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DEUTERIUM IN THE UNIVERSE

All the heavy hydrogen n space may have been made in the first 15

minutes after the “big bang.” Observations leading to estimates

of its abundance thus provide evidence on conditions at that time

by Jay M. Pasachoff and William A. Fowler

he calculations of modern cosmol-
I ogy lead to the conclusion that the
universe originated between 10
and 20 billion years ago. The particular
cosmology that seems to have the great-
est weight of observational evidence be-
hind it is the “big bang” theory, which
posits that all the matter in the universe
was compressed into a superdense kernel
that exploded and has been expanding
ever since. Within the past few years
evolving techniques of observation have
made it possible to look backward in
space and time to what appear to be the
first few minutes after the big bang, and
to learn about the physical state and ear-
ly evolution of the universe.

One item of observational evidence in
favor of the big-bang theory was the dis-
covery that the universe is permeated
uniformly by radiation corresponding to
what would be radiated by a theoretical-
ly perfect “black body” with a tempera-
ture of three degrees Kelvin (degrees
Celsius above absolute zero). This radia-
tion is believed to be a remnant of the
original big bang. The newest evidence
has come to the fore within the past two
years. It is the detection in interstellar
space of atoms that may have been
formed within the first 15 minutes after
the big bang. These atoms are the atoms
of deuterium, commonly known as heavy
hydrogen.

The big-bang theory stemmed from
the discovery by Edwin P. Hubble 50
years ago that all other galaxies appear
to be receding from ours, and that the
most distant galaxies seem to be reced-
ing the fastest. The big-bang theory
accounts for Hubble’s observations by
the expansion of the universe, as does
the steady-state cosmology advanced
by Hermann Bondi and Thomas Gold
and independently by Fred Hoyle. The
steady-state theory, however, postulates

that the universe has always looked the
same as it does today, and it requires that
hydrogen be continuously created to
make up for the decreasing density of the
universe caused by its expansion. Most
astronomers believe this explanation has
been ruled out by the discovery of the
three-degree background radiation. A
variant big-bang cosmology posits that
the universe will stop expanding and
then contract. The recent measurements
of interstellar deuterium have provided
a method for determining whether that
will happen or whether the universe
will simply go on expanding forever.

he “standard” big-bang theory states

that in the first 100 seconds after the
initial explosion of the universe only pro-
tons, neutrons, electrons, positrons and
various types of neutrinos existed and
that each particle was independent. As
the exploding universe cooled, the pro-
tons and neutrons began to combine.
Since the nucleus of an atom of “ordi-
nary” hydrogen is simply a proton, the
combinations of protons and neutrons
were the nuclei of the heavier isotopes of
hydrogen and of the other atoms. The
simplest compound nucleus is the deu-
teron, composed of one neutron and one
proton, which with a single electron
forms an atom of deuterium. The nu-
cleus of the third isotope of hydrogen,
tritium, consists of one proton and two
neutrons. The combination of two pro-
tons and one neutron forms the nucleus
of an atom having a quota of two elec-
trons; it is the light isotope of helium.
The nucleus of the common isotope of
helium has two protons and two neu-
trons. The nuclei of heavier elements are
built up in the same way.

In 1948 Ralph A. Alpher, Hans Bethe
and George Gamow first calculated the
way in which the nuclei of the lighter

elements could have been synthesized in
the big bang. In 1957 one of us (Fowler),
together with Geoffrey Burbidge, E.
Margaret Burbidge and Hoyle, laid out
a blueprint showing how both the lighter
and the heavier elements could have
been built up in the interior of stars.

Seven years later Hoyle and Robert J.

Tayler calculated that the large amount
of helium observed throughout the uni-
verse (between 20 and 30 percent of the
total mass) could not have been manu-
factured in ordinary stars. The nuclei
require a temperature of 10 billion de-
grees K. for their synthesis, a tempera-
ture that could have been attained only
in the big bang, in the explosions of su-
permassive stars (“little bangs”) or in su-
pernovas, the explosions of ordinary
stars.

In 1966, after the discovery of the
three-degree background radiation, P. J.
E. Peebles tried to calculate what the
relative abundance of deuterium and
helium would have been if those two ele-
ments had been formed in the big bang.
At the same time Robert V. Wagoner
joined Fowler and Hoyle to check
whether or not the new data sufficiently
changed the outcome of previous calcu-
lations enough to allow heavy elements
to have been synthesized in the big
bang. They found that it was still not
possible. Could these elements have
been formed in events other than the big
bang? Let us deal first with their syns
thesis in the big bang and then discuss
the possible exceptions.

The calculations of Wagoner, Fowler
and Hoyle show that there is only one
isotope left over that is unique to the big
bang. It is deuterium. Although heliw®
would also have been made in the big
bang, additional helium has been sy®
thesized since then in stars and cannc!
now be distinguished from the origil‘lal

— T — A——_ —

helium, I
pleted by
ordinary
elements
Therefor
now may
origin of
would h:
1,000 sec
the rapi
cooled of
and neuty

VWIDE.FIE)
Wolthard ¢
manYy ShOW'
of which th



esized in
Fowler),
idge, E.
laid out
ie lighter
d have
of stars.
lobert J.
+ amount
the uni-
nt of the
n manu-
e nuclei
llion de-
fempera-
ned only
ns of su-
or in su-
ordinary

y of the
ion, P. .
vhat the
um and
i two ele-
iig bang.
Wagoner
o check
fliciently
us calcu-
elements
the big
still not
its have
n the big
1eir syn-
1 discuss

, Fowler
only one
o the big
1 helium
the big
gen syn-
1 cannot
original

helium. Deuterium, however, is only de-
Pleted by the processes that go on inside
ordinary stars; it is “cooked” into heavier
elements by thermonuclear reactions.
Therefore whatever deuterium we find
now may well have persisted since the
origin of the universe. The deuterium
would have been formed in the first
1,000 seconds after the big bang, when
the rapidly expanding universe had
cooled off just enough to allow protons
and neutrons to combine. In some sense,

WIDE-FIELD PHOTOGRAPH OF THE MILKY WAY, made by
Wolfhard Schlosser of the Ruhr-Universitit at Bochum in Ger-
Mmany, shows the region of the center of the galaxy in the direction
of which the authors and their colleagues conducted their search at

then, deuterium may actually allow us to
look backward 10 to 20 billion years in
time.

In order to use deuterium as a key to

gaining a fuller understanding of the
big bang, it is necessary to determine
how abundant deuterium is with respect
to ordinary hydrogen. Ideally we should
like the cosmic abundance ratio, if it
exists as a meaningful constant, to be un-
complicated by processes inside stars or

by the chemical interactions of elements
and compounds on planets or on grains
of ice or dust in space. The ratio is best
measured in the gas between the stars.

The density of the interstellar gas is
very low: about one atom per cubic cen-
timeter. The space between the stars is
so vast, however, that the total amount
of gas is very large. It is well known that
almost all this gas is hydrogen. The prob-
lem is to find out if any of the hydrogen
is deuterium and if so how much.

radio wavelengths for absorption from interstellar deuterium. Ga-
lactic center is in the constellation Sagittarius, just above knot of
stars to right of center. Round dark object is secondary mirror of
astronomical camera. Three linear forms are the mirror supports.
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HYDROGEN

ISOTOPES OF HYDROGEN AND HELIUM differ in the number
of their nuclear particles. The lightest isotope is ordinary hydro-

How can deuterium be observed? In
an atom of ordinary hydrogen the single
proton and single electron act as though
they are spinning like tiny tops. The spin
of the electron can be either in the same

direction as the spin of the proton or in

the opposite direction. If the spins are in
the same direction, the atom is in a high-
er energy state, and the electron spin can
flip over so that it is spinning in the op-
posite: direction with respect to the pro-
ton. This spin-flip emits a small amount
of energy at the radio wavelength of 21
centimeters. Gaseous hydrogen can also
absorb energy at this wavelength as well
as emit it. The atoms that absorb the en-
ergy are thus put into the higher energy
state. Although the spin-flip for any one
atom is rare, there are enough atoms in
the galaxy for the radiation at 21 centi-
meters to be quite strong.

Deuterium also has a single electron,
and the radiation from its spin-flip is at
a wavelength of 92 centimeters. Deu-
terium, however, is much less abundant
than ordinary hydrogen. In the water
of the earth’s oceans there are 6,600
atoms of ordinary hydrogen for every
atom of deuterium. The abundance of
deuterium in the solid body of the earth
could be quite different. Thus the value
for the oceans does not necessarily re-
flect the abundance ratio of deuterium to
ordinary hydrogen on the earth, much
less the ratio in interstellar space.

Soon‘after the spectral line of hydro-
gen at 21 centimeters was discovered,
several astronomers began to search for
the line of deuterium in interstellar
space. The surveys culminated 10 years
ago when Sander Weinreb of the Na-
tional Radio Astronomy Observatory
(NRAO) at Green Bank, W.Va., turned
the observatory’s 85-foot radio telescope
to the constellation Cassiopeia to look
for the 92-centimeter line in the spec-

ren
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trum of the strong radio source Cas-
siopeia A. Although Weinreb observed
for weeks, he was totally unable to de-
tect deuterium. He stated on the basis of
his negative observations that the ratio of
deuterium to ordinary hydrogen in that
direction appeared to be less than 1 :
13,000, since any larger amount would
have been detected. That upper limit is
half the ratio of deuterium to ordinary
hydrogen on the earth.

Radio astronomy has continued its

rapid development since the time of
Weinreb’s survey, and within the past
few years many complex molecules have
been detected in the clouds of gas and
dust in interstellar space. Most of the
molecules have been found at relatively
short wavelengths, from about 21 centi-
meters down to two millimeters. Few
spectral lines have been discovered at
wavelengths longer than a meter, al-
though the failure has not been for lack
of trying. In 1969 Carl A. Gottlieb, Dale
F. Dickinson and one of us (Pasachoff)
used the 150-foot radio telescope of the
Air Force Cambridge Research Labora-
tories to search at meter wavelengths for
various molecules, some of which in-
cluded deuterium as a constituent. Two
such molecules were the hydroxyl radi-
cal (OH), with deuterium in place of or-
dinary hydrogen, and water, with deu-
terium in place of one of the two ordi-
nary hydrogens. The search was later
continued at the NRAO in collaboration
with David Buhl, Patrick Palmer, Lewis
E. Snyder and Ben Zuckerman. No mol-
ecules were detected.

The chance of finding the faint spec-
tral line of deuterium, or for that matter
any other spectral line at such wave-
lengths, seemed very small. Neverthe-
less, in conversations in 1970 the authors
of this article felt that another attempt

TRITIUM

gen (left), which has a single proton in its nucleus (dark color)
and a single electron (dark gray). Deuterium has a proton and a

should be made. The project would call
for many weeks of observing, but it
seemed that the 130-foot radio telescope
of the Owens Valley Radio Observatory
of the California Institute of Technology
might be available. Diego A. Cesarsky
and Alan T. Moffet of the staff at Owens
Valley joined one of us (Pasachoff) in
making the observations. In the follow-
ing discussion of these observations “we”
refers to Cesarsky, Moffet and Pasachoft
and students from Williams College and
Cal Tech who worked with us.

We decided to observe for two weeks
at a time because we wanted to analyze
the results as we went along. Many
problems could have interfered with the
investigation. For example, the 92-centi-
meter line lies in a region of military air-
to-ground communications. Although
the aircraft transmissions were some-
times bothersome, we were able to re-
move those time periods from our data.

The first two weeks of observing were
in March, 1972. The main direction in
which we chose to observe was toward
the center of our galaxy. The galactic
center, however, is in the southern sky,
and at the latitude of the Owens Valley
it is above the horizon for only about six
hours a day. Since radio telescopes can
operate in broad daylight, we were able
to observe the galactic center whenever
it was above the horizon, to observe in
the direction of the Great Nebula in
Orion much of the rest of the time and
to observe in the direction of Cassiopeid
A during any intervening hours. The
data from this first observing run looked
good, showing that the telescope and
the receiving system were working satis-
factorily. Futhermore, there was actually
a suspicion of a faint absorption line !
92 centimeters.

That summer we had three more 0b-
serving runs of two weeks each, extend-
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HELIUM 3

HELIUM 4

neutron (black), tritium has a proton and two neutrons. Helium 3 has two protons and
one neutron in its nucleus and two electrons. Helium 4 has two protons and two neutrons.

ing the results of the first run. We con-
centrated our efforts in the direction of
the galactic center. There is more hydro-
gen in front of that source than in any
other part of the sky. We assumed as a
working hypothesis that the abundance
ratio of deuterium to ordinary hydro-
gen is constant throughout the universe,
so that presumably the greatest total
amount of deuterium would lie in the
same direction as the greatest total

c{_;bc:{_>
o0 "

SPIN OF THE ELECTRON FLIPS on rare occasions in an atom
of ordinary hydrogen or deuterium, with the emission of radiation
characteristic of the atom. In the schematic atom of ordinary hy-
drogen at top left the nucleus and the electron are spinning in the
same direction. In the second drawing at top right the electron has

amount of ordinary hydrogen. The ga-
lactic center is a strong source of radio
waves, and the gas in the 40,000 light-
years between it and the earth absorbs
some of the radiation at the wavelengths
of 21 and 92 centimeters.

Our analysis of the data by computer
during that summer and fall strength-
ened our belief that we were actually ob-
serving the absorption line of deuterium.
In the summer of 1973 five more weeks

T

of observing by Cesarsky and Pasachoff
yielded results that were compatible
with the findings in 1972. We attempted
to observe over a wider range of wave-
lengths, but it seemed as though we were
now encountering too much outside in-
terference in the wider band. In the nar-
rower range of wavelengths observed in
common during both years, the largest
absorption fluctuation again correspond-
ed to the spectral line of deuterium at
92 centimeters.

The line is still only barely visible in

the data, which show expected ran-
dom fluctuations [see top illustration on
page 113]. Adding the results of both
years’ observations together has slightly
improved the ratio of the signal to the
noise and the line seems more than three
times as strong as the fluctuations. Even
if the “line” turns out to be only a par-
ticularly large random fluctuation in the
data, the magnitude of the surrounding
noise places an important upper limit on
how strong the absorption could be.
From our data that upper limit is one
part in 3,000. If the feature we observed
is the deuterium line, then the abun-
dance ratio of deuterium to ordinary

21-CENTIMETER RADIATION
VaVaVaVaVaVWaVaVaVaVWa VW

92-CENTIMETER RADIATION
>

flipped so that it is spinning in the opposite direction, with the
emission of radiation at a wavelength of 21 centimeters. The same
kind of spin-flip in the deuterium atom (third and fourth draw-
ings) gives rise to 92-centimeter radiation. When the atoms absorb
radiation of same wavelength, the spin of their electron flips back.




hydrogen would be between 1 : 3,000
and 1 : 50,000.

Curiously the major part of the uncer-
tainty in that range arises not because
the absorption line of deuterium is so
weak but because the radiation from or-
dinary hydrogen with which it is com-
pared is so strong. In the distance be-
tween the galactic center and the earth
there is so much hydrogen that the radio
signal is saturated. The result is that one
cannot tell exactly how much hydrogen
there is in this space, and one can only
determine a lower limit. The next step
in improving the determination of the
abundance ratio of deuterium to ordi-
nary hydrogen is not only confirming the
detection of the absorption feature at 92

of the NRAO located on Kitt Peak in
Arizona, Jefferts, Penzias and Wilson
turned their attention to the Kleinmann-
Low mnebula, a small cloud in the Great
Nebula in Orion in which many inter-
stellar molecules have been detected.
Within the Kleinmann-Low nebula the
DCN mélecule was radiating very strong
spectral lines at the wavelengths of two
millimeters and four millimeters. The
observations indicated that the ratio of
DCN to HCN was 1 : 170.

This ratio of DCN to HCN is much
higher than the ratio of HDO to H;0
in the earth’s oceans. It was immediately
realized, however, that if the result was
to be understood, certain facts of chem-
istry would have to be taken into ac-

centimeters but also improving the mea-
surements of the strength of the hydro-
gen radiation at 21 centimeters.

The gas seems to have the small ve-
locity of 3.7 kilometers per second in our
direction. -The spectral lines of other
gases observed in the direction of the
galactic center, notably the hydroxyl
radical and formaldehyde (H,CO), are
also Doppler-shifted by an amount that
corresponds to the same velocity.

At the same time that we were mak-
ing our first observations Keith B. Jef-
ferts, Arno A. Penzias and Robert W.
Wilson of the Bell Laboratories were ob-
serving DCN, that is, the deuterated
form of the hydrogen cyanide molecule
(HCN). With the 36-foot radio telescope
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92 CENTIMETERS  SPIN-FLIP OF DEUTERIUM ABUNDANCE OF DEUTERIUM IN THE UNIVERSE as measured both in interstella:
up DEUTERATED MOLECULAR space (black) and in the solar system (color) is shown with respect to the abundance of
HYDROGEN (Hy) ordinary hydrogen. For each measurement of the abundance of deuterium made in the
oD DEUTERATED solar system and in interstellar space the names of the investigators, the region or the direc:
HYDROXYL (OH) tion observed and the form of deuterium detected are listed in that order. Detailed infor
Da LYMAN-ALPHA LINE mation about most of the investigators and their work is given in the text. The exceptions
OF DEUTERIUM are the following: David C. Black of the Ames Research Center of the National Aeronautic
DCN 8$XLFS‘EA{§8NHYDROGEN and Space Administration deduced the abundance of deuterium in the protosolar nebult
HOO - DEUTERATED V)VATER e from which the sun evolved from measurements of deuterated water (HDO) in meteoritef
(H20)  (yater in which one deuterium atom replaces one of the two hydrogen atoms in H,0):
CHs DEUTERATED Mark A. Allen and Richard Crutcher are both of the California Institute of Technology

METHANE (CH,)

UPPER LIMITS
MEASURED VALUES

UNCERTAINTIES

MEASURED LIMITS COR-
RECTED BY CALCULATION

Dennis J. Hegyi of the Bartol Research Foundation collaborated with Nathaniel P. Carleto?
and Wesley A. Traub in their measurements of deuterium in the Great Nebula in Orion &
visible wavelengths. Harmon Craig is of the University of California at San Diego. G. Boal?
was at the University of Chicago. Nicola Grevesse is at the Institute of Astrophysics at Lieg?
in Belgium. “Recombination line” refers to a spectral line emitted at a radio wavelength
when an electron recombining with a deuterium ion to form un-ionized deuterium pass¢
from the 93rd to the 92nd energy level. “Lyman lines” are the spectral lines emitted by #
hydrogen or deuterium atom when electron drops from higher energy states to ground staté
“From 3He” refers to an abundance of deuterium deduced from the abundance of helium: %
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count in addition to the facts of physics.
Chemical combinations of the elements
follow complicated principles and proc-
esses, many of which are unknown. That
is particularly true for elements com-
bining on the surface of dust grains in
interstellar clouds, which is a leading
possibility for the way in which such
molecules form. The ratio of deuterium
to ordinary hydrogen in interstellar
space could very well be quite different
from the ratio of DCN to HCN. Calcula-
tions show that the difference in the
ratios from such chemical fractionation
may be on the order of a factor of 600.
When the observation of Jefferts, Pen-
zias and Wilson was adjusted to take the
correction factor into account, the ratio
of deuterium to ordinary hydrogen in
the Kleinmann-Low nebula was found
to be 1 : 100,000, just below the range
deduced from the observations of Ce-
sarsky, Moffet and Pasachoff. The fact
that the ratio of deuterium to hydrogen
is indeed substantially lower than the
ratio of DCN to HCN has since been
confirmed by two independent limits
set on the abundance of deuterium by
Cesarsky observing at radio wavelengths
and by another group observing a transi-
tion of deuterium at visible wavelengths.

The abundance ratio of deuterium to
ordinary hydrogen has also been deter-
mined from space, from the third Or-
biting Astronomical Observatory satel-
lite, named Copernicus. One experi-
ment, conducted by a group from
Princeton University including Lyman
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Spitzer, Jr., Jerry F. Drake, Edward B.
Jenkins, Donald C. Morton, John B.
Rogerson, Jr., and Donald G. York, uses
a 32-inch telescope to observe spectra at
the ultraviolet wavelengths between 950
and 1,450 angstroms and between 1,650
and 3,000 angstroms. The second range
includes spectral lines from molecular
hydrogen (H,), detected only once be-
fore, in an experiment placed aboard a
sounding rocket. Molecular hydrogen
had not been detected from the earth’s
surface because it has no lines in the
visible region of the spectrum, and its
iadiation in the ultraviolet region is ab-
‘orbed by the atmosphere.

'The results from the Princeton experi-

ment aboard Copernicus showed that
“henever the telescope was pointed
foward reddened stars (that is, in direc-
@ioﬁs where the interstellar material in
ont of stars affects the overall distribu-
‘ion of the energy radiated by the stars
% favoring the longer—redder—wave-
‘ngths), the spectra revealed that at
4st 10 percent of the intervening mat-
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VELOCITY (KILOMETERS PER SECOND)

ABSORPTION LINE OF DEUTERIUM shows up as the central dip in observations of the
galactic center at a wavelength of 92 centimeters. The observations were made with the
130-foot radio telescope at the Owens Valley Radio Observatory in California. The curve is
the sum of results from observations made in 1972 and 1973. The dip is shifted in frequency
by a small amount, indicating that the gas incorporating the deuterium is moving at a
velocity of 3.7 kilometers per second toward the solar system. Spectrum is calibrated in
terms of temperature of antenna, equivalent to energy of radiation received by antenna.
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EMISSION LINE OF DEUTERATED HYDROGEN CYANIDE (DCN), which is actually
composed of three separate lines (arrows), was observed by Keith B. Jefferts, Arno A.
Penzias and Robert W. Wilson of the Bell Laboratories at millimeter wavelengths with the
36-foot radio telescope of the National Radio Astronomy Observatory on Kitt Peak in
Arizona. The molecule was detected in Kleinmann-Low nebula in constellation Orion.
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ter was in the form of molecular hydro-
gen. The same result was obtained with
11 different stars. For a similar number
of unreddened stars, however, molecular
hydrogen was not detected at all to a
limit of one part in 10 million.

Furthermore, the Princeton group
measured two lines of HD (deuterated
H,) at wavelengths of 1,054 and 1,066
angstroms. The first results, for nine
stars, indicate that the abundance ratio
of HD to H, is 1 : 1,000,000. Again the
result had to be adjusted by calculations
of chemical combinations to yield a cor-
rected ratio of deuterium to ordinary
hydrogen. John H. Black and Alexander
Dalgarno of the Center for Astrophysics
of the Harvard College Observatory and
the Smithsonian Astrophysical Observa-
tory have calculated that the ratio of
deuterium to ordinary hydrogen is be-
tween 1 : 5,000 and 1 : 500,000 for the
nebula Zeta Ophiuchus.

After these promising measurements
had been made Rogerson and York at-
tempted to use the telescope aboard
Copernicus to observe the Lyman series
of transitions of the deuterium atom.
These transitions absorb radiation in the
ultraviolet region of the spectrum when
the electron in the deuterium atom is
raised to a higher energy level from
the “ground” state. The wavelengths of
the transitions are slightly shorter than
the wavelengths of the corresponding

Ol

971.738

transitions for the atom of ordinary hy-
drogen (and were also slightly shorter
than the wavelengths for which the ex-
periment was actually designed). The
calculation of the ratio of deuterium to
ordinary hydrogen from these measure-
ments is straightforward and not subject
to the correction factors that must be ap-
plied to the molecular observations.

Rogerson and York searched for the
transitions in the interstellar gas in front
of hot stars of spectral Type B. Such
stars have few lines in their own spectra
and therefore any absorption lines de-
tected would have been formed in inter-
stellar space between the star and the
earth. In the direction of the star Beta
Centauri, Rogerson and York were able
to measure four lines in the Lyman se-
ries for deuterium. The ratio of deuteri-
um to ordinary hydrogen in that direc-
tion is 1 : 70,000, with an error of 15
percent. The work is being continued for
other stars.

The big-bang theory assumes that the
universe is isotropic (that it looks more
or less the same in all directions), so that
a knowledge of how uniformly deuteri-
um is distributed through space bears on
whether or not the big bang is indeed a
good model for the origin of the uni-
verse. If the abundance of deuterium is
found to be nonuniform, for example by
comparing the observations from Co-
pernicus of nearby stars with our ob-

DI HI
972.272 972.537

servations toward the galactic center,
then either the big bang is not a good
model or the deuterium was formed in
some way other than the big bang.

In order for the measurements of dey-
terium to be significant in cosmological
calculations, the measurements must re-
flect a general cosmic abundance and
not simply local variations. For this rea-
son it is difficult to interpret the abun-
dance of deuterium in the solar system
in terms of a big-bang origin. That
abundance should nonetheless be dis-
cussed briefly if only because deuterium
had not been detected elsewhere in the
solar system until last year.

‘Some deuterium has been found in
the water content of carbonaceous
meteorites. Until the Apollo astronauts
landed on the moon, meteorites were the
only samples of matter from space. One
of the Apollo experiments was designed
to capture ionized atoms from the solar
wind: the flux of ions expelled from the
sun. The astronauts caught the ions in a
“window shade” of aluminum foil they
unrolled on the moon. The foil was then
brought back to earth for analysis. Jo-
hannes Geiss of the University of Bem
and Hubert Reeves of the Nuclear Re-
search Center at Saclay and the Institute
of Astrophysics in Paris made deduc-
tions about the abundance of deuterium
from the light isotope helium 3 that had

.50

COUNTS PER 14-SECOND INTERVAL

970.5 971 971.5

SPECTRUM OF THE STAR BETA CENTAURI in the ultraviolet
region shows Lyman-gamma absorption lines for ordinary hydro-
gen (HI) and deuterium (DI). The lines are from the interstellar
gas between the star and the solar system and they are superposed
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A
on a broad Lyman-gamma line from the star (genile dip). They
were detected with the ultraviolet spectrometer aboard the thir®
Orbiting Astronomical Observatory, named Copernicus. A line @
oxygen (OI) also happens to be in this region of the spect! .
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been found in the foil. It is known that
the sun has transformed into helium 3
most of the deuterium that was present
in the primordial solar nebula, the cloud
of dust and gas out of which the sun
formed. Therefore the amount of helium
3 in the foil directly reflects an upper
limit for the amount of deuterium that
could have been present in the solar
nebula. Geiss and Reeves have calcu-
lated that the abundance ratio of deu-
terium to ordinary hydrogen in the solar
nebula was 1 : 40,000.

It is also possible that the deuterium
in the material from which the planets
were made was not transformed into he-
lium 3 as the protosun materialized out
of the solar nebula. In March, 1972,
Reinhard Beer of the Jet Propulsion
Laboratory of the California Institute of
Technology and his collaborators report-
ed that they had detected CH;D, a deu-
terated form of methane (CH,), in the
spectrum of Jupiter at infrared wave-
lengths. Beer and Frederic W. Taylor
calculated the molecular-correction fac-
tors and found that the abundance ratio
of deuterium to ordinary hydrogen in
Jupiter was between 1 :13,000 and
1: 35,000, depending on certain as-
sumptions about the structure of the
planet’s atmosphere.

Although the interpretation of results
from such a relatively complicated mole-
cule as CH,;D is very uncertain, the cal-
culations seem to show a clear discrep-
ancy with the value of 1 : 6,600 found
on the earth. Within the past year John
T. Trauger and Frederick L. Roesler of
the University of Wisconsin and Na-
thaniel P. Carleton and Wesley A. Traub
of the Center for Astrophysics have de-
tected three lines of deuterated molecu-
lar hydrogen (HD) on.Jupiter in the
near-infrared region of the spectrum.
From their observations they calculate a
Iatio of deuterium to ordinary hydrogen
of 1 : 48,000, with a possible error of 20
percent. The discrepancy between the
values on the earth and those on Jupiter
might be due to the fact that the ratio of
heavy water (HDO) to ordinary water
(H;0) on the earth could be enhanced
over the ratio of deuterium to ordinary
h}’drogen by some chemical fractiona-
tion process.

A most unusual observation of deu-
lerium was made two years ago. A group
9f workers from the University of New
~Hampshire were observing the sun dur-
ing the large solar flares of August, 1972,
Vith a gamma ray instrument aboard

Orbiting* Solar Observatory 7. During

the particularly large flare of August 7

 they detected a peak in the gamma ray

KLEINMANN-LOW NEBULA is embedded in Great Nebula in Orion. Location, which is

indicated by contours, is rich in many molecules, including deuterated hydrogen' cyanide.

spectrum corresponding to the energy
that would have been released by the
formation of deuterons. That peak meant
deuterium was being synthesized on the
surface of the sun. This event, however,
is probably unrelated to the total cosmic
abundance of deuterium. The amount of
deuterium formed in this way is small,
and it may well be quickly consumed by
further nuclear processes on the sun be-
fore it can be expelled into space.

The results of the observations of deu-
terium to date are summarized in the
table on page 112. What do these indi-
cations of the amount of deuterium in
interstellar space tell us about the early
universe? One can link the ratio of deu-
terium to ordinary hydrogen to the big
bang by theoretical calculations. For this
purpose we shall adopt the standard
model of the big bang developed by
Wagoner, Fowler and Hoyle, which ac-
‘cepts three basic assumptions about the
universe today: first, the universe is

homogeneous and isotropic; second, the
principle of equivalence must hold, that
is, a gravitational field cannot be dis-
tinguished from an acceleration (a prin-
ciple fundamental to the theory of rela-
tivity); third, the three-degree back-
ground radiation was indeed generated
by the big bang. The model also makes
several other assumptions. The baryon
number must be positive, that is, the
amount of antimatter is not equal to the
amount of matter, ruling out theories to
the contrary. The lepton number is
small, that is, the flux of neutrinos does
not overwhelm the amount of radiation.
The general theory of relativity provides
the correct theory of gravitation. Lastly,
only the kinds of subatomic particles
that we now know about are present;

there are no new ones.

In the standard model it happens that
the amount of deuterium formed just

after the big bang is sensitive to the den-
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MASS OF EACH ELEMENT TO THE TOTAL MASS OF MATTER IN A UNIT VOLUME
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«STANDARD” MODEL of the big-bang theory of the origin of the universe predicts a2
abundance of deuterium that is very sensitive to the postulated density of the universe &
the time it originated, as is shown in this diagram devised by Wagoner. The cosmic abutt®

dances of a number of other light elements are given as well. Various kinds of observatioB?
ter:

indicate that the density of the universe is approximately 10-31 gram per cubic centime
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sity of the universe at that time. If the
density were relatively high in the first
few seconds after the big bang, the deu-
terium just formed would have been
quickly cooked into helium and the end
result would be less deuterium. Con-
versely, if the universe was less dense,
the end result would have been more
deuterium [see illustration on the oppo-
site page]. Thus from the measured value
of the deuterium in the universe today it
is possible to find the density of the uni-
verse at the time that the elements were
first synthesized. Knowing the density
of the universe then and the rate of ex-

ansion now, it is possible to calculate
what the density of the universe is at
present. The density we deduce from
our observations is of the order of 10-31
gram per cubic centimeter. That density

¢ is not enough to “close” the universe,

which will thus continue to expand in-
definitely. Therefore knowing the uni-
verse’s present density enables us to
draw conclusions about its present state

! and eventual future.

In addition to the standard model of
the big bang there is a very speculative
new hypothesis called the statistical-
bootstrap model, advanced by Robert D.
‘ Carlitz of the University of Chicago,
Steven C. Frautschi of Cal Tech and
Werner Nahm of the University of
Bonn. It assumes that massive “super-
baryons” formed just after the big bang.
The superbaryons were approximately
the same size as ordinary baryons, but
their mass was as much as 1038 times
greater. At that point the force of gravity
becomes competitive with the normal
forces that govern the interaction of nu-
clear particles.

The statistical-bootstrap model as-
sumes that there are many elementary
particles that have not yet been observed
because the energies required to make
them cannot be attained in the labora-

4 tory. The model also assumes that the

laws governing the existence of such
particles, which have been determined
in the laboratory for particles with up to
- 400 times the mass of an ordinary bar-
yon, hold true for a further factor in
mass of 10%5! In one sense this new hy-
Pothesis, in which there are many un-
own particles, is the opposite of the
standard theory, which assumes that
there are none. There is, in fact, no a

Priori reason to favor one theory over the
other, : )

4 ¢ the statistical-bootstrap model turns
~ out to be accurate, there will be many
fonsequences for cosmology. First, no
lium would have been formed in the
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“STATISTICAL BOOTSTRAP” MODEL of the big-bang theory, advanced by Robert D.

Carlitz of the University of Chicago, Steven

C. Frautschi of the California Institute of

Technology and Werner Nahm of the University of Bonn, predicts a relation between the
abundance of deuterium (white line) and the density of the universe quite different from
what is predicted by the standard model. At the density of 10-31 gram per cubic centimeter
the abundance of helium 3 (thin black line) and of ordinary helium (thick black line) is
considerably less than is predicted by the standard model or observed. The density of 10-31
gram per cubic centimeter is insufficient to “close” the universe, that is, to stop its expansion.

early universe because no nuclear par-
ticles would have been available for a
full year after the big bang, and by that
time the density of the universe would
have been too low for helium to be syn-
thesized. Wagoner has calculated the
effect of the statistical-bootstrap model
on the formation of deuterium. Contrary
to the predictions of the standard model,
the statistical-bootstrap model predicts
that a less dense universe would result in
a lower abundance of deuterium [see il-
lustration above].

There are two other ways to measure
the density of the universe. The first en-
tails simply adding up the masses of ev-
erything that can be observed (stars,
galaxies and so forth) and dividing the
total mass in a given unit volume by that
volume. The most recent work along
this line has been done by Stuart L.
Shapiro of Princeton. His results depend
somewhat on the value accepted for the
Hubble constant, that is, on the rate at
which the universe is expanding. The

value of the Hubble constant is current-
ly a topic of debate in some circles. The
traditional value is 75 kilometers per
second per megaparsec, which corre-
sponds to a density of 1031 gram per
cubic centimeter. (One megaparsec is
3.3 million light-years.) A newer value
measured by Allan R. Sandage of the
Hale Observatories and Gustav Tam-
mann of the University of Basel is 55
kilometers per second per megaparsec,
which yields three-fourths the density of
the former value.

The second method of measuring the
density of the universe considers the dy-
namics of interactions of clusters of gal-
axies; it predicts a density that is sub-
stantially higher than the value obtained
by the first method. Both values for the
density could be correct if there is a sub-
stantial amount of invisible material in
the universe. This “missing mass” could
be in the form of molecular hydrogen in
the intergalactic material, although the
measurements from the Copernicus sa-
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which is based on galaxies having a
unique average brightness, and thus the
value of go would also be distorted. Tins-
ley’s proposal is 2 controversial one,
Sandage has shown that in order for it
to account for the discrepancy between
his observations and Wagoner’s calcula-
tions, the galaxies would have to be de-
creasing in brightness by about .1 mag.
nitude per billion years, which is very
fast according to many theories of the
evolution of galaxies.

Another way to resolve the disagree-
ment would be to accept the notion that
significant amounts of deuterium were
formed after the big bang. Recently one
of us (Fowler) and Hoyle have calculat-
ed that deuterium could have formed in
space by a spallation reaction: if a shock
wave could inject helium nuclei into an
jonized gas composed mainly of hydro-
gen, deuterium could be knocked out of
the helium nuclei by the force of their
impact on the nuclei of ordinary hydro-
gen. Alternatively, if only a neutron
were knocked out of the helium nucleus,
the neutron could combine with a pro-

tellite seem to indicate that there is not
enough molecular hydrogen to account
for it. Alternatively, the mass could be
in the form of the enigmatic black holes.
The observed value for the abundance
of deuterium in the universe can place
an independent limit on how much in-
visible matter there could be.
The amount of missing mass in the
universe touches on a major question in
cosmology: Will the universe go on ex-
panding forever, or is there enough mat-
ter in it for mutual gravitational attrac-
tion to eventually reverse the expansion?
In cosmological terms, is the amount of
missing mass large enough to “close” the
universe? There is a parameter qo that is
used in cosmological equations. It is in-
versely proportional to the Hubble con-
stant, and it represents the rate at which
the expansion of the universe is slowing
down. If g, equals 0, the expansion is
not slowing down and the universe is
open. If g, equals 1, then the universe is
losed and will eventually collapse on
itself. The dividing line between an
open universe and a closed universe isa
qo of 1/2. In the steady-state model of ton in the surrounding gas to form a deu-
the universe o is —1. teron. Deuterium that came about in this
Sandage has published a “formal” way would not readily break up again;
value for qo of .96 = .4, which would since the temperature of the gas would
mean that the expansion is slowing down be low, the amount of energy in it would
and the universe is closed. His value is not be large enough to cause the nuclei
based on direct observation of the dis- to dissociate. Exactly how important
tant galaxies. The uncertainty in the such a spallation process would be on
value, however, means that a g, of 1/2  the galactic scale remains to be seen.
is not ruled out; .96 — 4 is .56, or vir- Possibly the process might enhance the
tually 1/2. On that basis the universe ratio of deuterium to ordinary hydrogen
would be open. If the deuterium origi- in certain local regions such as in the
nated in the big bang with an abundance  Orion nebula and not in others such a5
ratio of the levels now being detected, the galactic center.
then o is less than .1 and the universe  Another mechanism for producing
would definitely be open. It is inter- deuterium apart from the big bang has’
esting that according to Wagoner’s cal-  been proposed by Stirling A. Colgate of
culations that is the case for both the the New Mexico Institute of Mining and
standard model and the statistical-boot-  Technology. The observed deuterium
strap model. There are other cosmologi- could have been synthesized if 3 percent
cal methods of assessing qo that also  of the mass of the galaxy had at somé
yield low values for the density. time been recycled in supernovas. Deu=
There are several ways to get around  terium could also have been synthesiz
the possible disagreement between in supermassive stars, as was suggested
Sandage’s value of o from observations by Fowler and Hoyle. Accepting thel
of the distant galaxies and Wagoner's ~ pothesis that deuterium was forme®
value of g, from measurements of the apart from the big bang would pr
abundance of deuterium. Beatrice Tins- ably require a number of signific
ley of the University of Texas has hy- changes in our views of the relative
pothesized that because galaxies evolve  portance of such phenomena as SUP&
over a period of time, an observed value mnovas in galaxies.
of g, equal to 1 could mean that the real / )
value of qo is 0. The essential point of Cosmological problems never seertt &
her argument is that as we look deeper admit of easy solutions. Wwith
into space we are also looking backward  current observational and theor®
in time, and that the average brightness work on deuterium moving ahead
of galaxies long ago may be quite differ- rapidly, however, new lines of reaso”
~ | ent from what it is today. Such a fact and inquiry are opening up for tack™
- would distort the scale of distances, the most basic questions of the unive®




