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N.B. Everything appears to be moving away from us,

but in reality everything is moving away from everything
(on cosmological scales; not true locally... Also, expansion
of the universe does not mean expansion ottmeentsof

the universe.)

- 'Big Bang’ model
Convenient BUT WRONG to think in terms of a point explosion:
The universe is (almost certainly) infinite, and always has been

infinite, even at the time of the big bang....(brain hurt time).
‘Size of the universe’ generally means ‘what we can see’




Cartoon Physicists develop a grand unified theory:

“If my calculations are correct, not only must we always wear white lab
coats, but the boundaries of our existence are defined solely by what is
allowed to occur within the confines of a small two-dimensional box..!”

‘Big Bang’ model (node] not a theory) is in accord with:
*Hubble Flow (expansion of the universe)

*Evolution of source counts

*Cosmic Microwave Background (CMB)

*Primordial abundances of elements

(Other, more detailed, features are consistent with inflationary
and A.CDM’ theorieg
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We can only see

the surface of the
PRESENT cloud where light
13.7 Billion Years was last scattered
after the Big Bang
The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the

light coming through the clouds to our
eye on a cloudy day.

As the early universe cooled, the initially ionized hydrogen would ‘re’combine with free electrons.

We might expect this to occur roughly when
ET ~13.6eV — T ~ 15 x 10°K.

However, photons ontnumber electrons by a factor ~10% (then, and now).* Also, there is a
distribution of photon energies at a given temperature (described by the Planck function). In
consequence there were still plenty of photons capable of ionizing hydrogen, even at temperatures
well below 10°K, and a better estimate of the temperature at which the radiation field just failed
to ionize hydrogen is

~ (13.6eV/k)/ In(10%) = T600KK.

More detailed calculations show that the hydrogen first recombined at T ~ 3000K.
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COBE spectrum: the most precise black body in nature




PRIMORDIAL NUCLEOSYNTHESIS

e Protons are lighter than neutrons (938.3MeV vs. 939.6MeV: Am = 1.3MeV)
e Free neutrons decay (n — p+ e ), with a half-life of ~940s
e Bound neutrons (in nuclei) are stable
At high temperatures the numbers of neutrons and protons are practically identical (since the
mass-cnergy difference between them is negligible compared to £T):
n— p+e” +7,(+0.8MeV)

(plus other processes). However, when &7 ~ 0.8MeV neutrons can convert to protons, but not

vice versa. Thus protons begin to outnumber neutrons, by a factor
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The protons and neutrons combine to build up complex nuclei. Densities are too low at this stage

ot

for many-body collisions to be important, so nuclei build up through chains of two-body collisions,
starting with p+n —2 D + v and then proceeding through a variety of routes, schematically as
D4n T+~ D+p—3Het+vy *D+*D -*He+n 2D+°D —*He+~
3He + n —1 He +~
SHe+n —*T +p
ST+ p —'He + 7~

follows:

The key stage is the production (and destruction) of deuterium, which has a low binding energy
(~2.2MeV), and so is destroyed at T > 10°I. Nucleosynthesis actually occurs at around

kT ~ 0.1MeV (T ~ 3 x 10°K), for a period around ¢ ~ 400s. This timescale is long enough for the
decay of free neutrons to be significant, but not complete; these decays reduce the neutron:proton

number ratio by a further factor of ~ exp(400/940) to give a final neutron:proton ratio of

/iy = 1/7.

The only elements produced in bulk are *H and *He (the only stable low-mass nuclei), with
virtually all the neutrons in helium. Thus the number density of helium atoms is n(*He) = ny/2;
each weighs 4 neutron masses (to a very good approximation) so the mass density is 2n,mu. The

total mass density is my(n, + ny), so the mass fraction of helium is

Yoot 2 L 2 oo
: na4n,  l4+ny/ne  1+7 '




In its early phases (but not
COSMIC ABUNDANCES too early! — about 100s after
H Il[II TT IIIIIII LIl IlIIIII LI IIIIII‘ Ig ‘the Start,) Condltlons

) ™ throughout the universe

were not too dissimilar to
stellar interiors>
primordial nucleosynthesis
(creation of H, He etc.)

Particular importance:
constrains baryon content
of the universe:

Abundances

Qg = 0.04

[butQ,, = 0.27;Most
matter is ‘dark’]

DYNAMICSOF THE UNIVERSE

After the big bang, we might expect the rate of expansion to slow
down under the influence of gravity.  The rate of deceleration is
expected to depend on how much mass there is.

The mass content is conventionally expressed,as fraction of
the mass required to bring the universe to a halt after infinit tim




DYNAMICS OF THE UNIVERSE

The Friedmann Equation describes this:

8rGpR(1 2, Ap
= # — ke* + _\RZ(t).

B (®) 3

Ris the ‘scale factor’
A is the ‘cosmological constant’ term
kis the ‘curvature’: -1, 0, +1 = negative, flat, positive geometry

Curvature has a simple but limitelginamical interpretation | F

only gravity matters; then positive geometry corresponds to a
closed universe (recollapses), negative geometry corresponds|to
an open universe (expands forever)

Qu > 1 - matter will stop universal expansion after finite
time (followed by recollapse, and a ‘Big Crunch’);
a closed universe
Geometry positive curvature = +1

Qu < 1- gravity will never stop the expansion (an open
universe)
Geometry negative curvaturdg= -1

Qu =1- acritical universe
Geometry flat (Euclidean)k=0

(The simple relationship betwegy, and geometrgnly
applies if matter is the only important ingredient in determing
the dynamics of the univejse
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Slower expansion
at great distances Universe expands
(in distant past): at a steady rate
expansion has
speeded up
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At a resolution of 10”2 metres, isolated clumps of
Strange Matter pop briefly out of the quantum foam
to debate the possible existence of Particle Physicists.




CLOSED

Q: How do we determine geometry?

A: From small-scale structure in the CMB

Balloon Observations Of Millimetric Extragalacti@a&iation ANd Geophysics
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Structure problem: If we take a typical length scale of
1Mpc in the present-day universe, and project back to
t~1030s, the length scale is ca. 0.1mm

This is small, but still much larger than the Hubble scale at
that time — ca. 18 mm!

So how did large-scale structure come about? (Another
sort of ‘horizon problem’)

Monopole problem: where are they??

Why is the vacuum force repulsive?

Consider a piston filled with (false) vacuum; pull out
the piston to increase the volume by an amduntThe

false-vacuum mass increases by an ampyM, and its
energy byp, .V, which must correspond to the work
done on the pistonpV. Thus the false vacuum has a

negativepressurep = -pvaccz.
[“Equation of State”w = p/p
w = -1 for Cosmo Const, otherwise “quintessence”;
for w<-1, “big rip”.]

A negative pressure doesn’t sound promising for
inflating the universe, but it isn’t pressure itself that's
important (even in familiar circumstances, only pressure
differencesio).

But....
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Before inflation After inflation

In green : volume filled with the matter inside the ohservabhle universe
In red : causal horizon at Planck's time

In black : today ohservable universe




Monopoles: inflated to negligible density

Structure: quantum fluctuations inflated to “galactic” scales

(+dark —matter cores).
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Astrophysics made simple







