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Abstract. Four AM Herculis systems are known to haveoidal variations in the infra-red (e.g. Bailey et al., 1985), from
slightly asynchronous white dwarf primary stars, and severaiotospheric absorption lines in the near infra-red (Mukai &
others show features which could be consistent with some fo@harles, 1987) and from narrow emission lines originating on
of asynchronism. the X-ray heated side of the secondary star (e.g. Schwope et al.,
We address the problems of the attainment and maintenathe81).
of corotation, and show why it is possible that some systems The primary and orbital angular velocities are usually found
may have asynchronous motions, while others can be lock&mbe the same, to the accuracy limits of the methods employed.
Differences in system parameters such as the white dwarf meigsvever, there are four systems in which the white dwarf ro-
and magnetic field are related to the existence and attainmerntadés asynchronously: BY Cam (Silber etal., 1997; Mason et al.,
locked states. Oscillations about a locked state are also possil§ig8), RXJ 1940-10 (e.g. Geckeler & Staubert, 1997), V1500
with typical periods of a few decades. Given the constraints nétyg (e.g. Katz, 1991) and RXJ 2115-58 (Schwope et al., 1997).
essary to attain a stable synchronous state, we note that theréddéder, WW Hor and DP Leo show secular shiftsin theiraccre-
probably more asynchronous systems than those known. Tti@r regions which may be due to small asynchronous motions.
ory suggests that there may be systems with degrees of asyn-The present paper considers possible reasons why some AM
chronism two orders of magnitude lower than those presentigr systems may have small degrees of asynchronism, while
observed. We emphasise the need for observations of AM Hxiners may not. In Sects. 2, 3 and 4 various aspects relating to
binaries over longer time bases in order to search for such siyge attainment and maintenance of the synchronous state are
tems. presented, and useful formulae are derived and discussed. In
Sect. 5 the observational data are analysed using this theory,
Key words: accretion, accretion disks — stars: magnetic fieldsd the nature of the asynchronism is assessed. The conclusions
— stars: novae, cataclysmic variables are given in Sect. 6, regarding the observed systems and the
possibility of other asynchronous AM Her binaries.

1. Introduction .
2. The approach to synchronism
The AM Herculis binaries are now well established as a major

class of magnetic cataclysmic variables. They have been chHp€ removal of asynchronous spin motions, at least from an
acterized by their unique property of having accreting Whi@{er-synchronpus sta_te, requires some form of dissipative cou-
dwarfs spinning in synchronous rotation with the orbital mdling to the orbital motion. The lobe-filling red dwarf secondary
tion. The large magnetic moment of the white dwarf primar§tar is expected to be corotating with the orbit, as a result of the
leads to strong fields which prevent the formation of an accf@etion of tidal torques. An asynchronously rotating magnetic
tion disc and channel material transferred from theregion Primary leads to induced electric fields and current flows in the
of the red dwarf secondary. The resulting hot, localized accfnducting secondary star. If there is sufficient ionized mate-
tion column that forms close to the primary’s surface emifl surrounding the stars, currents will also flow between them.
radiations with intensities modulated by its rotation. The pé highly diffusive, turbulent secondary allows the dissipation
riodic variations seen in the optical and X-ray light curves, arfj currents in material of large thermal capacity. A surround-
the optical polarization curves, yield the spin rate of the whitB9 tenuous magnetosphere would have relatively low thermal
dwarf. Accurate measurements of orbital periods are generdlgPacity and high conductivity, and hence supportlittle dissipa-
more difficult, principally due to the relatively low luminositytiOn- However, such currents may enhance the dissipation in the
of the secondary. However, orbital periods have been measiufggondary star. The dissipation of the induced magnetic field in

in eclipsing systems (e.g. Biermann et al., 1985), from elliﬁhe secondary leads to a torque on the primary which spins it
towards synchronism. This torque was calculated in Campbell

Send offprint requests 1€.G.Campbell@ncl.ac.uk (1983) and is given by
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5pom3 RS sin® a N . Egs. (2) and (3) give a synchronization time independent of
4w D6 Flwl/m)k, @ |w]|, corresponding to an exponential approach to corotation for
wherem;, is the primary’s magnetic moment, the angle be- small dggrees of asynchrom.s_niw(/Qg 1073). The resulting
tweenm, and the orbital angular velocity vectét = Qk, expression fots can be simplified using (4), (5) and (7) to give

RsandD are the mean radius of the secondary and the orbital kg M, M2 n P
separationy the diffusivity of the secondary andthe synodic (018) (05M®) (WS) (109 m?s1 ) (TN)
angular velocity of the primary. The dissipation torque is dn = 2 1 yr,
average over the synodic peri@d/w. The functionf (|w|/n) nz < (Bo)o > ( i 5 > Ny sin”® «

has the form of a resonance curve, with a single maximum. We 9.7> 10" m

note that the associated dissipation in the seconddfyssw T}, 8

and typicaIIy\E| < 1073 Lg, whereLs is the stellar luminosity. where

T, = —

Hence the perturbation by magnetic dissipation to the thermal 2
balance in the secondary is small. N, =46|1+0.3 (MS> , 9)
A synchronization time-scale can be defined as M
I|w| andkp Ry, is the radius of gyration of the primary, being related
ts = 17| (@) to its moment of inertia by = kj RS M. White dwarf models

. . ) . give 0.2 < kp < 0.1. The radius of a helium white dwarf is
where! is the moment of inertia of the primary. For small defg|5ted to its mass by

grees of asynchronism the dissipation torque given by (1) has

the asymptotic form M3 M 2 3
Ry = 7.8 x 10° (p> - <p> m, (10)
T n_ (BiRpRgsin®a | 48 (35)2 o @ M M,
= - h— w ) -
° jFlZ;Lo nD6 35\ D (Nauenberg, 1972), where the Chandrasekhar maa; is=

. . , 1.44 M.
wherg(Bp)() IS th? polar field strength on the primary and the The accretion torque on the primary, time averaged over a
negative and positive signs apply for> 0 andw < 0 respec- synodic period, is

tively. We note that higher multipole additions to the primary’s .
magnetic field would only make a small difference to the torqués = A“QMpk, (11)

since they fall faster with distance than the dipole field and tl@@ampbell 1986) WherMp is the accretion rate and is the

2
torque depends_oB_ ' , , _distance of the primary from the, point. This distance is re-
The magnetic field resulting from the electric currents ifziaq to the orbital separation by

duced in the secondary leads to a non-central force on the pri-

mary (see Campbell, 1998). This force results in an orbital = 0.500 — 0.227 log <M3) (12)
torque which enables the white dwarf to exchange angular mi- M)’

mentum and energy with the orbit. In particular, this allowglavec & Kratchovil, 1964). The accretion torque has a hori-
an under-synchronous primary to be spun up to corotation &yntal component, even for late field channelling of the accretion
gaining the required energy from the large orbital source, Wgeam (Campbell, 1997). However, this essentially averages to

dissipative spin-orbit coupling. zero over a synodic rotation period.
A lobe-filling secondary satisfies the formula The functionf (|w|/n) in (1) has a single maximum. It fol-
2 lows that, for M, below a maximum rate, there will be two
M [ Rs . . .
D) = 0.1, (4) values ofw for an over-synchronous primary at which the dis-
S

sipation torquél, cancels the accretion torql&. The torque
(Paczynski, 1967), wherk/ = Ms+ M,. This holds to good balance at the higher value ofis unstable, but the lower value
accuracy fo0.1 < Ms/M, < 0.8. Lower main sequence starss stable and corresponds to a slightly asynchronous state. The
obey the approximate mass-radius relation synodic period of this state follows by equating (3) and (11) and
Rs M, using (4), (5) and (7). The result is

= =N, (5) 2 6
R Mg n%NQ ( (Bo)o ) ( Fp 5 ) (%)2 sin? o
with n ~ 1.1 (Kippenhahn & Weigert, 1990). Using this, to-p — MG 9'7. x10°m M yr
gether with the orbital period relation ( n ) M, ( A )2 ’
e oM 109m?s™ 1/ \ 10719 Mg yr=! ) \3.8 x 108 m
57 = T (6) (13)
yields the mass-period relation where
2

M 3
Ms 1 (P ) Na=53|1+03(=2) |. (14)
My oni \hr)’ M
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The critical maximum value ofv'[p, denoted],, corre- can exist provided the accretion torque does not exceed the max-
sponds tdl, equalling the maximum value df,. This leads imum value of the magnetic torque, occurringiat § + /2.

to Eq. (17) yields this torque ratio as
2 6 y
SN (Boo \"(__Bo \ (Ms)? A ) My M
. <4OMG) (9.7 x 10°m (M) . Na (3.8 x 108m) 1070 Mg yrT ( s)
M.= D) D) M@ yr -, Q = 3 ) (19)
( Ais ) (§Pﬁ) Rp (Bp)o (Bs)o ( P )
3.8 x10°m r 9.7x10°m ) \40MG ) \ 102G ) \3hr
(15)
where
where 1
, Ny =29x10"%(3cos?§ +1)2. (20)
M. 3
N3 =2.5x10"?{0.86 + 0.52 <MS> ] sin? av. (16) The condition for a magnetically locked state to be possible is
then@ < 1. A similar limit arises for the more general case

. . . T with the dipole moments lying out of the orbital plane, and
ProvidedM, < M., the dissipation torque exceeds the accre P . ying out ot P
tion toraue and the brimary is soun towards svnchronism or the case of locking due to gravitational torques. However,
Alloevin for a copnductrizf] mg netos hereycorotatin .withhe three-dimensional torque balances are more restrictive since
g g mag P ' 9 Willlertain combinations of the secondary’s surface field strength

E']nggcgf tivgarlz’allieﬂK/ee}%ot?mec:]fhtﬁzc;irthuee %'zsfr?ég:ctor%ughd orientation do not allow synchronous states. There are also
' 4 q P R more unstable states. These restrictions are essentially lifted

should be similar to that given by (1). There will be a shear be- :
tween the magnetosphere and the secondary star, related t(%{f‘len@ < 1 (Campbell, 1997). Itis noted that such torques,

difference in their rotation rates. This will induce currents an |ﬁg non-dissipative, do not play a part in the approach to

. . . ) =~ synchronism.
act like an effective frequendy|, with lower field penetration Y

at higher asvnchronism. Hence a resonance curve will again re_The period of small oscillations about the two-dimensional
9 y o o Vil again ik ed state can be expressed as
sult and the foregoing picture will still apply. The dissipation

torque will depend on, but remain finite forv = 0. Motionsin- k2 \ 2 M 3 R 1

. . . 36 p p P P
duced in the surface layers of the secondary by the time varying (0_f8) (0.5 M@) <9 7% 10° m) (T:% r)
magnetic force are also likely to enhance the dissipation. FPo= ' . yr,

A ( M, )2 P
8 —10 —1 (/657 6)
3. The locked state (3'8 10 m) 1077 Mo yr

(21)

The dissipation torque which spins the primary towards syn- o o ) ) )
chronism cannot maintain corotation, since it vanishes fith Where £ (3s,9) ~ 1. A similar oscillation period arises in the
while the accretion torque remains finite. Hence, in the abseriBgee-dimensional cases. .
of other torques, a slightly asynchronous state is reached with WWickramasinghe & Wu (1991) considered the torque
a synodic period given by (13). A non-dissipative torque is r@&nerated by a quadrupolar component in the white dwarf’s
quired to cancel the accretion torque and create a locked stgi@gnetic field. Generally, this would be small relative to the
Possible sources of such torques are the interaction of the fHRole torque, but they considered the special case with the
mary with a dynamo-generated magnetic field extending frd#imary and secondary dipole moments aligned. The dipole-
the secondary, or a tidal torque on a magnetically distorted gH{Pele torque then vanishes and the quadrupole-dipole torque is
mary (Campbell, 1985, 1989, 1990; King et al., 1990). left to balance the accretloln' torque. Detailed balances were not

The physical principles relating to such torques are ilu&ound, and hence the stability was not tes_ted_. Howe\_/er, if such
trated by considering the simplest case in which the primalei‘lanceS are possible, _the)_/ I_ead to oscillation pe_rlods about
and secondary have dipole moments lying in the orbital maﬁgg synchronous state with similar values to those given by (21).
The sum of the accretion and magnetic torques acting on the
white dwarf is then

4. The attainment of synchronism

T = [A%2QM, — mpBspsin(3 — 0)] k, (17)
The existence of a locking mechanism does not ensure that syn-
where chronism will be attained. An over-synchronous primary must
oM 1 18 have its synodic rotational energy plus the work done by the
P 5 D3 (3cos?d + 1)%’ (18)  accretion torque dissipated in a synodic peribd/w, close

to corotation. This is essentially equivalent to the condition
The angles gives the orientation aiy,, whiled is related to the ¢s < P,, where P, is the slightly asynchronous period given
fixed orientation of the secondary’s dipole momant(Camp- by (13). This condition places a maximum limit on the mag-
bell, 1985). The locked staté= g, corresponds t@’ = 0 and netic diffusivity of the secondary of
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Nmax/M? s = (22) Table 1.Asynchronous Polars
k2 _% B 2 R 5 2
n3 N (0_%8> (4(0*&)%) (M) (%) System P/hr w/Q (ts)obs/Yr
»  RXJ1940-10 3.3655 —2.85 x 1073 110

1 . 1
M, \? M, ’ ( A ) ( P )% BY Cam 33544 954x10°° 1107
0.5 Mg 10710 Mg yrt 3.8 x 105m/ \3hr V1500 Cyg  3.3507 1.76 x 1072 150
RXJ2115-58 1.8467 1.21 x 102
where

o

N5 = 3.7 x 10°

14+0.3 <MS> : sin? a. (23) o©f nin stars of similar mass will not differ much, the limiting
M value given by (22) depends significantly on parameters such

. : ., as(Bp)o and R, which can differ even in systems of similar
If » > mmax then synchronism cannot be attained in th§er(iog)so By y

presence of accretion, since the dissipation will not be great An AM Herculis system having) > 1, and/orn >

H H l max»
enough to prevept the primary from over-shooting the lock vould reach the slightly asynchronous state with synodic pe-
state. Then, despite the fact that a stable synchronous state exist

. : ; : 3’Pa. Such small degrees of asynchronism may be difficult
the lowest value attained lay will be 2/ P, with Pz given by to detect, especially since the value|of will vary over the

(13). spin period in response to the time-varying torques. This effect
would be largest for slightly exceedingjmax corresponding
5. Comparison with observations tots ~ P, so the primary has maximum response to the torque

. . . . variations.
The foregoing theory can be applied to assess the likely orlg|ﬂ i . _
of the asynchronous motions observed in four AM Hercul%% Even if the locked state has been attained, oscillations of

systems. Table 1 shows these systems with their orbital perio out zero may b? mgiuced by some pertgrbaﬂon. The penlod of
degrees of asynchronism and observed synchronization tirﬁ%.gh oscillations is given by (21). There_ 'S some opservanonal
scales. The latest results for RXJ 2115-58 are due to Ramsay g1 cc for secular shifts qf the ac'cret|on regions in AM Her,
al. (1998). Hor and DP Leo, consistent with such periods (Bailey et

The asymptotic expression given by (8) can be used to e?tlr—' 1993).
mate the synchronization time-scale. It is noted that (8) is valid .
forw/Q < 1073, while the observed values of asynchronism in’ Conclusions
Table 1 are somewhat larger than this. However, the asymptatieeems unlikely that the systems shown in Table 1 are ap-
form gives a lower limitin such cases. Taking V1500 Cyg as gtoaching orbital corotation for the first time. They are also not
example, use of = 3.35hrin (7) givesMs = 0.32 M. Tak- in a steady asynchronous state, since the observed values of
ing the parameters to have the normalized values shown in (8)() are too high for this and the white dwarf period is signifi-
corresponding tdf, = 0.5 My, withn = 1.1 anda = 45°, cantly time-dependent. It is known that V1500 Cyg underwent
yieldsts = 55yr. The general formula, using the full form ofa nova explosion in 1975, and this is probably the cause of its
f(lw|/n) in (1) and a slightly higher value dff,, gives the ob- asynchronism. Such events may be the cause of the asynchro-
served value of50 yr. The other values of shown in Table 1 nism observed in the other systems. It is noteworthly that RXJ
can be found for reasonable parameters. 1940-10 is in an under-synchronous state.

Using the foregoing parameters in (13) gives the slightly Given the range of conditions needed to attain a locked
asynchronous synodic period Bs = 4.9 yr, corresponding to state, it is plausible that a significant fraction of AM Her
an asynchronism ofv|/Q = 7.7 x 107°. The fact that the systems may have small degrees of asynchronism. Careful
observed values dfv|/€) are significantly higher than this ismonitoring over sufficiently long time bases would be needed
consistent with the non-asymptotic form @fgiving the best to detect these. This would be especially true in cases in which
agreement with the observed synchronization time-scales. Itjpt varies over a synodic rotation period, making detection
dicates that for these systems the asymptotic limit of low asyrarder wherw| is near a mimimum value.
chronism has not yet been reached.
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