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ABSTRACT 

Recent spectrophotometric observations of the Herbig-Haro 1-2 system by Solf and Böhm show in the 
position-velocity diagrams of Herbig-Haro 1 a faint broad blueshifted emission in front of it. The effect 
appears strongly in the [O i] 26300/63 and [S n] 26716/31 emission lines. We assume that this emission is 
produced by light scattering by dust in the preshock region. We present a series of theoretical position- 
velocity diagrams in [S n] 26731, based on the single-scattering approximation. The models assume a spher- 
ical emitting source moving through a stationary gas cloud. The theoretical position-velocity diagrams with 
optical depths between ~0.1 and 0.01 seem to account for the broad blueshifted emission and its integrated 
intensity. 
Subject headings: radiative transfer — stars: circumstellar shells — stars: pre-main-sequence 

1. INTRODUCTION 

Herbig-Haro (hereafter HH) objects are associated with the 
strong supersonic collimated winds (jets) generated by pre- 
main-sequence stars (Mundt 1985,1987). The interaction of the 
ejected matter and the surrounding medium is through shock 
waves, and therefore the emitted spectra resemble that of the 
recombination region behind a shock wave (Schwartz 1975). 
Their spectra are very bright in the neutral lines of [N i] 25200, 
[O i] 26300/63, and [C i] 29823/49, as well as in the low exci- 
tation lines [S n] 26716/31, among others. The hydrodynamic 
interaction takes place in the working surface, where wind 
material is abruptly decelerated and the environment is super- 
sonically struck (e.g., Raga 1988; Hartigan 1989; Blondin, 
Fryxell, & Königl 1990). If the density of the jet is larger than 
that of the surrounding medium, then the flow looks like a bow 
shock, i.e., similar to that produced by a blunt obstacle in a 
supersonic flow (e.g.. Raga 1988; Hartigan 1989). Some note- 
worthy exceptions to this kind of flow are, for instance, HH 43 
(Böhm & Solf 1990) and HH 7-11 (Hartigan, Raymond, & 
Hartmann 1987; Solf & Böhm 1987). 

Since HH objects are found in star-forming regions, it has 
been recognized for some time that dust scattering can be 
important in their environment and in the objects themselves. 
The presence of dust scattering has been inferred mostly from 
the measurement of linear polarization (see, e.g., Strom et al. 
1985; Scarrot 1988; Scarrot & Warren-Smith 1988). Dust scat- 
tering has typically been detected in their surrounding medium 
(see, e.g., Strom et al. 1985, 1986), and in some cases in the HH 
objects’ continuum emission (see, e.g., Strom, Grasdalen, & 
Strom 1974b; Strom, Strom, & Kinman 1974a; Schmidt & 
Miller 1979; Cohen & Schmidt 1981). 

Recent observational results by Solf & Böhm (1991) have 
shown that interesting conclusions about the properties of the 
HH 1/HH 2 system can be drawn from the detailed spectro- 
scopic study of dust scattered emission lines in the environ- 

ment of this system. The system is believed to consist of bipolar 
jets originating in the young stellar object VLA 1 (Pravdo et al. 
1985). In HH 1 the working surface of the jet shows a clearly 
observable bow shock (Choe, Böhm, & Solf 1985; Raga et al. 
1988), whereas the working surface connected with HH 2 
shows a much more complicated structure (see, e.g., Cantó & 
Rodríguez 1986) which is not yet fully understood. It is impor- 
tant to note that the axis of the flow in the jet and the HH 
1/HH 2 system lies in the plane of the sky (Herbig & Jones 
1981), and therefore the radial velocities are quite small but the 
radial velocity dispersions due to the bow shock structure are 
large, particularly in HH 1 (see, e.g., Böhm & Solf 1985). 

Recently it has become possible to study the position- 
velocity (p-v) diagrams (spatially dependent line profiles) of 
strong emission lines in the preshock region, i.e., in front of the 
HH 1/HH 2 objects (Solf & Böhm 1991). These line profiles, 
especially in the preshock region of HH 1, show a rather large 
blueshift in addition to a large velocity dispersion, with cen- 
troid radial velocities of ~ — 150 km s-1 and velocities in the 
blue wings of ~ -300 km s-1, i.e., they differ drastically from 
the line profiles inside the HH objects. The best interpretation 
of these effects seems to be the following. The dust in front of 
HH object, which is essentially at rest with respect to the obser- 
ver, “sees” strongly blueshifted radiation from the rapidly 
approaching HH object. This blueshifted line radiation is scat- 
tered toward the observer without any further change in 
Doppler shift (because the dust is essentially at rest). A similar 
effect seems to take place in the surrounding halo of the active 
galaxy M82 (see, e.g., Solinger & Markert 1975). Models of the 
light scattering by dust in the outflowing gas in M82, for 
instance, have been used to explain the observed Ha emission 
line polarization (see, e.g., Visvanathan & Sandage 1972; Sol- 
inger, Morrison, & Market 1977; Scarrot & Easton 1990). The 
dust in the outflowing gas in this case acts as “moving 
mirrors.” For HH 1 we think that the “ mirrors ” are essentially 
at rest and the object is moving. 
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The “ light scattering ” effect in HH 1 is best seen in the [S n] 
A6716/31 and [O i] /16300/63 emission lines, while in other 
lines there seems to be also “ in situ ” line formation (see Solf & 
Böhm 1991 for details). If this scenario is correct, it has a 
number of important implications. It would be possible, at 
least in principle, to measure matter velocities perpendicular to 
the line of sight. Proper motions certainly also measure velo- 
cities in the plane of the sky (Herbig & Jones 1981,1983), but in 
this case it is not obvious whether we really observe material 
motion or just the state of excitation moving through the 
material. In view of these facts it would be highly interesting to 
attempt a theoretical study of the process proposed above. In 
the present paper we shall attempt a first exploration of the 
problem using a number of rather drastic approximations in 
order to keep the problem reasonably simple. Specifically, we 
have calculated a series of theoretical p-v diagrams in the [S n] 
A6731 emission line. The diagrams are generated from numeri- 
cal radiative transfer models of single-scattering of photons 
emitted by a moving spherical source, which are scattered by 
the dust in a spherical static gas cloud. 

We have concentrated on a small number of parameters, 
given our limited knowledge of the dust conditions around HH 
objects, and the available observations. In § 2, we describe the 
assumptions and techniques for the numerical models. In § 3, 
we present the result from the models and discuss their conse- 
quences. In § 4, we summarize our conclusions. 

2. THE SCATTERING MODELS 

2.1. The Radiative Transfer 
In order to simplify the problem, we have approximated the 

HH object by a moving spherical light source. We consider a 
source of radius r0, surrounded by a static spherically sym- 
metric homogeneous cloud of radius rc and density nH. 

We assume that the emission line in the source (before the 
scattering process occurs) has an e-1 width described by a 
velocity v0. The whole source is moving with a velocity vs. 
These assumptions are approximations. In reality different 
parts of the HH object have different hydrodynamic velocities 
which we simply approximate by a single velocity vs plus an 
(isotropic) Gaussian velocity distribution. Our justification for 
this approach is the following. Most of the bow shock line 
emission comes from a rather limited spatial range near the 
stagnation region for which the velocity dispersion (along the 
direction of the jet flow) is only moderate. It is probably not 
too critical in which way the source velocity dispersion is 
approximated. The large width of the scattered line is primarily 
generated in the scattering process itself (see below). It is of 
course true that in the long run a detailed model of the 
emission-line scattering using a realistic HH object model as a 
radiation source should be calculated. This, however, would be 
a rather complex computation which, in view of our limited 
knowledge of the dust distribution near HH 1, may not yet be 
justified. 

In the present paper the photon-scattering process has been 
included in its most simple form, in which each photon is 
scattered just once, i.e., the single-scattering approximation. 
The assumption is good as long as the optical depth (t) is t < 1, 
for t > 1 the single-scattering approximation breaks down, 
and multiple-scattering must be included (Witt 1977). The radi- 
ative transfer method that we follow is similar to that of Calvet 
et al. (1990) in their study of scattered light around jets associ- 
ated with HH objects. 

The radiative transfer equation is solved in a spherical 
geometry where the radial and angular coordinates are gener- 
ally r and p = cos 0, where 9 is the angle between r and the ray 
direction (e.g., Mihalas 1978, p. 245). The method considers a 
set of parallel rays specified by an impact parameter p and a 
distance z along the ray measured from the source, in such a 
way that the radial coordinate is defined by r = (p2 + z2)1/2 

(e.g., Hummer & Rybicki 1971). 
The source has a velocity vs and subtends an angle 9 with 

respect to the observer, such that vs • n = vs cos 9, where « is a 
unit vector along the line of sight. The source emits an intensity 
IVs = ¡o [exp — (iV^o)2]» where v0 is the velocity width (see 
above). 

The photons emitted by the source are scattered by the dust 
in the cloud, and because of the source motion, the photons are 
Doppler-shifted by the velocity component in the direction 
toward each grain. If the cloud is static, i.e., with no very large 
internal motions, then photons in the direction of the motion 
are blueshifted, while in the opposite direction they are red- 
shifted. The scattering properties of the dust grains can be 
specified by an albedo and a phase function (see § 2.2). The 
phase function depends on the scattering angle 0 measured 
with respect to the radial position of the grain and the line of 
sight (e.g., Witt 1977). 

The transfer problem can be solved by considering different 
light rays and their behavior in two reference frames centered 
on the source. One frame (x, y, z) with z pointing toward the 
observer, and another one (x', /, z') with z' along the source 
velocity. A dust grain at position r receives from the source an 
intensity : 

Iv(r) = Ioe-r(r)e[-(v-vr/vo)]2 ? ^ 

where I0 is the source intensity and t(i*) is the optical depth 
along the radial direction r between the source and the grain, f 
is a unit vector along r, and e~x{r) is the attenuation suffered by 
the source intensity. The optical depth is given by 

Ár)= i Xvdr , (2) 
J- 00 

where xv is the extinction at velocity v, and v • r = vz'. The 
observer receives a grain scattering emissivity 

flv = ^v j > (3) 

where av is the total scattering coefficient (see, e.g., Mihalas 
1978, p. 30), Q> is the phase function, and 0 = cos-1 (z/r), i.e., 
the angle between the incident and the scattered photon. The 
integral in equation (3) is carried over the solid angle sub- 
tended by the source n(r0/r)2. A simple analytical approx- 
imation to the phase function is given by Henyey & Greenstein 
(1941) 

(1 + g2 — 2g cos 0)3/2 ’ 

where g is the asymmetry factor. We can write then the transfer 
equation along each ray for a given (x, y) for the specific inten- 
sity Iv at velocity v as 

dlv 
ß-^ = nv-Xvh> (5) 

where rjv is the emissivity and p = cos 9. The transfer equation 
is solved for a normalized intensity Iv> = IJI0, at each normal- 
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ized velocity v' = r/r0 along each (x/r0, y/r0) ray. If à is the 
distance to the source, then the observed flux is 

¿V = ^ Ivdœ = (r0/d)2I0 J Ivr dx dy . (6) 

And finally the total flux of the line centered at frequency v0 is 
given by 

Iv,dv' . (7) 

2.2. The Dust Properties 
The probability that a photon becomes either absorbed or 

scattered by a dust grain depends on the photon’s wavelength. 
This probability is measured by the albedo, aA, of the dust 
grain, which is a function of the wavelength (Lillie & Witt 
1976). Thus larger values of ax imply a higher probability for 
the photon to be scattered than to be absorbed. 

The pattern of the scattered radiation as a function of direc- 
tion is measured by the phase function (e.g., Martin 1978, p. 
58). We use the parametric form of the phase function devel- 
oped by Henyey & Greenstein (1941) (see eq. [4]). In this case 
the phase function is determined by the asymmetric factor, gXi 
which is a parameter that measures the average cosine of the 
angle of the scattered light as a function of wavelength (Lillie & 
Witt 1976). 

The values of ax and gx can be determined by comparing, for 
instance, the observed Galactic extinction curve with those 
produced by radiative transfer models. Such transfer models 
depend on the dust grain size distribution and their mixture 
(e.g., Mathis, Rumpl, & Nordsieck 1977; Draine & Lee 1984). 
From the compilation of the values of ax and gx carried on by 
Bruzual, Magris, & Calvet (1988), we find that in the “optical 
range,” ax varies from 0.63 ± 0.15 at 3000 Â to 0.55 ± 0.10 at 
7000 Â, while gx varies from 0.74 ± 0.05 at 3000 Â to 
0.40 ± 0.05 at 7000 Â (e.g., Bruzual et al. 1988, Fig. 1). For our 
theoretical p-v diagrams, we have chosen values of ax = 0.54 
and gx = 0.42, i.e., centered at the [S n] A6731 wavelength. 

2.3. The Effect of the Optical Depth 
The optical depth for a cloud of density nH and radius rc is 

determined by equation (2). The integrated optical depth of the 

spherical cloud is then given by 

l) > (8) 

where kx is the dust extinction cross section per hydrogen atom 
(H), which relates the hydrogen density with the fraction of 
dust in the cloud. The radius of the source is r0. The value of kx 
depends on the extinction curve, and therefore, on the grain 
size distribution and the chemical mixture. For a power-law 
distribution of sizes a, n(a) cca~3 5 with 0.005 < a < 0.25 //m, 
and a graphite-silicate mixture (Mathis et al. 1977; Draine & 
Lee 1984), which reproduces quite well the observed “ average ” 
extinction curve (see, e.g., Savage & Mathis 1979, Table 2), kx 

varies, for instance, from ~7.0 x 10“22 cm2 H-1 at A = 4400 
Â, to ~4.0 x 10"22 cm2 H-1 at 2 = 7000 Â. For the [S n] 
A6731 wavelength, we obtain and use kx = 4.6 x 10“22 cm2 

H_1. Although it has been generally assumed that a 6 Orionis 
extinction curve holds for the HH 1/HH 2 surroundings (e.g., 
Brugel 1989), it seems quite possible that the “ standard ” curve 
could describe the extinction characteristics of the region 
(Böhm, Raga, & Binette 1991). The value of kx in the optical 
wavelength range is very similar in either case. 

Once we have selected the values of rc, r0, and kx, there is a 
one-to-one relationship between the gas density and the 
optical depth. Thus a low density implies, for example, a small 
optical depth, a relative low number of scattering particles, and 
therefore, a low intensity for the scattered light. 

The estimated values of the preshock density in the neigh- 
borhood of HH 1 range from 50 to 300 cm-3 (e.g., Böhm & 
Solf 1985). Models of the emitted spectra for the HH 1/HH 2 
system by bow shocks give reasonable line intensity ratios for 
preshock densities of 100 cm-3 (Hartman & Raymond 1984) 
and 500 cm-3 (Hartigan et al. 1987). We found that to match 
the observed relative integrated intensity of the scattered light 
(see § 3.2 and Table 1) we required a cloud density of nH ~ 750 
cm-3. The theoretical p-v diagrams were calculated with this 
density value, which corresponds to an optical depth xx ~ 0.03 
(see below). 

2.4. The Model Parameters 

The effect of the light scattering by dust appears more pro- 
nounced, as mentioned above, in HH 1 in the [O i] A6300/63 

TABLE 1 
Integrated Relative Intensities3 

AXb 1.0e 0.1f 0.03g 0.04h 0.01* HH ld 

0-5   2.2 xlO“1 2.1 x 10"2 1.2 x 10-2 1.5 x 10“2 4.1 x 10"3 1.2 x 10"2 

5-10  1.0 x 10"1 1.0 x 10-2 5.1 x 10"3 1.4 x 10"2 1.1 x 10~3 1.1 x 10~2 

10-15   2.2 x 10-2 2.2 x 10-3 9.9 x 10“4 9.4 x 103 2.1 x 10“4 6.6 x 10“3 

Note.—nH = density of the gas cloud in cm “3 ; rc = radius of the gas cloud in arcseconds. 
3 For Fs = 200kms"1. 
b Distance from the source in arcseconds. 
c Cloud optical depth. 
d HH 1 estimated values. 
e nH = 2.5 x 104 and rc = 15.3. 
f nH = 2.5 x 103 and rc = 15.3. 
g nH = 7.5 x 102 and rc = 15.3. 
h nH = 5.0 x 102 and rc = 28.5. 
* nH = 2.5 x 102 and rc — 15.3. 
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and [S n] A6716/31 emission lines. In order to compare with 
the available spectroscopic observations (Solf & Böhm 1991), 
we select values representative of the HH 1 region. For a dis- 
tance of ~500 pc to the HH 1/HH 2 complex and a radius of 
~3" for the “head” of HH 1, we obtain r0 ~ 2.25 x 1016 cm. 
The radius of the cloud is assumed to be the observed size of 
the scattered light in the preshock region, i.e., ~ 15", or rc ~ 
5 x r0 (see Fig. 2). For the above parameters and a k:a = 
4.60 x 10-22 cm2 H-1 with a density nH = 750 cm-3, we 
obtain an optical depth ta ~ 0.03. 

The velocity of the source has been estimated from both the 
proper motions and the emitted spectrum of the HH 1/HH 2 
system. For HH IF, the leading condensation of HH 1, has a 
total tangential velocity of 351 ± 48 km s~1 (see, e.g., Herbig & 
Jones 1981; Raga, Barnes, & Mateo 1990). The bow shock 
velocities deduced from the theoretical models used in the 
interpretation of the emitted spectra, however, are smaller than 
300 km s-1. The ratios of the forbidden emission lines and 
their spatial intensity distributions, for instance (Hartigan et al. 
1987; Noriega-Crespo, Böhm, & Raga 1989), indicate shock 
velocities between 150 and 200 km s“1. We have calculated 
theoretical p-v diagrams for four source velocities, vs = 150, 
200, 250, and 300 km s-1. The theoretical p-v diagrams have 
identical dust parameters, i.e., ax = 0.54, gx = 0.42, and kx = 
4.60 x 10_22cm2H“1. 

Another parameter to be selected is the velocity width of 
emitting source, v0 (see eq. [1]). The assumption of a spherical 
emitting source does not take into account the more complex 
nature of most HH objects as “working surfaces” (Hartigan 
1989; Blondin et al. al. 1990). Even under the simplifying 
assumption of HH 1 as a “ bow shock ” (Hartman & Raymond 
1984; Raga 1985), there is a velocity distribution along the 
shock, with higher flow velocities near the “ stagnation point ” 
decreasing downstream along the “ bow shock wings.” 

The line profile of HH 1 in Ha, for instance, has a full width 
at half-maximum (FWHM) of ~84 km s~1 (e.g., Hartigan et al. 
1987, Fig. 4B) with a total width of ~300 km s-1. Thus 
photons emitted from the “bow shock wings” have different 
velocities than those arising from the stagnation point,” and 
therefore they are scattered by the dust according to their rela- 
tive velocities. 

A proper treatment of the “working surface” velocity and 
emission distributions is beyond the scope of this study. The 
effect of an intrinsic width of the emitting source has been 
included by selecting a Gaussian profile with v0 = 50 km s-1, 
which corresponds to FWHM ~ 84 km s~ ^ 

Finally, in order to compare with the available observations 
of HH 1, we have convolved the theoretical p-v diagrams with 
a two-dimensional Gaussian. This convolution simulates the 
effect of a limited resolution in space and wavelength, The 
“ Gaussian resolution ” has a velocity dispersion of o> ~ 33 km 
s~1 equivalent to a FWHM ~ 55 km s~ \ and a spatial disper- 
sion of <7X ~ 0"9, which corresponds to a FWHM ~1"5, in 
agreement with the data quoted by Solf & Böhm (1991). 

From the measured proper motions and radial velocities of 
the different condensations in the HH 1/HH 2 complex (Herbig 
6 Jones 1981), it is known that the axis of the motion of the 
system lies very close to the plane of the sky. Although we 
calculated p-v diagrams for various angles between 80° and 90° 
we found slightly better agreement of the theoretical centroid 
radial velocities with the observations for a 80° angle. The 
theoretical p-v diagrams shown here are calculated to this 
orientation. 

3. RESULTS AND DISCUSSION 

3.1. The Morphology of the Position-Velocity Diagrams 
The observational p-v diagram in front of the optical com- 

ponent of HH 1 is blueshifted and broad in velocity space (see 
Fig. 2). The total width is ~ 300 km s- \ with a centroid radial 
velocity between —100 and —150 km s_1. The velocity width 
is very similar as a function of position, as wide close to the 
source (X ~ 0") as it is farther away (X > 10"). The centroid 
radial velocity changes slightly as a function of position and is 
more blueshifted (more negative) away from the source. 

The above features are essentially reproduced by the theo- 
retical p-v diagrams. Figure 1 shows the diagrams for vs = 150, 
200, 250, and 300 km s-1, labeled (a), (h), (c), and (d), respec- 
tively. 

In Figure 2 we show a comparison between the theoretical 
p-v diagram with vs = 200 km s “1 and that of HH 1 in the 
[S n] 26716/31 emission line (Solf & Böhm 1991). The overall 
morphology is surprisingly similar, considering the many 
assumptions involved. 

In the theoretical diagrams, the total velocity width 
increases as the source velocity increases, reaching velocities up 
to ~ —237, —300, —360, and > —425 km s-1, for vs = 150, 
200, 250, and 300 km s-1, respectively. The effect is expected 

-300. -100. 0. 100. -300. -100. 0. 100. 

-300. -100. 0. 100, -300. -100. 0. 100. 

Fig. 1.—Theoretical position-velocity (p-v) diagrams for four source veloc- 
ities vs = 150,200,250, and 300 km s- \ labeled (a), (b), (c), and (d), respectively. 
The p-v diagrams have been calculated with identical dust parameters, i.e. 
aA = 0.54, gx = 0.42, and kx = 4.60 x 10”22 cm2 H-1, for 2 = 6731 Â. The 
velocity and position axis are centered in the source velocity and position. The 
contours represent the intensity of the scattered light in the preshock region, 
i.e., ahead of the HH object. The intensity contour levels are drawn in factors of 
2 (see text for details). 
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-300. -100. 0. 100. 

Fig. 2.—A comparison between the theoretical position-velocity diagram of the scattered light with a source velocity of vs = 200 km s- \ and that obtained from 
HH 1 (Solf & Böhm 1991) in the [S n] 26716/31 emission line. In the observed position-velocity diagram is marked the position of HH IF, the brightest optical 
condensation in HH 1. 

from the scattering process, since for higher source velocities 
the dust receives photons which are more blueshifted. The cen- 
troid radial velocity, in front of the source (X = 0), becomes 
more negative as the source velocity increases, with values of 
~ —100, —130, —170, and —200 km s-1 reached for vs = 100, 
200,250, and 300 km s~1, respectively (see Fig. 1). 

The theoretical p-v diagrams seem to have a more tapered 
appearance than in HH 1. The radial velocity centroid 
becomes more negative more rapidly, as a function of position, 
than in the observations. The displacement is such that it gives 
an almost “ trapezoidal ” form to the theoretical p-v diagrams. 
This appearance of the theoretical diagrams could be partially 
due to the assumed sphericity of the surrounding cloud. The 
dust near the source essentially receives and scatters radiation 
from all relative velocities, this creates a broad component of 
scattered light near the source. Near the edge of the cloud, 
however, because of its spherical shape, only scattering angles 
of ~90° are possible. In this zone the dust “sees” photons 
which show almost the full velocity of the moving source. 
Therefore, at larger distances from the source the emission 
becomes more narrow and strongly blueshifted, resulting in a 
more “ trapezoidal ” appearance of the p-v diagram. Thus the 
difference between the theoretical and the observed p-v dia- 
grams may be indicating a departure from the spherical sym- 
metry in the region surrounding HH 1. 

3.2. The Intensity of the Scattered Light 
As mentioned above, we expect the intensity of the scattered 

light to be determined by number of scattering particles and 
therefore to be different for different gas cloud densities (optical 
depths). In order to compare with the observations of HH 1, 
we have calculated the spatial intensity distributions and the 

integrated intensities for three different gas densities. We have 
assumed a source moving at vs = 200 km s-1, which produces 
a p-v diagram similar to that of HH 1 (see Fig. 2). 

We have integrated the theoretical p-v diagrams over the 
cross section of the cloud (or source) as a function of position 
along the axis of asymmetry to obtain the spatial intensity 
distribution. The distribution for different optical depth 
models ta = 1.0, 0.1, and 0.01 (i.e., nH = 2.5 x 104, 2.5 x 103, 
and 2.5 x 102 cm "3, respectively) are shown in Figures 3a and 
3b. The effect of a narrow slit has been taken into account. In 
the models, however, the slit width is limited by the size of the 
source, i.e., 2 x r0 ~ 6", which is approximately 4 times the size 
of the slit (~ 1"4) used by Solf & Böhm in their spectroscopic 
observations. 

Figure 3a shows the spatial distribution of the scattered light 
ahead of the source. The relative distance is measured, with 
respect to the edge of the source, in arcseconds. Figure 3b 
shows the spatial distributions of the respective sources. The 
theoretical sources distributions have been displaced to 
compare them with “working surface” or “bow shock” of 
HH 1. 

Although both theoretical and observed sources have a total 
extension of ~ 5", the model has a somewhat sharper peak (see 
Fig. 3). The distinct peak values of the source distributions are 
a result of the different attentuation that they suffered as they 
are seen, respectively, through clouds at different optical 
depths. 

The integration of the spatial intensity distribution perpen- 
dicular to the symmetry axis (“along the line of sight”) pro- 
vides a measurement of the integrated intensity. We have taken 
the ratio of the integrated intensity of the scattered light with 
respect to that of the source, for each optical depth. We have 
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Fig. 3.—{a) The spatial intensity distributions for three emitting sources derived from the theoretical p-v diagrams compared with that of HH1 (thick solid line). 
The distributions correspond to three different optical depths, = 1.0 (thin solid line), 0.1 (dotted line), and 0.01 (dashed line), i.e., nH = 2.5 x 104, 2.5 x 103, and 
2.5 x 102 cm-3, respectively (for rc ~ 15"). The relative position is measured (in arcseconds) with respect to the lowest intensity point in HH 1. The theoretical 
distributions have been shifted to compare their widths, (b) The corresponding spatial intensity distributions for the scattered light in the preshock region. The 
relative position is measured with respect to the edge of the source, (c) The spatial intensity distributions for two models with similar optical depths, but different rc 
and nH for the scattering region. The dotted line corresponds to ta ~ 0.03, nH = 750 cm-3 and rc ~ 15"; the dashed line corresponds to ta ~ 0.04, nH = 500 cm-3, and 
rc ~ 28'.'5. Their integrated intensities are given in Table 1. 

taken the ratio of scattered light to the source at three linear 
intervals along the symmetry axis, i.e., 0"-5", 5"-10", and 10"- 
15". A similar calculation was carried for HH 1, and for the 
ta ~ 0.03 model. The results are shown in Table 1. 

The determination of the observed integrated values of the 
scattered light can be affected by light contamination from the 
source (near to it) and the background subtraction (away from 
it). Despite these effects, the values for the first interval (0"-5") 
for ta = 0.1-0.01 are comparable to those calculated for HH 1. 
The value for ta ~ 0.03 is identical. In the intervals farther 
away from the source, the differences between the theoretical 
and observed values is somewhat greater, due to the behavior 
of the intensity distributions. The theoretical spatial intensity 
distributions decrease somewhat more rapidly than that 
observed in HH 1. For ta ~ 0.03 (nH ~ 750 cm-3), the inte- 
grated values are ~2 times smaller than those of HH 1, in the 
second (5"-10") interval. 

In comparing with the observations of HH 1, we have 
assumed that the size of the scattering cloud in the theoretical 
p-v diagrams is determined by the size of the observed scat- 
tering region. In principle, it is possible to calculate theoretical 
p-v diagrams for different sizes of scattering cloud or the gas 
density. These models, however, must be constrained still by 
the morphology of the p-v diagram, the spatial intensity dis- 
tribution and the integrated intensities. 

We have calculated the intensity distribution of the scattered 
light for a series of models for different values of rc and nH, 
maintaining the optical depth constant (see eq. [8]). We 
assumed an optical depth of ta ~ 0.03, as determined by the 
initial models. In Fig. 3c, we present, as an example, the spatial 
intensity distribution for a scattering cloud twice as large as the 
previous models. The parameters for this model are ta ~ 0.04, 
nH = 500 cm-3, and rc ~ 28"5 (see Table 1). We include for 
comparison the distributions from the model with ta ~ 0.03, 
nH ~ 150 cm-3, and rc ~ 15" (both models with vs = 200 km 
s-1), and that observed in HH 1. The spatial distribution for a 
larger rc is slightly flatter than the observations, but still fairly 
similar. The gas density ( ~ 500 cm ~3) was chosen as to repro- 
duce the observed integrated intensities (see Table 1). A scat- 
tering cloud twice as large as the previous models, with a lower 
density, is also consistent with the available observations of 
HH 1. 

4. CONCLUSIONS 

We have calculated a series of numerical models of the light 
scattering by dust around a moving object, applied in particu- 
lar to Herbig-Haro objects. This study is motivated by the 
recent spectroscopic results obtained by Solf & Böhm (1991) of 
the HH 1/HH 2 system. They found that the p-v diagrams of 
HH 1 in the [O i] A6300/63 and [S n] 26716/31 emission lines 
show very extended blueshifted wings in the preshock region. 
We have interpreted this emission as scattering of the light of 
the moving HH 1 object by the surrounding dust. The bright 
“working surface or bow shock” acts as a moving emitting 
source, and its photons are “ seen ” blueshifted by the dust in 
front of it. The dust is essentially at rest with respect to the 
object and scatters the blueshifted photon toward the observer. 
In order to test this hypothesis, we have calculated a series of 
theoretical p-v diagrams based on the single-scattering approx- 
imation. The models assumed an emitting spherical source that 
moves in a spherical homogeneous gas-dust cloud of constant 
density at rest. The p-v diagrams assumed dust parameters and 
physical characteristics which resemble those of the HH 1/HH 
2 region. We have shown in Figures 1 and 2 the p-v diagrams 
for four source velocities (150, 200, 250, and 300 km s-1). We 
found that the light scattering by dust around a moving source 
can produce extended blueshifted wings of ~ —300 km s-1, 
with centroid radial velocities between ~ — 100 to —150 km 
s- \ as it is observed in HH 1 (Solf & Böhm 1991). 

The single-scattering model with ta ~ 0.03 and vs ~ 200 km 
s-1 produces a theoretical p-v diagram similar, in form and 
characteristics, to that observed in HH 1. The scattering 
models provide a simple mechanism to understand the faint 
broad blueshifted emission. A source velocity of 200 km s -1 is 
in agreement with other velocity determinations, e.g., from the 
emission-line ratios or their spatial intensity distributions. The 
p-v diagrams with larger source velocities (>250 km s-1) 
display a significant contribution from the fast blueshifted 
photons, which gives them a more “trapezoidal” form than 
that of HH 1. The appearance of these high-velocity p-v dia- 
grams, however, can be partially due to the assumed sphericity 
of the surrounding cloud. The difference between the shape of 
these models and the observations may reflect a departure 
from the assumed spherical symmetry in the HH 1 region. 
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We have roughly estimated the relative integrated intensities 
of the scattered light and the source. We found that the models 
with nH ~ 750 cm-3, or equivalently with ta ~ 0.03, have inte- 
grated intensities very close to the observations over similar 
length intervals. The integrated values farther away from the 
source are, however, slightly smaller. This is partially due to 
the more rapid decline of the theoretical spatial intensity dis- 
tributions, and to the inherent difficulties of background sub- 
traction in the observations at such a low-intensity level. A 
preshock gas density of nH ~ 750 cm-3, is slightly larger than 
what has been determined in HH 1 (e.g., Böhm & Solf 1985) by 
about a factor of 3. The gas density can be reduced by keeping 
ta constant and increasing the size of scattering cloud. Calcu- 
lations for different cloud sizes are also important because we 
do not know, a priori, which cloud radius is appropriate. We 
calculated, as an example, the spatial intensity distribution for 
a model with ta ~ 0.04, nH = 500 cm-3 and rc ~ 28'.'5. The size 
of the scattering region is approximately twice as large as the 
previous models (see Table 1). We found that the spatial inten- 
sity distribution and its integrated values are still consistent 
with the available observations of HH 1. 

An additional important test of the dust scattering model of 
line formation near HH objects would be the measurement of 
linear polarization. Broad-band polarization measurements in 
the HH 1/HH 2 diffuse regions have indeed been done by 
Strom et al. (1985). Polarization measurements in individual 
lines will be much more difficult, especially in view of the fact 
that the intensity at 10" from the source is only ~0.5% of the 
intensity in the HH 1 object itself. Since, however, the expected 
polarization is high, an attempt of detecting it may be worth- 
while in the near future. 

The observational background which led to this theoretical 
study is due to J. Solf. We thank him for very helpful dis- 
cussions. We thank Bill Waller for his comments on M82. 
N. C. and A. N.-C. thank the PITA members of Luc Binette, 
Jorge Cantó, and Alex Raga for their comments. We thank the 
anonymous referee for her/his careful reading of the manu- 
script and for her/his comments on the intensity of the scat- 
tered light. K. H. B. and A. N.-C.’s research has been supported 
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