Bull. Astr. Soc. India (2004) 32, 33-57
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Abstract.  We studied the influence of high velocities of expansion on res-
onance line radiation by taking into account of aberration and advection. We
used an angle averaged redistribution function Ry in spherically symmetric
media. Three types of media are considered. These are:(1)purely scatter-
ing medium (2)partly scattering and emission from continuum medium and
(3)partly scattering and continuum and line emission medium. The spherical
shells that are being used have thicknesses equal to 2,10 and 100 times the stellar
radii. The radiation field is shown in terms of the source functions. Computa-
tions are performed in the comoving frame of the gas and the line profiles are
calculated at the observer’s point at infinity. The line profiles computed in the
first type of medium show P Cygni characteristics and those computed in the
second and third type of media show central emission and self absorption.

Keywords : radiative transfer - line formation - stellar atmospheres - aberration
- advection - redistribution function.

1. Introduction

The outer layers of supergiant stars, novae, supernovae, quasi-stellar objects etc., are ex-
panding with very high velocities. These large velocities introduce two important physical
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effects, namely aberration and advection (see eq(1) and (2)). The transfer equation con-
tains two types of terms : (1) aberration and advection terms and (2) comoving frame
Doppler shift terms. The gas velocity that appears in the aberration and advection terms
is measured in units of the velocity of light and that in the comoving frame terms is
measured in units of mean thermal units (see eq(9)). We should consider the relative
importance of these two types of terms. The velocity terms in the aberration and advec-
tion terms are substantially smaller than those in the comoving frame terms. However
when the temperature of the medium is high, the mean thermal velocity increases and
the number of Doppler units in the comoving frame term reduces while the aberration
and advection terms remain constant. Furthermore the quantity m in eq(3) will change
considerably when the velocity of the gas increases, making the aberration term very
important at high velocities. It was shown earlier (see Peraiah, 1987, 1991a) that even
continuum radiation is affected by aberration and advection both in plane parallel and
spherically symmetric atmospheres. The effects of high velocities on the formation of
resonance lines have been studied in Peraiah(1991b). It was shown that the terms repre-
senting aberration advection, namely, (m + g)2% and 3m2(%) will change the radiation
field more than the radial velocity gradient term m2%. These changes have been shown
to be substantial particularly in spherically symmetric atmospheres. The velocity fields
produce Doppler shifts and aberration of photons which will lead to advection which
describes the ”sweeping off” of photons by the moving matter. Spherical symmetry in-
troduces curvature effects and transverse velocity gradients through the terms @g—;
and (1 — m%%% (see eq(1) and (2)). The combined effect of Doppler shifts, curva-
ture, aberration and advection will change the radiation field and the source function.
We studied these effects in a resonance line with complete redistribution of photons in
Peraiah(1991b). Recently Korédkovd and Kubat (2003) studied this problem considering
velocities up to 2000 kms~! and concentrated on the effects of aberration only. This
study was intended more to examine a new type of solution of the transfer equation than

to study the physical effects of aberration and advection on the radiation field.

It is important to study the resonance line radiation using partial frequency redistri-
bution function. We used the angle averaged redistribution function Ry, which represents
an atom with a perfectly sharp lower state and an upper state broadened by radiative
decay. We study the radiation field by computing the source function and the lines at
the observer’s point. We have considered three physical types of atmospheres.

2. Method of Solution.

The equation of transfer with aberration and advection in the comoving frame is given
by,

2
8u(r,m,:ﬂ)+1 m {1+mg( rdg)} Ou(r,m, )

or r B ;% om
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+3 {g(l —m?) + m2%} u(r,m,z) — 2(mri+g)u(r,m,x)
_ {;(1 —m?) + m2%} 78“(75?’5”) —
Kr(n)[B + ¢(r,m,z)|[S(r,m,z) — u(r,m,x)], (1)

for 0 < 4 <1, and

ou(r,—m,z) 1—m? rdg.\ Ou(r,—m,x)
(9 —m)—F——~— {“mg(l‘ﬁ) o
- 5 dg 3 ,m+g)
+3 { R(l m’)+m g } u(r,—m,z) — 2 . u(r, —m, z)

_ E a2 2@ BU(T‘,—m,.CL‘)
{ (L=m")+m dr} oz

r
Kr(n)[B + ¢(r,—m, x)][S(r, —m, z) — u(r, —m, )], attheradialpointr (2)

for —1 < u < 0, where,

me M9

1—gu

Ug
Y 3
9=- (3)

Further, v, is the gas velocity and c is the velocity of light. We define that u(r,m,z) =
4mr?I(r,m, x), where I(r,m,z) is the specific intensity making an angle cos™! p with the
radius vector at the radial point r. K7, is the absorption coefficient at the line centre, ¢
is the line profile function and

K.
- (4)

B

where K. is the continuum absorption coefficient. The quantity S is the source function
and is given by,

¢(r,m,x)Sr(r,m,z) + 8S.(r,x, Te(r))
o(r,m,z) + B

S(r,m,z) =

(5)
and,

o(r, —m, x)Sr,(r, —m, x) + BS.(r, x, Te(r))
(b(ra —m, 'T) + ﬂ

Here Sp and S. are the source functions in the line and continuum respectively. These
are given by

S(r,—m,x) =

(6)

Se(ryx, Te(r)) = p(r)B(z, Te(r)), (7)
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where B(z,T.(r)) is the Planck function at temperature T,(r) and the normalized fre-
quency z is given by

UV — 1

Av. (8)

Tr =

v and vy being the frequencies in the line and line centre respectively and Avg is a con-
venient frequency band width normally taken in Doppler units. And p(r) is an arbitrary
factor normally less than unity. v is the velocity of the gas measured in units of mean
thermal velocity. That is,

Yg
v = 9
Utherm ( )
and,
2kT
Vtherm = s (10)

where k is the Boltzmann constant, 7" is the temperature of the gas , m;,y, is the mass of
the ion and v, is the gas velocity. Further

+o0 +1

Sr(rym,x) = %/_w dz' » Rir—a(z, 2" )u(r,m',z")dm'
+eB(r,z,T.(r)) (11)
and
Sp(r,—m,z) = _(1=-9 /+00 dz' HR Az, z"u(r,—m', 2")dm'
L\", ) 2¢(7", _m,x) - . 11— ) ’ ’
+eB(r,z,T.(r)) (12)

where € is the probability per scatter that a photon is destroyed by collisional de-
excitation. ¢ is the profile function normalised such that

+oo
/ ¢(x)dx =1 (13)

—00

The angle averaged redistribution function Rrr—a(z,z") is given by,

Wl

Rrr—a(z,2') =
|2—X| o g

00 7_
/ {tan—lﬁu_m—lu Qi (14)
1

2

where Z = max(|z|,|z|"), x = min(|z|, |2|'). Rrr—a was first obtained by Unno (1952).
Further,

+o00
b@) = | Ry agsow,a)da’ = Hia,x) (15)
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We now expand u(r, m,x) as was done in Peraiah(1987). This is given by,

’LL(’I‘, m, -T) =ug + u,€ + U + Uz X + urmfn

FUmeNX + erXE + Urma€NX, (16)
where,
2(r —r' i i
£= (TATT),T':”_F; I,ATZTi—Ti—1 (17)
2(m —m’ ; -
n= (mAmm ), _-— mJ +2mJ ! , Am = mj — m]',1 (18)

We expand the source function in a similar way. Thus,

5§ =580 + ;& 4+ SmN + SuX + Srm&N + SmalX
+3er£ + SrngnX; (20)

where ug, ...., Urme and Sg, ..., Spma are the interpolation coefficients. We have used a
discretisation mesh on radius, angle and frequency -(r;, m;, ). The nodal values of u are

e h B

(i,j-1,k) (1,j,k)
f 3 g/

(i,j-1,k-1] i (i-1,j,k-1
id ,,,,,,,,,,,,,,,,,,,,, c
L (i-1,j-1,k) (i-1,,k)
a - b
(i-1,j-1,k-1) mM—= (i-1,j,k-1)

Figure 1. Schematic diagram of angle-radius-frequency grid.
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(see Fig.1), uq, up, Uc, Ug, Ue, U s, Ug, up. These are obtained in terms of the interpolation
coefficients by using equations (16-19). Thus,

Ug = U(rim1,Mj_1,Th—1) = Up — Up — Uy — Ug + Upm
FUme + Ugr — Urma (21)

up = u(ri—1,Mj, Tp—1) = Up — Up + Uy — Uy — Uppy
—Umz + Ugr + Urma (22)

Ue = U(Tiz1,Mj, Tp) = Ug — Up + U, + Uy — Upm,

+umz — Ugyr — Urma (23)

g = u(ri—1, Mj_1,Tg) = Ug — Up — U + Ug + Upmy

—Umz — Ugr + Urme (24)

e = u(ri, Mj_1,Tp) = U + Up — Uy + Uy — Uppy

—Umz + Ugr — Urmz (25)

wp = u(ry, Mj_1,Tp—1) = Up + Up — Uy — Uy — Upm
+umz — Ugyr + Urmaz (26)

Ug = ’U,(’I'i,mj,l'kfl) = U + Up + Um — Uy + Urm

—Umg — Ugr — Urmz (27)
Up = U(Ti,mj,l'k) = U + Upr + Um + Uy + Urm
Uz + Uzr + Urma (28)

The interpolation coefficients ug, ., U, etc., are obtained from equations (21) to (28)
and these are given by,

1

uO:g(ua+ub+uc+ud+ue+uf+Uy+“h) (29)
1

’IM":g(_ua_Ub_uc_ud+u€+uf+ug+uh) (30)
1

Um = 2(—Ua + Up + Ue — Ug — Ue — Uy + Ug + Up) (31)

8
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1
ux:g(—ua—Ub‘FUc“‘Ud“‘Ue_uf_ug+uh) (32)
1
u,r_m:g(ua—Ub_uc'i'ud_ue_uf+ug+uh) (33)
1
umm:g(ua—ub-l-uc—ud—ue+Uf_ug+uh) (34)
1
uz,r.:g(ua-i-ub—uc—’ll/d-i-uc_uf_ug+Uh) (35)
1
Uy = g(_“a +up — Ue +Ug — Ue +Up — Uy + Up) (36)

We substitute equations (16) and (20) into equation (1) and obtain,

2
(g + m) (Ur + UpmN) + Ugr X + Urman)

Ar
2 1-m? r dg
I 1 1—-— m rm me rmae
o ){ + mg( gdr)}(u + Urm& + Uma X + Urmaz€X)
94— m?) w29 2dg] 2
+[3{r(1 m’) +m dr+m dr} r(m+g)](u0+ur§+umn+

2 (v dv
Ugp X + urmfn + U)X + uerf + urmzan) - A_QZ {;(1 - m2) + m2%}

(U + Wnat) + Ugr + Urmaén) = KL [B' + ¢(r,m, 2)][(s0 + Sr& + Smn + S X

+Srmé&n + SmanX + Serx€ + Srmxan) - (UO +urg + U + Uz X + Urmén +

Umae X + UzrXE + Urma&NX)] (37)
Similarly equation(2) becomes,

2 2 1—-m?
E(g - m)(ur + UpmM + UzrX + urmmnX) - M(

)

r

d
{1 ~mg(1 - gd—f>} (i + 1ty + Uma X + urma€x)

2 d
TA L {E(l - m2) + m2_U} (uz + UmaT) + uzrf + urmzfn)
r dr

91 —m?) +m2 ™
+[3{r(1 m=) +m =
+urm€n + UmaX + uer€ + urmmé-nX) = KL[BI + ¢(T’, —m, CU)]

(UO + urf + UmT] + Uz X + urmfn + UmaTIX + uerf + urmz)] (38)

} — %(g —m)]|(up + ur€ + umn + uzx
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We will now apply the following operators on equations (37) and(38),

1 1 1
Xm wdm, Yy = = LArridr, Z, = —/ dx (39)
Vv Az

Am Am Ar Az

and obtain after a tedious algebra, the following two equations corresponding to equations
(1) and (2) respectively. (See Peraiah, 1987). Thus we have,

1
atty + U + Vpm + dug = ArK,[Sy + EAlsr]
+puy + OUyr + elumx + Arme, (40)

1
Uy + Brm + Y Upm + 8ug = ArK,[So + 6A15r]

+pUy + OULyr + Elumz + )\urmza (41)
where,
AA \% 9 2
= :W’AI:A_raAA:‘lW(T —ri1), (42)
4 AA
V= 5(7"? —ri_y), Ay = Vv (43)
We define,
dg 91 do(r)
29 J1 = 44
g1 d’l",g2 Gavd dr ) ( )
(2 — r' AY) ne , (Am,
= =1— —_— 4
p Ar aR rg2,ms (’ITL) +( 12 ) ) ( 5)
1 2m/’
<m® >= o (mj +mj ), G = T-(1- <m’ >)g, (46)
_ 1 — ms 1 1 Am
e e — o 4
mn Am " T 3 ™M T 3 A (47)
ms = 3magi, Mg = m3z — g, M7 = 3mg — 1, (48)

a=Ar {Al(m' +9)+ %A'le — P[2m' + g(3my — 1)]}
'
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B = Ar{Aym — m'Am[(g + m3) A5 — g1]}

1
+ATG'(§A'2 - 92),

1 1
v = Ar(my + Pg' — éAllGng +2Pm — Amm/mgP — gAllgl):

1
6 =Ar[K; — 514'2(27’”' + gmz) + 3magi],

Ar 1
p = 2A_x[§AI2(1 — m2)U¢- + mg’l}d],

Ar 1
g = QA_;L'[p(l — m2)U¢- + EAllmZUd];

Ar 1 1
'=2—[=-m'A — —Alv,
€ Am[2m m(vg 5 A2v )]s
Ar 1
=2—J-m'A Al — po,
A Aa:[Gm muvgA] — puyl,

2 1
a = AT[A—r(g —-m') + EA'le + Ay,

Bl = AT(Bl + Ag),
’)/I = AT(A4 + B2 — m4),

5 = Ar(K, + Ay),

where,
1 !
A = 5(2m = gmy + ms),
! ]' !
Ay =p(2m' — gmr + smagi A}),

2

1
Az =m/Am|g + EAQ(W% -9l

41
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1
Ay = m'Am[EA'lm + p(ms — g)], (64)
1 INal ! ! 27
Bl = §A2G -G gs — AQm, (65)
, 1., ., _

We will replace the quantities ug, Uy, Um, --€tc in equations (21) to (36) by the nodal values
Uq, Up, -..etc and rewrite equations (37) and(38) as,

Aaua+ + Abu; + Acuj + Adu;l" + Aeu;L + Afu}' + Agu; + Ahu;t
=7, (S5 + Sy + S5+ 87) + 75 (SF+SF+ S5 +5), (67)

Agug + Apuy + Ajul + Ayuy + Ajug + Apuyp + Ajug + Ajuy,

=1, (S, +S;+S;+Sd‘)+r;(5;+5f‘+S;+S,j), (68)
where

Av=—a-B4+v+5+p—0—€+, (69)
Ay=—a+f —vy+d+p—0o+€ =) (70)
Ac=—a+f —vy+d—p+o—€+, (71)
Aj=—a-pB'+y+d—p+o+e -, (72)
Ac=a—-f' —y+d6—p—0o+€e+2, (73)

Ar=a—-p —vy+d+p+o—€ =}, (74)

Ajg=a+p +v+d+p+o+e+ A (75)

Ap=a+pB +v+d—p—0—€ =}, (76)

Al == =B+~ +0 +p—0—€ + (77)

A== +B -7+ +p—0c+e - (78)
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Al=—ad'+p -7 +8 —p+o—€ + ], (79)
Ay=—a' =i+ +8 —pt+o+e = (80)
Al=—ad' = B1—7 +8+p+o—€+\ (81)
f=ad =B =7+ +pteo——)A (82)
A= +0+7 +8 +p+o+e+ (83)
=+ +7 +8 —p—0c—€ - (84)

T, = [B+ ¢(x)| K Ar (85)

Ty =n(1+%A1) (86)

7 =n(l - gA) (87)

The quantities u,} uj,etc., and ug,u, ,etc., represent the beams of radiation in the

mutually opposite directions (see Figure 1). We make the following substitutions,

I S SR S IS SR S Ve SR A S
Ug =Uj 1 p1-Up T Ujp 1, =Ujp Uy —“ —1,k (88)
ut = ubt + bt + — bt + _ 6t
U S UGS g pyUp = Uy g g5, Ug = Ufp g, Uy = Uy (89)

together with similar equations for u; ,u, ,etc and S}, S, ete., into equations (67) and
(68) and obtain equations for (5 — 1)¥* and j? angles,glven by,

1, 1, 1, 1,
Aj_ 1“; 12 1+A? ;k 1+ Aju ;k ++Ad 1“; 12"‘
e g 7»7+ h l+_ —
Aj 1“; 1k+Ag 1“3 Vet HAJUT e+ Afur =T
Z k—1,k i—l4 | iel,— =1 | 1o\ piml+
Z R] 1 J’ a/k’cj ('U/j’k71 + uj’,k*l) + (€¢k71 + p B)ijl,kfl

k’:—Kj’:l

k1K 1, 1
Z ZR "u’,k1+u,k1) (6¢k1+ B)B;k—f

k=—K j'=1
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K J

Z ZRJ 1 O ul,,lﬂ’++u;-:,16’7)+(e¢i+p'5)B;.fkl’+
k’:—K]’fl
J
+0122R7 s/t Ful o T) + (e¢l Ty + P/ B) BT
K]’ 1
k&' j—1
Z ZRJ 1J’akc u,k—{—u ) (G(Mc +p’B)B;+1k
k’:—KJ’_l
k—1,k' j
Z ZR aj (it i) + (edl_y + 0 B)BYL,
k’:—KJ’ 1
k—1,k j—1
Z ZR] 1J’akc Uz'—‘_k 1+U'k )+ (€¢£71+plﬁ)B;+lk 1
k'=— KJ’ 1
S S RS i) + (el A (90)
k’—ng’_l

where o; = %(1 —¢€) and i,j and k are the running indices of radial,angle and frequency
discretisations respectively. J and (2K +1) are the total number of angles and frequencies
respectively. p' is an arbitrary parameter usually less than unity. Equation (68) can be
written similarly. These two equations can be rewritten for J angles as,

(Aab i— 1 + TfalQYki:ll,+) + (Adcu;';l,+ _ Tfo,lQYkifl,wL)

+(Afguzf1 —mr QYY) + (At — o QYY) =

T_O'lQ(Y]::1L+ + Yki_l’_) + T+0'1Q(Yl7 + Yl’ )+ T7701Q(p' B + epp—1)Bi L +

T 01Q(p'B + edr) By + 7T 01Q(0'B + €dr 1) By,

+7101Q(p'B + e¢w) By, (91)

and,

(D0 = QYT T) + (DT — QYT ) +

(Df9u2’_1 — T*UlQYki’E) (Dehu” s alQYk"’*) =

7701Q(p'B + €pr—1)Bi L +7701Q(p' B + er) Bt +

T 01Q(p'B + €dr—1)Bi_y + 7T 1Q(p'B + epr) Bj, +

or(r + YT YT (92)
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where,
a b
Aj AZ b
A Aj,
Aab: .
A5 A
A
"a b
A A
Aja AjJrl
D = - :
Af, A7
A
11
1 1
Q=
1 1
1

For J angles(J rows and J columns)

U(Ti—la mj—1, CUk—1)

i1+ u(ri—1,mj, Tp—1)
Up_q

U(Tifl y Mg, xkfl)
and,

Vit = R Wil Ut
Wy = W]

Wi =apej,l=j+(k—1)J,1<I<L,L=JK

45

(94)

(96)

(97)

(98)

(99)

The matrices A9¢ | Af9 Ak Dde  DF9 | Deh are expressed in a similar manner. WE

define the following matrices:
ab de eh ab de eh\ __
(Aq 7Aq 7‘4(};!]714(] 7Dq 7Dq 7D§gﬂDq )_
Qfl(Aab,Adc,Afg,Aeh,Dab,Ddc,ng,Deh)

(100)
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Equations (91) and (92) can be rewritten as

(Agbu2:117+ — 7'_0'1Yki:117+) + (Agcu};_L+ — T_alYki_l’Jr)

ATt = T o V) + (At - e v

=770 (Yki:ll’Jr + Y,:fl’Jr) +7t0y (Yki’:1 + Yki’*) +

T01(p' B + epr—1)By L + 7 o1(p' B+ €pr) Byt +

mr 01 (p'B + e¢r—1)Bi_y + 7T 01 (p'B + egn) By, (101)
and,

(Dru ™ + 77 Y T) + (Dffuy T =T YT

+(DIuy=, —tre Y + (D™ — mh oY)

=r (VT e (VL 4 Y T) +

T 01(p' B+ edr_1)By_ + 7 01(p'B + edr) By +

T701(p'B + edr-1) B,y + 7101 (0B + edr) By (102)

We now write equations (101) and (102) for K (1 < k < K) for K frequency points. These
ar,

(AY — o F)uf | + (Al — 770 Ff)uf =

o (Fiju_, +®;B))+ 7701 (F/ "u; +®;B)) (103)
and,
(DG — o Fiui, + (D) — 770 Fy uy =
7'_0'1 (F;:Ell::l + q)i—lBi—l) + 7'+0'1 (F;Jrll:r + bfq)le) (104)
where,
Aje=Qp Aj (105)
Matrices Af,gl,f)gg,f)fg are similarly defined. And,
I1
I 1
Qr = (106)
I I
I

where I is the identity matrix. Furthermore,
b d
Ag,kfl Aq,Zk P
Ag,k Aq,ck+1
A = (107)
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F; = [RW]; (108)

As the redistribution function R is not affected by the motion of the gases in the comoving
frame, it remains constant at all the spatial points. This gives us,

F=F"" =F" =etc,. (109)
' = [p'B + e} |0kk (110)
B; = [By )L, L = [11, 12, ... 1k, ... 1k] " (111)

The matrices Agﬁ,Dgﬁ,Dgﬁ are similarly defined. Equations (103) and(104) can be

o

LOG S
-2

€=0, f=0 , B/A=2

normalized fluxes

-1 0
Vg= 0 KMS a2k g
— -1
- _ _ _ Vg= 6000 KMS ELD=10"4em™3
", ELD=10"cm™® o Vg= 6000 KM
t
I I I o I I I I
0 10 20 30 =1 -0.5 0 0.5 1
optical depth normalized frequency Q

Figure 2. Source functions are given in the left part of the figure and the corresponding line
profiles are shown in the right part of the figure.

written in the form of interaction principle(Peraiah,2002) and obtain the transmission
and reflection operators T(i,i — 1) ,T( — 1,4) ,R(¢,¢ — 1) ,R(: — 1,7) and the source
vectors ¥ and X7 in the cell. Let us write,

Ft=7"0,F,F =7 0,F (112)
G=A% _F*H=D}-F" (113)
P=A%-F,S=D% _F* (114)

and write theT and R operators as follows,

T@,i—1)=RY" G '[F H'F -P] (115)

T(i—1,i)=R TH '[FTG 'F' -§] (116)
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R(i,i—1=RTH '[F~ - F'G™'P] (117)

R(i—1,i)) =R TG '[FT —F H'S]. (118)

The source vectors are,

(3

+F7H71(T7‘§i,1Bi71 + 7T @ZBZ)] (119)

> = RTG(+®; B, | + 7" ®;B;)
2

>, =R TH Yt ®;,_1B;_; + 7" ®;B;)
2

(3

+F"G (77 ®;_1B;_1 + 77 ®;B;)] (120)
3. Results and Discussion.

We used the transmission and the reflection operators and the source vectors given in
eqs(115-120) to compute the internal radiation field (see Peraiah ,2002). We considered
spherical atmospheres whose ratios of outer to inner radii(B/A) are 2,10 and 100. The
inner radius is always set equal to 10'? cm while the outer radii are set equal to 2 x 10'2
cm (B/A = 2), 10'* ¢cm (B/A = 10) and 10** cm (B/A = 100). We used a velocity
law in which the velocity increases with radius and the density changes according to
the law of coservation. We used the redistribution function given in eq(14) and a Voigt
profile function. The maximum velocities at r = B are taken as Vg = 0,3000, 6000
kms™! while the velocities at r = A are always set equal to V4 = 0 kms—'. This implies
that we have taken a maximum velocity of expansion equal to 0.02c. We selected
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Figure 3. Source functions and corresponding line profiles.

two electron densities ELD for the purpose of computing the optical depths. These are
10"*and10em=2. We used 4 Gaussian points for the angle quadrature on 0 < g < 1.
These are:p; = 0.06943, us = 0.33001, us = 0.66999, g = 0.93057,and the corresponding
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Figure 5. Source functions and the e corresponding line profiles.
weights are ¢; = 0.17393, c; = 0.32607,c3 = coandcy = ¢;. We have chosen trapezoidal
points for the frequency grid with the normalized frequency points x; where

UV — 1)y

AI/D

T = (121)
where Avp is the Doppler width. The radial grid is set by dividing the atmosphere into
100 shells each of equal radial thickness whose optical depths will be increasing in the
outward direction. This means that the shell at » = A will be optically thicker than that
at r = B. We have used the angle averaged redistribution function Ry in the scattering
integral of the source function(see eq(14)) and a profile function as given in eq(15). A
temperature of 100, 000K is used so that the mean thermal velocity is large enough to
have the Doppler units by which the gas velocity is measured, manageably low, while
the factor g(= v/c) remains constant irrespective of the temperature of the gas. For a
temperature of 10°K , the mean thermal units (see eq(9)) will be about 148 for hydrogen
gas and g = v/c ~ 0.02 for Vg = 6000 kms~!. The quantity m in eq(3) is a function of
the velocity of expansion. For a velocity of 6000 kms™! m; = 0.04955 , 30 per cent less
than py.my4 will differ from p4 by few percent. These changes in the cosines of the angles
of the rays will produce large effects on the radiation field by introducing aberration and
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Figure 7. Source functions and the corresponding line profiles.

advection. We considered three types of atmospheres: Case(l)e = 0, § = 0. This is a
purely scattering atmosphere. The boundary conditions for radiation field are:

u (M, T = Trmaa, &) =1, (122)
and
ut(mj,7=0,z) =0. (123)

where 7,4, occurs at 1 = A(= 10*2em)and 7 = 0 occurs atr = B(= 2x10'2,10'3,10*cm).
No incident radiation is given from outside. The boundary conditions for velocities are
already explained. The results are given in figures (2-7). Case(2): ¢ = 1073, 8 = 0.
In this case , the line gets contribution of photons from those scattered and partially
redistributed and from those that are thermalised in the continuum. The Plank function
contributes to the continuum which is set equal to

B(T(r),z) =1, (124)
and the boundary conditions of the radiation field are given by,

u (Mj, T = Trmaa, &) =0, (125)
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ut(mj,7=0,7) =0.

means that there is no incident radiation on either side of the atmosphere.
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(126)

The

results are given in figures(8-13). Case(3): e = 1073, 8 = 10~3. This is a case in which
the line gets photons from the scattered pool, continuum and from the line emission. The
boundary conditions in this case are same as those given in case(2). The factor in eq(7)
is set equal to 1. The results of this case are presented in figures(14-19). The calculations
are angle-sensitive( m is dependent on the velocity of expansion) and therefore we chose
4 angles on Gauss-Legendre quadrature.
as follows:

A’I‘[

AmJ

1,

AZ‘K =TK.

The quantities Ar;,Am j,Axzk are taken to be

(127)

(128)

(129)
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Figure 10. Source functions and the corresponding line profiles.
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Figure 11. Source functions and the corresponding line profiles.

Similarly we have written ' = r;, m' = m; and 2’ = xx. These approximations reduce
the accuracy to certain extent but the accuracy can be improved considerably by taking
a large sized mesh on angle frequency and radius. The source functions given in eq(5)
and the corresponding line profiles are given in each of the figures (2-19). The source
functions vary considerably from 7 = 0 to T = Tjq,- It is found to be convenient to show
the logarithmic values of the source functions instead of their real values. The differences
between the source functions in the static medium and those in the expanding media are
considerably large and the logarithmic values tend to show as if these differences are small.
The line profiles are computed in the observer’s frame by using Voigt profile function with
a damping constant of 1073, For details of this computation see Peraiah (2002, chap 8).
These profiles show normalised fluxes versus normalised frequencies. These are defined
as follows:

— _ Tk
Qr = s (130)
F, = Fo(x) (131)
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Figure 13. Source functions and the corresponding line profiles.

where F.is the flux in the continuum. Each of the figures contain the relevant information
that is used to obtain the results shown in the figure. The part of the figure which
contains the source functions give the source functions corresponding to Vg = 0 and
Vg = 6000 kms~! only, while the part of the graph which shows the line profiles shoe
curves corresponds to Vg = 0,Vs = 3000,V = 6000 kms~'. This is done to avoid
overcrowding in the source function graphs. It would be interesting to compare the results
in atmospheres with different geometrical thicknesses and optical thicknesses. Therefore
we used affixed set of the values of B/A and the electron density(ELD). We shall examine
how these two parameters change the radiation field when aberration and advection are
taken into account. Figures(2-7) contain the results of the first model. The optical
depths change from a maximum of 30for B/A = 2 with ELD = 10"em™ to more
than 600 for B/A = 100 with ELD = 10'®¢m 3. There is no emission of radiation
from the medium except the scattered photons which are incident at 7 = 7,4, (see the
boundary conditions). Therefore the source functions show minima at 7 = 0 and maxima
at T = Timaee. For example, the source function in figure 2, for vg = 0 kms™' change by
a factor of 6.3 x 10™* between the points at 7 = 0 and T = Tj0.. A similar change of
3.8 x 10~ occurs in the case of vg = 6000 kms~!. S, in figure 3 correspondingly change
by factors 8.9 x 107® and 7.9 x 107% at 7 = 0. The changes in the source functions
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14. Source functions and the corresponding line profiles.

Vg= 0 KMS™' N ELD=10"cm™
ol 1 i
o ST __ Vg= 3000 KMS™' I~ e=1073,8=10"
] ] > N\
e __._ Vg= 6000 KM [ B/A=2

LOG S
0

normalized fluxes
10
T

-0.5

_ _ _ Vg= 6000 KMS™"

ELD=10"%cm ™
I I I o
0 100 200 300

optical depth

normalized frequency Q

Figure 15. Source functions and the corresponding line profiles.

from those in the stationary media to those in the expanding media do not appear to
be large as these are given in the logarithmic scale. The source functions in figures 4
and 5 for B/A = 10 and those in figures 6 and 7 have similar characteristics. The line
profiles given in figure for vg = 0 K'm/s is a symmetric absorption profile. The profiles
for Vg = 3000 kms~! and at higher velocities , show P Cygni type characteristics with
red emission and blue absorption with the centre of the line being shifted towards blue
side of the centre of the line. This is due to the fact that the matter in the radially
expanding atmosphere exactly opposite to the observer approaches towards the observer
and contributes to the absorption shifting the centre towards blue side due to the Doppler
effect. The radiation coming from the lobes of the atmosphere contributes to the emission
in the line (for details, see Peraiah, 2002, Chap 8). This emission appears slightly in the
red side of the centre of the line. The two line profiles for Vz = 3000, 6000 kms—! show
similar structure with the difference that the profiles for higher velocities show deeper
absorption on the blue side. This is due to radiation being advected by the high velocity
of the gas which will not contribute to the line fluxes. The profiles of the lines given in
figure 3 (ELD = 10'5 ¢m™3) are similar to those given in figure 2 with the difference that
the latter profiles are broader. This occurs because in the thicker medium more photons
are scattered away from the line centre making it deeper and broader. The results in
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Figure 17. Source functions and the corresponding line profiles.

figures 6 and 7 are for B/A = 100. The emission at the centre is larger than those given
in figures (2-5). In these two figures, the electron densities are 10** and 10'® em 3. The
source functions are considerably different and the profiles for vg > 0 in the latter case are
more broadened than those in the former case because of large optical depth which implies
more scattering of photons away from the centre of the line. The normalised line flux
ratios are almost the same in the two cases although the actual fluxes are different(these
are not shown here). We presented the results of case(2)(e = 1072 and 8 = 0) in figures
(8-13). No incident radiation is given on either side of the atmosphere. Continuum
emission comes through the Planck function (B(T,,z) = 1). Figures 8 and 9 contain the
source functions for B/A = 2 and ELD = 10'* and 10'5c¢m =2, respectively. The source
function reaches a maximum between 7 = 0 and 7 = T;2- The maximum does not
occur at T = Tpqe as in the case of atmospheres of case(1). The continuum contributes
to the radiation field through the thermalised photons eB(T,z)7) and those scattered
in the line. The source functions in the figures 10, 11, 12, and 13 show similar physical
characteristics. The right handside of figures(8-13) show the line profiles corresponding
to the source functions given in the respective figures. The profiles in static media show
symmetric lines with double emission peaks and central absorption. The profiles given
in figures 8 and 9 representing expanding media with B/A = 2 show central emission
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Figure 18. Source functions and the corresponding line profiles.
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Figure 19. Source functions and the corresponding line profiles.

with no self absorption. The figure 10 for(B/A = 10 and ELD = 10'*) show typical P
Cygni profiles. When the gases expand, the emission peak on the red side of the centre
gets shifted towards blue side or the centre of the line due to the Doppler effect. The
central absorption core will shift towards the blue side and joins the emission wing and
disappears. The emission peak on the blue side will shift to the continuum. Thus only
emission peak appears. Results in figures 11, 12, 13 are similar in nature. Results of
figures (14-19) represent the physics of the atmospheres of case(3) in which the radiation
field gets contributions from both continuum and line. The results of this case are very
similar to those of the atmospheres of case(2). The optical depth changes by a factor
of 10 between the figures (14) and (15). In figure (14) the profile in static case is an
emission line while the profile in figure (15) (the atmosphere is 10 times optically thick),
the profile in static medium has two emission wings with a self absorption core. More
photons are scattered away from the centre of the line in an optically thick medium. The
profiles in the expanding media are sharp emission lines in the former case while in the
latter case they are broad emission lines. Again the photons from continuum and those
photons which are partly redistributed in the line contribute to this phenomema. The
results in figures (16) to (19) can be explained the same way.
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4. Conclusions

We studied the resonance line radiation field with partial frequency redistribution function
in a rapidly expanding spherical medium by including the phenomena of aberration and
advection. We considered different types of atmospheres with respect to their sizes,
densities, physical characteristics and velocities of expansion. The emerging line profiles
resemble the P Cygni type of profiles from a purely scattering atmospheres and those
from emitting media will have central emission peaks or double emission peaks with self
absorption.
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