc KOV 5879 9003 0849 5197
garaﬂax Yal}le(,j (iii) zccurate B - Vv C(l)lorfindex. Since the line- 22049 ¢ Eri KOV 3996 31095 0882 5117
ept. .ratu.) 1s dependent on gravity a. so for some temperature- 16160 HR 753 K3V 5821 13872 0972 4912
sensitive lines, we have observed main sequence and giant stars

to correct the gravity effect and eventua?lly set sepagrate tem- 20109161 CyeA K5V 5.224 28713 1169 4522
201092 61 CygB K7V 6.046 28542 1.360 4162

perature scales to be used for active main sequence and giant
stars. The calibration stars are listed in Table 2 together with
their spectral type, V magnitude, parallax, B — V and effective
temperature. Spectral types are from the Bright Star Catalogue
(Hoffleit & Warren 1991), visual magnitudes V and B—V color
indices are from the Geneva Web database (Mermilliod et al.
1997) and the parallaxes are from the Hipparcos Catalogue
(ESA 1997).

Since effective temperatures are available for very few of
our calibration stars, we used color indices B — V to set the
effective temperature of each calibration star. Although inter-
stellar reddening is not expected to be large, since all the stars
in Table 2, with few exceptions, are closer than 100 pc, we ap-
plied an isotropic extinction correction to obtain the (B — V).
We used Ay = 0.8 mag kpc™! and a ratio of total to selective ex-
tinction of 3.3 as suggested by Henry et al. (2000). Conversion
of (B — V) to effective temperature has been made through the
empirical relation proposed by Gray (1992):

log Ter = 3.988 — 0.881(B— V) +2.142(B - V);
-3.614(B- V), +3.2637(B- V)

~1.4727(B - V) + 0.2600(B — V)5. (1)

This relation is quite accurate for (B—V)y < 1.5, i.e. within the
color range of our calibration stars.

The metallicity effects can alter the B — V indices. Gray
(1994) has investigated the influence of metallicity on color
indices, finding an empirical relation between B — V and
[Fe/H]. The B — V color index is only very slightly depen-
dent on [Fe/H], its maximum variation being of about 07015.
According to the calibration relation given in Eq. (1), the cor-
responding temperature change is about 20-30K. Given the
uncertainties in the B — V values and in the setting of the tem-
perature scale, such effects appears to be statistically not sig-
nificant in our LDR-temperature calibrations.

2.3. Line identification in the 6100-6300 A range

Within the spectral range covered by our échelle frames,
5870-6700 A, there are several pairs of lines suitable for
temperature determination, the more frequently used being in
the spectral region around 6200 A (Gray & Johanson 1991;
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Fig. 1. Sample of standard star spectra in the region around 6250 A.

Gray & Brown 2001; Hatzes et al. 1998) and 6400 A
(Strassmeier & Fekel 1990; Strassmeier & Schordan 2000).
We preferred to use lines in the 6100-6200 A range because
we were able to select a larger number of unblended pairs with
separation smaller than 5 A thus avoiding problems of different
setting of the continuum, and less contamination from telluric
lines that at our resolution is difficult to remove properly.

Figure 1 displays a portion of the 6200 A region for a se-
ries of spectra of giant stars representative of spectral type
from KOIII to K4III. From this figure the strengthening of Fer1
and V1 lines with decreasing temperature is evident, while
the 16247 Feu shows the opposite behaviour. Furthermore,
the growth of low-excitation lines (like those of V1) is faster
than that of iron lines. Altogether we identify 15 spectral lines
forming 10 pairs suitable for line-depth ratios. These lines
were identified through the solar spectral atlas (Moore et al.
1966), choosing the unblended lines. The only exception is
the 16243 V1 line that is indeed composed of two very close
V1 lines of comparable intensities and with the same temper-
ature dependence that appear as a single line at our resolu-
tion. Line identification and excitation potential, y, taken from
Moore et al. (1966) and Bashkin & Stoner (1975) are listed in
Table 3.

2.4. Measurement of line depth

The lines for each ratio are chosen to be close together in order
to minimize errors in choosing the continuum. The lowest five
points in the core of each measured line were fitted with a cubic
spline and the minimum of this cubic polynomial was taken as
the line depth. Writing the line depth d as

d= Se=Sv _ 1— &’ )

S S

where S, and Sy, are the signals in ADU (Analog to Digital
Units) or in photons of continuum and bottom of the line, re-
spectively, the fractional error on d can be expressed as

—t 3)
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Table 3. Spectral lines used for LDR.

A Element X

A) (V)
6199.19 Vi 0.29
6200.32 Fer 2.61
6210.67 Scr 0.00
6215.15 Fer 4.19
6215.22 Tir 2.69
6216.36 Vi 0.28
6243.11 Vi 0.30
6246.33 Fer 3.60
6247.56 Fen 3.89
6251.83 VI 0.29
6252.57 Fer 2.40
6265.14 Fer 2.18
6266.33 VI 0.28
6268.87 Vi 0.30
6270.23 Fer 2.86
6274.66 Vi 0.27
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Fig.2. An example of LDR as a function of effective temperature.

Different symbols refer to different luminosity classes. The solid line

is the polynomial fit to evolved star LDR; the dashed line represents

the fit to main sequence LDR.

This relation has been used to evaluate observational errors on
line-depth ratios.

3. The temperature line-depth ratio calibration

Using the measured depths we are now able to construct tem-
perature line-depth ratio (LDR) calibration for the different line
pairs. We select the 16269 V -16270 Fe1 to illustrate the anal-
ysis. The other nine pairs are treated in a similar way. The plot
of the observed LDR (Fig. 2) versus effective temperature dis-
plays two separate dependences: the main-sequence star depen-
dence (squares) and the evolved star dependence, sub-giants
(circles) and giants (triangles). For this line pair a significant
gravity effect on the LDR is apparent.

In principle we need to determine the temperature variation
of active giants as well as main-sequence active stars, so we
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Fig.3. Residuals of LDRs with respect to the polynomial fit
to MS data of Fig. 2 plotted as a function of the gravity indica-
tor AMy (dots). The continuous line represents a linear fit to the data.

need to set appropriate temperature scales. To use all the obser-
vations we have in hand, we proceeded in the following way:
(i) first we defined separated temperature scales by doing low-
order polynomial fits through main sequence and giant stars,
(i1) then we determined the difference of the observed LDR
with respect to the fits. Defining as gravity index the absolute
magnitude difference AMy with respect to the ZAMS magni-
tude for the star’s temperature we plot in Fig. 3 the LDR differ-
ence with respect to the giant fit, ARatiogya, and in Fig. 4 the
LDR difference for the MS fit, ARatioys, as a function of AMy.
In both cases a clear correlation is apparent. We have fitted this
dependence with a linear regression function (continuous line
in Figs. 3 and 4). The absolute-magnitude corrected line-depth
ratio for main sequence and giant are then

LDRys,c = LDR — (ams,g + bms,gAMy) 4)

with b and a the slope and the intercept of regression line of
ARatio on AMvy—magnitude correlation lines. With few excep-
tions, the scatter of the points around the correlation line is con-
sistent with the error of line-depth ratio determination, thus giv-
ing confidence in the correction procedure and in the adoption
of AMy as the gravity index.

Plots of the temperature calibration as a function of cor-
rected LDRs are displayed in Figs. 5 and 6. Data points for stars
of different luminosity class mix very well, leading to well-
defined unique correlations, alternatively applicable to MS and
Giant stars. The spread around the polynomial fits (continuous
lines in the figures) is greatly reduced and is consistent with
the uncertainties and errors in the temperature and LDR deter-
mination. The rms of the fits in this case are of 89 K and 73 K
for MS and Giant-stars calibrations, respectively. This values
are comparable with the uncertainty on the setting of the tem-
perature scale (see e.g. Gray 1992). Similar values are found
for most of the LDRs.

New low-order polynomial fits were placed through the
plots of temperature versus LDRs to obtain separate tem-
perature calibrations for MS and giant stars. Final fits of
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Fig. 4. Residuals of LDRs with respect to the polynomial fit to Giant-
stars data of Fig. 2 plotted as a function of the gravity indica-
tor AMy (dots). The continuous line represents a linear fit to the data.
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Fig. 5. Effective temperature as a function of corrected LDR for MS
stars. The solid line represents a polynomial fit to all data. The dotted
line is the polynomial fit to LDR data corrected for Giant-star calibra-
tion (solid line in Fig. 6).

temperature versus LDR for the other line pairs are illus-
trated in Fig. 7. Some of the line pair ratios display a clear
gravity effect like the 46211 ScrA16215 Fer+Tit or the
16275 V116270 Fe1, that becomes very strong for the two
ratios 16243 V 1-16247 Fe 1 and 16246 Fe 1-16247 Fe n. Other
ratios, like the 16252 V1-16253 Fe1 or 16266 V 1-16265 Fe1,
do show a very marginal gravity effect. In all cases we have
made separate temperature calibrations.

For the two LDRs involving the 16247 Fe line, the grav-
ity dependence is so high that the correction method described
above could not be applied to derive average relations for the
MS stars and for Giant stars, using all standard stars.

In order to measure the temperature sensitivity of each line-
depth ratio we have calculated the slopes of the polynomial fits
% at temperatures of 4500 K, 5000 K and 5500 K (typical of
most of active RS CVn binaries), for a 0.01 variation in LDR,
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Table 4. Temperature sensitivity of LDRs.

Table 5. Average surface temperature of VY Ari.

HID ¢ < Te >
(+2451 000) (K)

856.4761 0.029 4799 £ 16
857.4544 0.090 4767 £9
859.4971 0.216 4760 + 13
860.4516 0.275 4798 £5
861.4502 0.336 4822 +6
862.4862 0.400 4821 £ 13
863.5280 0.465 4850 +4
864.5596 0.528 4895 +4
865.4910 0.586 4916 £21
866.5074 0.649 4899 +7
867.5400 0.712 4850 £ 12
913.3357 0.539 4855 +8
915.3436 0.663 4909 +2
916.3325 0.724 4888 +9
917.4153 0.791 4881 +4

the means those LDR values that are outside the 30- box around

the mean value.

Lines pair AT for Ar=0.01 AT for Ar=0.01
4500 K 5000 K 5500 K 4500 K 5000 K 5500 K
DWARFS GIANTS

6199/6200 10.4 114 141|117 13.0 15.3
6211/6215 10.5 12.4 -1104 12.3 -
6216/6215 18.4 153 202|188 15.6 20.5
6243/6246 9.1 11.1 1431 99 12.1 15.7
6243/6247 - 1.2 91.8| 20 5.4 6.0
6246/6247 - 13 8717| 72 20.1 11.8
6252/6253 22.1 235 2501219 232 247
6266/6265 17.1 18.1 19.1 | 16.2 16.5 16.8
6269/6270 5.8 7.6 11.0| 6.0 8.2 12.8
6275/6270 8.5 9.7 114 | 8.6 9.9 11.8

which represents the typical uncertainty for the LDR determi-
nation in well exposed spectra. From single LDR-dependence
we derived typical sensitivities of 10-20 K, and in some case
even smaller, for a 0.01 variation in r (see Table 4).

4. Line depth ratio and temperature variation
of the active stars

Line-depth ratios variations are analysed separately for each
active star considered. Since we have 10 different pairs of lines
we have first analysed each ratio as a function of the rotational
phase for the three stars and then we have transformed the
LDRs in temperature. Some line pairs could not be used for
our active star due to the non-negligible vsini of the targets
that causes blending of the lines that are too close in wave-
length. Temperature values from all pairs for each spectrum
were finally combined to yield an average temperature value,
thus reducing the temperature errors. We have excluded from

Temperature variation curves have been obtained for each
active star by folding in phase individual < T.¢ > data, analo-
gously to what is performed with photometric measurements.

As can be seen from Tables 5-7, our < T.g > measure-
ments span a time range of 4-5 stellar rotations, but it has been
shown that the big spots observed in very active stars have
typical lifetimes of several rotations. For a set of four spot-
ted RS CVn stars, Henry et al. (1995) observed individual spot
lifetimes between 0.5 years and over 6 years. Spot lifetimes in
the same range were also found for other RS CVn stars, in-
cluding VY Ari, IM Peg and HK Lac (Strassmeier & Bopp
1992; Strassmeier et al. 1994; Olah et al. 1997; Strassmeier
et al. 1997; Frasca et al. 1998).

4.1. VY Ari

Due to blends induced by the rotational broadening and by
the crowding related to the spectral type of the visible compo-
nent of VY Ari (K3-4 V-IV) only seven combinations of LDRs
could be used for the temperature variation study. The useful
measured line-depth ratios of VY Ari are plotted in Fig. 8 as
a function of the rotational phase, computed from the follow-
ing ephemeris

HID,) = 24 51856.0 + 1611996 x E, 5)

where the rotational period is taken from Strassmeier et al.
(1997) and the epoch of zero phase corresponds to the first ob-
serving date (November 7th, 2000) at noon.

All LDRs show a clear modulation with the rotational phase
with a maximum around 0%2 and a minimum around 0%6.
The latter value, for all the LDRs, corresponds to the maxi-
mum temperature value as displayed on the right side scale.
The amplitude variation of the LDRs ranges from 16% for the
16252 V 1-16253 Fe1ratio to 46% for the 16266 V 1-16265 Fe1
ratio which appears to be the more sensitive to the temperature.
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These variations are well above (3-5 times) the average errors,
which are determined according to error propagation rule as:

(5] ()

where d; and d, are the line depths and o, and o, are the
corresponding absolute errors as fixed by the S/N ratio for the
measured continuum and central line flux.

Temperature values derived from the LDR-T.g calibration
from each pair are plotted in Fig. 9 using different symbols.

The temperature variation derived from all the LDRs dis-
plays a common behaviour, with a spread consistent with error
estimate. Apart from the very similar shape, the temperature
curves derived from different LDRs display a small offset one
with respect to the other. Since we are mainly interested in the

O'd]
d

O'dz

& (6)

temperature variation, not in its absolute value, we have evalu-
ated the average T from all curves and have shifted each T
curve of the offset needed to make its average level equal to
the average from all curves. These temperature offsets are in
the range 20-50 K and may be due to some residual gravity
dependence that has not been completely accounted for by the
correction procedure or to the influence of some other physical
parameter that has a minor effect on the LDR. This scaling pro-
cedure, applied to several LDRs, can statistically compensate
for such effects and, also in the present case with only 6 or 7
useful LDRs, will give also a good evaluation of the absolute
temperature scale that, however, has its intrinsic setting uncer-
tainty of a few tens of Kelvin degrees (see e.g. Gray 1992).

We have then derived an average temperature variation by
making a weighted mean of the values obtained from each
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Fig. 8. LDRs of VY Ari versus rotational phase as computed according
to Eq. (5). The temperature scale for each ratio is displayed on the right
side of the boxes.

spectrum. The weighted mean has been given by:
< Teﬁ‘ > = n—’ (7)

and the corresponding error has been computed as:

- 2 wilTi— < Tem >)?
<Te> — (I’l — 1) Z?ZI w; s

@)

where T; = T(r;) is the effective temperature obtained from
the ith line-depth ratio, and w; = 1 /O'ZT_ is the corresponding
statistical weight. ’

The final temperature variation ranges from 4739 K
to 4916 K, i.e. with a A < T.g > = 177 K. As can be seen
in Table 5, o<r,,> errors are typically of a few Kelvin degree.

4.2. IM Peg

For IM Peg we were also able to use seven LDRs, but
with some differences, as displayed in Fig. 10, where single
LDR values are plotted as function of the rotational phase.
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ferent ratios. The average effective temperature < T > as a function
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Phases are reckoned from the ephemeris given by Strassmeier
et al. (1997)

HID4_ = 24 43734.0 + 249494 x E. 9)
In this case the amplitude of the LDR variation is smaller and
the average behaviour is more noisy and not well defined.

IM Peg actually represents a proper test case for the appli-
cation and reliability of the method. Its rotational broadening
(26.5 kms™!) is a bit larger than our spectral resolution so that
the Doppler shifts of the bumps produced by the spots could be
partially resolved in our spectra, and for sure are responsible for
the larger noise. As a matter of fact, Berdyugina et al. (2000)
from high resolution spectra (R = 30000-80000) were able
to obtain surface images with the Doppler-imaging technique.

Notwithstanding this limitation a maximum LDR variation
of 37% is obtained for the 16275 V 1-16270 Fe1 ratio.

However, all the LDRs converted to temperature and com-
bined in a single temperature curve, as displayed in Fig. 11,
lead to a fairly well-defined temperature variation as a func-
tion of the rotational phase. The average curve obtained from
the weighted mean (lower panel in Fig. 11) appears still well
defined. The temperature maximum, with a value of 4666 K,
occurs around phase 0°5. The full amplitude variation is
A < Teg > = 119K, corresponding to a 3% of the determined
average temperature value.
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Fig. 10. LDRs of IM Peg versus rotational phase as computed accord-
ing to Eq. (9). The temperature scale for each ratio is displayed on the
right side of the boxes.

4.3. HK Lac

For HK Lac we were able to use six LDRs, as displayed in
Fig. 12 where single values are plotted as a function of the
rotational phase computed from the ephemeris

HIDyo = 24 40017.17 + 2494284 x E, (10)

which is the orbital ephemeris already given by Gorza & Heard
(1971) with the initial epoch given by Strassmeier et al. (1993)
corresponding to inferior conjunction (more massive star closer
to the observer).

All the ratios exhibit a well-defined parallel behaviour;
even single values have slightly larger errors due to the aver-
age lower S /N ratio of the observations.

The largest amplitude variation is displayed by the Vi—Fe i
at 6243 A and 6247 A, with a full variation of 40%. The cor-
responding temperature range is very similar for all the LDRs,
as displayed in Fig. 13 (upper panel) where the temperature
values deduced according to the above calibrations are plotted.
The spread of the points is consistent with the estimated errors,
and the mean curve resulting from weighted average has a well
defined variation. The temperature maximum of 4765 K seems
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Table 6. Average surface temperature of IM Peg.

HID ¢ < Tef >
(+2451000) (K)

798.4555 0.242 4615 +8
800.4203 0.322 4608 +4
801.4724 0.365 4666 +7
829.4298 0.507 4654 £ 18
830.3874 0.546 4645 £ 19
831.3436 0.585 4622 + 13
833.3725 0.668 4589 +6
835.3963 0.750 4569 +9
856.3316 0.605 4621 £ 11
859.3944 0.730 4585+ 10
860.2836 0.766 4606 +9
861.2989 0.808 4593 £5
862.3525 0.851 4578 £25
863.3614 0.892 4547 +6
865.3533 0.973 4613 + 14
913.2565 0.929 4582 + 14
915.2733 0.011 4574 +7
917.3364 0.096 4585+ 12

Table 7. Average surface temperature of HK Lac.

HID ¢ < Tof >
(+2451 000) (K)

798.4325 0.277 4686 + 3
800.4422 0.360 4716 £ 15
801.4907 0.402 4698 + 52
830.3564 0.584 4765 +£8
831.3613 0.625 4720 £ 12
833.3913 0.708 4734 £ 12
835.4153 0.791 4709 +3
836.4205 0.832 4689 + 12
856.3085 0.646 4741 £33
858.2968 0.728 4708 £ 15
860.2632 0.808 4724 £ 19
861.2775 0.850 4702 £ 17
862.3297 0.893 4660 + 6
863.3362 0.934 4682 +8
865.3329 0.016 4640 + 14
913.2360 0.977 4651 + 11
915.2508 0.059 4656 +2
916.2584 0.101 4641 +7
917.3159 0.144 4638 + 31

to occur around phase 0°6. The temperature variation we get is
127 K, corresponding to ~3% of the average value.

5. Discussion

Only a few active stars investigated until now have shown clear
rotational modulation of line-depth ratios (e.g. o Dra, Gray
et al. 1992; £Boo A, Toner & Gray 1988). However all these
studies have been devoted to young main-sequence stars with
an activity degree detectably lower than RS CVn and BY Dra
binaries and, consequently, with a temperature variation of only
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Fig. 11. Temperature curves of IM Peg obtained from the LDRs in
Fig. 10 (upper panel). Different symbols have been used for the differ-
ent ratios. The average effective temperature < Tr > as a function of
rotational phase is displayed in the lower panel.

a few degrees or a bit more. Conversely, many more cases of
long-term variation of average temperature have been found
and have been attributed to stellar activity cycles similar to the
11-year solar one (e.g. Gray et al. 1996a, 1996b). These detec-
tions have been possible thanks to the large number of spectra
collected in each season and averaged together with a great im-
provement of the S/N ratio.

Since the temperature curves we obtained are T averaged
over the visible hemisphere, it is not possible to deduce directly
the value of the spot temperature because the effect of the fill-
ing factor influences also this diagnostic. The dependence of
average temperature on the spot relative area is different that of
light curves. We can express the hemisphere-averaged temper-
ature as

_ Lisk FTdA _ A FspTsp + (1 — AreI)thTph
Jus FA AretFsp + (1 = Aret) Fpn

where A is the projected area of the spot (or spots) relative
to the stellar disk, T, and Ty are the temperatures of spot and
quiet photosphere, respectively, and Fg, and Fpy, are the fluxes
emitted per unit area by the spot and the photosphere at the
continuum of observation wavelength, respectively.

Equation (11) can be also written as

T

, (1)

T, + T
n= (12)
where y = A Lo

]_Arel th :
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ing to Eq. (10). The temperature scale for each ratio is displayed on
the right side of the boxes.

If the spot is very cool, its contribution to the mean temper-

. .. . F .
ature is negligible because the flux ratio 7= goes very rapidly
p

to zero (much faster than ;—;:) with the decrease of T,. Then
v tends to zero and the average temperature tends to equal the
photospheric one, so that a very large spot area would be re-
quired to account for the observed temperature variation.

In the opposite case, when ;—;: approaches unity, the aver-
age temperature 7', is not appreciably changed by the passage
of spots over the visible hemisphere. Again, very large spots are
needed to reproduce the observed T, variation. Then, there is
a limited range for physically reliable solutions. In particular,
given an observed variation amplitude AT.g, there is a mini-
mum spot area that can reproduce the observations.

As a first approximation we can estimate this minimum
spotted area assuming that it is concentrated in only one
hemisphere, and its passage causes the observed temperature
decrease AT.g. The maximum temperature value is assumed as
the effective unspotted temperature (7py,) of the star.
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Fig. 13. Temperature curves of HK Lac obtained from the LDRs in
Fig. 12 (upper panel). Different symbols have been used for the differ-
ent ratios. The average effective temperature < T > as a function of
rotational phase is displayed in the lower panel.

Starting from relation 12, we have numerically searched in
Ty . ..

the =2—A,, plane the solution for the minimum A, value com-
Ton

patible with the observed AT, for each program star. The flux

ratlo has been evaluated as the ratio of the Planck functions
AT,
at the average wavelength of observations, BlTw)
B(4,Tpn)

We have no information on the maximum magnitude at the
time of observation with respect to the unspotted magnitude
of our program stars, however, we would like to remark that
the maximum values of temperature we determined for all the
three active stars are in very good agreement with the effective
temperature reported in the literature. This proves the power of
LDRs as temperature indicators as already pointed out by pre-
vious works (Gray 1989; Gray & Johanson 1991). The largest
uncertainty in this task, as stressed by Gray (1989), is given by
the setting of the absolute scale of temperature for a set of stan-
dard stars, while it is differentially possible to put in a growing
temperature order each observed star with a precision of about
10 K, which amounts to about one hundredth of spectral sub-
class or 0.004 mag on B — V color index (Gray 1989; Gray &
Johanson 1991).

Figure 14 displays the solutions in the plane 7o —Ara for
VY Ari with Tpp = 4916 K and AT = 177 K. The plot shows
the parabolic shape of the family of solutions, which has a min-
imum fractional area 41% of the projected disk (corresponding
to a radius of 40° for a single circular spot passing at the disk
center) for a temperature ratio of 0.82. This constitutes a lower
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limit for the spot filling factor, and an average temperature for
the spotted area T, = 4030 K.

The solutions in the plane ;—:]—Arel for IM Peg are shown
in Fig. 15. A lower limit for the projected fractional area A
of ~32% (corresponding to a radius of 34° for a single circular
spot passing at the disk center) is found for a temperature ratio
of about 0.84. Given a maximum temperature 7T, = 4666 K,
we obtain a spot temperature Tsp =3920 K.

The solutions in the plane Tw =~ —A, for HK Lac are shown
P

in Fig. 16. The minimum projected fractional area 34%
(corresponding to a radius of 35° for a single circular spot
passing at the disk center) is obtained for a temperature ratio
of about 0.83. The assumed temperature maximum is Tpp =
4765 K, and the corresponding spot temperature is T, =
3955 K.
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If the maximum temperature does not really represent the
unspotted photospheric temperature, we would be underesti-
mating the spots area at each fixed ;—’: In any case, we are
considering the area of unevenly distributed spots, i.e. those
giving rise to the observed modulation. We cannot argue, on
the basis of only one temperature maximum value, the pres-
ence of a contribution from additional evenly distributed spot
groups, like for example an equatorial spot belt or a large polar
spot, because we would have information about the “unspotted
temperature”; likewise the unspotted magnitude is needed for
photometric analysis. The effect of such structures on average
temperature is only to lower the presumed unspotted tempera-
ture by a few tens of degrees, but its influence over the solutions
is very limited, because the observed relative variations ATT: are
only of a few percent.

6. Conclusion

The line-depth ratio method has proved to be very effective in
detecting low variations of the disk-averaged temperature in
active stars. The simultaneous use of many line pairs remark-
ably enhances the precision of the temperature measurements.
Though the precision of the absolute value of temperature is
limited by the accuracy with which the temperature scale itself
can be established, i.e. ~100 K (e.g. Gray 1992), the resolution
in temperature is much higher, with errors in the 5-15 K range.
A well-defined rotational modulation of the average tem-
perature, with amplitudes ranging from 119 K to 177 K, has
been detected in all three systems studied in the present work.
Though an accurate modelling of the temperature curves
could give information on spot distribution, in the present work
we have performed a simple analysis of these curves, based es-
sentially on their variation amplitude interpreted in terms of
a dark spot crossing the star disk during its rotation. We have
derived the possible solutions for such a spot in the parame-
ters space ;—;‘; — Ay (fractional temperature, fractional area).
The possible solutions define a parabolic-shaped locus in the

S. Catalano et al.: Measuring starspot temperature from line depth ratio. I.

plane ;—;‘; — Ayel, providing a lower limit for the fractional area
of the starspot (or starspots). The lower limits we found indi-
cate large spot coverage in all stars, with relative areas of 41%,
32% and 34% of star disk for VY Ari, IM Peg, and HK Lac,
respectively. The filling factors, in units of star surface, are of
11.7%, 8.5%, and 9.0%, respectively. The temperature differ-
ence between spot and photosphere corresponding to these fill-
ing factors is AT ~ 890 K for VY Ari, AT ~ 750 K for IM Peg,
and AT ~ 810 K for HK Lac.

Values of AT, obtained by means of light and color curve
analysis, comparable with ours have been found by previous
investigations into these systems.

For instance, Eaton & Poe (1986) found AT ~ 760 K for
VY Ari from a spot modelling applied to their BVRI, while
Strassmeier & Bopp (1992) found AT =~ 1200 K from their
UBVRI photometry.

For IM Peg, values of AT ~ 920 K (Poe & Eaton 1985)
and AT ~ 1130 K (Padmakar & Pandey 1999) are reported.

For HK Lac, values of AT =~ 950 K (Vogt 1981), AT =~
1080 K (Poe & Eaton 1985), and AT =~ 1200 K (Olah et al.
1997) are reported.

We remark that, although the spot parameters we find are
only indicative, because they are based only on a lower limit
of the spot filling factor, they are well within the values found
with other methods.

The simultaneous use of LDR and photometry, combined
with a detailed spot-model, can lead to univocal solutions, since
we expect a different behaviour of the locus of light-curve so-
lutions in the ;—;: — A plane that can solve the ambiguity.

This matter will be the subject of a forthcoming paper.
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