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Figure 1.6: Five Years Thermal Profile. The measured thermal profile for the cumulative
five years of operation covers 2001:222 (08/10/2001) to 2006:222 (08/10/2006). Expanded
plots and details are shown in Figures 1.7, 1.8, 1.9, 1.10 and 1.11.

WMAP status

• Launched June 30th, 2001

• First observations August 2001

• 1-year release February 2003

• 3-year release March 2006

• 5-year release March 2008

• Seven years “in the can”

• > 99% uptime
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What does WMAP see?

AstronomyHEP

HEP

astronomy

C
M

B

←linear
density fluctuations
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The Standard Concordance Model

• Six parameter curve fits hundreds of independent data points!

• No need (yet) for other interesting parameters

• 2 inflation params, 2 particle params, 2 astro params, +assumptions
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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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Beyond the concordance model

• non-Λ dark energy 

• tensor (gravitational wave) amplitude

• running of the spectral 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

Dark energy
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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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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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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.

bump
phase

Alternative dark matterWMAP 5-year Cosmological Interpretation 23

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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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



Foregrounds: why should we care?

Galactic astronomy 
is interesting!

Galactic astronomy 
is messy!

16
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Foreground levels

• sync is 
polarized up to 
40%

• ff unpolarized

• dust polarized 
up to 5-10%



Why we care (polarization)

polarization intensity
0 50 µK

V-band polarization 
amplitude (rebinned)

18



synchrotron

• relativistic electrons in magnetic fields

• “halo” but clearly SNR are important

• simple power law ν-3 (no, not really)
emission spectrum follows electron energy

• compare with low frequency radio maps

• ideally ~70% polarized 

M31 – Berkhuijsen et al. (2002)
19



synchrotron

25 75 K
Haslam et al. (1982)Effelsberg, Jodrell Bank, Parkes

408 MHz



synchrotron (and free-free)

0.03 32 mK
WMAP5

22 GHz



CMB Foregrounds – July 2008WIM: f-f — WHAM — WIM: Conditions — Surveys & Templates — Future

Extended Ionized Halos

NGC 891

NGC 5775

NGC 4634

free-free

• ionized hydrogen ~7,000 K

• “thick disk”, 25-60% WIM, HII regions

• traced by Hα intensity (caveat: depends 
on temperature)

• physics predicts a very specific radio 
spectrum

• unpolarized

Haffner (2000)
22

(aka thermal bremsstrahlung)



free-free

0.1 10,000 R
Schlegel, Finkbeiner & Davis (1998)

Bennett et al. (2003)
Finkbeiner (2003)VTSS, SHASSA, WHAM

extinction-corrected Hα intensity



free-free (and synchrotron)

0.01 10 mK
WMAP5

40 GHz



Foreground fitting/subtraction

• Masks – ignore the problem and it’ll go away
need to know what to mask! 
still want to assess contamination

• ILC – don’t care about fg, want to maximize CMB signal
learn very little about foregrounds
noise difficult to assess

• Templates – foregrounds are roughly known, subtract them
assumes you know what you’re doing

• Free fitting – let everything be a “free” parameter in a 
MCMC fit
noisiest, but you get error-bars

25



MCMC fit

26

MCMC
w/o

templates

sync

ff



MCMC fit
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Table 4. Model fits to WMAP temperature and polarization data

# of Best-fit χ2
ν

a

model params outside planeb inside planeb full sky

base 10 1.14 2.23 1.24

base + Haslam 10 1.14 2.36 1.26

loose priors 8 1.09 3.26 1.29
steep 10 1.14 0.97 1.13
exact sd 9 1.21 1.63 1.25

shifted sd 9 1.24 1.00 1.22

βs = −3.2, βd = 1.7 8 1.16 4.33 1.45
βs = −2.6, βd = 1.7 8 1.30 3.42 1.50
βs variable, βd = 1.7 9 1.16 2.92 1.32

βs variable, βd variable 10 1.14 2.23 1.24

aReduced χ2 averaged over pixels in the region, with effective degrees of

freedom determined by the chain. The statistical errors are less than 0.01.

bThe mask used to define these regions is a smoothed version of the 95%
mask, the 5-year release analogue of the Kp12 mask.
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WMAP and the future

• Seven years “in the can”

• Observations funded until Summer 2010 (9 years data)

• 6-parameter concordance model

• Constraints on fNL improving rapidly

• Next funding review early 2010

• Planck launches April 16!

29
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Five-year papers

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

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

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

• “Source Catalog,” Wright et al., 0803.0577

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

• “Likelihoods and Parameters,” Dunkley et al., 0803.0586

• “Cosmological Interpretation,” Komatsu et al., 0803.0547

soon available in
handy combo pack!

Astrophysical Journal Supplement Series 180 (2009), online NOW
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Papers and data available at
lambda.gsfc.nasa.gov


