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PLAN FOR TALK

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

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

• Some new interesting polarisation results out from 2 current experiments (BICEP
and QUAD)

• Will look at these and their implications

• And discuss some current secondary anisotropy experiments — first ‘blank field’
Sunyaev-Zeldovich detections appearing - will show you the first ones starting to
come from the AMI experiment in Cambridge

• Note: thanks to Anthony Challinor and Anna Scaife for help with some of the slides
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THE COSMIC MICROWAVE BACKGROUND

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

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

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

• What are some of the current big questions that current and forthcoming CMB
observations will help us make progress in?

• The Dynamics and Energy Scale of Inflation

– One key to this is B-mode CMB polarization, so need to look at this and the
parameter r

– Another key parameter is nrun — is the slope of the primordial spectrum fixed,
or change with wavenumber?

– Are the primordial fluctuations Gaussian? — it’s now clear that estimators like
fnl (see later) are very good discriminators of the type of inflation (and
important measurements soon)

• String Cosmology: are there any hopes of forming observational links with this (so
can start to constrain quantum gravity)

• ...
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SOME BIG QUESTIONS — LATER UNIVERSE

• Can we find any evidence for

– Defects?

– Universal rotation?

– Other departures from spherical symmetry?

• As regards secondary anisotropies

– Sunyaev-Zeldovich (SZ) now coming of age

– Time now poised as regards blank field surveys

– What is σ8? (may be becoming clearer)
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CMB POLARIZATION

• Photon diffusion around recombination→ local tem-
perature quadrupole

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

Polarization

Hot

Cold.
• Decomposition of polarization tensor into E and B modes:

Pab(n̂) ≡ 1

2

(
Q U
U −Q

)
= ∇〈a∇b〉PE + εc(a∇b)∇cPB

– Only three power spectra if parity respected in mean: CEl , CBl and CTEl
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PHYSICS OF CMB POLARIZATION: SCALAR PERTURBATIONS

- -

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

Scatter Modulate

• Linear scalar perturbations produce only E-mode polarization (Kamionkowski et al.
1997; Seljak & Zaldarriaga 1997)

• Mainly traces baryon velocity at recombination⇒ peaks at troughs of ∆T
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GRAVITY WAVES IN CMB POLARIZATION: PHYSICS
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Plane-wave tensor quadrupole Electric quadrupole (|m| = 2)
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Modulate E mode

B mode

• Gravity waves produce both E- and B-mode polarization
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POWER SPECTRA

-

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

�

Effects only on
large scales
since gravity
waves damp
inside horizon
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WHAT WOULD A DETECTION OF PRIMORDIAL GRAVITY WAVES TELL US?

• Strong evidence that inflation happened

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

Pgrav =
8

M2
Pl

(
H

2π

)2
= 1.92× 10−11

(
Einf

1016 GeV

)4

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

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

• Find

r = 0.008
(

Einf

1016 GeV

)4

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

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

• This high energy scale has its own problems however — will discuss the ‘Lyth
bound’ below
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EFFECT OF r ON T AND B

(Anthony Challinor)

• This illustrates vividly how B helps with cosmic variance

• If trying to estimate r from TT (or TT plus EE), then get a fundamental limits of
∆r = 0.07 (or ∆r = 0.02)

• No such limit if use BB directly
10



INFLATION PHENOMONOLOGYWMAP 5-year Cosmological Interpretation 13

Fig. 5.— Constraint on three representative inflation models
whose potential is positively curved, V ′′ > 0 (§ 3.3). The contours
show the 68% and 95% CL derived from WMAP+BAO+SN. (Top)
The monomial, chaotic-type potential, V (φ) ∝ φα (Linde 1983),
with α = 4 (solid) and α = 2 (dashed) for single-field models,
and α = 2 for multi-axion field models with β = 1/2 (Easther
& McAllister 2006) (dotted). The symbols show the predictions
from each of these models with the number of e-folds of inflation
equal to 50 and 60. The λφ4 potential is excluded convincingly,
the m2φ2 single-field model lies outside of (at the boundary of) the
68% region for N = 50 (60), and the m2φ2 multi-axion model with
N = 50 lies outside of the 95% region. (Middle) The exponential

potential, V (φ) ∝ exp[−(φ/Mpl)
p

2/p], which leads to a power-law
inflation, a(t) ∝ tp (Abbott & Wise 1984; Lucchin & Matarrese
1985). All models but p ∼ 120 are outside of the 68% region. The
models with p < 60 are excluded at more than 99% CL, and those
with p < 70 are outside of the 95% region. For multi-field models
these limits can be translated into the number of fields as p→ npi,
where pi is the p-parameter of each field (Liddle et al. 1998). The
data favour n ∼ 120/pi fields. (Bottom) The hybrid-type potential,

V (φ) = V0 + (1/2)m2φ2 = V0(1 + φ̃2), where φ̃ ≡ mφ/(2V0)1/2

(Linde 1994). The models with φ̃ < 2/3 drive inflation by the
vacuum energy term, V0, and are disfavoured at more than 95%
CL, while those with φ̃ > 1 drive inflation by the quadratic term,
and are similar to the chaotic type (the left panel with α = 2).

The transition regime, 2/3 < φ̃ < 1 are outside of the 68% region,
but still within the 95% region.

Regime.” When φ̃ � 1, the potential is indistin-
guishable from the chaotic-type (model (a)) with
α = 2. We call this region “Chaotic Inflation-like
Regime.” When φ̃ ∼ 1, the model shows a tran-
sitional behaviour, and thus we call it “Transition
Regime.” We find that the flat potential regime
with φ̃ . 2/3 lies outside of the 95% region. The
transition regime with 2/3 . φ̃ . 1 is within the
95% region, but outside of the 68% region. Finally,
the chaotic-like regime contains the 68% region.
Since inflation in this model ends by the second
field whose dynamics depends on other parameters,
there is no constraint from the number of e-folds.

These examples show that the WMAP 5-year data,
combined with the distance information from BAO and
SN, begin to disfavour a number of popular inflation
models.

3.4. Curvature of the observable universe
3.4.1. Motivation

The flatness of the observable universe is one of the
predictions of conventional inflation models. How much
curvature can we expect from inflation? The common
view is that inflation naturally produces the spatial cur-
vature parameter, Ωk, on the order of the magnitude of
quantum fluctuations, i.e., Ωk ∼ 10−5. On the other
hand, the current limit on Ωk is of order 10−2; thus, the
current data are not capable of reaching the level of Ωk

that is predicted by the common view.
Would a detection of Ωk rule out inflation? It is possi-

ble that the value of Ωk is just below our current detec-
tion limit, even within the context of inflation: inflation
may not have lasted for so long, and the curvature radius
of our universe may just be large enough for us not to
see the evidence for curvature within our measurement
accuracy, yet. While this sounds like fine-tuning, it is a
possibility.

This is something we can test by constraining Ωk bet-
ter. There is also a revived (and growing) interest in
measurements of Ωk, as Ωk is degenerate with the equa-
tion of state of dark energy, w. Therefore, a better de-
termination of Ωk has an important implication for our
ability to constrain the nature of dark energy.

3.4.2. Analysis
Measurements of the CMB power spectrum alone do

not strongly constrain Ωk. More precisely, any experi-
ments that measure the angular diameter or luminosity
distance to a single redshift are not able to constrain Ωk

uniquely, as the distance depends not only on Ωk, but
also on the expansion history of the universe. For a uni-
verse containing matter and vacuum energy, it is essential
to combine at least two absolute distance indicators, or
the expansion rates, out to different redshifts, in order
to constrain the spatial curvature well. Note that CMB
is also sensitive to ΩΛ via the late-time integrated Sachs-
Wolfe (ISW) effect, as well as to Ωm via the signatures of
gravitational lensing in the CMB power spectrum. These
properties can be used to break the degeneracy between
Ωk and Ωm (Stompor & Efstathiou 1999) or ΩΛ (Ho et al.
2008).

It has been pointed out by a number of people (e.g.,
Eisenstein et al. 2005) that a combination of distance
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uniquely, as the distance depends not only on Ωk, but
also on the expansion history of the universe. For a uni-
verse containing matter and vacuum energy, it is essential
to combine at least two absolute distance indicators, or
the expansion rates, out to different redshifts, in order
to constrain the spatial curvature well. Note that CMB
is also sensitive to ΩΛ via the late-time integrated Sachs-
Wolfe (ISW) effect, as well as to Ωm via the signatures of
gravitational lensing in the CMB power spectrum. These
properties can be used to break the degeneracy between
Ωk and Ωm (Stompor & Efstathiou 1999) or ΩΛ (Ho et al.
2008).

It has been pointed out by a number of people (e.g.,
Eisenstein et al. 2005) that a combination of distance

• Observational constraints shown are from WMAP5 (Komatsu et al., 2008)

• Basic results we need to understand this diagram are

r =
4α

N
, ns = 1− 2 + α

2N
if V (φ) = λφα.

• However, if V (φ) = V0(1− (φ/φe)p) then can get r as small as one wants 11



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

No Tensor

SPIDER Tensor Signal
• Simulation of large scale polarization signal

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

Pillar 7 
Gravity Waves from Inflation 

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

12



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

SPIDER Tensor Signal

Tensor

• Simulation of large scale polarization signal

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

Pillar 7 
Gravity Waves from Inflation 

http://www.astro.caltech.edu/~lgg/spider_front.htm
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SOME CURRENT/FUTURE CMB POLARISATION EXPERIMENTS

Name Type Detectors ` range r target Start Date
QUAD ground bolometer 200 < ` < 3000 completed
BICEP ground bolometer 50 < ` < 300 0.1 2007
QUIET ground MMIC ` < 1000 0.05 2008-2010

CLOVER ground bolometer 20 < ` < 600 0.01 ??
EBEX balloon bolometer 20 < ` < 1000 0.03 2009

SPIDER balloon bolometer ` < 100 0.025 2009-2010
BPOL space bolometer ` < 200 1–5 ×10−3 ??

QUIJOTE ground MMIC ` < 80 0.1/0.05 2008
POLARBEAR ground bolometer 20 < ` < 2000 0.05 2009

Discuss here

• CLOVER — Cardiff, Cambridge, Oxford, Manchester, B-mode bolometric
experiment

• QUAD — some new interesting results just appeared

• QUIJOTE — Tenerife, Cambridge, Manchester, Santander foregrounds and
B-mode HEMT

• BICEP — Caltech, Princeton, JPL, Berkeley + others — first B mode direct limit
starting to be competitive with indirect limits
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PLANCK UPDATE

• Planck was launched May 14th

• Has reached L2 and can begin a First
Light Survey soon

• Reno will be able to give us a full report

• B-mode polarisation — with two-year
mission (currently being applied for)
predictions are that could detect B-
modes at r = 0.05 (and would set
an upper limit around r < 0.03 if
r small) (Efstathiou & Gratton, astro-
ph/0903.0345)

• Will also be able to improve over
WMAP greatly as regards parameter
constraints (cosmic variance limited to
much higher `) (good for inflation pa-
rameters) and in non-Gaussianity (see
later)

B-mode detection with Planck 7

Figure 3. QML estimates of the E and B-mode polarization spectra for the
simulations with r = 0.05. Figures 3a and 3b show power spectra for the nominal
Planck mission. Figures 3c and 3d show power spectra for an extended Planck mission.
The error bars are computed from the diagonal components of the inverse of the QML
Fisher matrix using the theoretical input spectra for r = 0.05 (shown by the red lines).

GHz. These low frequency maps will produce a wealth of data with which to constrain

polarized synchrotron emission. In contrast, the constraints on polarized dust emission

are substantially weaker and Planck will rely on data from its own high frequency

polarization channels (217 and 353 GHz) to provide dust templates over the whole

sky. The small number of polarized channels on Planck limits the scope for checking

the accuracy of foreground separation, particularly at high frequencies. The results
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QUIJOTE

26-36GHz Horn

14-20GHz Horn

10-14GHz Horn

QUIJOTE 1 : Focal Plane Distribution

• Rafa Rebolo was going to give a lecture on this — will highlight a few key aspects

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

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

• Comes in 3 stages:
Phase 1: First Instrument: Horns and frequencies as in picture
Phase 1: Second Instrument: 16× 30 GHz horns substituted
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QUIJOTE (CONTD.)

• Will use spinning mount to achieve good sky coverage

• Aprrox. 1 degree resolution

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

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

• Observations start ∼September!

• Following this (currently being applied for):
Phase 2: 50 horns at 42 GHz plus an interferometric pathfinder

• r aim is 0.05
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BICEP

• BICEP Background Imaging of
Cosmic Extragalactic Polarization

• Caltech, Princeton, JPL, Berkeley
and others collaboration

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

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

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

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

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

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

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

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

 

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

 

Figure 5. Fully assembled 4 K focal plane (left), and measured beams (right). 
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BICEP OBSERVING REGIONS
2 CHIANG ET AL.

ample, assuming ΛCDM parameters that are fixed at WMAP
best-fit values, the WMAP B-mode spectrum constrains r < 6
at 95% confidence. The results reported in this paper provide
upper limits on the B-mode signal that are an order of magni-
tude more stringent that those set by WMAP.

BICEP (Background Imaging of Cosmic Extragalactic Po-
larization) is a microwave polarimeter that has been designed
specifically to probe the B-mode of CMB polarization at de-
gree angular scales. The instrument observed from the South
Pole between January 2006 and December 2008. A detailed
description of the BICEP instrument characterization proce-
dures is given in a separate paper, Takahashi et al. (2009), that
accompanies this text. In this paper, we report initial CMB
polarization results from the 2006 and 2007 observing sea-
sons.

2. THE BICEP INSTRUMENT

A complete description of the BICEP instrument is available
in Yoon et al. (2006), and only a brief summary is given here.
The BICEP receiver consists of a two-lens refracting telescope
coupled to a focal plane of 49 orthogonal pairs of polarization-
sensitive bolometers (PSBs) (Jones et al. 2003). The PSB
pairs are divided between 25 that observe at 100 GHz and
24 at 150 GHz (two of the 150 GHz PSB pairs were recon-
figured for 220 GHz operation in late 2006 and were subse-
quently not used for CMB analysis). The angular resolution
at 100 and 150 GHz is 0.93◦ and 0.60◦, respectively, and the
instantaneous field of view is 18◦. The entire focal plane and
optics assembly is housed in an upward-looking cryostat with
toroidal liquid nitrogen and liquid helium tanks. The clean
optical path and azimuthal symmetry minimize instrumental
polarization systematics.

The receiver is supported in an azimuth–elevation mount
with a third degree of rotational freedom about the boresight.
The mount is located on the top floor of the Dark Sector Lab-
oratory (89.99◦ S, 44.65◦ W) at the Amundsen–Scott South
Pole station, a site with excellent atmospheric transparency
and stability at millimeter wavelengths as well as outstanding
infrastructure. The telescope penetrates through the roof and
is sealed to the building with a flexible environmental enclo-
sure, leaving most of the instrument accessible in a warm lab
setting.

The 24-hour visibility of the target field from the South Pole
enables uninterrupted observation and deep integration. BI-
CEP’s primary CMB field lies within the “Southern Hole,” a
region of low dust emission outlined in Figure 1, in a right as-
cension and declination range of approximately |α|< 60◦ and
−70◦ < δ < −45◦. The telescope observation cycle is 48 side-
real hours in length and is divided into four nine-hour CMB
observations, six hours of Galactic observations, and six hours
of cryogen servicing. The CMB field is covered twice over
the same azimuth range during each 48-hour cycle, but the el-
evation halves are mapped in opposite order between the two
observations. The boresight angle in each cycle is held fixed
at one of four angles {−45◦,0◦,180◦,135◦} that provide good
thermal-microphonic stability and redundant polarization an-
gle coverage.

BICEP maps the sky with azimuth–elevation raster scans.
During each complete CMB observation (18 hours), the tele-
scope boresight steps in elevation between 55◦ and 59.75◦
in 0.25◦ increments. At each step in elevation, the telescope
performs a set of 50 back-and-forth azimuth scans over a total
period of ∼50 minutes. The azimuth scan width is 64.4◦, and
the speed is held constant at 2.8◦/s over ∼70% of the scan

FIG. 1.— BICEP’s CMB and Galactic fields are outlined on the 150-GHz
FDS Model 8 prediction of dust emission (Finkbeiner et al. 1999), plotted
here in equatorial coordinates.

duration, which modulates the sky signal and places it in a
frequency band of approximately 0.1–1 Hz. The scans have a
fixed azimuth center that is updated at each elevation step to
approximately track the field center. This scan strategy was
chosen instead of continuous tracking in order to allow exact
removal of any azimuth-fixed or scan-synchronous contami-
nation.

Relative detector gains are measured regularly during ob-
serving cycles with “elevation nods” performed at the begin-
ning and end of each fixed-elevation scan set. During an
elevation nod, the mount performs a rounded triangle wave
motion in elevation with a 1.2◦ peak-to-peak amplitude, and
the detector voltages vary in response to the changing line-of-
sight air mass. The nod is performed over a 45-s period to
reduce thermal disturbances on the focal plane, and thermal
drifts are further suppressed by using mirror-image elevation
nods at the beginning and end of each scan set (up-down-up
and down-up-down).

3. INSTRUMENT CHARACTERIZATION

The timestream d(t) of a perfect linearly polarized detec-
tor is related to the signal on the sky through the expression
d(t) = T (rb)+Q(rb)cos2ψ+U(rb) sin2ψ, where the sky signal
is described by the Stokes parameters T,Q,U . This expres-
sion depends only on the detector’s direction of observation rb
and polarization orientation angle ψ. (The time-dependence
of rb and ψ that arises from the scan strategy is suppressed
for clarity.) Modifying this simple expression, the timestream
response of a BICEP PSB is described by

d(t) = K(t)∗
{

n(t) + g(t)
∫

dνAeF(ν)
∫

drP(r − rb,ν)

[T (r,ν) +
1 − ε
1 + ε

(Q(r,ν)cos2ψ +U(r,ν) sin2ψ)]
}
, (1)

where the extra terms are calibration quantities that describe
the properties of the instrument. The cross-polar leakage,
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BICEP T, E AND B MAPS AND DIFFERENCES

CMB POLARIZATION SPECTRA FROM BICEP TWO-YEAR DATA 7

FIG. 3.— Data from BICEP’s 100-GHz and 150-GHz channels are combined to form temperature, E, and B signal and jackknife maps. The E and B maps
are apodized to downweight noise-dominated edge pixels. The temperature anisotropies are measured with high signal-to-noise, and the E signal map shows
resolved degree-scale structure. The B signal map and the E and B jackknife maps are consistent with noise.

and is inverse Fourier transformed to obtain a set of simu-
lated noise timestreams. Scan-synchronous templates are cal-
culated and subtracted from each set of azimuth scans, and the
filtered noise timestreams are then coadded into maps.

The noise bias, N̂`, is estimated by averaging the power
spectra from an ensemble of noise-only maps. Figure 4 shows
N̂` (red dashed lines), calculated from the average over 500 re-
alizations, in comparison to raw power spectra. BICEP mea-
sures T T and T E with high S/N, and the noise contribution is
negligible up to `∼ 330. The noise from each half of the T B
and EB spectra are mostly uncorrelated, so the resulting N̂`
are distributed around zero. In contrast, noise comprises the
bulk of the EE and all of the BB amplitude at ` > 150, which
illustrates the need for careful noise modeling and subtraction.

6.2. Beam and pixelization corrections
The finite resolution of the telescope and pixelization of

the maps result in suppression of the observed power spec-
tra at small angular scales. This suppression of power is de-
scribed by B2

` = B2
`H

2
` , the product of the beam and pixel win-

dow functions, and is illustrated in Figure 5. In this analysis,
we approximate B` as the Legendre transform of the average
beam within a given frequency band, which is assumed to be

a circular Gaussian. The full widths at 100 and 150 GHz are
0.93◦ and 0.60◦, respectively. The pixel window function H`
is supplied by Healpix and corresponds to nside=256. We
assume that B` varies slowly with respect to the Spice ker-
nel, κX

``′ , and can therefore be pulled out of the convolution.
The observed power spectra, after noise subtraction, are di-
vided by B2

` to correct for the effects of beam suppression and
pixelization:

(ĈX
` − N̂X

` )/B2
` '

∑

`′

κX
``′F

X
`′ C

X
`′ . (11)

6.3. Filter corrections
The bolometer timestreams are cleaned by subtracting a

third-order polynomial and scan-synchronous template; this
cleaning procedure also has the effect of removing large-scale
CMB signal. The amount of signal loss is described by F̀ ,
the `-space transfer function imposed by timestream filtering.
In addition, although the Spice estimator is unbiased in the
mean, the timestream processing removes spatial modes from
the observed T , Q, and U maps, generically introducing cou-
plings between the observed E and B spectra. These couplings
are small, but are of interest for the leakage of the relatively

20



BICEP RESULTS

• Results from 2007-2008 campaigns have ap-
peared recently in Chiang et al. (astro-
ph/0906.1181)

• Important that foregrounds look to be under
control in what’s being called the ‘Southern
Hole’

• They are claiming the first detection of the peak
in EE at ` ∼ 140

• Main result is a much improved limit on r of r <
0.73 (95% conf.)

• This may not look exciting compared to r <

0.43 (Dunkley et al. WMAP5 CMB only result
or r < 0.33 (QUAD CMB only result)

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

• WMAP5 data analysed same way gives r < 6

(95% conf.)!
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FIG. 10.— Expected levels of polarized dust and polarized synchrotron in
the BICEP CMB field, assuming FDS Model 8 with 5% polarization fraction
and WMAP MCMC polarization maps extrapolated to 100 and 150 GHz.
These estimated foreground levels are much lower than the BB upper limits
presented in §13.

To estimate the polarized synchrotron emission in the BI-
CEP field of view, we have used the WMAP Markov Chain
Monte Carlo (MCMC) synchrotron maps (Gold et al. 2009),
extrapolated to 100 and 150 GHz using the mean spectral in-
dex of the BICEP field of view, calculated from the spectral
index maps provided in the same analysis. As for the FDS
dust maps, we filter the extrapolated 100 and 150 GHz syn-
chrotron maps with the BICEP scan strategy, and find the es-
timated level of polarized synchrotron emission at ` ∼ 100
to be 3× 10−3 µK2 and 4× 10−4 µK2 for 100 and 150 GHz,
respectively, both below the level of BICEP sensitivity. Fur-
ther, in the BICEP field of view, we have found these maps
to be dominated by variance in the Monte Carlo fit, owing to
WMAP K-band noise and point sources, and so the estimated
levels of polarized synchrotron emission in Figure 10 should
be viewed as conservative estimates or upper limits. We have
also derived synchrotron estimates from WMAP K-band po-
larization maps and the temperature maps of Haslam et al.
(1981), assuming a 30% polarization fraction; both methods
give synchrotron estimates that are lower than those from the
WMAP MCMC maps.

Similarly to our analysis for thermal dust, we have stud-
ied the cross power spectrum of the synchrotron maps with
the BICEP maps and found there to be no significant spatial
correlation of the BICEP data with the synchrotron emission.

10.3. Point Sources
At degree-scale resolution, the BICEP maps do not show

any obvious point source detections, so we rely on a com-
bination of the 4.85-GHz Parkes–MIT–NRAO (PMN) sur-
vey (Wright et al. 1994), the WMAP point source cata-
log (Wright et al. 2009), and the ACBAR catalog (Reichardt
et al. 2009) to search for point source contamination. We
search for point source contamination by optimally filtering
CMB and noise fluctuations out of the BICEP temperature
map and determine the significance of the resulting pixel val-
ues by repeating the process with simulated maps of CMB
with detector noise. Although the resulting maps have a few
2σ detections at the suspected point source locations, there is
no statistical evidence for point source contamination above
the expected Gaussian distribution of noise. As a further test,
we have simulated the effects of masking out the 27 ACBAR

sources that lie within the BICEP field and have found it has
no significant impact on the power spectra.

10.4. Frequency jackknife
The CMB and foreground emission have different fre-

quency dependence, so we can test for the presence of fore-
ground contamination in BICEP data by performing a fre-
quency jackknife. We difference the 100 and 150-GHz maps,
compute the power spectra, calculate χ2, and compare the re-
sults to signal-plus-noise simulations, as described in §8.1.
The probabilities to exceed the χ2 values are {0.050, 0.152,
0.732} for EE, BB, and EB, respectively. We find no evidence
for foreground contamination in the frequency jackknives.

11. COMBINED SPECTRA

We combine the spectra from the different observing fre-
quencies by taking a weighted average for each band power.
To obtain the weights, we use signal-plus-noise simulations to
calculate the covariance matrices from the various frequency
combinations (100, 150, 100×150, and 150×100 GHz).
There are three unique combinations for T T , EE, and BB,
and four combinations for the other spectra. The weights are
calculated from the row/column sums of the inverse of the
covariance matrices. The error bars of the combined spec-
tra are determined by applying the same combination weights
to signal-plus-noise simulations. For fully noise-dominated
spectra (such as BB), the error bars of the combined spectra
improve by 10–40% compared to the errors from 150 GHz
data alone.

As suggested by Bond et al. (2000), we apply a transforma-
tion

Zb = ln(Cb + xb) (21)
to account for the fact that the probability of the true model
value, given an observed band power, is offset-lognormally
distributed. The offsets xb describe the noise power spectra
on the sky (i.e. corrected for filter and beam bias) and are
calculated from simulations. We calculate xb for the T T , EE,
and BB spectra, but we assume Gaussian distributions for the
T E, T B, and EB band powers since the values can be nega-
tive. The BICEP band powers, xb offsets, covariance matri-
ces, and band power window functions are available online at
http://bicep.caltech.edu.

Figure 11 shows a comparison of the frequency-combined
spectra with a ΛCDM model derived from WMAP five-year
data. The power spectrum results are confirmed by the al-
ternate analysis pipeline (open circles, Figure 11). BICEP
contributes the first high signal-to-noise polarization measure-
ments around ` ∼ 100, as illustrated by Figure 12, which
shows the EE peak at ` ∼ 140 in greater detail; the BB spec-
trum is overplotted for comparison. Figure 13 shows BICEP’s
T E and EE spectra, as well as the 95% confidence upper lim-
its on BB, in addition to other recent CMB polarization data.
To obtain the BB upper limits, we apply offset-lognormal
transformations to the band powers and integrate the positive
portion of the band power probability distributions up to the
95% point. BICEP measures EE in a multipole window that
complements existing data from other experiments, and all
nine band powers have > 2σ significance. The constraints on
BB are the most powerful to date.

12. CONSISTENCY WITH ΛCDM

The power spectra of the CMB are well described by a
ΛCDM model, which, in its simplest form, has six parame-
ters that have been constrained by numerous experiments. We
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FIG. 11.— BICEP’s combined power spectra (black points) are in excellent agreement with a ΛCDM model (gray lines) derived from WMAP five-year data.
The χ2 (for nine degrees of freedom) and PTE values from a comparison of the data with the model are listed in the plots. The asterisks denote theoretical band
power expectation values. Power spectrum results from the alternate analysis pipeline are shown by the open circles and are offset in ` for clarity.
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FIG. 12.— BICEP measures EE polarization (black points) with high
signal-to-noise at degree angular scales. The BB spectrum (open circles) is
overplotted and is consistent with zero. Theoretical ΛCDM spectra (with
r = 0.1) are shown for comparison.

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

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

variance matrix, MX
ab:

MX
ab = MX

ab + (GX )2C X
a C X

b + SaSbC
X
a C X

b . (22)

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

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

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

χ2 = [ĈCC
X

−CCC X ]>(MMMX )−1[ĈCC
X

−CCC X ] (23)

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

ẐX
b = ln(Ĉ X

b + xX
b ) (24)

ZX
b = ln(C X

b + xX
b ) (25)

(DX
ab)−1 = (MX

ab)−1(Ĉ X
a + xX

a )(Ĉ X
b + xX

b ) (26)

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

We perform the same calculations for a set of 500 signal-
plus-noise simulations, and the simulated χ2 distributions are
used to determine the probabilities to exceed the χ2 values
of the data. The χ2 and PTE values are listed in Figure 11,
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SUMMARY OF CONSTRAINTS ON BB

(Anthony Challinor) 22



BICEP PLANS

• BICEP2 will deploy to South Pole in November 2009

• 512 detectors at 150 GHz only

• 10 times the mapping speed of BICEP1 (similar scales and `-range aims)

• Funding exists for a third array (called the Keck array), which will have 3 further
telescopes deployed by November 2010

• Frequencies TBD (depending on what is seen by then!)

23



THE TRANSITION BICEP1 TO BICEP2 (SLIDE FROM J. KOVAC)
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QUAD

• QUAD – Quest at DASI

• Cardiff, Stanford, Chicago, Edin-
burgh and others collaboration

• 100 and 150 GHz polarization sen-
sitive bolometers, feeding 2.6 m
primary

• On DASI mount at South Pole

• Has been good for E-mode
anisotropy at 4 arcmin scale

• New analysis recently appeared
(Brown et al, arXiv.0906.1003v2)

• This has effectively doubled effec-
tive sky area, by not having to use
lead/trail differencing, with some in-
teresting new results
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QUAD RESULTS

Improved results from the QUaD CMB experiment 15

FIG. 12.— QUaD measurements of theTT, TE EEandBB power spectra compared to results from the WMAP (Nolta et al.2009), ACBAR (Reichardt et al.
2009), BICEP (Chiang et al. 2009), B03 (Piacentini et al. 2006; Montroy et al. 2006), CBI (Sievers et al. 2007), CAPMAP (Bischoff et al. 2008), MAXIPOL
(Wu et al. 2007) and DASI (Leitch et al. 2005) experiments. The BB measurements are plotted as 95% upper limits. The smooth black curves in each panel are
the power spectra expected in the best-fitΛCDM model to the WMAP 5-year data.

FIG. 13.— QUaD’s measurements of theEE spectrum (black points) com-
pared to theΛCDM model (red curve) and a model without peaks (green
curve). The data are incompatible with the no-peak scenario— the probabil-
ity that the smooth curve is correct is< 10−14.

and which are derived from this basic set, are the dark energy
density, ΩΛ (assumed here to be a simple cosmological
constant), the age of the universe, the total matter density,
Ωm, the amplitude of matter fluctuations in 8h−1Mpc spheres,
σ8, the redshift to reionization,zre and the value of the

present day Hubble constant,H0. For all our analyses,
we assume a flat universe and include the effects of weak
gravitational lensing. We impose the following broad priors
on our base MCMC parameters: 0.005 < Ωbh2 < 0.100;
0.01 < Ωch2 < 0.99; 0.5 < θ < 10.0; 2.7 < As < 4.0;
0.5 < ns < 1.5; 0.01 < τ < 0.80. There is also a prior
imposed on the age of the universe (10< Age

[
Gyrs

]
< 20)

and on the Hubble constant (40< H0
[
kms−1Mpc−1

]
< 100).

We also investigate models extended to include both a run-
ning in the scalar spectral index,nrun = dns/d lnk and/or a
possible tensor contribution. Assuming a power law for the
tensor modes,Pt ∝ knt , we parametrize their amplitude by the
tensor-to-scalar ratio,r = Pt/Ps. We adopt a uniform prior
measure forr between 0 and 1. For the running spectral index
model, we adopt a prior of−0.5 < nrun < 0.5 on the running.

7.2. Choice of scales (“pivot-points”) for presentation of
results

For all of our MCMC runs, we choose the scalar pivot-
point (the wavenumber at whichAs andns are evaluated) to be
ks
⋆ = 0.05 Mpc−1. This is the default choice in the CosmoMC

code. Within standardΛCDM, ns is modeled as independent
of scale and we can map constraints onAs obtained at one

• E.g., now have a definitive detection of the ‘peaks’ in the EE spectrum
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QUAD RESULTS

20 QUaD collaboration – M. L. Brown et al.

TABLE 5
PARAMETER CONSTRAINTS INCLUDING A POSSIBLE TENSOR COMPONENT

WMAP WMAP+ACBAR WMAP+QUaD WMAP+ACBAR+QUaD WMAP+ACBAR+QUaD+SDSS

Ωbh2 0.0235+0.0008
−0.0008 0.0234+0.0007

−0.0007 0.0232+0.0007
−0.0007 0.0231+0.0006

−0.0006 0.0229+0.0006
−0.0006

Ωch2 0.104+0.007
−0.007 0.106+0.007

−0.007 0.103+0.007
−0.007 0.105+0.006

−0.006 0.107+0.004
−0.004

θ 1.0421+0.0033
−0.0033 1.0433+0.0028

−0.0028 1.0412+0.0026
−0.0026 1.0423+0.0023

−0.0023 1.0419+0.0022
−0.0023

τ 0.094+0.018
−0.018 0.092+0.018

−0.018 0.093+0.018
−0.018 0.091+0.017

−0.017 0.088+0.017
−0.017

ns 0.990+0.023
−0.023 0.986+0.021

−0.020 0.982+0.020
−0.020 0.978+0.018

−0.018 0.973+0.015
−0.015

As 3.07+0.05
−0.05 3.08+0.04

−0.04 3.08+0.04
−0.04 3.09+0.04

−0.04 3.09+0.03
−0.04

r < 0.48 (95% c.l.) < 0.40 (95% c.l.) < 0.40 (95% c.l.) < 0.33 (95% c.l.) < 0.27 (95% c.l.)
ΩΛ 0.78+0.03

−0.03 0.77+0.03
−0.03 0.78+0.03

−0.03 0.77+0.03
−0.03 0.76+0.02

−0.02
Age 13.52+0.18

−0.18 13.51+0.16
−0.16 13.57+0.15

−0.15 13.57+0.13
−0.13 13.61+0.11

−0.11
Ωm 0.22+0.03

−0.03 0.23+0.03
−0.03 0.22+0.03

−0.03 0.23+0.03
−0.03 0.24+0.02

−0.02
σ8 0.77+0.04

−0.04 0.78+0.04
−0.04 0.76+0.04

−0.04 0.78+0.03
−0.03 0.78+0.02

−0.02
zre 10.5+1.4

−1.4 10.5+1.4
−1.4 10.5+1.4

−1.3 10.4+1.4
−1.3 10.3+1.3

−1.3
H0 75.8+3.8

−3.8 75.2+3.4
−3.4 75.5+3.4

−3.4 74.8+3.1
−3.1 73.8+1.8

−1.9

NOTE. — The pivot point used forAs is ks
⋆ = 0.013 Mpc−1 while the pivot point used for the tensor-to-scalar ratio,r is

kt
⋆ = 0.002 Mpc−1.

FIG. 16.— Left panel: 2D marginalized constraints in thens-nrun plane
for the WMAP + ACBAR + QUaD combination as compared to those ob-
tained from WMAP alone. No tensor component was allowed for either set
of constraints. The constraints tighten by about one third.The mean recov-
ered values also shift further away from the simple{ns,nrun} = {1,0}model.
Right panel: 2D marginalized constraints on the inflation parameters,r and
ns from WMAP data alone and adding in the ACBAR and QUaD datasets.
No running in the spectral index was allowed for these fits. The 95% upper
limit on r is reduced fromr < 0.48 to r < 0.33. This constraint is driven
by the preference of the additional datasets for a lower spectral index than is
recovered from the WMAP data on its own.

TABLE 6
CONSTRAINTS ON INFLATIONARY PARAMETERS

Parameter Tensors Running Tensors + Running

CMB only:
r < 0.33 (95% c.l.) < 0.60 (95% c.l.)

dns/d lnk −0.046+0.021
−0.021 −0.063+0.025

−0.025
ns 0.978+0.018

−0.018 0.965+0.013
−0.013 0.997+0.026

−0.025

CMB + LSS:
r < 0.27 (95% c.l.) < 0.61 (95% c.l.)

dns/d lnk −0.028+0.018
−0.018 −0.052+0.023

−0.023
ns 0.973+0.015

−0.015 0.967+0.013
−0.013 0.999+0.024

−0.024

Through further detailed analysis of calibration data, we
have also significantly improved our understanding of the
QUaD beams. We have implemented new beam models

FIG. 17.— Left panel: Constraints are shown in thenrun–ns plane with
and without marginalization over a possible tensor component. These fits are
for the WMAP + ACBAR + QUaD combination. Allowing a non-zero ten-
sor component weakens the constraints considerably. However, the addition
of both QUaD and ACBAR to WMAP still favors a small negative running.
Right panel: Constraints in ther–ns plane (for WMAP + ACBAR + QUaD)
with and without marginalization over a possible running inthe spectral in-
dex. Allowing the spectral index to run degrades the constraints to such an
extent that the addition of QUaD and/or ACBAR data yields no improvement
over the WMAP-only constraints.

which explicitly incorporate the effects of sidelobes, resulting
in an increase of∼ 10% in the amplitude of our power spec-
tra measurements for multipoles,ℓ ∼> 700. The shift in power
is most relevant for our high-ℓ temperature power spectrum
measurements where the signal-to-noise is high.

We have presented results using our two independent anal-
ysis pipelines. Though there are significant differences inthe
approach between the two pipelines, the final results agree
very well. Testing the power spectra against the best-fit
ΛCDM model to the WMAP 5-year data, we find good agree-
ment. Our measurements of theE-mode polarization spec-
trum, and of the cross-correlation between theE-modes and
the CMB temperature field, are the most precise at multipoles
ℓ > 200 to date. Our measurement of the temperature power
spectrum atℓ > 1000 is among the best constraints on temper-
ature anisotropies on small angular scales and is competitive
with the final ACBAR result (Reichardt et al. 2009).

We have subjected our results to the same set of rigorous
jackknife tests for systematic effects as was performed in our
previous analysis (Pryke et al. 2009). We find no evidence

• Also, very interestingly, evidence is starting to come back for running of the spectral
index ns! (and constraints in r vs. ns plane are tightened)
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SHAPE OF THE PRIMORDIAL SPECTRUM

• Have been doing recent work with Sylvain Brechet and Mike Hobson (Cambridge)
on the question of initial conditions for inflation

• Related to work by Sanchez, de Vega, Boyanovsky & Destri concerning effects of a
fast roll period before the usual slow roll of inflation

• Idea is that there is a natural boundary condition for inflation, namely, that
the boundary condition for the scalar field evolution is that it emerges from the Big
Bang singularity

• Can argue for this in exactly the same way as for ordinary perfect fluid evolution: if
evolve backwards in time, then at a certain point the density starts to behave as

ρ ∝ 1

(t− t0)2

• We identify t0 as the Big Bang. Exactly the same happens for the energy density of
a scalar field. Evolving backwards, find there’s always (except in some closed
models, and Bianchi models (see Dechant, Lasenby & Hobson,
Phys.Rev.D79:043524,2009), where can avoid singularity) a point where it behaves
this same way
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SHAPE OF THE PRIMORDIAL SPECTRUM (CONTD.)

• Crucial (technical) question is whether this happens at a point where we are still
allowed to treat its overall background evolution as classical

• In Lasenby & Doran (Phys.Rev.D, 71, (2005) 063502) we showed in the context of
a slightly closed (Ωtot ∼ 1.02) singular model with V (φ) = (1/2)mφ2 (‘chaotic
potential’) that indeed the background evolution was still in the classical regime at
points where the observable perturbations today were laid down

• In this model, get a quadrupole suppression, and overall good agreement with the
CMB and matter power spectra

• Point we’ve now got clear on (in Brechet et al., in prep) is that this type of spectrum
is generic for any potential and works equally with a flat model (note still need
fine-tuning in 2 params of potential to get e-folds and normalisation)

• Important point is that the (power series) expansion out of the singularity is enough
to set conditions in which fast roll precedes slow roll (get H(t) ∼ 1/(3t),
φ 1√

24π
ln(t) as generic initial conditions)

• Now want to compare this type of spectrum with one having nrun
29



LASENBY + DORAN SPECTRUM WITH BEST FIT nrun (-0.01)

Note if didn’t include low-k region with suppression, best fit nrun is about -0.001 (due to
high-k power spectrum being linear in ln k, rather than a power law)
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LASENBY + DORAN SPECTRUM VS. nrun = −0.04

This illustrates how dramatic the effects of an nrun as big as −0.04 are.
(QUAD value is −0.046± 0.021 using WMAP+QUAD+ACBAR.)
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INFLATION AND STRING THEORY

• Mentioned this last year as well, but would like to update

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

r =
8

M2
Pl

(
dφ

dN

)2

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

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

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

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

• Daniel Baumann (see e.g. hep-th/0901.0265), now very strong on this —
detectable tensor modes means a shift symmetry must exist for the potential

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

• These may lead to a broad φ2 type potential, but with superposed oscillations —
observable effects in CMB?
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BAYESIAN RECONSTRUCTION OF PRIMORDIAL POWER SPECTRUM

• Bridges, Feroz, Hobson and ANL
(astro-ph/0812.3541) looked at op-
timal Bayesian reconstruction of
the primordial power spectrum

• As first step looked at the evidence
for some standard models using
CMB (WMAP5 + ACBAR + CBI)
and LSS (SDSS LRG+ 2dF)

• Evidence is the Bayesian way of
trading off ‘goodness of fit’ against
Occam’s razor penalisation of extra
parameters

• Cutoff favoured at about the same
level as tilt

4

-0.1 -0.05  0  0.05  0.1

nrun

Figure 2. Marginalised posterior probability of spectral runningnrun using
CMB plus LSS data (solid) and CMB data alone (dotted).

Table 2. Bayes’ factors comparing a scale invariant (H-Z) spectrum with
models containing tilt, running and a large scale cutoff using both CMB
alone and CMB + LSS data.

Model CMB CMB + LSS

H-Z 0.0± 0.3 0.0± 0.3
ns +1.6± 0.3 +1.1± 0.3

nrun +0.4± 0.3 −0.4± 0.3
kc +1.5± 0.3 +1.3± 0.3

to the cosmic variance limit. The situation changed somewhat in
the three-year (and subsequently five-year) release so thatnow the
octopole has shifted upwards to lie comfortably close to itsex-
pected value, but the quadrupole remains anomalously low. The
statistical significance has been questioned by many authors (e.g.
Efstathiou 2003b) and spurious alignments between the affected
multipoles have been suggested as evidence of some large scale
foreground contamination (de Oliveira-Costa et al. 2004).However
here we shall assume that the effect is a real one and attempt to ex-
plain the large-scale CMB decrement with a feature in the primor-
dial spectrum.

Naturally, at present the data will prefer a model that includes
a large scale cutoff, but does the data find onenecessary? We can
test this with a simple ‘cartoon’ model by abruptly curtailing a tilted
spectrum below some variable scalekc so that its form is given by:

P(k) =

(

0, k < kc

As

“

k
k0

”ns−1

, k > kc
(5)

The marginalised posterior distributions forkc in Fig. 4 show a pre-
ferred scale around2.7× 10−4 Mpc−1, consistent with an angular
scale aroundℓ = 2 − 4 as expected. Interestingly although blind
to scales around the cutoff, a joint analyses with LSS data shows a
pronounced peak atkc ≈ 0 suggesting that the constraining power
of, particularly LRG data, now matches current CMB data. In other
words, now that constraints at smaller scales are becoming tighter,
anomalies such as the cutoff are becoming less important. The evi-
dence confirms this (see Table 2) showing that the extra parameter
is superfluous.

The current position of these standard parameterisations then
appears straightforward, with CMB data alone and in joint analy-
sis with LSS, a purely scale-invariant spectrum is significantly dis-
favoured by the data. However the addition of a running parameter
remains of dubious necessity with CMB data alone and is actually
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Figure 3. Low-ℓ multipoles and1σ error bars from three releases of WMAP
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also plotted and shows the associated cosmic variance limits. [Noteℓ values
are slightly offset for clarity.]
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Figure 4. Marginalised posterior probability of the large scale spectral cut-
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disfavoured when LSS constraints are included. A large scale cut-
off in the primordial spectrum remains a suitable explanation of the
WMAP quadrupole decrement but according to the evidence there
is currently no need to include it in the model.

6 DATASET CONSISTENCY

Combining multiple datasets in joint analyses, in particular the
recent inclusion of observations of the baryonic acoustic oscilla-
tions in LSS surveys with CMB observations, have led to tight
constraints on the cosmological parameters (Tegmark et al.2006).
Authors regularly comment on the relative consistency between
datasets by comparing the parameter constraints made with each
set individually and when combined, however little effort is nor-
mally made to quantify this consistency. Marshall et al. (2006) es-
tablished just such a method using the Bayesian evidence (see also
Hobson et al. 2002). This is important for our reconstruction as ex-
perimental features, such as discontinuities on scales where obser-
vations meet may result in false detections of spectral structure.
The two datasets chosen, CMB and LSS, now overlap consider-
ably on scales starting aroundk ∼ 0.02 Mpc−1. If a data incon-
sistency were to exist it would likely appear as a feature close to
this scale. Curiously such a feature has been identified, Verde et al.
(2003) detected a deviation from a simple tilt aroundk ∼ 0.01
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CMB plus LSSdata (solid) and CMB dataalone (dotted).

Table 2. Bayes’ factors comparing a scale invariant (H-Z) spectrum with
models containing tilt, running and a large scale cutoff using both CMB
aloneand CMB + LSSdata.

Model CMB CMB + LSS

H-Z 0.0 ± 0.3 0.0 ± 0.3
ns + 1.6 ± 0.3 + 1.1 ± 0.3
nrun + 0.4 ± 0.3 − 0.4 ± 0.3
kc + 1.5 ± 0.3 + 1.3 ± 0.3

to the cosmic variance limit. The situation changed somewhat in
the three-year (and subsequently five-year) release so that now the
octopole has shifted upwards to lie comfortably close to its ex-
pected value, but the quadrupole remains anomalously low. The
statistical significance has been questioned by many authors (e.g.
Efstathiou 2003b) and spurious alignments between the affected
multipoles have been suggested as evidence of some large scale
foregroundcontamination (deOliveira-Costaet al. 2004).However
hereweshall assume that theeffect isa real oneand attempt to ex-
plain the large-scaleCMB decrement with a feature in the primor-
dial spectrum.

Naturally, at present thedatawill prefer amodel that includes
a large scale cutoff, but does the data find one necessary?We can
test thiswithasimple‘cartoon’ model by abruptly curtailingatilted
spectrum below somevariablescalekc so that its form isgiven by:

P (k) =

(
0, k < kc

As

“
k
k 0

” n s− 1
, k ; kc

(5)

Themarginalisedposterior distributionsfor kc inFig. 4 show apre-
ferred scalearound 2.7 × 10− 4 Mpc− 1 , consistent with an angular
scale around ℓ = 2 − 4 as expected. Interestingly although blind
to scalesaround thecutoff, a joint analyseswith LSSdata showsa
pronounced peak at kc ≈ 0 suggesting that theconstraining power
of, particularly LRGdata, now matchescurrent CMB data. In other
words, now that constraints at smaller scales arebecoming tighter,
anomaliessuch as thecutoff arebecoming less important. Theevi-
dence confirms this (seeTable2) showing that theextra parameter
issuperfluous.

The current position of these standard parameterisations then
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favoured by thedata. However theaddition of a running parameter
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disfavoured when LSSconstraints are included. A large scale cut-
off in theprimordial spectrum remainsasuitableexplanation of the
WMAPquadrupole decrement but according to the evidence there
iscurrently no need to include it in themodel.

6 DATASET CONSISTENCY

Combining multiple datasets in joint analyses, in particular the
recent inclusion of observations of the baryonic acoustic oscilla-
tions in LSS surveys with CMB observations, have led to tight
constraints on the cosmological parameters (Tegmark et al. 2006).
Authors regularly comment on the relative consistency between
datasets by comparing the parameter constraints made with each
set individually and when combined, however little effort is nor-
mally made to quantify this consistency. Marshall et al. (2006) es-
tablished just such amethod using theBayesian evidence (seealso
Hobson et al. 2002). This is important for our reconstruction asex-
perimental features, such as discontinuities on scaleswhere obser-
vations meet may result in false detections of spectral structure.
The two datasets chosen, CMB and LSS, now overlap consider-
ably on scales starting around k ∼ 0.02 Mpc− 1 . If a data incon-
sistency were to exist it would likely appear as a feature close to
thisscale. Curiously such a featurehasbeen identified, Verdeet al.
(2003) detected a deviation from a simple tilt around k ∼ 0.01
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BAYESIAN RECONSTRUCTION OF PRIMORDIAL POWER SPECTRUM

• Then looked at specification of the
power spectrum via a series of
nodes

• At each level of complexity worked
out evidence for introduction of an
extra node between two existing
nodes

• Surprisingly, peaks at just 3 nodes!
(so basically favouring a tilt — cut-
off is assumed)
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(b) 2: B21 = +0.66± 0.30
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(c) 3 : B31 = +1.08± 0.30
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(d) 4I : B4I1 = −0.34± 0.30
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(e) 4II : B4II1 = −1.41± 0.30
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(f) 5I : B5I1 = −0.51± 0.30

 0

 10

 20

 30

 40

 50

 0.0001  0.001  0.01  0.1  1

k

P
(k

)
×

1
0
−

1
0

(g) 5II : B5II1 = −2.41± 0.30

 0

 10

 20

 30

 40

 50

 0.0001  0.001  0.01  0.1  1

k

P
(k

)
×

1
0
−

1
0

(h) 5III : B5III1 = −2.05± 0.30

 0

 10

 20

 30

 40

 50

 0.0001  0.001  0.01  0.1  1

k

P
(k

)
×

1
0
−

1
0

(i) 6I : B6I1 = −0.21± 0.30

 0

 10

 20

 30

 40

 50

 0.0001  0.001  0.01  0.1  1

k

P
(k

)
×

1
0
−

1
0

(j) 6II : B6II1 = −0.40± 0.30

 0

 10

 20

 30

 40

 50

 0.0001  0.001  0.01  0.1  1

k

P
(k

)
×

1
0
−

1
0

(k) 6III : B6III1 = −2.10 ± 0.30

 0

 10

 20

 30

 40

 50

 0.0001  0.001  0.01  0.1  1

k

P
(k

)
×

1
0
−

1
0

(l) 6IV : B6IV1 = −1.97± 0.30

Figure 5. Linear interpolated reconstructions of the primordial spectrum with associated Bayes’ factors with respect model1. The amplitude was allowed to
vary at each of the nodes (shown with black circles). Mean amplitude values and1σ limits are shown, taken from the posteriors illustrated in Fig. 6.
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CLOVER SUMMARY

• Cardiff-Cambridge-Manchester-Oxford collaboration (+ NIST & UBC)

• Clean, highly-sensitive polarimetry (∼ 5µK-arcmin imaging at 97 GHz)

• 600 background-limited TES detectors

• Multiple levels of modulation (HWP, scanning and boresight rotation)

• Two instruments: one at 97 (7.5 arcmin); one with mixed focal plane at 150 and
225 GHz (5.5 arcmin)

• Two years observing from Atacama, Chile; commissioning to start end-2009

• Most of hardware for first instrument and telescope now completed

• Unfortunately project has been canceled by UK funding council

• A big blow for UK (and European) cosmology
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97 GHz Horns 

(Walter Gear)
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2/472009 Path to CMBpol 
Chicago july 2nd   2009 

20 of 25 

Hardware almost complete 
AIV underway 

(Walter Gear)
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AMI

• The AMI Small Array

• Ten 3.7 m dishes

• Has been working fully for 2 year

• The AMI Large Array

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

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

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

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

ogy

• Probes volume-redshift relation

• Probes abundance evolution

• Cluster structure and evolution

(Anna Scaife)
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SURVEY FIELDS

Large Array data on approx. 2 deg2 survey field
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SURVEY FIELDS

Small Array data (colour greyscale) with Large Array data superposed (contours)
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SURVEY FIELDS

After source subtraction. About 4 decrements at > 6σ at positions unlikely to be
affected by source-subtraction effects
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THE SOUTH POLE TELESCOPE

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

• These are at 150 and 220 GHz,
covering two 100 deg2 fields — still
some problems with 90 GHz chan-
nel

• Telescope will only be used for a
while for this, since then becomes
a general purpose instrument op-
erating at higher frequencies (ex-
tremely good surface)

• However, clear it has lots of sensi-
tivity to detect ‘blank field’ clusters

44



THE SOUTH POLE TELESCOPE — LATEST
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Fig. 1.— Images of four galaxy clusters found in the SPT SZ survey. In each panel, the region shown is a 20 by 20 arcminute box centered
on the cluster. All images are oriented with north up and east to the left. In the top row, we show the unfiltered, beam-smoothed, 150 GHz
map, and the scale has units of µKCMB. The lower three rows show the 150, 95 and 225 GHz maps filtered using a β = 1 model with
the θcore listed in Table 1. The ringing on either side of the cluster in the 150 GHz filtered maps is an artifact of the filtering. The scale
gives detection significance in σ. An SZ decrement will be stronger relative to primary CMB fluctuations at 95 GHz than it is at 150 GHz,
but the increased noise in in our 95 GHz maps results in a lower SNR at 95 GHz compared to 150. The detections at 95 GHz range in
significance from 2.5σ to 3.9σ (see Table 1) and provide supporting evidence for the cluster detections. The null of the SZ spectrum is
near 225 GHz, so there should be very little signal at cluster locations in the 225 GHz maps. Our 225 GHz maps are consistent with this
prediction (see Table 1 and Section 3), providing another cross check that the data are consistent with SZ sources. The first cluster shown
here, SPT-CL 0517-5430, was previously identified in the REFLEX X-ray cluster survey, in which it is identified as RXCJ0516.6-5430.

ure 3. This cluster has a red sequence visible in r − i
versus i and in i − z versus z suggesting a redshift of
z ∼ 0.8, again consistent with the location of a strong
peak in the photo-z histogram.

SPT-CL 0547-5345 is the highest-redshift system; its
galaxy population is faint and red in Figure 3. The clus-
ter core is located ∼ 0.25′ to the southeast of the SPT
position. Inspection of the images reveals a large pop-
ulation of faint galaxies that are not readily apparent
in the figure. The red sequence is not clearly detected
for this cluster. We note, however, that the galaxies for
this cluster are close to the detection limit and therefore
statistical uncertainties in their photometry are likely to
be an issue. The photo-z histogram shows a peak at

z ∼ 0.9, very close to the high redshift range measured
for the entire field. A feature that appears to be a strong
gravitational lensing arc lies near the SPT circle to the
southwest of the SPT position.

The BCS optical data reveal galaxy concentrations lo-
cated within 0.5′ of the SPT position for each of the four
clusters. We find the cluster red sequence is present in all
but the highest-redshift system and gravitational lensing
arcs are present in two of the SPT systems, including the
highest-redshift cluster.

We also note that the trend in cluster angular size — as
evident from the images in Figure 1 and the rough esti-
mate of θcore in Table 1 — is consistent with the redshift
estimates presented in this section. The two clusters esti-

• 4 detections published so far (Staniszewski et al., astro-ph/0810.1578)

• Reports that may be ∼ 100 more candidates by now

• SZA does not seem to have found any as yet

• Currently believe SPT mass cutoff will be about 6× 1014M� — AMI much smaller
fields, but could go to ∼ 2× 1014M�
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DAMPING TAIL AND CBI EXCESS

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

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

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