
Abstract. The current understanding of mass exchange pro-
cesses between close binary system (CBS) components is re-
viewed, with particular attention on the mass flow structure and
accretion disk physics. Using 3DMHD calculation results, the
variation of key accretion disk characteristics with the accretor
magnetic field is studied and the magnetic field generation
process is analyzed. In particular, it is shown that the quasi-
periodic process of toroidal magnetic field generation in disks
results in alternating accretion and decretion regimes in the
inner regions of the disk. By treating MHD flows in CBSs
self-consistently, disk formation conditions are established and
a separation criterion between intermediate-polar and polar
flows is found. The possibility of usingMHD simulation results
for explaining observations is discussed.

1. Introduction

According to modern evolutionary models, about 80% of all
stars are born in binaries (see, e.g., [1]). In a binary system, a
more massive (primary) star evolves faster than the less
massive (secondary) component and eventually forms a
compact object, which can be a white dwarf, a neutron star,
or a black hole, depending on the initial mass of the star. If the
radius of the secondary component during evolutionary
expansion reaches the libration point (the so-called inner
Lagrange point L1) where all forces except the pressure
gradient are balanced, the matter of the secondary star starts
falling (accreting) onto the compact object. Such binary stars
are called close binary systems (CBSs). The gas dynamics of
matter flow from the vicinity of the L1 point have been
studied by many authors. This problem was first analyzed
semi-analytically in [2, 3], and its modern treatment is
reviewed in [4±6]. Presently, it is recognized that the gas
dynamics of gas flows in a nonmagnetic semi-detached CBS
are determined by the formation of a gas stream from L1, a
quasi-elliptic accretion disc, a disc halo, and a circumbinary
shell [4]. The classification of themain elements of the gas flow
in such binaries introduced in [4] is based on their physical
properties: (1) if the gas flow is not determined by the gravity
field of the accretor, a circumbinary envelope filling the space
between the binary components is formed; (2) if the gas
rotates around the accretor and is then mixed with stream
matter, it does not belong to the disc and forms a circumdisc
halo; (3) an accretion disc is formed by the stream; the disc
matter does not interact with the stream any more and moves
toward the compact object, losing its angular momentum.

There are many CBSs in which the magnetic field plays a
substantial role in the mass transfer and accretion processes.
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These are, first of all, magnetic cataclysmic variables and
X-ray binaries. In magnetic cataclysmic variables, accretion
proceeds onto a magnetic white dwarf with the surface
magnetic field � 104 ± 108 G. In X-ray binaries, accretion
occurs onto a neutron star with the magnetic field � 1012 ±
1013 G. Simple estimates show that the dipole magnetic
moments of white dwarfs in magnetic cataclysmic variables
and neutron stars in X-ray binaries are of the same order of
magnitude: about 1030 G cm3. This implies that magneto-
sphere radii rm of a white dwarf and a neutron star are
approximately the same [see formula (33)]. This radius
determines the degree of influence of the magnetic field on
the flow structure in CBSs.However, in cataclysmic variables,
the distance between the components A can be tens and
hundreds of times smaller than in X-ray binaries. Therefore,
the dimensionless magnetosphere radius rm=A in magnetic
cataclysmic variables can be much larger than that in X-ray
binaries. Hence, the effect of the accretor magnetic field on
the mass transfer process and the structure of the accretion
disc in cataclysmic variables can be much stronger than in
X-ray binaries. Because we are primarily interested in the
outer parts of the accretion disc, which are observed in
classical astronomy, we focus on the flow structure in
magnetic cataclysmic variables.

In magnetic cataclysmic variables, the matter from the
donor star (which is a low-mass late-type dwarf) is transferred
through the inner Lagrange point onto a white dwarf (see,
e.g., [5]). Two main types of magnetic cataclysmic variables
can be distinguished: polars and intermediate polars. In
polars (AM Her-type stars), the white dwarf has a strong
surface magnetic field� 107ÿ108 G. Observations show that
polars are characterized by relatively short orbital periods of
1 to 5 hours. Accretion discs in such systems are not observed,
and the components are rotating synchronously [7]. So-called
magnetors [8], in which the inner Lagrange point lies inside
the accretor magnetosphere, represent the limiting case. In
polars, the gas from the donor star is believed to form a
collimated flow canalized by magnetic field lines, which
accretes onto one of the magnetic poles of the accretor [5, 9].

Intermediate polars are CBSs with relatively weak surface
magnetic fields (� 104ÿ106 G) of the accreting white dwarf.
They occupy an intermediate position between polars and
nonmagnetic cataclysmic variables. Intermediate polars have
orbital periods in a wide range from several hours to several
dozen hours. The spin period of accretors in these systems is
significantly shorter than orbital periods (by tens, hundreds,
and even thousands of times) [7]. In the DQ Her subclass of
intermediate polars, the difference in the white dwarf spin and
orbital periods is more pronounced. Depending on the spin-
to-orbital period ratio, other systems are divided into regular
intermediate polars, EX Hya systems, and systems with
almost synchronous rotation [7]. The asynchronous spin
rotation of the accretor in intermediate polars is explained
by the interaction of the white dwarf magnetic field with disc
matter in the magnetospheric boundary region, which results
in the equilibrium rotation period when the corotation radius
is equal to the magnetosphere radius [5, 9].

Studies of MHD flows in binary systems are complicated
because even in the simplified case, the flow can be essentially
three-dimensional. However, this problem is very interesting,
because all observed phenomena in close binary stars in one
way or another are related to the accretion of matter onto one
of the components. Accretion onto a magnetized compact
object can lead to observational phenomena, including the

radiation from polar columns, variability due to the forma-
tion of a hot spot on the accretor surface, high-frequency
quasiperiodic oscillations of X-ray emission, etc.

Of special importance is the correct treatment of MHD
processes in accretion discs in CBSs: in semidetached binaries,
the magnetic field is initially not sufficiently strong in the
accretion disc formation region. But the magnetic field of the
accretor can be amplified in the accretion disc due to
differential rotation, radial motions, and the dynamo
mechanism. Diffusion, turbulent dissipation, and magnetic
buoyancy decrease themagnetic field. As the result of all these
processes, the magnetic field configuration becomes intricate,
because different effects can dominate in different parts of the
disc. We note that in contrast to single stars (a star, an
accretion disc, etc.), specific mechanisms of magnetic field
generation can operate in close binaries [10]. In polars, for
example, the Herzenberg dynamo can work [11, 12], which
leads to the magnetic field generation in the envelope of the
secondary. The presence of a magnetic field in the disc
essentially determines the disc properties; hence, its study is
important for the interpretation of observations. Moreover,
magnetic fields in the disc can lead to the formation of bipolar
outflows [13]. Finally, the magnetic field can play a role in the
generation of turbulence in the disc via magneto-rotational
instability [14, 15].

Three-dimensional numerical modeling of mass transfer
in semi-detached binary systems without a magnetic field was
carried out in [4, 16±19]. In these papers, a self-consistent
gasdynamic model of gas flows in CBSs was developed for the
first time and characteristics of the main features of the flow
structure were obtained. Attempts at numerical studies of
magnetic field effects on the flow structure have been made
since the 1990s. But due to the complexity of the problem, the
studies were carried out either using oversimplified models or
in the restricted region of the star magnetosphere. Even
simplified quasiparticle modeling [7, 20±25] showed that in
intermediate polars, depending on the system parameters,
flows of very different structures can form: from accretion
flows canalized by the magnetic field to accretion discs, as in
nonmagnetic cataclysmic variables. However, these models
ignored important effects, including gas and magnetic
pressure and the cooling and heating of matter, and therefore
the results of those calculations can be applied only to a
qualitative analysis and cannot be used for the interpretation
of observational data. Accretion inside the star magneto-
sphere has been studied more thoroughly. For example,
papers [26±29] describe the results of three-dimensional
modeling of plasma accretion onto a gravitating object with
a dipole magnetic field whose axis is tilted to the spin axis of
the star. These calculations allowed the three-dimensional
structure of the flow inside the accretor magnetosphere,
where the magnetic field dominates, to be studied in detail.

Only recently have the authors of this review managed to
develop a complete three-dimensional numerical model for
calculation of the gas flow structure in close binaries [30±33].
In our approach, the complete system of MHD equations is
used, which allows describing all the principal dynamic effects
related to the magnetic field. The numerical model takes
radiation cooling and heating into account, together with
magnetic field diffusion due to current dissipation in
turbulent eddies, magnetic buoyancy, and wave MHD
turbulence. It is important to note that the formation and
subsequent evolution of an accretion disc occurs naturally in
our model due to the mass transfer via the inner Lagrange
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point. Thus, for the first time we are able to self-consistently
describe the structure of MHD flows in close binaries and to
obtain results that can be used for interpretation of real
astronomical observations.

2. The model

2.1 The problem setting
In semidetached close binaries, the donor star fills its internal
critical surface, which can be identified with the Roche lobe in
a restricted three-body problem. In the reference frame
rotating with the orbital angular velocity X of the binary
system around the barycenter, the Roche potential has the
form

F � ÿ GMa

jrÿ raj ÿ
GMd

jrÿ rdj ÿ
1

2

�
X� �rÿ rc�

�2
; �1�

where G is the Newton gravity constant, Ma and Md are the
accretor and donor masses, and radius vectors ra, rd, and rc
determine the position of the centers of the accretor, donor,
and system barycenter. The mass exchange in the system
occurs through the inner Lagrange point L1, since the
pressure gradient is not counterbalanced by the gravity force
at that point.

To describe the flow in a binary system, we use the
Cartesian system �x; y; z� specified as follows. The origin is
at the accretor center: ra � �0; 0; 0�. The donor center lies at a
distance A on the x axis from the accretor center, rd �
�ÿA; 0; 0�. The z axis is directed along the orbital rotation
axisX � �0; 0;O�.

Typically, magnetic fields of white dwarfs in intermediate
polars can be well described by a dipole field. However,
magnetic cataclysmic variables include systems in which the
white dwarf has a complexmagnetic field [34, 35]. Such a field
can be represented by a superposition of multipole field
components. The character of accretion onto the white
dwarf with a complex magnetic field can differ significantly
from the pure dipole case. In particular, such a field
configuration can have several poles onto which accretion is
possible.

In the absence of currents in the binary system envelope,
the magnetic field is entirely determined by the proper field of
the accretor B�. Because this field is determined by currents
distributed inside the accretor, it must be potential,
rotB� � 0, and can therefore be described by a scalar
potential, B� � ÿgradj. In what follows, we assume each
multipole component of the field to be axially symmetric.
Symmetry axes of different multipole components can be
different in general. In our model, only dipole and quadru-
pole components of the accretor magnetic field are taken into
account.

The potential corresponding to the dipole field compo-
nent is given by [36]

jd �
m�dr�
r 3

; �2�

where m is the magnetic moment of the accretor and d is the
unit vector determining the dipole symmetry axis. The
magnetic moment vector is l� md. The magnetic field
induction is

Bd � m
r 3
�
3�dn�nÿ d

�
; �3�

where n � r=r. We let Bd; a denote the magnetic field strength
at the dipole magnetic pole. From (3), we then obtain the
magnetic moment m � Bd; aR

3
a =2, where Ra is the accretor

radius.
The potential corresponding to the quadrupole field

component [36] is given by

jq � Dik
nink
2r 3

; �4�

whereDik is the quadrupole moment tensor of the accretor. If
the current distribution in the accretor is axially symmetric,
diagonal components of the quadrupole moment relative to
the symmetry axis areD11 � D22 � ÿD=2, andD3 � D, while
nondiagonal components vanish. In this case, the potential of
the quadrupole magnetic field is

jq �
D

4r 3
�
3�qn�2 ÿ 1

�
; �5�

where q is the unit vector determining the symmetry axis of
the quadrupole. The corresponding magnetic field induction
is

Bq � 3D

4r 4
�
5�qn�2nÿ nÿ 2�qn�q� : �6�

We now let Bq; a denote the quadrupole magnetic field at the
quadrupole pole. From Eqn (6), we then obtain the quadru-
pole magnetic moment D � 2Bq; aR

4
a =3.

The total magnetic field of the accretor in our model is
B� � Bd � Bq. Simple analysis of Eqns (3) and (6) shows that
for Bq; a > Bd; a, a region near the accretor exists where the
quadrupole field dominates over the dipole one. In the
opposite case, Bq; a < Bd; a, the plasma flow near the accretor
is fully controlled by the dipole magnetic field.

In the general case, the spin of the accretor is asynchro-
nous and is characterized in the chosen reference frame by an
angular velocityX�. In our model, we consider the case where
the spin axis of the accretor coincides with the orbital rotation
axis. On the other hand, vectors d and q determining the
dipole and quadrupole magnetic field moments cannot
coincide with the direction of the orbital angular velocity
vectorX. Let the vector d be inclined to the axis z by an angle
yd, and the time-dependent angle between the projection of d
onto the xy plane be fd � O�t� fd0, where fd0 is the initial
value of this angle. Similar angles yq andfq can be introduced
for the vector q. Themagnetic field of the accretor is then time
dependent:

qB�
qt
� rot �v� � B�� ; �7�

where v� � X� � �rÿ ra� is the velocity of the accretor
magnetic lines. We note that when O� � 0 (synchronous
rotation of the accretor) and yd; q � 0; p (the accretor
magnetic axis is aligned with its spin axis), the magnetic field
of the accretor is stationary.

2.2 Plasma in a strong magnetic field
Simple estimates show that in accretion streams of polars, the
propagation velocity of AlfveÂ n and magnetosonic waves can
be much higher than the bulk velocity of plasma, and can in
some cases be relativistic. Therefore, the use of nonrelativistic
magneto gas dynamics to model the structure of such a flow,
strictly speaking, is incorrect. Amore correct treatment could
be achieved in the framework of relativistic magneto gas
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dynamics. However, in our case, the flow can be described
using a simpler model. Indeed, the gas stream in CBSs is
essentially nonrelativistic; only AlfveÂ n and magnetosonic
waves propagate with relativistic velocities. In the character-
istic dynamic evolution time of slow plasma motion, the
MHD waves pass along and across the stream many times.
As a result, the plasma dynamics in the stream can be
considered in the framework of the modified nonrelativistic
magneto gas dynamics as some averaged flow on the back-
ground of a specific wave MHD turbulence.

Thus, plasma dynamics in a strong external magnetic field
are characterized by a relatively slow mean motion of
particles along the magnetic field, a drift across the magnetic
field lines, and a very high velocity propagation of AlfveÂ nic
and magnetosonic waves on top of them. To describe the
structure of such a flow, we can use the averaged picture by
considering the effect of rapid pulsations, similarly to the
treatment of the waveMHD turbulence. To describe the slow
motion of plasma, it is necessary to single out rapidly
propagating fluctuations and to average in a certain way
over the ensemble of wave pulsations.

We consider the relation

E� �v� B�
c

� j

s
; �8�

which expresses Ohm's law for a plasma in magneto gas
dynamics [37]. Here, E is the electric field strength in the
plasma, B � B� � b is the total magnetic field induction
including the magnetic field of the accretor B� and the proper
plasma field b, j is the current density, and s is the electric
conductivity. We represent dynamic variables as the sum of
the mean value and fluctuations, for example, b � hbi � db.
Averaging Eqn (8), we then find

chEi � hvi � hbi � hvi � B� � hdv� dbi � chji
s

: �9�

The last term in the left-hand side can be estimated using the
well-known expression in the dynamo theory (see, e.g., [38,
39])

hdv� dbi � ahbi ÿ Zw rot hbi ; �10�

where a is determined by the mean helicity of the flow and Zw
is the diffusion coefficient of the mean magnetic field caused
by the waveMHD turbulence. The first term (the a-effect) can
be neglected because it describes a relatively weak and slow
process of generation of the mean magnetic field in the
accretion disc.

Averaging the Maxwell equation

rotB � 4p
c

j ; �11�

we find

hji � c

4p
rot hbi : �12�

Substituting Eqns (10) and (12) in (9), we obtain

chEi � hvi � hbi � hvi � B� ÿ Zw rot hbi � ZOD rot hbi ; �13�

where ZOD � c 2=�4ps� is the coefficient of the Ohmic
diffusion of the magnetic field. Typically, Zw 4 ZOD, and
hence the right-hand side can be neglected. In addition, in

strong external magnetic fields, the second term is much
smaller than the third one. Then, averaging the Maxwell
electromagnetic induction equation,

rotE � ÿ 1

c

qB
qt

; �14�

we obtain

c rot hEi � ÿ qhbi
qt
ÿ rot �v� � B�� : �15�

The first term in the right-hand side is due to the change in the
mean magnetic field hbi over the characteristic dynamic time.
This term is of the order of the second term in Eqn (13).
Therefore, the mean electric field strength can be estimated
from the expression

chEi � ÿv� � B� : �16�

Keeping leading-order terms in (13), we arrive at

Zw rot hbi � ÿhvi ÿ v�
�� B� : �17�

The obtained formula can be used to calculate the mean
electromagnetic field in the equation of motion. Neglecting
density fluctuations and wave magnetic pressure and tension,
we find

hB� rotBi
4pr

� hbi � rot hbi
4pr

� B� � rot hbi
4pr

: �18�

The first term in the right-hand side describes the electro-
magnetic force (with the opposite sign) caused by the plasma
magnetic field hbi. To calculate the second term, we use the
obtained formula (17). We then have

B� � rot hbi
4pr

�
ÿhvi ÿ v�

�
?

t
; �19�

where the symbol ? denotes the velocity components normal
to the magnetic field B� and the characteristic relaxation time
is

t � 4prZw
B 2�

: �20�

2.3 Basic equations
To simplify the form of the equations, we omit the sign of
average values in what follows. The plasma flow resulting
from mass transfer in a close binary system, with the strong
magnetic field B� of the compact star taken into account, can
be described by the system of equations

qr
qt
� H�rv� � 0 ; �21�

qv
qt
� �vH�v � ÿHP

r
ÿ b� rot b

4pr

� 2�v�X� ÿ HFÿ �vÿ v��?
t

; �22�

qb
qt
� rot

�
v� b� �vÿ v�� � B� ÿ Z rot b

�
; �23�

rT
�
qs
qt
� �vH�s� � n 2�Gÿ L� � Z

4p
�rot b�2 ; �24�
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where P is the pressure, s is the specific gas entropy per gram,
n � r=mp is the particle number density,mp is the mass of the
proton, and Z is the total magnetic viscosity coefficient. In
equation for entropy (24), radiation heating and cooling, as
well as matter heating due to current dissipation (the last
term) are taken into account.

We note that the radiation heating and cooling functions
G and L depend in a complex way on the temperature T (see
[40±43]). In our numerical model, we use a linear approxima-
tion of these functions near the equilibrium temperature
T � 11230 K [17, 30, 44], corresponding to the effective
temperature 37,000 K of the accretor.1 The term 2�v�X� in
equation of motion (22) describes the Coriolis force. The
density, entropy, and pressure are related by the ideal gas
equation of state s � cV ln �P=rg�, where cV is the specific
heat capacity of the gas at constant volume and g � 5=3 is the
adiabatic index.

The last term in equation of motion (22) describes the
force acting on the plasma from the magnetic field of the
acrretor; this force affects the transverse plasma velocity
component v? across magnetic field lines. We note that the
motion of plasma particles is mainly determined by the
compact object gravity (the gravitational drift) [45±47]. The
Larmor motion of particles in the magnetic field decelerates
their average motion in the transverse direction. The strong
external magnetic field plays the role of an effective fluid with
which plasma interacts. The last term in Eqn (10), whose form
is similar to the friction force between the plasma components
consisting of several sorts of particles [45], can then be treated
as the friction force between the plasma and the magnetic
field.

We note that a similar expression for the electromagnetic
force from the magnetic field of the accretor was used in [7,
20±25], where the flow structure was modeled using the
method of quasiparticles. There, individual plasma blobs
entering the Roche lobe of the accretor through the inner
Lagrange pointL1 were treated as quasiparticles. The authors
of those papers justified the expression for the dragging force
acting on the blogs in the formÿv?=t by pointing out that the
motion of blobs in an external magnetic field leads to
diamagnetic screening [48], which hampers their cross-field
motion.

2.4 Magnetic field diffusion
Ohmic, ambipolar, and turbulent diffusion can lead to
dissipation of the magnetic field in plasma. Because the
plasma in accretion discs in CBSs is typically fully ionized,
the ambipolar diffusion can be neglected. On the other hand,
the turbulent diffusion coefficient is by many orders of
magnitude higher than that of Ohmic diffusion [9, 49].
Therefore, in our model, Ohmic diffusion is also neglected.

It is known (see, e.g., [9]) that the turbulent diffusion of the
magnetic field in accretion discs in CBSs is determined by two
main effects. The first is due to magnetic reconnection and
current dissipation in turbulent eddies. The diffusion coeffi-
cient due to this effect can be expressed as ZT � aTcsH [49],
where cs is the speed of sound, H is the half-thickness of the
disk, and aT is the Shakura±Sunyaev parameter [50] char-
acterizing turbulent viscosity in an accretion disc. Estimating
H from the vertical hydrostatic equilibrium in the disc, we

obtain

ZT � aT
c 2s
oK

; �25�

where oK is the angular rotation velocity of a Keplerian disc.
The second effect is due to the buoyancy of the tubes of the
toroidal magnetic field generated in the disc by differential
rotation. The magnetic field diffusion coefficient due to this
effect can be estimated by considering the stability of
equilibrium of magnetic tubes in the disc [38]. Straightfor-
ward analysis leads to the expression ZB � aBlPjbjj=

��������
4pr
p

,
where aB is themagnetic buoyancy efficiency coefficient of the
order of unity and lP is the scale of pressure inhomogeneity.
Setting lP � H, we find

ZB � aB
csjbjj

oK

��������
4pr
p : �26�

In systems with a strong magnetic field, the accretion disc
cannot be formed at all, and the flow has the form of a column
stream directed from the inner Lagrange point L1 to the
magnetic pole of the accretor. In this case, the main effect
leading to the dissipation of currents in plasma appears to be
the wave MHD turbulence arising due to the propagation of
AlfveÂ nic and magnetosonic waves in the accretion stream.
The velocity of these waves is many times higher than the
plasma velocity, and can even be relativistic in some cases.
The magnetic diffusion coefficient due to the wave MHD
turbulence can be estimated as

Zw �
tw
3
hdv2i ; �27�

where tw is the correlation time of pulsations. This expression
can be parameterized as

Zw � aw
B�lw��������
4pr
p ; �28�

where aw is a dimensionless parameter of the order of unity
that determines the wave diffusion efficiency and lw is the
characteristic space scale of pulsations, which can be taken to
be equal to the inhomogeneity scale of the external magnetic
field lw � B�=jHB�j. For a dipole field, lw � r=3.

The total magnetic field diffusion coefficient is Z �
ZT � ZB � Zw. In calculations below, we have used
aT � 0:01, aB � 0:01, and aw � 0:3. In our model, the
turbulent viscosity is explicitly ignored, but the presence of
numerical viscosity nevertheless allows us to take dissipative
processes in the system into account. In the nonmagnetic
solution, the numerical viscosity, which is due to the choice of
the calculation scheme and the computational mesh, was
expressed in terms of the Shakura±Sunyaev parameter and
was aT � 0;01, with the same value used in the solution with
the magnetic field. We note that the magnetic viscosity
coefficient ZB due to magnetic buoyancy depends on the
value of the magnetic field b in the plasma. Therefore, the
turbulent diffusion of the magnetic field is nonlinear in
general.

We note that the Hall effect can significantly affect the
MHD flow structure in close binaries (see, e.g., [45]). This
effect appears in a magnetized plasma when oBtc 4 1, where
oB is the Larmor frequency and tc is the characteristic time of
electron±ion collisions (tÿ1c is the collision frequency). The
plasma magnetization condition oBtc 4 1 is equivalent to

1 The temperature is given for the specific system SS Cyg, an intermediate

polar candidate.
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l4 rL, where l is the free path length and rL is the Larmor
radius.With theHall effect taken into account, Eqn (8) for the
generalized Ohm law must be replaced with the equation

j� oBtc
B
�j� B� � s

�
E� 1

c
�v� B�

�
: �29�

The value tÿ1c can be estimated as the effective Coulomb
collision rate (taking screening at distances much larger than
the Debye length into account) in a fully ionized plasma (see,
e.g., [51]): tÿ1c � 5:5Tÿ3=2nLC, where LC is the Coulomb
logarithm. Simple estimates show that the Hall effect can be
important inside the accretor magnetosphere (oBtc � 104,
l � 2:6 cm, rL � 2� 10ÿ4 cm), in accretion columns of
intermediate polars, and in accretion streams of polars
(oBtc � 25, l � 5:7� 10ÿ4 cm, rL � 2:3� 10ÿ5 cm), as well
as, apparently, in a rarefied common envelope around the
binary system. In accretion discs of cataclysmic variables (the
main objects of our study), theHall effect can be neglected for
typical densities and magnetic fields (oBtc � 0:0035,
l � 8� 10ÿ4 cm, rL � 0:02 cm).

2.5 Numerical method
We use the Nurgush numerical code [30, 31, 33, 44]. The code
is based on a finite-difference Godunov-type high-accuracy
scheme. The original technique of unified variables for MHD
equations [52] allows the use of adaptive grids in the
numerical code. In calculations presented below, we use a
geometrically adapted grid tightening to the equatorial plane
and the accretor surface, which allows significantly increasing
the resolution of the vertical structure of the accretion disc
near the accretor magnetosphere. To minimize numerical
errors in the finite-difference scheme, only the magnetic field
induced by currents in the accretion disc and the external
envelope is calculated [53±55]. The eight-wave method is used
to clean up the magnetic field divergence [54, 56].

Themagnetic field diffusion equation is nonlinear. Hence,
the use of explicit methods for its solution would put too
stringent a constraint on the time step size. In our approach,
this equation is solved numerically using an implicit locally
one-dimensional method with a factored operator [57]. In a
curvilinear nonorthogonal coordinate system determined by
the geometrically adaptive grid, this equation contains mixed
derivatives, which is another difficulty. To circumvent this
problem, our method [58] applies regularization of the
factored operator. In fact, the regularization procedure is
reduced to the change in operator factors that make up the
original factored operator, by some equivalent three-diagonal
operators. Then the regularization parameter is determined
by the maximum eigenvalue of the metric tensor describing
the curvilinear coordinate system. To correctly take nonlinear
terms into account, an iteration process is organized in the
code until a solution with the required accuracy is reached. At
each iteration step, a system of linear algebraic equations with
a three-diagonal matrix emerges, which is solved numerically
using the scalar sweep method.

3. Gas dynamics
in nonmagnetic close binary stars

3.1 General facts
After the donor star has filled its Roche lobe, the gas stream in
a CBS starts in the vicinity of the libration point L1. Away
from L1, the gas velocity increases toward the accretor, and

the flow soon becomes supersonic. In addition, under the
action of the Coriolis force, the stream deviates from the line
connecting the component centers. The analysis of the gas
trajectory shows that it comes quite close to the point mass
that represents the accretor star in the Roche approximation.
The minimum distance Rmin between the trajectory of an
individual particle and the accretor center for binaries with
the component mass ratio in the range 0:05 < q �
Md=Ma < 1 can be approximated by the relation [5]

Rmin � 0:0488 qÿ0:464A : �30�
For binary systems with the accretor radius Ra < Rmin,

the gas stream envelops the star and finally self-intersects at
some point. Taking into account that the intersection point of
test particles is located sufficiently close to the accretor and
hence the influence of the donor star on the stream near the
collision point can be neglected, we can assume that the
angular momentum of a gas element relative to the accretor
is conserved. For a particle with a given angular momentum
orbiting around a point-mass gravitating center, the mini-
mum energy is reached in a circular orbit, and it should
therefore be expected that after the collision, a gas ring forms
around the accretor. The gas rotates in the ring with the
azimuthal velocity vj, which, in the absence of pressure
gradients, is determined by the balance between the centrifu-
gal force v 2

j=r and the gravitational attraction of the accretor
GMa=r

2. Matching these forces yields the Keplerian rotation
law vK � �GMa=r�1=2. The angular momentum in such a ring
increases outward as � ��

r
p

. The obtained radial angular
velocity dependence oK � vK=r implies that the gas in the
ring rotates differentially, i.e., nonzero shear tensions appear
in the gas flow. Due to dissipative processes, a redistribution
of the angular momentum across the ring, and hence the ring
would finally form an accretion disc.

In the stationary case, in there is a steady matter supply
into the accretion disc from the donor star with some angular
momentum. Therefore, to keep a steady accretion disc, there
must be a mechanism of angular momentum removal from
the disc outside the system. From the physical standpoint,
such a removal can be realized in two ways: either by
transforming the kinetic energy of matter into another form
without angular momentum conservation (for example, into
thermal or magnetic field energy) or by redistributing the
angular momentum when its excess is brought away into
space by some matter. The need for angular momentum
removal by matter becomes obvious, for example, from a
consideration of the accreting ring evolution. The ring
expands and its outer radius gradually increases; however,
this expansion is limited by the radius of the so-called last
stationary orbit, beyond which matter cannot belong exclu-
sively to the accretor [59]. Inevitably crossing this radius,
matter leaves the accretion disc and joins the circumbinary
shell of the system, thus carrying away the angular momen-
tum.

Very general assumptions therefore imply that the gas
flow in nonmagnetic CBSs should include the gas stream from
L1, the accretion disc, and the circumbinary envelope. To
correctly describe the flow structure and features arising from
the interaction of the stream, disc, and envelope, we should
solve the complete system of three-dimensional equations.
Such studies have been carried out starting from papers [60±
62]. In this section, we present the results of three-dimensional
numerical studies of the flow structure in CBSs obtained by us
in [17±19, 63±67]. We have used the TVD (total variation
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diminishing) method for solving gasdynamic equations,
which allows considering the morphology of gas flows in the
system despite the presence of significant density gradients.
The gas dynamics of mass transfer in a semidetached CBS
have been studied over long time intervals, and thus the main
features of the flow in the steady (relaxed) state have been
found.

3.2 Morphology of the flow
The morphology of the flow in the considered systems can be
seen in Fig. 1, where the density and velocity vectors are
shown in the equatorial plane of the system. Shock waves
formed in the disc are seen in this picture as isodensity line
condensations. The isodensity lines accumulating at the edge
of the accretion disc correspond to the sharp density drop
from high values in the disc to low values in the circumbinary
envelope.

As is evident from these results, the interaction of the
circumdisc halo with the stream flowing from the L1 point
forms a bow shock, similar to the collision of two streams.
The emerging structure consisting of two shocks and the
tangential discontinuity between them lies outside the disc
and has a complicated form. Distant parts of the circumdisc
halo have a low density, and the shock wave resulting from
the interaction with the gas stream is located along the edge of
the stream. As the halo gas density increases, the shock wave
bends and finally joins the edge of the accretion disc. Thus,
the shock appears to be very extended and can be called a `hot
line'. The general picture of the flow depicted above shows
that at the interaction location, the halo gas and the stream
gas pass through the corresponding shocks, and the mixed
flow moves along the tangential discontinuity between the
two shocks. Later, this flow forms the disc, the halo, and the
circumbinary shell.

The obtained numerical results allowed using the hot line
to explain the form of light curves of cataclysmic variable
stars. The phenomenological model used earlier assumed the
presence of a `hot spot'Ða compact high-temperature
regionÐat the edge of the disc. Numerical modeling showed
that in the self-consistent treatment of the problem, the region
of enhanced energy releaseÐ the hot lineÐhas the length up

to a quarter of the accretion disc perimeter. Light curves
calculated in the hot-line model better correspond to
observations [68±71]; in addition, some phenomena, such as
dips on the light curve observed in some systems at the orbital
phase � 0:7, can be naturally explained by our model [19].

The tidal interaction with the donor star leads to the
formation of a spiral shock wave, which appears in the form
of two arms located at the outer edge of the accretion disc.

3.3 Precession density wave in accretion discs
As follows from the general morphology of the flow, shocks
(the hot line and two tidal spiral arms) are located at the
outer edge of the disc, and hence the inner region of the disc
remains virtually unperturbed. In the absence of external
perturbations, a test particle in the inner parts of the disc
would move around the gravitating centerÐ the accretorÐ
in an elliptical orbit. It is well known (see, e.g., [5]) that the
effect of the secondary component in a binary system leads
to a retrograde precession of the particle orbit (i.e., to the
turn of the orbital semimajor axis in the direction opposite to
the orbital motion), and the precession rate decreases with
radius. The accretion disc consists of many particles, each
moving in an individual elliptical orbit. Because the particles
interact with each other and form a gas, the disc should be
treated gasdynamically, and instead of individual orbits, we
should consider stream lines, which are also elliptical. As in a
gas, there can be no mutually intersecting streams: the
stream lines can only touch each other. It is clear from
geometrical considerations that nonintersecting ellipses can
form a disc only if they are enclosed inside each other. For
stream lines with zero eccentricity, we would obtain a
circular disc. If the eccentricities of all ellipses are equal,
then an `equilibrium' solution can be realized when all
semimajor axes of the stream lines are aligned. If there is
an external perturbation (which is inevitable in a binary
system) and orbits precess with higher rates at larger radii,
the outer ellipse catches up with the inner one (with a smaller
semimajor axis). Because no intersecting stream lines can
exist in a gaseous disc, an equilibrium quasi-solid-body
configuration precessing with some rate should ultimately
be formed. This rate is intermediate between the precession
rate of some limiting outer (`fast') and inner (`slow') orbits.
The inner limiting orbit lies in the region where the
gravitational interaction with the secondary component can
be neglected. The outer limiting orbit is determined by the
size of the region without gasdynamic perturbations, because
perturbations would make precession of stream lines
irregular. Clearly, the location of both inner and outer
limiting orbits depends on parameters of the binary system
and mass transfer, and therefore the mean precession rate of
the disc should be different in different systems. The
formation of spiral structures in accretion discs was
considered in [18, 72, 73].

The analysis of the results of three-dimensional numerical
calculations shown in Fig. 1 fully confirms the hypothesis of
the formation of a tidal spiral wave in the inner parts of a cold
accretion disc. The calculations show that the precession
wave slowly turns in the laboratory (rest) frame, while its
precession period in the noninertial corotating reference
frame slightly exceeds the orbital period. We note that the
precession wave revealed by numerical calculations is a
density wave. Nevertheless, it leads to a significant redistribu-
tion of the angular momentum in the disc. The accretion rate
due to the radial motion caused by the `precession' density
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wave can increase by about an order of magnitude relative to
the solution without such a wave.

3.4 Formation of the common envelope
As follows from the constructed gasdynamic model, the
common envelope of a CBS is replenished by periodic matter
injections from the accretion disc through the Lagrange point
L3 [74±76]. The analysis of the flow structure revealed the
mechanism responsible for such injections. This mechanism is
based on the interaction of the elliptical accretion disc with
the external shock (ES) that emerges ahead of the disc during
its orbital motion in the circumbinary envelope. The accretion
disc in the system has the form of an ellipse with the accretor
star located at one of its focuses. The disc shape and
orientation in space are determined by the precessing spiral
wave. The wave is almost at rest in the laboratory frame.
Therefore, during the orbital motion of the disc, the disc
apastron periodically approaches the ES, pushing it outward,
or is directed oppositely, allowing the ES to approach the
accretor. This motion modulates the efficiency of the angular
momentum transport from the disc to the envelope, resulting
in periodic mass ejections through the L3 point and the
replenishing of the common envelope.

The general shape of the obtained matter distribution in
the envelope (in terms of the density distribution in a decimal
logarithmic scale and the velocity field in the equatorial
plane) is shown in Fig. 2a. The dashed lines show equipoten-
tials passing through points L1 and L3. Figure 2b shows the
density and velocity distributions in the inner part of the
calculation region �3:6A� 3:6A�, including both components
of the system and the common envelope.

As can be seen from Fig. 2, all characteristic details of the
gas flow in CBSs are formed in the inner part of the envelope:
the gas stream from the inner Lagrange pointL1, the elliptical
accretion disc, the external shock due to the collision of the
accretion disc with the common envelope, and the spiral tail
of matter ejected through the vicinity of the L3 point. The
following main structures can be seen in the common
envelope: a circumbinary envelope with a characteristic size
of several A, a spiral tail winding for one and half turns, a
fragmented shell that is formed after the disruption of the
spiral tail and which consists of density clumps with a

characteristic size from 0:5A to 1:5A, and a diffusive disc
formed at a large distance from the CBS, where density
clumps from the fragmented shell expand due to dissipative
processes and form an almost homogeneous medium.

The inner part of the envelope adjacent to the binary
components and the accretion disc is located at the distance
less than 1:5A from the system barycenter. Thematter inmost
of this region (excluding regions occupied by the stream, the
accretion disc, and the vicinity of the external shock) is
strongly rarefied and nonstationary, and exhibits many
gasdynamic features. However, due to the low density its
observational manifestations must be insignificant.

The second part of the common envelope located at a
distance� �1:5ÿ7:5�A from the system barycenter includes a
rather dense spiral tail counting one and a half turns (its
density is several percent of the disc density). The tail is
formed by matter expelled through the vicinity of the L3

point. At a distance � �7ÿ8�A, the spiral structure is
destroyed and transforms into a fragmented ring-like shell,
which extends to about 10A. At larger distances, the
fragmented shell transforms into an extended diffusive disc
with the thickness-to-radius ratio H=r ' 0:1.

The common envelope density depends on the amount of
injected matter, which can be estimated by the formula
_M�1ÿ _Ma= _M�, where _M is the mass exchange rate, _Ma is
the mass accretion rate, and _Ma= _M is the accretion efficiency.
The accretion efficiency depends on the rate of angular
momentum removal. In the considered numerical model, the
value of the Shakura±Sunyaev aT parameter is � 0:01, which
yields the accretion efficiency� 30%.As themodeling shows,
with the adopted accretion efficiency and at the mass
exchange rate _M > 10ÿ8M� yÿ1, the common envelope
should be optically thick in the equatorial plane, and it must
therefore be taken into account in the interpretation of
observations.

4. Structure of the MHD flow

4.1 Parameters of the model star
We study the effect of the accretor magnetic field on the flow
structure in CBSs using the parameters of SS Cyg as a
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template (see, e.g., [77]). The donor star (a red dwarf) in this
system has the massMd � 0:56M� and an effective tempera-
ture of 4000 K. The accretor star (a white dwarf) has the mass
Ma � 0:97M� and a temperature of 37,000 K. The orbital
period of the binary system is Porb � 6:6 h and the distance
between the components is A � 2:05R�. The inner Lagrange
point L1 is located at a distance of 0:56A from the accretor. A
large amount of information about the system has been
obtained over more a than hundred years of observations.
However, many issues relating to the physical properties of
the system remain open. Morphological features allow SS
Cyg to be classified as a U Gem type star. But there are
indications that SS Cyg is an intermediate polar with the
magnetic field Ba � 104ÿ106 G [78, 79]. The presence of the
magnetic field significantly affects the flow, and it must
therefore be taken into account in order to understand the
properties of the system.

The spin period of the accretor in SS Cyg [80] for the
assumed binary inclination angle i � 40� [81] is Pspin �
68:4 s � 0:0029Porb. The accretor rotation is characterized
by the spin period Pspin � �1� O�=O�ÿ1Porb and is an
important factor that must be taken into account in
modeling binary systems with steady accretion discs. The
characteristic time scale Pspin of the spin change in such
systems can be estimated from the characteristic time scale
of the white dwarf angular momentum increase due to the
accretion of matter from the inner parts of the disc [8]:

tA �
�
Ra

A

�2
�������������������
�1� q�A

Rin

s
Ma

_Ma

; �31�

where Rin is the inner radius of the disc. For typical
parameters of intermediate polars, we find the time tA of the
order of 104ÿ105 years. The spin-down torque due to the
magnetic field leading to the equilibrium acretor spin period
can increase this estimate.

We consider a CBS in which an accretion disc is being
formed. The characteristic time it takes for the stationary
regime to set in ranges from 10 to 15 orbital periods [17]. We
can therefore neglect the change in the angular velocity of the
star during disc formation. As the first step, it is worth
considering an accretor spinning synchronously with the
orbital period, Pspin � Porb, at the beginning of the mass
transfer. The influence of the accretor spin on the structure of
an already formed disc is considered in Section 4.6.

The degree of influence of the magnetic field on the flow
structure can be determined using estimates of the radius of
the accretor magnetosphere. We assume that the magnetic
pressure at the magnetosphere boundary is equal to the
dynamic pressure of the accreting gas (see [8]):

B 2

8p
� rv 2ff ; �32�

where vff �
�����������������
2GMa=r

p
is the free-fall velocity. The matter

density is found from the mass accretion rate _Ma � 4pr 2rvff.
Substituting B � Ba�Ra=r�3 in (32), we obtain the magneto-
sphere radius

rm �
�

B 4
aR

12
a

8GMa
_M 2
a

�1=7

: �33�

The dependence of the magnetosphere radius rm on the
accretor surface magnetic field is shown in Fig. 3. Different
lines correspond to different mass accretion rate _Ma in units

of M� per year. The thin horizontal lines show the accretor
radius set equal to 0:0125A in our calculations (the bottom
line) and the distance to the inner Lagrange point, set equal to
0:56A (the upper line). In calculations discussed below, the
mass accretion rate is assumed to be 10ÿ10M� yÿ1. In this
case, the magnetosphere radius is about �5ÿ6�Ra for the
surface field Ba � 105 G and 20Ra for the surface field
Ba � 106 G. For the magnetic field Ba � 104 G, the magneto-
sphere radius turns out to be smaller than that of the
`numerical star', but still larger than the white dwarf radius.

4.2 Ideal MHD
We discuss the results of calculations of the flow structure in
the ideal MHD approximation ignoring the magnetic field
diffusion. In these calculations, the surface magnetic field of
the white dwarf is taken to be Ba � 105 G and the inclination
angles of the magnetic dipole axis are taken to be f � 0� and
y � 30�. We recall that this value of f corresponds to
synchronous rotation of the accretor. The structure of the
MHD flow in this case at the time t � 10:7Porb is shown in
Fig. 4.

We note that the magnetic field dominates in these
calculations because the plasma parameter b � 8pP=B 2,
which is the ratio of the gas pressure to the magnetic
pressure, changes in the accretion disc from 10ÿ3 to 10ÿ2,
and falls to low values 10ÿ5ÿ10ÿ6 in the accretor magneto-
sphere. The magnetic field generation study and its structure
are discussed in more detail in Section 5 below. Here, we only
note that the magnetic field in the disc is predominantly
toroidal. At the time of steady flow formation, the induced
magnetic field b in the outer parts of the disc exceeds the
original field of the white dwarf B� by more than 100 times.

In spite of the magnetic field dominance, all basic
elements of the accretion disc structure noted above for the
purely gasdynamic case also emerge in themagnetic case. This
can be explained by the formation of these structures being
mainly due to gravitational effects and the pressure of the
toroidal magnetic field adding to gas pressure where
necessary. The two-arm spiral wave is formed due to the
tidal interaction with the donor star [82]. The location of
shock fronts can slightly change due to the difference in the
gasdynamic and MHD shocks. The region of hot line
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formation is barely shifted because themagnetic field strength
in the stream near the inner Lagrange pointL1 is close to zero.
The formation of the spiral precessing wave is caused by
purely gravitational effects in the inner parts of cold accretion
discs [18]. Thus, this wave is also formed in magnetized discs.

We note the most significant difference in the structure of
the MHD flow from the purely gasdynamic case. Due to the
magnetic braking of rotation in the disc, the accretion rate
increases by more than two times with respect to the
nonmagnetic case, where it is about 20±30% of the mass
exchange rate. As a result, themass of the accretion disc in the
magnetic case is almost four times smaller than in a
nonmagnetic disc �� 3� 10ÿ12M��. The radius of the
nonmagnetic disc is about 0:3A, while that of the magnetic
one is 0:2A. Hence, the characteristic gas density in the
magnetic disc is an order of magnitude smaller than in a
purely gaseous disc (10ÿ7 g cmÿ3). The formation of an
extended rarefied halo around the disc is another feature.

The vertical structure of magnetic accretion discs is
mainly determined by the toroidal magnetic field pressure
gradient and not by the gas pressure gradient, because the
plasma parameter b5 1 almost everywhere in the disc. In the
magnetic case, the disc thickness significantly increases due to
the magnetic buoyancy. This result can be understood from
simple considerations. The total pressure is Ptot �
P� B 2=�8p� � �1� 1=b�P, and therefore the characteristic
height of a magnetized disc is

Hm �
���������
Ptot

r

s
oÿ1K �

�����������
1� 1

b

s
Hg ; �34�

whereHg is the characteristic thickness of a gaseous disc. For
b5 1, we obtain Hm � Hg=

���
b
p

. Hence, depending on the
plasma parameter b � 10ÿ3ÿ10ÿ2, the magnetic disc height
Hm must be 10±30 times larger than the gas disc height Hg.

SeveralMHD instabilities can develop in an accretion disc
with a strong toroidal magnetic field. The most important
among them is the magnetorotational instability discovered
by Velikhov [14] and applied to astrophysical discs by Balbus
and Howley [15]. When the toroidal field strongly exceeds the

poloidal one, a magnetorotational-type instability, studied in
[83], emerges. Numerical studies of such an instability
emerging in supernova explosions were carried out in [84].
Finally, the instability due to the buoyancy of the toroidal
magnetic field tubes can develop in a magnetized disc [38].
These instabilities are reviewed, e.g., in [85]. We note that all
these instabilities lead to the generation of a small-scale
poloidal field from the toroidal one. In our numerical
model, the magnetic buoyancy is explicitly taken into
account in the corresponding magnetic field diffusion coeffi-
cient [see (26)], and there are no formal prohibitions on the
magnetorotational instability development. The analysis of
numerical results suggests that the magnetorotational
instability appears in the accretion disc regions where the
corresponding criterion is satisfied. However, this instability
does not propagate across the disc. This, for example, can be
due to a relatively high viscosity aT � 0:01 in the numerical
solution (see Section 2.4), which corresponds to observations.

Near the white dwarf surface, the accretion in the
magnetosphere proceeds via an accretion column. The
characteristic size of this region is 0:02A, which corresponds
to about six white dwarf radii. This size is in good agreement
with estimates of the accretion disc inner radius in SS Cyg
(5.2±6.5 white dwarf radii) inferred from the observed
Doppler tomograms [86]. The megnetospheric flow near the
white dwarf surface is shown in Fig. 5. The matter moves
predominantly along magnetic field lines, forms an accretion
column, and falls onto the star surface in regions of the
magnetic poles. The magnetic field of the star becomes
significantly distorted because the toroidal magnetic field is
intensively generated near the disc±magnetosphere bound-
ary. Vacuum regions appear near the magnetic equator. They
are formed because the magnetic field prevents matter from
penetrating into themagnetic equator region, where magnetic
field lines run predominantly parallel to the star surface.

4.3 Effect of the magnetic field diffusion on the solution
Due to magnetic field diffusion, the flow structure becomes
intermediate between the purely gasdynamic case and the
ideal MHD case. We compare the calculated MHD flow
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without (model A) and with (model B) magnetic field
diffusion [31]. Figure 6 shows the density and velocity
distribution in the equatorial �xy� and vertical �xz� planes
near the time the steady state sets in �t � 13:4Porb�. The
notation in this figure is the same as in Fig. 4.

All features of the flow discussed in Section 4.2. for model
A are also present in model B. Differential rotation in the
accretion disc leads to an intensive magnetic field generation.
In bothmodels, themagnetic field turns out to be dominant in
the accretion disc because the plasma parameter b is smaller
than unity. As noted above, in model A, b � 10ÿ3. In model
B, the plasma parameter increases by two orders of magni-
tude �b � 0:1�. In both cases, the plasma parameter decreases
to extremely low values 10ÿ5ÿ10ÿ6 inside the accretor
magnetosphere. In model B, magnetic field growth is
restricted mainly by the magnetic buoyancy, since the
corresponding diffusion coefficient depends on the toroidal
magnetic field [see (26)].

Themagnetic field b in the accretion disc is predominantly
toroidal. In the obtained steady-state solution, the absolute
value of b in the outer parts of the disc exceeds the magnetic

field B� by more than 100 times. Figure 7 shows the
azimuthally averaged toroidal Bj and poloidal Bp compo-
nents of the total magnetic field B in the equatorial plane of
the accretion disc in both models. The characteristic value of
the magnetic field in the middle parts of the accretion disc is
200 G in model A and about 50 G in model B.

The accretion disc in model B is about three times more
massive than in model A. The outer disc radius in models A
and B is respectively 0:2A and 0:3A. The characteristic disc
density in model A is 10ÿ3r�L1�, which is substantially
smaller than in model B �5� 10ÿ2r�L1��. The vertical
structure of the magnetic disc is determined by the total
pressure gradient [see (34)]. Using the corresponding values
of the plasma parameter b, we obtain the estimates
Hm � 30Hg for model A and Hm � 3Hg for model B.
Therefore, the magnetic field diffusion can significantly
decrease the disc thickness (by an order of magnitude or
even more).

The characteristic magnetosphere radius in bothmodels is
approximately 0:02A, which corresponds to about six white
dwarf radii and is in agreement with observations [86]. On the
other hand, this value is also in agreement with analytic
estimates obtained from formula (33). The flow structure in
the magnetosphere region is almost the same in both models
(see Figs 5 and 8). In this region, plasma moves along the
magnetic field lines and falls onto the accretor at the magnetic
poles. The region with a strongly rarefied plasma is formed
near the magnetic equator. The reason is that the plasma
velocity is almost parallel to the accretor surface in this zone.

Figure 9 shows the dependence of the accretion rate _Ma on
time during the last several orbital periods in both models.
This dependence differs greatly in different models. In the
ideal MHD case (model A), the accretion rate shows strong
irregular variations. The mean accretion rate in this model is
approximately equal to the mass exchange rate _M �
10ÿ9M� yÿ1, with the amplitude of oscillations reaching
1:5� 10ÿ9M� yÿ1. The maximum accretion rate can be two
times higher than the mass exchange rate. The turbulent
diffusion decreases the mass accretion rate twofold and
significantly smoothes out its variations. This can be
explained as follows. In the ideal MHD case, the magnetic
field in the accretion disc is sufficiently strong. Therefore, the
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angular momentum is effectively transported from outer
parts of the disc by magnetic braking. In addition, the
magnetic field diffusion can spread out the column flow and
hence smooth out the accretion rate variations.

We consider the evolution of the mass accretion rate onto
a compact star over several orbital periods (see Fig. 9). The
maximum amplitude of the accretion rate variations in model
B is about 15±25%. In the idealMHD case (model A) without
diffusion effects, the amplitude of these variations can exceed
200%. The UV flux from SS Cyg between outbursts
demonstrates a very similar behavior (see [87]). The flux
variations reach 70%. There are several possible mechanisms
responsible for the accretion rate variations. One is related to
the quasiperiodic character of themagnetic field generation in
the disc and is described in more detail in Section 5. Another
possible mechanism can be due to the interaction of the white
dwarf magnetic field with the spiral precessing wave formed
in the inner parts of the disc. In the gasdynamic case, the
increase in the radial flow of matter behind this wave leads to
an increase in the accretion rate and enhanced energy release
on the accretor surface [18]. In the magnetic case, the
accretion occurs via an accretion column. However, when a
precession wave approaches a white dwarf surface near the
magnetic poles, the accretion rate must increase. In the
corotating reference frame, the rotational period of the spiral
wave is approximately equal to (larger by several percent
than) the binary orbital period. Therefore, spikes in the mass
accretion rate should be observed nearly twice as often in the
orbital period when the spiral density wave passes near the
north and south magnetic poles of the accreting star.

4.4 Flow structure for different magnetic fields
To study the effect of the accretor magnetic field on the flow
structure in CBSs, calculations were carried out for the field
ranging from 105 to 108 G [33]. We consider seven models of
the accretormagnetic field: 105 G (model 1), 5� 105 G (model
2), 106 G (model 3), 5� 106 G (model 4), 107 G (model 5),
5� 107 G (model 6), and 108 G (model 7).

These models can be divided into two groups. The first
includes models 1, 2, and 3 with relatively weak magnetic
fields, in which an accretion disc is formed. In the second
group, including models 4±7, the magnetic field is strong and
the accretion disc is not formed. The second group corre-
sponds to polars. In all models, calculations continued until
steady-state conditions were established; this state was
identified by a constant (to within 1%) amount of the total
mass in the calculation region. In models with an accretion
disc, it took about 10±15 orbital periods for the steady state to
be reached. In models with a strong magnetic field without an
accretion disc, a quasistationary state was reached in a shorter
time (about five orbital revolutions). We discuss the results of
calculations for these two model groups separately.

The 3D structure of the flow in models 1±3 is demon-
strated in Fig. 10. In this figure, isodense surfaces (on a
logarithmic scale) lg r � ÿ4:5 [in units r�L1�] and magnetic
field lines beginning on the accretor surface are presented.
The intensity of the gray color of magnetic lines corresponds
to the magnetic field strength. The accretor spin axis (the thin
straight line) andmagnetic axis (the bold slanted line) are also
shown.

For Ba � 105 G (model 1), the flow corresponds to the
case described in the preceding section. For Ba � 5� 105 G
(model 2), the outer radius of the accretion disc becomes
much smaller (about 0:15A). The magnetic braking efficiency
and the angular momentum transfer rate increase. The size of
the magnetosphere region significantly increases. Accretion
columns near the white dwarf surface become more pro-
nounced. Finally, forBa � 106 G (model 3), the accretion disc
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is almost degenerate. The matter makes only 1±2 turns before
falling onto the accretor. To describe such a structure, the
term `spiralodisc' seems to be more appropriate, because the
velocity of matter in such a disc strongly deviates from the
Keplerian value. The outer radius of such a spiralodisc is
about 0:1A. It is almost entirely inside the accretor magneto-
sphere. Accretion columns occupy a significant part of the
spiralodisc. This case is very much like the limiting case of
intermediate polars. We note that the magnetosphere size
obtained in numerical simulations is in good agreement with
analytic estimates (33) (see Fig. 3).

The structure of theMHD flow for other models is shown
in Fig. 11: 4 with Ba � 5� 106 G, 5 with Ba � 107 G, 6 with
Ba � 5� 107 G, and 7 with Ba � 108 G. The isodense surface
of the logarithmic density lg r � ÿ5 [in units of r�L1�] and
magnetic field lines are shown. As in Fig. 10, the gray scale
corresponds to different magnetic field strengths. The spin
axis (the thin line) and the magnetic axis (the bold line) of the
accretor are also shown. The image is turned such that
features of the accretion flow near the white dwarf surface
are visible.

The analysis of these figures shows that the flow
structure in models 4±7 is qualitatively different from that
in models 1±3. In models 4±7, the accretion disc is not

formed and accretion proceeds through a column. In
models 4 and 5, the stream beginning at the inner Lagrange
point L1 is split into two flows accreting onto the north and
south magnetic poles. In model 4, the north stream
dominates, while in model 5, the south stream is stronger.
The magnetic field is weaker in model 4, and hence the
ballistically moving stream is captured by the magnetic field
at a point lying closer to the north magnetic pole. In model 5,
the field is stronger and the stream is captured by the field
earlier. As in our model, the south pole of the accretor lies
closer to the Lagrange point L1; the motion of plasma in a
strong magnetic field toward the south pole turns out to be
energetically more favorable. This observation is confirmed
in model 6 with a stronger magnetic field, in which only one
gas stream onto the south pole is formed.

In the last model, 7, the magnetic field is so strong that it
almost totally controls the flow inside the accretor Roche
lobe. Almost immediately after the Lagrange point, the
matter is captured by the magnetic field and is canalized
along the magnetic field lines toward the white dwarf surface,
with themore powerful stream falling onto the south pole and
the less powerful one onto the north pole. In this case, the
magnetosphere is larger than the accretor Roche lobe and
hence partially encloses the donor envelope.

Therefore, according to our calculations of the flow
structure in a CBS with the parameters of SS Cyg, an
accretion disc is formed in models with the magnetic field
Ba 4 106 G, and no disc is formed for stronger magnetic
fields. This result can be explained by the following simple
considerations. Because the flow in the stream is supersonic,
the behavior of matter moving from the inner Lagrange point
L1 into the Roche lobe can be studied using the ballistic
approximation and ignoring the pressure and magnetic field
effects [4, 6]. The analysis of trajectories [3] shows that the
stream approaches the accretor at the distance Rmin in (30). If
Rmin exceeds the magnetosphere radius rm [see (33)], the
magnetic field does not significantly affect the motion of
matter. The flow can bypass the star and ultimately intersect
itself at some point. The subsequent evolution of such a flow
leads to the formation of an accretion disc in the system. If the
minimum distance Rmin is smaller than the magnetosphere
radius rm, then at some part of the trajectory, the flow turns
out to be in the region of significant magnetic field influence.
The action of the electromagnetic force in this zone brakes the
flow and removes its angularmomentum. As a result, the flow
cannot bypass the star and forms an accretion disc. Therefore,
the boundary between intermediate polars (accretion discs
are formed) and polars (accretion discs are not formed) is
determined by the relation rm � Rmin. Substituting the
parameters of SS Cyg here, we find the magnetic field value
Ba � 106 G that separates the two states. Actually, this
estimate of the magnetic field strength separating intermedi-
ate polars and polars is very general, because the mass ratio q
in cataclysmic variables varies insignificantly around the
mean value 0.5.

Figure 12 shows the dependence of the accretion rate _Ma

on the accretor surface magnetic field Ba. The vertical bars
show the characteristic variations of the mass accretion rate.
The main feature of this dependence is its nonmonotonic
character. For Ba < 106 G, the accretion rate increases as the
magnetic field increases, and its variation amplitude
decreases. At Ba � 106 G, a maximum accretion rate is
obtained. For the magnetic field Ba increasing further, the
accretion rate decreases.
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This dependence fully corresponds to the above consid-
erations. For Ba < 106 G, an accretion disc is formed and the
accretion rate is determined by the efficiency of angular
momentum transfer in the disc. The increasing magnetic
field strengthens the magnetic braking in the disc. Therefore,
the dependence _Ma�Ba� is increasing for Ba < 106 G. Starting
from themagnetic field strengthBa � 106 G, no accretion disc
is formed any more, and the accretion proceeds through a
column stream. In that case, the mass accretion rate _Ma is
determined by the ability of matter to flow through the
column. Upon further increasing the magnetic field, the
cross section of the stream decreases and the accretion rate
decreases correspondingly.

4.5 The case of complex (multipole) magnetic fields
We study the flow structure in a CBS with an accretor surface
magnetic field with a complex geometry. We consider a

system with parameters similar to those of BY Cam (see,
e.g., [35]). The donor star (red dwarf) in this system has the
massMd � 0:5M� and the effective temperature 4000 K. The
accreting star (white dwarf) has the massMa � 1M� and the
temperature � 40;000 K. The binary orbital period is
Porb � 3:36 h and the distance between the components is
A � 1:3R�. The inner Lagrange point L1 is located at a
distance of 0:57A from the accretor center.

The magnetic field on the white dwarf surface in BY Cam
as derived from observations is 2:8� 107 G [35]. It is
assumed that the magnetic field is a superposition of the
dipole and quadrupole components. In the calculations
discussed below, we assume that the dipole and quadrupole
symmetry axes coincide. The inclination angle of the
magnetic field to the accretor spin axis is 30�. The quadru-
pole component is taken to be Bq; a � 10Bd; a, i.e., ten times
larger than the dipole component on the magnetic equator.
Then the radius of influence of the quadrupole field (the
distance where Bd is equal to Bq) is r � 10Ra. The flow
structure is modeled separately for different angles f
characterizing the projection of the magnetic field axis on
the binary orbital plane.

The 3D structure of the flow calculated for different
angles f is presented in Fig. 13. Shown are surfaces of equal
density ÿ6, ÿ4, and ÿ2 [on a logarithmic scale, in units of
r�L1�]. The magnetic field is shown by lines with arrows. The
accretor spin andmagnetic axes are respectively shown by the
thin straight line and the bold inclined line.

It is seen from this figure that the structure of the flow in
the system essentially depends on the accretor magnetic field
orientation relative to the donor. At f � 0� (Fig. 13a), the
accretion stream from the inner Lagrange pointL1 falls on the
accretor in a magnetic belt that appears due to the presence of
the quadrupole component. An accretion ring is then formed
around the accretor. In addition, there are two streams falling
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directly on the north and south magnetic poles, but these
flows are much weaker than the main flow.

At f � 180� (Fig. 13b), the main accretion stream is split
into two flows. One falls onto the accretor in themagnetic belt
region and the other falls onto the north magnetic pole. The
flows have almost equal intensities. Thus, two equally
luminous zones (the north pole and the magnetic belt) appear
on the accretor surface in this case.

At f � 252� (corresponding to the orbital phase 0.7)
(Fig. 13c), there are no accretion flows onto the magnetic
belt, and almost all matter falls onto the north magnetic pole.
This picture is similar to what is observed in polars (see
Section 4.4), where the accretor has a purely dipole magnetic
field.

Thus, the analysis of calculations shows that the flow
structure in a close binary system can be significantly different
depending on the orientation of the magnetic axis of the
accretor relative to the donor. Different configurations of
accretion flows and accretion zones are possible, which can
change the observational properties of the system. We
emphasize that the radiation from the hot spot near the
magnetic pole is strongly polarized because the magnetic
field has a certain direction in that region. At the same time,
the radiation from the accretion belt is not polarized because
the magnetic field has no distinct direction in the belt.

4.6 The case of asynchronous rotation of the accretor
The effect exerted by the proper rotation of the accretor on
the MHD flow in CBSs can be characterized by the ratio of
the magnetosphere radius rm, Eqn (33), to the corotation
radius rc. The corotation radius is defined as the distance
where the rotation velocity of accretor magnetic lines is equal
to the velocity of matter in the accretion disc. Assuming that
the magnetosphere rotates as a solid body with an angular
velocity O� and the angular velocity of matter in the disc is
Keplerian, oK, we find [8]

rc �
�
GMa

O 2
�

�1=3

: �35�

If the accretor spins sufficiently slowly �rc > rm�, then the
angular velocity of magnetic field lines at the magnetosphere
boundary is smaller than the Keplerian value. Therefore, the
matter captured by the magnetic field can freely fall onto the
surface. This state can be called `accretor'. In the case of fast
magnetosphere rotation �rc < rm�, the centrifugal barrier
appears at the magnetosphere boundary, preventing matter
from freely falling onto the accretor surface. This state was
called `propeller'. In this case, the accretion becomes nonsta-
tionary [29, 88, 89]. In the equilibrium state, rc � rm. The
analysis in [8] shows that the interaction of the accretor

magnetosphere with the disc makes the system gradually
evolve toward the equilibrium rotation.

This classification corresponds to the observed distribu-
tion of intermediate polars over the accretor spin periods
[7] (see Table 1). Most white dwarfs in these systems have
equilibrium spin periods (regular intermediate polars). The
accretors are divided into synchronous intermediate polars
�Pspin � Porb� and EH Hya systems �Pspin � 0:1Porb�. Fast
rotators can be divided into DQ Her systems �Pspin �
0:01Porb� and AE Aqr systems �Pspin � 0:001Porb�. Accre-
tion discs are formed in DQ Her systems, but the propeller
state is realized. InAEAqr systems, the accretor spin is so fast
that the accretion disc is not formed. In this case, the term
`superpropeller' can be used.

To study the effect of asynchronous rotation of the
accretor on the flow structure in CBSs, three-dimensional
numerical calculations for different period ratios Pspin=Porb

were carried out. The parameters of the models are listed in
Table 1. The specific values are taken for SS Cyg. However,
different models fully correspond to the intermediate-polar
type described above. In all models, the surface magnetic field
strength was set equal to 105 G and the magnetic field
inclination was taken to be y � 30�.

We note thatmodel 1 (synchronous rotation) is equivalent
to model 1 (for Ba � 105 G) in Section 4.4. The flow structure
in model 3 (equilibrium rotation) is only slightly different
from that in model 2 (accretor, EX Hya systems). We
therefore detail the comparison of models 2 and 4 of the
accretion disc, which correspond to the respective accretor
and propeller states.

Figure 14 demonstrates the density and velocity distribu-
tions in the equatorial plane (xy, upper plots) and the vertical
plane (xz, bottom plots) for model 2 and model 4 near the
time of the steady-state flow (about 17 orbital periods). In
model 2, corresponding to the accretor state, the flow
structure is similar to that in the case of synchronous rotation
(see Fig. 6). The effect of the accretor spin leads to the
formation of a larger tail of matter outflow through the
Lagrange point L3.

But the flow structure in model 4 is qualitatively different.
The accretion disc has a larger size. The stream line from the
inner Lagrange point L1 even extends beyond the Roche lobe
at some place. A powerful tail of matter overflowing through
the outer Lagrange point L3 into the external envelope is
clearly visible. In the inner parts of the disc, a magnetospheric
cavern is formed with the radius �0:05ÿ0:1�A. The Kelvin±
Helmholtz instability develops at the boundary of this cavern,
leading to the formation of spiral waves, which tend to
transform into shocks. As is evident from vertical cross
sections of the flow (the bottom right panel), the matter
from the envelope accretes mainly onto the disc, not onto the
white dwarf.

Because there is almost no matter inside the cavern, the
accretion rate onto the white dwarf in model 4 is close to zero.
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Figure 13. 3D flow in a close binary system with a complex magnetic field

of the accretor for different values of themagnetic axis angle relative to the

donor: (a) 0�, (b) 180�, and (c) 252�. Shown are isodensity surfacesÿ6,ÿ4,
andÿ2 [in logarithmic units of r�L1�]. Also shown are magnetic field lines

(lines with arrows) , the accretor spin axis (the thin straight line), and the

magnetic symmetry axis (the bold slanted line).

Table 1.Model parameters in calculations of an asynchronously spinning
accretor. Parameters are given for SS Cyg. The prototypes correspond to
the classification of intermediate polars currently used [7].

Model Prototype Pspin=Porb rc=rm State

1
2
3
4
5

Synchronous
EX Hya
Regular
DQ Her
AE Aqr

1
0.1
0.033
0.01
0.001

1
1.48
1.00
0.66
0.31

accretor
accretor

equilibrium spin
propeller
propeller
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On the other hand, the mass exchange process continues to
supply matter to the disc, and hence its mass gradually
increases.2 By a certain time, the density at the cavern
boundary can increase, such that matter penetrates the
magnetosphere and starts accreting onto the white dwarf.
After the excess mass has accreted, the system again transits
to the propeller state. The described mechanism possibly
explains quasiperiodic dwarf nova outbursts observed in
DQ Her-type systems [5]. We note that the value of Pspin (see
Section 4.1) in SS Cyg suggests that it belongs to the
intermediate-polar type. Remarkably, SS Cyg demonstrates
outbursts approximately every 200 orbital periods. The
amplitude of the outbursts can be as high as 4:5m. Assuming
an accretion origin of the outbursts, such an increase in the
luminosity of the system corresponds to the increase in the
accretion rate by about 60 times. The flow structure in SS Cyg
during the outburst was studied in [90] using the observed
spectra and Doppler tomography.

Figure 15 shows the density and velocity distribution in
the binary equatorial plane for model 5, which corresponds to
AE Aqr type intermediate polars. In this case of a super-
propeller, the accretor spin period Pspin was assumed to be
1000 times smaller than the orbital period Porb. The fast spin
of the accretor prevents the formation of an accretion disc.
Matter flowing from the donor through the Lagrange point
L1 is kept by the rapidly rotating magnetosphere of the white
dwarf, gains additional momentum, and is expelled beyond
the Roche lobe. A long tail winding around the binary system
and forming its common envelope then appears. Figure 15
clearly shows that the Kelvin±Helmholtz instability develops
along the tail. In addition to the main tail, several weaker
parallel tails can be seen. Interestingly, some of them are
connected by bars. The flow structure obtained in our
calculations for model 5 is in good agreement with previous
quasiparticle hydrodynamic calculations [22, 24]. We also
note that the analysis of the observed Doppler tomograms of
AEAqr [22, 24] reveals similar structures in thematter flow in
this system.

5. The magnetic field in an accretion disc

5.1 Mechanisms of field amplification
The magnetic field of a compact star can be amplified in the
accretion disc due to differential rotation, radial motions, and
the dynamo. The magnetic field can be reduced by diffusion,
turbulent dissipation, and buoyancy.

In the inner parts of the disc, the generation of a toroidal
magnetic field by differential rotation dominates [9]. The
character of the generated field is determined by the rotation
law in the disc. However, effects related to the poloidal
velocity in the disc and redistributing the magnetic field
across the disc can be significant here [49, 91±93]. The
magnetic field can interact with waves emerging in the inner
parts of the disc [18, 19] and lead to quasiperiodic variations
of the accretion rate onto the compact star [31].

In the outer parts of the disc, the magnetic field can be
partially amplified by the dynamo mechanism. In accretion
discs in CBSs, both laminar (due to nonaxially symmetric
flows) [94] and turbulent ao-dynamos [38, 95, 96] can
operate. The dynamo generation of the magnetic field in
accretion discs was studied, e.g., in [9, 97±101]. For the
dynamo generation of the magnetic field to be effective, the
mean helicity a of nonaxially symmetric and turbulent gas
motions must have no mirror symmetry relative to the disc
equator. From the physical standpoint, this means that the
number of right-screwed vortexes should not be equal to the
number of left-screwed vortexes, because the Coriolis force
produces an additional screwing of vortexes. When a > 0, the
quadrupole mode of the magnetic field dominates above the
equatorial plane of the disc [39]. However, a detailed
numerical modeling of magnetic turbulence [102, 103] due to
the magneto-rotational instability [14, 15] in accretion discs
showed that the opposite situation can be realized under
certain conditions [104, 105]. In that case, the dipole magnetic
field becomes dominant. We note that this component is
favorable for the formation of bipolar outflows from the disc
due to the centrifugal mechanism [13].

5.2 Results of numerical calculations
We consider the magnetic field behavior in the disc of a
typical intermediate polar (model A in Section 4.3, model 1 in
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and vertical (xz, bottom) planes in (a) model 2 (accretor) and (b) model 4

(propeller). The notation is the same as in Fig. 4.

2 Such accretion discs are frequently called storage discs (see, e.g., [8]).
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Section 4.4). Figure 16 shows the distribution of the magnetic
field B [in units

�����������������
4pr�L1�

p
AO] in the equatorial plane �xy� of

the disc approaching the times 12:75Porb (Fig. 16a) and
13:36Porb (Fig. 16b). The light line with arrows shows the
magnetic field line passing through the point x � ÿ0:175A,
y � 0:00A. The analysis of this figure suggests that there are
three distinct zones in the disc: the inner zone of the intensive
toroidal field generation due to differential rotation, the zone
of current sheets, and the outer zone of the magnetic field
dissipation. The inner zone radius is about 0:1A. The current
sheets in Fig. 16 show up as light rings.When passing through
the current sheets, the magnetic field line changes to the
opposite direction. In Fig. 16b, we can see at least three
current sheets. The current-sheet zone extends from approxi-
mately 0:1A to 0:2A. In Fig. 7, current sheets are located at the
points where the toroidal field Bj vanishes. In the far zone
beyond 0:2A, no intensive field generation due to differential
rotation occurs, because the magnetic field of the compact
star is very weak in this region. However, Fig. 7 indicates that
a weak poloidal field is generated there. Therefore, the
magnetic field in the accretion disc is predominantly toroidal.

A current sheet is formed at the boundary of the inner
zone, or even inside it. The change of the sign of Bj is related
to a change of the rotation law in the disc. Near the central
star, a transition zone is formed in which the angular
momentum is strongly transported away. In this zone, the
angular velocity of gas decreases from the Keplerian value to
that of the field line rotation. The change in the rotation law
affects the toroidal field generation.

These considerations can be illustrated with the following
simple picture. We consider a model dependence of the
angular velocity o on the radius r,

o � o0�r=r0�a
1� �r=r0�a�3=2

; �36�

where r0 is some characteristic radius approximately equal to
the magnetosphere radius. At r5 r0, we obtain the asympto-
tic dependence o � o0�r=r0�a determining the rotation inside
the magnetosphere. In the opposite limit r4 r0, expression
(36) leads to the Keplerian rotation law o � o0�r=r0�ÿ3=2. In
Fig. 17, the magnetic field evolution and current sheet
formation are shown. Figure 17a demonstrates the projec-
tion of the initial magnetic field lines on the equatorial plane.
Figure 17b±d shows the picture of magnetic field lines
evolving with rotation law (36) at times 2p=o0 (Fig. 17b),
4p=o0 (Fig. 17c), and 10p=o0 (Fig. 17d). The figure demon-
strates that the current sheet and the magnetic zones can
already be formed after the first several rotations of the disc.
However, further evolution of these structures can be
significantly affected by the magnetic field dissipation, radial
motions, and the dynamo effect.

The above considerations suggest that in the case of
equilibrium star rotation [8], when the corotation radius (the
distance where the rotation velocity of the field lines matches
that of the disc matter) is equal to the magnetosphere radius,
the current sheet should not be formed. However, for this to
be possible, the compact star should be significantly spun up
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Figure 16.Magnetic field distribution in the equatorial plane of the disc near the times (a) 12:75Porb and (b) 13:36Porb. The light line with arrows shows the
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Figure 17. The formation of magnetic zones and current sheets in accretion discs. Shown is the schematic picture of magnetic field lines in the equatorial

plane (a) at the beginning and after (b) one, (c) two, and (d) five disc rotations.
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by the disc matter. In systems where the corotation radius
exceeds that of the magnetosphere, current sheets must be
formed. This condition is connected with the relation between
the spin and magnetic field of accretor and the accretion rate.
In our calculations, the rotation of the accretor was assumed
to be synchronous. Hence, this condition is certainly satisfied.
We note that in galaxies, the large-scale magnetic field
generation by the dynamo mechanism in combination with a
complex rotation law can also lead to the formation of
magnetic zones and their separation into current sheets [39].
For example, the radius of the current ring in galaxy M31 is
about 3 kpc.

The current sheet formed is carried away into the outer
parts of the disc due to the decretion of matter [32]. It is
replaced by a new current sheet formed after some time. Thus,
several current sheets can be simultaneously present in the
disc. The alternating occurrence of accretion and decretion
modes in the inner parts of the disc can be explained by the
quasiperiodic character of magnetic field generation. Indeed,
the field generation must increase the radial pressure gradient
of the toroidal magnetic field, which ultimately stops
accretion. The transition of the inner parts of the disc to the
decretion regime appears as minima of the accretion rate (see
Fig. 9). Once the field is transported into the outer regions of
the disc, the magnetic pressure decreases and the accretion
regime resumes. The field distribution variations in the inner
zone can also be seen in Fig. 16.

An enhanced magnetic field dissipation occurs in current
sheets, leading to an increase in temperature andUV orX-ray
luminosity. In addition, because of the magnetic field
decrease in the current sheet, the total pressure also
decreases. Hence, the disc thickness must also decrease in
the current sheet region. This conclusion is supported by
numerical calculations.

5.3 Main features of field generation in discs
The flow in an accretion disc is turbulent, and hence the
velocity and the magnetic field can be represented as the sum
of the mean values and low-scale fluctuations. To explore the
main features of the magnetic field generation in accretion
discs, we consider a simplified model in which the dipole
magnetic field axis coincides with the spin axis of the star. In
this case, we can use the axially symmetric approximation to
describe the magnetic field averaged over turbulent pulsa-
tions and the azimuth [30].

The induction equation for averaged values with the
dynamo effect taken into account can be written in the form

qb
qt
� rot �v� B� � v� b� abÿ Z rot b� ; �37�

where a is an axially symmetric function related to the helicity
of the flow [see (10)]. Equation (37) implies that the turbulent
character of the flow in an accretion disc leads not only to the
field winding by differential rotation but also to the poloidal
magnetic field generation (ao-dynamo). In our model, the
turbulent viscosity is not explicitly taken into account.
However, numerical viscosity is always present, which is
determined by the finite-difference system used and the grid
resolution. The results of numerical modeling allow determin-
ing the value of the Shakura±Sunyaev aT parameter [50]
characterizing the turbulent viscosity in accretion discs.

In accretion discs in binary systems, the orbits of particles
are elliptical, and therefore the flow is not axially symmetric.
This may lead to an additional dynamo effect. Averaging the

induction equation over the azimuth also leads to Eqn (37), in
which the mean values are assumed to be averaged axially
symmetric quantities, and fluctuations describe deviations
that are not axially symmetric. In the case where axially
nonsymmetric terms are small compared with axially sym-
metric ones and the magnetic field is almost toroidal, the
induction equation can be shown to also have form (37) [94].

The magnetic field of a compact star is poloidal �B�j � 0,
B�p � B��, and therefore the toroidal component of the field
is bj � Bj. We set bp � rot �Anj�, where nj is a unit
azimuthal vector. With this notation, Eqn (37) can be
rewritten in the form of the system of equations

qA
qt
� 1

r
�vpH��rA� � aBj � Z

�
H 2Aÿ A

r 2

�
; �38�

qBj

qt
� r�BpH�oÿ rH

�
Bj

r
vp

�
ÿ 1

r
HaH�rA�

ÿ a
�
H 2Aÿ A

r 2

�
� Z
�
H 2Bj ÿ Bj

r 2

�
; �39�

where o � vj=r is the angular rotation velocity in the disc.
In an accretion disc, these equations can be signifi-

cantly simplified. Because jvrj; jvzj5 jvjj in an accretion
disc, we can set vp � 0. Moreover, it is possible to neglect
the insignificant third and fourth terms in the right-hand
side of Eqn (39), which are responsible for the a 2-dynamo.
In diffusion terms, radial derivatives can be neglected in
comparison to vertical ones because their ratio is of the
order of z=r5 1. Further, using the estimates qo=qz �
z=r qo=qr, jbz qo=qzj5 jbr qo=qrj, and

B�r � 3

2
Ba

�
Ra

r

�3
z

r
; B�z � ÿ 1

2
Ba

�
Ra

r

�3

; �40�

we find

r�BpH�o � z

r
gB0 ÿ g

qA
qz

; �41�

where Ba is the magnetic field on the surface of the star,
g � r qo=qr is the measure of the differential rotation, and
B0 � Ba�Ra=r�3 is the characteristic magnetic field in the disc.
Finally, we assume that g and Z depend only on r.

After these simplifications, we arrive at the system of
equations

qA
qt
� aBj � Z

q2A
qz 2

; �42�

qBj

qt
� z

r
gB0 ÿ g

qA
qz
� Z

q2Bj

qz 2
: �43�

These equations have a simple physical interpretation.
Equation (42) describes the evolution of the poloidal
magnetic field in the disc. The first term in the right-hand
side describes the generation of the poloidal field from the
toroidal one by the dynamo effect, and the second term
determines the poloidal magnetic field dissipation. Equa-
tion (43) describes the evolution of the toroidal magnetic field
in the disc. The first and the second terms in the right-hand
side determine the generation of the toroidal field from the
magnetic field of the star and the poloidal field generated by
differential rotation in the disc. The last term in the right-
hand side describes the toroidal magnetic field dissipation.
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In the inner parts of the disc, the dynamo effect is weak
and the magnetic field is amplified due to differential
rotation. In that case, the term aBj can be neglected in
Eqn (42). As a result, A � 0, and hence only the toroidal
magnetic field is generated. The remaining equation (43) then
takes the form

qBj

qt
� z

r
gB0 � Z

q2Bj

qz 2
: �44�

The general solution of Eqn (44) satisfying the initial condi-
tion Bj�t� 0�� 0 and boundary conditions Bj�z�0��
Bj�z � H� � 0 can be written as

Bj � 2Bj; 0

X1
n�1

�ÿ1�n
�pn�3

�
1ÿ exp

�
ÿ�pn�2 t

td

��
sin

pnz
H

; �45�

where Bj; 0 � gB0Htd=r and td � H 2=Z is the diffusion time.
At early stages of generation at t5 td, the toroidal field
increases linearly with time, Bj � gB0zt=r. This solution
also describes field generation in the ideal MHD case with
Z � 0. However, we note that this leads to a discontinuity of
Bj on the disc surface at z � H. This means that dissipative
processes should play a significant role near the disc surface,
and they cannot therefore be neglected, at least in this region.
In the other limit case, at t4 td, we obtain a stationary
solution

Bj � 1

6
Bj; 0

z

H

�
1ÿ z 2

H 2

�
: �46�

The maximum absolute value of the magnetic field Bj is
reached at z � H=

���
3
p

. The mean magnetic field over the disc
height is �Bj � Bj; 0=24.

The factor Bj; 0 in (46) describes the radial structure of the
toroidal field. We consider model dependence (36) of the
angular rotation velocity in the disc. Assuming that H / r
and Z / r, we can obtain the asymptotic laws Bj; 0 / r aÿ2 at
r5 r0 and Bj; 0 / rÿ7=2 at r4 r0. The behavior of Bj; 0 as
r! 0 essentially depends on the parameter a characterizing
the rotation of the disc in the accretor magnetosphere:
Bj; 0 !1 for a < 2, Bj; 0 ! const for a � 2, and Bj; 0 ! 0
for a > 2. At the point r � �2a=3�1=�a�3=2�r0, the sign of the
magnetic field reverses. This means that at this radius, the
neighboring magnetic lines are directed oppositely, which
leads to the formation of a current sheet separating two
magnetic rings. The magnetic fields in the inner and outer
magnetic ring have opposite direction. We recall that
numerical modeling supports this picture (see Fig. 7).

The asymptotic character of the dependence of Bj on z is
related to the assumption that the magnetic axis of the star
coincides with the spin axis. If the magnetic field is tilted, the
antisymmetry of the field relative to the equatorial plane is
violated. This situation is illustrated in Fig. 18. For a tilted
magnetic field, a vertical magnetic field gradient appears in
the disc (shown by white arrows). On the right side of the
figure, the field increases from bottom up, and on the left
side, from top down. As a result, the stronger field is
increased first. In view of the direction of rotation in the
disc, the field directed outward from (toward) the reader on
the right (left) side of the figure increases faster. In both
cases, the resulting toroidal field is positive. The same
distribution of the toroidal field is obtained in numerical
calculations. The effect is strongest for the field tilt angle

y � 45�. These considerations lead to the following conclu-
sion. The antisymmetric toroidal field (the dipole model) is
generated only at y � 0� and 90�. Any small deviations from
these values suppress the dipole mode by the quadrupole
one. Hence, the generation of a purely dipole mode in
accretion discs of intermediate polars can be unstable. The
quadrupole mode is more stable. We also recall that the
dynamo mechanism in the outer parts of the disc amplifies
the quadrupole magnetic field component first [39].

In the outer parts of the disc, the dynamo effect can play a
significant role in magnetic field generation. Therefore, to
describe the magnetic field, we should use the complete
system of equations (42), (43). The value of a in these
equations is determined by the mean helicity of the velocity
fluctuations dv,

a � ÿ t
3
hdv rot dvi ; �47�

where t is the characteristic correlation time. The angular
brackets denote ensemble averaging over turbulent pulsa-
tions and azimuthal motion. In both cases, the characteristic
correlation time can be estimated as t � H=�aTcs�.

Figure 19 shows the vertical distribution of a for
nonazimuthal velocity fluctuations in an accretion disc at
different distances from the accretor obtained in 3D MHD
modeling. The figure shows that the helicity has mirror anti-
symmetry relative to the disc plane, which is a necessary
condition for the dynamo mechanism to be effective [39].
Apparently, similar profiles are obtained for turbulent
velocity fluctuations. To simplify the analysis in what
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Figure 18. Explanation of the generation of the quadrupole component of

the toroidal magnetic field in the accretion disc around a tilted magnetic

field.
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follows, we use the values of a averaged over the disc half-
thickness.

We restrict ourselves to stationary solutions of Eqns (42)
and (43). In this case, the equations can be reduced to a single
equation for the toroidal field:

q3Bj

qz 3
� ag
Z 2

Bj � gB0

Zr
� 0 : �48�

This equation is invariant under the transformations z! ÿz
with the simultaneous change of the function Bj�z� !
ÿBj�ÿz�. This means that it describes the generation of
the dipole (antisymmetric) component of the magnetic field,
with Bj�ÿz� � ÿBj�z�. As was shown in the preceding
section, such a field is generated from the magnetic field of
the accreting star by differential rotation of the disc.
However, at far distances from the accretor, where
gB0H

3=Zr5 1, the quadrupole (symmetric) field compo-
nent, Bj�ÿz� � Bj�z�, can become dominant [39].

Due to the linearity of Eqn (48), its general solution can be
represented in the form Bj � B

�d�
j � B

�q�
j . The components

B
�d�
j and B

�q�
j describe the dipole and quadrupole fields, and

satisfy the equations

q3B �d�j

qz 3
� ag
Z 2

B �d�j �
gB0

Zr
� 0 ; �49�

q3B �q�j

qz 3
� ag
Z 2

B �q�j � 0 : �50�

These equations can be conveniently rewritten in a dimen-
sionless form. We set B

�d; q�
j � Bj; 0 fd;q�z�, where z � z=H.

Then Eqns (49) and (50) become

f 000d �D fd � 1 � 0 ; �51�
f 000q �D fq � 0 ; �52�

where D � agH 3=Z 2 is the dynamo number and primes
denote derivatives with respect to z. These equations must
be solved with the boundary conditions fd�0� � fd�1� � 0,
f 00d �1� � ÿ1, and f 0q�0� � fq�1� � f 00q �1� � 0. In addition, we
note that in the outer parts of the disc, at z > 0, the dynamo
number D must be negative, because the measure of the
differential rotation is negative there.

The solution of these equations determines the vertical
field structure [32]. It is interesting to note that with the
dynamo effect taken into account, the radial field structure is
again described by the factor Bj; 0. In the inner magnetic ring,
for a tilted magnetic axis, the quadrupole field component is
always dominant. In the outer magnetic ring, the quadrupole
field component can also become dominant with time because
it grows faster than the dipole component due to the dynamo
effect [39]. This structure of themagnetic field in the outer and
the inner magnetic rings is confirmed by 3D numerical
calculations.

6. Conclusion

The main results of the review can be formulated as follows.
(1) A 3D numerical model is developed to study mass

exchange in CBSs taking the magnetic field of the accreting
star into account. The mathematical model assumes that the
proper magnetic field of the accreting star is potential and
consists of dipole and quadrupole components. The magnetic

axis tilt relative to the spin axis, magnetic field diffusion, and
radiative heating and cooling are also taken into account.

(2) It is established that in models with a relatively low
magnetic field Ba 4 106 G, an accretion disc is formed. The
disc shows the characteristic features, including a `hot line',
tidal shocks, and a precessing spiral density wave. The radius
of the calculated magnetosphere is in good agreement with
estimates of the inner accretion disc radius in SS Cyg inferred
from the analysis of observed Doppler tomograms. With
increasing Ba, the accretion disc size decreases and the
magnetosphere radius increases. These models correspond
to flows in intermediate polars.

In models with strong magnetic fields Ba > 106 G, an
accretion disc is not formed. The flow has the form of an
accretion stream that starts from the inner Lagrange point L1

and ends on the magnetic poles of the accretor. These models
corresponds to flows in polars.

The magnetic fieldBa � 106 G separating the two types of
flows is determined by the relation between the minimum
distance by which the stream approaches the accretor Rmin

and the magnetosphere radius rm. An accretion disc is formed
ifRmin > rm. Otherwise, the accretion flow is inside the region
of the significant influence of the magnetic field of the
accretor and no accretion disc is formed. This estimate of
the magnetic field separating polars and intermediate polars
is very general and depends weakly on parameters of the
specific binary system.

(3) It is shown that the presence of a strong quadrupole
magnetic field component significantly complicates the
character of accretion in comparison with the case of a
purely dipole field. In particular, the formation of additional
accretion zones near the magnetic belt, which is located
somewhat below the magnetic equator of the accretor, is
discovered. In this picture, radiation from hot spots near
magnetic poles is significantly polarized, because the mag-
netic field has a distinct direction there, while radiation from
spots formed near the magnetic belt is not polarized. The
analysis of CBSs with a complex magnetic field (for example,
BY Cam) confirms the results of our modeling.

(4) Asynchronous rotation of the accreting star has a
strong effect on the flow structure in magnetic CBSs. In the
case of slow rotation (Pspin > 0:033Porb, the `accretor' state),
the flow structure is similar to that obtained for synchronous
rotation.

In the case of fast rotation (Pspin < 0:033Porb, the
`propeller' state), a magnetospheric cavern is formed near
the accretor and the accretion rate almost vanishes. The
gradual growth of the disc mass ultimately leads to the
suppression of the cavern, the fall of the stored mass onto
the surface of the accretor, and a drastic increase in the mass
accretion rate. According to our numerical calculations, this
mechanism of mass accretion rate variations can be used to
explain quasiperiodic outbursts in dwarf novae observed in
DQ Her systems.

In the case of very fast rotation �Pspin < 0:033Porb�, no
accretion disc is formed.Matter is expelled from themagneto-
sphere and forms a spiral tail winding around the binary
system. These flows are observed in AE Aqr systems.

(5) The analysis of magnetic field generation in accretion
discs of CBSs revealed that the field in the disc is predomi-
nantly toroidal. Three zones can be distinguished in the disc:
the inner zone of intensive magnetic field generation due to
differential rotation, the zone of current sheets, and the outer
zone of magnetic field dissipation. The magnetic field
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amplification in the inner parts of the disc is shown to lead to a
very strong increase in the corresponding pressure gradient,
which stops accretion. The drift of the field into the outer
parts of the disc decreases the magnetic pressure and helps
resume accretion. The alternation of accretion and decretion
states in the inner parts of the disc caused by the quasiperiodic
character of magnetic field generation is thus discovered. This
effect leads to a significant change (15±25%) in the accretion
rate onto the compact star and should be observed as
brightness variability of the system.

Yet another consequence of the quasiperiodic character of
the magnetic field amplification is the simultaneous presence
of several current sheets in the disc. The current sheet formed
near themagnetosphere of the accretor is brought away to the
outer parts of the disc by decretion and another current sheet
is formed in its place after some time. Current sheets can be
formed only in systems in which the corotation radius exceeds
that of the magnetosphere (the accretor state). This condition
depends on the relation between the spin period of the
accretor, its magnetic field, and the mass accretion rate.
Clearly, changes in the disc parameters and additional
radiation caused by the formation of current sheets should
be taken into accountwhen interpreting observations of CBSs
in classical astronomy.
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