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1. Introduction

The stars of the AM Herculis group (AM Her, VV Pup, AN UMa and
2A 0311-227) are close binaries containing a mass losing, nondegenerate
star and an accreting degenerate dwarf. Their main properties are:
the large linear and circular polarization of the optical light, high
and low luminosity states, the variable emission line, spectra of H, He
and other elements and the identification of these objects with X-ray
sources. It is generally accepted that the strong magnetic field of
the degenerate dwarf is responsible for these peculiar properties and
for the distinction between these objects and the cataclysmic variables
(Mitrofanov 1978, 1979a). The polarized optical continuum may be
emitted by the accreted magnetized plasma (e.g. Chanmugam and Wagner,
1979), by the magnetized photosphere of the degenerate dwarf
(Mitrofanov et al. 1977), or by both sources (Mitrofanov, 1979b). To
explain the observed X-gays, Lamb and Masters (1979) showed that a
magnetic field about 10® gs is necessary. Unfortunately, the basic
prediction of their model - the strong ultraviolet continuum in the
spectrum of AM Herculis - appears to be absent (Raymond et al. 1979).
Chanmugag and Wagner (1979) proposed a rather different estimate for B
of 2-10%/m*gs (m* = 5 ¢+ 25). For further investigations of the AM
Herculis-type stars it seems useful to find a direct observational
method for measuring the dwarfs' magnetic fields.

When X-ray pulsars were associated with accreting magnetized
neutron stars, Gnedin and Sunyaev (1973) showed that the hot accreted
plasma is a possible source of the cyclotron radiation. A spectral
feature which may be interpreted as an electron cyclotron line was dis-
covered by Trimper et al. (1977) in the hard portion (~58 kev) of
X-ray spectra of Her X-1. The electron cyclotron frequency, Veye» cOT-
responding to the magnetic fliﬁd B2 108gs falls in the region of
visual light veye = 2.81 « 107" x B/10 gs)Hz. Consequently, the
optical spectra of AM Herculis type stars may possibly contain electron
cyclotron features.

In Section IT the theoretical results concerning the generation of
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the cyclotron radiation are discussed. The cyclotron interpretation
for the strong emission feature, A3470, discovered by Liebert et al.
(1978) in the spectrum of VVPuppis is proposed in Section III. The

preliminary results of the search for cyclotron lines in the spectra
of AM Herculis and MV Lyrae are considered in Sections IV and V.

II. The Cyclotron Emission from the Heated Magnetized Plasma

The electromagnetic radiation is known to propagate through the
magnetiged plasma as ordinary and extraordinary waves. If the wave
vector k is parallel to the direction of the external magnetic field B,
the electric vector E of extraordinary wave rotates similarly with the
Larmor precession of electrons, but the electric vector of the ordinary
wave rotates in the opposite direction. Therefore, the absorption of
the extraordinary wave has a resonance for v=v, . and is much
sgron er than the absorption of the ordinary wave. In the simple case
(k ||%) the ordinary wave absorption has no resonance and is comparable
with the absorption in a plasma without a magnetic field. 1In all
papers known to the author which have dealt with the intensity, spec-
trum and polarization of the radiation emitted by the hot magnetized
plasma (e.g. Fabian et al., 1976; Masters et al., 1977; Chanmugam and
Wagner, 1979; Lamb and Masters, 1979) only the extraordinary wave has
been taken into account. Details of the ordinary wave absorption are
given by Mitrofanov et al., (1979).

In the paper by Mitrofanov et al. (1979) the case of low density
and nonrelativistic plasma was considered with w2/w§ e << B and
kTe/mec2 << 1. Here w_ is the plasma frequency, B is V/c and V is the
thermal velocity of elgctrons with the temperature Te' The temperature
T was taken to be sufficiently high to ensure the validity of the
cTassical approach kTe/hwcyC >> 1. The effects of both the free-free
and the cyclotron absorption were included. In the presence of the
strong magnetic field the effective collision frequency determining the
free-free absorption depends on the mutual orientations of the external
magnetic field B and the E-vector of the electromagnetic wave

Aw
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is the effective collision frequency for the plasma without magnetic
field, N is the electron density and A are the quantities which for
B - 0 become the usual Coulomb logarit Ay. They may be calculated
using the formulae of Pavlov and Panov (1976). The differences

https://doi.org/10.1017/5S0074180900065311 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900065311

CYCLOTRON LINES IN OPTICAL SPECTRA OF AM HERCULIS GROUP STARS 455

between vALenliand Vv, are significant only for w = wcyc. But even for

these fre es the approximation
¢ 3/2
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is sufficiently good if the cyclotron absorption is essential.

The absorption coefficients for the each wave were calculated
using the dispersion equation method. For the most interesting cases
analytical expressions appear to be available. If the mean effective
frequency of the electron-proton collisions v, is much larger than the
Doppler broadening ch ¢ of the cyclotron resonance, the known formu-
lae obtained for the absorptlon coefficients (Pavlov and Shibanov, 1977)
are obtained:

%
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In this expression the upper 31gn corresponds to the ordinary (1 = 2)
wave and a is the angle between k and The formulae (3) are valid
also in the case when v, << Bweyes but Aw = lw - Wea c|‘is so large

that the cyclotron absorption appears negligible or if the angle
o + 90° and the linear Doppler broadening becomes so small that

wcychosa << v _. - v
If Bw >> Vs W ~Weye and a § 5 - arc cosgga—— the cyclotron
absorptlogygs essgntlal and the coefficients k1 5 38
b
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W(z) = e . (1 +-7—f d x e ) is the Kramp function and
o - T o
7 = SYC e expression (4) for k, is well known. It has the

strongwgggg%énceﬂlw 2/wc CB with the wi&th N chyc’ The expression
(5) for k, as far ag we Know had not been obtained elsewhere before
for the low density plasma. This coefficient has a much smaller reso-
nancev Bw%/wg o and broader width. It is clear that this resonance
is significan% if B >>vo /wcyc. Its magnitude is comparable with the
resonance in the absorption coefficients at the second harmonic

W = 2Waye. S0, the resonant lines resulting from the ordinary wave
and from the second harmonic should be emitted in similar conditions.

To illustrate our results we calculated the spectrum and polariza-
tion of the radiation from magnetized homogeneous slals. ,The optical
depth T for the extraordinary wave with w = Weye and k n was used as
a parameter (n is a normal to the slab's surface). Some examples are
presented at the Figure 1. For T £ 1 the spectrum of outcoming r%dia-
tion is similar to the resonant profile of kj. If T >> 1 but $B~
the broad cyclotron continuum due to extraordinary wave and the narrow
line due to ordinary one are emitted. If 1 >> B~< and wcyc/voB the
spectral distribution becomes Planckian. The polarization of radia-
tion disappears when the slab becomes optically thick for ordinary
waves because in this case the opposite polarization of the two waves
compensate each other.

So, one comes to the conclusion that depending on the optical
depth the hot magnetized plasma may radiate a cyclotron line, a broad
cyclotron continuum with a narrow line or only the continuum.

TIIT. The Possible Identification of the Emission Feature A34T70 in the
VV Puppis Spectra

Although the VV Pup spectrum usually has strong H and He II emis-
sion lines, Angel et al. (1977) have observed that sometimes this star
has an unusual state of steady low luminosity with no strong H and He
IT emission. According to a more detailed description of these
observations (Liebert et al., 1978), in March and April of 1977 VV Pup
was in two different states. In March the magnitude at minimum phase
was small.m. .. = 17.5. brightening was large.Am = 2.5.and the H and
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He II emission lines were strong. The average HB flux was about 1% of
the continuum 3500-60008 flux. In April the minimum light was approxi-
mately the same, but brightening was small, Am = 0.5, and the spectra
had no strong H and He II emission (HR flux did not exceed 0.02% of
the 3500-6000 & continuum). Liebert et al. (1978) found a strong
unidentified emission line near 3470 & which was statistically signifi-
cant in spectra obtained both by a single-channel prism scanner of the
Steward 2.3 m telescope and by a Kitt Peak 4 m intensified image-
dissector scanner. This feature corresponded to an energy flux of
about 5-10% of the 3500-6000 X continuum, i.e. it was very strong.
When VV Pup was in the active state (March 1977), we can conclude from
Liebert's data (1978) that the emission feature A3LTO was absent.

It seems possible to interpret the strong emission feature A3470
as a cyclotron line (Mitrofanov, 1979). The magnitude of a magnetic
field B corresponding to the wavelength of this line is equal to
3.1 « 10%gs. The accuracy of this determination depends on the spectral
width of the feature, and the error may be estimated to be
AB = B + AX/A = 107gs.

In April 1977, the continuum source in the 3500-6000 A band was
accepted to be the degenerated dwarf's surface with a temperature of
about 9000 K (Liebert et al. 1979). The distance of VV Pup is esti-
mated to bgoabout 100 pc. Thusqén the state of steady low luminosity
Leont = 107 erg/s and Leye = 10“7erg/s. It seems natural to assume
that the cyclotron continuum was absent and nearly the total gravita-
tional energy released was radiated in the cyclotron 'line., To provide
for the observed Loy, & weak accretion at a rate of‘blOlgg/s
Mawart/M ) - (5 logcm/Rdwarf) is necessary. The radius of the Alfven
surface agpears to be much larger than the distance between the VV Pup
components. This means that the dwarf's magnetic field at every point
determines the dynamics of the transferring plasma. Assuming a dipole
field configuration, one can estimate the area S of the dwarfs surface
where the accretion occurs. If the radius of the outflowing regiia on
the nondegenerate component is of the order of its radius 2 10 cm
and the distance between the dwarf and the outflowing region is about
2.5 - lOlocm, then S = 5 ° lOlscm2. The hypothesized cyclotron line
should arise in the plasma slab heated by the stand-off shock above
this area. The electron temperature may be estimated from the condi-
tion that the linewidth 05 A3L470 is not smallgr than Doppler 6
broadening AA/A = L + 107°. Hence V = 6 + 10 cm/s and Ty s 10°.

Taking into account the absence of cyclotron continuum one should
assume that the heated plasma is optically thick relative to the
cyclotron absorption of the extraordinary wave. This condition is
satisfied 1) = 2w, k,d/c s 1 if <Nd&> 5 10%%cm® , where <Nd> is the
mean product of the electron concentration N and the thickness 4 of
the slab. An increase in the accretion rate leads to an increase in
the temperature and density of the heated region. The optical depth
Ty becomes >> 1 and as a result the cyclotron continuum is emitted.
The periodic brightening of VV Pup in the active state is thought to
be associated with this continuum. Similarly, increased accretion
results in the strong H and He II emission. Thus one may predict
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an anticorrelation between the periodic brightening and the strong H
and He II emission on the one hand and the presence of the cyclotron
line on the other.
For equilibrium between the pressure of the infalling plasma
Mfo/ZS and the thermalhpre§sure inside 8he hot region 2NkTo it is

necessary to have N = lO for Tg = 10 Therefore, d should be
about 10 cm. The plasma heated by the standoff shock has to provide
the observed luminosity of the cyclotron line

52 T
4 2
ﬂ—a B2csS<Nd> = 101 *<Nd> (—2—e—) - @—gg)-

cyc 3 108gs 10

“( S ) ergs
5 . 100%m2 ® (6)

where 8 is the Thomson cross-section of the electron. The value of
esglmated from (6) agrees with the observed luminosity

1»169 ergs/s if <Nd> is just the same, i.e. ~1015em=2. Some part of the

energy emitted in the cyclotron line should be absorbed by the surface

of the desenerate dwarf giving rise to a hot spot with the luminosity
s 10%%rgs/s.

IV. The Possible Cyclotron Line in the Optical Spectra of AM Herculis

The observations of AM Her-type stars were carried out by the
A.F. Ioffe Physical Technical Institute, the Special Astrophysical
Observatory and the Crimea Astrophysical Observatory. The spectros-
copy was performed at the 6-m telescope. The apparatus and the first
results were described by Burenkov and Voikhanskaya (1979) and we will
discuss only several (about 60) spectra (Figure 2) obtained in 7-8 of
July, 1978. Besides the usual emission lines of H (from HR to H.,),
He, C, N, etc., some of the spectra also have strong and broad emission
features at 4550 A accompanied by absorption at 4610A. The equivalent
width W and the spectral profile of A4550 depends on the phase of the
orbital period. The phases were calculated in accordance with elements
used by Priedhorsky et al. (1978). The magnitude of W is very small
<< 18 and the wavelength of the features is rather indeterminate at
the phases 0.85-1.0. At the other phases W appears to be much larger
~ (5 2 10) 8. We shall discuss below the interpretation of the feature
A 4550 only at phases for which its equivalent width is sufficiently
large.

A large number of atoms and ions (N I, Fe II, Ne I etc.) have
weak spectral lines near 4550 R. Nevertheless they may be rejected
because the stronger lines of the same spectral series of these atoms
and ions are absent in the observed spectra. The nearest possible
atomic line seems to be He IT L541.6. For the identification of AL550
with this line one should assume that it has the regular red Doppler
shift ~8 ® which corresponds V||= 500 km/s. This velocity is
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comparable with the amplitude of the observed velocity curve of He II
4686 (Greenstein et al., 1977), but this curve is quite symmetrical
with approximately equal positive and negative shifts. So, it seems
difficult to identify AL550 with He II 4542. Other arguments against
this identification are given below.

The full width at half-maxima (FWHM) of AL550 is approximately
twice the FWHM of the strongest line AL686 of He II. The ratios of the
line strengths W(L550)/W(He II 4686) and W(L4550)/W(HeII 4199) are
approximately an order of magnitude larger than the estimated ratios
W(He II 45h2)/W(He II 4686) and W(He IT 45h2)/W(He II L4199). The line
strength of AL550 appears to be much larger than the possible strength
of the line He II L4542, The equivalent widths of the all H and He
lines depend on the orbital phase and their variations are well corre-
late with each other. The variation of A4550 does not correlate with
any of them. Finally, one should take into account that the spectral
feature AL550 lies approximately at the spectral boundary ~4500 8
between the polarized red and nonpolarized blue light (Kruzewski 1977).

So, the spectral feature AL4550 is essentially distinguished from
the other atomic lines and it may be interpreted as an electron cyclo-
tron line (Voikhanskaya and Mitrofanov, 1979). It seems to be emitted
by the heated slab of the magnetized plasma above the surface of the
degenerate dwarf. The absorption feature AL610 is likely to be due to
cyclotron absorption in the higher and colder regions of the accretion
column with a smaller magnetic field. The wavelength and the linewidth
correspond to a magnetic field B = (2.3 + 0.1) + 10°s in the emitting
region, i.e. near the pole of the magnetic degenerate dwarf.

In contrast to VV Puppis the cyclotron line and the polarized
cyclotron continuum seem to be present in the optical spectra of AM
Herculis. This is possible (see Section II) if the optical depth 1, of
the plasma slab for the extraordinary wave is >> 1 and for the ordinary
wave To~ 1,82 < 1. The electron temperature T_ and the parameter B may
be estimated from the condition that the Doppler broadening is smaller
than the mean observed linewidth of AL550-4610. They appear to be
B < 1072 and Te s 3 ¢ 10 If the observed cyclotron line was emitted
almost perpendlcularly to the magnetic field the linewidth is propog-
tional to B2 Weyc- In this case B and T, may be as much as ~3 + 10
and ~10°, respectlvgly. The parameter <Nd> of the emitting reglon is
estimated about 1010 : 10 .

V. The Possible Broad Cyclotron Feature in the Spectrum of MV Lyrae

The novalike star MV Lyrae is a possible member of the AM Herculis
group (Voikhanskaya et al., 1978). The variable linear and circular
polarization of its light achieved ~1.5% and ~4%, respectively. In the
spectrum of MV Lyr Greenstein (1954) reported broad hydrogen and faint
AubT1 He I emission lines. Current observations indicate that these
lines have very variable strengths and profiles (Voikhanskaya 1979).

Among all spectra of MV Lyrae obtained in 1977-T78 two large groups
were picked out. The spectra of the first group had strong emission
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Fig. 2. Two spectra of AM Herculis obtained on June T7/8, 1978. Dashed
are the continua. Noise levels are indicated at left and right.
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lines and the second one contained spectra without any noticeable emis-
sion lines. 1In Figure 3 the solid and dashed lines correspond to the
generalized spectra from the second and first groups, respectively. In
the state with strong lines the spectrum of MV Lyrae has a significant
excess in the ultraviolet region. In the state without atomic emission
lines the spectrum of MV Lyrae fits with the model spectrum of DA-dwarf
(Te x 2 . 101‘) (Voikhanskaya, 1979) but with two distinctions: the
absence of the absorption hydrogen lines and the presence of the broad
emission feature AL200 which has an equivalent width ~1L0 8 and a FWHM
of about 450 R.

It seems natural to suppose that this feature is also the electron
cyclotron line (Voikhanskaya and Mitrofanov, 1979). Using the line-
width one can estimate the electron temperature to Be ~10®. The cor-
responding magnetic field is about (2.6 + 0.2) + 10%gs.

MV Lyrae is known to be a spectral binary with a period ~2h
(Walker, 1968). It undergoes irregular light variations up to 0.4 mag
in the ultraviolet band. As the wavelength increases the amplitude
decreases. The characteristic time scale of the light variations is
2-5MIN  walker (1954) supposed the light increases to be due to the
brightening of the some parts of the dwarf's surface, i.e. due to the
origin of a number of hot spots. The peculiarity of MV Lyrae may
result from the nonstationary regime of the accretion into the strong
magnetic field of the degenerate dwarf. The variable and multicompo-
nent profiles of the emission lines indicate that the plasma is
accreted as separated drops. Every falling drop heats a local region
onto the dwarf's surface and a bright spot appears. This may lead to
the irregular variations of light and polarization and to the broaden-
ing of the cyclotron line.
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