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OVERVIEW

• Will discuss contribution that CMB polarisation can make to fundamental physics

• This includes inflation, string cosmology, parity violation and universal rotation

• Also, as break in middle, will consider briefly some upcoming polarisation
experiments (some not covered elsewhere)

• Acknowledgements to Anthony Challinor for help with several of the slides —
please consider as a co-author
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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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• 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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CURRENT Cl CONSTRAINTS: TE AND EE

• Large-angle E-modes⇒ τ = 0.09± 0.03 (Page et al. 2007)

• Latest is from WMAP 5 year: τ = 0.087± 0.017 (Dunkley et al.)
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CURRENT Cl CONSTRAINTS: BB

• Due to inclusion of Ka band as well as Q and V band, plus two years extra data,
` = 2–7 WMAP 5yr EE and BB 2.3 times smaller noise than 3 yr
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SINGLE-FIELD INFLATION PHENOMENOLOGY

Ph(k) ∼
(
H

2π

)2

≈ 16H2

πm2
Pl

≡ rPR(k)

PR(k) ∼
(
H

2π

)2(
H

φ̇

)2

≈ 16H2

πm2
Pl

× π

m2
Pl

(
V

V ′

)2

• r and power-law spectral index

ns − 1 ≈ (m2
Pl/4π)[V ′′/V − (3/2)(V ′/V )2]

probe slope and curvature of potential 8



WHERE DO RESULTS ON r STAND?

WMAP 5-year Cosmological Interpretation 11

Fig. 2.— How the WMAP temperature and polarization data constrain the tensor-to-scalar ratio, r. (Left) The contours show 68% and
95% CL. The gray region is derived from the low-l polarization data (TE/EE/BB at l ≤ 23) only, the red region from the low-l polarization
plus the high-l TE data at l ≤ 450, and the blue region from the low-l polarization, the high-l TE, and the low-l temperature data at l ≤ 32.
(Right) The gray curves show (r, τ) = (10, 0.050), the red curves (r, τ) = (1.2, 0.075), and the blue curves (r, τ) = (0.20, 0.080), which are
combinations of r and τ that give the upper edge of the 68% CL contours shown on the left panel. The vertical lines indicate the maximum
multipoles below which the data are used for each color. The data points with 68% CL errors are the WMAP 5-year measurements (Nolta
et al. 2008). (Note that the BB power spectrum at l ∼ 130 is consistent with zero within 95% CL.)

Fig. 3.— Constraint on the tensor-to-scalar ratio, r, at k = 0.002 Mpc−1 (§ 3.2.4). No running index is assumed. See Fig. 4 for r
with the running index. In all panels we show the WMAP-only results in blue and WMAP+BAO+SN in red. (Left) One-dimensional
marginalized distribution of r, showing the WMAP-only limit, r < 0.43 (95% CL), and WMAP+BAO+SN, r < 0.20 (95% CL). (Middle)
Joint two-dimensional marginalized distribution (68% and 95% CL), showing a strong degeneracy between ns and r. (Right) Degeneracy
between ns and Ωmh2. The BAO and SN data help to break this degeneracy which, in turn, reduces the degeneracy between r and ns,
resulting in a factor of 2.2 better limit on r.

1993) with the negative sign, V (φ) ∝ 1− cos(φ/f),
when φ/f � 1, or with the positive sign, V (φ) ∝
1+cos(φ/f), when φ/f ∼ 1.28 This model can also
approximate the Landau-Ginzburg type of sponta-
neous symmetry breaking potential, V (φ) ∝ (φ2 −
v2)2, in the appropriate limits.

(b) Exponential potential, V (φ) ∝
exp[−(φ/Mpl)

√
2/p]. A unique feature of

this potential is that the dynamics of inflation is
exactly solvable, and the solution is a power-law
expansion, a(t) ∝ tp, rather than an exponential
one. For this reason this type of model is called
power-law inflation (Abbott & Wise 1984; Lucchin
& Matarrese 1985). They often appear in models
of scalar-tensor theories of gravity (Accetta et al.
1985; La & Steinhardt 1989; Futamase & Maeda
1989; Steinhardt & Accetta 1990; Kalara et al.

28 The positive sign case, V (φ) ∝ 1 + cos(φ/f), belongs to a
negative curvature model when φ/f � 1. See Savage et al. (2006)
for constraints on this class of models from the WMAP 3-year data.

1990).

(c) φ2 plus vacuum energy, V (φ) = V0 + m2φ2/2.
These models are known as Linde’s hybrid infla-
tion (Linde 1994). This model is a “hybrid” be-
cause the potential combines the chaotic-type (with
α = 2) with a Higgs-like potential for the second
field (which is not shown here). This model be-
haves as if it were a single-field model until the sec-
ond field terminates inflation when φ reaches some
critical value. When φ � (2V0)1/2/m this model
is the same as the model (a) with α = 2, although
one of Linde’s motivation was to avoid having such
a large field value that exceeds Mpl.

These potentials29 make the following predictions for

29 In the language of § 3.4 in Peiris et al. (2003), the models
(a) and (b) belong to “small positive curvature models,” and the

model (c) to “large positive curvature models” for φ̃ � 1, “small

positive curvature models” for φ̃ � 1, and “intermediate positive

curvature models” for φ̃ ∼ 1.

• Due to improved optical depth determination, degeneracy between τ , scalar
spectral index ns and r now reduced, and constraint on r from WMAP + BAO + SN
is

r < 0.20 95% conf.

(compare about r < 0.4 previously)

• Note this relaxes quite a bit if running of the spectral index is allowed as well:

r < 0.54 95% conf.

• Previous limit implied energy scale of inflation < 2.6× 1016 GeV (scales ar r1/4)
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WMAP5 CONSTRAINTS ON FORM OF POTENTIALWMAP 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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and α = 2 for multi-axion field models with β = 1/2 (Easther
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from each of these models with the number of e-folds of inflation
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α = 2. We call this region “Chaotic Inflation-like
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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

• (N-flation model consists of many masive axion fields.)

• φ4 theory now essentially ruled out (more than 99% confidence level)

• φ2 model are still ok — in principle good news for B-mode detections! (typical
r ∼ 0.15 for φ2) — but may be getting close to edge 10



ISSUES FOR B-MODE POLARIMETRY

• Small signal

• Instrumental systematic effects

• Foreground contamination

• Separating E and B for realistic surveys

• Confusion from non-linear effects (weak gravitational lensing) and other physics

11



FUTURE CMB POLARISATION EXPERIMENTS

Name Type Detectors ` range r target Start Date
BICEP ground bolometer 50 < ` < 300 0.1 2007
QUIET ground MMIC ` < 1000 0.05 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?

QUIJOTE ground MMIC ` < 80 0.1 2008

Discuss briefly here

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

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

• SPIDER — USA + Canada + UK B-mode experiment

• PLANCK
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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 from mid-2009
13



QUIJOTE

26-36GHz Horn

14-20GHz Horn

10-14GHz Horn

QUIJOTE 1 : Focal Plane Distribution

• IAC (Tenerife)-Cambridge-Manchester collaboration

• Will use spinning mount to achieve good sky coverage

• Planned layout for first stage shown

• 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)
14



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 dur-
ing day

• First LDB flight Autumn 2010 15



PLANCK AND WMAP

• Planck HFI and LFI instru-
ments pictured after integra-
tion

• Launch October–December
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 lev-
els - dominate even EE30 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
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INFLATION AND STRING THEORY

• Almost all models of string inflation give small levels of gravitational waves
(Baumann & McAllister 2007; Kallosh & Linde 2007)

– Lyth (1997) bound relates change in field ∆φ to r

r =
8

N2

(
∆φ

mPl

)

– N is the efective number of e-folds of inflation, so as a minimum is about 45

– Thus

r =< 0.004

(
∆φ

mPl

)

and φ has to move over a range comparable in scale to the Planck mass in
order to give a measurable r. (Due to foregrounds, this probably means
measurable at any point in the future.)

– The problem is that ∆φ� mPl in essentially all microphysical models of
inflation

– E.g. in typical string models have geometric constraint on evolution of moduli

• Detection of gravity waves at sensitivity levels of upcoming B-mode experiments
(r ∼ few × 10−2)→ trouble for string theory?

17



FURTHER LINKS WITH FUNDAMENTAL THEORY - PARITY VIOLATION?

• WMAP 5yr Komatsu et al. paper considers possibility of parity-violating interaction
between photons and dark matter

• Lagrangian would be of the form

L = −1

2
pαAβF

αβ

• Aα is the standard EM vector potential, Fαβ is the dual of the standard Faraday
tensor, and pα is taken as the gradient of a light scalar field (standing in for some
aspect of dark matter)

• This interaction (of Chern-Simons form) violates parity, and makes the two
polarisation states of a photon propagate with different group velocities, and hence
causes the polarisation plane to rotate (cosmological birefringence) (Carroll, 1998)

• This makes E transform into B (like lensing) and with a parity violation (unlike
lensing), which means TB and EB cross-power spectra are produced (normally
zero)

18



PARITY VIOLATION (CONTD.)
WMAP 5-year Cosmological Interpretation 25

Fig. 10.— Constraint on the polarization rotation angle, ∆α, due to a parity-violating interaction that rotates the polarization angle
of CMB (§ 4.3). We have used the polarization spectra (TE/TB/EE/BB/EB at l ≤ 23, and TE/TB at l ≥ 24), and did not use the TT
power spectrum. (Left) One-dimensional marginalized constraint on ∆α in units of degrees. The dark blue, light blue, and red curves show
the limits from the low-l (2 ≤ l ≤ 23), high-l (24 ≤ l ≤ 450), and combined (2 ≤ l ≤ 450) analysis of the polarization data, respectively.
(Right) Joint two-dimensional marginalized constraint on τ and ∆α (68% and 95% CL). The bigger contours are from the low-l analysis,
while the smaller ones are from the combined analysis. The vertical dotted line shows the best-fitting optical depth in the absence of parity
violation (τ = 0.086), whereas the horizontal dotted line shows ∆α = 0 to guide eyes.

using the TB and EB spectra that we measure from the
WMAP 5-year data.

4.2. Analysis
Before we proceed, we should remember that the mag-

nitude of polarization rotation angle, ∆α, depends on
the path length over which photons experienced a parity-
violating interaction. As pointed out by Liu et al. (2006),
this leads to the polarization angle that depends on l. We
can divide this l-dependence in two regimes:

• l . 20: the polarization signal was generated dur-
ing reionization (Zaldarriaga 1997). We are sensi-
tive only to the polarization rotation between the
reionization epoch and present epoch.

• l & 20: the polarization signal was generated at
the decoupling epoch. We are sensitive to the po-
larization rotation between the decoupling epoch
and present epoch; thus, we have the largest path
length in this case.

Below, we shall explore two cases separately. Note that
we shall use only the polarization spectra: TE, TB,
EE, BB, and EB, and do not use the temperature spec-
trum, as the temperature spectrum is not affected by the
parity-violating interaction.

Moreover, for the analysis at l ≤ 23 we only vary the
polarization angle ∆α, and the optical depth, τ , and fix
the other parameters at Ωk = 0, Ωbh

2 = 0.02265, Ωch
2 =

0.1143, H0 = 70.1 km s−1 Mpc−1, and ns = 0.960. At
each value of τ , we re-adjust the overall normalization of
power spectra such that the first peak of the temperature
spectrum is held fixed. For the analysis at l ≥ 24 we fix
τ at 0.085, and vary only ∆α, as there is no degeneracy
between ∆α and τ at high multipoles. We ignore EE,
BB and EB at l ≥ 24, as they are much noisier than TE
and TB and thus do not add much information.

When the polarization plane is rotated by ∆α, the in-
trinsic (primordial) TE, EE, and BB spectra are con-
verted into TE, TB, EE, BB, and EB spectra as (Lue

et al. 1999; Feng et al. 2005)

CTE,obs
l =CTE

l cos(2∆α), (55)

CTB,obs
l =CTE

l sin(2∆α), (56)

CEE,obs
l =CEE

l cos2(2∆α) + CBB
l sin2(2∆α), (57)

CBB,obs
l =CEE

l sin2(2∆α) + CBB
l cos2(2∆α), (58)

CEB,obs
l =

1
2
(
CEE

l − CBB
l

)
sin(4∆α), (59)

where Cl’s are the primordial power spectra in the ab-
sence of parity violation, while Cobs

l ’s are what we would
observe in the presence of parity violation. To simplify
the problem and maximize our sensitivity to a potential
signal of ∆α, we ignore the primordial BB, and use only
a reduced set:

CTE,obs
l =CTE

l cos(2∆α), (60)

CTB,obs
l =CTE

l sin(2∆α), (61)

CEE,obs
l =CEE

l cos2(2∆α), (62)

CBB,obs
l =CEE

l sin2(2∆α), (63)

CEB,obs
l =

1
2
CEE

l sin(4∆α). (64)

Therefore, TB and EB will be produced via the “leak-
age” from TE and EE. Note that E and B are totally
correlated in this case: (CEB,obs

l )2 = CEE,obs
l CBB,obs

l .
Several groups have constrained ∆α from the WMAP

3-year data as well as from the BOOMERanG data (Feng
et al. 2006; Liu et al. 2006; Cabella et al. 2007; Xia
et al. 2007). All but Liu et al. (2006) assume that ∆α
is constant at all multipoles, which is acceptable when
they consider the TB and EB data at l & 20, i.e., the
BOOMERanG data and high-l WMAP data. However,
it requires care when one considers the low-l WMAP
data. Moreover, all of the authors used a Gaussian form
of the likelihood function for Cl, which is again accept-
able at high multipoles, but it is inaccurate at low mul-
tipoles.

For the 5-year data release we have added capabilities
of computing the likelihood of TB and EB spectra at

(Komatsu et al., 2008)

• So these spectra are included
in the analysis for this pur-
pose (Now distributed with the
WMAP likelihod code.)

• No evidence for polarisation
plane rotation found to

∆α = −1.7◦±2.1◦ (95% conf.)

when all ` ranges combined
(lower ` measures rotation
from reionisation to us, higher
from decoupling to us)
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A BIANCHI MODEL UNIVERSE?

cold spot

Bianchi template

• Several authors have commented on
significant North/South asymmetry in
the WMAP data, plus strange align-
ment 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 re-
gion in parameter space
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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 V IIh mod-
els recently considered by Pontzen &
Challinor (astro-ph/0706.2075)

• They extended Collins & Hawking
(1973) type calculation to ful radiative
transfer including polarisation

• There is a polarisation peak at low
` due to rapid decay of shear, with
roughly equal E and B mode power
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BIANCHI POLARISATION (CONTD.)
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

• Surprise is that this is big enough that
B-mode already rules them out!

• Bridges, McEwen, Lasenby and Hob-
son are joining with Pontzen & Challi-
nor to carry out more rigorous map-
based MCMC analysis

• Requires extension of previous tech-
niques to situation with mask present

• Gives the opportunity to include more
modes in the Bianchi analysis as well
(previous just one shear mode out of a
total of 5 included)
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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)
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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 axisym-
metric Bianchi I phase, with
60 e-folds of inflation in total

• They are able to demonstrate
coupling between the low or-
der modes (that would be in-
dependent in FRW)

• However, computations in-
complete
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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

14

• 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)
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EFFECTS OF ANISOTROPY DURING INFLATION? (CONTD.)

• A different approach: Dechant,
Lasenby & Hobson (submission in
a few weeks) have been looking at
closed Bianchi models (Bianchi IX)
with scalar field

• Have got a biaxially symmetric model
in which R1 ∝ t while R2 = R3 7→
const. (as does φ) as one approaches
the big bang

• Surprise is that the model gets
smoothly through ‘big-bang’, with no
singularities in any physical quantities,
to a symmetric (though presumably
parity-inverted) universe beforehand

ln(t)

ln
(
R2(t)
R1(t)

)

FIG. 3: Dynamics of the biaxial Bianchi IX model: evolution of the logarithm of the oblateness

R2/R1 versus log time. Isotropisation seems to be completed by ln t ≈ 10. All quantities are in

Planck units.
ln(t)

− ln (R(t)H(t))

FIG. 4: Dynamics of the biaxial Bianchi IX model: evolution of the logarithm of the comoving

Hubble radius versus log time. Note that the curvature radius R(t) ≡ (R1R2R3)
1
3 with corre-

sponding Hubble function H(t) ≡ Ṙ
R and associated Hubble radius H−1. The parameters for the

model are described in the text. During inflation, 1/(RH) decreases with time, corresponding to

accelerated expansion. Thus this model leads to a period of inflation lasting approximately for the

period ln t = 9− 13.5. All quantities are in Planck units.
15

• The period of inflation due to the scalar
field makes sure the universe is spheri-
cally symmetric by end of inflation, and
also that Ω ends up close to 1

• However, on largest scales the uni-
verse is just oblate (∼ 0.2% level) at
the point where the perturbations are
being laid down
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EFFECTS OF ANISOTROPY DURING INFLATION? (CONTD.)

• This suggests will be able to get
phase correlations and some lage-
scale asymmetries present due to this

• However, doesn’t prejudice actual
power spectrum (computed crudely,
at least), which still displays very
nice fit to phenomenological form sug-
gested by Efstathiou (MNRAS, 343,
L95 (2003)) in response to low WMAP
quadrupole

ln(k)

4π2107PR(k)

FIG. 7: The power spectrum of the curvature perturbation. 4π2107PR(k) is plotted as a function

of ln(1/x0) = ln(k). The grey line is a fit to the spectrum with an exponential cutoff proposed by

Efstathiou. The parameters of the model and the cutoff are described in the text.

agreement with data is encouraging. However, we must again stress that these computations

are to zeroth order and more detailed computations in the anisotropic setting are needed.

V. PERTURBATIONS AROUND THE AXISYMMETRIC CASE

Given the remarkable properties of this axisymmetric model, it is important to know

how stable it is to perturbations. If a small fractional perturbation R3(t)/R2(t) = 1 + δ(t)

in the initial radii evolved to universes in which R2(t) and R3(t) were vastly different, the

axisymmetric case would hardly be a viable model for cosmology. There are several ways in

which we can study the stability, both numerically and analytically.

Setting R3(t) = R2(t) (1 + δ(t)) in the full triaxial equations yields the following dynam-

ical equation for the fractional perturbation δ(t)

20

• Tensor mode looks acceptable r ∼
0.17 (though note WMAP5+BAO+SN
just starting to approach this level now)

• Investigating stability of this situation,
find that full triaxial case with R3(t) =

R2(t)(1 + δ(t)), and δ small, oscil-
lates until inflation kicks in, and then
‘freezes out’ in a fashion very similar
to linear perturbation modes at horizon
crossing in FRW

ln(t)

ln R3
R2

FIG. 8: Dynamics of the full triaxial Bianchi IX model: The natural logarithm of the ratio R3
R2

of

the nearly degenerate radii is plotted as a function of log time (in Planck units).
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1R

2
2

δ2

−
(

(H1 + 2H2) δ̇ − 8R2
1 + 16R2

2

) 1

R2
1R

2
2

δ

− (H1 + 2H2) δ̇. (46)

One can either evolve this δ(t)-equation, or alternatively one could solve the full triaxial

equations (21)-(24) numerically, subject to the initial fractional perturbation δ(0)� 1.

We chose the latter approach, i.e. numerical integration starting from a point close to

the Big Bang with a very small fractional perturbation around the biaxial case, namely

δ(0) = 10−4, while keeping the other constants at their previous values. The numerical

results show that as t → 0 (ln(t) → −∞) R1 approaches zero, but the ratio of R3/R2

undergoes an infinite set of oscillations. (The evolution of the quantities corresponding to

Figures 1 to 5 are indistinguishable from their biaxial counterparts and hence not shown

again.) This is indeed what we would expect for the triaxial case (as cited previously, [23];

c.f. Figure 8). However, we are interested in what happens to these oscillations at large t

rather than at early times. The results show that the oscillations cease and the ratio gets

21
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THINGS HAVE NOT TALKED ABOUT

• CMB polarimetry very rich field with many other applications and implications for
fundamental physics

• Anti-correlation of T and E at ` ∼ 150n strong indicator of adiabatic nature of
fluctuations, and origin in inflationary phase (phase coherence necessary for this)

• Stringy cosmologies suggest a renaissance for cosmic (super-)strings — B-mode
effects may be best way of detecting these (Copeland)

• Ekpyrotic and Cyclic universe (Turok, Steinhardt et al.) predict a very small level of
B-modes, essentially since H smaller comparatively during epoch when scalar
perturbations are laid down — this a powerful discriminant for this case

• Then whole rich area of polarisation of secondary anisotropies (some with
fundamental consequences, at least in principle, e.g. clusters reprocess the
quadrupole they see locally to polarisation — evade cosmic variance on
quadrupole?)
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SUMMARY

• CMB polarimetry still maturing but great discovery potential:

– Reionization→ optical depth and break ns-τ degeneracy

– B-mode lensing spectrum (Planck, QUIET, Clover etc.)

– Indirect detection of gravity waves with big consequences for fundamental
physics (Planck, QUIET, Clover, SPIDER etc.?)

– Other physics in clean B-mode observable — magnetic fields, universal
rotation, strings etc.?

– All this essentially just begininng
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