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Abstract. We review the role of the temperature anisotropies and polarization of the cosmic microwave background
(CMB) radiation in constraining the cosmological model. We put particular emphasis on the major milestones that
have been passed, and CMB constraints on early-universe physics. We also look ahead, surveying what we hope to
learn from the next generation of instruments targeting the small-scale imprint of reionization and gravitational
lensing, and the large-scale polarization signature of gravitational waves.

1. Introduction

Since the detection of anisotropies in the temperature of
the cosmic microwave background (CMB) radiation by
COBE (Smoot et al. 1992), the CMB has played a major
role in establishing quantitative constraints on the cos-
mological model. The small O(10−5) amplitude of these
fluctuations means they are well described by linear per-
turbation theory and the physics of the CMB is thus very
well understood. Around 90% of CMB photons last inter-
acted with matter at the time of recombination, z ∼ 1000.
The temperature anisotropies we observe today are mostly
due to the imprint of spatial fluctuations in the photon
density, bulk velocity and gravitational potential on our
last-scattering ‘surface’ – a narrow shell of comoving ra-
dius ∼ 14 000 Mpc and thickness ∼ 80 Mpc.

The fluctuations on this last-scattering surface are be-
lieved to have resulted from primordial curvature fluctu-
ations plausibly generated quantum mechanically during
an inflationary phase in the first 10−35 seconds. These
primordial fluctuations are processed by gravitational in-
stability and, on smaller scales, by the acoustic physics
of the plasma which is supported by photon pressure.
This makes the CMB anisotropy primarily sensitive to the
early-universe physics that seeded the fluctuations and the
composition of the universe in the pre-recombination era.

In addition to these primary anisotropies, there are
a number of secondary processes that add further struc-
ture to the CMB at late times. These include gravitational
lensing of CMB photons by the large-scale distribution of
matter, and various scattering effects that become opera-
tive after the onset of reionization. While the observation
and interpretation of the primary anisotropies is now a
mature field, for the secondary processes, in which the
CMB is used as a back-light, this is just beginning.

In this contribution we review what we have learned
from current CMB observations, emphasising the straight-
forward physics behind the constraints. We particularly
stress the role of the CMB in constraining inflationary
models for the generation of structure. We also look
forward to what we can expect from the new fields of
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high-resolution imaging of the CMB, and high-sensitivity
searches for gravitational waves with the large-angle CMB
polarization. This includes tight constraints on the history
of reionization, a detection of absolute neutrino masses,
and limits at the 1016 GeV level to the energy scale at
which inflation may have occurred.

2. CMB Physics

We begin with a brief review of the physics of the CMB
temperature and polarization anisotropies. For more com-
plete reviews see e.g. Hu & Dodelson (2002); Hu (2003);
Challinor (2005).

Consider a spatially-flat background universe linearly
perturbed by density perturbations and gravitational
waves. The metric can be taken to be ds2 = a2(η){(1 +
2ψ)dη2− [(1−2φ)δij +hij ]dxidxj}, where the Newtonian-
like potentials ψ and φ describe the scalar (density) per-
turbations and the transverse, trace-free hij describes ten-
sor perturbations (gravitational waves). In the absence of
anisotropic stresses φ = ψ. If we ignore scattering after the
universe reionized, and approximate the last-scattering
surface as sharp, the fractional temperature fluctuation
along a line of sight n̂ has a scalar contribution

Θ(n̂) = Θ0|E + ψ|E − n̂ · vb|E +

∫ R

E

(ψ̇ + φ̇) dη , (1)

and a tensor contribution

Θ(n̂) = −
1

2

∫ R

E

ḣij n̂in̂j dη . (2)

Here, overdots denote derivatives with respect to confor-
mal time η. Performing a spherical harmonic expansion of
the anisotropies,

Θ(n̂) =
∑
lm

almYlm(n̂) , (3)

the power spectrum is defined by 〈alma∗
l′m′〉 =

CT
l δll′δmm′ , where the angle brackets denote an ensem-

ble average (or quantum expectation value). The quantity
l(l+ 1)CT

l /2π is usually plotted; it gives the contribution
to the mean squared anisotropy per ln l.



The physical interpretation of Eqs (1) and (2) is
straightforward. For scalar perturbations, we see the in-
trinsic temperature fluctuation Θ0 at last scattering, mod-
ified by the gravitational redshift from the local potential
ψ and a Doppler shift from the bulk velocity of the baryons
vb. There is a further ‘Integrated Sachs-Wolfe’ contribu-
tion that arises from evolution of the Weyl potential φ+ψ:
photons crossing a deepening potential well suffer more
redshift climbing out than the the blueshift they gained
falling in. The ISW effect is operative at late times when
the expansion starts to accelerate and potential wells de-
cay, and also around recombination due to the effect of
the residual radiation density there. For tensor perturba-
tions, the anisotropies arise from the integrated effect of
the anisotropic (local) expansion rate, i.e. the shear ḣij .

The fluctuations on the last-scattering surface are pro-
cessed versions of the primordial curvature and gravity-
wave perturbations, plausibly generated during inflation.
For scalar perturbations, the processing mechanism is sim-
ply gravity on scales larger the sound horizon; below this
acoustic physics and photon diffusion are important. For
adiabatic fluctuations, where initially the hypersurfaces
of constant density are the same for all matter compo-
nents, the CMB photons start off overdense in poten-
tial wells with vanishing infall velocity: Θ0 = −ψ(0)/2.
Wells start to accrete surrounding plasma but this is im-
peded by photon pressure and acoustic oscillations result.
When the (comoving) sound horizon has grown to one-
half the wavelength of a density fluctuation, the plasma
is just turning around and is again at an extrema of the
oscillation. If we think of decomposing the perturbation
into Fourier modes, the oscillation of all modes starts
off in phase, but different wavelengths reach subsequent
extrema at different times. Since anisotropies at multi-
pole l are generated mostly by fluctuations with comoving
wavenumber k = l/dA(r∗), where dA(r∗) is the angular-
diameter distance back to last scattering at comoving dis-
tance r∗ ≈ 14 Gpc, the anisotropy power spectrum should
exhibit a series of acoustic peaks corresponding to those
wavelengths that are at an extremum at last scattering.
For gravitational waves, the metric fluctuation hij is con-
stant while the wavelength exceeds the Hubble radius, but
oscillates with an amplitude that falls as a−1 once sub-
Hubble. On scales <∼ 3◦, i.e. l >∼ 60, the tensor anisotropies
are suppressed since the relevant modes are already sub-
Hubble at last scattering.

2.1. CMB Polarization

For modes with k−1 <∼ 5 Mpc, the photon mean-free path
exceeds the wavelength of the fluctuation before recombi-
nation and photon diffusion becomes important. As pho-
tons start to diffuse out of overdense regions their den-
sity and velocity perturbations are damped which leads
to an exponential damping tail in the anisotropy power
spectrum (Silk 1968). However, a quadrupole anisotropy
also starts to develop in the radiation and subsequent

Fig. 1. CMB temperature and polarization power spectra
from scalar (left) and tensor perturbations (right) for a tensor-
to-scalar ratio r = 0.38. The B-mode power generated by weak
gravitational lensing is also shown.

Thomson scattering generates linear polarization with an
r.m.s. ∼ 5µK (Rees 1968).

Linear polarization can be described by Stokes pa-
rameters in some chosen basis, or in a basis-independent
manner in terms of derivatives of two scalar fields, E and
B (Kamionkowski et al. 1997; Zaldarriaga & Seljak 1997).
This is similar to the decomposition of a vector field into
a gradient part (the E mode) and a divergence-free curl
part (the B mode). Due to their different transformation
properties under parity (E is scalar, B is pseudo-scalar),
in the absence of any relevant parity-violating physics we
should expect B to be uncorrelated with E and the tem-
perature anisotropies. This means we expect three addi-
tional non-zero power spectra: the E- and B-mode auto-
correlations, CE

l and CB
l , and the cross-correlation of E

with the temperature anisotropies CTE
l . For linear scalar

perturbations, the B-mode polarization vanishes by sym-
metry but gravitational waves produce E and B modes
with approximately equal power (Kamionkowski et al.
1997; Zaldarriaga & Seljak 1997; Hu & White 1997). This
makes the large-angle B mode of polarization an excellent
probe of primordial gravitational waves and several groups
are now developing instruments with the aim of searching
for this signal; see Sec. 6.

The temperature and polarization power spectra from
density perturbations and gravitational waves are com-
pared in Fig. 1. The gravitational wave amplitude is set
to a value close to the current upper limit from the temper-
ature anisotropies. Note that for scalar perturbations, CE

l

peaks at the troughs of CT
l since the radiation quadrupole

at last scattering is derived mostly from the plasma bulk
velocity which oscillates π/2 out of phase with the intrin-
sic temperature. The ‘bump’ in the polarization spectra
on large angles is due to re-scattering of the tempera-
ture quadrupole once the universe reionized (Zaldarriaga
1997). The power in the reionization bump scales like
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τ2, where τ is the optical depth to Thomson scattering.
Reionization also has the effect of damping the temper-
ature and polarization spectra by e−2τ on scales inside
the horizon at that epoch. Also shown in the figure is the
non-linear B-mode signal generated by weak gravitational
lensing of the primary E-mode polarization from density
perturbations (Zaldarriaga & Seljak 1998). We discuss this
signal further in Sec. 6.

3. Current Observational Situation

A number of complementary technologies have been de-
ployed to map the CMB temperature anisotropies from
a few tens to hundreds of GHz, and over three decades
of angular scale. In Fig. 2 we show a selection of recent
measurements of the CT

l taken from Jones et al. (2006).
The qualitative agreement with the theoretical expecta-
tion is striking, with the measurements clearly delimiting
the first three acoustic peaks.

Polarization measurements are less mature, with the
first detection reported by DASI in 2002 (Kovac et al.
2002). In Fig. 2, we show all current measurements of
the auto-correlation CE

l ; the data points are still very
noisy but the qualitative agreement with the best-fit
model to the temperature spectrum is striking. The cross-
correlationCTE

l has also been measured by several groups,
and with the arrival of the third-year WMAP data the
measurements are now quite precise for l <∼ 200 (Page
et al. 2007). At present only upper limits exist for CB

l

(see Fig. 4) but this situation should change with the new
generation of CMB polarimeters that we discuss in Sec. 6.
These instruments will also significantly improve on cur-
rent measurements of CE

l .

4. Major CMB Milestones and their Cosmological

Implications

The current CMB data has confirmed a number of bold
theoretical predictions, some of which pre-date the data
by over thirty years. In this section we briefly describe
these major milestones and discuss their implications for
constraining the cosmological model.

4.1. Sachs-Wolfe Plateau and the Late-time ISW

Effect

The large-angle temperature anisotropies are dominated
by the Sachs-Wolfe effect, Θ0 + ψ, and the ISW ef-
fect (Sachs & Wolfe 1967). For adiabatic initial conditions,
the combination Θ0 + ψ reduces to ψ/3 on scales above
the sound horizon at last scattering and so potential wells
appear as cold regions. For a nearly scale-invariant spec-
trum of primordial curvature perturbations, we should
have l(l+ 1)CT

l ≈ const. on such scales. This plateau was
first seen in the COBE data (Hinshaw et al. 1996), and has
since been impressively verified by WMAP (Bennett et al.
2003). Departures from scale-invariance imply a slope to
the l(l + 1)CT

l spectrum on large scales and this can be

used to help constrain the spectral index ns of the primor-
dial spectrum; see Sec. 5.

The late-time ISW effect contributes significantly on
the largest angular scales. It is the only way to probe late-
time growth of structure with linear CMB anisotropies
(see Sec. 8 for an example of a non-linear probe), but this
is hampered by large cosmic variance – the fact we only
have access to 2l + 1 modes with which to estimate their
population variance CT

l . The late-ISW effect produces a
positive correlation between large-angle temperature fluc-
tuations and tracers of the gravitational potential at red-
shifts z <∼ 1. This was first detected by correlating the one-
year WMAP data with the X-ray background and with
the projected number density of radio galaxies (Boughn
& Crittenden 2004), and has since been confirmed with
several other tracers of large-scale structure. The correla-
tion is sensitive to both the energy density in dark energy
and any evolution with redshift. The ISW constraints on
the former indicate ΩΛ ∼ 0.8, consistent with other cos-
mological probes; see e.g. Cabre et al. (2006). As yet there
is no evidence for evolution but significant improvements
can be expected from tomographic analysis of upcoming
deep galaxy surveys.

4.2. Acoustic Peaks

The first three acoustic peaks in CT
l are clearly resolved by

the current data. Corresponding oscillations are also ap-
parent in the TE cross-correlation data and, at lower sig-
nificance, in the EE power spectrum. For adiabatic mod-
els, the positions of the peaks are at the extrema of a cosine
oscillation, giving l ≈ nπdA(r∗)/rs where rs ≡

∫ η∗

0
cs dη

is the sound horizon at last scattering. The peak po-
sitions thus depend on the physical densities in matter
Ωmh2 and baryons Ωbh2 through the sound horizon, and
additionally through curvature and dark energy proper-
ties from the angular-diameter distance. The same physics
that gives rise to acoustic peaks in the CMB produces the
recently-detected baryon acoustic oscillations in the clus-
tering of galaxies (Eisenstein et al. 2005; Cole et al. 2005).
Observing the connection between the fluctuations that
produced the CMB anisotropies and those responsible for
large-scale structure is an important test of the structure
formation paradigm.

The relative heights of the acoustic peaks are influ-
enced by baryon inertia, gravitational driving effects and
photon diffusion. The reduction in adiabatic sound speed
in the plasma because of the baryons shifts the midpoint of
acoustic oscillations to higher overdensities. For adiabatic
oscillations this enhances the 1st, 3rd etc. (compressional)
peaks over the 2nd, 4th etc. An additional effect operates
for modes that enter the sound horizon before matter-
radiation equality. The oscillation of such modes is reso-
nantly driven by gravity since the gravitational potential
responds to the oscillating density perturbations in the
plasma while CDM is still sub-dominant. Increasing the
matter density shifts matter-radiation equality to earlier
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Fig. 2. Recent CMB temperature (left) and polarization (right; CTE

l top and CE

l bottom) power spectra measurements.
For polarization all measurements are plotted including WMAP3. The solid lines in the polarization plots are the theoretical
expectation on the basis of the temperature data and an optical depth τ = 0.08. The temperature plot, from Jones et al. (2006),
shows results from WMAP1 and a selection of ground and balloon-borne instruments. The recent WMAP3 data help delimit
the third acoustic peak in CT

l further.

times and the resonance is less effective for the low-order
acoustic peaks. In combination, these two effects have al-
lowed accurate measurements of the matter and baryon
densities from the morphology of the acoustic peaks. From
the three-year WMAP data alone, Ωbh2 = 0.0223+0.0007

−0.0009

and Ωmh2 = 0.127+0.007
−0.01 in flat, ΛCDM models (Spergel

et al. 2006). The implied baryon-to-photon ratio (6.10 ±
0.2)× 10−10 predicts light-element abundances consistent
with observations. There is some tension between the low
matter density favoured by WMAP3 and the higher value
favored by tracers of large-scale structure, most notably
weak gravitational lensing (Spergel et al. 2006). Better
measurements of the third and higher peaks will be very
helpful here, and we look forward to sub-percent level pre-
cision in the determination of densities with the future
Planck data.1

With the matter and baryon densities fixed by the
morphology of the acoustic peaks, the acoustic oscillations
become a standard ruler with which to measure dA(r∗),
determined to be 13.7 ± 0.5 Gpc (Spergel et al. 2003).
The dark energy model, curvature and sub-eV neutrino
masses have no effect on the pre-recombination universe
and they only affect the CMB through dA(r∗) and the late-
time ISW effect. The discriminatory power of the latter is
limited by cosmic variance leading to the geometric degen-
eracy between curvature and dark energy (Efstathiou &
Bond 1999). For example, closed models with no dark en-
ergy fit the WMAP data but imply a low Hubble constant
and Ωmh in conflict with other datasets. Using the Hubble
Space Telescope (HST) measurement ofH0, WMAP3 con-
strains the spatial sections of the universe to be very close
to flat: ΩK = −0.003+0.013

−0.017 and ΩΛ = 0.78+0.035
−0.058 for cos-

mological constant models (Spergel et al. 2006).

1 http://www.rssd.esa.int/index.php?project=Planck

4.3. Damping Tail and Photon Diffusion

Photon diffusion on scales <∼ 30 Mpc, and the comparable
width of the last-scattering surface, washes out anisotropy
from small-scale fluctuations. This exponential ‘damping
tail’ in the temperature spectrum is seen in the ground
and balloon-based data in the left plot in Fig. 2.

On scales l > 2000, the CBI, operating around 30 GHz,
sees power in excess of that expected from the primary
anisotropies at the 3σ level (Bond et al. 2005). An excess
is also seen at smaller angular scales (centred on l ∼ 5000)
with the BIMA array operating at 28.5 GHz (Dawson
et al. 2006). Both analyses exclude point-source contami-
nation as the source of the excess, suggesting instead that
they are seeing a secondary contribution from the ther-
mal Sunyaev-Zel’dovich (SZ) effect (Sunyaev & Zeldovich
1972) in unresolved galaxy clusters. This explanation
favours a variance in the matter overdensity σ8 ≈ 1 (with
1σ errors at the 20% level), on the high side compared
to inferences from current CMB and large-scale structure
data (Spergel et al. 2006). Optical follow-up of the BIMA
fields shows no (anti-)correlation between galaxy overden-
sities and the anisotropy images, but the image statistics
are consistent with SZ simulations. Data from the several
high-resolution CMB experiments that will soon be oper-
ational should give a definitive answer as to the source of
the excess small-scale power.

4.4. E-mode Polarization and TE Cross-Correlation

Current measurements of CE
l and CTE

l are fully consistent
with predictions based on the best-fit adiabatic model to
CT

l . This is an important test of the structure formation
model: the polarization mainly reflects the plasma bulk
velocities around recombination and these are consistent,
via the continuity equation, with the density fluctuations
that mostly seed the temperature anisotropies.
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Apart from constraints on the reionization optical
depth from large-angle polarization data (see Sec. 4.5),
the power of the current polarization data for constraining
parameters in adiabatic, ΛCDM models is rather limited.
More important are the qualitative conclusions that we
can draw from the data:

– The well-defined oscillations in CTE
l further support

the phase coherence of the primordial fluctuations, i.e.
all modes with a given wavelength oscillate in phase.
This is a firm prediction of inflation models but is at
odds with models with active generation of perturba-
tions such as defects.

– The (anti-)correlation between the polarization and
temperature on degree scales (see Fig. 2) is evidence
for fluctuations at last scattering that are outside
the Hubble radius and are adiabatic (Peiris et al.
2003). This is more direct, model-independent evi-
dence for such fluctuations than from the tempera-
ture anisotropies since the latter could have been pro-
duced on these scales gravitationally all along the line
of sight.

– The peak positions in polarization, as for the temper-
ature, are in the correct locations for adiabatic ini-
tial conditions. Multi-field inflation models can also
produce isocurvature primordial perturbations, where
relative fluctuations in the energy density of the vari-
ous species conspire to give no curvature perturbation.
Pre-WMAP3 analyses, combining CMB temperature
and polarization with other cosmological probes/priors
limit the contribution from isocurvature initial con-
ditions to the CMB power to be less than 30%, al-
lowing for the most general correlated initial condi-
tions (Dunkley et al. 2005).

– That E-mode power peaks at the minima of the tem-
perature power spectrum increases our confidence that
the primordial power spectrum is a smooth func-
tion with no features ‘hiding’ on scales that reach a
mid-point of their acoustic oscillation at last scatter-
ing (and so contribute very little to the temperature
anisotropies).

4.5. Large-Angle Polarization from Reionization

The large-angle polarization generated by re-scattering at
reionization was first seen in the TE correlation in the
first-year WMAP data (Kogut et al. 2003). This pro-
vided a broad constraint on the optical depth with mean
τ = 0.17 and prompted a flurry of theoretical activ-
ity to explain such early reionization. With the full po-
larization analysis of the three-year release (Page et al.
2007), the reionization signal can be seen in the large-
angle CE

l spectrum (see the insert in the bottom right
plot in Fig. 2). To obtain this spectrum required aggres-
sive cleaning of Galactic foregrounds but a number of tests
suggests that residual foreground contamination is under
control. On the basis of CE

l alone, the WMAP team now
find τ = 0.10 ± 0.03 which sits much more comfortably

with astrophysical reionization models than the earlier
high figure.

5. CMB Constraints on Inflation

Inflation is a posited period of accelerated expansion in the
early universe. One mechanism to realise inflation is with
a scalar field φ – the inflaton – evolving slowly over a flat
part of its interaction potential V (φ). It has proved dif-
ficult to realise inflation from (fundamental) field theory,
and this has led to a plethora of phenomenological mod-
els in the literature, though string-inspired approaches are
being actively pursued, e.g. Kachru et al. (2003).

5.1. Inflationary Power Spectra

Inflation naturally predicts a universe that is very close to
flat, consistent with the observed positions of the CMB
acoustic peaks as discussed in Sec. 4. Significantly, it
also naturally provides a causal mechanism for generat-
ing initial curvature fluctuations (Bardeen et al. 1983)
and gravitational waves (Starobinskǐi 1979) with almost
scale-invariant, power-law spectra. The mechanism is an
application of semi-classical quantum gravity, in which
the perturbations in the inflaton field and metric fluc-
tuations are quantised on a classical background that is
close to de Sitter. Since the physical wavelength of a mode
gets pushed outside the Hubble radius by the accelerated
expansion, vacuum fluctuations initially deep inside the
Hubble radius are stretched to cosmological scales and
amplified during inflation. The spectra of the curvature
perturbations and gravity waves can be approximated as
power laws over the range of scales relevant for cosmology:

PR ≈ As(k/k0)
ns−1 , Ph ≈ At(k/k0)

nt . (4)

The tensor amplitude depends only on the Hubble param-
eter at the time the mode k0 leaves the Hubble radius, i.e.
when k0 = aH . The scalar amplitude and both spectral
indices depend additionally on the evolution of H . In the
limit where V (φ) dominates the stress-energy of the field,
the observable parameters may be related to V (φ) and
its first two derivatives (see e.g. Lidsey et al. (1997) and
references therein for details). The tensor-to-scalar ratio
r ≡ At/As is given in this limit by

r = 8 × 10−3(Einf/1016 GeV)4, (5)

where the energy scale of inflation Einf = V 1/4 and we
have taken As = 2.36× 10−9. Slow-roll inflation implies a
consistency relation r = −8nt, but the prospects for veri-
fying this observationally are poor, even after accounting
for the long lever-arm that a combination of CMB and
direct detections could provide (Smith et al. 2006).

Constraints in the r-ns plane from WMAP3 and
the SDSS galaxy survey are shown in Fig. 3, taken
from Kinney et al. (2006). The point r = 0 and ns = 1
corresponds to inflation occurring at low energy with es-
sentially no evolution in H (and hence a very flat poten-
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Fig. 3. Constraints in the r-ns plane for models with no run-
ning from Kinney et al. (2006). Blue contours are 68% con-
fidence regions and yellow are 95%. The filled contours are
from combining WMAP3 and the SDSS galaxy survey; open
are with WMAP3 alone. These results assume the HST prior
on H0; dropping this prior gives the dashed contours. The pre-
dictions for V ∝ φ2 and φ4 are shown assuming that modes
with k = 0.002 Mpc−1 left the Hubble radius between 46 and
60 e-folds before the end of inflation.

tial); the gravitational waves are negligible and the curva-
ture fluctuations have no preferred scale. This Harrison-
Zel’dovich spectrum is clearly disfavoured by the data,
but is not yet excluded at the 95% level. Attempts to
pin down ns with current CMB temperature data are still
hampered by a degeneracy between ns, As, the reioniza-
tion optical depth τ and the baryon density (Lewis 2006).
The WMAP3 measurement of τ from large-angle polariza-
tion helps considerably in breaking this degeneracy, and
leads to a marginalised constraint of ns = 0.987+0.019

−0.037 in
inflation-inspired models (Spergel et al. 2006). The 95%
upper limit on the tensor-to-scalar ratio from WMAP3
and SDDS is 0.28 for power-law spectra, thus limiting the
inflationary energy scale Einf < 2.4 × 1016 GeV. We see
from Fig. 3 that large-field models with monomial poten-
tials V (φ) ∝ φp are now excluded at high significance for
p ≥ 4.

Slow-roll inflation predicts that any running of the
spectral indices with scale should be O[(ns − 1)2]. The
CMB alone provides a rather limited lever-arm for mea-
suring running, with current data having very little con-
straining power for k > 0.05 Mpc−1 (corresponding to
l ∼ 700). However, there is persistent, though not yet
compelling, evidence for running from the CMB: WMAP3
alone gives dns/dlnk = −0.102+0.05

−0.043 (Spergel et al. 2006),
allowing for gravitational waves. Running near this mean
value would be problematic for slow-roll inflation mod-
els. The tendency for the CMB to favour large negative
running is driven by the large-angle (l <∼ 15) tempera-
ture data. A more definitive assessment of running must
await independent verification of the large-scale spectrum
from Planck and improved small-scale data from a combi-
nation of Planck and further ground-based observations.

The current evidence for running weakens considerably
when small-scale data from the Lyman-α forest is in-
cluded (Seljak et al. 2006; Viel et al. 2006). There is cur-
rently some tension between the level of power inferred
from Ly-α and CMB, and this is worsened by inclusion of
the negative running favoured by the CMB.

5.2. Non-Gaussianity and Inflation

The fluctuations from single-field inflation should be adia-
batic and any departures from Gaussian statistics should
be unobservably small (see Bartolo et al. 2004 for a recent
review). However, adiabaticity and Gaussianity can be vi-
olated in models with several scalar fields, for example
the curvaton model (Lyth & Wands 2002). As we have al-
ready noted, current data do allow a sizeable isocurvature
fraction, but this is not favoured. Similarly, there is no ev-
idence for non-Gaussianity from inflation. In many mod-
els, the non-Gaussian contribution to the gravitational
potential at last scattering is a quadratic functional of
the Gaussian part. The coupling kernel is denoted fNL

and the best constraints, assuming no scale-dependence,
are −54 < fNL < 114 at 95% confidence (Spergel et al.
2006) from the three-point function of WMAP3. Planck
should be sensitive down to fNL ∼ 5 (Komatsu & Spergel
2001), but this is still at a level where we should not ex-
pect to see anything in simple inflation models (which give
fNL ∼ O(1) accounting for non-linear gravitational effects
after inflation).

6. Searching for Gravity Waves with the CMB

A detection of a Gaussian-distributed background of
gravitational waves with cosmological wavelengths and a
nearly scale-invariant (but red) spectrum would be seen by
many as compelling evidence that inflation occurred. Of
course, a non-detection would not rule out inflation hav-
ing happened at a low enough energy, but, importantly,
a detection would rule out some alternative theories for
the generation of the curvature perturbation, such as the
cyclic model (Steinhardt & Turok 2002), that predict neg-
ligible gravity waves. The large-angle B mode of CMB po-
larization is a promising observable with which to search
for the imprint of gravity waves since a detection would
not be confused by linear curvature perturbations.

In Fig. 4 we show a compilation of current direct upper
limits on the B-mode power spectrum. The solid curve is
the theoretical spectrum, including the contribution from
weak gravitational lensing, for r = 0.28 – the 95% up-
per limit inferred from WMAP3 temperature and E-mode
data and SDSS galaxy clustering (Spergel et al. 2006).
Clearly, the direct measurements are not yet competitive,
with at least a factor ten improvement in sensitivity re-
quired. In principle, B-mode measurements of r can do
much better than inferences from T and E since the for-
mer route is limited only by how well the lensing signal
can be subtracted. Lensing reconstruction methods based
on the non-Gaussian effect of lensing on the CMB have
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Fig. 4. Left: current 95% upper limits on the B-mode polarization power spectrum. The solid line is the theoretical prediction
for a tensor-to-scalar ratio r = 0.28 – the current 95% limit from the temperature power spectrum and galaxy clustering (Spergel
et al. 2006) – while the dotted line is the contribution from weak gravitational lensing. Right: error forecasts for Clover after a
two-year campaign observing 1000 deg2 divided between four equal-area fields. Blue error bars properly account for E-B mixing
effects due to the finite sky coverage while magenta ignore this. The tensor-to-scalar ratio is again r = 0.28.

been proposed, e.g. Hu (2001), and with the most optimal
methods r ∼ 10−6 may be achievable (Seljak & Hirata
2004). In practice, astrophysical foregrounds and instru-
mental systematic effects are likely to be a more significant
obstacle.

A number of groups are now designing and construct-
ing a new generation of CMB polarimeters that aim to
be sensitive down to r ∼ 0.01. These should be report-
ing data within the next five years, a timescale similar
to the Planck satellite. The current constraint r < 0.28
gives an r.m.s. gravity wave contribution < 200 nK to the
B-mode polarization. Seeing signals at this level requires
instruments with many hundreds, or even thousands, of
detectors and demands exquisite control of instrumental
effects and broad frequency coverage to deal with polar-
ized Galactic foreground emission. Most of the surveys will
target small sky areas (<∼ 1000 deg2) in regions of low fore-
ground emission in total intensity. Despite this, removing
foregrounds to the 10% level will likely be required to see
a B-mode signal at r = 0.01. As an example of a next-
generation instrument, we show in Fig. 4 projected errors
on the B-mode power spectrum from the UK-led Clover
experiment. Clover will have over 1200 super-conducting
detectors distributed over three scaled telescopes centred
on 97, 145 and 225 GHz, each with better than 10-arcmin
resolution. The instrument is planned to be deployed at
the Chajnantor Observatory, Chile. The error forecasts in
Fig. 4 are for a tensor-to-scalar ratio r = 0.28 for direct
comparison with the adjacent plot of current upper lim-
its. However, the Clover survey is optimised for smaller
r ∼ 0.01, and is designed to be limited on large scales
by sample variance of the lens-induced B modes after two
years of operation.

7. Scattering secondaries and CMB lensing

Within the ΛCDM model, the major remaining CMB
milestones are the detection of gravitational secondary ef-
fects (weak lensing and the non-linear ISW effect from
collapsing structures), various scattering secondary effects
from electron bulk velocities around and after the epoch
of reionization, and the detection of B-mode polarization
and (possibly) gravitational waves. A number of deep sur-
veys at arcminute resolution will soon commence to study
the temperature anisotropies at high l. Their main goal is
to characterise the scattering secondaries, and hence learn
more about the reionization history and morphology, and
to detect the gravitational lensing effect in the tempera-
ture anisotropies. At the same time, high-sensitivity polar-
ization surveys are being undertaken and these should also
provide further valuable information on the weak-lensing
effect.

7.1. Probing reionization with small-scale CMB

Observations of small-scale temperature anisotropies can
provide complementary information on reionization to
that from large-angle polarization. The latter is mostly
sensitive to the optical depth τ , with only weak sensi-
tivity to the duration of reionization (Kaplinghat et al.
2003a), and none to the morphology of reionization. There
is, therefore, considerable interest in alternative probes
that can detail the evolution of the global ionization frac-
tion and its morphology. While the SKA and its precursors
will be sensitive to the neutral fraction via the hydrogen
21-cm line, small-angle CMB observations can provide an
integrated measure of the electron density.

Doppler shifts from free electrons in bulk flows along
the line of sight give rise to temperature anisotropies:

Θ(n̂) = −

∫
aneσTe−τ

n̂ · vb dη, (6)
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where σT is the Thomson cross section and vb is the
baryon peculiar velocity. Fluctuations in the electron den-
sity ne, either by patchiness in the ionization fraction dur-
ing reionization (Gruzinov & Hu 1998), or by density inho-
mogeneities in the uniformly-ionized intergalactic medium
after reionization (Sunyaev & Zeldovich 1972; Ostriker &
Vishniac 1986; Vishniac 1987), produce anisotropies on
scales of a few armin and below with the same thermal
spectrum as the primary anisotropies. The power spec-
tra of the various Doppler signals, in a model with ex-
tended reionization, are compared with the lensed primary
anisotropies in Fig. 5, which is reproduced from Zahn et al.
(2005). Also included is the thermal SZ effect, nearly all
of which arises from galaxy clusters at z <∼ 3. The details
of the patchy signal depend on the morphology of the ion-
ized fraction (which mostly affects the peak position) and
the duration of reionization. The Doppler signal from den-
sity inhomogeneities is expected to peak on smaller scales
(l >∼ 104) and likely dominates the patchy signal on all
scales where the primary anisotropies are sub-dominant.
Around half of the power (at the peak) from density inho-
mogeneities arises from regions of high over-density (clus-
ters and filaments) at low redshift (z < 3). Small-angle po-
larization generated at reionization should be around two
orders of magnitude below the temperature signal gener-
ated there and will likely remain unobservable (Hu 2000).

A number of ground-based experiments with ∼ 1-
arcmin resolution are under construction with the aim
of measuring the power of the small-angle Doppler sig-
nals. Figure 5, also taken from Zahn et al. (2005), shows
error forecasts for two such instruments, the South-Pole
Telescope and the Atacama Cosmology Telescope. By hav-
ing one observing channel close to the null of the ther-
mal SZ effect (218 GHz), these experiments should detect
the Doppler signals at very high significance. Furthermore,
they can distinguish different reionization scenarios that
are almost degenerate in the large-angle CMB polariza-
tion (i.e. those with the same optical depth) through their
patchy contribution to the Doppler signal. It is apparent
from Fig. 5 that accurate removal of point sources will
be essential for the science programmes of all high-l CMB
instruments.

7.2. Weak gravitational lensing of the CMB

Weak gravitational lensing of CMB photons by the large-
scale matter distribution at z <∼ 10 has several important
effects on the CMB; see Lewis & Challinor (2006) for a re-
cent review. The deflections are predicted to have an r.m.s.
of ≈ 2.7 arcmin, and be coherent over scales ≈ 1◦. For the
temperature anisotropies, lensing leads to a smoothing of
the acoustic peaks resulting in fractional changes in CT

l

of around 10% at the troughs by l ∼ 2000, and generates
small-scale power that dominates the primary anisotropies
for l >∼ 4000. The effects in polarization are similar, but
with the important addition that lensing transfers power
from the primary E modes to B modes giving an almost-

white spectrum for l ≪ 1000 with CB
l ∼ 2 × 10−6 µK2;

see Fig. 1 As we have seen, it will be an important back-
ground for searches for gravitational waves with CMB po-
larization.

Lensing has not yet been detected in the CMB but
the prospects for the near future are good. Lines of at-
tack include looking for the effect in the power spectra,
searching for the specific non-Gaussian signature of lens-
ing and cross-correlation with tracers of the dark matter
distribution (and hence gravitational potential). Beyond
this, interest will turn to exploitation and the main inter-
est here is in constraining neutrino physics and the dark
energy model. To exploit fully CMB lensing in this way
will require reconstruction of the underlying lensing de-
flection field from the (non-Gaussian) lensed CMB fields
– an endeavour greatly helped by high-resolution polariza-
tion observations (Hu & Okamoto 2002; Seljak & Hirata
2004).

Cosmology has the potential to place constraints on
the absolute neutrinos masses rather than the (squared)
differences from neutrino oscillations (see Lesgourgues &
Pastor 2006 for a recent review). The current constraint
on the sum of neutrino masses from CMB, galaxy cluster-
ing and Lyman-α forest data is

∑
mν < 0.17 eV at 95%

confidence (Seljak et al. 2006). The implied sub-eV masses
mean neutrinos are relativistic at recombination and the
best hope for measuring masses with the CMB is via lens-
ing. Massive neutrinos only affect the gravitational poten-
tial on small scales: below their Jeans’ length (∝ m−1

ν )
the increase in expansion rate compared to massless mod-
els cannot be balanced by their clustering and the gravi-
tational potential is suppressed. Assuming a normal hier-
archy of neutrino masses with two essentially massless,2

Kaplinghat et al. (2003b) estimated that the mass of the
third should be measurable to an accuracy of 0.04 eV with
lensing reconstruction from a future polarization satellite
mission. Errors of this magnitude are comparable to what
should be achievable in the future with galaxy lensing, but
with quite different systematic effects. It is an interesting
result since atmospheric neutrino oscillations then imply
that a detection of mass with the CMB must be possible
at the 1σ level. Of course, the significance will be higher if
the lightest neutrinos are not massless, or in the inverted
hierarchy. Note that the latter is on the verge of being
ruled out with the current cosmological constraints (Seljak
et al. 2006).

The effect of dark energy on CMB lensing is felt al-
most exclusively through the change in the expansion rate
which is independent of scale. The different scale depen-
dence of variations in neutrino masses and properties of
the dark-energy model, such as the equation of state pa-
rameter w = p/ρ, allow these to be measured separately
with the lensed CMB. The analysis in Kaplinghat et al.
(2003b) finds a marginalised 1σ error on w of 0.18 from a
future polarization satellite. Of course, tomography proper

2 This combination has the smallest possible neutrino energy
density and hence cosmological effect.
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Fig. 5. Left: contributions to the total Doppler effect (dotted) from patchiness during reionization (solid) and the density
modulation of the electron density (dashed; marked OV). These are dependent on the morphology and history of reionization.
The lensed primary signal is shown as a thin dotted line and the dot-dashed includes the Doppler contributions. Also shown is
the thermal SZ contribution at 145 GHz and an estimate of the power spectrum of infrared sources at this frequency. Right: the
ability of ACT and SPT to distinguish different reionization scenarios on the basis of the small-scale temperature-anisotropy
power spectrum. The different ‘plateau’ spectra correspond to different reionization (toy) models all having roughly the same
optical depth (τ ≈ 0.13). Model A has homogeneous and instantaneous reionization at z = 14, model B is a patchy model with
reionization beginning at z ≈ 19 and concluding by z ≈ 12, and model C has extended patchiness due to two source populations.
The latter model is assumed in the left-hand plot. Refer to Zahn et al. (2005), from which the figures are reproduced, for more
details.

is not possible with the fixed source plane of the CMB (i.e.
last scattering), and the CMB constraints on dark energy
will not be competitive with future galaxy lensing and
clustering (via baryon oscillations) surveys.

8. Other Physics in the CMB Fluctuations

We should also be mindful of the possibility of serendip-
itous discovery of other physics in the small-scale CMB
fields, such as the imprint of cosmic strings or primordial
magnetic fields. We do not have space to do these topics
justice; instead we just note that current temperature-
anisotropy data limits the contribution of local strings to
be <∼ 10%, corresponding to a tension Gµ/c4 < 2.7 ×
10−7. This should improve with searches in future high-
resolution temperature maps, and also with future mea-
surements of CB

l . Many brane-inflation models predict
a negligible gravity wave production during inflation in
which case tensor (and, as importantly, vector) modes
sourced by the string network could be the dominant pri-
mordial source of B-mode polarization.

We also note that there are statistically-significant
anomalies in the large-angle temperature anisotropies,
as imaged by COBE (Smoot et al. 1992) and
WMAP (Bennett et al. 2003), that appear to signal depar-
tures from rotational invariance and/or Gaussianity; for a
recent review and WMAP3 analysis, see Copi et al. (2007)
and references therein. The origin of these anomalies is
still unknown; proposed explanations have included in-
strument systematics, residual Galactic foregrounds, grav-

itational effects of the local universe or theoretical exotica
such as a compact topology or anisotropic dark energy.
Independent verification with the Planck data, and im-
provements in our understanding of the systematics and
foregrounds in analyses of further years of WMAP data,
should help with tracking down the source of these large-
angle effects.

9. Summary

The physics of the CMB is well understood and many of
its bold predictions have now been impressively verified
with a large number of independent observations. As a re-
sult, the CMB has been at the forefront of quantitative
cosmology for the last decade and has yielded impressive
constraints on many of the key cosmological parameters.
Inflation continues to stand up to exacting comparisons
with both CMB and tracers of matter clustering, and evi-
dence for dynamics during inflation is starting to emerge.
Hints of a run in the spectral index index in current CMB
data, at a level that would be problematic for many infla-
tion models, is not corroborated by probes of the matter
power spectrum on small scales (the Lyman-α forest). We
eagerly await further small-scale data, most notably from
Planck, to shed further light on this potential conflict.

We look forward to improvements in E-mode polar-
ization data and the better constraints this will bring on
non-standard cosmological models. On a similar timescale,
a new generation of small-scale temperature experiments
should constrain further the reinonization history and its
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morphology, and detect the effect of weak gravitational
lensing in the CMB. Looking a little further ahead, a new
generation of high-sensitivity polarization-capable instru-
ments have the ambition of detecting the imprint of grav-
itational waves from inflation. They should be sensitive
down to tensor-to-scalar ratios r ∼ 0.01 – corresponding to
an energy scale of inflation around 1×1016 GeV – and will
place tight constraints on inflation models. There is also
exciting secondary science that can be done with these in-
struments, such as measuring neutrino masses with CMB
lensing. Finally, there is always the hope of serendipitous
discovery, such as the imprint of cosmic strings, perhaps
produced at the end of brane inflation.
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