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RESUMEN

Este articulo presenta una compilacién que incluye una parte considerable de
todas las observaciones espectrofotométricas de objetos Herbig-Haro (HH) que han
sido publicadas (por un nimero de distintos autores) desde 1981 a 1993. Nuestra
compilacién incluye 45 condensaciones de 31 distintos flujos, para las que han sido
obtenidos espectros tanto azules como rojos (en el rango de ~ 3700 A a ~ 8000-
10000 A). De este conjunto de datos, hemos elegido un ndimero de cocientes de
lineas ([O III] 5007/Hp, [Ne III] 3868/H3, [O II] (3726+3729)/HA3, [N II] 6583 /Hp,
[O 1] 6300/Ha, [N 1] (5198+5200)/HB, [Ca II] 7291/Ha, [S II] (4068+4076)/HS y
[S II] (6717+6731)/Ha) que no estan afectados fuertemente por el enrojecimiento.
Estudiamos las distintas correlaciones que se observan entre estos cocientes de linea
y comparamos los resultados con predicciones de modelos de onda de choque.

También usamos nuestra compilacién de espectros para derivar un criterio
cuantitativo (basado en los cocientes [O II1] 5007/HB y [S 1] (6717+6731)/Ha) para
dividir los espectros HH en categorias de alta, intermedia y baja excitacién. Final-
mente, obtenemos determinaciones empiricas de n. (del cociente [S II] 6731/6717)
para todas las condensaciones HH de nuestra muestra.

ABSTRACT

This paper presents a compilation that includes a large fraction of the spec-
trophotometric observations of Herbig-Haro (HH) objects published (by a number
of different authors) from 1981 through 1993. Our compilation includes 45 separate
condensations of 31 different outflows, for all of which both blue and red spectra
(in the range from ~ 3700 A to ~ 8000-10000 A) are available. From this data set,
we have chosen a number of line ratios (namely, [O III] 5007/HS, [Ne I111] 3868/HS3,
(O I} (37264-3729)/H, [N II] 6583/Hp, [O 1] 6300/Ha, [N 1] (5198+5200)/H3,
[Ca II] 7291/Ha, [S II] (4068+4076)/HB and [S II] (6717+6731)/He) which are
not strongly affected by reddening. We then study the different correlations that
are found between these line ratios, and compare the results with predictions from
shock wave models.

We also use the compiled data set to derive a quantitative criterion (based on
the [O III] 5007/HA and [S II} (6717+6731)/Ha line ratios) to divide HH spectra
into the high, intermediate and low excitation categories. Finally, we obtain empir-

ical determinations of n. (from the [S II] 6731/6717 ratio) for the HH condensations
of our sample.
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1. INTRODUCTION

In recent years there has been considerable
progress in our understanding of outflows from young
stellar objects, their optical jets and their Herbig-
Haro (HH) objects (see, e.g., the reviews by Edwards,
Ray, & Mundt 1993, Reipurth & Heathcote 1993,
Ray & Mundt 1993, Reipurth & Cernicharo 1995,
and the survey of theoretical models by Raga 1995).
In the recent past the main interest has been concen-
trated on the (probably) magnetohydrodynamic gen-
eration of the outflow, its place of origin, and on the
interpretation of the geometry of outflows and jets.
The explanation of the details of the optical (and
uv) spectra of HH objects and jets has not played
such an important role any more. The reason is obvi-
ous. There is a general belief that we understand the
generation of HH spectra as caused by shock waves
(Schwartz 1975) which are generated by the jet (bow
shocks, jet shocks etc.) and that the generation of
spectra in these shocks is (at least in a fundamental
way) understood. This is true in general.

However, in a preliminary investigation of the
spectra of HH objects for which the most detailed
spectra are presently available (HH 1, HH 2H,
HH 2A, HH 3, HH 24A, HH 32A, HH 255, HH 43B,C,
HH 47A, HH 7, HH 11), Bohm (1995) came to a
tentative but surprising conclusion. He found that
among these objects all the high excitation objects
show an [O II1] 5007/Hp ratio which is predicted for
(plane) shock waves with a shock velocity smaller
than ~ 95 km s~!. In this (admittedly small) sam-
ple there is no indication (from the [O III]/HS ratio)
of any larger shock velocity. If we make the compar-
ison with bow shock models (Hartigan, Raymond,
& Hartmann 1987) the limit corresponds to about
120 km s~!. This conclusion would seem to be quite
surprising especially since it seems to be confirmed by
the [Ne III]/Hp ratio and probably by the [S III]/Ha
ratio. The next question is of course: Does this ap-
ply to all HH objects? It therefore seems to be well
justified to look at a larger sample of spectra of HH
objects and also to try to draw some more general
conclusions about these spectra and the (possibly)
unexpected aspects of their shock wave interpreta-
tion.

In order to do this we used the presently avail-
able literature about spectrophotometric data of HH
objects (as described below). The drawback of this
approach is that we have to combine spectrophoto-
metric observations of different (spectral) resolution
and different signal to noise ratios. Consequently we
have to restrict our investigation to relatively few
strong and moderately strong lines which (in prin-
ciple) could be detected in all spectra available to
us. This excludes a number of interesting problems
(which must be clarified in later studies) like e.g., the
enigmatic behaviour of the [C I] (9823,9849) lines in

low excitation HH objects. In the following sections
we shall show that even our present, relative mod-
est approach leads to a number of unexpected state-
ments about the properties of Herbig-Haro shock
waves.

2. THE DATA SET

We have used the catalogue of Reipurth (1994),
which gives a comprehensive list of references for the
numbered HH objects, to compile a list of all of the
papers on spectroscopical observations of these ob-
jects. From these papers, we have chosen the HH ob-
jects for which both red and blue spectra have been
obtained, and for which at least ~ 10 line fluxes are
given. In the cases in which a number of papers give
the spectrum of the same object, we have taken the
results from the most recent reference.

In some cases, spectra are available for different
condensations of the same outflow (e.g., HH 7, 10 and
11; HH 2A, G and H; HH 43A, B and C). As the dif-
ferent condensations of the same outflow many times
have spectra with very different excitations, we have
included all of the spectra of the individual condensa-
tions in our tabulation. In this way, we have obtained
a tabulation of a chosen set of emission lines for 45
condensations of 31 different outflows (counting the
red- and blue-shifted lobes from the same source as
separate outflows).

Table 1 gives the fluxes of the blue spectrum emis-
sion lines [O II] (3726+3729), [Ne III] 3868, [S II]
(4068+4076), [Fe III] 4658, [O III] 5007, [Fe II] 5158,
[N I] (5198+45200), and [Fe II] (5262+5273) and the
red spectrum emission lines [O I] 6300, He, [N II]
6583, [S II] 6717, [S II] 6731, [Fe II] 7155, [Ca II]
7291, the [O 1I] 7319+[Ca II] 73244-[O II] 7330 blend,
[S IIT] 9069, [S III] 9532 and [C I] 9849. These lines
have been chosen in order to cover a range of excita-
tions, and to illustrate different effects found in the
spectra of HH objects. Table 1 also gives the refer-
ences from which the spectra have been obtained.

Clearly, many of these lines have not been de-
tected in all of the HH objects of our sample. In
the cases in which the UV and/or the IR part of
the spectrum has not been observed, we have indi-
cated the absence of line detections with a “—” in
the corresponding place (see Table 1). In other cases,
we find that some papers do not appear to have a
complete tabulation of the detected lines (restrict-
ing themselves to a few “interesting” lines), so that
we have also indicated the missing lines with a “—”.
Other papers do appear to have a complete list of
all of the detected lines, and in these cases we have
indicated the absence of detected emission by giving
the line flux a value of zero.

Finally, for many objects we have listed two values
of the emission line fluxes (in both cases, with respect
to HB = 100), the first set (in the same line of text
as the identification of the object, see Table 1) cor-
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OPTICAL SPECTROPHOTOMETRY OF HH OBJECTS 165
TABLE 2
E(B — V) FOR REDDENING CORRECTIONS
HH E(B-V) Method® Reference® HH E(B—-V) Method® Reference’
1 0.43 1 SBR88 49 0.38 2,3 SD80
2A 0.37 1 BBMS81 50 0.69 2,3 ?
2G 0.44 1 ” 54B 0.78 2,3 ”
2H 0.34 1 ” 54C 1.03 2,3 ”
3 0.45 1 ” 96 0.59 2,3 7
7 0.40 2 BS90 57 0.84 2,3 7
11 0.40 2 ” 83B,D 0.48 2 Owa1
24A 0.71 1 BBMS&1 111V 0.70 2 M93
32 0.69 1 ” 111L 0.90 2 ”
34(ap) 0.1 2 M93 111D-J  0.90 2 »
34(MD) 041 2 ” 123 0.41 3 RH90
34(jet) 0.41 2 7 124A-C  0.57 2 WOR92
40 0.70 1 BBMS1 124D 0.15 2 ”
43A° 0.20 4 SDC85 124E-F 0.02 2 ”
43B° 0.20 4 ” 125F 0.33 2 7
43C° 0.20 4 ” 1251-K 0.52 2 ”
47A 0.07 2 DSES82 126B 0.27 2 OwWal
47C 0.48 2 7 128 0.82 2 7
47D 0.14 2 ”

@ Methods: (1) Miller’s (1968); (2): from Ha/Hf ratio; (3): from red and blue [O II} and/or [S II]
ratios (Dopita, Binette, & Schwartz 1982); (4): from model fits to the optical continuum (Schwartz,

Dopita, & Cohen 1985).

b References: SBR88 (Solf, Bohm, & Raga 1988); BBM81 (Brugel, Bohm, & Mannery 1981); BS90
(Bohm & Solf 1990); M93 (Morse et al. 1993); SDC85 (Schwartz, Dopita, & Cohen 1985); DSE82
(Dopita, Schwartz, & Evans 1982); SD80 (Schwartz & Dopita 1980); OW91 (Ogura & Walsh 1991);
RH90 (Reipurth & Heathcote 1990); WOR92 (Walsh, Ogura, & Reipurth 1992).

¢ @ Orionis extinction curve was used.

responding to the measured values, and the second
set corresponding to the dereddened values as given
in the corresponding reference. A few of the spec-
tra found in the literature have not been corrected
for reddening (HH 10, 30, 154, 158, 184, 234, 235,
and 240) and for these objects we only give the ob-
served (not dereddened) spectrum. Finally, in a few
cases only the dereddened spectra are given (HH 7,
11, 43A, 43B, and 43C), so that in our table we have
only listed the dereddened line fluxes (these objects
are indicated with an asterisk in Table 1).

In Table 2, we list the E(B—V) values used for the
reddening corrections of the different spectra. Also
listed are the methods by which the E(B — V) values
have been derived, and the references of the relevant
papers. From this table, it is clear that the reddening
corrections are in many cases quite uncertain. For a
few objects, the method of Miller (1968, in which the
common upper level IR and blue [S II] lines are used)
has been applied. Though this method in principle

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

is expected to give the correct E(B — 17) values. in
practice it gives somewhat uncertain results, due to
the difficulty of obtaining reliable fluxes for the rele-
vant lines. For other objects, ratios of red and blue
[O 1I] and/or [S ] ratios have been used (Dopita, Bi-
nette, & Schwartz 1982), giving somewhat uncertain
E(B-V) determinations due to the fact that the line
ratios are model dependent. In one case (HH 43),
a comparison of the observed continuum spectrum
with model predictions has been used to determine
the F(B — V). Finally, in most cases the value of
E(B — V) has been determined by assuming that
the intrinsic Ha/Hp ratio corresponds to the recom-
bination cascade value. This is of course also quite
uncertain, as it is expected that this line ratio will
deviate appreciably from the recombination value for
low velocity shocks (see, e.g., Hartigan et al. 1987).

Given these large uncertainties in the reddening
corrections, we have chosen to concentrate on line
ratios which are not strongly affected by reddening.
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This can be easily done by considering the line ra-
tios of the blue spectrum lines (see Table 1) to HS,
and the ratios of the red spectrum lines to Ha. We
see that for most objects, these line ratios have quite
similar values whether the fluxes with or without red-
dening corrections are used. The most serious devi-
ation is found for the [O II] (3726+3729)/Hf ratio,
which is quite strongly infuenced by reddening.

For example, for HH 54C (the most highly red-
dened object, see Table 2) the [O II] (3726 +
3729)/Hp ratio increases by a factor of ~ 2.5 when
the reddening correction is applied. It is clear that
for the other line ratios of this particular object (and
also for the ones of all of the other listed objects),
the effect of the reddening correction is considerably
smaller.

In this way, we have chosen a set of line ra-
tios which are moderately reddening-independent, so
that the errors in the reddening corrections should
not be important. For the gbjects in which redden-
ing corrections have been applied, we have calculated
these line ratios with the dereddened fluxes. For the
spectra which have not been corrected for reddening
(in the relevant papers), we have calculated the line
ratios with the measured fluxes, without attempting
to carry out a correction for reddening. For these ob-
jects, we would expect to have errors of factors ~ 2
for the [O II] (3726+28)/Hp ratio, and smaller errors
for the other line ratios (see above).

3. CLASSIFICATION OF THE SPECTRA
BASED ON THE [O III] 5007/H8 AND
[S 11] (6717+6731)/Ha LINE RATIOS

In the literature, HH spectra have been losely
classified according to their [O III] 5007/HS and
[S 1] (67174+6731)/Ha line ratios as “high ex-
citation” (with strong [O III] 5007 and weak
[S II] (6717+6731)), “intermediate excitation” (weak
or absent [O II] 5007, relatively weak [S II]
(671746731)) or “low excitation” (absent [O III]
5007, strong [S II] (6717+6731)). With the data set
presented in the previous section, it is possible to de-
rive quantitative limits on the [O III] 5007/HQ and
[SII] (6717+6731)/Hc ratios for these three spectro-
scopic categories.

Figure 1 shows the [O III] 5007/HB versus [S II]
(6717+6731)/He plane, divided into rectangular
boxes of sizes Ay = 0.1 and Az = 0.5 (where y and
z indicate the corresponding line ratios). Inside each
of the boxes we have placed a number that indicates
the number of spectra from our sample which have
line ratios within the limits of the box.

From this graph it is clear that HH objects occupy
two major regions, one region along the z-axis, and
the other one roughly along the y-axis. From this re-
sult, a division into the three spectroscopic categories
of HH spectra can be carried out as follows:

1 T T T T T
o'1'ololoiooioloiooiolo o
0.0.0
0.8 i s S R T
« 0i{0:0|0:0:0:0:0i0:0:0:0:0:0
I i H . N : o
N LA é 0 0 ‘
g it 00000,
0 fa ; e :
= 0.4 e :
o . : e o
= 2! 0.0 0 000,
0.2 [ ; :
2.3 2(0000 000
. 215 6!2,1.1 02000010
0 2 4 6

[S 1] (6717+6731)/Ha

Fig. 1. Graph showing the [O III] 5007/Hg versus [S II]
(6717+46731)/Ha plane divided into boxes with Az = 0.5
and Ay = 0.1. The number of HH spectra falling into the
line ratio ranges limited by each box is drawn inside the
corresponding box. All except 2 of the tabulated spectra
(see Table 1) are included in this graph (see the text).
It is clear that the objects fall into two main regions of
the graph, one along the z-axis, and one along the y-
axis (these two regions are enclosed by a thick dashed
line and by a solid line, respectively). These two regions
correspond to the low and high excitation spectra (re-
spectively), and their intersection (in the region close to
the origin) corresponds to the low excitation spectra.

i) “high excitation” spectra, with [O III] 5007/Hp3
> 0.1 and [S II] (67174+6731)/Ha < 1.5,

i) “intermediate excitation spectra”, with [O III]
5007/HB < 0.1 and [S ] (6717+6731)/Ha < 1.5,
i11) “low excitation spectra”, with [O III} 5007/Hp
< 0.1 and [S IT] (6717+6731)/Ha > 1.5.

Using these criteria, we would conclude that Figure 1
includes 22 high excitation, 13 intermediate excita-
tion and 7 low excitation objects.

Three of the spectra listed in Table 1 are not in-
cluded in Figure 1. HH 2A and G are not included
because the flux of the [S II] 6731 line has not been
measured. However, from their high [O III] 5007/Hf
and low [S II] 6717/He ratios we can safely classify
them as “high excitation”, giving us a total number
of 24 high excitation spectra.

The remaining missing object is HH 47D, which
has [O III] 5007/HB = 1.9 (the highest value for all
of the spectra) and [S II] (6717+6731)/Ha = 2.0.
As we will see in sections 4 and 5, all of the line
fluxes other than the one of [O III] 5007 are consis-
tent with a classification of HH 47D as a low excita-
tion object. From this, we would conclude that the
[O I11] 5007 line flux might possibly be influenced by
the surrounding H II region, as suggested by Dopita
et al. (1982). We should also note that Hartigan,
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Raymond, & Meaburn (1990) claim that the whole
spectrum of HH 47D is quite uncertain, as all of the
line intensities are very low. If we then go ahead and
classify HH 47D as “low excitation”, this would give
us a total number of 8 low excitation objects.

From this, we conclude that of our sample of 45
spectra, 53% are “high excitation”, 29% are “inter-
mediate excitation” and 18% are “low excitation”
spectra. In the following section, we will see that
the objects divided into these three separate cate-
gories according to their [O III] 5007/HSB and [S II]
(671746731)/He ratios also form clearly separate
groups when one analyzes other line ratios. There is
of course a strong selection effect in our sample since
on the average high excitation objects are brighter
than low excitation objects, and are therefore more
easily discovered.
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4. A GENERAL ANALYSIS OF THE
LINE RATIOS

Let us now consider a number of different line ra-
tios that can be obtained from the spectra listed in
Table 1. We have chosen:

i) five low excitation line ratios: [N I] (5198 +
5200)/Hp, [O 1] 6300/He, [S II] (6717+6731)/Ha,
[Call] 7291/Ha, and [S II] (4068+4076)/Hp, 1) four
intermediate and high excitation line ratios: [O III]
5007/Hp, [O 1] (3726+3729)/HS, [Ne III] 3868/HS
and [N II] 6583/Hca. As described in § 2, these line
ratios have been taken either with respect to HB or
Ho in such a way as to minimize the effect of errors
in the reddening corrections.

In order to simplify the interpretation of the line
ratios, we present them in eight line ratio scatter

—_
I

()

[4V)

—_

(@)

[S 11] (4068+4076)/HB [Ca II] 7291 /Ha

[N I] (5198+5200)/HB

Fig. 2. Graph showing four scatter plots of low excitation line ratios as a function of [N I] (5198+5200)/HpB. The points
corresponding to the high excitation spectra are shown with open squares, the intermediate excitation spectra with
solid squares, and the low excitation objects with crosses. Also plotted is a line connecting the points that are predicted
from the sequence of “self consistent preionization”, plane shock models of Hartigan et al. (1987). The models of shock

velocities vy = 20-100 km s~}
the models of v; = 200-400 km s~!

are connected with a dotted line, the ones of v, = 100-200 km s~! with a solid line, and
are connected with a dashed line.
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plots (Figures 2 and 3) in which we always use [N I]
(5198+5200)/H as the abscissa, and the other cho-
sen line ratios (a different one for each of the eight
plots) as the ordinate. We have chosen the [N I]
(5198+5200)/Hf ratio as the abscissa because the
[N I] (5198+200) line is one of the few that have
been observed in most of the objects from our sam-
ple (in all of them except HH 126B, see Table 1).
The other obvious possibility is to use the [S II]
(67174+6731)/He ratio as the abscissa, but we have
not done this because it confuses the comparisons
that we will carry out with shock wave models.
Figure 2 shows scatter plots of four low excita-
tion line ratios versus [N I] (5198+5200)/HS, and
Figure 3 shows scatter plots of four high excitation
ratios versus [N I] (5198+5200)/HB. In the same
plots, we show a curve which joins the points pre-
dicted from the “self-consistent preionization” plane-
parallel shock wave models of Hartigan et al. (1987).
The models that we have chosen all have the same

X128 i

[0 11] (3726+3729)/HB [0 III] 5007 /HB

[N I] (5198+5200)/Hp

pre-shock density (npre = 100 cm™3) and shock ve-
locities ranging from 20 to 400 km s~!. An idea of
the shock velocities along the model curves can be ob-
tained by noting that the [N I] (5198+5200)/Hp ratio
has the highest value for the v; = 20 km s~!shock
model, and decreases monotonically with increasing
shock velocity until v; = 80 km s™!, then slowly in-
creases again (though not monotonically) until vy =
300 km s™!, and finally drops for higher shock veloc-
ities.

We see that the high, intermediate and low exci-
tation objects form reasonably well defined groups in
the line ratio scatter plots (Figures 2 and 3), except
possibly for the [O II] (3726+3729)/HA and [N II]
6583/Ha versus [N I] (5198+-5200)/HS graphs, in
which the high and intermediate excitation spectra
have basically undistinguishable line ratios. This re-
sult appears to strengthen the justification for the
definition of three separate categories for HH spec-
tra. It is also clear that while some of the line ra-

[N I] (5198+5200)/Hp

Fig. 3. Graph showing four scatter plots of intermediate and high excitation line ratios as a function of [N I]
(5198+45200)/HB. The points corresponding to the high excitation spectra are shown with open squares, the inter-
mediate excitation spectra with solid squares, and the low excitation objects with crosses. Also plotted is a line
connecting the points that are predicted from the sequence of “self consistent preionization”, plane shock models of
Hartigan et al. (1987). The models of shock velocities v, = 20-100 km s~ ! are connected with a dotted line, the ones
of v, = 100-200 km s~ with a solid line, and the models of v, = 200-400 km s~' are connected with a dashed line.
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tios appear to be easily reproduced by shock models,
others have clear problems. Interestingly, both the
[0 1] 6300/Ha versus [N I] (5198+45200)/H/ scat-
ter plot (see Figure 2) and the graphs of the in-
termediate and high excitation line ratios ([N II]
6583/He, [O II] (3726+4-3729)/H3, [O II1] 5007/HA3
and [Ne IIT] 3868/Hp) versus [N I] (5198+5200)/H3
(see Figure 3) appear to be reasonably well repro-
duced by the shock wave-models. On the other hand,
in the scatter plots of [S II] (6717+6731)/Ha, [S II]
(4068+4076)/HB and [Ca I1] 7291/Ha versus [N I]
(5198+5200)/HQB substantial differences are found
between the observed spectra and the model predic-
tions (see Figure 2).

From this result, we would be tempted to conclude
that there appears to be at least a partial problem
with the model predictions of the [SII] (red and blue)
and [Ca II] 7291 line fluxes. However, as we will
discuss in section 6, more severe problems are found
when trying to carry out a more detailed comparison
between the observed and theoretical line ratios.

A particularly interesting result is obtained
from the [S II] (671746731)/Ha versus [N 1]
(5198+5200)/Hp scatter plot (Figure 2). The fact
that low excitation objects have extremely high
[S II] (6717+6731)/Ha values has been noted re-
peated times in the literature. The standard expla-
nation for the difference between these values and
the ones predicted, e.g., from the models of Har-
tigan et al. (1987) is that the models do not go
to low enough shock velocities, for which higher
[S II] (671746731)/Ha are expected. However, if
we assume that at lower shock velocities a similar
trend (in the [S II] (671746731)/Ha versus [N 1]
(5198+5200)/Hp scatter plot) as the one of the
30 km s~!and 20 km s~ 'models is preserved, we
would conclude that these lower shock velocity mod-
els would still not reproduce the observations (as we
might have the correct [S II] (671746731)/Ha val-
ues, but the [N I] (5198+5200)/Hf values would be
too high by a large factor, see Figure 2).

Interestingly, we find that if we consider either
the higher density plane shock models or the bow-
shock models of Hartigan et al. (1987), this discrep-
ancy between the model predictions and the obser-
vations does not disappear. It appears that predic-
tions from shock models consistently have a [S II]
(6717+6731)/Ha ratio too low by a factor of 2 or 3
with respect to the values observed in low and inter-
mediate excitation HH objects (see Figure 2). We do
not see a clear explanation for this effect.

Finally, we would like to point out that the scat-
ter plots involving the low excitation lines show
quite striking correlations (particularly for [S II]
(6717+6731)/Ha and [O I} 6300/Ha versus [N I]
(5198+5200)/Hp, see Figure 2). This appears to im-
ply that these line ratios depend mostly on one pa-
rameter, which probably is the shock velocity. One
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would have to-conclude that all of the observed HH
objects have preshock media of relatively similar den-
sities (see also § 5). Also, one has to conclude that
the geometry of the shock structure of the observed
condensations is either similar for all objects (which
seems to be not very reasonable) or unimportant
for the formation of the lines (also somewhat unex-
pected).

The following section describes an analysis of
other line ratios, which can be used directly as
plasma diagnostics. We find that the results from
this analysis again appears to agree (at least par-
tially) with a family of models with different shock
velocities (but otherwise identical parameters).

5. DIAGNOSTIC LINE RATIOS OF n,

It is standard practice to use pairs of lines of the
same ion to determine the electron density n, and
temperature T, of the emitting region. Such deter-
minations have been done for the spectra of some
HH objects using a considerable number of line ra-
tios (see, e.g., Brugel, Bohm, & Mannery 1981; Solf,
Bohm, & Raga 1988). Unfortunately, many of these
(mostly faint) diagnostic lines have not been ob-
served in most of the published spectra.

The main diagnostic line ratio involving strong
lines of a common ion is of course the red [S II]
ratio. We have therefore used the n.-sensitive
[STI] 6731/6717 line ratio to determine electron den-
sities for the objects of our sample (Table 1). In order
to do this, we have assumed that the [S II] emit-
ting region has a temperature T, = 10* K, though of
course our results are only weakly sensitive to T,.

"Figure 4 shows the electron densities for all of
the spectra listed in Table 1, except for the ones
of HH 2A and G (for which the [S II] 6731 flux
has not been measured), plotted against the [N I]
(5198+5200)/Hp line ratio. In this graph we see
a clear correlation of increasing n, with increas-
ing excitation (i.e., with decreasing values of [N I]
(5198+-5200)/Hp). This effect is also seen in a fam-
ily of shock models of the same preshock density
(n = 100 cm™3) and shock velocities v, = 20—
400 km s~!(taken from Hartigan et al. 1987).

However, there is the following interesting dis-
crepancy between the predicted and observed
[S [ 6731/6717 line ratios. The HH objects that
have [S II] 6731/6717 most closely approaching the
low density limit are a few intermediate and high ex-
citation objects (Figure 4), an effect which is not seen
in the model spectra. We would therefore conclude
that for these objects the preshock density probably
has unusually low values. It is also surprising how
small is the n, variation for all intermediate and low
excitation objects. From this we would conclude that
the preshock densities cannot vary much from object
to object.
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Fig. 4. Graph showing the [S II] (67174+6731)/He versus [N I] (5198+5200)/Hg scatter plot (top) for the tabulated
spectra (see Table 1) and the corresponding electron densities (bottom plot) deduced assuming a temperature of 10% K for
the emitting gas. The points corresponding to the high excitation spectra are shown with open squares, the intermediate
excitation spectra with solid squares, and the low excitation objects with crosses. Also plotted is a solid line connecting
the points that are predicted from the sequence of “self consistent preionization”, plane shock models of Hartigan et al.

(1987).

6. A MORE DETAILED COMPARISON
WITH SHOCK MODELS

Let us now discuss the results obtained from si-
multaneously analyzing several different line ratios
(of different excitations) for each object of our sam-
ple. We have done this by choosing a shock model
for fitting each of the points in the scatter plots dis-
cussed in § 4 (Figures 2 and 3), and then studying
which are the required models for the different ob-
jects.

We have taken the the curves in the scatter plots
predicted from the n = 100 cm™3 preshock density,
self consistent preionization plane shock models of

Hartigan et al. (1987, which cover a velocity range
from 20 to 400 km s™1), and found the shock velocity
that best explains each of the observational points in
the scatter plots (carrying out a simple, linear in-
terpolation between the computed models when nec-
essary). The results from this fitting procedure are
shown in Figures 5 and 6.

The abscissas of these plots show the shock ve-
locities that best fit the scatter plots involving the
[O 1] (3726+3729)/HpB, [Ne III] 3868/HB, [S II]
(4068+4076)/Hp, [O II1] 5007/Hp, [O I] 6300/Ha,
[N 1I] 6583/Ha, [S II] (67174+6731)/Ha and the
[CaII] 7291 /Ha line ratios (also see Figures 2 and 3),
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plotted with different symbols for the different line
ratios. The results obtained for each object are offset
from each other along the ordinate, and the identifi-
cation of the corresponding object is given along the
y-axis. We have divided the results into three plots,
one containing the high excitation objects (Figure 5),
a second one the intermediate excitation and a third
one the low excitaion objects (both in Figure 6).
The high excitation objects (Figure 5) show very
interesting effects. It is clear that for almost all of
the objects, most of the emission line ratios are re-
produced best by shock models with velocities very
close to 100 km s~!. The clear exception is the
[S II] (6717+6731)/He ratio, which is best repro-
duced with considerably higher shock velocity mod-

els (in the 100-400 km s~ range, see Figure 5). This
clear discrepancy of the results obtained using the
[S II] (671746731)/Ha ratio is not very surprising,
given the fact that the shock models appear to have
problems in reproducing this particular line ratio (see
the discussion in § 4).

We should point out that there is a partial am-
biguity in the [S II] (6717+6731)/Ha shock ve-
locity determinations. It is clear from the [S II]
(67174+6731)/Ha versus [N I} (5198+5200)/Hf scat-
ter plot of Figure 2 that the models with v = 100—
200 km s~! have line ratios very similar to the ones
of the v, = 200-400 km s~! models. Because of this
similarity of the predicted line ratios, the observed
[S I1] (67174+6731)/He line ratios would be repro-

« [0 1] (3726+3729)/HB

2A e S _
26 — A xA@ O —| . [Ne 1] 3868/Hp
23H E iﬁ; o | s m (s088+4076)/Hp
240 |— @ ® ° x  —  A[0 1] 5007/HB
32 I () |
saep) - O o8 | alo01] 6300/Ha
34(MD) &® X @ — 0[N 11] 6583/Ha
40 BN L X —
3 - @ e _| @[S 1] (6717+6731)/Ha
49— g | 4[Ca 1] 7291/Ha
54C |- @ X —
56 — & A OA X ® —
83BD — A @ X ) —]
123 — @x LA o _
124A-C}— @& o x ° —
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Fig. 5. Graph showing the shock velocities of the plane shock models that best fit the points in the line ratio scatter plots
of Figures 2 and 3. This graph shows the results found for the high excitation spectra of our sample. The identification
of the object is given along the ordinate, and the shock velocities needed to reproduce the different line ratios of the
corresponding object are plotted along the abscissa (with different symbols for the different line ratios, as listed on the

right of the plot).
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duced with v; = 100-200 km s~! models almost as
well as with v; = 200-400 km s~! models. A fit
with the lower velocity models would at least par-
tially remove the discrepancy between the shock. ve-
locity deduced from the [S IT] (671746731)/Ha ratio,
and the shock velocities deduced from the other line
ratios (see Figure 5).

We - are therefore tempted to exclude the [S II]
(6717+46731)/He ratio, and to compute the aver-
age velocity obtained from the remaining line ratios.
Carrying out an unweighted average over the shock
velocities predicted for all objects (from all of the
line ratios considered), we obtain an average veloc-
ity (vs) = (82437) km s™!(where the error has been
computed as the dispersion of all of the shock velocity
determinations). In calculating this average, we have
also not included the [O II] (3726+-3729)/Hp shock

RAGA, BOHM, & CANTO

velocity determinations, as they also appear to be-
have peculiarly (see Figure 5). This may have been
a consequence of the diffuse [O II] emission present,
e.g., in the Orion region.

The small standard deviation of the shock velocity
is a surprise (why do not larger shock velocities oc-
cur?). Our present sample confirms the conclusions
drawn from a much smaller sample (B6hm 1995) that
the [O IIT] 5007/Hp (and also [Ne IIT] 3868/Hf3) line
ratio in the high excitation objects never seems to in-
dicate a shock velocity larger than 100 km s~!. This
surprising result is clearly visible in Figure 5.

For the low excitation objects (see Figure 6), a
very good agreement is found between the shock ve-
locities necessary for reproducing all of the line ratios
in each object. In other words, the analyzed spec-
trum is fitted well by a single, plane shock model.

T 7 T I l I T [ I 1 T 1T 7T [ T T 71 u
30 — O A o
0 11] (3726+3729)/H
438 — @ N % [0 1] ( )/HB
43¢ — @ — 1 [Ne 111 3868/HB
47C — @® e |
50 r A DO ] g[S 1] (4068+4076)/HR
54B |— @& Oa X ° —
57 - @ A ® B A [0 1II] 5007 /HB
111V — @& L — A [0 1] 6300/Ha
111L — @& ] W —
124E—-F|— A o X @ — O [N 11] 6583/Ha
125F — = AX @ Y — )
1251-K |— @& % | @[S 1] (6717+6731)/Ha
235 — O A ® _ ,
Lo U b b 1] (el 7R91/Ha
T T T T ‘ T T 1 T l | I T I | T I T I (
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11— @ ]
34(jet) @ |
47A @ ]
47D — @& A ]
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Fig. 6. Graph showing the shock velocities of the plane shock models that best fit the points in the line ratio scatter
plots of Figures 2 and 3. This graph shows the results found for the intermediate excitation (top) and low excitation
(bottom) spectra of our sample. The identification of the object is given along the ordinate, and the shock velocities
needed to reproduce the different line ratios of the corresponding object are plotted along the abscissa (with different
symbols for the different line ratios, as listed on the right of the plot).
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If we compute the average shock velocity (averaged
over all objects and line ratios, except the [S II]
(67174+6731)/He and [O I1] (3726+3729)/Hﬂ ratios),
we obtain (vs) = (31£10) km s~!, quite surprisingly
indicating that all of the low excitation objects have
most similar shock velocities. The only drastic ex-
ception is the [C I] emission in HH 7, which differs
from the theoretical predictions by a factor of ~ 10
(Bohm 1995).

The situation is somewhat more confused for the
intermediate excitation objects (see Figure 6), in
which the velocities predicted from some of the line
ratios lie close to v; = 100 km s™!(similar to the
high excitation objects) and others lie close to vy, =
30 km s~!(similar to the velocity required for the
low excitation models, see above). Here we again
find that the shock velocities required by the [S II]
(6717+6731)/Ha line ratios are substantially higher
(~ 250 km s™*, see Figure 6). If we compute an aver-
age shock Veloc1ty (as described above), we obtain a
value (v) = (52429) km s~1, intermediate between
the average shock velocities deduced for the high and
the low excitation objects.

7. DISCUSSION

We have carried out a compilation of spectropho-
tometry of HH objects obtained by different authors
over the past few decades. We present the compiled
information in a table containing a number of lines
ranging from the near UV to the near IR (see Ta-
ble 1). The lines have been selected either because
they are listed in a large part of the published spec-
tra, or because they are of particular interest (e.g.,
because of a particularly high or low excitation).
We have also listed [Fe II] and [Fe I1I] lines, that
though not used in the present paper, are of special
interest for the problem of iron abundance in HH
objects (Beck-Winchatz, Bohm, & Noriega-Crespo
1994, 1996).

We suggest a division of the spectra into high
excitation ([S II] (6717+6731)/Ha < 1.5; [O III]
5007/HB > 0.1), intermediate excitation ([S II]
(6717+6731)/Ha < 1.5; [O III] 5007/HB < 0.1) and
low excitation ([S II] (6717+6731)/Ha > 1.5), based
on quantitative limits for the [S II] (6717+6731)/Ha
and [O III] 5007/HS line ratios. We find that the
spectra divided into these categories tend to have
more or less well defined, common ranges for most of
the line ratios that we have studied, as seen in the
line ratio scatter plots of Figures 2 and 3.

These line ratio scatter plots also show the loci ob-
tained from a family of plane shocks of different shock
velocities (but otherwise identical parameters, taken
from Hartigan et al. 1987), which seem to agree quite
well with the location of the observed points. The
most notable exception is the [S II] (6717+6731)/Ha
ratio, which seems to be underestimated by the mod-

els by a factor of ~ 2-3 (see Figure 2 and the discus-
sion of § 4).

Interestingly, this discrepancy between the pre-
dicted and observed [S II] (671746731)/Ha ratios
seems to be a problem restricted to HH objects,
since shock excited spectra in SN remnants appear
to have [S II] (67174+6731)/Ha ratios in good agree-
ment with the model predictions (see Canté 1981,
Sabbadin, Minello, & Bianchini 1977). The high
[S 1] (67174+6731)/He line ratios of HH objects ap-
pear to be better reproduced by “truncated” shock
models (such as the one computed for HH 43 and
HH 47 by Dopita et al. 1982), indicating that the
discrepancy between the models and the observations
might possibly be due to the fact that the flow is
non-stationary. On the other hand, it appears that
models with different shock geometries could not re-
produce the high observed [S II] (671746731)/Ha
values, at least within the context of “quasi-one di-
mensional” models in which the flow is modeled as a
superposition of one dimensional, oblique shocks.

We have also studied a diagnostic ratio giving es-
timates of n. (§ 5). The values obtained for n, show
a somewhat similar trend (when plotted versus [N I]
(5198+5200)/Hp) to the predictions from the shock
models (Figure 4). From this we would conclude that
most HH objects appear to have similar preshock
densities.

Finally, we have carried out plane shock model fits
to all of the points in the scatter plots of Figures 2
and 3. Each of the fits gives an estimate of the shock
velocity (as we have considered models with identi-
cal values for the other parameters), and the values
obtained from all line ratios for all objects are shown
in Figures 5 and 6.

We find that the results from these model fits
are quite puzzling. A clear problem with our proce-
dure is that we are comparing observations of emit-
ting condensations with curved (and possibly time-
dependent) shocks with plane, steady shock models.
However, it seems that the effect of the curvature
is probably not enough to explain the observed dis-
crepancies between the observed and predicted line
ratios. In a curved shock, the lower excitation lines
have a stronger contribution from the more oblique,
lower shock velocity regions, and the higher excita-
tion lines are produced in the more perpendicular,
higher shock velocity regions. We therefore expect
the shock velocities required to reproduce the [O III]
5007/H ratio with plane shock models to be higher
than the shock velocities necessary to reproduce the
[O 1] 6300/Ha line ratio. Our sample of high exci-
tation objects clearly shows the opposite effect, with
a velocity vy, & 90 km s~! required for reproducing
[O 111} 5007/HB and a velocity vy ~ 110 km s~ ! re-
quired for reproducing [O I] 6300/Ha Considerably
higher shock velocities are necessary for explaining
the somewhat problematic [S II] (6717+6731)/Ha
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line ratio (see Figure 6), though this might be a re-
sult of the fact that the [S II] (6717+6731)/Ho values
of models with v, = 100-200 km s~ are very similar
to the ones of models with v, = 100-200 km s~ 1.

An even stronger problem appears to be that the
shock velocities predicted from the [O III] 5007/Hf
and [Ne III] 3868/Hp line ratios cluster between 90
and 100 km s~! for all of the high excitation ob-
jects. These line ratios never indicate a shock veloc-
ity larger than 100 km s~! (see Figure 5). If taken at
face value, these results would indicate that there is
a mechanism by which a maximum shock velocity of
~ 100 km s~! is selected by all of the high excitation
objects. Also quite surprising is the fact that the
spectra of all low excitation objects are reproduced
well by models with a very narrow (20-40 km s~1!)
shock velocity range (see Figure 6).

This result is the most serious discrepancy that we
find between our compiled spectrophotometric data
set and the predictions from shock models. The ob-
served spectra of HH objects fall into two categories
(high and low excitation) of quantitatively very simi-
lar spectra. On the other hand, the shock wave mod-
els predict a range of different spectra (most strongly
influenced by the value of the shock velocity), and by
no means reproduce the apparent “bimodal” nature
of high and low excitation HH spectra. We feel that
it is more cautious at this time not to speculate on
the possible explanations for this discrepancy.

Finally, we should note that serious problems are
also found in the interpretation of the intermediate
excitation spectra. For many of these spectra we
find that a shock velocity of ~ 100-140 km s~! is
required for explaining the [O I] 6300/He, while a
velocity of only ~ 30-60 km s~! is implied by the
[O 1I1] 5007 /Hp ratio. It appears to be impossible to
reproduce such results with a superposition of differ-
ent plane shock models.

We would like to thank an anonymous referee for
very helpful comments and suggestions. This work
has been supported by the CONACyT grant 0177P-
E9506.
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