THE UNIVERSE

KEY CONCEPTS

Our universe began with a hot
big bang 13.7 billion years ago
and has expanded and cooled
ever since. It has evolved from
a formless soup of elementary
particles into the richly
structured cosmos of today.

The first microsecond was the
formative period when matter
came to dominate over
antimatter, the seeds for
galaxies and other structures
were planted, and dark matter
(the unidentified material

that holds those structures
together) was created.

The future of the universe lies
in the hands of dark energy,

an unknown form of energy that
caused cosmic expansion to
begin accelerating a few billion
years ago. —The Editors
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Cosmologists are closing in
on the ultimate processes
that created and shaped
the universe

he universe is big in both space and time and, for much of hu-

mankind’s history, was beyond the reach of our instruments

and our minds. That changed dramatically in the 20th cen-
tury. The advances were driven equally by powerful ideas—from Ein-
stein’s general relativity to modern theories of the elementary parti-
cles—and powerful instruments—from the 100- and 200-inch reflec-
tors that George Ellery Hale built, which took us beyond our Milky
Way galaxy, to the Hubble Space Telescope, which has taken us back
to the birth of galaxies. Over the past 20 years the pace of progress
has accelerated with the realization that dark matter is not made of
ordinary atoms, the discovery of dark energy, and the dawning of
bold ideas such as cosmic inflation and the multiverse.

The universe of 100 years ago was simple: eternal, unchanging,
consisting of a single galaxy, containing a few million visible stars.
The picture today is more complete and much richer. The cosmos be-
gan 13.7 billion years ago with the big bang. A fraction of a second
after the beginning, the universe was a hot, formless soup of the most
elementary particles, quarks and leptons. As it expanded and cooled,
layer on layer of structure developed: neutrons and protons, atomic
nuclei, atoms, stars, galaxies, clusters of galaxies, and finally super-
clusters. The observable part of the universe is now inhabited by 100
billion galaxies, each containing 100 billion stars and probably a
similar number of planets. Galaxies themselves are held together by
the gravity of the mysterious dark matter. The universe continues to
expand and indeed does so at an accelerating pace, driven by dark
energy, an even more mysterious form of energy whose gravitational
force repels rather than attracts.

The overarching theme in our universe’s story is the evolution
from the simplicity of the quark soup to the complexity we see today
in galaxies, stars, planets and life. These features emerged one by one
over billions of years, guided by the basic laws of physics. In our jour-
ney back to the beginning of creation, cosmologists first travel
through the well-established history of the universe back to the first
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microsecond; then to within 10734 second of the
beginning, for which ideas are well formed but
the evidence is not yet firm; and finally to the ear-
liest moments of creation, for which our ideas
are still just speculation. Although the ultimate
origin of the universe still lies beyond our grasp,
we have tantalizing conjectures, including the
notion of the multiverse, whereby the universe
comprises an infinite number of disconnected
subuniverses.

Expanding Universe
Using the 100-inch Hooker telescope on Mount
Wilson in 1924, Edwin Hubble showed that
fuzzy nebulae, studied and speculated about for
several hundred years, were galaxies just like our
own—thereby enlarging the known universe by
100 billion. A few years later he showed that gal-
axies are moving apart from one another in a
regular pattern described by a mathematical
relation now known as Hubble’s law, according
to which galaxies that are farther away are mov-
ing faster. It is Hubble’s law, played back in time,
that points to a big bang 13.7 billion years ago.
Hubble’s law found ready interpretation with-
in general relativity: space itself is expanding,
and galaxies are being carried along for the ride
[see box below). Light, too, is being stretched, or
redshifted—a process that saps its energy, so that
the universe cools as it expands. Cosmic expan-
sion provides the narrative for understanding
how today’s universe came to be. As cosmolo-
gists imagine rewinding the clock, the universe

[PRIMER]

Cosmic Expansion

The evolution of the universe is driven by the
expansion of space. As space stretches like

the rubber in an inflating balloon, galaxies move
apart and light waves elongate (hence redden).

becomes denser, hotter, more extreme and sim-
pler. In exploring the beginning, we also probe
the inner workings of nature by taking advan-
tage of an accelerator more powerful than any
built on Earth—the big bang itself.

By looking out into space with telescopes, as-
tronomers peer back in time—and the larger the
telescope, the farther back they peer. The light
from distant galaxies reveals an earlier epoch,
and the amount this light has redshifted indi-
cates how much the universe has grown in the
intervening years. The current record holder has
a redshift of about eight, representing a time
when the universe was one-ninth its present size
and only a few hundred million years old. Tele-
scopes such as the Hubble Space Telescope and
the 10-meter Keck telescopes on Mauna Kea
routinely take us back to the epoch when galax-
ies like ours were forming, a few billion years af-
ter the big bang. Light from even earlier times is
so strongly redshifted that astronomers must
look for it in the infrared and radio bands. Up-
coming telescopes such as the James Webb Space
Telescope, a 6.5-meter infrared telescope, and
the Atacama Large Millimeter Array (ALMA),
a network of 64 radio dishes in northern Chile,
will take us back to the birth of the very first
stars and galaxies.

Computer simulations say those stars and gal-
axies emerged when the universe was about 100
million years old. Before then, the universe went
through a time called the “dark ages,” when it
was almost pitch-black. Space was filled with a
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featureless gruel, five parts dark matter and one
part hydrogen and helium, that thinned out as
the universe expanded. Matter was slightly un-
even in density, and gravity acted to amplify
these density variations: denser regions expand-
ed more slowly than less dense ones did. By 100
million years the densest regions did not merely
expand more slowly but actually started to col-
lapse. Such regions contained about one million
solar masses of material each. They were the first
gravitationally bound objects in the cosmos.

Dark matter accounted for the bulk of their
mass but was, as its name suggests, unable to
emit or absorb light. So it remained in an extend-
ed cloud. Hydrogen and helium gas, on the other
hand, emitted light, lost energy and became con-
centrated in the center of the cloud. Eventually it
collapsed all the way down to stars. These first
stars were much more massive than today’s—
hundreds of solar masses. They lived very short
lives before exploding and leaving behind the
first heavy elements. Over the next billion years
or so the force of gravity assembled these mil-
lion-solar-mass clouds into the first galaxies.

Radiation from primordial hydrogen clouds,
greatly redshifted by the expansion, should be
detectable by giant arrays of radio antennas
with a total collecting area of up to one square
kilometer. When built, these arrays will watch
as the first generation of stars and galaxies ion-
ize the hydrogen and bring the dark ages to an
end [see “The Dark Ages of the Universe,” by
Abraham Loeb; SCIENTIFIC AMERICAN, No-
vember 2006].

Faint Glow of a Hot Beginning
Beyond the dark ages is the glow of the hot big
bang at redshift of 1,100. This radiation has been
redshifted from visible light (a red-orange glow)
beyond even the infrared to microwaves. What
we see from that time is a wall of microwave radi-
ation filling the sky—the cosmic microwave
background radiation (CMB) discovered in 1964
by Arno Penzias and Robert Wilson. It provides
a glimpse of the universe at the tender age of
380,000 years, the period when atoms formed.
Before then, the universe was a nearly uniform
soup of atomic nuclei, electrons and photons. As
it cooled to a temperature of about 3,000 kelvins,
the nuclei and electrons came together to form
atoms. Photons ceased to scatter off electrons
and streamed across space unhindered, revealing
the universe at a simpler time before the existence
of stars and galaxies.

In 1992 NASA’s Cosmic Background Explorer
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[COSMIC TIMELINE]

Before the Big Bang

Cosmologists do not yet know how the universe began, but
this question has now come within the realm of science, with
a number of speculative scenarios being discussed.

No previous era
Matter, energy, space and time
begin abruptly with the bang

Quantum emergence
Ordinary space and time develop
out of a primeval state described
by a quantum theory of gravity

Multiverse °
Our universe and others bud off
from eternal space

Cyclic universe

The big bang is the latest stage
in an eternal cycle of expansion,
collapse and renewed expansion

satellite discovered that the intensity of the CMB
has slight variations—about 0.001 percent—re-
flecting a slight lumpiness in the distribution of
matter. The degree of primordial lumpiness was
enough to act as seeds for the galaxies and larg-
er structures that would later emerge from the
action of gravity. The pattern of these variations
in the CMB across the sky also encodes basic
properties of the universe, such as its overall den-
sity and composition, as well as hints about its
earliest moments; the careful study of these vari-
ations has revealed much about the universe [see
illustration on page 41].

As we roll a movie of the universe’s evolution
back from that point, we see the primordial plas-
ma becoming ever hotter and denser. Prior to
about 100,000 years, the energy density of radi-

1043 second
Planck era: earli-
est meaningful
time; space and
time take shape

(from previous cycle)

HUBBLE ULTRA DEEP FIELD, the most
sensitive optical image of the
cosmos ever made, reveals more
than 1,000 galaxies in their early
stages of formation.
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The cosmic timeline continues with fairly well-established events leading to the present day.

Earliest Moments of the Big Bang — Formation of Atoms

>

107°s
Protons and
neutrons form
from quarks

10705

A second poten-
tial type of
dark matter

10"s
Matter gains
the upper hand
over antimatter

107305

One potential
type of dark
matter (axions)

0.01-300s
Helium, lithium,
and heavy hydro-
gen nuclei form

10733 second
Cosmic inflation
creates a large,

380,000 years
Atoms form from
nuclei and electrons,
releasing the cosmic

smooth patch of
space filled with
lumpy quark soup

is synthesized

BULK OF UNIVERSE consists of
dark energy and dark matter,
neither of which has been
identified. Ordinary matter
of the kind that makes up
stars, planets and interstellar
gas accounts for only

a small fraction.

71.5% Dark energy
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(neutralinos)
is synthesized

ation exceeded that of matter, which kept mat-
ter from clumping. Thus, this time marks the be-
ginning of gravitational assembly of all the struc-
ture seen in the universe today. Still further back,
when the universe was less than a second old,
atomic nuclei had yet to form; only their constit-
uent particles—namely, protons and neutrons—
existed. Nuclei emerged when the universe was
seconds old and the temperatures and densities
were just right for nuclear reactions. This pro-
cess of big bang nucleosynthesis produced only
the lightest elements in the periodic table: a lot
of helium (about 25 percent of the atoms in the
universe by mass) and smaller amounts of lithi-
um and the isotopes deuterium and helium 3.
The rest of the plasma (about 75 percent) stayed
in the form of protons that would eventually be-
come hydrogen atoms. All the rest of the ele-
ments in the periodic table formed billions of
years later in stars and stellar explosions.
Nucleosynthesis theory accurately predicts
the abundances of elements and isotopes mea-
sured in the most primeval samples of the uni-
verse—namely, the oldest stars and high-redshift
gas clouds. The abundance of deuterium, which
is very sensitive to the density of atoms in
the universe, plays a special role: its measured
value implies that ordinary matter amounts to
4.5 =+ 0.1 percent of the total
energy density. (The re-
~ mainder is dark mat-
S ter and dark ener-
. : r‘ ._ ) gy.) This estimate

P
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agrees precisely
with the com-

position that
has been gleaned
from the analysis
of the CMB. This

0.5% Stars  4.0% Gas
and planets

microwave back-
ground radiation

from protons
and neutrons

correspondence is a great triumph. That these
two very different measures, one based on nucle-
ar physics when the universe was a second old
and the other based on atomic physics when the
universe was 380,000 years old, agree is a strong
check not just on our model of how the cosmos
evolved but on all of modern physics.

Answers in the Quark Soup

Earlier than a microsecond, even protons and
neutrons could not exist and the universe was a
soup of nature’s basic building blocks: quarks,
leptons, and the force carriers (photons, the W
and Z bosons and gluons). We can be confident
that the quark soup existed because experi-
ments at particle accelerators have re-created
similar conditions here on Earth today [see
“The First Few Microseconds,” by Michael
Riordan and William A. Zajc; SCIENTIFIC
AMERICAN, May 2006].

To explore this epoch, cosmologists rely not
on bigger and better telescopes but on powerful
ideas from particle physics. The development of
the Standard Model of particle physics 30 years
ago hasled to bold speculations, including string
theory, about how the seemingly disparate fun-
damental particles and forces are unified. As it
turns out, these new ideas have implications for
cosmology that are as important as the original
idea of the hot big bang. They hint at deep and
unexpected connections between the world of
the very big and of the very small. Answers to
three key questions—the nature of dark matter,
the asymmetry between matter and antimatter,
and the origin of the lumpy quark soup itself—
are beginning to emerge.

It now appears that the early quark soup phase
was the birthplace of dark matter. The identity
of dark matter remains unclear, but its existence
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Dark Ages

380,000-300 million yr
Gravity continues to
amplify density differences

300 million yr
First stars and
galaxies form

in the gas that fills space

MAX TEGMARK AND ANGELICA DE OLIVERA-COSTA (cosmic microwave radiation)

is very well established. Our galaxy and every
other galaxy as well as clusters of galaxies are
held together by the gravity of unseen dark mat-
ter. Whatever the dark matter is, it must interact
weakly with ordinary matter; otherwise it would
have shown itself in other ways. Attempts to find
aunifying framework for the forces and particles
of nature have led to the prediction of stable or
long-lived particles that might constitute dark
matter. These particles would be present today
as remnants of the quark soup phase and are pre-
dicted to interact very weakly with atoms.

One candidate is the called the neutralino, the
lightest of a putative new class of particles that
are heavier counterparts of the known particles.
The neutralino is thought to have a mass be-
tween 100 and 1,000 times that of the proton,
just within the reach of experiments to be con-
ducted by the Large Hadron Collider at CERN
near Geneva. Physicists have also built ultrasen-
sitive underground detectors, as well as satellite
and balloon-borne varieties, to look for this par-
ticle or the by-products of its interactions.

A second candidate is the axion, a superlight-
weight particle about a trillionth the mass of the
electron. Its existence is hinted at by subtleties
that the Standard Model predicts in the behav-
ior of quarks. Efforts to detect it exploit the fact
thatin a very strong magnetic field, an axion can
transform into a photon. Both neutralinos and
axions have the important property that they
are, in a specific technical sense, “cold.” Al-
though they formed under broiling hot condi-
tions, they were slow-moving and thus easily
clumped into galaxies.

The early quark soup phase probably also
holds the secret to why the universe today con-
tains mostly matter rather than both matter and
antimatter. Physicists think the universe origi-
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- Modern Era

10 billion yr
Dark energy
takes hold
and expansion
begins to
accelerate

13.7 billion yr
Today

3 billion yr
Clusters of galax-
ies form; star
formation peaks

9 billion yr
Solar system
forms

1 billion yr
Limit of current
observations
(highest-redshift
objects)

nally had equal amounts of each, but at some
point it developed a slight excess of matter—
about one extra quark for every billion anti-
quarks. This imbalance ensured that enough
quarks would survive annihilation with anti-
quarks as the universe expanded and cooled.
More than 40 years ago accelerator experiments
revealed that the laws of physics are ever so
slightly biased in favor of matter, and in a still to
be understood series of particle interactions very
early on, this slight bias led to the creation of the
quark excess.

The quark soup itself is thought to have aris-
en at an extremely early time—perhaps 10734
second after the big bang in a burst of cosmic ex-
pansion known as inflation. This burst, driven

by the energy of a new field (roughly analo-
gous to the electromagnetic field) called the
inflaton, would explain such basic prop-
erties of the cosmos as its general unifor-
mity and the lumpiness that seeded gal-
axies and other structures in the uni-
verse. As the inflaton field decayed
away, it released its remaining energy
into quarks and other particles, thus
creating the heat of the big bang and the
quark soup itself.

Inflation leads to a profound connection
between the quarks and the cosmos: quantum

fluctuations in the inflaton field on the subatom-
COSMIC MICROWAVE background

radiation is a snapshot of the
universe at the tender age of
380,000 years. Tiny variations in
the intensity of the radiation
(color-coded here) are a cosmic
Rosetta Stone that reveals key
features of the universe, includ-
ing its age, density, geometry
and overall composition.

ic scale get blown up to astrophysical size by
the rapid expansion and become the seeds for
all the structure we see today. In other words,
the pattern seen on the CMB sky is a giant im-
age of the subatomic world. Observations of
the CMB agree with this prediction, providing
the strongest evidence that inflation or some-
thing like it occurred very early in the history
of the universe.
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The Future

Predictable events such as galactic

collisions dominate the near

future. But the ultimate destiny

of our universe hinges on
whether dark energy will
continue to cause cosmic
expansion to accelerate.
Broadly, four fates

are possible.

20 billion years
Milky Way collides with

Andromeda galaxy
/\\;)j :
(2
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Birth of the Universe
As cosmologists try to go even further to under-
stand the beginning of the universe itself, our
ideas become less firm. Einstein’s general theory
of relativity has provided the theoretical foun-
dation for a century of progress in our under-
standing of the evolution of the universe. Yet
it is inconsistent with the other pillar of contem-
porary physics, quantum theory, and the dis-
cipline’s greatest challenge is to reconcile the
two. Only with such a unified theory will we
be able to address the very earliest moments of
the universe, the so-called Planck era prior to
about 10~%3 second, when spacetime itself was
taking shape.

Tentative attempts at a unified theory have

= A Accelerationends
and universe
2 expands eternally c

G~

=)

Acceleration &
continues

0 /\
Acceleration
intensifies

Acceleration changes
: to rapid deceleration
and collapse .

)
i
- /\\\ . =
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led to some remarkable speculations about our

very beginnings. String theory, for example, pre-

dicts the existence of additional dimensions of
space and possibly other universes floating in
thatlarger space. What we call the big bang may
have been the collision of our universe with an-
other [see “The Myth of the Beginning of Time,”
by Gabriele Veneziano; SCIENTIFIC AMERICAN,
May 2004]. The marriage of string theory with
the concept of inflation has led perhaps to the
boldest idea yet, that of a multiverse—namely,
that the universe comprises an infinite number
of disconnected pieces, each with its own local
laws of physics [see “The String Theory Land-
scape,” by Raphael Bousso and Joseph Polchin-
ski; SCIENTIFIC AMERICAN, September 2004].

100 trillion years : .
Last stars burn out

30 billion years

Cosmic redout: cosmic acceleration pulls all other galaxies

out of our view; all evidence of the big bang is lost

50 billion years
Big rip: dark energy tears apart all
structures, from superclusters to atoms

30 billion years
Big crunch, perhaps followed by o
a new big bang in an eternal cycle

(to next cycle)
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[COSMIC ACCELERATION AND DARK ENERGY]

In the Dark

Acentral feature of our current view of the universe, as well
as its biggest mystery, is dark energy, the recently discov-
ered and very weird form of energy that is causing cosmic ex-
pansion to speed up. Dark energy took control from matter

a few billion years ago. Prior to that, the expansion had been
slowing because of the gravitational attraction exerted by
matter, and gravity was able to forge structures from galaxies
to superclusters. Now, because of the influence of dark energy,
structures larger than superclusters cannot form. In fact, had
dark energy taken over earlier than it did—say, when the uni-
verse was only 100 million years old—structure formation would
have ceased before even galaxies could have developed, and we
would not be here.

Cosmologists have only rudimentary clues as to what dark
energy might be. To speed up expansion requires a repulsive
force, and Einstein’s general theory of relativity predicts that the
gravity of an extremely elastic form of energy can be actually be
repulsive. The quantum energy that fills empty space acts in this
way. The trouble is that theoretical estimates of the amount of

quantum vacuum energy do not match the amount required by
observations; in fact, they exceed it by many orders of magni-
tude. Alternatively, cosmic acceleration might be driven not by
a new type of energy but by a process that mimics such energy,
perhaps the breakdown of general relativity or the influence
of unseen spatial dimensions [see “A Cosmic Conundrum,” by
Lawrence M. Krauss and Michael S. Turner; SCIENTIFIC AMERICAN,
September 2004].

If the universe continues to accelerate at the current rate, then
in 30 billion years all traces of the big bang will disappear [see
“The End of Cosmology?” by Lawrence M. Krauss and Robert J.
Scherrer; SCIENTIFIC AMERICAN, March 2008]. The light from all but
a handful of nearby galaxies will be too redshifted to detect; the
temperature of the cosmic background radiation will be too low
to measure; and the universe will appear similar to one that
astronomers knew 100 years ago before their instruments were
powerful enough to reveal the universe we know today. —M.S.T.

The multiverse concept, which is still in its in-
fancy, turns on two key theoretical findings.
First, the equations describing inflation strongly
suggest that if inflation happened once, it should
happen again and again, with an infinite number
of inflationary regions created over time. Noth-
ing can travel between these regions, so they have
no effect on one another. Second, string theory
suggests that these regions have different physi-
cal parameters, such as the number of spatial di-
mensions and the kinds of stable particles.

The idea of the multiverse provides novel an-
swers to two of the biggest questions in all of sci-
ence: what happened before the big bang and
why the laws of physics are as they are (Einstein’s
famous musing about “whether God had any
choice” about the laws). The multiverse makes
moot the question of before the big bang, because
there were an infinite number of big bang begin-
nings, each triggered by its own burst of infla-
tion. Likewise, Einstein’s question is pushed
aside: within the infinity of universes, all possi-
bilities for the laws of physics have been tried, so
there is no particular reason for the laws that
govern our universe.

Cosmologists have mixed feelings about the
multiverse. If the disconnected subuniverses are
truly incommunicado, we cannot hope to test
their existence; they seem to lie beyond the realm
of science. Part of me wants to scream, One uni-
verse at a time, please! On the other hand, the
multiverse solves various conceptual problems.
If correct, it will make Hubble’s enlargement
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of the universe by
a mere factor of
100 billion and
Copernicus’s
banishment of
Earth from the
center of the uni-
verse in the 16th centu-
ry seem like small advances
in the understanding of our place in the cosmos.
Modern cosmology has humbled us. We are
made of protons, neutrons and electrons, which
together account for only 4.5 percent of the uni-
verse, and we exist only because of subtle con-
nections between the very small and the very
large. Events guided by the microscopic laws of
physics allowed matter to dominate over anti-
matter, generated the lumpiness that seeded gal-
axies, filled space with dark matter particles that
provide the gravitational infrastructure, and en-
sured that dark matter could build galaxies be-
fore dark energy became significant and the ex-
pansion began to accelerate [see box above]. At
the same time, cosmology by its very nature is
arrogant. The idea that we can understand
something as vast in both space and time as our
universe is, on the face of it, preposterous. This
strange mix of humility and arrogance has got-
ten us pretty far in the past century in advancing
our understanding of the present universe and
its origin. [ am bullish on further progress in the
coming years, and I firmly believe we are living
in a golden age of cosmology. n

IF THE UNIVERSE had even more
dark energy than it does, it
would have remained almost
formless (left), without the large
structures that we see (right).
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