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RESUMEN

El efecto de la dispersién por particulas de polvo en un medio estacionario alrededor
de una fuente en movimiento, es el de ensanchar en velocidades el perfil gaussiano
intrinseco de la fuente. La extensién en velocidad y la intensidad de las alas depende de las
propiedades del polvo y de la profundidad 6ptica del medio. Los modelos tedricos pueden
ser usados para estimar la inclinacién del ‘jet’ con respecto a la linea de vision, la velocidad
de la fuente y €l espesor 6ptico hacia ella. En este trabajo se propone que las diferencias
observadas entre los perfiles de las lineas de [S II] y He en los ‘jets” asociados con HH 34
y HH 47 se deben a diferentes espesores &pticos hacia las regiones que emiten las lineas,
lo cual se puede deber a que estas regiones tienen tamafios diferentes. Se discuten los
efectos de la dispersién en la determinacién del enrojecimiento que supone Unicamente
atenuacién. Se encuentra que el espesor éptico determinado suponiendo Gnicamente
atenuacién, es menor que el espesor éptico verdadero de la region.

ABSTRACT

The effect of scattering by dust particles in a stationary medium surrounding a
moving source is to spread in velocity the intrinsic gaussian profile of the source. The
extent and strength of the wings depend on the dust properties and on the optical depth
of the medium. Theoretical models can be used to estimate the inclination of the jet to the
line of sight, the source velocity, and the optical depth towards the source. We propose that
the differences between the [S 1I] and Ha line profiles in the jets associated with HH 34 and
HH 47 are due to different optical depths to the line emitting regions, which could be due
to different sizes for these regions. The effects of scattering in reddening determinations
that assume only attenuation of the light of the source are discussed. It is found that the
optical depth determined by assuming only attenuation is smaller than the actual optical
depth of the region.

Key words: DUST - HERBIG-HARO OBJECTS - LINE PROFILE - RADIATION
TRANSFER

I. INTRODUCTION (Mundt 1988, and references therein). This charac-
teristic morphology and their line spectra, similar to
that of HH objects and indicative of shock excitation
with shock velocities of the order of 20 to 100 km
s™1 has lead most authors to interpret them as jets
of supersonic material, ramming into the molecular
clouds, and forming a series of internal shocks

(Cant6, Raga, and Binette 1989, and references

Faint filamentary structures in close association
with Herbig-Haro objects and young stellar ob-
jects have been found in recent years in deep sur-
veys in Ho and [S II]. These structures have typ-
ical projected length of 0.02 to 0.5 pc, a width to
length ratio of 0.05 to 0.1, and a knotty morphology

therein).
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km s~!, while in some cases it can be as high as
400 km s™1. Biihrke, Mundt, and Ray (1988) have
found [S II] AX 6716, 6730 emission in the brightest
parts of the jet associated with HH 34. The emission
with a central peak and a structured wing extends
up to 40 km s~ from the central peak. The He

81

* Provided by the NASA Astrophysics Data System



. 81C

1992RWKAA. . 24. .

82 CALVET ET AL.

profile is quite different. Itis broader and the peak
is displaced by about 8 km s™!with respect to the
velocity of [S 11T A 6716. Turthermore, in the jet
connecting ITH 46 and HH 47, Meaburn and Dyson
(1987) found a broad profile in Hee and for [SII],
a structured wing extending ~ 80 km s™1from the
main peak.

Meaburn and Dyson (1987) and Biihrke et al.
(1988) interpret the observed profiles in [S II]
and He as arising from two components of dif-
ferent velocities. The high velocity component
would originate from internal shocks, while the low
velocity component would come from the boundary
layer (Mundt 1988; see also Cant6 and Raga 1991).
The difference in the Ha profile is explained by
having a much stronger low-velocity component in
this line.

In this work, we present an alternative or
complementary explanation in terms of dust scat-
tering in the medium surrounding the emission
region, which has proved to be important in
determining the extended cmission around HH
objects (Noriega-Crespo, Calvet, and Bohm 1991)
and the observed width of jets (Feldman and Raga
1991). Dust particles in the stationary environment
receive and scatter photons emitted by the moving
source; these photons are Doppler-shifted by an
amount proportional to the velocity component of
the source along the direction of the grain. Hence,
the effect for an outside observer of the scauering
by stationary dust particles surrounding a central
moving source is to spread in velocity the intrinsic
profile. The resultant line profile will be charac-
terized by wings, whose strength and extent will
depend on the properties of the dust particles and
on the optical depth of the medium.

In order to estimate quantitatively this effect in
a simple manner, we take a spherically symmetric
homogeneous medium, located around a central
source of finite size. 'We assume that photons
are scattered only once. The single-scattering
approximation becomes inappropriate when the
optical depth of the medium becomes very large;
to improve on this assumption, refined Monte-
Carlo calculations must be performed. We feel that
the exploratory nature of this work justifies our
approximation. Great uncertainty is also found
in the available data on grain properties that are
needed to calculate line profiles, in particular, the
albedo and the asymmetry factor. Although we
refer mostly to the standard interstellar mixture,
we also show some calculations using other grain
sizes. In both cases, dust properties are very
uncertain, so that the examples are mostly meant to
give an idea of the variations of line profiles when
varying the grain properties. When dust scattering
is taken into account, we find that the observed
extended wings can be reproduced with a single

source emitting a gaussian line profile. We also
find that differences in line profiles between lines of
comparable wavelength can be explained in terms
of differences in the optical depth in the respective
line, which could be the result, for instance, of the
different sizes of the emitting regions. For lines with
sufficiently different wavelengths, the wavelength
dependence of the extinction law and albedo will
also result in differences in the profiles.

I1. CALCULATIONS

a) Radiative Transfer

A spherically symmetric source is assumed to
be immersed in a static homogeneous medium,
moving relative to the medium with velocity vs. The
vector velocity v, makes an angle  with the line of
sight. The size of the source is rg, and it is emitting

with an intensity I} = Ioe_("/ ”0)2, where vg is the
intrinsic velocity width.

Photons from the source are reflected by the
dust in the surrounding medium. Since the source
is moving relative to the medium, dust grains
will receive photons, which if scattered, will be
Doppler-shifted by an amount corresponding to
the component of the source velocity along the
direction joining each grain and the source. Each
scattered photon will have a probability, through
the phase function, of being scattered towards
the observer depending on the angle between
the radius vector of the reflecting grain and the
direction of the observer. In this work, we assume
for simplicity that photons are scattered only once;
this will not be a good approximation in the case of
large optical depths. However, note that multiple
scattering will not result in further Doppler-shifts
(since the dust presents no velocity structure),
but simply in a larger probability of escape (and
therefore stronger wings).

We use two coordinate systems with the same
origin at the source center. A system (x,y,z) with
z in the direction of the observer, and a system
(x'y',2') with ' in the direction of vs. The systems
are such that the angle 8 corresponds to the rotation
of system (x',3',2') relative to system (x,),z) around
axis z = z'. We solve the transfer equation for the
specific intensity I, at velocity v:

%{g =n—xl , 0y
z

along each ray specified by constant values of x
and y. In this equation, 7, is the emissivity at
velocity v and x is the extinction (absorption plus
scattering) at this velocity, which is constant over
the line profile. The formal solution of the transfer
equation is
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oo —r(2) ) which can be expressed in terms of the total flux of
I, = [ Nye dz ; 2) the source alone
— 00

where the optical depth is given by

z
r(2) = / xdz - 3)
—00
with the observer located at z = —oo. For rays that

intersect the source, a second term I e~" is added
to the RHS of equation (2).

A grain located at r will receive an intensity from
the central source given by

L7(x) = Ip e~ () e=[(v=vad)/uo)? - 4)

Here, 7r(r) refers to the optical depth in the radial
direction between the source and the grain at radius
r. In the adopted coordinate system, vg.F = v,z /r.
The grain scattering emissivity is given by

w=of Ee@L @ ©

where the integral is taken over the solid angle
subtended by the source, m(rg/r)2. Here, & is the
phase function, © the angle between the incident
and reflected photon, which in the adopted system
is given by cos™!(z/r), and o, is the scattering
coeflicient. For simplicity, we assume that both I} (r)
and © are constant over the source. We use the
Henyey and Greenstein (1941) phase function,

& - 1-¢* ©)
(1+g%- 2gcos@)37§’

where g is the asymmetry factor.

We normalize all quantities, so I, is measured
in units of Iy, v is measured in units of vg and all
distances are measured in units of rg. The observed
line flux at velocity v is given by

F, = /Ivdw = (ro/d)ZIO/I,,dzdy, (7)

where d is the distance to the source. The total flux
in the line is given by

F = (ro/d)zlovo[dxdy/-’vd” ; ®)

F* = x%%(ro/d)Iovo , )
as
F = (F’/vrg/z) /d:vdy /Ivdv . (10)
b) Dust Properties

In this work, we find thatline profiles are affected
by the scattering- of dust in the sense that the
gaussian profile of the source develops “wings”.
The extent and strength of these wings will depend
on the optical depth of the medium and on the
assumed dust properties. The albedo a determines
how much of the source light will be scattered
by the dust, so that the stronger the albedo the
stronger the wings become. The detailed shape of
the profile, on the other hand, will depend on the
asymmetry factor g (see below).

Lillie and Witt (1976) solved the radiative trans-
fer problem in the Galaxy and determined the val-
ues of the albedo and the asymmetry factor that
could reproduce the measurements of the galactic
diffuse radiation obtained with the OAO 2 satellite
at wavelengths between 1550 and 4250 A. Morgan,
Nandy, and Thompson (1976) derived the value of
the albedo at wavelengths 2350 and 2740 A fitting
a theoretical model to the observations of the dif-
fuse galactic background light obtained by the TD-
1 satellite. These values were consistent within the
errors with those determined by Lillie and Witt.
Also, the values of @ and g in the range between 3000
and 18000 A quoted by Mathis (1983) based on
the model of Mathis, Rumpl, and Nordsieck (1977),
agree reasonably well with the values of Lillie and
Witt in the wavelength range where they overlap.
In all cases, the value of the albedo is between 0.2
and 0.7, and the value of the asymmetry factor is
between 0.2 and 0.8, in the range between 3000 and
10000 A. Although these values have large uncer-
tainties, they arc partially based on observations and
we have used them in this work. For standard in-
terstellar mixture (SIM), we adopt the values of the
albedo and the asymmetry parameter as a function
of A from the compilation of Bruzual, Magris, and
Calvet (1988), which is based on the authors quo-
ted above. To obtain an extinction coefficient as a
function of the gas density, we have used the tabula-
tion of grain properties of Draine (1987), assuming
a distribution of grain sizes proportional to a"35 as
suggested by the model of Mathis et ¢l. (1977) and
Draine and Lee (1984).
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Since the profiles depend strongly on the dust
properties, we also present profiles calculated for
large grain sizes which have larger values of @ and g
than the standard interstellar mixture; these grains
can produce wings that resemble more closely
some of the observations. In this case, the grain
properties at a given grain size are taken from
Draine (1987).

III. RESULTS

Each model is characterized by a uniform density
np, a source radius rg and a maximum radius
rmaz. The optical depth to the source is given by
integrating equation (3),

TA = XAMRpT0 ("maz/"o - 1) B (1n)

where x is the dust extinction, considered constant
along the line profile. We find that the resultant
profiles depend, for fixed dust properties and as
long as rmqez >> rp, only on the optical depth at
the given wavelength, that is, they depend on the
individual characteristics of the region only through
the combination given in equation (11). This is a
fortunate result because it reduces the number of
unknowns to only one, if the grain properties are
known, namely, the optical depth at some reference
wavelength.

a) Line Profiles

The emergent line profiles are similar to the
source line profile, attenuated by the intervening
optical depth, although they present more ex-
tended wings produced by dust scattering. To
understand the process of formation of the scat-
tered wings, consider the example shown in Figure
1. Around the axis 2/, defined by the direction of the
source velocity vs, we find cones of constant velocity
v, defined by the condition cosf' = v/vs = constant,
where @' is the opening angle of the cone. On this
cone lay all the dust particles that receive photons
from the source which will be Doppler-shifted by an
amount vscosf’ /c. Figure 1 shows the projections of
these cones on the plane z = 0, for viewing angles ¢
= 0°, 45°, and 90°. The observer is in the direction
of axis z, and the axis y is perpendicular to z in the
plane of the figure, increasing to the right. For 8
= 0°, the cones are symmetric around the common
axis z = 2'. Dust located in the region z > 0, will
Doppler-shift the scattered photons to —v, < v <0,
while dust located in the region z < 0, will shift
them to 0 < v < +wv,. For 8 = 90°, dust located
in the region y < 0, will Doppler-shift the scattered
photons to —v, < v <0, while dust located in the
region y > 0, will shift them to 0 < v < +v,. For
intermediate angles, dust located in the hemisphere

defined by the condition 2! > 0, will Doppler-shift
the scattered photons to —v, < v < 0, while dust
located in the hemisphere z' < 0, will shift them
to 0 £ v £ +v,. The physical regions emitting
the scattered photons are clearly separated in the
velocity domain. The order of the regions would
be reversed if the source was receding from the
observer, rather than approaching it.

The wings of the emergent line would not
generally be expected to be symmetrical around the
line center. On the one hand, the wings generated
by dust scattering cover a range of velocities from
—v, to +vy, while the intrinsic profile of the source
is centered at vscosf. On the other, the amount
of energy scattered at each velocity depends on
the phase function of the grains and also on the
extinction to the scattering grain within the region,
as described below.

Dust particles located at the same distance r
from the source will receive radiation attenuated by
the same radial optical depth. The rate at which
they will re-emit this radiation in the direction of
the observer will depend on the phase function,
which in turn, will depend on the angle © and the
asymmetry factor g. If scattering is isotropic, g =
0, then photons are scattered in the direction of the
observer at the same rate by all dust particles. On
the other hand, if g tends to 1, then dust located
between the source and the observer, close to the
axis z, where ® ~ 0 will scatter photons at the
highest rate. Figure 2 shows the comparison of
profiles calculated with r ~ 1 and @ ~ 0.6 for ¢
= 0.002 and g = 0.8, for the case vs/vg = —20
and § = 0° and 90°. In the case of isotropic
scattering dust scatters photons at an even rate at all
velocities, while in the case of large g dust scatters
more photons with v ~ —uv,, for § = 0°, and with
v ~ 0, for § = 90°, and less photons with v ~ 0,
for 8 = 0°, and with v ~ Fwv,, for 8 = 90°, than
in the isotropic case. The resultant line profiles are
significantly different, as shown in Figure 2.

The extinction of the different scattering regions
also affects the energy emerging at each velocity,
because of the spatial distribution of the emission.
For instance, for § = 0°, photons scattered at po-
sitive velocity are more extinguished than photons
scattered at negative velocities (see Figure 1). For
6 = 90°, on the other hand, the energy scattered
at &+ v is attenuated similarly if the medium is uni-
form, and wings are expected to be symmetrical. At
intermediate angles in between, we expect different
emission throughput at + v, since photons scattered
by dust along the cones of constant velocity at + v,
travel different path lengths through the cloud and
are extinguished in different amounts. For exam-
ple, for 8 = 45° in Figure 1, photons at a given —v
come from the region above the line marked v =
0 in the figure, while photons at the corresponding
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Fig. la. Positions of the constant radial velocity lines
“for different directions of the source velocity vector in
the g)lane x = 0. The inclination to the line of sight, §
= 0°; the scattering angle, ©, is indicated.

Fig. 1b. Same as Figure 1a for 6 = 45°,

Observer
z
=)
-ve < v<O0 I 0 < Vv < +v,
>
vV o= -V v = +Vg
pr
VS
v, < v<O0 0 < v < +vg
6 = 90°

Fig. lc. Same as Figure la for § = 90°.
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Fig. 2. Comparison of profiles calculated for g = 0.002 and for g = 0.8. In both cases, 7 ~ 1, a@ = 0.6. va/'vo = —20.

velocity +v come from the region below this line,
and are overall more attenuated than those emer-
ging at —v. The flux due to dust emission is there-
fore not symmetrical in the range —v, to +v,, and
the asymmetry might be more pronounced if the
medium is not uniform.

Figure 3 shows line profiles calculated for: (a) the
standard interstellar mixture, and (b) a grain size
ofa = 0.2 pm, for v = 1, 5, and 10, where 7y is
the optical depth at 0.55 pm. The calculations are
presented for wavelengths 0.4000, 0.6563, and 1.00
pm and correspond to the § = 90°. Figures 4 and
5 show similar results for # = 0° and 6 = 45°, re-
spectively. The assumed properties for the grains
are given in Table 1. The source velocity in units of
vg has been taken as v, = —20; taking vp ~ 5 — 10
km s~1. This value of v, corresponds to velocities
of the order of those observed. In all the figures,
profiles are normalized to the peak flux. For com-
parison, a gaussian line profile is shown as a dashed
line. If the sign of the source velocity was changed
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to positive, profiles would be similar to those shown
in Figures 3 to 5, but with —v of the axis changed to
+v.

Profiles shown in Figures 3 to 5 illustrate the
comments presented at the beginning of this sec-
tion. The higher the value of 7y, the stronger are
wings around the intrinsic line profile of the source,
since in this case the number of scatterers is larger.
The effects are more pronounced at shorter wave-
lengths, since the extinction and the albedo are
higher. Comparison of the profiles between the two
grain mixtures for ry = 10at X = 1 gm clearly shows
this effect. The higher extinction and albedo in the
case a = 0.2 um results in stronger wings as com-
pared to the SIM. In the case § = 90°, profiles are
symmetric, while those at # = 45° are not, as ex-
pected from the discussion above.

The effects of the asymmetry factor can best be
seen comparing the series for different wavelengths
at 7y = 10 and ¢ = 0.2 pm (Figures 3b, 4b,
and 5b), since in this case both the extinction and
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TABLE 1 1'5)(10-3 i H i \ T i T i T T T T T
| siv A i
ASSUMED GRAIN PROPERTIES B v = 10 / \\ )
L A = 06563 .
X (zm) 0.4000 0.4861 0.6563 1.0000 L oo . ]

SIM
ay 0.67 0.63 055 0.42
gx 0.63 055 044 024
a =0.2pum
ay 0.757 0.758 0.744 0.703
)Y 0.675 0.658 0.554 0.383

the albedo are approximately similar at all wave-
lengths, while the phase function decreases as the
wavelength increases (see Table 1). As A decreases
and g increases, there is more flux at velocities
around vgcosd, due to the increased focusing action
of the phase function.

An important effect shown in Figure 5 is that, at
large 7y and g, the center of the line shifts towards
smaller absolute velocities, for the case § = 0°. This
effectis due to the increasing importance of the dust
contribution rélative to that of the source, as can be
seen in Figure 6, for the case 7, = 10 at A = 0.6563
pm. Figure 6 shows the (extinguished) source
emission, the dust emission, and the resultant total
profile.

To understand this effect physically, we have
developed an analytical model for the case § = 0,
that is, v, along the line of sight pointing towards
the observer. Consider spherical coordinates. The
observed line flux at velocity v can be written as

Tmaz [T
Py = (1/a)? / / noe~ " 2nr2sin0d0dr, (12)
0 0

where z = z(r,0), and 7(z) = [;™**xdz, with

Zmaz = (rmaz?® — rzsin2@)l/2. From equations (4)
and (5), the emissivity is given by

T = (00/4)2(0)(ro/d) Toe ") x

x e—[(u—u,cos@)/uo]2 ; (13)
and then,

k.3
Fy = (00/2d%)mrollo f 3(6) x
0

% c‘[(”_”'.co’@)/”olzsin@A(@)d@ , (14)

107 |- [ —

|-
! )/
- i Source B

Lo
SN Dust

5107 |-

-30 -25 -/20 — —‘15 ' -10
Fig. 6. Components of the line profile for the case v
= 10 and A = 0.663 pm, SIM. The dust component
introduces a shift of the resultant line profile relative to
the source line profile.

2
g.
I

/ e ) ()] gy 15)

0
The term in brackets in equation (15) represents
the total optical depth of a photon that is emitted
at an angle © and is scattered at a distance r from

the source. For a spherical, homogeneous cloud of
radius rmaz, this is given by

p = 1(r) + 7(2) = x[r(1 — cos®) +
+ (rmaz2 - 1’2sin2@))1/2 —ro] - (16)

For the hemisphere ©® = 0 to © = /2, the total
optical depth is nearly constant (independent of ©),
provided that rymaz >> ro, with a value

T & X'maz . a17)

Dust particles in this hemisphere will scatter pho-
tons with velocities in the range (—v,,0). Therefore,
for this velocity range,

A(O) = rpgge XTmes (18)
and then

Fo n (00/2d%)mrg Iormase XmesP(s),  (19)
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where

1
P(v) = / B(p)ellove/volqy (90

-1

and p = cos®. Under these approximations, P(v) is
the function that determines the profile of the dust
emission.

We may consider two limiting cases:

(1) v4 = 0, for which
P(v) = 2e=(v/va)* 21)

which represents a gaussian profile centered at zero
velocity, and

(i1) vo << vy, for which, if &(u) does not change
significantly within the width (Ag = 2vg/ | v, |) of
the gaussian function in the integrand of equation
(20),

L L L O O A

Vo/ Ve = —20

l|||ll|lll|'|ll|l!||

-20 -15 -10 -5
v/ Vo

1 2
P(v) ~ (vV7/2)8(u) / ello—oum)/ool gy (99

-1

where p* = v/v, for |v| < | v, |, and p* = 1 for
[v] > |vs], s0

P(v) = (v7/2)®(n*)(vo/vs) x
vy + v

0

Vs — v

x lerf(

) +erf(

)] (23)

If u* = v/vy, << 1, the term in square brackets in
equation (23) is ~ constant = 2, that is, the integral
in equation (22) behaves essentially as a §-function
with limits —oo and co. The velocity dependence of
the line profile is determined basically by &(u* =
v/vs); if g << 1, ® ~ 1, and the profile is nearly
constant. As g increases and scattering becomes
more anisotropic, the line profile becomes more

LI B LA B B B B B
25 —
2 —
158 —
d =
.05 —
0.3 ]
0.1 ]
0 0.001 |
I TR SRR AR AR AR
-20 -19.5 -19 —-18.5
v/ve x 0.1

Fig. 7. Dust emission calculated from equation (20), shown for two values of v, /vo and several values of the asymmetry
parameter g. Values calculated with equation (23) are shown as filled squares for the case vy /vg = —20 and g = 0.5.

Curves are labeled by the value of g.
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dependent on v. On the other hand, for p* closer
to 1, the effects of the angle-cutoff (¢ < p*) in
the limits of the integral in equation (22) become
important and the term in brackets becomes less
than 2. This effect is less noticeable as vg decreases
and the gaussian is narrower. For a large value of
g, the dust emission has a maximum displaced from
the source velocity, because of the cut-off at v & v,.
In Figure 7 we show the dust line profiles obtained
by numerical integration of equation (20) for vg Jvs
= —20 and vg/vs, = —200, and several values of
g- These profiles illustrate the considerations made
above. We also show in Figure 7 the profile given
by equation (23) for ¢ = 0.5. We can see that, in this
case, the agreement is satisfactory.

The assumption used in deriving equations (22)
and (23), namely, that &(u) does not change signifi-
cantly within the width of the gaussian function in
the integrand of equation (20), is valid if vg <<| vs |
and g is not near unity. In particular, for isotro-
pic scattering (¢ = 0, &(u) = 1), equation (23) be-
comes exact. This approximation breaks down as
g — 1. This is due to the fact that $(p) becomes
steeper as ¢ — 1 and cannot be considered constant
in equation (20). We can quantify this statement by
considering the relative change of () around p*
within the width Ay = 2vg/ | v, |, given by

1 dd
= (=) aAp*.
v ‘f’(#‘)<du*>u~ g &9

From equation (6), this equation can be written as

6g vo
= , (25)
4 (L+ g% —2gp*) | v, |
which has a maximum value for pg* =1,
6g V0
Ym = 26
R T N @6)

Then, we expect equation (23) to be valid for
Ym << 1 (g = 0oruvy/ |vs | — 0), and to break
down for ¢, =~ 1 (¢ — 1). In this latter case, we
can improve our approximation by expanding ®(u)
around g*. For instance, expanding at first order

P(p) =~ ®(p*)+ <;§,> (b —p), (27)
"

equation (20) becomes,
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P(v) ~ (v7/2)®(u")(vo/vs) X

vy — v

x lerf(

vg +v
Vo

) +erf( )]

Vo

6g

(l_jLWj@(u‘)(vo/vs)2 x

-(3/2)

)[R R (28)

Better approximations can be obtained by consider-
ing higher orders in the expansion of &(u).

b) Reddening Determination

Although no determination of reddening has
been made directly on any jet, it is usually assumed
that the extinction is similar to that found towards
HH objects. In turn, this extinction has been deter-
mined using the ratio of hydrogen lines or using the
ratio of optically thin forbidden lines arising from
the same upper level. These determinations usual-
ly assume that the extinction law is that of the stan-
dard interstellar mixture and moreover that only at-
tenuation is present, without considering the effects
of scattering. The latter effect, however, can dis-
tort the determination of the extinction of the re-
gion, with the consequent complication for compar-
ison with theoretical models. We can use our cal-
culations to estimate the error that would be made
if only attenuation is taken into account. To do
this, we calculate the ratio (Fy, /Fy )/(Fx,/Fy,) and
the apparent optical depth 7 by equating this ra-
tio to exp [—(ry,/7v — 5, /7v)7y]. In Table 2 and
in Figure 8 we show the apparent optical depth as-
suming that only attenuation is present, 7y}, versus
the true optical depth, 7y, for the standard inter-
stellar mixture and for @ = 0.2 pm. The apparent
optical depth has been calculated using two sets of
wavelengths: (a) for 0.4 and 1 gm, which is meant
to simulate the reddening determination using the
[SII]lines at 0.4068 and 1.0287 pm, 7y ([S I1]), and
(b) for Ha/HB, v (H), (only ry ([S II]) is shown in
Figure 8). Comparison between the true and ap-

TABLE 2

TRUE AND APPARENT OPTICAL DEPTH
v g (SH) rp(H)  1v g (S 7y (H)
SIM a=02pm

1 0.55 0.54 1 0.42 0.35
5 3.96 4.00 5 3.83 3.65
10 8.71 8.79 10 8.56 8.19
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Fig. 8. Apparent optical depth versus actual optical
depth. Results are shown for the standard interstellar
mixture and for a grain size @ = 0.2 pm.

parent optical depths indicates that dust acts as an
additional source of photons to the source proper,
by scattering source photons towards the observer
that would be lost if dust were not present. The sys-
tem, source plus dust, is then intrinsically brighter
than the source plus absorbing dust alone and the
apparent optical depth is lower than the true one.

Apparent optical depth determined for different
sets of indicators gives different results, as shown
in Table 2. The differences are more significant in
the case of large grains than for the SIM, although
in both cases they may be within the observational
€rTorsS.

In general, the optical depth determined by
assuming only attenuation is lower than the actual
optical depth in the region. Figure 8 can be used
to get an estimate of the difference between the
apparent and the actual optical depth. Different
reddening indicators may give different values for
the (apparent) optical depth, because the amount of
scattered light at given wavelengths depends on the
particular dust characteristics at that wavelength.

IV. DISCUSSION

a) Effect of Multiple Scattering

In the previous section, we have shown line pro-
files for the case in which light from a moving source
is scattered by a static dusty medium surrounding it.
We have applied the treatment even to the case of
large optical depths, which may be questionable gi-
ven the single-scattering assumption. In any event,
extended wings are always produced, because their
existence depends only on the relative velocity be-
tween the source and the first scatterer. For any
photon, subsequent scatterings do not change the
velocity position within the line profile. -

© Universidad Nacional Auténoma de México * Provided by the NASA Astrophysics Data System

Since we have assumed that each photon is
scattered only once, the emissivity at each point
in the medium is determined only by the energy
scattered from the central source. In the case of
multiple scattering, the emissivity at a given position
in the profile would have an additional contribution
from photons scattered by other particles in the
medium towards that point. On the other hand,
when we integrate along each line of sight, we
calculate the optical depth using the total extinction,
that is, absorption plus scattering. We are therefore
naturally including the case of multiple scattering
in the calculation of the emergent flux. Hence, in
the integration along each line of sight, we calculate
properly the amount of energy taken out of the line,
but do notinclude all the photons that are scattered
back into the line of sight. We then expect that the
amount of energy coming out at a given velocity
will be underestimated by our treatment for the case
of large optical depths. The line wings calculated
by us are then lower limits to the true wings. The
underestimation will increase as the optical depth
of the medium increases. Monte Carlo calculations
with multiple scattering but correspondingly larger
v, could show to what extent the profiles are the
same as those calculated here with single scattering.

b) Comparison with Observed Profiles

The comparison of theoretical line profiles with
observations can give an indication of the strength
and the direction of the source velocity relative to
the line of sight. For instance, the [S II]A) 6717,
6731 line profiles in knots E+F of the jet associated
with HH 34 (Bihrke et al. 1988), located at the
beginning of the bright region in the jet, have a wing
thatextend towards velocities less negative than that
of the peak. The position-velocity diagram in [S I1]
A 6716 shows that the position of the peak shifts
towards a less negative velocity and wings develop
in both sides of the peak further down along the
Jet. Comparison with line profiles in Figures 4 to
6 suggests that when the jet is coming out of the
cloud, it is moving at a small angle to the line of
sight, producing profiles similar to those in Figure
5. Further down it bends towards larger angles,
and the profiles are better described by those in
Figure 5. In this model, the observed velocity of
the peak at knots E+F would be indicative of the
source velocity, while that at knots G-K would be
vy cosfl. If we assume that bending does not change
the source velocity, then a bending of ~ 28° would
be required to explain the observations. Meaburn
and Dyson (1987) show line profiles for the [S IT]AA
6717, 6731 and He lines in the jet HH 47B. In this
case, comparison with theoretical profiles suggests
that we are seeing the jet at inclinations 6 ~ 45°,
since the wings are asymmetric (in He), with the
blue wing falling more sharply than the red wing.
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Comparison with theoretical line profiles can
also give an indication of the optical depth in the
medium and of the size of the source. In both cases
discussed above, namely, the jet associated with HH
34 (knots E+F) and HH 47B, it is noticeable that
the [S IT]AX 6717, 6731 profiles and the Ha profile
are different. In the first case, while the [S II]
lines have a red extended wing superimposed on a
well defined approximately gaussian peak, the Ha
profile has a smaller contrast between the peak and
the red excess, and moreover the peak is shifted
towards velocities redder than those of the peak of
the [S II] lines (Biihrke et al. 1988). In the case of
HH 478, the Ha profile shows strong wings, while
these are much weaker in the [S II] lines (Meaburn
and Dyson 1987). The difference in both cases
can be understood in this model as indicative of a
larger optical depth towards the region where the
Ha line forms than towards the region where the
[S II] lines form. The “fat” profile in Ha in the
HH 34 jet, where the peak is shifted relative to
the source velocity (as given by the peak velocity
of the [S II] lines) can be understood in terms of
optical depths ry > 5, considering that the profiles
shown in Figure 5 have only lower limits for the dust
scattering component. In contrast, optical depths
7v & 1 could explain the [S II] wings for this object.
A similar explanation could be applied to HH 47B,
where v = 5 could explain the Ha profile, while
7v < 1 could be appropriate for the [S II] lines.
The difference in optical depth could be due to a
different size of the emitting region, with the region
emitting Ho being 4 to 5 times smaller than that
emitting the [S II] lines.

~ The detailed calculated profiles do not agree with
the observed ones. In particular, the calculated
wings are smooth and do not reproduce the smaller
peaks interpreted as the low velocity component.
However, inspection of the direct images of the
jets discussed indicate that the spatial distribution
of these smaller peaks and even their velocity
vary. In our discussion of dust scattering we
have assumed that the medium was uniform. If
it is not, then one would expect a wing with an
overall shape as that calculated, but with excesses
or deficits of emission depending on the density
of the regions where the flux at the given velocity
would be coming from. In addition, it is likely that
including multiple scattering in the calculation of
the emissivity will improve the comparison in future

studies. Nonetheless, the results presented here are
encouraging enough to justify these future studies.

V. SUMMARY

The main results of this work are:

1) We have found that the result of scattering by
dust particles in the stationary medium surround-
ing the moving gas that forms the jet, is to produce
extended wings in the line profiles. The strength
and extent of these wings depend only on the dust
properties and on the optical depth of the medium.

2) With the scattering hypothesis, the overall
shape of the extended wings seen in the [S II] AA
6716, 6730 and in the Ha lines, in observed jets,
can be explained. Comparison with theoretical line
profiles can give estimates of the inclination of the
Jjet to the line of sight, of the jet velocity, and the
optical depth towards the source.

3) In regions where there is a large amount of
dust, reddening determinations which include only
the effect of attenuation are not correct. Scattering
by dust acts as an additional source of photons,
so that lines appear brighter and the derived
optical depths smaller than they really are. The
difference between the true and apparent optical
depth depends on the dust properties of the region.
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