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Abstract—The method of “virtual magnetic charges” is used to analyze the structure of the magnetic field
of the CP star HD32633. The phase relation of its magnetic field differs strongly from a sine wave. The
structure of the star’s field can be described fairly well by two dipoles located in the opposite regions of
the star near its rotation equator. Each of these dipoles produces two pairs of magnetic spots of opposite
polarity similar to sunspots. The dipoles are located at a distance of Aa=0.6 R from the center, where R is
the radius of the star. The field strength at the poles is equal to £42 and +19 kG.
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1. INTRODUCTION

In this paper we continue our study of the structure
of magnetic fields of chemically peculiar (CP) stars
using the method of “virtual magnetic charges” [1].
We used this technique to analyze a total of 23 stars
and found nine of them to have the magnetic-field
structure corresponding to a central dipole; one star
(HD137909) to have a two-dipole structure, and one
star (HD37776) to have a more complex field struc-
ture. In this paper we analyze yet another star whose
magnetic-field phase relation Be(®) differs strongly
from a sine wave in the case of a central dipole.

2. PHYSICAL PARAMETERS

The star HD32633 of a peculiarity type Si+SrCrEu
has a temperature of T,=12750 K and an absolute
bolometric luminosity of Mb(3)= —1.4, and Mb(G )=
—1.1 according § index and HIPPARCOS data,
respectively [2]. In the same paper ([2]) we also
determine the parameter, R/Rz =~ 1.3, of the star,
i.e., we find it to be of luminosity class V. Here R and
R, are its current and zero-age main sequence radii,
respectively.

We adopt the rotation velocity vsind, which is
needed for estimating the tilt angle i of the rota-
tion axis to the line of sight, from Borra and Land-
street [3]: vsini = 23 km/s. Leone et al. [4] showed
that vsini = 23 km/s implies a radius of R > 2.9R,
for the star.

Our data show that Mb(G) and Mb(3) absolute-
magnitude values imply the radii of R = 1.6 R, and

R = 3.1R), respectively. Thus the latter value agrees
with the estimates of Leone et al. [4]. We adopt the
average of the two values, R = 3.0R,.

The star’s rotation period is P = 6.43 days [5], and
hence we find, in accordance with the well-known
formula, v = 50.6. R/P = 23.7 km/s (sini = 0.97),
so that i = 84° £+ 5° (or 96° if we count the angle from
the rotation pole in the hemisphere of the positive field
polarity). Hence we see the star virtually equator on.

Note that the Mb(G) luminosity value implies v =
2.6 km/s and sini > 1. Hence the Mb(f) = —1.4
estimate is more realistic.

3. PHASE RELATION BE(®) FOR HD 32633

Currently, several series of magnetic-field mea-
surements are available for HD 32633, which were
made at different phases of the period [5—9]. All these
series except those of Preston and Stepien [6] agree
well with each other. To use these series, we, like
Renson [5], multiplied the corresponding values by
0.75. We thus have at our disposal a total of 94
measurements, which securely determine the phase
variations. For better visualization we constructed
the phase relation using three-point sliding-average
values. This curve is shown in Fig. 1 by dots. It is
immediately evident from the figure that the shape of
the phase relation differs strongly from a sine curve
typical for stars with a central-dipole magnetic con-
figuration. We compute the phases by the ephemeris
adopted from Renson [5].
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Fig. 1. Observed and model phase relations of the star’s
magnetic field. (a) Central-dipole model, (b) a model with
a single shifted dipole, and (c¢) a model with two shifted
dipoles.
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We construct our models using our usual method
of “virtual magnetic charges” whose detailed descrip-
tion can be found in [1, 10].

4. CENTRAL-DIPOLE MODEL

As usual, our first step in modeling is in construct-
ing the central-dipole model.

We construct the central dipole for HD 32633 so
as to make the amplitude of Be equal to the observed
amplitude. The results of computations are shown in
Table 1 and Fig. la. As is evident from the figure,
the form of the computed phase relation Be(®) differs
strongly from that of the observed dependence, i.e.,
the configuration of the magnetic field of HD 32633
is inconsistent with the central-dipole model.

5. THE MODEL OF SHIFTED DIPOLE

Quite a few CP stars have fields whose structure
can be described in terms of a magnetic dipole shifted
with respect to the star’s center. Therefore our next
step was to compute such a model. The results are
summarized in Table 2 and in Fig. 1b. It is evident
from the figure that the ascending branch of the model
phase curve in the phase interval ®=0—0.3 agrees
well with the observed phase relation, whereas the
descending branch of the model curve (® > 0.5) dif-
fers markedly from the observed curve. The distance
between the dipole and the star’s center is equal to
0.6 stellar radius. It is evident that the observed con-
figuration cannot be described in terms of a single
shifted dipole.

6. THE COMPLEX TWO-DIPOLE MODEL

For the two-dipole magnetic-field structure we
used the method of iterations to obtain a model phase
relation that describes satisfactorily the observational
data (Fig. 1c, Table 3).

We find the shift of both dipoles to be the same
and equalto Aa = (0.6 £0.1) of the star’s radius. The
phase relation changes only slightly with shift Aa,
which is therefore difficult to determine accurately
enough. Given that the error of Aa is within £0.1, it
is safe to assume that the levels at which the dipoles
are located hardly differ by more than this value. We
believe Aa = 0.6 to be a sufficiently safe estimate,
because if decreased even by 0.1, it would imply an
appreciably wider model maximum and a smoother
step. With greater Aa the maximum becomes more
narrow than the observed maximum and the step
appears lower than is actually observed.

According to our experience the errors of the in-
ferred parameters depend primarily on the accuracy of
angle ¢. The errors that are due to the scatter of data
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Fig. 2. Mercator map and globes showing the distribution of magnetic field over the surface of HD32633.

points on the phase relations are much smaller and  repeated our computations with angles i changed by
are equal to +1° and 300—400 G for the coordinates  the error value, +5°. In Table 3 we give in parentheses
and Bp, respectively. To estimate the magnitude of  the deviations of the parameters so computed. These

the errors in the inferred parameters of the two-dipole  deviations show the extent of the effect of the assumed
model that are due to the uncertainty of angle ¢, we error in angle i.
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Fig. 3. Phase relation of the average surface magnetic
field Bs computed in terms of the two-dipole model.

[t is evident from Fig. lc that in the vicinity of the
step at phase ® ~ 0.7 the magnitude of the observed
field varies more abruptly than it follows from the
model, which yields a smoother step. However, abrupt
variations are most likely not real, because we observe
the field integrated over the hemisphere and all local
features must be smoothed out. The abrupt variations
are probably due to complex variations of polarization
in line profiles, which distort the measurements at
some phases of the period.

We adopt the resulting model as a first approxi-
mation and consider our main result to be the repro-
duction of the form of the variation of magnetic field,
and the quantitative parameter estimates to be more
uncertain.

We found the following coordinates for the points
with the highest magnetic-field strength: the positive
and negative poles of the “strong dipole” at A=51°,
0=15°%and A\=24°, §=-9°, respectively; the positive
and negative poles of the “weak dipole” at A=217°,
0=28°and \=215°, 6=—10°, respectively. According
to our estimates the errors of the inferred coordinates
are on the same order of magnitude as those of the
coordinates of the monopoles.

The angle § between the dipole axis and the axis
of rotation is one of the main characteristics of the
magnetic field of CP stars. In the model considered
parameter ( is inferred separately for each dipole.
In our case § is the angle between the axis of the
dipole and the plane passing the axis of rotation and
the center of the dipole. Figure 2 shows the Mer-
cator map of the distribution of the magnetic field
of HD 32633 and the globes of the star at different
rotational phases. It is evident from the figure that the
monopoles are sufficiently far apart, i.e., dipoles have
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Table 1. Parameters of the central-dipole model for
HD32633

Polarity of the monopole | A,° | §,° | Bp,G | 3,°
- 0 —60 | 12970 | 40
+ 180 | 60 12970

Table 2. Parameters of the shifted-dipole model for
HD 32633

Polarity of the monopole | A\,° | §,° | Bp,G | 3,°
— 27 -5 | 143000 | —
+ 47 15 | 157000

the form of bar magnets. The axes of the dipoles are
tilted at large angles to the equator of rotation, namely
at 8 ~48° and 5° (for the strong and weak dipoles, re-
spectively) with respect to the plane passing through
the axis of rotation. The model obtained can be used
to compute the phase relation of the average sur-
face magnetic field, Bs (Fig. 3). The average Bs is
equal to 10£2 kG. The structure of the magnetic-field
strength contours in Fig. 2 resembles the structure of
sunspots as we in our earlier papers [11, 12] when an-
alyzing the potentialities of our modeling technique.
Such spots are modeled assuming the existence of
sources of magnetic field of opposite polarity located
at a small depth under the surface. This is the effect
of maximum “noncentrality” of the magnetic dipole.
Gerth and Glagolevskij[13] discuss the possibility of
using the method to describe the structure of the field
for any offset of the dipole with respect to the center of
the star, even if the dipole is located above the surface,
e.g., on a companion star. The code that we use to
compute the distribution of magnetic field over the
surface of the star based on the concept of "virtual
magnetic charges” operates in all cases employing
the same algorithm. The computation of the mag-
netic map allows us solely to describe the structure
of magnetic field on the surface of the star without
invoking any assumptions about the mechanism of its
generation and the history of its evolution.

7. DISCUSSION

Of the 23 stars studied in this paper only two—
HD 32633 and HD 137909—have a two-dipole mag-
netic-field structure [10]. However, the forms of the
phase relations Be(®) differ substantially for these
two stars. As we mentioned above, the axes of the
dipoles in HD 32633 are approximately perpendicular
to the plane of the equator of rotation, whereas the
dipole axes in HD 137909 are parallel to the plane
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Table 3. Parameters of two-dipole model of the magnetic field of HD32633

Polarity of the monopole A ° d,° Bp,kG ,°
- 27+1 —5+1 —40.6+4.9 4842
+ 47+1 1246 +41.6+4.9
- 215+1 —5+1 —19.3+2.4 542
+ 217+1 2343 +19.3+2.4

of the equator. This important distinction should be
borne in mind when analyzing the initial phases of
the formation of magnetic stars and their subsequent
evolution. The researchers have paid much attention
to the problem of initial phases in recent years. For
example, Braithwaite and Nordlund [14] analyze the
conditions of the formation of initially unstable and
entangled magnetic field and its gradual transition
into the stable state observed in magnetic stars. The
above authors found that the stable configuration has
the form of a ring (toroid) located inside the star
and made up of interwined magnetic field lines. This
structure is axisymmetric. Inside this ring magnetic
field lines form, which make up the poloidal compo-
nent of the magnetic field—i.e., the component that
we observe. Computations show that such a config-
uration is stable over a time interval of 1010 years,
and observations by Gerth and V.Glagolevskij [13]
confirm this fact. With time, only Ohmic dissipation
continues to destroy this field 15, 16]. In our opinion,
this work marks an important step forward in the
study of the initial stages of stellar evolution, how-
ever, this direction of research needs to be improved
in all possible ways. In particular, it is still unclear
how to explain the magnetic-field configurations of
he two stars studied in terms of our approach. It is
evident from Fig. lc that the computed dependence
agrees fairly well with the observed dependence. It
follows from this that the magnetic field has, in the
first approximation, a two-dipole structure or does not
differ from it substantially. Both stars are old, they
belong to the luminosity class V, and the structure
of their magnetic fields must have simplified after the
stars in question settle on the Main sequence. On
the other hand, by the end of the star’s life on the
Main sequence, the toroidal field must emerge [14],
as on the Sun. However, HD32633 and HD 137909
are not old enough for such instability to develop. The
scenario considered by Braithwaite and Nordlund [14]
also ignores the fact that magnetic stars may have

arbitrary angles 3 between the axis of the dipole and

the rotation axis.
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