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Abstract. We suggest, that the magnetic field of the whita selection effect (rare or no outbursts) has been invoked.
dwarf in AM Her systems loses coupling to the secondary stiéie (magnetic) AM Her systems the shortest period observe
when the latter becomes non-magnetic at the transition fron7a8 minutes (RXJ0132.7-6554, Burwitz et al. 1997). Kolb
late main sequence star to a cool degenerate brown dwarf. TBésaffe (1999) found that the theoretical period minimum c
leads to spin-up of the primary white dwarf. After synchronouse raised to 80 minutes if the braking would be four times t
rotation is lost the systems do not appear as AM Her stars agyavitational wave value. This might point to a residual brakin
more. We discuss the further evolution of such systems.  from the secondary star's magnetic field. We note that Patter
(1998) pointed out a discrepancy between the predictions of

Keywords: stars: novae, cataclysmic variables —stars: magnegiolution and observations: far too few CVs are observed whi
fields — stars: low-mass, brown dwarfs — stars: white dwarfs have evolved past period minimum.
We here propose the disappearance of AM Her systems a
the period turning point. We argue that the magnetic field
the white dwarf loses coupling to the secondary star when t
1. Introduction secondary becomes non-magnetic at the transition from a |

AM Her stars (polars) are magnetic cataclysmic variables whdP@in-sequence star to a brown dwarf. This leads to spin-up
the white dwarf primary and the Roche lobe filling low-masd1® Primary white dwarf and the binary does no longer app
secondary star rotate synchronously with the orbit. During sétS @1 AM Her system. Such a spin-up could lead to ejection
ular evolution the secondary star loses mass to the primary. TA&SS @nd magnetic flux in a “propeller phase”, a process whi
matter flow is channeled by the magnetic field and accretes WQu!d finally stop further spin-up. Itis an interesting questio
accretion columns near magnetic poles (King 1995). The m4¥W the stars will appear after this metamorphosis.

netic coupling of white dwarf and secondary star causes the N S€ct. 2 we discuss the mechanisms of magnetic coupli
synchronous rotation. and the loss of coupling with the transition of the secondary

Secular evolution is the same for magnetic and nofne brown dwarf state. In Sect. 3 and 4 we consider the sp

magnetic systems. It is commonly accepted that below the p-Phase and a possible propeller phase. In Sect. 5 the furt

riod gap gravitational radiation causes the loss of angular mfolution is discussed.
mentum from the binary system and the decrease of the or-
bital period. For stars of mass below about® 2 the effective
temperatur drops, for around 0.8&, a transition to a cooling
brown dwarf occurs. The mean density reaches a maximum af@ious mechanisms have been suggested for the magnetic
decreases again when the star becomes degenerate. Correspiing- Generation of amagnetic torque by asmall degree of as
ingly Roche lobe and orbital period increase again (Pasizy chronism, dipole-dipole interaction, and conductive connecti
& Sienkiewicz 1981, Rappaport et al. 1982, Ritter 1986). Fof field lines between the two stars were considered. Even if
recent stellar modelling see Baraffe et al. (1998), Allard et gecondary star magnetic field would exist convective mixing-
(1996) and Allard et al. (1997). of primary fields has been appealed to. (Campbell 1985,19
But stellar structure calculations consistently yielded a minl989, Lamb 1985, Lamb & Melia 1988). We discuss in the fo
mum period of 70 minutes (most recently Kolb & Baraffe 1999)pwing why these conditions for coupling disappear in the la
significantly lower than the observed cut off in the orbital pestate of secular binary evolution.
riod distribution of cataclysmic variables (CVs) (Ritter & Kolb
1998), near 80 minutes. To explaln the missing (non-mag_netgﬁ_ Disappearance of the secondary’s magnetic field
dwarf nova systems with periods between 80 and 70 minutes
In the transition from a low-mass main-sequence star to a bro
Send offprint requests t&mmi Meyer-Hofmeister dwarf the overadiabatic structure and convection disappear.

2. Magnetic coupling
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convection-based dynamo exists and no containment of cap- The rate of mass transfer through the Lagrangian poiris
tured flux in a convective zone (Meyer 1994) is possible angiven by the product of density, sound speed and effective cross
more. In both cases the magnetic field of the secondary disapetion (see Kolb & Ritter 1990). Farpolytrope withy = 5/3

pears. we obtain

A further hint that the field vanishes when the secondary 3
becomes a brown dwarf comes from the outburst behaviourpf 2ma’ K3/2 8.545 72 [Rz — RR,2:| (4)
the dwarf novae in late secular evolution. The modelling of the ~ k(q)GM P2 Ry

extremely bright outbursts and the recurrence time of decades

of WZ Sge stars requires an extremely low viscosity in the quidth #(¢) from the Roche geometry (compare Meyer & Meyer-
escent accretion disk (Meyer-Hofmeister et al. 1998). If the ddofmeister 1983)k(¢)=5.97 forg=0.1. _

cretion disk viscosity in quiescence is caused by the secondary’sFor¢ = 0.1 andM, = 0.07Mj, follows:

magnetic field (Meyer & Meyer-Hofmeister 1999,) this low vis- 3

cosity value can be interpreted as due to the disappearancgf_ 12993 M/(0.07Mo) [32 — RRQ] ) (5)
the secondary star's magnetic field. Py Ry

We determine the change af. We call 3 the fraction of
the transferred matter accreted on the primafy, = 3M, in
If the magnetic field of the secondary disappears no dipoklél'e spin-up phasgé = 1.
dipole interaction and no conductive tying of primary field to  The change of the Roche radilig » depends on the change
secondary field are possible. The primary field cannot couibthe quantities: andg.
to a non-magnetic secondary because buoyancy tends to expeill dR 1d 1 4
magnetic fields from the star and there is no convective mixi R2 _ 200 u“
to counteract this effect. Ohmic diffusion on the hotter irradiatez.2 4 adt  q(l+q)dt
side does not suffice for efficient penetration. On the cool surface
of the backside conductivity is too low for magnetic couplin
(Meyer & Meyer-Hofmeister 1999).

2.2. Loss of coupling

(6)

The time derivative of: is related to the derivative of the
gngular momentund

MM,
3. The spin-up phase J = VGMa M 0

When magnetic coupling is lost the white dwarf starts to spinup. We consider orbital angular momentum loss due to gravita-
No angular momentum is returned to the secondary and therelyial radiation, spin-up of the white dwarf and, in the propeller
to the orbit. phase, expulsion of matter

We investigate how the mass transfer develops. For the struc- .
ture of the secondary we take a polytrope with presgtaad < = Jaw + Jspin—up SPin—up phase, 8
densityp

p=Kp'; v=5/3. (1) J=Jow + jpropeuer propeller phase.
K depends on the secondary’s magsand radiusk, (Emden We takeJqw according to Misner et al. (1973). Additional

1907). We assume that the star fills its Roche 1&g, We use braking, as considered by Kolb & Baraffe (1999) can be taken
Paczyiski's (1971) approximation for small mass ratips= into account by applying a corresponding factor/tgw and

M, /M, (M, mass of the primary) Maw. Jspin—up results from the accreted angular momentum
1/3 used for spin-up and lost from the orbit
Brz g 460 (4 @)
a 1+gq ’

. 1/2 .
Jspin—up =V GMl <%) Ma (9)

wherea is the separation of the binary stars. The separation

is related to the orbital perio® = 2m(a®/GM)"/*,M = \whererys/a = & was evaluated by Lubots Shu (1975), 0.23
M + M, G gravitational constant. The mean densityis for ¢=0.1.

then related to the orbital peridd, 5, = 110/(P/h)? (Frank  Egs, (5) to (9) finally yield the equation for the change of
et al. 1985). For a Roche lobe filling secondary the consiant 7. The quantityX collects all terms proportional to/ and is

can be expressed decisive for the evolution.
M, \*? dM : : :
K =10"%%(p 2 3) Y0 _ o2/ _
800,070 ; (3 n CM (MGW XM) ; (10)

where Pgy is the orbital period in units of 80 minutes (a
completely degenerate star of cosmic abundance would have 10-2!-43 ( M, —2/3 Ps,ol/g o231/
( ) ’

K=1012%). = k(g)7® \(0.07Mg
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N — 101479 _ M, \%? pS/ The matter grriving at the distance of closest approagh
GW = @31 =13 \0.07Mg so 85 needs additional angular momentum to be accelerated ab
escape speed. This is provided by the angular momentum of
1+ fq - accreted fractiors.
X=(-———"7--2 1+q) (=2
33  HYO+ar) (1= ) [+ ) VoG M7 — /G| (11)

q
+2(1=0q) = (1 =0)7—/—
( ﬁQ) ( /8)1+q = OBV GMirys.

The factorf is the ratio of specific angular momentum los{ye take forr,,,;, the value determined by Lubow & Shu (1975
from the orbit by the matter flow (either accreted on the white . — 4. @,... Assuming that the matter arrives at infinit
dwarf or expelled from the system) to the specific angular m@ith velocity one half of the escape speed at distangg from

mentum carried by the aarriving ccretion stream. For the spin-g white dwarfp = v, /Vescape= 1/2 ONe obtains the estimate
phasef is equal to 1. The mass-radius exponéndinR/dInM 1

changes from about 0.8 to -1/3 as the secondaries evolve frgm- 1 — ———— = 0.2. (12)
a late main sequence star to a (partially) degenerate cool brown V27 min/TL8
dwarf (Ritter 1986, Kolb & Baraffe 1999). The numerical value results fgr0.1.

For positive value ofX' the solution of Eq. (10) tends tothe  The orbital angular momentum loss in the propeller pha
stable pointM = Mgw/X. Due to the change of with the has to be taken with respect to the binary’s center of gravity. T
start of the spin-up the mass transfer rifd@ncreases by more forces that produce the roughlg°® swing around at the primary
than a factor of ten. We assume that the matter falling towards tiefore ejection retard the primary’s orbital motion and there
white dwarf in the rotating magnetosphere behaves diamagrsttract orbital angular momentum. We use the computed traj
ically and experiences a braking force from the relative motiaories from Lubow & Shu, interpolated fg=0.1 and write the
between field and fluid (King 1993, Wynn & King 1995). Thezstimate forJ,

propeller

strongest interaction occurs at the point where the free fall path .

would reach closest approach and the magnetic field is Iarge]@t“.opener = (1-pM- (13)
If the speed of the rotating magnetic field becomes faster than

that of the material there a new phase involving expulsion of { VZcape T V% Tmin + vm%a ,

matter can set in. 4

For our standard cask/;, = 0.7My, M, = 0.07M,, Where we assume that the expelled matter keeps its ang
Porita1=80 minutes, the amount of matter required to readhomentum with respect to the primary as it rapidly climbs o

critical rotation of the white dwarf i& //=0.002V/,, accumu- of the gravitational potential. The last term on the right sid
lated in about 10°ys. accounts for the distance between the primary and the bina

center of mass. This yields
4. The propeller phase Joropelier = M fA/GMrrg (14)
The falling matter enters the magnetic field of the rotatingith
dipole. For an inclined dipole the braking and acceleration force U in/
experienced by the matter depends on the rotational phase ofthe (1 — ), / TR V12 (15)
dipole. Thus one part of the matter reaches the strong interac- rLs/a

tion a bit farther away from the primary and the other comes
closer in. The latter would experience braking and will finally . (1 L4 b ! > .
be accreted. The former can be accelerated outward and flung ¢+ 1 V1462 rmin/a
out of the system. A propeller effect was already discussed Bgr ¢=0.1 and5=0.2 one obtaing'=1.3. A graphical evalua-
lllarionov & Sunyaev (1975). The interaction of the magnetition of trajectories calculated by Wynn et al. (1997) for AE Aq
field and the matter stream is complex. We adapt here restitking into account the smaller mass ratio leadg$d.5. We
obtained from a model for AE Aquarii by Wynn et al. (1997).emphasize that these estimates are rough. With such value
The intermediate polar AE Agr is observed to spin down gtthe increase of orbital angular momentum loss compared
a rate of P, = 5.64 x 10~'%. In the model of Wynn et al. Jy,i,_up Changes the sign ok and then leads to an acceler
(1997) the angular momentum given off by the white dwarf ad@sed growth of the mass transfer rate [Eg. (10)]. Whether t
to the angular momentum of the stream itself to expell nearly altcurs depends on the detailed process during the swing aro
of the matter transferred from the secondary. The interpretatitie white dwarf. Forf=1.3 and our standard case the time t
of the observed Doppler tomogram supports this expulsionrefach arbitrarily largé/ is only 10*ys. The rate cannot grow
matter. Along these lines we now estimate the orbital anguladefinitely, finally the magnetic field becomes unable to hand
momentum IossfpmpcuCr involved in the expulsion of matter the ever growing mass transfer. The efficiency of accelerati
in our case. We obtain an estimate for the fraction of mattdiminishes and angular momentum loss from the system g
1-5 expelled from the system by the following consideratiorimited.
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5. Further evolution AcknowledgementsiVe thank H. Ritter and H.-C. Thomas for helpful

. . discussions.
The question arises how such systems develop. If the system

stabilizes at a high transfer rate the secondary may lose all its

mass in a relatively short time and a single fast rotating maigeferences

netic white dwarf remains. The observation of RE JO317-85§ard F., Hauschildt P.H., Baraffe I., Chabrier G., 1996, ApJ 465,
(Burleigh et al. 1999) with these unusual characteristics seems| 123,

to support such a possibility. Another path of evolution mightilard F,. Hauschildt P.H., Alexander D., Starrfield S., 1997, Ann. Rev.
lead to the formation of an accretion disk, which results inreturn A&A 35, 137

of angular momentum back to the secondary, connected initidligraffe I., Chabrier G., Allard F. et al., 1998, A&A 337, 403

with a strong increase of accretion onto the white dwarf3 asBurleigh M.R., Jordan S., Schweizer W., 1999, ApJL 510, L37
becomes 1, and then a rapid decreasébfBut the strong Burwitz V., Reinsch K., Beuermann K., Thomas H.-C., 1997, A&A
magnetic pressure of the white dwarf removes such a disk be- 327, 183

fore the mass accretion rate has dropped to the low stable va@&@pbell C.G., 1985, MNRAS 215, 509

Mgw /X [Eq.(10)]. This could lead to a cyclic spin-up/spin- ampbell C.G., 1986, MNRAS 219, 589

d h - les. i Vi h f Campbell C.G., 1989, MNRAS 236, 475
own on shorttimescales, involving phases of higficompare Emden R., 1907, Gaskugeln, Teubner Verlag Leipzig

the model for AE Agr by Wynn et al. 1997) and also rapid de=rani J., King A.R., Raine D.J., 1985, Accretion Power in Astro-
pletion of the secondary. These phases are probably too shortphysics, Cambridge Univ. Press, Cambridge

to be observable. If expelled matter would form a circumbinaryarionov A.F., Sunyaev R.A., 1975, A&A 39, 185

disk, such a disk could extract significant angular momentuging A.R., 1993, MNRAS 261, 144

from the orbit and thereby even lead to a supersoft X-ray souttieg A., 1995, In: Proc. Cape Workshop on Cataclysmic Variables,

- state (van Teeseling & King 1998). ASP Conf. Series Vol. 85, p.21
Kolb U., 1993, A&A 271, 149

) Kolb U., Baraffe l., 1999, In: Hellier C., Mukai A. (eds.) Proc. Anapolis
6. Conclusions Workshop on Magnetic Cataclysmic Variables, ASP Conf. Series

The loss of magnetic coupling and the degeneracy of the SR —t}/f}l' ]I-?SiZté?.HﬂiQQO A&A 236. 385

ondary stars are the important features of the late evolutionl_(g1 bD.Q., 1985, In: Lamb D.Q., Patterson J. (eds.) Cataclysmic Vari-
AM Her systems. We conclude that no AM Her systems should ;05 and Low-Mass X-Ray Binaries, Reidel, Dordrecht, p.179
exist beyond the period turning point (except the brown dwarfmp p.Q., Melia F., 1988, In: Mason K.O. et al. (eds.) Polarized
would be young, hot and still magnetic - searches for the sec- Radiation of Circumstellar Origin, Springer Verlag, Berlin, p.113
ondary stars in AM Her systems near period mimimum wouldibow S.H., Shu F.H., 1975, ApJ 198, 383
be very desirable). Instead many of the unusual systems at Meyer F., 1994, In: Lynden-Bell D. (ed.), Cosmic Magnetism, Kluwer,
orbital periods might be descendants of the AM Her systems. Dordrecht, p. 67
There is one parameter, the strength of the white dwarf magnéfiever F., Meyer-Hofmeister E., 1983, A&A 121, 29
field, which may decide which way the later evolution goes. Meyer F., Meyer-Hofmeister E., 1999, A&A 341, L23

Dwarf nova systems do not partake in these evoIutioni}}_ﬁyer'HOfme'SteIr E., Meyer F., Liu B.F., 1998, A&A 339
phases. When they lose magnetic braking and settle to gr VﬁgnerC.W.,Thorne K.S.,WheelerJ.A., 1973, Gravitation, W.H. Free-

. : . man and Co., San Francisco.
tational wave braking or)ly their mass transfer rate co_uld W‘?’L\czy’nski B., 1971, ARA&A 9, 183
become too low for allowing any outburst (see the marginal CaSEcoyiski B., Sienkiewicz R., 1981, ApJ 248, L27
of WZ Sge, Meyer-Hofmeister et al. 1998) and thus fade frophtterson J., 1998 PASJ 110, 1132
view. Rappaport S., Joss P.C., Webbink R.F. 1982, ApJ 254, 616

The low viscosity needed to model the outbursts cycles Rftter H., 1986, In: Tamper J. et al. (eds.) The Evolution of Galactic
the dwarf nova systems in late secular evolution and the disap- X-ray Binaries, Reidel, Dordrecht, p. 271
pearance of the AM Her systems could thus both result frariter H., Kolb U., 1998, A&AS 129, 83

the loss of the magnetic field of the companion star, when t#@h Teeseling A., King A.R., 1998, A&A 338, 957
star evolves to a cool brown dwarf. Wynn G.A., King A.R., 1995, MNRAS 275, 9
Wynn G.A,, King A.R., Horne K., 1997, MNRAS 286, 436
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