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RESUMEN

Muchas de las caracteristicas observadas en objetos Herbig-Haro han podido
ser reproducidas mediante modelos de choque de proa. Se muestra que modelos
similares pueden usarse para la distribucién espacial de intensidad de las lineas ul-
travioleta observadas por IUE. Se han utilizado espectros del archivo de IUE para
estudiar las lineas ultravioleta (C IV A1549, Si IIT] A1891, C III} A1909, C II] 22326,
Mg II A2799) y también el continuo (modelado como continuo de dos fotones de
hidrégeno), de los objetos: HH 1, HH 2(H+A'), HH 2(G+B), HH 24A, HH 32A,
HH 43(A+B+C) y HH 47A. Los datos de IUE tienen un calidad limitada, debido
a lo amplio de su funcién de ensanchamiento de punto y su baja sefial a ruido; por
tanto los modelos han sido degradados para compararlos con las observaciones. Los
parametros fisicos de los modelos se basan en estudios dpticos anteriores y fueron
variados dentro de sus intervalos de incertidumbre para reproducir las observa-

_ ciones. Los objetos se modelaron como un unico choque de proa (i.e., HH 1, HH 24A
HH 32A y HH 47A) o la superposicién de dos (i.e., HH 2(H+A') y HH 2(G+B)) o
mas (i.e., HH 43(A+B+C)). La idea es tomar en cuenta la compleja estructura de
estos objetos y la contribucién a la luz ultravioleta de otras condensaciones dentro
del apertura de IUE.

ABSTRACT

Simple kinematical bow shock models have successfully explained many of
the observed features in Herbig-Haro objects. It is shown that similar models can
be applied to the spatial intensity distribution of the UV lines observed by IUE.
Archival TUE spectra have been used for the HH 1, HH 2(H+A'), HH 2(G+B),
HH 24A, HH 32A, HH 43(A+B+C), and HH 47A objects, where the brightest UV
lines (C IV A1549, Si III A1891, CIII] A1909, C II] A2326, Mg IT A2799) were studied,
as well as the UV continuum (modeled by the hydrogen two-photon continuum).
The quality of the IUE data is rather limited due to the broad point spread func-
tion and the low signal-to-noise, and therefore the models were degraded to make
them comparable to the observations. The physical parameters used in the models
were obtained from previous optical studies and varied accordingly to match the
observations, but within the known uncertainties. The objects were modeled by a
single bow shock model (i.e.,, HH 1, HH 24A, HH 32A, and HH 47A) or the super-
position of two (i.e., HH 2(H+A’) and HH 2(G+B) or more (i.e., HH 43(A+B+C))
of them. The idea Was to take into account the complexity of the morphology of
these objects, and the contribution to the UV light from different condensatlons
within the IUFE aperture.
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1. INTRODUCTION

Herbig-Haro (HH) objects are diffuse emitting re-
glons associated with the supersonic gas outflow from
young stellar objects (YSOs). A large fraction of
their UV, optical and near infrared emission is in the
form of permitted (e.g., Ha, C IV) and forbidden
(e.g., [S II], [Fe II]) lines, which arise in the recom-
bination region of the shock excited gas (Schwartz
1975), a consequence of their supersonic interaction
with the surrounding medium. The HH condensa-
tions in many cases resemble morphologically work-
ing surfaces, which are characterized by two shocks,
the Mach disk (or jet shock) and the bow shock
(e.g., Hartigan 1989; Raga 1989). In detail, how-
ever, their structure is more complex, as ground
(Eisloffel, Mundt, & Bohm 1994) and HST images
(Hester et al. 1994) have recently revealed.

Several of the intrinsic properties of such HH ob-
jects, e.g., intensity line ratios, position-velocity di-
agrams, velocity dispersion and their optical spa-
tial intensity distribution (hereafter SID), have been
modeled in a reasonable way by simple kinematical
bow shock models. The success of the models re-
lies on the following reasons. First, that for most
objects the Mach and bow shock are too close to
be spatially resolved. Second, that the geometry of
the bow shock allows the simultaneous presence of

strong (at is apex) and weak (at its wings) shocks.
Finally, that for the gas densities which have been
estimated for the jet and the surroundings (Raga &
Noriega-Crespo 1993), the emission of the bow shock
dominates over that of the Mach disk (Hartigan 1989;
Raga 1989).

HH objects display a wide range of emission
line excitations in the UV, from C IV A1549 to
Mg II A2799, which can be easily explained in the
context of a bow shock structure. In a curved shock
it is only the perpendicular component of the shock
velocity which becomes thermalized, this makes pos-
sible to have high excitation lines near the apex and
low excitation ones arising from the wings of a bow
shock (see, e.g., Bohm 1990; Brugel 1989).

The goal of this paper i1s to compare the SID of
the UV light observed in HH objects with those pre-
dicted by kinematical bow shock models. Although
a comparison between the IUFE data and ‘degraded’
optical observations has been previously carried out
by Lee et al. (1988), the comparison with the shock
models should provide a more clear understanding
of the physical conditions in HH objects. The IUE
data has been collected from the published literature
(Lee et al. 1988; Bohm et al. 1987; Bohm, Scott,
& Solf 1991; Bohm et al. 1992; Bohm, Noriega-
Crespo, & Solf 1993) The objects studied are HH 1,
HH 2, HH 24A, HH 32, HH 43, and HH 47, with a

observer

X/Rg

Expanding ring
of material

Fig. 1. Bow shock geometry. The gas enters the bow shock at a velocity Vg and at an angle £. The parallel component
of the velocity (V”) is conserved across the shock, while tke perpendicular component is thermalized (from V; to

V.y). The angle between the plane of the sky and the symmetry axis of the bow shock is ¢. The bow shock models

are created by using a spherical obstacle of radius Rg.
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particular attention to their stronger emission lines:
C IV A1549, C IIT] A1909, Mg IT A2799, Si III] A1891
(if available), and the continuum.

The properties and limitations of the kinematical
bow shock models are described in § 2. The discus-
sion of the theoretical SIDs and their assumptions
are included in § 3. The comparison with individual
HH objects is presented in § 4, and our concluding
remarks in § 5.

It is shown, as suspected from the optical obser-
vations (Eisloffel et al. 1994; Hester et al. 1994)
and model position-velocity diagrams (Indebetouw
& Noriega-Crespo 1995) that the match between the-
ory and observations improves when the presence of
multiple condensations is considered in their inter-
pretation.

2. THE KINEMATICAL BOW SHOCK MODEL

2.1. Geometry

A detailed description of a simplified bow shock
model can be found, for instance, in Hartigan, Ray-
mond, & Hartmann 1987 (hereafter HRH87). The
idea is that the emission of a bow shock can be mod-
eled by the superimposed emission produced by in-
dividual plane parallel shocks along its surface. The
intensity (velocity) of each shock depends only on its
position on the surface. To illustrate this consider a
gas flow entering the bow shock with a velocity Vg
at angle ¢ (see Figure 1). For a given orientation of
the bow shock surface (¢), the parallel (V) and per-
pendicular (V1) components of the velocity can be
calculated at each point. Since it is only (V) which
becomes thermalized, this is the velocity associated
with the plane shock. In practice to obtain the emis-
sion along the surface, the bow shock is subdivided
into a number of annuli. The intensity from each an-
nulus is determined by running a plane parallel shock
model with velocity equal to its corresponding V| .
This emission is then weighted by the area of the an-
nulus and co-added with that arising from the rest
of the annuli. This process produces the line emis-
sion from the entire bow shock. For a given line the
SID is obtained by integrating the emission along the
line of sight. The final distribution is convolved with
a Gaussian with a width given by the point-spread
function (PSF) of the instrument. The IUE PSF
is between 4 and 5”, depending on the wavelength
(see, e.g., de Boer & Meade 1981). The models are
then normalized to the size of the object (Ry), so
that the resulting distributions are scale-free, and to
the peak intensity value (Ip).

The planar shock models, which provide the value
of the intensity as a function of shock velocity,
come from HRH87 and have been interpolated to
be mapped smoothly onto the bow shock model (see
Figure 2a). A careful interpolation is particularly
important for th: low velocity shocks which have an
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important contribution to the intensity over the large
surface area of the bow shock wings. An example
of this can be seen in the intensity distribution of
Mg II 22799, where both interpolation and grid res-
olution ‘conspire’ as to generate some noise at the
wings (see Figure 2b). In most cases the grid size of
N = 500 elements was enough to minimize the noise.

2.2. The Grid of Models

Prior to the comparison between the observed
SIDs and the corresponding theoretical distributions,
we ran a series of models to understand their general
properties. For a given line the characteristics of the
plane parallel shock models (i.e., HRH87) plus the
geometry of the bow shock are what determine the
shape of the SID. A grid of models was created by
considering the following parameters: (1) the shock
velocity (100, 150, 200, 250 km s~1), (2) the angle
between the bow shock axis and the plane of the
sky §0°, 30°), (3) the preshock density (190, 1000
ecm™?), and (4) the preshock ionization state of the
gas. Both fully and equilibrium preionized gas mod-
els were considered (see HRH87). The preionization
structure in a bow shock can be more complex (see
e.g., Raymond, Hartigan, & Hartmann 1988), but for
the optical lines equilibrium models seem to match
better the observations (Noriega-Crespo, Bohm, &
Raga 1989).

As examples of the SID directly obtained from the
bow shock models, i.e., without convolving with the
IUE PSF, the models for the lines C IV 11549 and
Mg II 2799 are presented in Figure 25 (in equilib-
rium and fully ionized for n = 100 cm™3 and ¢ =
0°). These two lines were chosen because they show
the overall behavior that is seen in the high and low
excitation lines. Notice that difference between the
spatial distributions can be traced back to those al-
ready present in the shock models of each line (Fig-
ure 2a). For example, the small ‘bumps’ in the fully
preionized shock models for the Mg II A2799 line,
become amplified by the extent of the emitting area
of the bow shock wings in the SID.

Some general features that can be identified from
the grid of models are the following: (1) The emit-
ting region gets wider as the shock velocity increases.
In fact the full width at the zero intensity level for
a low excitation line is approximately equal to the
shock velocity (HRH87). (2) The preionization state
affects the spatial distribution of the emission lines.
A fully ionized model gives different and wider distri-
bution than an equilibrium one. In an ionized gas the
energy released by the shock is not used for further
ionization. This permits weak shocks along the bow
shock wings to contribute to the emission. (3) As the
‘viewing angle’ or inclination (angle between the bow
axis and the plane of the sky), ¢, increases the pro-
files become smoother, which it is expected from the
geometry of the bow shock. (4) Some structure seen
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at a few radii from the stagnation region in the dis-
tributions is due to a combination of the ‘coarseness’
of the geometrical grid with the finite interpolation
of the plane parallel models.

2.3. Limitations of the Model

Some important limitations of the bow shock
model described above are the following: (1) The
preshock ionization state is not well known: the
preshock material entering a certain annulus is not
only being ionized by the photons coming from this
annulus but also by the ones next to it. Bow shock
models including this effect (Raymond et al. 1988)
seem to reproduce the observed line intensities and
ratios. (2) Planar shock models are not reliable in
the low velocity range. This fact, together with the
projection problems arising when using high orienta-
tion angles (¢) and integration intervals larger than
7 Ry, make it difficult to model low excitation HH
objects, as HH 43, where the shock velocities are rel-
atively low. (3) The model assumes a uniform den-
sity medium, which is not always thought to be the
case. Preshock density is not well known. (4) HH ob-
jects -present more complex structures than the sin-
gle, double and triple condensation models studied in
this paper. (5) The model does not take into account
emission from the Mach disk and the jet itself. Ther-
mal instabilities are neglected, as well as molecular
cooling.

3. THE SPATIAL INTENSITY DISTRIBUTIONS

3.1. General Remarks

We focused on the study of the strongest UV
lines, C IV A1549, Si III] A1891, C III} A1909, and
Mg II A2799, as well as on wide bands of continuum
emission. Table 1 contains a summary of the spec-
tral images that were used for this study including
the object, number, exposure time and year of ob-
servation (columns 1 through 4 respectively). The
labels correspond to the long (LW) or short (SW)
wavelength spectrographs and to the prime (P) and
redundant (R) cameras, e.g., LWR13004 refers to the
long wavelength spectra number 13004 taken with
the redundant camera. The LW camera in the low
dispersion mode covers from 1860 to 3300 A and the
SW camera in the same mode covers from 1150 to
1975 A. Columns (5) and (6) refer to the orientation
of the slit in the observations and the models. For
an overview of the basic technical details of the IUE
satellite operation, which includes how to obtain and
reduce the data see, e.g., Harris & Sonneborn (1987).

It has been pointed out several times the limita-
tions of IUE for the study of HH objects (see, e.g.,
review by Bohm 1990), nevertheless is one of the few
instruments that have provided us with simultaneous
information of the spatial and spectral properties of
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Fig. 2. (a) A sample of the plane parallel shock models
used to obtain the spatial intensity distributions (SID).
The models give the intensity radiated (normalized with
respect to HB) as a function of the shock velocity for the
C IV 1549 and Mg II A2799 lines. The models can be
computed in equilibrium (eq) or full ionization (fp) of the
preshock gas. The solid line are the values from HRH87
and the broken line the interpolation used.

these objects at ultraviolet wavelengths. The main
caveats to study the HH objects SIDs are due to (1)
their relatively low surface brightness, (2) the fact
that they are found in star forming regions which
are not necessarily transparent to the UV light, and
(3) the limited spatial resolution due to IUE’s broad
PSF.

To deal with these problems, we have concentrated
on the shape of the normalized intensity distribution
for a given line, avoiding reddening corrections. We
have performed also a convolution of the models with
the IUE PSF to avoid deconvolving the observations,
which it is proven to be more difficult and less reli-
able (see, e.g., Lee et al. 1988). The IUE PSF varies
as a function of wavelength, and so it was taken as
a Gaussian with a FWHM of 4”, for the C IV and
Mg II lines and 5” for C III], Si III] and the con-
tinuum (de Boer & Meade 1981). Since the size for
many of these objects, from the ground at optical
wavelengths, are ~ 5" most of the spatial details are
lost in the convolution. If the size of the UV emitting
region, however, is larger than 5, then the compar-
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Fig. 2. (b) A sample of the SIDs created by the kinematical bow shock model for the high excitation C IV A1549 and

the low excitation Mg II A2799 emission lines.
250 km s~

ison with the models as well as their interpretation
becomes very interesting (see below). The models
have been shifted to match the peak intensity distri-
bution of the most reliable observed line. Once this
is done the relative shift for all the other comparison
lines, for the same exposure, is identical.

A final caveat when comparing the models with
the HH objects IUFE observations is due to the lack of
“error bars” in the published data. For the brightest
objects like HH 1 and HH 2 a typical estimate of the
uncertainties in the fluxes is ~ 10%-15%. For fainter
objects like HH 43, HH 47 and specially HH 24 the
uncertainties in their calibrated fluxes can be larger.
In this study we are interested in the spatial distribu-
tion of the flux integrated over a wavelength interval.
This is less uncertain than the monochromatic flux.
In HH 24 for instance (the faintest object of our sam-
ple), the spatial dependence of the integrated spectra
can be fairly reliably determined by making the com-
parison of 2 different JUE measurements (see, e.g.,
Fig. 6 in Bohm et al. 1992).
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The models correspond to a set of shock velocities of 100, 150, 200,
1 at the two different initial gas preionizations. )

3.2. SID Model Assumptions

_The physical parameters for the models were ob-
tained from ground-based optical studies. The ini-
tial parameter space was based on the best available
shock velocities, proper motions, radial velocities and
optical spectra. In some cases the input numbers for
the models were varied within the known uncertain-
ties, although, as previously pointed out, it is difficult
to try to constrain theoretical models completely us-
ing IUE observations.

The kinematical bow shock model assumes that
a spherical obstacle gives raise to the bow shock.
This radius has been identified (historically) with the
(half) size of the brightest region of the bow shock-
like HH object, as e.g., ~ 4”(2") in HH 1F (Eisloffel
et al. 1994). In view that most of theses objects
correspond in reality to a working surface driven by
a jet, then it is possible to interpret the diameter of
the obstacle as an upper limit to the width of the jet.

For all the models, given the wide aperture of IUE
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TABLE 1

ARCHIVAL IUE SPECTRAL DATA

Object Image Exposure Year Observed Model
Name No. Time (min) Observed PA(°) PA(°)
(1) () (3) (4) (5) (6
HH 1 SWP 8188 270 1980 337 330

SWP16668 270 1982 348 330
SWP24914 729 1985 303 330
SWP40657 633 1991 315 330
LWR 8912 134 1980 167 145
HH 2(H+A") SWP10218 270 1980 165 145
SWP10246 290 1980 167 145
SWP16671 430 1982 349 330
SWP18157 430 1982 167 145
SWP24919 860 1985 304 330
SWP40663 675 1991 312 330
LWR 8888 180 1980 165 145
LWR 8909 150 1980 167 145
LWR10450 380 1981 5 330
HH 2G SWP43891 636 1992 315 330
HH 24A SWP21518 560 1983 189 155
SWP22708 485 1984 153 155
SWP38033 680 1990 307 335
SWP38102 585 1990 320 335
LWP 3140 120 1984 153 155
HH 32A LWR13004 414 1982 261 285
HH 43 SWP17522 390 1982 132 145
SWP23749 425 1984 147 145
SWP24924 580 1985 304 335
SWP31828 781 1987 159 145
LWP 4041 420 1984 146 145
HH 47A SWP17549 400 1982 78 55
SWP21389 440 1983 168 135
SWP32154 411 1987 128 135
SWP33960 870 1988 340 355

(~ 10”x 23"), we have taken a slit with a width 10
times the radius of the bow shock. The theoretical
slit was set along the position angle of the inferred
direction of the outflow, which was determined using
ground-based images of [S II} and Ha. This corre-
sponds to a difference of ~ 2° to ~ 30° with respect
the position of IUE slit (see Table 1). For the ‘de-
graded’ SIDs we found that these differences were not
important as is the case, for instance, in the position-
velocity diagrams of the optical lines (see, e.g., Raga
& Bohm 1986).

For condensations like HH 2(H+A’) or HH 43
(A+B+C), where a superposition of bow shock mod-
els was used, we proceeded as follows to combine

the models. (1) A model for the brightest condensa-
tion was generated, (2) a second or third model were
created and scaled in flux and size using the initial
brightest condensation model for the normalization,
and (3) these later models were shifted accordingly
to their corresponding relative distances and then co-
added.

The models which resemble more the observations
were those calculated under the assumption of equi-
librium preionization. Fully preionized and equilib-
rium plane shock models are identical for shock ve-
locities above 180 km s=! (HRH87). The difference
arises at low velocities, which manifest themselves
along the bow shock wings. Because of this, the low
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velocity shocks control the extent and shape of the
‘tails’ in the SIDs, particularly for the low excitation
lines. So with the exception of HH 32A (see Table 2)
the peak velocity of the HH objects considered lies
below the 180 km s~! threshold, and therefore, both
equilibrium and fully ionized models were calculated.
The later ones, however, do not match as well the ob-
servations, except perhaps for HH 32A (see below).
A similar conclusion was reached by Noriega-Crespo
et al. (1989) with respect to the optical forbidden
lines.

The main focus of this study is the shape of the
SIDs, although for consistency the integrated fluxes
of the models and the observations were also com-
pared. The fluxes match within factors of 2 and 10,
except for the two photon continuum where the fac-
tors are higher, a direct consequence from the fact
that the plane parallel shock models overestimated
the two photon continuum flux (HRHS87).

In Table 2 we summarized the parameters of the
bow shock models for the objects (column 1) studied.
These are the shock velocity, viewing angle and size
(columns 2 through 4, respectively).

4. DISCUSSION ON INDIVIDUAL OBJECTS

4.1. HH 1

HH 1 is a high-excitation object and one of the
brightest in the ultraviolet (together with HH 2). We
have modeled it as a single condensation with a shock
velocity of 175 km s™!, an inclination ¢ = 5° (mov-
ing into the plane of the sky), a preshock density of
100 cm~3, and a radius Ry = 2”. Figure 3 shows
a comparison between the IUFE observations and the
models for 2 selected emission lines: C IV 21549 and
Si I11] A1891, and two 200 A wide continuum bands,
1500—1700 and 1700—1900 A. These models assume
equilibrium pre-ionization. In Figure 3 (as in the rest
of the figures) the broken line represents the JTUE PSF
and the solid line the convolution of the model with
the PSF.

It is interesting to notice that the IUE observa-
tions are in this case wider than the PSF, which sug-
gests that the condensation was resolved (but see
below). The single condensation models are just
slightly wider than the PSF, but not as much as the
observations. This would seem to indicate that the
UV emission is not limited to only the stagnation
zone, where the shock is completely thermalized, but
it is more extended. This is a bit surprising for the
C IV and Si II] lines, since it is expected that their
emission arises from the ‘apex’ where enough energy
is available for their excitation after the thermaliza-
tion of relatively fast shock waves. On the other hand
the C IV A1549 distribution for SWP24914 is at the
half maximum ~ 20 — 25% wider than the model.
The Si III] A1891 has to be considered with some
caution because at the spectral resolution of IUF it

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

TABLE 2

PARAMETERS FOR THE BOW
SHOCK MODELS*

Object Vs ¢ Diameter
(kms=t) () (")
(1) (2) B 4

HH 1 175 5 4.0
HH 2A’ 170 12 3.4b
3.6¢
5.64
HH 2H 125 2 5.00
4.8¢
3.0¢
HH 2G 110 -5 1.8
HH 2B 105 2 0.8
HH 24A 50 —36 6.0
: 100 —36 6.0
HH 43A 100 60 4.6
HH 43B 40 55 5.0
HH 32A 300 70 5.0¢
HH 43C 35 75 3.6
HH 47A 100 23 6.4

% Most models are in equilibrium preionization.
b Position angle = 5°.

¢ Position angle = 165°, 349°.

4 Position angle = 304°, 312°.

¢ Fully preionized.

is partially blended with C III A1909. The observed
shapes of the SIDs are themselves quite different from
a Gaussian PSF, something which becomes more ev-
ident when looking at the continuum emission. Only
in the case of the C IV 1549 from the SWP24914
exposure, the observed distribution has a comparable
extent as the model. Notice that the corresponding
SID from the SWP40657 exposure, which was taken
at a similar orientation looks broader. Some of the
remaining differences between models and observa-
tions in the case of HH 1 (and probably for the rest
of the objects too) could be due to a more complex
morphology and preionization state of the gas.

4.2. HH 2 (H+A') and HH 2 (G+B)

The HH 2 object, which is the southern bipo-
lar counterpart of HH 1, has a high excitation and
a very complex structure (see, e.g., Eisloffel et al.
1994; Schwartz et al. 1993; Hester et al. 1994).
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Fig. 3. Comparison of the observed and theoretical spa-
tial intensity distributions of HH 1, for the C IV 1549
and the Si III] A1891 lines and two continuum bands
200 A wide. The solid line corresponds to the convo-
lution of the model with the JUE point spread function
(broken line).-

We modeled HH 2 (H+A’) as.the superposition of
two bow shock models with a preshock density of
100 cm™? and equilibrium pre-ionization. The shock
velocity and inclination used to model HH 2H and
HH 2A’ were 125 kms™!, 2°, and 170 kms™!, 12° re-

spectively (following Indebetouw & Norlega—Crespo '

1995), with both objects moving into the plane of the
sky.

Since from ground base observations HH 2H alone
displays an almost elliptical shape, we considered in
the models a minimum and maximum value for its
size depending on the location of the IUE aperture
(see Table 2). Recall that the models assume a spher-
ical obstacle for the formation of the bow shock. The

separation between HH 2H and HH 2A’ varies with
the slit orientation as well, an effect also included in
the models. In practice these are minor adjustments
to the resulting SIDs, since it is the superposition
of two bow shocks models what determines the SID
shape. The radii for HH 2H, HH 2A’ and their sep-
aration were determined from the FWHM of images
taken by 2 meter-like telescopes in [S IT] and He (Lee
et al. 1988; Bohm et al. 1991; Bohm & Solf 1990).

Observationally (see Figures 44,b), the distribu-
tions for the C IV and C III] lines in the SWP18157
and SWP40663 frames are wider than the point
spread function (broken line). This was the first in-
dication of contribution of more than one condensa-
tion to the UV light. The superimposed double bow
shock model does a very good job in matching the ex-
tent of the SWP40663 lines (Figure 4a). The ‘hump’
of the model distribution suggests that the double
peak structure that is observed is for real and not
an artifact of the JUE observations. At a different
orientation for the SWP18157 frame, the superim-
posed model resemblés that of the observations both
in shape and extent.

There is another condensation that has been ob-
served in HH 2: HH 2G. The optlcal images sug-
gest that HH 2G emission may have a contribution
from HH 2B within the JTUE aperture, so once again
we tried the superposition of two bow shock mod-
els. HH 2B is a small condensation and its size was
determined using some 3.5-m sub-arcsecond images
(Reipurth et al. 1993). Recall that the models use
the radius of the object, but in practice what it is
measured is the FWHM size of a condensation and
this is taken as its diameter (see Table 2).

The models that better match the observations
assume a radius Ry = 0.9 for HH 2G and 0.4” for
HH 2B and a distance between condensations of
2.8"(see Flgure 4c). Equilibrium preionization and
a 100 cm~3 preshock density were used. The shock
velocities and the angles between the axis and the
plane of the sky were derived from the proper mo-
tions (Eisloffel et al. 1994) and the radial velocities
(Bohmet al. 1992). Although both objects are essen-
tially in the plane of the sky, we use —5° for HH 2G
(moving towards the observer) and 2° for HH 2B
(moving into the sky). In practice the distributions
do not depend on these values. The HST images
tentatively indicate the presence of [O III] in HH 2B

- (Hester et al. 1994), which suggests shock velocities
“of ~ 100 km s~ 1.

‘In the models, therefore, veloc-
ities of this order were considered. The models in
Figure 4c¢ correspond to 110 km s~ for HH 2G and
105 km s™! for HH 2B. The observed distributions of
the C IV and C III] lines for SWP43891 (Bohm et al.
1993) are again broader than the PSF. The model for
C 1V at the half intensity maximum is narrower than
the observations by ~ 45%, ahead of the main shock
(negative values of X/Rg). The superimposed double
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Fig. 4. As in Figure 3, but for the HH 2(H+A’) con-
densations in the C IV A1549 and C III] A1909 lines for
two different IUE observations (a) SWP40663 and (b)
SWP18157 (see Table 1) using the superposition of two
bow shock models. (¢) The distributions for the same
lines but for the HH 2(G+B) condensations.
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bow shock model does match well the extent of the
C II1] line, within a ~ 10-25% (at half maximum) of
the observations. .

4.3 HH 24A

HH 24 is optically a remarkable object with a
very complex morphology, and situated among two
or three outflows (see, e.g., Mundt, Ray, & Raga
1991). One of the bright condensations corresponds
to HH 24A which was observed in the UV by Bohm
et al. (1992). HH 24A although optically seems to be
a high excitation object (see, e.g., Brugel, Bohm, &
Mannery 1981) in the UV does not belong neither to
the high nor to the low excitation categories (Bohm
et al. 1992). The lack of UV emission lines has lead
to the analysis of just its continuum emission, which
it has a SID wider than that in the [S II] 6717/31
optical lines (Bohm et al. 1992) for instance.

The nearest bright condensation to HH 24A is
HH 24E at a distance of ~ 20”. And so despite the
extended nature of condensation A and our tempta-
tion to use the superimposed models to explain the
observed wide SID, a single bow shock model was
used. We considered two possible shock velocities.
On one hand the proper motions (Jones et al. 1987)
and the velocity dispersion of its optical lines, e.g.,
He, [N II] 6583 and [S II] A6731 (Solf 1987), sug-
gests a shock velocity relatively low ~ 50 km s~!. On
the other hand the detection of [O III] A5007 (Brugel
et al. 1981) implies a shock velocity of ~ 100 km s™?.
Both bow shock models (for 50 and 100 km s~!) as-
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Fig. 5. Asin Figure 3, but for the continuum distributions
at 1300—1500 A and 1600—1800 A for HH 24A. The ob-
servations correspond to different position angles (see Ta-
ble 1). The SWP22708 distributions (top) are compared
with a V,pock = 50 km s~ model. The SWP38033/102
distributions (bottom) with a Vspeer = 100 km s~1
model (see text).

sume equilibrium preionization with a preshock den-
sity of 100 cm™2, a radius of 3” and an angle of
—36° (towards the observer).

In Figure 5 we show the comparison with the ob-
servations of two different 200 A wide continuum
bands, 1300—1500 A and 1600—1800 A. The top
panel corresponds to the 50 km s~! model and the
bottom one to the 100 km s~! model. The com-
parison with the SWP22708, at a position angle of
153° with the 50 km s™! bow shock model looks
very good. Both observation and model are hardly
wider than the PSF. The SWP38033 and SWP38102
observations were taken at similar position angle of
307° and 320° respectively, but ~ 150° apart from
the SWP22708 position (see Table 1). For this set
of observations the 100 km s~! model resembles the
observed distribution more closely, although the ob-
servations are a lot more extended at negative values
of X/Ro. In HH 24 it is possible that the IUFE obser-
vations have mapped two different velocity regions
(~ 50-100 km s~1!) with the two different aperture
positions. Some of remaining differences could be
due to the relative faintness of HH 24 and the large

uncertainties in determining its fluxes. The broad-
ening of the SID could arise during the extraction of
the fluxes in the ‘outskirts’ of the line-by-line spectra,
where it 1s difficult to set the zero intensity level and
there is a tendency to overestimate the measured flux
in low signal-to-noise regions (Bohm et al. 1992).

4.4. HH 324

From the ground-based observations HH 32 can
be characterized by three bright condensations (see,
e.g., Hartigan, Mundt, & Stocke 1986; Dauvis,
Eisloffel, & Smith 1996). Condensation A is opti-
cally the brightest with a complex morphology and
the one studied by JUE. HH 32A displays a high exci-
tation (see, e.g., Hartigan et al. 1986) with a strong
[O III] A5007 emission and also a high extinction with
an E(B — V) ~ 0.6 (see, e.g., Brugel et al. 1981).

The only IUE data available is for the Mg IT A2799
line, due to the strong effect of the extinction at
smaller wavelengths (Lee et al. 1988). We con-
sider a bow shock model at an inclination angle with
respect the plane of the sky of 70° (Solf, Bohm,
& Raga 1986), which agrees well with more re-
cent estimates (e.g., 60° by Davis et al. 1996).
Based on the mentioned spectroscopic data and ra-
dial velocity measurements plus HH 32A proper mo-
tions (Herbig & Jones 1983), we selected a shock
velocity of 300 km s™!. A preshock density of
100 cm—3 and a radius of Ry = 2.5" were used. Mod-
els at both preionizations were calculated, but in this
case the fully ionized model shown in Figure 6, re-
sembles more closely the observed SIDs. Indeed for
LWR13004 at the half maximum both model and ob-
servation are essentially identical. The difference ap-
pears at fainter intensity levels along the ‘tail’ of the
distribution, i.e., positive values of X/ Ry (see Fig. 6).
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Fig. 6. As in figure 3, but for the Mg II A2799 line in
HH 32A. The model corresponds to. an inclination with
respect to the plane of the sky of 70° and a 300 km s~1
shock velocity.
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4.5. HH 43 and HH J7A

Both HH 43 and HH 47A are low excitation ob-
jects, with spectral features from fluorescent Hy emis-
sion and UV continuum (Bohm et al. 1991). A sys-
tematic grid of plane parallel shock models for Hs
does not exist, and therefore we used shock mod-
els of the 2-photon continuum emission of hydrogen
for both objects (see below). In Figures 7 and 8
we show the SIDs for HH 43 and HH 47A, respec-
tively, for the SWP24924, LWP4041, SWP31828 and
SWP33960 observations.

The HH 43 system was modeled as a triple con-
densation (A+B+C) with a preshock density of 100
cm™3 and equilibrium preionization for each conden-
sation. From the analysis of the data presented by
Schwartz, Dopita, & Cohen (1985), HH 43A was
modeled with a shock velocity of 100 km s~! at an
inclination angle of 60° into the sky. For HH 43B
and HH 43C the values used were 40 km s~! at
55°, and 35 km s™1 at 75° respectively (Indebetouw
& Noriega-Crespo 1995). The approximate sizes of
the condensations were derived from the position-
velocity diagrams in Béhm & Solf (1990) and are
given in Table 2. The distances between condensa-
tions depend on the position angle of the slit. For
the HH 43A/43B and 43B/43C pairs their distances
are 5.5"/6.9",6.9""/6.9" and 6.6"”/7.5" for the 304°,
1569° and 146° position angles, respectively.

The observed SIDs are wider than the PSF by al-
most a factor two. The SIDs are so wide that even
the 3 condensations models do not match exactly
their extent. The models, nevertheless, trace the cor-
rect trend of a more extended ‘wing’ emission from
the UV continuum. Recall that the plane parallel
shock models, which are input in the bow shock mod-
els, are relatively uncertain at low velocities (~ 20-30
km s~!) and no models are available below these val-
ues. This is crucial for the bow shock models with
a peak shock velocity of ~ 35-40 km s™! at a rela-
tively large inclination, since this has the tendency to
enhance the emission from the ‘wings’. In addition
there is a serious possibility (see, e.g., Bohm, et al.
1991) that at least in the 1400—1600 A wavelength
range the continuum emission is strongly influenced
by the Hy continuum emission which shows a differ-
ent spatial distribution from the 2-photon hydrogen
continuum.

The HH 47A object is one of the four main bow
shocks observed in the remarkable HH 46-HH 47 sys-
tem in the Gum Nebula (see, e.g., Eisloffel & Mundt
1994). It is a low excitation object, with clear spec-
tral features of fluorescent Hy emission and contin-
uum (Bohm et al. 1991). The input parameters
for the model SID are a 100 km s~! shock veloc-
ity, equilibrium preionization, a preshock density of
100 cm™3, an inclination angle of 23° (into the plane
of the sky) and a radius of ~ 3.2” (Raga et al. 1987).
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Fig. 7. As in Figure 3, but for the HH 43(A+B+C) sys-
tem and a triple condensation model and three differ-
ent continuum observations: 200 (top), 400 (center) and
600 A (bottom) wide, respectively.

Observationally the continuum at 1300—1900 A (Fig-
ure 8) is almost twice as wide as the PSF (Bohm et al.
1991). In this case, however, a single condensation
model seems to reproduce the observations, includ-
ing the ‘tail’ of the SID. Perhaps the most surprising
thing about HH 47A is that a shock velocity of 100
km s™! works for a low excitation object. A similar
conclusion was reached by Curiel et al. (1995) based
on their analysis of the GHRS and FOC HST obser-
vations, which led them to invoke a more complex
shock structure, where C-type magnetic shocks or a
MHD precursor may be present.

CONCLUSIONS

The goal of this study has been to use a simple
kinematical model to understand and revisit the spa-
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be have been enhanced by the different position an-
gles that were used (see Table 1). Changes in the
shape of the SID due to a different position angle
manifest themselves at the tail of the distribution
(positive values of X/Ro). In the comparison, how-
ever, the interesting differences seem to take place
ahead of the main shock (negative values of X/Ry).
Finally, for HH 32A a single bow shock model with a
large inclination (70°) and high shock velocity (300
km s~1) reproduces quite well the observed SID.

It is a pleasure to thank E. Friel for her support
and helpful comments, and the referee for her/his
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Fig. 8. As in Figure 3, but for the 600 A wide continuum
distribution of HH 47A.

tial intensity distributions observed in the UV light
by IUE of some HH objects. The SID models over-
all have shown that many of the parameters that
have been obtained by optical means provide a self-
consistent picture when used to explain the UV emis-
sion. The models presented here stress the basic idea
that to reproduce the emission from these objects it
is necessary to include the contribution to radiation
from most of their brighter condensations.

The superposition of two or three bow shocks
to mimic the contribution to the UV light seems
to match better the observations. This is particu-
larly the case for HH 2(H+A'), HH 2(G+B), and
HH 43(A+B+C). Some of the remaining differences
between models and observations could be due to a
more complex preionization structure (see, e.g., Ray-
mond et al. 1988). This process determines in part
the emission ahead and behind the bow shock. For
the low velocity shocks a higher preionization allows
them to emit farther into the bow shock wings cre-
ating wider SIDs. Perhaps this is the case for HH 43
and HH 47A which require relatively low velocities
to understand their spectra. For these objects the
uncertainty of their fluxes and the plane shock mod-
els at those velocities, coupled with their large view-
ing angles, makes the comparison with the models
less compelling. Also, for these low excitation ob-
jects there may be additional continuous emission
processes (Hz?) which have not been incorporated
into the models.

For HH 24A to explain the observed SIDs at two
different aperture positions seem to require single
bow shock models at two different shock velocities.
This can be understood if the IUFE observations at
those apertures were indeed mapping two distinct
velocity regions of a working surface. For HH 24A
and HH 43(A+B+C) some of the differences could

suggestions. A.M-M. was supported by a Perkin Fel-
lowship during her stay at MMO. A.N.-C. research
is supported by NASA Long Term Astrophysics Pro-
gram through JPL under contract with Caltech, and
NSF grant AST9300391 through MMO.
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