4.10 The Observed Matter Density of the Universe

The Universe has evolved from a nearly smooth plasma at the time of primordial Nucleosynthesis (formation of D, He at age ~ a few minutes) to a highly structured state today – planets, stars, clouds of gas, stellar remnants, galaxies, and clusters of galaxies.

To measure the observed density, we have to add up all the material we see.

4.10.1 Limits from Primordial Nucleosynthesis

The amount of deuterium, D made in the first few minutes is very sensitive to the baryonic density (more about this later).

By measuring the abundance of D and using simple models of the Big Bang, we can determine the baryonic density parameter, (B.  We find
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(Boomerang gives (Bh2 = 0.021 ( 0.004)

Thus if h = 0.7, (B = 0.03 to 0.05

Or assuming (m = 0.3, (B ~ 10% of the total matter density.

This means that the remaining 90% of the matter density has to be in the form of non-baryonic dark matter DM - (B cannot be increased beyond the limits given by the D abundance.

4.10.2 Limits from Stars

By studying stars over a large volume, (e.g. of a galaxy), we can estimate (stars
(stars = 0.005 to 0.01
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Adding up the flux of light from stars so there is no R2 uncertainty (inverse square law).  Stars contribute only a tiny amount to (B.

4.10.3 Limits from Galaxy Rotation Curves

The flat rotation curves of spiral galaxies indicate large amounts of hidden or dark matter in galaxies.

For example, the spiral galaxy NGC 6503 (see figure) has a typical flat rotation curve – the orbital velocity rises from the centre until it reaches a value of ~ 120 kms-1 and then stays constant out to the largest measured radii.  This behaviour is unexpected because the surface luminosity of the disk falls off exponentially with radius, implying that the mass, M of luminous matter (stars) is concentrated at the galactic centre.  In this case, one would expect (according to Kepler’s laws) a decline in orbital velocity
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 as shown by the dashed line in the figure for the disk component.

The difference between the expected and measured rotation curve is due to the gravitational effect of the dark matter.

[Fig. 4.10 Rotation curve for spiral galaxy NGC6503 – the dashed line shows the rotation curve expected from the disk material alone.]

Further observations of the kinematics of galaxy disks suggest that the DM resides in a halo and is not part of the disk.  Estimates of the true size of DM haloes give

(gal ~ 0.04
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which is broadly consistent with (B so the DM haloes could be baryonic dark matter – e.g. brown dwarfs (failed stars), or cold white dwarfs.  The generic term is MACHO (massive compact halo object).  These were thought unlikely as they would have to arise from a large population of normal stars – which are not seen in the haloes as the vast majority of stars are in the disks.

N.B. We have usually assumed that non-baryonic DM lacks any dissipation mechanism able to concentrate it in a disk structure, so will be in a spherical halo.

4.10.4 Clusters of Galaxies

Galaxy clusters are the largest gravitationally bound objects in the Universe and account for most of the visible matter.  The velocities of galaxies in clusters tend to be so large that huge amounts of DM are needed to bind them gravitationally.

X-ray observations of clusters reveal that they are filled with large amounts of hot gas (T = 107 to 108 K).  Temperature of the gas ( total mass of cluster ( depth of gravitational well.  The more massive a cluster is, the greater the gravitational potential, the higher the gas pressure, the higher the temperature.  Measurements of X-ray temperatures of clusters indicate an estimate of their mass, and provide a best estimate of (m (including non-baryonic DM)

(clusters = 0.3 ( 0.1
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This is much greater than the mass of a cluster, inferred from the light and numbers of galaxies within.

4.10.5 Fluctuations in the Cosmic Microwave Background (CMB)

The amplitude of the fluctuations in the CMB was measured by COBE to be 1 ( 10-5.  Structure will grow from these small irregularities which represent regions of higher than average density.  However, there is not sufficient time for the structure we observe today to have formed from such tiny fluctuations IF the medium consists only of baryons and radiation.  The level needs to be ~ 10-3.  But if non-baryonic DM is introduced, this provides an additional gravitational force to allow structures to form more quickly.  This can only work if 

(CMB ( 0.3
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There are no working models of structure formation which do not rely on at least this amount of dark matter.

Summary

Primordial Nucleosynthesis (B ~ 0.05

Luminous matter (stars ~ 0.01

Galaxy rotation curves (gal ~ 0.04

Masses of galaxy clusters (clusters ~ 0.3 to 0.1

CMB fluctuations (CMB ( 0.3

Boomerang results ( = 0.88 to 1.12

High z SN Ia Project results (m = 0.28 ( 0.1

Observed values of ( for clusters agrees well with (m from the High z SN Project results: (m ~ 0.3

Upper limit on baryonic matter (B ~ 0.05

( non-baryonic DM accounts for (non-baryonic = 0.25 or 85% of the matter content of the Universe.

4.11 The Nature of the Dark Matter (non-baryonic)

The candidate particles have to be relics from the early Universe.  Of the known particles, the only candidate is the neutrino.  There are roughly as many background neutrinos as CMB photons.  The neutrino, ( has to have a mass of 4-40 eV to produce (n-b ~ 0.25, including all the uncertainties.

Neutrinos represent relativistic hot dark matter – the problem is (n-b is made up entirely of neutrinos because the observed structure we see today cannot be formed relativistically – moving neutrinos wipe out small-scale structure at earlier epochs.

Recent experiments detecting solar neutrinos show that the mass differences between the three neutrino flavours are < 1 eV.  This strongly argues that the neutrino mass < 1 eV based on our knowledge from particle physics of mass vs. mass differences.

Thus, neutrinos cannot be considered  as a serious candidate particle for non-baryonic DM.  We then have to postulate as yet unknown particles or WIMPs – weakly interacting massive particles.

Super-symmetric theories of particle physics predict a new partner to every known particle.  The search for super-symmetry (SUSY) is one of the main aims of the LHC (Large Hadron Collider) experiment being built at CERN.

The lightest SUSY particle is the ‘neutralino’ and it makes a good WIMP candidate. Another possible candidate is the ‘axion’, and experiments are currently under way to detect them.  WIMPs are cold dark matter (CDM) particles.  Models of structure formation that include CDM can reproduce the structure we see today fairly well.

In the CDM models, structures are built from the bottom up (galaxies, then clusters of galaxies) – slow moving, heavy, collisionless (gravitational effect only) particles.

4.12 The Structure in the Microwave Background

The CMB was formed when the Universe became neutral, i.e. photons only have enough energy to keep the Universe ionised if T > 3000 K.  Once the Universe has cooled to below this temperature and becomes neutral (via formation of hydrogen atoms) and transparent, the photons propagate freely and cease to interact with matter.  We thus observe the CMB photons with the imprint of proto-structures present at the epoch of recombination.  

The size of the fluctuations (hot/cold spots) in the Boomerang data ~ 1o across.  This corresponds to the dimensions of the sound horizon (distance sound waves have travelled in the ionised universe since the Big Bang).  The photons, baryons and electrons are tightly coupled before recombination, so density fluctuations travel as acoustic waves at the speed of sound in the photon-baryon fluid.

The sound speed is high because there are 109 photons for every baryon, so the radiation pressure is large compared to the baryon rest mass energy density.  The sound speed is related to the speed of light by: 
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We can work out some of the properties of the sound waves ( expected size of the fluctuations, by determining the sound horizon cst.  First, we need to determine the distance light has travelled between the time of the Big Bang to the time of recombination = 3ct (> ct because distances travelled at early times have grown with the expansion of the Universe) = 3c ( 300,000 yrs = 900,000 lyr.

This distance has grown by a factor of 1100 due to the Universe’s expansion from then until now.  The Universe is about 15 Gyr old.

We need to find the apparent angle subtended by the distance light could have travelled between the BB and recombination.  The ‘radius of the sky’ (= circunference of the sky ( 2() as seen now = age of the Universe (cto) ( 3 to allow for expansion = 3 ( 15 Gyr = 45 Gyr.

The apparent angle is given by
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 which gives ( ~ 1.5o.  This corresponds to the distance light has travelled in the time between the BB and recombination.

A sound wave would travel 
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, and the wavelength of the acoustic oscillation is twice this or 1.7o, corresponding to an angular frequency of 
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 ~ 200.

This calculation assumes Euclidean geometry.  For a hyperbolic geometry the circumference of the sky > 2(r so the angular frequency in that case would > 200 ( ~ 400 if l ~ 0.25 lc)

[Fig. 4.11 Angular power spectrum of the CMB measured by BOOMERANG – Fit is for (B = 0.05, (m = 0.31, (( = 0.75, ns = 0.95, h = 0.7]

The first peak in the angular power spectrum of the CMB measured by Boomerang experiment is at l = 200 showing ( = 1.

The height of the peak is mainly determined by the ratio of baryonic density to DM density.  Standard cosmological models predict additional peaks which are much weaker than the primary l = 200 peak.

The NASA satellite MAP (Microwave Anisotropy Probe) and the ESA Planck satellite (launch in 2007) will provide the angular power spectrum of the CMB up to l = 2000 (or 0.2o) ( hundreds of data points.

These data will allow precise determinations of Ho, (B /( and (( /( to within 10% (MAP) and 1% (Planck)

Boomerang data formally gives ( = 0.98 ( 0.05 and with h = 0.71 ( 0.08 obtain baryon density (Bh2 = 0.021 ( 0.004.

Power spectrum of primordial density perturbations: n = 0.94 ( 0.09

(Inflation theory: equal power on all scales n = 1)

Dark energy density: (( = 0.62 ( 0.15
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