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Radiation transfer in fast moving fluids
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1. Introduction

Most of the information from stars, galaxies, nebulae comes through the study of their
spectra. The information we obtain from spectra concerns the geometrical shape,
chemical abundances, thermodynamical properties of the medium, dynamics of the
medium, etc. This information will lead to the study of stellar evaluation.

Spectral lines can be studied at various levels: for example, oné can use a logarithmic
table or 2 small, inexpensive pocket calculator to obtain simple physics, by employing
Doppler profile function which is nothing but an exponential function. However, if we
introduce slightly complicated physics by only one step further such as increasing the
number of absorbing or emitting ions, we have to use a fairly good computer and the
problem can be made increasingly complicated by including more and more realistic
physics. If one would like to compute the spectral lines as realistically as possible one
requires to perform complicated calculations on a supercomputer.

There are several physical aspects that one should consider in computing the spectral

lines. In the following we describe various factors influencing the formation of spectral
lines.

2. Broadening mechanisms

There are several types of broadening, namely natural, thermal, collisional, radiation,
Zeeman, Stark, Doppler, Compton broadening, etc. If stellar atmosphere contains free
electrons then we have to consider the Compton broadening along with Doppler
broadening which remains an outstanding problem yet to be attempted. All the
broadening mechanisms are operating in the stellar atmospheres and they influence
formation of spectral lines.

3. Photon or partial frequency redistribution

Photons have certain probabilities of getting emitted at different frequencies and
directions after scattering. This again depends upon the type of broadening. For example
the upper level or lower level or both, can be subjected to collisional broadening or
radiation broadening or any other broadening and/or a combination of any of these
broadening mechanisms. If one likes to calculate the spectral lines by including such
broadening mechanisms, it requires considerable amount of effort on the part of worker.
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4. Chemical species

The line strengths depend upon the number of absorbing or the number of emitting
atoms of a particular element. This again depends on how many neutral or excited atoms
exist for the formation of particular given line. This in turn depends upon the
temperature, geometrical structure, pressures, electron density, velocity fields of the
media, and so forth Further, the distribution of a particular element’across the medium
is more important for the formation of line and we can derive this distribution orily from
the strength of the line that we observe after a detailed calculation of the formation of the
line. There may not be an equilibrium between emission and absorption profiles. This
leads up to a study of non-equilibrium thermodynamic properties of the atmosphere. We
have to take this into account and we have to calculate the number of atoms in various
stages of ionization, excitation, using the non-local thermodynamic equilibrium. When
one uses this type of physics the probability that a photon is thermalized becomes
extremely small, in which case scattering plays a domunant role in the formation of lines.
This renders the calculation more difficult because one has to estimate the interaction of
frequency and angle. This aspect alone would force us to develop new techniques for
obtaining solutions of line transfer.

5. Geometry and dynamical aspects

Normally when we consider the early type stars we assume that the thickness of
atmosphere is small compared to the radius of the star. However, in the case of
supergiant stars the atmospheres are several times the radius of the star. When a photon
leaves the centre of the star it takes considerable amount of time to reach the surface, and
therefore it is important to study the physical changes that the photon has undergone
during this time while iuvelling across the medium. It becomes necessary to solve the
equation of transfer in a spherically symmetric and geometrically extended atmosphere.

5.1. Plane parallel and spherical symmeiry

In plane paralle]l situation the radius of the star is assumed to be small. In extended
stellar atmospheres, this approximation fails. Therefore, we have to consider the
spherically symmetric case. This can be understood from the figures 1 and 2.

In figure 1, we have depicted a plane parallel stratification in which the layer is
extremely small compared to the radius of the star and the axis of symmetry is along the
direction of the radius. The ray makes a constant angle with the axis of symmetry or the
radius vector. In figure 2, the angle made by the ray with the radius vectors changes
continuously. This can be understood from the equation of transfer

"9l 1-y*ar_ .
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yvhere'y is the cosine of the angle made by the ray with the radius vector r; I the specific
intensity of the ray; K the absorpiion coefficient; and § the source function. We notice
that the second term on the left side describes variation of specific intensity with respect

to p. We also notice that the quantity 1/r— 0 as r — o, and we recover the plane
parallel approximation.
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Figure 2. Spherically symmetric geometry.

The observations of many spectral lines show that the medium is not stationary but
in motion. This means that we have to consider the hydrodynamic aspect of the medium
and introduction of these aspects into the calculation requires special efforts.

One of the natural ways of calculating the lines in a moving medium is to employ
what is called the rest frame. In this, frame, one computes the spectral lines and observes

the emission or absorption of the photon by a moving medium at a point which is at rest
with respect to the centre of the star.

5.2. Rest frame

We have calculated lines in the rest frame function R and Ry. The transfer equation is
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Figure 3. Integrated profiles for R;.e=10", g=0.

(a) B/A =2, (b) B/A =10, ¢ is the probability of thernalization of photons by collisional de-excitation and Bis
the ratio of continuum to hine absorption and B/ A is the ratio of outer to inner radii of the spherical shell. R; is
the redistribution function.
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given by (see Wehrse & Peraiah 1979)
BI(x, p,r) 1~ ut dI(x, u, 1)

+x(x, ) [U(x, g, 1]

or r ou
= x (x, r){f dx’f* R(x, x) I(X, u) dp.'"{‘d)(x)S(r}], ...(2)
Ru-a(x, ¥) =J e [tein" ( xtu )—tan'l ( X u )]du. ...(3)
Iv=a)s2 a a

Here x and X are the minimum and maximum of x, x; I(x, u, r) is the specific intensity
making an angle cos™ p with the radius vector r; x (x, r) is the absorption coefficient;
& (x) the profile function; and R(x, x’) the redistribution function.
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Figure 4. Integrated profiles for Ri.e=8=0. (a) BlA=2, (b) B/A=10.
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and the angle independent R; given is by
1 -
Ri-a (x, x‘)=zerfc(lxl), .5
2 ™ 2
erfc (x) = —— e dt .. .(6)

Vrd.

However, this approach has a major drawback. Because of the dependence of the
absorption coefficient with angle and frequency due to Doppler shifts, we require to
calculate the absorption coefficient whenever there is a change in the velocity; that is,
changes in absorption coefficients must be incorporated in the angle-frequency mesh
continuously along the radial grid. If the medium is moving with 100 Doppler widths,
then we must have such a large grid which should incorporate — 100 to + 100 Doppler
widths. Even if we employ the grid interval to be | Doppler width we require a 200 by
200 grid. This is only regarding the velocities of the medium. If we include angles and
frequencies into the grid-size it becomes highly unmanageable. However, we need to
study this kind of velocities whereas so far we were successful only up to one or two
Doppler widths. If we employ large grids, the solution becomes unstable and incorrect.

5.3. Comoving frame

Therefore, in this connection we find the comoving frame to be the best way to simulate
the spectral lines. In this frame we do not have the problem of dependence of absorption
coefficient on velocity changes. Therefore the solution can be obtained with a small sized
angle-frequency grid. The equation of transfer becomes (see Peraiah 1980)

oI(x, w, 1) 1-4? 3l(x, p, 1)
or r ou

vV
= KB+ 6] [5G )~ Iox 7} +{(1 = ) 22

ZdV(r)]aI(x! M, 7')
K dr. Dx s (D

where V(r) is the radial velocity of the atmospheres measured in units of Doppler widths.

We were able to use this method to calculate the lines in a medium which is moving
with as large as 100 Doppler widths (see figures 5-11). However at these high velocities,
we have to take into account two important effects known as aberration and advection.

5.4. Aberration and advection

We are able to calculate the spectral lines formed in a medium.which is moving at 100
Doppler widths or about 3000 to 4000 kms™. At these velocities what does happen to the
medium and the radiation field? We shall have to estimate the real interaction of matter
with radiation. At these velocities, the effects due to aberration and advection become
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Figure 5. Flux profiles for different velocities of expansion.

prominent, Aberration is nothing but the delay in arrival of the photon from the moving
object at the observer, while advection is a ‘sweeping up of radiation’ by the moving
medium because of Doppler effects. How do these two phenomena change the radiation
field?

Several years ago there were some calculations, which showed that the effects of
aberration and advection in a medium moving with velocities small compared to the
velocity of light are of the order of 6 to 7% in the spectral lines. However, it is difficult to
understand how the medium which moves at such high velocities (v/¢ = 0.01 or 0.02)
produces such small changes. Therefore, we have started working on these problemsin a
systematic way. The first thing that we did was to consider a simple model, that is
calculate the effects in a plane parallel medium scattering monochromatic radiation
coherently and isotropically. We found that the effects due to aberration and advection
are considerable for the same type of the velocity other people have used. The differences
in mean intensities are found to be of the order of 809; depending on the size of optical
depth.

The equation of transfer with aberration and advection terms in plane parallel
geometry is (Peraiah 1987)

8l(z, p)  p@' =1 8v 8I(z p) 34" Bv
oz c oz du ¢ 0dc

= K[S — I(z, w)], .. (8)

)] I(z, W
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Figure 6. Flux profiles, for different velocities of expansion. ¥ is in mean thermal units
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Figure 7. Flux profiles of the lines received at the observer and calculated with the redistribution function Ry in
the comoving frame.
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Figure 8, Line profiles formed in static medium 1n which dust changes proportionately with r and the gas
density changes as r. 7 is the dust optical depth, T is the gas optical depth.



4 se Sudueyo
st Ansuop sed pue 4 yum Areuonsodoid JuiSueys st )snp ay; pue uoIsSII

‘H =418 H103A a3 st 94 droym
aUI] S 215U} YOIYM UI WNIPIW SNls € ul pautioj sajnjoid sury gy 2ndig swun Jaqddo(] gz = %4 Yim Ing g 2InB1g w uaAIB 350yl sE Sweg ‘6 AMSfy

Ot 80 90 70 z0 00 zO- 70-90-8
1

o
0- 01~ o1 S0 00 S0- 01-
1 Tosol_ T 1 L 0 I ] I ot~
G20
A oA
) Hoe-
S
V4
-
:m — € m.wu._....uvﬂu.. —10Z- ..mw
g
$ 2 15U0D=ADUGE G d
\ = e e =
. t 0=€/0=3'0c=wrg ~
< - —Hoi-
00
N 01
| I _
o ]



Radiation transfer in fast moving fhads 159

N WD ;N 0w O
1
M
"
oy
-t
ol

-

ob— 1 L T—&ﬁl L1
-10 -08-06-04-02 00 02 04 06 08 10
Q

Figure 11. Same as those given in Figure 10 but with the expanding velocity Vs = 20 Doppler umts.

where S is the source function given by

+1
§=3 I P(z, ui, p2) (2, pb) du; .. .9)
-1

and P(z, uf, uj) is the isotropic phase function.

We shall make the substitution

po— B
p=—"7"-, B=V/c,
pot o B
wo is the angle made by the ray with the axis of symmetry.
I=5hL+ L+ nl, + {nk, .. (10)
where
_z=z kT (11
= T an

zZ=

%(Zl + zl-l)’ Az= (zl - Zl—l) . (12)
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E==(wt+ pa) Dp =~ w1 C(13)

J =

M= N

+1
J I(p)du. 1)
+1 .
A velocity field produces Doppler shifts and aberration of photons and gives rise to
advection terms which describes the sweeping up of the radiation by the moving fluid.
The changes in the mean intensities are shown in figures 12 to 18.

We calculated the effects of aberration and advection on the line formation by using
equation (15). The results are given in figures 19 and 20. We piotted the changes in the
source functions. The changes warrant further study in this line.

o U(r, uo, x) r dﬁ}a Ur, pg x)

(o + B

ar {(H w1 B ar 3 ko

(Y zgiavv,m,x)
{r(l p'°)+#°dr} Ox

(- [——(l—p)+ B}+Z£E°—rt—ﬁ—)-]U(r,m,x)

+ K@®O{Sr, x)— U@, po, x)}. .. «(15)
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ﬁgure 12. Values of J plotted separately for advection and aberration effects for ¥ = 1000 km s~ for
mz = 50, where J = Jr>0-Jv= 0)/J(V = 0) X 100.
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Figure 15. J plotted for rm.= 10
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Figure 16. J plotted for 1y, = 30.
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Figure 17. J plotted for rme = 50.

Figure 18. Amplification factor Jms/100 V8. Tmu.
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Figure 19. Line source functions S = f ! J(x, r)¢(x)dx are plofted against shell numbers
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Figure 20. Same as

given in figure 19 with B/A =2 and T = 500.
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Discussion

Vardya : Under what conditions is the difference between ¢ and ¢.. large?
Peraiah : When complete redistribution in the line is employed we do not find ¢em
different from ¢... However when we employ partial frequency redistribution R;, Ry, R
etc., we notice that ¢.. is very much different from ¢,,, sometimes by orders of
magnitude. This is essentially saying that ¢b., and ¢, depend on the type of broadening
mechanism we employ, e.g. R, Ru, R etc.

Vardya : Have you used this analysis on SN 1987 A?

Peraiah : No. We are trying to apply this method to SN [987A.

Vardya : In a lighter vein how did you check the numbers in such a thick output?
Peraiah : By hope and perseverance.

Chandra : In physical systems we have multilevel system. Have you applied this
approach to multilevel system or not?

Peraiah . Yes. We have calculated Ca 11 H & K (3968 A, 3933 A) and infrared triplet lines
8498 A, 8662 A, 8542 A in a slowly expanding medium. See Rangarajan, Mohan Rao &
Peraiah (1981) Kodaikanal Obs. Bull. Ser. A 3, 75.
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