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ABSTRACT 

Herbig-Haro (HH) objects are small nebulous reglons of shock 

excited gas associated with bipolar outflows from newly formed stars. This 

dissertation presents an extensive set of observational data on Herbig-Haro 

objects, including deep CCD images, medium resolution long-slit spectra, and 

high resolution echelle spectra. The CCD survey indicates that HH objects 

cannot be identified reliably on the basis of morphology alone. The spectral 

line data show that HH objects exhibit enormous linewidths even though the 

objects are only about 1500 AU in size. The spectra sometimes have two 

velocity peaks, and show spatial separation of the high and low radial velocity 

gas. A radiative bowshock model constructed from a series of planar shock 

models accounts for the large linewidths, unusual line profiles, line ratios, 

and spatial structure seen in HH objects. A simple formula is derived that 

relates the shock velocity and orientation angle of a radiating bowshock to 

the observed maximum and minimum radial velocities seen in a line profile. 

The bowshock forms around a 'bullet' of material ejected from the forming 

star. The most likely acceleration mechanism for the bullet seems to be a 

breakup of a collimated stellar jet. 

xv 



Chapter 1 

INTRODUCTION 

If you look in the direction of Orion on a clear winter night you can 

see evidence of contemporary star formation in the swirling clouds of gas and 

dust surrounding the young stars in the Trapezium cluster. Star formation 

not only plays a fundamental role in determining the structure of the present 

galaxy, but also affects the properties of most of the observable universe. 

It is fortunate for astronomers that stars still form in the present universe, 

since the evolutionary stages of a forming star are difficult to discern, and 

without readily observable examples it is unlikely that we would ever be able 

to predict the complexities of the process on purely theoretical grounds. 

Until recently, the classical picture of star formation was that somehow 

a dense condensation forms inside a molecular cloud, perhaps due to the 

passage of a supernova blast wave, the collision of two clouds, or the 

progress of an ionization front into a cloud, and that this compression 

causes the self-gravity of the clump to exceed the resistive pressure forces, 

and the clump begins to contract. The condensation's initially negligible 

rotation increases during the contraction as angular momentum is conserved, 

and the centrifugal forces cause the clump to take on the appearance of a 

disk. The magnetic field tends to diffuse out of the neutral gas (ambipolar 

diffusion), thereby allowing the collapse to proceed. At some point a dense 

1 
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ring of molecular material may form and then fragment into several smaller 

contracting clumps of gas and dust. In order to make something like the 

solar system it is necessary to transfer much of the angular momentum 

from the center of the clump to the regions at planetary distances, which 

can in principle be accomplished by the introduction of viscous processes, 

winds, or magnetic fields. With this picture the protostar begins to glow 

from accretional energy, and subsequently removes the surrounding gaseous 

material with a strong stellar wind, leaving behind a few orbiting blobs 

that may eventually turn into planets. When the protostar completes its 

contraction it becomes possible to ignite nuclear fusion in the stellar interior, 

and the protostar can then join the adults on the main sequence. 

Although the above scenario appears to be generally correct, it fails 

to account for the discovery of large quantities of outjlowing molecular gas 

m the direction of many newly formed stars. The first unbound molecular 

outflow was found near a cluster of embedded infrared sources in Orion (Kwan 

and Scoville 1976; Zuckerman, Kuiper, and Kuiper 1976). As other molecular 

flows were discovered in L1551 (Snell and Edwards 1981), Cep A (Rodriguez 

et al. 1980), AFGL 961 (Blitz and Thaddeus 1980), and AFGL 490 (Lada 

and Harvey 1981) it became clear that the redshifted and blueshifted portions 

of the flows were often spatially separated, suggesting a bipolar geometry 

to the flows. These discoveries ignited a surge of activity directed toward 

understanding this phase of star formation. Energetic bipolar molecular 

outflows are now known to be commonplace; in fact, all stars probably drive 

a bipolar outflow at some point during their formation (see Lada, 1982, 

1985 for reviews). Many seemingly unrelated phenomena such as shocked H2 
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emission (eg. Elias, 1980), Herbig-Haro (HH) objects (see Schwartz, 1983, for 

a review), and optical jets (Mundt, 1986) observed in star formation regions 

can now be interpreted in terms of bipolar flows. Such flows may also help 

to explain why molecular clouds are not generally in a state of collapse even 

though their masses greatly exceed those required for infall. 

Herbig-Haro objects were discovered independently by Herbig (1951) 

and by Haro (1950) while performing emission line surveys in Orion. Over 

100 HH objects are known today, most appearing as nebulous knots about 

1500 AU in size (usually a few arcseconds). The association of HH objects 

with dark clouds led to the speculation that these objects were in fact 

the sites of active star formation (Herbig 1969). But Strom, Strom, and 

Grasdalen (1974) found that the HH objects themselves were not sources 

of strong infrared emission, as would be expected from a forming star. 

Prominent infrared sources were found in the vicinity of HH objects, however, 

and in the case of HH 24 the continuum from the HH nebula appeared to 

be polarized as if the HH object reflected the light of the nearby embedded 

infrared source. This led to a reflection nebula model for HH emission, 

where a young star was invisible optically by direct observation due to a 

thick dust shell, but light from the star could escape through holes in the 

shell and be reflected to Earth from an HH object. The emission lines seen 

in HH objects were subsequently found to be unpolarized, however (Schmidt 

and Miller 1979; King and Scarrott 1981). The reflection nebula model also 

could not easily explain high ionization lines such as [0 III] seen in some 

HH objects. 

Spectra of HH objects always show prominent optical emission lines 
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of Ha, [N II], [S II], [0 I], and occasionally [0 III] (eg. Brugel, Bohm, 

and Mannery, 1981). The similarity between spectra of HH objects and 

supernova remnants led Schwartz (1915) to suggest that HH objects shine as 

gas cools behind a shock, and this theory has received additional support 

from observations of large (supersonic) proper motions (Herbig and Jones, 

1981) and radial velocities (eg. Mundt, Stocke, and Stockman, 1983) in many 

HH objects. Wherever HH objects and molecular flows coexist the two are 

usually kinematically connected - i.e., blueshifted HH objects tend to lie in 

the direction of blueshifted molecular gas, and redshifted HH objects lie in the 

direction of redshifted molecular material. More blueshifted than redshifted 

HH objects are known, probably because most sources are detectable only 

when the bulk of the obscuring molecular cloud material lies behind the 

forming star. This implies that redshifted HH objects move deeper into the 

cloud, suffer more extinction, and become more difficult to observe. 

HH objects are important to study for a variety of reasons. Molecular 

outflows, Herbig-Haro objects, stellar jets, masers, accretion disks, II II 

regions, and strong winds from forming stars (observed by examining P Cygni 

line profiles) are all inexorably linked as bypro ducts of early stellar evolution, 

and one cannot obtain a complete understanding of star formation without 

examining each phenomenon in detail. The strengths of the emission lines 

in HH objects can be used to infer wind parameters such as density 

and velocity in-8itu. The observed collimation of HH objects along a flow 

provides information concerning the flow's opening angle, which then leads 

to an estimate of the mass loss rate of the protostar. HH objects are also 

intrinsically interesting, often exhibiting unusual morphologies, as well as 
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extraordinarily large (up to '" 450 km/s within a single knot) linewidths and 

double-peaked line profiles. Herbig-Haro objects are often associated with 

stellar jets, and these two phenomena are closely related in a fundamental 

way. 

This thesis documents the results of an extensive program of 

observational and theoretical studies of HH objects carried out over a three 

year period. An observational techniqu.e used to distinguish HH objects from 

reflection nebulae and nebulous stars is discussed in Chapter 2, and this 

method is applied to a dozen or so regions suspected to contain HH objects. 

Chapter 3 displays an extensive set of high-resolution line profiles of HH 

objects (some of them discovered using the method outlined in Chapter 2) 

and their exciting stars. Chapter 4 discusses a detailed radiative bowshock 

model for HH objects, and explores the types of velocity profiles, line fluxes, 

and line ratios predicted from a bowshock. The model and observations are 

brought together in Chapter 5, where I investigate a number of individual 

regions and evaluate the success of the model in each case. Conclusions and 

speculations about the nature of HH objects and outflows from young stars 

are presented in the final chapter. 

Ivfuch of the work contained in this dissertation has already appeared 

in print (Hartigan and Lada, 1985; Hartigan, Mundt and Stocke, 1986; 

Hartigan, Lada, Stocke, and Tapia, 1986; Hartigan, Raymond, and Hartmann, 

1987; and Hartigan and Graham, 1987), although herein I also present 

and discuss unpublished theoretical position-velocity diagrams, a high quality 

spectrum of the AS 353A jet, and additional echelle spectra of several HH 

objects. 



Chapter 2 

IMAGES OF SUSPECTED HERBIG-HARO OBJECTS 

2.1 Introduction 

Regions of star formation can sometimes appear quite confusing on 

optical photographs. In any particular area one might find images of nebulous 

young stars just emerging from a molecular cloud, groups of shock excited 

gas (HH objects), and perhaps reflection nebulae of various shapes and sizes. 

Since HH objects indicate the presence of energetic outflows and can provide 

information about the flow through their spectra, it is important to identify 

the HH objects in any given field so that each knot may be studied in 

more detail spectroscopically. Recognizing the significance of identifying new 

HH objects, Gyulbudaghian, Glushkov, an.d Denisyuk (1978, hereafter GGD) 

examined the Palomar Sky Survey and picked out 37 objects which by 

morphology alone appear to be HH objects. 

Unfortunately, it is not easy to identify HH objects from a single 

photograph, since nebulous stars, reflection nebulae, and even plate flaws 

can appear morphologically similar to HH objects. One could in principle 

determine the nature of suspected Herbig-Haro objects by obtaining spectra 

of each one, but this method is time-consuming since the objects are typically 

rather faint. This chapter describes an alternative method of analyzing 

6 
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regions suspected to contain HH objects by comparing their appearance 

through various filters. The technique allows an entire region to be diagnosed 

at once, and also provides additional ueeful information about the sou.rces in 

the field such as their positions, colors, and the presence of any Ha emission. 

ProIIlinent Ha emission objects that lie in the direction of a dark cloud are 

likely to be newly formed T Tauri stars, whereas heavily reddened stars 

could represent strong infrared sources still embedded in the cloud (although 

such objects could also be reddened background stars). In this fashion it is 

possible to choose stars from a field that deserve further study. 

In what follows I describe the results of a survey designed to 

investigate the types of objects found in the GGD regions, and determine what 

fraction of the GGD objects are indeed HH objects. Much of this chapter 

has been published by Hartigan and Lada (1985), and since publication of 

the GGD survey, Strom et al. (1986) have compiled an extensive catalog 

of many star formation regions using the same technique. Where the two 

works overlap the agreement is quite satisfactory. 

2.2 Method 

Spectra of HH objects between 4200A and 9000A are dominated by 

lines of H(3 >'4861, [0 I] >'>'6300, 6363, [N II] >'>'6548, 6583, Ha >'6563, [S II] 

>'>'6716, 6731, with weaker lines of [0 III] >'>'4959, 5007, [0 II] >'>'7320, 7331, 

and rCa II] >'7307 usually visible. The bright lines of [0 I], [S II], [N II], 

and Ha all lie within the bandpass of a standard R filter, with fainter lines 

visible in the I band, and essentially no lines in V. HH objects therefore emit 
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brightly at R, but appear faint at I, and vanish at V. However, continuum 

sources, such as most reflection nebulae and nebulous stars, will appear 

bright in all the broad-bands (V, R, I) and faint in any narrow-band filter 

such as Ha. HH objects always show strong Ha emission. This technique 

of separating the emission and reflection components of nebulae using broad

band images was first employed by Strom, Strom, and Stocke (1983), and 

Mundt and Fried (1983). Imaging with an Ha filter has the additional 

benefit of uncovering any Ha emission stars. Embedded nebulous stars will 

exhibit continuum, like reflection nebulae, but usually appear more pointlike 

at I than in the other bands, so it is generally possible to distinguish 

between the two. Combination of photometry at V, R, and I with any 

existing measurements at J, H, K, and L uncovers the entire near-infrared 

energy distribution for an object. 

Although the imagery method can dHferentiate between emission lines 

and continuum, it cannot easily distinguish two types of emission nebulae, for 

instance, HH objects and supernova remnants. Reflection from a star with a 

strong Ha emission line could mimic the appearance of an HH object in the 

Rand Ha frames, but such an object will also be bright at V and I if it 

is indeed a reflection nebula. Occasionally, weak shock emission will appear 

superposed upon a reflected continuum, and in these cases spectroscopy, or 

better yet spectropolai1'imetry is better suited to uncovering the nature of the 

object. 
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2.3 Observations and Reductions 

The observations were made using an RCA CCD on the # 1 36" 

telescope at Kitt Peak on July 13-15, 1983. The telescope and CCD provide 

a scale of 0.86" per pixel, providing a useable field of view of 4.6' X 7.3' , 

with the long axis of the CCD oriented east-west. The three major chip 

defects are indicated in Figure 2. If a star is too bright, the pixels saturate 

and the star 'bleedE!' charge along the columns and rows of the chip. Only 

those objects with noticeable bleeding are near saturation. The filters used 

were the V, R, and I of the Mould system, with center wavelengths of 5460, 

6500, and 8290A, and FWHM of 870, 1280, and 1945A, respectively. The 

Ha filter was 38! FWHM, and thus did not include the [N II] lines near 

Ha. 

Photometry of the fields was carried out using the Mountain 

Photometry Code written by G. Jacoby for the Kitt Peak VMS/VAX. The 

program automatically centers the object, samples the sky in a surrounding 

annulus deleting any spurious counts, and records the object's counts within 

a specified aperture. Aperture sizes were chosen in a self-consistent manner 

depending upon the seeing profile of the field stars (typically apertures were 

row 7" in diameter, with sky sampled from 5" to 18" from the star. A field 

near NGC 7790 was observed as the standard once during the observing run. 

Photoelectric photometry of ten stars in the field provided by Christian et al. 

(1985) was used to set the magnitude scale, which is based on the Cousins 

system. Extinction corrections were done using the average coefficients of 

Davis (1984), which were kI = 0.17, kR = 0.21, and kv = 0.24. A list of 
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fields and exposure times appears in Table 1, and photometry of interesting 

objects is displayed in Table 2 (for easy reference the tables and figures are 

grouped together at the end of the chapter). Uncertainties in the quoted 

magnitudes result from (1) uncertainties in atmospheric extinction ("'" 0.05 

mag), (2) zero-point photometry calibration errol' ("'" 0.02 mag), (3) statistical 

noise in the data (usually .$ 0.05 mag), and (4) variation in counts due to 

seeing and aperture radius ( '" 0.25 mag). The total estimated uncertainty 

is ± 0.30 mag for all but the faintest stars. The color indices V - Rand 

R-I are less sensitive to seeing and extinction, and should be accurate to 

± 0.10 mag for all objects brighter than '" 17 at R. 

For stars with no Ho: emission, the ratio of R to Ho: counts, being 

independent of extinction and color, should approximate the ratio of the 

filter bandpasses weighted by the transparencies of the filters. This number 

is about 36, so stars with R/Ho: < 25 are taken to be Ho: emission stars. 

This identification is not conclusive, since later type stars can have significant 

absorption in the R band without having Ho: absorption, thereby causing the 

R/Ho: ratio to be lowered, but the method seems quite reliable in practice. 

Of the eight known Ho: emission stars in our fields, seven have R/Ho: < 25, 

and we know of no instance where R/Ho: < 25 and the star is known to 

not have signific'1ui; Ho: in emission. The uncertainty in the R/Ho: ratio 

depends primarily upon the star's brightness at Ho:. Typically, photometry 

of the 30 or so brightest stars in a given field wa.s completed. These stars 

are marked in the figures with numbers or tick marks. Numbered objects 

are of some special interest, and photometry of these appears in Table 2. 

A systematic error of "'" 20% in the R/Ho: counts seems to occur between 
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frames of differc-nt fields. This is not a serious handicap in picking out Ha 

emission stars from a single field, since R/Ha will always be lower for an 

Ha emission star than for an object with a flat spectrum. 

Positions for bright objects were measured from the Palomar Sky 

Survey red plates using the two-axis Grant machine at NOAO in Tucson. 

Positions for objects invisible on the Sky Survey were calculated by first 

measuring the positions of some bright stars in the field using the Grant 

machine, then experimentally determining any field rotation on the CCD 

frame (.$ 10 deviation from a north-south line), and finally using the object's 

position as listed to a fraction of a pixel by the Mountain Photometry Code. 

Positions determined in this manner also appear in Table 2, and are accurate 

to ± 1"'. 

2.4 Regions With HH Objects 

GGD 97/Cep A 

GGD 37 lies about 2' west of Cepheus A, a molecular hot spot 

identified when the Cepheus molecular cloud was first mapped by Sargent 

(1977). Cepheus A contains most of the signposts associated with active star 

formation, including H2 0 and OH masers, radio continuum peaks, infrared 

sources, and a molecular outflow. The available data on Cepheus A are 

summarized in Figure 1. 

It is not clear how many stars have formed in Cepheus A, but 

there appear to be at least two, coincident with two of the fourteen 6-cm 

continuum sources identified by Hughes and Wouterloot (1984). There is not 
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always a one-to-one correspondence between continuum peaks and embedded 

stars, but in this case the coincidence of the H20 masers with peaks 2 and 3d 

(see Lada et al., 1981) strongly suggests that young stars are forming there. 

Peaks 2 and 3d appear to be the only optically thick sources, which supports 

this idea (Simon et al., 1983; Torrelles et al., 1985). Cohen, Rowland, and 

Blair (1984) have mapped the H2 0 and OH masers in great detail, and they 

find that the radial velocities of the masers near Eource HW 2 indicate that 

this object is the driving star for the CO outflow discovered by Rodriguez, 

Ho, and Moran (1980). The continuum source HW 4 lies close to an 

extended 20 J1,m source (Beichman, Becklin, and Wynn-Williams, 1979), and 

near the northeastern edge of 20 J1,m emission one finds a strong 2.2 J1,m 

source first reported by Bally and Lane (1982) and subsequently mapped by 

Lenzen, Hodapp, and Solf (1984). This source dominates the near-infrared 

radiation from this region, but polarization measurements have not shown 

it to be a star, but rather a reflection nebula excited by the star or stars 

near HW 2 (see Figure 1). From these infrared polarization measurements 

Lenzen, Hodapp, and Solf estimate Av --.J 75 magnitudes near HW 2. 

Wouterloot, Habing, and Herman (1980) discovered Zeeman splitting 

in the masers and inferred a magnetic field of 3.5 mG, and Cohen, Rowland, 

and Blair (1984) observed that the field is aligned with the bipolar outflow 

in this and several other sources. Ammonia emission was mapped by Ho, 

Moran, and Rodriguez (1982), and three condensations surrounding HW 2 

were found by Torrelles et al. (1985), who suggest that the optically thin 

continuum sources arise as material is ionized at the edges of these dense NH3 

condensations. The role the condensations play in collimating the molecular 
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flow is unclear. Two 20-cm continuum peaks near the masers are oriented 

east-west, as is the molecular outflow. These peaks could occur in the 

evacuated cavities produced by the flow. Beichman, Becklin, and Wynn

Williams (1979) give the inferred zero-age main sequence (ZAMS) spectral 

types of HW 3d and HW 2 to be B2, implying L '" 104 L 0 , close to the 

2.5 x 104 L0 seen by Evans et al. (1981) in the far-infrared. At a distance 

of 725 pc (Crawford and Barnes, 1970), a ZAMS B2 star should appear 

about 7.7 at 1. Our I frames show no stars brighter than ,-.w 20.3 at I near 

the position of HW 2, implying AI > 12.6 at this position, so Av > 23 

magnitudes, consistent with Lenzen, Hodapp, and Solf (1984), who found Av 

;:: 75. 

The optical nebulae in Cepheus A are located some 1.5' to the west 

of the masers, infrared sources, and continuum peaks described above. Since 

the density of the cloud peaks sharply at the position of the masers (eg. 

Gusten, Chini, and Neckel, 1984), it makes sense that one might find optical 

nebulosities at their observed positions than at the cloud core (where Av 

is large). When Hughes and Wouterloot (1982) plotted their data on the 

Palomar Sky Survey red plate they found a 20-cm continuum peak to coincide 

with a nebulous object (hereafter the HW object). The 20-cm source lies 

near the group of nebulae that comprise GGD 37. Lenzen, Hodapp, and Solf 

(1984) obtained a single long-slit spectrum through a portion of GGD 37, 

and found that at least some part of the nebula is an emission-line object. 

We wish to investigate the nebula in detail in order to identify individual 

HH objects as well as delineate regions of reflection. 

CCD images of GGD 37 in V, R, I, and Ha appear in Figures 
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2, 3, and 4. The images show that GGD 37 consists of ten HH objects 

and two distinct reflection nebulae. The eight knots A - H are more or less 

absent at V and I, but are bright at Ha and R. Knot S is starlike in 

appearance, but its R/Ha counts are similar to those exhibited by the HH 

objects. At first it was thought that this knot could also be a T Tauri 

star, but spectra (see Chapters 3 and 5) show knot S to be an HH object. 

Object HW clearly has Ha in emission, but it is relatively brighter than 

the rest of the HH objects at I (Table 2), indicating the presence of a 

red continuum. This continuum can either be interpreted as arising from 

reflected light of a nearby embedded star, or one could also posit that the 

HW object is simply a highly reddened T Tauri star with an extremely strong 

Ha emission feature. This question can be addressed with the polarimetric 

and spectroscopic observations presented in Chapters 3 and 5, so discussion 

of the nature of the HW object and the adjacent molecular flow will be 

postponed until Chapter 5. 

There are two areas of reflection nebulae in the pictures. First, 

there is a very blue U-shaped reflection nebula, marked 54-56, to the north 

of the HH objects. This reflection is bluer than any of the stars in the 

vicinity, and is totally absent at Ha. Hence, the nebula must reflect light 

from a relatively unobscured star with no strong Ha emission lines. It is not 

possible to determine the exciting star from these images, but we can identify 

the exciting source with the polarimetry described in Chapter 5. The other 

group of reflection nebulae lies just to the south of the HH objects, and 

includes areas marked 47-53. These nebulae are redder than the U-shaped 

nebulae, and also appear weakly at Ha. Since the nebulae are bright at 
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I and are visible at V, they are clearly reflection, and the Ha emission 

probably arises due to reflection from an embedded Ha emission star. These 

reflection nebulae are also discussed in Chapter 5. 

Table 2 shows that the ratios of R/Ha for Cepheus A somewhat 

exceed those of the other fields in this study, owing to a passing cloud 

which lowered the Ha counts. Stars 3, 10, 12, 20, 32, 34, 40, and 74 

are the reddest stars in the field, with R-I > 2.50, and are likely to be 

embedded in the cloud or lie behind it. Stars 20 and 40 are the brightest, 

and the most likely to be near-infrared sources. Neither is an Ha star, 

however. Star 20 is somewhat nebulous, and has been detected in the near

infrared by Lenzen, Hodapp, and Solf (1984, their IRS 5). A star labelled 

'T' in the frames could be an Ha emission object, although the Ha counts 

are somewhat uncertain due to the confusion caused by the surrounding HH 

objects. 

HH 100-101/R Cr A 

The R CrA cloud is another complicated region of star formation. 

The area was first investigated thoroughly at optical and near-infrared 

wavelengths by Strom, Strom, and Grasdalen (1974), and Strom, Grasdalen, 

and Strom (1974). A photo by T. Gull in the second of these references 

shows three bright stars surrounded by nebulosity - R CrA, T CrA, and 

TY CrA (see also Chapter 5). In addition, there are four HH objects nearby. 

HH 100 is spiral-shaped and lies 1.5' southwest of R CrA. Cohen et al. 

(1984) have identified two new HH objects, HH 99A and HH 99B, to the 

northeast of R CrA. An infrared search in the vicinity of HH 100 revealed 
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the presence of an embedded star denoted HH 100lR by Strom, Strom, and 

Grasdalen (1974). 

Vrba, Strom, and Strom (1975) showed that HH 100 is strongly 

linearly polarized. The exciting star indicated by the polarization vector was 

consistent with either HH 100lR or R CrA, the authors favoring HH 100lR 

because of its proximity to HH 100. Schmidt and Miller (1979) showed that 

the emission lines in HH 24, and by implication in other HH objects, are 

produced in-situ, whereas the continuum was found to be polarized, and 

thus arises primarily from reflected light. HH 100 is another example of a 

mixture of intrinsic emission and reflected continuum. Both HH 100 and 

HH 101 are blueshifted with respect to the cloud, showing radial velocities of 

-133 kmjs V'sr for HH 100 (Strom, Grasdalen, and Strom, 1974), with -89 

kmjs and -51 kmjs seen for HH 101N and HH 101S, respectively (Schwartz 

and Dopita, 1980). The V'sr of the molecular cloud is .v 5 kmjs (Loren, 

1981). 

Radio mapping of the R CrA cloud by Loren (1979) showed an 

extensive cloud flattened along the magnetic field (Vrba, Strom, and Strom, 

1976b). The densest part of the cloud is near R erA. The cloud's distance 

is 129±10 pc (Marraco and Rydgren, 1981). Far-infrared data indicate that 

R CrA and TY CrA are the dominant energy sources in the cloud (Cruz

Gonzales, McBreen, and Fazio, 1984), with luminosities 145 and 58 L0 , 

respectively. HH 100lR was undetected, implying a luminosity limit of 14 

L0 . Cohen et al. (1984) found 76 L0 for R CrA and 6.4 L0 for HH 100lR. 

Another object of luminosity 8.9 L0 lies 3' to the west of HH 100, and 

does not appear to affect the optical radiation in the area. There seem to 
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be no other important far-infrared sources in the area, although a cluster of 

near-infrared sources has been found recently by Taylor and Storey (1984). 

The colors indicate that many of the sources are not simply background 

objects reddened by the cloud. The cluster is centered just to the west of 

R CrA in a region of heavy optical obscuration. 

HH 101 

The CCD frames of HH 101 shown in Figures 5 and 6 uncover four 

regions of emission nebulae. First, one can easily distinguish the components 

HH lOIN (object 31) and HH lOIS (object 32) on the Rand Ha images. 

There is also a faint nebulosity between HH 101 and star 30. This nebula is 

not visible at V or I, and the R/Ha counts (Table 2) confirm that it is an 

intrinsic emission nebula, that we denote HH lOlA. HH lOlA is cuspate in 

form, and appears to originate from star 30, but spectroscopic data presented 

in Chapter 5 indicate that this star does not excite HH lOlA. A fourth 

emission nebula, labelled HH 101B, extends from star 30 through stars 21 

and 22, and on towards the northeast. This nebula is faint, but is clearly 

visible in Ha. HH lOlB c?.n also be seen. on a deep photograph of the 

region taken by J. Graham (Hartigan and Graham, 1987). Morgan et al. 

(1984) have also imaged the HH 101 region, but with a [S II] filter, and 

their observations agree well with those presented here. The overall structur~ 

of HH 101 is extremely complex, and we shall return to study it, and the 

entire R CrA outflow again in Chapter 5, where spectroscopy and additional 

deep photographs will be discussed. 

The images in Figures 5 and 6 also provide photometric information 
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that can be used to describe the stellar sources. Reipurth and Wamstecker 

(1983) reported four near-infrared sources in the HH 101 region. Their 

IRS 1-4 can be identified with stars 7, 2, 30, and 1, respectively, of this 

work. Reipurth and Wamstecker's position for IRS 3 (star 30) is 20" east 

of that reported here, but the objects must be identical, since our I frames 

show no sources 20" east of star 30. Their positions for the other infrared 

sources are also significantly east of ours, arguing for a systematic error in 

the coordinates. We can combine Reipurth and Wamstecker's photometry at 

J, H, K, and L of IRS 1, 2, and 3 with our measurements at V, R, and I 

to map the entire near-infrared energy distribution of these sources. IRS 1 

and 2 show energy distributions typical of reddened stars, but star 30 shows 

a somewhat Hatter spectrum. There may be small excesses at Hand K, and 

these could arise from the HH objects. Cohen and Schwartz (1981) detected 

the bright knot HH 2E in Orion at 11.7 magnitude at K. The observed 

excess at K seen in star 30 amounts to about 11.5 magnitudes. Although 

HH 101 is considerably fainter than HH 2E, it is also nearly four times 

closer, so overlying emission of the order of 11.5 magnitudes at K from 

HH 101 is not unreasonable. The excesses at Hand K are certainly not 

due to circumstellar dust (T < 1500K), since the Hux at L is low. Hence, 

most of the stellar Hux emerges shortward of 5 p,m, so that the object 

does not display a spectrum typical of an embedded star. A spectrum of 

star 30 discussed in Chapter 5 is consistent with these results, and shows 

that star 30 does not excite HH 101. 

Glass and Penston (1975) observed several sources in the R CrA 

region between 1.2 and 3.5 p,m. Of these, the only source in the HH 101 
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field not already discussed is star 3 (their i2). This star does not show 

any infrared excess, but is apparently located in the cloud since it excites a 

nearby reflection nebula. Our photometry of star ;3 is plagued by the onset 

of saturation. Vrba, Strom, and Strom (1976a) also surveyed the R CrA 

cloud in the near-infrared, but do not list any sources within the boundary 

of our CCD frames that have not already been discussed. 

Photometery of the 31 stars and three emission nebulae shown in 

Figure 5 reveals that only stars 4, 7, and 34 are significantly reddened 

(R-I > 1.4). Stars 3, 4, and 7 have enhanced Ha emission. This may be 

misleading for star 3, however, since it is nearing saturation at R. Stars 4 

and 7 are the only unambiguous Ha emission stars in the HH 101 frame, 

and are probably obscured T Tauri stars. 

HH 100/R erA 

The HH 100 frames in Figures 7-10 overlap those of HH 101 slightly. 

The brightest star in the R frame (Figure 7) is R CrA (star 7), which has a 

bright nebula extending southeast toward T CrA (star 6). The spiral-shaped 

feature near the center of the frame is HH 100. Photometery of the seven 

stars indicated in Figure 7 shows that objects 1, 4, and 5 are very red (R-I 

> 1.6). In addition, stars 1, R CrA, and T CrA are Ha emission objects. 

Star 1 is especially prominent at Ha, and must be a bright, embedded 

T Tauri star, since it has a rising spectrum from V to K (Glass and 

Penston, 1975 [their star in. This star, along with R CrA, T CrA, and 

star 3 of the HH 101 frame have been listed by Knacke et al. (1973) as 

Ha emission stars. HH 100lR lies between R CrA and HH 100; this star 
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is invisible at I, and must be fainter than magnitude 19 at this wavelength. 

None of the other near-infrared sources of Glass and P'Jnston (1975) or Vrba, 

Strom, and Strom (1976a) appear on our HH 100 frame (excluding R CrA 

and T CrA), although the very red star 5 appears as IRS 3 in Taylor and 

Storey's (1984) paper, and is described there as a background object. 

There are two nebulous areas in the pictures, the R CrA nebulosity 

and HH 100. Comparison of the R and Ha: frames with the V and I pictures 

shows that the HH 100 nebula shines primarily by reflected light throughout 

its spiral shape, but does contain significant intrinsic emission near the center. 

The abundance of reflection in HH 100 implies that it should appear much 

more strongly polarized than HH 101, in agreement with the observations of 

Vrba, Strom, and Strom (1975). R CrA, HH 100lR, HH 100, and HH 101 

are aligned along a well-defined axis. The measured proper motion vector 

for HH 101 (Schwartz, Jones, and Sirk, 1984) points away from HH 100 and 

HH 1001R/R CrA along this same axis, strongly suggesting that HH 101 and 

HH 100 are part of the same highly directed outflow (Figure 11). Moreover, 

HH 99A and HH 99B lie along this same axis to the northeast of R CrA and 

HH 100IR. Proper motion studies of HH 99 show that it too is moving away 

from the R CrA/HH 100lR region. Together, HH 99, HH 100, and HH 101 

represent a highly collimated bipolar outflow that most likely originates from 

either HH 100lR or R CrA. 

It is difficult to determine whether R CrA or HH 100lR drives 

the outflow. Both CO and far-infrared emission peak at R CrA, indicating 

that this star is the dominant energy source in the cloud. In addition, a 

poorly collimated but energetic bipolar flow appears to originate from R CrA 
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(Walker, Lada, and Hartigan, 1985). Alone this would favor R CrA as 

the driving source of a single bipolar outflow in this region. However, the 

molecular flow and HH objects are not aligned, and radial velocities of these 

and other HH objects discovered along the HH 99-HH 101 axis (Chapter 5) 

implicate both HH 100lR and R CrA as driving sources of separate bipolar 

outflows. 

The nebulosity surrounding R CrA resolves into a narrow jet-like 

feature close to the star (Figure 12), that looks something like a de Laval 

nozzle (Konigl, 1982). The feature is not an emission jet like many seen in 

the direction of newly formed stars, since it appears also in the continuum 

bands (V and I). The R CrA reflection nebula lies in the direction of the 

blueshifted portion of the molecular flow described above, and at the east 

end of the nebula we find two knots, labelled i and j, which have enhanced 

Ha emission and a 'clumpy' appearance often associated with HH objects. 

Spectra of these knots presented in Chapter 5 uncover blueshifted velocities, 

suggesting that these two HH objects belong to the R Cr A outflow. The 

R/Ha counts for the nebulae surrounding R CrA are rather low due to 

the strong Ha line reflected from the star. Knots i and j were also found 

by Cohen et al. (1984), who designated them HH 104B and HH 104A, 

respectively. 

The polarization vectors of Vrba, Strom, and Strom (1976b) clearly 

follow the flattened shape of the cloud inferred from the radio maps of Loren 

(1979) on either side of R CrA. R CrA lies at a bend in the cloud, and 

the polarization vectors do not define a single direction in a 10' x 10' or so 

area surrounding R CrA. If the magnetic field, which is assumed to lie in 
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the direction of optical polarization, is indeed continuous across R CrA, then 

the outflow direction defined by HH 99, HH 100, and HH 101 lies nearly 

perpendicular to the field. One would expect the magnetic field to follow 

the direction of outflow if the field were important in collimating the flow, 

or even if the field simply determines the initial orientation of the rotation 

axis, and a disk or polar stellar wind then controls the outflow. 

NGC 7129/GGD 92-95 

NGC 7129 consists of a cluster of young stars illuminating a bright 

reflection nebula. Two of the brightest stars in the cluster, LkHa 234 and 

BD +65°1637, are known to be Ha emission objects (Herbig, 1960). Strom 

et al. (1972) placed LkHa 234 above the ZAMS, and inferred an age of a 

few times 105 years for the star. The near-infrared survey of Strom, Vrba, 

and Strom (1976, hereafter SVS) uncovered 16 sources at K, all associated 

with visible stars on the Palomar Sky Survey. Far-infrared observations by 

Bechis et al. (1978) show two prominent sources, LkHa 234 (L = 1000 L0 ) 

and a far-infrared source (FIRS, L = 200 L0 ) l' southeast of SVS 6. Loren 

(1977) discovered and mapped a molecular cloud situated near LkHa 234. 

The 13CO emission peaks near the FIRS, indicating that the highest column 

density of CO occurs there. Ammonia observations by Torrelles et al. (1983) 

show the cloud to be oriented north-south. A complex velocity structure in 

the CO line profiles was thoroughly mapped by Edwards and Snell (1983). 

There appear to be two flows in the region, one centered on the FIRS, 

and the other near LkHa 234. Cesarsky et al. (1978) and Sandell and 

Olofsson (1981) discovered a total of three H2 0 masers in the region, two 

near LkHa 234 and one near the FIRS. Rodriguez et al. (1980) report the 
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lack of any bright continuum sources. 

Strom, Grasdalen, and Strom (1974) discovered the emission nebula 

HH 103 in NGC 7129. They found HH 103 to be blueshifted by -61 ± 15 

km/s. There are several other nebulous objects near LkHa 234, and four 

of these, GGD 32-35, are potential HH objects. Rodriguez, Ho, and Moran 

(1980) have published accurate positions for GGD 32-35. An infrared survey 

by Cohen and Schwartz (1983, hereafter CS), uncovered four near-infrared 

sources - LkHa 234, SVS 14, and two new objects. CSIRS 1 (V350 Cep) 

appears to be brightening, and is likely to be just emerging from the cloud. 

A spectrum by Goodrich (1986) indica.tes that V350 Cep is a T Tauri star. 

Cohen and Schwartz have listed the red reflection nebula near SVS 6 in 

their catalog of red nebulous objects (RNO 138). Spectra of GGD 32 and 

35 by Magakyan (1983) using the Soviet 6-m telescope have shown that these 

objects are emission nebulae. Racine (1968) gives the distance to NGC 7129 

as 1 kpc. 

We have obtained CCD frames at V, R, I, and Ha at two positions 

in NGC 7129. The frames to the south contain SVS 6, HH 103, GGD 32, 

and RNO 138, as well as most of the bright stars in the cluster, including 

LkHa 234. V350 Cep, GGD 33a, GGD 33b, GGD 34, and GGD 35 are 

imaged on the north frames. Nine of the 16 SVS sources and all the CS 

sources are imaged in the pictures. The frames do not overlap, but are 

separated north-south by about 2". 

Images of the bright stars appear in Figures 12, 13, and 14. The 

reflection nature of the nebulosity near BD +65°1638 (star IV) is evident 
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from these figures. There are six bright stars in the field, four of which are 

nebulous, but one of these is only partially imaged so that photometry was 

only completed for stars I-V (Table 2). The two known Ha emission stars, 

BD +65°1637 (star III) and LkHa 234 (star V), satisfy the criteria used in 

this study to locate probable Ha emission stars (R/Ha < 25). The other 

bright stars do not appear to have Ha in emission. The V magnitudes 

In Table 2 for the bright stars agree within errors with those of Strom 

et al. (1972) and Racine (1968). Our V magnitude for LkHa 234 (12.26) 

is somewhat fainter than that found by Strom et al. and Racine (11.90), 

possibly because our aperture of diameter 7" excludes some of the reflection 

nebulae near this star. 

Photometry of the fainter stars in Figure 11 shows that star 19 is 

an Ha emission star, with R/Ha = 14. Stars 14 and 26 could also have 

Ha emission, but this is somewhat uncertain because of the faintness of 

these stars. There are no heavily reddened stars in the field. RNO 138 is 

clearly a reflection nebula, probably illuminated by SVS 6 (star 25) or the 

FIRS. Unfortunately, SVS 6 is obscured by bleeding from star I, so it is 

not possible to determine definitively whether SVS 6 is an Ha emission star, 

although its ratio R/Ha indicates that this might be the case. The FIRS 

is invisible at I and must be fainter than magnitude 18 at this wavelength. 

HH 103 (object 22) shines brightly at Ha and is an HH object, as is 

GGD 32 (object 21). HH 103 has no continuum (it vanishes at V and I), 

so we expect no polarization from the object. This is in agreement with the 

results of King and Scarrott (1981). Star 23 lies just north of HH 103, and 

is apparently not associated with the HH object (it is not bright at Ha and 
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is not heavily reddened). 

The north frames (Figures 14-16) show that both GGD 35 and 

GGD 34 (objects 33 and 26 on Figure 15) are HH objects, since they are 

bright at Ho: and R, and vanish at V and I. GGD 33a and GGD 33b 

(objects 12 and 11), on the other hand have a strong reflected continuum. 

Recent spectroscopic observations of GGD 33 by Goodrich (1986) show a 

bright continuum reflected from the nearby T Tauri star V350 Cep, but a 

component of shock excited gas also exists. This discovery illustrates that 

it is possible to hide weak HH emission from detection with the imaging 

method when a brighter continuum is also present. The ratio R/Ho: is 2.5 

for GGD 35, implying that Ho: is particularly strong here. Magakyan (1983) 

confirms this; his spectra indicate that Ho: is much stronger with respect to 

the forbidden lines in GGD 35 than in GGD 32. We get R/Ho: = 4.9 for 

GGD 32 and HH 103. There are several nebulous patches visible on the R 

frame in Figure 15 to the south and west of GGD 34. The I frame shows 

that four of these are embedded stars. The nebula lying about 35" to the 

west of GGD 34 (object 26) retains its nebulous appearance at I and must 

therefore be a reflection nebula. Object 24 is clearly distinct at R, and is 

absent at the other wavelengths. We interpret this as a faint HH object, 

which we call HH 105. There is a faint bridge of continuum extending to 

the south of HH 105 which is likely to be reflected light. 

Photometry of the stars listed in Figure 15 uncovered two prominent 

Ho: emission stars, numbered 13 and 27. Star 13 is V350 Cep, noted above 

as a T Tauri star. Star 27 is close to GGD 34. Star 19 is also a possible 

Ho: emission star, although the Ho: counts are likely to be contaminated 
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by the reflection nebula near LkHo: 234, so that R/Ho: ratio is somewhat 

uncertain. The reflection nebula illuminated by the bright stars to the south 

appears as a bulge in the southwest portion of the frames. The stars in 

the north frames are redder than those in the south due to a greater cloud 

density in the north. None of the reddest objects particularly stand out, and 

most are probably background stars. Strom et al. (1986) has subsequently 

obtained deeper images of NGC 7129, and their results agree well with those 

presented here. 

The discovery of HH 105, the confirmation that GGD 32, 34, 35, and 

HH 103 are HH objects, and the realization that GGD 33 reflects light from 

V350 Cep enables a reevaluation of the outflow activity near NGC 7129. 

The existing data are summarized in Figure 17. The five HH objects and 

LkHo: 234 are nearly colinear. Since HH objects are often produced as 

by-products of bipolar flows, it is tempting to sugg(~st that LkHo: 234 is 

the driving source for at least some of the HH objects and perhaps also 

a bipolar molecular flow. To the northeast of LkHo: 234 is a region of 

redshifted CO gas, while to the southwest of LkHo: 234, coincident with 

HH 103 and GGD 32 lies blueshifted CO gas. Like the surrounding CO, 

both HH 103 and GGD 32 are blueshifted with respect to the ambient 

cloud. An outflow from LkHo: 234 could account for the observations if 

GGD 34, GGD 35, and HH 105 could be shown to be kinematically associated 

with the redshifted molecular flow with which they are spatially coincident. 

Unfortunately, GGD 35 appears to be blueshifted (-107±34 km/s; Magakyan, 

1983) and evidently is not kinematically associated with the redshifted CO 

flow. Whether or not GGD 34 and HH 105 are blueshifted as well is not 
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known. Nonetheless, it appears clear that the NGC 7129 outflow cannot be 

modeled easily by a single bipolar flow. Indeed, Edwards and Snell (1983) 

suggest that there are two outflows in this region, one from LkHa 234, and 

a second flow driven by the FIRS. In this model GGD 32 and HH 103 

would be associated with the FIRS flow. However, the velocity of GGD 35 

does not fit into this picture, suggesting the presence of at least three 

outflow sources. The third might be driven by V350 Cep, which along 

with LkHa 234 shows a prominent P Cygni absorption in its Ha profile, 

indicative of a strong stellar wind (Chapter 3). Present data do not enable a 

comprehensive model of the outflow activity around NGC 7129 to be reached, 

but radial velocity measurements of GGD 34 and HH 105 in addition to 

proper motion measurements of these and the other HH objects would help 

considerably to clarify this complex and interesting outflow region. 

2.5 Regions Without HH Objects 

GGD £9/Serpens 

GGD 29 is a nebulous object located l' northeast of a red reflection 

nebula embedded in a cloud known as Serpens. The Srepens cloud contains 

two masers, three compact H II regions, and several near-infrared sources. 

An excellent summary of the available data is given by Nordh et al. (1982). 

There is also a complex high velocity molecular flow in the region (Wolf, 

1986). 

The CCD images of GGD 29 in Figures 16 and 18 show conclusively 

that it is not an HH object. In fact, it is merely a relatively unreddened 
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16th magnitude star with a fainter companion to the southeast. Photometry 

of the stars indicated in Figure 16 failed to uncover any Ha: emission stars, 

but accurate Ha: measurements were available only for stars 1 and 2 (IRS 2 

of Strom, Vrba, and Strom, 1976) and 18 (GGD 29). Star 2 does have some 

Ha: in emission, as seen in the spectrum of Cohen and Kuhi (1979). This is 

not inconsistent with the results reported here, since the imaging technique 

can uncover only strong Ha emission stars. The red reflection nebula near 

the center of the frames is thought to be excited by star 2 (Worden and 

Grasdalen 1974). Photometry of star 2 is uncertain to ± 0.5 magnitude, 

owing to background contamination from the Serpens nebula. 

Of the 20 infrared sources listed by Strom, Vrba, a!ld Strom (1976), 

six fall within the boundaries of Figure 16. Only IRS 4 is invisible at I, 

implying I > 18.0. Photometry of the rest of the sources appears in Table 2. 

There is an additional star in the red reflection nebula; star 3 lies 4" north 

and 9" east of IRS 2 and is 17.0 magnitude at 1. 

GGD 01 

The CCD images of GGD 01 appear in Figures 19 and 20. There 

are two nebulous areas in the pictures, one near object 9 and the other 

just south of object 6. Neither region contains HH objects. Object 9 is a 

nebulous star, and the condensations to the east and west of object 9 are 

faint stars, as one can see by inspecting the I frame. Objects 41 and 42 

just south of star 6 are not HH objects either. Object 42 is a star, and 

object 41 appears to be a reflection nebula of some sort. Ha: measurements 

are available for all stars marked in Figure 19 except for objects 41-44. 
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None of the stars are strong Ho: emission objects since R/Ho: > 30 for each 

star. 

We constructed a crude map of the GGD 01 region using the 

J = 1 - 0 transition of 12CO using the 12-m telescope at the National 

Radio Astronomical Observatory on Kitt Peak. There is a small molecular 

cloud approximately 4' in extent whose temperature peaks near the position 

of star 9. Star 9 is 1.5' north of the position reported by GGD for GGD Ol. 

The CO spectra exhibit none of the high velocity wings that often characterize 

molecular clouds near HH objects. The V'sr of the GGD 01 cloud is -29 

km/s, consistent with the value given by Rodriguez et al. (1980), who 

observed 1.5' south of the region of peak emission. 

The GGD 01 region contains no HH objects, no bright Ho: emission 

objects, and no molecular outflow. Rodriguez et al. (1980) report the lack 

of any masers here also, so this region does not seem to be a particularly 

dynamic area. 

GGD 27/28 

GGD 27 and GGD 28 lie near the edge of a dark cloud which obscures 

a rich star field in Sagittarius. Rodriguez et al. (1980) have discovered an 

H2 0 maser and a compact H II region near GGD 27. GGD 27 itself consists 

of four condensations labelled a-d by Rodriguez et al. (1980). They also 

identified two portions of GGD 28 (a and b), and gave accurate positions 

for these objects, although their position for GGD 27d is exactly l' south 

of the true position. 

Figures 20 and 21 display the I, R, and Ho: images of the region. 
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Consider GGD 28 first. Object 8 is GGD 28b; it is stellar at I and hence 

is simply a reddened star. Object 9 to the north of GGD 28b is a reflection 

nebula, being visible as extended emission at R and I, but invisible at Ha. 

Object 11 is GGD 28a and appears to be another reddened, nebulous star. 

Object 12 is a faint star lying 6" east of GGD 28a. GGD 28a is the only 

unambiguous Ha star in the field (see Table 2). 

GGD 27 contains no HH emission either. GGD 27d (object 31) is 

simply a reddened star, as is GGD 27c (object 32). GGD 27b consists 

of a bright nebulous star (object 34) with a fainter star to the southeast 

(object 33). GGD 27a is a reflection nebula which extends to the southwest 

of the bright star 41. GGD 27a is a very blue reflection nebula and is easily 

visible on the Palomar Sky Survey blue plate. 

Other objects in the field also merit discussion. Objects 35 and 36 

are prominent nebulous objects at R, bur appear bright and more pointlike 

at I, and hence must be obscured stars. Star 51 coincides with an H2 0 

maser (Rodriguez et al., 1980) and could be the driving source for the 

maser; however, if so, it is puzzling that the star is so faint and yet does 

not appear to be heavily reddened (R-I = 1.58). The star could be an 

Ha emission star, however, and this would enhance its brightness at Rand 

thereby decrease the reddening inferred from the R-I color index. A longer 

Ha exposure is needed to detect any Ha emission from star 51. There 

does not appear to be any optical counterpart to the continuum peak of 

Rodriguez et ale (1980), at least to magnitude 18 at I. Photometry of the 

objects marked in Figure 20 uncovered the existence of four heavily reddened 

objects (R-I > 2.50). If the energy distributions of these stars continue to 
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rise in the infrared, these stars will be bright infrared sources. Photometry 

of these four stars, numbered 17, 18, 25, and 47, appears in Table 2. Star 17 

is the IRS of Allen et al. (1977). 

The existence of a maser and an H II region in the GGD 27-28 

cloud suggests the presence of some sort of star formation here. Yet our 

results show no HH objects, only numerous reddened stars, probably due in 

part to the dense star field lying behind the cloud. There is no high velocity 

molecular gas in the area (Rodriguez et al., 1982) and only one obvious Ho: 

emission star. 

GGD 91 

GGD 31 is a nebulous object in the direction of an obscured region in 

Cygnus. Edwards and Snell (1983) report the existence of multiple velocity 

components in the CO emission that can be interpreted as a confused 

molecular outflow. The CCD images in Figures 22 and 23 show that GGD 31 

is not an emission nebula. There are three components to GGD 31, labelled 

29, 30, and 31 in Figure 22. All are faint at Ho:. Objects 29 and 30 are 

nebulous stars, whereas object 31 shows only extended emisEion without a 

pointlike core and hence is a reflection nebula. Another object of interest is 

number 23, which lies at the center of a curious linear feature on the Palomar 

Sky Survey red plate. This feature is absent in the CCD frames and is likely 

to be a plate flaw. Photometry of the stars marked in Figure 22 shows that 

star 10 is an Ho: emission star, and star 6 is likely to be an emission star 

also. The field shows only a few reddened stars, namely numbers 4, 14, and 

15. There may be ongoing star formation in this cloud, but at present there 
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are no HH objects or obvious T Tauri stars in the field. 

GGD 96 

This is one of the most fascinating GGD objects on the Palomar 

Sky Survey red plate. There is a prominent dark cloud in the area, and a 

nebulous star superposed on the cloud appears to have a bright, linear jet 

extending from it. Unfortunately, this is simply another plate flaw, since the 

R and I frames of the star (star 1 in Figures 23 and 24) show no jets, and 

not even any nebulosity associated with the object. Photometry of the stars 

listed in Figure 23 indicates that only stars 7, 8, and 9 stand out as being 

significantly reddened (R-I > 2.0). The only other object which seems of 

interest in the pictures is star 2, which looks like an embedded star with a 

trace of nebulosity to the north. No Ha frames were taken of this region, 

but the lack of any nebulous objects in the R frame makes it clear that 

there are no HH objects here. 

2.6 Summary 

This chapter has described the possibilities and limitations of an 

imaging technique applied to regions of star formation. We have seen that 

the technique provides a fast, accurate means of distinguishing between the 

various types of nebulous objects found in these areas. In addition, the CCD 

images allow an entire field to be photometrically analyzed with the result 

that heavily reddened objects and Ha emission stars can be identified to 

very faint levels. The principal results of this work as applied to individual 

regions are discussed below. 
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Of the 11 GGD objects observed, only four are HH objects; the 

rest turned out to be reflection nebulae, nebulous stars, or plate defects. 

Hence, one cannot simply find new HH objects reliably by perusing the 

Sky Survey plates. Many of the areas observed do have Ha emission stars 

nearby, and often a number of heavily reddened stars exist in the vicinity 

that could represent embedded young stars. Photometry of each region has 

given important new information concerning the energy distributions of several 

sources. 

GGD 37, the nebulosity near Cepheus A, contains ten HH objects 

and two distinct reflection nebulae. Positions measured from the CCD images 

were used later to investigate the HH objects, stars, and reflection nebulae in 

the region spectroscopically, and the area has turned out to harbor the most 

remarkable collection of sources ever found. Spectra of these sources will 

be presented in Chapters 3 and 5, and the entire region will be examined 

closely in Chapter 5. 

The CCD images uncovered two new emission nebulae near HH 101, 

and a number of Ha emission stars in the R CrA cloud. The various 

nebulosities in the region, including a reflected jet-like feature and the 

complex collection of knots and wisps near R CrA have been discussed 

in this chapter, and we shall return to this region also in Chapters 3 and 

5 to investigate the HH objects and T Tauri stars spectroscopically. 

There are five HH objects in NGC 7129 - GGD 32, GGD 34, 

GGD 35, HH 103, and a new object denoted HH 105. GGD 33 shines 

primarily by light reflected from a nearby T Tauri star V350 Cep. Although 



34 

the five HH objects line up with LkHa 234, the driving source of the 

HH objeds is unclear. Radial velocity data present a picture of complex 

flow activity with perhaps as many as three individual outflows occurring 

simultaneously within the region. 

TABLE 1 
ExPOSURE TIMES 

E.,po,ure Time 
Field a(1950) 8(1950) Filter (min) 

CepA ................... 22h 54m 08'.5 + 61 °45'50" V 3x5 
22 54 00.2 +61 4621 R 2x 10 
22 54 00.2 +61 4621 I 2x10 
22 54 00.2 +61 4621 Ha 30 

HH lOO/R CrA ........ , 18 58 29.7 - 37 0211 V K 
18 58 29.4 -370249 R 2x5 
18 58 29.4 -370249 I 5 
18 58 29.4 -370249 Ha 5.10.15 

HH 101 "".""."""" 18 58 17.1 -370650 V K 
18 58 17.1 -370650 R 2. 5 
18 58 17.1 -370650 I 2.5 
18 58 17.1 -370650 Ha 2x 10 

NGC 7129N ............ , 21 42 13.3 +65 5546 V 5 
21 42 13.3 +65 5546 R 2.5 
21 42 13.3 +65 5546 f 2.5 
21 42 13.3 +65 5546 Ha 2x 10 

NGC 7129S ............. 21 41 43.2 +65 5109 V 1.2x2 
21 41 43.2 +65 5109 R 4x 1. 2x2 
21 41 43.2 +65 5109 I 3x2 
21 41 43.2 +65 5109 Ha 2x5 

GGD 29/Serpens ...... , 18 27 27.4 +01 12 39 R 2x5 
18 27 27.4 +01 1239 I 5 
18 27 27.4 +01 1239 Ha 10 

GGD 01 ................. 00 18 10.4 +61 40 34 R 2x2 
00 18 10.4 +61 40 34 I 3 
00 18 10.4 +614034 Ha 10 

GGD 27/GGD 28 ....... 18 16 17.5 -204817 R 2x5 
18 16 17.5 -204817 I 5 
18 16 17.5 -204817 Ha 2xl0 

GGD 31 ................. 20 23 20.5 +390159 R 3x 10 
20 23 20.5 +390159 I 10 
20 23 20.5 + 390159 Ha 1'; 

GGD 36 ................. 21 56 55.9 +584309 R 5,2xl0 
21 56 55.9 +584309 I 2xlO 
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PHOTOMETRY AND POSITIONS 

Object aa.b a-la v-aa a/HaC Other Dellfgnatfon d a(950) 4(1950) 

.w;um 

1 16.03 1.12 0.85 49.3 22h 53m51 9 83 +61°45'36"5 
3 20.52 2.81 
6 20.68 2.51 LUS IRSl 22h54 m039 31 +61°46'32"1 
8 15.75 1.77 1.33 44.5 22h 54 m029 90 +61°47'13"8 
9 17.51 2.02 1.48 47.5 22h54m058 56 +61°47'00"7 

10 19.60 2.65 
12 1=18.29 LUS IRS4 22h 54m129 38 +61°46'08"1 
13 15.70 0.89 0.74 47.5 LUS IRS 4 22h 54m11 983 +61°46'00"8 
14 15.20 0.72 0.59 47.9 22h54m08 s 57 +61°46'01"4 
19 18.82 1.1;5 1.09 

20 18.27 2.59 1.83 40.9 LHS IRS5 22h 54 m16s 08 +61°45'22"4 
28 10.70 2.16 1.00 
29 19.24 2.?2 
30 16.63 0.91 0.76 47.2 22 h54m]7s63 +61°47'09"2 
32 20.44 2.114 

34 :21.21 2.73 
37 Sst 22h 54 m105 07 +61°48'22"9 
40 16.87 3.10 2.44 54.0 
41 15.75 2.07 1.53 47.5 22h53m40s65 +61°47'44"4 
42 16.00 0.77 47.4 

43 Sst 22h53 m455 35 +61°44'32"2 
48 R 22 h54 m06 554 +61°45'20"6 
50 R 22h54 mOl s 33 +61°45'34"0 
53 R 22h54 m08s 00 +61°45'37"9 
54 R 22 h54 m03s 01 +61°46'47"0 

57 1=20.44 
58 1=19.90 
59 1=20.35 
74 20.46 2.83 
A 19.47 6.4 22h 54 m03 s01 +61 °46' 15"1 

B 19.26 4.5 22 h54 m03 s98 +61°46'07"3 
C 19.14 3.6 22h54 m04 s35 +61 °46' 04"7 
D 19.41 3.4 22h 54 m045 R3 +61°45'59"5 
E 19.19 4.3 22h 54 m07 s39 +61°45'56"0 
F 20.02 4.3 22 h54 m07 s 75 +61°46'04"7 

G 19.67 5.8 22 h54 m055 68 +61 °46' 11 "6 
H 18.118 3.9 22 h54 m03 5 61 +61°45'54"3 
S 17.78 -0.20 3.9 22h54 m03 s03 +61°45'57"7 
T 1=18.68 22 h54 m05 s44 +61°46'02"1 

HW 18.27 2.59 :1.83 4.2 22 h54 m09 s 95 +61°45'42"2 

l!!!l.2l 

1 13.87 1.34 0.77 29.9 RW lRS4. GP-o 18hS8m16S77 -37°06'26"7 
2 13.10 0.60 0.54 3G.9 RW lRS2. GP-m 18h5Aml0~08 -37°06' 19"6 
3 < 10.80 (58t) :0.56 :0.41 ) 20.9 GP-i2 18 h58 ml2 s 32 -37°05' 15"2 
4 15.96 2.01 1.03 21.1 18 h5S m26 s88 -37°04 '48"8 
7 14.97 1.86 1.05 23.2 RW IRSI 18 h58 m06·145 -37°06'07"0 

17 14.40 0.63 0.63 28.3 
28 14.85 0.74 0.68 38.8 
30 12.83 0.80 0.79 32.2 RW IRS3. GP-n. VSSl6 18 h58 mll s23 -37°07' 17 "3 
31 17.10 LA HII lOIN 18 h58 m12s 52 -37°07' 13"1 
32 17.24 1.11 HH lOIS 18 i1 58 m125 37 -37°07' 17"S 

33 17.68 2.0 HH lOlA lRhS8 mll s~8 -37°07' 21 "4 
34 ]7 .93 1.46 0.92 
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TABLE 2-Continued 

Object RS,b R-Is V-Re R/HeP Other Dellignettond c(1950) a(1950) 

lll!..1.Q.Q 

1 14.61 1.80 1.23 14.2 GP-I 18 h 5R ml9s 12 -37°04' 12"8 
2 15.51 1.03 28.1 
4 18.96 1.67 18 h58 ml5 936 -37°04' 32"4 
5 18.91 2.28 1.91 
6 13.50 0.93 0.61 18.0 T CrA 18 h 58 m36 935 -37°02' 10"7 

7 < 12.18esat) :1.26 :0.85 ) 8.1 R CrA 18h 58 m31 8 28 -37°01 '28"9 
RCrA-a 15.36 0.80 0.45 7.6 18 h 58m31 983 -37°01' 37"0 
RCrA-b 16.03 0.83 0.47 14.2 18 h 58m32 913 -37°01' 40"6 
RCrA-c 17.07 0.70 0.12 9.6 18h 58m33s 02 -37°01' 35"2 
RCrA-d 16.54 0.25 0.04 18.0 18 h 58m338 24 -37°01 '23"1 
RCrA-e 16.57 0.37 0.24 16.~ ISh58m338 71 -37°01' 43"0 
RCrA-f 19.24 1.12 0.34 18h 58 m35943 -37°01' 30"5 
RCrA-g 17.45 0.61 0.15 12.8 18 h 58 m34986 -37°01' 52"2 
RCrA-h 16.97 0.02 0.67 14.4 18 h 58 m35959 -37°01' 42"5 
RCrA-i 17.39 0.07 0.46 8.1 SJS - HH 104B 18 h58 m368 20 -37°01'39"8 

RCrA-j 17.91 -0.30 1.08 5.'; SJS - HH 104A 18h 58 m36970 -37°01' 36"7 
RCrA-k 17.21 0.25 0.69 19.2 18 h 58 m36994 -37°02' 19"1 

22 18.05 0.41 0.88 7.4 HH 100 IS h 5S m27 911 -37°02'59"0 
23 17.81 0.81 0.66 14.4 HH 1110 18 h58 m27 989 -37°02'58"4 
24 19.11 1.07 1.54 HH 100 

25 18.95 0.98 0.63 HH 100 
26 19.42 0.61 0.51 HH 100 

NGC 7129-S 

i < 9.05(9at) :0.78 0.67 35.5 SVS 5 21 h41 m36 s 22 +65°50'46"9 
II 10.39 0.15 0.25 39.8 21 h41 m36 s 85 +65°51'26"8 

III 9.56 0.32 0.36 20.6 SVS 7, BD +65°1637 21h41 m40s89 +65°52'50"5 
IV 9.77 0.35 0.34 36.6 SVS 8. BD +65°1638 21 h41 m49 s 11 +65°52'24"6 

V 11.57 0.66 0.69 14.2 Lk Ha234, CSIRS2, 21 h41 m57 s09 +65°53'09"2 
SVS 12 

1 15.17 0.86 0.73 33.3 
4 13.68 0.52 0.40 34.3 

14 17.66 1.21 :1.01 : 7.7 21 h41 m29 s 77 +65°52'50"6 
15 14.96 0.74 0.69 37.7 
16 14.49 0.80 0.96 45.4 

17 13.64 0.45 0.38 37.5 
19 16.43 1.32 1.28 14.0 21 h41 m53s 94 +65°51'41"3 
21 17.62 4.9 GGD 32 21 h41 ml88 07 +65°50'42"0 
22 17.55 4.9 HH 103 (center) 21h41 m16 s 04 +65°49'51"9 
23 17 .77 0.80 

25 16.23 (bl) 1.12 2.09 20.8 SVS 6 21h41m50s43 +65°50'46"8 26 16.50 1.39 0.90 :24.1 

HOC 112!!-H 

1 14.41 1.30 1.14 36.1 CS IRS 4, SVS 14 
2 15.68 0.83 0.74 35.2 
3 17.43 1.47 1.44 CS IRS 3 
8 15.24 1.15 0.94 27.1 

11 18.79 0.89 0.70 GGD 33b 21 h41 m55 s 74 +65°57'22"1 

12 19.52 1.18 GOD 33a 21 h41 m54 9 46 +65°57'27"6 13 15.21 1.06 0.84 16.1 CS IRS 1. V350 CEP 21h41 m51 s32 +65°57'41"6 14 11.82 0.48 0.52 35.7 SVS 11 
18 16.34 1.36 1.12 29.9 
19 18.22 1.70 :14.9 21h41 m49 s 20 +65°53'52"0 
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TABLE 2- COl/lillued 

Object Ra,b R-Ia V-Ril R/HaC Other Dealgnatlond 0(1950) 6(1950) 

QQILll 

1 15.12 0.55 35.8 20h23m23B85 +39°00'46"4 
4 1=18.66 

20h23m33B60 6 18.36 1.80 :15.6 +39°00'54"7 
10 17.38 1.31 22.9 20h23m358 40 +39°01'49"4 
14 20.53 2.41 

15 1=17.22 

19 15.20 0.54 34.7 
21 14.63 1.40 36.9 
27 15.36 0.59 36.7 

20h23m07 8 31 29 17 .54 1.64 42.6 GGO 31 +39°01' 20"4 
30 19.08 1.22 

GGO 36 

1 18.38 1.70 GGO 36 21 h56 m56s08 +58°42'38"2 
2 20.72 1.79 21 h56 m58s46 +58°42'59"9 
5 17.42 1.73 21 h57mOOs99 +58°43'42"6 
6 17 .47 1.21 
7 20.78 2.40 

8 19.65 2.33 
9 21.36 3.06 

13 16.85 1.49 21 h56m45 B52 +58°43'49"7 
19 16.57 1.10 
20 15.33 0.72 

22 14.70 0.76 

a These are the V, R, and I of the Mould system, uncertainties ±O.30 

magnitude. Photometry of all stars marked in the figures was completed, but only 

those of some interest are listed in the table. 

b "Sat" means that the star is saturated, so that the counts are undereBtimated; 

"bl" , that the counto are contaminated by bleeding from a bright star; and "R", that the 

object is an extended refiection nebula. Colons indicate that the counts are uncertain 

by > 25%, while dashes denote that the star was not measured, usually because of 

faintness. 

c Ratio of counts. 

d RW = Reipurth and Wamstecker 1983; LHS = Lenzen, Hodapp, and Solf 

1984; GP = Glass and Penston 1975; VSS = Vrba, Strom, and Strom 1976a, b; SVS 

= Strom, Vrba, and Strom 1976; CS = Cohen and Schwartz 1983; Allen = Allen et 

aI., 1977; SJS = Schwartz, Jones, and Sirk 1984. 
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46'30· 
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-0 
10 61°46' ~ 

co 

45'30· 

Figure 1 - Schematic summary of the Cepheus A region. Dark 
circles: visible stars (this chapter); plus signs: HH objects (this chapter); 
triangles: reflection nebulae (this chapter); solid lines: ±3CT uncertainty of 
the direction to the source exciting the reflection nebula (Chapter 5); squares: 
20 cm continuum peak (Rodriguez and Canto 1983); dashed line: extent of 
blueshifted CO (Rodriguez, Ho, and Moran 1980); dot-dashed line: extent 
of redshifted CO (Rodriguez, Ho, and Moran 1980); light circles: 6 cm 
continuum peak (Hughes an.d Wouterloot 1984); crosses: masers (Lada et 
al. 1981, Norris 1980); hatched circular area: extended 20 J.l,m emission 
(Beichman, Becklin, and Wynn-Williams 1979). 
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Figure 2 - GGD 37 jCep Aj Top: I filter. The position of the far

infrared source is indicated by a circle. Objects discussed in the text are 
numbered. Tick marks denote stars for which photometery was completed, 
but are not referneced in the text. Three CCD defects are labeled with a 'd'. 
The differing darknesses of the ba,:kground between figures is a consequence 
of the different windowing used to display each picture (cf. Figure 4). 
Exposure times appear in Table 1. North is up and east is to the left 
in all the figures. Bottom: GGD 37 jCep Aj R filter. The HH objects are 
indicated. 
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Figure 3 - GGD 37 Jeep Aj Top: Ha filter. Bottom: V filter. 
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Figure 5 - HH 101; Top: I filter. Bottom: R filter. Objects labeled 
as m Figure 2. 
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Figure 6 - HH 101; Top: Ha filter. Bottom: V filter. 
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Figure 7 - HH lOO/R erA; Top: I filter. Bottom: R filter. Objects 
labeled as in Figure 2. 
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Figure 8 - HH lOOjR erA; Top: Ha filter. Bottom:. V filter. 
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Figure 9 - HH 100/R Ci.'Aj Top: I filter. Bottom: R filter, same 
as 'Figure 7 but with different wiA!dowing. 



48 

'. 

Figure 10 - HH 100/R Cr Aj Top: Ha filter. Bottom: V filter, same 
as Figure 8 but with different windowing. 
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Figure 11 - A schematic of the R erA region. Reflection nebulae are 
shown as shaded regions; the dotted area is HH 101B (an emission nebula). 
Ha emission stars are denoted by asterisks. The HH objects are labeled, 
and their proper motions (Schwartz, Jones, and Sirk 1984) are shown. 
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R CrA with a differnt windowing from Figures 7 and 9. The white spot at 
the east end of the reflection nebula is a defect on the CCD chip. Bottom: 
NGC 7129S; I filter. Objects labeled as in Figure 2. 
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Figure 13 - NGC 71298; 'l'op: R filter. The HH objects are shown. 
Bottom: Ha filter. 
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objects labeled as in Figure 2. 
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Figure 17 - Summary of the NGC 7129 region. Solid lines: 
redshifted CO (Edwards and Snell 1983); dashed lines: blueshifted CO 
(Edwards and Snell 1983); open circles: masers (Cesarsky et al. 1978, 
Sandell and Olofsson 1981); squares: far-infrared sources (Bechis et al. 1978); 
filled circles: bright stars (this chapter); asterisks: Ha emission stars (this 
chapter); triangles: reflection nebulae (this chapter); plus signs: HH objects 
(this chapter). 
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Figure 18 - GGD 29; Top: R filter. Bottom' Ha filter. 
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Figure 19 - GGD 01; Top: I filter, objects labeled as in Figure 2. 

Bottom: R filter. 



,~. " 

'''!::, 

ii-:' 

•• 

" ' 

.' 

. '-~ 
" 

,..,,:, 

.,., 

' .. 
, " 

<.' " 

.' . , (" 

• 

Figure 20 - Top: GGD 01; Ha filter. 
objects labeled as in Figure 2. 
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Figure 22 - GGD 31; Top: I filter, objects labeled as in Figure 2. 
Bottom: R filter. 



:'. .' .l 
.... 

'\ .. -.~ ." 
. , 

/" . ..•. -,', . 
Ha 

" ", 

'. ,':'" 

., . 

" 

J ", 

': 

," 
I"~ 

, . .. ,,' 
~ I, 

~ :.:: 
t' : .' ;:., ". ... .. 

... ,',' :',''':'' '!.I 

, ,"; r.o 

:: ~ .... " 

.','." 

.-.. :. ." ~ .. " 

O"w· 

:~ 
- '. ', .. ,' .- . ,: ':~' ~:'.', .. , -, "', ~ . 

. ' ....... . 
, ' 

" " 
' ... 

'.' 
; . 

,", " 

., 
• ". '" 

Figure 23 
objects labeled as m 

'.' ..... 
=-.. 

..... 
': 

" . 

. .. : 

Top: GGD 
Figure 2. 

" 

," 

'. .~~, 

, . 
." 

31; Ha 

' •• ~ • -'. ;,.oj:-

!::'~ : ,:: <, '.~ 
" 

, .. ,/ ';"." ';' ~ . .... .' 

" 

" 

• 

filter. Bottom: GGD 36; I 

61 

. \. 
:\ 
\ 

filter, 



62 

Figure 24 - GGD 36; R filter. 



Chapter 3 

HIGH RESOLUTION SPECTROSCOPY OF HERBIG-HARO 

OBJECTS AND THEIR EXCITING STARS 

3.1 Introduction 

Low resolution (a few A) spectrographs can measure radial velocities 

of HH objects to an accuracy of ,..... 30 km/s. Such observations can be 

used to show that an HH object is kinematically associated with a particular 

molecular flow, and may also provide some information about the flow's 

geometry. However, to study the dynamics of HH objects, one must examine 

their linewidths and line profiles, which can only be done using high resolution 

instruments. 

The first indication that some HH objects contain linewidths that 

greatly exceed those expected from simple thermal broadening (,..... 10 km/s; 

Chapter 4) came from Herbig (1974) who found two velocity components 

in the line profiles of HH 32A. Later observations by Schwartz (1981) for 

HH 1 and 2, and Mundt, Stocke, and Stockman (1983) for HH 32 uncovered 

extremely broad line profiles (.2:. 200 km/s). Much of the observational work 

of this thesis is devoted to the measurement of line profiles of HH objects 

at high resolution. This chapter presents a compilation of all the echelle 

data taken of HH objects and their exciting stars. This extensive set of 

data provides a motivation for the theoretical models to be presented in 

63 
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Chapter 4. Much of this data was taken in collaboration with John Stocke 

(U . Colorado) . 

3.2 Observations 

The high resolution spectra presented in this chapter were taken using 

the facility echelle spectrograph on the Multiple Mirror Telescope on Mt. 

Hopkins in Arizona with a photon-counting Reticon detector. The spectral 

resolution of the instrument as determined from the observed linewidths of 

monochromatic sources (such as night sky emission lines, or the Th-Ar lamp) 

was 10-12 km/s. Hence, the vast majority of the line profiles in Figures 

25-52 are very well resolved. There are roughly six pixels per resolution 

element, so the data were smoothed by a Gaussian of FWHM 4 pixels to 

retain full resolution. The entrance aperture of this system is 2.5" X 1.5" 

on the sky. A log of the echelle spectra is presented in Table 3. 

The data have been fiatfielded and dark subtracted, but skylight 

remains, being most easily visible as discrete emission lines on the longer 

exposures (eg. Figure 31). The positions of terrestrial emission lines in 

the spectra provide a useful check of the wavelength solution used in the 

reduction, which on the average was accurate to '" 0.02 A. Absorption from 

the Earth's atmosphere is almost entirely absent near the wavelengths of H{3, 

[0 III] .\5007, and the red [S II] doublet, as can be seen readily from a solar 

atlas (eg. Moore, Minneart, and Houtgast 1966). However, the Ho: profile3 

are contaminated by a weak water absorption feature clearly visible only in 

the AS 353A data presented in Figure 28. The [N II] .\6548 line is plagued 

by both terrestrial water absorption and a bright night sky emission line, 
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but the [N II] .\6583 line is relatively unaffected by the Earth's atmosphere. 

3.3 Discussion 

The line profiles of the HH objects observed show a remarkable 

diversity in widths and shapes. Several objects, such as those in Cepheus A 

(Figure 31) and HH 32 (Figure 27), not only exhibit extraordinarily large 

linewidths, but also often show double peaks that can vary from line to line 

within a given knot. The linewidths vary considerably between HH objects, 

but with the exception of those observed in Mon R2 (where the objects are 

probably not HH objects at all, but rather H II blisters; Chapter 5), the 

observed widths greatly exceed those expected from thermal and instrumental 

broadening alone ( ...... 20 km/s total). The large linewidths provide a crucial 

clue to the nature of HH emission, and any successful model must be able 

to explain this characteristic in a natural way. 

Several other trends are apparent in the figures. Usually, zero radial 

velocity is contained within the line profile, and often this velocity marks 

an extremum of the profile. Figures 27, 44, and 45 show that although 

line profiles can vary within an object, the full linewidth near zero intensity 

remains roughly constant. In the next chapter I will propose a bowshock 

model to explain the observed data, and in Chapter 5 each region will be 

examined closely to determine the success of the model. 
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TABLE 3 
LOG OF ECHELLE OBSERVATIONS 

Object Date Figure lLine r(min) 01(1960) 0(1960) 

HH 32/AS 363A 

HH 32A 6/19/83 25,27 HOI 7.5 19h18m07~87 10° 56' 22.3'" 

7/7/84 HOI 220 

10/7/84 HOI 10 

11/11/84 HOI 10 

6/22/83 26,27 [S II) 40 

6/20/83 Hf3 40 

6/20/83 26,27 [0 III) 40 
HH 32B 6/19/83 25 HOI 15 191. 18m08 ~19 10°56'18.3'" 

11/11/84 HOI 15 

7/18/83 26 [S II) 100 
HH 32C 7/18/83 25 HOI 20 19h18mlO~01 10°56'12.4'" 

HH 32D 9/7/83 25 HOI 30 19h18m08~40 10° 56' 19.6'" 

11/11/84 HOI 15 
AS 353A 6/19/83 28 HOI 3 19h18m09~41 10° 56' 15.0'" 

9/7/83 28 HOI 1 

7/7/84 HOI 220 

10/7/84 HOI 3 

11/11/84 HOI 10 

6/20/83 28 Hf3 3 

6/20/83 29 Fe II 14 

10/8/84 Fe II 10 
AS 353B 10/7/84 29 HOI 4 191. 18m09 ~48 10°56'09.0'" 

Mon R2 

MonR2-107 2/21/84 30 HOI 10 06h05m19~29 -06°21 '43.1'" 

MonR2-108 2/21/84 30 HOI 10 06h05m20~72 -06°22 '28.3'" 

Cepbeug A 

GGD 37a 10/27/83 31 HOI 20 22h54m03~01 61°46'15.1'" 

GGD 37b 10/27/83 31 HOI 10 22h54m03~98 61°46'07.3'" 

GGD 37c 10/27/83 31 HOI 20 22h54m40~35 61°46'04.7'" 

GGD 37d 10/27/83 31 HOI 10 22h54m04~83 61°45'59.5'" 

GGD 37e 10/27/83 31 HOI 20 22h54m07~39 61 ° 45' 56.0'" 

GGD 37£ 10/27/83 31 HOI 10 22h54m07~75 61°46'04.7'" 

GGD 37g 10/27/83 31 HOI 10 221. 54m05 ~68 61°46'11.6'" 
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TABLE 3 (Cont.) 

Object Date Figure Line r(mln) a(1960) 6(1960) 

GGD 37h 10/27/83 31 Ha 20 22" 54m03 ~61 61°45'54.3" 

GGD 37s 10/27/83 31 Ha 20 22" 54m03 ~03 61°45'57.7" 

GGD 37hw 10/27/83 31 Ha 40 22" 54m09 ~95 61°45'42.2" 

R erA 

R CrA 10/7/84 32 Ha 4 18" 58m 31 ~28 -37°01'28.9" 

T CrA 10/7/84 32 Ha 10 18"58m36~35 -37°02 '10.8" 

HH 100 10/8/84 33 Ha 40 18"58m27~11 -37° 02' 59.0" 

HH lOIN 10/8/84 33 Ha 40 18" 58m 12 ~52 -37° 07 '13.1" 

HH lOlA 10/8/84 34 Ha 15 18"58m 11 ~98 -37°07'21.5" 

HH lOIS 10/8/84 34 Ha 10 18" 58m 12 ~37 -37°07'17.6" 

Star 30 10/7/84 35 Ha 5 18" 58m 11 ~23 -37° 07 '17.3" 

LkHa 198 

V376 Cas 10/8/84 36 Ha 25 00"08m47~98 58°33'22.5" 

2/21/84 Ha 10 

LkHa 198 10/8/84 36 Ha 10 00"08m47~09 58°32' 48.5" 

2/21/84 Ha 10 

HH '1-11 

HH 7 11/29/83 37 Ha 15 03" 26m 02 ~65 31 °05 '11.1" 

2/23/84 38 [S II] 10 

HH 8 11/29/83 37 Ha 15 03"26mOO~73 31°05'19.0" 

HH lOB 11/29/83 37 Ha 10 03" 25m 59 ~90 31°05'31.5" 

HH 11 11/29/83 37 Ha 8 03"25m 58 ~97 31°05'35.8" 

2/22/84 39 [S II] 15 

3 HH 12 

Star 107 11/28/83 40 Ha 40 03"25m52~47 31°07'46.0" 

12-201 11/27/83 40 Ha 45 03"25m 52 ~34 31°07'38.8" 

12-202 11/28/83 40 Ha 30 03"25m 52 ~20 31°07'35.3" 

2/23/84 [S II] 15 

12-204 11/28/83 40 Ha 60 03"25m 52 ~88 31°07'52.5" 

2/23/84 [S II] 15 

12-210 11/28/83 Ha 15 03" 25m 54 ~58 31°08'28.6" 

12-213 11/28/83 Ha 15 03"25m54~19 31°08'49.2" 

12-217 11/28/83 40 Ha 15 03"25m55~21 31°09'11.6" 
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TABLE 3 (Cont.) 

Object Date Figure Line r(min) a(1960) 6'(1960) 

12-222(F) 11/28/83 41 Ha 30 03h25m53~34 31°09'28.8" 

12-223 11/28/83 41 Ha 15 03h25m52~73 31°09'28.9" 

412-225 11/28/83 41 Ha 20 03h25m53~08 31 ° 09' 40.0" 

2/23/84 [S II) 10 

12-227 11/28/83 42 Ha 15 03h25m53~69 31°09'49.5" 

12-229(D) 11/28/83 42 Ha 30 03h25m52~75 31°09'51.2" 

12-235(B) 11/29/83 42 Ha 15 03h25m53~57 31 ° 10 '13.6" 

HH 24 

HH 24A 11/10/84 43 Ha 30 05h43m 35 ~77 -00°11'32.4" 

HH 24B 11/10/84 43 Ha 30 05h 43m 34 ~50 -00°11'11.6" 

HH 240 11/10/84 43 Ha 75 05h43m 34 ~35 -00°10'52.3" 

HH 1 and 2 

HH 2A' 11/10/84 44,45 Ha 10 05h33m59~44 _06° 48' 59.4" 

11/10/84 45 [S II) 30 

11/11/84 45 [0 III) 30 

HH 2M 11/10/84 44 Ha 10 05h33m59~66 -06°48'58.4" 

11/11/84 [S II) 30 

HH 2G 11/10/84 44 Ha 15 05h34mOO ~11 -06°48 '57.2" 

11/10/84 45 [S II) 40 

11/11/84 [0 III) 45 

HH IF 11/10/84 44 Ha 10 05h 33m 54 ~54 -06°46'57.1" 

11/11/84 [S II) 20 

11/11/84 [0 III) 60 

HH 2H 11/10/84 44 Ha 10 05h33m59~69 -06°49'03.9" 

11/11/84 44 [S II) 40 

11/11/84 44 [0 III) 45 

OS-star 11/10/84 46 Ha 12 05h 33m 55 ~55Z _06° 47 '25.2" 

NGC 7129 

LkHa 234 7/8/84 Ha 5 21 h41 m 57~19 65° 53' 03.5" 

10/7/84 47 Ha 5 

BD+65° 1637 7/7/84 Ha 6 21 h41 m40 ~89 65° 52' 50.5" 

10/7/84 47 Ha 5 

GGD 32 10/7/84 48 Ha 25 21h41m18~07 65° 50' 42.0" 

GGD 35 10/7/84 48 Ha 40 21h42m33~48 65°54'38.2" 



Object 

HH 103C 

HH 103N 

V350 Cep 

IRS 5-3 

IRS 5-4 

L1551-217 

L1551-220 

HH 29 

HL Tau 

XZ Tau 

HL Tau-S 

HL Tau-N 

Date 

10/7/84 

11/10/84 

10/7/84 

10/27/83 

11/29/83 

2/22/84 

2/22/84 

12/6/82 

2/22/84 

2/23/84 

12/6/82 

10/28/83 

10/28/83 

11/29/83 

11/29/83 

11/29/83 

10/28/83 

TABLE 3 (Cont.) 

Figure Line r(mln) a(1950) 

48 

48 

47 

49 

49 

49 

49 

50 

50 

51 

51 

Ha 

Ha 

Ha 

L 1551 

Ha 

Ha 

Ha 

Ha 

Ha 

Ha 

[S II] 

30 

40 

15 

90 

15 

15 

10 

20 

5 

23 

HL, XZ Tau 

Ha 

Ha 

Ha 

Ha 

Ha 

Ha 
Ha 

15 

5 

2 

2 

15 

15 

20 

21"41m16~04 

21"41m15~71 

21"41m51 ~32 

04"28m40~05 

04"28m39~80 

04"28 m11 ~91 

04"28m35 ~97 

04"28m33~25 

04h 28m44 ~30 

04"28m45~33 

04"28m45~66 

6(1950) 

65°49'51.9'" 

65° 49' 54.9'" 

65°57'41.6'" 

18°01' 41.4'" 

18°oi ' 40.3'" 

17°57'06.0'" 

18°00'30.7'" 

18°00 '00.3'" 

18°07'17.0'" 

18° 07' 49.9'" 
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1 - [N II] ..\..\6583, 6548 are als;) obtained for the Ha setting. The designations 

Fe II, [S II], and [0 III] refer to the lines Fe II ..\5018, [S II] ..\..\6716, 6731, and 

[0 III] ..\5007, respectively. 

2 - Sky obscured by thick cirrus during these observations. 

3 - Positions from Strom, Strom, and Stocke (1983). 

4 - Erroneously labeled HH 12F in Strom, Strom, and Stocke (1983). 

5 - These two spectra have been coadded to produce the profile in Figure 52. 
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Figure 25: Line profiles of the four knots compnsmg HH 32. Heliocentric 
velocities in km/s are indicated. Double peaked profiles are evident along 
with extremely broad linewidths (.2: 400 km/s). 
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Figure 26: Additional line profiles of [8 II] and [0 III] for HH 32A and B. 
Heliocentric velocities (km/ s) are indicated. 



HH32A 

en .... 
z 
:::> 
0 
u 
w 
> .... 
<l 
-J 
W 
c:: 

Ha 

[sn] 6131 

[sn] 6116 

80 180 

VHEL (km/sl 

72 

[om] 5007 

380 

Figure 27: Line profiles of HH 32A. The four lines plotted have similar full 
velocity widths, but the line profiles vary in shape. 
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Figure 28: Ha and H{3 line profiles of AS 353A, the driving source of 
HH 32. A strong terrestrial absorption feature is marked. The blueshifted 
portion of the Ha line profile (VHEL """ -350km/s) changed from emission to 
absorption between June 19 and Sept 7, 1983. 



CI) 
~ 

140 

120 

10C 

Z 80 :::> 
o 
(.) 

20 

20 

Counts 

o 

AS353A 
June 20,1983 

1 I I 1 
300 km/s 

4995 5003 

AS 353B 

6540 

FelI X 5018.43 

I 
+190 

-192 

5011 5019 5027 
0 

X(A) 

Ha 

6560 

Wavelength (A) 

6580 

74 

Figure 29: Top - P Cygni profile of AS 353A in Fe II. Bottom - Ha profile 
of AS 353B showing weak Ha emission. 
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Figure 30: These two emission line objects near Mon R2 exhibit very narrow 
linewidths, and probably represent H II blisters rather than HH objects 
(Chapter 5). 
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Figure 31: Line profiles of the HH objects in Cepheus A, showing large 
linewidths and dou.ble peaked profiles that vanish near zero radial velocity. 
A terrestrial OH emission line is marked. 
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Figure 32: Top - The P Cygni line profile of R CrA. Bottom - A broad 
Ha emission line is present in this spectrum of T CrA. 
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Figure 33: Ha: line profiles of .two HH objects near R erA. 
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Figure 34: Line profiles of two additional HH objects in the R erA flow. 
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Figure 35: The Ha absorption of this star located near HH 101 differs from 
that of the R erA cloud by '" 50 km/s, indicating that this star does not 
power the HH objects. 
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Figure 36: Top - Emission line profile of V376 Cas. Bottom - This P Cygni 
absorption in LkHa 198 indicates the presence of an outflowing wind. 
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Figure 37: Hex line profiles of HH 7 - 11. Zero radial velocity does not fall 
within the HH 11 line profile. 
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Figure 38: These [S II] profiles of HH 7 suggest the presence of a dense 
clump of material at V'sr """ -75km/s. 
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Figure 39: [8 II] line profiles of HH 11. 
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Figure 40: Ha line profiles at various positions along the HH 12 jet. Top 
to Bottom - Star 107, 12-201, 12-202, 12-204, and 12-217. A terrestrial 
emission line occurs at VZ sr = 250 km/s. 
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Figure 41: Ha profiles for three positions in HH 12. 
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Figure 42: Ha: profiles for three positions in HH 12. 
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Figure 43: Ha profiles of HH 24 showing both redshifted and blueshifted HH 
objects. The bright spike at zero velocity is probably reflected light from a 
nearby embedded star. 
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Figure 44: Line profiles of HH 1 and 2. 
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Figure 45: Line profiles of HH 2G and 2A'. 
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Figure 46: This Ha profile of the CS star is similar to that of AS 353B in 
figure 29, and shows no P Cygni absorption. 
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Figure 47: Ha: profiles of three T Tauri stars in NGC 7129. 
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Figure 48: Line profiles of four HH objects in NGC 7129. 
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Figure 49: HH objects in L1551. Terrestrial OH lines are marked. 
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Figure 50: Double peaked profiles in the resolved object HH 29. 
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Figure 51: Ha profiles of two T Tauri stars. For HL Tau, the feature at 
VZ sr = -180 km/s is Ha, and the one at +770 km/s is actually blueshifted 
[N II] 'x6583. 
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Figure 52: Line profiles of two HH objects associated with HL Tau. 



Chapter 4 

BOWSHOCK MODELS OF HERBIG-HARO OBJECTS 

4.1 Observational Motivation for a Bowshock Model 

In this chapter I present a detailed radiative bowshock model to 

explain the echelle line profiles displayed in Chapter 3, and the long slit 

data to be discussed in Chapter 5. Before launching into a description of 

the model, we must first establish that a radiative bowshock model for HH 

objects is a reasonable idea to pursue. 

As the figures in Chapter 3 indicate, emission lines dominate the 

spectra of most HH objects. Occasionally one finds a mixture of emission 

lines and light reflected from a nearby star (eg. HH 24, Schmidt and 

Miller 1979), but for the most part HH objects show a pure emission 

line spectrum with a faint, blue continuum sometimes superposed. What 

can be inferred about the physical conditions within an HH object through 

observation of its emission lines? Unlike emission from molecular clouds, 

lines in HH objects are optically thin (excepting the Lyman lines of Hand 

He II, and perhaps a few resonance lines of C, N, and 0), so the strength 

of a given forbidden emission line only depends upon three parameters -

the abundance of the ion of interest, the electron density, and the electron 

temperature (eg. Osterbrock 1974). Hence, the ratio of two lines of a given 
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lomc species (eg. [0 III] ),4363/[0 III] ).5007) is a function of electron 

density and temperature. If two lines originate from the same upper level 

(eg. [N II] ).6548 and [N II] ).6583), then the line ratio is a constant fixed 

by the quantum mechanical properties of the atom. 

Since the observed line ratios define a curve in TJe/Te space, two such 

ratios provide an estimate of the number density and temperature of the 

emitting gas. Brugel, Bohm and Mannery (1981) performed such an analysis 

for a number of HH objects, and found that temperatures of "" 104 K and 

number densities of 103 -104 cm-3 were indicated. 

The emission lines in HH objects resemble those present in supernova 

remnants, with Balmer lines of hydrogen and strong forbidden metal lines of 

several ionization species apparent. This similarity was noticed by Schwartz 

(1975), who proposed that HH objects shine as gas cools behind a radiative 

shock. This hypothesis has received increasing support over the last ten 

years as more is known about the dynamics of HH objects. Temperatures 

of "" 104 K imply sound speeds of "" 15 km/s, and yet within a given HH 

object (eg. Figure 27) one can find velocity widths of several hundreds of 

km/s, and proper motions of some HH objects are also of this order (eg. 

Herbig and Jones, 1981). The presence of such blatently supersonic velocities 

within HH objects makes sense if the observed emission lines also form due 

to shocks. The faint blue continuum sometimes seen in HH objects can be 

interpreted in terms of 2-photon emission from a radiative shock (eg. Dopita, 

Binette, and Schwartz 1982). 

The morphology of HH objects differs considerably from that seen 
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in a typical supernova remnant, however. HH objects are usually compact 

knots of emission a few arcseconds in size, rather than elongated filamentary 

structures. This suggests that the shocks which produce HH objects are 

localized, and one way to create such a situation would be to have a 

bowshock form around an obstacle in the flow. The· bowshock could form 

around a dense clump of gas ejected into the ambient cloud (as in the 

'bullet' model, Norman and Silk, 1979; Tenorio-Tagle and R6zyczka, 1984), 

or from a supersonic stellar wind impinging upon a clump of gas in the flow 

(as in the 'shocked cloudlet' model, Schwartz, 1978). 

Several authors (eg. Dopita, 1978; Raymond, 1979) have modelled 

the observed emission line ratios from HH objects using plane parallel shocks. 

These attempts have only been partially successful in reproducing the observed 

ultraviolet and visible line strengths. The major problem is the presence of 

highly ionized species like C IV in addition to strong lines of low excitation 

species such as 0 I and S II. The result is that no single plane parallel 

model fits the observed data. A bowshock geometry produces a mixture 

of shock velocities because only the component of motion perpendicular to 

the shock is slowed, and this perpendicular kinetic energy converted into 

line emission. This scenario could explain the failure of plane parallel shock 

models to predict the observed line ratios. A bowshock model can also 

explain the small ("" 10-3 , Brugel, Bohm, and Mannery 1981) filling factors 

measured for many HH objects, since a bowshock only emits in a narrow 

shell surrounding the obstacle (for small cooling distances, §4.5). 

The most direct and compelling evidence for a bowshock interpretation 

of HH objects is the large linewidths seen within individual knots. From 
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thermal broadening alone (T = 104 K), one would expect linewidths of about 

15 km/s for hydrogen, and less for heavier ions. The instrumental broadening 

is 12 km/s FWHM for the MMT echelle, so the observed linewidths for HH 

objects should never exceed ~ 25 km/s. The only objects observed that 

do not exceed this value are those in Mon R2 (li'igure 30). HH objects 

probably contain about 50 MEa of material (§4.4), implying an escape speed 

of only 0.05 km/s at r = 750 AU, some three orders of magnitude less than 

the observed velocities. How can linewidths of several hundred km/s occur 

within a gravitationally unbound object only 1500 AU in size without having 

the object dissipate rapidly? Material travelling at 200 km/s traverses 1500 

AU in about 35 years, and we know that some HH objects have remained 

relatively unchanged for at least 80 years (Herbig, 1969). 

A bowshock model for HH objects can explain this confusing situation 

In a natural way. The emitting gas from a bowshock flows around the 

obstacle, and is not gravitationally bound to this position; however, if the 

cooling distance behind the shock is smaller than the size of the obstacle (as 

is usually the case, see §4.5), then the gas emits only in a region near the 

obstacle. This explains why HH objects do not dissipate even though the 

emitting gas is highly unbound gravitationally. Bowshocks also give rise to 

large linewidths, since a range of radial velocities are seen as gas splatters 

around the bowshock. 

Previous work on bowshocks indicates that this line of reasoning could 

be quite fruitful. Hartmann and Raymond (1984) found that a model based 

on approximating the oblique shock regions of the bowshock by a series of 

plane parallel shock models was able to produce large linewidths, as well as 
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line ratios that agreed better with the observations than planar shock models. 

Several authors (Choe, Bohm, and Solf, 1985; Raga and Bohm, 1985; Raga, 

1986) have constructed position-velocity diagrams from bowshocks and have 

found fairly good agreement with observations. 

4.2 Theoretical Justification of a Bowshock Model 

To investigate whether or not a bowshock makes sense theoretically, 

it is instructive to review some eXCIlIlples of interactions between planets 

and the solar wind. There are three general types of planetary interactions 

with the solar wind. The most familiar example is that provided by the 

Earth, Mercury, Jupiter, and other objects with internal magnetic fields. 

In this case the magnetic field lines produced by the planet cannot be 

crossed by the particles in the ionized solar wind (directed motion of charged 

particles converts to gyration if such particles encounter a magnetic field). 

The result is that the solar wind pa1ticles bunch up on the sunward side of 

the planet, producing a bowshock exterior to the planetary magnetosphere. 

This picture will be applicable to HH objects only if HH objects possess 

milligauss magnetic fields. This seems unlikely (§4.4a), but if such fields 

do exist then the bowshock will be even easier to form than the following 

argument indicates. 

There are two types of solar wind interactions with field less bodies. 

On Venus, a thick atmosphere gives way to a fairly dense ionosphere at high 

altitudes. This ionosphere acts as a fluid of essentially infinite conductivity. 

The ionized solar wind also behaves as a fluid of infinite conductivity. Since 
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the Bolar wind is magnetized, its particles are tied to the magnetic field 

lines, and the same can be said of the atoms in the Cytherean ionosphere. 

Hence, the ionospheric particles do not cross the solar wind magnetic field 

lines, and this causes the particles in the wind to bunch up on the sunward 

side of Venus, and a bowshock is formed even though no planetary magnetic 

field is present. 

The solar wind can also interact with an airless body like the moon. 

In this case no ionosphere is present; the moon simply absorbs the solar 

wind particles like a big sooty sponge. The solar wind particles are removed 

from the flow, and no bowshock is formed since no particles congregate 

exterior to the lunar surface. If the solar wind were to increase suddenly 

in intensity, a bowshock would eventually form around the moon as ionized 

particles sputtered from the lunar surface to form a primitive ionosphere. 

What about HH objects? The question to be settled is whether or 

not a clump of gas embedded in a flow from a young stellar object will 

possess an ionized layer of sufficient strength to deflect incoming particles, 

and thereby form a bowshock. Consider the case of a dense clump of 

neutral gas of radius R and number density 'fJ, immersed in a stellar wind of 

number density N and velocity V. The wind will penetrate into the clump 

a distance comparable to a mean free path, depositing its energy in this 

relatively narrow band. The collisional ionization caused by the wind will be 

opposed by recombination of the gas in the clump. The differential equation 

describing the ionization of the boundary layer is 

d'fJe 2 
dt = -CX'fJe + x:.NVa'fJH (1) 
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where a is the recombination rate coefficient (cm3 s-1), ~ is the number 

of ionizations per incident solar wind particle, 'f/ H is the number density 

of neutral hydrogen at time t, and a is the cross section for collisional 

ionization. Substituting the fractional ionization X = 'f/e/'f/ into equation 1 

gives 

_d'f/_e = -aTJ2 + K,NVan ...:.,..(l_-_X....:.,.) 
dt e 'Ie X (2) 

In steady state, 
K,NVa(l- X) 

'f/e = ---a....!.X--~ 

which simplifies to 

X 2 +CX-C=0 j (3) 

and we obtain a solution for the ionization fraction X of the boundary layer, 

(4) 

Equation 4 always gives a value of X between 0 and 1, with the following 

asymptotic solutions: C «1 => X = Clj and C »1 => X = 1- (l/C). 

The recombination coefficient is about 4 X 10-13 cm3 s-1 (Osterbrock, 1974), 

and using V = 100 km/s, we find a = 6.6x 10-17 cm2 (Allen, 1972). Protons 

in a 100 km/ s wind have about 52 ev of kinetic energy, so we take K, = 4. 

Choosing N = 100 cm-3 and 'f/ = 105 cm-3 , we get C = 6.6, and X = 0.88. 

This estimate of C is not very precise since Nand 'f/ are poorly known, 

but the resulting value of X does not vary sharply with Cj using C = 66 

and C = 0.66 yields X = 0.985 and X = 0.55, respectively. 

Hence, this calculation shows that a 8ub8tantial fraction of the 

clump's boundary layer will become ionized due to collisions by the incident 
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wind particles. Is this 'ionosphere' sufficiently dense to deHect the incoming 

m.agnetized wind? The wind will be unable to penetrate the ionosphere 

provid~d that Td, the timescale for magnetic diffusion through the boundary 

layer, is smaller than the How time TJ of the wind around the obstacle. Let 

A represent the thickness of the boundary layer (a mean free path for the 

wind particles). Then the magnetic diffusion timescale IS 

471'0',\2 
Td= --

c2 

where 0' is the electrical conductivity of the boundary layer. The How time 

is simply TJ = R/V, so we must have the ratio. > 1 to produce a bowshock, 

where 

• = Td = 471'0'A2
V 

TJ c2R 
(5) 

The mean free path of an incident wind particle is A = (l/1Jea), 

with a the cross section for ion-ion collisions. This cross section can be 

estimated by letting a = 71'r2 , with (e2 /r) = ~mV2. For m = (mH/2) we get 

a = 9.6 X 10-17 cm2 , and adopting 1J = 105 cm-3 we find A = 1011 cm, which 

is on the order of an Earth-Moon distance. 

What is O'? A current density j is related to an electric field E by 

j = O'E. Using Newton's law, (dVd/dt) = (eE/me), so that Vd ~ eE(at) /m, 

where Vd is the drift velocity of electrons in the boundary layer, and at is the 

time between collisions for the electrons in the layer. Now at = (l/vd1Jeb), 

with Vd = Vt = v'kT /me is thermal speed of the electrons, and b is the cross 

section for electron-ion collisions at speed Vt, b = (471'e4)/(m~vt). Putting all 

this together yields 

(6) 
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Equation 6 agrees well with the formula derived by Spitzer (1956), 

who performed a much more detailed analysis taking into account the 

effects of distant collisions and plasma shielding. The effect of including 

this additional physics is to multiply equation 6 by a factor 12.8')'e/lnA, 

where ')'e represents the deviation of the gas from a Lorentz gas (where the 

electrons do not interact), and InA is the term that includes the effects of 

collisions at large distances. For a gas composed mostly of hydrogen, ')'e 

= 0.582. The value of InA varies slowly with 'TJe and Tj for 'TJe"'" 105 cm-3 , 

and T "'" 103 K, one finds InA = 14.0. Hence, equation 6 is multiplied by 

a factor 0.53 for our problem, and we get (1 = 3.1 X 1011 s-l. 

It is now possible to estimate. in equation 5. Using R = 250 AU 

and V = 100 km/s with the above values of oX and (7, we find 

• = 1.2 X 105 > > 1 (7) 

This large value for. demonstrates that it is relatively easy for the obstacle 

to deflect the incident wind and thereby make a bowshock. 

4.3 A Shock Primer 

This section provides a brief introduction to the physics of shocks, 

particularly radiative shocks. More extensive discussions of this problem can 

be found in the literature (eg. Raymond, 1976), so here we shall be content 

to present an overview of the relevent physics. Some of the more esoteric 

details of radiative planar shock modelling can also be found in §4.5. 

Compression waves in fluids can be either discontinuous or continuous. 

Discontinuous compression waves (shocks) involve the sudden change of 
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physical parameters in the flow such as density, temperature and pressure 

at a given point. Such waves increase the entropy of the incident gas 

by converting a fraction of its directed kinetic energy into thermal motion 

behind the shock. Continuous compression waves show smoothly varying flow 

parameters, and induce no entropy changes in the gas. These waves move 

through the fluid at the speed of sound, and as they do so the wave profiles 

steepen due to the increased sound speed at the wave crests (this behavior 

follows from the complete nonlinear wave equation). Eventually the wave 

profile will steepen to the point where a discontinuity is formed, and the 

wave becomes a shock (see Zel' dovich and Razier, 1966). 

Supersonic compression waves must be discontinuous. To model the 

emission lines expected behind a shock one must first determine the 'jump 

conditions', which specify how the density, temperature, velocity, magnetic 

field, and pressure change across the shock, and then follow the changes in 

these parameters downstream from the shock as the gas cools by emitting 

line radiation. 

Determining the jump conditions across a shock is by far the simplest 

of these two problems. Most shock models start by assuming the shock to 

be a very thin surface. This is a good assumption since the thickness of 

the shock itself is on the order of a mean free path of the incident particles 

(Landau and Lifshitz, 1959) when no magnetic fields are present. Particles 

are able to communicate the existence of a shock to each other on spatial 

scales of a gyroradius (usually smaller than a collisional mfp) whenever 

magnetic fields permeate the gas. Such cases are referred to as 'collisionless' 
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shocks, since the gas deceleration is caused by the deflection of 

magnetic field lines (with the particles tied to the field) rather than collisions 

between individual particles. The collisional mean free path of a typical wind 

incident upon an HH object is on the order of a few AU, whereas a gyroradius 

(B = 10-5 G) is only 103 km, both much smaller than the cooling distance 

behind any radiative shock of interest for HH objects (§4.5). 

Suppose that, in the frame of reference of the shock, material is 

incident from the left at a shock velocity VI, which exceeds the thermal speed 

in the incident gas. Given values for the shock velocity VI, gas pressure 

Ph density Ph temperature Th and magnetic field Bl (perpendicular to 

the direction of motion) to the left of the shock, we would like to solve 

for similar parameters V2 , P2 , P2, T2 , and B2 immediately to the right of 

the shock. There are ten variables here; how many relations exist between 

them? We can apply the ideal gas law to the variables on both sides of 

the shock, and this gives us two relations. If the particles are tied to the 

field lines, as is usually the case, then BI P is the same on both sides of the 

shock, which provides a third relation. 

Since the shock itself is simply a mathematical construct of zero 

thickness, it cannot be the source or sink of any mass, momentum, or 

energy. Hence the mass, momentum, and energy fluxes into the shock must 

equal those exiting the shock. This provides for three more relations between 

the ten variables. Hence, we have six equations and ten unknowns, meaning 

that the problem cannot be solved uniquely. Such a situation makes sense, 

since if we could solve the problem it would mean that a shock could only 

form when the incident velocity, pressure, density, temperature, and magnetic 



109 

field held certain preferred values. Typically, then, one specifies the shock 

velocity Vb the preshock density PI, the magnetic field BI, and the pres hock 

temperature T1 • This gives six equations and six unknowns, so the problem 

can be solved for the values of the postshock parameters to the right of the 

shock. Sometimes it is illustrative to merely specify PI, Ph and BI, while 

allowing the Mach number M = VI/CI (CI is the speed of sound to in the 

incident gas) to vary. This leaves the problem with one degree of freedom, 

so the allowed values of P2 and P2 (usually P is plotted versus 1/ p) for 

various Mach numbers can be represented by a curve known as a Hugoniot. 

Hugoniots have many interesting geometrical properties (eg. Zel ' dovich and 

Razier, 1966), and can be used to infer Mach numbers, entropy changes, and 

the amount of work done by the gas. 

Solutions to the jump conditions show that for low Mach numbers 

(weak shocks) the kinetic energy of the preshock gas converts into both 

compression and heating of the postshock gas. However, for high Mach 

numbers (strong shocks), like those expected to occur in HH objects, the gas 

is only compressed by a factor of four across the shock (for a specific heat 

ratio of 5/3). Since pV is conserved across the shock (this is simply the 

mass flux), the velocity V2 immediately to the right of the shock decreases 

by a factor of four. Thus, for strong shocks the material enters with a lot 

of kinetic energy, but leaves with only a little kinetic energy and a bit of 

compression. The remainder of the energy goes into heating the postshock 

gas. The postshock temperature T2 = 1.45 X l05( lOot~78)2 for a strong shock 

(Raymond, 1976), and depends solely upon the incident kinetic energy per 

particle. 
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The cooling properties of the postshock gas determine how the flow 

will proceed as it moves away from the shock. If the gas is heated to such 

a high degree that the atoms are nearly all fully ionized, then the postshock 

gas will be unable to radiate, and the shock is said to be adiabatic. 

This term is somewhat of a misnomer since the entropy of the gas does 

increase as material crosses the shock, although the postshock gas remains 

at constant entropy. If the gas cools so rapidly that the temperature T2 of 

the postshock gas decreases to Tb the temperature of the preshock gas, over 

a short distance, then the shock is called isothermal. An isothermal shock 

results in a compression by a factor of four (strong shocks) at the shock 

interface, and an additional compression by a factor of T2 /Tl (p,.... constant). 

A radiative shock cools by having the postshock gas emit radiation from 

excited states. As in the case of isothermal shocks, a radiative shock will 

compress the preshock gas by a factor of four (strong shock) immediately 

behind the shock. While the gas cools, it compresses by an additional factor 

of T2/Trad before radiating optical line emission, where Trad is about 104 

K for most optical emission lines. The postshock temperature T2 is on the 

order of 105 K for a 100 km/s shock, so the preshock gas is compressed by 

a factor of about 40 before it radiates in visible lines. Since pV is conserved 

in the postshock gas, the radiating material only moves perpendicular to the 

shock at 1/40 of the incident perpendicular velocity Vl. 

Modelling of radiative shocks is by no means a simple task. The 

postshock gas typically possesses a. high degree of ionization, so it is necessary 

to calculate the ionization and recombination rates at each point in the 

postshock flow. The Saha equation for ionization equilibrium at a given 



111 

temperature cannot be used, since the moving gas samples changing physical 

conditions fairly rapidly, and the photon field (which contributes to the 

ionization) is nowhere near that of a blackbody. The problem is also coupled 

in the sense that the radiation will cause the gas to cool and become denser, 

which affects the rate of collisional excitation, which in turn affects the cooling 

rate. In the following sections we shall use an existing planar radiative shock 

code to predict the emission lines expected from a radiative bowshock. 

4.4 The Bowshock Model 

In §4.1 and 4.2 we demonstrated that there are both observational 

and theoretical reasons why one should pursue a bowshock model for HH 

objects. The next step is to predict the line ratios and line profiles expected 

from a radiative bowshock, and we address this problem in the remainder of 

Chapter 4. We shall be particularly interested in whether or not a bowshock 

model can produce the large linewidths and double-peaked profiles displayed 

in the echelle observations (Chapter 3). Some of the bowshock model results 

have been published in Hartigan, Raymond, and Hartmann (1987). 

a) Geometry and Kinematics 

Figure 53 depicts the geometry of a bowshock. One must know the 

postshock velocity V 2 and angle 0 of the emitting gas to model bowshock 

line profiles. In the frame of reference of the bowshock the preshock material 

is incident from the left at the shock velocity Vs, and er..ters the bowshock 

at an angle e from vertical. This angle is determined once a bow shape 

Z(R) is chosen. All models assume axial symmetry. The observer views the 
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bowshock at an angle if> from the bow's apex. To calculate the line emission 

the bowshock is divided into 200 annuli of constant e. The emission from 

each annulus is taken to be that from a plane parallel shock of velocity V.L 

(the planar models are discussed in §4.5) weighted by the area of the annulus. 

Coaddition of the annuli over the entire bow gives the expected emission 

line profiles and ratios from the object. The parallel component VII of the 

incident velocity is continuous across the shock, and immediately behind the 

shock the perpendicular velocity V.L diminishes according to the shock jump 

conditions (by a factor of four for a strong shock). The hot (~ 105 K for 

shock velocities of interest) gas must cool to about 104 K before optical line 

radiation becomes visible. The gas becomes denser as it cools, and since pv 

is conserved the velocity must decrease. A complete analysis would require 

solving the 2D hydrodynamic flow problem inside the volume bounded by 

the bowshock with radiative cooling included. This problem has been solved, 

but only with simplified radiative cooling rates, and without the detailed 

photoionization and time-dependent ionization calculations needed to compute 

accurate line intensities and profiles (Sandford and Whitaker, 1983; R6zyczka 

and Tenorio-Tagle, 1985a,b). Therefore we use existing numerical calculations 

of the bowshock shape to make the following approximate models for the 

emission lines. 

We assume the cooling distance to be small compared with the size 

of the bowshock, so that the radiation originates in a narrow shell next 

to the bow (see §4.5 for a discussion of this point). Guided by the planar 

shock models, we choose a fixed temperature for the line of interest (typically 

104 K for optical lines) and calculate the expected postshock V.L taking into 
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account both the jump conditions at the shock interface (velocity decrease by 

a factor of four for a strong shock) and the effect of cooling (decrease by an 

additional factor of about ten). Taking VII to be unchanged during cooling 

allows the velocity V 2 and deflection angle 0 to be calculated. Hence, the 

line profile consists of the coaddition of a series of expanding rings of emitting 

material (Figure 53). The final line profile is calculated by smoothing the 

points with a Gaussian whose width arises from thermal motions of the 

emitting ion plus any instrumental broadening. 

What about magnetosonic turbulence? One could conceivably excite 

Alfven waves perpendicular to the flow direction as material streams around 

the obstacle causing the bowshock. Such a situation produces linewidths 

on the order of the Alfven velocity for latge amplitude waves, and lower 

velocities for smaller perturbations. To estimate the Alfven velocity we must 

know the magnetic field strength and the density at the position of the 

emitting gas. The number density indicated from the line ratios discussed 

above is ,...., 3000 cm-3 , so we take p = 6 X 10-21 g cm-3 , and the Alfven 

speed Va = 0.36(B/10-5 G) km/s. Hence, any Alfven broadening will be 

negligible unless B exceeds about a milligauss in the emitting region. 

There are no direct measurements of magnetic fields in HH objects, 

but it is possible to obtain a very crude upper limit to the strength of 

such a field with the following argument. In order to drive an outflow, 

a star or disk must have the energy density of its outflowing wind (pv 2 ) 

exceed the energy density of any magnetic field (B2/87r). Using a number 

density of 100 cm-3 and a wind speed of 200 km/s implies B.:s 0.1 mG 

in the outflowing wind. The value of B in the emitting gas depends upon 
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the orientation of the magnetic field with respect to the shock, and the 

strength of the shock. Since HH objects are manifestations of bipolar flows, 

and thereby exist along the poles of such outflows, one would expect the 

magnetic field to lie principally in the flow direction (unlike the solar wind 

in the ecliptic plane, which is wrapped up due to solar rotation). For such 

a geometry, compression of the field in the postshock flow is simply 1/cos 0, 

where 0 is the angle by which incident gas is deflected by the shock. This 

compression is less than a factor of two over the majority of the bowshock 

surface. Based on these estimates Va ,$ 7 km/s. 

However, it is more likely that the field direction does not remain 

static, but instead varies with time (like the solar wind). If this is the case, 

then a substantial portion of the magnetic field could lie perpendicular to the 

incident flow direction, in which case the field strength will increase by the 

ratio of the preshock and postshock densities (a factor of "" 40, depending 

on shock velocity, see §4.3). Such a scenario results in a much larger upper 

limit to the magnetic field in the emitting region of B ,$ 4 mG, which 

could conceivably excite Alfven waves up to 140 km/ s. Since Alfven waves 

occur in response to a disturbance, there is no guarantee that waves of high 

enough amplitude to affect optical emission line profiles will exist even if 

such large magnetic fields are present. 

Nevertheless, line broadening due to Alfven waves can not be 

completely dismissed a-priori, although the previous numbers tend to disfavor 

this idea. Magnetic field strengths of up to a few milligauss have been 

measured in masers (eg. Wouterloot, Habing, and Herman 1980), which are 

sometimes found near HH objects. The densities in masers must exceed 
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about 108 cm -3 to drive stimulated emission, so it seems unlikely that 

milligauss fields would also occur in HH objects, where postshock densities 

are around 103 cm-3 • Hence, the bowshock models presented later in this 

chapter include thermal broadening, but the turbulent broadening term was 

typically set equal to zero. Since the models without turbulence match the 

observed data reasonably well, we can say that there is no evidence for any 

alfvenic broadening in HH objects that significantly exceeds thermal motions. 

b) Line Profiles 

We begin construction of theoretical line profiles by calculating a 

probability distribution for the radial velocity of a particle on an expanding 

ring of material. The probability distribution must then be weighted by the 

area of the ring and the line intensity as obtained from the planar shock 

models. 

From Figure 53, the radial velocity of a particle on the ring at 

azimuthal angle ¢ is given by 

Vr = V2 [cos (J cos 4> + sin (J sin 4> cos ¢j (8) 

Emission from HH objects is optically thin except perhaps for the resonance 

lines Ly 0:, C II .\1335, and C IV .\1550. Thus, for an axially symmetric ring, 

the probability distribution of radial velocity is proportional to :~ I ' 
8,cp,V2 

so the probability of a given radial velocity P(V r) is given by 

P(Vr) = .!:.(w~ - (Vr - wI)2)-! 
7r 

(9) 

where WI = V2 cos (J cos 4>, and W2 = V2 sin (J sin 4>. The probability distribution 

is double-peaked (Figure 54), with the two peaks corresponding to the 
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extreme radial velocities on the ring. The probability distribution (9) assumes 

the entire expanding ring to be included in the observing aperture. Since 

spectroscopic observations are usually obtained through a slit, we would like 

to know how the distribution alters when a slit is positioned along the z-axis. 

The effect of such a slit will be to exclude emission from azimuthal angles 

between .,pc and 1r-.,pc, and also between -.,pc and -1r+.,pc, where .,pc = sin-1
( ~), 

D is the diameter of the slit projected on the sky, and d is the diameter 

of the emission ring. Thus, there is a set of radial velocities of width 
1 

2V2 sin 0 sin 4> (1 - (~ )2) '2 centered at V2 cos 0 cos 4> which is no longer seen 

(Figure 54). As the slit narrows, the excluded region widens until only the 

extreme radial velocities are seen (at the front and back of the ring). 

The probability formalism easily accounts for the effects of a finite 

slit, and we have included this capability in our models. However, since 

spectrographic slit widths are typically 1.5", seeing 1-2", and telescope 

tracking errors ",1" , the observed line profiles probably include emission 

over areas 2-3" at least. Since this is on the order of the sizes of many HH 

objects, the line profiles reported in this work typically include the entire 

emission from the bowshock. 

c) Bowshock Shape 

The bow shape Z(R) is one of the input parameters to the bowshock 

models. We have investigated the shape proposed by DeYoung and Axford 

(1967, hereafter the DA shape) as well as a class of shapes similar to that 

proposed by Raga (1986). Raga used an inverse method assuming postshock 

ionization equilibrium to determine the bow shape near the apex produced by 
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a spherical obstacle. Normalizing the coordinates R and Z by the obstacle 

radius Ro (z = ffo, r = :.,) we can write the Raga shape as 

0.42r2 + 0.136r4 
z(r) - -------:-

- 1 + 0.273(M2 -1)-!r3 
(10) 

Some difficulties are encountered with the shape at large Rand Z, since 

it does not approach the Mach angle, and the incident angle e decreases, 

instead of increasing uniformly as one proceeds from the apex. Since the 

shape (10) never reaches the Mach angle (V..L = Os = sound speed), the 

bowshock never terminates. 

If we disregard the denominator term, we retain Raga's paraxial 

solution and achieve a shape that reaches the Mach angle at some (r, z) 

where line emission must cease. We have used this modified Raga shape 

(z = 0.42r2 + 0.136r4) to model bowshock line emission. Since the obstacle 

may not be spherical, we would like to be able to investigate general shapes 

of the form z = Ar2 + Br4. To this end we parameterize a class of bow 

shapes according to 

a and (3 constants (11) 

With this parameterization{3 has a clearly defined physical significance. The 

quadratic and quartic terms in (11) are of equal magnitude when r = 0'.-1(3-~. 

At this value of r the incident angle ec is given by tan ec = ¥r I ' 
r=oc- 1{3-i 

so that 

(12) 
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This critical angle represents the point where the quadratic shape gives way 

to the steeper quartic shape. Incident angles exceeding ec lie on the quartic 

curve and have less relative importance to the final emission line profile. 

Suppose we were to normalize the shape Z(R) by Ro = kRo, where 

k is a constant. Then with z = ! = 'f and r = -It = ~ we find 

z(f) = (ka)f2 + (ka)3fJf4 so that a = ka and /3 = fJ. Hence, although fJ 

is independent of the normalization, the value of a depends upon the choice 

of the normalization constant Ro. Any two shapes with the same value of 

fJ are therefore the same for modelling purposes. For example, the shapes 

Zl = 0.5r~ + O.lrt and Z2 = r~ + 0.8r~ produce identical line profiles for 

each emission line and identical line ratios. The parameter a has a physical 

significance only if a physical significance is attached to Ro. For instance, 

if Ro is always chosen to be the radius of a spherical obstacle, then the 

bowshock flairs away from the obstacle more for smaller values of a. In 

the models, Ro is chosen to make the angular diameter of the radiating 

bowshock a few arc seconds , consistent with the observed sizes of HH objects. 

Once a value of Ro is chosen, the absolute flux of HfJ as seen from the 

Earth can be calculated and compared with observed values. 

R6zyczka and Tenorio-Tagle (1985a,b) have computed the shapes 

of bowshocks using a 2-D numerical hydrodynamics code. They find that 

radiative cooling makes the shape of a 200 km/ s bowshock much narrower 

than either the 100 or 400 km/s bowshocks, greatly reducing the importance 

of the bowshock wings. They alBO find that if one begins with a spherical 

obstacle, the cloud shock flattens the obstacle and produces a progressively 

more blunt bowshock. Evolution into a more flattened shape requires several 
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hundred years for typical cloud parameters, and on that timescale the cloud is 

likely to be disrupted by Rayleigh-Taylor instabilities (R6zyczka and Tenorio

Tagle, 1985b). While transit times inferred from proper motions of HH object 

knots from the exciting stars to their present positions are hundreds of years, 

some knots are observed to turn on and fade away with lifetimes of a few 

decades (Herbig and Jones, 1981). If we interpret this to mean that these 

knots move out in a low density flow of similar velocity until they reach 

the high density ambient medium at the end of the cavity cleared by the 

outflow, then the observed lifetimes of a few decades are appropriate, and 

we do not expect significant flattening or disruption of the clouds. However, 

such short lifetimes cast some doubt on the correctness of the assumption of 

a steady-state bowshock shape. 

Not all shapes can be represented accurately by a quartic polynomial, 

however. The DA shape is given by 

z(r) = -21n (cos (i)) (13) 

where Ro = h is the scale height for normalization. Expanding (13) in 

powers of r near r=O we find a = 0.25, {3 = 0.667, and ec =82~ 3. Since 

ec is larger for DA than for Raga (where ec =77: 3), we might expect 

DA to emphasize low velocity shocks away from the apex more than the 

Raga shape. The opposite is in fact true - DA is more blunt-shaped than 

Raga, giving rise to larger fluxes in the high excitation lines like 0 III and 

C IV as compared to H{3. The problem is that the DA shape cannot be 

approximated by a quartic polynomial far from the apex (r """ 11"). The shape 

z(r) = 0.42r2 + 1.0r4 (hereafter shape A) reproduces the observed line profiles 
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fairly well, and is used extensively in the bowshock models. Shape A has 

a critical angle of 58: 5, so the higher shock velocities near the apex are 

relatively more important to the final line profile for this shape than for the 

Raga shape. As for the other shapes, the numerical integration terminates 

when shape A reaches the Mach angle. 

d) The Obstacle 

For simplicity we neglect absorption of far-side bowshock emission 

by dust in the obstacle. We can estimate the amount of absorption likely 

to be present as follows. Schwartz (1978) showed that for "y = 5/3, the 

pressure Po in the obstacle is related to the incident ram pressure by 

Po = 0.8811wV}. This relation imposes a constraint on the number density 

(110) and temperature (To) in the obstacle in terms of the preshock number 

density (11w) and the shock velocity (Vs) of the wind. We find 

( )

2 
8 11w Vs -3 

11oTo = 2.1 x 10 ( 3) k / em K 100 cm- 200 m s 
(14) 

The number density in the obstacle must exceed that of the shocked 

wind, so we take 110 > 3 X 104 cm-3 (Brugel, Bohm, and Mannery, 1981). 

The temperature of the obstacle exceeds the ambient cloud's temperature, 

about 300 K. Using (14), we find 110 < 7 X 106 cm-3 and To < 7 X 103 

K. Adopting 110 = 105 cm-3 , and 1000 AU for the obstacle diameter yields 

an obstacle mass of 50 Me, and a maximum hydrogen column density for 

the obstacle of 1.5 x 1021 cm-2 • Using Spitzer's (1978) relation between NH 
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and EB-V we find EB-V = 0.25, so that Av = 0.7 along the center of 

the obstacle, suggesting that the obstacle could haye some influence on the 

line profiles, especially in the UV. Seab and Shull (1983) showed that about 

50% of silicate grains and up to 85% of graphite grains can be expected 

to survive a 100 km/s shock. Hence, extinction due to postshock grains 

could in principle affect the line profiles, although the column density of this 

material should be about ten times less than the maximum column density 

through the obstacle. 

The effect of obstacle extinction on the observed line profiles depends 

on the orientation angle of the bowshock. If 4> roJ 0 then the obstacle lies 

behind the postshock gas and will not influence the line profiles. When 

4> '" 1800
, emission from the apex of the bow must travel through the 

obstacle, reducing the contribution of the high shock velocity material to 

the overall line profile. When 4> '" 900
, the obstacle absorbs some of the 

flux from the redshifted portion of the line. These effects cannot be more 

than about 10%, since the Ho: and H{3 profiles of HH 32A (where 4> '" 1500
, 

Chapter 5) appear identical. Dust in the obstacle would absorb more H{3 

photons than Ho: photons since extinction increases at shorter wavelengths. 

We also ignore the shock propagating into the cloudlet in our 

calculations. Following Schwartz (1978), for Vw = 200 km/s, .,,0 = 105 cm-3 

and "'W = 100 cm-3 we find 6 km/s for this 'cloudlet shock' velocity. This 

is a very weak shock, and shouldn't affect the line profiles significantly, 

except perhaps for the neutral lines. The shock will take about 600 years to 

traverse the obstacle, on the order of the sound crossing time for To = 103 

K. 
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4.5 Planar Shock Models 

a) Input Parameter8 

The planar shock models used in this work are described in detail 

by Raymond (1979) and Cox and Raymond (1985). A grid of shock models 

closely spaced in velocity is needed to accurately model bowshock emission 

since the effective shock velocity V..L varies markedly across the bow. Our 

planar models were typically computed every 20 km/s to follow the variation 

of line fluxes with shock velocity. 

The ionization state of the preshock gas greatly influences the line 

fluxes and ratios expected from a shock (see Cox and Raymond, 1985). 

Unfortunately, the pres hock ionization conditions in front of a bowshock are 

not easily determined. Some very hard UV r~Jdiation esca.pes near the apex 

where V..L is large, and if this radiation succeeds in fully ionizing all the 

incident material, then we should employ a set of fully pre ionized (H+, 

He++) planar models in the bowshock calculations. On the other hand, 

the situation could resemble 'equilibrium' preionization, where the ionized 

state of the preshock gas is the same as that in front of a planar shock 

of velocity V..L . With such a scenario the preshock ionization can vary 

from fully ionized at the apex to neutral near the edges of the bow. To 

investigate these two cases we initially compiled a set of fully pre ionized (H+, 

He++) shock models and a set of equilibrium preionization shock models with 

preshock number density 100 cm-3 • When it became clear (see §4.6b) that 

equilibrium preionization models fit the data somewhat better than the fully 

preionized case, we compiled another set of equilibrium pre ionized models 
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with higher preshock density (1000 cm-3 ) to determine the importance of 

collisional deexcitation for the emission lines. 

An approximate calculation of the ionization state of gas entering a 

200 km/s bowshock shows the gas to be 50-70% neutral for V.l = 40-160 

km/s, and a significant ionized fraction persists even for very small effective 

shock velocities in the bowshock wings. Based on the methods described by 

Cox and Raymond (1985), we find that this more realistic pres hock ionization 

state implies a 15% increase in the absolute H{3 flux, little change in the 

[0 I1I]/H{3 ratio, and a 50% increase in [0 I1l/H{3. The strength of the 

two photon continuum is roughly doubled. 

We fixed the logarithmic abundance ratios H:He:C:N:O:Ne:Mg:Si:S:Ar 

:Ca:Fe:Ni at the following 'cosmic' values, 12.0:lO.93:8.52:7.96:8.82:8.12:7.52: 

7.62:7.20:6.90:6.30:7.50:6.30 for all planar models except AlOO, a lOOkm/s 

model with abundances of Fe and Si reduced by 101/ 2 to give an indication of 

the effects of depletion of refractory elements due to dust condensation. This 

depletion is similar to what occurs after sputtering and grain-grain collisions 

in the post-shock flow have destroyed most of the grains (Seab and Shull, 

1983), although the actual depletion factor depends on the shock velocity since 

higher velocity shocks destroy grains more effectively than low velocity shocks. 

The preshock magnetic field was taken to be negligible (0.1 p,G) in all models 

except BlOO, where B = 10JLG. The preshock temperature was fixed at 104 K 

for all models. A radiative transfer parameter Rmaz (Cox, 1972) was taken 

to be 1, a value more appropriate for the nonplanar geometry of a bowshock 

than the planar value of 3. For cases where the cooling distance approaches 

Ro, an even smaller value of Rmaz might be appropriate. Differences between 
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fluxes reported here and those of Cox and Raymond (1985) are principally 

due to this parameter. Calculation of emission line fluxes was terminated 

when the gas temperature reached 103 K. 

Planar shock models require an input radiation field in order to 

calculate the ionization state of the preshock gas for each element. This input 

radiation field was taken to be the output radiation field from a planar shock 

of similar velocity. Although the shock code predicts the preshock ionization 

state of H and He, for the equilibrium models we chose to fix these values 

using the results of Shull and McKee (1979), who performed a somewhat 

more detailed analysis of the preshock ionization problem. It is especiaily 

important to choose the correct value for the incident fraction of He+, since 

He II A304 is an important coolant. Step sizes in the program were carefully 

chosen to adequately sample the temperatures near 104 K where the cooling 

gas becomes optically thick to Lyman continuum radiation. Undersampling 

of this region can lead to as much as a factor of two smaller fluxes for 

the bright optical forbidden lines. Due to the absence of molecular cooling 

in the models, the 20 km/s results could be somewhat inaccurate. Without 

molecular cooling it is difficult to predict the low excitation infrared emission 

line fluxes accurately - the fluxes from these lines are probably overestimated 

in the models. Numerical difficulties plague the shock models for Vs > 300 

km/s, and these model fluxes are more uncertain than the fluxes predicted 

for low velocity shocks, especially for the neutral lines (0 I, N I, and C I). 

Moreover, shocks faster than 200 km/s are thermally unstable (McCray, 

Stein and Kafatos, 1975; Innes, Giddings, and FaIle, 1986). Effects of this 

instability on the average emission line spectrum are not yet understood, but 
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an additional turbulent contribution to the linewidths is likely. Comparison 

of various theoretical shock models with similar preshock conditions and 

elemental abundances at the Workshop on Model Nebulae (Pequinot, 1986) 

indicated a typical scatter in predicted line ratios of 30% for the strong 

lines, though the model codes occasionally disagree by as much as a factor 

of three. 

Several complications must be kept in mind when comparing model 

shocks with observations. Resonance line photons are scattered within the 

emitting gas and in the intervening interstellar gas when the gas is optkally 

thick (as can occur for resonant lines of abundant ions). This severely 

attenuates the C II A1335 and C IV A1550 lines in the spectra of supernova 

remnants (Raymond et al., 1981). The large linewidths and cylindrical 

symmetry of HH objects will reduce the importance of resonance line 

scattering within the emitting region, but the interstellar C II absorption line 

is strong enough to affect the observed intensity of the A1335 line significantly. 

Intensities of the He II A1640, 4686 lines depend on the radiative transfer of 

He II Lyman photons, which is not treated in detail. We assume Case B 

for recombination, which occurs primarily at low temperatures and velocities, 

and Case A for excitation, which occurs in the high temperature region 

just behind the shock. These assumptions introduce about a factor of two 

uncertainty in the predicted line intensities. The present model also ignores 

excitation from the metastable 1s2s 3S level of He I, so the intensity of the 

A10830 line is underestimated (Raymond, 1979). 

b) Planar Shock Results 
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Since the shock velocity was the only parameter varied within a given 

set of planar shock models, our results clarify how the shock velocity, preshock 

density, and preshock ionization state individually influence the emission line 

fluxes. Results of the equilibrium preionization models with t'J = 100 cm-3 

(E models), and the equilibrium preionization with 1/ = 1000 cm-3 (D 

models) appear in Table 4. The fully pre ionized (I models) are shown in 

Table 5. Equilibrium models reach complete preionization for shock velocities 

> 180 km/s. There are significant differences between equilibrium and fully 

preionized models at lower shock velocities, however, especially for the 0 I 

and 0 II lines. Increasing the preshock density in the equilibrium models 

makes all lines brighter (the H{3 flux scales linearly with t'J), but by differing 

amounts depending upon the importance of collisional deexcitation for a given 

line. The [0 IIj,x3727/H{3 ratio, for example, decreases dramatically due to 

collisional quenching when t'J is increased from 100 cm-3 to 1000 cm-3 Ratios 

of the permitted UV lines to H{3 are quite insensitive to 1/. 

For Vs > 60 km/s the optical forbidden lines tend to increase 

monotonically in strength relative to H{3 with increasing shock velocity until 

the postshock density becomes large enough to collisionally deexcite the lines. 

The UV lines are typically invisible until Vs becomes large enough to create 

the ion of interest, and then suddenly become prominent. As Vs increases 

the UV lines slowly decrease in intensity relative to H{3. These trends reflect 

the increasing amount of ionizing photons produced at the higher postshock 

temperatures as Vs increases. Recombining hydrogen at 104 K absorbs these 

photons, and the energy is radiated away in the Balmer lines (lowering the 

UV /H{3 ratio for a given UV line) and optical forbidden lines (increasing the 
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ratios of [0 Il/H,8, [N Ill/HP, etc.). This behavior apparently 

continues at very high shock velocities (1000 km/s, Binette, Dopita, and 

Touhy, 1985). We include predictions for a large number of bright emission 

lines in the extreme UV and far IR which may become observable in the 

near future with space-borne instruments. 

c) Cooling Distances 

Our bowshock models assume that the cooling distance is small 

compared with the size of the emitting bowshock (typically 1500 AU). We 

can use the plane parallel models to determine the cooling distance as a 

function of shock velocity and preshock density (Table 4). The equilibrium 

preionization results are fit well by a power law when Vs > 60 km/s. We 

find 

d
c3 

= 12 ( Va )4.67 (100 cm-
3) AU 

100 km/s ~ 
(15) 

where dc3 is the distance between the planar shock and the point 

where T = 103 K, ~ is the preshock number density of neutrals plus ions, 

and Vs is the shock velocity. For ~ = 300 cm-3 , the cooling distance 

exceeds 1500 AU for Vs > 350 km/s. Hence, the assumption of small 

cooling distances is valid unless Vs is large and ~ small. Even for large 

V s the assumption of small cooling distances will be valid over most of the 

bowshock since V..L '" V s only near the apex of the bow. 



4.6 Bowshock Results 

a) Estimating the Shock Velocity and Orientation Angle of an 

Arbitrary Radiating Bowshock from a Single Observation 

128 

The shock velocity Vs and orientation angle <p are two of the most 

important physical parameters in any bowshock model. For a stationary 

cloudlet or for a bullet colliding with a stationary medium, the shock 

velocity represents the speed of the outHowing material. Knowledge or the 

shock velocity enables one to estimate the stellar mass outHow rate as well 

as predict emission line Huxes and ratios from a bowshock. Together, the 

orientation angle and shock velocity determine the How's age, and enable 

one to predict line profiles and proper motions for the HH object. In what 

follows we show that for a wide range of bowshocks both Vs and <p can be 

estimated from a single high resolution spectrum. 

Assume that the cooling distance is small compared with the size of 

the bowshock (see §4.5), so that the emission arises from a thin surface of 

revolution about the z-axis. Let us calculate the full width of an emission 

line (FWZI) as seen by an observer at angle <p. For a given emitting ring 

(Figure 53), the radial velocity reaches a maximum at the top of the ring, 

and a minimum at the bottom. Hence, to find the extreme radial velocities 

of the bowshock emission it is sufficient to search along the curve defined 

by the intersection of the bow and the xz plane. 

Since the perpendicular component of the incident velocity diminishes 

by a factor of ,..... 40 by the time the gas radiates (see §4.3), this velocity 

is negligible compared with Vs , and we take it to be zero, so that V 2 = 
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VII' and () = ~ - e. The radial velocity of the emitting gas in the xz plane 

is then (cf. equation 53) 

Vr = Vs sin e [sin e cos 4> ± cos e sin 4>] (16) 

where the + and - signs refer to the top and bottom halves of the curve, 

respectively. Next set 8J{ = 0 to obtain the extreme maximum radial 

velocity along the top half of the bow. This occurs when e = 1r /2 - 4>/2, 

and substituting this value into (16) we find the maximum radial velocity 

MX = (Vs /2) [1 + cos 4>]. The maximum radial velocity will be reached for 

all viewing angles 4> provided e ranges from 0 to 1r /2, i.e. the line profile of 

interest radiates over the entire bowshock. The highest excitation lines (eg. 

C IV) violate this condition since they exist only near the apex where V.l 

is large. A similar calculation for the minimum radial velocity MN can be 

performed on the bottom half of the bow, and this extreme radial velocity 

occurs when e = 4>/2, so that MN = - (Vs /2) [1 - cos 4>]. 

Since the formulae for MX and MN were derived in the frame 

of reference of the bowshock, the observed maximum and minimum radial 

velocities will shift by the radial velocity 1 of the bowshock with respect 

to the exciting star. For a stationary cloudlet 1 = 0, whereas for a bullet 

plowing into a stationary medium 1 = - Vs cos 4>. The observed maximum 

and minimum radial velocities from a bowshock become 
Vs 

MX = 2" (1 + cos 4» +1 
Vs 

M N = - 2" (1 - cos 4» + 1 

The full width of an emission line is just 

FWZI =MX-MN = Vs 

(17) 

(18) 



130 

Equations 17 and 18 are remarkably simple, and the results are independent 

of the most uncertain aspects of bowshock modelling, such as preshock 

density, bowshock shape, the ionization state and temperature of the incident 

gas, the elemental abundances, reddening, etc. Hence, the shock velocity can 

be estimated from a single high resolution line profile of any low excitation 

line (eg. Ha). If one invokes either the bullet or cloudlet models, and the 

velocity of the exciting source with respect to the observer is known (for 

example from CS, NHs or CO line observations), then the maximum or 

minimum radial velocity observed gives the orientation angle of the outflow. 

However, such estimates of 4> are not always precise, since MX and MN 

determine the cosine of 4> (equation 17), so that 4> can be measured accurately 

when 4>,..,. 90° (flows approximately in the plane of the sky), but aU oblique 

flows (0° < 4> < 45°, 135° < 4> < 180°) have values of MX or MN near zero 

radial velocity. 

Using (17), the centroid radial velocity (average between MX and 

MN) is 

MX+MN Vs 
V c = 2 = ""2 cos 4> + "Y (19) 

so that this velocity is not the radial velocity "y of the HH object, as has 

been widely assumed in the past. Vc and "y differ since the radiating gas 

moves with respect to the obstacle causing the bowshork. The relations (17) 

and (18) are extremely useful diagnostics, and provide a starting point for 

any line profile analysis. Including instrumental and thermal broadening, and 

nonzero V.l in the numerical models discussed in the next section only alters 

the analytical results slightly. 
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b) Theoretical Line Profiles 

The line profiles discussed in this section were generated using the 

bowshock model described in §4.4. Figure 55 presents a series of theoretical 

line profiles. Figures 55A:-G display the effect of varying orientation angles 

while keeping the other variables fixed. The Ha line profile is symmetrical 

about zero velocity when the HH object moves in the plane of the sky 

4> '" 900
, Figure 55A), but as 4> decreases the profile becomes increasingly 

asymmetric, with two distinct peaks appearing for viewing angles less than 

450
• When 4>=0 the two peaks arise from different areas on the bowshockj 

the high radial velocity component arises from near the bow apex, and the 

low radial velocity from the wings (for the bullet model). When 4>=450 

the distinction between peaks is no longer as clear, since the expansion 

of postshock material distributes emission over a range of radial velocities 

(Figures 53 and 54). The linewidth at 4>=900 arises solely from this 

expansion. 

Axial symmetry of the bowshock models not only dictates the 

symmetry about zero radial velocity for all lines when 4>=0, but also ensures 

a relationship between profiles observed at angle 4> and those observed at 

180 - 4>. The radial velocities of each expanding ring of material simply 

change sign when viewed at 180 - 4> (Figure 53). Hence, the line profiles 

from 180 - 4> are reflections about zero of the profiles viewed at angle 4> 

(Figures 55G and 55H). 

As the previous section predicts, the FWZI of the Ha emission line 

remains constant as 4> varies. This width exceeds the shock velocity slightly 
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for each spectrum in Figure 55. The maximum radial velocity is somewhat 

larger and the minimum radial velocity somewhat more negative in the model 

than the analytic predictions (equations 17 and 18) due to the instrumental 

and thermal broadening present in the models. The bowshock models show 

that relations (17) and (18) can still be used to estimate Vs and 4> provided 

the values of MX and MN are measured as follows. Let the FWHM of 

the smoothing Gaussian be SM. This width contains both instrumental and 

thermal broadening terms. Let MXO.1 and MNO.1 represent the observed 

maximum and minimum radial velocities at 0.1 of the peak intensity. Set 

MX = MXO.1 - SM/2 
(20) 

MN = MNO.1 + SM/2 

Equations (17), (18), and (20) are used in Chapter 5 as the starting 

points for the analysis of individual regions containing HH objects. Although 

estimates of Vs obtained in this manner are quite accurate, estimates of 4> 

can be uncertain when the angle is small. From (17), the difference between 

MX and MN for 4>=00 and 4>=300 is only 0.067Vs , so that any small 

shift of the line profile (which might be caused by a bullet plowing into a 

moving, instead of fixed medium, for example) can influence the estimated 4> 

markedly. 

Figures 55I-P present 100 km/s and 400 km/s line profiles identical 

in every other respect with the 200 km/s models in Figures 55A-H. As with 

the previous models, the linewidths slightly exceed the shock velocity for 

all orientation angles, and equations (17), (18), and (20) successfully predict 

Vs and 4> for each profile. When plotted logarithmically, the Ha: flux 
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increases more rapidly at lower shock velocities (Table 4). This behavior 

causes the apex emission to become relatively more important at lower 

bowshock velocities. The 100 km/s profiles exhibit only a single peak at 

oblique cjJ since the high radial velocity apex emission has increased and 

merged with the low radial velocity emission. In general, double-peaked Ha 

profiles occur only when Vs > 150 km/s and cjJ < 45°. 

Figures 55Q and 55R illustrate the effect of bow shape on the 

line profile. The high radial velocity emission is more pronounced for the 

DA shape (Figure 55Q) than for shape A (Figure 55E). The Raga shape 

(Figure 55R) has the weakest high radial velocity component. These trends 

follow from the remarks regarding shape in §4.4c. 

For a stationary cloudlet, the centroid of the radiating gas will be 

blueshifted when cjJ > 90° (equation 19), so the orientation angle of the 

cloudlet in Figure 558 is taken to be 150° to facilitate comparison with 

the bullet model in Figure 55E (cjJ=300). The two profiles have identical 

velocity centroids and widths (equations 17 and 19), but the cloudlet profile 

is the mirror image of the bullet profile. In general, line profiles from a 

stationary cloudlet with orientation angle cjJ will mirror those produced by a 

bullet with orientation angle 180 - cjJ This follows from the axial symmetry 

of the problem. From Figure 54, the emission from a single emitting ring 

of material from a bullet with orientation angle 180 - cjJ is symmetrical, and 

centered at radial velocity W = - V2 cos (J cos cjJ. If the bullet is viewed at 

an angle cjJ the emission shifts to V2 cos (J cos cjJ, and coverting to cloudlet 

geometry we obtain U = V2 cos (J cos cjJ + Vs cos cjJ as the center. Hence, the 

average of U and W is simply Vc (cf. equation 19), the centriod velocity, so 
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that the emission from a single emitting ring of material is reflected about 

Vc. Since the line profile consists of the coaddition of many such rings, it 

too is reflected about V c when one changes from bullet to cloudlet geometry. 

If the slit is narrower than the HH object the predicted line profiles 

alter radically. The ratio of slit/HH size was taken to be 0.4 for the profile 

in Figure 55T. A narrow slit removes a large fraction of the emission from 

the wings of the bow (radial velocities between -40 and 10 km/s). The fully 

pre ionized model in Figure 55U emphasizes the low velocity shocks more (see 

also Tables 4 and 5). Finally, Figure 55V shows that the high excitation 

line [0 III] A5007 can differ significantly from Ha, since [0 III] A5007 forms 

only in regions where V 1. is large. 

c) Theoretical Line Ratio8 

Table 6 lists line ratios for various bowshocks. Results show a mixture 

of high and low excitation lines, as expected from an object containing a 

variety of shock velocities. The high excitation line [0 III]A5007 only appears 

when Vs > 100 km/s (Table 4). Table 6 shows that the bow shape also 

influences this line, however; more blunt shapes (like DA) have stronger 

o III emission. The strength of the [0 II]A3726/3729 lines would be a 

reliable measure of the preshock number density (the lines are sensitive to 

collisional deexcitation) were it not for the effect of the preionization state. 

The [0 II] lines are much stronger when the incident gas is fully preionized. 

As discussed in §4.5b, the low excitation optical forbidden lines ([0 I], [S II], 

[N II]) generally increase in strength relative to H{3 as shock velocity increases 

until collisional deexcitation becomes important. 
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4.7 Position - Velocity Diagrams for Radiative Bowshocks 

Observations of HH objects are often obtained through a slit, and the 

spectra imaged on a two-dimensional detector such as a CCD. This sort of 

arrangement allows both spatial and spectral information to be extracted for 

the object of interest. One can imagine the slit projected on the sky, and at 

each point along the slit a spectrum is taken, with the dispersion direction of 

the spectrum lying perpendicular to the length of the slit. The result is an 

array called a position-velocity (p-v) map that has spatial distance along the 

slit length as one axis, and wavelength (or radial velocity) along the other 

axis. Since HH objects are typically a few arc seconds in size, some spatial 

information can be obtained with long slit observations, so it is useful to 

calculate theoretical position-velocity diagrams for radiative bowshocks. Raga 

(1986), and Raga and Bohm (1985) have constructed p-v diagrams for HH 

objects, and their results agree well with those presented in this section. 

For simplicity we shaH assume in what follows that the slit is centered 

on the apex of the bowshock, and is aligned parallel to the flow direction. 

This assumption is met by many long slit observations, since the position of 

the HH object and the axis of the flow are usually known beforehand, and 

this defines a natural position and orientation for the slit. The relative sizes 

of the slit width and bowshock influence the resulting p-v diagram, since a 

narrow slit will exclude emission from the wings of the bowshock (low radial 

velocity gas). 

Theoretical p-v diagrams were calculated in the same manner as the 

integrated models in §4.4, except now one must include spatial information. 
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This is accomplished by binning the emission from each expanding ring 

of material (Figure 53) into discrete strips of size 0.2H, where H is the 

characteristic size of the bowshock (§4.4c). For each ring the values of .,p 

that fall within a given spatial bin are calculated; these depend upon both 

the slit width and the projection of each ring onto the plane of the sky. 

One can then find a probability distribution for radial velocities of the ring 

material in a given spatial strip, and normalizing by the area of the rmg 

and the intensity of the line gives a 'spectrum' for each spatial bin. After 

the p-v diagram is completed, the array is smoothed in velocity according to 

the instrumental broadening coefficient (12 km/s for the MMT echelle), and 

the thermal velocity of the emitting gas. The array can also be smoothed 

spatially to approximate the effects of seeing. The spatial smoothing included 

in the models is not exact for slit widths narrower than the size of the 

bowshock, however, since the spatial smoothing is only carried out parallel 

to the length of the slit. 

Figure 56 displays theoretical p-v diagrams for a variety of bowshock 

parameters. The p-v diagrams in Figures 56A-F show the effects of 

varying the bowshock's orientation while leaving the other variables fixed. 

These diagrams can be compared with the spatially integrated profiles in 

Figures 55A-G. For orientation angles 4> "-J 90° the p-v diagram takes on a 

triangular shape, with the low radial velocity emission from the bowshock 

wings forming the 'tail' of the triangle. This behavior has been discussed in 

detail by Solf, Bohm, and Raga (1986) for HH 1 and 2. The p-v diagrams 

be~ome asymmetrical for bowshocks not aligned perpendicular to the line of 

sight, in the sense that the higher radial velocity gas lies closer to the star (to 
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the right in Figures 56A-F) than the lower radial velocity gas. This behavior 

occurs due to geometrical projection of the rings of radiating material in 

both the bullet and shocked cloudlet models (see Figure 57). The low radial 

velocity emission is more extended than the high radial velocity emission 

for the bullet model, since emission from the bowshock wings occurs at low 

radial velocities (the opposite is true for the cloudlet model in Figure 56G). 

The same symmetries between complementary orientation angles, and the 

cloudlet and bullet models noted in §4.6 also apply here. The full velocity 

widths of the diagrams are close to the shock velocities in all cases, and the 

low radial velocity emission is stronger than the high radial velocity emission 

for the bullet model in most cases, with the opposite situation present for 

the cloudlet model (as in §4.6). 

The effect of a decreasing slit width is shown in Figures 56D, 56H, 

and 561. As the slit narrows, the p-v diagrams approach the one displayed 

in Figure 56J, which has a slit width of only 0.01H (no spatial broadening is 

used in this figure for simplicity). In all cases the slit is aligned along the 

Z-axis as seen by the observer (cf. Figure 53). The bright emission near 

-200 km/s arises from near the apex of the bowshock, and the two tails on 

either side correspond to emission from the bowshock wings. The left side 

of the bowshock is aligned nearly along the line of sight for 4J = 30°, so 

its radial velocity drops to zero while the projected distance from the apex 

remains near zero. The radial velocity of right side of the bowshock also 

decreases, but this portion of the bowshock lies nearly in the plane of the 

sky, and so is more spatially extended. 

Low radial velocity Ha emission is enhanced when the preshock 
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material is fully ionized (Figure 56K, but also Table 5). A different 

bow shape like the DA shape used in Figure 56L will influence the p-v 

diagram somewhat, but the overall shape is close to that in Figure 56A 

(the spatial scales of the two figures are not quite the same due to 

a different use of the normalization constant H for the two shapes -

see §4.4c). Structure in the p-v diagrams tends to disappear at low 

shock velocities (Figures 56M, 56N, 56R, and 56S), whereas double-peaked 

profiles are more distinct at high shock velocities (Figures 560, 56P, 

and 56Q). 
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173 
184 

3840 
4030 

738 
142 
550 
553 
214 
200 

E1t1O 

160 
o 
o 
0.60 

100 

55 

44 

281 

13 

5.59 

3450 

764 

202 

656 

46 

178 

187 

3840 

523 

718 

223 

E140 
0140 

140 
o 
o 
0.75 

100 
1000 

29 
3.5 

16 
1.6 

297 
38 
8.0 
O.S 
3.93 

39.2 

6520 
6550 
1740 
1780 

241 
246 

11 
11 

6.11 
7.0 

240 
246 
183 

. 196 
3860 
4020 

106 
107 
145 
147 
343 
342 

EI30 E120 EIIO E100 

130 
o 
o 
0.80 

100 

25 

11 

248 

6.8 

3.52 

6940 

1870 

180 

1.1 

1.9 

207 

158 

3840 

38 

45 

404 

0120 0100 

120 
o 
o 
0.88 

100 
1000 

26 
3.9 

10 
1.0 

268 
48 
6.8 
0.7 
3.01 

30.0 

6640 
6680 
1000 
1930 

159 
161 

o 
o 
0.5 
0.5 

193 
198 
205 
210 

3850 
3990 

13 
13 
IS 
IS 

433 
463 

110 
o 
o 
0.93 

100 

27 

10 

260 

7.0 

2.58 

5580 

1960 

156 

o 

0.1 

188 

299 

3860 

4.0 

H 

464 

100 
0.31 
0.66 
0.34 

100 
1000 

17 
2.8 
8.0 
0.8 

149 
29 

7.1 
0.8 
3.55 

35.3 

816 
825 
957 
969 

81 
83 
o 
o 
o 
o 

115 
118 
340 
351 

5200 
5420 

o 
o 
o 
o 

303 
323 

EOO 

90 
0.62 
0.95 
0.05 

100 

10 

4.4 

00 

5.9 

3.44 

13 

154 

5.4 

o 

o 

41 

129 

5540 

o 

o 

167 

E80 
080 

80 
0.92 
I 
o 

100 
1000 

5.1 
0.7 
1.0 
0.1 

41 
5.9 
1.9 
0.3 
2.73 

27.6 

0.9 
4.8 
3.6 
0.1 
0.1 
o 
o 
o 
o 
2.8 
2.2 
2.8 
2.8 

6430 
6430 

o 
o 
o 
o 

15 
17 

EtIO 
060 

60 
0.99 
I 
o 

100 
1000 

II 
1.5 
1.2 
0.1 

83 
12 
2.3 
0.2 
1.05 

10.7 

o 
o 
1.3 
0.5 
o 
o 
o 
o 
o 
o 
1.3· 
0.6 
0.4 
0.4 

7150 
7080 

o 
o 
o 
o 

II 
12 

E40 
040 

40 
1 
1 
o 

100 
1000 

59 
10 
6.4 
0.7 

334 
68 
10.6 

1.2 
0.22 
2.32 

o 
o 
0.8 
0.1 
o 
o 
o 
o 
o 
o 
1.7 
0.5 
o 
o 

9750 
9730 

o 
o 
o 
o 

18 
19 

E30 
030 

30 
I 
I 
o 

100 
1000 
258 

34 
34 

3.3 
991 
141 
43 
4.2 
11.7-2 
0.73 

o 
o 
0.1 
0.1 
o 
o 
o 
o 
o 
o 
0.8 
0.7 
o 
o 

13500 
12700 

o 
o 
o 
o 

35 
31 

E20 
020 

20 
I 
I 
o 

100 
1000 
2540 
357 
608 

61 
5760 
936 
566 

57 
11.4-3 
9.8-2 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

24800 
24800 

o 
o 
o 
o 

113 
113 

1AlOO 2811)0 

100 
0.31 
0.66 
0.34 

100 

26 

8.8 

200 

8.0 

3.59 

856 

1020 

87 

o 

o 

125 

117 

5230 

o 

o 

339 

100 
0.31 
0.66 
0.34 

100 

61 

9.4 

162 

7.9 

3.29 

1010 

1050 

89 

o 

o 

121 

358 

5060 

o 

o 

317 

.... 
w 
<0 



MODEL E400 E350 1:;300 E2SO E26U E240 E220 
0260 0220 

Si IV 13973 33 34 40 43 46 50 58 
48 57 

o IV] 14024 220 222 245 264 277 298 325 
280 326 

N IV] 1486 38 38 41 44 46 50 54 

C IV 15493 533 
47 54 

547 618 670 706 758 830 
719 840 

IN. VJ 1574 7 7.2 8.2 8.9 9.5 11 12 
9.6 12 

IN. IV] 1601 27 27 29 31 32 34 38 
40 45 

H. n 1640 109 W ~ n ~ 00 ~ 

0111116633 130 
69 58 

130 145 158 164 175 190 

N lUI 17504 35 
167 194 

35 39 41 43 46 50 
46 53 

Si lUI 1891 89 92 106 115 122 131 143 
133 1~ 

C 11111908 194 191 210 226 238 256 279 

N 1I1 21413 11 
268 311 

11 11 12 12 12 13 

C 01 23264 252 
13 15 

267 240 228 219 211 213 

Si III 23404 29 
283 256 

32 22 19 15 13 12 

IN. IV] 24233 III 
27 19 

115 130 142 150 162 179 
114 144 

10012470 60 61 60 60 60 00 62 

Mg II 27gg3 1000 
83 88 

1200 853 696 553 441 360 
1080 707 

Mg I 2852 83 119 156 ~28 119 91 74 
136 95 

10 1I1 3726 77 1~ ~8 138 150 1~ ~4 

27 36 
10 III 3729 27 38 48 53 58 as 75 

9.2 12 
IN. I1I13869 101 ~ ~ H ~ M M 

Ca n 39453 356 
81 71 

494 565 485 H2 :S9 298 
654 471 

IN. 1111 3968 32 33 27 24 22 20 20 

IS III 40723 196 
26 23 

260 277 236 216 179 154 
350 263 

Ca 14227 10 16 38 3D 36 30 26 
37 31 

E200 

62 

361 

60 

978 

13 

41 

50 

209 

55 

157 

3D4 

14 

217 

11 

197 

~ 

291 

60 

210 

89 

66 

243 

21 

131 

22 

E1S0 
0180 

61 
~ 

438 
441 
58 
57 

1040 
1050 

7.6 
7.7 

37 
44 
58 
71 

243 
247 
~ 

58 
166 
181 
314 
350 

15 
16 

221 
2~ 

10 
15 

186 
156 
66 
gg 

247 
499 

51 
62 

247 
54 

110 
19 
68 
72 

204 
325 
22 
23 

114 
196 

18 
21 

TABLE 4 (cont.) 

E160 E140 EI30 E120 ElIO 
0140 0120 

65 70 84 1'2 214 
72 139 

487 294 195 147 lOS 
297 151 

III gg 64 50 40 
100 51 

1250 2600 2090 1580 I1SO 
2620 1620 

3.9 0.7 0.2 0.1 0 
0.7 0.1 

35 25 19 14 8.6 
30 17 

81 116 106 89 67 
117 89 

286 2aa 212 197 202 
274 201 

80 99 81 76 76 
102 77 

182 189 170 203 271 
207 216 

320 603 682 719 753 
640 740 

18 22 21 21 21 
24 22 

222 28Q 336 364 378 
320 413 

9.1 8.3 9.9 9.8 9.8 
12 15 

175 136 108 84 56 
'117 73 

68 69 63 61 60 
110 104 

198 143 ISO 138 122 
335 2G8 

46 38 42 36 26 
58 58 

291 330 336 355 378 
90 108 

138 166 172 188 210 
32 39 

72 75 a9 73 79 
81 78 

169 123 134 114 84 
237 221 

23 24 22 23 25 
2G 25 

99 83 85 76 64 
171 169 

17 16 18 17 15 
20 22 

E100 
0100 

149 
152 

0.5 
4.7 
3.5 
3.5 

79 
76 
o 
o 
0.3 
0.3 
5.8 
9.4 

1~ 

107 
43 
44 

282 
295 
420 
429 

14 
15 

240 
265 

7.6 
9.1 
2.1 
1.3 

41 
73 
69 

102 
2.9 
7.2 

271 
100 
165 
39 
SO 
49 
17 
35 
16 
16 
25 
55 
2.9 
6.3 

E9D 

7.6 

o 

o 

1.3 

o 

o 

o 

3.2 

3.8 

151 

128 

14 

168 

6.7 

0.1 

40 

65 

2.6 

290 

186 

14 

16 

4.4 

20 

l.4 

ESO 
080 

0.1 
0.1 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.1 
0.1 
0.1 
4.2 
4.3 

10 
8.1 
2.2 
2.4 

34 
40 

4.U 
5.5 
o 
o 
7.7 

15 
32 
M 

1.7 
2.8 

85 
31 
48 
12 
10 
0.6 

12 
19 
0.3 
0.2 
7.1 

19 
l.l 
1.8 

ESO 
D60 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.5 
0.5 
3.3 
1.5 
1.3 
1.5 

30 
34 
4.4 
4.6 
o 
o 
2.3 
4.7 

32 
69 

1.7 
3.0 

44 
2G 
33 
11 
0.3 
0.1 

12 
17 
0.1 
o 
d.3 

21 
1.3 
2.0 

E40 
040 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.1 
0.1 
3.5 
0.6 
2.5 
2.1 

68 
72 
9.4 
9.6 
o 
o 
0.8 
1.5 

56 
113 

5.4 
5.9 

25 
28 
31 
18 
0.2 
0.1 

25 
33 
0.1 
o 
9.4 

29 
2.5 
4.0 

E30 
030 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.1 
0.1 
0.8 
0.8 
3.4 
3.3 

156 
US 
20 
19 
o 
o 
0.5 
0.7 

191 
214 

17 
10 
18 
20 
25 
20 
0.3 
0.3 

59 
64 
0.1 
0.1 

26 
35 
4.1 
4.7 

E20 
D20 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.2 
0.2 

599 
~7 

76 
~ 

o 
o 
0.4 
0.4 

2490 
2370 

106 
223 

12 
14 
18 
20 
o 
o 

679 
8D2 

o 
o 

103 
128 
25 
36 

A100 8100 

51 163 

S.O 6.2 

3.7 4.4 

79 93 

o 0 

0.2 0.3 

9.7 7.3 

112 115 

46 ~5 

97 288 

450 445 

15 14 

265 237 

2.7 7.0 

1.5 l.9 

45 36 

81 55 

5.8 2.6 

3D2 271 

184 177 

49 48 

26 13 

16 15 

31 19 

5.1 4.4 

.... 
~ o 



MODEL 

10 11114363 

IFe ID14658 

HP 4861 

(011114959 

(00115007 

(N I} 52003 

(N "}5755 

He 15876 

(0 I} 6300 

(0 I} 5363 

(N "}6548 

Hcr 6563 

(N "}6583 

(S n}6716 

IS "}6731 

(At ru}7136 

(ea "}73073 

(0 U}7320 

(0 U)7331 

(Fen} 8617 

(e 118727 

(S 111)9069 

(S 111)9532 

(e 1)9823 

(e 1)9850 

E400 £3W £300 E280 E260 
0260 

22 21 23 25 25 
28 

5.7 5.7 6.2 6.5 6.8 
8.1 

100 100 100 100 100 
100 

90 86 90 96 08 
90 

263 249 260 278 284 
262 

10 26 76 55 58 
11 

8.7 8.0 6.7 6.4 6.1 
10 

22 27 31 27 26 
25 

446 631 765 609 583 
735 

149 210 255 203 104 
245 

82 93 87 85 82 
32 

290 295 291 290 291 
293 

243 275 255 251 243 
06 

18 39 114 85 107 
27 

41 89 224 174 203 
52 

16 15 14 14 14 
15 

65 97 135 ll6 113 
149 

45 45 44 45 45 
61 

36 36 36 36 36 
49 

57 48 47 40 34 
51 

63 93 105 83 75 
119 

51 59 51 43 36 
43 

132 153 133 111 115 
111 

56 139 400 300 358 
123 

165 412 1190 890 1060 
364 

E240 E220 E200 
om 

27 :dI 32 
31 

7.1 7.7 8.4 
11.0 

100 100 100 
100 

104 110 117 
104 

301 318 340 
302 

51 41 32 
14 

5.8 5.6 5.5 
11.4 

25 22 19 
22 

455 372 293 
517 

152 124 98 
172 

80 77 74 
35 

2111 2111 293 
2Q2 

235 228 2111 
103 

87 77 64 
25 

166 145 124 
65 

14 15 15 
15 

94 80 65 
116 

45 45 47 
55 

36 37 38 
52 

27 22 18 
34 

56 44 33 
81 

211 23 11 
28 

75 eo 45 
72 

290 249 193 
126 

860 740 57J 
374 

ElMO 
0180 

36 
38 
8.9 

10 
100 
100 
130 
1::7 
378 
368 
25 

6.g 
5.4 
8.8 

16 
17 

234 
321 
78 

107 
73 
39 

29-4 
295 
215 
115 
54 
14 

lOS 
32 
16 
17 
54 
77 
49 
73 
39 
59 
IS 
23 
26 
51 
14 
16 
36 
42 

146 
75 

432 
221 

EI60 

43 

9.2 

100 

152 

443 

26 

5.7 

17 

208 

69 

72 

296 

2ll 

56 

110 

18 

47 

51 

41 

13 

24 

15 

39 

144 

426 

TABLE 4 (cont.) 

EI40 
0140 

42 
43 
9.7 
II 

100 
100 
160 
159 
468 
463 

31 
11.1 
5.2 
11.2 

23 
22 

193 
290 

64 
97 
68 
47 

297 
295 
193 
138 
68 
18 

121 
41 
21 
22 
39 
63 
51 
82 
41 
611 
10 
19 
22 
50 
18 
22 
48 
58 

168 
91 

494 
259 

EI30 

34 

9.7 

100 

142 

413 

39 

5.9 

25 

211 

70 

68 

297 

193 

78 

139 

21 

43 

47 

38 

12 

17 

19 

49 

110 

328 

EI20 
0120 

33 
34 
11 
13 

100 
100 
139 
139 
406 
405 
38 
14 
5.8 
8.5 

25 
24 

188 
292 

63 
97 
63 
49 

298 
297 
188 
145 
78 
26 

137 
57 
22 
23 
38 
~ 

45 
n 
37 
~ 

W 
18 
15 
» 
~ 

ao 
47 
21 

W7 
58 

317 
171 

EllO 

34 

13 

100 

143 

417 

34 

5.8 

24 

152 

51 

61 

300 

179 

n 

125 

22 

30 

45 

36 

7.7 

12 

16 

42 

95 

281 

ElOO 
0100 

18 
18 
10 
II 

100 
100 
75 
75 

219 
219 

6.4 
3.1 
3.7 
5.0 

10 
9.8 

28 
58 

9.3 
19 
32 
26 

283 
281 

95 
76 
24 
8.4 

42 
19 
14 
IS 
5.2 

12 
31 
54 
25 
43 

2.4 
3.8 
3.3 
8.5 
6.5 
7.3 

17 
19 
28 
21 
83 
63 

E90 

0.6 

9.4 

100 

2.4 

7.0 

4.4 

J.8 

3.7 

16 

5.2 

31 

289 

91 

19 

32 

4.5 

3.9 

30 

24 

2.1 

2.8 

4.6 

12 

19 

58 

E80 
080 

o 
o 
2.3 
2.5 

100 
100 

o 
0.1 
0.2 
0.2 
3.8 
1.0 
1.0 
1.4 
1.1 
1.0 

19 
26 

6.2 
8.8 

16 
13 

310 
307 

48 
39 

8.2 
2.6 

14 
6.0 
1.3 
0.6 
3.0 
5.1 
5.7 

11 
4.6 
8.9 
2.4 
3.1 
2.0 
4.7 
5.7 
5.0 

IS 
13 
18 
11 
47 
33 

E60 
060 

o 
o 
0.5 
0.1 

100 
100 

o 
o 
o 
o 
8.8 
3.4 
0.8 
0.9 
0.5 
0.4 

44 
54 
15 
18 
17 
15 

320 
327 

W 
44 
17 

7.11 
23 
17 
0.6 
0.4 
3.8 
5.3 
1.7 
3.5 
1.4 
2.8 
3.5 
4.1 
1.7 
3.8 
6.9 
3.4 

18 
8.9 

21 
22 
62 
64 

E40 
040 

o 
o 
0.2 
o 

100 
100 

o 
o 
o 
o 

45 
34 

1.3 
1.1 
o 
o 

13t 
ISS 
45 
52 
22 
18 

388 
383 

65 
SS 
62 
56 
53 
85 
0.5 
0.1 
8.0 

11 
0.7 
1.1 
0.5 
0.9 
8.6 
P.5 
2.7 
5.2 

16 
5.4 

41 
14 
34 
64 

102 
1811 

£30 
030 

o 
o 
0.1 
0.2 

100 
100 

o 
o 
o 
o 

134 
112 

1.6 
1.6 
o 
o 

304 
313 
101 
lot 
23 
25 

456 
444 
69 
74 

209 
171 
151 
172 

0.2 
0.2 

17 
20 
0.4 
0.5 
0.3 
0.4 

19 
19 
3.1 
6.2 

11 
11 
28 
28 
35 
86 

lot 
254 

E20 
D2D 

o 
o 
0.1 
0.1 

100 
100 

o 
o 
o 
o 

614 
719 

o 
o 
o 
o 

1100 
1340 
368 
448 

1.9 
2.2 

615 
613 

5.5 
6.4 

851 
1020 
587 
737 

o 
o 

132 
167 

0.3 
0.3 
0.2 
0.2 

71 
84 
2.1 

14.2 
0.2 
o 
0.4 
o 

19 
156 
57 

464 

AIOO 

19 

3.4 

100 

79 

228 

11 

4.1 

11 

46 

15 

36 

282 

105 

34 

57 

14 

8.5 

34 

27 

1.0 

4.7 

0.9 

18 

40 

119 

8100 

19 

9.5 

100 

80 

233 

6.9 

3.5 

11 

21 

7.1 

33 

284 

116 

28 

42 

14 

4.4 

27 

22 

2.0 

1.9 

6.9 

18 

18 

52 

.... 
tI:>.... 



TABLE 4 

MODEL E400 E3SO EJOO E280 E:!60 E240 E2Z0 E200 EI80 EI60 EI40 
o~eo D2~O 0180 0140 

IS 11110289 68 91 97 83 78 83 54 46 40 35 29 
+10339 121 DI 68 60 

IS 11110323 83 83 89 75 89 57 49 42 36 3~ 26 
+10373 112 84 83 55 

IN1110tQ23 32 45 42 35 2D 22 18 14 12 9.9 8.3 
52 33 21 19 

H.11083O 32 39 43 37 38 32 2D 24 19 21 28 
36 30 21 28 

IN. 111 12.811 129 195 345 287 314 301 281 228 173 167 198 
278 291 175 193 

IN. lUI 15.011 169 237 274 214 195 149 111 77 53 50 58 
113 72 32 36 

[F. 11126.011 292 519 815 S91 879 588 508 425 363 339 3~0 

419 325 206 2H 
lSi "135.311 11 27 48 42 41 34 32 30' 28 31 37 

9.0 M 4.9 8.9 
101183.211 18 4S 211 148 219 241 308 283 223 182 216 

59 330 247 94 
2 photon 1960 1770 1480 1420 1370 1340 1330 1320 1320 1320 1340 

1590 1t60 1420 ·1410 

(cont.) 

£130 EI20 E110 £100 E90 E80 
0120 0100 080 

30 27 23 8.8 6.8 2.5 
59 19 6.5 

27 24 21 8.0 6.2 2.3 
54 18 5.9 

8.8 7.6 5.8 1.7 1.5 0.9 
18 4.0 1.9 

31 31 30 26 29 3.8 
32 26 3.8 

190 183 160 47 27 27 
190 53 25 

81 61 eo 31 12 2.5 
40 20 1.0 

375 351 301 90 63 59 
317 76 4S 

337 372 376 153 88 43 
149 57 8.2 

188 191 182 66 35 22 
131 50 10 

1340 1340 1350 1580 1720 2170 
1400 1620 2170 

E60 EtO E30 
060 040 030 

2.2 3.3 D.1 
7.5 10 12 
2.0 3.0 8.3 
68 9.2 11 
0.9 1.8 4.2 
2.3 5.2 6.7 
2.1 1.1 0.6 
2.1 1.1 0.6 

48 128 228 
41 liO 263 

1.4 1.3 1.7 
0.3 0.7 1.7 

lOt 280 618 
95 310 6SO 

151 993 2800 
33 502 1790 
53· ISO 447 
34 215 SOl 

2600 4010 6070 
25SO 3920 5660 

EW 
D20 

36 
45 
33 
41 
20 
25 

0.2 
0.2 

23 
3.1 
0 
0 

2080 
2680 

10300 
12700 
2770 
3870 

124SO 
124SO 

AlOO 
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26 

55 

29 

41 
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1.1 
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47 
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83 
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Footnotes to Table 4 

All fluxes are normalized to H{3 = 100. The parameters X, Yo, and Y 1 

refer to the ionization state of the preshock gas. No is the preshock number 
density, de3 and de4 are the distances between the shock and the position 
where T = 103 and 104K, respectively, and Te3 and Te4 8.l"e the corresponding 
cooling times. 

(1) Abundance of Fe and Si depleted by v'1O 
(2) B = lOILG 

(3) Line is a doublet 

(4) The 4p - 2p intersystem transitions consist of five closely spaced 
lines (Mendoza 1983). There are seven lines of Si IV and 0 IV] between 
1393A and 1407 A. 

(5) 10-4 erg cm-2 8-1 through front of the shock. 



TABLE 5 

Predicted energy flux from planar shocks the incident materis.l is fully ionized (H+' He++). 
All variables are defined as for Table 1. 

MODEL I 180 1160 1140 1120 1100 180 160 140 120 

Vs (km/s) 180 160 140 120 100 80 60 40 20 
N (cm-3) 100 100 100 100 100 100 100 100 100 
de3 (AU) 154 92 63 46 36 32 38 161 16 
de .. (AU) 142 80 54 35 26 24 26 31 
Te3 (yr) 354 337 202 202 177 149 119 188 397 
Te4 (yr) 27 18 16 13 12 14 17 22 
FHP 1 6.98 5.72 4.75 3.16 2.18 1.54 1.07 0.66 0.31 
He II 304 929 803 710 646 512 412 394 395 364 
C III 977 777 785 860 2420 3840 2600 497 1.1 0 
N III 991 133 148 242 312 305 214 29 0.1 0 
o VI 1035 5350 1980 239 68 0 0 0 0 0 
Ne VI 1141 108 69 31 6.0 0.2 0 0 0 0 
SIll 1198 155 159 206 269 279 290 159 3.5 0 
Si III 1206 174 184 194 215 390 996 543 65 0.1 
Ly 01216 3830 3830 3i80 3850 3940 4080 4190 3980 3270 
o VI 1218 743 711 396 108 6.0 0 0 0 0 
I\'V 1240 570 697 590 149 7.0 0 0 0 0 
C II 1336 214 224 229 367 593 691 759 196 0.7 
Si IV 1397 63 66 76 165 321 230 11 0.2 0 
o IVI 1402 427 512 500 411 181 13 0 0 0 
N IVI1486 59 76 139 141 72 9.3 0 0 0 
C IV 1549 1080 1290 1820 3590 2210 180 0.6 0 0 
[Ne VI 1574 8.8 5.7 2.7 0.6 0 0 0 0 0 
[Ne IVII601 40 37 36 31 14 0.6 0 0 0 
He II 1640 43 40 39 45 51 53 54 54 51 
o I1I11663 236 281 290 327 334 262 33 0.8 0 
N IlI11750 57 62 93 118 119 100 24 0.1 0 
Si 11111891 168 178 186 210 307 721 537 143 2.1 
C 11111908 319 325 334 707 1170 1000 370 3.5 0 
N III 2141 15 16 19 24 26 30 40 17 0.3 
C 1112326 220 220 214 296 432 494 560 310 17 
Si 1112340 9.7 8.8 8.5 8.2 9.5 16 18 13 1.7 
[Ne IVI2423 194 185 182 169 84 3.9 0 0 0 
[01112470 65 68 65 69 68 71 88 40 2.9 
Mg II 2799 234 187 127 100 100 127 165 517 79 
Mg I 2852 49 41 31 16 4.2 5.1 6.1 9.3 12 
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TABLE 5 (cont.) 

MODEL 1180 1160 1140 1120 1100 180 160 140 120 

[0 II) 3726 242 286 314 379 438 552 791 527 114 
[0 II) 3729 108 135 159 209 268 392 690 504 123 
[Ne Ill) 3869 69 71 72 85 99 98 25 5 0.1 
Ca II 3945 196 160 110 58 23 28 32 33 51 
[Ne Ill) 3968 22 22 23 27 31 31 7.9 1.6 0 
[S II) 4072 111 94 76 58 40 38 36 30 8.3 
Ca I 4227 18 16 14 11 4.6 2.6 2.8 2.6 3.6 
[0 Ill) 4363 35 42 43 49 51 42 6.3 0.2 0 
iF e Ill) 4658 8.9 9.2 9.0 11 16 20 23 20 3.9 
H.8 4861 100 100 100 100 100 100 100 100 100 
[0 III] 4959 127 147 153 178 188 167 32 1.8 0.1 
[0 IlI]5OC7 370 428 445 518 546 487 92 5.1 0.4 
[N 1]5200 24 21 19 17 9.6 9.0 14 23 23 
[N 11]5755 5.4 5.3 5.5 6.3 6.7 7.4 9.5 5.6 0.4 
He I 5876 14 13 12 13 14 15 15 16 17 
[0 I] 6300 226 184 142 98 43 29 32 31 18 
[0 I] 6363 75 61 47 33 14 9.6 11 10 6.0 
[N 11]6548 71 69 65 59 54 59 69 58 . 14 
Ha 6563 294 296 296 299 305 309 311 311 304 
[N 11]6583 211 203 190 175 160 173 204 172 40 
[S II] 6716 53 50 48 48 39 45 65 89 49 
[S II] 6731 106 99 93 87 67 70 88 100 45 
[Ar III] 7136 16 17 18 22 25 27 26 1.6 0.1 
rCa II] 7307 53 44 34 21 7.4 7.1 7.8 7.8 12 
[0 II] 7320 48 50 48 51 50 53 65 30 2.2 
[0 II] 7331 39 40 38 41 41 42 53 24 1.8 
[Fe 11]8617 15 12 8.9 5.4 3.3 4.1 4.7 4.7 2.7 
[C 1]8727 25 21 14 8.4 3.9 .4.3 5.2 5.0 3.3 
[S III] 9069 13 12 10 12 12 12 11 3.3 0.5 
[S Ill] 9532 34 30 27 30 30 31 28 8.7 1.4 
[C 1]9823 144 122 79 61 33 30 42 45 36 
[C I] 9850 426 361 235 180 98 88 123 135 108 
[S 11]10289 39 33 27 20 14 13 13 11 2.9 

+10339 
[S 11]10323 35 30 24 19 13 12 11 9.7 2.7 

+10373 
[N 1]10402 11 8.9 6.4 4.3 2.5 2.7 2.8 2.6 1.1 
He 110830 18 16 15 16 16 17 16 17 18 
[Ne 11]12.81-' 166 132 100 90 75 64 64 50 27 
[Ne III] 15.61-' 53 45 42 . 48 55 56 18 6.9 0.7 
[Fe II] 26.01-1 351 313 263 205 140 128 131 141 135 
lSi II] 35.31-1 28 28 227 276 282 245 171 238 346 
[0 I] 63.21-1 214 193 126 133 117 86 63 63 55 
2 photon 1320 1320 1300 1340 1390 1470 1530 1420 1100 

Footnotes: 1 - H.8 flux in units of 10-4 ergs cm-2 s-1 out the front of the shock. 



TABLE 6 

PMicted liDe ratioe (rom Ih. Bowahock mod.1. 

Model 2 3 4 5 6 7 8 9 10 11 12 13 Model2 Obs2 

Shape DA RAGA A A A A A A A A A A A A 

Velocity (kmJs) 200 200 200 100 200 200 30 50 100 150 200 300 ~OO 160 

Pre ionization Eq Eq Ion Ion Eq Eq Eq Eq Eq Eq Eq Eq Eq Eq 
'1 (em...,)) 300 300 300 300 1000 100 300 300 300 300 300 300 300 500 

H/3 Fluxl 86 77 ~1 10 272 27 0.24 2.2 22 44 82 191 340 85 309 

Hc II 3~ 2452 1687 545 403 1737 1741 0 0 157 2270 1732 1457 1446 2204 

cm 977 813 581 753 940 630 615 0 1 217 711 616 541 506 672 

NIII 991 110 76 92 74 86 84 0 0 17 80 84 79 14 86 

OVI 1035 1325 918 1105 0 1415 1417 0 0 0 38 1410 2773 2638 98 

NeVI 1141 34 23 27 0 34 34 0 0 0 4 34 53 53 8 

SIll 1198 123 87 108 101 98 96 0 1 32 92 96 91 86 94 

Si III 1206 153 114 208 286 127 122 0 0 95 116 122 113 104 120 

Lya 1216 4910 6020 3766 3790 5837 5689 15533 9632 6867 6098 5741 5493 5523 6022 

OVJ 1218 241 160 178 I 213 214 0 0 0 46 213 227 221 90 

NV 1240 244 161 177 1 209 211 0 0 0 62 209 234 224 122 

CII 1336 216 164 26~ 336 172 172 45 20 106 186 171 151 139 182 46;108 

Si lV 1397 64 47 59 76 50 50 0 0 30 52 50 46 42 51 49;168 

OlVl 1402 209 139 153 26 170 170 0 0 0 93 169 173 170 124 

N lVl 1486 44 29 34 11 30 35 0 0 1 28 33 33 32 31 

CIV 1549 882 596 654 317 665 665 0 0 15 711 662 599 563 699 385;521 

[Ne VJ 1574 3 2 2 0 3 3 0 0 0 0 3 4 ~ 1 

INe IV] 1601 19 12 13 2 18 15 0 0 0 8 16 19 19 II 

Hell 1640 48 32 50 53 37 36 0 0 1 36 36 ~3 5~ 37 26;66 

a III] 1663 155 106 123 85 123 122 0 0 21 97 122 119 115 109 74;255 

N IIlI 1750 48 33 39 33 37 37 0 0 9 35 37 35 33 37 38;59 

Si III] 1891 149 111 200 257 126 118 0 0 90 ,114 119 112 105 118 -;76 

C IlII 1908 327 237 285 348 264 249 1 3 112 278 252 231 219 269 163;392 

N III 2141 14 11 16 18 12 11 2 2 7 11 11 11 11 12 

C III 2326 209 174 248 293 199 177 242 84 118 183 181 192 204 11:5 308;854 

Si III 2340 9 9 9 10 12 9 31 11 8 9 10 13 17 9 

INc IV] 2423 89 60 66 12 65 77 0 0 0 41 74 82 80 .. 9 

[0 IIJ 2470 54 40 47 ~3 62 39 1 2 23 38 44 47 48 45 

MglI 2799 174 167 216 215 282 156 636 165 90 135 184 351 506 164 

Mgl 2852 31 24 20 9 35 26 38 10 5 19 28 55 59 23 

10 III 3726 199 159 358 424 58 196 17 31 130 169 164 142 128 HO 211;222 

10 IIJ 3729 102 85 280 361 22 104 23 27 80 93 85 71 63 73 

[Ne Ill[ 3869 49 35 38 32 40 39 0 0 13 33 39 46 56 35 16;15 

Ca II 3945 124 99 80 37 166 102 186 51 27 74 116 225 254 g4 16;48 

..... 
~ 
0) 



TABLE 6 (cont.) 

Model 2 3 4 5 6 7 8 9 10 11 12 13 Model2 Obs2 

INe Illi 3968 16 11 12 10 13 12 0 0 .. 11 12 15 18 11 6;5 

IS III 4072 78 59 48 26 108 58 44 18 19 48 69 120 137 62 73;70 

Cal 4227 12 9 8 3 12 10 9 3 2 8 11 17 14 9 

10 IlII 4363 24 17 19 14 19 19 0 0 .. 16 19 19 18 17 13;15 

IFe llli 4658 8 6 12 15 7 6 0 0 5 6 7 6 6 7 8;-

HtJ 4861 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100;100 

10 llli 4959 91 63 70 53 70 7I 0 0 15 61 71 70 70 66 27;29 

(01111 5007 264 183 203 154 203 208 0 0 43 178 206 204 203 191 83;81 

IN II 5200 19 28 21 18 18 30 228 61 20 27 27 36 31 25 9;11 

(NIIJ 5755 5 -4 5 5 5 4 I I 2 4 4 5 6 4 5;7 

He! 5876 13 9 16 16 10 11 0 0 3 10 11 15 16 10 7;7 

10lJ 6300 160 146 83 28 204 150 471 159 60 125 162 298 329 142 113;138 

10lJ 6363 53 49 28 9 68 50 157 53 20 42 54 99 110 47 36;50 

IN III 6548 47 38 51 45 30 45 19 19 22 36 42 48 51 35 -;47 

Ha: 6563 301 317 304 308 312 314 485 3i9 318 317 314 310 310 316 283;343 

IN IIJ 6583 139 113 149 133 87 133 58 55 66 105 122 142 151 103 133;182 

IS III 6716 40 50 59 60 30 55 334 91 35 49 50 61 52 44 38;43 

IS III 6731 73 69 82 72 43 81 246 77 38 67 73 98 85 61 67;85 

jAr II1J 7136 13 9 12 11 11 10 0 0 4 10 10 11 11 10 2;-

ICa III 7307 34 27 21 9 42 28 41 13 7 21 31 56 57 26 -;28 

10 III 7320 40 29 35 32 46 29 0 1 17 28 32 34 36 33 67;96 

10 III 7331 32 24 28 26 36 23 0 1 14 23 26 28 29 27 

IFe IIJ 8617 11 12 7 4 16 11 76 18 7 10 12 20 24 11 

ICII 8727 19 13 10 4 27 13 4 3 3 11 16 37 46 14 

IS 1111 9069 12 11 8 6 11 12 9 9 6 11 11 20 26 11 

IS 1111 9532 32 28 19 15 29 30 24 24 17 28 30 52 67 27 -;9 

ICII 9823 86 67 68 38 52 85 47 33 23 59 77 135 110 57 -;4 

ICII 9850 255 198 201 113 155 250 140 98 66 173 ~28 400 326 170 ... ;8 

IS III 10314 28 21 17 9 38 20 15 6 7 17 24 42 48 22 -;11 

IS III 10348 25 19 15 8 35 18 14 6 6 16 22 38 44 20 

IN II ·10402 8 6 5 2 12 6 8 3 2 5 7 16 21 7 -;12 

He! 10830 20 16 18 17 16 17 I 13 17 16 22 24 16 -;105 

INe IIJ 12.81' 128 110 80 50 119 121 19t 10l 49 102 121 171 155 105 

INe IllJ 15.611 36 26 28 20 20 33 1 I 9 24 30 76 90 22 
IFe IIJ 26.011 240 241 197 136 211 265 934 32·1 134 224 254 361 340 222 

lSi III 35.311 132 362 219 270 2H 331 41i9 1154 360 374 317 277 247 330 

(OIJ 63.211 148 168 109 71 179 175 955 270 100 148 177 176 143 150 

2 photon 1690 2194 13\4 1336 2110 2061 7235 3956 2435 2:12 2081 1994 2067 2180 -;12900 

I-' 
!I:>-
'"'I 
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Footnotes to Table 6 

I} The H/3 flux in units of 10-15 erg cm-2 s-1 seen at the Earth from 

the entire radiating bowshock at a distance of 500 pc using Ro = 1.5 X 1016 cm for 

shape A, 8.1 X 1015 cm for the Raga shape, and 5.6 X 1015 cm for shape DA. These 

choices for Ro lead to angular diameters --.J 4 arcseconds for the HH objects. 

2} Two independent sets of dereddened fluxes are given for HH 2H for both 

the ultraviolet and visible lines. The UV data comea from Bohm-Vitense et al. (1982) 

and Brugel, Shull and Seab (1982). The optical data are taken from Brugel, Bohm, 

and Mannery (1981) and Dopita, Binette, and Schwartz (1982). lIDS fluxes are used 

from Brugel, Bohm, and Mannery (1981) except for A > 7200A, where only MCSP 

observations are available. The disagreements between the two sets of ultraviolet data 

arise primarily from the different reddening corrections applied. The value of 67 listed 

for [0 II] 7320 refers to the sum of rCa II] 7307 + [0 II] 7320 + [0 II) 7331, and 

the value of 96 listed for [0 II] 7320 refers to the sum of [0 II) 7320 and [0 II) 7331. 

The values of 49 and 168 listed for Si IV 1397 refer to the total flux from the lines 

near 1400A, and the observed values for [0 II] 3726 include the flux from [0 II) 3729 

also. 
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Figure 53: Bowshock geometry 
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Figure 54: Probability distribution of radial velocities observed from the 
expanding ring of material in Figure 53. The radial velocities between the 
dashed lines are excluded when the spectrograph slit is narrower than the 
emitting ring. The parameters d and D are the ring and slit diameters, 
respectively. 



Figure 55: Theoretical line profiles from the bowshock models. Radial 
velocities in km/s with respect to the exciting source are plotted versus 
relative fluxes (normalized to unity at the peak). Profile 'A' shows Ha from 
a 200 km/s shock with equilibrium preionization, bullet geometry, orientation 
angle (cf. Figure 53) ¢ = 900

, bowshock shape A, slit wider than the HH 
object, T=104K, preshock density 300 cm-3 , and instrumental broadening 12 
km/s FWHM. The remaining profiles have the following variations: 

B) ¢ = 750 

D) ¢ = 450 

F) ¢ = 150 

H) ¢ = 1800 

J) Va = 100 km/s, ¢ = 600 

L) Vs = 100 km/B, ¢ = 00 

N) Vs = 400 km/s, ¢ = 600 

P) Vs = 400 km/B, ¢ = 0 0 

R) ¢ = 300 
, Raga shape 

T) ¢ = 300 
, slit/HH = 0.4 

C) ¢ = 600 

E) ¢ = 300 

G) ¢ = 00 

I) Vs = 100 km/s, ¢ = 900 

K) Vs = 100 km/s, ¢ = 300 

M) Vs = 400 km/B, ¢ = 900 

0) Vs = 400 km/s, ¢ = 300 

Q) ¢ = 300 
, DA shape 

S) ¢ = 1500 
, cloudlet geometry 

U) ¢ = 300 
, fully preionized 

V) [0 IIIj,x5007, ¢ = 300
, T = 3 x 104 K 
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Figure 55 (cont.) 



Figure 56: Theoretical position-velocity diagrams for radiative bowshocks. 
The profiles displayed in this figure all have a preshock number density 
300 cm-3, and a preshock temperature of 104 K. The exciting star lies to 
the right in the diagrams for the bullet models, and to the left for the 
cloudlet models (the star lies directly behind the HH object when tP = 0 in 
the bullet model). The diagram in Figure 56A is for Ha, bullet geometry, 
shock velocity 200 km/s, viewing angle tP = 90°, slit wide enough to include 
the entire bowshock (the angular size of the bowshock is taken to be 4 
arcseconds), seeing profile 1 arcsecond (FWHM = 0.75 H), bowshock shape 
'A', equilibrium preionization, radiating temperature 104 K (used to calculate 
thermal broadening), instrumental broadening 12 km/s FWHM. The lowest 
contour is 0.1 of the peak intensity, and the contour interval is 0.2 of the 
peak intensity. The remaining figures have the following variations: 

B) tP = 60° 

D) tP = 30° 

F) tP = 135° 

H) tP = 30°, slit = 1.5" 

J) tP = 30°, slit = 0.1", seeing 
= 0, lowest contour -
0.05. 

L) tP = 90°, DA shape 

N) tP = 30°, Vs = 100 km/s 

P) tP = 30°, [N IIjA6583, Vs = 
400 km/s 

R) tP = 90°, [0 IIIjA5007, 
T = 3 X 104 K 

T) tP = 30°, [8 IIjA6716 

C) tP = 45° 

E) tP = 0° 

G) tP = 150°, cloudlet 

I) tP = 30°, slit = 0.5" 

K) tP = 30°, fully preionized 

M) tP = 90°, Vs = 100 km/s 

0) tP = 30°, Vs = 400 km/s 

Q) tP = 30°, [0 IIIjA5007, Vs -
400 km/s, T = 3 X 104 K 

8) tP = 30°, [0 IIIjA5007, T -
3 X 104 K 

U) tP = 30°, [8 IIjA6731 
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Figure 57: A schematic diagram illustrating the formation of high and low 
radial velocity components in a single bowshock around a dense clump of gas 
in a collimated outflow. In the geometry shown, the emission from the HH 
object is taken to be postshock stellar wind gas (i.e. the 'shocked cloudlet' 
model). The high radial velocity material also appears closer to the star 
than the low radial velocity material when the emission originates from a 
bowshock around a dense clump ramming into the ambient medium (the 
'bullet' model). 



Chapter 5 

APPLICATION OF THE BOWSHOCK MODEL 

TO REGIONS CONTAINING HH OBJECTS 

5.1 The HH 1 and 2 Region 

The group of HH objects comprising HH 1 and 2 in some ways 

constitute an ideal laboratory for testing bowshock models of HH objects. 

There are a dozen or so HH objects in this region, all intrinsically bright, 

making high resolution optical observations and UV flux measurements 

feasible. In fact, HH 2H is the only object for which reliable reddening 

corrected fluxes exist in the ultraviolet, and hence is the only object that 

can be compared directly against the predicted line ratios from the bowshock 

models. Since HH 1 and 2 lie on opposite sides of the exciting source 

(Pravdo et al., 1985; Strom et al., 1985) and the HH objects show large 

proper motions away from the exciting source (Herbig and Jones, 1981), the 

flow must be oriented nearly in the plane of the sky. The source velocity 

is also known (+9 km/s VZ sr , Torrelles et al., 1985). This information is 

needed for the line profile analysis since radial velocities must be referenced 

to the source velocity. 

Some facets of HH 1 and 2 complicate study of this outflow, however. 

Herbig and Jones (1981) have shown the morphology of HH 1 to vary 
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substantially on times cales of decades. Since the emission from HH 1 is 

clumpy, a single aperture probably includes emission from more than one 

clump, each of which could represent a radiating bowshock. The situation 

for HH 2 is less severe, since the HH objects are more distinct for that 

group. Extended background emission also complicates analysis of HH 1 and 

2 (Bohm and Solf, 1985; Strom et aZ., 1985). Such emission alters the 

observed line profiles, and also affects estimates of Vs and <P (§4.6) since 

background emission will make any extended line wings appear less significant. 

Several high resolution studies of HH 1 and 2 exist in the literature 

(Schwartz, 1981; Hartmann and Raymond, 1984; Bohm and Solf, 1985). For 

each HH object the observed profiles are centered near zero radial velocity and 

are roughly symmetrical, precisely the behavior predicted by the bowshock 

models for <p r.J 90° . Figures 44 and 45 present a number of line profiles of 

HH 1 and 2 taken with the facility echelle on the MMT. Positions for the 

objects can be found in Herbig and Jones (1981). 

We begin the analysis by extracting MX and MN from each observed 

profile and computing Vs and <p as prescribed in §4.6. Results appear in 

Table 7. In this table we also include spectra from Hartmann and Raymond 

(1984) for Ha and [N II] as well as some unpublished [0 I] line profiles. 

The angle <p was measured assuming the bullet model with a stationary 

ambient medium b = -Vscos<p in equation 17). 

The velocity widths for different lines within a given knot are quite 

similar, in agreement with the bowshock prediction. However, the strict 

equality of linewidths predicted by equation 18 is not precisely obeyed. A 
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clear trend is apparent, in the sense that the [0 III] linewidths are always 

larger than Ha and [N II]. The [8 II] and [0 I] widths are also generally 

slightly smaller than Ha, although the differences are small and may be 

affected by the lower signal-to-noise in spectra of these lines and possible 

contamination from narrow background emission components (figure 45). 

Differences in emission widths are direct indications of the failure 

of the assumption that the emission region can be approximated by a 

combination of individual planar shocks. Thermally unstable cooling of the 

highest velocity shocks might create substantial turbulent velocities, decaying 

rapidly enough to affect [0 III] proportionately more than Ha. It is more 

likely that longer cooling times near the bowshock's apex make it possible 

for some of the velocity of this gas to be deflected normal to the bowshock 

axis while the gas is still hot (and emitting [0 III]). 

The two knots that have the largest discrepancy between [0 III] and 

Ha widths, HH 1F and HH 2A', may reflect additional complexities. HH 1 

is composed of several different knots quite close together spatially (Herbig 

and Jones, 1981), so that a single aperture might include emission from 

portions of several bowshocks. The line profile for HH 2A' is asymmetric 

(figure 45, also Hartmann and Raymond, 1984), and Herbig and Jones (1981) 

suggested that this knot has appeared relatively recently, so perhaps time

dependent effects have something to do with departures from the simple 

bowshock model. Choe, Bohm and 801f (1985) claimed HH 1 was a single 

bowshock. However, in this case the observing slits would easily resolve the 

object, and the line profiles would be strongly double-peaked. The present 

data, as well 8J3 the line profiles presented by Bohm and 801f (1985), and 
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Hartmann and Raymond (1984) for other positions in HH 1 (lA, 1C, 1D) 

provide no evidence for double peaks. Choe, B8hm and Solf (1985) were 

forced to adopt very large turbulent velocities to avoid this problem. We 

feel it is much simpler to assume that the bowshocks present must be no 

more than 3" - 4" in size. 

Orientation angles predicted from the various lines remain remarkably 

constant within each knot. MX and MN are sensitive to small changes in ¢ 

for ¢ "" 90° (§4.6), so the orientation angles are easy to estimate accurately 

for HH 1 and 2. Centroid radial velocities for nine of the twelve knots 

observed in HH 1 and 2 are negative, with HH 2M, 2E, and 2C the only 

exceptions (Table 7). The 45° dispersion of orientation angles within HH 2 

is peculiar, but is undeniably real. Since the objects only subtend "" 20° 

as seen from the source, the How's opening angle apparently increases with 

distance. The objects comprising HH 2 seem to outline a cone of opening 

angle"" 50° (see Herbig and Jones, 1981; or Strom et al., 1985), and perhaps 

the objects move within this cone. The wide opening angle can be taken to 

suggest either that a bullet has broken up, perhaps by the Rayleigh-Taylor 

instability shown in the plots of Rozyczka and Tenorio-Tagle (1985b), or 

that the How resembles the focussed wind predicted by Canto and Rodriguez 

(1980). 

Using ¢ = 75° and Vs = 160 km/s (Table 7) we can generate 

theoretical line profiles for HH 2H. These are shown in figure 58 for Ha and 

[0 IIIj.\5007 along with observed profiles. We used a 160 km/s bowshock 

with equilibrium preionization, shape A, preshock density 500 cm -3, bullet 

geometry, ¢ = 75°, slit wider than the HH object, 12 km/s instrumental 
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broadening, T= 104K for Ha, and T= 3 x 104K for [0 II1jA5007. The overall 

agreement is good, although the model profiles are somewhat too boxy in 

shape. These same model parameters can be used to predict the emission 

line fluxes expected from HH 2H. Results appear in Table 6 along with 

two sets of observed optical and UV line ratios corrected for reddening. 

The predicted bowshock fluxes generally agree for most of the bright lines 

throughout both the ultraviolet (Bohm-Vitense et al., 1982; Brugel, Shull, 

and Seab, 1982) and visible (Brugel, Bohm, and Mannery, 1981; Dopita, 

Binette, and Schwartz, 1982) portions of the spectrum. Exceptions include 

[0 II1j.\5007/4959 and Ca II.\3945 (predicted to be about twice as bright as 

observed), and [C 1j.\9850/9823, which is greatly overestimated in the models. 

The lack of prominent [C 1j lines in HH 2H probably reflects the lack of 

molecular cooling in the models. Some disagreement also appears between 

the observed and predicted two-photon continuum fluxes, but this discrepancy 

is not serious since the observations are difficult to obtain accurately, and 

the model fluxes vary if the bow shape is altered. Emission from a cloudlet 

shock could also enhance the two-photon flux. 

The agreement between observed and predicted line ratios is the 

best to date for any shock model of HH objects. Choosing a normalization 

Ro = 1.5 X 1016 cm to fix the size of HH 2H at 4" (D= 500pc) we predict 

the absolute Hf3 flux to be 8.5 x 10-14 erg cm-2 s-1 at the Earth. Brugel, 

Bohm, and Mannery report 3.1 x 10-13 erg cm-2 s-1 for HH 2H. The 

discrepancy can be reduced if the preshock density (500 cm-3) is increased, 

since the Hf3 flux scales linearly with density. If the preshock density is 

chosen too large, however, the [0 IIjA3726/3729 lines will suffer enhanced 
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collisional deexcitation and will become unacceptably weak compared with 

observed values (Tables 4 and 6, §4.5). A more accurate bowshock model 

including correct preionization should raise the [0 IIJ/H,8 ratio (§4.5), so that 

a larger preshock number density can be used to increase the predicted H,8 

flux. The H,8 flux of HH 2H is 2.7 times intrinsically brighter than that of 

HH 32A (which has a shock velocity"" 400 km/s) , and 62 times brighter 

than HH 11 (distances from Herbig and Jones, 1983; fluxes from Brugel, 

Bohm and Mannery, 1981), so the large luminosities of HH 1 and 2 may be 

peculiar to the region. 

Since a single bowshock model reproduces the observed line profiles 

and ratios quite well, the model must be generally correct. The observations 

of HH 1 and 2 provide direct evidence favoring a bullet model for HH 

objects. Proper motions of HH objects ejectea in the plane of the sky 

must equal the shock velocities for the bullet model. The predicted proper 

motions (Table 7) are roughly the same as the observed values, although 

there is some tendancy for the observed motions to exceed the predicted 

values. The approximate equality of predicted and observed proper motions 

favors the bullet model, since in the cloudlet model any such agreement 

would be coincidental. The physical parameters derived for HH 1 and 2 

are in general agreement with earlier studies, but more precise. Hartmann 

and Raymond (1984) did not consider their models accurate enough for a 

detailed fit to observed line intensities, but their 160 and 200 km/s bowshock 

models resembled the observed line strengths and widths more closely than 

a 300 km/s model. A recent study of the line fluxes in HH 2 by Canto 

and Rodriguez (1986) reveals a correlation between Ha fluxes and the square 
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of the total velocity, consistent with the present bowshock and planar shock 

models (Tables 4, 5 and 6). This correlation provides additional support for 

the bullet model. The analyses of Choe, Bohm, and Solf (1985), Raga and 

Bohm (1985), Bohm and Solf (1985), and Hartmann and Raymond (1984) 

favored the bullet model over the shocked cloudlet model, in agreement with 

the present results. 

5.2 HH 32/AS 353A 

The HH Objects 

The T Tauri star AS 353A and its associated HH objects present 

a difficult challenge for any model of HH emission. Four HH objects are 

present; HH 32A, B and D are redshifted and located west of AS 353A, while 

HH 32C is blueshifted and situated east of the star (Mundt, Stocke, and 

Stockman, 1983). Each HH object possesses linewidths exceeding 350 km/s, 

with double-peaked profiles evident for the low excitation lines (Figure 25). 

Ha line profiles of HH 32A, B, and C have stronger low radial velocity 

emission, while HH 32D has a brighter high velocity peak. The [0 III1A5007 

and Ha line profiles differ in HH 32A, with [0 1111.\5007 showing a more 

symmetrical profile (Figures 26 and 27). The number density in the two 

velocity peaks as inferred from the red [S III doublet appears identical for 

each HH object. 

Since extinction apparently increases dramatically from west to east 

across the source (Hartigan, Mundt and Stocke 1986), reliable dereddened 

line ratios are difficult to obtain, but the presence of C IVl.\1549 indicates 
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large shock velocities (Bohm and Bohm-Vitense, 1984; Brugel, Bohm, and 

Mannery, 1981). Although proper motions of HH 32A and B are directed 

away from AS 353A, the inferred velocities are quite different (54 and 202 

km/s, respectively), but the uncertainties in these values are also large (±3u 

uncertainties are 45 km/s, Herbig and Jones, 1983). AS 353A is located 

about 300 pc from the sun (Herbig and Jones, 1983), has a V'8r velocity 

of +8 km/s (Edwards and Snell, 1982), and a luminosity 6.6 L0 (Cohen et 

al., 1984). 

Despite widely varying line profiles for the different emission lines 

of HH 32A, B, C, and D, the lines have the same FWZI for a given 

object (Figure 27, Table 7), as predicted by equation 18. The inferred shock 

velocities for HH 32A, B, C, and D are (Table 7) 360, 415, 360, and 380 

km/s respectively. These shock velocities are close to the terminal wind 

velocity of AS 353A (see following). Line profiles for all four HH objects 

diminish rapidly near zero radial velocity, implying an oblique angle for 

the How (135° < 4> < 180°). The HH 32A line profiles are matched best 

with a bullet plowing into a medium moving +25 km/s radially, and with 

an orientation angle 150°. Model and observed line profiles for HH 32A are 

presented together in figure 59. The large shock velocity and oblique viewing 

angle for HH 32A cause the double-peaked line profiles (§4.6b). The models 

fit the data reasonably well, with double-peaked profiles predicted for Ha, 

[N IIj.\6583, and the red [S IIj doublet. The model [0 IIIj.\5007 line profile, 

as observed, has a more symmetrical shape than the lower excitation lines. 

The models predict the high radial velocity peak to occur at somewhat 

larger velocities than is observed. The discrepancy could result due to the 
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assumption of small cooling distances in the model (§4.5c). This assumption 

becomes more suspect at large shock velocities. The cooling distance behind a 

360 km/s shock with preshock density 1000 cm-3 is 475 AU from equation 15. 

This distance corresponds to 1.6 N at 300 pc, approximately 1/3 the size of 

the HH objects. The first effect of a larger cooling distance for the bullet 

model will be to shift the apex emission to lower radial velocity, precisely the 

observed discrepancy in figure 59. The models predict the [S II]A6731/ A6716 

ratio (which increases monotonically with density) to be somewhat larger for 

the high radial velocity peak than for the low radial velocity peak. The 

observed constancy of this ratio could also be a cooling distance effect, since 

the highest radial velocity gas (near the apex) should expand as the cooling 

distan~e grows, lowering the [S II]A6731/ A6716 ratio for the high velocity 

peak. 

Since the low radial velocity peak outshines the high radial velocity 

peak for HH 32A, B, and C, these objects are best fit with a bullet model. 

The peculiar HH 32D line profile agrees well with a stationary cloudlet model 

(figure 59). If HH 32D is a cloudlet instead of a bullet, then the preshock 

density is that of the stellar wind, which is probably lower than the density 

of the ambient cloud (the preshock material in the bullet model). Hence, 

the cooling distance is larger for the cloudlet model, and we should observe 

a greater deviation from the model for HH 32D than HH 32A for the apex 

emission (which is near zero radial velocity for a stationary cloudlet). The 

line profile of HH 32D in Figure 59 supports this hypothesis. HH 32D will 

also be fainter than the other knots (as observed) if its pres hock density 

is lower. One can predict the following tangential motions for HH 32A, 
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B, C, and D: 150 km/s, 240 km/s, 190 km/s and 0 km/s (Table 7). 

HH 32D should have no proper motion if it is indeed a shocked cloudlet. 

The observed 202 km/ s proper motion for object B agrees well with the 

predicted value, but matching the 54 km/s motion of HH 32A requires an 

orientation angle of 1710 instead of 1500 for V 8 =360 km/ s. More precise 

proper motion measurements of HH 32A will clarify if a more oblique angle 

is indeed required for this object. 

Additional information concermng the kinematics of HH 32A-D can 

be extracted from position-velocity diagrams obtained from long-slit spectra 

(the long-slit observations are described in §5.3). Figure 60 displays a CCD 

image of the AS 353A region taken by R. Mundt that was published in 

Hartigan, Mundt and Stocke (1986). A spectrum taken at the indicated slit 

position appears in Figure 61. The observed position-velocity structure in 

the HH objects agrees very well with the models for if> = 1500 (or 300 for 

blueshifted objects - Figure 56D). In particular, the data and the models 

have a spatial displacement of the high and low radial velocity peaks, with 

the high radial velocity peak occurring closer to AS 353A than the low 

radial velocity peak in all cases. The low radial velocity emission is more 

spatially extended than the high velocity gas in HH 32A, B, and C, with the 

opposite occurring in HH 32D, precisely the behavior predicted by the bullet 

and shocked cloudlet models, respectively (Figure 56). The displacement of 

high and low radial velocities is 1.5" for HH 32C, and 0.4" for HH 32A 

(Hartigan, Mundt and Stocke 1986; Solf, Bohm and Raga 1986; Herbig and 

Jones 1983). The models predict spatial displacements of up to about one

third the size of the HH object for slit widths of interest (Figure 56), so the 
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observed magnitudes of spatial separation agree well with the models. The 

flow parameters are consistent with the position-velocity results of 801f, B8hm 

and Raga (1986), and Raga and Bohm (1986), who found Vs = 300 km/s, 

and 4> = 1600 for HH 32A. Overall, the bowshock models fit the observed 

data extremely well for HH 32. 

The Stellar Wind of AS 959A 

The wind properties of AS 353A and other T Tauri stars showing 

P Cygni line profiles have been discussed by Hartmann (1982) and by 

Mundt (1984). Mundt found that the stellar winds of these stars are already 

accelerated to 15D-300 km/s within 1.1-1.5 R.. The main argument was the 

observed 'blue asymmetry' of the Na D lines in these stars, where it is often 

possible to trace the blueshifted absorption to higher velocities than the 

redshifted emission. This is most easily interpreted by having the Na D line 

form close enough to the star (within 1.1 R.) so that large fractions of the 

receding part of the Na D emission are occulted by the stellar disk. Such 

line asymmetries are not seen in the profiles of Ha, H{3, or HI' (Figure 28, 

also Hartigan, Mundt and Stocke 1986), suggesting that these lines form 

at distances larger than about 2-3 R., where occultation effects become 

negligible. As discussed by Kuhi (1982) and by Herbig and Jones (1983), 

the Ca II Hand K lines of AS 353A must form closer to the star than 

the Balmer lines, since Ca II H is completely absorbed by the blueshifted 

absorption of He. 

With some simplifying assumptions (see below), the extreme velocities 

of Na D and Ha (300 km/s and 430 km/s, respectively) can be interpreted 
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as evidence of wind acceleration between the Na D and Ha shells (1.1 R. 

and > 2R.). The Balmer lines show emission instead of absorption at the 

extreme blue edge of their profiles (Beals type III profiles) unlike the Na D 

and Ca II Hand K lines. This can be explained by an increase in the source 

function as well as velocity between the N a D and Balmer line formation 

regions. When the most blueshifted portion of a line appears in emission (eg. 

Ha), then the source function of the shell exceeds that of the photosphere, 

whereas absorption (eg. Na D) implies a weaker source function for the shell. 

If these variations in the source function are due to temperature variations 

in the wind, then the wind is cooler than the photosphere at 1.1 R. (the 

position of the Na D shell) and hotter than the photosphere at > 2R. 

(the position of the Ha shell). Such a temperature gradient would resemble 

that of the solar chromosphere (Withbroe and Noyes 1977). The differences 

between the Balmer lines and Na D cannot be explained by variability, since 

the same profile characteristics are observed in other Ha and Na D line 

data of AS 353A taken nearly simultaneously (Mundt, Stocke and Stockman 

1983). 

The preceding interpretation implicitly assumes that the emission 

and absorption components of a given line profile arise from the effects 

of a radially expanding shell with negligible internal motions. Hartmann, 

Edwards and Avrett (1982) have devised an Alfven wave driven wind model 

for T Tauri stars where tangential motions are large. In this model the 

emission component originates near the stellar surface (Hartmann 1986, 

personal communication), where the line can be optically thick, and the 

absorption occurs from material at a larger distance from the star. The 
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wind velocity is given by the velocity of absorption, and the presence of 

emission at large negative velocities occurs due to the large Ho: optical depths 

near the star. With this model no significant wind acceleration is indicated 

from the extreme absorption velocities of Na D, Ho:, H{i, and H"( (all about 

300 km/s). 

Figure 28 illustrates the variability of the Ho: line profile of AS 353A. 

The star was observed seven times between May 15, 1982 and November 11, 

1984. Only once, on September 7, 1983, was the Ho: profile markedly 

different. Figure 28 shows that the high velocity Ho: emission on that date 

has changed into absorption, although the velocity of the extreme edges of 

the line wings remained roughly the same. According to the radial expansion 

model, this means that the shell's source function was lower than normal on 

September 7, 1983, and this could be due to a decrease in the wind density, 

which would allow the observer to see deeper into the chromosphere where 

the stellar atmosphere is cooler. An HfJ spectrum is also shown in Figure 28, 

and appears to sample lower into the extended chromosphere than the Ho: 

shell observed a day earlier [as expected, since T (Ha) > T (H{i)] , as evidenced 

both by the weaker source function and lower velocity of the H{i shell. If, 

however, as in the Alfven wind model, the velocity of absorption is a better 

indication of the true wind velocity, then the data in Figure 28 imply that 

the wind velocity of AS 353A increased from 300 km/s on June 19, 1983 to 

about 430 km/s on September 7, 1983. 

With either model the wind achieves a velocity of about 430 km/s at 

the position of the Ho: shell at least occasionally. As discussed above, this 

shell has a size of at least 2R.. If we assume the wind to move ballistically 
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beyond that distance, we can estimate the terminal velocity V 00, 

y2 = V2 (R) _ (R.) y2 
00 R esc (21) 

where R is the radius of the shell, V (R) the velocity at R, and Vesc is the 

escape velocity at the stellar surface. For R. = 3R0 and M. = 1M0 , we 

get Vesc = 360 km/s, and calculate Voo = 350 km/s for V(2R.) = 430 km/s. 

This is a lower limit to the true velocity, since, as discussed above, the 

wind probably accelerates between 1.1R. and the position of the Hex shell. 

If the acceleration continues, as seems likely, the terminal velocity should be 

comparable to the maximum radial velocities seen in HH 32, about 420 km/s. 

So it seems that at present, AS 353A's wind is fast enough to account for 

the shock velocities seen ,n the HH objects. 

The Hex CCD frame in Figure 60 places only a very poor upper limit 

to the collimation distance (0.1 pc). However, if the flow collimation were 

to occur at or near the stellar surface, one should find various hints of this 

in the optical line profiles (Ulrich and Knapp 1985). The blue absorption in 

Na D reaches 80% below the continuum level, so the cool wind region, after 

projection onto the stellar disk, covers most of the star. Since the Na D 

shell lies close to the stellar surface, this cool wind is not confined to a 

small region on the surface alone (eg. near the poles). We conclude that 

the collimation of the narrow bipolar flow seen far from the star (~ 0.01 

pc) has to take place at distances from the star exceeding two stellar radii. 

The Redshifted Jet 

Figure 60 shows what appears to be a narrow 'jet' of emission that 

connects the HH objects to AS 353A. Jets are often seen in regions of 
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star formation, and many HH objects are connected in some way with a 

jet. Some of the more spectacular examples include HH 34 (Reipurth et 

al. 1986), HH 46/47 (Graham and Elias 1983; Dopita, Schwartz and Evans 

1982), HL Tau (Mundt and Fried 1983), and HH 12 (Strom et al. 1986). 

The usual explanation for jet emission (Mundt, 1986) is that the outflowing 

gas is heated by oblique shocks in the jet and then cools radiatively. Jets 

can also expand freely, diverging at the Mach angle of the flow, and these 

jets will be invisible since they do not radiate. Theoretical models were first 

constructed to explain extragalactic jets, but structures such as backflowing 

cocoons, outer bowshocks, working surfaces, and contact discontinuities are 

also present in jet models for star formation (Norman, Smarr and Winckler 

1983). It has been suggested tha'~ HH objects represent the working surfaces 

of stellar jets (Mundt, 1986; see Figure 62). 

To investigate the jet in the AS 353A system, we obtained a 60-

minute long slit spectrum at the position shown in Figure 60. It is difficult 

to measure the spectrum of a faint jet that lies close to a bright star. 

Care must be taken to ensure that the star does not saturate the CCD 

and bleed charge onto the pixels that represent the jet spectrum. To avoid 

this problem a decker was placed over the slit, and the star positioned just 

behind the decker. The result is shown in Figure 63 for the spectral region 

near Ha. Reflection from AS 353A is visible on the left side of Figure 63. 

At first glance it appears that Ha emission from the jet connects AS 353A 

with the redshifted HH objects. However, this could be misleading since 

AS 353A has a very strong Ha emission line. 

To exercise careful control over the scattered light from AS 353A, 
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the following procedure was invoked. Spectra were extracted from every 3 

columns (a spatial extent of 1.88"), and for each spectrum the flux in a 

continuum band was calculated. Reflected light from AS 353A dominates the 

continuum for positions closer to the star than about 10 arcseconds, but two

photon continuum from the HH objects takes over at larger distances. The 

spectrum of AS 353A was taken from light near the edge of the slit decker, 

and a fraction of this spectrum (computed from the continuum strength) 

was subtracted from each spectrum taken closer to the star than about ten 

arcseconds. This procedure makes it possible to measure any intrinsic Ha 

emission associated with the jet (located between /"'oJ 5-10" from AS 353A). 

Results show no detectable intrinsic Ha emission closer than 11 arcseconds 

to the star. Hence, the 'jet' that connects AS 353A with the redshifted HH 

objects appears to be a cavity where light is reflected from the star. 

Predicted Spectra from Jets 

No theoretical position-velocity diagrams, line profiles, or line ratios 

have ever been computed for a jet with radiative shocks. The problem is 

extremely difficult since a multitude of shocks can be present in an outflowing 

jet, each with differing preshock densities and preshock ionizations. The 

shocks in a jet can be close enough together that the gas may not have time 

to cool completely before encountering another shock, implying that the shocks 

are neither purely radiative nor completely adiabatic (§4.3). Moreover, the 

situation is undoubtedly time dependent, since Kelvin-Helmholtz instabilities 

will form, creating new shocks and altering the flow. Inhomogeneities in the 

surrouding medium as well as intrinsic variability in the outflowing wind 
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also complicate the problem. The lack of quantitative predictions from a jet 

model makes it difficult to evaluate model's usefulness. However, one can 

compare overall morphology of the model with that seen in star formation 

regions. The most impressive agreement is the presence of extended bow

shaped emission at the ends of some flows (HH 101, Hartigan and Graham 

1987; HH 34, Reipurth et al. 1986; HH 46/47, Graham and Elias, 1983). 

Extended low velocity bowshocks do not appear in other regions, however 

(eg. HH 2, HH 32, Cep A). 

Can working surfaces of jets account for the double-peaked profiles, 

large linewidths, spatial separation of high and low velocity peaks, and line 

ratios seen in HH 32? This question is difficult to answer since the situation 

is complicated enough that it is possible to concoct schemes having multiple 

shocks to produce just about any type of line profile desired. But we can 

make the following remarks. A planar working surface cannot explain the 

line ratios seen in HH objects, which, as argued in §5.1, must arise from 

a mixture of shock velocities. A single curved working surface does not 

explain the observations either, since if the surface is convex with respect 

to the flowing jet we revert to a shocked cloudlet picture, which does not 

work for most of the objects studied. A concave working surface also has 

an integrated profile that looks like a shocked cloudlet, since the low radial 

velocity material occurs from the highest shock velocities in the curved shock. 

One could attempt to explain the observed double-peaked profiles seen in the 

HH objects by having the high radial velocity gas arise from oblique shocks 

in front of the working surface, and have the low radial velocitiy gas emit 

behind the working surface. With this model the two peaks should have 
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very different excitations, with the high radial velocity gas coming from the 

weaker of the two shocks. However, observations of the high excitation line 

[0 III],x5007 do not support this hypothesis. This line is relatively stronger 

in the high velocity peak than the profiles of lower excitation lines like Ha 

(Figure 27). We conclude that no simple jet model can qualitatively account 

for the observed characteristics of HH 32. The bullet model, on the other 

hand, is not only relatively simple, but also explains the observations well. 

Jet and bullet models will be discussed further in Chapter 6, where the 

overall structure of outflows from young stars are considered. 

5.3 Cepheus A 

High Resolution Line Profiles of the HH Obiects 

A complex mixture of continuum peaks, masers, and molecular outflow 

characterizes the star formation region Cepheus A (Figure 1, Chapter 2). 

Heavy obscuration conceals the luminous (2.5 x 104 L0 , Evans et al., 1981) 

source(s) driving the molecular outflow (Rodriguez, Ho, and Moran, 1980). 

An area of nebulae 1.5' (0.3 pc for a 725 pc distance, Garmany, 1973) 

west of the IR source contains ten HH objects and two groups of reflection 

nebulae (Chapter 2). 

High resolution Ha and [N II] spectra of the HH objects (Figure 31) 

reveal line profiles similar to HH 32; double-peaked profiles are evident in 

the spectra of knots E and S. The HH objects exhibit an extraordinary 

range of linewidths, from nearly 500 km/s (the largest yet discovered in any 

HH object) for knot HW, to a mere 100-140 km/s for knots A, F, and 
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G. No flow orientation angle can be guessed a-priori since no redshifted HH 

objects are seen, and no proper motions available. No line ratios have yet 

been measured for the HH objects either. 

Values of MX and MN from the Ha profiles for each object are 

reproduced in Table 7 using V'8r = -12 km/s for Cepheus A (Torrelles 

et al., 1985), and indicate a variety of shock velocities. The highest shock 

velocities (largest linewidths) occur in objects HW (476 km/s), E (392 km/s), 

H (380 km/s), and S (355 km/s). These four knots are aligned roughly east

west and apparently define the flow's axis. The knots north of this axis, A, 

F, and G, have the smallest linewidths (115 km/s, 100 km/s, and :134 km/s 

respectively), while objects B, C, and D possess intermediate linewidths. 

The presence of double-peaked and highly asymmetrical line profiles 

for objects HW, E, H, and S demonstrates that HH 32A-D are not anomalous 

in this regard. Moreover, the maximum radial velocities seen in Cepheus A 

are near zero for each object except G. Emission from HH 32A-D also 

vanishes near zero radial velocity. The bowshock models show (§4.6) that 

one extreme radial velocity should be near zero for an oblique flow. Such 

behavior is also apparent in the [0 I] profiles of HH objects in M 42 (Taylor 

et al., 1986), where one finds broad, asymmetrical line profiles that vanish 

near zero radial velocity and have a prominent low velocity component. 

Double-peaked profiles occur for oblique <p only when Vs >150 km/s, as 

observed in Cepheus A. The inferred orientation angles (Table 7) lie between 

20° and 45° for all objects except G. Although MX and MN are somewhat 

uncertain for G, the emission from this object is definitely centered near zero 

radial velocity, indicating motion nearly in the plane of the sky. 
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Objects S, H, HW, and E are best fit by a bullet model since the 

strongest emission occurs in the low radial velocity peale A bowshock model 

of object S is shown in figure 64 together with a high resolution Ha line 

profile from Figure 31. As for HH 32A, the position of the high radial 

velocity peak is not quite correct, perhaps due to the model's assumption of 

small cooling distances (§4.5), but the model does agree qualitatively with 

the data. The largest predicted proper motions are 264 km/s for Hand 220 

km/s for S. Object S outshines the other knots, and might be bright enough 

to be seen in the UV, where high excitation lines like C IVjA1549 should 

be visible. 

Images, Polarization, and Long-SHt Observations 

Additional observations of Cepheus A are needed to understand 

the region more completely. The exciting source of the HH objects is 

unclear, with blueshifted HH objects spatially coincident with redshifted 

molecular gas (Figure 1). To address this problem one can obtain polarization 

measurements of the reflection nebulae identified in Chapter 2. Such 

observations are discussed in this section, and we also present long-slit 

spectra and deep emission line images taken to discern the position-velocity 

behavior and spatial structure of the HH objects in various emission lines. 

Some of this section has been published in Hartigan et al., (1986). 

Polarization measurements of the reflection nebulae in Cepheus A 

were made using the Minipol polarimeter (Frecker and Serkowski 1976) on 

August 31 and September 3, 1984, with the Steward Observatory 90" telescope 

on Kitt Peak. No filters were used for these observations, so the effective 
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bandpass of the measurements is that of the photomultiplier tube, roughly 

3200-8800A. Additional observations by Schmidt (1984) of reflection nebula 

53 (Figure 1) were taken with a different polarimeter and agreed well with 

our results. We have added this information to our set of data. 

The results appear in Table 8 along with the calculated ±3u 

uncertainties. Since the purpose of obtaining the polarization measurements 

is to locate the exciting source, special care must be taken to correct for 

the effects of interstellar polarization. The distance to Cepheus A (725 pc, 

Garmany 1973) suggests that significant corrections may be involved. 

Garmany (1973) has compiled a list of stars belonging to the Cepheus 

OB III association. Nine of these stars lie within 10 of Cepheus A and have 

known polarizations (Hall, 1958). The mean polarization defined by these 

stars is Oint = 94: 6 ± 3: 6, Pint = 2.33 ± 0.52% (errors ±lu). The amount 

of dust between the Sun and Cepheus A is likely to be somewhat larger 

than between the Sun and the association, since the cloud density reaches 

a maximum at Cepheus A. Star 37, lying only 2' north of Cepheus A, 

is probably the best tracer of interstellar polarization for Cepheus A. This 

star has a somewhat diffuse image, but does not appear to be embedded 

deeply in the cloud. Hence, we adopt its observed polarization, Oint = 920
, 

Pint = 3.6% as the interstellar value. This gives the Stokes parameters 

Qint = -3.59, and Uint = -0.25. To correct for the effect of intervening dust, 

Qint and Uint were subtracted from the observed Q and U of the reflection 

nebulae. The resulting polarization is given for the reflection nebulae in 

the last two columns of Table 8. Correcting for interstellar polarization in 

Cepheus A yields an increased amount of intrinsic polarization while leaving 
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the polarization angles basically unchanged. However, a significant fraction 

of the error in the angles arises from the assumed error (±0.50 in Qint and 

Uint) in the interstellar polarization. 

Images of Cepheus A were taken December 1-3, 1984 at the Mount 

Bigelow 61" telescope using a TI CCD camera developed by R. Leach. The 

reducing optics provided a scale of 1.0" /pixel. Only a 256 X 256 portion of the 

800 x 800 image was actually stored on tape. The following interference filters 

were used: [0 I]A = 6293, AA = 11A (FWHM); [0 III]A = 5007, AA = 99A; 

Ha + [N II]A = 6558, AA = 162A; and [S II]A = 6738, AA = 85A. Total 

integration times for the [0 I], [0 III], Ha, and [S II] images, respectively, 

were 22.5, 30, 20, and 20 minutes. The Ha + [N II] image is presented in 

Figure 65. 

Medium (96 km/s) resolution data were collected June 10-12, 1985, 

using an inteaified photon counting CCD mounted at the back of the RC 

spectrograph at the 4-meter telescope on Kitt Peak. The slit width used was 

1.6", the spatial scale was 0.63" /pixel and the dispersion was 0.594A/pixel. 

Two wavelength settings were used; the red setting covered 6280-6750 A, 

and the blue setting 4750-5210 A. The red setting was used with the slit 

positioned through HW at position angle 1240 (30m exposure), and through 

S at position angle 1240 (40m exposure). This second position was also 

observed at the blue setting (40m exposure). Slit positions are indicated 

in Figure 65. The long-slit data were reduced using the IRAF reduction 

software at Kitt Peak. By calculating the spectral distortion individually 

for each object from the adjacent He-Ne-Ar exposure, it was possible to 

obtain an accuracy of about ±0.2 pixels (0.12 A) for the wavelength solution 
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as determined from examination of the positions of the terrestrial night 

sky emission lines. Velocities measured from the long-slit data are therefore 

accurate to ,.... 15 km/s. Long-slit spectra are presented in Figures 66 and 67. 

Object 8 appears considerably brighter than object H in both H{3 and [0 III] 

(blue long-slit data, not shown), consistent with the Ha image in Figure 65, 

but in Figure 66 the red long-slit data show H to be brighter and more 

extended than 8. This difference must be due to positioning the spectrograph 

slit 1-2" south of the center of object 8 (Figure 65) since the faintness of 

8 is common to all the emission lines at this setting. 

Results 

The polarization data show two distinct regions of reflection nebulae, 

as predicted from the V, R, I, and Ha images in Figures 2-4. The sickle

shaped reflection nebula to the north is much bluer than the southern 

reflection nebula (Chapter 2), so we expect the northern exciting star to be 

relatively unobscured by dust. The perpendiculars to the polarization vectors 

(Figure 1) indicate that the exciting star of this nebula is nearby and to 

the east of the sickle; either star 9 or star 10 could excite this nebula, 

with star 10 more directly centered within the ±3u error cones in Figure 1. 

The nebula appears to outline a cometary globule. A 2 p,m survey of the 

region by Lenzen, Hodapp, and 801f (1984) uncovered a source (their IR8 2) 

between the reflection nebulae 54 and 55. This source lies outside the ±3u 

error bars for both nebulae, and cannot excite any of the reflection nebulae. 

The three southern reflection nebulae observed (48, 50, and 53) do 

not clearly indicate a single exciting source, but it is apparent that the 
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source(s) lies to the east, probably near the dense core of Cepheus A. The 

HW object cannot excite either nebula 53 or 48. Nebula 53 also appears as 

an extended infrared source at 2 p,m (Lenzen, Hodapp, and 801f 1984). 

The Ha + [N II] image of Cepheus A presented in Figure 65 shows 

that knots E and H are distinctly comma-shaped, with the brightest part of 

the knots to the north and a tail curving away to the southeast. Knots G, 

A, HW, and D show hints of a similar shape. A region of extended diffuse 

radiation encompasses the entire area occupied by the HH objects. This 

radiation appears faintly in all the narrowband images, and is also present in 

the V, R, and I images in Figures 2-4. Radiation visible at V and I must 

contain a significant component of continuum (few emission lines fall within 

the V or I bands). The [8 II] and [0 I] images of the HH objects are 

quite similar to the Ha + [N II] images, and so are not shown. The [0 III] 

image shows only knot 8, the brightest knot, clearly. Object S is much 

brighter than the other HH objects in all four narrow band images (see also 

Table 9), which could result from a larger preshock density or less reddening 

for this object. Since object 8 appears point-like (.$ 1.5" in extent), unlike 

the other HH objects which are somewhat extended, its surface brightness is 

correspondingly larger, and this also increases its visibility in the images. 

The long-slit spectra provide both spatial and velocity information for 

the HH objects. Figure 67 displays spectra of knots A-E and HW in the 

spectral region around Ha, and reveals that E and HW have pronounced 

velocity gradients in the high velocity components of their emission lines, 

especially Ha. The high velocity component increases in speed toward the 

infrared source at a rate of 65 km/s/arcsec for knot E, and at a similar 
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rate for HW. 

Emission lines and continuum extend between A and HW, and also 

between S and the termination of reflection nebula 53 (Figures 66 and 67, but 

also Figure 65). The continuum appears to be independent of the positions of 

the HH objects, and therefore must be reflected light rather than two-photon 

continuum (eg. Dopita, Binette, and Schwartz 1982). The photo centers of 

H{3 and [0 111].\5007 for the bright HH object S are very well defined, and 

coincide to ±0.15 arcseconds. There are no obvious (;::' 0.5 ") photocenter 

shifts between different emission lines for any of the HH objects. The line 

profiles for H{3 and [0 111].\5007 for object S differ markedly (Figure 67). 

The H{3 profile looks similar to the Ha:: profile in Figure 31, and shows 

a distinct double peak, but [0 111].\5007 has only an asymmetrical profile. 

[0 111].\5007 also differs from the Balmer lines in HH 32 (§5.2). This behavior 

is predicted by the bowshock models in Chapter 4. 

Di8cu88ion 

The largest linewidths in Cepheus A occur in objects HW, E, H, 

and S (Table 9), implying large shock velocities for these objects, with lower 

shock velocities present for the northern HH objects F, G, and A. The 

redshifted extreme of the line profiles occurs near zero radial velocity, a 

consequence of an oblique bowshock orientation (.$ 45° to the line of sight, 

§4.6). The model line profiles in Chapter 4 have double peaks whenever the 

shock velocities are large and the orientation angles oblique (eg. HW, E, H, 

and S). Apparently the major axis of the flow responsible for the HH objects 

is aligned approximately east-west through objects HW, E, H, and S, and is 
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oriented ,$ 45° to the line of sight. 

As mentioned above, the line profiles of the HH objects are best fit 

with a bullet model. Figure 65 shows the HH objects to be curved in the 

sense of a bowshock formed around a bullet moving to the west (away from 

the far-infrared source). The comma-shape of some of the HH objects can be 

explained if the preshock density increases to the north across the bowshocks. 

This would cause more gas to enter the bowshock on the north side, making 

the knot brighter and more compact there (the cooling distance behind a 

shock scales as .,,-1, §4.5). Reflection nebulae from the IR source are only 

present to the south of the HH objects, also suggesting higher extinction and 

density to the north. A similar relationship between reflection nebulae and 

comma-shaped HH objects exists in L 1551 (Stocke et al. 1987). 

Raga and Bohm (1985, 1986) have constructed position-velocity 

diagrams expected from bowshocks for the case of a slit positioned along 

the axis of symmetry of the knot, and have found velocity gradients to be 

present for oblique viewing angles. Similar profiles appear in the theoretical 

position-velocity diagrams in §4.7 (eg. Figures 56C, 56D, 560, 56P, and 

56Q). The orientation angles indicated from the Cepheus A long-slit spectra 

of knots HW and E are f'J 30° to f'J 45°. These values agree well with those 

determined from the echelle profiles (Table 7). The low velocity components 

are observed to be more spatially extended than the high velocity components 

in Figure 67, and the same behavior is predicted by the position-velocity 

models in Figure 56. The model velocity gradients are always in the sense 

that the high velocity material occurs closer to the star than the low velocity 

material (§4. 7), so the data in Figure 67 indicate that the exciting source 
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for the HH objects lies to the east of the HH objects in the direction of 

the far-infrared source. This is consistent with the optical polarization data, 

and in agreement with the images which indicate that the HH objects are 

bullets moving to the west. 

What is the exciting source of the HH objects? A luminous far

infrared source (L = 2.5 X 104 L0 , Evans et ale 1981) lies about 0.2 pc to 

the east of the HH objects, near the 6 cm radio continuum peaks labelled 

2 and 3d (Hughes and Wouterloot 1984) in Figure 1. The bright radio 

continuum from this area arises from one of several early B stars (Beichman, 

Becklin, and Wynn-Williams 1979). There are other 6 cm sources nearby, 

but only objects 2 and 3d are optically thick (Simon et ale 1983; Torrelles 

et ale 1985). These two sources also coincide with masers (Norris 1981; 

Lada et ale 1981), indicative of young stellar winds. Radial velocities of the 

masers near source 2 (Cohen, Rowland, and Blair 1984) identify this object 

as the driving source of the CO outflow. The extended 20 11m emission 

discovered by Beichman, Becklin, and Wynn-Williams (1979) was shown by 

Lenzen, Hodapp, and Solf (1984) to be an infrared reflection nebula excited 

by source 2. 

The optical reflection nebulae adjacent to the HH objects are excited 

by a source to the east, in the direction of the luminous IR source driving 

the molecular flow (Figure 1, Table 8). Neither nebula 53 nor 48 reflects 

the light of the HW object. The surface brightness of nebula 53 yields a 

lower limit to the brightness of the exciting star (see Hubble 1922). The 

observed surface brightness of nebula 53 at V, R, and I is :23.1, 21.6, and 

20.1 magnitudes per square arcsecond, respectively. The I measurement is 
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the most useful of the three, since the R band measurement contains flux 

from bright emission lines in addition to reflected continuum (Figure 66), 

and the V measurement is uncertain due to the nebula's faintness. Using 

79" as the separation between the nebula and the IR source, and assuming 

a distance of 725 pc (Garmany 1973), the Hubble relation gives MI < -1.40, 

implying a spectral type earlier than B3, consistent with the two B1 stars 

inferred from radio continuum observations (Torrelles et al. 1986). If the 

infrared source does excite the reflection nebula, then the extinction along 

the path from the star to the nebula to the observer must be much less than 

the extinction along the line of sight directly to the infrared source (where 

Au '" 75 magnitudes, Lenzen, Hodapp, and Solf 1984). Such a situation can 

arise if a dense disk of material obscures the star along the line of sight 

while allowing light to escape along the axis of the disk to the reflection 

nebula and then to the observer (as for IRS 5 in L 1551, Stocke et al. 1987). 

Hence, the observed surface brightness of reflection nebula 53 is consistent 

with excitation from an early B star at the location of the luminous infrared 

source. 

Since source 2 is luminous and appears to drive the molecular flow, 

the most natural explanation of the polarization and surface brightness of 

the reflection nebulae, and the velocity gradients, comma shapes, high shock 

velocities, and east-west flow of the HH objects would be to have this source 

drive the HH objects also. However, the blueshifted radial velocities of the 

HH objects do not easily fit into this simple picture, since they lie in the 

direction of redshifted CO gas from a bipolar flow apparently driven by 

source 2 (Ho, Moran, and Rodriguez 1982; Rodriguez, Ho, and Moran 1980; 
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Figure 1). Recent well-sampled CO observations by Sanders (1986) reveal 

significant amounts of blueshifted gas (in addition to the previously known 

redshifted CO) throughout the region occupied by the HH objects. This 

complex mixture of redshifted and blueshifted CO in the direction of the HH 

objects could arise from several different physical situations. 

Lenzen, Hodapp, and Solf (1984) have proposed a model where a 

bipolar How from source 2 produces blueshifted CO to the east of the source, 

but the HH objects to the west are formed on the near side of an expanding 

redshifted cavity, and are blueshifted. However, since the HH objects emerge 

.:s 45° to the line of sight, this picture requires a large (;:: 90°) opening 

angle for the bipolar How, which should have readily observable consequences, 

such as a prominent redshifted CO component to the east of source 2, which 

is not seen. Another explanation for the presence of both blueshifted and 

redshifted gas near the HH objects is to have source 2 drive the molecular 

outflow, and another object, perhaps 3d, produce a separate outflow that 

powers the HH objects. If a second outflow source does drive the HH objects, 

the source must lie to the east of the HH objects in order to account for 

the polarization of the reflection nebulae, and the comma shapes and velocity 

gradients of the HH objects. A third possibility is that a dense ambient 

cloud partially diverts the redshifted molecular flow from source 2, producing 

blueshifted HH objects and CO emission. Such a diversion requires a strong 

shock, which could be associated with the radio continuum seen near HW. 

None of these explanations are completely satisfactory, but high spatial 

resolution CO observations and detection of proper motions for the HH objects 

should help to distinguish between these models. Low spatial resolution radio 
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continuum maps should be made to find any connection between HW and 

source 2. Finally, the exciting star(s) is very young and bright. With longer 

integration a spectrum of the reflection nebula should provide the spectral 

type and wind characteristics of the source (eg. Mundt et al. 1985), even 

though it is buried under more than 75 magnitudes of visual extinction along 

the line of sight. Such information would enhance our understanding of early 

phases of stellar evolution for luminous stars. 

5.4 R erA 

The HH objects near R CrA were discussed in Chapter 2, where CCD 

images were presented. The area was subsequently examined spectroscopically 

to determine the kinematics and overall structure of the outflow. The results 

are presented in this section, and models for the outflow and HH objects are 

discussed. Some of this work has been published in Hartigan and Graham 

(1987). 

Observations 

Figure 68 shows a photograph taken by J. Graham at Cerro Tololo 

Inter-American Observatory (CTIO) with the 4-m~ter telescope and plate-filter 

combination sensitive to light in the >.6100 - 7000A range. This corresponds 

to, but is slightly redder than the transmission of a standard R filter. Three 

new HH objects were discovered when this photograph was compared with 

a narrow-band emission line picture (see Chapter 2 for a description of the 

method used to identify HH objects). The new HH objects are labelled 

HH 96, 97, and 98 in Figure 69, which also serves as a reference map 
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for the locations where spectra were obtained. Positions for the new HH 

objects are given in Table 10. A dashed line in Figure 69 draws attention 

to the remarkable alignment of many of these HH objects along a single axis. 

The region around HH 101 is particularly complex and Figure 70 displays a 

photograph taken by J. Graham with the same plate-filter combination but 

with the Las Campanas Observatory's 2.5-m telescope. 

Spectra of the emission regions marked in Figure 69 were obtained 

with a slit 2' long of width 1.6 N (250 p,m). Radial velocities (V,8r ) are 

indicated in Figures 69 and 70. For most of this work, the Cassegrain 

grating spectrograph was used in conjunction with a SIT Vidicon detection 

system on the CTIO 4-m telescope. The observations were made on May 

21-23, 1984, and the reductions carried out using the computer and TVRED 

reduction software at the CTIO offices in La Serena. On each integrated 

scan, the positions of the eight brightest night sky emission lines were 

measured individually before sky subtraction as a check on the wavelength 

calibration. Systematic errors were found to be less than 15 km/s. The 

intensity measurements were flux calibrated by observing a standard star on 

each night. The spectral range was .A5800 - 7000 A, with a dispersion of 

0.8 A/pixel, and a resolution of 120 km/s (FWHM). As a further check, 

the region between stars 30 and 8 (Chapter 2) was reobserved with the 

4-meter telescope at Kitt Peak National Observatory on June 14, 1985. 

In this instance the detector was a CCD (Texas Instruments) which gave 

an improved internal velocity consistency (,$ 10 km/s) demonstrating the 

superiority of the CCD as a detector for radial velocity work. No systematic 

difference between the two sets of results are apparent. 
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High (12 km/s) resolution spectra of the brighter objects in our 

field were obtained on October 7 and 8, 1984, with the facility echelle 

spectrograph on the Multiple Mirror Telescope at Mount Hopkins, Arizona. 

The observations were made in the Ha region of the spectrum. The 

instrument has a rectangular aperture 1.5 H X 2.5 H in size, and the velocities 

measured were found to be accurate to within 2 km/s. This data is presented 

in Figures 32-35. 

The basic dai;a derived from the Cassegrain spectroscopy of the 

emission regions are presented in Table 10. All measured heliocentric 

velocities have been converted to the local standard of rest (a correction 

of + 7.3 km/s). The observed V'sr of the CrA cloud as a whole is + 5 

km/s (Loren 1979). Radial velocities for each region are shown in Figures 

69 and 70; the velocities of HH 96, 97, 100, and 101 are all negative while 

those of HH 98 and 99 are near zero or slightly positive. 

Star 90 and the Suggested Connection With HH 101 

Figures 68 and 70 show that a portion of HH 101B appears coincident 

with the 12th magnitude star labelled 101-30 (star 30) in Chapter 2. Star 30 

has been suggested on several occasions as a source object for HH 101 (eg. 

Dopita 1978; Morgan et al. 1984; Reipurth 1985), but such is the density 

of the stars in the area that the superposition could well be coincidental. 

Our low resolution spectrum of star 30 shown in Figure 71 resembles the 

spectrum published by Reipurth (1985). A large number of metal absorption 

features, mostly blends, appear between ,x6100 and ,x6700 A. The Na I D 

line is prominent in absorption. In emission we see Ha as well as forbidden 
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lines of [N II], [S II], and [0 I]. However, these emission lines appear to arise 

from the extended !fH 101 nebulosity, and not from the star itself, since 

the KPNO and CTIO long-slit spectra through star 30 (slit position shown 

in Figure 70) show that the velocity of the emission does not change on 

opposite sides of the star, as would be expected if a bipolar flow originated 

there. Data taken from Jacoby, Hunter and Christian (1984) indicate that 

the depth of the stellar ).6495 blend can be related directly to the spectral 

type of the star (see Stocke et al. 1987). Using this, we calculate an intrinsic 
m 

(B - V)o = 1.05 (± 0.10) for the sta.r. This indicates a stellar temperature 

of 4500K± 200, corresponding to a spectral type of K4 if star 30 is on the 

main sequence. 

Chapter 2 contains VRI measurements (Kron-Cousins system) for 

star 30, and Reipurth (1985) lists JHK magnitudes that indicate the lack of 

any significant IR excess. Using data presented by Bessell (1979) along with 

Reike and Lebofsky's (1985) reddening law and assuming the star to be a 
m 

dwarf, a total visual extinction of Au = 1.0 (±0.22) is obtained. With an 

absolute magnitude Mu = +7"':0, the absorption corrected visual magnitude 
m 

12.6 implies a distance of 133 pc. This is very close to that of the cloud, 

although we caution that the star will be much further away if a giant. 

The observed radial velocity does not, however, support membership of 

star 30 in the R CrA cloud. Ther are two radial velocity determinations. In 

the spectrum shown in Figure 71, eight relatively simple blends are indicated 

which are suitable for velocity measurements. They have been chosen for 

their strength and simplicity using the Utrecht Solar Atlas (Moore, Minnaert 

and Houtgast 1966), and each blend has been checked against the Arcturus 
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Atlas (Griffin 1968) to ensure that the positions of the blend centers do 

not vary significantly for stars of later spectral type. Detailed information 

is provided in Table 11. We obtain a V'Br of -49 km/s (± 10 km/s). An 

echelle spectrum of star 30 (Figure 71) gives V'Br = -45 km/s (± 5 km/s) 

for the Ha absorption. Mathieu, Latham and Hartmann (1985) find that 

stellar motions in star forming regions are small, and generally comparable 

to those of the overall molecular cloud velocities to within 1 or 2 km/ s. 

Negative velocities are known (Herbig, Vrba and Rydgren 1986) but none so 

large as the 50 km/s which would apply here. 

A case might be made for membership if the spectrum was peculiar 

and showed some special sign of youth. However, even the Ha emission 

seems to originate from outside the star. Comparison between the echelIe 

spectrum and the Cassegrain spectrum (Figure 71) shows that in the former 

case, Ha emission is absent. This is due to the much larger area covered 

by the Cassegrain entrance slit compared to that of the echelle, so that 

the Cassegrain spectrum contains more of the background emission from 

HH 101B. Along with Reipurth (1985), we find no evidence of a Li .\6707 

absorption line which can be an indicator of extreme youth. In summary, 

all evidence points to a chance superposition of HH 101 and star 30. The 

source of the Herbig-Haro objects must lie elsewhere. 

The Velocity of the Gas in HH 101 and 'its Surroundings 

Slit positions used and velocities measured for the gas in and around 

HH 101 are shown in Figure 70. The velocities show a progression from 

highly negative on the north edge of the HH 101 complex to near zero along 



194 

the southern edge marked by the extended loop of emission labelled HH 101B. 

The photograph in Figure 70 reveals that the brightest HH objects HH lOIN, 

S, and A consist of numerous smaller emitting clumps. The velocities in 

HH 101B are slightly positive on the east side and slightly negative on the 

west side of the loop, suggesting a transparent, but structured shell which is 

expanding. There is a resemblance to the region HH 47D (Graham and Elias 

1983) which has a velocity much lower than the compact knots HH 47 A and 

B. In both cases (see Table 10 and Dopita, Schwartz and Evans 1982), the 

spectroscopic measurements of [8 II] ),,6717/6731 imply an electron density in 

the low velocity shell much lower than in the compact, bright HH objects. 

There are other similar loop and bubble nebulae associated with HH objects, 

but for these detailed velocity data do not yet exist. HH 34 (Reipurth et 

al. 1986) is made up of a number of gaseous knots embedded in an extended 

loop nebula resembling a bowshock, and HH 54 is another example (Graham 

and Hartigan 1987). 

The R erA Flow 

There appear to be at least two distinct outflows from young stellar 

objects in the R erA cloud. A bipolar molecular outflow centered on R erA 

has been observed by Walker, Lada and Hartigan (1985), and by Levreault 

(private communication), who find a position angle of about 90° with the 

blueshifted lobe lying to the east of the star. The irregular light variation 

of R erA has been chronicled by Bellingham and Rossano (1980). Its 

spectrum shows significant variations over short intervals including changes 

in the intensity of emission lines characteristic of chromospheric activity 
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(Finkenzeller, private communication). The light and spectrum variations are 

also detectable by observation of the associated reflection nebula NGC 6729 

(see below). Polarization mapping by Ward-Thompson et al. (1985) shows 

an ordering of the polarization vectors which is thought to be due to aligned 

dust grains in a disk close to R CrA. R CrA is at the east end of an 

ovoid-shaped reflection nebula, while HH 104A and B appear in a cusp at 

its west extremity (Figures 7, 8, 68, and 69). The HH objects have radial 

velocities -46 and -56 km/s respectively. An unusual 'spike' protrudes from 

R CrA towards the west in Figure 68. This feature was only recorded once, 

on June 8, 1983, but does not appear to be an artifact, such as a plate flaw. 

Although the feature could be an asteroid trail, its coincidence with R Cr A 

suggests that it arises from the illumination of dust by starlight breaking 

through an occasional gap ill the dense obscuration close to and surrounding 

the star. A similar event near the L 1641 cloud in Orion was described by 

Reipurth and Bally (1986). 

The HH 100 Flow 

It is unlikely that the outflow described above is the only one in the 

R CrA cloud. Most of the HH objects extending from HH 99 in the north to 

HH 101 in the south are grouped along a line highly inclined to the direction 

of the R CrA outflow (see Figure 69). Excepting HH 104, which seems to be 

associated with the R CrA flow, the HH objects to the south of HH 100IR 

all have highly negative radial velocities, while t:r..~se to the north, HH 98, 

99A, and 99B have small but positive velocities, suggesting that HH 100IR 

is the source for these and for a second outflow. A low resolution spectrum 
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of the reflected portion of HH 100 shows weak Fe II emission lines (Cohen, 

Dopita and Schwartz 1986). Fe II emission is absent in our low resolution 

spectrum of R CrA from AS800A to A7000A, supporting the identification of 

HH 100IR as the exciting source of HH 100. An important test would be 

to observe the Ha profile of the HH 100 reflection at high enough resolution 

to determine if the profile does or does not resemble the spectrum of R Cr A 

and its reflection nebula NGC 6729. 

A problem with this interpretation is the lack of velocity symmetry 

between the redshifted and blueshifted HH regions. We need to explain why 

the radial velocities of HH 98 and 99 appear so small. One possibility is 

that a redshifted flow moving north from HH 100IR could be perturbed by 

the strong blueshifted flow from R erA in this same area. HH 99 and 101 

do appear to have large transverse velocities away from HH 100IR according 

to the proper motion data of Schwartz, Jones and Sirk (1984). 

Models of the HH Emission 

Clearly no simple axially symmetric bowshock model like those 

presented in Chapter 4 will be able to predict the complexities of HH 101 

shown in Figure 70, but it is possible to interpret the objects within the 

framework of various models. The bow-shaped object HH 101B can be 

identified with the bowshock of the jet model (§5.3) and the bright knots 

that form the U-shaped features HH lOIN, S, and A can then be pictured 

as cooling gas behind the jet's working surface. The bright knots are not 

connected with a backflowing 'cocoon' of material, since the radial velocities 

are negative, as is the general motion of the flow south of HH 100IR. 
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With this model, HH 100, 97 and 96 could represent oblique shocks in an 

outflowing jet. 

A similar picture can be envisaged with a bullet model of HH objects, 

except in this case the knots comprising HH 101 N, S, and A are dense 

clumps ramming into the molecular cloud, and the emission arises from 

bowshocks formed around the clumps as they decelerate. A series of such 

bullets is similar to a 'clumpy jet' model, and should produce a leading 

bowshock that can be identified with HH 101B. The principal observational 

difference between the jet and bullet models for HH 101 is the linewidths 

predicted by each model. Large linewidths are predicted for each of the 

bright knots of HH 101N, S, and A for the bullet model. If the bright 

knots of HH 101 are formed behind a jet's (planar) working surface, the 

linewidths will arise primarily from thermal and turbulent broadening of 

the cooling gas, which should produce widths ,$ 50 km/s. Echelle spectra 

taken of HH 101N (Figure 33) show an asymmetric Ha profile of full width 

""" 170 km/s. Similar linewidths are seen in HH 101S and A (Figure 34), 

but the data are of poorer quality. Such large linewidths favor a bowshock 

interpretation for the bright knots of HH 101, but additional observations of 

high spatial and spectral resolution of each of the knots in Figure 70 would 

be extremely helpful in clarifying the dynamics of this fascinating region. 

HH 99A and B are situated on the northeast side of HH 100IR, and 

appear quite different from HH 101, exhibiting a distinct bowshock shape in 

the sense of a bullet moving away from the infrared source. The shocked 

cloudlet model cannot easily explain the shapes of HH 99A and B, or the 

morphology of HH 101. 
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Embedded Stars in the R Cr A Cloud 

Until a few years ago, it was believed that only a few young stars were 

associated with the R CrA cloud (Marraco and Rydgren 1981). However, a 

deep infrared search (Taylor and Storey 1984) has shown that many heavily 

obscured stars were previously beyond detection. In addition to star 30 and 

the bright variable stars Rand T CrA, we also observed stars 1-100, 1-101, 

and 3-101 spectroscopically (Figure 69). Star 1-100 had been suggested as 

a possible emission line star in the survey by Knacke et al. (1973). It 

was listed also as Ha 2 by Marraco and Rydgren (1981) who saw Ha 

emission on objective prism plates. Observations in Chapter 2 confirmed this 

finding. Figure 72 shows a spectrum taken in the course of the present 

investigation. A strong Ha line is present with no absorption core. Over a 

dozen emission lines, mostly due to Fe II, are identified as well as emission 

from the Na I doublet at >..5890. A substantial continuum is present but no 

certain absorption features are detected. Li >..6707 may be weakly present. 

We find V'sr = -1 ± 6 km/s from the emission lines. Star 1-101 is a 

late-type star showing strong TiO absorption along with weak Ha emission. 

The strength of the >"6495 blend gives (B - V)o = 1~31 ± 0.10 suggesting 

a spectral type K8(± 2) if the star is a dwarf. The velocity with respect 

to the Local Standard of Rest is within a few km/s of zero. Star 3-101, 

labelled Anon 1 by Knacke et al. (1973), is associated with a reflection 

nebula, and probably belongs to the R CrA association. The spectrum is 

normal, although Marraco and Rydgren found weak Ca II emission cores 

in the H and K absorption lines. They estimated a spectral type of K2. 

In our spectrum, the intrinsic (B - V)o as estimated from the >"6495 blend 
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m 
IS 0.80 ± 0.10, corresponding to a dwarf spectral type of G9 (± 2). The 

bright variable star T CrA shows a broad, box-shaped Ha emission line of 

full width"" 600 km/s with a weak absorption feature at about -60 km/s in 

both the high resolution echelle data taken October 7, 1984 (Figure 32) and 

the medium resolution long-slit spectrum taken May 24, 1984. The presence 

of Ha emission and the absence of a prominent P Cygni profile suggests 

that although this star is undoubtedly associated with the R CrA cloud, at 

present its wind does not influence the Herbig-Haro objects and molecular 

flows in the region significantly. 

R CrA is a most interesting star from several points of view. As 

pointed out in the previous section, there is strong evidence that the star is a 

source of a major outflow. The spectrum in the blue has been described by 

Joy (1945), Greenstein and Aller (1947), and Herbig (1960). Joy remarked 

on the variability of the Balmer and Fe II emission lines. R CrA is 

generally classed as a Herbig Ae star (Marraco and Rydgren 1981). The 

most comprehensive discussion of the spectral type in the blue is given 

by Mendoza, Jaschek, and Jaschek (1969), who concluded that although 

the spectrum cannot really be classified uniquely on the MK system, a 

spectral type of A5pe is perhaps the most appropriate. Greenstein and Aller 

detected He I ..\4026, 4471 in absorption, indicative in this instance of a hot 

chromospheric region in the star. He I lines are also seen in the yellow-red 

with inverse P Cygni profiles. The luminosity of R erA is 130 L0 (Wilking, 

Taylor, and Storey 1986). Figure 73 displays CTIO scans of the He I ..\5876 

and ..\6678 lines, which show intrinsically broad emission and absorption. The 

measured V'8r velocities (Table 12) are discordant, but they were obtained on 
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different dates and probably reflect intrinsic spectral variability. The mean 

V'sr for the Na I D lines, which must be at least partly interstellar in origin, 

is +11 km/s on the April 4 scan, close to the Vlsr of +5 km/s of the 

molecular cloud. A 12 km/s resolution Ha profile of R CrA in Figure 32 

shows a broad (800 km/s) emission line with a sharp absorption feature. 

The velocity of this absorption has also been found to be quite variable 

(Table 12). 

The long-slit spectrum obtained on May 4, 1984 for HH 98 and 

HH 104 also contains a long section of the reflection nebula NGC 6729 

excited by R CrA (Figure 68). Herbig (1960) discovered that the spectrum 

of NGC 6729 closely mimics that of R CrA. We extracted four sections along 

the slit and found a systematic variation in the reflected Ha profile; as one 

moves along the slit from HH 104 to HH 98, the blue emission peak becomes 

stronger and eventually overtakes the redshifted peak. Howevezo, the velocity 

of the absorption core does not vary at the same time (our four measurements 

are +6, -2, -5 and +1 km/s as we move toward HH 104). Further study 

is needed, but a probable interpretation is that intrinsic variations in the 

spectrum of R CrA are being recorded and reflected toward us with slightly 

different travel times. The nebula NGC 6729 has been observed to vary in 

structure within 24 hours (Graham and Phillips 1987), suggesting that time 

dependence is fundamentally important in trying to understand the observed 

characteristics of R CrA and its surroundings. 

This study underlines the need for high spatial resolution CO mapping 

of the R CrA region to determine the interaction between the molecular flows 

in the area. Time dependent studies of R CrA and its associated nebulae 
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will help to clarify the star's spectral variability as well as monitor any 

transient features in the reflection nebulae (as in Figure 68). The numerous 

knots comprising HH 101 should be monitored for time variability, and high 

resolution spectra of each knot will help to distinguish between the bullet 

and jet models cf the HH emission. Finally, HH 101, with its complex 

morphology, is an excellent target for imaging with the Space Telescope, 

which will undoubtedly reveal an even more complex structure than that 

indicated in Figure 70. 

5.5 HH 7 -11 

The B205 dark cloud lies 350 pc distant (Herbig and Jones 1983) and 

contains a variety of HH objects including a string of low excitation knots 

labelled HH 7, 8, 9, lOA, lOB, and 11. The exciting star, SVS 13 (Strom, 

Vrba, and Strom 1976), has a luminosity of 66 L0 (Cohen, Harvey, and 

Schwartz 1985) and drives a bipolar molecular outflow (Snell and Edwards 

1981). The Herbig-Haro objects are located in the blueshifted part of the 

flow. A dense torus aligned perpendicular to the string of HH objects 

apparently collimates the outflow (Hodapp 1984). The gas surrounding 

SVS 13 is centered at +7.8 km/s V'sr • Only HH 11 exhibits detectable 

proper motion; this object moves away from SVS 13 at 58 km/s in the 

plane of the sky (Herbig and Jones 1983). Proper motion of HH 7 is more 

difficult to measure since this object is more extended than HH 11. 

HH 7 and 11, along with HH 43, 34, and 47 make up a distinct 

class of low excitation HH objects (see Bohm, Brugel and Olmsted 1983; 

Bohm, Brugel and Mannery 1980; Reipurth et al. 1986). These objects show 
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[S IIjA4072 and [N IjA5200 comparable to, or greater than H{3, and have 

[S IIjA6716/6731 and [0 IjA6300/6363 fluxes exceeding Ho:. In addition, no 

[0 IIIjA5007 emission is seen, the [N IIjA6583/6548 lines are weak, and 

[C IjA9850/9823 can be as much as six times stronger than H{3. The only 

lines present in the ultraviolet appear to be H2 , C IIj, [0 IIj, and Mg II. 

A perusal of Table 4 reveals that these observed characteristics are all 

predicted accurately by the equilibrium planar shock models; specifically, the 

E20 and E30 models bracket the observations, with E30 fitting the data 

somewhat better (see also Table 6). The agreement between shock theory 

and observations indicates that emission from this peculiar class of low 

excitation HH objects also arises from radiative shocks. 

The low excitation spectra of HH 7 and 11 impose severe constraints 

on any bowshock model for these objects. Shock velocities of '" 30 km/ s 

imply similar linewidths for a bowshock. The line profiles of HH 7-11 in 

figures 37-39 are indeed narrower than many HH objects, but at 120 Itm/s 

(Table 7) they are still much too broad to arise from a 30 km/s bowshock. 

One way to explain the low excitation spectra and the broad line profiles 

in a single model would be to have a cloudlet shock be responsible for the 

bulk of the observed emission while the radiating bowshock contributes only 

to a broad underlying pedestal. There is some evidence for a denser clump 

of material at V'sr '" -75 km/s for HH 7 (Figure 38), and this could 

represent shocked gas from the cloudlet itself. It is also possible that a 100 

km/s shock in molecular gas produces an emission line spectrum resembling 

that of a much slower shock, since a substantial fraction of the postshock 

thermal energy is required to dissociate H2 , and additional thermal energy 
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would be radiated away by the molecules. 

The maximum radial velocity seen in the Ho: profil~ of HH 11 

is negative (figures 37 and 39). This cannot be explained with a bullet 

ramming into a stationary medium or with a stationary cloudlet, since both 

these models have positive maximum radial velocities with respect to the 

driving star (§4.6). Assuming the FWZI to arise from bowshock emission, 

we examine the possibility of an accelerated cloudlet model for HH 11. 

The radial velocity of a moving cloudlet would have to exceed 110 km/s 

(blueshifted) to make HH 11 compatible with any cloudlet model. The 58 

km/s tangential motion implies a space velocity exceeding 125 km/s for 

HH 11 with respect to SVS 13. Since the shock velocity for HH 11 is ,... 

120 km/s, the emerging stellar wind from SVS 13 must exceed 245 km/s. 

Unless a highly variable stellar wind is invoked, such a large wind velocity 

contradicts observations of HH 7, 8, and lOB (figure 37). These objects 

exhibit narrow (,...,100 km/s) linewidths indicating low bowshock velocities, 

have low radial velocities, and show no detectable proper motion. 

The velocities of HH 11 can also be explained by a bullet plowing 

into a medium which is already moving 110 km/s radially. With this 

picture, HH 7 would be the first ejected bullet; it, and subsequent bullets 

would evacuate a cavity into which stellar wind material could How, thereby 

providing a moving medium for the next bullet. 

The line profile of HH 7 is consistent with a bullet plowing into a 

stationary medium, and although the equations from §4.6 cannot be used 

to calculate an orientation angle due to the inferred contaminating cloudlet 
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emission, the near zero maximum radial velocity indicates that this object is 

angled considerably from the plane of the sky (ljJ ,:S 45°). Such an oblique 

angle implies that any proper motions observed should be small, as is 

observed. 

In summary, the emission from Herbig-Haro objects 7 through 11 

appears to arise mainly from 20 to 30 km/s shocks. The observed linewidths 

(100 to 120 km/s) are much too large for a 30 km/s bowshock, however. 

A model including both the cloudlet shock and bowshock emission may 

explain both the low excitation spectra and the large linewidths. Molecular 

cooling not included in our calculations might also help to eliminate the 

discrepancy. Assuming the FWZI of the emission lines to arise from a 

stationary cloudlet or from a bullet plowing into a stationary medium leads 

to a direct contradiction for the HH 11 line profile. The only acceptable 

picture for the HH 7-11 region is a bullet model where a stellar wind follows 

the initial bullets (HH 7, 8, 10) producing a moving medium for subsequent 

bullets. 

5.6 Mon R2 

Mon R2 is an R association containing a number of B stars and their 

associated reflection nebulae (Van den Bergh 1966). The region is renowned 

for having a cluster of luminous embedded infrared sources (L ,.... 5 X 104 L0 , 

Thronson et al. 1980), and for possessing a bright region of radio continuum, 

presumably an H II region formed by the young stars (Downes et al. 1975; 

Massi, Felli, and Simon 1985). The H II region has been suggested to be an 

H II 'blister' (Hackwell, Grasdalen, and Gehrz 1982; Icke, Gatley, and Israel 
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1980) formed as the H II region begins to break out of the molecular cloud. 

A complex molecular outflow has been mapped in Mon R2 (Wolf 1986), so 

that the region is a good candidate to search for Herbig-Haro objects. 

Two optical emission-line objects were found in Mon R2 with the 

MMT echelle, and the Ha lines are shown in Figure 30. Unlike the other 

HH objects discussed in this thesis, these two have narrow linewidths of 

FWHM "" 25 km/s. One would expect a FWHM of about 20 km/s solely 

from instrumental and thermal broadening for material at 104K. Hence, these 

emission-line objects do not appear to be HH objects, but rather portions of 

the H II region excited by the embedded sources. This example illustrates 

that the procedure used to identify emission-line objects in Chapter 2 does 

not always yield only HH objects, although these two objects are the only 

H II regions observed in this study that look like HH objects on optical 

photographs. 

5.7 LkHa 198 

LkHa 198 and V376 Cas are two nebulous Ha emission stars that 

were first discussed by Herbig (1960). A bipolar molecular flow in the area 

has been described by CantO et al. (1984) and by Levreault (1985). The 

flow appears to be driven by LkHa 198; however, [S II] images published 

by Strom et al. (1986) uncovered a blueshifted HH object to the east of 

LkHa 198, in the direction of the redshifted portion of the molecular flow. 

This suggests that the molecular flow might be powered by an as yet 

undiscovered embedded infrared source. 
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Echelle spectra of LkHa 198 and V376 Cas appear in Figure 36, and 

show that LkHa 198 does indeed have an outHowing wind (as evidenced by 

the blueshifted absorption). The profile of V376 Cas resembles that of the 

CS star in the HH 1/2 region (Figure 46), exhibiting only an Ha emission 

core with no blueshifted absorption. Images of the area were taken at Rand 

I with the equipment described in Chapter 2, and are presented in Figure 74. 

The R and I images are identical except for a region just to the east of 

LkHa 198, where a bright extension to the stellar image is apparent on the 

R frame, but is absent at I. This feature corresponds to the HH object 

discovered by Strom et al. (1986). The rest of the nebulosity is dominantly 

reHection, including the bright shell-shaped feature to the west of V376 Cas, 

and the ring-shaped reHection to the southeast of LkHa 198. A much deeper 

40-minute exposure using an Ha + [N II] filter with the 61" Mt. Bigelow 

telescope looks the same as the shorter R exposure in Figure 74. North is 

up and east is to the right in this figure. 

5.8 NGC 7129 

The HH objects and T Tauri stars in NGC 7129 were discussed 

in Chapter 2 (see Figure 17). High resolution observations of objects in 

this region are shown in Figures 47 and 48. The Ha profiles of LkHa 234 

and V350 Cep show blueshifted absorption, confirming the suggestion put 

forth in Chapter 2 that both stars are sources of outHow. The bright B 

star BD+65°1637 shows only a broad Ha emission line with no P Cyni 

absorption. 

The spectra of the HH objects in Figure 48 are somewhat noisy, 
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but in all cases the profiles agree well with the models in Chapter 4. 

GGD 35 and HH 103 have zero radial velocity near the edge of their line 

profiles, indicative of oblique orientation angles (.$ 40°). GGD 35 has a 

shock velocity of about 200 km/s, with a double-peaked profile present, in 

agreement with a bullet model. The lower shock velocity of HH 103 (,..., 130 

km/s) shows no double-peaked structure, and this also agrees with the models 

(eg. Figure 56K). A much lower shock velocity ('" 60 km/s) is indicated 

for GGD 32. The velocity of the ambient cloud (-10 km/s VZ srt Edwards 

and Snell 1983) is included within the line profile, and the orientation angle 

appears to be more in the plane of the sky ('" 85°) than HH 103 and 

GGD 35, although higher signal to noise data is needed to obtain a better 

estimate of this parameter. 

5.9 HH 12 

HH 12 is a region of optical emission located in the NGC 1333 

dark cloud in Taurus. The brightest knots in HH 12 are arranged in a ':E' 

shape that extends north to south over a region of about 45". Deep CCD 

images published by Strom, Strom, and Stocke (1983) uncovered a sinuous 

trail of Ha emission that extends from the bright HH objects southward 

almost 2', passing across a young M star named 'star 107' by Strom, Strom, 

and Stocke (1983). The HH objects exhibit measurable prcper motions to 

the north, away from star 107 (Herbig and Jones 1983), consistent with the 

hypothesis that the HH objects are excited by star 107 and its long curving 

jet. The region is discussed in more detail by Strom et al. (1986). 

Post ions along the jet and for the bright HH objects are given in 
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Strom, Strom, and Stocke (1983), and their labelling convention will be 

followed here. High resolution line profiles of HH 12 and its jet appear in 

Figures 40-42. The line profiles of the jet in Figure 40 do not show any 

indication of a shift in radial velocity from 12-201 and 12-202 located south 

of star 107, and 12-204, situated north of the star. The exciting source 

for HH 12 probably lies to the south of star 107 and is obscured by dust 

at optical wavelengths. A deep near-infrared search of the region south of 

star 107 should be undertaken to locate any embedded sources. Linewidths of 

",100 km/s occur along the jet. If this width were due to thermal motions, 

a temperature of 106K would be indicated, and this is much too high to have 

significant amounts of neutral hydrogen or singly ionized sulfur present (the 

jet is also visible in Strom et aZ.'s [S III images), so the ob~erved linewidths 

probably occur due to a mixture of shock orientations and velocities. 

The brighter HH emission varies in linewidth from 100 km/ s for 

12-227 (HH 12E) up to 140 km/s for 12-235 (HH 12B). It is not correct 

to attempt to apply the bowshock models in Chapter 4 to some of the 

spectra in Figures 41 and 42, since, with the exception of 12-227 and 12-235, 

the positions observed are not characterized by a single knot of emission 

that can be interpreted as a single bowshock. The two positions 12-222 and 

12-223, for example, do not appear as separate, distinct knots on Strom 

et aZ. 's (1986) images; these two positions show completely different line 

profiles even though they are only 5" apart (Figure 41). If we do apply 

the bowshock model to the relatively isolated knots 12-235 and 12-227, we 

obtain orientation angles of 420 and 740
, respectively, suggesting a divergence 

in orientation angles for the knots in HH 12. 
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Overall, the objects in HH 12 show large linewidths, which are 

predicted by the bowshock models in Chapter 4, but the morphology 

of HH 12 is clearly more complex than a collection of simple radiating 

bowshocks, although it looks as if a few distinct knots have formed within 

the complex overlying structure. The filamentary trail extending south from 

the HH objects could arise from various oblique shocks in a jet (§5.2), but 

could also simply mark the wake of a passing bullet that disrupted to form 

the present cacophony of bright HH emission. Weak shocks are known to 

form in the wakes of bowshocks (eg. R6zyczka and Tenorio-Tagle 1985b). 

5.10 L 1551 

The echelIe data of HH objects in L 1551 presented in Figures 49 

and 50 are a small part of an extensive optical study of the region being 

compiled by Stocke et al. (1987), and the interested reader is referred to 

that work for a complete discussion of the available data. Two aspects of 

these spectra merit a few words here. First, the line profiles of HH 29 in 

Figure 50 are double-peaked, and agree qualitatively with a bullet model. 

The situation is complicated since HH 29 is spatially resolved by the slit, 

and one cannot use models that assume the entire bowshock to fall within 

the observing aperture. Nevertheless, double-peaked profiles are characteristic 

of an expanding shell of material, and this arises naturally from a curved 

shock. HH 29 is far from a simple bowshock, however, and displays a 

complex morphology including a comma-shaped structure where the object 

is very bright. This situation also occurs in the HH objects of Cepheus A 

(§5.3), and can be attributed to a gradient in the preshock number density. 
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The line profiles of IRS 5-4 and IRS 5-3 in Figure 49 are roughly 

symmetrical, indicative of orientation angles near 900
, but the profiles are 

centered far from zero radial velocity. This can be explained if a bullet 

rams into a medium ah'eady moving radially, but how can the medium move 

radially if the flow is in the plane of the sky? One possibility (proposed by 

J. Stocke, Stocke et al. 1987) is to have a low velocity disk wind (,..., 160 

km/s) penetrated by a precessing stellar wind. In this model the disk wind 

provides the momentum flux needed to power the molecular outflow, and the 

stellar wind forms the jet and many of the HH objects downstream. If the 

stellar and disk winds are not parallel, then one can have a bowshock with 

<p = 900 and still have it ramming into a radially moving medium. 

The knots IRS 5-4 and IRS 5-3 lie close to the exciting source 

along a narrow emission jet. Large proper motions (,..., 500 km/s, Campbell, 

Persson, Strom, and Grasdalen 1986) have been measured for IRS 5-3. It 

is essentially impossible to accelerate a cloudlet to such large velocities over 

the small distances applicable here (Chapter 6). The only acceptable models 

for IRS 5-4 and IRS 5-3 are bullet models or working surfaces of the jet. If 

these knots are working surfaces, then the surfaces cannot be planar, since 

the linewidths in Figure 49 are extremely large (,...,350 km/s). 

5.11 HH 24, HL Tau, 1548 C27 

These three regions were not observed in great detail, and so the 

description of the data will be correspondingly brief. HH 24 is a complex 

region of reflection and intrinsic emission nebulae (see Strom et al. 1986 for 

a review). Echelle spectra of several knots in HH 24 appear in Figure 43. 
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Both redshifted and blueshifted HH objects exist in this region, with the 

blueshifted HH objects located to the north of the near-infrared source SSV 63 

(Strom, Strom, and Vrba 1976) and the redshifted HH objects to the south 

of the star. Both HH 24C and HH 24A have broad emission line profiles 

characteristic of HH objects, but HH 24B shows only a narrow Ha line near 

zero radial velocity. This feature also appears in the HH 24C spectrum, and 

could be reflection from a nearby Ha emission star. The line profiles for 

HH 24A and HH 24C vanish near zero radial velocity, indicative of bowshocks 

moving nearly radially (§4.6). The line profile of HH 24C resembles that of 

IRS 5-3 in L 1551, and it is interesting that both objects represent bright 

knots of jets. 

HL and XZ Tau form a pair of bright T Tauri stars separated by 

about 30 N

• A narrow emission jet has been discovered by Mundt and Fried 

(1983) to emanate from close to HL Tau (there is some uncertainty as to 

the true exciting source of the jet, however, Strom et al. 1986). Line profiles 

for these two stars appear in Figure 51. Neither star shows any pronounced 

P Cygni absorption, although HL Tau does have relatively narrow, blueshifted 

emission lines of Ha and [N II] in its spectrum. Spectra of two HH objects 

on opposite sides of HL Tau in Figure 52 confirm the bipolarity of the flow. 

The line profile of HL Tau-S is suggestive of a shocked cloudlet, although 

the data a.re of somewhat inferior quality. 

Craine, Boeshaar, and Byard (1981) reported the possibility of a 

faint trail of emission emerging along the axis of a cometary reflection 

nebula known as 1548 C27. Subsequently, the narrow jet has been imaged 

by Mundt et al. (1984). At the request of R. Mundt, the jet was observed 
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spectroscopically on June 14, 1985, with the long-slit apparatus described in 

§5.3. The 20-minute integration is displayed in Figure 75. Emission from 

the jet is clearly distinguishable from the strong background Ha and [N II] 

emission at zero radial velocity. The jet emission is unresolved spectrally 

(resolution 96 km/s) , and appears to have a constant radial velocity along 

its entire length of about -190 km/s with respect to the ambient Ha 

emission. This object is explained well with oblique shocks in an outHowing 

jet, since the linewidths are small and the velocity roughly constant. 
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TABLE 7 

Object Line IMX IMN 2ys 2cp 3Yl 

HH 1A Ha 20 -49 69 65 63 
[N II] 6583 30 -49 79 76 77 
[0 I] 6300 25 -58 83 67 76 

HH 1C Ha 46 -89 135 71 128 
[N II] 6583 51 -86 137 '15 132 
[0 I] 6300 26 -52 78 71 74 

HH 1D Ha 39 -98 137 64 123 
[N II] 6583 33 -95 128 61 112 
[0 I] 6300 48 -82 130 75 126 

HH IF Ha 42 -106 148 65 134 
Ha 49 -99 148 70 139 
[N II] 6583 41 -100 141 61 128 
[N II] 6583 43 -88 131 70 123 
[0 I] 6300 31 -95 126 59 108 
[0 III] 5007 81 -131 212 76 206 
[S II] 6716 23 -82 105 56 87 
[S II] 6731 26 -83 109 59 93 

HH 2A' Ha 98 ·109 207 87 206 
Ha 82 -124 206 78 201 
[N II] 6583 90 -100 190 87 189 
[N II] 6583 74 -122 196 76 190 
[0 I] 6300 77 -82 159 88 159 
[0 III] 5007 94 -172 266 73 254 
[S II] 6716 68 -90 158 82 156 
[S II] 6731 69 -101 170 79 167 

HH 2B Ha 52 -81 133 77 130 
[N II] 6583 47 -95 142 70 133 

HH 2C Ha 62 -52 114 95 114 
[N II] 6583 60 -45 105 98 104 

HH 2D Ha 41 -79 120 72 114 
[N II] 6583 19 -83 102 51 79 
[0 I] 6300 20 -61 81 60 70 

HH 2E Ha 40 -32 72 96 72 
[N II] 6583 41 -25 66 104 64 
[0 I] 6300 37 -20 57 107 55 

HH 2G Ha 38 -118 156 59 134 
Ha 28 -125 153 51 119 
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TABLE 7 (Cont.) 

Object Line IMX IMN 2ys 2CR 3Yl 

[N II] 6583 32 -116 148 55 121 
[N II] 6583 17 -123 140 41 92 
[0 I] 6300 29 -115 144 53 115 
[8 II] 6716 29 -98 127 57 107 
[8 II] 6731 23 -118 141 48 105 

HH 2H Ha 60 -102 162 75 157 
Ha 53 -105 158 71 149 
[N II] 6583 49 -110 159 67 146 
[N II] 6583 53 -105 158 71 149 
[0 I] 6300 49 -91 140 73 134 
[0 III] 5007 63 -128 191 70 180 
[8 II] 6716 36 -121 157 57 132 
[8 II] 6731 46 -115 161 65 146 

HH 2M Ha 123 -61 184 110 173 
[N II] 6583 112 -63 175 106 168 
[8 II] 6731 119 -48 167 115 151 

HH 7 Ha -4 -112 108 
HH 8 Ha -7 -133 126 
HH lOB Ha -20 -96 76 
HH 11 Ha -124 -246 122 
HH 32A Ha 353 0 353 149 182 

[N II] 6583 356 11 345 157 135 
[0 III] 5007 380 10 370 157 145 
[8 II] 6716 333: 8 325: 154: 142: 
[8 II] 67313 351: 8 343: 154: 150: 

HH 32B Ha 393 -21 414 141 261 
[N II] 6583 400 -13 413 145 237 
[8 II] 6716 405 -6 411 148 218 
[8 II] 6731 408 -11 419 146 234 

HH 32C Ha 12: -344: 356: 32: 189: 
HH 32D Ha 379 0: 379: 0: 0 
Cep A-A Ha 12 -107 119 37 72 

[N II] 6583 6 -105 111 27 50 
Cep A-B Ha 4 -170 174 17 51 

[N II] 6583 26 -169 195 43 133 
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TABLE 7 (Cont.) 

Object Line IMX IMN 2Vs 2q; 3V1 

Cep A-C Ha 10 -197 207 25 87 

Cep A-D Ha 25 -214 239 38 147 

Cep A-E Ha 16 -376 392 23 153 

Cep A-F Ha 25 -96 121 54 98 
[N II] 6583 7 -72 79 35 45 

4Cep A-G Ha 57: -77: 134: 81 132: 

Cep A-H Ha 54 -326 380 44 264 

Cep A-HW Ha 16 -460 476 21 171 

Cep A-8 Ha 39 -317 356 39 224 
[N II] 6583 35 -318 353 37 212 

HH 12-227 Ha 36 -63 99 74 95 

HH 12-235 Ha 18 -121 139 42 93 

1: Values of MX and MN (km/s) were extracted from the high resolution 
spectra according to the procedure described in §4.6. Values of 8M used 
were 26 km/s, 14 km/s, 18 km/s, 12 km/s, and 12 km/s, respectively, for 
the lines of H, N II, 0 III, 0 I, and 8 II. Multiple listings for some lines 
were obtained from separate spectra, and are included to show the degree 
of consistency among different measurements. 

2: The shock velocity (km/B) was found from equation 18. The orientation 
angle (in degrees) given is that of a bullet ramming into a stationary 
medium for all regions except HH 32, where the medium is taken to move 
25 km/s radially. HH 32D is assumed to be a stationary cloudlet for 
calculation of q;. 

3: Predicted proper motion (km/s) for the values of Vs and. q; in the table 
(V 1 = V s sin q; ) . 

4: A spike in the line profile of this object confuses the calculation of MX 
and MN, but the line profile is definitely centered near zero radial velocity. 



TABLE 8 

Polarization data-all errors quoted are ± 30-. 

Observed polarization 

Object P(%) () (deg) t(min) Nights' Aperture (.) 

Nebulae 
53 7.34 + 0.66 6.4+ 2.7 96 3 10 
48 7.31 ± 1.23 164.2 ± 4.8 82 2 10 
50 16.08 + 4.20 160.6 + 7.5 24 I 5 
49,50,51 9.25 ± 1.17 167.1 ± 3.6 36 I 20 
54 12.01 ± 3.36 136.5 ± 8.1 32 2 10 
55 12.78 ± 3.24 154.6± 7.2 20 1 5 

Stars 
a(l950)b 

37 3.59 ± 0.18 92.2 ± 1.4 6 2 22h54m 1007 
43 1.51 ± 0.13 87.9 ± 2.4 7 2 22h 53m 45!35 
\3 1.62 ± 0.96 80.0± 16.9 10 2 22h 54m 11 !83 
14 1.74 ± 0.54 74.7 ±9.0 22 2 22h 54m 08!57 
8 5.35 ±0.81 97.0 ± 4.3 18 2 22h 54m 02!90 

20" 10.21 ± 1.26 100.9 ± 3.5 26 2 22h 54m 16!O8 
SAO 20300 5.53 +0.18 104.9 ±0.9 4 2 22h 5 1m 33!42 
637" 6.75 ±O.12 92.7 ±0.6 7 2 22h 55m 11!24 

• Number of nights observed. 
b Positions of the reflection nebulae are given in Paper I. 
C Star has nebulous image. 

TABLE 9 

Echelle observations. 

Object HW E H S 0 C B 

Ha flux (S = 1.00) 0.31 0.33 0.47 1.00 0.40 0.56 0.33 N II .t 6583/Ha 0.55 0.81 0.66 0.67 0.60 0.80 0.75 
Ha Iinewidth (km/s)' 476 392 380 356 239 207 174 

• The full velocity width ofHa, measured as described in HRH. 

Intrinsic polarization 

P(%) (}(deg) 

10.99± 1.64 4.9±4.3 
10.45 ± 1.95 170.0 ± 5.3 
18.88 ±4.44 164.3 ± 6.7 
12.50 ± 1.89 171.2±4.3 
12.48 ± 3.69 144.9 ± 8.5 
15.14 ± 3.57 160.2 ± 6.7 

c5(l950)b 

+ 61°48'22~9 
+ 61°44'3r2 
+ 61·46·00~8 
+ 61·46·01~4 
+ 61°47'\3~8 
+ 61°45'22~4 
+ 61·S2'06~6 
+ 61·4O'06~2 

A F G 

0.19 0.24 0.21 
0.83 0.89 0.81 
119 121 134 

N .... 
C) 
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TABLE 10 

Emission Line Data for the HH Objects near R CrA 

Object 1 Har Flux 2 [01J6300 [NIIJ6583 [5I1J6716 3511 6731 
4Vzsr(km/s) Har Har Har 511 6716 

HH99A 80 :0.43 0.68 0.55 1.07 +5 

HH99B 81 :0.94 0.63 0.86 1.37 +14 

HH104A 209 0.63 0.28 0.46 1.11 -46 

HH104B 119 0.68 0.25 0.82 1.00 -56 
6 HH98 69 :0.31 0.48 0.35 1.26 +3 
6 HH97 58 -125 
6 HH96 26 0.52 0.48 0.76 -52 

HH101A 499 0.27 0.69 0.49 1.13 -62 

5HH101B(e) 73 0.52 0.57 0.76 +16 

HH101B(s) 89 0.24 0.56 0.44 0.84 -4 

HH101B(w) 118 0.84 0.80 0.77 -12 

HH101S 677 0.30 0.63 0.47 1.12 -55 

HH101N 415 0.38 0.49 0.40 1.22 -91 

1: Flux reported for a 6" X 1.65" box, units 10-1e erg cm-2 -1 S • 

2: Uncertainty in [0 IJ flux is large for the fainter objects due to terrestrial contamination. 

3: Ratio increases monotonically with number density. 

4: Weighted averages for all lines. UrLcertainty ± 15 km/s (±3u). 

5: HH101B(e) and HH101B(s) mark the eastern and southern extremes of HH101B. Values 

reported for HH101B(w), the westernmost portion of this nebula, are taken from the 

emission lines superimposed on star 30 (see figure 71). 

6: The following (1950) coordinates have been measured from figure 68: HH96 18:58:18.80 

_37°05 '10.5"; HH97 18:58:23.30 -37°04 '21.3"; and HH98 18:58:30.42 _37°01 '56.5". 



TABLE 11 

Absorption Blends Used in the Radial 

Velocity Determination of Star 30 

Rest Observed 
Wavelength (A) Identification V'sr 

6102.71 2Fel, Cal -38 
6169.7 2Cal, Fel -39 
6336.10 2Fel, Til -52 
6393.4 2Fel -54 
6400.15 2Fel -55 
6462.60 Cal, Fel -41 
6593.25 2Fel, Nil -57 
6704.4 2Fel -55 

TABLE 12 

Velocity Data for R erA 

Date Line (A) 

1984 April 4 5875.6 
1985 July 13 6678.1 

He I Velocities 

Emission Velocity 
(km/s LSR) 

-136±20 
-235±5 

Absorption Velocity 
(km/s LSR) 

+209±20 
+38±5 

Ho: Absorption Core Velocities 

Date 

1984 April 4 
1984 June 7 

1984 October 4 
1985 July 13 

Velocity (km/s LSR) 

-13±20 
-15±5 
-51±2 
+7±5 

218 
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Figure 58: Line profiles and models for HH 2H. The line profiles were taken 
Nov 10, 1984, with the facility echelle on the MMT (12 km/s resolution). 
Profiles are plotted versus radial velocity with respect to the exciting source. 
The 160 km/s shock models shown are described in the text. 
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Figure 59: Model and observed line profiles for HH 32A and D. The 
observations were taken from Chapter 3. For the HH 32A line profiles 
in Figures 59A-E, the model is a 360 km/s bowshock with equilibrium 
preionization, shape A, preshock density 1000 cm-3 , bullet geometry with 
a medium moving outward 25 km/s radially, ¢ = 1500

, slit wider than the 
HH object, 12 km/s instrumental broadening, T=30000K for [0 III], and 
T=10000K for the other lines. Figure 59F employs the same model for 
HH 32D, but with ¢ = 300 using a stationary cloudlet. 
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Figure 60: Ha CCD image of the AS 353A/HH 32 region taken by R. 
M-.mdt (Hartigan, Mundt, and Stocke 1986). Adjacent contour lines differ 
by a factor of 1.4. HH objects are labeled A, B, C, and D. A 'jet' is 
clearly visible between HH 32A and AS 353A. The position of the slit used 
for the long-slit observations is indicated. The field drifted in the east-west 
direction during the exposure, causing the star images to trail slightly. 
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Figure 61: Long-slit spectrum taken along the position angle shown in 
Figure 60. The spatial direction is vertical and the spectral direction 
horizontal in this figure, which shows the spectral regions near Het and 
[8 IIj.A6716, 6731, at two levels of contrast. Heliocentric radial velocities of 
various features are indicated. This 30-minute exposure was taken July 6, 
1983, with the Kitt-Peak 4-meter ICCD system described in §5.3. 
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Figure 62: Schematic structure of the bipolar outflow from AS 353A in the 
case of a jet model (cf. Figure 57 for a similar diagram for a bowshock 
model). The upper right-hand box illustrates the structure of the jet's 
working surface, while the lower right-hand box shows the density structure 
for the working surface in an adiabatic jet according to Smith et al. 1985. 
The jet shown is at Mach 6, and the ambient gas is ten times denser than 
the jet. Note the various oblique shocks in the jet. 
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Figure 63: A 60-minute long-slit spectrum of the HH 32 jet taken June 13, 
1985, with the instrumental system described in §5.3. AS 353A is obscured 
behind the slit decker (towards the bottom of the figure). A faint bridge of 
Ha emission appears to connect AS 353A with HH 32D, but this emission 
is reflected light from the star (§5.2). Each pixel corresponds to 27 kmjs in 
the spectral direction (horizontal) and 0.63" in the spatial direction (vertical). 
The spectrum has been sky-subtracted. 
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Figure 65: Twenty-minute CCD image of Cepheus A in the light of Ha + 
[N II]. Slit positions used for medium resolution spectroscopy are indicated, 
and the HH objects labeled. Objects Hand E are distinctly comma-shaped. 
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Figure 66: Portion of the long-slit spectrum of the HH objects Sand H 
and the reflection nebula 53 (see Figure 65) at the red setting ([N III, Ha, 
[S III, and [0 II). Sky has been subtracted from this spectrum. Continuum 
and emission lines are present in nebula 53. 



228 

D 

[N II]A6548 

Ha 

[N II]A6583 

1-· 

I' 0"0,,,," '"~,~''''''' ,,' """" ' 'II"""",,' ", ,,'" , 

CepA-S I 

R 
I 

[Om15007-1 
E I. L 
A 
T I 
I I 
V 0.5 / 
E / 

/ 

F I 
L I 
U '/ 
X 

--. 

0 

-600 200 

Vlsr (KM/S) 

Figure 67: Top: Contour plot of a portion of the sky-subtracted long-slit 
spectrum of HH objects HW, E, D, C, B, and A in Cepheus A (Figure 65) 
for Ha and the [N II] doublet, showing velocity gradients in the spectra 
of objects E and HW. Contours are drawn at intervals of 60 counts. Each 
tick mark denotes one pixel; the scale is 0.63 N /pixel and 0.594A/pixel for 
the spatial and spectral dimensions, respectively. Positions of the HH objects 
are indicated. Bottom: H(J and [0 III]A5007 line profiles object S extracted 
from the medium (96 km/s) resolution long-slit data at the blue setting for 
Cepheus A. Two peaks are present for H(J, with only a single asymmetrical 
peak evident for [0 III]. Profiles are normalized to their respective maximum 
counts. The integrated [0 III] A5007/H(J ratio for object S is 1.44. 
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Figure 68: The R CrA region. A negative print made from aCTIO 4-meter 
photograph taken by J. Graham on June 8, 1983, with IIIa-F emulsion and 
an RG610 filter. Light covering a wavelength range 6100-6700A is recorded. 
A narrow spike extending to the west of R CrA is discussed in the text. 
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Figure 69: An identification sketch for Figure 68. Velocities of the HH 
objects (referred to the Local Standard of Rest) are shown. The VZ sr of the 
ambient molecular cloud is +5 km/s. 
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Figure 70: This negative print of the region around HH 101 reveals that 
the brightest HH emission resolves into numerous small clumps and wisps. 
Extraordinary subarcsecond seeing allows spatial structure as small as '" 80 
AU to be visible in this photograph. The accompanying key identifies the 
HH objects and shows the slit positions used for the Cassegrain spectra. 
Velocities of the HH objects (V' sr ) are also indic-ated. The print was made 
from a Las Campanas 2.5m plate taken May 5, 1986, with IIIa-F emulsion 
and an RG610 filter (cf. Figure 68). 
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Figure 71: Top: A low resolution spectrum of star 30 near HH 101. The 
deep blend at >'6495A was used to determine the star's spectral type. 
Emission lines superposed from the HH 101B nebula are visible. Fluxes 
are in units 10-14 eI'g cm-2 s-l. Bottom: A high resolution spectrum of 
star 30 showing Ha in absorption. 
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Figure 72: A low resolution spectrum of the emIssIon line star 1-100, a 
T Tauri star recently formed in the R erA cloud. Fluxes are in units 10-14 

erg cm-2 8- 1 • 
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Figure 73: Low (120 km/s) resolution He I line profiles of R CrA showing 
inverse P Cygni profiles. The fluxes are in units 10-14 erg cm-2 s-l. 
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Figure 74: R (top) and I (bottom) images of LkHa 198 and V376 Cas 
taken with the #1 36" telescope on Kitt Peak (Chapter 2). The HH object 
described in §5,7 is visible as an extension to the east of the R image of 
LkHa 198, The reflection nebula to the southeast of LkHa 198 is shaped 
like a ring. 
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Figure 75: A medium (96 km/s) resolution long-slit spectrum of the jet 
from 1548 C27 near Ha (§5.11). The spatial direction is horizontal in this 
figure, and covers 79 H between the left and right edges. A P Cygni profile 
is evident in the stellar spectrum to the left of the diagram (the star was 
partially occulted by a pin to avoid saturation). The blueshifted jet is clearly 
visible in Ha, but is also present at lower light levels in [N II].x6583. This 
spectrum has been sky-subtracted, and the velocity of the strong background 
Ha emission is marked as Vo. Contours are drawn at intervals of 40 counts. 



Chapter 6 

CONCLUDING REMARKS 

In the last four A l063chapters have presented an extensive set of 

observations of Herbig-Haro objects, and have proposed a radiative bowshock 

model to explain the complex morphology and kinematics observed. The 

principal conclusions of this work are summarized below. 

The CCD images of star formation regions in Chapter 2 demonstrate 

th~,\j it is possible to differentiate between reflection nebulae and intrinsic 

emission nebulae like HH objects quickly and accurately over an entire field by 

imaging the area through continuum and emission line filters. Such narrow

band imagery has the added benefit of uncovering any Ha emission stars in 

the area (which are likely to be newly formed T Tauri stars) as well as any 

highly reddened objects (which are often embedded infrared sources). Regions 

of star formation often exhibit extremely complex structures optically, and this 

imaging procedure serves to clarify the nature of each object. Combining the 

optical data with existing infrared and radio observations provides a complete 

description of the area. Results from the survey described in Chapter 2 show 

that one cannot identify HH objects on the basis of appearance alone. Only 

about one-third of the suspected HH objects observed actually turned out 

to be intrinsic emission nebulae; the rest were reflection nebulae, embedded 

stars, or even plate defects. 

237 
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A catalog of high (12 km/s) resolution echelle spectra of HH objects 

and their exciting stars was presented in Chapter 3. Most of the HH objects 

observed exhibit linewidths of hundreds of km/s, much greater than those 

expected from thermal and instrumental broadening. The FWZI of the line 

profiles tends to be similar for different emission lines within a given object. 

Many profiles show two peaks, and these shapes occur for broad-lined objects 

having substantial radial velocities. The low velocity peak is usually the 

stronger of the two. The T Tauri star observations allow one to determine 

whether or not a strong wind emanates from the star, and one can estimate 

the wind velocity and variability from the shape of the P Cygni profiles 

(Chapter 5). 

The problem of determining the line profiles and line ratios from 

an axially symmetric bowshock (with small cooling distances) was solved in 

Chapter 4, where tables of line ratios and line profiles are displayed. The 

bowshock models predict large linewidths for the emission lines (FWZI ,...., 

shock velocity), and double-peaked profiles are present whenever the shock 

velocity is large and the bowshock orientation angle oblique. It is possible 

to estimate the shock velocity and orientation angle of a bowshock using 

single high resolution observation of a low excitation emission line like Ha. 

The bowshock models were compared with the observations in 

Chapter 5, and the overall agreement is quite good. The line ratios predicted 

for HH 2H agree with the observed values from the ultraviolet through 

the infrared, and the same bowshock model also fits the line profiles for 

this object. The double-peaked profiles seen in HH 32 and Cepheus A are 

predicted by the model, and in general the entire problem of large linewidths 
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from a spatially confined area is resolved with a bowshock model. In most 

cases the bowshock appears to be formed around a 'bullet' of material ejected 

from the forming star. Additional images and position-velocity diagrams 

presented in Chapter 5 reveal complications such as comma-shaped HH objects 

and velocity gradients which also agree well with the bowshock models. 

The abundant kinematic data for most of the bright, isolated HH 

objects studied in this work are explained very well with a simple bullet 

model. What does this imply about the physics of the outflow? Specifically, 

how does the young star eject bullets of dense material at enormous velocities? 

Norman and Silk (1979) first proposed a bullet model to explain HH objects, 

and in their scenario the bullets initially form as hot stellar wind impinges 

upon the colder molecular cloud, creating a Rayleigh-Taylor instability. Dense 

clumps then form out of the molecular material, and in Norman and Silk's 

model the clumps fall inward toward the star until they are halted b:r the 

ram pressure of the stellar wind. The objects are then situated close to 

the star, and quickly accelerate up to wind speed. The knots emerge at 

high velocity, and as they ram into the ambient molecular cloud a bowshock 

is formed, which is identified with HH object emission. The dense clumps 

moving inward and outward from the star form the sites of maser emission 

In this model. 

The major problem with this qualitative model is that it is extremely 

difficult to accelerate a clump of gas to supersonic velocities without 

destroying the clump. This problem has been addressed by R6zyczka and 

Tenorio-Tagle (1985b), and they find that it is essentially impossible to 

accelerate bullets to wind speed hydrodynamically. Another possible bullet 
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acceleration mechanism was put forth by Tenorio-Tagle and R6zyczka (1984). 

In their model the stellar wind flows past a large obstacle and conical shocks 

are formed on the lee side of the obstacle. These shocks converge to eject 

dense clumps of material in the direction of the out flowing wind. A familiar 

example of this physics occurs when a stone is dropped into water and the 

water splashes back in the direction opposite to the stone's motion (the stone 

is analogous to the obstacle, and the water is the analog of the molecular 

cloud). There are serious problems with this model as well, since it is 

doubtful that this mechanism could accelerate enough material to account 

for the observed energies of the HH objects. The model also requires that 

a large, dense obstacle block the path of the outflowing stellar wind. Such 

a situation would produce a large bowshock of high shock velocity close to 

the star, which has never been observed. 

We are left with the dilemma of having abundant spectroscopic 

evidence for bullets without a plausible excitation mechanism. Clues to 

the solution of this problem might be found in the study of optical jets 

from young stars. Jets seem to be associated with large numbers of HH 

object complexes, and although many so-called jets have turned out shine by 

reflected light (eg. R CrA and HH 32, Chapter 5), some have spectra 

that resemble HH objects (eg. 1548 C27, Chapter 5). There is strong 

morphological evidence for a 'jet' model of HH objects in some star formation 

regions (HH 46/47, Graham and Elias 1983; R Cr A, Hartigan and Graham 

1987, Chapter 5). It seems natural to attempt to tie the jet and bullet 

models together in some fashion. 

The HH object IRS 5-3 in L 1551 provides a possible link between 
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the bowshock and jet models of HH emission. This object is located at 

the end of a collimated outflowing jet, and yet also looks somewhat like a 

classical HH object, exhibiting broad linewidths that vanish near zero radial 

velocity (§5.10) and showing a. large proper motion (Campbell, Persson, 

Strom, and Grasdalen 1986). This object lies only 1300 AU from IRS 5, 

and the presence of such large proper motions so close to the exciting star 

vividly demonstrates the inadequacy of a shocked cloudlet model (where HH 

objects are not accelerated up to wind speed until they are several tenths of 

parsecs from the exciting star). 

As mentioned in §5.2, jets are extremely difficult to model accurately, 

but some recent results suggest that it might be possible to form bullets 

with jet instabilities. Jet instabilities can grow along the flow boundary, 

and in some cases the jet pinches off, allowing a second working sU1'faee to 

form (Clarke, Norman, and Burns 1986). If these instabilities dominate the 

structure of the jet, then it is conceivable that the jet could simply break 

up into blobs that ram into the ambient medium, This model produces 

bullets that don't need to be accelerated by a stellar wind since they are 

the stellar wind. A bowshock will form around the bullets, and emission 

from the bowshock gives rise to the optical lines identified with HH objects. 

What are the mass loss requirements in this model? An order of 

magnitude estimate for the mass of a bullet (50 MEa) was given in §4.4. In 

the model described above this mass consists of stellar ejecta, so using a wind 

velocity of 200 km/s, a typical separation distance of 0.05 pc, and setting 

the total number of HH objects equal to five yields a stellar mass loss rate 

of 3 x 10-6 M0 yr-1 • This agrees well with mass loss rates expected from 



242 

T Tauri stars on the basis of their P Cygni line profiles (,.., 10-6 M0 yr-1 , 

Hartmann, Edwards, and Avrett 1982). Mass loss rates of ,.., 10-6 M0 yr-1 

fall about two orders of magnitude below those required to drive the molecular 

outflows observed (Bally and Lada 1983). This discrepancy is not necessarily 

a problem since there could also be a strong wind from an accretion disk 

surrounding the star, and this disk wind could drive a, molecular outflow 

while a stellar wind powers any optical jets and HH objects in the area (eg. 

Pudritz, 1985; Pudritz and Norman 1986). 

The models presented here could be improved with the addition of 

finite cooling distances and molecular cooling. One could also relax the 

assumptions of axial symmetry, homogeneous preshock densities, and steady 

outflowing winds, but at some point such additions merely serve to blur 

the relevant physics. On the observational side, a major advance in our 

understanding of HH objects will undoubtedly come with the launch of the 

Hubble Space Telescope. It is impossible to obtain more than a couple 

of spatial resolution elements of data with any ground-based system since 

HH objects are only a few arcseconds in size. The HST should provide 

an additional factor of at least ten in spatial resolution, and one can only 

imagine what structures might be resolved at a resolution of only a few AU. 

This new instrumentation will allow us to probe ever deeper into the exciting 

realm of creation of new planets and suns. Whether most HH objects will 

resolve into horrible messes of knots and wisps (as in HH 101, §5.4) or 

behave as simple bowshocks remains to be seen. 

In summary, the observations of HH objects presented in this thesis 

agree very well with a simple axially symmetric radiative bowshock model. 
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The bowshock appears to be oriented in the sense of a bullet ejected from the 

nearby young star. The most likely acceleration mechanism for the bullets 

seems to be that they are formed due to the breakup of an outHowing stellar 

jet. 
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