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Natural science a operates on the hypothesis b that nature operates by rules we
can discover c in successive approximations d to a reality thus defined. e

a One branch of which is the study of the large-scale nature of our universe.

b We have abundant reason to take it as given that the rules exist and may be discovered,

but it is not given.

c Ideas on occasion play remarkably important roles, but discoveries are established by

the weight of empirical evidence.

d Every branch of natural science has a standard model and research aimed at improving

it that we suppose will prosper and converge toward universal consistency.

e Maybe there is a final theory, or maybe it’s successive approximations all the way

down; it certainly doesn’t matter at the present state of the enterprise.

I will argue that

• cosmology has a very productive standard model,

• but that the history of natural science suggests ongoing research will lead
to a still better model,

• and that there are indeed many fascinating open issues to address.
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The Relativistic Hot Big Bang ΛCDM Cosmology

1. A homogeneous and isotropic Friedman-Lemâıtre solution to Einstein’s field equation that is

(a) cosmologically flat,

(b) expanding and evolving according to standard and conventional physics,

(c) and with allowance for primeval curvature fluctuations that are close to

i. adiabatic (homogeneous entropy density),

ii. Gaussian,

iii. growing,

iv. scale-invariant,

v. and small, ∼ 10
−5

.

2. Mass budget:

(a) dark energy (the new name for Einstein’s Λ): 73%;

(b) nonbaryonic cold dark matter: 23%;

(c) baryonic matter: 4.6%;

(d) neutrinos: < 1.3%;

(e) thermal cosmic microwave radiation: 5× 10
−5

;

(f) starlight: ∼ 5× 10
−7

;

(g) and a soupçon of gravitational waves.
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Why does the community generally accept a cosmology in which

• 95% of the present mass of the universe is in two hypothetical forms,

dark matter and dark energy,

• the initial conditions follow from a simple but not unique version of

inflation (and why should one trust inflation anyway?),

• and the physical basis, general relativity, is extrapolated to the Hubble

length by > 14 orders of magnitude from the precision tests on length

scales from the Solar System and smaller?

The case is made persuasive by the tight network of measurements.

This certainly does not mean we have the final cosmology for what happened

after baryogenisis. Natural science is long history of successive approximations.

But we can be sure that if there is a better cosmology it will predict a universe

that looks much like ΛCDM, because the tests look at the universe from many

sides and find that it looks much like ΛCDM.
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Fig. 8.— Luminosity distance modulus vs. redshift for the ESSENCE, SNLS, and nearby

SNe Ia for MLCS2k2 with the “glosz” AV prior. For comparison the overplotted solid line
and residuals are for a ΛCDM (w, ΩM, ΩΛ) = (−1, 0.27, 0.73) Universe.
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Fig. 8.— Luminosity distance modulus vs. redshift for the ESSENCE, SNLS, and nearby

SNe Ia for MLCS2k2 with the “glosz” AV prior. For comparison the overplotted solid line
and residuals are for a ΛCDM (w, ΩM, ΩΛ) = (−1, 0.27, 0.73) Universe.

Hubble and Humason ∼ 1936

Hubble 1929

redshift 
z = 0.1

= λobserved/λemitted − 1
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The linear redshift-distance relation is consistent with an expanding universe, as Lemâıtre

showed in 1927.

That need not mean the universe is expanding.

And if expanding it need not mean the universe is evolving. A counter example is the

classical Hoyle, Bondi and Gold steady state cosmology.

But cosmic evolution is persuasively demonstrated by a fossil from a time when the

universe had to have been very different from now, the cosmic microwave background.

King’s College
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The universe is transparent: distant radio sources are observed at CMB wavelengths.

The thermal CMB spectrum thus strongly argues for evolution of the universe from a state
hot and dense enough to have been capable of relaxing to thermal equilibrium.

Preserving the thermal spectrum as the universe expanded and cooled requires

• standard electromagnetism,

• quite close to homogeneous expansion, for inhomogeneities produce a mixture of CMB
temperatures, contrary to what is measured.
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The case for general relativity, nonbaryonic dark matter, dark energy a and all that
rests on a network of other tests.

The redshift-magnitudeb test was worked out in the 1930s; three decades later
Sandage showed that it has promise; four decades after that two groups indepen-
dently completed the test by observations of type Ia supernovae c.

This rightly celebrated result indicates the rate of expansion of the universe is in-
creasing, a quite distinctive feature of dark energy.

athe new name for Einstein’s cosmological constant, Λ

bapparent magnitude is a measure of observed energy flux density; redshift is z =
λobserved
λemitted

− 1

cno hydrogen in the spectrum — likely explosive nuclear burning of a CO white dwarf — and with

luminosities astronomers showed can be brought to a near standard value

This is from Perlmutter et
al. 1999. Riess et al. 1998
found quite similar results.
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FIG. 1.ÈHubble diagram for 42 high-redshift type Ia supernovae from the Supernova Cosmology Project and 18 low-redshift type Ia supernovae from the
Supernova Survey after correcting both sets for the SN Ia light-curve width-luminosity relation. The inner error bars show the uncertainty dueCala! n/Tololo

to measurement errors, while the outer error bars show the total uncertainty when the intrinsic luminosity dispersion, 0.17 mag, of light-curveÈwidth-
corrected type Ia supernovae is added in quadrature. The unÐlled circles indicate supernovae not included in Ðt C. The horizontal error bars represent the
assigned peculiar velocity uncertainty of 300 km s~1. The solid curves are the theoretical for a range of cosmological models with zero cosmologicalm
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applying the width-luminosity correction. For these plots,
the slope of the width-brightness relation was taken to be
a \ 0.6, the best-Ðt value of Ðt C discussed below. (Since
both the low- and high-redshift supernova light-curve
widths are clustered rather closely around s \ 1, as shown
in Fig. 4, the exact choice of a does not change the Hubble
diagram signiÐcantly.) The theoretical curves for a universe
with no cosmological constant are shown as solid lines for a
range of mass density, 1, 2. The dashed lines)
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\ 0,

represent alternative Ñat cosmologies, for which the total
mass energy density (where)
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3. FITS TO )
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The combined low- and high-redshift supernova data sets

of Figure 1 are Ðtted to the Friedman-Robertson-Walker
(FRW) magnitude-redshift relation, expressed as in P97 :
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““ Hubble-constantÈfree ÏÏ B-band absolute magnitude at
maximum of a SN Ia with width s \ 1. (These quantities

are, respectively, calculated from theory or Ðtted from
apparent magnitudes and redshifts, both without any need
for The cosmological-parameter results are thus alsoH0.
completely independent of The details of the ÐttingH0.)
procedure as presented in P97 were followed, except that
both the low- and high-redshift supernovae were Ðtted
simultaneously, so that and a, the slope of the width-M

Bluminosity relation, could also be Ðtted in addition to the
cosmological parameters and For most of the)

M
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analyses in this paper, and a are statistical ““ nuisance ÏÏM
Bparameters ; we calculate two-dimensional conÐdence

regions and single-parameter uncertainties for the cosmo-
logical parameters by integrating over these parameters, i.e.,
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BAs in P97, the small correlations between the photo-
metric uncertainties of the high-redshift supernovae, due to
shared calibration data, have been accounted for by Ðtting
with a correlation matrix of uncertainties.11 The low-
redshift supernova photometry is more likely to be uncor-
related in its calibration, since these supernovae were not
discovered in batches. However, we take a 0.01 mag system-
atic uncertainty in the comparison of the low-redshift
B-band photometry and the high-redshift R-band photo-
metry. The stretch-factor uncertainty is propagated with a
Ðxed width-luminosity slope (taken from the low-redshift

11 The data are available at http ://www-supernova.lbl.gov.

The case for the general relativity theory of evolution of a universe now dominated

by nonbaryonic dark matter and dark energy a rests on a network of other tests.

The redshift-magnitude b relation of type Ia supernovae c is rightly celebrated. Two

groups independently measured this relation and found that the rate of expansion

of the universe is increasing, a distinctive feature of dark energy.

Of course, this assumes general relativity theory, and it assumes there is no subtle

undetected error in the SNeIa measurements.

athe new name for Einstein’s cosmological constant, Λ
bapparent magnitude is a measure of the observed energy flux density

cno hydrogen in the spectrum — likely explosive nuclear burning of a CO white dwarf — and

with luminosities astronomers showed can be brought to a near standard value

This is from Perlmutter et
al. 1999. Riess et al. 1998

found quite similar results.No. 2, 2009 THE CARNEGIE SUPERNOVA PROJECT 1051

Figure 14. Top panel: i- and B-band Hubble diagrams for 21 low-redshift and
35 high-redshift SNe Ia from the CSP, uncorrected for reddening. Bottom panel:
the residuals about the best fit to these data. The values for rms scatter about the
best fit to these data are labeled. The rms value in brackets excludes the most
discrepant (highly reddened) SNLS 05D1hn.
(A color version of this figure is available in the online journal.)

see the advantage of observing SNe Ia at red wavelengths
relative to the optical. The rms dispersions in these plots amount
to ±0.17 and ±0.29 mag, respectively.

In Figure 15, we present the first i-band Hubble diagram for
the CSP sample of 35 SNe Ia based on Magellan data (solid
blue squares) using the reddening-free magnitude technique
described in Section 6, adopting a value of RV = 1.74 ± 0.27.
The error bars shown in the lower panel represent the formal 1σ
uncertainties in the distance modulus and include the combined
errors in the photometry, the dispersion in the light-curve
templates, the estimated dispersion in K-corrections, the error in
the foreground Galactic reddening, and the covariances between
the light-curve parameters. We also include a peculiar-velocity
component of ±300 km s−1. The top curve corresponds to an
Ωm = 0.27, ΩDE = 0.73 cosmology. The yellow diamonds
represent the binned data, as given in Table 6. For comparison,
the small black squares indicate distance moduli from Astier
et al. (2006). The current CSP sample of 21 nearby SNe Ia from
Folatelli et al. (2009, solid red circles) is also shown in Figure 15.
The low-redshift sample is restricted to nearby SNe Ia in the
Hubble flow, having redshifts greater than z > 0.010, so that
the scatter due to random peculiar velocities is minimized. (The
results remain consistent, to within the quoted uncertainties, if
we further restrict the sample to z > 0.015 or z > 0.02.)

The immediate conclusion we can draw from this Hubble
diagram is that the CSP data alone provide independent ev-
idence for a (standard) cosmological model with Ωm = 0.3
and ΩDE = 0.7. The CSP constraints can be further improved
by combining them with other independent measurements,
for example, baryonic acoustic oscillations (e.g., Eisenstein
et al. 2005). A weighted fit to our 35 data points in combi-
nation with baryon acoustic oscillations (assuming w = −1)
yields the solution: Ωm = 0.27 ± 0.02(statistical), ΩDE =
0.76 ± 0.13(statistical) ± 0.09(systematic). The systematic un-
certainties for SNe Ia do not have much impact on the deter-
mination of Ωm since this parameter is determined largely by
the matter power spectrum. We quote only statistical uncertain-
ties for Ωm here. The statistical uncertainties are determined
by marginalizing over all other parameters and fitting the one-

Figure 15. i-band rest-frame Hubble diagram for a total of 56 CSP SNe Ia,
35 SNe Ia from the Magellan CSP sample (blue squares), and 21 low-redshift
data (red solid circles) from Folatelli et al. (2009). For comparison, distances
determined by Astier et al. (2006) are shown as black squares, but are not
included in the fits. Error bars shown are 1σ . A value of H0 = 72 km s−1 Mpc−1

has been adopted for the plot. The solid (red), dot-dashed (black), and dashed
(blue) lines represent Ωm = 0.3, ΩDE = 0.7 ; Ωm = 0.3, ΩDE = 0 ; and Ωm =
1 models, respectively. The data are consistent with the standard (accelerating)
cosmological model. To minimize the effects of peculiar velocities, the fit to
the low-redshift sample is restricted to z > 0.010. In the bottom panel, the data
are shown relative to the standard model, shown as the solid line. The yellow
diamonds are the result of binning the data (see Table 6).
(A color version of this figure is available in the online journal.)

dimensional probability distribution to a Gaussian. The system-
atic uncertainties are treated below in Section 9.3.

Based on the fit to the Hubble diagram above, we show, in
Figure 16, our error ellipses in the Ωm–ΩDE plane. Consistent
with previous SN Ia studies, we find that based on the SN
Ia data alone (and the assumption that w = −1), a value of
ΩDE > 0 is required at greater than the 99% confidence level.

As an alternative to making assumptions about w, we can
use the CSP data to calculate w under the assumption of
flatness (Ωk = 0). Here, we again combine the CSP results with
independent measurements of baryonic acoustic oscillations
(e.g., Eisenstein et al. 2005), as shown in Figure 17. Assuming
a flat cosmology, these joint constraints yield a value of Ωm =
0.27 ± 0.03 (statistical) and w = −1.05 ± 0.13 (statistical) ±
0.09 (systematic). For the purposes of this calculation, we are
assuming that w is a constant (i.e., wa = 0). These results
are in excellent agreement with other joint constraints from
SN Ia studies and baryon acoustic oscillations (Astier et al.
2006; Wood-Vasey et al. 2007; Riess et al. 2007), which also
yield values of w = −1 and Ωm = 0.3, to within the quoted
measurement uncertainties. We have also combined our CSP
results with the two-dimensional probability contours from
the 2dF galaxy redshift survey (Hawkins et al. 2003). We
find Ωm = 0.27 ± 0.09 (statistical) and w0 = −1.03 ± 0.23
(statistical), in good agreement with the SDSS data, but with
larger uncertainties on the value of w0.

In Figure 18, we show a comparison of the residuals in the
Hubble diagram for the high-z data (z > 0.10) for the i- and
B bands relative to the best-fit flat, constant w cosmological

Near Infrared Hubble Diagram

Freedman et al. 2009
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It takes nothing from the importance of the SNe measurements to ask what commu-

nity opinion would have been if the only demanding cosmological tests were

• the thermal CMB spectrum, which argues for near homogeneous expansion from

a hot early universe, but not for GR, and

• the galaxy redshift-distance and SNe Ia redshift-magnitude measurements.

I expect many would have taken the conservative position to be that there has to be

some subtle undetected error in the supernovae measurements, because

• if Λ is not zero, the only other “natural” value suggested by quantum physics

is many tens of orders of magnitude too large;

• the value of Λ indicated by the SNe measurements requires that we flourish at

a special epoch, just as the universe is making the transition from expansion

dominated by matter to expansion dominated by Λ.

One also would have been quite justified to ask instead why we should trust the

enormous extrapolation of general relativity theory to the scales of cosmology.

That is, it is essential that we have other independent evidence of GR and Λ.
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Figure 2. Average likelihood contours recovered from the analysis of three
power spectra (top panel) and six power spectra (bottom panel) mea-
sured from 1000 LN density fields. Contours are plotted for −2 lnL =
2.3, 6.0, 9.2, corresponding to two-parameter confidence of 68, 95 and
99 per cent for a Gaussian distribution. Contours were calculated after in-
creasing the errors on the power spectrum band powers as described in
the text. Solid circles mark the locations of the likelihood maxima clos-
est to the true cosmology. We have plotted the likelihood surface as a
function of DV (z)/Mpc, for fixed rs(zd) = 154.7 Mpc, to show distance
errors if the comoving sound horizon is known perfectly. The values of
DV for our input cosmology are shown by the vertical and horizontal solid
lines.

are shown in Fig. 3, where we plot the measured power spectra
divided by the spline component of the best-fitting model. In our
default analysis we fit power spectra from six redshift slices as
described in Section 3, using a spline for DV (z) with two nodes
at z = 0.2 and z = 0.35, respectively. We assume a fixed BAO
damping scale of Ddamp = 10 h−1 Mpc and fit to all SDSS and
non-overlapping 2dFGRS data. The effect of these assumptions is
considered in Section 8. The resulting likelihood surface is shown in
Fig. 4 as a function of DV (z) Mpc−1, for fixed r s(zd) = 154.7 Mpc,
to show distance errors if the comoving sound horizon is known
perfectly. The constraints should be considered measurements of
r s(zd)/DV (z) (see Section 4). Fig. 4 reveals a dominant likelihood
maximum close to the parameters of a !CDM cosmology with

Figure 3. BAO recovered from the data for each of the redshift slices (solid
circles with 1σ errors). These are compared with BAO in our default !CDM
model (solid lines).

#m = 0.25, h = 0.72 and #bh
2 = 0.0223. There are also weaker

secondary maxima at lower DV (0.2), which are considered further
in Section 8.8. The significance of the detection of BAO corresponds
to $χ 2 = 13.1, which is approximately 3.6σ . As this is relative to
an arbitrary smooth model, this test is more general, and hence the
significance cannot be directly compared with results presented by
Eisenstein et al. (2005).

We have matched the likelihood surface shown in Fig. 4 around
the dominant maximum to a multivariate Gaussian model. Using

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 2148–2168
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CMB Anisotropy Spectrum (WMAP7 & SPT, Keisler et al. 2011).

This is the square of the spherical harmonic transform of the CMB
temperature across the sky, normalized to variance of the CMB tem-
perature per logarithmic interval of angular scale θ ∼ π/l.

Baryon acoustic oscillation power spectrum (Percival et al. 2010).

This is the square of the fourier transform of the large-scale galaxy
distribution.

CMB Anisotropy Spectrum (WMAP7 & SPT, Keisler et al. 2011).

This is the square of the spherical harmonic transform of the CMB
temperature across the sky, normalized to variance of the CMB tem-
perature per logarithmic interval of angular scale θ ∼ π/l.

Baryon acoustic oscillation power spectrum (Percival et al. 2010).

This is the square of the fourier transform of the large-scale galaxy
distribution.

CMB Anisotropy Spectrum (WMAP7 & SPT, Keisler et al. 2011).

This is the square of the spherical harmonic transform of the CMB

temperature across the sky, normalized to variance of the CMB tem-

perature per logarithmic interval of angular scale θ ∼ π/l.

Baryon acoustic oscillation power spectrum (Percival et al. 2010).

This is the square of the Fourier transform of the large-scale galaxy

distribution.

The ringing of primeval adiabatic pressure waves

in the coupled plasma and radiation left patterns

in the distributions of baryons and the CMB. The

former, known as BAO, are detected in the distri-

bution of luminous galaxies.

CDM is essential for this beautiful model fit to the precision CMB anisotropy measurements.

The BAO measurement is less precise but very important, because it fixes a linear scale, which agrees with

the astronomers’ distance scale, and that with the CMB anisotropy spectrum requires Λ > 0 with near

flat space sections.

, consistent with the SNe measurements, in a relativistic cosmology that is looking good.

CMB Anisotropy Spectrum (WMAP7 & SPT, Keisler et al. 2011).

This is the square of the spherical harmonic transform of the CMB

temperature across the sky, normalized to variance of the CMB tem-

perature per logarithmic interval of angular scale θ ∼ π/l.

Baryon acoustic oscillation power spectrum (Percival et al. 2010).

This is the square of the Fourier transform of the large-scale galaxy

distribution.

The ringing of primeval adiabatic pressure waves

in the coupled plasma and radiation left patterns

in the distributions of baryons and the CMB. The

former, known as BAO, are detected in the distri-

bution of luminous galaxies.

Nonbaryonic dark matter is essential for this beautiful model fit to the CMB anisotropy measurements.

The BAO measurement is less precise but very important. It fixes a linear scale, which agrees with the

astronomers’ distance scale. That with the CMB anisotropy requires Λ > 0 with near flat space sections.

This is independent evidence for dark matter and dark energy, consistent with and checking the SNe

measurements, in a relativistic cosmology that is looking good.
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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 ¼ 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 ! Ω0:6=b ¼ 0:4 and a pairwise dispersion of jp ¼ 400 km s" 1. Contours
are plotted at y ¼ 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 sðkÞ ¼ P r ðk Þð1 þ bm2Þ2ð1 þ k 2j2

pm
2=2H 2

0Þ" 1, where m ¼ 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 ¼ 0:3, 0.4 and 0.5, with a pairwise velocity dispersion of
jp ¼ 400 km s" 1 (solid lines), plus b ¼ 0:4 with jp ¼ 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!ðr Þ ! ð2! þ 1Þ=
2"1

" 1yðj ¼ r sin v; p ¼ r cos vÞ P !ðcos vÞ d cos v. In linear theory, the quadrupole-to-
monopole ratio is given40 by y2=y0 ¼ f ðnÞð4b=3 þ 4b2=7Þ=ð1 þ 2b=3 þ b2=5Þ. Here
f ðnÞ ¼ ð3 þ nÞ=n, where n is the power-spectrum index of the density fluctuations:
y # r " ð3þnÞ. 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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Padova include core He-burning evolution in their isochrones,
but these portions have been removed from the figures for clarity.

In the H-R diagram, the DSEP isochrone is slightly hotter and
more luminous than the others around the main-sequence turnoff
and subgiant branch, but this does not carry over to the CMD in
all cases due to the differences in adopted color-Teff transform-
ations. There is good agreement on the red giant branch tip loca-
tion in theH-R diagram, except with Padova, which is hotter than
all the others.

5.2. Comparisons with Data

ACS photometry of two classic globular clusters, M92 and
47 Tuc, from Sarajedini et al. (2007) and J. Anderson et al. (2007,
in preparation) that span awide range of [Fe/H] have been chosen
for comparison. Many of the brightest giants in Figures 11 and
12 include at least one saturated pixel. For these stars, the point-
spread function photometry used for unsaturated stars has been
replaced by aperture photometry with excellent results. Full de-
tails of the photometry will be given by J. Anderson et al. (2007,
in preparation).

Isochrones for reasonable assumptions of the age and metal-
licity of M92 and 47 Tuc are shown in Figures 11 and 12, respec-
tively. The purpose of these plots is not to constrain any of these
parameters for either cluster but merely to demonstrate the per-
formance of the isochrones when compared with high-quality
photometry. To show the complete evolutionary picture, ridge-
lines from the SHB models shown in Figure 6 are plotted along-
side the photometry, the metal-poor SHB model (½Fe/H" ¼
$2:3) with M92 and the metal-rich SHB model (½Fe/H" ¼
$0:75) with 47 Tuc, assuming the adopted reddening and dis-
tance modulus in each figure.

Figure 11 shows little difference between the color transfor-
mations, and both provide reasonable fits over the extent of the
data. The largest difference occurs on the subgiant branch: in this
region the empirical color transformation is clearly a better fit to
the data.

Figure 12 shows more clearly the difference between the two
color transformations. The empirical transformation provides a
good fit from the red giant branch to approximately 3 mag below
the main-sequence turnoff. Below that point, the empirical iso-
chrone becomes increasingly redder than the data. In contrast,
the synthetic isochrone becomes bluer than many of the data a
few magnitudes below the turnoff. The difference between the
synthetic isochrone and the data is smaller than in the case of the
empirical isochrone, and in the opposite sense, but still visible.
For this reason, the synthetic color transformation is preferable
for examining the lower main sequence, particularly at higher
metallicity. Disagreement between the lower main sequence data
and the isochrones is likely due to errors in both the effective
temperature scale of the stellar evolution models and the color
transformations, but it is not possible to quantify these errors.

6. CONCLUSIONS

The stellar evolution code DSEP has been modified to sig-
nificantly improve the accuracy of isochrones on the lower main
sequence and to self-consistently treat the outer layers of stars for
a wide range of compositions. The synthetic and empirical color
transformations employed have strengths and weaknesses and
highlight the amount of uncertainty in current color-Teff trans-
formations in the CMD.

A new set of stellar evolution models has been computed with
DSEP for a range of initial He abundance, [Fe/H], and [!/Fe]

Fig. 11.—ACS data fromM92 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-poor SHB model of x 4.4 (Fig. 6) is plotted alongside both isochrones. [See the electronic edition of the
Journal for a color version of this figure.]

ACS SURVEY OF GALACTIC GLOBULAR CLUSTERS. II. 385No. 1, 2007 Fig. 1. The cross-correlation function of the WMAP
ILC CMB maps with the HEAO1 A2 2-10 keV ,
hard X-ray map. The error bars were determined from
Monte Carlo calculations and are highly correlated. The
solid curve is the predicted ISW effect from the stan-
dard ΛCDM cosmological model and is not a fit to
the data. The units are µK TOT counts s−1 where
1 TOT count s−1

∼ 1 × 10−5erg s−1cm−2sr−1.

CMB anisotropy spectrum measured by WMAP
and other experiments indicate that this is not the
case (Bennett et al., 2003).

We have cross-correlated two mass tracers with
the WMAP ’internal linear combination’ (ILC)
CMB map and found significant correlations in
both cases (Boughn & Crittenden, 2004a). The
HEAO1 A2 2-10 keV all sky X-ray map pro-
vides a good tracer of mass with a median red-
shift of about z ∼ 0.9 (Boughn & Crittenden,
2004b). Likewise, the NVSS 1.4 GHz nearly
full sky (82%) radio catalog also provides a
good tracer with the same median redshift
(Condon et al., 1998). Both of these maps have
significant systematics which we have tried to
identify and correct for (Boughn & Crittenden,
2002; Boughn, Crittenden & Koehrsen, 2003).
However, even if there are still residual contam-
inants, it is unlikely that the systematics in any
of the three disparate data sets are correlated. In
fact, the resulting cross-correlation functions are
largely independent of the corrections.

A standard measure of the correlation of two
data sets is the cross-correlation function (CCF ),
which in this case is defined by

Fig. 2. The cross-correlation function of the WMAP ILC
CMB maps with the NVSS 1.4 GHz radio survey. The
error bars were determined from Monte Carlo calculations
and are highly correlated. The solid curve is the predicted
ISW effect from the standard ΛCDM cosmological model
and is not a fit to the data. The units are mK counts

where the counts are number of radio sources per 1.3× 1.3
degree pixel.

CCF (θ) =
1

Nθ

∑

i,j

(Si − S̄)(Tj − T̄ ) (1)

where the sum is over all pairs of pixels separated
by an angle θ, Si is the signal strength of the ith

pixel of the tracer map, S̄ is the mean signal, Ti

is the CMB temperature of the ith pixel, T̄ is the
mean CMB temperature, and Nθ is the number of
pairs of pixels separated by θ. In the case of the
HEAO X-ray map, S is the 2-10 keV X-ray inten-
sity and for the NV SS radio catalog, S is the sur-
face density of radio sources. Figure 1 is the X-ray
CCF and Figure 2 is the NV SS CCF . In both
cases, the error bars were computed from Monte
Carlo simulations and are highly correlated. These
errors are primarily due to the fluctuations inher-
ent in the X-ray, radio, and CMB backgroundswith
only minor contributions due instrument noise and
this is why they are so highly correlated. Photon
shot noise in the X-ray map and Poisson noise due
to finite source counts are important and account
for roughly a half of the error.

The solid curves in the two figures are predic-
tions of the currently favored ΛCDM cosmologi-
cal model and are not fits to the data. The sta-
tistical significance of the detection of the correla-

2

Conclusions.—We find that a dark energy component
!" is required at a 3:2! level from CMB data alone. This
constraint is due to the inclusion of CMB lensing power
spectrum data, which probe structure formation and ge-
ometry long after decoupling and so break the CMB geo-
metric degeneracy. Our analysis provides the first
demonstration of the ability of the CMB lensing power
spectrum to constrain cosmological parameters. It provides
a clean verification of other measurements of dark energy.
In future work, our analysis can be easily extended to give

constraints on more complex forms of dark energy with
w ! !1. With much more accurate measurements of
CMB lensing expected from ACT, the South Pole
Telescope [23], Planck [24], and upcoming polarization
experiments including ACTPol [25], lensing reconstruc-
tion promises to further elucidate the properties of dark
energy and dark matter [26].
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FIG. 3 (color online). Upper panel: Two-dimensional margi-
nalized posterior probability for !m and !" (68% and 95%
C.L.s shown). Shaded (colored) contours are forWMAPþ ACT
lensing, and black lines are for WMAP only. Using WMAP data
alone, universes with !" ¼ 0 lie within the 95% C.L. The
addition of lensing data breaks the degeneracy, favoring models
with dark energy. Lower panel: One-dimensional marginalized
posterior probability for!" (not normalized). An energy density
of !" ’ 0:7 is preferred even from WMAP alone, but when
lensing data are included, an !" ¼ 0 universe is strongly dis-
favored.
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Figure 4. The TE and TB high-l spectra measured by WMAP, showing the improvement with 7 years of data. The points with errors
use the full data set while the boxes show the 5-year results with the same binning. The spectra are greatly improved by the addition of
W-band data. The non-detection of TB signal is expected; it provides a good check of systematic errors and foreground residuals, and can
be also used to set limits on polarization rotation due to parity-violating effects (§2.4 and Komatsu et al. (2010)).

Figure 5. The 7-year temperature-polarization (TB) cross-power
spectrum measured by WMAP. This spectrum is predicted to be
zero in the basic ΛCDM model and the measured spectrum is con-
sistent with zero. TB provides a useful null test for systematic
errors and foreground residuals. Komatsu et al. (2010) use the TB
and TE spectra to place an upper limit on polarization rotation
due to parity-violating effects. The TB χ2 for the null hypothe-
sis (TB=0) is 793.5 for 777 degrees of freedom. The probability
to exceed that amount is 33%. Note that the plotted spectrum is
(l + 1)CTB

l
/(2π), and not l(l + 1)CTB

l
/(2π).

multipoles from l = 2–7 for two different reference spec-
tra. The black curves show the likelihood of CEE

l when

the CEE
l′ are fixed to the best-fit ΛCDM model for l′ != l.

The red curves are the analogous distributions when the
reference spectrum is taken to be the maximum likeli-
hood spectrum. This maximum likelihood spectrum was
obtained by numerical maximization of the likelihood
code for the TT, TE, EE, and BB spectra for 2 ≤ l ≤ 10,
a maximization in 36 dimensions, while the spectra at
l > 10 were fixed at the best-fit ΛCDM model. Save
for l = 3 and 6, the likelihood curves are relatively in-
sensitive to the difference between these two reference
spectra. From these curves it is clear that the majority
of the statistical weight in the low-l EE detection is at
l = 4, with l = 2 also contributing significant power.
A standard reionization scenario would give rise to a

relatively flat spectrum in CEE
l = l(l + 1)CEE

l /(2π) over
the range l = 2 − 7, so it is of interest to evaluate the
posterior distribution of a band power with constant C
over this range. As shown in Figure 7, we find

CEE
2−7 = 0.074+0.034

−0.025 µK
2 (68% CL). (7)

This result was obtained with the pixel likelihood code,
and so the error bars include cosmic variance. Addition-
ally, a model with zero TE and EE power for l = 2–7
is disfavored at 5.5σ relative to the most-likely constant
band-power in this l range.
Figure 8 shows the conditional likelihood for the BB

multipoles from l = 2–7 for two different reference spec-
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Figure 14. Top panel: i- and B-band Hubble diagrams for 21 low-redshift and
35 high-redshift SNe Ia from the CSP, uncorrected for reddening. Bottom panel:
the residuals about the best fit to these data. The values for rms scatter about the
best fit to these data are labeled. The rms value in brackets excludes the most
discrepant (highly reddened) SNLS 05D1hn.
(A color version of this figure is available in the online journal.)

see the advantage of observing SNe Ia at red wavelengths
relative to the optical. The rms dispersions in these plots amount
to ±0.17 and ±0.29 mag, respectively.

In Figure 15, we present the first i-band Hubble diagram for
the CSP sample of 35 SNe Ia based on Magellan data (solid
blue squares) using the reddening-free magnitude technique
described in Section 6, adopting a value of RV = 1.74 ± 0.27.
The error bars shown in the lower panel represent the formal 1σ
uncertainties in the distance modulus and include the combined
errors in the photometry, the dispersion in the light-curve
templates, the estimated dispersion in K-corrections, the error in
the foreground Galactic reddening, and the covariances between
the light-curve parameters. We also include a peculiar-velocity
component of ±300 km s−1. The top curve corresponds to an
Ωm = 0.27, ΩDE = 0.73 cosmology. The yellow diamonds
represent the binned data, as given in Table 6. For comparison,
the small black squares indicate distance moduli from Astier
et al. (2006). The current CSP sample of 21 nearby SNe Ia from
Folatelli et al. (2009, solid red circles) is also shown in Figure 15.
The low-redshift sample is restricted to nearby SNe Ia in the
Hubble flow, having redshifts greater than z > 0.010, so that
the scatter due to random peculiar velocities is minimized. (The
results remain consistent, to within the quoted uncertainties, if
we further restrict the sample to z > 0.015 or z > 0.02.)

The immediate conclusion we can draw from this Hubble
diagram is that the CSP data alone provide independent ev-
idence for a (standard) cosmological model with Ωm = 0.3
and ΩDE = 0.7. The CSP constraints can be further improved
by combining them with other independent measurements,
for example, baryonic acoustic oscillations (e.g., Eisenstein
et al. 2005). A weighted fit to our 35 data points in combi-
nation with baryon acoustic oscillations (assuming w = −1)
yields the solution: Ωm = 0.27 ± 0.02(statistical), ΩDE =
0.76 ± 0.13(statistical) ± 0.09(systematic). The systematic un-
certainties for SNe Ia do not have much impact on the deter-
mination of Ωm since this parameter is determined largely by
the matter power spectrum. We quote only statistical uncertain-
ties for Ωm here. The statistical uncertainties are determined
by marginalizing over all other parameters and fitting the one-

Figure 15. i-band rest-frame Hubble diagram for a total of 56 CSP SNe Ia,
35 SNe Ia from the Magellan CSP sample (blue squares), and 21 low-redshift
data (red solid circles) from Folatelli et al. (2009). For comparison, distances
determined by Astier et al. (2006) are shown as black squares, but are not
included in the fits. Error bars shown are 1σ . A value of H0 = 72 km s−1 Mpc−1

has been adopted for the plot. The solid (red), dot-dashed (black), and dashed
(blue) lines represent Ωm = 0.3, ΩDE = 0.7 ; Ωm = 0.3, ΩDE = 0 ; and Ωm =
1 models, respectively. The data are consistent with the standard (accelerating)
cosmological model. To minimize the effects of peculiar velocities, the fit to
the low-redshift sample is restricted to z > 0.010. In the bottom panel, the data
are shown relative to the standard model, shown as the solid line. The yellow
diamonds are the result of binning the data (see Table 6).
(A color version of this figure is available in the online journal.)

dimensional probability distribution to a Gaussian. The system-
atic uncertainties are treated below in Section 9.3.

Based on the fit to the Hubble diagram above, we show, in
Figure 16, our error ellipses in the Ωm–ΩDE plane. Consistent
with previous SN Ia studies, we find that based on the SN
Ia data alone (and the assumption that w = −1), a value of
ΩDE > 0 is required at greater than the 99% confidence level.

As an alternative to making assumptions about w, we can
use the CSP data to calculate w under the assumption of
flatness (Ωk = 0). Here, we again combine the CSP results with
independent measurements of baryonic acoustic oscillations
(e.g., Eisenstein et al. 2005), as shown in Figure 17. Assuming
a flat cosmology, these joint constraints yield a value of Ωm =
0.27 ± 0.03 (statistical) and w = −1.05 ± 0.13 (statistical) ±
0.09 (systematic). For the purposes of this calculation, we are
assuming that w is a constant (i.e., wa = 0). These results
are in excellent agreement with other joint constraints from
SN Ia studies and baryon acoustic oscillations (Astier et al.
2006; Wood-Vasey et al. 2007; Riess et al. 2007), which also
yield values of w = −1 and Ωm = 0.3, to within the quoted
measurement uncertainties. We have also combined our CSP
results with the two-dimensional probability contours from
the 2dF galaxy redshift survey (Hawkins et al. 2003). We
find Ωm = 0.27 ± 0.09 (statistical) and w0 = −1.03 ± 0.23
(statistical), in good agreement with the SDSS data, but with
larger uncertainties on the value of w0.

In Figure 18, we show a comparison of the residuals in the
Hubble diagram for the high-z data (z > 0.10) for the i- and
B bands relative to the best-fit flat, constant w cosmological
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Figure 2. Angular power spectrum measured by ACT at 148 GHz and 218 GHz (Das et al. 2011), with the theoretical model for CMB, SZ, and point sources best fit
to the three spectra. The lensed CMB corresponds to the ΛCDM model with parameters derived from WMAP (Komatsu et al. 2011). It dominates at large scales, but
falls exponentially due to Silk damping. The majority of power at ! > 3000 comes from extragalactic point sources below a ≈20 mJy flux cut after masking. The radio
sources are sub-dominant and are constrained by a source model fit to detected sources at 148 GHz (Marriage et al. 2011). The infrared source emission, assumed to
follow a power law, is dominated by Poisson power at small scale, but about 1/3 of the IR power at ! = 3000 is attributed to clustered source emission, assuming a
template described in the text. The best-fit SZ (thermal and kinetic) contribution at 148 GHz (assuming the TBO-1 template; Sehgal et al. 2010) is 7 µK2 at ! = 3000;
the subdominant kinetic SZ also contributes at 218 GHz. The data spectra and errors have been scaled by best-fit calibration factors of 1.022, 1.02 × 1.09, and 1.092

for the 148 × 148, 148 × 218, and 218 × 218 spectra, respectively.
(A color version of this figure is available in the online journal.)

Brown et al. 2009), we do not include them in this analysis, to
avoid combining data from multiple experiments and to better
interpret results derived from ACT. We follow the methodology
described in Komatsu et al. (2011) to consider the addition
of distance measurements from astrophysical observations,
on the angular diameter distances measured from Baryon
Acoustic Oscillations (BAO) at z = 0.2 and 0.35, and on the
Hubble constant. The Gaussian priors on the distance ratios,
rs/DV (z = 0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, are derived from measurements from the
Two-Degree Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS DR7), using a
combined analysis of the two data sets by Percival et al. (2010).
The parameter rs is the comoving sound horizon size at the
baryon drag epoch, and DV (z) ≡ [(1 + z)2D2

A(z)cz/H (z)]1/3 is
the effective distance measure for angular diameter distance DA,
and Hubble parameter H (z). The inverse covariance matrix is
given by Equation (5) of Percival et al. (2010). The Gaussian
prior on the Hubble constant, H0 = 74.2 ± 3.6 km s−1 Mpc−1,
comes from the magnitude–redshift relation from Hubble Space
Telescope (HST) observations of 240 low-z Type Ia supernovae
at z < 0.1 by Riess et al. (2009). The error includes both
statistical and systematic errors.

3. HIGH-! SZ AND POINT SOURCE MODEL

In this section, we determine the goodness of fit of the SZ and
point source model described in Section 2.1 to the ACT 148 GHz
and 218 GHz power spectra, and estimate its parameters. This

Table 1
Parameters Describing SZ and Extragalactic

Source Model at 148 GHz and 218 GHz

Parametera 148 + 218 GHz 148 GHz only

AtSZ
b 0.62 ± 0.26 <0.77 (95% CL)

Ad (µK2) 7.8 ± 0.7 12.0 ± 1.9
Ac (µK2) 4.6 ± 0.9 <7.4 (95% CL)
As (µK2)c 4.1 ± 0.4 4.0 ± 0.4
αd

d 3.69 ± 0.14 · · ·
χ2/dof 78/106 29/46

Notes.
a The kSZ and tSZ coefficients are set equal, AkSZ = AtSZ. Ad , Ac, and As are
the B3000 power for Poisson infrared galaxies, clustered infrared galaxies, and
Poisson radio galaxies at 148 GHz, respectively. The ΛCDM parameters are not
varied here.
b For the TBO-1 template. See Table 2 for other templates and conversion to SZ
power.
c A Gaussian prior As = 4.0 ± 0.4 is imposed, and index αs = −0.5 assumed.
d The 148 GHz only data cannot constrain the IR point source index αd .

uses the 148+218 likelihood summarized in Section 2.1.4,
initially holding the ΛCDM model fixed to the primary CMB
with parameters given in Komatsu et al. (2011). The best-fit
model is a good fit to the three ACT power spectra over the full
angular range 500 < ! < 10,000 (χ2 = 78 for 106 degrees of
freedom), with constraints on parameters given in Table 1 for the
TBO-1 SZ template and Src-1 source template. The spectra are

7

Fig. 1. The Coma cluster in the 0.5–2.0 keV band. The image is the sum of all the different exposures (see Table 1) of the different MOS and pn
cameras (see text). The image is background and vignetting corrected. We applied a small median filter to mask out effects caused by detector
gaps. Colour scale: dark blue regions correspond to countrates of 0.016 cts/s/arcmin2 and white regions to countrates ≥0.288 cts/s/arcmin2.
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I conclude that the network of cosmological tests is cross-checked well enough to make
a persuasive case that ΛCDM is a good approximation.

But the history of natural science is one of ever better models, along three paths.

1. Stay with the accepted model until forced from it.

This is a long and productive tradition: community opinion often proves to be right.
But we can think of examples where it was wrong.

2. Follow interesting ideas.

Ideas stimulate research, as did the classical steady state cosmology, and may lead to
great advances, as did Einstein’s GR.

Inflation and modified gravity certainly are stimulating research; whether more pro-
ductive than that remains to be seen.

3. Seek anomalies.

Closer study may show an anomaly is only apparent, thus improving understanding of
the standard model, or that the anomaly is real, thus pointing to a better model.

Structure on the scales of galaxies offers rich hunting grounds, from highly redshifted
21-cm radiation to gravitational waves to the evidence found in nearby galaxies.

I offer an example of the last: nearby galaxies give the impression of having evolved in
near isolation, not what would be näıvely expected from ΛCDM.
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A S T R O P H Y S I C S

How galaxies got their 
black holes
The massive compact objects in the centres of galaxies developed in at least two 
ways. One seems to be a natural result of galaxy formation in the Big Bang theory 
of the expanding Universe — the other is enigmatic. S L .374  .377

P.  J A M E S  E .  P E E B L E S

A large galaxy usually has a central, com-
pact massive object, termed a relativis-
tic black hole for want of a better idea 

of what it is, that can produce great bursts of 
energy. When the black hole is surrounded by 
a cloud of old stars — the ‘bulge’ of the host 
galaxy — its mass is a few per cent of the mass 
of the bulge. This relationship, observed for 
black-hole masses ranging from about 1 mil-
lion to 1,000 million solar masses, suggests that 
black holes and bulges evolved together. Other 
large, spiral-shaped galaxies have black holes 
of respectable mass (1 million to 100 million 
solar masses) and no perceptible bulge. In two 
papers in this issue, Kormendy et al.1,2 explore 
clues to how these bulgeless, or pure-disk,  
spirals and their black holes formed.

Most of the mass in galaxies does not exist 
in the form of stars but in a halo of dark mat-
ter (matter different from the hydrogen and 
heavier elements of which we and the stars are 
made). There is a substantial literature on the 
elegant idea that dark matter controls the size 
of the central black hole, but Kormendy and 
Bender2 (page 377) show that this cannot be 
so. The nearby bulgeless spiral galaxy M101 
(Fig. 1) illustrates the situation: if M101 has a 
central black hole, its mass must be tiny relative 
to that of the black holes of other spirals with 
similar dark-matter haloes.

Bulges and their black holes seem to be a 
natural consequence of structure formation 
in the hot Big Bang theory of the expanding 
Universe. According to this theory, galax-
ies grew by gravitational assembly of matter 
into clumps that gathered into larger clumps, 
and so on to galaxies. In galaxies with bulges, 
including ellipticals, which have bulges and no 
disks, the mass of the central black hole cor-
relates not only with the mass of the bulge, but 
also, as Kormendy, Bender and Cornell1 note 
(page 374), with the average spread of veloci-
ties of the bulge stars (see Fig. 2a on page 375). 
The plausible explanation is that part of the gas 
out of which bulge stars formed settled instead 
near to the black hole, in part increasing its 
mass and in part fuelling explosions that blew 
the gas away and suppressed bulge-star forma-
tion. That is, the growth of bulge and black hole 
may have controlled each other. The timing 

looks right. Bulge stars are old: they formed 
when the expanding Universe was roughly a 
third of its present size (redshift about 2). This 
is when the rate of star formation per unit of 
matter was near its maximum (more than 10 
times the present rate3). It is also when qua-
sars — explosions powered by the central black 
holes — were most abundant (100 times more 
common than now4), probably an explosive 
result of overfeeding of the black holes as the 
early generations of stars were forming.

In addition to the evidence that black holes 
and bulges co-evolve, there are indications of 
the possibly related evolution of other compo-
nents of galaxies. The mass distribution in a 
spiral galaxy increases smoothly from its outer, 

dark-matter-dominated parts to its inner parts, 
where the mass in stars is important. That is, 
the dark matter seems to have had a strong 
influence on the formation of the spiral gal-
axy’s disk of gas, stars and dust — but not on 
the formation of the central black hole.

Another plausible example of co-evolution is 
the growth of a black hole and a pseudo bulge, 
a concentration of starlight near the centre 
of the galaxy but in the disk, not extending 
above it as do stars in a bulge. Pseudobulges 
may be the accumulation of disk material 
that migrated towards the galactic centre, 
some of it tumbling all the way in to feed the 
black hole’s growth. Here, however, we lack a 
signature. Kormendy et al.1 find that, unlike 
the case for galaxies with bulges, for pure-disk 
galaxies with pseudo bulges, such as M101,  
the properties of the disk, pseudobulge and 
black hole are not closely related. A challenge 
for the advancing power of theoretical meth-
ods5,6 is to understand this inward migration of 
matter, and why it preferentially fed the pseudo-
bulge in some galaxies and the black hole  
in others.

There are roughly equal numbers of nearby 
large galaxies with and without bulges7. For 
example, the galaxy next to ours, M31, has a 
prominent bulge and a black-hole mass close 
to 100 million solar masses, whereas our 

Figure 1 | The pure-disk galaxy M101. The spiral arms in this nearby galaxy are in a rotating disk of 
stars and gas seen nearly face-on. The dark streaks are lanes of dust that absorb starlight. The inset is an 
enlarged view of the central region, and shows dust lanes extending to the tiny central star cluster. Because 
dust settles near to the disk, the absorption of starlight shows that most of the stars are close to the disk too. 
That is, this galaxy does not have the bulge of old stars extending above the disk that is a prominent feature 
of some galaxies. If there is a black hole in the centre of M101, it is tiny compared with black holes in other 
galaxies of similar mass. This exemplifies Kormendy and colleagues’ argument1,2 that the dark-matter halo 
of a galaxy has little influence on the formation of its central black hole. The authors also point out that 
pure-disk galaxies are not uncommon, and that they managed to grow black holes without possessing the 
bulge that is thought to funnel the mass that grows the black hole of a galaxy that has a bulge.
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AQUARIUS pure DM 
halos of L* galaxies 
(Springel et al.  2008)

Images by Jie Wang, 
Durham, in 
colaboration with Adi 
Nusser, Technion

The grey scale shows 
particles at r200 > r > 
7 kpc at z = 0.

Overplotted in black 
are particles at 3 < r < 
7 kpc at z = 0.

Overplotted in yellow 
are particles at 
r < 3 kpc at z = 0.
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Fig. 5.—SFR density as a function of redshift. The curves represent the
model predictions specified in the legend. The data are taken from (from low to
high redshift): Heavens et al. (2004; three asterisks, at z ! 0), Nakamura et al.
(2004; open inverted triangle, at z ¼ 0), Lilly et al. (1996; open circles), Norman
et al. (2004; filled triangles), Cowie et al. (1999; open diamonds), Gabasch et al.
(2004, open squares), Reddy et al. (2005; cross, at z ¼ 2), Barger et al. (2000; open
pentagons, at z ¼ 2 and 4.5), Steidel et al. (1999; filled pentagons, at z ¼ 3, 4),
Ouchi et al. (2004; filled circles, at z ¼ 4, 5), Giavalisco et al. (2004; open triangles,
at z ¼ 3Y6), Bouwens et al. (2006; filled square, at z ¼ 6), and Thompson et al.
(2006; open stars without error bars). The data are converted to the values with
the Chabrier IMF and common values are assumed for dust extinction for the UV
data. See text for details.
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2MASS

Springel et al. Aquarius dark matter halos, Wang,
Peebles and Nusser halo star formation model.
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HI signatures of galaxy evolution

1. Introduction 

2. HI in and around galaxies in the nearby universe 

 
Figure 1. 

 

Mart́ınez-Delgado et al. 2008 optical

image, van der Hulst 21-cm contours

NGC 5907

There is starlight above the planes of some
thin disk galaxies, in streams and smoother
components, but it amounts to a few per-
cent of the total.

So where are the remnants of the stars
that were forming in abundance at redshift
z ∼ 3, when ΛCDM seems to predict an L∗
galaxy typically was in scattered pieces?
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THE DEPENDENCE ON ENVIRONMENT OF THE COLOR-MAGNITUDE RELATION OF GALAXIES

David W. Hogg,1 Michael R. Blanton,1 Jarle Brinchmann,2 Daniel J. Eisenstein,3 David J. Schlegel,4

James E. Gunn,4 Timothy A. McKay,5 Hans-Walter Rix,6 Neta A. Bahcall,4

J. Brinkmann,7 and Avery Meiksin8

Received 2003 July 11; accepted 2003 December 2; published 2004 January 16

(bowdlerized)

The local number density contrast is the average within a cylinder of
radius 1h−1 Mpc and half-length 8h−1 Mpc in redshift space.

The SDSS magnitudes and colors are measured at ∼ 80% of the nom-
inal Petrosian magnitude, that is, well outside the half-light radius.

More on Island Universes
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stellar distributions but are blue, while VGS 05 is red but appears to have a bar and may be

an SB0 galaxy. All three are not detected in H i. We show these three, as well as examples

of bulge free (VGS 10), spiral (VGS 15) and irregular (VGS 17) galaxies in Figure 5.4.

None of the VGS sample shows strong evidence of AGN activity. We detected 1.4

GHz radio continuum emission in 15 VGS galaxies at above ∼1 mJy, which corresponds to

luminosities of less than 5 × 1021 W Hz−1, consistent with star formation (Smolčić et al.

2008). This can also be constrained optically following a line index classification scheme

using the N ii λ6583, O iii λ5007, H α and H β emission features (Baldwin et al. 1981)

measured in the SDSS spectra (Figure 5.5, left). Using only targets where the signal to

noise ratio is greater than three, our galaxies are not classified as AGNs according to the

demarcation determined by Kewley et al. (2001). The less strict demarcation determined

by Kauffmann et al. (2003a) allows seven of our targets as possible AGNs, two of which

(VGS 24 and VGS 54) do fall significantly away from the region containing star-forming

Figure 5.3: Color magnitude diagram of the VGS (red) compared with a magnitude limited

sample of galaxies from SDSS selected in a similar redshift range 0.01 < z < 0.03. Our void

galaxies are typically blue and faint, but do span a range of colors and luminosities.

110

Figure 5.4: The VGS includes a range of stellar morphologies, with elliptical (VGS 24, top

left; VGS 41, top center), lenticular (VGS 05, top right), bulge free (VGS 10, bottom left),

spiral (VGS 15, bottom center), and irregular (VGS 17, bottom right) galaxies.

galaxies. These seven AGN candidates are among the brighter and redder galaxies in our

sample (Figure 5.5, right). VGS 24 is one of three elliptical galaxies in this sample, and

none of these or the AGN candidates have strong radio continuum emission at 1.4 GHz.

5.4.2 Size

In our pilot study we reported systematically smaller stellar disks in the galaxies compared

with a volume limited sample of SDSS galaxies, however this systematic effect appears to be

due largely to small number statistics within the original sample of 15 galaxies. Figure 5.6

shows a preference for smaller stellar disks but no statistically significant difference in the

sizes of the VGS galaxies as compared to a magnitude limited sample of SDSS galaxies

(z < 0.025, mr < 17.77).

The most robust measure of optical galaxy size available from the SDSS pipeline, r90

differs significantly from the Holmberg, D25 or exponential disk scale length measures that

are typically available in the literature for H i galaxy samples. Using DH i/D90, the VGS

91

Chapter 5

The Void Galaxy Survey: I.

Optical Properties and H I

Morphology and Kinematics

The following text will be submitted to the Astronomical Journal. The full reference for

this work is Kreckel, K., Platen, E., Aragón-Calvo, M. A. , van Gorkom, J. H., van de

Weygaert, R., van der Hulst, J. M., Beygu, B. 2011, in prep.

We have carefully selected a sample of 60 galaxies that reside in the deepest underden-

sities of geometrically identified voids within the SDSS. H i imaging of 55 galaxies with

the WSRT reveals morphological and kinematic signatures of ongoing interactions and gas

accretion. We probe a total volume of 485 Mpc3 within the voids, with an angular reso-

lution of 8 kpc at an average distance of 85 Mpc. We reach column density sensitivities

of 5 × 1019 cm−2, corresponding to an H i mass limit of 3 × 108 M". We detect H i

in 41 galaxies, with total masses ranging from 1.7 × 108 to 5.5 × 109 M". The up-

per limits on the 14 non-detections are not inconsistent given their expected H i mass to

light ratios. We find that the void galaxies are generally gas rich, low luminosity, blue

disk galaxies, with optical and H i properties that are not unusual for their luminosity and

morphology. The sample spans a range of absolute magnitudes (-16.1 > Mr > -20.4) and

colors (0.06 < g − r < 0.87), and includes disk and irregular galaxies. We also identify

Kathryn Kreckel’s thesis on the Void Galaxy Survey: 
galaxies in really low density regions
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M. Bernardi et al. (2006) study of
the effect of environment on the fun-
damental plane for SDSS early-type
galaxies. Dashed contours: galax-
ies at higher ambient density; dotted,
lower density.

The red line is the relation

log σ + 0.2µ = 0.5 log R + constant

that follows from the virial theorem
if M/L is constant. The scaling indi-
cated by the tilt of the contours rel-
ative to the red line,

M/L ∝ R0.3

shows exceedingly little environmen-
tal effect.
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Many nearby galaxies appear to have evolved as island universes. This curious behavior
will teach us something of value.

The conservative idea is that it will lead to a better understanding of ΛCDM.

The speculative idea is that ΛCDM has to be adjusted. It would seem helpful to hasten
growth of mass concentrations that become galaxies so that

• variations of environment at assembly are less pronounced,

• merging of star-bearing subhalos after stellar disk formation is less frequent,

• while ensuring that evolution on the larger scales probed by the network of cos-
mological tests is not seriously affected.

I offer an example, the effect of adding to ΛCDM a new dark matter component, a gas
of evanescent particles that interact only with gravity and a massless scalar field.

This is a scenario: I have only a schematic example of possible implications.
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Evanescent Dark Matter

Imagine adding to ΛCDM a new dark matter component that interacts only with gravity

and a scalar field with classical action

S =

�
d4x a(t)3 (∂Φ)2/2−

�

i

�
|Φ(�xi(t), t)| dsi, (1)

In the nonrelativistic limit with gravitational potential ψ(�x, t),

Φ(�x, t) = φ(t) + δφ(�x, t), (2)

φ̈(t) + 3
ȧ

a
φ̇ = −n̄(t), (3)

δ̈φ(t) + 3
ȧ

a
δ̇φ− ∇2δφ

a2
= −(n(�x, t)− n̄(t)), (4)

∇2ψ

a2
= 4πG[ρdm(�x, t)− ρ̄dm + φ(t)(n(�x, t)− n̄(t))], (5)

d

dt
φ(t)a(t)2

d�x

dt
= −∇δφ− φ(t)∇ψ. (6)

On small scales the fifth force −∇δφ/a between evanescent particles is (4πGφ2)−1 = (mpl/φ)2

times gravity, which can be big, and hasten formation of a dense core in a young galaxy.

On larger scales equation (4) says the fifth force is suppressed by ∼ (tk/a)2, which can hide

it from the classical cosmological tests.

The interaction with the particles drives the field to zero, making the evanescent particles

relativistic and eliminating them from galaxies at low redshift, when they’re not wanted.
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ΛCDM

ΛCDM plus evanescent dark matter
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radius scaled to the effective radius
of a spherical mass concentration

Illustration of the Effect of
Evanescent Dark Matter

The field value and ratio of evanes-
cent to ordinary dark matter mass
densities at very high redshift are

4πGφ2 = 1.8× 10−3,

φn̄/ρdm = 2× 10−4.

The mass density as a function of
radius in this spherically symmetric
halo is plotted at redshift

z = 20,

when φ→ 0 and the evanescent mat-
ter leaves the dark matter halo.

The central concentration of dark
matter induced by the evanescent
dark matter could have interesting
effects: early formation of massive
black holes, which promote forma-
tion of stellar halos around massive
black holes, . . . and dream on.
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1. General relativity theory with standard physics passes a demanding test.

(a) Ideas in natural science have great power, on occasion.

(b) This case is persuasive because it is cross-checked by many independent measurements.

(c) But there are viable alternatives, and good science demands their close study.

2. The case for dark matter and dark energy is persuasive.

(a) So is dark matter annihilating and/or interacting, warm, hot, evanescent and/or something
completely different?

(b) An alternative, MOND, is seriously problematic, but I have to admire its galaxy physics.

(c) The search for evolution of Einstein’s Λ is good science but not to be compared to the LHC
search for a Higgs sector. Let us continue to explore a broader range of ideas.

(d) The curious value of Λ supports interest in multiverses. Are we approaching the time when
“data-free science” will no longer be an oxymoron?

3. The case for inflation is promising.

(a) It is readily adjusted to fit statistical homogeneity, a hot big bang, and near scale-invariant
Gaussian initial conditions.

(b) A more specific feature, tilt from scale-invariance, is detected at 2 to 3σ, unless reionization has
a complicated history. The case for tilt is promising but not yet persuasive.

(c) If detected primeval gravitational waves or non-gaussianity may add to the case for inflation.

(d) Did inflation really happen? A persuasive case awaits closer tests of inflation and alternatives.

4. Research on cosmic structure, from superclusters to supermassive black holes, is opening new paths
to tests of gravity physics and cosmology,

(a) rich in data,

(b) and producing some fascinating challenges to accepted ideas.
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