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ABSTRACT

We have used the Rutgers/CTIO imaging Fabry-Perot interferometer to acquire spatially resolved line pro-
files across the bow shock and Mach disk of the Herbig-Haro object HH 34 in [O m] A5007, Ha, and [S 1]
246716, 6731. Profiles were obtained with ~ 175 spatial and 35 km s~! FWHM velocity resolution. We have
separated the Mach disk emission in this outflow from the bow shock emission both spatially and kine-
matically. Our observations provide the first detailed kinematic information about the shocked material
behind the Mach disk of a stellar jet. The preshock gas to the south of HH 34 must flow outward at ~150
km s~! with respect to the stellar energy source to account for the observed kinematics of the line emission in
HH 34. Hence, HH 34 is probably a secondary ejection that moves into the outflowing wake of an earlier
ejection, a scenario also proposed by Heathcote & Reipurth to explain proper motions in HH 34. Our new
measurements of the electron density as a function of position and velocity, combined with new models of the
bow shock emission, show that the magnetic field inhibits the compression of the post-bow shock gas. We
estimate the ambient magnetic field to be 10-20 uG in front of HH 34. The magnetic energy density in the
preshock gas is less than 1072 of the ram pressure, which implies that the magnetic field is not important in
the flow dynamics of HH 34. By balancing the ram pressures in the bow shock and Mach disk, we estimate
the jet-to-ambient density ratio # ~ 10. This is ~ 10 times higher than previous estimates for # in this outflow.

Subject headings: ISM: kinematics and dynamics — stars: ISM: magnetic fields — shock waves — stars
individual (HH 34) — stars: pre-main-sequence

1. INTRODUCTION

Astrophysical jets jets span an enormous range of scales and
energetics, from relativistic extragalactic jets to collimated out-
flows emanating from newly formed stars. Despite this exten-
sity in scale, a single theoretical framework may describe how
these flows evolve and interact with their intergalactic or inter-
stellar environments. The collimated outflows from nascent
stars are ideal for studying jet dynamics because their densities
are high enough (~ 103-10* cm~3) and velocities low enough
(hundreds of km s~!) for the shocks to radiate efficiently at
optical wavelengths. Thus, the velocity and density structure of
these jets can be traced by observing the emission lines of the
postshock gas. The emitting regions are often several arcse-
conds in extent, so can be studied in detail using ground-based
observations. ’

The region where the jet terminates and collides with the
ambient medium is called the “ working surface ” (Blandford &
Rees 1974). For a more or less continuous flow, two strong
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shock systems should form in the working surface: a bow
shock that accelerates and excites ambient gas, and an inner
shock or Mach disk that decelerates the jet material. Many
bow-shaped Herbig-Haro (HH) objects are associated with the
heads of radiative stellar jets (e.g., HH 1, HH 34, HH 47; see
Mundt, Brugel, & Biihrke 1987, and references therein). Addi-
tional knots of emission are often aligned in a “jet” that ema-
nates from the vicinity of the stellar energy source powering
the entire emission complex (e.g., HH 34, HH 111; see Reipurth
1989a). This energy source may be optically obscured but is
usually detectable at infrared wavelengths.

Herbig-Haro objects provide an opportunity to study the
working surfaces in highly supersonic, compressible, radiating
flows. Observational constraints on jet physics are important
because a full theoretical treatment involves solving the three-
dimensional time-dependent hydrodynamical flow problem
with proper consideration of ionization, magnetic fields, and
radiative transfer. Two-dimensional hydrodynamical simula-
tions indicate that a multitude of shocks form within the jet
and at the working surface. In these calculations magnetic
fields have either been ignored (e.g., Blondin, Fryxell, & Konigl
1990) or assumed to completely dominate the dynamics (e.g.,
Lind et al. 1989). The numerical simulations predict a complex
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and time-dependent flow in the Mach disk. However, existing
observations of jets do not constrain the simulations, either
because the Mach disk and bow shock do not radiate in emis-
sion lines (as in extragalactic jets), or the spatial and velocity
resolution are not adequate to unambiguously separate the
Mach disk and bow shocks (as in previous studies of stellar
jets).

In this paper we report new observations of the HH 34
working surface, the most prominent region among the multi-
ple working surfaces recently discovered in the HH 34 system.
With Fabry-Perot area spectrophotometry, we are able to spa-
tially resolve the velocity field, emission-line fluxes and line
ratios at every point in the volume delineated by the working
surface. In § 2, we discuss our observing techniques and data
reductions and summarize previous investigations of the HH
34 system. In § 3, we present our new spectral grids and spa-
tially complete maps of the electron density and [S n]/Ha
ratio. In § 4, we discuss our model of the bow shock, con-
structed from new planar shock models that are optimized for
this system. We assess the dynamical importance of the
ambient magnetic field by comparing our data in detail with
this bow shock model. We also present strong evidence for
separate Mach disk and bow shock emission in HH 34. Section
5 summarizes our results. Our observations and analysis of the
HH 34 jet will appear in a subsequent manuscript.

2. OBSERVATIONS AND REDUCTIONS

2.1. Previous Observations of the HH 34 Complex

The HH 34 complex is one of the best examples of an optical
outflow from a young stellar object (YSO). It was first studied
in detail by Reipurth et al. (1986), who drew attention to a
luminous, highly collimated jet associated with the bow-
shaped nebula labeled HH 34 (Herbig 1974). The visible knotty
jet extends ~26” from an optically faint YSO and points
toward the bright blueshifted bow shock HH 34 (see Fig. 1) ata
distance of ~110”. They identified several bright conden-
sations in the visible jet and HH 34 and found low-excitation
emission in the spectra of both regions that is typical of shock
excitation. They also identified the energy source as a low-
mass, emission-line, pre-main sequence star with a bolometric
luminosity of ~0.5 Lg. They could not associate a CO
outflow, H, emission or radio continuum with HH 34. Optical
polarization studies by Scarrott (1988) of the HH 34 nebula
confirm that it is not a reflection nebula, unlike much of the
faint emission near the energy source.

Deep CCD images by Biihrke, Mundt & Ray (1988, here-
after BMR) have subsequently revealed a similar, though
much fainter, redshifted bow shock HH 34N. It lies at nearly
the same projected distance as HH 34 on the opposite side of
the source. The lack of an observed redshifted jet and the
relative faintness of HH 34N probably arise from absorption
by the intervening ambient cloud material.

BMR acquired long-slit spectra across the HH 34 working
surface and the visible jet that show complex Ha and [S 1]
AA6716, 6731 emission line profiles. Such long-slit spectra can
efficiently map the kinematics of the linear jet, but they are
much less efficient for spatially resolved kinematic mapping of
extended emission-line sources, such as the working surface
HH 34. BMR estimated radial velocities and electron densities
along nine long-slit positions across the bow shock. The Ha
line profiles are double-peaked in some of the brighter knots,
with components at —120 km s~ ! and —30 km s~ !, while the
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[S ] intensity peaks in one knot at —150 kms ™! and —85 km
s~!. From low-resolution spectrograms, they measured elec-
tron densities in the bow shock as high as 740 cm ™3 in one
knot, but more typically ~300 cm 3. Their results demon-
strate that the [S 1] and Ho emission distributions are inho-
mogeneous.

The long-slit spectra by Heathcote & Reipurth (1992; here-
after HR92; see also Reipurth 1989a) show continuous line
emission from the jet source to the bow shock HH 34. Their
[S 1] echelle spectrogram shows a complex velocity structure
with multiple peaks in both the jet and HH 34. However, these
authors note the general trend in their spectrogram of a mono-
tonically increasing velocity from the source to the bow shock.
Narrow-band [S 1] and Ha images at several epochs suggest
that tangential velocities in the visible jet are ~200 km s~ .
They find the puzzling results that the tangential and radial
velocities in the bow shocks HH 34 and HH 34N are ~50%
larger than in the jet.

Reipurth & Heathcote (1992) have subtracted [S 1] and Ha
images of HH 34 to reveal a small region of strong [S 1]
emission that is embedded in an outer envelope of Ha emission
in the HH 34 working surface. The [S 1] region lies directly
along the jet axis and coincides with knot F, as labeled by
Reipurth et al. (1986). They suggest that this is the Mach disk
in HH 34. Our results in § 4.2 support this suggestion. They
also report evidence for the existence of multiple bow shocks
(in addition to HH 34) in the approaching lobe, that were
ejected at intervals of ~400 yr.

2.2. Fabry-Perot Observations and Reductions

Astronomical application of imaging Fabry-Perot (F-P)
spectrometers has been described in detail by Atherton et al.
(1982). Briefly, when used in a parallel beam, incident light
undergoes destructive interference between the coated surfaces
in the F-P etalon such that a single wavelength of light is
passed along the optical axis. The wavelength passed can be
altered by varying the gap between the coated surfaces. Due to
the variable distance from the optical center of the etalon to
each pixel on the (flat) detector, there is a velocity curvature
across the field of view. Thus the images are not strictly mono-
chromatic; the wavelength at each pixel is a function of both
the etalon gap and the distance off-axis. The velocity curvature
is well-defined and can be removed (called “ phase correcting )
by calibrating the radial wavelength dependence with an arc-
lamp emission line of known wavelength. The calibrating emis-
sion line is a diffuse monochromatic light source that is imaged
as a ring centered at the on-axis position and with radius
determined by the etalon gap and wavelength of light.

The F-P data were acquired by taking a sequence of expo-
sures at etalon gaps which sampled a selected emission line
from the object at regular velocity intervals. Line widths in HH
34 are typically a couple of hundred km s~ ! which we have
sampled at ~15-20 km s~ ! intervals. The images were stacked
into a “velocity data cube,” and then phase corrected to
produce a grid of spectral line profiles across the emission
source. A spectrophotometric standard star was observed over
the same wavelength region to obtain absolute fluxes for each
line profile.

The Rutgers/CTIO CCD-based imaging Fabry-Perot was
used on the CTIO 4 m telescope in 1989 November and 1991
February to obtain full spatial and partial kinematic sampling
of the HH 34 system in the [O m] 45007, Hx and [S 11] 146716,
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6731 emission lines. The TI2 chip was used in the first run and
the TEK4 chip in the second. In both cases the image scale was
~074 pixel " !, providing a field of diameter 2'5. The etalon had
a free spectral range (FSR) of 18 A (~900 km s™') and a
FWHM resolution of 0.7 A (~35 km s~ !). Narrow-band
[O m], Ha, and [S 1] filters were placed in the collimated
beam to pass only a few spectral orders. The central wave-
lengths (FWHM bandpasses) for the [O nr], Ha and [S 1]
filters were 4993 A (38 A), 6563 A, (12 A), and 6737 A (76 A),
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respectively. We obtained the Ha and [S 11] data sets in the first
run with the TI chip, and the [O mi] data in the second run
with the TEK chip. The exposure time for nearly all of the
images was 900 s, yielding a typical signal-to-noise level of
10-20 for images with considerable emission in the working
surface, and a monochromatic flux limit of ~1 x 1077 ergs
s™! cm~2 A1 arcsec 2. The images were bias-subtracted
using standard routines in IRAF and corrected for atmo-
spheric extinction using standard CTIO extinction coefficients.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...399..231M

234

Atherton et al. (1982) and Bland & Tully (1989) detail the
procedures for flat fielding and phase correcting Fabry-Perot
data sets. The widths of our order separation filters generally
exceeded the FSR of the etalon, so that the “white-light ” flat
fields passed light from several spectral orders. We obtained a
flat field at every etalon gap setting at which data were taken,
but because they contained light from several overlapping
orders, we normalized each individual flat field and corrected
for the filter transmission after phase correcting.

We removed rings of ambient line emission that arose from
the gas surrounding HH 34. The radius and width of each ring
was measured, then a median profile binned across the ring
was subtracted in a circle centered at the on-axis position. In
general, ring removal was complicated by intensity variations
around the ring. Fortunately, the ambient emission contami-
nated the jet and bow shock emission in only a few images. In
these instances, we assigned an additional uncertainty of
~10% to the flux measurements.

The data cubes were then phase corrected to stacks of mono-
chromatic images using a Ne-Ar comparison lamp. The disper-
sion relation, calibrating the change in on-axis wavelength as a
function of etalon setting, and velocity zero-point were verified
by measuring radii of the narrow emission rings that arise from
diffuse [O n1], Ha, and [S 11] emission in the HH 34 region at a
heliocentric velocity ~ +25 km s~ ! (see § 4.1.1). Our limited
sampling over a large range in velocity, combined with tem-
perature drifts in the etalon through a given set of observa-
tions, led to uncertainties of about +10 km s~ ! between the
extreme regions of the working surface. The monochromatic
images were then stacked into velocity data cubes using
custom IRAF routines. The spectophotometric standard star
LTT4364 was observed to convert ADU to absolute fluxes
(Hamuy et al. 1992).

By observing at the same velocity in each line of the [S 1]
doublet, we were able to obtain complete spatial maps of the
[S ] 46716/46731 line ratio and to add each velocity pair to
map the total [S 1] emission. Over a wide temperature range,
the line ratios map electron densities at each velocity for every
point in the images. Thus, we can infer electron densities at
specific locations in the volume delineated by the working
surface. We were also able to map the [S n]/Ha ratio at each
[S 1] velocity. We excluded the background below ~2 ¢ of the
mean sky when ratioing images, to restrict our subsequent
analysis to bright regions.

3. RESULTS

In this section we present our results for the HH 34 bow
shock and Mach disk. We have summed our velocity images in
each data cube in Figure 1 which shows the integrated [O 1],
He, and [S 1] intensity maps of the HH 34 working surface.
Several emission knots previously identified by Reipurth et al.
(1986) are marked in the [S 1] frame. To ease comparison with
the models (§ 4.1.4), we rotated each image counterclockwise
by ~13° in all the figures, to align the approximate axis of
symmetry in the data along the vertical axis.

3.1. Line Profiles across the HH 34 Working Surface

Fabry-Perot spectrophotometers provide spatially complete
maps of extended emission sources, and our [O mi], Ha and
[S ] data cubes have sampled the emission profiles at each
point in HH 34. We can present the velocity data cubes either
as a set of monochromatic images, or as a set of spectra on a
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spatial grid. We prefer the latter presentation (Fig. 2) because it
is easier to compare the data with the models when we use
grids of spectral profiles. Our data cubes consist of 13 velocity
images in [O ] 15007 that covered a range from —200 to
—20km s~ ! at ~15 km s ! intervals, 15 velocity slices in Ha
from —200 to +80 km s~ ! at 20 km s~ ! intervals, and 11
velocity pairs in each line of the [S 1] 416716, 6731 doublet
from —160 to +40 km s~ * also at 20 km s~ ! intervals. Our
velocity sampling covered most of the emission—the profiles
go to zero except in the [S 11] data cube in the region of knots
D, E, and F. Summing up all of the emission from each line
produces images that are nearly identical to the emission-line
images of BMR (Fig. 1).

3.2. Electron Densities and Excitation Conditions

Our Fabry-Perot observations of HH 34 enable us for the
first time to measure line ratios at each spatial position as a
function of velocity. Hence, we can determine how the electron
density varies with position and velocity by using the [S 1]
A6716/26731 ratio to measure the electron density (McCall
1984). Our estimates of the “average ” electron densities in HH
34 (found by ratioing the velocity-integrated [S 1] 26716 and
[S 1] 16731 emission at each point) agree well with the values
reported by BMR. However, these electron densities are
derived from line fluxes which are averaged along the line of
sight through the working surface (for an optically thin
nebula). The electron densities show large variations as a func-
tion of velocity compared to the average values. For example,
BMR report that n, ~ 740 cm ™32 in the bright knot A in the
working surface. It is evident from the Ho and [S 1] spectral
grids (as well as Figure 11 of BMR) that the profiles in this
region are double-peaked. Figures 3a and 3b (Plate 6) map the
high-velocity [S 1] emission intensity, together with the elec-
tron densities. Note the absence of the bow shock wings and
how the bow shock and putative Mach disk are almost com-
pletely separated. The electron densities for the high-velocity
component in the region of knot A exceed 1300 cm ~2 but are
more typically ~1100 cm™3. Electron densities for the low-
velocity emission in knot A are 300—400 cm ~3. By contrast, the
electron densities in Figure 3 for knots D, E, and F are an
order of magnitude lower than at the apex of the bow shock.

Figure 4 (Plate 6) maps the average [S 11]/Ha ratios across
HH 34. Very low values (gray and blue) are confined to a thin
ribbon toward the edge of the bow shock, whereas the highest
values (red and lavender) are found away from the forward
edge of the bow shock, especially in the region of the putative
Mach disk. The strong gradient in the [S n]/Ha line ratio
across the western wing could have several explanations. It
might arise from a resolved postshock cooling distance, or we
might be seeing emission from shocked ISM gas toward the
leading edge and reionized, backflowing jet material away from
the edge, with the two regions separated by a contact discon-
tinuity. The possibility that the postshock cooling distance is
resolved was discussed by BMR, who noticed an obvious
spatial separation between the [S 1] and Ha emission in the
wing, and was modeled by Raga & Binette (1991). We favor
this explanation. The strong Ho emission along the leading
edge would arise from collisional excitation of the ambient gas,
while the steep gradient to predominantly [S 1] emission
tracks radiative cooling in the recombination zone as the tem-
perature falls from ~ 10* K to 5000 K. In this case, the cooling
distances may be on the order of several arcseconds (~ 10 cm
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at a distance of 460 pc),> which are large compared to those
predicted in planar shock models (e.g., Raymond 1979; Shull &
McKee 1979). Raga & Binette (1991) present one-dimensional
shock models with relatively low shock velocities (<50 km
s 1), low preshock density (~ 10 cm ™) and partial preioniza-
tion, that produce a stratified postshock cooling region and
may account for the spatial separation of the [S n] and Ha
emission in HH 34. We further note that (1) the postshock gas
may be carried much farther downstream than the planar
shock models indicate because the relatively larger parallel
velocity component is preserved across the shock, although
this effect requires a detailed two-dimensional treatment to
fully evaluate the effects of the curved bow shock surface on the
postshock gas propagation; and (2) at these shock velocities,
even a modest preshock magnetic field (~10 uG) extends the
cooling region by a factor of 10.

3.3. Fluxes and Reddening Correction

Absolute fluxes we derived from our HH 34 data are some-
what uncertain because the filters available to us passed more
than a single spectral order of the continuum of our standard

2 We estimate the cooling distance roughly along the vector V, drawn in
Figure 1 of Hartigan, Raymond & Hartmann 1987 and not perpendicular to
the shock front, as previous estimates have done. For gas entering a planar
shock at an oblique angle, the postshock perpendicular velocity component
nearly comes to rest with respect to the shock front after a cooling time while
the conserved parallel velocity component carries the gas parallel to the shock
surface. In this case, the parallel component of the velocity will not affect the
spatial separation of the [S 1] and Ha emission, and the separation perpen-
dicular to the shock surface effectively measures the one-dimensional cooling
distance for a shock with velocity V,. However, the curvature of the bow shock
may alter the velocity field and postshock spatial emission distribution com-
pared to the oblique planar case. The velocity fields predicted in two-
dimensional hydrodynamical simulations of bow shocks (J. Blondin, private
communication) suggest that the postshock gas is not carried downstream
exactly parallel to the shock surface through which it entered. The resolution
of this issue rests on solving the two-dimensional (or three-dimensional) hydro-
dynamical problem with proper treatment of ionization, radiative transfer and
magnetic fields.

star LTT 4364 (see § 2.2). The contamination in the Ho filter
was least because its transmission profile was only slightly
wider than the FSR of the etalon. We quantified the degree of
order overlap for the Hu filter and corrected the standard star
flux for the light contamination. By convolving the filter trans-
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650 < n, < 1100cm™3;red: 1100 < n, < 1400 cm ~>.
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mission profile with the periodic Airy function of the etalon, we
estimated 15% 4+ 5% contamination by the neighboring
orders at Ho to the observed standard star flux. We then
applied the flux calibration to the [O n1] and [S 1] wavelength
regions, correcting for the wavelength dependence of the detec-
tor responses as measured at CTIO. The [O 1] 45007 flux was
corrected by 15% due to the lower detector response relative to
Hua, while the [S 1] fluxes were not changed. We used a TEK
rather than a TI CCD for the second run, so we observed at
several redundant velocities in Ha in the second run to register
the relative responses of the two detectors. An additional
uncertainty of ~5% in the flux calibrations results from night-
to-night and run-to-run variations in the atmospheric trans-
parency.

We summed the line profiles from the entire working surface
for each of the lines we observed to obtain the total line fluxes
from HH 34. The observed integrated [O 1] A5007 line flux is
~1.6 x 107 % ergs s™! cm™2 As explained in § 4.1.2, we
attribute all [O ur] flux to post-bow shock emission. The inte-
grated fluxes for Ha and [S 11] over the entire working surface
include contributions from the bow shock and the Mach disk.
The observed Ha flux is 3.6 x 10713 ergs s™! cm ™2, and the
combined [S m] 446716, 6731 flux is 1.9 x 1073 ergs s~ !
cm™2. The error in measuring the total amount of emission
from the working surface is on the order of + 10%, with addi-
tional error in the reported fluxes arising from uncertainties in
the flux calibration (£ 15%).

Reddening introduces the largest uncertainty in converting
to absolute fluxes. As evident by the relative faintness of the
northern bow shock HH 34N (see BMR), the extinction may
differ drastically over spatial scales ~ 1’. We have estimated the
reddening from two long-slit spectra of HH 34 obtained for
another program. The spectra were obtained at the same slit
position as the echelle spectrum shown in HR92. The slit was
2" wide and passed through the stellar source and knots F and
C in HH 34. We extracted the spectra from the apex of the bow
shock where [O m] A5007 emission was evident, including
knot C, and estimated the reddening from the Hoa/Hp line ratio
as follows. The shock velocity must be =100 km s~ * to get
significant [O 1] emission and, in this domain of shock velo-
cities, the predicted Ha/Hp ratio is ~3.0 for equilibrium
preionization conditions (see, for example, Hartigan,
Raymond, & Hartmann 1987; hereafter HRH). The observed
Ho/Hp ratio is 4.4 + 0.2 at the apex, where the error is the
standard deviation of the values derived independently from
the two exposures. Using the standard reddening law described
by Cardelli, Clayton, & Mathis (1989), with R, = 3.1, adjust-
ing the Ha/Hp ratio to 3.0 requires A, = 1.26 + 0.11 and
E(B—V) = 041 + 0.04. This E(B—V) agrees with that found
by Solf, Bohm, & Raga (1988) using the blue and near-IR [S 1r]
lines for the nearby HH 1 complex. The corrected fluxes across
the entire working surface for [O 1] 15007, Ha, and [S 1]
716716, 6731 are then 5.8 x 10 **ergss ' cm™2,9.3 x 10713
ergs s~ cm~2 and 4.9 x 107'3 ergs s~ cm ™2, respectively,
+20% due to uncertainties in E(B—V) and the flux cali-
bration.

4. DISCUSSION

4.1. A New Bow Shock Model for HH 34
4.1.1. Inclination to Line of Sight

HH 34 is an excellent laboratory for studying working
surface interactions and to compare theoretical models of
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working surface dynamics. The first parameter necessary for a
useful comparison is the inclination angle to the line of sight of
the blueshifted jet/bow shock system. HR92 report tangential
velocities in the brightest jet knots ~200 km s~ ! (using a
distance of 460 pc to the system and assuming that the mea-
sured velocities in the jet represent the true flow speed). The
heliocentric radial velocity of the brightest knotsis & —80 km
s~ ! (HR92, BMR). However, we are interested in the velocity
relative to the exciting star. From '2CO maps of the region,
Reipurth et al. (1986) obtained a velocity of V gz = +8.6 km
s7!, or ~ +26 km s~ ! heliocentric, for the molecular cloud
complex around HH 34. We also measured the ambient emis-
sion in our data at ¥,,, ¥ +25 + 5 km s, in agreement with
that shown in the HR92 spectrogram. Therefore, we adopt
+25 km s~ ! for the systemic radial velocity of the system. The
relative radial velocity of the jet knots to the ambient medium
becomes ~ — 105 km s~ 1. We infer an inclination angle to the
line of sight of ¢ ~ 62° with a probable error of several degrees
from uncertainties in the tangential- and radial-velocity mea-
surements, the distance to HH 34 (+20% ; HR92), and whether
the emission in the jet knots does in fact represent the true flow
speed. HR92 have also measured the tangential and radial
velocities for knot F in the working surface and find a value of
¢ =159 + 1°, in agreement with the jet value. Therefore, we
adopt ¢ = 60° for the HH 34 system.

4.1.2. Determination of Shock Velocity and Bow Shock Shape

The bow shock velocity for HH 34 is the most important
physical parameter to constrain. Once it is determined, our
strategy is to model the bow shock emission using the observed
bow shock shape, new shock models, and the geometry
described in HRH. Then we analyze the deviations of our data
from the model, which may arise from Mach disk emission,
dynamical instabilities, and asymmetries in the environment.

With a given shock velocity, ambient pressure, elemental
abundances, preshock ionization, magnetic field, and bow
shock geometry, the models predict the spatial emission dis-
tribution, line profiles, line widths, line fluxes, and line ratios.
Conversely, by inferring a three-dimensional geometry from
the observed, projected, bow shock shape, and inclination to
the line of sight, and measuring the spatial emission distribu-
tion, line profiles and line widths, we can deduce the shock
velocity. One of the more curious observations of HH 34 that
the models must explain is the large velocities, both radial and
tangential, combined with a relatively low ionization state.
(Even more drastic examples of this situation occur in, e.g., HH
11, see Solf & Bohm 1987; and HH 111, see Reipurth, Raga, &
Heathcote 1992 and Morse et al. 1992.) Tangential velocities in
the working surface ~285km s~ ! are reported by HR92, while
the measured FWZI line widths from our data and those of
previous investigators exceed 200 km s~ !. Conversely, higher
ionization line species (such as [O 1r]}—which would be
expected to dominate the bow shock emission if the shock
velocity was so high—have been observed only at the apex of
the bow shock, while relatively lower ionization species, such
as Ho and [S 1], are the dominant emitters from the apex back
into the wings of the bow shock.

HRH describe how to estimate the shock velocity from the
FWZI of the emission lines and find Vs ~ FWZI for a large
range of inclinations. However, if the shock velocity indeed
exceeds 200 km s~ !, then the [O mi] emission would extend
well into the bow shock wings, which it does not. Hence, there
must be a line broadening mechanism (of ~50 km s7Y in
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addition to thermal broadening in HH 34. We instead use the
[O m] A5007 emission distribution—given the bow shock
shape and inclination—to deduce the shock velocity. The
[O 1] emission is confined exclusively to the apex of the bow
shock (see Fig. 2) and so arises from ambient gas that has been
accelerated through the bow shock.

We fit the observed shape of HH 34 from the summed Ha
and [S 1] images with a simple parabola,

Zy =104 R(Z) > 0y

where Z, and R, are measured in arcseconds along the axis of
symmetry and perpendicular to the axis, respectively, and
oo =~ 0.09. The uncertainty in o is ~ 5%. Then from Hartigan,
Raymond, & Meaburn (1990; eq. [A9]), the true shape of the
bow shock is

do .,

sn ¢ R, 2
where ¢ = 60° is the viewing angle of the observer. For equi-
librium preionization, the [O n1] 45007 begins to emit at shock
velocities =100 km s~ ! (see HRH). Therefore, at the point in
the wings of the bow shock where the [O nr] emission ceases,
the perpendicular shock velocity V, = V., ~ 100 km s~ '. The
width of the [O 1] emission distribution perpendicular to the
axis of symmetry is 2R, ~ 975 + 170 (see Fig. 1). This value for
R, ignores seeing effects but also assumes that we measure very
faint emission, errors that will tend to cancel. Note that R, is
independent of the viewing angle ¢. Now,

_dR _sing (1
cot €= 7 = om, (R) ’ )

where & is the angle between the axis of symmetry and the
normal to the bow shock (see Fig. 1 of HRH). We find the bow
shock velocity, Vs, using the identity

1 1\
=(1+— 4
cos ¢ < oot é) @
403

VJ_ ) 1/2
Vs cos €& l< t Sin? @ ) )

Substituting the critical values ¥, = V., ~ 100kms™*and R =
R, ~ 4"8 in equation (5), we find V5 ~ 140 + 20 km s ™!, where
the error accounts for the uncertainties in a,, R, and ¢. As
described in the following subsections, using this shock veloc-
ity in our bow shock model is reasonably successful at predict-
ing the observed line profiles. Other investigators (BMR,
120-170 km s~'; HR92, 160 km s~ !) have made similar esti-
mates for the bow shock velocity in HH 34.

so that

4.1.3. Planar Shock Models for the HH 34 Bow Shock

The planar shock models that we used to model the HH 34
bow shock emission are detailed in Raymond (1979), Cox &
Raymond (1985), and HRH. Our approach is to model the
bow shock emission by interpolating among a series of planar
shock models (Hartmann & Raymond 1984; HRH). The varia-
tion of the perpendicular velocity, V,, across the bow shock
requires a grid of models closely spaced in shock velocity.
Hence, planar models were calculated at 10 km s~ ! intervals
over the range 40-140 km s~ *.

We have determined the preshock density, ny, from the

MORSE ET AL.

Vol. 399

observed Ho flux at the apex of the bow shock, where [O 1]
emission is present and the shock velocities are reasonably well
known. The preshock density can be found from the Ha flux
using the two relations:

he
LHa =ny Vap Gc(T)fHa » (6)

where Ly, is the observed Ha luminosity at the apex, n, the
preshock density, V,, the effective shock velocity of the emit-
ting region, o, the cross sectional area of the emitting region,
he/J. the photon energy at A = 6563 A, f;;, the number of Ha
photons per H atom; and

LHa = 4nd2FH:z ’ (7)
where d is the distance to HH 34, and Fy, the Ha flux observed
at the apex. Thus,

4And®Fy, [ A
ny = T/_—H <h_> . 8)
ap acf Ha C

The reddening-corrected Ha flux observed in the region sub-
tended by the [O 1] emission is Fy, ~ 2.3 x 107 '3 ergs s™!
cm 2. The effective shock velocity V,, ~ 120 km s~ ! is, in this
case, the mean shock velocity weighted over the area of the
emitting surface. The emitting area o, = nR2 =724
arscec? &~ 3.4 x 10%3 ¢cm?, with R, as defined in the previous
section, and using a distance d = 460 pc to HH 34. Finally,
fua = 0.75. Because we found that fi, remains nearly constant
for shock velocities = 120 km s ~* for a variety of preionization
conditions and magnetic field strengths, we used the Ho rather
than the [O mr] A5007 flux to calculate the preshock density.
The value of f5,,, varied significantly over a small range in
shock velocities and preionization conditions. In addition, the
Ha flux is less affected by reddening than the [O mi] flux.
Substituting these values in equation (10), the predicted pre-
shock density derived from the observed Ha flux n, ~ 65 + 20
cm ~3, where the 30% error accounts for our estimated uncer-
tainties in R_, fy,, the absolute flux, the distance to HH 34, and
the effective shock velocity.

HR92 suggest that faint emission just in front of the HH 34
bow shock (at a radial velocity of —85 km s~ ! relative to the
source) is from preionized gas. We have estimated the ioniza-
tion state of the preshock gas using the procedures outlined by
Raymond, Hartigan, & Hartmann (1988) in their study of HH
2A’. Briefly, the calculation predicts the preshock ionization of
H as a function of V| given a bow shock shape and ny. In
general, the assumption of local equilibrium preionization
breaks down because the preshock gas in the bow shock wings
is exposed to ionizing radiation from regions of higher effective
shock velocity nearer to the apex. Raymond et al. found for
HH2A'’ that with the severe curvature of the bow shock, the
preshock gas is less ionized near the apex and more ionized in
the wings than with local equilibrium preionization. The cur-
vature of the HH 34 bow shock is much less severe than for
HH2A', so that the departure from local equilibrium preioniza-
tion is not very pronounced (Fig. 5). There is, however, signifi-
cant partial preionization in the bow shock wings resulting
from the radiation field produced near the apex. But the calcu-
lated neutral fractions are not so different from the equilibrium
values that it invalidates the assumptions we made about the
cutoff shock velocity at the extremes of the [O 1] A5007 emis-
sion distribution when we derived a bow shock velocity of 140
kms~!(§4.1.2).
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FIG. 5—The hydrogen neutral fraction as a function of perpendicular shock velocity for gas encountering the HH 34 bow shock. The calculated neutral fractions
are shown as the solid line, and local equilibrium preionization neutral fractions as the dashed curve.

Emission from [O m1] strongly depends on the preshock
ionization over the range in shock velocities ~80-120 km s~ *
(Cox & Raymond 1985). A similar calculation of the preioniza-
tion for a bow shock velocity of 160 km s~ ! at the apex pre-
dicted that the preshock gas was fully ionized down to V, ~ 80
km s~ 1. In this case [O m1] 25007 emits as strongly as Hx down
to V, ~ 80 km s, and the model produces [O 1] emission in
the bow shock wings that is not observed. For this reason, we
conclude the bow shock velocity must be somewhat less than
160km s~

The ionization balance between He® and He™ was assumed
to be the same as the hydrogen neutral-to-ionized ratio. For
local equilibrium preionization, helium is doubly ionized only
for shock velocities > 110 km s~ * (see HRH). Since the calcu-
lated preionization is basically identical to the equilibrium
curve for these shock velocities (Fig. 5), we used the equi-
librium preionization values for He** from HRH in our
models. We chose small step sizes in our computations to ade-
quately sample the postshock temperatures near 10* K where
the cooling gas becomes optically thick to Lyman-continuum
photons.

We fixed the logarithmic abundance ratios in the models for
H:He:N:O:Ne:S:Ar:Fe:Ni to values of 12.00:11.00:7.72:
8.49:7.60:6.97:6.41:6.43:5.15 as derived by Osterbrock, Tran,
& Veilleux (1992) for the Orion Nebula region. Note that these
abundances are metal poor relative to the “cosmic” values
(Allen 1973) and account for the low line ratios (e.g., [S 11]/He,
[O m]/He, [N 11]/Ha) observed by us, Reipurth et al. (1986),
and BMR.? The abundances for C:Mg:Si:Ca were set to the
“cosmic” values of 8.52:7.42:7.52:6.30. The preshock tem-
perature was always taken to be 10* K. A radiative transfer
parameter R, (Cox 1972; Raymond et al. 1988) was taken to

3 Models run with “cosmic” abundances produce line ratios 2-3 times
higher than observed.

be 1, appropriate for the nonplanar geometry of a bow shock.
Calculation of the emission-line fluxes was terminated either
when the gas temperature cooled below 1000 K or the cooling
time exceeded 800 years, approximately the maximum dynami-
cal lifetime of the bow shock (HR92).

An interesting aspect of our new shock models is the inclu-
sion of an ambient magnetic field, B,. Models for HH objects
(e.g., in HRH) have tended to assume B, = 0. We were able to
constrain B, by comparing the compression across the HH 34
bow shock to the compression predicted by shock models
computed over a range in B, from 0.1-100 uG. We define the
compression, X, as the ratio of the postshock electron density,
as measured by the [S ] 16716/46731 ratio, to the preshock
density, n,, in both the data and the models. Figure 6 displays
the results. The HH 34 data were taken from electron densities
measured in the individual velocity images as a function of
position and velocity along the western wing of the bow shock.
The individual measurements are marked by the open boxes
and are connected by the solid line. The compressions mea-
sured in the models are shown by the dotted curves. (Some
values for X are <1 because the [S 11] line ratio measures
electron densities, which, for low shock velocities and large
magnetic fields, do not trace the true gas density.) The error
bars assigned to the data points in the top plot account for the
statistical uncertainties in the measured electron densities.
These errors increase toward lower shock velocities due to a
decrease in the signal-to-noise ratio of the data toward the
extremes of the bow shock wing. The error bars in the bottom
plot account for our uncertainty in the preshock density, which
is a systematic error that affects all the data points in the same
way. Since the measured electron densities stay fixed, altering
the preshock density moves the solid curve up or down relative
to the models, which do not move appreciably as the preshock
density varies by 30%.

Figure 6 indicates that B, is in the range 10-20 uG. We
believe that the flattening out of the HH 34 compression curve
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F1G. 6.—A comparison of the compressions across the western wing of the
HH 34 bow shock with those predicted by planar shock models for a range in
ambient magnetic field strengths. The compression, X, is defined as the ratio of
the postshock electron density, as measured by the [S 1] 46716/16731 ratio, to
the preshock density, n,, in both the data and the models. The HH 34 data
were taken from electron densities measured in the individual velocity images
as a function of position and velocity along the western wing of the bow shock.
The individual measurements are marked by the open boxes and are con-
nected by the solid line. The compressions measured in the models are shown
by the dotted curves. The error bars assigned to the data points in the top plot
account for the statistical uncertainties in the measured electron densities. The
error bars in the bottom plot account for our uncertainty in the preshock
density.

toward lower shock velocities results from a gradient in the
preshock density that increases toward the extreme western
wing. Such a density gradient may account for the asymmetric
appearance of the bow shock relative to the jet axis and the
enhancement of emission in the western wing versus the
eastern wing.

Table 1 reports the predicted emission-line fluxes, normal-
ized to the flux of HB = 100, from our planar shock models
using the Osterbrock et al. (1992) Orion abundances. The pre-
shock ionization, n,, and B, for each shock velocity are also
indicated, along with the computed cooling times and dis-
tances. Our estimates of the bow shock velocity, the reddening,
and preionization state of the gas could be directly tested
through UV spectrophotometry. Table 1 makes definite pre-
dictions about the fluxes from very high ionization line species
of C, O, N, Ne, S, and Si, all of which would be underestimated
if we have underestimated the bow shock velocity, the preioni-
zation, or both.

MORSE ET AL.

4.1.4. Bow Shock Model for HH 34

We have extended HRH’s bow shock code to produce two-
dimensional theoretical monochromatic images and spectral
grids for direct comparison with our data. As described in
HRH, given a shape and shock velocity at the apex of HH 34 (§
4.1.2), the bow shock is broken up into 200 small annuli. The
flux from the desired emission line in each annulus is that
produced by a plane-parallel shock of velocity V, weighted by
the area of the annulus. The emission in each annulus is inter-
polated (linearly) between the fluxes given in Table 1 from the
shock velocities bracketing V,. The bow shock model is then
projected onto the plane of the sky at an inclination ¢ as a
function of (projected) velocity. We used a Gaussian with
FWHM 40 km s~ ! to smooth the calculated line profiles.
Turbulent motions due to dynamical and thermal instabilities
in the working surface, as observed in numerical simulations
(Blondin, Fryxell, & Ko6nigl 1990), and unresolved geometric
substructure may account for this additional line broadening.
Raga & Binette (1991) have also pointed out that in the case of
Ho, which appears to form primarily in the collisional zone
immediately behind the shock, there would be considerable
Doppler broadening due to the very high temperature of the
gas in this region.

One deficiency of the bow shock model is its lack of a
cooling distance in the flow, in that the model assumes that
emission is confined to an unresolved thin surface of revolution
around the axis of symmetry. We believe that the cooling dis-
tance is resolved behind the HH 34 bow shock, hence the
model will not account for the spatial separation of the [S 1]
and Ho emission in the western wing, or more precisely, the
postshock temperature structure evident in the [S 11]/Ha ratio
map (Fig. 4). Nor will the model predict the “knotty ” structure
apparent in the emission distribution, except as a result of
geometric projection. Nevertheless, our model provides a
meaningful reference against which to interpret the global flow
properties of HH 34. Figure 7 shows the Ha velocity field
predicted by the bow shock model for a systemic velocity of 0
km s~ !. As expected, the fluxes are highest at the apex, the line
profiles along the limb-brightened edges are single peaked, and
the interior profiles are double-peaked due to emission from
the high-velocity foreground and low-velocity background
shock surfaces.

The observed (solid lines) and predicted (dotted lines) spectral
grids are directly compared in Figure 8 for each emission line
that we observed. The velocity limits of each spectral bin are
the same as in Figure 2. Therefore, the observed line profiles
are systematically blueshifted —50 + 10 km s~ relative to the
model. In general, the match between the theoretical and
observed profiles is good in some regions and not so good in
others. Many of our problems stem from the lack of axial
symmetry for HH 34. The western wing is more oblique than
the eastern wing (possibly due to a density gradient in the
preshock medium), hence the conserved parallel velocity com-
ponent is greater in the western wing causing the line profiles
to be slightly redshifted relative to the model, whereas they are
slightly blueshifted in the eastern wing.

The systematic shift of model to fit the observed line profiles
corresponds to an offset from the systemic radial velocity of the
HH 34 system (+25 km s~ !; § 4.1.1) of V;,, ~ —75 + 10 km
s~ *. This implies that HH 34 is moving into a medium which
already has a velocity of ~150 + 20 km s~ ! outward from the
stellar source. This would account for the large spatial motions
but the relatively low shock velocity. HR92 argue the same
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5_ TABLE 1

3 PREDICTED EMISSION-LINE FLUXES FROM PLANAR SHOCK MODELS WITH ORION ABUNDANCES

g- MODEL S140 S130 S120 S110 S100 S090 S080 S070 S060 S050 S040
Vs (km s™1) 140 130 120 110 100 90 80 70 60 50 40
X (HTI) 0 0 0 0 0.11 0.53 0.80 0.91 0.97 0.99 0.99
Y, (He I) 0 0 0 0 0.11 0.53 0.80 0.91 0.97 0.99 0.99
Y: (He II) 0.75 0.80 0.88 0.93 0.89 0.47 0.20 0.09 0.03 0.01 0.01
ng (em™3) 65 65 65 65 65 65 65 65 65 65 65
By (kG) 10 10 10 10 10 12 20 20 20 20 20
Tsoo (K) 1100 1650 2000 3070 3180 2150 1000 1000 1000 1750 4190
d.s (AU) 82.2 39.8 27.1 26.0 26.2 22.5 11.5 7.7 10.1 17.2 39.8
d.s (AU) 402 381 351 352 354 415 474 361 475 648 702
Tea (yr) 3L.5 21.3 17.7 18.3 19.6 20.2 11.6 7.9 9.4 17.2 38.0
Tes (yr) 800 800 800 800 800 800 608 463 602 800 800
Frp ! 3.90 3.17 2.46 2.02 1.79 1.97 1.73 1.04 580 284 107
He II 304 4740 6640 8180 7590 5150 419 6.0 1.6 0.3 0 0
C III 977 1220 1920 2080 2120 2020 910 10.5 2.1 0.9 0.4 0.1
N IIT 991 170 146 112 102 93.0 43.9 0.2 0 0 0 0
O VI 1035° 54.9 4.3 0.4 0 0 0 0 0 0 0 0
Ne V] 11412 7.2 1.7 0.5 0.1 0 0 0 0 0 0 0
S IIT 1198 154 153 140 135 123 82.0 2.6 0.6 0.4 0.3 0.1
Si III 1206 193 179 163 217 337 313 4.4 0.9 0.3 0.1 0
Ly a 1216 4421 4793 4886 5020 5036 5401 6205 6654 7214 8105 10175
O V] 1218 155 40.5 15.2 54 0.7 0 0 0 0 0 0
N V 12402 301 72.7 23.2 7.6 1.0 0 0 0 0 0 0
C1II 1336 250 324 415 466 465 344 18.4 11.1 10.9 13.1 20.3
Si IV 13972 68.0 61.0 75.7 129 203 95.0 0.2 0 0 0 0
0 IV] 14023 259 128 81.2 65.7 36.7 0.6 0 0 0 0 0
N IV] 1486 96.8 54.1 32.8 26.4 17.4 0.8 0 0 0 0 0
C IV 1549 1890 2510 1950 1550 857 28.7 0.1 0 0 0 0
[Ne V] 1574 0.6 0.2 0.1 0 0 0 0 0 0 0 0
[Ne IV] 1601 11.0 6.2 4.5 3.5 1.5 0 0 0 0 0 0
He II 1640 74.7 84.2 79.1 58.6 26.6 1.1 0 0 0 0 0
O III} 16632 147 129 106 99.8 94.6 44.0 0.1 0 0 0 0
N 11} 17503 61.3 575 497 475 440  25.0 0.2 0 0 0 0
Si I11] 1891 121 122 123 148 198 194 6.8 0.9 0.3 0.2 0
C I11] 1908 429 622 732 774 752 442 20.0 4.7 2.3 1.2 0.4
N 11} 21412 12.6 13.6 14.1 14.3 13.2 9.9 1.8 0.9 0.9 0.9 0.8
C 11) 23263 366 449 527 556 503 318 47.2 30.2 32.6 45.3 82.7
Si 11) 23403 25.0 30.4 33.2 33.0 27.3 14.2 5.3 3.5 3.7 4.9 8.7
[Ne IV] 24232 55.5 32.9 25.3 20.5 9.4 0.1 0 0 0 0 0
[O 11] 2470 30.8 30.4 29.7 29.1 26.3 20.5 3.9 1.4 0.8 0.6 0.4
Mg II 27992 567 716 783 757 567 206 48.8 48.1 58.3 73.1 189
Mg I 2852 54.3 69.2 79.5 82.0 69.7 32.2 5.0 3.3 4.0 9.1 20.5
[O I1] 3726 332 347 351 353 316 225 69.6 31.8 20.6 15.5 13.5
[0 11] 3729 204 225 240 253 238 187 61.2 31.8 24.0 20.3 19.1
[Ne III] 3869 24.3 26.7 27.2 27.3 254 14.8 1.0 0.1 0 0 0
Ca II 39452 300 316 331 331 284 138 28.5 15.3 15.2 19.9 36.3
[Ne III} 3968 7.7 8.5 8.6 8.7 8.0 4.7 0.1 0 0 0 0
[S 11] 40722 48.1 48.9 49.3 48.3 41.3 22.0 4.3 3.2 3.5 5.0 9.6
Ca I 4227 9.0 9.1 9.9 10.4 10.0 6.8 2.6 14 1.5 2.0 2.2
[O 1I1I] 4363 21.0 19.2 16.7 16.0 15.2 7.5 0 0 0 0 0
[Fe III] 4658 1.2 1.1 1.1 1.2 1.2 1.0 0.3 0.1 0 0 0
Hp 4861 100 100 100 100 100 100 100 100 100 100 100
[O II1] 4959 70.5 67.8 64.9 64.1 60.0 31.7 0.1 0 0 0 0
[O 111) 5007 206 202 189 187 175 92.3 0.3 0 0 0 0
[N 1) 52002 38.9 56.6 71.3 76.9 68.5 33.8 8.1 6.3 9.1 17.5 44.8
[N II] 5755 5.2 5.6 5.7 5.6 4.8 3.0 0.8 0.5 0.5 0.5 0.4
He I 5876 17.2 22.6 26.2 26.7 23.5 14.6 3.6 1.8 1.0 0.5 0.4
[0 1] 6300 116 158 186 190 156 67.5 14.7 15.2 23.2 38.6 76.5
[O 1) 6363 38.5 52.5 62.0 63.3 52.0 22.5 4.8 5.1 7.7 12.9 25.5
[N II] 6548 86.4 93.2 94.2 914 74.0 39.1 14.9 10.2 10.1 10.2 8.6
Ha 6563 295 300 303 303 298 286 304 314 329 344 381
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TABLE 1—Continued

[N 11} 6583 256 276 279 271

He I 6678 5.1 6.7 7.7 7.9

[S 11} 6716 167 196 225 240
[S 1] 6731 220 243 264 273
[Ca 1] 73072 54.2 56.6 60.0 61.1
[O 11] 7320 22.8 22.5 22.0 21.6
[0 11] 7331 183 181 177 174
[Fe II] 8617 1.0 1.2 1.3 1.3

[CT1] 8727 8.9 10.5 11.1 11.7
[S I11] 9069 17.8 27.1 31.7 31.4
[S I11] 9532 46.3 70.5 82.3 81.6
[CT1] 9823 449 53.5 58.1 63.6
[C 1] 9850 133 158 172 188
[S 11]10289,339% 16.9 17.1 17.3 16.9
[S 11]10323,373% 15.3 15.6 15.7 15.4
[N 1104022 5.2 6.9 8.0 8.0

He I 10830 24.9 334 38.6 39.8
[Ne 11} 12.8 38.1 45.2 50.7 52.3
[Ne II] 15.6p  22.7 31.6 35.0 32.8
[Si 1] 35.3 341 411 492 507
[01]63.2u 50.8 64.6 774 80.7
2 photon 526 722 862 859

219
7.3
223
246
54.6
19.5
15.7
1.1
10.1
23.9
62.1
57.6
170
14.5
13.2
6.4
35.0
46.6
24.1
483
72.6
738

116 44.3 30.2 29.7 30.3 24.2
5.5 1.3 0.7 0.4 0.2 0.1
134 39.0 32.2 44.7 73.6 152
142 39.3 30.4 37.4 55.7 108
30.0 7.6 4.3 4.5 6.1 10.5
15.2 2.9 1.0 0.6 0.4 0.3
12.2 24 0.8 0.5 0.3 0.3
0.5 0.1 0.1 0.1 0.2 0.4
5.1 1.8 1.7 1.6 1.8 2.2
9.7 4.2 2.6 2.3 2.3 1.1
25.1 10.9 6.7 6.1 6.0 2.9
33.6 15.9 18.4 18.7 20.5 22.2
99.4 47.2 54.3 55.3 60.8 65.6
7.7 1.5 1.1 1.2 1.7 3.4
7.0 1.4 1.0 1.1 1.6 3.1
2.6 0.5 0.3 0.1 0.6 1.4
23.7 4.8 2.3 14 0.8 0.6
26.8 10.2 9.8 12.6 17.3 13.4
10.5 1.9 0.4 0.2 0.1 0
351 233 252 377 564 650
42.1 16.5 16.5 24.6 39.6 60.0
639 980 1202 1495 1958 3046

NoTe—All fluxes are normalized to HB = 100. The parameters X, Y,, and Y, refer to the ionization state of the preshock
gas; n,, is the preshock density; B, is the preshock magnetic field strength;d,, and d,; are the distances between the shock and
the position where the postshock temperature T = 10* K and T = 103 K, respectively, while ., and t., are the corresponding
cooling times; Ty, refers to the postshock temperature reached when calculation of the emission-line fluxes was terminated,

which was limited to a maximum cooling time of 800 yr.

! Flux of HB in units of 10~ *ergs s~ ! cm 2 through front of shock.

2 Line is a doublet.

3 The *P — 2P intersystem transitions consist of five closely spaced lines (Mendoza 1983). There are seven lines of O 1v] and

Si1v] between 1393 and 1407 A.

scenario for HH 34, although with a medium moving at ~ 170
km s~ !, based on the radial velocity of faint emission just
ahead of the bow shock. In fact, Reipurth & Heathcote (1992)
have imaged a faint leading bow shock, HH 34X, ~ 50" down-
stream from HH 34. In this scenario, HH 34 is moving into the
wake of the earlier ejection(s). A similar situation has been

~ suggested for HH 47 (Hartigan, Raymond, & Meaburn 1990;

Reipurth & Heathcote 1991) and for the morphologically

similar HH 111 (Reipurth 1989b). Combined with our bow
shock velocity of 140 + 20 km s~!, we estimate the space
motion of the bow shock away from the stellar source to be
~290 + 40 km s~ . We then predict tangential velocities in the
HH 34 bow shock ~260 + 35 km s™?, close to the 285 + 5km
s~ ! measured by HR92.

The ram pressure of the pre-shock gas of HH 34 is
pV?x 21 x 1078 ergs cm™3, with ¥ =140 km s~ ! and

LG
; N

st
VN S

4

-12

arcsecs

F1G. 7—The predicted Ha velocity field produced by our model for a bow shock with shock velocity 140 km s~ !, viewed at an angle to the line of sight ¢ = 60°.
The line profiles are plotted with velocity limits —150 to + 120 km s~ !, and have been smoothed with a Gaussian of FWHM 40 km s~ !.
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F1G. 8.—Observed (solid lines) and theoretical (dotted lines) spectral grids overplotted for (@) [O m] 25007, (b) Ha, and (c) [S 1] (A6716 + 46731). The model has
been shifted to align with the data and the spectral profiles are plotted with the same velocity limits as in Fig. 2.

p =65 x (1.67 x 1072%) g cm 3. From § 4.1.3, the magnetic
pressure in this gas is ~B%/87 ~ 9 x 1072 ergs cm ™3, using
B = 15 uG. Thus, the magnetic pressure is over three orders of
magnitude smaller than the ram pressure in the preshock gas
of HH 34. Therefore, although the magnetic pressure plays an
important role in limiting the compression of the postshock
gas, the field is unimportant in the dynamics of the flow in
front of HH 4. In other words, the field is carried along with
the gas and is not strong enough to divert the flow ahead of
HH 34 (the wake of the earlier ejection). The density and mag-
netic field in the bow shock of HH 34 should increase by the

compression ratio X (a factor of ~20 at the apex, Fig. 6), while
the velocity of the gas with respect to the exciting star increases
to ~300 km s~ ! from 150 km s~ !. Hence, the magnetic pres-
sure in the bow shock is also weaker than the ram pressure of
the flow by a factor of ~ 500, and the field will be carried along
with the post-bow shock gas.

4.2. Mach Disk in HH 34
4.2.1. Isolation of Mach Disk

The Mach disk in the working surface HH 34 is apparently
well defined in our data, in agreement with the analysis of
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arcsecs

Hartigan (1989), who first speculated on the visibility of the
Mach disk in HH 34. We confirm the conjecture by Reipurth
& Heathcote (1992) that the region associated with knot F is
the Mach disk, but also include the high-velocity emission
from knots D and E. As evident in the spectral grids of Figure 8
and the individual monochromatic images (such as the inten-
sity map in Fig. 3 of high-velocity [S 1] emission), the Mach
disk is spatially and kinematically distinct from the bow shock.
The Mach disk region is characterized by low electron den-
sities (Fig. 3) and high [S 11]/Ha ratios (Fig. 4); these indicate a
low shock velocity in the jet shock, implying the case of a
“heavy ” jet with a jet-to-ambient density ratio n;/n, = n > 1.

The observed spatial separation of the bow shock emission
from the Mach disk emission is several arcseconds (~5 x 10°
cm) in HH 34. In contrast, Blondin, Ko6nigl, & Fryxell (1989)
found that the recombination regions behind the Mach disk
and the bow shock overlapped to produce a single dense shell
of emission in their numerical simulations. The lack of agree-
ment between the numerical models and the observations is
not surprising given the complexity of the problem. The spatial
separation of the two emission regions depends critically upon
the details of the cooling at temperatures below 10* K, and the
nonequilibrium cooling that is present in planar shock models
has not yet been incorporated into any hydrodynamical code.
In addition, the postshock magnetic field may play a role in
separating the emission behind the two shocks. Our results are
consistent with a dense shell of cool (T ~ 10* K), neutral
atomic gas between the bow shock and the Mach disk because
such a shell will not radiate strongly in either Hea, [S 1], or
[O m]. However, the region between the bow shock and the
Mach disk must not become too dense or it will begin to form
molecular hydrogen, which has not been observed in the
HH 34 system (Reipurth et al. 1986; Stapelfeldt et al. 1991).

4.2.2. Properties of Putative Mach Disk

The spatial and kinematic emission structure of the putative
Mach disk is very nonuniform, suggesting turbulent vortices at

arcsecs

Fi1G. 8¢

the jet head. This region accounts for ~ 5% of the total Ha flux
from the entire working surface, but roughly one-third of the
total combined [S 1] flux. Note the morphology of this region
in the [S ]/Ha image of Figure 4. The contact discontinuity
separating post—jet shock gas from post-bow shock gas may
be plausibly delineated along one of the contours that sur-
rounds the strong [S 11] emission.

The [S n]/Ha ratios in the monochromatic images at peak
Mach disk emission range from 2.0 to 2.5 across the region,
indicating an extremely low ionization state and, therefore, a
low effective shock velocity. The [S 1] 46716/46731 ratios are
near the low-density limit (>1.25; n, < 200 cm~3) across the
region, as indicated in Figure 3. The degree of ionization in
very low velocity shocks (say, 20-40 km s~ ') is only a few
percent, so we do not expect that the electron densities indi-
cated by the [S 1] ratios reflect the true particle density in the
cooling gas.

Blondin, Konigl, & Fryxell (1989) note that the jet shock
velocity, Vip (MD = Mach disk), modified here for the moving
medium, is

Vb = V; - (VBS + Vmed) (9)

where V; is the flow velocity of the jet at the working surface,
Vas the bow shock velocity, and V., the velocity of the
medium. From our previous discussion (§ 4.1), V35 = 140 + 20
km s™! and V., = 150 + 20 km s~ !. In attempting to esti-
mate Vyp, we note that HRH generated large [S 11]/Ha ratios
and low electron densities at shock velocities of 20-30 km s ™.
However, these characteristics can also be achieved over a
large range of shock velocities (~20—60 km s~ ') if the mag-
netic field strength is a few tens of microgauss. In the following
discussion, we adopt Vyp ~ 40 km s~ * with a probable uncer-
tainty of +20 km s~ !. A jet shock velocity in this range implies
a flow velocity for the jet of ¥; ~ 310 — 350 km s~ . Given the
complicated structure of the Mach disk emission, we do not
attempt a detailed model for the following reasons: (1) it is
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time-dependent in simulations (e.g., Blondin et al. 1989); (2)
the geometry is not obviously planar or bow-shaped in the
data; and (3) there may be more than one shock present,
resulting possibly in the shocks not being fully radiative as gas
may pass through a second shock before cooling from the first.
Following the discussion of Hartigan (1989), we use a modi-
fied form of the relation given by Norman, Winkler, & Smarr
(1983), to estimate #, the ratio of the jet density to the preshock
density. Balancing the ram pressures at the jet and bow shocks,

B";[Vj — (Vs + Vmed)]2 =Ny Vizas (10)
or
3"1‘ Vr%m =Ny Vlzss > (11

where V;, Vg, and V4 are the jet flow velocity, the bow shock
velocity and the velocity of the ambient medium, n; and n, the
jet and ambient medium densities, ¥, the shock velocity at
the Mach disk, and § expresses the efficiency of momentum
transfer from the jet to the working surface. Using values of
Vup = 40 km s™1, Vs = 140 km s !, and n, = 65 cm ™3, we
find that fn; ~ 800 cm™>. For a heavy jet with radiative
cooling, § ~ 1 (Blondin et al. 1990), implying n ~ 12. However,
we emphasize that our treatment is not strictly valid over long
time scales because the Mach disk is a variable structure that
does not maintain a constant velocity relative to the bow
shock. Despite its much higher density relative to the ambient
medium, the jet head may be altered by hydrodynamical insta-
bilities that develop over the dynamical lifetime of the flow,
and may drastically modify the momentum transfer. In addi-
tion, the working surface is obviously asymmetric about the jet
axis and the jet appears to be plowing into a highly nonuni-
form medium (as suggested in § 4.1.3).

5. CONCLUSIONS

We have performed detailed observations of the working
surface HH 34 using an imaging spectrophotometer. Mono-
chromatic images of the [S 1] A6716/46731 and [S 1]
(46716 + 46731)/Ha line ratios produce maps of post-shock
electron densities and excitation conditions throughout the
entire flow volume. We have estimated an effective bow shock
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velocity of 140 4+ 20 km s~ * based on the observed bow shock
shape and the spatial distribution of the [O 1] 15007 emission.
A new bow shock model of HH 34 has been constructed using
the geometry described in HRH and a dense grid of planar
shock models with Orion abundances reported by Osterbrock
et al. (1992). The model matches the observed Ho emission-line
fluxes and [O m] A5007/He, [S 11]/He, and [S 1] 16716/16731
line ratios. We estimate that the preshock density n, =~ 65
cm 3, based on the observed Ha flux at the apex of the bow
shock and our estimates of the bow shock velocity and
reddening toward HH 34.

Our models of HH 34 provide strong evidence that (1) the
medium in front of the bow shock moves at a velocity of ~ 150
km s~! away from the source, possibly due to previous erup-
tions of the outflow and (2) there is separate emission from the
bow shock and Mach disk in HH 34. The emission from the
Mach disk occupies an irregularly shaped region at the head of
the stellar jet, with a large radial velocity and a low excitation
spectrum as expected from low velocity (~20-60 km s™!)
shocks. The jet is ~ 10 times denser than the material in front
of the bow shock of HH 34.

Given the bow shock velocity, preshock density, and post-
shock electron densities measured at different points along the
bow shock, we estimate a magnetic field of B, = 10-20 uG in
the preshock gas of HH 34, ie., in the wake of the earlier
ejection. The magnetic field inhibits the postshock compres-
sion of the gas behind the bow shock and extends the post-
shock cooling region to several arcseconds. However, the ram
pressure of the preshock gas exceeds the magnetic energy
density by at least three orders of magnitude, so that the mag-
netic field is not important in the dynamics of the flow in HH
34.
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