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Lecture 2

relativistic worleemocels



The universe appears complex and structured on many scales ....

How can we possibly describe it by a simple mathematical model?



Although the universe is lumpy, it seems to become smoother and
smoother when averaged over larger and larger scales ...
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The universe certainly looks /sotropic around us ...

e.g. this is the distribution of the 31000 brightest radio sources at A ~ 6 cm
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But is the universe homogeneous?



Isotropy does not necessarily imply homogeneity ...

Homogeneous [sotropic
Not 1sotropic Not homogeneous

... unless it is so about every point in space

But we cannot move (very far) in space so must assume that our
position is typical - “The Cosmological Principle” (Milne 1935)



All we can ever learn about the universe is
contained within our past light cone

path of a photon = speed of light

time

>

distance

We cannot move over cosmological distances and check that the universe
looks the same from ‘over there’ as it does from here ... so there are
fundamental limits to what we can know about the universe



Hubble showed that the £l
distribution of galaxies is
homogeneous,

i.e. N (>S) S92

= N (<m) o 1006m ~

where m =-2.5 log (S/S,)
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Here is the modern
version of this test for
galaxies in the Sloan

Digital Sky Survey

Note that for stars, N (<m) « 1094 reflecting their 2D distribution



This is a test routinely carried out for all new classes of sources
e.g. it shows that y-ray bursts are homogeneously distributed
therefore presumably at cosmological distances

2704 BATSE Gamma-Ray Bursts BATSE 3B Catalog

\

-—
o
o
Illlo

100}

—
o
IIIII

Integral Number of Sources

Note deviation from the S-3/2

expectation at the faint end

- are we actually seeing the
‘edge’ of the distribution?
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Such tests are complicated however by evolution effects

Color Evolution

I (S =

distant galaxies are bluer since we are looking back in time, and are seeing
them at a younger age, younger stars = hotier stars = bluer stars

Number Evolution
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small galaxies merger at early epochs to form present—day galaxies. More
galaxies are seen as we look back into the pas.




Einstein “anticipated” (without any data!) that the universe is
homogeneous and isotropic when averaged over large scales
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The distribution of galaxies is in fact fractal on small scales ...
but when averaged over very large scales (>108° light years)
the galaxy distribution does seem to become homogeneous
although there is still structure on such scales (‘walls’, ‘voids’)



A consistency test of homogeneity is the scaling of the
galaxy angular correlation function with the survey depth

The APM Galaxy survey
Maddox Sutherland Efstathiou & Loveday

If the distribution is homogeneous on large scales (with overdensities
on small scales), then the characteristic angular scale of clustering
should be smaller for fainter galaxies (which are on average further

away) than for the (nearby) brighter ones ...



This is indeed found to be the case for the APM survey which measured
the positions of 2 million galaxies reaching upto ~600 Mpc ...
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Figure 2. (a) Shows angular correlation functions for six 0.5 mag slices in the range 17.5< b,=<20.5. (b) Shows the results from (a] scaled to the
depth of the Lick survey as described in the text.

The angular correlation function w(0) - defined as the excess probability
over average of finding two galaxies within an angle 0 of each other - is found
to scale with the depth of the survey D« as: w(0) = (r,/D+) W(0 D./r,)

.. as is expected for a homogeneous distribution (with clustering scale r,)

For a fractal distribution (with no intrinsic scale), w(6) should not change with D.



Alternatively simply count the number of galaxies in spheres of increasing radius centred
on each galaxy in the survey - this ought to grow as r3 beyond the homogeneity scale
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This test has been performed on a sample of 3658 Luminous Red Galaxies
with 0.2<z<0.4 (occupying a volume 2 Gpc?) in the Sloane Digital Sky Survey



Actual counts in the SDSS grow as ~r? on small scales where the
distribution is fractal, but tend to homogeneity beyond ~100 Mpc ...
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FiG. 2.—Average comoving number density (i.e., number counted divided by
expected number from a homogeneous random catalog) of LRGs inside comoving
spheres centered on the 3658 LRGs shown in Fig. 1, as a function of comoving
sphere radius R. The average over all 3658 spheres 1s shown with squares, and the
averages of each of the five R.A. quantiles are shown as separate lines. At small
scales, the number density drops with radius, because the LRGs are clustered; at
large scales, the number density approaches a constant, because the sample is
homogeneous.See however Sylos-Labini et al (2008) for a contrary view
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The three possible geometries of the Universe

f)
L g
spherical also a spherical
triangle triangle
great circles
hyperbolic space
flat space yp p

180° > 180° <180°



Homogeneous and isotropic world models
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The static solution is in fact unstable (metric perturbations grow exponentially)
but we cannot, as Einstein said, just “do away with the cosmological constant”!
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Two interesting solutions describing an expanding universe:
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The De Sitter universe was “motion without matter” as opposed to
Einstein’s static universe which was “matter without motion”!
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Everything is not expanding (how would we know?) H = hi\_fe?
certainly not atoms or planets or galaxies ... //
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It is the large-scale smoothed space-time metric ' 4 &
which is stretching with cosmic time ... = il
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The expansion is in a sense illusory ... we can
always transform to a “comoving” coordinate L
system where galaxies are at rest wrt each other ot of ranmisions
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The Robertson-Walker metric describes maximally symmetric space-time
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... a less symmetric possibility is e.g. the Lemaitre-Tolman-Bondi metric which
describes an universe that is inhomogeneous but isotropic around our position



Using the RW metric we can define observational quantities to be measured
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