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The Cosmological Tests

The web of cosmological tests has grown rich and tight enough to show be-
yond reasonable doubt that the ACDM model is a good approximation to what
actually happened back to redshift z ~ 10%°.

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 tex-
tures 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 collision-
less 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 ACDM 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 ACDM 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 ACDM Model requires an abundance of inde-

pendent tests.

The exciting thing is that we at last have arguably more independent tests than
free parameters and assumptions.




Distribution of Nebulz.

1. Global Geometry

The ACDM cosmology assumes a met-

ric theory of a spacetime that is close to

homogeneous and isotropic in the large-

scale average. The symmetry requires the

Robertson-Walker line element that has

one function, a(t), of proper world time ¢, BE ) R BTy

and one constant, k2, T "?- |

TEWE Charlier (1922): this looks
more like a clustering hi-

+ xz(d92 + sin’ 9d¢2) . erarchy — what we would

now term a fractal universe.

dz?
1 —22R2

ds* = dt*—a(t)?

An observer at fixed coordinate position
x,0,¢ sees an isotropic universe. An ob-

. . . 2MASS Extended Sources
server moving relative to this preferred Integrated Flux
frame sees anisotropic distributions of
galaxy redshifts and the 3K background ra-
diation.

An object with physical size ¢ at coordi-
nate position x appears at angular size 66
to observer at x = 0, where

Ks: 8.0-14.0 mag. )

¢ = a(t)xdb. 18/piel

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

So z is termed the angular size distance.




2. Expansion and Redshift

In the standard model for the expanding universe the proper — physical — distance between
conserved particles is increasing, as d o< 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, A oc a(t), and the momentum
scales as p ox 1/a(t): the peculiar velocity of a free nonrelativistic particle scales as v o< 1/a(t)
and the wavelength of a photon scales as A o< a(t).

The cosmological redshift z of light emitted by a distant
galaxy at wavelength A\., and observed at wavelength
)‘obs 18

/\obs -~ a(tobs)

>\em N 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,

14+ 2=

= 24— 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 ex-

panding universe cools but remains black-
body.

An easy demonstration uses normal modes.
Planck’s photon occupation number is

1
chv/kT _ 1"

N =

Adiabaticity says N is conserved. Since
v o< a(t)™t, T oc a(t)™!, 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 T, « a(t)™?. A
comparison of heat capacities of baryons
and radiation (at present CBR temper-
ature ~ 3K and baryon density ~
107%cm™?) shows why it’s hard to disturb
the CBR spectrum by energy exchange
with the matter.

Brightness, W/m»2/sr/Hz

Al Kogut, 2007
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COBRA rocket data
FIRAS on COBE satellite

T \\\HH‘
| \\\HH‘

e Ground data
¢ Balloon data

o DMR on COBE satellite

10.0
Frequency, GHz

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.




4. Local Energy Conservation

This follows by a similar argument.

In a homogeneous and isotropic universe with mass (energy) density p(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)z. We will require Hr < 1,

The sphere has volume V(t) = 4m(ax)?/3, contains energy E = pV, and is doing
pressure work of expansion dF /dt = —pdV/dt. If we can ignore bulk viscosity, we get

p=—3(p+pa/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| < |p|, p o< a(t)73.

For a radiation-dominated fluid, p = p/3, p o< a(t)™*, which is no surprise since we
already have T oc a(t) .




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 M, within the
sphere, d*r/dt* = —GM,/r*. 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 p, = p + 3p, so
a

4

This equation with local energy conservation integrates to

(é)z = §7TG,0 — (aR)™2.

a 3

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

185

Right Ascension

13.0

Right RAscension The dynamical state of the Coma cluster with XMM-Newton

D. M. Neumann!, D. H. Lumb?, G. W. Pratt', and U. G. Briel?

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 C12244-02 at z = 0.33.

If the gravitational attraction were

centered on the light it couldn’t

produce the smooth arc image.
1s demands dark matter.

. the arc radius is “only” 150

Might Jupiters fill the inner
Okpc, and a r ! 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 R, — Ag,, = —K(T}, — %gu,,T).

Lemaitre (1932) noticed that if we put the cosmological constant on the other
side of the equation (and rearrange the trace term) we get

R, — %gWR = —K1 — AGuw-

For an isotropic fluid at rest with energy density p and pressure p, T, is
diagonal, p,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

pr = AR, Py = —A/K.

The modern advances: we have a new name, dark
energy, a new symbol, A, and evidence that A
really is a significant actor.

Equation (1) in Friedmann’s equation gives
ProF DR. W BDE SITTER ,
a b IN =ET  ALGIZMEEM HANDELSDLLY
¢ 47T VAN WOLNEAAC §OULl 1930

D G(p + 3p _ QPA) \  WIEBLALST ECHTER Bz nel Ob 2 WAT MAAKT
a 3 ) y: B, OAT MET HEEZLAL LITZET, OF OPZWERT |
% {7 DET DOET DE LAMDDL "

EEM AMDER ANTWOORD 1§ MIET TLE GEVIEM

where p and p exclude DE. When DE dominates
the expansion accelerates.




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 interest-
ing exercise to check that that says the radiation surface bright-
ness — energy flow per unit area, steradian and logarithmic
frequency interval — scales as vi, o< (v,/v.)*, for emitted fre-
quency v, and observed frequency v,.

An object with luminosity v.L,, and physical size ¢ has surface
brightness v.i,, X v.L,, /62 at the source, and at angular size
distance x it subtends solid angle 692 o< (£/a.z)?, so the observed
energy flux density is

Ve, (Vv \* ([ ¢ Vel,,
VfVOC <_)

2\, az) (apz)?(1 + 2)?’

To get x as a function of z use GR:

d dx
/I;:/W‘

It’s standard to write Friedmann’s equation for this integral as

(a/a)* = H2[Q. (1 + 2)* + QD (14 2)® + Qu(1 + 2)* + Q4

where H, is Hubble’s constant and the 2’s are the density pa-
rameters for radiation, matter, space curvature, and dark energy.

Distance modulus

THE ABILITY OF THE 200-INCH TELESCOPE TO DISCRIMINATE
BETWEEN SELECTED WORLD MODELS
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Observational Constraints on the Nature of Dark Energy: First
Cosmological Results from the ESSENCE Supernova Survey

W. M. Wood-Vasey!, G. Miknaitis?, C. W. Stubbs'?, S. Jha®® A. G. Riess®7,

P. M. Garnavich®, R. P. Kirshner!, C. Aguilera®, A. C. Becker'®, J. W. Blackman'!,
S. Blondin', P. Challis!, A. Clocchiatti’?, A. Conley'?, R. Covarrubias'®, T. M. Davis*,
A. V. Filippenko*, R. J. Foley*, A. Garg"®, M. Hicken'?, K. Krisciunas®'®,

B. Leibundgut!”, W. Li*, T. Matheson'®, A. Miceli'’, G. Narayan'?, G. Pignata'?,

J. L. Prieto®, A. Rest’, M. E. Salvo'', B. P. Schmidt'!, R. C. Smith?, J. Sollerman'*'?|
J. Spyromilio!'?, J. L. Tonry®, N. B. Suntzeff”!%, and A. Zenteno?




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 = p/3 we get the power law growth,

@:

; (Z,1) o t

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 Gp oc t~2, as expected from di-
mensional analysis, and since p oc a~* for radiation we’re not surprised that a o< t'/2.
That produces curvature perturbation

® ~ GIM/r o< Gpd (ax)* ~ 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 p(@,t) = p(t)(1 + 6(Z,t)), the mass correlation function is

§(x) = (07 +9)0(y)),

the mass fluctuation power spectrum P (k) is defined by

£(x) = / ErP(k)e™?, (52) = £(0) = / BlP(k) = / kPP (k) dIn k.

The mean square value — the variance — of the density contrast is (6?). One sees that
the variance per logarithmic interval of the wavenumber k, or wavelength A = 27 /k, is
47k3P (k). So the variance in curvature per logarithmic interval of length scales as

®? o 0%z oc P(k)k x k™% oc k™1,

The scale-invariant case is ny, = 1. The evidence is that n, is slightly below unity,
though I understand that that is not yet to be considered convincingly established.




Initial Conditions: Acoustic Oscillations

At redshift z £ 1000, temperature T 2, 3000 K, baryonic matter is thermally ionized.
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 Hy — 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 dz(t) in the plasma- o ot eao®
radiation distribution oscillates.

The condition that the universe is grow-
ing clumpy requires that each Fourier com-
ponent of the primeval distribution starts
growing as dz(t) o< t in the early universe.

The phasing means that the power spec-
trum of the baryon and radiation distribu-
tion at decoupling is an oscillating function \ ,
of wavenumber, as in this 1970 computa- ' % co-woume)
tion (before dark matter).




Acoustic Oscillations and the CMB Anisotropy Spectrum

In the spherical harmonic expansion

< WMAP 3-year | T(6,6) = Y af'¥i"(6. )
e ACBAR ]
BOOMERANGO3 1 of the 3K CMB temperature as a function
of position in the sky the variance of the
sky temperature per logarithmic interval of
angular scale 60 ~ 7/l is approximately
I(l+1)

D= ).

100 500 1000 1500 2000 2500
¢

The curve has 7 parameters: distance scale h, densities Q,h? of baryons, Q,,h? of

dark matter, and (constant) Qxh? of dark energy, primeval power spectrum power
law index n, and amplitude og, and optical depth o for scattering at low redshift.

The fit is deeply impressive, but consider that

1: if the theoretical spectrum is smooth predictions at neighboring ¢ are not indepen-
dent, though I know of no way to quantify this;

2: we had a choice of theories — isocurvature, strings, explosions — and chose ACDM,
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 2.30 an open CDM model with A = 0 fits as well.




A fit without dark energy

The density parameters Q,h? for baryons and §2,,h? for dark matter, with the present
CMB temperature T, = 2.725 K, and the primeval power spectrum power law index n
and amplitude, closely fix the evolution of fluctuations in the distributions of baryons
and radiation up to z ~ 1000 when they decouple.

Any combination of distance scale h = H,/100 km
s~! Mpc~! 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 WMAPS anisotropy mea-

surements in a model with no dark energy. It is
important that we have constraints within the fit
— the A = 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 Dunkley et al. WMAPIII
is that we have many other tests that all together

make this a considerable challenge.




This Illustrates a Way to Organize the Suite of Cosmological Tests

Here are 43 statistically independent WMAP3
spectrum measurements with

> (O —M)*/a* = 35,

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

Qcpu = 0.21, Q= 0.044, h = 0.72,

ne = 0.96, oz = 0.80, 7 = 0.09.

As we have noted this does not mean this
ACDM 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)/o.

Temperature Fluctuations [uK?]

100
Multipole moment [

100

0.5°
Angular Size

A caution: some standard deviation estimates depend on properties of complex
systems such as galaxies whose behavior cannot be fully analyzed from first prin-
ciples; other estimates are just difficult. You have to deal with judgement calls.




Parameter

Fiducial

Measured (M—R)/o

Baryon density
BBNS
Baryon budget
Stellar evolution ages
Distance scale
Distance Ladder
Gravitational lensing
SNela 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

Ly« forest

Neutrino density

ISW

QU
Qo /12

Qp,
Qn
0500,
(O (9 )

0890'37
08
Qp,
Quh3/2
Qp +1.1Q,,

Ur

O, h?

0.0227
0.042
13.6

0.72
0.72
1.00

0.187
0.50

0.26
0.26
0.39
0.80

0.49
0.80
0.26
0.103
1.03
0.96

< 0.02

0.0219 £ 0.0015
> 0.005
12.3+£1.0

0.69 £ 0.08
0.75£0.07
0.99 £ 0.08

0.213 £ 0.023
0.53 = 0.06

0.301987
0.20 + 0.03
0.40 + 0.04

0.89+ 0.02

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

detected, at about the fiducial prediction

From Finding the Big Bang, Peebles, Page and Partridge




Parameter Fiducial Measured (M—R)/o

Barvon density
BBNS Q,h2 0.0227 0.0219+0.0015 = |
Baryon budget $y 0.042 > 0.000
Stellar evolution ages te, Gyr 13.6 12.3+1.0 HH
Distance scale
Distance Ladder h 0.72 0.69 +0.08
Gravitational lensing h 0.72 0.75+0.07
SNela distance modulus ou(z=1) 1.00 0.99 + 0.08

Dr. Gary Steigman, KITP & Ohio State (KITP Neutrinos 1-22-03) Counting Neutrinos with the BBN and the CMB

Kaminokowski, Spergel and Sugiyama 1994
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The precision of the WMAPIII measure of Q3R is impressive. But more-impressive
is the consistency of measures of ,h? from such very different phenomena.




Parameter

Fiducial

Measured

(M—R)/o

Baryon density
BBNS

Quh?

00227

00219 £00015

Baryon budget

Q

0.042

> 0.005

otellar evolution ages
Distance scale
Distance Ladder
Gravitational lensing
SNela 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
Ly« forest

Ty, QYT

Qy
75 Q0:53
(o] (9)

0.890.37
g8
Qo
Q32 /Qy,
Qp + 1. 1Qm

Ns

15.6

0.72
0.72
1.00

0.187
0.50

0.26
0.26
0.39
0.80

0.49
0.80
0.26
0.103
1.03
0.96

125 1.0

0.69 £ 0.08
0.75 £ 0.07
0.99 +£0.08

0.213 +£0.023
0.53 £0.06

0.3010 0%

0.20 + 0.03
0.40 =+ 0.04
0.89+ 0.02

0.43£0.03
0.98 £0.10
0.17£0.05
0.097 + 0.004
1.2+£0.2
0.965 £ 0.012

-
¥

HH
FF%

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.

Neutrino density 0, h? < 0.02 0.001
detected, at about the fiducial prediction

Baryon rest mass: 0.045 £ 0.003
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

0.040 £+ 0.003
0.024 4+ 0.005
0.016 £+ 0.005
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
Hi+He1 0.00062 + 0.00010
Molecular gas 0.00016 + 0.00006
Planets 107°
Condensed matter 10736+03
Sequestered in massive black holes 107341 4+ ¢,)

From Fukugita and Peebles 2004




Parameter Fiducial Measured (M—-R)/o

Baryon density
BBNS Qh? 0.0227 0.0219+£0.0015 a1
Barvon budget Qp 0.042 0.005
Stellar evolution ages te, Gyr 13.6 12.3+1.0 HH
Tistance scale
Distance Ladder 0.72 0.69 +0.08
Gravitational lensing 0.72 0.75+0.07
SNela distance modulus = 1.00 0.99 + 0.08
Large-scale structure
Matter power spectrum 0.187 0.213 £ 0.023
Baryon acoustic oscillation 0.50 10 —
Dynamical mass estimates
Galaxy velocities 0.26
Lensing around clusters Qi 0.26
Lensing autocorrelation 50053 0.39
Galaxy count fluctuation os(g) 0.80
Rich clusters of galaxies
Present mass function Q037 0.49
Mass function evolution og 0.80
Qum 0.26 . .
Cluster baryon fraction Wh3/2/Q,, 0.103 o SR Empirical o .. Synthetic

: . R DM=13.3 o - DM=133
]fBaryon evolution Qp +1.19,, 1.03 - . E(B-V)=005 o ~E(B-V)=0.05
Lya forest s 0.96 .j' L [FeH]=-075  [° 7 [Fe/H]=-0.75
Neutrino density Q,h? < 0.02 . o [o/Fel=0.2 - ~ 1 [o/Fe]=0.2

ISW detected, at about the B : L B w12 Gyr

F606W-F814W F6O06W-F814W

Fic. 12.— ACS data from 47 Tuc compared to isochrones with both empirical (/eff) 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 § 4.4 (Fig. 6) is plotted alongside both isochrones. [See the electronic edition of the
Journal for a color version of this figure.]

Distances and ages of NGC 6397, NGC 6752 and 47 Tuc*

R. G. Gratton', A. Bragaglia®, E. Carretta', G. Clementini?, S. Desidera', F. Grundahl®, and S. Lucatello'*




Parameter

Fiducial Measured (M—-R)/o

Baryon density
BBNS
Baryon budget
Stellar evolution ages
Distance scale

Oph?
O

0.0227
0.042
13.6

0.0219 £ 0.0015
> (0.005
12.3+1.0

Distance Ladder

0.72 0.69 £ 0.08

Gravitational lensing
SNela 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

Ly« forest

Neutrino density

ISW

Quh
Qyn /12

Qm
Qm
0502053
os(g)

05 Q037
os
Qp,
Qh3/2 Q0
QA —+ 1.1Qm
Ur

Q,h?

0.72
1.00

0.7 = 0.07
0.99 £ 0.08

0.187
0.50

0.213 £0.023
0.53 £+ 0.06

0.26
0.26
0.39
0.80

0.3070 07

0.20 +0.03
0.40 + 0.04
0.894 0.02

0.43 £ 0.03
0.98 £ 0.10
0.17£0.05
0.097 = 0.004
1.24+0.2
0.965 £0.012
0.001

0.49
0.80
0.26
0.103
1.03
0.96

< 0.02

HH
-
w

detected, at about the fiducial prediction

FINAL RESULTS FROM THE HUBBLE SPACE TELESCOPE KEY PROJECT TO MEASURE THE
HUBBLE CONSTANT!
WENDY L. FREEDMAN,? BARRY F. MADORE, 23 BRAD K. GIBSON,* LAURA FERRARESE,> DANIEL D. KELSON,® SHOKO SAKAL’

JErREMY R. MouLD,® ROBERT C. KENNICUTT, JR.,> HOLLAND C. FORD,'° JoEN A. GRAHAM,® JOHN P. HUCHRA,!!
SHAUN M. G. HUGHES,'? GARTH D. ILLINGWORTH,'® Lucas M. MACRy,!! AND PETER B. STETSON!#'15

Received 2000 July 30, accepted 2000 December 19

We adopt a distance modulus to the LMC (relative to which the more distant galaxies are measured) of
1o(LMC) = 18.50 £+ 0.10 mag, or 50 kpc. New, revised distances are given for the 18 spiral galaxies for
which Cepheids have been discovered as part of the Key Project, as well as for 13 additional galaxies
with published Cepheid data. The new calibration results in a Cepheid distance to NGC 4258 in better
agreement with the maser distance to this galaxy. Based on these revised Cepheid distances, we find
values (in km s™! Mpc~?') of H, = 71 + 2 (random) + 6 (systematic) (Type Ia supernovae), H, = 71 + 3
+ 7 (Tully-Fisher relation), H, = 70 + 5 + 6 (surface brightness fluctuations), H, =72 + 9 + 7 (Type 1I
supernovae), and H, = 82 + 6 + 9 (fundamental plane) We combine these results for the different
methods with three different weighting schemes, and find good agreement and consistency with H, = 72
+ 8 km s~! Mpc~!. Finally, we compare these results with other, global methods for measuring H,,.




Parameter Fiducial Measured (M—-R)/o

Baryon density

BBNS Qh? 0.0227 0.0219+£0.0015 a1

Baryon budget Qp 0.042 > 0.005
Stellar evolution ages te, Gyr 13.6 12.3+1.0 HH
Distance scale

Distance Ladder h 0.72 0.69 + 0,08

Gravitational lensing h 0.72 0.75 £ 0.07
SINela distance modulus opulz =1) 1.00 U.99 = 0.03
Large-scale structure

Matter power spectrum Qmnh 0.187 0.213 £ 0.023

Baryon acoustic oscillation O /2 0.50 0.53 £ 0.06
Dynamical mass estimates

Galaxy velocities Q 0.26 0.3075-4%

Lensing around clusters Qi 0.26 0.20 £ 0.03

Lensing autocorrelation 50053 0.39 0.40 + 0.04
Galaxy count fluctuation os(g) 0.80 0.89+ 0.02
Rich clusters of galaxies

Present mass function Q037 0.49 0.43 £0.03

Mass function evolution og 0.80 0.98 +0.10

Qum 0.26 0.17 £0.05

Cluster baryon fraction Qth/Q/Qm 0.103 0.097 4+ 0.004

Baryon evolution Qp +1.1Q, 1.03 1.2+0.2 i
Ly« forest Ng 0.96 0.965 £+ 0.012 Ha
Neutrino density 0, h? < 0.02 0.001
ISW detected, at about the fiducial prediction

The G1,2 lens redshift is z; = 0.63.
The source redshift is z;, = 1.39.

There are three measured radio arrival

time differences for the source images A,
B, C, D.

This merits an independent entry be- 1" ~ 10kpe
cause it is based on gravitational lensing N
— applied on scales ten orders of mag-

nitude larger than the precision tests on DISSECTING THE GRAVITATIONAL LENS B1608+656: LENS POTENTIAL RECONSTRUCTION'
the Sca,le Of the SOla,I' System al’ld Sma,HeI'. S. H. Suyu*** P. J. MarsHALL’, R. D. BLANDFORD>®, C. D. FassNacHT®, L. V. E. KOOPMANS',

J. P. McKEAN®®, AND T. TrEU™




Table 5.3. Cosmological Tests

Parameter Fiducial Measured

Baryon density
BBNS Qph? 0.0227  0.0219 £ 0.0015
Baryon budget Qp 0.042 > 0.005
Stellar evolution ages te, Gyr 13.6 12.3£1.0
Distance scale
Distance Ladder h 0.72 0.69 + 0.08
Gravitational lensing: h 0.72 0754007
SNela distance modulus 1.00 0.99 + 0.08
Large-scale structure
Matter power spectrum Qb 0.187 0.213 £0.023
Baryon acoustic oscillation Q. /h? 0.50 0.53 = 0.06
Dynamical mass estimates
Galaxy velocities Qp, 0.26 0.3070-47 0.01 0.10
Lensing around clusters Qm 0.26 0.20 £0.03 Observational Constraints on the Nature of Dark Energy: First
Lensing autocorrelation 0—89%53 0.39 0.40 £0.04 Cosmological Results from the ESSENCE Supernova Survey
G_alaxy count ﬂuCtuat_lon g8 (g) 0.80 0.89+ 0.02 W. M. Wood-Vasey!, G. Miknaitis?, C. W. Stubbs!?, S. Jha'®, A. G. Riess®’,
Rich clusters of galaXleS P. M. Garnavich®, R. P. Kirshner!, C. Aguilera®, A. C. Becker'®, J. W. Blackman'!,
Present mass function os Q'(,)ﬁ.?)'? 049 043 + 003 S. Blondin', P. Challis', A. Clocchiatti'?, A. Conley'?, R. Covarrubias'®, T. M. Davis'*,

A" 1 4 areld M 13 s 8,16
M function lution . . +0.1 A. V. Filippenko?, R. J. Foley?, A. Garg"?, M. Hicken'?, K. Krisciunas®'®,
ass function evolutio g8 0.80 0.98 0.10 B. Leibundgut'”, W. Li*, T. Matheson'®, A. Miceli'®, G. Narayan'?, G. Pignata'?,

Qm 0.26 0.17 £0.05 J. L. Prieto’, A. Rest?, M. E. Salvo'!, B. P. Schmidt'!, R. C. Smith?, J. Sollerman'®!?,
Cluster baryon fraction Qh32/Q,,  0.103  0.097 + 0.004 J. Spyromilio!”, J. L. Tonry®, N. B. Suntzeff*19, and A. Zenteno®
Baryon evolution Qp +1.1Q,, 1.03 1.2£0.2
Lya forest Ng 0.96 0.965 + 0.012
Neutrino density Q,h? < 0.02 0.001
ISW detected, at about the fiducial prediction

Distance modulus
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Parameter Fiducial Measured (M—-R)/o

Baryon density
BBNS Qph? 0.0227 0.0219+£0.0015 |
Baryon budget Qp 0.042 > 0.005
Stellar evolution ages ty, Gyr 13.6 123+1.0 HH The cosmo|ogica| constant and

Distance scale
Distance Ladder 0.72 0.69 + 0.08 cold dark matter

Gravitational lensing 0.72 0.75 £0.07 G. Efstathiou, W. J. Sutherland & S. ). Maddox 990
SNela distance modulus = 1.00 0.99 + 0.08
Larce-scale structure

Matter power spectrum 0.187 0.213 £ 0.023

Baryon acoustic oscillation 0.90 0.05 = 0.06
Dynamical mass estimates

Galaxy velocities 0.26 0.3075-4%

Lensing around clusters Qi 0.26 0.20 £ 0.03

Lensing autocorrelation o353 0.39 0.40 + 0.04
Galaxy count fluctuation os(g) 0.80 0.89+ 0.02
Rich clusters of galaxies

Present mass function Q037 0.49 0.43 £0.03

Mass function evolution os 0.80 0.98 £0.10

Qum 0.26 0.17 £0.05

Cluster baryon fraction Qth/Q/Qm 0.103 0.097 4+ 0.004

Baryon evolution Qp +1.1Q, 1.03 1.240.2
Ly« forest Ng 0.96 0.965 £+ 0.012
Neutrino density 0, h? < 0.02 0.001
ISW detected, at about the fiducial prediction

1
1

9 (degrees)

FIG. 1 The dots show estimates of the angular correlation function w(6)
for galaxies in the APM galaxy survey (see ref. 5 for details). These estimates
have been scaled to the depth of the Lick galaxy catalogue where 1°
corresponds to a spatial scale of ~5h~% Mpc. The dotted line shows the
predictions of the (1 =1 CDM model (from ref. 5). The thin solid and dashed
lines show the results of the linear theory for {},=0.2 scale-invariant COM
modeis with h=1 and 0.75, respectively. The thick solid line shows N-body
results for {1 =0.2 and h=0.9; the flattening of this curve at angular scales
=<0.1°is an artefact of the resolution of the computer code, but the excess
between 0.1° and 1° is real (see Fig, 2),




Parameter Fiducial Measured (M—-R)/o

Baryon density

BBNS Qh? 0.0227 0.0219+£0.0015 a1

Baryon budget Qp 0.042 > 0.005
Stellar evolution ages te, Gyr 13.6 12.3+1.0
Distance scale

Distance Ladder 0.72 0.69 +0.08

Gravitational lensing 0.72 0.75+0.07
SNela distance modulus = 1.00 0.99 + 0.08
Large-scale structure

Matter power spectrum 0.187 0.213 £+ 0.023

Baryon acoustic oscillation 0.50 0.53 £ 0.06
DyllallllCal I1ass €sSUIIAles

Galaxy velocities 0.26 0.3075-4%

Lensing around clusters Qi 0.26 0.20 £ 0.03

Lensing autocorrelation 50053 0.39 0.40 + 0.04
Galaxy count fluctuation os(g) 0.80 0.89+ 0.02
Rich clusters of galaxies

Present mass function Q037 0.49 0.43 £0.03

Mass function evolution og 0.80 0.98 +0.10

Qum 0.26 0.17 £0.05

Cluster baryon fraction Wh3/2/Q,, 0.103 0.097 £ 0.004

Baryon evolution Qp +1.1Q, 1.03 1.2+0.2 i
Ly« forest Ng 0.96 0.965 £+ 0.012 Ha
Neutrino density 0, h? < 0.02 0.001
ISW Adotactad ot ahont +ha fiducia] prediction

100 150
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Parameter Fiducial Measured (M—R)/o

Baryon density
BBNS QR 0.0227 00219400015 i
Baryon budget Qp 0.042 > 0.005
Stellar evolution ages 13.6 123+ 1.0 HH
Distance scale
Distance Ladder 0.72 0.69 £+ 0.08
Gravitational lensing 0.72 0.75 £ 0.07
SNela distance modulus 1.00 0.99 +0.08
Large-scale structure
Matter power spectrum 0.187 0.213 £ 0.023
Baryon acoustic oscillation 0.50 0.53 £ 0.06
Dynamical mass estimates
Galaxy velocities 0.26  0.307s
LCISIHTE al'OUIId CIUSLELS Sim U.Z0 U.Z2U T U.Uo
Lensing autocorrelation 50053 0.39 0.40 £ 0.04
Galaxy count fluctuation os(g) 0.80 0.89+ 0.02
Rich clusters of galaxies
Present mass function Q037 0.49 0.43 £0.03
Mass function evolution os 0.80 0.98 £0.10
Qum 0.26 0.17 £0.05
Cluster baryon fraction Wh3/2/Q,, 0103 0.097 4 0.004
Baryon evolution Qp +1.1Q,, 1.03 1.2+0.2
Ly« forest Ng 0.96 0.965 £+ 0.012
Neutrino density O, h? < 0.02 0.001
ISW detected, at about the fiducial prediction

o
AN ESTIMATE OF ©,, WITHOUT CONVENTIONAL PRIORS C}J

H. FELDMAN,'? R. JUSZKIEWICZ,*** P. FERREIRA,® M. DAVIS,” E. GAZTANAGA,® J. FrY,” A. JAFFE,' S. CHAMBERS,'
L. pa CosTA,'"' M. BERNARDL'? R. GIOVANELLL"” M. HAYNES,"® AND G. WEGNER'
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A measurement of the cosmological
mass density from clustering in the
2dF Galaxy Redshift Survey

John A. Peacock’, Shaun Cole?, Peder Norberg?, Cariton M. Banqh Joss Bland-Hawthorn®, Terry les Russell D. Cannon®,
Matthew Colless®, Chris Wllns Warrick cmn‘ Gavin Dalton’, Kathryn Deeley®, Roberto I)l Propris®, Simon P. Driver®,

George Emmmu' Richard S. Ellls"“' Carlos S. Fm:k' Karl mnemnk" Barﬂe.lamun‘ Mell.alnw' lan Lewis®, Stuart Lumsden'?,
Steve Maddox'®, Will J. Percival’, Bruce A. Peterson®, lan Price, Will Sutherland'”” & Keith Taylor*'®
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correlation
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SDSS weak
lensing,
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Parameter Fiducial Measured (M—-R)/o Gravitational 1ensing by the mass in
Baryon density and around clusters radially distorts
BBNS Qyh? 0.0227  0.0219 £ 0.0015 Flh

Baryon budget Q 0.042 > 0.005 background galaxies by an amount
Stellar evolution ages te, Gyr 13.6 12.3+1.0 HaH
Distance scale

Distance Ladder 0.72  0.69+0.08 QJAE):_fRdE/dR/Z

Gravitational lensing 0.72 0.75 £ 0.07 E
SNela distance modulus 1.00 0.99 + 0.08

Large-scale structure . .
Matter power spectrum ' 0.187 0.213 £ 0.023 Where E 18 the mean mass per unit area

Baryon acoustic oscillation 0.50 0.53 +0.06 within distance R Of a cluster.

Dynamical mass estimates

Galaxv velocities , 0.26 0.3079-17 ) . h 1
Tensing around clustors 026 0.20+003 If galaxies trace mass on these large

T eTISITg aToCoT T ation s U39 U001 _
Galaxy count fluctuation (9) 0.80 0.894 0.02 scales measurement of the concentra

Rich clusters of galaxics tion of light give the mean mass density.
Present mass function 0.49 0.43 +£0.03

Mass function evolution 0.80 0.98 £ 0.10




Parameter Fiducial Measured (M—-R)/o

Baryon density
BBNS QR 0.0227 00219400015  ta
Baryon budget Qp 0.042 > 0.005
Stellar evolution ages te, Gyr 13.6 123+ 1.0 HH
Distance scale
Distance Ladder 0.72 0.69 +0.08
Gravitational lensing 0.72 0.75 £ 0.07
SNela distance modulus 1.00 0.99 +0.08
Large-scale structure
Matter power spectrum 0.187 0.213 £ 0.023
Baryon acoustic oscillation 0.50 0.53 £ 0.06
Dynamical mass estimates
Galaxy velocities 0.26 0.3075-4%
Lensing around clusters 0.26 0.20 £ 0.03
Lensing autocorrelation 0.39 0.40 4+ 0.04
Galaxy count fluctuation 0.80 0.89+£ 0.02
RiciTciusters of gataxics
Present mass function Q037 0.49 0.43 £0.03
Mass function evolution og 0.80 0.98 +0.10
Qi 0.26 0.17 £0.05
Cluster baryon fraction Wh3/2/Q,, 0103 0.097 4+ 0.004
Baryon evolution Qp +1.1Q, 1.03 1.2+£0.2
Ly« forest Ng 0.96 0.965 + 0.012
Neutrino density 0, h? < 0.02 0.001
ISW detected, at about the fiducial prediction

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

os(m) = ((m — (m))*)/2/(m)

in randomly placed spheres of radius 8h~! Mpc. The surrogate is the rms
fractional fluctuation og(g) in galaxy counts on the same scale.

Since stars and DM are segregated we can only expect og(m) and og(g) are
about the same. The significance of the test is your judgement call.




The baryon content of galaxy clusters: a
challenge to cosmological orthodoxy

Simon D. M. White', Julio F. Navarro', August E. Evrard’
& Carlos S. Frenk'
* {nstitute of Astronomy, Madingley Road, Cambridge CB3 OHA, UK

T Department of Physics, University of Durham, Durham DH1 3LE, UK
1 Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA

Baryonic matter constitutes a larger fraction of the total mass of rich galaxy clusters than is
predicted by a combination of cosmic nucleosynthesis considerations (light-element formation
during the Big Bang) and standard inflationary cosmology. This cannot be accounted for by
gravitational and dissipative effects during cluster formation. Either the density of the Universe
is less than that required for closure, or there is an error in the standard interpretation of
element abundances.

Parameter Fiducial Measured (M—-R)/o

Baryon density
BBNS Qh? 0.0227 0.0219+0.0015  rai
Baryon budget Qp 0.042 > 0.005
Stellar evolution ages te, Gyr 13.6 12.34+1.0 HH
Distance scale
Distance Ladder 0.72 0.69 &+ 0.08
Gravitational lensing 0.72 0.75 +0.07
SNela distance modulus = 1.00 0.99 +0.08
Large-scale structure
Matter power spectrum 0.187 0.213 £0.023
Baryon acoustic oscillation 0.50 0.53 = 0.06
Dynamical mass estimates
Galaxy velocities 0.26 0.3075-47
Lensing around clusters 0.26 0.20 £ 0.03
Lensing autocorrelation : 0.39 0.40 £ 0.04
Galaxy count fluctuation (9) 0.80 0.89+ 0.02
Rich clusters of galaxies
Present mass function g2 0.49 0.43 +0.03
Mass function evolution 0.80 0.98 +0.10
0.26 017005
Cluster baryon fraction Qbh?’/z/Qm 0.103 0.097 4+ 0.004
Dadl'yOll €VOIULIOLIL SIA T LN, 1L.Uo 1.2 1TU.
Ly« forest N 0.96 0.965 £ 0.012
Neutrino density O, h? < 0.02 0.001
ISwW detected, at about the fiducial prediction
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Parameter Fiducial Measured (M—R)/o

Baryon density
BBNS Oy h? 0.0227  0.0219 + 0.0015
Baryon budget Qp 0.042 > 0.005
Stellar evolution ages 13.6 12.3 £ 1.0 For these 16 measures
Distance scale )
Distance Ladder 0.72  0.69+0.08 SOZMP o
Gravitational lensing 0.72 0.75 4 0.07 o?
SNela distance modulus 1.00 0.99 4+ 0.08
Large-scale structure , A
Matter power spectrum 0.187  0.213 +0.023 big, but considering
Baryon acoustic oscillation 0.50 0.53 + 0.06 the dicey estlmates' of
Dynamical mass estimates SOILE of the o’s I think
Galaxy velocities 0.26 0.301047 it’s remarkably good.
Lensing around clusters Qi 0.26 0.20 £ 0.03
Lensing autocorrelation 052053 0.39 0.40 £0.04
Galaxy count fluctuation os(9) 0.80 0.89+ 0.02
Rich clusters of galaxies
Present mass function ogQV-37 0.49 0.43 + 0.03
Mass function evolution os 0.80 0.98 £ 0.10
Qo 0.26 0.17 £0.05
Cluster baryon fraction Qbh3/2/Qm 0.103 0.097 + 0.004
Baryon evolution Qa +1.1Q,, 1.03 1.24+0.2
Ly« forest N 0.96 0.965 £+ 0.012
Neutrino density Q,h? < 0.02 0.001
ISW detected, at about the fiducial prediction

This is formally too




The Cosmological Tests: A Summary

The ACDM 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 ACDM 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 ACDM will continue to be a good ap-
proximation 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.




