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CHAPTER 1
INTRODUCTION

A. Cosmic Microwave Background Backeround

The existence of a blaclf;body background radiation as a permanent
remnant of the flash of radiation of the 'big bang" was first suggested hy
Gamow and his collaborators (Gamow 1948, Alpher and Herman 1958). Using
Friedman's (1922, 1924) solution to the field equations of General Relativ:ity
for an expanding isotropic homogeneous universe, Gamow and his associates
attempted to explain the present element abundances in terms of nuclear
reactions occurring during the first few seconds or minutes of the expansion.

They showed the following {(Alpher and Herman 1950, 'Gamow
1949, 1953, Alpher, Herman,and Gamow 1967):

1. At early epochs radiation would be in thermal eguilibrium and
thus would have a thermal spectrum. More important,at that time it would be
the dominant component of the total energy density.

2. As the universe expanded the radiant energy decreased as the
mverse fourth power of the scale factor, On the other hand, the matter rest energy
density decreased only as the inverse third power of the scale factor ; hence
eventually if became the dominant component of the total energy density.

3. At an epoch when the temperatureragapproximately lii)4 °K, the
radiation decoupled from the matter. In spite of the complexities of this de-
coupling process the distortion of the blackbody spectrum of the radiation by
this process would be small. Peebles (1968) has since treated this process

in some detail and has shown this to be essentially a consequence of the fact that
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the energy density of the radialion at the time of recombination of the primeval
plasma (~ 109 ev/baryon) is verv much greater than the 13 ev/baryon released
by hydrogen recombination.

4. Following the decoupling, the racdiation would appear to an ob-
server who was a rest with respect to local matter as Doppler shifted blackbody
radiation. The well known result that Doppler shifted blackbody radiation be-
comes blackbody radiation with a lower temperature implies that the radiation
would still have a thermal spectrum.

5. Synthesis of Hes, He4, and H2 15 possible during the first few
minutes of the expansion of the universe It is important to note here that
Gamow's original aim was to account for the genesis of the majority of elements,
but there now seems little doubt that elements heavier than He4 cannot be s0
produced (Fermi and Turkevich 1950, Wagoner, Fowler and Hoyle 1967,
Peebles "1968). They are presumably made mn s.ars (Burbidge, Burbidge, Fowler,
and Hoyle 1957).

Gamow realized that the radiation would persist to the present epoch,
but unfortunately he did not suggest any attempt to detect 1t experimentally. It
was not until the work of Dicke and his coliaborators (1966) who were looking
for observable consequences of an expanding universe that the background rad-
iation was reconsidered, * and they specifically constructed a specialized radio-

mndently Doroshkevich and Novikov (1964)esamined existing observational
data in an attempt to determine 1f there was any evidence for the existance of the
radiation considered by Gamow. Unfortunately, due to a misreading of a paper

by Chm (1961) which described the results obfained at the Bell Telephone Labor-

atories with an absolutely calibrated corner horn reflector and a quiet receiver,
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telescope for its detection. However, the radiation was {1rsi detected hy

Penzias and Wilson (1965), when it was pointed out to them by Dicke that the
excess antenna temperature of unknown origin of their exceptionally quiet
microwave radiometer might be due to the radiation which the Princeton group
was seeking. The sccond observation of the radiation followed within a year,
and was that of Dicke's co-workers Roll and Wilkinson { 1966) Their measure-
ments as well as others madc subscquently, are shown in Figure 1. The best
present estimates suggest ~ 2. 7°K for the temperature of this radiation.

One .of the importanl predictions of the theory 1s that the radiation
should have a spectrum corresponding to that of a blackbhody. For a temper-
ature ~3°K this would peak at about a millimeter.in wavelength. As can be
seen from Figure 1, the thc?mal character of this radiatlion has been conlirmed
over more than two decades m {reguency in the long wavelength portion of the
spectrum However, since mosi of the energy density lies at the short wave-
length portion where measurements have not yet been made, 1t is of great
mmportance that observations be extcended to this spectral region If the
thermal character of this racdiation is eventually confirmed, 1t will provide

very compelling, and perhaps conclusive evidence in favor of the expanding

umverse

they came to the conclusion that there was no evidence for its existence. Penzias

and Wilson (1965) eventually used the same instrument to first detect the rad-

iation.
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B. Observational Difficulties

Direct observations have not been made at short wavelengths because
of the presence of atmospheric H20 and O2 absorption lines. These increase
in both strength and number as one goes to shorter wavelengths. Their resulting
opacity causes the atmosphere to radiate with an intensity which is large compared
with that of the background. In addition, the blackbody background intensity
begins to fall off exponentially with increasing frequency beyond about a milli-
meter in wavelength. Thus 1t appears that beyond A ~3mm, for all practical
purposes, the "radio window'" 1s closed, and one must place radiometers above
the atmosphere 1n order to make direct background measurements.

Fortunately, it is possible fo-circumvent the problem of atmospheric
opacity by using observations of optical spectra which are due to absorption by
the interstellar molecules CN, CH, CH+. An analysis of the absorption spectra
of these molecules can be used to determine to what extent the molecules , are
being excited by the background radiation. A measure of this excitation can
then be used to infer the intensity of the existing background.

This dissertation describes how this is done. The resulting measure-
menté'. made by the use of these molecules are shown in Figure 1, where they are

labeled CN, CH, CH+.

C. Interstellar Molecules

The optical interstellar absorption lines due to the interstellar mole-
cules CN, CH, CH+, were discovered by Adams and Dunham (1937, Dunham

1941, Adams 1941, 1943,1949). Following the suggestion of Swings and Rosen-
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feld (1937) that the line at 3 4300. 34 might be due to CH, McKellar (1940)
succeeded 1n 1dentifying this feature with CH as well as the line at ) 3874. 64
with CN. At that time he predicted the presence of several other lines of CH

as well as the presence of the R(1) line of CN at 13874. 0k Acting on the sugges-
tion of McKellar, Adams succeeded in observing the additional lines of CH as
well as the faint CN R(1) line. Douglas and Herzberg (1941) then produced

CH+ in the laboratory, and positively identified the features at 24232, 8k and

X 3957. 0& as due to that molecule.

It is surprising to consider that McKeilar's (1941) estimate of 2. 3°K
for the rotational temperature of the interstellar CN m front of ( Ophiuchi was
probably the first measurement of the cosmic microwave background — twenty~
eight years ago! His temperature measurement was made from Adams' visual
estimates of the absorption line strengths,so his result was crude. At the time,
though, he attributed little significance to this result stating (McKellar, 1940)

" ..the 'effective' or rotational temperature of inter-

stellar space must be extremely low if, indeed, the con-

cept of such a temperature in a region with so low a den-

sity of both matter and radiation has any meaning. ..

His 2. 3°K measurement is also mentioned in Herzberg's (1959, p. 496) Spectra

of Diatomic Molecules, suggesting that it "...has of course only a very re-

strictive meaning. "

The starting point of our work was a crucial suggestion by N. J. Woolf
based in turn on a discussion by McKellar (1940) which preceeded Adams' dis-
covery (McKellar 1941) of CN A 3874.0A. He suggested that the absence of

excited state CN lines placed a severe limit on the temperature of background
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radiation As we shall see, not only do these molecules set upper limits to this
radiation, but in all probability they may also be used to eff'ecf: an aclual measure-
meni of it

In addition tv our work on thus problem (Thaddeus and Clauser 1963,
Clauser and Thaddeus 1969, and Bortolot, Clauser, and Thaddeus 1969) similar
work has also been pursued by Field and Hlt(:'hcock (1966), while Shklovsky (1966)
made an early suggestion that McKellar's (1941) observation was a consequence

of the background radiation.

D. Purpose of Dissertation

Thz central purpose of this dissertation is to extract.the largest
feasible amount of information on Lhe‘short wavelength spectrum of the micro-
wave background radiation from a number o‘f spectra of interstellar molecules
that were available 1n the summer of 1966 The work may be divided nto roughly
two parts. an observational part and a theoretical part In the observational part,
we first show how one calculates the background intensity from the spectra of
the interstellar molecules (Chapters 2 and 3). Second, 1n order to utilize the
existing spectrograms. we develop new techniques of spectrophotometry (Chapter
4, Appendix 4) Third, we present the results of the application of these tech -
niques to the problem at hand, and the resulting upper limits to and measurements
of the intensity of the background radiation (Chapter 5).

On ihe theoretical side, we first consider what assumptions concerning
the location of the molecules will be necessary, such that (1) the molecules will

set upper limits to the background intensity, and (2) the molecules will yield
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reliable measurements of the background intensify. It will be seen that the use
of the molecules to set intensity upper himits plz‘lces only minor restrictions on
the molecular environment, however, their use to make intensity measurements
requires the absenceiof alternate molecular exc1tati’on mechamsms (Chapter 2).
We therefore provide an analysis which considers possible excitation
schemes that are consistent with sur presént understanding of the conditions tound
in the intersgtellar medium We find that a necessary assumption for the mole-
cules to y1eld reliable intensity measurements £s that they reside in a normal
H I region {Chapters 6,7, and 8)
After a review of the existing evidence that the molecules do reside
man HI region, we proceed to present new evidence to further substantiate
this contention. This will consist of (1) the observed invariance of the excitation
of the intersteilar molecules, and (2) the results‘ of new 21cm H I observations

1n the direction of these molecular clouds (Chapier 9)
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CHAPTER 2

THE USE OF INTERSTELLAR MOLECULES TO OBTAIN UPPER LIMITS AND
MEASUREMENTS OF THE BACKGROUND INTENSITY

A Excuafion Temperature of Interstellar Molecules

The method which we exploii to obtain 1nformation concerning the
short wavelength spectrum of the hackeround radiation 1s the familiar one used
to find the temperature of molecules and their environment from molecular
spectra (Herzberg 1959), Itis a general.tool widely used n astronomy fo
deterrmine the temperature of planetary and stellar atmospheres, and finds
considerable application m the laboratory to the study of flames, rocket

exhausts, etc .

7N | ~
‘ I, - ammmy  —— A —— —t— — o "*‘: ‘:--
T T T T ! ﬁl
f;gg INTERSTELLAR COUDE

HI CLOUD SPECTROGRAPH

A typical observational situation is iliustrated schematically above
The 1ntensity 1in absorption of lines in a molecular electronic band is proportlom-al
hoth to {he square of the transifion matrir element and the population of the lower
level of the transition  As long as the molecules are m thermal equilibrium
(or at least their rotational degrees of freedom are 1n thermal equilibrium) the

relative populations of the rotational levels are wn turn given by the usual Boltz-

mann expression
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n,

Jie]

I S —<E -
. s exp [ (Ei Ej) / kT (2. 1)
] ]
where
n, is the population of level i and

g is the statistical weight of that level

E1 is the energy of that level

It is now clear that the relative intensity of optical absorption lines in the band
is a function of T alone, and may be used {o determine T if the rotational term
scheme and relative transition matri;c‘ elements of the molecule are known, as 1s
usually the case. Even if thermal equilibrium does not hold, 1t should be obvious
that equation (2. 1) can be used to define an execitation' or ”rlatatmnal” temp-
erature Tij with respect fo any two levels 1 and 3.

Consider now possible causes of this excitation; it could be due fo
either radiation or collisions. If radiation which has a thermal spectrum with

temperature T__ is the only (or dominant) cause of the molecular excitation,

B

then on purely thermodynamic grounds Tij =T In this case only the emission

B
and absorption of photons with frequencies

vi] = (Ei - E}_) /= W / 2 (2. 2)

m the molecular frame of rest are mvolved in the excitation; and only the portion

of the radiafion spectrum over the narrow Doppler width

Av., /v a-sl()_5
1"

of the transition is involved in the excitation of the molecules. Thus 1f the

radiation does not have a thermal spectrum, but over these intervals if has the
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same intensity as that of a blackbody temperature T_, then the relation

B
T = will holad:
B le 11l hold

On the other hand if the excifation 1s collisional, or 1s due to a
mixture of radiative and collisional processes, T1J will generally set an

upper limit to the intensity of raciation at vlj Thus we see thal a measurement

of '1‘1J will yield useful information on the background radiation density.

B. Astronomaical Situation

In the astronomical situation of interest {o us the molecuies are
located in a tenuous interstellar cloud, while the source of radiation against
which absorption 1s being observed i1s an O or B star at a typical distance of
100 pe. Since the inierstellar lines are very sharp,and for the molecules, at
least, always weak, the largest telescopes and Coudé spectrographs are required
to detect the Iimes. In fact, virtually all the molecular observations have been
made with three instruments; the Mt. Wilsgon 100-inch, the Mt. Palomar
200-1nch, and the Lick Observatory 120-inch reflectors.

There are several reasons why interstellar lines have so far only
been investigated against early stars. Perhaps the most important 1s the high
intrinsic luminosity of these objects, which allows high resolution spectroscopy
to be done 1n reasonable exposurc times to distances of up to several hundred
parsecs. For much smaller path lengths, the probability of intercepting an
interstellar cloud which possesses appreciable molecular absorption 18 very
slight. There is the additional factor that O and B stars have been so recently
formed that they usually lie near the galactic plane, and thus in the vicinity (or

at least the direction) of interstellar matitcr Also an important technical con-



sideration is that the spcectra ol these slars are comparatively leatureless, many
of the spectral lines are duc to 10mzed aloms  and the lines arc usually wide

due to the high temperature and/or rotation of the star. In marked contrast to
the situation with cool stars, there s therelore little hkelihood that the inter-
stellar lines will be blended or ohscured by sicllar leatures. Purely-from the
technical pomt of view we thus sce that carly stars arc 1deal objects to use as

Light sources for long range optical absorption spectroscopy of mterstellar matter.

C. Calculation of le

It 1s straight forward to calculate T1 [rom: the observed absorption
intensities of lines in a molccular band  The ohserved optical depth Tt of
an absorpilion line, which 1s due {0 a transition from level' 1 to level 1’ , 1s
given by

= 8n S Nt
T = 8ny NS A heg. ) (2 3)

wherc Si1' 15 the line strength  This 1s defined as the square of thHe electric-
dipole malrix element summed over the degenerate magnetic states and polaiiza-

tions of the transition (Condon and Shortley 1951, p. 98).

, 2
s = 25 | . mlpc |m)) (2. 4)
1 I g * ]
mm g
1
where W 1s the electric-dipole moment of the molecule and C1 =/4q7/3
q
qu,where_the qu are the normalized =pherical harmomes This
: ' 3 d

summation may be expressed 1n terms of the reduced matrix element (Edmonds

i

1968, equation 5. 4. 7).
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s, =k L Clica i ® (2.5)

where C{1)=/4d1/3 Y (1) is a spherical tensor operator of order one.
Thus for two optical absorption lines, of nearly the. same wavelength,

that are due to transitions to levels i' and ;' from low lywing levels i and j

respectively,
Mgt vy
r = T =5 exp - ?I’—J (2. 6)
i1 1]
Here we have defined
Sli'
s = — (2. 7)
S 14
1]

The calculation of this quansity for the specific molecular systems of interest
will be taken up in Chapter 3. Equation (2.6) may be rewritten to give the

excitation or rotational temperature

h\)i_
Tij = kln(s/T) (2-8)

It should be noted in passing that since only the logarithm of the
optical depth appears in equation (2. 8),the rotational temperature may be well
determined even though the optical depths are poorly known.

If the interstellar lines are optically thin, the optical depths are
proportional to the equivalent widths of these lines (area of absorption line for
unit contimuum height). Fortunately, most of the interstellar lines considered
in this study are weak so that the correction for saturation is small, and good

approximate results may be obtained by taking r equal to the equivalent width
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ratio. However, accurate temperature measurements will require a correction

for saturation via a curve of growth for the clouds which contain these molecules.

A description of these corrections appears in Chapter 5.

D. Why Molecules ?

We must now consider which kinds of atoms or molecules found 1n
the interstellar medium are useful as radiant thermometers, for measurement
of the background radiation. What 1s required to ma,lke such measurements
possible is an atom or molecule which has (1) a low lying level with energy
separation from the ground statta o KT s 2cm"1, for a blackbody radiation
temperature T ~3°K; (2) an aliowed (electric-dipole) transition connecting
this level with a lower level which hhas an observable population and (3) allowed
optical absorption transitions originating in éach of tfiese levels. Clearly these
optical transitions must be mutuaily }eéolvai)le, and of course,“ to be'observable
from the ground they must have wavelengths ) > 30008 The required term
diagram for such a species 1s shown in Figure 2.

We can -see that there is nothing 1n principle which restricts us fo
use molecules. However, atomic fine-structure separations are typically much
greater than 2cm-1 . For e;iample, the lowest lying fine-structure level of any
interstellar atom so fa;r observed from the ground belongs to Ti II and this is
97 cm—1 above the ground ;tate. ) On the dthéi' hand, hyperfine levels have
separations \;vhich are too small,and are connected by magnetic-dipole transitions
~ the H I hyperfine separation 1s only . 032cm 1.

The rotational and/or fine structure energy level separations within
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the electronic ground states of the three molecular species observed optically in
the interstellar medium - the CN, CH, and CH+ free radicals - have energies
not very much greater than 1 88cm 1. The J =0- 1 energy level geparation

of the XZE (v=0) electronic ground state of CN 1s especially favorable with 2
separation of only 3. 78¢:m—1. Partial term diagrams for these molecules are
shown in Figure 3 Precise molecular data is listed in Table 1.

The R(0) absorption lmes of the (0, 0) band of the B8 - X°5
electronic system of CN at 33874. 0% and A3874. 8% arrise from the J =1
level. All of the CN lines are easily separated with a good Coudé spectrograph
It should be noted, however, that even in the best spectrographs the lines are not
fully resolved. 1.e. the observed line width , ~0. 024 , 18 not the true Doppler
line width of the interstellar cloud, but is determined instead by the resolution
of the instrument, and is typically ~ 0 054 .

The level separations of the CH and CH+ molecules are sufficiently
great that no molecules are observed to be in an excited level. However, these
two molecules are still of great value to the problem of the background radiation,
since the absence of the axcited states lines can be used to set upper limits to
the radiation intensity at very short wavelengths.

The lowest excited state in CH+ 1s the J =1 level, 27. S)cm—1 above
the J =0 ground state, and the corresponding R(0) and R(1) transitions of the
(0, 0) band of the Xl:?. - Alp electronic system occur at A4232. 54 and 34223. 3%

The CH electronic ground state configuration 1s a 21‘[ state, inter-
mediate between Hund's cases (a) and (b). Accordingly, transitions are allowed

from the KJ =1 1/2 ground state to both the fine-structure level KJ =1 3/2,
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which lies at 17. gem - above the ground state, and to the KJ = 2 3/2 excited
rotational level 66. 8(:11‘1_1 above the ground state. The stronges® optical trans-
ition from these thrée levels are the R 2(1), and Rl(l), and the R 2(2) lines in
the {0, 0) band of the X%~ A”A electronic system at 34320. 34, 14303 91}
and 34296. 6A respectively. A detailed treatment of the relative intensities of
the optical transitions of CH appears in Chapter 3.

The J = 2 level of the CN electromc ground state is simalarly useful
for setting an upper limait to the background intensity Since it is 7. Eic*.rn"1 above
the J = 1 level, its populations will be quite small. For this reason, the R(2)
lihe originating in this level has not yet been detected, but 1t 18 probably only
about a factor of three below detection (Bortolot, Clauser, and Thaddeus 196%)
and a further extensioa of the techniques developed in this dissertation might
vield its detection.

On the other hand, without an enormous extension of present ob-
servational techniques, the CH R_{1i) and the CH+ 'R(1) lines are helow the

2
threshold of detectability 1f their temperature ~ 3°K.

E. Statistical Equilibrium of an Assembly of Multi~-Level Systems Interacting

with Radiation

When all its components are considered, departure from thermal
equilibrium 1s one of the most congpicuous features of the mterstellar medium
It contains, for example, dilute 104°K starlight, H I atoms with a kinetic temp-
erature of ~ 100°K, 104°K H II protons and electrons, grains which are thought

to be in this vicinity of 20°K, and high energy cosmic rays. It is obvious that
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in ~ts totality,1t cannot be characterized by a unique temperature.

At first glance there would, therefore, dppear to be no reason to
assume that intersteliar CN should single out the microwave background with
which to be in thermal equilibrium. However, for the rotational degrees of
freedom of CN it will be sliown that this is probably the case.

In order to discuss the statistical equilibrium of interstellar molecular
systems, it 1s probably wise to be specific about a few conventions and defin-

itions that will continually appear during the discussion.

Thermal Equilibrium: An assembly of systems is in thermal equilibrium when

all of its parts are characterized by the same temperature.

Statistical ©quilibrium: If an assembly of systems with energy levels E1 is 1n

statistical equilibrium when the populations of these levels haye time-independent
populations
Due to the long time scale of mterstellar processes (and the short

time scale for observations) there are often grounds for assuming statistical

equilibrium to apply, even though extreme departures from thermal equilibrium
are known to exist. All of the assemblies which we will be considering 1. e.
clou(is of interstellar molecules, will be in statistical equihbrm‘m. This may
be seen from the fact that an isolated polar molecule such as CN, CH, or CH+,
interacting background radiation, will achieve statistical equilibrium wath this
radiafion typically in less than 10'3sec . On the other hand, it will exast mn

the interstellar medium for at least lollsec,before 1t 15 destroyed by radiative
dissociation. Thus the assumption of a constant number of molecules 1n statis-

tical equlibrium 1is clearly a very good one.
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Excitation Temperature: Boltzmann's law states that if an assembly of systems

with energy levels Ei is in thermal equilibrium, then the populations in these
levels will be distributed according to Boltzmann's law - equation (2. 1) -
which may be used to define Tij in terms of the level populalions. If there 1s
thermal equilibrium at temperature T,then all Tij =T, Alternately if thermal
equilibrium is not established, eguation (2.1) may be used {o define Ti] as the

excitation temperature of the levels 1, 3. -

Brightness Temperature; Boltzmann's law, when applied to the radiation field,

yields Planck's law for the density of unpolarized isotropic thermal radiation

81 h:\)3c_3 (erg cm_3 Hz—l) (2. 9)

wv) = (hv )
expiT—— |1
KTq

and uij =1 »ij)' If the spectrum of the radiation is not thermal, it is conven-
tional to use eguation (2. 9) to define the brightness tempsrature TB(\Jij). Since
ulj 1s a monatonic function of TB(\JiJ.), the latter is frequently used in this

case as a measure of the radiation density at frequency \)ij.

Principle of Detailed Balance: The principle of detailed balance states that the

transition rates for an elementary process and its inverse process are equal
This is just due to the invariance of transition matrix elements undsr time -
reversal (see for example Tolman 1938, p.521)*. Hence if the transition rate

for a given process R from level 1 to level j is given by Rij’ then

* Although the principle of detailed balance does flot strictly hold 1n a relalivistic
theory including spin (Heitler 1954, p. 412). for our purposes it may be consid-

ered correct.



ijji = glRij exp‘['—(Ei - Ej)/kT] (2. 10)

where T 1s the kinetic temperature of the exciting agent. In the following

analysis we will make the important assumpfion that kT Ei—Ej, which is true
for the molecular levels of mterest if the kinetic temperature of the colliding
particles is 125°K or higher. Then we may set the above exponential equal to
one. A temperature in the vicinity of 125°K is the usual one derived for .
normal H I region(Dieter and Goss 1966}, The suggestion that shielding from
the mterstellar radiation field by grains may yield significantly lower temper-
atures in dense, dark HI regions does not apply to the clouds in which CN,
CH, and CH+ have been observed, since these clouds are reddened less than

1 magnitude.

The statistical weight factors arrise in (2 10) from the fact that
the elementary process in question ocgurs from one state to another, but the
labels i and j refer to levels Following Condon and Shortley (1951) we refer

to a level 1 as the set of g, magnetic states with the same angular momentum

and energy E.

Einstein Coefficient Aij(sec—l): AI] is the probability per unit time that a
system will spontaneously emit radiation of frequency vij' and make a transition
from level 1 to level j. Hence the rate of such transitions for n, molecules in

level 1is-n A, .
i 1ij

Einstein Coefficient ]gij(sec—1 erg—1 cm3 Hz): B1ju13‘ 18 the probability per unit
time that a system will absorb radiation from a field of energy density 'U.ij at
frequency \)1], and make a transition from level j tolevel 1. For nj molecules

in level j the absorption rate is then just n]Bijui]' For consistency with the
principle of detailed balance Bi]uij must then be the rate of stimulation of emission

of radiation at frequency \Jij by the radiation field uij' For n_molecules in
i
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level i the rate for this process is equal to niBijuij° For a two level system

in equilibrium with thermal radiation then

n ., B

=1 _ £ SRR I ) B

n. 1] A +B u
J 1 1171

i

1f we wish to identify TB = Tij then we must have

=g B
gJB]i &%
and
Sthv,
A
ij 3
1j c

F. Equations of Statistical Eqguilibrium: ™

Let us now consider an assembly of multilevel systems such as

(2. 11)

(2. 12)

(2. 13)

diatomic molecules in an interstellar cloud. We shall assume the molecules to

bz excited by background radiation and other processes as well.

These might

be collisions, fluorescent cycles through higher electronic state, ete., but we

shall make no initial restrictions on them, at least at first, specifying them only

by RJJl as the rate of transitions induced by them from level J to level J'.

For statistical equilibrium of the nJ molecules in level J, ‘we

require

(2. 14)
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= 2 UngflAgg® Byptigd - ny By ) (2. 14
=0 cont'd)

®
+ 7 InglAgy * Brglg) ~ BBty
J' )

For interstellar molecules in thé presence of non-thermal radiation
and additional interactions Tij will then be a complicated function of the various
transition rates given by the solution of equations (2. 14). Fortunately, we do
not need to solve these equations in general, but can obtain results for three
specific cases relating the molecular excitation temperature to the radiation
density at the frequench of the microwave transition. The first two will apply
to CN and CH+, while the thurd will apply to CH.

In the treasment of cases Iand II, which refer to diatomic molecules
with 3 electronic ground states, tha levels will be denoted by their total
(excluding nuclear} angular momentum J. In the treatment of case III which
refers to a molecule such as CH with both spin and orbital angular momentum
in 1ts electronic ground state, we will, for simplicity of notation, refer to the

levels KJ =1 1/2, 13/2, and 2 3/2, as 0, 1, and 2, respectively.

G. Casel:

Let us first consider the simplest case of interest, that of a cloud
of 1nterstellar diatomic molecules which posses a X electronic ground state
(so that the allowed rotational transitions satisfy the simple selection rule
AJ = +1) interacting only with background. Assuming that higher multipole

transitions may be neglected, we will show that T 7417 _=__TB(_\) 341, J)'
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It may be seen 1n this case, that different pairs of adjacent levels
may have different excitation lemperatures, and that these temperatures are
equal to the brightness temperatures at the fr_equencies of the corresponding
transitions. The various Ti] will not, however, be equal when the spectrum
of the radiation is non-thermal.

The proof is sj;ra1ght forward. I the allowed cotational transitions
satisfy the selection rule AJ =*1 and all R, =79, then the linear homogeneous

1)

eguations (2. 14) reduce to

dn
—l =9 =- + + B
a- A 1 o1, -1 T 1B g%, -1
(2 15)
+ + -
Dyt i1, 5B, e, 5 T PP, e, g

This system of equations may be solved by inspection by noticing that the first

and second lines both vanish identically 1f one takes

r+1 By g g
nJ gJ‘*‘l,J A B

(2 16)

+ u
J+l,d J+1,d J+i,J

This is just a generalization of the solution (2, 11) for a two level system Thus

upon combining equations (2. 9), (2. 11), (2.12) and (2. 13), we have that

T =T ) (2. 17)

J+1,3 BV, 7

H. CageIl:
Consider now the addition of other interactions (e.g collisions) to the
gituation of Case I. For the problem of immediate interest, we know from ob-

servation that the J =0 and J =1 rotational levels are the most populated levels,
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and that these two populations are not inverted (or for the case of CH+, only

the J =0 level is observably populated).

We will show that T 10 and T 21 will in general set an upper limit

Hence if the CN R(2)

to the brightness temperatures TB(\) Y 0) @Q___’I‘B( Y 1).
and the CH+ R(1) absorption lines are not detected (assuming that the corres-
ponding CN R(1) and CH+ R(0) lines are observed) an upper limit fo their optical
depths will set ypper limits to the radiation densities at the frequencies of the
CN (1~ 2) and the CH+ (0 — 1) rotational transitions,

The proof for this case is somewhat more involved. If the allowed
rotational transitions satisfy the selection rule AJ =%+ 1, but Rij £0 (we make

no assumptions concerning the selection rules for the additional processes), then

equations (2. 14) specialize fo

dnJ =] =)

—= =0=-n 2; R _+ 2; n R__

dt R AE S UMY B LS

~n_(A + +

T8y 51 By -1, 0-1) T -8, 5%, 01 (2. 18)

)

+nJ+1(Aq+1, 7841, %1, 9 57, 5e1%41, 3

Using equation (2. 10) we can rewrite equations (2. 18) for J =0

0 J
M 21 Rog ( - )

n + 510+ J'=1 J B30
+
0 A10% By

(2. 19)

and for J =1
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=
o

P2 _ . 1 I +1 gy
n, !;21 ; A +B__u

%o 1%
A10™P10%0 " n, Poror* E ROJ'( ) _"T) (2. 20)
21 21 21
Consider first equation (2. 20). “We are given (from observation) that nJ/n 1 <
gJ/gl for all J= 2. Hence the individual terms of the summation are all

positive so that nl/n0 2 g __and T_ - will be an upper limit to 'I‘B(\)lo)

10 10

Also note from equation (2. 14) that'we can redefine u_, such that R =

10 10
R 01~ 0. Let us denote this by u'1 0 21 10 and in the same respect define
10 z £;y - 'Wenote that -
!
4 t
n =&, (2. 21)

since we have infroduced no negative terms into (2. 19) by this.proceedure.
We are now in g position to consider equation (2 20). Introducing

u! = and gi 0 into this equation we have

10
n, gn
1 1y
B u' = - +E R -
"2l 4 1 (glo " ae M\ &M
n 21
1 A1 ¥ Bogtor

By our previous reasoning and by the use of inequality (2. 21) we find that

nzfnlz S thus T__ will be an upper limit to Ty (Vo)

21
Finally we proceed to consider the case of an interstellar cloud of
CH molecules excited by both radiation and collisions. Again we appeal to

observation and notice that the lowest level is by far the most populated.
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CH is a diatomic molecule with both spin and orbital angular momen-
tum in its ground state. Its coupling scheme is intermediate between Huund's case
(a) and (b), hence the selection rules AJ =0,+1, AK =0 1,+2, apply.

Since the spontaneous decay rates increase with the cube of the
energy for mgher levels, molecules in these levels will very rapidly decay back
to the ground state. Also since the populations of these higher levels are very
small our calculation need only consider the three lowest lying rotational-fine
structure levels. These are shown in Figure 3a. There are the levels KJ =
11/2, 13/2, and 2 3/2, which for brevity we will label 0, 1, and 2, respectively.

We will show that in contrast with the case of molecules with only
AT =+ 1 transitions permitted, the fact that the trangitions have a non-zero
branching ratio prevents us from always using the population ratio to set an
upper limit to the radiant intensity. We will find that n 1/ nO and n 2/}:1 0 will
not simultaneously set upper limits ¢t‘o the Tadiation density at frequencies v 10

and \,21, but that (1 + 51) nl/n0 and {1+ 52) 1r12/n0 will set upper limits, 1. e.

111 112
< (I+e)) — —=
10 ( el) no and EZO < (1+e:2) no

g€

81 and & 5 are dependent upon the conditions of the molecules' location, and for

conditions typical of the interstellar medium e~ 10‘5 and X 10"12

Thus for all practical purposes, the level ratios themselves may be used to
define the radiant intensity upper limits.

Since all these levels are connected by radiative transitions, following
the proceedure used in Case II we will absorb all of the Rij into u;j > u, .,

1]

and i a similar fashion define g 3¢ 1t will be noted that the = (or E'ij)
i3 1]

1}
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KJ Label
23/2 y . P 2

freaf— —
-
1

—

[ 3/2

| /2 - 0

Figure 3 a. Transitions A try to keep levels 0 and 1 in thermal equilibrium.
Transitions B and C depopulrate level 1 and populate levels 2 and 0. The
population of level 1 may become depressed if the rate of transitions B

becomes very large with respect to that of transitions A.
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are not necessarily related except in the case of thermal equilibrium of the
whole system - then 510521 = ';20'

Specializing equations (2. 14). to this case, we can write the express-

ion analagous fo (2. 19) and (2, 20)._ -

n &'
1, 20 (2. 23)
n : 10 £ 8! 1
0 _ 21> 10
£'10 !
and
n 1
2, 1o =20
1 1
n, 20 ) ~ €91510 (2. 24)
e = —E
20 Dy
with the denominators given by
B ! - 1 A 1
5 - Pot'no |, fm . w0, C%o . (2. 25)
1 1 1 1 1 =l y
Bog™ 29 2110 Bio%1  Big%aey
B ul A t t
p = 0220 [ . T10 B0 20 $20 9. 96
. - S (2. 26)
2 B . u B__u! B_.u £l E!
01" 10 12721 21 21 21° 10

Unfortunately expressions (2.23) and (2. 24) cannot be simultaneously
positive. i e. either &), 1s bound above by nl/ ny or &, by nz/ n.. Thus
in marked conlrast to the cases of CN and CH+, it is possible to depress the
population of the first excited CH level by additional interactions. This can be
seen from Figure 3a. If we arbitrarily increase the rate of 1 7 2 transitions
while keeping 0 - 1 and 0> 2 rates constant, we can effectively remove mol-

ecules from level 1 and transfer them to level 2, from which a portion will decay
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to level 0. This process will effectively decrease ‘ni/no. It will occur 1if the

1- 2 rate hecomes large with respect to radiative 1 0 decay rate.

Let us consider equatiohs (2. 23 - 2. 268) slightly further. If

is large, corresponding to a small rate B _u! then the

A10/ (B 12721

T
12%1

will set very

will be large and nl/n and nz/n

0

denominators D 1 and D 0

2

good upper limits.” This term 1s always large ubless we have an enormous flux

at \Jz 1" For CH )2 = 200p the sti‘ongest suggested source of radiation

al this wavelength is thermal radiation from interstellar gramns (Partridge and
Peebles 1967). For the expected brightness of these,

) 5
Ay (Bpgls ) = 1/e1 ~ 10 (2. 27)

" -5
so g 18 bounded by 111/n0 (1+10 ).
The same term also appears in the denominator Dz muitiplied by the

' ‘ne ' s £ g - R
Olulﬂ) . Since U is now bounded, all that is required is a

+ 2T
factor Bozazo/ (B

minimum energy density af v , .8 that radiated by grains, and D 9 will

20

also be large. Taking the maximum enargy density at Yo allowed by observation,

and the minimum at V,, Provided by grains, then

B..u A
0

TR zu:zo - 1+B—-————1l3 = EL ~ 1072 (2. 28)
01" 10 12%21) ©2

Hence we also are safe in using n2/n0 (1+ 1OH15_&) to bound 5‘20.

Nor can we call oa ¢ollisions to mgmfmantl'y weaken these upper
Iimits. In order to weaken the upper limits, we require g selective excitation
rate for R_, with no associated increase in R

12

populations of at least one of the levels, 1 or 2, would have an observable

o1 and R0 o othermsef the

population.
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However, excitation of molecular rotation by collisions (of the first
kind) with projectiles whose kinetic energy is very much greater than the, 0 - 1
and 1 - 2 level spacing 1s not a selective process. Thus, collisions cannot pro-
vide the selective 1 —+ 2 excitation necessary to depress the KJ =1 3/2 level
population. In addition, even with the largest excitation cross sections due to
the longest range forces (Coulomb), charged particle densities of at least 100
cm"3 would be required for there to be any effect at all As we will see later,
there 18 specific evidence 'that the charged i:)article densities are nowhere near
this high.

'The only way to significantly weaken our upper limits 1s to have
narrow band radiation at ~ 200y which selectively excites the KJ =1 3/2 -
2 3/2 transition of CH. The temperature calculated for this radiation must
be at least as high as ~12° K. Although such "line radiation' cannot be totally
ruled out by present observational work, it seems highly unlikely that such
radiation might exist in the interstellar medium with an intensity this great.
It must be sufficiently narrow band that it not excite the CH ) 150u transition
and the CH+ A 359u transition.

Thus it appears that we are guite safe 1n general in assuming that
n 1/ n, and nz/n0 set safe upper bounds to gi 0 and g’z 0 and that the temper-
atures corresponding to these population ratios provide good upper limits to the
brightness temperatures at v, and v_, ..

16 20

J. Sufficient Conditions for Thermal Eqguilibrium to Hold

From equations (2. 14) and (2. 15) 1t can be seen that for molecules
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- with a % ground stafe, ni/n} will yield an actual -measurement of TB(\).T.])

. ~ ~ o

if ail Rij << BOlu 10° where u 10 18 the intensity necessary to produce 2 T'K
excitation. At present we need only concern ourselves with CN,since this is the

ounly molecule 1n which an excited state population has been observed. *

The spontaneous decay rate may be written (Condon and Shortley

1951, p. 98) in terms of the line stfength s:,J_ -1 and rotation constant B as
A _ 647r4113 _ 5121?’4]33 ) J3 S (2 29)
gk~ 3 yd = - 3h« + P
J,d4-1 3ho (20+1) J,d-1 2J+1 J,J-1

Application of Edmonds®(1968) equation (5. 4. 5) to equation (2. 5) vields

_ .2 J-11J 2
SJ,J_l = u (2J—1)(2J+1)<0 o o) =k (2. 30)

in terms of the Wigner 3j symbol, and hence

_ 5120°B°

A = R
J,J-1 3h og+1 M (2.31)

From a study of the optical stark effect of CN, Thomson and Dalby
(1968) have recently determined the CN dipole moment to be 1.45 % .08D.
This agrees wcejll‘w_i!‘.h the predictions of molecular rorbital calculations (Huo 1967)
which indicate that the dipole momenf: ig expected to be in the range 1. 2 - 2. 5D;
and more or less confirms the work of Arpigney (1964) who deduced A =1.1D

from an analysis of cometary spectra.

The rotation constant B 0 of CN has been determined fo high precision

by an analysis of the violet band to be B 0" i 89090mm1 (Poletto and Rizutty 1965)

* Expressions are derived in Appendix 2 which may be used for evaluating the

corresponding Einstein coeli+cisnt- Jor CH.
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Using these values of B, and u, equation (2. 33) yields for CN

0
_ -5 -1
AlO =1.188% x 10 ~ sec
-5 -1
A21 =11.413x 10 ~ sec

What we must show in order to claim that the CN is in thermal

equilibrium with the background radiation 1s that the Rij are much smaller

than
g A
~ 51 10 _ -6
B01u10 g T = 8 69x 10
O axpl—22) -1 (2. 32)
KT .

where 510 is the intensity at v

T =2.7°K.

10 necessary to produce an excitation temperature
For most quantum mechanical processes the excitation rates fall off
very rapidly with increasing AJ since the dipole term in the interaction poten-
t1al is usually the dominant one, and has selection rules AJ =1 Thus 1t will
be sufficient for our purposes io simply show that for a given process, R

01

<& BOlﬁ;LO' We will see in Chapters 6, 7, and 8, that this 1s probably so if
the CN is in an H I (non-ionized) region of space of reasonable density, but

that it is not necessarily so if the CN resides in an H II (ionized) region.
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CHAPTER 3

OPTICAL TRANSITION STRENGTH RATIO

A. CN and CH+

In the last Chapter we saw that the rotational temperature may be
calculated ‘in terms of r, the observed optical depth ratio, and s, th"e theoretical
transition strength ratio defined by equation (2. 8).

For lines in the same band s is independent of the electronic os~
cillator strength and Franck-Condon factor, and often depends upon only the
angular momentum quantum numbers of the participating levels, X, K', J, and
J'. The ECN violet system is a good example of this. Although this transition
18 22—' 22} , the p-doubling produced by the electron spin 1s too small to
be resolved in interstellar spectra, and on the grounds of spectroscopic
stability (Condon and Shortiey 1951, p. 20) we are justified in calculating
infensifies (and as 51gning'quantum numbers in Figure 3 as our use of J for K
implies) as though the transition were 12—* 12-‘_,.

Thus when a molecule is well represented in either Hund's case
{2) or (b), as 3:re both CN and CH+ , the Sli1 are proportional to the Honl-

London factors (Herzberg 1959, p. 208), and we have

I, +J +1
1 1

s (3.1

AT
] ]

However, for the case of CH which is intermediate between these
two representations, the calculation 1s somewhat more involved. It requires

a transformation of the matrix elements of the eleciric-dipole moment operator,
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calculated in the pure Hund's case (b) representation, to the "mixed" represen-
tation in which the molecular Hamiltonian matrix is diagonal.

To effect this transformation, we need the matrices which diagonalize
the molecular Hamiltonian matrix; hence, we also calculate this Hamiltonian
matrix in the Hund's case (b) representation, and then calculate the transformation
matrices which diagonalize it. As a check we notice that the resulting line strength
ratio agrees with equation ,(3' 1) when we specialize our results to the case of a

rigid rotor.

B. Matrix Elements of the Molecular Hamiltonian

Since the rotational c;,nergy of CH is large with respect to its fine
structure, even for the lowest rotational levels, we calculate the molecular
Hamiltoman‘in Hund's case (b). In this representation the appropriate coupling
scheme 1s (Herzber:g 1959, p. 221)

K=N+A, J=K+8§ (3. 2)

where in units of 2

A is the component of electronic angular momentum along the

internuclear axis,
ﬁ is the molecular rotational angular momentum, and
E is the spin angular momentum of the electron.
Appealing again to spectroscopic stability we ignore X - doublets and hyperfine
structure since these interactions, like p- doublets, are unresolved m inter-
stellar optical specira.

Following Van Vleck (1951), the molecular Hamiltonian 1s



39

2
= B (K ~—-A2)+AASZ, ( (3.3)

where A is the ’Spin—orbi‘t coupling constant,:SZ, is the spin angular momentum
projected along the internuclear axas, and B = ﬁz/ 21, wherelis the mol;acular
moment of inertia. Ther term 1n Sz’- mixes together states of different K when
the fine structure is appxzemable with respect to the rotational energy and effects
the transition away from Hund's case {b) towards case {a).

The matrix elements of this Hamiltonian for the Hund's case (b)

coupling scheme are calculated in Appendix 1 to be*

(AK'ST| 3 | AKST) = B K(K+1) —AZ]ES

K'K
MK +RS+T X 1/2 (-4
+ AN-1) [ (2K'+1)(2K+1) ] JSK]) /K 1K
188 {\a 0n

If the 3) and 6] symbol are evaluated algebraically, this single
expression yields both Van Vieck's (1951) equation (24) for the diagonal, and

his equation (25) for ihe off-diagonal matrix elements, but with the opposite

sign convention for the off-diagonal terms. **

* Van Vleck (1951) has calculated these matrix elements by exploiting the an-
omalous commutation relations of the angular momentum components referred

to the molecular frame. He showed that the problem corresponds to the fam:liar
case of spin—-orbit coupling 1n atoms However, since his results yield the

opposite sign convention from ours, and are of little value for calculating intensities,

we have recalculated them here by more standard means.

** A misprint occurs in Van Vieck's equation (25). An exponent of 1/2 has been

2
omitted from the last factor, which should read [(K + 1)2 - Azjl./ The correct

expression appears in the earlier paper of Hill and Van Vieck (1228).
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Here selection rules may be seen implicit in the properties of the
3) and 6j symbols. The selection rule AK =0, +1 for the molecular Hamil-
fonian in case (b), for example, follows from the requirement that the rwo
K', 1, K of the 3; symbol m equation (3. 4) satisfy the triangular rule.

For a molecule mntermediate between Hund's case (a) and (b), in
general, K 1s no longer a good quantum number in the representation where the
Hamiltonian of equation (3. 4) is diagonal. We may, however, label a given state
with the value of K which it assumes when the molecular fine structure constant
A vanishes. We will distinguish K by a carat when 1t 1s used as a label mn
this way The stationary state is then written as lA IESJ Y, and the unitary
matrix which transforms from case (b) to the diagonal frame as UI;K' This
unitary matrix will be used to transform the dipole moment operator into the
representation in which the molecular Hamiltonian is diagonal, and may be

calculated from (3.4) by a standard matrix diagonalization proceedure.

For the diagonalized molecular Hamiltonian matrix itself, we have

- ~ *
igih) = ~ ~
( | 3 |AKST ) K%{ Ure Urk

Inserting into this formula the coupling constants for CH of Table 2, and

(AK'ST| 3 | AKSJ) (3.5)

diagonalizing the matrices for the upper and lower electronic states of CH,

we have the partial energy level scheme shown mm Figure 3.

C. Iane Strengths

As before, we take the line strengths to be proportional to the
absolute square of the electric dipole moment operator reduced matrix element

2 ~ ~
§=p" | (AKSIa" C (1) | KK'SJ'G,')[z , (3. 6)
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where o represents all other non-diagonal quantum numbers.

This reduced matrix element has been evaluated in Appendix 2 for

the CH coupling scheme

*

1<A§5Jal' c( !l A'f:'SJ'a')]Z =¥ Ul U~

o 1274l
fx KK TKK
MS+T+1 1/2

(-1) [ (2K'+1)(2K+1)(23'+1)(23+1) ] (3.7)

K' J'S K 1K\ 2

{J K 1f 2 {al Clqla)(h a A') |
g

The usual symmetric-top selection rules for electric-dipole transitions,

AK =0, £1, AJ =0, +£1,are implicit in the 3] and 63 symbols (but note that

the transition to case (a) allows AK =4 2 transitions).

When both the upper and lower stg.tes are diagonal in the Hund's case
(b) representation, and we let the electfromc matrix elements («'|Y 1 [e)
equal one, expression (3. 7?!reduces to that of the Honl-London factors (Herzbery
1959, p. 208).

When equation (3 7) 18 specialized to the case of a rigid rotor (CN

and CH+) with K'=J"', K=J, and 8 =0, and with the electronic matrix element

again equal toone,using Edmonds' (1968) equation (6. 3. 2) we have

| {Axf] c(1) L 1\'J'>]Z =(20"+1)(2J+1) [ T 1 T\ (3. 8)
-Agq A

where g =A- A' and [q| <1

With the molecular constants found v Table 2, the resulting values of s,cal-

culated from eguations (3. 7) and.(3. 8)* for the coupling schemes of CN, CH,

* ip agreement with (3. 1} for CH+ and CN



and CH+, are found in Table 1.
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CHAPTER 4

TECHNIQUES OF SPECTROPHOTOMETRY AND PLATE SYNTHESIS

A. Available Plates and Specirophotometry

The optical lines of interstellar CN are characteristically sharp and
weak, and occur in the spectra of only a handful of stars. The strongest line,
R(0) at 13874, 64 , has an equisalent width which 1s seldom as strong as 10mA,
while the neighboring R(1) and R(2} lines are weaker by a factor of ~4 and
~100 for an excitation temperature ~3°K,

The state of the art in high resolution astronomical spectroscopy for
the detection of weak lines has not greatly improved over the past thirty years -
the weakest line which is detectable with a reasonable degree of certainty on a
single spectrogram is ~ 1 - 3 mh Hence it was zlear at the outset of this work
that a new technique would have to be developed if we were to attempt to detect
the CN R(2) line,as well as to measure accurately the R(1) line.

At the begining of this work the best available spactragrams of
interstellar molecular ahsorption lines were those of Adams and Dunham from
Mt Wilson, Miinch from Mt. Palomar, and Herbig from the Lick 120-inch
telescope. Since long exposures are the rule for these spectrograms, and
observing time on large telescopes with zood Coudé spectrographs 1s somewhat
difficult to obtain, it appeared that the most straight forward way to improve the
signal-to-noise ratio was to add the many available individual plates,and to filter
out the high frequency grain noise from the composite specira.

Direct superposition of the spectrograms on the densitometer

(""plate stacking'’) 1s not practical when many spectra are to be added together,
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or when the spectra are dissimilar. In addition, this proceedure does not allow
one to mdependently weight the individual spectra. ‘The more flexible method
of computer reduction of the data‘was felt to be best. This technique involved
digitization of the spectra, and their calibration and synthesis on a digital
computer. * The spectra could then be filtered of grain noise numerically in
the mamner suggested by Fellgett (1953) and Westphal (1965). The whole system
furned out to be very flexible so that the large heterogeneous group of plates
could be added without difficulty

Most of the plates were obtained from the extensive collection of
high-dispersion specirograms stored in the Mi. Wilson Observatory plate files.
There were obtained primarily by Adams and Dunham with the Coudé spectrograph
of the 100~1nch telescopa and its 114" camera, and were used by Adams (1949)
in his classic study of interstellar lines. The spectra of the two ninth mag-
nitude stars BD+66°1674 and BD+86°1675 were taken by Miinch (1964) with
the 200-inch telescope. The synthesis for { Ophiuchi.includes six spectra
obtained by Herbig (1968) with the Lick 120-inch telescope using the 160" camera,
and were used by him in his recent study of the interstellar cloud in front of
C Ophiuchi. (The latter were also analyzed by Field and Hitchcock [19647in
their discussion of the microwave background. ) We are indebiad to Drs. Muach

and Herbig for the loan of these plates.

* Similar techniques have been used.by Herbig (1966) for a small number of

similar plates
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Data such as the emulsion, exposure time, etc., for the individual
plates were copied for the most part from the observing notebook, and are
listed in Table 3. Also in this Table are the relative weights (determined
from statistical analysis of grain noise as described below), which the indi-
vidual spectra are given il-l the final synthesis.

It 15 evident from the Table and from the weights that they by no
means represent a homogeneous collection. The weights were determined by
a visual estimate of the grain noise r.m.s. level on tracings which were nor-
malized to the same signal level. The normalized tracings were then combined
with the usual prescription of weighting them inversely as the square of the
noise level.

These plates were scanned at the California Institute of Technology
on a Sinclair Smith microdensitometer, the output of wh;ch was fed across the
Caltech campus via shielded cable to an ana.log-toidigﬁal converter. This was
connected to an IBM 7040 computer which wroie the digitized signal on magnetic
tape, and subsequent analysis of the data was .done on an IBM 360/75 computer
at the Goddard Institute for Space Studies (GISS) in New Yark City.

Figure 4 shows the setup of equipment at Caltech The output of
the densitometer was thgifized at a constant rate of 100 samples per second.
The lead screw was not digitized but also ran at a constant speed. The projected
acceptance slit width and lead screw speed were adjusted to suit the dispersion
‘of the plate and the width of the narrowest spectral features bemg studied,
which were about 0. 054. Thus for the Mt. Wilson 114" camera plates,

(dispersion = 2. 9A/mm) which comprise the bulk of the data,
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the plate advanced at 5. 6mm/min (16. 3.3/ min). For the narrowest Iines this
is about five line widths per second. In other words at least 20 data points
were obtained per resolution element, which is ample for cur purposes.

- The projected acceptance slit width was adjusted to the dispersion
of the plate baing scanned to approximately 1/6 of the full line width of the
interstellar lines, Thus for plates from the 114" camera the projected slit
widzh was about 2. 9u, which leads to negligible signal distortion.

Four or more densitometer traces were usually taken in the vicinity
of the three wavelength regions of interest, X 38‘74ﬂ )\42323, and ]\4300.& .
Two were required for the comparison spectra on either side of the stellar
spectrum, at least one was required for the stellar spectrum itself, while a
single scan perpendicular to the dispersion of the specirograph was necessary
to record intensity calibration wedge bars.

In order to establish a reference wavelength common to the stellar
and comparison spectra, a razor blade was placed across the emulsion as
shown in Figure 5. A scan started on the razor biade and moved off the edge
onto the spectrum as shown in the Figure, with the edge producing an intfial
step in the recorded spzctrum. In addition to providing a wavelength fiducial
mark, the step provided a measure of the response time of the electronics and
the optical resolution of the system, and in the case of the intensity wedge,

provided a dark-plate level.

B. Synthesis Programs:

The computer program for plate synthesis was divided into three
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sub-programs, each sub-program was processed separately with the input for
a given sub-program being the output.tapes {rom the previous one.” There were
named Sys 3, Sys 4, and Sys 5.

‘Sys 8 read the 7040 tapes and data such as the transverse lead screw
position, which had beeu punched manually onto cards, and scanned this data for
errors. Preliminary plots of each vector versus 1ndex were made after 1t had
been adjusted to start at the fiducial mark step (caused by the razor edge), so
that the index of a given digitized point 1n the vector was proportional to its
corresponding distance from the razor edge. Oufput of plates correspoading
to different molecules were sorted onto different tapes so that processing of a
Lape after this point was for a single spectral region The basic purpose of
Sys 3 was to pre-process as much information as possible to implement the
smooth rumning of Sys 4.

Sys 4 took the left adjusted vectors for-each plate and converted
these to two {or more if there were more than one input stellar spectrum vector)
parallel vectors of intensity and wavelength (shifted to the molecule's rest frame).
This was done 1n two parts using an IBM 2250 CRT display console 1n conjunction
with the GISS computer. The first part used the wedge vector to convert the
recorded plate transmissions to intensity. The calibration densify wedge bars
had been put on the plate at calibrated light ievels, the values of which were
stored in the computer.

The wedge bars from the density wedge vector appear as rectangular
peaks as shown in Figure 6. The limits of these rectangular bars were deter -

mined in Sys 4 by displaying the wedge vector on the 2250 console, and picking
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out the ends of the rectangular peaks with a light pen. The computer then
averaged the transmission over each wedge bar, Since the two sides of the

wedge were put on the plate at different intensities, the wedge values on one

side were scaled up or down to interleave them between adjacent points on the
other side. The composite curve was then it with five terms of a Laurent series,
a typical result of which is shown 1n Figure 7. The series was finally applied to
each point 1n each spectral vector converting the plate transmigssion to intensity.

The second part of Sys 4 calibrated the index scale in terms of wave-
length Each comparison spectrum was displayed on the 2250 Display Console
and the centers of selected lines were located with the console light pen. The
corresponding wavelength of each line was then plotted on the 2250 screen as a
function of index. Since the dispersion is highly linear over the ~ 101 traced
1n the vicwnity of each interstellar line, these points appeared on the screen in
a straight line. A straight line least-square fit was also displayed on the screen,
which aided in the correction of any line misidentification The output of Sys 4
was finally iwo parallel vectors of intensity and corresponding wavelength appro-
priate to the laboratory frame,

In general, high resolution Coudé spectrographs are rather well
matched to the emulsions used in astrophysical spectroscopy, and grain noise
which is "high frequency'" with respect to sharp interstellar lines is not con-
spicuous, In order to extract the maximum amo.uant of statistical infortation
from the data at hand, however, a considerable amount of thought was given to
the problem of numericaily filtering the final spectra. A description of the

statiefical analysis appears in Appeudix 4. The final result of the analysis
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was to préscribe a'filter function to be used to filter the calculated synthesas.
Thus, Sys 5 was designed to take the successive oulputs from Sys 4
and to add these'together with vhe appropriate statistical weights. It then filtered
out the "high frequency' noise by convolving the synthesis with the above filter
function. The final output of Sys 5 for each star and molecule was three vectors:
1. Wavelength in the molecular rest frame
2. Unfiltered spectrum

3. Filtered specirum
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CHAPTER 5
RESULTS OF SYNTHESIS

A. Curve of Growth Analysis

Figures 9, 10, and 11, show the results of adding together,in the manner
just described the avallable spectra of interstellar CN, CH, and CH+ fora
number of stars. As just mentioned the wavelength scales in these plots dre
those of the molecular rest frame, and the final spectra except for ( Persel
CN and ¢ Ophiuch1 CN have been numerically filteréd. The number of in-
dividual spectra included in each synthesis and the corresponding vertical mag-
nification factor are indicated on the left side of Figure 9.

Table 4 lists the visual magnftudes, MK spectral types galactic
latitudes as well as the equivalent widths W and optical depths 1, for the inter-
stellar lines measured. The uncertainties of W 1n all instances result from a
statistical analysis of the grain noise, and represent 2 level of confidence of
95.5% (see Appendix 4). Also all upper limits set on the strengths of unobser-
ved lmes represent the more conservative confidence level 99. 7%.

For { Ophwchi the equvalent widths of the interstellar molecular
lines listed in Table 4 are systematically smaller by ~ 30% than the values
obtained by Herbig (1968a) from plates taken at the 120-inch Coude We note,
however, that Dunham (1941) reported W = 6mA for the CN R(0) line and
W = 14m} for the CH Rz(l) line in { Ophiuchi, and O. C. Wilson (1948) reported
W =16 £2m} for the CH+ R(0) line in { Ophiuchi, both from Mt. Wilson plates
and both in good agreement with out values of 6 62, 13.4, and 19.6 mb re-

spectively.
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Since most of the spectra from which our values are derived were
also obtained with the 100-inch telescope about thirty years ago, this gives us
some confidence that the discrepancy is not a result of an error in calibrating
or adding together the spectra, but represents instead a systematic difference
between equivalent widths obtained Vyith_ the 100-1nch Coude'then and the 120-inch
Coude now. * Our main interest, however, 1s only in the ratio of line strengths,
which 1n the limit of weak lines is independent of systematic uncertainties of this
kind, and it 13 accordingly unnecessary to explore this point further. But we
emphasize that the uncertainties listed in Table 4 can only be taken seriously i
a relative sense, and are liable to be con51d§rab1y less than absolute uncertainties.

Also included in this Table for completeness are s'everal late B and

early A type stars.whose rotational temperatures have been estimated by other
workers.

The calculation of the optical depths in Tabl'e 4 requires some know-
ledge or assumption concerning the true shape and width of the interstellar molec-
ular lines. In general the lines we are considering are not quite resolved, and
it 1s thus necessary to make several assumptions concerning the curve of growth
Fortunately the CN Iines are usually so weak that the correction for saturation

is small, and our final results are not very sensitive to these assumptions.

* It is interesting to note, however, that Adams (1949) was led to suggest that

the molecular absorption spectra may be time variant.
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We assume a gaussian line sha_.pe in all cases (see Appendix 4) and
use the curve of growth due to Stromgren (1948) and Spitzer (1948), and the
tabulation of Ladenburg* (1930). For '{ Ophiuchi we adopt for the linewidth
parameter b = 0. 61km/sec, which 1s the value b = 0. 85km/sec found by Herbig
(1968a), ‘for interstellar CH+ in the spectrum of this star, corrected for the
apparently systematic difference in the measured equivalent widths of the CN R(0)
line. In lieu of any other information we assign b =0, 85km/sec tothe CN
lines of ( Persei, since this star lies at a distance comparable to ( Ophiuchi,
and is also well off the galactic plane. ** (We have also found with the 300-foot
transit radio telescope at Green Bank, that the 21cm profile in the direction of
this star closely resembles that in the direction of (Cphiuchi - see Chapter 9.)

The signal strengths for the CN lines of the remaining stars shown
in Figure 9 scarcely justify correction for line saturation: we simply adopt
b = lkm/sec for all remaining stars except BD+66°1674 and BD+66°1675, to
which we assign b =5km/sec, on the basis of their great distance and low
galactic latitude.

The excitation temperatures of interstellar CN may now be calculated

from the ratios of the optical depths listed in Table 4 from equation (3. 4).

* This was rechecked and a finer tabulation made.
** Further work should be done to obtain a good curve of growth for this star

due to its importance here.
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B. CN (J =0-1) Rotational Temperature and Upper Limit to the Background

Radiation at ) 2. 64mm

Table 4 now shows the results of the application of equation (3. 4) to

this data, taking v, , =1. 134 x 10119.ec_1 (A = 2. 64mm) corresponding o the

10
J =0 -1 transition in CN. The listed value of TIO(CN) results from the ratio

of the optical depths listed in Table 4. The entry labeled AT lowers T 1 0(CN}
by an amount which 1s at most comparable to the uncertainty due to the plate grain
noise and , therefore, our final results as mentioned above do not critically
depend on the assumptions that were made concerning the curve of growth

To get an upper limit on the radiation intensity we need consider only
¢ Ophiuchi, where the molecular absorption lines have the greatest signal-to-noise
ratio. For this star the weighted mean of the values found from the line strength
ratios R(1)/R(0) and P(1)/R(0), given respective weights of 4 to 1, the square
of the corresponding values of s (see Chapter 3), . yields '.I.‘B(Z. 64mm) <T 10(CN) =
2.74 £ 0.22°K. Interms of the intensity of radiation this becomes

Iv(z. 64mm) <3.42 x 10_15erg crn“2 sec 1 ster_1 Hz—1

C. Upper Limit to Backeround Radiation at )\ =1. 32mm -

The observed absence in the spectrum of { Ophiuchi of the CN R(2)
line at ) 3873. 3694 places an upper limit to’the background intensity at
3 =1.32mm. From the spectrum of Figure 9 it is found that the equivalent
width of the CN R(2) line is less than 0. 44mp, to a level of confidence of 99. 7%.
The curve of growth analysis described above then yields T<0. 031, and the |

rotational temperature found from equation (3.4) and the R(2)/R(1) ratio is
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< [}
Ty, (1. 32mm) <T, (CN) <5.49°K

and

—_ _.2 - -
Iv(l. 32mm) <2.75 x 10 14 erg cm sec 1 ster ! Hz 1

which is still a factor of 8. 3 above the intensity of 2. 74°K thermal radiation,
but a factor of 1. 6 below the intensity of 2. 74°K greybody*radiation. This

upper limit is shown in Figure 12.

D, Radiation Upper Limit at 3 = 0. 359mm

The observed absence of the CH+ R(1) line at } 4229. 3414 in the
spectrum of { Ophiuch: synthesized from 19 spectra of this star and shown in
Figure 11, allows an upper limait to be p}aced on the intensity of radiation at
the wavelength of the CH+ J = 0 - 1 transition (0. 359mm).

As with CN the optical depths listed in Table 4 were calculated using
Herbig's (1968a) value b = 0. 85km/sec for the linewidth parameter, adjusted
to take into account the apparently systematic difference hetween our and his
equivalent widths.

For the CH+ R(1)/R(0) ratio it was found that s = 3/2, \)10 =8.35x

1011Hz and

T (0. 359mm) < T (CH+) <9. 01 K,

or

I\)(O' 359mm) < 10.1x 10_14erg cm_2 sec 1 sf:er_1 Hz—1

* i, e. the extrapolation of the Rayleigh~Jeans intensity I\) = 2kTv?%/ ¢? to short
wavelengths. Radiation from an optically thin medium such as dust can approximate

a spectrum of this type.
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E. Detection of Interstellar CISH

Also shown in Figure 11 is the faint trace of the R(0) line of ClSH-l~
originally sought by Wilson (1948) and again by Herbig (1968b). A statistieal
analysis yields for the equivalent width 0.6 . 3mh to a confidence level of 95%,.
Together with the R(0) line of 012H+ this yields for the 1sotopie abundance

+100

1
ratio along the line of sight C 2ct3 - 62_",, m agreement with the value

821-?2 independently found by Bortolot and Thaddeus (1969) and also with the
terrestial value 89, but much greater than the equilibrium value =4, for the
CN bi-cycle (Caughlin, 1965). This observation strengthens Herbig's (1968b)
earlier conclusion that the material in the { Ophiuchi cloud did not come from
013 rich stars, but raises the question of how one explains the apparent agree-
ment df this value with th}e terrestial one.

Bortolot and Thaddeus (1969) suggest that the coincidence of the
terrestial 013 abundance with that of the interstellar abundance is due to the
origin of the solar system out of an interstellar medium with a fixed 013 abun-
dance. This notion is consistent with the coincidence of the atmospheric Cl:3
abundance of Venus with the terrestial abundance { Connes et al 1968); however it
is mconsistent with the recent observations of Lambert and Maiia (1968) who
find the solar abundance ratio to be 013/ C 12 = 150 £ 30, a value which exceeds
the terrestial ratio by nearly a factor of iwo. *

Lambert and Malia believe that their observation represents at least

* There is considerable dispute on the guestion of the solar 013 abundance

{(Cameron, 19869).
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a definite upper limit to the solar C* abundance. Since there is no obvious
process which might increase the solar 013 abundance, further work confirming
their observations will represent strong evidence favoring the suggestion of
Fowler et al (1961) that the planetary abundances are a product of spallation,

and is otherwise unrelated to the interstellar 013 abundance.

F. Radiation Upper limats at 3= 0.560 and 3= 0. 150mm

Figure 10 shows the result of the synthesis of seventeen spectra of
¢ Ophiuchi 1n the vicinity of ) = 4300, the strongest lines of CH. The observed
absences of the CH Rl(l) and 32(2) lines at )= 4304. 9464 and 4296. 6361 allow
upper limits to be placed on background intensity at the wavelengths of the
CHKI=11/2-13/2(»=0.560mm) and KJ =1 1‘/2 =~ 2 3/2 (3= 0. 150mm)
transitions. We agam use b = 0. 85mm (corrected).

For the CHKJ =1 1/2~1 3/2 transition s was calculated in Chapter

1

3 tobe 1.525. Taking v =5,37x 10 IHZ (A =0.560mm), equation

13/2. 11/2
(3.4) and the data of Table 4 then yield

T 5(0- 560mm) <T (CH) <6. 33°K

13/2, 11/2
or

I\SO. 560mm) =3. 91 x 10_Merg cm_2 see—:l‘ster“1 Hz_l

Finally for the CH KJ =2 3/2 - 1 1/2 transition s = 0. 820 and

12
Vo 3/2, 11/2 2.00x 10 Hz (A= 0.150mm). Hence

(CH) < 28.5°%K

. <
Tp(0-150mm) =T, 5 /5 1 1/5(C]

or

I(\P. 150mm} < 4. 2 x 10~12erg c-.m_2 sec 1 ster_1 szl
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. Discussion of Upper Limits

At 1501 the most important source of background might be the
contribution from young galaxies (Low and Tucker 1968, Partridge. and
Peebles 1967). However the CH upper lumit at 150 is ~105 greater than the
expected mtegrated brighiness of these objects and as a result is of little value.

The constraints which the other upper limits impose on the background
radiation are shown in Figure 12, Except for the point at 2. 64mm, they fall well
above the blackbody curve at T = 2.7 °K, and all are considerably below the
corresponding greybody curve. They immediately represent much of the infor-
mation we possess on the radiative content of the universe at these wavelengths.
It bears final emphasis that as upper limits,all of these points are virtually
independent of any considerations concerning the location or environment of the
molecules.

Shivananden, et. al. (1968), have recently reported the detection of
a background flux in the wavelength interval from . 4 to 1. 3mm wath a rocket-
borne wide~-band detector. They detected a flux of 5 x 1()“9 W cm-z sterml
which yields a mean intensity over this freguency range of fv =9.6x 10_14
erg cm“2 si:erdI Hz_l. This flux 1s represented in Figure 12 by the area
under the line AA'. Since its mean value is nearly three times greater
than the CH upper limit which falls right in the center of their frequency range,
it may be concluded that either their observation 1s of a background with highly
irregular spectrum (eg.spectral lines), or it 1s of a flux of quite local origin

which does not extend as far as the major interstellar cloud i front of

Ophiuchi.
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The important question which is unanswered at this point in the
analysis is what is the meaning of the observed J =1 level population of CN.
In the remaining Chapters we will try to show that, in all probability, this
population provides a good measure of the radiation intensity at A 2 64mm,
and the intensity at this wavelength is equal to that of a blackbody temperature

TB = TlO(CN).
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CHAPTER 6

ALTERNATE RADIATIVE EXCITATION MECHANISMS

I addition to dire'ct rotational excitation of CN hy microwave photons,
radiative excitation is possible to both -h1gher vibrational and electrr‘mic states
by infrared and optical photons. The characteristic I{fetimes of these
higher siates are very short, and virtually all of the molecules will be found 1n
the ground electronic and vibrational states. However, indirect rotational
excitation 18 possible by means of electronic and vibrational fluorescence. A
CN molecule can be excited to a high vibrational or electronic level by an optical
photon (from dilute starlight for example) and re-emit a photon while making a
transition back to a rotational level different from the one 1n which it started.
Hence, this cycle can effectively populate higher rotational levels, and contri-
bute to the observed rotational temperature. Typical cycles are shown in Figure
13.

SBuch indirect processes are potentially very serious alternate mech-
anisms for the CN rotational excitation, in that they might provide an explanation
for the observed rotational temperature invariance in eleven stars. This observed
invariance provides the strongest single piece of evidence that the CN 1s not
excited by processes other than the cosmic microwave background. (See Chapter
9)

The explanation for the invariance in terms of fluorescence could
come in either of two ways. First, if the excitation is produced by galactic
starlight, the inherent uniformity of this radiation might account for the observed

invariance. Second, the process of CN formation in the intersteilar medium
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is not well understood (see, for example, Digter and Goss 1968), and it seems
plausible to suggest that the CN is onily formed atr certain distances irom a star,
. and thus would always be subject to the same radiation field. In this respect*
Mtunch {1964) has proposed that the CN is being flashed off interstellgr grains
by the advancing ionization front at an H I - H II bhoundary.

However, it will be shown in this Chapter that, (1) vibrational
fluorescent excitation 1s negllgible by more than six orders of magnitude. (2)
Elecironic fluorescence is inf‘sufflcient to account for the ocbserved CN rotational
excitation by at least three orders of magnitude for galactic starlight. (3) If
the CN is close enough to a star, perhaps the star used to observe it,for fluorés-
cence to coniribute materially to the rotational excitation of the ground state then
the photo-dissociation rate will be s‘o higﬁ t‘]':lat the molecules will be destroyed at
a rate much {aster than a:ny suggested mechanism for their production, In add-
ition, the idea that the molecules are circ;lmstellar is inconsistent with

out present ideas concerning the location of the molecules.

A. Criterion for Fluorescence to he Neglicible

We saw in Chapter 2 that a sufficient criterion for a process to be

< A , where J'" and J'+1 represent

negligible is for RJ,,, g < Bmeg gn

rotational levels in the electronic ground state ** e,

* The suggestion by Mercill (1942, 1946) that the CN might be circumstellar was
dispelled by Adams (1949, see Chapter 7).
** Unless otherwise specified, e" will be used to denote either an electronic

or a vibrational state.
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Tluorescent excitation involves first a transition from rotational
Tevel J'" in the ground electronic and vibrational state e, toalevel J' ina
higher electronic or vibrational state e'. This will oceur at a rate given by
Uorgr, ity 'Be"J", ot 3! Subsequently, the molecule decays to a rotational level
J in the electronic ground state e'. Since the excited vibrational or electronic

state lifetimes are very short, in general,

A (6. 1)

eIJT, el!J >> uelJt’ ellJ!TBeﬂJlt’ elJI .
Thus for a given band sys?:em, the total rotational excitation rate is given approx-
imately by

RJ!I’J s O e'J!, ellJHuelJ, e JnfBean’ e'J! (6. 2)

where ae, is the branching ratio.of e'd — e''J electronic decays

JT , al'J
(including cascades through an intermediate electronic state) to all other possible
electronic decays. « will generally be ~ 1 (always < 1). Hence a sufficient

criterion for fluorescence to provide negligible rotational excitation is for

uerJl" e!IJTTBe"JH’ e!J\‘ < <AJH’JH+1 (6' 3)

for all ef, J'.

B. Vibrational Fluores cence

We will assume that the galactic radiatiop field near X ~ 4.9
(the wavelength of the CN v= 0 — lvibrational transition) is predominantly
dilute starlight. Speculation about:the existance of radiation from young gal-
axies (Partridge and Peebles 1967) suggests an additional contribution which

is at most the same order of magmtude, so we will neglect thié component.
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The energy density of starlight at this wavelength is given by
w4 %) = 8.8x10 ergem L Hz T
The Einstein B coefficient for this transition is calculated in Appendix 3, and
from it we calculate that
i2 -1

< -
Rv=0, 1 4 x 10 sec .

This rate is totally negligibie with respect to the excitation rate necessary to

produce the observed 2. 7°K excitation B = 87x% 10_6. Thus vibrational

01710
excitation falls short by six orders of magnitude in accounting for the observed

excitation.

C. Electronic Fluorescence

For electromic transitions in which one electron is involved, we can

Fe

write the Einstein B coefficient in terms of the electronic oscillator strength

or "f value'" ( <1} Herzberg 1959) . Thus the upper limit for the excitation

by optical photons of frequency v = Vgt I, etylgn 1s given by
2 (vib) 2 (rot) 2
av) me'f {1 S |
s
RJ",J"'[’“I - mhe v (ZJ"“J']_) (6' 4)
2 i
where IE[ﬂ(rf: ), | “ are the Honl - London factors,: and liﬂ(‘f,lb,)l 2 are the
J'J v'lv
Franck - Condon factors.
Then the usual sum rules apply
< 2
P I DR LAkl ey (6. 5)

,Jl MTMI'I' J"J' -
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ib) 2
PRLOAREES (6. 6)
v!

20 £y =1 (6.7)
e!

Since u(v) is a slowly varying function of v, and the excitation will be pre-
dominantly via the (0, 0) band, we may sum over allowed rotajmnal and vibra-

tional transitions to get

R . £ u(y) ———m - (6. 8)

01

where v= v e' v=0 J"=1, e'lv! =0 J" =0

(_J_a CN Band Systems

CN has two band systems in the visible, the well known red
2 2 ) 2 2
X'z - A1 andviolet (X £ - B £) systems. The f values for these
transitions have been measured tq be 0. 0034 (Jeunehomme, 1965) and 0. 027
(Benuett and Dalby 1962) respectively.
Ultraviolet systems involving electronic states above B T have

been studied by Douglas‘and Routly (1954, 1955), and by Carroll (1956). Our
current knowledge of the electronic term scheme of CN| is shown in Figure 14.

it is of considerable importance to us to know the oscillator strengths
of the CN ulfraviolet systems. Douglas (1968) has searched unsuccessfullg..r for
these transitions in absorption down to ) ~ 14004, mea long path length
""White-Cell”. He has concluded that gll of the oscillator strengths for these

ulfraviolet systems, which termin'ate in the ground electronic state, are less

than the oscillator strength of the violet system (. 027). The CN dissociation
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energy corresponds to A ~ 1500 & (Carroll 1956), thus any state with a
large oscillator strength for transgitions from the ground state must lie beyond

the dissociation limit,

Q‘b R 6 lUpper Limits

It is revealing now to calculate the upper lim:t for R__.given by

01
(6. 8) assuming fand ¢ tobe egual to 1. This is plotted in Figure 15 as a
function of wavelength, for a radiation field corresponding to that of the galactic
starlight background (Zimmerman 1964). For the red and violet bands the
measured f values are also showm displacing these upper limits accordingly.

Thus it is clear that for any band'system, the fluorescent excitation
rate due to the galactic background will be ~ 2x 10—9880"1, or smaller. This
is ~ 6000 times too small to yield the required excitation, and we may thus
conclude, without further discussion, that.the galactic starlight background is
not responsible for the CN excitation. This is a most important point, since
this is the only process which we have been able to find which might account
for the observed independence of '131 0(CN) with respect to galactic latitude,
Iongitude or spectral type of the star against which the CN is observed.

Now consider the situation in which the star is the source of fluores-

cent radiation. Figure 15 also shows the upper limit for R 0 given by (6. 8)

1

for a radiation field corresponding to that of a line blanketed BOv star at a
distance of 10pc (Hickok and Morton 1968). Again we assume f and o = 1,

and see that at this distance, the starlight intensity is of the same order as the

galactic starlight. Thus if the CN is not circumstellar, the radiation field
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of the star used to observe it is of insufficient sirength to account for the ob-
served rotational excifation.

In order to have the fluorescent excitation of the star play a dominant
role in the rotational excitation of the CN, we need RO e 10_55ec_1. There
are two consequences of an excitation rate this high. First,the ﬂu'x necessary
to vield this high a rate would require the star to be as close as 0. 2pc to t:tleCN.
This ‘proximity is totally contrary to our present ideas concerning the location
of mterstellar clouds. A review of our present understanding of their location
will be deferred to Chapters 7 and 9, however, the main feature which emerges
from this work is that the clouds are not circumstellar, but rather broad layers
spanuing, in several instances, more than one star. For example, the inter-
stellar CN lines'of X Perser and' { Perse: appear to originate in the same
interstellar cloud. These clouds appear to have the atoms and the molecules
well mixed, and only a moderate radiation field incident upon them (see for
example, Herbig 1968a).

Secondly, since we know that all of the f values are small
electronic-states which lie below the dissociation limit, the sum rule (6. 7)
implies the existance of at least one electronic state above the ionization limit
with an f value approaching unity. If a molecule makes a transition to this
state, it will have a certain probability for dissociation. It is difticult to estimate
what this probability 18, but we believe a value of ~ 1% to be a conservative
guess,

Then, since the i value of the dissociating state is g_reatest, this

state will produce thie fluorescence,and the molecules will be destroyed at a
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rate ~ 10_Vsec_1 per CN molecule. (They will be excited atf a rate 10_5sec_1,
and 1% of these will dissociate.} In order to maintain an equilibrium population
of CN, we must have a continuous production rate for these melecules of equal
magnituds.

The production of interstellar molecules 1s unfortunately not well
understood (see for example Dieter and Goss 1966), and only with difficulty is it

~-11
possible o get CH production rates comparable to CH dissociation rates (~ 10 1

sec“1 per molecule, for the CH existing in the interstellar radiation field).
Agsuming similar processes to be responsible for the formation of CN, it would

appear, then, hard to understand even the existance of the CN. Hence it appears

highly improbable that the observed excitation could be due to the fluorescence.
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CHAPTER 7

COLLISIONAL EXCITATION IN #H I REGIONS

In this Chapter we summarize briéﬂy those properties of H I and
H II regions which are pertinent to the problem at hand, and we review work
devoted to the location and environment of the interstellar molecules. We then

proceed to consider in some detail the possibie rotational excitatzon mechanisms

of the CN if it resides in an H I region of the interstellar medium.

A. Difference Between H I and H II Regions#®

Almost 10% of the galactic mass is in gés clouds ~ 4dpc in diameter
which comprise about 10% of the volume of the galactic i:lane. These tend to
be irregular m concentration and composition, but are composed mainly of atomic

hydrogen, (although H_ may predominate at higher densities). This gas is divided

2
into two distinct types of regions: HI and HII regions (Strémgren, 1939, 1948).
H I regions are neutral atomic hydrogen with a kinetic temperature ~125°K, and
hydrogen number density rarely exceeding 104(:111_3 and usually ~ lcm_s.

H II regions, on the other hand, are the emission nebulae which
surround hoi, luminous O and B stars which have sufficient ultraviolet flux

to fully ionize the surrounding atomic hydrogen. These regions, then, have a

4 -
temperature ~ 10 °K and density ~10cm 3. Since O and B stars are com-

* For a review of the interstellar medium see Dieter and Goss (1966) and Vol.

VII of Stars and Stellar Systems: Nebulae and Interstellar Matter (Middlehurst

and Aller, 1968)
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paratively uncommon, and stars later than B 0 have only 1limited H II regions
associated with them, H I regions only involve ~ 10% of the mass of the mter-
steilar gas near the galactic plane.

A well known but noteworthy féature of the interstellar medium 1s that
the boundary between the two types of regions is relatively. sharp (Stromgren,
1939, 1948). This is due to the fact that the radiant energy density beyond the
Lyman Timit falls off inversely as the square of the distance from the star, where
as the total opacity due to the non-ionized component of the gas mcreases exponen-
tially with the path length to the star. These two effects, when included in the
equations’for ionization equilibrium produce a very sharp transition between H I

and H IL

B. Farlier Work on the Place of Origin of the Molecular Interstellar Lines

Prior to Adams' work (1943; 1949) Merrill (1942, 1946) had suggested
that there might be a difference in the place of origin of the molecular absorption
lines and those of Na I and Ca II,» known to be interstellar in origin. The latter
would presumably originate in the "true interstellar clouds”, far from the star
against which the lines were observed,while the molecular lines might be produced
in circumstellar clouds. and be affected 1;y the steliar radiation field.

To clarify this situation, Adams measured the velocity correlation
between the H and K lines of Ca II and the molecular lines. He found that
all of the evidence suggested a common origin for molecular and atomic lines
in the same clouds, and in the same portions of the same clouds. He showed

that the molecular lines, when present, almost invariably correspond to the
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strongest components of.complex H and K lines Thus there is a close relation-
ship between the Ca II and the molecular lines as regards both position and 1n
most cases, relative intensities as well.

Also contributing to his conclusion were the presence of the same
molecular lines with I;early the.same intensities m wide double stars and numerous
pairs of physically unrelated stars. He also found no evidence that the occurrence
of the lines 18 related to the spectral types of stars which appear to lie nearest
the clouds of their origin.

To further support this work, Bates and Spitzer (1951) subsequently
showed that Adams' visual estimates of the intensities of the molecular lines
yield a correlation with the intensities of the interstellar reddening, the latter
1s presumably due to the presence of grains. * Taking advantage of the new and
more accurate atomic and molecular { values,. Herbig (196'8a) has recently cou-
sidered this problem for one particular, star £ Ophiuchi. This was chosen because
it has a single well resolved interstellar cloud 1n front of it  He has arrived at
a similar conclusion that the place of origin of both the molecular and atomic lines

is an interstellar H Icloud. His arguements for this conclusion are as follows:

* Bates and Spitzer (1951) also suggest that the stars in the Pleades represent

a unique case, in that the CH+ in the spectra of these stars is probably circum-

stellar.
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1. The pattern of Ca II absorption lines i1n & Ophiuchr is repeated
in at least seven stars in this direcfion, many of them well outside the H II
region surrounding ¢ Ophiuchi. Since this is the only star in the group mvolved
inan HII region, these lines must be formed in a rather extensive foreground
layer not associated with these stars

2. A similar arguement applies to HI 2lcm emssion feature
whach is not appreciably affected by, and extends well beyond the ¢ Ophiuctn HII
region. This feature is identified with the same cloud containing the other absorb-
g molecules.

3. If the Na I lines were formed in an H I region, the increased
electron presure would depress the sodium iomization and imply an order of
magmtude deficiency in the Na/H ratio. If one assumes an H I region as the
origin of the Na I lines, one gets the solar system Na/H and K/H abundance
ratios.

4. A comparison of the 109 ¢ and HG emission lines origimating
in the HII region shows no turbulent width correlation with any of the interstellar
species.

Thus Herbig has conciuded that for the case of { Ophiuchi at least,
which is probably the most important star for our work, the place of origin of

the molecular lines is an 1wterstellar H I region.

C. Collisional Mechanisms in H 1 Regions

We now turn to a consideration of the various collisional excitation

mechanisms of the CN, assuming that it does reside inan HI region. Since
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the kinetic temperature here 1s ~125°K, and particl’es will have kinefic energies
~ART /T = 229cm_1,, it 15 clear that we need to consider only direct rotational
excitation.- Indirect rotational excitation by way of higher electronic and vibration-
al states can be immediately ruled out.on energetic grounds alone, as the thres~

holds for excitation of these states are 2024cm_1 and -Ellltlcmm1 respectively.

D. Excitation by H Atonig

We.shall consider first the collisional excitation by neutral hydrogen

atoms. We can write for the excitation rate

— 1 v el \ P v = .
ROl va - (¥) o 01(v) dv NH v 05, NHr01 (7. 1)

where:
N, is the total H I rumber density

v is the mean atomic velocity

001 1s the total cross section for rotational excitation

The calculation of %1 n terms of molecular parameters is a difficuit

problem 1n the theory of atomic coll_;swné. E:ortu—nately, the problem is one which
1 another guise has been studied from both an experimental and theoretical point
of view. This is the problem of microwave pressure broédenmg {Townes and
Schawlow, 1955 p. 538).

Virtually all of the experimental work of this subject has been devoted
to an understanding of the interaction between chemically stable systems which
can be conveniently studied under labbrato-ry conditions, while HI and CN are

-

both free radicals. The particular short range forces responsible for pressure
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broadening, however, do not basically distinguish between free radicals and
chemically stable molecules, and ii is thus possible to estimate the cross section
for CN rotational excitation by H to an accuracy of perhaps 50% by an appeal

to the laboratory data of similar molecules.

A rather similar process which has been described in the literature is
that of the pressure broadening of the H Cl J =0 ~ 1 rotational line by collisions
with He atoms at room temperature (Rank et al. 1963). The resulfing cross
section for the J = 0 » 1 rotational excitation has been calculated from the ex-

2
150m (Gordon, 1966).

perimental results to be 1.6 x 10
H Cl, like CN, 1s a highly polar molecule with Fool ™ 1 085D (Bell
and Coop, 1938). The bond lengths of the two molecules are also similar -

r (HCl) = 1, 2748 versus r (CN) = 1. 172 & (Herzberg, 1959, Table 39).

Unfortunately the guantum-mechanical description of the coliision
between a polar molecule and a spherically symmetric atom results in a slowly
convergmg expression for the excitation cross section (Anderson 1949). Since
each term scales in a different way with the molecular dipole moment i, the
atomic polarizability oz, and the projectile velocity v, there is no precise way
m which we can deduce the CN - Hor CN -H 9 excitation cross sections from
those of H Cl - He. However on the basis of the leading term in the expression,*
due to the dipole - mnduced dipole interaction, we can estimate that an upper

2,.2/5
limit, at least, for the cross section will scale as (ap /) / .

*Actually for CN - H 9 collisions there is a comperable term due to the direct

iteraction between the CN dipole moment and the H 9 quadrupole moment.
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In addition to 001 for HCl —~ He collisions, Gordon (1966) also gives
the corresponding cross sections for OCS - He and OCS - Ar collisions The
OCS electric dipoleé moment 15 small, and consequently we have not used this
molecule as a comparison since interactions .other than the dipole induced - dipole
type probably are moreimportant. But it is encouraging to note that these data
scale according to our prescription.

The polarizability o of the colliding atom may be calculated from
the quadratic stark effect of its ground state and has been calculated for both
H and He, as well as having been measured for the latter atom (Bethe and Sal-
peter, 1957). It is found that G'H/G‘He =(9/4) /.074 = 30. 4.

The ratio of the velocities of 125°K H atoms fo 300°K He atoms is
1. 29. Thus we expect a cross section for this process of GOI(H -CN) =

'0yy(He - HCI) x4:5 =7.1 x 10 B cm?

Taking Herbig's (1968a) upper limit of 9000m_3 for the neutral hydro-
gen number density in the cloud containing the CN in front of ¢ Ophiuchi, and
v = \/'Sk—TW =1.6% loscm/sec for the mean velocity of 125°K hydrogen
atoms, we get the excitation rate R _ =~ 1.03x 10—6 sec_1 which is smaller

01
-6 -
= 8.7x 10 "sec 1 by a factor of 8. 4. Thus it appears improbable ,

1

—~

than }301 ulO

although not by a large margin, that collisional excitation by hydrogen atoms could

account for the observed rotational temperature. At most a small portion of the

observed excitation can be attributed to collisions with H atoms *

* There also exists the possibility that a fraction of the interstellar hydrogen may
be in the form of PI2 molecules The ratio of the polarizabilities of He and Hz
18 zZiven by aHZ/ Orte 3. 55 (Margenau, 1935), so we expect a cross section

0y1(CN - H)/ 0,1(CN - Hy) = 1. 97.
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L. Flectron Density

In HI regions, the ultraviolet flux 1s of insufficient magmtude to
ionize the hydrogen gas there, however, there is sufficient radiation to 1onize
such more loosely bound but considerably less abundant species as C, Mg, Si,
and Fe, primarily C. It is generally assumed that the electron density 1s due to
photoionization of these elements (Middiehurst and Aller, 1968). More recently,
cosmic rays also have been suggested as a possible source of ionization (Potash,
1968; and Spitzer and Tomasko, 1968).

In H1I regions of typical density ( 1 cm_g) the electron density is
thus qu|ite small. For example recent dispersion measurements made with the
help of pulsars yield electron densities of order Ne ~2X 10_2(:m_3 (Shuter et
al, 1968) averaged over hundreds of thousands of parsecs in the galactic plane.
However, in the cloud contaiming the CN in front of { Ophiuchi where the density
may be as high as 900 atoms/ cms, the density of these elements and hence the
corresponding electron density will be proportionately higher. From a consider-
ation of the expected carbon to hydrogen ratic, Herbig (1968a) has estimated that
here it may be as high as Ne ~. 4cm_3.

If either of the optical lines of Na Il or C‘a I were observed, one

could calculate the actual electron density in this cloud from the eguations for

It thus appears that two H atoms are roughly four fimes as effective in exciting
molecular rotation acting alone, as they are when bound fogether in a molecule.
Thus we have assumed.for the sake of an upper limit, that all of the hydrogen

18 in the atomic form.
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iomization equilibrium Since only Nai and Ca II are gseen (due to their differ-
ence 11 1onization potentials), to use the Na I/Ca II ratio one would have to
assume the abundance ratio of Na to Ca. However the calcium abundance 1s
often anomalously low, -and in the case of the ( Ophiuchi cloud Herbig points
out that this effect 1s ‘probably exaggerated. The easiest way to measure the
electron density here would be to attempt to observe the Ca I resonance line at
4227} for this star. Herbig has calculated from his upper limit of <3m} for
the equivalent width of this line that Ne <1. Qcm_3 )

It 1s unfortunate that this line was just off the bottom of the CH+ syn-
thesis described in Chapter 5 of this thesis {this synthesis terminates at 4228.3).

Further effort should be made for the detection of thas line.

F  Cross Sections for Excitation of CN by Electrons

In order to estimate the excitation cross section for 125°K electrons,
we must consider thé problem quantum mechanically, and will use the Born approx-
imation for this. - Because these resulis are used later when we consider H 1II
regions, we will solve this problem for the general case of a diatomic molecule
with both spin and orbital angular momentum ,and specialize to the case of a rigid
rotor for CN. Although Massey-(1932) derived a similar expression earlier,
his results appear to be in error by a factor of 2/3, hence, we shall present the
calculation here.

The usual condition for the validity of this approximation applied to

3

s R .

) 2 ’
the excitation of a point dipole 15 that 2uem/# <<1, or it <<1.27D (Massey, 1932).

While we adopt g(CN) = 1. 45D, and p(CH) = 1. 46D, (Table 3. 2) 1t 15 known,
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however, that Massey's condition is often too stringent a restricltion on the use

of the Born approximation. Alitshuler (1957) for exalmple, obtamed good agree~
ment with experiment by calculating the dit:fusion eross section of NH3 and H 20
in the adiabatic Born approximation, and these‘molecul'es have dipole moments

(1. 468D and 1. 94D respectively) ,as large and larger than CN al;d CH. Mittleman
and von Holdt (1957) bave moreover calculated the exact cross section for elastic
scattering from a point dipole, and find that even at ¢ = 1. 46D the diffusion cross

s'ection is only 60% higher than the result in the Born approximation.

Let us first write the initial and final assymptotic wave functions for
the electron - molecule system. Normalizing the electron wave function to a box
with edge of length L, we have
_ L—3/2 ki B

W, ~ oy,
i AKSIM (1. 2)
_.-3/2 ikg" R .«
=L e Vaxrsgrr
where:
U ARSJM 8 the molecular wave function
R is the electron's position vector
and
Ei and l_gf are the initial and final electron propogation vectors
The 1nteraction Hamiltonian for a point dipole in the field of an electron is
e o= SHCOS X (7. 3)

R2
where ¥ is the angle between the molecular axis and E{, as shown in Figure
16a
Following Schiff (1955, equation 30. 6) we may write the expression for

the excitation cross section in first order perturbation theory

k
2041 ds_ t{ m 6 2
orsm A do K z) Lo g (-4
m
m S s i 2m A MiMf
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where 8 1s the scattermg angle of the electron,and we take the z axis to be in

the dlrectlon of 6k k - k

~1 Nf

in (7. 4) may be expressed simply as

as shown in Figure 16b. Then the matrix element

L3 gcos X ; 9

(7.9)
_ & 16chos® X
7 e n® (¥, pamy ooy [ o) oo, YdRA @48

L

2 2
with all other terms defined in the Figure. Note also that (BkY =k1 +

kfz - Zki kf cos BS‘. :We can now expand co0s y in terms of spherical harmonics:
47 L H“ :
COSY =Ty 4 (DY, (09) Y, (@9) (7. 6)
po-1 i

Since ¢ appears nowhere else in (7. 5) the only term which will contribute to this
sum 1s the one with ¢ =0. Hence we have for the matrix element, using the

Wigner-Eckart theorm (Edmonds, 1968, equation 5. 4. 1),

« T
2me i
X o= Lg— V41773 f f elékRCOS@)sm@ cosBd @dR
if L 00
{AK 8JM| YlOIAK’ SITM') (7.7)

L I-M dmeni J1a - .
={-1) - (_Mé ixz') ¢ AR SIP C(1) || AK'ST' )
L8R =

Using Edmonds (3. 7. 8) and integrating,equation (7. 4) then reduces to

222 k, ¢ sinb dg
- oA 8im - )
e e*HZ I (aksafic (u !\K’SJ')|2 k—f"f T§_2_S
3(23+1) # ~ 10 kg +I -2k koosh
222 . k +k (7.8)
8mm e .
= TSR sy el akssy |2 L |
3(2J+1) ~ N %
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The evaluation of the reduced molecular matrix element ig caxried
out in Appendix 2, hence for a diatomic molecule, such as CH, intermediate

between Hund's cases (a) and {b)

f

A~ -~ - 8mM e i
n |35

kg T Vs kg T 2

.|:Z Us e U?{K (2K'+1)1/2(2K+1)l/2 iK‘ IS }(K 1 ')} Z
A O

I (2r+1)
(7.9)

K'K d K 1

2
where kl =mv/4, and k? = ki - 2mw K3, K JT/ #. When specialized to the linear
rotor (7. 3) yields
2 2 k +k
3 173

] _
Jd 3 ﬁzv ki kf

which is a factor 2/3 smaller than Massey's (1932) result.
Using the approximation that
2
+ - 7.
(k, kf) / (k - k) ~ 2mv / ﬁwi] (7.11)

we can average the cross sections over the Maxwell-Boltzmann velocity dis-
{ribution. Thus for a molecule such as CH
' 32 292 S m;}z
(rh ~ Lot ) = _-._E.__._ 111 ! —_———— ‘ - Y
K3, K 34y (2J+1) 2hw’
K'JT, KJ
(7.12)

B U Ui K0 Ry (0 3 8} x 1 10\ T
K'K J K 1{i-A 04
and for the rigid rofor

22 - 2

N LR o
St v 2n mi’:(‘J',;{J

"where y={.577 (Euler's constant)

and v =./ 8T /mm

The use of the approximation (7. 11) resulis in an error of less than one percent

(rJJ,

in the average rate, and we neglect the slight difference between the electron

* mass and the reduced electron mass.
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G. Excitation Rate from Electrons

Application of equation (7.‘13) for Herbg's (1968a) estimate of

1 ~5.6x 10_7590_1, which is 15

N~ sem™ yields the excitation rate R 0

times lower than B 01?1'1 0’ On the other hand 1t is only 3. 3 times smaller if

-3
we use Herbig's upper limit of Ne <L 9em . Thus it appears improbable

although arain not by a large margin that siow electrons could provide sufficient

excitation to account for the observed rotational excitation of CN. It also appears

that for a normal C/H abundance ratio, electrons are approximately as effective
as H atoms in exciting molecular rotation.

Since the Born approximation satisfies electric-dipole selection
rules, the rate equations may be solved by an equivalent increase of radiative
mtensity at the corresponding wavelength (this proceedure was described in
Chapter 2).

The; incréas:e in temperature due to excitation by slow electrons
15 given in Figure 17 as a function of electron é{ens_ity and obs‘erved temperature,
and for H I atoms assuming that the CN -~ H mteraction predomllnantly ohbeys
electric-dipole selection rules. For Herbig's estimate of Ne =, 4cm_3, the
correctionto T 10 and T 21 due to electron excitation 1s 0. 14°K and 0. 12:‘"1(
respectively, just comparable with the statistical errc;r of the temperature
measurement.

If the electron density is as high as Herbig's upper himit N(o3 <1. Qcm_s,
the corrections are still less than 0. 75°K and 0. 77° K, with the result that the

major part of the excitation must be due to some other process. Further study

of 42278 of Ca I should allow the upper limit to be considerably depressed.
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H., Comparisonof T 51 with T 0 to Determine Electron Dens.ty
EX

Since collisional excitation i1s a nonthermal process, the resulting
distribution of levsl populations will not be thermal. Tn princip}le, this departure
from thermal dxstriﬁution can be measured and additional information about the
collisional mechamé.m obtained.

The expected T 1 for excitation by a mixfure of microwave back-

2

ground and 125° X electrons has been plotted in Figure 18 as a function of

electron or H I density and observed T 1 Tt can be seen that the departure

0
from thermal equilibrium of the J = 2 level population 1s too small to be measured
with the present precision of T o1 measurement; the temperature differences

are at most 0. 1°K for reasonable electron densities, comparable to the

statistical errors involved. Thus with the present observational accuracy, a

partial contribution from electrons or H atoms cannot be ruled out

I. Excitation by Jons

In the next Chapter, we will describe a nume izal zalculation of the
cross section for rotational excitation by particles with the mass of a proton or
greater. ‘ Figure 19 shows the resulis of this method applied to the cross section
for excitation of the CN J = 0 — 1 transition. In this curve the abcissa 1s in
units of the most probable velocity of 104°K protons. Foran H I region the
excitation will be primarily due to C II ions at 125°K, hence the most probable

velocity of these will be down by a factor 1/31.
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It can be seen that the cross section 1s falling off very rapidly with velocity,
and at the most probable velocity o:f the ions, 1t will be at least two orders
of magnitude below the value at the most probable velocity of 104°K protons.

In the next Chapter 1t will be shown that a number density of approx-
mmately 1. 37 protons/cm3 at 104°K is sufficient to provide 3°K excitation of
the CN. Assuming charge neutrzf.lity in the H I region the ion density will be
the same as the electron density ( ~. 4e/cm3). Thus the excitation rate here

will be smaller by a factor of approximately 104: and will clearly be negligible.

J. Discussion

It is thus seen that if the CN resides in an H I region typical of the
major ir_1terste11ar cloud in front of ( Ophiuchi, its excitation probably provides
a good measure of the background radiation at 2. 64mm. No other excitation
mechanisms appear to be of sufficient girength fo provide this excitation, al-
though the margm for e and H excitation in the case of ( Ophiuchi is not as
high as one might ike. There 1s good evidence that the CN does 1n fact reside
inan HI region as we discussed earlier in this Chapter. Further discussion
of this point will foltow in Chapéer 9 after we consider the alternative possibility

of the CN residing in an H II region.
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CHAPTER 8

4

COLLISIONAL EXCITATION IN H II REGIONS

In H II regions virtually all of the collisions experienced by a
molecule will be with charged particles. We will now show that, as a resuit
of the long range of the Coulomb force, the excitation cross section is sufficient-
ky large that all of the observed CN excitation could be produced in an H I
region of reasonahle (~lcm_3) density.

Our analysis of Chapter 2 showed that even though the CN may not
yvield reliable temperature measurements, in this case it will set a reliable
upper limit to it. In addition we will now show that if protons are the sole ex~
citing ager;t for the interstellar CN, the resulting rotational temperature will
be a sensitive function of the density of exciting protons. Since the interstellar
medium is a highly inhomogeneous place with respect to density, the observed
invariance of the rotational femperature against eleven stars (see Chapter 9)
speaks strongly against the suggestion that the excitation is collisional.

We will calculate here the CN J =1 and, J =2 and the CH KJ =
1 3/2 level populations which result if the CNJ =1 popul'ation 1s due solely
to excitation by 104 K pro;:ons. Following Chapter 7, we are interested to see
if the present obsarvatlional uppsr-limits on thése levels might be useful in
shedding further light on the CN excitation mechanism. I:Ience our calculations
will be for the most complicated case of interest, a diatomic molecule, such
as CH, with both spin and orbital angular momentum which lies intermediate
between the Hund's case (a) and (b) coupling schemes. We can easily specialize

this to the simpler coupling scheme of CN.
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A. Semi Classical Approximation

Our calculation of the excitation of molecular rotation will treat

the projectile trajectory classically. Such a proceedure is usually valid in
scattering theory when the impact parameter b 15 large with respect to the
‘projectile de Broglie wavelength = #/Mv (here M and v are the projectile
mas3 a velocity relative to the scattering center). For v ~ 106(:m/sec, the
maximum 2axcitation of CN and CHoccurs when b pd50§., so this condition 18
well satisfied. In addition, since the projectile energy is ~ lev, while the lower
energy level separations of CN and CH are ~ 10_2 to 10_36V, the snergy

loss of the projectile will be small. Hence its deflection will alaso be small,

and we may assume 1t to ff)llow a classical straight line trajectory.

The transition rate R I3 for a density of Np incident projectile

(N;D (v) at velocity v) 1s given by
Ryp=Nr = j;chJ, W) N (v) av (8. 1)

where v 1s the relative velocity of the molecule and the projectiles, and

Gyt

is the (velocity dependent) cross section for excitation of a molecule
mnitally in level J to‘ level J'. The cross section is found by summing the
iransition probability P M, e OVeT all initial and final states, mtegrating
over impact parameter, and dividing by the statistical weight of the 1nitial

level. Written in the dafferential form this 1s

2T + 1 (i{cg'”I
e = P . 8.2
27 db L%M JM, JTM! ( )

3

The dynamical variables of the molecule, on the other hand,‘ must
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be treated juarntum mechanically. The molecular state  vector during the
encounter with the projectile is described by Schrodinger's equation in the

form (see for example Schiff 1955, p. 196).

1% 1 - w. t
— =% W (e O (8. 3)
]

Even with the simplifying assumptions already made, no analytic
solution exists for these coupled differential eguations for arbitrary values of
v, b and tpe molecular constants B or § We must therefore solve these eguations
numerically,and use a Runge Kutta scheme to do this (see below). First the re-
quisite matrix elements of the mteraction Hamiltonian 3 '(t) must be calculated.
The excitation cross sections may then be found numerically, and averaged over
the velocity distribuation of the IO%K protons typical of an H II region. Since
the computer time reguired for the Runge Kutta integration is large, for a check
of the resulting rates at other temperatures we use a hybrid of first-order per-
turbation theory and the quantum mechanical sudden approximation. This has
vielded the same cross sections to an accuracy of ~ 1% near 104°K (Thaddeus

and Clauser, to be published).

B. Mairix Elements of Interaction Hamiltonian

The matrix elements of the Hamiltonian are taken to be those of the
interaction of a point charge with a point dipole. Following equations (7. 3) and

(7.8) we take the operator to be given by

1
ey = Amie il .
W (1) SR uzzl( 1" Y. (8¢) Ym (@, &) (8. 4)



where R, @, and % describe the time dependent spherical polar coordinates of
the position of the projectile in the laboratory frame with origin at the molecular
center of mass, and 0and ¢ represent the spherical polar coordinates specifying
the molecular orientation in the laboratory frame.

For a classical straight line trajectory of a projectile with impact
parameter b and relative velocity v, the Y 1#(@(t), #t). ) may be written for the

coordinate scheme shown in Figure 20, as

- 1/2 . 1/2
Y (t) = ¥(3/87) © vt , Y () =(3/4n) b 8.5
11 (vEZ+ BT )1/2 10 G+ B 1/2 (8-9)
Hence the matrix elements of the Hamiltonian (8. 4) may be written
. 4 0 I r ) /i 1/2
(AKSIM i3 (t) | AK'SI M) = (4n/38) iy
R(t)
(8.6)

1 . .
-_— U- - ’ ’ t
.M:L_“,l( V7Y (6 (AKSIMI C_ (6 I AK ST M)

The C 14 are the components of a tensor operator, so we can apply

the Wigner-Eckart theorem (Edmonds 1968, equation 5. 4. 1.) to factor off the

M', M dependence. Thus

{AKSIM| 3 (t)] AK? ST M) = (47r/3)1/ 2 ue

RY(t)
(8.7)

~ -~ 1
- (AKSJ I C(1) | AK’ 87" M+ u /3 1 ¥
(ST S RIS Ly

The reduced matrix element in (8.7) has been evaluated in Appendix

2 so that the matrix elements of {' may be written
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- - - 1/2 1/2
(NKSIM | %' () | AK ST M) = @/ 2N S ML g /2 o541)
ne J 1 J’)
[R At Z ( 1) Ylu(t) (—M - M (8. 8)
L s L (2K+1)1/2{K 3 8 (KlK)
px KK Ukk * J K 1{\-n0nA:

Letting A=8 =0, K'=J', K=J, and using Edmonds {1968)
equation 6. 3. 2), we obtain the matrix elements for the linear rotor:

MR IM) (41?/3)1/ 2 (—l)M(2J’ + 1)1/ 2(2J + 1)1/ 2
(8.9)

(“J) - w J1y
: _pe 2 ()Y ( )
000 R? ) pe=-1 Ip \-M —p M

C. First Order Perturbation Theory

The differential cross section of equation (8. 2) for a molecule such
as CH has been calculated using first order perturbation theory* to be (Thaddues

and Clauser, to be published}

- do” _ = 8 282 2 ~
ko xy _vIkaxy TV EORSLKT o
db db 2,2,3
2
1/2 1/2 \K" 3" 8| (K1K
3y Us, _ Us_ (2K +1 oK + 1
Cr KE &K ) ) Tk 1l \roa (8. 10)

b

AT \\ S
oz (s KJ) . 2 [K3.K

0 v 1

¥t should be noted that first order periurbation theory is in all respects equivalent

to analyzing the pulse associated with the passage of the projectile into virtual quanta.
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where K0 and'Kl are modified Bessel functions, The transition px;ob%blhty

for this process obeys the usual symmetric-top selection rules for eleciric
dipole transitions. To apply equation (8. 10) to the simple rotor we again let

A=8=0, K'=J', and ¥ =J, and use Edmonds {1268 equation 5. 3. 2) to eval-

uate the 6j symbol,

2 2
dr do__, 8nip e wz, A
Tag o3 E RN RS
db b, 23 000

(8. 11)

w_. b .. b
. K2 J'J 4 KZ J'J b
0 v . 1 v

Again, the 3j symbol leads to the selection rule AJ = +1 for the linear rotor.
Figure 21 shows the application of. equation (8.11) tothe J =3 -1

transition of CN, and Figure 22 shows the application of equation *(8. 12} to the

KJ =11/2 -~ 13/2 transition of CH. In both cases a logarithmic divergence

of the cross section results at small impact parameters.

D. Quantum Mechanical Sudden Approximation

The integrated cross section has been calculated for the collision
of a proton with a molecule such as CH using the quantum~mechanical suﬁden

approximation, and the result is

2 2
A A Tav 2o 2%
P thy |

“kI,KI T 2ne

@+ Y @iy [ 57

3 0 L+1/2

TKI, K'3
(8.12)

* 2
22 v Ul (ZK'+1)1/2(2K+1)1/2 K'JI'S{{K LK
K'K K'K' KK = ; J KTIA\-A 0 A
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The integral over impact parameter in equation (8. 12) (Grébuer and Hofreiter
1958, p. 292) converges for L > 1. If K and K' are such that the second line

of {8.12) vanishes for L =1, we can write

23

rKJ, R'J' = &12_9__ (2Jl _,_1) Z} 2L+1
31%y L (L-1)L (L+1)}1+2) (8. 13)
2, Ul (2K'+1) 1/2 (ZK+1) k' g s/ K LK\?
; K'K KK
K'K Jd KLY\-A O A
For this casge, letting A=8=0, K'=J', K=J we obtain the excitation rate
for the stmple rotor
8@2 2 (2L + 1) J L J 2
r._. = (23'+1) 7, ( ) (8. 14)
2
JJ 3520 L (L-1)L(L+1)(L+2) 000
On the other hand, 1if the second line of (8. 12) does not vanish for
L =1, the rate diverges at large b, and we cannot evaluate the mtegral in
(8.12) from b =0to =» we use the latter approximation.
Using (8. 14) the sum of the niany-quanta transition rates from a
given level to all other levels can be calculated exactly. For excitation of a
rigid rotor from the ground state to a level with J =2 (8. 14) yields
22
Yoy = 811'21.t e (24 + 1) (8. 15)
3av (J - 1) J (J+1)(I+2)
and by means of partial fraciions we may write
< SI_EZ 2 1 1 1
e .
2, r._ = J/zZ)( - .-————+——-) (8. 16)
J=o O 3ﬁ2v o JJ+l J+2
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The series terminates and 1s .easily evaluated:-

= o 202 .
27 Top " _“21*_9_ , L (8. 17)
J=2 3% v 3

In the same way it 1s found that

E I.lJ = .§1T.%...e___ N :9._ (8- 18)
d=3 3a v 40
and
>, r..= Smuzez 4 (8. 19)
2J 2 ) .
J=4 3% v 21

Finally, the simple 1/v velocity dependence of the excitation rate
1n the sudden approximation allows the Maxwell=Boltzmann velocity average to

be done analytically. The avera;fe rates {(r._2 _ ) and {(r ) are given

K3,K'J JdJ

. 22 2
by equations (8. 13) and (8. 14) with the factor Smg e / 34 v replaced by

2 2
ﬁg“‘f— (8. 20)
3n v

where the average reduced projectile velocity

v = (8kT/m m*)l/ 2 (8. 21)
and m* 18 the reduced projectile mass, and T 1s the kinetic temperature of the
projectiles (t emperature of the H II region).

Figures 21 and 22 show the differential cross section In the sudden
approximatioa, the derivative of equation (8.12) evaluated for the specific case
of excitation from the CN and CH ground states. The divergence of the sudden
approximation for AT =+ 1 transitions (L <1) at large impact parameters is

evident, but the finite value of the many —quanta cross sections, as revealed 1n
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equations (8. 13) and (8. 14), 1s also illustrated for the J =0 - 2 CN transitions.

E. Numerical Solution of Schrodinger's Equation

The descrete points shown in Figures 21 and 22 result from a num-
erical integration of Schrodinger's equation (8. 3),and at least to the accuracy -
herent m the numerical analysis, they represent an exact solution of the exci-
tation problem.

The amplitude of the state vector in equation (8. 3) is first separated
into real and 1maginary parts,

a](w) = pJ(W) + iqj(W) (8. 22)

and a change in independent variables 1s made (Winther and de Boer 1965):

sinh w =vi/b (8. 28)
Since the matrix elements of the Coulomb interaction, given by equations (8. 8)
or (8. 9) are real, Schrodinger's eguation can then be written as an infinite system

of first order coapled differential equations in the real variable w,

dw hv

dq(w) . cosh w . - ~w b sinh w ® b sinh W]
Fr . 22 il s @ | [ql(w) sm—J—-——-v — - pl(w) £0s
! (8. 24)
dp](w) cosll w w b sinh w ® b smh w]
=b 27 <3l (w)li)[qi(w) cos 0 + p (W) sin—L——
1

" ~

Here j and i denote the set of quantum numbers A K'SJ'M and A KSJM, respec-
tively (orJ'M' and JM for the simple rotor), and the initial conditions are pre-
scribed at aj(-m) while the transition probability is calculated from aJ(+oo).

In practice, the infinite set of equations (8. 24) are truncated at some

rotational level of the molecule, such that the inclusion of higher levels has a
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negligible result on the transition probability of interest. In addition, “j:he inte-
gration is confined to a finite range, -w 0 SWSW 0 The resulting fimte set
of 2N real first order differential equations is then solved over a}fimte inte~
gration range by the Runge-Kutta method, subject only to the mnitial condition
qi(—wo) =0 gand pi(—wo) = 611{’ or qi(-wo) = 61k and pi(—wo) =0, forall i
(1. e., the molecule is 1n a definite state k prior to the coliision}). The trans-

sition probability due to the collision is then

2 2
ij = pJ (w0)+ q] (w,.) (8. 25)

0
The specific numerical prediction scheme was a genaralization of

Hildebrand's (1956, p. 236) equations{6. 16 7) through (6. 16 10} to the solution

of 2N simultaneous differential equations. ~ Writing eguations (8. 24) in the form

dp dq
1 _ N 8 26
Gw = F W and o= Gilpq,, W) (

and dafining

]
T

+
E!

1

+ i ' .
By T Py tiag = P+ igw) (8. 27)

then the equations for the a.

in terms of the a  are the following:
J.otl n

= + + + +
p],n+1 p]n 1/6 (k 1jn 2 kI?.jn 2 k3Jn k4jn)
and (8. 28)
= + 1/6 +2 +2 +
qj,n+1 qJn / (mlm m2]n m33n m4]r}
where
= b ; ;
i WED; ) G W)
k = dw F +k + +
2jn - W j(pm 1111/2’ Hin mlln/z’ Y h/2)
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= + + 2, w +h/2
Kgn = OV F oy Kpin/ 2 G Mgy /2 W Hh/2)
= + + ¥
k4jn ow FJ (pin k3in’ 4 ®3in’ Ty b}
and
m1]11 - 0w Gj(pin’ qm’wn)
= + z + 2 +
Mom = WG, Ky /2 Gty /2, W+ h/2)
= 6w G +k 2, + 2, + h/2
mSjn W j(pln 2in/ qin rn2111/ " /%)
= + + +
m4jn 0w G](pm kSm’ Y ™ 3w’ Vn h)
and

8 w = the merement in w

To calculate the cross section of excitation rate for a given initial
level wvia equations (8. 1) and (8. 2), the Runge-Kutta integration must be repeated
starting from each state of the level in turn, unless it is possible to exploit
the symmetry of the interaction For the simple rotor, for example, the rates
are symmectrical wiin respect to + M,

For CH, where only excitation from the ground state is important,
the Runge-Kutta calculation included the interaction between all the states of the
lowest seven rotation-fine structure levels of the moiecule, while for CN, where
excifation from the three lowes. levels 18 of interest, the lowest ten rotational
levels were included in the calculation. The mtegration over w was confined
to the range -4 = w <4, and the increment &w 1n the Runge-Kuita scheme
was adjusted in the range 0.005 to 0.1, depending on b, to provide the desired
convergence of the solution. Adequate convergence was furthur demonstrated

by varying the number of levels, and w_, and by comparing the solution with

0

the sudden approximation and first order perturbation theory in the appropriate
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limiting cases. Using this scheme each of the points shown in Figures 21 and
22 required approgimately one minute of computation on an IBM 360/75 computer.
Figure 21 shows for CN how the solution calculated from first order
perturbation theory converges for large impact parameters to the numerical
solution and for small 1mpact parameters how the sudden approximation converges
to the numerical solution. From a consideration of the orders of magnitude
mvolved (Thaddeus and Clauser, to be published) it migh:c be expected that the
hybrid technigue would yield accurate results when applied to CN,but be of only
marginal value for CH. This contention 1s in fact born out as can be seen by
comparing Figures 21 and 22.
Figure 21 also shows, specifically for the J =0 ~ 2 transition of
CN how well the sudden approximation alone is able to describe many-quanta
transitions. Comparable close agreement between the exact and sudden approx-
mmation solutions is obtained for the J =0 —3 and higher many-quanta CN tran-

sitions not shown in the Figure.
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F. Numerical Results

We now turn to the excitation of interstellar CN and CH, and
specifically calculate (a) the number density of protons and electrons necessary
to provide the observed 3°K excitation temperature of the 3 =1 CN level, and
the temperature of the J =2 and J =3 levels which then resuits, and (b) the
excitation temperature of the KJ =1 3/2 state of CH which this particle dsnsity
produces. Charge neutrality and a common kinetic temperature for protons and -
electrons are assumed, and it is suppozed that CN and CH are well mixed to-
gether, and thus subject to the same density of charged particles.

a) CN

Since for this molecule the population of several levels is appreciable,

we are obliged to solve the rate eguations (2. 14) which reduce to

dn o= )
J
4 - _ z; + E; R 8. 29
0= 1, (N, it RyptAs g0t 08500, 0 = DRy (899)

where nJ 1s the population of level J, Np is the proton (or electron) number

density, and R__ is now the sum of the electron and proton collision rates.

Jd

These equations are to be solved for Np, n2 and n3 under the condition n 1/ n
-1

= 3 exp (—2hB/kTB), B=5.7x lolﬂsec s TB= 3°K, and the normalization

0

condition J 11J =1. That is, we assume that when levels with J >3 are
J=0
collisionally excited they immediately relax radiatively to the J = 3 level, and

that the population of these higher levels 1s effectively zero. In view of the rapid

mcrease of the spontaneous emission probability with J this approximation pro-
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duces a nsagligible error in the final results. The rate for many-quanta
transitions from the levels J =0, 1, 2 to higher levels 1s thus simply added
on to the transition rate to the J = 3 level. The last column of the rate matrix

in eguafion (8. 29) 1s thus
R .= &®y+ 3 Py (8. 30)

for J=0,1,2, where (e) denotes electrons, and (p) protons.

The electron rates were already calculated in Chapter 7 using the
Born approximation. The summation does not extend over the electron rate
smce only AJ =zx1 transitions are permitted in the first Bori approximation.

) and (r(p)

T . satisfy the principle of detailed balance, but for

Note that (rg?,
terms which involve the J' = 3 column, RJJ, does not.

The proton contribution to the rate matrix is found by two techniques.
In the first, or approximate, method the many-quanta rates are calculated from
the sudden approximation, employing equations (8. 14), (8.17), (8. 18} and
(8.19), since the integral over velocity as given by (8. 20) is e:xpressed in closed
form. These terms are listed 1n Table 5 for an H II temperature of 104°K.

For the AJ =1 (L <1) approximate rates we employ the hybrid
solution described in the section on the sudden approximation. Fme intervals
for both the integrations over b (&b = 1:5;) and v (&v =0. lvm =0, 1(2kT/ m;)
were used where Vm 15 the most probable proton velocity), and no appreciable
error 1s introduced by the numerical integration. The approximate single-quanta

rates for CN, were calculated 1n this way for H II temperatures from 5900°

to 15, 000°K, at 1000° intervals; the rates for 10, 000%re listed in Table 5.
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Ih the second, or exact, method both the single and many-quanta
transition rates were calculated by means of the numerical integration of
Schrodinger's eguation. Since the calculation of dr/db ata given value of b
and v requires a substantial amount of computer time by this technique (at
least one minute), an economical schkeme for the double integration must be
employed. Simpson's rule was used for the integration over b, with inferval
b ranging from 28 to 10%. The second integration over the velocity distri-
bution was then done by a four point quadrature scheme -~ a modification of
Gauss-Hermite quadrature to deal with integration over the domam 0 to =.

Since m terms of Vi the average over the velocity distrbution is

(I‘ > =4'|T_1/2

2
I3 (v)v dv (8. 31)

[a)
-3 2,2
v exp (-
m '{; p (v /vm) I-J J!
an n pomt quadrature scheme will eractly integrate the first 2n - 1 =7 terms

- (V) v2 it terms of v. In the sudden approx-

in a power series expansion of r I

imation rJJT(v) v2 1s exactly proportional to v, thus high accuracy might be
expected with a small number of quadratuce divisions. The divisions of v/ Vm and
corresponding weights used here are those calculated by Huang and Giddens
+{1968}). The adequacy of only four points in this integration can be demonstrated
by comparing the quadrature velocity average of the approximate rates with the
result of the fine—interval numerical integration given in Table 5: agreement to
better than one par cent is found 1n all instances.

The exact rates: averaged in this manner over the velocity distribution,

for an H II temperature of 104°K, are also listed in Tahle 5. The tendency of

the average exact rates to be smaller than the average approximate rates is due
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to the divergence of the sudden approximation at low velocities, where the exact
rates instead vanish (since the low frequency photons associated with the passage
of the projectile cannot produce transitions).

Using 'the results of Table 5 and the molecular constants* of Table
2, the rate equations (8. 29) truncated at J =3, are solved numerically, and
yield Figures 23, 24, and 25. First of all, we find from the exact rates that a
number density Np =1.37 cmﬂ3 {and 1. 37cm—3) at a kinetic temperature of
104°K is adeguate to account for the observed 3°K excitation of the § =1 CN
level. Such a density of charged particles is easily attainable in an H II region,
so that the observed excitation could be produced collisionally .if the CN resides
in such a region.

Next, in Fugure 24, we see that if collis_lons excite the J=1 CN
level to 3°K, the J =2 level will show very nearly the same temperature, again
over a wide range of H II temperatures. The first significant departure from
thermal cquilibrium occurs with the J =3 level, whose fractional population
is only ~ 10“3, and as such 1s not observable with present technigues.

Finally, Figure 25 shows that the temperature T 10 of the J =1 CN
level 15 a rapidly varying function of Np. Since the density of the intersteilar
medium is highly inhomogeneous, the invariance of T1 0 agamnst eleven widely

separated stars would tend to disprove the hypothesis that the excitation 1s

* Note that the calculations 1n this Chapter used the value p=1, 1D (Arpigney 1964)

for the CN dipole moment instead of the more recently measured value 1. 45D
(Thomson and Dalby 1968). The reason 1s that this was the best available value
at the time the work fur this Chapter was done, but the slight difference between
these values should not affect appreciably the final values for the prolon density

and T 21 which we caleculate.
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collisionally induced by heavy charged particles.

b) CH

For this molecule we are only interested in the temperafure of the
KJ =1 3/2 first excited state. The numerical integration of Schrodinger's
equation, averaged over the velocity distribution by quadrature,

. . 4
yields for the proton excitation rate at an H II temperature of 10 °K,

p) - _.®
Y1172, 13/2° F

higher levels, and the single guantum transition KJ =1 1/2 - 2 3/2, produce

=9,087 x 10—80m3/ sec. The many quanta transitions to

oaly slight additional excitation of the KJ =1 3/2 level, and will be nezglected.

For the electron excitation rate we use equation (7. 12) and find

{e) - _ _te)
"11/2,13/2  F

R -7 3
R = r(e) + r(p) =1.41 x 10 cm /s=c. Since the Einstein coefficient for the

=4 11x 10—8<:m3/ sec. The total excitation rate.is thus

KJ=1 3/2Tevel is 9.184 x lo_ssec-l, the fractional population of this level 1s

n = NpR/A =2.10x 10 ° (8. 32)

for Np =1, 37 cm_s, and the excitation temperature in furn is
T =hv/kln (2/n) = 3. T6°K (8-33)
for v =5.336x 1011Hz. The resultant fractional population is, however, sfill

well bzlow the limit of the present threshold of detectability.
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-CHAPTER 9.
FURTHER EVIDENCE THAT THE CN EXCITATION ORIGINATES

NON-COLLISIONALLY IN AN HI REGION

In the previous three Chapters we have seen that r}either mfrared
nor optical phofons nor collisions with atoms, ions,or electrons are sufficient
to account for the observed rotational excitation of the CN 1n an H I region.

We found, however,thatifthe CNisman H I region, the observed excitation
could be produced solely by collisions with charged particles. The location of
the molecules 1s thus of crucial importance to our arguement.

As we learned in Chapter 7; the question of the place of origin of
the molecular lines was first investigated by Merrill {1942, 1944), and subse-
quently by Adams (1949) and Bates and Spﬁ;zer (1951). Herbig (1968a), has more
recently considered this question, with specific reference to the interstellar lines
of { Ophiuchi. With the possible exc‘eption of the CH and CH+ interstellar lines
in the direction of the Pleades, all of the evidence pointed to an H I origia of tae
molecular lines.

We will now present further evidence that the CN excitation originates
non-collisionally in an HI region:

1 Probably the strongest evidence yet that the excitation is not
collisional is the observed invariance of the CN rotational temperature in eleven
stars.

2. We present the results of HI 21cm observations made in the
direction of these stars. The CN velocity profiles are shown to correlate well

with the H I velocity profiles in the same direction. This is consistent with the
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contention that the CN is well embedded in an ,H I regron of the interstellar

medium.

A. Tl 0 Invariance

Let us first consider the observed invariance of the rotational temp-
erature for eleven widely separated stars. This is proba!aly the most cogent
arguement that the place of origin of the molecular lines 1s not an H II region,
ang that the source of the rotatior{al excitation of the CN is not collisional.

Listed in Table 4 are the optical depths of the interstellar CN lines,
as well as the rotational temperatures calculated from them. The saturation
corrections used in calculating these values were described in Chapter 3, and
appear m this Table under the column Ia!oeled AT.

In Chapter 8, it was shown that the assumption tha.jc the excitation is
due solely to 104°K protons (the dominant exciting agent in an H II region) yields
a rotational temperature which is for example, from 2.5°K to 3.5°K as the
proton number density varies from only 0. 9 to 1. 90m_3 (see Figure 24},

Considering that the density of the interstellar medium 1s highly
inhomogeneous, one would expect a wide variation in CN rotational temparature
from one cloud to the next if its excitation were local. However, the present
data do not support this suggestion. On the contrary, _the observed CN rotational
temperature appears to be invariant and independent of cloud location. For all
of the entries in Table 4, including a total of eleven stars, the data may be
said to be consistent witﬁh the idea that the spectrum of the background is thermal,

and that the excitation is not due to a local process, but rather a umiversal one.
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Also included in this list for completeness are three late B and A
type stars, that have recently been observed by other workers at the 120~inch
Coude. Although T 10 has been left uncorrected for saturation in these cases,
it 1s evident that the excitation here 1s also ~ 3°K. These three stars represent
the first observation of CN in front of stars later than B. Since extensive H II
regions are only associated with stars earlier than B 0, the very restricted
ionization associated with stars of such comparatively late spectral type as these

three provides very good evidence that collisions with charged particles do not

materially contribute to T 10
Hence the temperature wmvariance, while not conclusive, is to be
considered to be very strong evidence that the observed interstellar CN excitation

is due to 2 universal mechanism, which is an invariant property of the universe

and independent of the CN location \;vithin the interstellar medium

B. HI- CN Velocity Correlations

For CN well embedded in an H I region, we expecl a velocity correla-
tion between the CN absorption lines and the H I 2lcm emission of this cloud.
It should be noted that a HI- CN velocity correlation does not prove that the CN
is 1n fact embedded in an H I reglon, since an H II region will also emit 2lcm
line radiation (Riegel 1967), however, it would seemto be a necessary condition.
Herbig (1968a) has shown that there is such a veloeity correlation
for the cloud in front of { Ophiuchi. We have also observed the CN and the H I
21em velocity profﬂeé for (Ophiuch:, as well as :hose for several other stars

showing interstellar CN. " The results are presented in Table 4, and Figures
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25, ‘26, and 27 with the velocities referred to the solar rest frame.

The H I 21cm radio observations were made with the 30.0 foot transit
telescope of the National Radio Astronomy Observatory (Findlay 1963), -with the
100 channel autocorrelation receiver (Shalloway 1964) at an anguilar resoluiion
of 10°%,

The frequency resolution of the system-for these scans was set
between 2.5 kHz and 5 kHz, depending upon the desired total frequency range
for the scan. This corresponded to a velocity resolution of between 53 and
1. 06 km/sec/channel. On the other hand the velocity resolution of the optical
observations was ~5km/sec, and the optical absorption lines were barely re-
solved. However, when we superpose the velocity profiles of CN, Ca II, and
H I, we see a reasonable correlation.

Figure 26 shows these profiles'in the direction of {Ophiuchi. Note
thatthe optical absorption lines have approximately the same velocity maxima,
but that the’ 2icm-counterpart to these occurs as an assymetrical bump on the
side of the H I peak. This peculiarity was noticed by Herbig (1968a). Presumably
the HI emission originates both 1n front of and behind { Ophiuch:, and represem.s
two independent partially resolve;i clouds. That the 29km/sec Ca II cloud
appears o have no strong counterpart in either GN or H I is probably due to
the rather high degree of saturation of the Ca II lines, not shared by the H1I
emission of the” CN absorption. In addition the highly irregular occurrence of
CN absorption suggests that a lack of occurrence of CN absorption for this cloud

should not be considered surprising.
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In Figure 27 the HI and CN velocity profiles are given for both
¢ Persei and X Persei, which are located within 1° of each other. Adams (1949)
noted the identical interstellar velocities as well as other similarities in the
specira of these two stars. We now see that this similarity also holds for the
21cm velocities as well.

Finally Figure 28 shows the Ca 1I, CN, and HI profiles in the
direction of 20 Aquilae. To the extent that the signal-fo-noise ratio of the
CN tracing permits, one can say that there appear to be three distinet clouds:
the first at ~23km/sec contaiming Ca II, and possibly CN, a second at -12km/sec
containing CaIl, HI, and CN, and a tmrd at ~2km/sec contaimng only H I
and CN,

The appearance of a CN feature at -2km/sec 1s somewhat curious,
since no corresponding feature occurrs for Ca II. The fact that in this cloud
H I 1s observed, but Ca II is not, might be explained through the assumption
that this cloud is behind the star; however, to our knowledge there is no olher
case known of any interstellar cloud 1n which the CN absorption is stronger than
that of Ca I, so that in this case the CN feature must only be noise.

There is a good possibility that this CN feature is merely a dimple
in the plate gram. On the other hand 1t is tempting to suggest that this is a
unique cloud. It appears that only future observations with higher signal-to-noise

ratio profiles for the CN absorption in this star can settle this question.

These four stars are the only ones whose signal-to-noise ratio

permitted a comparison of velocity profiles. The velocity maxima of these

lines, as well as those of the CN lines in the spectra of several other stars,
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are compared in Table 4 in the column labeled v. The entries in this column
were made from traveling-microscope measurements of the CN lines on the
spectral plates directly.

All of the entries 1n this column (except possibly the aforementioned
cloud in front of 20 Aquilae, whose existance appears dubious) shows a reason-
able correlation of the molecular Ca II, and HI velocity. From these obser-
vations (and from the previous work) we get the picture of discrete H I clouds,
in which the molecules are well mixed with the Ca IT and H, as being the place
of origin of the interstellar lines.

Thus all of our data are consistent with the idea that the CN 1s well
embedded in a normal H I region, and that the observed rotational excitation of

the interstellar CN is not due to collisional or local mechanisms.
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CHAPTER 10

CONCLUSIONS

In this dissertation T 1 0(CN), the J = 0 =+ 1 excit ation temperature
of interstellar CN, has been determined to varying degrees Of accuracy in the
direction of eight stars. The primary data for this analysis consisted largely
of old plaies found 1 the Mi, Wilson files, but included six spectira of ¢ Ophiuchi
obtained by Herbig with the Lick 120-inch telescope and four spectra'of
BD+66° 1674 and BD+66° 1675 obtained by Miinch with the 200-inch telescope.
This excitation temperature has also been determined in three other directions
by other workers. A summary of these results 1s listed in Table 4 and discussed
in Chapters 5 and 9.

The 1mportant result of these measurements is that, to within ob-
servational uncertainties, TlO(CN) appears to be independent of direction, as
would he expected if the molecules were excited by cosmic background radiation
alone. Unfortunately the uncertainty of T 1 0(CI\T) is often of the order of 1. 0°K.
New observational work on the stars listed in Table 4 is therefore of high priority,
and, of course, interstellar CN lines should be sought in the specira of other
stars.

In the two cases with best sighal-to-noise ratio, in which CI¥ is ob-
served against the 2nd magnifude stars ( Ophiuchi and ¢ Persei, T1 0(CN) is
m remarkable agreement with the direct radic observations of the background at
wavelengths longer than 3. 3mm (Figure 1). Consider in particular the series
of direct measurements made by Wilkinson and his collaborators at Princeton,

which represent the most extensive collection of direct observations made by a
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single group, and those which extend to shortest wavelength. .A weighted mean
of their four measurements (extending from 2 3. 2cm to A 3. 2mm) yrelds for

the brightness temperature of the background radiation T =2 68 0. 11°X,

B
while we find for { Ophiuch1 TlO(CN) = 2.74 £0. 22°K, and for { Persei

T 10(CN) =2.74 £0. 30°K. A graphical comparison of the radio obsé:rvatlons

and CN temperatures is shown 1n Figure 29.

Although the mmvariance of T 1 O(CN)’ and the velocity correlation of
CN and H1, are the strongést evidence that the CN lies in mnormal H I regions,

a major part of this thesis has been devoted to considering the possible role of
other interstellar processes in the molecular excitation. All of the evidence we
have been able to assemble points to the conclusion that the CN molecules lie in
normal H I regions where collisions or the gcattering of photons are unable to
account for 3°K excitation.

We first considered radiative excitation in Chapter 6, and concluded
that in general in the interstellar medium indirect radiative excitation mechanisms
by way of fluorescent cycles are far too weak to account for the observed excitation.

Next we considered collisional excitation, and assumed that the CN
i front of { Ophiuchi resides 1n the dense H I layer whose conditions are those
found by Herbig (1968a). There 18 good evidence in favor of this assumption
We find that 1ons may be neglected but electrons and H atoms may not. These
latter two components provide roughly equal CN rotational excitation, however,
using Herbig's upper limit for the densities of these in this cloud, we find that they
can contribute at mést a small portion of the observed excitation temperature.

This fractional upper limit 15 not as low as one maght desire, however,
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and it appears that for electrons af least, considerable improvement of this
upper limit 1s possible by further observational work. In addition, 1t would be
useful to know i? the high H 1 dens:ity of this cloud is characteristic of the clouds
associated with the other stars in our survey. In this respect observations and
an analysis similar to that perf.ormed by Herbig for ( Ophiuchi should be exten-
ded to these other stars.

We next assume that the CN resides in an H II region. We find 1n
this case that a modest density of only 1.4 proton,s'./c:m~3 (and electrons) 1s
sufficient to account for the ~3°K observed CN excitation. However, we find
that in this case the resultant excitation temperature is a sensitive function of
the assumed proton density, and it is now hard to account for the observed in-
variance of T 10 eleven stars. In addition three of these stars are of rather
late spectral type, and have fairly Iimited H II regions associated with them.
This fact casts strong doubt on the sugge§tion that the CN is in such a region.

Thus on the basis of our current knowledg~ of interstellar conditions,
the equilibrium between the CN molecules and ~ 3°K background radiation is
altogether intelligible. However, the interstellar molecular spectra offer still
more valuable information on the spectrum of the background radiation at
wavelengths inaccesible to ground-based observation. The absence of interstellar
Iines from the CN J = 2 level, and from the first excited states of CH and CH+
mmposes low upper Iimits to the intensity of the radiation at A =1 32, 0.560 and
0. 359mm. Since we are concerned only with upper limits to the background, other
physical processes in the interstellar medium turn out fo be of very slight con-

sequence in the final analysis, and it is only necessary to consider the ease of
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¢ Ophiuchi where the lines can be observed with best signal-to-noise ratio. From
the equivalent width measurements and upper limits listed in Table 4 and described

in Chapter 5, we find that

—_ _2 -
Iv(z. 64mm) < 3. 24 x 10 153rg cm  sec 1 ster 1 Hz

Iv(l' 32mm) <2.75 x 10_14erg cm_2 sec ! ster—l Hz

I\)(O' 560mm)«<3. 91 x 10_14erg cqusec ! ster_1 Hz

I\)(O' 359mm)<10. 0 x 10_14erg cm_2 sec . ster—l Hz

2 - 1 -1
erg cm 2 sec ster  Hz

I {0.150mm)<4 2x 10

The relevance of these upper limits to the result of the only attempt
so far to detect the background rad:ation above the atmosphere (Shivananden et al
1968) was discussed in Chapter 5. It appears that their recent rocket observations
of a large background flux with wavelength in the region of our upper lIimits must
either be of radiation with a highly 1rregular spectrum, or of radiation which 1s
quite loeal in origin, and does not extend as far as the -15Km/sec interstellar
cloud in front of € Ophiuchi.

A final word should be said concerning some of the technical aspects
of this dissertation. A large part of the data analysis consisted of devising a way
of adding together a large number of spectra using a digital computer. These
techniques are of potential value in a number of fields of astrophysics where
signal-to-noise ratio is a principal problem. The techniques are described in
Chapter 4.

In Appendix 4 there is also a long discussion of the problem of optimal
signal processing of digitized spectrogram tracings. Relations are derived for
the optimal filter function, the best estimate of spectral line strength, and an

error estimate for this line strength.
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Finally, a side benifit of this considerable improvement 1 signal-
* - ‘ - 13 + 3 . r " ]
to-noise ratio, 1s the detection of C° H with an abundance which is i agree-

ment with the value found on the earth and Venus.
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APPENDIX 1

MATRIX ELEMENTS OF THE MOLECULAR HAMILTONIAN
We wish to calculate the matrlx elements of the molecular Hamailtonian

= :mK —A)+—AASZ (equation 3. 3)

in the Hund's case (b) coupling scheme

K=N+4jA, JdJ=K+8 {equation 3. 2)

~

To calculate the matrix elements of the operator Sz" we must first transform

it 1nto the laboratory frame.

s, = Y s @ e @B (AL 1)
q=-1
S(1q) are the tensor componehts of the spin operator in the labor-

atory frame, and ® is the finite rc;tation operator transforming the laboratory
frame to the molecular frame (Edmonds 1968, Chapters 4 and 5). The particular
matrix elements of the rotation operator which appear in eguation (Al. 1) may be
written ag normalized spherical harmonics (Edmonds 1968 , equations 4. 1. 25
and 4. 2. 7).

. ©

-1.(1) -a (1)

)q0

/2
_(4my,_..-4
.—(3 )1( 1), Yy ()

S |, may then be expressed as the scalar product of two commuiing tensor oper-
z

(@B ) -@‘ ¥ @By = (-1) L(o8Y

(A1 2)

afors

1/2 +1
s, {4) Z}(l)qS(lq)Y LB

(A1, 3)
= /J4dn/3 'Su(l) . Y(1)
The matrix elemenis of the scalar product of two such operators

may be written (Edmonds 1968, equation 7. 1. 6)
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1/2
(!‘K'SJ]S | AkST) (43”) (—1)K+S+JJ

J s K
1K 8,
(A1l 4)

(s 8) JI8Y (AR (D) || AKD
The first reduced matrix element in equation (Al. 4) has been evaluated by
Edmonds (1957, equation 5. 4. 3), and the second is evaluated in the usual way
by selecting the easiest to compute of the components (A K'M lqu IA K M), and
dividing by the appropriate 3j symbol. Thus

5 0 0 (Al 4)

_~

K' -1
(WY@ AK) = (AR'0| Y, |AK 0)(-1) (K 1 K)
The wave function . |AKM) of the rotor may also be written in terms
. (K)
of the mafrix elements %

MA
{B) =(3/4n )1/2 (1) {B) equation (Al.rt.l:) then becomes

(aBy) of the fmite rotation operator. Since

(KgAK =(—1)K‘ * A( r1 K)"l 1 (____)1/2 [(2K'+1) (2k+1)1 1/2
- 0 4

¢ 0 8
: (Al. 5)
27 1
x [ f
0

0

1L

=K K

00 OA sin BdadBy

o‘-——,m
|

The integral over the three D functions yields a simple product of

two 3) symbols (Edmonds 1957, equation 4. 6. 2) and equation (Al. 5) sim plifies fo

axc 1 g R0 (a/am ™ sy e 1 2<K 1 K) (A1 6)

-A O A
Combining these equations, we obtain the requisite matrix elements of the mole-
cular Hamilfonian (equation 3. 3) in the Hund's case (b) representation.

(A K'SJ‘I}(‘ l AKST ) = B[K(K+1) - [\2] 5, + AA(_I)N'K'+K+S+J
e (Al.7)

x [ (ZK'+1) (2K+1) (28+1) (S+1) s]l/ 2rskl/K 1 K)
1 K SV\\-A 0 A/
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APPENDIX 2

EVALUATION OF THE REDUCED MATRIX ELEMENTS OF THE DIPOLE
MOMENT OPERATOR

We wish to evaluate the reduced matrix element

(ARSTa | C (1) || A'K'ST'a’)

in the Hund's case (b) coupiing scheme

K=N+Ap, J=K+8.

First we factor off the S dependence using Edmonds' (1968) equation (7. 1. 7)

(AKSJal|C (1) || MK'ST ‘o) =
~ (A2. 1)

(_1)K+S+J'+1 [(2J'+1) (2J+1) 11/2{!{1 Jt }(AKCC“ c (1)” AK'E)
d K1

We evaluate, as before, by selecting one of the componen:s, aund
dividing by the appropriate 3j symbol (Edmonds 1968, equafion 5. 4. 1), whencea
+J+
1) S+J'+1

(AKJallC(1) " AK"Ia )= (-
- (A2. 2)

[(2J'+1) (2J+1)]1/23K' J SE ( AKaM, =0|C, | NK'dM,, =0)
J K 1 E1 K -
0 00
In orxder to calculate the mafrix element in equation (42, 2), we must

first transform this component into a frame (primed) which 15 fixed with respect

to the molecule. Using Edmonds (1968, equations 4. 1. 25 and 4. 6. 5) we get

Z}@ (@BY) C' (A2, 3)

1g
9.) (8,

In a fashion similar to that of Appendix 1, since C 1 0( g =

we 2an write

{AK M, =0 lc. | AKaM_, =0) =(—1)A(3/4Tr)1/2(1/8ﬁ2) [(2K'+1)(2K+1)]1/2
10 K (AZ. 4)

T 2T
K K’
jnfofo ( ) qO ss(m) sm Bdordpdy’ (a | Oy fat)
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The integral over the three ®© functions may again be evaluated by
using Edmonds’' (1968, equatlion 4. 6. 2). Integrating: and transforming from the
Hund's case (b) representation to the representation in which the molecular
Hamiltonian 18 diagonal, we have

tal ~ 0!-
AKJa |lC(t) | NK'T'ar) = - .
(AKJa g Il MK Ty KZ)K Upigr Uik

1) A+SHI'+1  [(2K'+1)(2K+1)(27'+1)(23+1) ]1/2{

( CTJ 1 KIK'I
g 1q|‘”( )

-A g

K-J' S (A2.5)
J K1
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APPENDIX 3

VIBRATIONAL FLUORESCENCE RATE

The Einstein B coefficient for a vibration - rotation transition is

given by
| vib-rot 2 [J”ﬁ HIM) :l
_ 81-1- V”J”, VIJT 1 ]!T J‘l!_l.l,JT
BJHVH Jy' 2 ' (A3. 1)
’ 3h ¢ 24" +1
{vib-rot) . . .
where W™ g gty 18 the effective electric dipole moment for the transition

( Herman and Wallis 1955). Since the P and R branches have approximately

the same wavelength ,'we write the sum over rotational transitions as

81
B .=2T |m
v=0,1 3h2(:

vib-rot 12
v=9%,1

Using Oppenhemmer's (1926) modzl, for an upper limit to B we consider the

effective charge to be at the internuclear spacing, whence

I (v1b—rot) l Be

Il'._.

- 2

T = 2.4x10 3Debye

e

where p is the permanent electric dipole moment of the molecule, and Be and
w_are molecular constants of its ground electronic state, found in Table 2

and Herzberg (1959, Table 39). Hence we calculate

14 3 -1 -1
Bv=0,1 =45.3X 10 " cm Hz erg sec .
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APPENDIX 4

NOISE FILTERING AND STATISTICAL ANALYSIS OF ERRORS

In this Appendix we consider the problem of the optimal measurement
of the strengths of spectral absorption lines embeddad in photographic grain noise.
This is a very similar problem to one which has been considered 1 the field of
communication theory, i. e., the determination of the strength, position, and/or
presence of radar echos in f'ecefver noise, In the treatment which follows we
shall make use of the literature of this field. *

The basic problem is (1) to determine the most probable value of the
strength of a spectral line formed in the photographic grain noise noise of a micro-
photometer tracing of a spectrogram, and {2) fo set error limits for this result
Let us represent the intensity distribution recorded on the plate as a function of
wavelength by

y(N= a(A)- BS(A) + n(}) (A4.1)
where:
() 1s the continuum which 1s assumed to be known or measureable
arbitrarily accurately,
s(A) 15 a spectral line whose shape is also assumed to be known.
(The validity of this assumption will be discussed later. ),

B 1s the height of the absorption line to be determined (the minus

sign signifies.absorption),

n{}) is continuous gaussian:(Goetz and Gould 1937, Felligett 1951)

random noise (assumed wide-sense stationary), whose auto-
correlation function

Iim

Rn(u) = T o

T
[ nroom (e ax (Ad. 2)
-7

1s assumed to be measurable arbitrarily accurately.

* For a good review of this field see An Introduction to the Theory of Random

Signals and Noise (Davenport and Root 1958), hereafter referred to as D & R.
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Let us also represent by y'(A) our measurement of a spectrogram
on a densitometer wrth a slit, whose transmission as a function of wavelength

s . %
is given by hslit(}\). Then

y'() =L[y*h .. ])\ (A4. 3)

A similar and not unrelated problem which should also be considered

is the removal of the slit scanning function h introduced by the densitometer.

As long as the slit is narrow Wi’th respect to f}]jet most narrow spzactral features,
one can neglect the signal distortion introduced by its finite width. A

common proceedure has been to use a wide slit function as a crude noise filter.
This 1s not an optimal proceedure {(for a rectangular slit function), however, and
it will be shown that a statistica} estimacion of line strength 1s inherently tied to
the problem of optimal noise filtering. The maximum like!ihood estimate of 2
line strength will be shown io be a function of certain parameters of an optimally
filtered signal**. Our analysis will treat first the problem of processing the

direct signal y(2), and then return to the probluem of including the effect of a

finite slit width.

A. Maximum Likelihood Estimation

As a starting point we shall use a maximum likelikood estimation

for the most probable value of B8 {VonMises 1964, p. 547), and set our error
limits according to the criterion of the Neyman-Pearson theory of hypothesis

testing (VonMises 1964, p. 504).

* Here a*b represents the convolution product given by

[2b] = J at@- N b(yar
** Fellgett (1953) hag discussed the filtering of densitometer fracings of spectro-
grams, and come to the conclusion that rthe best filter 1s 2 "matched" iilter.
However, his filter is only derivable for an infinite 1eng1;h specirogram, and

he provides no suggestion for an estimate of spectral line strength.
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If y = iy 1 v o TTT yn is a given set of measurements*, from which
we would like to estimate the parameter 8, then the aposteriori probability density
that our measuremen: will have occurred 1s

ay) = oy | B p(B) (A4 4)
where p(B) is the apriori probability density for the occurrence of 8.

:I‘he apriori probability density p{B) presents a problem because it
18 unknov;rn. To find it, one would need a large ensemble of 1dentical experimental
situations, however we do nét have such an ensen.lble. We do know, however,
that 8= 0, (1. e. -we have no emission lanes). Thus the apriori probability of an
occurrence of B which does not saf;isfy this ineguality 1s zero.

Outside of this i'estrictlon, p(B) 1S unknown, and the usual practice®*
origmally due to Gauss {18253) is to assume p(B) to be constant in this region.
ﬁ:quivglently 8 may: be regarded as an unknown positive "constant'.

We define 8 to be the maximum likelihood estimate of B equal fo

the value of Bwhich maximizes p(y|B) (called the likelihood function). This is

just equivalent to saymg' that we choose the value for B which makes our obser-
vation the most probable one. ¥** If 15 generally convenient to maximize
log ply l B ) instead of p(yl B). Since the logarithm is a real increasing function
for positive arguements, the proceeduré is equivalent to that of maximizing
p(y | 8).

For an error estimate we must define an interval H, which for a
given probability @, the actual value of B lies within this interval. Usually
in physics when gaussian statistics apply, the domamn of a parameter 1s infinite

or very great in comparison with the error limit range. Then the most probable

* For example the Vi may be the digitized intensity points of a spectrogram, or
as we shall use later, the coefficients of an orthoganal expansion of y.

*% Further ]ustificz;tions for the proceedure 1s given by VonMises (1964, p. 496,
548). ’

*%% ply | B) 18 tacity assumed to possess one and only one maximuin in the region

where p(B) £0.
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value lies at the center of t'he interval and one says, for example, that for 95.5%
probability the true value of B lies in the interval between é - 2pand é+20 [or
with a probability Q = erf (n//2), the true value of Blies in the region é- ngand
é + no] , and the most probable value of B = é .  We shall adopt the 95.5%

probability (n = 2}, but find thal B<nc', the region 1s no longer symmetrical

about B
The probabiﬁty that the true value of $ lies within the region H 1s just
S piyeals)oip as
H A4S
Q) = (Aas.5)
S PVEA | B (6 ) ap
where:

H is our error limit region
A 1s the region of y for which we will decide that B H and,
H+H is the allowed domain of B(B>0).

Since p{8) 1s constant over B+H equation (A4.5) reduces to

Jypy=eal ) as.
uB) = (44.6)

ply< Almde

Jeua
What we wish to find is the minimum size region for H such that for a given
probability @ the actual value of 8 18 in H.

If n{}\) is a gaussian random process, it can be shown (use 1s made
of the results on pages 336 and 342 0f D & R) by a rather"mvolved analysis which
will be omitted here for the sa,ke of breVIty (a,nd to keep from having to type all
of the equations) that p( ) p(yi B ) is of the form

,mw-[%ﬁ-ﬁm)/zog ] for 8> 0

pBply | B)= N 0 (Ad. T)

otherwise

where N is a normalizing factor,
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L Lyon e 200

-A
'L — (A4. 8)

J

B _(¥) =
m AL+A
f _p SO E) @
2 1
9 .= AL ) (A4.9)
fAL_As(x) £(0) d
and f£(}) is defined by the following integral equation
A
Rn(u—k) f(0) dx =s(u) (A4.10)

A-a

Now consider the troublesome domain of 8. To maximize the integral
(A4. 8) and to f1nd the maximum pomt of p(y | B), we must consider the three
cases which are illustrated in Figure 30. We must find an error limit region
H of minimum size such that, with probability @ = erf (n//2), B will be within
H (our error criterion will yield the probabilities corresponding to the standard

+ no criterion used in physiecs).

B. Case A

A ¥ B »no' = of2erf g/ (A4.11)
then B = Bm and_it is easzr to show that a minimum error probability occurs for
limits symmetrical ab01'1t B. Then with probability Q the true value of B lies in
the interval }:3- M sBs. é+ -

As can be seen from Figure 30, in this case we have for equation

(A4. 6)
Bm+n
me_,np(y 1) dp
erf n//2=Q = (Ad. 12)
J |8 as

0
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Equation (A4. 12) may be solved for v to yield-

n= o0/ 2 erf_1 { F14ert (Bm/0f2 } }Q/Z} . (A4.13)

We can also see now the reason for the definition of nd. It is
defined so that the lower limit of the integral in the numerator of (A4. 12) is

greater than or equal to zero i. e. -n =0

B
m
The limiting case occurs at Bm =1, and from (A4.13) we may solve
forn; thus p'=n-= Bm =g/ 2 erf—l [Q/2-Q1. «
For n=2, 2¢' = 1. 71160
Note that n reduces to the usual case encountered in physics for
Bm well inte the domain of B, then
limn=o0
B~ =
C. CaseB

If 0« Bm < ¢, then g = Bm is still the most probable value of

B, but it is no longer in the center of the error region, and equation (A4. 6)

becomes
B+mn
J, o 18)as
erf n//2=Q=—_ (A4. 14)
/ p(y 18)dg
0

Solving (A4. 14) for 1 we get
1= a/2 erf * [Q-(1-Qerf(|8]/0/2 ] (A4. 15)

D. CaseC i

I B =0, the maximum value of p(y | B) occurs for p= é =0,
smce p(y [ B) is never stationary in the allowed domain of Bas can be seen
from Figure 30. Then the lower limit of the region is zero, and the upper limit

18 again given by equation (A4. 15), as long as we include the absolute value



121

sign, and define t as is shown in Figure 30.

E. Interpretation

“These results can be interpreted simply in te rms of optimal linear
"matched" filters ( D & R p. 244, Zadeh and Ragazzini 1952, and Van Vleck and
Middleton 1946).

. Let us define

g - ) ={p(k) for A=A shsA +A
0 aotherwise

y') = = [ Ty - a1 gih- wau =Ty-0) * g1, (A4. 17)
and

s"(\) = [ s(w) g(r-wdu = [T, (Ad. 18)
Then Bn:l al:l‘(‘i cﬁare just gaven by

B, = YA / s" th) (A4. 19)

2 . 11

0g = 1/s () (A4. 20)

It is clear that y"(}\) is a represeritatlon of y which has been filtered
by the function g. If the value . Bn.ls ™ [i) = y'j( 1&,) 20, it is just the maximun
likelihood estimate of the signal strength. This 1s egnal to the height of the
filtered, zero restored, signal at the line center, if a normalized filter is used.

The integral equation for the filter function may be written by com-

bining (A4. 15) and (A4. 16), whence we get

IL-I-A

s(h - w) = f R (\-wg(h) d) for -Asu sA

-A
g (Ad. 21)

= R*e] =_\_5(u)

(A4. 16)
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Here we have_defined

;'(u) = s([h—u)

F. Removal of Effect of Fimte Slit Width

Let us now return to the problem of inverting the slit fuaction. In-
stead of usfng the function g to filter our data, we will use the function hc’

whose purpose is to both remove the affect of h ,- and to apply g. The tandem

slit
filter function for two linear filters applied seguencially is given by the convolution

of the two individual filter functions (Cheng 1961, p. 245),

% = . 22
hc hsllt & (Ad. 22)

Convolving both sides of equation (A4. 22) with R* Eslit’ where

+

hslitm = hslit(_}‘)’ and using equation {A4. 21) we have

®R_*

* h * = *f*_'
o Bggr By TRE SR FET R

Lit (Ad. 23)
= n &~ h = o1
S siit
where we have defined
) = = * = 1 - . . 2
s'(\) =T s hsmjl s'(A = A) (A4. 24)

By the use of the Wiener-Khintchin theorem (D & R p 183) we can

identify

* * I = R!
Rn hslit hslit Rn (Ad. 25)

3 simailarly s'

as the autocyrrelation for noise which has been filtered by hsllt’

is just the pure signal filtered by hslit' Thus we have

[lel * hc'_iu = s (A-uw) (A4. 26)
This will just be noted as the integral equation for the optimal filter for extracting
a signal, which has been modified by convolving the slit function with it, from noise
which has been modified in the same way. Thus all we need for the calculation of
the optimal glit and noise removing filter function is R;q , hot Rn This is

fortuitous in that Rl‘l may be measured directly from the digitized tracings by



123

a simple numerical integration, where as Rn would require additional .optical

measurements.

G. FError Estimates for Spectral Line Depth

~

From equations (A4. 22) and (A4. 24) an error estimate for B

(taking into account the three cases previously described) is given by

2 o —_ O
O'B L= [hn * hrl * Rn'lo = Rn(O) (A4 27)
where _ hc(}‘)
h () = (A4. 28)
n ﬂhc*S "_‘I‘,}:

15 the normalized filter which applied to y yields y" (normalized), then ﬁn’ is
just the aulocorrelation function of pure plate grain noise which has been acted
upon by hn. Thus a measurement of 0‘; becomes very simple: just measure
Rn( 0) i.e. the autocorrelation of filtered noise in an adjacent region of the plate
where no signal is present. This is the way in which errors were calculated for

Table 4.
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APPENDIX 5
CALCULATION OF FILTER FUNCTIONS

Integral equation (A4. 26) becomes particularly easy to solve if one
assumes that the noise spectrum is a constant (white noise), for which 3;1( A)

=W_ §N,and W_ is given by
W = ! d A5.1
j—. R’ (M) dx ( )

Then we have the immediate solution

g(h) = s(AL—J\) for AL" AsKsALH\

0 otherwise, (A5.2)

and our likelihood test becomes simply a cross-correlation of the measured
signal with the assumed signal.

In practice, RI; (A ) will be h1g]:}1y peaked at the origin with a peak
width controlled by the siit width. The measured peak half widths are typically
.015h. ‘ '

Using autocorrelation functions Rl'1 of similar form to those measured,
equation (A4. 26) has been solved for a gaussian signal shape with a line width
parameter . 05 f.\, with a method described below. The equation for an optimal

filter function is ofv the form

A
[ R (-2 gnan = sw (A5. 3)
n
)
where X R
__n
R =%
n

In the case when R;l (3) = &6 (V). we know immediately a good approx-

imate solution 1is

h()N) a S(1) (A5. 4)

Denote the linear integral operator of (A5. 3) by £(()) ) then (AS5. 3) becomes
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L) = s(}) (AS. 5)

let h=s+h1where h1 <<h, then r,S:(hl)-—--s--c.ﬂ:(s) =]3’(s)=s1 and 8, <<s.

We now have a new intégral equation to solve for the correction:

£ih) = s, (A5. 6)

By iterating the same proceedure, we get for a solution

[=+]
hs 2, s (A5.7)
n
n=0
where
s1 = 8- £(s) =F(s)

—_ _ - = 2
SZ = ?1 £(sl) F(Sl) F(s)

(A5. 8)

= - = = n
s =8 éi(sn ) F(sn_l) ¥ (s)

n n-1 -1

Tor the cases calculated, three iterations were sufficient to reduce fihe correction
to less than . 1%. -

Filters were calculated using this technigue assuming that the shape
of a spectral line is gaussian (Stromgren 1948). Although thi:s assumption has
been criticized by Miinch (1957) and Elaauw (1952), the actual velocity distribution
within an intersteilar cloud, and hence the resulting spectral l1ine shape is
peculiar to the cloud under consideration. Since most of the other high signal-
to-noise ratio lines in the stars of our survey are well fit by a gaussian line

shape, this assumption appears to be very good.

The difference between the assumed gaussian signal and the calculated
filter function is found to be only about 5% (actually the solution closely approximates‘
a gaussian slightly narrower). Since the signal shape is not known this accurately,

a gaussian filter function was used for the processing throughout.
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TABLE 1

IMPORTANT RESONANCE TRANSITIONS OF INTERSTELLAR MOLECULES

Optical Transitions

Molecule Electronic
Ground
State levels

CN (X%
I=0
J=1

J=2
CH (X*mI)

KJ=11/2
KJ=13/2

KJ=23/2

CH xtzh)
J=0
J=1

Lines Origin~ Excited State A air (A°)

ating in that

R(0)
R(1)
P(1)

R(2)
P(2)

Ry(1)
Ry(1)
R

SR21(1)

Ry(2)
Q2)
QRiz(z)

R(0)

R(1)
Q(1)

a Jenkms and Wooldridge (1938)

b Gerd (1941)

¢ Douglas and Herzberg (1942)

Hund's case (b)

levels

.|..
(B%Z')
Jd=1
J=2
J=0

3
1

J
J
(A%4)
KJ=23/2
KJ=25/2
KJ=23/2
KJ=35/2
KJ=35/2"
KJ=238/2 -
KJ=25/2

(At
J=1

d =2
Jd =1

It

3874,

3873.
3875,

3873.

3876.

4300,
4303.
4303,
4287,
4296,
4312,
4313.

4232

4229,
42317

608
998
764

369
312

321
948
621
620
636
705
o027

535

336
555

R(1)/R(0)
P(1)/R(0)

R(2)/R(1)
P(2)/R(1)

Ry(1)/RA1)
RQuAD/RAY
SRm(i)/Rz( 1)
Ry(2)/Ry(1)
QA2/Ry(1)
%R, /Roll)

R(1)/R(0)
QA1)/R(0)

Observed Intensily Ratio

(9/5)°
(1/5)
(0)
(20/27)
(1/3)
(1/27)

Microwave Transitions

s Allowed Transitions A
within ground state (mm)
*2 J=0 - J=i 2. 644
1
*3/2 J=1 - J=2 1. 322

*1. 525 KJ=11/2 - KJ=13/2  0.560
. 392
. 083

*.820 KJ=11/2 - K}23/2 0. 150
. 267
. 0224

*3/2 J=0 - J=1 0. 359
3/2

PET
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TABLE 2
MOLECULAR CONSTANTS

CN CH CcH+
-1 a c ¢
B (cm ) 1. 8909 14. 457 13. 9318
- c
A (em ™) - 27, 95 e
- .-'I‘ .j
L(D ) 1.45%.08 " 1.46%0.06

& Poletto and Rigutt1 (1965)

b Thomson and Dalby (1968); note that g = 1. 1D (Arpigney, 1964) was used for
the calcuations of Chapter 8.

€ Herzberg (1950) Table 39
9 Dhelps and Dalby (1966)
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TABLE 3
DATA ON PLATES USED IN NUMERICAL SYNTHESIS

Star Plate No Date GOCT{beg ) Enposure 5Slit Emulsion Camera SpectralSeeing Observer Fraction of Synthesis (%)

{minutes) Wadth | (Grating) Widih +CN CH CH+
f Ooph  Ce2313 5/13/40 10 55 240 6 E-33 114" 10 2-3 A 00 31 469
Ce2317 5/14/40 10.31 270 8 Cr Cont  114% 05° 3-2 A 60 41160
Ce2328 6/15/40 7 3% 360 8 Cr Cont, 114" 67 1-2-3 A 5§55 00 00
Ce2334 €/17/40 7 45 245 51/2- Cr Cont 114" es 3-4 A 80 90 00
Ce2381 7/26/40 9:08 121 6 Cr Cont 114" 08 32 D 289 236 10
Ce2414 9/13/40 8§ 03 50 T Cr Cont 1147 05 2 D 00103 19
Ce2495a  1/17/41 16 48 T8 7 * “Cr Cont 114" 02 3 D 05 00 01
Ce2495b  1/17/41 17 06 42 7 Cr Cont 114" 02 3 b 17 006 14
Ce2516b  3/16/41 15+19 10 7 Cr Cont. 114" 02 3 D 00 ¢2 00
Ce2516c  3/16/41 15 29 48 7 Cr Cont - 114" 0z 3 D 73 17 4%
Ce2522 3/17/41 13 04 63 7 Cr Cont 114" 03 3 D 14 30 00
Ce2538 4/16/41 11 42 106 8 «Crse 114" 03 41 b 00 486 36
Ce2542 4/21/41 10 09 365 6 Baked 114" 07 3-1 A 52127 00
Process
Ce2558b  5/11/41 11-28 30 8 Exp 144-0 I14* ° 0.2 2 D 33 00 00
164,503
Ce2573 5/21/41 9 58 342 6 Cr.Cont 114" 07 2 A 06 47 23
Cels5T8 6/ 4/41 8:16 360 8 Cr.Cont, 1149 05 -2 A 31 44 29
Ce2581 &/ 5/41 8 50 332 61/2 Cr Ceat. 114¢ 05 4-1 A 121 90 00
Ce2582 9/ 4741 7 39 231 6 Cr Cont 114" 03 6-5 A 41147 212
Ce3ds47 6/24/45 T:45 35 91 105~0 1141 08 2-3 A 16 00 28
BC28, 3/15/60 1607 H 44 00 00
EC28, 3/15/50 160" H 32 00 00
EC38; 3/18/60 160" H 00 £1 17
EC38,; 3/18/60 160" H 00 611823
ECS55, </18/80 160" H ¢9 00 00
EC55, 4/16/80 160" H 15 00 00O
EC220 8/ 8/60 160" H 21 00 040
ECI162 7/ 4/60 160" H 41 00 54
EC162, 1/ 4/60 150" H 37 00 41
EC1890 160" H 03 9.0 g0
EC196%  6/12/683 160" H 55 31 84
t Per Ce2432 10/13/40 10 57 50 965 CrHS e’ 07 4 A 53
Ce24g80a 12/20/40 7-15 40 T Cr Cont 114" 0.2 3 D 17.3
Ce2d80b 12/20/40 7 55 30 7 Cr Cont 114" 02 3 D 10 1
© (Ce2480c 12/20/40 8 25+ 20 7 Cr Cont 114" 0.2 3 D 15
Ce2481 ~-12/20/40 9 33 150 7 3T+ Am  In4¢ 02 2 D 3¢
Ce2492a  1/17/41 6 18 36 7 Cr Cont 114" 0.3 4 D 41 2
Ce2492b  1/17/41 8 54 20 7 Cr, Cont. 114" 03 4 D 21 4
55 Cyg Ce2378 7/24/40 11 20 290 6 E-33 114m 0.5 3 b 59 0
Ce2390 8/18/40 10 07 378 9 Cr. Cont, 78V 3 b 30 0
Cel3793  8/18/60 73n HEBRB 11 0
AB.Aur Cel281 12/ 6/36 9:22 150 91.6 III-F+Tel 329 4-3 M 330
Ced658 12/ 6/44 10,04 110 91,5 103-CBzKd 114" i A 10 0
Ce8719 3/ 5/55 7 33 51 114 Ta-0 32 2-3 Sl 570
i
20Aql  Ced554 9f 4/44 8 21 90 92 103-0 114" 05 34 A 160 0
X Per Cel534  10/22/37 13 40 80 12 £-33 aan 5 Sa 20 0
Ce2867 9/24/42 114" 03 A 80 0
BD+
66°1675 PC6056 8/ 1/61 13 03 167 2/40 Tia-0Baked 36" 2-3 Mu 78 0
PC6131  8/31/61 12 12 180 4/23 Ia-0Baked 36" 3 Mu 22,0
BD+
66°1674 PC7T520 8/ 5/63 9 32 200 2/50 Ifa-gBaked 36" 2-3 Mu 46 0
PCO091  12/282/85 6 15& 359& 2/45 IMa-0Baked 36" 4 Mu 54 0
6 05 318 &1-2

Ce =Mt Wilson 100-mch, PC = Mt. Palomar 200-inch, EG = Lick 120-mch
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NOTES TO TABLE 4

& G. Herbig, Lick 120-inch Coude, private communcation

b - .
From spectra taken by G. Munch (1964) with 200-inch Coude

M. Peimbert, 120~mnch Coude, private communicatiori

V. Bortolot :Ir.' and P. Thaddeus, 120-inch Coude, private communication

Measured by G. Herbig (1968a)

Measured by W. S. Adams (1949) reduced to the wavelength standards used
by Herbig (1968a) , Miinch (1957)

Measured by G. Miinch (1964)
AT 1s the correction {decrease) for line saturation

Equivalenth width, optical depth, and temperature error limit ranges corres-
pond to 95% confidence level except when a line has not specifically been detected
with this confidence level. Then the upper limit given 1s to 99. 7% and the
number in parenthesis is the most probable value.

Velocity errors follow the notation of Herbig (1968a) with the first number in
brackets being the standard error and the second number being the number of
plates measured.

For a given pair of levels 1 and i the temperature caleulated from n /n, is
listed beside optical depth Tipre is always calculated from the st%‘on]gest
line originating in level j. ]



139

Figure 1. Direct measurements of the brightness temperature ‘I‘B of the

fireball radiation. These are numbered in chronological order.

Wa&zglﬁeﬁlgth TB( oK) Investigators
(11) 73.5 3.7 1.2 Howell and Shakeshaft (1967)
(12) 49. 2 3.7 1.2 Howell and Shakeshaft (1967)
( 4) 21 0 3.2+£1.0 Penzias and Wilson (1967)
( 3) 20,7 2.8+0.6  Howell and Shakeshaft (1966)
(1) 7.35 3.5%1.0 Penzias and Wilson (1965)
( 2) 3.2 3.0 £0.5 Roll and Wilkinson (1966)
() 3.2 2697 )Y Stokes, Partridge and
, Wilkmson (1967)
( 8) 1.58 PXT ‘_Lg i,f Stokes, Partridge and
; - ) Wilkinson (1967)
( 5) 1.5 2.0%0.8 Welch, Keachie, Thornton,
and Wrixton (1967)
( 9) 0.924 3.16 £0. 26 Ewing, Burke and Staelin (1967)
( 6) 0. 856 2. 56 f g: ].é; Wilkinson (1967)
(10 0.82 2.9 x0.7 Puzanov, Salomonovich and
Stankevich (1967)
(13) 0. 33 2. 46 f 8 :2 Boynton, Stokes and

Wilkinson {1968)



RADIATION INTENSITY

1 T : l I i t
H20 02 Oa Hao —_—
-12
o Ny ll////////////
" /
—~ - 7 ICH+ 7
T /
_IL EC’;\I-‘E
2 9 / 2
w - |0 Y i
T 84" ©
Q-8 5
L] IO - § —
wn
2
3 e
g - . ;- S
Galactic B}ckground /
Lir)
> 4
s 107'® T - 7/&3 i
3°K Blackbody '~ _
§/ 2 T~
- \/u .
10720 ) ! | | [ 1
10° 102 10 | I} 102 10°°
WAVELENGTH (cm)




141

Figure 2. Term diagram which 1s required for an atom or molecule to be able
to be used to measure the cosmic microwave background with the techniques

described here.
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Figure 3. Partial term diagrams for molecules cbserved optically in the inter-
stellar medium showing transitions which produce the strongest interstellar

lines . All levels shown, in both the ground and excited electronic states, are

in the ground vibrational state.
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Figure 4. Schematic diagram of equipment used for Ftracing plates at Califorma

Institute of Technology.

14
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Figure 5. Schematic diagram of the areas traced on each plate showing placement
of razor blade for fiducial mark. Arrows show direction of scan and slit orien-

tation.
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Figure 6 Wedge bars and corresponding intensities resulting from tracing
plate perpendicular to stellar spectrum. Note that opposite sides of the wedge

were put on at different intensities.
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Figure 7. Wedge after compensation for uneven intensities on opposite sides of

plate. Square shows average continuum intensity.
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Figure 8. Plot of wavelength versus digitization index with least square
straight line fits. Different initial wavelength resulted from fact that razor
could not be placed exactly perpendicular to the stellar spectrum. Numbers

refer to symbolic identifications of iron lines.
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Figure 9. Syntheses of the specira of several stars showing absorption of
mterstellar CN. All I;ut 3 Cphiuchi and & Persei have been numerically
filtered. Vertical magnification factor and number of spectra for each case

are noted at lefi. Stellar lines are evident in the spectra of several of these,

notably ( Pers}ai and 55 Cygni.
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Figure 10. Synthesis of 17 spectra of { Ophiuchi showing absorption by inter-
stellar CH. Spectrum has heen filtered by a gaussian filter function of width

.05 A
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| Figure 11. The result of adding together 19 specira of £ Ophiuchi showing

abgsorption by interstellar CH+. Spectrum has been filtered by a gaussian
o 3

width of . 05A. The location of the isotopically shifted R(0) line of C1 H+

is also indicated.
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Figure 12. Limits on the iﬁtensity of radiation in the interstellar medium set
by this work (M W) and by further observations by Bortolot et al (1969 -~ L).

. g _ _

The area under the Iine AA' represents the flux 5x10 ° W cm 2 ster

observed by Shivananden et al (1968).
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2 2
Figure 13. Typical fluorescent cycles through Iland X states which populate
2
level J with respect to level J'". Note for cycle through II state, AJ=0

(Q branch) transitions are allowed.
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Figure 14, Electronic term diagram for CN showimng the well known red and
violet systems and the ulfraviolet systems studies by Douglas and Routly

(1954, 1955) and Carroll (1956). (Figure after Carroll)
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Figure 15. Upper limits to fluorescent excitation rates assuming f and o
equal 1. For the known f values of the red and viclet systems, the curve

is displaced accordingly.
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Figure 16. (a) Coordinate system for treating the excitation of a polar molecule
by electrons using the Born approximation (b) orientation of initial and final

electron propogation vectors.
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Figure 17. Temperature increase due to partical excitation by electrons and
H1 atoms. Each curve represents a constant observed excitation temperature
so that the actual brightness is lower by this amount. Here we assume that HI -

CN collisions predominantly satisfy electric dipole selection rules for CN exci-

tation.
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Figﬁre 8. T o of CN which would be expected for excitation by a mixture of
radiation and 125°K electrons or H I atoms as a function of observed Tl 0 and

electron or H I density. Agaimn we assume that the HI - CN cross section

obeys dipole selection rules for CN excitation.
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Figure 19. J=0 -1 excitation cross-section for protons or singly charged

ions as a function of velocity

;; =’\/8kT
T

=1.31x 106c:m/sec

where T = 104' °K.
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Figure 20. Coordinaté system used for treating the excitation of a polar

molecule by protons.
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Figure 21 Excitation of the J=1 —~1 and 0 -2 transitions by protons as a function

of impaect parameter. The proton velocity is v = 1. 342 v = 1.76 x 106cm/sec,
where v is the most prob able1 proton velocity '31; a kinetic temperature of

104°K. The discrete points result from the numerical integration of Schrodinger's

equation.
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Figure 22. Excitation of the first-excited level of CH from the ground stafe by
protons as a function of impact parameter. As with Figure 21, the proton

6
velcoity 1s 1. 75 x 10 cm/sec.
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Figure 23. Number density of protons and electrons, as a function of the HII

by

kinetic temperature,, required to produce the 3°%K excitation temperature of the

J=1 CN level,



2.0

1.5

1.0

0.5

E xact Solution

\

O

R

Hybrid Approximate Solution

] I | 1

|

O

4000

8000 12000
T (°K)

16000




185

Figure 24. Rotation temperature of the J =2 and 3 CN levels, as a function
of the H IT kinetic temperature, when the number density of charged particles

is such that the rotational temperature of the J =1 level is 3°K.
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Figure 25. Rotational temperature of the J =1 CN level as a function of the

number density of protons and electrons, for an HII temperature of 10, 000°K.
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Figure 26. Veloeity profiles of CN and Ca II absorption in the spectrum of

¢ Ophiuchi compared with HI 2lcm emission in the same direction.
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Figure 27. Velocity profile of CN a}_)sorptmn 1n the spectra of X Persei and
{ Persei compared with H I 2lcm emission in the corresponding directions.

These two stars are only separated by about one 'degree of arc and appear to

share the same intersteliar cloud.
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Figure 28. Velocity profiles of CN and Ca II absorption in the spectrum of

20 Aquilae compared with H1 2lcm emission in the same direction,
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Figure 23! Comparison of the excitation temperature 'I‘1 O(CN) in { Ophiuchi
and ( Persei, with the series of direct measurements of the background rad-

iation made by the Princeton group.



4.0

3.0

T, (°K)

2.0

1.0

A{mm)

3020 IO 8 6 5 4 3
T T T r i T | ] |
% % | O: -
% T .
i
: -
Direc! measurements | Tlo(CN) .
I
e t I ] 1 i ! | 1 1 1 ]
20 40 60 80 |00 120 140



197

Figure 30. Three cases of error limit regions:
A. Region 1s symmetric about most probable value which is

( 0; area between Bm -7 and Bm + 1 equals success
probability.
B. Region not symmetric about most probable value which is
{ 0; area between zero and Bm + 1 equals success probability
C. Most probable value equails zero; area between zero and 7
equals success probability.

In all cases, total area for positive 8 is normalized to one.
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