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PLAN FOR TALK

• Will give an overview of current state of CMB observations and scientific
implications

• Want to emphasize the ‘big questions’ that the CMB can help address

• However, must also be said that we are in an ‘interregnum’ period as regards
primordial CMB observations and results

• As regards ground-based experiments, not much new since last year

• In space have WMAP7 — should hear the details of that next

• And of course Planck is taking data!

• However, big progress with secondary anisotropy experiments — first ‘blank field’
Sunyaev-Zeldovich samples appearing, and new constraints on high-` CMB power
spectrum

• All may not be simple here! SZ amplitudes look systematically smaller than
expected

• Will also include a more theoretical ‘diversion’
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THE COSMIC MICROWAVE BACKGROUND

• The Cosmic Microwave Background (CMB), is a wonderful tool in modern
cosmology

• A very significant fraction of all the information in cosmology over the last 10 to 15
years has come from it

• Has finally ushered us into an era of ‘precision cosmology’ (but also deep
mysteries)

• The key modern frontiers are polarization and high resolution temperature power
spectrum
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PHYSICS OF CMB POLARIZATION

• Photon diffusion around recombination→ local tem-
perature quadrupole

– Subsequent Thomson scattering generates (par-
tial) linear polarization with r.m.s. ∼ 5µK from
density perturbations

Polarization

Hot

Cold.

- -

Plane-wave scalar quadrupole Electric quadrupole (m = 0) Pure E mode

Scatter Modulate

• Linear scalar perturbations produce only E-mode polarization (Kamionkowski et al.
1997; Seljak & Zaldarriaga 1997)
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GRAVITY WAVES IN CMB POLARIZATION: PHYSICS
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Plane-wave tensor quadrupole Electric quadrupole (|m| = 2)

Scatter

Modulate E mode

B mode

• Gravity waves produce both E- and B-mode polarization (latter have handedness)
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POWER SPECTRA
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Lens-induced B
modes
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Effects only on
large scales
since gravity
waves damp
inside horizon
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WHAT WOULD A DETECTION OF PRIMORDIAL GRAVITY WAVES TELL US?

• Strong evidence that inflation happened

• The amplitude of the power spectrum Pgrav(k) is a model indepedent measure of
the energy scale of inflation

Pgrav =
8

M2
Pl

(
H

2π

)2
= 1.92× 10−11

(
Einf

1016 GeV

)4

• Here H is the Hubble parameter through slow-roll (roughly constant)

• Define the tensor to scalar ratio r, via the ratio of the tensor to scalar power
spectrum at some given k (typically a low value like k = 0.001 Mpc−1 chosen)

• Find

r = 0.008
(

Einf

1016 GeV

)4

• Thus detectable gravity waves (r > 0.01 say) would mean inflation occurred at the
GUT scale

• We would then be accessing particle physics at a scale about at least 1012 higher
than those achievable at LHC

• So where do things stand experimentally?
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SOME CURRENT/FUTURE CMB POLARISATION EXPERIMENTS

Name Type Detectors ` range r target First Obs.
QUAD ground bolometer 200 < ` < 3000 completed
BICEP ground bolometer 50 < ` < 300 0.1 2007
QUIET ground MMIC ` < 1000 0.05 2008

CLOVER ground bolometer 20 < ` < 600 0.01 Cancelled
EBEX balloon bolometer 20 < ` < 1000 0.03 2011

SPIDER balloon bolometer ` < 100 0.025 2011
BPOL space bolometer ` < 200 1–5 ×10−3 ??

QUIJOTE ground MMIC ` < 80 0.1/0.05 2010
POLARBEAR ground bolometer 20 < ` < 2000 0.05 ?

• EBEX — North American test flight was carried out 2009 — first Antarctica flight
2011 experiment

• SPIDER — First balloon flight will be 2011, Australia. First ULD flight 2012

• QUIET — Observations Oct. 2008 through May 2009 used a 19-element 40 GHz
receiver on a 1.4 metre telescope. Observations with a 90-element 90 GHz
instrument on the same telescope are ongoing
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QUIJOTE

• Rafa Rebolo will give a lecture on this

• IAC (Tenerife)-Cambridge-
Manchester-Santander collaboration

• With the demise of CLOVER, is prob-
ably now the premier ground-based
European experiment

• Comes in stages:
Phase 1: First Instrument: Horns
and frequencies as in picture
Phase 1: Second Instrument: 16×
30 GHz horns substituted

• Will use spinning mount to achieve
good sky coverage

26-36GHz Horn

14-20GHz Horn

10-14GHz Horn

QUIJOTE 1 : Focal Plane Distribution

• Approx. 1 degree resolution

• Main aims: frequency coverage 10–
36 GHz ideal for mapping and under-
standing properties of spinning dust
and other foregrounds

• Also, could detect B-modes if large (r ∼
0.1)
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PLANCK

• First two sky coverages were complete April/May

• Reno will be able to give us a full report
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SUMMARY OF CONSTRAINTS ON BB

(2009 — only update is WMAP 7 year) 10



BICEP RESULTS

• BICEP Background Imaging of
Cosmic Extragalactic Polarization

• Caltech, Princeton, JPL, Berkeley
and others collaboration

• 100 and 150 GHz polarization sen-
sitive bolometers, illuminated via a
2 lens system (so is a refractor!)

• At South Pole, in a mounting which
maximises how much of telescope
is easily accessible

• Going after polarisation anisotropy
at larger scales than other ground-
based designs so far

• Beams = 0.93◦ at 100 GHz and
0.60◦ at 150 GHz

• (Cf. QUAD, which has about 4
armin resolution)

The focal plane is arranged in a six-fold symmetric pattern, as seen in Figure 5. Each hextant contains 4 pixels at each 
frequency. The central 100 GHz pixel is read out by one of the six hextants, accounting for a total of 96 + 2 light 
bolometers. Additional readout channels provide for one pair of 5 MΩ resistors, dark bolometers, and high sensitivity 
NTD thermistors in each hextant for diagnosing systematics. 

Each PSB pair can be installed in either boresight “Q” or “U” orientation, defined with respect to the radius from the 
center of the focal plane. For the inaugural observing season, we have chosen to alternate between the two orientations in 
adjacent hextants, such that upon odd-multiple 60º rotation of the instrument about the boresight, we achieve complete 
parity in Q/U coverage on the sky. 

A PCB fan-out board on the backside of the detector focal plane routes the individual PSBs of each hextant to the six 
load resistor modules (LRM) on the perimeter for readout by the JFET amplifier stage. The entire focal plane, from the 4 
K back-to-back throat section down to the output of the JFET modules, resides within a tightly-sealed Faraday cage, 
eliminating any stray radiation coupling to the bolometers. 

 

Figure 4. The optical aperture is illuminated by corrugated profiled 4 K feed horns. Re-expanding back-facing feeds 
provide a convenient thermal gap between the 4 K back-to-back stage and the 250 mK focal plane. Sub-K metal mesh 
filters and the PSB coupling feeds define the spectral bands at both frequencies. 

 

Figure 5. Fully assembled 4 K focal plane (left), and measured beams (right). 
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BICEP RESULTS

• Their main (2009) result was a much im-
proved limit on r of r < 0.73 (95% conf.)

• This may not look exciting compared to r <
0.43 (Dunkley et al. WMAP5 CMB only re-
sult) or r < 0.33 (QUAD CMB only result)

• However, this is by far most significant direct
limit on r

• They said WMAP5 data analysed same way
gives r < 6 (95% conf.)!

• In fact WMAP 7 year paper says r < 4.7 is
proper 5 year limit just based on BB

• Same paper says r < 2.1 for 7 year, so a
significant improvement

• Where do r limits leave inflation models?

CMB POLARIZATION SPECTRA FROM BICEP TWO-YEAR DATA 15
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FIG. 11.— BICEP’s combined power spectra (black points) are in excellent agreement with a ΛCDM model (gray lines) derived from WMAP five-year data.
The χ2 (for nine degrees of freedom) and PTE values from a comparison of the data with the model are listed in the plots. The asterisks denote theoretical band
power expectation values. Power spectrum results from the alternate analysis pipeline are shown by the open circles and are offset in ` for clarity.
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FIG. 12.— BICEP measures EE polarization (black points) with high
signal-to-noise at degree angular scales. The BB spectrum (open circles) is
overplotted and is consistent with zero. Theoretical ΛCDM spectra (with
r = 0.1) are shown for comparison.

check the consistency of the BICEP band powers with this
model by performing a χ2 test. We start by using CAMB to
calculate theoretical power spectra, using ΛCDM parameters
derived from WMAP five-year data (and r = 0), and we then
compute expected band power values, C X

b , using the band
power window functions described in §6.5. Absolute gain and
beam systematic errors (GX and Sb, as described in §9.2) are
included by adding their contributions to the band power co-

variance matrix, MX
ab:

MX
ab = MX

ab + (GX )2C X
a C X

b + SaSbC
X
a C X

b . (22)

The Sb factors are formed from linear combinations of the
four frequencies (100 GHz auto, 150 GHz auto, 100×150,
150×100), using the weights described in §11. Because MX

ab
is obtained from a limited number of simulations, the far off-
diagonal terms are dominated by noise; we therefore use only
the main and first two off-diagonal terms of MX

ab in this calcu-
lation. (We have tested that results are essentially unchanged
including one, two, or all off-diagonal terms). For each power
spectrum, the observed and theoretical band powers are com-
pared by evaluating

χ2 = [ĈCC
X

−CCC X ]>(MMMX )−1[ĈCC
X

−CCC X ] (23)

over the nine bins that span 21 ≤ ` ≤ 335. In the case of the
T T , EE, and BB spectra, offset lognormal transformations

ẐX
b = ln(Ĉ X

b + xX
b ) (24)

ZX
b = ln(C X

b + xX
b ) (25)

(DX
ab)−1 = (MX

ab)−1(Ĉ X
a + xX

a )(Ĉ X
b + xX

b ) (26)

are applied to the data, expected band powers, and inverse
covariance matrix, and χ2 is calculated using the transformed
quantities.

We perform the same calculations for a set of 500 signal-
plus-noise simulations, and the simulated χ2 distributions are
used to determine the probabilities to exceed the χ2 values
of the data. The χ2 and PTE values are listed in Figure 11,
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INFLATION PHENOMONOLOGY38 Komatsu et al.

While the KS profiles are generally in a good agreement
with the X-ray derived profiles, they are more extended
than the X-ray-derived profiles (see Figure 16), which
makes the KS prediction for the projected SZ profiles
bigger. Note, however, that the outer slope of the fitting
formula given by Arnaud et al. (2009) (equation (C3))
has been forced to match that from hydrodynamical sim-
ulations of Nagai et al. (2007) in r ≥ r500. See the bot-
tom panels of Figure 16. The steepness of the profile
at r & r500 from the simulation may be attributed to a
significant non-thermal pressure support from ρv2, which
makes it possible to balance gravity by less thermal pres-
sure at larger radii. In other words, the total pressure
(i.e., thermal plus ρv2) profile would probably be closer
to the KS prediction, but the thermal pressure would
decline more rapidly than the total pressure would.
If the SZ effect seen in the WMAP data is less than

expected, what would be the implications? One possibil-
ity is that protons and electrons do not share the same
temperature. The electron-proton equilibration time is
longer than the Hubble time at the virial radius, so that
the electron temperature may be lower than the pro-
ton temperature in the outer regions of clusters which
contribute a significant fraction of the predicted SZ flux
(Rudd & Nagai 2009; Wong & Sarazin 2009). The other
sources of non-thermal pressure support in outskirts of
the cluster (turbulence, magnetic field, and cosmic rays)
would reduce the thermal SZ effect relative to the ex-
pectation, if these effects are not taken into account in
modeling the intracluster medium. Heat conduction may
also play some role in suppressing the gas pressure (Loeb
2002, 2007).
In order to explore the impact of gas pressure at

r > r500, we cut the X-ray derived pressure profile at
rout = r500 (instead of 6r500) and repeat the analysis.
We find a = 0.74± 0.09 and 0.44± 0.14 for high and low
LX clusters, respectively. (We found a = 0.67±0.09 and
0.43± 0.12 for rout = 6r500. See Table 12.) These results
are somewhat puzzling - the X-ray observations directly
measure gas out to r500, and thus we would expect to find
a ≈ 1 at least out to r500. This analysis may suggest that
the fiducial scaling relation of Böhringer et al. (2007) is a
source of a < 1. Note that a = 1 is within the systematic
error due to the scatter in the scaling relation. Had we
used the scaling relations of Melin et al. (2010), we would
find a ≈ 1 for rout = r500. While a large uncertainty in
the scaling relation prevents us from convincingly ruling
out a = 1, the relative amplitudes between high and low
LX clusters suggest that a significant amount of pressure
is missing in low mass (M500 . 4 × 1014 h−1 M⊙) clus-
ters, even if we scale all the results such that high-mass
clusters are forced to have a = 1. A similar trend is also
seen in Figure 3 of Melin et al. (2010).
This interpretation is consistent with the SZ power

spectrum being lower than expected. The SPT mea-
sures the SZ power spectrum at l & 3000. At such high
multipoles, the contributions to the SZ power spectrum
are dominated by relatively low-mass clusters, M500 .
4 × 1014 h−1 M⊙ (see Figure 6 of Komatsu & Seljak
2002). Therefore, a plausible explanation for the lower-
than-expected SZ power spectrum is a missing pressure
in lower mass clusters.
Scaling relations, gas pressure, and entropy of low-

mass clusters and groups have been studied in the lit-

Fig. 19.— Two-dimensional joint marginalized constraint (68%
and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar
ratio, r, derived from the data combination of WMAP+BAO+H0.
The symbols show the predictions from “chaotic” inflation models
whose potential is given by V (φ) ∝ φα (Linde 1983), with α =
4 (solid) and α = 2 (dashed) for single-field models, and α =
2 for multi-axion field models with β = 1/2 (dotted; Easther &
McAllister 2006).

erature.35 Leauthaud et al. (2010) obtained a rela-
tion between LX of 206 X-ray-selected galaxy groups
and the mass (M200) derived from the stacking anal-
ysis of weak lensing measurements. Converting their
best-fitting relation to r200–LX relation, we find r200 =
1.26 h−1 Mpc
E0.89(z) [LX/(10

44 h−2 erg s−1)]0.22. (Note that

the pivot luminosity of the original scaling relation is
2.6 × 1042 h−2 erg s−1.) As r500 ≈ 0.65r200, their rela-
tion is ≈ 1σ higher than the fiducial scaling relation that
we adopted (equation (89)). Had we used their scaling
relation, we would find even lower normalizations.
The next generation of simulations or analytical cal-

culations of the SZ effect should be focused more on
understanding the gas pressure profiles, both the ampli-
tude and the shape, especially in low-mass clusters. New
measurements of the SZ effect toward many individual
clusters with unprecedented sensitivity are now becom-
ing available (Staniszewski et al. 2009; Hincks et al. 2009;
Plagge et al. 2009). These new measurements would be
important for understanding the gas pressure in low-mass
clusters.

8. CONCLUSION

With the WMAP 7-year temperature and polarization
data, new measurements of H0 (Riess et al. 2009), and
improved large-scale structure data (Percival et al. 2009),
we have been able to rigorously test the standard cosmo-
logical model. The model continues to be an exquisite
fit to the existing data. Depending on the parameters,
we also use the other data sets such as the small-scale
CMB temperature power spectra (Brown et al. 2009; Re-
ichardt et al. 2009, for the primordial helium abundance),
the power spectrum of LRGs derived from SDSS (Reid
et al. 2009, for neutrino properties), the Type Ia super-
nova data (Hicken et al. 2009b, for dark energy), and the
time-delay distance to the lens system B1608+656 (Suyu
et al. 2009a, for dark energy and spatial curvature). The
combined data sets enable improved constraints over the

35 A systematic study of the thermodynamic properties of low-
mass clusters and groups is given in Finoguenov et al. (2007) (also
see Finoguenov et al. 2005a,b).

• Observational constraints shown are from WMAP7 (Komatsu et al., 2010)

• Basic results we need to understand this diagram are

r =
4α

N
, ns = 1− 2 + α

2N
if V (φ) = λφα.

• However, if V (φ) = V0(1− (φ/φe)p) then can get r as small as one wants
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THE TRANSITION BICEP1 TO BICEP2 (SLIDE FROM J. KOVAC)
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BICEP PLANS

• BICEP2 was deployed to South Pole in November 2009

• 512 detectors at 150 GHz only

• 8 times the mapping speed of BICEP1 has been achieved (similar scales and
`-range aims)

• First (test) map now released - shows dust polarization (1-3% level) in plane of
galaxy
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OTHER WMAP7 RESULTS

• WMAP7 results notable for extending analysis to new cosmological constraints

• E.g.

– Neutrino mass constraints (and number of effective species)

– Primordial gravitational wave density

– Primordial helium abundance

• In addition new developments re Sunyaev-Zeldovich signal and high-` CMB power
spectrum

• Will talk about those later, but bottom line is that SZ power is smaller than
expected, e.g. measured signal in SZ profiles in 1.5-2.0 times smaller then
expected - (though even this is a smaller reduction than some previous claims)

• In addition will highlight two further areas here

• Polarization patterns of stacked hot and cold spots

• Curvature vs. w plot
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WMAP7 COLD SPOTS
WMAP 7-year Cosmological Interpretation 9

Fig. 5.— Stacked images of temperature and polarization data around temperature cold spots. Each panel shows a 5◦ × 5◦ region with
north up and east left. Both the temperature and polarization data have been smoothed to a common resolution of 0.5◦. (Top) Simulated
images with no instrumental noise. From left to right: the stacked temperature, Stokes Q, Stokes U , and transformed Stokes Qr (see
equation (1)) overlaid with the polarization directions. (Middle) WMAP 7-year V+W data. In the observed map of Qr, the compression
phase at 1.2◦ and the reversal phase at 0.6◦ are clearly visible. (Bottom) Null tests. From left to right: the stacked Qr from the sum
map and from the difference map (V−W)/2, the stacked Ur from the sum map and from the difference map. The latter three maps are
all consistent with noise. Note that Ur, which probes the TB correlation (see equation (12)), is expected to vanish in a parity-conserving
universe.
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WMAP7 HOT SPOTS
10 Komatsu et al.

Fig. 6.— Same as Figure 5 but for temperature hot spots.

difference maps.
Next, we perform the standard χ2 analysis. We sum-

marize the results in Table 5. We report the values of
χ2 measured with respect to zero signal in the second
column, where the number of degrees of freedom (DOF)
is 625. For each sum map combination, we fit the data
to the predicted signal to find the best-fitting amplitude.
The largest improvement in χ2 is observed for Qr, as

expected from the visual inspection of Figure 5 and 6:

we find 0.82± 0.15 and 0.90± 0.15 for the stacking of Qr
around hot and cold spots, respectively. The improve-
ment in χ2 is ∆χ2 = −29.2 and −36.2, respectively; thus,
we detect the expected polarization patterns around hot
and cold spots at the level of 5.4σ and 6σ, respectively.
The combined significance exceeds 8σ.
On the other hand, we do not find any evidence for

Ur. The χ2 values with respect to zero signal per DOF
are 629.2/625 (hot spots) and 657.8/625 (cold spots),
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THE COLD SPOT

• There is a non-Gaussian spot found
in Vielva et al. (astro-ph/0310273) and
drawn further attention to in Cruz et al.
(astro-ph/0405341)

cold spot
• Cruz et al (Science: astro-

ph/0710.5737) suggested this cor-
responds to a texture

• Textures are 3d topological defects,
coming from symmetry breaking in e.g.
SU(2) gauge group

• One modelled here is for a global tex-
ture — these unwind gradually and can
have late time effects
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• A shows piece of actual CMB sky; B
the texture model and C the CMB after
model subtraction

• Crucial test of this will be polariza-
tion pattern — should be random if
a texture rather than primordial CMB
coldspot

• As with cosmic strings, detection
would certainly be very important in
gravitational and particle theory

• Fit to amplitude gives a symmetry-
breaking scale of 8.7× 1015 GeV
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WMAP7 CURVATURE VERSUS EQUATION OF STATE

• Plots shows WMAP7 results for curva-
ture versus equation of state parameter
w

• Can see Supernovae make a dramatic
improvement to this

• (Will see something similar in a plot
later from the South Pole Telescope.)

• Point would like to make here is that a
slightly closed universe with accelera-
tion due to a simple cosmological con-
stant still looks fine

24 Komatsu et al.

In this section, we provide limits on the properties of
dark energy, characterized by the equation of state pa-
rameter, w. We first focus on constant (time indepen-
dent) equation of state in a flat universe (Section 5.1)
and a curved universe (Section 5.2). We then constrain a
time-dependent w given by w(a) = w0+wa(1−a), where
a = 1/(1 + z) is the scale factor, in Section 5.3. Next,
we provide the 7-year “WMAP normalization prior” in
Section 5.4, which is useful for constraining w (as well as
the mass of neutrinos) from the growth of cosmic den-
sity fluctuations. (See, e.g., Vikhlinin et al. 2009b, for
an application of the 5-year normalization prior to the
X-ray cluster abundance data.) In Section 5.5, we pro-
vide the 7-year “WMAP distance prior,” which is useful
for constraining a variety of time-dependent w models
for which the Markov Chain Monte Carlo exploration of
the parameter space may not be available. (See, e.g., Li
et al. 2008; Wang 2008, 2009; Vikhlinin et al. 2009b, for
applications of the 5-year distance prior.)
We give a summary of our limits on dark energy pa-

rameters in Table 4.

5.1. Constant Equation of State: Flat Universe

In a flat universe, Ωk = 0, an accurate determina-
tion of H0 helps improve a limit on a constant equa-
tion of state, w (Spergel et al. 2003; Hu 2005). Using
WMAP+BAO+H0, we find

w = −1.10± 0.14 (68% CL),

which improves to w = −1.08 ± 0.13 (68% CL) if
we add the time-delay distance out to the lens system
B1608+656 (Suyu et al. 2009a, see Section 3.2.5). These
limits are independent of high-z Type Ia supernova data.
The high-z supernova data provide the most strin-

gent limit on w. Using WMAP+BAO+SN, we find
w = −0.980±0.053 (68% CL). The error does not include
systematic errors in supernovae, which are comparable
to the statistical error (Kessler et al. 2009; Hicken et al.
2009b); thus, the error in w from WMAP+BAO+SN
is about a half of that from WMAP+BAO+H0 or
WMAP+BAO+H0+D∆t.
The cluster abundance data are sensitive to w via the

comoving volume element, angular diameter distance,
and growth of matter density fluctuations (Haiman et al.
2001). By combining the cluster abundance data and
the 5-year WMAP data, Vikhlinin et al. (2009b) found
w = −1.08±0.15 (stat)±0.025 (syst) (68% CL) for a flat
universe. By adding BAO of Eisenstein et al. (2005) and
the supernova data of Davis et al. (2007), they found
w = −0.991 ± 0.045 (stat) ± 0.039 (syst) (68% CL).
These results using the cluster abundance data (also see
Mantz et al. 2009c) agree well with our corresponding
WMAP+BAO+H0 and WMAP+BAO+SN limits.

5.2. Constant Equation of State: Curved Universe

When Ωk 6= 0, limits on w significantly weaken, with
a tail extending to large negative values of w, unless su-
pernova data are added.
In Figure 12, we show that WMAP+BAO+H0

allows for w . −2, which can be excluded
by adding information on the time-delay distance.
In both cases, the spatial curvature is well con-
strained: we find Ωk = −0.0125+0.0064

−0.0067 from

Fig. 12.— Joint two-dimensional marginalized constraint on the
time-independent (constant) dark energy equation of state, w, and
the curvature parameter, Ωk. The contours show the 68% and
95% CL from WMAP+BAO+H0 (red), WMAP+BAO+H0+D∆t
(black), and WMAP+BAO+SN (purple).

WMAP+BAO+H0, and −0.0111+0.0060
−0.0063 (68% CL) from

WMAP+BAO+H0+D∆t, whose errors are comparable
to that of the WMAP+BAO+H0 limit on Ωk with w =
−1, Ωk = −0.0023+0.0054

−0.0056 (68% CL; see Section 4.3).
However, w is poorly constrained: we find w =

−1.44 ± 0.27 from WMAP+BAO+H0, and −1.40 ±
0.25 (68% CL) from WMAP+BAO+H0+D∆t.
Among the data combinations that do not use the in-

formation on the growth of structure, the most powerful
combination for constraining Ωk and w simultaneously
is a combination of the WMAP data, BAO (or D∆t),
and supernovae, as WMAP+BAO (or D∆t) primarily
constrains Ωk, and WMAP+SN primarily constrains w.
With WMAP+BAO+SN, we find w = −0.999+0.057

−0.056 and

Ωk = −0.0057+0.0066
−0.0068 (68% CL). Note that the error

in the curvature is essentially the same as that from
WMAP+BAO+H0, while the error in w is ∼ 4 times
smaller.
Vikhlinin et al. (2009b) combined their cluster abun-

dance data with the 5-year WMAP+BAO+SN to find
w = −1.03 ± 0.06 (68% CL) for a curved universe.
Reid et al. (2009) combined their LRG power spectrum
with the 5-year WMAP data and the Union supernova
data to find w = −0.99 ± 0.11 and Ωk = −0.0109 ±
0.0088 (68% CL). These results are in a good agreement
with our 7-year WMAP+BAO+SN limit.

5.3. Time-dependent Equation of State

As for a time-dependent equation of state, we shall find
constraints on the present-day value of the equation of
state and its derivative using a linear form, w(a) = w0 +
wa(1−a) (Chevallier & Polarski 2001; Linder 2003). We
assume a flat universe, Ωk = 0. (For recent limits on w(a)
with Ωk 6= 0, see Wang 2009, and references therein.)
While we have constrained this model using the WMAP
distance prior in the 5-year analysis (see Section 5.4.2 of
Komatsu et al. 2009b), in the 7-year analysis we shall
present the full Markov Chain Monte Carlo exploration
of this model.
For a time-dependent equation of state, one must be
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BIANCHI MODELS

• Homogeneous but anisotropic – generalise FRW

• Homogeneity generated by the 3-parameter Lie groups

• Bianchi IX (closed) vs Bianchi V IIh (open)

• Early-time (effects laid down during inflation) vs late-time (since recombination)

• Bianchi IX group is SO(3) and group manifold is S3

• Consider biaxially symmetric Bianchi IX so universe essentially a squashed
3-sphere

ds2 = dt2 − 1
4R

2
1(ω1)2 − 1

4R
2
2

[
(ω2)2 + (ω3)2

]
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BIANCHI IX DYNAMICS

• Perfect fluid in Bianchi IX thought to generically lead to an oscillatory singularity
(going back in time)

• The three axes tend to zero in a chaotic fashion (Mixmaster behaviour). (Evolution
approximated by infinite sequence of successive Kasner epochs (Bianchi I
solution).)

We worked with a setup including a scalar field

S =
∫
d4x
√−g

[
1

2κ
(R+ 2Λ)− 1

2
∇µφ∇µφ+ V (φ)

]

and with the assumption of biaxiality found two solutions (of definite parity) that have
very simple dynamics — see Dechant et al. Phys. Rev. D 79, 043524 (2009) for details

• One odd-parity, pancaking solution

• One even-parity, bouncing solution
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THE PANCAKING SOLUTION

R1 ∝ t, R2 = R3 ∝ const, φ = const through the ‘Big Bang’ at t = 0

ln(t)

ln (R2(t))
ln (R1(t))

R1(t) = t
(
a0 + a2t

2 + a4t
4 + . . .

)
R2(t) = R3(t) = b0+b2t

2+b4t
4+. . . ,

φ(t) = f0 + f2t
2 + f4t

4 + . . .

This solution has odd parity – it extends
smoothly (R1 ∼ t) through the pancaking
with a parity inversion and no singularities
in any physical quantities. Late-time slope
is R ∼ t2/3 as befits non-relativistic dust.
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CONSEQUENCES OF EARLY OBLATENESS

• Isotropisation and Inflation overlap

• Universe is just oblate (at ∼ 0.2% level) when perturbations on the scale of the
current Hubble radius left the horizon

• Structure on the largest scales could stem from a time where the universe was still
significantly oblate

• Could generate large-scale asymmetries and phase correlations?

• Isotropisation and Inflation make sure universe is close to isotropy and flatness at
late times
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THE POWER SPECTRUM

ln(k)

4π2107PR(k)

• Other features very similar to closed
FRW case discussed in Lasenby & Do-
ran (2005) — more generally low-k dip
due to period of kinetic dominance, and
this applies here equally as in cases
with actual initial singularity

• Spectral index ns ∼ 0.975

• Tensor-to-scalar ratio r ∼ 0.15

• low-` dip: CMB power spectrum sup-
pressed for low multipoles (exponential
cutoff) due to low-k cutoff

• The grey line is the fit to an exponential
cutoff proposed by Efstathiou (2003) on
phenomenological grounds
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FURTHER POINTS

• Also wish to look at link with horizon-scale velocity perturbations, e.g. see Dark
Flow (Kashlinsky et al (2008, 2009, 2010); Feldman, Hudson, Watkins (2008,
2009))

• Also, probably of more interest to relativists than cosmologists!, there is a
connection with Taub-NUT space

• Paper on this accepted by CQG, now on archive (arXiv:1007.1662), by Dechant,
Lasenby & Hobson (‘Cracking the Taub-NUT’)
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LINK WITH TAUB-NUT

• Taub solution (Ann.Math., 53, 472
(1951)) — Empty Space-Times Admit-
ting a Three Parameter Group of Mo-
tions, was one of first Bianchi type solu-
tions to be introduced into cosmology

• Taub’s motivation, coming out of Mach’s
principle, was to see whether non-
singular vacua have to be flat

• Found a spacetime controlled by two
functions (with simple analytic forms),
g(u) and ζ(u)

• g(u) is effectively a radius2 in a pan-
caking direction

• g(u) passes through 0, leading to tran-
sitions to regions called ‘NUT’ regions
(after Newman, Tamburino & Unti, who
discovered them)
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COMPARISON FOR VACUUM SOLUTIONS

• Given similar pancaking behaviour and biax-
iality, we were interested in the vacuum limit
of our Bianchi IX model

• Discovered that it consisted of an infinite,
periodic succession of pancakings, with al-
ternate periods of expansion and contrac-
tion

• Very striking behaviour for a vacuum!

• Next page shows behaviour as one gradu-
ally re-introduces scalar field into this

• Eventually periodicity destroyed, and one
recovers our previous inflationary solution

• Can relate vacuum case to Taub-NUT
via the coordinate transform u ==∫ t
0

1
2R1(t′)dt′

• Surprise is how this maps onto an infinitely
traversed loop in the Taub-NUT coordinates
space
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GRADUALLY INTRODUCING A SCALAR FIELD
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FIG. 4: Gradually introducing a light scalar field by increasing φ0, whilst keeping the other parameters fixed

at κ = 1, Λ = 0, m = 1/64000, a0 = 1, b0 = 1: a) shows the vacuum model φ0 = 0; b) φ0 = 4; c) and d)

both have φ0 = 1.22×105; e) φ0 = 1.3×105 and (f) φ0 = 2×105.

Similarly, in order to study the effects of increasing the mass of the scalar field (Fig. 5) (rather

than its density), the other parameters are kept fixed at κ = 1, Λ = 0, φ0 = 1.0, a0 = 1, b0 = 1,

whilst m takes the values: (a) m = 1, (b) m = 3, (c) m = 5, (d) m = 10 and (e) m = 100. Panel (f)

shows the m = 100 case for a wider range in t.

For a very light or diffuse scalar field, the equation of motion

m2φ +(H1 +2H2) φ̇ + φ̈ = 0 (35)

is approximately satisfied by a constant scalar field, as the mass term is suppressed. This essen-

tially eliminates the scalar field from the problem, so that we recover the vacuum case with its

periodic behaviour. As the scalar field gets denser (see Fig. 4) or the mass of the scalar field heav-

ier (see Fig. 5) (but still subject to the same boundary conditions), the deviations from the vacuum

case grow, and eventually can no longer be considered small. The behaviour is then no longer

periodic, and smoothly changes qualitatively, eventually yielding the inflationary cosmological

17

Summary on Taub-NUT: we believe our picture is the more physical one!
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INFLATION AND STRING THEORY

• Mentioned this last year, and not very much to update

• In canonical single field models, Lyth (1997) showed

r =
8

M2
Pl

(
dφ

dN

)2

• Thus field evolution of 50–60 e-folds implies ∆φ ∼ (r/0.002)1/2

• Detectable gravity waves means inflaton evolved through a super-Plankian distance

• There may be geometrical effects in string theory moduli which makes this difficult

• Also now believed that having a smooth potential over ∆φ > MPl problematic for
effective field theory with a cutoff Λ < MPl unless shift symmetry removes higher
order corrections

• First ‘stringy’ models incorporating this (with axion-like potentials) appeared last
year (e.g. Flauger et al. hep-th/0907.2916 - Axion Monodromy model)

• These may lead to a broad φ2 type potential, but with superposed oscillations —
observable effects in CMB?

• Daniel Baumann now has an alternative in which inflaton is coupled to a conformal
sector, (see e.g. hep-th/1004.3801) — claims this is more generic and natural —
no specific predictions as yet 30



THE SUNYAEV-ZELDOVICH EFFECT

(From astro.uchicago.edu.)
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AMI

• The AMI Small Array

• Ten 3.7 m dishes

• Has been working fully for 3 year

• The AMI Large Array

• The Eight 13 m dishes of the old Ryle Tele-
scope

• Reconfigured to make a compact array for
source subtration for Small Array SZ sur-
veys

• Key for measuring radio source contamina-
tion
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CLUSTER NUMBER COUNTS

• Measure dn(M,z)
dz to constrain cosmol-

ogy

• Probes volume-redshift relation

• Probes abundance evolution

• Cluster structure and evolution

(Anna Scaife)
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CURRENT USE OF AMI

• Pointed observations of over 100 SZ clusters have now been carried out with the
SA and LA source observations have now gradually caught up

• Therefore now ready to start publishing SZ results in addition to the several results
already published on Galactic objects and spinning dust

• Also 10 x (1 square degree) fields now fully surveyed with both instruments (will
show a first result from this shortly)

• With other blank field surveys now coming on line, a prime role for AMI can emerge
in terms of follow up and validation

• AMI inherently sensitive (probably better mass limits than other current SZ
telescopes):

– For clusters with M > 3.0× 1014M�, and at z > 0.1, an 8 hour observation
with both arrays will give a detection at about the 7σ level — good for validation

– For follow-up purposes about 32 hours with both arrays would be suitable. On
rich clusters this will give well resolved ∼ 20σ detections, including the outer
regions of the cluster gas
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CURRENT USE OF AMI (CONTD.)

• An MoU has now been formally agreed
between AMI and Planck for validation
and follow-up of samples of the Planck
SZ cluster candidates

• Will highlight here two results (unre-
lated to Planck!)

– A candidate cluster detection in one
of our own blank fields (therefore a
blind SZ detection)

– Pointed observations of an interest-
ing new version of the ‘bullet cluster’

CONT: A2CL0001  IPOL  16072.794 MHZ  A2CL0001ca.ICL001.2
PLot file version 2  created 25-JUN-2010 14:36:57

Cont peak flux = -5.9303E-04 JY/BEAM 
Levs = 6.650E-05 * (-10, -9, -8, -7, -6, -5, -4,
-3, -2, 2, 3, 4, 5, 6, 7, 8, 9, 10)

D
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)
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05

AMI blank field cluster detection
Approx. 7σ detection

19 point sources have been measured and
removed
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BLANK FIELD CLUSTER PHYSICAL PARAMETERS
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A2146 — ANOTHER BULLET CLUSTER
The merging cluster Abell 2146 3

Figure 1. Left: Exposure-corrected image in the 0.3–5.0 keV energy band smoothed with a 2D Gaussianσ = 1.5 arcsec (North is up and East is to the left).
The logarithmic scale bar has units photons cm−2 s−1 arcsec−2 . Right: Unsharp-masked image created by subtracting images smoothed by 2D Gaussians
with σ = 5 and 20 arcsec and dividing by the sum of the two images.

Figure 2. Hubble Legacy Archive image of the brightest cluster galaxyin
Abell 2146 (Sand et al. 2005) withChandra X-ray and VLA 4.9 GHz radio
(NRAO/VLA Archive Survey) contours superimposed in red solid and blue
dashed lines respectively.

the cluster spectrum using an absorbed thermal plasma emission
modelPHABS(MEKAL ) (Balucinska-Church & McCammon 1992;
Mewe et al. 1985; 1986; Kaastra 1992; Liedahl et al. 1995) in
XSPEC version 12.5.0 (Arnaud 1996) produced a good fit (re-
duced χ2 = 0.99 for 328 degrees of freedom) with a temper-
ature 6.7+0.3

−0.2 keV, luminosity LX = 1.55± 0.02× 1045 erg s−1

(0.01−50.0 keV) and an abundance of 0.37±0.04Z⊙, measured

Figure 3. Unsharp-masked image as in Fig. 1 with structural features in the
cluster labelled.

assuming the abundance ratios of Anders & Grevesse (1989). The
Galactic hydrogen column density was left as a free parameter,
giving a valuenH = 0.028± 0.004×1022 cm−2 which is consis-
tent with the Galactic value measured by Kalberla et al. (2005) of
nH = 0.03×1022 cm−2 .

We also fitted an absorbed single temperature model to a spec-
trum extracted in a region of radius 10 arcsec, which approxi-

c© 0000 RAS, MNRAS000, 000–000

Chandra observations from Russell et al. (2010) (arXiv:1004.1559)
Left: X-ray map; Right: Unsharp mask version
Idea is that we are seeing shock fronts due to flows in NW/SE direction
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AMI RESULTS ON A2146

• Cluster is bright enough that we get
13σ detection in just 9 hours observa-
tion

• Clear offset between peaks of X-ray
and SZ emission, and moreover exten-
sions seem to be orthognal

• Ties in with idea of complex bulk flow
motions

• Can also see this from fact that purely
hydrostatic equilibrium model does not
work for modelling SZ profile (fgas

comes out much too low)
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DAMPING TAIL AND CBI EXCESS

• Photon diffusion suppresses photon density fluctuations below ∼ 3 Mpc at last
scattering; 80 Mpc width of last scattering surface further washes out projection to
∆T

• Predicted exponential decline seen by CBI (30 GHz) and ACBAR (150 GHz) but ...

– CBI and BIMA see excess emission at l > 2000: interpreted as SZ gives
σ8 ≈ 1.0
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DAMPING TAIL AND CBI EXCESS — QUAD RESULTS FROM LAST YEAR
High ℓ TT results from QUaD 5
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FIG. 5.— The QUaD high-ℓ TT results for 2000< ℓ< 3000 compared against recent results from ACBAR (Reichardtet al. 2009), CBI (Sievers et al. 2009) and
SZA (Sharp et al. 2009) — spanning the spectral range 30, 100 and 1500 GHz (red, greenandblue respectively) — plus WMAP (Hinshaw et al. 2009) (black)
and QUaD (Brown et al. 2009) forℓ< 2000 (grey). For QUaD, SZA and CBI the estimated residual radio source contribution has been subtracted. Some points
have been slightly offset in multipole for clarity. The dataare plotted againstΛCDM alone andΛCDM plus the standard Komatsu & Seljak (2002) template
assuming two values ofσ8 scaled to all three frequencies. The QUaD data favors theσ8 = 0.8 model with a best-fit scaling ofASZ = 1.2±1.2 (see text).
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THE SOUTH POLE TELESCOPE

• South Pole Telescope (10m) has
been carrying out first surveys

• These are at 150 and 220 GHz,
covering two 100 deg2 fields —
there have been some problems
with 90 GHz channel

• Have now had the following se-
quence from SPT

– Measurements of Secondary
CMB Anisotropies with the
South Pole Telescope, Lueker
et al., arXiv:0912.4317
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SPT (CONTD.) AND ATACAMA COSMOLOGY TELESCOPE

• Galaxy Clusters selected with the
SZ effect from 2008 SPT ob-
servations, Vanderlinde et al.,
arXiv:1003.0003

• X-ray properties of the first SZE-
selected galaxy cluster sample
from the SPT, Andersson et al.,
arXiv:1006.3068

• In addition the Atacama Cosmol-
ogy Telescope (in Chile) has been
reporting results for the high-`
CMB power spectrum (Fowler et
al., arXiv:1001.2934) and the X-
ray properties of its first blank
field SZ results (Menateau et al.,
arXiv:1006.5126)

• Things are hotting up!

• The ACT (with ground screens re-
moved)

• 6 metre, off-axis Gregorian telescope

• Main results come from 148 GHz

• Beamsize about 1.4 arcmin
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THE ATACAMA COSMOLOGY TELESCOPE HIGH-` RESULTS

4 J. Fowler et al.

Fig. 1.— Recent measurements of the CMB power spectrum, including this work. Top: the measurements of WMAP (Nolta et al.
2009), Bolocam (Sayers et al. 2009), QUaD (Brown et al. 2009; Friedman et al. 2009), APEX-SZ (Reichardt et al. 2009a), ACBAR
(Reichardt et al. 2009b), SZA (Sharp et al. 2009), BIMA (Dawson et al. 2006), CBI (Sievers et al. 2009), and SPT (Lueker et al. 2009). For
all the results, a radio point source contribution has been removed either by masking before computing the power spectrum (at 150GHz),
or by masking and modeling the residual (at 30GHz and for WMAP). APEX-SZ additionally masks clusters and potential IR sources.
Bottom: The ACT power spectrum from this work. The inset shows the cross-power spectrum between ACT and WMAP maps in the ACT
southern field (see Section 3.5), which we use to check both the validity of the maps at larger scales and the absolute calibration. Only the
ACT power spectrum is analyzed in this paper. In both panels and the inset, the solid curve (blue) is the ΛCDM model of Dunkley et al.
(2009) (including lensing). The SZ effect and foreground sources are expected to contribute additional power, as shown in Figure 4 and
Table 1. For display purposes—and only in this figure—we scale our result by 0.96 in temperature relative to the Uranus calibration; this
calibration factor best fits our data to the ΛCDM model and differs from the Uranus calibration by 0.7σ (see Section 7). ACT bandpowers
for ℓ > 4200 have been combined into bins of ∆ℓ = 600 for this figure; they are given in a note to Table 1.

speed of 1.◦5 /s followed by 0.9 s of acceleration. The first
half of each night is spent observing the field rising in the
eastern sky, after which ACT turns to the western sky
to observe the same field as it sets through the standard
elevation of 50◦. The scan strategy is designed to mini-
mize changes in the telescope’s orientation with respect
to the local environment while ensuring cross-linked ob-
servations in celestial coordinates. Sky rotation ensures
that all detectors sample all points in the field each night,
apart from small areas at the edges.

As the telescope scans in azimuth at constant elevation,
each detector is sampled at 399Hz. The data sampling,
position reading, and all housekeeping data are synchro-
nized by a shared 50MHz clock; absolute times are ref-
erenced to a GPS receiver with 0.25ms accuracy. The
data are stored in continuous fifteen-minute segments
called time-ordered data sets (TODs). Each TOD re-
quires 1.6GB of storage per detector array, or 600MB
after applying lossless compression.
In addition to the main survey, we perform occasional
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THE SOUTH POLE TELESCOPE — RESULTS FROM SZ CLUSTER SAMPLE
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Fig. 5.— Likelihood contour plot of w versus σ8 showing 1σ and 2σ contours for several data sets. The left panel shows the constraints
from WMAP7 alone (blue) and with the SPT cluster catalog included (red). The right panel shows show the full cosmological data set of
WMAP7+SN+BAO (blue), and this plus the SPT catalog (red). The ability to constrain cosmological parameters is severely impacted
by the uncertainties in the mass scaling relation, though some increase in precision is still evident.

TABLE 2
Cosmological Parameter Constraints

Chain σ8 w

ΛCDM WMAP7 0.801 ± 0.030 −1
ΛCDM WMAP7+SPT 0.790 ± 0.028 −1

ΛCDM CMBall 0.794 ± 0.029 −1
ΛCDM CMBall+SPT 0.787 ± 0.026 −1

wCDM WMAP7 0.832 ± 0.134 −1.118 ± 0.394
wCDM WMAP7+SPT 0.804 ± 0.092 −1.049 ± 0.291

wCDM WMAP7+BAO+SNe 0.802 ± 0.038 −0.980 ± 0.053
wCDM WMAP7+BAO+SNe+SPT 0.788 ± 0.035 −0.966 ± 0.049

Note. — Mean values and symmetrized 1σ range for σ8 and w, as found from each of the four data sets considered, shown
with and without the weighting by likelihoods derived from the SPT cluster catalog. The parameter best constrained by the
SPT cluster catalog is σ8. CMB power spectrum measurements alone have a large degeneracy between the dark energy equation
of state, w, and σ8. Adding the SPT cluster catalog breaks this degeneracy and leads to an improved constraint on w. The
SPT catalog has negligible effect on other parameters in these chains (Ωbh

2, Ωch
2, H0, τ and ns).
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than the power spectrum analysis. Though this is not a
significant result, it is consistent with the hypothesis of
Komatsu et al. (2010) that the SZ amplitude deviates
from that predicted by simulations in a mass-dependent
way, with lower-mass clusters having lower SZ normal-
izations.
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Fig. 6.— Degeneracy between σ8 and the scaling relation
amplitude A, plotted without prior (green) and with a 30%
Gaussian prior (red) on A, for the ΛCDM WMAP5+CMBall
MCMC chain. The Gaussian prior is shown (±1σ) by the
gray band, with the fiducial relation amplitude shown by the
blue line. The prior is roughly 1σ higher than the preferred
value. This figure is analogous to Fig. 9 of (Lueker et al.
2009), although that work dealt with SZ power, which is roughly
proportional to the square of the amplitude being considered here.
These results suggest that simulation-based over-estimates of SZ
flux may extend to the high-mass systems contained in this catalog.

6. SOURCES OF SYSTEMATIC UNCERTAINTIES

There are several systematic effects that might affect
the utility of the SPT cluster sample. For example, there
remains large uncertainty in the mapping between detec-
tion significance and cluster mass. It is also possible that
strong correlations (or anti-correlations) between galaxy
clusters and mm-bright point sources are significant. We
address these issues in this section.

6.1. Relation between SZ signal and Mass

Theoretical arguments (Barbosa et al. 1996; Holder &
Carlstrom 2001; Motl et al. 2005) suggest that the SZ flux
of galaxy clusters is relatively well understood. However,
there is very little high-precision empirical evidence to
confirm these arguments, and there are physical mech-
anisms that could lead to suppressed SZ flux, such as
non-thermal pressure support from turbulence (Lau et al.
2009) or non-equilibrium between protons and electrons
(Fox & Loeb 1997; Rudd & Nagai 2009).

Cluster SZ mass proxies (such as Y and y0, the inte-
grated SZ flux and amplitude of the SZ decrement, re-
spectively) depend linearly on the gas fraction and the
gas temperature. There remain theoretical and obser-
vational uncertainties in both of these quantities. Esti-
mates of gas fractions for individual clusters can disagree
by nearly 20% (e.g., Allen et al. 2008; Vikhlinin et al.
2006), while theoretical and observed estimates of the
mass-temperature relation currently agree at the level of
10-20% (Nagai et al. 2007). Adding these in quadrature

leads to uncertainties slightly below our assumed prior
uncertainty of 30%.

With the number counts as a function of mass,
dN/d lnM , scaling as M−2 or M−3 for typical SPT clus-
ters (Shaw et al. 2009a), a 10% offset in mass would lead
to a 20-30% shift in the number of galaxy clusters. With
a catalog of 22 clusters, counting statistics lead to an un-
certainty of at least 20%. Therefore, systematic offsets in
the mass scale of order 10% will have a significant effect
on cosmological constraints, and the current 30% prior
on A will dominate Poisson errors.

A follow-up campaign using optical and X-ray observa-
tions will buttress our current theory/simulation-driven
understanding of the SPT SZ-selected galaxy cluster cat-
alog.

6.2. Clusters Obscured by Point Sources

The sky density of bright point sources at 150 GHz is
low enough — on the order of one per square degree
(Vieira et al. 2009) — that the probability of a galaxy
cluster being missed due to a chance superposition with a
bright source is negligible. However, sources associated
with clusters will preferentially fill in cluster SZ decre-
ments. Characterizing the contamination of cluster SZ
measurements by member galaxies will be necessary to
realize the full potential of the upcoming much larger
SPT cluster catalog, but the systematic uncertainty pre-
dicted here and in the literature is well below the statis-
tical precision of the current sample.

6.2.1. Dusty Source Contamination

Star formation is expected to be suppressed in clus-
ter environments (e.g., Hashimoto et al. 1998), and Bai
et al. (2007) measure the abundance of infrared-luminous
star-forming galaxies in very massive (& 1015M�) clus-
ters to be far lower relative to the field abundance than
a simple mass scaling would predict. For these reasons,
we do not expect cluster SZ measurements to be signif-
icantly contaminated by flux from dusty sources hosted
within clusters. To investigate this potential contamina-
tion throughout the cluster mass range probed by SPT,
Keisler (2010, in prep.) measures the average 100 µm flux
of clusters with masses and redshifts similar to those se-
lected by SPT and, after extrapolating to 150 GHz, con-
strains this contamination to be less than ∼ 10% of the
thermal SZ decrement. This level of contamination is
subdominant to the uncertainty in the normalization of
cluster masses presented in this work.

6.2.2. Gravitational Lensing

Galaxy clusters can gravitationally lens sources located
behind them. Because gravitational lensing conserves
surface brightness, this process cannot alter the mean
flux due to the background sources when averaged over
many clusters. The background of sources is composed of
both overdensities and underdensities of sources, leading
to both positive and negative fluctuations relative to the
mean that will be gravitationally lensed.

We do not explicitly account for this effect in this
work. The unlensed fluctuating background of sources at
150 GHz is expected to be small (Hall et al. 2009) com-
pared to both the experimental noise and intrinsic scatter
on the mass scaling relation, and lensing only marginally

• This is from the Vanderlinde et al. paper

• Illustrates again the current importance of SN data in constraining w

• Other figure shows how SZ amplitude is coming out smaller than expected from
X-ray-inferred values
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Fig. 9.— Two-dimensional likelihood contours at 68% and 95% confidence for σ8 versus the tSZ scaling factor, ASZ/ Atheory
SZ , derived

from the SPT DSFG-subtracted bandpowers. For each point in the Markov chain, the tSZ scaling factor compares the ASZ value fit to the

SPT data to the Atheory
SZ value predicted for that point’s ΛCDM model parameters (see §6.4). The black contours show the likelihood

surface for the CMBall dataset. We observe no dependence between ASZ and the six parameters of the ΛCDM model. The tilt towards

higher scaling factors at lower σ8 is expected since the predicted Atheory
SZ depends steeply on the value of σ8. The black contours also do

not account for the cosmic variance of ASZ; without cosmic variance or uncertainty in modeling the tSZ power, the tSZ scaling factor would
be constrained to be exactly unity (solid orange line). The red shaded regions about unity illustrate the uncertainty we assume for
the tSZ scaling factor due to theoretical uncertainty and cosmic variance (also see Fig. 8). This uncertainty is modeled as a log-normal
distribution. The measured value of the tSZ scaling relation, including the theoretical uncertainty and sample variance in the model, is used
to importance sample the Markov chain and obtain the likelihood surface marked by the blue contours. Left panel: Likelihood surfaces
assuming no kSZ contribution. Right panel : Likelihood surfaces assuming the patchy kSZ model. The constraints for the homogeneous
kSZ model will lie between the results for these two cases.

dominated by the theory uncertainty. With this prior, we
construct a new chain from the original parameter space
through importance sampling. The regions preferred by
this prior are shown in Figure 9, as are the results of the
new Markov chain.

Constraints on σ8 with and without including the SPT
ASZ measurements are shown in Table 3 and Figure 11.
Under the assumption of the homogeneous kSZ model
and a 50% theoretical uncertainty in the amplitude of the
tSZ powerspectrum, the addition of the SPT data slightly
tightens the constraint on σ8, while reducing the central
value from σ8 = 0.794±0.028 to 0.773±0.025. The uncer-
tainty in the resulting constraint on σ8 is dominated by
the large theoretical uncertainty in the tSZ amplitude. If
instead we assume that the fiducial tSZ model is perfectly
accurate and do not account for model uncertainty, the
uncertainty on σ8 is reduced by 30% and the preferred
value is significantly reduced to σ8 = 0.746 ± 0.017 for
the homogenous kSZ model. Despite the fact that the
adopted template is the lowest of the tSZ models shown
in Figure 8, the Sehgal et al. (2009) template, the value
of σ8 inferred by the SPT data using this model is lower
than that favored by WMAP. Additional SPT data will
soon determine if the apparent tension between σ8 in-
ferred from SZ and primordial CMB measurements is ro-
bust. In any case, improving our theoretical understand-
ing of both the kSZ and tSZ power spectra is essential for
fully realizing the potential of SZ power spectrum mea-
surements to constrain cosmological parameters such as

σ8.

7. CONCLUSIONS

We have presented the first CMB temperature
anisotropy power spectrum results from the SPT ex-
periment. Table 1 contains bandpowers based on si-
multaneous observations at 150 and 220 GHz of a single
100 deg2 field for three months during the austral winter
of 2008. A total of 286k detector-hours of data was col-
lected during these observations, resulting in a final map
depth of 18µK-arcmin at 150 GHz and 40µK-arcmin at
220 GHz. The SPT 150 GHz temperature maps are cal-
ibrated to an accuracy of 3.6% through a direct com-
parison of CMB temperature anisotropy as observed by
SPT and WMAP5. This absolute temperature calibra-
tion is extended to 220 GHz with a 7.2% uncertainty by
an internal comparison of the primary CMB anisotropy
measured by SPT at 150 and 220 GHz.

The SPT bandpowers include angular multipoles from
` = 2000 to 9500. This broad angular range covers the
transition from where the primary CMB anisotropy dom-
inates the measured power to where secondary CMB
anisotropies and foregrounds become dominant. The
primary anisotropy observed by SPT is consistent with
ΛCDM cosmological models based on lower-` CMB data.
At ` > 3000, the SPT bandpowers are used to detect
an excess of power above the primary anisotropies at
∼50σ at both 150 and 220 GHz after masking bright
(> 6.4 mJy) sources.

Most of this power can be explained by a population of

• Things are even more extreme in the high-` CMB spectrum results

• The red contours are when a prior on Atheory
SZ is introduced

• Basically, either σ8 has been overestimated (note CSZ
` ∝ σ11

8 in this region!)

• Or SZ contribution expected in power spectrum is overestimated for some reason
(cf. WMAP results)
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SUMMARY

• CMB still providing essential information

• On primordial side only new results WMAP7 — results from Planck eagerly
expected

• BICEP2 promises to be interesting

• Secondaries are moving ahead rapidly, and are currently providing some puzzles
w.r.t. SZ power

• Again Planck will be extremely important for this
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