THE FIRST THREE MINUTES,

by Steven Weinberg (1977, 1988, 1993)

A Modem View of the Origin of the Universe



INTRODUCTION:
THE GIANT

AND THE COW

rI:IE ORIGIN of the universe is explained in the

Younger Edda, a collection of Norse myths compiled around
1220 by the Icelandic magnate Snorri Sturleson. In the
beginning, says the Edda, there was nothing at all. “Earth was
not found, nor Heaven above, a Yawning-gap there was, but
grass nowhere.” To the north and south of nothing lay regions
of frost and fire, Niflheim and Muspelheim. The heat from
Muspelheim melted some of the frost from Niflheim, and
from the liquid drops there grew a giant, Ymer. What did
Ymer eat? It seems there was also a cow, Audhumla. And
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THE FIRST THREE MINUTES

what did she eat? Well, there was also somé salt. And so on
. I must not offend religious sensibilities, ~('even Vikin re-'
ligious sensibilities, but I think it is fair to say that this is got
very satisfying picture of the origin of the universe. Even Je :
Ing aside all objections to hearsay evidence, the st;)r)‘/ raisesav-
many problems as it answers, and each answer requires a .
complication in the initia] conditions. -
We are not abje merely to smile at the Edda, and forswear
all cos.mogonica] speculation—the urge to trace the history of
the universe back to its beginnings is irresistible. From the s};art
of m'o<.iern science in the sixteenth and seventeenth centuries
physicists and astronomers have returned again and agaj t,
the problem of the origin of the universe. .
However, an aura of the disreputable always surrounded
such research. I remember that duting the time that I was a
§tudent and then began my own research (on other problems)
in the 1950s, the study of the early universe was widel
regarded as not the sort of thing to which a respectable scientis};
would devote his time. Nor was this judgment unreasonable
Throughout most of the history of modern physics and as;
:irgno]my,dt:]l:are simply has not existed an adequate observa-
nal an i I i i
. uioii,zt::;l foundation on which to build a history
Now, in just the past decade, all this has changed. A theor
of the early universe has become so widely accepte;:i that as{,
tronomers often call it “the standard model.” It is more or less
the same as what is sometimes called the “big bang” theo
i)uttsupplemented with a much more specific recipe for ti]yé
t };);si?:; ((:)tf (:};ihl;:lb\:;f This theory of the early universe is
.To help see where we are going, it may be usefu] to start
with a summary of the history of the early universe, as pres-
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ently understood in the standard model. This is only a brief
run-through—succeeding chapters will explain the details of
this history, and our reasons for believing any of it.

In the beginning there was an explosion. Not an explosion
like those familiar on earth, starting from a definite center and
spreading out to engulf more and more of the circumambient
air, but an explosion which occurred simultaneously every-
where, filling all space from the beginning, with every particle
of matter rushing apart from every other particle. “All space”
in this context may mean either all of an infinite universe, or
all of a finite universe which curves back on itself like the sur-
face of a sphere. Neither possibility is easy to comprehend, but
this will not get in our way; it matters hardly at all in the early
universe whether space is finite or infinite.

At about one-hundredth of a second, the earliest time about
which we can speak with any confidence, the temperature of
the universe was about a hundred thousand million (10%%)
degrees Centigrade. This is much hotter than in the center of
even the hottest star, so hot, in fact, that none of the compo-
nents of ordinary matter, molecules, or atoms, or even the
nuclei of atoms, could have held together. Instead, the matter
rushing apart in this explosion consisted of various types of the
so-called elementary particles, which are the subject of
modern high-energy nuclear physics.

We will encounter these particles again and again in this
book—for the present it will be enough to name the ones that
were most abundant in the early universe, and leave more de-
tailed explanations for Chapters III and IV. One type of par-
ticle that was present in large numbers is the electron, the
negatively charged particle that flows through wires in electric

currents and makes up the outer parts of all atoms and mole-
cules in the present universe. Another type of particle that was
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Introduction: The Giant and the Cow

neutrons, which in the present world form the constituents of
atomic nuclei. (Protons are positively charged; neutrons are
slightly ieran i . portions were
oton and one neutron for every thousand mil-
lion electrons or positrons or neutrinos or photons. This
number—a thousand million photons per nuclear particle—is
the crucial quantity that had to be taken from observation in
order to work out the standard model of the universe. The dis-
covery of the cosmic radiation background discussed in Chap-
ter III was in effect a measurement of this number.

As the explosion continued the temperature dropped,
reaching thirty thousand million (3 % 10%) degrees Centigrade
after about one-tenth of a second; ten thousand million de-
grees after about one second; and three thousand million de-
grees after about fourteen seconds. This was cool enough so
that the electrons and positrons began to annihilate faster than
they could be recreated out of the photons and neutrinos. The
energy released in this annihilation of matter temporarily
slowed the rate at which the universe cooled, but the tempera-
ture continued to drop, finally reaching one thousand million
degrees at the end of the first three minutes. It was then cool
enough for the protons and neutrons to begin to form into
complex nuclei, starting with the nucleus of heavy hydrogen
(or deuterium), which consists of one proton and one neutron.
The density was still high enough (a little less than that of
water) so that these light nuclei were able rapidly to assemble
themselves into the most stable light nucleus, that of helium,

consisting of two protons and two neutrons.

At the end of the first three minutes the contents of the uni-
verse were mostly in the form of light, neutrinos, and antineu-
trinos. There was still a small amount of nuclear material,
now consisting of about 73 percent hydrogen and 27 percent
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helium, and ap equally small number!

from the era of electrop Of electrons left over

~Positron annihilation: This matter

Prepared in the first three minutes.

Th
- thz jtan'dard'model sketched above js not the most satisfy-
fy tmaginable of the origin of the universe, Just as in

-one ratio of photons

to nucl i
ear particles. We would Prefer a greater sense of logical

inevitability in the theory
F ernat

. ho.r ﬁxample, one alternatjve theory that seems phil
* (1))d ellcaI y ]ia.r more attractive is the so-called stead}?-sta(:(;
e . TI;] this theory, Proposed in the Jate ]940s by Herman
o F,‘red (}){ma]s Gold, ar?d (in a somewhat different formuyla.
d Hoyle, the universe has always been just about the
1t expands, new matter is continually
}ips bet'ween the galaxies. Potentia]ly, 4]
€ unlverse is the way it is cap be an-

created to fill up the ga
questions aboyt why t

H .
= i;):vuthin did we come to the “standard model?” And ho
PPlanted other theories, Jike the steady-state mode]? ;:
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is a tribute to the essential objectivity of modern astrophysics
that this consensus has been brought about, not by shifts in
philosophical preference or by the influence of astrophysical
mandarins, but by the pressure of empirical data.

The next two chapters will describe the two great clues, fur-
nished by astronomical observation, which have led us to the
standard model—the discoveries of the recession of distant
galaxies and of a weak radio static filling the universe. This is a
rich story for the historian of science, filled with false starts,
missed opportunities, theoretical preconceptions, and the play
of personalities.

Following this survey of observational cosmology, I will try
to put the pieces of data together to make a coherent picture of
physical conditions in the early universe. This will put us in a
position to go back over the first three minutes in greater de-
tail. A cinematic treatment seems appropriate: frame by frame,
we will watch the universe expand and cool and cook. We will
also try to look a little way into an era that is still clothed in

mystery—the first hundredth of a second, and what went before.

Can we really be sure of the standard model? Will new dis-
coveries overthrow it and replace the present standard model
with some other cosmogony, or even revive the steady-state
model? Perhaps. I cannot deny a feeling of unreality in writing
about the first three minutes as if we really know what we are
talking about.

However, even if it is eventually supplanted, the standard
model will have played a role of great value in the history of
cosmology. It is now respectable (though only in the last de-
cade or s0) to test theoretical ideas in physics or astrophysics by
working out their consequences in the context of the standard
model. It is also common practice to use the standard model as

a theoretical basis for justifying programs of astronomical ob-
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THE FIRST THREE MINUTES

servation. Thus, the standard model ig'ro‘vides: an essential
common language which allows theoristsiand observers to ap-
preciate what each other are doing. If some day the standard
model is replaced by a better theory, it will probably be be-
cause of observations or calculations that drew their motiva-
tion from the standard model.

In the last chapter I will say a bit about/the future of the uni-
verse. It may go on expanding forever, getting colder, emptier,
and deader. Alternatively, it may recontract, breaking up the
galaxies and stars and atoms and atomic nuclei back into their
constituents. All the problems we face in understanding the
first three minutes would then arise again in predicting the
course of events in the lastt-hiee minutes.
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