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3.75 day period and predicted a minimum �eld 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
�eld (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 thevsini 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 pro�les and ra-
dial velocities. In Sect. 6 we report on the measurements of the
longitudinal component of the magnetic �eld, 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 e� ectively degraded the resolving power
to 12 000Š15000. The signal-to-noise ratio of the spectra is
about 25 (see Henrichs et al. 1994).

2.2. Spectropolarimetry

The �ber-fed Musicos ´echelle spectropolarimeter (R � 35 000)
is mounted at the Cassegrain focus of the 2-m T´elescope
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 �elds, one analyses the circular
polarisation of the light. The light is split into two beams, fed
to the spectrograph through a double optical �ber and simul-
taneously recorded onto the 1024× 1024 24µm square pixel
SITe CCD detector. The observing strategy is to set the quarter-
wave plate and take 4 subexposures: one at azimuthŠ45� , two
at azimuth 45� , and one more at azimuthŠ45� . 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 averageS/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 �at-�elds taken in the two positions of the quarter-
wave plate, which optimizes the extraction of the ´echelle 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 (� 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 identi�ed. 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

3Š7 2000 Jul. 4 20:59 5 720

8Š13 5 20:54 6 720

14Š16 9 20:31 3 720

17Š20 12 22:46 4 720

21 16 20:32 1 720

22Š25 16 21:58 4 720

26Š31 2001 Jun. 14 22:12 6 420

32Š33 15 24:07 2 420

34Š36 17 25:54 3 420

37Š41 19 23:06 5 420

42Š48 20 22:08 7 420

49Š54 21 21:53 6 420

55Š59 22 20:44 5 420

60Š61 22 23:47 2 420

62Š64 23 20:30 3 420

65Š68 23 22:42 4 420

69Š74 24 20:56 6 420

75Š81 25 20:48 7 420

82Š88 28 20:33 7 420

89Š95 29 20:22 7 420

96Š101 30 20:29 6 420

102Š108 2001 Jul. 1 20:29 7 420

109Š113 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 theS/N ratio is low,
application of the fringe correction makes no di� erence in the
value derived for the magnetic �eld.

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

line pro�les. The LSD method combines the very small circu-
larly polarized signatures, properly weighted, of all available
line pro�les 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 pro�le. 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 Land´e factors from 0.5 to 2.7. The
line depths and Land´e 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 �eld is present, the Stokes V pro�le 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 aboutR � 100 000 with a
signal to noise ratio ofS/N � 850. The spectrum covers
three wavelength domains: [3250Š4500], [4580Š5555] and
[5600Š6580] Å. The reduction was not performed with the
dedicated UVES pipeline in MIDAS1, as this pipeline is opti-
mized for spectra withS/N < 100. The usual bias and �at-�eld
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 signi�cant 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),
whereF is the �ux, A = 26 andB = 1.33× 10Š10. 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 pro�les, 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 fromŠ300 to+300 km sŠ1 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 ´echelle-order
overlap regions.

with variability signature exceeding unity. The �nal 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� 2. The variance matrix provides the formal er-
rors in the parameters. A single sinusoid does not �t the data.
Therefore we use the following function:

f (t) = a + bsin
�
2�

� t
P

+ � 1

��
+ csin

�
2�

�
t

P/ 2
+ � 2

��
. (1)

The parameters of the best solution for the C�� doublet, with a
reduced� 2 = 0.45, are:a = 1.09± 0.04 Å, b = 1.64± 0.07 Å,
� 1 = 0.54 ± 0.03, c = 0.81 ± 0.07 Å, � 2 = 0.38 ± 0.05 and
a periodP = 3.638833± 0.000003 d, where we used val-
ues oft relative to the �rst observation. The very high preci-
sion in the period is due to the three early observations ob-
tained in 1981Š82, which extended the coverage over more
than 1400 cycles, and which allowed us to select the best out
of two periods with nearly equal� 2 by considering the phase
dependence of the individual pro�les. All four doublet pro�les
of C�� , Si�� , N � and Al��� are modulated with this same pe-
riod, which is identi�ed with the rotation period of the star.
With this analytic description the epoch at minimum inEW

Fig. 2. Variations of the line pro�les in the UV data of the C�� , Si�� ,
N � and Al��� lines. Fluxes are normalized to the average pro�le.

could be derived, which we de�ne as the zero phase of the
rotation. We �nd HJD(EWmin) = 2447383.89± 0.07.
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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. TheEW were measured in the following in-
tervals: C�� in [Š450, 750] km sŠ1 at 10Š10 erg cmŠ2 sŠ1 ÅŠ1,
Si �� in [Š400, 2200] km sŠ1 at 10Š10 erg cmŠ2 sŠ1 ÅŠ1, N �
in [Š250, 200] km sŠ1 at 1.3 × 10Š10 erg cmŠ2 sŠ1 ÅŠ1 and
[750, 1200] km sŠ1 at 1.5 × 10Š10 erg cmŠ2 sŠ1 ÅŠ1, Al ��� in
[Š200, 200] km sŠ1 at 9 × 10Š11 erg cmŠ2 sŠ1 ÅŠ1 and [1150,
1550] km sŠ1 at 8.5 × 10Š11 erg cmŠ2 sŠ1 ÅŠ1.

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� Cep, theEW 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

Thevsini value usually quoted for V 2052 Oph is 120 km sŠ1

(Jerzykiewicz 1972) but it has been estimated with poor accu-
racy from low-resolution spectra in 1972. Wol� et al. (1982)
found vsini = 60 km sŠ1 from visual comparison with a ro-
tational standard. More recently Smith & Groote (2001) de-
rive 100 km sŠ1 from a comparison of models.

We determine the value ofvsini by applying a Fourier
transform analysis (Gray 1976) to the mean line pro�le of
the He� 4713, 4921, 5016 and 5876 and Si��� 4553 and
4568 lines obtained at TBL. A limb darkening coe� cient � =
0.4 is adopted. The results are reported in Table 3. We obtain
vsini = 63± 2 km sŠ1.

Table 3.vsini determination using a Fourier transform analysis.

He� Si ���
Line 4713 4921 5016 5876 4553 4568

vsini (km sŠ1) 62.7 64.4 62.9 64.0 63.3 62.6

4.2. Stellar parameters

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

Two previous studies indicate rather di� erent fundamen-
tal parameters. An equivalent width study performed by Wol�
& Heasley (1985) led to an e� ective temperature of about
Te� = 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 �ux
of the UV IUE spectra implies a higher e� ective temperature
Te� = 26 000 K for a gravity �xed at logg = 4.0.

In our �rst attempt we determined the stellar e� ective tem-
perature and super�cial gravity assuming a solar He/H ra-
tio (0.1) by �tting several He� lines (4026, 4387, 4921 Å),
observed with the VLT. We built up line pro�le grids using
NLTE model atmospheres computed with TLUSTY (Hubeny
& Lanz 1995, and references therein) for di� erent 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 pro�les with Te� = 21 991 K, logg =
3.98 andvsini = 58 km sŠ1. This is very close to the results
obtained by Wol� & Heasley (1985). In this con�guration, 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 H� line, but the Si�� 4128
and 4132 (VLT) and Si��� 4553, 4568 and 4575 (TBL) lines
could not be �tted using the same silicon abundances. We �nd
that, in order to �t 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 �ux grids
using computations made by Zboril (2000) with TLUSTY for
di� erent values of the He/H ratio and available at the CDS.
The most consistent model, according to the helium and sili-
con line pro�les, is obtained forTe� = 25 200 K, logg = 4.2,
vsini = 60 km sŠ1 and He/ H = 0.21. These values are
much closer to the ones proposed by Smith & Groote (2001).
They allow us to �t the Si�� and Si��� lines simultaneously.
Moreover they also allow to �t the continuum slope of the
short wavelength IUE spectra adopting the mean reddening law
derived by Cardelli et al. (1989) andE(B Š V) = 0.30,
derived from Papaj et al. (1990) and consistent with the

3 http://tlusty.gsfc.nasa.gov
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Fig. 4. Model �t result for the lines used to determine the stellar parameters. The dots representing the synthetic spectra are overplotted on the
observations (solid lines).

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
Š50 Hip

Te� 25 200± 1100 26 000 SG01

logg 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

vsini (km sŠ1) 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: Wol�
& Heasley (1985), SG01: Smith & Groote (2201), BB77: Beeckmans
& Burger (1977).

determinationE(B Š V) = 0.33 from Diplas & Savage (1994).
As far as the red He� and H� lines are concerned, the agree-
ment between observations and theory are better than with the
solar value (Fig. 4). The value ofvsini is compatible with
the one derived in the previous Sect. 4.1. With this e� ective
temperature, V 2052Oph would be a B1 V star rather than a
B2 IV-V star. The mismatch with the MK classi�cation is prob-
ably due to the unusual strength of the He� lines.

Using the evolutionary tracks of Schaller et al. (1992), we
deriveM = 10.1 M� for the mass andR = 4.1R� for the radius.
For a star with such a mass, the critical break-up rotational ve-
locity is about 580 km sŠ1. The critical radiusRcrit = 5.6 R�

is obtained using Roche’s model. The angular velocity	 is
about 15% of the angular critical velocity. The e� ects of grav-
ity darkening are therefore negligible. UsingTe� andR, we also
obtain the luminosity of the star logL/ L� = 3.81.

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

Š50 pc. In Sect. 3 we showed that the rotational period
is Prot = 3.64 d. Withvsini = 60 km sŠ1, we obtaini = 71�

and v = 63 km sŠ1. 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 �tting 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
�t 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(� N/� � )

He� 4 0.32± 0.05

C�� 3 Š0.13± 0.04

N �� 6 0.10± 0.06

O�� 4 Š0.31± 0.11

Si ��+��� 5 0.01± 0.10

squares method. We adopt a 2 km sŠ1 microturbulence velocity,
as proposed in Andrievsky et al. (1999), which allows to �t
simultaneously the di� erent studied transitions. The results of
our �ts are given in Table 5 where� N/� � denotes the abundance
in the star relative to the abundance in the Sun as compiled by
Grevesse & Sauval (1998).

We found that V 2052Oph 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) �t-
ting methods.

In each wavelength bin, the RLC method searches for
20 frequencies in a prede�ned 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 �netune the �nal 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 �rst
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 proÞles

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 pro�le 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 di� erent lines us-
ing the RLC method for the 2001 data. The frequencies obtained with
the LS method are shown in boldface.

Line Frequencies (c dŠ1)

f1 f2 f3 � 2frot f4 � frot

Hei 4713 7.15/7.15 6.86/6.83 0.50/0.55 0.27/0.29

Hei 4921 7.14/7.15 6.83 0.50/0.55 0.28/0.28

Hei 5016 7.14/7.15 6.82/6.83 0.51/0.55 0.27/0.29

Hei 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 dŠ1 cannot be detected. For the
same reason, two frequencies closer than 0.025 c dŠ1 cannot be
distinguished.

For all the studied lines, three frequencies are detected:
(i) a very strong frequency stands out atf1 = 7.145 ±
0.005 c dŠ1, corresponding to the well-known pulsation period
P1 = 3h21min;
(ii) a second frequency is detected atf2 = 6.82 ± 0.02 c dŠ1

corresponding to a periodP2 = 3h31min;
(iii) a third frequency is present atf3 = 0.55± 0.02 c dŠ1. This
corresponds to twice the rotational frequencyfrot = 0.27 c dŠ1.
This is the �rst 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 pro�le, 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-
�le, showing the three frequencies andfrot, is plotted in Fig. 6.
In the top panel, the power spectrum of the He� 4921 line
pro�le, which is slightly di� erent in this frequency region, is
overplotted.

5.2.1. f1 = 7.15 c dŠ1: Radial mode

A very strong frequency is detected atf1 = 7.145 c dŠ1.
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 pro�le (Fig. 7), we can con�rm thatf1 is due to a pulsation
mode withl = 0, as the phase shows no signi�cant slope (see
Schrijvers et al. 1997). The phase is also coherent outside the



572 C. Neiner et al.: Rotation, pulsations and magnetic �eld in V 2052 Oph

Fig. 5. For each studied line, the upper panel shows the periodogram obtained with the RLC method, together with the mean line pro�le in the
lower panel.
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Fig. 6. Example of a power spectrum obtained for the He� 5016 line
pro�le. In the top panel the power spectrum of the He� 4921 line pro-
�le 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 withf1.

A greyscale plot of the spectra for several lines, from which
the mean line pro�le has been subtracted, is presented in Fig. 8
in phase with the frequencyf1.

5.2.2. f2 = 6.82 c dŠ1: Non-radial mode

Although it is about 20 times less powerful thanf1, a frequency
is detected atf2 = 6.82 c dŠ1. Looking at the slope of the phase
and power of this frequency (Fig. 9), we can derive the pul-
sation degreel (see Schrijvers et al. 1997). We obtain thatf2
corresponds to a non-radial pulsation mode withl = 3 or 4.

A greyscale plot of the He� 4713, 4921, 5016 and 5876 and
Si ��� 4553 lines, obtained after prewhitening the frequencyf1,
is presented in Fig. 10 in phase with the frequencyf2. The
prewhitening was done by computing the phase and power of
the frequencyf1 with a least squares �t 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 frequencyf1 = 7.145 c dŠ1 along
the line pro�les of the Si��� 4553 and the He� 4713, 4921, 5016
and 5876 lines.

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

5.2.3. f3 = 0.55 c dŠ1: Rotation

A frequency is detected atf3 = 0.55 c dŠ1. This frequency
cannot be due to a window e� ect, as it does not appear in the
window power spectrum. Interestingly, the frequencyf3 cor-
responds to twice the rotational frequencyfrot = 0.27 c dŠ1

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 frequencyf1 as
shown in Fig. 11 for the He� 4921 line. In this �gure we

Fig. 8. Greyscale plot of the spectra taken in 2001, folded in phase
with the frequencyf1 = 7.145 c dŠ1.

overplotted parts of the best �t sine wave imposing the
frequency f1. The same behavior is observed for the
He� 5876 line. The semi-amplitude of the �t is about 9 km sŠ1

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

Folding the data in phase withf1 (Fig. 12) shows that
the scatter of points (±2 km sŠ1) is higher than the precision
of the measurements comparedto the individual best-�t 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 di� cult 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 withf3 = 0.55 c dŠ1 shows that this frequency is
present in the radial velocitymeasurements (e.g. Fig. 13 for
the He� 4921 line).


















