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How cosmology grew from a small science to Big Science
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Hubble and Humason ∼ 1936

1936ApJ....84..517H

redshift
z = 0.1
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Imagine in an alternative world Hubble and Humason were able to use
SNeIa to extend the z—m relation to z ∼ 1, revealing the curvature,
and imagine a dialog in that world in 1950.
(1) Steady State: We predicted the measured curvature.
(2) Big Bang: Our model fits equally well; just add Λ.
(3) Steady State: You’re playing with free parameters.
And consider that the Big Bang model extrapolates GR by 14
orders of magnitude in length scale from its one serious test,
the orbit of Mercury. Why pay attention to such an extreme
extrapolation of such a poorly tested theory?
(4) Big Bang: At least we have a theory.
And consider that in the Big Bang conditions at z ∼ 1 were different, SNeIa had to have been diﬀerent, and arguments that the
diﬀerence is small, though admirably careful, cannot be complete. Maybe the curvature is a systematic error, we don’t need
Λ, and you don’t have a successful prediction.

The ΛCDM-based galaxy formation theory is rightly celebrated
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In 1948 George Gamow presented
main elements of the now well
tested theory of formation of
deuterium and helium in the hot
big bang, and Alpher and Herman
noted that in Gamow’s theory the
present temperature would be
about 5o K.
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Dicke, Beringer, Kyhl and Vane (1946) used
a Dicke radiometer to establish that
“there is very little (< 20o K) radiation
from cosmic matter” at ~1 cm wavelength.
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Printed in Great Britain
is characteristic
of an appreciable fraction of all sources. Next, the extraordinary
high infrared emission of galaxies
was found.
It seems 1968
as if about 1 %0of all galaxies
THE BAKERIAN
LECTURE,
1012Hz, not much different from
may emit upwards of 1046erg. s-1 at frequencies
developments
Review
of recent
the maximum of the
observed
background.
wecosmology
have the curious situation
Indeed in
shown in table 5 concerning energy densities.
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(Delivered 13 June TABLE
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10 July 1968)

energy density
1920cm-3)
believed that our
It is hard tophenomenon
believe today that most scientists in the year (erg

'island Universe' as it was then
Galaxy was all there is to the whole Universe-the
infrared from
galaxies
ioO13complexities,
between
our present day view, with all its>subtle
called. The difference
4 x 103
microwave background
by the accumulaand such a primitive notion has been brought about very largely
6 x 10-13
H -> He conversion in galaxies following the
year 1920 Hubble
tion of observational data. Almost immediately
starlight in our galaxy
8 x 10-13
disposed of the 'island Universe' concept and for the past fifty years astronomers
cosmic-rays
3 x 10-12
have worked on the basis that our Galaxy is but one among thousands of millions
strewn more or less uniformly throughout space.
AccordingAlthough
to conventional
astronomical
numbers
and
the similarity
the
are
in determining
which ideasofsurvive
the key role views
observation plays
or,
according
to sk
studies.
from
theoretical
which
frequently
come
ideas
themselves
are
rejected,
coincidental. Such views seem to me to arise out of ignorance. I simply cannot
depending
on
the
s
which
Already in 1922 Friedmann discovered the theoretical models of the Universe
accept so many coincidences. There may be one accident-one criminal in the listare now often described as the 'big bang' cosmologies. In this lecture I shall not be
but it is unlikely
is more
there with
Thepersonal
criminal
one.
could
course
benot
the microto be
much concerned
reason
that Iofhappen
for the
these than
models,
to you whyBut I do
should explain
of relevance
in them.
Butbe
it a
is fossil
very interested
wave background,
could
which
relic that
of aI big-bang
cosmology.
so. driven to this view today with any real
...
not think this
we isare
force. Moreover,
the case
Most of the phenomena studied by astronomers have evolutionary lifetimes that
today is significantly
weakertothan
it was
only two
threeevolutionary
years agolife-when the
shortest
happenings.
The or
everyday
are very long compared
firstexceed
background
discovered.
that
time the
could
theory
survive by
onlymore
in galaxies
require
significant
changes
timeswas
106 years, At
while
of stars
the origin and
evolution
problem
discuss the general
years. Indeed
predictingthan
that108galaxies
andtoradiosources
muchof stronger
were
ofofradiation
emitters
galaxies one must work on a time scale approaching 1010years, and this is close to

in the wavelength range 10 cm down to 1 mm or less than was formerly thought
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perform additional cross-checks using these bins to ascertain anisotropies imprinted around recombination. Examples include
SMICAdensity in models with spatial curvature and the
whether they would have any significant implications for cos- the dark energy
9.3. Comparison with Other Methods
80ν < 0.5 eV) still to
mology.
mass of neutrinos that are light enough (m
relativistic at recombination.
It is encouraging that to within the uncertainties, there is In addition to the Planck power spectrum measurements, in have beenRULER
NILC our measurement of the lensing power spectrum
To connect
broad agreement in H values for completely independent Fig. 11 we have overplotted the ACT and SPT measurements
0
the lensing potential power spectrum (Das et al. 2013; van to parameters, we construct a lensing likelihood
70 nominally based
techniques. A Hubble diagram
(log d versus log v) is plotted ofEngelen
et al. 2012). It is clear that all are very consistent. on the multipole range 40 ≤ L ≤ 400, cut into eight equal-width
in Figure 8. This Hubble
covers
over 3 orders
of The Planckdistribution
Figurediagram
4. Left:
normalized
2D probability
forthenlargest
!F/F marginalized
over∆Lshapelet
coefficients.
measurement has
signal-to-noise
of these bins with
= 45 to maintain
parameterRight:
leveragenormalized
from shape 1D probability distribution
max and
as we havecoefficients.
already discussed the 40 < L < 400 information in addition to our overall amplitude constraint. In
magnitude, and includes
distances
obtained locally
fromnmaxmeasurements;
for !F/F
marginalized
over all
and all shapelet
lensing likelihood provides a 4% constraint on the amplitude of
1 we present bandpowers for these eight
60 bins using the inCepheids, from Ðve secondary methods, and for four clus- the lensing potential power spectrum, while the constraint from Table
dividual 100, 143, and 217 GHz reconstructions as well as the
ters with recent SZ measurements out to z D 0.1. At z Z0.1, current ACT and SPT measurements are 32% and 16% respec- MV reconstruction which is the basis for our nominal likeliother cosmological parameters (the matter density, ) , and tively. These measurements are nevertheless quite complemen- hood. The bandpower estimates and their uncertainties are brotary. As a function of angular scale, the full-sky Planck power ken down into constituent parts as discussed50in Sect. 2. Based on
m
the cosmological constant, ) ) become important.
spectrum estimate has the smallest uncertainty per multipole of these bandpowers, we form a likelihood following Eq. (23).
0 The
1
2
" are fit with a Figure 7. CMD for NGC 6362.
Figure 6. CMD for NGC 6341 (M92). The observations
M. Oguri et al.
1 additional measurement errors on
2 each bin484
The observations
are fit with
= −1.08
all three
experiments
at aL[Fe/H]
< 500,
at which point the
[Fe/H] = −2.16 13.5 Gyr isochrone with an apparent distance modulus of
are measured
by Monte-Carlo
z
14.0 Gyr isochrone with an apparent distance modulus of 14.70 and a color
14.75 and a color excess of 0.05.
small-scale modes up to �max = 3000 used in the SPT lensing using 1000 simulations, and the bins are suﬃciently wide that
excess of 0.09.
15 10. IMPLICATIONS FOR COSMOLOGY
10 1.83 arcmin while the tidal radius of a
analysis lead to smaller error bars. The good agreement in these we can neglect any small covariancetimee
betweendelay
them 744
(this isd disradius of approximately
15
FIG. 8.ÈPlot of log distance in Mpc vs. log redshift for Cepheids, the
99% Complete
cluster could be over 30 arcmin. As a result, it is necessary
estimates of C Lφφ is reassuring;
in addition to the fact that the ex- cussed further in Appendix D). We analytically marginalize over
90% Complete
theobservations
classical
tests
cosmology
to extrapolateOne
our of
local
to theofglobal
behavior is the comparison
Tully-Fisher relation, Type Ia supernovae, surface brightness Ñuctuations,
75% Complete
Lensing
M200To
−7including themSDSS-MG
in
50% Complete
and analyses are
completely independent, these mea- uncertainties that are correlated between bins,
of the cluster while taking mass
segregation into: account.
25% Complete−7
fundamental plane, and Type II supernovae, calibrated as part of the Key
ofthis,
timescales.
a knowledge
of specific
H 3, the average density periments
accomplish
multi-mass With
King models
are used. The
1% Complete
surements are sourced from
fairly independent SDSS-MG
angular scales the measurement covariance matrix. This includes beam transfer
0
King-model code used in this work
developed by:Anderson
Project. Filled circles are from Birkinshaw (1999), for nearby SunyaevDynamics
bv inM200 constant,
20
ofismatter,
o, andfrom
thewas
value
of thedescribed
cosmological
", in the temperature map, with � <∼ 1600 in the case of Planck, function uncertainties (as described in Sect 5.2), uncertainties in
(1997), and
taken directly
the
formalism
theory
Zeldovich clusters with cz \ 30,000 (z \ 0.1) km s~1, where the choiceGunn
of & Griffin (1979). The code represents the cluster as a set
source correction (Sect. 7.2) and uncertainty in the N (1)
� < 2300 in the case of ACT, and � < 3000 in the case of SPT. the point theory
integration
of
the
Friedmann
equation
of population groups. Stars within each group are characterized
cosmological model does not have a signiÐcant e†ect on the results. The
Cross-correlation of the Planck lensing map with these indepen- correction.
SEVEM
by the same mass and respond to the potential induced by the
SEVEM
sum of all the groups.
SZ clusters are Abell 478, 2142, and 2256, and are listed in BirkinshawÏs
dent measures of the lensing potential will provide an additional
As the lensing likelihood is always used in conjunction with
25
8nGo
k
"
14constrain a multi-mass
In order to properly
King
model,
we
SMICA
10
Table 7. The solid line is for H \ 72 km s~1 Mpc~1, with the dashed lines
TT power spectrum likelihood, we coherently acH2 at\a particular
[ mass](the
(7) cross-check on their consistency, however at the power spectrum the PlanckSMICA
must specify the contribution of stars
0
level they are already in good agreement.
population groups) either in terms of the total mass,
or inr2terms3of
representing ^10%.
3
count for uncertainty in C�TT by renormalizing our lensing poRULER
0
1000
2000
3000
500
1500
2500
the mass fraction at a given radius. In addition, we must provide
RULER for each sample, as described in Sect. 5.3.
R/pixel
tential measurement
some global cluster parameters, including the distance, core
Figure
8.
Completeness
map
for
M92
showing
the
completeness
determined
NILC
radius and tidal radius. Since our prime concern is determining
NILC likelihood is combined with the main Planck
from artificial star tests as a function of magnitude and radius from the cluster
The lensing
6.1. Parameters
how the LF varies with radius, it is convenient to associate the
center. The photometry has very good completeness except for faint stars near
TT
likelihood
(Planck
Collaboration
XV
2013)
–
constructed
population groups with bins in the LFs, assigning each group
the center of the cluster, as seen in the bottom left of the plot.
the average mass for stars in that LF bin.
Weak gravitational lensing of the CMB provides sensitivity from the temperature (pseudo) cross-spectra between detecWe adopted the annulus between 25 and 50 arcsec as the
Each bin corresponds to a group of stars with the appropriate
to cosmological
parameters
aﬀecting
region over which we constrained our model LF to fit the
mass in the dynamical
models. Additional
mass groups
were the late-time growth of tor sets at intermediate and high multipoles, and an exact apobservations.
This
region
provides
the
reference
luminosity
added
to
represent
stars
on the horizontal
branch
and asymptotic
ANRV326-NS57-15
ARI
14 September 2007
15:32
structure
which are
otherwise
degenerate in the primary CMB proach for Gaussian temperature anisotropies at low multipoles
13
function. The chosen location
represents a balance between the
giant branch, blue stragglers, and compact objects in the form
10
desire for a large number of stars and low Poisson statistics,
of neutron stars and white dwarfs. In a cluster, which has not
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showed that a measurement of the time delay, and the
NVSS
×10−7
NVSS
×10−7
angular separation for gravitationally lensed images of a
ISW
variable object, such as a quasar, can be used to EE
provide a
φφ
theory
measurement of H (see also, e.g., the review by Blandford
SEVEM
0
& Narayan 1992). Difficulties with this method stem from
SMICA
the fact that the underlying (luminous or dark) mass disRULER
tributions of the lensing galaxies are not independently
Variations
in the fundamental constants
known. Furthermore, the lensing galaxies may be sitting in
NILC
more complicated group or cluster potentials. A degeneracy
exists between the mass distribution of the lens and the
value of H (Schechter et al. 1997; Romanowsky & Kocha0
nek 1999; Bernstein & Fischer 1999). In the case of the
well-studied lens 0957]561, the degeneracy due to the surrounding cluster can be broken with the addition of weakWMAP9
lensing constraints. However, a careful analysis by
SPT
ACT
Bernstein & Fischer emphasizes the remaining uncertainties
0 2 4 6 8 10 12
101
102
in
the
mass
models
for
both
the
galaxy
and
the
cluster
482
PAUST ET AL.
Vol. 139
Lensing Multipole L
which dominate the overall errors in this kind of analysis.
Fig.
10.
Lensing
potential
power
spectrum
estimates
based
on
the individual 100, 143, and 217 GHz sky maps,−7
as well our fiducial
Values of H based on this technique appear to be convergSDSS-CMASS/LOWZ
−7 which
0
minimum-variance (MV) reconstruction
forms the basis for the Planck lensing likelihood. The ×10
black line is for the
best-fit
SDSS-CMASS/LOWZ
ing to about 65 km s~1 Mpc~1 (Impey et al. 1998; Tonry & ΛCDM model of Planck ×10
Collaboration XVI (2013).
Franx
1999;
Bernstein
&
Fischer
1999;
Koopmans
&
FassFig. 11. Planck T E (left)
spectraT (right)
described
in the
text. Theasreddescribed
lines showinthe
spectra
Fig.and
11.EE
Planck
E (left)computed
and EE as
spectra
(right)
computed
theory
thepolarization
text. The red
linesfrom
show the polarization spectra from
90
nacht 1999; Williams & Saha 2000).
the base ΛCDM Planck+WP+highL model, which is fitted to the TT data only.
the distance to the cluster (e.g., Birkinshaw 1999; Carlstrom
et al. 2000). The observed microwave decrement (or more
precisely, the shift of photons to higher frequencies) results
TE
as low-energy cosmic microwave background
photons are
scattered o† the hot X-ray gas in clusters. The SZ e†ect is
independent of distance, whereas the X-ray Ñux of the
cluster is distance dependent; the combination thus can
yield a measure of the distance.
There are also, however, a number of astrophysical complications in the practical application of this method (e.g.,
Birkinshaw 1999; Carlstrom 2000). For example, the gas
distribution in clusters is not entirely uniform: clumping of
the gas, if signiÐcant, would result in a decrease in the value
of H . There may also be projection e†ects: if the clusters
0 are prolate and seen end on, the true H could be
observed
0
larger than inferred from spherical models. (In a Ñux-limited

Figure 5. BR1202−0725: (left) the [C ] spectrum (red) with the best-fitting model (magenta) overlaid. Right: CO (J = 5 → 4) spectrum (blue) with the
best-fitting model (green) overlaid. In both cases, zero velocity is chosen to be at the peak of the respective model and not at a specific redshift value.

II
been subjected to significant stripping,
the expected population
of neutron stars and14
white dwarfs can be determined a priori.
In creating the input luminosity function, the RGB and Page
MS 4 The numbers of neutron stars and white dwarfs were estimated
were binned in 1 mag bins to represent the luminosity function.
assuming a power-law IMF with an index of −1.0 for stars
and the need for a narrow annulus to minimize variations in the
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Fig. 10.— Top: Binned Hubble diagram (bin-size ∆z = 0.01).
Bottom:
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Figure 10

101

multipole �

102

Figure 2. Colour image of the SDSS J1029+2623 field from the HST ACS/F475W, ACS/F814W and WFC3/F160W ob
to the right. The three quasar images are labelled by ‘A’, ‘B’ and ‘C’. The squares with ID numbers indicate the location
also Table 1). Galaxies G1a, G1b and G2 are the central galaxies of the lensing cluster. The solid lines show the critical lin
model at zs = 2.197, the redshift of the strongly lensed quasar.

0 2 4 6 8 10 12 14 16

on their colours and morphologies combined with matching multiple image candidates while iteratively refining the mass models
(see below for details of our mass model). In total, we identified
five additional sets of multiply imaged galaxies (ID 1–5), which are
shown in Figs 2 and 3, and summarized in Table 1. In addition, the
HST image shown in Fig. 2 exhibits a prominent host galaxy of the
lensed quasar which is highly elongated due to lensing. In order to
take account of the shape of the lensed host galaxy, we include an
additional set of multiple images (ID 6) which roughly corresponds
to the edge of the host galaxy. To summarize, in this paper we use
the positions of 27 multiple images of 7 systems as constraints.
We parametrically model the lens using the public software GLAFIC
(Oguri 2010), although in the iterative process to identify the multiple images we partly used the public software LENSTOOL (Jullo et al.
2007) as well. The mass model mainly consists of dark halo components modelled by elliptical Navarro, Frenk & White (1997, hereafter NFW) profiles with the radial profile of ρ(r) ∝ r −1 (r + rs )−2
and member galaxies modelled as elliptical pseudo-Jaffe models (e.g. Cohn et al. 2001) with the radial profile of ρ(r) ∝
2 −1
) . Since the cluster core contains two bright galaxy
r −2 (r 2 + rcut
concentrations, we include two cluster-scale dark halo components
centred at galaxy G1a (RA = 157.305 789, Dec. = 26.392 602)

and G2 (RA = 157.302 083, Dec.
component has four parameters: th
of their isodensity contours, the v
tration parameter cvir . To reduce
assume that the velocity dispersion
the pseudo-Jaffe models scale with
ies as σ ∝ L1/4 and rcut ∝ L1/2 , an
the scaling relations as free param
ply these scaling relations for one
images 3.4–3.6 because the locatio
sitive to the properties of this gala
cutoff radius of this particular gala
eters. The ellipticity and position a
for each member galaxy are fixed
HST ACS/F814W image. In additio
galaxy components, we include fo
tential φ ∝ r2 cos mθ ) with m = 2 (e
effectively describe the asymmetri
that are commonly seen in simulatio
Since we have no spectroscopic red
tiply imaged galaxies, the redshifts
treated as the free parameters.

angle θ [arcmin]

Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several su
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Row
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-corr
(grey area). Observed cross-correlations for the diﬀerent CMB maps are provided: C-R an
respectively; SEVEM as red circles; and SMICA as blue squares.
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primordial 4 He abundances
published from 1992 to
2006 (see text). The error
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regions. The filled blue
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intrinsic structural parameters of the clusters.
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to include systematic corrections: Almost always only a subset of the known sources
Figure 6. BR1202−0725:
of systematic errors is analyzed, and almost always these analyses are applied to a very

Table 7. Probability values of the CMB-LSS cross-correlation pected (and observed) s

(left) the best-fitting joint fit profile (magenta line) overlaid on to both the [C II] (red dotted) and CO (J = 5 → 4) (blue dotted)
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perform additional cross-checks using these bins to ascertain anisotropies imprinted around recombination. Examples include
SMICAdensity in models with spatial curvature and the
whether they would have any significant implications for cos- the dark energy
9.3. Comparison with Other Methods
80ν < 0.5 eV) still to
mology.
mass of neutrinos that are light enough (m
relativistic at recombination.
It is encouraging that to within the uncertainties, there is In addition to the Planck power spectrum measurements, in have beenRULER
NILC our measurement of the lensing power spectrum
To connect
broad agreement in H values for completely independent Fig. 11 we have overplotted the ACT and SPT measurements
0
the lensing potential power spectrum (Das et al. 2013; van to parameters, we construct a lensing likelihood
70 nominally based
techniques. A Hubble diagram
(log d versus log v) is plotted ofEngelen
et al. 2012). It is clear that all are very consistent. on the multipole range 40 ≤ L ≤ 400, cut into eight equal-width
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forthenlargest
!F/F marginalized
over∆Lshapelet
coefficients.
measurement has
signal-to-noise
of these bins with
= 45 to maintain
parameterRight:
leveragenormalized
from shape 1D probability distribution
max and
as we havecoefficients.
already discussed the 40 < L < 400 information in addition to our overall amplitude constraint. In
magnitude, and includes
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fromnmaxmeasurements;
for !F/F
marginalized
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and all shapelet
lensing likelihood provides a 4% constraint on the amplitude of
1 we present bandpowers for these eight
60 bins using the inCepheids, from Ðve secondary methods, and for four clus- the lensing potential power spectrum, while the constraint from Table
dividual 100, 143, and 217 GHz reconstructions as well as the
ters with recent SZ measurements out to z D 0.1. At z Z0.1, current ACT and SPT measurements are 32% and 16% respec- MV reconstruction which is the basis for our nominal likeliother cosmological parameters (the matter density, ) , and tively. These measurements are nevertheless quite complemen- hood. The bandpower estimates and their uncertainties are brotary. As a function of angular scale, the full-sky Planck power ken down into constituent parts as discussed50in Sect. 2. Based on
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the cosmological constant, ) ) become important.
spectrum estimate has the smallest uncertainty per multipole of these bandpowers, we form a likelihood following Eq. (23).
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all three
experiments
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at which point the
[Fe/H] = −2.16 13.5 Gyr isochrone with an apparent distance modulus of
are measured
by Monte-Carlo
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14.0 Gyr isochrone with an apparent distance modulus of 14.70 and a color
14.75 and a color excess of 0.05.
small-scale modes up to �max = 3000 used in the SPT lensing using 1000 simulations, and the bins are suﬃciently wide that
excess of 0.09.
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the base ΛCDM Planck+WP+highL model, which is fitted to the TT data only.
the distance to the cluster (e.g., Birkinshaw 1999; Carlstrom
et al. 2000). The observed microwave decrement (or more
precisely, the shift of photons to higher frequencies) results
TE
as low-energy cosmic microwave background
photons are
scattered o† the hot X-ray gas in clusters. The SZ e†ect is
independent of distance, whereas the X-ray Ñux of the
cluster is distance dependent; the combination thus can
yield a measure of the distance.
There are also, however, a number of astrophysical complications in the practical application of this method (e.g.,
Birkinshaw 1999; Carlstrom 2000). For example, the gas
distribution in clusters is not entirely uniform: clumping of
the gas, if signiÐcant, would result in a decrease in the value
of H . There may also be projection e†ects: if the clusters
0 are prolate and seen end on, the true H could be
observed
0
larger than inferred from spherical models. (In a Ñux-limited

Figure 5. BR1202−0725: (left) the [C ] spectrum (red) with the best-fitting model (magenta) overlaid. Right: CO (J = 5 → 4) spectrum (blue) with the
best-fitting model (green) overlaid. In both cases, zero velocity is chosen to be at the peak of the respective model and not at a specific redshift value.
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In creating the input luminosity function, the RGB and Page
MS 4 The numbers of neutron stars and white dwarfs were estimated
were binned in 1 mag bins to represent the luminosity function.
assuming a power-law IMF with an index of −1.0 for stars
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Figure 2. Colour image of the SDSS J1029+2623 field from the HST ACS/F475W, ACS/F814W and WFC3/F160W ob
to the right. The three quasar images are labelled by ‘A’, ‘B’ and ‘C’. The squares with ID numbers indicate the location
also Table 1). Galaxies G1a, G1b and G2 are the central galaxies of the lensing cluster. The solid lines show the critical lin
model at zs = 2.197, the redshift of the strongly lensed quasar.
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on their colours and morphologies combined with matching multiple image candidates while iteratively refining the mass models
(see below for details of our mass model). In total, we identified
five additional sets of multiply imaged galaxies (ID 1–5), which are
shown in Figs 2 and 3, and summarized in Table 1. In addition, the
HST image shown in Fig. 2 exhibits a prominent host galaxy of the
lensed quasar which is highly elongated due to lensing. In order to
take account of the shape of the lensed host galaxy, we include an
additional set of multiple images (ID 6) which roughly corresponds
to the edge of the host galaxy. To summarize, in this paper we use
the positions of 27 multiple images of 7 systems as constraints.
We parametrically model the lens using the public software GLAFIC
(Oguri 2010), although in the iterative process to identify the multiple images we partly used the public software LENSTOOL (Jullo et al.
2007) as well. The mass model mainly consists of dark halo components modelled by elliptical Navarro, Frenk & White (1997, hereafter NFW) profiles with the radial profile of ρ(r) ∝ r −1 (r + rs )−2
and member galaxies modelled as elliptical pseudo-Jaffe models (e.g. Cohn et al. 2001) with the radial profile of ρ(r) ∝
2 −1
) . Since the cluster core contains two bright galaxy
r −2 (r 2 + rcut
concentrations, we include two cluster-scale dark halo components
centred at galaxy G1a (RA = 157.305 789, Dec. = 26.392 602)

and G2 (RA = 157.302 083, Dec.
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HST ACS/F814W image. In additio
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tential φ ∝ r2 cos mθ ) with m = 2 (e
effectively describe the asymmetri
that are commonly seen in simulatio
Since we have no spectroscopic red
tiply imaged galaxies, the redshifts
treated as the free parameters.
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Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several su
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Row
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-corr
(grey area). Observed cross-correlations for the diﬀerent CMB maps are provided: C-R an
respectively; SEVEM as red circles; and SMICA as blue squares.
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perform additional cross-checks using these bins to ascertain anisotropies imprinted around recombination. Examples include
SMICAdensity in models with spatial curvature and the
whether they would have any significant implications for cos- the dark energy
9.3. Comparison with Other Methods
80ν < 0.5 eV) still to
mology.
mass of neutrinos that are light enough (m
relativistic at recombination.
It is encouraging that to within the uncertainties, there is In addition to the Planck power spectrum measurements, in have beenRULER
NILC our measurement of the lensing power spectrum
To connect
broad agreement in H values for completely independent Fig. 11 we have overplotted the ACT and SPT measurements
0
the lensing potential power spectrum (Das et al. 2013; van to parameters, we construct a lensing likelihood
70 nominally based
techniques. A Hubble diagram
(log d versus log v) is plotted ofEngelen
et al. 2012). It is clear that all are very consistent. on the multipole range 40 ≤ L ≤ 400, cut into eight equal-width
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dividual 100, 143, and 217 GHz reconstructions as well as the
ters with recent SZ measurements out to z D 0.1. At z Z0.1, current ACT and SPT measurements are 32% and 16% respec- MV reconstruction which is the basis for our nominal likeliother cosmological parameters (the matter density, ) , and tively. These measurements are nevertheless quite complemen- hood. The bandpower estimates and their uncertainties are brotary. As a function of angular scale, the full-sky Planck power ken down into constituent parts as discussed50in Sect. 2. Based on
m
the cosmological constant, ) ) become important.
spectrum estimate has the smallest uncertainty per multipole of these bandpowers, we form a likelihood following Eq. (23).
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the base ΛCDM Planck+WP+highL model, which is fitted to the TT data only.
the distance to the cluster (e.g., Birkinshaw 1999; Carlstrom
et al. 2000). The observed microwave decrement (or more
precisely, the shift of photons to higher frequencies) results
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as low-energy cosmic microwave background
photons are
scattered o† the hot X-ray gas in clusters. The SZ e†ect is
independent of distance, whereas the X-ray Ñux of the
cluster is distance dependent; the combination thus can
yield a measure of the distance.
There are also, however, a number of astrophysical complications in the practical application of this method (e.g.,
Birkinshaw 1999; Carlstrom 2000). For example, the gas
distribution in clusters is not entirely uniform: clumping of
the gas, if signiÐcant, would result in a decrease in the value
of H . There may also be projection e†ects: if the clusters
0 are prolate and seen end on, the true H could be
observed
0
larger than inferred from spherical models. (In a Ñux-limited

Figure 5. BR1202−0725: (left) the [C ] spectrum (red) with the best-fitting model (magenta) overlaid. Right: CO (J = 5 → 4) spectrum (blue) with the
best-fitting model (green) overlaid. In both cases, zero velocity is chosen to be at the peak of the respective model and not at a specific redshift value.

II
been subjected to significant stripping,
the expected population
of neutron stars and14
white dwarfs can be determined a priori.
In creating the input luminosity function, the RGB and Page
MS 4 The numbers of neutron stars and white dwarfs were estimated
were binned in 1 mag bins to represent the luminosity function.
assuming a power-law IMF with an index of −1.0 for stars
and the need for a narrow annulus to minimize variations in the
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Figure 2. Colour image of the SDSS J1029+2623 field from the HST ACS/F475W, ACS/F814W and WFC3/F160W ob
to the right. The three quasar images are labelled by ‘A’, ‘B’ and ‘C’. The squares with ID numbers indicate the location
also Table 1). Galaxies G1a, G1b and G2 are the central galaxies of the lensing cluster. The solid lines show the critical lin
model at zs = 2.197, the redshift of the strongly lensed quasar.
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on their colours and morphologies combined with matching multiple image candidates while iteratively refining the mass models
(see below for details of our mass model). In total, we identified
five additional sets of multiply imaged galaxies (ID 1–5), which are
shown in Figs 2 and 3, and summarized in Table 1. In addition, the
HST image shown in Fig. 2 exhibits a prominent host galaxy of the
lensed quasar which is highly elongated due to lensing. In order to
take account of the shape of the lensed host galaxy, we include an
additional set of multiple images (ID 6) which roughly corresponds
to the edge of the host galaxy. To summarize, in this paper we use
the positions of 27 multiple images of 7 systems as constraints.
We parametrically model the lens using the public software GLAFIC
(Oguri 2010), although in the iterative process to identify the multiple images we partly used the public software LENSTOOL (Jullo et al.
2007) as well. The mass model mainly consists of dark halo components modelled by elliptical Navarro, Frenk & White (1997, hereafter NFW) profiles with the radial profile of ρ(r) ∝ r −1 (r + rs )−2
and member galaxies modelled as elliptical pseudo-Jaffe models (e.g. Cohn et al. 2001) with the radial profile of ρ(r) ∝
2 −1
) . Since the cluster core contains two bright galaxy
r −2 (r 2 + rcut
concentrations, we include two cluster-scale dark halo components
centred at galaxy G1a (RA = 157.305 789, Dec. = 26.392 602)

and G2 (RA = 157.302 083, Dec.
component has four parameters: th
of their isodensity contours, the v
tration parameter cvir . To reduce
assume that the velocity dispersion
the pseudo-Jaffe models scale with
ies as σ ∝ L1/4 and rcut ∝ L1/2 , an
the scaling relations as free param
ply these scaling relations for one
images 3.4–3.6 because the locatio
sitive to the properties of this gala
cutoff radius of this particular gala
eters. The ellipticity and position a
for each member galaxy are fixed
HST ACS/F814W image. In additio
galaxy components, we include fo
tential φ ∝ r2 cos mθ ) with m = 2 (e
effectively describe the asymmetri
that are commonly seen in simulatio
Since we have no spectroscopic red
tiply imaged galaxies, the redshifts
treated as the free parameters.

angle θ [arcmin]

Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several su
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Row
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-corr
(grey area). Observed cross-correlations for the diﬀerent CMB maps are provided: C-R an
respectively; SEVEM as red circles; and SMICA as blue squares.
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to include systematic corrections: Almost always only a subset of the known sources
Figure 6. BR1202−0725:
of systematic errors is analyzed, and almost always these analyses are applied to a very

Table 7. Probability values of the CMB-LSS cross-correlation pected (and observed) s

(left) the best-fitting joint fit profile (magenta line) overlaid on to both the [C II] (red dotted) and CO (J = 5 → 4) (blue dotted)

If there is a still better cosmology finding it might be
aided by clues in the rich phenomenology of galaxies.
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ΛCDM is rightly celebrated for its promise as a basis for galaxy formation
theory. Indeed, ΛCDM is not inconsistent with many properties of galaxies,
though this necessarily depends on adjustments of baryon physics parameters.
But there are properties of galaxies that seem particularly challenging to
LCDM even with due attention to the complexities of the baryon physics.
Here is an example.
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M 101 NASA/ESA
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NGC 253 Star Shadows Remote Observatory
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NGC 4013; R. Jay GaBany et
al. 2009
Thin disk galaxies have
stellar halos and streams
characteristic of growth by
mergers of star clusters, but
that added a only few
percent to the stellar mass.
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Guedes et al. present an impressively
2 of a spiral galaxy in
good simulation
ΛCDM, but I0think it has a classical
bulge, like M31
-2 or M81, with B/D~0.3.
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AQUARIUS pure DM
halos of L* galaxies
(Springel et al. 2008)
Images by Jie Wang,
Durham, in
collaboration with Adi
Nusser, Technion..

800 by 800 kpc, physical

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.
At least half presentday mass in stars had
formed at z = 1.
If these stars formed
in the yellow or red
regions they have to
have strongly avoided
the present-day thin
disk galaxies that are
so common in our
neighborhood.
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The Challenge
1. ΛCDM indicates considerable merging of dark matter clumps at
redshifts 1<z<3.
2. At 1<z<3 star formation was rapid. Where would these stars have
formed? Surely in the clumps, despite the complexities of baryons.
3. Elliptical galaxies seem to be natural products of merging of starry
(dry) clumps. This is a Good Thing.
4. But thin disk galaxies, common nearby, had to have grown by
accretion of clumps that contained few stars, because the stars
would end up in classical bulges or stellar halos.
5. How could the rapid star formation at 1<z<3 have been confined
to the clumps that were going to merge to make ellipticals, and
avoid the clumps that were going to flow onto thin disk spirals?
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or, according
skeptics,
Is it now predictive enough to add to the
tests oftoΛCDM?
depending on the situation,

or, according to skeptics,
dependingConclusions
on the situation,
<
• The case for ΛCDM at z ∼
1010 is about as good as it gets
. . . I am amazed.
in natural science.

• The case for the ΛCDM-based galaxy formation theory is
mixed, but this fluid situation is observationally-driven.
• The simple ΛCDM model for the dark sector is a default,
pending tighter tests.
• Inflation rests on elegant ideas that may be buttressed by
observations in progress.
Saturday, March 9, 2013

Hoyle: “I simply cannot accept so many coincidences.
There may be one accident—one criminal in the list—
but it is unlikely there is more than one.”
Milgrom
postulates
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• The case for ΛCDM at z ∼
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in natural science. I am amazed.

• The case for the ΛCDM-based galaxy formation theory is
mixed, but this fluid situation is observationally-driven.
• The simple ΛCDM model for the dark sector is a default,
pending tighter tests.
• Inflation rests on elegant ideas that may be buttressed by
observations in progress.
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The de Vaucouleurs (1953)
Local Supercluster
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An Illustration of the Shaver–Pierre (1989, 1991) Eﬀect
The 13 clusters of galaxies at R < 80
Mpc are close to the plane defined by
the galaxies at R < 8 Mpc.

The 13 most luminous galaxies at 60 µ
and R < 80 Mpc are little correlated
with the plane of galaxies at R < 8 Mpc.

8 Mpc

D = 80 Mpc
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clusterstoofconventional
galaxies atastronomical
R < 80 views
coincidental. Such views seem to me to arise out of ignorance. I simply cannot
Mpcaccept
are close
to the plane defined by and R < 80 Mpc are little correlated
so many coincidences. There may be one accident—one criminal in the
with the plane of galaxies at R < 8 Mpc.
the list—but
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< 8 Mpc.
unlikely
there is more than one.
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D = 80 Mpc

The Astronomical Journal, 143:57 (14pp), 2012 March

Baryonic Tully-Fisher Relation
Stark, McGaugh, & Swaters (2009 AJ, 138, 392)
Bell03 diet Salpeter IMF
M∗ > Mg
M∗ < Mg

Trachternach et al.

log Mb = 3.93 log Vf + 1.80

Figure 11. Velocity dispersion profile (bottom) and rotation curve (top) for
the b = −4◦ , −6◦ , and −8◦ strips. The filled symbols indicate data already
published and the open symbols indicate the data presented here.
(A color version of this figure is available in the online journal.)

BRAVA, 2012
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The turnover seen in the rotation curve at b = −4◦ is not evident
at b = −6◦ or b = −8◦ .
Additionally, in Figure 12, the BRAVA fields extending past
the main body of the bulge at l >10◦ are plotted. These
observations lie outside the high surface brightness boundary
of the COBE bulge and can be used to examine the extent of
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