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ABSTRACT. We have executed fine mesh calculations which can almost
fully resolve the transition front in the accretion disk of dwarf novae.
Results show that the effects of thermal diffusion become very important
only when the heating wave passes by. But it is unlikely that they cause
drastic changes in the situation of wave propagation. The validity of
the localized front approximation is examined. It is found that this ap-
proximation is relatively good for heating waves but it is marginal for
cooling waves.

1. INTRODUCTION

Disk-instability model (Osaki 1974) is now thought to be more
promising model for outbursts of dwarf novae and so far a lot of cal-
culations have been performed along this model (Meyer and Meyer-—
Hofmeister 1984; Smak 1984; Papaloizou et al. 1983; Lin et al. 1985;
Mineshige and Osaki 1983, 1985; Mineshige 1986; Cannizzo et al. 1986).
They all have succeeded in reproducing the basic feature of observed
light curves.

According to the disk-instability model transition waves, which
separate a hot bright region and a cool dark region, propagate spatially
through the disk and produce the light variation observed in dwarf
novae. Since the temperature gradient grows larger around the transition
region, we can expect that a large amount of radial heat flow through
the transition fronts occurs and that it considerably affects the
propagation of transition waves. However on the contrary, we found in
Mineshige (1986) that thermal diffusion terms modified the outburst pat-
terns only slightly and did not play a decisive part in the propagation
of waves. We have pointed out there that this is because calculations so
far made always suffered the coarseness of mesh spacings and that the
amounts of thermal diffusion were inevitably underestimated. In order to
estimate its contribution accurately we need fine mesh calculations
which can resolve the detailed structure of transition fronts.

The another reason to carry out fine mesh calculations is to check
the localized front approximation proposed by Meyer (1984). In this ap-
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proximation the front is treated as a very narrow region over which some
kinds of fitting conditions may be applied. But there exists some con-
troversy on the validity of this approximation between Papaloizou and
Pringle (1985) and Meyer (1986). The fine mesh calculations can provide
us some informations on this problem.

We give the methods of calculations in section 2. Results of cal-
culations are shown in section 3. Summary and discussions are given in
section 4.

2. METHOD OF CALCULATIONS
The basic equations we used in this paper are the same as those

described in Mineshige (1986). They are the equation of mass
conservation;
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angular momentum conservation;
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and vertically integrated energy equation;
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where we used the cylindrical coordinate {(r,¢,z) and ¥ denotes the sur-
face density, M the mass-flow rate at each radius, M the mass of a
central white dwarf, W vertically integrated viscosity, T, the disk's
central temperature, Q(—VGM/r3) Kepler angular frequency, and Vih ther-
mal diffusivity. We consider two factors as thermal diffusivity;

= +
vth den vrad

gﬂ_+ 8ach? T 3 (4)
Qx 3cpZT c ?

the former represents the heat transport by small scale eddies and the
latter the heat transport by radiation. Note that a combination of equa-
tions (1) and (2) represents the matter diffusion;

3z 321
Y vdyn or2 ° (5)

and equation (3) the heat diffusion;

3T 32T
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if the energy transfer in the radial direction dominates over the local
heating/cooling [i.e., the first term in L.H.S. of equation (3)].

The physical variables such as W, h, T, ** are expressed as func-
tions of (r, Z,TC) after the integration of vertical structure of disks.
Then equations (1)V(3) are transformed into the difference equations and
solved by the implicit method. Grid points are distributed uniformly in
the logarithmic scale with Alog r=0.004, which corresponds to Ar/r "~
1/100. We take as model parameters the disk's inner edge r, =107 ‘cm,
outer edgg r0u§218 TTem, mass-flow rate from the secondary star into
the disk MO=lO *Yg s ~, and the viscosity parameter 0=0.032 (cool
state) v 0.10 (hot state). The total number of mesh points used in this
calculation is 401, The initial model is the steady state corresponding
to MO=1016'Og s_l.

Boundary conditions are

3T . s ~
vl 0 and M =M, at T = LI (7)
and
Tnv0O and WNO  at r = r, . (8)
in
3. RESULTS

3.1. Cooling Waves

First we show the global behavior of the disk in (r,%)-diagram and
(r,Tc)—diagram.

Figure 1 shows the development of the surface density distribution
(la:lower figure) and that of the disk's central temperature distribu-
tion (lb:upper figure) involved with the inward propagation of a cooling
wave., Two straight lines running across the figure la represent the
critical surface density ZA (lower) and ZB (upper). No stable hot state
exists below the lower critical line ZA and no stable cool state exists
above the upper critical line ZB' Both of them are functions of the
radius r (roughly Z,, Iy <« 1y,

We can summarize the result as follows:

(1) The surface density distribution shows two depressions around the
transition front.

(2) The value of the surface density at each point does never go down
below the lower critical value ZA'

(3) Almost the same feature around the cooling front in (r,Z)-diagram
(both in the logarithmic scale) propagates inward without any sig-
nificant deformations (strictly speaking, a gradual contraction in the
radial direction can be seen).

(4) The width of the front w is evaluated as w/r"v 1/5.

(5) Also in the region far away from the front the temperature gradually
decreases, which results in the simultaneous decrease of the optical
flux and the UV flux (Mineshige 1986; Pringle et al. 1986).
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Fig.l. Global behavior of the disk Fig.2. Same as figure 1 but when
when the cooling wave propagates the heating wave propagates
inward. Figure la (lower) illust- outward. Elapsed times are 9.74,
rates the development of the 9.81, 9.87, 9.97, 10.12, and
surface density and 1lb (upper) 10.29 (x10- sec).

that of the disk's central temper-
ature. Elapsed times are 5.30,
7.075 8.07, 8.97, 9.29, and 9.63
(x10~ sec).

3.2. Heating Waves

Figure 2a (lower) and 2b (upper) are (r,X)-diagram and (r,TC)—
diagram for the case of the outward propagation of a heating wave.
Results are gquite different from those of a cooling wave.

(1) The surface density distribution shows a very spiky profile at the
front.

(2) The peak of the spike at the heating front exceeds the upper criti-
cal line Z,.

(3) Almost the same shape in (r,X)-diagram propagates outward, but the
shape of the front is not similar to that of the cooling front.

(4) The width of the front w is about w/r~™ 1/20, which is smaller than
that of the cooling front.

(5) The temperature of hot region remains almost constant, which results
in the time lag between the rise of the UV flux and that of the optical
flux.
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3.3. Local Behavior in (Z +Topp)-diagram

Next we show the local behavior of the disk in (I ,Teff)—diagram.
The accretion disk of dwarf novae may be regarded to consist of a great
many non-linear oscillators. Each of them show a relaxation oscillation
between hot and cool states and it is related to each other by mutual
mass flow and heat flow [see equations (5) and (6)].

Figure 3 shows the time evolution of the region at r=109'80m. The
solid curve represents the local thermal equilibrium curve (balance of
the local heating and cooling) at r=107°""cm. A succession of open
circles represents the position in (Z ,Teff)—diagram of each grid point
around the region at r=10"°"cm when a heating wave passes over (right
side of the equilibrium curve) and when a cooling wave passes over (left
side). Note that the value of the surface density at each radius r is
rescaled to the value at r=10 '80m according to the law L « r~*" in or-
der to remove the radius—-dependence of the position of the thermal equi-
librium curve in (2 ,Teff)—diagram [i.e., each circle represents the
relative position to the thermal equilibrium curve at its radiusl]. In
this way this figure also shows the evolutionary tracks of the point at
r=10""*"cm,

Results are summarized as follows:

(1) For the downward transition the disk evolves roughly along the ther-
mal equilibrium curve and hence shows the two minima in the surface den-
sity (cf. figure la).

(2)The contribution from the thermal diffusion in the coeling of the
disk is estimated numerically to be always smaller than 30 percents.

(3) For the upward transition the surface density instantly grows very
large and soon decreases (in the thermal time scale). So the evolution-
ary path goes far away from the thermal equilibrium curve.

(4) The contribution from the thermal diffusion in the heating of the
disk grows very large when the surface density exceeds 102'Og cm_2 (a
few times larger than that of the local heating).
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4. SUMMARY AND DISCUSSIONS

We have executed the fine mesh ( Ar/r“v1/100) calculations, which
can almost fully resolve the transition front and we have examined the
effects of the thermal diffusion. They are very important only when the
heating wave passes by. So they may modify more of less the situation of
transition-wave propagation, but we cannot expect drastic changes. In
any way we should continue such calculations still further.

We can also derive some important conclusions relating to the lo-
calized front approximation.

(1) The shape of a transition front in (r, Z )-diagram (both in the
logarithmic scale) is almost invariant.

(2) The width of a heating front is very small compared with the radius
(whhy) but this is not the case for a cooling front ( r > w > hy . ).
Therefore the localized front approximation is relatively good for heat-
ing waves but it is marginal for cooling waves.

(3) Figure la and 2a show that the value of the surface density differ
with each other at both sides of the front. Some kinds of modifications
are needed to the fitting conditions at the wave front. This is a cru-
cial point when we consider the reflection of the heating wave.

To sum up, the situations of wave propagations are quite different
for the heating waves and the cooling waves. This difference reflects
the local behavior of the disk seen in figure 3.

The author wishes to thank to Prof. Osaki for critical reading of the
manuscript and fruitful discussions, He is also grateful to Dr. Duschl
for his helpful comments. These highly time-consuming calculations were
performed on the FACOM M-380R at the Tokyo Astronomical Observatory.
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