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LINE PROFILES IN AN EXPANDING SPHERICAL MEDIUM

A. PERAIAH, M SRINIVASA RAO AND B.A. YARGHESE

ABSTRACY

We heve applied tha discrate apace theory ol radletlve tranefer with the Integral operator tschnique Lo
calculate tha spootral line proflles formed In a sphericelly symmetric expanding stallar atmosphersa. We caloulated
tha soures function in the comoving Irame and this s employed to simulate the lins profllss observed at Infnity
We have conalderad line sbsorption, emission and velooltlee of expamion In @ parametrised iorm Complate redistri-
butlon of photone In the llne In a two leval atom is essumad with a Doppler profilas funhotion. In all cesss wae
have employed the equaotion of continulty (Le.) aT®pV = constent (where pand V are the demsity and veloolty
respeotively at r) an @ guids lina jar detsrmining the denalty end tha velooity of expansion. Many P Cygnl type
ptoflloa ere obtalned. Thia Ia trus partioularly when veloclty gradlents are present In the medium. Tha resdts
are almiler to thoss of Beala (1950).

Koy Words 1 oomoving frams, radiative transfer In spherical symmetry, P-Cygnl typs profliss, velcalty geadlants

1. Introduction

It Is well known that gases In the outer layers of many O-B superglants, Wolf-Rayet
stars, P Cygnl type stars, quasars, novae, nuclel of Seyfert galaxies show evidence of
radlal expansion. Simulatlon of spectral lines formed In such medla ls & matter of some
difflculty. This ls because of the fact that the photons are redlstributed after each absorp-
tion and emlsslon. The radlation leaves the medlum through two ways (1) by velocity gradl-
ents and (2) by the wing photons, The effects of veloclty gradlents on the wing photons,
and on photon redistrlbutlon In the line are quite dlfficult to estimate, In & medlum which
Is In motlon, the line photons can be redistributed In the Interval v (1 -—2=) to v (“V%x_)
where v Is the frequency of the photons at the llne centre and Vmax Is the gas veloclty and
C is the veloclty of light. There were several attempts to simulate lines In expanding
medla In recent years (Hummer and Kunasz 1974, Peraleh 1978, Peralah and Wehrse 1978,
Wehrse and Peralah 1979) But these were done In the rest frame of the star and therefore
were good only upto & maximum of 2 to 3 mean thermal unlts (mtu). If one wants to cal-
culate the radlation fleld In the rest frame we have to extend the frequency mesh to
the Interval of v (lt-v—cnlai) This becomes quite unmanageable because V Is nearly 100
mtu In some stars. This dlfflcuity ls avolded In & comoving frame In which the observer
need not take Into account the Doppler shifts directly that enter into the absorptloh ¢ow
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efflclent In the rest frame calculatlon. Calculatlon of photon redistribution becomes easy
In the comoving frame.

Slmmonneau (1973), Mlhalas et al. {1975), Perdlah (1980a, bs 1984) have made several
attempts to calculate solutlon of line transfer in comoving frame. However these techniques
guffer from several dlfficultles such as lteration which ls tlme consuming or too compli-
cated to understand at first slght.

In an earller paper (Peraiah and Varghese 1985, henceforth celled paper 1), we presented
a method of cbtalning numerlcal solution of radliatlve transfer equatlon In spherlcal symme-
try. - In thls method we express the speclflc Intensity in terms of certaln Interpolation
coefflclents, which In turn are expressed In terms of the nodal values of the angle-radlus
discrete grid. The transfer equation Is then Integrated on such a grid. In paper I, we present-
ed a few useful checks on the stabllity of the solutlon and lts applicabllity to dliferent
problems we encounter In stellar atmospheres by employlng monochromatic radiatlon tleld.
In this paper, we Intend to extend the method given in paper I to polychromatlc problems
such as llne formatlon in extended and expanding spherlcally symmetric media.

In Sectlon II we present the method of obtalning solutlon In & comoving frame and
In Sectlon 1il, Its applicatlons are presented.

2, Integration of the Equatlon of Line Transfer in the Comoving Frame

We shall expréas the speclfic Intensity In terms of certain Interpolation coefficients
and welghts corresponding to radlius, angle and freqguency. These are given by

_r -t M- - X - X
R A T LN I vy iy ()

where r s the radlus, u Is the cosine of the angle made by the ray wlth the radlus vector
at the radial polnt r and x Is glven. by '

x = g @

where v and v are the frequencles at the centre and at any ‘other polnt In the line. And
4, ls some standard frequency Interval. Further ‘more (see Flg.!)

T = i_'(-.r.l.__+-_ i-'l_:l),. Ar - (ry - _ri-l) 3)
B ey )y s (b = uy.p) ®
R VR T T ORI [0}
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We shall write that

U (ry, My x) = é1e¥{r, u, x) (6)

where I (r, U, x) is the specific intensity.
In terms of quantities defined in equations {l) to (5) the specific intensity is written as,

Ulr, ¥, x) = U0 + UrE + Uun + Uxx o+ Urug‘n + qunx + erxé; + UwEnx {7)

where Uo’ Ur’ Uu R Ux’ Uru’ qu, er and -Urux are the interpolation coefficients.

The nodal values can be expressed in terms of the interpolation coefficients and are given
below (see Figure 1)

U(rj-l’uj-l’xknl) = Uy - U - Uu - U)_c * Uru * qu tUge - Url.lx = Uy (@)
U(rinl’ My xk—l) = Uy - Up + Uu - Uy - Uru ".qu tUpe - Urux :Ub )
UCE i Hys X )= Ug = Up s Uy e Uy = Uy v U= Uy - Upyy = U0)
U(ri-l’ “j~1’xk) = UQ - Ul" -_Uu A+ Ux"b Ur}J - qu - er +* Urux = Ud(ll)
U(ri,uj_l,}(k) = Uy + U, -_Uu+Ux —-Uru-quJarr -Urux:Ue(lZ)
U(ri’ uj»l’xk—l) = Uy + Up - U|J - Uy - L‘Jru - qu - Uygp Urux = Uf(m)
;_U(ri, Hj, X | ) = Uy, + U, # UN - U, -+ U”'l - qu = Ugp - Urux = Ué(“*)
u(ri, Mir X ) = Uy + U+ Uy - Ux.+ U?u P UL er f:Urux = U (15)

The interpolation coefficients U, U, U~ etc., are obtained from equafions (8) to (15),

These are given by,

Uy =3 [U, + U, + U+ udu+ u, + Uf + Uy , U1 (16)
u, = % [-u, - U - UC E Ud'+'ué.; Uy + U, P Ul (17)
U, 2.% [-u, « ”b.*’uc - Ud"- U, = Ug # Ug,* Uyl (18)
Uy = “ilf ['Ua - .U.b * UC, * Ud+ Ue ”'::":.L_]’f_ _'_.-U + "g-h} (19)

g
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Fig-1 Schematic diagcemn of engle - redius - frequenoy grid.

”ru-’al[Ua"Ub-‘Uc $Ug - Ug = Up e U e Gy (20)
Uy = g [Ug # Uy = Ug = Ug ¢ Uy = Up = U+ 0] (21)
-xrnétqawub - Ug - Uy # Ug - Up = U+ ) (22)
Ur;nf -é- ["Ua+ Ub.-'Uc +. Ud - Ué + Ui - US + .Uh] (23)

The equatlon of line transfer In a comoving frame can be wrltten as (Mihalas, et al. 1975)%
u 3U(r.au. X)

+ -‘-3— {((1-y )U(r, W x)} = K (B o+ #lr, Hy X))

[SCr, u, 0)-Ur, uy 0]+ [(-py) LD, =ch',§“1 Wi, 1) gy
for the oppositely directed beam, o
pdlles a0 L 2 WHULE, w0 = K (B 4 eley -wy X))

[S(r, -u, x) =U (r, -u, x}I+ [(1-u%) UJ 2"‘3‘”**‘”“13'“' *)(25)

where Y'(r) ls' the veloclty of the gas In.mean thermal u'nlts'at_ r and S{r, u, %) !s the source
function glven by

S'(I‘. U, !) 5. _E¢ (rl My !)

+ o(r, W, x}- Sy, (r) A ¥y CvaaTery iTe (ryu, x) (26)
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where 5, {r) and S0 x) are the llne and continuum source functlons respectively and
they are glven by

Sc (ry Wy x) = p(r) B (v, T, (r)) (27)
S. (r) = (1-€) JI ¢ (x) 3 dx + eB(r) (28)

where ¢(x) Is the proflle functlon and J, Is the mean Intensity at frequency x

Here p(r) Is a certaln functlon of r to be specliled later, B Vo T, (r)) Is the Planck functlon
wlth frequency v, and temperature To The quantlty e Is the probabllity per scatter that
a photon will be destroyed by colllslonal de-excltation and B Is the ratle of contlnuum
to llne absorptlon coefflcients per unit frequency |nterval

The source functlon can be expressed In terms of Interpolatlen coefflcients similar
to those glven In equatlon (7) This is given by,

S{r, M, x) = 5, + S,§ + Sun + 5. X + SruE“ + Suxn + S Xk + Seux®NX (29)

where Sor Sr’ 5u etc, are the Interpolation co-efflclents By substituting equatlons (7)
and (29) Into (24), we obtain,

2y 'y
Ar(Ur'*Ur“*erx*Urux"x) r(Uo+UrE+U"+Uxx

u u

+ U n o+ U X + Uy X + U,H,Enx)

1- u*2
Jher iy v UL L MU S T S £x)

rux

=K{(So*5r5*5""51"*5:’;“*5“”"

M M

+ 5,..xE + SruxET'Ix)-(Uo + U +Umn + Ux

u
+ UruE“ + qunx + erxE + Uruxcnx)

+ '52; {(1-u?) V_’_{_r_)_ ¥ ude'rr }(Ux + qun + U £+ U”uEn) (30)

We shail employ the following Integrals glven by (31)
= ¢ )

& = 5 7ay dy (for angle Integratipi) 32

By = % o ax et dr Gor radies iNFeghhifbd)
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. ;
Bx = -3 ‘rbx ++« dx (for frequency integration) (33)

We shall now apply au on equatlon (30) and obtaln,

|~

- 1
- {u(Ur+ erx)+ il (Ul.u + U )}

1 -2 '
* TR (l-p )(Uu + UruE + quF + UruxEX)

ruxx

m b=

_ 2
-5 (Uo + UrE + Uxx+ erxE)

0 e
-2

(Uu + UrpE+ u WX * U Ex)

M rux

= K {(So + S B+ S X+ erxE) - (Uo +UE +UX+ erEx)}

v DU, + U, E) LC1-u?) )y

R | Ay, b U D GG B, o

Applylng BV on equation (33), we obtaln,

ie UL+ U x). - %Au_ (U, + Upyy X))
2 (inn iy L LaA . I FAA

(UI‘M + Uruxx.) !

- 2 (g g+ U0 B b 2F wy v o )

v r Xr *
- %.Au{% (u,+ U 5 +11? (2-F A—\f)(qr .u + UL X))
= K [{(5, + Sxx) .+.—é (Sr I+'ler'x.) % l_ - (U, +_ Ugx) + % (U + erx)éé}]
Ay Gy L e 8 g
4'%_'5\«'1511-1:7- {:%-AT’Y:U“_.f,:ﬁ (2-F %)_.Umxfl (35)
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we shall apply the operator Bx on equation (35) and obtaln

(s ganu s OSB3 Uy e g 2oF Sy deaig P
= (25 v -%Au{%—-‘%’ﬁuu+3-1;(z-l=%—“‘) Uy }
- K {(s, +%9—: 5.)-(U, + 4 %Ur)}
r i U v 2 g f o,
v I (27 BBy (1) +%%‘ it o

H%Mﬁ-ﬂ—fl-%vmuu%}%x
v (g du ﬁg—r‘ﬂ% - o View iz ™o, ) (36)
where o= (p)? ’('?"Ell
V = -; wlr] -} |) (37)
aA < wle) - r ) (38)
A = V/Ar (39)

Ve substltute equatlons (7) and (29) into equatlon (25) and then apply the Integral operators
F I evand exauccesslvely and obtaln,

y
@i L 2 nh 1 AA I, = DA
'F(uur +-§Auuru) '3_“'(1""!){2 V Ul.l + ir (2-r v )Ur]j.}
vai 38y Lk 2 Buge g U,
1 - AA _ lﬂ_ﬁ_
Ar (2-r T)Ur ]-l} .-K{(SO + g 2 Sr)

- (U, + g U+ Y, g u-v AR G gl

0
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2 Xl o lny (-7 AA 1-2dV' AA
+er{£\x[br“u)(zrv.)+6udr A]}
2 ol = dv' 1 = AA
+ qu {AK [3 A“-]-I r 3 Y'Al.d v ]]'
2 1 . =dV' AA L Au.fi yi(, = DA
+ Uruu {H ['i"g'ﬂl.l. NF? -3 —-E?E v'(2-r V )1} (40)

We replace the Ilnterpolation coefflclents Uo’ Ur’ Uu etc and So’ Sr' S etc In equatlons
(36) and {40) by the nodal values Ugr Up v ooee s, Uh and Sy Sy enen Sk given in equations
{16) to (23).

Equatlons (36) and (40) will thus be written as,

+ + + i + ) + + + +
AaUa + AbUb. + .AcUc + AU, + .AeUe + AIUf + AU + AhUh

d-d g g
= T-(S: + S; + Sé + Sa') +T+(S: * S; + SE + SF,) (&1)
and
F\EU; * AbUI; + F\CU; + Adua + AeU; + AiU; + ASU; + AhUI;
= TS, + S+ So+ Sg) - T(S + S} Sg + Sp) (#2)
where
™ = et é}i&) (43)
T =1(l- -é—-@.'j) (44)
A
T = KAr (45)

U;, U; etc.and U"a, U; etc, represent the intensities of the beams of radlation In the opposite

directlons. The quantitles Aa' Ab etc..al_'e glven in the - Appendlces I and 1.

'We shall now make the substitutions that (see Flgure 1)

+ b=y + + 1=1,+ N N P e N E S 0T

Ue =-Yjiik-12Yp = Upillr Ve = Uyt o g = Vgl 8
ut =yl .-U-I; uls+ Cuf s ulrr gt =gl
U Ik o U =Yy ke U = U Yn = Uy ik
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together with slmilar equatlons for U;, Ut; etc and S:l, S; etc into equatlons (4!) and
obtain for Q-l)th and ]th angles

a 1=-1,+ b, l-1,+ c .,0-1,+ d -1,
At Y- * A Yl AT U AL Uik
e i,+ f I+ l,+ h . l,+
FAT LUkt AL Ut ke F AP U el AT U
T- {[U¢1-1’+ Iz< a ¢l"1 g C (U 1," + U "l| )]
J-Lok-l g Bk e T O ' k- 'k-1
i-1,+ 1-1,+
2 b ke PRIB ey
K 3
I-1,+ i-1 I-1,+ 1-1,=-
Ploetn e e T G Wk Yy k)
+ (e 4’}:}1:141- + pB)B}:ijf
K 1
P14 j-1 I-l,4  yi0=l,-
+ [Uq’j-l:k E':- 8 ¢kl f'nl CJI (Ull,l’( + Ul'sl:‘ )]

Iy A
" (“j,i-l + DB)BI:: 1
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i, i
(0 tT Lo+ PBIBNY

[0l 5 L e Wt s Uty
+ ] |-|: ek ak' ¢k' j':l j' ]',k j',k
R (e¢i e pB)B;';} (47)
where g = {l-e){2 (48)

Similarly equatlon (42) is rewrltten. Succintly we can rewrlte equation (47) and the corres-
pondlng equatlon for the opposltely directed beam as followst

ab,,l-1,+ - Lal gt + de, i-1,+ - i=-1  #y+
(A%Pul-1ot _rmoq glTlotyl Dea%u ot - o et tYD)

fg  l,+ + l,+ ot ehl+ + R
+ (A Bukll - thoqe tT Yy AU - 1Tooe, T TYE)

R U L P Mk SRR UM SRR P

ll+

+ 1T oQ{p8 + ed) Bllc:i’+ + T oQ(pB + eti'l"*)Bll"l""

+ T'oQ(eB + 4l TIBLIT + TT0QUEB + e4’ )BT (49)

and
Uy p- :'mﬁj}i‘?;_l)und%,“"i' - toopt v
(Dfﬂu‘: - ttoQe. 1Yy 1)+(I:o°“U" - toQp, ! Y}
d T oQUeLIIYE L ¢_k ‘_' YD)+ rtoel Y +,¢1‘<.'_‘v;)
+ T OQ(pB + l:‘ll‘ i' )B'l‘::" + 'r_"'oQ(pB + E‘k -1, - )Bl'l’
+ t*‘@('pﬂ_.f'sﬁkii)Biji' '+"'c."c_lQ(pB + 'e't'li"')BlE” -(50)

.where,
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AP
j
A?..\_ Al:jj+l.‘
\\‘Ag-l g
A3
A'b
j
AT AT
s
L
. Lo
Tl Ty
i

for J angles {J rows and J coloumns}

™ -
U(ri-l’ + ”j»l’ xk-l)

U(rl-l’ + Uj ’ xk-l)

U(ri_l: +UJ 3 kal)
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(51}

(52}

(53)

(54)
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yi-lie | % a, , o7} 2 ¢, uitly (55)
k"l - k':-K k' kl ]| 1 l, 1"k l
The matrices Adc Aig AEh dc, Dds, Deh are expressed In a swnilar way as given In
equatlons (51) and (52). Other factors are self explanatory.
ARP . g la3b ade | g-lade g o-lafe  aeh | Q- lach (56)
q q q q
q Q B.b D:C - Q-IDdc’ D:g - Q-Ing' D:h - Q-IDeh (57)

and rewrite equations (#0) and (50) as follows

+ (A:EU:::T -1 m)k’]"{"*) (F\”‘Ul MY | cr¢ I: )

T ‘k '+Yi TR “‘*k 1 k | *k'+ ﬁ' )

+ T o{pB + Efllg:iﬁmti” + T a(pB + e¢1 1 +)Bli<-1'+

+ T7c(pB + e’ll(:I)BIl(:I + tTo(pB + Ezq‘l"+)Bli’+ (58)
and

(D:bué:}j' - a¢k L Yi 1 )+(Dd°Uk"1t: - vopl Tyl

+ (D{BULIT - Troalr] YatD)e (nehu"_ -t a¢" Y
= ool Lo L foi S A PR ST TN IR SO TR

ll-)

+ tTo(pB + cb lti" + T o(pB + st'l('l.")Bil"l "

+ TTG(PB + ed 11IBLIT & tta(oB + A (59)

We shall now write a set of' equatlons fot K(lnk .. K) frequency polnts and wrlte equations
(38) and (59) as



where

wlth
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ab -+t + ig b yg gt
(Adc- ot F[_ [ + (AP - oTF{TIU;

—mte g tpt ==
ot Fy_U,_, + ot F U,

N + +g by +
+ OT 'l-lBl-l + OT .lBl

ab _— = - fg RN
(Ddc - ot Fj-l)ul-l + (Deh - 0TF] )Ul

D omnmgpmt oyt T - - T T
< ot F[T U |+ oT'F{'UT 4 0T BY_| + GTI#(B

i 1

ab _ =1 Lab
Adc - QF Adc

where 1 |s the Identlty matrlx.

And

ab _
.Adc -

I i
.. I
“H"'"‘l ..\‘"*l
I '_
Ak )
A;Ek Ag?ktl
AQ k-1 “;fx
Mok
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(60)

(61)

(62)

(63)

(64)
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of_\Yiy = (e 0¥ U] = FI UL, ()
with W = [w & 1] (66)
¥m= 8,y m= J+(k-1)3, 1 §meM=KI

o7 , = [eB + el 1 8 = [9,] (67)
Bl 1. = B 1.1 L (68)
L =1[1 | 117 (69)

an have slmilar axpressions for the quantlties A:ﬁ, Dj::‘, iﬁ, R, R, 9, 8

can wrlte equatlions (60} and (61} In the form of the Interaction princlple glven by
alah 198%)

U} t(i,1-1) r(l-1,1) Ui, xt
= + (70)
v, r(i,1-1) t(L-1,1) u| L

re t(i,1-1), t{I-1,i}, r{l,1-1), r{l-1,I} are the transmission and reflectlon matrices, and
and £~ and the Internal source terms
e write,
1g _ tpa ¥ _— k=
xl = Aeh atT Fl ' xz = T Fl-l
=+ ab - ==

Y, = AZ‘Z - o*r'FIfl, Y, - o'r"'F*l"

- £ -

-
!

i the transmisslon and reflectlon operators are wrltten as,
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t(1,1-1) = R x; X, x 2 Y, - Y]

X, (72)
t(i-1,1) = R‘*x; [x,xl' Y, -Y,] (73)
r(l,1-1) = R qu[Y3-xx1 ' (74)
c(i-1,1) = R¥X]Y, - X, %'y, ] (73)
R*" = 01 - xhxxgix, 17! (76)
R™Y = [1 - X3! xy xplx 1! (77)
B, = oRVX{IKeTe)_BE o+ tretB)
+ X, Xp L (r7#]_ BT + TO]BD)] (78)
By = oRTUGILTTep_ BT |+ TTeB))
+ X,X7 (170t BT |+ TeB]D)] (75)

The method described above ls employed to calculste llne proflles emerging out of
spherically symmetric and expandlng atmospheres The atmosphere ls dlvided Into several
shells (spherically symmetric) and the reflectlon and tranamlsslon matrices are calculated
These operators are used to estimate dlffuse radlation fleld throughout the medium In
which the llnes are formed. We use the algorlthm descrlbed In Peralah (1984) We present
the results of the calculatlon of lines, by this method, In the next sectlon

OL. Discussion of the Resulis

The medlum is dlvided Into n spherlcally symmetric shells where n = | att = 0 and
ne=n_ .8 7T=%, Wehave chogen B/A = 1,5,2, and 3 where B and A are the outer
and Inner radil of the spherical medlum respectively The density and radlal veloclty are
assumed to vary In accordance with the equation of contlnuity which ls given by

4Nr®pv = conatant (80)

Where p ls the denslty and V Is the radlal velocity at the radlal polni r These calculatlons
are meant to bring out the effects of density and velocity gradlents on the formatlon
of spectral lines In spherical medla by employing the method described In the previous
sectlon Therefore we have chosen parametrlsed quantitles of ¢,8  B/A, B(r) the Plahek
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tion and velocitles of radlal expansion. The velocltles are expressed In terms of the
n thermal units {(mtu).

consldered two cases)
(1) p(r)r-r-z, V{(r) = constant (81)
(2) ple)mr 2, w(e)~r (82)

the purpese of calculatlng the optical depth we assumed an electron density at A
inner radlus) so that we can calculate the optlcal depth in a reallstic way. We set

14 15

Ne (A} = 10'% or 10!7 em™? (83)

re A Is taken to be equal to 10le cm
divide the medlum Into.a number of spherlcally symmetric shells and calculate the
ectlon, transmisslon operators and the source vectors glven In equations (72) to (79)
ach shell. By using this Informatlon the dlffuse radiatlon field Is calculated by employ-
the formulation glven In Peralah (197%). We have employed 9 trapezoldal polnts on
frequency grld and 2 points of Gauss-Legendre polynomial on the angle grid of half
:e, These are found to give enough accuracy which is confirmed through the princlple
flux’ conservatlon (see Paper I). The number of shells change from case to case as
depends on the total optlcal depth T and the geometrlcal extenslon B/A. With lncreasing
nd B/A the total number of shells also Increases, From an analysls of the Xll and
matrlcs (see equatlonas 72 to 75) found In transmission and reflection operators the
(see Paper ) Is found to be about 0.3, However thls changes considerably when we
oduce the veloclty gradlents.

In. order to:avold the amount "of . calculations we employ a small number of shelly
y about.30) and engage the star algorithm (Peralah 1984). If T, crit 18 less than 0.1 then

used the doubllng algorithm by making (Ar/r)subah m constant over all the subshells.
@ divislon of a shell Into subshells 1s necessltated beceuse of T rlt) This is one way of
eding up the calculatlons with some loss of a,ccuracy.

3 boundary cuﬁdltlons we erhptoy are- glven &3 follows:,

(:'r-o, up) =0
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UI:]+1(T=T’ pl) =1 for e =f =20 (8w)
B{(r) = 0

And
UI(T:O,ul)=O
Ul:l+l (v = T, |.|J)=Oforl-:=B>0 (85}
B{(r) =1

The boundary condltlons of veloclty are set In accordance wlth
equatlons {(81) and {82) and velocities are expressed In mean thermal units
(mtu) When we conslder equation (81), we set ¥W(t = T} = Vlt = 0) = V_ . and i the case
of equation (82), we set ¥(t = T) = 0 and V(T = 0) = Voax' The velocitles shown In the

tlgures correspond to Y When the solutlon of the problem s obtalned, we calculate

max
the source function given In equatlon (26). The source function thus obtalned ls In the
comoving frame By using this source functlon we can transform the radlatlon fleld on
to an observer's frame at infinlty as shown In Figure 2. The procedure s described In

Peraish (1984)

In flgures (3) to {8) we have plotted the varlatlon of source functlons along the optical
depth, for the parameters shown In each flgure, These are some of the typlcally varying
source functlons, We need not show all the other resuits as we do not flnd changes very
much different from what are presented In Flgures (3) to (8). The source functlon changes
smoothly from lts maximum value st T = T to lts minimum value atT = 0. When the motlon
Is introduced its valuye diminlshes at every point on the v coordlnate,

The number of free parameters In thls problem ls very high and therefore we are
forced 1o choose few representative cases that Lmiltate the stellar atmospheric conditlons.

In Flgures {9) to (31), the flux profiles of the lines are glven agalnst the standardised
frequency points Q where

(X + V)
= % ; (86)
* axl N vrnax
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Flg.8 Source funotlon versus aptieal depth,

This type of fermulatlon along the absclssal permits us to plot the profiles.
for different velocltles In the same ﬂgure wlthout loosing any informatlon such as shape
of the llne, shifts of the line centres etc. Flgure 9 contains the proflles for B/A = L.5,
€=0, 8= 0 and T = 21. We have employed constant veloclties of ¥ = 0,1,5,10,20,50 and _100

mtu. When V = 0, we obtaln a symmetrlc proflle with a small amount of_' emission In the
wings on both sides of the centre of line. Thls.ls primarily due to sphericity effects. When

velocity V = 1 mtu Is Introduced, we obtaln, a llne whose emlsslon on the redslde Increases
conslderably while the blue emisslon dlsappears. Further. more the. absorption -part -of the
llne shlfts to blue slde by almost- one mean thermal unit. When Vis lncreased to 5 mtu
the red emlsslon Increases further and the blue absorptlon shlfts by a- consldel‘able amount
and a P Cygnl type of proflle Is generated. As we lncrease the Velocity both red emlssion--
and blue absorptlon reduce, When V.= 30 or 100 the emlsslon part becomes flatter and_..
the absorptlon ls rediiced and the shlft 'In the absorptlon 1s’ not exactly equal to the expa.nd-.
Ing veloclty. The: line proﬂles change consldera.bly dependlng on the veloclty gradlents. )

dV!r) ' do

We employed a constant veloclty In. thls ca&e and ‘therefore the veloclty- gradlents ar
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exist. However If we see equatlon (24) and (25), we flnd that the facter (1 - u?) l‘rﬂ-
t8 In the frequency derivatlve term. Although V remains constant, as r Increases towards
surface, ﬂrﬂ acts llke a veloclty gradlent. Therefore, the proilles we presented in
figure really show the effects of veloclty gradients.

We have measured the shifts of the centre of the line from the rest position and
ratios he,ha and AEIAB where he and ha are the emisslon and absorption helghts and
res 9a, |0a etc., corresponding to the profiles glven In Flgures 9 and 10 etc., respec-
ly. The quantitles he[ha' Aema and shifts In mtu can be easlly measured in an observed

. We can therefore Immedlately compare these with the modals presented In thls paper
cbtaln approxlmate data regarding veloclties of expanslon, densitles, and other aspects.

18
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Fige 9 Line profiles qlnn'_fm' fix ‘varsus standardised
frequenoy G- '



Line Proflies In an Expanding Spherioal Madium 177

T I T | T | L | !
B.—.
7| A
Ao
oL 28
er 130
L/ A 113 a0, B +
4t~ / Vwconst, p~r-2 {15 1
.j !
H / h |
/ Fl —1.0
X L a_]
1 —~{0.5
0 1 1 | | ! | | | 1 00

0 20 40 80 80 100

Fig. 9a The velues of h /h and A /A and the shift of ths centre of the lins in
mean thermal unjts “are dvoan. The sasle on the ordinate on the tight hand
slde. represent the above two ratlos and the shift s shown on the ardinate
ori the left hand side. Thess ratlon and shifts correapond to the prollls shown
in flgura 9a. :

In Flgure 10, we employed the same values for the parameterse,f8, B/A as in Flgure_ 9.
but wlith p~r'3 and V ~r. The optlcal depth used In this case Is smaller than that used In
Flgure 9, because the denslty ls changing as ™3 Jnstead of r'2.'Whén fch_eré-_ls no motlon,
the proﬂle Is symmetrlc end thls becomes increasingly asymmetric a.s._i;he_ veloclty Increases.
The a.bsorptloﬁ component becomes flat' bottomed for _lafger.ﬁélocltleSQ F_lgtjre_ 11 shows.flux
proflles for €=-10" and §'= O withp~r"2 and V = constant, We Introduce Planck functlon

such that, _ _ _
Yqr? B(r)'= 1. .(87):

where B(r) Is the Planck function.

In a statlc medium ‘we obtain. an emission line with _absorptlon ‘&t the line centre.
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When v > 0, the emission on red side increases whereas emission on the blue side gradually
reduces and becomes deep absorption with its characteristic shift from the centre ol
the line. We should note one important aspect here, that is, the emission peaks for any
velocity do not shift from the centre of the line whereas the absorption shifts proportionate-
ly with the velocity of expansion. Flux profiles f()r‘p~l‘-3 and ¥V ~r, € = 10—3, B = 0 and
4m r2B{r) = | are given in Figure 12. These profiles exhibit the same features as those

given in Figure ll. In Figure 13, we present flux profiles with emission from the continuum

-3 and p~r"2 and V = constant. The

with a small continuum optical depth equal to 21 x 10
profile of the static medium is an absorption line with considerable amount of emission
near the wings. Introduction of radial velocities increase the emission on the red side while
reducing it on the blue side. For higher velocities of expansion, the emission is reduced
without getting shifted from the centre of the line, while the blue shift of absorption
part remains proportional to the expansion velocity., In Figure 14, we have plotted [lux
profiles for p ~ r> and V~r. These profiles show characteristics similar to those given

in Figure 13.

‘We have increased the geometrical extension to B/A = 2 and repeated the calculations
and presented these results in Figures (15) to {20), A comparison of these figures with _
those given in Figures (9) to (l4) reveals the fact that the physical characteristics are
same In both cases except for the fact that the lines in the former case are broader than
in the latter. Profiles presented in Figures (21) to (25) are calculated with B/A = 3. Again
these profiles are similar In their physical charactyistics to those presented earlier. So
far, we employed optical depths which are not very large. In Figure 26 we plotted profiles
for B/A = 3, ¢ = B =0 and T = 450 which is nearly 10 times as large as that used in
Figure 2l. These profiles are completely absorption lines. They become narrow as the
expansion velocities are increased. The shift of the line centre is again proportional to
the expansion. velocity., Figure'27 gives the profiles for pmr'3 and v ~ r. These profiles
become deeper. as the velocities of expansion increase, In Figures (28) and (29) we have
given the profiles T = 300 and 450 respectively, These profiles are computed with € = 10'3
and # mr2B(r) = l. They behave as those presented in Figures (9) to (25) with line or con-
tinuum emlssion. In Flgures (30) and (31), we have calculated the ratios of he/ha, AelAa
and the line shifts correspondmg to the values of the parameters shown in the respective
hgures without showmg the’ correspondmg line profiles.
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Figd.28 Line proflies with 4728 s 1.
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Fig31 The quantitiea h.l'hn and ABIA and shifts are given for parametres
shown In the figire: o

Conclusions

The method of solving the radlative transfer equation In spherical symmetry described
In paper 1, is employed to solve the line problem In comoving frame We obtalned P Cygnl
type profiles when high velocitles are employed A direct comparisocn of these profiles
with those observed In actual stars can be done easlly
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