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ABSTRACT

Aims. We present a magnetic Doppler imaging study from all Stokes parameters of the cool, chemically peculiar star HD 24712. This
is the very first such analysis performed at a resolving power exceeding 10°.

Methods. The analysis is performed on the basis of phase-resolved observations of line profiles in all four Stokes parameters obtained
with the HARPSpol instrument attached at the 3.6 m ESO telescope. We used the magnetic Doppler imaging code INVERS10, which
allowed us to derive the magnetic field geometry and surface chemical abundance distributions simultaneously.

Results. We report magnetic maps of HD 24712 recovered from a selection of Fe I, Fe II, Nd 111, and Nal lines with strong polarization
signals in all Stokes parameters. Our magnetic maps successfully reproduce most of the details available from our observation data.
We used these magnetic field maps to produce abundance distribution map of Ca. This new analysis shows that the surface magnetic
field of HD 24712 has a dominant dipolar component with a weak contribution from higher-order harmonics. The surface abundance
distributions of Fe and Ca show enhancements near the magnetic equator with an underabundant patch at the visible (positive)
magnetic pole; Nd is highly abundant around the positive magnetic pole. The Na abundance map shows a high overabundance around
the negative magnetic pole.

Conclusions. Based on our investigation and similar recent magnetic mapping studies that used four Stokes parameters, we present
tentative evidence for the hypothesis that Ap stars with dipole-like fields are older than stars with magnetic fields that have more
small-scale structures. We find that our abundance maps are inconsistent with recent theoretical calculations of atomic diffusion in
presence of magnetic fields.
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1. Introduction

The interplay between the magnetic field and chemical spots
in magnetic Ap stars has been the subject of many investiga-
tions. Historically, these studies were limited on the one hand
by the instrumental capabilities at that time, and on the other
hand by the available data. As a result, most of the magnetic field
data in the literature are measurements of the mean longitudinal
magnetic field from circular polarization within absorption lines.
The polarization features in the spectra of magnetic Ap stars are
produced by the Zeeman effect — even a magnetic field with a
strength of tens of Gauss will cause spectral lines to split into
multiple components and become polarized.

In spite of their usefulness, these measurements have lim-
ited scientific value because they contain relatively little infor-
mation about the topology of the magnetic field and can only
constrain the strength and orientation of the dipolar compo-
nent of the magnetic field. One important result of these studies
was the oblique rotator model (Stibbs 1950), which explains the

* Based on observations collected at the European Southern
Observatory, Chile (ESO programs 084.D-0338, 085.D-0296,
086.D-0240).
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observed periodic variability of the longitudinal magnetic field
and the strength of the spectral lines as a function of time by
proposing that magnetic Ap stars have a simple axisymmetric
magnetic field inclined relative to the rotational axis and frozen
into the rigidly rotating star.

As a way to extract more information about magnetic fields
of Ap stars from their circular polarization measurements,
the so-called moments technique was proposed (Mathys 1988;
Mathys & Hubrig 1997). Other attempts were directed at detect-
ing and interpreting net broad-band linear polarization (BBLP)
produced by the Zeeman effect, which can constrain the mean
transverse component of the magnetic field (Landolfi et al. 1993;
Leroy 1995). These two methods ultimately suffer from a num-
ber of severe limitations; the moments technique cannot account
for the severe blending of spectral lines in spectra of Ap stars
and strongly depends on photon flux and on the number of
lines available for analysis; the BBLP can only be measured for
stars with a low interstellar polarization and a measurable sig-
nal, which depends on the spectral type and the geometry of the
magnetic field. Additionally, neither method accounts for the ef-
fects of the inhomogeneous distribution of chemical abundances
over the stellar surface, and both have a limited capability to
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constrain higher-order multipolar components of the magnetic
field (Bagnulo et al. 1995; Landstreet & Mathys 2000). Most
importantly, modeling these observables does not necessarily re-
cover a field configuration that can reproduce Stokes parameter
profiles in spectra of Ap stars (Bagnulo et al. 2001).

The advent of high-resolution spectropolarimeters available
on medium-sized telescopes opened the possibility of acquiring
phase-resolved high-resolution spectropolarimetric observations
in circular and linear polarization. Wade et al. (2000) published
the first such observations of magnetic Ap and Bp stars, which
proved that detecting linear polarization signatures in individ-
ual lines is possible, and that these signals are indeed a result
of the Zeeman effect. However, Wade et al. (2000) were only
able to detect linear polarization signatures in the most mag-
netically sensitive lines for spectra with an exceptionally high
signal-to-noise ratio.

Further progress in the study of magnetic fields and abun-
dance structures in Ap stars was made with the introduction
of magnetic Doppler imaging (MDI; Piskunov & Kochukhov
2002; Kochukhov & Piskunov 2002). This method is based on
time-series of high-resolution Stokes profiles of spectral lines
and allows deriving maps of the magnetic field and abundance
distribution of chemical elements on the stellar surface. It has
been shown that MDI based on four Stokes parameter data does
not require a priori information about the global magnetic field
topology, thus removing the strongest limitation of the tradi-
tional methods. Despite the obvious advantages of MDI based
on four Stokes parameters over the traditional methods, there
are only two such studies for magnetic Ap stars. The first in-
vestigation was performed for the Ap star 53 Camelopardalis
(HD 65339; Kochukhov et al. 2004a), for which previous studies
using low-order multipole parametrization for the magnetic field
(Bagnulo et al. 2001) showed a particularly strong disagreement
between the predicted and observed Stokes Q and U profiles.
In the light of this discovery, Kochukhov et al. (2004a) showed
that the magnetic field of 53 Cam has a toroidal component that
is comparable in strength to the poloidal component, but domi-
nates on spatial scales of 30°—40° in contrast to the mostly dipo-
lar nature of the poloidal component. The second MDI study
(Kochukhov & Wade 2010), performed for the magnetic Ap
star > CVn (HD 112413), resulted in magnetic maps that re-
vealed a dipolar-like magnetic field only on the largest scales
with a definite asymmetry in the field strength between the pos-
itive and negative magnetic poles, and small-scale features for
which the magnetic field strength was significantly higher than
in the surrounding areas. Kochukhov & Wade (2010) proved in
their analysis that these small-scale features are necessary to re-
produce the observed polarization signatures. Recently, Silvester
et al. (2014) derived updated magnetic field and abundance maps
of &> CVn from new spectropolarimetric observations (Silvester
et al. 2012) with data of superior quality compared with those in
the initial study. The updated maps confirm the original results of
Kochukhov & Wade (2010) and provide observational evidence
that the structure of the magnetic field of &> CVn is stable over
the period of a decade, and that the reconstructed magnetic field
is a realistic representation of the magnetic field of o> CVn.

In the context of these results, it has become obvious that
more such studies are necessary to obtain more insight into the
problem of the magnetic fields of Ap stars. For this purpose,
we have started a new program aimed at observing Ap stars in
all four Stokes parameters with the HARPSpol spectropolarime-
ter (Piskunov et al. 2011) at the ESO 3.6 m telescope. This in-
strument allows for full Stokes vector observations with spectral
resolution greater than 10°. As our first object we have chosen
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HD 24712, which is one of the coolest Ap stars and shows both
stratification of chemical elements and oblique rotator variations
(Ryabchikova et al. 1997; Liiftinger et al. 2010; Shulyak et al.
2009).

The work presented here focuses primarily on deriving maps
of the magnetic field and horizontal (surface) abundance distri-
bution of several chemical elements from the four Stokes obser-
vations of HD 24712. This is the first such analysis for a rapidly
oscillating Ap (roAp) star. The previous MDI study of HD 24712
was performed by Liiftinger et al. (2010) and employed only
Stokes I and V parameters and multipolar regularization (see
Piskunov & Kochukhov 2002) for the magnetic field.

The present paper is the second in a series of publications
where we investigate the possibility of performing a 3D MDI
analysis. By overcoming one of the limitations of our current
MDI code (Piskunov & Kochukhov 2002) — the inability to
incorporate vertical abundance stratification of chemical ele-
ments — we can better understand the relation between chemical
spots and the magnetic field, and between horizontal and vertical
abundance structures. This will allow us to use the excellent ob-
servational data to their full extent. A detailed introduction to the
reasoning behind our attempts at 3D MDI analysis can be found
in our first paper (Paper I; Rusomarov et al. 2013). Because of
the complexity and volume of this undertaking, the 3D analysis
will be addressed in our next paper.

The paper is organized as follows: Sect. 2 briefly explains
the observations, Sect. 3 briefly introduces the principles of MDI
and describes the spectral lines used in the inversion procedure,
the choice of the model atmosphere, and the optimization of the
global parameters. Section 4 reports the results of the MDI anal-
ysis. Sections 5 and 6 contain the discussion and conclusions.

2. Spectropolarimetric observations

HD 24712 was observed during 2010-2011 over sixteen individ-
ual nights. In total, we obtained 43 individual Stokes parame-
ter observations. The observations have a signal-to-noise ratio
of 300600 and a resolving power exceeding 10°. The spec-
tra were obtained with the HARPS spectrograph (Mayor et al.
2003) in its polarimeter mode (Snik et al. 2011; Piskunov et al.
2011) at the ESO 3.6 m telescope at La Silla, Chile. The result-
ing spectra have excellent rotational phase coverage. We have
thirteen Stokes IQUV observations, two Stokes IV, and one
Stokes IQU observation.

A detailed analysis of the full Stokes vector spectropolari-
metric data set of HD 24712 can be found in Paper 1. We refer
to that paper for the detailed discussion of the observations, the
data reduction, the description of the instrument, and the obser-
vation procedure. An important finding of that study is that no
significant spurious polarimetric signals affect our MDI analysis.

3. Magnetic Doppler imaging
3.1. Methodology

Magnetic Doppler imaging techniques using circular and linear
polarization spectra were thoroughly discussed by Piskunov &
Kochukhov (2002). Here we give a brief overview of some im-
portant principles of our MDI methodology and its implementa-
tion into the code INVERS10 we used in this study.

The general idea behind MDI is to search for an optimal fit
of synthetic spectra to a set of observational data by adjusting
the surface distribution of free parameters. For MDI those free
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parameters are the vector map of the magnetic field and the abun-
dance distribution of one or more chemical elements. Formally,
this means that MDI can be considered as a least-squares mini-
mization problem:

T:Z@k+7z—>min, (1
k

where Dy is the discrepancy between the observed and calcu-
lated spectra for a given Stokes parameter, and R is the regu-
larization functional. For HD 24712 the index k goes through
the available Stokes parameters, k = {/, Q, U, V}. The discrep-
ancy Dy for a given k is

Dy = Z Wy [F,iw (B, el el .. ) - F,‘()(M]2 /O-zwﬁ’ )
@

where the summation goes through the given rotational phases ¢
and the wavelength points A4 of the computed sz , and ob-

served F’ ,‘;0 , Stokes parameter profiles. The synthetic Stokes pro-

files F;‘p , depend on the magnetic field B and abundance dis-

tributions &', &2, etc. The weights wy are introduced to ensure

that the relative contributions to the total discrepancy function ¥
of different Stokes parameters are approximately the same. For
HD 24712 the relative weights are wy:wg:wy:wy = 1:19:16:3.5.
They are automatically calculated from the phase-averaged am-
plitudes of the observed Stokes parameters.

The stellar surface is divided into N approximately equal
area zones. For the present study of HD 24712 we used a grid
consisting of 1176 surface elements. This grid is sufficient given
the spectral resolution of the observational data and v, sini =
5.6 + 2.3kms™! (Ryabchikova et al. 1997). On this surface grid
we defined the magnetic field B and the abundance distribu-
tions &', &2, etc. The synthetic Stokes profiles, Fz‘p 1> used in
Eq. (2), were computed by integrating the local Stokes profiles
across the visible disk of the star for each phase ¢ on the wave-
length grid of the original spectra F,‘{’W - This integration proce-

dure also takes into account the projected area of each surface
element for each ¢. The local profiles before each integration
were convolved with a Gaussian function to take into account
the finite spectral resolution of the instrument and were Doppler
shifted for each rotational phase. Finally, the integrated Stokes
profiles were normalized by the phase-independent, unpolarized
continuum.

The local Stokes profiles were computed for a given stellar
model atmosphere and depend on the local values of the mag-
netic field vector and chemical abundances. In contrast to other
MDI codes (Donati & Brown 1997), INVERS10 does not use
simplifying approximations in the form of fixed local Gaussian
profiles or a Milne-Eddington atmosphere, instead, equations of
polarized radiative transfer are solved numerically each time to
derive the local Stokes profiles.

Following Donati et al. (2006) and Kochukhov et al. (2014),
we used the spherical harmonics expansion of the magnetic
field into a sum of poloidal and toroidal components. In this
formalism one needs to find a set of spherical harmonic co-
efficients @y, Bem, and yg, that represent the radial poloidal,
horizontal poloidal, and toroidal components, respectively. This
approach has many benefits: it is trivial to test specific magnetic
field configurations such as dipole or dipole plus quadrupole;
there are about five to ten times fewer spherical harmonics co-
efficients than would be required if we directly mapped the
magnetic field components, which speeds up our calculations
because there are fewer free parameters; the divergence-free

condition for the magnetic field is automatically satisfied in this
formalism; and we can easily calculate relative energies of the
poloidal and toroidal components of the magnetic field accord-
ing to the surface integrals f B2,

For HD 24712 this formalism is the most appropriate be-
cause the star only shows the positive magnetic pole to the ob-
server. This prevents us from directly mapping the magnetic field
components and applying a Tikhonov regularization individually
to the radial, meridional, and azimuthal maps, as discussed by
Piskunov & Kochukhov (2002).

For a star with a projected rotational velocity v, sini =
5.6kms~! and a full-width at half maximum of the intrinsic pro-
file measured in the absence of rotation W =~ 3.2kms™', the
number of resolved equatorial elements across the disk of the
star is approximately 2v, sini/W =~ 4, which implies that modes
of about £ = 8§ are resolvable. In our numerical experiments we
used ¢ < 10 and found that for £ > 6 all spherical harmonics
coefficients hardly influenced the quality of the fit. Therefore we
truncated the spherical harmonics expansion at £ = 6.

An important part of each Doppler imaging code is the regu-
larization method, which is necessary to ensure a solution stable
with respect to the initial guess, surface discretization, and phase
sampling of the observations. The general form of the regulariza-
tion functional R implemented in INVERS10 for this study is

R=AR, + AfRf, (3)

where
Ro= D 2| =) + (=) .. | )
i

is the squared norm of the gradient of the abundance distribu-
tions (Piskunov & Kochukhov 2002), and

Cimay

Rp= > > (0 + B+ Vi) € 5)
f m

is the regularization functional for the magnetic field. Its role
is to prevent the code from introducing high-order modes that
are not justified by the observational data. The coefficients A,
and A ; determine the contributions of R, and R to the total dis-
crepancy function ¥. Their values usually are chosen on the ba-
sis of a balance between the goodness of the fit and the smooth-
ness of the solution.

Our experiments showed that the value of the appropriate
regularization parameter can be found reliably with respect to
the value of the other regularization parameter, that is, know-
ing approximately A r, we can accurately determine A, and vice
versa. This claim is easily explained — the abundance distribution
strongly affects the Stokes I profiles and depends only slightly on
the magnetic field maps for moderately strong magnetic fields,
while the Stokes QUYV profiles strongly depend on the magnetic
field distribution. This translates into the following algorithm:
we first calculated the MDI solution on a wide grid of A, and Ay
(in our case the grid was 16 X 16). To determine A, we consid-
ered the change of D; with respect to R, for a fixed value of Ay.
After identifying the optimal value of A,, we iterated this pro-
cedure and assessed the change of Dy + Dy + Dy with respect
to Ry for the previously determined optimal value of A,, which
yields the optimal value for A ;. We iterated once or twice every
time with the newly found optimal values of the regularization
parameters to ensure that our results were consistent. As a rule,
we obtained consistent results after the first iteration.
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We experimentally determined the optimal value of each
regularization parameter by assessing the change in the cor-
responding discrepancy function and regularization functional
when we decreased it from some starting value that produced
a very smooth solution (abundance maps for A,, and magnetic
field maps for As). A optimal value was found when an addi-
tional decrease of the regularization parameter improved the dis-
crepancy function only weakly and strongly increased the regu-
larization functional (R, or Ry).

3.2. Atmosphere model

Shulyak et al. (2009) constructed a self-consistent model at-
mosphere for HD 24712 that takes the stratification of chemi-
cal elements into account. The authors derived the model at-
mosphere from iterative fitting of the observed high-resolution
spectra and spectral energy distribution data using atmospheric
models that account for the effects of individual and stratified
abundances. A significant part of their paper is devoted to the
non-local thermodynamic equilibrium (NLTE) treatment of the
formation of Prii/iit and Nd1I/TI lines, which appears to seri-
ously influence the atmosphere structure by creating an inverse
temperature gradient caused by the overabundance of rare earth
elements (REE) in the upper atmospheric layers.

The detailed, self-consistent analysis of HD 24712 per-
formed by Shulyak et al. (2009) is a good basis for our
MDI study. Consequently, we adopted one of their models with
stratified abundances, model number four (see Table 3 in their
paper), which was calculated for T.x = 7250K, logg = 4.1,
and a scaled REE opacity for Pri1 and Nd1I ions. This model is
sufficient for our work because it accurately describes the mean
atmosphere and effects of stratification and does not differ sig-
nificantly from the model with a scaled REE opacity for Pr1i1
and Nd 111 in addition to the opacity for PriI and Nd1I ions. The
initial abundance values of the elements that we mapped were
set to the values measured from the mean spectrum; for iron we
used —5.5 (in log(Nx /Niot) units), for neodymium —9.0, and —-7.0
for sodium.

We address one final concern that might arise from our
use of single mean model atmosphere for the MDI analysis of
HD 24712. Kochukhov et al. (2012) investigated this problem
for the magnetic Ap star > CVn. Their experiments showed that
using a grid of model atmospheres that reflect the local surface
abundance distribution of the mapped chemical elements only
slightly improves the fit to Stokes /, and has practically no effect
on the polarization profiles or on the resulting magnetic field
and abundance maps. In addition to this, the abundance contrast
of the most important elements Fe, Cr, and Si for HD 24712 is
much less extreme than that of @*> CVn. Therefore, we proceeded
with using a single mean atmosphere model in our study.

3.3. Spectral line selection

From the available spectropolarimetric observations we selected
the 13 Fe I/II, 3 Nd 11 lines and one Nal line. We selected them
on the basis of the strong polarization signals in the Stokes QUV
profiles, and because of the visible variations with phase in the
Stokes I profiles due to abundance inhomogeneities and the
Zeeman effect. Spectral lines suffering from significant blend-
ing were not included in the line list.

The reason for using these chemical elements is that iron and
neodymium have different vertical stratification profiles and the
respective Stokes profiles of their spectral lines exhibit different
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Table 1. Atomic data of spectral lines used for the MDI inversion.

Ton A(A) Eo V) loggf
Fel  4267.826  3.111  —1.174¢
Fel 4938814  2.875 -1.077
Fel 5198.711  2.223 -2.056
Fel 5217.389 3211 -1.070
Fel 5434524  1.011 -2.122
Fel 5445.042 4386  —0.020°
Fel 6008.556  3.884  —0.986
Fel 6024.058  4.548  —0.120°
Fel 6137.692 2588  —1.403
Fel 6336.824  3.686  —0.856
Fel 6393.600  2.433 -1.432
Fel 6419.949 4733 ~0.240
Fell  6432.680  2.891 -3.687
Ndm  5677.179  0.631  —1.450°
Ndm 5802532 0296  —1.710°
Ndm  5851.542 0461  -1516°
Nal  5889.951  0.000 0.108

Notes. The columns give the ion, central wavelength A, excitation po-
tential of the lower atomic level E), and the oscillator strength loggf.
@ loggf value adjusted automatically in the inversion procedure.
® log g f corrections added for NLTE effects.

rotational modulation with phase. Moreover, the phase variation
of the sodium lines differs from that of the iron and neodymium
lines. Therefore, by using these elements, we can fully probe the
surface of HD 24712 and obtain a reliable reconstruction of the
magnetic field and abundance distribution. A detailed analysis
of the behavior of the polarization signatures of individual lines
in the spectrum of HD 24712 was presented in Sect. 4 of Paper I.

The complete line list adopted for the MDI inversion of
HD 24712 is presented in Table 1. The atomic data for the lines
were extracted from the VALD database (Kupka et al. 1999).
The Fel 5434.524 A line, which is insensitive to the magnetic
field, was also included in the line list. This line indicates how
well the abundance distribution of iron reproduces the Stokes /
profiles of non-magnetic lines. During the inversion procedure
we realized that three iron lines had incorrect log g f values. The
corrections for these three lines were calculated automatically by
the code INVERS10. The three Nd 111 lines were chosen from an
initial list of known Nd II/III lines on the basis of our criteria. To
the oscillator strengths of these lines we added NLTE corrections
that were calculated by Mashonkina et al. (2005).

3.4. Optimization of v, sini, ®, and i

Magnetic Doppler imaging in four Stokes parameters in addition
to the stellar atmosphere model and the line list requires know-
ing the orientation of the stellar rotation axis and the projected
rotational velocity of the star. The orientation of the stellar rota-
tion axis is determined by the inclination i and azimuth angle ®.
The inclination is defined as the angle between the rotation axis
and the line of sight to the observer; it changes from 0° to 180°.
The azimuth angle can have values in the range [0°,360°], and it
determines the position angle of the sky-projected rotation axis.
Note that because the Stokes QU profiles are changing with 20,
there is an ambiguity between ® and ® + 180°.

The initial values i = 138° and ® = 29° used here
were determined in Paper I, where we combined our longi-
tudinal field and net linear polarization measurements with
available broad-band linear polarization data (Leroy 1995) and
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Fig.1. Variations of the normalized discrepancy function for the
Stokes QU profiles, Dy + Dy, as a function of inclination angle i and
azimuth angle ®. The innermost unmarked contour plotted with the
thick black line corresponds to the five-sigma confidence level of the
fit. The other contours marked with 1.01, 1.05, and 1.10 correspond to
an increase of 1%, 5%, and 10% of the discrepancy function from its
minimum value.

computed the parameters of the so-called canonical model
(Landolfi et al. 1993) for dipolar magnetic field geometry. We
adopted 5.6 kms~! (Ryabchikova et al. 1997) as the initial value
for the projected rotational velocity.

Using numerical experiments, Kochukhov & Piskunov
(2002) showed that incorrect values of these parameters lead to
higher values of the discrepancy function. The optimal value of
the rotational velocity can be determined by comparing the dis-
crepancy function for the Stokes / profiles calculated with vari-
ous values of v, sin i. Incorrect values of i and ® lead to a similar
increase of the discrepancy function for Stokes Q and U profiles.

To optimize i and ® we computed 42 MDI solutions on a grid
i € [100°,160°] and ® € [5°,55°] with 10° steps for both angles.
The resulting normalized discrepancy function as a function of i
and O is plotted in Fig. 1. The minimum of the discrepancy func-
tion was found for i = 120° and ® = 35°. We compared the
Stokes QU profiles for the optimal values of i and ® with the
values computed for values greater or smaller by 10°, which is
the grid step in our case. The comparison showed that with the
new values of i and ®, our MDI procedure appears to better re-
produce the observed Stokes QU profiles. We adopted the newly
found values of i and ® as final for the remainder of the paper.

The rotational velocity was determined in a similar matter.
We produced 37 individual MDI solutions for v, sin i in the range
of 2kms™! to 9kms~'. We computed the discrepancy func-
tion for the Stokes I profiles separately for the Fe, and for the
Nd lines. This is necessary because Nd lines require additional
broadening for the Stokes I profiles, which is not present in the
Fe lines. This phenomenon is known to exist for other Ap stars
(see Ryabchikova et al. 2007). In Fig. 2 we illustrate the nor-
malized discrepancy function for Stokes I profiles of the Fe and
Nd lines accordingly. From this figure it can be seen that the dis-
crepancy function for the Fe lines is complex, with two close

1 1

minima in the 5-6kms™" range with a peak around 5.5kms™".
This behavior of the discrepancy function for the Fe lines indi-
cates that we cannot with confidence find optimized v, sini. We
also point out the significantly higher ve sini =~ 7.1kms™! de-
rived from Nd lines. Although they are less sensitive to changes
in v, sin 7, the discrepancy functions for the remaining Stokes pa-
rameters can be used in a similar manner to understand the range
where v, sin i is the most probable. The discrepancy functions for
these Stokes parameters showed clearly defined minima in the
range 5-6km s~!. As a result, we decided to adopt a new value
for v, sini = 5.5 + 0.5km ™! corresponding to the center of that
range. In the remaining paper this value of v, sini is used for all
other MDI inversions.

4. Results
4.1. Individual vs. simultaneous MDI of chemical elements

Our magnetic Doppler imaging study was separated into three
steps. The first step involved producing maps of the magnetic
field and chemical abundance from individual mapping of Fe
and NdmI. In the second step we produced magnetic field and
abundance distribution maps from simultaneous mapping of Fe
and Nd11I. Additionally, we used the magnetic field maps pro-
duced in this step and calculated abundance map for Na. In
the third step we performed simultaneous MDI mapping of the
three chemical elements Fe, NdIII, and Na. The magnetic field
and abundance distribution maps calculated in the third step are
called the final maps.

In this section we investigate how reliable the results are
that were produced from individual versus simultaneous MDI of
Fe, Nd 111, and Na. Ideally, all maps, whether they are produced
from individual or simultaneous mapping of chemical elements,
should show the same results. However, as a result of the inho-
mogeneous surface distribution of the chemical elements in the
atmospheres of Ap stars, spectral lines of different elements can
be sensitive to certain parts of the surface of the star by a dif-
ferent amount. Therefore, it is necessary to have a line list that
probes the entire stellar surface and not just parts of it. Our line
list, discussed in Sect. 3.3, is the result of this argument. We
note that while the MDI analysis for Fe and Nd1II in steps one
and two was self-consistent, meaning that we derived abundance
and magnetic field maps, for the single Na line we used the al-
ready derived magnetic field maps from simultaneous MDI of Fe
and Nd 111. In this way, we can test how the single Na line affects
our final results. The reasoning behind this is that mapping the
magnetic field and abundance distribution from one single line
can give biased results. Additionally, our Na line cannot be fitted
satisfactorily by the code INVERS 10, which might raise questions
about the quality and reliability of our inversions.

We compared two maps M; and M, calculated on the same
surface grid by calculating the difference, M| — M5, from which
we computed the median value, and 16 and 84 percentiles that
for a normal distribution are the same as one standard devia-
tion below and above the mean value. We preferred using the 16
and 84 percentiles and the median instead of the classical sta-
tistical estimators — the mean and standard deviation — to mini-
mize possible effects of long non-normal tails that are sometimes
present in MDI maps.

We also compared the morphological features of the two
maps by eye. For the magnetic field maps we also assessed the
relative energy of their poloidal and toroidal components as a
function of spherical harmonics number £ (see Sect. 3.1). We
did this to compare the magnetic field geometry of different
solutions.
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difference in log(Nx/N,o) units of element X.

The differences of abundance distribution maps of Fe, Nd 111,
and Na relative to the corresponding final maps can be found
in Fig. 3. The analogous quantities for the magnetic field maps
derived from individual mapping of Fe and NdIII relative to
the respective final magnetic field maps are presented in Fig. 4.
Figure 5 compares the energies of the poloidal and toroidal har-
monic modes.

We now consider the resulting difference maps for the abun-
dance distribution of the mapped chemical elements. The dif-
ferences in the distribution of Fe derived from individual map-
ping relative to its final map agree well. The difference map has
median value of —0.02 dex and shows no statistically significant
systematic shifts relative to the final map. Furthermore, the mor-
phological properties of the two Fe maps show no significant
differences — the two recovered maps have similar features.

The Nd 1 difference map agrees similarly well, with a me-
dian value of —0.07 dex. One almost circular area around the vis-
ible magnetic pole with approximately 0.5 dex overabundance
relative to the final NdIIT map deserves closer consideration.
Taking into account its relatively small surface area and the large
effective abundance range of the final map of 2.6 dex, we suggest
that this spot only weakly influences the final results.

Finally, the abundance map produced for Na shows no
systematic shifts from the final Na map with median value
of —0.05 dex. Although in this case, the difference map shows
that the individual map deviates more strongly from the final
map, about 0.3 dex, this is still much smaller than the effective
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abundance range of 3.5 dex for the final map. Thus, we consider
the Na map to be reproduced reliably.

The difference maps for the magnetic field are more compli-
cated. For Fe the recovered magnetic field tends to be weaker
by about 0.22kG, as given by the median value of the differ-
ence for the field modulus. This is especially noticeable in Fig. 4
(row 4, Col. 1). Despite the weaker field strength, 94.5% of the
energy of the field is located in the first harmonic of the poloidal
field component (Fig. 5, panel 1). This indicates that by using
only Fe lines for the derivation of the magnetic field maps of
HD 24712, we risk obtaining a weaker field.

The difference maps of the magnetic field derived from
Nd I lines vary by about 0.35kG for all components of the
field. Despite this, the energy of the magnetic field derived from
the individual mapping of Nd1I is almost identical to the en-
ergy from Fe. The strongest component is the poloidal one for
the first harmonic with 97% of the total magnetic field energy
(Fig. 5, panel 2) versus 96% for the same component in the final
map.

Finally, the magnetic field maps derived from simultaneous
MDI of Fe and Nd 111 deviate very little (<0.15 kG) from the ap-
propriate final maps. Therefore, adding the single Na line to our
line list does not significantly change our final maps.

In summary, we conclude the following:

1. The abundance maps of Fe, Nd, and Na computed from
their individual inversions have the same morphology and
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Fig. 5. Relative energies of the poloidal and toroidal harmonic modes
for the magnetic field topology of HD 24712. In panels one to three we
show the relative energies of the magnetic field from individual MDI
of Fe, Nd 111, and from simultaneous MDI of Fe, Nd 111, and Na (final
model). The energy of the poloidal and toroidal modes in each panel
are shown in dark and light gray. The first bar in each panel for the
corresponding energy mode (poloidal, toroidal) is for £ = 1; the second
such bar represents the sum for all energies with ¢ > 2.

show no significant systematic shifts compared with the
corresponding final maps computed from simultaneous
MDI inversion. The discrepancy between the respective

maps is about 0.15 dex for Fe and Nd, and lower than 0.3 dex
for Na.

2. We constrained the different components of the magnetic
field of HD 24712 with an accuracy of approximately 0.3 kG.

3. Using single elements in MDI inversions can lead to a sys-
tematic bias of the reconstructed magnetic field. Our analy-
sis for the example of HD 24712 emphasizes that a proper
MDI study of Ap stars needs to be performed with a set of
lines that probes the entire surface of the star.

4. The energy of the magnetic field as a function of the spher-
ical harmonic degree ¢ changes by about 1%, whether de-
rived from individual or simultaneous MDI inversion of Fe
and Nd, which implies that the global magnetic field geom-
etry of HD 24712 is constrained reliably in both cases.

4.2. Maps from simultaneous MDI of Fe, Nd lll, and Na

The final magnetic field and abundance maps derived from the
simultaneous mapping of Fe, Nd 111, and Na are shown in Figs. 6
and 7. In Fig. 6 we plot the spherical projection of the field mod-
ulus (+/B? + B2, + B2), the strength of the horizontal (/B2 + B2)
and radial field B, components; the bottom row shows the vec-
tor magnetic field. The comparison of the observed and the cal-
culated line profiles for the entire line selection is presented in
Figs. 8-11.

The reconstructed magnetic field of HD 24712 appears to be
mostly poloidal and dipole-like. The poloidal harmonic com-
ponent with £ = 1 dominates all other toroidal and poloidal

A123, page 7 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424559&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424559&pdf_id=5

A&A 573, A123 (2015)

3.57

2.97

2.38

1.78

1.19

2.16

1.63

1.10

0.57

0.04

3.56

1.93

0.30

-1.33

-2.96
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on the surface of HD 24712. The bars on the right indicate the field strength in kG. The contours are plotted in steps of 1 kG. The arrow length in
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Fig. 7. Abundance distribution of Nd 111, Fe, and Na on the surface of HD 24712. The first row shows the surface map of the Nd 111, the second and
third rows illustrate the surface abundance maps of Fe and Na. These maps were derived from the simultaneous mapping of the three elements.
The bars on the right next to each panel indicate the abundance in log(Ny/N,) units of element X. The contours are plotted with a step of 0.4 dex
Nd I and Na, and 0.2 dex for Fe. The vertical bar indicates the rotation axis.

harmonics, containing 96% of the total magnetic field energy.
The contribution of all other modes with ¢ > 2 is much less
significant, as shown in Fig. 5 (panel 3).

There is a slight asymmetry between the positive (visible)
and negative magnetic pole in our final magnetic field maps, see
Fig. 6, by approximately 0.6 kG. This discrepancy probably does
not represent sufficient evidence that the magnetic field topology
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of HD 24712 deviates strongly from axial symmetry. It might be
caused purely by the nature of the magnetic field configuration
of the star, where only the positive magnetic pole is visible by
an observer from Earth.

We conclude that the magnetic field topology of HD 24712
has a dominant dipolar component with a very weak contribution
at smaller spatial scales from higher-order harmonics. This result
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contrasts with the finding of a roughly dipole-like global field
with strong small-scale features for &> CVn (Kochukhov &
Wade 2010) and with the quasi-dipolar field of 53 Cam, which
has a mostly dipolar poloidal component with toroidal contribu-
tions of similar strength on spatial scales of 30°—40° (Kochukhov
et al. 2004b).

The abundance distribution of Fe and Nd 11T for HD 24712
was previously derived by Liiftinger et al. (2010) from an MDI
study of Fe and Nd1II lines using only Stokes I and V parame-
ters. The new maps confirm these findings and also show some
details the previous study lacked.

The abundance distribution of Fe varies between —5.53
and —4.86dex on the 10g(Nx/Nita) scale. One new detail is
the appearance of a roughly circular area around the posi-
tive magnetic pole that is strongly depleted relative to the me-
dian value by about 0.3 dex. The new NdIII abundance map
shows significantly stronger variations that change from —8.66
to —6.04 dex. This corresponds to a range of values of 2.61 dex
versus the 1.1 dex reported by Liiftinger et al. (2010). The range
of the abundance values for Fe is 0.67 dex and matches the range
reported in the previous study.

We also found a discrepancy in the location of the Nd spot.
Liftinger et al. (2010) detected a possible longitudinal offset,
amounting to 0.04 of the rotation period, of the position of the

maximum of the Nd IIT abundance map relative to the maximum
of the magnetic field. Our MDI study shows that the longitudinal
offset for NdIII is very small, if present at all. We attribute this
to the better quality of our observational material and the denser
phase sampling, resulting in a higher accuracy when determining
longitudinal position of abundance spots; Liiftinger et al. (2010)
could determine longitudinal positions of abundance structures
with a precision of 0.02-0.05 rotational periods. We also found
that our adopted period, which is slightly shorter than the period
used by Liiftinger et al. (2010), results in a positive longitudi-
nal shift of about 0.01 rotational periods relative to the previous
study. Therefore, the lack of a visible longitudinal offset of the
maximum of the Nd IIT abundance map relative to the position of
the maximum of the magnetic field in this work might be caused
by a combination of the higher quality of the observations and
the revised rotational period used here.

The abundance distribution maps of Fe and Nd 111 (Fig. 7) in
combination with the magnetic field maps (Fig. 6) reproduce the
Stokes profiles of the spectral lines reasonably well. However,
there are certain discrepancies in minor spectral details. This can
be seen in the Stokes I line profiles of Fe16336.824 A. This line
has a simple Zeeman-splitting pattern and is highly sensitive to
the magnetic field, which results in the appearance of two par-
tially resolved components that are easily visible in the observed
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Fig. 9. Same as Fig. 8 for the Stokes Q profiles.

Stokes I profiles (Fig. 8), but the synthetic line profiles do not
show this splitting. The second example with a similar behavior
is the Fe116432.68 A line, for which the code INVERS10 does
not produce the characteristic splitting in the Stokes / profiles
either.

Another discrepant behavior is observed in the Stokes Q pro-
files of the NdIII lines, for which the code INVERS10 cannot re-
produce the blue wing of the profiles around the maximum of
the magnetic field. This problem persists even for an MDI in-
version using only Nd1II lines, although the discrepancy is less
pronounced.

These discrepancies probably do not affect our results sig-
nificantly. For the Fe lines with visible Zeeman splitting in the
Stokes [ profiles, their general behavior with phase is repro-
duced on a satisfactory level. The observed behavior in the cal-
culated Stokes Q profiles of the Nd I1I lines can be caused by the
Stokes Q profiles of Fe lines, which are systematically weaker
and more numerous than NdIII line profiles (13 versus 3) and
thus contribute more to the MDI solution.

For the first time for HD 24712, we here attempted to de-
rive an abundance map of Na. The resulting abundance map
explains the behavior of Na lines fairly well, whose profiles
change in anti-phase to Nd lines. The abundance map of this
element shows a strong horizontal gradient, its range of values
is 3.49 dex and changes from —8.65 to —5.16 dex. The morpho-
logical characteristics of the Na abundance map contrasts with

A123, page 10 of 15

the map for Nd1IT; Na is overabundant near the negative mag-
netic pole, which is invisible to the observer from Earth, and is
depleted near the positive magnetic pole. This abundance distri-
bution of Na explains the peculiar behavior of the circular polar-
ization profile of the Na15889.951 A line, which changes sign
around zero phase. However, special care has to be taken when
interpreting these results. In Figs. 8—11 we see that our best fit
for this line does not properly describe its behavior around zero
phase corresponding to magnetic maximum. Our further analy-
sis of this line showed that to fully reproduce the behavior of
the line profiles of Na15889.951 A with phase, we need to allow
the code INVERS10 to produce an abundance map with a range
of values of 5.6 dex instead of with the 3.5 dex for the map pre-
sented in Fig. 7. For such an abundance map the regularization
parameter A, is non-optimal (see Sect. 3.1).

We suspect that the reason for the insufficiently good fit of
the NaT line might be the strong vertical stratification that is
made even more complex by NLTE effects. In our current ver-
sion of the code INVERS10 we do not account for these effects.
We plan to investigate vertical stratification structures in a future

paper.

4.3. Dipolar field parameters

In Paper I we considered our longitudinal magnetic field and net
linear polarization measurements inferred from the LSD profiles
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Fig. 10. Same as Fig. 8 for the Stokes U profiles.

of HD 24712 together with available broad-band linear polariza-
tion measurements obtained by Leroy (1995) in the framework
of the so-called canonical model introduced by Landolfi et al.
(1993), and derived the global magnetic field parameters for a
purely dipolar magnetic field geometry. The global field param-
eters agreed well with the previous result obtained by Bagnulo
et al. (1995), with the exception of a somewhat lower B, ob-
tained by us.

Because in this work we used a spherical harmonics decom-
position of the magnetic field, it is possible to use the coeffi-
cients of the decomposition that correspond to the poloidal field
for £ = 1 to derive the dipole field strength B, and the angle 5
between the rotation axis and the magnetic axis. Using this ap-
proach, we derived B, = 3439 G and 8 = 160° from the solution
that was computed from the simultaneous mapping of Fe, Nd 11I,
and Na.

The comparison of the newly derived values for the dipolar
magnetic field parameters with the values presented in Paper 1
shows that the new value for B, is within three sigma of the pre-
vious measurement; the slightly higher value of 8 by about 15°
relative to its previous value may be related to the revised value
for the inclination angle i = 120° we adopted here (see Sect. 3.4).

We emphasize that the values for B, and 8 were derived us-
ing only a subset of the spherical harmonics coefficients derived
in our study and therefore represent a simplified picture of the
magnetic field of HD 24712.

4.4. Stokes profiles and surface distribution of calcium

Liiftinger et al. (2010) attempted to use their magnetic field maps
to derive abundance distribution of Ca, but because of limitations
of the observational data, they were unable to derive results of
any significance. Our unique observational data set opens new
possibilities of investigating the abundance distribution for Ca.

This element was studied by Ryabchikova et al. (1997) and
was used by Shulyak et al. (2009) for their vertical stratification
analysis, which showed that Ca has a vertical stratification pro-
file similar to that of Fe. It is of particular interest to see how our
magnetic field maps reproduce the spectral features of a chem-
ical element with previously unknown abundance distribution.
The Ca lines of HD 24712 are well suited for this purpose.

The line list of Ca lines, shown in Table 2, was composed
on basis of the same principles as discussed in Sect. 3.3 — the
Ca lines were selected based on their phase variations, polariza-
tion signatures, and lack of blending by other spectral lines.

We used the magnetic field maps (Fig. 6) from the simulta-
neous MDI study of Fe, Nd 111, and Na as fixed parameters and
derived abundance distribution of Ca. The resulting map for Ca
is shown in Fig. 12. The computed and observed Ca line pro-
files are compared in Fig. 13, which shows that most polarization
signatures in the Stokes QUV profiles are reproduced satisfacto-
rily. There are some exceptions in the Stokes / profiles for sev-
eral lines, in particular for Ca16162.173 A and Ca15857.451 A.
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Fig. 12. Abundance distribution of Ca on the surface of HD 24712. The bar on the far right denotes the abundance in log(Nc,/No) units. The
contours are plotted with steps of 0.4 dex. The vertical bar in each projection indicates the rotation axis. Phase is indicated in the upper right corner

of each projection.

Table 2. Atomic data of spectral lines used for the MDI inversion of
calcium.

Ion A(A) Eo V) loggf
Cal 5857451  2.933 0.240
Cal 6162.173  1.899  —0.090¢
Cal 6163.755 2521  —1.286¢
Cal 6169.042 2523  —0.797
Cal 6169.563 2526  —0.478¢

Notes. Same as Table 1 for the Ca line list.

This might be caused by an inhomogeneous vertical distribution
of Ca in the atmosphere of HD 24712.
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The abundance map of Ca varies across the stellar surface
between —5.4 dex and —7.1 dex. Interestingly, Ca shows an over-
abundance area close to the magnetic equator and a roughly cir-
cular patch at the visible magnetic pole where Ca is depleted
relative to its median value. From the comparison of Figs. 7
and 12 we see that this coincides with the abundance map of
Fe, which has a similar circular patch around the visible mag-
netic pole, where Fe is underabundant. One should be careful
when interpreting these results because some Ca and Fe lines
can be influenced by vertical stratification. It is possible that the
roughly circular underabundance patches at the location of the
visible magnetic pole derived in our MDI inversions are an arti-
fact caused by ignoring vertical stratification.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424559&pdf_id=11
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424559&pdf_id=12

N. Rusomarov et al.: Magnetic Doppler Imaging of HD 24712 in all four Stokes parameters

»
B
s
H&
8
~
N
N

Stokes V/Ic
T T T T

L — LIS e e T
—0.928

4.0 —0.928

[ R
S

—o0.853

—0.772 /\M
100 — -
—0.731 /\/

8ol -
—o0.570 ~

—o0.853

<
(3

—o.811

@
T

P o772

|

N
y
\

—o.731

<

@
o
T

P
y
<

| 5555555555555

—o.651

Y
o
Y
"V
gV
f‘\/m/\/«f 0.570
DN
AN—~"U
AN,
A
A\

\

.

49555555

N
0.428 £ = N
e N

o

\/
~—
\ . \/ i E;f
200 ,,\ f,,\/“",, o P 7%
_\\ / v o330 401 ~/\_/*f e -+ —0.346
\ \/ —0.248 /\/ \/\/ —0.330
M S —~0.170 20%& i —~o0.2a8
\ ) N —o.088 - Jo.a7o
1.0 -+ 5 -+ \/ -+ —{0.009 /\// ~ —o0.088
S

| [ o028

0.853

0.811
- -
251 -

0.853

0028 307M——
Q//\]/\\\‘?

0.811

0.772 0.772

0.731 LN\ \/ 0.731
J \
o 2PN A ——W——M— 0651
\
0.570 M A o W o570
¥ \e
= =
g H
= 0.525 k= —0.525
] ]
sl , ERE
S <
g <
3 0.489 2 0.489
] 2
o~ =

oz OFN
0.346 10~ —/—\/\,

PSR W\ —o.428

é

0.346

f
A M—omo

]
<%%%%§E§§?§?§§?%§>
@

s
0.330
v/
LN i AL 1 1 1
e . . \ 2 ;
W . Ho.170 Y " o170
4 /
M | /p —o.088 M\ et e M —o0.088
o 7%\)@7 . 0000 o 7J\jN—— ”WJ\/\/\/A/\J\— 0.000
. . . . . . h . . .
5 o T 5 60 .04 6 5 5 AT o 75 o A o 6
5857 car 01627 ar 63637 R Gar 58T car 0362 01637 ar 636200 1 1697
‘Wavelength, A Wavelength, A

Fig. 13. Comparison of the observed (dots connected with lines) and synthetic (lines) Stokes profiles for Ca calculated for the final magnetic
field (Fig. 6) and abundance distribution (Fig. 12). The distance between two consecutive ticks on the horizontal top axis of each panel is 0.1 A,
indicating the wavelength scale. Rotational phases are indicated on the right of each panel.
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5. Discussion

5.1. Theoretical interpretation of the magnetic field
in HD 24712

The discovery of the dipole-like, axisymmetric magnetic field
for HD 24712 from our MDI study of four Stokes parameter ob-
servations provides a new perspective on the question of the ori-
gin and stability of magnetic fields in intermediate-mass main
sequence A and late B stars. The general idea behind the exis-
tence of magnetic fields in these stars is the so-called fossil field
hypothesis, which postulates that the magnetic fields of these
stars are remnants from an earlier evolutionary phase. This hy-
pothesis is supported by the long-term stability and large-scale
nature of these magnetic fields coupled with the wide range
of field strengths observed. One of the challenges of this the-
ory was to find stable magnetic field equilibrium configurations
that can be present in stellar interiors. Recent theoretical ad-
vances (Braithwaite & Nordlund 2006; Braithwaite 2008, 2009)
have shown that stable magnetic fields can exist in the interiors
of these stars. Braithwaite & Nordlund (2006) and Braithwaite
(2008) found that for a stable, stratified star with initial ran-
dom magnetic field configuration, the magnetic field evolves on
Alfven time-scales (tens of years for the typical Ap stars) into a
stable equilibrium configuration of twisted flux tubes.

These equilibrium configurations appear to depend on the
initial conditions (Braithwaite 2009), which may explain the
wide variety of magnetic field configurations inferred from
MDI studies. There are roughly two characteristic stable con-
figurations — an approximately axisymmetric equilibrium with
one flux tube forming a circle around the equator, and a non-
axisymmetric equilibrium solution with one or more flux tubes
arranged in a more complex pattern. The axisymmetric con-
figuration in observations presents itself roughly as a dipole,
with smaller contributions from higher multipoles. In contrast to
this, the non-axisymmetric equilibrium configurations result in
highly complex magnetic field geometries such as those found
for T Sco (Donati et al. 2006) and HD 37776 (Kochukhov et al.
2011).

An interesting conjecture proposed by Braithwaite &
Nordlund (2006) is that Ap stars with almost exact dipole fields
are older than Ap stars with more structure on smaller scales.
This conjecture can be verified only by MDI studies based on
four Stokes parameter observations.

At this stage, only two stars in addition to HD 24712 have
been investigated with the MDI technique using all Stokes pa-
rameters. Kochukhov & Wade (2010) studied &> CVn and found
dipole-like magnetic field with small-scale features, which have
much higher field strength than in the surrounding areas. The
second object is 53 Cam, for which Kochukhov et al. (2004a)
showed that a quasi-dipolar magnetic field with strong toroidal
components at angular scales of 30°—40° is necessary to fit the
available spectropolarimetric observations.

For the purpose of this analysis we used the stellar ages of
our objects published by Kochukhov & Bagnulo (2006); 9.07 for
HD 24712, 8.27 for @? CVn, and 8.84 for 53 Cam. The values
adopted here are in log f (yr) units.

Given these results, our finding of the dipole-like, axisym-
metric magnetic field for HD 24712, which is the oldest star
in our three star sample, gives some evidence for the hypothe-
sis that old Ap stars have predominantly dipolar magnetic fields
with little structure on small scales.

Our future plans involve performing MDI in four Stokes pa-
rameters of other Ap/Bp stars with different masses and ages,
which will help us further assess this hypothesis and investigate
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the dependence of the magnetic field geometry on other stellar
parameters.

5.2. Abundance distribution of chemical elements
and atomic diffusion

The patchy abundance distribution and vertical stratification of
chemical elements in the atmospheres of Ap stars is thought to
be caused by atomic diffusion in the presence of a magnetic
field (Michaud et al. 1981; LeBlanc et al. 2009; Alecian & Stift
2010). According to this model, some elements are expected to
accumulate and form cloud-like structures in the atmospheres of
Ap stars. However, theoretical predictions arising from this the-
ory have in general been only qualitative in the case of magnetic
Ap stars, with little predictive power for individual stars.

We compared our empirical abundance maps from the lat-
est MDI analysis of HD 24712 with the theoretical results of
Alecian & Stift (2010), who computed a 2D stratification for
a number of elements for several values of effective temperature
and dipole field strength. These authors deduced the appearance
of narrow belts of enhanced metals around the magnetic equa-
tor for stars with a dipole magnetic field. For stars with a non-
dipolar field, the abundance patches would be created at places
where the field lines are parallel to the local surface. The abun-
dance maps for Fe, Nd, and Na derived in this study do not show
such abundance structures. Instead, the Fe and Ca abundance
maps very roughly correlate with the field modulus (compare
Figs. 7 and 12 with Fig. 6 for Fe and Ca). The abundance maps
for Nd and Na anti-correlate and show strong abundance gradi-
ents between the two polar regions. Alecian & Stift (2010) sug-
gested that such a large abundance difference between the polar
regions might be caused by a non-dipolar configuration or by a
decentered dipole with significant difference in field strength at
the poles. It appears that our results from MDI inversion using
four Stokes vector observations of HD 24712 refute this sugges-
tion, because the newly derived magnetic field is dipole-like to
a very high extent, and although the magnetic field maps do in-
deed show a slight asymmetry of approximately 0.6 kG between
the poles, we do not consider this to be a “significant” difference
in strength.

We conclude that our abundance maps of Fe, Nd, Na, and Ca
do not show behavior consistent with the presence of a narrow
overabundance belt around the magnetic equator. Better theoret-
ical models are required to explain the variety of the observed
abundance distributions of chemical elements in the atmosphere
of HD 24712.

6. Conclusions

We presented results of the MDI study of the cool Ap star
HD 24712. This is the first such analysis for a rapidly oscillating
Ap star performed on the basis of phase-resolved spectropolari-
metric observations of line profiles in all four Stokes parameters
that have a resolving power exceeding 10° and a signal-to-noise
ratio of 300-600.

The main results from our investigation are summarized
below.

— The magnetic field topology of HD 24712 is mostly poloidal
and dipolar, with small contributions from higher order har-
monics. We found a small difference between the positive
and negative magnetic pole of approximately 0.6 kG in field
modulus. This can be attributed to the nature of the magnetic
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field configuration of HD 24712, for which only the positive
magnetic pole is visible by an observer from Earth.

— The recovered abundance distribution map of Fe shows en-
hancements on both sides of the magnetic equator. The abun-
dance map of Ca shows enhancements only on the side of
the magnetic equator with the positive magnetic pole. Both
maps show an underabundance patch centered on the visible
magnetic pole. The polar feature may represent an artifact
caused by ignoring vertical chemical stratification of Fe and
Ca in the atmosphere of HD 24712.

— The recovered abundance maps of Nd and Na show a strong
anti-correlation. Nd is highly abundant around the visible
magnetic pole, while Na is overabundant around the nega-
tive magnetic pole.

— We found tentative evidence for the hypothesis that Ap stars
with dipole-like fields that have weak contribution from
higher-order harmonics are older or less-massive than stars
with magnetic fields that have more small-scale structures.

— The derived abundance maps of Fe, Nd, Na, and Ca are in-
consistent with current theoretical predictions of atomic dif-
fusion theory in the presence of magnetic fields.
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