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Abstract. The structure of steady plane-parallel radiative shock Importance of radiative shock waves attracted attention
waves propagating through the hydrogen gas undergoing pEr-many authors but nevertheless the shock properties are
tial ionization and excitation of bound atomic states is invesgxplained quite well still qualitatively (see, for example,
gated in terms of the self-consistent solution of the equatiorsl’dovich & Raizer 1966; Skalafuris 1968; Mihalas & Mihalas
of fluid dynamics, radiation transfer and atomic kinetics. ThHE984; Liberman & Velikovich 1986). The principal difficulty
shock wave model is represented by a flat finite slab with o obtaining the correct quantitative description of the shock
incoming radiation from external sources at both its boundrave structure is that the model has to allow for the strong cou-
aries. The self-consistent solution is obtained using the gloipihg between the gas flow and the radiation field, both them
iteration procedure each step of which involves (1) integratidreing characterized by substantial departures from LTE. Solu-
of the fluid dynamics and rate equations for the preshock atiwh of this problem encounters serious difficulties, so that in
postshock regions, consecutively, both solutions being fitted inymensely numerous studies available at present in the litera-
the Rankine-Hugoniot relations at the discontinuous jump; ()re the authors used various assumptions and simplifications
solution of the radiation transfer equation for the whole slafe.g. local thermodynamic equilibrium, treatment of the radia-
The global iteration procedure is shown to converge to the stan transfer in diffusion approximation, neglecting the opacity
ble solution which allows for the strong coupling of the gais the Balmer continuum etc.). Many of these assumptions were
flow and the radiation field produced by this flow. Applicatioiound later inadequate or leading to uncertain conclusions. For
of the method is demonstrated for the shock waves with upstance, Kogure (1962), Sachdev (1968) and Hill (1972) used
stream velocities of 5 Kms™' < U; < 60 Kms™! (i.e. with the LTE approximation which does not hold as emphasized later
upstream Mach numbes3 < M; < 9.3) and the hydro- Narita (1973). Considering the hydrogen gas, Whitney & Skala-
gen gas of unperturbed temperatdre= 3000K and density furis (1963) relaxed this assumption but incorrectly assumed
p=10"19 gmem3. that the postshock region is transparent for all hydrogen con-
tinua. Finally, Narita (1973) took into account the opacity in the
Key words: shock waves — hydrodynamics — radiative transfé0th Lymanand Balmer continua. The most elaborate numerical
— stars: atmospheres modelling of radiative shock waves based on the self-consistent
solution of the equations of fluid dynamics, radiative transfer
and atomic level populations was done by Klein et al. (1976,
1978). However, the coarse zonnifg 10° cm) did not al-
low to authors to consider the detailed structure of the shock
1. Introduction front including the radiative precursor and the thermalization
zone where the electron temperature gradually equalizes with
demonstrating the tight interplay between hydrodynamic m?éjr%perature of heavy particlqs. Neyertheless, this approa(;h was
tions and the radiation field. The role of this interplay is stronge]%tund to be enough for consideration of shpck dynamics n at
. : ' r%ospheres of A-type stars because the radiative precursor is not
n the low gas density ﬂ.OWS’ so the shocks are of trgmendps Simportantdueto the high temperature of the unperturbed gas.
importance in astrophysics. They are observed in a wide variety
of astrophysical phenomena: nova and supernova explosions,Because astrophysical shocks in stellar atmospheres prop-
bright filaments in old supernova remnants, accretion flows agate through the partially ionized hydrogen gas, a substantial
protostellar clouds. Shock waves are detected also in atnfiraction of photons produced within the wake are absorbed in
spheres of radially pulsating variables such as Cepheids, RR lthie radiative precursor. As was shown by Gillet & Lafon (1984,
W Vir, RV Tau and Mira type stars. Periodic shocks propagat990) the structure of the radiative precursor is complex and
ing through pulsating atmospheres lead to the distention of outeould be treated with same degree of approximation as the
atmospheric layers and to the mass loss. postshock region. In their studies Gillet & Lafon (1984, 1990)
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treated the radiative transfer as an initial value problem whicadiation transfer equation is solved for the whole shock wave
was solved using the shooting method. The principal obstaedel using the Feautrier technique (Sect. 4). In Sect. 5we show
cle in such an approach is that the transfer equation posses$isasthe global iteration procedure comprising the initial value
a singularity in the postshock region (Gillet et al. 1989). Irproblem for ordinary differential equations and the two-point
deed, application of the eigenvalue methods for solution of theundary value problem for radiation transfer converges to the
nongrey transfer problem is affected by exponentially growirgglf-consistent solution. Results of calculations demonstrating
errors (Mihalas 1978). the applicability of the method are given in Sect. 6. Finally, in
One of the first attempts to obtain the self-consistent solfect. 7, we give some concluding remarks and discuss the future
tion for the shock wave structure was undertaken by Nelsona&pects of the problem.
Goulard (1969) and Nelson (1973). They considered the shock
waves propagating through the argon-like gas with upstre
Mach nzmge?s 01&?1 = 18%ndMl :924. The continuity, mo- %r.nThe shock wave model
mentum and energy equations were written in the integral rep@oensider a steady, plane-parallel shock wave propagating
sentation whereas the radiation transfer was treated in the silmough the homogeneous medium which is at rest and consists
plified formulation. The studies of radiative shock waves in hef a pure hydrogen gas. No radiation and gravitational forces
lium and nitrogen done by Clarke & Ferrari (1965), Farnswortiiom external sources are assumed to be present. The problem
& Clarke (1971) and Foley & Clarke (1973) seem to be th® be solved is that to describe the spatial structure of the shock
best among known in the literature. The authors emphasizgdve in terms of the self-consistent solution of the equations
the crucial role of the radiation transfer treatment and employefifluid dynamics, the rate equations for hydrogen atomic level
the formal solution of the transfer equation. The self-consistgsdpulations and the radiation transfer equation. The problem is
shock wave models were obtained in these studies with itecharacterized by three input parameters: the temperatiard
tion procedure. Unfortunately, there is a problem of exponenttfk densityp; of the unperturbed gas as well as the spgedt
factors when the formal solution is applied for optically thickvhich the gas material flows into the shock.
layers. The structure of radiative shock waves is schematically di-
In this paper we present a new approach based on thevitted into four zones: (1) a precursor, where the gas is heated
erative solution of the equations of fluid dynamics, the ratend is partially ionized by radiation emerging from the post-
equations and the radiation transfer equation. The momentshock region; (2) a very narrow zone, where a major part of
equation, the energy and rate equations are written in the fotme kinetic energy of the upstream flow is converted due to vis-
of ordinary differential equations. These equations are stiff andsity and conductivity into the thermal energy of translational
such a representation is most appropriate from the point of vienotions of heavy particles, that is, neutral atoms and ions; (3)
of stability and small truncation errors. The radiation transferthermalization zone, where the kinetic energy of translational
is treated as a two-point boundary value problem. This allowsotions of heavy particles is redistributed among various de-
us to obtain the stable solution of the transfer equation for theees of freedom; (4) a radiative relaxation zone, where hydro-
whole spectral range including both the opaque Lyman cogen atoms recombine and the gas radiatively cools. Because of
tinuum and the more transparent higher order continua. Tieextremely small width (a few mean free paths of gas parti-
method of global iterations takes into account the coupling bees), the second zone cannot be correctly described in terms of
tween the gas flow and the radiation field, so that the structwhe fluid dynamics and, hence, should be considered as a dis-
of the radiative shock wave is considered in terms of the setbntinuous jump across which the Rankine-Hugoniot equations
consistent model. are applied. Thus, the present study is confined by consideration
In the framework of this first approach, only devoted tof the spatial structure of the radiative precursor as well as the
provide a new technique for obtaining the self-consistent shtermalization and relaxation zones.
lution, we consider the structure of steady, plane-parallel shock Let the origin of the comoving frame to coincide with in-
waves propagating through an infinite, isotropic, pure hydrfinitesimaly thin discontinuous jump dividing the medium into
gen plasma. The steady assumption is correct, for examplethe preshock and the postshock regions. The spatial coordinate
a good degree of approximation in most applications to steliarX = 0 at the discontinuous jump, is negative in the preshock
atmospheres. Indeed, the time required for the gas flow to cresgion and is positive in the postshock region. The shock wave
the shock wake with typical thickness of“t@0” cm is much model is represented by a flat finite slab comoving with dis-
less than the characteristic time during of which the shock wasentinuous jump. Thus, the velocity of the gas material flowing
energy appreciably decreases. In pulsating stars, the radiathreugh the slab is always positive: = dX/dt > 0. At the
lifetime of a shock is between a few hours and a few montrmjter boundary of the preshock region with spatial coordinate
which, consequently, is much larger than the 300 s of the X, < 0the gas is assumed to be unperturbed. The spatial coor-
gas flow time to cross the shock wake. Accuracy of the planginate of the postshock outer boundaryig > 0 and physical
parallel approximation follows from the very small width of thesroperties of the gas at this point are not known.
shock wave in comparison with stellar radius. The radiation transfer equation is solved for the whole slab
After describing the shock wave model (Sect. 2) we d@& the framework of the two-point boundary value problem,
rive the system of ordinary differential equations (Sect. 3). Tlieerefore the slab is represented by a set of spatial cells. The dis-
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continuous jump locates at theth cell boundary with spatial wherek is the Boltzmann constantyy andn. are the total
coordinateX; = 0. The cells are inequally spaced, are smalkumbers of hydrogen atoms and free electrons per unit volume,
est at the discontinuous jump and increase outwardly in batspectively. It should be noted that jump conditions (1) — (3)
directions from the discontinuous jump according to the geare not applied to the infinitesimally thin discontinuous jump
metrical progression. Following the traditional conventions a@binciding with the cell interfac& ; but rather relate the phys-
computational radiation hydrodynamics (see, for example, M¢al variables at cell centes;_; , and Xy, /5. That is why
halas & Mihalas 1984), all thermodynamic variables are definggk term containing’, ~ — F. " into Eq. (5) does not cancel and
at the cell centers(; ;> = 1 (X;_1 + X;) and are denoted has to be taken into account. The inverse compression ratio is
by half-integer subscripts. The spatial coordinates of the celbtained from
centers nearest to the discontinuous jump hereafter are referred
as the inner boundaries of the preshock and postshock regiotis? + Bw + C = 0, (6)
respectively, and are denoted 8s_,,, and X /5.

The assumption of the steady shock wave allows us to rediéeere
the equations of fluid dynamics to a system of ordinary differen- 4
tial equations. In order to take into account the coupling betwedn= —mU ", (7)
hydrodynamic motions and the radiation field we employ the its

eration procedure comprising the consecutive solution of the = U - Fy ()
transfer equation and integration of the rate and fluid dynamigs _ 1 ..~ . p- . 2F - FF ©)
equations. The starting point for integration of ordinary differ- 5 & 5 U~

ential equations is the outer boundary of the preshock region : )
X1 where the gas is assumed to be unperturbed. The preshocquS' (3) andl{) imply that the postshock electron temper

; L " : ature7." at the cell centerX is known. Across the dis-
integration is done within the intervaX, X;_; ;]. Then we _c . J+1/2 . .

) . . continuous jump the elctron gas undergoes the adiabatic com-
solve the Rankine-Hugoniot equations

pression and the electron temperature increases by a factor of

oU =1 = Cq, (1) 1/w¥~t, where~ is the ratio of specific heats (Zel'dovich &
WU + P, = Cy ) Raizer 1966). Because the adiabatic compression has a weak
g ’ effect and the electron heat conduction is out the scope of the
m (h + 1U2) + F, =C,, (3) present study, we assumed that the electron temperature does
o 2 not change across the discontinuous jump, thafjs= T .
whereh is the enthalpy, Egs. [3) and[(6) are solved to determine the initial condi-

tions for the postshock integration which is done within the in-
h =5/3Eirans + Evot + Eyib + Eei + Egiss + Eion (4) terval[X; /5, Xn]. Integration of ordinary differential equa-
tions provides with spatial distibutions of electron temperature

WhereLyans, Erot, Evib, Eel, Eaiss and Eion are the transla- . gas density, the number densities of free electronsand
tional energy; rotational, vibrational, electronic excitation integte(’)mic level po;aulations These quantities are used in solu-

nal ene_rgies and _dissociation and ionization potgntial ENETGish of the radiation transfer equation which gives improved
respe;:twelz. In th||s pgtp er Or;{ﬂt”ms éndEia”é are d|ffherent of radiation intensities within the whole slab. The global iteration
zero.f, ist etgta ra |a]E;ve uxCo, lr?nd' 2 argt € mass, procedure consisting of the integration of ordinary differential
mhomentum an denergy UXes arcl:rosr?t ed,'s?ont'nuousJuc;npeabations and solution of the radiation transfer equation con-
the present study we assume that the radiation pressuan tinues until the relative changes of all quantities become less

f[he raq?tlon energy densgj}?ad canl be negle(;tehd N comparyyan the convergence criterion. Below we discuss details of the
ison with gas pressure and internal energy of the gas materigly - itaration procedure.

Applicability of this assumption is shown below.

Let us designate, for the sake of convenience, the quantities
defined atX;_, /, by the superscript minus and the quantities. The system of ordinary differential equations
defined atX,,/» by the superscript plus. Eq€l (1) H (3) are _ _ _
solved for the temperature of heavy particles and the in- The 5(_)Iut|on yector 'Fo be found from m_tegratlon of th_e system
verse compression ratio = p~/pt = U+ /U~. Assuming of or_dlnary differential equations consists bf+ 4 variables

that hydrogen atoms undergo across the discontinuous ju?rﬁ‘kSj IS

neither excitation of the bound levels nor ionization and th y
the hydrogen ions have the same temperature as that of neutrar U, E,
hydrogen atoms, we obtain

s Bly mey miy o, ) (10)

whereL is the number of bound atomic states treated in non-

- WU~ LTE, U is the gas material velocity with respect to the discon-
e (e gy LU - :
;7 =1, + s (o - T) + 5 ik (1-w?)+ tinuous jump,
2F - —Ft E T,
“ , (5) E(,l = Ha _ %TLHk a (ll)

5 U ngk p 2 p
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is the specific translational kinetic energy of heavy particlés terms of integrated quantities! and E/ and substituting

(neutral atoms and ions), Egs. (18) and (19) into Egs. (13) — (17), we obtain the following
E. 3n.kT, system of ordinary differential equations with right—-hand sides
E,=—= 5 . (12) depending only on the independent varialleand integrated
P p variables{(U, E', E', n\, n}, ..., n,}:

is the specific translational kinetic energy of free electrens,

Q

is the number of free electrons per unit mas’sis the number dU A B 4B 20
of hydrogen atoms in theth state per unit mass. Hereafter thegx 7ﬁ( atBe) (20)
prime implies that the quantity is expressed per unit mass. Thg’
i i i — = Ba (1 - Ce) + Beca ) (21)
solution vectorY does not contain the gas densitypecause ;x
this variable can be easily evaluated from the mass conservatjggy
relation [2). ax = BaCe+Bc(1-Ca), (22)
Thus, the system of ordinary differential equations consists , L
of the momentum equation, two energy equations for hea\g& = Z M’ (23)
particles and free electrons, the rate equation for free electrofi P m
andL rate equations for non-LTE bound states of the hydrogens/ noPii— 3 Py ,
atom: dx = T? (Z:]-w"aL) ’ (24)
du 1dP,
— = ——— 13
o SAX (13) where
dE! dv o 2 U2
e - _p- A= - 25
dt Pa dt Qelcv (14) 3 U2 . a2T ’ ( )
dE! av Qoc 1— 32
- = P — inc 15 _ _ elc
o ep + Qele + Qine (1% s, e (26)
dn 1XL:(9P neP) (16) Q dn!, & 1\ d>
- - ik — Tel'ki) » elc e
e = - 1—-= ) == -
v Be { TR dX+_z;( iz) dX]
d> 1 . .
:7(nepki_9Pik)a (Z:L---aL)v (17) V-F, 1-p
dt 14 - . 1 562 ’ (27)
m —_ =
where P, = nykT, is the partial pressure of heavy particles, o 3
P. = nckT, is the electron pressur€c. and Qinc are the ¢ — A*F.)a 7 (28)
rates of energy gain by electrons in elastic and inelastic colli- {Jm
sions, respectively?;, and Py; are the total, that is collisional _ AP, (29)
plus radiative, ionization and recombination rates, respectiveﬁfﬁ U’

It should be noted that in the present study we consider only .

bound-free transitions, so that Egs.](16) dnd (17) contain orﬁgz ar/U, ar = \/Py/p is isothermal sound speeg; =

ionization and recombination terms. 13.598 eV is the ionization potential of the hydrogen atom.
The system of ordinary differential equatiofisl(13)=](17) N obtaining Eq.[27) we expressed the rate of energy gain

written in the form of derivatives with respect to timés not Y €lectrons in inelastic collisions as (Murty 1971)

appropriate for calculation of the spatial structure, so that these

equations should be rewritten in order their left-hand sides #pg.c = T (

replaced by derivatives with respect to the spatial coordinate

X. Furthermore, the space derivative of the gas presBuie  where £} and £, are ionization and excitation energies per

Eg. (I3) and the time derivative of the specific volulien unit mass,

Egs. [14) and[(15) have to be expressed in terms of integrated

E} + Eéx) -V Fr ) (30)

variables. To this end we write the gas pressure as a sum of i
translational kinetic energies: V-F, = 4”/(771/ — tydy) dv (31)
P, = nggkTy + nokTs = 2By + 2F (18) ’

g = AL T Helite = 38 T g be, is the divergence of radiative fluy,, is the mean intensity of

whereas the time derivative of the specific volume is determingfliation,n,, andx,, are the total emission and absorption coef-

from Eq. [2): ficients. ' . '
v 1 dP, Free electrons acquire the energy from heavy particles in

D —_ (19) elastic collisions with hydrogen ions and neutral hydrogen
dt m? dt atoms, hence

Expressing the time derivative of the specific volume in terms of

the gas pressure according to Eq. (¥%)according to Eq. (18) Qecic = Qei + Qea , (32)
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whereQ.; and(Q., are the corresponding rates of energy gaimhere the collisional recombination rate is given by
The rate of energy gain by electrons in elastic collisions with

hydrogen ions per unit mass is (Spitzer &ih 1953) Ci = icik ) (42)
ne
2ne. T, — T,
Qei = g;ek T (33) The radiative recombination rate is
eq
wheret,, is the time of equipartition given by Ry = %Rfk , (43)
ne
252722
o= 0 (34) where
NeIn A o
. hv 2hv3
and t_ bt _ 2
R 47r/ o exp VT 2 +J, ) dv. (44)
InA =9.43 + 1.15log (T2 /ne) . (35) o

ubstituting Eqs[{42) anf (#3) into EG.{41) we obtain that the

The rate of energy gain by electrons in elastic collisions Wi{ tal recombination rate is

neutral hydrogen atoms per unit mass is

% +
eme T, — T, P = = (neCux + RY,) - (45)
o n1(0eav®) (36) i -

The system of ordinary differential equatiops](20 3 (24) is
wherem, andmy are t'he mass of electrop and the.mass of h¥fiff because it is characterized by very different time constants
c_irog_en atom, respectively, and the elastic scattering cross $£6s 1o the rate equatioris{23) afdl(24). In order to obtain the
tion is (Narita 1973) stable and enough correct solution of EfS] (2@ = (24) we used

) the Livermore solver for ordinary differential equations based
(eqv®) = /awv3f (v) dv = on the GEAR package (Hindmarsh 1979).

Qea =

ngmu T,

0
4. The radiation transfer equation

. (37)

8\'/? (kT \*/? 24
= 47ra3 (> ( e) 4+ 3 ) )
™ Me (1+2-107°T) For the shock wave models considered in the present study
the extinction coefficient is highest at the Lyman edge fre-

Herea, is the Bohr radius. _ guencyvo;. In the preshock region the corresponding extinc-
Rate equation$ (23) and {24) imply that the number densjfy, coefficient isy(vo1) ~ 3-10~* cm~!. Behind the dis-

of free electrons.. and atomic level populatiorss change due ¢ontinyous jump the extinction coefficient initially decreases

to bound-free transitions, that is, due to ionizations and reCofkcause of ionization of hydrogen atoms and then increases
binations. The total ionization rate is within the recombination zone. For all the models considered

_ x(vo1) £ 51072 em~!. Thus, the time needed for photons
e = e Ot + i, (38) to(tra\)/el a mean free pathig, = [cx(vo1)]™t ~ 7-107" s,
where the rate of collisional ionizations is given by wherec is the velocity of light. Because a characteristic struc-

tural length for Lyman photons is only a few mean free paths, a
o[ 8k 1/ 1/2 Xi photon flight time is much shorter than the characteristic time
Cix = mag (meﬂ> To"exp ( krTe) i (Te) (39)  of producing the changes due to hydrodynamic motions and,

_ o therefore, the time-derivative term in the transfer equation can
xi = xu/i? is energy of ionization from theth level,I'; (T) be omitted because the radiation field is quasi static to a good
is a slowly varying function of” evaluated with approximation accuracy.

formulae by Mihalas (1967). In plane-parallel geometry the quasi static radiative transfer
The rate of photoionizations is equation is written as
o dl,
R =dm [ S, dv, @0) Mg =1l —5. (46)
v v

voi

wherel, is the specific intensity of radiation depending on the

where ay; is an absorption cross-section at frequemcyn frequencyr, the directional cosing and the monochromatic

bound-free transition from thieth state andy; is a threshold optical depthir, = x,dX.

frequency for ionization from theth state. The present study is confined by treatment of the continuum
The total recombination rate is radiation transfer with total extinction coefficient given by

P =neCyi + R, (41)  xv = kbt(v) + £ (v) + oTne + oR(V)N1, (47)
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wherexe(v) and kg (v) are bound-free and free-free absorps, at both boundaries of the slab and are sufficient to complete
tion coefficients, respectively. They can be found, for instandbge system of the finite-difference transfer equations.

in Mihalas (1978).01 = 6.65 - 10725 cn? is the Thomson The transfer equatioii (50) is solved each cycle of global
scattering cross section amg (v) is the Rayleigh scattering iterations for mean-intensity-like variabtg,, defined at the
cross section evaluated due to approximate formulae by Kurwedl centers. The total number of cellsdgs0 < N < 1200
(1970). Because the scattering is assumed to be isotropic, depending on the shock wave model. The frequency range

source functior, can be written as vp < v < vy, is divided into N¢ intervals, where the upper
o boundary of the range g4 = 10'¢ Hz. Boundaries of the in-
S, = Xi . (48) tervals correspond to the threshold ionization frequencies and
1%

the lower boundary of the frequency ranggis the ionization
The source functiord,, is determined from integration of thethreshold frequency of th&«-th bound state. Within each in-
system of ordinary differential equatiois[20) =I(24) and is evakrval the integral with respect to frequencis replaced by the
uated at each cell centéf;_, ,, as a function of frequenay.  Gaussian quadrature sum, so that the integral over the whole
Solution of the radiation transfer equation when applied frequency rangévs, v4] is obtained by summation of interval
the radiative shock waves is accompanied by some difficultiestegrals. The angular range < p < 1 is also replaced by
First, because the shock wave propagates in the nearly neuirgét of angular point§u, } at the Gaussian quadrature nodes.
hydrogen gas, the slab has the appreciably large optical dejpthhe present study the number of quadrature nodes within
in the Lyman continuun{r ~ 10?), whereas in the Balmer each frequency interval and the number of angular points were
and higher order continua the total optical depth is very smaN, = N,, = 4. Integratingu, with respect tou and v we
For example, the ratio of the total optical depth at the Lymasvaluated in each cell center the mean intengjtythe radi-
continuum edge to that in the Balmer continuum is as highion energy density®,.q, the radiation pressurBr and the
as~ 10°. Thus, in order to obtain the stable solution for theivergence of radiative flu¥ - F,. The total radiative flux was
entire frequency range we have to treat the transfer equatiorcalgulated in cell boundaries from
a two-point boundary value problem. Second, the optical depth

oo 1

increments

) F, = 47r//v,“,u dpdv, (53)
ATy = 5 (wujfl/ZAmjfl/Z +wuj+1/2Amj+1/2> ) (49) 00

. ) where

are extremely small for hydrogen continua of oréler 3. Here
wy = Xv/pandAm;_y/5 = pj_1/28X;_1/5is the column L= 1 [I(p,v) — I(—p,v)] = uduﬁ“’ (54)
mass contained in the cell. The straightforward application of 2 dr,

the Feautrier method fails because of the limited machine aceuy antisymmetric flux-like variable. It should be noted that
ra(I:y. .TO alleviate t;'s OgStg.C IE.VéeHe mploy anllsr;r;plrove% Feau.t(;hecrcording to our conventions the radiative flux is negative if the
solution proposed by Rybicki ummer ( ) and provi radiation propagates in negative direction. Thus, the radiative

ing with much better numerical conditioning of the recurrengg, emerging ahead the discontinuous jump is always negative.
elimination scheme.

Thus, the transfer equatidn {46) is transformed (see, for ex- _ .
ample, Mihalas 1978) into the second-order differential equa- The global iteration procedure

tion For integration of the system of ordinary differential equations

o d%uy, (20) — [23) we have to know the mean intensityand the di-
dr, = Upw — Sy, (50) vergence of radiation flux - F, at each cell center of the shock
i ) o ) i wave model. On the other hand, the radiation transfer equation
whereu,,, is a mean-intensity-like variable defined by (50) can be solved only when the extinction and emission coeffi-
1 cients are given in each cell center. In order to take into account
U = 5 L (p,v) + 1(—p,v)] (51)  a coupling between gas material and radiation field we employ
] the iteration procedure. If the initial approximation is enough
andu changes in the range< p < 1. close to the final solution, we may hope that each iteration will

The transfer equatiof.(50) is subject to boundary conditiogge a better approximation for the final solution than the previ-

at both surfaces of the slab. Assuming that radiation is produgg¢k one. In Fig1 is shown the flow chart where the main steps
only by the shock wave and that there is no incoming radiatigfine global iteration procedure are depicted.

from external sources, we have Within the whole shock wave both the radiation field and
I(n) =0 for X = X, atomic level populations are in a strong departure from LTE.
IV(—M) -0 forX = XN’ (52)  This feature is the principal difficulty accompanying the shock

wave model calculations because itis responsible for the narrow
The boundary condition§ (52) are used in the second-order aoavergence area of global iterations. In particular, the use of
curacy Taylor's expansion of the mean-intensity-like variabtée initial LTE approximation allows the converged solution to
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5 D'I)Eo's shoc . i (solid line) and the divergence of radiative flux (dot-dashed line) given
i ODE integration i by the maximum absolute relative chargéower panel: convergence
: : plot for the total radiative flux emerging from the outer boundary of
-------------------------------------------------------- the preshock region
No g'°£’:L\',§:“§é°"s with exception of the first one was computed with initial ap-

? proximation obtained from the previous converged model hav-
ing somewhat smaller upstream velocity. The upstream velocity
incrementwas inthe rangé<ms~! < AU; < 5Kms™'. For
test purposes some models were computed with different initial
conditions taken from shock wave models with both larger and
smaller upstream velocities. In all such cases the shock wave
structure was found to converge to s single solution.

In order to describe the convergence of global iterations we
introduce for each component of the solution vectoat the
£-th iteration the quantity

Yes

output of the
shock wave model

Fig. 1. The flow chart of the global iteration procedure

be obtained only for the weak shock waves with upstream Mach yf*l
numbers)M; < 3. For larger upstream velocities the initial os- = I 1- !

cillation amplitude of the solution vectd becomes so large
that some quantities fall beyond their physical meaning. In ordgrecifying the maximum absolute relative change of the variable
to alleviate this difficulty and to be able to consider the structugeacross the whole shock wave model. A typical behaviour of
of stronger shock waves we computed a grid of the shock waylebal iterations is shown in Figl 2 displaying in the upper panel
models with gradually increasing upstream Mach number, ttiee maximum absolute relative change of the electron tempera-
LTE initial approximation being used only for the first modelure and the divergence of radiative flux within the whole shock
with the Mach numbed/; = 2.3. Thus, each model of the gridwave model. On the lower panel of Fig. 2 is shown the iterative
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change of the total radiative fluX. emerging ahead the shock ~ [~~~ ™~~~ ~ T~ T T 1
wave. Thus, if the initial approximation is good enough, we ~
obtained in all cell centers of the model the exponentially de-
caying oscillations of the solution vector. The global iterations -, |
were stopped when relative changes of variables ceased to_de [
crease. The final relative changes of the solution vector depe‘@dm g
on the both spatial resolution of the discrete model and accuragy [ ]l
of integration of differential equationE{R0)[={24). It should bes, o -
noted also that the convergence of global iterations appreciably [ 1
varies for different regions of the shock wave. In particular, tth‘ o
convergence is bestin the radiative precursor and thermalizationS |
zone, whereas in the recombination zone becomes slower. Thus;rTv L
the convergence plots shown in Hig). 2 display mostly variations [ ., . . . " o
of the solution vector in the vicinity of the outer boundary of -10* 0 10* 2x10*
the postshock region. X

(cm)

) Fig. 3. The divergence of radiative flux against the spatial coordinate
6. Results of calculations in the shock wave model with; = 40 Km s~

In this paper we discuss the results of calculations done for

the shock waves with upstream velocitissKms™" < U; < andV - F, over this interval increases with increasing upstream
60 Kms™' propagating through the unperturbed hydrogen gaslocity U; but does not exceed 0.3% fof, = 60 Kms™'.

of temperaturd’; = 3000K and density; = 107'° gmem™  Thus, just behind the discontinuous jump the divergence of
(nu = 6.02-10'® cm™?). In total we computed 46 models withradiative flux goes on to gradually decrease and reaches the
upstream velocity increment @d§U; = 1 Kms~'. The outer minimum in the vicinity of the maximum of the electron tem-
boundary of the preshock region, where the gas is assumegdeature,. The rapid growth of the divergence of radiative
be unperturbed, is set &t ~ —9.2- 105 cm. Calculations were flux behind its minimum implies that the gas material flows into
done for the two-level hydrogen atom, the first atomic stafie radiatively cooling zone. For the shock wave model with
being treated in non-LTE. The radiation transfer equation was = 40 Kms™! the distance between maximum and mini-
solved for the both Lyman and Balmer continui{ = 2). mum ofV - F, is~ 2.2-103 cm and corresponds to the optical
Thus, the frequency point nearest to the Lyman edge frequemieépth between these layersxdi/, ) ~ 3.5. It should be noted
vo1 = 3.288 - 10'® Hz was set atvg; = 3.754 - 10*® Hz. that both the minimum and maximum of the divergence of ra-
More extensive calculations for the larger number of bountiative flux as well as other properties of the shock wave very
atomic state$ and hydrogen continuslc as well as for various strongly (for some variables nearly exponentially) depend on
temperatureg; and densitieg; of the unperturbed gas will be the upstream velocitiy/; .

given in the forthcoming paper.

The most fascinating feature of radiative shock waves is ttka
they demonstrate the strong interaction between gas material
flows and the radiation field which they produce. This interplait the outer boundary of the preshock region the first level of the
is best seen from the plots of the divergence of radiative flinydrogen atom is approximately in LTE since the Lyman contin-
as a function of the spatial coordinate One of such plots is uum radiation emerging from the postshock region is negligible.
shown in Fig[B. By definition, the divergence of radiative fluBoth the Saha-Boltzmann relation and equations of statistical
is negative, if the fluid absorbs more energy than emits amgjuilibrium give nearly the same (within a few per cent) the
therefore, is heated. And conversely, whénF, > 0, the gas hydrogen ionization degree af; ~ 10~2. The main sources
radiatively cools since it radiates more energy than it absorbsf opacity are bound-free transitions in the Lyman continuum

Asis seenin Fidl3, the divergence of radiative flux is alwayse. at frequencies > vy, = 3.288 - 10'° Hz) and at lower
negative in the preshock zone, the departur@ oF', from zero frequencies the Rayleigh scattering by hydrogen atoms in the
gradually increasing while the gas approaches the discontinugusund state. The free-free opacity and the Thomson scattering
jump. Heating of the precursor gas material is due to absorptiare negligible. With approaching to the discontinuous jump the
of the Lyman continuum radiation, hence the region, where thgdrogen ionization degree increases, so that the both free-free
divergence of radiative fluX’ - F, perceptibly deviates from opacity and Thomson scattering increase but nevertheless even
zero, extends over a few units of the optical depth at frequerfoy U; = 60 Kms ™' they remain negligible within the entire
o1 preshock region.

The properties of the radiation field do not change appre- The radiative precursor is revealed as the part of the preshock
ciably across the discontinuous jump. The spatial resolutionrefion where the hydrogen gasis heated and is ionized by the Ly-
our shock wave models near the discontinuous jump is limitetan continuum radiation emerging from the postshock region.
by the space interval; — X;_, » = 0.5 cm. The change af,  The temperature of heavy particles (neutral hydrogen atoms and

. The radiative precursor
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i Fig. 5.Therates ofionizations (solid lines) and recombinations (dashed
o 1 lines) against the distance from the discontinuous jump in the pre—
3+ 4 shock region of the shock wave model with = 40 Kms™*
" ]
€g
WS - the rates of ionizations from the ground state increase in the
R ranges—7.1 < log Ry < 2.6 and—25.8 < log (n.Cy) <
o —10.6, respectively. However, notwithstanding such a strong
g C 7 dependence obVy, for all shock wave models the spatial de-
pendencies of transition rates were found to be qualitatively
9 similar to those displayed in Figl 5.
= N I s I I The growth of the hydrogen ionization degree with ap-

proaching to the discontinuous jump is accompanied by the in-
crease of the gas pressure gradient. The corresponding decrease

_ o of the gas material velocity becomes, however, perceptible only
Fig. 4. The hydrogen ionization degreg; (upper panel) and the elec-for U > 50 Kms~'. For example, at the inner boundary of

tron temperaturd, (lower panel) in the preshock region of the shoc . . e
wave models with upstream velociti&s = 40, 45, 50 and5 Kms™* lt<he preshock region the relative decreasé/a$ ~ 0.15% for

Uy = 55 Kms™! and is~ 0.5% for U; = 60 Kms™".

Of great interest are the physical conditions at the inner
boundary of the preshock region. For the models considered
hydrogen ions’, remains constantf, = Ty = 3000K) inthe i the present study the spatial coordinate of this boundary is
radiative precursor. In Fig.]4 are shown the plots of the ele)czi]_l/2 = —0.5 cm. For upstream velocitid$; < 28 Kms ™!
tron temperaturd, and the hydrogen ionization degreg as poth the hydrogen ionization degree and the electron temper-
a function of the distance from the discontinuous jump for thg,re nearly do not change within the preshock region. These
shock wave models with upstream velocitlés = 40, 45, 50  quantities show the perceptible dependence on upstream veloc
and55 Kms™'. As is seen, the perceptible heating and iorpty only for U; > 28 Kms~ . In TableZl we give the hydrogen
ization occur at distances from _the discontinuous jump smal|ghization degreey;, the electron temperatufe as well as the
than Xree A 3 - 10* cm. The distanceX,,... corresponds to yransition rates at the inner boundary of the preshock region.
the optical depth of (vo1) ~ 3. Thus, forU; < 60 Kms™' the For the sake of convenience the upstream velditys given
geometrical thickness of the radiative precursor approximatgh/im, s—1.
does not depend on the upstream velocity. The electron temperature just ahead the discontinuous jump

Within the radiative precursor the hydrogen gas and radigcreases with increasing upstream velocity nearly exponen-
tion field are in strong departure from LTE. In particular, ionally. For the shock wave models of the present study this de-

ization of hydrogen atoms is mainly due to radiative tranSitiorﬁendence can be approximate|y expressed due to the fo”owing
whereas collisional recombinations appreciably exceed cofiiting formula

sional ionizations. Fid.]5 shows the rates of radiative transitions

Ry and Ry = (n}/n?)RI, as well as the collisional rateslog 7, = 3.303 + 2.115 - 1072U; — 7.590 - 104U} +

neC1x andn.Cyx1 = ne(n}/n’)Chx as a function ofX for the + 8.326-1079U7, (55)
shock wave model with’; = 40 Kms™!. The precursor transi-

tion rates are very sensitive to the upstream veldéityFor ex- where the upstream velocity; is expressed, for the sake of

ample, for upstream velociti€®d Kms™' < U; <60 Kms™' convenience, ifKms™ .

log X (cm)
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Table 1. The properties of the preshock inner boundary )
%
log (transition rate s*) .
Ur logzn T Rix R neCic neCia g* i
15 -8.04 3000 -7.36 —879 —25.85 —17.86 < @
20 —-8.04 3000 -7.11 —879 —25.85 —17.86 ~ %5
25 —8.04 3000 -7.01 -8.79 —25.85 —17.86 =X 7
30 —-7.21 3000 —-4.86 —7.99 —25.05 —16.26 ¥
35 —4.19 3002 -1.20 -4.93 -—21.98 —10.16 <
40 -292 3018 0.23 -3.65 —20.58 —T7.61 < .
45 —-2.33 3062 090 —-3.03 —19.67 —6.45 o
50 —-1.91 3158 140 —-2.53 —18.56 —5.62
55 —1.47 3416 1.90 -1.91 -16.46 —4.77 obe v ]
60 —0.84 4590 2.63 —-0.75 —10.61 —3.62 0 1 2 3 4
. 7I7 T L 7 7‘ - 7Ig 7‘\ T
or U,=25 km s~
X - i
As is seen in Tabl€]1, the dominating process just ahead™ |
the discontinuous jump is photoionization and, therefore, the | _ U=20kms”!
shortest relaxation time in the radiative precursor is that of pho-
toionizations from the ground statg,; = 1/Rj. The pho- — 2 7
toionization relaxation time gradually decreases with increasing [ U.=15 km s~ ]
upstream velocity fron,,; ~ 2 - 10" sforU; =15Kms 'to | —— — f/— ———"————— ]
toni ~ 2 1073 sforU; = 60 Kms™!. Comparing these relax- 5 \ i
ation times with the time needed for gas to flow through the pre- S -
Cursortyya = Xprec/U1 We find that for models with upstream Ot
velocitiesU; < 50 Kms™' the ratio of the photoionization L ‘ ! ‘ ! ‘ !

relaxation time to the hydrodynamic time isy; /tnya > 1 0 2 4 6
and only forU; = 60 Kms™! the photoionization relax-
ation time becomes nearly comparable with hydrodynamictime:
tpni/thya ~ 0.4. Because for establishment of the statistic&ii9- 6- The.electron temperqtu@‘e (solid Iings) and Femperature of
equilibrium this ratio should bephi/thyd < 1, the ground state hfeavy partlcle.fl“a (dgshed lines) as a fu_nctlon of distance from the
populations of the hydrogen atom are in strong departure fr@ficontinuous jump in the postshock region

the statistical equilibrium and the hydrogen ionization degree

cannot be described in assumption of statistical equilibrium.

For example, at the inner boundary of the preshock region of

the shock wave model witly; = 50 Kms™' the hydrogen In Fig.[d are shown the electron temperatteand the
ionization degree isy = 1.22 - 10~2, whereas solution of the temperature of heavy particlég, as a function of distance
equations of statistical equilibrium gives; = 0.99. from the discontinuous jump for shock wave models with up-
stream velocities from5 Kms~' to60 Kms™'. Asis seen, the
characteristic time of the electron temperature growth rapidly
decreases with increasing upstream velocity. Furthermore, for
Behind the discontinuous jump the translational kinetic ener@y < 30 Kms~! there is a temperature plateau within of which

of heavy particles is redistributed among various degreeshbufth temperatures approximately do not change until they be-
freedom characterized by different relaxation times. The fastg#t to decrease. The existence of the temperature plateau is due
relaxation process is the translational kinetic energy excharigethe fact that for upstream velocitiég < 30 Kms™' the

in elastic collisions of electrons with neutral atoms and ions. Aelectrons acquire the energy from heavy particles due to elas-
other relaxation process is excitation of bound atomic states ditdcollisions with neutral hydrogen atoms. The rate of energy
ionization of hydrogen atoms. Both excitation and ionizatiogain in such collisions is very small and gradually decreases
need, however, much more collisions than translational kinetihien the electron temperatufé approaches the temperature
energy exchange (Stupochenko et al. 1967), so that just belofidheavy particled,. The temperature plateau appears when
the discontinuous jump the electron temperature gradually the electron energy gain in elastic collisions with neutral hydro-
creases, whereas the hydrogen ionization degree remains negaty atoms becomes almost negligible. At upstream velocities
constant. Note that although the bound—bound transitions wéfe> 30 Kms™' the electron temperature plateau is ended by
not considered in our model, the excitation of atomic statestiee slight bump, the bump being wider and higher with increas-
taken into account as a result of bound—free transitions. ing U;.

log X (cm)

6.2. The thermalization and recombination zones
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Table 2. Properties of the postshock region -

s b
|

Uy T. logX TH logX logV-F. log%V g

15 7521 0.014 629  11.097 —5.22 g

20 11486 0071 572 12671 —3.43 16 L

25 16281 495 0.134 5.16 13.201 —-2.83
30 20986 4.20 0.206 4.40 13.473 —-2.80
35 24712 342 0.294 3.89 13.749 —-2.19
40 28274 292 0.406 3.61 13.992 —1.81
45 31681 258 0.528 3.43 14.198 —1.66
50 35050 229 0.662 3.32 14.381 —1.49
55 38575 196 0805 3.22 14.569 —1.23
60 43371 1.40 0.964 2.89 14.848 —0.74

log (energy gain rate
N
T

—~
|
2]
|

T

In the second and third columns of Table 2 are given botﬁw 0
the maximum value of the electron temperature in the postsho€k
region as well as the distance of this point from the discontiuous
jump expressed in cm. In the first column of Table 2 we givé 5 [
the upstream velocity expressed, for the sake of conveniencedn
Kms™!. The electron temperature peak was not found for the
shock wave models witt; < 20 Kms™! and inthese cases we & 1
give only the electron temperature of the plateau. The electr(%w Or ]
temperature maximum can be approximately considered aga
point where temperatures of heavy particles and free electros [ | ) ) ) ) ) )
equilize. Thus, the width of the relaxation zone where both tem- 0 2 4 6
peratures equalize decreases by a factee @600 for the up-
stream velocity increasing frofs Kms~' to 60 Kms™'. Itis
of interest to note that for upstream velocitlés < 50 Km s~1  Fig.7.The rates of energy gain by electrons in elastic collisions with
the temperature of heavy particl&s remains nearly constanthydrogen ions (solid lines) and neutral hydrogen atoms (dashed lines)
until the electron temperature begins to increase just before its
drop. This is due to the fact that at small upstream velocities
the fractional abundance of free electrons is so small that they At upstream velocitie80 Kms™' < U; < 50 Kms™!, the
cannot perceptibly affect the gas of heavy patrticles. energy gain in elastic collisions with ions begins to dominate

The translational energy exchange between heavy partickdy just before the temperature drop. It is this increas@ gf
and electrons is due to elastic collisions of electrons with bdifat is responsible for the electron temperature peak near the
neutral hydrogen atoms and hydrogen ions. The cross sectl of the electron temperature plateau. The translational en-
of elastic collisions with hydrogen ions is much larger than th&tgy gain by electrons in elastic collisions with hydrogen ions
of electrons with neutral atoms and, therefore, the translatiokgcomes completely dominating féf, > 50 Kms™'. The
energy gain by electrons from heavy particles is strongly depdifadual decrease @f.; just behind the discontinuous jump in
dent on the hydrogen ionization degree. The rates of energy g shock wave models witi, > 40 Kms ™' (see upper panel
by electrons in both these processes are shown il Fig. 7. Pié&ig.[d) is due to the temperature dependence of the equipar-
abrupt decrease @J.; andQ., occurs when both temperaturedition time given in Eq.[(34).
equalize. In Fig.[8 are shown the plots of the hydrogen ionization de-

For shock wave models considered in the present study gHge in the postshock region of the shock wave models with up-
rate of energy gain by electrons in elastic collisions with jorream velocitie#/; = 40, 50 ands0 Kms™~". Comparing with
exceeds that in elastic collisions with neutral atoms only whé&nig. [8 one sees that the maximum of the hydrogen ionization
the hydrogen ionization degreeis; = 102. As is seen in occurs at much larger distances from the discontinuous jump
Fig.[d, for upstream velocitie§; < 25 Kms™?, the electron than the maximum of the electron temperature. Very approxi-
temperature equalizes with temperature of heavy particles ofAately the distances of both these maxima can be expressed as
due to elastic collisions of electrons with neutral atoms. CorRower functions of the upstream velocity:
paring with lower panel of Fi]6 one sees that when the electron
temperature reaches the plateau, the rate of energygaide- X (maxT.) = 1.21-10°U %%, (56)
creases by nearly two orders of magnitude. X (maxay) = 6.07-107U; 5%, (57)

log X (cm)
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Fig. 8. The hydrogen ionization degree as a function of the distanE&- 9 The postshock gas densjyagainst the distance from the dis-
from the discontinuous jump in the shock wave models with upstre&@ntinuous jump. -[rl‘e numbers at the curves indicate the upstream
velocitiesU; = 40, 50 and60 Km s ™! velocity Uy in Km's

In these approximate expressions, for the sake of convenience Compared to the preshock region where the contribution of
the distances( (max 7,,) and X (max zy) are expressed in km OPacity sources nearly does not depend on the upstream ve-
whereas the upstream velocity is expressedins '. The locity, the gradual growth of the hydrogen ionization degree
maximum values ofy; as well as the corresponding distancdehind the discontinuous jump leads to the appreciable depen-
from the discontinuous jump expressed in cm are given in tHgnce of postshock opacities on the upstream velagity-or
fourth and fifth colums of Tablgl 2, respectively. According t&1 < 30 Kms™" the postshock opacity in the Balmer contin-
the schematical division of the shock wave noted above tHdM is mainly due to Rayleigh scattering by neutral hydrogen
maximum ofzy; can be considered as the boundary betwedipms. Only near the Balmer edge, the opacity due to bound-free
the thermalization and recombination zones. transitions from the second level becomes most important. With
The large distance between maxima of the electron temp'@,creasing upstream velocity the role of the bound-free transi-
ature and the hydrogen ionization degree implies that the diéns from the second level increases andifor> 50 Kmsil
gree of freedom associated with ionization of hydrogen atort4s opacity mechanism becomes dominating within the whole
is frozen in comparison with excitation of translational motion§ange of the Balmer continuum. The role of the Thomson scatter-
As a result, the gas flows through the maximurifoft smaller ing is somewhat pe_:rceptible only near the Balmer edge, whereas
heat capacity”, than it would be in equilibrium. Thus, whenthe free-free opacity can be neglected.
the perceptible fraction of hydrogen atoms is ionized, the gas
density begins to increase. At larger distances the gas density The radiation field
goes on to increase due to the radiative cooling (sed Fig. 9). ) ) ] ) ]
The total ionization rate of hydrogen atoms is a sum of ph@lthough we did not include into the system of ordinary dif-
toionizations and collisional ionizations, so that it depends dgrential equations (20) £(P4) the terms with radiation energy
the number density of free electrons. Because no ionization §€NSity Er.a and radiation pressurer, these quantities were
curs across the discontinuous jump, the total ionization rate f¥@luated as
hind the discontinuous jump strongly depends on the ionization oo 1
in the radiative precursor. To demonstrate this dependencegin, — dr //UuududV (58)
Fig.[1d are shown the rates of ionizations and recombinations, ¢ 53
both collisional and radiative, in the postshock regions of the
shock waves with upstream velocities 30 &id<ms~'. oo 1
For the shock wave model witti, = 30 Kms™! the hy- p, — dr //ulwﬁdudv (59)
drogen ionization degree at the discontinuous jumpgs= ¢ 2
6 - 10~8, therefore just behind the discontinuous jump the role
of collisional ionizations is negligible and the number density débgether with total radiative flu¥; and divergence of the ra-
free electrons increases initially only due to photoionizationdiative fluxV - F, each time when the radiation transfer equa-
For U; = 50 Kms™! the hydrogen ionization degree at thé¢ion was solved. For the fixed spatial coordindfethe ratio
discontinuous jump isy ~ 10~2. Free electrons created in theof the radiation energy density to the total translational kinetic
precursor play a role of the seeds producing yet more electremergy gradually increases with increasing upstream velocity
and leading to the electron avalanche. and is in the rangé - 107* < Eraq/(E, + E.) < 0.02 for
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Fig. 11.The total radiation energy density as a function of distance from
the discontinuous jump in the shock wave model With= 60 Km s ~*

| hydrogen ionization degree. The maximum f- F, expo-
1 nentially increases with increasing upstream velocity and for
20Kms ' <U; <60Kms tis given by

(V : Fr)

|
w
T

transition rate

(

=1.25-10" exp (0.105U;) erg gnr*s™*, (60)

max

log

where the upstream velocity is expresseHin s~ . Maximum
values ofV - F; are given in the sixth column of Taklé 2.
As was noted above the shock wave models have a small op-
tical depth in the Balmer continuum,(., ~ 10~%) and at the
log X (cm) same time they are opaque for the Lyman continuum photons.
_ o . __.._Therefore, the radiation emerging from the both surfaces of the
Fig. 10. The rates .Of lonizations (solid lines) ".md Ir9?Comb'n."“t'orﬁab is mostly within the Balmer continuum whereas the Ly-
(dashed lines) against the distance from the discontinuous Emp . S s
in the postshock region. Upper pangk = 50 Kms~: lower panel: man contlnuurr_1 radlatlorl is tre}nsportqd only within the narrow
U, = 30 Kms— zone surrounding the discontinuous jump. In the lower panel
of Fig.[12 for the shock wave model with upstream velocity
U; = 40 Kms™ ! is shown the Lyman continuum radiative flux
20 Kms™' < U; < 60 Kms™'. The ratioE,.q/(E, + E.) F, as a function of the spatial coordinake This dependence
is highest at the inner boundary of the preshock region becaissgualitatively similar to that of the divergence of radiative flux
just behind the discontinuous jump the total translational kinetown in Fig[8. The negative flux corresponds to the radiation
energy increases by more than an order of magnitude, wherpaspagating in the direction of the preshock region. The optical
the total change of:;,q4 within the shock wave does not ex-depth between minimum and maximumi@f is A7 (vp1) ~ 4.4
ceed 30%. Because the most of the energy flux is contairfed/; = 40 Kms ™! and slowly decreases frothr (vg1) ~ 24
in the radiative fluxF;, we find thatU E,.q/F; < 2.3-107* for U; = 30 Kms™' to A7(vor) = 1 for U; = 60 Km s7L.
for U; = 60 Kms™'. Thus, our assumption that the radiatiofThis decrease is mostly due to the growth of the hydrogen ioniza-
energy and radiation pressure can be neglected is enough gtiod.degree in the postshock region. The ratios of the maximum
In Fig.[11 are shown the dependenciesbfs on the dis- radiation flux transported within the Lyman continuum to the
tance from the discontinuous jump for the both preshock atatal radiation flux are given in the last column of Talble 2.
postshock regions of the model with, = 60 Kms™!. The Inthe upper panel of Fi§. 12 for the same model is shown the
increase of,,q in the preshock region with approaching to théotal radiative fluxZ;.. This plot displays only the very vicinity
discontinuous jump is due to the radiative heating by the layasthe discontinuous jump. In the preshock region, beyond the
absorbing the Lyman continuum radiation. Behind the discoradiative precursor, the total radiative fllik remains constant
tinuous jump the radiation energy density reaches the maximsince the divergence of radiative flux ¥ - F, = 0. In the
in the hydrogen recombination zone. postshock region the total radiative flux gradually increases and
The most of the shock wave radiation, by definition, is prasymtotically tends to the same value as in the preshock but
duced in the layers where the divergence of radiative¥iu¥,  with the opposite sign. For all shock wave models we obtained
reaches the maximum. These layers locate nearly at the saiha the total radiative fluxes emerging from both surfaces of the
distance from the discontinuous jump as the maximum of telab are- I}, = Fi .

I
o
T
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o tive flux is V - F, = 0 (the condition of radiative equilibrium),

in shock waves the part of the energy of hydrodynamic flow
ol ] is transformed into radiation and the radiative equilibrium is
I 1 established only far away from the discontinuous jump. Fur-
o~ L 1 themore, in stellar atmosphere models the total radiative flux is
given as one of the boundary conditions, whereas in the shock
wave model the emerging flux is obtained from the solution of
the problem. The small optical depth increments in hydrogen
continua of ordei > 3 lead to the losses of the machine ac-
curacy when the Feautrier technique is applied. The problem is
so serious, that even the improved method by Rybicki & Hum-
mer (1991) sometimes fails. Third, the rate equations are stiff
c. v v w13 and need the special treatment in their solution. In particular,
10 0 10* 2x10*  the convergence of global iterations depends on the tolerance
N parameter determining the maximum error permitted during the
integration.
— The present paper is confined by consideration of the two-
I level atomic model, so that the radiation transfer is treated for the
| Lyman and Balmer continua, only. This approximation seems
to be insufficient for the shock wave problem because the oc-
cupation numbers of levels> 2 obviously deviate from LTE
and the perceptible fraction of radiation is transported at fre-
guencies lower than the Balmer edge frequency. Nevertheless,
notwithstanding such a restriction, there is a qualitative agree-
ment of our results with those obtained earlier by other authors.
For example, according to calculations of Gillet & Lafon (1990)
P T S U B the electron temperature just ahead the discontinuous jump is
-10°* 0 10* 2x10" T, ~ 14000K for the upstream velocity df; = 80 Kms™".
X (cm) Although in the present study the highest upstream velocity was
U, =60 Kms™!, a very approximate comparison can be done

Elagn e}s'amethrgﬁiﬁazlijaxuﬁ&tTﬁpﬁTSgn(;?)ngg:ﬂytéﬂféuawith fitting formula (55) which gives the same electron temper-
e —1
coordinateX for the shock wave model with; — 40 Km s~ ature for the upstream velocity; ~ 75 Kms™ . Thus, more

detailed calculations are needed and in the forthcoming paper
we are going to present the grid of the shock wave models com-
puted for the larger number of hydrogen atomic levels and wider
range of upstream velocities, the models of the present study be-
The primary goal of the work reported in this paper was tiag used as initial approximation for more correct shock wave
obtain the self-consistent solution of the equations of fluid dyrodels.
namics, rate equations and radiation transfer equation for the More realistic models, however, should take into account not
structure of the steady shock wave. The procedure of gloleally bound-free terms but also bound-bound terms in the rate
iterations described in the present paper in general resemlglggations and the radiation transfer problem should be solved
the compute of stellar atmosphere models. Indeed, like in stigle the both continuum and spectral line radiation. This is the
lar atmosphere calculations the shock wave model takes iptrspective for the near future. It is certainly one of the most
account the coupling between the gas material and radiatlgasic. Indeed, preceding shock studies show that radiative pro-
field. The self-consistent model is obtained with iteration preesses, which determine the wake cooling, have a strong in-
cedure comprising the solution of the radiation transfer equatiffiience on the resulting shock structure. Because in the model
and integration of the mass, momentum and energy consemryfthis paper we consider a pure H-plasma withoat, lnd
tion equations written in the form of the ordinary differentiabnly include the bound-free photo- and collisional processes
equations. Each cycle of iterations gives, in general, improvefiH atoms, we expect that the absence of some predominant
characteristics of the gas and radiation field. coolants such as neutral and singly ionized metal atoms might
At the same time, the problem of the shock wave struappreciably underestimate the radiative cooling rate of the gas.
ture compared to that of stellar atmosphere models contain§he importance of radiative heating and cooling rates in shocked
number of serious complications. First, atomic level populaircumstellar envelopes have been recently investigated (Woitke
tions are not only in strong departures from LTE but are aleb al. 1996) but only a few transitions of the numerous metal
in significant departures from statistical equilibrium. Secontines were considered. At present such a basic study seems to
unlike the stellar atmospheres, where the divergence of radia-beyond our immediate abilities and is out of the scope of
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our paper which was to investigate the possibility of obtaining a
self-consistent solution of the structure of radiative shock waves
in dense atmospheric gas.
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