5. The Cosmic Microwave Background (CMB)

We have now examined the dynamics of the expanding Universe and it isnow time to look at why the Big Bang is said to be hot, by considering the CMB.  We will assume for the sake of simplicity the case of a flat Universe and no Cosmological constant, (i.e. k = 0, ( = 0).

The CMB was discussed by Penzias and Wilson in 1965 and measurements with the COBE satellite show that it is a black-body

5.1 Properties 

COBE results determined the current temperature of the CMB to be 

To = 2.725 ( 0.002 K







(5.1)

At the beginning of the course we wrote some equations for a black-body.  Using these we will compare how much energy To corresponds to in comparison to the critical density (o
Total energy density

(rad(to) = 4.17 ( 10-14 J m-1






(5.2)

where the radiation was a black-body distribution 

(rad = (rad c2 = (T4
radiation constant is ( = 7.565(10-16 Jm-3 K-4
Thus, (rad(to) = 4.17 ( 10-14 J m-3
and in terms of the critical density

(c(to) = 1.88 h2 ( 10-26 kg m-3






(4.5)

(rad = 
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(5.4)

The radiation in the microwave background dominates the energy density in radiation at all wavelengths, and is a small, but not totally negligible fraction of (c.

We found earlier that the density of radiation evolves with the expansion of the Universe

Recall that 
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(5.5)

And combining this with  (5.2)
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The Universe cools as it expands so the CMB has been red-shifted since the time of its formation.  To ~ 2.73 K today, so it must have been much hotter at earlier times.  So extrapolating backward in time, as the radius of the Universe (or scale factor), a ( 0, T ( ( implying the Universe was born out of a hot Big Bang from infinite density.

As the Universe cools, the thermal distribution must change as well, but the CMB retains a black-body distribution


[image: image4.wmf]3

3

8

()

exp1

B

hfdf

fdf

c

hf

kT

p

e

=

éù

æö

-

êú

ç÷

èø

ëû







(5.7)

As a increases, f is reduced in proportion to 
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, and wavelength, ( is stretched due to the redshift.  The black-body form is preserved at a lower temperature:

Tfinal = Tinitial ( 
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 There are two reasons why this works:

i) the denominator is a function of f/T and so a reduction in f corresponds to an equivalent reduction in T.

ii) 
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 inversely proportional to the volume of the universe and as the universe expands, the energy density ((f) falls off as 
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i.e. as the universe expands and cools, the particle distribution continues to correspond to a Black-body thermal distribution but one with a decreasing temperature.  If at an earlier stage, interactions were frequent enough to establish a thermal distribution, it will be preserved even if particle interactions become infrequent at later times.

5.2 The Photon to Baryon Ratio

Particle number densities, n (
[image: image9.wmf]3

1

a

 and overall number of particles are conserved as the universe expands.  Ratio of photons to baryons (i.e. protons and neutrons) = Constant

Mean energy of the particles is

Emean ( 3 kBT = 3 ( 8.619 ( 10-5 ( 2.725 = 7.05 ( 10-4 eV

The present day photon number density 
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(5.9)

Using eq (5.3) for the value of (rad, value of Emean from (5.8) converted from eV to Joules using 1 eV = 1.602 ( 10-19 J.

Thus there are nearly a billion microwave photons in every cubic metre.  To compare this to the number density of baryons, we will use the value obtained for (B from Nucleosynthesis arguments (section 4).

We want to find the baryon density: 

Using (B = 0.02 h-2







(5.10)

And the corresponding energy density (B
(B = (Bc2 = (B(cc2 = 0.02 h-2 ( 1.88 ( 10-26 h2c2 = 3.38 ( 10-11 J m-3
(5.11)

Thus, comparing with (rad, (B ~ 1000 times larger but the individual baryons have much greater energy.

Take the mean energy, Emean = 939 MeV for an average p, n rest mass.

Baryon number density

nB = 
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and ratio of energy densities

Thus, the ratio of the energy densities
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  but the ratio of photons to baryons is
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i.e. Total energy density in baryons >> than that in radiation, but ~ 1.7 ( 109 photons for every baryon.  This implies a matter / anti-matter asymmetry of 1 in 109 in favour of matter.

Problem: In the very early universe, there must have been a matter/anti-matter asymmetry of 1 in 109 in favour of matter, or 109 + 1 matter; 109 anti-matter.  This asymmetry allows the universe to exist, otherwise if the amounts of matter to anti-matter were precisely equal, they would annihilate each other.

5.3 Origins of the CMB – The Early Universe

We need one crucial ingredient: Ionization potential of hydrogen, H = 13.6 eV.  As long as the Universe is hot enough, photons will be hot and have this energy, and H will be ionised.  Consider an earlier time when the Universe was around 10-6th its present size:
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 ( T = 3 ( 106 K

At this temperature, the typical energy of a photon is E( = 3 kBT = 3 ( 8.619 ( 10-5 ( 3 ( 106 = 800 eV from (section 2)

Therefore stable atoms cannot exist in this epoch.  A hot plasma of free nuclei and electrons would remain in its ionised state.  The energetic photons would interact strongly with the electrons via Thomson scattering:

Mean free path of a photon  ( 
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, and these would be short distances, with the particles colliding frequently.  (e = Thomson scattering cross-section.  The density at this time is ( ( 
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 and (c ~ 2 ( 10-26 kg m-3    ( 1018 times more dense ( 2 ( 10-8 kg m-3 which is considerably less than water.

The low-density physics of this epoch is well-tested and understood (i.e. not exotic).

As the Universe expands and cools, the typical photon energy decreases and eventually ceases to be energetic enough to ionize the atoms.  At this time the Universe switched from being opaque to becoming transparent.  Photons now travel unimpeded for the rest of the future evolution of the Universe.  The photons are no longer to interact.  This is called the epoch of decoupling because the photons ‘decoupled’ from matter.  (See polarization of the CMB)

Find the temperature at the time of decoupling:

Taking Emean ~ 3 kBT and modifying this to allow for the number asymmetry, 109 photons per electron.  When Emean < 13.6 eV (the ionization energy) the majority of the photons will cease to be energetic enough to ionise matter, but there will still be a few high energy photons in the tail end of the energy distribution that do remain energetic enough.

Using the Boltzmann suppression factor:

Fraction of energetic photons > I ( = 13.6 eV) = 
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Assume one photon is needed per ionised atom, we can let this factor = 10-9:

(Note that the high energy photons knock the electrons out of the atoms , and then all the remaining photons can interact with the free electrons thus created).

Obtain the decoupling temperature, Tdec:

Tdec = 
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We have estimated the temperature to the right order of magnitude, and is quite close to the real answer of ~ 3000 K (c.f. WMAP results for To and zdec).  So, since To ~ 3 K, and 
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, we could also use:

Tdec = (zdec +1)To = (1089 +1) ( 2.725 = (1090 ( 2.725) = 2970 K at decoupling.

This corresponds to the time when the Universe was 
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of its present size, at the epoch of decoupling.  Since that epoch, the decoupled photons have travelled unimpeded and come from a considerable distance away – close to the size or radius of the observable universe as it is today.  The CMB photons we see originate on the surface of a sphere centred on us – this is the surface of last scattering.  Its radius is about 6000 h-1 Mpc.  This is much larger than the radius derived from the age of the universe (because the expansion of the Universe is neglected during the light’s propagation time in the under-estimate).  This corresponds to the distance the light has travelled to reach us today.  Other observers at any point anywhere else in the Universe would see a different sphere of the same radius centred on them.
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The surface of last scattering

When the photons set out on their journey, their temperature was Tdec = 3000 K and were not originally microwaves.  They have since been red-shifted and cooled to To ~ 2.73 K today, so we now observe them in the microwave region of the EM spectrum.  We will see in the next section that the age of the Universe at decoupling tdec ~ 300,000 yrs.

From WMAP – Full sky map of the CMB at a resolution comparable to, or better than BOOMERANG aims to produce a power spectrum that extends beyond l = 200.

5 frequency bands.

(-200 to + 200 angular power spectrum)

(total = 1.02 ( 0.02 implies that the geometry of the Universe is close to flat.

(( = 0.73 ( 0.04 dark energy density

(B = 0.044 ( 0.004 baryon density or a different estimate [(B = 0.0224 ( 0.0009]

(m = 0.27 ( 0.04 matter density

TCMB = 2.725 ( 0.002 K

Redshift at decoupling, zdec = 1089 ( 1

Hubble constant: h = 0.71 
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Present age of the Universe: to = 13.7 ( 0.2 Gyr

Age at decoupling: 
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Decoupling time interval: 
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Red-shift at the time of matter-radiation equality: 
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Sound horizon at decoupling: 
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