
INFORMATION TO USERS 

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete. 

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 

University Microfilms International 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 USA 

St. John's Road, Tyler's Green 
High Wycombe, Bucks, England HP10 8HR 



7901724 

GAUTIER# THOMAS NICHOLAS# I I I  
INFRARED OBSERVATIONS OF INTERSTELLAR 
MOLECULAR HYDROGEN, 

THE UNIVERSITY OF ARIZONA# PH,D t# 1976 

University. 
Microfilms 

International soon, zeeb road, ann ahbor. mi 4b>06 



INFRA-RED OBSERVATIONS OF INTERSTELLAR MOLECULAR HYDROGEN 

by 

Thomas Nicholas Gautier III 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ASTRONOMY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 8 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

i 

I hereby recommend that this dissertation prepared under my 

direction by Thomas N. Gautier III 

entitled Infra-red Observations of InffirsfftlTar Mnlpr.ular Hyrirnffftn 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

Dissertation Director Date f 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:-" 

P * /.I'.ftl.-'-.. August-

l<r 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor­
rowers under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re­
production of this manuscript in whole or in part may be granted by 
the head of the major department of the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in­
terests of scholarship, in all other instances, however, permission 
must be obtained from the author. 



ACKNOWLEDGMENTS 

Like all large projects of this nature this dissertation could 

not have been completed without the contributions of many fine people. 

I would like to particularly acknowledge the timely assistance of 

Dr. Marcia Lebofsky on several occasions during the observational phase 

of this research, the advice and assistance of Drs. Harold Larson and 

Uwe Fink and Richard Treffers throughout the project, and the near 

herculean efforts of my typist, Nancy Moore, to meet the required dead­

lines. My parents and friends supplied unlimited quantities of much 

needed moral support and the many members of the University of Arizona's 

Lunar and Planetary Laboratory are thanked for their always willing 

scientific and technical support. Financial support came from the 

National Science Foundation, the National Aeronautics and Space Admini­

stration, and was supplemented, in small part, by Nocturnal Aviation. 

Last, but most important, I want to thank Dr. George Rieke, my advisor, 

for his support, assistance and patience, without which this disserta­

tion would not have been possible. 

I. • 11 



TABLE OF CONTENTS 

Page 

LIST OF TABLES vi 

LIST OF ILLUSTRATIONS vi i 

ABSTRACT i x 

1. INTRODUCTION 1 

History of the Vibration-Rotation Lines 8 
Outline of Dissertation 10 

2. INITIAL DETECTION OF THE 1-0 LINES 12 

Observations 12 
Identification and Flux Calibration 17 
Temperature Analysis 19 

3. SHOCK EXCITATION OF H£ Ik 

General Characteristics of Shock Heating 26 

4. SURVEY INSTRUMENT DESIGN AND OPERATION 29 

Selection of Technique 29 
Filter Performance ....... 31 
Instrument Configuration 41 
Detector Selection 43 
Detector Optical System 48 
Operating Modes and Procedures 52 

5. SURVEY OBSERVATIONS 58 

Search Method and Strategy 59 
Signal to Noise Calculations 60 

6. H2 NEAR HII 76 

Orion 7^ 
S140 78 
W3(0H) 82 
NGC 7538 (N)-OH 82 

i v 



V 

TABLE OF CONTENTS—Continued 

Page 

7. OTHER H2 SOURCES 92 

LkHcx 3bS 92 
Planetary Nebulae 9^ 
External Galaxies and Our Galactic Center 96 
T Tauri 97 
Supernova Remnants 97 

8. SUMMARY 99 

REFERENCES . 102 



LIST OF TABLES 

Table Page 

1. Ground State Vibration-Rotation Energy Levels in H2 . . . . 5 

2. Wavelengths of Some IR Transitions of 1^ 7 

3. Observed 1-0 H„ Lines and Comparison with Calculated 
Intensities 18 

k. Summary of Observations 6^ 

5. Derived Parameters of ̂  Sources 79 

6. Calculated Thickness of Emissions 80 

7. Source Parameters for UV Fluorescence Mechanism 87 

vi 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Energy level diagram of molecular hydrogen 3 

2. Partial diagram of the lowest vibrational levels of • • • 4 

3. Spectrum of the Beckl In-Neugebauer object 14 

4. Spectrum of a region 10" south of BN in the 
Kleinmann-Low Nebula 15 

5. Schematic representation of the location of the 
spectrometer entrance apertures 16 

6. Temperature fit to BN and KL 21 

7. Filter transmission curves vs. tilt angle 33 

8. Composite monochromator range diagram 37 

9. Transmission center vs. tilt angle calibration curve .... 38 

10. Half intensity width vs. tilt angle 39 

11. Central transmission vs. tilt angle 40 

12. Schematic diagram of detector, filter and guider 
assembly 42 

13. Basic InSb pre-ampl ifier 45 

14. Alternative off-axis optical systems 50 

15. Ray tracing results 51 

16. Block diagram of photometer system 54 

17. Barnard 35 72 

18. Cas A 72 

19. M17 73 

20. OMC-2 73 

vi i 



V I I I  

LIST OF ILLUSTRATIOWS— (Continued) 

Figure Page 

21. Rosette nebula (N6C 2246) 7k 

22. Sgr B2 Ik 

23. SN +1572 75 

Ik. SN +1604 75 

25. Map of the Orion emission 77 

26. Map of the W3(0H) H2 emission 83 

27.  Surface brightness of 1-0 S(1) from shock heating 
calculations 90 



ABSTRACT 

Early in 1976 the present author and associates reported the 

original detection of infra-red emissions from molecular hydrogen in 

interstellar molecular clouds. Several lines of the 1-0 quadrupole 

vibration-rotation band of were seen in the spectrum of part of the 

0MC-1 molecular cloud in Orion. Analysis of these emissions revealed 

the unexpected result that the excited molecular hydrogen appeared to be 

thermally excited to a temperature near 2000K. Column densities in the 

neighborhood of 109 molecules cm"2 were derived for the observed 

region. We suggested that heating by interstellar shockwaves might be 

responsible for the observed emissions. Other authors compared the 

volume density of molecules needed to thermalIze with our derived 

column densities to deduce that the observed probably occurred in 

thin sheets, compatible with the geometry to be expected from shock 

heating. An ultra-violet fluorescence mechanism was shown to be an 

unlikely candidate for the excitation mechanism. Subsequent theoret­

ical work by several groups on shock heating of has shown that this 

mechanism can produce the emission spectrum observed from Orion. Prob­

lems remain, however, in finding an adequate energy source to drive the 

required shock in the Orion region. Shortly after the discovery of Hg 

emissions from Orion some of the same emission lines were detected by 

the same group in the spectrum of the planetary nebula NGC 7027. 

i x  
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A decision was made to pursue a general survey for new molecular 

hydrogen emission sources. The 1-0 S(1) line of was chosen for the 

survey because it was expected to be bright under a variety of possible 

excitation conditions. A wide field, narrow band, tunable monochromator 

and a matching indium antimonide infra-red detector system were built 

for particular sensitivity to large, low surface brightness emission 

sources. The monochromator used a thin film interference filter as the 

wavelength selecting element. Tuning was accomplished by tilting the 

filter with respect to the incoming beam of radiation. 

Thirty-three astronomical objects of several types were included 

in the survey and four new sources were discovered. Three of the 

new sources, Sharpless 1*»0, W3(OH) and NGC 7538 (N)-OH, lie in regions 

of space similar to the region of the Orion source and appear to be 

associated with active star formation. The fourth new source, LkHa 3^9» 

lies in a small isolated molecular cloud, not obviously a region of 

active star formation, and may represent a class of emission source 

separate from the emission sources similar to Orion. Several other 

types of objects were observed: supernova remnants, dark clouds without 

imbedded compact IR sources and external galaxies among others. None 

showed definite signs of emission to a flux level of about 

10~12 erg s"1 cm"2 in a 36" field of view. Other groups have reported 

detection of 1-0 emissions in some of these objects at flux levels 

below those reached in this survey. 

The data on the four new sources discovered in this survey are 

analyzed in terms of current shock heating models and ultra-violet 
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fluorescence models. Since only the 1-0 S(l) line was observed, no 

definite distinction could be made between the two excitation mechanisms. 

The UV fluorescence mechanism is generally unattractive, however, due to 

the apparent lack of the required sources of ultra-violet flux. The 

conditions within the new sources, as determined by the radio molec­

ular observations of other workers, are compatible with the requirements 

of the shock heating mechanism and, if this mechanism is assumed, the 

new emission regions appear to be confined in thin sheets, as was the 

case with the Orion emission. Possible alternatives to this interpreta­

tion are discussed. 



CHAPTER 1 

INTRODUCTION 

Hydrogen is the most abundant element and constitutes roughly 

60% of the mass of the universe. Its gravitational attraction controls 

the dynamics of stellar systems, its nuclear properties dictate the 

energy generation of most stars and its chemistry dominates the chemis­

try of all large bodies in the universe. A knowledge of the 

distribution and physical condition of hydrogen is essential to the 

understanding of the formation and evolution of stars, the dynamics of 

galaxies and the physics and chemistry of giant planets (beginning with 

those in our solar system). At low temperatures the stable form of 

hydrogen is molecular hydrogen, H^, and at the low temperatures and 

high densities encountered in many types of interstellar clouds is 

expected to be a sizable fraction of all hydrogen. In very dense 

clouds <M(H) 1 103 cm"3) the formation rate of H2 on grain surfaces is 

high enough and the destruction rate low enough that almost all hydro­

gen will form on a time scale short compared to the lifetime of the 

cloud. This would make extremely important In the dynamics of dense 

molecular clouds and in the processes of star formation. Unfortunately 

the inaccessibility of its spectrum has, until recently, made observa­

tions of H,, impossible and has left the great bulk of material in 

molecular clouds unobservable. This dissertation describes the first 

1 
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direct detection of molecular hydrogen in a molecular cloud and a subse­

quent survey for emission in a wide variety of celestial objects. 

The spectrum of molecular hydrogen can best be explained with 

reference to the energy level diagrams in figures 1 and 2 and the 

listing in table 1. The only transitions in of any strength occur 

either In the vacuum ultra-violet or in the infra-red. In the UV the 

Lyman and Werner band systems are particularly important since many of 

them lie below the Lyman continuum for atomic hydrogen and may be 

excited and observed over long distances In interstellar space. Direct 

photodissociation is possible with photons shorter than 850A and photo-

ionization with photons shorter than 800A. Radiation associated with 

these transitions would be masked to a large degree by continuum absorp­

tion of atomic hydrogen. Photodissociation can also occur via a 

permitted transition from the C^II or B1I+ states to the vibrational 
r u u 

continuum of the ground state. A more complete description of the 

electronic energy levels and the UV spectrum of 1^, as well as a dis­

cussion of its astronomical properties is given by Field, Sommerville 

and Dressier {1966)-

In its ground electronic state H^ has no permanent electric 

dipole or magnetic dipole moment and the infra-red spectrum of is 

produced via electric quadrupole transitions which follow the rotational 

selection rule AJ = 0, ±2 with J = 0 to J = 0 forbidden, where J is the 

rotational quantum number of the states. Several of the important 

quadrupole transitions within the ground vibrational state, v = 0, and 

between the ground state and the first vibrational state, v = 1, are 
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Table 1 

Ground State Vibration-Rotation Energy Levels fn 

Energy (cm"1) 

0 

V 

1 2 3 4 

0 0.00 4161.17 8087.00 11782.4 15252.1 

1 118.49 4273.75 8193.80 11883.4 15347.6 

2 354.38 4497.84 8406.37 12084.6 15538.7 

3 705.52 4831.39 8722.70 12384.0 15825.2 

J 4 1168.78 5271.39 9139.87 12778.8 16207-3 

5 1740.15 5813-92 9654.07 13265.4 16684.9 

6 2414.88 6454.35 10260.8 13839.3 17258.0 

7 3187.66 7187.39 . 10954.8 14495.8 17926.6 

8 4052.80 8007.32 11730.7 15229.6 18690.7 

This table was derived with molecular constants of H2 from Fink (1965). 
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shown schematically In figure 2. Transitions with AJ = J - J, 
' 3 upper lower 

= -2,0,+2 are called respectively the 0, Q and S branches of a band. 

An individual transition is referred to by its lower state J value, 

S(l) for example. A band is referred to by the vibrational quantum 

numbers of its upper and lower states with the upper state always given 

first. Figure 2 Illustrates the first few lines In each of the 0, Q, 

and S branches of the 1-0 band. Other possible vibration-rotation 

bands are the 2-1, 3~2, etc. with Av = 1 and the 2-0, 3-1, 3-0, *»-1, 

4-0, etc. with Av > 1. The pure rotation spectrum of divides itself 

naturally from the vibration-rotation spectrum because it lies in the 

far infra-red while the vibration-rotation spectrum is confined to the 

near infra-red (table 2). Being quadrupole transitions, all the infra­

red transitions of have low transition probabilities (10~6 to 

10~7 s"1 for vibration-rotation transitions and as low as 10"11 s"1 for 

pure rotation transitions) and are therefore difficult to observe. 

Rocket borne spectrometers first detected astronomical 

absorptions in the vacuum ultra-violet (Carruthers, 1970) and more 

recently an extensive study of molecular hydrogen in diffuse interstel­

lar clouds has been carried out using the Copernicus satellite (Spitzer 

et al., 1973). While UV studies of are useful in the understanding 

of the general interstellar medium they are unfortunately not suited to 

the study of dense molecular clouds. UV studies can only observe on 

the line of sight to an early type star or other hot object and cannot 

penetrate to any depth into dense clouds due to scattering and absorp­

tion by dust. The great utility of infra-red observations of lies in 



Table 2 

Wavelengths of Some IR Transitions of H2 

Pure Rotation 

X(p) 

S(0) 28.2 

S (1) 17.0 

S (2) 12.3 

S (3) 9.66 

S(4) 8.03 

V i b rat i on-Rotat i on 

x (y )  x (y )  x (u )  

(1-0) 0(4 )  3.004 ' 0.(3) 2.425 s (o )  2.224 

0(3) 2.803 0.(2) 2.414 S(1 )  2.122 

0(2) 2.627 0(O 2.407 S(2) 2.035 

(2-1) s  (0 )  

S (1 )  

2.356 

2.248 

(2-0) s  (1 )  1.162 

(3-0) S(1 )  0.815 
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their ability to penetrate to great depth into dark clouds and in fact 

to see into the heart of regions of active star formation. It is also 

no small advantage that infra-red studies, at least of the vibration-

rotation spectrum, can be carried out from the earth's surface. The 

intensities of the lowest J pure rotation lines have been predicted to 

be strong in dense, collapsing clouds (Gould, 1964; Field et al., 1968), 

but these lines have yet to be detected. The vibrat ion-rotation lines 

remained undetected despite considerable effort on the part of several 

investigators until their detection in the Orion molecular cloud by the 

present author and associates in 1976. 

History of the Vibration-Rotation Lines 

The observational history of the near infra-red lines of Hj in 

astrophysical contexts (excluding planetary studies in this case) has 

been mainly marked by failures and pitfalls. Spinrad claimed to have 

observed some 2-0 transitions (X ̂  1 u) in several cool stars including 

ot Ori (Spinrad, 196A and Spinrad, 1966) but later failed to observe 

lines of the stronger 1-0 band in high resolution spectra of a Ori 

obtained by P. and J. Connes (Spinrad and Wing, 1969). Lambert, Brooke 

and Barnes (1973) have subsequently claimed identification of ̂  1-0 

lines in a Her consistent with model atmosphere calculations and have 

suggested alternative identifications for the "2-0 lines" observed by 

Spinrad. Hall has also observed 1-0 lines in several cool stars (Hall, 

Hinkle, Ridgway and Wojslaw (unpublished paper). 

Osterbrock (1962) pointed out that vibration-rotation emission 

could be produced in the neighborhood of hot stars by absorption of a 
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UV photon into an excited electronic state of followed by decay to 

excited levels of the ground electronic state. Gould and Harwit (1963) 

estimated the flux to be expected from this fluorescence process in the 

1-0 and 2-0 bands of H^. No immediate effort was made to observe these 

lines although Gould and Harwit felt that the emission intensity would 

be within the capabilities of existing instrumentation. Werner (1968) 

determined that the fluorescence lines In the 3~0 band near .8 y should 

be detectable from HI regions near hot stars with available equipment. 

Werner and Harwit (1968) then used a pressure scanned fabry-perot 

interferometer and a photomultiplier detector to search for selected 

3-0 lines in several astronomical sources. They reported the detection 

of the 0(2) line in a dark region of the Orion nebula (NGC 1976). A 

repetition of the 0(2) observations with a new fabry-perot by Gull and 

Harwit (1971) unfortunately failed to confirm the earlier detection. 

Some years later Black and Dalgarno (1976) published a detailed 

calculation of the intensities to be expected from the brightest 

Av = 1, 2 and 3 lines of excited by UV radiation from nearby hot 

stars and again indicated that the predicted flux levels were within 

the capabilities of existing instrumentation. About the same time 

Gautier, Fink, Treffers and Larson (1976) Identified seven lines of the 

1-0 band of H2 in spectra of the Becklin-Neugebauer object and the 

Kleinmann-Low nebula in the Orion molecular cloud. Aside from the 

unmistakable existence and identification of these lines the striking 

conclusion of these observations was that the observed was not 

excited by ultra-violet absorption but rather by some process which 
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produced a thermal population distribution with a temperature of about 

2000K. Almost immediately several 1-0 lines were identified in the 

spectrum of the planetary nebula NGC 7027 by the same group (Treffers, 

Fink, Larson and Gautier, 1976) and the presence of the Orion emission 

was confirmed and the emission region mapped by Joyce and Grasdalen 

(1976). Subsequently, 2 y ̂  emission has been detected in five more 

planetary nebulae (Beckwith, Persson and Gatley, 1978). T Tauri 

(Beckwith, Gatley, Matthews and Neugebauer, 1978), in four more molec­

ular clouds near HXI regions (this dissertation) and in the Seyfert 

galaxy NGC 1068 (Thompson, Lebofsky and Rieke, 1978). Considerably 

detailed observations of the Orion emission have also been made by 

Beckwith, Persson, Neugebauer and Becklin (1978), by Joyce. Gezari, 

et al. (1978) and by Ogden et al. (unpublished paper). 

Outline of Dissertation 

After the initial detection of the 2 y lines in Orion and 

NGC 7027 the dissertation project which has resulted in this paper was 

begun. Dr. Rieke suggested that a search for 1-0 emission with a 

sensitive, wide field instrument would be a more timely dissertation 

than the project which had produced the first H2 spectra from Orion. 

This suggestion was implemented with the design and construction of a 

wide field monochrometer and an extensive program of survey observations. 

The body of this dissertation will detail the instrumentation, observa­

tions and results of the survey beginning with a description of the 

original Orion detection. Considerable effort was put into the survey 

instrument and an entire chpater is devoted to its description. A 
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quick treatment of the recent theoretical results concerning shock 

heating of is given as background for the interpretation of the 

survey results. The survey is then described and the results presented. 

Lastly the survey results are analyzed in terms of current theoretical 

models of molecular hydrogen excitation. 



CHAPTER 2 

INITIAL DETECTION OF THE 1-0 LINES 

The 2 p emission from was originally discovered somewhat by 

accident in the course of a research project into the nature of compact 

infra-red sources undertaken by myself. As reported in Gautier et al. 

(1976), I, Richard Treffers, Harold Larson and Uwe Fink had used the 

Steward Observatory 229 cm (90 in.) telescope and the Lunar and Plane­

tary Laboratory's fourier transform spectrometer to obtain a low 

resolution 2 y spectrum of the Becklin-Neugebauer object in the Orion 

nebula on 23 October 1975. This spectrum showed an unidentified line 

at 2.12 y. To confirm the existence of this line and to obtain a more 

accurate wavelength measurement we used the 229 cm telescope again on 

15, 16 January 1976 to produce higher resolution (3-3 cm"1, v/Av « 1500 

at 2 u) spectra of BN and the nearby Kleinmann-Low Nebula. These new 

spectra confirmed the presence of the 2.12 y line and showed several 

new unidentified emission features as well. Treffers subsequently 

identified the 2.12 y line as the 1-0 S(1) line of molecular hydrogen 

and we found six more 1-0 lines among the newer unidentified emissions. 

Observations 

The fourier transform spectrometer used was a rapid scanning 

type with a resolution capability of 0.5 cm"1 and is described more 

fully by Larson and Fink (1975). Dual input beams were used for sky 

12 
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cancellation and a liquid nitrogen cooled indium antimonide detector 

was used in each of the two output beams. Cooled filters restricted 

the spectral passband to 0.83 ~ 2.7 U- The maximum path difference in 

the interferograms was 0.18 cm, producing spectra with an unapodlzed 

resolution of 3.29 cm"1. The detector's field of view was 7*3" square 

(1.25 * 10"9 sr), and the separation between the Input beams was 84". 

Spectra were taken both of BN and part of the Kleinmann-Low nebula 10" 

south of BN. These spectra along with the spectrum of a comparison 

star (n Boo, GOIV) and a ratio spectrum of BN are displayed in figures 

3 and 4. The spectrum of ti Boo indicates the positions of interfering 

telluric t^O (>5000 cm"1 and <4200 cm"1) and CO^ (4850 cm-1 and 

4974 cm-1) absorptions. The ratio spectrum of BN was produced by 

dividing the spectrum of BN by the n Boo spectrum and multiplying the 

result by the calculated spectrum of a 5920K blackbody, appropriate to 

the effective temperature of a GOIV star. The spectrum of BN represents 

about 2.1 hours of effective integration time; that of KL, about 0.3 

hours. 

The locations of the input beams are shown in figure 5 as dia­

monds representing the actual projections of the detector on the sky. 

The spectrum of BN in figure 3 is the average of two spectra, one taken 

with the signal beam at A and the reference beam at A1 and one taken 

with the signal beam at A and the reference at A". B and B' represent 

the signal and reference beam positions respectively for the spectrum 

of KL shown in figure 4. 
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Identification and Flux Calibration 

Table 3 gives the positions of seven lines of the 1-0 

quadrupole vibration-rotation spectrum which are visible in our spec­

tra. None of the seven are wider than our instrumental profile. With 

the exceptions of S(0) and S(2) in KL, which are badly distorted by 

noise, all lines indicated fall within 1 cm-1 of their laboratory 

positions. Heliocentric radial velocities derived from the strong S(l), 

Q(1), and Q.(3) lines are 10 ± 8 km s"1 for BN and 22 ± 8 km s"1 for KL. 

Reduced to the local standard of rest (assuming Vs|jn - 20 km s-1), 

these become -7 ± 8 km s~l and +5 ± 8 km s"1 for BN and KL respectively, 

consistent with other LSR velocities for Orion of ̂ -3 km s"1 for HIT 

recombination lines and ̂ +9 km s-1 for radio molecular emission (Liszt 

et al., 1971*). 

The absolute fluxes of the lines in the BN spectrum were 

calibrated using the continuum level of BN at 2.2 y and a broad-band 

2.2 y flux measurement taken from Gillett and Forrest (1973). No 

flux was assumed to enter the reference beam. Instrumental and atmo­

spheric corrections were determined from observations of the stars 

n Boo (GOIV) and \ Ser (GOV) as described in Treffers et al. (1976). 

Since low resolution instrumental corrections cannot properly be 

applied to emission lines between unresolved telluric absorption fea­

tures, a higher resolution (0.1 cm"1) spectrum of the Sun was examined 

to determine the relative positions of telluric lines and emission 

lines. Depending on the exact location of the line, a maximum of 

20% telluric absorption is possible, with the exception of S(3) which 



Table 3 

OBSERVED 1-0 H2 LINES AND COMPARISON WITH CALCULATED INTENSITIES 

Surface brightness normalized to S(l). Absolute value for S(1) 
and derived column densities are given at bottom. 

Line Rest 
Frequency* 

(cm-1) 

Transition 
ProbabIIIty* 
(I0-7 sec-') 

Measured 
Frequency 

(cm-1) 
BN KL 

Measured Surface 
Brlghtnessttt 

BN KL 

Calculated Surface Brightness 

2000K 1000K 300K 

Q<3) 4125.87 2.29 '•125-9 1125-7 0.50±0.12 0.67±0.08 0.54 0.54 0.54 

Q(2) ' 2.66 4143.0 4143.2 0.29i0.15 0. l4i0.0B 0.19 0.25 0.75 

Q(D '1155.26 3.32 '(155.0 4154.9 0.6U0.15 0.69±0.08 0.81 1.21 7.86 

s(0) 4497.84 2.47 4497.5 4498.9 0.1 ±0.08 0.2 ±0.1 0.20 0.25 0.76 

S(1) <(712.91 3.66 *"712.7 4712.5 1.0 1.0 1.0 1.0 1.0 

S(2) 4917.01 4916,2 4915-2 0.50±0.08 0.1 +0.05 0.40 0.29 0.07 

5(3) 5108.41 . 27 5107.7 >0.5** 0.98 0.48 0.02 

S(I) Absolute surface brightness* 3-0±0.5x10~3 3.6±'x10~3tt 
(erg cm~asec"1sterad"1) 

Column density around BN (cm-2) based on S(l) 9-4±1.5x101B 1.4±0.2x102' 5.0iO.8x|O?e 

* From laboratory frequency and Intensity measurements by Fink, Wiggins, and Rank (1965) 

** Strong Interference by telluric water 

t Using a detector field of view of 1.25 * 10~9 sterdd, and a flux from BN of 3-4 * I0~16 w cm"2 ji"1 at 2.2 u 
from a broadband measurement In Glllett and Forrest (1973) 

tt Using S(1)K^ « 1.2 * SOgfj as discussed In text 

tt+ Uncorrected for reddening 
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may be severely attenuated. Since KL has no observed continuum, a com­

parison of signal-to-noise ratios between BN and KL was used to 

determine that the S{1) flux from KL is probably 1.2 ± 0.3 times that 

from BN. These absolute fluxes are given in table 3. Comparison of 

individual spectra before averaging indicated that the region A1 (84" 

northwest of BN) may have 15 percent of the emission strength of BN. 

Temperature Analysis 

The presence of the excited in Orion of course raised the 

question of possible excitation mechanisms. Black and Dalgarno (1976) 

had published detailed calculations for the expected intensities of 1-0 

lines due to excitation by ultra-violet radiation. However, these pre­

dicted intensities did not agree with out observed Intensities. Black 

and Dalgarno predicted strong lines from overtone bands (2-1, 3~2, etc.) 

which we did not observe. Further, their predicted intensity ratios 

among the lines we did observe did not match the real intensities. As 

an alternative we attempted to fit an ordinary thermal excitation model 

to our data. Uwe Fink undertook the calculations for this fitting pro­

cedure and an explanation of his method and results follows. 

If the observed lines are optically thin and the molecular 

energy levels exhibit a Boltzman distribution (collisional excitation 

is the simplest way to produce this) the observed line intensity for a 

transition from an upper state 2 to a lower state 1 is given by 

N(2J2 + l)g,hv 

Q (T)Q (T)% exP('(Ev2 + Er2*/kT' 12 
(1 )  
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where N is the number of molecules per cm"2, 2J2 + 1 and g^ the angular 

momentum statistical weight and nuclear spin statistical weight respec­

tively of the upper level , ̂ (T) and Q_r(T) the vibrational and 

rotational partition functions respectively, + E^ the energy due to 

rotation and vibration in the upper level, hv^^ the transition energy 

and the spontaneous emission probability in s"1. 

Rearranging equation (1) and taking its logarithm results in 

In 
f*7rI21 

L(2J2 + 1)92hV21A21 
- In 

r^)+<V(Dl_ Ev2 + Er2 

N J kT 
(2)  

A plot of the left side of (2) against upper level energy for each line, 

leaving 1n(Q/N) as an arbitrary additive constant, should result in a 

straight line with slope -1/kT. This procedure was carried out for 

both BN and KL with the results shown in figure 6. Assuming the linear 

dependence, a weighted least squares fit (weight of zero for S(2) in KL 

with other weights according to the uncertainty in the observed flux) 

gave temperatures of 2500(+1500, -700)K for BN and 1^00(+1700,-600)K 

for KL, No correction for reddening was applied. 

A qualitative limit to the amount of reddening and saturation is 

provided by the close proximity of the S(l) and Q(3) lines in figure 6. 

These lines arise from the same upper level and should plot at the same 

position regardless of excitation mechanism, so long as saturation 

effects are negligible. Our neglect of reddening Is justified by the 

overlap of the error bars for S(1) and 0.(3). The ratio of ortho to 

para molecular hydrogen (nuclear spins parallel and anti-parallel 
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Figure 6. Temperature fit to BN and KL. — Dotted lines 
are the weighted least squares fit to the data points. 
The slope of the lines is -hc/kT. Triangular limit marks 
refer to error estimates for Q lines, straight marks 
refer to S 1ines. 
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respectively) can also be seen to be near the ratio of 3:1 expected at 

high temperatures (>700K) since equation (1) assumes population accord­

ing to strict thermal equilibrium. 

Once it was seen that a thermal excitation model was reasonable 

and a temperature was obtained the ln(Q/N) term in equation (2) could 

be used to derive a column density of the excited Using 2000K we 

derived N{H^) of 9 x 1018 cm"2. This value was later closely duplicated 

for the areas around BN and KL by Beckwith, Persson, Neugebauer and 

Becklin (1978) from a more extensive series of observations of the 

Orion emission. 

Although not pointed out in our 1976 paper because we had other 

evidence for thermal population distribution, particle collisions will 

not guarantee a thermal population unless they are frequent enough to 

cause the molecules to undergo several collisional transitions for 

each spontaneous radiative transition. The small spontaneous transition 

coefficient of tends to ease the requirements on temperature and 

density of the to produce the needed collisional transition rate but 

a low inelastic collisional cross section results in a requirement of 

about N(H^) = 105 cm"3 at 2000K. it was later noted by some authors 

that space densities of this order combined with the observed column 

densities indicate that the excited is confined to very thin sheets. 

(<10llf cm »v> 7 AU). That is about 10"^ of the observed extent of the 

emission in Orion perpendicular to the line of sight. A clumpy or 

filamentary geometry may be an alternative to a thin sheet. This 

point will be discussed In a later chapter. The ease of detection of 
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these high intensity emission features of offered the exciting possi­

bility of a new, generally useful probe of the deep interiors of dark 

clouds. With this opportunity and the encouragement of my thesis 

advisor I decided to build an instrument suitable for a general survey 

for large, low surface brightness emission. After a brief digression 

into the theory of shock excitation of I will describe the instrument 

and the resulting survey. 



CHAPTER 3 

SHOCK EXCITATION OF H2 

Following the initial detection of H2 emission several groups 

began theoretical Investigation of possible excitation processes. The 

principle results of these investigations have appeared in five papers 

(Hoilenbach and Shull, 1977; Kwan, 1977; London, McCray and Chu, 1977; 

Shull and Hollenbach, 1978; and Shull, 1978). I present here a summary 

of these results. 

Black and Dalgarno (1976), in their study of near uitra-violet 

fluorescence in H2, found that after an molecule had been electron­

ically excited by absorption of a UV photon in its Lyman or Werner 

absorption bands there was about a 2% probability that the excited 

molecule would emit an S(l) photon during its cascade back to the 

ground state. They assumed that molecule-molecule collisions did not 

significantly alter the level populations among the cascading molecules. 

Hollenback and Shull (1977) applied the Black and Dalgarno cascade cal­

culation to the observed H2 emission from Orion and found two 

difficulties with the mechanism. First, assuming that the dust mixed 

with the H2 absorbs 75% of the flux in the 912-1100A region and the H2 

absorbs the remaining 2$%f 91C Ori, the major near UV source, is too 

faint by a factor of at least three to explain the observed S(1) inten­

sity. Second, the needed flux level of NUV radiation would probably 

heat the dust grains in the region of the emitting H2 to a temperature 

2k 
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('vlOOK) at which the formation of new hydrogen molecules would cease. 

The destruction rate of from the UV radiation would then be so great 

that no Hj, would exist in the irradiated region. At NUV flux levels 

low enough to allow the continued existence of the S(l) strength 

would be only 3& of the observed intensity. Kwan (1977) reaches a 

similar conclusion concerning the energy deficit of 01C and also con­

siders the possibility of an NUV source imbedded in the molecular 

cloud. He finds that the luminosity of the Kleinmann-Low region is 

consistent with the existence of an NUV source bright enough for the 

excitation but then points out that the angular size of the emission 

region is incompatible with the lack of a radio detectable HII region 

at the position of KL. Both Hollenback and Shu11 and Kwan point out 

that at higher densities than those assumed for Black and Dalgarno's 

calculation {103 cm"3) the cascade population distribution may be modi­

fied sufficiently by collisions, particularly "resonant" inelastic 

collisions in which, for instance, a molecule with v = 0 collides with 

a molecule with v = 2 to produce two molecules with v = 1, to enhance 

the S(l) radiation rate to the observed level. Neither paper completely 

rules out excitation by NUV radiation; however, both suggest that exci­

tation of the H2 by collisions in the hot, dense region behind a shock 

front is the simplest, most direct way of explaining the emission in 

Orion. Shul 1 (1978), in a more detailed discussion of the cascade pro­

cess, also concludes that the explanation of the Orion emission most 

likely lies elsewhere than with NUV fluorescence. 
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General Characteristics of Shock Heating 

Hollenback and Shull (1977), Shull and Hollenbach (1978) and 

London et al. (1977) have all carried out detailed calculations of the 

physical behavior and emitted spectrum of dense molecular clouds where 

essentially all H Is in the form of in the wake of strong shock 

fronts. All these groups reach essentially the same conclusions with 

differences occurring mainly in the limiting velocities of the shocks 

due to poorly known collisional dissociation rates for The general 

characteristics of the shock heating process are as follows. 

1. There is minimum pre-shock density, n_ £ n . „ ̂  105 cm"3, 
r 0 crit * 

below which radiative processes dominate inelastic collisions 

in the population of the energy levels and prevent the 

establishment of a Boltzmann distribution, at least among the 

levels producing the observed radiation. 

2. Shock velocities above Vg = 8 km s"1 are needed to produce 

the observed intensities In Orion but velocities above about 

21 km s-1 will dissociate so much that no radiation 

will appear. 

3. In the Immediate post shock region the vibrational and rota­

tional modes of the molecules have not been excited, the 

translational temperature is ^5300K(Vs/10 km s""1)2, and n = ^n^. 

The difference in the internal temperature and the transla­

tional temperature is due to the large difference between the 

elastic and inelastic collisional cross sections of H^. 

Further behind the shock the internal modes of the are 


