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Lecture 8:
The Big Bang and Early Universe



Observational Cosmology

Key observations that support the Big Bang Theory

e EXxpansion: the Hubble law

e Cosmic Microwave Background

e T he light element abundance

e Recent advances: baryon oscillations, integrated Sachs-Wolfe
effect, etc.
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Expansion of the Universe
Discovered as a linear law (v = H D) by
Hubble in 1929.

With distant SNe, today we can measure
the deviations from linearity in the Hubble
law due to cosmological effects

The curves in the top panel show a
closed Universe (2 = 2) in red, the crit-
ical density Universe (€2 = 1) in black,
the empty Universe (€2 = 0) in green,
the steady state model in blue, and the
WMAP based concordance model with
Qm = 0.27 and Q25 = 0.73 in purple.
The data imply an accelerating Universe
at low to moderate redshifts but a de-
celerating Universe at higher redshifts,
consistent with a model having both a
cosmological constant and a significant
amount of dark matter.



Cosmic Microwave Background (CMB)

e The CMB was discovered by Penzias & Wil-
son in 1965 (although there was an older mea-
surement of the 'sky" temperature by McKel-
lar using interstellar molecules in 1940, whose
significance was not recognized)

e [ hisis the best black-body spectrum ever mea-
sured, with 7' = 2.73 K. It is also remark-
ably uniform accross the sky (to one part in
~ 107°), after dipole induced by the solar mo-
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Cosmic Microwave Background (CMB)
e [ he CMB fluctuations, recently observed by WMAP at a high
angular resolution, show a characteristic size of ~ 1°
e A statistical description of the anisotropies is given by the
power spectrum. The power spectrum encodes constraints
on cosmological parameters.
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Spherical Harmonics

e Recall: a one-dimensional periodic

function can be expanded into a
Fourier series; the (squared) am-
plitudes vs. frequency plot shows
the contribution of each mode: the
power spectrum

Similarly, a two-dimensional func-
tion defined on a sphere can be ex-
panded in spherical harmonics; the
power spectrum shows the constri-
bution of each characteristic size
Spherical harmonics are extensively
used in quantum mechanics: the
Schrodinger equation in spherical
coordinates



Hydrogen Schrodinger Equation

The electron in the hydrosen atom sees a

spherically symmetric potential, so it is logical to
use spherical polar coordinates to develop the
Schrodinger equation. The potential energy is

simply that of a point charge:
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mass m_m is shown below. Solving it involves separating
W= P the variables into the form
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WMAP Power Spectrum

Basic ﬂat WMAP pm-an]eters: WL = D? ] = Wm = DEE} [WE = DE—L, Wh = 'D'[H?L = D-E}?-'., Jf'i' = D? ] .
WMAP + other: W, =071, W _=027(W, =023, W, =0.044), n =093, h=071.
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F1GURE 18. Dramatic change took place in CMB power spectrum measurements around the
turn of the 21st century. Although some rise from the COBE level was arguably known even by
1997, a clear peak around £ ~ 200 only became established in 2000, whereas by 2003 definitive
measurements of the spectrum at £ < 800, limited mainly by cosmic variance, had been made

The origin of CMB

A historical note: the ac-
curacy of CMB measure-
ments is improving fast —
the accuracy delivered by
WMAP is truly spectacu-
lar! (Note: Facebook was
founded in 2004)

Why do we have CMB?7 It
iIs a remnant of hot radia-
tion field from the begin-
ning of the Universe — at
some time in the past ra-
diation and matter were in
equilibrium! How do we
know this?

14



The origin of CMB

e AsS the universe expands, the energy density of radiation « R4
(because the total energy, which is proportional to T4, IS also
proportional to the product of volume and characteristic wave-
length) and that of matter « R—3. Therefore, at some time in
the past radiation and matter must have been in equilibrium.

e From the photon-to-nucleon number ratio (~ 109), one can
estimate that the radiation temperature at that time was ~
3000. Since T'x 1/R x (1 + z), the corresponding redshift is
z ~ 1000), or about 380,000 years after the Big Bang.
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Quark Soup
Parting Company
First Galaxies

P
4]
=
as
-
| =
= |
L
¥ = ]
e
s
-
%
" =
F
Y-
=]
il
— |
-
3
o
|

1032 Sec. 1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe




What do we learn from P(k)?

e [ he position of the first peak is
very sensitive to €2+ and not
very sensitive to other parameters.
Roughly, l]_ = QQO/QtOt. Thus, the
measurement of the angular size of
the “spots” in the CMB fluctuation
map is essentially a direct measure-
ment of 244!

e WMAP measured the peak position
to be Il ~ 216 £ 4 (implying an an-

wob (&) Curvature 1} (b) Dark Energy

Figure 4  Sensitivity of the acoustic temperature spectrum to four fundamental cos- . f 8 O l O 8 3 d

mological parameters. (a} The curvature as quantified by 2. (b) The dark energy g u I a r Slze O 1 / 1 g . eg ree ’
as quantified by the cosmological constant €, (ws =—1). (¢) The physical baryon

density Q2ph2. (d) The physical matter density ©,,/% All are varied around a fiducial W h I C h IS u St SI l h tl | a r e r t h a n fu | |
model of Q= 1, Q4 =0.65, QpA*=0.02, Q> =0.147. n=1,z; =0, F;= 0. 'J g y g

Moon), and thus ;,+ = 1.02+0.02.
The Universe is flat!

e Detailed modeling of the whole
power spectrum also constrains Hy,
2, $2m, and a few other parameters
(six in total).
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FIG. 1: Summary of observations and cosmological models. Data points are for unpolarized CMB experiments combined (top; Appendix
A.3 details data used) cross-polarized CMB from WMAP (middle) and Galaxy power from SDSS (bottom). Shaded bands show the 1-
sigma range of theoretical models from the Monte-Carlo Markov chains, both for cosmological parameters (right) and for the corresponding
power spectra (left). From outside in, these bands correspond to WMAP with no priors, adding the prior f, = 0, w = —1, further adding
the priors @ = r = o = 0, and further adding the SDSS information, respectively. These four bands essentially coincide in the top two
panels, since the CMB constraints were included in the fits. Note that the /-axis in the upper two panels goes from logarithmic on the left
to linear on the right, to show important features at both ends, whereas the k-axis of the bottom panel is simply logarithmic.

Cosmological Parameters

with SDSS

e CMB alone cannot break

some degeneracies of
cosmological parameters —
need non-CMB data.
Non-CMB  measurements
are ‘'the weakest link in
the quest for precision
cosmology”
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The Formation of Light Elements
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e At high temperatures only neutrons

(13%) and protons (87%) exist. When
nucleosynthesis began, all the neutrons
were incorporated into He nuclei, while
the leftover protons remained as hydro-
gen nuclei. After this first wave of nu-
cleosynthesis was completed, the universe
consisted of roughly 25% He and 75% H
(by weight).

0 ' ' " "» The deuterium (H?), He3, He* and Li’

abundances depend on the single parame-
ter of the current density of ordinary mat-
ter made out of protons and neutrons:
baryonic matter, or 2.

19
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The Light Element Abundance as a

Cosmological Constraint

e T he graph shows the predicted abun-

dance vs. baryon density for these light
isotopes as curves, the observed abun-
dances as horizontal stripes, and the de-
rived baryon density as the vertical stripe.
A single value of the baryon density €2
fits 4 abundances simultaneously.

This value (~ 0.04) is much smaller
than €2,, ~ 0.24 measured by other
means (CMB, SNe, dynamical methods).
Hence, most of matter is in non-baryonic
form. Candidates are massive neutrinos,
WIMPS (weakly interacting massive par-
ticles), axions, etc.

20



The Concordance Model
e A large number of funda-

NoBig Bang _ mentally different observa-

tions are explained with the

- - same model

e There is no other theory
except the Big Bang that
can explain all these obser-

7 vations

e Nevertheless, there are
some unresolved ‘issues”
with the Big Bang theory...

| Clusters
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Early Universe and Inflation

e A brief review of elementary particle physics
e [ he density and temperature in the early universe were much
higher than today — some major phases when the matter was in
significantly different forms than today

Unresolved problems with the Big Bang theory

e Inflation

Inflation

10°

Quark Soup
Parting Company
First Galaxies
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A Dbrief review of elementary particle physics

e Baryonic (barys means heavy in Greek) matter: particles made
of three quarks (quarks are fundamental spin 1/2 particles, their
names are up, down, strange, charm, bottom and top), e.g.
protons (uud) and neutrons (udd) are baryons with the largest
contributions to €2, (NB nucleosynthesis is the generation of
atomic nuclei from neutrons and protons).

e Baryons other than protons and neutrons do exist (e.g. lambda
particle), but are not stable and do not contribute to baryonic
Q2 (they are called hyperons).

e Electrons are leptons (rather than baryons), but they are consid-
ered as contributors (though minor, lepton means light in Greek)
to baryonic (aka normal) matter. Leptons also include muons
and tau particles. Each lepton has a corresponding neutrino (and
each lepton has an antilepton, which also has a corresponding
antineutrino).

23



A Dbrief review of elementary particle physics

e There are about 109—1019 photons per each baryon in the Uni-
verse (NB the most common particles in the universe are neu-
trinos, or perhaps axions). Neutrinos are very lightweight. For
example, the current upper limit on the mass of electron neu-
trino is 1/1,000,000 of the electron mass (and the latter is only
1/2000 of the nucleon’s mass).

e When particles turn into each other, in addition to dynamical
quantities such as energy and momentum, quantities such as
charge, baryon number and lepton numbers also need to be
conserved. For example, this is allowed

n—p+e + Ue (1)

but this is not (lepton number is not conserved)

n—p+e +ve (2)

24



Non-baryonic matter

e [ he contribution to the mass of the Universe from these parti-
cles is not sufficient to account for all the gravitational forces
observed in the Universe.

e [ his suggests that other matter, known as dark matter, also ex-
ists that must be in some other form which we call non-baryonic
matter. Examples are neutralinos, axions, massive neutrinos,
etc. Elementary particles in the early Universe:




Early Universe: temperature vs. time
As we run the cosmic time backwards, the density and temper-
ature increase. The matter density (today £2,, = 0.3) increases
as (1 + 2)3, and the radiation density (today €2 = 5 x 107°)
increases as (1 4 z)* (NB the lookback time connects time and
redshift z). Therefore, despite being feeble today, the radiation
used to be the dominant component in the universe.
During the radiation-dominated era, the temperature T' is equal
to time t by

1 sec
Ty — 1010 K (3)

This expression can be trusted for times after the Planck time

hG

For times earlier than that we cannot trust the physics we
know, because we can't test it at implied extremely high en-
ergies/temperatures. But that's only one part in ~ 10°! of the
age of the universe, so we are not that bad... 26



Early Universe: radiation—matter equality
e Given €2, and €2,, today, one would naively expect that the epoch
of radiation—matter equality happens around z ~ 2,/ =
10,000. Recall that R=1/(142) and T'(t)R(t)=const. There-
fore, the radiation temperature is

Tr ~3(142)K (5)

and thus for z = 10,000, we get T, = 30,000 K.

e However, this is not the correct temperature for the radiation—
matter equality. One needs to take into account that there are
10°-1010 photons per each baryon, and hence even much lower
temperature will have enough high energy photons (£ > 13.1
eV) to ionize hydrogen. Using Planck function, we can find
that already for T' = 3,000 K, there are a fraction of ~ 109
photons with £ > 13.1 eV. Matter and radiation decouple when
T ~ 3,000 K.

e [ his temperature corresponds to z ~ 1000, and represents the
epoch observed today as the CMB.

27



Early Universe: the freezing of the N, /N, ratio
After matter and radiation decouple, radiation evolves in an un-
eventful fashion, while matter collapses to make galaxies, stars,
you and me.

What was the state of matter at the time of decoupling?

Let's start from the cosmic time equal to 10~% sec. This cor-
responds to z =~ 1012, and the temperature at that time was
T ~ 1012 K.

The decay times of exotic particles are much shorter than 104
sec, and thus at that time all baryonic matter is in form of
protons and neutrons. The universe also contains a mixture of
photons and leptons (electrons, positrons, neutrinos, etc).

At this temperature, the characteristic thermal energy of parti-
Cles is

T
Epp = ( ) 86 MeV (6)
1012 K

This is much higher energy than the proton-to-neutron mass
difference of 1.3 MeV, and thus their numbers are practically

equal (no nuclei exist!).
28



Early Universe: the freezing of the N, /N, ratio
The equilibrium number ratio of neutrons and protons is given
by the Boltzmann equation

N. (m —mc)02
) (7)
Np

The characteristic timescale for nuclear reactions that maintain
this equilibrium is a strong function of temperature

1010 K\ >
Tn#p:< n > , 10 sec (8)

For T >> 1010 K, these reactions are much faster than the age
of the universe (which is proportional to T—2), but for T' << 1010
K they become very slow (with timescale much longer than the
age of the universe)

The result is that, as the temperature falls below ~ 1019 K, the
neutron to proton number ratio becomes “frozen” at Nyn/Np ~
0.15. What's next?

29
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The Formation of Light Elements
e At high temperatures only neutrons

(13%) and protons (87%) exist.

e \When nucleosynthesis began, roughly

10 sec after the Big Bang, all the neu-
trons were incorporated into He nuclei,
while the leftover protons remained as
hydrogen nuclei.

After this first wave of nucleosynthesis
was completed in about 3 minutes, the
universe consisted of roughly 25% He
and 75% H (by weight).

The deuterium (H?2), He3, He* and Li”
abundances depend on a single param-
eter: the current density of ordinary
matter made out of protons and neu-
trons: baryonic matter, or €.

30



The Problems with the Big Bang Theory
The Big Bang is a scientific theory and thus it is constantly
subjected to critical re-examination in the context of new ob-
servations and theoretical results. No scientist thinks that the
Big Bang theory must be correct! Indeed, there are some prob-
lems with the picture that we discussed so far:
Why is the CMB so smooth (fluctuations are only one part in
~ 10—5)? How did causaly disconnected photons know what
should be their temperature? The horizon problem.
Why is the universe (so nearly) flat? Unless it is exactly flat,
we have a fine-tuning problem. The flatness problem.
Why is the universe made of matter, rather than of antimatter?
What caused this asymmetry? The matter-antimatter asymme-
try problem.
Why are there so many photons in the universe?
What physical process produced the initial fluctuations in the
density of matter?
How can we begin to understand these problems?

31



The Inflation Theory
The inflation theory links important ideas in modern physics,
such as symmetry breaking and phase transitions, to cosmology.
Inflation theory is based on the presence of vacuum energy:
particles and antiparticles forming out of nothing and then re-
combining (Alan Guth, the proposer of this theory, called this
“the ultimate free lunch™).
The theory assumes a period of extremely rapid (exponential)
expansion of the universe about 10732 seconds after the Big
Bang, during which time the energy density of the universe
was dominated by a cosmological constant term. This caused
very strong acceleration lasting for about 10—32 seconds, during
which the universe increased its size scale by about a factor of
10°91
Then the universe settled down into the big bang evolution that
we have discussed prior to this point.

32



Radius of observed universe

—i
I:'-IE-
=

—k
I:'I"l..'ll
=

Inflationary

o theory

Inflationary

| period

-30 -20) =10
10 10 10

Time (seconds)

1

- Prasent ......

33



The Inflation Theory
e [ his fast “inflationary’” expansion, much faster than assumed in
the standard big bang models, is a consequence of the nuclear
force breaking away from the weak and electromagnetic forces,
that it was unified with at higher temperatures, in what is called
a phase transition.
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The Inflation Theory
This fast “inflationary” expansion, much faster than assumed in
the standard big bang models, is a consequence of the nuclear
force breaking away from the weak and electromagnetic forces,
that it was unified with at higher temperatures, in what is called
a phase transition.
The fast expansion simultaneously solves the horizon and flat-
ness problems. The tremendous expansion means that regions
that we see widely separated in the sky now at the horizon were
much closer together before inflation and thus could have been
in causal contact.
This cosmological constant term, due to vacuum energy, later
decayed to produce the matter and radiation that fill the universe
today.
Bonus: the inflation is capable of producing small density fluc-
tuations that can later in the history of the Universe provide the
seeds to cause matter to begin to clump together to form the
galaxies and other observed structure.
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Predictions of the inflation theory
One of the basic tenants of science is that theories must have
predictions that can be tested:
The density of the universe is close to the critical density, and
thus the geometry of the universe is flat.
The fluctuations in the primordial density in the early universe
had the same amplitude on all physical scales.
There should be, on average, equal numbers of hot and cold
spots in the fluctuations of the cosmic microwave background
temperature.
WMAP has recently tested these predictions and they seem to
hold up.
Nevertheless, there are unsolved theoretical problems within the
inflation theory, and this is an active area of research. Most
cosmologists today believe inflation to be correct at least in
its outlines, but further investigation is definitely required to
establish whether this is indeed so.
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Big Bang

quantum-gravity era

Big Bang plus R , 2 .,* o inflation
10743 seconds e | >

Big Bang plus cosmic microwave background

10735 seconds?

Big Bang plus
380000 years

gravitational waves

Big Bang plus
14 billion years

The universe has undergone several dramatic changes in its 13.7 billion-year history, although our knowledge of the early universe
contains some gaps. The cosmic microwave background reveals the intensity and polarization of primordial light as it was

380,000 years after the Big Bang, when the universe became transparent to light. We therefore cannot use electromagnetic radiation to
directly study the universe before this time, although fluctuations in the temperature and polarization of the microwave background on
very large scales do preserve much earlier events that took place during cosmic inflation. (Courtesy: NASA)
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Latest news on inflation!

e BICEP2 collaboration reported “Detection Of B-mode Polariza-
tion at Degree Angular Scales” (arXiv:1403.3985)

e What does that mean? The primordial B-mode polarization
signhal, which is related to primordial gravitational waves that
flowed through the early universe, is the first direct evidence for
cosmic inflation.

e If true, of course... This is a brand new result and more experi-
mental verification is needed...
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what's the big deal behind this week’s famous Physics discovery?

COSMIC INFLATION EXPLAINED

N THE BEGINNING (OF ...AND THE FARTHER
THE 20th CENTURY) THEY WERE, THE
ASTRONOMERS NOTICED FASTER TUEY MOVED.
THAT GALAYIES WERE
MOVING AWAY FROM
EACH OTHER...

THEN N THE 1960°S, ...x EANT aLowW OR
TWO ASTRONOMERS TEMPERATURE THAT
PISCOVERED SOMETHING SEEMS TO PERMEATE
CALLED THE CoamiC THE ENTIRE UNIVERCZE,
MICROWAVE
BACKGROUND (CMB)
RADIATION...
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THEORISTS TRACED THE ORIGIN
OF THIS 6LoW TO 380,000
YEARS AFTER TUE BiG BANG,..

0‘2.\_/

by Jon Kaufman and Jorge Cham

PHYSICISTS THEORIZED AND THAT, AT SOME

THIS MEANT THAT THE POINT IN THE PAST, T
UNIVERSE WAS MUST HAVE BEEN VERY
EXPANDING, SMALL, DENGE, AND WOT.

"
®

THEY CALLED THIS DEA

THE BlG BANG.

THIS FURTHER SUPPORTED TUE BlG BANG
BECAUSE THE ONLY WAY TWO EXTREMES OF THE
UNIVERSE COULD HAVE THE SAME TEMPERATURE

WAS IF THEY WERE CLOSE ENOUGH TO EACH
OTHER AT SOME POINT IN THE PAST.

( 3°K - °K

THE UNIVERSE (
R

...THE POINT WHEN MATTER STARTED
TO CLUMP TOGETHER ENOUGH FOR
LIGHT TO MOVE AROUND FREELY.

N2

14 Billion years (Now)

BuT WHAT UAPPENED BEFORE THAT?

AND HOW DD (T HAPPEN? |

39



. JNFLATION - -

TS THE MECHANICM, T BEAUTIFULLY SOLVED
THE MATHEMATICAL MANY OF THE
DETALS, THAT EXPLAN PROBLEMS WITH THE
WHAT WAPPENS BEFORE THEORY OF THE BIG
THE 380,000 YEAR BANG, BUT UNTIL THIS
HORIZON OF THE CMB. WEEK, THERE WAS
ONLY CIRCUMSTANTIAL
EVIDENCE FOR T,

v
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INFLATION THEORIZED THAT THESE RIPPLES WERE
THE RESULT OF GQUANTUM FLUCTUATIONS TUAT
WERE AMPLIFIED WHEN THE UNIVERSE EXPANDED.

NS\

-
R ——

O

INFLATION THEORIZED THAT THE UNIVERSE EXPANDED
60 FAST (FASTER THAN THE SPEED OF LIGHT) IN THAT
EARLY TIME, THAT THESE FLUCTUATIONS CREATED
RIPPLES IN THE FABRIC OF SPACE AND TIME,

LIKE ANY GOOD THEORY, N TUE 1990°5,
INFLATION NEEDED TO MORE PRECISE
MAKE A PREDICTION MEASUREMENTS FOUND

THAT COULD Be THAT THE CMB 1S NOT
TESTED DIRECTLY. PERFECTLY SMOOTV,
BUT HAD RIPPLES IN T,

WHEN THE UNIVERSE WAS THAT SMALL, THE
WERDNESS OF GUANTUM PHYSICS RULED:
ENERGY FLUCTUATED OUT OF NOTUINGNESS,
PARTICLES POPPED IN AND OUT OF EXISTENCE,
PROBABLIMES ALL MIXED TOGETHER.

THESE FLUCTUATIONS EXPANDED AND

FORMED HILLS AND VALLEYS IN THE TEXTURE
OF THE UNIVERSE TUWAT ALLOWED MATTER TO

CLUMP INTO THE MATTER WE SEE TODAY.
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MORE PRECISELY,

INFLATION PREDICTED WE FOUND THAT

TUAT TWESE RIPPLES SIGNATURE.
WOULD LEAVE A VERY
SPECIFIC SiGNATURE

WITH INFLATION MORE FIRMLY ESTABLIGHED,

WE CAN NowW LooK BEYOND THE 380,000

YEAR HORIZON OF THE CMB, BACK.TO 107
GECONDS AFTER THE BiG BANG.

OF LIGHT POLARIZATION
ON THE CMB,

107 SECONDS

ON THAT GIGNAL IN THE oK,
WE CAN TRACE OUR ORIGIN:

WE WERE LIGHT ONCE.

THEN WE WERE RIPPLES
IN TEMPERATURE THAT
BECAME STARS, .,

GALAYIES, MATTER...

WWW.PHDCOMICS.COM
*footnote:

Jon Kaufman (soon to be Dr. Jon Kaufman) is a member of the BICEPZ2 team that made the discovery
described above. As one of the Ph.D. students in the project, Jon spent many months in the South Pole
(there is an actual pole), recharging the liquid Helium on the telescope, for which he received a medal. It
was his idea to draw this comic.

41



