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ABSTRACT

Spectrophotometric observations near A=7100 A have been
made of the young planetary nebula NGC7027. The spectra were
obtained with the 1.83m telescope at the Dominion Astro-
physical Observatory. The observations were made in an at-
tempt to confirm the tentative identification by Pritchet and

Grillmair (1984) of a weak emission line at A=5624A as

triatomic hydrogen emission.

None of the newly discovered spectral features have the

structure expected of H3 molecular emission. The previous

identification of the 5624 A feature is therefore challenged.

Theoretical chemical models are discussed, with emphasis

on the production of H3 in the planetary nebula's transition

zone and the surrounding molecular envelope. It is found that

Hy is produced very inefficiently in these regions.

The theory of H3 molecular spectroscopy is reviewed. Those

spectral features that may be observed optically are

emphasized.

Also reviewed are procedures for the computer reduction
of digitally recorded spectral observations. More specifical-
ly, the use of the spectrophotometric reduction package

RETICENT is discussed.
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CHAPTER 1

INTRODUCTION

The apparently ageless stars must grow old and die, just
as we all must do. Most dying stars will enshroud their
remains in the delicate clouds of fluorescence that we call
planetary nebulae. A planetary nebula is an evanescent thing,
and the shroud will last for merely a few tens of thousands
of years before dissipating into the interstellar medium. The
planetary nebulae therefore make the stars somehow seem less

timeless and unworldly.

A planetary nebula (PN) forms from matter lost near the
end of a moderately massive star's life. PN formation is not
a sudden event, as all stars possess significant stellar
winds for their entire red giant lifetimes. It follows that
gas liberated by a post-main-sequence stellar wind might
still surround a fully formed planetary nebula. This gas
would be expected to contain both dust grains and molecules
as well as free atoms, just as the red giant's atmosphere did
before it was blown into space. One would also expect the
wind-liberated material to encase the PN in a roughly
spherical molecular envelope. This envelope would then be
progressively eaten away as the nebula's ionized region grows

at its expense.

What could be said of the chemistry of such a molecular

envelope? The chemical reactions in the envelope would not be



those with which we are most familiar. The properties of the
interstellar medium are such that molecules which are readily
oxidized in the Earth's dense atmosphere can exist freely in
space. In fact, the most common molecules in a PN's envelope
are two gases that can hardly be found at all on Earth;

diatomic hydrogen and carbon monoxide.

In the relatively hot transition zone between the PN's

ionized (or H1II) region and the molecular shroud, some Hp will
be present in an ionizing radiation field (see Black 1978,
1983) . The radiation would create the H,t ion, which in turn
could result in the formation of H3". This is significant
because H3' is an important ion in interstellar chemistry. Its

creation is followed by numerous subsequent reactions that

synthesize progressively larger molecules. H3+ will also

recombine rapidly with free electrons to create the elusive

and short lived H3 molecule. H3 radiates strongly at visible

wavelengths and so it may be detectable in the PN optical

spectrum.

H3 emission is therefore a potentially powerful tracer of

molecular reactions in planetary nebulae. It is unfortunate
that H3 has not been positively identified in a single PN up
to this time. But PN are as individual as fingerprints, and
so it is not surprising that there exists a nebula seemingly

tailor-made to the search for triatomic hydrogen. This PN is




named NGC 7027 and lies in the constellation Cygnus, high in

the summer Milky Way.

NGC 7027 looks tiny in a telescope since it is only 11 arc
seconds across, but an instrument of sufficient aperture
shows it to be a distinctly gaseous object with a beautiful
emerald green colour. NGC 7027 does however lack the charac-
teristic circular shape that earned planetary nebulae their
name, since it is cleft by a prominent dark 1lane that

obscures its central star.

The dark lane is composed of dust, and is a visual
indication of the nebula's massive molecular envelope. The
molecular envelope is in turn an indication of the nebula's
extreme youth. In such a young PN, one might expect the

nebula's ionization front to expand into the molecular cloud,

and perhaps to create an H3 formation region.

NGC 7027 is also a relatively bright nebula and this com-
bined with its convenient location and interesting spectrum
makes it the most intensely studied of all the planetary
nebulae. One of the many spectrophotometric studies of this
nebula was conducted by Dr.Christopher Pritchet and Carl

Grillmair in 1984, who discovered a weak (but relatively

broad) spectral emission line at A=5624A. They tentatively

identified this feature as H3 emission after laboratory and

theoretical work by Dr.Gerhard Herzberg etal. revealed a

relatively intense Hj3 emission feature near that wavelength.




The purpose of this thesis is to continue the work of

Pritchet and Grillmair in an attempt to verify their tenta-

tive identification of H3. Herzberg predicted that even more
intense emission features of H3 would lie near 71004, and so
spectral observations were subsequently made to find them. In
this way, it was hoped that another small part of the

Universe would be revealed.




CHAPTER 2

THE PLANETARY NEBULA NGC 7027

The planetary nebula NGC 7027 is in many ways the most
suitable of the planetary nebulae for an Hjz search. Not only
is it easily observable from mid-northern latitudes, it also
possesses unique structural and spectral properties that make
it a very promising target for a study of interstellar
molecules. The structure and history of the nebula will be
discussed in this chapter, with particular emphasis on obser-

vations of the nebula's massive molecular envelope.

2.1 VISUAL APPEARANCE AND GROSS SPECTRAL PROPERTIES

NGC 7027 has a higher surface brightness than any other
resolvable planetary nebula. The integrated photographic
magnitude of the nebula is 9.6, while its angular dimensions
are only 11"x18". This gives an average surface brightness
measure of 15 stellar magnitudes per square arc second

[15 mx / (arc sec)?], which can be compared with 18 mx / (arc sec)?

for the more famous Ring Nebula (M57).

An alternative measure of surface brightness of an
extended astronomical object is the so called relative expo-
sure index as defined by Curtis in 1917. This parameter is

simply defined as the time required to obtain a photograph of




the brightest part of the nebula. The time unit that is used
is the interval required to record an equally dense image of
several standard regions in the Orion Nebula (M42). With this
definition, the relative exposure of NGC 7027 is 0.1, while
M57 has a relative exposure of 1.6. The nebulae NGC 6778 and
NGC 3587 have relative exposures of 250 and 300 respectively.
The Curtis relative exposure index 1is admittedly rather
archaic, but it provides the casual observer with a greater
intuitive feel for the observability of an extended object

than does "stellar magnitudes per square arc second".

The Curtis relative exposure index also shows that
NGC 7027's high surface brightness makes for short spectro-
graphic exposure times. This in turn reduces the problem of
spectral sky contamination, which is very important when
trying to raise very faint emission features above the
continuum radiation of the nebula and the sky. When searching
for hitherto undetected nebular emission lines it is desir-
able that the target nebula have a high surface brightness, a

preference admirably met by NGC 7027.

The most obvious visible feature of NGC7027 is its
brilliant green colour. Its colour is quite startling when
viewed through a large telescope, and is sufficient cause for
comment for the most 3jaded observer. The clarity of the
nebula's colour is at least partly due to its high surface

brightness and the improvement of human colour perception



with light intensity, but the nebula's unique spectral prop-

erties contribute as well.

The spectrum of NGC 7027 is dominated by emission lines,
as 1is the spectrum of all planetary nebulae. The spectrum of
NGC 7027 1is astoundingly rich, and displays 1lines with
ionization 1levels from NI to Fe vii. The brightest of the
visual emission lines are the so-called nebulium lines at
5007A and 4959A. Rather than being produced by an element
called "nebulium", these lines are actually two thirds of a

forbidden triplet of OII1I which happens to be coloured green.

The green [OIII] lines are unusually dominant in the spec-
trum of NGC 7027 and saturate the nebula with green light to a
far greater degree than in most planetary nebulae. This was
shown by Liller and Aller in 1954, who determined the ratio

of the sum of the intensities of the two nebulium lines
(N;+N,) and the intensity of the HP line for a sample of 11

bright PN (see Tablel). The Iyj4y2/Ipg ratio for NGC7027 is

20.2, which is substantially greater than the average value
of this ratio of 13:1 for the other high surface brightness

PN in their sample.




TaBrLe 1 (1)

THE RATIO Iyj4nz /Igg FOR SEVERAL PLANETARY NEBULAE

IC 418 1.78 NGC 1535 15.4
NGC 2149 5.40 NGC 6572 15.6
NGC 6543 8.86 NGC 7009 161
NGC 6826 9.32 NGC 7662 18.2
NGC 6818 11.6
NGC 6210 15:1 NGC 7027 20.2
s sa E S B S e —_—_________———

The relative intensity of the spectral lines should be
kept in mind when the data collected for this thesis are
inspected. The data frames recorded show the nebula's spec-
trum near A =7100A, and so do not contain either the bright
nebulium lines or any of the lines of the Balmer series. All

the lines displayed on the data frames are relatively minor.

The brightest line on the frames taken of the 71004
region is the 7136A feature of [ArIII]. This line is quite
weak compared with the visually dominant 5007 A [O11I] line,
having less than one twentieth the latter's intensity. Be
that as it may, many of the other features are pitifully
insignificant in comparison to the 7136A line. The lesser
lines barely rise above the continuum when plotted on scales

that show the 7136A peak. The sought-after emission lines of

1 Adapted from Gurzadyan,G.A. (1969) Planetary Nebulae
(English Edition) p. 10, Gordon and Breach.




H3 would be much weaker still, making them several orders of

magnitude weaker than the nebula's most intense features.

It is helpful to know the wavelengths of the major lines
beforehand in order to determine precisely the wavelengths of
any newly detected spectral features. The major spectral
lines of NGC7027 were identified by Aller, Bowen and
Minkowski (1955), and by Kaler etal. (1976). The more recent
paper by Kaler etal. includes both photographic and photo-
electric data, and served as an important reference for line
identification. Those lines identified by Kaler that are on

the 7100A frames are listed in Table 2.

The infrared spectrum of NGC7027 is noteworthy as well.
Kaler et al. have identified emissions lines from the visual
band to hydrogen's Pfund 10 line at 9014.9A, while Condal et

al. extended this list to 9850A4.

Among the strongest emission features detectable from 1 pum
to 10um are the higher order hydrogen and helium recombina-
tion lines. Near 2Mum, the emission lines of H, are visible as
well. These lines were first detected in 1976 by Treffers
et al., and were the first diatomic hydrogen lines observed
in any planetary nebula. Another molecular transition easily

visible in NGC 7027 is CO at millimeter wavelengths.
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TaRpLe 2 (1)

MAJOR SPECTRAL FEATURES OF NGC 7027 NEAR 710034

WAVELENGTH (&) ION MULTIPLET TRANSITION INTENSITY
7065.31 He 1 10 2p2P « 3s3s 23.5
7135.78 (Ar 111] 1F 3p%2P « 3p41D 77.9
7170.62 [Ar 1v] 2F 3p32D3,, « 3p32P3,, 2.2
7177.77 He II 11 5g2G « 11hZ2H 2.0
7237.26 [Ar 1v] 2F  3p32Dg,, « 3p32P3; 2.47
7262.77 [Ar 1V) 2F 3p32D3/, ¢« 3p32P;,, 1.39
7281.32 He I 45 3s1ls « 2plp 2.25
7319.92 [0 11] 2F 3p32Dg), « 3p32P 55.8
7330.19 [011] 2F 3p32D3,, « 3p32P 47.5

The entries listed in the MULTIPLET column refer to the
line's multiplet number from the Revised Multiplet Table by
C.E.Moore (1945). The INTENSITY column shows the line's rela-
tive intensity (as determined by Kaler) as a percentage of
the intensity of HP. The required intensity measurement of Hf
was obtained photoelectrically by Kaler, but was unfortunate-
ly (although necessarily) contaminated by the Pickering8 line

of HeII. The scale is therefore set to I(HB+He1rPi8) = 100.

An approximate correction that changes the intensities to
I(HB) = 100 would be to multiply each by 1.02.

1 Adapted from Kaler,J.B.,Allen,L.H.,Czyzak,S.J.,Epps,H.W.
(1976) Ap.J.Suppl.31,163.
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The presence of readily observable molecules is an obvi-

ously good omen for the observer searching for Hz. H; in a

dilute ultraviolet radiation field should result in the

formation of H,% and H3%, the precursors of Hs.

2.2 DISTANCE AND LUMINOSITY

The distance to NGC 7027 was discussed by Pottasch etal.
(1982) who describes several methods of distance determina-
tion. They find a lower limit of 1 kpc based on the velocity
bf 2lcm interstellar absorption 1lines wunder an assumed
Schmidt Galactic rotation model. An upper limit of 1.5kpc was
also determined from comparison of the number density of
electrons (as derived by the ratios of forbidden line inten-

sities) to measurements of the HB irradiance.

The HP irradiance from the nebula was originally deter-

mined by Collins, Daub, and O'Dell (1961) from measurements
of Capriotti and Daub (1960) and from Liller (1955). They
arrived at a value of E(HB) =7.59x10714 W/m2. This estimate
was subsequently revised downward by nearly 20% by Miller and
Mathews in 1979. A final determination of this number was

subsequently made by Shaw and Kaler (1982), who arrived at a

higher HP irradiance of E(HB) = (7.64%0.18)x10714 w/m2.

Since the nebula distance determination by Pottasch

relied on the earlier determination of the HP irradiance by
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Miller and Mathews, their upper limit to the distance of NGC
7027 should be revised slightly upward in light of the latter
work by Shaw and Kaler. The uncertainty in the distance to

NGC 7027 is therefore greater than fifty percent.

Although the planetary's distance modulus has not been
accurately determined, NGC7027 is known to be intrinsically
very luminous. A distance near the lower bound would indicate
(after correction for extinction) a luminosity as great as
the brightest extragalactic PN observed in M32, M31, the LMC,
the SMC, NGC 6822 and the Fornax dwarf system. A distance of
1.5kpc would mean that NGC7027 is twice as luminous as any
other known PN. Incidentally, the intrinsic luminosity of the

nebula assuming a distance of 1.5 to 2.0kpc (=3x10%Lg) is in

close agreement with that predicted by Iben (1981) for a

young planetary nebula with a 3Mgp progenitor star.

2.3 CENTRAL STAR

The remnant of the original star is not readily visible
either visually or photographically. Atherton etal. attempted
to locate this star in 1979 by using bandpass filters to
suppress the nebula's brighter emission lines. They succeeded
in detecting an enhancement in the continuum at a position
just north of the center of the dark lane. The size of the
enhanced region was 1l.larc seconds (FWHM) , which was

comparable with the seeing at Kitt Peak that night (=1").



1.3

They therefore tentatively identify this feature as the

nebula's central star, and determine its apparent visual

magnitude as m,=19.4%1.0.

Atherton also determined the star's effective temperature
as Tgrar>200000K on the basis of the ratio of the HP irradi-
ance of the star and the nebula (assuming a nebula optically
thick beyond the Lyman limit). Shaw and Kaler lowered this
estimate to 180000K in their 1982 recalibration of the Hf
irradiance. Even at the lower temperature estimate, the
central star would be one of the hottest stars known. Such an
extremely high stellar temperature is strongly indicative of

a very young and actively evolving nebula.

2.4 THE IONIZED NEBULA

The structure of NGC 7027 is revealed by clues provided by
detailed study of the nebula's spectrum. It is found that NGC
7027 has a dynamic and complex structure that creates a

bewildering array of spectral features.

Some of these spectral features have already been
discussed. As previously mentioned, NGC 7027 has an unusually
strong forbidden line spectrum. The forbidden lines are so

strong that the third 1line of the "nebulium series"

(resulting from the 3Py ¢« 1D, transition of O1III) is visible
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despite having a theoretical intensity less than one ten

thousandth that of the 3P, « !D, line at 5007A.

Forbidden lines are observable only if sufficient numbers
of atoms accumulate in metastable levels. This can occur only
if the densities of free particles and photons are low enough

that the metastable atoms are not physically disturbed before

undergoing spontaneous transitions. Therefore the values of ng

and T, could hypothetically be determined by a study of
forbidden line intensities, but this proves difficult in
practice. The emission lines from the various ions in NGC 7027
gives such disparate results that no homogeneous or simple
gradient model will fit the determined values of these

parameters.

This fact gives important information on the structure of
NGC 7027 which may significantly affect the possibility of
detecting Hz gas in the nebula. The wide range of ionization
levels and electron densities derived for NGC 7027 has been
explained by Kaler et al. (1976) as due to filamentary struc-
tures throughout the nebula. In this model, the number densi-
ties of electrons would range over a factor of twenty at a
given radius within the nebula, creating pockets of 1low
ionization. The ions are undoubtedly stratified, with lower
ionization levels at larger radii, dropping to zero ioniza-
tion near the periphery. It is entirely likely that the fila-

ments are dense enough near the H II region's edge to allow
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partially shielded molecular reactions. Stated another way,

it is thought probable that the knotty structure of NGC 7027

would create a larger Hj formation region than would a more

homogeneous structure.

2.5 EXPANSION

, TaBLe 3 (1)
NGC 7027 must continually
TWICE THE EXPANSION VELOCITY
OF NGC 7027 FROM SEVERAL
EMISSION LINES

change since NGC 7027 under-

The physical structure of
goes differential expansion.

The outer regions of all ION AND THICE
IONIZATION EXPANSION
planetary nebula expand at a POTENTIALS VELOCITY
IN eV IN KM/S
higher rate than the inner ( b ( /8)
' H 13.6 42 .4
regions. An early study of [01I] 13.6 47.2
\ [011T] 35.0 40.9
planetary nebular expansion [Ne I11] 40.9 44 .7
He 11 54.2 39.6
was conducted by Wilson [glv] 96.0 38.2

(1950), who determined the
Doppler broadening velocity (which corresponds to twice the
radial expansion velocity) of several spectral lines 1in
NGC 7027 as well as some other bright nebulae. His relevant

results are tabulated in Table 3.

1 Adapted from Wilson,0.C. (1950) Ap.J.111,163.
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There is a statistically significant inverse correlation
between the 1line ionization potentials and the derived
expansion velocities (90% confidence of significance). This
may be understood only if one assumes that the expansion
velocity increases from the high ionization region near the
nebula's center to the 1low ionization region of the

periphery.

A twice expansion velocity of 42.4km/s corresponds to a

Doppler broadening of only AA=1A at A=7100A. As we shall
see, the natural widths of the sought-after H3 emission lines
are =8A, so the H3 lines would be far broader than (and
readily distinguishable from) the atomic emission features.
We should be easily able to identify molecular emission lines
by their width even if the molecular gas does not partake in

the expansion of the nebula.

However, the molecular gas does expand, as revealed by
Doppler broadening measurements of the radio emission lines
of CO. Observations by Thronson (1983) show a Doppler veloci-
ty of 32km/s for the bulk of the CO gas, indicating an expan-
sion velocity of 16km/s. The ionized gas is therefore expand-

ing into the molecular cloud with a velocity of some 6km/s.
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2.6 Hy; MOLECULAR EMISSION

The velocity of the ionized gas relative to the molecular

cloud may be responsible for the rotational-vibrational emis-

sion lines of H, observable near A=2pum. Beckwith et al.
(1980) measured the relative intensity of various H,; lines,
and found the intensity ratios of the v =1—50 and v =2-1
emission bands to be inconsistent with an ultraviolet exci-
tation model. Beckwith therefore proposes that the H, gas is
shock heated by an expanding ion cloud. In Beckwith's model,
the shock front precedes the ionization front, creating a
compressed region of neutral gas at T21000K. A shock velocity

of 13km/s is assumed in Beckwith's calculations. An upper

limit to the vibrational excitation temperature of T,;,<3200K

is observed by Beckwith, which indicates an H, density of

4x10%cm™3 for the unshocked gas. On this basis they propose a
total molecular mass of 1 to 3Mgp, assuming that gas density
in the molecular cloud falls off at the rate of r~3 (based on
photometric observations of the extended reflection nebula

cospatial with the molecular envelope).

Beckwith etal. could detect H; over a slightly greater

angular extent than they could ionized hydrogen (observed as

the Brackett?yY line). The molecular transition lines were

easily visible with the aperture placed 8" from the nebula's

center, even though BY had dropped far below its central

intensity at this position. Furthermore, the H, data seem
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better represented by a shell distribution model than by a

homogeneously filled sphere, although this could not be

ascertained as a precise H, distribution map was not produced.

It was proposed that the H, emission region is a spherical

shell just outside the ionization region.

Observations by Smith, Larson and Fink (1981) support the
findings of Beckwith's group. The signal-to-noise ratio of
Smith's data were an improvement over Beckwith's, but the
velocity resolution was only =75km/s. The expansion velocity
of the excited Hy; could only be very roughly determined, but
it appeared to be equal to the hydrogen recombination lines

to within *17 km/s.

Smith, Larson and Fink also reject an ultraviolet pumping

model for the Hj; emission on the basis of the v =1—50 and
v =2—1 intensity ratios. In Smith etal.'s model a shock of

velocity 22 km/s excites the H,. Their velocity estimate is

based on measurements of the expansion velocity of the HII

region (see Table 2).

This is very curious since this velocity refers to the
expansion of the ionized gas relative to the central star and
not relative to the molecular gas. Since CO observations show
that the molecular cloud is itself expanding at some 16 km/s,

the velocity of the HII region relative to the H, region is at

most 6 km/s, and not 22km/s.
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Even at this lower velocity, the HII region would be
expanding at a highly supersonic velocity into the surround-
ing molecular envelope, since the sound speed of the preshock

gas is only =340m/s.

A supersonically expanding HII region is expected to
produce a "D-type" ionization front, with the density ahead
of it being greater than that behind it (Spitzer,1978). The
development of a high density neutral region preceding the
ionization region would create a shock, analogous to the bow
shock that develops in front of a solid body travelling at

supersonic velocities.

If one assumes that the gas pressure behind the
ionization front is much greater than the pressure in front
of it, one finds that the velocities of the shock front and
the ionization front are equal. This means that the shock
front cannot leave the ionization front behind. The two
fronts are stationary with respect to each other, just as a
supersonic jet is stationary with respect to its bow shock.
In the case of our expanding H II region, the maximum possible
shock velocity is consequently the velocity of the ionization
front with respect to the surrounding neutral gas, which is 6
km/s. This is less than one half the velocity assumed by
Beckwith etal. and less than one third the velocity assumed

by Smith et al..
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It is apparent that the shock velocities assumed by both
Beckwith et al. and by Smith, Larson and Fink are too high, and
so one wonders if the observed H, irradiance could be produced
by a more realistic shock velocity estimate. A "back-of-the-
envelope" calculation can easily be made following the

treatment by Masson etal. (1985).

First, we assume that the particles in the H II region
consist solely of electrons, H' ions, and neutral helium, and
also that the number density of helium nuclei is 0.1 times
the total number density of hydrogen nuclei. The total number
density of all particles is then 2.1 times the number density

of electrons. By the ideal gas law, we find that

P=2.1n, kT,

The value of electron density of the outer ionization
region of NGC7027 is ng=5.7x1010(1.77/d)1/2m™3, where d is
the nebula's distance in kpc (Atherton et al.,1979). The
temperature is taken to be T=14000K (Masson etal.,1985). We
then find that the gas pressure in the HII region is

P =3.0x10"8d1/2 pa,

We can now relate the pressure of a gas to the properties
of a shock propagating through it. The law of conservation of
momentum stipulates that

Py + p1vi2 = Py + pz v3?
where P,, Py, and p;, P, respectively denote the gas pressure

and gas density following and preceding the shock. The vj
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parameters are the gas velocities in a reference frame where

the shock is stationary (Spitzer, 1978; Clutton-Brock, 1984).

We now include the law of mass conservation, which in our

context is written as
P1 V1 = P2 V2

where the same notation is used as in the previous equation.
With a little algebraic manipulation we find that

v
2 = 2 =1
P1 V1 P2 V2 v,
Substitution into the momentum equation then yields the
result

it
P +02V22",; = Py + Pa v3?

High resolution CO observations by Masson etal. (to be
discussed below) have shown that the expansion velocity of
the molecular gas in the postshock region is =22km/s. The
velocity of the expanding H II region is also =22km/s, and so

the velocity of the postshock gas relative to the shock front

is close to zero. The value of v; is therefore negligibly

small compared to v,;, and the second term in the left hand

side of the previous equation can be neglected.

We substitute v, with the observed quantity u, where u is

the difference between the expansion velocity of H II region

and the molecular envelope (6km/s). Now assume that the gas

pressure of the cold preshock gas (P,;) is negligibly small
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compared to the gas pressure of the hot HII region (P;). We

can then write that
Py

P2 = a2

Finally, by accepting our derived value for P, and setting

u =6km/s we find that the number density of H; in the

preshock gas is
n(Hy) = 2.5x10114-1/2n-3,

We now compare this value with the value predicted by

considering the nebula's brightness in H; 1light. The
irradiance from NGC7027 in the v =1—0 S(1) Hp; line is

(3.7%£1) x10"15Wm~2 as measured by Smith, Larson and Fink

(1981) . The size of the Hj shell is = 6x 10”2 sr according to
maps produced by Atherton etal. (1979), and so we find that
the average surface brightness of the v=1—0 S(1) line is
=~6x10"7Wm 2 sr-1, However, direct low resolution observations
of the H, gas by Beckwith etal. and Smith et al. have shown
some evidence that the H, gas is highly confined. The adopted
value of the surface brightness is consequently accepted only

as a lower limit since it is derived by assuming the largest

plausible value of the H,; emission region size.

We now inspect Figure2 of Kwan (1977), where the theoret-

ical surface brightness of a shocked H; region in the
v =1—0S(1) line is plotted in [u,n,] space. The u in Kwan's
diagram is shock velocity, while n, is the total number densi-

ty of the preshock gas. It is found that a shock velocity of
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6 km/s can produce the derived lower limit to the surface

brightness only if ng25x1012m=3. This is more than an order
of magnitude greater than the value of n(H;) that we would

derive from shock propagation considerations if we assume a

reasonable value of the nebula's distance.

It is therefore found that a simplified shock propagation
model can not easily explain the observed Hj; surface bright-
ness. This result is in contradiction to the conclusions of
Beckwith etal., Smith etal., as well as Masson etal., and so

defies conventional wisdom.

The discrepancy between the predicted and observed H,

emission line radiance might eventually be removed by models
which incorporate a more realistic, clumpy distribution of
gas. Inspection of Kwan's Figure 2 shows quite clearly that Hj
emission increases very rapidly with gas density for shock

velocities near 6km/s.

To illustrate, let us now compare the average surface
brightness of a gas cell with a smooth distribution of matter
to one with a clumpy distribution when excited by 6km/s
shocks. Assume that the inhomogeneously distributed gas cell
has 10% of its volume at a density of 107cm~3 and 90% of its
volume at a density of 109cm~3. According to Kwan's diagram
this cell would have an average surface brightness 1.4 times

greater than a homogeneous gas cell of the same mass.
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Thus it is found that clumpy H; gas could result in the
observed emission line radiance in NGC7027. Unfortunately,
spatial observations of sufficient resolution to map the H,

gas have yet to be made. It remains unproven that the H, emis-

sion can be explained by shock excitation alone.

The shock excitation scenario was challenged by Black
(1979), who modelled the formation of molecules at the edge
of the ionized nebula. In Black's model, H; gas coexists with
atomic and ionized hydrogen at a relatively high temperature
(ranging from T=103K to T=10%K). H, is excited by both UV
and electron collisions, as well as by the residual energy of

gas-phase formation reactions.

Most probably, elements of both the shock excitation
model and Black's model are in play in the real nebula. It

appears that most of the observed H; emission arises from

shocked excitation of the neutral molecular envelope, but
this certainly does not preclude the existence of H; at the
outer edge of the ionization zone. It is to be assumed in
this thesis that neither model can adequately account for the
observed H; emission alone, and that H,; emission is produced
both in the molecular envelope and the edge of the HII
region. We shall also accept the density and abundance calcu-
lations of Black for the transition zone, and by Mitchell,
Ginsburg and Fink (1978) or Herbst and Klemperer (1973) for

the molecular envelope. It is nevertheless acknowledged that
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both approaches are 1less than satisfactory, and that a

comprehensive and realistic model of H; emission in NGC 7027

has yet to be made.

Since we accept both models as being fundamentally
correct, we must consider two separate molecular formation
regions. The first is the molecular envelope proper (ME),
where the gas is shielded from the ionizing radiation from
the central star. The second region is the very much hotter
nebula transition zone (TZ), where molecules are continuously
(and rapidly) being synthesized and subsequently destroyed by

ultraviolet light from the PN nucleus.

2.7 EMISSION FROM OTHER MOLECULES

The first observations of polyatomic molecules in plane-
tary nebulae were announced by Zuckerman (1983) who detected

weak J=1-—0 HCN emission in NGC 7027. Zuckerman contends that

the detection indicates that the molecular envelope is carbon

rich, with the carbon/oxygen number ratio given by C/021.

This wview 1is supported by the non-detection of SiO

emission by Thronson and Lada (1981). They find that the

J=2—1 Si0O transitions are unobservable to a limiting
antenna temperature of Tz <0.01K, and think it is unlikely
that this is due to a lack of SiO excitation because of the

nebula's density and infrared luminosity. They feel that the
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missing SiO must be locked in dust grains, but as we shall
see, this view is not held by those who study the nebula's

dust. This indicates that oxygen is truly underabundant.

The high carbon abundance implies that the atmosphere of
nebula's ancestral star must have undergone substantial
chemical evolution. A similar conclusion was reached by
Thronson (1983), who used CO observations to determine a
lower limit of the abundance ratio of 12CO to 13cO as 36 6.
Under the assumption that this ratio accurately reflects the
carbon isotope ratio of the precursor star's atmosphere,

Thronson suggests that the precursor star was an evolved

post-asymptotic branch object of mass 3 My.

Thronson's mass estimate is of course highly uncertain,
as he relies heavily on suspect assumptions of interstellar
chemistry and on questionably accurate computer evolutionary
models. One possible difficulty with Thronson's analysis was
mentioned by Duley and Williams (1984). They suggest that the
12c0/13co ratio may be decreased in regions of shocked or
otherwise partially ionized gas by the reaction

13c+ 4+ 1200 « 12¢t 4+ 13¢o
which occurs preferentially in the forward direction. Thus
the 12c0/13CcO ratio might not accurately measure the 12¢c/13cC
ratio. Nevertheless, if one assumes a mass of a few solar
masses for the molecular envelope, Thronson's work 1is a

strong indication that a substantial fraction of the progeni-
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tor star's original mass (230%) now resides in the molecular

envelope.

Carbon monoxide is detectable in NGC 7027 as emission from

the J=1—0 and J=2—1 transitions. Detection of CO is
possible over an even larger area than is Hy, probably because

the detected CO is thermally excited and not dependent on

shock excitation. Mufson etal. (1975) have detected J=1-0

CO emission over 40"x 60", as compared to the 11"x18" size of
the ionized nebula. The J=2-—1 bands have been detected over
a similar area by Knapp etal. (1982), who measured a half-
power size of 38"x50". The expansion velocity of the CO gas
is 16.5 km/s. Presumably, the CO map is a far better indicator

of the properties of the molecular cloud as a whole than is

the previously mentioned H, data.

Knapp's group also tried to estimate the mass of the
molecular envelope from CO observations, and arrived at a

value of Mgpyelope>SMo-. They determined the cloud's size as

R> 1016m (assuming a distance of 1090 kpc) and an age of
T >13100 years. The age estimate was found from the derived

average mass loss rate of 4x10"4Mgyear~l, which is far

greater than the maximum mass loss rate that can be obtained
; ’ dm P ; ;

by radiation pressure: 5{52:7 where P is the nebula's radiant

power output in Watts; v is the expansion velocity of the

gas; and c¢ is the speed of light. They believe that it is

unlikely that the observed excessively high mass loss can be
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explained by a recent substantial drop in the central star's
luminosity since the available time scale is simply too
short (1), They therefore suggest that NGC 7027 has ejected
mass via some unmentioned exotic process. Knapp's group also
found that the carbon stars tend to have highest mass 1loss
rates of all the evolved giant stars, and therefore suggest
that the stellar precursor of NGC 7027 was a carbon star of

mass Mg,y 26.4Mp. This view is supported by Zuckerman's

discovery that NGC 7027 is carbon rich.

The CO emission was mapped in high resolution by
C.R.Masson with the help of eleven of his colleagues at the
Owens Valley Radio Observatory (1985). Their high velocity
resolution allowed them to detect a component of CO gas
expanding at 22.5km/s. This gas is expanding 6km/s faster
than the bulk of the CO cloud, and is located close to the
nebula's H II region. Masson etal. propose that the CO
emission is produced behind the shock responsible for H, emis-

sion, where the temperature has fallen to T,;,<100K.

Masson's group finds no evidence of a low velocity compo-

nent to the CO emission, as the observed Doppler profile is

1 However, Knappetal.'s conclusions are strongly challenged
by Jura (1984), who finds no reason to assume that dM/dt was
greater than LV/c at the time of the molecular envelope
ejection. He instead proposes that both the mass loss rate
and the luminosity of the central star have decreased
dramatically over the last 1000 years.
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easily modelled by the convolution of a 16km/s and a 22km/s
Gaussian profile. We therefore find no evidence that the
innermost preshock molecular gas is expanding more slowly
than the bulk of the CO envelope. This argues against the
high H II expansion velocities that were assumed by Beckwith

etal. and by Smith, Larson and Fink.

Masson's group arrives at a value of = 2d5/2Mg (where d is

the distance in kpc) for the mass of the molecular shroud.
This is lower than Knapp's mass estimate, and so it is inter-
esting to note that Masson's estimate of the mass loss rate

is significantly higher than Knapp's, at 1.1x107243-3/2

Mp/year. The discrepancy may be because Masson's determina-

tion relies on an estimate of the number density of H, in the

inner preshock regions, while Knapp's estimate 1is based on
the integrated emission of the entire envelope. Masson's
derivation would find the mass loss rate immediately prior to
the ionization of the innermost nebula, while Knapp's value
is a time average over the molecular envelope's formation
period. The calculations of Masson and Knapp would have
agreed only if the star's mass loss rate was roughly constant
throughout the envelope ejection period, A stellar mass loss
rate that increases with time will result in the inner
envelope having the unexpectedly high density derived by
Masson. The two estimates do in fact agree quite closely if
one assumes that the molecular gas density drops off as

r~3, and not r~2 as a steady mass loss rate would imply.
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2.8 DusT COMPONENT

Unlike most bright planetary nebulae, NGC 7027 lacks the
classical planetary ring-like or oval shape, but instead has
a decidedly asymmetrical, bilobate appearance. There is a
prominent dark lane across the nebula's face that is visible
at optical frequencies, but is very much less apparent at
longer wavelengths. In fact the entire structure of the
nebula is much more regular and symmetrical in the infrared
and radio bands than it is in the optical, indicating that
the apparent irregularity of the nebula is due to differen-

tial extinction by dust.

The dust component of NGC7027's molecular envelope can be
studied by observations of extinction across the face of the
nebula. One such investigation was conducted by Condal etal.
(1981), who made two 2-dimensional, monochromatic intensity
maps of the nebula. The images were made through two band-

pass filters centered on the nebulium [O 1II] lines and on the

Ho line. The filters had a band width of 100A (FWHM), so the
Ho image was heavily contaminated by the 6548 A /6584 A doublet

of [N11]. It was assumed that the intrinsic emission ratios

of Ha/[O111] and [NII]/HQ are constant throughout the ionized

nebula and that wvariations 1in the observed ratio of

(Ho+ [N11])/[0111] are due solely to reddening by dust. It was

found that the correlation between the nebula's optical image

and a map made of the observed line intensity ratios 1is
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excellent, with the visually brightest regions showing the
least reddening. The PN's central dark lane corresponds to a

local maximum of reddening, indicating a dusty composition.

Atherton etal. (1979) employed a completely different
technique to study the dust of NGC7027's ionization region. A
scanning Fabry-Perot interferometer was used to study the
Doppler broadening structure of the 5007A [0O1II] line (which
is intrinsically narrow). Observations were made with the
interferometer entrance aperture at twenty-five points across
the nebula's face. It was found that the red-shifted
component was generally weaker than the blue-shifted one, an
effect that they attribute to internal dust extinction.
Atherton estimates that a mean visual extinction of =0.34
magnitudes across the diameter of the H II region would

explain the discrepancy.

Atherton etal. also detected a low surface brightness
reflection nebula surrounding NGC 7027. This was interpreted
as an extended cloud of low-density dust. It was found that
the change in brightness of the nebula with radius could be
easily modelled if the density of the dust drops off as r~3
outside the HII region. This supports the idea that the mass
that formed the nebula was lost at an increasing rate until

the ionization of the inner nebula.

Telesco and Harper were able to detect thermal emission

from the nebula's dust in 1977 with the Kuiper Airborne
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Observatory (KAO). The infrared radiation was observed with a
0.91 m telescope and detectors that scanned the region from
A=28um to A =320um. They fitted the observed IR irradiance
from NGC7027 to a two component model, with a cooler
component of T =100K making up the bulk of the dust, mixed
with 200K to 300K grains comprising a few percent of the dust

mass.

Infrared observations of NGC 7027 were also made with the
KAO by Moseley (1980), which he originally published in a
paper that served as his Doctoral dissertation. Dust was

observed as thermal emission at A =37um to A= 108 um over an

angular extent of <20".

The small size of the 90 K dust region was confirmed by
Bentley in 1982, who showed that the dust is almost certainly
cospatial with the ionization region. Bentley also found that
the dust emission spectra is adequately represented by a mod-
el particle composition of 8% silicon carbide, 45% graphite,
and 47% consisting of an unidentified "Orion bar" dust compo-
nent that is responsible for 8.6 and 11.3um IR emission fea-
tures. Sellgren etal. (1983) have tentatively identified the
"Orion bar" component as very small (=50atom) graphite grains
which have been excited by a single UV photon (see also Leger
and Puget,1984). It is unlikely that the "Orion bar" dust is
a simple oxide of silicon, so Thronson's 1982 suggestion that

significant quantities of Si0O are locked in grains is not
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supported. It now seems quite certain that NGC 7027 is highly

carbon rich.

Both Bentley and Moseley found that the size of the
observed 90K dust emission region is considerably smaller
than the CO cloud. Moseley suggested that the dust in the
bulk of the molecular envelope must have a temperature of
T<35K, and recommended that observations at 350 Um be made to

detect this dust.

These observations were carried out by Gee etal. (1982),
who mapped NGC 7027 at wavelengths of A=370um, 780 um, and
1090 pm. The cold gas component predicted by Moseley was
indeed observable as excessive emission at 370um. The cold
dust has a temperature of T =20 K, and its distribution is

cospatial with the CO molecular gas. Gee etal. estimate of

the mass of the molecular cloud as Mgpyelope > 9 Mo . The mass of

the progenitor star would then necessarily be Mgy, >6.5Mg.

The maximum mass of stars that develop into planetary nebulae
(and not into supernovae) would thus be at least this high.
This is consistent with the theoretical and observational

work discussed by Weidemann and Koester (1983), who suggest

an upper limit to the white dwarf progenitor mass of =8 Mg.
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CHAPTER 3

THE CHEMISTRY OF THE H3 MOLECULE

The triatomic hydrogen molecule is at present a mere
laboratory curiosity. It can be fleetingly observed in hydro-
gen discharge tubes, but is otherwise undetected in nature.
Nevertheless, chemical reactions in the interstellar medium
might lead to the creation and subsequent detection of Hj.
Computer models of the chemical abundances in the planetary
nebula transition zone (TZ) and the molecular envelope (ME)

will be discussed in this chapter, as will the reactions that

lead to the formation of Hj.

3.1 FORMATION OF Hj

The first step in the reaction chain that creates Hj is

the formation of the H; molecule out of free hydrogen atoms.

This reaction is exceedingly well studied and so it will not
be discussed in detail here. However, the process's pertinent

details must be presented.

The chemical combination of hydrogen atoms in deep
interstellar clouds is believed to occur on chemisorptive
grain surfaces. In order for the atoms to react on the grain

surfaces before they evaporate, the grain's temperature must

be TgrainSTcriticalr Where 10K<T rjtijcal <100K. Dust grain
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reactions are certainly the dominant route of H, production in

the molecular envelope, where grain temperatures are =20K.

The H; molecule may also be formed inside the nebula's
ionization region, where temperatures are far too high for
the dust grain reactions. Black (1978,1983) suggests that the

coexistence of free atoms and electrons in the PN transition

zone results in formation of H,; by associative detachment of
H™. H, production is started by the reaction
H+ e —> H + hv (R1)

which is followed by the subsequent reaction

H" + H > Hy, + e. (R2)

The reaction rate coefficient for Reactionl is given by

the expression k;=10"18 T cm3s-1 (Black,1978) where T is
kinetic gas temperature. Consequently the parameter k; is
linearly dependent on temperature. In contrast, the rate

coefficient for Reaction2 1is relatively unaffected by

temperature, and is known to be k2=2.7)<10‘9cm3s'1(Black,

1978) . Thus the rate of H, formation in the Black model

transition zone is

Ry (rz) = ka(pzyn(H)n(H™) = 2.7x10"2cm3s~1n(H) n(H7)
where n(X) is the number density of the chemical species "X"

in cm~3.

In order to determine the rate of H, production, we must

therefore know the density of H™ and H. The determination of
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these values is complicated by the fact that the H™ ion is
removed by photodetachment

H™ + hv - H + e, (R3)

and by mutual neutralization with the arbitrary ion X%,

H- + Xt -5 H + X. (R4)

In Black's model (1978), the number density of H, reaches
a maximum of =10"2cm~3 at a radial distance of 2.9x1015m from
the central star. The model nebula has a constant total
density of n=7000cm 3, and a central star with an effective
temperature T,=100000K. This temperature is smaller than, but
of the same order as, the effective temperature of NGC7027's
star, and so his results can .be taken as at least

qualitatively correct.

The H, molecules in the transition zone are subject to

photodestruction while in the electronic ground state by pho-

tons of energy 2 4.48eV. At this energy the ionized nebula is

nearly transparent, and so the lifetime of H; molecules inside
the nebular transition zone is very short (T=105 to 106
seconds according to Black, 1983). The H, gas in the molecular
envelope manages to survive for longer periods by relying
heavily on self-shielding and dust grain extinction to

prevent photodissociation.
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3.2 FORMATION OF H,*

In addition to being dissociated, the H, molecule can be
singly ionized to form H2+ in a reaction requiring a photon

with energy 215.4eV,

H, + hv = Hyt + e. (R5)

Since 15.4eV lies beyond the Lyman limit, the opacity of
the nebula's transition zone is very much higher at this

energy than at H,'s dissociation energy. The ionization of Hj

by UV photons must therefore occur within a highly restricted

radius. The photoionization rate of H, in Black's model is
Rs(pz) = 1076n(Hy) s1= 10-8cm=3s-1

at r=2.9%x1015 meters from the central star.

The H2+ ion may be created by less direct means as well,

such as radiative association of an HY ion and a free

hydrogen atom,
Ht + H - H,* + hv, (R6)

as well as in a proton transfer reaction with HeH?,

HeHt + H — H,t + He. (R7)

The rate of Reaction6 is highly temperature dependent,

and for transition zone temperatures the rate coefficient is

kg (rz) =10720 cm3 s~1 (Black, 1978) . The contribution of Reaction 6

to the H," density is consequently quite small. The reaction

rate coefficient of Reaction?7 is very much larger, and is
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given by Hutchins (1976) as k3 =10"10cm3s-1, The rate of

Reaction 7 is thus
Ry (rz) = 6x10713cm 3571

in Black's model at r=2.9x1019meters. Comparing the rates of

Reaction5 and Reaction?7, it is readily apparent that the

production of H2+ is dominated by the photoionization process.

Cosmic rays can ionize H, just as the star's UV photons

can. Duley and Williams (1984) state that cosmic rays

interact with H,; along one of the following pathways;

H, + cosmic ray = H + HY + e + cosmic ray (R8)
Hy + cosmic ray = H + H + cosmic ray (R9)
H, + cosmic ray — Hpyt + e + cosmic ray (R10)

The reaction of interest is Reaction 10, which according
to Duley and Williams occurs 88% of the time. Herbst and
Klemperer (1973) show that cosmic ray protons of energy

100 MeV can penetrate even the largest interstellar clouds,

and they estimate the cosmic ray ionization rate as {=10-17
s™1 per H, molecule. The H,t production rate from cosmic ray
ionization is thus RlO(TZ)=9}<1O'18n(H2)s’l. Comparing the
expression for Rjg(rz) to that of the H; photoionization

reaction rate Rg(rz), we see that cosmic ray ionization is

insignificant inside the nebula transition zone.

This is however not the case outside the transition zone
since the central star's ionizing radiation cannot penetrate

the molecular envelope. This was shown by Mitchell, Ginsburg
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and Kuntz (1978) who determined that the transition from a
photoionized to an optically thick nebula occurs at a
molecular density of 50000cm™3 for a 10Mg cloud. The
preshock molecular gas in NGC 7027 is one or two orders of
magnitude denser than this optically thin limit (see Section
2.5) and so is most certainly self-shielding against photo-

destruction.

If we adopt the value of the preshock H,; density
determined in Section 2.5, we find that the H2+ production
rate in the molecular envelope is Rjgug) =2x10712cm™3s-1. This
value 1is considerably smaller than the H2+ production rate in
the transition zone, but it should be remembered that the
molecular envelope is far more massive than the transition
zone, and that the average lifetime of molecules in the
molecular envelope is far greater as well. Consequently, the
column density of H,t ions in the transition zone is not
vastly greater in the transition zone than in the molecular

envelope.

Black's model predicts the number density of H,* inside
the transition zone to be n(Hyt) =6.3x10"4cm-3 (at
r=2.9%x10%m), while Mitchell, Ginsburg and Kuntz (1978) find

that in a model molecular cloud of density 105cm~3, the value

is n(Hy,*) = 6x10-8cm3.
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Mitchell, Ginsburg and Kuntz also find the number density
ratio of n(H,*)/n(Hy) for total gas densities in the range of
n=10cm™3 to 10°cm~3. This ratio obtains a maximum value of
1010 at a total gas density of 102cm~3. If we accept this

derived maximum value of n(H,*)/n(H,) for the entire molecular

envelope, and assume a density dependence of r~3, we can find

an upper limit to the molecular envelope's Hyt column density.

This is found to be ~6x1013cm 2 by integrating from r=5x1018

cm to r=eo. The column density of molecular envelope H,* as

seen in emission would be twice this value. We can similarly

find the largest possible value of the column density of H2+

in the transition zone by adopting Black's peak value of
n(H2+) and assuming that this value is constant through the
transition zone. The derived value is ~1014cm=2 (or ~2x1014

cm™2 in emission).

The H2+ ion has been observed in absorption over the

ultraviolet radiation of several PN nuclei. The first
observational evidence of the ion was obtained by Pottasch et
al. (1978) using the Astronomical Netherlands Satellite. They
found that the ultraviolet radiation from the nuclei of
NGC 3242 and NGC 7662 deviates from a black-body curve between
A=2500A and A=1500A. They offered no explanation for this
anomaly. Data from the International Ultraviolet Explorer
were then used by Heap and Stecher (1980) to show that the

nebulae NGC 6210 and NGC 1535 have UV spectra similar to those
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of Pottasch's nebulae. They attributed the anomalous spectra

to photodissociation of H2+, and proposed that the ion is

distributed in a shell with a line of sight column density of

about 8x1016cm~2. Feibleman etal. (1981) extended the list of

PN showing characteristic H,* absorption to eight nebulae.

Unfortunately, H," cannot be seen in absorption in NGC 7027

since its nucleus is shrouded by dust.

3.3 FORMATION OF Hy%t

The photodissociative process observed in planetary

nebulae destroys the H,t* ion by the reaction

H,* + hv —» H* + H. (R11)
The H,* ion may also be removed by dissociative recombination

H,* + e 5 H+H (R12)
which is quite rapid, or possibly by radiative recombination

Hyt + e > Hy, + hv (R13)
which is very much slower. Electron transfer may remove H,* as
well, along the route

H,* + H - HY + H, . (R14)
Finally, proton transfer processes may also destroy H2+. These
include the high temperature (i.e. important for T>5000K)

reaction
H,* + He — HeH' + H. (R15)
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The HeH' ion (1) may then be destroyed by a subsequent

proton transfer with H, ,

HeH' + H, — H3t + He (R16)
which creates the important H3+ ion and is an important

reaction 1in dense molecular regions such as Jupiter's
ionosphere (Johnsen and Biondi, 1974). H3+ is also created by
direct proton transfer with H,* in the reaction

H,t* + Hp, > H + Hs'. (R17)

This reaction is facilitated by the low proton affinity

of the H atom relative to the H; molecule (2.69 eV versus
4.34eV). This reaction is therefore quite rapid in regions of
sufficient H, density, with the product formation rate given

by R17=k17n(H2+) n(Hz) .

We can roughly determine k7 by classical orbital theory
since H; possesses no permanent electrical dipole moment. We

assume that the H,' ion induces an electric dipole moment in

1 The HeH' ion (which has a large dipole moment) may also be
created by the reaction
He* + H, — HeH' + H + e,
and in larger quantities by the reaction
H* + He — HeH' + hv.

The HeH' ion has been tentatively identified in NGC 7027
by Dabrowski and Herzberg (1977) as the source of sharp
emission features at 3.09pum and 3.4 um, but the match between
the laboratory and astronomical spectra is quite poor, and
can hardly be considered convincing. Furthermore, subsequent
observations have cast considerable doubt on Dabrowski and
Herzberg's identification (see Scrimgeretal. 1978; Tokunaga
and Young, 1980) .
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the molecule, which will in turn interact with itself with an
interaction energy given by E==—aez/2(4n£o)2r4, where O is the
average polarizability (1) of the molecule, e is the ionic

charge and r is the ion-molecule distance.

The r~¢ proportionality of the interaction energy between
the molecule and the ion can now be compared to the Eor-1
rule for gravitationally interacting bodies in Newtonian mec-
hanics. We can treat the problem as one of classical
mechanics with the inverse square law of gravity replaced

with a steeper inverse fifth power law.

If two point particles approach from infinity, they will

collide only if their "impact parameter"™ (b) is given by

b 1 (4ae2)1/4
< =
(e} v2
Vane, \ ¥
where v is the relative particle velocity (at r=e) and p-1l=

-1 -
Mion - tMpolecule .

If the impact parameter is given precisely as b=b,, then

the two particles will not collide but will enter a circular

orbit of radius by(2)~1/2., The cross section of the collision

1 The "average polarizability" is defined as ass(a"+2a¢)/3

where 0 and a; are respectively the parallel and
perpendicular components of the molecular polarizability.
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is therefore mby,2 and the rate coefficient for particles at

velocity v is given by:

2
2 v 4Qe e (04
k =1l:bov=4 NVZ = e \,E
TEq o

which is independent of v, and is consequently independent of

temperature.

Therefore the value of k3 (and hence the creation rate of
H3+ by Reactionl1l7) is also independent of gas temperature.
Numerically, we find the value of kj7 to be =3x10"%cm3s71.
This is the so-called Langevin value of the rate coefficient,
which is confirmed by a more rigorous quantum mechanical
approach. The Langevin rate coefficient will generally hold

for exothermic reactions of the type

at + BC » A + BCt

that involve non-polar molecules.

We can now very roughly estimate the rate of the H2+

destructive reactions 11 through 17 wusing the published
reaction rate coefficients (see TableS5). The transition zone
and the molecular envelope will be considered separately. The
values of n(H), n(H,), n(H,"), n(He), n(HeH'), n(e) and the
ionization rate for the transition zone are taken from the
model by Black (1978) at a radius of 2.9x101%m. The
corresponding values for the molecular envelope are taken
from Herbst and Klemperer (1973). The adopted abundances are

shown in Table 4.



TABLE 4

ASSUMED NUMERICAL ABUNDANCES OF CHEMICAL SPECIES
IN THE PN TRANSITION ZONE AND THE MOLECULAR ENVELOPE
(in cm-3)
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SPECIES TRANSITION (1) MOLECULAR (2)

ZONE ENVELOPE

e 1600 0.007

H 6300 1

H~™ 5x10-4

H, 0.01 3x10°

Hot 6x10-4 6x1078

Hyt 7x10-6

He 600 8.4 x104

He't 2x10°6

HeHt 10-6

OH 5x10-7 7%x10-5

co 225

CN 3x10-4

N» 12

0 40

C 0.02

H,0 0.0612

NH3 5x1074

HCN 10-4

H,CO 10-4

1 Adapted from Black,J.H. (1978) Ap.J.222,125.

2 Adapted from Herbst,E.,Klemperer,W.

(1973) Ap.J.185,505.
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T R ETTEEEE—
TABLE 5
ADOPTED REACTION RATE COEFFICIENTS FOR NUMBERED CHEMICAL
REACTIONS
REACTION K VALUE REFERENCE
1 H+e —> H + hv 3.9x10715cm3 s71 (@ 10 000K) 1
2 H +H - Hy + e 2.7x1079 cm3 s~1 (@ 10 000K) 1
3 H+hv—oH+e 5.34x1076[1+0.33 exp(-1.4x10"18n(H))]1s"1 1
4 H™ +xt -5 H + X 4x10-6T"1/2¢cm3 s-1 1
5 Hp+hv—Hy"+e 3.75x10°6T"1/2exp(-4.61x1071%n(H)) s 11
6 HY + H > Hy™ + hv (2.325T-1875) x 10720 cm3 571 1
7 HeHY + H — H," + He 10710 cm3 -1 1
8 Hy + cr(1) -5 H + Ht + cr 2 x10-19g-1 2,3
9 Hp, +cr > H+ H+cr 10-18 g-1 .
10 Hy + cr = Hyt + cr 9x10-18g5-1 2,3
11 Hy* + hv —» HY + H 1.81x 107651 1
12 Hy* + e > H + H 4.2x 1078 7"1/2¢cm3 571 1
13 Hy* + e > Hy + hv 10-12cm3s-1 2
14 H,* + H » HY + Hy 10-11cm3s-1 !
15 Hy* + He — HeHt + H 3.0x10"10exp(6717/T) cm3s~1 1
16 HeH' + H, — H3' + He 10-9cm3s-1 )
17 Hyt + H, — H3t + H 2.1%109cm3s"1 3
18 H3t + 0 - OH' + Hy 2.0 x10"%cm3s71 3
19 H3t + ¢ —» CHY + Hp 2.0 x107%cm3s"1 3
20 H3* + coO — HCO' + H, 1.4x107%cm3s71 3
21 H3t + N, — HN,* + H, 1.5 x10"%cm3s"1 3
Table continued next page..
S — —

1 The letters "cr" designate a cosmic ray.



TABLE 5

(CONTINUED)

ADOPTED REACTION RATE COEFFICIENTS FOR NUMBERED CHEMICAL

REACTIONS
REACTION K VALUE REFERENCE

22 H3* + OH — Hy0% + H, 2.0 x10 %cm3s"1 3
23 H3* + CN — HCN't + H, 2.0 x10 %cm3s"1 3
24 H3t + H,0 - H3 Ot + H, 3.0 x10%cm3s-1 3
25 Hy* + NH3 — NH ' + H, 3.6 x109cm3s™1 3
26 Hyt + HCN — HoCN' + Hp 2.0 x107%cm3s™1 3
27 H3t + Hp,CO — H3CO" + H, 2.0x10%cm3s71 3
28 H3* + e > H3* 5> H + H + H see text (Section 3.4)
29 H3t + e - H3* - H, + H see text (Section3.4)
30 H3* + hv - H + H+ HY "
31 H3* + hv > H, + HY "
32 H3t + hv - Hy* + H "
33 H3t + H- — Hy, + Hpo* > H, + H + H "
34 Hy3t + H- — Hp + Hp* — Hp + Hy + hv "
35 H3t + B -5 H3* + H 5 H+ H+ H + H .
36 H3t + H- — H3* + H > Hy, + H + H "

REFERENCES:1) Black,J.H. (1978) Ap.J.222,125.

2) Duley,W.W.,Williams,D.A. (1984)
Interstellar Chemistry. Academic Press.
3) Herbst,E.,Klemperer,W. (1973) Ap.J.185,505
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The rates of the H,t destruction reactions in the

transition zone (T =10000K) are found to be

Riy(rz) = k11(1290 (Hp*) = 1.1x107%cm™3s71

Rip(rz) = k12(1z)n(Hy)n(e) = 1.3x1078cm=3s-1
Ri3(rz) = k13(1z9yn(Hyt)n(e) = 1.2x10711cm=3s71
Rig(rz) = k14(7z)n(HyP)n(H) = 3.2x10710cm=3s-1
Ris(rz) = k15(7z)n (HyP)n(He) = 5x10710cm=3s-1
Ri7(r2) = k17(Tz)n(H2+)n(H2) = 6x10"15cm3s-1,

The removal of H2+ in the molecular envelope proper (at

T =20K) occurs with the reaction rates

Ri1(mg) = kK11mmyn (Hot) = 1.1x10"13cm™3s-1
Rip M) = k12Mpyn (Hot)n(e) = 1.4 x10717cm~3 571
Ri3(ME) = k13(ME)n(H2+)n(e) = 1.4 x10"21¢cp-3g-1
Rig (vg) = k14upyn (H2F)n(H) = 8x10721cm3s-1
Risme) = Ki5(meyn(Hpt)n(He) = 107156cm=3s-1
Ri7mg) = k17 Mg)D (HoT)n(Hy) = 6x10"11cm3s-1,

Comparing the rates derived for Reactionl1l7 in the two

regions, we find the interesting result that the H3+ ion 1is
created by Reactionl7 ten thousand times faster outside the
transition zone than in. This is surprising because the H,*
ions from which H3+ is formed are ten thousand times more
abundant inside the transition zone than out. This strange
result can be easily understood by comparing Rjj(pz) with

Ri2 (Mg) - The electron density is so high in the transition
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zone that most H2+ is destroyed by dissociative recombination

(Reaction 1l2) before it can create H3+ via Reactionl7.

The relative abundance of H3+ to Hy, in the molecular
envelope was found by Mitchell, Ginsburg and Kuntz to be
nearly constant for various values of n(H;). The column
density of H3+ can consequently be easily determined by
assuming a maximum value of n(H,) 0of2.5x10%cm™3 at r=5x1018
cm and an r~3 dependence of density with radius. We find that
the column density of H3+ in the molecular envelope 1is

~2x1015¢cm—2,

The equilibrium abundance of H3+ in the transition =zone

was not determined by Black, but this may be worked out from
the abundances he does include. An unfortunate complication
does however arise since photodestruction and recombination
with negative ions are important processes in the transition
zone. In the next section we take a closer look at the H3+
destruction reactions to determine the TZ number density of

this important ion.

3.4 FORMATION OF Hg

The H3t ion is extremely chemically reactive and the

formation of this ion initiates many subsequent reactions.

The importance to interstellar chemistry of the H3+ molecule

was discussed by Herbst and Klemperer (1973) and by Watson
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(1973) . The H3+ ions interact with other species in proton
transfer reactions of the type

H3t + X - x#' + H,
where X may denote the species O, OH, CO, N, H,0, NHj etc..

Reactions of this type dominate over reactions of the form
Hy3t + X = XH + Hy*

because of the relatively low proton affinity of H, (4.34 eV).

The species X almost always has a higher proton affinity than

molecular hydrogen, making reactions of the second type quite

rare. The rate coefficients for these reactions are found to

be both temperature independent and in close agreement with

the Langevin value (see Section 3.3).

The ion-molecule reactions that proved most efficient in

removing H3+ in the models of Herbst and Klemperer and of

Mitchell, Larson and Fink are:

H3t + 0 - OH' + H, (R18)
Hyt + C » CHY + H, (R19)
Hyt + cO — coHt + H, (R20)
Hyt + N, — NpyHtY + H, (R21)
H3t + OH — H,0t + H, (R22)
Hz3t + CN — HCN' + H, (R23)
Hyt + H,0 — H30% + H, (R24)
Hyt + NH3; — NH4t + Hp (R25)
Hit + HCN — H,CN' + H, (R26)

H3t + H,CO - H3CO% + H, (R27)
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The ions produced in these reactions are then involved in
subsequent reactions that synthesize progressively larger
polyatomic molecules. These reactions also serve to destroy
H3t ions before they can react with free electrons in the
dissociative recombination processes:

Hy3t + e 5 H3* 5 H+ H + H (R28)
H3t + e > H3* > Hy + H (R29)
where the intermediate product H3* is an electronically

excited Hz molecule.

Reactions 28 and 29 can be considered together because
they do not contribute significantly to the densities of H

and H,, and so it does not matter that their ultimate products

are different. The reaction rate is given by

R28 + R29 = (k28 + k29) n(H3+) n(e).

We now have a very serious problem. The coefficients kjg
and k9 are simply not known. We do know that dissociative
recombination reactions of this type tend to have a roughly
T-1/2 dependence. This can be seen from a classical Boltzmann
analysis of the particle velocities. Unfortunately, this
treatment does not account for the quantum mechanical depen-
dence of the reaction cross-section with the ion's energy

state.

Work by Smith and Adams (1984) has shown that the

dissociative recombination coefficient of ground state H3+
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ions has an upper limit of 2x10"8cm~3s-l. In their 1973

paper, Herbst and Klemperer had accepted a very much larger

value of (kyg + kpg) of 3x10 7cm=3s-1.

At the low temperatures and high densities of the mole-

cular envelope, the H3+ ion is expected to be in the ground

state Dbecause of collisional deexcitation. Herbst and

Klemperer's (kpg +kpg9) value in the low temperature molecular
envelope is therefore a serious overestimate. We also have no
reliable way of determining the value of (kyg+ksg9) in the

high temperature transition zone, since the degree of H3+

excitation in this regime is unknown.

This may have serious repercussions for the whole model.
The equations for Ryg and Ryg are two in the system of differ-
ential equations that need to be solved when deriving the
equilibrium number densities. An error in the rate coeffi-
cients for reactions 28 and 29 would affect the equilibrium
number density of H3+, and hence the rates of reactions 18
through 27, and subsequently change the predicted number den-

sities of all the molecules.

It will now be argued however that the erroneous reaction
rate coefficients used by Herbst and Klemperer (and also by
Mitchell, Larson and Fink) do not radically affect the calcu-

lated molecular abundances in their models. It is found that

even if one uses the erroneously high value of (kpg+kpg), the
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two reactions 28 and 29 destroy very little of the H3% because

nearly all the ions partake in reactions 18 through 27. The
numerical evidence is as follows: Adopting the number densi-

ties of Table 4, we find;

RigMe) = k1g(Mg) n(0) n(H3*) = 8x1078n(H3t) s~1
Rig(Me) = k19(mg) N (C) n(H3t) = 4x10711n(H3%) s
RooMe) = k20 (M) N(CO) n(H3t) = 3x10"7n(H3t) s~
Ry1(Me) = K21(mp) D (Np) n(H3%) = 2x1078n(H3t) s71
RyoMe) = k22 (M) N(OH) n(H3%) = 1.4 x10714n(H3t) s71
Ry3(me) = Kz3(mMp) N(CN) n(H3%) = 6x10-13n(H3%) s71
RogMe) = k24 (Mp) D (Hp0) n(H3%) = 3.6x10711n(H3t) s-1
Rys(Me) = k25(Mg) D (NH3) n(H3t) = 2x10712n(H3t) s71
Rye(Me) = k26 (M) D (HCN) n(H3t) = 2x10713n (Hyt) s71
Ro7mMe) = k27 (Mp) D (H2CO) n(H3%) = 2x10-13n(H3t) s-1
RogMe) = k2g(Mg) D(e) n(H3t) = 1079n(H3%) s~1
Rogme) = k29(me) D(e) n(H3t) = 1079n(H3t) s71

The total rate of the nine ion-molecule reactions is
therefore =4x10""n(H3%) s71, while the two dissociative recom-
bination reactions proceed at a rate of =2x10"%n(H3*) s™1. The
dissociative recombination reactions 28 and 29 remove only
0.5% of the H3+ ions in the model molecular cloud of Herbst
and Klemperer. It is therefore suggested that the adoption of
a more realistic lower rate coefficient for reactions 28 and

29 would not seriously affect Herbst and Klemperer's model,
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and that their value of n(H3+) for the molecular envelope is

acceptable for this discussion.

To estimate the Hj3 formation rate in the molecular enve-
lope, we will accept the upper limit to the value of (kpg+
kpg) of Smith and Adams; (kpg+kzg) =2x1078cm3s-1. We then have
for the preshock molecular gas

Rog(Me) + R2gMe) = [k28 (M) * k29 (M) ] n(H3") n(e)
< (2x1078cm3s71) n(H3*) n(e)

< 10"17¢cm=3s-1,

Leaving the molecular envelope, we now wish to find the

rate of H3+ destruction in the transition zone. We first find
the rate of H3+ formation, since the two rates are equal. The
reactions that produce H3% are 16 and 17. The value of R;; has
already been found, while Rj¢ is given by

Rig(rz) = k16(7z) N (Hp) n(HeHt) < 10717 cm=3s-1
The rate of H3+ formation in the transition zone is thus

Ryg(rz) *R17(12) = 6%x107 5 cm™3s71,

We now look at the destruction of H3y*. We can be certain
that reactions 28 and 29 completely dominate reactions 18
through 27 in the transition zone since the number density of
electrons is nine orders of magnitude greater than any of the
molecules. The destruction of H3%* in the transition zone will
therefore occur by the dissociative recombination reactions

28 and 29, or by the photodissociative reactions
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Hy3* + hv - H + H + H* (R30)
H3* + hv —» H, + H' (R31)
H3* + hv - H,* + H, (R32)

and possibly by the mutual neutralization reaction sequences

Hz3t + H- — Hy + Hp* > Hy, + H + H (R33) ‘
H3t + H- — Hy + Hp* — Hy, + Hy + hv (R34)
Hyt + - 5> H3* + H 5D H+ H+H +H (R35)
H3t + H- — H3* + H > H, + H + H. (R36)

In order to calculate the H3 formation rate we must adopt

values of the reaction coefficients that are appropriate for
the PN transition zone (T = 10000K). Unfortunately, there now
exists considerable doubt as to the accuracy of published
values of (kpg+kpzg). Previous models of interstellar chemistry
were based on measured (kpg+ kpg) values of:

kpg+kyg = 2.0x10"7cm3s™1 @400 K, (1)

kog+kpg = 2.3x10"7cm3s~1 @300 K, (1)

kog+kzg = 2.9x10"7cm3s"1 @205 K, (1)

kog+kyg = 3.0x10"7cm3s~1 @200 K, (2)

kog+kpg = 7.2x1077cm3s™1 @100 K, (3)

k28+k29 = l.lxlO‘Gcm3S'1 @40K. (3)

1 Leu,M.,Biondi,M.A,Johnsen,R. (1973) Phys.Rev.A8,413.
2 Black,J.H. (1978) Ap.J.222,125.

3 Duley,W.W.,Williams,D.A. (1984) Interstellar Chemistry,
Academic Press
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These data indicate a functional dependence of (kpg+kjpg)
with temperature of (kpg+kpg) =6.1x10"6T-1/2cm3s-1, resulting

in a transition zone value (T = 10000K) of

kg (rz) t k29 (12) = 6.0x1078 cm3s~1,

The experimental data were collected with the "stationary
afterglow" and "merged beam" techniques. Unfortunately, the

stationary afterglow data were apparently contaminated by H5+

ions (Smith and Adams, 1984) and is consequently unreliable.
The merged beam data are similarly suspect, as the H3+ ions
produced in these experiments are expected to be vibra-

tionally excited (v>3). They would thus have very much larger

collisional cross-sections than do the ground state H3t ions.

It is unclear to what degree the H3' in the PN transition zone

is vibrationally excited, so the data may or may not have a
direct bearing on the problem at hand. Nevertheless, the
derived value of (kpg(rz) *k29(rz)) is accepted, but with the
recognition that this may be a serious overestimate. We

accept this value only as an upper limit.

The rates of reactions 33 through 36 are likewise not
known from experiment, but a rough estimate may be made based
on physical arguments. First, the reactions 33 and 34 are
proton transfer reactions which are inherently less probable
than the electron transfer reactions 35 and 36. The reaction

rates of 33 and 34 are further reduced because the proton

affinity of the H, molecule is 4.34eV, while the electron
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affinity of the H atom is only 0.754eV. The proton is
consequently much less likely to change partners than the
electron 1is, and so proton transfer must occur at a
negligibly small rate compared to electron transfer. The

reactions 33 and 34 will then be completely neglected.

We can now derive an upper limit to the H; formation rate,
by assuming that all H3+/H’ neutralization reactions results
in the formation of H3. The reaction rates of mutual
neutralization reactions between oppositely charged ions is
typically k ~10-6T-1/2cm3s-1. The adopted transition zone rate
of reactions 35 and 36 is therefore (k35(TZ)+k36(Tz))=10‘3cm3
s™l. This is of the same order of magnitude as the adopted
rate coefficient of reactions 28 and 29, but these reactions
will nevertheless occur at a very much faster rate than
reactions 35 and 36 because of the low abundance of H~™

relative to free electrons.

Since we are assuming chemical equilibrium, we require
the formation and destruction rates of H3* to be equal. If we
neglect reactions 33 and 34 and also assume that reactions 18
through 27 are insignificant because of the relative scarcity
of molecules, we can write

Ri6(rz) *R17(12) = R2g(T2) *R29(T2) * R30(T2Z) *R31(T2) * R32(T2)

+R35(72) * R36 (T2)
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We now replace the reaction rates with equivalent expres-

sions, and drop the TZ subscripts to get

Rig+Ry7 = n(H3h) [(k28+k29)n(e) + (k3o + k3p +k3p) + (k35+k36)n(H")]

Replacing those terms in the previous equation which have

numerical values listed in tables 4 and 5, we find that

[(6x1078) (1600)s™1+ (1073)s7 1+ (1078) (5x107%)571]
6x10"15cm 351

n(Hzt) =
= 6x10"11cm3

We also find that the rate of those reactions that form Hj

as an intermediate product is

Ryg(z) *R29(1z) + R35(72) * R36(T2) = 3%10726Ccm~3 51

In order to find the density of Hjz, we must now multiply
this value by the lifetime of an H3 molecule. As we shall see
in the next chapter, the ground state of H3 is repulsive and
will break up in ~10713s. The excited states of the molecule
are not predissociated, and have a lifetime of at least 100
times greater than the repulsive ground state. We can now

(very crudely) estimate the molecule's lifetime as ~1071ls,

The density of H3 in the transition zone would consequently be

=3x%x10"37cm~3.

The density of H3 in the molecular envelope can be found

in a similar manner. An upper limit to the H3 formation rate

in the preshock molecular envelope was shown to be

R28(ME) + R29(ME) S 10_17 Cm"3 S-l.
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The density of H3 in the preshock molecular gas is therefore

10728 ¢cm~3. We can now find the column density of Hjz by

integrating along the line of sight under an assumed r-3 den-
sity dependence in the molecular envelope. It is found that
the column density of molecular envelope H3 is on the order of
10-10cm=2, while the corresponding value for the transition

zone is on the order of 10-17cm 2. We would consequently not

expect to see H3 emission from planetary nebulae.

3.5 SOME NOTES ON THE VALIDITY OF THE PUBLISHED MODELS

Black's transition zone model and the molecular envelope
models are all in chemical equilibrium. It 1is therefore
appropriate to comment on the validity of assuming time

independence of the derived chemical abundances.

Different chemical species reach equilibrium concentra-
tions at different times, and one might naively assume that
relatively simple molecules such as the hydrogen compounds
discussed here would reach equilibrium fairly quickly. This
indeed appears to be the case in the transition zone, where
reactions occur rapidly and complex molecules are prevented

from forming.

We can estimate the time period required for chemical
equilibrium by assuming that the precursor species of the

molecule in question have already reached equilibrium. For
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example, in the case of the H™ ion we assume that the H
atoms, the electrons, and the positive atomic ions are at
equilibrium concentration. We can then write under the

additional assumption that n(X*) =n(e) that

dn(H7)

at  ~ Ri(rz) ~ R2(rz) ~ R3(rz) ~ Ra(rz)

=k1(TZ)n(H)n(e) _k2 (TZ)H(H—)H(H) _k3(TZ) n(H™) —k4(TZ) n(H’)n(X+)

Q%f%_L =3.9%x108cm3s-1- 8.8x10"5n(H™) s~1.

This is a simple first order differential equation, and

can be easily integrated to yield

_ 3.9x10‘8cm'3s'1] [ [-8.8x10"5s"1¢t] ]
BTy = [ 8.8x10-5s-1 =B :

After a time of [8.8x10°]-lseconds, the value of n(HT)
would consequently reach (1-e1)=0.63 times its equilibrium
value. In this case, the required time interval is =1.1x104
seconds, or about 3 hours. A similar argument determines the

steady state time interval of H; in the transition zone as =

2.7x107 seconds (2.5 years), while the corresponding values

for H2+ and H3+ are respectively =4 days and =6 months.

It is apparent that the e folding time scales of the
molecules in question are very much less than evolutionary
time scales. Steady state calculations are therefore accept-
able for the PN transition zone. It is however not readily

apparent that this is also the case in the cold molecular
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envelope. We can fortunately determine the equilibrium time

scale of the ME by making a few simplifying assumptions.

In the molecular envelope, the vast majority of H2+ is
destroyed by collision with H, (Reactionl1l7), while proton

transfer with CO (Reaction20) is most important in the

removal of H3*. If we assume that all the H,* and H3' ions are

respectively removed by these two reactions, we can find an

upper limit to the e folding time scales of H,* and H3*. We

need only make the additional assumption that the number

densities of H, and CO are constant over one H,' and H3t
equilibrium time scale and are given by their observed values
(see Sections 2.5 and 2.6). It is found that H2+ reaches 0.63

times its steady state concentration in <30minutes, while H3%

takes <40days. It is again found that steady state models

should be sufficiently accurate.

The models published by Black are structurally simpli-
fied. Black assumes a monotonically decreasing ionization
gradient within a dust free H II region. The total particle
density is radius independent and has a value of 7000cm~3.
Analysis of NGC7027's forbidden and recombination line spec-
trum (Section?2.4) does however show this to be unrealistic.
The real nebula is highly structured with zones of high den-
sity and lowered ionization within its H II region. Internal
dust extinction is also known to be significant. The true

molecular density could consequently be enhanced in the high
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density knots, making the derived abundances serious under-

estimates.

The observations of H2+ absorption in other planetary neb-
ulae provide indirect evidence that this indeed may be the
case. The maximum value of the total column density of H,"
predicted for NGC 7027 by adding the column densities derived
from Mitchell etal.'s model molecular envelope and Black's
transition zone is ~10!4cm~2. The real value would be
expected to be less, as this number was found by adding the
most absurdly high values suggested in Section3.2. However,
the column density of H2+ that is actually observed by Heap
and Stecher in the other PN is 2 to 3 orders of ﬁagnitude
greater. We would expect these PN to have, if anything, a
smaller Hy,* column density than NGC 7027, since they all have
far less prominent molecular emission lines. This strongly

suggests that the models grossly underestimate the number

density of ionized H,.

The reasons for this discrepancy are not readily seen,

since there seems to be no plausible ways of forming H2+
besides those reactions already discussed. The dust grain
reactions that produce H,; (and subsequently H2+) in the cold
molecular envelope are completely shut down at transition
zone temperatures. Although dust cannot contribute signifi-
cantly to the production of transition zone molecules, it may

however be important in preventing their destruction.
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The internal dust extinction is measured to be 0.34 mag-
nitudes at 5007A across the diameter of the ionized nebula
(Atherton, 1979), or 0.17 magnitudes across its radius
(assuming a radially symmetric dust distribution). Therefore
the stellar radiance at 5007A in the transition zone has only

86% of its wvalue in a dust free nebula.

In order to find the effect of dust extinction on H;
destruction, we must first determine how much the central
star's UV light is attenuated at the edge of the H II region.
We make use of the general relation

Ly = Ly (0) e (-
where L; is the stellar radiance at the transition zone,

Lp(0) is the radiance at the stellar surface and T), is the

optical depth.

We next convert optical depth to extinction in stellar

magnitudes with the formula

Ay = 1.086T,.

We also make use of Mie scattering theory, where the
light intensity at a distance r is given by
L, = L, (0) e(-Qa®a%n1)
where Q, is the Mie extinction parameter, n is the number
density of grains (in units of cm~3), and @ is the radius of
the grains. The dust grains are assumed to be spherical,

uniform in size, and small. We find that
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Ay = -1.086Q)a?nr.

We can now determine the dust extinction coefficient at a
photon energy of 4.48eV, which is the dissociation energy of

H,. A photon of this energy has a wavelength of 2770A, and so

we can write
Ap7704 _ -1.0860Q57704T3%nr  Qp7704
As5007A -1.086Q50074%2%nr Q50074

We now find in Wickramasinghe (1967) that Q9704 is =1.2
and Qsggpo7a is =0.3, assuming a grain radius of 2a=0.02um. We
thus find that Q37704/Qs0074 is =4, and so the dust extinction
at 4.48eV across the radius of the H II region is roughly 0.7

magnitudes.

The H, dissociating radiation is consequently attenuated

to about 55% of its unreddened radiance. The UV shielding by

dust would therefore significantly contribute to the lifetime

of transition zone H, molecules.

However, it 1is clearly seen that 0.02um dust cannot
increase the molecules' lifetimes by several orders of magni-
tude, since over half of the dissociating ultraviolet reaches
the edge of the H II region. We therefore conclude that the
addition of 0.02um dust would not increase the observed
molecular concentrations by several orders of magnitude

either.
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Hence it is found that adding of dust grains of typical
interstellar size to the nebula's H II region will not raise

molecular abundances to the high 1levels suggested by

ultraviolet H,* absorption.

Another possible way to raise molecular abundances 1is to
add very small dust grains such as those suggested by
Sellgren etal. (1983). Sellgren's hypothetical grains are
made of graphite and have a radius of only ~5A. These grains
are a proposed source of unidentified IR emission features at
8.6 and 11.3um. The infrared emission would come from CH
radicals which are created by ambient hydrogen atoms bonding
to the particles' surfaces. The stretching modes of the CH
groups produce the IR emission bands when the grain is

excited by a single UV photon.

The graphite grains absorb ultraviolet 1light, but are
also responsible for Rayleigh scattering of incident
radiation. Rayleigh scattering is proportional to A4, and so
the blue end of the spectrum is far more susceptible to its
effects than the red. The soft UV flux at the transition zone
could therefore be seriously diminished by these very small
grains of graphite. A dusty planetary nebula might then be
radically different from the purely gaseous models that have
been written to date. It would be very interesting to compute
a model PN that accounts for dust grain extinction by a wide

range of grain sizes.



66

CHAPTER 4

THE SPECTRUM OF THE H3 MOLECULE

The H3 molecule was largely ignored by theoretical and
experimental spectroscopists alike for much of the era of
modern spectroscopy. This occurred because nobody could even
find it before the late 1970's. However, a rash of papers
appeared in the latter half of the seventies and into the
early eighties after scientists discovered this relatively
simple, but as yet unstudied, molecule. These publications
culminated in a series of four papers by G. Herzberg and

collaborators which presented the first actual observations

of the Hj3 spectrum.

4.1 SYMMETRY OF THE H3 MOLECULE

H3 is the simplest non-linear molecule, and so its spec-
trum makes a fine introduction to the theory of symmetric top
molecular spectra. H3 is of course homonuclear, with its three
atoms arranged in an equilateral triangle. Ergo, the H3 mole-
cule is classified in the molecular point group D3,. The point
group classification system is based on molecule symmetry,
with the D3, group including all equilateral triangular

molecules of the chemical formula "X3", as well as many other

polyatomics.
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In order to be a member of the D3, point group, a molecule

must have three axes about which a rotation of 180° would
leave the atom's coordinates unchanged with respect to any
laboratory stationary coordinate system. A fourth axis of
symmetry (orthogonal to the first three) must also be
present. Rotations about the fourth axis through 120° does

not alter the atom's positions.

The three non-orthogonal axes of symmetry are referred to
as the C, symmetry elements, since a rotation about each of
these axes by an angle of 360°+2=180° does not result in a

change of the atomic positions. The fourth axis of symmetry

carries the appellation C3 since the molecule's atomic
arrangement is unaltered by a rotation of 360°+3=120°. The Cj3

axis 1is also referred to as the principal or figure axis of

symmetry of the D3, point group.

In addition to the axes of symmetry, there must also be
four planes of symmetry, one of which is orthogonal to the
first three. The atomic coordinates are not altered by a

reflection through any of these planes. The planes of symme-

try are denoted by the symbol 0, and carry the subscripted

designations 0O or O, depending on whether they are horizontal

or vertical to the atomic plane.

The H3 molecule is represented schematically with its
symmetry elements in both Cartesian and <cylindrical

coordinates in Figurel.
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FIGURE 1

SYMMETRY ELEMENTS OF THE H3 MOLECULE

The symmetry elements Cp, C3, O, and O, are also used to

define quantum mechanical operators. The operators they

define are
C, > Rotation through 180° about a C, axis.

C3 ¢« Rotation through 120° about the C3 axis.

0 < Reflection through a plane of symmetry.
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The operator C3 can be either a rotation in the counter-

clockwise, or the clockwise direction; or equivalently a
rotation of 120° or 240° in the counterclockwise (positive )
direction. In order to distinguish the two rotations, they

will be denoted by

C3 ¢« Counterclockwise rotation of 120° about the C3 axis,

C% > Counterclockwise rotation of 240° about the C3 axis.

The three 0, planes must also be distinguished, and will

carry the designations

O, ¢ Reflection through the o, plane at ¥=0°,
Ov ¢« Reflection through the o, plane at ¥=120°,

ov¢« Reflection through the 0, plane at ¥=240°.

A set of superscripts similar to those used on the O,
operators will be used on the three C,; operators to

distinguish between rotations about the C, axes at U¥=0° 120°,

and 240°.

Another operator that needs to be mentioned is a rotation
about a p-fold axis of symmetry followed by a reflection
through a plane perpendicular to this axis. This operator is
denoted Sp, with the subscript p replaced by the subscript on

the axis type. The specific rotation-reflection operator that

concerns us here is S3. The same superscripts are used to

distinguish the two S3 operators as are used for the two Cj3

operators.
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In addition to these operators, there exists the so-
called identity operator which is usually designated by I
(but sometimes by E). The identity operator does not alter
the atomic coordinates in any way, but is included so the set

of operators defines a true mathematical group.

One can prove that these operators form a mathematical
group by simple application of the following definition of a
group: In order to be a true mathematical group, four

requirements must be met;

1) There must exist a rule for combining
(multiplying) any two members of the group and the
result (product) is likewise a member of the group.
That is, the expression PQ=R, can be written where

P, Q and R are all members of the group.
2) The associative law must hold. That is, P(QR) = (PQ)R.

3) There must exist an identity element I, with the
property IP=PI=P for P equal to any member of the

group.

4) There exists an inverse element for P, designated
by P71, with the property that P~lp=pPP-1=1 for all

members P of the group.

It is easy to see that the first condition is met by our

set of operators. For instance, one can easily verify that
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the first condition holds in such examples as C30,=S3, IC3=Cj

etc. The second rule may be seen to hold as well by

investigating such combinations as

0,(C30v) 2 (0,C3) Oy

We see that the left hand side is equal to 0,(C30,') =0,(0y) =
I, while the right hand side is (0,C3) Oy,'= (0y)0,=1I, and
hence the associative law holds. Finally, we see that the

fourth rule holds by examining equations like C,0,=1I.

The defined quantum mechanical operators can be
represented by matrices, and so their actions can be

determined mathematically as well as diagrammatically. For

example, let us define T, as translation in the positive X
direction and Ry, as rotation about the X axis. Operating on T,

with C3 will change T, to a translation along the ¥#=120°

line. In Cartesian coordinates, this can be written

1 V3
C3(Ty) = ‘ETx = TTY

while performing the same operation on Ty is written as

V3

1
C3(Ty) = 2 Ty = > Ty.

We see that both the X and Y coordinates are present in

each of these equations. We can then form the matrix relation

1 N3

" (Tx) [ ~e Tz (Tx) [ Tx
31 Ty 1 i Ty
2 2

w

o e -
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The trace of the C3 matrix is -1, and this value 1is

usually displayed along with the matrix traces of the other
operators in a character table. The name "character table"is
traditional, but is somewhat anachronistic since a character

is now called a matrix trace. The character table for the Dj3j

point group is presented in Table 6.

TaBLE 6 (1)

TRACES OF TRANSFORMATION MATRICES FOR THE Dg3j POINT
GROUP SYMMETRY OPERATORS

D3h I C3 C3 C2 c I2 C"2 Oh S3 Sg Oy Ov Ov

+1 +1 41 41 41 +1 +1 +1 +1 +1 +1 +1
+1 +1 +1 +1 +1 +1 -1 -1 -1 -1 -1 -1
+1 +1 +1 -1 -1 -1 +1 +1 +1 -1 -1 -1 R
+1 41 +1 -1 -1 -1 -1 -1 -1 +1 +1 +1 T
+2 -1 -1 0 0 0 +2 -1 -1 0 0 0 | T,T

+2 =1 =1 0 0 -2 41 +1 O 0 0 R: R

The matrix representation of an operator is not unique.

In the derivation of the C3 matrix, we made implicit use of

the molecule's symmetry and the knowledge that a rotation

about the C3 axis (Z axis) does not involve a change in Z.

1 Adapted from Herzberqg,G. (1945) Infrared and Raman Spectra
:Princeton:D.Van Nostrand Company Inc.
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Y1

We could take the very much more
X1
general approach and apply separate sets

Y3 X2

of coordinate axes to each of the three —{%}—x3 -_GF_-XZ

atoms. We then write the transformation
equation as the product of a 9x9 matrix with a 9x1 matrix.
To illustrate, the simplest example of this sort of represen-

tation will be given; that of the identity operator I.

- 2
X 100 00 0O0ODO X X
(Yi\ 010000000 (yi\ fyi\
Zq 0 01 00O0O0O0CO Z, Z,
Xo 0 0010O0O0O0CTO Xs X5
1| Y5 _ 0O 0001 00 O00O0 Y, =| %
Z5 0 000O0O1O0O0TO Z, Z5
X3 0 00 0O0OT1O0TO0 X3 X3
Y5 0 000OOOTZ10 Y3 Y3
\ 23 / SEARREREED \2z3/ \z3/

This matrix representation of the identity operator can
be reduced by the application of similarity transformations
of the type I'=B~11B for a series of orthonormal matrices .
The smallest matrix that can be derived that represents the
identity operator acting on translations in the XY plane is
the so-called irreducible representation of the identity

operator.

The matrix of the irreducible representation is included

(x) = (63) (%) - (%)

in the equation




74

which of course has the trace of +2. It is the traces of only
the irreducible representations that are included in the

point group's character table.

The final column of Table 6 refers to the type of motion
represented. The blank entries are vibrational motions that
have not yet been discussed, but their matrix traces are

included here for the sake of completeness.

It is seen in Table 6 that the traces of the three C;

operator matrices are identical, as are the traces of the two
C3 operators, and the three O, operators. This situation is
typical, and we say that operators with identical column

entries in the character table define a class of operators.

It is convenient to adopt the condensed notation of 2C3 for Cj

and C%; 30, Tor Oy, ov and Ov; etc..

We also introduce the notation of symmetry types. A
molecular motion (translation, vibration or rotation) is said
to be of symmetry type A if a rotation about the principal
axis of the point group leaves the motion unchanged both in
sign and in absolute value. This is equivalent to saying that
the motion is symmetric about the C3 axis (as opposed to anti-

symmetric) or that the entry in the C3 column of its row in

the character table is +1.

We also define the subtypes A; and A, by requiring that

the transformation matrices of a symmetry type A; be symmetric
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to all rotations, while allowing the type A, to be
antisymmetric with respect to rotation about the C, axes. By

this convention, the motion represented in the first row of

Table 6 is of type A; while second row is of type Aj,.

We have the additional need to distinguish degenerate and
non-degenerate motions. Degenerate motion arise because the
moment of inertia of D3, point group molecules about the X and
Y axes are the same (more on this later). Degenerate motions
are given the designation E (from the German "entartet") and
are distinguishable from non-degenerate motions by the fact
that they define transformation matrices of order larger than
one. The previously discussed translation and rotation

motions T, and R, are of this type.

Motions are fur-

TABLE 7
ther distinguished by

CONDENSED Dg3j; CHARACTER TABLE )
their symmetry to the

O, plane. Symmetric

motions are denoted
A1 P41 41 +1 1 +1 +1 by a single quotation
A3 (41 41 41 -1 -1 -1 mark (') while anti-
Aé +1 <1 -1 +1 +1 -1 R, | symmetric transforma-
A2 ¥l #1 =1 =1 =1 1 T tions are labelled
E' t2 -1 0 42 -1 0 [Ty Ty with double quotation
B" |42 -1 0 =2 ¥1 O |ByRy

marks (").

=== - =
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Table 7 is a copy of the character table of the D3, point
group, but with the operators grouped in classes and the
symmetry type notation added. The reader will notice that
tabulating only one member of each class reduces the

character table to a square array.

4.2 VIBRATION OF THE Ha MOLECULE

The number of vibrational degrees of freedom in a non-
linear polyatomic molecule with N atoms is 3N-6. The Hj
molecule therefore has three fundamental vibrations. The fun-
damental vibrations are also referred to as the molecule's
normal vibrations. A normal vibration is one in which all
atoms move with the same frequency and in such a way that the
Cartesian coordinates of the displacements change sinusoidal-
ly with time. We will be able to use the character table of

the D3, point group to deduce the direction of the normal

vibrations.

We can see that the entries in the character table behave

as orthogonal vectors. If we let the letter F represent one

of the operators, and t;(F) be the trace of that operator in

the ith row of Table 6, we see that for any two rows i and j,

Y ti(F) t5(F) = 0 for i#j,

F

Yti(F)ti(F) =g
F
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where g is the order of the mathematical group of the defined

operators. In the case of the D3, point group, g=12.

We will now recall the previously demonstrated fact that
an operator can be represented by many matrices (actually an
infinite number of them), but by only a few irreducible
matrices (the traces of which make up that operator's column
in the character table). It can be shown that the set of
matrices whose traces form one row of the character table are
an irreducible representation of the group of operators. Each
of the infinite number of reducible representation is a

linear combination of these irreducible representations.

We can determine the number of times each irreducible
representation occurs in a given reducible representation,
and hence determine what linear combination of irreducible
representations make up the reducible one. We let r; be the
number of times that the representation given in the
character table's itP row occurs in a reducible repre-

sentation. Group theory tells us that
&
s = g ;tr(F) ti (F),

where t (F) is the trace of the transformation matrix of the
reducible representation, while t;(F) is the entry under F in
the ith row of the character table. We traditionally write
this equation as a summation over all classes instead of over

all operators since the character tables are usually
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condensed into one column per class (as is Table7). In this

form the equation becomes

ry =

Q |-

Ynct,(C) t;(C), (E1)
c

where C is an operator representative of its class and n¢ is

the number of operators in that class.

We now apply this equation to the 9x9 matrix representa-
tions of the symmetry operators. Using the 9x9 representa-
tions we will be able to deduce the symmetry properties of

the molecule's normal vibrations.

The diagonal elements of the 9x9 matrix of the identity
operator (I) are easily added to yield its trace of 9. We can
similarly find the traces of the 9x9 matrices of the other

operator classes to be
toxg(2C3) = 0

toxq(3C3) = -1
toxg (0n) = 3
toxg(2S3) = 0

t9x9 (BGV) = 1.

We thus find that the values of the r;'s are given by the
equation
ry = f; [(l)(9)ti(I) + (2) (0)t;(2C3) + (3) (-1)t;(3Cp) +
(1) (3)tj(on) + (2) (0)t;(2S3) + (3)(1)ti(30v)]
with the result that the values of the r;'s are

r1=% [+ + =3+ ++(3]=1
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r; = 53 [(9) +(0) + (=3) + (=3) + (0) + (-3)]
r3=% [ (9) + (0) + (3) + (3) + (0) +(-3)] =1

r4=% [ (9) +(0) +(3) + (=3) + (0) +(3) ]
rs = 33 [(18) + (0) + (0) + (6) + (0) +(0) ] = 2
r6=1L2 [ (18) + (0) + (0) + (=6) + (0) +(0) ] = 1

I
o

1

These results can be summarized by the equation

! 1 " | "
Fgxg = A1 + A2 + A2 + 2E + E

where I'g,9 1s the group representation given by the 9x9

matrix. The symbols on the right hand side denote the
irreducible representations whose traces make up the

character table.

This equation means that the molecule has a total of 3
non-degenerate normal motions, as well as 3 pairs of
degenerate normal motions. However, it is known from the
final column of the character table that two of the non-
degenerate motions are translation and rotation of the Z axis
(T, and R,). We have also determined (and included in the
character table) that two of the pairs of degenerate motions
are Ty, Ty, and Ry,Ry. Hence there remains one non-degenerate

motion (of symmetry type A ') and one pair of degenerate

motions (of symmetry type E') that are unaccounted for.
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One can easily use the

o _ FIGURE 2
process of elimination to

v1 VIBRATION OF 33 MOLECULE

see that these motions must I
(SYMMETRY TYPE A7)

be vibrations since all rot-

ational and translational
motions have been found. The
vibration of symmetry type e
A1'must be symmetric with

respect to all symmetry ele-

ments (by definition of the @ e

A,'type). The only conceiv-

able vibration that fits

this requirement is a "radial"pulsation of the type shown in

Figure 2. This vibration carries the designation v;.

The two degenerate motions are of symmetry type E', and
are therefore not symmetric with respect to the (C3 axis. It is
very difficult to determine the direction of these vibrations
from the character table alone, although one could
conceivably do so by systematically eliminating vibrational

modes until one happens upon two that work.

One can also determine the direction of the degenerate
vibrations by first realizing that an infinite number of
degenerate modes would fit the definition of a normal

vibration. Each of the infinite number of normal vibrations
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can be represented by a linear combination of elements of a
basis set. The problem now becomes one of finding two

linearly independent vibrations to make up the basis set.

Being degenerate, the two vibrations have the same ener-
gy, and so have the same frequency. If we add two vibrations
of the same frequency and amplitude that are 90° out of
phase, the result is circular motion. Circular motion can
easily be shown to be a normal vibration, and since two phase
shifted sinusoidal vibrations are linearly independent we

have found our basis set.

There is of course an
o FIGURE 3
infinite number of orthogo-
' . ADDITION OF ORTHOGONAL
nal vibrations that are VIBRATIONS WITH 90° PHASE

. SHIFT
phase-shifted 90° to each

other, and we must use the
symmetry properties of the
E' symmetry type to deter-
mine which two are the ones
we want. In practice, this

can be done by simply rotat-

FI

ing a diagram of the mole-

cule through its C; axis.

The two vibrations that make up the basis set for all

degenerate normal vibrations of the Hj molecule are designated

v and vy,. They are shown individually in Figure 4. One can
2a 2b
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easily verify that they do transform according to the rules

of the E' symmetry type.

FIGURE 4

v, VIBRATIONS OF Hj
(SYMMETRY TYPE E')

V2a

V2b

The effect of operating
on a degenerate pair of vi-
brations by a symmetry opera-
tor may be more than a simple
change of sign. That 1is, a
degenerate vibration need not
be either symmetric or anti-
symmetric with respect to a
symmetry operator. To illus-

trate, the effect of the Cj

operator (120°rotation) and

the C32 operator (240°rota-

tion) is shown in FigureS5.

The molecule can vibrate
in any or all modes at once,
with the restriction that the
total vibrational eigenfunc-

tion must transform according

to a linear combination of the point group's symmetry types.

It is easy to determine the symmetry properties of the

total vibrational eigenfunction (or, for that matter, the

symmetry type of the total rotational and electronic eigen-

functions) .

If a state is the sum of non-degenerate eigen-
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functions only, then the total eigenfunction is symmetric
with respect to a given operator if and only if the product

of the traces of the substates that make it up is +1.

FIGURE 5
BEHAVIOR OF DEGENERATE Vv, VIBRATIONS UNDER

C3 AND c§ TRANSFORMATIONS

e e eSS
vy, after 120°rotation vy after 120°rotation

@‘@ © i ©

Vo, after 240°rotation vop after 240°rotation

H—o || H—o

For example, we can find the symmetry species of the

eigenfunction of a molecule that is vibrationally excited in
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the v; mode and is also rotationally excited in the R, mode.
The v; vibration is of symmetry type A ', while the R,
rotation is of symmetry type A,'. We can now find the symmetry

of the total eigenfunction with respect to the six operator

classes by multiplying the entries in the A;' and A,' rows of

the D3, character table (Table7).

The pertinent part of the Table 7 is reproduced here along

with the table entries of the resultant eigenfunction.

I 2C3 3C2 O'h 2S3 30v

Al 1 1 1 1 1 1
Ab 1 1 -1 1 1 =
ARz 1 1 =1 1 1 -1

Thus it is found that the total vibrational-rotational
eigenfunction is symmetric to I, symmetric to 2Cj,
antisymmetric to 3C,, symmetric to Oy, symmetric to S3, and
antisymmetric to 30,. The final state is therefore of the
symmetry type A,'. In group theory jargon, the A,'A,' represen-
tation is called the direct product of the irreducible repre-

sentations A;' and A,'. We can write the direct product as the
equation
1 1 1
A1A2 = A2
If the molecule is excited in both a degenerate and a
nondegenerate mode, then the symmetry type of the resultant

eigenfunction is just as easily found. For example, if the
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molecule vibrates in the v; mode (symmetry type A;'), and
simultaneously vibrates in the v;, mode (symmetry type E'),
then the resultant vibration has the traces of 1x2=2 for I,
lx-1=-1 for 2C3, 1x0=0 for 3Cy, 1x2=2 for O, 1x-1=-1 for

2S3, and 1x0=0 for 3C,.

These are the traces of the species E', and so the
symmetry type of the total eigenfunction is found. We can

write the superposition of the A;'species and the E' species

symbolically by the equation

where we have adopted the convention of denoting the symmetry

type of the substates by lower-case letters.

Difficulties arise when finding the symmetry type that
results from the superposition of two (or more) degenerate
eigenfunctions. One at first follows the same method as for
non-degenerate modes, but unfortunately the derived symmetry
for the total eigenfunction is generally not an irreducible
representation of the point group. However, in such cases the
derived representation is a linear combination of the
irreducible representations. It 1is therefore necessary to

reduce the derived state to its basis components.

For example, assume the vy, vibration (symmetry type E')
is excited by three quanta (v =3), and both the v, vibration

(symmetry type A;') and the Ry rotation (symmetry type E") are
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excited by one quantum. The resulting eigenfunction has the

symmetry table:

The final state is therefore 16-fold degenerate. Using
the method of reduction for reducible representations that

was previously demonstrated, it is found that this eigen-

function is composed of the substates A;', A;', A;', A,', A’
A,', E', E', E', E' and E'. This result is summarized by the

equation
1 1 " 1 1 1
a1 3e e = 3A1 + 3A2 + 5E.

We shall see that an im-

TABLE 8
portant example of this kind

SYMMETRY SPECIES OF HIGHER

of superposition of wvibra- ORDERS OF vo VIBRATIONS
tional states arises from
the degenerate v, vibrations va . '
2 A1 + E
when excited tovy;>1. The : , '
3 Al + A2 + E
results of superpositions of . ,
4 Al + 2E
this type are summarized in i ; i
5 Al + A2 + 2E
Table 8. The reader will see ' . .
6 2A1 + A2 + 2E
that all the highly excited

v, vibrational modes have a completely symmetric component of

symmetry species A;'.
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We now ask how much energy would be contained in such a
superposition of vibrational states. The total energy

contained in molecular vibration is given by the relation

1 il 1
Eyip = hvi(v1+73) + hvoa(vpaa+37) + hvp(vop+757) . (E2)
where V; represents the frequency of the vibration designated

by v; when excited by v; quanta.

This equation is more useful when expressed as a term
value, G. The term value is an expression of energy in units
of cm™l, and is derived from the previous equation by dividing

by hc
Vi

G e V2a v
VivV2a¥2h (o

1 1 il
(V1+E) +T(V2a+?) + -fg(v2b+'§-). (E3)

This equation is usually condensed by the substituting ®;
Vi

for -=. In our case, the vibrations vy, and vy, are

degenerate, and therefore have the same frequency.

Consequently, we can substitute W,,=W;, =W, and vy, +Vvyp=vy

to hence find that

1
GV1V2 - co1(V1+3) + Wy (vpyp+1). (E4)

The parameters ®; and W, accurately represent the
frequency of an infinitesimally small vibration, but since a
real molecule is not a true harmonic oscillator, higher order
terms arise for vibrations of finite amplitude. In order to

more accurately represent the vibrational energy of the Hj

molecule, we introduce the wvibrational anharmonicity

constants, xj;.
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We now write the term value to the higher approximation

) 1
Gy vy, = @ (V1+3) + @y (vo+1) + x11(vy+3)2
1
+ X2(va+1)2 + xp1(vy+3) (va+1) + gp3(13)2. (ES)
where g3, is a small constant of interaction between the

degenerate v, vibrations. The symbol 1, denotes a new quantum

number that can take on the values l,=vjy,vy-2,vy-4,.,1l0r0.

4.3 ROTATION OF THE H3 MOLECULE

The H3 molecule is an oblate symmetric top molecule. An

oblate symmetric top molecule is one that has two equal
principal moments of inertia, with the third being larger

than the first two. The unique moment of inertia of an oblate

top is generally represented by I., while the two equal
moments are designated I, and Ig. In this case, Ic>Ip=1Ig. If

an oblate symmetric top molecule is also planar (as is Hj),

then

The rotational energy of a rigid molecule is given by the

general equation
I VU S TR B T
Erot = 21a0y + TIgWg + FTIcO

2 2 2
Pa Pg Pc
= + + E7
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We can now make use of the fact that Ip=1Ig, and also that

the total angular momentum is quantized, with values given by

h
Protar = VI(I+1) 5, J=0,1,2,. (E8)

We also assume that the angular momentum about the figure
axis is also quantized, with permitted values given by
h
Pc = kEﬁE 7 k=0,%1,%2,..,d (E9)
Substituting the equations for the angular momenta into

the rotational energy equation yields the result

h2
ERot = 82 I,

h2 h2 K2 0
+ - .
J(T+1) + (8 2T " 8 ZIA) (E10)

As before, we convert this relation to term values by

division by hc

Fax = 812 ¢

2
J(J+1) + ( i - i )kz.
Ia

8n2cI. 8mecIy,

We now introduce the rotational constants B and C, where
B and C have the units of cm~! and are given by

h h
i o E11
812 c Ip . .

B =
87[2CIC

The rotational term value is then given the value of
Fjx = BJ(J+1) + (C-B) k2,
while the inclusion of higher order terms (that result from
centrifugal stretching) gives the result
Fjx = BJ(J+1) + (C-B)k? - D;J2(J+1)2 - Dy J(J+1)k? - D, k4.

(E12)
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Dowling (1961) has shown that for axially symmetric
planar molecules, we can relate the centrifugal distortion

constants by the equation

2

Only quadratic and quartic terms of k appear in the
equation for Fgj, and so states with k#0 are doubly degener-
ate. We also see that only the absolute value of k is of
interest, and so we generally make the substitution |[|k]| =K.
The previous equations for the rotational term values may now

be written with k replaced by K.

The permanent dipole moment of the H3 molecule points

along its figure axis, which is also the Z axis. In order for
dipole electromagnetic radiation to be produced by a pure
rotational transition, the rotation must therefore shift the
Z axis. A rotation about the Z axis consequently has no
effect on the production of dipole radiation. Since K is the
absolute value of the figure axis component of the angular

momentum, rotational transitions are subject to the dipole

selection rule AK=0.

The wavenumber produced by a rotational transition is the

difference between the term values of the upper and lower

states (respectively designated by Fjix+ and Fguge) . That is
O = Fgigr = Fgungw = 2B(J"+1) - 2Dgwg (J"+1)K2 - 4Dgn (J" +1)3
(E14)

where we made implicit use of the fact that K'=K" =K.
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The values of Dyjx and Dk are always much less than the

corresponding value of B, and so we find that the lines of

pure rotational spectrum are very nearly equally spaced.

The eigenfunctions for K=0 are completely symmetric for
even values of J, and so have symmetry type A;. The eigen-
functions are of symmetry type A, for odd values of J. This
occurs because K=0 rotations do not involve the figure axis
and 180° rotations about an axis perpendicular to the figure
axis will change the sign of the eigenfunction only if J is

odd.

Rotational 1levels with K>0 are made up of two equal
energy states with k=*K. We know that K#0 rotations involve

the figure axis, which happens to be of the C3 type. Since
rotations about a C3 figure axis through 360°+3=120° leaves
the molecule unaltered, values of K=3q (for g=0,1,2,3,..)
will result in a pair of equal energy eigenfunctions of types

A, and A,;. Values of K=3g*1l result in a pair of degenerate

eigenfunctions (of overall symmetry type E).

4.4 VIBRATIONAL-ROTATIONAL INTERACTION

In order to treat a molecule that undergoes simultaneous
rotation and vibration, it is necessary to modify the rota-
tional term value equation given in the previous section. We

replace the molecule's equilibrium values of the rotational
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constants B and C with the average values of B and C over one
vibration period. If we use the subscripts"e"and"([v]"to
respectively designate the equilibrium and time averaged
values of B and C, we can write

d
Biy] = Be - Cim)|\Vi t )t

i
di
Crv) = Co = Aey|lve v+ )+ .- (E15)
i
where d; is the degeneracy of the v; vibration. In our case,
d;j=1 if i=1, and d;=2 if i=2. The value of a; is always
small and positive for non-degenerate vibrations, but may be

negative for degenerate vibrations.

We can then find the total energy (in cm~l units) of
vibration and rotation, which is given by
T = Fryygr * Gvyv,
where we now substitute the above terms with equations 5 and

12 to yield the result
T = BpyjJ(J+1) + (C[y) —Bpy)) K% - D5J2(J+1)2 -
DJKJ(J+1)k2 o DKK4 + (1)1 (Vl'PEl) + (02(V2+1) +

1 1
x10 (V1 +5)2 + X0 (vp+1)2 + x5y (v +7) (v +1) +

922(12)2- (E16)

Unfortunately, a major problem occurs for the degenerate

vibrations vy, and vjy,. The Coriolis force created by rotation

results in an interaction between the degenerate components.

Since the degenerate vibrations have the same frequency, a
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transition from one to the other vibrational mode (and back)

can occur very quickly. The coupling between the two modes 1is

therefore very strong. A rotating molecule in a vy, vibration

must consequently undergo simultaneous vp, vibration.

This can easily be seen

: , . FIGURE 6
by inspection of Figure6.
g p . CORIOLIS FORCE ON THE
The direction of the Corio- DEGENERATE Vo, VIBRATION

\Y%
pendicular to the direction

lis force on the vy, is per-

of vibration, and is there- F

fore in the direction of the

Vvop vibration. (:;;ﬂF

The effect of this is to

slightly remove the degener- = v v

acy of the two vibrations. F: Direction of Coriolis
force

The amount of splitting in- V: Direction of vibrational
motion

creases linearly with K.

The formula for the rotational energy 1levels must
therefore be modified if degenerate vibrations are present.

The modified equation can be written
Fly]gk = BvjJ(J+1) + (C[yj~By))K2 £ -2C(4K Z(iliCVi)
i

(E17)

which differs from the non-degenerate equation by the

addition of the third term. The factor {,, is the Coriolis
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coupling constant of the v; vibration excited by v; quanta. 1;

(letter "1") is the previously mentioned quantum number that

is constrained to the values lj=vj,v;-2,v;-4,..,10r0.

The third term of the equation gives the term value two
energy levels, which are labelled the (+1) and (-1) states.
The parentheses are used to avoid confusion with the quantum
number 1, which is always non-negative. The (-1) state has
the higher energy of the two states. The designations (+A)

and (-A) are sometimes used as synonyms for (+1) and (-1).

The third term's summation runs only from i=1 to 2, since
we only have the v; vibration and the pair of v, vibrations to

worry about. However, CVi is zero if v; is a non-degenerate

vibrational mode, and so the first term of the summation

drops out. We can then replace the summation by a single term

involving Gy

In the very special case of an X3 molecule the value of
Cvz is equal to 1 if v,=1. More generally, CVi is a very

complicated function of the atomic masses, the geometrical

dimensions, and the potential constants.

We can then simplify the final term of Equationl7 to the

form
i—2C[V]K12CV2 = i—2C[v]K12

Garing, Nielsen and Rao (1959) have shown that in higher

approximation, the vibrational interaction with the centrifu-
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gal distortion constants must be taken into account. They
propose that one must also add to the rotational term value

the additional terms

We now define the term transition moment to be the change
of the dipole moment in a transition. If the transition
moment is parallel to the figure axis (||band), then the
transition does not involve a change in K. Thus the selection
rules for rot-vib transitions within an electronic state are

AK=0, AJ=0,%*1 if K#0

AK=0, AJ=1%1 if K=0.
If the transition moment is perpendicular to the figure axis
then we must have a change in K, and so for a 1l band

AK=%*1, AJ=0,%*1.

In the case of a parallel transition with K#0, we have
three simple branches, which carry the designations
P & Ad=-1
Q & AJ=0
R & Ad=+1
while if K=0, the Q branch would be missing for a rot-vib

transitions within one electronic state.
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4.5 VIBRONIC INTERACTION IN THE H3 MOLECULE

The electronic eigenfunctions have symmetric properties
just as the vibrational and rotational eigenfunctions do. For
the electronic eigenfunctions, we must also take into account

the spin of the electron.
1 ; s : s
An electron is a spin s=7 particle, with the direction of

the vector s either parallel or antiparallel to any preferred
direction. The sum of the s vectors is labelled S, which can
take on integral and odd-half integral values. To account for
the spin function we must introduce extended point groups (or
double groups). An extended point group includes the
heretofore unmentioned symmetry operator R. It is difficult
to assign a physical analogy to the R operator, but it can be
thought of as a rotation through a complete turn of 360°. The
difficulty in this interpretation is that the spin function
is not symmetric with respect to this operator, but is
symmetric to (i.e. can only be turned back onto itself by)

the operator RZ (or two complete turns).

In addition to the R operator, we introduce the operators

RC3=C3%, RC32=C3%, RS3=S3%, RS32=S3%. There are three new

operator classes defined by the addition of these operators;

R itself, the class 2C32 made up of C32 and C3°, and the class

S32 made up of S32 and S3°.




97

TaBL 9 (1)

EXTENDED CHARACTER TABLE OF THE D3h POINT GROUP

2 2
D3h I 283 2C3 Oy, 3C2 36\] R 253 2C3
A1 +1 41 41 41 41 41 41 +1  +1
A2 +1 41 41 41 -1 -1 41 41 41 R,
Al ¥ -1 41 =1 4 =1 N -3 4
A $1 =1 #1 =1 =1 #$1 41 =1 #1 T,
E' +2 +#1 -1 -2 0 0 +2 41 -1 By B
E +2 -1 -1 42 0 0 +2 -1 -1 e T
E1/2 +2 +3 41 0 0 0 -2 V3 -1
E3/s 2 0 -2 0 0 0 -2 0 42
Es/n +2 V3 +1 0o o o -2 V3 -1
)

1 Adapted from Herzberg,G.
Polyatomic Molecules : Princeton:D.Van Nostrand Company Inc.

(1966) Electronic Spectra of
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The extended character table for the D3, point group is
included in Table 9. The addition of the new operators to the
character table creates three new irreducible representations

of the point group. These representations are all doubly

degenerate and carry the subscripts 1/2, 3/2, or 5/2.

The electronic states of
(1)
ERETE L1 the D3y point group (including
SYMMETRY OF SPIN FUNCTIONS , ,
OF THE D3p POINT GROUP spin) are characterized by S.
The symmetry types of these
S Symmetry Type
eigenfunctions have been found
0 Ai by Herzberg (1966), and are
1 listed in Table10. If however
2 Ei/2
the spin is only slightly cou-
1 A2 +E
pled to the orbital angular
3 momentum, then the spin may be
2 E1/2+E3/2 ¢ P 1
; " treated as a second order
2 A1 +E +E
perturbation, and so the
S ¢ s ;
ry Ey/p+E3/p +Eg/p original character table will
suffice.

; 3 .
The value of S is of course constrained to [S|<3% in the
case of an H3 molecule (which has only three electrons). The

final two entries in Table 9 therefore have no relevance to

1 Adapted from Herzberg,G. (1966) Electronic Spectra of
Polyatomic Molecules : Princeton:D.Van Nostrand Company Inc.
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the problem at hand, but are included for the sake of

completeness.

In order to find the symmetry type of the total
vibrational-electronic eigenfunction (or the vibronic state
function) we must multiply the characters of the spin
function, the vibration function and the electronic function.
That is, we must find the direct product of the irreducible
representations of these eigenfunctions. The procedure for
finding direct products was presented in the discussion of

the superposition of vibrational eigenfunctions.

We now run into a complication. The total eigenfunction

(¥) cannot be considered the simple direct product of the
electronic spin function (Yg), the electronic eigenfunction
(Ye) and the vibrational eigenfunction (Vy,) because of
coupling between the vibrational and electronic states. This
interaction results in the so-called vibronic interaction,

which is also known as the Jahn-Teller interaction.

The Jahn-Teller interaction effectively shifts the elec-
tronic potential minimum (i.e. the equilibrium point of the
vibrations) away from the symmetrical position of the
molecule. Therefore, when the Jahn-Teller interaction is very
large, the vibrating molecule is not a member of its non-
vibrational point group. Fortunately, it is usually practical

to consider the Jahn-Teller interaction as a mere second
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order perturbation of the molecule's vibronic state, allowing

one to use the stationary point group classification.

Let us now take a detailed look at the effect of the

Jahn-Teller interaction on the H3 molecule by following the

derivation of Herzberg (1966). First, we inspect the degener-

ate vibrational modes vy, and vy, (Figured4). If the X axis is

drawn through the H1 atom and the molecule's center, and if

the Z axis comes out of the paper, then the vibration vy, is

symmetric to the XZ plane, while vy, is antisymmetric to the

XZ plane.

We now assume that the electronic state is of the symme-

try type E'. The electronic state 1is therefore two-fold

degenerate, with the two eigenfunctions Vg () and Vg (p)

sharing the same energy. Let q be the coordinates of the

electrons, and let Q,, and Qj, be the normal coordinates of

the degenerate vibrations.

For convenience, we also introduce the complex normal

coordinates and electronic eigenfunctions

+ . .
Q, = Q2,+1Qp, = reti¢
Q, = Q2,-1Qp, = re-i¢

# ,

Ve = Ve(a) ¥ 1V¥e (b)

Ve = Ve(a) ~ iVe (b)
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We know that the electronic Hamiltonian of the

eigenfunctions has the form Hg=Tg+Ve. To find the energy E,
we first convert the Hamiltonian to the complex coordinate

system.

In the new coordinates, the secular equation is given by

H++“E H+_
=0
H_+ H__"E
where the elements of the matrix are
_ oy + _ o -
Hy, = We HeWedq Hy. = We He\vedq
- + - -
H-—+ = fWe*He\Vedq Heo = fWe*HeWedq

We now write H, as a power series of the complex normal

coordinates Q; and Q,

+ - - + + - - 4+
He = Ho + HyQy + HyjQy + HyQy2 + HyQy2 + ..

Substitution into the equations for the matrix element

H,, yields the result
+ + - +, .+ + + +, .-+
Hyy = vrq%*lﬂbwédq * QZJﬂWé*Hl‘madq * QZJFWE*Hl‘madq t o
Analogous expressions can be found for H_,, H,y_, and H__.

The Hamiltonian must be symmetric to all of the point

groups operators. Since a rotation of 120°is one of the point
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groups symmetry elements (C3), it follows that H1+, H,", etc.

must also be symmetric to a rotation of 120°.

A C3 rotation is equivalent to multiplication by w=e*2ri/3
or W=e~2mi/3, and so it can be found that multiplication by ®
or W will leave the Hamiltonian unchanged if and only if the
linear terms of Qz+ and Q,” in H4;4 and H__ are zero, and the

first terms of H,_ and H,_. are also zero. We now neglect

quadratic and higher order terms, and find the results:

l
=

+ + - - _
Hyy = f\Ve*HoWedq o Ho_ = f"’e* HoYe dq = W,

b =
H+_ CQ2 H_+=CQ2.

Substitution into the original determinant yields

Wo-E cQ;
=0
cQ, Wo- E
E = Wy+C(Q,Q,)1/2 (E19)

We rewrite Equationl19 to get the result E=W,fCr where C
is some constant and r=v475;;T:EE;é. In this first order
approximation, the electronic energy varies linearly with
displacement. We also find that energy (E) increases with r
for one of the component states but decreases with r for the
other, and so the minimum value of the potential energy does

not occur at r=0.
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By including quadratic and higher terms, it can be shown
that the potential energy has three minima, none of which are
exactly coincident with the geometrical points of an equilat-

eral triangle. There are consequently three non-symmetrical

equilibrium configurations of an H3 molecule in a degenerate

electronic state. These are shown in Figure 7.

FIGURE 7
EQUILIBRIUM CONFIGURATIONS OF DEGENERATE
ELECTRONIC STATES UNDERGOING VIBRATION

A4 YAN

With no Jahn-Teller interaction, the vibrations are about
the vertices of the gray (equilateral) triangles. If Jahn-
Teller interaction is significant, the center of the
vibrations are shifted to the black (isosceles) triangles

When the Jahn-Teller coupling is small, the molecule's
deviation from symmetry may be treated more simply as a
perturbation of the vibronic wavefunction. Such a treatment
was performed by Child (1963), who derived an expression for
the term value for the degenerate v, vibrations of an Xj
molecule. For very small Jahn-Teller coupling, it is found

that

GV2 = (1)2(V2+1) < o (—2)D0.)2(121‘1) (E20)
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where D is a small coupling parameter, and as before, the
quantum number l, can take on the values ly;=vy,vy-2,..,10r0.
In order for the equation to be sufficiently accurate, the

value of D must be <0.05.

For larger values of D, this formula is no longer even
approximately correct since 1 is no longer a good quantum
number. Longuet-Higgins etal. (1958) have introduced the new
quantum number j, and found that the angular momentum of the

motion induced by a strong Jahn-Teller coupling is

3
Py = Jog I=2r e rr Vity . (E21)

Now that the symmetry types of the vibronic states have
been discussed, we can determine the selection rules of
vibronic transitions. In general, the probability of a tran-
sition between two vibronic states is very small unless the
symmetry species of the two states differ by the species of

one of the normal vibrations.

In our case, the normal vibrations are of the species A;'

and E'. We can therefore expect transitions from a vibronic

state of the symmetry type "X"only to vibronic states of sym-

metry types (A;') (X) and (E') (X). The reader may have noticed

that a transition between states of the same species is per-

mitted by this rule, since (A;') (X) =X. Those transitions that

are permitted are listed in Table1ll.
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TABLE 11
SYMMETRIC TYPES OF PERMITTED VIBRONIC
TRANSITIONS OF THE H3 MOLECULE
Original Permitted
Species Final
Species
I ] 1
Al Aj E
1 1 1
A2 A2 E
" " "
A1l A1l E
" " n
A2 A2 E
] ] ! ]
E E A1 +E
" " " " "
E E A1 +2A2+E
Ey1/2 Ey/2 E3/2+Eg/2
E3/2 E3/2 Ej/2+Es/2
Es/2 Es/2 Ey/2+E3/2
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4.6 ROVIBRONIC INTERACTION IN THE Hy MOLECULE

It has been shown that the rotational term value of a
molecule in non-degenerate vibration is given by Equation12;
Frylgk = BrvjJ(J+1) + (Cy)—By)) K& - D5J2(J+1)2 -
DyjxJ(J+1)K2 - Dy K4

We have neglected the extremely small dependence of the

centrifugal distortion constants (Dgj, Dg, andDgyg) on the

vibrational quantum number.

For the case of a degenerate vibrational mode, we must
also account for the Coriolis interaction, which we have done

by adding to the previous equation the term
—2C[V]K 2 (ilit.svi)
i

where CVi is the Coriolis coupling constant of the v; vibra-
tion (when excited by v; quanta), and lj=v;,v;-2,v;-4,.,10r0.

h 3
We can now define the quantity (Cvz EE) given by

b o_ Z b _ L
Co,on = . (iliQVi) ox = 128w, 58 (E22)
1
to be the vibrational angular momentum of the degenerate

vibrational mode v,. When we have rovibronic coupling (i.e.

coupling of the rotation with the electronic state as well as

the vibrational mode), we must modify the value of CVZ

slightly. If we let {, be h/2m times the electronic angular
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momentum, then Child and Longuet-Higgins (1961) have shown

that for an X3 molecule, we must replace Cvz with {., where

1 .
e = Be-3 80 d-3,, (E23)

=
N W

The letter d signifies the "quenching parameter", and j= 7, 35,

N

1 ;
(vi+7>. Note that {; may be non-zero even if the molecule

2
Sty Vi+s

is not vibrating.

We therefore find that the rotational energy level of an

H3 molecule in a degenerate vibronic state is given by

(neglecting centrifugal stretching terms),

Flyjgk = BrvjJ(J+1) + (Cry] =By)) K2 £ (-2C[yy {K) (E24)

We now look at the effect of electron spin on this
energy. To do this, we introduce the new vector N (the
magnitude of which is the quantum number N). N takes the
place of the previously used vector J, and is defined as the
total angular momentum excluding the spin angular momentum S.
J is defined to be the sum of all angular momenta. Thus

J=N+ S
and the corresponding quantum number J has the wvalues
J=N+S,N+S-1,..,IN-S|. We now replace the letter J in
rotational term value equation with N (i.e. F(y1gk 2 F[v]nk) -
Each level defined by a given N is split into 2S+1 components

(unless N<S).
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If we let F[yjgk be the rotational term value neglecting

electron spin (designated by F,[yjnk) then we have for non-
degenerate vibronic species
FO[V}NK = B[V]N(N+l) + (C[V]_B[V]) K2 (E25)

and for degenerate vibronic states,

FO[V]NK = B[V]N(N+1) + (C[V] -B[v])Kz * (-2 C[V] CtK) 0 (E26)

1 ;
When S==5 we have a doublet state (since 2S+1=2). The

term values of the two components of a doublet have been
determined by Henderson (1955) to be

i B
Fiink = Forvink + 2| XFn+1) TN
L1 .
Forvink = Forvink = 2(Kymsy t RN+ . (E27)

where K and | are the spin rotation coupling constants, and F,

1
and F,; are respectively the term values for J=N+ 7 and

1 ; e :
J=N-7. For triplet and higher states, additional terms arise

because of spin-spin interaction. These need not be dealt

with here.

The rovibronic functions have their own symmetry proper-
ties, and are consequently classed into symmetry types Jjust
as the vibrational functions are. There is however a very
extensive list of rovibronic species that arise from all of
the possible rotational, vibrational, and electronic func-
tions, and in the pursuit of brevity we will only discuss

those species resulting from the A ', A,", and E' electronic

states. In doing so, we anticipate the last sections of this
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chapter where spectra resulting from transitions between the

A,', Ay", and E' electronic states are discussed.

The symmetry properties of rovibronic species are
determined by taking the direct product of the rotational,
the vibrational and the electronic symmetry types. This
procedure has already been extensively dealt with, and so

only the results will be presented here.

If an electronic eigenfunction is totally symmetric (of
species A;'), then the resulting rovibronic state will have
two non-degenerate levels for every quantum number N if K is
a multiple of 3 and greater than zero (i.e. K=3,6,9,..). If K

is every second number of this sequence (i.e. K=6,12, 18, ..)

then the two non-degenerate levels will be one of type A;'and
one of type A,'. If, on the other hand, K=3, 9, 15, .., then the
two non-degenerate states will be of the species A" and A,".
If K is not a multiple of three, then there will be one pair
of degenerate rovibronic states of type E' for even K and
type E" for odd K. Finally, if K=0, the K degeneracy is lost

and only one rovibronic eigenfunction results. This state is

of type Aq' for even N and Aj' for odd N.

If the electronic state is of symmetry type A", then the

resulting rovibronic states are identical to those of the A;'

electronic state except that the superscripts " and ' and the

subscripts 1 and 2 must be interchanged (i.e. A;" becomes A,'

etc.).
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If the electronic state is of the degenerate species E'
and if K=0, then the resulting rovibronic state is also of
the species E'. If K#0, we must account for Coriolis
splitting, which results in the (+1) and the (-1) substates.
If K is not a multiple of 3, then one of the two Coriolis
components will be two non-degenerate states, while the other
will be a pair of degenerate ones. The 'and " superscripts
alternate with K. If K=3,6,9, 12, .. then the resultant states
are degenerate for both (+1) and (-1). The superscripts of the

degenerate species (i.e. E'or E") alternate with K as well.

The results of the last three paragraphs are summarized
in tables 12 to 14. The reader is urged to examine these
tables carefully in order to understand the recent deluge of

information.

The statistical weights of the different rovibronic
states can now be determined with one additional piece of
information: the nuclear spin of the atoms. The nuclear spin
is of course dependent on isotopic number, but the abundance
of deuterium relative to simple hydrogen is negligibly small

in chemically evolved astronomical objects (such as planetary
nebulae), and so we will ignore such things as Hy;D, DyH, and

. 1
D3. The spin of the lH isotope hydrogen atom is I=7%, and so

the H3 nuclei must obey Fermi statistics. We may now proceed.
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TABLE 12

SYMMETRIC TYPES OF ROVIBRONIC STATES RESULTING
1
FROM THE A1 ELECTRONIC STATE

K 0 1 2 3 4 S 6
N
|
0 A1
I "
i A2 E
1 " 1
2 A1 E E
|
A2
| " 1
3 A2 E E 1"
Al
1"
A1l
l 1" 1 1
4 Al E E 1" E
A2
"
A2
| " 1 | "
5 A2 E E " E E
Al
Al Al
! " 1 | "
9 A1l E E " E E 1
A2 A2
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TABLE 13

SYMMETRIC TYPES OF ROVIBRONIC STATES RESULTING
"
FROM THE A2 ELECTRONIC STATE

K 0 1 2 3 4 5 6
N
"
0 A2
" ]
g A1l E
" | "
2 A2 E E
1
A1l
" 1 "
3 Al E E !
A2
]
A2
| " "
4 A2 E E , E
A1l
a1
" 1 " "
5 A1l E E ! E
A2
A2 A2
" 1 " "
6 A2 E | E 1"
Al Al
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TABLE 14

SYMMETRIC TYPES OF ROVIBRONIC STATES RESULTING
FROM THE E ELECTRONIC STATE

0 1 2 3 4 5 6
K
(+1) (=1)|(+1) (=1)|(+1) (=1)|(+1) (-1)|(+1) (-1)|(+1) (-1)
N
1
0 E
A%
1 "
l E " E
Al
al A1
2 E " E E |
A2 A2
" 1
A2 ] A2 " "
i E " E E | E E
A1l Al
Al A1 A1
4 E " E E ' E E | E
A2 A2 A2
A2 A2 A2 | ) A2
5 E 1" E E 1 E E 1 E E "
A1l Al A1l A1l
" | | "
Al Al A1 A1l
6 E " E E ! E E | E E " E E
A2 A2 A2 A2
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The complete eigenfunc-

FIGURE 8
tion (V) can be considered

POSSIBLE ORIENTATIONS OF

to be the product of the SPIN VECTORS OF H3
rovibronic eigenfunction
# H1 H2 H3
(Veyr) and the nuclear spin r 1 1 1
eigenfunction (V¥;), if we i A T d
rrr T { T
neglect the coupling between
v d T T
the electron and the nuclear v $ l !
angular momenta. v 4 T T
vitz T d
There are eight possible viii 4 d J

orientations for the nuclear
spin vectors I. These are graphically illustrated in Figure 8.

There are consequently eight different nuclear spin functions

v,

i- The first and last of the spin functions are totally
symmetric to all of the point group's symmetry operators, and

are therefore one of the A; species.

There are also two linear combinations of the remaining

six eigenfunctions that are symmetric to rotations, and are
consequently of the general type A;. These are

II 11X IV v VI VII
Vo + Vo + V. and V; + V¥V, + V7

1 3 1

" There are four spin functions remaining that are linearly

independent of “@, inn and the two sets of symmetric linear

combinations. These remaining functions are degenerate.
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We therefore have four symmetric spin eigenfunctions and

two pairs of degenerate spin eigenfunctions.

We will now look at a rovibronic species that result from
a rotating, non-degenerate electronic (or vibronic) state of
species A;'. The vibronic eigenfunction is symmetric to a 120°
rotation, which is equivalent to two successive exchanges of
two pairs of nuclei. The total (rovibronic) eigenfunction
must however be anti-symmetric to such a rotation, since the
nuclei obey Fermi statistics. The completely symmetric rovi-
bronic states that result from the rotation of a completely

symmetric vibronic state consequently remain unpopulated in

an H3z molecule (see Tablel2). This means that only the odd N

rotational levels of an A;'electronic state are populated for

K=0.

Furthermore, since there are two degenerate and four non-
degenerate spin states, the ratio of the statistical weights
of the A, (non-degenerate) species to the E (degenerate)
species is 4:2. Since a non-degenerate rovibronic species
only occurs for K=0, 3, 6, 9,.., we thus have an alternation of

line intensities of the ratios 4,2,2,4,2,2,4,...

Similar arguments apply to rovibronic states that result

from A," and E' vibronic species. Tables 15 to 17 list which

of the rovibronic states of listed in Tables 12 to 14 are

populated, along with their statistical weights.
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TABLE 15

STATISTICAL WEIGHTS OF POPULATED ROVIBRONIC STATES
1
RESULTING FROM THE A1l VIBRONIC STATE

1 laz ~alg - 2

6 E -2 |E -2|282-4| -2 |E"-2|a; -4
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TABLE 16

STATISTICAL WEIGHTS OF POPULATED ROVIBRONIC STATES
"
RESULTING FROM THE A2 VIBRONIC STATE

0 A2 - 4

3 E - 2 E -2 |A2 - 4
4 |az2-4|E -2|E"-2]a2-4]E" -2
5 E -2 |E'"-2]a2-4]E"-2]|E -2

6 |lao-4a|E -2|E"-2|a2-4a|E"-2]|E -2 |as -4
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TABLE 17
STATISTICAL WEIGHTS OF ROVIBRONIC STATES
RESULTING FROM THE E VIBRONIC STATE
K 0 1 2 3 4 5 6
(+1) (=) [(+1) (-1)[(+1) (-1) |(+1) (-1)|(+1) (-1)|(+1) (-1)
N
o || -
A2 E
1 E - | I
4 2
" " 1 ]
A2 E E A2
2 I|E - I |
4 2 2 4
" " 1 1 " "
A2 E E 22 | & %
3 ||E - 4t 3 1
4 2 2 4 2 2
A2 E | E A2 |g" g" | A2 E
4 |[E - I | o I
4 2 2 4 2 2 4 2
1 1 | | " "
a2 E | E a2 | g" g | a2 E|E a2
5 ||E - I | b | I
4 2 2 4 2 2 4 2 2 4
A2 E E A2 E" E" A2 E E A2 E‘ E'
6 |[E - I I b I | .
4 2 2 4 2 2 4 2| 2 a 2 2
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4.7 ROVIBRONIC TRANSITIONS IN THE H3 MOLECULE

It is obvious that in order for a molecule to undergo a
light emitting (or absorbing) electric dipole transition, the
molecule's electric dipole moment must change. In quantum

mechanical parlance, this requirement is written
IWé* MVYe dt, # 0

for the upper and lower electronic eigenfunctions Ve and Ve.

M is the electric dipole moment vector.

The components of the dipole moment vector (Mg, My, and

M,) have symmetry properties of their own. With some thought,

one may see that each component is of the same symmetry

species as its corresponding translational motion (i.e. the

species of M, is the same as T, etc.). We now find from group

theory that the above integral is not equal to zero if, and

only if, one of the M components has the same symmetry as the
product We*Ve. Stated another way, we require that one of
Wé*MxV%, Wé*MY“Q, or Wé*MZVG must be totally symmetric.

However, since the electronic eigenfunction includes the

effects of electron spin, we must also require that
jWe's* M Ves dt, # 0

for the total electron eigenfunctions Wes and Ves.
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In the approximation that the total electron eigen-
function is the simple product of the electronic and the spin

eigenfunctions (Vog=VY.V¥,) we derive the additional selection

rule that
AS = 0.

This means that only doublet-doublet or triplet-triplet etc.
transitions are allowed. In real molecules however, such
intercombinations as singlet-triplet transitions may occur

occasionally.

The vibrational eigenfunction (¥,) also adds a selection

rule. In the approximation that V. q,=VY.s ¥, we require that

the so-called overlap integral be non-zero, that is
'[W\'r* Vo dt, # 0.

This is equivalent to saying that ¥v* and Yy must be of the

same symmetry species.

It is therefore apparent that a molecule excited in the v,
vibrational mode (symmetry type A;') can undergo an electronic
transition and maintain its vibration. The molecule may also
end up in a highly excited v, vibrational mode, despite the
fact that v, is of symmetry type E'. This can be seen from
Table 8, where it is shown that highly excited v, vibrations
always have a component of symmetry species A;'. It is however
found that Av =0 is by far the most probable transition, so a
transition from a low excitation v; vibration to a high

excitation v, vibration is unlikely.
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For the degenerate v, vibrations, an additional complica-

tion arises due to vibronic interaction. We must take into

account the quantum number 1, (where ly,=vy,vy-2,..,10r0, see

Section4.4). It has been shown by Longuet-Higgins etal.

(1958) that it is required that Al,=0.

It has been shown by Hougen (1962) that there is also an
additional selection rule that is very stringent and is
applicable to the complete rovibronic eigenfunctions. The

direct product of the upper and lower states must be of the

same overall species as the direct product T,R,. The product
T,R, happens to be of the species A;" in the D3, point group,

and so has the overall species A".

This means that only transitions between rovibronic
eigenfunctions of the species
Al & Al
A2 © A2
E © E
are allowed by this rule. The reader should clearly
understand that these selection rules refer only to
rovibronic species. Transitions between two vibronic states

are not subject to these selection rules.

If we inspect Table 15 to 17, we will see that the A;'and

N Loy

the A;" rovibronic species are unpopulated in our 1I=

molecule. Consequently, the first of these allowed transi-
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tions does not actually occur in Hz (although it does in the

molecule's heavier isotopic species).

The restrictions introduced by the rotational eigen-
function have already been introduced (Section 4.4), but a
transition involving change in the electronic state of the
molecule (not Jjust the vibrational state) introduces
additional restrictions. These are for parallel transitions

Ak=0, AJ=0,*¥1, AN=0,%1 if K#0
AK=0, AJ=%1, AN=1%*1 if K=0

Those transitions with AN=AJ are the most probable.

Parallel transitions can occur in symmetric top molecules
that are symmetric tops because of physical symmetry only for

transitions between non-degenerate vibronic states (such as

A,'>Ay"). The line strength (Agy) of a parallel transition
line is given by the Hénl-London formulae

(J+1)2-K?
(J+1) (20+1)

Rbranch (AJ=+1): Agxy =

K2

Qbranch (AJ=0): Akg = FT 771 (J+1)

J2—K2

Teo+1) (E28)

Pbranch (AJ=-1): Agy =

The intensities of a line is proportional to the product of

its Agy and the statistical weight of the line as found in

tables 15 to 17.

A perpendicular transition involves a transition from a

degenerate electronic state to a non-degenerate state (or
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vice versa) since the transition moment is a right angles to
the axis of symmetry. For perpendicular transitions the

selection rules are

AKk=%*1, AJ=0,*1, AN=0,%1.

However, a degenerate electronic state has (+1) and (-1)
components, and it is found that an additional selection rule
applies. For AK=+1 transitions from a degenerate to a non-
degenerate state it is necessary to be in the (+1) substate.
A AK=-1 transition can only occur if the molecule is in the
(-1) state. For the reverse transition (from a non-degenerate

to degenerate electronic state), the molecule must end up in

the (+1) state if AK=-1 or in the (-1) substate if AK=+1.

The (+1) and (-1) substates give rise to two subbands for
each K value, with each subbands having its own P, Q, and R
branches. The subbands are labelled with the left superscript

r or p, which in emission respectively correspond to the

AK=+1 and AK=-1 cases.

It can be easily shown that origins of the r and p
subbands are separated by a significant distance. If we let O,
be the wavenumber produced by the non-rotating, non-vibrating
transition, then the band origin of the r subband is given by

0, = 0, + F'(0,K+1) - F"(0,K) (E29)
where F'(0,K+1) and F"(0,K) are respectively the rotational
term values of the (non-vibrating) degenerate upper state and

the non-degenerate lower state.
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We have already seen that the rotational term value of a

degenerate state is given by Equation 17;

Flyjnk = By N(N+1) + (Cpy)-Bpy))K2 £ (-2)C[V]K2(iliCVi)
i

In our case we can rid ourselves of the summation since we a
restricted to one (+1) substate only. We can also drop the
vibration number subscripts and the * sign since we are
trying to find the origin (v =0) of the r subband. However
we must add the 'and" superscripts to denote the rotational

constants of the upper and lower states.

We then find that for a degenerate upper state
F'(0,K+1) = B'+(C'-B') (K+1)2 + 2C'(K+1){.', (E30)
while for the non-degenerate lower state,
F"(0,K) = B"+ (C"-B") (K)2.
If we make the approximations that B'=B"=B, C'=C"=C, and let
Ct'ECt, then we can write that the origin of the r subband is
G, = 0, + (C-B)(K+1)2 - 2C(K+1){ - (C-B)K?

= 0o+ [(1-2L;)C-B] + 2[(1-()C-B]K. (E31)

We can similarly show that the origin of the p subband is

O

p=0o+ [(1-20;)C-B]l-2[(1-{)C-B]K, and so the wavenumbers

of the two subband origins differ by 4[(1-{.)C-BIK.
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The intensities of the subbands differ as well, as can be

seen from the Hénl-London factors of 1l transitions. These are

(J+2%K) (J+1%K)
(J+1) (20+1)

Rbranch (AJ=+1): AKJ =

+ + (-
Qbranch (AJ=0): Agy = iJ+1J_§(;£J1;( =

[J-13(-K)][T+(-K)]

7 (20 +1) (E32)

except for the K=0, AK=+1 case when the R branch has twice
this weight. Each Hénl-London factor has two values which
differ by 2K and which correspond to the r subband and p
subbands. If you add the K's (or the -K's) in the numerators,
you get the Hénl-London factor of the r subband, while
subtraction yields the corresponding value for the p subband.
It is seen that the R branch of an r subband is stronger than
its P branch, and that the P branch of a p subband is stronger

than the R branch.

Figure 9 shows a schematic representation of the r and p
subbands with their P, Q,and R branches. It is assumed that
the rotation constants are the same for the upper and lower
states. The intensities are found from the Hénl-London
factors alone, without the alternation in statistical weights

created by the nuclear spin. Figure 9 is therefore applicable

to the heavier isotopes of Hj.
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FIGURE 9

ROTATIONAL STRUCTURE OF PERPENDICULAR TRANSITIONS
ASSUMING IDENTICAL ROTATIONAL CONSTANTS FOR THE

UPPER AND LOWER STATES

K=3, AK=+1
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4.8 ELECTRONIC CONFIGURATION OF THE H3 MOLECULE

The model of the electronic structure of H3 is that of an
H3+ core with a third (unpaired) electron added to the system.
The electronic ground state configuration of H3+ is designated
[1sa;']?2 (1), and results from the addition of a proton to a
ground state H; molecule. The addition of the third electron
to the system populates one of the orbitals (2sa;'), (2pe'),

(2paz"), (3say'), (3pe'), .. .

The electron configuration resulting from the unification
of three ground state hydrogen atoms is a repulsive state of
H3. This state transforms according to the symmetry type E',
and consequently carries the designation 2E' (the left super-

script has the value 2S+1). This state must therefore corre-

spond to the electron configuration [lsa;']2 (2pe'). Ergo, the
two lowest excited states of H3 must have the configurations
[lsa;']2 (2sa;y') and [lsa;'l?(2pay"), and hence carry the

designations 2s2A;' and 2s2A,". The number 2 in these

1 The notation that will be adopted is to signify filled
orbitals by square brackets, while unfilled orbitals are
surrounded by parentheses. The letter to the right of the
letter of the "1" quantum number denotes the behavior of the
wave function when operated upon by the symmetry operators.
These letters are in lower case to signify that a single
electron is referred to, not the total wave function. The
right superscript outside the brackets (denoting the number
of electrons in the orbital) will be understood to be equal
to one if omitted. Higher values of the right superscript
(2,3,..) will of course be written explicitly.
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designations is the value of the quantum number n, which is
analogous to the principal quantum number of atomic

spectroscopy.

Higher excited states must have n23, and so transitions

from such states as 3s2A;', 3p2A," etc. down to the two n=2

states are to be expected.

4.9 PARALLEL BANDS NEAR 5600A anp 60254

The first publication that featured a detailed descrip-

tion of the Hj spectrum was produced in 1980, when Dabrowski

and Herzberg (1980) observed Rydberg spectra of H3 in emission

at 5600A and 6025A.

In the 5600A band, the R branch line for N=0 is missing.
We see from inspection of Tablel5 that this means that the

lower vibronic state must be of symmetry type A;'.

In order to determine the species of the upper state, we
must rely on the selection rules previously discussed. From
Table 15 we see that the rovibronic species of the K=0, N=1
rotational levels of an A ' vibronic species is Aj'. It is
however known from Hougen's selection rules for rovibronic

transitions that a transition between two rovibronic states

of species A,'cannot occur. A transition between the K=0
rotational levels of two A;' vibronic states is therefore for-

bidden. However, the Q branch (AK=AJ=0) transitions for K=0
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are observed and so the upper vibronic state cannot be of

species A;'. Hougen's selection rule insures that the upper
vibronic state must have K=0 rotational levels of rovibronic
species Ay", and so from Tablel6é we see that the upper

vibronic state must also be of species Aj".

Those 5600A line that are observed are listed in Table 18.
The assignment notation in Table 18 shows the branch type (Q,

R, or P) then the value of K in a left subscript. The upper

and lower state values of K is the same in these || transitions
(according to the selection rule AK=0). The value of N in the
upper state follows the K subscript. For example, Q;1 refers
to the Q branch transition with the K=1 and N=1 for both the

upper and lower states.

TABLE 18 (1)

MAJOR EMISSION FEATURES OF THE Hi; MOLECULE NEAR 56004

OBSERVED ASSIGNMENT
WAVELENGTH (A)

5564.06 Rol, Ryl

5622.80 031:012:013,001,022,003, 021,032,033
5649.43 Pyl

5679.98 P42

5711.04 Py3,P13,P,3

5738.94 P14,P,4,P34

1 Adapted from Dabrowski,I.,Herzberg,G. (1980)
Can.J.Phys.58:1238.




TaRLe 19 (1)

MAJOR EMISSION FEATURES OF
THE H3 MOLECULE NEAR 6025A

OBSERVED
WAVELENGTH ASSIGNMENT
(A)

5926.74 R,2
5957.14 R,1
5988.17 R0
6019.66 Q52
6019.88 0,1
6020.50 0,2
6020.86 0,3
6084 .87 P2
6084 .61 Po2
6116.71 P53
6117.04 P,3
6149.14 P,4
6148.93 Py4

R R i:iLiiviiiimliti
—_—
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The K structure of the
6025A band was resolved by
Dabrowski and Herzberg, and
it clearly seen that the odd
N transitions are missing for
K=0. The lower state of the
6025A band is therefore of
symmetry type A" while the

upper state 1is of species

A,'. We predicted an intensi-
ty alternation with N for K21
in the ratio 2:2:4 etc. (see
Table 16) which is indeed ob-

served.

The parallel transitions

observed near 6025A are listed in Table19.

The upper states of both the 5600A and the 6025A band is

assumed to be n=3 states,

states.

while the lower states are n=2

The orbital assignments are therefore 3p2A2" and

232A1' for the upper and lower states of the 5600A band, and

3s2A;' and 2p2A," for the upper and lower states of the 6025A

band.

1 Adapted from Dabrowski,I.,Herzberg,G.

Can.J.Phys.58:1238.

(1980)
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The rotational constants were determined by a least-

squares fit program and by assuming that both the upper and

lower states were not vibrating. The values of the rotational

distortion constants could not be determined because of the

inability to adequately resolve K structure.

The value of Dy

was however assumed to be the same as that of H3+, letting the

values of Dg and Dyx be determined from Equation113.

The

rotational constants determined from the 5600A and 6025A

lines are listed in Table 20.

TaBLE 20 (1)

ROTATIONAL CONSTANTS OF THE UPPER AND
LOWER STATES OF THE PARALLEL BANDS OF Hi

NEAR 5600A anp 60254

lines are somewhat narrower at 5A.

line

The width of the 5600A lines is 8A,

width can only be predissociation

1 Adapted from Dabrowski,I.,Herzberg,G.

Can.J.Phys.58:1238.

232Ai 2p2Aé 3szAi 3p A;
B, 46.8cm™1  44.530cm™l 44.158cm™!  45.5cm™!
Oy 23.4cm™1  22.266cm™1  22.9cm7? 22.75cm™1
To 0.8543A 0.8667A 0.8703A4 0.85754A
Dy 0.0415cm™1 0.0539cm™l 0.0675cm™! 0.0415cm™?
Dk -0.0909cm™! -0.110cm7?
Dg 0.0412 cm™! 0.1cm"1

while the 6025A

The cause of this great

of one of the

(1980)
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electronic states. Dabrowski and Herzberg argue that the
predissociated state must be the lower one. If it is the
upper state that is predissociated, it would not be signifi-
cantly populated, and it would then be impossible to see the
observed bands in emission. We find from Heisenberg's uncer-
tainty principle that the lower level of the 5600A transition
is =2x10"13s, while the lower state of the 6025A transition

has a lifetime of =3.5x10"13g,

The superposition of Q branch lines at 5622.80A has been
tentatively identified in emission in the spectrum of the

planetary nebula NGC 7027 by Pritchet and Grillmair (1984).

4.10 PERPENDICULAR BANDS NEAR 710034

Perpendicular transitions (AK=%1) of H3 have been report-
ed by Herzberg and Watson (1980). A perpendicular transition
in an oblate symmetric tops involves degenerate and non-
degenerate vibronic states. We must therefore be concerned

with the Jahn-Teller interaction and the Coriolis coupling.

If we add the centrifugal distortion terms to Equation 26,
we find that the rotational term values of a (non-vibrating)
degenerate state are

F(N,K) = BN(N+1) + (C-B)KZ2 + -2CK{; -

DyN2 (N+1) - DygN(N+1)K2 - Dy K4 (E33)
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where the exact value of Ct is given by Equation23, but is

expected to be close to +1.

It is possible to account for the Jahn-Teller interaction
to a higher order approximation than was discussed here by
introducing the quantum number G. G 1is defined by the

equation G=K-1 (letter "1"). Child and Strauss (1965) tell

us to add to Equation 33 the terms

where the splitting constant g is the sum of contributions

from the Coriolis splitting and the Jahn-Teller splitting.

A least squares program fit the parameters o,, B', Qt', a

for the upper state and B" for the lower state. It was

1 4 " o
assumed that C=7B. The centrifugal distortion constants were

given theoretical values for the calculations, but could not
be determined from the observations because of insufficient
resolution. The values of the determined constants are

included in Table 21.

The width of 7100A H3 lines is roughly the same as the
5600A lines. This suggests that the two transitions may share
a common lower state. The derived rotational constants of the
lower state of the 7100A band shows that this is indeed the

case. The upper state of the 7100 A band has been identified



TaBLe 21 (1)

ROTATIONAL CONSTANTS OF
THE UPPER AND LOWER STATES
OF THE 7100A BAND

232Ai 3p2EI
O, (cm™1) - 14091.7
B, (cm~1) 23.12 21.18
Co (cm™1) 11.56 23.12
ro (A) 0.850 0.889
Ct - 0.877
q - 2.82
—
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as the degenerate vibronic
state 3p2E'. The upper state

is not vibrationally excited.

A spectrophotometric sea-
rch for the 7100A H3 band in
the spectrum of NGC 7027 was
conducted by the author. It
was hoped that this would
confirm Pritchet and Grill-
mair's possible observation
of the 5600A Q branch lines.

The particulars and the re-

sults of this search are the

TapLe 22 (1)

MAJOR EMISSION FEATURES OF THE H; MOLECULE NEAR 71004

WAVELENGTH ASSIGNMENT WAVELENGTH ASSIGNMENT
(4) (A)
7083.96 *Ry3,P033 7194.38 *Rg6, "Qpl, "Qo3
7101.27 *R,3,P054 7227.26 Pp,4a
7122 .32 *R12, "Rol 7249.69 *R,2,PP,2,PPg6
7137.63 *R34 7261.64 Pp,3
7156.74 *Ry1,P041, 7292.73 Pp.6,PPy3
*R,2, R33,PQ;2 7357.25 *Po3
1 Adapted from Herzberg,G.,Watson,J.K.G. (1980) Can.J.Phys.

58:1250.
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topics of the remaining chapters of this thesis.

4.11 OTHER OBSERVED Hg EMISSION BANDS

A perpendicular emission band of H3 has been observed in

the infrared near 2.8um and reported by Herzberg, Lew, Sloan,
and Watson (1981). The upper state of this band is apparently

the same as the upper state of the 6025A band (332A1'), while

its lower state is the upper state of the 7100A band (3pZ2E').

The widths of the infrared perpendicular lines are
somewhat less than 1A, and so they are very much narrower
than the lines of the 6025A and 7100A bands. This agrees with
the idea that the lower states of the 6025A and 7100A bands

are predissociated, while the upper states are stable.

Jahn-Teller splitting is observed in this band, and
Herzberg et al. were able to determine that the Jahn-Teller
interaction constant has a value of D=0.0301. We thus find

that Equation 20 holds at least as a first approximation.

If the recent improvement 1in infrared detectors
continues, it is entirely possible that these lines may be
someday be detected astronomically. In anticipation of this,
the wavenumbers of Herzberg etal.'s paper are converted to

wavelengths and are listed in Table 23.



136

TaBLE 23 (1)

MAJOR EMISSION FEATURES OF THE H3 MOLECULE NEAR 2.8um

WAVELENGTH
(pm)
.14508
.06364

.91480
.91050

.89769
.89360
.88489
.88454

.87869
.87494

.86679
.86556
.86156
.81757
.81724
.81103
.80837
.80625

NN NN NN DD NN N DD NN NN W W

(obs)

o

N BN B OB g DN WD R NN W,

SO O W O O O O O OO O OO NN oo o

I

ASSIGNMENT

053

Pp,4
Pp,y3, Ts2

Ppy2
0,3
Pp,s

WAVELENGTH
(Hm)
.79130
.77060

« 16521
.76405

.76404
.76244
« 19973
. 19918

« 131180
. 12921

.71808
.70430
.69744
.69101
68295
.63665
+617556
.59848

N NN RN DN DN DD DN DD DD NN

(obs)

O O O O O O O N OO O BH O O r O O ¥

I

W U W W J 0 & U oy d B 00 d O O W B

Pp,2
Pp.3

Pp,4

PO, 3
PO, 1
R0
R;1

Ry2
PQ22

ASSIGNMENT

1 Adapted from Herzberg,G.,Lew,H.,Sloan,J.J.,Watson,J.K.G.

(1981) Can.J.Phys.59:428.
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Those lines that are unassigned probably do not belong to

the 3s2A;' 5 3p2E' transition, but instead belong to an as yet

unidentified one. The entries under the I column are the

lines' relative intensities in an arbitrary scale.

A fourth paper on the laboratory spectrum of H3 was
presented by Herzberg, Hougen and Watson (1982). This paper
includes many sharp lines that have been assigned to Rydberg

transitions from the 3d orbital.

The 3d orbital includes electronic states of symmetry A;°',

E', and E", which consequently carry the respective designa-

tions 3d2A;', 3d2E', and 3d2E". These states undergo

transitions to the 2p2A," and the 3p2E' states.

The wavelengths of the observed transitions from the 3d
orbital are 1listed in tables 24 and 25 along with their
intensities relative to an arbitrary scale (not the same

scale as Table 23).
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TABLE 24 (1)
1
H3 SPECTRAL FEATURES OF THE 3d — 2p 2A2 TRANSITION

WAVELENGTH I WAVELENGTH I WAVELENGTH I
(A) (obs) (A) (obs) (4) (obs)

6144.5 3 5906.6 3 5778.2 1
6119.5 3 5898.4 1 5777.2 4
6107.2 5 5895.5 4 5774.0 1
6083.9 2 5813.6 6 51718 8
6049.6 5868.4 6 5762 .7 5
6036.5 5849.3 6 5762.4 3
6033.0 2 5840.5 5793.3 3
6025.4 2 5834.7 | 5752.0 5
5997.1 2 5827.9 8 5750.3 1
5986.2 4 5824 .4 2 5748.7 10
5976.4 2 5823.3 2 5138.5 7
5973.6 7 5821.0 1 5727 .2 7
5971.5 1 5818.4 2 5726.6 3
5966.6 8 5817.7 ? 5720.4 10
5961.9 7 5814.0 8 5715.6 1
5951:5 8 5811.2 2 5700.2 3
5929.9 10 5782 .2 4 5686.8 2
5918.6 10 5782 .1 4 5677 .7 2
5908.3 3 5779.8 6

1 Adapted from Herzberg,G.,Hougen,J.T.,Watson,J.K.G. (1982)
Can.J.Phys. 60:1261.
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TABLE 25 (1)

Hy INFRARED FEATURES OF THE 3d — 2p 2E TRANSITION

WAVELENGTH I

(HM) (obs)
.56945
.54842
.53666
.53434
.52885
.52701
.51529
.51434
.51193

w

NN DN N
e A =
R B O O o b Oy W W

WAVELENGTH I

(M) (obs)
.50911
.49777
.48830
.47878
.46607
.45283
.44062
.39077
.38040

w

NN NN DN DN NN
©O OO ©O B O W mK» ¥
w W W O K Nd WY

1 Adapted from Herzberg,G.,Hougen,J.T.,Watson,J.K.G.

Can.J.Phys.60:1261.

WAVELENGTH I

(1M) (obs)
.33781
.32590
32257
.30655
.26857
.25728
22513.8
22434.2

NN N
O O 0O OO0 R R R
© B g 0 DO W W

(1982)
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CHAPTER 5

THE OBSERVATIONS

The H3 lines discussed in the previous chapter have never

been positively identified in any planetary nebula. The plan-
etary nebula NGC 7027 is thought to be a good candidate nebula
for the search for these lines (as discussed in Chapter2),
and indeed, initial spectral searches proved promising. 1In
1984, a previously unidentified line was detected near 5624 A

by C.Pritchet and C.Grillmair and was tentatively identified

as a parallel transition feature of H3. As this was the only
candidate H3 line found, the identification remained uncon-
firmed. More observations were required to detect other Hj
lines, and the collection of the new data is the topic of

this chapter.

5.1 AuGuUsT, 1984

Pritchet conducted a search for the 7100A lines of Hj3 in
August of 1984 with the 1.83m telescope at the Dominion
Astrophysical Observatory (DAO). The spectrograph used had a
1200 lines/mm grating, blazed at 7500A and equipped with an
order filter to prevent ultraviolet contamination of the
data. The telescope was fitted with extended red optics

(enhanced silver coatings) in its 53 cm focal 1length F/5
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camera mirror. The spectrographic resolution was 0.2A/pixel,

and the observing slit was opened to 0.2 mm.

The spectra were recorded by a RETICON™ RL 1872 photodiode
array, but no image intensifier was used in order to record
the highest possible signal to noise (SN) ratio. With suffi-
cient exposure times, this apparatus can easily generate SN
ratios of several hundred for bright emission lines, and can

record comparison arcs of full width-half maximum <1A.

The observations were made from August 7/8 to 10/11,1984.
Sky conditions during the observing run were compromised by
intermittent cloud, but the atmospheric "seeing" ranged from
3arcseconds (3"), down to an outstanding 1". Full moon
occurred on the night of the eleventh, so skies were bright
throughout the observing run. This was not considered
troublesome because of the extreme redness of the wavelength

region under study.

Midnight culmination of NGC 7027 occurs on August 9, since

its (1987.0) equatorial coordinates are:

a = 21h 06m 32s

& = +42° 11* 30"
The PN was consequently observable for the entire night. It
should be noted that the interval between the astronomical
twilights is only five hours at this time of year in

Victoria. In practice it was however possible to make
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observations for over an hour past astronomical dawn because
of the observed wavelength region and the westerly apparent

position of the nebula.

It was anticipated that the telluric absorption lines of
the Earth's atmosphere would interfere strongly with the
recorded data, and for that reason spectra of the hot stars
vCygni and Vega (tLyrae) were taken on the same nights. These
spectra were to serve as "flat field" measures, for which the
spectral response of the RETICON™ and the absorption function
of the atmosphere were to be recorded. It was necessarily
assumed that the spectra of these stars are both unsloped and
featureless in the small wavelength interval between 71004

and 7300A.

The light of the night sky was also collected in order to
identify emission features of terrestrial origins. Typical
sky exposures were from 900 to 1800 seconds long. Finally,
the spectrum of a neon-cadmium comparison arc was recorded on

6 frames.

A total of 62 frames were taken over the four nights, of
which 17 were spectra of NGC7027 taken near 7100A. Nebula
exposures ranged from 3600 to 5400 seconds, for a total of
integration time of nearly 62000 seconds. The data were re-

corded directly to a 1/2 inch format magnetic tape by a Nova™
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1200 computer. The data tape was recorded at a density of 800

bpi.

A complete listing of all exposures taken by Pritchet
during the four nights of his observing run is included in

Appendix1.1.

5.2 AuGUST, 1986

Pritchet's observations were repeated by the author in
the summer of 1986, wusing the same telescope and
spectrophotometric apparatus as Pritchet. The author's
observations covered a wavelength range of =6900A to 73004,
and were recorded under moonlit skies on the six nights of

August 16/17 to 21/22, 1986.

Atmospheric seeing during this observing run was good,
and ranged from 3" down to nearly 1" just before the dawn.
Atmospheric transparency was also generally good, with no
high altitude éirrus cover, but with some ground haze. As the
apparent altitude of the nebula ranged from 42° to 84°, the
low—altitude haze did not significantly obscure the nebula.
However, the moon had reached full phase on August 19, so the
ground haze scattered a great deal of moonlight as well as
street-light. The sky was very bright, with a typical naked-
eye stellar limit of 4.5 magnitudes at the =zenith. It was

hoped that this would not be a major problem because of the
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sanguinary wavelength region under study. This appeared to be
the case, as the telescope's exposure meter recorded a count
rate nearly 10 times greater for the nebula than for the

nearby sky.

The nebula was recorded with the various integration
times ranging from 1200 to 15000 seconds. A total of 18

nebula frames were recorded during the six nights, for a

total integration time of 81600 seconds. Spectra of vCygni,

Vega and the empty sky were taken as well. The spectrum of
the Ne-Cd arc was recorded before and after each frame to
determine the change in the pixel/wavelength correspondence

with the telescope's hour angle.

The observing records for the six nights have been

included in Appendix1.2.
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CHAPTER 6

REDUCTION OF THE DATA

In this day of digital recording devices and storage
systems, computers play an important part in turning raw data
into written conclusions. The purpose of this chapter is to

describe the computer procedures used to reduce the data.

6.1 RETICENT

The raw data were reduced using the University of British
Columbia's RETICENT spectrophotometric reduction package. This
package was installed in the University of Victoria's vax™
11/750 mini-computer by Pritchet in 1982. An introductory
description of RETICENT is found in a paper by Pritchet,
Mochnacki and Yang (1982), to which the reader is urged to
refer if necessary. Also, Appendix2 contains a synopsis of

the italicized RETICENT commands mentioned in this chapter.

RETICENT stores recorded spectra in individual data frames
and allows them to be manipulated by simple one word commands
or by command sequences. The command sequences are referred
to as Macros, and are syntactically similar to programs in an

unstructured version of FORTRAN.
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The reduction procedure performed using RETICENT can be

summarized as follows;

1) All frames aligned to the same pixel/wavelength

correspondence.

2) The dispersion function of the frames determined.

3) Frames corrected for telluric absorption and sky

contamination.

4) Frames coadded to detect very faint emission

features by increasing the signal to noise ratio.

6.2 FRAME ALIGNMENT

A frame alignment procedure is required because of
flexure in the 1.83m telescope's optical assembly. This flex-
ure results in a slow change in the pixel/wavelength
correspondence with the telescope's hour angle. Furthermore,
the grating rotation may be changed by tests and adjustments
made between observing sessions, resulting in changes in the

position of the spectral lines.

To align the emission spectrum frames, they were first
displayed on a Tektronix™ graphics terminal using RETICENT's
Tek command. Tek allows two (or more) frames to be simultane-

ously plotted on the terminal using the O (overplot) sub-
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command. The difference between positions of emission lines
on the overplotted frame and the base frame was then
measured. The measured differences ranged from a fraction of
a pixel (for frames taken sequentially) to 250 pixels for

frames taken after the grating was deliberately rotated.

Next, the Shift command was used to roughly align the
frames. The two frames were again displayed on the Tektronix™
terminal, and the process was repeated (if necessary) until

the two frames were aligned as closely as possible.

The Posn command was then used to calculate any residual
misalignment of the frames to the nearest tenth of a pixel.
Posn works by searching the data for the center of an
absorption or emission feature within a certain number of
pixels (usually three) from a specified position. The average
distance of the located line centers to the specified pixel
positions is then calculated and displayed. It is necessary
to align the frames visually before Posn is called to ensure

that the program manages to find the right emission lines.

Shift was again called, using the mean shift wvalue
calculated by Posn as the shifting parameter. Displaying the
aligned frames with the Tek command should then result in a

complete superposition of the two frames.

The alignment was next checked with the Sub command,

which subtracts one frame from the other. If the frames are
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properly aligned, the height of the emission lines will be
reduced after Sub is used. If the frames are misaligned the
emission line will have a "mirror image" absorption line next

to it on the subtracted frame. (See figures 10 and 11).

FIGURE 10

THE RESULT OF SUBTRACTING TWO MISALIGNED NGC 7027 FRAMES
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All the Ne-Cd comparison arc frames were aligned to a
"base" frame, which was arbitrarily chosen to be the first
frame taken on August 16,1986. A plot of "frame shift versus
hour angle" was then made and found to be very nearly linear.
The shift required to align the first NGC 7027 frame with the
base frame was consequently determined by linearly inter-

polating the shifts of the two Ne-Cd frames taken before and
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after it. All NGC 7027 frames were then aligned to the first

planetary nebula frame.

FIGURE 11

THE RESULT OF SUBTRACTING TWO ALIGNED NGC 7027 FRAMES
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The spectra of the comparison stars lack sharp features,
and so can not be precisely aligned to each other as can the
nebula and the comparison arc frames. Instead, the required
shift values were estimated by averaging the measured shift

values of the spectrum's two comparison arc frames.

Using the Shift command to shift spectra by a non-
integral number of pixels results in a Fourier reduction of
the spectrum followed by an application of the Fourier shift

theorem. Unfortunately, the Fourier reduction of an emission
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spectrum introduces an oscillatory "ringing" that signifi-
cantly alters the spectrum's noise characteristics near
strong emission lines. This ringing can be seen by comparing

figures 12 and 13.

This ringing is particularly troublesome in the 71004

frames, since the intense 7136A feature of [Ar1Ir] lies in

the middle of the sought after H3 lines. To remove the

ringing, one must use the Filter command.

FIGURE 12

AN ENLARGEMENT OF AN UNSHIFTED NGC 7027 FRAME ABOUT A
BRIGHT EMISSION LINE
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FIGURE 13

AN ENLARGEMENT OF AN NGC 7027 FRAME AFTER A NON-INTEGRAL

SHIFT
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Filter employs a somewhat convoluted Fourier analysis
procedure to quell the Fourier ringing. The filter that was
used was defined by the command

FiltDef 32,64,0.25,0.3125,0.5,0.625,0.75,0.8125

(See Appendix 2 for an explanation of the FiltDef command.)

Filter reduces the ringing to simple oscillatory noise.
These oscillations can now be suppressed with the Smooth
command. The final result is a relatively noise free,
properly aligned spectrum. The filtered spectrum is shown in

Figure 14, while Figure 15 shows the smoothed version.
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FIGURE 14 “

THE EFFECTS OF FILTERING A SHIFTED NGC 7027 FRAME:

AN ENLARGEMENT ABOUT A BRIGHT EMISSION LINE
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FIGURE 15

THE EFFECTS OF SMOOTHING A FILTERED AND SHIFTED NGC 7027
FRAME : AN ENLARGEMENT ABOUT A BRIGHT EMISSION LINE

10000

K- B3Ot B H
o
1

-10000 [

d 1
+ T

-+~

Pixel #

" 1000 1100 1200

6.3 FRAME DISPERSION

To determine the frame dispersions, the wavelengths of
the Ne-Cd arc lines and the prominent nebula lines were first
entered into data arrays with the Data command. The Tek
command was then used with an array name specified as a
parameter to record the positions of the spectral features.
Finally, the Disp command was used to determine the
dispersion coefficients using the wavelength array and the

pixel position array as parameters.
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Using the Sub command to check the frame alignments also
reveals differences in the dispersion of two frames. A change
in the frame dispersion will result in some of the emission
lines being properly aligned, but others (usually near the
frame edges) being misaligned. If a noticeable change in the
dispersion was found, then the Stretch command was used to

place the frames on a common wavelength scale.

Stretch was used (more or less experimentally) on only a
few frames as the dispersion of the various aligned frames
did not appear significantly different. As an added check for
variation in the dispersions, the dispersion coefficients of
different frames were found. These were then used. to
calculate line wavelengths independently on several frames.
The variation in the determined wavelengths using the differ-
ent dispersion coefficients was <0.2A, which was considered

acceptable.

6.4 TELLURIC ABSORPTION

The 7100A frames are significantly affected by the
atmosphere's telluric absorption bands. These bands are
clearly visible as a series of sharp absorption lines at

A27170A on the spectra taken of the comparison stars (Figure

16) . Correcting for these bands could be done by dividing the
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planetary nebula frames by the comparison star frames with

the Div command.

Dividing the comparison's star spectrum from the nebula
will adversely affect the data unless the comparison star's
spectrum is naturally unsloped and featureless in the
required wavelength region. All irregularities in the stellar

spectrum must be due to the Earth's atmosphere.

This requirement limits the choice of comparison stars to
hot stars positionally close to NGC7027. The comparison stars

chosen were Vega (tLyrae) and VCygni, which are both of the

spectral type AO. Their optical spectra are quite featureless
at wavelengths longer than Ho, and since 7100A lies well away
from the peak of the Planckian curve for a T210000K radiator,
their spectra are also relatively flat over the small

frequency interval of the spectrum.

The division procedure was at first unsuccessful, since
the telluric absorption lines were incompletely removed.
Frame division created emission-like bumps on the nebula
frames (Figurel7). It was found that this problem could be
largely corrected by adding a constant integer to each data
point in the nebula frame before division by the stellar
frame. A Macro was written that added sequential integers to

the planetary nebula frames before division, and then
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selected that integer that best minimized the bumps (Figure

18) .

—_—, s —

FIGURE 16

SPECTRUM OF VEGA SHOWING TELLURIC ABSORPTION BANDS
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It is clearly seen in Figurel6 that telluric absorption

is minimal or nonexistent in the wavelength interval A=7100A4A
to 7170A. The brightest lines in Hj3's perpendicular emission
band all lie within this window, and so we would not expect

the telluric absorption to significantly affect the

detectability of the H3 emission lines.
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NGC 7027 FRAME AFTER DIVISION BY VEGA FRAME
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FIGURE 18

NGC 7027 FRAME AFTER DIVISION BY VEGA FRAME
THAT HAS HAD A CORRECTING INTEGER APPLIED

10000 T T T T T T T T T T Y v T v -y - T T

K adkr-0B30dDH
o

-10000

-+~

-+
-
b

" 1100 1300 1400
Pixel #

6.5 SKY EMISSION

It is very easy to correct for sky emission if exposures
of the sky are taken with the observations. A simple
subtraction (using the Sub command) of the sky frame from the
nebula frame will remove the atmospheric light quite easily,
provided that the exposure times of the two frames are
similar. When the exposure time of the sky frame is some
fraction of the exposure time of the nebula frame, the two

frames are respectively multiplied by the denominator and by
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the numerator of that fraction (using the MultI command)

before they are subtracted.

6.6 COADDITION

If one assumes that signal noise 1is random (i.e.
uncorrelated with pixel number), then the signal to noise
ratio of two frames will tend to increase when the frames are
added together. In fact, it can easily be shown using Poisson
statistics that the signal to noise ratio of coadded frames
increases with Jﬁ; where N is the number of coadded frames
(provided that the SN ratio of each of the N frames is
equal). The SN ratio of the 7100A frames can consequently be
increased by almost a factor of 6 by coaddition, since there

are 35 of them.

In addition to a simple suppression of random noise, an
effectively longer exposure can be simulated by coadding
separate frames while neatly side-stepping many of the
practical problems of taking a single exposure. The major
problem with long exposures is that emission lines recorded
in a long exposure (i.e. an exposure taken while the
telescope moves over several hours of angle) will appear
artificially broadened because of flexure in the telescope
apparatus. Taking several shorter exposures ameliorates this

problem since each frame is aligned before coaddition. The



160

other difficulty resulting from taking a few long exposures
is the inability to distinguish emission lines from freak

occurrences, such as cosmic ray events.

The advantages of taking many smaller frames is lessened
by the introduction of read-out noise at the end of every
integration. However, each individual exposure was at least
an hour long, and the read-out noise was very small compared
to the strength of the signal collected in this time. Walker,
Johnson and Yang (1987) have determined that the read-out
noise is typically 370 electrons rms, resulting in a typical

signal to read-out noise ratio of =10 on the continuum.

6.7 FLAT FIELDING

The response of the RETICON™ detector is not flat, but
shows pixel-to-pixel variations as well as sensitivity
variations with spectral region. This is potentially a very
difficult problem, as artificial bumps in the nebula's
continuum produced by variations in detector sensitivity

could be misidentified as faint emission features.

The RETICON™ software at the DAO will automatically
measure the detector bias and subtract this from the data

before it is stored on disk (or tape).
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The response characteristics of the RETICON™ after bias
subtraction were determined from incandescent lamp spectra,
which is of course free of emission lines. It was proposed
that the lamp frames could be divided from the nebula spectra
before frame alignment to correct for pixel response.
However, this proved very unsatisfactory because of the
vastly greater baseline intensity of the lamp spectra. It is
necessary to normalize the the lamp spectra by a correcting
integer before division. A Macro was written to vary the
normalizing factor inside a "Do loop", and choose that number

which resulted in the flattest nebula continuum.

It was however still possible that detector response
variations were affecting the data, even after these
procedures. It was deemed necessary to check for this by
visual inspection of frames undergoing different degrees of
processing. It was hoped that features that were reduced in
intensity (but not eliminated) by these procedures could be

detected in this way. However, none were found.
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CHAPTER 7

THE RESULTS

After the data suffer the indignity of computer
manipulation, the frames must be inspected and conclusions
must be drawn. The purpose of this chapter is to discuss the
spectral data and present the final conclusions, and includes

lists of newly identified spectral features.

7.1 SPECTRAL LINE SEARCHES

After computer processing, the frames were individualiy
searched for possible emission features, and all bumps that
occurred on several frames were included in a preliminary
list of possible lines. The line candidates were then sorted
from spurious features and sky emission lines before

inclusion in the lists of new spectral features.

The 7100A frames present a special problem in line
identification, as small breaks in the telluric absorption
spectrum appear as bumps in the continuum of the planetary
nebula. These could easily be mistaken for emission features.
Furthermore, it could not be easily ascertained whether or
not the candidate emission lines were the result of detector
response variations despite the previously discussed correc-

tion procedures.
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It was felt that two independent line searches should be
carried out in order to be sure that all emission features
were extraterrestrial in origin. The first search was done on
the raw data that were unprocessed by RETICENT. The lines
found on the raw nebula frames were compared to sky
exposures, and any emission features common to both were

removed from the list of possible nebula lines.

The problems of detector response variation and telluric
absorption were solved in a similar manner. The 1lines
discovered on undivided nebula frames were compared to lamp
exposures (taken by Pritchet) and the comparison star frames.
Any candidate emission line could not have a similar

appearing counterpart on the non-emission spectra.

The detector response problem was also addressed by com-
paring nebula frames taken before and after the spectrograph
grating was rotated. If a candidate spectral feature remained
at the same pixel position after the grating was rotated, it
would be removed from the emission line list. No false spec-

tral features were found in this manner.

The nebula exposures were again searched after the data
were sky subtracted and divided by the stellar frames. The
loss of signal to noise in the subtraction procedure was

overcome by frame coaddition. All the features in the final
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line 1list were detectable on both the processed and

unprocessed frames.

In order to be included in the line lists, each line has
to have a scale height greater than 30 on at least some of
the frames. It was also required that the intensities of the
candidate lines systematically increase when frames are

coadded.

It is strongly felt that none of the faint emission
features discovered in the nebula's spectrum is of
terrestrial origin or is an artifact of the RETICON ™

detector. The final list of the newly discovered emission

lines near A=7100A appears in Table 24.

The measured full width at half maximum of the new lines
is =1.5A, which is similar to the width of the previously
identified atomic transition lines. The exception to this is
the line at A=7253.7A, with an FWHM of slightly less than 3
A. There is no indication that this line is resolved into

separate components.
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TABLE 26

NEWLY DISCOVERED SPECTRAL FEATURES OF NGC 7027 NEAR 710034

WAVELENGTH ION MULTIPLET RELATIVE IRRADIANCE
(A) INTENSITY (WATTS/M?2)
7032.4 Ne I 1 0.16 1.2x10-16
7112.4 G Ir 20 0.07 5.3x10"17
7115.1 ol 20 0.06 4.6x10°17
7154.6 P 0.20 1.5x10°16
7159.8 0.06 4.6x10"17
7230.2 FIII 0.25 1.9x10°16
7244.0 0.09 6.9x10"17
7253.7 Ar 11 0.17 1.3x10°16

_——— —_—

The ION column contains the species responsible for emis-
sion if it has been identified, while the MULTIPLET column
refers.to multiplet number in C.E.Moore's Revised Multiplet
Table (1945). Those lines without a MULTIPLET number were
identified from Kurucz and Peytremann (1982). It should be
noted that all line identifications are highly tentative. A
second line of any of the identified multiplets is never
observed, with the single exception of the pair of C1II lines.
The value of RELATIVE INTENSITY is determined by averaging
the measured intensity ratios of the new line to that of
[Ar111]'s 7170A line (see Appendix3). All RELATIVE INTENSITY
values are converted to a percentage scale with I(HB+Pi8) =
100 by multiplication by the relative intensity of the 7170A
line from Kaler etal. (1976, see Table2). The error in the
RELATIVE INTENSITY value 1is on the order of 20%, and all
values are uncorrected for atmospheric absorption. The value

of IRRADIANCE is determined from the HP irradiance calibra-

tion by Shaw and Kaler (1982).
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7.2 CONCLUSIONS

It can easily be seen by comparing the lines listed in

Table 26 with the Hj features in Table 22 that there is no evi-
dence of Hjz emission in NGC7027. We therefore dispute the

tentative identification of the 5624 A emission feature as Hj

emission.

The irradiance of the faintest lines that were recovered
is =5x10"17W/m2, giving them a radiance of =8x10"9Wm 2sr~1
assuming that the nebula's a angular size is 6x109sr
(Atherton etal.,1979). The brightest line in the spectrum of
H3y in this region is the 7156.74A blend of Q and R branch
transitions, and so it found that the radiance of this blend

must be <8x10-9Wm2sr1.

King and Morokuma (1979) have calculated that the
theoretical value of the transition moment of the 7100A
transition is 3.36x10729Cm. We also find from the system's
Hénl-London formulae that the 7156.74A blend obtains 14 % of

the radiant energy of this transition. We can then determine

that the column density of H3 in the upper state of this

transition is £300m~2, which is a much higher limit than that

found from chemical arguments in Chapter 3.

The reader will recall that it was found in Chapter 3 that

H2+ is largely prevented from forming Hj3 by rapid dissociative

recombination with ambient electrons in the partially ionized
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transition zone. In the cold molecular envelope electrons are

very rare, and most H3+ is destroyed by ion-molecule
reactions, and consequently does not recombine to form Hy. The

total column density of all H3 molecules is found to be twelve

orders of magnitude less than the minimum required in the
upper state of the 7100A transition in order to have detected

that transitions most intense feature.

It is however found that the published chemical models
discussed in Chapter 3 have problems, as shown by the strength
of ultraviolet H2+ absorption in various planetary nebulae.
However the discrepancy between observation and theory might
be resolved if the models are less idealized. Specifically,
it is found that the largest problem with current chemical
models for the transition zone is the lack of dust in the
model nebula. It is therefore suggested that chemical
equilibrium models be written that include the effects of
dust grains. These models should be run many times with
different grain-size distributions, since there 1is some
evidence of grains of extremely small size (=5A) in addition

to grains of typical interstellar diameters (=103A). The

different predicted abundances of H,* could then be compared

to the H,* column densities observed in other nebula.

A worthwhile project for the future would be a detailed

model of NGC7027's infrared H; emission. This model should

account for the transition zone H, as well as the molecular
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envelope H,;. The transition zone H,; would be excited by UV

radiation and residual energy from gas-phase formation
reactions, while the molecular envelope H, must be excited by
shocks through an inhomogeneous medium. The results of these
models can then be compared to the observed intensity of the

infrared bands, as well as their intensity ratios.

Another theoretical study that has yet to be carried out
is a time dependent chemical model of planetary nebula. It
was shown that a time independent approach is adequate for
both the cold molecular envelope and the hot transition zone,
but no mention of a hot molecular envelope was made. It is

possible that significant H3 may form in the ME after it is

heated by the passage of the shock front. The postshock

density of Hj3 cannot be estimated since the chemical models of

shocked interstellar gas that have been written to date have
not included H3 as one of the molecules. Nor have they
incorporated the high ionization rates produced by a nearby

hard UV source.

Recent observations of other planetary nebulae have
produced intriguing results that deserve the attention of the
theoreticians. Storey etal. (1987) have shown a correlation
with H, emission strength and morphological type in a sample
of 37 PN's (including NGC 7027) . They determined the intensity

ratio of the 2.12um H, line and atomic hydrogen's Brackett?y

line (at 2.16um) for each nebula. It was found that the ratio
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tends to be higher in those nebulae with a pronounced
equatorial toroid and extended polar lobes. It is proposed
that a strong stellar wind interacts with previously ejected
material that 1is distributed in an equatorial disk. We can
incorporate Storey etal.'s findings into a model of NGC 7027's
H, emission by allowing for a latitudinally varying density
distribution of the preshock gas, in addition to a random

clumpiness.

Concerning future observational projects, there is a
plethora of H3 emission features that have yet to be searched
for with our new spectrophotometric techniques. Most notably,
the 6025A band contains sharper lines than do the 7100A and

the 5600A bands, and so deserves close scrutiny.

The infrared signature of H3 and H3' may be present in NGC

7027. The molecule H2D+ has a strong dipole moment and may

also be detectable at millimeter wavelengths. Because of
atmospheric interference and the relatively low quantum
efficiency of long wavelength detectors, these observations
are however inherently more difficult to make than optical
observations. Fortunately, the sensitivity of infrared and
submillimeter equipment is continuously improving. Future
observations of molecules in planetary nebulae may someday
provide valuable information of the chemical reactions and

isotopic abundances of these chemically evolved objects.

* * * *
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APPENDIX 1

THE OBSERVING RECORDS

1.1 AuGusT, 1984

Date:_7/8 Aug 84 Observatory:_DAQ Telescope:_1.83m Page:1l
Program:_NGC7027 Observer:Pr
Spectrograph:_21121ER  S1lit/I.S.:_Slit Remarks: N.B.clock

Grating:blaze:7500 1/mm:1200 width: 0,008 _is set
order:_1 tilt:66.91° decker: narrow _to PDT
image tube:_No order filter:Yes

Tape: Detector:1872 Reticon Computer: _Nova 1200

gain: High prog:

File# | Rec#/ Object |Exposure | Seeing Time # of | Signal

(seconds) | (" ) lof start|records

14 1-3 |Ne-CdArc 3 3
4-6 Vega 20 3 21:59 3 ~1000
7 NGC 7027 600 2 22:59 1
8 NGC 7027 3600 23:05 1
9 Sky 1800 00:10 1
10 Vega 20 01:00 1
11 |Ne-CdArc 3 1
12 NGC 7027 3600 3 01:14 1
1.3 garbage 1
14 Sky 1200 02:16 |

15-16] NGC 7027 3600 02:41 2
17 Sky 900 04:43 1
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Page:_2
Date:_8/9 Aug 84 Observatory:_DAO Telescope:_1,83m
Program:_NGC7027 Observer:Pr
Spectrograph:_21121ER S1lit/I.S.:_Slit Remarks: N.B.clock
Grating:blaze:7500 1/mm:1200 width: 0,008 is set

order:_1 tilt:66,91° decker: narrow to PDT
image tube:_No order filter:Yes
Tape:_______ Detector:1872 Reticon Computer: _Nova 1200
gain: High prog:
File# | Rec#| Object |Exposure | Seeing Time # of | Signal
(seconds) (" ) Jof start|records
15 1-4 Vega 10 1 4 3000
5 vCygni 200 1 21:50 1 1092
6 |Ne-CdArc - 1
7 NGC 7027 3600 1 1
8 Sky 900 1
9 NGC 7027 3600 23:29 1
10 Sky 900 00:31 i
11 |Ne-CdArc 3 00:52 1
12 Vega 10 2 01:01 1 1800
13 vCygni 200 1 01:10 1 1952
14 garbage
15 NGC 7027 3600 1.5 01:19 1
16 Sky 900 02:21 1
17-18| NGC 7027 3600 02:38 2
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Page:_3
Date:_9/10 Aug 84 Observatory:_DAQ Telescope:_1.83m
Program:_NGC7027 Observer:Pr
Spectrograph:_21121ER S1lit/I.S.:_Slit Remarks: N,B.clock
Grating:blaze:7500 1/mm:1200 width: 0,008 is set

order:_1  tilt:66.,91° decker: narrow to  PDT
image tube:_No order filter:Yes

Tape: Detector:1872 Reticon Computer: _Nova 1200

gain: High prog:
File# | Rec#| Object |Exposure | Seeing Time # of |Signal
(seconds) (" ) lof start|records

16 1-10 Lamp 2 10 1950
11 |Ne-CdArc & 1
12 Vega 5 21:30 i ~2000
13 v Cygni 200 1.5 21:45 1
14 |Ne-CdArc 3 1.
15 | NGC 7027 5400 21456 1
16 Sky 900 23:27 1
17 | NGC 7027 5400 23:44 1
18 Sky 900 01:36 1
19 | NGC 7027 5400 01:56 1

New grating rotation, 6=74.05°.Check for Fe coronal lines!
20 | NGC 7027 3600 03:31 1




178

Page:_4
Date:10/11 Aug 84 Observatory:_DAO Telescope:_1.83m
Program:_NGC7027 Observer:Pr
Spectrograph:_21121ER 81it/1.8.2 814t Remarks: N.B.clock

Grating:blaze:7500 1/mm:1200 width: 0,008 is set
order:_1 tilt:66,91° decker: narrow to PDT
image tube:_No order filter:Yes

Tape: Detector:1872 Reticon Computer: _Nova 1200

gain: High prog:

File# | Rec#| Object |Exposure | Seeing Time # of | Signal

(seconds) (" ) Jof start| records
N 1 Vega 10 21:52 1 2692
2 NGC 7027 5400 22211 1
3 Sky 900 23241 1
4 NGC 7027 5400 00:01 1
5 Sky 900 01:34 1
6 NGC 7027 5400 01:51 1
¥ Sky 900 03:24 1
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1.2 AuGuUST, 1986

Date:__Sat/Sun Aug 16/17 1986
Spectrograph:21121ER, Direct Reticon, 5970(7-51)order filter

Observer: _Gu + Gy

Star Record # Time (PST) H.A. Ppeeing Exp
start end start il Counts

NGC 7027 | 3340C 3341* 3342€ | 00:01 01:02 |00:23E 2 950

Vega 3343C 3344% 01:22 +10" |04:14W | 2 1000
Vega 3345C 3346* 01:23 +20" | 04:16W 2000
Vega 3347C 3348* 01:26 +10" |04:17W 950

NGC 7027 | 3349€ 3350* 3351C | 01:42 | 3:00 |02:06w | 1.5 | 100
v Cygni 3352€ 3353* 03:34 | 03:42 | 3:45W
v Cygni 3354* 3355C | 03:43 | 03:48 | 3:54W

NGC 7027 3356 04:00 04:20 | 4:22W 376
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Date: Sun/Mon Aug 17/18 1986
Spectrograph:21121ER, Direct Reticon, 5970(7-51)order filter
Observer: _Gu + Gy

Star Record # Time (PST) H.A. Peeing Exp
start end start ' counts

Vega 3357C€ 3358* 3360C | 20:16 | +10" |00:44E | 2

Vega 3358% 3362C | 20:18 | +20" |00:45E

NGC 7027 | 3363C 3364* 20:32 | 21:32 |03:00E 1000

NGC 7027 | 3365C 3366 3367C | 21:37 | 22:39 |01:56E 1000

vCygni | 3368€ 3369 22:46 | 22:51 |00:40E

Vv Cygni 3370* 3371C | 22:52 | 23:02 |00:32E

NGC 7027 | 3372€ 3373* 3374C | 23:05 00:44 |00:27E | 1.5 | 1500

NGC 7027 3375* 3376C | 00:45 | 01:56 |01:11w | 1.5 | 1000
vCygni 3377¢ 3378* 02:05 | 02:10 |02:41wW
v Cygni 3379* 3380C | 02:10 | 02:20 |02:46W
NGC 7027 | 3381C 3382 3383C | 02:27 | 03:42 |02:53W 1000

Vv Cygni 3384C 3385* 3386C | 03:51 | 04:01 |04:27W 1




Date:___Mon/Tues Aug 18/19 1986
Spectrograph:21121ER, Direct Reticon, 5970(7-51)order filter
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Observer: _Gu + Gy

Star Record # Time (PST) H.A. Exp
start end start counts

Vega 3387C 3388* 3389C | 20:38 | +10" |[00:17E

Vega 3390€ 3391* 3392€ | 20:40 | +20" [00:15E

Vega 3393C 3394* 3395C | 20:48 | +30" [00:12E

Vega 3396C 3397* 3398C | 20:52 +40" | 00:09E

NGC 7027 | 3399C 3400™ 3401€ | 21:07 | 22:32 |02:23E 1200

Sky 3402 22:36 | 23:38 |00:54E 100

NGC 7027| 3403C 3404* 3405€ | 23:42 | 00:48 [00:10W 1000

vCygni 3406C 3407%3408C | 01:00 | 01:05 [01:18W

v Cygni 3409™ 3410€ | 01:10 | 01:20 |01:28W

vCygni 3411% 3412€ | 01:24 | 01:44 [01:42W

NGC 7027 | 3413C€ 3414* 3415€ | 01:56 | 03:18 |[02:25W 1000

vV Cygni 3416C 3417%3418C | 03:34 | 03:39 |03:53W

v Cygni 3419™ 3420C€ | 03:43 | 03:54 |04:01W
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Date:__ _Tues/Wed Aug 19/20 1986
Spectrograph:21121ER, Direct Reticon, 5970(7-51)order filter
Observer: _Gu + Gy + TBL

Star Record # Time (PST) H.A. PBeeing Exp
start end start i counts

Vega 3421C 3422* 3423C | 20:07 | +20" |00:50E | 3

Vega 3424 3425C€ | 20:11 +40" | 00:46E

Vega 3426™ 3427C | 20:14 | 20:15 |00:43E

Nova Cyg | 3428C 3429™ 3430C | 20:27 | 20:55 |01:49E 1500

Nova Cyg 3431% 3432C€ | 20:58 | 21:45 |01:16E | 2 3000

NGC 7027 | 3433C 3434* 3435C | 21:57 | 23:04 |01:30E 1000

NGC 7027 | 3436C 3437* 3438C | 23:11 | 00:14 |00:1SE 1000

Sky 3439€ 3440™ 3441 | 00:20 | 01:23 |00:53W 123

vCygni | 3442C 3443*3444C | 01:35 | 01:40 |01:57W | 1.5

Vv Cygni 3445* 3446C | 01:44 | 01:54 |02:06W

NGC 7027 | 3447C€ 3448 3449C | 02:06 | 02:38 |02:398E 1300
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Date:___Wed/Thur Aug 20/21 1986
Spectrograph:21121ER, Direct Reticon, 5970(7-51)order filter
Observer: _Gu + Gy

Star Record # Time (PST) H.A. peeind Exp
start end start " Counts

Vega 3453C 3454* 3455C | 20:16 | +10" |00:37E | 2

Vega 3456* 3457C | 20:20 | +20" |00:32E

Vega 3458* 3459C | 20:25 | +20" |00:28E

Vega 3460* 3461C | 20:28 | +30" |00:24E

Vega 3462* 3463C | 20:32 | +30" |00:19E

NGC 7027 | 3464C 3465* 3466C | 20:40 | 22:52 | 02:44E 2000

Sky 3467C 3468* 3469C | 22:56 | 23:26 [00:26E 80

v Cygni 3470C 3471%3472C | 23:42 | 23:52 |00:07W
vCygni 3473* 3474C | 23:56 | 00:16 |00:22W

Nova Cyg 3475C 3476* 3477€ | 00:31 02:36 | 02:20W 1 4000

NGC 7027 | 3478€ 3479* 3480C | 02:42 03:55 |04:40E 1000
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Date:__ _Thur/Fri Aug 21/22 1986
Spectrograph:21121ER, Direct Reticon, 5970(7-51)order filter
Observer: _Gu + Gy + TBL

Star Record # Time (PST) H.A. Peeing Exp
start end start " count s

Vega 3481C 3482* 3483C | 21:28 | +20" | 00:33w| 2

Vega 3484™ 3485C | 20:20 +30" | 00:32W

Vega 3486* 3487C | 20:25 | +40" | 00:28W

Vega 3488* 3489C | 20:28 20:29 | 00:24w

NGC 7027 | 3490C 3491% 3492C | 22:26 | 23:46 | 00:58E 1500

Sky 3493C 3494™ 3495C | 23:53 | 01:23 | 00:34wW 219

NGC 7027 | 3496C 3497* 3498C | 01:30 | 03:07 | 02:11W 1500

vCygni | 3499€ 3500%3501C | 03:26 | 03:36 | 03:56wW| 1

VCygni 3502* 3503C | 03:39 | 03:44 | 04:09W
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APPENDIX 2
GLOSSARY OF SELECTED RETICENT COMMANDS (1)

Add
Add Pp1,P2,P3 [-,-,P1]
Word-by-word addition of frames Pl and P2. Result is
stored in frame P3.

Data
Data Varl
N1l,N2,N3,.../
Reads in up to 100 numbers in free format ending in
CRNTL/Z (interactive use) or "/" (non-interactive use),
and puts them in an array with name Varl. Up to 50 arrays
are allowed. NOTE: Array Varl will be created if it does
not already exist.

Disp
Disp P1l,Arrl,Arr2,P4 [0,-,-,5]
Dispersion polynomial is calculated using the spectrum in
frame P1l. Approximate line positions must be provided in
the array Arrl. Wavelengths should be placed in Arr2.
This command calls the command Posn to calculate exact
positions of extrema within NSearch pixels of specified
approximate positions.

Div
Div P1l,P2,P3,P4 [-,-,P1,10000]
Word-by-word division of frame Pl by P2. The result is
stored in frame P3. Division by zero produces a result of
zero. Real quotient is multiplied by factor P4 before
converting to 16-bit integer.

FiltDef
Filter P1l,P2,...,P16 [32,64,-,-,...]
Define a filter for use with the Filter command.
Parameters P3 and P4,P5 and P6, etc. are starting and
ending frequencies (as a fraction of Nyquist) of
"notches" in the Fourier domain (up to 7 notches are
allowed) .

1 Condensed from the RETICENT "“on line" documentation.
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Filter
Filter P1l,P2 [0,P1]
Frame Pl is filtered using the filter that was defined
and calculated with the FiltDef command. The result is
stored in frame P2.

Macro
Macro MacroName,Var2,...,Varlé
The Macro "MacroName" is defined by the ensuing commands
and terminated by the command End MacroName. Arguments are
represented by parameters Var2 -Varlé6.

MultI
Multi P1,P2,P3 [-,-,P1]
Multiplication of each word of frame Pl by constant P2.
The result is stored in P3.

NSearch
NSearch Pl [3]
Disp and Posn use an array of approximate spectral line
positions as input for calculating accurate line
positions. Each approximate position is searched over a
range +/- Pl. NSearch thus defines a tolerance to which
approximate line positions must be specified.

Posn
Posn P1l,Arrl,varl [0, -, -]
This command computes the positions of absorption or
emission features in frame P1l. The feature whose
positions will be computed are within NSearch pixels of
positions stored in "Arrl". If no third parameter is
present, then the positions are stored for future
reference. If a variable is present as the third
parameter, then the positions for each feature are
compared with positions which have previously been
stored. A mean shift is calculated, displayed, and stored
in variable "Varl".

Smooth
Smooth P1,P2,P3 [O0,-,-]
A P2 point running mean of frame Pl is calculated and
stored in frame P3.
N.B. 1) If P2 is even, then the spectrum ends up shifted
left (i.e.to smaller pixel numbers) by 0.5 pixels.
2) The first and last P2/2 points are set to zero.
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Shift

sShift P1l,P2,P3 [0,-,P1]

Frame Pl is shifted by P2 pixels. (P2>0 means shift

right). The result is stored in P3.

N.B. 1) Shift as used by the shift command is opposite in
sign to the output in the third parameter of the Posn
command.

2) If the shift to be applied is <0.001 pixels, no
action is taken.

3) A non-integral shift is performed using the
Fourier shift theorem.

Stretch

Sub

Tek

Stretch P1,P2,P3,P4 [0,-,P1,-]

A spectrum in frame Pl (for which dispersion coefficient
set P2 is valid) is stretched so that its wavelength
scale matches that of the current dispersion coefficient
set. The result is stored in frame P3. This is a means of
putting spectra on a common wavelength scale.

Sub P1,P2,P3 [-,-,P1]
Word-by-word subtraction of frames Pl and P2. Result is
stored in frame P3.

Tek P1l,Var2,var3,var4d [O0,-,-,-]

Frame Pl is plotted on the Tektronix™ (or equivalent)
using the IPPS package. After the plot a number of
interactive commands are available (hitM orV to list
subcommands) . Data can be appended (the + subcommand) or
deleted (the — subcommand) from the arrays with names
corresponding to the argument Var2 (cursor X
position),Var3 (cursor Y position),and Var4 (user entered
identification number) using the Tektronix™ cursor mode.

Subcommand D

The D subcommand integrates (sums) all intensity values
between two X-cursor positions and subtracts the
continuum level (which is defined as the current Y
position).

Subcommand O

The O subcommand (letter "oh") prompts the user for a
frame number to overplot (without erasing) on current
plot. The X and Y scales remain unchanged.
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APPENDIX 3
MEASURED INTENSITIES OF NEWLY DISCOVERED EMISSION

LINES

The intensity ratios of each newly discovered line to the
A=7170A [Ar11I] line are plotted for each of ten frames. The
ratios are plotted against the measured intensity of the
7170A line, which is a rough measure of the ten frames'
signal to noise ratio. Each frame is the coadded sum of all
exposures taken during a single night. The integration dates
and total exposure times of each frame are included in Table
28. It is required that there be no significant negative
correlation between the measured line intensity ratio and the

frame SN ratio.
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FIGURE 19

THE LINE INTENSITY RATIO I (7032A)/I(71704)
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The mean intensity ratio of the 7032A 1line is
I(A7032)/I(A7170) =0.14, with a standard error of 0.03. The

first and last points are however obviously spurious, and
ignoring these values results in the adopted mean of 0.116
and standard error 0.02 for the reduced sample.
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FIGURE 20

THE LINE INTENSITY RATIO I(7112A)/I(71704)
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The mean intensity ratio of the 7112A line is I(A7112)/
I(A7170) =0.068, with a standard error of 0.007.
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FIGURE 21

THE LINE INTENSITY RATIO I (7115A)/I(71704)
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The mean intensity ratio of the 7115A line is I(A7115)/
I(A7170) =0.064, with a standard error of 0.009.

FIGURE 22

THE LINE INTENSITY RATIO I (7155A)/I(71704)
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The mean intensity ratio of the 7155A line is I(A7155)/
I(A7170) =0.20, with a standard error of 0.009. |
—
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FIGURE 23

THE LINE INTENSITY RATIO I (7160A)/I(7170A4)
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The mean intensity ratio of the 7160A line is I(A7160)/
(A7170) =0.057, with a standard error of 0.008.
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FIGURE 24

THE LINE INTENSITY RATIO I (7230A)/I(71704)
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The mean intensity ratio of the 7230A line is I(A7230)/
I(A7170) =0.25, with a standard error of 0.02.
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THE LINE INTENSITY RATIO I (7254A)/I(71703)

FIGURE 25
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The mean intensity ratio of the 7254A line is I(A7254)/
I(A7170) =0.17, with a standard error of 0.02.

TABLE 27

THE MEASURED LINE 7170A INTENSITY AND INTEGRATION DATE
OF EACH COADDED TEST FRAME

Frame Measured 71704 Date of Integration

# Line Intensity D/M/Y

1 224 7-8/08/84
2 351 10-11/08/84
3 371 16-17/08/86
4 403 21-22/08 /86
5 431 20-21/08/86
6 500 18-19/08/86
7 522 8-9/08/84
8 530 19-20/08/86
9 602 9-10/08/84
10 902 17-18/08/86
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