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PLAN FOR TALK

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

• This last year has been pretty exciting, mainly as regards high-` CMB observations

• Plus Sunyaev-Zeldovich story continues to be very interesting, including first
Planck results on this

• Will try to give a feel for theoretical context in which these results sit
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THE COSMIC MICROWAVE BACKGROUND

• The Cosmic Microwave Background (CMB) was emitted at about 300,000 years
after the big bang and has been propagating to us ever since

• Think about 90% of the photons make it straight to us, telling us about the physics
at the time of recombination

• Rest carry imprints of what has happened on the way

• But when emitted also has encoded in it information dating from about 10−36

seconds after the big bang
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THE COSMIC MICROWAVE BACKGROUND (CONTD.)

• Huge advances in technology in past few years, are enabling us to measure all 3 of
these aspects with rapidly increasing precision

• 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)
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Modulate E mode

B mode

• Gravity waves produce both E- and B-mode polarization (latter have handedness)
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SKY WITH AND WITHOUT TENSORShttp://www.astro.caltech.edu/~lgg/spider_front.htm

No Tensor

SPIDER Tensor Signal
• Simulation of large scale polarization signal

GW/scalar curvature: current from CMB+LSS: r < 0.3 95%; good shot at 0.02 95% 
CL with BB polarization (+- .02 PL2.5+Spider), .01 target; Bpol .001 BUT 
foregrounds/systematics? But r(k), low Energy inflation

Pillar 7 
Gravity Waves from Inflation 

http://www.astro.caltech.edu/~lgg/spider_front.htm
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SKY WITH AND WITHOUT TENSORShttp://www.astro.caltech.edu/~lgg/spider_front.htm

SPIDER Tensor Signal

Tensor

• Simulation of large scale polarization signal

GW/scalar curvature: current from CMB+LSS: r < 0.3 95%; good shot at 0.02 95% 
CL with BB polarization (+- .02 PL2.5+Spider), .01 target; Bpol .001 BUT 
foregrounds/systematics? But r(k), low Energy inflation

Pillar 7 
Gravity Waves from Inflation 

http://www.astro.caltech.edu/~lgg/spider_front.htm

7



POWER SPECTRA

-

Lens-induced B
modes
(
√
CB
l ≈ 1.3 nK)

�

Effects only on
large scales
since gravity
waves damp
inside horizon
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BASIC CHARACTER OF DENSITY PERTURBATIONS

• We know amplitude is ∼ 10−5

• They are approximately scale-
invariant

• They are Gaussian to high-
accuracy

• They correspond (in simplest inter-
pretation) to adiabatic mode

• They have to have gone through a
period of existing on super-horizon
scales

• Last two points can effectively be
read off from TE spectrum (one
shown is WMAP 7 year, Larson et
al, arXiv:1001.4635)

WMAP SEVEN-YEAR OBSERVATIONS: POWER SPECTRA AND WMAP-DERIVED PARAMETERS 5

Figure 3. The 7-year temperature-polarization (TE) cross-power
spectrum measured by WMAP. The second trough (TE<0) in the
spectrum in the vicinity of l = 450 is now clearly detected. The
green curve is the ΛCDM model best fit to the 7-year WMAP data,
as in Figure 1. The plotted errors depict the diagonal elements
of the covariance matrix and include both cosmic variance and
instrument noise. A complete error treatment is incorporated in
the WMAP likelihood code. Note that the plotted spectrum is
(l + 1)CTE

l /(2π), and not l(l+ 1)CTE
l /(2π).

at high l is also important for higher-resolution CMB
experiments that use WMAP as a primary calibration
source.

2.4. Temperature-Polarization (TE, TB) Cross Spectra

The 7-year temperature-polarization cross power spec-
tra were formed using the same methodology as the 5-
year spectrum (Page et al. 2007; Nolta et al. 2009). For
l ≤ 23 the cosmological model likelihood is estimated
directly from low-resolution temperature and polariza-
tion maps. The temperature input is a template-cleaned,
co-added V+W band map, while the polarization in-
put is a template-cleaned, co-added Ka+Q+V band map
(Gold et al. 2009). In this regime, the spectrum can be
inferred from the conditional likelihood of Cl values (in-
dividual or binned), but these estimates are only used
for visualization.

For l > 23, the temperature-polarization spectra are
derived using the MASTER quadratic estimator, ex-
tended to include polarization data (Page et al. 2007).
(As above, the MASTER spectrum is evaluated from
l = 2, but the result from l = 2 − 23 is discarded.) The
temperature input is a template-cleaned, co-added V+W
band map, while the polarization input is a template-
cleaned, co-added Q+V+W band map. The inclusion of
W-band data in the high-l TE and TB spectra is new
with the 7-year data release (Jarosik et al. 2010). Since
the W band radiometers have the highest angular resolu-
tion, the inclusion of W band significantly enhances the
sensitivity of these high-l spectra.

The 7-year TE spectrum measured by WMAP is shown
in Figure 3. For all except the first bin, the MAS-
TER values and their Gaussian errors are plotted. The
first bin shows the conditional maximum likelihood value
based on the pixel likelihood mentioned above. The
slight adjustment for fsky,TE is included in the error bars.
With two additional years of integration and the inclu-
sion of W band data, we now detect the TE signal with
a significance of 20σ, up from 13σ with the 5-year data.
Indeed, for 10 < l < 300, the TE error is less than 65% of

the 5-year value, and for l > 300 the sensitivity improve-
ment is even larger due to W band’s finer resolution. At
l = 800 the 7-year TE error is 36% of the 5-year value.
A qualitatively new feature seen in the 7-year spectrum
is a second trough (TE<0) near l = 450. See Figure 4
for a comparison of the 7-year to 5-year error bars, for
the TE and TB spectra. Overall, the TE data are quite
consistent with the simplest 6-parameter ΛCDM model;
we discuss its goodness-of-fit in §5.

The observed TE signal is the result of a specific polar-
ization pattern around hot and cold spots in the temper-
ature anisotropy. In particular, the acoustic peak struc-
ture in TE corresponds to a series of concentric rings of
alternating radial and tangential polarization (relative to
a radial reference direction). Komatsu et al. (2010) per-
form a stacking analysis of the 7-year temperature and
polarization maps and show that the effect is detected in
the 7-year WMAP sky maps with a significance of 8σ.

The 7-year TB spectrum measured by WMAP is shown
in Figure 5. In this case, because the signal-to-noise ra-
tio is low, the MASTER points and their Gaussian errors
are plotted over the full l range, including the first bin.
The measured spectrum is consistent with zero: the χ2

for the null hypothesis (TB=0) is 793.5 for 777 degrees
of freedom. The probability to exceed that amount is
33%. The absence of a detectable signal is consistent
with the ΛCDM model, which predicts zero. It is also
an indication that systematic errors and foreground con-
tamination are not significant at the level of ∼ 0.1 µK2

in (l + 1)CTB
l .

Komatsu et al. (2010) use the 7-year TE and TB data
to place limits on polarization rotation due to parity vio-
lating effects. Polarization rotation would cause TE sig-
nal generated at the last scattering surface to transform
into observed TB power. The absence of TB signal leads
to an upper limit on rotation of ∆α = −1.1◦±1.4◦(stat)±
1.5◦(sys).

2.5. Polarization (EE, EB, BB) Spectra

We begin by discussing the low-l polarization spectra,
and then move on to the high-l EE spectrum.

The most reliable way to estimate the low-l polar-
ization spectra is to use the pixel-space likelihood code
to generate the posterior distributions of individual (or
binned) Cl values. In the 7-year data, this code is based
on a co-added Ka+Q+V map. The most conservative,
but costly, method is to produce a Markov Chain that
allows each Cl to vary independently; the resulting dis-
tribution of any single Cl will be the marginalized dis-
tribution for that multipole moment. A Gibbs sampling
technique could also be used, but this works best with
a high signal-to-noise ratio. However, Gibbs sampling in
lower signal-to-noise regions can be performed success-
fully, as shown by Jewell et al. (2009). A much more
tractable approach is to compute the conditional likeli-
hood in which the likelihood of a single Cl is evaluated
while all other moments are held fixed. We adopt the
latter approach to visualize the low-l EE and BB spec-
tra. This method has also been used in previous WMAP
papers as well as (for example) Gruppuso et al. (2009)
in their verification of the 5-year WMAP low-l spectra.
In the context of parameter fitting, the estimated Cl are
constrained to vary according to the model.

Figure 6 shows the conditional likelihood for the EE
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WHAT WOULD A DETECTION OF PRIMORDIAL GRAVITY WAVES TELL US?

• Strong evidence that inflation happened

• 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

• Combination of r and ns (slope of scalar primordial power spectrum — ns = 1

would be scale-invariant) is important in discriminating inflation theories
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WHAT DO HIGH ` MEASUREMENTS TELL US?10 J. Dunkley et al.

Fig. 5.— The power spectrum measured by ACT at 148GHz, scaled by ℓ4, over the range dominated by primordial CMB (ℓ < 3000).
The spectrum is consistent with the WMAP power spectrum over the scales 500 < ℓ < 1000, and gives a measure of the third to seventh
acoustic peaks. The best-fit ΛCDM cosmological model is shown, and is a good fit to the two datasets. At ℓ > 2000 the contribution
from point soures and SZ becomes significant (dashed shows the total best-fit theoretical spectrum; solid is lensed CMB). Three additional
theoretical models for the primordial CMB are shown with Neff=10 relativistic species, 4He fraction Yp = 0.5, and running of the spectral
index dns/d lnk = −0.075. They are consistent with WMAP but are excluded at least at the 95% level by the ACT data.

TABLE 3
Derived constraints on unresolved IR source emissiona

148GHz 218GHz

Poisson B3000 (µK2)b 7.8± 0.7± 0.7 90± 5± 10
Cℓ(nK

2) 5.5± 0.5± 0.6 63 ± 3± 6
Cℓ (Jy2 sr−1) 0.85± 0.08± 0.09 14.7± 0.7± 1.8

Clustered B3000 (µK2)c 4.6± 0.9± 0.6 54± 12 ± 5

Total IR B3000 (µK2) 12.5± 1.2 144± 13
aThe two errors indicate statistical uncertainty and a systematic

error due to clustered template uncertainty.
bEquivalent to the parameter Ad for 148GHz.
cEquivalent to the parameter Ac for 148GHz.

sion. The IR Poisson power is estimated to be Ad =
7.8±0.7 µK2, with derived Poisson IR power at 148GHz
and 218GHz given in Table 3. A clustered component is
required to fit the data, with Ac = 4.6 ± 0.9 µK2, corre-
sponding to power at 218GHz of B218

3000 = 54 ± 12 µK2.
A model with no clustered component has a poorer fit
to the data by ∆χ2 = 28, indicating a detection of clus-
tering at the 5σ level. It is the 218GHz power spectrum
that provides this detection; the 148GHz spectrum is
consistent with no clustered component.

In flux units, the effective index of unresolved IR emis-
sion is

αd = 3.69 ± 0.14 (19)

between 148GHz and 218GHz, where S(ν) ∝ να. The

dust index and Poisson amplitude are anti-correlated,
shown in Figure 4. This index estimate agrees with ob-
servations by SPT, who find α = 3.9 ± 0.3 for the Pois-
son component, and 3.8 ± 1.2 for the clustered compo-
nent over the same frequency range (Hall et al. 2010). A
property that can be derived from the effective index, α,
is the dust emissivity index, β. For galaxies at redshift
z = 0 the dust emission can be described by a modified
blackbody, S(ν) ∝ νβBν(Td), for dust temperature Td.
In the Rayleigh-Jeans (RJ) limit the flux then approx-
imates to S(ν) ∝ νβ+2Td, with β = α − 2. Using this
relation gives a dust emissivity index measured by ACT
of β = 1.7 ± 0.14, consistent with models (e.g., Draine
2003). However, the RJ limit is not expected to be as
good an approximation for redshifted graybodies (e.g.,
Hall et al. 2010), adding an uncertainty to β of up to
≃ 0.5. This should also be considered an effective in-
dex, given the likely temperature variation within each
galaxy.

We test the dependence of these constraints on choices
made in the likelihood, using the same set of tests de-
scribed in Sec 3.1. The estimated IR source parameters
do not depend strongly on the SZ template chosen, with
less than 0.1σ change if we use the Battaglia or TBO-1
SZ template. If the radio source index is set to αs = 0
instead of −0.5 there is a ≃ 0.3σ reduction in the IR Pois-
son source power at 148GHz, and a 0.2σ increase in the
spectral index. As found in Sec 3.1, if the radio source

• From arXiv:1009.0866 ‘ACT Cosmological parameters’ Dunkley et al

• Nice illustration of effects of varying (a) running of spectral index; (b) number of
relativistic species during early expansion history; (c) helium abundance in
nucleosynthesis
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SOME CURRENT/FUTURE CMB POLARISATION EXPERIMENTS

Partial list from 1 year ago

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 ?

New since then

• SPIDER — Spider first flight now expected next year (Australia)

• QUIET — Results from first season at 40 GHz now available (lowest B-mode
systematics claimed for this)
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QUIET

further described in Sec. 4. The feedhorns, septum polarizers, and detectors are housed in a cryostat, described
in Sec. 5. The detectors are HEMT-based polarimeter modules (see Sec. 6) which convert the two circular
polarization components into a measurement of the Stokes linear polarization parameters Q and U. The 44 GHz
(Q-Band) array has 19 such modules, and the 95 GHz (W-Band) array has 90 modules, making it the largest
such array yet deployed. The electronics necessary to bias and readout the detector modules are described in
Sec. 7. The electronics are controlled by higher level software which is described in Sec. 8. Characterization of
the complete QUIET system, measurements, and estimates of systematic effects are given in Sec. 9. Figure 1
shows a schematic and a picture of the QUIET instrument.

Figure 1. Left: Schematic diagram of the QUIET instrument. Right: Photo of it deployed in Chajnantor. The mount,
telescope, and groundscreen are described in Sec. 4, the cryostat is described in Sec. 5, and the electronics are described
in Sec. 7.

3. SITE AND OBSERVING SUMMARY

QUIET observes from the Chajnantor Plateau, located at 5080 m elevation in the Atacama Desert, Chile. The
elevation and the aridity make it an excellent site for microwave astronomy.16–18 The site is accessible year-round,
which simplifies logistics.

QUIET began science observing in October 2008 with the Q-Band array. In June 2009, Q-Band observation
finished, and the W-Band array was installed. W-Band science observations began in August 2009 and are
ongoing. The two arrays are installed on the same telescope and mount, but have separate cryostats, detectors,
and electronics. Any significant differences between the two arrays will be noted in the following sections. Both
arrays observe the same four patches for CMB data and two patches for galactic science data (see Table 1 and
Fig. 2). With the site latitude of 23◦S and our choice of patches, each patch rises and sets as the sky rotates. This
rotation modulates the polarization signal because a fixed sky polarization enters into different combinations of
the detector polarization axes. The weekly rotation of the telescope about its optical axis (“boresight rotation”)
provides additional modulation. Each patch is scanned with a periodical azimuth motion at fixed elevation for
∼1.5 hours until it drifts out of the line of sight. The elevation and azimuth are then changed to recenter the
patch, and this process continues until the patch sets and another patch is selected. Each change in elevation
is followed by a “mini sky dip,” a small amplitude elevation scan. The signal caused by the changing effective
atmosphere temperature is used for responsivity calibration.10

During the Q-Band season we achieved 66% observation efficiency, taking 3650 hours of astronomical ob-
servation data. Of that total, ∼10% are devoted to calibration, using astronomical sources. Table 1 lists the
amount of time spent on each patch and the measurements obtained from each calibrator. As of this writing,
the W-Band season includes more than 3000 hours of observation, and an additional 4500 are expected by the
end of 2010. A similar fraction of W-Band observing is used for calibration.
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3. SITE AND OBSERVING SUMMARY

QUIET observes from the Chajnantor Plateau, located at 5080 m elevation in the Atacama Desert, Chile. The
elevation and the aridity make it an excellent site for microwave astronomy.16–18 The site is accessible year-round,
which simplifies logistics.

QUIET began science observing in October 2008 with the Q-Band array. In June 2009, Q-Band observation
finished, and the W-Band array was installed. W-Band science observations began in August 2009 and are
ongoing. The two arrays are installed on the same telescope and mount, but have separate cryostats, detectors,
and electronics. Any significant differences between the two arrays will be noted in the following sections. Both
arrays observe the same four patches for CMB data and two patches for galactic science data (see Table 1 and
Fig. 2). With the site latitude of 23◦S and our choice of patches, each patch rises and sets as the sky rotates. This
rotation modulates the polarization signal because a fixed sky polarization enters into different combinations of
the detector polarization axes. The weekly rotation of the telescope about its optical axis (“boresight rotation”)
provides additional modulation. Each patch is scanned with a periodical azimuth motion at fixed elevation for
∼1.5 hours until it drifts out of the line of sight. The elevation and azimuth are then changed to recenter the
patch, and this process continues until the patch sets and another patch is selected. Each change in elevation
is followed by a “mini sky dip,” a small amplitude elevation scan. The signal caused by the changing effective
atmosphere temperature is used for responsivity calibration.10

During the Q-Band season we achieved 66% observation efficiency, taking 3650 hours of astronomical ob-
servation data. Of that total, ∼10% are devoted to calibration, using astronomical sources. Table 1 lists the
amount of time spent on each patch and the measurements obtained from each calibrator. As of this writing,
the W-Band season includes more than 3000 hours of observation, and an additional 4500 are expected by the
end of 2010. A similar fraction of W-Band observing is used for calibration.

• Unlike most other current experiments uses coherent rather than bolometric
techniques

• Feeds look at a 1.4 m primary — whole is mounted on old CBI mount in Chile

• Most of the visible exterior consists of groundscreens
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QUIET (FURTHER VIEW)
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SOME QUIET MAPS

• Top Q and U maps of a QUIET region

• Bottom, processed to E and B

• Very striking how the transformed Q
and U accumulate into E

• Note foregrounds would be expected
to be equal mixtures of each

• They do detect clear EE foreground in
one region (removed via WMAP data)

• If BB were same, and if extrapolate
to expected foreground minimum of 95
GHz (where next observations have
been carried out), would correspond to
r = 0.02

First Season QUIET Observations 13

TABLE 5
CMB-Spectra Band Powers from QUIET Q-Band Data

ℓ bin EE BB EB

25-75 a0.33+0.16
−0.11 −0.01+0.06

−0.04 0.00+0.07
−0.07

76-125 0.82+0.23
−0.20 0.04+0.14

−0.12 −0.10+0.11
−0.12

126-175 0.93+0.34
−0.31 0.24+0.28

−0.25 0.71+0.22
−0.20

176-225 1.11+0.58
−0.52 0.64+0.53

−0.46 0.18+0.38
−0.38

226-275 2.46+1.10
−0.99 1.07+0.98

−0.86 −0.52+0.68
−0.69

276-325 8.2+2.1
−1.9 0.8+1.6

−1.4 0.9+1.3
−1.3

326-375 11.5+3.6
−3.3 −2.2+2.7

−2.4 0.0+2.0
−2.0

376-425 15.0+6.2
−5.8 −4.9+5.3

−4.9 3.2+3.9
−3.9

426-475 21+13
−11 2+11

−10 4.5+8.3
−8.2

Note. — Units are thermodynamic temperatures, µK2, scaled
as Cℓℓ(ℓ+ 1)/2π.
aPatch CMB-1 has significant foreground contamination in the

first EE bin.

Fig. 10.— Maps of patch CMB-1 in Galactic coordinates. The
top row shows our polarization maps with compact sources masked
(white disks). The bottom row shows E and B modes decomposed
using a generalized Wiener filter technique, implemented through
Gibbs sampling (Eriksen et al. 2004; Larson et al. 2007), including
only modes for ℓ ≥ 76 and smoothed to 1◦ FWHM; lower mul-
tipoles are removed due to a significant foreground contribution.
Note the clear difference in amplitude: the E modes show a high–
signal-to-noise cosmological signal while the B modes are consistent
with noise.

fluxes below the WMAP detection level (1 Jy) is small:
0.003µK2 at ℓ = 50 and 0.01µK2 at ℓ = 100 (Battye
et al. 2010). We therefore conclude that our results are
robust with respect to contamination from compact radio
sources and that the dominant foreground contribution
comes from diffuse synchrotron emission.

In Figure 12 we show the power spectra measured from
each patch. The CMB-1 EE band power for the first
bin is 0.55 ± 0.14µK2, a 3-σ outlier relative to the ex-
pected ΛCDM band power of 0.13µK2; while not signif-
icant enough to spoil the overall agreement among the
patches as shown in Section 6, this is a candidate for a
bin with foreground contamination.

To estimate the Q-band polarized synchrotron contam-
ination in our CMB patches, we process the WMAP7
K-band (23-GHz) map through pipeline A and estimate

its band power, ĈKK
b , as well as the cross spectra with

the QUIET Q-band data, ĈQK
b . These results are shown

for the first bin (25 ≤ ℓ ≤ 75; b = 1) in Table 6,
together with the corresponding QUIET band powers,

ĈQQ
b . Since foregrounds do not contribute to the sample

variance, the uncertainties for ĈKK
b=1 and ĈQK

b=1 are given
by instrumental noise only, including contributions from

both WMAP and QUIET. For ĈQQ
b=1, sample variance as

predicted by the ΛCDM model is also included.
There is significant EE power in patch CMB-1 as mea-

sured by ĈKK
b=1. We also find a correspondingly signifi-

cant cross correlation between the WMAP K band and
the QUIET Q band, confirming that this excess power is
not due to systematic effects in either experiment and is
very likely a foreground. No significant power is found in
any other case. The non-detection of foreground power
at ℓ > 75 is consistent with the expected foreground de-
pendence: ∝ ℓ−2.5 (Carretti et al. 2010), and the low

power found in ĈKK
b=1.

The excess power observed in the first EE bin of CMB-
1 is fully consistent with a typical synchrotron frequency
spectrum. To see this, we extrapolate ĈKK

b=1 from K band
to Q band, assuming a spectral index of β = −3.1 (Dunk-

ley et al. 2009), and calculate the expected power in CQK
b=1

and CQQ
b=1,

CQK
b=1 =

1.05

1.01

(
43.1

23

)β

ĈKK
b=1 = 2.57 ± 0.69µK2 , (8)

CQQ
b=1 =

[
1.05

1.01

(
43.1

23

)β
]2

ĈKK
b=1 = 0.38 ± 0.10µK2 , (9)

where the prefactor accounts for the fact that β is de-
fined in units of antenna temperature, and the uncer-
tainties are scaled from that of ĈKK

b=1. These predictions

are fully consistent with the observed values of ĈQK
b=1 and

ĈQQ
b=1, when combined with the ΛCDM-expected power.

We conclude that the excess power is indeed due to syn-
chrotron emission.

7.3. Constraints on Primordial B modes

We constrain the tensor-to-scalar ratio, r, using the
QUIET measurement of the BB power spectrum at low
multipoles (25 ≤ ℓ ≤ 175). Here r is defined as the
ratio of the primordial–gravitational-wave amplitude to
the curvature-perturbation amplitude at a scale k0 =
0.002Mpc−1. We then fit our measurement to a BB-
spectrum template computed from the ΛCDM concor-
dance parameters with r allowed to vary. For simplicity,
we fix the tensor spectral index at nt = 0 in comput-
ing the template39. This choice makes the BB–power-
spectrum amplitude directly proportional to r.

For pipeline A, we find r = 0.35+1.06
−0.87, correspond-

ing to r < 2.2 at 95% confidence. Pipeline B obtains
r = 0.52+0.97

−0.81. The results are consistent; the lower panel
of Figure 11 shows our limits on BB power in comparison
with those from BICEP, QUaD, and WMAP. QUIET lies
between BICEP and WMAP in significantly limiting r

39 Our definition of r agrees with Chiang et al. (2010)
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LATEST QUIET RESULTS
14 The QUIET Collaboration
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Fig. 11.— The top panel shows EE results with 68% C.L. error bars; the bottom panel shows BB 95% C.L. upper limits. For comparison,
we also plot results from previous experiments (Brown et al. 2009; Chiang et al. 2010; Larson et al. 2010) and the ΛCDM model (the value
r = 0.2 is currently the best 95% C.L. limit on tensor modes).

from measurements of CMB–B-mode power in our mul-
tipole range. Although we neither expected nor detected
any BB foreground power, the detection of an EE fore-
ground in patch CMB-1 suggests that BB foregrounds
might be present at a smaller level. We emphasize that
the upper limit we report is therefore conservative.

7.4. Temperature Power Spectra

Figure 13 compares the QUIET and WMAP Q-band
temperature maps and TT, TE, and TB power spectra.
Agreement with the ΛCDM model is good. This is a
strong demonstration of the raw sensitivity of the QUIET
detectors; the single QUIET differential-temperature as-
sembly produces a high–signal-to-noise map using only
189hours (after selection) of observations. The high sen-
sitivity of these modules makes them very useful for cali-
bration, pointing estimation, and consistency checks (see
Section 4).

8. SYSTEMATIC ERRORS

The passing of the null suite itself limits systematic
uncertainty, but to get well below the statistical errors,
dedicated studies are needed. They are important in
gaining confidence in the result and also in evaluating
the potential of the methods and techniques we use for
future efforts. We pay special attention to effects that
can generate false B-mode signals. Our methodology is
to simulate and then propagate calibration uncertainties
(see Section 4) and other systematic effects through the
entire pipeline. The systematic errors in the power spec-
tra are shown in Figure 14. The possible contaminations
are well below the statistical errors; in particular, the
levels of spurious B modes are less than the signal of
r = 0.1. This is the lowest level of BB contamination yet
reported by any CMB experiment. This section describes
how each effect in Figure 14 is determined and considers
three additional possible sources of contamination.

An uncertainty not shown in Figure 14 is that aris-

• From arXiv:1012.3191 Bischoff et al.

• So they confirm the ‘first peak’ in EE first seen by BICEP
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WHERE DO WE STAND ON r RESULTS?

• BICEP’s main result (Chiang et al 2010) was
a much improved limit on r of r < 0.73

(95% conf.)

• This may not look exciting compared to r <
0.36 (Larson et al. WMAP7 CMB only re-
sult) or r < 0.33 (QUAD CMB only result)

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

• (QUIET gives r < 0.9, but they stress sys-
tematic error of ∼ 0.1 is smallest yet.)

• Shortly look at where r limits leave inflation
models

• First, what is BICEP doing next?
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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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THE TRANSITION BICEP2 TO KECK

Figure 1. Left: CAD rendering of the modified drum of the DASI mount with 5 Keck cryostats installed. Right: Keck
cryostats installed in the DASI mount and ground shield (cutaway).

the amplitude of which is parameterized by the ratio of tensor to scalar perturbations in the early universe,
r ∼ T/S. The simplest models of single field, slow roll inflation favor values of r ≤ 0.1. No B-mode polarization
has yet been detected. The current best upper limit on the B-mode spectrum of r < 0.24 has been set by
WMAP7 from temperature anisotropy alone.3 To constrain r further will require sensitive measurements of the
CMB polarization.

BICEP2, which deployed to the South Pole in November 2009 and will observe for the next two years, was
designed with the explicit goal of detecting inflationary B-modes.4 Its optical design follows from BICEP1, which
has constrained B-modes to r < 0.72.5 BICEP2’s small aperture (25 cm) and on-axis, cold, refracting optics
are ideal for characterizing and minimizing instrument systematics. The optics, which consist of anti-reflection
coated lenses and infrared blocking filters, are optimized for a single frequency.6 The focal plane consists of 512
antenna-coupled, TES bolometers operating at 150 GHz, and are described in detail in Ref. 7. Each detector is
sensitive to a single polarization orientation. Differencing the signal between members of 256 pairs of spatially
coincident detectors allows for a high level of rejection of common mode noise. The initial performance of the
BICEP2 detectors is described in Ref. 8.

Detecting the B-mode polarization of the CMB will require unprecedented sensitivity. To achieve this, the
Keck Array will deploy five BICEP2 style receivers, beginning with three in November 2010 and following with
two more in late 2011. These receivers will be fit into an existing mount at the South Pole originally built for
the DASI experiment and most recently used for the QUAD experiment.9, 10 The azimuth/elevation mount has
a drum which can rotate about its axis, thus duplicating BICEP1 and BICEP2’s ability to rotate the entire
optics around the boresight. The mount with five receivers installed is shown in Figure 1. Because of the space
constraints imposed by the existing infrastructure, maximizing the number of receivers requires designing a very
compact cryostat. For this reason, and because the South Pole station does not have the resources to provide
enough liquid helium to keep many receivers cold through the 9 months during which the station is inaccessible,
the Keck Array will use pulse tube cooled cryostats in place of the liquid cryogen cryostats of BICEP1 and
BICEP2.

Section 2 discusses the design of the Keck cryostat and its thermal performance. Section 3 discusses the initial
performance of BICEP2 detectors operating in the cryostat, paying specific attention to any possible degradation
in performance compared to BICEP2.

2. CRYOSTAT DESIGN

The Keck cryostat, shown in cross section in Figure 2, uses a Cryomech PT410 two-stage pulse tube cooler,
mounted on vibration isolating bellows. According to Cryomech’s published cooling capacity curves, the first

• 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)

• Now KECK array being deployed - effectively 5 x BI-
CEP2 cryostats
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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 two
years ago (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?

• A new ‘theme’ emerging is that of models predicting a fairly flat potential,
V (φ) ∝ φp, with p < 1.
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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/(1044 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.

• (Note, if V (φ) = V0(1− (φ/φe)p) then can get r as small as one wants.)
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INFLATION PHENOMONOLOGY (CONTD.)

φ4/5

φ

φ2/3

WMAP 7yr + BAO + H0

Figure 1: Combined data constraints on the tensor to scalar ratio r and the tilt ns [19]

together with the predictions for power-law potentials ∝ φp , p > 0 for 50 e-foldings (green

line) and 60 e-foldings (blue line) of inflation. Flattening the potential corresponds to mov-

ing down and to the right along these lines. The colored points denote powers that have

arisen in various large-field monodromy inflation models in string theory: IIB linear axion

monodromy from 5-branes (squares; φ), IIA moving 4-brane monodromy (diamonds; φ2/3),

and a candidate example of IIB flux axion monodromy (this work; triangles; φ4/5).

Observationally, a quadratic potential is still viable, currently sitting at the edge of the 1σ

exclusion contours, with smaller powers (corresponding to flatter potentials) lying further

inside the allowed region [19]. Upcoming measurements [24] are expected to significantly

improve the constraints on the tensor to scalar ratio and the tilt of the power spectrum.

Because of the effects of heavy fields, including the flattening effect we consider here, it

would not be surprising if the m2φ2 model gets excluded. Special choices of compactification

minimizing backreaction may realize chaotic inflation with a quadratic potential, but flatter

potentials such as power-law inflation V (φ) ∝ φp with p < 2 appear to arise more generically

at sufficiently large values of φ. We illustrate the predictions of a flattening monomial

power-law potential against the present status of the WMAP 7-year results for the CMB in

Fig. 1.

This paper is organized as follows. In the remainder of this section and the next, we

introduce the general setup, further specify conditions under which the energetic argument

leading to flattening of the potential applies, and describe important situations where it

fails. In section 3 we give several distinct realizations of the effect in the context of axion

inflation in string theory, with different fields playing the role of φH . In section 4 we make

4

• From arXiv:1011.4521 ‘Simple exercises to flatten your potential’ Dong, Horn,
Silverstein & Westphal

• IIB linear axion monodromy from 5-branes (squares; ∝ φ), IIA moving 4-brane
monodromy (diamonds; ∝ φ3/2), and a candidate example of IIB flux axion
monodromy (triangles; ∝ φ4/5).
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INFLATION PHENOMONOLOGY (CONTD.)

Blue lines – chaotic inflation with the simplest spontaneous symmetry 
breaking potential                              for N = 50 and N = 60!

• Or can have mixtures of other potentials (from talk at Pascos 2011 by A. Linde)

22



QUIJOTE

• 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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QUIJOTE TELESCOPE

• Final tests on electronics
on telescope being car-
ried out this coming week

• Science commissioning
will start very shortly!
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PLANCK

• 4 sky coverages nearly complete

• Carlo Burigana/Reno Mandolesi will be able to give us a full report

• 26 scientific papers on results now submitted/in press

• Below will talk about some aspects of the Sunyaev-Zeldovich cluster work
25



PLANCK VS. SPIDER

Probing the Early Universe with Spider 11

TABLE 4
Spider FPU frequency distribution and per-band cumulative noise

Flight FPU Distribution Cumulative Noise (µKcmb/deg2)
90 GHz 150 GHz 280 GHz

Spider 1 3× 90 GHz; 3× 150 GHz 0.27 0.20 · · ·
Spider 2 2× 90 GHz; 2× 150 GHz; 2× 280 GHz 0.21 0.16 0.62

Note. — The multiple telescopes at each frequency are rotated with respect to one
another to simultaneously recover Q and U in each daily map. The distribution of
observing frequencies is chosen following the procedure described in Section 5 so as to
maximize Spider’s ability to detect inflationary B-modes at angular scales corresponding
to ` ∼ 80. The cumulative noise numbers use the parameters listed in Table 1.

maining FPUs are assigned to (i) 90 GHz and 150 GHz,
(ii) 220 GHz, or (iii) 280 GHz. In order to have similar
signal-to-noise ratios at the two low-foreground frequen-
cies, we do not consider cases in which the numbers of
FPUs at 90 and 150 GHz differ. We model the data as

S = SCMB + Sd,ν0

(
ν

ν0

)βd

, (3)

where S is the usual set of Stokes parameters, the index
d refers to dust, and ν0 = 90 GHz, and fit the seven
free parameters to the simulated data. In all cases, we
include as part of the data a Planck 217 GHz map sim-
ulated in the same way as the Spider maps with the
instrument characteristics published in the Planck early
papers (Planck HFI Core Team: Ade et al. 2011).

Given Spider’s focus on characterizing the `∼ 80 B-
mode peak, we use the ` = 80 B-mode signal-to-noise
ratio (SNR) computed from residual maps as a figure of
merit to assess the quality of the CMB reconstruction.
Among the three cases we consider for the first Spider
flight, having three FPUs at 90 GHz and three FPUs at
150 GHz leads to the highest B-mode SNR at ` = 80,
and therefore to the best reconstructed CMB map for
our purposes. This configuration turns out to be also
favored from a detector development point of view.

After the first Spider flight, we expect the per-
multipole statistical error at 150 GHz to be at a level
comparable to that of the power spectrum of our fore-
ground model at `∼ 80. With Galactic dust now limit-
ing our ability to detect inflationary B-modes, we seek to
increase Spider’s frequency coverage in order to gather
multi-frequency foreground information, which will help
constrain the model in Equation (3). Given the pro-
grammatic constraints previously mentioned and con-
tinued observations at 90 GHz and 150 GHz, this can
be achieved only by flying a pair of either 220 GHz or
280 GHz FPUs. Performing an analysis similar to that
described above for the first Spider flight, we select the
280 GHz band over the 220 GHz channel, which leads
to the FPU · flight distribution listed in Table 4 along
with the cumulative noise in each band. Figure 7 shows
the resulting per-multipole statistical error in each band
after both flights, as well as the overall statistical error
for the full mission, both derived from a Fisher analysis.
The expected Planck HFI statistical error from a similar
analysis is also shown for comparison.

Figure 8 shows forecasts for the constraints on the
tensor-to-scalar ratio r from Spider (after one and both
flights) and from Planck. These constraints are de-
rived using the method described in detail in Farhang
et al. (submitted), which we summarize below.
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Fig. 7.— Theoretical E-mode and B-mode (EE and BB)
power spectra and projected per-multipole statistical errors for
Spider after both flights and for Planck HFI. E-mode detec-
tions from WMAP (Larson et al. 2011), Bicep (Chiang et al.
2010), QUIET (Quiet Collaboration: Bischoff et al. 2010), and
QUaD (Brown et al. 2009) are also shown for comparison. The
B-mode spectrum is the sum of two components (dotted lines): in-
flationary gravitational waves, shown here for r = 0.03, and weak
gravitational lensing of E-mode polarization. The noise curves for
Spider and Planck are derived from a simple Fisher analysis, as-
suming no foreground contamination. It is likely that foreground
emission will limit Planck’s measurement of the BB bump below
` ' 10 (corresponding to an angular scale of & 20 degrees) induced
by reionization. Spider is optimized to cover the ` ∼ 80 peak in
the gravitational wave spectrum. The Spider band powers have
been truncated at a multipole of seven as the limited sky coverage
will prevent us from probing larger scales.

Assuming a uniform a priori probability distribution
for the cosmological parameters q, the a posteriori dis-
tribution function’s dependence on q is given by the like-
lihood L∆(q) ≡ P (∆|q), the probability of the data ∆
given the parameters, such that

− 2 lnL∆(q) = ∆†C−1tot ∆ + ln |(2π)Npix Ctot|, (4)

where ∆ is the full set of CMB temperature and polar-
ization maps including both signal and noise, Npix is the
number of pixels in the maps, and Ctot ≡ CN + CT (q)
is the theoretical pixel-pixel covariance matrix with con-
tributions from both the parameter-dependent signal co-
variance CT (q) and the generalized noise covariance CN.
The latter includes uncertainties from foreground sub-
traction as well as from noise in the maps.

Here, we calculate the likelihood in Equation (4) on a
two-dimensional grid consisting of the cosmological pa-
rameters r and τ , the latter referring to the Thomson
scattering optical depth to reionization. Although extra
dimensions could be added, Farhang et al. (submitted)
show that r is only weakly correlated with other stan-
dard cosmological parameters in the small-r, small-fsky
limit of relevance to Spider. Since stringent constraints
on τ are an objective of large-scale experiments such

Probing the Early Universe with Spider 7

TABLE 3
Summary of general information on the Spider mission

Launch Location McMurdo Station, Antarctica
Launch Date 12/2012 (Flight 1), 12/2014 (Flight 2)
Flight Duration (target) 20 days per flight
Altitude (target) 36,000 m
Flight Path Circumpolar, typically 73◦S < latitude < 82◦S
Sky Coverage fsky ∼ 0.1, 10 . ` . 300

Note. — The flight schedule provided in this table is consistent with the
state of hardware development as of June 2011.

this absorption phenomenon. As a result, the emission
from interstellar dust is expected to be polarized per-
pendicularly to the sky-projected direction of the Field.
Archeops and WMAP both detected the polarization of
the Galactic dust emission at microwave frequencies with
high significance (Benôıt et al. 2004; Page et al. 2007),
and found degrees of polarization over the sky compatible
with theoretical expectations (Draine & Fraisse 2009).
However, neither experiment had the combination of res-
olution and sensitivity necessary to produce a map of this
emission usable by Spider. As a result, we must rely on
modeling to estimate the characteristics of the polarized
emission from interstellar dust in the Spider field.

Despite tremendous recent progress in our understand-
ing of the alignment of interstellar dust with the Galactic
magnetic field (see, e.g., the review in Draine 2011), we
are still far from a full theoretical understanding of this
physical process. Modeling the polarized emission from
Galactic dust therefore requires simplifying assumptions.
It is customary to assume (i) that each grain is aligned
with the Field with its long axis exactly (as opposed to
preferentially) perpendicular to the field line; (ii) that,
given a field strength, each grain has the same polariz-
ing effect; and (iii) that the degree of polarization of the
dust emission induced by a grain is proportional to the
square of the magnetic field strength at the location of
the grain. With these assumptions, and given a three-
dimensional model of the dust distribution and of the
Galactic magnetic field, we compute a full-sky template
of the polarization fraction and angle of the Galactic dust
emission. Details of the three-dimensional models and
of the calculation performed to derive the template are
provided in O’Dea et al. (2011). Since the magnetic field
model includes a small-scale turbulent component, the
resulting depolarization effect is taken into account. The
overall amplitude of the template for the polarized frac-
tion of the Galactic dust emission is a free parameter,
which we set to match the average value of 3.6% de-
rived by WMAP outside of the Galactic plane (Kogut
et al. 2007). We obtain polarized intensity maps by mul-
tiplying the template by the dust intensity map from
Finkbeiner et al. (1999), using their model 8 to account
for its frequency dependence.

The left panel of Figure 3 shows the power spectra of
the polarized Galactic dust emission in the Spider field
for all three frequencies in Table 1, along with the per-
multipole statistical error for each band after both flights
as predicted by a Fisher analysis (see Section 5). At a
given frequency, the brightness of the polarized emission
from interstellar dust in the Spider field is compara-
ble to that of the full-sky average of this signal (Galac-
tic plane excluded), whose characteristics were described

in Section 3.1. Interestingly, it is also comparable to
that of the polarized Galactic dust emission in a typical
fsky = 2% patch in the popular “Southern Hole” region,
as shown in the right panel of Figure 3, even though Spi-
der will observe five times as much sky as covered by this
patch. This appears to indicate that although the South-
ern Hole is believed to be the region of the southern sky
most free of dust emission, it might not be the region
most free of polarized dust emission. Finally, it is worth
noting that the Spider region encompasses the cleanest
2% of the sky accessible from a McMurdo LDB flight,
and that a large majority of its component fields exhibit
significantly less polarized Galactic dust emission than
the region average (the relevant power spectra are also
shown in the right panel of Figure 3). This will provide
valuable cross-checks to evaluate the level of foreground
contamination in the Spider maps.

4. OBSERVING STRATEGY

4.1. Overview

Spider will launch its first flight from McMurdo Sta-
tion in Antarctica in December 2012, and observe the
southern sky for about 20 days. The flight parameters
are summarized in Table 3. The observing strategy is
designed to maximize sky coverage and crosslinking over
the cleanest regions of the sky accessible from a Mc-
Murdo LDB flight. Figure 4 shows the intensity and
polarization of the Galactic dust emission in the Spi-
der region (O’Dea et al. 2011), as well as the relatively
foreground-free CMB sky in the 94 GHz WMAP band.

The baseline scan strategy consists of azimuthal scans
punctuated by elevation steps and rotations of the half-
wave plate. The scan velocity profile is sinusoidal with a
maximum acceleration of 0.8 degrees/s2 (for a scan pe-
riod of ∼ 45 seconds). The exact scan amplitude and
center is adapted at each elevation step to (i) avoid ob-
serving within 90 degrees of the Sun, as set by the design
of the sun shield, and (ii) maintain the instrument bore-
sight pointing at the region of the southern sky outside
of the Galactic plane (0 to 80 degrees right ascension).
Elevation steps occur every hour, in sync with local side-
real time (LST). We reach maximum elevation (40 de-
grees) at 12:00 LST, and minimum elevation (28 degrees)
at 24:00 LST. By syncing the elevation steps with side-
real time, we ensure maximal sky coverage in declina-
tion. The sky coverage repeats each sidereal day, provid-
ing both redundancy and a rich set of consistency tests.
Once per day, when sky rotation is at a minimum at local
midnight or noon (depending on when observations be-
gin), we rotate the half-wave plate of each instrument by
22.5◦, thereby switching Q to U in the instrument frame.

We set aside time after each half-wave plate rotation

• With ability to use Planck 217 GHz channel to separate polarized dust emission,
belief is SPIDER can reach r ≈ 0.03 (Fraisse et al, arXiv:1106.3087)
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COSMOLOGICAL PARAMETER CONSTRAINTS AND HIGH-` CMB

• An interesting new feature is that
some of the ‘lever arm’ effect that
comes from using data related to
the matter power spectrum (e.g.
Lyman-α, LSS etc.) can now be
supplied by small-scale CMB data

• Jo Dunkley will be talking about
ACT results, so I’ll concentrate
here on the South Pole Telescope
results

• Very impressive recent paper from
Keisler et al (arXiv:1105.318)

• Uses 790 square degrees of sky
measured at 150 GHz
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BASIC SPT POWER SPECTRUM RESULT
12

Fig. 5.— The SPT bandpowers, WMAP bandpowers, and best-fit ΛCDM theory spectrum shown with dashed (CMB) and solid
(CMB+foregrounds) lines. The bandpower errors do not include beam or calibration uncertainties.

Fig. 6.— The one-dimensional marginalized constraints on the six cosmological parameters in the baseline model. The constraints from
SPT+WMAP are shown by the blue solid lines, while the constraints from WMAP alone are shown by the orange dashed lines.

Keisler et al (arXiv:1105.318)

• Think one could now reasonably claim that 9 peaks have been measured in the
CMB power spectrum!
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SPT CONSTRAINTS ON r AND SPECTRAL INDEX

15

Fig. 7.— The one-dimensional marginalized constraint on the gravitational lensing parameter AL. This parameter rescales the lensing

potential power spectrum as Cφφ` → ALC
φφ
` .

Fig. 8.— The one-dimensional marginalized constraint on the tensor-to-scalar ratio r (left) and the two-dimensional constraint on r
and the spectral index ns (right). The dashed line shows predictions for r and ns from chaotic inflationary models with inflaton potential
V (φ) ∝ φp and N = 60, where N is the number of e-folds between the epoch when modes that are measured by SPT and WMAP exited
the horizon during inflation and the end of inflation. The two-dimensional contours show the 68% and 95% confidence intervals.

17

Fig. 9.— The one-dimensional marginalized constraint on the running of the spectral index dns/d ln k (left) and the two-dimensional
constraint on dns/d ln k and the spectral index ns (right). The two-dimensional contours show the 68% and 95% confidence intervals.

Fig. 10.— The one-dimensional marginalized constraint on the primordial helium abundance Yp. The standard BBN value (i.e. the
value of Yp in our best-fit baseline model, Yp = 0.2478) is shown by the dotted vertical line.
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SPT CONSTRAINTS ON LENSING AND Neff

15

Fig. 7.— The one-dimensional marginalized constraint on the gravitational lensing parameter AL. This parameter rescales the lensing

potential power spectrum as Cφφ` → ALC
φφ
` .

Fig. 8.— The one-dimensional marginalized constraint on the tensor-to-scalar ratio r (left) and the two-dimensional constraint on r
and the spectral index ns (right). The dashed line shows predictions for r and ns from chaotic inflationary models with inflaton potential
V (φ) ∝ φp and N = 60, where N is the number of e-folds between the epoch when modes that are measured by SPT and WMAP exited
the horizon during inflation and the end of inflation. The two-dimensional contours show the 68% and 95% confidence intervals.

19

Fig. 11.— The one-dimensional marginalized constraint on the effective number of relativistic species Neff . The standard value of
Neff = 3.046 is shown by the vertical dotted line.

TABLE 6
Constraints on Cosmological Parameters using

SPT+WMAP+H0+BAO+Clusters

ΛCDM ΛCDM ΛCDM
+ dns/d ln k + Yp + Neff

Primary 100Ωbh
2 2.23± 0.040 2.26± 0.045 2.24± 0.041

Parameters Ωch2 0.111± 0.0020 0.111± 0.0020 0.116± 0.0054
100θs 1.04± 0.0016 1.04± 0.0019 1.04± 0.0017
ns 0.9751± 0.0110 0.9787± 0.0123 0.9757± 0.0116
τ 0.0897± 0.015 0.0852± 0.014 0.0821± 0.014

109∆2
R 2.33± 0.092 2.35± 0.082 2.37± 0.081

Extension dns/d ln k −0.017± 0.012 — —
Parameters Yp (0.2478± 0.0002) 0.288± 0.029 (0.2526± 0.004)

Neff (3.046) (3.046) 3.42± 0.32

Derived σ8 (0.809± 0.014) (0.819± 0.016) (0.823± 0.019)

χ2
min 7509.3 7509.3 7510.3

The constraints on cosmological parameters using
SPT+WMAP7+H0+BAO+Clusters, where “Clusters” refers to the local
cluster abundance measurement of Vikhlinin et al. (2009). We report the mean
of the likelihood distribution and the symmetric 68% confidence interval about
the mean.

• Some beautiful results. ACT comparable. Note ns departure from 1 now over 3σ

• Plot on left shows lensing results now reaching amplitude expected (first ones from
ACBAR were coming out too high)

• The Neff results particularly interesting in context of possible sterile neutrinos

• If these have thermal abundances at decoupling, then starting to be pretty difficult
to have two extra species (which some models like)
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SPT JOINT CONSTRAINTS ON Neff AND Y

21

Fig. 12.— The two-dimensional marginalized constraint on the primordial helium abundance Yp and the effective number of relativistic
species Neff for a model in which both parameters are free. The two-dimensional contours show the 68% and 95% confidence intervals.
The relation between the two quantities in standard BBN theory is shown by the dashed line, with the point (Neff = 3.046, Yp = 0.2478)
shown by the square. The constraint on Neff shown in Figure 11 is essentially a cut through this likelihood along the BBN curve, while
the constraint on Yp shown in Figure 10 is a cut along Neff = 3.046.

Fig. 13.— The two-dimensional marginalized constraints on spectral running, primordial helium, or the effective number of relativistic
species versus the combination σ8(ΩM/0.25)0.47, which is well constrained by the cluster abundance measurement of Vikhlinin et al. (2009).
“CMB” corresponds to SPT+WMAP7. The two-dimensional contours show the 68% and 95% confidence intervals. The constraint on
σ8(ΩM/0.25)0.47 from the clusters and the corresponding 1σ uncertainties are shown by the vertical lines. The standard values of the
spectral running, primordial helium, and the effective number of relativistic species are shown by the dotted horizontal lines. Adding the
cluster abundance information moves the constraints on these parameters closer to their standard values.

• Basically what’s happening with each of Neff , Y and nrun, is that there is a
preference from the data for more damping at small scales

• Hence degeneracy in above figure, though can still discriminate against non-zero
values of each

• This would lead to higher σ8 (≈ 0.87) and SPT paper suggest this is ruled out by
current local cluster results (e.g. Viklihin et al (2010))

• In any case appears to be some tension here
31



THE SUNYAEV-ZELDOVICH EFFECT

(From astro.uchicago.edu.)
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PLANCK AND THE SZ EFFECT

• Planck has been doing very well on the SZ
effect

• Resolution (best ∼ 5′) is lower than for
most ground-based observations, but com-
pensated by all-sky coverage, plus good fre-
quency discrimination

• The figure and table are from
arXiv:1101.2024 ‘Planck Early Results
VIII: The all-sky early SZ sample’

Planck Collaboration: ThePlanckall-sky Early Sunyaev-Zeldovich cluster sample

makes their contamination to the SZ signal negligible. Three
additional clusters (beyond the thirteen), have relatively bright
(S1.4GHz > 0.2 Jy) radio sources in their vicinity (r < 15 arcmin).
NVSS+LFI data reveal flat spectra (indexes betweenα = 0 and
α = −0.5). The flux of the radio sources is thus still significant
and hence the SZ signal could be affected by their presence.

A statistical analysis has been performed in order to ex-
plore the astrophysical contamination over the entire ESZ sam-
ple, rather than on an individual cluster basis.

In order to exhibit the initial average level of contamination
prior to the use of the MMF algorithm, we have stacked cutouts
4.5 degrees on a side from the channel maps centred at the ESZ
cluster/candidate positions from 100 to 857 GHz using a stack-
ing library17 detailed inDole et al.(2006) andBethermin et al.
(2010). TheY values per frequency, obtained from aperture pho-
tometry on the stacked cutouts, are displayed in red triangles
Fig. 12. The spectral signature normalised to the averaged inte-
grated Compton-yover the whole ESZ sample shows quite good
agreement with the theoretical SZ spectrum at low frequencies
(Fig. 12, black solid line). Above 353 GHz the signal is highly
contaminated by IR emission from Galactic dust and IR point
sources.

The Y measurements, per frequency, of the MMF3 algo-
rithm normalised to the integrated Compton-y are averaged over
the ESZ sample and the resulting spectral energy distribution is
compared with the normalised SZ spectrum (see Fig.12, blue
crosses). The excess of emission at high frequencies is signifi-
cantly reduced by the filtering technique of the MMF algorithm,
reinforcing the idea that most of the excess at the highest fre-
quencies is due to large-scale (larger than the beam) fluctua-
tions in Galaxy emission. The remaining excess after the filter-
ing could be due to a combination of small-scale Galactic fluc-
tuations and/or infrared galaxies. In order to quantify theeffect
of this residual IR emission on the integrated Compton-y deter-
mination, an SZ spectrum was fitted to the averaged spectrum.
The normalisation was left free. The displayed error bars con-
tain the dispersion of the measuredY per frequency and, added
in quadrature, the uncertainties due to the beam, the colourcor-
rection, and the calibration (∼ 10%,∼ 3%,∼ 2% respectively).
The best value for the normalised integrated Compton parameter
is Yfit = 1.01, showing an excellent agreement with the expected
spectrum despite the IR excess emission at high frequencies. The
same procedure was applied to the 100, 143, 217, and 353 GHz
Y values and led toYfit100−353 = 0.97. This shows that, on average,
the residual IR contamination has a negligible effect (∼ 3%) on
the integrated Compton-y value estimated for the ESZ sample.

7. Purity and completeness

The ESZ sample is characterised by the fact that a significant
fraction of the clusters and candidate clusters lies near a selection
cut. In a catalogue of this sort, the properties of the catalogued
clusters will not be representative of the true underlying cluster
population. For example, if the SZ signal of a cluster is related
to a different cluster property such as mass (collectively referred
to as ‘scaling relations’) the observed integrated Compton-y pa-
rameter values,Y, will be biased near the selection cut, an effect
known as Eddington and Malmquist biases [for discussions ina
cluster context seeMantz et al.(2010); Andersson et al.(2010)].

For the full ESZ sample, we do not always have other clus-
ter properties to relate the integrated Compton-y to, but we can

17 http://www.ias.u-psud.fr/irgalaxies/ (Bethermin et al. 2010)
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Fig. 12. Average contamination of the ESZ sample by astro-
physical sources. Blue crosses: AverageY measurements from
MMF3 algorithm normalised to the integrated Compton-y. Red
triangles:Y, obtained from aperture photometry on the stacked
cutouts in the channel maps prior filtering by the MMF. Black
solid line: Normalised theoretical SZ spectrum.

nevertheless examine some statistical effects of selection. In or-
der to do this, we generate large mock cluster catalogues whose
properties are designed to mimic those of the observed sample.
To impose a selection cut on the mock catalogues, we use the
observedrelation betweenY500 and S/N from the region signif-
icantly above the selection cut and extrapolate below it, along
with an estimate of scatter again from observations. This iscar-
ried out in several redshift bins, and leads to a predicted S/N–Y
scaling given by

S/N = 101.38±0.03 (1+ z)−5.92±0.24


YE−2/3D2

A

10−4 Mpc2

 ,

with scatterσlog−log = 0.16 in log-log scale. We then construct
large mock catalogues of clusters through drawing of Poisson
samples from theJenkins et al.(2001) mass function normalised
with σ8 = 0.8, a value consistent with the latest WMAP con-
straints. To each cluster and consistent withPlanckobservations,
we assign values ofY5R500 by adopting theY–M scaling rela-
tion from Planck Collaboration(2011d). An S/N value is then
assigned as described above, and the cut imposed to create the
mock catalogue.

We first use these simulations to estimate the completeness
of the ESZ sample as a function ofY5R500. For clusters within
a given bin inY5R500, we extract the fraction of mock clus-
ters which lie above the selection cut. The result is shown in
Fig. 13 (solid line), and indicates that the sample becomes sig-
nificantly incomplete (less than 90% complete) belowY5R500 ≃
0.013 arcmin2. This result is fairly insensitive to the assumed
mass function normalisation. For example, changing toσ8 = 0.9
(dashed line) causes only small variations in the completeness
function. For this case, a completeness of 90% is obtained at
Y5R500 ≃ 0.010 arcmin2.

We then analyse the extent to which the meanY5R500 of the
observed clusters is biased in relation to the meanY5R500 of the
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Planck Collaboration: ThePlanckall-sky Early Sunyaev-Zeldovich cluster sample

Fig. 3. Distribution of ESZ clusters and candidate clusters on the sky (Galactic Aitoff projection). Left panel: In blue are ESZ
clusters identified with known clusters, in green the ESZ confirmed candidates, and in red the ESZ candidate new clusters yet to be
confirmed. Right panel: In red diamonds the ESZ sample, in black crosses the compilation of SZ observations prior to 2010,in dark
blue triangles ACT clusters fromMenanteau et al.(2010), and in purple squares SPT clusters fromVanderlinde et al.(2010). The
blue area represents the masked area of|b| < 14 deg.

Table 1.Summary of the ESZ sample construction and validation steps.

Selection SZ Candidates Rejected
S/N≥ 6 and good quality flag on SZ spectrum 201
Detected by one method only 11
Bad quality flag from visual inspection 1

ESZ sample 189
Known clusters 169

X-ray only 30
Optical only 5
NEDSimbad only 1
X-ray + Optical 128
X-ray + SZ 1
SZ + Optical 1
X-ray + Optical +SZ 3

New Planckclusters 20
XMM confirmed 11
AMI confirmed 1
Candidate new clusters 8

channel maps without band merging. They cannot be compared
easily with the obtained integrated Compton parameters in the
present article. Moreover, two of the above-listed clusters, RXC
J1720.1+2637 and MACS J2135.2-0102, suffer from astrophys-
ical contamination that may affect the computedY.

5.2. New Planck clusters in the ESZ sample

The ESZ sample contains 20 new clusters or candidates clus-
ters with S/N ranging from 11.5 to 6. As mentioned above, a
follow-up programme set up to help understand the selectionof
Planckclusters allowed us to confirm 12 clusters. Eleven were
confirmed with XMM-Newton snapshot observations, while one
cluster was confirmed with AMI observations and corresponds
to an overdensity of galaxies in the WISE data.

5.2.1. Confirmed ESZ cluster candidates

The XMM-Newton observations for confirmation of SZ candi-
dates were based on earlier versions of the channel maps and an
earlier version of the data processing than that used for theESZ
construction. The 25 targets sent for observation were selected in
two different campaigns, a pilot programme (exploring S/N from
six down to four) and a higher S/N programme (above S/N of 5).
Among the 21Planckcluster candidates confirmed by snapshot
observation with XMM-Newton, 11 clusters have aPlanckS/N

above six (in the present map version) and thus meet the ESZ
selection criteria. Two of them were found to be double clusters
on the sky. All eleven are published in the ESZ release. Together
with the remaining ten clusters confirmed by XMM-Newton, all
are described inPlanck Collaboration(2011b). In the following
we just summarise the general properties of the new confirmed
clusters in the ESZ.

The eleven new clusters in the ESZ confirmed by XMM-
Newton have S/N ranging from 11.5 to 6.3. They were found to
lie below the REFLEX flux limit of 3× 10−12 erg s−1, except for
two confirmed clusters above the limit. These clusters happen to
have associations with BSC sources and to be situated above the
MACS limit; however their redshifts,z = 0.27 andz = 0.09 are
below the considered redshifts for MACS [see the detailed dis-
cussion inPlanck Collaboration(2011b)]. The redshifts of the
new confirmed clusters were estimated directly from X-ray ob-
servations of iron emission lines, and range betweenz= 0.2 and
0.44. Only two out of the eleven confirmed new clusters have op-
tical redshift estimates. For one new cluster (PLCKESZ G285.0-
23.7), the agreement between the X-ray estimated and photo-
metric redshifts is quite good. The second cluster, PLCKESZ
G262.7-40.9, was found to be an ACT cluster, published after
the scheduling of XMM-Newton observation, for which there is
a discrepancy between the X-ray-estimated redshift (z = 0.39)
and the photometric redshift (z = 0.54) from Menanteau et al.
(2010). The range in temperature spanned by the new confirmed
clusters in the ESZ is from about 4 to 12 keV, and the derived

9
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CONFIRMATIONS

• First supercluster to be detected via ‘blank field’ SZ effect!

• Also 5 clusters in southern hemisphere have now been confirmed by SPT
(arXiv:1102.2189 Story et al)

• And AMI (declinations >∼ 20◦) has confirmed a further ESZ candidate (following the
one in ESZ paper itself)
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AMI

• The AMI Small Array

• Ten 3.7 m dishes

• Many papers now appearing on SZ
(e.g. first blank field detection, sev-
eral SZ samples and a northern
hemisphere ‘bullet cluster’) as well
as Galactic astronomy (e.g. ‘spin-
ning dust’ emission)

• 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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AMI PLANCK CONFIRMATION

SZ observations of two Planck clusters with AMI 5
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(a) Before source subtraction
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(b) After source subtraction

Figure 2. PLCKESZ G115.71+17.52 SA map before and after source subtraction; contours are everyσ = 78µJy, and follow levels−20,−10,−8, −6, −5,
−4, −3, −2, +2, +3, +4, +5, +6, +8, +10 and+20. Sources marked with a ‘+’ were modelled in MCADAM , while those marked with a ‘×’ were directly
subtracted. The sources marked with a△ were given a Gaussian position priors of width 5′′ due to their slightly extended structure. The parameters ofthe
labelled sources can be found in Tab. 3. The small ellipse in the box in the lower-left shows the synthesised beam.
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(a) Before source subtraction.

CONT: PLJ1259+  IPOL  15755.706 MHZ  PLJ1259+6005.ICL001.2

Cont peak flux = -6.9690E-04 JY/BEAM 

D
E

C
L

IN
A

T
IO

N
 (

J2
00

0)

RIGHT ASCENSION (J2000)
13 01 00 00 30 00 12 59 30 00 58 30 00

60 15

10

05

00

59 55

  G

  F

  A

  I

  O

  D

  C

  B

  K
  P

  M

  N

  H

  L

  Q

  J

(b) After source subtraction.

Figure 3. PLCKESZ G121.11+57.01 SA map before and after source subtraction; contours are everyσ = 81µJy, and follow the same levels as in Fig.2;
annotations and markings are also the same. Sources E, R, andS are outside the field-of-view shown here, and the latter twowere directly subtracted from the
SA data. The parameters of the subtracted sources can be found in Tab. 4.

Carlstrom J. E., Holder G. P., Reese E. D., 2002, ARA&A, 40,
643

Clark B. G., 1980, A&A, 89, 377
Feroz F., Hobson M. P., 2008, MNRAS, 384, 449
Feroz F., Hobson M. P., Bridges M., 2009a, MNRAS, 398, 1601
Feroz F., Hobson M. P., Zwart J. T. L., Saunders R. D. E., Grainge
K. J. B., 2009b, MNRAS, 398, 2049

Marshall P. J., 2003, PhD thesis, University of Cambridge
Marshall P. J., Hobson M. P., Slosar A., 2003, MNRAS, 346, 489
Patnaik A. R., Browne I. W. A., Wilkinson P. N., Wrobel J. M.,
1992, MNRAS, 254, 655

Planck Collaboration, 2011a, ArXiv e-prints, 1101.2024

—, 2011b, ArXiv e-prints, 1101.2041
Skilling J., 2004, in American Institute of Physics Conference Se-
ries, Fischer R., Preuss R., Toussaint U. V., eds., pp. 395–405

Sunyaev R. A., Zeldovich Y. B., 1970, Comments on Astrophysics
and Space Physics, 2, 66

Voges W., et al., 1999, A&A, 349, 389
Waldram E. M., Pooley G. G., Grainge K. J. B., Jones M. E., Saun-
ders R. D. E., Scott P. F., Taylor A. C., 2003, MNRAS, 342, 915

Wen Z. L., Han J. L., Liu F. S., 2009, ApJS, 183, 197

• AMI confirmation for the Planck candidate PLCKESZG121.11+57.01

• Letters mark position of radio sources removed via Large Array observations

• Taken from arXiv:1103.0947 — approx 13σ confirmation (in 40 hours observation)
plus refined position

• New position allows identification with a z=0.33 cluster in SDSS catalogue (Wen et
al, 2009)

• Few X-ray photons in this position 36



AMI PLANCK COMPARISON FOR A KNOWN CLUSTER

11/01/2010 Natasha Hurley-Walker: Latest AMI SZ Results 18

Planck follow-up

● AMI offers northern 
sky coverage

● Already observed 
most X-ray clusters 
(“pre-follow-up”)

● GNFW model-fitting 
implemented in 
MCADAM

● Different degeneracy 
response for Y vs θ

➔ Better constraints on 
cluster parameters

• Comparison of Planck and AMI data for a known cluster — A2218

• Shown are likelihood contours in plane of total Compton distortion parameter
versus angular scale

• Illustrates ‘degeneracy problem’ as discussed in the EZ paper arXiv:1101.2024,
plus how observations by complementary instruments may help overcome this
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A KEY SCIENCE IMPLICATION OF PLANCK EARLY SZ RESULTS

• Last year at this time a key debate was
over the amplitude of SZ signals found
in e.g. WMAP7 and SPT results

• Komatsu et al (arXiv:1001.4538) found
a deficit of about 0.5 to 0.7 compared to
what’s expected from known X-ray mea-
surements and current cluster models
using the Arnaud et al ‘Universal Pres-
sure profile’

• Also said division into ‘relaxed’ versus
’non-relaxed’ clusters was very impor-
tant, and could partially explain dis-
repency

12

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

• From Vanderlinde et al.,
arXiv:1003.0003, illustrating simi-
lar effect for SPT cluster results
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A KEY SCIENCE IMPLICATION OF PLANCK EARLY SZ RESULTS (CONTD.)

• Now Planck is able to look at this

• Result shown is Planck ESZ scal-
ing relation between total Y and X-
ray luminosity (from Planck Early
Results paper: ‘Statistical analy-
sis of Sunyaev-Zeldovich scaling
relations for X-ray galaxy clusters’
(arXiv:1101.2043)

• Moreover, when analysis redone
assuming pressure profiles cor-
responding to ‘cool cores’ or
‘morphologically disturbed’ (re-
spectively) then results still robust
to this (max deviations from 8%
(low L) to 1% (high L))

Planck Collaboration:Planckearly results: Statistical analysis of SZ scaling relations for X-ray galaxy clusters

Fig. 4. Left: Scaling relation betweenPlanckSZ measurements and X-ray luminosity for∼ 1600 MCXC clusters. Both quantities
are intrinsic and scaled assuming standard evolution. Individual measurements are shown by the black dots and the corresponding
bin averaged values by the red diamonds. Thick bars give the statistical errors, while the thin bars are bootstrap uncertainties. The
bin-averaged SZ cluster signal expected from the X-ray based model is shown by the blue stars. The combination of the adopted
D2

A Y500 – M500 andL500 – M500 relations (Eq.6) is shown by the dashed blue line while the red dot-dashed line shows the best
fitting power-law to the data (Eq.7 and Table4). Right:Ratio between data and model bin averaged values shown in theleft panel.
Error bars are as in the left panel.

Table 4. Best fitting parameters for the observedD2
A Y500 – L500 relation given in Eq.7. Values are given for three different choices

of priors and as predicted from X-rays for comparison. Both total errors from bootstrap resampling and statistical errors are quoted.

Ŷ500,L [10−3 arcmin2] α̂L β̂L

0.451± 0.003 stat [±0.013 tot] 1.087 (fixed) 2/3 (fixed)
Planck+ MCXC 0.447± 0.006 stat [±0.015 tot] 1.095± 0.008 stat [±0.025 tot] 2/3 (fixed)

0.476± 0.006 stat [±0.025 tot] 1.087 (fixed) −0.007± 0.154 stat [±0.518 tot]
X-ray prediction 0.428 1.09 2/3

Table 6. Best fitting parameters for the observedD2
A Y500 – M500 relation given in Eq.8. Values are given for three different choices

of priors and as predicted from X-rays for comparison. Both total errors from bootstrap resampling and statistical errors are quoted.

Ŷ500,M [10−3 arcmin2] α̂M β̂M

0.896± 0.007 stat [±0.027 tot] 1.783 (fixed) 2/3 (fixed)
Planck+ MCXC 0.892± 0.008 stat [±0.025 tot] 1.796± 0.014 stat [±0.042 tot] 2/3 (fixed)

0.945± 0.012 stat [±0.049 tot] 1.783 (fixed) −0.007± 0.154 stat [±0.518 tot]
X-ray prediction 0.850 1.783 2/3

tion. Using the simplest model (Eq.7 or equivalently Eq.8) we
attempt to constrain the power law indexβ̂L (or equivalentlŷβM).
We find that the measured SZ signal is consistent with standard
evolution (see Table4) and our constrains on any evolution are
weak. Fig.6 shows the measured and predicted, redshift binned,
SZ signal, the expected standard redshift evolution, and the best
fitting model. The figure shows that, although measurements and
predictions agree quite well, the best fitting model is constrained
primarily by the low redshift measurements. Possible future im-
provements are discussed below in Sect.7.

5.3. Scatter in the D2
A Y500 – L500 relation

As discussed in Sect.4.2, we find a clear indication of intrinsic
scatter in our measurements of theD2

A Y500 – L500 relation. In
this section we quantify this scatter and discuss how our mea-

surement compares with expectations based on the representa-
tive REXCESS sample (Arnaud et al. 2010) and the findings re-
ported in the companion paperPlanck Collaboration(2011g).

The intrinsic scatterσintr is computed in luminosity bins
as the quadratic difference between the raw scatterσraw (see
Sect.4.2) and the statistical scatter expected from the statis-
tical uncertainties, i.e.σ2

intr = σ
2
raw − σ2

stat. The latter is esti-
mated by averaging the statistical uncertainties in a givenbin,
i.e.σ2

stat = N−1 ∑
σ2

i , where N is the number of clusters in the
bin. For a given luminosity bin, the uncertainty∆σintr on the esti-
mated intrinsic scatter are evaluated by (∆σintr)2 = σ2

intr(2 N (N−
1))−1 ∑

(1+ (σ2
i /σ

2
intr))

2.
We find that intrinsic scatter can be measured only for

L500E(z)−7/3 & 1044erg/s, being the statistical uncertainties at
lower luminosities of the order of the raw scatter (see also Sect.
4.2). In a given bin with average signalY, the resulting fractional

8

• Quoting from abstract: There is no evi-
dence for a deficit in SZ signal strength in
Planck data relative to expectations from
the X-ray properties of clusters, underlin-
ing the robustness and consistency of our
overall view of intra-cluster medium proper-
ties.
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SUMMARY

• CMB still providing essential information

• On primordial polarization side new results from QUIET

• BICEP2 then KECK promise to be interesting

• Spectacular results now starting to come from high-` damping tail of CMB spectrum

• Secondaries are moving ahead rapidly — Planck has made an impressive start on
SZ clusters

• An advertisement: Lasenby & Doran model (Phys.Rev.D, 71, (2005) 063502) of a
slightly closed universe with non-trivial constraint on total elapsed conformal time
(which translates to a constraint on the cosmological constant via Λ ∼ exp(−6N)

in natural units, where N is the number of e-folds during inflation), still doing well.
See recent Vazquez, Lasenby & Hobson, arXiv:1103.4619
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