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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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HOW THE PERTURBATIONS FROM INFLATION REACH US

  

Summary:

(From lecture notes by George Efstathiou)
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THE PHOTON/BARYON FLUID

• In terms of conformal time η =
∫ dt
a(t), then using the continuity and Euler

equations for the coupled photon/baryon fluid, we find, with δ = δργ/ργ
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with a driving term F (η) (itself oscillatory) and

c2s =
P

ρ
≈ Pγ

ργ + ρB
=

1

3(1 +R(η))
= squared sound speed

where R ≡ 3ρB/(4ργ)

• Can see second term is basically Hubble drag

• So have a damped, forced, harmonic oscillator

• The forcing term itself will oscillate, due to the gravitational potential responding to
the oscillations of the photon/baryon fluid, and we can attempt a WKB solution in
terms of the slowly varying frequency kcs(η)
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THE PHOTON/BARYON FLUID

• We find
1

4
δγ(η) = A(η) +B(η) cos(krs(η)) + C(η) sin(krs(η))

where the coefficients A, B and C are meant to vary only slowly, and rs(η) is
called the sound horizon, and is meant to show the distance a disturbance in the
fluid could have traveled since some early time:

rs(η) =
∫ η

0
cs(η)dη

• The initial condition linking δ and the Newtonian gravitational potential at early
times is

δ(0) = −2Φ(0)

and δ remains roughly constant until horizon crossing

• So we see that it is the cosine term that is picked out and excited by the initial
conditions

• This is what phases things up
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THE RESULTS

• δγ/4 (≡ ∆T/T ) starts out constant
⇒ cosine oscillation about equilibrium
point

• Modes with k
∫ η∗
0 cs dη = nπ are at

extrema at last scattering ⇒ acoustic
peaks in power spectrum

• As soon as decoupling of the pho-
ton/baryon fluid occurs, baryons fall
into the potential wells created by the
CDM

• Can calculate rs at last scattering in
standard model and find rs(η∗) =

150 Mpc

• What does this picture lead to?
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LAST YEAR’S 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!

• For the matter: 6



http://www.sdss3.org/surveys/boss.php (Chris Blake and Sam Moorfield)
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BAO RESULTS

• The baryon acoustic oscillations are
getting quite spectacular in themselves

• At right are oscillations in the power
spectrum of galaxy clustering from SD-
SII and then SDSIII from Anderson et
al. (arXiv:1203.6954)

• Below shows two-point correlation func-
tion (essentially F.T. of power spec-
trum) of same data from (Sanchez et al
arXiv:1203.6616)

Cosmological implications of the BOSS-CMASS ξ(s) 5

one, in which the DD, DR, and RR counts are integrated
over µ before they are combined as in equation (1) to com-
pute ξ(s), ignoring the fact that the geometry of the survey
introduces a µ dependence on RR (Samushia et al. 2011;
Kazin et al. 2012), although the differences between the two
approaches are more significant for higher multipoles.

When computing the pair counts in equation (1), a few
important corrections must be taken into account. This is
done by assigning a series of weights to each object in the
real and random catalogues. First, we apply a radial weight
given by

wr =
1

1 + Pwn̄(z)
, (3)

where n̄(z) is the expected number density of the cata-
logue at the given redshift and Pw is a free parameter.
Hamilton (1993) showed that setting Pw = 4πJ3(s), where
J3(s) =

∫ s

0
ξ(s′)s′2ds′, minimizes the variance on the mea-

sured correlation function for the given scale s. Follow-
ing standard practice we use a scale-independent value of
Pw = 2×104 h−3Mpc3. Reid et al. (2012) show that the full
scale-dependent weight provides only a marginal improve-
ment over the results obtained using this constant value.

We include additional weights to account for non-
random contributions to the sample incompleteness and to
correct for systematic effects. The incompleteness in a given
sector of the mask has a random component due to the fact
that not all galaxies satisfying the CMASS selection criteria
are observed spectroscopically. In any clustering measure-
ment this is taken into account by down-sampling the ran-
dom catalogue in that region of the sky by the same fraction.
However, there are two other sources of missing redshifts
which require special treatment: redshift failures and fibre
collisions.

Even when the spectrum of a galaxy is observed, it
might not be possible to obtain a reliable estimation of the
redshift of the object, leading to what is called a redshift
failure. As shown in Ross et al. (2012), the probability that
a spectroscopic observation leads to a redshift failure is not
uniform across the field since these tend to happen for fibres
located near the edges of the observed plates. Hence, these
missing redshifts cannot be considered as an extra compo-
nent affecting the overall completeness of the sector.

However, the main cause of missing redshift is fibre col-
lisions (Zehavi et al. 2002; Masjedi et al. 2006). The BOSS
spectrographs are fed by optical fibres plugged on plates,
which must be separated by at least 62′′. It is then not
possible to obtain spectra of all galaxies with neighbours
closer than this angular distance in one single observation.
The problem is alleviated in sectors covered by multiple ex-
posures but, in general, it is impossible to observe all the
objects in crowded regions.

To correct for these effects we follow Ross et al. (2012)
and implement two sets of weights, wrf and wfc, whose de-
fault value is 1 for all galaxies in the sample. For every galaxy
with a redshift failure, we increase by one the value of wrf of
the nearest galaxy with a good redshift measurement. Sim-
ilarly, for each galaxy whose redshift was not observed due
to fibre collisions, the value of wfc of its neighbour, closer
than 62′′, is increased by one. These are then combined into
a single weight to correct for missing redshifts given by

wmr = wrf + wfc − 1. (4)

Figure 2. Panel (a): spherically averaged redshift-space two-
point correlation function of the full CMASS sample. The error-
bars were obtained from a set of 600 mock catalogues constructed
to follow the same selection function of the survey (Manera et al.
2012). The dashed line corresponds to the best-fitting ΛCDM
model obtained by combining the information from the shape
of the correlation function and CMB measurements (see Section
5.1). Panel (b): same as panel (a), but rescaled by (s/sBAO)2,
where sBAO = 153.2 Mpc (which corresponds to 107.2 h−1Mpc),
to highlight the baryonic acoustic feature.

On the scales analysed in this paper, the application of these
weights effectively corrects for the effects of fibre collisions
and redshift failures providing an excellent agreement with
the results obtained using the method recently proposed by
Guo et al. (2011).

Ross et al. (2012) performed a detailed analysis of the
systematic effects that could potentially affect any clustering

c© 0000 RAS, MNRAS 000, 000–000
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Figure 18. BAO in the power spectrum measured from the reconstructed
CMASS data (solid circles with 1σ errors, lower panel) compared with un-
reconstructed BAO recovered from the SDSS-II LRG data (solid circles
with 1σ errors, upper panel). Best-fit models are shown by the solid lines.
The SDSS-II data are based on the sample and power spectrum calculated in
Reid et al. (2010) and analysed by Percival et al. (2010); it has been shifted
to match the fiducial cosmology assumed in this paper. Clearly the CMASS
errors are significantly smaller than those of the SDSS-II data, and we also
benefit from reconstruction, reducing the the BAO damping scale.

Figure 19. A plot of the distance-redshift relation from various BAO mea-
surements from spectroscopic data sets. We plot DV (z)/rs times the fidu-
cial rs to restore a distance. Included here are this CMASS measurement,
the 6dF Galaxy Survey measurement at z = 0.1 (Beutler et al. 2011), the
SDSS-II LRG measurement at z = 0.35 (Padmanabhan et al. 2012a; Xu
et al. 2012; Mehta et al. 2012), and the WiggleZ measurement at z = 0.6
(Blake et al. 2011a). The latter is a combination of 3 partially covariant data
sets. The grey region is the 1 σ prediction from WMAP under the assump-
tion of a flat Universe with a cosmological constant (Komatsu et al. 2011).
The agreement between the various BAO measurements and this prediction
is excellent.

Figure 20. The BAO distance-redshift relation divided by the best-fit flat,
ΛCDM prediction from WMAP (Ωm = 0.266, h = 0.708; note that
this is slightly different from the adopted fiducial cosmology of this paper).
The grey band indicates the 1 σ prediction range from WMAP (Komatsu
et al. 2011). In addition to the SDSS-II LRG data point from Padmanabhan
et al. (2012a), we also show the result from Percival et al. (2010) using a
combination of SDSS-II DR7 LRG and Main sample galaxies as well as
2dF Galaxy Redshift Survey data; because of the overlap in samples, we
use a different symbol. The BAO results agree with the best-fit WMAP
model at the few percent level. If Ωmh2 were 1 σ higher than the best-
fit WMAP value, then the prediction would be the upper edge of the grey
region, which matches the BAO data very closely. For example, the dashed
line is the best-fit CMB+LRG+CMASS flat ΛCDM model from § 9, which
clearly is a good fit to all data sets. Also shown are the predicted regions
from varying the spatial curvature to ΩK = 0.01 (blue band) or varying
the equation of state to w = −0.7 (red band).

place the acoustic peak at other nearby locations and particularly
at smaller scales is rejected at 8 σ.

Fig. 18 repeats this comparison with the power spectrum from
the SDSS-II LRG analysis presented in Reid et al. (2010) and Per-
cival et al. (2010). This analysis did not use reconstruction, but one
can see good agreement in the BAO and significant improvement
in the error bars with the CMASS sample.

In Fig. 19, we plot DV (z) constraints from measurements of
the BAO from various spectroscopic samples. In addition to the
SDSS-II LRG value at z = 0.35 (Padmanabhan et al. 2012a) and
the CMASS consensus result at z = 0.57, we also plot the z =
0.1 constraint from the 6dF Galaxy Survey (6dFGS) (Beutler et al.
2011) and a z = 0.6 constraint from the WiggleZ survey (Blake
et al. 2011a). WiggleZ quotes BAO constraints in 3 redshift bins,
but these separate constraints are weaker and there are significant
correlations between the redshift bins. We choose here to plot their
uncorrelated data points for 0.2 < z < 1.0. Each data point here is
actually a constraint on DV (z)/rs, and we have multiplied by our
fiducial rs to get a distance.

As described further in Mehta et al. (2012), the WMAP curve
on this graph is a prediction, not a fit, assuming a flat ΛCDM cos-
mology. For each value of Ωmh

2 and Ωbh
2, one can predict a sound

horizon, and the angular acoustic scale measured by WMAP plus
the assumptions about spatial curvature and dark energy equation
of state then provide a very precise breaking of the degeneracy be-
tween Ωm and H0 and hence a unique DV (z)/rs. Taking the 1σ
range of Ωmh

2 and Ωbh
2 produces the grey band in Fig. 19. There

is excellent agreement between all four BAO measurements and the
WMAP ΛCDM prediction.

c© 2011 RAS, MNRAS 000, 2–33

• Note 150 Mpc ≈ 105h−1 Mpc
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GRAVITY WAVES

• Other important aspect for CMB is polarization and gravity waves

• Express the amplitude of these coming from inflation, relative to scalar modes from
inflation, via their ratio r at some fiducial comoving wavenumber (typically low, e.g.
k = 0.001 Mpc−1)

• Key point is that if we decompose CMB polarization vector field on sky into a
potential part E and curl part B (both of which are rotationally invariant, unlike Q
and U Stokes parameters), the only primordial source of B are gravity waves!

• What would a detection of primordial gravity waves tell us?

• Strong evidence that inflation happened

• 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
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SOME CURRENT/FUTURE CMB POLARISATION EXPERIMENTS

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

BICEP2 ground bolometer 50 < ` < 300 0.05 2009
QUIET ground MMIC ` < 1000 0.05 2008

CLOVER ground bolometer 20 < ` < 600 0.01 Cancelled
EBEX balloon bolometer 20 < ` < 1000 0.03 2012

SPIDER balloon bolometer ` < 100 0.025 2013
CORE space bolometer ` < 2000 1–5 ×10−3 ??

QUIJOTE ground MMIC ` < 80 0.1/0.05 2012
POLARBEAR ground bolometer 20 < ` < 2000 0.05 ?

Note:

• Paper on BICEP2 results expected imminently

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

• EBEX — First southern hemisphere flight later this year(?) — some excitement
recently when it was stolen in transit to the Palestine Texas balloon launch site!
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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

• Last year (arXiv:1012.3191, Bischoff et al.) reported polarization results at 43 GHz
(Q-band)

• Paper came out yesterday reporting on 95 GHz (W-band) results! (Hear more from
Ingunn Wehus.)
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QUIET EE RESULTS AT 90 GHz8

sion, we adopt the thermal-dust component of the PSM
as a template; the PSM predicts that other sources of
contamination are subdominant at 95GHz in the QUIET
fields. We estimate the dust power contribution in our
fields by evaluating both the PSM power spectrum and
the PSM-QUIET cross-spectrum using the PCL pipeline.
The possible contamination is only relevant in the first
bin (25 ≤ ℓ ≤ 75) of the field CMB-1. In this bin, the
PSM power amplitude is 0.087µK2 (0.070µK2) for the
EE (BB) spectrum, while the corresponding cross power
is 0.060 ± 0.035µK2 (0.016 ± 0.027µK2). Taking into
account the relative weights of the individual fields, we
therefore estimate that the dust-emission contribution to
the first EE bin in the final co-added spectrum (Table
3) is < 0.04µK2, more than a factor two smaller than
the statistical uncertainty. All other spectra and mul-
tipole ranges have negligible contributions. Fitting the
PSM model as a template to CMB-1 in the map do-
main using the ML pipeline, we find a best-fit amplitude
of A = 0.62 ± 0.21. This corresponds to a 3 σ corre-
lation with the thermal-dust PSM component, which at
the same time agrees with the PSM prediction (A = 1) at
1.8 σ. Consistent results are obtained by taking the ratio
of the cross-power to the PSM power including the full
multipole range, with an amplitude of A = 0.66 ± 0.25.
The three other fields all have best-fit amplitudes consis-
tent with zero. We note as a caveat that the uncertainty
in the PSM itself is not taken into account in this analy-
sis, and the results depend critically on this model as the
detected foreground levels are well below the statistical
errors of the measured power spectra themselves.

8. CONCLUSIONS

We have presented the CMB polarization power spec-
tra from the 95-GHz QUIET observations. The EE spec-
trum has been measured between ℓ = 25 and 975, and
the first three acoustic peaks were seen with high signal-
to-noise ratio, consistent with ΛCDM predictions. The
BB spectrum was found to be consistent with zero, with
a 95% C.L. upper limit on the tensor-to-scalar ratio of
r < 2.7 (PCL) or 2.8 (ML), depending on pipeline. In
Figure 6, we provide an up-to-date overview of the cur-
rent state of the CMB polarization field, comparing the
results from various experiments31. In one of the fields,
we found a correlation with the dust component of the
Planck Sky Model. The excess power due to this com-
ponent was still small compared to the statistical errors
of the power spectra. Finally, we have demonstrated the
lowest level of instrumental systematic errors to date. We
conclude by noting that part of the role of this experi-
ment was to serve as a pathfinder to demonstrate that
MMIC arrays were capable of reaching r . 0.01; this has
been successfully achieved.

Support for the QUIET instrument and opera-
tion comes through the NSF cooperative agreement
AST-0506648. Support was also provided by NSF
awards PHY-0355328, AST-0448909, PHY-0551142,

31 For the EE spectrum of QUIET, we show the mean of the
spectrum from the two pipelines (after scaling to q = 1) as a suc-
cinct visualization. For BB, the results from the two individual
pipelines are indicated by the vertical extent of the QUIET-W
points.
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Fig. 6.— Summary of published CMB polarization EE
power spectrum (top) and 95% C.L. upper limits on BB
power (bottom) measured by different experiments (Leitch et al.
2005; Montroy et al. 2006; Sievers et al. 2007; Wu et al. 2007;
Bischoff et al. 2008; Brown et al. 2009; Chiang et al. 2010;
Larson et al. 2011; QUIET 2011) as well as the result reported in
this paper (QUIET-W). The QUIET-W points, spanning the first
three acoustic peaks in the EE power spectrum, bridge the large
(ℓ . 200) and small (ℓ & 400) angular-scale measurements made
by previous experiments. For visualization purposes, the mean of
two pipeline spectra (scaled to q = 1) is shown for QUIET-W for
EE. For BB, the results from the two individual pipelines are in-
dicated by the vertical extent of the QUIET-W points. The solid
line in the upper panel shows the ΛCDM EE spectrum; the dashed
and dotted lines in the bottom panel show the BB spectrum from
gravitational waves (for r = 0.1) and lensing, respectively.

PHY-0855887, and AST-1010016; KAKENHI 20244041,
20740158, and 21111002; PRODEX C90284; a KIPAC
Enterprise grant; and by the Strategic Alliance for the
Implementation of New Technologies (SAINT).

Some work was performed on the Joint Fermilab-KICP
Supercomputing Cluster, supported by grants from Fer-
milab, the Kavli Institute for Cosmological Physics, and
the University of Chicago. Some work was performed on
the Titan Cluster, owned and maintained by the Uni-
versity of Oslo and NOTUR (the Norwegian High Per-
formance Computing Consortium), and on the Central
Computing System, owned and operated by the Com-
puting Research Center at KEK. This research used re-
sources of the National Energy Research Scientific Com-
puting Center, which is supported by the Office of Sci-
ence of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. Portions of this work were
performed at the Jet Propulsion Laboratory (JPL) and
California Institute of Technology, operating under a
contract with the National Aeronautics and Space Ad-
ministration. The Q-band modules were developed using
funding from the JPL R&TD program. We acknowledge
the Northrop Grumman Corporation for collaboration in
the development and fabrication of HEMT-based cryo-
genic temperature-compatible MMICs. We acknowledge
the use of the Planck Sky Model, developed by the Com-
ponent Separation Working Group (WG2) of the Planck
Collaboration. Some of the results in this paper have
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MMIC arrays were capable of reaching r . 0.01; this has
been successfully achieved.

Support for the QUIET instrument and opera-
tion comes through the NSF cooperative agreement
AST-0506648. Support was also provided by NSF
awards PHY-0355328, AST-0448909, PHY-0551142,

31 For the EE spectrum of QUIET, we show the mean of the
spectrum from the two pipelines (after scaling to q = 1) as a suc-
cinct visualization. For BB, the results from the two individual
pipelines are indicated by the vertical extent of the QUIET-W
points.
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Fig. 6.— Summary of published CMB polarization EE
power spectrum (top) and 95% C.L. upper limits on BB
power (bottom) measured by different experiments (Leitch et al.
2005; Montroy et al. 2006; Sievers et al. 2007; Wu et al. 2007;
Bischoff et al. 2008; Brown et al. 2009; Chiang et al. 2010;
Larson et al. 2011; QUIET 2011) as well as the result reported in
this paper (QUIET-W). The QUIET-W points, spanning the first
three acoustic peaks in the EE power spectrum, bridge the large
(ℓ . 200) and small (ℓ & 400) angular-scale measurements made
by previous experiments. For visualization purposes, the mean of
two pipeline spectra (scaled to q = 1) is shown for QUIET-W for
EE. For BB, the results from the two individual pipelines are in-
dicated by the vertical extent of the QUIET-W points. The solid
line in the upper panel shows the ΛCDM EE spectrum; the dashed
and dotted lines in the bottom panel show the BB spectrum from
gravitational waves (for r = 0.1) and lensing, respectively.
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ence of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. Portions of this work were
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the Northrop Grumman Corporation for collaboration in
the development and fabrication of HEMT-based cryo-
genic temperature-compatible MMICs. We acknowledge
the use of the Planck Sky Model, developed by the Com-
ponent Separation Working Group (WG2) of the Planck
Collaboration. Some of the results in this paper have

From QUIET Collaboration arXiv:1207.5034
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QUIET BB RESULTS AT 90 GHz

8

sion, we adopt the thermal-dust component of the PSM
as a template; the PSM predicts that other sources of
contamination are subdominant at 95GHz in the QUIET
fields. We estimate the dust power contribution in our
fields by evaluating both the PSM power spectrum and
the PSM-QUIET cross-spectrum using the PCL pipeline.
The possible contamination is only relevant in the first
bin (25 ≤ ℓ ≤ 75) of the field CMB-1. In this bin, the
PSM power amplitude is 0.087µK2 (0.070µK2) for the
EE (BB) spectrum, while the corresponding cross power
is 0.060 ± 0.035µK2 (0.016 ± 0.027µK2). Taking into
account the relative weights of the individual fields, we
therefore estimate that the dust-emission contribution to
the first EE bin in the final co-added spectrum (Table
3) is < 0.04µK2, more than a factor two smaller than
the statistical uncertainty. All other spectra and mul-
tipole ranges have negligible contributions. Fitting the
PSM model as a template to CMB-1 in the map do-
main using the ML pipeline, we find a best-fit amplitude
of A = 0.62 ± 0.21. This corresponds to a 3 σ corre-
lation with the thermal-dust PSM component, which at
the same time agrees with the PSM prediction (A = 1) at
1.8 σ. Consistent results are obtained by taking the ratio
of the cross-power to the PSM power including the full
multipole range, with an amplitude of A = 0.66 ± 0.25.
The three other fields all have best-fit amplitudes consis-
tent with zero. We note as a caveat that the uncertainty
in the PSM itself is not taken into account in this analy-
sis, and the results depend critically on this model as the
detected foreground levels are well below the statistical
errors of the measured power spectra themselves.

8. CONCLUSIONS

We have presented the CMB polarization power spec-
tra from the 95-GHz QUIET observations. The EE spec-
trum has been measured between ℓ = 25 and 975, and
the first three acoustic peaks were seen with high signal-
to-noise ratio, consistent with ΛCDM predictions. The
BB spectrum was found to be consistent with zero, with
a 95% C.L. upper limit on the tensor-to-scalar ratio of
r < 2.7 (PCL) or 2.8 (ML), depending on pipeline. In
Figure 6, we provide an up-to-date overview of the cur-
rent state of the CMB polarization field, comparing the
results from various experiments31. In one of the fields,
we found a correlation with the dust component of the
Planck Sky Model. The excess power due to this com-
ponent was still small compared to the statistical errors
of the power spectra. Finally, we have demonstrated the
lowest level of instrumental systematic errors to date. We
conclude by noting that part of the role of this experi-
ment was to serve as a pathfinder to demonstrate that
MMIC arrays were capable of reaching r . 0.01; this has
been successfully achieved.

Support for the QUIET instrument and opera-
tion comes through the NSF cooperative agreement
AST-0506648. Support was also provided by NSF
awards PHY-0355328, AST-0448909, PHY-0551142,

31 For the EE spectrum of QUIET, we show the mean of the
spectrum from the two pipelines (after scaling to q = 1) as a suc-
cinct visualization. For BB, the results from the two individual
pipelines are indicated by the vertical extent of the QUIET-W
points.
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Fig. 6.— Summary of published CMB polarization EE
power spectrum (top) and 95% C.L. upper limits on BB
power (bottom) measured by different experiments (Leitch et al.
2005; Montroy et al. 2006; Sievers et al. 2007; Wu et al. 2007;
Bischoff et al. 2008; Brown et al. 2009; Chiang et al. 2010;
Larson et al. 2011; QUIET 2011) as well as the result reported in
this paper (QUIET-W). The QUIET-W points, spanning the first
three acoustic peaks in the EE power spectrum, bridge the large
(ℓ . 200) and small (ℓ & 400) angular-scale measurements made
by previous experiments. For visualization purposes, the mean of
two pipeline spectra (scaled to q = 1) is shown for QUIET-W for
EE. For BB, the results from the two individual pipelines are in-
dicated by the vertical extent of the QUIET-W points. The solid
line in the upper panel shows the ΛCDM EE spectrum; the dashed
and dotted lines in the bottom panel show the BB spectrum from
gravitational waves (for r = 0.1) and lensing, respectively.
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funding from the JPL R&TD program. We acknowledge
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the development and fabrication of HEMT-based cryo-
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the use of the Planck Sky Model, developed by the Com-
ponent Separation Working Group (WG2) of the Planck
Collaboration. Some of the results in this paper have

From QUIET Collaboration arXiv:1207.5034

Direct r constraints are r <∼ 2.7 at 95% confidence.
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QUIET FUTURE

• Part of interest of results lies in quite dif-
ferent systematics expected for bolome-
ter versus coherent detectors

• QUIET team believe they have the
best control of these systematics in B-
mode data, even if so far published
constraints for r (previous one from
Bischoff et al was < 0.9) is not lower
than from BICEP (< 0.73) (Chiang et
al 2010)

• Another part of interest lies in use of
MMIC (Monolithic microwave integrated
circuit) technology

• Prototype for QUIET Phase II proposal

• Plans are for a 499-element 85-105
GHz Array, coupled with 10-element 33-
40 GHz Array and 3-element 26.5-33
GHz Array to remove synchrotron

Small Systematic Error Forecast for W-bandSmall Systematic Error Forecast for W-band

Radiometer on a chip

Pictures courtesy Tony Readhead
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THE SOUTH POLE TELESCOPE

• A stream of wonderful results at
high ` for both primordials and
secondaries has been coming out
from the South Pole Telescope
(SPT) and Atacama Cosmology
Telescope (ACT) over the last year

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

• Very impressive paper from Keisler
et al (arXiv:1105.318) last year on
high-` power spectrum

• Used 790 square degrees of sky
measured at 150 GHz

15



The SPT 5‐year, 2500 deg² survey is 
now complete

1/16th of the sky at 2mm

Picture courtesy John Carlstrom and Bill Holzapfel
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Picture courtesy John Carlstrom and Bill Holzapfel
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COSMOLOGICAL CONSTRAINTS FROM SPT CLUSTERS

• Reichardt et al (arXiv:1203.5775) have
presented a catalogue of 224 clusters
from Sunyaev-Zeldovich effect measure-
ments in the first 720 deg2 survey (mainly
at 150 GHz — subset also mapped at
90 GHz)

• 117 previously unknown clusters reported

• 100 clusters at high S/N used for cosmolog-
ical constraints

• Interesting (and a common theme currently)
that real problem is the cluster mass calibra-
tion

• This is what limits ability to constrain param-
eters — not current survey size or noise

• Neutrino result gives a ∼ 1σ offset from
zero: Σmν = 0.17± 0.13 eV
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Fig. 5.— 68% and 95% likelihood contours in the Ωm − σ8
plane for different datasets. The additional clusters in this catalog
reduce the allowed parameter volume by a factor of two compared
to B11 when considering the SPTCL+BBN+H0 data. However,
the linear combination showing the most improvement is already
well constrained by the CMB data. Therefore as predicted by B11,
the additional clusters will not substantially improve constraints
for the CMB+SPTCL data until the mass calibration is improved.

static equilibrium, with the absolute calibration cross-
checked by weak-lensing-based mass estimates. We also
compare the observed and expected cluster abundances,
and we estimate the masses of each galaxy cluster. We
next examine cosmological constraints for two extensions
beyond a ΛCDM model, testing the ability of the clus-
ter sample to constrain the dark energy equation of state
and the sum of the neutrino masses. These two model
extensions are degenerate in the current cluster data; we
choose to look at independent constraints on each while
fixing the other parameter to the ΛCDM baseline value.
Finally, we discuss prospects for improving the mass cal-
ibration and thereby realizing the full potential of SZ-
selected galaxy clusters as cosmological probes.

7.1. ΛCDM constraints

In a ΛCDM model, cluster samples primarily constrain
σ8 and Ωm (see e.g., B11, Rozo et al. 2010). As was
done by B11, we look at “cluster-only” constraints based
on SPTCL+BBN+H0 with the reionization optical depth
fixed to τ = 0.08. The external data and τ prior are re-
quired since cluster abundances are insensitive to several
ΛCDM parameters, including τ . We see a substantial
improvement in the SPTCL+BBN+H0 constraints with
the expanded cluster catalog from this work; the allowed
likelihood volume is reduced by approximately a factor
of two (compare the filled red/orange contours and black
contours in Fig. 5).

Adding the new SPT cluster sample to the WMAP7
and SPT CMB power spectrum data improves the con-
straints on Ωm,Ωch

2, σ8, andh by roughly a factor of 1.5
over the CMB alone. The constraints are listed in the
first two columns of Table 5. The cluster data modestly
tightens constraints on the amplitude of the primordial

power spectrum as well. The uncertainty on the ampli-
tude is reduced by 24% from ln(1010As) = 3.196± 0.042
to 3.176± 0.034.

However, these constraints are only marginally better
than those presented by B11. As shown in Fig. 5, the
SPTCL constraints in the Ωm − σ8 plane are most im-
proved along a direction well-constrained by the CMB
data. For constraints in the perpendicular direction, the
SPTCL data are limited by the current mass calibration
uncertainty, determined from the YX−M scaling relation
which is unchanged from B11. A better mass calibration
will be essential to realize the full potential of cosmolog-
ical constraints from galaxy clusters.

7.1.1. Comparison to expected number counts

We can compare the observed number of galaxy clus-
ters with the number expected for a given cosmological
model. We compare the high-purity sample of 100 cluster
candidates at z > 0.3 and ξ > 5 to the expected number
counts for two cases with a ΛCDM cosmology. The first
case uses only non-cluster data (CMB+BAO+SN+H0)
with the scaling relations allowed to vary across the con-
servatively wide simulation-based prior. The symmet-
ric 1σ range around the median is [121, 805] candidates
and the 2σ range is [37, 2004] candidates. The likeli-
hood peaks near 130 candidates. In the second case, we
add the cluster catalog data while allowing the scaling
relations to vary. As would be expected, this MCMC
leads to a tighter predicted range of candidate counts
with roughly Poisson scatter around the observed num-
ber counts. The 1σ range is [92, 111] candidates with
the median at 101 objects. The difference between the
two cases is primarily due to the range of scaling relation
parameters explored. We do not see significant tension
with the observed cluster counts in either case.

7.1.2. Mass estimates

We present mass estimates based on the posterior prob-
ability distributions for all optically confirmed clusters in
Table 6. In all cases, we quote M500, as defined in §5.
For the 15 clusters with X-ray data from A11, these are
joint X-ray and SZ mass estimates. Only the SZ data
are used for the other clusters. We calculate a proba-
bility density function on a mass grid at each point in
the CMB+BAO+SN+H0+SPTCL parameter chain for
a ΛCDM cosmology. The allowed ΛCDM parameter
ranges for this data set are essentially unchanged from
the CMB+SPTCL data set. These probability density
functions are combined to obtain a mass estimate that
has been fully marginalized over all cosmological and
scaling relation parameters.

7.2. Dark energy equation of state

We next examine cosmological constraints in a wCDM
cosmology. This model introduces the dark energy equa-
tion of state, w, as a free parameter (in the ΛCDM model,
w is fixed to −1). The equation of state remains con-
stant with time. The cluster abundance and the shape
of the mass function depend on w through its effect on
the expansion history of the Universe and the growth of
structure.

The best external constraints on w come from a com-
bination of the CMB, BAO, H0, and SNe data. Adding
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Fig. 7.— Assuming a ΛCDM + massive neutrino cosmology, the constraints on Ωm, σ8, and
∑
mν . The plots along the diagonal

are the one-dimensional marginalized likelihood. The off-diagonal plots are the two-dimensional marginalized constraints showing the
68% and 95% confidence regions. We show the constraints for the CMB + BAO + H0 (purple line contours and dashed lines), and
CMB + BAO + H0+SPTCL (filled contours and black, solid lines) data sets. The SPTCL data leads to a small preference for positive
neutrino masses with

∑
mν = 0.17 ± 0.13 eV; the 95% CL upper limit on the neutrino masses is reduced from

∑
mν < 0.44 eV to∑

mν < 0.38 eV.

ters in the SPT data. The observed purity of the full
sample is 71%; the purity rises to 95% for the 121 can-
didates detected at a signal-to-noise greater than 5. We
report photometric and in some cases spectroscopic red-
shifts for these galaxy clusters, finding redshifts between
0.0552 < z < 1.37 with a median redshift of z = 0.55.
We also estimate the masses based on simulations and X-
ray observations, and find the median mass of the sam-
ple is M500 = 3.3 × 1014M� h

−1
70 . This catalog expands

the total number of published, optically confirmed galaxy
clusters discovered with the SPT to 144 and triples the
total number of SZ-identified galaxy clusters.

We extend the cosmological fitting algorithm for SZ
clusters presented by V10 and B11 in two ways. First, we
implement an improved treatment of unconfirmed clus-
ter candidates. This improvement has minimal impact
given the high purity (∼95%) of the ξ >5 catalog. Sec-
ond and more importantly, we develop a framework for
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SPT LENSING RESULTS
6

FIG. 1.— Impact of apodization: (left) reconstruction of lensing deflection for one of the SPT fields (RA5H30DEC-55); (middle) mean estimated deflection for
100 simulations, indicating the mean apodization feature; (right) resulting estimate of the deflection in the SPT field after subtracting the estimated apodization
feature. All maps have the same greyscale (±0.005).

projection as was done for the real data. To these CMB fields
we then add discrete point sources and Gaussian backgrounds
consistent with those expected from the Sunyaev-Zel’dovich
effect from galaxy clusters and cosmic infrared background
fluctuations (Hall et al. 2010; Dunkley et al. 2011; Reichardt
et al. 2011; Planck Collaboration 2011), as was done in K11.
We then pass these simulated fields through simulated obser-
vations which take into account the detailed time stream fil-
tering applied to the real data, as described in K11. Noise
realizations are generated by differencing real SPT observa-
tions in two ways: data taken when the telescope is scanning
in different directions in azimuth are assigned opposite signs,
and then data from separate observations are also assigned
random signs.

We then perform lensing reconstruction on these simulated
maps, setting the CMB lensing filters to mimic the procedure
applied to the real SPT maps, including point source removal
and apodization.

4.3. Estimating lensing power spectra from lensing maps
In this subsection, we describe our method of estimating the

power spectra of the reconstructed deflection maps, including
our approach for treating noise bias.

Given a reconstructed map of the deflection field, d̂(n̂), and
associated analytic function, AL, we construct a straightfor-
ward lensing power spectrum estimate by averaging the map’s
Fourier amplitudes in azimuthal annuli. We down-weight the
noisier lensing modes by applying an inverse-variance weight
∝ (L2CφφL + AL)−2 in the azimuthal average. For CφφL , we
use the lensing power spectrum predicted for the fiducial cos-
mology. The anisotropic theoretical noise level, AL, is shown
as slices through the Fourier domain in Figure 2. Because of
the filtering of lx < 1000, as well as the anisotropic SPT noise
power, the lensing noise is highly anisotropic in the Fourier
domain.

Neglecting covariance between bandpower estimates and
assuming that the filters are properly set, the reconstruction
is expected to follow (Hu 2001b; Kesden et al. 2003)

〈d̂(L1)d̂(L2)〉 =(2π)2δ(L1 + L2)(L2
1C

φφ
L1

+N
(0)
L )

+ (higher-order terms). (17)

The sensitivity to the lensing power spectrum CφφL origi-
nates from the connected part of the CMB four-point function,
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FIG. 2.— Theoretical lensing reconstruction noise curves AL (Eq. 11) for
SPT map filtering and noise levels, showing slices along the Lx-direction
(dotted), along the 45-degree line (dashed) and in the Ly-direction (dot-
dashed). Due to the anisotropic noise statistics and filtering, the lensing data
are ∼ 4 times noisier in the Ly-direction than in the Lx-direction. The
azimuthally-averaged mean theoretical noise curve, given by the thick solid
line, is the noise bias which must be subtracted from the lensing power spec-
trum estimate. Note that the variance of the bandpowers in the lensing power
spectrum estimate will not rise as quickly with L, as the number of lensing
modes to average over is ∝ L. The fiducial lensing power spectrum L4CφφL
is given by the grey line.

or trispectrum. The leading noise bias in the reconstruction,
N

(0)
L , originates from the unconnected, or purely Gaussian,

part of the CMB four-point function. It is present even if lens-
ing reconstruction is performed on an unlensed CMB field
(Hu 2001b; Amblard et al. 2004). Its theoretical expectation
for a field without windowing is shown as the solid black line
in Figure 2.

For our analysis, we take two distinct approaches in dealing
with this bias:

• We use full SPT maps of each field to construct lensing
maps, and then estimate the lensing power spectrum of
each map. This method has the most statistical power,
but has a noise bias that must be subtracted.

• We split the SPT data into “low-l” and “high-l” bands

From van Engelen et al, arXiV:1202.0546

• SPT can now make maps of reconstructed lensing deflection

• Previous results (e.g. Keisler et al, arXiv:1105.3182) worked from effects on the
peaks in primary CMB power spectrum (lensing tends to smooth these out)

• Here, one forms the power spectrum of lensing itself
19



LENSING BANDPOWER RESULTS (VAN ENGELEN ET AL, ARXIV:1202.0546)
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FIG. 6.— A comparison of the derived lensing bandpowers from SPT and ACT (Das et al. 2011b). Although we show the lowest-L datapoint, centered at
L = 50, we do not use this point in our fits due to the possible interaction with the subtraction of the apodization feature (Section 4.1.2) on this large scale. The
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FIG. 7.— 95% confidence-level constraints on σ8 and Ωch2 from WMAP7
data alone (red dotted contour), and improvement when including the SPT
lensing data (blue solid contour).

σ8 = 0.810± .026 compared with WMAP7 alone.
Zahn et al. (2012, in preparation) suggest that, for the

SPT data considered here, the lensing information contained
in CMB power spectrum estimators and that contained in
trispectrum estimators are largely independent. Combining
the K11 temperature power spectrum data with the lensing
bandpowers, we obtain a constraint on the matter fluctuation
amplitude of σ8 = 0.814 ± 0.020, an improvement in preci-
sion of ∼ 30% compared to WMAP7 alone.

6.2.2. Alens

In Section 6.1 we performed a fit for the lensing ampli-
tude at a fixed reference cosmology. Here, we use MCMC
techniques to find constraints on the lensing amplitude when
marginalizing over ΛCDM parameters. At each point in the
WMAP7 ΛCDM chain, we define a parameter, Alens, which
corresponds to the amplitude of the lensing power spectrum
relative to its value for the given set of ΛCDM cosmological
parameters. We can then find constraints on this parame-
ter, to which we assign a flat prior, jointly with the ΛCDM
parameters. K11 used this approach to measure the lensing
amplitude at high significance. We find that the SPT lensing
data in combination with WMAP7 measure the lensing am-
plitude to be Alens = 0.90± 0.19. The equivalent measure of
the lensing impact on the temperature power spectrum from
K11 is Alens = 0.92 ± 0.23. These constraints are shown in
Figure 8. Combining the SPT lensing data with K11, neglect-
ing any possible correlation between the lensing information,
gives Alens = 0.90 ± 0.15, with the six ΛCDM parameters
marginalized.

6.2.3. Curvature

Observations of the primary CMB at z ∼ 1100 do not mea-
sure the spatial curvature of the Universe to high precision.
This is due to the angular diameter distance degeneracy. A
key physical length scale associated with the observed CMB
surface is the acoustic scale, and observations of the CMB that
include the acoustic peak region of the power spectrum can
measure the angular size corresponding to this physical scale
to high accuracy. Indeed, the parameter θs is used as one of
the standard base parameters in cosmological fitting. There is
an effective degree of freedom associated with the angular di-
ameter distance to the CMB recombination surface, which is

• The solid black line is not a fit but the prediction in a fiducial ΛCDM cosmology

• ACT points from Das et al (arXiv:1103.2124) 20



COSMOLOGICAL CONSTRAINTS FROM LENSING

• Clear that lensing power estimate is com-
ing out in region it should (first ones from
ACBAR were too high??)

• Most dramatic effect of including lensing
data comes from effect on curvature

• The ΩΛ-Ωk angular diameter distance de-
generacy in standard CMB is broken by the
fact the lensing data introduces information
at a different distance (the late times where
lensing is taking place)

• Error on 1d marginalised result on Ωk using
CMB data alone is reduced by a factor 3.9
over WMAP7 alone

• WMAP7 (no extra data) gives Ωk =

−0.0545 ± 0.0670; WMAP7 + SPT lens-
ing result gives Ωk = −0.0014± 0.0172
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Lesgourgues et al. 2006; de Putter et al. 2009), the minimum
required for at least one species by oscillation experiments
(Adamson et al. 2008).

We generate lensing power spectra from the WMAP7-
allowed ΛCDM+Σmν parameter space and again compute
SPT lensing likelihoods for each model. Although the SPT
lensing data have the statistical power to improve the con-
straint on the sum of neutrino masses by ∼ 20%, they also
show a mild preference for low values of both σ8 and Ωch

2, as
seen (in the case of ΛCDM) in Figure 7. Both of these param-
eters are degenerate with the neutrino masses. The mild pref-
erence for low values of σ8 corresponds to a mild preference
for larger values of Σmν . The net result is that the WMAP7-
based 95% confidence level upper limit of the sum of neutrino
masses actually increases slightly, from Σmν < 1.10 eV to
Σmν < 1.17 eV.

A significant fraction of the parameter space allowed by
WMAP7 corresponds to values of the Hubble parameter
which are inconsistent with recent observations. With the
measure of the Hubble parameter of (Riess et al. 2011) in-
cluded with WMAP7, adding the SPT lensing data changes
the 95% confidence level upper limit from Σmν < 0.36 eV to
Σmν < 0.38 eV.

6.2.5. Dark energy equation of state

The majority of the weight in the redshift kernel for CMB
lensing, Eq. 1, lies in the matter-dominated era. The ampli-
tude of the lensing power spectrum can thus be used to pro-
vide a measure of the distance to these redshifts, leading to
constraints on the equation of state of dark energy, w. As-
sumingw to be constant as a function of redshift, we show the
constraints in the w-σ8 plane in Figure 11. WMAP7 weakly
constrains w, to −1.120± 0.420, based on the measure of the
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Lesgourgues et al. 2006; de Putter et al. 2009), the minimum
required for at least one species by oscillation experiments
(Adamson et al. 2008).

We generate lensing power spectra from the WMAP7-
allowed ΛCDM+Σmν parameter space and again compute
SPT lensing likelihoods for each model. Although the SPT
lensing data have the statistical power to improve the con-
straint on the sum of neutrino masses by ∼ 20%, they also
show a mild preference for low values of both σ8 and Ωch

2, as
seen (in the case of ΛCDM) in Figure 7. Both of these param-
eters are degenerate with the neutrino masses. The mild pref-
erence for low values of σ8 corresponds to a mild preference
for larger values of Σmν . The net result is that the WMAP7-
based 95% confidence level upper limit of the sum of neutrino
masses actually increases slightly, from Σmν < 1.10 eV to
Σmν < 1.17 eV.

A significant fraction of the parameter space allowed by
WMAP7 corresponds to values of the Hubble parameter
which are inconsistent with recent observations. With the
measure of the Hubble parameter of (Riess et al. 2011) in-
cluded with WMAP7, adding the SPT lensing data changes
the 95% confidence level upper limit from Σmν < 0.36 eV to
Σmν < 0.38 eV.

6.2.5. Dark energy equation of state

The majority of the weight in the redshift kernel for CMB
lensing, Eq. 1, lies in the matter-dominated era. The ampli-
tude of the lensing power spectrum can thus be used to pro-
vide a measure of the distance to these redshifts, leading to
constraints on the equation of state of dark energy, w. As-
sumingw to be constant as a function of redshift, we show the
constraints in the w-σ8 plane in Figure 11. WMAP7 weakly
constrains w, to −1.120± 0.420, based on the measure of the

21



TENSION BUILDING UP AS REGARDS H0?

• Last year, Riess et al.
(arXiv:1103.2976) gave an improved
determination of the Hubble constant
using the HST (Key project value
of 72 ± 8 km s−1 Mpc−1 was in
Freedman et al 2001.)

• This uses the Wide Field Camera 3 to
improve the local distance ladder mea-
surements of Cepheids and their cross-
calibration with SNe IA

• Riess et al value is 73.8 ±
2.4 km s−1 Mpc−1

• BOSS values for different types of cos-
mological model are shown right

26 L. Anderson et al.
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Figure 30. Measured values for H0 using the CMB+LRG+CMASS+SN
dataset under various cosmological models. This figure shows that we get
consistent results for H0, which is slightly smaller than the direct measure-
ment by Riess et al. (2011).

10 DISCUSSION

We have presented the first constraints on cosmology and the dis-
tance scale from the Data Release 9 CMASS galaxy sample of the
Baryon Oscillation Spectroscopic Survey. Our results are based on
accurate 3D positions of 264 283 massive galaxies covering 3275
sq. deg. with an effective redshift z = 0.57. This is the largest
sample of the Universe ever surveyed at this high density and the
derived BAO constraints are the most accurate determination of the
distance scale within the crucial redshift range where the expansion
of the Universe begins to accelerate.

The large survey volume and high sampling density of the
CMASS galaxies allow the detection of the acoustic oscillations
predicted by theories of the early Universe at very high significance
(> 5σ). The acoustic signature is seen both as a clear peak in the
correlation function and a series of “wiggles” in the power spec-
trum. The measures are highly consistent, and we use both statistics
in our final results. We determine the statistical significance of our
measurements using a large number of mock catalogs based on sec-
ond order Lagrangian perturbation theory (Manera et al. 2012), and
test the covariance matrices so derived with two analytic methods.
Our analysis of the mock catalogs shows that our measurements
and their errors are not at all unusual, and would be expected given
our sampling if the underlying cosmology were of the ΛCDM fam-
ily. Applying reconstruction (Eisenstein et al. 2007a) to the data
does not significantly improve our measurement of the acoustic sig-
nature, which is to be expected based on comparison to mock cata-
logs since the pre-reconstruction error in the CMASS DR9 data is
smaller than for a “typical” realisation.

We obtain a distance measurement from the power spectrum
and correlation function by fitting the acoustic feature to an ap-
propriately scaled template, while marginalising over variations in
the broad-band shape. Our results are very robust to the procedure
employed to marginalize over broad-band power, and indeed the
configuration- and Fourier-space fits provide consistent constraints
even though the template form and procedure are quite different.
The scale parameter, α, relates DV /rs to the value in a fiducial
cosmology. Since we use angle-averaged statistics in this work,

the relevant distance measure is DV =
[
cz(1 + z)2D2

A/H
]1/3,

and it is measured relative to the sound horizon, rs. Since the cor-
relation function and power spectrum include noise from small-
scales and shot-noise differently, we average the two determina-
tions to obtain our consensus result on the distance to z = 0.57,
DV /rs = 13.67 ± 0.22, where we use the scatter in the mock
catalogs as an estimate of the error (1.7 per cent) on this average.

Reid et al. (2012) and Sanchez et al. (2012) use the correla-
tion function over a wide range of scales to constrain cosmological
parameters. We find excellent agreement between their results and
the pure-BAO measurement described here, despite slightly differ-
ent choices of binning, fit range, etc. This demonstrates that the dis-
tance information is dominated by the sharp acoustic feature rather
than the broad-band power (which we have explicitly marginalised
over in our analysis).

The BOSS result can be combined with other BAO measure-
ments to form an “inverse distance ladder” which tightly constrains
the expansion rate from z ' 0.1 to z ∼ 0.6. The acoustic signature
measured in BOSS is in excellent agreement with earlier SDSS re-
sults (Percival et al. 2010; Padmanabhan et al. 2012a), and the dis-
tance to z ' 0.6 is in almost perfect agreement with that inferred
by WiggleZ (Blake et al. 2011a). In general the independent BAO
results are all consistent with the same underlying (flat, ΛCDM)
cosmology. Even with only a fraction of the survey completed, the
BOSS constraint is already the tightest distance constraint in the
ladder (1.7 per cent), with an errorbar 2.3 times smaller at z ' 0.6
than the combined, earlier WiggleZ measurements (Blake et al.
2011a). The BAO distance ladder suggests a slightly larger dis-
tance scale than the best-fit to the 7-year WMAP data, lying closer
to the 1σ upper limit in WMAP toward higher Ωmh

2. With this
slightly higher value of Ωmh

2, the BAO measurements are in su-
perb agreement with each other and the CMB within the context
of a flat ΛCDM cosmology. While SNe do not provide an absolute
distance, the relative distance scale inferred from SNLS SNe data
is in good agreement with that inferred from BAO.

BOSS continues to amass data, and we expect these con-
straints to tighten significantly, as data will be collected through
mid-2014.
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TENSION BUILDING UP AS REGARDS H0?

• They suggest the best way to bring the
two into agreement is with a greater
number of neutrino species (Nν =

4.26± 0.56)

A 2% Distance to z=0.35: Cosmological Measurements 11

Table 3. Measuring the number of relativistic species, NREL, in the ΛCDM, wCDM, and oCDM cosmological models.

Dataset 1 NREL
2 Ωmh2 Ωm H0 σ8 ΩK w

km/s/Mpc

CMB+BAO+H0+SN 4.08(55) 0.1524(104) 0.275(13) 74.5(21) 0.86(3) ... ...
CMB+BAO+H0+SN 4.00(58) 0.1524(101) 0.273(13) 74.7(21) 0.87(4) ... -1.03(8)
CMB+BAO+H0+SN 4.22(60) 0.1516(107) 0.274(13) 74.4(22) 0.85(4) -0.004(5) ...
CMB+BAO+SN ... 0.1349(33) 0.274(14) 70.2(12) 0.81(2) ... ...
CMB+BAO+SN ... 0.1368(43) 0.271(14) 71.1(18) 0.84(4) ... -1.05(8)
CMB+BAO+SN ... 0.1323(50) 0.274(13) 69.6(16) 0.80(3) -0.004(5) ...

1 CMB = WMAP7, BAO = reconstructed SDSS DR7 LRG, SN = SNLS 3 year compilation, H0 = Riess et al. (2011) measurement of
H0. 2 We use a prior of NREL > 3.0.
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Figure 14. 60% and 95% contours for NREL vs H0 (top panel)
and NREL vs σ8 (bottom panel) using CMB+BAO+H0+SN
dataset under ΛCDM + NREL cosmological model.

prior in our chains causing the mean value to be biased
high and the variance to be biased low. However, a 2σ shift
when adding an extra parameter in our model is not com-
pelling, but we note that recent cosmology results from the
South Pole Telescope (Keisler et al. 2011) and the Atacama
Cosmology Telescope (Dunkley et al. 2011) have found an

excess of small-scale temperature anisotropy in the CMB,
which could be explained by an extra density of relativistic
particles beyond the usual neutrino background.

This increase in the relativistic particle density also
causes the model to predict a higher value of σ8 as shown
in the lower panel of Figure 14 and in Table 3. The best-
fit value shifts from σ8 = 0.81 ± 0.02 for NREL = 3 to
σ8 = 0.86± 0.03 for NREL ≈ 4. For comparison, Allen et al.
(2011) (Table 2) gives a comparison of σ8 measurements
from galaxy cluster studies. X-ray (Henry et al. 2009) and
optical (Rozo et al. 2010) studies of cluster abundances mea-
sure σ8 = 0.88±0.04 and 0.80±0.07, respectively. Thus, our
σ8 measurements for NREL ≈ 4 are consistent with galaxy
cluster measurements.

4 CONCLUSIONS

In this series of papers, we have used the reconstructed SDSS
DR7 LRG dataset to measure the BAO acoustic scale at the
median redshift of z = 0.35. The reconstruction technique
that provided this measurement has been discussed to great
detail in Paper I, and the measurement itself has been ex-
tensively studied and tested in PaperII. In this paper, we use
this BAO measurement of DV (z = 0.35)/rs = 8.88 ± 0.17,
which is a 1.9% measurement of the distance to z = 0.35.
To measure various cosmological parameters in a variety of
cosmological models, we use our BAO data in combination
with the CMB data from WMAP7 (Komatsu et al. 2011)
and the type Ia supernovae data from SNLS3 (Conley et al.
2011) to extend the CMB+BAO inverse distance ladder to
z = 0. With this CMB+BAO+SN dataset, we explore higher
dimensional cosmological models and robustly measure the
Hubble constant and the matter density of the Universe. We
also use the BAO data from the 6dFGS and WiggleZ sur-
veys in combination with our BAO data and the CMB data
to measure cosmological parameters. In particular:

• We find that our BAO dataset is consistent with ΛCDM
as shown in Figure 2. We improve on the WMAP7 measure-
ments in ΛCDM and obtain a 1.7% measurement of the
Hubble constant: H0 = 69.8 ± 1.2 km/s/Mpc.

• As shown in Figure 3, the distance measured from
our BAO result is in good agreement with past work.
It is therefore unsurprising that the cosmological param-
eters resulting from our chains are similar to those in
recent works combining BAO with other data sets, e.g.,

© 0000 RAS, MNRAS 000, 000–000
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THE PRIMORDIAL POWER SPECTRUM

• Inflation produces a primordial power spectrum expressed in terms of the local
3-space curvature: PR(k) (R here is the same as the ζ often used for curvature
perturbations), which is constant after horizon exit (hence so convenient)

• This is then reprocessed after horizon entry and during recombination to give the
C(`)s and baryon features we measure toady

• Can we work back from the latter to get primordial spectrum?

• Have developed some new methods in Cambridge
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PRIMORDIAL POWER SPECTRUM RECONSTRUCTION

• The structure of the primordial spectrum PR(k) is determined using an optimal
model-free reconstruction

• The reconstruction process is essentially the same as binning, however here we
allow the data to decide the level of complexity of the model – the number of nodes
and their optimum position – via the Bayesian evidence

We parameterise PR(k) with a specific number of bins, logarithmically spaced in k,
and varying only each amplitude As,ki.

The form of the power spectrum is de-
scribed by

PR(k) =


As,kmin

k ≤ kmin
As,ki k ∈ {ki}
As,kmax k ≥ kmax

and with linear interpolation for

kmin ≤ ki < k < ki+1 ≤ kmax.
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(c) B3,1 = +2.75 ± 0.30
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(d) B4,1 = +0.67 ± 0.30
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Figure 1. Left: Reconstruction of the primordial spectrum modelled as piecewise linear between
nodes with fixed wavenumber ki, along with mean amplitude values and their corresponding 1σ error
bars. On large scales the power spectrum is constrained by WMAP data, whereas at small scales
ACT/LRG data yield tight constraints up to k = 0.3 Mpc−1. Right: 1D marginalised posterior
distribution of the amplitudes Ai at each bin in each reconstruction. The top label in each panel
denotes the associated Bayes factor respect to the base model (HZ) (a).

ing to the Akaike information criterion, the preferred model is given by a two-node spectrum.

To extract the global structure of the spectrum we have carried out a reconstruction
process by placing nodes at particular positions in the k-space. However, to localise features
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Figure 1. Left: Reconstruction of the primordial spectrum modelled as piecewise linear between
nodes with fixed wavenumber ki, along with mean amplitude values and their corresponding 1σ error
bars. On large scales the power spectrum is constrained by WMAP data, whereas at small scales
ACT/LRG data yield tight constraints up to k = 0.3 Mpc−1. Right: 1D marginalised posterior
distribution of the amplitudes Ai at each bin in each reconstruction. The top label in each panel
denotes the associated Bayes factor respect to the base model (HZ) (a).

ing to the Akaike information criterion, the preferred model is given by a two-node spectrum.

To extract the global structure of the spectrum we have carried out a reconstruction
process by placing nodes at particular positions in the k-space. However, to localise features
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PRIMORDIAL POWER SPECTRUM RECONSTRUCTION

• This work carried out in Vazquez, Bridges, Hobson & Lasenby, JCAP, 06 (2012),
006 (arXiv:1203.1252)

• Uses WMAP7, ACT, Supernovae (SCP), LRG power spectrum from SDSS DR7
and Riess et al. (2009) HST H0 prior

• Bayesian evidence calculated accurately using MULTINEST algorithm (Feroz,
Hobson & Bridges, arXiv:0809.3437)

• Evidence is essentially the average of the likelihood w.r.t. the prior, and
automatically incorporates Occam’s razor into Bayesian reasoning

• Can interpret directly as probability of a given model j relative to a base model i
(normally take ln of this ratio, and call this Bj,i)

• Jefferies said:
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RESULTS FOR HORIZONTALLY FIXED NODES

Bayesian Analysis Dark Energy w(z) Primordial Spectrum PR(k) ConclusionsReconstruction Power-law and running spectra Lasenby & Doran model
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(d) B4,1 = +0.67± 0.30
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JA Vázquez P(k) and w(z)

So here, simple slope (corresponding to an ns ≈ 0.95) has highest evidence.
(Harrison-Zeldovich model strongly rejected.)
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ALLOWING FREEDOM TO LOCALISE FEATURES VIA NODE-PLACEMENT

• To localise features in k-space, we may consider moving either back or forth the
internal k-nodes until we find their optimal position

• Place internal additional ‘nodes’ with the freedom to move around in both position
ki and amplitude As,ki

The spectrum is then described by

PR(k) =


As,kmin

k ≤ kmin
As,ki kmin < ki < ki+1 < kmax

As,kmax k ≥ kmax

(1)

and with linear interpolation for kmin ≤ ki ≤ kmax.
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(d) B4,1 = +0.67 ± 0.30
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Figure 1. Left: Reconstruction of the primordial spectrum modelled as piecewise linear between
nodes with fixed wavenumber ki, along with mean amplitude values and their corresponding 1σ error
bars. On large scales the power spectrum is constrained by WMAP data, whereas at small scales
ACT/LRG data yield tight constraints up to k = 0.3 Mpc−1. Right: 1D marginalised posterior
distribution of the amplitudes Ai at each bin in each reconstruction. The top label in each panel
denotes the associated Bayes factor respect to the base model (HZ) (a).

ing to the Akaike information criterion, the preferred model is given by a two-node spectrum.

To extract the global structure of the spectrum we have carried out a reconstruction
process by placing nodes at particular positions in the k-space. However, to localise features

– 6 –
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RESULTS FOR FREE PLACEMENT OF INTERNAL NODES

• Here, one internal node (and
two fixed external nodes) is op-
timal

• Evidence ratio says this
this model has a probability
exp(4.26) = 71 times more
likely than Harrison-Zeldovich,
and exp(4.26 − 2.93) = 3.8

times more likely than two-
node parametrisation (so
significant on Jefferies scale)

Bayesian Analysis Dark Energy w(z) Primordial Spectrum PR(k) ConclusionsReconstruction Power-law and running spectra Lasenby & Doran model
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(k2) Bk2,1 = +3.73± 0.30
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(k3) Bk3,1 = +3.49± 0.30
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RESULTS FOR POWER-LAW AND RUNNING SPECTRA

... for comparison

The standard approach assumes a
power-law parameterisation in terms of a
spectral amplitude As and a spectral in-
dex or tilt parameter ns:

PR(k) = As

(
k

k0

)ns−1

,

Consider possible deviations from power-
law by allowing the spectral index to vary
as a function of scale ns(k):

PR(k) = As

(
k

k0

)ns−1+1
2 ln

(
k
k0

)
nrun

,
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LASENBY & DORAN CLOSED UNIVERSE MODEL

• The LD model is based on the restriction of the total conformal time available in the
entire history of a closed Universe. PR(k) depends upon {b0, b4}

• Naturally incorporates an exponential cut-off on large scales→ possible
explanation for the lower-than-expected CMB spectrum at low multipoles.

• On small scales, P1/2
R (k) and ln k is linear,→ predicting a reduced power at large

k as compared to a simple tilted spectrum (lnP1/2
R (k) vs ln k is linear).

BLD,1 = +4.94± 0.30
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For further details see A. Lasenby, C. Doran Phys.Rev.D., 71, 063502 (2005) and Vazquez, Lasenby,
Bridges & Hobson (2011) (arXiv:1103.4619) 31



CONCLUSIONS ON PR(k)

We fit an optimal degree of structure for the primordial spectrum using Bayesian model
selection as our discriminating criterion.

Model Npar χ2
min Bayes factor

HZ 8 0.0 +0.0± 0.3

ns 9 -8.6 +3.3± 0.3

LD 10 -9.4 +4.9± 0.3

k1 11 -9.1 +4.3± 0.3  16

 18
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 30
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• The presence of a turn-over at large scales and the reduced power at small scales
are important in the selection of the best-fit model through its Bayesian evidence

• Note turnover on large scales happens not just in the L+D closed universe model,
but anywhere we have initial kinetic dominance (e.g. several works by Sanchez, de
Vega and Destri)

• We believe we have shown here that the data argues for this in a model
independent way
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APPLICATION OF THE SAME TECHNIQUES TO DARK ENERGY w(z)
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CONCLUSIONS FOR w(z) RECONSTRUCTION

• Work reported here is in Vazquez, Bridges, Hobson & Lasenby (arXiv:1205.0847)

• Preferred model in terms of evidence is plain Λ, i.e. w = −1 = const.

• All solutions seem to exhibit a preferred temporal evolution, however (at lower
evidence)

• Besides Λ, the preferred w(z) has w <∼ −1 at the present time and a small bump
located at z ∼ 0.6− 1.0

• Data is quite well constrained near z ∼ 0.3 but poorly constrained from z >∼ 1

• Some well-known parameterizations are disfavoured (CPL =
Chevallier-Polarski-Linder parameterisation w(z) = w0 + waz/(1 + z); JBP =
Jassal-Bagla-Padmanabhan parameterisation w(z) = w0 + waz/(1 + z)2)

Model Npar Bi,Λ
Λ - 0.0± 0.3

CPL +2 −2.8± 0.3

JBP +2 −2.8± 0.3

(d) +4 −1.6± 0.3

z2 +6 −0.8± 0.3

’../wz2.dat.binned’ matrix

0 0.5 1.0 1.5 2.0
z

-2

-1.5

-1

-0.5

w
(z
) 

-4021.6

-4021.59

-4021.58

-4021.57

-4021.56

-4021.55

-4021.54

-4021.53

-4021.52
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PROGRESS WITH THE SUNYAEV-ZELDOVICH EFFECT

• There’s been a great deal of progress
made on the SZ effect over the past
year, both external to Planck, and in pa-
pers from Planck

• E.g. in first category, SPT catalogue al-
ready discussed, and also new aspects
of the SZ effect itself

• Will discuss one of those here, then
move on to Planck. So much material
overall that will basically only be able to
give a few highlights! (See also talk by
Carlo Burigana)

(From astro.uchicago.edu.)
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FIRST DETECTION OF THE KINETIC SZ EFFECT

• The Kinetic SZ effect is proportional to vpecτ , where τ is the optical depth through
the cluster,

∫
neσTdl

• Meanwhile the thermal effect is proportional to the line integral of pressure through
the cluster

∫
neσT (kBTe/mec2)dl

• So if we estimate the temperature from the virial theorem, i.e. kBTe ∼ mpGM/R,
we find that the ratio of Kinetic to Thermal SZ effect is

kSZ

tSZ
≈ mec2

mp

(vpec/c)

GM/R

• So assuming vpec is set by Lambda CDM, and typically 200 km s−1, we can see
that the ratio is going to be smaller for clusters which have a large potential well,
i.e. for more massive clusters, and biggest for small potential wells (e.g. groups of
galaxies)

• So (putting numbers on this), for a cluster mass ∼ 8× 1014M�,
kSZ/tSZ ∼ vpec/3500 km s−1 ≈ 6%, while for a ‘cluster’ mass 1013M�, expect
effects about comparable
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FIRST DETECTION OF THE KINETIC SZ EFFECT

• So up to now, with observations concentrating on largest clusters, effect has never
been seen

• Recently ACT (in Hand et al, arXiv:1203.4219) have made first detection of the
effect statistically, by looking at pairwise momentum statistic at positions of a
sample of galaxies in BOSS Data Release 9

• Statistic (if had 3d information) is

ppair(r) = 〈(pi − pj) · r̂ij〉

• This should show an effect, since on average, under gravitational instability
motions, clusters should show a mean motion towards each other
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FIRST DETECTION OF THE KINETIC SZ EFFECT

• ‘Momentum’ is measured by the kSZ
and the thermal SZ automatically can-
cels out!

• So can just use the ‘bare’ ACT
148 GHz data at the cluster positions,
without needing to separate out the two
contributions

• So effect appears to be seen, at approx
3.8σ, and is in line with expectations for
Lambda CDM universes:
∼ 2.2µK for masses about 1014M�
and ∼ 0.9µK for masses about
1013M�, if vpec ∼ 200 km s−1

4

FIG. 1: The upper panel shows the mean pairwise momentum
estimator, Eq. (4), for the 7500 most luminous BOSS DR9
galaxies within the ACT sky region (red points), with boot-
strap errors. The solid line is derived from numerical kSZ sim-
ulations [34] using a halo mass cutoff of M200 = 2.5×1013M�.
The measured signal is 3.8σ away from zero including bin cor-
relations. The lower panel displays the same sum but with
randomized map positions, and is consistent with null signal,
0.4σ away from zero.

The measured points largely fall below zero and are
consistent with the simulated signal; they differ from a
null signal by 3.8σ including correlations. The measured
points approach zero signal as the comoving pair sepa-
ration increases, which demonstrates that the signal de-
pends on spatial separation, not redshift separation.

Null tests are simple, as the statistic is essentially a
sum of pixel temperatures, half with positive and half
with negative signs, with weights corresponding to rel-
ative galaxy positions. Figure 1 also displays the null
test corresponding to using the same weights but random
pair positions compared to the signal plot (∆χ2 = 11.6
for 15 degrees of freedom). Success of this null test veri-
fies that the function T (z) correctly models any redshift-
dependent contributions to the microwave signal. Chang-
ing the sign in the second term of Eq. (4) from negative to
positive also gives a null signal (∆χ2 = 9.9 for 15 degrees
of freedom).

Discussion and Prospects. The signal in Fig. 1 repre-
sents the first measurement of the cosmic velocity field
made directly with respect to the rest frame of the uni-
verse. It is consistent with simulations based on the stan-
dard cosmological model. This signal is also the first
detection of the kinematic Sunyaev-Zel’dovich effect. A

recent attempt by Kashlinsky et al. to measure the large-
scale bulk flow via the galaxy cluster kSZ signal uses
galaxy clusters from X-ray surveys and searches for an
overall dipole dependence of the microwave temperature
in the WMAP data at these locations [36, 37]. How-
ever, Keisler [38] found the first reported detection was
not statistically significant. Osborne et al. [39] reana-
lyzed the most recent results including both a monopole
and dipole term, obtaining limits on a bulk flow a factor
of three below the reported detection of Ref. [37]. Mody
and Hajian [40] also fail to reproduce the bulk flow result
using Planck and ROSAT galaxy clusters.

The detection of a non-zero mean pairwise momen-
tum from a kSZ signal presented here can also be inter-
preted as a measure of baryons on cluster length scales;
a deficit of observed baryons has long been a cosmologi-
cal puzzle [41]. Our signal is roughly consistent with the
standard baryon fraction based on primordial nucleosyn-
thesis, given independent halo mass estimates based on
clustering of our luminous galaxy sample. This issue will
be addressed in a future paper.

Future improved measurements of the mean pairwise
velocity have the potential to put strong constraints on
dark energy and modified gravity [42–44]. The measure-
ment we have presented here is the first step on a new
path to constraining structure growth in the universe.

This work was supported by the U.S. National Science
Foundation through awards AST-0408698 for the ACT
project, and PHY-0355328, AST-0707731 and PIRE-
0507768 (award number OISE-0530095). The PIRE pro-
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Africa, Spain and the US that enabled this research pro-
gram. NH was partly supported by the Berkeley Fel-
lowship for Graduate Study. AK was partly supported
by NSF grant AST-0807790. Funding was also provided
by Princeton University and the University of Pennsyl-
vania. ACT mapmaking computation was performed on
the GPC supercomputer at the SciNet HPC Consortium;
SciNet is funded by the Canada Foundation for Innova-
tion under the auspices of Compute Canada, the Gov-
ernment of Ontario, Ontario Research Fund – Research
Excellence, and the University of Toronto. ACT operates
in the Chajnantor Science Preserve in northern Chile un-
der the auspices of the Commission Nacional de Investi-
gación Cientifica y Tecnológica (CONICYT). This work
made use of the NASA Astrophysical Data System for
bibliographic information.
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pating Institutions of the SDSS-III Collaboration includ-
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From Hand et al, arXiv:1203.4219. Bottom panel

shows same constructed with randomized positions
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The scientific results presented today are a product of the
Planck Collaboration, including individuals from more than
50 scientific institutes in Europe, the USA and Canada

Planck is a project 
of the European 
Space Agency --
ESA -- with 
instruments 
provided by two 
scientific 
Consortia funded 
by ESA member 
states (in 
particular the lead 
countries: France 
and Italy) with 
contributions from 
NASA (USA), and 
telescope 
reflectors 
provided in a 
collaboration 
between ESA and 
a scientific 
Consortium led 
and funded by 
Denmark.
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AMI AND PLANCK OBSERVATIONS OF CLUSTERS

• AMI (The Arcminute MicroKelvin Im-
ager) is a telescope for observing the
Sunyaev-Zeldovich effect in clusters of
galaxies

• Consists of two arrays (the Large and
Small arrays) sited at Lord’s Bridge near
Cambridge, working at 15 GHz

• Planck SZ constraints exhibit a degen-
eracy between derived SZ Compton-Y
parameter and cluster size

• AMI’s higher resolution can provide
more accurate cluster positions & size
estimates, and thus break this degen-
eracy

• Also being used for verification of new
candidate detections from Planck

ARCMINUTE MICROKELVIN IMAGER – AMI

• Telescope designed for SZ
... but other science areas
• Sited at Lords Bridge
• ν = 15 GHz; ∆ν = 6 GHz

• Two interferometric arrays

• AMI Small Array
— Ten 3.7m dishes
— 5 – 18 m baselines

• AMI Large Array
— Upgraded Ryle Telescope
— Eight 12.8m dishes
⇒ Ten times SA area
— 18 – 110 m baselines

10

THE AMI SMALL ARRAY

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
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• We have recently submitted a joint
study of 11 clusters observed by both
AMI and Planck (arXiv:1204.1318)

• Sample includes two cool-core clusters,
two newly-discovered Planck clusters,
and has a fairly large spread in redshift
(0.11 < z < 0.55)

• Good agreement on many individual
clusters but on average, AMI finds clus-
ters to be fainter and smaller than
Planck. Currently investigating whether
changing assumed form of radial pres-
sure profile is key to understanding this

• (AMI also doing many other SZ obser-
vations, and also galactic object sci-
ence, particular for spinning dust where
AMI’s frequency and resolution fills a
unique niche.)

Observations 

• For three clusters (A1413, A1914 and PLCKESZ G139.59+24.18), 
Planck and AMI constraints are clearly discrepant. 

• Significant overlap in posterior distributions for remaining eight 
clusters.

• Taken as an ensemble, AMI finds 
SZ signal to be, on average, 
smaller in extent and fainter 
than Planck finds.

• Where results are consistent 
overlap region provides tighter 
combined constraint.

YPlanck 500

500AMI Y

(adopting X-ray determined cluster size)Comparison of Planck and AMI SZ amplitudes

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

Fig. 4. y-map of PLCKESZ G139.59+24.19 as observed by
Planck (colour image) and AMI (contours) at a common reso-
lution of 13 arcmin. The contours are from two to nine in S/N
ratio.

masses range from about 4 to 15× 1014M⊙. Three new clusters
in the ESZ sample have masses of 10×1014M⊙ or above, includ-
ing the most massive cluster detected byPlanckwith a mass of
about 15×1014M⊙. The confirmation of thePlancknew clusters
by XMM-Newton provides us with positions and, most of all, a
better estimate of the cluster size that will be important for the
re-extraction ofY values (see Section6.2).

One additional candidate cluster, PLCKESZ G139.59+24.19
detected at S/N = 7.2, was confirmed by a pilot project for
confirmation with the AMI interferometer (see Fig.4 showing
the Planck y map with the AMI contours, obtained after the
subtraction of bright sources with the large array observations,
overlaid). ThePlanck cluster was detected at 9σ by AMI in
a long-time exposure of approximately 30 hours. Preliminary
results from AMI give an integrated Compton parameter of
Y5R500 = (17.0± 1.7)× 10−4 arcmin2, extracted fixing the clus-
ter size to the estimated size fromPlanck. The Planck value,
Y5R500 = (32± 13)× 10−4, is obtained from the blind detection
of the cluster. The error bar takes into account the uncertainty
in the cluster size estimate by the MMF3 algorithm. A detailed
comparison is planned. This same cluster was also confirmed at
a S/N level of five by WISE.

5.2.2. ESZ candidate new clusters

A closer inspection of the ESZ candidate new clusters was per-
formed in order to ensure the reliability of the retained candidate
new clusters. The same close inspection was also performed,a
posteriori, in order to confirm the rejection of the 11 candidates
excluded in the final steps of the ESZ construction because they
were observed solely by MMF3 (Sect.4.1). This closer inspec-
tion of the candidates was based on both internal (usingPlanck
alone) and external data.

For the in-depth inspection of thePlanck data, we used
cleaned channel maps, reconstructedy-maps and SZ spectra.
All these products are quite sensitive to the procedure usedfor
cleaning the channel maps, i.e., to the component separation

method. We therefore simultaneously employed different clean-
ing approaches developed by thePlanck collaboration, briefly
described below, in order to ensure convergence and redundancy
in the derived conclusions. One of the methods is based on the
construction of SZy-maps centred on the ESZ candidate posi-
tions using the Modified Internal Linear Combination Algorithm
(MILCA, Hurier et al.(2010)) applied independently on each
SZ-centred patch. The contribution from other sources of sky
emission such as thermal dust and radio and infrared sourcesis
thus more accurately reduced. Other approaches based on local
component separation and aperture photometry were also devel-
oped in order to check they-maps and SZ spectra of the candi-
dates. Patches centred on the SZ candidates are produced from
thePlanckchannel maps and the IRIS map (Miville-Deschênes
& Lagache 2005). Local component separation is performed by
decorrelating from the low-frequency channels an extrapolation
of the dust emission computed with the 857 GHz and IRIS maps.
The “dust-free” 217 GHz map is then removed from all channels
and visual inspection can then be performed on these cleaned
patches. From this set of maps we then obtain SZ reconstructed
y-maps and an SZ spectrum by applying aperture photometry to
each patch. The internal inspection of thePlanckdata (y-maps,
frequency maps and spectra) therefore provides us with a setof
quality flags that were used for the selection of targets for the
follow-up programmes and that are used for a qualitative assess-
ment of the reliability of the candidates.

Converging negative quality assessments result in the rejec-
tion of the SZ candidates. However in most cases, it is usefulto
combine and complement thePlanck-internal quality flags with
external information. In practice this consists in searching for as-
sociations with FSC (Faint Source Catalogue) and BSC (Bright
Source Catalogue) RASS sources, searching in, and visualising,
the RASS maps at the candidate cluster positions, and finally
performing visual checks of the DSS (Digital Sky Survey) im-
ages in the candidate field (within a five arcminute radius from
the Planckposition). Based the lessons learnt from the XMM-
Newton confirmation programme, the association of candidates
with FSC or BSC-RASS sources (in the five arcminute radius
field) was considered as an indication of the reliability of the
candidate. The presence of an excess in the count-rate RASS im-
ages in the candidate field was also used as a reliability flag.The
DSS images were used simply as an “empirical” assessment of
the presence of an overdense region. It is worth noting that the
external information provided in particular by the RASS data
never supersede thePlanck-internal quality flags. As a matter of
fact, two of the confirmed new clusters had neither FSC nor BSC
associations. Conversely, associations with FSC and BSC-RASS
sources were found for SZ candidates that turned out to be false
detections (Planck Collaboration 2011b).

Using the internal quality flags and the additional external
checks, out of the nine candidate new clusters retained by the
ESZ construction, seven were judged reliable. Two candidate
new clusters had rather poor quality flags and no external associ-
ations. One of them was found to be associated with dust cloud
emission. Note that this source was not flagged by the cross-
match with the CC and Galactic sources, nor identified with a
rising spectral distribution at high frequencies during the inter-
nal validation and ESZ construction. This candidate was rejected
from the final ESZ sample, reducing the total number of clusters
and candidate clusters from 190 to 189. The second cluster can-
didate with low reliability (PLCKESZ G189.84-37.24),was kept
in the ESZ list as it was not associated clearly with any non-SZ

10

AMI observations of the new Planck cluster

PLCKESZ G139.59+24.19. Contours = AMI,

Colour = Planck 41



Results:
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DIRECT RESULTS ON PRESSURE PROFILES FROM PLANCK

• The pressure profile used in Planck analysis (matched in AMI analysis) so far has
been the Universal Pressure Profile of Arnaud et al, (A&A, 517, A92,(2010)) a
GNFW profile derived from X-ray observations and numerical simulations

P (r) = P500

(
M500

3× 1014M�

)αP P0

(c500x)γ (1 + (c500x)α)
β−γ
α

• A particular set of the concentration and shape parameters c500, α, β, γ etc., was
derived by Arnaud et al.

44



• The evidence now from Planck and X-
ray observations of 62 nearby clusters
is that this profile underpredicts SZ ef-
fect in outer regions (main effect from β

being too large)

• This would also potentially tie in with
AMI results — Planck more sensitive to
extended emission than AMI, so if UPP
(used in the common analysis) is not
the right profile, AMI would be thought
to be giving on average too small results

• Work now proceeding on a larger sam-
ple of common clusters

• Many other wonderful Planck
results on clusters, see e.g.
http://www.iasfbo.inaf.it/events/planck-
2012/talks/pip for several publically
available talks

Planck Collaboration: Pressure profiles of galaxy clustersfrom the Sunyaev-Zeldovich effect

  
 

10-3

10-2

10-1

100

y/
(Y

50
0/

R
50

02 )

0.1 1.0
R/R500

-4
-2
0
2
4

C
hi

  
 

 

 

 

 

 

Planck
Expected from P A10

 

 

 

 

 

 

 

 

  

  

 

 

 

 

0 2 4 6 8 10
R/R500

0

2

4

6

8

10

R
/R

50
0

 

 

 

 

 

 

 

 

  
 

  

 

 

 

 

 

1.0

0.8

0.6

0.4

0.2

0.0

 

Fig. 3: Left: individual profiles (grey lines) and scaled stacked profile (red points) for our sample of 62 clusters. The light-red shaded area marks
the dispersion about the average stacked profile, with its upper and lower limits highlighted by the two dashed red lines.The points within each
individual profile are correlated at about the 20% level (seeSect.4.3.1). The solid black line (labeled in the legend as “Expected from PA10”) is
the average stacked profile obtained from the expected SZ individual profiles drawn from the universal pressure profile ofA10, parameterised
accordingR500 andY500 derived from theXMM-Newton data analysis presented inPlanck Collaboration XI(2011). The two dotted black lines
indicate the associated dispersion about this model profile. The bottom panel shows the value ofχ at each point with respect to the expectations
from the universal profile taking into account the measured errors. Right: matrix of the correlation coefficient for the observed radial stacked
profiles. Both panels are illustrated here for the MILCA results.

AppendixB presents a detailed investigation of the conver-
gence between stacked profiles derived from each of the three
different methods of SZ signal reconstruction. We find that all
three methods agree remarkably well over the entire radial range,
both for simulated and observed SZ profiles. The three SZ re-
construction methods lead to profiles fully compatible witheach
other. Across the range of radii over which the profiles have been
computed (i.e., [0–10]×R500), accounting for the correlated er-
rors of each profile, the reducedχ2 of NILC and GMCA with
respect to MILCA are 0.48 and 0.62, respectively3.

The left panel of Fig.3 shows the stacked MILCA profile
for the 62 clusters in the ESZ–XMM sample compared to the
individual profiles (see Sect.4.2). The SZ signal is statistically
detected over more than two decades in intensity, and out to a
remarkably large radius of∼3R500, reaching far into the clus-
ter outskirts. Assuming that the virial theorem can be applied
(which at such large radius might be breaking down), the outer
radius of our statistical detection corresponds to a density con-
trast ofδ∼50. More conservatively, we can assume that we are
statistically probing the average SZ and pressure distribution
down to regions of density contrast ofδ∼ 50–100. The disper-
sion about the mean profile dominates the statistical uncertain-
ties. It is minimal (by construction) at∼20% aroundR500, but in-
creases towards the centre and the outskirts to∼50% and∼65%
at 0.3 and 2×R500, respectively. At the most external radius of our
statistical detection, i.e.,∼3×R500, the dispersion of the individ-

3 As our three reconstruction methods are remarkably consistent, for
the clarity of display and discussion, hereafter we illustrate our pre-
sentation with one of the three methods only. In each case thespecific
method used will be indicated.

ual profiles about the mean is more than 100%, as at these large
radii, the individual SZ profiles are fully dominated by noise.

The right panel of Fig.3 shows the correlation coefficient
matrix for the stacked profiles presented on the left panel, and il-
lustrates the degree of correlation between the points in the pro-
files.

5.4. Comparison with expectations from universal profile

The stacked model used for comparison was computed as de-
scribed in Sect.4.3. When considering the statistical errors only,
the measured stacked profile is significantly above the model.
Taking into account the error on the model and the correlateder-
rors between points of the reconstructed SZ profile, we obtained
a reducedχ2 value of 3.53 within 3R500. If we omit the error
on the model, this value becomes 7.48 As our tests on simula-
tions show a very good agreement between the input model and
the output reconstructed profiles (see App.B), the difference ob-
served here between the measured SZ profiles and the predicted
model from X-ray constraints is not an artefact of the method,
but an intrinsic difference. This difference is significant at a 2–
3σ level from aroundR500 out to 3R500.

6. The galaxy cluster pressure profile from Planck

6.1. PSF deconvolution and deprojection

The pressure profile is derived for each cluster in our sampleby
applying a deconvolution and deprojection to the observed SZ
profiles. As already mentioned, we assume spherical symmetry.
The convolution by the instrumental beam and the geometrical

8

From Planck Intermediate Paper V: ‘Pressure

profiles of galaxy clusters from the

Sunyaev-Zeldovich effect’ arXiv:1207.4061



CONCLUSIONS

• B-mode searches still ongoing — some way to bridge gap to even largest values of
r expected (∼ 0.1)

• Temperature power spectrum at small angular scales proving very interesting —
also tie in with BAO — questions developing about H0 and number of neutrino
species

• Secondaries (inc. SZ effect) rapidly developing — large SZ cluster catalogues, and
larger to come (e.g. Planck at start of next year)

• Some new information about outer regions of clusters, and detailed astrophysics
internally
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