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The Cosmological Tests
The web of cosmological tests has grown rich and tight enough to show beyond reasonable doubt that the ΛCDM model is a good approximation to what
actually happened back to redshift z ∼ 1010 .
The new goal for the tests becomes to discover how our one viable cosmology
might be improved, perhaps by the demonstration that cosmic strings or textures play an observationally significant role, or that the physics of dark matter
and dark energy are a little more interesting than that of a perfectly collisionless initially cold gas and a new constant of nature in our universe, or maybe
that dimensionless parameters of physics such as the strengths of gravity or
electromagnetism are evolving.
And there always is the interesting possibility that we will be led to evidence
that forces some deeper adjustment of ideas.
I begin with a survey of the assumptions in the ΛCDM cosmology, and then
review the suite of tests of this model. My second lecture presents some ideas
on phenomena that might lead us to improvements.

The Cosmological Tests: the ΛCDM Model
A general point to bear in mind is that there are a lot of assumptions.

review the suite of tests of this model. My second lecture presents some ideas
on phenomena that might lead us to improvements.

The Cosmological Tests: the ΛCDM Model
A general point to bear in mind is that there are a lot of assumptions in this
model.
Some are natural: standard physics, including general relativity theory, but
applied on scales of length and time that are enormous compared to the precision
tests of the physics.
Many were introduced for the purpose of helping the theory fit the observations.
This means that establishing the ΛCDM Model requires an abundance of independent tests.
The exciting thing is that we at last have arguably more independent tests than
free parameters and assumptions.
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1. Global Geometry
The ΛCDM cosmology assumes a metric theory of a spacetime that is close to
homogeneous and isotropic in the largescale average. The symmetry requires the
Robertson-Walker line element that has
one function, a(t), of proper world time t,
and one constant, R−2 ,
ds2 = dt2 −a(t)2
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Charlier (1922): this looks
more like a clustering hierarchy — what we would
now term a fractal universe.

An observer at fixed coordinate position
x, θ, φ sees an isotropic universe. An observer moving relative to this preferred
frame sees anisotropic distributions of
galaxy redshifts and the 3K background radiation.
An object with physical size # at coordinate position x appears at angular size δθ
to observer at x = 0, where
# = a(t)xδθ.
So x is termed the angular size distance.

Tom Jarrett (2004): this 1 to 2.2µm galaxy map shows
absorption in the plane of the Milky Way, but it looks
more like Einstein’s proposal of large-scale homogeneity.

2. Expansion and Redshift
In the standard model for the expanding universe the proper — physical — distance between
conserved particles is increasing, as d ∝ a(t).

To get the cosmological redshift imagine the universe is periodic, and expand a particle wave
function into its normal modes. Adiabaticity says a free particle stays in its mode, so its de
Broglie wavelength scales with time as the mode wavelength, λ ∝ a(t), and the momentum
scales as p ∝ 1/a(t): the peculiar velocity of a free nonrelativistic particle scales as v ∝ 1/a(t)
and the wavelength of a photon scales as λ ∝ a(t).
The cosmological redshift z of light emitted by a distant
galaxy at wavelength λem and observed at wavelength
λobs is
λobs
a(tobs )
1+z =
"
.
λem
a(tem )
The first equation is a definition, the second neglects
effects of inhomogeneity. It is an interesting exercise to
show that, at z # 1,
ȧ
z = d = Hd,
a
where d is physical distance.
This assumes standard local physics, a metric theory,
but not GR.

Hubble and Humason ∼ 1936

3. Fossil Thermal Radiation
Tolman (1931) showed that free thermal
radiation in a homogeneous isotropic expanding universe cools but remains blackbody.
An easy demonstration uses normal modes.
Planck’s photon occupation number is
N =

1
ehν/kT − 1

.

Adiabaticity says N is conserved. Since
ν ∝ a(t)−1 , T ∝ a(t)−1 , the same for all
modes, so the radiation remains thermal.
Again, we did not need GR.
By the same argument a nonrelativistic
monatomic gas cools as Tg ∝ a(t)−2 . A
comparison of heat capacities of baryons
and radiation (at present CBR temperature ∼ 3 K and baryon density ∼
10−6 cm−3 ) shows why it’s hard to disturb
the CBR spectrum by energy exchange
with the matter.

Tolman (1931): free blackbody radiation
in a homogeneous isotropic expanding uniAl Kogut, 2007
verse is cooled by expansion but remains
blackbody.
An easy demonstration uses normal modes.
The Planck photon occupation number is
N =

1
ehν/kT − 1

.

Adiabaticity says N is conserved. Since
ν ∝ 1/a(t), T ∝ a(t), the same for all
modes, so the radiation remains thermal.
You can use this argument to show that
a nonrelativistic monatomic gas cools as
Tg ∝ a(t)−2 , and you can compare heat
capacities of baryons and radiation (at
present CBR temp ∼ 3 K and baryon density ∼ 10−6 cm−3 ) to see why its hard to
disturb the CBR spectrum.

The universe as it is now can’t have forced radiation to relax
to this distinctive spectrum: distant objects are observed at
these wavelengths. This is tangible evidence our universe
evolved from a different state — denser and hotter.

The universe as it is now can’t have forced radiation to relax
to this distinctive spectrum: distant objects are observed at
these wavelengths. This is tangible evidence our universe

5. Dark Matter

4. Local Energy Conservation
This follows by a similar argument.
In a homogeneous and isotropic universe with mass (energy) density ρ(t) at pressure
p(t) imagine a sphere expanding with the general expansion. It has fixed comoving
radius x and physical radius r = a(t)x. We will require Hr ! 1.

The sphere has volume V (t) = 4π(ax)3 /3, contains energy E = ρV , and is doing
pressure work of expansion dE/dt = −pdV /dt. If we can ignore bulk viscosity, we get
ρ̇ = −3(ρ + p)ȧ/a.
This is a local energy equation; it does not integrate to global energy conservation.
It assumes standard local physics, and a metric spacetime, but does not require GR.
For matter with negligible pressure, |p| ! |ρ|, ρ ∝ a(t)−3 .

For a radiation-dominated fluid, p = ρ/3, ρ ∝ a(t)−4 , which is no surprise since we
already have T ∝ a(t)−1 .

already have T ∝ a(t)−1 .

5. Friedmann Equation
Spherical symmetry says the acceleration of the radius of the sphere in the preceeding
energy calculation is caused by the attraction of the gravitational mass Mg within the
sphere, d2 r/dt2 = −GMg /r2 . This Newtonian expression is valid under local physics
if the sphere is small, Hr ! 1.

Now we need GR, which says the active gravitational mass density is ρg = ρ + 3p, so
ä
4
= − πG(ρ + 3p).
a
3
This equation with local energy conservation integrates to
! "2

ȧ
a

8
= πGρ − (aR)−2 .
3

We need GR again to show that the constant of integration R−2 is the curvature
parameter in the Robertson-Walker line element.
5

6. Dark Matter
Hypothetical matter required to gravitationally bind stars and gas in the outer parts
of galaxies, and the galaxies and plasma in clusters of galaxies.
It is good science to ask, with Milgrom, whether the binding might result instead
from a gravitational force law that decreases more slowly than r−2 under suitable
conditions. Here is a compelling case for dark matter:
Smail et al. WFPC2 image of the
cluster Cl2244-02 at z = 0.33.
If the gravitational attraction were
centered on the light it couldn’t
produce the smooth arc image.
This demands dark matter.
But the arc radius is “only” 150
kpc. Might 6.
Jupiters
the inner
Dark fill
Matter
−1
100 kpc, and a r law explain what
Mpc?
Hypothetical matter happens
required at
to 1gravitationally
bind stars and gas in the outer parts
The dynamical state of the Coma cluster with XMM-Newton!
of galaxies, and the galaxies
andthat
plasma
in clusters
of D.galaxies.
To address
question
we need
M. Neumann , D. H. Lumb , G. W. Pratt , and U. G. Briel
more tests.
It is good science to ask, with Milgrom, whether the binding might result instead
from a gravitational force law that decreases more slowly than r−2 under suitable
conditions. Here is a compelling case for dark matter:
Fig. 1. The Coma cluster in the 0.5–2.0 keV band. The image is the sum of all the different exposures (see Table 1) of the different MOS and pn
cameras (see text). The image is background and vignetting corrected. We applied a small median filter to mask out effects caused by detector
gaps. Colour scale: dark blue regions correspond to countrates of 0.016 cts/s/arcmin2 and white regions to countrates ≥0.288 cts/s/arcmin2 .
1
2
1
3

Smail et al. WFPC2 image of the

Smail et al. WFPC2 image of the
cluster Cl2244-02 at z = 0.33.
If the gravitational attraction were
centered on the light it couldn’t
produce the smooth arc image.
This demands dark matter.
But the arc radius is “only” 150
kpc. Might Jupiters fill the inner
100 kpc, and a r−1 law explain what
happens at 1 Mpc?
To address that question we need
more tests.

7. Dark Energy
In the 1917 paper introducing the cosmological constant Einstein rewrote his
field equation as Rµν − λgµν = −κ(Tµν − 12 gµν T ).

Lemaı̂tre (1932) noticed that if we put the cosmological constant on the other
side of the equation (and rearrange the trace term) we get
Rµν − 12 gµν R = −κTµν − λgµν .
For an isotropic fluid at rest with energy density ρ and pressure p, Tµν is
diagonal, ρ, p, p, p. We see that Einstein’s new term placed as a part of the
source has the role of a fluid with energy density and pressure
ρλ = λ/κ,

pλ = −λ/κ.

The modern advances: we have a new name, dark
energy, a new symbol, Λ, and evidence that Λ
really is a significant actor.
Equation (1) in Friedmann’s equation gives
ä
4π
= − G(ρ + 3p − 2ρΛ ),
a
3
where ρ and p exclude DE. When DE dominates
the expansion accelerates.

(1)

8. Redshift-Magnitude Relation
Liouville’s theorem says the density of photons in single-particle
phase space is constant along the photon path. It’s an interesting exercise to check that that says the radiation surface brightness — energy flow per unit area, steradian and logarithmic
frequency interval — scales as νiν ∝ (νo /νe )4 , for emitted frequency νe and observed frequency νo .
An object with luminosity νe Lνe and physical size " has surface
brightness νe iνe ∝ νe Lνe /"2 at the source, and at angular size
distance x it subtends solid angle δΩ ∝ ("/ae x)2 , so the observed
energy flux density is
– 56 –

νe Lνe
νfν ∝
"2

!

νo
νe

"4 #

"
ae x

$2

∝

νe Lνe
,
(ao x)2 (1 + z)2

To get x as a function of z use GR:
%

%
dt
dx
= √
.
a(t)
1 − x2 R−2

It’s standard to write Friedmann’s equation for this integral as
(ȧ/a)2 = Ho2 [Ωr (1 + z)4 + Ωm (1 + z)3 + Ωk (1 + z)2 + ΩΛ ],
where Ho is Hubble’s constant and the Ω’s are the density parameters for radiation, matter, space curvature, and dark energy.

Observational Constraints on the Nature of Dark Energy: First
Cosmological Results from the ESSENCE Supernova Survey
W. M. Wood-Vasey1 , G. Miknaitis2 , C. W. Stubbs1,3 , S. Jha4,5 , A. G. Riess6,7 ,
P. M. Garnavich8 , R. P. Kirshner1 , C. Aguilera9 , A. C. Becker10 , J. W. Blackman11 ,
S. Blondin1 , P. Challis1 , A. Clocchiatti12 , A. Conley13 , R. Covarrubias10 , T. M. Davis14 ,
A. V. Filippenko4 , R. J. Foley4 , A. Garg1,3, M. Hicken1,3 , K. Krisciunas8,16 ,
B. Leibundgut17 , W. Li4 , T. Matheson18 , A. Miceli10 , G. Narayan1,3 , G. Pignata12 ,
J. L. Prieto19 , A. Rest9 , M. E. Salvo11 , B. P. Schmidt11 , R. C. Smith9 , J. Sollerman14,15 ,
J. Spyromilio17 , J. L. Tonry20 , N. B. Suntzeff9,16 , and A. Zenteno9

9. Initial Conditions
“Neoclassical” cosmological tests probe behavior of departures from homogeneity.
In GR the expanding universe is gravitationally unstable: small departures from
homogeneity grow larger. The flow of oil in a pipeline is unstable too, but with the
difference that the flow grows to turbulence that forgets initial conditions.
Large-scale structure, as galaxies and clusters of galaxies, is sensitivity to initial
conditions. One way to see why is to note that the standard cosmology does not
give us a characteristic time to define exponential growth. Thus in the early universe
where p = ρ/3 we get the power law growth,
δρ
≡ δ(#x, t) ∝ t.
ρ
Though the early mass distribution had to have been very close to smooth the
primeval mass fluctuations produce significant curvature fluctuations. A simple way
to see this: in the radiation-dominated early universe Gρ ∝ t−2 , as expected from dimensional analysis, and since ρ ∝ a−4 for radiation we’re not surprised that a ∝ t1/2 .
That produces curvature perturbation
Φ ∼ GδM/r ∝ Gρ̄ δ (ax)2 ∼ constant.
In the standard model the early universe had slight permanent wrinkles.

9. Initial Conditions
In the standard model the primeval departure from homogeneity is adiabatic, Gaussian
and close to scale-invariant.
The first condition, homogeneous entropy per conserved particle, means roughly that
the ratios of local number densities of photons, baryons and DM particles are constant
(with adjustments for annihilation of the electron-positron sea and so on).
Gaussianity means the mass fluctuations are fixed by the power spectrum.
Near scale-invariance is characterized by the curvature fluctuations. The mass density
is ρ("x, t) = ρ̄(t)(1 + δ("x, t)), the mass correlation function is
ξ(x) = !δ("x + "y )δ("y )",
the mass fluctuation power spectrum P(k) is defined by
ξ(x) =

!

3

i!k·!
x

d k P(k)e

,

2

!δ " = ξ(0) =

!

3

d k P(k) =

!

4πk 3 P(k) d ln k.

The mean square value — the variance — of the density contrast is !δ 2 ". One sees that
the variance per logarithmic interval of the wavenumber k, or wavelength λ = 2π/k, is
4πk 3 P(k). So the variance in curvature per logarithmic interval of length scales as
Φ2 ∝ δ 2 x4 ∝ P(k)k 3 × k −4 ∝ k ns −1 .
The scale-invariant case is ns = 1. The evidence is that ns is slightly below unity,
though I understand that that is not yet to be considered convincingly established.

Initial Conditions: Acoustic Oscillations
1970ApJ...162..815P

> 1000, temperature T > 3000 K, baryonic matter is thermally ionized.
At redshift z ∼
∼
Thomson scattering by the free electrons causes plasma and radiation to act as a
single viscous fluid. Baryons and radiation are decoupled at z " 1000 when the
plasma combines to atomic hydrogen and H2 — with trace residual ionization.

Adiabaticity requires that the primeval fluctuations in the baryon distribution are
accompanied by fluctuations in the radiation.
The radiation pressure requires that the
Fourier amplitude δ!k (t) in the plasmaradiation distribution oscillates.
The condition that the universe is growing clumpy requires that each Fourier component of the primeval distribution starts
growing as δ!k (t) ∝ t in the early universe.
The phasing means that the power spectrum of the baryon and radiation distribution at decoupling is an oscillating function
of wavenumber, as in this 1970 computation (before dark matter).

Acoustic Oscillations and the CMB Anisotropy Spectrum

Acoustic Oscillations and the CMB Anisotropy Spectrum
Acoustic Oscillations and the
CMB Anisotropy Spectrum

Fig. 5.— The decorrelated ACBAR band-powers for the full data set. The 1σ error bars are derived from the offset-lognormal fits to the
likelihood function. The band-powers are in excellent agreement with a ΛCDM model. The damping of the anisotropies is clearly seen with
a S/N > 4 out to " = 2500. The third acoustic peak (at " ∼ 800), fourth acoustic peak (at " ∼ 1100), and fifth acoustic peak (at " ∼ 1400)
are visible. The plotted lines are the best fits to the ACBAR and WMAP3 band-powers for a spatially flat, ΛCDM universe with no SZ
contribution. A lensed (red) and unlensed blue) model spectrum is shown; the lensed spectrum is a significantly better fit to the ACBAR
data.

In the spherical harmonic expansion
!
m
In the spherical harmonic expansion
T (θ, φ) =
am
l Yl (θ, φ),

T (θ, φ) =

!

of the 3 K CMB temperature as a function

m
am
φ), in the sky the variance of the
position
l Yl of(θ,

sky temperature per logarithmic interval of
angular
δθ ∼ π/l is approximately
temperature
as ascale
function

of the 3 K CMB
+ 1) m 2
of position in the sky the variance
ofl(lthe
Dl =
$|al | %.
2π
sky temperature per logarithmic interval of
angular scale δθ ∼ π/l is approximately

Fig. 6.— The ACBAR band-powers plotted with those from WMAP3 (Hinshaw et al. 2006) and the 2003 flight of BOOMERANG
(Jones et al. 2006). The three experiments show excellent agreement in the overlapped region.
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2
The curve has 7 parameters: distance scale
h, 1)
densities
Ω
h
of
baryons,
Ω
h
of
b
m
l(l +
m 2
= energy,$|aprimeval
l | %.
dark matter, and (constant) ΩΛ h2 ofDldark
power spectrum power
2π
law index ns and amplitude σ8 , and optical depth σ for scattering at low redshift.

peak/valley and damping pattern of the CMB power spec-

2

tra. Additional parameters are derived from this basic
set. These include: the energy density of a cosmological

The fit is deeply impressive, but consider that
11
1: if the theoretical spectrum is smooth predictions at neighboring " are not independent, though I know of no way to quantify this;
2: we had a choice of theories — isocurvature, strings, explosions — and chose ΛCDM,
with dark matter and dark energy, because it was seen to help fit the measurements:
we had more freedom of adjustment than the 7 parameters;
3: at 2.3 σ an open CDM model with Λ = 0 fits as well.

A Considerable Parameter Degeneracy

A fit without dark energy
The density parameters Ωb h2 for baryons and Ωm h2 for dark matter, with the present
CMB temperature To = 2.725 K, and the primeval power spectrum power law index ns
and amplitude, closely fix the evolution of fluctuations in the distributions of baryons
and radiation up to z ∼ 1000 when they decouple.

– 42 –

Any combination of distance scale h = Ho /100 km
s−1 Mpc−1 and space curvature that produces the
same angular size distance back to z = 1000 gives
very nearly the same CBR anisotropy spectrum.
This allows a fit to the WMAP5 anisotropy measurements in a model with no dark energy. It is
important that we have constraints within the fit
— the Λ = 0 fit requires an exceedingly dicey
distance scale — and we have quite independent
evidence, as from the redshift-magnitude relation.
But it suggests the question: might some brilliant
iconoclast find some other way to eliminate dark
energy, some other theory that fits? The key point
is that we have many other tests that all together
make this a considerable challenge.

12

Dunkley et al. WMAPIII

Fig. 19.— Left: The points show the set of non-flat models consi
Hubble constant values. WMAP measures the acoustic peak sca
the curvature, Ωk , by itself. However, the highly curved model
with observation. Right: Constraints on the dark energy equatio
ΩΛ , from WMAP alone. With a Hubble constant H0 < 100, weak
shown by the blue contours, but the dark energy density and eq
95% confidence level shaded grey) if the assumption of flatness i
when WMAP is combined with additional data (Komatsu et al.

This Illustrates a Way to Organize the Suite of Cosmological Tests
Here are 43 statistically independent WMAP3
12
spectrum measurements with
!

(O − M)2 /σ 2 = 35,

as close as one can want to the expected value,
43 − 7, given the freedom to choose

(O − M)/σ

This Illustrates a Way to Organize the Suite of Cosmological Tests

Multipole moment l

ΩCDM = 0.21, Ωb = 0.044, h = 0.72,

As we have noted this does not mean this
ΛCDM has passed 36 independent challenges;
we need more tests.
So let us consider every other independent test
that had a meaningful chance of falsifying this
particular model, reduce each to one or a few
numbers, and for each estimate the statistic
(O − M)/σ.

Temperature Fluctuations [MK2]

ns = 0.96, σ8 = 0.80, τ = 0.09.
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A caution: some standard deviation estimates depend on properties of complex
systems such as galaxies whose behavior cannot be fully analyzed from first principles; other estimates are just difficult. You have to deal with judgement calls.

0.2°

Table0.1.
5.3.Cosmological
Cosmological
Tests
Table
Tests.
Parameter Fiducial
Baryon density
BBNS
Baryon budget
Stellar evolution ages
Distance scale
Distance Ladder
Gravitational lensing
SNeIa distance modulus
Large-scale structure
Matter power spectrum
Baryon acoustic oscillation
Dynamical mass estimates
Galaxy velocities
Lensing around clusters
Lensing autocorrelation
Galaxy count fluctuation
Rich clusters of galaxies
Present mass function
Mass function evolution
Cluster baryon fraction
Baryon evolution
Lyα forest
Neutrino density
ISW

Ω b h2
Ωb
t∗ , Gyr

Measured

0.0227
0.042
13.6

0.0219 ± 0.0015
> 0.005
12.3 ± 1.0

h
h
δµ(z = 1)

0.72
0.72
1.00

0.69 ± 0.08
0.75 ± 0.07
0.99 ± 0.08

Ωm h
Ωm /h2

0.187
0.50

0.213 ± 0.023
0.53 ± 0.06

Ωm
Ωm
σ8 Ω0.53
m
σ8 (g)

0.26
0.26
0.39
0.80

0.30+0.17
−0.07
0.20 ± 0.03
0.40 ± 0.04
0.89± 0.02

σ8 Ω0.37
0.49
m
σ8
0.80
Ωm
0.26
3/2
Ωb h /Ωm 0.103
ΩΛ + 1.1Ωm 1.03
ns
0.96
Ω ν h2
< 0.02
detected, at about the

(M − R)/σ

0.43 ± 0.03
0.98 ± 0.10
0.17 ± 0.05
0.097 ± 0.004
1.2 ± 0.2
0.965 ± 0.012
0.001
fiducial prediction

From Finding the Big Bang, Peebles, Page and Partridge

ns = 0.96, σ8 = 0.80, τ = 0.09.
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Table0.1.
5.3.Cosmological
Cosmological
Tests
Table
Tests.

But as we have
noted this Measured
does not
mean
Parameter Fiducial
(M − R)/σ
ΛCDM has passed 36 independent challenges.
Baryon density
BBNS
Baryon budget
Stellar evolution ages
Distance scale
Distance Ladder
Gravitational lensing
SNeIa distance modulus
Large-scale structure
Matter power spectrum
Baryon acoustic oscillation
Dynamical mass estimates
Galaxy velocities
Lensing around clusters
Kaminokowski,
Spergel
Lensing autocorrelation
Galaxy count fluctuation
Rich clusters of galaxies
Present mass function
Mass function evolution

Ω b h2
Ωb
t∗ , Gyr

0.0227

0.0219 ± 0.0015

Ωm h
Ωm /h2

0.187
0.50

0.213 ± 0.023
0.53 ± 0.06

0.042
> 0.005
So I propose to consider
all the
other indepen13.6
12.3 ± 1.0
dent tests one can think of that had a meaningh
0.72
0.69 ± 0.08
ful chance of falsifying
this model,
h
0.72
0.75 ± 0.07reduce each
= 1)
1.00
0.99 ± 0.08
to one or a fewδµ(znumbers,
and
estimate

(O − M)/σ.

Ωm
0.26
Ωm
0.26
andσSugiyama
1994
0.53
0.39
8 Ωm
σ8 (g)
0.80

0.30+0.17
−0.07Dr. Gary Steigman, KITP & Ohio State (KITP Neutrinos 1-22-03) Counting Neutrinos with the BBN and the CMB
0.20 ± 0.03
0.40 ± 0.04
0.89± 0.02

A caution: some σ estimates depend on complex systems such0.37as galaxies whose behavior
σ Ωm
0.49
0.43 ± 0.03
cannot be fully 8analyzed
σ8
0.80 from
0.98 ±first
0.10 principles;
Ωm
0.26
± 0.05
others are justΩbdifficult.
You0.17
have
to deal with
Cluster baryon fraction
h3/2 /Ωm 0.103
0.097 ± 0.004
Baryon judgement
evolution
ΩΛ + 1.1Ωm 1.03
1.2 ± 0.2
calls.
Lyα forest
n
0.96
0.965 ± 0.012
Neutrino density
ISW

s

Ω ν h2
< 0.02 0.001
detected, at about the fiducial prediction

Assembling and Assessing the Cosmological Tests
The plan is to compare the predictions of a definite reference cosmological
model — dark matter, dark energy, and all — to every independent
The reference ΛCDM model has zero space curvature, standard CDM,
constant Λ, negligible ν masses and power law power spectrum with The
WMAPIII:
of±fit
is the χ2 statistic.
2
Ωb hmeasure
= 0.02273
0.00062
The precision of the WMAPIII measure of Ωb h2 is impressive. But more impressive
is the consistency of measures of Ωb h2 from such very different phenomena.
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Table0.1.
5.3.Cosmological
Cosmological
Tests
Table
Tests.
Parameter Fiducial
Baryon density
BBNS
Baryon budget
Stellar evolution ages
Distance scale
Distance Ladder
Gravitational lensing
SNeIa distance modulus
Large-scale structure
Matter power spectrum
Baryon acoustic oscillation
Dynamical mass estimates
Galaxy velocities
Lensing around clusters
Lensing autocorrelation
Galaxy count fluctuation
Rich clusters Category
of galaxies
Present mass function
1.....................................
Mass
function evolution
1.1..................................
1.2..................................
Cluster
baryon fraction
1.3..................................
Baryon
evolution
Lyα forest
2.....................................
Neutrino
density
2.1..................................
ISW 2.2..................................
2.3..................................
3.....................................
3.1..................................
3.1a................................
3.1b................................
3.2..................................
3.3..................................
3.4..................................
3.5..................................
3.6..................................
3.7..................................
3.8..................................
3.9..................................
3.10................................
3.11................................
3.12................................
3.13................................
4.....................................
4.1..................................
4.2..................................
4.3..................................

Ω b h2
Ωb
t∗ , Gyr

Measured

0.0227
0.042
13.6

0.0219 ± 0.0015
> 0.005
12.3 ± 1.0

h
h
δµ(z = 1)

0.72
0.72
1.00

0.69 ± 0.08
0.75 ± 0.07
0.99 ± 0.08

Ωm h
Ωm /h2

0.187
0.50

0.213 ± 0.023
0.53 ± 0.06

Ωm
Ωm
σ8 Ω0.53
m
σ8 (g)

0.26
0.26
0.39
0.80

(M − R)/σ

0.30+0.17
TABLE 1
−0.07
0.20 ± The
0.03 Cosmic Energy Inventory
0.40 ± 0.04
0.89± 0.02
Parameter

σ8 Ω0.37
0.49
0.43 ± 0.03
m
Dark
σ8sector: 0.80
0.98 ± 0.10
Dark
Ωm energy0.26
0.17 ± 0.05
3/2 matter
Ωb hDark
/Ωm 0.103
0.097 ± 0.004
Primeval
waves
ΩΛ +
1.1Ωm gravitational
1.03
1.2
± 0.2
ns thermal
0.96remnants:
0.965 ± 0.012
Primeval
2
Ω
< 0.02
0.001
Electromagnetic
radiation
νh
detected,
at about the fiducial prediction
Neutrinos

Prestellar nuclear binding energy
Baryon rest mass:
Warm intergalactic plasma
Virialized regions of galaxies
Intergalactic
Intracluster plasma
Main-sequence stars: spheroids and bulges
Main-sequence stars: disks and irregulars
White dwarfs
Neutron stars
Black holes
Substellar objects
H i + He i
Molecular gas
Planets
Condensed matter
Sequestered in massive black holes
Primeval gravitational binding energy:
Virialized halos of galaxies
Clusters
Large-scale structure

From Fukugita and Peebles 2004

The observed baryons add up to
ten percent of the total density
in the standard model. But the
measurement is worth listing: the
observations could have falsified
the model.
Totalsa
Componentsa
0.72 ! 0.03
0.23 ! 0.03
P10"10
10"4.3 ! 0.0
10"2.9 ! 0.1
"10"4.1 ! 0.0

0.024 ! 0.005
0.016 ! 0.005

0.040 ! 0.003
0.0018 ! 0.0007
0.0015 ! 0.0004
0.00055 ! 0.00014
0.00036 ! 0.00008
0.00005 ! 0.00002
0.00007 ! 0.00002
0.00014 ! 0.00007
0.00062 ! 0.00010
0.00016 ! 0.00006
10"6
10"5.6 ! 0.3
"5:4
10 (1 þ !n )
"7.2

"10
"10"6.9
"10"6.2

0.954 ! 0.003

some detected in HI
resonance absorption
line clouds, but largely
0.0010 ! 0.0005
hypothetical dark
baryons
0.045 ! 0.003

"10"6.1 ! 0.1
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0.001
fiducial prediction
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Fig. 12.— ACS data from 47 Tuc compared to isochrones with both empirical (left) and synthetic (right) color transformations. Details are listed on each panel. Data
are from Sarajedini et al. (2007). The fiducial line from the metal-rich SHB model of x 4.4 ( Fig. 6) is plotted alongside both isochrones. [See the electronic edition of the
Journal for a color version of this figure.]
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Fig. 8.— Luminosity distance modulus vs. redshift for the ESSENCE, SNLS, and nearby
SNe Ia for MLCS2k2 with the “glosz” AV prior. For comparison the overplotted solid line
and residuals are for a ΛCDM (w, ΩM , ΩΛ ) = (−1, 0.27, 0.73) Universe.
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Independent of the constraints provided by the CMB acoustic scale, we find !m ¼ 0:273 $ 0:025 þ 0:123(1 þ w0 ) þ
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possible to construct quantities in which this effect is eliminated. We
shall not do this here, firstly because it seems desirable to keep the
initial analysis as direct as possible. More importantly, finger-ofGod smearing is a significant correction that will also cause the
flattening to depend on radius. We therefore have to fit the data with
a two-parameter model, described in the caption to Fig. 2. The
parameters are b and a measure of the size of the random dispersion
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Using mean relative peculiar velocity measurements for pairs of galaxies, we estimate the cosmological density
σ (h Mpc)
articles
parameter Q m and the amplitude of density fluctuations j8. Our results suggest that our statistic is a robust and
!0.17
reproducible measure of the mean pairwise velocity and thereby the Q m parameter. We get Q m p 0.30"0.07 and
A measurement
of the
Figure 2 The redshift-space
correlation function
for cosmological
the 2dFGRS, y(j,p), plotted as a
j8 p 1.13!0.22
"0.23. These estimates do not depend on prior assumptions on the adiabaticity of the initial density
fluctuations, the ionization history, or the values of other cosmological parameters.
mass
density
clustering
in thewas estimated by
function of transverse
(j) and
radial (p)from
pair separation.
The function
Subject headings: cosmological parameters — cosmology: observations — cosmology: theory —
−1
2dF
Galaxy
Redshift
Survey
counting pairs in boxes of side 0.2 h Mpc, and then smoothing with a gaussian of r.m.s.
distance scale — galaxies: distances and redshifts — large-scale structure of universe
1. INTRODUCTION

n this Letter, we report the culmination of a program to study
mic flows. In a series of recent papers, we introduced a new
amical estimator of the Q m parameter, the dimensionless density
he nonrelativistic matter in the universe. We use the so-called

width 0.5 h−1 Mpc. To illustrate deviations from circular symmetry, the data from the first
quadrant are repeated with reflection in both axes. This plot clearly displays redshift
with the aim of testing reproducibility on a larger sample and,
distortions,
in case of a positive outcome, improving on the accuracy
of our with finger-of-God elongations at small scales and the coherent Kaiser
earlier measurements of Q m and j8, the rms mass density
contrastat large radii. The overplotted contours show model predictions with flattening
flattening
in a sphere of radius of 8 h"1 Mpc, where h is the usual Hubble
0:6
"1
"1
parameter, H0, expressed in units of 100 km s"1 Mpcparameter
. In our b ! Ω =b ¼ 0:4 and a pairwise dispersion of jp ¼ 400 km s . Contours
notation, the symbol j8 always refers to matter density,
while at y ¼ 10, 5, 2, 1, 0.5, 0.2 and 0.1.
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And because these measurements are difficult, a
systematic errors, it is important that these very
are not likely to be biased in the same way, for
model.
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gals
Fig. 8.— ∆Σ from 25 to 30h−1 Mpc in 12 bins of N200 , the number of galaxies (> 0.4L∗ ) within r200
. The signal measured around
random points is subtracted from these Parameter
profiles (seeFiducial
Figure 6). The
correction
for
clustering
of
sources
with
the lenses is also applied (see
Measured
(M − R)/σ
Figure 7). The errors are from jackknife re-sampling.
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Gravitational lensing by the mass in
and around clusters radially distorts
background galaxies by an amount
∝ ∆Σ = −RdΣ/dR/2,

where Σ is the mean mass per unit area
within distance R of a cluster.
If galaxies trace mass on these large
scales measurement of the concentration of light give the mean mass density.
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from that
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This checks consistency of the measured large-scale mass fluctuations with
what is needed to fit the measured fluctuations of the CMB temperature.
The statistic is the rms fractional mass fluctuation
σ8 (m) = "(m − "m$)2 $1/2 /"m$
in randomly placed spheres of radius 8h−1 Mpc. The surrogate is the rms
fractional fluctuation σ8 (g) in galaxy counts on the same scale.
Since stars and DM are segregated we can only expect σ8 (m) and σ8 (g) are
about the same. The significance of the test is your judgement call.
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Baryon density
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Large-scale structure
Matter power spectrum
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Galaxy velocities
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Galaxy count fluctuation
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Mass function evolution

Fig. 1. The Coma cluster in the 0.5–2.0 keV band. The image is the sum of all the different exposures (see Table 1) of the different MOS and pn
© 1993 Nature Publishing Group
cameras (see text). The image is background and vignetting corrected. We applied a small median filter to mask out effects caused by detector
gaps. Colour scale: dark blue regions correspond to countrates of 0.016 cts/s/arcmin2 and white regions to countrates ≥0.288 cts/s/arcmin2 .
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rms fractional fluctuation
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Since stars and DM are se
are about the same. The
For these 16 measures
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σ2

= 26.

This is formally too
big, but considering
the dicey estimates of
some of the σ’s I think
it’s remarkably good.

it’s remarkably good.

The Cosmological Tests: A Summary
The ΛCDM cosmology has passed a considerable variety of independent challenges, each
of which could have falsified the model. We have looked at the universe from many sides
now and found that this cosmology fits what is observed.
That does not mean ΛCDM is realty; we make progress by successive approximations.
And we are drawing exceedingly big conclusions from what still is very limited evidence.
These considerations lead me to expect that ΛCDM will continue to be a good approximation to the improving observations, but that it would not be surprising to find
that it has to be adjusted, as in more complicated physics in the dark sector, or maybe
something completely different.
In my second lecture I’ll discuss three phenomena that seem puzzling and may — just
possibly — point to some adjustment.

