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Overview

Will give a brief introduction to current status of CMB
observations and what we hope to learn from them
Then discuss some current and near future CMB experiments
and prospects, particularly for polarisation (also deal briefly with
a couple of experiments for secondary anisotropies)
Will also have some things to say on the theoretical front, e.g.
about possible large scale anomalies, and current interest in
Bianchi models
Acknowledgements: would like to thank Anthony Challinor for
help with some of the introductory slides



The cosmic microwave background

Thermal relic of hot big bang with almost perfect blackbody
spectrum (COBE-FIRAS)

Temperature 2.726K ⇒ CMB photon number density 4×108 m−3

∼ 90% of CMB photons last interacted with matter at
recombination (z ∼ 1000); remaining suffered further Thomson
scattering once Universe reionized around z ∼ 11−12 (WMAP3)

Fluctuations in photon phase space density and gravitational
potential give rise to small temperature anisotropies (∼ 10−5)



Adiabatic and isocurvature modes

Adiabatic modes (e.g. single-field inflation) perturb number
densities of all species in same way

Couple to cos oscillation in krs where rs = sound horizon distance
⇒ peaks in direct temperature + gravitational effects at krs = nπ

Isocurvature modes (e.g. multi-field inflation, axion etc.) perturb
relative number densities so that curvature initially vanishes

Sub-horizon behaviour ≈ sin oscillation ⇒ peaks at krs = π/2+nπ



Gravity waves and CMB temperature anisotropies
Gravity waves are transverse, trace-free perturbation to FRW
metric:

ds2 = dt2−a2(δij +hij)dx idx j

Integrated effect of locally-anisotropic expansion (shear) of
space generates temperature anisotropies after recombination:

∆T (n̂)/T =−1
2

∫
e−τ ḣij n̂i n̂j dt

Gravity waves damp inside
horizon ⇒ only affects
large-angle ∆T
Cosmic variance

∆Cl =

√
2

2l +1
Cl

limits ∆r = 0.07



CMB polarization

Photon diffusion around recombination
→ local temperature quadrupole

Subsequent Thomson scattering
generates (partial) linear polarization
with r.m.s. ∼ 5 µK from density
perturbations

Polarization

Hot

Cold.

Only three power spectra if parity respected in mean: CE
l , CB

l and
CTE

l

Linear scalar perturbations produce only E-mode polarization
Mainly traces baryon velocity at recombination ⇒ peaks at
troughs of ∆T
Gravity waves produce both E- and B-mode polarization (with
roughly equal power)



Scalar and tensor power spectra (r = 0.36)

B-mode polarization circumvents cosmic variance of dominant
scalar component present in T and E



Observations 2006 — ∆T

(Hinshaw et al. 2006)



Observations 2007 — ∆T
First results from QUaD 5

FIG. 3.— Comparison of preliminary QUaD first season power spectrum
results to selected other published results to date. The experiments com-
pared to are ACBAR (Kuo et al. 2006), BOOMERanG (Jones et al. 2006;
Piacentini et al. 2006; Montroy et al. 2006), CBI (Sievers et al. 2005), DASI
(Leitch et al. 2005), VSA (Dickinson et al. 2004) and WMAP (Hinshaw et al.
2006; Page et al. 2006). Note that theTT comparison is plotted with a log
scale in the y-axis.

and thus to cancel in the deck jackknife. Figure 4 compares
the signal (non-jackknife) and deck jackknife power spectra
and we see that the vast majority of the apparent sky signal
cancels. Note that where the signal spectra are sample vari-
ance dominated the jackknife spectra error bars are smaller
since there is no sample variance in a null spectrum.

For the scan direction jackknife we form separate maps
from the half-scans in each direction. If deconvolution of the
detector temporal response is not done correctly then the for-
ward and backward maps will not match and residuals will
remain when they are subtracted. In some cases the time con-
stants of the two halves of a detector pair are not well matched
and hence poor deconvolution could lead to leakage fromT
into polarization making this a very important test.

The split season jackknife forms maps from the first half
and second half of the used days. If for example there were
a drift in the absolute calibration of the instrument over time
then cancellation failure would be expected here.
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FIG. 4.— QUaD signal spectra compared to deck jackknife spectra. (See
text for details.)

500 ` 1000 1500

Compilation from QUAD first season results paper:
Ade et al. astro-ph/0705.2359

ACBAR points are also new since last year:
Kuo et al. astro-ph/0611198



Observations up to 2006 — E-mode polarization

Super-horizon correlations at last scattering surface from TE
correlation ⇒ apparently acausal fluctuations
Sign of correlation consistent with adiabatic i.c.
Peak positions in TT , TE and EE all consistent, and with
adiabatic i.c.



Future CMB Polarisation Experiments

Name Type Detectors ` range r target Start Date
BICEP ground bolometer 50 < ` < 300 0.1 2007
QUIET ground MMIC ` < 1000 ? 2008-2010

CLOVER ground bolometer 20 < ` < 600 0.01 2008-2009
EBEX balloon bolometer 20 < ` < 1000 0.03 2009

SPIDER balloon bolometer ` < 100 0.025 2009-2010
BPOL space bolometer ` < 200 1–5 ×10−3 2016?

Discuss here
CLOVER — Cardiff, Cambridge, Oxford, Manchester B-mode
bolometric experiment
QUAD — Stanford, Chicago, Cardiff, Edinburgh (already has
results)
QUIET — USA B-mode HEMT experiment
SPIDER — USA + Canada + UK B-mode experiment
BPOL — proposed to ESA as an M-class mission
But first, what are some of the science drivers as regards
inflation?
We know a key feature is that B-mode polarisation is a ‘smoking
gun’ for tensor perturbations — what are specifics?



Inflation: r -ns constraints (pre WMAP3 slide)

Energy scale totally
uncertain:
V 1/4 < 2.6×1016 GeV but
could be as low as
electroweak scale (100
GeV) but theoretical prior
not uniform!
No evidence for dynamics
of inflation (data
consistent with
low-energy, flat potential
giving r ≈ 0 and ns ≈ 1)
Some models already
ruled out (e.g. φ6 and φ4) (Tegmark et al. 2003; Seljak et al.

2004)



WMAP3 constraints on form of potential

Thus good evidence now starting to build up against φ4 type
theory or plain H-Z, and for φ2

This is in principle good news for B-mode detections! (typical
r ∼ 0.15 for φ2)



Summary of CLOVER science goals

Characterise B-mode
polarization on scales
20 < l < 600

Sufficient thermal
sensitivity (magenta) to
be limited by sample
variance of lensing
signal for l < 200

Detect gravity waves if
r > 0.01 (3σ ; c.f. current
95% limit of ∼ 0.36)

Hence measure energy
scale of inflation if
> 1.0×1016 GeV

Place tight constraints on
dynamics of inflation

SUMMARY OF CLOVER SCIENCE GOALS

• Characterise B-mode po-
larization on scales 20 <

l < 600

– Sufficient thermal
sensitivity (magenta)
to be limited by sample
variance of lensing
signal for l < 200

• Detect gravity waves if r >
0.01 (3σ; c.f. current 95%
limit of 0.36)

– Hence measure en-
ergy scale of inflation if
> 1.0× 1016 GeV

• Place tight constraints on
dynamics of inflation
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CLOVER EXPERIMENTInstrument Layout

• Three independent scaled telescopes: 97, 150, 225 GHz

• 160, 256, 256 pixels, 8-arcmin resolution

• Polarimeter in waveguide – TES detectors at ~100mK

• Three independent 3-axis mounts

97 GHz

225 GHz

150 GHz

Collaboration between
Cambridge — detectors, software
Cardiff — telescope, mount and high frequency instrument
Oxford — optics
Manchester — 97 GHz instrument

Plan is now for 2 telescopes: 97 GHz (as before) and 150 + 225
GHz combined — all frequencies 8-arcmin resolution
Will now have approx. 100 pixels at each frequency, with
Transition Edge Sensor (TES) detectors at ∼ 100mK



CLOVER MountCLOVER – Measuring the CMB B-mode polarisation, 18
th
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must be 60 nK/Hz
0.5

, with long-term stability of 3.5 µK over 

the 24 hour duty cycle.  At 97 and 150 GHz, the system uses a 

CryoMech PT410 pulse tube cooler (PTC) to cool to 4 K, a 

closed-cycle He-7 sorption fridge down to 0.4 K, and a closed-

cycle dilution refrigerator [17] to reach 100 mK.  At 225 GHz 

there will again be a PT410 PTC, followed by a He-10 

sorption cooler to reach 250 mK.  The closed-cycle nature 

means that there will be no cryogenic consumables.  To reduce 

vibrations flexible stainless steel lines will lead to the PTC 

motor and expansion stage. 

Band-pass and thermal filtering will be provided by a stack 

of metal-mesh filters.  The maximum possible size of these 

filters (300 mm) is what limits the focal plane size, and hence 

the number of horns; this it the reason for the reduced number 

of horns at 97 GHz (169 rather than 202 at the higher 

frequencies). 

I. Mount 

Each telescope will have its own mount, with the sizes 

roughly scaled with the frequency.  The mount must be rotate 

fully in azimuth and reach elevations from 0–89.5°.  As a 

further modulation of the polarisation signal, the mount will 

rotate the telescope around the optical axis.  To move the 

science signals away from the atmospheric noise, the mount 

must be able to scan at speeds of at least 3 deg.s
-1

 on the sky, 

and have sufficient acceleration to keep the turnaround time as 

low as possible (see below).  The pointing accuracy must be 

20 arcsec, with long-term tracking accuracy of 60 arcsec.  The 

97 GHz mount design (without counterweights for clarity) is 

shown in Figure 9.  

III. SITE AND OBSERVATIONS 

Clover will be sited at Llano de Chajnantor, Chile, in the 

Atacama Desert.  The high altitude (5080 m) places it above 

nearly half the atmosphere and most of the water vapour.  The 

area is a popular one for millimetre and sub-millimetre 

experiments (e.g. ALMA, CBI, ACT, CCAT, etc.), as it is very 

dry and still accessible. 

The latitude of the site (-23°) means that a good proportion 

of the sky is observable.  Since contamination from Galactic 

foregrounds is a major issue for CMB B-mode experiments, 

the ability to select locations out of the galactic plane is vital.  

The required 1000 deg
2
 of sky area is divided into four convex 

fields, spread roughly evenly in right ascension to maximise 

the observing efficiency throughout the year (see Figure 10). 

In order to control the atmospheric noise as much as 

possible, Clover will perform fast constant-elevation scans 

over each field as it rises and falls each night.  The 

observations will continue for two years, giving ~0.8 years of 

integration time needed to achieve the final required 

sensitivity. 

Calibration for CMB polarisation experiments is particularly 

challenging, as there are few well-characterised, polarised, 

non-variable astronomical sources at mm wavelengths.  

Possible sources are extragalactic radio sources (e.g. Tau A) 

and planets (though planets are not highly polarised).  While 

an absolute calibration of 5% should be possible from existing 

or planned data (e.g. WMAP, Planck), it is likely that 

characterisation of systematic effects will require additional 

calibration, possibly from an artificial source. 

IV. DATA ANALYSIS AND PREDICTIONS 

The fast detector speed and the large number of detectors 

mean that Clover will produce a very high volume of data.  

The usual data analysis procedures (e.g. deglitching, de-

striping, etc.) will have to be applied to this data set in order to 

generate the final maps. 

An additional challenge for B-mode experiments will be the 

removal of the foreground signals, particularly the galactic 

synchrotron and dust emission.  The spectral coverage of 

Clover means that component separation should be possible, 

though it will probably require significantly more knowledge 

of the foregrounds than exists at the moment.  For example, 

current data has a low signal-to-noise in the low emission areas 

of sky that we will target, and is either at too low a frequency 

(e.g. 1.4 GHz [18]) in the case of synchrotron emission or too 

high a frequency (e.g. 350 GHz [19] or 100 µm [20]) in the 

case of thermal dust emission.  Much work is being done to 

make better predictions and observations of these signals (e.g. 

[21],[22]).  Future all sky surveys at higher frequencies (e.g. 

Figure 9: Three views of the 97 GHz mount showing its ability to rotate 

around three axes.  The optical assembly, containing the 1.8 m mirrors, 

will be lined with an unpolarised absorber to reduce the effects of 

sidelobes. 

Figure 10: Mollweide projection of the sky in equatorial coordinates 

showing the Clover fields (black/white circles) relative to the site latitude 

(black line), the ecliptic plane (black/white dotted line) and the estimated 

galactic foreground emission at 97 GHz from toy models (greyscale). 

Three views of the 97 GHz mount showing its ability to rotate
around three axes
The optical assembly, containing the 1.8 m mirrors, will be lined
with an unpolarised absorber to reduce the effects of sidelobes



CLOVER SiteSite:  Chajnantor, Chile
Clover (CBI)       ALMA coreASTE         APEX

Deployment of 97 GHz instru-
ment towards end of 2008; full
deployment towards end 2009



QUIET

HEMT receiver CMB
polarization experiment
Collaboration between
Chicago, JPL, Miami,
Princeton Caltech, Columbia,
Stanford and Oxford
Bruce Winstein (Chicago) PI
Pathfinders: 100-element
W-band (90 GHz) array on
1m telescope
37-element Q-band (40 GHz)
array
Two optical platforms: Novel
1m-scale telescope on CBI in
Chile for large angular scales

QUIET:  Irvine Meeting, 3/24/06

91 Element W-band Array

QUIET:  Irvine Meeting, 3/24/06

The Site for QUIET:  CBI at 16,700 foot altitude in Chilean Andes

Atmospheric transmission=0.988

Extremely dry site: 1.38mm PWV

CBI infrastructure exists, ALMA soon
to be installed

Operational Support:
SAINT

Ground-screen:  Oxford
(M. Jones, A. Taylor)



QUIET

Previous proposal was that
Lucent 7m telescope,
currently in New Jersey and
recently used for CAPMAP,
will be moved to Chile for
small angular scales (approx
4 arcmin) — not clear if this
is now preferred route
For ultimate instrument, two
frequencies at each angular
scale: 1000-element W-band
arrays; 300-element Q-band
arrays
Operate for 3+ years
Funding for first stages now
agreed

QUIET:  Irvine Meeting, 3/24/06

7m Bell Labs Telescope
used by CAPMAP- 4’ beam 
at 90 GHz.  Great for 
small scales, plan to move to 
Atacama Desert



QUAD

QUAD Quest at DASI
Cardiff, Stanford, Chicago,
Edinburgh and others
collaboration
100 and 150 GHz
polarization sensitive
bolometers, feeding 2.6 m
primary
On DASI mount at South
Pole
Going after E-mode
anisotropy at 4 scale
Third (final) season
underway
First season analysis
came out recently



QUAD First Season Polarisation Results

First results from QUaD 5

FIG. 3.— Comparison of preliminary QUaD first season power spectrum
results to selected other published results to date. The experiments com-
pared to are ACBAR (Kuo et al. 2006), BOOMERanG (Jones et al. 2006;
Piacentini et al. 2006; Montroy et al. 2006), CBI (Sievers et al. 2005), DASI
(Leitch et al. 2005), VSA (Dickinson et al. 2004) and WMAP (Hinshaw et al.
2006; Page et al. 2006). Note that theTT comparison is plotted with a log
scale in the y-axis.

and thus to cancel in the deck jackknife. Figure 4 compares
the signal (non-jackknife) and deck jackknife power spectra
and we see that the vast majority of the apparent sky signal
cancels. Note that where the signal spectra are sample vari-
ance dominated the jackknife spectra error bars are smaller
since there is no sample variance in a null spectrum.

For the scan direction jackknife we form separate maps
from the half-scans in each direction. If deconvolution of the
detector temporal response is not done correctly then the for-
ward and backward maps will not match and residuals will
remain when they are subtracted. In some cases the time con-
stants of the two halves of a detector pair are not well matched
and hence poor deconvolution could lead to leakage fromT
into polarization making this a very important test.

The split season jackknife forms maps from the first half
and second half of the used days. If for example there were
a drift in the absolute calibration of the instrument over time
then cancellation failure would be expected here.
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FIG. 4.— QUaD signal spectra compared to deck jackknife spectra. (See
text for details.)

Significant improvement
expected re second
season results

Above shows simulations
of second season
E-mode data, but with
actual errors (in
comparison to 1st season
— offset for clarity)



SPIDER
� Balloon-borne instrument

� Six (Seven) telescopes, five     
different frequencies from 90 
to 270 GHz

� 7 instrument inserts cooled 
to 4K in 1000 litre LHe 
cryostat 

� ~3000 detectors cooled to    
250 mK

� Spins in azimuth

� 50’ resolution at 100GHz

Spider – Instrument Overview

7 telescope system on
spinning gondala
Targetting relatively large
angular scales ` < 100

� New antenna-coupled bolometer array technology 
� TES sensors + SQUID readouts
� Each pixel has two orthogonally polarized detectors

� Single 150 GHz 
detector sensitivity   
100 �Ks1/2

� No feeds, low 
mass, close- packed 
= lots of detectors   

How will Spider measure B-modes?

2048 science 
detectors cf. 
Planck (~70)

� Launch from Alice    
Springs, Australia      

� Around the world,    mid-
latitude (-23º S)     flight

� Instrument spins in     
azimuth at night, scans 
anti-sun during day

� Observe >50% of  the sky Observe >50% of  the sky 
with good crosswith good cross--linkinglinking
�� Deep 8% of skyDeep 8% of sky

path of a pixel for single 
gondola rotation

How will Spider measure B-modes?

Collaboration including Caltech,
Cardiff, CITA, Imperial, UBC, U.
Toronto
Launch from Alice Springs,
Australia
Mid-latitude flight (−23◦) taking
about 25 days
Spins in azimuth at night,
anti-sun during day
First LDB flight Autumn 2010



Planck and WMAP

Planck HFI and LFI
instruments have now
been integrated
Launch August 2008

WMAP showed how hard polarisation work
will be
Will need to dig deep into the foregrounds
Following is from Page et al (2006)
Dashed lines are the modelled foreground
levels - dominate even EE
30 Page et al.
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FIG. 25.— Plots of signal for TT (black), TE (red), EE (green) for the best fit model. The dashed line for TE indicates areas of anticorrelation. The cosmic
variance is shown as a light swath around each model. It is binned inℓ in the same way as the data. Thus, its variations reflect transitions betweenℓ bin sizes. All
error bars include the signal times noise term. Theℓ at which each point is plotted is found from the weighted mean of the data comprising the bin. This is most
conspicuous for EE where the data are divided into bins of 2≤ ℓ ≤ 5, 6≤ ℓ ≤ 49, 50≤ ℓ ≤ 199, and 200≤ ℓ ≤ 799. The lowestℓ point shows the cleaned QV
data, the next shows the cleaned QVW data, and the last two show the pre-cleaned QVW data. There is possibly residual foreground contamination in the second
point because our model is not so effective in this range as discussed in the text. For BB (blue dots), we show a model withr = 0.3. It is dotted to indicate that
at this timeWMAP only limits the signal. We show the 1σ limit of 0.17 µK for the weighted average ofℓ = 2− 10. The BB lensing signal is shown as a blue
dashed line. The foreground model (Equation 25) for synchrotron plus dust emission is shown as straight dashed lines with green for EE and blue for BB. Both
are evaluated atν = 65 GHz. Recall that this is an average level and does not emphasize theℓs where the emission is low.

modelΛCDM spectrum,

Dℓ =
2

2ℓ+ 1
1

f EE
sky (ℓ)2

(BEE
ℓ (τ̃ ) + NEE

ℓ )2 (31)

as in C.14, andNEE is the uncertainty shown in Figure 21 and
is derived from the MASTER spectrum determination. We
use the symbol̃τ in this context because the likelihood func-
tion we obtain is not the full likelihood forτ . Uncertainties
in other parameters, especiallyns, have been ignored and the
Cℓ distribution is taken to be Gaussian. ThusL(τ̃ ) does not
give a good estimate of the uncertainty. Its primary use is as
a simple parametrization of the data.L(τ̃ ) is plotted in Fig-
ure 26 for the QV combination. We call this method “simple
tau.” Table 9 shows that simple tau is stable with data selec-
tion. One can also see that if the QQ component is removed

from the QV combination,τ increases slightly. This is an-
other indication that foreground emission is not biasing the
result. Additionally, one can see that removingℓ = 5,7 for all
band combinations does not greatly affectτ .

The optimal method for computing the optical depth is with
the exact likelihood (as in Appendix D). The primary benefits
are: it makes no assumptions about the distribution ofCℓ at
eachℓ but does assume that the polarization signal and noise
in the maps are normally distributed; it works directly in pixel
space, taking advantage of the phase relations between the T
and E modes both together and separately; and it is unbiased.
The only disadvantages are that it is computationally intensive
and that it is not easy to excise individual values ofℓ such as
ℓ= 5,7. Table 9 shows that similar vales ofτ are obtained for a



Spinning Dust

LDN1622LDN1622
� Lynds 1622 dark nebula

observed to have regions 
spectra (5-10GHz, Green Bank 
140ft; Finkbeiner et al. 
2002,2004).

� Confirmation with CBI (P.I.: 
Readhead) @ 31 GHz 
(Casassus et al. 2006).

� No significant free-free 
emission (from Hα/5GHz).

� CBI data correlates better with 
12/25 µm than 60/100 µm 
which suggests VSG’s 
(spinning dust?)

� SED from 100  µm correlations 
agrees well with DL98 spinning 
dust component and 140ft 
Green Bank data.

� Lynds 1622 dark nebula
observed to have regions 
spectra (5-10GHz, Green Bank 
140ft; Finkbeiner et al. 
2002,2004).

� Confirmation with CBI (P.I.: 
Readhead) @ 31 GHz 
(Casassus et al. 2006).

� No significant free-free 
emission (from Hα/5GHz).

� CBI data correlates better with 
12/25 µm than 60/100 µm 
which suggests VSG’s 
(spinning dust?)

� SED from 100  µm correlations 
agrees well with DL98 spinning 
dust component and 140ft 
Green Bank data.

Casassus et al. 2006

Additional component seen in the
10-60 GHz range
Strongly correlated with FIR
maps
Not conventional free-free (e.g.
lack of Hα)
Above, frequency spectrum of the
Lynds Dark Cloud LDN1622

4 A. Scaife et al.
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Figure 4. Infra-red emission towards 3C396. Colourscale is IRAS 100µm
data overlaid with the VSA observation at 33 GHz. Contours are−2,−1, 1,
2, 4, 8, 16, 32 and 64σ .

cal only. This leaves 2.45±0.35 Jy that may be due to an anomalous
component. If we include a 5 percent error on the flux calibration
these errors are increased to 0.24 and 0.41 Jy, respectively. The ex-
cess accounts for 37% of the total 33 GHz flux density.

Radio recombination line observations (Anantharamaiah,
1985) put an upper limit on the emission measure of 3C396 of
280 cm−6 pc and fits an electron temperature of 5000 K for the gas.
This implies an upper limit on the free–free emission from the SNR
of 0.061 Jy beam−1 at 33 GHz. The beam sizes used for this mea-
surement are poorly matched to that of the VSA and may cause
the values to be over-estimated. Taking this into account it can be
seen that the free–free contribution is small compared to the non-
thermal and can only account for∼2% of the excess emission. In
addition, models including both free–free and non-thermal contri-
butions provide poor fits to the Patnaik et al. data.

The possibility of the VSA seeing a secondary radio source in
projection towards 3C396 is small. Radio sources with flux densi-
ties> 100 mJy are seen with a frequency of 0.2/deg2. The possibil-
ity of a rising spectrum source at> 5 GHz reduces this number by
a factor of 10 (Waldram et al., 2003; Cleary et al., 2005).

Olbert et al. (2003) report the presence of a small pulsar wind
nebula (PWN) within the 3C396 SNR , although the authors note
the lack of any corresponding radio feature in high resolution 20 cm
VLA images of the remnant (Dyer & Reynolds 1999). For this
PWN (or plerion-like component), to account for the excess flux
density seen at 33 GHz it would be very obvious at 1.4 GHz, where
it would have to contribute approximately 1/6 of the total flux den-
sity, assuming a flat spectral index – Olbert et al. however sug-
gest that its contribution is6 1/25 of the total radio flux density at
1.4 GHz.

The infra-red emission at 100µm towards 3C396 is shown
in Fig. 4. In this region of the Galactic plane it is not certain
whether the emission is associated with the SNR remnant, or is
merely a projection. Reach et al. (2006) suggest that higher reso-
lution Spitzer data shows emission at 3.6 to 8µm which may be
associated with the SNR. They find IRAC colours for these regions
consistent with both PDRs and HII regions.

If the excess emission seen at 33 GHz from 3C396 is asso-
ciated with these regions then it is possible it may arise from the

Figure 5. Integrated spectrum of 3C396. Data points from Patnaik and Ef-
felsberg are as in Figure 3 with data binned at similar frequencies. The best
fit spectral index ofα = 0.42±0.03 is shown as a dashed line and a spin-
ning dust model (DL98b) scaled to fit the VSA data at 33 GHz is shown as
a dotted line. The measurement from the VSA at 33 GHz is shown as an
unfilled diamond.

dipole emission of Draine & Lazarian (1998a;1998b). However,
the discrepancy in resolution between the Spitzer and VSA tele-
scopes precludes a more detailed spatial analysis. This possibility
is illustrated in Figure 5 where the data is shown with the WNM
spinning dust model of DL98b. For clarity we have binned the data
of Patnaik et al. at similar frequencies, and have excluded one point
at 10.7 GHz. In addition, we note that the WNM model of DL98b,
where the column density towards 3C396 is determined from the
full-sky magnitude map of Schlegel, Finkbeiner & Davis (1998),
predicts a peak flux density at 33 GHz of 3.5 Jy beam−1 at the reso-
lution of the VSA due to spinning dust. This gives an integrated flux
density of approximately 7 Jy, using the ratio of peak to integrated
flux found with the VSA. However, it is likely that this method
overestimates the integrated flux density since the morphology of
the thermal dust emission appears more compact than the emission
seen with the VSA. It is however within a factor of 3 of the excess
emission we see at 33 GHz.

In conclusion, we have assessed the possibility of spinning
dust emission at 33 GHz towards the SNR 3C396. Apart from
Cas A and Tau A, few SNR have been studied in the microwave
region. Consequently, in order to confirm this possibility further
measurements are required in the range 10–20 GHz.
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Recent points are from the CBI
(Casassus et al., astro-ph/0511283,
Astrophys.J. 639 (2006) 951-964)
On right, recent measurements with
the Very Small Array
(Cambridge/Tenerife/Manchester) of
the dusty supernova remnant 3C396
(Scaife et al., astro-ph/0702473)



Secondary Anisotropies —
The Sunyaev–Zeldovich Effect
Arcminute MicroKelvin Imager (Cambridge)



AMI

The AMI Small Array
Ten 3.7 m dishes
Has been working fully for > 1
year

The AMI Large Array
The Eight 13 m dishes of the old
Ryle Telescope
Reconfigured to make a compact
array for source subtration for Small
Array SZ surveys
Will be complete and commissioned
in about 1 month



SZ Effect in A773
SZ EFFECT IN A773

6 hour AMI image 460 hour RT image

• Outer regions of gas now being detected.
• Telescope sensitivity matches theoretical prediction.
⇒ 103 improvement in survey speed over RT.

3

6 hour AMI Small Array image 460 hour RT image

Outer regions of gas now being detected
Telescope sensitivity matches theoretical prediction
103 improvement in survey speed over old Ryle Telescope
New: Similar speed improvement now demonstrated for new
Large Array source-mapping versus old RT



Predicted AMI Cosmological Constraints

1 year, 100 square degrees AMI survey
We can start this as soon as Large Array is fully working (to
detect and subtract the sources) — approx 1 month
How many clusters will we find? Also what is the integrated SZ
contribution to the primordial CMB tail?



Damping tail and CBI excess
Photon diffusion suppresses photon density fluctuations below
∼ 3Mpc at last scattering; 80Mpc 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

500 1000 1500 2000 2500 3000

0

1000

2000

3000

SZ expected at 150
GHz given CBI re-
sult (Kuo et al 2004).
(About 1.2σ detec-
tion of this in latest
ACBAR work (Kuo et
al 2006))



The Very Small Array (VSA) – Main Array

14-antennas interferometer              91 baselines

Compact Extended

Super-extended



WMAP3 versus weak lensing
– 23 –

4.1.7. Weak Lensing

WMAP

Weak Lensing

WMAP + Weak LensingWMAP + Weak LensingWMAP + Weak Lensing
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Fig. 7.— Prediction for the mass fluctuations measured by the CFTHLS w eak-lensing

survey from the ? CDM model fit to the WMAP data only. The blue, red and green

contours show the joint 2-d marginalized 68% and 95% confiden ce limits in the ( ? 8,

? m ) plane for for WMAP only, CFHTLS only and WMAP + CFHTLS, respe ctively,

for the power law ? CDM models. All constraints come from assuming the same

priors on input parameters, with the additional marginaliz ation over zs in the weak

lensing analysis, using a top hat prior of 0.613 < z s < 0.721 . While lensing data favors

higher values of ? 8 0.8 − 1.0 (see §4.1.7), X-ray cluster studies favor lower values of

? 8 0.7 − 0.8 (see §4.1.9).

Over the past few years, there has been dramatic progress in u sing weak lensing data as a probe

of mass fluctuations in the nearby universe (see Bartelmann & Schneider (2001); Van Waerbeke &

A σ8 ≈ 1.0 would,
however, now be a real
problem
Ok (in general) with weak
lensing, but not now with
WMAP3
Combination of losing
some optical depth and
lower Ωcdm means σ8 now
significantly lower
σ8 = 0.92±0.1 (WMAP1)
now goes to
σ8 = 0.76±0.05 (WMAP3)
This seems to be a real
tension between models
Other (current) experiment
able to address blank field
SZ directly is the SZA



The SZA
Chicago, Columbia, Caltech/JPL collaboration
P.I. John Carlstron
Eight 3.5 m diameter telescopes
Like AMI, close-packed configuration for high surface brightness
(1.2 diameter spacings)
30 GHz Receivers (cluster survey) (cf. AMI 15Ghz)

SZA

• Eight 3.5m dishes
• ν = 30 GHz; ∆ν = 8 GHz

• Located at Owens Valley, California
• Longterm aim to combine with

OVRO and BIMA arrays
• Currently has two dishes as outrig-

gers for source subtraction

(Image provided by Clem Pryke)
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The SZA (contd.)

Has now begun on SZ survey
Possible low σ8 a worry!
First results paper is on measurements in 3 high redshift
clusters: ClJ1415.1+3612 (z = 1.03) ClJ1429.0+4241 (z = 0.92)
ClJ1226.9+3332 (z = 0.89) in astro-ph/0610115 Muchovej et al.
Astrophys.J. 663, (2007), 708
SZA to be integrated with OVRO and BIMA telescopes (CARMA)
will allow high resolution cluster imaging– 12 –

Fig. 3.— Sunyaev-Zel’dovich Effect measurements (contours) overlaid on X-ray images

(halftone) of Cl J1415.1+3612, Cl J1429.0+4241, and Cl J1226.9+3332. The contours are

set at brightness levels corresponding to integer multiples of ±20 µK for Cl J1415.1+3612,

±20 µK for Cl J1429.0+4241 and ±49 µK for Cl J1226.9+3332, corresponding to ±1.5 times

the map rms, respectively (see Table 1); solid contours are negative and dashed contours are

positive. In each panel, the FWHM of the synthesized beam of the SZ observations is shown

by the filled ellipse in the bottom left corner. The X-ray images shown here are from the

XMM EPIC/MOS instrument, with an effective exposure time of 32 ks for Cl J1415.1+3612,

66 ks for Cl J1429.0+4241, and 45 ks for Cl J1226.9+3332. The X-ray events are binned in

3′′ pixels, and the images have been adaptively smoothed using a threshold of 70 differential

counts to determine the radii used in the smoothing kernel.

We model the cluster gas density by a spherical, isothermal β-model, described by

ne(r) = ne0

(

1 +
r2

r2
c

)−3β/2

, (5)

where the core radius rc and the power law index β are shape parameters, and ne0 is the

central electron number density. The model is a simple parameterization of the gas density

profile, traditionally used in fitting X-ray (cf. Mohr et al. 1999) and SZ data. Although

more sophisticated parameterizations have been shown to better reproduce details of the

density and temperature profiles, data taken with the SZA in its survey configuration lack

the resolution to constrain models with additional free parameters. Furthermore, this pa-

rameterization allows a direct comparison with the results of Maughan et al. (2006), who fit

isothermal β-models to the X-ray data for the three clusters considered here.



Evidence for different primordial spectra

Running index

Harrison-Zeldovich

Lasenby + Doran
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Figure shows some of the different type of spectra that were
considered
‘Lasenby + Doran’ is for a particular model leading to a slightly
closed universe (Described in Phys.Rev.D 71, (2005) 063502.)



Evidence for different primordial spectra (contd.)
Also considered a free-form fit in 8 bins
for the power spectrum, plus a ‘broken
spectrum’ with two scale-invariant
sections joined by a sloping line

• Some sample
evidence results were as in following:

Table: Differences of log evidences (for primordial parameters) for all models
with respect to single index model within a WMAP3 concordance cosmology:
Ω0 = 1.039,Ωbh2 = 0.022,h = 0.57,Ωcdmh2 = 0.110, as compared to the
Lasenby & Doran model (treated as a template)

Model lnEi − lnE0 WMAP1 lnEi − lnE0 WMAP3
Constant n 0.0 ± 0.5 0.0 ± 0.3

H-Z -4.4 ± 0.5 -17.5 ± 0.9
Running -0.8 ± 0.6 +1.4 ± 0.7
Cutoff 0.4 ± 0.5 0.6 ± 0.3
Broken -2.7 ± 0.6 -0.3 ± 2.2
Binned -6.1± 0.6 -16.9± 0.9

Lasenby & Doran 4.1 ± 0.5 5.2 ± 0.6



A Bianchi Model Universe?

cold spot

Bianchi template

Several authors have commented
on significant North/South
asymmetry in the WMAP data,
plus strange alignment between
low multipoles
Jaffe et al. (astro-ph/0503213)
fitted a Bianchi VIIh template to
WMAP sky
Found a best fit with Ω0 = 0.5
Coldest part of template
corresponds with a non-Gaussian
spot found in Vielva et al.
(astro-ph/0310273) and drawn
attention to in Cruz et al.
(astro-ph/0405341)
But Ω0 = 0.5 in conflict with most
other astrophysical indicators
Even including Λ can’t get a valid
region in parameter space



Bianchi Polarisation
Bianchi Model CMB Polarization 9

Figure 1. Temperature (top), E-mode (middle) and B-mode
polarization (bottom) maps for the Bianchi VIIh model with
(x, ΩΛ,0, ΩM,0)=(0.62, 0, 0.5) and a consistent recombination his-
tory and no reionization. The maps have been transformed to the
observational basis (−p, êθ, êφ), which involves a parity change
of the form (42), and rotated to match the orientation of the
anisotropy claimed in Jaffe et al. (2006). The masks used in the
WMAP polarization analysis (Page et al. 2007) are overlaid on
the polarization maps.

the Bianchi fitting allows (see fig. 7 in Bridges et al. 2007).
In both cases, we take ωb,0 = 0.022 and ωc,0 = 0.110 and
perform the calculation with the consistent recombination
history and no reionization. These models produce almost
identical polarization patterns, for reasons outlined below.
We briefly discuss the effects of altering the ionization his-
tory in various ways (including reionization) in Section 5.6.

In each case, we normalize such that the maximum
temperature anisotropy corresponds to ∆T = ±35µK.
Note that the amplitude of the polarization anisotropy sim-
ply scales linearly with the magnitude of the temperature
anisotropy.

Figure 2. Auto- and cross-correlation power spectra for the
Bianchi models (x, ΩΛ,0, ΩM,0) = (0.62, 0, 0.5) (solid lines) and
(x, ΩΛ,0, ΩM,0) = (1.0, 0.7, 0.2) (dotted lines), normalized such
that the maximum ∆T = ±35 µK. (The units of the vertical axis
are µK.) The main difference between the models is a shift of
power to larger scales (lower l) in the model with Λ; this is well
understood in terms of the reduced focusing given lower ΩK,0 (see
text), and causes no difference to our conclusions. Note that the
TB correlation is negative for l < 6 and l < 5 in the respective
models.

5.5 Results

The resulting temperature and polarization E- and B-mode
maps for the ΩΛ,0 = 0 case are illustrated in Fig. 1. The level
of the polarization is very high, approximately 1µK. Heuris-
tically, this is because the shear modes considered here de-
cay as (1 + z)3, so that a substantial portion of the final
temperature anisotropy can be built up between individual
scattering events at high redshift. Because of the efficient
conversion of E-modes to B, (equation 52), the B-mode con-
tribution is of similar magnitude to the E-mode.

Although computing the power spectra,

CXY
l =

1

2l + 1

∑

m

aX∗
lm aY

lm, (66)

does throw away useful information in these models, it pro-
vides a fast and efficient way to compare our results with
known, and robust, polarization constraints. Since the mul-
tipole hierarchy does not transfer power between different
m values, and the implemented cosmology only generates
anisotropies with m = ±1, in forming the power spectrum
we are throwing away only phase information.

Given the claimed position of the Bianchi features on
the sky given in Jaffe et al. (2006), we may be confident that
the P06, and even the P02, mask of the WMAP polarization
analysis (Page et al. 2007) could not hide the polarization
signal to a great extent (Fig. 1). Although the relation be-
tween the Stokes parameters and E and B is non-local, we
note that maps of the Stokes parameters have their power
localized in a similar way to E and B (and T ). We therefore

c© 2007 RAS, MNRAS 000, 000–000

Polarisation in Bianchi VIIh models
recently considered by Pontzen &
Challinor (astro-ph/0706.2075)
Surprise is that predicted B-mode
already rules them out!

10 Andrew Pontzen, Anthony Challinor

Figure 3. Growth of observable r.m.s. signal in the T and E-
and B-mode polarization plotted against a = eα−α0 = (1 + z)−1

for the models (x, ΩΛ,0, ΩM,0)=(0.62, 0, 0.5) (solid lines) and
(x, ΩΛ,0, ΩM,0)=(1.0, 0.7, 0.2) (dotted lines). Note that the power
grows rapidly at high redshift while the shear is still significant,
then remains constant (although it is transferred to higher l,
which cannot be seen in this diagram). It is for this reason that
the polarization is remarkably strong and relatively insensitive
to the cosmology along the line for which the VIIh temperature
patterns are degenerate.

calculate the full-sky power spectra without any considera-
tion of the effect of masking nor the weighting with the in-
verse of the (non-diagonal) pixel-pixel noise covariance ma-
trix that were employed by the WMAP team. Given that the
r.m.s. Bianchi signal inside the masks is lower than outside,
we expect the effects of masking would increase the esti-
mated Bianchi power spectra over the full-sky values plotted
in Fig. 2.

The major difference between the two parameter sets
considered is that, for the ΩΛ,0 = 0.7 case, the distinctive
spiral pattern is less ‘focused’. This is a well understood ef-
fect of reducing the spatial curvature ΩK,0 to 0.1 from its
original value, 0.5 (e.g. Barrow et al. 1985), and manifests
itself as a shift of power to lower l (see Fig. 2). The existing
statistical studies show that distinguishing these cases ob-
servationally is currently not possible (Bridges et al. 2007).

There is no significant difference in the overall polariza-
tion power. This follows because the majority of the power
is built up rapidly at high redshifts as the universe becomes
optically thin and the shear term has not decayed: at this
point, the model is insensitive to the values of ΩΛ,0 and
ΩK,0 (Fig. 3). Allowing ωb,0 to vary introduces much more
substantial variations in the relative level of polarization;
however, this introduces a further degree of freedom and is
beyond the scope of our current analysis.

In Fig. 4, we compare the power spectra in the Bianchi
ΩΛ,0 = 0 model with the power expected in a ‘concordance’
model with standard, statistically-isotropic and homoge-
neous perturbations. The latter spectra are computed using
CAMB (Lewis, Challinor & Lasenby 2000) for two models,

Figure 4. Bianchi VIIh induced power in the CMB (solid
lines) for (x, ΩΛ,0, ΩM,0)=(0.62, 0, 0.5) and no reionization,
compared with Gaussian power from inhomogeneities for
(ωc,0, ωb,0, σ8, r) = (0.110, 0.022, 0.7, 0.3) with reionization op-
tical depth τ = 0 (dash-dotted lines) and τ = 0.10 (dashed
lines). The polarization data are from the WMAP three-year
release (Page et al. 2007). From the TE and EE power spec-

tra alone, the Bianchi-induced polarization can mimic the ef-
fect of early reionization in the standard scenario (the conven-
tional interpretation of the large-scale polarization power seen by
WMAP). However, the best-fit Bianchi model to the tempera-
ture map clearly over-produces B-mode power compared to the
WMAP upper limit (plotted) ruling out the simple model imme-
diately.

one with no reionization (dot-dashed lines) and a favoured
reionization model (dashed lines; τ = 0.10). Forming com-
bined power spectra by adding the power from the Bianchi
model that best fits the temperature maps to that from the
concordance model is inconsistent, since the models have
different parameters (Bridges et al. 2007). However, ignor-
ing this problem and comparing the models as ‘templates’
shows that, so far as the TE and EE power spectra are
concerned, the Bianchi model can mimic the observed large-
angle power that is conventionally attributed to reioniza-
tion. Of course, the ‘corrected’ power in such a model would
probably lead to an unfeasibly low estimate for τ in light
of other data such as the Gunn-Peterson constraints (e.g.
Fan, Carilli & Keating 2006). So, at least with the fiducial
simplified dynamics outlined in Section 5.1, this already pro-
vides strong evidence against the VIIh model.

More challenging for the Bianchi model is the B-mode
polarization, which is at a similar level to the E-mode. In
Page et al. (2007), the B-modes for l < 10 are found to be
consistent with zero with errors better than σ ∼ 0.1µK2

at each multipole. At this level, the signal-to-noise on the
B-mode spectrum in the Bianchi model should be at least
unity for each 2 < l < 8, and would have produced a highly
significant detection of large-angle B-modes overall.

Finally, the Bianchi models are not parity-invariant
and one therefore obtains a TB and EB cross-correlation

c© 2007 RAS, MNRAS 000, 000–000



Effects of anisotropy during inflation?

Preceding works have all been concerned with what we can call
late time Bianchi models
This is where our current universe is taken to have shear and
rotation, and the effects are all laid down during recombination
and during propagation to us from then
An alternative, which has recently begin to be explored, is the
effects of anisotropy during inflation itself
Could some of the large scale anomalies in the CMB be laid
down during inflation, during isotropisation from some earlier
phase?
Recent works on this from Gumrukcuoglu, Contaldi & Peloso
(astro-ph/0707.4179) and Periera, Pitrou & Uzan
(astro-ph/0707.0736)



Effects of anisotropy during inflation? (contd.)

E.g., in Gumrukcuoglu
et al., they actually
attempt to form the
P(k) spectrum that
would be generated in
an axisymmetric
Bianchi I phase, with
60 e-folds of inflation in
total
They are able to
demonstrate coupling
between the low order
modes (that would be
independent in FRW)
However,
computations
incomplete
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Figure 3: Sections of the power spectrum (same evolution as in the previous figure) at fix values of ξ . We
see that the power spectrum becomes isotropic (no ξ dependence) at large momenta; at lower momenta
it presents some oscillations, whose amplitude increases as ξ decreases (this leads to the 1/ξ divergency
mentioned in the main text). Finally, the power spectrum is suppressed as k → 0 .

The divergency in the power spectrum results in a logarithmic divergency in the Cℓℓ′mm′ correlators, due
to the fact that the associated Legendre polynomials approach a finite constant value for ξ → 0 in the angular
integral of eq. (7), while the power spectrum diverges there. We do not expect that this singularity will
actually occur, but it rather indicates the breakdown of the linearized computation for the metric/inflaton
perturbations. This means that the precise value of the correlators is sensitive to the nonlinear dynamics of
the modes, which cannot be accounted for in the present linearized computation.

In addition to this, we note that the growth (34) occurs at small k1 . We recall that the early time
frequency of the modes is ω2 = k1 + O

(

t2
)

, see eq. (19), and that the background is singular at t = 0 .
The adiabaticity condition, ω′/ω2 ≪ 1 is satisfied by all modes at sufficiently early times. However, the
smaller k1 is, the closer one needs to go to the singularity for the adiabaticity condition to hold. Suppose
that the background solution can be trusted only from some time on. Then, we can consistently start from
the adiabatic vacuum only for modes with sufficiently high momentum k1. The value of the modes with
lower momentum may be simply provided as an (arbitrary) initial condition, or may be controlled by the
additional dynamics (possibly, by additional degrees of freedom), which may be relevant at earlier times.

To conclude, we expect that the singularity in the power spectrum is actually absent once the nonlinear
effects and/or the complete early dynamics of the system are taken into account. In either case, however,
this means that additional inputs are needed to provide firm predictions for the temperature anisotropies
in this simple model.

5 Discussion

The main result of this work is the extension of the computation of primordial perturbations in a FRW
geometry to more general backgrounds. We have done this in detail, only for the simplest case of a Bianchi
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ξ above is the cosine of the angle
between the k -mode and the
direction of axisymmetry
P(k) becomes unbounded as ξ → 0
Both Gumrukcuoglu et al. and
Periera et al. suggest that tensor
mode will be crucial (non-standard
effects)



BPOL

Proposal to ESA for a new M-class satellite mission

Figure 7: B-Pol focal plane arrays (left) and artist’s impression of the cryogenic instrument (right)

Figure 8: Example of optical configuration for one of the telescopes of B-Pol (left) and resulting beams
(right, in arbitrary units)

matched with the optics and with minimal aberrations. Before reaching the feedhorns, the polarization of
the incoming radiation is modulated by a rotating half-wave plate (HWP). The feed-horns are coupled to
single mode corrugated circular waveguides where the two orthogonal polarization are propagated with
very limited losses. The circular waveguides are then coupled to the polarimeter composed of a planar
Ortho-Mode Transducer (OMT), hybrid couplers and TES detectors.

9.2 Overview of proposed payload elements

9.2.1 Optics

A sub-set of the specifications needed to achieve the mission’s scientific goals are directly relevant to
the optics design. These are: 50 arcmin resolution, 1% spillover, ∼ 1% beam ellipticity, and 30dB
maximum cross-polarization, to be obtained through careful optimisation and selection of the optical
components. All these are to be applied to a large number of detectors (see §9.3.1). While two telescope
options (reflective/mirrors and refractive/lenses) could be used to achieve the resolution, due to lack of
space in a small/medium mission, a lens based design has been chosen. To overcome the chromaticity
problems that lenses and half-wave plates could cause with such a wide frequency span, and in order
to get low aberrations, we have sub-divided the payload into 8 telescope/focal plane systems. Each will
cover a maximum of 2 frequency bands of 30% bandwidth each. In fig.8 we show one possible F/1.8
configuration achieving the required performance in terms of cross-polarization, beam symmetry, and
size of the usable focal plane.

We recognize that mirror based telescopes would have different systematic effects. If selected for
Phase A, we will study such an option in more detail.

Two techniques of coupling the beam to the detectors have been investigated. While antenna-coupled
bolometers look promising, the technique is not mature enough yet to compete with corrugated horns.
Therefore, in order to reduce the risks of straylight and systematic effects, each focal plane will be

19

Concept is to go after relatively large angular scales, with high
sensitivity and very good control of systematics

Freq. band (GHz) 45 70 100 143 217 353
∆ν 30% 30% 30% 30% 30% 30%
ang. res. 15deg 68’ 47’ 47’ 40’ 59’
# horns 2 7 108 127 398 364
det. noise (µK · √s) 57 33 53 53 61 119
Q & U sens. (µK· arcmin) 33 23 8 7 5 10
Tel. diam. (mm) 45 265 265 185 143 60

Table 1: Main characteristics of the instrument

Subsystem mass breakdown (Kg) mass (Kg) volume (liters) power (W)
sub-K cooler 20 80 10
focal plane 74 80 -
horns and focal plane 29
telescopes 29
rotation mechanisms 16
cryo harness 5 20
DBU 13.2
BEU 9.6
DHU 6.6
MMU 9.6
PSU 6.6
WPU 10.1
warm harness 9.6
warm electronics 65 40 190
total instrument 164 215 200

Table 2: Breakdown of instrument resources: mass, volume, power
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BPOL vs. Planck projected sensitivity

that can be exploited to constrain neutrino masses and dark energy. While the lensing potential
can in principle be reconstructed from quadratic estimators constructed from TT correlations, such
estimators are extremely noisy due to cosmic variance present even in the absence of lensing. Since
the B mode (in the absence of tensor modes) is predicted to be zero, correlations involving the ob-
served B mode are much cleaner. [Detailed discussions of these questions may be found for example
in A Lewis & A Challinor, Phys. Rept. 429, 1 (2006), (astro-ph/0601594) and J Lesgourgues, L
Perotto, S Pastor & M Piat, Phys. Rev. D73, 045021 (2006) (astro-ph/0511735) and references
therein.]

• Re-ionization history of the Universe. Perhaps the most striking contribution of the WMAP
space mission was its measurement of the reionization optical depth of the microwave photons
through its characterization of the E mode polarization on very large angular scales, summarized
by the single number τ = 0.093 ± 0.027 from their 3yr analysis. Such reionization results from
ionizing radiation emitted by very first structures formed in the high-redshift Universe—either by
very massive stars or by quasars—and a better characterization of the full reionization history as
a function of redshift would provide important clues for understanding structure formation. The
precise polarization data that BPol will provide at very low multipoles will be invaluable to this
endeavor.

• Magnetic fields in the early Universe. Large-scale magnetic field are ubiquitous in our present
Universe; however, their origin is poorly understood. It is unknown to what extent these fields are
primordial. If present very early on at sufficient amplitude, such magnetic fields through their
Faraday rotation would generate B mode polarization detectable with BPOL. [See for example, E
Scannapieco & P Ferreira, Phys. Rev. D56, 7493 (1997) (astro-ph/9707115).]

5 Detecting primordial gravity waves with BPol
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Lensing

T/S = 10−1

T/S = 10−2

T/S = 10−3
T/S = 10−4

Figure 4: Sensitivities of B-Pol and PLANCK for measuring the primordial B mode. The four heavy
blue curves show the predicted angular spectra for the primordial gravity wave B mode signal for four values of
the tensor-to-scalar ratio (T/S) = 10−1, 10−2, 10−3, 10−4 (from top to bottom) assuming the best fit cosmological
parameters from the three-year WMAP analysis. The heavy red curve indicates the scalar B mode contaminant,
due to the gravitational lensing of the scalar E mode by intervening structures between the surface of last scattering
and us today. The lower solid black curve indicates the nominal B-Pol sensitivity (obtained by taking the combined
sensitivity of 5.2 µK·arcmin of the two central channels at 100 and 143 GHz having 47’ fwhm resolution). The
lower dotted black curve indicates the sensitivity that would be obtained by broad binning (i.e., ∆`/` ≈ 1). The
lighter pair of black curves above indicate the corresponding sensitivities for the PLANCK satellite, where the three
central channels at 70, 100 and 143 GHz have been combined to obtain a corresponding sensitivity of 63 µK·arcmin
at 10’ fwhm resolution. The lower solid and dotted green curves provide an estimate of the sensitivity after
foreground removal calculated by combining all channels optimally to remove synchrotron and dust components
whose frequency spectra are assumed fixed and known. The lighter pair of curves above shows the result of the
same analysis for PLANCK.

In the previous sections we explained how the detection of a non-zero tensor-to-scalar ratio (T/S)
would constitute a signature of primordial gravitational waves from inflation. Here we examine in more
detail what is required to measure (T/S). Inflation predicts a primordial gravity wave spectrum that
is nearly scale-invariant (nT ≈ 0), particularly when (T/S) is small as a consequence of the previously
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Time evolution of the CMB!

This has been examined recently by
Lange & Page (astro-ph/0706.3908)
They find that small scale power grows
But also large scale, due to ISW (and
late-time domination by Λ)
Lange & Moss propose an experiment to
demonstrate expansion of universe by
comparisons 1 century apart

Also, independently been
looked at Zibin, Moss & Scott
(astro-ph/0706.4482)
C` animation is from latter
Sensitivity of proposed
experiment may be possible
— variable foregrounds more
likely to be real problem!



Conclusions as regards CMB and cosmology

Basic predictions from CMB now impressively verified:
Large-scale Sachs-Wolfe effect and ISW
Acoustic peaks and diffusion damping
E-mode polarization, correlation with ∆T and reionization in TE

In the near-future:
Better polarization; B-modes from lensing (and possibly gravity
waves)
Physics of reionization, SZ surveys, defect searches from
small-angle CMB

Inflation holding up well and just starting to get evidence for
dynamics during inflation

Character (adiabatic) and statistics (Gaussian) from high sensitivity
CMB will be important future probes
Gravity waves from inflation should be detectable in B-mode
polarization if V 1/4 > few×1015 GeV (lensing, foregrounds,
systematics?)

Unresolved issues on large angles (topology, foregrounds,
systematics, chance?)



Nature of dark energy

This, and slight closure of the universe, fit in fine with all current
data, e.g. following from Spergel et al WMAP3

This is for full CMB data set+2dfGRS+SDSS+SN
- get w =−1.062+0.128

−0.079, Ωk =−0.024+0.016
−0.013


