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Observational Cosmology

Key observations that support the Big Bang Theory

• Expansion: the Hubble law

• Cosmic Microwave Background

• The light element abundance

• Recent advances: baryon oscillations, integrated Sachs-Wolfe

effect, etc.
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Expansion of the Universe
• Discovered as a linear law (v = HD) 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 (Ω = 2) in red, the crit-

ical density Universe (Ω = 1) in black,

the empty Universe (Ω = 0) in green,

the steady state model in blue, and the

WMAP based concordance model with

Ωm = 0.27 and ΩΛ = 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.
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Cosmic Microwave Background (CMB)
• 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)

• This is the best black-body spectrum ever mea-

sured, with T = 2.73 K. It is also remark-

ably uniform accross the sky (to one part in

∼ 10−5), after dipole induced by the solar mo-

tion is corrected for.

• The existance of CMB was predicted by Gamow

in 1946.

• Fluctuations in the CMB at the level of ∼ 10−5

were first detected by the COBE satellite.

• The WMAP satellite has recently measured

these fluctuations at a much higher angular res-

olution.
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Cosmic Microwave Background (CMB)
• The CMB fluctuations, recently observed by WMAP at a high

angular resolution, show a characteristic size of ∼ 1◦

• 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
• 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

Schrödinger equation in spherical

coordinates
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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? It

is 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?
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The origin of CMB
• As the universe expands, the energy density of radiation ∝ R−4

(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.

• From the photon-to-nucleon number ratio (∼ 109), one can

estimate that the radiation temperature at that time was ∼
3000. Since T ∝ 1/R ∝ (1 + z), the corresponding redshift is

z ∼ 1000), or about 380,000 years after the Big Bang.
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What do we learn from P(k)?
• The position of the first peak is

very sensitive to Ωtot and not

very sensitive to other parameters.

Roughly, l1 = 220/Ωtot. Thus, the

measurement of the angular size of

the “spots” in the CMB fluctuation

map is essentially a direct measure-

ment of Ωtot!

• WMAP measured the peak position

to be l1 ∼ 216± 4 (implying an an-

gular size of 180/l1 ∼ 0.83 degree,

which is just slightly larger than full

Moon), and thus Ωtot = 1.02±0.02.

The Universe is flat!

• Detailed modeling of the whole

power spectrum also constrains Ho,

Ωb, Ωm, and a few other parameters

(six in total).
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Cosmological Parameters
with SDSS

• 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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Cosmological Parameters
with SDSS

Tegmark et al. 2004

• SDSS helps to constrain

the allowed range of cos-

mological parameters!

18



The Formation of Light Elements
• 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).

• The deuterium (H2), He3, He4 and Li7

abundances depend on the single parame-

ter of the current density of ordinary mat-

ter made out of protons and neutrons:

baryonic matter, or Ωb.
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The Light Element Abundance as a
Cosmological Constraint

• The 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 Ωb

fits 4 abundances simultaneously.

• This value (∼ 0.04) is much smaller

than Ωm ∼ 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.
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The Concordance Model
• A large number of funda-

mentally different observa-

tions are explained with the

same model

• There is no other theory

except the Big Bang that

can explain all these obser-

vations

• Nevertheless, there are

some unresolved “issues”

with the Big Bang theory...
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Early Universe and Inflation
• A brief review of elementary particle physics

• The 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

• Inflation
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A brief review of elementary particle physics
• 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 Ωb (NB nucleosynthesis is the generation of

atomic nuclei from neutrons and protons).

• Baryons other than protons and neutrons do exist (e.g. lambda

particle), but are not stable and do not contribute to baryonic

Ω (they are called hyperons).

• 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).
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A brief review of elementary particle physics
• There are about 109–1010 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).

• 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−+ νe (1)

but this is not (lepton number is not conserved)

n→ p+ e−+ νe (2)
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Non-baryonic matter
• The 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.

• This 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.
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Early Universe: temperature vs. time
• As we run the cosmic time backwards, the density and temper-

ature increase. The matter density (today Ωm = 0.3) increases

as (1 + z)3, and the radiation density (today Ωr = 5 × 10−5)

increases as (1 + z)4 (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

T ≈
√

1 sec

t
1010 K (3)

• This expression can be trusted for times after the Planck time

tP =

√
h̄G

c5
= 5.39× 10−44 s (4)

• 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 ∼ 1061 of the

age of the universe, so we are not that bad... 26



Early Universe: radiation–matter equality
• Given Ωr and Ωm today, one would naively expect that the epoch

of radiation–matter equality happens around z ∼ Ωm/Ωr ≈
10,000. Recall that R = 1/(1 + z) and T (t)R(t)=const. There-

fore, the radiation temperature is

Tr ≈ 3 (1 + z) K (5)

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

• However, this is not the correct temperature for the radiation–

matter equality. One needs to take into account that there are

109–1010 photons per each baryon, and hence even much lower

temperature will have enough high energy photons (E > 13.1

eV) to ionize hydrogen. Using Planck function, we can find

that already for T = 3,000 K, there are a fraction of ∼ 10−9

photons with E > 13.1 eV. Matter and radiation decouple when

T ∼ 3,000 K.

• This temperature corresponds to z ∼ 1000, and represents the

epoch observed today as the CMB.
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Early Universe: the freezing of the Nn/Np 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 10−4 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 10−4

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

EkT =
(

T

1012 K

)
86 MeV (6)

• 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 Nn/Np ratio
• The equilibrium number ratio of neutrons and protons is given

by the Boltzmann equation

Nn

Np
= e−

(mp−mc)c2
kT (7)

• The characteristic timescale for nuclear reactions that maintain

this equilibrium is a strong function of temperature

τn⇀↽p =

(
1010 K

T

)5

,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 ∼ 1010 K, the

neutron to proton number ratio becomes “frozen” at Nn/Np ∼
0.15. What’s next?
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The Formation of Light Elements
• At high temperatures only neutrons

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

• 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 (H2), He3, He4 and Li7

abundances depend on a single param-

eter: the current density of ordinary

matter made out of protons and neu-

trons: baryonic matter, or Ωb.
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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?
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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 10−35 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

1050!

• Then the universe settled down into the big bang evolution that

we have discussed prior to this point.
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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.
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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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Latest news on inflation!
• BICEP2 collaboration reported “Detection Of B-mode Polariza-

tion at Degree Angular Scales” (arXiv:1403.3985)

• What does that mean? The primordial B-mode polarization

signal, which is related to primordial gravitational waves that

flowed through the early universe, is the first direct evidence for

cosmic inflation.

• If true, of course... This is a brand new result and more experi-

mental verification is needed...
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