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ABSTRACT
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We present an investigation of the magnetic field geometries and inhomogeneous distribution
of chemical elements in the atmospheres of peculiar A and B stars. Our study combines high-
quality spectroscopic and spectropolarimetric stellar observations with the development and
application of novel techniques for theoretical interpretation of the shapes and variability of
stellar line profiles. In particular, we extend the method of Doppler imaging to the analysis of
spectra in the four Stokes parameters, making it possible to derive detailed and reliable stellar
magnetic maps simultaneously with the imaging chemical inhomogeneities.

The magnetic Doppler imaging is applied to study of magnetic topologies and distributions
of chemical elements in the peculiar stars α2 CVn and 53 Cam. We found that the magnetic
field geometry of 53 Cam is considerably more complex than a low-order multipolar topology,
commonly assumed for magnetic A and B stars. Our Doppler imaging analysis also led to a
discovery and study of spots of enhanced mercury abundance in the atmosphere of α And, a star
where the presence of a global magnetic field is unlikely.

The ESO 3.6-m telescope is used to collect unique, very high spectral- and time-resolution
observations of rapidly oscillating peculiar A (roAp) stars and to reveal line profile variations
due to stellar pulsations. We present a detailed characterization of the spectroscopic pulsational
behaviour and demonstrate a remarkable diversity of pulsations in different spectral lines. The
outstanding variability of the lines of rare-earth elements is used to study propagation of pulsa-
tion waves through the stellar atmospheres and identify pulsation modes. This analysis led to a
discovery of a non-axisymmetric character of pulsations in roAp stars.

Our study of chemical stratification in the atmosphere of the roAp star γ Equ provides a
compelling evidence for significant variation of the chemical composition with depth. We find
a combined effect of extreme chemical anomalies and a growth of pulsation amplitude in the
outermost atmospheric layers to be the most likely origin of the high-amplitude pulsational
variations of the lines of rare-earth elements.

Observations of cool magnetic CP stars are obtained with the ESO Very Large Telescope
and are used for empirical investigation of the anomalies in the atmospheric temperature struc-
ture. We show that the core-wing anomaly of the hydrogen Balmer lines observed in some cool
CP stars can be attributed to a hot layer at an intermediate atmospheric depth.
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Оле

Послушайте!
Ведь если звёзды зажигают −
Значит это кому-нибудь нужно?
Значит кто-то хочет чтобы они были?
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Introduction

A significant fraction of the visible matter in our universe is condensed into
stars. These magnificent and inspiring objects play a key role in shaping the
properties of galaxies and provide crucial ingredients for the development of
complex self-sustained systems, eventually evolving into intelligent life-forms.
The basic physical laws governing the formation and evolution of stars were
formulated in the 20th century and enjoyed a remarkable success in explaining
the overall characteristics of the stellar electromagnetic radiation and general
regularities in stellar populations. However, many prominent details of stellar
behaviour remain unexplained, since many underlying basic physical mecha-
nisms are still poorly known. In particular, understanding the origin and evo-
lution of inhomogeneities in the outer stellar envelopes and getting insight into
related phenomena of stellar variability appears to be one of the outstanding
quests of modern stellar astrophysics.

The study of structures on the surfaces of stars is closely related to the prob-
lem of stellar magnetism. Many lines of evidence point at a powerful influence
exerted by magnetic fields upon the stellar atmospheres and circumstellar en-
vironments. Magnetic fields are also often suggested to be responsible for cre-
ating and supporting various structures on the stellar surfaces, such as nonuni-
form distribution of chemical abundances and temperature spots. This picture
is based on the analogy with dark spots associated with regions of strong mag-
netic fields on the solar surface. However, we cannot directly image the sur-
faces of distant stars and, until recently, stellar magnetic structures and their
roles remained largely hypothetical. This situation is changing with the acqui-
sition of new high-precision observations of stellar spectra and development of
sophisticated modelling techniques, based on the interpretation of the shapes
and variability of the profiles of stellar spectral lines. Together, new theoreti-
cal and observational approaches allow us to study “astrography” at a level of
detail that was possible before only for the sun.

This thesis presents a detailed investigation of various aspects of the struc-
ture of magnetic fields and atmospheric nonuniformities in magnetic chem-
ically peculiar stars. This class of bewildering objects is distinguished by
well-organized, strong magnetic fields and a long-term stability of atmospheric
structures, providing an ideal opportunity to observe and model a complex in-
terplay between different physical processes.
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Chemically peculiar stars

2.1 Abundance anomalies
About 15% of the middle main sequence stars with spectral types from early
F through early B were found to exhibit remarkably rich line spectra, indi-
cating photospheric abundances, dramatically different from those typical for
normal stars of similar spectral types or the chemical composition of the solar
photosphere. These chemically peculiar (CP) stars have abundances uncharac-
teristic of their evolutionary state and the Galactic locale. In their atmospheres
light elements are typically observed to be underabundant relative to the sun,
while iron-peak elements may be normal or slightly enhanced. The extreme
abundance anomalies are evident for the rare-earth and other heavy elements,
which are often overabundant by many orders of magnitude. Furthermore, CP
stars display important star-to-star variation in chemical composition and can
be classified in groups based on the appearance of their spectra. The degree
and type of chemical peculiarity clearly correlates with physical parameters,
such as stellar effective temperature, rotational velocity, the presence of mag-
netic field, pulsations and membership in binary stellar systems. For detailed
discussion of the classification of CP stars and concise presentation of their
main properties the reader is referred to a recent review by Kurtz and Martinez
(2000).

It is generally agreed that the long-term stability of the predominantly ra-
diative atmospheres of CP stars facilitates operation of various mechanisms of
chemical transport, which are responsible for the observed abundance anoma-
lies. The central process is believed to be microscopic chemical diffusion, aris-
ing from a competition between radiative levitation and gravitational settling
(Michaud 1970). A small imbalance between these two forces and the possible
additional influence of turbulence, weak stellar wind and accretion, lead to the
selective diffusion of chemical elements into or out of the certain regions in
stellar atmosphere. The anomalous chemical composition of CP stars reflects
resulting depletion or accumulation of chemical elements and is confined to
the outer part of stellar envelopes. Diffusion velocities are generally small and
are easily overtaken by any powerful macroscopic motions, such as convec-
tion, strong mass loss and mixing in rapidly rotating stars. Therefore, stability
of stellar atmospheres, characteristic for slowly rotating A and B stars, is a
prerequisite for efficient operation of chemical diffusion.
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The most extreme abundance anomalies in CP stars are correlated with the
presence of strong global magnetic field. Evidently, the field has a powerful
influence upon the chemical diffusion, as it directly affects the diffusing ions,
further stabilizes the stellar atmosphere and modifies radiative forces via mag-
netic intensification of spectral lines. The global structure of magnetic topolo-
gies in CP stars leads to significant anisotropy in the processes of chemical
transport, which results in a nonuniform distribution of chemical abundances
over the stellar surface. In addition, the effects of vertical abundance inhomo-
geneities are also convincingly revealed in the spectra of magnetic CP stars.
This collection of unusual properties makes them ideal objects for investiga-
tion of interrelations between vertical and horizontal magnetic and chemical
structures in stellar atmospheres.

2.2 Magnetic fields
Magnetic fields play a crucial role for various stages of stellar formation and
evolution. According to generally accepted theoretical and observational frame-
works, magnetic fields are involved in many prominent episodes of the stellar
life, such as emergence of young stars from the protostellar gas clouds, interac-
tion between accretion disks and young stellar objects, dynamo driven activity
cycles in solar-type stars and different types of stellar variability. As stars age,
magnetic fields are again introduced to explain details of the mass loss from
the giant stars and the origin of magnetic fields in stellar remnants, such as
white dwarfs and neutron stars. But despite this apparent ubiquity of stel-
lar magnetism, we have very little knowledge about actual field strengths and
geometries of magnetic structures in stellar atmospheres. Very often magnetic
fields are postulated ad hoc or studied indirectly using different proxy methods.
This unsatisfactory situation is partially due to very subtle direct observational
signatures of stellar magnetic fields. Nevertheless, modern high-resolution
spectroscopy and spectopolarimetry have attained sufficient precision to al-
low direct detection and detailed characterization of magnetic structures in a
few classes of main sequence stars (Landstreet 1992). In particular, several
types of chemically peculiar stars were discovered to host strong, global mag-
netic fields and, thus, became arguably the most interesting and undoubtedly
the most numerous objects suitable for in-depth analysis of a wide range of
magnetohydrodynamical phenomena in stellar envelopes.

Magnetic fields in CP stars are detected and measured using the Zeeman
splitting of spectral lines. In the presence of a magnetic field each line splits
into the σ and π components, whose separation is determined by the field
strength and magnetic sensitivity of individual spectra lines (characterized pri-
marily by the Landé factors of corresponding atomic levels). Orientation of
the magnetic field vector defines the strength and polarization properties of the
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σ and π components. Radiation from a polarized source can be fully described
using spectra in the four Stokes parameters: I (total intensity), Q and U (linear
polarization) and V (circular polarization). The shapes of the Stokes spectra of
stellar spectral lines can be very complex and are determined by the combina-
tion of the Zeeman splitting, transfer of polarized radiation through the stellar
atmosphere and integration over the visible part of the stellar surface.

Magnetic fields in CP stars were originally discovered by Babcock (1947)
using separation of line profiles in left and right circularly polarized spectra.
This observable provides an estimate of the net line-of-sight (longitudinal)
field component and indicates a relatively simple topology of the fields in CP
stars, probably not very far from a dipole and certainly dramatically different
from complex patchy magnetic structures observed in the solar photosphere.
Global magnetic fields with strengths in the range from a few hundred Gauss
to 3 × 104 Gauss were found in CP stars with SrCrEu, Si and He chemical
peculiarities. In contrast, normal A, B and early F stars, as well as metallic-
line, HgMn, and related hotter CP stars lack large-scale fields stronger than
about 50 Gauss. Subsequently, fully resolved profiles of Zeeman split lines
were detected in the spectra of a few slowly rotating CP stars (Mathys 1990),
confirming that the field is fairly homogeneous and covers the whole stellar
surface.

Field strengths and orientations of the majority of CP stars were found to
vary in a smooth regular manner, on time-scales from half a day to many
decades. The period of magnetic variation invariably coincides with the pe-
riod of photometric variability and changes of stellar spectra. This led Stibbs
(1950) to propose the oblique rotator model as an explanation of the variability
of CP stars. In this phenomenological picture a roughly dipolar surface mag-
netic field is constant on time-scales of, at least, many decades and appears
to be frozen into a rigidly rotating star with the axis of dipole tilted relative
to the stellar rotation axis (see Figure 2.1). The magnetic field induces varia-
tions of chemical composition over the stellar surface by altering the process
of chemical diffusion. Distribution of chemical abundances is thus also not
axisymmetric with respect to the rotation axis and is expected to be closely
related to the magnetic field geometry. The oblique rotator model predicts pe-
riodic changes in the observed intensity of spectral lines and explains smooth
modulation of line splitting and polarization as a consequence of changes in
geometrical aspect in the course of stellar rotation.

The oblique rotator has proved to be very successful for empirical interpre-
tation of the CP star variability. However, it could not provide insights into
many interesting problems posed by the discovery of global stellar magnetic
fields. For example, the generation and evolution of global fields and the phys-
ical mechanisms responsible for the rapid loss of angular momentum by young
CP stars and their separation from normal (non-magnetic and rapidly rotating)
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Figure 2.1: The geometry of an oblique rotator. The stellar rotational axis OP
is inclined by the angle i with respect to the observer’s line of sight
(z-axis). The stellar rotational equator is shown by a double line.
The axis OM of a quasi-dipolar magnetic field is inclined by the
angle β relative to the stellar axis of rotation. Chemical elements
are distributed inhomogeneously over the stellar surface and may,
for example, accumulate in the area around the magnetic pole M .

stars of similar masses remain highly speculative. The relation between surface
magnetic and abundance structures is also far from being clear because obser-
vations failed to unambiguously identify any chemical abundance patterns that
would faithfully correlate with basic parameters of the stellar magnetic topolo-
gies.

It has been understood that part of this discrepancy arises from overly sim-
plified and inconsistent analysis of magnetic fields and related surface struc-
tures. During half a century hundreds of magnetic CP stars were discovered.
However, magnetic geometries in these objects were studied under the assump-
tion of low-order multipolar (often purely dipolar) topology and using uninfor-
mative disk-averaged magnetic observables, like net longitudinal field or mean
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field strength (e.g. Landstreet and Mathys 2000). Moreover, the effects of in-
homogeneous chemical composition on the magnetic observables were largely
ignored. As the quality of observations and amount of the information avail-
able to constrain the magnetic models had gradually improved, it became clear
that most, if not all, magnetic CP stars have fields considerably more compli-
cated than pure oblique dipoles (Bagnulo et al. 2002). These recent findings
call for a new detailed examination of CP star magnetic topologies using an
up-to-date spectropolarimetric observational material and the most advanced
modelling techniques. One of the promising new approaches, summarized
in chapter 4.1 of this thesis, is the magnetic Doppler imaging analysis of the
high-resolution stellar spectra in the four Stokes parameters. This modelling
method appears to have a strong potential of playing a major role in revealing
the actual structure of fields in the atmospheres of magnetic stars.

2.3 Rapid oscillations
Pulsations with vastly different amplitudes and periods are found in many
types of stars across the Hertzsprung-Russell (HR) diagram. Pulsational vari-
ability gives us a unique tool to probe stellar interiors and test theoretical mod-
els of stellar structure and evolution. Furthermore, detailed observations and
modelling of the propagation of pulsation waves through the outer stellar en-
velopes are essential in determining characteristics of stellar atmospheres and
verifying our knowledge about underlying physical processes.

Kurtz (1982) discovered that cool magnetic chemically peculiar stars pul-
sate in high frequencies, with periods in the range of 4–15 min. There are 32
such rapidly oscillating Ap (roAp) stars known to date (Kurtz and Martinez
2000). They are located in the main sequence part of the classical instability
strip in the HR diagram and have effective temperatures between about 6500
and 8500 K. The pulsations in roAp stars are interpreted as high-overtone,
low-degree (� ≤ 3), nonradial p-modes.

Some of the roAp stars are clearly multiperiodic and undergo short-term
amplitude modulation due to beating between principal pulsation frequencies.
In addition, pulsating chemically peculiar stars show amplitude and phase
modulation on the time-scales of several days and longer. This modulation pe-
riod coincides with the period of magnetic, light and spectrum variations. The
oblique pulsator model proposed by Kurtz (1982) attributes periodic variabil-
ity of the pulsational characteristics to the rotational modulation in a scheme,
where each eigenmode is represented by a single spherical harmonic with its
axis not aligned with the stellar axis of rotation as in all other types of pulsat-
ing stars. Instead, the axis of pulsations was suggested to coincide with the
inclined axis of an approximately dipolar magnetic field. As a roAp star ro-
tates, different projections of the magnetic field and nonradial pulsation pattern
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are seen, giving rise to the observed rotational modulation.
Similar to the oblique rotator hypothesis, the oblique pulsator model is

purely empirical. It provides a reasonable framework for interpretation of the
photometric observations of roAp pulsations and confirms that the magnetic
field is very likely to play a defining role in determining pulsation properties
of roAp stars. Its success notwithstanding, the oblique pulsator model lacks
description of physical processes, governing the selection and orientation of
nonradial p-modes. Recent attempts (e.g. Bigot and Dziembowski 2002) to
generalize the oblique pulsator model by taking into account the effects of in-
teraction between rotation, magnetic field and oscillations have revealed that
one should not expect to find a perfect alignment between pulsation modes and
a dipolar magnetic field. Furthermore, pulsations are likely to be described by
a complex superposition of several, mostly non-axisymmetric, components.

The mechanisms driving oscillations and separating roAp stars from the
non-pulsating, but otherwise very similar cool magnetic CP stars, are also
poorly understood. Several possible excitation mechanisms were suggested,
but none of them has been particularly successful in explaining all observed
properties of the rapid oscillations in cool CP stars. However, full understand-
ing of the roAp phenomenon would be very important for the studies of var-
ious aspects of stellar structure and evolution. RoAp stars are the only class
of main sequence stars in which high-overtone p-mode pulsations are easily
detected. Consequently, asteroseismology of roAp stars can form a basis for
future analysis of solar-type oscillations. When applied to roAp stars them-
selves, studies of pulsations can potentially provide useful information about
surface magnetic and chemical structures and determine fundamental stellar
parameters, such as luminosities, masses, and ages. Furthermore, by analogy
with extremely successful helioseismology, pulsational analysis can be used
to probe otherwise unaccessible characteristics of stellar interiors, for instance
internal magnetic field strengths. In addition, investigations of roAp pulsations
may help to constrain the processes, giving rise to chemical anomalies in the
atmospheres of CP stars.

Spectacular recent progress in the observational study of roAp stars has
been achieved by considering high time resolution spectroscopy in addition to
the classical high-speed photometric measurements. Spectroscopic observa-
tions of roAp pulsations (chapter 4.3) led to the discovery of a multitude of
unexpected phenomena, generally pointing to an extreme chemical nonunifor-
mity of the atmospheres of magnetic CP stars. Detailed analysis of spectro-
scopic pulsational behaviour allows us to construct the first three-dimensional
maps of oscillations in roAp stars and to establish a tight relationship between
pulsations and vertical stratification of chemical elements.
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Doppler imaging

Owing to the proximity of the sun, astronomers can directly observe and study
magnetic and temperature spots on the surface of the nearest star. In contrast,
all other stellar objects are much further away and are not resolved or, at best,
only partially resolved even with the most powerful telescopes. Nevertheless,
it turns out that high-resolution stellar spectra contain sufficient information
to detect and even map stellar surface inhomogeneities. This daring task be-
comes possible due to stellar rotation. If a star rotates rapidly enough, so that
the shapes of the absorption lines in its spectrum are dominated by the rota-
tional Doppler broadening, there exists a direct relation between the position of
any spot on the stellar surface and the position of the corresponding distortion
within a spectral line profile. Thus, a single high-resolution spectrum provides
us with a one-dimensional snapshot of the stellar surface. As a star rotates, it
is viewed from different aspects and a time-series of high-resolution observa-
tions of spectral line profiles can be combined to infer two-dimensional image
of the stellar surface.

Figure 3.1 illustrates the main principles of this so-called Doppler imaging
(DI) mapping of the surfaces of distant stars. As illustrated in the example of
two dark spots, the behaviour of the distortions appearing in the rotationally
broadened spectral line profiles encodes both the longitude and latitude of the
spot on the stellar surface. In particular, spots close to the stellar rotational
pole produce distortions that are visible during most of the rotational cycle and
are confined to the line centre. On the other hand, profile disturbances due to
surface structures near the stellar equator are visible during roughly half of the
cycle and are observed to move with time from the blue to the red wing.

Resolution on the stellar surface achieved with DI depends only on the qual-
ity of the spectroscopic observations available for modelling, stellar effective
temperature and characteristics of the stellar rotation. The maximum theoreti-
cal spatial resolution that we can expect to obtain with DI can be approximated
with

Rmax = 2
ve sin i/c

∆λDop/λ
, (3.1)

where ve sin i is the projected stellar rotational velocity, c is the speed of light
and ∆λDop/λ is the ratio of the typical thermal width of spectral lines to the
central wavelength of observations. Thus, in principle, Doppler mapping tech-
nique does not directly depend of the distance to a star and has infinite angular
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Figure 3.1: The principles of Doppler imaging. The time evolution of the dis-
tortions produced by dark spots in the rotationally broadened pro-
files of spectral lines depends on the position of the spot on the
stellar surface.

resolution. In practice, even using the spectra obtained with moderate, by
today’s standards, 2-meter class telescopes we can reach a typical spatial res-
olution of ∼ 103 km on the stellar surface. This effective resolution is many
orders of magnitude better than the finest examples of radio long-baseline in-
terferometry.

The possibility to map stellar surfaces using information contained in rota-
tional variability of spectral lines was first recognized by Deutsch (1958). At
that time photographic spectra did not allow high precision measurements of
line profile shapes and only integral quantities, such as the equivalent width
and radial velocity shifts of the spectral line components could be used. With
these observables surface maps of chemical elements were reconstructed for
a few CP stars (Pyper 1969; Deutsch 1970), but, due to lack of informational
content of the employed observables, these early mapping attempts had to be
restricted to a rather simplistic low-order multipolar expansion of the surface
distributions.

In subsequent studies of the spectral variability of CP stars (Khokhlova and
Riabchikova 1975; Mégessier et al. 1979) the entire line profiles were used
and the surface distributions were modified by trial and error until a reasonable
agreement between the observed and computed line profiles could be reached.
A similar approach was used by Vogt and Penrod (1983) for the reconstruction
of the maps of temperature inhomogeneities on the surfaces of late-type active
stars. It was soon realized, however, that the trial-and-error mapping method
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suffers from the arbitrariness of the optimization procedure and uncertainty in
deciding what level of agreement between the predicted and observed profiles
can be considered satisfactory. In general, it was revealed that Doppler imaging
is fundamentally an ill-posed mathematical problem. In other words, a given
observational dataset can always be interpreted using an infinite number of
very different solutions. To overcome this problem one has to introduce some
additional constraints (“regularization”) in order to choose between discrepant
solutions. The role of regularization is essentially to ensure that the Doppler
imaging algorithm will fit observations with the simplest possible surface map.

The mathematical procedure of Doppler imaging consists of constructing
a discrepancy function that characterizes the deviation between the theoreti-
cal spectra computed from a current surface map and the observed spectra. A
penalty function representing the smoothness or amount of information con-
tained in a current image is added to the discrepancy function to form a total
error function:

E(x) =
∑
ϕ

∑
λ

(
Iobs
λϕ − Icalc

λϕ (x)
)2

/σ2
λϕ + ΛF (x), (3.2)

where Iobs
λϕ and σλϕ represent the observed spectra and their error bars. The

Icalc
λϕ corresponds to the line profiles predicted for a given surface distribution

x. The summation of the squared difference between the observations and
theoretical spectra is carried over all rotational phases ϕ and wavelengths λ.
The regularization functional is represented by F (x) and Λ denotes the regu-
larization parameter. A suitable optimization algorithm is used to iteratively
reduce the total error function until the discrepancy between the observed and
predicted line profiles does not exceed the errors of observations.

In a modern formulation of Doppler imaging, laid down by Khokhlova
(1976) and Goncharskij et al. (1977), the problem of surface mapping was
cast in the form of an integral equation solved numerically using the so-called
Tikhonov regularization method. In this form DI has been applied to study dis-
tribution of chemical elements on the surfaces of chemically peculiar stars. In
a parallel development Vogt et al. (1987) presented an independent formulation
of the surface mapping problem and used the Maximum Entropy regularization
approach to recover temperature images of late-type active stars.

During the last few decades Doppler imaging went through many general-
izations, improvements and modifications. The method has evolved from the
guesswork of a few dedicated astronomers to a sophisticated and robust algo-
rithm, applied in the context of a large variety of astrophysical problems (for
an up-to-date review of stellar DI see Rice (2002)). In classical stellar applica-
tions of Doppler mapping the rapid increase in computational power allowed
us to employ realistic calculations of stellar spectra and take into account all
relevant physics of line formation. Furthermore, using some of the modern
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high-resolution spectrographs we can characterize not only intensity but also
polarization state of the stellar radiation and apply DI principles to the recon-
struction of stellar magnetic fields.

The idea of magnetic mapping of CP stars using rotational modulation of
polarization spectra was first introduced by Piskunov and Khokhlova (1984)
and was soon refined and dubbed “Zeeman Doppler imaging” by Semel (1989),
who suggested to apply this technique for detection and study of magnetic
structures on the surfaces of rapidly rotating late-type stars. These early mag-
netic DI studies were concerned with the interpretation of the rotational mod-
ulation of circular polarization spectra and used computationally inexpensive
but unrealistic simplified methods of predicting the stellar spectra. In this the-
sis we present a further generalization and improvement of the magnetic DI.
In the following chapter and Papers I–V we explain how the rich informational
content of the high-resolution spectra in four Stokes parameters can be used
to map stellar magnetic fields, improve our knowledge about related surface
structures and overcome many difficulties and intrinsic limitations encountered
with conventional Doppler imaging.
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Summary of papers

4.1 Magnetic Doppler imaging (Papers I–V)
Recent advances in observational techniques appear to be very promising for
supplying high-quality empirical data necessary for detailed study of the stel-
lar magnetic geometries and mechanisms of the interaction between magnetic
fields and related surface structures. In particular, an important contribution
comes from the new type of spectroscopic observational data that is now pos-
sible to collect at a number of 2–4-meter class telescopes equipped with high-
resolution spectropolarimetric devices. These instruments have attained rela-
tive polarimetric accuracy of ∼ 10−4 and now allow us to detect and study
polarization profiles of individual lines in stellar spectra and hence obtain di-
rect information about the strength and orientation of stellar magnetic fields.
Recently circular polarization signatures have been detected for late-type stars
of different ages (Donati et al. 1997) and the first accurate measurements of
line profiles in all four Stokes parameters have been obtained for magnetic
chemically peculiar stars (Wade et al. 2000).

However, until now, observational successes have not been equally matched
by the improvements in the capabilities of our modelling tools. At the moment
multipolar fitting of the disk-integrated magnetic observables remains the most
common method of analysis of magnetic structures in CP stars. This technique
ignores surface variation of chemical composition and does not allow to de-
duce magnetic field geometry without making an a priori assumption that its
global structure is close to some low-order multipolar model.

Obviously, extending DI principles to mapping stellar surface magnetic
fields based on all four Stokes parameters is the most straightforward and phys-
ically sound way to improve our knowledge about stellar magnetic fields and to
make a full use of the informational content of new high-resolution spectropo-
larimetric observations. To satisfy these demands, we have developed a new
magnetic Doppler imaging code, called INVERS10, capable of reconstructing
the vector distribution of the magnetic field on the surface of a CP star to-
gether with the abundance of one chemical element. The aim of constructing
such a code is more general, namely, to build a tool which with small modi-
fications can be applied to study the actual field geometry in stars at different
evolutionary stages and masses. The initial application is aimed at magnetic
CP stars because the best observational data is available for these objects and
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the polarization signal is generally strong, but eventually systematic polariza-
tion measurements will be obtained for the magnetic white dwarfs, classical
T Tauri stars, active close binaries, active solar-type stars, etc., enabling us to
develop realistic models for these systems based on derived field geometries.

Before embarking on this project we have to study a number of related
areas of astrophysics and mathematics to be sure that we use reliable building
blocks and the performance of the whole method is adequate. The first three
papers in the series are devoted to such detailed study and testing of the crucial
ingredients of our magnetic Doppler imaging tool.

In Paper I we introduced the concept of DI modelling of spectra in the
four Stokes parameters and described numerical techniques essential for mag-
netic mapping. Consideration of the magnetic field considerably increases the
amount of computation required for the DI procedure. In addition to a local
scalar quantity (chemical abundance or temperature), the magnetic field at each
point of the stellar surface is specified by the three vector components. There-
fore, in general, we have to solve for the four surface maps simultaneously.

The mathematical problem of magnetic DI can be formulated by a straight-
forward generalization of the error function given by equation (3.2):

E(x,B) =
∑

i

ωi

∑
ϕ

∑
λ

(
Sobs

iλϕ − Scalc
iλϕ (x,B)

)2
/σ2

iλϕ

+ Λ1F1(x) + Λ2F2(B). (4.1)

Here additional summation is performed over the four Stokes parameters Si =
{I, Q, U, V } and the weights ωi are introduced to account for the large dif-
ference in the relative amplitudes of intensity and polarization profiles. The
two separate regularization functions F1(x) and F2(B) are used to constrain
surface maps of a scalar quantity x and the vector magnetic field B .

Forward calculation of the theoretical local Stokes profiles is the most time-
consuming part of the magnetic DI (in a typical inversion we compute ∼ 105

Stokes profiles at each iteration). In order to build an efficient magnetic spec-
trum synthesis code, we compared the performance of different numerical al-
gorithms for the solution of polarized radiative equation. Our analysis demon-
strated that the magnetic Feautrier and quadratic DELO methods are suffi-
ciently fast and show the best results in terms of accuracy and convergence.

Doppler imaging process is a massively parallel task. It involves computing
spectra in each element of the stellar surface grid and then performing inte-
gration over the visible part of the stellar disk. The adaptive disk integration
scheme that we developed and implemented in INVERS10 combines fixed ge-
ometry and high accuracy even on a rather sparse stellar surface grid. The most
computationally expensive part consists of integrating the polarized radiative
transfer equation through the model atmosphere and can be carried out inde-
pendently for each surface element. This calls for a parallel implementation
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of a magnetic DI code. Paper I contains detailed description of the strategy
of parallel computations adopted in INVERS10. We used a novel paralleliza-
tion scheme, involving one leading and several dependent processes, which
allowed us to achieve nearly linear scaling of performance with the number of
CPUs and make realistic magnetic DI calculations tractable.

In Paper I we carried out in-depth analysis of various regularization strate-
gies that can be used in magnetic mapping. It was shown that the Tikhonov
regularization functional that we use in INVERS10 is more compatible with
the global field geometries expected in the atmospheres of CP stars. On the
other hand, the Maximum Entropy regularization method, typically used in
Zeeman Doppler imaging of the complex patchy magnetic fields of active late-
type stars, shows poor performance when applied to the reconstruction of the
global stellar magnetic topologies.

As an ultimate test of the magnetic mapping we solved an ideal DI problem,
which consisted of the recovery of magnetic field distribution from a simulated
noiseless dataset in four Stokes parameters. Magnetic inversion with such ide-
alized observational data appeared to have a unique solution, justifying appli-
cation of the conventional regularization methods to stabilize magnetic imag-
ing.

In contrast to the magnetic mapping with a complete Stokes parameter
dataset, DI based on the analysis of only circular polarization observations
(Stokes I and V spectra) is intrinsically non-unique and, therefore, it is strongly
affected by the choice of regularization function. This necessitates imposing
additional constraints on the solutions of the inverse problem. We implemented
this external information in the form of multipolar regularization, which forces
the code to search for a magnetic map close to a combination of a dipole and
non-linear quadrupole but allows deviations from a multipolar geometry if that
is indeed required by the observational data.

A further useful verification of the INVERS10 algorithms for the forward
calculations of the Stokes spectra was presented in Paper II. In this study we
compared synthetic Stokes IQUV profiles generated by INVERS10 with the
profiles calculated using two other independent, state-of-the-art magnetic spec-
trum synthesis codes1. The comparison included refining many intricate details
of common unpolarized spectrum synthesis: accurate atomic data, model at-
mospheres, continuous and line opacities, and consideration of relevant broad-
ening mechanisms. In addition, we assessed the importance of uncertainties
associated with the particular problems of magnetic fields and polarized light:

1These two other spectrum synthesis tools, COSSAM and ZEEMAN2, were written by, re-
spectively, Drs. Stift and Landstreet and can compute the four Stokes parameter spectra for a
given stellar magnetic field topology. In contrast to INVERS10, these codes are not yet capa-
ble of solving a complete inverse problem, i.e. reconstructing stellar magnetic fields from the
polarization spectra.
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consistent definition of the Stokes parameters, magnetic field configuration
and stellar model geometry, accurate summation of the local Stokes IQUV
profiles over the visible stellar disk, and additional atomic data in the form of
Landé factors and relative intensities of Zeeman components.

We found, upon establishing a homogeneous basis for the calculations, that
local and disc-integrated Stokes profiles of a chosen line of singly ionized
iron calculated with the three codes agree very well. In particular, the disc-
integrated profiles computed for a moderately strong dipolar magnetic field
and projected rotational velocity of 20 km s−1 agree to within ≤ 0.05% of the
Stokes I continuum flux. These residual differences are sufficiently small as to
allow for congruent interpretation of the highest quality four Stokes parameter
data. Therefore, we concluded that our basic ability to solve the polarized ra-
diative transfer problem and calculate precise disc-integrated Stokes profiles is
not an important limitation for modelling observations. Instead, it appears that
uncertainties in the input astrophysical data, particularly the state and structure
of model stellar atmospheres, may be more important.

Similar to all other applications of Doppler imaging techniques, a magnetic
DI code requires extensive testing and evaluation of its performance under re-
alistic conditions. This can be done with the help of numerical experiments.
In such tests the code is used in the forward mode for calculation of the Stokes
parameters for a given magnetic and abundance distribution. Synthetic Stokes
spectra are convolved with the typical instrumental profile of a high-resolution
spectrograph and a random noise component is added to simulate imperfec-
tions of real observational data. The synthetic Stokes vectors are then used
by the magnetic DI code to recover magnetic and abundance maps, which are
finally compared with the initial distributions.

In Paper III we described numerical tests and simulations of the magnetic
DI with INVERS10. Our computations were focused on the reconstruction
of surface chemical inhomogeneities and well-ordered magnetic fields typical
of CP stars. The most important result of the numerical simulations was the
confirmation that high-resolution four Stokes parameter time series contain
sufficient information for the accurate and self-consistent DI reconstruction
of fairly complex magnetic field geometries and abundance distributions. Si-
multaneous magnetic and abundance inversion is stable and insensitive to the
initial guess, while the role of regularization reduces to ensuring a numerical
stability and a smooth convergence of the minimization procedure. Further-
more, INVERS10 does not require any a priori assumptions about the stellar
magnetic topology and can be successfully applied to the imaging of global
magnetic fields of an arbitrary complexity.

Unlike conventional abundance and temperature Doppler mapping, our mag-
netic DI code extracts the information about the stellar surface structures not
only from the rotational Doppler shifts, but also from the rotational modula-
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tion of the orientation and strength of the magnetic field. In strongly magnetic
CP stars the Zeeman effect plays a major role in separating wavelength con-
tributions of different surface elements and in this way helps to resolve stellar
surface. This makes it possible to study magnetic and abundance structures on
the surfaces of very slowly rotating stars. In addition, sensitivity of the linear
polarization measurements (Stokes Q and U spectra) to the transverse field
component allows useful information about magnetic topology to be extracted
even in the nearly pole-on or equator-on orientations, when conventional scalar
DI is useless.

Numerical experiments were concluded with several tests of the magnetic
reconstruction using incomplete Stokes parameter datasets containing only
Stokes I and V profiles. We found that reliable IV imaging of simple global
stellar magnetic fields is possible with the multipolar regularization method
outlined in Paper I.

The results of the tests presented in Paper III confirmed the capabilities of
INVERS10 and allowed us to proceed with the applications to real stars.

Paper IV describes the Doppler imaging study of the classical magnetic
CP star α2 CVn. Our analysis of this object was based on a very extensive
spectropolarimetric dataset (156 Stokes I and V observations recorded at the
spectroscopic resolution of λ/∆λ ≈ 80 000 and signal-to-noise ratio of ≥
200) obtained with the SOFIN instrument at the Nordic Optical Telescope.
This study of α2 CVn became the first simultaneous self-consistent mapping of
the vector magnetic field and abundance distributions for a chemically peculiar
star.

Magnetic maps of α2 CVn were recovered from 13 lines of three differ-
ent ions. We found that the stellar magnetic field is dominated by a dipolar
component and has a minor quadrupole contribution. Magnetic images recon-
structed independently using lines of different chemical elements agree very
well, confirming reliability of magnetic mapping with the help of multipo-
lar regularization. In addition to the magnetic field geometry of α2 CVn, we
studied surface inhomogeneities of Cl, Si, Ti, Cr, Fe and Nd. The horizon-
tal distributions of these chemical species exhibit some degree of correlation
with the magnetic geometry. For example, the chromium map is dominated by
the ring of overabundance around the positive magnetic pole and two symmet-
ric spots, which are located roughly at the intersection of the stellar rotational
and magnetic equator. Our detection of this and other chemical structures on
the surface of α2 CVn provides the first direct observational constraints on the
horizontal diffusion processes in a strongly magnetized stellar atmosphere.

At the same time, we found that not all the structures in the surface chem-
ical maps can be reduced to a combination of rings and polar caps symmetric
with respect to the magnetic field geometry. This suggests that, in addition to
magnetic field, the diffusion processes in α2 CVn are affected by some other
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phenomena, for example, by the mass loss and stellar rotation.
Another issue that we raised in Paper IV is the importance of taking into

account effects of chemical inhomogeneities in modelling polarization spectra
of CP stars. In the particular example of α2 CVn, neglecting surface abun-
dance variations leads to a dramatic overestimate of the quadrupole to dipole
strength ratio – probably the most important parameter characterizing a global
stellar magnetic topology. Thus, the role of the detailed spectrum synthesis
analysis, such as the one we carried out with INVERS10, is not reduced to an
improvement or refinement of the existing magnetic models, which were de-
rived with simplified methods. For many stars self-consistent magnetic DI is
the only way to obtain accurate information about surface structures.

In Paper V we presented a study of the geometry of magnetic field and
abundance distributions of 53 Cam. This magnetic chemically peculiar star
has served as a benchmark for pioneering realistic diffusion calculations (Ba-
bel and Michaud 1991; Babel 1992). 53 Cam is often considered to have a
well-studied magnetic geometry, as many investigators (e.g. Landstreet 1988)
have attempted to derive its field structure and maps of abundance inhomo-
geneities by fitting various combinations of magnetic observables and using
high-resolution unpolarized spectra. However, the unsatisfactory state of un-
derstanding the structure of the magnetic field in this star became evident when
Bagnulo et al. (2001) directly compared predictions of the two most sophisti-
cated magnetic models with the four Stokes parameter observations obtained
with the MuSiCoS spectropolarimeter installed at the 2-meter telescope of the
Pic du Midi Observatory. Both models, which assume multipolar parameter-
ization of the magnetic field, failed to reproduce details of the shape of the
Stokes V spectra and displayed a major conflict with observations regarding
the amplitude of the Stokes Q and U . This situation prompted us to attempt
magnetic mapping with INVERS10, which does not need to make assump-
tions about global field geometry, and derives the magnetic field map directly
from the Stokes IQUV profiles. Our investigation of 53 Cam became the first
attempt in the history of studies of stellar magnetic fields to map surface mag-
netic structures using line profiles in all four Stokes parameters.

The magnetic model of 53 Cam, derived with the magnetic Doppler imag-
ing method, achieves a good fit to the observed intensity, and the circular and
linear polarization profiles of strong magnetically sensitive Fe II spectral lines.
This clearly demonstrated the advantages of using magnetic Doppler mapping
in comparison with the traditional multipolar modelling based on magnetic
observables. Magnetic maps derived independently from different diagnostic
lines agree rather well, suggesting that magnetic inversion has reached a unique
solution. We found that the magnetic field topology of 53 Cam is consider-
ably more complex than any low-order multipolar expansion, raising a general
question about validity of multipolar assumption in the studies of magnetic
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field structures in CP stars.
In addition to the analysis of the magnetic field of 53 Cam, we reconstructed

surface abundance distributions of Si, Ca, Ti, Fe and Nd. These abundance
maps confirmed results of the previous studies of 53 Cam in general and dra-
matic antiphase variation of the Ca and Ti abundances in particular.

4.2 Mercury abundance spots in the atmosphere of
α And (Paper VI)

The mercury-manganese (HgMn) stars are located at the main sequence and
have effective temperatures in the range between 10 500 and 15 000 K. They
exhibit a remarkable variety of surface chemical composition, in particular en-
hancements of Mn, Ga, Pt and Hg, which can also include anomalous isotopic
mixtures of heavy elements. Together with the metallic-line (Am) stars and
hotter PGa objects, HgMn stars form the non-magnetic sequence of chemically
peculiar stars. They lack strong global magnetic fields and were not known to
exhibit rotational spectral variability. Although a few studies indicated that
complex tangled magnetic structures may exist in Am and HgMn stars, the
most recent highly sensitive magnetic survey of these CP stars conducted by
Shorlin et al. (2002) found absolutely no evidence of magnetic fields in ex-
cess of ≈ 20–50 Gauss. According to the prevalent point of view, the absence
of large-scale magnetic fields and homogeneity of the surface abundances are
invariably connected, as the magnetic field is thought to be the only effect ca-
pable of introducing horizontal anisotropy in the diffusion processes.

Nevertheless, in Paper VI we presented the discovery of the variability of
the Hg II λ 3984 Å line in the spectrum of the bright mercury-manganese star
α And. This star is known to be a spectroscopic binary, but the variability of the
mercury line is not due to the orbital motion of the companion because it shows
periodicity on a much shorter time-scale. We demonstrated that the period of
this first definitely detected intrinsic variation of a mercury-manganese star
is close to 2.38 days, which coincides with the expected rotational period of
α And. Therefore, the variability of the Hg II line is naturally interpreted as a
result of the rotational modulation due to a nonuniform surface distribution of
mercury abundance.

The Doppler mapping of the surface of α And revealed the presence of the
strong mercury enhancement around the stellar rotational equator. In addition
to this large-scale structure, a few small low-latitude spots with extreme Hg
overabundance were detected. We also tentatively identified the surface varia-
tion of the mercury isotopic composition, although the changes in isotopic Hg
mixture over the surface of α And are considerably smaller than discrepancies
between the average isotopic patterns found in different HgMn stars.
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Based on the reports of null detection of magnetic fields in HgMn stars
and α And itself (Glagolevskij et al. 1985) we argued that the mercury sur-
face inhomogeneities are unlikely to have anything to do with the magnetic
phenomena. We are probably witnessing the action of some qualitatively new
hydrodynamical processes altering chemical diffusion in the atmosphere of
α And. Perhaps, they are connected to the rapid stellar rotation or the presence
of the binary companion.

4.3 Nonradial pulsations in roAp stars (Papers VII–IX)
Practically all our knowledge about nonradial pulsations in roAp stars has been
derived using high-speed broad-band photometric observations. They made it
possible to measure pulsational frequencies and amplitudes, reach a number
of important insights about geometrical characteristics of pulsations and carry
out the first exploratory asteroseismological studies of roAp stars. However,
the amount of information contained in the photometric measurements is very
limited and, in general, it does not allow us to identify pulsation modes and
establish the relations between pulsations and chemical and magnetic struc-
tures in the atmospheres of peculiar stars. These and other important questions
can be addressed with the time-resolved spectroscopic observations of roAp
pulsations. The latter has always been a very challenging problem owing to
the very short pulsational periods of roAp stars. Previous time-resolved spec-
troscopic investigations were attempted at the 1–2-meter telescopes using low-
resolution spectrographs, which made it possible to detect pulsational radial
velocity variations and found that the pulsational behaviour strongly depends
on the spectral region considered.

It was suggested that much more can be learnt from the high-resolution
time-resolved spectra that would make it possible to study pulsational changes
in the profiles of individual spectral lines. Paper VII describes acquisition and
analysis of the first very high resolution (λ/∆λ ≈ 170 000) time-resolved
spectra of the roAp star γ Equ. This star was observed for 1.5 hours with the
CES instrument at the 3.6-meter telescope of the European Southern Observa-
tory. Our short monitoring of γ Equ proved to be very fruitful, as the infor-
mational content of the high-resolution spectra turned out to be very rich. It
enabled us to observe dramatic differences in pulsational behaviour of lines of
different chemical species, with pulsational amplitudes ranging from less than
20–30 m s−1 for the Ca I lines to 800 m s−1 for doubly ionized lines of the
rare-earth elements Pr and Nd. Moreover, we detected a phase shift between
radial velocity variations of singly and doubly ionized rare-earth elements and
analysed line profile variations of the Pr III and Nd III spectral features. Ap-
plying various spectroscopic mode identification methods, we estimated � = 2
or 3, m = −� or −� + 1 and pulsational velocity amplitude vp ≈ 10 km s−1
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for the p-mode of the main pulsation frequency.
In our observations we did not find support for the existence of a unique

dependence of radial velocity amplitude on line strength suggested in earlier
spectroscopic studies of roAp stars. Instead, we argued that the individuality of
the variations of all ions is a result of the complex interplay between inhomo-
geneous vertical and horizontal distributions of chemical elements and individ-
ual pulsation modes of γ Equ. In particular, the vertical chemical abundance
stratification plays a prominent role. The very different pulsational amplitudes
observed in spectral lines of similar strength are impossible in a chemically
homogeneous atmosphere. Therefore, pulsational results provided a dramatic
new evidence for the existence and importance of radial abundance gradients
in the atmosphere of γ Equ.

Following the success of the spectroscopic study of γ Equ, we initiated a
large observing campaign targeting bright roAp stars with the 4-meter class
telescopes. Paper VIII reports preliminary results of the spectroscopic obser-
vations of pulsations in two other roAp stars, HR 3831 and α Cir. We detected
variability due to nonradial pulsations in both stars and, rather unexpectedly,
found that the pulsational behaviour of these two objects is almost identical
to γ Equ: the maximum radial velocity amplitudes are observed in doubly ion-
ized rare-earth lines, while amplitudes of other absorption lines is considerably
smaller, sometimes by a factor of 100. This similarity in spectroscopic pulsa-
tional properties is very encouraging, since the three stars have similar effec-
tive temperatures but vastly different rotation frequencies, pulsation periods
and magnetic field strengths.

We suggested that this interesting behaviour of the Pr III and Nd III lines
is closely related to anomalous strength of these lines in the spectra of roAp
stars. Ryabchikova et al. (2001) showed that abundances derived for roAp
stars using the Nd III and Pr III spectral lines are 1–2 dex higher than abun-
dances obtained from the lines of singly ionized rare-earth ions. This spectro-
scopic anomaly, which is absent in non-pulsating Ap stars, points to inhomo-
geneous vertical distribution of rare-earths in the atmospheres of roAp stars.
Combined analysis of vertical abundance stratification and pulsational ampli-
tudes of individual spectral features hints that doubly ionized rare-earth lines
are formed in the atmospheric region where pulsational amplitude reaches its
maximum. Thus, we have found a unique tracer of both the abundance strati-
fication and the variation of pulsational amplitude with depth. The similarity
of line-strength anomalies and spectroscopic pulsational properties of γ Equ,
HR 3831 and α Cir allows us to speculate that all members of the class of
roAp pulsators feature similar vertical distributions of the rare-earth elements
and pulsational amplitudes.

To confirm the relation between pulsations and vertical abundance strat-
ification, we conducted a thorough quantitative empirical analysis of radial
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abundance gradients in the atmosphere of γ Equ (Paper IX). Chemical abun-
dance profiles were approximated by a step function, which was adjusted to
reproduce the shapes of the spectral lines and the relative strengths of the lines
with different excitation potentials, equivalent widths and ionization stages.
The vertical abundance structures in the atmosphere of γ Equ were found to
fall into three broad categories. Some of the chemical elements did not show
clear abundance gradients. Ca, Cr, Fe, Ba, Si and Na seem to be overabundant
in deeper atmospheric layers, but normal to underabundant in the upper lay-
ers with a transition in the typical line-forming region of −1.5 < log τ5000 <
−0.5. This stratification profile agrees well with the diffusion theory for Ca
and Cr developed by Babel (1992) for cool magnetic stars with a weak mass
loss of ≈ 2.5 × 10−15 M� yr−1.

Pr and Nd from the rare-earth elements have an opposite stratification pro-
file. Their abundance is more than 6 dex higher above log τ5000 ≈ −8.0 than
in the deeper atmospheric layers. According to our analysis, the rare-earth
“cloud” located very high above the normal stellar photosphere provides the
only possibility to fit observed relative intensities of the singly and doubly ion-
ized spectral lines of the rare-earth elements.

Chemical stratification in the atmosphere of γ Equ gave a satisfactory ex-
planation of the observed spectroscopic pulsational behaviour of roAp stars.
In stratified atmosphere the depths of formation of rare-earth lines are suffi-
ciently different from those of light and iron-peak elements. The Pr III and
Nd III lines sample higher layers where pulsational amplitude increases due to
exponential drop of density or, perhaps, because of an intrinsic radial depen-
dence of the amplitudes of the high-overtone p-modes. Then the phase shifts
observed in pulsational radial velocity curves of different elements can then
interpreted as a running pulsational wave propagating outwards through the
chemically inhomogeneous atmosphere.

4.4 Hydrogen line anomaly in cool magnetic CP stars
(Paper X)

In many spectroscopic studies of CP stars it has been implicitly assumed that
diffusive separation of chemical species operates mostly in layers below the
stellar photosphere and, therefore, the latter can be adequately described by ho-
mogeneous abundances and modelled with standard model atmosphere codes.
However, a number of recent investigations of cool magnetic CP stars (Bag-
nulo et al. 2001; Paper IX) demonstrated that for many chemical elements
significant radial abundance gradients are present in the photospheric line-
forming regions. Thus, in general, the overall structure of the atmospheres of
CP stars can be expected to deviate from the predictions of the models which
neglect vertical abundance variations and magnetic fields.

29



A very useful diagnostic of the thermal structure of the atmospheres of late
A, F and G dwarfs is provided by the profiles of hydrogen Balmer lines. In
the past they were widely considered normal for CP stars. However, recently
Cowley et al. (2001) showed that a number of cool magnetic CP stars (many
of them also belong to roAp stars) exhibit a core-wing anomaly (CWA), which
consists of a sharp transition from the Stark wings to an unusually narrow
Doppler core. Strange shapes of hydrogen lines hint at anomalous atmospheric
structure, but the exact origin of the CWA remained a mystery since Cowley
et al. (2001) were unable to suggest any modification to the standard model
atmospheres that would reproduce the CWA.

In Paper X we give a report on our attempt to model the CWA of hydrogen
lines by semi-empirical modification of a standard atmospheric temperature
distribution. In this approach one admits the inability to fully describe all
energy sources and sinks present in stellar photospheres and derives an atmo-
spheric structure by fitting a chosen set of spectral line profiles without trying
to satisfy the energy conservation law. In magnetic CP stars almost all metal
lines are dramatically affected by vertical abundance gradients, which pre-
cludes their direct application in semi-empirical modelling. On the other hand,
absorption lines of hydrogen are highly sensitive to the atmospheric structure
but weakly affected by the chemical inhomogeneity of CP atmospheres. There-
fore, we can hope to use hydrogen lines to probe atmospheres of peculiar stars
and to quantify their difference from the atmospheres of normal stars of similar
spectral types.

In our study of Hα and Hβ lines in five representative magnetic CP stars
we found that the unusual profiles of Balmer lines can be explained by the
presence of an anomalously hot layer in stellar atmospheres. In the three hotter
stars (Teff > 7000 K) it was necessary to increase the temperature by about
500 K or less in the range of optical depths −2.5 ≤ log τ5000 ≤ −1.5 in
order to fit Hα profiles. On the other hand, Hα profiles of the two cooler stars,
HD 101065 and HD 217522 (Teff < 7000 K), call for a larger thermal anomaly,
extending to log τ5000 ≈ −3.5 and with a temperature increase of up to 1000 K
relative to the standard model atmospheres. Empirical models derived using
Hα lines also gave reasonable agreement between observations and computed
spectra in the Hβ region.

The question about the origin of the hot layer in the atmospheres of CP stars
can be ultimately answered by future detailed model atmosphere calculations,
which would simultaneously and self-consistently derive both the atmospheric
structure and the chemical stratification. However, before such models will be-
come available, we may speculate that the anomalous atmospheric structure is
somehow related to the strong vertical abundance gradients. For instance, both
observations (Paper IX) and theory (Babel 1992) indicate that the concentra-
tion of many iron-peak and light elements is high deep in the atmospheres of
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CP stars, but decreases sharply to solar or even less than solar abundance be-
tween log τ5000 ≈ −1 and −2, which approximately coincides with the lower
boundary of the anomalous region that we detected using hydrogen lines.

It is also interesting to note that the atmospheric anomaly revealed in our
study is qualitatively similar to the ad hoc temperature rise necessary to con-
tain p-mode pulsations in some theoretical models of oscillations in roAp stars
(Gautschy et al. 1998). More observations and careful theoretical modelling
are required to understand whether the core-wing anomaly holds the key to
understanding the roAp excitation mechanism.
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Conclusions and future prospects

The work presented in this thesis demonstrates that extraordinary detailed
knowledge of structures in stellar atmospheres can be acquired through the
observations and modelling of the shapes and variability of line profiles in
high-resolution stellar spectra. Major recent progress in our ability to collect
spectropolarimetric and time-resolved data of outstanding quality and simul-
taneous development of sophisticated inversion techniques paved the way for
precise mapping of inhomogeneities in the atmospheres of chemically peculiar
stars. Much of the work still lies ahead, as this thesis primarily touches upon
methodological issues and presents only first exploratory studies of real stars.
Based on the experience gained in our investigations, the following future ob-
servational and modelling directions of CP star research appear likely to be
particularly interesting and rewarding:

• Application of the magnetic DI inversion to a sufficiently large sample of
magnetic CP stars. This will allow us to learn more about surface structures
in CP stars and to establish general relations between magnetic and abun-
dance surface distributions. Furthermore, analysis of line profiles in the four
Stokes parameters gives an opportunity to acquire reliable and unbiased in-
formation about magnetic field geometries in CP stars and ultimately an-
swer the question whether the puzzling complex field topology of 53 Cam
is a special case or a typical example of the CP star field organization.

• Further detailed investigation of line profile variability of α And and a search
for analogs among similar HgMn stars. Theoretical study of the possible
causes for unexpected inhomogeneities of the mercury surface abundance
distribution seems especially challenging.

• Development of a reliable inversion method to recover vertical distributions
of chemical abundances and application of this technique to a large sample
of CP stars.

• Construction of three-dimensional maps of the pulsational disturbances in
the atmospheres of rapidly oscillating Ap stars and relating velocity maps
with chemical inhomogeneities and magnetic field topology.

• Confrontation between observations of chemical stratification and atmo-
spheric anomalies, such as those revealed by the shapes of hydrogen lines
in cool CP stars, and the predictions of new self-consistent model atmo-
sphere codes, capable of simultaneous deriving chemical stratification and
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atmospheric structure from first principles.

The usefulness of these future interesting but time-consuming investigations
notwithstanding, the new observational approaches and modelling techniques
discussed in this thesis have already guaranteed a remarkable progress in our
understanding of the magnetic and chemical structures, as well as pulsational
variability of magnetic CP stars. Not surprisingly, detailisation of our knowl-
edge of these objects has resulted in a much more complex picture of the pro-
cesses in the atmospheres of peculiar stars. Nevertheless, it has also provided
a remarkably coherent new framework, uniting abundance analyses and stud-
ies of chemical inhomogeneities, magnetic fields and pulsations, which have
never been approached in such a self-consistent manner before. We hope that
this synergetic observational and modelling approach will be applied to many
more individual stars and will encourage new theoretical studies, capable of
revealing the origin of various aspects of the CP star phenomenon. The knowl-
edge of the fundamental physical processes that we will acquire by exploiting
the unique potential of CP stars as natural laboratories will certainly be ex-
tremely useful in studies of a wide range of astrophysical environments and
will contribute to a deeper understanding of the universe.
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