DEUTERIUM INTHE UNIVERSE

Allthe heavy hvdrogen space may have been made m the first 17

minutes after the “big bang.” Observations leading

10 estimates

ol 1ts abundance thus ]:il'm'ide evidence on conditons at that thme

hj.' Iu}' Al Paspcholl and William A Fowler

r I Yhe culeulations of modern cosmil -
oy lead ko the conclusion that the
wiiverse originated between 10

andd 20 hillion vears ago. The particwlar

eosmology that seems to have the great-
vat woeight of olservational evidence be-
hinsed it ds the “hig bang™ theorv, which
posits that all the matter in the universe
wiis compressed into o superdense kernel
that exploded and has been expanding
ever since. Within the past few years
evalving tl.'l.'llllllfu\‘:': of observation have
made it possible o look backward in

Sace and time to what apywear to [se tlue

first Feve minutes after the T:tg bang. and

tis learn about the phjv sical state and ear-

Iy evolution of the univers:

O itern of ehservational evidenes in
favor of the lig-bang theory was the dis-
vovery that the universe is permeated
uniformiy by radiation cormesponding to
what would be radiated by a theoretical-
lv perfect “black body” with a tempera.
ture of three deorees Eelvin (degrees
Celsiug above absolute zero), This radia-
tion is believed to be a remnant of the
original biz bang, The newest evidence
has come to the fore withiv the past tw
vears. It is the detection in interstellar
space of atoms that may have been
formed within the frst 15 minutes after
the big bang, These atoms are the atoms
of deuterium, commonly known as heavy
bvdrogen.

The biglung theory stesnmed from
the discovery by Edwin P. Hubble 50
vears agn that all other galostes appear
to he nceding from ours. and that the
most cistant galaxies seem to be reced-
ing the fastest. The big-bang theorv
avcounts for Hubble's observations by
the expansion of the univierse, as d.{u;_;s
the steady-state cosmology advanced
by Hermann Bondi and Thomas Gold
and independently by Fred Hoyle. The

that the universe has always looked the
samwe as it dovs today, and it reguires tht
||_'rdm::{-n be funllnu.rnlﬂl_\' created to
make up for the decreasing density of the
universe caused by its expansion. Most
astronnmers believe this explanation has
been ruled out by the discovery of the
threedegree background radiation. A
variant big-bang cosmology posits that
the universe will stop expanding and
then contract. The recent measurements
of interstellor deuterium have [m:n'jdrc]
2 method for detﬂmmmg whether that
will happen or whether the universe
will simply go on expanding forever.

"["!-:- “standard” big-bang theory stutes
that in the first 100 seconds after the
initial explosion of the universe anly pro-
tons, newtrons, electrons. positrons and
various tvpes of neatrines existed and
that each particle was independent. As
the exploding universe cooled, the pro-
tons and newtrons began to combine
Sinee the nucleus of an atom of “ordi-
nary” hvdrogen is simply 2 proton, the
combinations of protons and neutrons
were the nuclei of the heavier isotopes of
hydrogen and of the other atoms. The
simplest eompound nuecleus is the deu-
teran, conipesed of one neutron and one
P'“tllﬂ, “-'hl.l'.'l'l “'i'&'l b sLn:_"._]e E]E.‘ﬂmn
forms an atom of deuterium. The nu-
cleus of the third isolope of hydrogen,
tritium, consists of oue proton and two
neutrons. The combination of two piro-
tons and one neutron forms the nucleus
of an atom hm.'mg a quota of twao elec-
trous; it is the light sotope of helium.
The nucleus of the common isotope of
helium has two protons and two neu-
trons, The nucled of heavier elements are
built up in the same wav,

In 1948 Ralph A, Alpher, Hans Bethe
and George Gamow first caleulated the

oow oy “Mat of sha Wakbor

th hig h':ln[;. I 1957 one of us “"“MEI']',.
together with Cealfrey Burbidge, E
Margaret Burbidee and Hovle, laid ot
a blueprint showing how Toth the lighter
and the heavier elements could have
been built up in the interior of stars,’
Scven years later Hovie and Ioen |
Tuvler calculated that the large mount
of heliun observed tlrowshout (e un:
verse (between 20 and 30 percent of the;
total mass) could not have been mans)
fuctured in ordinarv stars, The mode
regquire a temperature of 10 billion de-
grees k. for their svnthesis, a tempers-
tire that could hove been attained l}ﬂ}‘
in the big bang, in the explogion of s 7
[rermassive stars little bangs™! . in E
pernovas, the esplosions of orclinary”
stars.

In 1966, after the discoverv of thr
threedegree background radiation, P. 4
E. Pegbles tried to caleulate what the
relative abundance of dewterium
helium would have been if those rooels
ments had been formed in the bic bang,
At the same time Robert V. % .gonsf,
jnined Fowler oamd Hovle 1 check
whether or not the new data suffici i
changed the outcome of previom calcr
lations enough to allow heavy elementt
to have been svnthesized in the b
bang. They found that it was still 08
possible. Could these elements b
lieen formed in events other than the H‘. 1
hn.ng* Let us deal first with & cir S7SR
thesis in the biz bang and the, i
the possible exceptions.

The caleulations of Wagoner. Fo®
and Hoyle show that there ouly 0
isotope left over that i unique to the "
bang, It is deuterinm, Although hel g
would alse lave been made w the © I |
bang, additional helium has heen ¥
thesized since then ln stars awml c. TR
wer e distinguished from th: El'l. o

!
elements could have been symthesized '-%
|

-

s
¥



e

e 2 i e A s i e A

PRUGRNPRERG-

PP,

SRS

euullj A/CULULIUILL MUYWEYTL, LY Ullly ue-
jeted by the processes that go on inside
~dinary stars; it is “cooked” into heavier
jements by thermonuclear reactions.
(herefore whatever deuterium we find
w may well have persisted since the
iein of the universe. The ‘deuterium
would have been formed in the first
,000 seconds after the big bang, when

the_ rapldly expanding universe Had

“eooled off just enough to allow protons'

and neutrons to combine. In some sense

.

) 1DE.FIELD PHOTOGRAPH OF THE MILKY WAY, made by
Yolfhard Schlosser of the Ruhr-Universitit at Bochum in Ger-
any, shows the region of the center of the galaxy in the direction
hich the authors and their colleagues conducted their search at

uicl, deuLeriuil Lidy actuany auow us o
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 ot 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 ahsorption from interstellar deuterium. Ga-
lactic center is in the constellation Sagittarius, just above knot of
stars to right of center. Round dark ohject 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 mimber

of their nuelear particles. The lightest isotope i~ ordinary hvdro-

How can deaterivim bhe observed? In
an atour of ordinury hedrogen the single
proton and single ¢ dectron act as th(mf’}
they are xpmmuvh]\(‘ tinv tops. The spin
of the electron can be either in the same
direction as the spin of the proton or in
the opposite dircetion. If the spins are in
the s
er energy state, and the electron spin can

sume direction, the atomn is in a high-

Hip over so that it is spinning in the op-
posite direction with respect to the pro-
ton. This spin-fip emits a small amount
of enerey at the radio wavelength of 21
centimeters. Gascous hvdrogen can also
absorh cner ay at this wav cler igth as well
as ennit it T]n- atoms that al)smh the en-
ergy are thus put into the higher energy
state. Althongh the spin-flip for anv one
atom is rure, there are enough atoms in
the galaxy for the radiation at 21 centi-
meters (o be quite strong,

Deuteriumr 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 occans there are 6,600
atoms o ordinary hvdrogen for every
atom of deuterinm. The amm(mee of
deuterium in the solid body of the earth
could be quite different. Thus the value
for the occans does not necessarily re-
flect the abundance ratio of deuterium to
ordinary hvdrogen on the earth,
less the ratio in mtcntdhu space.

Soou after the spectral line of hvdro-
gen at 21 centimeters was discovered.
several astronomers began to search for
the line of interstellar
space. The surveys culminated 10 vears
ago when Sauder Weinreb of the Na-
tional Radio Astronomy  Observatorv
(NRAO) at Green Bank, W.Va., turned
the observ -atory’s 85- foot radio telescope
to the constellation Cassivpeia to look
for the 92-centimeter line in the

much

deuterium  in

yPGL‘-

10

DEUTERIUM

aen tlefri,

trunt of the strong radio source Cus-
stopeia A. Alt]wu"h Weinreh observed
for weeks, he wus totally unable to de-
tect deuterium, He stated on the basis of
his negative observations that the ratio of
deuterinm to ordinary hvdrogen in that
direction appeared to be less than 1 :
13.000. since anv larger amount would
have been detected. That upper Himit is
half the

hvdrogen on the earth.

Rudio

rapid development since the time of

ratio of deuterium to ordiary

astronomy has  continued  its
Weinreb’s survey, and within the past
few vears many (omplc\ molecules have
been detected in the clouds of gus and
dust in interstellar space. Most of the
mmolecules have been found at relatively
short wavelengths, from about 21 centi-
meters down to two millimeters. Few
spectral lines have been discovered at
than a meter, al-
thongh the failure has not been for tack
of trving. In 1969 Carl A. Gottlieb, Dale
F. Dickinson and one of us (Pasachofl)
uged the 150-foot radio telescope of the
Air Force Cambridge Rese: rch Labora-
tories to search at meter \\ av 1ot )

wavelengths longer

some of which in-

various molecules,

choded deuterium as 4 Corstfent. Two
raded deuterium as o

such molecules were the hvdroxyl radi-
cal (OH), with deutcnum in place of o
dinary_hydr : : water. with deu-
terium in place of one of the
narv hydrogens. The search was later
continued at the NRAO in collaboration
with David Buhl, Patrick Palmer, Lewis
E. Snvder and Ben Zuckermun, No mol-

ecules were detected.

The chance of finding the faint spec-
tral line of deuterinm, or for that matter
anv other spectral line at such wave-
lengths, seemed very
less, in conversations in 1970 the authors
of this article felt that another attent

small. Neverthe-

and a single electron (dark gray?, Deuterium has a proton and 5

aud at the latitude of the Owens

ro-OFeH—

TRITIUL,

which has a single proton in its nucleus (dark colos

should be niade. The project weodd eg)
for many weceks of observing.
of the Owens Valley R

might be available. Diego A, Cesarsky

and Alan T. Moflet of the stafl at Owenps
Valley joined one of us (Pasachoff) s §
making the observations. In the follow- ¥
ing discussion of these observations “we®- ,‘
~achoff

and students from Williams Coll:-2e and §

refers to Cesarsky, Moffet and I*

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 Many
problems could have interfered with the
investigation. For example, the 92-cent-
meter line lies i a region of militury air
to-ground  communications.  Although
aircraft transmissions were <ome
we were able to re

along.

the
times bothersome,
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 galaxv. The galncﬁc
center, however, is in the southern skv,
“alley
at it
cun

it is above the horizon for only ab.
hours a day. Since radio telesoot\
operate in broad daylight. we were 2 able
to observe the alactlc center whenever
it was above the horizon, to observe in
the dircction of the Great Nebula B
Orion much of the rest of the time ap
to obseue in the direction of Cassiopeid

A during anv iutervening hours. The
data from this first observing run ]Hoked
good, showing that the tﬂlescop an
the receiving system were wor king satis
factorily. Futhe] more, there w as thu"ln‘

a faint absorp

S imeters.

'l] at summer we had three more oV
serving runs of two weeks each. exten®

but 3
scemed that the 130-foot radio tes '*scope' "
tadio Obscrvatory 1 gen in fr
of the California Institute of 'Ie(hnology 5

§

3

neutron (1
one neulrc

ing the re
centrated
the galac

other pai
workmg
ratio of
gen is co
so that
amount
same di

SPIN «
of ordi
charac
dr()ger
same ¢



HELIUM S

B

’;sults of the first run. We con-
our efforts in the direction of
jc center. There is more hvdro-
nt of that source than in anv
of the skv. We assumed as a
ypothesis that the abundance
euterium to ordinary hvdro-
tant throughout the universe,
resumably the greatest total
deuterium would lie in the

ection as the greatest total

6ti
¢ Col the wiom. Tn the schematie

e
S0 1 the wecond drawing

THT ELECTRON FLIPS on rare occasions in an atom
h)’t]rn"( N oor denterinm, with the emission of radiation
op loyy atom of ordinary hy-
the aueleus and the electron are spinning in the

at top richt the electron has

HELIUM 4

ftium has a proton and two neulrons. Helium 3 has two protons and
B 0 in itz nurleus and two electrons. Helinum 4 has two protons and two neutrons.

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

Our analvsis of the data by computer
during tlmt summer and fall strength-
ened our belief that we were Jctually ob-
serving the absorption Iine of deuterium.
In the summer of 1973 five more weceks

C};)
% #®
=

—— e

emiz=ion of radiation at a wavelength of

ings) gives rise to 2-centimeter radiation,

of observing bv Ces alsk\ and Pasachoft
vielded 1esults that were compatible
with the findings in 1972. We attempted
to observe over a wider vange 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 vears, the largest
absorption fluctuation again correspond-
ed to the spectral line of deuterium at
92 centimeters.

he line is still only barely visible in

the data, which show expected ran-
dom Huctuations [sce top illustration on
page 113). Adding the results of both
vears’ ()1)bel\dt1()ns together has slightly
llﬂPIO\Ld the ratio ot the signal to the
noise and the line scems more than three
times as strong as the Huctuations. Even
it the “line” turns out to be only a par-
andom Huctuation in the
data, the magnitude ot the surrounding

ticularly large

noise places an important upper limit on
how strong the absorption could  be.

From our data that upper limit is once

vart in 3.000. If the featnre we observed

is the (1c‘utc1‘mm line. then the abuu-

dance ratio ot deuterium to ordinary

21-CE TIME T ER RADIATION

ST P =

- P - -~

92-CENTIMETER RADIATICN

P = /-’\\\/_ L

flipped o that it is <pinning in the opposite direction, with 1he

21 centimeter-, The same

Kind of ~pin-flip in the dewteriom stom Cthird and jourth drare-

When the atoms absorh

radiation of same waveienzth, the -pin of their cleciran flips haek.




hydrogen would he between 10 3,000
and 1 1 50,000.

Cuartonste the major part of the iuneers
tainty o that range arises not hecanse
the ubsorption line of deuterium is so
weak but becanse the radiation from or-
dinury hivdrosen with which it i come
pared s so strone dnthe divtanee be-
tween the culactic conter and the carth
+1

there is so much hvdrooen that thie radio
s

signal i satnrated. The resnltis ihat one
cannot tell exacthy how nmch hvdrooen
there is in this <pace, and one can only
determine o lower liwit, The next step
m improving the determination of the

abundance ratio of

deuterivng to ordi-
nary hvdrozen s not only confirming the

detection of the absorption featire at 92

centimeters but also improving the mea-
sarcnents of the strenath of the hvdro-
ocn radiation at 21 centimeter.

The vas seems to have the small ve-
Tocity of 3.7 kilomieters per second i our
direction. - The spectral Tines of other
ases observed o the dircetion of e
calactic conter. notablv the hvdrosy]
radical and f(ri'm;zld(}]}'dc (11.CO), are

of the NEAO located on Kitt Pegk
Avizona, Jefferts, Penvi and Wi
turned thetr sttention to the Kleinmg, 2
Low nebule aosmall clond in the G,
Nebulain Grions in which many jp
stellir miolecules have been (IUiECt
Vithin the Kleimann-Losw nebul g8
stro '
spectral hnes at e wavdengtle of s

DON mGli-onle was radiadine ver

aso Doppler-shifted by an amount that millimeters and fowr mithmeters
] ! .

corresponds to the sume velocity, observation indicated that the rtjg
DUN o N was 1 170

This rutio of DCEN 1o HON iy mygd
hicher than the ratio o HDO to Hg
I the cartirs oceans. [ was inunediate

At the same time that we were miak-
o o ;

e our first observations Keith B Jof-
feres. Ao AL Penzias and Lobert W
Wilson ol the Beli Luboratorices svere ol-
serving DONL that s, the deaterated realized. however, that it the result
to he understood. cortain facts of cheg

. a
istrv wordd hve to be

forme of e hvdrooen evanide moleenle

TICND With the 36-foot radio telescope tuhen itg o3
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JITOWARD REDDENED STARS, HD
#4 ALLEN. CESARSKY AND CRUTCHER
TOWARD GALACTIC CENTER, OD
I TRAUB, CARLETOR AND HEGYI,
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ABUNDANCE OBSERVED
IN INTERSTELLAR SPACE

WEINREB. TOWARD CASSIOPEIA A, 92 CENTIMETERS

I
| i
! ROGERSON AND YORK, TOWARD 5 CENTAUR!. LYMAN LINES
| i
CRAIG. EARTH OCEANS. HDO
o ~ 'BOATO. METEORITES.HDO
S = o
> w - =
CL;J § N ) BEER AND TAYLOR. JUPITER. CH,D
1%
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3l i TRAUGER ET AL. . JUPITER, HD
=% :
% E o BLACK. METEORITES . HDO
@z ~ BLACK. PROTOSUN. FROM THEORY
j GREVESSE. SOLAR PHOTOSPHERE . Du i
1°:10.000.00C 11.,000.000 1:100.000 1/10.000 1/1.000
ABUNDANCE RATIO OF DEUTERIUM TO HYDROGEN (NUMBER OF ATOMS,
g2 CENTIMETERS  SPIN-FLIP OF DEUTERIUM ARUNDANCE OF DEUTERIUM IN THE UNTVERSE o measured hoth iy erstel

DEUTERATED MOLECULAR
HYDROGEN (Ho)

oD DEUTERATED
HYDROXYL (OH)

LYMAN-ALPHA LINE

HD

Da  GF DEUTERIUM
by DEUTERATED HYDROGEN
CYANIDE (HCH)
HDO  DEUTERATED WATER (H,0)
CH;D DEUTERATED
METHANE (CH,
UPPER LIMITS
MEASURED VALUES
| UNCERTAINTEES
. —___ )} MEASURED UIMITS COR-
— 1 RECTED BY CALCULATION

space tbhlacly and in the solar svstem tcolori ix shown with respeet to the abundanee
ordinary hyvdrogen. For cach measurement of the abundance of denterium made in
solar system and in interstellar space the names of the investigators. the reczjon or the di
tion obzerved and the form of deuteriam detected are Hsted in that order. Detailed i‘f‘(
mation about most of the investigators and their work iz given in the text. The except
are the following: David C. Black of the Ames Research Center of the National Aeronat®
and Space Administration deduced the alundance of deuterium in the protosolar ne¥
from which the sun evolved from mensurements of deuterated water tHDO) in meteo™
twater in which one deuterinm atem replaces one of the twa hvdrogen atom: in P2
Mark A, Allen and Richard Crutcher are both of the California Institate of ]:_(.hnolﬂ
Dennis J. Hegvi of the Bartol Rescarch Foundation collaborated with Nathaniel T Carlet?
and Wesley A, Traub in their measnrements of denterium in the Great Nehula in Oriod
visible wavelengths, Harmon Craig is of the University of California at San Diego. G- 2% %
was at the University of Chicago. Nicola Grevesse is at the Institute of Astrophysics 8%
in Belginm. “Recombination line” refers to a speetral line emitted at a radio waveletk
when an clectron recombining with a deuterium ion to form un-ionized deuterinm P&
from the 93rd 1o the 92nd encrgy level. “Lyman lines” are the spectral lines emitted *=%
hydrogen or deuterium atom whien electron drops from higher energy states 1o grount?
“From *He" refers to an abundance of deuterium deduced from the abundance of heliv



addition to the facts of physics.
"cal combinations of the elements
comphcated principles and proc-
any of which are unknown. That
cuLlllY true for elements com-
¢ on the surface of dust grains in
Jlar clouds, which is a leading
ity for the way in which such
es form. The ratio of deuterium
inar hvdrogen in interstellar
- could very \vell be quite different
the ratio of DCN to HCN. Calcula-
E how that the difference in the
- trom such chemical fractionation
be on the order of a factor of 600.
¢ \he observation of Jefferts, Pen-
k. d Wilson was adjusted to take the
jon fuctor into account, the ratio
Laterivr to ordinary hyvdrogen in
byeinmaun-Low nebula was found
: 100,000, just below the range
from the observations of Ce-
by, Aoffet and Pasachoff. The fuct
bihe ratio of deuterium to hvdrogen
eed substantially lower tlmn the
¥of DCN to HCN has since been
‘wn ed by two independent limits
E the abundance of deuterium by
obszrving at radio wavelengths
another group observing a transi-
deuterium at visible wavelengths.
¢ abundance ratio of deuterium to
hydrogen has also been deter-
M from space, from the third Or-
‘Astronomlcal Observatory satel-
Snamed Copernicus. One experi-
onducted bv a group from
ton University including Lvman
]r, Terry T. Drake, Edward B
s, Donald C. Morton, John B
,‘ son, Jr., and Donald G. York. uses
h telescope to obscrve spectra at
traviolet wavelengths between 950
£450 angstroms .llld between 1.650
\.‘ angstroms. The sccond range
sp(,ctml Iines from 11]()1(3(.11];11
wen (11.), detected only once be-
g1 an experiment placed aboard a
png rocket, Moleenlar hvdrogen
t been detected from the earth’s
becunsc it has no lines in the
egion of the spectrum, and its
0N in the uliraviolet region is ab-
’ b)’ the atmosphere.

esults from the Princeton ex pun-
abourd C Copernicus showed that
ver the telescope  was p()mt(,d
B feddencd stars (that is, in divee-
here (he interstellar material in
Stars aflects the overall distribu-
€ encrgy radiated by the stars
Oring thg longe r—redder—wave-
» the speetra revealed that at

Percent of the interve ning mat-
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ABSORPTION LINE OF DEUTERIUM shows up as the central dip in observations of the
salactic 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 i
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 denterium is moving at a
veloeity of 3.7 kilometers per -econd toward the solar system. Speetrum is calibrated in
terms of temperature of antenna, equivalent to energy of radiation received by antenna.

.30

20 . \L

.05

0.00

ANTENNA TEMPERATURE (DEGREES KELVIN)

-.05

72.420 72,416 72,412 72,408
FREQUENCY (MEGAHERTZ)

EMISSTON LINE OF DEUTERATED HYDROGEN CYANIDE (DCN)y, which is actnally
composed ol three separate lines tarrows), was observed by Keith B. Jetferts. Arno A.
Penzias and Robert W, Wilson of the Bedl Laboratories an millimeter wavelenzths with the
30-Toot radio telescope of the Nationul Radio Astronomy Obeervatory on Kitt Peak in
Arizona. The molecule was detected in Kleinmanm-Low nebula in cousteilinion Orion,

13



ter was i the Torng of molecndar fivdio-

cen. The same result was obtained with
P different stars,

of inreddened stars. hiowever.

For a similar nionber
Inu]l*i'lllu!‘
hedrogen was not detected at all
Himit ol one paiot i 10 million.
Furthermore, the Princcton group
wed two Jines of D (dewterated
154 and 1066

results. for

st
o ab wavelenglhs of 14
angstroms. The fivst nine
sturs, indiciate that e abnndance ratio
of HHD to I is T 1000000, Acain the
result had to be adpsted by

Dhinations to vield o cor-

calenlitions
of chemical com
rected ratio of deuterium to ordinary
hvdrowen. Johu I Black and Alexander
Dalgarno of the Center for Astrophvsics
of the Harvard Collese
the Smithsonian Astroplivsical Observiae-
caleulited that the ratio of

Observatory and

torv: have
deuterim o ordinary hyvdrogen is be-
25,000 and 1 500.000 for the

nebulia Zeta Ophiuchus.

tween

After these promising measurements
had been made Bogerson and York at-
tempted to use the telescope aboard
Copernicus to observe the Lvman series
of transitions of the deuaterium atom.
These transitions absorb radiation in the
ultraviolet region of the spectrum when

the dlectron in the deuterium atom s

raised to a higher cuergv level [rom
the “eround™ state. The wavelengths of

the transitions are slightlyv shorter than

the wavelengths of the corresponding

i

trasitions for the atom ol ordinary Liv-

drogen Gond were also slight!e shorte
than the wavdengths for which the ¢
perinent was actuadle deserned), Hw
calentation of the ratio of deuterivan to
ardinary hvdrogen from these measire-
mierts s straightforsward ad not subject
to the correction fuctors that must be ap-
plicd to the molecutar observations,
Koacrson and York scarched for the
transitions in the interstellar as in front
of Lot stars of spectral Tvpe B Such
sturs have Tew lines in their own spectra
and therefore any absorption lines de-
tected wonld have been formed ininter-
stellar spuce between the star and th
varth. In the direction of the star Beta
Centauri, Rogerson and York were able
to measure four hnes in the Lyvman se-
rics for deuterivim, The ratio of deuteri-
um to ardinary hvdrogen in i diree-
: 70,000, with

pereent. The work is being continued for

tion is 1 an crror of 15
other stars.

The big-bang theory assumes that the
universe is isotropic (that it looks more
or less the same iu all directions), so that
a knowledge of how unifornily deuteri-
um is distributed through space bears on
whetlier or not the big bang is indecd a
the uni-

good model for the origin of

verse. 1f the abundance of deuterium is
found to be nonuniform, for example by
comparing the observations from Co-

pernicus of nearby stars with our ob-

servations toward  the aalactic

Centesys
Qg
model or the deateriun wa {ormeq

then either the big ])mf' TRTET)

some wav other than the bic ]mug_

It order for the measurements of de
tertum to be sienificant in meoloal
calealations. the measurements Must pe
fleet w general cosmic ubindince 5
not simply local variations, For thig re
son itas diflicult to interpres aby
dunce of deneriim du the sobar Syster
in terms of a

big-hane oricp,,

be &

enssed brieflv i onlv hecwse detery

abundance should nonetheless

b not been deteeted elsewhere in g
sobar svstem until last Ve,

deuterium has been

S()lu' found

the water content of carbonaceoie
metcorites. Until the Apolle o tronagd
were th
only \'ump]v\' of mutter from space. O

landed on the moon, nicteorite.

of the Apolic experiments was design :
to capture ionized atoms from the sol
wind: the flux of fons expelled from )
sun. The astronants cauzht the ions in
“window shade” ’

brought back to carth for widisis, |
hannes Geiss of the Universis of Beg
and Hubert Reeves of the Noclear Re
scarch Center at Saclay and the Institub
of Astrophvsics in Paris made ded

tions about the abundance of deuterd
from the light isotope helitun 3 that
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SPECTRUM OF THE STAR BETA CENTAURI in the ultraviolet
region shows Lyman-garuma absorption lnes for ordinary hydre- were
gen (HDY and deuterium (DD, The lines are from the interstellar

gas between the stur and the solay syste

m and they are superposed

WAVELENGTH (ANGSTROMS)

on a broad Lyman-gamma line from the stur (gendle diph- T
detected with the ultravielet spectrometer aboard the 9%
Orbiting Astronomical Observatory.
oxygen (Ol) also happens to be in this region of

named Copernicis. A lin¢
the spectr®



g found in the foil. It is known that
E.un has transformed into helium 3
of the deuterium that was present
hine Primordial solar nebula, the cloud
Fjust and gas out of which the sun
od. Therefore the amount of helium
: the foil dircctly reflects an upper
.+ for the amount of deuterium that
] have been present in the solar
FiJa. Geiss and Reeves have calcu-
1 that the abundance ratio of deu-
m to ordinary hydrogen in the solar
ke ala was 1 :40,000.
b is also possible that the deuterium
e he material from which the planets
- mude was not transformed into he-
k) 3 us the protosun materialized out
the solar nebula. In March, 1972,
Lohard Beer of the Jet Propulsion
poratorv of the California Institute of
chnology and his collaborators report-
dthat thev had detected CH,D, a deu-
gted form of methane (CH,), in the
Lotrum. of Jupiter at infrared wave-
fsths. Beer and Frederic W. Taylor
ulated the molecular-correction fac-
s an. found that the abundunce ratio
deuterium to ordinary hvdrogen in
piter was between 1:13.000 and
235,000, depending on certain  as-
Boptions about the structure of the
inet’s atmosphere.

though the interpretation of results
m such a relatively complicated mole-
e as CH,D is very uncertain, the cal-
atiors seein to show a clear discrep-
wich the value of 1 : 6,600 found
pthe curth. Within the past vear John
- Trauger and Frederick L. Roesler of
University of Wisconsin and Na-
fniel P. Carleton und Weslev A. Traub
the Center for Astrophvsics have de-
tled three lines of deuterated molecu-
hydrogen (HD) on Jupiter in the
-nfrared region of the spectrum,
Pm their observations they caleulate a
®o ot deuterium to ordinary hyvdrogen
L1 48,000, with a possible error of 20
cent. The discrepancy between the
tues on the earth and those on Jupiter
ght be duc to the fact that the ratio of
vy water (HDQO) to ordinary water
: O) on the carth could be enhanced
o the ratio of deuterium to ordinary
Urocen by some chemical fractiona-
' Process.
A most inusual observation of deu-
Bl was made bvo vears ago. A group
workers from the University of New
fmpshire were observing the sun dur-
tthe farge solar flures of Angust, 1972,
gth o camma tav instounent aboard
Mting Solar Observatory 7. During
purticularly large flare of August 7
By deiccted a peak in the gamma ray

KLEINMANN-LLOW NEBULA is embedded in Great Nebula in Orion. Location. which i=

indicated by contonrs. is rich in many molecules. including deuterated hydrogen eyanide.

spectrum corresponding to the energy
that would have been released by the
formation of deuterons. That peak meant
deuterium was being svnthesized on the
surface of the sun. This event, however.
is probubly unrelated to the total cosmic
abuudance of denterium. The amount of
denterium formed in this wayv 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 dei-
terium to date are summarized in the
table on puge 112, What do these indi-
cations of the amount of denterinm in
interstellar space tell us about the carly
universe? One can link the ratio of den-
terium to ordinarvy hvdrogen to the big
bung by theoretical culenlations. For this
prrpose we shall adopt the standard
madel of the big bang developed by
Wagoner, Fowler and Iloyle, whicl ac-
cepts three basie assumptions abont the
universe  today: first, the nniverse s

homogeneons aud isotropic; second. the
principle of equivalence must hold, that
is, a gravitational field cannot be dis-
tingnished from an acceleration (a prin-
ciple fundamental to the theorv of rela-
tivity); third. the three-degree back-
ground radiation was indeed generated
by the big bang. The model also mukes
several other asswnptions. The barvon
number must be positive, that is, the
amonnt of antimatter is not equal to the
amount of matter, ruling out theories to
the contrarv. The lepton  number is
small, that is. the Hux of neutrinos does
not overwhelm the amount of radiation.
The general theory of relativity provides
the correct theory of aravitation. Lastly,
only the kinds of subatomic particles
that we now know about are present;
there are 1o new ones.

i'u the standard model it happens that
the anount of deuterium formed just
alter the hig bang is sensitive to the den-

Hs
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g of the universe at that time. If the
’| ity were relatively high in the first
E: seconds after the big bang, the deu-
bym just formed would have been
Kly cooked into helium and the end
¢ would be less deuterium. Con-

2 oly, if the universe was less dense,
# eltld result swould have been more
terir-1 [see dlustration on the oppo-
. pag. . Thus from the measured value
H the deuterium in the universe today it
- ssible to find the density of the uni-
e at the time that the elements were
. synthesized. Knowing the density
the universe then and the rate of ex-
- on now, it is possible to calcolate
hat the density of the universe is at
t.ent. The density we deduce from
- obseations is of the order of 1031
b pev cubic centimeter. That density

}

g ot enough to “close” the universe,
Brich will thus continue to expand in-
Rinitelv. Therefore knowing the uni-
' e’s bl'esent density enables us to
bow conclusions about its present state
€1 eventual future.

.In addition to the standard model of
e big Dung there is a very speculative
v hvoothesis called the statistical-
tstrap model, advanced by Robert D.
itz of the University of Chicago,
@even C. Trautschi of Cal Tech and
smer Nahm  of the University of
n. [t assumes that nassive “super-
ons” formed just atter the big bang,
e superbaryvous were approximately
:samf: size as ordinary barvous, but
gir mass was as much as 10%% times
Rater. At that point the force of gravity
tomes conpetitive with the normal
,s that govern the interaction of nu-
gar particles.

e statistical-bootstrap model  us-
es that there are many elementary
fticles that have not vet been observed
prause the energics required to make
0 cannot be attuined in the lubora-
8. The: model also assumes that the
B governing the existence of such
Bticles, which have been determined
the lal)orutory for particles witl up to
times the mass of an ordinarv bar-
K ‘hold true for a further factor in
S of 10°3! In one sense this new hy-

Ly

tesis, in which there are many un-
particles, is the opposite of the
podard  theory, which assumes that
€ are none. There s, in fact, no a
Teason to favor oue theory over the

g © statistical-bootstrap model turns
BE" t0 be accurate, there will he many
*quences for cosmology. First, no
M wonld have been formed i the
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DENSITY OF THE UNIVERSE (GRAMS PER CUBIC CENTIMETER)

“STATISTICAL BOOTSTRAP” MODEL of the

Carlitz of the University of Chicago. Steven

big-bung theory, advanced by Robert D.
C. Frantsehi of the California Institute of

Technology and Werner Nahm of the University of Bonn, predicts a relation between the

abundance of deuterinm (white line) and the

density of the universe quite different from

what is predicted by the standard model. At the density of 10-°1 gram per cubic centimeter

the abundance of helium 3 (thin bluck line) and of ordinary helium (thick black line) is

eonsiderably 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.

emrly 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 syu-
thesized. Wagoner has calculated the
elfect of the statistical-bootstrap model
on the formation of deuterium. Contrary
to the predictions of the standard model,
the statistical-bootstrap model predicts
that « less dense universe would result in
a lower abundance of deuterinm {sce il-
Lustration aboce].

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,
galuxies and so forth) aud dividing the
total mass in a given unit volume by that
volume. The most recent work along
this line has been done by Stnart L.
Shapivo of Princeton. His results depend
somewhat on the value accepted for the
[lubble constant, that is, on the rate at
which the universe is expanding. The

value of the ITubble constant is current-
lv a topic of debate in some circles. The
traditional value is 75 kilometers per
second per megaparsee, which corre-
sponds to a density of 10" 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 Tumn-
mann of the University of Basel is 55
kilometers per second per megaparsec.
which vields 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 valne obtained
by the first method. Both values for the
density could be correct if there is a sub-
stantial amount of invisible matevial in
the universe. This “missing mass”™ could
be in the torm of molecular hvdrogen in
the imtergalactic material, although the
measurcmetts [rom the Copernicus sa-
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tellite seetn o indicate that there is not
enough winlecular Tivdrogen to wecott
for it. Alternatively, the mass conld be
in the form of the enignatic black holes.
The observed value for the abandance
of deuaterinm in the niverse can placs
an independent lirmit ane how much i
visible matter there could be.

The amount of missing mass in the
universe touches on a major gquestion in
cosmaologv: Wil the universe oo on ex-

- panding forever, or is there enouch mat-

ter in it for mutuad oravitationul attruc-

tion to eventually reverse the expausion?
In cosmological terns, is the wmonnt of
missing niuss lurge cnongh to “elose” the
universe? There is a parameter ¢, tat s
used in cnsmol()gi(-u'ﬁ cquations. Tt is in-
verselv proportionad to the Hubble con-
stant, und it represents the rate at which
the expansion of the universe is slowing

I dovwn. IE g, erquals 0. the expansion s

not slowing down and the universe s
open. H g, equals 1, then the universe i
closed aud will eventually collapse on
itscll. The dividing line between an
open universe and a closed universe is a
g of 172, In the steady-state model of
the universe ¢, is ~1.

Sandage has published «a “formal”
value for ¢, of .96 = .4, which would
mean that the expansion is slowing down
and the universe is closed. s value is
based on direct observation of the dis-
tant galaxies. The uncertainty iu the
value, however, means that a g, of 1/2
is not ruled out; .96 — .4 is .56, or vir-
tuallv 1.2, On that basis the universe
would be open. If the deuterium origi-
nated in the big bang with an abundance
ratio of the levels now being detected,
then ¢, is less than .1 and the universe
would definitelv be open. It is inter-
esting that according to Wagoner's cal-
culations that is the case for both the
standard model and the statistical-boot-
strap model, There are other cosmologi-
cal methods of assessing ¢, that also
vield low values for the density.

There are several wavs to get around
the possible disagreement between
Sandage’s value of g, from observations
of the distant galaxies and Wagoner's
value of g, from measurements of the
abundance of deuterium. Beatrice Tins-
ley of the University of Texas has hy-
pothesized that because galaxies evolve
over a period of time. an observed value
of g4 equal to 1 could mean that the real
value of g, is 0. The essential point of
her argument is that as we look deeper
into space we are also looking backward
in time, and that the average brightness
of galaxies long ago may be quite differ-
ent from what it is today. Such a fact
would distort the scale of distances,

\\-'n'ich is 11;15(-(]} n'n] i'_{;x]:x.‘;u ;“avin‘
unicpue averioe brichtness, oo .
\';1111[« of ¢ \\';\uld (L‘l.\'() he di:\'lurtsgfm )
levis proposul s a0 comtroversig]
Sundage has shown that in (”'derf 3
to account for the discn-p;m(y betw
hiv observations and Wazoner's egle
tions, the galaxics would have to?.)le
creasing i brichitness by aneot ] ;
nitude per hillion vears. wiv g g
fast according to many the eg of
cvolution of maluvies.

Another wav to resolve the disg
ment would be to acceept the notip th
significant amounts of deuterium
formed after the big bang, Rccently 0
of us (Fowler) and Hovle have cale
ed that deuterium could have formed
space by a spallation reaction: if a gheg
wave could inject helivnm nuie o intg
jonized gus composed mainiy of hyd
gen. deuterium could be kuocked out'g
the helium nnclei by the force of the
imipact on the nncled of ordinary hyd
gen. Alternativelyl 1 onlv o neutrg
were knocked out of the helium nucleg
the neutron conld combine with a pro
tom in the sun‘mmding cas to flormad
teron. Deuterium that came about in g
way would not readily breat <p aga m‘
since the temperature of the zas woul
e low, the amount of encrgy in it wor
not be large enough to cause the nucld
to dissociate. Exactly how importa
such a spallation process would be
the galactic scale remains to be see
Possibly the process might enhance the
ratio of deuterium to ordinary hv'vdrog‘
in certain local regions sucl: v in the?
Orion nebula and not in other such
the galactic center,

Another mechanism for  producing® . Wi 4
deuterium apart from the big bang has:3 m:
been proposed by Stirling A. Colgate o L

N e T b fon o and How i
the New Mexico Institute of Mining and: ,
> formin

Technologv. The observed deuterium
could have been svnthesized if 2 percent
of the mass of the galaxy had at some
time been recveled in supern
teriumn could also have been sv Sized_
in supermassive stars, as was suggeste‘l
by Fowler and Ilovle. Accepting the hy-
pothesis that deuterium was form

apart from the big bang would prob'
ablv require a number of significant
changes in our views of the relative ime ]
portance of such phenomena 25 SUper”-3
novas in galaxies.

COSIHOIOgic-uI problems never seem to
admit of casy solutions, With the
current  observational and  theoreti¢®,
work on deunterium moving nhead‘scf
rapidly, however, new lines of reasom.ng
and inquiry are Opcning up for tuCkhng
the most basic (uestions of the univers®:





