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Abstract. The surface abundance structure of seven elements of the brightest chemically peculiar A-typérster Majoris

(e UMa, HD 112185, HR 4905) has been determined. Cr, Fe and, Mn are enhanced at the magnetic polar edghda of

while they avoid the magnetic equator. Sr seems to behave like Cr, Fe, and Mn, but is concentrated only at one of the two
magnetic poles. Ti, in contrast, is accumulated at the magnetic equator and is depleted where Cr and Fe are accumulated, in
accordance with theoretical predictions. Mg and Ca do not correlate with the distribution of Cr, Fe, Mn, and Sr or with Ti. The
surface distribution of Mn, Sr, Ti, and Mg was determined for the first time for this star. A Doppler Imaging code was used that
allows to analyse elements present in complex spectral line blends and thus to increase significantly the potential to map more
elements. We compare our Cr and Fe distributions to already published maps. The high consistency of our results, based on
different observations and Doppler Imaging codes, proves the reliability offfieestit methods.

Key words. stars: abundances — stars: chemically peculiar —
stars: magnetic fields — stars: individualJMa, HD 112185, HR 4905

1. Introduction metal-rich winds. Detailed analyses concerninfjugion ve-

. o ) i locity and the influence of the ionization state of Si on it$udi
Magnetic Ap stars show the variation of line profiles synchrg;,, enaviour have been made by Alecian & Vauclair (1981).

nized with the stellar rotation. These variations are assume e dfect of weak metal-rich winds is discussed in detail by
be due to a significantly inhomogeneous surface distributi%bd (1992, 1995). It is the goal of the present paper to pro-
of elements, unusually strong lines of rare earth elements g rther observational constraints on theories explaining at-
magnetic fields, whereby all these quantities vary with the rﬂiospheric inhomogeneities filision mechanisms and the in-

tational period. _ _ _ _ fluence of magnetic fields.
Doppler imagingis an inversion technique which allows

to derive two-dimensional abundance distributions on the sur- We determined foe UMa for the first time the abundance
face of Ap stars from observed spectral line profile varialistributions of Mn, Ti, Sr, and Mg and we prove that our
tions. Recent reviews on this technique were published, egbde is capable of handlingfilcult data. The Doppler Imaging
by Piskunov & Rice (1993) and Rice (1996), who describgbde INVERS11, developed by NP, allows to map simultane-
Doppler Imaging methods in general, and Hatzes (1996), wbasly more than one element and using complex spectral line
focusses on Ap star mapping. blends. Comparing our results with previously published maps
Presently the most convincing theory for explaining abumve found good agreement (Cr and Fe, mapped by Wehlau et al.
dance distribution anomalies on the surface of magneli®82; Rice & Wehlau 1990, 1991; Hatzes 1988, 1991). A de-
Ap stars is based on radiativefidision of chemical elementstailed description of the method is given in Appendix A.
and their interaction with an oblique magnetic field (Michaud
et al. 1981; Michaud 1993). Other mechanisms that may con- The new code and a spectral coverage of 4040 A-4260A
tribute to the observed surface abundance inhomogeneitiesaHd 4440 A-4640 A allowed to increase significantly the num-

accretion or dfusion combined with mass loss due to weaker of useable spectral lines and as a result the number of ele-
ments to be mapped. The reliability of the determined elemen-

Send gprint requests toT. Lueftinger, tal surface distributions is also increased by using lines of the
e-mail: lueftinger@astro.univie.ac.at same element but with flierent atomic parameters (compare
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Fig. 7, Cr from the Cr 4558 A line, to Fig. A.1, Cr from the Values in the literature fow sini are 35+ 0.5kms?
blend of Cn, Fel/nl and Ca in the region around 4526 A). (Hatzes 1991), 35knt$ (Rice et al. 1989) and 38 km’s(Rice

At this point we would like to summarize Doppler imaging Wehlau 1991). Most recent results (Babel et al. 1995; Rice
results already obtained feluMa: et al. 1997; Holmgren & Rice 2000) converge towardssini

Fe and Cr were mapped in 1982 by Wehlau et al. (1988)33 kms™.
and they find two regions of enhanced Fe and Cr abundance.Radius determinations ferUMa give values between 3.6
Rice & Wehlau published further maps of these two elemerits4.3 solar radii (Hatzes 1991; Lueftinger 2000).
in 1990 and find a major feature at @nd another enhance- Phases were calculated for the present investigations with
ment region between 14@Gnd 260, supporting their results the ephemeris of Provin (1953):
from 1982. They suspect the distribution of Fe and Cr being the
same, represented by a certain set of poles and rings (for detthls 2434 131124+ 5.0887E (1)

see Rice & Wehlau 1990}, but caution the readers against q&s\?ery interesting and controversial aspect &fMa is its weak

tprt|o_n eﬁectg in the Cr maps due to I|m|t.ed quality of absorprhagnetic field despite its remarkable spectroscopic peculiarity.
tion line profiles. In a follow up paper (Rice & Wehlau 1991), Landstreet et al. (1975) and Borra & Landstreet (1980)

they apply a modified Doppler Imaging program (Rice 199%d not detect a magnetic field larger than a few hundred

and ot;taln ::homp?rablel resultts. ]:Ab?ndar:ccleosoof both eleme@ta%uss using a solar magnetograph technique for Balmer lines.
rangDe rotr_n i el SO abrl'vius .Uplgggir?rsuft.) N I.' bl t.Glagolevsky etal. (1982, 1983) detected a magnetic field vary-
onatl et al. publisnec In e ‘irst reliable magnetig, oo 300 to +600G from polarization of the Hine.

detection” for the Ap star UMa and assumeadecentered.dlpq_-| brig (1988) applied Babcock's technique and measured a
lar structure. They propose that the overabundant reglonsﬁ?}d ranging from+708 to—1100 G

Fe1 coincide with the magnetic poles. Bohlender & Landstree : ;
(1990) published a further analysis of the weak magnetic field More recent measurements, to which we refer in Sect. 6,

of e UMa and find consistency of their results with Donati et alare from Donati et al. (1990) and Bohlender & Landstreet
the surface maps calculated by Hatzes (1988) and by Rice(%ggo)' A”. give evidence for a weak magnetic field, vary-
m@ sinusoidally betweer128 and-64 G and dominated by

Wehlau (1990): Fe and Cr are enhanced in intermediate Ma%ecentered dipolar component. Their analyses reveal that the

gzﬂ;tir:ms or rings and seem to be depleted near the magnr%%%netic poles cross the line of sight at phases 0.941 and 0.441

Hatzes (1991) suggests for Cr a depleted band or ring C:Ft_ccordmg to the ephemeris of Provin, 1953), which corre-

cling the magnetic equator and a depleted spot at the magn% Ignds to the region of enhanced Cr and Fe in our maps (see

. ; ect. 5) visible around phases 0.9 and 0.5. Measurements of the
poles and he proposes twofférent explanations for the de- - . .
letion around the magnetic equator: the presence of a str r?Iar magnetic field yield 1868 G (Donati & Semel 1990) or
puadru ole com onen% if Cr isqde Ie.ted there magnetic fi% ut 400G by Bohlender & Landstreet (1990), who used a
q P omp . =P’ 9 almer-line magnetometer. Shtol’ et al. (1997) measured the
lines are vertical, or horizontal ffiusion of the element after o . .
agnetic field ofe UMa (also using a hydrogen-line mag-

. X o m
its \_/ertlcal diTus_|on in the atmosphere, whereby he favours ﬂﬁ%tometer) and found values f@& = 117G+ 23G and
horizontal difusion concept. mex

_ B, = —65G+23G. The ratio of the magnetic extrernafor
The firstimages of O and Ca were presented by Babel eté”lmagnetic field dominated by the dipolar component can be

(1995). They find a ring that seems to coincide with the MaZzed to derive the obliquity of the rotation axis to the magnetic

netic equator in which Ca and O show enhanced abundan%e?sﬁ (Preston 1967):
while Fe and Cr are depleted in this region. They argue tHat " '

horizontal difusion cannot operate because it fSogent only tang = (1—r)/[(1 +) - tani]. 2)
for specific elements, and furthermore, Ca and O should be ac-
cumulated at the magnetic poles. According to Bohlender & Landstreet (1990)could range

Another O map was presented in 1997 by Rice et al., wii®m —0.30 to -0.97 for eUMa and if we usdé = 45+ 15,
finds significantly enhanced O abundance in a belt at the m#ge magnetic obliquity lies between4&nd 90. The O and Ca
netic equator and a second belt tilted at GD70. distributions derived by Rice et al. (1997), and by Holmgren
Holmgren & Rice (2000) analysed the distribution of C& Rice (2000, who used, as did Hatzes 1991 an55° and
and also found a ring of enhanced Ca abundance (compareld+o50°, respectively), would suggestsaof about 62 to 64,
other regions) along the magnetic equator. assuming that the distribution of these elements traces the mag-
netic equator.

2. € Ursae Majoris

¢ Ursae Majoris ¢ UMa, HD 112185, HR 4905) is the bright-> OPServations and data reduction

est Vv = 1.77 mag) chemically peculiar A star and has be€rhe observations used for this work were obtained by RK in
extensively studied during the last century. Periodic changeslime 1994 and in March 1995 at the Observatoire de Haute
absorption line intensities lead to the first precise value for tReovence with the AURELIE spectrograph, covering the spec-
rotation period of 5.0887 days (Guthnick 1934). Spectroscopial regions 4040 A-4260 A and 4440 A-4640 A. A resolution
and photometric studies by Struve & Hiltner (1943) and Provof about 20 000 and a signal-to-noise ratio of 200 was achieved
(1953) confirmed this period. for all spectra.
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Table 1. UMa: log of observations. Macroturbulent velocity was set to 0kmts microturbulent
velocity to 2kms?.
4440-4640 A 4040-4260 A The radius ok UMa corresponding to our choice ofsini
andi yieldsR.yma = 4.2+0.2 R, using the trigonometric paral-
JD (2400008) Phase| JD (2400008) Phase lax measured by Hipparcos= 40.30 mas (ESO, 1997) and an
angular diameter of 1.561 mas. The latter value was determined
49804.373 0.010 ~ 49804.485  0.037 by fitting observed fluxes in the ultraviolet and visible region

49799.346 0.023  49799.410 0.035
49799.679 0.088 49799.628 0.078
49805.334 0.199 49805.384 0.209
49800.327 0.215 49800.358 0.221

(Jamar 1976, and Geneva photometry) with fluxes from our
model atmosphere and we obtain a formal error of 0.01 mas.
An inclination angle of 57 would be consistent with this

49800.474  0.244 49800.530  0.255 radius according to
49800.689  0.286 49806.382  0.405 sini = (R, sini)/P
49806.298  0.389 49801.336  0.414 v sini = (R, obs

49801.308 0.408 49801.667 0.479
49 801.687 0.483 49802.350 0.613
49802.324 0.608  49797.457 0.651

This value compares well with what is given in the literature,
but in our analysis we found that ag 45° results in the lowest

49797.381 0.636 49797689 0.697 chi-square values for mqst of the lines a_m_d elements analysed.

49797.601 0.680 49803.303 0.800 Maps produced for an= 57° and a sini of 33kms* and

49803.387 0.817 49798.316 0.820 35kms?, respectively, using the Cr line at 4558 A resulted in

49798.658 0.887] 49798.654 0.885 deviations of 1.49% and 1.46% instead of 0.9% faini =
35kms? andi = 45°. Clearly, ani = 45° results in a formally
better map.

Observations for previously published maps reached The Vienna Atomic Line Database (VALD, Piskunov et al.
signal-to-noise ratios of up to 800 for individual phases (Hatz&995; Ryabchikova et al. 1999; Kupka et al. 1999) provided the
1991) and a spectral reslution Bf = 60000 and more. It is atomic line data necessary for the spectral synthesis of the lo-
comforting to see that INVERS11 produces with our data oél line profiles. The quality of the atomic parameters included
lower quality (see also Sect. 5.2) comparable maps for, e.g.,iICAVALD has been investigated and commented upon in the
and Fe. literature.

Data reduction, wavelength calibration and normalization It is known that errors in the atomic parameters may cause
was done with the pcIPS software (Smirnov & Piskunov 1994jistortions in the maps. This is also the reason why we tried to

Observations used for mapping and the correspondi@igrive abundance maps fronffgirent lines. For two elements,

phases are listed in Table 1. Sr and Ca, this was unfortunately not possible, but for all oth-
. ers, Cr, Fe, Mn, Ti, and Mg, the mapping withférent lines
4. Input parameters for Doppler Imaging resulted in similar abundance structures.

The macroturbulent velocity was set to 0 kmh and micro-
urbulent velocity to 2 kmg. This choice should be appropri-
te for this star because a non-zero microturbulence can take

The dfective surface temperatufg; of e UMa was estimated
from Balmer line fitting. Model atmospheres with a step inteF

val of 100 K were calculated with Kurucz's ATLAS9 program e . )
mto account magnetic fieldtects. It is accepted that a micro-

(Kurucz 1992, 1993). Hydrogen lines were synthesized wi .
the program SYNTH (Piskunov 1992) and the resulting pr%grbulence value of 0 knTs can be expected for magnetic stars,
ut this knowledge is of limited help when producing synthetic

files were compared to the observed profiles ofttlédine. An i il | dmodel f tic field and
additional check was performed using spectrophotometry affif Profiies uniess a good modet fora magnetic lield and a syn-

lead us to the final choice @y = 9000 K which is lower by thesis code which is based on Stokes parameters is available.

500K than what is used by others. In any case, tests confirn{teﬁou'd be argued that a microturbulent velocity of 1krhs

that size and location of surface features discussed in this pa étiht be a better compromise and we therefore computed maps

are only marginally fiected by the choice of the temperature. . thO, 1, gnd 2kms'. The resulmg maps do notftir in loca- .

The surface gravity log was also determined via Balmer.“on and size of the spots, only in the abundance range, which
line fitting and refined by selecting the value which best abs— expected.
proximates the strong Fend Fat lines.

Starting values for the determination o6ini andi were 5. Abundance maps

?k\?vn rf]rlom tlr;eglllteratgre (fR'CZ e;)t al. 1989 .Hatiﬁs 1dgg.1;tR'ﬁ\%undance maps for each element are presented in one merca-
ehlau ) and refined by minimizing the devia '0%r and four spherical projections. The figures consist of:

between the observed and calculated profiles. The best fit was

obtained for: “a” the mercator projection of the abundance distribution and
with contour lines connecting regions of equal abundance.
Texr = 9000 K “b” the map of the stellar surface in four phases (0.0, 0.25, 0.5,
log g =3.6 0.75). Values for the abundance averaged over the visible
v sini = 35kms? hemisphere are given below each phase. Dark colour means

i =45, high, bright colour means low abundance.
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Table 2. List of elements and spectral ranges used for the inversion 90
procedure. In Cols. 3 and 4 we list central wavelengths and elements 60
contributing to a blend. 30
a 0
Element| Range (A) | Lines (&) Blended with A
Cr 4524-4529| Cr1: 4526 Fey/m, Ca
4556-4561| Crir: 4558 60
4586-4596| Crir: 4588, 4592|  Tilr, Fa/i —90 : : :
4615-4619| Cr: 4616 360 270 180 %0 0
phase=0.75 phase=0.5 phase=0.25 phase=0.0
Fe 4489-4494| Fa/m: 4490 ‘ N
4518-4523| Far: 4520 ’
4524-4529| Fa/u: 4525 Cm, Ca
4575-4577| Far 4576 '
Mn 4477-4481| Mnir: 4478 b mean=-5.71 mean=-5.61 mean=-5.58 mean=-5.57
4518-4522| Mnir: 4518 Fen
Ti 4562-4569| Til: 4563, 4568 crm TH40 Te00 mee0 TR0 A0
4570-4580| Tim: 4571, 4580 Fe Fig. 1. The Mn distribution on the surface efUMa, obtained with
INVERS11 from the Fa and Mnit 4518 A to 4522 A blend.
Sr 4213-4218| Sn1: 4215 Cri
90
Mg 4165-4169| Mgr: 4167 60
4479-4484| Mgu: 4481 20
Ca 4524-4529| Ca: 4526 Cr, Fa/i @ 0

-60
-90
360 270 180 90 0

In separate figures the observed (crosses) and the calculated
(lines) profiles are plotted from phase zero (top) to a full ro-
phase=0.75 phase=0.5 phase=0.25 phase=0.0

tation period (bottom). The line identification is shown on the
synthetic spectra (not rotationally broadened) at the top of the
figures.

5.1. New elements b

mean=—-7.68 mean=—7.82 mean=-7.59 mean=—7.65
In this section we present Doppler Images of the elements listed
in Table 2, where the abundance distributions of Mn, Ti, Sr, and 78m0
Mg have been determined for the first time. The innovative as-
pect of INVERS11 consists in its ability to image simultang=ig. 2. Ti distribution on the surface ot UMa produced with
ously various elements from complex spectral line blends (#8VERS11, obtained with the blend of liand Cnr in the region
e.g. from the blend of Cr and Fe with Ca, see Sect.5.2.3). 10 4563 A to 4565 A.

lines at 4501 A and 4571 A, from a blend with Fe in this region,
and from mapping the blends of Ti with Cr from 4563 A to
The Mn line at 4518 A (Figs. 1 and 3) was used to derive ths65 A. The Ti abundance varies betwedi75 and-7.55 dex
surface abundance pattern of this element. The mean abad is underabundant by about 0.3 to 0.5 dex compared to the
dance of Mn is about5.6 dex and varies within 0.1 dex. Thesolar value. Two main features are resolved: one big enhance-
structure is very similar to that of Cr and Fe and shows omgent region from-30° to +30° in latitude and between 210
spot from O to +50° in latitude (it is more pronounced thanand 310 in longitude and another with same latitude but a lon-
the spots in this region for Cr and Fe) and fronf 90 200 gitude from O to about 130.

in longitude. Another spot can be found from longitude 310

through O to 3C¢° and between0to about 50 in latitude.

5.1.1. Manganese

5.1.3. Strontium

51.2. Titanium It seems that Sr (Fig. 4) shows a similar behaviour as Fe, Cr,
and Mn, but with the spotted ring structure slightly shifted

The Ti distribution seems to be anticorrelated to Fe, Cr, and Nbwards the equator. A very prominent spot can be found

(Figs. 2 and 3). The map was derived from the unblended &t phase 0.0 with stellar latitude betweeB0® and —30°.
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Fig. 3. Mn 11 (left, blended with Fer between 4518 A and 4522 A) and

Ti it (right, blended with Cr1 in the region from 4563 A to 4565 A) Fig. 5.Mg map, obtained with INVERSL1 from the Mg4167 A line.

profiles.
90 f¥snnce 85555
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30
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VT
=30 L B r phase
-60 0,032
-90 M 0,035
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Fig. 4. Sr surface distribution of UMa, obtained with the INVERS11 | v< oszt | | v omi |
code from the blend of Srwith Crir at 4215 A. v\ oses N~ ::;
| | |

. . . | | | | | |
The enhancement region between 180d 180 in longitude ;i w750 w2158 2166 2174 41655 41667  a1675 41685  a169.1

is less pronounced than for the other elements. Sr was mapped wovelength [4) wovetength [4)

using the blend with Cr around 4215A. Fig.6. Sri1 (left, blended with Cn at 4215A) and Mg, 4167 A
(right) profiles.

V

-11.00 -10.25 -9.50 -8.75 —8.00

5.1.4. Magnesium

The surface abundance structure of Mg (Figs.5 and6) was
determined with the single Mgline at 4167 A and the very abundance patches exactly at phasegroups where the star was
prominent Mgt line around 4481 A. Mg shows afférent be- observed. However, synthesizing the solar spectrum we did not
haviour than the other elements and is accumulated like a sgivtel indications for a wrong log f value for the Mg 4167 A
ted ring with four to five enhancement regions in the northeline. Thévenin (1989) gives a value of lagf = —1.04, what is
hemisphere betweeri @nd+60 in latitude. only marginally diferent from what we used, logf = —1.004.

The structure of the Mg map could also be attributed to tlk@irthermore, the Mg map derived from the very prominent
so called “phase ghostingffect. Wrong transition probabili- Mg1r line at 4481 A with well known transition probabilitites
ties in the atomic data can lead an inversion code to produeads to the same surface abundance structure.
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-90

360 270 180 90 0

phase=0.25 phase=0.0

270 180 90 0

phase=0.75 phase=0.5

—7.50 -5.50 -4.50 -3.50

Fig. 7.Cr map ofe UMa obtained from the Qi 4558 A line calculated Fig- 8. The Fe map oé UMa, obtained with INVERS11 from the three
with the INVERS11 code. Feyil lines at 4490 A, 4520 A and 4576 A.

-6.50

5.2. Previously mapped elements

Cr 2 4558.650
Cr 2 4558.783
Fe 1 4490.762
Fe 1 4490.808

The maps for Cr and Fe are compared to previously published]
results and serve as a test for the capability of INVERS11 to
reliably reproduce surface abundance structures from blendead
lines and from data with poor signal-to-noise ratio. -

S Fe 2 4491.405

/
X

phaose

5.2.1. Chromium

The surface distribution of Cr (Fig. 7) was first derived from the
very prominent unblended Grline at 4558 A. In a second step

0.010

0.023

é

0.199

0.215

0.244

10%

Than
(LK

three blends with Fe and Ca at 4526 A, with Ti from 4563 &
to 4565A, and with Ti and Fe from 4588 A to 4592 A were? |
mapped and all revealed the same surface distribution as fof
the 4558 A line. The mean abundance of Cr&7 dex and it
is the element with the strongest surface abundance variation}
—5.7 dex and a variation of the mean of the visible hemisphere
of 0.5 dex. Cris concentrated in a ring-like structure consisting
of a sequence of spots with one big spot freB0° to +60° in
latitude and from 315through O to 7 in longitude.

E

5.2.2. Iron | | ! | I I

4557.1 4558.0  4558.9  4559.8  4560.7 4489.8  4490.7  4491.6 44925

Fe maps were derived from unblended Fe lines at 4490A, e roveeran

4520A, and 4576 A (Fig. 8). One additional map was calcfrig. 9. The Crii, 4558 A (eft) and Fey, 4490A ight) profiles

lated taking into account simultaneously all three lines and ,@_e_UMa. Crosses represent observed and solid lines the calculated

sulted in the same surface pattern. The mean abundance of'iedles.

is about-4.65 dex and varies within about 0.2 dex. Fe shows

the same behaviour as Cr and is enhanced in two spots: ong at

latitude O to 3¢° and longitude between 13@nd 180. The

other, more prominent spot can be found from2ff@ough 0 Ca (Fig. 10) is enhanced betweeB0® and +60° in latitude

to 3¢ in longitude and 0to 4Q in latitude. Abundance mapsand 180 to 360 in longitude. The surface abundance distribu-

using the Cr-Fe-Ca blend at 4526 A generated by simultatien was calculated using thefficult Cr-Fe-Ca blend around

ously mapping all three elements lead to the same abunda#626 A.

pattern. In Fig.11 the rotationally modulated line profiles of the
In Fig.9 the rotationally modulated line profiles of theCar line at 4526 A line are presented. As can be seen from

Cri1, 4558 A line and the F#i1, 4490 A line are presented.  the synthetic profiles, the contribution of Ca to this blend is

4493.4

3. Calcium
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404
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928

Ti 1 4526.365
Fe 2 4526
Cr 1 4526
Fe 1 4526

~~ Fe 2 4526
____Ca 1 4526
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0.199
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\ 2 - 0.244
b e Lo i
mean=-5.35 mean=-5.54 mean=-5.73 mean=-5.49 2 e 2 0.286
\ B o
—6.50 -5.97 -5.45 —4.93 —4.40 0.408

0.483

+
og

Fig. 10. Car distribution on the surface of UMa determined with -
INVERS11, obtained with the blend of Cand Fa/u in the region
around 4526 A.

0.608

o
+] +

0.636

0.680

0.817 1

+

4

weak. Furthermore, the signal-to-noise ratio of our spectra is
rather poor and the blends of Fe and Cr to the Ca line are se-
vere. Nevertheless we find that INVERS11 still allows to use

this blend for mapping reasonably well Ca and that, e.g., the 452'5.1 452'5.9 452'6.7 452'7.5 452'&3
Fe map is slightly less noisy, if the Ca surface distribution is wavelength [A]

taken into account for the mapping procedure. Fig. 11. Car profiles of e UMa blended with Cr and Fa/i1 in the
region around 4526 A.

0.887

5.2.4. Comparison to published maps

Comparing our image of Cr to the ones derived by Hatz8s Discussion
(_1991).and by Rice & Wehlau (;990), we see_that they al%o_l_ Abundance maps and correlation
find a ring of low abundance tracing the magnetic equator. Two . o
. o with the magnetic field

merging spots with high abundance are located close to the
magnetic pole at a radius of about°20’he spherical projec- Cr, Fe, and Mn are enhanced in the region of the magnetic
tions in both papers are mirror images, but their similarities apeles. Fe has solar abundance and Cr and Mn are overabundant
obvious. Maps of Fe obtained by Rice & Wehlau (1990) sholay about 0.8 dex.
a ring structure centered on the magnetic pole and a depletionTi, in contrast is accumulated in the region of the magnetic
band around the magnetic equator. Both results agree well watiuator. The mean Ti abundance is about 0.3 to 0.5 dex below
maps based on single lines and on blends. However, their mégssolar value.
provide more structure than ours what might be caused by a The Mg distribution does not seem to correlate with the
higher signal-to-noise ratio and spectral resolution of their ohssumed magnetic field geometry ofUMa (see Sect. 2).
servations or by using the MEM regularisation (Tikhonov redBoth lines that were used to derive the surface patches (the
ularisation was used in our case, see Appendix). Mg 14167 A line and the Mg line at 4481 A) reveal the same

Holmgren & Rice (2000) published a Doppler Image basedbundance pattern. Ca does not seem to be correlated with the
on Cai line at 8662 A. They find a ring like structure along thenagnetic field as well.
magnetic equator which is comparable in location with what Concerning Cr and Fe, which were the elements investi-
we found. However, the Ca distribution published here shoujeited by Rice & Wehlau (1990, 1991); Donati et al. (1990)
mainly demonstrate the potential of the new code to deriemd Hatzes (1991), the results presented in this paper are in
still reasonable results under demanding spectroscopic corgtiod agreement with previously published maps, determined
tions (weak componentin a complex blend, rather poor spectnath different codes and based oftdient observations, prov-
resolution and signal-to-noise ratio). The axis of symmetry afg the reliability of our method. In addition to Cr, Fe, Mn, Ti,
the maps of O and Ca derived by Rice et al. (1997) and By, Mg and Ca, discussed in this paper, the map of O was pre-
Holmgren & Rice (2000) suggest a polar magnetic field regi@ented by Rice, Wehlau & Holmgren (1997). They find a well
that is more consistent with the Cr and Fe concentrations thdefined primary belt of O at the magnetic equator region where
the one suggested by our Ca map. abundance is five orders of magnitude higher than in the
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Table 3. Predictions of current theory (depletion of elements at the
magnetic poles and accumulation at the magnetic equator) compared
with maps ofe UMa (this paper) and other maps from Kuschnig

(1998). No ditusion calculations are available for Mg, O and C&

meaning confirmation,~” contradiction, and ~” undecided).

Element eUMa CUVir ®Dra 6Aur

Ti + ~ ~ ~
Cr - + + +
Mn - ~ ~ +
Fe - + + +
Sr - ~ ~ +

oo b e e b e b e b 1
4.2 4.15 4.1 4.05 4 3.95

log Ten

Fig. 12. Position ofe UMa, CU Vir, ® Dra, ET And andd Aur along

the ZAMS (evolutionary tracks are based on A.A. Pamyatnykh 200 T And, ¢ Dra, and CU Vir, all stars mapped by RK (1998,

99). The distribution of Ti on the surface efUMa is in
good agreement with the predictions of Babel (1992, 1995).
However, a correlation of Ti to the magnetic field structure
magnetic polar regions. A secondary belt of O is tilted by#80 is not evident fod Aur, ET And, andg Dra (Kuschnig et al.

70" to the first one. Rice et al. (1997) suggest a chemically difggg).
ferentiated stellar wind being responsible for the O abundance gy results fore UMa reveal that Cr and Fe show exactly
distribution. the opposite correlation of the surface abundance distribution

Applying simple dipolar, quadrupolar or decentered dipolag the magnetic field than in the case of the Ap stars CU Vir,
fields one would expect, according to Michaud et al. (198X, Dra, ET And, andd Aur. For these stars Kuschnig et al.
abundance patterns etyMa in terms of rings or of polar caps.(1999) found Cr and Fe to be accumulated at the magnetic
The patchiness of the ring structures and the abundance patggjifator region and depleted at the poles. According to the the-
of Sr may support a suspicion of Rice & Wehlau (1990), thaty, predicting depletion of ionized iron peak elements at the
the star possesses a more complicated magnetic field structyyggnetic polar regions due to weak metal-rich winds (Babel
1992, 1995)¢ UMa should represent a young Ap star for which
this process did not yet significantlyfact the elemental sur-
face distribution. In Fig.12 the evolutionary statuseddMa
Michaud et al. (Michaud et al. 1981; Michaud 1993) suggeand the other stars discussed in this paper is indicatgt¥la
that the magnetic fieldfeects difusion of elements such thatseems to be among the most evolved Ap stars and therefore
at low enough pressures ionized elements cdfusi only poses a problem for the metal wind concept.
along magnetic field lines and thus are guided into spots or This leads to the suspicion that either the field geometry is
rings on the stellar surface. Alecian & Vauclair (1981) finéhore complex than anticipated or theory has to be improved.
that the abundance distribution of, e.g., silicon reflects the mag- As for the theory, it works well for other (non-magnetic)
netic field geometry of a star as well as its evolutionary statgars, but perhaps the interaction of elemefiudion with a
Silicon accumulates where magnetic field lines are horizontahgnetic field is more complex and results in complex abun-
and moves sideways in time scales of 407 years where the dance patterns like inUMa. Magnetic Doppler Imaging will
magnetic field is vertical (horizontalfflision). Thus in young provide in the future much more reliable answers to these
stars silicon should be concentrated where magnetic field lirpgestions.
are horizontal and in old stars where they are vertical. lonized In any case the results presented in this paper constrain
iron peak elements may deplete due to weak metal windstla¢ories concerning fiusion mechanisms in atmospheres of
the magnetic polar regions and consequently elements that&pestars in the presence of a magnetic field, particularly be-
lifted by radiative acceleration (Babel 1992, 1995) should lbause it was possible to map simultaneously several elements
relatively overabundant at the magnetic equator. which respond dferently to a magnetic field.

6.2. Predictions of theoretical models

6.3. Comparison with maps 7. Summary

These predictions, however, are not supported by the surfa¢éMa hosts presumably a weak dipolar magnetic field that in-
abundance structure of Fe and Cr etdMa, but they are in fluences the distribution of elements on the surface. Cr and Fe
agreement with the surface distribution of Fe and Cieféwur, (according to this paper and to already published literature) as
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well as Mn seem to be accumulated where magnetic field lines;;
are vertical, whereas Ti avoids these regions and tends to accuso
mulate at the magnetic equator. Sr shows a similar behaviour”agg
Fe and Cr, but seems to be concentrated only at one of the mags,
netic poles. Mg does not show any correlation to the magnetic®’
field. Previously published O and Ca maps also show a correla-
tion of elemental distribution to the orientation of the magnetic
field. According to Babel et al. (1995), Rice et al. (1997), and
Holmgren & Rice (2000), O and Ca are overabundantin a belteo
at the magnetic equator, whereby Rice et al. (1997) find an ad-ig
ditional slightly enhanced region of O in a belt tilted to the o
other one by 60to 70°. -
In the present paper we add abundance distributions ofeo
four hitherto not mapped elements and describe a new Doppler
Imaging tool, INVERS11, which allows to use blends and dakg. A.1. Cr (top) and Fe (bottom) distribution obtained with the blend
with lower signal-to-noise ratio and spectral resolution. Thes&Cr1, Fe/, and Ca in the region around 4526 A. Resullts on the left
abilities are demonstrated by comparing our maps with thogige represent the Cr and Fe structure with Ca considered inhomoge-
already published. neously distributedZ on the right side a mean, constant, Ca abundance
A discussion of available maps indicates an inconsistenf¥gs Used for mapping.
of some theoretical aspects and observations.

180 90 Q

a’s ®

-60

270 180 90 o] 360 270

-90
360 270 180 90 o] 360 270 180 90 Q

to solve the equation of radiative transfer. The total radiation is
Appendix A: Description of the Doppler Imaging splitin the radiation towards the stellar interlorand the flow
method towards the surfack'. The equation of radiative transfer

An inhomogeneity on the surface of a star caused byfardi  dl,
ent abundance or temperature structure than on the averagé rex
maining sphere leads to distortions in the spectral line profiles.
These features or so called bumps appear on the blue sid&oP
the spectrum when the spot comes into sight, moves througlgu,

the spectral line and disappears on the red wing as the spottog, = —KVy (A2)

tates out of sight. The longitudinal position of the inhomogene-

ity can be seen directly, whereas its latitude has to be dedu

from spectral time series. Spots at low latitudes appear at thejy,

extreme blue, can be seen for half of the rotation phase ahdy, ~ —*(Uy = S)), (A-3)
disappear again at the extreme red end. Bumps that result from

higher latitude spots are visible for a much larger fraction fhereU = 1/2(1" + 17) andV = 1/2(I" - 17) represent the

the rotational period and, after first appearing around the Vigeautru_ar varlables_. The solution leads to a three_dlagonal sys-
ble pole of the star, only move slightly from red to blue. tem of linear equations that can be solved numerically.

In the following we will describe the formalism and theo- Detailed tests deriving the surface abundance of the same
retical background of Doppler Imaging and the procedure glement from a single, unblended line and from a contribu-
self. Two diferent versions of a computer program developdi@n to a spectral line blend have been performed by Kuschnig
by N. Piskunov, INVERSS and INVERS11, were applied ard998) and Lueftinger (2000). The tests confirm that both ap-
compared (a more detailed description of the comparison diaches lead to the same surface pattern, which proves the
be found in Kuschnig 1998). ability of the INVERS11 code to reliably determine abundance

Earlier versions of our code used pre-computed tables\@fiations of elements contributing to a line blend.
local line profiles parameterized by the abundance value. This Generally it is possible to derive surface abundances from
highly efficient method could not be used with INVERS11 pesingle blended lines as well as from stretches of a spectrum
cause we d|d not want to restrict the number of Chemical e}éllth multlple blended or unblended lines and reconstruct the
ments which could be mapped simultaneously. distribution of various elements simultaneously, without pre-

In INVERS11 the equation of radiative transfer is solved ifetting known abundances.

a way that allows one to calculate maps of several chemical ele- We derived the distribution of Fe and Cr from the same
ments simultaneously and self-consistently. In this program tA€nd, considering Ca homogeneously as well as inhomoge-
pre-calculated local line profile tables are replaced by the cBrously distributed (Fig. A.1), and we found no significant dif-
culation of specific intensities for each visible surface eleméigfences for the maps. However, a simultaneous mapping of
on each iteration. Hence, even spectral line blends can be usedFig. A.1, lower left panel) based on all blend components
to derive the surface abundance structure of the contributiidd- 10), compares slightly better to Fig. 8 (Fe map based on
elements. To be able to do thafieiently, INVERS11 uses the three unblended Fe lines) than a map where the variation of the
FEAUTRIER algorithm (e.g., in MihalaStellar Atmospher@s Weak Ca blend is ignored (Fig. A.1, lower right panel).

= (1, - S,) (A1)

lit into
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