TLE SPECTROPLOTOMETRY OF THE ORION NEBULA

Thesis by

Manuel E, Mendez

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1964



ACKNOWLEDGMENTS

It is my great pleasure to thank Dr, Guido Minch,
my advisor during my four years as a graduate student, liis
suggestions, criticisms and discussions regarding the thesis
work were of mayor importance, I am particularly grateful to
him for his ability in delineating to me how astronomical
research should be carried out, Finally, his patience and
encouragement, during my stay at Caltech, are sincerely
acknowledged,

I wish also to show my appreciation and gratitude
to Dr. Guillermo laro, who offered me his ronfidenece and his
support throughout the course of my graduate work,

Economical support, at one time or another, was
provided by the following organizations:

Observatorio Astronomico Nacional

Instituto Nacional de 1la Investigacidn Cientifica

Organization of American States

Banco de Mexico

I thank Dr, J, B, Oke for providing the photo-
electric standard stars in advance of publication, My
appreciation goés to all the graduate students who helped at
different stages of this work: Bartlett, Chandra, Kellerman
and Mihalas, I fhank my wife, Marta, for her help in assemb-

ling this thesis,



ABSTRACT

The spectral range from A3600 to All 000 has been
observed in the spectra of the Orion nebula, The large
‘amount of dust in tle nebula effects the intensity of tlie
lines, according to their wavelengths., The correction, which
takes into account this effect, lias been obtained using the
ratio of tlie Paschen to tle Balmer lines, which arise from
the same upper level, The unreddened spectrum-emission lines
plus continuum-has been analyzed.

The self-absorption of the Balmer lines has been
proven to be non-existent., Tlke Balmer decrement observed is
almost equal to tliat produced by pure recombination, The
helium lines indicate small departures from the prediction of
tl:e recombination tlhieory., The metastability of the 238 level
Las been investigated, including tle ionization of the neutral
atom, from this level, by Ly-a quanta, It Las been demon- )
strated that the idea of the exciting star being in the center
of the nebula, is consistent with the strengths of the A3889
lines obser»ved in absorption, Since the self-absorption of the
triplet lines of hel is significant, the li/lie ratio Las been
redetermined. Tle result indicates a ratio of 11 to 1 (by
number).

Since the recombination tlieory has been found to
explain tle Balmer decrement, tle electron density distri-

bution was obtained from surface brightness determinations



and compared with tle densities indicated by the A3726-29
[OII] lines obtained by Osterhbrock in the past, A direct
comparison of those two sets of observations has shown that
the density fluectuations grow with distance from the center
of the nebula, The mass of tlhe nebula is about SOMG with a
probable dust content of about 0.15M®. The latter quantity
derived with the assumption that the radius of the solid
particles can be represented by an average size of 0,16,
With the use of the EOIII] forbidden lines, the
electron temperature was determined at several points in
tle nebula, The distribution obtained clearly indicates
that the inner regions are colder tlLan the outer. Since the
lines of various elements were observed, an abundance deter-
mination was undertaken, The ratio, by number, of He to
heavier elements 1is close t0 50, which agrees with the abun-
dance found in the solar cosmic rays., Then by mass, the
chemical composition of tle nebhula can he represented by the
following three numbers: X = 0,72, ¥ = 0,26, and 2 = 0,02,
The collision strengtlis for SII are not well known,
Therefore an empirical determination of these parameters is
also presented, Thke ratio of the nebular to auroral lines of
[OII} also indicates the existence of density variations, The
ratios observed in the nebula Lave bheen used to determine tle

extent of tlose fluctuations,
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I INTRODUCTION

The physical processes which produce the emission
lines in the nebular spectra have been the subject of
extensive theoretical investigations. In particular, the
problem of the hydrogen and helium lines has been worked out
with a high degree of precision, The relative intensities
of these lines can be computed accurately for the conditions
which might prevail in the gaseous nebulae, Therefore, a
comparison of the theoretical results with the observations
of nebulae could provide very useful information about the
nature of those objects,

As seen from the earth, the Orion nebula is the
brightest of all the galactic nebulae; consequently, spectro-
scopic observations of this object are more easily obtained
and the accuracy that can be achieved is of the first order
of magnitude., For this reason, a great deal of attention hLas
been devoted to its study by many observers previously, Line
intensities have been measured using photographic methods
(1,2) as well as photoelectric techniques (3)., The energy
distribution in the nebular continuum has also been measured,
both in the blue(2), and in the red(4). lowever, the Orion
nebula contains an appreciable amount of dust, which weakens
the intensity of the lines, The line strengths are effected
differentially depending on their wavelengths, Therefore,

before attempting a comparison of the observations with the
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prediction of the theory, a correction for the extinction
produced by dust must be made. And in fact, tliis reddening
correction sets a big limitation, The method used in the
past for determining the extinction relies upon the color
excesses observed in the Trapezium stars, which can provide
the reddening as a function of wavelength, However, this
procedure requires the knowledge of the energy distribution
in the unreddened continuum of very early type stars, Un-
fortunately, there is not a single star of early type in the
sky unaffected by obscurring material, As a consequence,
the reddening corrections derived by this method can not be
considered reliable, The Whitford standard reddening ocurve
cannot be used either; simply because it was obtained for
stars in HI regions, where the dust might be of a different
nature than that imbedded in HLII regions,

Thie space absorption can be more directly estimated
by observing tlhe ratio of Paschen to Balmer lines that arise
from the same upper level, This ratio is, for all practical
purposes, independent of any excitation mechanism, provided
that the optical depth at the center of Hﬁ does not exceed
50, A comparison of the observed ratio with that predicted
by theory will provide the differential reddening between
the two lines, The extinction correction for wavelengtls
lying in the interval between tle Paschen and Balmer lines,
can be obtained by interpolation., Using the proper lines,
the spectral range that can he covered with our present ob-

servational capabilities, extends from K3835(h10) to
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A10938 (PG)’ a region which contains a large number of
important lines, In this fashion, the local absorption is
determined, and point-to-point variations of the reddening
in the nebula can bhe easily observed.

Of primary importance is the determination of the
nebular Balmer decrement, from which one can decide whether
the recombination theory alone can explain the hydrogen
emission spectrum or not, and if there is self-absorption, its
effects must be taken into account, This question was raised
first by Greenstein(2), who pointed out that if sufficient
Lyman-0. photons are trapped in the nebula, the population of
the 2p level might be large, leading to self-absorption of
the Balmer lines, There are different ways to estimate the
extent of the self-absorption, The simplest one is to com-
pare the observed Balmer decrement with the theoretical one,
Another method is to determine the energy distribution in
the continuum, if self-absorption occurs there will be a
strong emission of two-photon continuum, which can be easily
detected at large wavelength, Still another method is pro-
vided by the fact that ha is not observed in absorption in
the spectra of the stars imbedded in the nebula, It is
possible thus to set an upper limit to the 2p-population, a
question which will be discussed in detail in Chapter I11,

Once the processes responsible for the hydrogen
line formation are determined, it is possible 1o obtain the
electron density from direct surface brightness determinations,

If several points are observed, tlie density distribution
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as a function of distance ran be obtained, When this dis-
tribution is compared with that found by Osterbrock and
Flather(5), using the A3726-29 [011] lines, some characteris-
tics of possible densiiy fluctuations can be determined, 1In
particular, the ratio of the size of the condensations to the
mean distance beiween condensations, can be calculated as a
function of the projected distance from tle center of the
nebula, The study of this problem is of importance for the
understanding of the dynamical processes taking place in the
HII regions (6),

Many emission lines of lYel are present in the
spectral range from 3800 to 10938, Their relative intensities,
as obéerved in the nebular spectrum, could also be compared
with the theoretical recombination values, and in this manner
the extent of self-absorption of the lic lines can be studied,
This problem must be considered before attempting any He/H
abundance determination, simply because the self absorption
effects, if they exist, would necessarily lead to the over-
estimation of the He abundaﬁce. This mechanism might be
gsignificant because the 238 level, has in general a much
longer mean lifetime than the corresponding 2p level in
hydrogen., In faet, the A3889 of Lel, whichk arises from that
level, observed in absorptiou in the spectira of several stars
imbedded in the nebula, is a direct indication of the meta-
stability of the 23S level, The strength of this absorption

line has been used by Wurm to derive the surface brightness
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of the layers in front of the Trapezium stars (7). ke

found values which are 100 times smaller than those

obtained with the emission lines, This fact has led Wurm

to propose a spatial arrangement of gas and stars, different
from the model suggested by the observations of Wilson and
Miunch(8), He pointed out that in order to fit the A3889
line observations, the Trapezium stars cannot be in the
center of the nebula, but rather they must lie in front of
the bright bulk of gas; whereas a layer with much lower
electron density, in front of these stars, produces the Hel
line in absorption, This new model of the Orion nebula has
been criticized by Mineh and Wilson (6), pointing out the
effects of density fluctuations, More recently, it has been
suggested by Munch(9), that Ly-a radiation might be important

in the depopulation of the 23

S level, The Ly-o gquanta have
enough energy to ionize the Hel atom from that metastable
level, Since the density of radiation in Ly~-a might be
large in the Orion nebula, it would be interesting.to con—
sider this new mechanism in the formation of the HeI lines,
This problem is presented in detail in Chapter III,

It is well known that the heating of the nebular
gas takes place through ionization of hydrogen and helium
atoms, produced by the strong ultraviolet radiation field of
the exciting star, The stripped electrons, by collisions
with each other, establish a thermal distribution, If no

cooling mechanisms are considered, the temperature would be

close to 60 000 K, However, there are various processes
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through which the kinetic energy is converted into radiation
that escapes from the nebula, In the case of the diffuse
nebula, the most effective processes are: a) the excitation
of metastable levels by electron collisions, which are
followed by forbidden line emission, Since the rate for
second kind collisions, for the electron densities prevailing
in diffuse nebulae, is very small compared with the transition
probabilities, forbidden line radiation would follow every
collosional excitation, Consequently, this mechanism is most
important, b) Free-free transitions, which convert the
kinetic energy of the electrons into continuum emission, play
a certain role in the c¢ooling, but always of secondary im-
portance as compared with the forbidden lines, In particular,
OITI, which shows the strongest lines, is the most important
ion, However, its abundance, relative to the other stages of
ionization, would depend very much on density, When the
density is low, the most abundant ion would be 0IV, which
does not show forbidden emission lines. Consequently, in
these regions, the electron temperature would tend to increase,
Conversely, when the density is high, OI1 and Ol stages would
be more abundant, and although these ions also emit forbidden
radiation, the efficiency is not so great as in the case of
0111, Therefore, an increase in temperature, less steep than
at low densities, should occur,

Since the existence of density fluctuations has
already been established (5), the possibility that temperature

fluctuations also occur must be considered.
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In addition, the clumping of dust and gas inside the nebula

15 definitively observed, If thLe electron temperature is
determined as a function of electron density, the role played
by dust in the cooling mechanisms might be obtained, provided
that accurate theoretical calculations are available, The
[OIII] lines, with atomic parameters accurately determined,
provide a sound me thod of determining tlhe electron temperature
for various points in the nebula,

Since the line formation processes in nebulae are
far simpler than in the case of stars, the abundance deter-
mination of various ions with lines in the A3800-1100 spectral
range can bhe achieved, The uncertainty involved in these
analyses is set by the accuracy with which the collisional
cross-section may be computed, In some cases, these parameters
are not well known, However, the ratio of the helium atoms
to the atoms of heavier elements can be determined with un-
certainties not larger than 50 percent, Since similar déter-
minations from the solar cosmic rays can now be carried out
directly (by means of rocket flights), the analysis of the
nebular abundance is of importance, Chapter IV gives the
relevant material.

The [OII] AA3726-29 ratio method for determining
tle electron density becomes insensitive when this quantity
exceeds 2 x 10% cm™3, Therefore, for densities larger than
this value, one must rely on the [SII] line ratio; whichk is
sensitive for a much wider range in electron density, Un-

fortunately the [SII] lines indicate, as a general rule,
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densitles several times higher than the values derived

with other methods, This is undoubtedly due to errors in
the collision strengths of the parameters, although there
hLas been some discussion in the past about whether or not
such high values mighkt be due to large density fluctuations,
If one accepts the possibility that there are large errors
in the collisional cross-—sections, the Orion nebula can be
used as a calibration source, and the relevant parameters
can be determined empirically,

Spectroscopic observations of the Orion nebula
were carried out during the winter of 1962 at the Mount
Wilson Observatory, The discussion and interpretation of
part of the material obtained is given in the following

chap ters,
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11
OBSERVATIONAL MATERIAL

The spectrophotometry of the nebular spectra re-
quires the measuring of line intensities in a wide range, In
arbitrary units, the intensities lie in a range between 1 to

10%

, approximately. High accuracy can be achieved if both
photoelectric and phlotographic techniques are used, The
advantages of the two methods can be combined to increase the
efficiency that is obtained with the use of only one of them,
In the present investigation, the two techniques
were employed, The photographic spectrograms were obtained
mostly with the Newtonian B spectrograph attached either to
the 60-inch or the 100-inch telescopes at the Mount Wilson
Observatory., A few additional plates were obtained with the
X-spectrograph at the Cassegrain focus of the 60-inch telescope.
All the photoelectric observations were made with the Ebert

scanning spectrometer at the Cassegrain focus (f/16) of the

60-inch telescope.
IIA
THE PHOTOELECTRIC OBSERVATIONS

With the photoelectric cells, it is possible to
obtain a linear relation between the luminous energy received
at the photocathode and the response delivered to the record-

ing instruments, The high quantum efficiency of the photo-
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electric surfaces, compared with photographie emulsions makes
the photoelectric spectrophotometry susceptible of yielding a
very high acéuracy in the intensity measurements of spectral
lines, However, that high accuracy, theoretically attainable
even for the faintest lines, is restricted in practice by the
observation time required to measure all lines with a fixed
signal/noise ratio, (This ratio defines the accuracy.) The
weaker the line, the longer the time needed to discriminate
between signal and noise. As a consequence, a limit for the
lowest intensity to be measured was set accordingly, The
present photoelectric observations did not go fainter than the
intensity 2 in the list published by Flather and Osterbrock(11l),
The lines with intensities smaller than 2, in the same scale,
were measured using photographic methods,

The spectral range covered photoelectrically from
A3500 to A11000 was observed using two photoelectric cells:
the 1P21 was used to measure the region from 3600 to 5100;
whereas an S-1 photocathode was emploved in the range of wave-
lengths from 4800 to 11000, The tube was the RCA 7102
operating with 1300 volts.,

The scanner employed to make tlLese observations has
been described by Oke (11) and only a brief review will be
given here, A 600 line/mm grating blazed at 3500 A, in the
second order, is the dispersive element, When the red cell -
the RCA 7102 - is used, the 1lst order is employed, the dis-
persion being 20 A/mm, An amber filter, which cuts off the

wavelength range from 4000 to 5500, is used to avoid the
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overlapping second order, When the second order is in
operation, the blue cell is used, tle dispersion then being
10 A/mm, Again a yellow KZ filter is required at A>4600 to
cut off the UV third order.

Instead of using an entrance slit, circular
apertures were preferred., An entrance aperture of 1,69 mm
in diameter was used mainly; however, when hetter resolution
was required, the smallest of the available apertures was
used, its diameter being 0,872 mm. At the scale at the
Cassegrain focus of 8,3 seconds of arc/mm, and adopting the
distance to Orion as 480 pc., those diameters correspond
respeciively to ,0315 pc and ,0162 pe in thie nebula, Because
of its nature, tlie spectrograph preserves this scale at the
exit slit, With no amplification factor, the entrance aperture
is projected on the plane of the exit slit with the same size.,
Then, in the case of the nebula, an extended luminous source,
the entrance pupil will determine the spectral resolution,
Since the 1.69 mm aperture was used almost everywhere, in the
second order a resolution of about 34 A was achieved. The
determination of the strength of H, requires better resolution,
since the [NII] lines, at 6548 and 6583, are strong and can-
not be neglected. When li;, was measured, the aperture was
replaced by one of 0,87 mm, and the exit slit similarly
narrowed, Although the A6583 line is eliminated in this way,
a smaller contribution from the 6548 line was also measured

and found to be signiticant, Unfortunately, the 6583 line
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was measurcd only in a few cases and the correction needed
(about one-tenth of the intensity at 6583) could not be
obtained for all the points, 1In fact, only points 1 and 2
were corrected in this way, For the other lines, no change
was needed, The exit slit was always set at 1,6 mm,

Thir teen points in the huygenean zone were observed
photoelectrically; nine of them were observed with both cells,
The other four points, due to adverse weather conditions,
could be observed with only one of the cells, either with the
RCA 7102 or with the 1P21, The scanner is equipped with an
offset guiding system, but is not suitable for determination
of positions., Once the desired point is in the entrance
aperture, a field star can be used to assure proper guiding,
but the point must have been previously fixed by direct
visnal inspection. Therefore, the points were selected so as
to be conspicuous enough to assure reproducibility in the
setting, although for some points, thLat was not the case and
certain scatter in the absolute values may have been iniro-
duced, Figure 1* shows the distribution of points observed,
The diameters of the circles correspond to the area covered
by the apertures.

In addition to tle observations of the nebula, it
is necessary to make scans of certain standard stars. The
instrumental sensitivity, that is the spectral response of

the combination telescope-scanner, must be determined, The

¥igure 1 was kindly supplied by Dr, Munch, Its characteristics
have been described elsewhere,
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standard stars provide the necessary calibration through a
direct comparison of the observations (corrected for atmos-
pheric extinction), with the published results (10),(13),
The atmospheric extinction has been studied in some detail
by Oke and his data were used for the proper correction, In
fact, all the reductions were performed through the use of a
program for the IBM 7090, written by Oke, The corrections
for both atmospheric extinction and instrumental sensitivity
are 1ncluded in that progranm,

Three stars were used as standards: Y Gem, a Leo,
and ¢ Ori; the first two are in Oke's list (10), whereas
¢ Ori is one of the standard stars of the set published by
Code., This star was included for two reasons:

1) The zenith distance is always very close to that
of the Orion nebula, Therefore, the calibration
is free of large errors arising from differences
in extinction,

2) This star has been used by other observers (4),
(22), as a photoelectric standard for Orion., Con-
sequently, the comparison of their results with the
observations presented here can be better accomp-
lished.

The energy distribution in the continuum of the
standard stars is based on the relative spectropliotometry
of a-Lyrae, as defined by Code., That system relies upon
the calibration of the optical system used in his obser-

vations; such a calibration was carried out by the use of
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a tungsten ribbon filament lamp (calibrated at the National
Bureau of Standards), whkich was observed through the same
optical arrangement as that used for a-Lyrae, Once the
calibration is obtained and applied to the monochromatic
magnitudes obtained for a~Lyrae, after being corrected by
atmospheric extinction, the same star can be employed as

a secondary standard. In the 1list of standard stars given
by Oke{(10), o-Lyrae has been employed as the calibration
source, Although the monochromatic magnitudes of the
standard stars obtained in that way have errors not 1afger
than 0,015 mag, they are directly effected by any error
pPresent in the absolute calibration, As pointed out by
Code (13), errors of the order of a tenth of a magnitude
may be present, due to the uncertainties in the primary
calibration, Such is tle photometric system upon which all
the observations are based,

The spectrum of the standard stars was scanned
at a rate of 200 A/mm, the speed used by Oke in his obser-
vations, The nebular spectrum being a weaker luminous
source than the standard stars, was not scanned; it was
preferred to set manually the desired wavelength and let
the Brown recorder run for a certain period of time, The
weaker the line, the longer the recording time, When
reducing the observations, a precision planimeter was used
to integrate the time variations of the deflectiohs;
elimination of the noise fluctuations was achieved in tlis

way. From the consistency of the measurements, such a
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procedure provides an accuracy considered not less than

4 percent, when relative intensities are used, viz. the
intensity of HB being unity, In regard to the absolute
value of the flux received, that is not the case, The

mean error for points as numbers 7, 3, 5, is on the average
not less than 12 percent,

The measurements of the other points (more con-
spicuous) have a mean error of less than 8 percent, on the
average, These larger errors are undoubtedly due to vari-
ations in the position of the entrance aperture on the
nebula, Those errors are also affected by the absolute cali-
bration mentioned above, Therefore, the errors on an absolute

basis might be quite appreciable,
Surface Brightness Determination

Due to the intrinsic linearity of the photoelectric
methods, the deflections obtained in the paper recorder at
any wavelength, can he immediately converted to absolute
energy units, provided that the energy-deflection relation
is given by absolute calibration, The photometric system, as
set by Code, defines the calibration value as follows: at
the effective wavelength of the V filter (Ao = 5560A), a star
of apparent magnitude V = 0,0, and B~V = 0, produces a mono-

chromatic flux of 3.8 x 10"9

erg/cm2/see/ A . Since the
energy distribution for the standard stars is given, mono-
chromatic fluxes, in absolute units, may therefore be derived

at any wavelength, Consequently, the deflections obtained



when scanning the standard star spectra provide the relation
energy-flux to deflection needed to calibrate the instrumental
scale, Intensities, in absolute units, can now be easily
obtained for the lines of the nebular spectrum,

The determination of the surface brightness in
some particular hydrogen line is of theoretical importance,
as it is discussed in Chapter III, the so-called emission
measure, NezL s can be derived directly from the surface
brightness value, provided that the line can be assumed to
be produced by pure radiative recombination,

The actual star used for the calibration of the
monocliromatic magnitudes was Y Gem (MV = 1,95); after
reduction it was found that at A5060, with a 15.5 A band-
pass, the instrumental magnitude (or the deflection) was
1,84 0,011, This value can be related to the actual flux
through the calibration value of the photometric system,
Since for a AOV, as a-Lyrae, we have the relation (per unit

1/A interval)
1,052 F (5560) = F (5060) ,

then for Y Gem, with V = 1,95 we obtain for the band-pass

of 15.5 A (the width of the exit slit), the relation:

10

1.84 mag = 123,6 x 10~ erg/cmz/sec .
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Of the observed points in the Orion nebula, number
1l is the brightest and very easy to locate; correspondingly,
the scatter in the absolute value of the flux observed for
that point is very small, The instrumental magnitude is

6,80 10,11, The flux received, at A4861, is then given by:

23.6 X \O™'° -\0 i
v (\'\F\z . AOoAleBo-18y — .22 x\C e\«a-c.\.v\.'z--szc.k

The surface brightness is obtained by dividing
thiis value by the solid angle, at the telescope, subtended
by the area observed, If d is the diameter of the entrance
apertiure, in seconds of are, the solid angle is given by

3 GRY () v
AS _ W 80} \3eoo ) ¥
< =

Aw = A

A W L B 6w \O-“ A" {\cvq.&\c.vx..

i

With the 0,169 aperture, the surface brightness is then

Sg = 0,035 x0,003 ergs/cmz/sec/steradian .

The same quantity has been determined in the past
by: Ambartsumian(13) who found a value of 0,022; Stromgren |
(14) who obtained a much higher value of 0,160 and, more
recently by Wurm and Grubissich(15) who derived a value
0.032 in perfect agreement with the present determination.

A similar procedure provides the surface brightneés for the
otLer points, Table I slows the results, It must be pointed

out that, before interpreting in terms of a physical tkeory,
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those values should still be corrected, since the extinction
produced by the dust inside the nebula hLas not been taken
into account, Therefore, the true values are larger than the

observed ones,

TABLE 1
sg.x 10° Sg X 10-3
Point ergs/cm2/sec/steradian Rayleighs
1 35.2 102

2 20,1 61,5
3 10,0 30.8
4 22,3 68,6
5 2.9 8,9
6 14 .4 44,3
7 11,2 34,8
8 9.5 29.4
9 6,2 19.3
10 26,1 80,7
11 10.7 32.9
12 22,8 70,0
rim 6.4 19.9
13 9,0: 27 .8

C) The Reddening Correction

Dust inside the nebula absorbs and scatters
light, Therefore, the wavelength dependence of the extinction,
produced inside the nebula, must he known in order to estimate
the reddening correction to be applied to the various emission

lines observed., A great deal of work, from part of the
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observers, has been devoted to the comparison of pairs of
stars of the same spectral type showing various amounts of
reddening, It is now generally accepted that all stars not
imbedded in HII regions, show a unique law of interstellar
reddening, However, Divan(17) has proposed that the same

law holds everywhere if thLe variations of the classical red-
dening law, clearly shown by the stars in the neighborhood

of emission nebulae, are the direct result of peculiarities
in the continuum spectra of these stars. This interpretation
is difficult to accept, because uniqueness of the extinction
law would require the same nature of the dust particles every-
where, Although, according to the theoretical work, the
reddening law is fitted by a large variety of particles, the
larger radiation pressure, present in the HII regions, would
certainly affect the'mechanisms of growth and destruction of
grains, Furthermore, little is known about the energy dis-
tribution, in the blue, for early type stars., To speak of
peculiarities is then meaningless,

On the basis of these objections, the existence of
a regional law for extinction for the Orion nebula has heen
preferred,

Some recent spectrophotometric investigations of
this nebula have used the six-color photometry of the
Trapezium stars to estimate the amount of nebular reddening.
The extinction values derived in this fashion have been ob-
tained by Mathis(1). However, he derived the correction by

computing the integrated magnitude of four stars with the
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same spectral types as the Trapezium stars, but unreddened,
The differences from the observed values, as given by Stebbins
and Whitford(19), are the corrections, In this way, the
largest weight is given to §lC(06), the brightest but not the
most reddened of the four, Furtlermore, there is not a
single 06 star in the sky wlich is not reddened; therefore,
there is not a priori procedure to determine the distribution
of energy in the continuum spectra of early O stars, The
theoretical atmosphere models could provide the unreddened
standard, but unfortunately there is a large disagreement
among the various numerical results, and for the time being,
this possibility must be ruled out, Clearly, the corrections
derived in this way do not represent the nebular extinetion
everywhere throughout the nebula., In fact, the results
obtained in this work, as well as recent observations by
Mathis himself(20), prove beyond any doubt that a larger red-
dening than the one derived from the photometry of the stars
is present in the Orion nebula,

A more direct estimate of the nebular reddening can
be obtained using the ratios of the intensities of the
Paschen and Balmer lines arising from the same upper level,
This metlhod is based upon the assumption that thLe hydrogen
emission lines are produced by a pure recombination process,
The computations, carried out by Burgess(21), which_take into
account the orbital degeneracy of the hydrogen atom, provide
tlie theoretical Paschen to Balmer ratios to he compared with

the muck larger observed ratio values, The existence of



self-absorption processes, in addition to the radiative
recombination mechanism, might effect the validity of the
methbd since the P/B ratios are directly effected, The
relative imporitance of the effects produced by self-absorption,
as well as tlose caused by collisional excitation, will be
discussed in Chapter III.

Two pairs of lines were used in the derivation of
the reddening correction: the two lines arising from level
n = 6; A10938 and A4101, and the pair originating from level
n = 9; 29229 and A3835. Those four lines are fairly strong
and free of blending lines, a difficulty that prevents the
use of other lines, viz, A3888 blended with the kel line at
A3889, 3970 blended with [NeIII] A3965, etc, Fortunately,
the atmospheric molecular absorption does not affect, in a
significant way, the intensities of the relevant Paschen
lines A10938 and A9229, provided that the relative humidity
is not too high,

The actual procedure is best illustrated by an
example, Table II shows the numerical steps used for the
reddening determination for point 1, which was observed

oftener than the other points,
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TABLE 1II

COMPARISON OF PASCHEN AND BALMER LINE INTENSITIES

1 2 3 4 5 6 7 8

BalmerIntensityPaschenIntensityTheor.ObservedReddeningMathis
Line |(U3=100) | Line H3=100 | Ratio| Ratic | (mag) | Red

, (21)
4101 | 14,9 | 10938 70 | 0.329 4.9 2.88 | 1,72
3835 3.10 9229 14 0,351 4.5 2,78 1,40

Column 7 gives the amount of light lost due to
differential selective absorption in the spectral interval
bounded by the corresponding lines, The reddening correction
at other wavelengths can be interpolated from those values,
If for pure numerical convenience we set the absorption at
HB equal to zero, we can see that, in an extinction vs, wave
number diagram, those values define two straight lines of
slightly different slopes, Theoretical investigations(22)
indicate that the reddening curve must be convex; upward at
the infrared and downwards on the ultraviolet side., The
slopes of the lines do not disagree with that proposed shape;
therefore, the points obtained are fitted to a similar curve,
The result is displayed in Figure 2, where the curve derived
by the six-color photometry of the Trapezium stars is also
plotted. If the six-color photometry had not underestimated
thie reddening in the ultraviolet, as seemed to be the case,
the curves would look muchk more alike, The points on the

P/B curve correspond to the wavelengths of the corresponding
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H lines used., The vertical lines indicate the inverse of the
effective wavelength of the U,B,V-system,

The linear part of the curve can be represented by
the equation:

A, = 1.87 (1/A) + cte,
the slope of the line being in excellent agreement with the
results obtained by Baade and Minkowski(18), However, this
method of determining the reddening curve could neither prove
nor disprove the existence of a small curvature in the neigh-
borhood of A4300, as present in the Whitford curve.

The reddening correction for tlie othier points was
determined in the same way, For the points that were not
observed with the two cells, the correction was derived by
the intensity of hﬁ and HlO in the blue; and with the
intensities of the Paschen lines, 10049 and 9229, when
observations were carried out with the red cell only.

Errors in the instrumental sensitivity funetion or
improper correction for the atmosphere extinction would tend
to affect directly the reddening determination, AlthLough the
mean errors, as mentioned before are less than 4 percent,
and mostly due to extinction, it is possible that soume
systematic errors in tle response of the instrument are
present; such possibillty 1s suggested by the discrepancy
with the data of Mathis(20) and Aller(3). ¢ Ori has been one
of the standard stars of Code used by the two latter observers,

and since some observations of the same star were carried out

for the present work, we can compare our results with thLose
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TABLE TIII

e Ori

This

1/ Code Work
Maguitudes

0,926 0.87
1,005 0.98 0,82
1,09 0,80 0.79
1,14 0,72 0.64
1,25 0.56 0,50
1,34 0,42 0,38
1,50 0,27 0,21
1,65 0,14 0,13
1,72 0,07 0,07
1.80 0,00 0,00
1,97 -0,10 -0,11
2.18 -0,17 -0,20
2,39 -0, 30 ~0,32
2.48 -0,36 -0,37
2.59 -0,40 -0,39
2,74 -0,42 -0,43
2,94 -0,.44 -0,54

Mean error 0,018



Wavelength

10938
10049
9229
8862

6562
L1861
L340
Lilo1l
3970
3889
3835
3798

pe3770:

3750

10830
7065

5876

Lh71
L026
*3888

Point 1
70 10.0
38.5 5.8
15.8 3.3
he6 1.0
6h2 269
100 100
32.6 U7.6
W9 2.4
11,5 27.
7.0 15.7
3.5 9.4
2.3 6.6
1.9 5.3
1.2 3.1
302 L43.0
2hko 8.5
18.0 9.8
3.0 3.9
3.1 2.4
- 2.7

¥Extrapolated

Point 2 Point 3
HYDROGEN LINES
9L 10.2 15 9.6
B 7.0 56 5.9
16,6 3.5 22,2 3.3
- - 1.1 1.4
695 268 860 258
100 100 100 100
3h L4B.T  26.1 U6.0
16.3 30.3 12.3 30.0
11.0 23.1 - -
6.5 145 5.8 18.1
3.6 8.4 2,7 8.8
2.9 6.9 - -
1.9 Le5 - -
2.0: 6.1 - -
HELIUM LINES
550 50.0 689 608
- - 38.0 6.4
159 9.4 26,5 11.3
3.3 L.2 3.0 L.5
1.2 2.2 1.0 2.9
Ext. 1.3 Ext. L.9

Point 4
10.4
Lo 6,0
4.1 2.8
780 300
100 100
32.1 L7.5
13,5 28.0
9.4 21.8
6.0 15.2
2.9 1.9
2.7 1.4
315 Lb.8
27 7.9
23.0 11.5
3.2 b.5
1.1 2.5
Ext.e 2.0

Poing g

180

13.2
3.9

g



TABLE
Point 6
5.0 10.0
8.0 6.5
2.3 3.b4
800 280
100 100
28.9 L6.7
o2 29.9
8.7 21.0
6,5 19.3
3°2 902
1'7 503
27k 38,0
9.6 9.5
2,7 3.8
l'o 201

- h.o

IV

Point 7
78 10.5
53.0 7.4
22.5 3.7
45 260
100 100
28 .9 hs.&
L. 30.4
10,5 25.6
Te3 18,9
3.1 9.0
2.3 6.7
600 62,1
2L 11.0
2.7 3.8
1.1 2,5
Ext., 5.2

Point 8

- 93 10,7
L, 6.5
18.9 3.3
818 300
100 100
29.4 46,0
1.6 30,0
9.8 23.0
Toh 18,7
3.2 9.6
2.2 6.6
467 58,6
18,7 9.7
3'2 h.h
103 2.8
Ext. 5.3

Point 9

92 10,6
U7 6.9
18.9 3.5

810
100
28.8
1h.7
9.8

Lo8 54
27. . 8.9
23,3 11,7

2.8 3.9

Ext. 1.8

Point 10

100
29,5
.5
10.1

6.6

3.0

1.8:

100
L5.0
28.9
23.0
16.2

8.2

5.0

Point 11

100
27.5
1.8



Wavelength
, Point 1

5008 383 357
1959 122 115
7325 23.5 7.6
3728 39.0 129

*3967 Exte  Te5
3868.7 9.9 23.2
9532 500 83.0
9069 177 33.0
612l 9.5 3.8
LoT2 1.5 3.2
7135 2h.8 8.2

¥Extrapolated

Point 2
345 315
108 106
33.8 9.2
82,0 215
Exte 3.9
L8 1l.2
728 140
172 LO.5
19.h 6.8
1.0 1.7
3h.8 12.3

Point 3 Point L
0 IIT LINES
350 305 250 - 225
110 102 80 18
0 II LINES
38.9 8.1 36,6 10.1
27.0 190 71.0 206
NE 11X LINES
b - Exto 2.6

- 20.1 Le2 9.5

S ITI  LINES
329 3hL.0 398 69.0
265 32,0 171 31.0
S II LINES
1.5 0.6 36.6 13.5
- - 1.2 2.7
A III LINES
36,6 8.3

32.5 10.5

~-26b

v B 1

Point 5 Peint
158 148 -0
L8 31 52
- - el
97 230 T°5
- - :to
- - 5L
E
312 75,0 133
59 12,0 O
- - b
- - 62
ll”s{-tB ] 9-0 ;'9



Point 5 .

158 148
148 37

97 230

312 75.0
59 12,0

U3 9.0

VB3 LE
Point 6

J0 152
52 Lo
')Ql 9.2
o5 298
e 1.9
Bl 6.L
133 76.5
110 43
-06 llloB
22 2.

’a9 1102

1V
Point 7
308 282
102 96
4.1 9.2
ho 127
Ext. 5.4
7oh 1807
okl 137
3L4.8 57
1.6 11,5
" 1.3 3.0
38q8 1102

Point B8

310 268
92.8 87.5
29.L, 8.2
65 227
Ext. 3.8
5.6 1h.5
761 106
252 13
29,6 10.9
26.7 811

Point 9

262
83.8

35.6
77.0

Ext.
3.7

1005
340

38.9

341

236
1947

10,1
245

3.6
9.5

159
63.5

13.8

10.6

Point 10

309 270
101 91

53.9 170

Ext. 3.9
6.6 16,6

2.2 5.0

Point 11

98
e

78

5.1

88
27

260

10.L
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publishked by Code{(12), Table III indicates that there is a
systematic difference; in any event, the difference is not
larger than 8 percent and consequently is not very important,
Tle results of the observations are presented in
Table 4; both unreddened and reddened values of the line
intensities are given for 11 points, In each case the
intensity of HB has been considered to be 100, absolute values

can be easily obtained with the help of Table I,

D) Photographic Observations

Although the spectral rcsolution achieved with the
scanner is enough for many problems, it is not sufficient
when lines separated 10 A or less need to be resolved., For-
bidden lines, useful for the determination of temperature and
density, fall in this category. In addition to the spectral
resolution improvement, a much higher definition of the
observed areas is attained by photographic means, Thkis higher
precision is required if temperature fluctuations, as indiecated
by OIII line ratios, are to be determined, Changes in sur-
face brightness over areas separated by only a few seconds of
arc, can easily be seen in Figure 1, The slit of the spectro-
graph placed on these areas would deteet changes in 14363,
and in other lines as well, with a much finer detail than the
scanner observations can,

lowever, all of these advantages are counterbalanced
by the non-linearity of the photographic plate - in addition

to the well known variations of the emulsion response with the
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wavelength, Smaller disadvantages like the reciprocity
failure law and the intermittency effects do not introduce
large uncertéinties in the results since both effects can
be near1y>eliminated, altliough at the cost of very lengthy
operations,

The dispersion used in the present work was
nearly 85 A/mm, whieh permits us to resolve all the forbidden
line doublets relevant to the problem; the exception being
the [OII] doublet at 3727, Lowever, in this case, multislit
plates (8) at this wavelength obtained with the 200-inch
telescopes, were kindly supplied by Dr. G. Mﬁnch; A des-
cription of those plates, as well as the method of reduction
for obtaining the electron density will be given elsewkere,

The 4-inch camera of the Cassegrain X-spectrograph
of the 60-inch telescope(23) was used in a small fraction of
the program, Most of the spectrograms were obtained by means
of the Newtonian B-spectrograph, This instrument was used
with the 100-inch telescope and with the 60-inch as well, The
88B grating, with 15 000 lines/inch, in combination wiih the
3-inch Schmidt camera, gave the proper dispersion, 85 A/mm
in the blue., The 100-inch telescope, having the scale of 16
seconds of arc per mm at the Newtonian focus, was used for
obtaining the spectra of small condensations, Whereas the
60-inch telescope, with larger scale (27"/mm), was employed
for areas containing larger condensations,

Three emulsions were needed for covering the spectral



range from 3600 to 9000 A:

a) IIa0 for the region from 3600 to 5100,

b) 103aF for the region from 3840 to 6800,

¢) 1I-N for the region from 5800 to 9000,

These last plates were hypersensitized with the
well-known ammoniating process, The concentration of the
NH4OH solution was 8 percent, which gave an increase in
speed of about 4, but produced plates with varying degrees
of chemical fog,

A suitable and careful calibration of the photo-
graphic plate must be carried out if accurate line intensity
measurements are to be made, Several standard stars were
selected for this prupose as ¢ Ori, Y Gem, 29 Psc, a Leo,
which are included in Oke's list of standard stars and were
observed under various conditions, Their energy distri-
bution is accurately known and they can provide the proper
A sensitivity calibration, These stars were not trailed
along the slit, but rather their image slightly out of focus
was used, in this way the intermittency effect is avoided.,
This procedure was used notwithstanding that there might
be a loss of light in both ends of the spectrogram. Since
these plates were used to calibrate intervals of 300 A
at the most, this problem is not important, In order to
eliminate the reciprocity failure problem, a screen was used
to reduce the star intensity to a certain value, which per-
mitted exposure times nearly equal to tlose needed to obtain

the nebular spectrum,
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The calibration wedge spectrograms, needed to
establish the characteristic curve of the emulsion, were
also obtained with the same exposure times and developed
under similar conditions, The characteristic curves were
obtained by the usual tracing procedure, This process was
carried out with the recording microdensitometer at the
California Institute of Technology, The same instrument was
used to obtain the direct line intensity measurements of
both nebular and star spectrograms, The atmosphere extinc-
tion, according to Oke, can satisfactorily be represented

by a slightly modified A™% law, For the photographic work

the extinction was taken into account by
-a(A) sec z
pv::e() ’
where

a{r) = -0.038 + 0,00862 (1/2)% . (3)

The spectrogram reduction is a very lengthy
process, however, the work was simplified with the use of
the results obtained with the scanner observations, It can
be seen from Table IV that the intensity of the HeIl lines
at 5876, at 4471, and at 4026, in units of HB’ is praectically
the same everywhere, Then, these lines can provide useful
intensity standards for the spectral regions in this vicinity;
characteristic curves were obtained at A4000 and at A4400,

With these curves, the intensities of lines falling in the
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intervals 200 A wide, centered at those wavelengths can be
measured with respect to those standard lines with a high
degree of acéuraey. The intensities, measured in this way,
are in units of either 24026 or 24471 and must still be
corrected in order to eliminate the effects of the atmospheric
extinction; equation 3 will give the correction value to be
applied in this case, and no significant error may be intro-
duced by this value since the wavelength interval is very
small, In the same way, and with the use of the standard
stars mentioned, the instrumental response variations were
computed for the same wavelength regions; the correction
factors were derived and found to be very small, Reciprocity
failure effects are not present since the standard stars'
spectrograms lLave nearly the same exposure times as the
nebular ones, The nebular reddening was included also; the
values found for the point (1) were used always, since the
wavelength intervals are small no significant error is
introduced with that procedure, Once the line intensities

in these two regions are corrected, they can very easily be
transformed to HB units, The lines measured can in turn be
used for the measurement of other nearby lines, characteristic
curves must be obtained for the corresponding wavelength
intervals and the same pfocess carried out over all, Table

V gives the intensity values for tle lines of liel that were
measured with the process indicated, The comparison with

the theoretical values (24) is also presented.



TABLE V

A Trans, Theory Observed
5876*% (p 33p-23p 10 10
4471% 43p-23p 4.2 3.9
4388 5'D-2'P 0.63 0.6
4120 535-23p 0.11 0.13
4026* 53p-23p 2,3 2,2
4009 7'D-2'D 0,24 0.20
3927 81D-21P 0.16 0.10
3820 63p-23p 0,12 0.18

The values shown in tlhie table were determined
from 12 spectrograms of regions where the lines 3927 and
3820 are strong enough to be measured, The agreement
between theory and observations seems to be complete, The
small differences present are of the same order of magnitude
as the probable errors of measurement, Consequently, it was
assumed that the line intensities of HelI, in the nebular
spectrum, can be accurately represented by the theoretical
recombination intensities. Therefore, the line intensities
of the other elements can be measured with respect to a
nearby liel line of about the same intensity, The accuracy
determined obviously increases when the reference Hel line
is close to the line to be measured, The intensity of the
important line of [0111] at 4363, for instance, can be

easily measured with respect to A4388 with the errors being
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reduced to a minimum, In addition, the intensities of the

N; and N, lines can be obtained in terms of H, (the three

§)
lines being 6f comparable intensity) with good accuracy.
Therefore, the electron temperature that can be derived from
the 4363/N1+N2 ratio is also of the first order in accuracy.
The important lines of other elements were
measured in the same way, although in some cases the gquality
of the intensity determinations is not as good as in the case
of A4363,
The results obtained with the photographic material
will be presented in Chapter IV, where each individual element

is considered separately,



CLAPTER III
LYDROGEN AND LELIUM NEBULAR SPECTRA

The main sources of excitation for the Orion

1o ori

nebula are stars of spectral type 06 and 09, namely g
and 920ri. Consequently, the radiation field, at frequencies
. beyond the Lyman limit, is very strong, The radiative energy
in this spectral range is absorbed inside the nebula and
converted, via photoionization of the H and He atoms into
kinetic energy of the stripped electrons, whick by elastic
collisions with each other and by inelastic with impurities
(excitation of metastable levels of ions and interaction

with dust particles), establish a thermal distribution of
velocities, Subsequent recombination of these electrons,
followed by downward radiative transitions, produce the
various emission lines, It is then by this process, known

as the Zanstra mechanism, that the stellar energy in the

far ultraviolet, is redistributed among the H and He emission
lines and can escape from the nebula,

For the hydrogen atom, the electron capture cross-
sections and spontaneous transition probabilities are well
determined by accurate quantum mechanical computations.
Therefore, the relative intensities of the spectral lines,
produced by radiative recombination, can be obtained with a
great deal of precision, In computing the line intensities,
some of the following simplifying assumptions have been

made by various investigators,
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1) The exciting star is assumed to show a spectrum with
perfect black Lyman lines, That is, Lyman line radiation is
produced only by the nebular process, The possibility that
the excited levels are populated by stellar line radiation,
is ignored.,

2) Electron collisional processes do not exist,

3) There is no absorption of subordinate lines. Then,
the population of excited levels is not effected by radiative
transfer processes other than radiative recombination and
cascade from higher levels,

4) Although collisions are not included in the Physics
of the problem, the orbital degeneracy of H atom is not con-

sidered, The population of the various n{ levels is given by

_ 24\ 28+%)
N.= 2(2&+\\N T N, (1)

relation satisfied in thermodynamic equilibrium only,

5) If the stellar Lyman lines are included, the exciting
star is assumed to radiate as a black body in the spectral
region of these lines, Considering the fate of the Lyman
nebular lines, some extreme cases have been considered:

Case A: The Lyman lines produced inside the nebula escape
without absorption; regarding the stellar radiation, assump-
tion 1 is made.

Case C: Same, but instead of 1, assumption 5 is taken as the
working hypothesis,

Case B: Since most of the neutral atoms are in the ground
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level, the nebula is optically thick in the Lyman lines.
None of tle nebular Lyman-line radiation, except Lya,
escapes, All other Lyman quanta being transformed, by scat-
tering, to quanta of lower energy. Assumption 1 is made,
Computatiors, for an H atom with infinite number
of levels with assumption 2, 3, and 4, have been carried out
for cases A and B by Baker and Menzel(25) and more recently
by Seaton(26). Baker and Menzel used an expression for the
Gaunt factors whichk was not quite correct, as shown by
Burgess{21); in addition, more serious numerical errors were

-
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With assumptions 2 and 3, Burgess(21) witk a 12«
level atom, and Searle, with a 10-level atom(27), have taken
into consideration the orbital degeneracy of the hydrogen
aton for Cases A and B, In addition, Burgess has introduced
both a correction for the presence of tle other levels and
the proper expression for the Gaunt factors, Burgess' com-
putations indicate tlLat assumption 4 gives much better results
for Case B than for Case A, The reason is simple - when 4
is assumed, the transitions to the ground state, taking place
only from the np states, are overestimated,

The observations by Menon(28) clearly indicate the
presence of neutral hkydrogen around the nebula; therefore,

the high optical thickness for the Lyman radiation is assured,



-3 T -

Consequently, Case B applies in those conditions. In Lhe
present work, Case B has been assumed to represent the

recombination process in the nebula,
The Paschen and Balmer Lines

The recombination Balmer decrement can be affected
by self-absorption and by collisional excitation as well, A
comparison of the hydrogen line intensities observed, with
those predicted by theory, can determine whether or not the
recombination theory alone can explain the hydrogen nebular
spectra. The discrepancies between theory and observations
may indicate the importance played, inside the nebula, by
both self-absorption and collisional excitation,

The optical depth, to, at the center of Lya, can
reach high values in diffuse nebulaej; the density of Ly—a
quanta may be quite large since for each photoionization
a Ly-a is eventually produced. Consequently, the population
of the 2p level might be increased through resonance
scattering, as pointed out first by Greenstein(2), and later
elaborated upon by Pottasch(29), The computations of the
latter author suggest that self-absorption might be important,
However, that suggestion is quite objectionable on physical
grounds,

If the scattering process were strictly coherent,
the La-quantum path is merely described as a random walk
process, and one can easily compute the number of scatter-—

ings as follows: Let Rn be the distance traveled by a
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photon after n scattering: if ko is the absorption coefficient
at the center of tlLe line and N1 the density of neutral atoms
in the ground state, then neglecting extinction by dust:

. -\
-8'\ = ‘R»\-\ N &b“’“‘\

b=\

taking the average square

2 \ X
CREY =LA RET > wow = SRAY Y o

A}

if Q is the number of scatterings suffered before leaving the

nebula, we have

Q= w Ny (R =™’ (2)

where To is the optical deptli at the center of the line, The
absorption coefficient at the center line, with the usual

notation, is given by:

3 , z
o= | F v = T8 o ES

When microturbulent motions of about 10 km/sec are con-

sidered, the DNoppler width is, for an electron temperature
4

of 10° K:
\ \2\T 2 \.35 VO sec” (4)
= - = X e
A\)o N \»\.\ +\0 .
then, the absorption coefficient becomes 9.3 x 10-14cm2/at0m.

Adopting lolscm as the radius of the nebula, we can see that

the optical depth is of the order of 105. Therefore, under



w30

the assumption of cohereni scattering, each La photon bounces
back and forth, between the 1ls and 2p levels, an average

0 times before it can leave the nebula,

value of about 101
This number of scatterings is extremely large, and indicates
a large relative population of the 2p level of hydrogen, as
can be shown with the following analysis, There are various
processes which lead to the depopulation of the 2p level; the
emission of a Lya photon has the highest probability of all;

therefore, the probability of absorption of a Balmer photon

is small, Namely, for Ha quanta, the prebability of absorp-

tion is
1\\; B?&
Tua= —a (5)
where IH is the intensity of Ha line radiation and given by

a
Wy
Iu,‘ = Ne Nw C dse AT Ay (6)
where Ggg is the so-called effective recombination coefficient
and Av is the width of the line, Using Seaton(26) data for

the computation of Ugg s at 104 K, it is found that

Qg = B.8B6 X 104 cma/sec ,

and taking Av as the Doppler width

1, =85 x\0" Ny W M

-’
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then the probability of absorption is

}\ 2 OLS%\CSH Nz -23
Ha © T 4.68 X \08 = 43110

hq: . (8)

Consequently, tlie number of Ha quanta absorbed per unit

volume is

P=QAy (number of Ly-a quanta per unit volume),
a

Since, for Case B, the number of quanta in the

Balmer lines is equal to the number of Lyman-a photons

produced, we have

z Hy - ghoton
P o= N QUK N, o etes /o (9)

where 0g is the total recombination coefficient, and X,
equal to 0,34, is the fraction of the electron population
of the second level, which is in the state where 4 = O,
The energy absorbed per unit volume is

Te?
P Wy =AW, N, = . (9b)

Therefore, the population of the 2p level becomes, using 9b

N., = 3.65x10™ Qe . (10)



If, as indicated above, tlie scattering is coherent, with
105 as the optical depth in the center of Lya, the optical

nebular thickness in tLe center of Ma is given by

Tae = 3.65 116" WO we, L .

L is the radius of the nebular (=1/3 pc) and R,
the absorption coefficient in the center of the line, At
104 K, Rew, = 3,09 x 10_120m2/at0m. Adopting 1500 as the
average electron density of the Orion nebula (lower limit),
the optical depth, at A6563, is about 24, According to
Capriotti's ecalenlations(29), in whick recombination and
self-absorption are considered, the Balmer decrement
obtained with that optical depth, is significantly different
from the decrement predicted on the grounds of pure recom-
bination, as seen in Table VII,

Although a comparison of thLe Balmer decrement
observed in the present investigation with that predicted
by theory would provide a sound test for the existence of
self-absorption, a more direct approach to the problem can
be obtained from the fact that Lo, in absorption, has
never been observed in tlie spectra of the stars imbedded in
dif fuse nebulae (30), From this clear evidencec one cen
directly derive the population in the 2p level and compare
it with the values derived above,

If it is assumed that the minimum detectable line

has an equivalent width of 0,01, using the curve of growth
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(Unsold's book, page 292), one obtains ihe value for tle

abscissa

&o% -EAAS_ =-0.50

We
With %q.= 0.71, one obtains the condition

N.,L s % x\0'®

. (11)
73? < 0.2%
On the other hand, from equation 10, in general:
-22
N, T.=365x0" QNS
) (12)

with the values adopted before

N-z'\.. = 82.‘4\ X \Q\z

which is two orders of magnitude larger than what the
condition(11l) imposes, as a maximum value,

Since the arithmetic carried out above involves
atomic constants and well-determined quantities only, the
result obtained clearly indicates that the assumption of
coherent scattering is not sound. Furthermore, the
existence of significant self-absorption of the Balmer
lines can be ruled out for the case of the Orion nebula.

Osterbrock(27), using an approximate diffusion
theory, has considered the case when the scattering of

the Ly-a photon is not a coherent process., le has con-
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sidered the general case when there is a correlation between
the frequencies of the Ly-o quanta before and after scat-
tering, The formula for the redistribution in frequency of
a photon after scattering,as a function of its frequency
before it has been scattered, has been derived by Unno(32),
and used in Osterbrock's analysis, His results indicate
tlat for a nebula with TO01, = 105, an average photon is
scattered about 8 x 105 times; whereas, for a nebula with
TOLa = 106, Q becomes close to 107. Therefore, one obtains,
for the case of the Orion nebula, through equation 12, when

dust effects are neglected too,
N., L =6 1%x\0°
Twp = 0.0

result which is in excellent agreement with condition 11, as
set by direct observations. However, as can be computed
for planetary nebula where the density is of the order of

40 000 em~2 and to close to 105

s the optical depth for La
becomes close to 10, and as a consequence, for those planetary
nebula, the possibiliiy of self-absorption still remains an
open question.

The effect of self-absorption of the Balmer lines
would increase the strength of thLe nebular Ha, HB’ HY over
the recombination value, since every time a Balmer line is
absorbed, the eleciron in an excited level, higher than
n = 3, cascades down either by the emission of the same

line or by the emission of two lines of lower energy, namely,

the absorption of an HB photon would produce a Paschen-a
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photon plus an H-o photon; the absorption of an LY line would
create one of tle following combinations: Ha plus PB; Brackett
a, Pa, and Hd; LB plus Brackett a, That is, the energy of the
higher member of the Dalmer lines is transferred, hy self-
absorption, to the lower member plus the emission of lines of
other series, Therefore, the effects of self-absorption will
show np more clearly in Ha, HB, and HY than in any other line,

If, notwithstanding the low electron density,
collisional excitation occurred in the nebula at a temperature
of about 10 000 X, the lines would be enhanced accordingly
to the excitation potential of the upper levels, from which
the lines arise; the higher the potential, the weaker the
line produced., As pointed out by Chamberlain(33), collisions
begin to be effective in populating the excited levels only
when the electron temperature is higher than 1,5 x 1040 K.
liowever, Chamberlain's arguments are based on the hypothesis
that collisions take place with atoms in the ground state
only, the possibility of collisions with atoms in the 2p
level, has not been considered.

If self-absorption occurs, in addition to the

radiative recombination, then:
log (HB/HY) > log (HB/HY) recombination = 0,31
log (Ho/HB) > 0.42 .

If both processes, collisional excitation and self~absorption,

were working simultaneously, the effects in the LY/HB ratio



o R

Dn DO
9°0 GS'0 G0 Sb'0 b0 e
| T : . | _
1 SPO
l’/
e aul) 1.
/ .
o~ . buusppay
~ /,
// | -
o -4 G0 @
® 0 /I‘ ° 3
® ~.el
1 0g'0
)

620




i G

would tend to cancel out, whereas the strength of Lo would
alwayvs be increased,

The logarithms of the corresponding ratios, found
in this investigation, are given in Table VI and plotted
graphically in Figure 3 (filled circles), The theoretical
recombination values as given by Burgess(21)and b Seaton(26)

are represented by tie open circles,

TABLE VI

Point log ly/Hp log Hp/Hg

1 0.43 0,325
2 0.43 0,315
3 0.412 0,335
4 0.47 0.325
5 0.49: 0,34
6 0.45 0,33
7 0,416 0,34
8 0.48 0,335
9 0.46 0,32

It can be seen that all the points are close to
thie theoretical recombination values, but do not agree with
them, Thle average for the log l3/HY is higher, by 0,022,
than the theoretical prediction; whereas the average of
log Ho/HP is also higher by about 0,032, The same discrep-
ancy,‘in the same direction, of the LB/LY ratio, Las been
found by MatLis(ZO), who also Las observed the Orion nebula

using a photoelectric scanner; although the diserepancy
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found here is half of thal indicated by Mathis, probably

due to differences in the reddening correction, Moreover,
Osterbrock et al(34), after thLe photoelectric observations

of relative fluxes in ha, HB, and HY of ten planetary nebula,
suggest the possibility of a calibration error of about 0,04,
at Y, As for the case of the Lo/l ratio, the discrepancy
is of the order of 8 percent, whiech is far too Ligh to be
explained in terms of measuring errors, whieh for this strong
line are not larger than 3.5 percent, The influence of the
A6548 of NII cannot account for more than 2 percent., Con-
sequently, on the average, there is a discrepancy of the
order of 5 percent with respect to the recombination value

as predicted by Burgess' computations, but only of 3 percent
with respect to the decrement as computed by Seaton.

If the possibility of the calibration error at LY
were not accepted, the overall position of the points would
indicate the existence of significant collisional e xcitation
affecting the recombination Balmer increment, From Chanber-
lain's(33) results, such a possibility can be ruled out (if
only collisions withk neutral hydrogen in tie ground state
are considered), Therefore, on the basis of the similarity
of the results presented Lere, with tl.ose of Osterbrock et al
and Mathis, it is concluded that the HY/HB ratio discrepancy
can be explained in terms of a small error in the calibration;
however, the ho/lp ratio is larger, by about 5 percent, than

the cxpected theoretical value. A possible explanation for

the latter discrepancy can be advanced by noticing that all
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the points showing larger Ha/HP ratios lie farther from

the center than the points with smaller ratios, If the
reddening eufve developed a small curvature close to the

Ho wavelength when the points are far from the center,
smaller absorption values may be derived by the use of

the lower shape shown in Figure 1, However, the possibility
of that diserepancy in the hn/HB ratio being real still
remains,

Since the discrepancies of the Ha/HB and HY/HP
ratios withrespect to the theoretical recombination are
relatively small, one can expect still smaller differences
for the other liines., Table VII shows the comparison of the
observations with the theoretical values given by both
Seaton and Burgess for the pure recombination Case B;
Burgess' values, with the orbital degeneracy included,
are in brackets, Capriotti's calculations, allowing for
self-absorption of the Balmer lines where the optical depth

in Ho is 25, are also given (35),



TABLE VII
Pure Self-Absorption Point (1)
Line Recombination Ta= 25 Observed Ratios
(Te = 10 000 K)
10938 (9.8) 11,6 10,0
10049 (6.5) (! 6.0
9229 (3.3) 4,1 3.3
8862 (2.5) 2.4 1.1:
6562 271(262) 347 265
4861 100 100 100
4340 50,6(48,9) 55.1 47,2
4101 29,8(27,6) 32.6 29,0
3970 19,2(17.2) 20,7 blended
3889 13,2(11.2) 13,8 blended
3835 9.5 11.6 9.3
3798 T.2 8,7 6.6
3770 5.4 6,6 5.5 pg.
3750 4,2 5.2 3,7 pg.

The values obtained from point 1 observations are
shown in Table VII; but, as can be seen from Table IV, almost
the same values are obtained for the other points. The lines
A3770 and A3750, wifh principal quantum numbers 11 and 12,
respectively, were measured photographically; in this way,
the continuum can be accurately taken into account. With
the lower resolution of the scanner, the intensities of these
lines were found to be about 40 percent smaller., The Paschen

line, at A8862, seems to be seriously affected by the moleeular
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absorption of the earth's atmosphere,

According to the data of Table VII, the agreement
between the fecombination values and the observations is very
good. Notwithstanding the small discrepancies in hHa, it ecan
be concluded that the hydrogen nebular spectra is predominantly
produced by pure recombination processes, This close agree-
ment provides a check, not only on the validity of the
theory, but also on the assumption made that Case B holds in

the nebula,
Helium Spectra and the Hg/H Ratio

1) The 23S Level

From the results obtained for the hydrogen emission
spectra, one might expect that recombination alone can also
explain the helium nebular spectra. As in the case of hydro-—
gen, the radiative transitions are so large, compared with
the time between collisions, that the various levels are
paopulated by either direet recombination or by downward cas-
cades, llowever, in the case of helium, some upper triplet
levels may be populated by transitions from the 238 meta-
stable level, The mean lifetime of the level, tzgs, is

given by the reciprocal of the depopulation rate

-\
toe= (RS g\i.‘v?*'\ sec. (13)

where A, equal to 2,2 x 10-5860-1’ is the transition

probability of decay to the ground level by two-photon



emission (36), f is <GN<», the depopulation rate by electiron
collisions, close to 1()-8 as estimated by Minch and Wilson(6),
The probability of photoionization by the exciting star, P,
at the distance, r, is 1,7 x 10—6390-1p02 for the Orion
nebula(6,7), With the quantities adopted before, the mean
lifetime is about 1,9 x 104see, five orders of magnitude
longer than the corresponding value of the 228 level of
hydrogen (about 0,11 sec), for the same conditions. EKowever,
sucli a long lived level produces effects that are not
compatible with the observations, as one can see from the
following analysis,

The population of the 23S level is given by

N (238)= W, NOWI) o (rpdets) Lo (14a)

where a{triplets) is the effective recombination coefficient,

quantity which has been computed by Burgess and Seaton(37),

with a fair degree of precision; for Te = 104

is 20,97 x 10-14w As is shown in a later part of this

K, its value

chapter, for tle Orion nebula we have:
x —
N (HI)=0.091 N,

with the numerical values indicated:

2

N(238) = 3 66x\0 " N ) (14b)

There are two helium lines in tle speciral rangse
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covered by our observations, with the 238 ne tastable state
as lower level; namely they are A10839 and A3889, An over-
population of the level would necessarily lead to self-
absorption of those lines, liowever, the absorption of the
A10830 gquanta would not be appreciable, simply because the
radiation at this wavelengtli, once absorbed, is immediately

3g=1.1 x 10'scc™})., But, when a 13889

reemittod (A2%P-2
photon is absorbed, the 238 state electron is now excited

to the 33P level, from where it can either decay to the 235
level again or by the emission of a A42,955 photon decay

to the 338 level, From this level the electron must decay

to the 23P level, with the consequent emission of a A7T065
guantum, Finally, through the transition to the 238 state,

a photon at A10830 is produced, Thus, with the second
alternative, a A388Y 1s degraded into three photons of

lower energy. To be specific, by self-absorption a fraction
of the A3889 quanta, produced by recombination, are converted
into photons of lower energy. The net effect being a decrease
of the A3889 intensity as the optical depth in that line
inereases,

2) The A3889 Line

The optical depth, at the center of that line is

7. (3889)= 366x\0"° NI R L O (15)



-58=

with k, = 6.2 x 10-14cm2 and L = 10180m3 tlie optical depth
is 2,21 x 1072 Nezﬂ For the central part of Orion, where
Ne2 (unreddened) is of the order of 3 x 107 {(as will be
shown later), the optical depth at A3888 is of the order

of 700, Suchk a high value would certainly lead to the
complete absorption of that line and consequently no
emission at that wavelength would be observed at all, In
fact, for tLat extreme case, tlie whole set of triplet lines,
as produced by recombination, would be effected sulfficiently
to be detected observationally, Table VIII gives tlLe com-
parison of the intensities of tle triplet lines observed
with those predicted by theory.

The recombination intensity values were computed
using the recombination coefficients published by Burgess
and Seaton (37), for £ = 0 and 4 = 1, IKor the cases 4 3 2,
the helium terms become very nearly hydrogen-like, simply
because the 1s electron forms a spherically symmetrical
cloud of negative charge around the nucleus, For the outer
electron, the field outside tlLis cloud will be roughly
identical with a field due to a single cLarge e at tle
origin, The recombination coefficients, with the hydrogenic
approximation, are then (37):

2 (He wl)= 5 28,1

(16)

oL (He w®WLY= T (W, wl) |
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The self-absorption data came from Pottasch's
computations{38), Tuat author considered a lda-level atom
and determined the relative intensities of some lines in
the triplet system as a function of the optical depth in
A3889, The highest value of the 1attef quantity considered
by Pottasch being 30, Tle line intensities for r = 700

have been crudely extrapolated from hLis resulits,

TABLE VIII

Recom- [Self-Absorption Point 1| Point 3
Line |Transition|bination T=10 =700 I(H@) = 100
10830 | 29p-2°s 16,0 18.4 21,0: 43,0 60,8
7065 | 3%5-2°p 1,9 6.7 9,2 6.6 6.0
5876 | 35p-2%p | 10.0 10.0 10,0 10,0 | 11.1
4471 | 4°p-29p 4,2 3.9 3.8 3,9 4,3
4026 53D—23P 2.3 1,9 1.7 2.2 2,0
3gg9 | 3°%p-23s 10,8 3,3 <<0,1 2.8 4.8

The intensity of the emission line A3889, which
is blended with HB’ can be obtained by assuming that tle
intensity of the hydrogen line is 13.2, as given by the
recombination theory,

According to the table, the intensity of the lines
observed, sensitive to optical depth, are markedly different
from the corresponding recombination values. lowever, if one
compares with the results obtained by Pottasch, the optical

depth, at A3889, is at least two orders of magnitude smaller
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than that which was computed witk Equation 15, The value
of the optical depth, as suggested by Pottasch' computations,
lies marginaily'between 8 and 10,

A direct estimate of the optical depth, at the A3889
helium line, can be obtained by the strength of this 1line,
 which is shown in absorption in the spectra of some of the
stars imbedded in the nebula(l39)., The equivalent widtks
observed in the spectra of tlie Trapezium stars are close to
0.,2A, From the curve of tle growtl, for both pure thermal
Noppler broadening and 10 km/sec¢ turbulent motions, it is

found that for

LS
2 DX

= Q.63

the number of atoms in the 23S level is
L N2 = 3.92 x 0% . (17)

With the value of tle absorption coefficient given above,

the optical deptl is about 3, TLis value is not very different

from that derived using the emission line observations,

Theretfore, tle population of the metastable 238 level, as

predicted by Equation 14a is larger, by at least a factor

of 100, than tle population indicated by direct observations,
In order to explain this disagreement between

theory and observations, Wurm(7) has proposed a radical

change in the spatial arrangement of the gas and tLe stars

in the Orion ncbula, ke proposes that the exciting star



lies in front of the bright material, whkereas only a cloud
of lower density, where the A3889 absorption line is
produced, is in front of the star, Therefore, hhe assumes
that the density in that cloud is such that Equation 14D
‘leads to the same value of N(238)\*given in 17, Consequently,
under Wurm's assumptions, Ne2 must be one-hundred times
smaller than the unreddened 3 x 107 introduced above. The
surface brightness of the cloud, lying in front of the star,
is then 100 times smaller too,

A more reasonable explanation for that discrepancy
has been advanced by Minch(9), namely that the lifetime of
the 238 level lras been overestimated, Le Las polnted out that
the effects of tlie Ly-o quanta have been completely ignored,
In fact, a Ly-a photon has enough energy to ionize the lel
atom from the 238 level, 1In order to prove the importance
of this mechanism in depopulating that metastable level,
the rate of ionization by this process must be estimated, and
then compared witl the other depopulation rates, The analysis
presented here is different from that given by Minck, Although
nore simplified, the treatment of tle problem as skown below,
avoids the introduction of the stellar parameters: effective
temperature, ratios, distribution of energy, etc, involved
in the arguments used by Munch,

The intensity of Ly-a radiation over the face of

tlie nebula is given by:

1 (Lu&—ol\= %’%\: (\_X\ \-\ 'ﬂ:. 3
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the units being photons em~ sec™! steradian-l, Therefore,

the ionization rate is
= AT T (L) a, Q (18)

wiere a, is the continuous absorption coefficient from this
level, Using Su Shu Huang(40) computations, it is seen by

linear interpolation that

: ' -8
a,= L.82 »\O o war

Introducing the numerical values used above, the

rate is:

w, = 2.5 % \0‘3‘ Q N: T—; (19)

From the arguments presented in the last section,
Q, the number of Ly-a scatterings, is of tle order of 8 x 10°,
as estimated by Osterbrock, Nequ can be derived directly
from tlhe surface brighitness; however, tle extinction of dust
inside tle nebula must be taken into consideration, As
computed in a latter section, tlis quantity is close 1o
1025“52 cm_5q From these values, it can be easily seen that
the ionization rate is of the order of unity. This high
ionization rate indicates a much more effective depopulating
process than any of the mechanisms considered in EQuation 13,
Thiis result should be expected., The density of Ly-a photon

is very high inside the nebula, overcoming the small ionization
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cross—-sechtion of the 238 level for radiation at tlhe wavelength

of the Ly-o line,
From Equation l4a, the population of the level is

{(since n, is the only important term),

N (2'3 S\‘: 0-09 N: d.k'\wie&ests “l‘

using Equation 19,

\8 -\
N(Z}S\"" '163.7(\0 (QL) (20)
the optical depth, at the center of A3889 is, for Te = 10% K,
SR Y
7. (3889) = 4.32 X\0 Q (21)

If as above, Q is taken as 8 x 105, value corres-
ponding to an optical depth of 105 at the center of Ly-a.
T(3889) = 0,006, This quantity is about 330 times smaller
than the optical depth indicated by the strength of the
A3889 line, However, this discrepancy can be explained in
terms of extinetion by dust particles, Ly-a radiation is
certainly absorbed by dust; then reducing tle number of
photoionization rate from the 23S level, Therefore, in
the central regions, where the Ly-a quanta density is high,
the optical depth at A3889 is very small, Those regions
producing tie hel lines according to the recombination theory,
Whereas, in the regions farther apart from the exciting star,

where the number of Ly-o quanta available for photoionization

is drastically reduced due to extinction by dust, tle
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deparfures from the recombination theory occur, here the
lifetime of the 235 level is longer, The optical deptl,
at A3889, becomes close to unity and the self-absorption
effects come into operation, It is in these outer regions
where that line, shown in absorption in the spectra of some
stars, is formed,

This assumption on the stratification in the
line formation mechanisms, can be supported by the radial
velocities derived from tle nebular lie absorption lines,
Table IX merely reproduces part of the data already
presented by Wirm(7), That table gives thLe radial velocity
of the nebular gases, as determined by both the nebular
emigsion lines and the helium absorption lines, The emission
line data comes from the work of Wilson et al(8), The
velocities from the Eel absorption lines were determined by
Wilson(9), It can clearly be noticed that the Eel always
indicate a ligher velocity of approach, toward us, than

the emission nebular lines do,



TABLE IX
(0III) (011) lie
Star Lines Line HY A 3889
g%ggf +14,0 +16,0 +14,0 +2,5
g%ggi +9,1 - - +4,5
faint

The fainter components of the liel lines have
been omitied from the table, as well as the splitting in
the (OIII) lines; this emission does not alter that
correlation significantly, If only tlie 4 Trapezium stars
are considered, it can be concluded that a difference in
velocity of about 18 km/sec, on the average, exists between
tlie outer regions where the Hel is formed and where the
inner zones bright emission lines are produced, This gradient
of velocities is in agreement with tle assumption that the
nebular is expanding and that tliere is a stratification in
the HelI line formation mechanisms,

3) The A10 830 Line

It can be noticed from Table VIII that the intensity

of this line is markedly different from that predicted by the

recombination theory. Furthermore, thie strength of the line
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is even greater than the valus predicled with the extreme
cases of self-absorption, This discrepancy exists because
electron collisional effects Lave been wholly neglected,

3P levels

Since tie energy difference between the 238 and 2
is small, the collision effects are bound to become important
in the outer regions, where the population of the 238 level
can be high, Tle collisional deexcitation rate from the 23P
level is negligible compared with tlhe spontaneous optical
transition rate to tLe 225 level (emission of A10 830);
thierefore, any number of upward collisional transitions to
the 23P level would lead to the emission of {the same number
of A10 830 quanta,

The number of A10 830 photons produced, per unit

area per second, due to electron collisions is:
P (10 830) =T, W(233) N, <evy (25)

where <Q4.) Ne gives tLe upward collisional rate, From

the work of Seaton(41), at 10% Xx:

P (o 830)= 2.8 %107 W) N,

The number of photons P can be obtained through
the use of Tables I, IV, and VIII, Table I gives the surface
brightness at HB for all tiie points ohserved in Rayleigh's
(106 photons/cm'zsec-l). From Table IV, the I(10 830)/

I(H@) ratio is obtained, Interpolation in Table VIII,
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using the intensity of either A3889 or A70685, provides both

the optical depth at A3889 and the fraction of the A1l0 830
pliotons prodﬁced by electron collisions., For point 1, the
surface brightness is 102 x 10° Rayleighs, the I(10 830)/

I(HB) ratio is 0,43, Judging by the intensities of both A3889
and A7065, thLe optical depth at A3889 is about 9, Consequently,
since I(5876)/I(h6) is nearly 10, the fraction of A10 830

quanta induced by collisional excitation is:

43.0 -\18.4
43.0

= 0.83

then, taking into account that
Wy L\'\‘s\ = 2.2%
v Lo B30)

P is given by

PLog3d)=2.22 * 043 x \02 % \07x 0.5%
» (\0@30) = 5.6 X\0'°

Using Equation 25 with an adopted value of Ne = 750, for

the outer regions, one obtains

N(233) 1 = 2.3 x0"

If this number is multiplied by tuhe absorption coefficient

at the center of A3889, we have

T(38R9) =\ 6.8

This value is nearly a factor of 2 greater than Pottasch
computations suggest for this point (T= 9), It must be

pointed out that there is still an extinction correction
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to be applied; tlie amount of radiation lost by dust absorption
at A10 830, This effect would still increase tle optical
deptiz; if oné adopts the reddening curve as drawn in Figure 2,
the correciion is about 0,3 mag, The optical depth would

then be 22,1, ilowever, tlat correction would be correct only
if the dust, producing the nebular extinction, is located

at the edge of the nebula, But, if that were thc case, tle
relatively small reddening indicated by 920rig as compared
with the large extinction shown by the Trapezium stars, would
he difficult to explain, Consequently, the idea that dnst

is mostly distributed in regions close to the center is
preferred, Therefore, the reddening correction must be much
smaller and can be safely ignored.

In any event, tie optical depth at the center of
Lel A3889, as derived with the intensity of the A10 830
emission line, is much smaller than that obtained when the
mean lifetime of tle 238 level is considered to be given by
Equation 13 only, That is, the Intensility of tuLls strong
emission line is also consequent with the hypothesis, given
above, that the Ly-ao guanta play tie dominant role in the
depopulation of tle level,

The departures from tie recombination values are
greater in Al0 830 than in any other line within the triplet
system. ThLose departures are mostly due to collisional
effects, The efficiency of the electron collisions is directly

proportional to the population of the 23S level, which in
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turn depends on Q , the average number of scatterings

suf fered by Ly-o photon before leaving the nebula, Let m
be the ratio of the upward collisional transitions (to the
ZBP level) Lo tlhe rate of A10 830 produced by recombination,

then
L N (2 2) Ne QW
W= eler ThMS) N, hzg.2n (26

where agp 9s is tle effective recombination coefficient at
Te = 10° XK, From Equation 20, and using N(Le*) ~ 0,090 Ne,

m becomes;

S
W = C‘_-\'E.‘ N&QL 2 (27)

As indicated above, Q must be deecreased due to Ly-a
extincetion produced by tie nebular dust grains; if Qo is the
number of scatterings of a Ly-o quantum in a dust-free

ncbula. (as given by Osterbrock), tlen as an approximation

Ne Qo & (28)

whlere Qe is the mass density of solid particles and kx is

the corresponding absorption coefficient at A1216, According
to Equation 28, there should be a correlation between the
intensity of the A10 830 emission line and the amouﬁt of dust,
The 1ine is expectad then to bhecome stronger either for points
far away from ionization sources (hot stars) or for regions
with a large concentration of dust. VFigure 4 shows the ratio

m, for all the points where tlie line was observed, against
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the "absorption" at HB, The value of this absorption, AHB’
is the differential extinction between A10 938 and A48861, as
derived from tLe Paschen/Balmer ratio metlod,

The correlation between m and the extinction seems
to be firmly established, according to the points plotted in
Figure 4, liowever, although the ratio is almost inversely
proportional to the electron density, The correlation of
m with Ne does not appear very clear at first sight, The
reason being the electron density fluctuations present in
the outer regions, where the electron collisions enhance the
Al0 830 line over the recombination value and according to
the Toregoing discussion., The presence of those fluctuations
in electron density was clearly demonstrated by Osterbrock(s),
tlirough [3727?—1ine observations, The character of those
variations in density were further investigated by Pariiskii(42),
who found that the density fluctuations grow with distance
from the Trapezium stars, Moreover, the observations of
Ne provide information heavily weighted by the inner regions
and consequently, the electron density of Equation 28 is
not the same as the one derived throughout tlhe surface bright-
ness measurements, A direct photograph at A10 830 -~ now
quite feasible through image-tube techniques - should provide
additional support for the stratification of HeT line
formation mechanisms proposed in this investigation,

4) The ke/L Ratio

In the previous sections, the contribution of the



line formation mechanisus, other than pure radiative
recombination, has been considered, It was tlien concluded
that, for the i spectra, the relative intensities of the
various cmission lines are accurately described by the re—
combination theory, For the case of Le, some small effects,
due to self-ahsorption, must be taken into account in
addition to tlhe recombination theoretical predictions.

The le/li abundance ratio can be determined by the
line intensity ratio of kel A3876 and kA4861, The emission
line A3876 is a‘member of the triplet system, which is
effected by self-absorption, Throughout tie latter process,
photons of nigher energy, namely A3889 quanta, are degraded
to photons of lower energy, which include a small fraction of
A5876 photons, Therefore, the net effect of self-absorption
is to increase tle intensity of A5876 over tiie pure recom-—
bination value, For point 1 (tke best one observed), the
optical depth at A3889 is about 10, Pottasch'computations(38)
indicate an increase of about 3 percent in the intensity of
A5876 fTor that optical deptlh, due to self-absorption, For
the same point, the 5876/up ratio is 0,098, that is, 0,0935
due to pure recombination, From tlke recombination coefficients

as given by Burgess, one derives

N (He') _ 1 058176) |
Niwy - o 98 T (W486\) (29)
and also
N (\Aéﬁ - 9.a% X;(}AMQ%S\
W ey T 1 (M4A8e\)
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If the ratios given for point (1) (whiech are close
to the average of all) are adopted as the representative

values for the whole nebula, the abundance ratio is:

N ( Ve)

———— = 0.09\ T 0.004
N (W)

The ratio h/He, of 11 to 1, found in this work can
be compared with similar determinations for other diffuse
nebulae, MatLis(20) has revised Lis older spectrophLotometry
(1) for the Orion nebula given a smaller ratio -~ 8,5 to 1,
liowever, hls reddened values for the 5876/ip ratio, from which
tlhe abundance is derived, are almost equal to the ratios
observed in this work, As has been pointed out before, the
Pasohen/Balmer ratio method indicates a larger reddening
than the extinction obtained by the six-color photometry
of the Trapezium stars, Consequently, Mathis unreddened
value of the 5876/Lp ratio is larger, by about 20 percent,
than tie value given here, e also Las observed turee other
diffuse nebulae, one of them (NGC 604) extragalactic, in
M33; in his work, the Whitford law of reddening was used to
determine tlie corresponding nebular extinction., however,
dust, inside diffuse nebulae, seems to show different be-
havior than in tle ordinary interstellar space, Therefore,
the reddening law found in Orion was employed here to
correct Mathis' observations, Table X gives the results for

other objects similarly studied,



Mebulae

NGC
NGC
NGC
NGC
NGC
NGC

1976
6523
6514
604
2070
346

IC 418

~68=

TABLE X

L/ te

11 to 1
11,8
12,4
9.7
13,1
11,0*
9.4

Heferences

Matids (20)

1

"

Faulkner (43)
Aller and Faulkner (44)
0'Dell (45)

*Ratio corrected with better b factors

Considering that errors of about 10 percent were

involved in those determinations,

it is clearly seen that

the e/ ratio is very uniform among those nebulae, The

abundance derived, from the observations obtained here, is

in very close agreement with the average value of 11,4 for

the six other diffuse nebulae,

5) The Dust Inside the Nebula

A direct estimate of the amount of dust imbedded

in the nebula can be provided by radio observations, which

are not affected by the existence of dust inside the nebula,

Free~free transitions produced by electrons, in the elcectrio

field of ions, are tle source of radio emission, As is well

known, at wavelengtls smaller than 10 em, the diffuse

nebulae are optically thin; the thermal radio intensity is
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then proportional to tlLe emission measure, and consequently
can be directly related to tlhie optical line-intensity in the
following manner:

The energy flux at Hﬁ is, at the face of tle nebula

’T:ﬁ = N: o(“\ﬂ- \’\\)«am -\—‘\

while the same gquantity, per unit frequency interval, in the

radio region is

FF:V - 4—“ Ky—BVL - thv:“\’ L
< (30)

where the volume absorption coefficient Kv is, according

to Smerd and Westfold (54):

z ¢
K, = AN Ze 2 \w(\_‘_\)‘a\

ekt 2 ey . (31)
The ratio is then:
Fadow \ Lo bw (L)
= = L. 69%X\0O ~ - ., (32)

where now F gives tle power receivsed at Lk earth, The

logarithmic facf¥or, for the cm region, is given by:

\n(\‘\'“)cz\ = \""K.L ¥ (%%- %1_5‘(%\'\\/1>\>1X
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TABLE X1
Unreddened
F(H3)x10-10 Distance
Point erg/cm2/sec (sec, of arec)

1 13,0 45
2 9,7 68
3 12,0 32
4 0,2 104
5 0,5 151
6 4,0 105
7 6,3 87
8 3.4 100
o 2,1 115
10 11.5 55
11 4,8 120
12 8,1 80
14 0,1: 185
R 4,0 125

For a wavelength of 3,15 cm and Te = 104 K, the

logarithmic factor is 20,9, and then the relation follows

T = 2.8x\0"7 V4.«

e
The energy flux received at the earth can be
ohtained directly from the surface brightness data of Table
1, Those values must be multiplied by the solid angle
subtended at tlie telescope by the entrance aperture as

projected on the nebula, TLe distribution of the energy
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flux, at A4861, can then be derived as a function of the

| distance from the center of the nebula, Table 11 gives the
relevant data; the shape of the distribution is slown in
Figure 5, The crosses indicate tle condensations, wkLich
obviouély depart from the normal distribution, The most
distant point observed (number 14, not included in Table 1)
lies 185 seconds of arc away from the center, This point
was observed only twiee; 5007, HB, and HY were the only tliree
lines observed; due to the high noise level present at the
amplification gain used, the accuracy in the absolute values
is the worst of all, Lowever, this point indicates roughly
how the distribution in flux shkould look beyond 3', The
dotted line indicates that those values are roughkly
extrapolated,

The angular resalutinn of the radio observations of
the nebula, available at tle present time, are rather poor;
consequently, a direct comparison with the radio distribution
is difficult to make, Notwithstanding this limitation, some -
thing can be stated through the data available, If reddening
ig included, the central points, where the extinction is
lieavier, will go farther up in Figure 5 than points 5 and 14
wlere tlie reddening is smaller, Therefore, the distribution
slhape would resemble ap exponential curve ralher Lhan a
Gaussian, whichk is the radio distribution indicated by the
work of Menon(46),

If splherical symmetry is assumed, one can integrate

the optical data up to any given radius, Assuming a radius
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of 20" for the nebula, the total flux at HR is then:

Fu, = 2.8% 107 B g fewt see
the flux, at 3,13 cm, as given by Osterbrock(d) is:

Fais = 4.8 x\o™® QN%/CM1~$¢.¢-CP$_

From tlis value and Equation 34, tle flux at LB predicted
is 1.4 x 10—7, which is a factor of 5 greater than that
derived t(Lrough the integration of the reddened energy
distribution at A4861, That reduction factor of 5, cor-
responding to 1,7 magnitudes, is unguestionably due to the
extinction produced by absorbing particles, of Dboth nebular
and interstellar character, The mean color excess of the
Trapezium stars, as determined by Sharpless(47) is 0,386,

With the ratio of total to selective absorption at RV,

A

= 6.0
By

also derived by Sharpless(48), tle absorption for light at

HB is, accordingly

= £ 216
g“\% Na
?
-\
on the B-V system, M= L83 s then
QL. = 2.4%

ol
This value implies a reduction factor of about 10, whereas
a factor of 4,5 was derived for the nebula as a whole, The
difference can be explained in terms of a central concentration

of dust, This explahation is supported by tlhe fact that the
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stars, not within the liuygenean region, slow a smaller color
excess of about 0,23 {(47) (9%0ri has an excess of 0,25), With
this informafion, one can conclude that tie ceniral region,
with radius of about 3', contains 2,5 times more dust than

the area of tlie nebula outside the luygenean region,

With tlhis distribution of absorption, the unreddened
flux at HB can he obtained, Figure 5 gives the distribution
up to a radius of 20', It must be horne in mind that the
distribution for ¥ > 4' is merely a crude extrapolation, If
one integrates, again assuming spherical symmetry, using the

unreddened curve, then

%
Fue (r=20) = 2%\0

This flux is now larger than the ome predicted, Tihe difference
might be due to the symmeiry proposed, For the central region
tliere are obvious departures from a spherical distribution
in surface brightness; since, about 85 percent of that flux
arises in a region within a radius of 4', the discrepancy is
not due to errors in tlie extrapolation, Notwithstanding, the
disagreement of 43 percent, tie distributions shown in Figure
5 were adopted for all the computations in the present work,
The emission measure, as derived from tle unreddened data,
is given in Figure 6,

The total absorption at A1216, the wavelengtl. of
Ly-a, can also he estimated using tlie arguments presented

in an earlier section, After the comparison of the optical
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deptii, at A3889, obtained by direct observation with that
computed witl. Equation 21, it was conecluded tiat the number
of Ly-a scatterings, Q must be reduced by a factor of 330,
This is equivalent of saying that, along a path length L, the
Lyman-Alpha radiation is absorbed by dust, decreasing the
intensity afhthat wavelength by the same factor, As a first

approximation, we find that

Q %p i_% N Ga)R (A216) A;&=330

(36)

where NS is tl.e mass density of the absorbing material, and
k(Ly o) is the mass absorption coefficient, wiich may be
expresses in terms of the geometrical cross section ﬂaz and

an efficiency factor Q(a,A) in tlLe form

_ Gg(aq)h'TVc} 3 (N
R (k\ - AL T a? ¢ -y :3\ (37)

where s is the density of the solid grain, Very little is
known about the nature of the dust imbedded in LII regions,
consequently, the knowledge of the particle size distribution
is entirely unknown, Therefore, the same radius a will be
assumed to be constant througheut the whole nebula, With

this simplification, Fquation 36 becomes:

(38)

If the same idea is applied to tle reduction factor
of 10, produced by dust at 13, as derived above, one obtains

a relation similar to 38, The right hand side being 2,25,
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therefore, we find that:

Q(a, \2\6) 2.6

R = S aey = (39)

Thie value of Q(a,\) depends on the nature of the
solid varticles, namely size, suape, refractive index and
optical and magnetic properties, Extensive computations
of the efficiency factor hLave been carried out for various
kinds of particles, FEach case gives a definitive and
anique variation of § as a function of botl the size of the
particle and the wavelength of the incident light, Condition
39 provides an indication of the proper kind of particle,

From the higher abundance of the elements
with low Z, one could expect the dust to contain dominantly
k, e, 0, C, N, Mg or Si, Metallic elements like Fe, Ni,
and Cr would consitute a minor impurity only, Therefore,
the dust must belave as a dielectric material, although a
small metaliticity would be expected due to the impurities.
The hydrogen and helium would evaporate off the grains, in
LIT region conditions, since their vapor pressures for the
solid plase are exiremely small, The hydrogen could remain
combined with otler elements through covalent bonds. In a
solid, the only possibilities are: hZO, Nh3, and CH4, which
again must have predominantly dielectric properties, Also,
one can e xpect compounds like SiO29 MgO, CO, and 002@
Van de liulst(22), in his review article, provides

a good collection of extinction curves for various kinds of
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particles, Those curves are primarily conmputed for spherical
grains, In an LTI regions, as tlie Orion nebula, the collisions,
more frequent tkan in tlie interstellar medium, would certainly
favor the sphericity of the dust particles, Figure 7 shows
the variation of R as a function of particle radius, assuming
spherical sLape, for 3 types of grains,
a) Pure dielectrics, witl. a refractive index of 4/3,
value for tlie waterdrops and close to the refractive
indices of frozen ammonia (1,32, frozen Cli, (1,26)

and frozen L, (1,10),

2

b) Pure dielectrics, with a refractive index of 2,0,
this 1igh value would represent denser material,
as perhaps silicates, Intermediate values of m
can be easily computed by interpolating between the
two curves,

¢) Dirty dielectrics, that is a dielectric witkL

metallic impurities, In this case the complex

refractive index
m= 1,33 - 0,061 (40)

has been considered approximate, For this particle true
absorption occurs, since electromagnetic waves are converted
into heat,

Figure 7 shkows that, if condition 39 Lolds in tle
nebula, tie particles must have a radius in tLe vieinity of
0.16 microns, Moreover, particles of that size, in addition

to satisfying Equation 39, assure the I/K dependence of the
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reddening curve, It must be pointed out tlhat the absorptioh
of light at 1216, as derived above, involves only the dust
imbedded in the nebula, whereas the absorption at A4861
includes both the dust in the nebula and tihe interstellar
varticles placed between the eartl and Orion., This effect
tends to reduce the value of R, with respect to the true
value, liowever, an increase of H in a 20 percent would not
effect at all the value of a, obtained with Figure 7,

It can be seen that particles with radius larger
then 0,2 are out of the question, for otLerwise the
reddening curve would show a rather peculiar behavior., It
could be objecled, huwever, tlat the refractive index has
been considered constant in a wide range of wavelengths,
an assunption that cannot be supported., A direct inspection
of the extinotion efficiencies curves slows that Q(a,1218)
always decreases with increasing indices of refraction,
provided that a is larger than 0,1 micron, Since the index
of refraction at A1216 is higher than at A4861 (if no
absorption bands are present), the efficiency factor ¢ would
tend to be lower, Those arguments hold only in the case
of classical particles, however, at wavelengtis in the
ultraviolet regions, quantium meclianical effects begin to
become important, Electron transitions, molecular dis-
sociation, etc, are effects wlicl again increase the
efficiency factor, probably cancelling out the effects of
the higher refractive index, No estimates of the latter

effects can be made without introducing especulative
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favis; therefore, it Lias been assumed that the constancy
of the refractive index is a fair approximation,

On.the other hand, the reddening curve seems to
hehave according to the 1/\ law, from A = 3700 to AlO 000,
nearly with the same slopej a Tact that is supported with +the
close agreement between the I and ke line intensities
measured and the pure recombination values. The change of
slope at about 1/% = 1,8, present in the reddening curve
as derived with the six-color observations, cannot be
reconciled with particles with radius of about 0,16, As
van de Lulst(22) pointed out, that change in slope, or
the relatively small absbrbing power in the ultraviolet,
could be explained with particles of larger size than the
ordinary ones in the interstellar medium, The smaller grains
can be better explained in terms of electron collisions,
That is, if the destruction of dust particles takes place
through collisions witlh tle electrons, the larger grains
would be destroyed more easily., Consequently, the maximum
of the particle size distribution would be shifted toward
smaller sizes, increasing the absorption in the ultraviolet
and blue regions of the optical spectrum, as indicated by
the Paschen/Balmer line ratios (see Figure 2),

If the radius of 0,16 is considered as the
representative value for the dust particles, the mass density
of tuie solid material in tlhie nebula can be easily derived

with the use of Eyuation 38, whiel is transforrmned into,
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N (k) = L 22 o

S
SIGIA R (41)

taking Q = 2,5 as the efficiency factor, whicli corresponds
to a dielectric with a small amount of impurities, the
density s 1s about 1.3 gr/cm3 fur a fruzen gas, then

N = 6.4 x 10723

5 gr/cm3

The density of the gas can be derived from the

surface brightness data of Table 1 and with the equafion

- N z
S.O S“@‘— AT O(A“L \'\\?436& NQ_ » (42)
Taking the observations for point 1 as representative of the
central region (the factors of 330 and 10 were derived for

this case), one obtains

N, = 5.5 x 103 electrons/om3 »

Using the Lydrogen to helium ratio found in an
earlier section, one can obtain tlie mass per free electron,
and the mean value of the ratio between the densities of

gas and dust is, for the central region of the Orion nebula;

12

N(ga

Nigas) . 200
N(dust

S

(43)

It should be borne in mind however, that this ratio might
show appreciable variations for different points throughout

the nebula,
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This value is two times greater than the mean ratio
found in the Taurus~Orion Dark Nebulae Complex by the 21 cm,
survey (49), Furtlermore, this ratio indicates tle possibility
of a steady progression going from low values for the ratio
between the densities of gas and dust grains for the inter-
stellar medium (close to the galactic plane), to the average
“value for diffuse nebulae (Orion), to a still lower ratio for

the dense and dark nebular complexes.

D) Density Fluctuations

A direct inspection of Figure 1 would clearly indicate
that tlie Orion nebula cannot be considered as a homogeneous
distribution, The effects of tliose density fluctuations are
of the utmost importance in the interpretation of ithe obser-
vations, both in the optical range and in the radio region,
Moreover, the stratification in the line formation mechanisms
preposed in Section 2 of this chapter needs, for its support,
a direct knowledge about tle character of tlie density fluctua-
tions in the nebula,

Osterbrock(5), utilizing the intensity ratio of the
lines A3726 and A3729 of (0II), determined the electron
density distribution of tlhe nebula as function of the distance

from the center, A maximum value of 1.8 x 10%em™3

was found for
tlie center; his observations extended up to distances of 24
minutes of grec from the Trapezium, 1In those outer regions

e observed elements with densities of the order of 250 cm_BQ

Assuming homogeneity in tl.e nebula, he then computed the
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radio flux at six different wavelengths, from 3,15 cm where
thie nebula belaves as an optically thin layer, to 350 cm,
where tle radio emission is not any longer proportional to
the radiation in the hydrogen lines, The computed fluxes
were several times the observed, Therefore, the idea of
inhomogenities was introduced as a mathematical tool; assuming
a model with condensations distributed at random, through a
spherical region, the fluxes were recomputed using now an
effective radius alL rather than only L, 1In this way, a is
defined as the fraction of the lengthi of the average line of
sight occupied by condensations, TLe introduction of a makes
tlie optical depilh decrease relatively 10 the homogeneous
model, With a value of a of 1/30,3, the agreement with the
ohservations was better, although not complete, The origin
of the remaining discrepancy will be explained later in this
section,

Miinch and Wilson(6) rejected the spatial arrangement
of gas and stars proposed by Wilrm(7) for thke Orion nebula,
already discussed in Section 2, on tle basis of the existence
of density fluctuations, Their analysis is interesting
because in the depopulation mechanisms of the 238 level in-
volved in their work, the ionization by Ly-c radiation was
not considered, With similar agreements to those given in

Section 2, they derived:

N, D=1 (Lra.a ug* N, + 0.0%3 ) ewtye (44)
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using the observed strength of 33889 in absorption, It can

be seen that with N, = 1.8 x 10+4’ 2

= 0,1, the emission
measure is about 100 smaller than the surface brightness
derived for the center of the nebula (see Figure 6), They
explained tle discrepancy by considering elements capable of
producing the Lel A3889 absorption, with such a short effective
path length, that the surface brightness is 100 times smaller
than in the large scale, With the distance Y to tlhe ionization
source being 0,32 pc, for tlie central regions where electron
4cm—3
3

-
density is close to 10 s Dae 6 X 107° pe, For the outer

regions, with Ne ~ 750cm™ ", D ~ 0,1, but the distance Y needs
to be closc to 1 pc, With these quantities, a ~ 1/60, for the
dense elements; whereas a ~ 1/10 for tle outer regions, Due
to the size of the elements producing the lines, it was
further concluded that no correlation could be expected
between tlhe radial velocities of the emission lines and those
of the A3889 absorption lines,

liowever, as is shown in Table IX, there is a correla-
tion between the velocities, Furthermore, when tle depopulation
rate N, » due t0 photoionization by Ly-a quanta, is included
in Equation 44, one obtains, taking into account the extinction

of Ly o by dust:

P
Ne D= 5.4X\0°(2.08 +0.002 +10° Ne +\. 300 “z\ (45)

using Ng = 2.104, the emission measure indicated by the A3889

line in absorption (W = X 0.2), at the center of the nebula is:
0 Ne‘g: 1,25 x 10" em Ope.
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value that is 1in excellent agreement with the emission
measure derived with the Balmer emission lines., In this case
@ < 1/2 (see Figure 6),

The latter value of a is quite different fron that
originally assumed by Osterbrock (¢ = 1/30“3) Moreover, the
emission measure at the center of the nebula, as derived from
the density distribution given by the A(3727) lines, averaged
over a circle of radius 0,65, turns out to be 3,6 x 107,
Comparing with the corresponding valve for point 1, a ~ 1/5,
Evidently, a closer approach to tle problem of density
fluctuations must be carried out,

Let the nebula be considered as a spherical cloud

with radius R, and assume that the electron density can be

expressed as a funetion of 4, tle distance from the center,

Figure 8
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Then the reddened emission measure E at a point P,
located at ¥ minutes of arc from tlhe center, according to

Figure 7, is

Ew= Swt&\ SHEPR &M‘&R‘-“\"‘X e s (46)

£(Y) has been determined by direqt observation, tlierefore,
tlie solution of the integral Equation 46 which is a Volterra
equation of the first kind, can be solved by numerical
methiods, leading to the knowledge of the function Nez(t)a
The solution would require 7(2) to be given, which in turn
implies that tle density distribution of tle solid matter,
N(s) is known, Although it is clear that thLe dust is
heavily concentrated toward the center of the nebula, its
distribution as a function of distance cannoit be determined,
Consequently, one approximation, to simplify the problen,
must be introduced; namely, tkat T(s) is a constant, The
exponential can be transferred to tie left size of Equation
46, aud the unreddened emission measure £(v), as given 1in

Figure 6 can be used,

Lk
SQ\(\ = &N: kSR"-‘('-\ AS
O.
Tke integration carried over Lalf the sphere only,

since that is what is observed, For otherwise, the far side

of the nebula could be observed, When theoretical radio
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fluxes are to be computed, the whole spliere must be considered,

Using 4 as a variable, one has

X

€ - S AR

\'S LIRS

o (47)

The form of this equation is similar to the classical

Abell equation, whiech is:
X
oL 2)
%&%\: & TRy d= (48)
O
where

O <<\ o d a<rsh

tLe solution is (see Whittaker, Modern Analysis, page 229)
z

. A x
_ Siw oW 4 ﬂfﬁfl.__—
viz)= T 33 X (z-x)7F ' (49)
L~
with the chiange of variable
T 2
R~ Y= w R T=v

the integral Equation 47 beconmes

w

g () = - LN (WD

(w-v)r
[aY

which.is of the desired form, Consequently, one has

A 2 % (w)
M:LU\ = ?A_—J:\\:\‘S (U -wY dw

[~
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carrying out the integration by parts first, and thLen taking

tlie derivative

V]
L2 2 _
\\\\e (U\ =" TT& A w (u-uy’2
[+]

And finally:
®

2 2 Ag (v) dv
N. (8= 5 SA\ d v \ (-1 (50)

Following the same arguments given by Osterbrock,
tlie density square given by 50 must be equal to tlie projected
Neg(Y), obtained through the (0II) doublet, multiplied by the
condensation parameter a, The values of 2 SA , tan be
determined directly from Figure 6, The integration was carried
out using the scale 1' = 0,131 parseec. As has been said
before, tlhe values for Y > 4' were obtained by a rough extra-
polation, and the integration for {4 > 6' is meaningless
simply because in tliose cases the errors in tle gradient of
E(Y) become very serious,

Tie parameter a, as defined by Osterbrock, is then

merely the ratio:

iR \A%L\\\ dv

e e

LWy o)

Q)= —=

Table 12 gives tlLe results of the computation,
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TABLE XII
2 - —
e?x10™% wo?x107%
L Eq.50 [01I1] a-
1" 36,2 108 5.9
a? 3,2 34 13.1
31 0,80 9,2 23
4 0,16 3,6 43
5 0,11 2,25 60
61 0,042 1,58 TO

and indicates, beyond any doubt, that the parameter o
decreases outward, This kind of variation is produced by
a nebula with density fluctuations, which vary in size as a
function of the distance from tlhe center, That is, the
nebula is more homogeneous in tle center than in the outer
regions., It is clear that the density distribution depends
largely on the initial conditions (before the 06 star was
born). however, this increasing inhomogeneity in the outer
layers could be explained in terms of the interaction of the
expanding gas with the highly disordered medium around the
nebula, This interacticn would certainly corrugate the
ienization front leading to fragmentation., The closer to
tle ionozation front, tie larger the inhomogeniety in tle
electron density, |
Osterbroek's observations cover a large region of

the nebula, in prineciple his projected electron density dis-
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tribution is more accurate than tle distribution obtained
liere, where only 5 points were used to derive the surface
brightness distribution, Lowever, the character of the
variation of a is not far from the trutk and can be used to
repeat Osterbrock's computations, Assuming d\m 200 for R = 247,
and using the data of Table XI, integrations were carried

out with the IBM 7090 computer of thke California Institute of
Techinology. The fluxes at six radio frequencies were com-
puted using the same equations of Osterbrock’'s paper (5),

The results are in good agreement witlL the observed values,
although still a little hLigher at large wavelengths, Table
XITI gives the comparison, The differences are smaller than
the errors involved in tlhe radio observations; then it can

be concluded tlLat the diserepancy between theory and
observations, found by Osterbrock, can be satisfactorily
explained in terms of the decrease of a with distance from

tlie center,

TABLE XIIIX

COMPUTED ergs/em2 sec cps X 1021
Observed

A(em) Flux a=1 a=1/30,3 a(Y)
3,15 4,8 190 5.4 4,5
9,4 5.8 180 5.8 5,2
21,0 4.5 150 6,1 4,0
50 3,0 94 6.0 3,2
75 2,3 62 5.4 2,65
350 0,9 43 2,0 1,0



09 _

This kind ef distribution is for elements in the
large scale; that is, elements with much larger dimensions
than those where the LeIA3889 in absorption is produced, If
the Ly-a quanta did not play a significant role 1n the de-
population of the 238 level , one wonld conclude that the small
elements behave in the opposite direction of the large
elements, Its o' would then be small in the central regions,
and large in thLe outer parts of the nebula, whicl is physically

impossible,

E) The Nebular Continuum Spectra
In addition to the observation of the emission lines,
some photoelectric measurements of the continuous spectra
were carried out, The accuracy of these observations is not
as goofd as that obtained with the emission lines, because the
dark current was not measured very frequently, and occasional
drifts could introduce appreciable errors, For point 1, the
brightest of all, tLe measures were performed more systematic-
ally and consequently the errors are smaller than for the
other points, For this reason, only tle observations of
point 1 will he discussed,
There are five possible sources of continuous
emission; nanely,
1) Recombination of ionized atoms, Only L and hLe
would be important,
2) Free-free emission,

3) Two-photon emission, Only li is important,
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4) Electron scattering,
3 Scattering and reflection of stellar light by dust
particles,

Processes 1 and 2 can he computed directly and no
further comments are needed. Although for process number 3,
the rate of emission is given by recombination calculations,
some doubts have arisen in tle rast about whether or not
the Ly-a photons, by electron collisions, would be degraded
to two continuum photons of lower energy, This question can
be ruled out with the following discussion, The number of
Ly-o photons per unit volume is (see Equation 9) (1-X)aBNez9
since an average Ly-o quanta is scattered Q times before it

leaves tlie nebula, the rate of tlhe 2p to 2s collisional

deexcitation is

<8N Jee-ns N, @ »0.92

H= (\=X)ag N, » (52)

since
N, = 0.92 N,

Therefore, the energy emitted due to the two-photon
emission process, including the electirons recombining into the

28 level is

. <8VW7 N,
B.q = 092 N R_O-"" Rag e 51 Q*\&Q“&&N\ (53)

2e

where-AZq is tle probability of the 2s-siLs optical transition,

and (2q) is the continuum recombination coefficient for the

same process, With @ = 8x 105, and N = 10% cm_s, the first
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term in the bracket is, for Te = 104 K, equal to 3,14 x 10”15

secml.a This value must still be decreased by at least a
factor of 100 due to tle dust extinction; since the Y,(2q)
coefficient is always of the order of 10-14, one can safely
conclude that the Ly-a radiation in the nebula cannot
originate a significant production of two-photon emission,
This will not be the case for planetary nebulae where Ne

is higher and Q is not decreased by dust particles,

Therefore, the 3 first processes can be represented

by the expression

92 & L (1Y) 4ol (KE) 1 X, (2914 (W)

E.= -
©.92 N/ da,z WY L\-\(s\ (54)

which is in units of HB(I(HB))z 100 , In tke above equation
Y (1T} vepresents the continuous recombination coefficient
for free-free transitions plus recombination, Y(he+) for

recombination of tle liell atoms; after some manipulation:

Eo= Le2x10° WROS) wx (v vxea)l Ay (o

where A and AA are in microns, The values for the Y's have
been tabulated by Seaton(50) for various temperatures, The
bandwidth AA, used in the observations was 10 A, Calculations
have been carried out for various values of A and the results

are compared witl: the observed values in Table XIV,



=00 -

(b 8aAnS1dg
(suouoiw) Y

(O 60 80 L0 90 §'0

| I | |

PaArIeSqO g

G0
(@]
O
3
=
=
=
o1 3
m
3
3
“«
o
) g
ST
X
B
02
G2



=96~

TABLE XIV
Te=8200 Te=9600 Te=12200 K
A Eg Eobs, Bobs~Bg  Eopg=4-E,

3650% 1,33 2.55 1,20 0,80
5000 1,00 1.7 0,70 0,20
5800 0,85 1,3 0,45 0,05
g1o2” 0,55 0.85 0,30 0,10
8192 0,28 0,75 0,50 0,10
9115 0,25 0.65 0.40 0,05
10000 0,24 0,65 0,41 0,05

It can he seen from Table XIV, and also from
Figure 9, that there is the possibility of a small component
of electron scattering, As is well known, tl.is mechanism
is independent of wavelengtl and can possibly be reconciled
with the almost constant flux beyond A8200,

The color temperature has been determined for the
three components and is given at the top of Table XIV, Those
temperatures are measured in the visual region, at A5400,

In the blue tlie temperatures are higher, Similar measures
were carried out by Greenstein(2), and by Barbier(51) in
tlie blue region of the nebular spectrum, The temperaturs
in the same region, as determined from Figure 9, is about
12 300 K, in good agreement with the 11 5000 K determined
earlier by Greenstein, but about 2 times the value found

by Barbier,

In the same units, the value of the filux at A3600

is close to 11,1 if the corresponding value at 136507 is
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2,6 as extrapolated in Figure 9, thke Balmer discontinuity
D, defined as:

v (2650)
T(36 50%)

D= &Q%\e

(56)

is 0,62, 8Since D is a function of the electiron temperature,
the value of tle latter quantity can be obtained, Using the
data provided by Seaton(30), one finds that Te = 12000 X,

It will be shown in the next chapter, that the electron
temperature at the central regions is close to 9000 XK, The
disagreement can be explained if onc accepts the existence

of the component of electron scattering emission, Subtracting
0,40 indicated by Table XIV, the Balmer jump is now 0,71,
whicl. indicates that the temperature is 9 5000 K.

The constancy of the flux, beyond A8200, could also
be produced by a systematic error independent of wavelength,
such as a calibration error at LB, and since it is only
0,4 percent of I(lip), it could not be detected through the
emission line intensity ratios, ILowever, the other points
seer to behave differently, The flux at A > 8200 for tlose

points is always smaller than 0,40, in units of HLJ3,

F) The Mass and tte Age of the Orion Nebula
The emission measure can provide the root mean
square electron density by the expression

(57)

\/L
N coney = (B
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The mass density is:

- (N, + AN, ) M= Y268 M | (58)

Then, tiie mass of ti.e nebulaassuming spherical symmetry, 1is

given by

LI W
M: %_“\-—t Q ~ 2% e . (50)

The mass of the Orion Nebula can also be obtained
with the electron density distribution given hy Osterbrock,
It was found in Section 7, that tle projected density, as
determined by the [OII]—ratio, can be related to the density

corresponding to a smooth nebula by:

\i
N._ L\(\ = \, “”“\_X o ('20(\ < . (80)

Therefore, tiie mass is now given by:
20

M: A\ 26 M. 2 AW X \_“t(‘(\‘k{mb‘ \_'?_GLL‘({X ng‘(

(61)

where q is thie scale factor; at 450 pc, after the numerical

integration of Osterbrock's distribution of electron density:

M = 30 Mo

in excellent agreement with the above determination, The
amount of dust is then

M: O&S \‘)\e
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The aze of the nebula can be estimated from the
arguments given at the end of Section 2, It was shown that
thiere was a difference of about 18m/sec, in velocity between
the outer regions where the lLiel A3889 is formed and +the
central regions, The inverse of this gradient of velocities

wonld give a fair estimate of fthe age, tlen

As
T = \Q"/sec ’ (62)

Trherefore, with As about 1018

cm, and if no large changes in
expansion veloclties have occurred in the past, during long
intervals of time, the time elapsed since the stars began to
ionize tle gas is 1,8 x 10“L years, This rough estimate is

in close agreement with the age of 104 yecars derived by Kahn
and Menon(52), using different arguments, Furthermore, one
might count with the fact that those intervals of time are of
tlie same order of magnitude as the Kelvin contraction times,

as derived by Layashi(53). Following the latter author, the

time scale for tle contraction time is:
7 2 -
To = 107 (M/Mo)" (Ly/L) (B /R) (63)
if for A'C Ori one adopts (56)
Log(My A1) = 1.5 , Log(LL7E) = 4.75 and Log(RR'Gl)) = 1.0

tiie Kelvin contraction time is 1,3 x 104 years,



CLAPTER IV
FORBIDDEN LINE EMISSION

a) General Theory

According to the traditional terminology in atomic
spectroscopy, all the lines which violate jhe selection
rules for electric dipole radiation, are denoted as for-
bidden lines, Electric dipole transitions, whilch can only
be induced by tie presence of an electric field, whether
external or produced by the atomic nucleus, are also labeled
as forbidden lines, In the nebular spectra, the most in-
portant forbidden lines are produced either through electric
quadrupole transitions or magnetic dipole radiation. The
nature of eacl: type of radiation dépends on the enargy levels
from whence the line arises,

As a general rule, the transition probabilities
for these forbidden lines are very small compared with the
electric dipole transitions, In some extreme cases (the
nebular lines of 0II), the transition probabilities are so
small that tle effect of the second kind ecollisions must be
taken into account, To illustrate this point, let us take
a two lcvel atom, Let A9y 0 be the collisional excitation
rate, and 45q the deactivation rate, then tle emission per

unit volume, in tle absence of a radiation field is:

E'L\ = \Az. Q’L- \’\\)z\ = N5 - q‘u \'\\)1\ (64)
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where p is:

v
T Teaen - (Mob) (65)

by is the factor which measures the departure from thermo-
dynamic equilibrium, For a two-level atom, it is given by:

El‘= ‘%m

R A ?

When the density 1is suchh that A21>>q213 the second kind
collisions are not important, In this condition, the so-called
low density limit, every collisional excitation is followed
by tue emission of a photon, For most of the lines in the
nebular spectra that is the case, However, for the nebular
lines of OII and the transauroral of SII, the transition
probabilities are of the same order of magnitude as 997
provided that tle electron density is close to 104; con-
sequently, p is less than unity and according to Equation 64
tie collisional deactivation starts weakening the line.
Eventually, when tie electron density increases q21>>A21
and tiie emission is close to zero, That is, the population
of the two levels is only determined by collisions, which
is tle case in thermodynamic equilibrium (h2 = 1), In otler
words, tlie effect of thie second kind collisions 1is to
decrease N2A21 by thLe factor p, Although tlis is not exactly
true when more levels are introduced, still tkhe second kind
collisions decrease the intensity of the forbidden lines, for

otherwise these lines could be observed in the laboratory,
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In this chapter, thLe two=level atom approximation Las been
used for tlhe SII and OII nebular lines,

Wiat has been said above holds for all forbidden
lines, and for the permitted ones as well, There is however,
a basic difference between tle two types of lines, Tie
quadrupole and magnetic dipole transitions arise from atomic
levels of cenergy with mean lifetimes of the order of minutes,
or even longer, On tle otler hand, the levels, from which
electric dipole transitions occur, have very much shorter
lifetimes; in the case of hydrongen, for instance, the mean
lifetime is of the order of qussec, Therefore, the second
kind collisional rate would provide the basic difference,
namely that tlie electron density needed to establish a
Boltzmamian distribution among the atomic levels is quite
different in each case, For the metastable states, the

6.5

density is of tle order of 10 for tle nebular lines dis-

cussed here; whereas for the Lydrogen lines, the density is
13
close to 107%,

The forbidden lines to be considered here are
produced from transitions between low-lying terms of certain
ions, whick have lower levels separated from the ground state
by 3 or 4 ev, These levels are populated by electron col-

lisions from the ground state, More specifically, tle wvarious

lines arise from transitions among tle terms of the ground

state configurations, namely pz, p3, or p4, which in turn
are split in three terms: 3P, 1D, and 1S for the p2 and p4
4, 2 2 3

configuration and in °S, “D, and “P for thke p°,
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The population of each term would depend on
collisional cross-section and optical iransition probabilities,
If the 1attef quantities are provided, tlLe population can be
computed as a function of electron temperature and density
in the following manner,

Let the three terms be denoted by kK = 1, 2, and 3
in order of increasing excitation energy, Thke collisional

excitation rate for a positive ion is given by the well-

known relation:

£~ 5
30 ¢ s LIECRV I
Yy = B8 Te' (2Te4) (66)

similarly, the collisional deactivation rate, since S\ is

symmetrical, is

N. SL ( La'\\
T (25 +)) . (67)

Ry = .63 % \o °

In order to condense the notation, let rij be

‘—:'.& = Ng q(‘,& + Qu& (68)

which is the total rate of downward transitions, from term
J to term i, Recombination is not important for the
population of the terms, from which the lines arise, for
otherwise the lines arising from excited levels would be
observed, Therefore these ions, with low-lying metastable
levels, can be considered as consisting of only three terms,

If one assumes steady conditions, the following equations,
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balancing losses and gains of population for each term, are
obtained:

for term 1

N, (q‘\?_ Ne + Q3 “'-\:' X§z.T;\ al NB\-\z\ (69a)

and sinilarly for the othLer two terms

N
Nz ( Az Ne, * rl7_\\ = N‘ &e q\\z ¥ o3 3‘_‘31 (69 b)

N-s (V3\ + ‘_\'57_\ = N\ ge A3 a ﬁ"' Regﬂ&o (690)

From these equations, the ratios N3/N1 and NZ/Nl can be
obtained, if one assumes a modified Boltzmann distribution

as given by
ko

“N \3 (“e"\ \'{T (70)

where big measuring the departure from the tiermodynamic
equilibrium, is a factor to be determined, Using equations

66 to 69, we obtain

438
b (N ) = _&uxz\(&*““\ + Qe ™ . (11a)
e, ‘e Tae T1ia
Lvaang T“‘ w, z\(\+ \_\_ V;\ _Qk?.%\e
And for tie term 3:
b, (N, T = _%_em_ SLUR) +h.5e,3) (71p)

T‘;.,\ * \-'32.

when Ne is large, these two factors hecome unity, as is
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the case of thermodynamic equilibrium, when the population
distrihutidn among tle various levels is determined only
by collisions. The factor b2 has been plotted in Figure 10,
for OII, SII and NII as a function of electron density, for
Te = 104 K, Tue variation for [NII], when Te = 1053 is also
plotted to illustrate that these factors are not very
sensitive to temperature, As can be noticed, bz(OII) becomes
almost unity at densities mucl smaller than those required
for the same factor, for the OIII atom,

All the calculations in these chapters were
carried out using the expressions 7la and 71b, Tables of
these factors, produced through the IBM 7090, were obtained
for all the elements, which have available atomic parameters,
for various values of Ne and Te,

b) The Determination of Electron Temperature

In principle, any intensity ratio of the lines aris-
ing from Term 3 to those originating from term 2 would provide
A relation hetween the electron density and the temperature,
As shown in Figure 10, the density is an important factor
in determining the value of the ratio, and consequently,
tlie electron density must be known if the electron temperature
is to be determined., Altlhough thLe density can be obtained
by many differenit methods, the problem of stratification
must be taken into account, That is, the same element lines
sliould be used for both determinations - that of density

and that of electron temperature. As will be discussed
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later in this chapter, the density fluctuations set the
limitation, introducing an additional unknown variable -
the size of the density fluctuations,

Although that is true for most of the ions
producing forbidden lines, [OIII] is a fortunate exception,
The bz/b3 ratio is practically constant for a wide range

in electron densities as shown in Table XV, Cansequently,

TABLE XV

by/bg
N, Te=5500 Te=10% kK  Te=2,10% k
102 1190 120 121
10° 118 120 121
5.10 116 117 120
10% 112 113 117
1,5x10% 110 112 116
2x104 109 110 113

the corresponding line ratio is, for all practical purposes,

function of Te only, using Equation 69, it is given hy:

‘= 1(500% +A959) Ntk%"gg*r -‘3\—“-;-‘%’; |, 4
m™ T I(amen e - v e Qo (72)

Introducing the proper constants and using Table XV, C is

0,076, The electron temperature is then given by:

\A 330 (73)

e = Sogq.o Yox~ 0.9
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Ihe ratio r was obtained from several points in
the nebula, The line A4363 was measured in units of the
nearby line of helium at A4388, Since the intensity of the
latter line is known in units of Hﬁ, A4363 can also he
measured in tl.e same units, The otlier two lines, A5067 and
A4959, being close to HB’ and of comparable intensity, can
be directly obtained in tle right units, Tahle XVT gives
the values of tle ratio for the points marked in Figure 1,
Tre temperature obtained in tldis way 1is plotted against
Ne in Figure 11, The values of the electron density are
tlose given by Equation 50, More points can be included,
however since all of tl.em show the same behavior, only a

few are presented, in order to avoid confusion in Figure 1,

TABLE XVI

Point 1(4363) Ne(r)x10™%  T1°K
a 1,05 2.1 10 000
b 1.9 7.4 9500
c 1,45 2,7 9000
d 2,05 6.2 9100
8 L.70 9.0 9600V
7 1,60 5.8 8800
g 1.50 2.6 9900
h 1.38 4.1 9100
i 1,30 4.3 8700
j 1.10 1.1 10 800
k 1.10 1.5 10 550
1 1,15 0,95 10 900
m 1.72 9.0 9000
n 1.78 13 0100
o 1.15 0.85 10 200
P 1,07 8.2 9300
q 0.78 1.7 10 100
- 0.75 1.4 10 100
% 1.31 2.1 9800
s 1.40 8.8 9600
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The shape of the curve clearly demonstrates that
the cooling mechanisms, operating in the nebhula, do indeed
depend on electron density, Moreover, as Daub's(55) com-
putations indicate, the minimum of the curve depends on the
stellar temperature, and consequently the value of that
quantity could be determined, Daub's calculations contain
an arithmetical error (see his Equation 19) and his results
might be seriously affected by that, When his data is used,
a temperature of about 45 000 K is derived for the exciting
star, liowever, tlie variation of Te with density, as shown
in Figure 11, to tkhe left of the minimum, is much steeper
than tlLat predicted by the Daub theoretical calculations,
Therefore, nothing can be said about what the cooling effect
of dust might be, until more accurate calculations are
carried out,

The shape of tle curve can be explained quali-
tatively in the following manner, In the Orion nebula, the
main source of kinetic energy of free electrons is provided
by tlie photoionization of both hydrogen and helium, Those
electrons, by collisions with eack other and with impurities
as well, establisl a kinetic temperature, The value of this
quantity depends on tlLe rate of energy losses, which arise
in the conversion of kinetic energy into radiation that
escapes from the nebulae; this conversion occurring through
free-free transitions and collisional excitation of the

me tastable levels of ions, like 0II, 0III, SIII, etc, whieh
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produce tlie forbidden lines, The most efficient element

in tliis conversion is oxygen and 0III, having tle strongest

lines, is the most effective cooling agent, In the regions

close to the center, OIII is the mosi abundant ion and

consequently they are colder than the outer regions, where

the oxygen exists mostly in the triple ionized stage; and

the intensity of the OIIT lines bheoomes weaker, consequently

the temperature increases, For the innermost regions, wheré

the electron density is higher than 1043 there seems to

appear a rise in temperature, probably due to the fact that

0111 decreases again by recombination, and also because

the S is mostly in tlie double stage of ionization, In any

case, tle curve is not as steep as Daub's computations predict,
It must be borne in mind that tihe density, plotted

in Figure 11, corresponds 1o a spherically symmeirical nebula,

with the electron density decreasing smoothly outwards,

Then, condensations like r and q in the figure, which kave 2,3

times the density corresponding to tleir positions in the

symmetrical nebula, depart from the curve drawn, This

departure can be explained by the vieinity of 920ri; its

radiation field must determine the thermal balance in those

objects, rather tihan the one produced by the more distant

8C, On the other hand, points like s and h, having smaller

surface brigltness than their surroundings, should also have

densities lower than those of the nebula with smoothly

varying density, Figure 12 shows the corresponding variation



Figure 12

(940 jJOo spuodas) aoupys!Q

0G1 02l 0] 5 09 0¢
| [ T 1 |
-
-7 I
.\ ® o~ —
U\\ 4 .E I'III
\\ .Q u ~ -
e [ ]
/s
’ /] } ce
¢ ° -
S| b ¢
.« o
/7
4
y
(@ 7
’ V4
r'd v—. L

0008

0006

0000l

0001l

{Mo) @4njosadwa ) u0140213



-113~

in electron temperature as a function of the distance from
tlie center of the nebula,
¢) Tlhie Abundance of Elements

The problem of determining the abundance of elements
in a nebula is in principle much simpler tkan the corres-
ponding one in stellar atmospheres, The ionic abundances
are directly proportional to tle line intensities, and if
the atomic parameters are known, namely collisional cross-—
sections and transition probabilities, the constant of
proportionality can be computed, When the relevant parameters
are kﬁown by precise quantum mechanical computations, the
accuracy that is obtained in the abundance determination is
superior to that determined through analysis of stellar
spectra, Unfortunately, the collision cross sections are
known in only a few cases and approximate extimates must be
made, which inftroduce large uncertainties, Another source
of uncertainty is given by the fact that the radiation
field in thLe nebula is not well Known; black body approxi-
mations are used when the ionization equilibrium equation
is needed to determine the contribution of the different
stages of ionization of a given element, However, this
latter limitation is not very serious, since some elements
show lines from two or even three stages of ionization,
Consequently, interpolation of the results obtained with
tl.ose elements can be used for ions with stages of ionization

that do not present emission lines, The atoms used in the
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present investigation to determine the ionization equilibrium
are: [01]3 [011], [0111], ana'[SII] and [51111, which present
lines in the visible region, All the analysis presented here
refers to tle data obtained from point 1, from photoelectric

and photographic material,

The electron density for point 1 is close to 104;
tliis relatively low value permits us to make certain simpli-
fications to the problem of the abundance determination from
line forbidden emission, since we can neglect the existence
of term 3, Similarly the number of collisional excitations

of term 2 can be estimated and compared with A21.

Equation 67, for Te = 10 000 K and Ne = 10% 1s
-a QL)
o= B .63 X\O —_——l
3 (2T _+1) .
Since the collision strength is of tle order of unity for

all tlhe transitions considered here, we have to consider the
deactivation rate only for 0II and SII, the transition
probabilities A21’ which are compatible to A5y » For all the
other 2-1 transitions thle 45, tan be safely neglected, With
this simplification, for an element X, whkieh produces the
emission line (s) at A, the intensity ratio of I(A) to

I(h@) is given by:

TN . N 863x0 % N 0.486\ e.\-_ﬁ

X THY T Ny, Ne (23,41) n )

where A is given in microns and p is the ratio of A to t he

21
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total rate of depopulation of term 2, The relative

abundance is then given by

44

PRt

N LK) 3 2 AN (2T,4) e\"‘
e '1.\4\ X\O' T »

(74)

&1l tle relevant data used in tlis work is given in Table
17, where the non-forbidden lines, produced hy recombination,

A4267 of CII and A3856 of SiIl, are also included:

TABLE XVII

Ion X Y(A) £r(1,2) p Ref,
CII 4267 0,47 TEC, - (56)
NII 6583 51,0 2,17 0.75 (58)
011 3726-29 130 1,28 0,68 (58)
0111 5007 365 1,73 0,75 (58)
NeIllI 3869 23,2 0,76 0.77 "
Sill 3856 0,08 rec, - (56)
S11 7316-30 7.6 2,02 0,70 (58)
SIII 9069 33,2 3,2 0,28 "
AITT 7135 8,2 0,91 0,80 "
ATV 4740 0,15 9,85 0,89 "
Fell 4287 0,22 1,1 0,35 (36)
Felll 4658 1.0 0,8 0,41 (58)

The lines of CII and Sill require the knowledge
of the effective recombination coefficients, The value of
these quantities can be estimated from the tabulation of

those coefficients given by Allen(56), The following values
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were adopted as upper limits,

1.2x 1()"13 for CII
13

0.3 x 10~ for SiIl

a(42F° - 3°%p)
a(42p* - 3°D)

The most abundant stage of ionization of C must be the second;
s0 the abundance derived lhere refers only to CIII. For Si,
the third state is still of significance; then tle following

relation was adopted,

. N (O )
N (D) = N (I + N(%‘ Visn) . (75)
The collisional strengths are not known for
FelIl, nor for Fell, Rough estimates must be made of those
quantities, The line of FeIIl, occurring throughl the
a3F‘4 - aDD4 electiric quadrupole transition, involves a

spin change collision, Those kinds of collisions can only

occur by electron exchange, that is through the process:

where 4 and 4' are tlie angular momentum of the free electron
before and after tlie collision, Tle conservation theorem

due to Moth, Bohr, Peierls and Plosczek, which state tlLat

Zé%;:ﬁ < (28+1) (17)

(tle summation must be carried out over all levels of the

ground configuration) is specially useful for setting an
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upper 1limit to the collision strengths, Moreover, Van
Regemorter(59) has shown that {L(i,j) is proportional to the
corresponding quadrupole transition strengtis, whieck in turn
are directly proportional to the spontaneous transition
probabilities, Gargstang(57) has carried out extensive
computations for tle FellIIl ion, and the Aqij's are provided
by his work, There are 12 lines arising betweer the 3F4
and 5D4 terms; consequently, through the corresponding
optical transition probabilities, one can weigh the various
Sl 's., By assuming tiat the main contribution to the
collisions is produced by s electrons, the value of S )
given in Table XVII, was derived,

The ionization potential of Fell is 16,2 ev,, so
one can expect small contributions from this stage of
ionization. Consequently, the value of SL is not very
important and has been, more or less, arbitrarily set at
unity, The contribution from FelV, which does not show up
any lines, has been estimated using Hquation 75, Tahle XVIII
shows the results obtained for the chemical composition of
lie Orion nebula, There is a remarkable agreement with tle
abundance derived from stars of tle vicinity, a fact already
pointed out by Aller(4), The only serious discrepancy is
that shown by carbon, however the nebular determination could
not be off for more than a factor of 1,6, Magnesium Las
been tentatively included from the analysis of 22 0ri(60)@

Table XVIII also gives the corresponding solar abundance
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values as derived by Aller and Goldberg(6l),

TABLE XVIIIX

Uncertainty
Element Orion Neb, Sun 22 Ori Factor
H 10° 108 10° -
lie a1 000 - - 1,08
C 1100 530 220 1.6
N 35 100 60 1.8
0 290 900 400 1,3
Mg 100 25 115 -
Ne 70 ~ - 1.3
Si 50 32 85 1.5
S 20 20 25 1,3
A 4.0 - - 2.0
Fell+FelIIl 1,9 - - 1,6
Fe 3,9 3.2 - 2,0

The only major discrepency is that indicated by
the C/N ratio, whiclh is about 7 times higher than for 22 Ori
and the Sun, It is interesting to point out that the ratio
by number of helium atoms to heavier elements is 52 which is
Tairly close to tlie value of 60 derived from tle solar
cosmic rays observed after tlhe flare on November 5, 1960,
as measured during three rocket flights(62), The abundance

by mass is then:

Z =0,02; Y =0,26; X = 0,72,
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d) The ESII] Lines

The forbidden lines of sulphur are particularly
valuable because they can provide a method of determining
the electron density, Czyak and Krueser(62) have carried
out extensive calculations for computing the transition
probabilities of several ions, The results obtained in the
past for [SII] have thereby bheen improved, Altlough the
values of the transition probabilities computed by the
above mentioned authors are quite accurate, the corres-
ponding collision strengtls are only estimates, The electron
densities derived from the [SII] are always much higher than
tlie values derived by other methods; the discrepancy has
been explained in terms of inhomogeneities; that is, by
assuming the existence of condensations where the electron
density is much higher than in the surroundings, The observed
ratios obtained in this work provide the opportunity of
checking the validity of the explanation given, Witk the
parameters published and for point 1, where the density is

not higher than 1,5 x 104

, the [SII] lines indicate a density

of about 60 000, which cannot be accepted, for otherwise

the amount of absorption should be increased by a factor of

at least 30, or about 3,7 magnitudes, whick is far too higl,
An empirical determination of the collisional

cross-sections has been carried out using the intensity

1(6716 + 6730) 1(6716)
= and r'!=
1(4068 + 4076) 1(6730)

ratios:




The first ratio is given by

6 Raue A Qe
bg (Ne:T;\ ‘- -6—_-*'\ b"' \s(n(.\ "\" 6 :"Bo —?35(-“} ( 7 8 )
BNy (A Spee 5 Das)

where the p,(Ne), whickL takes into consideration the

deexcitation rate, Las been included for the nebular lines
only, because tle transition probabilities are of tle same
order of magnitude as Uy » for the densities of the central

parts of tlhe nebula, The collisional deactivation rate is:

a4 UL
Fr= Be3XC T GRS (79)
where y
. -4 , -
x= Ne ©° 10 . t=\0
the p factors are for x = 1,4:

p(r6730) = 0,78
p(A6716) = 0.58

With these numerical values, Equation 78 becomes:

r = 3.76 x 1073 PaNg» T,) e 5 (80)
‘ l§
b (N, re)
When the deexcitaticn rate from term 3 is neglected (as a

first approximation) thie other ratio is given by:

o Lty 889 N e e )
W FE2000 g (auanae e

\.G . (81)
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In the Orion nebhula, for the point 1, the ratios
are:

r = 1,15 2 0,15 and r' = 0.64 % 0,05
If the density if taken as 1.4 x 10% and tlie temperature as
9500°K, one can solve Equations 78 and 79 by trial and error
and obtain the values of SL (1,2) and SL(2,3), Once these
quantities were determined,S\-(l,S) was changed and the
process repeated., It was found that tle most relevant
parameter was JL (2,3), both ratios are very sensitive %o
changes in tuis qnantity, provided this parameter does not
go beyond 50, The values found with this process are given

in Table XIX, where tlLe old parameters are also given,

TABLE XIX

Seaton’s

Yalues Estimated
St (1,2) 2,02 1,89 fo,20
<. (1,3) 0,38 0.43 10,10
Su(2,3) 12, 70 39,8 7,62

With the new collision strengths, Equation 81 is then

L +0.086% (L+2LS ¢)

\
= \4
N =49 L+ 0.332x (A +201.5¢) (82)
_ A _\39s
where x = 10 4Ne{./'§ e = t

Altlougli the agreemeni with tle densities, as

-

determined from the [OII§ lines, is mucl closer with the new
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parameters»F there still seemns to he an overesiimation, of
about 15 percent, in density wlen Equation 80 is used,

liowever, the.trial and error nethod is merely an a»proximation,
When more observations of the [SII] lines, for other objects,
are available, a more accurate formula can be derived
following the sare method used by Seaton and Osterbrock(63)

for the [011] lines,

The [SII] lines can be then used to determine the
density througli Equation 82; wlen this density is introduced
in Equation 80 , %t he value of the electron temperature can
be derived, Figure 13 slows the variation of the ratio r
as a funciion of electron temperature and for three different
values of the electron density, Values of the ratios for
two planetary nebulae are plotted for comparison, The ratios
were obtained througl pliotoelectric scans of tlie spectira of
those nebulae(45), As can be seen from Figure 13, the ratio

is sensitive for very low temperatures, With Te = 1,5 x 1043

the ratio indicates an electron density of abont 1.8 x 104cm_3
for NGC 7027, For IC418 with Te = 1,7 x 10%, which is the
temperature indicated by the | OIII | lines, the density
indicated, by Figure 13, is 0,85 x 104cm—3,

e) Density Fluctuation Effects on the [OII] Lines

In section 6 of Chapter III, the character of the

density fluctuations was established, namely that tlLe nebula
is more honogeneous close to center tlian in the outer regions,

liowever, it was assumed that the density outside the conden-



sations was zero; tlis hypothesis was adonted in order to

show that the apparent disagreement of the optical and radio
observationslcan he satisfactorily explained in terms of
density fluctuations, In order to make a more realistic
estimate of the extent of those fluctuations, let us consider
that the density outside the condensations is non-vanishing,
Let Ng be the density of thosc condensations, and let Ne1 be
the density in the outside, Using an optical path al for the
condensations, and consequently (1-a )L for the path in

between; for tlie ratio of the nebular to the auroral lines

of 011 we lave

Llaeb) _ N 0N) o b0a) + (- b, (W)
Tlowe) 7 A Ta by (N + ) b, (NS e ¢ (89)

where the quantities[\ 9 and.ﬁ.q involve the transition
probabilities, the wavelengths, the weight of the upper
level, and the factor p(Ne), wiich takes into account the

collisional deexcitation;

N (NY= 2 &“—LX—LP—“*—*?J\D@\  (84)

The summation is carried over all possible lines; Ka is the
mean wavelength of the auroral lines, All calculations
have been carried out for an electron femperature of 104 K,

For the oxygen lines, introducing numerical values, one las:

N 5 (0TT) = 1,41
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_Since the densities involved are very small, the deactivation
coefficient p can be taken as unity, That is not the case
for the second term, since the lines arising from tlie corres-
ponding levels Lave ftransition probabilities of +tiie same
order of magnitude as tlie collisional deactivation rate,

then

-5 |
..J\z_ (“e_\ = (&_9_3 Parvw + 68.5 e \0 s (85)

Table XX illustrates tie variation of ﬁ\z as a function of

density.,
TABLE XX
3
> A_z(Ne)xlo
1,4 1,22
1,0 1,17
0.5 1,74
0,1 2.37
0,05 2,48
0.0 2,61

Equation 83 can now bhe rewritten as:

T (nek) - 5.08 44) AL, * (\-m\l\m:\\olmé\
T (oo .. A oy (V) & U=V o, (0d)

(86)

In Equation 86, there are tiree variables involved -
a(Y), Mg s and Nel~ The value of the elecctron density inside
the condensations is given by the observations of the

3726-29 lines carried out by Osterbrock, The valne of Nel,
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the density outside the condensations, was tixed by trial
and error until tle variation in tie ratio, as determined hy
tlie observations, was closely matched, The valne of a must
bhe smaller than that given in section III-6 because now the
electron density in the space between the condensations is
not zero; then a was taken as:

1 D)

a(r) = a (r) N (82)
N

e

where a, 18 the value given in III-6, The variation in
temperature was not considered because 1t is not very
important for tie range of temperatures found in the nebula,
In any event, a change of 1000°K will alter tle value of the
ratio by less than 10 percent, which is within the limit of
the ohservational errors, Table XXI gives the results, The
ratios corresponding to a nebula ﬁith a smooth density
distribution are also given, Figure 14 shows the comparison
with the observed ratios, The ratios corresponding to tie
condensations are also plotted, to stress the fact that the
Orion nebulae do indeed contain density fluctuations,

TABLE XXI

Distance X X! o=t Y Xg N Tg y
0 1,8 0.3 6 6,9 1,4 3.5
1t 1,05 0,2 15 16,1 0,61 7.1
-2 0.58 0.08 97 28,0 0,23 15,2

5
3! 0,31 0,03 240 32,3 0,09 23,4
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