
P R O B L E M S O F G A S D Y N A M I C S I N P L A N E T A R Y N E B U L A E 

F.D. KAHN 

(Dept. of Astronomy, University of Manchester, England) 

A B S T R A C T 

The expansion of a typical planetary nebula is studied by means of a simple model , with spherical 
symmetry. It is shown that there is a build-up of radiation pressure, due to Lyman-a photons trapped 
in the nebula, and that this causes the initial acceleration outwards. After some 1*5 x 1 0 1 1 sec the 
nebula will have a radius of the order of 1 0 1 7 c m , and an expansion velocity of about 2 x 10 6 cm/sec. 
At roughly this time the dynamical effects of radiation pressure begin to be superseded by those of 
the recoil pressure at the ionization front, which continues to dominate until the nebula is fully 
ionized. 

Finally some reasons are considered why most nebulae do not have spherically symmetrical shapes, 
but why so often they appear to be ring-like or butterfly-shaped. 

1. Introduction 

The motion of the gas in a planetary nebula is influenced by the pressure of the hot, 
ionized gas, by the pressure of the Lyman-a radiation trapped in the nebula, and by 
the heating of the newly ionized gas at the front of the ionized region. In this paper 
no account will be taken of possible hydromagnetic effects, for there is little reason, 
from either observation or theory, to believe that magnetic fields of any consequence 
can exist in planetary nebulae 

2. Some Simple Properties of H u Regions 

The luminous part of a planetary nebula is an Hn region, in which the hydrogen is 
kept almost fully ionized by the radiation of the central star. The work of Seaton and 
his group (Seaton, 1966; Harman and Seaton, 1966; and other references cited there) 
has led to a good description of the properties of such stars, and Seaton's data will be 
used here. During the evolution of a nebula the luminosity L * of the typical central 
star varies between 2 x l 0 3 6 and 4 x 1 0 3 7 erg/sec, and its surface temperature T# 
between 4 x 10 4 and 10 5 °K. 

The most important parameter is /*, the rate of production of photons, by the 
central star, in the Lyman continuum. If the star radiates like a black body in the far 
ultraviolet (see, e.g., Gebbie and Seaton, 1963), then is related to by 

I* = i(T*)L* (1) 

and i(T#) varies only slowly with the temperature T* of the star. For T* = 4 x 10 4 ° K , 
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1 ( 7 ; ) = 1-2x 1 0 1 0 photons/erg; between Ts|t = 6 x 1 0 4 o K and 1 0 5 o K , /(T*) is virtually 
constant, at 1-8 x 1 0 1 0 photons/erg. Atypical value for I* is therefore 1 0 4 7 photons/sec. 

Now hydrogen is by far the most important constituent of the nebula. It may be 
assumed that, in the early phases of its evolution, the ionized portion of the nebula 
is entirely enclosed in a shell of non-ionized hydrogen. Almost all the Ly-c photons are 
absorbed in the Hu region, and go to balance the recombinations of protons and 
electrons there. These statements will be checked later. For the present, let nt equal 
the proton and the electron number density in the ionized region, which we take to be 
a sphere of radius R, and in which the ionized gas has a temperature T f = 10 4 °K. 

The recombination of a proton and an electron to the ground state produces another 
Ly-c photon. Thus Ly-c photons are lost only when recombinations occur to excited 
states, so that, in a first approximation, 

471 1 . 
U = --finfR\ (2) 

At 1 0 4 o K the recombination coefficient to all excited states of the H atom is 
P&2x 1 0 " 1 3 cm 3/sec. Equation (2) leads to an estimate of the total mass of ionized 
gas 

A#, = ^ ii,m„R 3 = mHR3/2 » 2-6 x 10 5 ^ mHR3/2, (3) 

where mH is the mass of the H atom. If is held fixed, then Mf varies like R3/2. As R 
increases, the mass of ionized gas increases, presumably at the expense of the non-
ionized gas in the shell which surrounds it. If and R increase together, Mt increases 
still faster. 

Now a fraction e of the available Ly-c photons is spent in ionizing the atomic 
hydrogen drawn into the Hn region as the radius R increases. It will now be shown 
that s remains small throughout. From Equation (3), with fixed, 

3/? 
= - . (4) 

M, 2R v } 

The number of new protons entering per unit time is ^f f /m H , so that 

e/* = Milmu = 2nniR2R. (5) 

From Equations (2) and (5), then 

e = (pniyl(RIR). (6) 

(Prii)'1 is the characteristic time for the recombination of a proton and an electron, 
about 10 9 sec with a reasonable value of n{. R/R is the characteristic expansion time 
of the nebula, of the order of 10 1 1 sec. Thus e is of the order of 0-01. Alternatively, it 
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may also be deduced from Equations (2) and (5) that 

e = (—Y2ARlf2^6x 1 0 " 1 8 RRi/2, 

with our typical value for Once again it is clear that, even though s increases as the 
nebula expands, it always remains a small quantity. These conclusions will not be 
qualitatively changed if varies with time. 

A good approximation, usually made, is that a Ly-a photon will eventually be 
emitted in the Hn region for every Ly-c photon absorbed there (see, e.g., Aller, 1956). 
The rate of production of radiant energy in the Ly-a line thus becomes 

K = hla= Hr*)*«L*> (7) 
where # a = 10*15 eV is the energy of the Ly-a photon. With the quoted value for 

L a * 0 - 3 L * (8) 

as long as the temperature lies between 5 x 10 4 °K and 10 5 °K. 

3. The Transfer of Lyman-a Radiation 

The Ly-a radiation cannot escape freely from the Hn region, for there will always 
be a small proportion of atomic hydrogen present. In fact the ionization front is 
usually found at a distance from the central star such that 

R 

TZ = j K/P,-(l — x) dr « 10 or 20, 
o 

where Kt «3-6 x 10 6 cm 2 /gm is the opacity of atomic hydrogen at the Lyman limit, p i 

is the density by mass of ( H + + H), and x is the fractional ionization within the Hn 
region (see, e.g., Mathews, 1965). There should therefore be between 3 x 10~ 6 and 
5 x 10" 6 gm/cm 2 of atomic hydrogen along a line between the central star and the 
ionization front. 

In the absence of thermal motion, atomic hydrogen has an opacity ml{u2 + n2) 
at frequency v = v a —w, where w= 1 0 2 9 cm 2 gm" 1 s" 2 , rj = 2-5 x 10 7 s" 1 , and v a = 
2-5 x 1 0 1 5 s" 1 , the frequency of Ly-a. In the wings of Ly-a the Hn region will therefore 
be opaque out to a frequency shift given by 

u2 « 5 x 1 0 " 6 m « 5 x 1 0 2 3 s " 2 , or 

« « ± 7 x 1 0 1 1 s " 1 . 

The non-ionized jacket around the Hn region is even more opaque. It has a surface 
density 

a = MjAnR2, 
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and if M= 1 0 3 3 gm and R= 1 0 1 7 cm, then cr» 10" 2 gm/cm 2 , larger by some 3 orders 
of magnitude than the mass of atomic hydrogen along a unit column from the central 
star to the I-front. A photon with frequency close to v a therefore cannot escape from 
the nebula, but the indefinite build-up of radiation density is prevented by the gradual 
drift of the photons in frequency. There are two important mechanisms: 

(i) The photons are essentially trapped in an expanding enclosure. By a classical 
physical result their frequency then varies inversely as the linear scale of the enclosure, 
at a rate given by 

u = vaR/R. 

The rate of change of / due to this red-shift (rs) mechanism is 

dJ\ RdJ 
dtjn Rdu 

where J(u) du is the photon density between frequencies va — u and va — u-du. 
(ii) The photons are scattered by the H atoms in the Hn region. The scattering 

coefficient depends on frequency and is determined by Doppler and by natural line 
broadening, according to the formula 

It 00 

3mpHc f f 1 + cos 2 6 f 1 
p(u, u) = exp -

8 yJlnUJ J u"2 + rj2 L 2U2 SJ + *f L 2U2sm26 

x {(II - u")2 -2(u- u") (u' - II") cos 0 + {u' - w")2}J du" dO, (10) 

which is easily proved. p(u, u') du' is the probability per unit time, that a photon with 
frequency shift u should be scattered into the range of frequency shift u\ u' + du'\ 

v Ik T' 
U = V - / — « 8 x 1 0 l o s " \ when T{= 1 0 4 o K 

c V m H 

and p H is the density, by mass, of atomic hydrogen. 
The redistribution of photons in frequency occurs at a rate 

^ = j {p (u \ M) J (u') - p (II, u') J (II)} du' 
— oo 

0 0 

= J p(u',u){J(u')-J(u)}du', (11) 
— 00 

and the second step in these relations follows because p is symmetrical in u and u'. 
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When the spectrum is flat, J(u') = J(u) for all pairs of u and u\ and no net redistri­
bution occurs. 

This observation eases the calculation that follows. During the early phases of the 
evolution of a nebula, the Ly-a line is spread far out into the wings, and the spectrum 
close to va will be rather flat. Thus no additional change is introduced into the cal­
culated profile even when the transfer near v a is estimated by the correct formula, 
rather than by the approximate formula that really holds only in the wings of the line. 
The scattering in the wings is coherent, except for small Doppler shifts due to the 
thermal motion of the scattering atoms. It is easier to find suitable approximate for­
mulae directly, rather than to derive them from (10). 

Let a photon come from P, and let it be scattered at O into the direction OP\ such 
that there is an angle 0 between PO produced and OP'. Let OQ be the bisector 
of the angle POP'. Let the atom that scatters the photon have a velocity compo­
nent v parallel to OQ. Then it may be shown that an incoming photon, having fre­
quency v, relative to the laboratory frame of reference, is scattered with frequency 
v{l + (2v/c) sin (6/2)} relative to that frame. The frequency change is 

v 0 v 0 
du = -2v sin « — 2 va sin . (12) 

c 2 c 2 

Taking averages over all values of v 

<Su}v = 0 
and 

4v 2 /c7] . , 0 
(du2\= W (13) 

c w H 2 

Scattering angles are distributed symmetrically with respect to 6 = n/2, so that 

2v2JkT\ 

c2 \ m H 

«Suz\>e = V — = 2U \ (14) 

and t / « l - l x 10 1 1 s" 1 , with 7 ; = 1 0 4 °K. 
Apparently then, in the wings of Ly-a, 

p(u, u') = —<£(w' - w), (15) 

where (j) is a symmetrical probability distribution, normalized to unity, with variance 
U2. Since n1 <^ U2 it is safe to neglect rj2 in the denominator. But this form for p (w, u') 
is not symmetrical in u and u\ as it ought to be. The correct approximation is therefore 

P(u,u')=W?f(^2 + ^4>(u'-u), (16) 
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and Equation ( 1 1 ) becomes 

dJ (u) wpHc 
00 

I (~2 + -!-2) <t>(u' - ") [•>("') - '(«)]du' • (17> 

In the wings individual steps in frequency are small compared with the frequency 
difference from the line centre, so that one may expand under the integral sign, and 
find 

dJ (w) wpHc 
vt = 2 

f [2 2(u'-u)~\ 

- 00 

r - ^ V ' - ^ v r ' ( 1 8 ) 

to second order. No contributions arise from terms which are linear in («' — w), and 
to second order 

d J (w)\ ^ P H C 2dJ 
3 . + 

00 

1 d2J ~| f 

,2 8 f\dJ\ 
= ^ C V Fu{u23u)- ( , 9 ) 

This is the rate of change of photon density due to the scattering mechanism. 
(iii) The photons leak through the atomic hydrogen in which they are trapped. The 

Hn interior region of the nebula is much less opaque than the non-ionized shell. The 
interior therefore fills up to a uniform photon density J{u) at any frequency. A 
gradient of photon density J(u)/l will be set up across the thickness / of the shell. If 
pH is the density of atomic hydrogen there, its optical depth at frequency va — u is 
mpnl\u2 and the photon flux per unit frequency interval is 

cJu2 _ cJu2 

3wpHl 2>m<r 

A sphere of radius R contains (4n/3) R3J(u) photons per unit frequency interval. 
The rate of leakage of photons is therefore 

R*l =-4nR2F(u) 

and so 
'dJ\ cu2 
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Now combine Equations (9), (19) and (21), and in Equation (19) set p H = p t ( l —x), 
the density of atomic hydrogen in the Hn region. In a steady state 

AdJ , x 2 d / l dJ\ cu2J . N ^ 
" V« + M ^ 1 ~ X C U A 2 A r> + M M = 0 . (22) 

# dw du\uz duj WGR 
The last term describes the rate at which Ly-a radiation is generated in the Hn 

region. Equation (22) is solved by setting u2 dw = dz, and then its solutions have the 
form AleilZ + A2e~X2Z, where Xx and X2

 a r e D O t n positive. Only a finite amount of 
energy can be trapped, so that both the solutions for positive and for negative z must 
tend to zero as |z|, and therefore as \u\, tend to infinity. The solutions are respectively 
proportional to eXxZ and t~klZ for u<0 (the blue side) and for u>0 (the red side). 
Values of Xx and X2 are, to a good approximation, 

X{ = — 2 , (23) 
wpt(l -x)U2cR 

*2 = (24) 
m<jRva 

and here Xx >X2. All this is true provided 

R2 4PiR(\-x) 
, T l > K - (25) 

By an earlier argument the right-hand side of condition (25) is of order 10~ 3 ; the 
condition is therefore obeyed if R is not less than 1 /30 of the thermal velocity in the 
Hn region. 

It appears that the radiation field is much more sharply limited on the side of nega­
tive w, the blue side. Very few photons reach large enough shifts on that side to escape 
there; virtually all will eventually escape with red shifts. On the red side the frequency 
distribution of the trapped photons is given by 

J ( u ) o c e x p { - 3 £ ^ - J . ( 2 6 ) 

The line thus becomes quite flat near w = 0; the same also is true on the side of nega­
tive u. The mean value of u at which a photon escapes (neglecting the few that escape 
on the blue side) is 

o u = 

uF(u) du 

F(u)du 
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4. The Mechanical Effect of Radiation Pressure 

It has now been shown that Ly-a radiation is generated in the ionized region of the 
nebula at a rate 0-3 erg/sec, and that it loses a fraction w/va of its original energy 
to the expanding shell of non-ionized gas. Thus the rate at which work is done on the 
shell is 

/ wMR Y / 3 

MRR = 0- 3L*w/va = 0- 3L* x 1 • 8 n 2 2 (29) 
or 

R2/3R2?3R = 2 x \0~5LJM2/3 . (30) 

To make a numerical estimate assume first that is constant and R has the form 
ats. Substitution shows that 

L 3 / 7 

R = H x 10" 2 - ^ / 8 / 7 (31) 

and 
L 3 / 7 

7̂  = 2-5 x 10" 2 -4T7-* 1 / 7 . (32) 
M 2 / 7 V ' 

In this case most of the acceleration occurs when / is small. Later the nebula expands 
at almost a constant rate. For example, if L* = 1 0 3 7 erg/sec and A f = 1 0 3 3 gm, then 

R = 2-5 x 10 6 cm/sec and R = 2-2 x 1 0 1 7 cm, (33) 

0 0 

j u3 exp {— cu3/3w(jRva} du 
__ o 

0 0 

j u2 exp {— cu3j3waRva} du 
o 

= l -8( - J = 5 - 7 x 1 0 n ( ( r i ? ) 1 / 3 ; (27) 

with G = 10~ 2 gm/cm 2 and R= 10 6 cm/sec as typical values 

u= 1-2 x 1 0 1 3 s _ 1 . (28) 

Since w/va is of order 0-5% the nebula expands about 0-5% during the period that 
a typical photon remains trapped. Note that u is more than 2 orders of magnitude 
larger than the thermal width U. This confirms that the Ly-a line spreads far out into 
the wings before its photons can escape from the nebula. 
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when / = 10 1 1 sec. For t larger or smaller by a factor 10, the estimate for R changes 
by only 45% upwards or downwards. 

Solutions in which R varies like a power of t can also be obtained when the lumi­
nosity L* is assumed to vary with time. This assumption is more reasonable, for ob­
servation seems to show that the typical central star evolves with increasing luminosity 
early in the life of a nebula (Seaton, 1966). To illustrate this case, let L* = /*f2, and 
take / * = 10 1 5 erg/s 3, so that L* = 1 0 3 7 erg/sec when t = 10 1 1 sec. Equation (30) is now 
solved by 

R = at2 and R = 2at, (34) 

where a = 6 x 10" V / 7 / M 2 / 7 « 6 x 10" 6 cm/s 2 . 
At time t— 10 1 1 sec the predicted values for R and R are somewhat smaller than for 

the case in which is constant. This is as expected. For the time t = 2x 10 1 1 sec, 
Equations (34) predict R = 2-4x 1 0 1 7 cm and R = 2-4x 10 6 cm/sec, but by then some 
of the approximations made earlier are beginning to fail. The luminosity L* would 
equal 4 x 1 0 3 7 erg/sec at that stage, and, according to Equation (3), the mass Mt in the 
Hn region is about 6 x 1 0 3 2 gm. An appreciable fraction of the shell has therefore 
been ionized, and the equations used here will cease to be valid. In fact the condition 
that M( be small compared with M, the initial mass of the shell, is 

/ t2 

2-6 x 10 5 j l / 2 mHR3/2 < M; 

with R expressed in terms of r, by Equation (34), the inequality becomes 
M 1 0 / 7 N L / 2 

tA < - - - R / 7 « 2 x 1 0 4 5 , (35) 
123m„/S /7 

or r<^2-2x 10 1 1 sec. 
The shell of atomic hydrogen ceases to exist after about 2-2 x 10 1 1 sec. If our for­

mulae were valid until then they would predict for that time a radius of 3 x 10 1 7 cm 
and a velocity 2-6 x 10 6 cm/sec, about twice the speed of sound in the Hn region. The 
shell is then moving so fast that one cannot be sure that the ionized gas will fill the 
Hn region uniformly. Nevertheless a straightforward comparison according to the 
present calculation shows that the radiation pressure and gas pressure become equally 
strong rather earlier than this time. At time t one finds that the radiation pressure is 

MR M9n 

4nR2 I 
and the gas pressure 

*,<><:' 
(4TT/3) R l u l 

P* = * 2 7 7 3 / 7 - ' . (36) 

Pc = - ^ ^ i kTt * 10 3 ^ r 2 , (37) 
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so that pR much exceeds pG as long as 

/ M 3 V / 7 

f « 0 - 1 6 ( — J « 1-6 x 1 0 1 1 . (38) 
At t= 1*6 x 10 1 1 sec the estimated velocity of the shell is 

R = 2 x 1 0 " 3 M 1 / 7 / 2 / 7 « 2 x 10 6 cm/sec. 

Thus the radiation pressure pR provides the initial acceleration, and makes the shell 
expand faster than the sonic speed in the ionized gas, before the gas pressure pG can 
become as important as pR. Soon after pG begins to be significant the shell will dis­
appear, in any case. 

5. Pressure Exerted at the Ionization Front 

There will also be dynamical effects at the ionization front which may influence the 
motion of the outer shell. Conditions at ionization fronts (or I-fronts) have often been 
discussed, in the context of the interstellar medium (Axford, 1961; Mathews, 1965; 
Hjellming, 1966). Only some order-of-magnitude estimates will be made in this section. 

Briefly mass, momentum and energy must be conserved at the I-front, and these 
requirements are expressed by three conservation laws for 

mass flux <P = p0v0 = pv (39) 

momentum flux 77 = p0 + p0v^ = p + pv2 (40) 

5p0 j 5p 2 

and energy conservation 2S -\ h VQ = h v . (41) 
Po P 

Here p is the pressure, p the density and v the speed relative to the I-front. S is the 
net thermal energy gain, per unit mass, due to the ionization process (possibly allowing 
for subsequent cooling). The suffixes zero refer to the non-ionized gas ahead. If the 
front advances slowly relative to that gas and the temperature there is low, then 
(SPolPo) + vo is negligible compared with IS. To estimate a lower bound to the pressure 
ahead, one looks for the minimum value of /7, given # and S. Provided v% is small 
compared with p0/p09 that is provided the I-front moves at low speed into the gas 
ahead, p0 will approximately equal 17. With a little algebra one finds that 

+ (42) 
v \5 5 / 5 

The rate of flow of mass into the H n region, per unit surface area, is 

mx _ 1 0 6 / 2 / 7 M 1 / 7 m H 

4nR2 ~ ~pri~t ^ *-r>2 ~ Rl/2 ' (43) 

https://doi.org/10.1017/S0074180900020647 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900020647


246 F. D . K A H N 

after substituting from Equations (3) and (34), and putting L* = l*t. Further 
&ttkT*lmn, where T* is the surface temperature of the central star, and it follows 
from Equations (42) and (43) that 

\06linM 1 / 7 

Po £ '~ *pV2 (k^mHy/2 t~1 . (44) 

Putting r* = 10 5 °K, and on substitution for /?, the pressure pt at the ionization front 
will be found to satisfy 

Pl(=Po)Z10-5llnM1/7lt, (45) 
so that pj >pR when 

l<r 5 /* / 7 M , / 7 M 9 / 7

 4 

* > 2 7 - ^ r 4 , or 

M 8 / 7 

; 3 > 2 7 x l 0 6 - ^ = 2 - 5 x l 0 3 3 , or ( 4 6 ) 

r > 1-4 x 1 0 1 1 . 
Thus pG and p1 begin to dominate pR at about the same time. But note that pG is 

then decreasing more rapidly than pv 

6. Discussion 

In the paper the description of the dynamics of a planetary nebula has been drastic­
ally simplified. Even so it seems clear that radiation pressure in Lyman-a will be very 
important, until the speed of expansion becomes too high. During this phase the 
nebula is expected to contain a large proportion of non-ionized hydrogen. After about 
1*5 x 10 1 1 sec the recoil pressure at the ionization front begins to be more important 
than radiation pressure and will dominate the motion, until the hydrogen has been 
ionized. 

From a study of photographs it is quite obvious that spherical symmetry is not a 
common property among planetary nebulae (see, e.g., Henize, 1967; Westerlund and 
Henize, 1967; Khromov and Kohoutek, 1968; Perek and Kohoutek, 1967). Indeed the 
typical nebula is more likely to be ring-like, or, when seen sideways on, butterfly-
shaped. There seem to be two ways in which this different symmetry might be intro­
duced by the dynamical processes described in this paper. 

One possibility is that the original, non-ionized nebula was an oblate spheroid. The 
atomic hydrogen shell formed from such a nebula would contain less mass per unit 
area over the poles, that is at the ends of the short axis of the spheroid. The polar 
parts of the shell would let through a greater flux of radiation and they would there­
fore be accelerated to a higher speed. Eventually there would be left behind a ring-like 
region, which expands more slowly, and has a higher density. 
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Alternatively, the primitive nebula might have been spherically symmetrical, with 
a central star that rotates fast. The stellar surface temperature is then a function of 
latitude, with hot regions near the poles, and cooler regions over the equator. In the 
early evolution of the nebula the uneven distribution of colour and luminosity over 
the star would probably have little influence on the manner in which radiation pressure 
repels the shell, since Ly-a photons undergo many scatterings, and presumably re­
distribute themselves in a symmetrical fashion. But later the ionization front would 
advance faster into the polar parts of the non-ionized shell, and the recoil pressure 
there would be greater. These parts of the shell would therefore be expelled with a 
higher speed, once again leaving a ring-like structure behind. It is possible that these 
rings would appear to be butterfly-shaped, when seen sideways on. 

Finally a closer inspection of the photographs show that planetary nebulae also 
have a rather finely detailed filamentary structure. No doubt there is some dynamical 
mechanism, like a Rayleigh-Taylor instability, which gives rise to these features. Such 
problems need to be studied much more thoroughly. 
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D I S C U S S I O N 

Underbill: H o w do you get the original neutral gas nebula around the star in order to start the 
process? 

Menon: Is it implied that the neutral hydrogen shell was originally part of the star and not a part 
of the interstellar medium? 

Kahn: One picture of the early evolution of a planetary nebula is to imagine that in the beginning 
a cloud of non-ionized gas surrounds the central star. The star then becomes hot and begins to create 
an H n region. The higher pressure in the H n region pushes back the H i region and forms it into a 
thin shell. According to this view it is almost necessary that an H i shell should surround the nebula 
at some stage. 

Evans: This is a very attractive idea because of the frequency with which one observes a breakdown 
of spherical symmetry in the sense of a transition to a bipolar form. One example is Henize 150 
where the ring has broken at opposite points and gas streams out, being re-excited by the central 
star as it crosses the beam. 

Bohm: In the second phase of the central stars' evolution their luminosity decreases with time. 
H o w does this affect the development of the ionization front? 

Kahn: While the non-ionized shell is still in existence, any reduction in the Lyman continuum flux 
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at the I-front slows down the flow through the front. If the radiation from the star gets so weak that 
no ionizing radiation gets through the H n region to the I-front, then a recombination front will form. 

Gurzadian: All these considerations are very interesting, but your theory should take into account 
the role of magnetic fields which might be present in the nebula. 

Kahn: It is most doubtful whether one can reasonably assume that a magnetic field can exist which 
is strong enough to affect the fluid mot ions significantly. 

Capriotti: The work of Kahn is quite pertinent to the study of the planetary nebulae. One way to 
test the validity of the assumption that the H e i 2 3 S state is depopulated through photo-ionization 
by L y - a radiation is to estimate the length of time for which a sufficiently high L y - a density can 
be sustained. The blanketing effect of a thin shell of neutral hydrogen has been proposed as the 
agent for the trapping of L y -a radiation to the extent that it depopulates the 2 3 S state at the ob­
served rate. Kahn's result that this blanketing effect could last for only a very short time is a reason 
for rejecting this proposed mechanism. 

Underhill: Kahn's remarks referred to the initial stages of development of a planetary nebula. 
Reeves has already suggested that the injection of low-energy protons might be a significant factor 
in causing the observed line spectrum of the nebula. Would not the original state of the nebula then 
be quite different from the state it would have if only radiation processes were occurring? In such a 
case the relaxation to the state which we observe might differ from that postulated by the types of 
theory discussed today (i.e. chiefly ionization by stellar ultraviolet and Ly-a and H e n 303 lines). 
A continuous ejection of protons at 2000 km/sec from the central star is not unexpected if we extra­
polate from the known behavior of Wolf-Rayet stars and O-type supergiants. 

Munch: I wish to express the point of view held by Capriotti in somewhat different words. The 
need for a deactivation agent of the H e i 2 3 S level arose from the considerations regarding the nebular 
absorption of H e i A3889 in stars imbedded in H u regions made by Wilson and myself. We found 
that considering two-photon decay, collisional deactivation, and photo-ionization by star light only, 
the observed absorption implied a very small emission measure, in disagreement with observation. 
On this bas J s I suggested that photo-ionization by L y -a may play a role. The upward revision of the 
collisional deactivation rates reported at this conference by Seaton will help the situation, but will 
by no means completely explain the observed population of H e i 2 3 S . The lack of A3889 absorption 
in many stars imbedded in H n regions (and I have observed more than 100 of them) appears to me 
to be a serious problem. 

Capriotti: The electron density in an H n region is probably low enough so that the A10830 /A5876 
line-intensity ratio is near the low-density limit. Therefore, one probably would not be able to use 
this particular ratio in order to estimate the relative population density of the 2 3 S state and check 
on the results obtained by emission measures in A3889 . On the other hand, because of the relatively 
low electron densities in the H u regions the deviation of the depopulation rate o f the 2 3 S state as 
determined by a A 3889 emission measure from a theoretically predicted rate could hardly be blamed 
on underestimates of the collision cross-sections for 2 3 S ^ 2 1 S , 2 X P, and 1XS transitions. It would be 
nice if the discrepancy between theory and observation as regards the depopulation of the 2 3 S state 
of helium in both H n regions and the planetary nebulae could be explained on the same basis. 
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