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Abstract. The radiative cooling of a shock wake under typical
conditions of stellar atmospheres is considered. A simplified
model of the radiative relaxation zone is used, and the transfer
equation is solved for the line radiation across the shock. Using
this solution, the contribution of spectral lines to the radiative
cooling is studied, including the elements H, He, C, N, O, Na,
Mg, Si, S, Ca and Fe. The line cooling rate is found to be al-
ways high in a zone of optical depth unity behind the front.
We show that in this zone the relative contribution from each
line to the total energy loss mainly depends on the local condi-
tions (density, temperature, postshock gas velocity) and on the
line wavelength, but is independent of the line strength. Conse-
quently, the cooling by elements having many line transitions
can be very effective. A preliminary analysis shows that the
cooling due to Fe lines considerably reduces the spatial extent
of the radiative shock wake with respect to the one obtained with
H− and H continua. A more sophisticated analysis is needed to
determine the exact thermal structure of the wake, which will
be the subject of a forthcoming paper.
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1. Introduction

One of the most important problems in stellar radiative gas-
dynamics is to estimate the energy exchange rate between mat-
ter and radiation field. This rate is especially needed for shock
structure analyses, when departures from local thermodynamic
equilibrium (LTE) and radiative equilibrium become large. Ra-
diative cooling of the gas in the shock wake and heating in the
precursor are the major factors determining the thermal struc-
ture of the shock. The knowledge of this structure is necessary
for the interpretation of the shock-induced spectroscopic phe-
nomena observed in yellow and red giants, especially the emis-
sion in the Balmer and some other lines. Unfortunately, the full
self-consistent problem of the radiative shock structure is not
resolved yet due to immense technical difficulties. Up to now
only more or less approximate solutions have been obtained.

Whitney & Skalafuris (1963) and Skalafuris (1965, 1968)
have studied a limited problem of the effect of continuum ra-

diation on the precursor and wake in a non-LTE hydrogen gas.
Hill (1972) considered the same problem under the LTE as-
sumption. A more sophisticated analysis has been attempted by
Narita (1973), who estimated the radiative losses due to the Ly-
man and Balmer continua behind the shock front. Klein et al.
(1976, 1978) obtained a self-consistent solution of this problem
for the radiative wake of a hydrodynamic shock under more
realistic stellar conditions. Unfortunately, their coarse zoning
did not allow them to consider the radiative precursor and the
detailed structure of the thermalization zone. For this reason,
their approach was limited to the atmospheres of A-type and
hotter stars, where the ionization degree of the unperturbed gas
is relatively high. However, as shown by Gillet et al. (1989 and
references therein), the whole shock structure is very sensitive
to the degree of ionization in the precursor, especially if it was
initially weak. Consequently, all physical processes in this zone
should be treated very accurately, and simultaneousely with the
postshock region. Recently, Fadeyev & Gillet (1998) proposed
a general iterative method to obtain a self-consistent solution of
the equations of fluid dynamics, radiative transfer and atomic
kinetics for a steady-state radiative shock in partially ionized hy-
drogen gas. They take into account the frequency-dependence
of the radiation continua contrary to Narita (1973) or Huguet
& Lafon (1997), where the Lyman and Balmer continua were
replaced by a “mean” photon (Gillet 1999). A generalization
to a multi-level atom, which will permit the calculation of line
profiles, is now available (Fadeyev & Gillet 2000).

The main difficulty of the problem of the radiative cool-
ing in low-temperature stellar atmospheres is that one should
consider all possible atomic transitions of all species which
can absorb radiation. In the past studies devoted to radiative
shocks, mostly pure gases were considered, such as hydrogen,
neon or argon. For a hydrogen gas under typical conditions of
stellar atmospheres, i.e.10−12 g cm−3 < ρ < 10−7 g cm−3,
5000 K < T < 10000 K, radiative losses in subordinate con-
tinua are more important. Indeed, due to very high opacities of
the Lyman transitions, there is almost perfect radiative equilib-
rium in the Lyman lines and Lyman continuum. In an optically
thick case, which is typical for stellar shocks, the cooling due to
Balmer and higher subordinate lines is also inefficient compared
to that in the optically thin H and H− continua because their pho-
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tons are mostly blocked in the wake. However, the metals and
other heavy elements in principle can provide an additional and
effective source of radiative cooling, due to their innumerable
bound-bound transitions in which the stellar gas is not very op-
tically thick. The problem is complicated by the fact that the
strongest and the weakest lines do not contribute effectively to
the cooling or heating, while the effect of the intermediate lines
can be estimated only after a detailed transfer calculation. Be-
cause of this difficulty, up to now the optically thin case has
been essentially considered in the literature, which is not appli-
cable to stellar atmospheres, but only to high chromospheres or
coronae.

Cox & Tucker (1969) have considered the radiative cool-
ing rate in a low-density, high-temperature plasma with cosmic
abundances. They included free-free, bound-free and bound-
bound transitions for several elements. However, the specific
physical conditions adopted in their calculations (T > 104 K)
are not valid for atmospheres of cool and normal stars. Also, the
authors assumed the gas to be optically thin to all frequencies
and ignored certain important elements, such as Fe, Ti, Ba etc.
Later, McWhirter et al. (1975) performed calculations of the ra-
diative losses in the solar chromosphere and corona (always for
the optically thin case), including iron bound-bound transitions,
and obtained similar results. A general review of the radiative
cooling problem in stellar plasmas can also be found in Praderie
(1981). In the optically thin case, the major contributors to the
radiative cooling are Lyα, Ca II and Mg II resonant lines, while
under typical conditions of normal and cool atmospheres, the
photons in these lines are blocked due to high opacity, and do
not contribute to the cooling.

Recently Woitke et al. (1996) have studied, under
the Sobolev approximation, the radiative cooling in low-
temperature stellar winds. Their method allows to relax the LTE
approximation and to include in principle such calculations in
a hydrodynamic modelling. One of their conclusions is that at
ρ ≥10−12 g cm−3 andT ≥ 5000 K the radiative cooling occurs
mainly in the H and H− b-f continua. Unfortunately, only a few
dozen lines have been included in their analysis (e.g. only 15
IR lines of Fe I and Fe II), and the optical depths effect were
ignored for the continua, resulting in an overestimation of the
continuum cooling in dense atmospheres. Also, specific condi-
tions in the shock waves (steep Doppler shift etc.) do not allow
to apply the above results to stellar shocks.

In this first paper we attempt a simplified analysis of the
radiative cooling in lines and continua in a radiative shock wake
for typical conditions of stellar atmospheres. We neglect the
atomic kinetics and restrict the problem to the zone of radiative
relaxation. We consider the problem of the line radiation transfer
through a steady-state shock in a plane-parallel geometry. In
Sect. 2 we review some general aspects of the shock structure
and major physical processes in the postshock region. In Sect. 3
we describe our simplified shock wave model and study the
cooling effect of one spectral line following the solution of the
transfer equation. The radiative cooling involving many lines is
discussed in Sect. 4 and, finally, some conclusions are given in
Sect. 5.

Fig. 1. Schematic diagram showing the different zones of a shock wave
and variations of the temperatures of the electrons and heavy particles
with approximate logarithmic distance from the shock front

2. General problem

2.1. Fine shock structure and radiative relaxation zone

The shock wave structure can be subdivided into several princi-
pal zones with different characteristics, as schematically shown
in Fig. 1 (see e.g. Zel’dovich & Raizer 1966). All these zones,
except for the much wider zone of radiative relaxation (orra-
diative wake), are normally optically thin in the non-Lyman
transitions. Here we briefly describe some important physical
processes occurring in each of these zones, following Narita’s
(1973) work.

Just ahead of the shock front, hydrogen is partly ionized
due to absorption of the Lyman continuum radiation emerging
from the postshock region. The width of this radiative precur-
sor should be of order of a mean free path of the Lyman pho-
ton. Within the viscous jump, or shock front (3-4 mean free
paths of heavy particles), both the atomic and ion temperatures
(Ta ≈ Ti) strongly increase, sometimes up to105 K or more
depending on the shock velocity, through the action of viscous
forces on heavy particles. Because the viscous forces in the elec-
tron gas are negligibly small over the shock front, the electrons
are not heated by this process. In fact, because electrons and ions
are strongly bound together by electric forces, the electron gas
is adiabatically heated at a small rate, up to 2.5 for the strongest
shocks. Nevertheless, if the electron conductivity is not negli-
gible, the heating of the electrons in the preshock region can be
even more efficient than this adiabatic heating (Zel’dovich &
Raizer 1966,§ VII.2.12).

In the thermalization zone,Te begins to rise due to elastic
collisions with atoms and ions. Once the electron temperature
is sufficiently large, collisional excitations and ionizations by
electrons start which brings downTe. As a result of elastic col-
lisions of electrons with atoms and ions,Ta and Ti strongly
decrease.

After thermalization (Te = Ta = Ti), when ionization has
reached its maximum, a quasi-equilibrium state appears (Narita
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1973, Fadeyev & Gillet 1998). When subsequent recombina-
tions and following de-excitations occur, they are not exactly
compensated by the reciprocal processes which lead to radiative
losses in the Lyman, Balmer and other subordinate continua and
spectral lines. When the ionization coefficientN(H+)/N(H0)
drops to a few percent (at a distance of about105-106 cm from
the front), the decrease of the gas temperature, which is near
10000 K, slows down.

The next zone of the wake is still far from radiative equilib-
rium. It is partially transparent in the Balmer and higher continua
and in weak spectral lines, which cools the gas. This part of the
wake can be called thecooling radiative wake. It is the most
important zone with respect to the formation of the observed
emission lines in pulsating stars. Indeed, all previous zones are
optically thin to the non-Lyman radiation, so their relative con-
tribution ∆Iν to the total emergent intensity is negligible. On
the contrary, the cooling radiative wake in stellar atmospheres
is usually very optically thick in the Balmer and some other
strong lines (∆τ ≈ 102 or more). Consequently, the observed
shock-induced emission in these lines should reflect, at least in
part, the thermal conditions in this zone. Here, an understand-
ing of the radiative cooling in this zone is very important for the
determination of the true shock structure and interpretation of
the spectral peculiarities of the pulsating stars.

2.2. Gas energy balance and transfer equation

As shown by Castor (1972), the energy equation for gas and
radiation in a spherically-symmetric co-moving frame, with-
out thermal conductivity, viscosity and convection, and to order
O(v/c) is

D(eg + er)
Dt

+ (pg + pr)
D(1/ρ)

Dt
−

−
(

3pr

ρ
− er

)
v

r
= −1

ρ
∇ · F rad, (1)

whereeg ander = 4πJ/ρc are the gas and radiation energy per
gram, respectively,pg andpr = 4πK/c the gas and radiation
pressure,J andK the zero and the second frequency-integrated
moments of the specific intensityIν as seen in the co-moving
frame,ρ the mass density,D/Dt ≡ ∂/∂t + v∂/∂r is the La-
grangean time-derivative,r andv the Eulerian radius and local
fluid velocity, andF rad the frequency-integrated radiative flux.
Note, thateg includes both translational and inner degrees of
freedom of atoms.

From the zero moment of the non-stationary co-frame trans-
fer equation (Castor 1972), one gets the energy equation for the
radiation alone

Der
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+ pr

D(1/ρ)
Dt

−
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3pr

ρ
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)
v

r
=

−1
ρ
∇ · F rad − 4π

ρ

∫ ∞

0
(χνJν − ην)dν, (2)

whereχν and ην are the true absorption and emission coef-
ficients, which are supposed isotropic in the co-moving frame,

andJν is the frequency-dependent mean intensity. From Eqs. (1)
and (2) one can see that the energy equation for the gas is

Deg

Dt
+ pg

D(1/ρ)
Dt

=
4π

ρ

∫ ∞

0
(χνJν − ην)dν. (3)

For a plane-parallel flow (r → ∞), to which we restrict our
analysis of a stationary shock wave, Eqs. (1) and (2) reduce
to the same Eq. (3). This equation gives the rate of tempera-
ture variation in the gas due to radiative and adiabatic losses.
The second term in the left of Eq. (3) describes the adiabatic
work produced by the gas per second, while the integral stands
for the heat exchange rate between the matter and the radia-
tion field. The adiabatic term depends on specific conditions of
the gas motions and in principle can be easily estimated once
the thermodynamic and hydrodynamic parameters are known.
Although this cooling mechanism can be very effective in low-
density atmospheric regions, in this paper we shall confine our
attention to the radiative losses only.

The cooling rate of the gas due to radiative processes only
is thus(

Deg

Dt

)
rad

≡ 4π

ρ

∫ ∞

0
(χνJν − ην)dν. (4)

Adopting the full redistribution in the line, the coefficients of
absorptionχν and emissivityην can be written as

χν = χνc +
∑

l

χlφνl (5)

ην = χνcBν +
∑

l

χlSlφνl, (6)

where the summation is performed over all lines,φνl is the
isotropic normalized line absorption profile
∫ ∞

0
φνldν ≡ 1, (7)

andSl andχl are the source function and the absorption coef-
ficient for thel-th line, formed in theL → U transition, whose
standard expressions are:

χl =
(

nL
πe2

mc
fl

) (
1 − gLnU

gUnL

)
, (8)

Sl =
2hν3

l

c2

(
gUnL

gLnU
− 1

)−1

. (9)

χνc is the continuum absorption coefficient. In Eq. (6), for the
sake of simplicity, the continuum source function is substituted
by the Planck functionBν(T ). With Eqs. (5) and (6), the integral
in Eq. (4) takes the form
∫ ∞

0
(χνJν − ην)dν =

∫ ∞

0
χνc(Jν − Bν)dν +

∑
l

χl(J l − Sl), (10)
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where

J l ≡
∫ ∞

0
φνlJνdν (11)

is the so-called scattering integral for thel-th line, calculated
in the co-moving frame. The integral on the right-hand side of
Eq. (10) displays the cooling rate due to continuum, whereas the
sum gives the rate due to spectral lines. The mean intensityJν is
to be evaluated from the co-moving radiative transfer equation
in the shock wake, resolved simultaneously with the statistical
equilibrium of the atomic populations. However, even for plane-
parallel and stationary shocks, the co-moving transfer equation
still remains very complicated if the fluid velocity (or density)
is not constant in the pre- or postshock regions (Castor 1972).

Actually, the postshock gas velocityvg, measured in the
shock front frame, is not constant and normally decreases with
distance from the front asT decreases due to radiative cool-
ing (consequently, the density increases). Indeed, for a plane,
stationary shock we can apply the two first Rankine-Hugoniot
relations (neglecting the radiation pressure)

ρvg = C1, (12)

Pg + C1vg = C2, (13)

wherePg = RρT/µ is the gas pressure,R is the universal
gas constant,µ the molecular weight, andC1 andC2 the flow
constants. These equations reduce to

T

µ
=

vg

R

(
C2

C1
− vg

)
, (14)

which yields thatT has a maximum atvg = v∗ = C2/2C1.
Hence,vg must decrease with the distance from the front due to
cooling, only if its value just behind the front does not exceed
v∗. Let us denote the postshock Mach number asM ≡ vg/cs,
wherecs =

√
Pg/ρ. Then the conditionvg < v∗ transforms

into

M <
v∗
cs

=
1
2

(
M +

1
M

)
, (15)

orM2 < 1, which is always valid in the postshock region. Thus,
the gas velocity decreases withT as

vg(T ) = v∗ −
√

v2∗ − TR/µ. (16)

For the sake of simplicity, however, in this paper we adopt
vg = const in the preshock and postshock zones, with a jump at
the shock front.

We also neglect all the terms of order O(v2/c2) and higher.
Thus, in our transfer equation we take into account only the
linear Doppler effect produced by the shock. After these sim-
plifications, the transfer equation takes the form

1
c

DIν

Dt
+ µ

∂Iν

∂z
= ην − χνIν , (17)

whereIν(µ, z, t) is the specific intensity,µ ≡ cos θ the angular
coordinate, andz the linear coordinate. Note that in generalην

and χν are functions of botht and z. Although formally, in
Eq. (17) the scattering coefficient should be added toχν , here
we suppose it is negligible.

Following the reasoning of Mihalas (1978), we also assume
that for the line transfer analysis the time derivative, which de-
scribes the effect of the delay of radiation, is negligible with
respect to the Doppler effect due to the velocity jump at the
front. This means that physical quantities in the shock are sup-
posed to vary only slowly in the time required for a photon to
cross the cooling radiative wake. Finally, we get the steady-state
equation

µ
∂Iν

∂z
= ην(z) − χν(z)Iν (18)

which shall be used to calculateJν and, thus, to evaluate the
cooling rate according to Eqs. (4) and (10).

2.3. Continuum radiative cooling

We suppose here that hydrogen, as the most abundant element,
is the major contributor to the continuum cooling in stellar shock
wakes (except for helium or C-O stars); so we do not consider
the continua of other elements.

A detailed discussion of the effect of the H and H− bound-
free and free-free continua on cooling was recently given by
Woitke et al. (1996). Unfortunately, due to a limitation of the
method used (Sobolev approximation), not all the results of
this study apply to stellar shocks in the atmospheres of normal
and cool pulsating stars. Namely, the Lyman continuum does
not efficiently contribute to the cooling of typical shock wakes.
Indeed, the absorption coefficient for the photoionization of hy-
drogen from the leveli at the threshold frequency may be written
as

χi
νc ' 3.3 106 i3e−Ei/kT XH ρ [cm−1], (19)

whereEi = 13.6 (1 − 1/i2) eV, XH = n(H0)/(n(H0) +
n(H+)) is the fraction of neutral hydrogen, andρ is in g cm−3.
Here we assumed solar hydrogen abundance, neglected stimu-
lated emission, and set Gaunt factors equal to one. For the con-
ditions of normal stellar atmospheres (Teff ≈ 5000 − 7000 K),
XH is close to one. Hence, for a typical geometrical exten-
sion of the dense atmospheric region of 1010 cm, assuming a
mean densityρ ' 10−11 g cm−3, the optical depth of the shock
front in the Lyman continuum isτLy

c ' 105. In the radiative
wake, assumingT = 8000 K and ρ = 10−8 g cm−3, we get
χLy

νc ' 3.3 10−2 cm−1. Thus, already at the distance of 104 cm
from the front, these photons are blocked and cannot contribute
to the cooling of the shock (Narita 1973), so that we can neglect
the frequency range corresponding to the Lyman continuum in
Eq. (4). For the same reason, the contribution of the Lyman lines
to the cooling rate vanishes (τLyα ' 1010). Note that although
Sν for these lines can considerably deviate fromBν even at large
optical depths, the frequency-integrated value ofS very quickly
tends toJ (already atτLyα ' 105) due to strong scattering in
these lines.

In stellar atmospheres, the Balmer and higher continua are
much more transparent, because of the low population of the rel-
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evant levels. For example, according to Eq. (19), atT = 5000 K
(typical preshock temperature) one has:χBa

νc /χLy
νc = 4.2 10−10

andχPa
νc /χLy

νc = 1.7 10−12, which results in an optical depth of
the front much smaller than one. The optical thickness of the
wake is normally of the same order or less. The opacity due to
H− absorption forT ≈ 5000 K andρ ≈ 10−10 g cm−3 is about
an order of magnitude larger than that in the Balmer continuum,
but the wake still remains optically thin. Thus, these continua
can well contribute to the cooling.

On the other hand, because of the relatively low opacity, the
deposition of the thermal emission on the emerging radiation
in the optically thin domains would be small. Hence, one can
expect that, in the shock wake,Jν remains almost unaffected,
i.e. Jν � Bν under LTE. Consequently, in the integral of the
right-hand side of Eq. (10), we can neglectJν with respect to
Bν . Also, because the Planck mean opacity

kPC ≡
∫ ∞

0
χνcBνdν/

∫ ∞

0
Bνdν, (20)

calculated including continua only and without Lyman contin-
uum contribution, is normally close to the Rosseland mean

χR ≡
(∫ ∞

0

1
χν

dBν

dT
dν/

∫ ∞

0

dBν

dT
dν

)−1

, (21)

we get a useful approximation of this integral in the wake under
LTE(

Deg

Dt

)
cont

=
4π

ρ

∫ ∞

0
χνc(Jν − Bν)dν ≈

−4π

ρ
χRB(T ), (22)

whereB(T ) = σRT 4/π , σR is the Stefan-Boltzmann constant.
We see, that in approximative calculations of the continuum
cooling in stellar atmospheres it is more appropriate to use the
Rosselandmean opacity. Indeed, the use of the full Planck mean
opacity would not take into account the blocking of photons in
the opaque domains of the spectrum and would overestimate
the cooling rate by several orders of magnitude. The Rosseland
mean, because of its specific averaging, accounts for the opacity
minima (i.e. the transparent continua), and is more relevant. The
cooling time for the continuum can then be estimated as

tcont =
eg

< Deg/Dt > cont

≈ egρ

4πχRB(T )
. (23)

For instance, forT = 5000 K and ρ = 10−10g cm−3 χR ≈
10−13 cm−1, andtcont is about 4103 s. However, without LTE,
the cooling rate may differ from (23), because the atomic pop-
ulations and, more importantly, the electronic concentrationne

would be different. For instance, Woitke et al. (1996) found that
the cooling rate is overestimated in LTE by 1-2 orders of magni-
tude for the above values ofT andρ. A further non-LTE transfer
analysis is needed to clarify this important question.

Fig. 2. Absorption spectrum for solar abundance,T = 8000 K and
ρ = 10−8 g cm−3. We also show the logarithm of the Planck function
Bν(T ) (in erg cm−2 s−1 Hz−1 sr−1)

3. Transfer analysis for one line

The cooling rate due to spectral lines, according to (10), can be
expressed as(

Deg

Dt

)
lines

=
4π

ρ

∑
l

χlSl(Jl/Sl − 1). (24)

The problem is thus to calculateJl/Sl in the shock wake for
each spectral line, and to perform the sum (24) over all lines.

As an example, a typical monochromatic absorption spec-
trum for solar abundances,T = 8000 K andρ = 10−8 g cm−3

is presented in Fig. 2. It is computed including elements H, He,
C, N, O, Na, Mg, Si, S, Ca and Fe; data for bound-bound tran-
sitions (around 2 million lines) and photoionizations have been
taken from TOPbase (Cunto et al. 1993), the atomic data base
computed by the Opacity Project group (Seaton 1987), except
for Fe I and Fe II lines which come from the Kurucz compila-
tion. In this figure, apart from strong Lyman lines, one can see
two broad UV Fe line packets athν/kT ≈ 7 andhν/kT ≈ 11
(λ ≈ 2600Å and 1600Å, respectively). These packets are lo-
cated at frequencies where the Planck function is not negligible
while the opacities of most of these lines are not as strong as
those of the Lyman lines. Thus, even if the Lyman photons are
blocked, one can expect an increase of the cooling rate due to
these numerous weak lines, provided that the radiation in these
lines is not blocked.

The major difficulty of such a calculation is that the shock
structure should be determined simultaneously with the cooling
rate, which is very sensitive to the optical depths in different
lines. As a first step, here we perform a restricted analysis of a
single line transfer problem for a simplified shock model and
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obtainJl/Sl (which will be simply written asJ/S hereafter)
as a function of the different parameters of the model. Next, in
Sect. 4, we apply these results to a preliminary analysis of the
radiative cooling due to the whole line spectrum.

3.1. Simplyfied model for a radiative shock wake

We search for the solution of the line transfer equation (18)
through a steady-state shock, which has a structure which is
supposed to be known. We neglect all optically thin (for non-
Lyman radiation) shock zones, reducing thus the wake model
to the radiative cooling region only (see Fig. 1). So our “front”,
treated here as a discontinuity, includes the radiative precursor,
the viscous front and the thermalization zone in which excita-
tions and ionizations mainly occur. Finally, our model consists
of three regions: the unperturbed preshock atmosphere, the ra-
diative wake, and the postshock region where the temperature
is already relaxed to the ambient level (see Fig. 3).

Other major simplifications are:

– plane-parallel geometry;
– constant (though different) velocities in the preshock and

postshock zones. The velocity jump∆vs at the “front” is
one of the parameters of the problem. In the present analysis
∆vs was varied from 0 to 80 km/s;

– complete redistribution in the line with the Gaussian absorp-
tion profile

φ(ν) =
1√

π∆νD
e−(ν−νl)2/∆ν2

D , (25)

which is relevant for weak lines. The Doppler width∆νD

is supposed constant and is estimated withT = 4500 K and
λ = 5000 Å. In fact, only the ratio of∆vs to the Doppler
velocityc∆νD/νl is important. With the previous values this
ratio varies from 0 to about 10. We should note, however,
that the effect of this ratio is negligible in the wake, if it only
exceeds≈ 2;

– we assume that the ratio of the opacity in the center of the line
to that in the nearby continuum,χlφ(νl)/χνc, is constant
within the whole atmosphere. This ratio mainly depends
on the relative populations of the respective absorbers and
these populations are roughly proportional to the density in
the variation range of the shock conditions. The total line
absorption is the superposition of the Doppler and contin-
uum absorptions, so the above ratio characterises the relative
strength of the line. We varied this parameter in the range
from a few units to105, but no perceptible influence on the
cooling rate was found, apart from the trivial changing of
the optical depth scale;

– we assume the source function,Sν ≡ ην/χν , to be indepen-
dent ofν within the line profile. It means that the source func-
tions in the line and the nearby continuum are the same. In
principle, this is correct only in the LTE case, but we assume
it to be approximately correct at least for a large number of
low-excitation lines, because in this case the bound-bound
photon diffusion (the main process breaking the LTE) must
not be very efficient;

Fig. 3.Schematic representation of the source functionS for the shock
model used in this paper. The optical depth scale is linear

– in the ambient atmospherebeyondthe wake we adopt a linear
law for S(τ),

S(τ) = A0τ + B0, (26)

whereτ , the static optical depth in the center of line, is
defined by

dτ ≡ −(χlφ(νl) + χνc) dz. (27)

The form ofS(τ) in the wake cannot be knowna priori
because it must depend on the unknown cooling rate. For
the sake of simplicity, we also adopt a linear form for it,
but with different parametersA0 andB0 (see Fig. 3), so that
at the front the source function is characterised by a jump
∆S = Sm − S0. In the present analysislog(Sm/S0) was
varied from 0 to 2, the last value corresponding to a jump
of Bν as temperature rises from 4500 to 15,000 K atλ =
5000Å.

The last two parameters of the problem are the static optical
depth of the “front”,τs, and the one of the inner boundary of
the wake,τs1, both measured in the line center. In the following
we shall also use the optical width of the wake,∆τs ≡ τs1 −τs.
Note that for a given shock, this width is different from one line
to the other. However, under our hypotheses, the ratioτs1/τs is
equal to that of the nearby continuum and thus approximately
constant for lines in the same frequency domain.

The relation betweenS(τ) and T (τ) in the shock wake
will not be discussed in this paper. We only note here, that
although in the case of pure diffusion (typical for very strong
lines) the line source function has nothing in common with the
local temperature, for weak lines with not too high excitation
energies, especially in dense atmospheric regions, they must
be closely related. We assume thatS should have a maximum
immediately behind the “front”, and then decrease as optical
depth increases.
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3.2. Method of solution

To find the specific monochromatic intensities in both the
preshock and postshock regions, we use the formal solution
of the transfer equation (18) (e.g. Mihalas 1978)

I(τν , ν, µ) = I(τν0, ν, µ) e(τν−τν0)/µ

+
∫ τν0

τν

S(t, µ, ν)e(τν−t)/µ dt

µ
. (28)

Hereτν is the optical depth at frequencyν, which depends on the
directionµ because of the Doppler shift, and which is defined
by

dτν ≡ −(χlφ(ν[1 − µv/c]) + χνc) dz, (29)

wherev is the local velocity. In order to account for the variations
of the optical depth scale due to both the line profile and the
Doppler jump at the front, we introduce a function

f ≡ χlφ(ν[1 − µv/c]) + χνc

χlφ(νl) + χνc
, (30)

so that the optical depthτν is related to the static optical depth
τ in the line center as

dτν = f dτ. (31)

Because the line-to-continuum opacity ratio is assumed con-
stant, and the velocity structure of the shock model is very simple
(v = ∆vs in the postshock andv = 0 in the preshock region),
f depends on the position in a trivial way. The formal solution
of the radiative transfer then reads

I−(τ, ν, µ) = I−(τ1, ν, µ)e(τ−τ1)f/µ

−
∫ τ

τ1

S(t)e(τ−t)f/µ fdt

µ
, (32)

I+(τ, ν, µ) = I+(τ2, ν, µ)e(τ−τ2)f/µ

+
∫ τ2

τ

S(t)e(τ−t)f/µ fdt

µ
, (33)

whereI+ andI− are the intensities in the positive (µ > 0) and
negative (µ < 0) directions. Eqs. (32) and (33) hold when both
pointsτ andτ1, orτ andτ2, lie in the same region of constantv.
Integration forI− is started withI− = 0 at the outer boundary
of the atmosphere (τ1 = 10−4), and pursued by stages down to
the inner boundary (τ2 ≈ 105) where we assumeI+=I−= S(τ2).
ThenI+ is integrated from the inner to the outer boundary. The
function f undergoes a jump at the shock front, according to
Eq. (30).

The calculations are performed with 16 angular, 101 fre-
quency and 500 spatial nodes. After evaluation of the matrices
I+(τ, ν, µ) andI−(τ, ν, µ), we calculate the zero moment

Jν ≡ 1
2

(∫ 1

0
I+dµ +

∫ 0

−1
I−dµ

)
(34)

by Gauss quadratures, and then the scattering integralJ using
Eq. (11).

3.3. Results

3.3.1. Analytical approach

The general behavior ofJ/S can be studied analytically by
putting a simplifying assumptionA0 = 0 in Eq. (26), which
means a constant source function off the wake. With this, the
mean intensity in the wake (and behind) writes

J(τ, ν) = S(τ) − S0

2

∫ 1

0
dµ e−τsf1/µe(τs−τ)f0/µ

−∆S

2

{
E2([τ − τs]f0)

+
E3([τ − τs]f0) − E3(|τs1 − τ |f0)

f0 ∆τs

}
, (35)

wheref1 andf0 are functions defined in (30) and calculated
with v = ∆vs andv=0 respectively,∆S = Sm − S0 is the
source jump and

En(x) =
∫ ∞

1

exp(−xt)
tn

dt (36)

is then-th exponential integral. Physically, the integral in the
first line originates from the propagation of the downward ra-
diationI− from the preshock region into the wake. This is the
only term involving the Doppler jump at the front (throughf1).
The second line also comes fromI− and is due to the prop-
agated effect of the source jump∆S. The last line originates
from radiation propagating in both directions and is related to
the slope∆S/∆τs of the source function in the wake.

After integrating Eq. (35) overν with the normalized line
absorption profileφν as the weight function, we get

J(τ)
S(τ)

= 1 − S0

2S(τ)

∫ ∞

0
dν φν

∫ 1

0
dµ e−τsf1/µe(τs−τ)f0/µ

− ∆S

2S(τ)

∫ ∞

0
dνφν

{
E2([τ − τs]f0)

+
E3([τ − τs]f0) − E3(|τs1 − τ |f0)

f0 ∆τs

}
. (37)

Several important conclusions follow from (37) for the be-
haviour ofJ/S:

– without the shock (∆S = 0, f1 = f0), we obtain

J(τ)
S(τ)

= 1 − 1
2

∫ ∞

0
φνE2(τf0)dν, (38)

which describes the solution in a static atmosphere;J/S
lies between 1/2 (τ � 1) and 1 (τ � 1).

– the dependence ofJ on the source function jump∆S is
linear. The related term does not depend on the velocity
jump at the shock front, nor directly on the optical depthτs

of the front, but only on the optical depthτ − τs from the
front and on the optical width∆τs of the wake;

– the optical depth of the frontτs intervenes only in the first
integral on the right through the combinationτsf1. For a very
strong velocity jump,f1 can be considered as independant
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of µ because of the profileφν . Theµ-integral can then be
replaced byE2(τsc+(τ −τs)) whereτsc is the optical depth
of the frontin the continuum.

It is also interesting to examine some simple limits obtained
from (37) with the assumption of a high velocity jump:

1) τ → τs. This case corresponds to the postshock region im-
mediately behind the front. Using the limitsE2(x) → 1 and
E3(x) → 0.5 − x whenx � 1, andE2(x), E3(x) → 0 when
x → ∞, we get

J

S
=




S0/2Sm if τsc � 1 and∆τs � 1
0.5 if τsc � 1 and∆τs � 1
0.5 + S0/2Sm if τsc � 1 and∆τs � 1

(39)

A last case (τsc � 1 and∆τs � 1) would giveJ/S = S0/Sm

but is quite unphysical. ForSm � S0 and just behind the front,
we may conclude thatJ/S − 1 lies between−1 and−0.5.

2) τ − τs � 1. In this case, implying an optically thick wake,
we obtain approximately (using a rectangular absorption profile
φν and the limitsE2(x), E3(x) → e−x/x if x → ∞)

J(τ)
S(τ)

' 1 − S0

2S(τ)
e−(τ−τs)e−τsc

τ − τs

− ∆S

2S(τ)

(e−(τ−τs)

τ − τs
− E3(|τs1 − τ |)

∆τs

)
. (40)

In the middle of the optically thick wake (τs1 − τ � 1), and
therefore at a fixedgeometricaldistance from the front, the
cooling rate, proportional toχl[J(τ)/S(τ) − 1] (see (24)), will
exponentially decrease with the increasing opacity of the line.

As τ becomes close toτs1 (i.e near the lower boundary of
the hot wake), we get

J(τ)
S(τ)

' 1 +
∆S

4S0

1
∆τs

, (41)

and we see thatJ/S−1 becomespositive, which means heating
of the gas by radiation from the hot part of the wake. This heating
is due to the absorption of the hotline radiation coming from the
wake. Note that the classic heating effect in the preshock region
(Mihalas 1969; Narita 1973), on the contrary, is mainly due to
the absorption in the line of thecontinuumradiation, coming
from the optically thick wake. This preshock heating seems to
be more complicate, as we shall see in the next section.

As mentioned above, numerical calculations for the Doppler
absorption profile show that the cooling rate in the wake depends
very weakly on the line-to-continuum opacity ratio. The above
results also suggest that forSm � S0 the dependence of the
cooling rate on the velocity jump∆vs and onτs is negligible.
Thus, the most important parameters are the optical distance
from the frontτ − τs, the optical width of the wake∆τs, and
the amplitude of the source function∆S.

3.3.2. Numerical calculation

Figs. 4, 5 and 6, based on the numerical calculations, represent
typical behaviours ofJ/S for different jumps of the source func-
tion and for different shock locations. The velocity jump in these

Fig. 4. Variation of J/S for different source function jumps∆S for
an optically thin shock with∆vs = 50 km/s andlog τs1/τs = 0.5.
The corresponding source functions are shown above. The thick curve
shows the solution without shock.log Sm/S0 increases by steps of 0.3

figures is 50 km/s, andS0 = 10−7 erg cm−2 s−1 Hz−1 sr−1. As
shown above, the choice ofS0 is not important becauseJ/S
does not depend onS0, but only onSm/S0.

In these figures we also show with a thick line the solution
without shock, i.e. with∆S = ∆vs = 0, given by Eq. (38).
Without shock,J/S reveals a large depression towards the sur-
face, approximately asJ/S ≈ (1+6τ)/(2+6τ). In the optically
thick region (τ ≥ 10) radiative equilibrium holds (J → S),
whereas near the surfaceJ/S → 0.5. BecauseJ/S ≤ 1 at all
optical depths, this means that in a static regime the lines cool
the gas.

In the presence of a shock the cooling in the wake is always
stronger than in the static case. In this paper we shall discuss
only the “absolute” line cooling effect, i.e. the deviation ofJ/S
from unity.

For an optically thin shock (Figs. 4 and 6) the gas cools
almost everywhere in the wake, withJ/S depending mostly on
the amplitude of the source function jump∆S, in agreement
with the above analytical solution. In an optically thick shock
(Fig. 5), photons are blocked and the cooling in the most part of
the wake is negligible. Usually, at a distance of about∆τ ≈ 1−5
from the shock front, the gas already returns to the radiative
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Fig. 5. Same as Fig. 4 but for an optically thick shock

equilibrium in the line, similarly to the static case. However,
within the∆τ ≤ 1 region the lines can cool effectively.

Fig. 7 shows typical variations ofJ/S at the maximum ofS
just behind the front as a function of the static optical depth of
the front,τs. These results are obtained for the caselog τs1/τs =
1.0 . In agreement with the analytical result, even at large front
depths (τs � 1), there is a perceptible cooling rate (J/S ≈ 0.5
for large enoughSm). Calculations show that this rate extends
up to a distance∆τ ≤ 1 from the front. Indeed, one of the
reasons is that in the optically thick case at small optical dis-
tances behind the front the line radiation freely escapes in the
upstream direction in the continuum frequencies, because the
preshock gas becomes transparent in the line due to the Doppler
shift. Thus,I+ � I− in the wake, which under LTE (I+ = Bν)
gives

J

S
≈ I+ + I−

2Bν
≈ 1

2
. (42)

Moreover, as follows from Eq. (37) and asymptotic solution 1)
for an optically thick shock, evenwithout velocity jumpcooling
would exist within this zone ifSm is large enough. Indeed,
the intensity of the radiation, emitted by the hot wake, can be
characterized by a color temperatureTw which is higher than

Fig. 6. Same as in Figs. 4 and 5 but for different shock positions. Note
that the different curves would correspond, for the same shock, to lines
with different opacities

the preshock temperatureT . Under LTE we haveI− ≈ Bν(T )
andI+ ≈ Bν(Tw), which yields

J

S
≈ Bν(Tw) + Bν(T )

2Bν(Tw)
≈ 1

2
for Bν(Tw) � Bν(T ). (43)

3.3.3. Cooling of the moving gas

As an element of gas enters the postshock region, it starts cooling
with the locally determined rate, and in the same time it keeps
moving away from the front. Because its temperature rapidly
decreases, the cooling rate diminishes faster than exponentially
with the optical distance from the front,τ − τs (Eq. (40)). As
shown above, the gas can effectively cool in the line only while
τ − τs in the line center is less than, or of the order of 1.
This parameter approaches unity in a timetpass ≈ 1/(vgχν0),
wherevg is the postshock gas velocity, andχν0 = χlφ(νl) is the
monochromatic opacity in the line core. For a Doppler absorp-
tion profile, which is valid for most of the non-resonant metal
lines,tpass can be expressed as

tpass ≈
√

π4.3 · 10−7ν
√

T/Am

vgχl
, (44)
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Fig. 7. Solid lines:J/S at theS-peak behind the front as a function of
the optical depthτs of the shock front forlog τs1/τs=1.0 and for dif-
ferent amplitudes of the source function.log(Sm/S0) increases from
0.4 (top) to 2.0 (bottom) with a constant increment of +0.4. Dashed
line: the static solution

whereAm is the molecular weight of the species. Thus, only
during this time the gas cools by the line radiation. The total
amount of the gas energy (per gram) which is lost through one
line radiation during the passage of the gas element across the
whole postshock region, according to Eq. (24) and under LTE,
is

∆eg ≈ 4πχlBνl
(T )αtpass

ρ
, (45)

where we denotedα ≡ |J/S − 1|. In stellar atmospheres, the
ionization energy is usually less, or of the same order, than the
translational energy, while the excitation energy is negligible,
so we can approximately assumeeg = RT [erg/g] (µ is taken
to be 1). By puttingα = 0.5 as a mean value in the region of
interest, we can estimate the fraction of the gas energy emitted
in one line as

∆eg

eg
≈ 1.72 · 105 Bνl

(T )
vgρλ

√
TAm

, (46)

whereλ is in Å. As can be seen, the ratio∆eg/eg for a given
speciesdoes not depend on the line strength or chemical abun-

Fig. 8.Ratio∆eg/eg for one hydrogen line (solid) and for one iron line
(dashed) as function ofλ for ρ = 10−10 g cm−3 andT = 5000, 10000
and 15000 K (from top to bottom, respectively). Avg = 10 km/s value
has been adopted

dance, but only on the wavelength, molecular weight,ρ, T and
vg. The curves∆eg/eg for H and Fe lines are presented in Fig. 8
for ρ = 10−10 g cm−3, T = 5000, 10, 000, 15, 000 K and for
vg = 10 km/s (≈ sound velocity).

An important conclusion is that in the same spectral do-
main all lines contribute nearly equally to the total gas cooling,
notwithstanding their strength and only weakly depending on
the mass of the element. For example, atT = 9000 K Lyα con-
tributes about 10 times less than each of thousands iron lines
from the first packet in Fig. 2. We, however, should keep in mind
that Eq. (46) only applies to the Doppler line profile.

In theλ > 2000Å domain, and for low postshock densities
(ρ ≤ 10−10), as follows from Eq. (46), the ratios∆eg/eg would
be higher than shown in Fig. 8. In this case some strong lines
of light elements, like Mg or Ca, can be dominant. Such low
densities may occur in shocks propagating in the outer part of
the stellar atmosphere, where the preshock density can be about
10−14 g cm−3. For example, such conditions are typical for the
late evolution of shocks in the RR Lyrae stars. However, very
strong lines must be already blocked in the fine shock struc-
ture, where the conditions and cooling sources are essentially
different from those assumed for the radiative wake (i.e. LTE,
statistical equilibrium, radiative equilibrium in the Lyman con-
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tinuum). If so, these lines cannot contribute effectively to the
cooling of the radiative wake, but they can cool the gas in the
fine structure. Indeed, the geometrical scale, corresponding to
∆τ (Mg II 2797Å)≈ 1 is about 102 - 103 cm, which, according
to Narita (1973) and Fadeyev & Gillet (1998), is the typical
scale of the thermalization zone (Te /= Ta). In most of this
zone, the electron-atom elastic collision rate and collisional ex-
citation rate can be large enough to provide a coupling with
the main thermal pool of the gas (i.e. with heavy particles). So
electron excitations and subsequent radiative de-excitations in
strong lines, like the Mg II line, can provide a non-negligible
cooling source. It thus seems important to include strong lines,
like the Mg II or Ca II resonant lines, into the energy balance in
the fine shock structure.

The difficulty of the evaluation of the thermal structure of
the wake, however, is that the∆τ ≈ 1 zones, calculated for dif-
ferent lines, have different geometric extent, so a full statistical
analysis of all lines is needed. Such an analysis will be presented
in a forthcoming paper, but we give a preliminary discussion of
this topic in the next section.

3.3.4. Heating zones

In Figs. 4, 5 and 6 one can see the heating effect (J/S > 1),
mentioned previously, appearing near the boundaries of the hot
wake. More precisely, this heating takes place within the zones
∆τ of about few units at both ends of the hot wake, in the regions
with lower temperatures. Its physical origin can be demonstrated
as follows. Under LTE, and if the wake is not very optically thin
in the line, atτs1 we have approximatelyI− → Bν(Tw) and
I+ → Bν(T ), which leads to

J

S
≈ Bν(Tw) + Bν(T )

2Bν(T )
> 1, (47)

and thus heating takes place. As the shock proceeds towards
the surface, the wake becomes optically thin andI− → 0 at
τs1. Consequently,J/S diminishes (Fig. 6). At optical distances
of about 5-10 behind the wake the heating ceases due to the
approach to radiative equilibrium, which blocks photons.

The peak ofJ/S in the preshock region is due to the absorp-
tion of the continuous radiation in the line, and thus depends in
a complicated way on several parameters: optical width of the
wake, line-to-continuum opacity ratio, velocity jump, absorp-
tion profile, slope of the unperturbed source function. For ex-
ample, the heating in the preshock region would be negligible in
the spectral domain where the wake is optically thinin the con-
tinuumand when the Doppler jump at the front is considerably
larger than the line Doppler width. This follows from the fact
that in the preshock co-frame (in whichJ/S is to be evaluated),
the intensityI+ at the center of the absorption corresponds to
the far wing of the postshock absorption, i.e. it is produced by
zones located deeper than the hot wake, which have the unper-
turbed temperature. On the other hand, the heating rate per unit
mass is enhanced due to lower density in the preshock region.
It seems important to study this question in more detail.
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Fig. 9. Ratio of the cooling ratesQlines/Qcont for three densitiesρ =
10−8, ρ = 10−10, andρ = 10−12 g.cm−3 (as indicated) and solar
composition. The Lyman continuum is omitted fromQcont. ForQlines,
lines with line core opacities greater than10−5 cm−1 (thin lines) or
10−4 cm−1 (thick lines) are discarded

4. Radiative cooling in the whole spectrum

In the previous section we showed that the weak lines are very
effective in cooling the shock wake. Now it is important to es-
timate how effective is the total line cooling with respect to
the continuum. In other words, we wish to evaluate the ra-
tio of the two terms on the right hand side of Eq. (10). This
ratio must depend on the gas parameters, atomic concentra-
tions, position in the wake, and transfer effects (b-b scattering,
non-LTE, etc.). Because we cannot resolve this problem to its
full extent, we consider here only the limiting case of optically
thin gas under LTE. According to our previous results, such an
approximation fully applies to the zone∆τ ≤ 1 behind the
front of a shock in a dense atmosphere (where LTE is valid).
We also assumeJν � Bν(T ) for the continuum radiation,
J l/Sl = 0.5 andSl = Bν(T ) for the lines. Finally, defining
Qcont ≡ (Deg/Dt)cont andQlines ≡ (Deg/Dt)lines, the terms
in (10) can be expressed through the Planck mean opacities:
Qcont = kPc (≈ χR), andQlines = 0.5kPl. To account for the
fact that the strongest lines, as well as the Lyman continuum,
do not contribute to cooling in the radiative wake because of
their blocking, we eliminate fromkPl all transitions whose line
center opacity is greater than a given threshold and for which
the front optical depth would be greater than 1. This excludes
Lyman transitions, as well as Hα, Mg II, Ca II, and some other
prominent transitions. We thus probably underestimateQlines,
while Qcont is overestimated.

In Fig. 9 we trace the ratioQlines/Qcont as a function ofT
for three values ofρ: 10−8, 10−10 and 10−12 g cm−3.

As seen from the figure, even without Lyman and some other
strong line transitions, the ratioQlines/Qcont can be important
when the lines of heavy elements are included, especially at
moderate temperatures or densities. Note that the present quan-
titative results refer to solar composition. For Population II stars,
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Fig. 10a and b. Contributions to the cooling rates in an optically thin
case and under LTE forT = 7000 K andρ = 10−8g cm3, with solar
abundances.a the monochromatic opacity; lines are Doppler broadened
except for H lines.b the cooling rateQ when integrated starting from
hν/kT = 0: for the continuum only without Lyman (thick dashed
line), for all the lines with some major contributors indicated (dotted
line), for lines with a line core opacity smaller than10−5cm−1 (dot-
dashed line) or10−4cm−1 (thick solid line) and, in the latter case, the
contribution of Fe lines (thick dotted line).

the expected ratioQlines/Qcont will be diminished proportion-
ally to the element depletion.

With the increasing distance from the front, the approxima-
tion of an optically thin gas becomes no longer valid, because for
a part of linesJ → S. Consequently, the local ratioQlines/Qcont
would decrease by an unknown factor, averaged over all lines.

To demonstrate the contribution of different lines to the
cooling sum, in Fig. 10 we show the contributions of differ-
ent elements to log Qlines in the optically thin case over the
whole spectrum, for typical valuesT = 7000 K andρ = 10−8

g cm−3. Following the above reasoning about radiative equilib-
rium in the strongest lines, we excluded the lines which exceed
the threshold opacity ofχν = 10−5 or 10−4 cm−1. We see that
the strongest contribution toQlines belongs to the first Fe line
packet, located athν/kT ≈ 8.

The important question of the temperature structure of the
wake was not discussed in this first paper. In view of the present
results, this structure should be calculated simultaneously with
the local cooling rate, only starting from the shock front inward.
Otherwise, if we try to evaluate the instant cooling rate at some

point of a given trial wake (in order to apply some structure-
correction technique), we can easily be wrong. Indeed, if we
take an initially optically thick wake, we shall find a negligible
line cooling due to the initially large optical depth, and this
result would confirm the wrong optically thick wake model. In
the same way, we shall find a high cooling rate in an optically
thin trial wake. However, in these cases, the information about
line coolingwas already includedin the initial wake structure,
so the result is not self-consistent.

Preliminary estimations of the radiative wake structure, with
and without spectral lines, revealed that the effect of lines, espe-
cially iron lines, on the postshock cooling is dominant. Namely,
due to the very strong cooling in the∆τ ≤ 1 region behind the
front, the gas entering the postshock region cools much faster
than in the continuum only, which substantially reduces the spa-
tial dimension of the wake. The estimation of the true thermal
structure of the shock wakes is especially important for inter-
pretation and modelling of the shock-induced emission in the
lines, for example in pulsating stars. We intend to perform such
a detailed analysis of the radiative wake structure in the Paper
II.

5. Conclusions

The radiative cooling of shock waves in dense stellar atmo-
spheres is studied by means of the radiative transfer analysis for
a line across a simplified shock model. The results allow us to
make several important conclusions.

In the shock wake, at static optical distances (in the line core)
from the front∆τ < 1, independently of the optical width of the
whole wake or of the depth of the front, the cooling in the lines is
dominant over that in the continuum. The line cooling is found
to be effective for postshock densitiesρ =10−12 - 10−8 g cm−3

and temperaturesT ≤ 104 K. We, however, suggest that strong
lines, like Lyman or Mg II resonant lines, do not cool the gas
because their photons are blocked in the fine shock structure.
Also, strong but few lines contribute much less to the total cool-
ing than weak but numerous lines, especially Fe I and Fe II lines.
At larger optical distances from the front (∆τ > 5 − 10) the
radiative cooling occurs mainly through the H continua (Balmer
and higher series).

Two regions of heating are found: one just before the front,
first discussed by Mihalas (1969), due to the line absorption
of the hotcontinuousradiation from the wake; and the second
region just behind the radiative wake, due to absorption of the
hot line radiation coming from the wake. Such a heating can
in principle affect the thermal balance in the atmosphere of a
pulsating star. For example, one can expect that due to this effect,
the problem of the unphysical “supercooling”, detected earlier
in some hydromodels with very strong shocks (e.g. Fokin 1992),
can be eliminated.

Because the line cooling was found to increase with decreas-
ing gas density, we may speculate that, as the shock propagates
through a stellar atmosphere with decreasingρ, the cooling rate
in the wake increases. Concequently, its width would decrease.
Eventually, the cooling becomes strongly line-dominated. To-
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gether with the adiabatic cooling, this can lead to a very small
optical width of the wake, so the emission can no longer be seen.
This effect may explain the absence of the strong Hα emission
in some pulsating stars, like RR Lyrae, where shocks are very
strong but form relatively high in the atmosphere.

Recently, Woitke et al. (1996) concluded that the most im-
portant contributors to the gas cooling in shocked atmospheres
with ρ ≈ 10−10 g cm−3 are the hydrogen continua, especially
the Lyman continuum. However, considering their limitation to
low-density stellar gas, we have some doubts about this result.
Indeed, for typical conditions of normal and cool atmospheres
(asδ Cephei, RR Lyrae or W Vir stars), the Lyman continuous
radiation must be blocked already in the fine shock structure (at
a distance≈103 - 104 cm from the front), so it can hardly cool
the gas. This lets us suggest that the model of these authors is
not very relevant for shocks in dense stellar atmospheres.

As a continuation of our study, in a forthcoming paper
we shall examine the structure of the radiative shock wake
with a more sophisticated analysis of the lines and continuum
contributions to the gas cooling.
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