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Doppler imaging of stellar surface structure
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Abstract. We present two Doppler images from two consecutive stellar rotations of the single K2-giant HD 31993. Each
Doppler image is reconstructed from spectra obtained within a single stellar rotation. With its 25-day rotational period and a
radius of~18 solar radii, HD 31993 is considered a very rapidly rotating star and thus allows the application of the Doppler-
imaging technique, despite the unusually long period. All maps reveal 7 isolated, predominantly low-latitude spots with a
temperature dierence, photosphere minus spot, of }200 K. No polar spot or high-latitude activity above, sa§(’ is seen.

A large warm feature is detected at high latitude and is believed to be real. These spots act as tracers for a cross correlation
analysis and yield a clear signature of anti-sol#fiedéntial surface rotation, i.e. the polar regions rotating faster than the equator,
with @ = 0.125+ 0.05 corresponding to a lap time o200 days. A detailed parameter study is carried out to verify the reality

of the HD 31993 maps.
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1. Introduction determined a surface lithium abundance ofriog 1.4 (on

the usual logn(H) = 12 scale) and thus drew further atten-

HD 31993 (V1192 Ori) is a bright and rapidly rotating SIN%ion to the star. Later on, Charbonnel & Balachandran (2000)

gle K2 giant with a rotation period of approximately 25 daysc'oncluded that this abundance is not abnormal for a low-mass

The spectral classification of K211 is originally from Bidelman

} : star on the RGB and that HD 31993 appears to be still in the
& MacConnell (1973) and has been confirmed in more det |Ila - ' i : e
by Fekel et al. (1986) and Strassmesier et al. (1990), who o i-dilution phase after the first dredge-up. They identified two

served the star at higher spectral resolution. They also foun Istinct evolutionary episodes on the RGB in which extra mix-
value for sini 0f31+92 Kkm gl which is unusﬁall %’I hfor an | aof Li may cause an unusual high surface abundance. Both
v " ' yhg egisodes are related to the close vicinity of the bottom of the

evolved single K2 star. Fekel (1997) revised his earlier Val%onvective envelope to the hydrogen-burning shell. Rotational

to even 33 + 1 kms? on the basis of a more precise valug

. . ixing will likely play an important role. While strong flares
for the macroturbulence, while DeMedeiros & Mayor (1995“ - L
again found a value of 31+ 3.1 kms?. Beavers & Eitter Are also thought to be a possibility to produce surface lithium

(1986) determined the first radial velocities from spectra taken solar-type stars (Spite et al. 1984; Ramaty et al. 2000), sur-

n . "
between 1976 and 1984 and found the star to be constant garrﬁi t}ﬁmf:éa;léﬁg]:ﬁg:grﬁgggﬁz;ng rtr)1eaa S,Ziogg ?r\\/:rf?r?-_
thus suggested that HD 31993 is a single star. This was inc] 9 y

pendently confirmed during the southern spectrum SurVeygé'rprints of the dredge-up mechanism. Several authors, most
Balona (1987) as well as by Fekel & Balachandran (1993) ahpcently Israelian et al. (2001), suggested that the engulfing

the more recent observations by DeMedeiros & Mayor (199@_‘a Jupiter-like planet would also dredge-up lithium and an-

X . .+~ gular momentum, along with other light elements like beryl-
. Ultraviolet UE data and the discovery of a strong ithiu llum. However, the predicted Be increase for such an event
line were reported by Fekel & Balachandran (1993), whq . ; g : )
IS not confirmed by the observations of lithium-rich giants by
Send gprint requests toK. G. Strassmeier, Castilho et al. (1999, 2000) and also contradicts the finding
e-mail:kstrassmeier@aip.de of Balachandran et al. (2000) that the abundances from the
* Visiting Astronomer, National Solar Observatory, operated by thesonance and excitédi lines only agree ifLi is absent.
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However, the actual mixing process in these giants still remaifeble 1. Observing log and radial velocities. The spectra num-

unknown. bers 1-19 are used for the first Doppler image, the spectra No. 20-40
HD 31993 was observed during tHeinstein extended for the second Doppler image.

medium-sensitivity survey and Micela et al. (1997) listed an

X-ray luminosity of 355 x 10°° erg s, almost four orders of No. HJD phase o ou
magnitude higher than the solar value. Earlier radio continuum (2450008) (%) (kms™)  (kms?)
data at 8.4 GHz already suggested strong burst-like activity. 1 390955 3095 88 24
Slee et al. (1987) obtained eight measurements between 1981— 2 391.896 3229 120 2.4
84 and found fluxes between 0 and 6 mJy. HD 31993 was also 3  392.864 336.7 5.1 3.2
detected with IRAS (IRAS 045749312) in all of its four band- 4 393.861 350.9 16.2 2.5
passes with fluxes of 0.785 Jy at i#h, 0.18 Jy at 25um, 5 394.827 4.6 115 2.6
<0.4 Jy at 60um, and<1.0 Jy at 10Qum (see Gezari et al. 6 395.888 197 124 2.2
1999). 7 396.877 33.8 10.8 2.4
The light variability was first mentioned by Lloyd-Evans 8 399.991 81 128 2.4
& Koen (1987) from data taken in 1980. They found a pe- 9 400.922 9l = 125 21
riod of 6.78 days with a very small amplitude of just 0.03— 10 401.927 1056 141 2.6
. 11 404.927 148.3 109 2.6
0.05 mag inV. Several seasons of photometry were analyzed 12 405.852 1615 104 37
by Hooten & Hall (1990), including data from as early as 13 406.862 175.9 10.8 27
1978, but their period analysis allowed various photometric pe- 14 408.877 2045 16.3 29
riods between 4.8 and 29 days. Strassmeier et al. (1997a) pre- 15 411.876 2472 12.8 2.7
sented APT data from three full observing seasons in 1994-96. 16 412.817 260.6 117 2.7
Clear variability was only seen in two of these seasons, but only 17  413.779 2743 12.7 3.3
the period of 28 days was confirmed. Tir@ni-value together 18 415.877 3041 131 2.4
with the 28-day period interpreted as the rotation period sug- 19 416.882 3184 123 2.4
gested a minimum radius of 1R, consistent with the K2III 20 418.936 3477 121 27
classification if the inclination of the stellar rotation axis is 21  419.879 1.1 12.8 3.0
close to 90. Strassmeier et al. (1999) presented photometric 22 420.919 159 124 2.7
data from yet another observing season (¥9%pand found 23  421.915 30.0 126 3.1
an even better defined period of 26.7 days. Thamplitude 24 422.902 441 127 2.2
was still rather small, betweer’01 during December 1996 25 424.987 738 111 2.7
and @02 thereafter, and the period accordingly uncertain. 26 425.908 869 124 2.7
Clearly, the star is dficiently interesting to warrant a de- 27 426.914 1012 124 2.8
tailed time-series analysis of its optical spectrum by means of 28 428.940 1300 125 L7
. . . . 29 429.900 143.7 11.7 2.8
the Doppler-imaging technique. Section 2 presents the data and 30  430.912 1581 13.2 23
describes their quality. In Sect. 3, we obtain basic astrophysical 31  431.779 170.4  11.0 26
parameters for HD 31993 while Sect. 4 presents the Doppler 32 432.866 185.9 115 28
maps from two spectral regions and for two consecutive stel- 33 433.800 199.2 12.3 3.1
lar rotations and its analysis. In Sect. 5, we present a Doppler- 34 434.882 2146 122 3.1
imaging parameter study based on the input data for HD 31993. 35 436.848 2425 85 3.0
Finally in Sect. 6, we discuss and summarize our findings. 36 437.854 256.9 126 25
37 438.858 271.2 143 2.8
38 439.906 286.1 9.7 2.6
2. Observations 39 440.848 299.5 11.2 3.0
40 441.858 3139 121 2.5

2.1. Optical spectroscopy

Spectroscopic observations were obtained with the McMath-

Pierce telescope at Kitt Peak National Solar Observatoange due to a cosmetic defect on the detector. It thus included
(NSO). A total of 45 spectra were taken during a 51 nightsly two major spectral lines suitable for Doppler imaging
long observing run between November 3, 1996 and January®ai 643.9 and Fe643.0). The average signal-to-nois¢N$
1997, covering two consecutive stellar rotations. Five spectatio of our spectra is200:1.

(numbers 41 to 45) were not used in the present analysis be-Data reductions were performed with the NOMAF
cause their times of observation exceeded the baseline of swftware package and followed our standard procedure for
stellar rotations while another four spectra (numbers 3, lébucE spectra (see, e.g., Weber & Strassmeier 1998). Nightly
14 and 37) were of unacceptable quality. We used the steltdvservations of the radial-velocity standardAri were used
spectrograph with the 8009 800 TI-4 CCD camera at a dis-to obtain the radial velocities for HD 31993, except for one
persion of 0.010 nipixel and a resolving power of 38 000 asight whereg Gem was used instead. We adopted; =
judged from the width of several Th-Ar comparison-lamplines.14.51 km s* andvscem = +3.23 kms? (Scarfe et al. 1990).
The observations covered only the 641-646 nm wavelengiible 1 lists the spectra and its radial velocities.
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a. 1996/97 V-light curve
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stars: Hya (K2.511I — thin full line), @ Ari (K2IIl — dashed line), and 0
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2.2. Photometry b. 1996/97 periodogram
Photometric data were collected between 1993-1998 with P I L I I I I I

W1 W2 V3

Amadeus 0.75-m automatic photoelectric telescope (APT)
the University of Vienna located at and operated by Fairbo
Observatory in Arizona (Strassmeier et al. 1997b). The te
scope was equipped with Johnson-CousifisR and | fil-
ters. Altogether, 60/(RIl)c measurements were obtained dul
ing the spectroscopic campaign, each of them being the mt
of three readings of the variable-minus-comparison brightne
HD 32191 was used as the comparison star=( 8753) and
HD 32073 as the check star.

All photometric and spectroscopic data are phased with t
photometric period determined in Sect. 3 and from a time
light-curve maximum,
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Fig. 2. a) APT V-light curve for the observing season 1@B#7 and
HJID =24503692+ 253 % E. (1) b)its periodogram. The lines are the results from combined sine-curve

fits with f; and f,. The errors quoted are internal errors. The spectro-

scopic observations in this paper were obtained within the first two
3. Stellar parameters of HD 31993 photometric cycles between 2 450 390—-441.

We first verify the star's spectral classification by a detailed
comparison of its optical spectrum in the wavelength rangelely rely on the period from the time-series analysis of its
641-646 nm with spectra of M-K standard stars. In this prphotometry. Previously claimed periods from broad-band pho-
cedure, we synthesize a reference spectrum from a standéodietry range from 4.8 to 29 days (see Sect. 1). Figure 2
star spectrum by shifting it in radial velocity and rotationallpresents ouiV-band data for the 19987 observing season
broaden it to match the spectrum of HD 31993. This spectruand the results from a Fourier analysis with optimizédit-
is then subtracted from the observed one and ffsdince min- ting (Sperl 1998). Three frequencies appeared with compa-
imized by means of a least-squares algorithm using a modifiethle O-C’s corresponding to the following periods: 182
program by Huenemoerder & Ramsey (1987). Figure 1 shod8 days {1), 253 + 0.3 days (), and 139 + 0.1 days fs).
the results. The best fit to the spectrum was achievediwitfa Notice that the peak-to-peak amplitude was ji8 12 inV and
(K2.51ll, B-V = 17M34). Because the dereddengd- V in- that the overall system brightness was fading within the season
dex of HD 31993 is bluer by™5 than that of Hya but red- by 0"01. This fading resulted in the pseudo-periodic 182-day
der by @05 than fora Ari (B -V = 1M15), we believe that sine curve shown in Fig. 2a and confirms the long-term trend of
HD 31993 is most likely slightly warmer than K2.5, and wéhe average brightness already indicated in Fig. 9 in Strassmeier
conclude that it is best classified as a K2III star. etal. (1997a). The 13.9-day period seems to be the 2f harmonic
The total of 40 high-resolution spectra were also used to d#-the true~26-day period found in earlier studies and would
termine radial velocities (listed in Table 1) by means of crosesult in a minimum radius of B, in contradiction to the ra-
correlations with the radial-velocity standasdAri (K2IIl). dius from the Hipparcos distance. Thus, the 25.3-day period
Its mean value is 12 + 1.0 (rms) kms?, in good agree- seems to fit the overall astrophysical parameters much better,
ment with previously published values. A periodogram anand is in agreement with previous period determinations. We
ysis did not result in any significant periodicity. We concludadopt it to be the stellar rotation period.
that HD 31993 is indeed a single star. A minimum radiusRsini of 16.6 + 0.3 R, is computed
Another important astrophysical parameter is the stellar fivom the rotational period of 25.3 days and the projected ro-
tational period. Because HD 31993 is a single star, we muational velocity of 32 + 0.5 kms. With i = 65° + 10° from
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Table 2. Astrophysical data for HD 31993.

Parameter

Value

Classification

K2IIl, single star

SJ sk | Dista_mce_ (Hipparcos) 238 pc
M Luminosity, L 937 Lo
= 2.0M, logg 2'5t8:421
1+ . Mass 19+ 0.3 Mg
Ter 4500+ 50 K
| | 1.5M;, | | | | | (B = V)nipparcos 1.254+ 0.015 mag
057395 39 385 38 375 37 365 36 (V = Diipparcos 1.21+0.02 mag
log T/K vsini 332+ 05kms?
& 1 eff . . .
Inclination,i 65+ 10°
Fig. 3. The position of HD 31993 in the H-R diagram (cross). The Period,P;ot 253+ 0.3 days
lines are the “overshooting tracks” for masses of 1.5, 1.7, an#12.0 RadiusR 183%29
from Schaller et al. (1992). Microturbulence¢ 2.0 kms?
Macroturbulence/r = &t 3.0 kms?
Abundance, Fe ~7.7
the tomographic parameter study in the next sectdis, then Abundance, Ca ~6.5

18.3j%f1’ Rs. This value is in agreement with the expected ra-
dius for a normal K2 giant (e.g. Gray 1992) as well as with
the 16:2 Ro computed from the distance and tHeeetive tem- 4.2, Atomic line-data input
perature. Thédipparcosparallax of 420 + 1.09 milli-” (ESA ] .
1997) combined with the brightest magnitude observed soVVé adopted the atomic parameters that we already used in
far,V = 748 (this paper, dereddened valig:= 7"28), result Previous studl_es of K giants (e.g. Strassmeler 1999). By de-
in an absolute visual brightnessﬂflMO’fg'gg. fault, the Castilho et aI._ (2000) photospheric abundances were
With an assumed reddening oT”Z_J ‘the TychoB — V adopted unless otherwise noted. HD 31993 appears to be sig-

of 1M254 indicates anféective temperature of 4500 K (accordificantly overabundant in metals, e.g. by 0.12 dex for Fe or
ing to the calibration of Flower 1996). The bolometric mag2-2 dex for Ca and even 0.9 dex for Co (always with respect to
nitude of —0'20 converts to a luminosity of 332 Lo (with the solar abundances given by Grevesse & Sauval 1998, 1999).

Mpolo = +4772). The position in the theoretical H-R diagram

(Fig. 3) then shows that HD 31993 is beyond the base of the3. Two consecutive Doppler images for late 1996

giant branch and could even be in or at least very near the ) ]
helium-core burning phase at the ascend to the asymptotic\j¢ _eémploy the Ca line at 643.9 nm and the Heline

ant branch. A comparison with the evolutionary tracks fro@ 643.0 nm as the main mapping lines. As mentioned in pre-
Schaller et al. (1992) for solar metallicitZ & 0.02) implies a Vious papers in this series (e.go¥dri et al. 2001), the Ca
mass of 19 + 0.3 M, and an age of1-2 Gyr. 643.9 I|r_1e iS quite sensitive to tempgrature gradlents_at the pho-

Table 2 summarizes the astrophysical parameters tgppheric temperatures of early K giants. quler regions on the
HD 31993, stellar surface will appear less pronounced in Ca-based images
than in Fe-images because inside a spot, i.e. in the regions with
less continuum contribution, the Ca line has a relatively larger
equivalent width and hence the bump produced by the spot in
the Ca profiles appears less significant.

Figures 4 and 5 show the results for the two consecutive
TempMap performs an LTE spectrum synthesis by solving titellar rotations for the Qa643.9 and the Fe643.0 line re-
equation of transfer through a set of ten Kurucz (1993) modgbn, respectively. The identifications in these figures allow a
atmospheres, at all aspect angles, and for a given set of chem¥e convenient comparison of individual features from one
ical abundances. Simultaneous inversions of up to seven sgetation to the next and for both lines separately. However, their
tral lines, as well as two photometric bandpasses, were carrdsgignment is premature.
out with a maximum-entropy regularization. The number of it-
erations was set to 15, which proved to béisient for a good ;
convergence and to reproduce thbl f the data (for a recent 4.3.1. Rotation #1
example see Strassmeier & Rice 2003). The computations w&he main feature of the maps from both spectral lines is the
performed on a Celeron-driven Linux PC and required 30 miarge number of cool, low-latitude (0—-#0spots or spot groups
of CPU time for each Doppler map. A more detailed descrifhat seem to be distributed at nearly equidistant separations
tion of the TempMap code (Rice et al. 1989) and additionatound the star. No polar spot is obvious. We identify up to 7
references regarding our line-profile inversion technique canibdividual spots from both the Ca and the Fe map (dubbed A-G
found in Rice et al. (2002) and Rice & Strassmeier (2000) aimdFig. 4). Both chemical species also agree in their small tem-
previous papers of this series. perature contrast with respect to the photospheric temperature

4. Doppler imaging analysis

4.1. The line profile inversion code TempMap
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Fig. 4. Ca1-643.9 results foa) rotation #1 and) rotation #2. Top panels: pseudo Mercator projection with identification of individual features.
Bottom panels: line profile and photometric data and the respective fits. The arrows below the top panels indicate the phases of the spectroscopic
data while the representation of the line-profile point as bars indicatelitsdeviation. Notice that the light-curve points in the lower panels

are equidistant points from the Fourier fit to the actual data as shown in Fig. 2a.

of 4500 K. The Ca map spans the range from 4250 to 4540 #¢tation; 4350-4500T = 150 K) in the Ca map, and 4320—
i.e. AT = 290 K, while the Fe map spans the range 4340 #500 AT = 180 K) in the Fe map. Again, the cool regions
4520 K, i.e. justAT = 180 K. Compared to previous maps ofire on average only 150-180 K cooler than tifeative tem-
active giants, this is the lowest contrast ever detected (but pegature and the warm region(s) only about 30 K warmer than
Sect. 6). The parameter study in Sect. 5 is an attempt to vettifieir averaged surrounding. Notice that the warm featyrat,

or falsify the reality of this result. ¢ ~ 0° from the first rotation also appears in the second ro-

Another feature that appears in the maps from both spd@tion but shifted in longitude b/ ~ 50°. It appears in the
tral lines is an elongated warm region at high (602 7&titude "€construction from both spectral lines, while featesdc
around zero longitude. This feature is caleeih Table 3 and from the Ca profiles do not repeat from the Fe profiles. We thus
marked in the Ca map #1 in Fig. 4a and in the Fe map #1GRnsider real butb andc spurious.

Fig. 5a. It is of rather weak contrast40 K above the #ective

temperature, but appears well constrained from the data COVy
erage and we consider it real (see also the reconstruction tests
with hot spots in Rice & Strassmeier 2000).

Differential surface rotation and spot evolution

We cross correlate the maps from the two consecutive rotations
and interpret the residual, latitude-dependent phase shifts as
differential surface rotation (see Collier Cameron 2002; Weber

& Strassmeier 2001), aymt as short-term spot evolution in

The maps from the second data set basically verify the sGASe the residual pattern is non-systematic (e.g. as @em;
face morphology from the previous rotation. The Ca map fcOvari et al. 2001). The fmgl cross-cqrrelanon_funptlon maps
reconstructed with 7 low-latitude spots and up to 3 warm ré&cf-maps) for the two rotations are displayed in Fig. 6, along
gions at high latitude, while the Fe map has also 7 low-latitudéth our derived diferential-rotation law.

cool spots but only one warm region. The respective latitudes In this paper, we carry out a more elaborate statistical ap-
and longitudes of these features are summarized in TablepBach to determine fierential surface rotation. The aim is to
The overall temperature ranges are also comparable to the fifstiain a more quantitative measure of the uncertainties of the

4.3.2. Rotation #2



1108 K. G. Strassmeier et al.: Doppler imaging of stellar surface structure. XX.

b. Fe-map rotation #2

a. Fe-map rotation #1
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Fig. 5. Fer-643.0 results foa) rotation #1 and) rotation #2. Otherwise as in Fig. 4.

Table 3. Longitudes and latitudes of surface features in degrees. The
identifications (ID) follow Figs. 4 and 5. Capital letters refer to cool =
spots, lower-case letters to warm spots. Feathi@sdc are not con-

sidered real (see text). B -
ID Rotation #1 Rotation #2 38
Ca Fe Ca Fe 3
A 12/20 3330 3025 2025 3
B 7535 8040 8330 6028 Q‘
C 13320 14333 14340 13332
D 21316 23335 19720 19538 8‘
E 25336 28010 24540 23022
F 30816 31035 30830 27Q30 14 15 16
G 353,10 35315 35015 33025 Longitudinal shift [degr/day]
H e 34814 Fig. 6. The cross-correlation function (ccf) from the two independent
a 1266 Q70 5865 5370 consecutive Doppler images. Tkexxis plots the longitudinal shifts in
(b) 20%60 ... degrees per day, theaxis shows latitude. The grey scale represents
(c) 27370 the correlation coicient in the sense that black is perfect correla-

tion (=1) and white no correlation=0). The dots with error bars are
the fits to the peaks of the ccfs per latitude bin. The vertical line is the
rotational period of 25.3 days and the curve is théedential-rotation
longitudinal shifts (other than by analyzing the FWHM of thét weighted by the FWHM of the ccf peak. An anti-solaffdrential
cross-correlation peaks) and get a better handle on the intetation seems evident.

nal error of the diterential rotation parameter. The approach is

based on a bootstrap Monte-Carlo procedure. For each of theninimum of 15 phases were adopted. Then we averaged
four individual data sets — Ca-line and Fe-line region, and fire Ca- and Fe-line maps (with equal weight) and ob-
the two rotations — we computed 50 maps from 50 randontlined 50 average surface maps for each rotation. With these av-
chosen (dierent) combinations of observational phases. Ferage maps 50 cross-correlation functions were computed us-
rotation #1 a minimum of ten phases and for rotation #8g IRAF's fxcor subroutine. We then searched for a correlation
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peak in each latitude strip (for a description of that procedufel. Rotational period and phase coverage
see Paper V by Weber & Strassmeier 1998). These peaks
then fitted with a quadratic but anti-solarférential-rotation
law of the form

V\Lleergt inversions of the data when phased with periods be-
tween 25.0 to 27.0 days (the period range most likely from the
Fourier analysis of the photometry), showed practically no dif-

Q(b) = Qo + Q1 sirf b 2) ferences of its surface structure and we conclude that even an

uncertainty of:1 day will not dfect our images of HD 31993.
for each of the 50 combinations weighted with the FWHM of  The phase coverage for both consecutive rotations is very
the corresponding autocorrelation-ccf peak, resulting in 50 vglood — 16 and 20 spectra, respectively — but still not fully
ues forQo andQ, (b is the surface latitudeQo the angular equidistant. To estimate the impact of imperfect phase cover-
velocity of the stellar equator). The averaged values from thegge (for the first rotation only), we removed every second spec-
fits are trum and reran the inversions until only three profiles were left
(Fig. 7). While the case with 9 profiles showed only morpho-
Q0 =1387+£022] 0, =173+067, (3) logical changes below20 K, that would not be interpreted

based on the latitude rang@C to +75°, in steps of 5 (the significant anyway, the case with 5 profiles showed already a

“error” bars are standard deviations). Figure 6 shows the fit $&vere artefact of a bright latitudinal band near’18be case

a curved line. HD 31993 exhibits strong anti-solaffeiential With 3 profiles could not fit the photometry anymore (left at
rotation with the polar regions rotating faster than the equaf@Me Weight). It also missed the spot near a longitude of 45
rial region. The derential-rotation caicienta = (Qequ — and produced two bright longitudinal bands at 18ad 270.

Qpoie)/Qequ = Q1/Q0 is 0.12520.050 and the time the equat,..)_Nevertheless, it basically still recovered the large spots. This
rial regions lap the polar regions4£00 days. This is strongermakes us confident that the original data of HD 31993 with 16

differential rotation than on the similar KO-giant KU Pegasfind 20 observations, respectively, weréisient for an excel-
(Weber & Strassmeier 2001) but still significantly weaker thdgnt reconstruction within the capabilities of the technique.
for the Sun (the corresponding solar value~it30 days) or
for thedZAl\)/lS star AB Dor (CoIIier Cameron & Donati 2002,52 Regu[arizing parameters
~110 days).
TEMPMAP contains a number of switches that are usually kept

_ at empirically determined values. Kratzwald (2003) identified
5. A tomographic parameter study for HD 31993 the most important ones to be the number of iterations in the in-
version loop, the “smoothing” valueof the regularizing func-

One of the results of theaEMPMAP test study by Rice & 0 ik i  Rice 2002 dth
Strassmeier (2000) was that the “quality” or “reliability” of at'on"’? (see_, €.g. Piskunov & R'.Ce 1993,.R|ce 002), an t ©
tive weight of the photometric data with respect to the line

Doppler image depends mostly on the external error budgel”é'l"’l

the data once ary8 of ~300:1 has been reached. Additionallypmf"es' While the reconstructions of HD 31993 with 5, 10,

the LTE treatment of plane-parallel non-dynamic model a%_o, and 30 iterations revealed practically no noticealfferi

mospheres in the radiative-transfer solutionTiMPMAP to- ences for a low to medium strong regularizing value, there are

gether with an unrealistic description of turbulent convectio"TgnVerging problems for high regularizing values ¢ 10).

(and many other approximations) start to play an important rol is is not surprising because very strong regularization tends

in the local line-profile fitting once /8l of 1000:1 is encoun- to underepresentthe data. However, a series of simulations with
tered. Although Rice & Strassmeier (2000) generated artifici’Y'"N9 @ showed that the recovered surface morphology re-

data with various levels of external errors such as continuufjains Practically identical but that the overall temperature lev-

slope changes or various levels of spectrograph stray light, tHelf a'€ altered. Going from= 1 toa = 12, the minimum tem-

image recoveries were always based on “ideal data” thro rature increases from 4270 K to 4350 K while the maximum

forward computations from plane-parallel ATLAS-9 models iff Perature decreases from 4670 K to 4500 K. Given the mod-
erate $N and resolution of the present NSO data of HD 31993,

LTE and with MLT-type convection. In the following tests, we

will use the real data of HD 31993 with all their external unt_he simulations showed the most consistent recovery at a fairly

knowns and uncertainties but under the assumption that the §@h value of the regularizing functional of = 9, which was

nal reconstructions in Sect. 4.3 indeed represent the true surf&x@d for the final maps in Figs. 4 and 5. ,
It is also interesting to note that for highthe Tikhonov

image. This allows us to confirm the overall quality, and thus e . L
reliability, of our results in the previous Sect. 4 regularization resulted in a 15% betjgt statisticd than the
“Quality” criteria in these tests are the overgdlof the fits maximum-entropy (ME) functional, while for low the re-

to the data, the existence of systematic surface artifacts sucﬁ"é{?_are practically identical. Similar was already mentioned

bright and dark bands or very steep temperature gradients, PfeP'SkunOV et al. (1990). However, the betgérTikhonov

minimum and maximum temperatures recovered and their difap resulted both in a higher maximum and In a lower min-
ferenceAT = Tmax— Tmin. DUE to the large number of tests, wdmum temperature, with spots generally showing a steeper

present here only a few relevant examples and refer the readefyot to be confused with the fierential-rotation parameter in

to the thesis of Kratzwald (2003) for further details. Figure 7 isect. 4.4.

an example of the recovery from the F&43.0-nm line (first 2 The misfit between the observations and the model as defined in
stellar rotation) for three cases with decreasing phase coverajee & Strassmeier (2000).




1110 K. G. Strassmeier et al.: Doppler imaging of stellar surface structure. XX.

Test inversions with limited number of line profiles

a. 9 profiles b. 5 profiles c. 3 profiles

_ HD 31993 1_6430_s1_ _ HD 31993 gD 31823

Fig. 7. Example reconstructions from the parameter study. The images show the results from three trial inversions i0648e0Fen line

from rotation #1 but witha) 9, b) 5, andc) 3 line profiles (the nominal number of profiles was 16, see Fig. 5a). The case with 5 profiles still
recovers the spots correctly, while the inversion with 3 profiles got stuck in one of the many3onalima and also failed to reproduce the
photometry.

temperature gradient than in the respective ME map wiginofiles as a function of the inclination (e.g., Rice &
lower y2. At this stage, simultaneous multi-color photometrgtrassmeier 2000). This method was also applied in the case
helps to constrain the temperature range. To test its impasftHD 31993, but due to repeated terminations of the iteration
we changed the relative weight of the photometry from O (mocess of our test runs in the region of intereést (60°) we
weight) to 0.3, 0.5, and 0.8 (for various regularizing valuesjere initially not sure whether the program had found the opti-
respectively). The test images showed indeed a smaller temal solution. However, as it turned out, the program had repeat-
perature range in case photometry is included, but — especia&ltity terminated the iterations because it had found the optimal
for HD 31993 — had practically no impact on the map itself baolution much earlier in the iteration process than at other incli-
cause the observed photometric amplitude was rather tiny (foditions. By trial-and-error we found out that iavalue of 65

V amplitude of just 0008 in early December 1996). Not suryields the most “homogeneous” temperature maps. This find-
prisingly though, the smaller the photometric weight the betterg makes us believe that 65° is the most likely inclination

the overally? became. angle with an uncertainty of approximatedy5°.

5.3. Projected rotational velocity

Our best value for the projected rotational veloaigysini, was 5.5. Photospheric temperature

determined by minimizing the artificial dark or bright bands in

the Doppler maps that appear if the equatorial veloeily,is Despite the fact that the photospheric temperature is neither an
either too large or too small, respectively (for more details sggut parameter nor kept constant during the line-profile inver-
Rice & Strassmeier et al. 2000). Figure 8a demonstrates the §@m, the resulting maps indirectly depend on its initially chosen
sic dfect that a wrong sini will impose onto the reconstruc-value. This is because of its non-linear relation on various other
tion. The best value from Sect. 4 was near 33 kinith an  spectrum parameters that are kept unaltered during one inver-
error of just 0.5 kms'. This is easily seen in the run of thesion, most notably on the chemical abundances. Usually, we
minimum and maximum temperature and, of course, alsoige the &ective temperature as the temperature of the blank,
the x? variation, although not as dominant as for the temperie. spot free, star that is the starting point for the initial itera-
ture peaks. A value of 33+ 0.5 kms'* (cf. Fig. 8a) seems the tion. The test runs in Fig. 8c show the changes of the absolute
best value from the tests and agrees very well with previouglid relative surface-temperature range along with the quality
published values from the literature. of the overall fit. Note that this figure is always only valid for

a fixed abundance (in this case for the best-fit Fe and Ca abun-
dances from Fig. 8d). Due to the comparably smdfedences

of the obtainablg?, we can state that our maps are not criti-
In previous papers of this series the inclination of the rotaally biased by the initially chosen input for the photospheric
tional axis,i, was determined by reducing the misfit of the linéemperature.

5.4. Inclination of the rotational axis
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Summary of parameter study

a. vsini b. Inclination i c. Tog

5500 T T T T T T T T T T T T T
4800-®- ..
- =B

- 4800

5000|

4600

= 4400
N 4200

4000F 4

T 1000F "R T T T T T T T L

AT (K)

» = Cal-6439-sericl
& = Fel-6430-seriel

T-G4: 1
0.012 A = Fel-6430-seriel

| PPN PP PP IS PP PPIIPE IPIIT e .
0.01 4100 4200 4300 4400 4500 4600 4700 4800 4900

T Lesasl
10 15 20 25

v siné (km s™1) i(?) Ter (K)

d. Abundance e. log(gf) f. Macroturbulence
5000 T T T T T T IR 5000) T T T T T T T T T T T T T T T
4550F Wo-mo—m_ g g
4800 4800| Rl o, St EES B TR S
4600 4600) sasoF. ™ = Cal-6439-seriel Lo
g M0 Tor = 4500 K 4400 e — 1500 K = A = Fel-6430-seriel
B g £ 400
4200) 2 00 e <
& & e m & 4350 PER -
4000 i 4000 o lmT P R P
3800) i E R 4300
s A — Fel.6430-sericl 3800F & _- u = Cal-6439-seriel 4250F W —W MW g g g Ca
3600E &~ v = Fel-6430-serie2 = 3600F W o = Cal-6439-scrie2 1200 Bt R
T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1000F ¥ T T T T T L= 1000F T T T T T T L T T T T T T T T T T T
AN n i
800 N E s00F R E 300 ™ - mo—m_ _m I T
. a o ~. FRN e 2d - - ;
= - - L o
£ 000p E % 600p PN E I :
~ e e. “m = 250 m = Cal-6439-seriel H -1
< o E e 4 A = Fel-6430-seriel ]
400) o < 400F ol o . 3 < . ; eric ;
Ty Pt R L ;
Yo - . K F oo o Ao A ! B
200F A = Fel-6430-seriel VS e 4 200F u — Cal6439-sericl AR 1 200 aa
e L O el T
¥ = Fel-6430-serie2 o = Cal-6439-serie2
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 T T T T T T = 0. T T T 0.02F
A = Fel-6430-serie g 0.028) - 0.019F
0.08F v = Fel-G430-serie: L 0.026 e 0.018F
o 0.0 e a2 . 0o S . ook
il e - % 0022 < 0.016F
004F a. TTTWeol — I E 002E T 0.015F
0.02 e PRI 0018 0014
0016 0.013F
1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 0.01
5 18 E 17 132 e 38 03 02 o1 0 01 03 0.3 -
log €(Fe) log qf(Ca) ¢ (kms™)

Fig. 8. A summary of the results from the parameter study. A single parameter is varied at a time while the others are kept constant at the values
listed in Table 2. The parameters varied agprojected rotational velocityw&ini), b) inclination of the rotation axis with respect to the line

of sight (), c) the dfective temperature of the stalr{), d) the chemical abundance (shown only for iron; &ge) the transition probability of

the Ca 643.9-nm line (log4f)), andf) the adopted radial-tangential macroturbulengeEach figure plots, from top to bottom, the upper and

lower absolute temperatur€, (usually for both rotation series), the maximum temperature range in theAfafgysually for Ca and Fe) and

the quality of the fit expressed g3.

5.6. Elemental abundances and log gf the present study, can be quite uncertain and we emphasize that
the abundances quoted in this paper are to be taken with care.

F|1:|rther uncertainty is introduced because the abundances also

éepend on the adoptedrective temperature and microturbu-

logarithmic abundance (only iron is shown). There is a broz%eace' However, our particular mapping technique bears — at

but clear minimum from which the best-fit abundance can bé .St in principlc_a— the capability t_o detecfférent abundances
determined. However, theffect of the chemical abundanceénSIde and outside of spotted regions.

on the line-profile reconstruction is not distinguishable from

a change of the transition probability, lgd, of the adopted 5 7 wicro- und macroturbulence

spectral line (Fig. 8e), as was noted in previous papers in this

series and quantified in tests with artificial data by Rice &ur first test was the recovery of the minimy-map with
Strassmeier (2000). Also, abundances from just a single speteroturbulencest, of +0.6 km st around the literature value
tral line, even if completely deblended in the modelling as iof 2.0 km s, in steps of 0.1 kms. The simulation confirmed

Figure 8d shows the change of absolute minimum and ma
mum temperature, its fierence, and thg? as a function of
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the 2.0-km st value to be the one with the bggt map, show- seven had a “polar spot”: UZ Lib (KOIlIP,,; = 4.8 days),
ing also the smallest range in temperature. Increased midboM UMa (KO-1111-IV, P = 7.5 days), YY Men (K2Ill,P =
turbulence causes increased minimum and maximum temp&&-days), HU Vir (KOIlI-1V, P = 10.4 days), IL Hya (KOllI-
tures for Ca and Fe alike. Besides the simplestatistics, the 1V, P = 12.7 days), CM Cam (G8II-IllP = 16.0 days), and
surface maps recovered showed easy-to-spot artifacts.zAt KU Peg (GOll-lll, P = 25.0 days). High-latitude spots were
1.6 kms?, i.e. 0.4 kms! below the best value, the “southern’found on 4 others: on IM Peg (K2IIR = 24.6 days), HK Lac
hemisphere becomes warmer than the “northern” hemisph@€élll, P = 24.4 days), XX Tri (KOIIl, P = 24.0 days), and
by ~500 K while the opposite is the case #r= 2.4 kms?!, HD208472 (G8Ill,P = 224 days). Two K giants without
i.e. 0.4 kms?! above the best value. polar or very high-latitude spots were found as wellGem

In the second test series, the microturbulence was fixedlétlll, P = 19.6 days) and our new target HD 31993 (K2lIll,
2.0 kms?! and the macroturbulence varied from 0 kthéno P = 25.3 days).
macroturbulence) to 10 km% in steps of 1 kmds (always Only three of the above 13 giants are not in a close bi-
assuming equal radial and tangential velocity componentsiary where the high rotational angular velocity is maintained
The nominal value from the literature is 3.0 kmsFigure 8f by the orbital momentum. Obviously, the two rapidly-rotating
shows the test results. While the maximum and minimum temingle giants YY Men and HD 31993, as well as the one
peratures remained approximately constant for Fe and Ca, e€ectively-single giant CM Cam (a component in a wide
spectively, the absolute minimum temperature was consisterdlsiary), must have had another angular-momentum history.
cooler by 100 K for Ca but for the absolute maximum temFherefore, Doppler maps from binary giants and from single
perature agreed with the Fe values. This is easy to understgiats are likely not directly comparable. Our detection of dif-
because the two lines are atfdrent parts of their respectiveferential rotation is also the first detection fosiaglerapidly-
curves of growth. It is interesting to note though that the imetating active giant, but again not directly comparable to re-
version from both species, €Cand Fa, showed a pronouncedsults from binaries.
minimum iny? at approximately 7 km's, a value thatis signif- ~ The diverging observations — stars with or without a polar
icantly larger than the literature value for “normal” stars (Gragpot, with or without detected fiiérential rotation and of solar
1992). Fekel (1997) had already suggested that active stars menti-solar direction — pose no basic problem for a model that
have a larger macroturbulence. However, our finding remaiéscribes the deflection of rising magnetic flux tubes due to
inconclusive because we could partly “compensate” ffiece Coriolis forces (e.g. Saissler & Solanki 1992; Granzer et al.
of a higher macroturbulence with an alteration of the microtup000) and thus explains the existence of surface spots on sin-
bulence. gle stars and binaries as well. However, the model appears to
miss a physical ingredient that could also cause, but not for all
evolutionary stages, a pole-ward deflection in the absence of
significant Coriolis forces. We speculate that an equator-ward
The Hipparcos parallax puts HD 31993 at a position in thgeridional flow at the bottom of the convective envelope may
HR-diagram where a deep convective envelope coexists wiltx as the extra mixing needed for the Li dredge-up while, at
a hydrogen-burning shell and rapid redistribution of mometie same time, its opposite flow direction on the stellar sur-
of inertia must occur or had occurred (e.g. Schrijver & Potace will sweep magnetic flux to high latitudes and eventually
1993; doNascimento et al. 2000). This is thought to be a tireg the rotational poles. Herential rotation may play the sec-
of high dynamo #iciency due to extra shear forces withirond key role and its anti-solar direction may be interpreted as
the bottom layers of the convective envelope and induces fdication for anti-solar meridional circulation, i.e. directed to-
tational mixing (Palacios et al. 2003). It also marks the end wrds the poles at the surface and vice versa at the bottom of
the first Li dredge-up according to the models of Charbonngle convection zone. We conclude that monitoring the spatially
& Balachandran (2000). While a comparison with the Schallessolved structures of active stars for many epochs has the po-
et al. (1992) “overshooting” models suggests a mass®t1 tential to resolve some of the basic questions of solar and stellar
0.3 Mo, Charbonnel & Balachandran (2000) obtai2£0.6 M,  magnetic activity.
from a comparison with their own tracks. Therefore, it is cur-
rently not possible to conclusively decide whether HD 3199&knowledgementsKGS is very grateful to the German Science
has a degenerate helium core and, thus, later undergoes afdgndation (DFG) for support under grant STR@4%pecial thanks
flash or will evolve on to the early AGB and experience a seare due to John Rice for maintaining the TempMap code and numer-
ond Li dredge-up. However, it seems clear that HD 31993ass discussions concerning its application to cool stars. We also thank
in an evolutionary episode where it warrants a search for a g-anonymous referee for ffier helpful comments.
lation between its magnetic surface activity and the Li abun-
dance. A Doppler-imaging study of the surface Li abundance
and its possible inhomogeneity would be most useful. References
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