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MAP Spacecraft

thermally isolated
instrument cylinder

secondary
reflectors

focal plane assembly
feed horns

back to back
Gregorian optics,

1.4 x 1.6 m primaries

upper omni antenna

line of sight

deployed solar array w/ web shielding

medium gain antennae

passive thermal radiator

warm spacecraft with:
- instrument electronics
- attitude control/propulsion
- command/data handling
- battery and power control

WMAP: a mm-wave differencing telescope

sun+earth
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Why mm?

Axel Mellinger
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Why mm?

COBE DIRBE
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Why mm?

COBE DIRBE
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COBE DMR+WMAP
0K to 3K

Why mm? Cosmic Microwave Background



9

WMAP
-4mK to +4mK

Why difference?
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WMAP
-500µK to +500µK

CMB fluctuations
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What does WMAP see?
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CMB
370,000 yrs

1e-10 s

?
?



• perturbation theory on
a FLRW background 

• plasma physics at 
accessible energies

• result: acoustic waves

• phase is important
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CMB: Plasma Acoustic Oscillations
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before WMAP
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1yr WMAP

(CMB is 1% polarized,
polarization is 180º out of
phase, cross-correlation
is thus 90º out of phase)
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3yr WMAP
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5yr WMAP



The Concordance Model

• Six parameter curve fits hundreds of independent data points!

• No need (yet) for other interesting parameters

• 2 initial conditions, 2 particle params, 1 astro param, 1 geometric 
param, plus upper limits/assumptions about others
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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,
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Fig. 2.— The WMAP 5-year TT power spectrum along with recent results from the ACBAR

(Reichardt et al. 2008, purple), Boomerang (Jones et al. 2006, green), and CBI (Readhead

et al. 2004, red) experiments. The other experiments calibrate with WMAP or WMAP’s

measurement of Jupiter (CBI). The red curve is the best-fit ΛCDM model to the WMAP

data, which agrees well with all data sets when extrapolated to higher-!.
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matter density
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γ/b ratio

The Concordance Model
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= 1.06



What set the initial conditions?

• needs to produce density 
perturbations “in phase”

• needs to be roughly scale 
invariant

• would be nice to solve 
horizon and curvature 
problems

• might be nice to clean up 
weird relics (monopoles?)

20
Inflation?



Inflation
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during inflation

after inflation

• early phase of accelerating 
expansion solves horizon, 
flatness, and relic issues

• for inflation to end, use a 
dynamical entity: a scalar field

• quantum fluctuations become 
initial density perturbations, 
with zero velocity

• there are more implications 
from this model!
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Inflation parameters

• gravity wave amplitude is 
proportional to energy scale 
of inflation

• large enough gravity waves 
cause large-scale density 
fluctuations themselves

• further constraints require 
polarization
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Fig. 13.— Two-dimensional marginalized constraints (68% and 95% confidence levels) on inflationary pa-
rameters r, the tensor-to-scalar ratio, and ns, the spectral index of fluctuations, defined at k0 = 0.002/Mpc.
One-dimensional 95% upper limits on r are given in the legend. Left: The five-year WMAP data places
stronger limits on r (shown in blue) than three-year data (grey). This excludes some inflationary models
including λφ4 monomial inflaton models with r ∼ 0.27, ns ∼ 0.95 for 60 e-folds of inflation. Right: For
models with a possible running spectral index, r is now more tightly constrained due to measurements of
the third acoustic peak. Note: the two-dimensional 95% limits correspond to ∆(2 ln L) ∼ 6, so the curves
intersect the r = 0 line at the ∼ 2.5σ limits of the marginalized ns distribution.

epoch expected in a ΛCDM model. The da Ângela et al. (2008) analysis of a QSO sample finds β = 0.60+0.14
−0.11

at z = 1.4 and use the clustering length to infer the bias. Extrapolating back to z = 0, they find a matter
density of Ωm = 0.25+0.09

−0.07.

Peculiar velocity measurements can also probe the shape of the galaxy power spectrum. The Watkins
& Feldman (2007) analysis of large scale flows finds that the power spectrum space parameter Γ " Ωmh =
0.13+0.09

−0.05, consistent with ΛCDM values.

5. Extended cosmological models with WMAP

The WMAP data place tight constraints on the simplest ΛCDM model parameters. In this section we
describe to what extent WMAP data constrain extensions to the simple model, in terms of quantifying the
primordial fluctuations and determining the composition of the universe beyond the standard components.
Komatsu et al. (2008) present constraints for WMAP combined with other data, and offer a more detailed
cosmological interpretation of the limits.

with runningno running

Inflation parameters

(WMAP only)
3yr to 5yr is not just     !

√
t
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Inflation parameters
14 Komatsu et al.

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.

outside of the 95% region, and p > 70 is within the
95% region. The models with p ∼ 120 lie on the
boundary of the 68% region, but other parameters
are not within the 68% CL. This model can be
thought of as a single-field inflation with p " 1,
or multi-field inflation with n fields, each having
pi ∼ 1 or even pi < 1 (assisted inflation; Liddle
et al. 1998). In this context, therefore, one can
translate the above limits on p into the limits on
the number of fields. The data favour n ∼ 120/pi

fields.

(c) For this model we can divide the parameter space
into 3 regions, depending upon the value of φ̃ that
corresponds to the field value when the wavelength
of fluctuations that we probe with WMAP left the
horizon. When φ̃ # 1, the potential is dominated
by a constant term, which we call “Flat Potential
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.

ns
1.0 1.020.980.960.94

• N < 70 for 
post-Planck 
inflation

• φ4 very 
disfavored!

• r–nS combo 
pushing on 
theory
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Beyond the concordance model

• tensor (gravitational wave) amplitude 

• non-Λ dark energy 

• scale-invariant scale-invariance (running of the index)

• axionic/other non-inflationary generation of perturbations

• neutrino mass
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WMAP 5-year Cosmological Interpretation 29

Fig. 11.— Constraint on the time-independent (constant) dark energy equation of state, w, and the present-day dark energy density, ΩΛ,
assuming a flat universe, Ωk = 0 (§ 5.2). Note that we have imposed a prior on w, w > −2.5. (Left) Joint two-dimensional marginalized
distribution of w and Ωk. The contours show the 68% and 95% CL. The WMAP-only constraint (light blue) is compared with WMAP+HST
(gray), WMAP+BAO (red), WMAP+SN (dark blue), and WMAP+BAO+SN (purple). This figure shows how powerful a combination
of the WMAP data and the current SN data is for constraining w. (Middle) One-dimensional marginalized constraint on w for a flat
universe from WMAP+HST (gray), WMAP+BAO (red), and WMAP+SN (dark blue). The WMAP+BAO+SN result (not shown) is
essentially the same as WMAP+SN. (Right) One-dimensional marginalized constraints on ΩΛ for a flat universe from WMAP+HST (gray),
WMAP+BAO (red), and WMAP+SN (dark blue). The WMAP+BAO+SN result (not shown) is essentially the same as WMAP+SN.
See Fig. 12 for the constraints on w for non-flat universes. Note that neither BAO nor SN alone is able to constrain w: they need the
WMAP data for lifting the degeneracy. Note also that BAO+SN is unable to lift the degeneracy either, as BAO needs the sound horizon
size measured by the WMAP data.

Fig. 12.— Joint two-dimensional marginalized constraint on the time-independent (constant) dark energy equation of state, w, and the
curvature parameter, Ωk (§ 5.3). Note that we have imposed a prior on w, w > −2.5. The contours show the 68% and 95% CL. (Left)
The WMAP-only constraint (light blue; 95% CL) compared with WMAP+BAO+SN (purple; 68% and 95% CL). This figure shows how
powerful the extra distance information from BAO and SN is for constraining Ωk and w simultaneously. (Middle) A blow-up of the left
panel, showing WMAP+HST (gray), WMAP+BAO (red), WMAP+SN (dark blue), and WMAP+BAO+SN (purple). This figure shows
that we need both BAO and SN to constrain Ωk and w simultaneously: WMAP+BAO fixes Ωk, and WMAP+SN fixes w. (Right) The
same as the middle panel, but with the BAO prior re-weighted by a weaker BAO prior from the SDSS LRG sample (Eisenstein et al.
2005). The BAO data used in the other panels combine the SDSS main and LRG, as well as the 2dFGRS data (Percival et al. 2007). The
constraints from these are similar, and thus our results are not sensitive to the exact form of the BAO data sets. Note that neither BAO
nor SN alone is able to constrain w or Ωk: they need the WMAP data for lifting the degeneracy. Note also that BAO+SN is unable to lift
the degeneracy either, as BAO needs the sound horizon size measured by the WMAP data.

w that are complementary to each other, breaking the
degeneracy effectively.

These limits give the lower bounds to the curvature
radii of the observable universe as Rcurv > 33 h−1Gpc
and Rcurv > 22 h−1Gpc for negatively and positively
curved universes, respectively.

Is the apparent “tension” between the WMAP+BAO
limit and the WMAP+SN limit in Fig. 12 the signa-
ture of new physics? We have checked this by the BAO
distance scale out to z = 0.35 from the SDSS LRG sam-
ple, obtained by Eisenstein et al. (2005), instead of the
z = 0.2 and z = 0.35 constraints based on the combi-
nation of SDSS LRGs with the SDSS main sample and

2dFGRS (Percival et al. 2007). While is it not an inde-
pendent check, it does provide some measurement of the
sensitivity of the constraints to the details of the BAO
data set.

The right panel of Fig. 12 shows that the results are
not sensitive to the exact form of the BAO data sets.47

Eisenstein et al.’s BAO prior is a bit weaker than Perci-

47 To obtain the WMAP+BAO contours in the right panel
of Fig. 12, we have re-weighted the WMAP+BAO data
in the middle panel of Fig. 12 by the likelihood ratio of
L(Eisenstein’s BAO)/L(Percival’s BAO). As a result the contours
do not extend to w ∼ 0; however, the contours would extend more
to w ∼ 0 if we ran a Markov Chain Monte Carlo from the beginning
with Eisenstein et al.’s BAO.

assume flatness

Non-Λ Dark energy
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don’t assume flatness

Dark energy

CMB alone constrains 
“geometry”, combination of 
curvature and dark energy
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WMAP 5-year Cosmological Interpretation 29

Fig. 11.— Constraint on the time-independent (constant) dark energy equation of state, w, and the present-day dark energy density, ΩΛ,
assuming a flat universe, Ωk = 0 (§ 5.2). Note that we have imposed a prior on w, w > −2.5. (Left) Joint two-dimensional marginalized
distribution of w and Ωk. The contours show the 68% and 95% CL. The WMAP-only constraint (light blue) is compared with WMAP+HST
(gray), WMAP+BAO (red), WMAP+SN (dark blue), and WMAP+BAO+SN (purple). This figure shows how powerful a combination
of the WMAP data and the current SN data is for constraining w. (Middle) One-dimensional marginalized constraint on w for a flat
universe from WMAP+HST (gray), WMAP+BAO (red), and WMAP+SN (dark blue). The WMAP+BAO+SN result (not shown) is
essentially the same as WMAP+SN. (Right) One-dimensional marginalized constraints on ΩΛ for a flat universe from WMAP+HST (gray),
WMAP+BAO (red), and WMAP+SN (dark blue). The WMAP+BAO+SN result (not shown) is essentially the same as WMAP+SN.
See Fig. 12 for the constraints on w for non-flat universes. Note that neither BAO nor SN alone is able to constrain w: they need the
WMAP data for lifting the degeneracy. Note also that BAO+SN is unable to lift the degeneracy either, as BAO needs the sound horizon
size measured by the WMAP data.
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WMAP data for lifting the degeneracy. Note also that BAO+SN is unable to lift the degeneracy either, as BAO needs the sound horizon
size measured by the WMAP data.

Fig. 12.— Joint two-dimensional marginalized constraint on the time-independent (constant) dark energy equation of state, w, and the
curvature parameter, Ωk (§ 5.3). Note that we have imposed a prior on w, w > −2.5. The contours show the 68% and 95% CL. (Left)
The WMAP-only constraint (light blue; 95% CL) compared with WMAP+BAO+SN (purple; 68% and 95% CL). This figure shows how
powerful the extra distance information from BAO and SN is for constraining Ωk and w simultaneously. (Middle) A blow-up of the left
panel, showing WMAP+HST (gray), WMAP+BAO (red), WMAP+SN (dark blue), and WMAP+BAO+SN (purple). This figure shows
that we need both BAO and SN to constrain Ωk and w simultaneously: WMAP+BAO fixes Ωk, and WMAP+SN fixes w. (Right) The
same as the middle panel, but with the BAO prior re-weighted by a weaker BAO prior from the SDSS LRG sample (Eisenstein et al.
2005). The BAO data used in the other panels combine the SDSS main and LRG, as well as the 2dFGRS data (Percival et al. 2007). The
constraints from these are similar, and thus our results are not sensitive to the exact form of the BAO data sets. Note that neither BAO
nor SN alone is able to constrain w or Ωk: they need the WMAP data for lifting the degeneracy. Note also that BAO+SN is unable to lift
the degeneracy either, as BAO needs the sound horizon size measured by the WMAP data.

w that are complementary to each other, breaking the
degeneracy effectively.

These limits give the lower bounds to the curvature
radii of the observable universe as Rcurv > 33 h−1Gpc
and Rcurv > 22 h−1Gpc for negatively and positively
curved universes, respectively.

Is the apparent “tension” between the WMAP+BAO
limit and the WMAP+SN limit in Fig. 12 the signa-
ture of new physics? We have checked this by the BAO
distance scale out to z = 0.35 from the SDSS LRG sam-
ple, obtained by Eisenstein et al. (2005), instead of the
z = 0.2 and z = 0.35 constraints based on the combi-
nation of SDSS LRGs with the SDSS main sample and

2dFGRS (Percival et al. 2007). While is it not an inde-
pendent check, it does provide some measurement of the
sensitivity of the constraints to the details of the BAO
data set.

The right panel of Fig. 12 shows that the results are
not sensitive to the exact form of the BAO data sets.47

Eisenstein et al.’s BAO prior is a bit weaker than Perci-

47 To obtain the WMAP+BAO contours in the right panel
of Fig. 12, we have re-weighted the WMAP+BAO data
in the middle panel of Fig. 12 by the likelihood ratio of
L(Eisenstein’s BAO)/L(Percival’s BAO). As a result the contours
do not extend to w ∼ 0; however, the contours would extend more
to w ∼ 0 if we ran a Markov Chain Monte Carlo from the beginning
with Eisenstein et al.’s BAO.
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Fig. 11.— Constraint on the time-independent (constant) dark energy equation of state, w, and the present-day dark energy density, ΩΛ,
assuming a flat universe, Ωk = 0 (§ 5.2). Note that we have imposed a prior on w, w > −2.5. (Left) Joint two-dimensional marginalized
distribution of w and Ωk. The contours show the 68% and 95% CL. The WMAP-only constraint (light blue) is compared with WMAP+HST
(gray), WMAP+BAO (red), WMAP+SN (dark blue), and WMAP+BAO+SN (purple). This figure shows how powerful a combination
of the WMAP data and the current SN data is for constraining w. (Middle) One-dimensional marginalized constraint on w for a flat
universe from WMAP+HST (gray), WMAP+BAO (red), and WMAP+SN (dark blue). The WMAP+BAO+SN result (not shown) is
essentially the same as WMAP+SN. (Right) One-dimensional marginalized constraints on ΩΛ for a flat universe from WMAP+HST (gray),
WMAP+BAO (red), and WMAP+SN (dark blue). The WMAP+BAO+SN result (not shown) is essentially the same as WMAP+SN.
See Fig. 12 for the constraints on w for non-flat universes. Note that neither BAO nor SN alone is able to constrain w: they need the
WMAP data for lifting the degeneracy. Note also that BAO+SN is unable to lift the degeneracy either, as BAO needs the sound horizon
size measured by the WMAP data.
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Fig. 13.— The temperature (TT) and temperature-polarization correlation (TE) power spectra based on
the 5 year WMAP data. The addition of 2 years of data provide more sensitive measurements of the third
peak in TT and the high-l TE spectrum, especially the second trough.
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Fig. 8.— Constraint on the axion entropy perturbation fraction, α0 (§ 3.6.3). In all panels we show the WMAP-only results in blue
and WMAP+BAO+SN in red. (Left) One-dimensional marginalized constraint on α0, showing WMAP-only and WMAP+BAO+SN.
(Middle) Joint two-dimensional marginalized constraint (68% and 95% CL), showing the correlation between α0 and ns for WMAP-only
and WMAP+BAO+SN. (Right) Correlation between ns and Ωmh2. The BAO and SN data help to reduce this correlation which, in turn,
reduces correlation between α0 and ns, resulting in a factor of 2.2 better limit on α0.

Fig. 9.— Constraint on the curvaton entropy perturbation fraction, α−1 (§ 3.6.4). In all panels we show the WMAP-only results in blue
and WMAP+BAO+SN in red. (Left) One-dimensional marginalized constraint on α−1, showing WMAP-only and WMAP+BAO+SN.
(Middle) Joint two-dimensional marginalized constraint (68% and 95% CL), showing the correlation between α−1 and ns for WMAP-only
and WMAP+BAO+SN. (Right) Correlation between ns and Ωmh2. The BAO and SN data help to reduce this correlation which, in turn,
reduces correlation between α−1 and ns, resulting in a factor of 2.7 better limit on α−1. These properties are similar to those of the axion
dark matter presented in Fig. 8.
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Fig. 17.— Comparison of the CMB angular power spectrum for the best-fit ΛCDM models with the standard
Neff = 3.04 neutrino species (red), and with Neff = 0 species (blue). The lower panel shows the fractional
difference between the two spectra when Neff is increased from 0 to 3.04. The Neff = 0 model has a lower
Ωmh2 in order to fit the third peak, and a lower spectral index, ns, compared to the Neff = 3.04 model.

and about 11% of the energy density of the universe at z ∼ 1100 (very close to the energy density in
baryons). Because neutrinos contribute to the expansion of the universe and stream relativistically out of
density fluctuations, they produce a significant imprint on the growth rate of structure and on the structure
of the microwave background fluctuations. The amplitude of these effects depend upon Neff , the number of
effective neutrino species. By ‘effective neutrinos species’, we are counting any particle that is relativistic at
z ∼ 1000−3000, couples very weakly to the baryon-electron-photon fluid, and has very weak self-interactions.
Because we know neutrinos exist, we associate ‘neutrinos’ with ‘light relativistic particle’, but note that in
the strictest sense we limit only light relativistic species, as the cosmological constraints are sensitive to the
existence of any light species produced during the big bang or any additional contribution to the energy
density of the universe (e.g., primordial magnetic fields).

Measurements of the width of the Z provide very tight limits on the number of neutrino species: Nν =
2.984 ± 0.008 (Particle Data Book), consistent with the 3 light neutrino species in the standard model.
Because of non-thermal effects due to the partial heating of neutrinos during the e± annihilations, and
other small corrections, the effective number of species is 3.0395 (Dicus et al. 1982; Mangano et al. 2002).
Most analyses of the number of neutrino species with three-year WMAP data (Spergel et al. 2007; Ichikawa
et al. 2007; Mangano et al. 2007; Hamann et al. 2007; de Bernardis et al. 2007) relied on combining CMB
measurements with probes of the growth rate of structure. Since one of the signatures of the number of
neutrino species is a change in the growth rate of structure, there are degeneracies between the properties of

What if neutrinos weren’t there?
zero neutrinos
3.04 neutrinos

• Neutrino background is 
cosmologically significant!

• Neff > 0 with 99.5% 
confidence

• Limit comes primarily from 
the unique effects of a 
weakly interacting 
relativistic “fluid”

• Explaining the CMB 
without neutrinos would 
push χ2 up 8.2, push H0 > 
75, and break concordance
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Fig. 18.— Limits on the sum of neutrino masses with the WMAP five-year data. Left: The marginalized
one-dimensional limit from WMAP alone is

∑

mν < 1.3 eV (95% CL). This is raised by <10% with
marginalization over a running spectral index, tensor fluctuations, or a dark energy equation of state w.
Right: The neutrino mass is anti-correlated with σ8, the amplitude of matter fluctuations.

5.2.2. Neutrino mass

Cosmological data places limits on the mass of neutrinos. Atmospheric and solar neutrino experiments
show that neutrinos are massive (see Mohapatra et al. (2005)), and measure the difference between the square
of their masses, m2

νi −m2
νj . Cosmological measurements constrain the sum of the masses

∑

mν due to their
effect on the propagation of perturbations, on the clustering of matter, and on the expansion rate of the
universe (Bond & Szalay 1983; Ma 1996; Hu et al. 1998). The mass has a large effect on the matter power
spectrum, as massive neutrinos do not cluster as well as cold dark matter, leading to a suppression in power
on small scales. Neutrinos also affect the CMB at earlier times: if the fraction of dark matter that is warm
is raised, acoustic oscillations in the photon-baryon plasma are less strongly damped for modes that entered
the horizon while the neutrinos were relativistic, raising the acoustic peak amplitudes. The radiation-like
behavior at early times also changes the expansion rate, shifting the peak positions.

These effects are somewhat degenerate with other parameters, so CMB data alone cannot limit the
mass as well as when combined with other data. With the three-year WMAP data alone the limits were
∑

mν < 1.8 eV (Spergel et al. 2007), and < 0.66 eV when combined with other data. Since the three-year
WMAP analysis there have been many studies of the constraints, as discussed in Komatsu et al. (2008).

The five-year WMAP data now gives an upper limit on the total mass to be
∑

mν < 1.3 eV (95% CL),
shown in Table 6. We have checked that this upper limit is robust to the choice of cosmological models.
The upper limit is raised by < 10% when we include tensor fluctuations, a running spectral index, or a
constant w "= −1 equation of state of dark energy, as shown in Figure 18. This dependence on additional
parameters is consistent with earlier investigations by e.g., Crotty et al. (2004); Zunckel & Ferreira (2007).
A larger neutrino mass raises the amplitude of the higher acoustic peaks, hence the observed degeneracy

Neutrino mass limits

(WMAP only)

Σmν < 0.67 eV (with BAO)
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Non-Gaussianity

• CMB is a gaussian random field to 0.1%

• -9 < fNL (squeezed) < 111 (95% CL)

• -151 < fNL (equilateral) < 253 (95% CL)

• 27 < fNL (squeezed) < 147 (95% CL) [Yadav & Wandelt 2008]

• -18 < fNL (squeezed) < 80 (95% CL) [Curto et al. 2009]

• limits improve rapidly as noise and foregrounds come down

or

(“Gaussian” here means fluctuations at different wavenumbers are statistically independent)



Future
• WMAP: 7yr being analyzed, 

8yr data for certain, more if 
funded

• Planck: in progress!

• polarization B-modes -> 
strong limits on tensor/
scalar ratio
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EBEx collaboration
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Figure 1: The expected 1σ determination of the E and B CMB
polarization power spectra with EBEX after 14 days of a long
duration balloon flight (red points and error bars) and with the
Planck Surveyor satellite after 1 year (shown is B-mode only,
blue dotted error bars). The solid lines are theoretical mod-
els for E and B power spectra in a standard ΛCDM cosmology
with T/S = 0.1. The B-mode spectra due to the IGB and
due to lensing are shown both separately and combined. The
predicted B-mode power spectrum of polarization from Galac-
tic dust at 150 GHz (lowest short dash) in the region observed
by EBEX is expected to have a magnitude smaller than that of
the IGB for " > 50. Synchrotron emission at 150 GHz (long
dash) and higher frequencies (not shown) is predicted to be neg-
ligible. The predictions for both foregrounds are based on recent
results from WMAP [19]. We also show the expected B-mode
power spectra of galactic dust at the two higher EBEX frequency
bands of 250 and 410 GHz (middle and top, short dash). The
power spectra of pixel noise (dash dot) show that EBEX could
make a cosmic-variance-limited detection of the E-mode signal
for 20 ≤ " ≤ 1500.

A primary science objective of EBEX is to detect the B-mode signal in the CMB polarization or to
set an unprecedented upper limit on its magnitude. Figure 1 shows the expected performance of EBEX
in determining the E and B power spectra using data from an average-length long-duration balloon flight of
14 days [17]. We assume T/S = 0.1 for the the power spectra of the cosmological model in the figure. This
is a factor of∼3 smaller than current upper limits. If the T/S ratio is close to 0.1, EBEX will provide a high
signal-to-noise ratio detection of the IGB signal and will therefore determine the energy scale of inflation.
If the B-mode signal is not detected, we will put a 2σ upper limit on the tensor to scalar ratio of

T/S < 0.02, thereby improving current limits by a factor of >∼ 10. The corresponding upper limit on
the energy scale of inflation will be V 1/4 < 1.3 × 1016 GeV. An upper limit at this level would have im-
portant theoretical consequences as it would rule out the so-called ‘classic inflationary’ models [18], which
in many respects are the simplest models of inflation. In these models there is only one field that dominates
the energy density during inflation, its fluctuations generate the primordial perturbations, and its dynamics
end inflation. Examples of such models are those in which the potential is of the form φn where φ is the
inflaton field. A good representative of this class is the simple φ2 potential that is consistent with WMAP’s
determination of the spectral index [5] and predicts T/S ∼ 0.1.
1.2.2 Galactic Foregrounds
The IGB signal is extremely faint. Emission from dust and synchrotron radiation are the two predominant
Galactic foreground sources of confusion. Recent data from the WMAP satellite [19] make it clear that,
for an average region of the sky, even at high galactic latitudes, polarized galactic foregrounds are expected
to dominate the IGB signal at all frequency bands (see Fig. 2, pg. 4). By making reasonable assumptions
about the polarized foregrounds and extrapolations from the WMAP frequency bands, we gain the following
insights:
• Even for the cleanest regions of the sky, at frequencies larger than ∼100 GHz, the dust signals will have to
be subtracted from the data in order to extract a correct estimate for the IGB signal. It is therefore imperative
to have multi-frequency coverage. EBEX is unique among CMB polarization experiments in that it will have
frequency coverage between 130 and 450 GHz. This is the broadest frequency coverage of all current sub-
orbital CMB polarimeters.
• For regions of the sky that are low in foreground emission, such as the one targeted by EBEX, and for
the EBEX frequency bands, synchrotron radiation is expected to be negligible. Therefore, EBEX is likely
to contend with the characterization and subtraction of only one foreground in its data analysis. Even in
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FIG. 13.— BICEP’s T E, EE, and BB power spectra complement existing data from other CMB polarization experiments (Leitch et al. 2005; Montroy et al.
2006; Piacentini et al. 2006; Sievers et al. 2007; Wu et al. 2007; Bischoff et al. 2008; Nolta et al. 2009; Brown et al. 2009). Theoretical spectra from a ΛCDM
model with r = 0.1 are shown for comparison. For clarity, only EE band powers with > 2σ significance are plotted. At degree angular scales, BICEP’s constraints
on BB are the most powerful to date.

which shows a comparison of our data with the ΛCDM model.
The BICEP data are consistent with ΛCDM, and this result is
confirmed by the alternate analysis pipeline.

13. CONSTRAINT ON TENSOR-TO-SCALAR RATIO FROM BB

BICEP was designed with the goal of measuring the BB
spectrum at degree angular scales in order to constrain the
tensor-to-scalar ratio r. We define r = ∆2

h(k0)/∆2
R(k0), where

∆2
h is the amplitude of primordial gravitational waves, ∆2

R
is the amplitude of curvature perturbations, and we choose
a pivot point k0 = 0.002 Mpc−1. The tightest published up-
per limit is r < 0.22 at 95% confidence and is derived from

a combination of the WMAP five-year measurements of the
T T power spectrum at low ! with measurements of Type Ia
supernovae and baryon acoustic oscillations (Komatsu et al.
2009).

As a method for constraining r, a direct measurement of
the BB spectrum has two advantages. First, measurements of
T T are ultimately limited by cosmic variance at large angu-
lar scales, and the temperature data from WMAP have already
reached that limit. Second, r constraints from T T are limited
by parameter degeneracies; in particular, there is a strong de-
generacy with the scalar spectral index ns. The inflationary
BB spectrum, in contrast, suffers little from parameter degen-

Chiang et al. 2009 (BICEP)

r=0.1
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Fig. 3.— The distribution of power in blocks of 100 multipoles estimated on hemispheres
for the combined V+W band using the KQ85 sky cut. Note the similarity with the single

multipole bins in figure 5

Other stuff

Constraining models of the large scale Galactic magnetic field 14

Figure 8. Upper left: An example of a bisymmetric spiral (BSS) field model for
p = −10◦, rc = 10 kpc and r0 = 10 kpc. The corresponding disymmetric spiral
(DSS) looks the same except that there is no field reversal between magnetic spiral
arms. Upper right: Sun08D, the favored disk model of Sun et al. (2008). Middle
left: The field proposed by Brown et al. (2007), based on the NE2001 thermal
electron density model. Middle right: Halo field model proposed by Prouza and
Smida (2003), and the halo part of the Sun08 composite model. Lower left:
Toroidal disk field proposed by Vallée (2008). Lower right: The magnetic field
model by the WMAP team (Page et al., 2007).

WMAP Year-3 Polarization Maps 11

180°0°

FIG. 7.— Left: The angle of the magnetic field, γM = γPA +90.◦ , derived from the synchrotron radiation in the K-band map (smoothed with a 4◦ beam) shown in
Figure 3. (We do not distinguish between ±180◦ in the field direction.) The predominant low Galactic latitude magnetic field direction is parallel to the Galactic
plane (γM = 90

◦) and thus the synchrotron (and dust) polarization directions have γ ≈ 0◦. In the North Polar Spur region, the magnetic field is perpendicular
to the Galactic plane corresponding to γM ≈ 0◦ or 180◦. Note the large scale coherency of the field. Right: The predicted magnetic field direction given by a
simple model of the electron distribution and the bisymmetric spiral arm model (Equation 9) for the magnetic field.

the Galactic plane and the polarization projects into positive
StokesQ. Near the Galactic pole, the field lines all point along
the spiral arm direction. When projected into Q and U , this
leads to γ rotating around the pole. We assess the agreement
between the model field directions and the directions inferred
from the K-band polarization with the correlation coefficient
r = cos(2(γmodel !γdata)), and take the rms average over 74.3%
of the sky (outside the P06 mask described below). For our
simple model the agreement is clear: r = 0.76 for K band.
For a power law distribution of electrons moving in a ho-

mogeneous magnetic field, the polarization fraction is Πs =
(p+1)/(p+7/3)≈ 0.75 (Rybicki & Lightman 1979). Because
the field direction changes as one integrates along the line of
sight, there is a geometric suppression of the amplitude of the
polarization signal. We estimate this geometric suppression
as

gsync(n̂) =
P(n̂)

Πs I(n̂)
, (12)

where all quantities are determined from the model: P(n̂) =
√

Q2 +U2 and I is found by integrating the magnetic field
and cosmic ray distribution along the line of sight. The re-
sult is shown in Figure 8. This geometric reduction factor
ranges from unity to zero and is especially small in the Galac-
tic plane at longitudes near " = !100◦. When compared to the
K-band data, the model over suppresses the predicted polar-
ization near " = !100◦ so we enforce gsync ≥ 0.2. That is, we
globally set gsync = 0.2 where it is initially less than 0.2.

4.1.1. Comparison to Low Frequency Observations

The polarization of edge-on spirals NGC 891 and 4565,
which are similar to the Milky Way, has been measured by
Sukumar & Allen (1991). The observations are at 5 GHz and
thus probe primarily synchrotron emission. They find: (1) at
distances ≈ 2 kpc off the galactic plane the polarization frac-
tion can be ≥20%; and (2) in the plane, heights < 0.5 kpc,
the polarization fraction drops to <5%. Hummel et al. (1991)
show that (3) between 0.66 GHz and 1.5 GHz the spectral in-
dex ranges from βs = !2.5 in the plane to βs = !3.5 well off
the plane. WMAP observes qualitatively similar behavior in
K band.
At 408MHz, Haslam et al. (1982) have surveyed the Galac-

tic plane in intensity. At this frequency, synchrotron emission
dominates maps. We test the magnetic field model by extrap-

olating the 408 MHz measurements to 22 GHz (an extrapola-
tion of 40 in frequency and over 10,000 in amplitude):

Qmodel(n̂) =qIHas(n̂)

(

22

0.408

)βs

Πsgsync(n̂)cos(2γmodel)

Umodel(n̂) =qIHas(n̂)

(

22

0.408

)βs

Πsgsync(n̂) sin(2γmodel)(13)

where q is the ratio of the homogeneous field strength to the
total field strength. Note that the model effectively has only
one free parameter: an overall amplitude, which is described
by a degenerate combination of the spectral index, βs and q.
For βs = !2.7, the best fit value for q is 0.7. This implies that
the energy in the large scale field is roughly the same as the
energy in small scale fields, consistent with measurements of
external galaxies (Han & Wielebinski 2002) and studies of
dust polarization in the Milky Way (Jones et al. 1992).
Figure 9 compares the K band polarization signal to the ex-

trapolated 408 MHz maps. Given the simplicity of the model
(uniform cosmic ray spectral index, p, and a uniform BSS
field), the agreement is remarkably good. The largest devia-
tions are seen near spiral arms. Recent observations (Enomoto
et al. 2002) suggest that cosmic rays are accelerated in star-
forming regions. If most cosmic rays are accelerated in spiral
arms and then diffuse away from the arms, we would expect a
flatter spectral index in the arms, consistent with the observa-
tions. In Figure 10 we show that the radio loops (Berkhuijsen
et al. 1971) seen at 408 MHz, probably from supernovae or
“blowouts,” are also seen in the WMAP data.

4.1.2. Starlight Polarization and Polarized Dust Emission

Measurements of starlight polarization serve as a template
for the analysis of polarized microwave dust emission (Fos-
alba et al. 2002; Bernardi et al. 2003). We have combined
several catalogs of optical dust polarization measurements
(Heiles 2000; Berdyugin et al. 2001; Berdyugin & Teerikorpi
2002; Berdyugin et al. 2004) to construct a template for the
magnetic field direction in dusty environments. Since there
are significant variations in the dust column density, we only
use the measured direction to construct the dust template. The
dust layer has a scale height of 100 pc (Berdyugin & Teeriko-
rpi 2001; Drimmel & Spergel 2001). Observations toward the
Galactic poles suggest that most of the dust absorption oc-
curs within 200 pc. To select stars outside the dust column for
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and spinning dust emission. Both free-free and syn-
chrotron emission increase monotonically at lower fre-
quencies. Spinning dust, in contrast, decreases in ampli-
tude below 20 GHz, so that the spectrum of the com-
bined Galactic emission below 20 GHz can be used to
place limits on the contribution of spinning dust without
reference to detailed spatial correlations with a thermal
dust template.

Figure 8 illustrates the concept. Consider Galac-
tic emission consisting of a superposition of syn-
chrotron and spinning dust (ignoring for the moment the
smaller contribution from free-free emission). Following
Miville-Deschênes et al. (2008), we specify the spinning
dust amplitude as a fraction of the total Galactic bright-
ness at 22 GHz, assumed here to represent the peak in the
dust spectrum. As the dust normalization is increased,
the synchrotron amplitude at 22 GHz must decrease to
keep the total emission constant. The spinning dust spec-
trum falls rapidly, so that emission below 10 GHz is dom-
inated by the synchrotron component. A model with
high dust normalization (red curves in Fig. 8) will thus
have fainter synchrotron emission at frequencies of a few
GHz, while a model with less spinning dust (blue curves)
will have brighter synchrotron emission. This shift in the
amplitude of Galactic emission at frequencies below 10
GHz is a sensitive test for spinning dust, without resort
to detailed spatial correlations.

We implement this test using a simple model of Galac-
tic emission. We assume that the spatial distribution
of spinning dust emission is traced by a template map
of thermal dust emission, and fix the amplitude of as-
sociated spinning dust emission by scaling the template
map so that the re-scaled dust map forms a specified
fraction of the Galactic plane intensity measured by the
WMAP 22 GHz map. This allows a simple normalization
of spinning dust in terms of its relative contribution to
the total Galactic plane intensity at 22 GHz. We use the
COBE/DIRBE 240 µm map of thermal dust emission
(Reach et al. 1996) as the thermal dust template since
it is dominated by thermal dust emission but unaffected
by extinction in the plane. For specificity, we define the
Galactic plane mask using all pixels lying within the AR-
CADE 2 observation pattern with latitude |b| < 20◦, and
use this mask for all computations so that the model re-
sults are not affected by differing sky coverage between
ARCADE 2 and other surveys.

We then model the Galactic emission spectrum as
follows. We first correct the WMAP 22 GHz map
and the Haslam 408 MHz map by subtracting the
WMAP maximum-entropy model of free-free emission
(Gold et al. 2008) using a spectral index βff = −2.15.
The corrected maps then contain only synchrotron and
(possibly) spinning dust emission. We assume that the
spinning dust spectrum peaks at 22 GHz and scale the
normalized spinning dust map to lower frequencies using
the Draine & Lazarian (1998) model for the warm neu-
tral medium. After correction for free-free and spinning
dust emission, the 22 GHz and 408 MHz maps contain
only synchrotron emission, which we use to define the
synchrotron amplitude and spectral index for each pixel.

The resulting model (synchrotron, free-free, and spin-
ning dust) can be used to estimate the combined Galac-
tic emission at frequencies between 408 MHz and 22
GHz. We compare the model to the ARCADE 2 data

by smoothing the model map of combined emission to
the ARCADE 2 angular resolution, and then computing
the mean Galactic emission of the smoothed model for
all pixels within the ARCADE 2 galactic plane mask.
Figure 9 shows the result. If spinning dust is negligible,
the synchrotron contribution at 22 GHz is maximal and
the model approximates the flat-spectrum synchrotron
model. As the spinning dust amplitude increases, the
synchrotron contribution at 22 GHz decreases and the
synchrotron spectral index steepens. The combination
of lower synchrotron amplitude and falling dust spec-
trum combine to lower the total model emission across
the ARCADE 2 frequency bands. The ARCADE 2 data
lie below the model prediction for no spinning dust, and
are consistent with spinning dust contributing 0.4 ± 0.1
of the total K-band Galactic plane emission.

WMAP is a differential instrument and is insensitive
to any monopole emission component. The zero level of
the 22 GHz map is set using the cosecant dependence
on Galactic latitude (Hinshaw et al. 2008). The 408
MHz survey and the ARCADE 2 data, however, both
include monopole contributions. To prevent discrepant
treatment of the map zero levels from affecting the model
predictions, we remove a monopole from the 408 MHz

Fig. 9.— Mean intensity of Galactic plane emission for the
ARCADE 2 data, compared to model predictions with and without
spinning dust (see text). Top panel: Model predictions and data.
The upper solid curve shows the model prediction for no spinning
dust, averaged over the ARCADE 2 sky coverage with |b| < 20◦.
The lower solid curve shows the model prediction for spinning dust
amplitude equal to 60% of the total Galactic plane emission at 22
GHz. The dotted curve shows the best fit to the ARCADE 2 data.
The spectrum of emission from spinning dust is assumed to peak
at 22 GHz, so a higher spinning dust fraction at 22 GHz produces
lower total emission at the ARCADE 2 frequencies. The bottom
panel shows the same data, normalized by dividing each point by
the model prediction for no spinning dust. Galactic plane emission
observed by ARCADE 2 is consistently fainter than expected for
a model with no spinning dust, and is consistent with spinning
dust contributing 0.4 ± 0.1 of the total Galactic plane emission at
reference frequency 22 GHz.
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Fig. 5.— The same as Figure 3 but using the Fermi 1-2 GeV map for cross-correlations instead. Unlike the SFD dust map which should
trace π0 emission only, the low energy Fermi map includes the soft ICS and bremsstrahlung associated with lower energy electrons. In fact
comparing the residuals in this figure with those in Figure 3, it is clear that the disky component has been subtracted leaving only the ICS
haze. Furthermore, the ICS haze is more prominent in the high energy maps indicating a harder spectrum than π0 emission which is the
dominant emission mechanism at ∼1 GeV energies.

lower resolution than Fermi). The smoothing itself does
not pose any problems for relative likelihoods.

However, we must keep in mind that the uncertainties
derived in this way are the formal errors corresponding
to ∆ log L = 1/2, which would be 1σ in the case of Gaus-
sian errors. The error bars plotted are simply the square
root of the diagonals of the covariance matrix. This es-
timate of the uncertainty should be accurate at high en-
ergies, where photon Poisson noise dominates. At low
energies, although the formal errors properly reflect the
uncertainty in the fit coefficients for this simple model,

the true uncertainty is dominated by the fact that the
4-template model is not an adequate representation of
the data.

Figure 6 shows the skymaps and best fit solution in-
cluding the residual map at 10-20 GeV while Figure 7
shows residual maps at other energies. It is clear from
these residuals that the template fitting produces a rel-
atively good approximation of the gamma-ray data over
large areas of sky. Furthermore, Figure 7 shows that not
including the bivariate Gaussian template for the ICS
haze yields a statistically significant residual towards the
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