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THE COSMIC MICROWAVE BACKGROUND

• Have got a fairly difficult job to achieve!

• WMAP3 has just come out, and quite a bit of the answer to the question ‘What
have we learned from the CMB?’ now dates from 5pm last Thursday (UK time)!

• Will attempt to discuss the latest results, and set them in the context of where we
had already got before the latest release

Acknowledgement: Thanks very much to Anthony Challinor for help in the slide
preparation (should consider as a co-author, though all WMAP3 interpretation only
added last night...)
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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 ∼ 15 (now z ∼ 11− 12)

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

The big questions the CMB fluctuations can help us address include:

• What is the curvature of space — is the Universe open, closed or flat?

• Is the Universe rotating?

• Do we have any direct proof of inflation?

• When did the Universe re-ionize?

• What is the shape of the primordial power spectrum of density perturbations?

• Do cosmic defects exist?

• What is the nature of dark energy?

Will discuss how the CMB constrains some of these

Was going to say that we don’t actually have any definite answers on any yet, but after
Thursday a couple are starting to become clearer!

Note will be concentrating on primordial anisotropies only (though count ISW in these)
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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
Θ0 + ψ 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 in Θ0+ψ at krs = π/2+nπ
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GRAVITY WAVES AND CMB TEMPERATURE ANISOTROPIES

• Gravity waves are transverse, trace-free perturbation to FRW metric:

ds2 = dt2 − a2(δij + hij)dx
idxj

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

∆T (n̂)/T = −
1

2

∫
e−τ ḣijn̂

in̂j dt

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

• Cosmic variance

∆Cl =

√
2

2l+ 1
Cl

limits ∆r = 0.07
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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.
• Only three power spectra if parity respected in mean: CEl , CBl and CTEl

• 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) 6



SCALAR AND TENSOR POWER SPECTRA (r = 0.36)

• B-mode polarization circumvents cosmic variance of dominant scalar component
present in T and E
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WHAT HAS WMAP3 GIVEN US?

• Look first at new TT spectrum versus old
– 76 –
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Fig. 19.— Comparison of the three-year angular power spectrum with the first-year result. (top) The three-

year combined spectrum, in black, is shown with the first-year spectrum, as published, in red. The best-fit

three-year ΛCDM model is shown in grey for comparison. For l < 10, the difference is due to a change

in estimation methodology: the three-year spectrum is based on a maximum likelihood estimate, while the

first-year results is based on a pseudo-Cl estimate. For l > 100 the difference is due primarily to (i) an

improved determination of the WMAP beam response, and (ii) the improved sensitivity of the three-year

data. (middle) Ratio of the three-year spectrum to the first-year spectrum. For l < 10 we plot the ratio of

the two pseudo-Cl-based spectra to show the consistency of the underlying data. The red curve is the ratio

of the first-year window function to the three-year window function. (bottom) Same as top panel except that

the first-year spectrum has been multiplied by the window function ratio depicted in the middle panel, and

the maximum likelihood estimate has been substituted for l < 10.
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WMAP3 AND OTHER MEASUREMENTS

– 75 –

Fig. 18.— The WMAP three-year power spectrum (in black) compared to other recent measurements of

the CMB angular power spectrum, including Boomerang (Jones et al. 2005), Acbar (Kuo et al. 2004), CBI

(Readhead et al. 2004), and VSA (Dickinson et al. 2004). For clarity, the l < 600 data from Boomerang

and VSA are omitted; as the measurements are consistent with WMAP, but with lower weight. These

data impressively confirm the turnover in the 3rd acoustic peak and probe the onset of Silk damping.

With improved sensitivity on sub-degree scales, the WMAP data are becoming an increasingly important

calibration source for high-resolution experiments.
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BARYON AND CDM DENSITY

• Peak spacing fixed by rs(Ωmh2,Ωbh
2) and angular diameter distance dA

– Peak heights depend on baryon offset of oscillation: increasing baryons at fixed
Ωmh2 boosts compressional peaks (1, 3 etc. for adiabatic) and reduces rs

– Increasing Ωmh2 reduces dA and shifts equality to earlier times reducing
resonant driving for low-order peaks

• First year constraints from CMB alone (weak priors): Ωbh
2 = 0.0233+0.0013

−0.0012 and

Ωch2 = 0.144+0.016
−0.016

– New 3 year results are Ωbh
2 = 0.0223±0.0008 and Ωch2 = 0.126±0.009
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SPATIAL GEOMETRY AND DARK ENERGY

• Mainly affect CMB through dA; small effects from ISW and mode quantisation for
K > 0

– Geometric degeneracy (Efstathiou & Bond 1999): CMB alone only well
constrains dA = 13.7± 0.5Gpc

– Λ = 0, closed models fit CMB alone but have very low h and don’t fit ISW-LSS
correlation (see later)

– If include any LSS or SN data, then immediately get close to flat.

– E.g. WMAP3 + SDSS LRG (ones which give detection of baryon wiggle) yield
ΩK = −0.010+0.014

−0.012 and ΩΛ = 0.728+0.020
−0.027
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NATURE OF DARK ENERGY

• Interesting constraints on equation of state parameter w now beginning to emerge

– 43 –
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Fig. 17.— Constraints on a non-flat universe with quintessence-like dark energy with

constant w (Model M10 in Table 3). The contours show the 2-d marginalized contours

for w and Ωk based on the the CMB+2dFGRS+SDSS+supernova data sets. This figure

shows that with the full combination of data sets, there are already strong limits on

w without the need to assume a flat universe prior. The marginalized best fit values

for the equation of state and curvature are w = −1.062+0.128
−0.079 and Ωk = −0.024+0.016

−0.013 at the

68% confidence level.

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
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SLIGHTLY CLOSED MODELS

• At this stage, I ought to declare an interest

• With Chris Doran, I have developed a model in which a slightly closed universe
(few percent level) emerges naturally

• ‘Closure’ during inflation naturally gives a low k cutoff in primordial spectrum

• Model has its basis in a conformal geometry approach to understanding Λ

• Works with a simple m2φ2 scalar field potential

• Described in Phys.Rev.D 71, (2005) 063502 (Lasenby & Doran)

• The conformal geometry part gives a novel boundary condition at the end of the
universe!

• Also gives natural linkage between Λ and number of e-folds N of inflation

Λ ∼ exp(−6N) which gives ∼ 10−122 in natural units if N ∼ 46

• Thus I am very interested in whether universe is indeed just closed, and want
w = −1, so that Λ can be purely geometrical!
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POLARIZATION DETECTIONS (PRE WMAP3)

• Only upper limits on B-mode polarization at present: order of magnitude worse
than constraints on r from ∆T (95% limit r < 0.36; Seljak et al. 2004)

– R.m.s. of primordial B < 0.25µK
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BOOMERANG RESULTS
4 MacTavish et al.
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Fig. 1.— The B03 bandpowers used in this analysis. We have included the total intensity TT, polarization EE and BB, and cross
correlation TE spectra. The EB and TB spectra are excluded from this parameter analysis. The solid/black curve is the previous
concordance model, a best fit to WMAP(first-year)+CBI+ACBAR data from http://lambda.gsfc.nasa.gov/product/map/, with
(Ωbh

2, Ωch
2, ns(k = 0.05), exp(−2τ ),A(k = 0.05), h) = (0.0224, 0.111, 0.958, 0.802, 0.739, 0.720). The yellow/dotted curve is the

CMBall (Table 3)+B03 maximum likelihood ΛCDM model from this analysis with (slightly different parameterization–see text),
(Ωbh

2, Ωch
2, ns(k = 0.05), τ, ln(1010As(k = 0.05)), θ) = (0.0228, 0.108, 0.959, 0.138, 3.12, 1.04).

adaptive Cℓ-grid (Bond et al. 2003) that was previously
applied to the B98 analysis (Ruhl et al. 2003). MCMC
results for CMBall+B98 (Bond et al. 2004) are also in
good agreement with those we obtain for CMBall+B03
for the baseline model defined below with the same priors
applied22.

3. data combinations

3.1. The CMB data

We consider a number of combinations of data. We
break the B03 data set into one subset consisting of the
TT spectrum alone (B03TT), and another subset consist-
ing of the EE, BB and TE spectra (B03pol) alone. We
also consider fits to the entire B03 data set, WMAP data
alone and a combined B03 + WMAP data set. We next
combine B03 with available data from a collection of CMB
experiments. We outline in Table 3 the experiments and
multipole ranges which make up that collection, which we

call CMBall. We note that because of the overlap in ℓ
range of the ARCHEOPS (Tristram et al. 2005) data with
the WMAP data, the former cannot be included in the
CBMall data set, unless a joint analysis is done. The B03
multipole range is given in Table 1. The cosmic variance
of the WMAP and B03 data sets is correlated in the low
multipole range (essentially over the first peak of the TT
power spectrum). To account for this, we cut the lower
multipoles of the B03 TT spectrum (ℓ < 375) when com-
bining B03 data with WMAP data.

3.2. The LSS Data

For our final data combination we also include LSS ob-
servations from 2dFGRS and the SDSS. The two redshift
surveys are treated in a conservative fashion. For exam-
ple, although the SDSS bandpowers have been corrected
for differing galaxy bias factors associated with different
types of galaxies, there is still an overall galaxy bias fac-
tor, bg, the ratio of the square root of the galaxy-galaxy

22 B03 and B98, with overlapping sky coverage, are correlated data sets. We therefore exclude B98 from this analysis and will consider the
combined B98 and B03 maps in a future analysis.
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REIONIZATION

• Temperature quadrupole at reionization ⇒ large-angle polarization with power
∝ τ2

– Reduces polarization and ∆T power from last scattering on sub-horizon scales
by exp(−2τ)

• WMAP1 TE large-angle correlation ⇒ τ = 0.17± 0.04 (Kogut et al. 2003)

– Now there’s been a key change!
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WMAP3 POLARIZATION RESULTS

30 Page et al.
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FIG. 25.— Plots of signal for TT (black), TE (red), EE (green) forthe 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 meanof 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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WMAP3 NEW TAU RESULT

32 Page et al.

TABLE 9
OPTICAL DEPTH VS. DATA SELECTION

Combination Exact EE Only Exact EE & TE Simple tau EE Simple tau, noℓ = 5,7

KaQV 0.111±0.022 0.111±0.022 · · · · · ·

Q 0.100±0.044 0.082±0.043 0.08±0.03 0.085±0.03
QV 0.100±0.029 0.092±0.029 0.110±0.027 0.085+0.045

−0.015
QV+VV · · · · · · 0.145±0.03 0.14+0.02

−0.06
V 0.089±0.048 0.094±0.043 0.09+0.03

−0.07 0.10+0.03
−0.07

QVW 0.110±0.021 0.101±0.023 0.090±0.012 0.090±0.015
KaQVW 0.107±0.018 0.106±0.019 0.095±0.015 0.095±0.015

The values of simple tau are computed for 2≤ ℓ ≤ 11. The models are computed in steps of∆τ = 0.005 and linearly interpolated. The last
column is computed with the errors onℓ = 5,7 multiplied by ten. The QV+VV is the QV combination without the QQ component. Since the
exact likelihood is based on the Ka, Q, V, and W maps, there is no corresponding entry for QV+VV. Note that the maximum likelihood values
are independent of frequency combination indicating that foreground emission is not biasing the determination ofτ .

WMAP
1-year

0.00 0.100.05 0.200.15 0.25 0.30

68% CL

WMAP
3-years

WMAP
1-year
+ others

95% CL

FIG. 26.— The relative likelihoods of̃τ , τ from the stand alone exact likelihood code, and the first-year results. For the three-year results, all parameters except
τ and the scalar normalization,A, were held fixed as described in the text. The solid curve (labeled “WMAP 3-years”) shows the exact likelihood for the QV
combination and the combined EE & TE data. The dot-dash line shows the exact likelihood for the QV combination but just forEE. Note that the three-year
TE data has little influence on determination ofτ . The dotted line shows the exact likelihood for the KaQVW combination indicating that any foreground
contamination is small. The dashed line is simple tau for theQV combination. The two curves that peak at higher values ofτ are from Spergel et al. (2003) and
show the first-year likelihood for theWMAP data alone and forWMAP in combination with other data sets. The darker grey band labeled “68% CL”shows the
result reported in Kogut et al. (2003) as a mean ofτ = 0.17 and widthσ = 0.04.

Using primarily the TT spectrum, along with the optical depth
established with the TE and EE spectra, the tensor to scalar ra-

tio is limited tor0.002< 0.55 (95% CL). When the large scale
structure power spectrum is added to the mix (Spergel et al.
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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
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WMAP3 VERSUS WEAK LENSING
– 23 –

4.1.7. Weak Lensing
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Fig. 7.— Prediction for the mass fluctuations measured by the CFTHLS weak-lensing

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

contours show the joint 2-d marginalized 68% and 95% confidence limits in the (σ8,

Ωm) plane for for WMAP only, CFHTLS only and WMAP + CFHTLS, respectively,

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

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

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

higher values of σ8 ≃ 0.8 − 1.0 (see §4.1.7), X-ray cluster studies favor lower values of

σ8 ≃ 0.7− 0.8 (see §4.1.9).

Over the past few years, there has been dramatic progress in using 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 be-
tween models
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DETECTION OF ISW EFFECT

• Potentials decay once Λ comes to dominate ⇒ positive correlation of ∆T with LSS
tracer on large scales

• Correlation of hard X-ray background with WMAP (points) compared to theory (red;
blue with l = 2 and 3 suppressed) and Monte-Carlo simulations with no correlation
(Boughn & Crittenden 2003)

– Also seen (now at ∼ 3.9σ) correlating with radio sources — see Jason
McEwen talk
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INFLATION: CHARACTER OF FLUCTUATIONS

• Well-defined peaks ⇒ phase coherence (cf. defects)

• Super-horizon correlations at last scattering surface from TE correlation and sign
⇒ adiabaticity

• Peak positions in TT , TE and EE consistent with adiabatic models: up to 30%
contribution for most general (correlated) case with CMB, LSS and BBN, but not
favoured over adiabatic (Dunkley et al. 2005)
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INFLATION: STATISTICS OF FLUCTUATIONS

• Single-field, slow-roll inflation ⇒ almost Gaussian fluctuations:

Φ = ΦL + fNL ? (Φ2
L − 〈Φ

2
L〉)

with fNL ∼ O(1)

• Constraining non-Gaussianity powerful for discriminating models of perturbation
generation

• Best constraints on f from bispectrum analysis of WMAP (Creminelli et al. 2005):

−27 < fNL < 121 (95%confidence)

• In WMAP3 this has also been done, but probably more conservatively, with result

−54 < fNL < 114 (95%confidence)

• Planck should detect |fNL| > 5 (Komatsu & Spergel 2001)
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INFLATION: CURRENT 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 in-
flation (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)
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WMAP3 CONSTRAINTS ON FORM OF POTENTIAL

– 37 –
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Fig. 14.— Joint two-dimensional marginalized contours (68% and 95% confidence lev-

els) for inflationary parameters (r0.002, ns) predicted by monomial potential models,

V (φ) ∝ φn. We assume a power-law primordial power spectrum, dns/d ln k = 0, as these

models predict the negligible amount of running index, dns/d ln k ≈ −10−3. (Upper left)

WMAP only. (Upper right) WMAP+SDSS. (Lower left) WMAP+2dFGRS. (Lower right)

WMAP+CBI+VSA. The dashed and solid lines show the range of values predicted

for monomial inflaton models with 50 and 60 e-folds of inflation (equation (13), re-

spectively. The open and filled circles show the predictions of m2φ2 and λφ4 models

for 50 and 60 e-folds of inflation. The rectangle denotes the scale-invariant Harrison-

Zel’dovich-Peebles (HZ) spectrum (ns = 1, r = 0). Note that the current data prefers

the m2φ2 model over both the HZ spectrum and the λφ4 model by likelihood ratios

greater than 50.

• 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)
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LARGE-ANGLE ANOMALIES

• Power in WMAP (and COBE) quadrupole much lower than best fit model, but
significance < 90% when account for foreground uncertainties (Slosar & Seljak
2004)

• Alignments between quadrupole and octopole and with ecliptic (e.g. Copi et al.
2004); cosmological significance of former questionable when account for
foreground uncertainties (Slosar & Seljak 2004)

• Cosmological (topology; long-wavelength non-linear fluctuation, rotation?), local
contamination (SZ; Rees Sciama; Galactic), or instrumental?
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DOES THE UNIVERSE ROTATE?

• Jaffe et al fitted a Bianchi VIIh template to the WMAP data

• These are open models, initially with zero Λ, and they found a best fit with
Ωm = 0.5 — impossible to reconcile with higher-` CMB data

• If subtract Bianchi template, lose the alignments and North/South asymmetry, plus
most of statistical effect of a ’cold spot’ found first by Vielva et al (also investigated
using directional wavelets by McEwen et al)
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DOES THE UNIVERSE ROTATE?

• Michael Bridges (+ ANL, Jason McEwen &
Mike Hobson) currently assessing Bayesian ev-
idence for a fit of this kind, generalised to more
realistic models with Λ

• A degeneracy exists in the (Ωm,ΩΛ) plane
(similar to the geometric degeneracy in the
CMB) which allows a Bianchi template, morpho-
logically identical to Jaffe’s to take on a more
acceptable cosmology.

• However no constraints could be made for
Bianchi models sharing (Ωm,ΩΛ) with CMB as
there is no significant overlap in the likelihood
surfaces above 2σ

• Thus, as Jaffe et al in a further paper also find,
Bianchi VIIh does not seem to be the way for-
ward for explaining the anomalies (if they now
exist!)
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CONCLUSIONS

• 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 (?) 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?)

• Future constraints on mν from CMB lensing ∼ 0.04eV: comparable to future
weak lensing tomography and must see given measured mass differences

• Unresolved issues on large angles (topology, foregrounds, systematics, chance?),
and running of spectral index (e.g. clash with Lyman alpha?) 29


