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Abstract. The radiative cooling of a shock wake under typicaliation on the precursor and wake in a non-LTE hydrogen gas.
conditions of stellar atmospheres is considered. A simplifiétlll (1972) considered the same problem under the LTE as-
model of the radiative relaxation zone is used, and the transtemption. A more sophisticated analysis has been attempted by
equation is solved for the line radiation across the shock. UsiNgrita (1973), who estimated the radiative losses due to the Ly-
this solution, the contribution of spectral lines to the radiativman and Balmer continua behind the shock front. Klein et al.
cooling is studied, including the elements H, He, C, N, O, N§1976, 1978) obtained a self-consistent solution of this problem
Mg, Si, S, Ca and Fe. The line cooling rate is found to be dbr the radiative wake of a hydrodynamic shock under more
ways high in a zone of optical depth unity behind the frontealistic stellar conditions. Unfortunately, their coarse zoning
We show that in this zone the relative contribution from eaahd not allow them to consider the radiative precursor and the
line to the total energy loss mainly depends on the local condietailed structure of the thermalization zone. For this reason,
tions (density, temperature, postshock gas velocity) and on their approach was limited to the atmospheres of A-type and
line wavelength, but is independent of the line strength. Condwmstter stars, where the ionization degree of the unperturbed gas
quently, the cooling by elements having many line transitiofisrelatively high. However, as shown by Gillet et al. (1989 and
can be very effective. A preliminary analysis shows that threferences therein), the whole shock structure is very sensitive
cooling due to Fe lines considerably reduces the spatial extemthe degree of ionization in the precursor, especially if it was
of the radiative shock wake with respect to the one obtained wittitially weak. Consequently, all physical processes in this zone
H~ and H continua. A more sophisticated analysis is heededstoould be treated very accurately, and simultaneousely with the
determine the exact thermal structure of the wake, which wibstshock region. Recently, Fadeyev & Gillet (1998) proposed

be the subject of a forthcoming paper. a general iterative method to obtain a self-consistent solution of
the equations of fluid dynamics, radiative transfer and atomic
Key words: radiative transfer — shock waves 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
One of the most important problems in stellar radiative gak$ a multi-level atom, which will permit the calculation of line
dynamics is to estimate the energy exchange rate between rpgafiles, is now available (Fadeyev & Gillet 2000).
ter and radiation field. This rate is especially needed for shock The main difficulty of the problem of the radiative cool-
structure analyses, when departures from local thermodynarhig in low-temperature stellar atmospheres is that one should
equilibrium (LTE) and radiative equilibrium become large. Rasonsider all possible atomic transitions of all species which
diative cooling of the gas in the shock wake and heating in tgn absorb radiation. In the past studies devoted to radiative
precursor are the major factors determining the thermal strgocks, mostly pure gases were considered, such as hydrogen,
ture of the shock. The knowledge of this structure is necessagon or argon. For a hydrogen gas under typical conditions of
for the interpretation of the shock-induced spectroscopic pisellar atmospheres, i.¢0~'2gcm 3 < p < 10~ gem™?,
nomena observed in yellow and red giants, especially the enfif00 K < 7" < 10000K, radiative losses in subordinate con-
sion in the Balmer and some other lines. Unfortunately, the féilhua are more important. Indeed, due to very high opacities of
self-consistent problem of the radiative shock structure is ribe Lyman transitions, there is almost perfect radiative equilib-
resolved yet due to immense technical difficulties. Up to nodm in the Lyman lines and Lyman continuum. In an optically
only more or less approximate solutions have been obtainedhick case, which is typical for stellar shocks, the cooling due to
Whitney & Skalafuris (1963) and Skalafuris (1965, 19683almer and higher subordinate lines is also inefficient compared
have studied a limited problem of the effect of continuum r&e thatin the optically thin Hand Hcontinua because their pho-

1. Introduction



A. Fokin et al.: Radiative cooling of shocked gas in stellar atmospheres. | 669

tons are mOStIy bIOCked In the Wake- HOWGVGI‘, the metals r})@cursor front thermalization ionizations/recomb. radiative wake

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 co

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 specifig. 1. Schematic diagram showing the different zones of a shock wave

physical conditions adopted in their calculatiois 10 K) and variations of the temperatures of the electrons and heavy particles

are not valid for atmospheres of cool and normal stars. Also, thigh approximate logarithmic distance from the shock front

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 r@, General problem

diative losses in the solar chromosphere and corona (always for L i

the optically thin case), including iron bound-bound transitioné;1- Fine shock structure and radiative relaxation zone

and obtained similar results. A general review of the radiatinhe shock wave structure can be subdivided into several princi-
cooling problem in stellar plasmas can also be found in Pradeig zones with different characteristics, as schematically shown
(1981). In the optically thin case, the major contributors to the Fig.[1 (see e.g. Zel'dovich & Raizer 1966). All these zones,
radiative cooling are Ly, Ca Il and Mg Il resonant lines, while except for the much wider zone of radiative relaxationréer
under typical conditions of normal and cool atmospheres, thgtive wakg, are normally optically thin in the non-Lyman
photons in these lines are blocked due to high opacity, and #ignsitions. Here we briefly describe some important physical
not contribute to the cooling. processes occurring in each of these zones, following Narita’s
Recently Woitke et al. (1996) have studied, undgn973)work.
the Sobolev approximation, the radiative cooling in low- just ahead of the shock front, hydrogen is partly ionized
temperature stellar winds. Their method allows to relax the LTdue to absorption of the Lyman continuum radiation emerging
approximation and to include in principle such calculations fiom the postshock region. The width of this radiative precur-
a hydrodynamic modelling. One of their conclusions is that abr should be of order of a mean free path of the Lyman pho-
p >10"'? gcm? andT’ > 5000 K the radiative cooling occurston. Within the viscous jump, or shock front (3-4 mean free
mainly in the H and H b-f continua. Unfortunately, only a few paths of heavy particles), both the atomic and ion temperatures
dozen lines have been included in their analysis (e.g. only {8, ~ T;) strongly increase, sometimes up1@® K or more
IR lines of Fel and Fell), and the optical depths effect weipending on the shock velocity, through the action of viscous
ignored for the continua, resulting in an overestimation of thgrces on heavy particles. Because the viscous forces in the elec-
continuum cooling in dense atmospheres. Also, specific congibn gas are negligibly small over the shock front, the electrons
tions in the shock waves (steep Doppler shift etc.) do not allaye not heated by this process. In fact, because electrons and ions
to apply the above results to stellar shocks. are strongly bound together by electric forces, the electron gas
In this first paper we attempt a simplified analysis of thig adiabatically heated at a small rate, up to 2.5 for the strongest
radiative Cooling in lines and continua in a radiative shock WaISﬁocks_ Nevertheless, if the electron Conducti\/ity is not neg”-
for typical conditions of stellar atmospheres. We neglect thghle, the heating of the electrons in the preshock region can be
atomic kinetics and restrict the problem to the zone of radiatiegen more efficient than this adiabatic heating (Zel'dovich &
relaxation. We consider the problem of the line radiation transfegizer 1966§ VI1.2.12).
through a steady-state shock in a plane-parallel geometry. In |n the thermalization zond. begins to rise due to elastic
Sect. 2 we review some general aspects of the shock strucitiisions with atoms and ions. Once the electron temperature
and major physical processes in the postshock region. In Segt 3ufficiently large, collisional excitations and ionizations by
we describe our simplified shock wave model and study tBectrons start which brings dovin. As a result of elastic col-
Cooling effect of one Spectral line following the solution of thﬁsions of electrons with atoms and iorig, andT; Strong|y
transfer equation. The radiative cooling involving many lines igecrease.
discussed in Sect. 4 and, finally, some conclusions are given in After thermalization 1. = T, = T}), when ionization has
Sect. 5. reached its maximum, a quasi-equilibrium state appears (Narita

log Distance from the shock front
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1973, Fadeyev & Gillet 1998). When subsequent recombiremd./,, is the frequency-dependent mean intensity. From Efs. (1)
tions and following de-excitations occur, they are not exacthnd [2) one can see that the energy equation for the gas is
compensated by the reciprocal processes which lead to radiative

losses in the Lyman, Balmer and other subordinate continua aifls +pg D(/p) _ 4
spectral lines. When the ionization coefficientH+)/N(H°) Dt Dt P

i 6
drops to a few percent (at a distance of abidl#t 10° cm from 6, 4 plane-parallel flowr( — oc), to which we restrict our

the front), the decrease of the gas temperature, which is NSAklysis of a stationary shock wave, Ef. (1) dfd (2) reduce
10000K, slows down. L . .. to the same EqL{3). This equation gives the rate of tempera-
. Thg next zone ofthe Wakg is still far from radl.atlve equ',"bfure variation in the gas due to radiative and adiabatic losses.
rium. Itis partlallytransparentlpthe Balmerand hlghercontmulane second term in the left of EGJ (3) describes the adiabatic

and in weak spectral lines, which cools the gas. This part of the yroduced by the gas per second, while the integral stands
wake can be called theooling radiative wakelt is the Most {4, the heat exchange rate between the matter and the radia-
important zone with respect to the formation of the observgg, fieq. The adiabatic term depends on specific conditions of

emission lines in pulsating stars. Indeed, all previous zones g{g gas motions and in principle can be easily estimated once
optically thin to the non-Lyman radiation, so their relative CONke thermodynamic and hydrodynamic parameters are known.
tribution A7, to the total emergent intensity is negligible. O'Nthough this cooling mechanism can be very effective in low-

the contrary, the cooling radiative wake in stellar atmosphergs ity atmospheric regions, in this paper we shall confine our
is usually very optically thick in the Balmer and some Othea{ttention to the radiative losses only.

strong lines (A~ ~ 10 or more). Consequently, the observed 1,0 cooling rate of the gas due to radiative processes only
shock-induced emission in these lines should reflect, at leasidmy, ;s

part, the thermal conditions in this zone. Here, an understand-

ing of the radiative cooling in this zone is very important forthiDeg) _ 4 OO( Jy —m)dv (4)
determination of the true shock structure and interpretation af Dt /., p Jo X e )G

the spectral peculiarities of the pulsating stars.

/0 (ol — )l 3)

Adopting the full redistribution in the line, the coefficients of

_ absorptiony, and emissivity;, can be written as
2.2. Gas energy balance and transfer equation

As shown by Castor (1972), the energy equation for gas alg = Xve T ZXZQS”Z (5)
radiation in a spherically-symmetric co-moving frame, with- !
out thermal conductivity, viscosity and convection, and to order

OW/c) is v = XveBy + El: XtSiu1, (6)
Diey ter) + (pg +Pr)D(1/p) = where the summation is performed over all lines; is the
3 Dt 1 Dt isotropic normalized line absorption profile
( prer)vV’Frad, 1) -
p roop

Opdv = 1, (7)
wheree, ande, = 4w.J/pc are the gas and radiation energy per 0

gram, respectivelyp, andp, = 47K /c the gas and radiation andS; andy; are the source function and the absorption coef-
pressure/ andK the zero and the second frequency-integratdigient for thei-th line, formed in thel. — U transition, whose
moments of the specific intensify as seen in the co-movingstandard expressions are:

frame,p the mass densityp /Dt = 9/0t + vd/9r is the La- )

grangean time-derivative,andv the Eulerian radius and localy, — (anfz) (1 _ gL”U) ’ (8)
fluid velocity, andF',,4 the frequency-integrated radiative flux. mc gunr

Note, thate, includes both translational and inner degrees of

-1
freedom of atoms. S = 2hv} (gUnL 3 1) . ©)
From the zero moment of the non-stationary co-frame trans- 2 \gLnu
fer equation (Castor 1972), one gets the energy equation for the ) ) o
radiation alone Xve IS the continuum absorption coefficient. In EHd. (6), for the
sake of simplicity, the continuum source function is substituted
De, p7-D(1/p) B (3107- _ 67_> v_ pythe Planck functio®, (T"). With Egs.[[$) and {6), the integral
Dt Dt r in Eq. (4) takes the form
1 4 [
*7V'Fra( - Xw]u* v dV7 2 o o
p : P Jo ( ) @) / Xy — nw)dv :/ Xve(Jy — By)dv +
0 0
wherey, andn, are the true absorption and emission coef- sz(jz —S), (10)
l

ficients, which are supposed isotropic in the co-moving frame,
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where and y, are functions of both and z. Although formally, in
- 00 Eq.[I7) the scattering coefficient should be addeg,tphere
Ji1 = G dydv (11) we suppose it is negligible.

0 Following the reasoning of Mihalas (1978), we also assume

is the so-called scattering integral for th¢h line, calculated that for the line transfer analysis the time derivative, which de-
in the co-moving frame. The integral on the right-hand side etribes the effect of the delay of radiation, is negligible with
Eq. (I0) displays the cooling rate due to continuum, whereas tiespect to the Doppler effect due to the velocity jump at the
sum gives the rate due to spectral lines. The mean intefsity front. This means that physical quantities in the shock are sup-
to be evaluated from the co-moving radiative transfer equatiposed to vary only slowly in the time required for a photon to
in the shock wake, resolved simultaneously with the statisticabss the cooling radiative wake. Finally, we get the steady-state
equilibrium of the atomic populations. However, even for planequation

parallel and stationary shocks, the co-moving transfer equatiop I,

still remains very complicated if the fluid velocity (or densityy!— ~ = mv(2) = xv(2)1, (18)

is not constant in the pre- or postshock regions (Castor 197%f?/hich shall be used to calculatk, and, thus, to evaluate the

Actually, the postshock gas velocity,, measured in the ; :
’ . ’ oling rate according to EqEl (4) ahd{(10).
shock front frame, is not constant and normally decreases W(ft% g g akJ(4) and)10)

distance from the front @& decreases due to radiative cool- . o .
ing (consequently, the density increases). Indeed, for a pladé. Continuum radiative cooling

statignary shock we can apP'y_ the two first Rankine—HugoniWe suppose here that hydrogen, as the most abundant element,
relations (neglecting the radiation pressure) is the major contributor to the continuum cooling in stellar shock

pvg = C, (12) Wakes (except for helium or C-O stars); so we do not consider
the continua of other elements.
P, + Ciug = Cs, (13) A detailed discussion of the effect of the H and Hound-

free and free-free continua on cooling was recently given by
where P, = RpT'/u is the gas pressurd? is the universal Woitke et al. (1996). Unfortunately, due to a limitation of the
gas constany, the molecular weight, and; andC; the flow method used (Sobolev approximation), not all the results of

constants. These equations reduce to this study apply to stellar shocks in the atmospheres of normal
T v /C and cool pulsating stars. Namely, the Lyman continuum does
— = Eg (C’2 — vg> , (14) not efficiently contribute to the cooling of typical shock wakes.
14 1

Indeed, the absorption coefficient for the photoionization of hy-
which yields thatl” has a maximum at, = v, = C»/2C). drogen fromthe levelat the threshold frequency may be written
Hencew, must decrease with the distance from the front due &

cooling, only if its value just behind the front does not exceed ~ 33105 ;3¢ F/*T Xy p [em™], (19)

v,. Let us denote the postshock Mach numbeias= v, /cs,
wherec, = /P, /p. Then the condition, < v, transforms
into

where E; = 13.6(1 — 1/i*)eV, Xug = n(H°)/(n(H°) +
n(HT)) is the fraction of neutral hydrogen, apds in g cnt 3.

Here we assumed solar hydrogen abundance, neglected stimu-
Ml 1 (M 1 ) (15) lated emission, and set Gaunt factors equal to one. For the con-
cs 2 ’ ditions of normal stellar atmosphereg ¢ ~ 5000 — 7000 K),

) o . , Xy is close to one. Hence, for a typical geometrical exten-
orM- < 1,Wh|ch is always valid in the postshock reg|0n.Thu§ion of the dense atmospheric region of%em, assuming a
the gas velocity decreases wifhas mean density ~ 10~'! gcm3, the optical depth of the shock
vy (T) = v, — V2 —TR/p. (16) front in the Lyman continuum is™ ~ 195. In th_e radiative

wake, assuming” = 8000K andp = 108 gcm 3, we get
For the sake of simplicity, however, in this paper we adopt?y ~ 3.310~2cm™!. Thus, already at the distance of*Ifin
vg = const in the preshock and postshock zones, with a jumgfiatm the front, these photons are blocked and cannot contribute
the shock front. to the cooling of the shock (Narita 1973), so that we can neglect
We also neglect all the terms of order:®(c?) and higher. the frequency range corresponding to the Lyman continuum in
Thus, in our transfer equation we take into account only tlke. [4). For the same reason, the contribution of the Lyman lines
linear Doppler effect produced by the shock. After these sirte the cooling rate vanishes(,, ~ 10'°). Note that although

Y]

plifications, the transfer equation takes the form S, forthese lines can considerably deviate frBeven atlarge
optical depths, the frequency-integrated valus wéry quickly

1DI, oI, — 5 S

= I =, — X1y, (17) tends toJ (already atrz,. ~ 10°) due to strong scattering in

c Dt 0z these lines.

wherel, (u, 2, t) is the specific intensity; = cos 6 the angular In stellar atmospheres, the Balmer and higher continua are

coordinate, and the linear coordinate. Note that in genegal much more transparent, because of the low population of the rel-
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evant levels. For example, according to Eq] (19); at 5000 K
(typical preshock temperature) one hg§2 /xLy = 4.210710 2t 8
andxP?/xLy = 1.710712, 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, | i
H~ absorption fofl’ ~ 5000 K andp ~ 10~ gcm3 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. E
On the other hand, because of the relatively low opacity, trie I
deposition of the thermal emission on the emerging radiatien, |
in the optically thin domains would be small. Hence, one can
expect that, in the shock waké, remains almost unaffected, N

i.e. J, < B, under LTE. Consequently, in the integral of the | bilf
right-hand side of Eq[{10), we can negleGtwith respectto || N' |w.«\\
B, . Also, because the Planck mean opacity I i

kpcz/ XycBudV// B,dv, (20)
0 0

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

Fig. 2. Absorption spectrum for solar abundan@e,= 8000K and
>~ 1 dB, e
XR = / —_— dv /
( 0o Xv dT / 0

dB -1 p =10"%gcm3. We also show the logarithm of the Planck function
d , (21) B.(T)(inergcm?s 'Hz 'srt)
dT
we get a useful approximation of this integral in the wake und@&r Transfer analysis for one line

LTE The cooling rate due to spectral lines, accordind td (10), can be
D 4 e d
( Dig) _ ?77 Yool Ty — B,)dv ~ expressed as
cont 0 De 47 —
4 (Dg) =— ZXZSI(JI/SI —1). (24)
_IXRB(T)a (22) t lines P 1

The problem is thus to calculatg/S; in the shock wake for

_ 4 i . .
whereB(T') = ogT" /m , o is the Stefan-Boltzmann constantgch spectral line, and to perform the sl (24) over all lines.
We see, that in approximative calculations of the continuum aq gn example, a typical monochromatic absorption spec-

cooling in stellar atmpspheres it is more appropriate to use $&m for solar abundance®, = 8000K andp = 105 gcm3
Ross'elanmean opacny: Indeed, the use of thefull Planck meapresented in Figl2. It is computed including elements H, He,
opacity would not fcake into account the blocking of photon_s N, O, Na, Mg, Si, S, Ca and Fe; data for bound-bound tran-
the opaque domains of the spectrum and would overestimgig,ns (around 2 million lines) and photoionizations have been
the cooling rate by_severa! Qrders of_magnltude. The Rosselqagen from TOPbase (Cunto et al. 1993), the atomic data base
mean, bgcause of its specific averaging, acpounts forthe OpaES)hputed by the Opacity Project group (Seaton 1987), except
m|n|rna(!.e. the transpargnt continua), and is m<_3re relevant. TfB? Fel and Fel lines which come from the Kurucz compila-
cooling time for the continuum can then be estimated as (o, |n this figure, apart from strong Lyman lines, one can see
b e N egp 23 two broad UV Fe line packets ay/kT ~ 7andhv/kT ~ 11
"t ™ < De,/Dt > = AryrB(T) (23) (A = 2600A and 16003, respectively). Thes_e pgckets are I(_)-
cated at frequencies where the Planck function is not negligible
For instance, fofl' = 5000K andp = 10~'°%gcm2 yr ~ While the opacities of most of these lines are not as strong as
10~13 cm~!, andt..,,; is about 410° s. However, without LTE, those of the Lyman lines. Thus, even if the Lyman photons are
the cooling rate may differ froni (23), because the atomic poplocked, one can expect an increase of the cooling rate due to
ulations and, more importantly, the electronic concentration these numerous weak lines, provided that the radiation in these
would be different. For instance, Woitke et al. (1996) found thiges is not blocked.
the cooling rate is overestimated in LTE by 1-2 orders of magni- The major difficulty of such a calculation is that the shock
tude for the above values ®fandp. A further non-LTE transfer structure should be determined simultaneously with the cooling
analysis is needed to clarify this important question. 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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obtain.J;/S; (which will be simply written as//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 equatfon (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 Hig. 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 Tst T s
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 [Hig. 3). Fig. 3. Schematic representation of the source funcidar the shock
Other major simplifications are: model used in this paper. The optical depth scale is linear

|
|
|
SHOCK WAKE

optical depth

— plane-parallel geometry;
— constant (though different) velocities in the preshock and- inthe ambient atmosphebeyondhe wake we adopt alinear

postshock zones. The velocity jundyu, at the “front” is law for S(r),
one of the parameters of the problem. In the present analysis
Awv, was varied from 0 to 80 km/s; S(r) = AoT + B, (26)
- c_omplet(_a redistribution in the line with the Gaussian absorp- wherer, the static optical depth in the center of line, is
tion profile :
) defined by
- - 7(1/714)2/AV]23 25
Sy : @) dr = —(uom) + xe) d= (27)
which is relevant for weak lines. The Doppler widfvp The form of S(7) in the wake cannot be knowa priori
is supposed constant and is estimated Witk 4500 K and because it must depend on the unknown cooling rate. For

A = 5000A. In fact, only the ratio ofAv, to the Doppler  the sake of simplicity, we also adopt a linear form for it,
velocitycAvp /v isimportant. Withthe previous valuesthis it with different parameterd, andB, (see FigiB), so that
ratio varies from 0 to about 10. We should note, however, ¢ the front the source function is characterised by a jump
thatthe effect of this ratio is negligible in the wake, ifitonly A — g — ;. In the present analysisg(S,,/So) was
exceedss 2; varied from 0 to 2, the last value corresponding to a jump
— weassume thattheratio of the opacity inthe centeroftheline of g as temperature rises from 4500 to 15,000 K\at
to that in the nearby continuuny;¢(v;)/x.., iS constant 5000A.
within the whole atmosphere. This ratio mainly depends
on the relative populations of the respective absorbers and The last two parameters of the problem are the static optical
these populations are roughly proportional to the density depth of the “front”, 75, and the one of the inner boundary of
the variation range of the shock conditions. The total linthe wake,, both measured in the line center. In the following
absorption is the superposition of the Doppler and contine shall also use the optical width of the wake;,, = 71 — 7.
uum absorptions, so the above ratio characterises the relabiise that for a given shock, this width is different from one line
strength of the line. We varied this parameter in the rang@the other. However, under our hypotheses, the ratib is
from a few units tol0°, but no perceptible influence on theequal to that of the nearby continuum and thus approximately
cooling rate was found, apart from the trivial changing afonstant for lines in the same frequency domain.
the optical depth scale; The relation betweer$(7) and T'(7) in the shock wake
— we assume the source functidf, = 7, /x., to be indepen- will not be discussed in this paper. We only note here, that
dent ofv within the line profile. It means that the source funcalthough in the case of pure diffusion (typical for very strong
tions in the line and the nearby continuum are the same.limes) the line source function has nothing in common with the
principle, this is correct only in the LTE case, but we assuntecal temperature, for weak lines with not too high excitation
it to be approximately correct at least for a large number ehergies, especially in dense atmospheric regions, they must
low-excitation lines, because in this case the bound-boubée closely related. We assume ti$ashould have a maximum
photon diffusion (the main process breaking the LTE) mushmediately behind the “front”, and then decrease as optical
not be very efficient; depth increases.
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3.2. Method of solution 3.3. Results

To find the specific monochromatic intensities in both th&3.1. Analytical approach
preshock and postshock regions, we use the formal solut

ion — . .
of the transfer equatiofi(18) (.g. Mihalas 1978) "Phe general behavior of /S can be studied analytically by

putting a simplifying assumptionl, = 0 in Eq. (26), which

I(ry,v,p) = I(1y0,v,p) elTv=v0) 1 means a constant source function off the wake. With this, the
0 dt mean intensity in the wake (and behind) writes
+ / S(t, p, v)el—0/1 " (28) )
_ Tf _ J(r,v) = S(r) — ﬁ/ du e~ Tsf1/ne(Ts =) fo /1
Herer, isthe optical depth at frequeneywhich depends on the 2 Jo
directiony because of the Doppler shift, and which is defined AS
by *T{Ez([T*Ts]fO)
Es([t — 7] fo) — Bs(|e1 —
dr, = ~(ud ([l — po/e)) + xve) dz, (29) Bl “Blra =)
0 s

wherev is the local velocity. In order to account for the variations : ' :
of the optical depth scale due to both the line profile and tr“\/eheref1 and fo are functions defined WiL{B0) and calculated

Doppler jump at the front, we introduce a function With v = Av, andv=0 respectivelyAS = Sp — S is the

source jump and
xi9(V[1 — pv/c]) + Xue

/= xiow) + xve (30) En(x) = /1 T oplat) , (36)

t?L
so that the optical depth, is related to the static optical depth, o . . .
~in the line center as is then-th exponential integral. Physically, the integral in the

first line originates from the propagation of the downward ra-
dr, = fdr. (31) diationI~ from the preshock region into the wake. This is the

. . : . only term involving the Doppler jump at the front (throudi).
Because the line-to-continuum opacity ratio is assumed C%HKe second line also comes frohT and is due to the orop-

stant, and the velocity structure of the shock model isverysim%laated effect of the source junpS. The last line originates

(vd: Avain th(—ihpostshtc_)ck _andt:. 0 iln the Prrﬁs?OCk r:agi(?nz, from radiation propagating in both directions and is related to
f depends on the position in a trivial way. The formal solu '"the slopeA S/ A, of the source function in the wake.

of the radiative transfer then reads After integrating Eql(35) over with the normalized line

(T,v =1 (m,v,p)er" [ ile,, [ ion,
I~ (r,v,p) I~ (11,0, ) (r—m)f/u absorption profile,, as the weight function, we get
T _ fdt T 00 1
- S(t)e(T Wi, (32) J(7) =1 So / d /d —Tsf1/be(Ts=7) fo /1
/7'1 H S(7) 25(7) J. 0y . we e
AS [
(v, ) = IF (72,0, )75/ ~35(r) /0 A, { Ba(lr ~ 71 fo)
+ / S(t)e“—f)f/“@, (33) L B = il fo) = Es(7a = 7lfo) } (37)
T H fO ATS
wherel ™™ and/ - are the intensities in the positive (- 0) and Several important conclusions follow frofa{37) for the be-

negative [, < 0) directions. Eqs[(32) an@(B3) hold when botl5yiour of 7/S:

pointsT andr, or r andrs, lie in the same region of constant

Integration forl ~ is started with/ — = 0 at the outer boundary — without the shockAS = 0, f1 = fp), we obtain

of the atmospherer{ = 10~%), and pursued by stages downto _ o

the inner boundaryr, ~ 10%) where we assumg"=1—=S(r,). J(r) _ 1— 1/ by Eo (7 fo)dv (38)

ThenI+ is integrated from the inner to the outer boundary. The S(7) 2 Jo ’

Emcé%r; f undergoes a jump at the shock front, according to which describes the solution in a static atmospher&y
g. .

, . lies between 1/27(< 1) and 1 ¢ > 1).
The calculations are performed with 16 angular, 101 fre- the dependence Gf on the source function jump.S is

quency and 500 spatial nodes. After evaluation of the matrices linear. The related term does not depend on the velocity

I* (7, v, ) andI™ (7, v, u), we calculate the zero moment jump at the shock front, nor directly on the optical depth
1 1 N o of the front, but only on the optical depth— 7, from the
Jy = 5 (/0 I"dp + / ) I dﬂ) (34) front and on the optical widthhr, of the wake;
— the optical depth of the front, intervenes only in the first
by Gauss quadratures, and then the scattering intégualng integral on the rightthrough the combinatiayy; . Foravery
Eq. (11). strong velocity jump,f; can be considered as independant
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-5

of 1 because of the profilg,. The u-integral can then be
replaced bys (75.+ (7 —75)) wherer,. is the optical depth
of the frontin the continuum
Itis also interesting to examine some simple limits obtained ;o
from (37) with the assumption of a high velocity jump: w Ol Lo
1) 7 — 7,. This case corresponds to the postshock region ir8- i’ :
mediately behind the front. Using the limifs;(z) — 1 and I i
Es(z) — 0.5 — z whenz < 1, andE;(x), Es(x) — 0 when i/
z — 00, We get 7 :

So/2S5m if 7o« < 1andAr, < 1
= 0.5 if Tee K 1 andATS > 1 (39) 2 i —
0.5+ 50/2S5,, if 75 > 1andA7, > 1

0|

A last casets. > 1 andA7, < 1) would give.J /S = Sy/Sm ] J ]
but is quite unphysical. Fd&#,,, > Sy and just behind the front, !5 |- v 1
we may conclude thaf/S — 1 lies between-1 and—0.5. I " ‘ ]
2) 7 — 75 > 1. In this case, implying an optically thick wake,
we obtain approximately (using a rectangular absorption profu)e1 L
¢, and the limitsEs (z), Es(z) — e~ /z if © — 00)

J(r) . So e (77T e e i o
S(r) — 25(r) T— T 0s | - -
AS 67(777—5) E3(|T51 — TD [
B 25(7) ( P ATy ) (40)

In the middle of the optically thick waker{; — = > 1), and ol e
therefore at a fixedjeometricaldistance from the front, the
cooling rate, proportional tg;[J(7)/S(7) — 1] (see[24)), will
exponentially decrease with the increasing opacity of the lingig. 4. variation of 7 /5 for different source function jumpAS for

As 7 becomes close to,; (i.e near the lower boundary ofan optically thin shock withAv, = 50km/s andlog <1 /75 = 0.5.
the hot wake), we get The corresponding source functions are shown above. The thick curve
— shows the solution without shodkg S, /So increases by steps of 0.3
J(7) N AS 1

S(r) + 48, A1y’

and we see that/ S — 1 becomegpositive which means heating figures is 50 km/s, anfly = 10~ " ergcnt2s ' Hz ! sr 1. As

of the gas by radiation from the hot part of the wake. This heatisjown above, the choice &f, is not important because/S

is due to the absorption of the Histe radiation coming from the does not depend of}, but only onS,,, /So.

wake. Note that the classic heating effect in the preshock region In these figures we also show with a thick line the solution
(Mihalas 1969; Narita 1973), on the contrary, is mainly due without shock, i.e. withAS = Av, = 0, given by Eq.[(38).
the absorption in the line of theontinuumradiation, coming Without shock,//S reveals a large depression towards the sur-
from the optically thick wake. This preshock heating seems face, approximately ag/S ~ (1+-67)/(2+67). Inthe optically

be more complicate, as we shall see in the next section.  thick region ¢ > 10) radiative equilibrium holds.{ — ),

As mentioned above, numerical calculations for the Dopplathereas near the surfaddS — 0.5. Because//S < 1 at all
absorption profile show that the cooling rate in the wake deperajgical depths, this means that in a static regime the lines cool
very weakly on the line-to-continuum opacity ratio. The abouse gas.
results also suggest that {6, > S, the dependence of the In the presence of a shock the cooling in the wake is always
cooling rate on the velocity jumpv, and onr, is negligible. stronger than in the static case. In this paper we shall discuss
Thus, the most important parameters are the optical distaeedy the “absolute” line cooling effect, i.e. the deviationiofS
from the frontr — 7, the optical width of the wakér,, and from unity.
the amplitude of the source functigxs. For an optically thin shock (Figsl 4 ahd 6) the gas cools
almost everywhere in the wake, withy.S depending mostly on
the amplitude of the source function jurdpS, in agreement
with the above analytical solution. In an optically thick shock
Figs[4[% andl6, based on the numerical calculations, repreg€id.[5), photons are blocked and the cooling in the most part of
typical behaviours of /S for different jumps of the source func-the wake is negligible. Usually, at a distance of abdut~ 15
tion and for different shock locations. The velocity jump in thedeom the shock front, the gas already returns to the radiative

log T

(41)

3.3.2. Numerical calculation
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Fig. 6. Same as in FigEl 4 afidl 5 but for different shock positions. Note
that the different curves would correspond, for the same shock, to lines
with different opacities

Fig. 5. Same as Fid]4 but for an optically thick shock

equilibrium in the line, similarly to the static case. However,

within the AT < 1 region the lines can cool effectively. the preshock temperatufe Under LTE we havd ~ ~ B, (T')
Fig [ shows typical variations of/S atthe maximumof andI* =~ B, (T,,), which yields

just behind the front as a function of the static optical depth of

the front,r,. These results are obtained for the dager,, /7, = J _ B,(Tw) + B,(T) 1

1.0. In agreement with the analytical result, even at large fropt 2B, (Ty) 9

depths ¢ > 1), there is a perceptible cooling raté/S ~ 0.5

for large enougltb,,,). Calculations show that this rate extend ; -

up to a distancedr < 1 from the front. Indeed, one of the§'3'3' Cooling of the moving gas

reasons is that in the optically thick case at small optical dids anelementof gas enters the postshock region, it starts cooling

tances behind the front the line radiation freely escapes in thith the locally determined rate, and in the same time it keeps

upstream direction in the continuum frequencies, because theving away from the front. Because its temperature rapidly

preshock gas becomes transparent in the line due to the Dop@igreases, the cooling rate diminishes faster than exponentially

shift. Thus,/* > I~ inthe wake, which under LTE( = B,) with the optical distance from the front,— 7, (Eq. [40)). As

gives shown above, the gas can effectively cool in the line only while

T — 7, in the line center is less than, or of the order of 1.

This parameter approaches unity in a titpg,s ~ 1/(vgx.0),

whereuy, is the postshock gas velocity, argy = x;¢(v;) is the

monochromatic opacity in the line core. For a Doppler absorp-

Moreover, as follows from EJ.{B7) and asymptotic solution X)on profile, which is valid for most of the non-resonant metal

for an optically thick shock, evenithout velocity jumooling lines,¢,,s can be expressed as

would exist within this zone ifS,, is large enough. Indeed,

the intensity of the radiation, emitted by the hot wake, canbe ~  /74.3- 107 "v\/T/Ap,

characterized by a color temperatufg which is higher than “pass ™~ VX1 ’

for B,(T,)> B,(T). (43)

(42)

(44)
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Hydrogen and Iron
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Fig. 8.RatioAe, /e, for one hydrogen line (solid) and for one iron line
log T (dashed) as function offor p = 10~'° gcm~ and7" = 5000, 10000

) S ) ] and 15000 K (from top to bottom, respectively)vfp = 10 km/s value
Fig. 7. Solid lines:J /S at theS-peak behind the front as a function ofy, 55 peen adopted

the optical depthr, of the shock front fotog 751 /7s=1.0 and for dif-
ferent amplitudes of the source functidag(S,./So) increases from

0.4 (top) to 2.0 (bottom) with a constant increment of +0.4. Dashed .
line: the static solution dance but only on the wavelength, molecular weight" and

vy. The curvesie, /e, for H and Fe lines are presented in [Eig. 8

where 4,, is the molecular weight of the species. Thus, onfiP" » = 10-1gem?, T = 5000, 10, 000, 15,000K and for
during this time the gas cools by the line radiation. The tota = 10 km/s ¢ sound velocity). _

amount of the gas energy (per gram) which is lost through one .An mportant cpnclusmn is that in the same spectral 'do—
line radiation during the passage of the gas element acrossiin all lines contribute nearly equally to the total gas cooling,

whole postshock region, according to Egql(24) and under LTE(?twithstanding their strength and only weakly depending on
is the mass of the element. For exampléel'at 9000 K Ly « con-

tributes about 10 times less than each of thousands iron lines

, (45) fromthe first packetin Fig.l2. We, however, should keep in mind
P that Eq.[(46) only applies to the Doppler line profile.

where we denoted = |J/S — 1|. In stellar atmospheres, the  IntheX > 2000A domain, and for low postshock densities
ionization energy is usually less, or of the same order, than fwe< 10~'°), as follows from Eq[(46), the ratiase, /e, would
translational energy, while the excitation energy is negligiblee higher than shown in Fig. 8. In this case some strong lines
so we can approximately assumg= RT [erg/g] (u is taken of light elements, like Mg or Ca, can be dominant. Such low
to be 1). By puttingy = 0.5 as a mean value in the region ofdensities may occur in shocks propagating in the outer part of
interest, we can estimate the fraction of the gas energy emittbd stellar atmosphere, where the preshock density can be about

_4dmxiBy, (T) ot pass

Aegy

in one line as 10~ gcm3. For example, such conditions are typical for the
Ae B,,(T) late evolution of shocks in the RR Lyrae stars. However, very

— = 17210 ———, (46) strong lines must be already blocked in the fine shock struc-
g VgpA T Ay,

ture, where the conditions and cooling sources are essentially
where) is in A. As can be seen, the ratitve, /e, for a given different from those assumed for the radiative wake (i.e. LTE,
speciegloes not depend on the line strength or chemical abustatistical 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 Al
fine structure. Iondeed, the geometrical scale, corresponding to | 16"
AT(Mg 1l 2797A)~ 1 is about 16 - 10° cm, which, according | "~
to Narita (1973) and Fadeyev & Gillet (1998), is the typical SN
scale of the thermalization zon&,( #+ T,). In most of this . 2| NN
zone, the electron-atom elastic collision rate and collisional ex- K _ NN
citation rate can be large enough to provide a coupling with , |~~~ S S T
the main thermal pool of the gas (i.e. with heavy patrticles). So ARSI ) e
electron excitations and subsequent radiative de-excitations in, | SN ]
strong lines, like the Mgl line, can provide a non-negligible DN "
cooling source. It thus seems important to include strong lines,; | ~~ T b
like the Mg Il or Call resonant lines, into the energy balance in B
the fine shock structure. 2055 oo o000
The difficulty of the evaluation of the thermal structure of TK

;Ehe Wal_(e, however,_ls that tifer ~ 1 _zones, calculated for qlft Fig. 9. Ratio of the cooling rateQiines /Qcont for three densitiep =
erent lines, have different geometric extent, so a full statistical” s —10 i 3 -

. . . S ,p=10"",andp = 10 g.cm ” (as indicated) and solar
gnaly5|s of allllmes is needed. Suph an anglygs W|Il_be pre,senf:%%position. The Lyman continuum is omitted fr@@aon:. FOrQuince,
in a forthcoming paper, but we give a preliminary discussion gfies with line core opacities greater thad> cm~ (thin lines) or
this topic in the next section. 10~* cm™* (thick lines) are discarded

3.3.4. Heating zones

In Figs[2,[5 andl6 one can see the heating effégs(> 1), 4 Radiative cooling in the whole spectrum

mentioned previously, appearing near the boundaries of the fipthe previous section we showed that the weak lines are very
wake. More precisely, this heating takes place within the zonggective in cooling the shock wake. Now it is important to es-
Ar of about few units at both ends of the hot wake, in the regioighate how effective is the total line cooling with respect to
with lower temperatures. Its physical origin can be demonstraig@ continuum. In other words, we wish to evaluate the ra-
as follows. Under LTE, and if the wake is not Very 0pt|Ca”y th|rﬂ|0 of the two terms on the r|ght hand side of @(10) This
in the line, atr;; we have approximately~ — B, (T\,) and ratio must depend on the gas parameters, atomic concentra-

It — B,(T), which leads to tions, position in the wake, and transfer effects (b-b scattering,
J  B,(Tw)+ B,(T) non-LTE, etc.). Because we cannot rgsque this problem to its
g~ 2B,(T) 1, (47)  full extent, we consider here only the limiting case of optically

, thin gas under LTE. According to our previous results, such an
and thus heating takes place. As the shock proceeds towac{gﬁroximation fully applies to the zon&r < 1 behind the

the surface, the wake becomes optically thin dnd— 0 at  font of 4 shock in a dense atmosphere (where LTE is valid).
7s1- Consequently//S diminishes (Fid.16). At optical distancesyye 4150 assume, < B, (T) for the continuum radiation,
of about 5-10 behind the wake the heating ceases due to jgl?%l = 0.5 andS; = B, (T) for the lines. Finally, defining
approach to radiative equilibrium, which blocks photons. Qeont = (De, /D) tarllldQl- — (De,/Dt); t,heterms
3 . . . con - g con mes — g mes»
The peak of/ /.5 in the preshock region is due to the absorgy, g can be expressed through the Planck mean opacities:

tion of the continuous radiation in the line, and thus depends@ o = kpe (=~ &), aNdQiines = 0.5k p;. To account for the

a complicated way on several parameters: optical width of the that the strongest lines, as well as the Lyman continuum,
wake, line-to-continuum opacity ratio, velocity jump, absorRy, ot contribute to cooling in the radiative wake because of
tion profile, S'oPe O,f the unperturbed _source function. qu efﬁeir blocking, we eliminate fromp; all transitions whose line
ample, the heating in the preshock region would be negligible Ber opacity is greater than a given threshold and for which
the spectral domain where the wake is optically thithe con- ¢ front optical depth would be greater than 1. This excludes
tinuumand when the Doppler jump at the front is con&derabbg,man transitions, as well ascH Mg Il, Ca ll, and some other

larger than the line Doppler width. This follows from the facbrominent transitions. We thus probably underestingate..,
that in the preshock co-frame (in whidh' S is to be evaluated), while Q... is overestimated.

the intensity/* at the center of the absorption corresponds to |, Fig[3 we trace the rati@ines/Qeon; a8 a function of”

the far wing of the postshock absorption, i.e. it is produced BY, i1ree values ob: 108, 10710 and 10°12 gem 3,

zones located deeper than the hot wake, which have the unper-aq seen from the figure, even without Lyman and some other

turbed_ temperature. On the other han_d, t_he heating rate pergﬂgng line transitions, the rati@ynes /Qeon: Can be important

mass is enhanced due to lower density in the preshock regigien the lines of heavy elements are included, especially at

It seems important to study this question in more detail.  54erate temperatures or densities. Note that the present quan-
titative results refer to solar composition. For Population |l stars,
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10* (a) point of a given _trial wake (in orde_r to apply some struct_ure-
) correction technique), we can easily be wrong. Indeed, if we
10 take an initially optically thick wake, we shall find a negligible
10° line cooling due to the initially large optical depth, and this
< . result would confirm the wrong optically thick wake model. In
£ 10 the same way, we shall find a high cooling rate in an optically
O o X . .
= 10™ thin trial wake. However, in these cases, the information about
> line coolingwas already includeth the initial wake structure,
10 § so the result is not self-consistent.
-8 Preliminary estimations of the radiative wake structure, with
10 QUMY - . ; _
E = andwithout spectral lines, revealed that the effect of lines, espe-
107 —+————f—+—+—+—+f—+—+—+—F+—+—+—+— ciallyironlines, on the postshock cooling is dominant. Namely,
F (b) Lya 7 due to the very strong cooling in ther < 1 region behind the
10" L | front, the gas entering the postshock region cools much faster
E Mgl | 1 thaninthe continuum only, which substantially reduces the spa-
91013 i N tial dimension of the wake. The estimation of the true thermal
o Call 3 structure of the shock wakes is especially important for inter-
9, r ] pretation and modelling of the shock-induced emission in the
10" 3 o/ lines, for example in pulsating stars. We intend to perform such
o 2T 1 adetailed analysis of the radiative wake structure in the Paper
"or L S
s z
10° |/ 5. Conclusions

©

The radiative cooling of shock waves in dense stellar atmo-
spheres is studied by means of the radiative transfer analysis for

Fig. 10a and b. Contributions to the cooling rates in an optically thina line across a simplified shock model. The results allow us to

case and under LTE féF = 7000 K andp = 10~3gcn?, with solar ake several important conclusions
abundancesithe monochromatic opacity; lines are Doppler broadendd Inthe shock P K . . I.d' inthell
except for H linesb the cooling rat&) when integrated starting from nthe shock wake, at static optical distances (in the line core)

hv/KT = 0: for the continuum only without Lyman (thick dashedTOm the frontA7 < 1, independently of the optical width of the
line), for all the lines with some major contributors indicated (dotteyhole wake or of the depth of the front, the cooling inthe linesis

line), for lines with a line core opacity smaller thaf~°cm™* (dot- dominant over that in the continuum. The line cooling is found
dashed line) ot 0~*cm™"! (thick solid line) and, in the latter case, theto be effective for postshock densities=10-12-10"%gcm3
contribution of Fe lines (thick dotted line). and temperatureB < 10* K. We, however, suggest that strong
lines, like Lyman or Mgl resonant lines, do not cool the gas
because their photons are blocked in the fine shock structure.
the expected rati@iines / @cont Will be diminished proportion- Also, strong but few lines contribute much less to the total cool-
ally to the element depletion. ing than weak but numerous lines, especially Fe land Fe Il lines.

With the increasing distance from the front, the approxim&t larger optical distances from the fromh{ > 5 — 10) the
tion of an optically thin gas becomes no longer valid, because fadiative cooling occurs mainly through the H continua (Balmer
apartoflines/ — S.Consequently, the local ratigyi,cs/Qeons  and higher series).
would decrease by an unknown factor, averaged over all lines. Two regions of heating are found: one just before the front,

To demonstrate the contribution of different lines to thfirst discussed by Mihalas (1969), due to the line absorption
cooling sum, in Fid_I0 we show the contributions of differef the hotcontinuousradiation from the wake; and the second
ent elements to log Qe in the optically thin case over theregion just behind the radiative wake, due to absorption of the
whole spectrum, for typical valués = 7000K andp = 10~® hot line radiation coming from the wake. Such a heating can
g cn3, Following the above reasoning about radiative equilitin principle affect the thermal balance in the atmosphere of a
rium in the strongest lines, we excluded the lines which excepdisating star. For example, one can expect that due to this effect,
the threshold opacity of, = 1075 or 10~% cm~!. We see that the problem of the unphysical “supercooling”, detected earlier
the strongest contribution @y, belongs to the first Fe line in some hydromodels with very strong shocks (e.g. Fokin 1992),
packet, located dtv/kT = 8. can be eliminated.

The important question of the temperature structure of the Because the line cooling was found to increase with decreas-
wake was not discussed in this first paper. In view of the presémy gas density, we may speculate that, as the shock propagates
results, this structure should be calculated simultaneously witimough a stellar atmosphere with decreasiniipe cooling rate
the local cooling rate, only starting from the shock frontinwardh the wake increases. Concequently, its width would decrease.
Otherwise, if we try to evaluate the instant cooling rate at sore@entually, the cooling becomes strongly line-dominated. To-
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gether with the adiabatic cooling, this can lead to a very sm&keferences
optical width of the wake, so the emission can no longer be segn

. . . astor J.1., 1972, ApJ 178, 779
This effect may explain the absence of the strorgdission Cox D.P., Tucker W.H., 1969, ApJ 157, 1157

in some pulsating stars, like RR Lyrae, where shocks are Ve#yni ., Mendoza C., Ochsenbein F., Zeippen C.J., 1993, AGA 275,
strong but form relatively high in the atmosphere. L5

Recently, Woitke et al. (1996) concluded that the most infradeyev Yu., Gillet D., 1998, A&A 333, 687
portant contributors to the gas cooling in shocked atmospheFageyev Yu., Gillet D., 2000, A&A 354, 349
with p ~ 10719 gem3 are the hydrogen continua, especiallfFokin A.B., 1992, MNRAS 256, 26
the Lyman continuum. However, considering their limitation t&illet D., 1999, In: Brun R., et al. (eds.) 21st International Symp. on
low-density stellar gas, we have some doubts about this result, Rarefied Gas Dynamics. Marseille, July 1998, Vol. Ii, p. 517
Indeed, for typical conditions of normal and cool atmospher&4lét D., Lafon J.P.J., David P., 1989, A&A 220, 185
(aso Cephei, RR Lyrae or W Vir stars), the Lyman continuoud! S-J-» 1972, ApJ 178, 793
radiation must be blocked already in the fine shock structure guetE., Lafon J.P.J., 1997, A&A 324, 1046

. . ein R.l,, Stein R.F., Kalkofen W., 1976, ApJ 205, 499
a distancex10® - 10* cm from the front), so it can hardly cool Klein R.I.. Stein R.F.. Kalkofen W, 1978, ApJ 220, 1024

the gas. This lets us suggest that the model of these authoigdgyhirter R W.P., Thonemann P.C., Wilson R., 1975, A&A 40, 63
not very relevant for shocks in dense stellar atmospheres. wihalas D., 1969, ApJ 157, 1363
As a continuation of our study, in a forthcoming papewihalas D., 1978, Stellar atmospheres. San Francisco
we shall examine the structure of the radiative shock wakerita S., 1973, Progr. Theor. Phys. 49, 1911
with a more sophisticated analysis of the lines and continulfraderie F., 1981, Activity and outer atmospheres of the stars. Lect.
contributions to the gas cooling. at the 11th Advanced Course of the Swiss Soc. of Astrophys. and
Astron., Saas-Fee
Seaton M.J., 1987, J. Phys. B: At. Mol. Opt. Phys. 20, 6363

AcknowledgementsiVe thank F. Gonzalez for his help in operatingSkalafuris A.J., 1965, ApJ 142, 351

with the spectral databases, and P. Woitke for fruitful discussions apiglafuris A.J., 1968, Ap&SS 2, 258

remarks on this paper. We are also grateful to the anonymous reféféitney C.A., Skalafuris A.J., 1963, ApJ 138, 200

for his valuable comments on the text. The work of ABF has been dow®itke P., Kidger D., Sedimayr E., 1996, A&A 311, 927

in part under the auspice of the Mirése de 'Enseignement Sapeur Zel'dovitch Ya.B., Raizer Yu.P., 1966, Physics of shock waves and
et de la Recherche, France, in 1998. high-temperature hydrodynamic phenomena. Academic Press,
New-York



	Introduction
	General problem
	Fine shock structure and radiative relaxation zone
	Gas energy balance and transfer equation
	Continuum radiative cooling

	Transfer analysis for one line
	Simplyfied model for a radiative shock wake
	Method of solution
	Results
	Analytical approach
	Numerical calculation
	Cooling of the moving gas
	Heating zones


	Radiative cooling in the whole spectrum
	Conclusions

