6. The Early Universe

6.1 The Thermal Evolution of the Universe: T versus t

We now consider the thermal history of the Universe by working backwards.  In the primordial universe there were two types of relativistic particles – Photons, ( and neutrinos, (.  The photon density is given by

(rad = 2.46 ( 10-5 h-2





from 
(5.4) 

Like the photon background (comprising the CMB), there could also be a neutrino background, but it is impossible to detect at present.  Neutrino result from the reaction

e- + p ( n + (
The neutrino background temperature is expected to be T( < 3 K because positrons e+ and electrons, e- annihilate and create photons, and this process feeds into the photon energy density.  The temperature of the neutrino background
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Taking the lower value for T( and the fact that there are 3 neutrino families
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(6.1)

so energies are approximately the same.  Total energy density of the relativistic particles is
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(6.2)

(rel << (m (~ 0.3)

Most matter in the  present universe is non-relativistic


[image: image4.wmf]4

1

rad

a

r

µ

 and 
[image: image5.wmf]3

1

m

a

r

µ


(

[image: image6.wmf]5

2

1.68

14.13101

..

relrad

nonrelmm

aha

-

-

WW

´

==

WWW



(6.3)

At decoupling:
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(6.4)

If (m = 0.3 and h = 0.7  (or (( ~ 0.7?)
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The universe was matter-dominated at this time.  We can work out when the amounts of matter and radiation were equal by working backward:

For the neutrino temperature, T(
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( there are 1016 neutrinos passing through us each second due to the neutrino background.

Neutrino transparency temperature

Need both the proton, p and neutrino, ( background.  Entropy per unit volume:

S a NT T 3 = constant

SR3 a NT T 3 R3 = constant

Ne-p+ = 
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We can define a size aeq when the densities of matter and radiation were equal:
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(6.5)

This is known as the epoch of matter-radiation equality (or the time of equality, teq).

What is the Temperature-time relationship for the universe?

If we assume an instantaneous transition from radiation- to matter-domination, we can find the Temperature-time relationship:
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with k = 0, 
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.  If we assume the universe is (roughly) to ~ 10 Gyr old = 3 ( 1017 sec and present-day photon background (CMBR) temperature, To ~ 2.73 K:
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(6.6)

Note:
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 holds only for a matter-dominated universe:
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Using (6.5)

Teq = 2.725 ( 24,000 (mh2 = 16.500 K




(6.7)

And have assumed (m = 1, h = 0.5

teq = 
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(6.8)

from using (6.7)
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For tdec
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(6.9)

where we have also used the ratio of temperatures: 
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tdec from WMAP CMB observations = 3.79 ( 105 yrs.

In our solution for a radiation-dominated universe
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(6.10)


[image: image30.wmf]1/2

1/2

11

eqeq

T

tTt

æö

æö

=

ç÷

ç÷

ç÷

èø

èø


Using (6.7) for Teq = To ( 24000 (mh2  

And (6.8) for teq = 2500 (m-3/2 h2 yr, and ignoring weak dependence on (m and h, we end up with
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(6.11)

Thus, when the universe was 1 sec old, T ~ 2 ( 1010 K which corresponds to a particle energy of ~ 2 MeV.  Eq (6.11) can also be obtained from the Friedmann Equation using (5.2) for 
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Graph of temperature, T versus time, t for the Universe:


[image: image33.png]log (Temperature) %

Radiation

Tog (time)




When the radiation era ends the expansion increases and the universe cools more rapidly.

More precise calculations give: 

Teq ~ 10,000 K and teq ~ 40,000 yrs.

We can now re-construct the evolution of the Universe by working backwards:

1) Decoupling occurred at time: 
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2) Epoch of matter-radiation equality: teq = 40,000 yrs and Teq = 10,000 K.

3) Epoch when the universe was too energetic to allow stable atomic nuclei to form (photons were too energetic and would destroy the nuclei).  Nuclear binding energy, E ~ 1 MeV and this corresponds roughly to an age tnuc ~ 1s and Tnuc 1010 K, the nucleosynthesis epoch.

4) At an age, t < 1 sec, the universe was comprised of neutrons, protons, electrons, photons and neutrinos which were all strongly interacting with each other.  Energies were greater than the nuclear binding energy.  Before this time, t ~ 1 ( 10-5 sec at a temperature, T ~ 2 ( 1012 K, a hot energetic ‘soup’ of particles existed – quarks, electrons, photons and neutrinos.  The transition when quarks first condensed into protons and neutrons is called the quark-hadron transition.  The highest energies we can achieve in particle accelerators at present is E ~ 100 GeV or T ~ 1015 K corresponding to a time, t ~ 10-10 sec.  This corresponds to the limit of our knowledge of known physics.

5) Before this time we need to consider the unification of the four fundamental forces of nature and the symmetry breaking, which occurred as each of these forces separated out.  

Single unified force: T ~ 1029 K, t ~ 10-39 sec.

6.2 Primordial Nucleosynthesis

Evidence for the hot Big Bang Theory: Expansion of the Universe, the CMB and the observed abundances of the light elements, 3He, 7Li, D, 4He.  We find that the amount of 4He in the oldest stars (z youngest) ~ 25% by mass compared to H – this amount has to be primordial, and cannot be made in the stars.  Note: the Friedmann equation is for an expanding universe.

He can be made only when the first nuclei can form.  This corresponds to a time when the photon energy drops below the binding energy of a nucleus.

Tnuc ~ 1010 K = 1 MeV, tnuc ~ 1.4 sec.

Before this time, the photons had higher energies and destroyed any nuclei that attempted to form.  (See abundances of light nuclei)

6.2.1 For hydrogen and helium production in primordial nucleosynthesis, three assumptions are made to find the amounts:

1) Neutron to proton masses, mn > mp so the neutrons are heavier than protons (mnc2 = 939.6 MeV; mpc2 = 938.3 MeV). 

2) Free n’s decay into p’s with a half-life, t1/2 = 940 s

3) n’s bound in nuclei do not decay – are stable

Age at this time, tnuc ~ 1.4 sec

At a time just before the nucleons can form p’s and n’s are non-relativistic, (kBT << mpc2)  and are in thermal equilibrium, such that they satisfy a Maxwell-Boltzmann distribution with number density, N given by:


[image: image35.wmf]2

3/2

mc

kT

Nm

e

æö

-

ç÷

ç÷

èø

µ









(6.12)

where N = particle number density.
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(6.13)

[Both parts ~ 1 as mn ~ mp, and as long as the temperature, T > 
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Free neutrons are converted into protons via the decay:

n ( p + 
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where 
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e is an electron anti-neutrino.

The characteristic energy of 0.8 MeV = (mn – mp)c2 – mec2 = 1.3 MeV – electron mass of 0.5 MeV

This reaction can go in either direction as long as sufficient thermal energy exists to supply 0.8 MeV.

Once the thermal energy drops to E < 0.8 MeV thermal equilibrium ends and the backwards reactions becomes harder, and the number densities Nn and Np will now change.

The exponential term in in (6.13) now becomes important:
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(6.15)

The first atoms can now from through a complex chain reaction – Nuclear fusion processes produce nuclei, but some of these nuclei then get broken up again by the few remaining highly energetic photons in the tail of the photon energy distribution (energy (n > 0.8 MeV).

The basic nuclear fusion reaction for He production is:

p + n ( 2D

This reaction occurs twice.  Then further reactions:

2D + p ( 3He

2D + 2D ( 4He

When the Universe cools to a temperature, T ~ 0.1 MeV, and the destruction processes stop at the time, t ~ 400s,  4He nuclei can now form.  Some n’s decay into p’s in the time, t ~ 1.4 s to t ~ 400s.  This reduces the neutron number density by a factor:
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where the neutron half-life, t1/2 = 940 s.

Gives:  
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(6.16)

Note: If t1/2 < 940 s, all n ( p’s and only H would form.  So the fact that t1/2 = 940 s is crucial.

The only elements in any significant abundance are H and 4He.  We can now calculate the fraction of the total mass of the Universe contained in 4He:

Each 4He nucleus contains 2 n’s and 2 p’s  - assume all the n’s are bound up in He

Number density of 4He = 
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Each 4He nucleus has a mass: 4mn
( mass density = 
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Total mass density = mn (Nn + Np)

Total mass contained in 4He:  
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So the mass fraction of matter in the universe comprised of 4He is 25%.

More complex calculations give: for deuterium, 2D ~ 10-5; for helium, 3He ~ 10-5 and for lithium, 7Li ~ 10-10 – tiny amounts compared with the amount of 4He.

6.2.2 Comparison with observations

The observed abundances of 4He, D, 3He and 7Li provide a very powerful test of the hot Big Bang since there are only two parameters which affect the predicted abundances.

The number of neutrino species since this affects the T – t the temperature-time relation and the way in which the nuclear reactions go out of thermal equilibrium.

Baryon densities, (B in the Universe.  If the density of baryons (i.e. protons and neutrons) changes, then their formation into nuclei will also be altered such that the ratio of the abundances will change.  This is particularly critical for D because if (B is high all the D will be converted to 4He and there will be no D left.  (When (B ~ 10-29, there is no more deuterium, D).

.

Usually (B contains a factor of h2, and this means the combination of (Bh2 is constrained.

Agreement with the observed element abundances is only possible if the number of neutrino species is 3.  This has been confirmed by experiments at CERN.  This leaves (Bh2 as the only input parameter.  Comparison with observations (see Figure 11.1 – Predicted Abundances of light Nuclei) shows that the hot Big Bang can reproduce the abundances of the light elements for a narrow range of (Bh2
0.016 
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WMAP results for baryon density: (Bh2 = 0.0224 ( 0.0009

6.3 Matter – Anti-matter Asymmetry

Earlier we saw that the photon-to-baryon ratio was (~ 109.  In quantum mechanics, should have an anti-particle but we know there is no significant amount of anti-matter in our Universe (we would have seen signals of annihilation).

When the mean photon energy kBt >> mpc2, baryons and anti-baryons will be in thermal equilibrium

(109 + 1) : 109 in favour of matter

There are ~ 109 photons for every baryon.

Proton and anti-proton annihilation occurs via:

p+ + p- = ( + (
During this epoch, a process must have occurred to create one extra proton for every billion existing, but left the anti-protons untouched.  The Universe then cools and once kBT << mpc2 the protons and anti-protons annihilate each other for good.  One proton will be left over for every 109 such annihilations (and assuming each annihilation produces a photon, ().  We are made of this small initial asymmetry favouring matter.  At present there are only highly speculative particle physics theories to explain this matter/anti-matter asymmetry.

Epoch of baryon Genesis

6.4 Comparing Decoupling and Nucleosynthesis

	
	Nucleosynthesis:
	Decoupling:

	Age of Universe:
	400 sec
	300,000 yr

	Temperature:
	10^10 K
	3000 K

	Typical energy:
	1 MeV
	1 eV

	Process
	Protons + neutrons form nuclei.
	Nuclei + e's form stable atoms.

	
	Photons continue to interact with 
	Photons decouple from matter

	
	electrons, which remain free.
	and separate, forming the CMB.
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