The Birth of Our Universe

Today!s Lecture:

(Chapter 19, pages 454-481)
¥Cosmic Microwave Background (CMB)

¥The brst few minutes of the Universe
¥Inl3ation!



Cosmic Micro wave Background (CMB)

* A. Penzias and R. Wilson (1965) discovered
that the whole Universe radiates like a thermal
emitter (black body) having T! 3 K! (Peak of the
spectrumat! I 1 mm).

* This was strong evidence that the Universe
began in a Big Bang, killing most competing
models.

* The Big Bang has been the favored theory ever
since (although there have been important
modifications, which we’ll discuss).
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Where did the CMB come from?

* The early Universe was very hot and ionized (basically
electrons and protons running free).

* These free electrons can emit and absorb any wavelength
of light, so it was very opaque.

* The Universe cooled as it expanded.

* After about 400,000 years, the T = 3000 K and the protons
and electrons combined to form hydrogen (“recombination™).

* Since hydrogen has discrete energy levels, most photons
are no longer absorbed, so now the universe is transparent.

* The photons are “decoupled” from the hydrogen, leaving
the Universe filled with radiation in the form of a 3000 K
black body.



Where did the CMB come from? (cont.)

* As the Universe expanded, the wavelength of the
CMB has increased (become redder).

* The CMB is now corresponds to a black body with
T! 3K.

* Alternatively, you can think of the CMB as light
coming from great distances in the past that has
been redshifted.

* They come from an opaque “wall” (like a bank of
fog) very far away at a redshift of z = 1000.

« Can’t see beyond it with photons, even in principle!

(There is some hope that someday we can see to
early times using gravitational waves or neutrinos.)



Earth @ motion through Universe

* The CMB looks
slightly hotter in one
direction, and
slightly cooler in the
opposite direction by
roughly 1 part in
1000.

 This is due to the Solar System’s motion around the
Milky Way Galaxy, and the Milky Way Galaxy’s
motion relative to the expanding Universe (The MWG
has a “peculiar velocity” of about 600 km/s).



COBE map of CMB temperature

* Tiny variation in temperature (roughly 1 part in
100,000) correspond to clumps.

* The smallest ones (about 10° across) are the
“seeds” from which giant superclusters of galaxies
(and voids) formed!

* These small variations are the imprints of tiny
ripples in the fabric of space-time put there during
the Big Bang.

* Angular size of smaller (typical) variations first
measured relatively accurately in year 2000: about

1° diameter. This suggests that the Universe is
FLAT! (" =1).



Wilkinson Microwave Anistropy Probe (WMAP)

An even better measurement of the fluctuations
over the entire sky.

e " tar = 1.0 £ 0.02: The Universe is spatially flat
on the largest scales that we can see.

v = 0.27,s0" , =0.73: Consistent with the SN
la results: ", =0.28and " , =0.72.

* Hubble constant (combining WMAP and other
data): Hy = 71 £ 4 km/s/Mpc

» Age of the Universe (combining WMAP and other
data): 13.7 £ 0.2 Gyr.



Content of the Universe

* Total " \, = 0.27, but only 0.04 in normal
particles (protons, neutrons, electrons).

* Thus " ,, = 0.23 in dark, exotic particles
(WIMPs?).

", =0.73 is mysterious “dark energy”

» S0 about 95% of the Universe consists of
dark energy and dark matter--things for
which we have no freakin’ clue what they
are!
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The First Few Minutes

t <103 sec: Planck time. ???? We need
“quantum gravity” theory. T > 10%? K

103° <t< 10° s: “Soup” of particles,
antiparticles, quarks, antiquarks, and
photons in equilibrium.

Slight excess (1 part per billion!) of quarks
over antiquarks formed (since our Universe
Is mostly “regular” particles).
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Minutes (cont.)

t = 10° sec:
protons and
neutrons form

They combine
with their
antiparticles,
producing
photons and
leaving a slight
excess of matter.
T =101 K.

Protons and
neutrons still
convert back and
forth freely.



Time! 1 second

Electrons and positrons annihilate, producing
photons. Temperature ! 1010 K

Neutrons begin to decay into protons, electron,
and antineutrinos




Time ! 100 seconds
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Primordial
Nucleosynthesis !

T!I 109K

 The first elements in the
history of the Universe.

* Hydrogen was 75% by
mass, helium 25%

* Everything else in small
amounts, the heaviest
was lithium-7

* Nothing heavier was
made--have to wait for
stars!

« Stopped at! 10 minutes



Big Bang Theory: Successes

* The Universe is expanding.
* The Universe has a finite age.

Measured to be 13.7 Gyr

No objects have ages that exceed this.
» Galaxies evolve with time.

* There is a sea of photons left over from the hot dense
beginning: cosmic microwave background.

* The light elements (specifically helium) are seen in
the same ratios as predicted by the Big Bang.

* The light elements are distributed evenly throughout
the Universe (Heavy elements are CLUMPY).



Problems with the
standard Big Bang theory

1) Why Is the Universe so uniform in temperature?

CIV'B| 13.7 Gyr 13.7 Gyr |C'V|B
T=2725K T=2725K

There is no way for widely separated part of the
Universe to have come into equilibrium with each other
(they should be at the same temperature).

2) Why Is the Universe so close to being flat (* =1)?

' =1 must have been exceedingly close to 1 in the
distant past to be nearly 1 now.



Why is Universe so flat?
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In standard Big Bang theory, " diverges
from 1 very rapidly, unless it was
1.000000000000000 att = 0.



Radical id ea: OnflationO

Solution (A. Guth; A. Linde; 1980): Suppose
the early Universe expanded extremely

rapidly (in fact, exponentially) for a while (it
started out very small).

The early volume of the observable Universe
was small enough to be causally connected
(light could cross it), explaining why the CMB
looks homogeneous and isotropic today.



How did the Universe
get to be so flat?

All curvature flattens out because of
exponential expansion. (The Universe could
have any shape, but it is too large to measure.)




A numerical example

« Att = 1037 s, radius of currently observable Universe
was R = 0.01 m (standard Big Bang theory).

» Light could have traveled only
d=ct=(3x108m/s)(1037s) =3 x 10-2® m,

Light could NOT have connected the Universe at this
time -- no equilibrium!

« Suppose the Universe were actually 10-?m in size at
t = 1037 s. Small enough for the observable Universe
to be causally connected.

* If expanded by factor of 10°" by t=10-3° s, then the
new radius would be 0.1 m, in agreement with
standard Big Bang theory.
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A lot of Inflation!

* Inflation produces a truly enormous
Universe!

» Some theories have the Universe expanding
by 10190 by t = 10-3° seconds. This makes the
Universe extremely flat.

* |t also means that space expands much,
much, much faster than the speed of lig ht --
that's okay, it's only space.

« Some theories have as much expansion as
9 factor of 1100000000000}



Why did inflation begin?
 Look at Grand Unified Theories (GUTSs)
* Four fundamental forces in nature

1) Gravity: extremely weak, but acts on all matter.

2) Electromagnetism (EM): 10°° times strong than
gravity, but acts only on charged particles.

3) Strong nuclear: 100 times stronger than EM, but
acts only at extremely short ranges (color charges)

4) Weak nuclear: 10 of EM and very short range.

2) And 4) are now unified (called the GelectroweakO
force)



GUTs and TOEs

¥Grand Unified Theories (GUTSs) attempt to unify the
electroweak and strong nuclear forces. Unification is
thought to happen at: T> 10 Kand t < 10’ s.

« GUTs predict that protons decay. Current
experimental limits are about 1032 years.

 Excess of matter over antimatter OK!

¥Theory of Everything (TOE) attempt to unify GUT
force and gravity

« Superstring theory is an attempt at a TOE.



Forces of Nature Once Unified

* Right after Big Bang (birth of the Universe), the
temperature was exceedingly high

* All 4 forces (or 3 if gravity is excluded) were basically
the same: symmetric and unified.

« As Universe cooled below 10%° K (t = 10-37 sec), the
strong force became a different manifestation of the
same force: the symmetry was broken, because it can
achieve a lower total energy that way.

Example: water cools below 0° C will freeze (phase
transition)
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How to start inflation

« Suppose the Universe cooled below 102° K without
breaking the symmetry of the Grand Unified Force:
SUPERCOOLED.

* Universe contained too much energy for its
temperature: like liquid water at T< 0° C.

* The energy caused inflation to proceed.

« Eventually the phase transition occurred (water &
ice). Broken symmetry.

* Energy released into matter, antimatter, and photons,
and subsequently evolves in the standard Big Bang
model (10-3° s until now).



The Beginning

* Inflation kick starts the expansion of the Universe
without any extra energy. The total energy of the
Universe is almost exactly zero!

* You just need a tiny bit of energy to get it going.

* In quantum physics energy can be temporarily
violated for short periods of time (virtual particles)

"E' t<h/2( (his Planck’'s constant, very small)

13.7 billion years ago, a temporary quantum
violation of the classical law of conservation of
energy may be all it took to get all the structure
and beauty we see around us today!



