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ABSTRACT

Aims. We compare surface maps of the chemically peculiar star HB3@roduced with a Bayesian technique and based on high
quality CoRoT photometry with those derived from rotatidrape resolved spectropolarimetry. The goal is to investitjee correla-

tion of surface brightness with surface chemical abundaistebution and the stellar magnetic surface field.

Methods. The rotational period of the star was determined from a geériday long continuous light curve obtained during theahit
run of CoRoT. Using a Bayesian approach to star-spot madehihich in this work is applied for the first time for the pbotetric
mapping of a CP star, we derived longitudes, latitudes adil ehfour different spot areas. Additional parameters like stellar-incli
nation and the spot’s intensities were also determined.ddfRoT observations triggered an extensive ground-basetrsgcopic
and spectropolarimetric observing campaign and enabl¢al aistain 19 diferent high resolution spectra in Stokes parameters | and
V with NARVAL, ESPaDONS, and SemelPol spectropolarimetBigppler and Magnetic Doppler imaging techniques allowstbu
derive the magnetic field geometry of the star and the sughoadance distributions of Mg, Si, Ca, Ti, Cr, Fe, Ni, Y, and C

Results. We find a dominant dipolar structure of the surface magnegid.fiThe CoRoT light curve variations and abundances of
most elements mapped are correlated with the aforementigaemetry: Cr, Fe, and Si are enhanced around the magnéti qoad
coincide with the bright regions on the surface of HD 50773raslicted by our light curve synthesis and confirmed by phetoic
imaging.

Key words. stars: atmospheres — stars: chemically peculiar — stadividonal: HD 50773 — stars: magnetic fields — stars: surface
abundance structure

1. Introduction ity. The reduction of the CoRoT photometry to the N2 data for-

) _ . mat is described in Appourchaux et al. (2008), and our aattadi
CoRoT (Convection, Rotation and planetary Transits) is&@8p requction steps are given in Sédt. 2 of this paper.
mission with the partiqipation of ESAs Science Program an_d Not much has been published about this star, which is classi-
Research and Scientific Support Department (RSSD), Aus”f%d in siMBAD @s an A2 star and as an A4 — A9 sdspected chem-

Belgium, Brazil, Germany, and Spain. It focuses on high ipre ; : .
sion photometry from space, also taking advantage of omrvicl?r"eﬁFﬁg;ﬁ;iitﬁélgln%??gfa%g; ?Jlér(i(lj?le) with so far no mea

given targets continuously during nearly half a year, which ) .
Magnetic Ap stars, to which HD 50773 belongs, represent

impossible from the ground. A technical overview is presdnt X o
in Boisnard & Auvergne (2006), and the asteroseismology r@Pout 1% to 5% of the upper main sequence stars and exhibit

lated mission aspects are discussed in Baglin et al. (2006) &9hly ordered, very stable and often very strong magnetidsi
references therein. They frequently show both brightness- and spectral line pro

HD 50773 (BD -00 1488, TYC 4801-2-1, mag(BP.50) file variations synchronised to stellar rotation. Theseatamns
was observed during the initial run of CoRoT only little mor&r€ hlth_erto most succe_ssfully explained by th_e obllquatomt_
than a month after the launch on December 27, 2006, on bogtgde! (introduced by Stibbs 1950) and are attributed toyoleli
of a Soyuz Fregat Il-1b. The star was chosen in the seismold(g‘g"-:].ne“.C and rotation axes and to the presence of a nonrmifo
field as one of ten possible targets because of its locatitimein tribution of chemical elements on their surface.

classical instability strip and of its suspected chemieaiutiar- The abundance inhomogeneities in turn are said to arise from
the selective dfusion of ions under the competitive action of

radiative acceleration and gravitational settling (Mictid 970)
e-mail- lueftinger@astro.univie.ac.at under the influence of the (oblique) magnetic field, possibly

* The CoRoT space mission was developed and is operated by ?r?énb'nat'on with a weak stellar wind (see, e.g., Babel 1992)

French space agency CNES, with participation of ESAs RS8® a  The light curve of HD 50773 obtained by CoRoT has a dou-
Science Pograms, Austria, Belgium, Brazil, Germany, aralrSp ble wave form with two clear maxima of slightly feerent am-
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phaose—folded lightcurve fined by the CoRoT photometric CCD covers 25004 to 11000A.
' ' ' ] For additonal instrumental details, we kindly refer thedexato
1 Fridlund et al. (2006).

Any instrumental signal or stellar variation not assoalate
with rotation and not consistent with Gaussian noise or ealin
trend would &ect the determination of the various parameters
in our spot model. Therefore, we tested the light curve fgr an
jumps in flux, which could either be caused by the star itself o
_ ¥ 1 theinstrument. We first subtracted a linear trend from theeti
;-‘ ‘i%\ : 1 series attributed to agingfects in the detector and electron-

ook \ / % ' ] ics chain (Auvergne et al. 2009) and subsequently remowed th
-0.035} v ; apparent stellar rotational variability from the data. L-ovder

=0.0501 T

NN

polynomials were fitted to short subsdts0.2) of the resid-

I ) ual data in order to eliminate the signal changes due toiootat

-0.030 : L : L which resulted in a residual time series shown in the uppeelpa
0.0 0.2 04 0.6 0.8 0 of Fig.[2. In a next step we calculated a running average ef thi

residual time series using a box width of 370 data points and

Fig. 1. Phase plot of HD 50773 using a binned light curve aft§-btracted the running average - resampled to the origimal t
the subtraction of @ects due to the CoRoT orbit and the stella}29S - froml tr}errlglnal light curve. The result is shown ie th
signal not attributed to rotation. Overplotted (white Jiig the OWer panel of Fid. 2.

four-spot model fit described in Selct. 4 of this Paper. The upper panel of Figl3 shows the original CoRoT light
curve with the cumulated corrections obtained so far asck thi

black line. After the subtraction of these corrections wevarat

_ _ ~ the final CoRoT light curve of HD 50773 (lower panel of F1g. 3).
plitudes at phases af ~ 0.05 and 0562 (see Fig[Il). This To reduce the large amount of 139271 data points (and the com-
photometric variability is, as mentioned, likely to be cented puting time) we binned the data as follows. The un-binned au-
with the inhomogeneous surface element distribution a@/shotocorrelation function shows a sharp drop within 0.0006sday
in e.g., Krticka et al. (2007) and references therein. Asdtar and goes through zero at a timelag of 0.02 days. As a compro-
seems to be of the Cr CP2-type, we expect brighter spotsrrathfise between high time resolution - at least a fourth of CoRoT
than dark ones (see e.g. Mikulasek et al. 2007 and M#eK&t orhital period, i. e. 0.018 days - and statistical indepecdea
al. 2008). Bright photometric spots seem to be closely cotete pinning length of~ 0.01 days was chosen. Each timebin is rep-
with overabundance regions of Si or Fe, and the mechanismygéented by the median, and the assigned weight is simply the
the origin of their contrast in the optical spectrum regi®well  number of data used, which on average were 26.7 original data

described in Krticka et al. (2009). ~ points. The binned light curve is used for our analysis dbesdr
It is still not understood why some of the upper main sgn the following sections.

quence stars are magnetic and chemically peculiar andsdher
not, where the magnetic fields of CP2 stars originate frord, an

how these fields exactly interplay and correlate with th@mb- ol T

geneous surface distribution of chemical elements. Dagiih ana[- 4
detail the surface structure of HD 50773 in the way preseimted 200

this paper will contribute to solving this puzzle. o

2001 B8

Our paper is organised in Sddt.2, where we present our
CoRoT space photometry, spectropolarimetric observatemd
the data reduction, while the physical parameters of the tar
get star HD 50773 and a detailed abundance analysis are pre-

400 |- YRR
600 “ ‘

600 —
400 —

instrumental flux

sented in Sedf]3. In Sekt. 4 we discuss our analysis of the sur = =2w0p 7
face structure of HD 50773 by applying Bayesian methods to °r g
the CoRoT light curve. Details about the magnetic field geome i ]
try and the surface abundance structures of individual e <00l _ ”

are presented in Sedts. 5 and 6. In Séct. 7 we discuss thetieor FETTR— 2610 2620 2630 T 2

cal predictions of light variability, taking into accouhit surface CoRoT HID

abundance inhomogeneities, and Séct. 8 is devoted to the c@ig. 2. Upper panel: The CoRoT light curve of HD 50773 af-
parison of our dierent approaches and the discussion of resulter removal of the obvious stellar variability (black). Sesmall
flux changes are remaining, which are shown in grey afteryappl
ing a running average (see text in this Setower panel: After
the subtraction of this running average, the residualsdcstél-
2.1. CoRoT Data lar variability are mostly consistent with white noise. Bdhat
the abscissa in this plotis in CoRoT - HIB HJID - 2451545.0)
HD 50773 was observed by CoRoT from February 3 to Aprind the ordinate in CoRoT - internal flux units of the N2 data

2, 2007. The reduction of the CoRoT photometry to the N@vel after subtraction of the mean photometric signal,civhis
level was performed as described in Appourchaux et al. (00801700 in the same units.

The time span of 57.7 days covers 27.6 stellar rotational cy-
cles, and the overall variation in brightness amounts td 0.0
mag. The wavelength range (in the CoRoT seismology field) de-

2. Observations and data reduction



T. Luftinger et al.: The CoRoT CP Target Star HD 50773 3

3000 ! ' r ' "] tween~ 4300A and 6800A with a resolving power 0&R70000.
2000 - The above mentioned Libre-ESpRIT (Donati et al. 1997) pack-
1000 1 age was used for data reduction.

0 il G150, We observed HD 50773 during 12 nights and obtained 19
Stokes V (and Stokes |) series (Tdble 1).

For the Zeeman analysis Least-Squares Deconvolution
(LSD, Donati et al. 1997) was applied to each observation. To
—t—t— ——+—f—+—F——1— perform the cross-correlation analysis we produced a maisk ¢
culated for physical parameters as deduced in Bect. 3 amd abu
dances obtained in Sect.B.2, using spectral line lists fitoen
Vienna Atomic Line Database (VALD; Piskunov et al. 1995;
Kupka et al. 1999; Ryabchikova et al. 1999). The longitudina

1000 magnetic field (B measurements with their & error bars in

-2000 7 G were computed using the first-order moment method (Rees &

) L Lo I L | Semel 1979, Donati et al. 1997).

2390 26K 2610 o 2620 2630 2640 2630 Rotation phases of HD 50773 (Table 1) were calculated ac-
oRoT HJD X X \ ; ,
cording to the ephemeris and rotation period (derived by us)
Fig.3. Upper pand: The detrended CoRoT light curve of HJD = 245413509+ 2909101x E, whereE is an integer
HD 50773 and the resampled running average containing imimber.
formation about residual signal obviously not related w®l-st
lar rotation (thick black line).Lower panel: The final light )
curve containing only signal due to stellar rotation andduse- Atmospheric parameters and abundance
for the Bayesian analysis, but zero-mean corrected fordke s  analysis
of comparability. Again the abscissa in this plot is in CoRoT .
HJD (= HJD - 2451545.0) and the ordinate in CoRoT - internal-1- Atmospheric parameters
flux units of the N2 data level after subtraction of the meao-phin order to derive accurate atmospheric parameters for
tometric signal, which is 301700 in the same units. HD 50773, a grid of model atmospheres centered Teg=
8500K and log= 4.1 was computed using MobeLs (Shulyak
et al. 2004). Synthetic spectra based on these models were ca
culated with synth3 (Kochukhov 2007) and were compared to
2.2. Spectropolarimetry with NARVAL, ESPaDoNS and observations. Atomic parameters used for spectrum syisthes
SemelPol were extracted from VALD using the default configuration.file
) . ) Average surface element abundances of spectral lines-corre
Spectropolarimetric observations of HD50773 were oRnonding to dierent species, which could later be used as start-
tained at the Canada-France-Hawaii-Telescope (CFHT)gusifg values for Doppler imaging, were determined from eguiva
ESPaDONS (Donati et al. 2006) and NARVAL, which is atrent width measurements and an adapted version of the WIDTH9
tached to the Telescope Bernard Lyot (TBL) at Pic du Midigde (Kurucz 1993). For this analysis observations froffedi
(February 2007, simultaneously to the COROT observatjonght phases were co-added to reduce line profile asymmetries.
and in December 2007 with NARVAL and SemelPol in comyhe dfective temperature was derived from abundance - excita-
bination with UCLES at the Anglo-Australian Telescope (AAT tion potential correlations computed for all model atmaspels

ESPaDONS and NARVAL are twin spectropolarimeters, cofh the grid using 39 Fel and 15 Fell lines. This correlation is
sisting of a Cassegrain polarimetric module and a fiber-fe@ry sensitive to changes irffective temperature. For further
échelle spectrometer allowing the whole (polarimethicahal- analysis we adopted a model williz= 8300K, for which the
ysed) spectrum from 3700A to 10000A to be recorded in eachlculated Fe abundance was found to be independent of the ex
exposure. ESPaDONS and NARVAL were used in polarimetriftation potential of individual transitions.
mode with a spectral resolution of465000. Stokes | (unpo-  For abundance analyses of normal A type stars the surface
larised) and Stokes V (circularly polarised) parametensvad- gravity log g is usually determined via the ionisation equilib-
tained by means of four sub-exposures between which the rieim of the Fe lines, i.e., for a correct value of lgghe iron
tarders (Fresnel rhombs) were rotated in order to exchdr@ge &bundance determined from a set of Fel lines is equal to the
beams in the whole instrument and to reduce spurious polabundance derived from Fell lines. In the atmospheres of Ap
sation signatures. The extraction of all spectra was domgusstars, difusion processes lead to a vertical stratification of Fe,
Libre-ESpRIT (Donati et al. 1997), a fully automatic redant Cr and other elements. Spectral lines corresponding taraleut
package installed both at CFHT and TBL. and ionised species of the same element samfiereit atmo-

SemelPol is a visitor instrument, which is mounted at thgpheric layers. Therefore abundances determined frora tives
Cassegrain focus of the AAT in combination with the UCLES®ifferent line sets will not be equal, even for a correct choice of
spectrograph. This combination has been described inl thgtai log g. For our analysis we decided to use the value ofgegt.1
e.g. Semel et al. (1993), or Donati etal. (1999 and 2003hiftn t +0.1, based on Geneva photometry (Burki et al. 2009, in prep.)
setup, two beams of opposite polarisation feed into theléxh Due to the rather highasini of HD 50773, possible vertical
spectrograph through two separate optical fibres. Durirg thbundance stratification within the stellar atmospheretbdust
observing sequence consisting of four subexposures tanobtaeglected, which leads to a minimum erro#00 K for Teg.
Stokes | and V, the azimuth of the quarter-wave plate is $wilc The smallest slope in the equivalent width-abundance €orre
back and forth betweerd5° (first and fourth exposure) and -45 lation was obtained for microturbulent velocities betw@esmd
(exposures 2 and 3), allowing for a removal of systematieserr3 km s, This rather large value is possibly due to a combination
in the measurements. Spectra cover the wavelength range dfethe dfects of line broadening by the magnetic field and the

-1o0a
-2000
-3000
3000
2000
1000
[

instrumental flux
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Table 1. Journal of the spectroscopic observations of HD 50773 sdatstrument, exposure time, peghSHJD, phase, Bo-

Date Instrument | Exposure time| S/N HJD Phase| B o
(245 000G) G G
22 Feb. 2007] NARVAL 4x600s 136 | 4154.5095 | 0.289 | 50 99
28 Feb. 2007 NARVAL 4x800s 78 4159.5142 | 0.682 | -96 | 223
28 Feb. 2007| ESPaDONS 4x525s 130 | 4159.7852 | 0.812 | -148 | 102
04 Dec. 2007 NARVAL 4x600s 64 4439.4471 | 0.557 | -179 | 188
05 Dec. 2007 NARVAL 4x600s 81 4439.7077 | 0.681 | -70 | 161
12 Dec. 2007| NARVAL 4x600s 156 | 4447.4335 | 0.376 | 382 | 84
13 Dec. 2007 NARVAL 4x600s 154 | 4447.6877 | 0.498 | 441 | 69
13 Dec. 2007 NARVAL 4x600s 141 | 4448.4290 | 0.852 | -386 | 94
14 Dec. 2007 NARVAL 4x600s 123 | 4448.6841 | 0.974 | -278 | 95
14 Dec. 2007| NARVAL 4x600s 163 | 4449.4622 | 0.346 | 219 | 80
15 Dec. 2007 NARVAL 4x600s 115 | 4449.7114 | 0.465| 579 | 98
15 Dec. 2007| NARVAL 4x600s 119 | 4450.4431 | 0.815| -45 | 119
16 Dec. 2007 NARVAL 4x600s 107 | 4450.6943 | 0.935| -382 | 114
16 Dec. 2007 NARVAL 4x600s 110 | 4451.4378 | 0.291 | -100 | 138
17 Dec. 2007 NARVAL 4x600s 106 | 4451.6888 | 0.411 | 355 | 126
18 Dec. 2007| NARVAL 4x600s 170 | 4453.4605 | 0.258 9 77
19 Dec. 2007 NARVAL 4x600s 138 | 4453.7095 | 0.377 | 273 | 94
28 Dec. 2007 SemelPol 4x2100s 170 | 4463.1133 | 0.875| -368 | 43
01 Jan. 2008| SemelPol 4x900s 130 | 4467.0690 | 0.766 | 13 64

co-addition of spectra from fierent rotation phases. ThereforeTable 2. Abundances of 17 species derived from equivalent
abundances obtained with,ic= 2 kms* were used as starting width measurements in co-added spectra of HD 50773.
values for our Doppler imaging.

3.2. Abundance analysis gr:emes IOg’_\Ise{BéNm # oflllnes _stdev
Using the WIDTH9 code and the co-added spectrum of Mg -4.49 2 0.04
HD 50773, a crude abundance analysis of 17 species was per- 2! ' -4.14 2 0.22
. T il -3.93 2 0.18
formed. Due to the strong rotational variability of praetlg all cal 560 1 N
spectral lines in this star, detailed abundances for iddizi rota- Scli 8132 1 )
tion phases can only be derived via Doppler imaging. Theaglu Till -6.70 2 0.21
given in this section can therefore be taken only as firstraage \VA[ -6.74 1 -
proximations. In Tablel2 we present abundances of 17 species Crl -4.49 2 0.33
derived from equivalent width measurements in co-added-spe Crll -5.10 7 0.32
tra of HD 50773, based ofe;=8300 K, logy= 4.1, andvmic= 0 Mn | -6.36 1 -
kmsL. For each species we give the number of lines measured Fel -4.00 39 0.30
and the standard deviations of the derived element abuedanc Fe Il -3.91 15 0.37
A complete list of lines used for this analysis is given oalin $'|: :g"l‘g i i
Tabld3. Pr Il -6.57 1 -
Nd 1l -7.82 1 -

4. Analysing the light curve with Bayesian methods
— Photometric Imaging (PI)

Fitting the light curve in terms of a few circular spots nedus represented by their logarithms. This makes certain tlegpds-
estimation of many parameters. The star is described bynthetierior distribution for a radius will be consistent with thaf an
clination angld and the rotational perioB. Each spot needs atarea and likewise the posterior for a frequency with thatjpéa
least three further parameters: longitutjdatitudes, and spot riod, i. e. it does not make aftierence whether one prefers radii
radiusy (in the following longitude increases in the direction obr areas, frequencies or periods.
stellar rotation, and the zero point is the central meridam The likelihood function is constructed as follows. Spotted
ing the observer at the beginning of the time series). Additi stars which are geometrically similar exhibit the same tligh
parameters are the spot intensitgnd the cofficientu in the curve, except for anféset in magnitude. Thisftset is consid-
linear limb-darkening law. We use = 0.4415 derived within ered irrelevant and removed by integration. This is eveii ind
model atmosphere calculations with the ATLAS9 code (Kurueated, as the magnitude of the unspotted star, the zero, [pint
1993) applying the wavelength range from 2500A to 11000Ainknown. This integration can be done analytically if theame
which is defined by the CoRoT photometric CCD. surement errors are assumed to be Gaussian-distributetheve
Before analysing the data proper prior distributions have magnitudes.
be assigned. If information on the star’s inclinatida missing, With the N data pointsd; gained at times;, their standard
cosi is evenly distributed for O< i < 7/2. Concerning a lat- deviationss;, the fit fo(tj) and an @setco, the likelihood is rep-
itude 3, the value of si is assumed to be evenly distributedresented by:
All non-dimensionless parameters like radii or frequesaes A(o1.N>Co, P1...Pm; i) =
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]ﬁ[ 1 exp[_(di—fo(ti,pj)—%)z.

The unknown parameters are denotedgpywith j = 1... M,
with M = 24 in the case of four spots. We ggt= s - o, with the
relative errorss being normalised according 1Y, 1/s* = N.

First integrating analytically the measurement error us-
ing Jdireys’ 1/o-prior — and then the uninterestinfgetcy, one
gets a likelihood depending only on the spot modelling p&am
tersp: ... pwm- Itis thismean likelihood, averaged appropriately
over measurement error andfset, from which the posterior
density distributions for all unknowns is obtained by masdi
ization. This is a great advantage of the Bayesian apprdach:
provides not only a set of most probable parameter values but
moreoverrxpectation values and error bars exclusively from the
data. We can argue that the method itself determines ertbr an
offset from the data.

The Markov chain Monte Carlo (MCMC) method
(cf.Pressetal. 2007) has been applied to explore the -likeli

parameter expectation and uncertaintigs
inclination i 403 | *13

1st longitude | A; 1846 j&%
2nd longitude| A, 1402 j83é

3rd longitude | A5 327 t8;§

4th longitude | A4 3128 i8;§
istlatitude | B 185 | 08
ond latitude | B, 213 | 8

3rd latitude | B; -73 13’33

ath latitude | B 2072 | 18

1st radius Y1 239 jgj;%
2nd radius V2 150 jg-é

3rd radius ¥s 31°3 j832
Athradius | va 303 | 08
period P | 2001007 fg;ggggg;
spot intensity | « 122 | 0o

5

Table 4. Spot parameters: we ligkpectation values and le
uncertainties, the period is given in days, the spot intensity is
presented in units of the intensity of the unspotted surface

hood mountain in a high-dimensional parameter space. Thgble 5. CoRoT orbit éfect. The estimated CoRoT orbital pe-
MCMC technique has already shown its capabilities whefbd is given in min, amplitudes in ppm.

analysing photometric data from the Canadian MOST saellit

(Croll 2006, Frohlich 2007).

parameter

expectation and uncertaintig

A set of 64 Markov chains was generated. Each chain has tq
perform some 10steps, and after a burn-in period every thou-

sandth successful step was recorded in order to suppress the

correlation between successive steps. Budding’s stdmspdel
(1977) was used to model the light curve.

CoRoT orbital period Pgpit

amplitude Porir) AL
amplitude Pomi/2) Ay
amplitude Pomi/3)  As
amplitude Pori/4)  As

1030660+0.0012
111+2
33+2
83

13+2

4.1. Results from Bayesian PI

n

There are two solutions which fit the light curve equally wellabove a 2.5¢ level nor a hint for any departure from rigid ro-
one with three “dark” spots a_nd another one with four “brighttation. The spot periods are constantsa8 ppm. The lapping
spots. In both cases the residuals amount to 0.12 mmag. Tinge for the two largest (“dark”) spots would have to exce@f 1

autocorrelation function of the residuals reveals tha&leeven

years.

more in the data than what can be represented by a simple modeljt is important to clean the data from a CoRoT orlffeet:
with circular spots. From a formal point of view the solutiorThe residuals drop by a factor of five by subtracting a pediodi

with “dark” spots is the more probable one, because the fdsiegignal containing CoRoT’s orbital period as well as threerev
only three spots instead of four. But in view of the spectopsc  tones (TablEls).

evidence the four-spot solution makes much more sense.
The expectation values with b~confidence limits for the

star and the starspot parameters are presented in[Tabler. Fp- Magnetic field geometry

spot longitudes, spot epochs (HJD) can be computed:
E; = 245413509- 2.09101- 4;/360C".

All 19 Stokes V LSD-line-profiles derived from ESPaDOnNS,
NARVAL, and SemelPol spectropolarimetric observations ar

The reader should be aware that the estimated paramej@Juped in a single time-series, in order to increase ttationtal
values and their (surprisingly small) error bars are thdsb® sampling as much as possible and build a proper data set-for to
model constrained by the data. They make sensmthemodel  mographic inversion. The time-series is then used to rengcts
is true, i.e. that there are four circular spots, a linear |Imh_'he surface magnetic geometry of the star by means of Ma:gneti

darkening law with prescribed cficient holds and so forth.
In a further run the ca@cientu of the limb-darkening law

Doppler imaging (Donati & Brown 1997).
To compute synthetic Stokes V line profiles, we make a

has been determined from the data itself. This does not leaddel of a spherical stellar surface divided into a grid okfs,
to any improvement of the fit. The fact that the deduced limleach pixel producing a local Stokes | and V profile. Assuming
darkening cofficientu = 0.405*3919 proves to be only a little a given magnetic field strength and orientation for eachlpixe

bit smaller than the theoretical value of 0.4415 strenggttbe
confidence in the reliability of the four-spot model.

local Stokes V profiles are calculated under the assumption,
valid in the weak field limit, that Stokes V is proportional to

The high accuracy of the photometric data makes it reasan- /13 - By - 01/01, where g is the average wavelength of the
able to question the common wisdom and look for spot evatutia. SD profile (about 534 nm for HD 50773, is the line-of-
as well as dierential rotation and even for a period drift in arsight projection of the local magnetic field vectgris the ef-
Ap star. Time evolution is described by a Legendre exparfionfective Landé factor of the LSD profile (equal to 1.2) aidda
the logarithm of the spot areas up to the seventh power in tintke wavelength derivative of the local Stokes | line profiie
We have done this in the case of the three dark spots only. Thether assume that there are no large-scale brightnedsuor a
result is a clear null result: we neither find a spot area ¢imiu dance inhomogeneities over the stellar surface, so th#tsto
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¢=0.0 ¢=0.2 ¢=0.4 ¢=0.6 ¢=0.8

Fig. 4. Locations of the four bright photometric spots, assumecetofitircular shape, plotted at five equidistant phases.
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Fig.6. Magnetic map of HD50773, reconstructed from
Magnetic Doppler imaging. Each chart illustrates the figld-p
jection onto one axis of the spherical coordinate frame with
from top to bottom, the radial, azimuthal and meridionaldfiel
components. The magnetic field strength is expressed ingzaus
and the rotational phases of the observation are indicatgdra

Radia valoery " tical ticks at the top of each chart.

For each pixel, we impose a Gaussian shape to the local syn-
Fig.5. Stokes V profiles of HD 50773 after the correction of théhetic Stokes | line profile. Parameters of the local profit@lth
mean radial velocity of the star. Black lines represent tagd and depth) are chosen to optimise the adjustment of Stokes|
and redgrey lines correspond to the synthetic profiles of oUrSD profiles of HD 50773. The amplitude of the local Stokes
magnetic model. Successive profiles are shifted vertidaity profiles for pixels located at the visible hemisphere of tae is
better visibility. Rotation phases of observations aredated then weighted according to a linear limb-darkeningftioent
in the right part of the plot, and error bars are illustratedtee equal to 0.49, and their central wavelengths are shiftedrdec
left of each profile. ing to the line-of-sight velocities of individual pixelsssuming
vsini = 46.3 kms? (a value minimising thg? of the magnetic
model) and = 40°.
Synthetic Stokes V profiles are computed for the 19 observed
Stokes | profiles are locally the same over the whole photwtation phases and are compared to the observations. Tae da
sphere. However we would like to mention that some featuresadjustment is iterative and based on a maximum entropy algo-
the Stokes V profile variability may arise from the influende aithm (Skilling & Bryan 1984). The version of the code usedée
chemical spots and not from the magnetic topology itselfictvh makes a projection of the surface magnetic field onto a sgderi
has been demonstrated in Kochukhov et al. (2002). harmonics frame (Donati et al. 2006), with the magnetic field
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geometry splitted between a poloidal and toroidal compbneshows a belt-like structure at the rotational equator wigira
(Chandrasekhar 1961). We limit the spherical harmonicaexp nounced region of overabundance at the positive magnegc po
sion to¢ < 10. Using this procedure, the spectropolarimetric

data are adjusted at a redug€d= 1.2 (Fig.[8). The fina}?, as
well as the reconstructed magnetic topology, are left aidgn
unchanged as long as the adopted spherical harmonicsgles®iblend oftitaniumn with Fel and Cr at 5169 A was used to re-
tion respectgmax > 6. The reconstructed magnetic geometry isover the surface abundance structure of this elemensfows
illustrated in FigL 6, from which we can easily see that thésie a tendency to accumulate at the magnetic poles and to avoid
magnetic field of HD 50773 is mostly a highly inclined dip0|ethe magnetic equat()rial regionsi Varying bet\/\/eerNﬂgNtot =

with a polar strength of about 2 kG. —8.3 and-6.1dex.

. Aclos_erlook at the weight ofthe_ complexsph(_arical harmon- Chromium was mapped using several single Cr lines at
ics codficientsa, m, Bz.m andym (defined by Donati et al. 2006) 5237 A and 5280A plus a blend of @rwith Fer Yu and

is however necessary to obtain a more quantitative infdomat nji; around 5510 A and was found to be variable between
on the magnetic field distribution. Whereas the inversiacpr logNcr/Net = —6.8 and—3.0dex. The abundance distribution

dure allows for the reconstruction of both poloidal and iab ¢ he'element shows as that of Fe a clear correlation to thie ma

components of the field, 96% of the reconstructed magnetic efxic field geometry, being enhanced at the poles and deplete

ergy ends up in the poloidal component. As expected for SUCR @ he magnetic equator, whereby the two enhancement egion

marginal amount of toroidal field, the outcome of the invensi oo to be subdivided into two spots

code is actually almost similar if we impose the more retiuéc The surface abundance obn Waé determined using sin-
case of a purely poloidal field. As can be readily seenonti®e ma o o, jines at 5383 A and 5400 A and again the blend of Fel
most ofthe magnetic energy (91%) is stored in the dipolar-co with Cru, Y 1, and Nii at 5510 A. As mentioned above, Fe is, as

ponent. Higher-order field components are however neqem;arCr, closely correlated with the magnetic field, avoiding -

obtain a convincing modelling of the observations (up to6). : : : -
: : . v e netic eqatorial region. The elemental abundance variegdset
Finally, the predominance of a highly non aX|symmetr|cd‘|eI|Og Neo/Nior = 5.3 and—1.9 dex.

distribution translates into a low amount of magnetic epeng . . . .
axis-symmetric spherical harmonics modes# 0), which do - d\'g‘fgﬁ;ﬁ’gi“;’g t\t]aerita)llk?lgdboeftwleseil?ny&mtiﬂﬁ;e{
K .

0 :
not gather more than 2% of the overall photospheric magn and-5.6 dex shows an opposite correlation to the magnetic field

6.1.2. Iron-peak elements

energy. geometry from what we saw from Cr and Fe: it is enhanced at
the magnetic equatorial regions and depleted where théymosi
6. Spectroscopic Doppler imaging and the negative magnetic pole cross the line of sight.

By applying theDoppler imaging technique (DI), we are able
to translate the partially very pronounced variations mspec- 6.1.3. Yttrium and copper
tral line profiles of HD 50773, linked to stellar rotationtarsur-

face maps of the abundance distribution. The longitude pba s

is directly deduced from the wavelength position of thedist nounced region of overabundance at the magnetic equator and

tion within the profile, whereas its latitude can only be dedi :
from time-series observations. In the case of HD 50773, t@ Sudgpletlon on the poles. The element was mapped from a blend

spectra (listed in Tablg 1) could be used for the inversioitis WWlth Cru, Fel, and Nil at 5510A and 5662 Aopper around

INVERSL12, the DI code we used (Kochukhov et al. 2004b). fiit53A, blended with G, Tin, and Fei was used to derive the
this code, where specific intensities are calculated fohn eési- surface abundance of this element, and we see it to vary batwe

ble surface element for each iteration, it is possible tasita- 09 Ncu/Not = ~8.0 and-6.9dex. Atfirst glance, it seems to be

neously calculate abundance maps of several chemical etem&/0Sely related to the distributions of Ni and Y, being enteh

even from blended spectral lines. Mapping HD 50773, we coufli (e magnetic equator, but it exhibits in addition two lpss

derive surface abundance distributions for Mg, Si, Ca, TjFe, nounced spots close to the magnetic poles.

Ni, Y and Cu. We have to mention that Ti and Ni were derived

from spectral line blends where these elements contrilnite 07, Effect of abundance inhomogeneities on spectral

modgrately to the .overgll absorptllorll. Input p_arame.terse\deF energy distribution

termined as described in Sddt. 3sini and inclination used as

in Sect[b. As already mentioned in Set. 1 the light curve of HD 50773 ob-

tained by CoRoT has a periodic form with two clear maxima of

slightly different atmplitudes at phasg¢s~ 0.05 and 052 (see

Fig. ). This photometric variability is likely to be conred

6.1.1. Magnesium and calcium with inhomogeneous surface element distributions, siniiba
o ] those recently reported and successfully modeled by katét

The surface abundance distributionnadgnesiumwas modeled 3. (2007) for the hot CP2 star HD 37776. The physical nature

using a blend of Mgi with Fer and iy around 5400 A. We find of this efect is directly connected with the radiative flux redis-

a variation between lofmg/Niot = —5.2 and-3.3dex and the tribution due to enhanced or deficient opacity in the abuodan

element, contrary to the other mapped species, does ndiiexhipots relative to the rest of the stellar surface. Hence, siara

a clear correlation with the magnetic field geometry, anchis erotates, the observer seesfeient stellar regions that are emit-

hanced in a spotted, belt-like structure near the rotakiesnaator ting a difterent amount of radiative flux producing characteristic

(Fig.[6.1). The abundance distribution cdlcium, variable be- variability of indices in phase-resolved photometry.

tween logNca/Not = —6.6 and-2.7 dex and determined from  Of course, abundance spots are not the ofiligoe which

Cal andn blended with Fer around 6102 A and 6456 A alsmay produce visible rotational modulation in photometryr F

A similar distribution as that for Ni can be observed ftirium.
Varying from logNy /Nt = —9.9 to—7.7 dex it also shows a pro-

6.1. Surface abundance structures of individual elements
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Table 6. Table of elements and spectral lines used for mapping of H80element, spectral lines used, thedgbgalues of these
lines, abundance interval in dex, for comparison the sahres (Asplund et al. 2005) are presented. Atomic parasased in our
study were extracted from VALD.

‘ Speues‘ 1(A) loggf  Eow (V) ‘ 153 e ‘ blended Wlth‘ 10g(9/Nw) ‘
Mg 1 5401.5210 -0.340 11.6300 Fe,Y -4.51
Sin 5055.9840 0.593 10.0740 -4.8,-2.6 -4.53
Sil 5421.1680 -2.250 5.6190 Cr, Mn
Sil 5421.3830 -1.480 5.6190 Cr, Mn
Cal 6102.7230 -0.862 1.8790 -6.5,-2.7 Fe -5.73
Can 6456.8750 -0.539 8.4380 Fe
Ti 1 5154.0680 -1.750 1.5660 -8.3,-6.1 Cr, Fe -7.14
Cru 5237.3290 -1.350 4.0730 -7.1,-3.6 -6.40

5280.0540 -2.316 4.0740
5510.7020 -2.614 3.8270 Fe, Y, Ni
Fel 5383.3692  0.645 4.3120 5.4,-36 -4.59
5400.5022 -0.160 4.3710
5400.6560 -2.482 3.6350
5401.2689 -1.920 4.3200
Ni I 5510.0030 -0.900 3.8470 -6.1,-5.6 Cr,Fe, Y -5.81
Y u 5509.8950 -1.010 0.9920 -9.9,-75 Cr,Fe, Ni -0.83
5662.9250 0.160 1.9440 Fe
Cun 5153.2300 0.217 3.7860 -8.0,-6.9 Cr, Ti, Fe -7.83

instance, strong magnetic fields may also influence the tatal LL mopeLs. The dfective temperature of all the models was kept
diative flux gradients along the stellar surface since thgmatic to be the same.

opacity and flux distribution strongly depend upon the madul e find that among the nine elements considered in this in-
of the magnetic field (Kochukhov et al. 2005, Khan & Shulyakestigation only four have a clear influence on the modelgner
2006). However, the mean surface magnetic field of HD 507 @&tribution by more than 1%. These elements are Cr (1.1686),

is too weak to noticeablyftect the integrated opacity cie  (5.63%), Mg (3.02%), and Si (2.21%). The influence of the pthe
cient, and thus the chemical spots are the most probablesouive elements is much less pronounced like, e.g. Ca (0.22%).
of the observed variability. Details of our modelling of tight  This agrees well with the recent study of Khan & Shulyak (2007
variability taking into account surface abundance vasiaiof who investigated theffect of individual chemistry on properties

HD 50773 are presented in this Sect.. of CP stars and showed the relative importance of Fe, Cr, and S
Having produced abundance maps using the Doppler imagpacity for all the models considered.
ing technique it is, in principle, possible to directly mbdkee As an example, Fifl]9 demonstrates the synthetic energy dis-

light curve variability in the same manner as it was done #tnibution computed with enhanced abundances of Cr, Fe, Mg,
KrtiCka et al. (2007). However, in case of HD 50773, there aand Si. In particular, one can note the strong impact of Fesand
several elements that play a noticeable role in the flux redn the shape of the energy distribution. However, the radbti
tribution, which would require the calculation of hundreafs small changes in integrated flux values listed above are @ue t
model atmospheres for an accurate surface integratiosele the fact that the CoRoT photometry covers a wide wavelength
tensive computations are out of the scope of the present.Papsgion where the flux changes due to enhanced abundance mod-
Nevertheless, to explore the role of the mapped elementseon ¢ls which act in opposite directions in the UV and the visual
total energy balance in the atmosphere of HD 50773 (and thusregime. We do not show fluxes produced by the other mapped
the ability of these elements tdfect the radiative balance) weelements since they lie extremely close to the flux of the mean
computed a set of model atmospheres witfedent assumptions abundance model (thick full line).

about abundance patterns. To carry out such calculatiorsiwe

ployed the LimopeLs stellar model atmosphere code (Shulyak et

al. 2004), which incorporates treatment of individual adbamce
patterns and computes the line opacity in a fine frequenay g

for better integration of the radiation field quantities. The high-quality CoRoT data enabled us by applying the
First we computed the model with the surface averag@hyesian data analysis to derive stellar surface strusture
abundances of all nine elements used in our DI analysis. ThHeom space quality photometry. Analysing an extensive $et o
another seven models were computed, individually increasiground based spectropolarimetric data via Doppler imagird)
every element by+2 dex relative to its mean value. OnceMagnetic Doppler imaging made it possible to directly clate
these computations were done, we integrated the outpui-radhe results from photometry to the chemical and magnetilaste
tive fluxes from all the models and then compared them to tkarface structure. The resulting abundances were useddelmo
flux produced by the mean abundance reference model. The flb# light variability of HD 50773.
integration was performed in the wavelength range defined by The two areas covered by bright spots found with Bayesian
the CoRoT photometric CCD, i.e. from 2500A to 110004, withjata analysis of the light curve coincide very well with thagn
the resolution of @A, which is the default flux resolution in netic polar regions on the surface of HD 50773.

ﬁ. Conclusions
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0.6

Fig.7. Top panel: Radial field component of the magnetic map of HOV30(As described in Selt. 5). Second panel: locations of
the four bright (displayed in black) photometric spotsuassd to be of circular shape. Next three panels: Abundarstefulition

of Cr, Fe, and Si at the surface of HD 50773 obtained from thesliisted in Tablel6 (online). We show the star at an indtmat

i =40°. Darker areas in the plots correspond to higher elementaddd@nces, the corresponding scale is given to the rightaf ea
panel, and the contours of equal abundance are plotted tejis ©f 1.0 dex. The circle and the cross indicate the positfdhe
negative and the positive magnetic pole, respectivelypAdjections are plotted at five equidistant rotation phases

The elemental abundance spots of the species contributideferences

d_ommantly to the changes in the mtegrated f.lux. (Cr’ Fe, allgplund, M., Grevesse, N., Sauval, A. J. 2005, Astronom@atiety of the
Si) are also clearly correlated with the magnetic field getoyne ™ pacific Conference Series, 336, 25

and hence with photometric spots. Regions of overabundarceappourchaux, T., Michel, E., Auvergne, M., et al. 2008, A&#88, 705
found close to the magnetic poles and those of depletioedinkBaglin, A., Michel, E., Auvergne, M., et al. 2006, in ESA Sigdublication,

to the magnetic equator. As described in Séct. 7, these etemeBab(‘e’lo'j 113352' EAsngsgggiaﬁgub”catiO“' 3950

prOduce b”ght spots in the photosphere. Boisnard & Auvergne 2006, Proceedings of "The CoRoT Misdtwa-Launch
Our results confirm the high potential of combining high  Status - Stellar Seismology and Planet Finding” (ESA SP&).3Bditors:

quality photometric data obtained in space with ground dhase gﬂigrggngAis%aeglilrg J. Lochard & L. Conroy, ISBN 92-909155-9.,
spectroscopy. Further studies with a similar approach are Cgudding, E. 1977, Ap&SS, 48, 207

rently ongoing and will significantly increase the samplstafs croll, B. 2006, PASP, 118, 1351

analysed in this way, which is important for modelling elert@® Donati J.-F., Semel M., Carter B.D., et al. 1997, MNRAS 2%8 6

diffusion in stars in the presence ofa magnetic field. Donati, J.-F., Collier Cameron, A., Hussain, G. A. J., Seb®89, MNRAS, 392,
437
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Fig. 8. Same as the three bottom panels in Fig. 7 but for Mg, Ca, TiyNind Cu.
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Fig.9. The synthetic energy distributions of HD 50773 calculateithvinean surface abundances and abundances of Cr, Fe, Mg,

and Si enhanced by 2 dex. For all modélg = 8300K and logy = 4.1 were assumed. To provide a better view all fluxes were
convolved with the resolution & = 200.
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Table 3. Line list used for abundance analysis based on equivalafthwmeasurements in the co-added spectrum of HD 50773.
Atomic parameters are taken from the VALD database. For Baelwavelength, excitation potential, and Igpfjare listed.

[ Species] A[A] | Eow[eV] | loggf [| species] A[A] | Eowl[eV] | loggf |
Cl 6001.1179 8.6430 | -2.061 || Fel 5445.0424 4.3860 | -0.020
Fel 5446.9168 0.9900 | -1.914
Mg | 5183.6040 2.7170 | -0.180 || Fel 5487.7450 4.3200 | -0.317
Mg | 5528.4050 4.3460 | -0.620 || Fel 5554.8951 4.5480 | -0.440
Fel 5565.7040 4.6080 | -0.213
Sil 5645.6130 49300 | -1.524 || Fel 5569.6181 3.4170 | -0.486
Sil 5772.1460 5.0820 | -1.358 || Fel 5572.8424 3.3960 | -0.275
Sil 5948.5410 5.0820 | -0.780 || Fel 5615.6439 3.3320 | 0.050
Sill 5055.9840 10.0740| 0.593 || Fel 5624.5422 3.4170 | -0.755
Sill 5978.9300 10.0740 | 0.004 || Fel 5633.9465 49910 | -0.270
Fel 5686.5302 4.5480 | -0.446
Cal 5581.9650 2.5230 | -0.555 || Fel 5705.9922 4.6070 | -0.530
Cal 5588.7490 2.5260 | 0.358 || Fel 5762.9922 4.2090 | -0.450
Cal 5594.4620 2.5230 | 0.097 || Fel 5816.3735 45480 | -0.601
Cal 5857.4510 2.9330 | 0.240 || Fel 5848.1270 4.6080 | -1.056
Fel 5859.5860 45490 | -0.419
Scll 5667.1490 1.5000 | -1.309 || Fel 5862.3570 4.5490 | -0.127
Fel 5914.2010 4.6080 | -0.131
Till 5185.9018 1.8930 | -1.490 || Fel 5930.1799 4.6520 | -0.230
Till 5418.7675 1.5820 | -2.000 || Fel 5934.6549 3.9280 | -1.170
Fel 6003.0123 3.8810 | -1.120
VIl 5819.9350 2.5220 | -1.703 || Fel 6020.1692 4.6070 | -0.270
Fel 6024.0580 4.5480 | -0.120
Crl 5206.0370 0.9410| 0.019 || Fel 6027.0509 4.0760 | -1.089
Crl 5208.4250 0.9410| 0.158 || Fel 6056.0047 4.7330 | -0.460
Crll 5237.3290 4.0730| -1.350 || Fell 5004.1950 10.2730| 0.504
Crll 5310.6870 4.0720 | -2.280 || Fell 5061.7180 10.3080 | 0.284
Crll 5334.8690 4.0720 | -1.826 || Fell 5169.0330 2.8910 | -1.303
Crll 5407.6040 3.8270 | -2.151 || Fell 5234.6250 3.2210 | -2.230
Crll 5420.9220 3.7580 | -2.458 || Fell 5254.9290 3.2300 | -3.336
Crll 5508.6060 4.1560 | -2.252 || Fell 5316.6150 3.1530 | -1.850
Crll 5620.6310 6.4870 | -1.395 || Felll 5362.8690 3.1990 | -2.616
Fell 5427.8260 6.7240 | -1.581
Mn | 6021.8190 3.0750| 0.034 || Fell 5432.9670 3.2670 | -3.527
Fell 5439.7070 6.7290 | -2.382
Fel 5065.0180 4.2560 | 0.005 || Fell 5534.8470 3.2450 | -2.730
Fel 5078.9750 4.3010 | -0.292 || Fell 5835.4920 5.9110| -2.702
Fel 5090.7740 4.2560 | -0.400 || Fell 5952.5100 5.9560 | -2.388
Fel 5133.6885 4.1780 | 0.140 || Fell 5961.7050 10.6780| 0.675
Fel 5139.4628 2.9400 | -0.509 || Fell 5991.3760 3.1530 | -3.540
Fel 5162.2729 4.1780 | 0.020
Fel 5202.3360 2.1760 | -1.838 || Nil 5715.0660 4.0880 | -0.352
Fel 5232.9403 2.9400 | -0.058
Fel 5281.7904 3.0380 | -0.834 || Y 5087.4160 1.0840 | -0.170
Fel 5353.3736 4.1030 | -0.840
Fel 5367.4668 44150 | 0.443 || Prlll 6053.0044 0.0000 | -1.983
Fel 5383.3692 4.3120 | 0.645
Fel 5393.1676 3.2410 | -0.715 || Nd Il 5845.0201 0.6310 | -1.180
Fel 5434.5238 1.0110 | -2.122
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