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ABSTRACT. We report results of modeling physi-
cal processes in the outermost layers of strongly irra-
diated atmospheres of low mass companions in PCBs
where Lc¢ radiation coming from the hot subdwarf
(sdw) primary is reprocessed. We solve explicitly a
set of equations of hydrostatic, ionization and thermal
equilibrium and calculate the intensity of reprocessed
emergent radiation in recombinations for optically thin
plasma. For purely hydrogenic atmosphere and typi-
cal for PCBs values of incident fluxes, densities, gas
pressures of irradiated upper atmospheric layers we
find that Lc¢ will be absorbed and re-emitted in re-
combinations within the column of effective thickness
(108 —10%)cm of HIT depending on the electron density
and the effective temperature of sdw. The most inter-
esting and non-trivial result of our model computations
lies in the overheating of the uppermost layers of irra-
diated atmosphere: the equilibrium temperature of gas
turns out to be considerably higher than the value of
radiative temperature in the black body approximation
following from the total irradiating flux of the diluted
incoming radiation of sdw. This result enables one to
explain the abnormally high values of albedos follow-
ing from the conventional analysis of the light curves
of PCBs (amplitudes of the light curves correspond to
albedo values typically amounting to 3 — 5 for well-
studied systems like V477Lyr). The effect of overheat-
ing is determined solely by the effective temperature of
irradiating source. Thus, we indicate how the effect of
reprocessing of Le radiation can be used as a sensitive
tool for a more rigorous determination of the effective
temperature of the sdw primaries in PCBs.
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1. Introduction

PCBs is a group of close binary systems composed
of a sdw or a white dwarf precursor (primary star)
and an unevolved secondary star, usually a red dwarf.
Periods of these systems are very small, varying from
several days to several hours, and separations between
the components are also small, so systems are close.
Nonetheless, they are still not close enough for the sec-
ondary’s Roche lobe to be filled, so cataclysmic activity
hasn’t yet started. PCBs are frequently found to be the
cores of planetary nebulae.

It is generally accepted now that such systems orig-
inate from wider binaries as a result of the common
envelope stage that once took place in course of their
evolution. The common envelope originates, when the
more massive primary fills its Roche lobe and begins to
loose matter forming a shell embracing the system and
effectively brakes it down, forcing the secondary to spi-
ral down towards the common gravity center. There-
after the matter is expelled from the system and is
observed as a planetary nebula.

One of the most spectacular particularities of PCBs
is an extremely high reflection effect. Being only a sec-
ond order effect in common semi-detached systems, it is
often the main cause of optical variability in such close
systems as PCBs. Due to the fact that the distance
between the components is very small (about some
units of solar radius) and that the effective temperature
of the primary is extremely high (tens of thousands
Kelvins), the hemisphere of the secondary facing the
primary star is highly overheated. The physics stand-
ing behind the emergent radiation transformations in
the overheated phototosphere of the secondary, is very
complicated; that is why we cannot treat the flux es-
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caping from the secondary’s illuminated hemisphere as
simply as it is usually done in conventional models of
reflection effect in ordinary semi-detached systems (see,
for instance, Paczynski and Dearborn 1980).

An adequate model of the processes involved in the
transformation of the incoming hot radiation in the
photosphere of the secondary star would let one to ob-
tain independent estimations of the system’s parame-
ters, including so important one as temperature of the
white dwarf. Such model would also help us to pre-
dict the future evolution of the system, to answer the
question if it has enough time to start cataclysmic ac-
tivity. Some specific questions, like an unusually high
reflection albedo found from observations, could also
be answered (see for instance, Pustylnik and Pustyn-
ski 1999).

2. Model for upper layers of irradiated
atmosphere.

We developed a theoretical model of the upper pho-
tosphere of the secondary.

As already mentioned above, effective temperatures
of the primary correspond to absolutely black body
temperatures of some tens thousands Kelvins. It means
that a significant portion of the incoming flux energy is
concentrated in the far ultraviolet portion of the spec-
trum, namely in the band with wavelengths shorter
than Lyman limit. This hard flux falls onto rarefied
layers of the secondary’s photosphere, and processes
in these layers are somewhat similar to the processes
taking place in planetary nebulae. This fact justifies
application of similar methods in our model. It is in-
tuitively clear that there shouldn’t exist local thermal
equilibrium in such overheated medium. To escape so-
phisticated non-LTE calculations that would make our
reflection effect model extremely complicated, we sup-
pose upper non-LTE layers to be purely hydrogenic and
describe them generally in the on-the-spot approxima-
tion by the system of three equations: the equation of
ionization balance
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the equation of thermal equilibrium
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and the equation of hydrostatic equilibrium
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stands for ionization degree (it is unit when all hy-
drogen is ionized and is zero when all hydrogen is neu-
tral), a is the recombination coefficient to all levels
except the first one, € is the total emission coeflicient
for recombinations, Ny , Ne, N1 are respectively the
number density of neutral H atoms, of free electrons
and protons, B, is the Planckian, W is the local value
of dilution factor, 4 being the angular distance from
substellar point of irradiated component, 7, (r) - the
monochromatic radial optical depth counted from the
surface of the star, P is the gas pressure (the mean-
ing of other notations is self-explanatory). We ne-
glect the number of ionizations from upper levels in
equation of ionization equilibrium. We add the op-
tical depth-dependent coefficient into the right-hand-
side integrand of the thermal equilibrium equation to
take into account approximately contribution from dif-
fuse radiation. In the formula for hydrostatic equilib-
rium we take into account the dependence of effective
gravity acceleration G on coordinates of the selected
point upon the secondary’s surface. The applicability
of such simplified description was checked by our nu-
meric estimations which showed, that the upper layer
of the irradiated atmosphere is opaque for Lyman con-
tinuum photons, at the same time photons with lower
energy penetrate freely through the same layer practi-
cally without being absorbed; so, the non-LTE layer in
the first approximation may be considered transparent
for radiation in optical wave-band.

When the above-mentioned system of equations is
solved, we obtain models of the upper photospheric
layer of the heated secondary’s hemisphere. As it could
be expected, they demonstrate a certain qualitative
analogy with models of planetary nebulae.

It is seen that the radiation penetrates into the pho-
tosphere until a certain depth, while ionization degree
remains close to unity. Thereafter almost whole flux
is absorbed in relatively very thin layer of practically
neutral hydrogen.

From our models one may conclude that the great-
est portion of the Lyman continuum flux is absorbed
in the rarefied upper layer, and the energy of Lyman
continuum photons is reprocessed into energy of less-
energetic quanta, as a result of hydrogen ionization
from the ground level and subsequent recombinations
onto upper levels, and in addition is expended on heat-
ing electron gas. Thus, the reprocessed radiation has a
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typical recombination spectrum, and its intensity may
be obtained from the equation

7). M) = sz BT (), Ne(r)] espl— ),

where

®, =54(F,[T(r)] + G,[T(r), Ne(r)])-

Here F,[T'(r)] is the Gaunt factor for free-free tran-
sitions and G, [T'(r), Ne(r)] is the Gaunt factor for
bound-free transitions. The normalization coefficient,
introduced into this equation to keep emitted energy
rate equal to absorbed energy rate, is omitted in this
formula. This coefficient differs from unity in our
model due to the fact, that the model doesn’t include
self-absorption that may be important at large wave-
lengths and its value is found by equalizing the total
energy emitted in recombinations to the local value of
the incident flux from sdw.

Next we should analyze physical processes involved
in transformation of radiation with longer wavelengths.
This is the radiation coming directly from the primary
star and penetrating through the upper layers nearly
without attenuation, and also the radiation reprocessed
in the upper layer and penetrating deeper into the pho-
tosphere.

The numeric estimations show that the deeper lay-
ers may be treated as medium with LTE, and thus we
may use diffusion (Eddington) approximation to model
them. Following Basko and Sunyaev 1973, we write the
Eddington equation in the following form:
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" 3my k[T(r), P(r)] dy’

where variable y is defined as follows:
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This equation is solved numerically together with hy-
drostatic equilibrium equation
2 P(r) = o plr)
dr ’
and the results of the solution may be expressed as
temperature, pressure and flux functions of the mean
optical depth 7 that is introduced with the formula

() = /00 k(r) dr .

Having obtained this solution, we may deduce the
intensity of emergent radiation from the deeper photo-
sphere:
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This intensity is function of the angle arccos u with
the local normal.

In this way we obtain intensities of emergent radi-
ation escaping from the upper non-LTE and deeper
LTE layers of the secondary’s photosphere. Taking
these two intensity components together and integrat-
ing them over the whole visible sector of the secondary
at a particular orbital phase, we get the total flux in-
tercepted from the secondary by an observer:

Smaz  pXmae
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For different phase angles the observable illuminated
sector has different shapes, and thus we may construct
a smooth light curves by computing the reemitted ra-
diation input into the total system’s luminosity at var-
ious phases. We normalize the light curves so, that the
total relative luminosity in minimum light were unity:

L1 (V) =+ L2 (V, 0)
Ly(v) + LY (v) -

lnorm (V 0) =

3. Results and Conclusions

1. The effective thickness of the column where
the total Lc¢ flux is absorbed for typical temperatures
Tsdw = (40000 — 70000)K and electronic densities
Ne = 103em =2 amounts to Ar = (10° — 10%)em. As
we can see from the Figure 1, the thickness of the ion-
ized zone is rather strongly dependent both on the val-
ues of Tsdw and the distance from substellar point.
Since the emission measure is proportional to Ne? it is
clear that the contribution from the zones close to the
substellar point will be dominant (both Ne and Ar are
higher).

The first attempts to substitute black body spec-
tral distribution of the hot subdwarf by the distribu-
tions following from the model atmospheres discussed
in (Kubat at al., 1999) demonstrate sensitivity of both
temperature and ionization degree runs to Lyman con-
tinuum of the irradiating source.

2. One of the observational phenomena that receives
a natural explanation in our model is a well-known
excess of the secondary’s albedo coefficient in optical
and infrared bands in comparison with estimates made
from the models based on simple black body approxi-
mation . In our model this discrepancy is explained by



90 Odessa Astronomical Publications, vol. 14 (2001)
1 35000 :
09 — 35=0 1 I
— ko sah i
o | 5=36 | 30000 o
— 3=72 a
(5] = e (5]
g o7 d 25000 ]
2 06+ | >
k=] k=]
5 o5t — S 20000 —
S oaf 1 IS
5 osl | § 15000 | ]
02} — 10000 %\k |
0.1 - B ‘E
o ‘ ‘ ‘ ‘ ‘ 5000 ‘ ‘ ‘ ‘ ‘
0 1e+07  2e+07  3e+07  4e+07  5e+t07  6e+07 0 1e+07  2e+07  3e+07  4e+07  5e+07  6e+07
R, cm R, cm

Figure 1: Ionization degree z as function of depth R in
irradiated photosphere for different values of angular
distance from the substellar point. PCB parameters
are: @ = 2R, R1 = 0.01Rg, Ry = 0.2Ry, M; =
051Mg, Mo = 015Mg, Ty = 60000K,T, =
4000K, N.(0) = 5-10'2em 3.

the fact, that the energy in the ultraviolet part of the
spectrum is reprocessed due to recombinational pro-
cesses into low-energetic quanta, and thus gives rise to
the above-mentioned excess.

3. The high values of albedo from irradiated atmo-
spheres follow from the fact that the upper layers where
the Lc continuum is absorbed are strongly overheated.
This is illustrated in the Figure 2 where the runs of
equilibrium temperature T' (following from solution of
the set of equations of thermal, hydrostatic and ioniza-
tion equilibrium), Ty.p, (ionization temperature fol-
lowing from Saha formula for a given local values of
electron and neutral hydrogen densities), Ty (black
body temperature following from the value of total in-
cident flux from sdw) are compared. As we see T is
systematically higher than both Ty, p, and Typp, the dif-
ference being progressively larger as one moves towards
the uppermost layers of the irradiated atmosphere.

Figure 2: Runs of equilibrium temperature T', ion-
ization temperature T,y and black body temperature
Tepy in the irradiated photosphere. PCB parameters
are the same as in the Figure 1.
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