
19
 6

7A
pJ

. 
. .

14
7 

. .
88

7W
 

POSSIBLE THERMAL HISTORIES OF INTERGALACTIC GAS 

Ray Weymann* 
Steward Observatory, University of Arizona 

Received July 25, 1966; revised August 31, 1966 

ABSTRACT 

By using simple expressions to represent the time dependence of the heating of intergalactic gas, the 
thermal history of an initially cold gas is followed and the resulting radiation field is computed. If one 
requires that the gas must have been strongly heated and ionized at a redshift of about 2 to avoid strong 
Ly-a absorption in the spectra of QSO (here assumed to be cosmologically distant) then, at a final gas 
density of the order of 10 "Van3, inadmissibly large amounts of X-ray emission in the 5-10-Â region 
can be avoided only for a very narrow range of heating parameters. Measures at 25-30 A with comparable 
sensitivity would be decisive. Models with a high degree of dumpiness in the gas can already be excluded. 

Koehler’s reported value of an intergalactic hydrogen density of wH ^ 10~7 cannot be reconciled with 
any of the models investigated, and it appears that one either has to drop the assumption of cosmological 
distances for the QSO or else consider a model in which the ionization is caused by a burst of star forma- 
tion in the early stages of galaxy formation. However, a specific model of this type, assuming stars of 
Te« = 21000° K encounters the difficulty that the total light from the galaxies at this epoch should be 
far more intense than the observations allow. 

I. INTRODUCTION 

In this paper we wish to examine the possible thermal histories of a smooth com- 
ponent of intergalactic gas of present density w ^ 2 X 10-5 particles/cm3 and to com- 
pute the resulting radiation fields. 

A recent paper by Ginzburg and Ozernoy (1966) considered the run of temperature 
versus density for intergalactic gas under the influence of various possible heating 
mechanisms together with the effects of cooling by radiation and the general cosmic 
expansion. It was suggested previously (Weymann 1966; referred to hereinafter as 
“Paper I”) that calculations similar to Ginzburg and Ozernoy’s ought to be repeated to 
include the effects of line radiation, since this significantly alters the radiative properties 
of hydrogen. In addition, Gould and Ramsay (1966) have recently called attention to the 
significant modification of the thermal properties of the gas that result from the presence 
of helium and have considered the resulting thermal and ionization equilibrium. 

It now appears (Howell and Shakeshaft 1966; Thaddeus and Clauser 1966) that over 
the range of about 3 mm to 21 cm the departures from a Planck function of the “cosmic 
background radiation” are very slight. Accordingly, from Paper I we would conclude 
that no significant heating of the gas took place prior to the decoupling between the 
matter and the radiation which occurs when the gas becomes neutral at about 3000° K. 
Thus any subsequent heating acted upon gas which was originally cold and neutral,1 

Reference should also be made to the similar work of Rees and Sciama (1966), who con- 
sidered the temperature and degree of ionization likely in a steady-state cosmology 
(though we feel such a cosmology to be excluded by the 3° K phenomenon). 

There are at least three possible points of contact between observations and the models 
considered here: (1) Isotropic X-ray emission in the 25-1-Â region (Field and Henry 
1964); (2) 21-cm absorption measures of distant radio sources (Koehler 1965); (3) Ly-a 
absorption (or rather the lack thereof) in the spectra of QSO (Gunn and Peterson 1965). 
At the present time the question of whether these objects are actually at cosmological 
distances is open; we shall assume for the rest of this paper that they are in fact cosmo- 
logically distant. 

* Alfred P. Sloan Foundation Fellow 1964-1966. 
1 It would seem also quite likely therefore that some of the more interesting phases of condensation 

and fragmentation of galaxies took place under these conditions. 
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888 RAY WEYMANN Vol. 147 

II. ASSUMPTIONS AND COMPUTATIONAL DETAILS 

a) Basic Equations and Heat-Input Assumptions 

The basic equation governing the radiation field is given in Paper I (eq. [3]) by 

dUv(vo,t) 

dt 
-3 

IhdR 

R dt 
+ €„(*'0,0 j (1) 

where Uv{y^t) is the energy density of photons whose frequency is at the present 
epoch, €„ is the net radiative emission coefficient (in ergs/cm3/sec/Hertz), and R(t) is the 
usual cosmological expansion parameter in the standard form of the line element. For 
the equation governing the temperature of the gas we have (cf. eq. [4] in Ginzburg and 
Ozernoy 1966) 

dU 

dt 
-^+{EH-Eb). 
p2 dt 

(2) 

Here Eh represents the heat input per gram, Er is the net rate of radiative cooling per 
gram, and U is the internal energy per gram, including energy of ionization, of the 
matter. 

The equations governing the state of ionization are 

dx n 

— d\nn I dn/dt 

dy 
din n 

n 

din n 

dn/dt 

n 

dn/dt 

{ne[ (1 —aORi —æCx] —xPi}, 

[^(^2-“yC2) -yr2], 

{ne[ (1 — y —z)Rz-zR2 + yC2—zCi] + yr2-sPs}, 

(3a) 

(3b) 

(3c) 

where x is the fraction of hydrogen nuclei that is neutral, y the fraction of helium nuclei 
that is neutral, and z the fraction that is singly ionized; R, C, and P are the recombina- 
tion, collisional-ionization, and photo-ionization rate coefficients, the latter being given 
by 

v __ fœ AwJyavdv 

JM;. hv 

These equations are derived by simply applying the continuity equation of hydro- 
dynamics to the ion species in question as well as to the total nucleon number. 

Finally, the rate of expansion is taken from Paper I, equation (19) (with ß, the ratio 
of the energy density of radiation to the total rest energy of the matter, set equal to 
zero—a valid approximation for the stages in the expansion of interest). The parameter 
K appearing in this equation can be expressed in terms of the familiar deceleration 
parameter qQ by the relation K = 1 — |g0, and throughout most of this work we have 
considered the case qo = +1. 

The possible sources of heat input and their variation with time have been discussed 
by Ginzburg and Ozernoy as well as by Gould and Ramsay. Among the mechanisms 
considered by these authors are the “ionization losses” by relativistic and subrelativistic 
particles as they pass through the gas, dissipation of plasma jets and shock waves gen- 
erated by explosions within galaxies, and dissipation of turbulent motions in the inter- 
galactic medium. 

To this might be added a fourth2—the heating of the gas by the supersonic passages 
21 am grateful to Dr. E. A. Spiegel for a discussion of this mechanism. 
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INTERGALACTIC GAS 889 No. 3, 1967 

of galaxies or protogalaxies through the gas. Obviously we are very ignorant of any of 
the details—or even the fact of the existence—of any of these mechanisms. Therefore 
the point of view taken here is simply to describe the heating mechanism by either one 
of two very simple formulae. 

Case a.—For densities larger than no the heating rate per gram was taken to be zero. 
Between no and ni the heating rate was taken as a constant and for densities less than 
ni was taken to be zero again. Such a model would correspond roughly to the heating 
produced by outbursts from active galaxies, whose main activity is confined to a distinct 
epoch in the evolving universe, as well as to the Spiegel model. However, in this latter 
case there is a temperature dependence upon the heating, since if the gas were to be 
heated to the point where the peculiar motion of the galaxies became subsonic the heating 
would markedly drop. If this mechanism were sufficiently powerful, we should then 
expect the gas to be kept at a temperature such that Fsound ^ ^peculiar. Since the peculiar 
velocities of non-relativistic particles drop as 1/Æ, this would imply a T ^ n2IZ depend- 
ence. Taking the present epoch peculiar velocities to be of the order of 100 km/sec, we 
would thus expect present epoch temperatures of the order of T ^ 106. 

Case b.—For densities less than 2 no, the heating is zero, commences at a value of %Eh, 
and increases inversely as the density to a value of Eh at a density no and thereafter 
drops directly as the density. This latter phase corresponds to a situation in which high- 
energy particles heat the gas, with the depletion of these particles being negligible. (In 
the case of the subrelativistic particles, however, the heating rate will actually drop less 
steeply than in this model because, as the energy of the individual particles drops during 
the expansion, the particles heat more effectively). The initial rise in the heating cor- 
responds to the spread in the heating time discussed below. 

Most of the results described below are based upon case a, but we have also experi- 
mented with case b. 

Under the assumption of constant heat input per gram the relative importance of 
heating compared to radiative cooling increases as the density drops, since the radiative 
cooling per gram is proportional to the density. The temperature dependence of the 
radiative cooling function, Er (see the discussion below and Fig. 1) is characterized by a 
rather sharp maximum at moderately low temperature, arising mostly from collisional 
excitation of Ly-a. The gas cannot reach high temperatures until the heating rate exceeds 
this maximum radiation rate. Starting from a cold gas at density no, the heating will 
quickly raise the gas to a temperature of around 10000° K where it slowly rises until it 
jumps this “thermal barrier” at around 20000° K (for pure hydrogen) and quickly runs 
to higher temperature, giving tracks as in Figure 2 below (§ III). In this simple model 
then, for given Eh, the value of the turnon density, no, has virtually no effect on any 
observable properties provided only that this turnon density is earlier than the density 
at which the thermal barrier is surmounted for a given Eh. 

For case b, however, the situation is different in that radiative cooling and heating 
keep pace with each other beyond no. Thus, when Eh is less than a certain critical amount 
for given no, the gas will never surmount the thermal barrier. While the choice of the 
heating law could be quite general, it is felt that it must conform to the following restric- 
tion: It cannot be sharply peaked in time but must be spread over a time corresponding 
to the interval in which the mean density drops by a factor of the order of 2-4. This 
restriction is based upon the following points: (1) Whatever the heating mechanisms are 
(certainly including all the ones mentioned above except possibly the third) they very 
likely involve the development of galaxies and protogalaxies. (2) Following in a rather 
general way the ideas developed by Peebles (1965) it is supposed that density fluctua- 
tions develop in the course of the expansion with a characteristic spread in amplitude 
ranging from e to e/2. However, these are arrested from further growth by some process 
until a critical epoch no when some of the matter (under the present assumption only a 
very small fraction in fact) further condenses to galaxies or clusters of galaxies. 
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890 RAY WEYMANN Vol. 147 

The spread in condensation times (and accordingly the minimum duration of sig- 
nificant heating) is then estimated on the basis of an extremely simple model as follows: 

We ignore all forces except gravity entirely; consider a cosmological model with K in 
equation (19) of Paper I equal to zero. Consider at some instant to a spherical perturba- 
tion with density excess e = (5p/p) o but with no perturbation in the velocity field. Let 
£(0 be the separation of two test particles in the perturbed flow, and r¡{t) be the cor- 
responding quantity in the unperturbed flow. Letting time be measured in units of 
(§7rGpo)”1/2, we can write, on the basis of simple Newtonian mechanics for radially 
moving particles, 

(s-/- 

or 
rçl/2 ^ = ± [£/(l + € - C£)P d£ . (6) 

For positive €, £ will expand to a maximum of £maX = (1 + €)/e and then collapse to a 
singularity. Integrating equation (6) over these two phases, one finds that the value of 
?7, rj8y at the singular point is given by 

^=[l+|e-^ j| + €-
1/2 + (^)1/2sin-1[(l+e)-1/2]|J2/3

) (7) 

so that there has been a drop in the mean density by a factor, p*, of 

Pa = ??r3. (8) 

We identify the value of p8 (e)/ps (e/2) as the spread in the mean density during which 
the bulk of the condensation took place—this involves the assumption that the dispersion 
in amplitude of the density fluctuations is comparable with their mean amplitude. For 
€ = 1, this density ratio is 2.8 and increases smoothly to 4.0 for small amplitudes. We 
thus adopt as a conservative estimate, that the final condensation of the bulk of the 
matter—and hence the minimum duration of significant heating—was spread over a 
time during which the mean density dropped by at least a factor of 2.O.3 

For the constant heating rate (case a) we thus take the total duration of the heating 
period to correspond to a density drop of a factor of at least 2: no/ni > 2, while in case 
b the rise to maximum occupies a similar time—the time during which the supply of 
cosmic-ray particles is built up. 

Finally, it should be explicitly stated that it is assumed that all ionizations are due 
either to (thermal) collisional ionizations or to photo-ionizations from photons generated 
by the hot gas itself. We are thus ignoring the quite plausible possibility that a high 
degree of ionization without corresponding heating of the gas to high temperature can occur 
by means of a large burst of star formation involving only moderately hot stars which 
marked the first epoch of galaxy condensation. We return to this possibility in § III. 

3 Regarding the epoch at which condensation actually occurred, it has been argued by many investiga- 
tors that the largest stellar orbits in our Galaxy suggest a “separation” epoch oí n ^ 10“3. This corre- 
sponds to a redshift under our assumptions of about 2.5. At the present time no QSO are known with red- 
shifts of this amount or larger which is also suggestive. If we took n = 104 as the density at which the 
condensation could begin to freely proceed due to the disappearance of electrons, we would then infer 
very small fluctuations at this epoch, e ^ 10-3. 
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b) Adopted Cross-Sections and Computational Methods 

We consider the contribution by hydrogen to the term Er to be given by 
/• 00 

nenvBi{T) +nen-SLSi{T) —nn I AirJyaydv, (9) 

where np is the proton density, Bi(T) is the total rate of radiation due to free-free and 
free-bound radiation (including the resulting line emission), and Si(T) is the energy 
loss rate due to collisional excitation of Ly-a. Expressions of the same form hold for 
neutral and singly ionized helium. 

All collisional excitation and radiative excitation processes are supposed to take place 
from the ground state, and the excited levels have been represented by single levels of 
energy 10.2, 20.55, and 40.8 eV for H, He i, and He n, respectively. 

Because the expressions used for the cross-sections are taken from such a variety of 
sources, it seems best simply to present the resulting values of the cooling curves and the 
corresponding ionization equilibria in graphical form. This is done in Figure 1, which 

Fig. 1.—Cooling rates and ionization equilibria resulting from the adopted cross-sections. The top 
four curves (left scale) give the cooling rate as a function of temperature for pure hydrogen and a mixture 
of 10 per cent helium and 90 per cent hydrogen. The lower six curves (right scale) give the ionization 
equilibria set up by collisions and recombinations. X is the fraction of hydrogen nuclei neutral, Y the 
fraction of helium nuclei neutral, and Z the fraction singly ionized. In all cases the dashed curves marked 
“D.B.” assume detailed balance in the ground state continua. 
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892 RAY WEYMANN 

shows the cooling curves for pure hydrogen and also for 10 per cent helium by number for 
ionization levels corresponding to the ionization equilibria determined solely by col- 
lisional ionization and recombination. Dielectronic recombination for He+ —> He° has 
not been included. 

A large grid of frequencies spaced by an amount A log v = 0.05 and running from 
1 Â to 10 jit (measured at the present epoch) was set up, and the change in intensities of 
each band was followed as it became redshifted. At these low densities the redistribution 
in frequency due to Compton scattering can be ignored. The resonance-line radiation 
arising from collisional excitation and recombination was assumed to escape to the red 
wing of the line. The line emission was assigned to the point of the grid immediately to 
the red of the line, with an intensity per unit frequency equal to the total intensity of the 
line divided by the frequency interval to the next grid point. The integrals appearing in 
equations (3) and (9) were numerically evaluated using the trapezoidal rule. Equation 
(1) can be written in the form4 (eq. [4], Paper I) 

n dN , . _ { jv — kJJv) kTrR 
N~d^{Vo,n) W,(dR/dt)~ ’ 

(10) 

where N(vo,n) is the 
(At)„0 by 

and S by 

occupation number, and n is the mean density. When we define 

(At)„o = -A(ln n) ^/(SR^dR/dt) 

equation (10) assumes the usual form of the transfer equation. If (Ar)Vo in the ground- 
state continuum is very large compared to unity over a single integration step, then we 
assume detailed balance (or in the language of gaseous nebulae we use the on-the-spot 
approximation) and put Nv = Sv for those frequencies, so that in such situations only the 
recombinations to the excited state have any net effect, as noted by Rees and Sciama. 

III. RESULTS AND DISCUSSION 

In order to test the compatibility of the existence of a gas of the density assumed 
above with the models of the heating assumed above, we give in Figures 2, 3, and 4 a 
series of graphs corresponding to the constant heat input per gram model. The turnon 
time in this case is, as mentioned above, not relevant—the turnoff time has been varied, 
while the intensity of the heating was as low as possible, consistent with the attainment 
of a high degree of ionization of the hydrogen at the epoch demanded by the Ly-a obser- 
vations. Figure 2 gives the resulting run of temperature-density paths. The paths after 
heating turnoff are indistinguishable from adiabats under these conditions. Figure 3 
shows the resulting radiation field at the present epoch. The large peak is due to Ly-a 
smeared by the redshift. 

The relevant X-ray observations have been summarized by Field and Henry (1964). 
The positive result reported in the 2-8-Â region is indicated in Figure 3 but is regarded 
as only an upper limit in view of the fact that it is quite likely to be composed of unre- 
solved discrete sources (Byram, Chubb, and Friedman 1966). 

Figure 4 represents a kind of fictitious Ly-a absorption spectrum. It gives simply the 
absorption by intergalactic hydrogen at different epochs corresponding to various red- 
shifts. It can be thought of as the resulting spectrum of a distant QSO (with a normalized 
continuum), provided attention is confined to rest wavelengths between 1216 and 912 Â. 
The effects of Lyman continuum absorption are not included in Figure 4. The Ly-a 

4 The 1/N on the left-hand side of eq. (4) of Paper I was inadvertently omitted. 
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Fig. 2.—Thermal history of intergalactic gas having a final density of about 2 X 10“5 particles/cm3, 
computed with the case a heating model. The level of heating is the minimum required to assure negligible 
Ly-a absorption in the QSO spectra. The six cases refer to different epochs at which the heating is 
switched off. 

Fig. 3.—The resulting radiation field for the six cases of Fig. 2. The large hump at around 1 ß is 
redshifted Ly-a resulting from recombination mostly before the jump to very high temperatures. The 
short solid horizontal line is the approximate limit on X-rays, excluding cases 1, 2, and probably 3 Cases 
4 and 5 are permitted but could be excluded if the observations could be extended to 25-30 Â. 
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894 RAY WEYMANN 

absorption discussed by Gunn and Peterson (1965) in 3C 9 is marginal at best, and no 
convincing evidence for a drop in the continuum seems to have been found in the spectra 
of other objects with comparable redshifts. For the purposes of this paper we will assume 
that the optical depth in Ly-a at a redshift of 2.0 is less than 0.5. 

To see the effects of helium we show case 3 for pure hydrogen along with a nearly 
identical set of heating parameters for a 10 per cent addition of helium in Figures 5, 6, 
and 7. 

The second pause in the helium case (Fig. 5) results from the presence of two separate 
local maxima in the cooling curve for the helium and hydrogen mixture (see Fig. 1). The 
most conspicuous additional feature in Figure 6 arising from the helium is the He+ Ly-a 
line. Lying between about 1500 and 3000 Â, this feature is so bright that it could very 

Fig. 4.—^Absorption due to intergalactic Ly-a absorption as a function of wavelength. For a distant 
object, the wavelength interval between the objects rest wavelengths of 912 Â and 1216 Â is given by 
the curves. The short vertical dashed line gives the position of Ly-a in the most distant QSO so far ob- 
served. On this basis, cases 1-5 would be permitted but case 6 would be excluded. 

possibly be detected by future OAO experiments provided one could look between individual 
early4ype stars at the galactic poles. The X-ray emission is not very different in the two 
cases but the He+ Ly-a line causes the hydrogen ionization to stay very high until this 
feature has been redshifted past 912 Â. 

We may now summarize the answer to the following question: assuming the validity 
of the constant rate heating model and the existence of a smooth component of inter- 
galactic hydrogen with present density 2.24 X 10~5/cin3, can we find a set of heating 
parameters which give thermal histories which are not in conflict with both the X-ray 
data and the lack of strong Ly-a absorption? (And, as always, assuming the QSO to be 
cosmological.) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
 6

7A
pJ

. 
. .

14
7 

. .
88

7W
 

Fig 5.—As in Fig. 2, where case 3 of Fig 2 (pure hydrogen) is compared with similar heating applied 
to a mixture with 10 per cent helium. 

Fig. 6.—The resulting radiation fields for Fig. 5. The sharp spike longward of 1000 Â is due to He+ 

Ly-a. 
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896 RAY WEYMANN Vol. 147 

At the present time, cases 1, 2, and 3 (Fig. 2) are excluded by the X-ray data. Case 6 
can be excluded by the Ly-a absorption. In this case, the heating is turned off so quickly 
after the thermal barrier is surmounted that the gas never attains a high enough tem- 
perature to become thoroughly ionized, and the recombination accompanying the sub- 
sequent drop in temperature leads to unacceptably large amounts of absorption (see 
Fig. 4). (In addition, shorter turnoff times would be excluded by the demand that the 
spread in heat input time not be too small.) 

Cases 4 and 5 are still permitted. As Field and Henry have also emphasized, because of 
the exponential factor in the free-free emission, it would be highly desirable if the back- 
ground limit could be pushed to longer wavelengths (at the same sensitivity as the 

FIG. 7.—As in Fig. 4, showing the effects of helium on the degree of ionization of hydrogen 

2-8-Â measures)—up to perhaps 25 Â (where intragalactic absorption is perhaps not 
prohibitively strong). If this were done with no positive results, then no permissible case 
could be found. 

The addition of helium raises the hydrogen ionization to an extent that gives slightly 
more leeway in the choice of heating parameters, but the intense He+ Ly-a line probably 
could be detected in OAO night-sky experiments. [Furthermore (Sargent and Searle 
1966), evidence is now accumulating that the initial helium abundance was very low.] 

We now wish to discuss in a semi-quantitative way the following additional points: 
(a) How critical is the nature of the heat-input model to the above results? {b) How are 
these conclusions altered if the gas is clumpy, not smooth? {c) If we significantly lower 
the postulated density by a factor of, say, 10, how much more relaxed do the restrictions 
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on the thermal histories become? (d) Recently (Koehler 1965) it has been reported that 
21-cm absorption in Fornax A indicates the existence of an intergalactic component of 
neutral hydrogen, with nu ^ 10-7. Are any of the above models compatible with this? 

A grid of integrations using the case b heating assumption was performed covering a 
number of different values of the peak heating rate as well as the epoch at which this 
peak occurs. As mentioned above, unless the thermal barrier is surmounted during the 
rising part of the heat input expression, it will never be surmounted. If the barrier is 
surmounted, however, the resulting rapid increase in temperature (and corresponding 
drop in the emission rate) causes the radiation loss to be unimportant compared to the 
heat input, even during the declining part of the heat input expression. Consequently 
the rest of the path in the log n-\og T plane is governed by the competition between the 
declining heating and the cooling due to expansion and the paths thus consist of a very 
rapid initial rise followed by a slow rise to a maximum temperature with a gentle de- 
crease thereafter. On the basis of this grid of integrations, an estimate of the minimum 
radiation in the X-ray region for cases satisfying the Ly-a requirement was made, and the 
results are not very different from the case a heating model: Jv at 10 Â must be at least 
about 5 X 10~28 cgs units, while the value at 25 Â is about 4 X 10-25. Once again there- 
fore, present X-ray results cannot exclude the existence of a heating path leading to a 
hot gas with ne~ 2 X 10~6/cm3, though extension of equally sensitive results to the 
25 Â region could. On the other hand, just as in the case a models, the range of parameters 
which do not give inadmissibly large amounts of 5-10-Â radiation is so limited as to be 
somewhat implausible. 

Thus, since the two heating cases mimic qualitatively the range of heating mecha- 
nisms likely to occur, we conclude that a smooth, general intergalactic gas of density 

2 X 10~5/cm3—^whether hot or cold—is rather unlikely. 
There is at the moment no sound, purely theoretical, reason for supposing that any 

uncondensed gas would be smoothly distributed. On the contrary, the well-known dis- 
crepancy between the masses of galaxies in clusters determined by means of the virial 
theorem and those determined by other means has led to widespread speculation that 
considerable uncondensed gas exists in clusters of galaxies. This possibility, together 
with the very low or non-existent amounts of neutral hydrogen present led Woolf (1967) 
to see what observational limits could be placed on a hot, ionized constituent. He con- 
cluded that sufficient ionized gas to stabilize the clusters cannot yet be excluded by the 
observations (but see Koehler 1965). Accordingly, investigations were made to see what 
modification in the temperature-density path and in the X-ray emission would result if 
intergalactic material existed in clouds. Two cases were considered. In one case, the 
ratio of cloud density to mean density was considered fixed, the cloud thus expanding 
with the universe. In the second case, the cloud was supposed to be gravitationally 
stabilized following its formation. Since the general conclusions reached in the first case 
do not differ markedly from those in the second case, and since the second case seems 
somewhat more probable, only it will be discussed. 

The existence of the clumps has two distinct effects on the resulting radiation field. 
First, if we denote by a the ratio of gas density to mean density at any instant, the 
emission coefficient within the cloud is increased by a factor of a2, but because the clouds 
occupy only 1/a of the volume, the effective emission coefficient is increased by a. Sec- 
ond, there is no longer any cooling due to expansion. Thus, after the rapid rise to high 
temperature, the only cooling is due to radiation, which even at w = 10"3 particles/cm3 

is only moderate during the rest of the expansion at temperatures of a few million de- 
grees. The resulting slower temperature drop compared to the adiabatic cooling critically 
affects the resulting emission, especially at 5-10 A. The result of these two effects based 
upon the case a heating model is that stable clouds with a density of 10~3 particles/cm3 

and with a mean density of 2 X lO-5 particles which might have been formed during 
the heating epoch at a mean density of 10~3/cm3 can be excluded. 
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The results obtained above have referred entirely to a density of about 2 X 10~5 

particles/cm3, which is predicted for cosmological models (with zero cosmical constant) 
having Hq = 100 km/sec/mpc and = +1. At the present time, a g0 of, say, +0.1 
implying a mean density of around 10-6 particles/cm3 is by no means observation ally 
excluded, but in such a case one would have to give up an oscillating universe, which 
has a certain appeal. Essentially the same two reasons that make a clumpy distribution 
of material easier to detect than a smooth distribution make a final density of, say, 
10“6 particles/cm3 very much more difficult to exclude than the n — 10~5 case. In addi- 
tion to the decreased emission coefficient due to the lower density permitted at high 
ionization, the maximum temperatures reached can be substantially lower in the low 
density case, resulting in very much lower emission shortward of 25 Â. This comes about 
because in the low-density case the heating necessary to surmount the thermal barrier 
at a Z of around 2 can be very much less (by roughly a factor of 10) with the result that 
the cooling effects of the expansion are much more important. Values of Jv of around 
3 X 10-29 can be achieved even at 25 Â with heating parameters which satisfy the 
Lyman-a requirement. Accordingly, the arguments of this paper coupled with observa- 
tions obtainable in the reasonably near future probably cannot be extended to exclude 
mean densities very much lower than those required to give an oscillating universe. 

After most of this work was completed, the author’s attention was called to the work 
of Koehler (1965). Koehler reports evidence for a small amount of neutral hydrogen in 
the Virgo Cluster, as well as a weak general absorption feature in Fornax, interpreted as 
intergalactic neutral hydrogen, although the weakness of the feature is such that perhaps 
some caution should be used in its interpretation. A discussion of the spin temperature 
leads Koehler to an estimate of ub. ~ 10~7, with a limit of ne ~ 10-5, and, in fact, on the 
basis of the Virgo Cluster measures, he goes on to argue against n6 any higher than ^IQ-6. 
(Some of the quantitative arguments concerning the spin temperature should be revised 
to take account of the influence of the 3° K radiation field at 21 cm.) However, the main 
point to be discussed is whether early heating could have ionized the gas to the extent 
that it would have been undetectable in the QSO, with subsequent recombination to the 
extent demanded by Koehler’s observations. Such a possibility is in fact discussed very 
briefly by Gould and Ramsay (1966), quoting a suggestion by G. Field. 

Granting the validity of the above heating models, such a possibility is completely 
excluded by the calculations described above. The final density of neutral hydrogen for the 
models discussed here is typically about 10~u/cm3. Very low final total gas densities 
make the situation even more difficult. Aside from adopting the local hypothesis for the 
QSO (in which case no heating of the gas is required at all) there seems at first sight to be 
at least one possible way of resolving this discrepancy. As discussed below, there is ample 
time for the gas to recombine provided it is not kept ionized by some mechanism. How- 
ever, in case 5 of Figure 2 it is seen that the final temperature is still about 3 X 105, and 
a glance at Figure 1 shows that this is still so hot that collisions alone keep the gas highly 
ionized. The referee has suggested that contamination of the intergalactic material with 
a small amount of metals from, say, a density of 10~4 to the present epoch might suf- 
ficiently enhance the cooling to such an extent that this difficulty could be avoided. 
However, it is estimated that one would need to enhance the cooling rate by a factor of 
about 20, and this would demand a degree of contamination such that the metal/hydro- 
gen ratio in intergalactic space be comparable to what it is in our Galaxy. Moreover, at 
the present epoch the radiation generated by the hot gas for case 5 accounts for about 
as much ionization as do the collisions, so that the injection of the impurities would have 
to seriously modify the thermal histories very soon after the thermal barrier was sur- 
mounted. Thus, a second possibility would be to appeal to an entirely different mecha- 
nism to ionize the gas, which does not at the same time heat the gas to very high tem- 
peratures. An intense radiation field with only a moderately high color temperature 
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arising perhaps from high B-star formation rates in the very early stages of galaxy for- 
mation would not be unexpected. These first generation stars could completely ionize 
both the inter- and intragalactic hydrogen. Fairly shortly following their deaths, any 
residual Lyman continuum radiation would be redshifted beyond 912 Â and the gas 
would recombine. A computation of the recombination of initially highly ionized hydro- 
gen was made under the following assumptions: (a) the initial temperature of the fully 
ionized gas was 10000° K and dropped adiabatically thereafter; (6) the initial gas density 
corresponded to that expected at the epoch with a Z of 2 (and one can therefore specify 
instead the final gas density as a parameter) ; (c) only recombinations to excited states 
were considered. The result is that a neutral hydrogen density of tzh > 1 X 10“7 hydro- 
gen atom/cm3 is possible for a final total gas density of greater than 5 X 10-7 par- 
ticle/cm3. In fact for a final density of 10-5, the recombination is nearly complete. This 
in itself raises a problem, since in this case it is difficult to see how to prevent too much 
neutral hydrogen from occurring, although perhaps extremely hot stars would have so 
much radiation in the extreme ultraviolet that large redshifts and hence long times 
would be required before the gas could recombine—long after the deaths of the ionizing 
stars. 

An additional difficulty arises which is illustrated by the following specific numerical 
example. Assume that all the ultraviolet radiation is supplied by B0 stars of mass 
M/Mo = 17, R/Ro = 7.6, radiating like black bodies at reff = 21000° K. In order to 
produce sufficient ionization at a redshift of 2.5 to make the Ly-a absorption negligible 
(i.e., nn/ne^ 10-7 at a density of 10~3), it is necessary to have a dilution factor of 
^8 X 10~15. This in turn requires that about 10 per cent of all galactic matter be in the 
form of such stars. [In making this calculation, only galaxies within a sphere of radius 
R were considered, with R being given by the condition that the rest wavelength Xo at 
which /(X0) « f/(912 Â) just be redshifted to 912 Â. This value of R is only slightly 
smaller than the value of R corresponding to a light-travel time equal to the stellar 
lifetimes.] If one considers galaxies of M = 1011 Mo, 10 per cent of which consists of 
such B0 stars, and whose dimensions are of the order of 10 kpc, then one verifies that the 
remaining galactic material is so highly ionized that no significant absorption occurs 
within the Galaxy. 

Such supergalaxies would of course be extremely luminous—more luminous even than 
the QSO themselves. Using the expressions given by Sandage (1961), one finds that for 
ço = +1 the (metric) angular size is about 6", so that they should be nearly stellar in 
appearance with visual magnitudes of about +17.4. There would be very large numbers 
of them—about 2.1 X 103/square degree—which is about 2 orders of magnitude larger 
than the number of such objects observed at the galactic poles. Therefore this model 
is impossible. Calculations have not yet been made to see at what final gas density (if 
any) this difficulty disappears, or to what extent it can be avoided by going to extremely 
hot stars or supermassive stars, but these would seem worth carrying out. 
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