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Observational Cosmology



“Einstein's equations didn't have a solution that 
described a universe that was unchanging in time. 
… he fudged the equations by adding a term called 
the cosmological constant... The repulsive effect of 
the cosmological constant would balance the 
attractive effect of matter and allow for a universe 
that lasts for all time.” 

---Stephen Hawking

ALBERT EINSTEIN

TIME MAGAZINE
“PERSON OF THE 

CENTURY”

1916: General Relativity

Einstein applied the General Theory of Relativity 
to the Universe as a whole:

• Dynamic universe that expands and possibly 
contracts.
• Seemingly in conflict with belief that the universe was 
static.



The Cosmological Principle (c. 1910’s)

The universe is homogenous and isotropic
• Homogenous – it has the same average properties 

(e.g., temperature, density) everywhere in space.
• Isotropic – it has the same average properties in 

every direction.

If true, the Earth does not occupy a special place in 
the universe.
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Three Pillars of the Big Bang

Big Bang cosmology provides a fundamental test of 
gravity.  It rests on three observational pillars:

• Hubble expansion

• Big Bang Nucleosynthesis (BBN)
• Cosmic Microwave Background (CMB)
These are discussed in the following pages.



Edwin Hubble

Mt. Wilson 100 Inch Telescope

1929: The Expanding Universe

“ … w e k n o w t h a t w e a r e 
reaching into space, farther 
and farther, until, with the 
faintest nebulae that can be 
detected with the greatest 
telescopes, we arrive at the 
frontier of the known universe.”

“..one of the most flabbergasting 
discoveries science has ever made.” TIME 
noted, Hubble had evolved his theory “by 
looking at the universe itself.” 



Homogeneous Expansion: v = H d

An “observer” on any raisin would measure the same expansion law



Ralph Alpher

• Gamow (1946): Chemical elements might have been made in a hot early universe, stopping 
when expansion cools universe.

• Ralph Alpher (1946): Worked out the physics & found only the lightest chemical elements could 
have been made: D, He, Li, Be, B.

• Alpher, Bethe, Gamow (1948): Derives relative proportions of chemical elements in a hot 
expanding universe. [Bethe made no contribution whatsoever.]

• Alpher & Herman (no input from Gamow): Calculated that the afterglow heat would make the 
temperature of the universe today about 5 Kelvin – a cosmic microwave background.

Robert Herman

1940’s:  Big Bang Physics



BBN Yields vs. Baryon Density
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1964: Discovery of the CMB

“A Measurement of Excess Antenna Temperature at 4080 Mc/s”
Penzias & Wilson, Astrophysical Journal, vol. 142, p.419-421, 1965

1978 Nobel Prize



COSMIC BACKGROUND EXPLORER (COBE)
1974! COBE proposed
! Spacecraft & all 3 instruments built at Goddard

1989! COBE Launched from Vandenberg AFB

FIRAS - measures CMB frequency spectrum

DMR - searches for CMB anisotropy 



1990: Blackbody Spectrum of the CMB

2006

Initial spectrum based on 9 
minutes of data, as shown at 1990 
AAS meeting.  Final result: T = 
2.725 ± 0.001 K,deviations <50 
ppm.

A crucial test of Big 
Bang cosmology.

THE ASTROPHYSICAL JOURNAL, 354:L37-40, 1990



1990: Gush, Halpern & Wishnow

PRL, May 1990



Mapping the CMB Temperature

COBE-DMR was designed to measure brightness variations (anisotropy) across 
the sky - analogous to temperature variations across the surface of the Earth.



1990: COBE Limits on CMB Anisotropy

Preliminary results from COBE-DMR showed there was no significant 
variation in the CMB brightness across the sky (aside from the dipole 
anisotropy, due to our motion relative to the CMB rest frame).



The Early Universe

At the time of recombination (t=379,000 yr) the universe is filled with warm 
gas (T~3000 K) in thermal equilibrium.  There is no discernible structure.



Questions Raised by Isotropy - I

The horizon problem. 
At the level of ∆T/T ~ 1.

time

379,000 yrs

past light cone

space

horizon size at 
last scattering - 2°

Recombination (last scattering)

“Big Bang”

Why is the last scattering surface so isotropic?



Questions Raised by Isotropy - I
time

379,000 yrs

past light cone

space

horizon size at 
last scattering - 2°

Recombination (last scattering)

Inflation pushes the causal horizon outside our past light cone and “naturally” 
explains isotropy.

Inflation 

The horizon problem. 
At the level of ∆T/T ~ 1.



Questions Raised by Isotropy - II

At the level of ∆T/T ~ 10-4: 
the structure problem.

Where is the precursor to observed cosmic structure?



1992: CMB Anisotropy Detected

THE ASTROPHYSICAL JOURNAL, 396:L1-L5, 

First detection of temperature fluctuations (anisotropy): sets the scale of the signal – 
brighter than the Galactic foreground!

“PRELIMINARY SEPARATION OF GALACTIC AND COSMIC MICROWAVE EMISSION…”
 BENNETT ET AL, THE ASTROPHYSICAL JOURNAL, 396:L1-L5, 1992

“INTERPRETATION OF THE COSMIC MICROWAVE BACKGROUND RADIATION ANISOTROPY…”
 WRIGHT ET AL, THE ASTROPHYSICAL JOURNAL, 396:L1-L5, 1992

“COBE DIFFERENTIAL MICROWAVE RADIOMETERS – PRELIMINARY SYSTEMATIC ERROR…”
 KOGUT ET AL, THE ASTROPHYSICAL JOURNAL, 401, 1-18, 19922006



The Legacy of COBE
• COBE-FIRAS established that the CMB spectrum was blackbody to 

50  ppm (quickly followed by the UBC rocket experiment).   

- Simplest interpretation: an optically thick plasma in thermal 
equilibrium that cooled, and became transparent, with the expansion of 
the universe.

• COBE-DMR was first to detected spatial fluctuations in the CMB 
brightness.

- Establishes that anisotropy can be observed over the galactic emission.
- Sets the overall scale for the precursor to large-scale structure: 10-5.
- Establishes that structure formation via gravitational instability is 
plausible, provided there is dark matter.



Post-COBE: Push for Higher Resolution

COBE resolution - 7° WMAP resolution – 0.2°

COBE does not probe causal (e.g. acoustic) effects that occur during the plasma epoch.

time

379,000 yrs

past light cone

1-d space

horizon size at 
last scattering - 2°

Recombination

Inflation



1990’s: A Decade of Rapid Progress!

QMASK
 Boomerang
DASI
 Maxima



1995: MAP & Planck Missions Proposed
Stated purpose –
To make detailed full-sky maps of 
the CMB radiation anisotropy 
(temperature and polarization) with 
0.1° (Planck) - 0.2° (MAP) angular 
resolution to constrain cosmological 
parameters.



WMAP’s Differential Receivers*
10 “Differencing 
Assemblies”
4 @ 94 GHz W-band
2 @ 61 GHz V-band
2 @ 41 GHz Q-band
1 @ 33 GHz Ka-band
1 @ 23 GHz K-band

*based on amplifier design of M. 
Pospieszalski 

Take away:
- Five frequencies
- Coherent detection
- Differential (2-beam)



WMAP Scanning From L2

26

Earth

Sun

MAP at L2

6 Months - 
full sky coverage

Spin -
129 sec. (0.464 rpm)

B-side line of sight

A-side line of sight

Precession -
1 hour

3 Months

1 Month



9-year WMAP Temperature Maps



9-year WMAP Polarization Maps



Foreground Components



Galactic Emission, ~by Component

3-color image of three band difference maps, selected to highlight emission components.
Green: ~synchrotron/spinning dust; blue: ~free-free; orange: ~thermal dust.



WMAP K Band Temperature, 23 GHz



WMAP Ka Band Temperature, 33 GHz



WMAP Q Band Temperature, 41 GHz



WMAP V Band Temperature, 61 GHz



WMAP W Band Temperature, 94 GHz



WMAP “ILC” Foreground-Cleaned Map

Minimum variance ILC: the internal linear combination (ILC) of frequency bands 
that minimizes the variance of the final map:   T = ∑i wi Ti    with   ∑i wi = 1.



Planck Full-Sky Maps: 9 Frequencies



WMAP/Planck Sky Map Comparison

Cleaned with Planck 353 GHz dust map and low-frequency templates. 12’ resolution.



WMAP/Planck Sky Map Comparison

Planck/SMICA map, 5’ resolution.



Cosmological Analysis -
Baryon Acoustic Oscillations (BAO) 

in the CMB



Acoustic Oscillations in the CMB

Temperature - the imprint of BAO is visible in the co-added degree-scale hot (left) & 
cold (right) spots.  
Polarization - The expected radial/tangential polarization pattern around these 
extrema, due to Thompson scattering is clearly seen.

Average hot spot Average cold spot



Planck Collaboration: The Planck mission

Fig. 27. Stacked maps of the CMB intensity I and polarization Qr at the position of the temperature extrema, at a common resolution of 30 arcmin.
Maps are displayed for CMB temperature cold spots (left) and hot spots (right) for the Planck CMB estimates (top row) and for the �CDMPlanck
best fit model prediction (bottom row).

plitude with expectations of a pure ISW e⇥ect. Using more re-
cent void catalogues leads to the detection of a signal at up to
2.5� with scales and amplitudes more consistent with expecta-
tions of the ISW e⇥ect. Taking advantage of the large frequency
coverage of Planck, we have confirmed that the stacked signal is
stable from 44 to 353 GHz, supporting the cosmological origin
of this detection.

9.5. The cosmic infrared background

CIB anisotropies are expected to trace large-scale structures
and probe the clustering properties of galaxies, which in turn
are linked to those of their host dark matter halos. Because
the clustering of dark matter is well understood, observations
of anisotropies in the CIB constrain the relationship between
dusty, star-forming galaxies and the dark matter distribution.
Correlated anisotropies also depend on the mean emissivity per
comoving unit volume of dusty, star-forming galaxies and can
be used to measure the star formation history.

The extraction of CIB anisotropies in Planck/HFI (Planck
Collaboration XVIII 2011; Planck Collaboration XXXII 2013)
is limited by our ability to separate the CIB from the CMB
and the Galactic dust. At multipole ⇧=100, the power spec-
trum of the CIB anisotropies has an amplitude less than 0.2 %
of the CMB power spectrum at 217 GHz, and less than 25 %
of the dust power spectrum in very di⇥use regions of the sky
(NHI < 2.5 ⇥ 1020cm�2) at 857 GHz. Using HI data from three
radio telescopes (Parkes, GBT and E⇥elsberg) and cleaning
the CMB using the 100 GHz map as a template, it has been
possible to obtain new measurements of the CIB anisotropies
with Planck/HFI. The CIB has been extracted from the maps
on roughly 2300 square degrees (Planck Collaboration XXXII
2013). Auto- and cross-power spectra have been computed, from
217 to 3000 GHz, using both PlanckHFI and IRAS. Two ap-
proaches have been developed to model the power spectra. The
first one uses only the linear part of the clustering and gives
strong constraints on the evolution of the star formation rate up
to high redshift. The second one is based on a parametrized rela-
tion between the dust-processed infrared luminosity and (sub-
)halo mass, probing the interplay between baryonic and dark
matter throughout cosmic times at an unmatched redshift depth,

complementing current and foreseeable optical or near-infrared
measurements.

9.6. Lensing and the cosmic infrared background

Planck’s multi-frequency observations provide information on
both the integrated history of star formation (via the CIB) and the
distribution of dark matter (via the lensing e⇥ect on the cosmic
microwave background, or CMB). In the upper frequency bands
(353, 545, and 857 GHz), the dominant extragalactic signal is
not the CMB, but the CIB, composed of redshifted thermal ra-
diation from UV-heated dust, enshrouding young stars. The CIB
contains much of the energy from processes involved in structure
formation. According to current models, the dusty star-forming
galaxies (DSFGs) that give rise to the CIB have a redshift dis-
tribution peaked between z ⌥ 1 and z ⌥ 2, and tend to live in
1011–1013 M⌅ dark matter halos.

Gravitational lensing by large-scale structure produces small
shear and magnification e⇥ects in the observed fluctuations,
which can be exploited to reconstruct an integrated measure of
the gravitational potential along the line of sight. This “CMB
lensing potential” is sourced primarily by dark matter halos lo-
cated at 1 . z . 3, halfway between ourselves and the last scat-
tering surface.

The conjunction of these two unique probes allows us to
measure directly the connection between dark and luminous
matter in the high redshift (1 ⇧ z ⇧ 3) Universe (Planck
Collaboration XVIII 2013). We use a three-point statistic opti-
mized to detect the correlation between these two tracers. We
report the first detection of the correlation between the CIB and
CMB lensing using Planck data only. The well matched redshift
distribution of these two signals leads to a detection significance
with a peak value of 42� at 545 GHz. Equivalently, we measure
a correlation as high as 80 % across these two tracers. Our full
set of multi-frequency measurements (both CIB auto- and CIB-
lensing cross-spectra) are consistent with a simple halo-based
model, with a characteristic mass scale for the halos hosting CIB
sources of log10 (M/M⌅) = 11.6±1.5. Leveraging the frequency
dependence of our signal, we isolate the high redshift contribu-
tion to the CIB, and constrain the star formation rate (SFR) den-
sity at z ⌃ 1. We measure directly the SFR density with around
4� significance for three redshift bins between z = 1 and 7, thus
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Fig. 27. Stacked maps of the CMB intensity I and polarization Qr at the position of the temperature extrema, at a common resolution of 30 arcmin.
Maps are displayed for CMB temperature cold spots (left) and hot spots (right) for the Planck CMB estimates (top row) and for the �CDMPlanck
best fit model prediction (bottom row).
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BAO in the CMB - WMAP & Planck
Planck Collaboration: The Planck mission

Fig. 27. Stacked maps of the CMB intensity I and polarization Qr at the position of the temperature extrema, at a common resolution of 30 arcmin.
Maps are displayed for CMB temperature cold spots (left) and hot spots (right) for the Planck CMB estimates (top row) and for the �CDMPlanck
best fit model prediction (bottom row).

plitude with expectations of a pure ISW e⇥ect. Using more re-
cent void catalogues leads to the detection of a signal at up to
2.5� with scales and amplitudes more consistent with expecta-
tions of the ISW e⇥ect. Taking advantage of the large frequency
coverage of Planck, we have confirmed that the stacked signal is
stable from 44 to 353 GHz, supporting the cosmological origin
of this detection.

9.5. The cosmic infrared background

CIB anisotropies are expected to trace large-scale structures
and probe the clustering properties of galaxies, which in turn
are linked to those of their host dark matter halos. Because
the clustering of dark matter is well understood, observations
of anisotropies in the CIB constrain the relationship between
dusty, star-forming galaxies and the dark matter distribution.
Correlated anisotropies also depend on the mean emissivity per
comoving unit volume of dusty, star-forming galaxies and can
be used to measure the star formation history.

The extraction of CIB anisotropies in Planck/HFI (Planck
Collaboration XVIII 2011; Planck Collaboration XXXII 2013)
is limited by our ability to separate the CIB from the CMB
and the Galactic dust. At multipole ⇧=100, the power spec-
trum of the CIB anisotropies has an amplitude less than 0.2 %
of the CMB power spectrum at 217 GHz, and less than 25 %
of the dust power spectrum in very di⇥use regions of the sky
(NHI < 2.5 ⇥ 1020cm�2) at 857 GHz. Using HI data from three
radio telescopes (Parkes, GBT and E⇥elsberg) and cleaning
the CMB using the 100 GHz map as a template, it has been
possible to obtain new measurements of the CIB anisotropies
with Planck/HFI. The CIB has been extracted from the maps
on roughly 2300 square degrees (Planck Collaboration XXXII
2013). Auto- and cross-power spectra have been computed, from
217 to 3000 GHz, using both PlanckHFI and IRAS. Two ap-
proaches have been developed to model the power spectra. The
first one uses only the linear part of the clustering and gives
strong constraints on the evolution of the star formation rate up
to high redshift. The second one is based on a parametrized rela-
tion between the dust-processed infrared luminosity and (sub-
)halo mass, probing the interplay between baryonic and dark
matter throughout cosmic times at an unmatched redshift depth,

complementing current and foreseeable optical or near-infrared
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distribution of these two signals leads to a detection significance
with a peak value of 42� at 545 GHz. Equivalently, we measure
a correlation as high as 80 % across these two tracers. Our full
set of multi-frequency measurements (both CIB auto- and CIB-
lensing cross-spectra) are consistent with a simple halo-based
model, with a characteristic mass scale for the halos hosting CIB
sources of log10 (M/M⌅) = 11.6±1.5. Leveraging the frequency
dependence of our signal, we isolate the high redshift contribu-
tion to the CIB, and constrain the star formation rate (SFR) den-
sity at z ⌃ 1. We measure directly the SFR density with around
4� significance for three redshift bins between z = 1 and 7, thus
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Maps are displayed for CMB temperature cold spots (left) and hot spots (right) for the Planck CMB estimates (top row) and for the �CDMPlanck
best fit model prediction (bottom row).

plitude with expectations of a pure ISW e⇥ect. Using more re-
cent void catalogues leads to the detection of a signal at up to
2.5� with scales and amplitudes more consistent with expecta-
tions of the ISW e⇥ect. Taking advantage of the large frequency
coverage of Planck, we have confirmed that the stacked signal is
stable from 44 to 353 GHz, supporting the cosmological origin
of this detection.

9.5. The cosmic infrared background

CIB anisotropies are expected to trace large-scale structures
and probe the clustering properties of galaxies, which in turn
are linked to those of their host dark matter halos. Because
the clustering of dark matter is well understood, observations
of anisotropies in the CIB constrain the relationship between
dusty, star-forming galaxies and the dark matter distribution.
Correlated anisotropies also depend on the mean emissivity per
comoving unit volume of dusty, star-forming galaxies and can
be used to measure the star formation history.

The extraction of CIB anisotropies in Planck/HFI (Planck
Collaboration XVIII 2011; Planck Collaboration XXXII 2013)
is limited by our ability to separate the CIB from the CMB
and the Galactic dust. At multipole ⇧=100, the power spec-
trum of the CIB anisotropies has an amplitude less than 0.2 %
of the CMB power spectrum at 217 GHz, and less than 25 %
of the dust power spectrum in very di⇥use regions of the sky
(NHI < 2.5 ⇥ 1020cm�2) at 857 GHz. Using HI data from three
radio telescopes (Parkes, GBT and E⇥elsberg) and cleaning
the CMB using the 100 GHz map as a template, it has been
possible to obtain new measurements of the CIB anisotropies
with Planck/HFI. The CIB has been extracted from the maps
on roughly 2300 square degrees (Planck Collaboration XXXII
2013). Auto- and cross-power spectra have been computed, from
217 to 3000 GHz, using both PlanckHFI and IRAS. Two ap-
proaches have been developed to model the power spectra. The
first one uses only the linear part of the clustering and gives
strong constraints on the evolution of the star formation rate up
to high redshift. The second one is based on a parametrized rela-
tion between the dust-processed infrared luminosity and (sub-
)halo mass, probing the interplay between baryonic and dark
matter throughout cosmic times at an unmatched redshift depth,

complementing current and foreseeable optical or near-infrared
measurements.
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both the integrated history of star formation (via the CIB) and the
distribution of dark matter (via the lensing e⇥ect on the cosmic
microwave background, or CMB). In the upper frequency bands
(353, 545, and 857 GHz), the dominant extragalactic signal is
not the CMB, but the CIB, composed of redshifted thermal ra-
diation from UV-heated dust, enshrouding young stars. The CIB
contains much of the energy from processes involved in structure
formation. According to current models, the dusty star-forming
galaxies (DSFGs) that give rise to the CIB have a redshift dis-
tribution peaked between z ⌥ 1 and z ⌥ 2, and tend to live in
1011–1013 M⌅ dark matter halos.

Gravitational lensing by large-scale structure produces small
shear and magnification e⇥ects in the observed fluctuations,
which can be exploited to reconstruct an integrated measure of
the gravitational potential along the line of sight. This “CMB
lensing potential” is sourced primarily by dark matter halos lo-
cated at 1 . z . 3, halfway between ourselves and the last scat-
tering surface.

The conjunction of these two unique probes allows us to
measure directly the connection between dark and luminous
matter in the high redshift (1 ⇧ z ⇧ 3) Universe (Planck
Collaboration XVIII 2013). We use a three-point statistic opti-
mized to detect the correlation between these two tracers. We
report the first detection of the correlation between the CIB and
CMB lensing using Planck data only. The well matched redshift
distribution of these two signals leads to a detection significance
with a peak value of 42� at 545 GHz. Equivalently, we measure
a correlation as high as 80 % across these two tracers. Our full
set of multi-frequency measurements (both CIB auto- and CIB-
lensing cross-spectra) are consistent with a simple halo-based
model, with a characteristic mass scale for the halos hosting CIB
sources of log10 (M/M⌅) = 11.6±1.5. Leveraging the frequency
dependence of our signal, we isolate the high redshift contribu-
tion to the CIB, and constrain the star formation rate (SFR) den-
sity at z ⌃ 1. We measure directly the SFR density with around
4� significance for three redshift bins between z = 1 and 7, thus
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BAO, the Movie: Evolution of a Peak

Credit: SDSS Collaboration

(co-moving coordinates)



The 9-Year WMAP Power Spectrum

Best-fit flat ΛCDM model Two spectra are shown,
black is best and final, 
new analysis method 
for 9-yr data.



Planck 2014 Power Spectrum

2014&

preliminary& Efstathiou et al. 2014



Planck 2014 Polarization Spectra
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WMAP Cosmological Parameters 7

TABLE 2
Maximum Likelihood ⇥CDM Parametersa

Parameter Symbol WMAP data Combined datab

Fit ⇥CDM parameters

Physical baryon density ⇤bh2 0.02256 0.02240
Physical cold dark matter density ⇤ch2 0.1142 0.1146
Dark energy density (w = �1) ⇤� 0.7185 0.7181
Curvature perturbations, k0 = 0.002 Mpc�1 109�2

R 2.40 2.43
Scalar spectral index ns 0.9710 0.9646
Reionization optical depth ⇥ 0.0851 0.0800

Derived parameters

Age of the universe (Gyr) t0 13.76 13.75
Hubble parameter, H0 = 100h km/s/Mpc H0 69.7 69.7
Density fluctuations @ 8h�1 Mpc �8 0.820 0.817
Baryon density/critical density ⇤b 0.0464 0.0461
Cold dark matter density/critical density ⇤c 0.235 0.236
Redshift of matter-radiation equality zeq 3273 3280
Redshift of reionization zreion 10.36 9.97

a The maximum-likelihood ⇥CDM parameters for use in simulations. Mean parameter values,
with marginalized uncertainties, are reported in Table 4.
b “Combined data” refers to WMAP+eCMB+BAO+H0.

which we discuss below. To help visualize the fits, we plot both spectra (C�1-weighted and MASTER), and both
models in Figure 2. As noted in Bennett et al. (2012), the di⌅erence between the two spectrum estimates is most
noticeable in the range l ⇥ 30 � 60 where the C�1-weighted spectrum is lower than the MASTER spectrum, by up
to 5% in one bin. However, the ⇥CDM model fits only di⌅er noticeably for l � 10 where the fit is relatively weakly
constrained due to cosmic variance.
To understand why these two model spectra are so similar, we examine parameter degeneracies between the six

⇥CDM parameters when fit to the nine-year WMAP data. In Figure 3 we show the two largest degeneracies that
a⌅ect the spectral index ns, namely 109�2

R and ⇤bh2. The contours show the 68% and 95% CL regions for the fits
to the C�1-weighted spectrum while the plus signs show the maximum likelihood points from the MASTER fit. Note
that the C�1-weighted fits favor lower 109�2

R and higher ⇤bh2, both of which push the C�1-weighted fit towards
higher ns. Given the consistency of the fit model spectra, we conclude that the underlying data are quite robust and
in subsequent subsections, we look to external data to help break any degeneracies that remain in the nine-year data.
We conclude this subsection with a summary of some additional tests with simulations that we carried out to assess

the robustness of the C�1-weighted spectrum estimate in general, and the ns fits in particular. First, we compared
C�1-weighted and MASTER spectra obtained from the 500 “parameter recovery” simulations developed for our seven-
year analysis (Larson et al. 2011). In this test, the C�1-weighted spectrum was shown to be unbiased over the full
multipole range that WMAP is sensitive to.
We next evaluated a number of di⌅erence statistics, but the one that was deemed most pertinent to understanding

the ns fit was the average power di⌅erence between l = 32 � 64 (this is admittedly a posterior choice of l range).
When the parameter recovery simulations were analyzed with the conservative KQ75y9 mask, more than one-third of
the simulated spectra had a larger power di⌅erence (C�1�MASTER, in the l = 32� 64 bin) than did the flight data.
However, when the same analysis was performed with the KQ85y9 mask, only 2 out of 500 simulation realizations had
a larger di⌅erence than did the flight data. This led us to investigate residual foreground contamination.
We amended the CMB-only parameter recovery simulations with model foreground signals that we deemed to be

representative of both the raw foreground signal outside the KQ85y9 mask, and an estimate of the residual contamina-
tion after template cleaning. These signals were based on the modeling studies described in Bennett et al. (2012). We
repeated the comparison of the two spectrum estimates with the foreground-contaminated simulations. Both estimates
showed slightly elevated power in the l = 32� 64 bin (a few percent), with the MASTER estimate being slightly more
sensitive to residual foreground power. However, the distribution of spectrum di�erences was not significantly di⌅erent
than with the CMB-only simulations. In the end, we attribute the spectrum di⌅erences to statistical fluctuations and
we adopt the C�1-weighted spectrum for our final analysis because it has lower uncertainties (Bennett et al. 2012).
To conclude the seven-year/nine-year comparison, we note that the remaining 5 ⇥CDM parameters changed by less

than 0.3� indicating very good consistency. The overall e⌅ect of the nine-year WMAP data is to improve the average
parameter uncertainty by about 10%, with ⇤ch2 and ⇤� each improving by nearly 20%. The latter improvement
is a result of higher precision in the third acoustic peak measurement (Bennett et al. 2012) which gives a better
determination of ⇤ch2. This, in turn, improves ⇤�, which is constrained by flatness (or in non-flat models, by the
geometric degeneracy discussed in §4.5). The overall volume reduction in the allowed 6-dimensional ⇥CDM parameter
space in the switch from seven-year to nine-year data is a factor of 2, the majority of which derives from switching to
the C�1-weighted spectrum estimate.

3.1.2. WMAP Data With BAO and H0

This gives most-likely model parameters for “vanilla” 6-parameter ΛCDM model.  Stay 
tuned for errors and goodness of fit.

ΛCDM: the model everyone 
loves to hate...

Hinshaw et al.,  arXiv/1212.5226



WMAP Cosmological Parameters

Marginalized parameter constraints with 68% CL uncertainties. 
The 6-d volume of allowable parameter space is 68,000 times smaller than pre-WMAP.

χ2 of high-l power spectrum is 1200/1168 d.o.f. with 25% PTE.  The low-l polarization data 
has a somewhat high χ2 (PTE < ~1%), possibly from residual foregrounds.
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TABLE 4
Six-Parameter ⇥CDM Fit; WMAP plus External Dataa

Parameter WMAP +eCMB +eCMB+BAO +eCMB+H0 +eCMB+BAO+H0

Fit parameters

⇤bh2 0.02264± 0.00050 0.02229± 0.00037 0.02211± 0.00034 0.02244± 0.00035 0.02223± 0.00033
⇤ch2 0.1138± 0.0045 0.1126± 0.0035 0.1162± 0.0020 0.1106± 0.0030 0.1153± 0.0019
⇤� 0.721± 0.025 0.728± 0.019 0.707± 0.010 0.740± 0.015 0.7135+0.0095

�0.0096

109�2
R 2.41± 0.10 2.430± 0.084 2.484+0.073

�0.072 2.396+0.079
�0.078 2.464± 0.072

ns 0.972± 0.013 0.9646± 0.0098 0.9579+0.0081
�0.0082 0.9690+0.0091

�0.0090 0.9608± 0.0080

⇥ 0.089± 0.014 0.084± 0.013 0.079+0.011
�0.012 0.087± 0.013 0.081± 0.012

Derived parameters

t0 (Gyr) 13.74± 0.11 13.742± 0.077 13.800± 0.061 13.702± 0.069 13.772± 0.059
H0 (km/s/Mpc) 70.0± 2.2 70.5± 1.6 68.76± 0.84 71.6± 1.4 69.32± 0.80
�8 0.821± 0.023 0.810± 0.017 0.822+0.013

�0.014 0.803± 0.016 0.820+0.013
�0.014

⇤b 0.0463± 0.0024 0.0449± 0.0018 0.04678± 0.00098 0.0438± 0.0015 0.04628± 0.00093
⇤c 0.233± 0.023 0.227± 0.017 0.2460± 0.0094 0.216± 0.014 0.2402+0.0088

�0.0087

zeq 3265+106
�105 3230± 81 3312± 48 3184± 70 3293± 47

zreion 10.6± 1.1 10.3± 1.1 10.0± 1.0 10.5± 1.1 10.1± 1.0
a ⇥CDM model fit to WMAP nine-year data combined with a progression of external data sets.

Two cosmological quantities that significantly shape the observed CMB spectrum are the epoch of matter radiation
equality, zeq, which depends on ⇥ch2, and the angular diameter distance to the last scattering surface, dA(z�), which
depends primarily on H0. As illustrated in Figure 5 (see also §4.3.1), the CMB data still admit a weak degeneracy
between ⇥ch2 and H0 that the BAO and H0 priors help to break. The black contours in Figure 5 show the constraints
from CMB data (WMAP+eCMB), the red from CMB and BAO data, and the blue from CMB with the H0 prior.
While these measurements are all consistent, it is interesting to note that the BAO and H0 priors are pushing towards
opposite ends of the range allowed by the CMB data for this pair of parameters. Given this minor tension, it is worth
examining independent sets of constraints that do not share common CMB data. A simple test is to compare the
marginalized constraints on the Hubble parameter from the CMB+BAO data (H0 = 68.76± 0.84 km/s/Mpc), to the
direct, and independent, measurement from the distance ladder (H0 = 73.8 ± 2.4 km/s/Mpc). In our Markov Chain
that samples the �CDM model with the WMAP+eCMB+BAO data, we found that only 0.1% of the H0 values in
the chain fell within the 1� range of the Hubble prior, but that 45% fell within the 2� range of 73.8± 4.8 km/s/Mpc.
Based on this, we conclude that these measurements do not disagree, and that they may be combined to form more
stringent constraints on the �CDM parameters.
We conclude this subsection by noting that measurements of the remaining �CDM parameters are modestly improved

by the addition of the H0 prior to the CMB data, with ⇥ch2 improving the most due to the e⇤ect discussed above and
illustrated in Figure 5.

Fig. 5.— Measurements of ⇤ch2 and H0 from CMB data only (blue contours, WMAP+eCMB), from CMB and BAO data (green
contours, WMAP+eCMB+BAO), and from CMB and H0 data (red contours, WMAP+eCMB+H0). The two non-CMB priors push the
constraints towards opposite ends of the range allowed by the CMB alone, but they are not inconsistent.

Hinshaw et al.,  arXiv/1212.5226



Planck 2014 Cosmological Parameters
Parameter* TT***********************************TT,TE,EE*
Ωbh2" 0.02222±0.00023********0.02224±0.00015*
Ωch2" 0.1199±0.0022*************0.1199±0.0014*
100θ** 1.04086±0.00048*********1.04073±0.00032*
τ" 0.078±0.019*******************0.079±0.017*
ns* 0.9652±0.0062**************0.9639±0.0047*
H0* 67.3±1.0**************************67.23±0.64*
Ωm" 0.316±0.014*******************0.316±0.009*
σ8" 0.830±0.015*******************0.831±0.013*
zre* 9.9±1.9****************************10.7±1.7*

BASE%ΛCDM%MODEL%

…but&beware&there&are&s5ll&low&level&systema5cs&in&the&polariza5on&
spectra&
preliminary& Efstathiou et al. 2014



The Legacy of WMAP & Planck

The “vanilla” 6-parameter ΛCDM model is a remarkably 
good fit to both the WMAP & Planck data.

A detailed analysis of the consistency between WMAP9 & Planck 2013 
showed that the ΛCDM parameters had small but significant 
differences.  There are some calibration changes in Planck 2014 that 
will reduce the discrepancy somewhat, but the details are TBD.



Probing extensions to ΛCDM - 
CMB + complementary data sets



BAO in Galaxy Redshift Surveys

The BAO scale 
schematically  
superposed on the 
SDSS galaxy 
distribution.



Buetler et al, 2011!

6dFGS 

BAO Observations 

Blake et al, 2011!

WiggleZ 

Detected in galaxy correlations! 

SDSS 

Eisenstein et al, 2005!

!mh
2 = 0.12, !mh

2 = 0.024 
!mh

2 = 0.13, !mh
2 = 0.024 

!mh
2 = 0.14, !mh

2 = 0.024 
!mh

2 = 0.105, !mh
2 = 0.0 

Sanchez et al, 2012!

BOSS-CMASS 

BAO Detections in Galaxy Surveys

BAO now detected in galaxy redshift surveys from 0.1 < z < 0.8.

107 h-1 Mpc = 148 Mpc
     h = 0.72



Supernovae Distances & Local Distances

Riess (2014) use revised classical distance ladder techniques 
to find:  H0 = 73.0 ± 2.4  km/s/Mpc

Supernovae
distances

Distance
ladder



Tension With H0

• Riess (2014) used revised classical distance ladder techniques to find:

H0 = 73.0 ± 2.4  km/s/Mpc

• Planck 2014:

H0 = 67.6 ± 0.6  km/s/Mpc

• Tension at the 2.5-sigma level.   Important?

Efstathiou et al. 2014



There&is&no&doubt&that&in&base&ΛCDM&Planck&wants&high&σ8:&

0.27 0.30 0.33 0.36

⌦m

0.75

0.80
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0.90
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�
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Planck TT,TE,EE+lowP
Planck TT,TE,EE+lowP+lensing

Planck TT,TE,EE+ reion prior

Planck TT

Planck TT,TE,EE

+ lensing

+ BAO

+ zre > 6.5

preliminary&

Tension Between Planck & CFHTLens

Efstathiou et al. 2014

CFHTLens



Testing Assumptions: Flatness/WMAP

Flat universe in concordance with HST 
Key Project determination of H0.

Note: 
CMB + H0 data alone 
require dark energy

!k = 0.0049 ± 0.0047 (68% CL)
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….&leading&to&remarkable&constraints&on&spa5al&
curvature&Ωk=0.000±0.005&(95%)&

preliminary&

Testing Assumptions: Flatness/Planck

!k = 0.000 ± 0.005 (95% CL)

Efstathiou et al. 2014



Testing Assumptions: Dark Energy/WMAP

Meaningful constraints require very accurate 
low redshift distance measurements, d(z).

All constraints consistent with Λ (w = −1).

Constraints on w(z) still weak (left) – 
more data needed, e.g., EUCLID, CHIME.

21

Fig. 10.— The joint, marginalized constraint on w0 and wa, assuming a flat universe. A cosmological constant (w0 = �1, wa = 0) is at
the boundary of the 68% CL region allowed by theWMAP+eCMB+BAO+H0+SNe data, indicating that the current data are consistent
with a non-evolving dark energy density. The shaded region is excluded by a hard prior, wa < 0.2� 1.1w0, in our fits.

TABLE 10
Dark energy constraintsa

Parameter WMAP +eCMB +eCMB+BAO+H0 +eCMB+BAO+H0+SNe

Constant equation of state; flat universe

w �1.71 < w < �0.34 (95% CL) �1.07+0.38
�0.41 �1.073+0.090

�0.089 �1.037+0.071
�0.070

Constant equation of state; non-flat universe

w > �2.1 (95% CL) · · · �1.19± 0.12 �1.077± 0.072

�k �0.052+0.051
�0.054 · · · �0.0072+0.0042

�0.0043 �0.0065± 0.0040

Non-constant equation of state; flat universe

w0 · · · · · · �1.34± 0.18 �1.17+0.13
�0.12

wa · · · · · · 0.85± 0.47b 0.35+0.50
�0.49

a A complete list of parameter values for these models may be found at http://lambda.gsfc.nasa.gov/.
b The quoted error on wa from WMAP+eCMB+BAO+H0 is smaller than that from
WMAP+eCMB+BAO+H0+SNe. This is due to the imposition of a hard prior, wa < 0.2 � 1.1w0, de-
picted in Figure 10. Without this prior, the upper limit on wa for WMAP+eCMB+BAO+H0 would extend
to larger values.

likelihood of various dark energy models given the WMAP data, without the need to run a full Markov Chain Monte
Carlo exploration of the likelihood.
Here, we provide an updated distance posterior based on the nine-year data. For details on how to use this simplified

likelihood, the definition of the above variables, and the limitation of this approach, see Section 5.5 of Komatsu et al.
(2011) and Section 5.4 of Komatsu et al. (2009).
The likelihood is given by

�2 lnL = (x� d)TC�1(x� d), (17)



Testing Assumptions: Dark Energy/Planck

�2 �1 0 1

w0

�3

�2

�1

0

1

2
w

a
Planck + BAO + JLA + H0

Planck + WL

Planck + RSD

Planck + WL + RSD

w(a)*=*w0*+*(1`a)wa*

…..&and&one&example&of&what&these&tensions&can&do.......&

preliminary& Efstathiou et al. 2014



Testing Modified Gravity with Planck
Modified*gravity:*μ*modifies*gravita9onal*poten9al,*η*is*the*ra9o*of*
the*poten9als*Φ*and*Ψ.**

preliminary&

…..&and&another&.......&

(see&talk&by&Valeria&Pe]orino)&
Efstathiou et al. 2014



Inflation and Gravity Waves - I
• Inflation predicts two forms of fluctuations:
– Scalar modes (density perturbations) with slope ns: 

• generate CMB anisotropy and lead to structure formation
– Tensor modes (gravity waves) with slope nt:

• generate CMB anisotropy but do not contribute to structure formation
• Gravity wave amplitude, r, proportional to energy scale of inflation:

• Both types of fluctuations contribute to CMB temperature anisotropy:  



Inflation and Gravity Waves - II
• Both types of fluctuations contribute to CMB polarization anisotropy:

– Scalar modes produce only “E-mode” polarization patterns, by symmetry
– Tensor modes produce both “E-mode” and “B-mode” polarization patterns (see 

below)
• The observation of B-mode polarization uniquely separates scalar and tensor modes 

from inflation and measures the energy scale of inflation.
• Only known probe of physics at E ~ 1016 GeV… 12 orders of magnitude higher than 

planned accelerators.

E – scalar+tensor B – tensor only



Predicted Polarization Spectra, r=1.0
Temperature spectrum
(as before)

E-mode polarization spectrum,
scalar (blue) & tensor (red) terms

B-mode polarization spectrum,
tensor (red) & gravitational lensing (green) 
terms

Observed=scalar+tensor

Observed=tensor (+lensing)



Predicted Polarization Spectra, r=0.1
Temperature spectrum
(as before)

E-mode polarization spectrum,
scalar (blue) & tensor (red) terms

B-mode polarization spectrum,
tensor (red) & gravitational lensing (green) 
terms

Observed=scalar+tensor

Observed=tensor (+lensing)



Predicted Polarization Spectra, r=0.01
Temperature spectrum
(as before)

E-mode polarization spectrum,
scalar (blue) & tensor (red) terms

B-mode polarization spectrum,
tensor (red) & gravitational lensing (green) 
terms

Observed=scalar+tensor

Observed=tensor (+lensing)



Planck Limits on Inflation Parameters

�2
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ns*≈*1*–*2/*N**≈*0.967*
r*≈12/N2*≈*0.0033*
dns/dlnk*≈*`2/N2**≈*`0.0006*

……*but,*there*is*plenty*
of*room*at*the*top*

(and*to*the*side!)*

preliminary& Efstathiou et al. 2014
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FIG. 10. Left: The BICEP2 band powers plotted with the maximum likelihood lensed-⇤CDM+r = 0.20 model. The uncer-
tainties are taken from that model and hence include sample variance on the r contribution. Middle: The constraint on the
tensor-to-scalar ratio r. The maximum likelihood and ±1� interval is r = 0.20+0.07

�0.05, as indicated by the vertical lines. Right:
Histograms of the maximum likelihood values of r derived from lensed-⇤CDM+noise simulations with r = 0 (blue) and adding
r = 0.2 (red). The maximum likelihood value of r for the real data is shown by the vertical line.
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FIG. 11. Modified constraints on the tensor-to-scalar ratio
r when subtracting each of the foreground models shown in
Fig. 6 from the BICEP2 BB band powers. The line styles and
colors match Fig. 6 with dashed for auto spectra and solid
for cross spectra. The probability that each of these models
reflects reality is hard to assess—see the text for discussion.

(BAO). More recently Planck [9] quote r < 0.11 using a
combination of Planck, SPT and Act temperature data,
plus WMAP polarization (to constrain ⌧).

These limits appear to be in moderately strong ten-
sion with interpretation of our B-mode measurements as
primarily due to tensors. One possibility is a larger than
anticipated contribution from polarized dust, but as our
present data disfavor this one can ask what additional
extensions to the standard model might resolve the situ-
ation.

One obvious modification is to allow the initial scalar
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FIG. 12. Joint constraints on the tensor-to-scalar ratio r and
the lensing scale factor AL using the BICEP2 BB band pow-
ers 1–9. One and two � contours are shown. The horizontal
dotted lines show the 1� constraint from Planck [9]. The B-
mode lensing signal is detected at 5.5�, with an amplitude
⇠ 2� higher than the expected value.

perturbation spectrum to depart from the simple power
law form which is assumed in the base ⇤CDM model. A
standard way in which this is done is by introducing a
“running” parameter dns/d ln k. In Planck XVI [9] the
constraint relaxes to r < 0.26 (95% confidence) when
running is allowed with dns/d ln k = �0.022 ± 0.010
(68%) (for the Planck+WP+highL data combination).
In Fig. 13 we show the constraint contours when allowing
running as taken from Fig. 23 of [9], and how these change
when the BICEP2 data are added. The red contours
on the plot are simply the Monte Carlo Markov chains
(MCMC) [102, 103] provided with the Planck data re-
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FIG. 2. BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The solid red
curves show the lensed-⇤CDM theory expectations while the dashed red curves show r = 0.2 tensor spectra and the sum
of both. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations and hence contain no sample
variance on tensors. The probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against
the simulations). Note the very di↵erent y-axis scales for the jackknife spectra (other than BB). See the text for additional
discussion of the BB spectrum. (Note that the calibration procedure uses EB to set the overall polarization angle so TB and
EB as plotted above cannot be used to measure astrophysical polarization rotation—see Sec. VIII B.)

shown in Fig. 2 filtering to the range 50 < ` < 120. In
comparison to the simulated maps we see (i) BICEP2 has
detected B modes with high signal-to-noise ratio in the

map, and (ii) this signal appears to be evenly distributed
over the field, as is the expectation for a cosmological sig-
nal, but generally will not be for a Galactic foreground.

C. Internal consistency tests

We evaluate the consistency of the jackknife spectra
with their ⇤CDM expectations by using a simple �2

statistic,

�2 = (d� hmi)T D�1 (d� hmi) (7)

where d is the vector of observed band-power values, hmi
is the mean of the lensed-⇤CDM+noise simulations (ex-
cept where alternative signal models are considered), and
D is the band-power covariance matrix as evaluated from
those simulations. (Because of di↵erences in sky coverage

between the two halves of a jackknife split, in conjunc-
tion with filtering, the expectation value of some of the
jackknifes is not quite zero—hence we always evaluate �2

versus the mean of the simulations. Because the BPWF
overlap slightly adjacent band powers are <⇠ 10% corre-
lated. We zero all but the main and first o↵-diagonal
elements of D as the other elements are not measured
above noise given the limited simulation statistics.) We
also compute �2 for each of the simulations (recomput-
ing D each time, excluding that simulation) and take the
probability to exceed (PTE) the observed value versus
the simulated distribution. In addition to �2 we com-
pute the sum of normalized deviations,

� =
X

i

di � hmii
�mi

(8)

where the di are the observed band-power values and
hmii and �mi are the mean and standard deviation of
the lensed-⇤CDM+noise simulations. This statistic tests
for sets of band powers which are consistently all above
or below the expectation. Again we evaluate the PTE of

BICEP2 - Polarization @ 150 GHz

The BICEP2 team reports detection of B-mode polarization (right) and argues that 
it cannot be explained by foreground emission from synchrotron or dust (right).

Big surprise: r ≈ 0.2, higher than the limit reported by WMAP & Planck: (r < 0.12).

Multipole l

Variety of 
foreground 
models applied
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ABSTRACT

The polarized thermal emission from di↵use Galactic dust is the main foreground present in measurements of the polarization of the cosmic
microwave background (CMB) at frequencies above 100 GHz. In this paper we exploit the uniqueness of the Planck HFI polarization data from 100
to 353 GHz to measure the polarized dust angular power spectra C

EE

` and C

BB

` over the multipole range 40 < ` < 600 well away from the Galactic
plane. These measurements will bring new insights into interstellar dust physics and allow a precise determination of the level of contamination for
CMB polarization experiments. Despite the non-Gaussian and anisotropic nature of Galactic dust, we show that general statistical properties of the
emission can be characterized accurately over large fractions of the sky using angular power spectra. The polarization power spectra of the dust are
well described by power laws in multipole, C` / `↵, with exponents ↵EE,BB = �2.42± 0.02. The amplitudes of the polarization power spectra vary
with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
with modified blackbody emission with �d = 1.59 and Td = 19.6 K down to the lowest Planck HFI frequencies. We find a systematic di↵erence
between the amplitudes of the Galactic B- and E-modes, C

BB

` /C
EE

` = 0.5. We verify that these general properties are preserved towards high
Galactic latitudes with low dust column densities. We show that even in the faintest dust-emitting regions there are no “clean” windows in the sky
where primordial CMB B-mode polarization measurements could be made without subtraction of foreground emission. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
gives a dust powerDBB` ⌘ `(`+ 1)CBB

` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
BICEP2 data sets.

Key words. Submillimetre: ISM – Radio continuum: ISM – Polarization – ISM: dust, magnetic fields – cosmic background radiation
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with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
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between the amplitudes of the Galactic B- and E-modes, C
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` = 0.5. We verify that these general properties are preserved towards high
Galactic latitudes with low dust column densities. We show that even in the faintest dust-emitting regions there are no “clean” windows in the sky
where primordial CMB B-mode polarization measurements could be made without subtraction of foreground emission. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
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` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
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“...We show that even in the faintest dust-emitting regions there are no “clean” windows in the sky 
where primordial CMB B-mode polarization measurements could be made without subtraction of 
foreground emission.”

“...This level is the same magnitude as reported by BICEP2 over this l range, which highlights the 
need for assessment of the polarized dust signal even in the cleanest windows of the sky. “
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Fig. 9: Planck 353 GHz DBB

` angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150 GHz (box
centres). The shaded boxes represent the ±1� uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ⇤CDMDBB

` CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.

in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD / hI353i1.9.

These values of the DBB

` amplitude in the ` range of the pri-
mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.

6.4. Frequency dependence

We complement the power spectrum analysis of the 353 GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB

power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.

We compute on MB2 the Planck DBB

` auto- and cross-power
spectra from the three Planck HFI bands at 100, 143, 217, and
353 GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 ⇥ 100,
100⇥143, 100⇥217, 100⇥353, 143⇥143, 143⇥217, 143⇥353,
217 ⇥ 217, 217 ⇥ 353, and 353 ⇥ 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB

` spectra,
we fit the amplitude of a power law in ` with a fixed exponent
↵BB = �0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the e↵ective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
e↵ective frequencies below 143 GHz are not presented, because

the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix C.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

` spectra is in very good agreement with
a squared dust modified blackbody spectrum having �d = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the �2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the C

EE

` and C

BB

` (alternatively DEE

`

andDBB

` ) angular power spectra for multipoles 40 < ` < 500. At
this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole
range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.

15

Blue boxes - 353 GHz BB dust spectrum extrapolated to 150 GHz (BICEP2 band) 
with 1σ uncertainties (pink includes systematic errors).  Black curve is an r=0.2 
ΛCDM model spectrum....



Future Observations

CMB experiments (not exhaustive!):

BICEP/Keck, SPIDER, ABS, CLASS - large-scale polarization, B-mode.

SPT 3G,  Advanced ACT (“stage IV”) - high resolution temperature & polarization.

LiteBIRD, CoRE, PIXIE - large-scale polarization from space.

Large-scale structure (weak lensing, BAO, and/or SNe):

EUCLID, WFIRST - WL, BAO (SNe?) from space

LSST - ground-based large-scale structure (and more).  Weak lensing.

DESI - galaxy redshift survey (BAO).

CHIME - 21 cm large-scale structure (BAO).



Conclusions

ΛCDM is in remarkably solid shape

Some mild tensions exist between data sets, e.g. H0 (CMB vs. 
distance ladder) and σ8 (CMB vs. low-redshift probes).

Hints of tensors are tantalizing.  More progress expected soon.

Many probes of dark energy (vis large-scale structure) are 
underway.

Depending on nature’s whims, fundamental progress may be 
difficult!



The End


