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ABSTRACT

A hot spot at the outer rim of the accretion disk dominates the
light of U Geminorum at minimum light. We take this as evidence that
there is no accretion from the disk onto the white dwarf between the
eruptions, and we assume there is no viscosity in the disk at that
time. The hot spot is produced by dissipation of the radial component
of velocity of stream falling from the inner Lagrangian point. Angu-
lar momentum per unit massis smaller in the stream than it is in the
outer parts of the disk. This leads to angular momentum redistribu-
tion in the outer part of the disk. The difference of tangential ve-
locity between the stream and the disk is dissipated in few orbital
periods. These processes make the outer parts of the disk look like
2 torus. We calculated the structure of the torus in U Geminorum
between the eruptions and we obtained the following marameters: mass
of the torus: 10~° - 1078 Wy (assumed), its optical thickness:
106, the large radius (i.e. the radius of the disk): 0.5 Rg (assum-
ed), the small radius (i.e. the half thickness of the outer parts of
the disk): 0.05 Ry . Conditions at the surface of the torus are si-

milar as on the solar surface.
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A hot spot is a very prominent feature in dwarf novae at mini-
mum light. It is believed to be formed at the outer rim of the accre-
tion disk by the stream of gas flowing from the inner Lagrangian
point (Smak 1871). No model of the hot spot exists in the literature.
One of the problems is lack of knowledge of the structure of outer
rim of the disk. In this paper we present a simple model of the rim.
In future we intend to use this model for a study of the hot spot
structure.

We assume that the following interpretation of observations of
U Geminorum is correct. Mass is transferred from the red dwarf fill-
ing its PRoche lobe onto the outer rim of the disk rotating around the
white dwarf. The size of the disk is about equal to the size of the
largest simple periodic particle orbit which does not intersect other
orbits (Smak 1976, Paczynski 1977). Therefore, angular momentum per
unit mass is higher at the outer rim of the disk than in the stream
of gas flowing from the inner Lagrangian point. The hot spot is pro-
duced by dissipation of the radial component of velocity of the
stream. The difference of tangential velocity between the stream and
the disk is dissipated into heat in few orbital periods of the outer
rim. There is no accretion within the disk and onto the white dwarf
at minimum light (Osaki 1974). The radius of the outer rim of the
disk decreases with time as relatively low angular momentum matter
is deposited by the stream. At a certain moment viscosity within the
disk increases and a lot of heat is produced and radiated away. This
is an outburst (Osaki 1974). At the same time viscosity leads to ac-
cretion of some matter onto the white dwarf, while the outer parts of
the disk are pushed out. We believe, that tidal torques on the outer
parts of accretion disk (Papaloizou and Pringle 1977) are so efficient
that the outer rim cannot expand beyond the largest nonintersecting
particle orbit. The excess of angular momentum is carried from the
disk back to the orbital motion by the tidal torques. After the out-
_burst viscosity in the disk vanishes and the accretion of matter from
the stream onto the outer rim of the disk leads to the decrease of
the disk size. We use this process to explain the well observed varia-
tions of the disk size with time in U Geminorum (Smak 1971).

The aim of this contribution is not to discuss the validity of
the scheme presented above, but to model the structure of the outer
region of the disk assuming this scheme to be correct.
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We assume there is no viscosity in the disk at minimum light.
For simplicity we assume that the streamlines in the disk are circu-
lar, even at the outer rim. That means we ignore the influence of the
secondary and the impact of the stream. We assume that the deposition
of low angular momentum matter at the outer rim leads to dynamical
instability which tends to keep the angular momentum per unit mass
constant with radius within the outermost regions of the disk. Dissi~
pation of the difference in tangential velocities between the stream
and the outermost region of the disk leads to the heating of this re-
gion. Vle assume there is a thermal balance between this heating and
the radiative losses from the surface of the outermost region of the
disk leads to the heating of this region. We assume there is a ther-
mal balance between this heating and the radiative losses from the
surface of the outermost region of the disk which rotates with cons-
tant angular momentum per unit mass.

2s the temperature is finite, the pressure is also finite,
though small. The small pressure gradient makes it possible to main-
tain an equilibrium in the region of constant angular momentum per
unit mass. If pressure was vanishingly small than all the mass ac-
creted onto the outer rim would form just a single streamline. As
pressure is finite this matter will flow along a tube of a finite
crossection. Taking thermal balance into account we shall find the
size of the tube. The tube has to be large enough to be able to ra-
diate away the heat generated within the tube. Let us emphasize that
the heat is generated by dissipating differences in specific angular
momentum. In our model matter within the tube rotates with angular
velocity varying with radius, but shear does not lead to heat dissi-
pation as we assume that viscosity is vanishingly small.

Let us consider, for simplicity, a barytropic eguation of state,
P = P(P ), and axisymmetric rotation of the disk. The combined poten-
tial due to gravitational field of the white dwarf and that due to
rotation may be written as: '

w= EF 4 [a'Rdr - ™
T )

where Nl is the white dwarf mass, r is the distance from the white
dwarf center, R is the distance from the rotation axis and Q1 is
the angular velocity of rotation. We consider now small region where
angular momentum per unit mass is constant and given as:
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where R0 is the radius at which the angular momentum on a Keplerian
circular orbit is equal to jo+ Combining egs. (1) and (2) we find:

L o= G’m(ﬂ,‘; - 27%‘;—) + comst . (3)
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Fig. 1. Geometry of the problem. Tﬂ, is the white dwarf mass. R_ is
a large radius of the torus. E is a small radius of tfe
torus.

In a small region near Ro we may expand eq. (3) in a power se-
ries of E , the distance from the equatorial streamline with radius

Ro (cf. Fig. 1). Neglecting higher order terms we find:
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where U, is the potential at Ro. As we see an equipotential surface
close to Ro is a torus with a large radius Ro' and a small radius g.
In the barytropic case this would also be a surface of equal pressure.

We have no a priori reason to expect that in the disk there is
a barytropic relation between pressure and density. We assume this
for simplicity. Therefore, in our model, at the outer region of the
disk every surface of equal density, pressure and temperature is a
torus. We expect that § <& Ro' and a torus may be locally represent-
ed with a cylinder. Selfgravity of the cylinder (or torus) is neglect-
ed. Nevertheless, effective gravitational acceleration is directed
towards the axis of the cylinder, and it is given as:

s * T - T
ag R2
Structure of the torus may be described with the stellar struc-
ture equations adapted to the cylindrical symmetry. These may be
written as:

R PR+ 2 T S

UT*REP

5

dE (6)

ﬁ

VT aP

d¥ ? d¥ ) V= MW(V'M)V¢°“v) )

where ’nﬂ % is the mass contained within the torus with radii Ro and
E . The radiative and convective gradients may be calculated like

in a spherical case if we know the heat flux, F; . Unfortunately,

we know nothing about the distribution of heat sources, and we had to

assume that:
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where Fo is the surface heat flux (i.e. the surface brightness) at
the torus with a surface radius ¥4 . The exponent a was treated as
a free parameter. The stellar envelope program (Paczynski 1¢69%) was
adapted to the case of cylindrical symmetry and used to integrate
egs. (6) with the mixing length equal to one pressure scale height.
Normal chemical composition (X=0.7, ¥=0.27, Z=0.03) was adopted. As
we intended to model the case of U CGeminorum, we adopted:

m= M, )
R = O.BRQ

(8)
)

following Smak (1276). The surface radius of the torus,§°, and the
total heat generation rate within the torus, L (i.e. the luminosity
of the torus), were used as free parameters. We have; of course a re-
lation:

F - ____L;_____ (9)
2
* 4T R E,
Mass of the torus was found as a result of integrations of the struc-
ture equations (6).

Preliminary computations with the parameter a (cf. eg. 7) taken
as 0,1, and 2 demonstrated that the outer parts of the torus were
convective, while the inner parts were radiative in some models. When-
ever the interior tended to be radiative, we nevertheless assumed
adiabatic temperature gradient, which effectively corresponds to modi-
fication at the distribution of heat sources (cf. eg. 7). Our reason-
ing is as follows. Accretion of mass with deficit of angular momentum
must lead to dynamical instabilities and mixing of matter within the
torus. In the interjor the thermal timescale is long compared to the
dynamical time scale and mixing driven by the gradient of specific
angular momentum may lead to adiabatic temperature distribution.

The results of model computations were practically independent
on the choice of a. Therefore most models were calculated with a = 1.
Alltogether a few dozens of models were calculated with various va-
lues of luminosity L, and thickness §° of the torus. The variation of
torus mass with its luminosity L, and small radius §° is shown in
Fig. 2. The results interpolated to the round values of torus mass
are given in Table 1. Tc and yc are the temperature and density on
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the circular "axis" of the torus, U is the optical depth from

=0 to = ;, T and g_ are the effective temperature and
° e o
gravity at the torus surface.

Table 1

Parameters for some torus models with L = 0.1 L0 (cgs units)

-9 -8 -7
m/ M, 10 10 10
£./ Ry 0.044 0.050 0.059
Tc 5.1104 5.6104 6.6104
Pe 1.0,,-6 8,06 5,075
T 510+5 210+7 11o+9
Te 6320 6120 5870
9, 9.60103 1.0910 1.29, .4
yRJ T T T T T
% - ™M="Mo ]
Ro=0.5Ro0 L=Lo
" | paih :
12 | i
20 + 1
08 i
08 L Olle
04 - 00113
02 | d
1 1 1 AL 1
10" 100 1079 108 07 M/
Fig. 2. variation of the torus radius Eo as a function of torus mass

and luminosity. Line of thermal time scale equal to rotatio-
nal period of the disk is indicated.
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Conclusions

The likely accretion rate in U Geminorum is in the range 10_9 -
10_8'“10/y (Smak 1976). This corresponds to the torus luminosity in
the range 1072 - 107" Ly - The torus mass should be around 1072 -
10_3 WYIQ as the torus contain not only the freshly accreted matter,
but also swept up matter from the outer parts of the disk. Our models
indicate that the small radius of the torus is close to 10% of its
large radius. The thermal time scale is many davs, and is much longer
than the dynamical time scale (i.e. rotational period of the disk),
which is about one hour. It seems reasonable to expect that because
of its thermal inertia the torus should be uniformly bright along its
circumference. The torus is so optically thick that it may be consi-
dered to be a toroidal stax. Effective temperature and gravity at the
surface of the torus are not very different from those of the Sun.

It is a great pleasure to acknowledge that all the computations
on which this paper is based were done with the PDP 11/45 computer
donated to the Copernicus Astronomical Center by the US National Aca-
demy of Sciences following the initiative and through the action of
Dr. R.C.0°Dell and Mr. A.M.Baer.
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DI SCUSSION of paper by MADEJ and PACZYNSKI:

PRINGLE: 1. I object to your statement that it is a well-known
observational fact that there is no accretion onto the white
dwarf U Gem during quiescence. This depends on how the
observations are interpreted and it is my opinion that the full
effect of photometric corrections has been overlooked in this
context. I think it is fair to say that the question of whether
or not accretion continues during quiescence has yet to be
resolved.

2. The radius you assumed for your torus is larger than you
would get from giving the matter in the torus the specific angular
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momentum in the initially transferred material. The matter in
the torus seems therefore to have acquired some specific angular
momentum from somewhere. Could you explain where this comes
from?

MADEJ: 1. The statement that there is no accretion within the disk
and onto the white dwarf at the time between eruptions is as-
sumed following Osaki (1974). I agree with you that at the
present time it is difficult to verify that assumption (or as-
sumption of constant specific angular momentum in the outer
parts of accretion disk) without any doubts. Therefore, the
models presented above would wait for comparison with future
observations only, not with speculative and uncertain
theoretical considerations.

2., We have assumed the maximal disk radius Ry following avail-
able observations (Smak 1976). Disk models in U Gem with
smaller R, were not computed until now. As regards your
question: at the time of eruptions caused by rapid increase of
accretion rate unto the white dwarf, the accreted matter may
transfer part of its angular momentum to the outer parts of the
disk and consequently, increase the disk radius at the time of
outburst. Unfortunately, no mechanism responsible for the
above statement can be proposed now.

DZIEMBOWSKI: In answer to Dr. Pringle's second question, there is
an angular momentum exchange between the outer and the inner
layers of the disk implicit in Madej and Paczyfiski's model.

"It is due to turbulence resulting from the rotational instabi-
lity.

SMAK: A comment on accretion and viscosity not operating between
outbursts; there appears to be no observational evidence for
any significant accretion (and therefore viscosity) between
the outbursts. To the contrary, we have Lspot 2 Ldisk (at
least in the visual region) and that is taken as an argument
that there is NO accretion. . Of course, the problem of bolo-
metric corrections still leaves some uncertainty there,
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