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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 !CDM 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 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 !CDM 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 !CDM Model

A general point to bear in mind is that there are a lot of assumptions.

Some are natural: the adoption of 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 !CDM 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.
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Charlier (1922): this looks
more like a clustering hi-
erarchy — what we would
now term a fractal universe.

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.

1. Global Geometry

The !CDM 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 t,
and one constant, R!2,

ds2 = dt2!a(t)2

!
dx2

1! x2R!2
+ x2(d!2 + sin2 !d"2)

"

.

An observer at fixed coordinate position
x, !," sees an isotropic universe. An ob-
server moving relative to this preferred
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 $!
to observer at x = 0, where

# = a(t)x$!.

So x is termed the angular size distance.
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Hubble and Humason ! 1936

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, ! ! 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 ! ! a(t).

The cosmological redshift z of light emitted by a distant
galaxy at wavelength !em and observed at wavelength
!obs is

1 + z =
!obs

!em
" a(tobs)

a(tem)
.

The first equation is a definition, the second neglects
e!ects of inhomogeneity. It is an interesting exercise to
show that, at z # 1,

z =
ȧ

a
d = Hd,

where d is physical distance.

This assumes standard local physics, a metric theory,
but not GR.
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4. Fossil Thermal Radiation

Tolman (1931): free blackbody radiation
in a homogeneous isotropic expanding uni-
verse is cooled by expansion but remains
blackbody.

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

N =
1

eh!/kT ! 1
.

Adiabaticity says N is conserved. Since
! " 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 # 3K and baryon den-
sity # 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 di!erent state — denser and hotter.

5. Dark Matter
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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

N =
1

eh!/kT ! 1
.

Adiabaticity says N is conserved. Since
! " 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 temper-
ature # 3K and baryon density #
10!6 cm!3) shows why it’s hard to disturb
the CBR spectrum by energy exchange
with the matter.

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 di!erent state — denser and hotter.
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4. Local Energy Conservation

This follows by a similar argument.

In a homogeneous and isotropic universe with mass (energy) density !(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) = 4"(ax)3/3, contains energy E = !V , and is doing
pressure work of expansion dE/dt = "pdV/dt. If we can ignore bulk viscosity, we get

!̇ = "3(! + 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|! |!|, ! # a(t)!3.

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

For a radiation-dominated fluid, p = !/3, ! # a(t)!4, which is no surprise since we
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, d2r/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 !g = ! + 3p, so

ä

a
= "4

3
"G(! + 3p).

This equation with local energy conservation integrates to

!
ȧ

a

"2

=
8

3
"G!" (aR)!2.

We need GR again to show that the constant of integration R!2 is the curvature
parameter in the Robertson-Walker line element.
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Fig. 1. The Coma cluster in the 0.5–2.0 keV band. The image is the sum of all the di!erent exposures (see Table 1) of the di!erent MOS and pn
cameras (see text). The image is background and vignetting corrected. We applied a small median filter to mask out e!ects 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.

The dynamical state of the Coma cluster with XMM-Newton!

D. M. Neumann1, D. H. Lumb2, G. W. Pratt1, and U. G. Briel3

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 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.
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Hypothetical matter to gravitationally bind stars and gas in the outer
parts of galaxies, and the galaxies and plasma in clusters of galaxies.

It is fair 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 reason:

Smail et al. WFPC2 image of the
cluster Cl2244-02 at z = 0.33.
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7. Dark Energy

In the 1917 paper introducing the cosmological constant Einstein rewrote his
field equation as Rµ! ! !gµ! = !"(Tµ! ! 1

2gµ!T ).

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

Rµ! ! 1
2gµ!R = !"Tµ! ! !gµ! .

For an isotropic fluid at rest with energy density # and pressure p, Tµ! is
diagonal, #, 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

#" = !/", p" = !!/". (1)

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

Equation (1) in Friedmann’s equation gives

ä

a
= !4$

3
G(# + 3p! 2#!),

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

7



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. Suntze!9,16, and A. Zenteno9

– 56 –

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 !CDM (w, "M, "!) = (!1, 0.27, 0.73) Universe.

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 !i! ! (!o/!e)4, for emitted fre-
quency !e and observed frequency !o.

An object with luminosity !eL!e and physical size " has surface
brightness !ei!e ! !eL!e/"

2 at the source, and at angular size
distance x it subtends solid angle #! ! ("/aex)2, so the observed
energy flux density is

!f! !
!eL!e

"2

!
!o

!e

"4
#

"

aex

$2

! !eL!e

(aox)2(1 + z)2
,

To get x as a function of z use GR:

% dt

a(t)
=

% dx"
1# x2R!2

.

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

(ȧ/a)2 = H2
o [!r(1 + z)4 + !m(1 + z)3 + !k(1 + z)2 + !!],

where Ho is Hubble’s constant and the !’s are the density pa-
rameters for radiation, matter, space curvature, and dark energy.
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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
di!erence 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 = !/3 we get the power law growth,

"!

!
! "(#x, t) " 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 G! " t!2, as expected from di-
mensional analysis, and since ! " a!4 for radiation we’re not surprised that a " t1/2.
That produces curvature perturbation

" # G"M/r " G!̄ " (ax)2 # constant.

In the standard model the early universe had slight permanent wrinkles.
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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 !("x, t) = !̄(t)(1 + #("x, t)), the mass correlation function is

$(x) = !#("x + "y)#("y)",

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

$(x) =
!

d3kP(k)ei!k·!x, !#2" = $(0) =
!

d3kP(k) =
!

4%k3P(k) d ln k.

The mean square value — the variance — of the density contrast is !#2". One sees that
the variance per logarithmic interval of the wavenumber k, or wavelength & = 2%/k, is
4%k3P(k). So the variance in curvature per logarithmic interval of length scales as

!2 # #2x4 # P(k)k3 $ k!4 # kns!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.
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Initial Conditions: Acoustic Oscillations

At redshift z >! 1000, temperature T >! 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 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 !!k(t) in the plasma-
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 !!k(t) # 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-
tion (before dark matter).

Acoustic Oscillations and the CMB Anisotropy Spectrum

In the spherical harmonic expansion

T (",#) =
!

am
l Y m

l (",#),

of the 3 K CMB temperature as a function
of position in the sky the variance of the
sky temperature per logarithmic interval of
angular scale !" ! $/l is approximately

Dl =
l(l + 1)

2$
$|am

l |2%.
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ACBAR Power Spectrum 11

Fig. 5.— The decorrelated ACBAR band-powers for the full data set. The 1! error bars are derived from the o!set-lognormal fits to the
likelihood function. The band-powers are in excellent agreement with a "CDM 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, "CDM 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.

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.

peak/valley and damping pattern of the CMB power spec- tra. Additional parameters are derived from this basic
set. These include: the energy density of a cosmological

Initial Conditions: Acoustic Oscillations

At redshift z >! 1000, temperature T >! 3000 K, baryonic matter is thermally ionized.
Thomson scattering by the free electrons causes plasma and radiation to act as a
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 matter distribution are
accompanied by fluctuations in the radiation distribution.

The radiation pressure requires that the
!!k(t) oscillate with frequency ! k.

The condition that the universe is growing
clumpy requires that each Fourier compo-
nent of the primeval matter distribution
starts growing, as !!k(t) # t, in the early
universe.

That phasing means that at decoupling the
power spectrum is an oscillating function
of wavenumber, as in this 1970 computa-
tion (before dark matter).
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The curve has 7 parameters: distance scale h, densities !bh2 of baryons, !mh2 of
dark matter, and (constant) !!h2 of dark energy, primeval power spectrum power
law index ns and amplitude !8, and optical depth ! 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 "CDM,
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 ! an open CDM model with " = 0 fits as well.

A Considerable Parameter Degeneracy

The density parameters !bh2 for baryons and !mh2 for dark matter, with the
present CMB temperature To = 2.725K, and the primeval power spectrum
power law index ns and amplitude, closely fix the situation at z >! 1000, and
hence the evolution of fluctuations in the distributions of matter and radiation.

Any combination of distance scale h =
Ho/100 km s!1 Mpc!1 and space curva-
ture 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 en-
ergy: " = 0. The fit requires distance scale
and DM mass density that are quite incon-
sistent with other measurements.

But it leads to the question: might some
brilliant iconoclast find another way to
eliminate dark energy, or some other the-
ory that fits? It is important that we have
many tests that make this a considerable
challenge.
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Fig. 19.— Left: The points show the set of non-flat models consistent with the WMAP data, colored by the
Hubble constant values. WMAP measures the acoustic peak scale to high accuracy, but does not constrain
the curvature, !k, by itself. However, the highly curved models have a low Hubble constant, inconsistent
with observation. Right: Constraints on the dark energy equation of state, w, and the dark energy density,
!!, from WMAP alone. With a Hubble constant H0 < 100, weak limits can be placed on w in a flat universe,
shown by the blue contours, but the dark energy density and equation of state are unconstrained (with the
95% confidence level shaded grey) if the assumption of flatness is relaxed. Limits are significantly improved
when WMAP is combined with additional data (Komatsu et al. 2008).

supernovae, or the HST measurement of the Hubble constant, or galaxy power spectra), tightly constraining
any deviations from flatness. Komatsu et al. (2008) draw similar conclusions with currently available data,
and discuss the current limits on the spatial curvature from recent observations.

5.2.5. Dark energy properties

The "CDM model requires a non-zero dark energy density !! = 0.742± 0.030 to fit the data, which is
assumed to be in the form of a cosmological constant. We do not have an explanation for this component
of the universe. A natural explanation could be a vacuum energy density (Carroll et al. 1992), but if so, we
are faced with the fine-tuning problem to explain its observed value, 120 orders of magnitude smaller than
expected from field theory arguments. Alternative explanations include quintessence (Peebles & Ratra 1988;
Wetterich 1988; Ferreira & Joyce 1998) or modifications to gravity (De#ayet et al. 2002). Testing the dark
energy equation of state today, and as a function of cosmic time will help identify the possible explanation.

The CMB by itself cannot place strong limits on the equation of state w = p/!, but by measuring the
acoustic peak positions and heights, and constraining !mh2 with the third peak, limits the range of models
to a degeneracy between !m and w, shown in Figure 19. The dark energy in these models is allowed to
cluster. With a prior on the Hubble constant H0 < 100, WMAP alone places weak limits w = !1.06+0.41

!0.42,
with !! = 0.73+0.10

!0.11. If flatness is not assumed, the WMAP data cannot constrain w or !! due to the

Dunkley et al. WMAPIII

The curve has 7 parameters: distance scale h, densities !bh2 of baryons, !mh2 of
dark matter, and (constant) !!h2 of dark energy, primeval power spectrum power
law index ns and amplitude !8, and optical depth ! 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 "CDM,
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 ! an open CDM model with " = 0 fits as well.

A fit without dark energy

The density parameters !bh2 for baryons and !mh2 for dark matter, with the present
CMB temperature To = 2.725K, 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.

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 mea-
surements in a model with no dark energy. It is
important that we have constraints within the fit
— the " = 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.
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This Illustrates a Way to Organize the Suite of Cosmological Tests

Here are 43 statistically independent WMAP3
spectrum measurements with

!
(O !M)2/!2 = 35,

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

!CDM = 0.21, !b = 0.044, h = 0.72,

ns = 0.96, !8 = 0.80, " = 0.09.

As we have noted this does not mean this
"CDM 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)/!.

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 di#cult. You have to deal with judgement calls.
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The curve has 7 parameters: distance scale h, densities !bh2 of baryons, !mh2 of
dark matter, and (constant) !!h2 of dark energy, primeval power spectrum power
law index ns and amplitude !8, and optical depth ! 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 "CDM,
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 ! an open CDM model with " = 0 fits as well.

A fit without dark energy

The density parameters !bh2 for baryons and !mh2 for dark matter, with the present
CMB temperature To = 2.725K, and the primeval power spectrum power law index
ns and amplitude, closely fix the situation at z >! 1000, and hence the evolution of
fluctuations in the distributions of matter and radiation.

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 mea-
surements in a model with no dark energy. That’s
no problem: the " = 0 fit requires distance scale
and DM mass density that are quite inconsistent
with other measurements.

But it suggests the question: might some brilliant
iconoclast find another way to eliminate dark en-
ergy, or some other theory that fits? It is impor-
tant that we have many other tests that together
make this a considerable challenge.

This Illustrates a Way to Organize the Suite of Cosmological Tests

12



Table 5.3. Cosmological Tests

1

1

Table 0.1. Cosmological Tests.

Parameter Fiducial Measured (M! R)/!

Baryon density
BBNS !bh2 0.0227 0.0219± 0.0015
Baryon budget !b 0.042 > 0.005

Stellar evolution ages t!, Gyr 13.6 12.3± 1.0
Distance scale

Distance Ladder h 0.72 0.69± 0.08
Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction

From Finding the Big Bang, Peebles, Page and Partridge
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WMAPIII:

!bh
2 = 0.02273 ± 0.00062

Here are 43 statistically independent WMAP3
spectrum measurements with

!
(O !M)2/!2 = 35,

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

!CDM = 0.21, !b = 0.044, h = 0.72,

ns = 0.96, !8 = 0.80, " = 0.09.

But as we have noted this does not mean
"CDM has passed 36 independent challenges.

So I propose to consider all the other indepen-
dent tests one can think of that had a meaning-
ful chance of falsifying this model, reduce each
to one or a few numbers, and estimate

(O !M)/!.

A caution: some ! estimates depend on com-
plex systems such as galaxies whose behavior
cannot be fully analyzed from first principles;
others are just di#cult. You have to deal with
judgement calls.

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 "CDM model has zero space curvature, standard CDM,
constant ", negligible # masses and power law power spectrum with The
measure of fit is the $2 statistic.

The precision of the WMAPIII measure of !bh2 is impressive. But more impressive
is the consistency of measures of !bh2 from such very di$erent phenomena.
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TABLE 1

The Cosmic Energy Inventory

Category Parameter Componentsa Totalsa

1..................................... Dark sector: 0.954 ! 0.003

1.1.................................. Dark energy 0.72 ! 0.03

1.2.................................. Dark matter 0.23 ! 0.03

1.3.................................. Primeval gravitational waves P10"10

2..................................... Primeval thermal remnants: 0.0010 ! 0.0005

2.1.................................. Electromagnetic radiation 10"4.3 ! 0.0

2.2.................................. Neutrinos 10"2.9 ! 0.1

2.3.................................. Prestellar nuclear binding energy "10"4.1 ! 0.0

3..................................... Baryon rest mass: 0.045 ! 0.003

3.1.................................. Warm intergalactic plasma 0.040 ! 0.003

3.1a................................ Virialized regions of galaxies 0.024 ! 0.005

3.1b................................ Intergalactic 0.016 ! 0.005

3.2.................................. Intracluster plasma 0.0018 ! 0.0007

3.3.................................. Main-sequence stars: spheroids and bulges 0.0015 ! 0.0004

3.4.................................. Main-sequence stars: disks and irregulars 0.00055 ! 0.00014

3.5.................................. White dwarfs 0.00036 ! 0.00008

3.6.................................. Neutron stars 0.00005 ! 0.00002

3.7.................................. Black holes 0.00007 ! 0.00002

3.8.................................. Substellar objects 0.00014 ! 0.00007

3.9.................................. H i + He i 0.00062 ! 0.00010

3.10................................ Molecular gas 0.00016 ! 0.00006

3.11................................ Planets 10"6

3.12................................ Condensed matter 10"5.6 ! 0.3

3.13................................ Sequestered in massive black holes 10"5:4(1# !n)
4..................................... Primeval gravitational binding energy: "10"6.1 ! 0.1

4.1.................................. Virialized halos of galaxies "10"7.2

4.2.................................. Clusters "10"6.9

4.3.................................. Large-scale structure "10"6.2

5..................................... Binding energy from dissipative gravitational settling: "10"4.9

5.1.................................. Baryon-dominated parts of galaxies "10"8.8 ! 0.3

5.2.................................. Main-sequence stars and substellar objects "10"8.1

5.3.................................. White dwarfs "10"7.4

5.4.................................. Neutron stars "10"5.2

5.5.................................. Stellar mass black holes "10"4.2!s
5.6.................................. Galactic nuclei: early type "10"5.6!n
5.7.................................. Galactic nuclei: late type "10"5.8!n
6..................................... Poststellar nuclear binding energy: "10"5.2

6.1.................................. Main-sequence stars and substellar objects "10"5.8

6.2.................................. DiffAuse material in galaxies "10"6.5

6.3.................................. White dwarfs "10"5.6

6.4.................................. Clusters "10"6.5

6.5.................................. Intergalactic "10"6.2 ! 0.5

7..................................... Poststellar radiation: 10"5.7 ! 0.1

7.1.................................. Resolved radio-microwave 10"10.3 ! 0.3

7.2.................................. FIR 10"6.1

7.3.................................. Optical 10"5.8 ! 0.2

7.4.................................. X-ray–"-ray 10"7.9 ! 0.2

7.5.................................. Gravitational radiation: stellar mass binaries 10"9 ! 1

7.6.................................. Gravitational radiation: massive black holes 10"7.5 ! 0.5

8..................................... Stellar neutrinos: 10"5.5

8.1.................................. Nuclear burning 10"6.8

8.2.................................. White dwarf formation 10"7.7

8.3.................................. Core collapse 10"5.5

9..................................... Cosmic rays and magnetic fiBelds 10"8:3#0:6
"0:3

10................................... Kinetic energy in the IGM 10"8.0 ! 0.3

a Based on Hubble parameter h $ 0:7.

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.

From Fukugita and Peebles 2004

some detected in HI 
resonance absorption  
line clouds, but largely
hypothetical dark 
baryons
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encompassing ages and abundances observed in Galactic glob-
ular clusters. Themodels are presented as isochrones (2Y15Gyr)
and stellar evolution tracks (0.1Y1.8 M!) with accompanying
programs to create luminosity functions and SHB models suit-
able for analysis of old stellar populations. Details of the stel-
lar evolution calculations and all steps leading up to the final
products have been discussed. These models should prove useful
in analyzing the ACS Survey of Galactic Globular Clusters data
and in many other applications. The models extend to 0.1M! on
the main sequence, making them useful for deep photometric stud-
ies such as the ACS Survey of Galactic Globular Clusters, and at
the same time they provide nearly full evolutionary coverage of
the stars found in globular clusters and old open clusters.
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APPENDIX

A. COMPOSITION, COLOR TRANSFORMATIONS,
AND FILE NAMES

Composition is specified in the file names in terms of [Fe/H]
as feh and [!/Fe] as afe. The values of [Fe/H] and [!/Fe] are
listed using the letters m for minus (<0) and p for plus (>0) fol-
lowed by two digits for [Fe/H] and one digit for [!/Fe]. For
example, "Fe/H# $ %2:5, "! /Fe# $ &0:4 would be represented
by the string fehm25afep4. Zero is set to positive, and thus
"Fe/H# $ 0, "! /Fe# $ 0 is listed as fehp00afep0. Tracks and
isochrones with enhanced He, either Y $ 0:33 or Y $ 0:4, have
an additional string following fehXXXafeXX in their file names:
y33 or y40, respectively.
Color transformations are listed as a suffix to the isochrone

and evolutionary track file names. The synthetic color transforma-
tion is indicated by the suffix .phx, and the semiempirical color
transformation is indicated by .cmd. As a final example, the syn-
thetic color isochrone with "Fe/H# $ %1:5, "! /Fe# $ &0:4, and
Y $ 0:33 is called fehm15afep4y33.phx.

B. STELLAR EVOLUTION TRACK FILES

The stellar evolution tracks begin on the pre-main-sequence
and terminate at the He flash or begin on the ZAHB and termi-
nate at the onset of thermal pulsations on the AGB (TP-AGB).

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 SHBmodel 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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Abstract. New improved distances and absolute ages for the Galactic globular clusters NGC 6397, NGC 6752, and 47 Tuc
are obtained using the Main Sequence Fitting Method. We derived accurate estimates of reddening and metal abundance for
these three clusters using a strictly di!erential procedure, where the Johnson B " V and Strömgren b " y colours and UVES
high resolution spectra of turn-o! stars and early subgiants belonging to the clusters were compared to similar data for field
subdwarfs with accurate parallaxes measured by Hipparcos. The use of a reddening free temperature indicator (the profile of H!)
allowed us to reduce the error bars in reddening determinations to about 0.005 mag, and in metal abundances to 0.04 dex, in the
scales defined by the local subdwarfs. Error bars in distances are then reduced to about 0.07 mag for each cluster, yielding ages
with typical random errors of about 1 Gyr. We find that NGC 6397 and NGC 6752 have ages of 13.9 ± 1.1 and 13.8 ± 1.1 Gyr
respectively, when standard isochrones without microscopic di!usion are used, while 47 Tuc is probably about 2.6 Gyr younger,
in agreement with results obtained by other techniques sensitive to relative ages. If we use models that include the e!ects of
sedimentation due to microscopic di!usion in agreement with our observations of NGC 6397, and take into account various
sources of possible systematic errors with a statistical approach, we conclude that the age of the oldest globular clusters in the
Galaxy is 13.4 ± 0.8 ± 0.6 Gyr, where the first error bar accounts for random e!ects, and the second one for systematic errors.
This age estimate is fully compatible with the very recent results from WMAP, and indicates that the oldest Galactic globular
clusters formed within the first 1.7 Gyr after the Big Bang, corresponding to a redshift of z # 2.5, in a standard "CDM model.
The epoch of formation of the (inner halo) globular clusters lasted about 2.6 Gyr, ending at a time corresponding to a redshift
of z # 1.3. On the other hand, our new age estimate once combined with values of H0 given by WMAP and by the HST Key
Project, provides a robust upper limit at 95% level of confidence of #M < 0.57, independently of type Ia SNe, and strongly
supports the need for a dark energy. The new cluster distances lead to new estimates of the horizontal branch luminosity, that
may be used to derive the zero point of the relation between the horizontal branch absolute magnitude and metallicity: we
obtain MV (HB) = (0.22 ± 0.05)([Fe/H] + 1.5) + (0.56 ± 0.07). This zero point is 0.03 mag shorter than obtained by Carretta
et al. (2000) and within the error bar it agrees with, but it is more precise than most of the previous individual determinations of
the RR Lyrae absolute magnitude. When combined with the apparent average luminosity of the RR Lyrae stars in the LMC by
Clementini et al. (2003), this zero point provides a new estimate of the distance modulus to the LMC: (m"M)0 = 18.50± 0.09.

Key words. stars: abundances – stars: evolution – stars: Population II – Galaxy: globular clusters: general – Galaxy:
formation – cosmology: distance scale

1. Introduction
Globular clusters are among the oldest objects in our Galaxy.
Their ages provide basic informations on the early stages of
Galactic formation, and give lower limits to the age of the
Universe. This latter issue has become in the last years less
urgent, since the increasing evidences for an acceleration in the
Universe expansion have lead to older ages for the Universe.
However, when coupled with determinations of the Hubble

Send o!print requests to: R. G. Gratton,
e-mail: gratton@pd.astro.it
" Based on data collected at the European Southern Observatory,
Chile, telescopes (program 165.L-0263).

constant H0 from the WMAP experiment (Spergel et al. 2003)
and from the HST Key Project (Freedman et al. 2001), ac-
curate ages of globular clusters can be used to constrain the
value of #M independently of observations of type Ia SNe
(Perlmutter et al. 1999). This is an important issue given the
existing concerns about systematic e!ects on the maximum
brightness of type Ia SNe occurring at high redshift (see e.g.
Dominguez et al. 2001). Once the presence of dark energy is as-
sumed, globular cluster ages can be used to constrain a time av-
erage of the exponent of the equation of state of the vacuum en-
ergy w (Jimenez et al. 2003), possibly allowing to discriminate
between various models (strings, vacuum energy, quintessence:
see Wang et al. 2000). On the other side, assuming a standard
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ABSTRACT
We present here the !nal results of the Hubble Space Telescope (HST ) Key Project to measure the

Hubble constant. We summarize our method, the results, and the uncertainties, tabulate our revised dis-
tances, and give the implications of these results for cosmology. Our results are based on a Cepheid
calibration of several secondary distance methods applied over the range of about 60È400 Mpc. The
analysis presented here bene!ts from a number of recent improvements and re!nements, including (1) a
larger LMC Cepheid sample to de!ne the !ducial period-luminosity (PL) relations, (2) a more recent
HST Wide Field and Planetary Camera 2 (WFPC2) photometric calibration, (3) a correction for
Cepheid metallicity, and (4) a correction for incompleteness bias in the observed Cepheid PL samples.
We adopt a distance modulus to the LMC (relative to which the more distant galaxies are measured) of

mag, or 50 kpc. New, revised distances are given for the 18 spiral galaxies fork0(LMC) \ 18.50 ^ 0.10
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 !nd
values (in km s~1 Mpc~1) of (random) ^ 6 (systematic) (Type Ia supernovae),H0 \ 71 ^ 2 H0 \ 71 ^ 3

(Tully-Fisher relation), (surface brightness Ñuctuations), (Type II^ 7 H0 \ 70 ^ 5 ^ 6 H0 \ 72 ^ 9 ^ 7
supernovae), and (fundamental plane). We combine these results for the di†erentH0 \ 82 ^ 6 ^ 9
methods with three di†erent weighting schemes, and !nd good agreement and consistency with H0 \ 72

km s~1 Mpc~1. Finally, we compare these results with other, global methods for measuring^ 8 H0.
Subject headings : Cepheids È cosmology : observations È distance scale È

galaxies : distances and redshifts

1. INTRODUCTION

In standard big bang cosmology, the universe expands
uniformly ; and locally, according to the Hubble law, v \

where v is the recession velocity of a galaxy at a dis-H0 d,
tance d, and is the Hubble constant, the expansion rateH0

1 Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by
AURA, Inc., under NASA contract NAS5-26555.

2 The Observatories, Carnegie Institution of Washington, Pasadena,
CA 91101.

3 NASA/IPAC Extragalactic Database, California Institute of Tech-
nology, Pasadena, CA 91125.

4 Centre for Astrophysics and Supercomputing, Swinburne University
of Technology, Hawthorn, Victoria 3122, Australia.

5 Rutgers University, New Brunswick, NJ 08854.
6 Department of Terrestrial Magnetism, Carnegie Institution of Wash-

ington, 5241 Broad Branch Road NW, Washington, DC 20015.
7 National Optical Astronomy Observatories, PO Box 26732, Tucson,

AZ 85726.
8 Research School of Astronomy and Astrophysics, Australian National

University, Weston Creek Post Office, Weston, ACT, Australia 2611.
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at the current epoch. More than seven decades have now
passed since Hubble (1929) initially published the corre-
lation between the distances to galaxies and their recession
velocities, thereby providing evidence for the expansion of
the universe. But pinning down an accurate value for the
Hubble constant has proved extremely challenging. There
are many reasons for this difficulty, but primary among
them is the basic difficulty of establishing accurate distances
over cosmologically signi!cant scales.

The Hubble constant enters in a practical way into
numerous cosmological and astrophysical calculations. Its
inverse, sets the age of the universe, and the size ofH0~1, t0,
the observable universe, given a knowledge ofRobs \ ct0,
the total energy density of the universe. The square of the
Hubble constant relates the total energy density of the uni-
verse to its geometry (Kolb & Turner 1990 ; Peacock 1999).
In addition, the Hubble constant de!nes the critical density
of the universe, The critical densityocrit \ (3H2)/(8nG).
further speci!es the epoch in the universe at which the
density of matter and radiation were equal, so that the
growth of structure in the universe is also dependent on
the expansion rate. The determination of many physical
properties of galaxies and quasars (e.g., mass, luminosity,
energy density) all require knowledge of the Hubble con-
stant, as does the proportion of primordial light elements
(H, D, 3He, 4He, and Li) synthesized in the !rst few minutes
after the big bang.

Measuring an accurate value of was one of the moti-H0vating reasons for building the NASA/ESA Hubble Space
Telescope (HST ). Thus, in the mid 1980s, measurement of

with the goal of 10% accuracy was designated as one ofH0
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ABSTRACT
We present here the !nal results of the Hubble Space Telescope (HST ) Key Project to measure the

Hubble constant. We summarize our method, the results, and the uncertainties, tabulate our revised dis-
tances, and give the implications of these results for cosmology. Our results are based on a Cepheid
calibration of several secondary distance methods applied over the range of about 60È400 Mpc. The
analysis presented here bene!ts from a number of recent improvements and re!nements, including (1) a
larger LMC Cepheid sample to de!ne the !ducial period-luminosity (PL) relations, (2) a more recent
HST Wide Field and Planetary Camera 2 (WFPC2) photometric calibration, (3) a correction for
Cepheid metallicity, and (4) a correction for incompleteness bias in the observed Cepheid PL samples.
We adopt a distance modulus to the LMC (relative to which the more distant galaxies are measured) of

mag, or 50 kpc. New, revised distances are given for the 18 spiral galaxies fork0(LMC) \ 18.50 ^ 0.10
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 !nd
values (in km s~1 Mpc~1) of (random) ^ 6 (systematic) (Type Ia supernovae),H0 \ 71 ^ 2 H0 \ 71 ^ 3

(Tully-Fisher relation), (surface brightness Ñuctuations), (Type II^ 7 H0 \ 70 ^ 5 ^ 6 H0 \ 72 ^ 9 ^ 7
supernovae), and (fundamental plane). We combine these results for the di†erentH0 \ 82 ^ 6 ^ 9
methods with three di†erent weighting schemes, and !nd good agreement and consistency with H0 \ 72

km s~1 Mpc~1. Finally, we compare these results with other, global methods for measuring^ 8 H0.
Subject headings : Cepheids È cosmology : observations È distance scale È

galaxies : distances and redshifts

1. INTRODUCTION

In standard big bang cosmology, the universe expands
uniformly ; and locally, according to the Hubble law, v \

where v is the recession velocity of a galaxy at a dis-H0 d,
tance d, and is the Hubble constant, the expansion rateH0
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at the current epoch. More than seven decades have now
passed since Hubble (1929) initially published the corre-
lation between the distances to galaxies and their recession
velocities, thereby providing evidence for the expansion of
the universe. But pinning down an accurate value for the
Hubble constant has proved extremely challenging. There
are many reasons for this difficulty, but primary among
them is the basic difficulty of establishing accurate distances
over cosmologically signi!cant scales.

The Hubble constant enters in a practical way into
numerous cosmological and astrophysical calculations. Its
inverse, sets the age of the universe, and the size ofH0~1, t0,
the observable universe, given a knowledge ofRobs \ ct0,
the total energy density of the universe. The square of the
Hubble constant relates the total energy density of the uni-
verse to its geometry (Kolb & Turner 1990 ; Peacock 1999).
In addition, the Hubble constant de!nes the critical density
of the universe, The critical densityocrit \ (3H2)/(8nG).
further speci!es the epoch in the universe at which the
density of matter and radiation were equal, so that the
growth of structure in the universe is also dependent on
the expansion rate. The determination of many physical
properties of galaxies and quasars (e.g., mass, luminosity,
energy density) all require knowledge of the Hubble con-
stant, as does the proportion of primordial light elements
(H, D, 3He, 4He, and Li) synthesized in the !rst few minutes
after the big bang.

Measuring an accurate value of was one of the moti-H0vating reasons for building the NASA/ESA Hubble Space
Telescope (HST ). Thus, in the mid 1980s, measurement of

with the goal of 10% accuracy was designated as one ofH0
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Table 5.3. Cosmological Tests

1

1

Table 0.1. Cosmological Tests.

Parameter Fiducial Measured (M! R)/!

Baryon density
BBNS !bh2 0.0227 0.0219± 0.0015
Baryon budget !b 0.042 > 0.005

Stellar evolution ages t!, Gyr 13.6 12.3± 1.0
Distance scale

Distance Ladder h 0.72 0.69± 0.08
Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction

12 Suyu et al.
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Fig. 3.— Left-hand (Right-hand) panel: drizzled HSTACS F606W (F814W) images with 0.03!! pixels from 9 (11) HSTorbits. The dust
lane and interacting galaxy lenses are clearly visible. The white dots indicate the centroid positions of the images.
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Fig. 4.— HSTNICMOS F160W image that is SWarped to
aligned to the ACS frame with 0.03!! pixel size. The white dots
indicate the centroid positions of the images.

which causes the focal length (and hence the PSF) of
the telescope to change. Instead of adopting a universal
PSF, we take the approach of modeling several PSFs us-
ing di!erent means, and comparing them quantitatively
using the Bayesian analysis described in Section 2.2.1.
This has the advantage of using the data (the observed
image) to rank the models. For each of the two drizzled
ACS images, we create five models for the PSF based
on either the TinyTim package (Krist & Hook 1997) or
from the unsaturated stars in the field: (i) drizzled PSF
(“PSF-drz”) from a set of TinyTim simulations (follow-

ing Rhodes et al. 2007), (ii) single (non-drizzled) Tiny-
Tim PSF (“PSF-f3”) with a telescope focus value of !3,
(iii) the closest star (“PSF-C”) located at " 9!! in the
northeast direction from B1608+656 in the drizzled ACS
field with a Vega magnitude of 21.3 in F814W, (iv) bright
star #1 (“PSF-B1”) that is located at " 1.9! southwest
of B1608+656 in the drizzled ACS field with a Vega mag-
nitude of 18.7 in F814W, and (v) bright star #2 (“PSF-
B2”) that is located at " 1.6! south of B1608+656 in the
drizzled ACS field with a Vega magnitude of 19.1.

The TinyTim frame(s) were drizzled and resampled to
pixel sizes of 0.03!! to match the resolution of the ACS im-
ages. We keep in mind that the TinyTim PSFs (PSF-drz
and PSF-f3) may be insu"cient due to the time varying
nature of the PSF, and the aging of the detector since the
TinyTim code was written. We expect the closest star
to B1608+656 (PSF-C) to be a good approximation to
the PSF because the spatial variation of the PSF across
" 9!! should be negligible and any temporal variations
are the same as in the lens system. However, this closest
star is not bright enough to see the secondary maxima in
the PSF, so we include additionally two of the brightest
stars in the drizzled field mentioned above. For each of
the stars in F606W and F814W, we make a small cutout
around the star [25# 25 pixels for PSF-C, 51# 51 pixels
for PSF-B1, and 41 # 41 pixels for PSF-B2], and center
it on a 200 # 200 grid, which is the size of the drizzled
science image cutouts of B1608+656 that are used for
the image processing.

5.3.2. NICMOS PSF

The NICMOS PSF is thought to be more stable, and
thus we assume a TinyTim model for it. The output
TinyTim PSF is in the CCD frame of NICMOS with
pixel size 0.043!!. As with the F160W science image, the
PSF was SWarped to be aligned with the ACS images
with 0.03!! pixels. Since there is only one PSF model for
NICMOS, PSF specifications throughout the rest of this
paper refer to the ACS PSFs.

ar
Xi

v:
08

04
.2

82
7v

1 
 [a

str
o-

ph
]  

17
 A

pr
 2

00
8

Draft version April 17, 2008
Preprint typeset using LATEX style emulateapj v. 11/26/04
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ABSTRACT

Strong gravitational lensing is a powerful technique for probing galaxy mass distributions and for
measuring cosmological parameters. Lens systems with extended source intensity distributions are
particularly useful for this purpose since they provide additional constraints on the lens potential
(mass distribution). We present a pixelated approach to modeling simultaneously the lens potential
and source intensity distribution. The method makes iterative and perturbative corrections to an ini-
tial potential model. For systems with sources of su!cient extent such that the separate lensed images
are connected by intensity measurements, the accuracy in the reconstructed potential is solely limited
by the quality of the data. We apply this potential reconstruction technique to deep HSTobservations
of B1608+656, a 4-image gravitational lens system formed by a pair of interacting lens galaxies. We
present a comprehensive Bayesian analysis of the system that takes into account the extended source
intensity distribution, dust extinction, and the interacting lens galaxies. Our approach allows us to
compare various models of the components of the lens system, which include the point spread func-
tion (PSF), dust, lens galaxy light, source intensity distribution, and lens potential. Using optimal
combinations of the PSF, dust and lens galaxy light models, we successfully reconstruct both the lens
potential and the extended source intensity distribution of B1608+656. The resulting reconstruction
can be used as the basis of a measurement of the Hubble constant. As an illustration of the astrophys-
ical applications of our method, we use our reconstruction of the gravitational potential to study the
relative distribution of mass and light in the lensing galaxies. We find that the mass-to-light ratio for
the primary lens galaxy is (2.0± 0.2)h M! L"1

B,! within the Einstein radius (3.9h"1 kpc), in agreement
with what is found for non-interacting lens galaxies at the same scales.
Subject headings: gravitational lensing: general — gravitational lensing: individual (B1608+656)

— methods: data analysis — galaxies: elliptical and lenticular, cD — galaxies:
structure

1. INTRODUCTION

Strong gravitational lens systems provide a tool for
probing galaxy mass distributions (independent of their
light profiles) and for measuring cosmological parameters
(e.g. Kochanek, Schneider, & Wambsganss 2006, and
references therein). Lens systems with extended source
intensity distributions are of special interest because they
provide additional constraints on the lens potential (and
hence the surface mass density) due to surface brightness
conservation. In this case, simultaneous determination of
the source intensity distribution and the lens potential is

Electronic address: suyu@astro.uni-bonn.de
1 Based in part on observations made with the NASA/ESA Hub-

ble Space Telescope, obtained at the Space Telescope Science In-
stitute, which is operated by the Association of Universities for
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nology, Pasadena, CA, 91125, USA

3 KIPAC, Stanford University, 2575 Sand Hill Road, Menlo Park,
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53121 Bonn, Germany
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bara, CA 93106-9530, USA

6 Department of Physics, University of California at Davis, 1
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needed. To describe either the source intensity or the lens
potential/mass distribution, there are two approaches
in the literature: (i) “parametric,” or better, “simply-
parameterized,” using simple, physically motivated func-
tional forms described by a few (! 10) parameters
(e.g., Kochanek 1991, Kneib et al. 1996, Keeton 2001,
Marshall 2006, Jullo et al. 2007), and (ii) pixel-based
(“pixelated”, or “free-form”, or sometimes, inaccurately,
“non-parametric”) modeling on a grid, which has been
done for both the source intensity (e.g., Wallington et al.
1996, Warren & Dye 2003, Treu & Koopmans 2004,
Dye & Warren 2005, Koopmans 2005, Brewer & Lewis
2006, Suyu et al. 2006, Wayth & Webster 2006) and the
lens potential/mass distribution (e.g., Williams & Saha
2000, Bradač et al. 2005, Koopmans 2005, Saha et al.
2006, Suyu & Blandford 2006, Jee et al. 2007). Most
of the developed lens modeling methods are simply-
parameterized. In particular, for the measurement of
the Hubble constant, lens potential/mass models prior
to Saha et al. (2006) have been simply-parameterized be-
cause most of the strong lens systems with time delay
measurements have only point sources (as opposed to
extended sources) to constrain the lens potential/mass
distribution. A precise measurement of the value of
H0 is important for testing the flat "-CDM model and
studying dark energy. The cosmic microwave background
(CMB) allows determination of cosmological parame-
ters with high accuracy with the exception of H0 (e.g.
Komatsu et al. 2008). An independent measurement of

! 10 kpc

The G1,2 lens redshift is zl = 0.63.

The source redshift is zs = 1.39.

There are three measured radio arrival
time di!erences for the source images A,
B, C, D.

This merits an independent entry be-
cause it is based on gravitational lensing
— applied on scales ten orders of mag-
nitude larger than the precision tests on
the scale of the Solar System and smaller.
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Table 0.1. Cosmological Tests.

Parameter Fiducial Measured (M! R)/!

Baryon density
BBNS !bh2 0.0227 0.0219± 0.0015
Baryon budget !b 0.042 > 0.005

Stellar evolution ages t!, Gyr 13.6 12.3± 1.0
Distance scale

Distance Ladder h 0.72 0.69± 0.08
Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction

– 56 –

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 !CDM (w, "M, "!) = (!1, 0.27, 0.73) Universe.
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Observational Constraints on the Nature of Dark Energy: First

Cosmological Results from the ESSENCE Supernova Survey
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Table 0.1. Cosmological Tests.

Parameter Fiducial Measured (M! R)/!

Baryon density
BBNS !bh2 0.0227 0.0219± 0.0015
Baryon budget !b 0.042 > 0.005

Stellar evolution ages t!, Gyr 13.6 12.3± 1.0
Distance scale

Distance Ladder h 0.72 0.69± 0.08
Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction
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Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction

1
9
8
1
A
p
J
.
.
.
2
4
8
.
.
8
8
5
P

1
9
8
1
A
p
J
.
.
.
2
4
8
.
.
8
8
5
P

regime by a factor of!4. The LRG sample should therefore out-
perform these surveys by a factor of 2 in fractional errors on large
scales. Note that quasar surveys cover much more volume than
even the LRG survey, but their effective volumes are worse, even
on large scales, due to shot noise.

3. THE REDSHIFT-SPACE CORRELATION FUNCTION

3.1. Correlation Function Estimation

In this paper, we analyze the large-scale clustering using the
two-point correlation function (Peebles 1980, x 71). In recent
years, the power spectrum has become the common choice on
large scales, as the power in different Fourier modes of the linear
density field is statistically independent in standard cosmology
theories (Bardeen et al. 1986). However, this advantage breaks
down on small scales due to nonlinear structure formation, while
on large scales elaborate methods are required to recover the sta-
tistical independence in the face of survey boundary effects (for
discussion, see Tegmark et al. 1998). The power spectrum and
correlation function contain the same information in principle,
as they are Fourier transforms of one another. The property of
the independence of different Fourier modes is not lost in real
space, but rather it is encoded into the off-diagonal elements of
the covariance matrix via a linear basis transformation. One must
therefore accurately track the full covariance matrix to use the
correlation function properly, but this is feasible. An advantage
of the correlation function is that, unlike in the power spectrum,
small-scale effects such as shot noise and intrahalo astrophysics
stay on small scales, well separated from the linear regime fluc-
tuations and acoustic effects.

We compute the redshift-space correlation function using
the Landy-Szalay estimator (Landy & Szalay 1993). Random
catalogs containing at least 16 times asmany galaxies as the LRG
sample were constructed according to the radial and angular se-
lection functions described above. We assume a flat cosmology
with !m " 0:3 and !" " 0:7 when computing the correlation
function. We place each data point in its comoving coordinate
location based on its redshift and compute the comoving sep-
aration between two points using the vector difference. We use
bins in separations of 4 h#1 Mpc from 10 to 30 h#1 Mpc and
bins of 10 h#1 Mpc thereafter out to 180 h#1 Mpc, for a total of
20 bins.

We weight the sample using a scale-independent weighting
that depends on redshift. When computing the correlation func-
tion, each galaxy and random point is weighted by 1/$1% n(z)Pw&
(Feldman et al. 1994), where n(z) is the comoving number density
and Pw " 40;000 h#3 Mpc3. We do not allow Pw to change with
scale so as to avoid scale-dependent changes in the effective bias
caused by differential changes in the sample redshift. Our choice
of Pw is close to optimal at k ' 0:05 h Mpc#1 and within 5% of
the optimal errors for all scales relevant to the acoustic oscillations
(kP0:15 h Mpc#1). At z < 0:36, nPw is about 4, while nPw ' 1
at z " 0:47. Our results do not depend on the value of Pw; chang-
ing the value wildly alters our best-fit results by only 0.1 !.

Redshift distortions cause the redshift-space correlation func-
tion to vary according to the angle between the separation vector
and the line of sight. To ease comparison to theory, we focus
on the spherically averaged correlation function. Because of the
boundary of the survey, the number of possible tangential sep-
arations is somewhat underrepresented compared to the number
of possible line-of-sight separations, particularly at very large
scales. To correct for this, we compute the correlation functions
in four angular bins. The effects of redshift distortions are ob-
vious: large-separation correlations are smaller along the line-of-

sight direction than along the tangential direction. We sum these
four correlation functions in the proportions corresponding to
the fraction of the sphere included in the angular bin, thereby re-
covering the spherically averaged redshift-space correlation func-
tion. We have not yet explored the cosmological implications of
the anisotropy of the correlation function (Matsubara & Szalay
2003).

The resulting redshift-space correlation function is shown in
Figure 2. A more convenient view is shown in Figure 3, where
we have multiplied by the square of the separation, so as to flatten
out the result. The errors and overlaid models will be discussed
below. The bump at 100 h#1 Mpc is the acoustic peak, to be de-
scribed in x 4.1.

The clustering bias of LRGs is known to be a strong function
of luminosity (Hogg et al. 2003; Eisenstein et al. 2005; Zehavi
et al. 2005a), and while the LRG sample is nearly volume-limited
out to z ! 0:36, the flux cut does produce a varying luminosity
cut at higher redshifts. If larger scale correlations were prefer-
entially drawn from higher redshift, we would have a differential
bias (see discussion in Tegmark et al. 2004a). However, Zehavi
et al. (2005a) have studied the clustering amplitude in the two
limiting cases, namely the luminosity threshold at z < 0:36 and
that at z " 0:47. The differential bias between these two samples
on large scales is modest, only 15%. We make a simple param-
eterization of the bias as a function of redshift and then compute
b2 averaged as a function of scale over the pair counts in the
random catalog. The bias varies by less than 0.5% as a function
of scale, and so we conclude that there is no effect of a possible
correlation of scale with redshift. This test also shows that the

Fig. 2.—Large-scale redshift-space correlation function of the SDSS LRG
sample. The error bars are from the diagonal elements of the mock-catalog co-
variance matrix; however, the points are correlated. Note that the vertical axis
mixes logarithmic and linear scalings. The inset shows an expanded view with a
linear vertical axis. The models are !mh

2 " 0:12 (top line), 0.13 (second line),
and 0.14 (third line), all with !bh

2 " 0:024 and n " 0:98 and with a mild non-
linear prescription folded in. The bottom line shows a pure CDM model (!mh

2 "
0:105), which lacks the acoustic peak. It is interesting to note that although the
data appear higher than the models, the covariance between the points is soft as
regards overall shifts in "(s). Subtracting 0.002 from "(s) at all scales makes the
plot look cosmetically perfect but changes the best-fit #2 by only 1.3. The bump
at 100 h#1 Mpc scale, on the other hand, is statistically significant. [See the electronic
edition of the Journal for a color version of this figure.]
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ABSTRACT

We present the large-scale correlation function measured from a spectroscopic sample of 46,748 luminous
red galaxies from the Sloan Digital Sky Survey. The survey region covers 0.72 h!3 Gpc3 over 3816 deg2 and
0:16 < z < 0:47, making it the best sample yet for the study of large-scale structure. We find a well-detected peak
in the correlation function at 100 h!1 Mpc separation that is an excellent match to the predicted shape and location
of the imprint of the recombination-epoch acoustic oscillations on the low-redshift clustering of matter. This detec-
tion demonstrates the linear growth of structure by gravitational instability between z " 1000 and the present and
confirms a firm prediction of the standard cosmological theory. The acoustic peak provides a standard ruler by
which we can measure the ratio of the distances to z # 0:35 and z # 1089 to 4% fractional accuracy and the absolute
distance to z # 0:35 to 5% accuracy. From the overall shape of the correlation function, we measure the matter
density !mh

2 to 8% and find agreement with the value from cosmic microwave background (CMB) anisotropies.
Independent of the constraints provided by the CMB acoustic scale, we find!m # 0:273 $ 0:025% 0:123(1% w0) %
0:137!K . Including the CMB acoustic scale, we find that the spatial curvature is !K # !0:010 $ 0:009 if the dark
energy is a cosmological constant. More generally, our results provide a measurement of cosmological distance,
and hence an argument for dark energy, based on a geometric method with the same simple physics as the micro-
wave background anisotropies. The standard cosmological model convincingly passes these new and robust tests of
its fundamental properties.

Subject headinggs: cosmic microwave background — cosmological parameters — cosmology: observations —
distance scale — galaxies: elliptical and lenticular, cD — large-scale structure of universe
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Table 0.1. Cosmological Tests.

Parameter Fiducial Measured (M! R)/!

Baryon density
BBNS !bh2 0.0227 0.0219± 0.0015
Baryon budget !b 0.042 > 0.005

Stellar evolution ages t!, Gyr 13.6 12.3± 1.0
Distance scale

Distance Ladder h 0.72 0.69± 0.08
Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction

signature of large-scale flattening from coherent infall has been seen
with a high signal-to-noise ratio.

Quantifying redshift-space distortions
The large-scale flattening of the correlation function may be
quantified by measuring the quadrupole moment of y(j,p) as a
function of radius r. A negative quadrupole moment implies
flattening, whereas the finger-of-God distortion tends to yield a
positive quadrupole moment. Figure 3 shows that the quadrupole-
to-monopole ratio is positive on small scales, but that if falls with
separation, becoming progressively more negative out to the largest
separations at which it can be reliably measured. This arises partly
because the underlying power spectrum is not a simple power-law
function of scale, so that the peculiar velocities have a different effect
at different radii. By integrating over the correlation function, it is
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-of-
God 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

in the relative velocities of galaxies, jp. In practice, jp plays the role
of an empirical fitting parameter to describe the scale on which the
distortions approach the linear-theory predictions. It therefore also
incorporates other possible effects, such as a scale dependence of
bias.

The results for the quadrupole-to-monopole ratio are shown in
Fig. 3, which shows the average of the estimates for the NGP and
SGP slices. The difference between the NGP and SGP allows an
estimate of the errors to be made: these slices are independent
samples for the present analysis of clustering on relatively small
scales. For model fitting, it is necessary to know the correlation
between the values at different r. A simple way of addressing this is
to determine the effective number of degrees of freedom from the
value of x2 for the best-fitting model. A more sophisticated
approach is to generate realizations of y(j,p), and construct the
required covariance matrix directly. One way of achieving this is to
analyse large numbers of mock surveys drawn from numerical
simulations24. A more convenient method is to generate direct
realizations of the redshift-space power spectrum, using gaussian
fluctuations on large scales, but allowing for enhanced variance in
power on nonlinear scales25–27. In practice, the likelihood contours
resulting from this approach agree well with those from the simple
approach, and we are confident that the resulting errors on b are
realistic. These contours are shown in Fig. 4, and show that there is a
degree of correlation between the preferred values of b and jp, as
expected. For our purposes, jp is an uninteresting parameter, so we
marginalize over it to obtain the following estimate of b and its root
mean square (r.m.s.) uncertainty:

b ! 0:43 ! 0:07
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Figure 2 The redshift-space correlation function for the 2dFGRS, y(j,p), plotted as a
function of transverse (j) and radial (p) pair separation. The function was estimated by
counting pairs in boxes of side 0.2 h!1 Mpc, and then smoothing with a gaussian of r.m.s.
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
distortions, with finger-of-God elongations at small scales and the coherent Kaiser
flattening at large radii. The overplotted contours show model predictions with flattening
parameter b ! !0:6=b ! 0:4 and a pairwise dispersion of jp ! 400 km s" 1. Contours
are plotted at y ! 10, 5, 2, 1, 0.5, 0.2 and 0.1.

The model predictions assume that the redshift-space power spectrum (Ps) may be
expressed as a product of the linear Kaiser distortion and a radial convolution37:
P s"k# ! P r "k #"1 $ bm2#2"1 $ k 2j2

pm
2=2H 2

0#" 1, where m ! k̂"r̂, and jp is the r.m.s.
pairwise dispersion of the random component of the galaxy velocity field. This model gives
a very accurate fit to exact nonlinear simulations33. For the real-space power spectrum,
Pr(k), we take the estimate obtained by deprojecting the angular clustering in the APM
survey11,39. This agrees very well with estimates that can be made directly from the
2dFGRS, as will be discussed elsewhere. We use this model only to estimate the scale
dependence of the quadrupole-to-monopole ratio (although Fig. 2 shows that it does
match the full y(j,p) data very well).
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Figure 3 The flattening of the redshift-space correlation function is quantified by the
quadrupole-to-monopole ratio, y2/y0. This quantity is positive where fingers-of-God
distortion dominates, and is negative where coherent infall dominates. The solid lines
show model predictions for b ! 0:3, 0.4 and 0.5, with a pairwise velocity dispersion of
jp ! 400 km s" 1 (solid lines), plus b ! 0:4 with jp ! 300 and 500 km s!1 (dashed
lines). The y2/y0 ratio becomes more negative as b increases and as jp decreases. At
large radii, the effects of fingers-of-God become relatively small, and values of b ! 0:4
are clearly appropriate.

The multipole moments of the correlation function are defined as y!"r # ! "2! $ 1#=
2"1

" 1y"j ! r sin v; p ! r cos v# P !"cos v# d cos v. In linear theory, the quadrupole-to-
monopole ratio is given40 by y2=y0 ! f "n#"4b=3 $ 4b2=7#="1 $ 2b=3 $ b2=5#. Here
f "n# ! "3 $ n#=n, where n is the power-spectrum index of the density fluctuations:
y # r " "3$n#. In practice, nonlinear effects mean that this ratio is a function of scale. We
model this by using the real-space correlation function estimated from the APM
survey11,39, plus the model for nonlinear finger-of-God smearing given in the caption to
Fig. 2.
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The large-scale structure in the distribution of galaxies is thought to arise from the gravitational instability of small fluctuations in
the initial density field of the Universe. A key test of this hypothesis is that forming superclusters of galaxies should generate a
systematic infall of other galaxies. This would be evident in the pattern of recessional velocities, causing an anisotropy in the
inferred spatial clustering of galaxies. Here we report a precise measurement of this clustering, using the redshifts of more than
141,000 galaxies from the two-degree-field (2dF) galaxy redshift survey. We determine the parameter ! ! "0:6=b ! 0:43 ! 0:07,
where " is the total mass-density parameter of the Universe and b is a measure of the ‘bias’ of the luminous galaxies in the survey.
(Bias is the difference between the clustering of visible galaxies and of the total mass, most of which is dark.) Combined with the
anisotropy of the cosmic microwave background, our results favour a low-density Universe with " ! 0:3.

Hubble showed in 1934 that the pattern of galaxies on the sky is
non-random1, and successive years have seen ever more ambitious
attempts to map the distribution of visible matter on cosmological
scales. In order to obtain a three-dimensional picture, redshift
surveys use Hubble’s law, v ! H0r, to infer approximate radial
distances to a set of galaxies. The first major surveys of this sort
took place in the early 1980s (refs 2–5), and were limited to a few
thousand redshifts, owing to the limited speed of single-object
spectroscopy. In the 1990s, redshift surveys were extended to much
larger volumes by a ‘sparse sampling’ strategy6. These studies7,8

established that the universe was close to uniform on scales above
about 100 h!1 Mpc (where h ! H0=100 km s " 1 Mpc " 1), but with a
complex nonlinear supercluster network of walls, filaments and
voids on smaller scales.

The origin of this large-scale structure is one of the key issues in
cosmology. A plausible assumption is that structure grows by
gravitational collapse of density fluctuations that are small at early
times—but it is essential to test this idea. One important signature
of gravitational instability is that collapsing structures should
generate ‘peculiar’ velocities, #v, which distort the uniform
Hubble expansion. We measure a redshift, z, which combines
Hubble’s law with the radial component of these peculiar velocities:
cz " H0r " #v"r̂. The apparent density field seen in a redshift survey
in thus not a true three-dimensional picture, but this can be turned
to our advantage. The redshift-space distortions have a character-
istic form, whose detection can both verify the general idea that
structure forms by gravitational instability, and also measure the

density of the universe. Here we present measurements of this effect,
based on a new large redshift survey.

The 2dF Galaxy Redshift Survey
New-generation large redshift surveys are made feasible by multi-
plexed fibre-optic spectroscopy, and the most advanced facility
of this sort is the two-degree field, mounted at the prime focus
of the Anglo–Australian Telescope9, which allows 400 spectra to
be measured simultaneously. (For details of the 2df instrument,
see http://www.aao.gov.au/2df/.) The 2dF Galaxy Redshift Survey
(2dFGRS)10 was designed to use this instrument to measure the
redshifts of 250,000 galaxies, to a blue magnitude limit of bJ ! 19:45
(corrected for extinction by dust in the Milky Way). (For details of
the current status of the 2dFGRS, see http://www.mso.anu.edu.au/
2dFGRS/.) The galaxies were selected from an updated version of
the APM (automatic plate-measuring machine) catalogue11, which
is based on scans of photographic plates taken with the UK Schmidt
telescope. Survey observations began in 1998, and should finish at
the end of 2001. Redshifts have currently been obtained for 141,402
galaxies. The sky coverage of the 2dFGRS consists of strips in the
northern and southern galactic poles (75" $ 7:5" in the NGP;
75" $ 15" in the SGP), plus a number of outlying random fields.
Coverage is now sufficiently extensive that near-complete thin slices
through the galaxy distribution may be constructed, as shown in
Fig. 1. This image illustrates well the median depth of the survey:
approximately z ! 0:11. Beyond this point, the survey is sensitive
only to the more luminous galaxies, and the comoving density falls
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ABSTRACT
Using mean relative peculiar velocity measurements for pairs of galaxies, we estimate the cosmological density

parameter and the amplitude of density fluctuations j8. Our results suggest that our statistic is a robust andQm
reproducible measure of the mean pairwise velocity and thereby the parameter. We get and!0.17Q Q p 0.30m m "0.07

. These estimates do not depend on prior assumptions on the adiabaticity of the initial density!0.22j p 1.138 "0.23
fluctuations, the ionization history, or the values of other cosmological parameters.
Subject headings: cosmological parameters— cosmology: observations— cosmology: theory—

distance scale— galaxies: distances and redshifts— large-scale structure of universe

1. INTRODUCTION

In this Letter, we report the culmination of a program to study
cosmic flows. In a series of recent papers, we introduced a new
dynamical estimator of the parameter, the dimensionlessdensityQm
of the nonrelativistic matter in the universe. We use the so-called
streaming velocity, or themean relative peculiar velocity forgalaxy
pairs, , where r is the pair separation (Peebles 1980, p. 170).v (r)12
It is measured directly from peculiar velocity surveys, without the
noise-generating spatial differentiation, used in reconstruction
schemes such as POTENT (seeCourteau et al. 2000 and references
therein). In the first paper of the series (Juszkiewicz, Springel, &
Durrer 1999), we derived an equation relating to andv (r) Qm12
the two-point correlation function of mass density fluctuations,

. Then, we showed that and can be estimated fromy(r) v Qm12
mock velocity surveys (Ferreira et al. 1999) and finally, from real
data: the Mark III survey (Juszkiewicz et al. 2000). Whenever a
new statistic is introduced, it is of particular importance that it
passes the test of reproducibility. Our Mark III results pass these
tests: the measurements are independent of the galaxy mor-v (r)12
phology and the distance indicator.
In this Letter, we extend our analysis to three new surveys,
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with the aim of testing reproducibility on a larger sample and,
in case of a positive outcome, improving on the accuracy of our
earlier measurements of and j8, the rms mass density contrastQm
in a sphere of radius of 8 h"1 Mpc, where h is the usual Hubble
parameter, H0, expressed in units of 100 km s"1 Mpc"1. In our
notation, the symbol j8 always refers to matter density, while

refers to the number density of Point-Source Catalog Red-PSCzj8
shift (PSCz) survey galaxies.
Unlike our analysis, other estimators of cosmological param-

eters are often degenerate, hence j8 and cannot be extractedQm
without making additional Bayesian prior assumptions, which we
call conventional priors: a particular choice of values for h, the
baryon and vacuum densities, and QL, the character of theQb
primeval inhomogeneities (adiabaticity, spectral slope, t/s ratio),
the ionization history, etc. (Bridle et al. 2003). The estimates of
and j8 presented here do not depend on conventional priors.Qm

The only prior assumption that we make is that up to j8, the PSCz
estimate of describes the mass correlation function. We testy(r)
this assumption by comparing the predicted to direct ob-v (r)12
servations. We also check how robust our approach is by replacing
the PSCz estimate of with an automatic plate measuringy(r)
(APM) estimate and two other pure power-law toy models.

2. THE PAIRWISE MOTIONS AND GALAXY CLUSTERING

The approximate solution of the pair conservation equation
derived by Juszkiewicz et al. (1999) is given by

2 0.6¯ ¯v (r) p " H rQ y(r)[1! ay(r)], (1)0 m312

r 23 y(x)x dx!0
ȳ(r) p , (2)3r [1! y(r)]

where and . As aa p 1.2" 0.65g g p "(d ln y/d ln r)Fyp1
model for , we use the Fourier transform of the PSCz powery(r)
spectrum (Hamilton & Tegmark 2002, eq. [39]), which can be
expressed as

2 "g "g1 2y(r) p (j /0.83) [(r/r ) ! (r/r ) ], (3)8 1 2

where , , ,"1 "1r p 2.33 h Mpc r p 3.51 h Mpc g p 1.721 2 1
, and j8 is a free parameter. If the PSCz galaxiesg p 1.282

follow the mass distribution, then . ThePSCzj p j p 0.838 8
quantities j8 and describe nonlinear matter density fluc-y(r)
tuations at redshift zero. The PSCz fit with in equa-j p 0.838
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Table 0.1. Cosmological Tests.

Parameter Fiducial Measured (M! R)/!

Baryon density
BBNS !bh2 0.0227 0.0219± 0.0015
Baryon budget !b 0.042 > 0.005

Stellar evolution ages t!, Gyr 13.6 12.3± 1.0
Distance scale

Distance Ladder h 0.72 0.69± 0.08
Gravitational lensing h 0.72 0.75± 0.07

SNeIa distance modulus "µ(z = 1) 1.00 0.99± 0.08
Large-scale structure

Matter power spectrum !mh 0.187 0.213± 0.023
Baryon acoustic oscillation !m/h2 0.50 0.53± 0.06

Dynamical mass estimates
Galaxy velocities !m 0.26 0.30+0.17

"0.07
Lensing around clusters !m 0.26 0.20± 0.03
Lensing autocorrelation !8!0.53

m 0.39 0.40± 0.04
Galaxy count fluctuation !8(g) 0.80 0.89± 0.02
Rich clusters of galaxies

Present mass function !8!0.37
m 0.49 0.43± 0.03

Mass function evolution !8 0.80 0.98± 0.10
!m 0.26 0.17± 0.05

Cluster baryon fraction !bh3/2/!m 0.103 0.097± 0.004
Baryon evolution !! + 1.1!m 1.03 1.2± 0.2

Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
ISW detected, at about the fiducial prediction

 

The following is an attempt to identify all relevant independent quantifiable
measures of phenomena other than the CBR anisotropy spectrum.

The independence is important because it means each entry is a (more or
less) independent challenge and opportunity to falsify the reference model
universe.

And because these measurements are di!cult, and may be a"icted by
systematic errors, it is important that these very di#erent measurements
are not likely to be biased in the same way, for or against the reference
model.

Gravitational lensing by the mass in
and around clusters radially distorts
background galaxies by an amount

! $% = "Rd%/dR/2,

where % is the mean mass per unit area
within distance R of a cluster.

If galaxies trace mass on these large
scales measurement of the concentra-
tion of light give the mean mass density.

The &CDM model passes tests that measure the large-scale nature of the
universe in a considerable variety of ways.

We can’t conclude from this that &CDM, maybe after fine adjustments, is
physical reality — we make progress by successive approximations.

We can conclude that if/when &CDM is replaced by some better, deeper,
theory the new one will predict a universe that looks a lot like &CDM, because
we’ve looked at the universe from so many sides now.

So will this deeper theory include DM? The odds against that are long.

And one of the wonderful things about physical science is that we on occasion
get to do new experiments that may make the odds even longer.
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SDSS Cluster Lensing 9

Fig. 8.— !" from 25 to 30h!1 Mpc in 12 bins of N200, the number of galaxies (> 0.4L") within rgals
200

. The signal measured around
random points is subtracted from these profiles (see Figure 6). The correction for clustering of sources with the lenses is also applied (see
Figure 7). The errors are from jackknife re-sampling.

Cluster-mass
correlation
function from
SDSS weak
lensing,
Sheldon et

al. (2007)
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Ly# forest ns 0.96 0.965± 0.012
Neutrino density !!h2 < 0.02 0.001
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We have looked at the universe from many sides now and found that
!CDM fits what is measured.

We can’t conclude from that that !CDM, maybe after fine adjust-
ments, is physical reality — we make progress by successive approxi-
mations.

We can be sure that when it is replaced by some deeper, better, theory
the new one will predict a universe that looks much like !CDM.

Will the deeper theory contain dark matter? We already have labora-
tory evidence for some, in neutrinos, at "! ! 0.01 or so. There is no
guarantee that laboratory measurements will identify more, much less
all of it. But that’s all in the game.

Will the deeper theory contain dark energy? Again, there’s no guar-
antee, but the odds on it have become very good.

And a wonderful thing about physical science is that we on occasion
get to do new experiments that may make lengthen or shorten the
odds.

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

!8(m) = "(m# "m$)2$1/2/"m$

in randomly placed spheres of radius 8h−1 Mpc. The surrogate is the rms
fractional fluctuation !8(g) in galaxy counts on the same scale.

Since stars and DM are segregated we can only expect !8(m) and !8(g) are
about the same. The significance of the test is your judgement call.
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© 1993 Nature  Publishing GroupFig. 1. The Coma cluster in the 0.5–2.0 keV band. The image is the sum of all the di!erent exposures (see Table 1) of the di!erent MOS and pn
cameras (see text). The image is background and vignetting corrected. We applied a small median filter to mask out e!ects 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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Gravitational lensing by the mass in
and around clusters radially distorts
background galaxies by an amount

! !" = "Rd"/dR/2,

where " is the mean mass per unit
area within distance R of a cluster.

If galaxies trace mass on these large
scales measurement of the concentra-
tion of light give the mean mass den-
sity.

This checks consistency of the measured large-scale mass fluctuations
with what is needed to fit the measured fluctuations of the CMB tem-
perature.

The statistic is the rms fractional mass fluctuation

!8(m) = #(m" #m$)2$1/2/#m$,

in randomly placed spheres of radius 8h!1 Mpc. The surrogate is the
rms fractional fluctuation !8(g) in galaxy counts on the same scale.

Since stars and DM are segregated we can only expect !8(m) and !8(g)
are about the same. The significance of the test is your judgement call.

For these 16 measures

! (O "M)2

!2
= 26.

This is formally too
big, but considering
the dicey estimates of
some of the !’s I think
it’s remarkably good.
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The Cosmological Tests: A Summary

The !CDM 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 !CDM 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 !CDM 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 di"erent.

In my second lecture I’ll discuss three phenomena that seem puzzling and may — just
possibly — point to some adjustment.
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