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Abstract. V 2052 Oph is a βCep star with v sin i ∼ 60 km s−1. The behavior of its stellar wind was studied in the ultraviolet
wavelength region with the IUE satellite. It revealed periodic variations in the equivalent widths (EW) of the resonance lines
of wind-sensitive ions with a period of 3.638833 d, which is identified as the rotational period. These variations are typical
of magnetic stars. Therefore time-resolved circular spectropolarimetric observations were obtained with the Musicos échelle
spectropolarimeter at the 2-m Télescope Bernard Lyot (TBL) to search for a magnetic field in the star. Stokes V patterns
were observed, the inclination and magnetic angles were derived and a value was determined for the polar magnetic field
(250 ± 190 G) using an oblique rotator dipole model. The spectroscopic information was used to search for periodicity in
line-profile variations (lpv), radial velocity and minimum intensity curves. Multiperiodicity was found, corresponding to radial
( f1 = 7.15 c d−1) and non-radial ( f2 = 6.82 c d−1, l = 3 or 4) pulsation modes. The rotation period is also detected in rotationally
modulated observables because of the magnetic poles passing through the observer’s line of sight. We determined the stellar
parameters of the star, which was found to be chemically peculiar, in particular He-enriched. This makes V 2052 Oph the first
magnetic He-strong early B star with known pulsational properties.
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1. Introduction

The B2 IV-V star V 2052 Oph (HD 163472, HR 6684, V =

5.85) is classified as a βCep variable. It has one of the short-
est periods and lowest luminosity of its type. The period
of 3h 21min in its light variability discovered by Jerzykiewicz
(1972) has also been detected in radial velocity variations
(Pike 1974). The periodic variability in the light curve is
also reported with high accuracy in the Hipparcos catalogue
(Perryman et al. 1997). Morton & Hansen (1974) deduced tem-
perature variations up to 900 K from near-UV light variations.
Since then, the pulsation period of V 2052 Oph has been well

Send offprint requests to: C. Neiner,
e-mail: cneiner@rssd.esa.int
� Based on observations obtained with the MuSiCoS spectropo-

larimeter at the Observatoire du Pic du Midi, France, and by
the International Ultraviolet Explorer, collected at NASA Goddard
Space Flight Center and Villafranca Satellite Tracking Station of the
European Space Agency, retrieved from the INES database.
�� Table 7 is only available in electronic form at
http://www.edpsciences.org

studied. Cugier et al. (1994) and Heynderickx et al. (1994)
found that it corresponds to a l = 0 single radial mode.

Rountree & Sonneborn (1991) classified the star from the
photospheric lines in the UV spectrum as B2 IVw, where the
w-designation signifies anomalous wind lines. They also noted
that the single spectrum they considered looked very similar
to that of ζ Cas, a star being known for its variable C  wind
lines (Sonneborn et al. 1987), and which was recently found to
be magnetic (Neiner et al. 2003).

Inspection of the three available spectra in the microfiche
atlas of all high-resolution spectra of OB stars taken during the
first 10 years of IUE (Bohlin et al. 1994) showed clearly vari-
able wind lines, similar to what is observed in known mag-
netic B stars, i.e. showing periodic absorption modulations,
but very much unlike the variability found in O stars, i.e. dis-
crete absorption components (DACs). This specific type of
wind variations appeared a reliable signature of the presence
of a weak stellar magnetic field, such as in the case of β Cep
(Henrichs et al. 2003), and enables an accurate determination
of the rotational period. Henrichs et al. (1998) estimated a
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3.75 day period and predicted a minimum field of a few hun-
dred Gauss.

In addition, studying the pulsation properties of a rotating
magnetic star gives strong constraints on its stellar parameters
and its evolutionary stage, which is of high asteroseismological
importance.

These considerations motivated us to undertake a de-
tailed time-resolved UV study of V 2052 Oph which was in-
tensively monitored with the IUE satellite (March 1994–
August 1995), to attempt to measure the expected magnetic
field (June 2000 and 2001) with the Musicos spectropolarime-
ter at TBL (Pic du Midi, France), and to analyze the pulsational
properties of the star.

In Sect. 2 we present the UV and spectropolarimetric obser-
vations. We analyze the UV stellar wind changes and extract
the rotational period of V 2052 Oph in Sect. 3. We determine
an improved value for the v sin i of the star, review its stellar
parameters and determine its chemical composition in Sect. 4.
In Sect. 5 we study the pulsations in the line profiles and ra-
dial velocities. In Sect. 6 we report on the measurements of the
longitudinal component of the magnetic field, in the context of
an oblique magnetic dipole. We discuss the results and present
conclusions in Sect. 7.

2. Observations

2.1. Ultraviolet spectroscopy

High-dispersion ultraviolet spectra (R � 18 000) were obtained
with the Short Wavelength Prime (SWP) camera onboard the
IUE satellite. Table 1 presents the journal of the 41 obtained
spectra of V 2052 Oph. 3 spectra taken during 1981 and 1982
were extracted from the IUE archive, whereas 38 spectra were
taken in 1994 and during 11–31 August 1995 by one of us (JN).
All reduced data were retrieved from the INES database for ho-
mogeneity. The spectra were mapped on a uniform wavelength
grid of 0.1 Å, which effectively degraded the resolving power
to 12 000−15 000. The signal-to-noise ratio of the spectra is
about 25 (see Henrichs et al. 1994).

2.2. Spectropolarimetry

The fiber-fed Musicos échelle spectropolarimeter (R � 35 000)
is mounted at the Cassegrain focus of the 2-m Télescope
Bernard Lyot (TBL) at Pic du Midi in France (see Donati et al.
1999). Stellar light is collected in a 2′′ entrance aperture in the
spectral range 4500–6600 Å. Linear/circular sheet polarisers
can be inserted in the beam. One half-wave and one quarter-
wave retarder can also be inserted and rotated to achieve a lin-
ear or circular analysis of the stellar light.

To detect stellar magnetic fields, one analyses the circular
polarisation of the light. The light is split into two beams, fed
to the spectrograph through a double optical fiber and simul-
taneously recorded onto the 1024 × 1024 24 µm square pixel
SITe CCD detector. The observing strategy is to set the quarter-
wave plate and take 4 subexposures: one at azimuth −45◦, two
at azimuth 45◦, and one more at azimuth −45◦. In principle
only 2 exposures are needed (one at each azimuth) but with

Table 1. Journal of IUE observations of V 2052 Oph (programs
PHCAL and BEPJN). Column 1 indicates the number in the
IUE archives. Column 2 gives the exposure time in seconds. The
Heliocentric Julian Date (HJD) at mid-exposure minus 2 440 000 is
given in the last column.

Image Exp Mid Image Exp Mid

SWP s HJD SWP s HJD

14514 1200 4804.43 55601 660 9948.19

14515 720 4804.47 55610 660 9950.12

18313 660 5260.36 55633 660 9951.19

50411 600 9440.48 55648 660 9951.85

50431 600 9442.54 55654 660 9952.10

50636 630 9470.40 55668 660 9953.03

50639 630 9470.53 55672 660 9953.19

50642 660 9470.86 55683 660 9954.04

50644 630 9471.27 55688 480 9954.20

50651 660 9471.86 55698 660 9955.06

50658 690 9472.84 55702 660 9955.19

50659 630 9473.22 55711 660 9956.03

52122 660 9611.00 55714 660 9956.16

55480 600 9941.06 55732 660 9956.90

55488 660 9942.16 55737 660 9957.11

55506 660 9943.11 55746 660 9958.15

55526 660 9944.07 55753 660 9958.99

55531 660 9944.20 55757 660 9959.12

55535 660 9944.92 55782 660 9961.07

55540 660 9945.14 55783 660 9961.10

55571 660 9946.93

4 exposures the path of the two beams are mutually exchanged
through the instrument during one complete Stokes V measure-
ment. With this procedure, systematic spurious circular polari-
sation signals are removed down to an accuracy of 0.002%.

25 Stokes V measurements were obtained in June–July
2000 (observers CN, HH, AT) and 88 Stokes V measurements
in June-July 2001 (observers CN, HH, VG), i.e. 113 measure-
ments in total (see Table 2). The individual subexposures can
also be used as normal spectroscopic data, including subexpo-
sures which do not form a complete set for a magnetic mea-
surement. Therefore we have 518 individual spectra available
for pulsation analysis. Their average S/N in the intensity con-
tinuum is about 120.

A dedicated software package, ESpRIT (see Donati et al.
1997), is available at TBL to reduce and analyze the data.
We implemented an improved version of ESpRIT, using two
series of flat-fields taken in the two positions of the quarter-
wave plate, which optimizes the extraction of the échelle or-
ders. Fringes were present in the spectra taken in 2001. They
were removed using a fringe template extracted from the
Stokes V spectrum of a non-magnetic star (ζ Oph) taken and
reduced in the same way as V 2052 Oph. Fringes are proba-
bly also present in the data taken in 2000, but due to the lower
quality of these data they could not be identified. Tests on the
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Table 2. Journal of TBL observations of V 2052 Oph obtained in 2000
and 2001. Column 1 indicates the number of the polarimetric set.
Columns 2 and 3 show the date and time of the beginning of observa-
tions. Column 4 indicates the number of obtained polarimetric sets or
individual subexposures. Column 5 gives the exposure time in seconds
of each individual subexposure.

# Date Start UT Sets/ Exp

h:min ind. s

1 2000 Jun. 29 20:39 1 2400

2 29 23:49 1 2100

3−7 2000 Jul. 4 20:59 5 720

8−13 5 20:54 6 720

14−16 9 20:31 3 720

17−20 12 22:46 4 720

21 16 20:32 1 720

22−25 16 21:58 4 720

26−31 2001 Jun. 14 22:12 6 420

32−33 15 24:07 2 420

34−36 17 25:54 3 420

37−41 19 23:06 5 420

42−48 20 22:08 7 420

49−54 21 21:53 6 420

55−59 22 20:44 5 420

60−61 22 23:47 2 420

62−64 23 20:30 3 420

65−68 23 22:42 4 420

69−74 24 20:56 6 420

75−81 25 20:48 7 420

82−88 28 20:33 7 420

89−95 29 20:22 7 420

96−101 30 20:29 6 420

102−108 2001 Jul. 1 20:29 7 420

109−113 2 21:43 5 420

2000 Jun. 30 21:20 1 1500

2000 Jul. 9 23:13 5 720

12 21:54 3 720

16 21:40 1 720

2001 Jun. 14 25:47 1 420

18 21:43 36 420

19 21:03 9 420

20 21:41 3 420

22 23:25 3 420

23 22:06 2 420

2001 data showed, however, that when the S/N ratio is low,
application of the fringe correction makes no difference in the
value derived for the magnetic field.

After applying the Least-Squares Deconvolution (LSD), a
cross-correlation technique developed by Donati et al. (1997),
one can detect a stellar magnetic field through the Zeeman sig-
natures generated in the shape and polarization state of spectral

line profiles. The LSD method combines the very small circu-
larly polarized signatures, properly weighted, of all available
line profiles in the spectrum to increase the signal to noise ra-
tio. For V 2052 Oph, a line template of 159 spectral lines was
created and used to provide a mean Stokes V profile. These
photospheric lines correspond to ions of He , C , C , N ,
O , Ne , Mg , Al , Si , Si , S , Ar , Fe , with line
depths from 0.01 to 0.46 and Landé factors from 0.5 to 2.7. The
line depths and Landé factors are extracted from Kurucz mod-
els provided in the ESpRIT Package. The method assumes that
the intrinsic broadening is similar for all lines. When a mag-
netic field is present, the Stokes V profile indicates a Zeeman
signature.

2.3. VLT/UVES spectrum

One single VLT/UVES spectrum was obtained on
September 25th 2001 (courtesy of L. Kaper and his col-
leagues). The resolution is about R � 100 000 with a
signal to noise ratio of S/N � 850. The spectrum covers
three wavelength domains: [3250−4500], [4580−5555] and
[5600−6580] Å. The reduction was not performed with the
dedicated UVES pipeline in MIDAS1, as this pipeline is opti-
mized for spectra with S/N < 100. The usual bias and flat-field
correction, order extraction and wavelength calibration was
done with the IRAF2 software package.

3. UV stellar wind variations

Figure 1 shows a mean spectrum of 40 (out of 41) available
high-resolution IUE spectra (top panels), along with the ratio
of the measured to expected variability (lower panels). A ra-
tio higher than unity signals statistically significant variability.
Image SWP 14514 was omitted in the average spectrum due to
overexposure especially at longer wavelengths. The expected
variability was obtained using a noise model for such IUE spec-
tra S/N = A × tanh(F/B) as derived by Henrichs et al. (1994),
where F is the flux, A = 26 and B = 1.33 × 10−10. The wind-
sensitive doublet resonance lines of C  1550, Si  1400,
N 1240 and Al  1860 are strongly variable and are analysed
for periodicity below. The highly instrumentally contaminated
Si  1206 line and probably the C  complex at 1175 Å are
also variable, but are not considered further.

The top panels of Fig. 2 show an overplot of the IUE C ,
Si , N and Al  line profiles, respectively, along with their
variability signatures in the bottom panels. The variability oc-
curs mainly in the strength of the line over a given range in ve-
locity space, extending from −300 to +300 km s−1 for each of
the lines. Note that the C  doublet is in emission as observed
in other similar stars.

We search for periodicity in the equivalent widths of the
UV data of the C , Si , N and Al  lines in intervals

1 MIDAS is distributed by the European Southern Observatory.
2 IRAF is distributed by the National Optical Astronomy

Observatories, which is operated by the Association of Universities
for Research in Astronomy (AURA), Inc., under cooperative agree-
ment with the National Science Foundation.
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Fig. 1. Mean spectrum of 40 IUE spectra (top panels), together with
the detected variability (lower panels). The repetitive pattern in the
variability signature is due to imperfect correction of the échelle-order
overlap regions.

with variability signature exceeding unity. The final result is
obtained with a least-square method which uses weights equal
to the inverse of the error bars assigned to each datapoint. With
user-supplied initial starting values for the free parameters a
steepest descent technique then searches for the lowest mim-
imum of the χ2. The variance matrix provides the formal er-
rors in the parameters. A single sinusoid does not fit the data.
Therefore we use the following function:

f (t) = a + b sin
(
2π

( t
P
+ φ1

))
+ c sin

(
2π

(
t

P/2
+ φ2

))
. (1)

The parameters of the best solution for the C  doublet, with a
reduced χ2 = 0.45, are: a = 1.09 ± 0.04 Å, b = 1.64 ± 0.07 Å,
φ1 = 0.54 ± 0.03, c = 0.81 ± 0.07 Å, φ2 = 0.38 ± 0.05 and
a period P = 3.638833 ± 0.000003 d, where we used val-
ues of t relative to the first observation. The very high preci-
sion in the period is due to the three early observations ob-
tained in 1981−82, which extended the coverage over more
than 1400 cycles, and which allowed us to select the best out
of two periods with nearly equal χ2 by considering the phase
dependence of the individual profiles. All four doublet profiles
of C , Si , N and Al  are modulated with this same pe-
riod, which is identified with the rotation period of the star.
With this analytic description the epoch at minimum in EW

Fig. 2. Variations of the line profiles in the UV data of the C , Si ,
N and Al  lines. Fluxes are normalized to the average profile.

could be derived, which we define as the zero phase of the
rotation. We find HJD(EWmin) = 2447383.89± 0.07.



C. Neiner et al.: Rotation, pulsations and magnetic field in V 2052 Oph 569

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

1

2

0

1

0

1

2

3
–2

–1

0

1

2

3

4

UV phase

A
l I

II
N

 V
Si

 I
V

C
 I

V

 V 2052 Oph B2 IV P = 3.638833(3) d, Tmin = 2447383.89(7)

Fig. 3. Variations of the equivalent width (in Å) from the UV data
of the Si , C , N and Al  lines, folded in phase with the
rotational period. The EW were measured in the following in-
tervals: C  in [−450, 750] km s−1 at 10−10 erg cm−2 s−1 Å−1,
Si  in [−400, 2200] km s−1 at 10−10 erg cm−2 s−1 Å−1, N
in [−250, 200] km s−1 at 1.3 × 10−10 erg cm−2 s−1 Å−1 and
[750, 1200] km s−1 at 1.5 × 10−10 erg cm−2 s−1 Å−1, Al  in
[−200, 200] km s−1 at 9 × 10−11 erg cm−2 s−1 Å−1 and [1150,
1550] km s−1 at 8.5 × 10−11 erg cm−2 s−1 Å−1.

The equivalent width measurements (in Å) of the C ,
Si , N and Al  lines folded in phase with the rotational
period are shown in Fig. 3. Like in βCep, the EW of these
lines folded in phase shows two unequal minima, the deeper
corresponding to maximum emission, and two equal maxima,
corresponding to maximum absorption.

4. V 2052 Oph

4.1. v sin i determination

The v sin i value usually quoted for V 2052 Oph is 120 km s−1

(Jerzykiewicz 1972) but it has been estimated with poor accu-
racy from low-resolution spectra in 1972. Wolff et al. (1982)
found v sin i = 60 km s−1 from visual comparison with a ro-
tational standard. More recently Smith & Groote (2001) de-
rive 100 km s−1 from a comparison of models.

We determine the value of v sin i by applying a Fourier
transform analysis (Gray 1976) to the mean line profile of
the He  4713, 4921, 5016 and 5876 and Si  4553 and
4568 lines obtained at TBL. A limb darkening coefficient ε =
0.4 is adopted. The results are reported in Table 3. We obtain
v sin i = 63 ± 2 km s−1.

Table 3. v sin i determination using a Fourier transform analysis.

He  Si 

Line 4713 4921 5016 5876 4553 4568

v sin i (km s−1) 62.7 64.4 62.9 64.0 63.3 62.6

4.2. Stellar parameters

The star V 2052 Oph is a V = 5.85 star with a spectral
type B2 IV-V (Rountree Lesh 1968). UV classification gives
B2 IV (Rountree & Sonneborn 1991) by comparison with the
star ζ Cas.

Two previous studies indicate rather different fundamen-
tal parameters. An equivalent width study performed by Wolff
& Heasley (1985) led to an effective temperature of about
Teff = 23 000 K, for a gravity of logg = 4.2 and a He/H ratio
of 0.085. However, Smith & Groote (2001) found that the flux
of the UV IUE spectra implies a higher effective temperature
Teff = 26 000 K for a gravity fixed at log g = 4.0.

In our first attempt we determined the stellar effective tem-
perature and superficial gravity assuming a solar He/H ra-
tio (0.1) by fitting several He  lines (4026, 4387, 4921 Å),
observed with the VLT. We built up line profile grids using
NLTE model atmospheres computed with TLUSTY (Hubeny
& Lanz 1995, and references therein) for different values of ef-
fective temperature and gravity. In these calculations H, He, C,
N, O and Si were treated in NLTE. Except for O  which was
treated with the MODION IDL package, the atomic models we
used are those proposed by Hubeny & Lanz on TLUSTY’s web
site3.

For the solar He/H case, we are able to model simultane-
ously all the He  line profiles with Teff = 21 991 K, log g =
3.98 and v sin i = 58 km s−1. This is very close to the results
obtained by Wolff & Heasley (1985). In this configuration, ni-
trogen and oxygen have solar abundances (Grevesse & Sauval
1998) while carbon and silicon are depleted. Although the com-
puted line wings are not as extended as the observations, a
good agreement is obtained for the Hα line, but the Si  4128
and 4132 (VLT) and Si  4553, 4568 and 4575 (TBL) lines
could not be fitted using the same silicon abundances. We find
that, in order to fit all the silicon and neutral helium lines simul-
taneously with the same abundance, we need to increase the ef-
fective temperature and, consequently, increase the He/H ratio.

To estimate the helium abundance, we extend our flux grids
using computations made by Zboril (2000) with TLUSTY for
different values of the He/H ratio and available at the CDS.
The most consistent model, according to the helium and sili-
con line profiles, is obtained for Teff = 25 200 K, log g = 4.2,
v sin i = 60 km s−1 and He/H = 0.21. These values are
much closer to the ones proposed by Smith & Groote (2001).
They allow us to fit the Si  and Si  lines simultaneously.
Moreover they also allow to fit the continuum slope of the
short wavelength IUE spectra adopting the mean reddening law
derived by Cardelli et al. (1989) and E(B − V) = 0.30,
derived from Papaj et al. (1990) and consistent with the

3 http://tlusty.gsfc.nasa.gov
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Table 4. Stellar parameters of the star V 2052 Oph (HD 163472,
HR 6684).

Model Literature Ref.

Spectral type B1 V B2 IV-V RL68

V 5.83–5.87 Hip

Distance (pc) 290 ± 50 254+83
−50 Hip

Teff 25 200 ± 1100 26 000 SG01

log g 4.2 ± 0.11 4.2 W85

M/M� 10.1 ± 0.6

R/R� 4.1 ± 0.2 6.0 BB77

logL/L� 3.81 ± 0.10

v sin i (km s−1) 60 ± 4 63 Sect. 4.1

Prot (d) 3.638833 Sect. 3

±0.000003

i (◦) 71 ± 10

RL68: Rountree Lesh (1968), Hip: Perryman et al. (1997), W85: Wolff
& Heasley (1985), SG01: Smith & Groote (2201), BB77: Beeckmans
& Burger (1977).

determination E(B − V) = 0.33 from Diplas & Savage (1994).
As far as the red He  and Hα lines are concerned, the agree-
ment between observations and theory are better than with the
solar value (Fig. 4). The value of v sin i is compatible with
the one derived in the previous Sect. 4.1. With this effective
temperature, V 2052 Oph would be a B1 V star rather than a
B2 IV-V star. The mismatch with the MK classification is prob-
ably due to the unusual strength of the He  lines.

Using the evolutionary tracks of Schaller et al. (1992), we
derive M = 10.1 M� for the mass and R = 4.1 R� for the radius.
For a star with such a mass, the critical break-up rotational ve-
locity is about 580 km s−1. The critical radius Rcrit = 5.6 R�
is obtained using Roche’s model. The angular velocity ω is
about 15% of the angular critical velocity. The effects of grav-
ity darkening are therefore negligible. Using Teff and R, we also
obtain the luminosity of the star log L/L� = 3.81.

Using the above parameters, E(B − V) = 0.30 (Papaj et al.
1990) and comparing the flux of the IUE spectra to the flux of
the models, we obtain a distance d = 290±50 pc, which is com-
patible with the distance derived from the Hipparcos parallax
of 254+83

−50 pc. In Sect. 3 we showed that the rotational period
is Prot = 3.64 d. With v sin i = 60 km s−1, we obtain i = 71◦
and v = 63 km s−1. The stellar parameters are summarized
in Table 4.

4.3. Chemical composition

With the model presented above we can also determine the
chemical composition of the star by fitting individual lines with
Tlusty (Hubeny & Lanz 1995, and references therein). The H,
He, C, N and O ions are treated in NLTE, while the other ions
are treated in LTE. Again, the atomic models are those pro-
posed on Tlusty’s web site, except for O .

To determine the abundances of carbon, nitrogen, oxygen
and silicon, we select from the NIST compilation database the
transitions with the most accurate oscillator strengths (10% or
better). We update Kurucz line lists with these new values and
fit the selected observed spectral range (Fig. 4) using the least
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Table 5. Chemical composition of V 2052 Oph. Column 2 gives the
number N of lines for each ion, used to determine the chemical
abundance.

Ion N log(εN/ε�)

He  4 0.32 ± 0.05

C  3 −0.13 ± 0.04

N  6 0.10 ± 0.06

O  4 −0.31 ± 0.11

Si + 5 0.01 ± 0.10

squares method. We adopt a 2 km s−1 microturbulence velocity,
as proposed in Andrievsky et al. (1999), which allows to fit
simultaneously the different studied transitions. The results of
our fits are given in Table 5 where εN/ε� denotes the abundance
in the star relative to the abundance in the Sun as compiled by
Grevesse & Sauval (1998).

We found that V 2052 Oph is He-strong and O-weak. The
relative C, N and O abundances we derive follow the same pat-
tern as the one described by Zboril & North (2000) in their
LTE spectral analysis for a sample of 21 He-strong stars. The
carbon abundance is twice lower than their mean value for this
kind of objects, probably due to strong departures from LTE
for the C  4267 line they used, as noted by the authors.

5. Pulsations

5.1. Periodicity search methods

We performed two methods to search for periodicity in
the data used in this paper: the Restricted Local Cleanest
(RLC, based on Foster 1995, 1996, developed by Emilio
1997 and Domiciano de Souza Jr. 1999 and applied in
Domiciano de Souza et al. 2000) and a Least-Squares (LS) fit-
ting methods.

In each wavelength bin, the RLC method searches for
20 frequencies in a predefined range and computes all possible
models with 4 frequencies. Comparing the power of each of
these models, it selects 7 optimal frequencies while suppress-
ing the aliases. A Local Cleanest (Foster 1995) is then applied
to these 7 values to finetune the final frequencies (for more de-
tails see Neiner et al. 2002).

With the LS method, we look at the whole line at the same
time, i.e. all wavelength bins at once, to determine which fre-
quencies describe the variations in the best way. After a first
frequency is found, the data are prewhitened, and the program
looks for the next frequency in the residual spectra. This pro-
cedure is repeated several times.

5.2. Line profiles

The 111 individual spectra obtained at TBL in 2000 and
the 407 ones obtained in 2001 are used to search for peri-
odicity in the line profile variations of the He  4713, 4921,
5016 and 5876 and Si  4553 line. We use the two methods
described above. The search is separately performed on both

Table 6. Frequencies detected from the analysis of different lines us-
ing the RLC method for the 2001 data. The frequencies obtained with
the LS method are shown in boldface.

Line Frequencies (c d−1)

f1 f2 f3 ∼ 2 frot f4 ∼ frot

He i 4713 7.15/7.15 6.86/6.83 0.50/0.55 0.27/0.29

He i 4921 7.14/7.15 6.83 0.50/0.55 0.28/0.28

He i 5016 7.14/7.15 6.82/6.83 0.51/0.55 0.27/0.29

He i 5876 7.14/7.15 6.84 0.50/0.55 0.27/0.22

Si iii 4553 7.14/7.15 6.81 0.50/0.55 0.25/0.29

sets of data and on the combined dataset 2000+2001. As the
data taken in 2000 are of lower quality and badly sampled in
time because of bad weather conditions, including them does
not improve the results obtained with the data taken in 2001
only. Therefore we will present here the results obtained with
the 2001 data only. Due to the timebase of the observations,
frequencies lower than 0.05 c d−1 cannot be detected. For the
same reason, two frequencies closer than 0.025 c d−1 cannot be
distinguished.

For all the studied lines, three frequencies are detected:
(i) a very strong frequency stands out at f1 = 7.145 ±
0.005 c d−1, corresponding to the well-known pulsation period
P1 = 3h21min;
(ii) a second frequency is detected at f2 = 6.82 ± 0.02 c d−1

corresponding to a period P2 = 3h31min;
(iii) a third frequency is present at f3 = 0.55 ± 0.02 c d−1. This
corresponds to twice the rotational frequency frot = 0.27 c d−1.
This is the first detection of multiperiodicity in V 2052 Oph.
The detected frequencies for each line with the two methods of
analysis are summarized in Table 6.

Periodograms, together with the mean line profile, are
shown in Fig. 5. Other frequencies also appear in the peri-
odograms and are due either to the window spectrum or to the
combination of the real frequencies ( f1, f2, f3 and frot) with
each other and with the window spectrum.

The power spectrum obtained for the He  5016 line pro-
file, showing the three frequencies and frot, is plotted in Fig. 6.
In the top panel, the power spectrum of the He  4921 line
profile, which is slightly different in this frequency region, is
overplotted.

5.2.1. f1 = 7.15 c d−1: Radial mode

A very strong frequency is detected at f1 = 7.145 c d−1.
This frequency was already known in the literature (e.g.
Jerzykiewicz 1972) and was also detected by the Hipparcos
satellite. Cugier et al. (1994) proposed that this belongs to a
radial pulsation mode.

Looking at the phase and power of this frequency along the
line profile (Fig. 7), we can confirm that f1 is due to a pulsation
mode with l = 0, as the phase shows no significant slope (see
Schrijvers et al. 1997). The phase is also coherent outside the
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Fig. 5. For each studied line, the upper panel shows the periodogram obtained with the RLC method, together with the mean line profile in the
lower panel.
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Fig. 6. Example of a power spectrum obtained for the He  5016 line
profile. In the top panel the power spectrum of the He  4921 line pro-
file is overplotted with a dashed line.

line in some cases, due to the presence of other weak lines (e.g.
blue side of the He  4921 line) which also pulsate with f1.

A greyscale plot of the spectra for several lines, from which
the mean line profile has been subtracted, is presented in Fig. 8
in phase with the frequency f1.

5.2.2. f2 = 6.82 c d−1: Non-radial mode

Although it is about 20 times less powerful than f1, a frequency
is detected at f2 = 6.82 c d−1. Looking at the slope of the phase
and power of this frequency (Fig. 9), we can derive the pul-
sation degree l (see Schrijvers et al. 1997). We obtain that f2
corresponds to a non-radial pulsation mode with l = 3 or 4.

A greyscale plot of the He  4713, 4921, 5016 and 5876 and
Si  4553 lines, obtained after prewhitening the frequency f1,
is presented in Fig. 10 in phase with the frequency f2. The
prewhitening was done by computing the phase and power of
the frequency f1 with a least squares fit for all wavelength bins
simultaneously (see LS description in Sect. 5.1) at each time.
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Fig. 7. Power and phase of the frequency f1 = 7.145 c d−1 along
the line profiles of the Si  4553 and the He  4713, 4921, 5016
and 5876 lines.

The spectra, minus the mean line profile, were then corrected
from this two-dimensional sine curve, in wavelength and time.

5.2.3. f3 = 0.55 c d−1: Rotation

A frequency is detected at f3 = 0.55 c d−1. This frequency
cannot be due to a window effect, as it does not appear in the
window power spectrum. Interestingly, the frequency f3 cor-
responds to twice the rotational frequency frot = 0.27 c d−1

derived from the UV analysis. The rotational frequency itself,
frot, is also detected but with a weaker power. See Sect. 7 for
further discussion.

5.3. Radial velocity

Radial velocities are measured using a centroid set at the inten-
sity 0.8. We study the radial velocity variations of the He  4921
and 5876 lines. They are dominated by the frequency f1 as
shown in Fig. 11 for the He  4921 line. In this figure we

Fig. 8. Greyscale plot of the spectra taken in 2001, folded in phase
with the frequency f1 = 7.145 c d−1.

overplotted parts of the best fit sine wave imposing the
frequency f1. The same behavior is observed for the
He  5876 line. The semi-amplitude of the fit is about 9 km s−1

for He  4921 and 5876 (see also Fig. 13).

Folding the data in phase with f1 (Fig. 12) shows that
the scatter of points (±2 km s−1) is higher than the precision
of the measurements compared to the individual best-fit sine
curves (Fig. 11) and implies the presence of at least one other
frequency.

We measure the mean value and amplitude of the varia-
tions for each night of observations and investigate the varia-
tions of these measurements. Although it is difficult to extract
a frequency with any method we tried, due to the small amount
of points and small amplitude of variations, folding the data
in phase with f3 = 0.55 c d−1 shows that this frequency is
present in the radial velocity measurements (e.g. Fig. 13 for
the He  4921 line).
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Fig. 9. Power and phase of the frequency f2 = 6.82 c d−1 along the line
profiles of the Si  4553 and the He  4713, 4921, 5016 and 5876 lines.

5.4. Minimum intensity

We study the minimum intensity variations of the He  4921
and 5876 lines. The minimum intensity Imin, normalized to the
continuum intensity Ic = 1, is obtained for each spectrum by
taking the point P of minimum intensity and fitting a parabola
to the 21 points around this minimum (P ± 10 points). Using
a LS method to search for periodicity, we detect the frequen-
cies frot, f1, f2 and f3 for almost all the studied lines.

Folding the minimum intensity measurements of the
He  lines in phase with the rotational frequency (Fig. 14) re-
veals two minima and two maxima, similar to the equivalent
width measurements of the UV stellar wind lines. Interestingly,
the Si  4553 line varies in the opposite way compared to the
He  lines. Note that the He  5876 line also seems to show a
different behavior, probably due to saturation.

Fig. 10. Greyscale plot of the spectra taken in 2001, prewhitened from
the frequency f1, folded in phase with the frequency f2 = 6.82 c d−1.

6. Magnetic field

6.1. Direct measurements

Due to the relative faintness of the star the magnetic mea-
surements have relatively large error bars. Table 7 (only avail-
able in electronic form) shows the longitudinal magnetic field
value B, its error bar σB, the null polarisation N and its er-
ror σN. The null polarisation N gives an indication of the pol-
lution by non-stellar effects and should be zero for a perfect
measurement. It is produced by associating the four subexpo-
sures of one magnetic measurement in the same way as for cre-
ating the Stokes V profile, except that the two last subexposures
are exchanged. In the following, only measurements for which
N < σN are used. Moreover, for the data taken in 2000, bad
weather conditions and fringes also decrease the quality of the
data, making them less reliable than the 2001 data. Exposure
times were chosen between 7 and 12 min, i.e. much shorter
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Fig. 11. Radial velocity measurements of the He  4921 line. Best fit
sine waves with the frequency f1, determined for each night, are over-
plotted.
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Fig. 12. Radial velocity measurements of the He  4921 and 5876 lines,
folded in phase with the frequency f1 = 7.145 c d−1.

than the pulsation period, to avoid smearing of the magnetic
signal because of the pulsational effect.

Although no strong signatures appear in the individual
Stokes V profiles, the coherent variation of the magnetic mea-
surement in phase is an indication of the presence of a weak
longitudinal field in V 2052 Oph. In the frame of the magnetic
rotator model (see Shore 1987) the UV period corresponds to
the rotational period of the star (see next section). The mag-
netic field should then vary in phase with the equivalent width
of the UV resonance lines, i.e with P ∼ 3.64 d (see Fig. 15).

Assuming that V 2052 Oph hosts a magnetic field and fold-
ing the magnetic data with Prot, we calculate a best-fit sine wave
through the magnetic data. This gives an amplitude of the lon-
gitudinal component of Bl = 92 ± 41 G, around the average
value of B0 = −8 ± 25 G with a reduced χ2 = 1.14. This fit is
shown as a dashed line in Fig. 15.
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Fig. 13. Mean radial velocity and semi-amplitude for each night of the
He  4921 line, folded in phase with the frequency f3 = 0.55 c d−1.
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Fig. 14. Minimum intensity measurements of the Si  4553,
He  4713, 4921, 5016 and 5876 lines, folded in phase with the
rotational period Prot.

With the derived phase we find for the ephemeris of
the maximum value of the field strength: HJD(Bmax) =
2451906.86 ± 0.21. Comparison with the observed EW min-
imum of the C  UV data, which were taken ∼1200 rotational
cycles prior to the magnetic data, shows that a deep EW min-
imum is predicted at HJD 2451906.96 ± 0.07, which is within
the uncertainties identical to the phase of maximum magnetic
field. Note the striking resemblance in phase correlation with
the βCep results (Henrichs et al. 2000; Donati et al. 2001).

6.2. Oblique magnetic dipole

We have found evidence for a weak varying longitudinal field
in V 2052 Oph, consistent with an oblique magnetic dipole with
a rotational period of about 3.64 d. In the oblique magnetic
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Fig. 15. Top panel: variations of the equivalent width of the
UV C  line; middle panels: variations of the minimum intensity of
the He  5016 and Si  4553 lines; lower panel: variations of the lon-
gitudinal magnetic field; the best sine fit (dashed line) and the dipole
model (solid line) are overplotted. All the plots are folded with the
rotation period.

dipole model (Stibbs 1950) the axis of the dipole and the axis
of rotation do not coincide. The observed stellar configuration
can then be characterised by the inclination angle i and by
the angle β between the magnetic axis and the rotation axis.
Therefore, as the star rotates, the aspect of its visible hemi-
sphere changes (e.g. Fig. 16). This leads to variations in var-
ious observables with the stellar rotation period, such as the
shape and equivalent width of wind-sensitive UV resonance
lines (see Sects. 3 and 5) and the value of the longitudinal mag-
netic field. See Shore (1987) for more details on the follow-
ing Eqs. (2)–(4).

For a dipolar field, the ratio of the magnetic extremes r =
Bmax/Bmin is related to the inclination angle i and the angle
between the magnetic and the rotation axis β via

r =
cos(i + β)
cos(i − β) · (2)

In the case of V 2052 Oph we find r = −0.83, corresponding to
β = 75◦, but the large error bar in the field strength parameters
actually indicates a value between β = 20 and 85◦ (−4.2 < r <
1.9) for i = 71◦ and an even larger range if the errors on i are
taken into account. Thus, by this method, the angle β is not well
constrained.

The observed phase difference ∆φ between the
two UV maxima is also related to the angles i and β
through

cos
∆φ

2
=

1
tan i tan β

· (3)

In the case of V 2052 Oph we find ∆φ = 0.335 ± 0.026. If we
adopt an inclination angle i = 71 ± 10◦ as derived in Sect. 5,
we obtain β = 35± 18◦, which we adopt in the following as the
best value.

When two maxima are observed in the UV equivalent width
variations, it is expected that

i + β > 90◦. (4)

Indeed, we obtain i + β = 106 ± 28◦.

6.3. Model

With the known angles i and β in the oblique dipolar model,
the strength of the magnetic field at the poles, i.e the maximum
field, can be determined.

The oblique dipolar rotator model we used was described
by Stift (1975). Starting with the observer’s system where the
z-axis is defined by the line-of-sight, a surface point on the vis-
ible hemisphere of the star is given by a vector. This vector is
transformed into the corotating system of the star, followed by a
rotation around the rotational z-axis. The position of the dipole
system relative to the rotational system is uniquely described
by three Eulerian angles. The effect of the three Eulerian ro-
tations can be summarized without loss of generality by a ro-
tation with β around the x-axis. Given the offset coordinates
of the dipole in the rotation system, we obtain the coordi-
nates of the surface point relative to the dipole system and the
field strength in the dipole system. From this we get the field
strength in the observer’s system.

To reproduce the measured longitudinal field values, we use
a limb darkening law as described in Stift (1975), with k =
0.4 as established by Claret (2000) for this kind of star in the
optical. With i = 71◦ derived in Sect. 4.2 and β = 35◦ derived in
Sect. 6.2, we model a centered oblique magnetic rotator and fit
it to the longitudinal magnetic field data. The best fit is obtained
with B0 = 19 ± 15 G, Bl = 39 ± 32 G and a polar field Bpol =

250 ± 190 G, with a reduced χ2 = 1.20. The values obtained
for B0 and Bl are compatible with the ones obtained from the
best sine fit in Sect. 6.1, with a similar χ2 value. Note that the
angles i and β are anticorrelated, i.e. to keep B0 and Bl constant
when increasing β, i and Bpol have to be decreased.

A greyscale representation of the relative contribution of
the magnetic dipole to the integrated longitudinal field on the
visible hemisphere of the star, at different rotational phases, is
shown in Fig. 16. Although the strongest magnetic field is at
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Fig. 16. Greyscale representation of the relative contribution of the magnetic dipole to the integrated longitudinal magnetic field on the visible
hemisphere of V 2052 Oph, at different rotational phases with step of δΦ = 0.125. The black color corresponds to positive field values and the
white color to negative field values. The phase runs from the top left panel to the lower right panel and corresponds to the convention used in
Fig. 15. A grid of magnetic longitudes and latitudes is overplotted, with the magnetic equator shown as a thicker black line. The rotation axis
is shown with a white cross. Although the strongest magnetic field is at the magnetic poles, the positions on the stellar surface that contribute
the most to the longitudinal field are not at the poles, due to a geometrical effect and to the limb darkening effect.

the magnetic poles, the positions on the stellar surface that con-
tribute the most to the longitudinal field are not at the poles, due
to a geometrical effect and to the limb darkening effect.

7. Conclusions and discussion

7.1. Rotation

We determined the 3.638833 d stellar rotation period from the
variations in equivalent width of the UV stellar wind lines.
We found that the minimum intensity of optical photospheric
lines (He  and Si  lines) also varies with the rotation pe-
riod. The strength of the absorption in the UV resonance lines
varies in phase with the optical Si  line, but in antiphase with
the optical He  lines: when the highly ionized lines are deep,
the He  lines are weak, and vice versa. The equivalent widths
of the Si  lines increase with higher temperature for stars
with Teff < 27 000 K (Becker & Butler 1990). The equiva-
lent widths of the He  lines vary in the opposite way for stars
with Teff > 21 000 K (Leone & Lanzafame 1998). Thus the be-
haviour observed in V2052 Oph could be easily explained by
temperature variations.

In the context of a magnetic star, these variations could also
be explained by a temperature difference between the magnetic
poles and the rest of the stellar surface. The deepest profile
of the He  line corresponds to the minimum temperature. We
can estimate the temperature variations from the visual magni-
tude changes measured by Hipparcos. The frequency detected
by Hipparcos (Perryman et al. 1997) corresponds to f1 (radial
mode, see Sect. 7.2). However, an analysis of the Hipparcos

data with the LS method shows that the second detected fre-
quency is f3, i.e. twice the rotational frequency. It is therefore
possible that the star undergoes temperature variations due to
its radial mode, as was already found by Morton & Hansen
(1974), plus apparent temperature variations due to the mag-
netic poles passing through the line of sight of the observer.

However, it appears that the amplitude of these additional
temperature variations needed to explain the rotationally mod-
ulated line depths of V 2052 Oph is of the same order as the one
produced by the pulsations, i.e. about 2000 K, which is higher
than the temperature variation observed for Ap stars (e.g. 600 K
for 41 Tau, Sokolov 1999) with a ten times stronger field than
the one of V 2052 Oph. We conclude that the weak magnetic
field of V 2052 Oph is unlikely to produce such strong addi-
tional temperature effects and that it is mainly an abundance
effect (see Sect. 7.4).

7.2. Pulsations

We confirm that V 2052 Oph pulsates radially with f1 =
7.15 c d−1. This powerful frequency is detected in all studied
lines in the lpv, radial velocity and minimum intensity mea-
surements. We found that the star also hosts a non-radial pul-
sation mode with f2 = 6.82 c d−1 and l = 3 or 4, detected in
the lpv. This is the first detection of multiperiodicity in this star.
A frequency f3 = 0.55 c d−1 is detected in the lpv, radial veloc-
ity and minimum intensity measurements. This corresponds to
twice the rotational frequency.

In the case of Ap and roAp magnetic oblique rotators,
the oblique pulsator model also applies (Kurtz 1982), i.e. the
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pulsation axis is aligned with the magnetic axis, being oblique
to the rotation axis. As the star rotates, the angle between the
observer and the pulsational axis changes. Therefore one ex-
pects to see rotational modulation of the amplitude and phase
of oscillations. This seems to also be the case in V 2052 Oph
(see Fig. 13).

7.3. Magnetic field

Although the S/N of the direct measurements of the longitu-
dinal component of the magnetic field of V 2052 Oph is weak
due to the faintness of the star, a magnetic field is likely de-
tected by combining all measurements and folding them with
the known rotation period. The angles derived for the oblique
dipole, i = 71 ± 10◦ and β = 35 ± 18◦ are such that the mag-
netic poles pass through the observer’s line of sight. This is
confirmed by the detection of f3 in the optical photospheric
lines, with one pole appearing stronger than the other one, as
expected from the difference in strength of the two absorp-
tion minima observed in the lines. The dipole model gives
then Bpol = 250 ± 190 G.

Other evidence for the presence of a magnetic field in this
star is the fact that the extremum field occurs within the uncer-
tainty limits at the same epoch as the predicted mimimum EW
of the stellar wind lines, i.e. identical to what is observed in
other magnetic stars, such as β Cep.

7.4. Abundance

Our analysis shows that the star is chemically peculiar: it is
He-strong and O-weak. It is known that the oxygen abun-
dance in a star forming region is often 3/4 of the solar abun-
dance. However, the oxygen in V 2052 Oph is even less abun-
dant than that fraction and therefore cannot be attributed to
an underabundance in the star forming region. In addition,
Smith & Groote (2001) found that V 2052 Oph has a low metal
abundance.

Peculiar chemical compositions are usually found in mag-
netic stars, in which microscopic diffusion effects allow ele-
ments with a high atomic mass to sink in the atmosphere un-
der the dominant influence of gravity, while elements which
can absorb photons of many wavelengths from the outward
flow of radiation through the star are lifted towards the sur-
face. The first element with a peculiar abundance is then he-
lium (Michaud et al. 1987). In most of the stars this process is
usually cancelled by mixing processes (e.g. convection in cool
stars). However, the presence of a magnetic field inhibits mix-
ing motions in the outer layers, and hence produces chemical
peculiarities.

The line profile modulation can rather be attributed to inho-
mogeneous surface distribution of chemical abundances. This
effect is well-known in Ap stars. Michaud et al. (1987) showed
that in the presence of mass loss, the He abundances in the
line-forming depths may be modified by chemical separation
that takes place not only in the atmosphere but also in the wind
and in the envelope of the star. At Teff = 25 000 K this leads
to differential winds. Groote & Hunger (1997) found that the

magnetic He-strong B star σOri E, which presents many simi-
larities with V 2052 Oph, has surface patches of He-enrichment
related to fractionation of the wind. Smith & Groote (2001)
extended this model by proposing the presence of co-rotating
torus-shaped clouds between the magnetic poles and equator.
Hunger & Groote (1999) found that He-fractionation occurs
for stars with 15 500 K < Teff < 30 000 K. They also stated
that a fraction of hydrogen or helium is forced to fall back to
the star by gravity, because it was not yet coupled at the critical
point or because it did not attain the escape velocity and was
decoupled further out. If a magnetic field is present this reac-
creation proceeds along the same trajectories as those of the as-
cending particles. Thus the abundance anomalies should show
up at the wind bases, i.e the magnetic poles. They conclude
that all He-strong main sequence stars are also magnetic stars,
otherwise the turbulence would suppress the inhomogeneities.

The influence of the inhomogeneous abundance distribu-
tion on the shape of the line profiles could be studied in more
detail with Doppler imaging techniques.

7.5. Comparison with other pulsating magnetic B stars

V 2052 Oph is very similar to βCep, which hosts a magnetic
field. The parameters are very similar, except that βCep has
its magnetic axis almost perpendicular to its rotational axis
(β = 85◦), whereas for V 2052 Oph β = 35◦. βCep has a mag-
netically confined wind (Donati et al. 2001), i.e. the stellar-
wind streams from both magnetic hemispheres collide with
each other in the magnetic equatorial plane, producing a strong
shock, an extended post-shock region and a high-density cool-
ing disc (for more details see Babel & Montmerle 1997). This is
consistent with the magnetic measurements and wind UV data,
i.e. Blong = 0 when the UV absorption is at maximum. We find
that the same model would apply for V 2052 Oph (see Fig. 15),
with the same agreement in phase, i.e. the wind is magnetically
confined. The magnetic field strength of the two stars and their
wind are very similar.

Moreover βCep pulsates radially and non-radially, similar
to V 2052 Oph. From ROSAT observations (Berghoefer et al.
1996) a non-detection, i.e. an upper limit, of X-rays was ob-
tained with log LX ≤ 30.22. Using the luminosity determined
in this paper leads to log (LX/Lbol) ≤ −7.17 for V 2052 Oph,
which is similar to the detection with log (LX/Lbol) = −7.16
obtained for the nearer star βCep. This is consistent with
both stars having the same intrinsic X-ray emission. Similarly,
if V 2052 Oph would have the same IR excess as βCep the
lack of detection of an IR excess from IRAS data is compatible
with the difference in distance (A. Lenorzer, private communi-
cation). Thus, from all these aspects, these two stars resemble
each other.

However, the slowly rotating Be star βCep sometimes ex-
hibits Hα line emission (Kaper & Mathias 1995; Neiner et al.
2001). The Hα line of V 2052 Oph has never been observed in
emission, and this star is therefore not classified as a Be star,
but given the many specific similarities, it is tempting to sug-
gest a Hα line-emission phase in the future.
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V 2052 Oph is the second discovered magnetic pulsating
B star, after βCep. Such stars are apparently rather rare, but
will provide the most massive examples of stars useful for
asteroseismological (and hence evolutionary) tests. We hope
to be able to confirm the direct detection of a magnetic field
in V 2052 Oph, and other similar stars, and analyze the rota-
tional modulation of the field, using the new spectropolarimeter
ESPaDOnS, which will be installed at CFHT in January 2004
and is expected to be at least 10 times more efficient than
Musicos.
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Table 7. Table of longitudinal magnetic field measurements. Columns 1, 2 and 3 indicate the number, HJD and phase (with P = 3.638833 d)
of each measurement respectively. Columns 4 and 5 give the longitudinal field measurement and its error bar. Columns 6 and 7 give the null
polarisation and its error bar.

# HJD Ph B σB N σN # HJD Ph B σB N σN # HJD Ph B σB N σN

1 0.43 0.113 354 134 117 128 40 355.56 0.707 81 221 66 219 77 361.43 0.320 −149 167 67 165

2 0.55 0.146 68 140 −254 134 41 355.58 0.714 −309 235 −461 234 78 361.45 0.327 −126 174 116.9 170

3 5.40 0.479 −333 152 86 148 42 356.44 0.949 −3 185 −219 182 79 361.47 0.333 32 167 −164 164

4 5.43 0.489 3 144 −263 140 43 356.46 0.955 72 167 −238 167 80 361.50 0.339 −145 167 −194 165

5 5.48 0.500 −1 164 224 161 44 356.48 0.961 195 197 −282 194 81 361.52 0.345 61 172 17 170

6 5.52 0.512 −333 200 477 196 45 356.51 0.968 19 184 −61 182 82 364.37 0.130 110 224 −245 224

7 5.56 0.522 −475 206 202 203 46 356.53 0.974 244 193 −145 191 83 364.40 0.136 −152 252 75 252

8 6.40 0.752 −102 190 −150 187 47 356.55 0.980 −298 198 159 194 84 364.42 0.142 4 247 140 246

9 6.43 0.762 230 202 −102 202 48 356.57 0.986 −108 170 −80 168 85 364.44 0.149 217 218 128 217

10 6.47 0.773 214 210 208 207 49 357.43 0.221 42 167 −23 164 86 364.47 0.155 −487 261 −550 264

11 6.51 0.783 176 248 −272 248 50 357.45 0.227 −57 176 11 171 87 364.49 0.161 −246 294 −216 291

12 6.54 0.793 −457 355 174 355 51 357.47 0.234 226 172 −95 169 88 364.51 0.168 −108 296 37 293

13 6.59 0.805 204 296 −123 297 52 357.50 0.240 609 170 107 168 89 365.37 0.402 −98 188 227 190

14 10.38 0.847 115 218 48 216 53 357.52 0.246 313 167 20 165 90 365.39 0.409 −172 183 −263 182

15 10.41 0.857 550 221 −64 218 54 357.54 0.251 68 173 −126 169 91 365.41 0.415 162 186 −77 182

16 10.45 0.867 −437 195 3 193 55 358.38 0.483 −492 208 −222 207 92 365.44 0.422 60 184 40 180

17 13.47 0.697 13 138 −24 136 56 358.40 0.489 −6 214 40 215 93 365.46 0.428 −46 200 147 197

18 13.50 0.706 −38 142 −131 138 57 358.43 0.495 −556 229 −460 228 94 365.48 0.435 −60 188 −102 187

19 13.55 0.718 94 174 −171 175 58 358.45 0.502 −139 206 −284 204 95 365.51 0.441 −389 191 193 186

20 13.59 0.729 74 221 163 222 59 358.47 0.508 −196 224 380 221 96 366.37 0.679 −330 224 −96 221

21 17.38 0.771 7 240 69 237 60 358.51 0.518 −271 204 −109 200 97 366.39 0.684 −404 259 318 259

22 17.44 0.787 51 192 −104 191 61 358.54 0.525 −163 223 7 222 98 366.42 0.691 40 216 227 215

23 17.48 0.798 −323 198 172 195 62 359.37 0.755 81 226 256 230 99 366.44 0.698 −317 247 265 244

24 17.52 0.808 −411 208 −37 202 63 359.39 0.761 −36 196 −159 195 100 366.46 0.704 −155 261 218 260

25 17.55 0.818 −272 216 88 215 64 359.42 0.767 239 192 −176 193 101 366.49 0.711 398 262 218 263

26 350.44 0.301 1194 436 559 437 65 359.46 0.780 128 200 −102 199 102 367.37 0.954 −66 263 340 262

27 350.47 0.308 −380 375 170 373 66 359.49 0.786 428 166 −188 163 103 367.40 0.960 168 282 76 280

29 350.52 0.322 −89 289 177 287 67 359.51 0.793 199 189 −171 188 104 367.42 0.967 87 264 96 262

30 350.54 0.329 −374 299 217 294 68 359.53 0.799 44 186 −131 183 105 367.44 0.973 −177 235 −50 229

31 350.57 0.335 0 313 206 312 69 360.39 0.035 −79 266 8 261 106 367.47 0.980 172 198 269 198

32 351.52 0.598 −390 290 330 290 70 360.41 0.041 263 242 −76 240 107 367.49 0.986 −40 262 250 265

33 351.54 0.604 −234 272 126 273 71 360.43 0.047 18 226 227 226 108 367.51 0.993 122 219 6 217

34 353.60 0.168 21 227 −211 228 72 360.46 0.053 289 242 652 238 109 368.42 0.242 −212 212 21 211

35 353.62 0.174 −79 244 114 243 73 360.48 0.059 −140 224 8 222 110 368.45 0.249 40 197 12 198

36 353.64 0.180 −312 402 −406 402 74 360.50 0.065 −185 234 133 231 111 368.47 0.255 −10 168 −103 164

37 355.48 0.686 −398 257 204 255 75 361.38 0.308 −5 184 −252 181 112 368.49 0.261 −332 185 259 184

38 355.50 0.692 −81 239 −592 236 76 361.41 0.314 171 170 −135 166 113 368.51 0.268 −195 231 225 228

39 355.53 0.700 −172 225 112 222


