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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 Universe as Seen by COBE

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

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

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 - II

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

Where is the precursor to observed cosmic structure?



THE ASTROPHYSICAL JOURNAL, 396:L1-L5, 1992

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, 1992

1992: CMB Anisotropy Detected



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

Post-COBE: Push for Higher Resolution



BAO the Movie:  evolution of a density peak

Credit: SDSS Collaboration

(co-moving coordinates)



Animation: SDSS Collaboration



9-year Temperature Maps



K Band Temperature, 23 GHz



Ka Band Temperature, 33 GHz



Q Band Temperature, 41 GHz



V Band Temperature, 61 GHz



W Band Temperature, 94 GHz



Foreground-Cleaned Primordial CMB

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.



Cosmological Analysis -
Baryon Acoustic Oscillations (BAO) 

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

BAO have been observed in the CMB, and set 
the acoustic scale: lA = 302.35 ± 0.65 @ z∗=1091.

The Astrophysical Journal Supplement Series, 192:18 (47pp), 2011 February Komatsu et al.
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Figure 13. Joint two-dimensional marginalized constraint on the linear evolution
model of dark energy equation of state, w(a) = w0 + wa(1 − a). The contours
show the 68% and 95% CL from WMAP+H0+SN (red), WMAP+BAO+H0+SN
(blue), and WMAP+BAO+H0+D∆t +SN (black), for a flat universe.

Daniel et al. 2008; Jain & Zhang 2008; Bertschinger & Zukin
2008; Amin et al. 2008; Hu 2008) and determine the mass of
neutrinos (Hu et al. 1998; Lesgourgues & Pastor 2006).

In Section 5.5 of Komatsu et al. (2009a), we provided a
“WMAP normalization prior,” which is a constraint on the power
spectrum of curvature perturbation, ∆2

R. Vikhlinin et al. (2009b)
combined this with the number density of clusters of galaxies to
constrain the dark energy equation of state, w, and the amplitude
of matter density fluctuations, σ8.

The matter density fluctuation in Fourier space, δm,k, is
related to Rk as δm,k(z) = 2k3

5H 2
0 Ωm

RkT (k)D(k, z), where D(k,z)
and T (k) are the linear growth rate and the matter transfer
function normalized such that T (k) → 1 as k → 0, and
(1+z)D(k, z) → 1 as k → 0 during the matter era, respectively.
Ignoring the mass of neutrinos and modifications to gravity,
one can obtain the growth rate by solving a single differential
equation (Wang & Steinhardt 1998; Linder & Jenkins 2003).32

The seven-year normalization prior is

∆2
R(kWMAP) = (2.208 ± 0.078) × 10−9(68% CL),

where kWMAP = 0.027 Mpc−1. For comparison, the five-year
normalization prior was ∆2

R(0.02 Mpc−1) = (2.21 ± 0.09) ×
10−9. This normalization prior is valid for models with Ωk $= 0,
w $= −1, or mν > 0. However, these normalizations cannot be
used for the models that have the tensor modes, r > 0, or the
running index, dns/d ln k $= 0.

5.5. WMAP Distance Prior

The temperature power spectrum of CMB is sensitive to the
physics at the decoupling epoch, z = 1090, as well as the
physics between now and the decoupling epoch. The former
primarily affects the amplitude of acoustic peaks, i.e., the ratios
of the peak heights and the Silk damping. The latter changes the
locations of peaks via the angular diameter distance out to the

32 See, e.g., Equation (80) of Komatsu et al. (2009a). Note that there is a typo
in that equation: weff (a) needs to be replaced by w(a).

Table 9
WMAP Distance Priors Obtained from the WMAP Seven-year Fit to Models

with Spatial Curvature and Dark Energy

di Seven-year MLa Seven-year Meanb Error, σ

lA 302.09 302.69 0.76
R 1.725 1.726 0.018
z∗ 1091.3 1091.36 0.91

Notes. The correlation coefficients are rlA,R = 0.1956, rlA,z∗ = 0.4595, and
rR,z∗ = 0.7357.
a Maximum likelihood values (recommended).
b Mean of the likelihood.

decoupling epoch. One can quantify this by (1) the “acoustic
scale,” lA,

lA = (1 + z∗)
πDA(z∗)
rs(z∗)

, (56)

where z∗ is the redshift of decoupling, for which we use the
fitting formula of Hu & Sugiyama (1996), as well as by (2) the
“shift parameter,” R (Bond et al. 1997),

R =

√
ΩmH 2

0

c
(1 + z∗)DA(z∗). (57)

These two parameters capture most of the constraining power of
the WMAP data for dark energy properties (Wang & Mukherjee
2007; Wright 2007; Elgarøy & Multamäki 2007; Corasaniti &
Melchiorri 2008), with one important difference. The distance
prior does not capture the information on the growth of structure
probed by the late-time ISW effect. As a result, the dark energy
constraints derived from the distance prior are similar to, but
weaker than, those derived from the full analysis (Komatsu et al.
2009a; Li et al. 2008).

We must understand the limitation of this method. Namely,
the distance prior is applicable only when the model in question
is based on

1. the standard Friedmann–Lemaitre–Robertson–Walker uni-
verse with matter, radiation, dark energy, as well as spatial
curvature,

2. neutrinos with the effective number of neutrinos equal to
3.04, and the minimal mass (mν ∼ 0.05 eV), and

3. nearly power-law primordial power spectrum of curvature
perturbations, |dns/d ln k| ' 0.01, negligible primordial
gravitational waves relative to the curvature perturbations,
r ' 0.1, and negligible entropy fluctuations relative to the
curvature perturbations, α ' 0.1.

In Tables 9 and 10, we provide the seven-year distance prior.
The errors in lA, R, and z∗ have improved from the five-year
values by 12%, 5%, and 2%, respectively. To compute the
likelihood, use

− 2 ln L =
∑

ij

(xi − di)(C−1)ij (xj − dj ), (58)

where xi = (lA, R, z∗) is the values predicted by a model in
question, di = (lWMAP

A ,RWMAP, zWMAP
∗ ) is the data given

in Table 9, and C−1
ij is the inverse covariance matrix given in

Table 10. Also see Section 5.4.1 of Komatsu et al. (2009a) for
more information.
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The Final WMAP Power Spectrum

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



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

BAO have been observed in the CMB, and set 
the acoustic scale: lA = 303.05 ± 0.19 @ z∗=1091.

The Astrophysical Journal Supplement Series, 192:18 (47pp), 2011 February Komatsu et al.
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Figure 13. Joint two-dimensional marginalized constraint on the linear evolution
model of dark energy equation of state, w(a) = w0 + wa(1 − a). The contours
show the 68% and 95% CL from WMAP+H0+SN (red), WMAP+BAO+H0+SN
(blue), and WMAP+BAO+H0+D∆t +SN (black), for a flat universe.

Daniel et al. 2008; Jain & Zhang 2008; Bertschinger & Zukin
2008; Amin et al. 2008; Hu 2008) and determine the mass of
neutrinos (Hu et al. 1998; Lesgourgues & Pastor 2006).

In Section 5.5 of Komatsu et al. (2009a), we provided a
“WMAP normalization prior,” which is a constraint on the power
spectrum of curvature perturbation, ∆2

R. Vikhlinin et al. (2009b)
combined this with the number density of clusters of galaxies to
constrain the dark energy equation of state, w, and the amplitude
of matter density fluctuations, σ8.

The matter density fluctuation in Fourier space, δm,k, is
related to Rk as δm,k(z) = 2k3

5H 2
0 Ωm

RkT (k)D(k, z), where D(k,z)
and T (k) are the linear growth rate and the matter transfer
function normalized such that T (k) → 1 as k → 0, and
(1+z)D(k, z) → 1 as k → 0 during the matter era, respectively.
Ignoring the mass of neutrinos and modifications to gravity,
one can obtain the growth rate by solving a single differential
equation (Wang & Steinhardt 1998; Linder & Jenkins 2003).32

The seven-year normalization prior is

∆2
R(kWMAP) = (2.208 ± 0.078) × 10−9(68% CL),

where kWMAP = 0.027 Mpc−1. For comparison, the five-year
normalization prior was ∆2

R(0.02 Mpc−1) = (2.21 ± 0.09) ×
10−9. This normalization prior is valid for models with Ωk $= 0,
w $= −1, or mν > 0. However, these normalizations cannot be
used for the models that have the tensor modes, r > 0, or the
running index, dns/d ln k $= 0.

5.5. WMAP Distance Prior

The temperature power spectrum of CMB is sensitive to the
physics at the decoupling epoch, z = 1090, as well as the
physics between now and the decoupling epoch. The former
primarily affects the amplitude of acoustic peaks, i.e., the ratios
of the peak heights and the Silk damping. The latter changes the
locations of peaks via the angular diameter distance out to the

32 See, e.g., Equation (80) of Komatsu et al. (2009a). Note that there is a typo
in that equation: weff (a) needs to be replaced by w(a).

Table 9
WMAP Distance Priors Obtained from the WMAP Seven-year Fit to Models

with Spatial Curvature and Dark Energy

di Seven-year MLa Seven-year Meanb Error, σ

lA 302.09 302.69 0.76
R 1.725 1.726 0.018
z∗ 1091.3 1091.36 0.91

Notes. The correlation coefficients are rlA,R = 0.1956, rlA,z∗ = 0.4595, and
rR,z∗ = 0.7357.
a Maximum likelihood values (recommended).
b Mean of the likelihood.

decoupling epoch. One can quantify this by (1) the “acoustic
scale,” lA,

lA = (1 + z∗)
πDA(z∗)
rs(z∗)

, (56)

where z∗ is the redshift of decoupling, for which we use the
fitting formula of Hu & Sugiyama (1996), as well as by (2) the
“shift parameter,” R (Bond et al. 1997),

R =

√
ΩmH 2

0

c
(1 + z∗)DA(z∗). (57)

These two parameters capture most of the constraining power of
the WMAP data for dark energy properties (Wang & Mukherjee
2007; Wright 2007; Elgarøy & Multamäki 2007; Corasaniti &
Melchiorri 2008), with one important difference. The distance
prior does not capture the information on the growth of structure
probed by the late-time ISW effect. As a result, the dark energy
constraints derived from the distance prior are similar to, but
weaker than, those derived from the full analysis (Komatsu et al.
2009a; Li et al. 2008).

We must understand the limitation of this method. Namely,
the distance prior is applicable only when the model in question
is based on

1. the standard Friedmann–Lemaitre–Robertson–Walker uni-
verse with matter, radiation, dark energy, as well as spatial
curvature,

2. neutrinos with the effective number of neutrinos equal to
3.04, and the minimal mass (mν ∼ 0.05 eV), and

3. nearly power-law primordial power spectrum of curvature
perturbations, |dns/d ln k| ' 0.01, negligible primordial
gravitational waves relative to the curvature perturbations,
r ' 0.1, and negligible entropy fluctuations relative to the
curvature perturbations, α ' 0.1.

In Tables 9 and 10, we provide the seven-year distance prior.
The errors in lA, R, and z∗ have improved from the five-year
values by 12%, 5%, and 2%, respectively. To compute the
likelihood, use

− 2 ln L =
∑

ij

(xi − di)(C−1)ij (xj − dj ), (58)

where xi = (lA, R, z∗) is the values predicted by a model in
question, di = (lWMAP

A ,RWMAP, zWMAP
∗ ) is the data given

in Table 9, and C−1
ij is the inverse covariance matrix given in

Table 10. Also see Section 5.4.1 of Komatsu et al. (2009a) for
more information.
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Planck Collaboration 2013
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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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).

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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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.

Hinshaw et al.,  arXiv/1212.5226
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ΛCDM: the model everyone 
loves to hate...

Hinshaw et al.,  arXiv/1212.5226
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Models of cosmic inflation posit an early phase of accelerated expansion of the universe, driven by
the dynamics of one or more scalar fields in curved spacetime. Though detailed assumptions about
fields and couplings vary across models, inflation makes specific, quantitative predictions for several
observable quantities, such as the flatness parameter (Ωk = 1−Ω) and the spectral tilt of primordial
curvature perturbations (ns − 1 = d lnPR/d ln k), among others—predictions that match the latest
observations from the Planck satellite to very good precision. In the light of data from Planck as well
as recent theoretical developments in the study of eternal inflation and the multiverse, we address
recent criticisms of inflation by Ijjas, Steinhardt, and Loeb. We argue that their conclusions rest
on several problematic assumptions, and we conclude that cosmic inflation is on a stronger footing
than ever before.

I. INTRODUCTION

Did our universe undergo a period of accelerated ex-
pansion in the early stage of its evolution? If so, does it
play an important role in explaining observable features
of our universe today?
We define the “inflationary paradigm” to mean that

the answer to both of these questions is “yes” [1, 2].
As we argue here, the inflationary paradigm draws upon
well-motivated physical interactions and types of mat-
ter. The inflationary explanations for the homogeneity
and the flatness of the universe can be understood in the
context of classical general relativity, and even the ori-
gin of density fluctuations can be accurately described
in the context of quantum field theory on a classical,
curved spacetime [3], a theoretical framework that has
been thoroughly studied for decades [4]. Moreover, rea-
soning about the behavior of fundamental scalar fields is
on a stronger footing than ever, in the light of the recent
observation of the Higgs boson at the LHC [5, 6].
As is well known, inflation makes several generic pre-

dictions [7, 8]. The observable universe today should be
flat, i.e., |Ωk| ! 1, where Ωk ≡ 1 − Ω. There should
exist primordial curvature perturbations whose power
spectrum PR(k) ∼ kns−1 has a slightly tilted spectral
index, |ns − 1| ! 1, typically red-shifted. Unless the in-
flaton potential or the initial conditions are fine-tuned,
the primordial perturbations should be predominantly
Gaussian [9]. Modes of a given (comoving) wavelength
should “freeze out” upon first crossing the Hubble radius
during inflation, remain (nearly) constant in amplitude
while longer than the Hubble radius, and then resume
oscillation upon reentering the Hubble radius. The tem-
poral oscillations of modes with nearby wavelengths are
therefore coherent [10], giving rise to a sharp pattern of
peaks and troughs in the cosmic microwave background
(CMB) power spectrum. These generic predictions are
consequences of simple inflationary models, and depend

only on the physics at the inflationary energy scale, i.e.,
the energy scale of the final stage of inflation, as observed
in the CMB. We will refer to these as inflation-scale pre-
dictions. To date, every single one of these inflation-scale
predictions has been confirmed to good precision, most
recently with the Planck satellite [11].

Despite these successes, Ijjas, Steinhardt, and Loeb
(ISL) [12] have recently argued that the inflationary
paradigm is in trouble in the light of data from Planck.
They agree that a class of inflationary models make pre-
dictions that agree with experiment, which is how theo-
ries are usually evaluated, but they bring up a different
issue. They argue that if one starts at the Planck scale
with reasonable assumptions about initial conditions, the
successful inflationary models are “exponentially unlikely
according to the inner logic of the inflationary paradigm
itself.” In this paper we argue that this is not the case
by addressing each of their specific points. We will ar-
gue that their negative conclusions rely on unfounded
assumptions, and can be completely avoided under what
we consider to be more reasonable assumptions about
the physics between the inflationary scale and the Planck
scale.

We also believe, as a matter of principle, that it is
totally inappropriate to judge inflation on how well it
fits with anybody’s speculative ideas about Planck-scale
physics—physics that is well beyond what is observation-
ally tested. All theories of evolution begin with assump-
tions that are taken to be plausible, but which are usu-
ally not directly verifiable, and then the theories make
predictions which can be tested against current observa-
tions. We do not reject Darwinian evolution because it
does not explain the actual origin of life; we do not reject
big-bang nucleosynthesis because it does not explain the
homogeneous thermal equilibrium initial state that it re-
quires; and we should similarly not even consider reject-
ing the inflationary paradigm because it is not yet part
of a complete solution to the ultimate mystery of the ori-
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Classic inflation, the theory described in textbooks, is based on the idea that, beginning from
typical initial conditions and assuming a simple inflaton potential with a minimum of fine-tuning,
inflation can create exponentially large volumes of space that are generically homogeneous, isotropic
and flat, with nearly scale-invariant spectra of density and gravitational wave fluctuations that are
adiabatic, Gaussian and have generic predictable properties. In a recent paper, we showed that, in
addition to having certain conceptual problems known for decades, classic inflation is for the first
time also disfavored by data, specifically the most recent data from WMAP, ACT and Planck2013.
Guth, Kaiser and Nomura and Linde have each recently published critiques of our paper, but, as
made clear here, we all agree about one thing: the problematic state of classic inflation. Instead, they
describe an alternative inflationary paradigm that revises the assumptions and goals of inflation,
and perhaps of science generally.

In a recent paper [1], we have shown that cosmic
microwave background data gathered from the Wilkin-
son Microwave Anisotropy Probe (WMAP) and the At-
acama Cosmology Telescope (ACT) and confirmed by
Planck2013 disfavors the simplest inflaton potentials and
introduces new difficulties for the paradigm. In their re-
sponse [2], Guth, Kaiser, and Nomura (GKN) countered
that cosmic inflation is “on stronger footing than ever,”
[gkn1]1 and Linde [3] has expressed his support of that
view. What is clear from GKN, though, is that two very
different versions of inflation are being discussed.
One is the inflationary paradigm described in text-

books [4, 5], which we will call classic inflation. Clas-
sic inflation proposes that, beginning from typical initial
conditions and assuming a simple inflaton potential with
a minimum of fine-tuning, inflation can create exponen-
tially large volumes of space that are generically homo-
geneous, isotropic and flat, with a nearly scale-invariant
spectrum of density and gravitational wave fluctuations
that is adiabatic, Gaussian and has generic predictable
properties. Implicit in classic inflation is reliance on vol-
ume as being the natural measure: e.g., even if the prob-
ability of obtaining a patch of space with the right initial
conditions is small a priori, the inflated regions occupy
an overwhelming volume a posteriori and so their prop-
erties constitute the predictions.
Until now, the problematic issues of classic inflation

have been conceptual: the entropy problem [6], the Liou-
ville problem [7], the multiverse unpredictability problem
[8–10], etc. Our point in [1] was to show that, even if the

1 Throughout this note, [gkn#] refers to specific quotes from [2]
that have been reproduced in the Appendix, though we strongly
suggest reading [2] in its entirety.

conceptual problems are favorably resolved, classic infla-
tion is now disfavored by observations. It is significant
that neither GKN nor Linde dispute these points, as we
will detail below [gkn2–6].

Instead, GKN label classic inflation as outdated and,
over the course of their paper, they describe an alterna-
tive inflationary paradigm that has been developing in
recent years and revises the assumptions and goals of in-
flation, and, as Linde suggests, perhaps of science gener-
ally. This makes clear that a schism has erupted between
classic inflation and what might appropriately be called
postmodern inflation. The two inflationary paradigms
are substantially different and should be judged sepa-
rately. We will first review the situation for classic infla-
tion, where there is a consensus on its status. Then, we
will describe postmodern inflation and briefly comment
on its properties.

Classic inflation. Three independent inputs must be
specified to determine predictions of any inflationary sce-
nario, whether classic or postmodern: the initial condi-
tions, the inflaton potential, and the measure. The initial
conditions refer to the earliest time when classical general
relativity begins to be a good approximation for describ-
ing cosmic evolution, typically the Planck time. (Here
we are assuming for simplicity that inflation is driven
by a scalar field slowly rolling down an inflaton poten-
tial, but our discussion can be easily generalized to other
sources of inflationary energy.) Roughly, the inflaton po-
tential determines a family of classical trajectories, some
of which do and some of which do not include a long
period of inflation; the initial conditions pick out a sub-
set of trajectories; and the measure defines the relative
“weight” among the subset of trajectories needed to com-
pute the predictions.
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Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Classic
inflationary
paradigm

Simple –
Single, continuous stage
of inflation governed by
potentials with the
fewest degrees of
freedom, fewest
parameters, least
tuning.

Insensitive –
Inflation transforms
typical initial conditions
emerging from the big
bang into a flat, smooth
universe with certain
generic properties.

Common-sense –
It is more likely to live
in an inflated region
because inflation
exponentially increases
volume
⇒ measure = volume

Generic –
Based on simplest
potentials:
- red tilt: nS ∼ .94− .97,
- large r ∼ .1− .3*,
- negligible fNL,
- flatness & homogeneity

Conceptual
problems
known
prior to
WMAP,
ACT &
Planck2013

Not so simple –
Even simplest potentials
require fine-tuning of
parameters to obtain
the right amplitude of
density fluctuations.

Sensitive –
The initial conditions
required to begin
inflation are entropically
disfavored/exponentially
unlikely. There
generically exist more
homogeneous and flat
solutions without
inflation than with.

Catastrophic
failure –
Inflation produces a
multiverse in which
most of the volume
today is inflating and,
among non-inflating
volumes (bubbles),
Inflation predicts our
universe to be
exponentially unlikely.

Predictability
problem –
No generic predictions;
“anything can happen
and will happen an
infinite number of
times.” The probability
by volume of our
observable universe is
less than 10−10

55

.

Observational
problems
after WMAP,
ACT &
Planck2013
[1]***

Unlikeliness
problem –
Simplest inflaton
potentials disfavored by
data; favored (plateau)
potentials require more
parameters, more
tuning, and produce less
inflation.

New initial
conditions problem –
Favored plateau
potentials require an
initially homogeneous
patch that is a billion
times** larger than
required for the simplest
inflaton potentials.

New measure
problem –
All favored models
predict a multiverse yet
data fits predictions
assuming no multiverse.

Predictability
problem unresolved –
Potentials favored by
data do not avoid the
multiverse or the
predictability problems
above. Hence, no
generic predictions.

TABLE I. Classic Inflation.

*The same arguments used to derive the “generic” predictions of tilt, flatness, etc. in [2], also predict the tensor-to-
scalar ratio to be 10-30%.
**A different value is presented in [2] because they only consider initial patches that are homogeneous and open, whereas we
consider typical patches dominated by various forms energy density such as radiation.
***Future data can amplify, confirm, or diffuse the three problems introduced in [1]. See Discussion section.

As described in row 1 of Table I, classic inflation is
based on assuming simple initial conditions, simple po-
tentials and a simple common-sense measure. The notion
is that, for initial conditions emerging from the big bang,
some regions of space have the properties required to un-
dergo a period of accelerated expansion that smoothes
and flattens the universe, leaving only tiny perturba-
tions that act as sources of cosmic microwave background
fluctuations and seeds for galaxy formation. Although
most regions of space emerging from the big bang may
not have the correct conditions to start inflation, this
is compensated by the fact that inflation exponentially
stretches the volume of the regions that do have the
right conditions. Using volume-weighting as the mea-
sure, smooth and flat regions dominate the universe by
the end of inflation provided the regions with the correct
initial conditions are only modestly rare (though see dis-
cussion below). For potentials with a minimum of fields

(one) and a minimum of fine-tuning of parameters, there
are generic inflationary predictions: a spatially flat and
homogeneous background universe with a nearly scale-
invariant, red-tilted spectrum of primordial density fluc-
tuations (nS ∼ 0.94−0.97), significant gravitational-wave
signal (r ∼ 0.1 − 0.3), and negligible non-Gaussianity
(fnl ∼ 0).

Known problems of classic inflation before WMAP,
ACT & Planck2013. Conceptual problems with classic
inflation have been known for three decades; row 2 of
Table I. First, all inflationary potentials require orders
of magnitude of parameter fine-tuning to yield the ob-
served amplitude of the primordial density fluctuations
(δρ/ρ ∼ 10−5). Second, the probability of a region of
space having the right initial conditions to begin infla-
tion is exponentially small [6, 7]. By standard classical
statistical mechanical reasoning, even for simple inflaton
potentials, there exist more homogeneous and flat cosmic
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Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Postmodern
inflationary
paradigm

Complex –
with many fields,
parameters, dips,
minima, and hence
many metastable states,
leading to multiple
phases of inflation
[gkn10-11] and making
eternal inflation
unavoidable [gkn12]

Not important –
in considering validity of
inflation; any problems
can be compensated by
adjusting the measure
[gkn19]

To be determined –
from some combination
of probability weighting
and anthropic selection
[gkn13,17,20]

Generic –
predictions should
generically agree with
observations once the
right complex potential
and combination of
measure and anthropic
weighting is identified
[gkn6,15]

Problems

Unpredictability.
Part I –
A complex energy
landscape allows
virtually any outcome
and provides no way to
determine which
inflaton potential form
is most likely. [gkn17]

Unpredictability.
Part II –
Without knowing initial
conditions cannot make
predictions even if
energy landscape is
known. [gkn14]

Paradigm rests
entirely on the
measure –
yet, to date, no
successful measure has
been proposed and there
is no obvious way to
solve this problem.
[gkn13]

No predictions –
the simplest (volume)
measure gives
catastrophic results and
different landscapes,
initial conditions, and
measures give different
predictions [gkn6].

TABLE II. Postmodern Inflation.

showed that most recent experimental data imposes new
challenges by disfavoring the simplest inflaton potentials.
As we emphasized in the conclusion of that paper, the
situation is subject to change depending on future data.
For example, suppose that forthcoming analysis of the
Planck polarization data will reverse the trend and find
r > 0.13. Suppose further that there remains negligible
non-Gaussianity and running of the spectral index and
there is no change in the tilt. Then, the three observa-
tional challenges (row 3 in Table I) posed in [1] disap-
pear (though the conceptual problems in row 2 of Table
I would remain). On the other hand, finding r > 0.13
is not sufficient to ease the problems for classic inflation.
For example, if the fit to the data requires non-negligible
non-Gaussianity or a large running of the spectral index,
|αs| ! 0.0001, would be just as bad for classic inflation
as an r-value below 0.13. Also note that the old prob-
lems (row 2 in Table I) remain irrespectively of future
experimental data. Other scenarios depending on future
data are also discussed in [1].

GKN discount the classic inflationary paradigm as out-
dated and instead describe an alternative (postmodern)
paradigm. Here, we have made it clear that these are
two very different paradigms sharing the same name and
being conflated. Henceforth, it is essential to distinguish
the two paradigms; particularly when interpreting exper-
iments.

Future data has no significance for the postmodern in-
flationary paradigm because the potential, initial condi-
tions and measure are chosen a posteriori to match ob-
servations, whatever the results. For example, measuring
r > 0.13 or r < 0.13 or not detecting any gravitational

waves at all makes no difference.
The scientific question we may be facing in the near

future is: If classic inflation is outdated and a failure, are
we willing to accept postmodern inflation, a construct
that lies outside of normal science? Or is it time to seek
an alternative cosmological paradigm?
Acknowledgements. We thank T. Baker, J.-L. Lehn-
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Appendix

For the readers convenience we have reproduced spe-
cific quotes from Ref. [2], though we urge reading
the paper in its entirety. Citations refer to version
arxiv.org/abs/1312.7619v2.

[gkn 1] Recent experimental evidence, including the im-
pressive measurements with the Planck satellite of
the cmb temperature perturbation spectrum and
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Models of cosmic inflation posit an early phase of accelerated expansion of the universe, driven by
the dynamics of one or more scalar fields in curved spacetime. Though detailed assumptions about
fields and couplings vary across models, inflation makes specific, quantitative predictions for several
observable quantities, such as the flatness parameter (Ωk = 1−Ω) and the spectral tilt of primordial
curvature perturbations (ns − 1 = d lnPR/d ln k), among others—predictions that match the latest
observations from the Planck satellite to very good precision. In the light of data from Planck as well
as recent theoretical developments in the study of eternal inflation and the multiverse, we address
recent criticisms of inflation by Ijjas, Steinhardt, and Loeb. We argue that their conclusions rest
on several problematic assumptions, and we conclude that cosmic inflation is on a stronger footing
than ever before.

I. INTRODUCTION

Did our universe undergo a period of accelerated ex-
pansion in the early stage of its evolution? If so, does it
play an important role in explaining observable features
of our universe today?
We define the “inflationary paradigm” to mean that

the answer to both of these questions is “yes” [1, 2].
As we argue here, the inflationary paradigm draws upon
well-motivated physical interactions and types of mat-
ter. The inflationary explanations for the homogeneity
and the flatness of the universe can be understood in the
context of classical general relativity, and even the ori-
gin of density fluctuations can be accurately described
in the context of quantum field theory on a classical,
curved spacetime [3], a theoretical framework that has
been thoroughly studied for decades [4]. Moreover, rea-
soning about the behavior of fundamental scalar fields is
on a stronger footing than ever, in the light of the recent
observation of the Higgs boson at the LHC [5, 6].
As is well known, inflation makes several generic pre-

dictions [7, 8]. The observable universe today should be
flat, i.e., |Ωk| ! 1, where Ωk ≡ 1 − Ω. There should
exist primordial curvature perturbations whose power
spectrum PR(k) ∼ kns−1 has a slightly tilted spectral
index, |ns − 1| ! 1, typically red-shifted. Unless the in-
flaton potential or the initial conditions are fine-tuned,
the primordial perturbations should be predominantly
Gaussian [9]. Modes of a given (comoving) wavelength
should “freeze out” upon first crossing the Hubble radius
during inflation, remain (nearly) constant in amplitude
while longer than the Hubble radius, and then resume
oscillation upon reentering the Hubble radius. The tem-
poral oscillations of modes with nearby wavelengths are
therefore coherent [10], giving rise to a sharp pattern of
peaks and troughs in the cosmic microwave background
(CMB) power spectrum. These generic predictions are
consequences of simple inflationary models, and depend

only on the physics at the inflationary energy scale, i.e.,
the energy scale of the final stage of inflation, as observed
in the CMB. We will refer to these as inflation-scale pre-
dictions. To date, every single one of these inflation-scale
predictions has been confirmed to good precision, most
recently with the Planck satellite [11].

Despite these successes, Ijjas, Steinhardt, and Loeb
(ISL) [12] have recently argued that the inflationary
paradigm is in trouble in the light of data from Planck.
They agree that a class of inflationary models make pre-
dictions that agree with experiment, which is how theo-
ries are usually evaluated, but they bring up a different
issue. They argue that if one starts at the Planck scale
with reasonable assumptions about initial conditions, the
successful inflationary models are “exponentially unlikely
according to the inner logic of the inflationary paradigm
itself.” In this paper we argue that this is not the case
by addressing each of their specific points. We will ar-
gue that their negative conclusions rely on unfounded
assumptions, and can be completely avoided under what
we consider to be more reasonable assumptions about
the physics between the inflationary scale and the Planck
scale.

We also believe, as a matter of principle, that it is
totally inappropriate to judge inflation on how well it
fits with anybody’s speculative ideas about Planck-scale
physics—physics that is well beyond what is observation-
ally tested. All theories of evolution begin with assump-
tions that are taken to be plausible, but which are usu-
ally not directly verifiable, and then the theories make
predictions which can be tested against current observa-
tions. We do not reject Darwinian evolution because it
does not explain the actual origin of life; we do not reject
big-bang nucleosynthesis because it does not explain the
homogeneous thermal equilibrium initial state that it re-
quires; and we should similarly not even consider reject-
ing the inflationary paradigm because it is not yet part
of a complete solution to the ultimate mystery of the ori-
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Classic inflation, the theory described in textbooks, is based on the idea that, beginning from
typical initial conditions and assuming a simple inflaton potential with a minimum of fine-tuning,
inflation can create exponentially large volumes of space that are generically homogeneous, isotropic
and flat, with nearly scale-invariant spectra of density and gravitational wave fluctuations that are
adiabatic, Gaussian and have generic predictable properties. In a recent paper, we showed that, in
addition to having certain conceptual problems known for decades, classic inflation is for the first
time also disfavored by data, specifically the most recent data from WMAP, ACT and Planck2013.
Guth, Kaiser and Nomura and Linde have each recently published critiques of our paper, but, as
made clear here, we all agree about one thing: the problematic state of classic inflation. Instead, they
describe an alternative inflationary paradigm that revises the assumptions and goals of inflation,
and perhaps of science generally.

In a recent paper [1], we have shown that cosmic
microwave background data gathered from the Wilkin-
son Microwave Anisotropy Probe (WMAP) and the At-
acama Cosmology Telescope (ACT) and confirmed by
Planck2013 disfavors the simplest inflaton potentials and
introduces new difficulties for the paradigm. In their re-
sponse [2], Guth, Kaiser, and Nomura (GKN) countered
that cosmic inflation is “on stronger footing than ever,”
[gkn1]1 and Linde [3] has expressed his support of that
view. What is clear from GKN, though, is that two very
different versions of inflation are being discussed.
One is the inflationary paradigm described in text-

books [4, 5], which we will call classic inflation. Clas-
sic inflation proposes that, beginning from typical initial
conditions and assuming a simple inflaton potential with
a minimum of fine-tuning, inflation can create exponen-
tially large volumes of space that are generically homo-
geneous, isotropic and flat, with a nearly scale-invariant
spectrum of density and gravitational wave fluctuations
that is adiabatic, Gaussian and has generic predictable
properties. Implicit in classic inflation is reliance on vol-
ume as being the natural measure: e.g., even if the prob-
ability of obtaining a patch of space with the right initial
conditions is small a priori, the inflated regions occupy
an overwhelming volume a posteriori and so their prop-
erties constitute the predictions.
Until now, the problematic issues of classic inflation

have been conceptual: the entropy problem [6], the Liou-
ville problem [7], the multiverse unpredictability problem
[8–10], etc. Our point in [1] was to show that, even if the

1 Throughout this note, [gkn#] refers to specific quotes from [2]
that have been reproduced in the Appendix, though we strongly
suggest reading [2] in its entirety.

conceptual problems are favorably resolved, classic infla-
tion is now disfavored by observations. It is significant
that neither GKN nor Linde dispute these points, as we
will detail below [gkn2–6].

Instead, GKN label classic inflation as outdated and,
over the course of their paper, they describe an alterna-
tive inflationary paradigm that has been developing in
recent years and revises the assumptions and goals of in-
flation, and, as Linde suggests, perhaps of science gener-
ally. This makes clear that a schism has erupted between
classic inflation and what might appropriately be called
postmodern inflation. The two inflationary paradigms
are substantially different and should be judged sepa-
rately. We will first review the situation for classic infla-
tion, where there is a consensus on its status. Then, we
will describe postmodern inflation and briefly comment
on its properties.

Classic inflation. Three independent inputs must be
specified to determine predictions of any inflationary sce-
nario, whether classic or postmodern: the initial condi-
tions, the inflaton potential, and the measure. The initial
conditions refer to the earliest time when classical general
relativity begins to be a good approximation for describ-
ing cosmic evolution, typically the Planck time. (Here
we are assuming for simplicity that inflation is driven
by a scalar field slowly rolling down an inflaton poten-
tial, but our discussion can be easily generalized to other
sources of inflationary energy.) Roughly, the inflaton po-
tential determines a family of classical trajectories, some
of which do and some of which do not include a long
period of inflation; the initial conditions pick out a sub-
set of trajectories; and the measure defines the relative
“weight” among the subset of trajectories needed to com-
pute the predictions.

8

for inflation in the context of an eternally inflating multi-
verse. The key issue is that there is no plausible way that
regions in which the Higgs field has run off to Planckian
values could support life. The large negative vacuum en-
ergy density is enough to ensure that these regions would
collapse to a crunch on time scales far shorter than a sec-
ond, leaving only those (initially very rare) regions where
the Higgs field has rolled toward small values. It has al-
ways been assumed that the multiverse includes a large
number of types of pocket universes that do not sup-
port life, so the possibility described by ISL merely adds
one to that number. For the multiverse framework to be
consistent, it is only necessary that the probability that
intelligent observers find themselves in a pocket universe
like ours is not unreasonably small.

For the Higgs field to remain in the region within the
potential maxima during inflation, there are constraints
on various inflationary parameters, derived in references
cited by ISL [51, 54], that must be obeyed. In particular
there are constraints on the energy scale of inflation, on
the amplitude of tensor fluctuations, and on the ampli-
tude of density perturbations for the case of power-law
potentials, but none of these pose trouble for inflationary
models.

While we see no reason to be concerned with the case
described by ISL—the case in which the standard model
holds exactly up to the Planck scale, with a Higgs poten-
tial that turns negative—in the context of the multiverse
there are other interesting possibilities. One could imag-
ine, for example, a vacuum in the landscape for which the
physics is given by the standard model, except for an off-
set in the vacuum energy density which makes the value
very near zero when the Higgs field is at the Planck scale.
Such a universe would still be inhospitable to life: with
the values of gauge and Yukawa couplings taken from the
standard model, a Planck-scale Higgs expectation value
would make all the standard model particles so heavy
that they would presumably not even be created during
reheating, leaving a universe populated only by photons
(and possibly neutrinos).

One might argue that if the Yukawa couplings vary, be-
coming vanishingly small in such a way that the masses of
the quarks and leptons are fixed at their standard model
values, then the resulting universe might not be very
much different from ours [55]. In this case, the proba-
bility of finding ourselves in such a universe is limited by
the probability of obtaining such tiny couplings in the
landscape, which is likely to be small. In addition, there
may be anthropic reasons associated with the absence
of weak interactions that prevent life in such a universe,
despite the analysis of Ref. [55]. In any event, while
one may continue to speculate about conceivable vacua,
the exercise would only pose trouble for the inflationary
paradigm if someone identified a class of vacua in the
landscape which could be shown to strongly dominate
over our vacuum in probability. This has not happened.

VII. CONCLUSIONS

Inflationary cosmology rests on very firm foundations.
Rather than relying on untested (though certainly in-
teresting) speculations about additional spatial dimen-
sions or repeated collisions of hypothetical branes, infla-
tion builds upon decades of in-depth study of quantum
field theory in curved spacetime. Like many other suc-
cessful modern physical theories, inflation may be un-
derstood as an effective field theory, capable of making
specific, quantitative predictions for observables in var-
ious energy regimes of interest, even in the absence of
complete knowledge of physics at arbitrarily high energy
scales. Many of those quantitative predictions have been
subjected to empirical tests across a wide range of ex-
periments, including most recently with the Planck satel-
lite. Every single test to date has shown remarkably close
agreement with inflationary predictions.

We agree with Ijjas, Steinhardt, and Loeb [12] that im-
portant questions remain. A well-tested theory of physics
at the Planck scale remains elusive, as does a full under-
standing of the primordial singularity and of the con-
ditions that preceded the final phase of inflation within
our observable universe. Likewise, although significant
progress has been made in recent years, a persuasive the-
ory of probabilities in the multiverse has not yet been
found. We strongly disagree with ISL, however, that
these remaining challenges represent any sort of short-
coming of inflationary cosmology. Quite the opposite:
the inflationary paradigm, with its many successes, pro-
vides a framework within which such additional questions
may be pursued.

In assessing the criticisms of inflation by ISL, we have
identified several assumptions in their arguments that we
consider problematic. Most stem from an outdated view
in which a single phase of inflation is assumed (or re-
quired) to persist from the Planck scale to the inflation-
ary scale. None of the quantitative predictions from infla-
tionary cosmology for various observables require such an
assumption, nor does such an assumption seem at all re-
alistic in the light of recent developments in high-energy
theory.

Recent experimental evidence, including the impres-
sive measurements with the Planck satellite of the CMB
temperature perturbation spectrum and the strong indi-
cation from the LHC that fundamental scalar fields such
as the Higgs boson really exist, put inflationary cosmol-
ogy on a stronger footing than ever. Inflation provides
a self-consistent framework with which we may explain
several empirical features of our observed universe to very
good precision, while continuing to pursue long-standing
questions about the dynamics and evolution of our uni-
verse at energy scales that have, to date, eluded direct
observation.

from conclusions:
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Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Postmodern
inflationary
paradigm

Complex –
with many fields,
parameters, dips,
minima, and hence
many metastable states,
leading to multiple
phases of inflation
[gkn10-11] and making
eternal inflation
unavoidable [gkn12]

Not important –
in considering validity of
inflation; any problems
can be compensated by
adjusting the measure
[gkn19]

To be determined –
from some combination
of probability weighting
and anthropic selection
[gkn13,17,20]

Generic –
predictions should
generically agree with
observations once the
right complex potential
and combination of
measure and anthropic
weighting is identified
[gkn6,15]

Problems

Unpredictability.
Part I –
A complex energy
landscape allows
virtually any outcome
and provides no way to
determine which
inflaton potential form
is most likely. [gkn17]

Unpredictability.
Part II –
Without knowing initial
conditions cannot make
predictions even if
energy landscape is
known. [gkn14]

Paradigm rests
entirely on the
measure –
yet, to date, no
successful measure has
been proposed and there
is no obvious way to
solve this problem.
[gkn13]

No predictions –
the simplest (volume)
measure gives
catastrophic results and
different landscapes,
initial conditions, and
measures give different
predictions [gkn6].

TABLE II. Postmodern Inflation.

showed that most recent experimental data imposes new
challenges by disfavoring the simplest inflaton potentials.
As we emphasized in the conclusion of that paper, the
situation is subject to change depending on future data.
For example, suppose that forthcoming analysis of the
Planck polarization data will reverse the trend and find
r > 0.13. Suppose further that there remains negligible
non-Gaussianity and running of the spectral index and
there is no change in the tilt. Then, the three observa-
tional challenges (row 3 in Table I) posed in [1] disap-
pear (though the conceptual problems in row 2 of Table
I would remain). On the other hand, finding r > 0.13
is not sufficient to ease the problems for classic inflation.
For example, if the fit to the data requires non-negligible
non-Gaussianity or a large running of the spectral index,
|αs| ! 0.0001, would be just as bad for classic inflation
as an r-value below 0.13. Also note that the old prob-
lems (row 2 in Table I) remain irrespectively of future
experimental data. Other scenarios depending on future
data are also discussed in [1].

GKN discount the classic inflationary paradigm as out-
dated and instead describe an alternative (postmodern)
paradigm. Here, we have made it clear that these are
two very different paradigms sharing the same name and
being conflated. Henceforth, it is essential to distinguish
the two paradigms; particularly when interpreting exper-
iments.

Future data has no significance for the postmodern in-
flationary paradigm because the potential, initial condi-
tions and measure are chosen a posteriori to match ob-
servations, whatever the results. For example, measuring
r > 0.13 or r < 0.13 or not detecting any gravitational

waves at all makes no difference.
The scientific question we may be facing in the near

future is: If classic inflation is outdated and a failure, are
we willing to accept postmodern inflation, a construct
that lies outside of normal science? Or is it time to seek
an alternative cosmological paradigm?
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For the readers convenience we have reproduced spe-
cific quotes from Ref. [2], though we urge reading
the paper in its entirety. Citations refer to version
arxiv.org/abs/1312.7619v2.

[gkn 1] Recent experimental evidence, including the im-
pressive measurements with the Planck satellite of
the cmb temperature perturbation spectrum and
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Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Postmodern
inflationary
paradigm

Complex –
with many fields,
parameters, dips,
minima, and hence
many metastable states,
leading to multiple
phases of inflation
[gkn10-11] and making
eternal inflation
unavoidable [gkn12]

Not important –
in considering validity of
inflation; any problems
can be compensated by
adjusting the measure
[gkn19]

To be determined –
from some combination
of probability weighting
and anthropic selection
[gkn13,17,20]

Generic –
predictions should
generically agree with
observations once the
right complex potential
and combination of
measure and anthropic
weighting is identified
[gkn6,15]

Problems

Unpredictability.
Part I –
A complex energy
landscape allows
virtually any outcome
and provides no way to
determine which
inflaton potential form
is most likely. [gkn17]

Unpredictability.
Part II –
Without knowing initial
conditions cannot make
predictions even if
energy landscape is
known. [gkn14]

Paradigm rests
entirely on the
measure –
yet, to date, no
successful measure has
been proposed and there
is no obvious way to
solve this problem.
[gkn13]

No predictions –
the simplest (volume)
measure gives
catastrophic results and
different landscapes,
initial conditions, and
measures give different
predictions [gkn6].

TABLE II. Postmodern Inflation.

showed that most recent experimental data imposes new
challenges by disfavoring the simplest inflaton potentials.
As we emphasized in the conclusion of that paper, the
situation is subject to change depending on future data.
For example, suppose that forthcoming analysis of the
Planck polarization data will reverse the trend and find
r > 0.13. Suppose further that there remains negligible
non-Gaussianity and running of the spectral index and
there is no change in the tilt. Then, the three observa-
tional challenges (row 3 in Table I) posed in [1] disap-
pear (though the conceptual problems in row 2 of Table
I would remain). On the other hand, finding r > 0.13
is not sufficient to ease the problems for classic inflation.
For example, if the fit to the data requires non-negligible
non-Gaussianity or a large running of the spectral index,
|αs| ! 0.0001, would be just as bad for classic inflation
as an r-value below 0.13. Also note that the old prob-
lems (row 2 in Table I) remain irrespectively of future
experimental data. Other scenarios depending on future
data are also discussed in [1].

GKN discount the classic inflationary paradigm as out-
dated and instead describe an alternative (postmodern)
paradigm. Here, we have made it clear that these are
two very different paradigms sharing the same name and
being conflated. Henceforth, it is essential to distinguish
the two paradigms; particularly when interpreting exper-
iments.

Future data has no significance for the postmodern in-
flationary paradigm because the potential, initial condi-
tions and measure are chosen a posteriori to match ob-
servations, whatever the results. For example, measuring
r > 0.13 or r < 0.13 or not detecting any gravitational

waves at all makes no difference.
The scientific question we may be facing in the near

future is: If classic inflation is outdated and a failure, are
we willing to accept postmodern inflation, a construct
that lies outside of normal science? Or is it time to seek
an alternative cosmological paradigm?
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Appendix

For the readers convenience we have reproduced spe-
cific quotes from Ref. [2], though we urge reading
the paper in its entirety. Citations refer to version
arxiv.org/abs/1312.7619v2.

[gkn 1] Recent experimental evidence, including the im-
pressive measurements with the Planck satellite of
the cmb temperature perturbation spectrum and
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