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WMAP 5-yr papers

• Hinshaw et al., “Data Processing, Sky Maps, and Basic 
Results” 0803.0732 

• Hill et al., “Beam Maps and Window Functions” 0803.0570 

• Gold et al., “Galactic Foreground Emission” 0803.0715 

• Wright et al., “Source Catalogue” 0803.0577 

• Nolta et al., “Angular Power Spectra” 0803.0593 

• Dunkley et al., “Likelihoods and Parameters from the WMAP  
data” 0803.0586 

• Komatsu et al., “Cosmological Interpretation” 0803.0547



5yr temperature
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5yr polarization
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Improved Data and Analysis 

• Improved Beam Model 
- 5 yrs of Jupiter observations, combined with physical 

optics modeling, reduce the beam uncertainty by a 
factor of ~2 (Hill et al 2008). 

• Improved Calibration 
- Improved algorithm for the calibration from the  CMB 

dipole reduces error from 0.5%  to 0.2% 
• More Polarization Data for Cosmology

- We now confidently use the CMB polarization data in 
three bands (33-61 GHz)

- Cross-check with new cleaning using Gibbs sampling
• Improved temperature masks
• Faster low-ell temperature likelihood 

- Using Blackwell Rao estimator from Gibbs sampling



Text

Cosmic variance  limited 
to l=530 

Much improved  
measurement 

of  the 3rd 
peak!

Hinshaw et al 2008



Errors 
include 
cosmic 
variance

E-mode polarization

Optical Depth to reionization: 
• Tau(5yr) = 0.087 +/- 0.017 
• Tau(3yr) = 0.089 +/- 0.030  (Page et al.; QV only) 

Generated at large scales by 
CMB quadrupole scattering off 
electrons from reionized 
universe

Nolta et al 2008

Hinshaw et al 2008

Nolta et al 2008



LCDM Cosmological Model

• Flat universe filled with baryons, 
CDM, cosmological constant, 
neutrinos, photons.
• Gaussian, adiabatic, nearly scale-
invariant fluctuations

Dunkley et al 2008
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Parameter 3 Year Mean 5 Year Mean 5 Year Max Like

100Ωbh2 2.229± 0.073 2.273 ± 0.062 2.27
Ωch2 0.1054± 0.0078 0.1099± 0.0062 0.108
ΩΛ 0.759± 0.034 0.742 ± 0.030 0.751
ns 0.958± 0.016 0.963+0.014

−0.015 0.961
τ 0.089± 0.030 0.087 ± 0.017 0.089

∆2
R (2.35 ± 0.13)× 10−9 (2.41 ± 0.11)× 10−9 2.41 ×10−9

σ8 0.761± 0.049 0.796 ± 0.036 0.787
Ωm 0.241± 0.034 0.258 ± 0.030 0.249

Ωmh2 0.128± 0.008 0.1326± 0.0063 0.131
H0 73.2+3.1

−3.2 71.9+2.6
−2.7 72.4

zreion 11.0 ± 2.6 11.0 ± 1.4 11.2
t0 13.73± 0.16 13.69 ± 0.13 13.7

Table 2: ΛCDM model parameters and 68% confidence intervals from the five-year WMAP data alone. The three-

year values are shown for comparison. For best estimates of parameters, the marginalized ‘Mean’ values should be

used. The ‘Max Like’ values correspond to the single model giving the highest likelihood.

higher significance (Nolta et al. 2008). The best-fit 6 parameter model, shown in Figure 5, is successful in
fitting three TT acoustic peaks, three TE cross-correlation maxima/minima, and the low-# EE signal. The
model is compared to the polarization data in Nolta et al. (2008). The consistency of both the temperature
and polarization signals with ΛCDM continues to validate the model.

The five-year marginalized distributions for ΛCDM, shown in Table 2 and Figures 6 and 7, are consistent
with the three-year results (Spergel et al. 2007), but the uncertainties are all reduced, significantly so for
certain parameters. With longer integration of the large-scale polarization anisotropy, there has been a
significant improvement in the measurement of the optical depth to reionization. There is now a 5σ detection
of τ , with mean value τ = 0.087±0.017. This can be compared to the three-year measure of τ = 0.089±0.03.
The central value is little altered with two more years of integration, and the inclusion of the Ka band data,
but the limits have almost halved. This measurement, and its implications, are discussed in Sec 4.1.1.

The higher acoustic peaks in the TT and TE power spectra also provide more information about the
ΛCDM model. Longer integration has resulted in a better measure of the height and position of the third
peak. The highest multipoles have a slightly higher mean value relative to the first peak, compared to the
three-year data. This can be attributed partly to improved beam modeling, and partly to longer integration
time reducing the noise. The third peak position constrains Ω0.275

m h (Page et al. 2003), while the third peak
height strongly constrains the matter density, Ωmh2. In this region of the spectrum, the WMAP data are
noise-dominated so that the errors on the angular power spectrum shrink as 1/t. The uncertainty on the
matter density has dropped from 12% in the first year data to 8% in the three year data and now 6% in the
five year data. The CDM density constraints are compared to three-year limits in Figure 6. The spectral
index still has a mean value 2.5σ less than unity, with ns = 0.963+0.014

−0.015. This continues to indicate the
preference of a red spectrum consistent with the simplest inflationary scenarios (Linde 2005; Boyle et al.
2006), and our confidence will be enhanced with more integration time.

Both the large scale EE spectrum and the small scale TT spectrum contribute to an improved measure
of the amplitude of matter fluctuations. With the CMB we measure the amplitude of curvature fluctuations,



Model is consistent with other 
observations

• Small-scale CMB 
(ACBAR08,  ACBAR07,CBI, 
Boomerang, VSA)

• Baryon Acoustic 
Oscillations in galaxies 
(SDSS, 2dF, SDSS LRG)

• Type Ia Supernovae (SNLS, 
Essence, HST)

• Galaxy power spectra

• Weak lensing

• Big Bang Nucleosynthesis

• Hubble constant

• Strong lensing

• Galaxy clusters

• Lyman-alpha forest

• Integrated Sachs Wolfe

• Galaxy peculiar velocities
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Reionization of the universe

• Measure z=11.0 +-1.4 for sudden reionization (~400 million years)
• Quasar observations indicate some neutral fraction at z~6-6.5
• Indicates that a longer process is preferred by observations

More data will allow different histories to be better constrained

Dunkley et al 2008



Testing inflation

The WMAP data is consistent with these classical inflationary 
predictions:

• The observable universe is flat 

• The primordial fluctuations are adiabatic 

• The primordial fluctuations are Gaussian 

• The power spectrum is nearly scale invariant



Non-Gaussianity?

• Can look for non-Gaussianity by looking for non-zero bispectrum  
= 3 point function

• Define ‘f_NL’ using curvature fluctuations: 
Φ(x)=Φgauss(x)+f_NL[Φgauss(x)]2

• -9 < f_NL(local) < 111 (95% CL) (Komatsu et al 2008)

• -151 < f_NL(equilateral) < 253 (95% CL) (Komatsu et al 2008)

• The primordial curvature perturbations are Gaussian to 0.1% level 

• Use the new Galaxy mask  (KQ75) and correct for point-source  
contamination. 

So, what is fNL?

• fNL = the amplitude of three-point function, 
or also known as the “bispectrum,” B(k1,k2,k3), which is 

• =<!(k1)!(k2)!(k3)>=fNL(2")2#3(k1+k2+k3)b(k1,k2,k3)

• where !(k) is the Fourier transform of the 
curvature perturbation, and b(k1,k2,k3) is a model-
dependent function that defines the shape of 
triangles predicted by various models.

k1
k2

k3



Use WMAP to constrain tensor-to-
scalar ratio: tensors produce B-
mode polarization, but also a large-
scale temperature signal.
(Currently low-l BBL r < 20) 

Limits on gravitational waves

Dunkley et al 2008

• With all data: r < 0.20 (95% CL) 

Komatsu et al 2008
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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



Contents of the universe

• Constrained baryon density, 
CDM density

• Constrained total geometry 
-0.0181 < Ω_k < 0.0071 (95% CL) 

• What can we say about 
neutrinos?

• What can we say about dark 
energy? (6-7% errors on constant w)



Evidence for relativistic species
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Relativistic species, e.g. neutrinos, 
that don’t couple to photons/
baryons, affect expansion rate and 
acoustic oscillations



In summary...

• The LCDM cosmological model is still doing 
well,  and is consistent with virtually all other 
astronomical observations

• Main improvements with five-year WMAP 
data are large-scale CMB polarization and  
third peak in temperature (~0.2 deg scales) 

• Tells us more about contents of universe 
(evidence for neutrinos), inflation (r<0.2, 
f_NL =0 within 2 sigma), reionization (likely 
extended)

• Improved non-WMAP distance 
measurements (from galaxy positions plus 
supernovae) help place strong constraints on 
wider range of models (e.g. w, curvature)


