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Summary. — We have computed a series of line profiles formed in a spherically symmetric and radially expanding
atmosphere in which dust is present. We assumed that the dust scatters radiation isotropically. Two cases of dust
distribution are employed : (1) uniform distribution of dust through out the medium and (2) density increasing with
radius. The density and the velocity of expansion of the gaseous component are assumed to satisfy the equation of
continuity. We assumed a model of two-level atom in non-LTE approximation with complete redistribution. The
calculations are done in the comoving frame of the fluid and later transformed to a point at infinity.
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1. Introduction.

The presence of dust is revealed in the infrared observa-
tions of many objects such as gaseous nebulae, active
galactic nuclei, T, Tauri stars, and atmospheres of cool
supergiants. Allen (1973) studied 248 early type emission
line stars and related objects and found that two mecha-
nisms, viz. free-free radiation and thermal emission from
dust grains, are probably active in producing the obser-
ved infrared excess. Stars with prominent infrared conti-
nua are found to have circumstellar envelopes (Geisel,
1970 ; Allen and Swings, 1972). Schwartz et al. (1983)
investigated the far infrared and submillimeter mapping
of S140 IRS and found that there is good coupling
between dust and gas. Grasdalen (1976) discovered Bra
line radiation from Beckline-Neugebauer (BN) object in
Orion. It is found from an extensive survey of such
objects that many show the presence of ionized gas.
Some of these objects (e.g. BN and CRL 490) appear to
possess a dusty shell around a hard core of ionized gas
(Simon et al., 1981). Simon et al. (1985) observed Bry,
Pfy and Bra IR lines of compact molecular clouds. Based
upon infrared photometric observations from 2.3 pm to
10 pm, Persi et al. (1983) derived mass loss rates for 15
Of-type stars. Huggins et al. (1984) studied abundances
in the envelope of IRC + 10216 through the line analysis.
They have adopted the approach followed by Kwan and
Hill (1977) and Henkel et al. (1983). Felli (1982) studied
the infrared emission from extended stellar envelope.
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The study of line formation in the dusty envelopes
remains practically unexplored.

Presence of dust, radial expansion, geometrical exten-
sion, chemical composition etc. are some of the physical
and geometrical properties we must include in the
calculations of the line formation. Recently there have
been few attempts to study the radiative transfer effects
in a medium which contains both dust and gas (see
Hummer and Kunasz, 1980 ; and Wehrse and Kalkofen,
1985). Peraiah and Wehrse (1978) and Wehrse and
Peraiah (1979) studied the effects of radial expansion in
the rest frame in which small velocities of the order of 2
mean thermal Doppler units were used. In the present
work, we have used velocities as large as 20 Doppler
units. The calculations have been performed initially in
the comoving frame. Subsequently the transformation is
carried for a point at infinity.

In this paper we present results from our comoving
frame calculations assuming an envelope containing a
mixture of gas and dust which is expanding radially. In
section 2 we shall present a brief outline of the method of
computations of the lines. The results are discussed in

. section 3 followed by conclusion in section 4.

2. A brief description of the method of solution for line
transfer in comoving frame.

In spherical geometry the terms that should be included
in the transfer equation when it is transformed into the

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1987A%26AS...69..345P

rTI987ARAS. © 69: —345P0

346

comoving frame are given by (see Chandrasekhar, 1945 ;
Mihalas et al., 1975 ; Mihalas, 1978) :

{(1 )V(r) zdl(/jfr)}

where I (r, u, x) is the specific intensity of the ray with
standardized frequency x ( = (v — v()/A, A being mean
thermal Doppler unit and v, and v being the frequencies
at line centre and at any point in the line respectively)
making an angle cos™! p with the radial vector of point .
V (r) is the radial velocity of the gas at r in mean thermal
Doppler units (mtu). We shall now write the equation of
line transfer in the comoving frame with absorption and
emission due to dust and gas. This is given by (see
Peraiah and Wehrse, 1978 ; Peraiah, 1984, Wehrse and
Kalkofen, 1985),
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For the oppositely directed beam, we have,
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where p € (0, 1). Here K (r) is absorption coefficient at
the line centre, ¢ (x) the Doppler profile function. B is
the ratio of continuum to line opacities. The quantity
S(r, = p,x) is the source function given by :
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sL(r)=%(1—e>j_+°° ¢(x)j_+111(r,u',x>dxdw+
+ eB(T(r),x). (5

is the line source function. The quantity Sc(r) is the
continuum source function given by :

Sc(r)=p(r) B(T(r), x) . (6)

Here ¢ is the probability per each scattering that a
photon will be destroyed by collisional de-excitation.
B(T(r), x) is the Planck function and p (r) is an arbitrary
quantity. Ky, (r) is the absorption coefficient of the dust
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whose source function Sy, (7, = p, x) is given by :

Sdust(r’il'L’x): (1_w)Bdust+

® + 00
+5J P(u,pn',r)I(r,n',x)dp’ (7)
— 00

where By, is the Planck function for the dust emission, o
the albedo of the dust and P the scattering phase
function. It is assumed that isotropic and coherent
scattering holds. The quantity By, is normally neglected
because the re-emission will be far away from the line
centre and therefore may not contribute to the line
radiation. Although we need not consider the term
containing By, we have included it for the sake of
completeness.

We have adopted the « CELL » method described by
Peraiah (1984) to solve equations (2) and (3). This is
done by a suitable discretization in frequency, angle as
well as radius. For frequency discretization we choose
the discrete points x; and weights g; such that :

I

b) fO) = T 4 f(x),

i=-1

®)

The angle discretization is done with abscissae {u;} and
weights {C;} such that :

1 m m
L ey = § Cfr) TC=1 O

We choose the radial points r, and r,, , | as discrete points
for radial discretization. The integration of equations (2)
and (3) is done on the « CELL » bounded by :

[, rn+1][“’j—1/2’ /"“j+l/2][xi’xi+1]-

The quantities p;,;, are chosen according to con-
venience. In this problem we choose w;,;, by the
relation,

j
Kjiip = Z Ck’ j= 1, 2, (10)

k=1

,m.

We have chosen w’s and C’s to be roots and weights of
Gauss-Legendre quadrature. We shall write the following
m vectors,

h=11,1,..,17, 11
where T indicates transpose. Let us introduce :
I(py, x5 Ty)
Ur, =4 2| LB X T | (12)

I(,me, Xis Tn)
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I("' M, X5 7'n)

Ui, =4 mr? I(- K2 % ™a) , (13)

I(“ Moms Xy Tn)
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and

B'(vg, T.(r)) = 4 wr} B(vg, T.(r)) - (14)

After integration equations (2) and (3) reduce to:
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where :

M, = [f"'j 5jk] , Cp= [C,' 5jk] 17)

and

— + 1 + -+
divip= (X 1— %) ', i+12 =3 (UFf +U7,).
(18)

The subscript n + 1/2 corresponds to the average of the
quantity over the « CELL » bounded by r, and r,, , ;. The
- quantities A, and A, are the curvature matrices (see
Peraiah, 1984), and :

M ioin=M 1pAV, in+M; 1pP Visin, (19

Mi1+1/2= [/“‘jzajk]’ M;?'+1/2= [(1—#~;'2) 6jk]7 (20)

MUy, 1 —Us)+p (AT U 1p + A" Upyqp) +

as)

with
AVn+1/‘2 = Vn+1 -Va.

Furthermore, we have,

Thein = Kgas . Ar, Tdn+i2 = Kgug - AF (21)
and

Opniin = 1- €ntan -
The quantity p, is called the curvature factor given by :

Pc=Ar/rn+1/2~ (22)
The matrices P**, P*~, P~*, P~~ are the phase
matrices of dimension m and for isotropic scattering, all
the elements of these matrices are equal to unity.

Equations (15) and (16) are rewritten for I frequency
points as follows :

. 1
+ + — + T + -
+Ten+12 P12 Unsin + Tans1n BV s 1n = Tg ninn Sn+1f2+§ Ton+12 Tny1n (PP W)U +U7 ), ,1p

2

1 _ _
+5Tans1r @12 CUT +PT7 CU )n+1rz+"'d,n+1/2(1—wn+1/2)B:'i’,I+1/2+M1dU?:+1/2,

(23)
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M@U; -U; )~ p (A" Up 1p+ A" Uy p) +
_ - _ 1 _
+T0ns12 P12 Uniio + Tans 12 EUnv1n = Ty ni1n Snyn +5 Tgne12 Tnrin ®PT W)Ut +U™ ), 1n
1 _ __ _ r_ -
+5Tane12 @ne1n® 7 CUT + P77 CU™ ) in + 7y 1n(l = @, 412) Birian + M AU; L 4 (24)
where M.,
1 . =[u?s.
UN = [Ul n> 1 n» -* UI n]T (25) M = .Ml ’ N [”] 811] ’ (29)
M, Cn "
M= Mm. ) C= Cm. 5 ) Mf” 2
. DR M2 = , =1 =u?s. 30)
Mm Cm M2 [( p’]) ]I] (
@, 1n=[Puwlhiin=(B+&i)niin Sux =12, ...m
k=j+(-1)ym 1<k<K=ml and :
i, j being the running indices of frequency and angle [—d, d; 0 1
discretization, and : -d, 0 d,
' 0 -d; 0 d
Sivin = (PB + £b) By lip Sy do o . 31)
a; ¢; .o
¢ We=A,C; where A;=—— "% . -
A. ¢(x) .
i';—l ' ' — dI dl i
E'is the unit matrix of K x K dimensions. The quantities ypere
P** etc. are given by : -
di=(xi+1—x,-_1)‘l, i=2,3,...,1—1. (32)

++
| A

+ +
P++ — ) Pm . (26)

+ +
| 4

For isotropic scattering P* ™,
Furthermore,

P*~ etc. are all equal.

@7
(28)

Bd n+1f2_Bn’iZﬁ+1f2h7
M1= [M AVn+l/2 +M2 PcVn+1I2]’

We replace U}, 1, U; .1 by the diamond scheme given
by,
+ 1 + +
nel2 =3 Ur +Uz.1),
: (33)
Ui = 3 U; +Uz,1),

Substitution of equations (33) into equations (23) and

. (24) will give us :

Ly a2 Loy (81 0aa7w) 41 ry(m-Lurts c) “Laa
M+ op A 20(@——0¢¢W)+27d<E 0Pt C) — M d
11 1
—QPCA —ZTQU(¢¢TW)—ZTdP+C
loa- -1 sweTw)—L. wp- C .
2 Pe 4" 4 n+1
1] W)+ (5 Lor ) ma|l U
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Lpont —dey(@-Loaatw) Lo (E-Loptt c) 4
M-3p. A ng(cp S obdTW) — 27 (E—7 0Pt C) +3Md
1 1 1 _
zpCA +7 7 (¢¢TW)+ZTda)P +C
]. A_ 1 T 1 -+ —
_§pc +ZTGO'(¢¢ W)+ZwaP C U;:. :l
1 1 1 T 1 1 1 -
M+ p A* _570<¢_§a¢¢, W) —sz(E—in c) +oMyd| LU
S+ B+
+Tg[s_] +Td(1-w)[B,,_], (34)
where E is the unit matrix. Let us define the following and ,
quantities : r(r,n+1)=G*" gt~ (E+ A D). (48)
7t = (q, 1 obdT W) 4 (E _L pt+ C) _ The related source vectors are given by :
2 T 2
! M,d p A* 3 %TgG+_(A+ St +g*~ A" S7), 49)
-+ “—, (35) and
! ! 3" =1,G*(AS{ +g *A*S). (50
—_ 1 T Td 1 -
Zz" = ('I’ 2 Tbd W) + T, (E 2 wP C) N The transmission and reflection operators and the source
M. d + vectors which are represented in equations (45) to (50)
1@ P , (36) are estimated in each shell whose thickness does not
Tg Ty exceed that of a « CELL » having critical thickness
1 _ 1 _1 Tay Note that 7_; is determined by the physical
At = (M +57g Z++> , AT = (M +57g Z") » character of the medium. Using these operators we
(37) calculate the internal field with the help of the procedure
described by Peraiah (1984). The frequency-dependent
1 174 _ PN radiation field thus calculated is transformed on to the
+- _ 2 T r_¢ + _
Y= 2 obd" W+ 21, LIRS g (8) observer’s frame at infinity.
Y-+ = % cbdT W + 1 ; WP+ C + PCTA_ . 9) 3. Discussion of the computations.
§ g Our objective is to compute the effects of the presence of
_ 1 e _ 1 . dust on the formation of the lines. The number of
A=M- 379 z", D=M- 279 z=, (0 parameters is quite large and this results in a huge
1 1 amount of output in the form of line profiles. We have
g = FTgATYTT, gt = 57447 Y™*, (41) chosen trapezoidal points for frequency integration and
: Gauss-Legendre points for angle integration. We have
G- =E-g-g*I'',G*=[E-g*tg T, employed nine frequency points (I =9) with one fre-
) ’ (42) quency point always at the line centre and two angles
T . (m =2) in each half space. Thus the matrix size is
St =St +—(1-w)By*, (43) (18 x 18). With this size of frequency-angle mesh, we
Ty obtain a stepsize which gives solution to the accuracy
_ Ty . permitted by the computer precision. This was done by
St =87 + ,Tg (1-w)By™. (44) subjecting the program for the condition of flux conserva-

Using equations (35) to (44) we can write the reflection
and transmission matrices. These are given by,

tn+1,n)=G*~(A* A+g g *), (45’
t(n,n+1)=G * (A" D+g*g'”), (46)
r(n+1,n)=G *g*E+A"A), (47

tion in a conservatively scattering medium (& =0,
B =0 and w =1). If B and A represent the outer and
inner radii of the spherical shell then we always con-
sidered a shell with the ratio B/A equal to 3.

The velocity of expansion is assumed to satisfy the
equation of continuity, given by

47rtp (r)v(r) = Cst. (51)
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where p(r) and v(r) are the density and velocity of
expansion at the radial point r. The velocities are
measured in Doppler units. We used the electron density
to calculate the optical depth. Equation (51) creates
several sets of variations in density p and velocity of
expansion. We have considered the following sets of
variations together with two cases of dust distribution :

74=Cst. and 7,~7r, (52)
p~r%, v=Cst., (53)

and
p~r3, v~r. (54)

The above sets are considered in conjunction with the
following set of parameters.

e=0 B=0, (55)

and
e=10"° and B =0. (56)
Boundary condition. — We assume that no radiation is

incident from outside the spherical shell at r = B and

r =0, while radiation of unit intensity is incident at

r=A, 1 =71, =T, in the case of a purely scattering
medium. When there is emission from within the
medium, no radiation is made incident at either of the
two boundaries. Thus, we have :

U_(T=T3“'])=1w

Ut(r =0, uy—of > E=0E=0) G
and }

U—(T=T,F",)=0

Ut(r=0,u,)—0[» =0F=0). B

In the case of the boundary condition of the frequency
derivative, we have :

aU (59)

T (@t X = X ) =0

We have set the velocities at r=A as V4, and at
r =B as V which is chosen to be 0(5) 20 Doppler
widths. If the spherical shell expands with constant
velocity, we have :

Va=Vp, (60)
and if there are velocity gradients, then we have :
V4=0 and V3=0. (61)

We describe the profiles in terms of the fluxes integrated
over the whole disc versus the normalized frequency.
The profiles are described in frequency coordinates
because of the fact that we have solved the equation of
line transfer in the comoving frame (Egs. (2) and (3)) in
the normalized frequency coordinates. Moreover it is
customary to present theoretical line profiles in such
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coordinates (see Avrett and Hummer, 1965 ; Avrett,
1966 ; Kunasz and Hummer, 1975). For comparison
between observed line profiles and those calculated from
theory, it is necessary to convert both into the same
system of units, usually, the wavelength units. We do not
find it necessary to do so here as we are not comparing
the profiles with any particular observed line. We define
another quantity Q (which is equivalent to Y in Mihalas
etal., 1975) given by :

(62)

The purpose of this kind of representation is to accommo-
date all profiles corresponding to different velocities in a
single figure. We plotted F,/Fc (Fp and F¢ being the

- integrated fluxes at frequency X, and in the continuum,

respectively) with respect to Q. The results are presented
in the figures for the following parameters :

% = The ratio of the outer to inner radii of the
spherical shell. We have set B/A =3 in all
cases,

€ = the probability per scattering that a photon is lost
by collisional de-excitation,

B = the ratio of the absorption coefficient per unit
frequency interval in the continuum to that at the
line centre,

Vg = the velocity in Doppler units at the point
r = B in the spherical medium,

p = density of the gas,

V= the velocity of expansion of the shell,

T, = total dust optical depth,

T = total gas optical depth at the line centre.

We divided the spherical shell into 30 elementary
shells and computed the emergent as well as the internal
radiation field by using the algorithm described by
Peraiah (1984). The gas optical depths in each shell are
calculated according to the density variation shown in the
corresponding figure. When the dust optical depth is
maintained uniform, say 7, (total) = 2, then each of the
shells will have dust optical depth 7, = 2/30. However,
thlS will change when 7, increases with radius.

‘The profiles are presented in flgures 1-80. In ﬁgures 1-
5, we described the flux profiles for a spherical medium
in which the distribution of dust is constant. The total gas
optical depth is equal to 45. The density changes as
r~2, while the velocity of expansion remains constant
satisfying the equation of continuity given in

- equation (51). This implies that V = V4, = V5 and that

there are no velocity gradients. We increased the value
of V progressively by 5 Doppler units from V =0 in
figure 1 to V' = 20 in figure 5. In all these figures we have
set ¢ = B =0. Each figure contains 6 profiles corre-
sponding to 74, = 0(1) 5. We must remember here that
7,4 represents the optical depth due to scattering by dust
only. The profiles in figure 1 represent emission from
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static medium. We notice that the deepest absorption
core is obtained when there is no dust present. As we
increase the dust content in the medium the absorption
core slowly rises because the dust scatters more photons
into the line core formed in a static medium. At
74 =35, the line shows least amount of absorption. In
figure 2, we introduced a velocity of expansion equal to 5
Doppler units without velocity gradients keeping the
other parameters same as those in figure 1. We notice
that all lines have a uniform blue shift and that the lines
corresponding 7, =0 and 7; =5 have maximum and
minimum absorptions, respectively.

In figure 3, we increased the velocity of expansion V to
10 Doppler units. Although all the profiles show blue
shift, the absorption characteristics do not show a
monotonic behaviour as shown in figures 1 and 2. The
absorption core of the dust free profile is intermediate
between the profiles corresponding to 7,=1 and
74 = 5 which have maximum and minimum amounts of
absorption, respectively, in their cores. Profiles for
V =15 Doppler units show a behaviour similar to those
of figure 3. When V is increased to 20, the profiles
become very narrow and the amount of absorption in the
cores of the lines formed in the presence of dust do not
show any monotonic behaviour. In figures 6-10, we have
presented profiles emerging out of the medium in which
the velocity varies linearly with the radius. This intro-
duces velocity gradients and the amount of dust is kept
constant as in the case of the profiles shown in figures 1-
5. Dust affects the profiles in a different way unlike the
case of figure 1, the dust free profile shows minimum
absorption and the profile for 7, = 1 shows maximum
absorption. For 7,> 1, the dust begins to scatter more
and more photons into the line core, while the profiles
for 0 < 75 <1 indicate that the dust removes photons
from the core of the line. When V4, = 0 and V5 = 5 (see
Fig. 7) the profiles are blue-shifted and the amount of
absorption corresponding to each 7, is non-monotonic.
The profiles in figures 8-10 show characteristics similar to
those in figure 7. We changed the mode of variation of
the dust component in that 7, and the expansion velocity
each is allowed to increase outward with radius and the
gas density is allowed to vary as r~>. The resulting
profiles are displayed in figures 11-15. We notice that
there is slight emission in the wings in the case of static
medium. The dust free profile has minimum absorption
core while the profile corresponding to maximum
amount of dust has deepest absorption core (e.g.
74=>5). It may be noted that the core absorption
increases monotonically with the amount of dust. When
the outer velocity V5 in increased to 5, the symmetric
profile in figure 11 is rendered asymmetric as shown in
figure 12 with red emission and ‘blue absorption similar
to P Cygni type of profiles. Now the monotonic behavi-
our of the absorption core with 7, is disturbed, although
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the profiles corresponding to 7, = 3 have more photons
removed from the core by dust. The profiles correspond-
ing to 0 < 7, < 2 show the fact that dust scatters more
photons into the line core when the medium is expanding.
As the velocity of expansion increases, dust scatters
more photons into the line core as revealed by the
profiles given in figures 13-15 ; while the characteristics
of the P Cygni type profile have been maintained. In
figures 16-20, we kept the density of the gas component
varying as r~? and therefore the spherical shell is
assumed to expand with a constant velocity. Simulta-
neously the dust optical depth is taken to vary as r. The
profiles given in figure 16 corresponding to a static
medium show a monotonic behaviour. However, when
expansion is introduced, this trend is changed as shown
in figures 17-20.

In figures 21-40, we have presented profiles corre-
sponding to £ = 10° and B = 0. We can see that all those
profiles formed in static media show emission profiles
with central absorption. When the dust with optical
depth in the range of 0 < 7;<1 is introduced, the
emission is drastically reduced. A further increase in
74 such that 7, > 2, the line totally disappears with rapid
expansion. When expansion is introduced, instead of two
symmetric peaks of emission we obtain a single peak of
emission. The presence of dust reduces the emission and
in few cases a small amount of blue absorption is
produced. In figures 41-80, we present profiles for
Tgas = 445 and 300 but in media whose physical character-
istics are similar to those studied in figures 1-40. Once
again these profiles show similar characteristics.

4. Conclusions.

We computed line profiles formed in a dusty and
expanding spherical medium. We have considered dust
scattering optical depth as high as 5 but no absorption
due to dust is included. In a static medium, the profiles
show a monotonic behaviour with increasing dust optical
depth. However, in a expanding medium, dust changes
the profiles in a different manner, in several cases the
profiles change variously in a non-monotonic manner.
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FIGURE 1. — Line profiles formed in a static medium with dust.
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FIGURE 3. — Same as those given in figure 2 but with velocity
of expansion equal to 10 Doppler units.
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FIGURE 2. — Line profiles formed in a medium moving with a
constant velocity of 5 Doppler units (no velocity gradients),
with dust.
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FIGURE 4. — Same as those given in figure 2 but with velocity

. of expansion equal to 15 Doppler units.
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FIGURE 5. — Same as those given in figure 2 but with velocity
of expansion equal to 20 Doppler units.
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FIGURE 7. — Same as those given in figure 6 with velocity

gradients and the velocity of expansion V3 = 5 Doppler units.
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FIGURE 6. — Line profiles in a static medium in which the gas
density varies as 7~* and with constant distribution of the dust.
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FIGURE 8. — Same as those given in figure 7 but with velocity
of expansion V3 = 10 Doppler units.
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FIGURE 9. — Same as those given in figure 7 but with velocity FIGURE 10. — Same as those given in figure 7 but with the
of expansion Vg = 15 Doppler units. velocity of expansion V = 20 Doppler units.
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FIGURE 11. — Line profiles formed in a static medium with dust FIGURE 12. — Same as those given in figure 11 but with the

changing proportionately with r and the gas density changing as
-3
r

velocity

of expansion Vg = 5 Doppler units.
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FIGURE 13. — Same as those given in figure 12 with FIGURE 14. — Same as those given in figure 12 but with
Vg = 10 Doppler units. V5 = 15 Doppler units.
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FIGURE 15. — Same as those given in figure 12 but with FIGURE 16. — Line profile formed in static medium in which
V g = 20 Doppler units. dust changes proportionately with r and the gas density changes
-2
. as r -
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FIGURE 17. — Same as those given in figure 16 with no velocity FIGURE 18. — Same as those given in figure 17 but with
gradients but the medium is expanding with 5 Doppler units V= 10 Doppler units.
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FIGURE 19. — Same as those given in figure 17 but with FIGURE 20. — Same as those given in figure 17 but with
Vg = 15 Doppler units. V5 = 20 Doppler units.
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FIGURE 21. — Line profiles formed in a static medium in which FIGURE 22. — Same as those given in figure 21 but the medium
there is line emission and the dust is changing proportionately is expanding with velocity of 5 Doppler units and no velocity

with r and gas density is changing as r~2 gradients.
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FIGURE 23. — Same as those given in figure 22 but with velocity FIGURE 24. — Same as those given in figure 22 but with the
of expansion Vz = 10 Doppler units. expanding velocity Vp = 20 Doppler units.
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FIGURE 25. — Same as those given in figure 22 but with FIGURE 26. — Line profiles formed in a static medium with line

expanding velocity V5 = 20 Doppler units.
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FIGURE 27. — Same as those given in figure 26 but with velocity

gradients and Vz = 5 Doppler units.
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FIGURE 28. — Same as those given in figure 27 but with

V 3 = 10 Doppler units.
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FIGURE 29. — Same as those given in figure 27 but with FIGURE 30. — Same as those given in figure 27 but with
Vg = 15 Doppler units. V 5 = 20 Doppler units.
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FIGURE 31. — Line profiles formed in a static medium in which  FIGURE 32. — Same as those given in figure 31 but with velocity
there is line emission. The dust is distributed uniformly and the gradients and Vz = 5 Doppler units.

gas density changes as >
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FIGURE 33. — Same as those given in figure 32 but with FIGURE 34. — Same as those given in figure 32 but with
V 3 = 10 Doppler units. Vg = 15 Doppler units.
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FIGURE 35. — Same as those given in figure 32 but with FIGURE 36. — Line profiles formed in a static medium in which
Vg = 20 Doppler units. dust is distributed uniformly and the gas density changes as

r~2 with line emission.
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FIGURE 37. — Same as those given in figure 36 but with an FIGURE 38. — Same as those given in figure 37 but with
expansion velocity for V3 = 5 Doppler units without velocity Vz = 10 Doppler units.
gradients. g
10 T T T
| I 1
] - ' .
sk | 8 ]
7 . Un .
6 B/A=3 - 6 B/A :%3 —
€=1x1073 E €=1x10
?. s B=0,Vg=15 ] sl /B=0=20 |
¢ V=Const V=Const
. Pl ™2, T =45 _ o= Pacr 2, T=45 ]
Tg4=Const
3 3 —
2 2l —
1 1
2345 2
0 | | | 0 | | |
10 05 0 05 1.0 -1.0 -05 0 05 10
Q Q
FIGURE 39. — Same as those given in figure 37 but with FIGURE 40. — Same as those given in figure 37 but with

V 3 = 15 Doppler units.
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FIGURE 41. — Line profiles formed in static medium with FIGURE 42. — Same as those given in figure 41 but formed in a
constant dust distribution and with gas density changing as medium expanding with velocity gradients (Vz = 5 Doppler
r=3. The total optical depth T = 300. units).
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FIGURE 43. — Same as those given in figure 42 but with FIGURE 44. — Same as those given in figure 42 but with
V 3 = 10 Doppler units. Vg = 15 Doppler units.
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FIGURE 45. — Same as those given in figure 42 but with FIGURE 46. — Line profiles formed in static medium with
V 3 = 20 Doppler units. uniform distribution of dust and with total gas optical depth
T = 450.
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FIGURE 47. — Same as those given in figure 46 but with

Vs = 5 Doppler units without velocity gradients.
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FIGURE 49. — Same as those given in figure 47 but with

V5 = 15 Doppler units.
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FIGURE 51. — Line profiles formed a static medium with

umform dust distribution and with gas den51ty changing as
. Total gas optical depth T = 300.
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FIGURE 48. — Same as those given in figure 47 but with

Vg = 10 Doppler units.
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FIGURE 50. — Same as those given in figure 47 with

V g = 20 Doppler units.
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FIGURE 52. — Same as those given in figure 51 but with

V 3 = 5 Doppler units and the medium is moving with velocity
gradients.
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FIGURE 53. — Same as those given in figure 52 but with FIGURE 54. — Same as those given in figure 52 but with
Vg = 10 Doppler units. V g = 15 Doppler units.
! T T T
B/A=3,€:0,/3:0
0 - VA:O,VB:O,D«:.Y‘Z
V=const,Tde r,T:450
1= ]
T T T
1 22 ]
)
0 NI .
. @
@ > . |
2 ' B/A:3€:03:0 ]
> VA=0,Vg=20, pecr~3 Ve 1
°c -g— —
- Tgeer, T=300 5
Tg=5
-3k : ] -5 ]
2
1
1. o . -7 _
-5 ] ] | -8 | | |
-1.0 -05 0 05 1.0 -1.0 -05 0 05 1.0
Q Q

FIGURE 55. —Same as those given in figure 52 but with FIGURE 56. — Line profiles formed in a static medium in which
dust density increases proportionately with r and the gas
density changes as r~2 The total gas optical depth T = 450.

Vg = 20 Doppler units.
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FIGURE 57. — Same as those given in figure 56 but with FIGURE 58. — Same as those given in figure 57 but
expansion velocity V= 5 Doppler units without velocity V= 10 Doppler units.
gradients.
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FIGURE 59. — Same as those given in figure 57 but FIGURE 60. — Same as those given in figure 57 but
V 3 = 15 Doppler units. V 3 = 20 Doppler units.
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FIGURE 61. — Line profiles formed in a static medium in which
dust density increases proportionately with r and the gas
density changes as r~2 The total gas optical depth T = 450.
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FIGURE 63. — Same as those given in figure 62 but
Vg = 10 Doppler units.
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FIGURE 65. — Same as those given in figure 62 but

V' = 20 Doppler units.
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FIGURE 62. — Same as those given in figure 61 but

Vg = 5 Doppler units. There are no velocity gradients.
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FIGURE 64. — Same as those given in figure 62 but
gt gu
V 3 = 15 Doppler units.
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FIGURE 66. — Line profiles formed in static medium with line
emission. Dust density increases proportionately with r and the
gas density changing as r~> The total gas optical depth
T = 300.
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FIGURE 67. — Same as those given in figure 66 but with

expanding velocity of V = 5 Doppler units. The medium is
expanding with velocity gradients.
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FIGURE 69. — Same as those given in figure 67 but
Vg = 15 Doppler units.
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FIGURE 71. — Line profiles formed in static medium with line
emission. The dust is distributed uniformly and the gas density
is changing as r~>. The total gas optical depth T = 300.
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FIGURE 68. — Same as those given in figure 66 but

V5 = 10 Doppler units.
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FIGURE 70. — Same as those given in figure 67 but
Vg = 20 Doppler units.
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FIGURE 72. — Same as those given in figure 71 but with

V 5 = 5 Doppler units. The medium is expanding with velocity
gradients.
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FIGURE 73. — Same as those given in figure 72 with FIGURE 74. — Same as those given in figure 72 but with

Vg = 10 Doppler units.

Vg = 15 Doppler units.
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FIGURE 75. — Same as those given in figure 72 with FIGURE 76. — Line profiles formed in a static medium with line

V g = 20 Doppler units.
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FIGURE 77. — Same as those given in figure 76 but with FIGURE 78. — Same as those given in figure 77; but with
Vg = 5 Doppler units and without velocity gradients. V3 = 10 Doppler units.
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FIGURE 79. — Same as those given in figure 77, but with FIGURE 80. — Same as those given in figure 77, but with

Vg = 15 Doppler units.
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