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ABSTRACT

Context. High-resolution spectropolarimetric observations provide simultaneous information about stellar magnetic field topologies
and three-dimensional distributions of chemical elements. High-quality spectra in the Stokes /QUV parameters are currently available
for very few early-type magnetic chemically peculiar stars. Here we present analysis of a unique full Stokes vector spectropolarimetric
data set, acquired for the cool magnetic Ap star HD 24712 with a recently commissioned spectropolarimeter.

Aims. The goal of our work is to examine the circular and linear polarization signatures inside spectral lines and to study variation of
the stellar spectrum and magnetic observables as a function of rotational phase.

Methods. HD 24712 was observed with the HARPSpol instrument at the 3.6-m ESO telescope over a period of 2010-2011. We
achieved full rotational phase coverage with 43 individual Stokes parameter observations. The resulting spectra have a signal-to-noise
ratio of 300-600 and resolving power exceeding 10°. The multiline technique of least-squares deconvolution (LSD) was applied to
combine information from the spectral lines of Fe-peak and rare earth elements.

Results. We used the HARPSPol spectra of HD 24712 to study the morphology of the Stokes profile shapes in individual spectral
lines and in LSD Stokes profiles corresponding to different line masks. From the LSD Stokes V profiles we measured the longitudinal
component of the magnetic field, (B,), with an accuracy of 5-10 G. We also determined the net linear polarization from the LSD
Stokes Q and U profiles. Combining previous (B.) measurements with our data allowed us to determine an improved rotational period
of the star, P, = 12.45812 + 0.00019 d. We also measured the longitudinal magnetic field from the cores of Ha and Hp lines. The
analysis of (B,) measurements showed no evidence for a significant radial magnetic field gradient in the atmosphere of HD 24712. We
used our (B;) and net linear polarization measurements to determine parameters of the dipolar magnetic field topology. We found that
magnetic observables can be reasonably well reproduced by the dipolar model, although significant discrepancies remain at certain
rotational phases. We discovered rotational modulation of the Ha core and related it to a non-uniform surface distribution of rare earth

elements.

Key words. stars: chemically peculiar — stars: individual: HD 24712 — stars: magnetic field — polarization

1. Introduction

Chemically peculiar (CP) stars comprise less than 20% of the
intermediate and upper main sequence stars (Catalano & Leone
1994) and are characterized by rich spectra. Relative to the so-
lar abundance, these stars often show overabundances of up to
few dex for some iron peak elements and rare earth elements
(REESs), while other chemical elements are found to be under-
abundant (Ryabchikova 2004). A subset of these stars are the
magnetic Ap stars. These stars show enhanced abundances of el-
ements such as Si, Cr, Sr, and Eu and generally are slow rotators.
The magnetic fields that these stars exhibit have strengths from a
few hundred G up to tens of kG, are static on timescales of many

* Based on observations collected at the European Southern
Observatory, Chile (ESO programs 084.D-0338, 085.D-0296, 086.D-
0240).

** Figure 3 and Appendix A are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

decades, and appear to be frozen into a rigidly rotating stellar
atmosphere. Many spectral lines in these stars show prominent
and strictly periodic changes that can be explained by the oblique
magnetic rotator model (Stibbs 1950). This model attributes the
observed variability to a modulation of the aspect angle at which
an inhomogeneous surface structure is seen by the observer. The
magnetic fields present in these stars have significant influence
on the energy and mass transport within the atmosphere and
are also responsible for the creation of abundance patches and
vertical chemical stratification (Khan & Shulyak 2006; Alecian
& Stift 2010). Atmospheric processes, such as atomic diffusion
(Michaud 1970), magnetically driven stellar winds (Babel &
Montmerle 1997), and convection, should play important roles
but are still poorly understood.

An important subset of Ap stars are the rapidly oscillating
Ap stars (roAp), which pulsate with periods of 6-24 min (Kurtz
& Martinez 2000; Alentiev et al. 2012). Their observed pulsation
amplitudes and phases are modulated according to the magnetic
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field variations (e.g., Kurtz 1982; Kochukhov 2006). These stars
experience pulsations in non-radial p-modes of very high over-
tone, with their pulsation and magnetic axes aligned. A com-
plex interplay between the abundance patches, magnetic field,
and pulsations is still little investigated but, in principle, can be
readily studied for roAp stars because their magnetic and pulsa-
tional characteristics can be very well constrained observation-
ally. Therefore these objects are ideal laboratories for asteroseis-
mology and for detailed analysis of the structure of magnetic
field and its influence on the atomic diffusion and pulsations.

The most powerful methods used in previous investigations
of roAp-star atmospheres include magnetic Doppler imaging
(Piskunov & Kochukhov 2002), spectroscopic and photometric
pulsational studies (Ryabchikova et al. 2007), and self-consistent
empirical stratified model atmosphere analysis (Shulyak et al.
2009).

The goal of magnetic Doppler imaging (MDI, Piskunov &
Kochukhov 2002; Kochukhov & Piskunov 2002) is to recon-
struct horizontal distributions of different chemical elements si-
multaneously with obtaining a vector map of the magnetic field
on the stellar surface. This method was applied to investigate sur-
face inhomogeneities and magnetic fields in Ap/Bp stars (e.g.,
Kochukhov & Wade 2010; Liiftinger et al. 2010) and in cool ac-
tive stars (e.g., Donati et al. 2003). Most previous MDI studies
of Ap stars relied on only the circular polarization data for mag-
netic mapping, requiring multipolar regularization or parameter-
ization of the magnetic field topology. With the advent of high-
resolution spectropolarimetry in all four Stokes parameters, this
limitation of the MDI method was lifted, thus enabling a retrieval
of self-consistent, assumption-free maps of the vector magnetic
fields and chemical abundance spots. These improvements in ob-
servational data have led to a number of interesting new results,
including the detection of small-scale surface magnetic struc-
tures previously not known for Ap stars (Kochukhov et al. 2004;
Kochukhov & Wade 2010).

Well-suited for probing the interior of stars, spectroscopic
and photometric pulsational analysis is another prominent
method that is capable of testing theories of stellar evolution
and structure. Spectroscopic and photometric techniques are able
to provide information about the different pulsation modes and
hence about the atmospheric layers at different optical depths
in the stellar atmosphere. Some investigators (e.g., Ryabchikova
et al. 2007) have used radial velocity amplitudes of different
spectral lines, which are measured from spectroscopic data, as a
function of optical depth to describe the properties of pulsational
waves in the atmospheric layers where these spectral lines are
formed. Although this type of analysis is only possible for a few
bright roAp stars, such investigations have demonstrated that for
understanding the phenomenon of roAp stars a good knowledge
of the vertical structure of their surface layers is essential.

A complementary observational approach to investigating
the vertical segregation of chemical elements is the iterative fit-
ting of observed high-resolution spectra and energy distribution
using model atmospheres that properly account for the highly
abnormal chemical properties of Ap stars (see, e.g., Shulyak
et al. 2009; Kochukhov et al. 2009). These investigations have
become possible with the recent development of a stellar model
atmosphere code that can produce 1-D, magneto-hydrostatic,
LTE atmospheres with individual and vertically stratified abun-
dances (Shulyak et al. 2004).

The three methods discussed above have been instrumental
in deepening our understanding of the atmospheres of Ap stars.
The studies done with their help have unveiled a new level of
complexity of stellar atmospheres and provided at the same time
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essential observational constraints for the theories of radiative
diffusion in a strong magnetic field. However, the general co-
herent picture is still lacking since previous studies typically ad-
dressed different aspects of the chemical and magnetic structure
of different Ap stars. Furthermore, the current methods at our
disposal suffer from various limitations. Current MDI codes, al-
though very powerful, do not incorporate vertical chemical strat-
ification. On the other hand, the empirical stratified model atmo-
spheres use only intensity spectra and do not consider horizontal
variation due to stellar surface structure.

We believe that these limitations of the current methods
can be overcome by a simultaneous study of 3-D magnetic and
chemical structures using the best currently available four Stokes
parameter spectropolarimetric observations. For that purpose we
have started a program aimed at observing Ap stars in all four
Stokes parameters with the newly developed HARPSpol po-
larimeter. As the first target, we chose the star HD 24712, which
is the best studied roAp star and one of the coolest known Ap
stars showing both chemical stratification signatures and oblique
rotator variations. This paper is the first in a series of pub-
lications where we will explore the possibility of performing
3-D MDI analysis. Here we focus on evaluation of the new four
Stokes parameter spectropolarimetric observations and analysis
of circular and linear polarization in spectral lines. Subsequent
papers will present magnetic and chemical inversions using these
data.

Our paper is composed in the following way. In Sect. 2 we
summarize the main properties and previous studies of our tar-
get star, HD 24712. In Sect. 3 we describe spectropolarimet-
ric observations and data reduction. Sections 4 and 5 discuss
polarization signatures in individual spectral lines and in mean
profiles, respectively. We present longitudinal magnetic field
measurements in Sect. 6. Section 7 is devoted to the search rota-
tional period of HD 24712. The paper ends with Sect. 9, where
we present the summary of key results and discuss a possibility
of magnetic field gradient in the atmosphere of HD 24712.

2. HD 24712

HD 24712 (HR 1217, DO Eri, HIP 18339) first appears in the
catalog of A stars with peculiar lines by Bertaud (1959). In the
paper by Preston (1970), HD 24712 is listed together with Sr-
Cr-Eu stars that are known to have v, sini < 10km s~!'. Magnetic
field measurements by Preston (1972) showed that the mean lon-
gitudinal magnetic field of HD 24712 changes with a period of
~12.45 days. This variability is accompanied by spectral line
changes, for example, an antiphase variation between the lines of
Mg and Eu. The variability period found by Preston (1972) was
confirmed by photometric observations by Wolff & Morrison
(1973). Many studies of the magnetic field of HD 24712 have
been carried out (Preston 1972; Brown & Landstreet 1981;
Mathys 1991, 1994; Mathys & Hubrig 1997; Ryabchikova et al.
1997; Leone et al. 2000; Wade et al. 2000a; Leone & Catanzaro
2004; Ryabchikova et al. 2005, 2007). Below we will use some
of these measurements for improving the rotational period of the
star.

The discovery of rapid oscillations (Kurtz 1982) with multi-
ple periods near 6.13 min made HD 24712 one of the prototype
rapidly oscillating Ap (roAp) stars and arguably the most as-
teroseismically interesting object in this class. Matthews et al.
(1988) detected radial velocity oscillations with an amplitude
of 400 + 50m/s and with a period close to the photomet-
ric one. More recently, spectroscopic studies of pulsations in
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HD 24712 were carried out by Mkrtichian & Hatzes (2005),
Ryabchikova et al. (2007), and Kochukhov et al. (2007). Time-
resolved magnetic field measurements by Kochukhov & Wade
(2007) did not reveal any variability of the magnetic field with
pulsational phase in this star. HD 24712 was targeted by the
Whole Earth Telescope (WET) campaign (Kurtz et al. 2002) and
by high-precision space photometry using the MOST satellite
(Ryabchikova et al. 2007). The wealth of asteroseismic infor-
mation provided by the multi-periodic pulsations in this star has
led to significant advances in understanding the impact of the
magnetic field on the excitations and geometry of non-radial os-
cillations in the presence of a strong magnetic field (e.g., Cunha
et al. 2003; Saio et al. 2010).

Liftinger et al. (2010) performed MDI of HD 24712 using
Stokes I and V spectra. In this study the magnetic field geom-
etry was determined from seven Fel and five NdTIT lines that
have strong polarization signatures and are not affected by blend-
ing. From these data a surface magnetic field with dipole struc-
ture was derived, with the local magnetic field strength vary-
ing between 2.1kG and 4.2kG. These results agree well with
the dipolar model derived by Bagnulo et al. (1995) from the
phase curves of the longitudinal field and broad-band linear po-
larization. Abundance distributions of Fe, Nd, and sixteen ad-
ditional ions were also determined by Liiftinger et al. (2010).
They found that Fe is slightly underabundant compared to the
solar value (log Nge/Niot = —4.59), with local abundances vary-
ing between —5.3 and —4.7. Element concentration derived from
Nd 1 lines is strongly overabundant relative to the solar value
(log NNd/Niot = —10.59) and does not match the abundance de-
rived from Nd 11, which is 1.5 dex smaller. A spatial anticorrela-
tion between the distributions of Fe and Nd was also found, as
expected from the equivalent width variations of these elements
(Bonsack 1979). In HD 24712 Fe is overabundant, where one
finds a relative depletion of Nd and vice versa. The REEs accu-
mulate in the region close to the positive magnetic pole, while
the Fe-peak elements accumulate in the magnetic equatorial re-
gion. At the same time, non-negligible differences between sur-
face distributions of similar elements were also observed.

High-resolution spectroscopic radial velocity measurements
by Ryabchikova et al. (2007) probed different line formation
depths in the atmosphere of HD 24712 and allowed propagation
of the pulsational waves in the outer atmosphere of this star to be
traced. It was found that REE lines and Ha core have large pulsa-
tion amplitudes (150—400m s™1), while Mg, Si, Ca, and Fe-peak
elements show no detectable variability. This diversity of pul-
sational behavior points at strong vertical inhomogeneities in
the stellar atmosphere. The conclusions from the pulsation stud-
ies were directly supported by the analysis based on empirical,
chemically stratified model atmosphere calculations performed
by Shulyak et al. (2009). This study showed that, similar to many
other cool Ap stars (e.g., Ryabchikova et al. 2002), the majority
of elements show nearly solar or underabundant concentrations
in the upper layers but exhibit a higher abundance in the lay-
ers around the photosphere of the star. In contrast, the vertical
abundance distribution of Pr and Nd shows a large overabun-
dance (up to 5dex) above log Tsoo0 ~ —3 and approximate so-
lar abundance in the photospheric layers. The REE stratification
can significantly influence the model atmosphere and even lead
to the appearance of an inverse temperature gradient in the upper
atmospheric regions. The presence of this temperature anomaly
may influence the formation of the inner wings and the core of
the hydrogen He line.

The basic physical parameters of HD 24712, which are com-
piled from the literature, are listed in Table 1.

Table 1. Basic parameters of HD 24712.

Parameter Value Reference
Tet 7250 + 150K 1,2
logg 42 +0.1 1,2
R/Ro 1.772 £ 0.043 2
log(L/Le) 0.891 +0.041 3
MM, 1.55 +0.03 4
Py ~6.13 min 5,6

Ve Sini 5.6+23kms™! 1

Poot 12.45877(16) days 7

References. (1) Ryabchikova et al. (1997); (2) Shulyak et al. (2009);
(3) Matthews et al. (1999); (4) Kochukhov & Bagnulo (2006); (5) Kurtz
et al. (2002); (6) Ryabchikova et al. (2007); (7) Ryabchikova et al.
(2005).

3. Observations and data reduction

We obtained the spectra of HD 24712 with the HARPSpol po-
larimeter (Snik et al. 2011; Piskunov et al. 2011) that feeds the
HARPS spectrometer (Mayor et al. 2003) at the ESO 3.6 m
telescope at La Silla, Chile. The two optical fibers transport
the light, which is split into two orthogonal polarization states,
from the polarimeter at the Cassegrain focus of the telescope
to the HARPS spectrograph. The HARPSpol instrument con-
sists of two independent polarimeters for measurements in cir-
cular and linear polarization. Together, the two polarimeters al-
low observations in all four Stokes parameters. Each polarime-
ter consists of a polarizing beam splitter in the form of a Foster
prism fixed relative to the fibers and a super-achromatic rotat-
ing retarder wave plate placed in front of it. The circular po-
larimeter has a quarter-wave plate and the linear polarimeter
is equipped with a half-wave plate. The wave plates used in
HARPSpol are zero-order birefringent polymer retarders, which
are not affected by the interference fringes typical of the crys-
talline super-achromatic wave plates (Samoylov et al. 2004).
More information on the optical design of HARPSpol can be
found in the paper by Snik et al. (2008).

A spectropolarimetric observation of one Stokes parameter
consists of four sub-exposures taken at different orientations of
the half-wave or quarter-wave plate. Each sub-exposure corre-
sponds to a different position of the wave plate relative to the
optical axis of the beam splitter. For Stokes Q the exposures are
taken at positions of the half-wave plate: 0°, 45°, 90°, 135°. For
Stokes U the positions of the half-wave plate are 22.5°, 67.5°,
112.5°, 157.5°, and finally, for Stokes V the positions of the
quarter-wave plate are 45°, 135°,225°, and 315°. A given Stokes
parameter can also be obtained with only two exposures at two
different orientations of the wave plate; however, this does not al-
low deriving a diagnostic null spectrum and assessing spurious
polarization and crosstalks. Therefore, most individual Stokes
parameter observations of HD 24712 were obtained with four
sub-exposures. A small number of observations were obtained
using two exposures, mostly due to time constraints.

The star was observed over the period of 2010-2011, result-
ing in an excellent rotational phase coverage. In total we ob-
tained 43 individual Stokes parameter observations during three
observing runs spread over 16 nights. We had Stokes IQUV
observations for thirteen nights, Stokes /V for two nights, and
Stokes /QU observations for one night. The majority of the
Stokes parameter observations were obtained in January 2010
(38 in total), while the rest were obtained in August 2010 and
February 2011.
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Table 2. Journal of spectropolarimetric observations of HD 24712.

UT Date Stokes HID (2455 000+) S/N Median S/N
parameters 0 U Vv %) op range 0 U Vv

4 Jan. 2010 QO U V 2007184 200.6962 200.7421 0.772 0.002 121-384 309 343 224
5 Jan. 2010 Q U V 2017130 201.7364 201.7561 0.853 0.002 95-342 287 300 181
6 Jan. 2010 QO U V 202659 202.6240 202.6981 0.928 0.004 191-458 405 326 387
7 Jan. 2010 Q U V 203.6702 203.7121 203.6274 0.009 0.004 235-567 504 408 484
8 Jan. 2010 Q U V 2046082 204.6546 204.7039 0.088 0.005 303-586 528 529 497
9 Jan. 2010 Q U V 2056338 2056802 205.7272 0.170 0.005 170-483 429 379 307
10Jan. 2010 Q@ U V  206.6092 206.6560 206.7032 0.248 0.005 267-565 498 506 457
11Jan. 2010 Q U 207.6547  207.7014 0.330 0.003 261-510 440 451
13Jan. 2010 Q@ U V  209.6057 209.6518 209.6990 0.489 0.005 181-571 512 480 382
14Jan. 2010 Q@ U V 210.6245 210.6697 210.7157 0.570 0.005 200-573 510 461 360
15Jan. 2010 Q@ U V 211.6183 211.6683 211.7185 0.651 0.005 201-528 454 469 365
16Jan. 2010 Q@ U V 212.6248 212.6704 212.7052 0.731 0.004 189-580 512 517 330
17Jan. 2010 Q@ U 'V  213.6272 213.6723 213.7132 0.811 0.004 162-607 545 458 297
13 Aug. 2010 Vv 421.8958 0.525 0.001 168-336 302
14 Feb. 2011 Vv 606.5350 0.346  0.001 278-497 446
15Feb.2011 Q@ U V 607.5200 607.5541 607.5882 0.428 0.003 223-508 451 417 394

Notes. First column gives the UT date at the beginning of each observing night. Column 2 indicates the Stokes parameters observed (in addition
to Stokes /). Heliocentric Julian Dates (HJD) at mid-exposure for each observed Stokes parameter are given in Cols. 3-5. Mean phase, @, and the
maximum difference, d¢p, between ¢ and phases of individual Stokes parameter observations are presented in Cols. 6-7. Rotational phases were
calculated according to our improved ephemeris (Sect. 7). The range of the S/N for two or three Stokes parameter observations and the median
S/N for each individual Stokes parameter observation are presented in Cols. 8—11. The median S/N was calculated using several orders around

A =5500 A, where maximum counts were reached.

The HARPSpol spectra have a resolving power of 1/Ad =
110000 and cover the wavelength range 3800-6910A with a
80 A gap located at 5290 A. Each Stokes parameter observation
was calculated from two or four sub-exposures, each with an
individual exposure time between 440 and 1040 s and a median
exposure time around 940 s. During each observing night, two
sets of ten flat frames, ten bias exposures, and one ThAr image
were acquired before the start and at the end of the observations.
Table 2 provides a detailed summary of our spectropolarimetric
observations of HD 24712.

For the reduction of the spectra we used the REDUCE pack-
age (Piskunov & Valenti 2002). This software package is written
in the Interactive Data Language (IDL) and is designed for pro-
cessing cross-dispersed echelle spectra. The reduction process
consists of a number of standard steps. At the start of the pro-
cedure, the mean bias and flat frames are constructed, and the
bias frame is subtracted from the latter. The mean flat frame is
used for construction of the normalized flat field. The position
and shape of the spectral orders is determined from the mean
flat field with the help of a cluster analysis. The curvature of
the spectral orders is approximated by a fourth-order polynomial
function. The science frames are initially processed by subtract-
ing the mean bias frame and dividing by the normalized flat field,
which corrects the small-scale pixel-to-pixel sensitivity varia-
tions. After the scattered light is estimated and subtracted from
the science frames, an optimal extraction algorithm (Piskunov &
Valenti 2002) is applied for the extraction of 1-D spectra.

The exceptional velocity stability of the HARPS spectro-
graph at the level of 1 ms™! as reported by Mayor et al. (2003)
and the nature of our scientific goals allow using a single ThAr
spectrum for the wavelength calibration procedure during each
night. By measuring around 3000 ThAr lines, we obtained
2-D wavelength solutions separately for the blue and red HARPS
CCD detectors with an internal accuracy of 15-20ms~'. The
last step of the reduction procedure involves continuum nor-
malization. For this purpose we first corrected the extracted
spectra by the blaze function inferred from the mean flat field
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and then divided the spectrum by a smooth, slowly varying func-
tion, which was obtained by fitting the upper envelope of the
spectrum.

The Stokes parameters were derived from four sub-
exposures with the “ratio method” described by Donati et al.
(1997) and Bagnulo et al. (2009). This polarimetric demodula-
tion technique is able to remove spurious polarization effects up
to first order by combining the two ordinary and extraordinary
beams recorded at four different positions of the wave plate. The
beams can also be combined in such a way that intrinsic polar-
ization cancels out. The resulting diagnostic null spectrum is a
valuable quality control tool since it allows assessing crosstalks
between Stokes parameters and diagnosing other sources of spu-
rious polarization. In a couple of cases when only two sub-
exposures were available, a truncated version of the ratio method
was used that did not provide the null spectrum. A detailed as-
sessment of the spurious polarization and cross-talk between dif-
ferent Stokes parameters is presented in Appendix A.

4. Stokes profiles of individual spectral lines

Previous systematic, phase-resolved observations of Ap stars
in all four Stokes parameters were carried out at the resolving
power of only ~35 000 (Wade et al. 2000b). Recently, this work
was extended to R = 65000 (Silvester et al. 2012). Here we
present the first-ever full Stokes vector data set at R > 10°.
These data provide us with a unique opportunity to measure and
model high-quality Stokes profiles of individual spectral lines
across a wide wavelength range. The Ap-star target chosen for
our analysis turns out to be especially suitable for the spectropo-
larimetric monitoring at a very high spectral resolution due to its
moderately strong magnetic field, rich metal line spectrum, and
low v, sini. We found that the amplitude of linear polarization
signatures in this star increases by a factor of 2 by going from
R = 65000 (ESPaDOnS, Narval) to 110000 (HARPSpol).
Thanks to a combination of high resolution and high
signal to noise ratio (S/N), we are able to detect linear
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Fig. 1. HARPSpol four Stokes parameter spectra of HD 24712 in the 51905210 A wavelength region. The spectra plotted with black lines were
obtained around zero phase, when the longitudinal magnetic field reaches its maximum. The spectra plotted with red lines were obtained close
to phase 0.5, corresponding to the magnetic minimum. The circular and linear polarization profiles are offset vertically for clarity. We note that
Stokes Q and U spectra have been expanded by a factor of 3 compared to Stokes V and /.

polarization signatures in numerous intermediate-strength metal
lines, whereas in previous studies of Ap stars this was possible to
achieve only for a handful of strongest lines (Wade et al. 2000b).
In Fig. 1 we present the observed spectra of HD 24712 in all four
Stokes parameters in the 5160-5210 A region. This figure com-
pares two four Stokes profile observations obtained at magnetic
maximum and minimum, respectively. One can see that many in-
dividual spectral lines show strong and complex linear polariza-
tion signatures, especially at magnetic maximum. In general, we
were able to identify several dozen unblended spectral lines that
exhibit clear Q and U signatures at all rotational phases. Many
more lines showing significant linear polarization signatures are
parts of complex blends. A few examples of rotational modula-
tion of the four Stokes parameter profiles of individual lines can
be found in Fig. 2 (isolated Fe 1 and Nd I lines) and Fig. 3 (sev-
eral Fe-peak and REE lines). We note the Stokes / profile varia-
tions of the magnetically sensitive (g = 2.01) Fe14938.81 A line
in the latter plot. This line is clearly broader and more distorted
due to a stronger Zeeman splitting at phase 0.0, corresponding
to the magnetic field maximum.

From the visual analysis of unblended spectral lines, we find
that spectral lines of the Fe-peak elements tend to show a weaker
signature in Stokes Q, compared to the lines of REEs. The shape
of the Stokes profiles of Fe-peak element and REE lines also
looks different and exhibits a different rotational modulation.
This may be attributed to different element distributions across
the surface of the star. Variation of the vertical abundance pro-
files and a possible vertical magnetic field gradient may also
contribute to the observed behavior of Stokes parameters of dif-
ferent species. Interestingly, while the amplitude of these signa-
tures varies strongly with phase, the shape of the Stokes Q and
U profiles changes less dramatically as a function of phase in
individual lines.

Stokes I appears to vary for many spectral lines as a function
of phase. This is evident from Fig. 1, where one can see sig-
nificant differences for many lines between the Stokes [ spectra
corresponding to magnetic minimum (strong Fe-peak element
lines) and maximum (strong REE lines). In general, it appears
that most spectral lines exhibit strong intensity variation. The
most extreme example is provided by the NaT D-lines at 5890

and 5896 A. While inconspicuous in many Ap stars, this element
apparently exhibits an extreme horizontal gradient in HD 24712,
leading to the equivalent width variation from <30 mA at phase
0 to ~150 mA at phase 0.5 for the D1 line.

5. Least-squares deconvolution

Although the quality of the HARPSpol Stokes spectra of
HD 24712 is very high, allowing us to analyse polarization pro-
files of individual spectral lines, it is still useful to employ mul-
tiline diagnostic methods to deduce mean characteristics of the
stellar magnetic field and be able to compare our results with
previous studies of this star. To this end, we used the technique
of least-squares deconvolution (LSD, see Donati et al. 1997 and
references therein). Wade et al. (2000a) demonstrated the use-
fulness of the LSD approach to measurements of the mean lon-
gitudinal magnetic field and net linear polarization in Ap stars.
This approach assumes that the stellar intensity or polarization
spectrum can be represented as a superposition of scaled, self-
similar profiles and that overlapping lines add up linearly. The
robustness and limitations of the LSD technique have been in-
vestigated by Kochukhov et al. (2010).

For the calculation of the mean profiles of HD 24712, we em-
ployed the multiprofile LSD code and methodology described by
Kochukhov et al. (2010). Multiprofile LSD is capable of disen-
tangling the mean profiles of specific elements while minimiz-
ing the effects of blends from the lines of other elements. This
technique is of fundamental importance for our study because
magnetic chemically peculiar stars exhibit diverse distributions
of chemical elements, which results in different mean profiles
for different species of chemical elements.

The line mask for the LSD procedure was extracted from the
VALD database (Piskunov et al. 1995; Kupka et al. 1999) for the
stellar parameters presented in Table 1. The abundances used for
the calculation of the line mask are mean values of the abun-
dances taken from Liiftinger et al. (2010) and Ryabchikova et al.
(1997). From the initial line mask containing 10992 lines we
removed the spectral lines affected by the hydrogen and telluric
lines, along with the lines with central depth less than 10% of
the continuum. Thus yielded a final mask with 5120 lines. This
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Fig. 2. Rotational modulation of the Stokes IQUV profiles for the Nd 111 5677.18 A (left panel) and Fe14938.81 A (right panel) spectral lines. The
spectra for different rotation phases are offset vertically. The Stokes QU and V profiles are expanded by factors 9 and 3, respectively, relative to

Stokes /. Rotational phases are indicated in the left panel.

line list is dominated by Fe1 (876 lines) with an average wave-
length 1 = 4973 A, a mean Landé factor g = 1.292, and mean
residual intensity d = 0.349. Among REEs the most common is
Ce 11 (803 lines), with 1 = 4666 A, g = 1.072 and d = 0.285.

Our final line mask in combination with the multiprofile LSD
code was used to obtain the LSD Stokes profiles of Fe-peak ele-
ments and REEs for all observations of HD 24712. For compar-
ison, we also produced the mean profiles using the entire mask
and the standard, single-profile LSD method. The resulting LSD
Stokes profiles for Fe-peak elements and REEs are presented in
Fig. 4. These LSD spectra were computed on a velocity grid
from —80kms~! to +80km s~ with a step of 0.8 kms~!, which
is similar to the mean velocity separation of the pixels in HARPS
spectra. Since the scale of the LSD line weights is arbitrary (see
Kochukhov et al. 2010), we computed all LSD profiles using the
following normalization coefficients: 1o = 5000 A, dy = 1and
gp = 1.

The calculated LSD Stokes profiles were visually compared
to a subset of Stokes parameter profiles of individual Fe-peak
element and REE lines, which showed strong polarization sig-
natures at minimum and maximum of the magnetic field and
appeared unblended. To assess the blending we compared the
observed Stokes [ spectra to a synthetic spectrum. This syn-
thetic spectrum was calculated based on the line list used for
the LSD procedure and for the stellar parameters presented in
Table 1. The program SYNTH3 (Kochukhov 2007) was used to
produce the synthetic spectrum.
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This comparison confirms that the average polarization pro-
files are in good agreement with the Stokes profiles of individual
spectral lines. In Fig. 2 we plotted variations of the Stokes /QUV
profiles with phase for one Fe line and one Nd line. Their behav-
ior is characteristic of the variations experienced by the majority
of spectral lines in HD 24712. These two lines show strong po-
larization signals that are not significantly distorted by blends.
By comparing the Stokes profiles of these spectral lines (Fig. 2)
to the appropriate LSD profiles (Fig. 4), we can see that the lat-
ter closely match the shape and the phase behavior of individual
spectral lines. We did not notice a qualitatively different behav-
ior of the LSD profiles when compared to the Stokes profiles
of individual lines with different amplitudes of the polarization
signatures. Therefore, we can conclude that the LSD method re-
produces very well the general morphology of the polarization
signatures observed in individual spectral lines.

5.1. Choice of weights for LSD Q and U profiles

Previous four Stokes parameter studies of Ap stars (Wade et al.
2000b; Silvester et al. 2012) adopted the square of the effec-
tive Landé factor, 52, as the LSD weight in the reconstruc-
tion of the mean Stokes Q and U profiles. This essentially im-
plies that all lines were assumed to behave as normal triplets.
However, based on the experiments with synthetic spectra,
Kochukhov et al. (2010) have argued that the use of the linear
polarization sensitivity parameter G, which was introduced by
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Fig.4. LSD Stokes [ (first panel), Q (second panel), U (third panel) and V (fourth panel) profiles of HD 24712. Rotational phases calculated
according to our improved ephemeris (see Sect. 7) are indicated in the first panel. Relative to Stokes /, the vertical scale for the Stokes Q and U
profiles has been expanded by a factor of 36. The scale for the Stokes V profiles has been expanded by a factor of 6. The error bars are on the order
of the thickness of the lines, therefore they are not shown on the plots. The red lines represent the LSD profiles of REEs while the black lines show
the LSD profiles of Fe-peak elements. All profiles were corrected for the mean radial velocity of the star.

Degl’Innocenti & Landolfi (2004), as an LSD weight leads to a
better approximation of the linear polarization spectra.

In order to investigate how the choice of the LSD weight can
affect the mean linear polarization profiles, we compared LSD
Q and U calculations using 52 and G. This test was based on the
full line mask. We found that the LSD Stokes profiles calculated
with the alternative linear polarization weight, G, differ by less
than 5% in relative amplitude in comparison to the LSD Stokes
profiles obtained with 52. At the same time, the x> of the fit of the
LSD model to observations changes by less than 2%. Therefore,
we can conclude that the use of the alternative scaling factor in
the reconstruction of the linear polarization LSD Stokes profiles
does not affect the results in a significant way. For that reason
and in order to maintain consistency with previous studies, we
used 52 as suggested by Wade et al. (2000b) in the rest of our
LSD Q and U profile calculations.

6. Magnetic field measurements

6.1. Longitudinal field and net linear polarization from
LSD profiles

It is straightforward to derive several useful quantities from the
LSD Stokes profiles and corresponding null profiles. For ex-
ample, one can determine the mean longitudinal component of

the magnetic field and the net linear polarization (Wade et al.
2000a). The mean longitudinal magnetic field, (B.), represents
the component of the magnetic field directed at the observer,
weighted by local line strength and continuum intensity and in-
tegrated across the visible stellar disk. It can be estimated from
the first-order moment of the Stokes V profile (Kochukhov et al.
2010):

f vV(v)dv

(B,)y = =7.145 x 10— .
Aogy [T1 = I(v)]dv

ey

where (B.) is measured in Gauss, Ao in A; V(v) and I(v) are the
LSD Stokes V and I profiles. The parameters Ay and g, are the
same as those used for the normalization of LSD weights.

The net linear polarization is calculated from the equivalent
width of the LSD Stokes Q, U, and I profiles:

(wou) [ QW) dv (wou) [ U(v) dv
=———and Py = ———-
J11 = 1)1 dv J11 = 1)) dv

Here (wgy) represent the mean Stokes QU LSD weights. Net
linear polarization contains similar information on the transverse
component of the stellar magnetic field as the broadband lin-
ear polarization (Leroy 1995). However, mechanisms responsi-
ble for the net line and broadband linear polarization in Ap stars

0 (2)
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Table 3. Magnetic field measurements obtained from the LSD Stokes profiles of HD 24712.

(By) + 0,y (G)

Py +0p, (x107%) Py +0op, (X1075)

HJID (2455000+) Phase full Fe-peak REE full Fe-peak REE full Fe-peak REE
200.71890 0772 742+6 465+7 1304+14 247+9 413+10 -161+£22 -322+9 -486+9 104 +20
201.73519 0853 946+7 7288 1299+13 -46+9 -10+10 -120+18 -210+9 -340+11 3819
202.66063 0928 1064+7 947+9 1237+11 -163+7 -108+9 -249+12 -92+9 -182+12 33+16
203.66990 0.009 1059+6 957+9 1217+10 -210+7 -—-175+9 -272+11 —-17+8 11511 114=x14
204.65554 0.088 912+6 708+8 1181+10 -255+6 -352+8 -131+10 71+7 -21+9  207+12
205.68041 0.170 720+6 460+8 1080+10 -353+7 -637+8 110+12 119x7 115+9 127 + 13
206.65612 0248 512+5 287+6 865+9 —-454+6 -743+7 73+12 3176 4877 1011
207.67805 0.330 -252+6 -413+7 11013 669 +7 958 +£8 24 £ 16
209.65219 0489 219+3 55+3 637+8 556+6 741+6 -8+17 564+6 760+6  -53+17
210.66999 0.570 305+4 92+4 873+11 704+7 965+6 -—171+18 199+6  265+6 -18+18
211.66838 0.651 465+5 210+5 1124+13 636+7 894+6 -—188+18 -96+6 -122+6 -16+17
212.66677 0.731 640+6 363+6 1255+14 396+6 6276 -231+15 -325+6 —-462+6 4015
213.67090 0811 837+6 578+7 1302+13 77+6 177+6 -141+£12 -262+7 -432+8 113+16
421.89575 0525 251+3 67+4 75111

606.53495 0346 321+4 161+4 635+9

607.55411 0428 223+3 76+3  557+9  280x7 395+7 -28+18 752+9 1050+9 —106+22

Notes. First and second columns list heliocentric JD and rotational phase, calculated according to the improved period (Sect. 7). Columns 3-5
provide (B.) measurements for the Stokes V LSD profiles obtained with the full mask, for the lines of Fe-peak elements, and for the REE lines.
Columns 6-8 report Py, measurements for the same three sets of LSD profiles, and Cols. 9-11 provide corresponding Py measurements.

Table 4. Mean and standard deviation of the magnetic field measure-
ments obtained from null LSD profiles.

Quantity Full mask  Fe-peak REE

(B;) (G) 1.2+3 05+3 29+6
Pp (X107  19+11 04+13 51+32
Py (x107%)  —0.1+12 -13+6 23+28

are not identical, so in practice LSD QU measurements need to
be scaled and shifted for detailed comparison with photopolari-
metric measurements (e.g., Wade et al. 2000a; Silvester et al.
2012).

Integrals in Egs. (1) and (2) were evaluated numerically
within +18kms™! limits of the mean radial velocity 21.76 +
0.01kms~'. The mean radial velocity was estimated from the
Stokes I LSD profiles reconstructed with the full mask. The in-
tegration limits were chosen so that the integration window in-
cludes full LSD polarization profiles. We used Eq. (1) to calcu-
late (B,) from the LSD Stokes profiles of Fe-peak elements, and
REEs and from the LSD profiles obtained with the full mask. For
measuring net linear polarization from the LSD Q and U pro-
files we used Eq. (2). All our magnetic field measurements are
presented in Table 3. Measurement uncertainties were estimated
from the LSD profile variance using standard error propagation
principles. For the longitudinal field measurements we achieve
a typical uncertainty below 10 G for the LSD profiles produced
with full and Fe-peak masks and 10-14 G for the LSD profiles
of REEs.

In Table 4 we report the mean and standard deviation of the
(B;), Pp, and Py measurements inferred from the corresponding
null LSD profiles. Despite the presence of spurious polarization
signals, it is evident that the moment analysis of the LSD VQU
spectra is not affected. For example, the spurious longitudinal
field amplitude derived from the Stokes V null LSD profile is
well below the error bar of (B,) estimated from the LSD Stokes
V profiles themselves. Similarly, the spurious contribution to Py
and Py does not exceed the uncertainty due to finite S/N.
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6.2. Longitudinal field from the hydrogen line cores

A high quality of the observed Stokes V spectra of HD 24712
allows us to measure the longitudinal magnetic field from the
cores of hydrogen lines. This can be accomplished using two al-
ternative methods: the moments technique, discussed in Sect. 6.1
and represented by Eq. (1), and a differential method valid in the
weak field limit:
di(1)
da ’
where ky = 4.6710713G™! AL, Ao and g are the central wave-
length and effective Landé factor. In the case of hydrogen
Balmer lines, g = 1 (Casini & Landi Degl’Innocenti 1994).
To derive (B;) with Eq. (3), we applied a weighted linear least-
squares fit to Stokes V spectra.

Although this method of deriving (B,) from the hydrogen
lines relies on the same basic assumptions as the widely used
photopolarimetric technique of Angel & Landstreet (1970), it is
not equivalent to the latter method because it is applied to nar-
row cores of the hydrogen lines instead of the Stark-broadened
wings. At the same time, our differential technique is more
similar to the hydrogen line measurement approach used by
Kudryavtsev & Romanyuk (2012) and Monin et al. (2012).

When measuring (B;) from the hydrogen line cores, we
found that, the moment method can give strongly biased results
for several reasons: uncertain normalization of the Stokes I spec-
tra around Balmer lines, difficulties in determining the limits of
line cores, blending with metal lines, and a non-negligible con-
tribution from the extended wings of the Stokes V hydrogen line
profiles. Regarding the latter, our theoretical calculations with
the SYNMAST code (Kochukhov et al. 2010) showed that the
wings of the Stokes V profiles do not decrease to zero outside
the core. Consequently, to get correct values for the longitudinal
magnetic field one would need to integrate across the entire pro-
file of a hydrogen line. This complicates practical application of
the moment method to hydrogen lines. On the other hand, the
differential method does not suffer from these limitations and is
therefore better suited for measuring (B.) from the Balmer line
cores in HD 24712.

V() = —kogA3(B,) 3)
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Fig. 5. Stokes I (left panel) and V (right panel) spectra of the Ha core
in HD 24712. Individual intensity spectra (solid lines) shown in the left
panel are compared with the spectrum corresponding to phase 0.009
(dashed line). The right panel compares the observed Stokes V signal
(thin line) with the weak field model fit (thick line). The spectral detail
affecting the intensity profiles at v ~ 20 kms™! is due to a telluric line.
Vertical dashed lines on the right panel show the velocity range used
for the longitudinal magnetic field measurements.

The application of the differential (B,) measurement tech-
nique to He is illustrated in Fig. 5. This figure also demonstrates
rotational modulation of the Stokes / profile of this line. The con-
sequences of this finding will be discussed below (Sect. 9.2). The
fit to the observed Stokes V profiles was performed in regions
with detectable circular polarization signal. Additionally, from
these wavelength regions we excluded parts of the line cores that
were affected by blends with other spectral lines. For example,
for Hp the fitting limits were modified to exclude the region of
a strong blend that appears on the blue side of the line core. The
same was done for Ha to exclude a telluric line on the red side of
the core. The same fitting procedure and wavelength limits were
also applied to the null profiles to assess systematic errors. The
mean and standard deviation of the (B,) measurements from the
null profiles of Ha equals 2 + 18 G, which indicates that possible
spurious contribution to (B;) is negligible. For HS this value is
3 + 48 G. Results of the longitudinal field measurements from
the cores of Ha and Hf are presented in Table 5.

Table 5. Mean longitudinal magnetic field determined from the cores
of Ha and Hp line.

HJD (2455000+) Phase (B,) (G)
Ha Hp

203.66990 0.009 1178 +50 1136 +37
204.65554 0.088 977+61 1001 +28
205.68041 0.170 790+ 67 884 +36
206.65612 0.248 566+ 60  585+32
606.53495 0346  306+38  367+22
607.55411 0428 265+21  192+29
209.65219 0489 35020 178 +43
421.89575 0525 339+19  202+52
210.66999 0.570  494+24  332+49
211.66838 0.651 719+28 50580
212.66677 0.731  949+37  645+76
200.71890 0.772 1116 +38 844 +80
213.67090 0811 1164+37 953+78
201.73519 0.853 1263+55 1094 =95
202.66063 0.928 1284 +41 1098 +58

7. Rotational period

The most recent determination of the rotational period of
HD 24712 was done by Ryabchikova et al. (2005). They com-
bined their Fe-Cr line longitudinal magnetic field measurements
with other data from the literature, finding Py, = 12.45902 +
0.00044 d. They also obtained an independent period estimate,
Piot = 12.45853 = 0.00018 d, from the variability of equiva-
lent widths of REE lines. The final period recommended by
Ryabchikovaet al. (2005), Pyot = 12.45877+0.00016, represents
a formal weighted mean of the periods found using the mag-
netic and equivalent width data. A significantly smaller period,
Prot = 12.4572 + 0.0003 d, was inferred from the photometric
pulsational analysis of HD 24712 (Kurtz & Marang 1987; Kurtz
et al. 2005).

We revised the rotational period of HD 24712, taking ad-
vantage of the new longitudinal field measurements obtained
here and by Ryabchikova et al. (2007). For the period search
we compiled a list of all published longitudinal magnetic field
measurements derived from the spectral lines of Fe-peak ele-
ments, which should be among the least variable lines in the
spectrum of HD 24712. This list includes the TiCrFe (B.) data
published by Preston (1972), measurements from the FeT lines
by Mathys (1991) and Mathys & Hubrig (1997), longitudinal
field derived from the LSD Stokes V profiles of Fe-peak ele-
ments by Wade et al. (2000a) and Ryabchikova et al. (2005),
measurements by Leone & Catanzaro (2004) and, finally, mea-
surements from the recent spectroscopic study of pulsations in
the atmosphere of HD 24712 performed by Ryabchikova et al.
(2007). Photopolarimetric longitudinal magnetic field measure-
ments from the HB line by Ryabchikova et al. (1997) were
also included. However, these measurements show systemati-
cally higher values of (B.) than those derived from metallic lines.
Therefore, these measurements were reduced by 400G follow-
ing the analysis by Ryabchikova et al. (2005). A similar cor-
rection of =300 G was applied to the data from Preston (1972).
Error bars are lacking for this data set in the original publication.
We adopted an error bar of 150 G, which is close to the standard
deviation of this data set with respect to final fit. The literature
data were finally complemented with our own longitudinal mag-
netic field measurements obtained from the Fe-peak lines (see
Table 3). The final data set used for period search comprised
81 data points and spanned the time interval from 1969 to 2011.
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The period search was performed by fitting a fourth-order
harmonic curve to the entire collection of the longitudinal field
data. This high-order fit was required to match our measure-
ments within their error bars. As a starting value, we used the
period derived by Ryabchikovaet al. (2005) and adopted the zero
point from their paper. Our final ephemeris is given by

HID((B;) max) = 2453235.18(40) + 12.45812(19) - E.

This is almost the same precision as claimed by Ryabchikova
et al. (2005) for their average period. However, here we achieved
this result by using the magnetic field data alone. Our new period
agrees within the error bars with the one found by Ryabchikova
et al. (2005) from the equivalent width measurements and pro-
vides a better fit to the longitudinal field data than their average
period.

8. Global magnetic field parameters

An important step in the understanding of the structure of mag-
netic fields of Ap stars was made with the introduction of the
so-called canonical model (Landolfi et al. 1993). By considering
circular and linear polarization observables together, the canon-
ical model allowed the extraction of more complete information
about the magnetic field geometry compared to a simple fitting
of the longitudinal field curve. Indeed, the circular polarization is
directly connected only to the line-of-sight magnetic field com-
ponent. It is normally characterized by the mean longitudinal
magnetic field, which, for a global axisymmetric magnetic field
geometry, has a simple harmonic dependence on the rotational
phase with the amplitude proportional to the polar field strength.
On the other hand, the broadband linear polarization is sensitive
to the transverse field component and its phase curve is strongly
dependent on the stellar magnetic field geometry.

Landolfi et al. (1993) introduced the canonical model under
the following assumptions: weak-field approximation, homoge-
neous distribution of chemical elements across the surface of the
star, and all lines contributing to the spectral interval are char-
acterized by the same average strength, Doppler width, damping
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et al. (2007) (triangles). The solid line
represents a fourth-order Fourier fit to
the longitudinal field measurements.
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constant and Landé factor. It is under these assumptions that a
derivation of analytical formulas for the phase variation of the
broadband linear polarization becomes possible.

For a purely dipolar magnetic field geometry, the canonical
model is simplified even further. One describes the field geome-
try with three angles: the angle between the rotational axis and
the line of sight i, the angle between the magnetic axis and the
rotational axis 3, and the azimuth angle of the rotational axis ®.
In addition to these three angles, the canonical model has three
further parameters: the polar magnetic field strength By, the con-
stant x giving the amplitude of linear polarization, and the pa-
rameter €, which describes the magneto-optical effects. In some
specific cases one might introduce three more parameters: go and
ug, which are responsible for the interstellar linear polarization
in the Stokes Q and U parameters, respectively, and the angle f;
indicating the phase when the dipolar axis is located in the plane
defined by the stellar rotational axis and the line of sight. All in
all, we have nine different parameters, of which six are primary
and the rest are of secondary importance.

Using magnetic field measurements inferred from the
LSD profiles of HD 24712, we derived the canonical model pa-
rameters in the same way as done by Bagnulo et al. (1995). An
x* function was constructed that connects the observed and theo-
retical values of the longitudinal field and net linear polarization.
This y? function was minimized in order to find the model pa-
rameters that provide the best fit to observations. Because both
the Fe-peak elements and REEs have different non-uniform dis-
tributions across the surface of the star, we implemented mea-
surements obtained using the full line mask. Furthermore, the net
linear polarization measurements computed from the Stokes QO
and U LSD profiles were rescaled to match the amplitude of the
broadband linear polarization measurements by Leroy (1995)
following the usual procedure (Wade et al. 2000a; Silvester et al.
2012).

The minimization of the y? function provided the following
results: i = 138+1°,5 = 144+1°,0 = 29+3°, B, = 3355+31G,
k = 0.081 £ 0.003, € = 0.03 £ 0.22, and fy = 0.036 + 0.002. In
this fit go and uy were held equal to zero due to the absence of
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Fig.7. Comparison of the canonical model predictions (thick lines) with the magnetic measurements obtained from LSD profiles of HD 24712
(circles) and broadband linear polarization measurements by Leroy (1995) (rombs). The panels show longitudinal magnetic field (upper left), total
linear polarization (upper right), and the phase curves of the linear polarization in the Stokes Q (lower left) and U (lower right) parameters.

interstellar linear polarization effects in spectropolarimetric ob-
servations. Repeating parameter optimization with fixed values
of € had no significant effect on the model parameters, except
for ®, which varied by 2-30- when € changed in the range be-
tween 0 and 1. In Fig. 7 we illustrate the theoretical phase curves
of the circular and linear polarization magnetic observables, to-
gether with the broadband linear polarization measurements by
Leroy (1995) and our LSD profile measurements.

The final value of the reduced y? is approximately 3.3. As
one can see from Fig. 7, the model curves noticeably devi-
ate from the Stokes Q observations in the 0.8-0.1 phase inter-
val. The discrepancy between the broadband linear polarization
measurements and the net linear polarization inferred from the
LSD profiles is also maximal in this interval. It is possible that
these discrepancies are due to an inhomogeneous distribution of
chemical elements, in particular REEs, which reach their maxi-
mum strength in this part of the phase curve.

The comparison of our results with the dipolar model param-
eters obtained by Bagnulo et al. (1995) shows a good agreement,
except for a somewhat lower By, obtained here and a difference in
the azimuth angle. In our case @ is close to 30°, while Bagnulo et
al. found the value around 5°. This discrepancy could be traced
to different rotation periods adopted in our study and by Bagnulo
et al. (1995). Using their (outdated) value of P, we could also
reproduce their azimuth angle.

9. Summary and discussion

We have obtained spectra in all four Stokes parameters for the
cool pulsating Ap star HD 24712. These data, secured with the
HARPSpol instrument at the ESO 3.6 m telescope, have resolv-
ing power exceeding 10° and an S/N of 300-600. In total, we
obtained 43 individual Stokes parameter observations covering
the entire rotational period of the star. The spectropolarimetric
data set collected for HD 24712 is the first-ever full Stokes vec-
tor observation of a magnetic star at such a high quality.

The HARPSpol spectra of HD 24712 were employed to
study the morphology of the Stokes profile shapes in individual
spectral lines and to calculate the LSD Stokes profiles using dif-
ferent line masks. In addition, we analyzed null LSD profiles and
assessed spurious linear polarization signatures appearing due
to the crosstalk from circular polarization. Our analysis showed
that this crosstalk does not exceed 0.5% and that the spurious
polarimetric signatures are 15—60 times smaller than the corre-
sponding LSD Stokes profiles, therefore not affecting interpreta-
tion of the data.

Using the LSD Stokes V profiles, we measured the mean
longitudinal magnetic field with an accuracy of 5-10G. We also
derived the net linear polarization from the LSD Stokes Q and
U profiles. Combining our (B;) measurements with previous
measurements taken from the literature, we improved rotational
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period of HD 24712, finding the value of P, = 12.45812 %
0.00019d.

The new (B;) and net linear polarization measurements were
also used to determine parameters of the dipolar magnetic field
topology. We found that magnetic observables can be reasonably
well reproduced by the dipolar model, although noticeable dis-
crepancies remain at some phases. We tentatively attribute these
discrepancies to the effects of chemical abundance spots. The
high S/N of the Stokes V spectra allowed us to measure the lon-
gitudinal magnetic field from the cores of He and Hp lines.

The analysis presented in this paper represents the first step
towards obtaining detailed maps of the magnetic field and the
horizontal and vertical abundance structures for HD 24712.

9.1. Vertical magnetic field gradient

The HARPSpol spectra of HD 24712 allow us to investigate an
interesting problem of the vertical gradient of magnetic field. In
the past, searches for the vertical variation of magnetic field in
Ap stars were focused on measuring the longitudinal magnetic
field or the mean field modulus using the spectral lines located
before and after the Balmer jump. If a radial field gradient is
present, lines formed at different depths in the atmosphere will
show a discrepant magnetic field and a different (B.) as a func-
tion of rotational phase. A handful of investigations that used this
technique (Preston 1967; Wolff 1978; Romanyuk 1986; Nesvacil
et al. 2004; Romanyuk et al. 2007) showed no conclusive evi-
dence for the presence of a radial field gradient in Ap stars.

Recently, the search for a vertical magnetic field gradient
was extended to the analysis of hydrogen line cores. These fea-
tures are formed significantly higher in comparison to metal
lines; they are sufficiently wide and show easily measurable
Stokes V signatures. Kudryavtsev & Romanyuk (2012) derived
magnetic field from the HB core for a sample of Ap stars. Their
measurements showed that for the majority of stars the mean
longitudinal magnetic field determined from Hg is significantly
lower than (B;) obtained from the metal lines in the same spec-
tra. Kudryavtsev & Romanyuk (2012) attributed this to the ex-
istence of a radial gradient of the magnetic field. This implies
that magnetic field strength in the atmospheres of Ap stars de-
creases in the radial direction significantly faster than expected
for a simple dipolar field topology.

An exceptionally high quality of the spectropolarimetric data
set acquired for HD 24712 allowed us to derive precise (B,) mea-
surements for different groups of lines and to test the vertical
field gradient hypothesis for this particular object. Moreover, re-
cent MDI, pulsation tomography, and model atmosphere stud-
ies of this star (Liiftinger et al. 2010; Ryabchikova et al. 2007,
Shulyak et al. 2009) provide additional useful constraints on the
horizontal and vertical formation regions of the spectral lines be-
longing to different chemical species.

If a radial magnetic field gradient is present, a difference
between magnetic field measurements from the Fe-peak ele-
ments, REEs, and the cores of hydrogen lines might be expected.
However, Ap stars in general and HD 24712 in particular possess
strongly inhomogeneous horizontal distributions of chemical el-
ements in their atmospheres. Hence, if we want to detect a radial
field gradient by comparing magnetic fields inferred from differ-
ent groups of metallic lines, we would first need to remove the
effects of spots, which significantly complicates analysis of (B;)
measurements.

Balmer lines, on the other hand, enable a more robust ra-
dial field gradient detection. The formation height of the cores
of Balmer lines decreases from Ha to higher members of the
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series. In the case of HD 24712 this is confirmed by the in-
crease of pulsation amplitudes from Hy to Ha (Ryabchikova
et al. 2007). This means that the magnetic field measured from,
e.g., HB should be stronger than the field measured from Ha if
magnetic field decreases with height.

Our magnetic field measurements from the LSD profiles and
from the cores of hydrogen lines are presented in Fig. 8. This
figure also compares our data with previous measurements by
other authors. A visual comparison between the magnetic phase
curves obtained from the Fe-peak and REEs lines reveals a large
difference. Taking into account that REE absorption features
form at significantly higher atmospheric layers than Fe-peak
lines (Ryabchikova et al. 2007; Shulyak et al. 2009), one might
naively conclude that the field strength increases with height.

Instead, it is more likely that this difference is entirely due to
an inhomogeneous horizontal distribution of chemical elements.
Liiftinger et al. (2010) demonstrated that HD 24712 exhibits an
anti-correlation between the local abundance enhancement of
the REEs and Fe-peak elements, with the maximum local abun-
dance of REEs and minimum abundance of Fe-peak elements
roughly coinciding with the positive magnetic pole. This abun-
dance distribution should lead exactly to the picture that we see
in the left-hand panel of Fig. 8.

Magnetic field measurements from the cores of hydrogen
lines lie in between the REE and Fe-peak element (B,) curves
and are more sinusoidal than the latter, just as expected from
a much weaker rotational modulation of the hydrogen lines.
However, the (B;) curves derived from the cores of Ha and
Hp lines do show small discrepancies between them. For phases
less than 0.5 we see that both (B.) curves are identical to within
error bars; however, for phases greater than 0.5, the (B;) curve
for He lines slightly higher than the one for HB. One should
also note that in this phase interval the (B,) measurements for
Hp have a greater standard deviation since the derivative of
Stokes / cannot exactly fit the shape of Stokes V. Here we should
also mention that previous photopolarimetric longitudinal mag-
netic field measurements obtained from the wings of HB by
Ryabchikova et al. (1997) are systematically stronger than our
line-core measurements by about 200 G. This is likely due to an
uncertainty of the calibration and interpretation of the hydrogen-
line photopolarimetric line-wing measurements (Mathys et al.
2000).

We conclude that our data do not present an unambiguous
evidence for a radial magnetic field gradient in the atmosphere
of HD 24712. It is obvious that magnetic field measurements de-
rived from considering individual lines are inherently ill suited
for detecting subtle effects such as vertical magnetic field gradi-
ent. The small discrepancies present in the (B,) measurements
from the cores of hydrogen lines further strengthen our case for
obtaining self-consistent detailed maps of the magnetic field and
horizontal and vertical abundance structures for HD 24712.

9.2. Rotational modulation of the hydrogen core-wing
anomaly

In Sect. 6.2 we demonstrated the existence of the rotational
modulation of the Ha line core in HD 24712. This discovery
has interesting implications for understanding the interplay be-
tween the diffusion and atmospheric structure of chemically
peculiar stars. Many cool Ap stars exhibit the so-called core-
wing anomaly (CWA, Cowley et al. 2001) in the hydrogen
line profiles. This feature, which is most clearly seen in He, is
manifested as an unusually sharp transition between the Stark-
broadened wings and Doppler core when compared to normal
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are previous measurements from the lines of REEs (Ryabchikova et al. 2007) and Fe-peak elements (Ryabchikova et al. 2005), respectively. On the
right panel we show the longitudinal field measurements obtained from the cores of Ha (circles) and Hp (stars), along with previous longitudinal
magnetic field measurements from the wings of HB by Ryabchikova et al. (1997) (triangles).

stars of similar spectral types or to spectrum synthesis calcula-
tions with conventional stellar model atmospheres. The width
of the Doppler core also appears to be too narrow. Kochukhov
et al. (2002) were able to fit the CWA in several cool Ap stars
by empirically modifying the 7-7 relation. They showed that in
order to reproduce the hydrogen line shape one needs a temper-
ature increase by 500-1000 K between log 75000 = —1 and —4. A
qualitatively similar modification of the atmospheric structure is
obtained by the self-consistent theoretical (LeBlanc et al. 2009)
or empirical (Shulyak et al. 2009) diffusion models. In particu-
lar, the latter study obtained an inverse temperature gradient at
log Tsoop & —3 as a consequence of an REE-rich layer located
in the upper atmosphere of HD 24712. Thus, the CWA provides
a unique probe into the anomalous structure of the upper atmo-
spheres of cool Ap stars.

Here we showed, for the first time, that the CWA exhibits
rotational variability, synchronized with that of magnetic field
and metal line strengths. Our data show that the CWA is less
pronounced (the core width is larger and the core-wing transi-
tion is smoother) at phase ~ 0.5, corresponding to the minimum
magnetic field and maximum strength of the Fe-peak element
lines. Conversely, the anomaly is largest at phase 0.0, which co-
incides with the maximum magnetic field and maximum REE
line strength. This observation strengthens the connection be-
tween the CWA and stratification of REEs proposed by Shulyak
et al. (2009). The distribution of REEs is modulated in height
and across the stellar surface in a such a way that we observe
the largest atmospheric anomaly when the REE-rich layer in the
upper atmosphere comes into view.

At the same time, this picture is not fully consistent with the
theoretical diffusion predictions (LeBlanc et al. 2009; Alecian
& Stift 2010). Current theoretical models correctly predict an
accumulation of the Fe-peak elements in the horizontal field re-
gions at the magnetic equator. However, this is accomplished in
a very specific way by an increase of the element abundance at
high-atmospheric layers. As argued by LeBlanc et al. (2009),
this should heat the upper atmospheric layers and produce a
CWA-like distortion in the hydrogen lines. But for HD 24712
this scenario implies the highest upper atmosphere abundance

of all elements and hence the largest atmospheric anomaly and
strongest CWA at the magnetic minimum phase, when the field
on the visible surface is mostly horizontal. This is opposite to
what is observed. Thus, either the current equilibrium diffusion
models are unrealistic due to a missing physical ingredient or
incorrect basic assumptions, or the impact of the hitherto un-
explained REE stratification on the atmospheric structure com-
pletely dominates the observations.
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Fig. 3. Variations of Stokes JQUV profiles in the 5190-5196 A wavelength region. The four prominent features at 5191-5193 A are blends of
Fe-peak and REE lines. The other two lines around 5195 A belong to Fe. This plot is characteristic of the complex polarization profiles observed
in the spectra of HD 24712. The format of this figure is similar to Fig. 2.

A8, page 15 of 16


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220950&pdf_id=3

A&A 558, A8 (2013)

Appendix A: Crosstalk

Previous HARPSpol observations demonstrated an excep-
tional polarimetric sensitivity of this instrument. For example,
Piskunov et al. (2011) could put an upper limit of ~107> on the
circular and linear polarization signal in the lines of the bright
inactive star @ Cen A. These results demonstrate that the instru-
ment does not suffer from a noticeable spurious polarization.
Intrinsically unpolarized spectral features, such as telluric lines,
also show no polarization artifacts down to ~1073 in our ob-
servations of HD 24712. However, these measurements do not
directly constrain the polarimetric precision, i.e., the uncertainty
with which strong polarization signals can be measured with this
instrument. Our observational data for HD 24712 and the em-
ployed polarimetric demodulation method allow us to derive not
only the Stokes parameters but also the null polarization spectra.
The latter can be used as a diagnostic tool to detect and char-
acterize spurious polarization and crosstalks. In this section we
present a detailed analysis of the mean Stokes VQU null profiles.

With the help of the multiprofile LSD code we calculated
LSD null profiles for Fe-peak elements, REEs and for the full
line mask. The results of these calculations, which are illustrated
in Fig. A.1, demonstrate the presence of very weak signals in all
of the null LSD profiles. The amplitude of these signals in the
LSD Q, U, and V null profiles is 12, 25, and 60 times smaller
than the corresponding LSD Stokes profiles. The signals present
in the null Q and U profiles are similar in shape and correlate in
amplitude with the Stokes V signal. This might be an indication
of a crosstalk from circular to linear polarization.

On the other hand, the null LSD V profiles show a more com-
plicated picture that most likely is a combination of several fac-
tors. Instead of a clear rotational phase dependence as in the case
of the null LSD Q and U profiles, we see only a semi-regular
variability. Thus, we cannot attribute the null Stokes V signal to
a crosstalk from Q and U to V. An alternative possibility is that
the Stokes V null spectrum is dominated by a spurious signature
appearing due to a variation of the barycentric velocity in the
course of a fairly long sequence of polarimetric sub-exposures.
In that case, the Stokes V null signature would be proportional to
the derivative of Stokes V profile itself times the velocity change
between the first and last sub-exposure.

We used a weighted linear least-squares fitting procedure
to estimate the crosstalk levels. In the case of circular to lin-
ear polarization, we found a crosstalk level of 0.37 + 0.01% for
Stokes Q and 0.5 = 0.01% for Stokes U. Figure A.1 shows that
the null linear polarization signatures are indeed very well ap-
proximated by the scaled Stokes V profile. A similar fit attempt
to reproduce the null Stokes V profile by a superposition of the
Stokes Q and U profiles is less successful and requires crosstalk
levels of 4-8%.

A8, page 16 of 16

Stokes Q/I. x 100

O.QQSW "

3

Stokes U/I. x 100

Stokes V/I. x 60

1.0

?%
|

|
|

J

°©
[N
| T
< S
o
= IS}
3 3
~
4
.
e R RARRRRRS:
> 2

0.2

P
+

F0.811
0.8 )\/'w
F£0.772 E
g\ gt oo /Do esrorrd ]
0Tl I SV 5
i \ TAF eln ]
gq.pm m 2 f ¢ \/\mﬁp 1 o 2 ﬁg&%ﬁ
0.6 1k 8 E
B e d Bt : W bty
£ f ] i ]
Q £ 3] £ 3]
ot ] g ]
z MW Y T | Aﬂs/vww%w
S04k E a
s i
= v prasis

o
—_
L
(=}

59

1

e
o
S
o

i

0.0

E

o

—-20 0 20
v (kms™1)

—20 0 20
v (kms™1)

-20 0 20
v (kms™1)

Fig. A.1. Analysis of the LSD null profiles of HD 24712. Thin black
lines show mean profiles derived from the null Stokes Q (left panel), U
(middle panel), and V (right panel) spectra. The thick red lines show an
attempt to reproduce these spurious polarization signatures with scaled
LSD Stokes V profiles (QU panels) and a linear combination of the
LSD Stokes Q and U profiles (V panel).

Summarizing this crosstalk analysis, we can state that the
detected spurious polarimetric signals cannot significantly affect
our measurements because their level is 15 to 60 times smaller
than the corresponding LSD Stokes profiles. Nevertheless, in
the subsequent measurements using the LSD Stokes profiles
(Sect. 6.1) we continue using null profiles to assess possible sys-
tematic errors due to non-ideal polarimetric measurements and
artifacts in data processing.
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