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The discovery of a 21-kG magnetic field in the Ap star BD+0°4535*
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ABSTRACT

With high-resolution spectral observations using a 2.2-m telescope, we found that the Ap star
BD+0°4535 has a very strong magnetic field. From Zeeman components of rare earth element
spectral lines, we detected an average magnetic field modulus of about 21 kG, although for
lines of different chemical elements the estimated magnetic field ranges between 15 and 23 kG.
This is a consequence of non-uniform surface distribution of these elements. Considering its
possible variation with rotation period, the upper limit of magnetic field is potentially larger
than what we have detected. For rare earth elements, large overabundances and ionization
disequilibria were found.
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1 INTRODUCTION

The complex observational properties of the magnetic chemically
peculiar stars present a challenge to modern astrophysics. Various
questions about the generation of strong global magnetic fields and
chemical anomalies still do not have definite solutions. The observa-
tional exploration of these stars motivates theoretical development
of stellar physics, particularly when the magnetic field is strong
and it is possible to extract detailed information about the magnetic
topology and surface anomalies.

In recent years, searches have been successful in finding new
magnetic stars, but stars with measured magnetic field strengths that
exceed 20kG are very rare. One recent discovery was HD 154708
with a 25 kG magnetic field (Hubrig et al. 2005). This star revealed
that the cool Ap stars may also have very large field strengths close
to the much hotter magnetic record holder, HD 215441 (Babcock’s
star). Moreover, HD 154708, like many other cool Ap stars, shows
rapid oscillation (Kurtz et al. 2006) characteristic of the roAp stars.
Another recent discovery is of a very large surface field of 30kG
in HD 75049 (Freyhammer et al. 2008); further observations and a
simple dipole model suggest that the polar field strength in this star
is of the order of 42 kG, making the star a rival of HD 215441 (Elkin
et al. 2009).

These two stars have filled a gap in magnetic field strength be-
tween HD 215441 and the rest of the magnetic stars. Detection of
the 30 kG field in HD 75049 resulted from an observational survey
of the southern Ap stars which we have initiated at ESO La Silla
with the 2.2-m telescope and the Fiber-fed Extended Range Optical
Spectrograph (FEROS) spectrograph. As part of the same survey,
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we recently observed BD+-0°4535 which was classified as a pecu-
liar Ap SrEu type by Bidelman (1981). Our spectra reveal that this
star has a very large magnetic field. Here, we present the discovery
and first analysis of high-resolution spectra of this interesting and
rare type of star.

2 OBSERVATIONS AND DATA REDUCTION

Two spectra of BD+0°4535 were obtained with FEROS (Kaufer
et al. 1999). The observations were carried out on 2009 July 12 and
18 (MJID 55024.3407 and MJD 55030.3752). The signal-to-noise
ratio is 80 for the first spectrum and 70 for the second. The spec-
tral range is 3500-9220 A with a resolution R = A/AX = 48 000.
The FEROS pipeline in the Munich Image Data Analysis System
(MIDAS) environment was used for the reduction and extraction of
1D spectra. From the first visual inspection of the reduced spectra,
it was clear that this star has a very strong magnetic field, as many
lines show magnetic splitting or broadening, as can be seen in Fig. 1.
The quality of spectra is sufficient for direct determination of the
magnetic field modulus from shifted Zeeman components and for
abundance analysis.

3 THE STELLAR PARAMETERS

Geneva photometry (Mermilliod, Mermilliod & Hauck 1997) ex-
tracted from an archive' was used with calibrations by Hauck &
North (1993) to obtain an effective temperature 7.z = 7500 K.
The equivalent width of the interstellar Na1 D1 line and empiri-
cal calibration by Munari & Zwitter (1997) was used to derive a
colour excess of E(B — V) = 0.09 £ 0.05. At face value, this
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Figure 1. A portion of the spectrum of BD+0°4535 in comparison with
HD 154708. The spectral lines of Ban 6141.713 A and Ndm 6145.068 A
show triplet Zeeman patterns. The positions of two Fe 11 lines, 6147.741 and
6149.258 A, are also shown indicated.

suggests an increase in temperature of about 500 K above the pho-
tometric temperature, but with a large uncertainty given the ~2o
precision of the colour excess. For low-temperature A-type stars
(below 8000 K), the Balmer line profiles are also good indicators
of effective temperature. We have compared observed and synthetic
profiles of the Ho line and find acceptable agreement for a Kurucz
(1979) model with T = 7500K and log g = 4.0. The synthetic
calculations of the He profile were done using the syNTH code by
Piskunov (1992).

From two Fe 1lines (5434.523 A and 5576.088 A) with low Landé
factors, we measured the projected rotational velocity to be v sini =
4.5 + 1kms~!. This limits the rotational period to less than about
60d at a 30 confidence level. We searched for a rotation signal
in All Sky Automated Survey (Pojmanski 2002) photometry, but
found no significant peaks in the amplitude spectrum of these data;
the highest noise peaks have amplitudes of 6 mmag.

4 MAGNETIC FIELD

The mean magnetic field modulus (B) was determined from high-
resolution spectra using spectral lines with resolved Zeeman com-
ponents. The centres of the shifted Zeeman ¢ components were
determined using Gaussian fitting to the line components. The dis-
tance between these two components in a spectral line is propor-
tional to the value of magnetic field modulus (B) (e.g. see Mathys
et al. 1997):

AL =934 x 107" g (B)AZ, 1)

where wavelength is measured in A and g is an effective Landé
factor. This relation is suitable for lines with doublet or triplet
Zeeman patterns.

Magnetic field moduli were calculated from split Zeeman com-
ponents of 11 spectral lines; these are given in Table 1. Notably,
only lines of rare earth elements are presented in Table 1, although
lines of other elements are also sensitive to the magnetic field. For
example, the line of Fe i at 6149.258 A is a split doublet that yields a
magnetic field modulus of 15 kG; this is much smaller than that ob-
tained from rare earth element lines. This value of 15 kG also gives
a better fit to other iron lines (e.g. Fe16136.615 and 6137.691 A).
However, these latter lines show mostly just broadening, rather than
distinct splitting, and thus are not presented in Table 1. Similar mag-
netic broadening corresponding to a field strength from 15 to 21 kG
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Table 1. Mean magnetic field modulus (B) in BD+0°4535 determined
from Zeeman components for several lines with clear Zeeman splitting.

MID = 55024.341 55030.375
Ton Wavelength Landé (B) (kG) (B) (kG)
(A) factor

Lan 6273.755 1.03 21.34 21.66
Prm 5299.993 1.05 18.12 18.73
Pru 7112.529 0.98 20.15 19.81
Ndu 5293.160 0.90 23.49 23.57
Nd m 5050.695 1.17 18.12 17.80
Ndm 6145.068 1.00 19.87 20.65
Nd m 6327.264 0.94 20.32 20.69
Eun 6049.513 1.82 2293 22.48
Eun 6437.640 1.76 23.69 23.48
Gdn 6786.313 1.53 19.42 19.48
Gdn 7147.299 1.32 21.79 21.76
average 20.84 20.92
+1.89 +1.79

Note. Uncertainties of the measurements have been estimated from the
scatter of values for lines of the same ions; they are between 0.5 and 1.3 kG.
Measurements from the two independent spectra are given in the last two
columns with the times of the observations given in modified Julian date
(MJD).

was found for other iron peak elements and other light elements.
This difference in magnetic field strength reflects a non-uniform
distribution of chemical elements on the stellar surface, typical of
the magnetic Ap stars. The lines of rare earth elements mostly con-
centrate near the magnetic poles where the field is stronger and
vice versa for lines of iron peak elements which are typically more
uniformly distributed, or even concentrated towards the magnetic
equator.

This suggests that the extra broadening detected in rare earth
element lines of roAp stars is at least partly the result of additional
magnetic broadening, as they form where the field is strongest.

5 CHEMICAL ABUNDANCES

The magnetic chemically peculiar stars show non-uniform distribu-
tions of chemical elements over the stellar surface. For stars with
sufficiently high rotational velocity, it is possible to map the sur-
face distributions using Doppler imaging (see e.g. Kochukhov et al.
2004; Freyhammer et al. 2009). For BD+0°4535, there is no possi-
bility of this, given its low rotational velocity. As for the majority of
magnetic peculiar stars, an abundance determination averaged over
the visible hemisphere with no information about the non-uniform
surface distributions is all that is possible. This does provide neces-
sary empirical evidence to compare with other peculiar and normal
stars to study any correlations of the abundances and other astro-
physical parameters.

To estimate the chemical abundances in BD+0°4535, we calcu-
lated synthetic spectra with the SYNTHMAG code of Piskunov (1999)
for a range of abundances and magnetic field strengths. The spectral
line list was taken from the Vienna Atomic Line Database (Kupka
et al. 1999), which includes lines of rare earth elements from the
Database on Rare Earths at Mons University (DREAM) (Biémont,
Palmeri & Quinet 1999). The synthetic spectra were then compared
with the observations for the best match. An example of the quality
of the fits is shown in Fig. 2 for two rare earth element lines. The
fitting is not perfect because of the very strong magnetic field, non-
uniform distribution of chemical elements and blending with weak
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Figure 2. Observed (solid line) and synthetic (dashed line) profiles for two
lines of Nd m at 5299.993 and 6327.265 A showing the quality of the fits.

lines. But to first approximation this method gives reliable average
abundances in the presence of such a strong magnetic field. The
results of abundance determinations are presented in Table 2 to-
gether with solar abundances for comparison. The spectrum is very
rich in spectral lines. Large over-abundances of rare earth elements
were detected. In Fig. 3, the abundances obtained for rare earth
elements are compared with two other peculiar stars: HD 166473,
which shows strong magnetic field and rapid oscillations (Mathys,
Kurtz & Elkin 2007), and HD 3980, a peculiar star with high over-

Table 2. Chemical abundances for BD+0°4535
and the corresponding solar abundances
(Asplund, Grevesse & Sauval 2005).

Ion lOg N/Nlr)t Nlines lOg N/Nlr)t
Sun
Sin —3.95+0.10 2 —4.49
Scu —8.95+0.15 2 —8.95
Tin —6.95 £0.15 2 —7.10
Cru —5.63 £0.32 5 —6.36
Mn1 —6.50 £ 0.35 2 —6.61
Fe1 —4.88 £0.24 7 —4.55
Fen —4.70 £ 0.15 2 —4.55
Lan —8.73 £0.05 3 —10.87
Cen —9.45 £ 0.21 4 —10.42
Prim —8.41+0.19 4 —11.29
Pru —9.44 £+ 0.31 6 —11.29
Ndm  —7.47 +£0.05 3 —10.55
Ndu —8.86 = 0.48 5 —10.55
Eun —7.71 £0.19 4 —11.48
Gdn —8.18 £0.49 6 —10.88
Tbm  —8.40 +0.50 2 —11.72

Note. The errors quoted are internal standard
deviations for the set of lines measured. Column
3 gives the number of lines used in each case.

abundances of rare earth elements (Elkin et al. 2008b). For all stars,
ionization disequilibria were detected between lines of first and sec-
ond ionization stages of Pr and Nd; this is a typical signature of the
roAp stars (Ryabchikova et al. 2004).

6 DISCUSSION

For the stars with similar effective temperatures, BD+0°4535 has a
magnetic field strength close to that of HD 154708 and HD 178892;
the latter star has a strong magnetic field that was discovered by

5 T T T T T
o B lLa Ce Pr Nd Sm Eu Gd Tb D Er _
y
-
°

-8 4 I ‘ A O ]
< B A ™ _
~ A A o) A o)
Z 31— o - © o o —
o A @) O

) L 8 A _
L o A o)

O
I 2 — o _
O N

VS [ D —
)

9

z 1 » . n
~ L _
z
N~—

(@)] O ]
O L o _
_1 " 1 1 L 1
55 60 65 70
element

Figure 3. Rare earth element abundances relative to solar values for HD 3980 from Elkin et al. (2008b) (triangles), HD 166473 from Gelbmann et al. (2000)
(circles) and BD+4-0°4535 (squares). For Pr, Nd, Tb and Er, the filled symbols correspond to abundances determined from spectral lines of second ionization

stage ions; open symbols are from the first ionization stage ions.
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Elkin, Kudryavtsev & Romanyuk (2003). Later, Ryabchikova et al.
(2006) measured a magnetic field modulus of 17.5kG and deter-
mined the main parameters of HD 178892. They suggested that this
star is similar to the rapidly oscillating stars. Our study here also
shows evidence that BD+0°4535 has parameters typical for roAp
stars. Since HD 154708 is a known roAp star, tests for rapid oscil-
lations in the other two stars are warranted. Elkin, Kurtz & Mathys
(2008a) discussed a possible link between pulsation amplitudes and
magnetic field strength. More roAp stars with very strong magnetic
fields are needed to explore this possibility.

In conclusion, BD+4-0°4535 is among the five peculiar stars with
largest known magnetic fields. The strongest magnetic field, more
than 34kG, in the group was found in HD 215441 by Babcock
(1960). For a long time, there was a large gap in magnetic field
strength between HD 215441 and the rest of the magnetic stars.
With the recent discoveries of more stars with large magnetic fields,
including BD+4-0°4535, this gap is now being filled.
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