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Abstract. The rapid braking on the white dwarf in the closa factor of more than filk This indicates that the spindown
binary AE Agr can be explained in terms of the pulsar mecpower dominates the energy budget of the system and only a
anism provided the magnetic moment of the gtap 1.4 x small fraction (about a few percents) of this energy is transferred
10%* G cm?. Under this condition the magnetic field is strongo the detectable part of the electromagnetic spectrum.
enough to prevent accretion with the rage10=*3Mq yr—! Study of the optical-UV spectrum and the profile of
onto the white dwarf surface, so the traditional accretion-drivég®pulsations (Eracleous etal. 1994) has shown the surface tem-
spin up mechanism cannot be applied to this system withqérature in the magnetic pole regions tofyg,, ~ 26000 K,
additional assumptions. A scenario in which the initial magvhich is higher than the average surface temperature of the
netic moment of the white dwarf was essentially weaker thavhite dwarf: T},; ~ (10000 <+ 16000) K. The obtained value
its present value is explored. A weakly magnetizedl()? G)  of T,..x is significantly smaller than the surface temperature in
white dwarf was slowly spinning up by accretion of matter frorthe magnetic pole regions of accreting compact stars that makes
its normal companion untilits peridd = P., ~ 20s. Whenthe thetraditional accretion scenarios for heating the magnetic polar
period had decreased beyaRd the white dwarf lost its angular caps in this particular case rather unreliable.
momentum via the gravitational waves that caused strong differ- The X-ray spectrum of AE Agr was found to be soft and
ential rotation. The magnetic field inside the star was winding @ssentially different from the hard X-ray spectra of all interme-
on atime scale of a month up 40 108—10° G. This field mani- diate polars as well as from those of almost all accretion powered
fests itself at the surface due to buoyant instability producingcbose binaries (Clayton & Osborphe 1995). Furthermore, due to
surface field ofi0"—108 G. As a result the white dwarf changedsome properties (e.g. the power law spectrum of pulsing com-
its initial accretorstate to the presently observegctorstate, ponentwithe ~ —2 and the ratio of the X-ray luminosity to the
i.e. itis spinning down predominantly due to the magneto-dipod@indown luminosityL, /Lsq ~ 10~2) the X-ray emission of
waves generation and particle acceleration. AE Aqr is rather similar to the X-rays detected in tROSAT
energy range from canonical radio pulsars (Ikhsanov[1998).
Keywords: stars: novae, cataclysmic variables —stars: magnetic Finally, the detection of circularly polarized radiation from
fields — stars: pulsars: general — stars: individual: AE Aqr  AE Agr with the average value 0f06 £ 0.01% (Croppe( 1986;
Stockman et al. 1992; Beskrovnaya et|al. 1996) implies the
magnetic field in excess df® G. Correspondingly, this gives
the lower limit to its magnetic moment > 3 x 1032 G cm?,
that according to Lamb & Pattersan (1983) means impossibility
of steady accretion onto the surface of the white dwarf.
The close binary system AE Aqrcontains one ofthe mostrapidly Some effort has recently been made to determinestiue
spinning magnetic white dwarf€?, = 33s (for the system of the white dwarf. The central arguments of this determina-
description see Eracleous & Horne 1996; Ikhsanov 1997 afien were the unique spindow#, and the mass-exchange pic-
references therein). It contributes to the system radiation in fie reconstructed by Wynn et al. (1997) on the basis of the
form of 33*pulsing component which is detectable in the optical{. Doppler tomogram of AE Agr. Analysis of this tomogram
UV and X-rays. Recent investigations have shown no evideriégs shown no evidence of a Keplerian accretion disk in the
for the white dwarf to be an accretion powered source. The mégstem. On the contrary, the matter coming from the normal
striking argument has been presented by de Jager &t al] (19@4ppanion (a K3 — K5 main sequence red dwarf) has been ob-
who reported the mean spindown rdte= 5.64 x 10~ 4ss~1, served to stream out from the system with the average velocity
which implies a spindown poweliyq ~ 6 x 1033I5, ergs—!  0f Vour &~ 300kms™'. On the basis of this Wynn et al. (1997)
(Iso = 1/10°° g cm? is the white dwarf moment of inertiajiq suggested that the white dwarf is in the statpropeller, i.e. itis
islarger than the observed UV and X-ray luminosities of AE Aqr
by a factor of 120 and even than its bolometrical luminosity by* The distance to AE Agr is adopted to be 100 pc.

1. Introduction
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spinning dowrpredominanthydue to the interaction between thescenario of the white dwarf is summarized and discussed in
fast rotating magnetosphere of the white dwarf and the mat&sct. 4.

inflowing from the normal component (the ‘magnetic propeller’

model).

This interpretation however contains at least two questi
able items. If the spindown power of the white dwarf is corFor the white dwarf in AE Agr to be spun-up by accretion the
verted predominantlyto the kinetic energy of the outflow- following conditions should be satisfied:
ing matter, the rate of mass exchange in AE Agr should
My 2 Moyt = Lea/V2, ~ 7x10'8 gs~! thatis much higher
than the mass-exchange rates evaluated from various obse %, < P, = 33s: the equilibrium period of the white dwarf
tions (Warne[ 1995 and references therein). Then the magn (Flng a previous accretion epoch is shorter than the presently
propeller model is constructed under the basic assumption t BLerved period..
the heating of inflowing material due to its interaction with the The first condition in the case of disk accretion means
magnetosphere of the white dwarf is almost negligible. The cor-
rectness of this limitation in the case of AE Agr is not obviouMpe >6x 107 gs™! u§2,5 Pg/‘g MO*_;’/:‘. (1)
since the relative velocity of blobs and the magnetic field of the
white dwarf at the interaction radius corresponds to Mach nutdere M. denotes the mass accretion rate during the spin-up
bersM > 1 that implies an intensive heating at the shock. lepoch, is the magnetic moment of the white dwarf expressed
this case a significant fraction of the spindown power is expectigdunits of 1032-5 G cm?, i.e. the lower limit ofu derived from
to be transferred to the detectable parts of the electromagnetitarimetric observations (see abovB); = P,/33 s andM s
spectrum (see e.g. Davies & Pringle 1981). is the mass of the white dwarf in units @8 /,.

A possibility to avoid these problems was discussed in the The accelerating and decelerating torques applied to an ac-
previous paper (lkhsandv_1998). It has been shown that greting compact star can be evaluated following Ghosh & Lamb
rapid braking on the white dwarf can be explained in tern{38979) asKq, = M\/GM; Ryag aNd Koq = —kep®/R2, re-
of the canonical pulsar mechanism provided the magnetic nspectively. Hence, the equilibrium spin period of the white dwarf
ment of the compact star 2 1.4 x 103 G cm?, that implies is

0%._ The accretion-driven spin up

BeRm < Reor, i.€. the magnetospheric radius of the white dwarf
is smaller than its corotational radius, and

a magnetic field strength at the surface of the white dwarf of 6/7
about 50 MG. Under this condition the spindown power is usgel, ~ 2x kf” 3/7;;— ~ (2)
predominantlyfor the generation of magneto-dipole waves and Mpe ' (G Mya)®/7

particle acceleration. The efficiency of interaction between the . 9905 /7 uS0T N MG 2T

rotating white dwarf magnetosphere and the inflowing plasma
(i.e. the propeller action of the white dwarf) within this modeHere k. is a dimensionless parameter of the order of urity
is~ 10~2. Hence, only a small fraction of the spindown energy, see Lipunoy 1992).
is converted to the kinetic energy of outflowing non-relativistic The minimum duration of the spin-up epoch can be eval-
matter as well as to the detectable electromagnetic radiatioated assumingss, > K. Then, solving the equation
Nevertheless, the geometry and velocity of the accretion fleif/dt = K, /I, one gets
are in a good agreement with those reported by Wynn et al.
= 2l 1 1

(1997). IV ( - ) , ®3)

If one accepts the strength of the magnetic field at the white ~ Mpe VGMR \ P o
dwarf surfaceB 2 50 MG the question about the origin of
its fast rotation arises. There are no grounds to consider the 14
rotation of the white dwarfin AE Agr as aremnant of the angul
momentum of its progenitor (see Ikhsarov 1995). On the oth
hand, the accretion-driven spin up mechanism also cannot &
applied in its canonical form to the particular case of AEAQr  Eqs.[1) and{2) clearly show that the white dwarf in AE Aqr
without problems. In Sect. 2 | will show that the magnetic fieldgould be spun-up by accretion to the presently observed period
of the white dwarf is strong enough to prevent the accretigieither its magnetic moment ig < 103* G cm? or the mass
of even very high rate onto its surface. In principal, there aggcretion rate in a previous epoch was essentially higher than
only two possibilities to solve this problem: either one shoulghat in the presently observed spin-down epoch. In particular,
assume that the rate of mass accretion onto the white dwif the traditionally accepted value of ~ 1032 G cm? (e.g.
during a previous epoch was comparable with the Eddingtge Jager 1994; Wynn et al. 1997) the valueM;f should be al
mass accretion rate, or the strong magnetic field of the primaggst by two orders larger than the mass exchange rate presently
has relatively recent origin: it has been generated at the laghluated. However the question on the physical processes and
stage of spin up epoch when the spin period of the white dwgik mechanism which could produce so intensive mass transfer
was already shorter than that presently observed. The secppghe particular case of AE Agr so far has no reliable answer.
possibility is discussed in Sect. 3. The suggested evolutiongiye Roche lobe overflow mass transfer during a previous epoch

QFrePo is initial period of the white dwarf. The mass accreted
gnto the surface of the white dwarf during this epoch is

= AtM,. 2 6 x 1031 g I Py3' My a/?. (4)
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could be realized in AE Agr if the normal component in this sysdB<z> = (s — Q) B, (6)
tem is essentially evolved and is presently in a state of “hibernadt '

tion”. Nevertheless, this hypothesis has not yet been confirmggere(,, ands2, are the angular velocities of the core and outer
by observations which have shown no deviations of the normgle|l, respectivel The toroidal magnetic field inside the white
component from a main sequence red dwarf (for discussion $fgarf becomes buoyancy unstable when it reaches the critical

also IkhsanoV 1997). value B;. Following Kluzniak & Ruderman[(1998) this value
This is the more so if the magnetic field at the white dWaB(an be evaluated from the equation

surface isB(Ryq) > 1 MG (as it was evaluated on the basis of
polarimetric observations) and is of the order of 50 MG as it 187 /8m = fpcZ, (7)

required in the frame of the pulsar-like model. In this case thq1 . : . .
. . . . wheref is the dimensionless parameter accounting for the strat-
required value of\/,,. proves to be in excess of the Eddingto

mass accretion rate(3 x 102! g s~ 1) with the accretion epoch r|]f|cat|on andp and ¢, are the density and the sound speed in

duration of only 500 yr. Accretion with these characteristics r(tahe m_agneﬂ_g f|e_|d generation reglon, respec tively. The buoy
) ) . ancy instability is generally nonaxisymmetric, forming mag-

sembles the process of merging of white dwarf with another : . : .
; netic arches of field lines which erupt through the surface as it

star rather than the mass exchange between a main sequenc : ;o : .
. ; ; . IS sKetched in Klaniak & Ruderman((1998). During this pro-

red dwarfand a white dwarfin a close binary. If one would IIkgess the toroidal field3,,, transforms to the radial component
to follow this resemblance it should be assumed that AE Aqrv(\;‘%js & P '

I ) . +» Which contributes to the dipole field of the white dwarf with
initially a triple system of the white dwarf, the red dwarf an e efficiencye: B, — B

. o ) : B, = ¢B,.
posglbly, a bTOW” dyvarf of .’“."".33.0'03M® (see E.1). Inves The plasma density in the magnetic field generation region
tigation of this exotic possibility is however beyond the scoq%r the case of the pulsar-like white dwarf in AE AGBY ~
of the present paper. Instead, in the next section | focus on P €=

possibility that the magnetic field of the white dwarf has beerQaMG) can be evaluated from Eqgl (6) afil (7) as

essentially amplified during a previous epoch of its evolution,, ~ 500 f:11.5 gag BZ. T6—1 gem 2. (8)
Here fi5 = f/107'5, B, is the present strength of the
3. Magnetic field amplification poloidal magnetic field of the white dwarf expressedirMG,
in a fast rotating white dwarf Ts is the temperature in the magnetic field generation region

. . - . in units of 10° K and the parameter; 3 = £/0.3 is normal-
An alternative scenario for the origin of a fast rotating, magngye g following Spruit[(1999). This indicates, that the magnetic

tized white dwarf is based on the magnetic field amplificatiqﬂeld generation region is situated just over the boundary be-

in differentially rotating stars. In fact, the assumption about t & een the degenerate core and the nondegenerate outer shell.

intensive mass exchange between the components of AE A energy stored in the differential rotatidh = /Q2/2 ~

in a previous active epoch is not the only possible explanatipn 104 [0, 02 i fficient t wer th neration of
for the fast rotation of white dwarf in AE Aqr. Instead one ca[gh: thite égwa?flrigggsn;iscufi (:Ig 02058?%2 (h eeré:;e}: iz t?]e ©

as sqfr_ne tzat thek|n|t|al dn:]agng tic field ?;_tr(;et W.?'te dwan; WaSfective moment of inertia of differential rotation expressed in
significantly weaker and has been amplified to its present vajye, | 0f10% g em? andQo.1 = (s — 20)/0.1rad s~ is the

only at the |ast stage of the spin-up eppch when the rotaﬂone ective difference in angular velocity of rotation).
white dwarf became essentially nonuniform.

If the initial magnetic moment of a white dwarf satisfies the
condition: 4. Conclusion and discussion

Summarizing one can envisage a scenario in which AE Agr in
a previous epoch was almost an ordinary member of DQ Her
subclass of Cataclysmic Variables (CVs), i.e. a binary systemin
which the normal companion transfers material to the moder-

ever the white dwarf should become secularly unstable to exﬂ?l,y mggnetlzed white dwarf via a Keplerian accretion disk.
tation of its oscillation modes by the emission of gravitationd@King into account that AEAgr is one of the largest CVs
waves as the period decreases below the critical value (Sha;gﬁ?f b= 9,'88 hr) aqd t.hat Itcontains a K.3_K5 red dwarf with no

& Teukolsky 1983 and references therein). Fortitel/ ., white obs_ervatlonal d_eV|at|0ns fr(_)m the main sequence th_e mass ac-
dwarf the critical period is about 20 s (Chanmugam et al. 198 Fj€tion rate during the previous epoch was unhkelg higher than
Under the conditiorP; < P., ~ 20s its angular momentumthat in the thermal t|mescale., ",Mpe < Mip ~ 107 J\/._f@/yr

is lost by gravitational wave emission which varies through ﬂ.{g(hsanov 199f). The magnetic field strength of the white dwarf

. . .
star, depending on the shape of the unstable eigenfunction./A& Previous epoch was about if* G (see Ed.I5). The white

a result the star rotation cannot remain uniform. 2 Here | assume the core to rotate more slowly than the shell

In a differentially rotating compact star, the initial poloidal 3 | would like to point out that no additional assumptions on the
magpnetic fieldB,, is winding-up into a toroidal configuration evolutionary status as well as the magnetic activity of the normal com-
B, and amplified as one part of the star rotates about the oth@ment are required in the frame of this scheme.

po < 1030 N2 PT/S MES g s, (5)

it slowly spun up by accretion{,. ~ 10 gs~1) up to the
periodP; 5 = P,/15sonthetime scale of abol® years. How-
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dwarf slowly spun up by accretion and became unstable to the naturally avoided in the frame of suggested scenario
gravitational wave mechanism as its period decreased belowfibre the magnetic field generation in the secularly unstable
critical valueP,, ~ 20s. During this period the rotation of thewhite dwarf. In this case the winding up of the toroidal
white dwarf was essentially differential causing the winding-upagnetic field inside the white dwarf at the last stage of
of the magnetic field up t&, ~ a few x 10® G. The field has merging process up to the valuel®® G would lead to the sur-
been amplified on a time scale of a month and floated up frdate magnetic field of0® G evaluated in the Pacagki’s model.
the white dwarf interior due to bouyancy instability. As a result,
the surface dipole magnetic field of the white dwarf increased
up to ~ 50 MG, i.e its present value. The later spindown 01B\ckn_owledgementsi. yvould like to th_anl§ the referee for carefully
the white dwarf (presently observed) can be explained in tenrﬁgdlng the manuscript and suggesting improvements. | acknowledge
of the canonical pulsar mechanism, and mass transfer betwigisuPPort of the Followup program of the Alexander von Humboldt
the components operates according to the propeller mecha giindation. The work was partly SUpportfd by RFBR un(’?er the grant

. - - -02-16336 and by the state program “INTEGRATION” under the
with the efficiency~ 10~2 (Ikhsanov_1998). grant KO 232.

In principal, there are no limitations for such a scenario

to be realized in other close binaries. The value of the critical
period for compact stars depends on their physical parameters
(e.g. the mass, the chemical composition, etc.) as well as on fferences
mode of excited oscillations. The critical period of 20 s for th&ndersson N., Kokkotas K., Schutz B., 1999, ApJ 510, 846
white dwarf in AE Agr has been evaluated assuming the f-moBeskrovnaya N.G., lkhsanov N.R., Bruch A., Shakhovskoy N.M.,
to be excited. If the excitation of r-mode (Rossby waves) of 1996, A&A 307, 840
compact star oscillations is effective (e.g. Anderson et al.[1999)anmugam G., Meenakshi R., Tohline J.E., 1987, ApJ 319, 188
the critical period could be larger. However recently reportéeglayton K.L., Osborne J.P., 1995, In: Buckley D., Warner B. (eds.)
observations of fast rotating, relatively low magnetized white Magnetic Cataclysmic Variables. ASP Conference Series 85, 379
dwarfs in WZ Sge P, ~ 28 s, Welsh et al.1997) and UX UMa CroPPer M., 1986, MNRAS 222, 225

. . - avies R.E., Pringle J.E., 1981, MNRAS 196, 209
- o) ) , , , :
(P ~ 29, Knigge et al. 1998) suggest that the instability act e Jager O.C., 1994, ApJS 90, 775

ally sets in at somewhat shorter periods. At the same time thtagejager 0.C., Meintjes P.J., O’'Donoghue D., Robinson E.L., 1994
observations give additional strong arguments in favor of the \,nras 267 577 ' ’ ’ ’

accretion-driven spin up of white dwarfs in close binaries up t&acieous M., Homn K., 1996, ApJ 471, 427

very short periods. Eracleous M., Horne K., Robinson E.L., et al., 1994, ApJ 433, 313
Another key point of the suggested scenario is the amplific@hosh P., Lamb F.K., 1979, ApJ 232, 259

tion of the magnetic field in differentially rotating white dwarfslkhsanov N.R., 1995, A&A 300, 207

The nonuniform rotation is not the property of only fast rotatkhsanov N.R., 1997, A&A 325, 1045

ing white dwarfs. In particular, Winget et &l. (1994) have fountfhsanov N.R., 1998, A&A 388, 521

strong evidence for differential rotation (outer envelope rotatir@‘%'zniak W., Ruderman M., 1998, ApJ 505, L113

1.8 times faster than the core) of the white dwarf GD/3&g- KNigge C., Drake N., Long K.S., et al., 1998, ApJ 499, 429

ing this result Thomas et al. (1995) have shown that the dynafffj"> D-Q-» Patterson J., 1983, In: Livio M., Shaviv G. (eds.) Cata-

. P ., clysmic Variables and Related Objects. Reidel Publ., Dordrecht,

generation of the magnetic field in the outer layers of the white p. 229

dwarf aIIOW_S to explain the observed mpnthly variatiorls of trEpunov V.M., 1992, Astrophysics of neutron stars. Springer-Verlag,

strength of its magnetic field. In fact, this can be considered as ygjgelberg

anindirect confirmation for the magnetic field generation insiggczyski B., 1990, ApJ 365, L9

the differentially rotating white dwarfs. Shapiro S.L., Teukolsky S.A., 1983, Black holes, white dwarfs and
Finally, the presented scenario might be also helpful in un- neutron stars. A. Wiley-Interscience Publ., John Wiley & Sons,

derstanding the origin of very fast rotating, strongly magnetized New York

white dwarf in 1E 2259+586 suggested by Patski (1990). SpruitH., 1999, A&A 341, L1

Really, putting the calculated parameters of the white dwarf; tRgckman H.S., Schmidt G.D., Berimann G., etal., 1992, ApJ 401, 628

mass> 1.32M), the spin period®, = 6.98 s and the magnetic womasé].HiégA:rlgeltJ.,;\., Vgn\l;lo!rnbli.hg.t, 1992’ Apt;] .‘(:53’ 30.3 .
momenty ~ 3.5 x 103* G cm? to Eq. [1) one finds the required arg?éss" , Cataclysmic Variable Stars. Cambridge University

mass accretion rate onto the white dwarf during the spin-gpo, \ £ skidmore W., Wood J.H., Cheng F.H., Sion E.M., 1997
epochM,,. % 0.15M, yr~". This is however at least by three "\ \ras 201, 157 ’ ’ ’ ’
orders higher than the mass accretion rate realized in the MEXGhget D.E., Nather R.E., Clemens J.C., et al., 1994, ApJ 430, 839
ing of white dwarfs. At the same time this problem proves t@ynn G.A., King A.R., Horne K., 1997, MNRAS 286, 436

4 The rotational period of the envelope is 0.89 day.
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