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Inflation as a problem solver

Hybrid inflation

Inflation: postulate a phase of 
super-expansion such that
independent CMB patches were
once within horizon

Guth 1981; Linde 1982; Albrecht & Steinhardt 1982;
Sato 1981; Mukhanov 1981; Hawking 1982; 
Starobinsky 1982; Bardeen et al. 1983; ⋯..  tons

The Shrinking Hubble Sphere

The comoving “horizon” shrinks during inflation 
and grows after inflation

today

time

comoving scales

inflation reheating hot big bang
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1
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w > −1
3

w < −1
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Horizon Problem

In standard cosmological 
expansion, horizon size at 
400kyr subtends an angle of
1 deg on the sky (2 Moons)

40,000 disconnected regions in the CMB map

 But, why do they all have the same temperature to within O(10-5)?



Inflation: In practice, classical dynamics

Hybrid inflation
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Field evolution:

Slow-roll condition:

Slow-roll parameters:

Inflate as long as ε and η << 1

Classical Dynamics
Parameterize the decay of the inflationary energy by a 
scalar field Lagrangian 

A flat potential drives acceleration

slow-roll conditions

� ≡
M2

pl

2

�
V �

V

�2

η ≡M2
pl

V ��

V

�, |η| < 1
Linde (1982)

Albrecht and Steinhardt (1982)

L =
1
2
(∂φ)2 − V (φ)

“clock”

inflation

end of inflation

Implemented as a slowly rolling 
scalar field evolving in a potential

Expansion rate



Scalar fluctuations



CMB as a probe of primordial physics: 

Theory prediction
-variance (average over all 
    possible sky realizations)
- statistical isotropy implies 
    independent of m  (testable)

ClPrimordial perturbations 

linearized GR 
+ Boltzmann equations

•Thomson scattering (γ+e) 
•Recombination of H atoms
•GR effects (Sachs-Wolfe/ISW/

Lensing)

Physics Ingredients



COBE-Era Options for Primordial Perturbations: 

Global monopoles

Seed modelsLate-time phase transitions

explosions

Cosmic strings

Loitering universe
textures

Superconducting cosmic strings

Isocurvature baryon perturbations

Primordial adiabatic perturbations

Rolling scalar fields



After Boomerang & WMAP: 

ClPrimordial perturbations 

linearized GR 
+ Boltzmann equations

Presence of harmonic oscillations: coherence of 
    initial fluctuations

“nearly” scale invariant, 
adiabatic, extremely 
Gaussian perturbations

Adiabaticity: fluctuations in 
pressure are proportional to the 
density. Essentially, photons trace 
the density field.



What created adiabatic, nearly scale-invariant, 
mostly-Gaussian initial perturbations?

Standard slow-roll inflation

Hybrid inflationChaotic inflation

Slinky inflation

Dirac-Born-Infeld Inflation

Brane inflation

Inflationary Paradigm





	
 	
 	
 	


Table of Key Inflationary Observables
  

Amplitude of density perturbations
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Gravitational-wave amplitude
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Gravitational-wave spectral index
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Primordial non-Gaussianity
	�

€ 

fNL ∝ε
 

Planck, if lucky;
21-cm, certain



A Measurement of Cubic-Order Primordial Non-Gaussianity (gNL and τNL)

With WMAP 5-Year Data

Joseph Smidt
∗
,
1
Alexandre Amblard,

1
Asantha Cooray,

1
Alan Heavens,

2
Dipak Munshi,

2, 3
and Paolo Serra

1

1
Center for Cosmology, Department of Physics and Astronomy,

University of California, Irvine, CA 92697, USA
2
Scottish Universities Physics Alliance (SUPA), Institute for Astronomy,

University of Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK
3
School of Physics and Astronomy, Cardiff University, CF24 3AA

(Dated: January 27, 2010)

We measure two higher-order power spectra involving weighted cubic and squared temperature

anisotropy maps from WMAP 5-year data to study the trispectrum generated by primordial non-

Gaussianity. Using these measurements and Gaussian and noise simulations, we constrain the cubic

order non-Gaussianity parameters, f2
NL, or equivalently τNL, and gNL. With V+W-band data out

to lmax = 600, we find −631 <
�

f2
NL < 717 and −3.80 < gNL/10

6 < 3.88 jointly at 95% confidence

level. We improve the previous COBE-based limit on τNL < 10
8
by roughly three orders of magnitude

to −3.2 < τNL/10
5 < 3.3 at 95% confidence level with WMAP.

Introduction.—The inflationary paradigm has de-

servedly become a cornerstone of modern cosmology [1–

3]. Inflation solves the flatness, horizon and the monopole

problems of the standard Big-Bang cosmology. Further-

more, inflation is the prevailing paradigm related to the

origin of density perturbations that gave rise to the large-

scale structure we see today. It posits that a nearly ex-

ponential expansion stretched space in the first moments

of the early universe and promoted microscopic quantum

fluctuations to perturbations on cosmological scales to-

day [4–7]. Inflation makes detailed predictions for key

statistical features of these fluctuations. These predic-

tions have now begun to be tested by a range of cosmo-

logical observations, including cosmic microwave back-

ground (CMB) temperature anisotropy and polarization.

In the standard scenario, inflation is driven by a single

scaler field whose potential energy dominates it’s kinetic

energy. This “slow-roll” situation leads to an exponen-

tial expansion of the cosmic spacetime via the Einstein

equations coupled to a scalar field. In order to maintain

a slow roll, the scalar field must have minimal self inter-

actions. Such a non-interacting field has the statistical

feature that its fluctuations are Gaussian. If a departure

from Gaussianity is detected in these primordial fluctua-

tions, it will signal that the standard slow roll paradigm

of a single scalar field will need to be altered [8, 9]. A new

mechanism driving inflation, such as multiple interacting

fields or other exotic will need to be adopted.

Past attempts of measuring non-Gaussianity in the

CMB have been to use the bispectrum and associated

three-point correlation function or N-point distribution

functions to determine deviations from Gaussianity. The

first-order deviations are parameterized by the primor-

dial non-Gaussianity parameter fNL (eq. 1). Such stud-

∗jsmidt@uci.edu

ies have found fNL to be consistent with zero [10–13].

In this analysis we use the trispectrum, or the four-

point correlation function of temperature anisoptropies,

to measure primordial non-Gaussianity using WMAP 5-

year data [14]. The trispectrum has the advantage that

it can be used to uncover a cubic-order departure from a

Gaussian field. This second-order departure, parameter-

ized by either gNL of f2
NL, has never been before measured

using the CMB trispectrum. A measurement of f2
NL in

the trispectrum puts a direct constraint on τNL, an im-

portant parameter for many inflationary models, through

the relation τNL = 36f2
NL/25 [16]. An observational con-

straint on this parameter is important since it is possible

to construct reasonable inflationary models that produce

a negligible fNL in the bispectrum but a detectable non-

zero τNL in the trispectrum [15].

Theory.—To parameterize the non-Gaussianity of a

nearly Gaussian field, such as the primordial curvature

perturbations Φ(x), we can expand it perturbatively [17]

to second order as:

Φ(x) = φL(x)+fNL

�
φ2
L(x)− �φL(x)�2

�
+gNLφ

3
L(x) (1)

where φL(x) is the purely Gaussian part and fNL and

gNL parametrize the first and second order deviations

from Gaussianity. Fortunately, information about the

curvature perturbations are contained within the CMB

through the spherical harmonic coefficients of the tem-

perature anisotropies:

alm = 4π(−i)l
�

d3k

(2π)3
Φ(k)gTl(k)Y

m∗
l (k̂) (2)

θ(n̂) =
δT

T
(n̂) =

�

lm

almY m∗
l (n̂) , (3)

where Φ(k) are the primordial curvature perturbations,

gTl is the radiation transfer function that gives the angu-

lar power spectrum as Cl = (2/π)
�
k2dkPΦ(k)g2Tl(k), θ
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Observational constraints on primordial non-Gaussianity

with bispectrum (ie three-point function)

WMAP:    fNL = 11 ± 24  (Smidt, AC et al. 2009 PRD; arXiv:0907.4051)                 

(Planck: constrain fnl with an error between 7 and 10)

with trispectrum (ie four-point function; measured for the first time 
in WMAP recently,~25,000 CPU hours)

WMAP: gNL = 3.9x104 ± 1.9x106  

                   τNL= 2.7x104 ± 1.6x105     (improved COBE result by 3 OOM)

(Smidt, AC et al. 2010 PRL submitted; arXiv:1001.5026)  

Consistency relation for non-Gaussianity:
   

                       Trispectrum           Bispectrum      

The departure as a ratio now constrained for the first time to be 117 ± 657 
with WMAP data (Smidt, AC et al. 2010 PRL).

Beyond CMB, with 21-cm fluctuations constrain fNL down to 0.01
       AC PRL 2006

4

FIG. 3: The 95% confidence levels for gNL versus τNL. The red
and orange represent the 68% and 95% intervals respectively
for the combined V+W analysis. The light blue regions rep-
resent the 95% confidence intervals for the V band analysis,
and the light green regions are for the W band.

Band W V V+W

Raw�
f2
NL 42± 397 44± 402 43± 337

gNL 4.3x104 ± 2.5x106 3.6x104 ± 3.1x106 4.0x104 ± 1.9x106

τNL 2.7x104 ± 2.3x105 2.7x104 ± 2.3x105 2.7x104 ± 1.6x105

FC�
f2
NL 43± 399 44± 403 43± 336

gNL 4.2x104 ± 2.5x106 3.7x104 ± 3.1x106 3.9x104 ± 1.9x106

τNL 2.7x104 ± 2.3x105 2.7x104 ± 2.3x105 2.7x104 ± 1.6x105

TABLE I: Results for each frequency band to 1σ. Values for�
f2
NL, gNL and τNL on the top are for raw maps. The values

on the bottom are for foreground clean maps.

over. Second, the Gaussian piece of each estimator is cal-

culated using the WMAP-5 best-fit power spectrum in

Eq. 11 replacing T̂ l3l4
l1l2

(L) with Ĝl3l4
l1l2

(L) in Eq. 18 and 19.

Another important observation must be said. As seen

in Fig. 2, the difference between the Gaussian piece of

each estimator and the full estimator coming from data

is a few percent. In order to obtain a detection one would

need to have numerical routines with sub-percent accu-

racy. Such precision in the simulations is not a require-

ment for the current work as we do not find a non-zero

detection of gNL or τNL, but in future, the accuracy of nu-

merical codes may limit the precision of a measurement

of these quantities.

After obtaining the theory, data and simulated curves

we use the best fitting procedure described in [13] where

we minimize χ2 to fit f2
NL and gNL simultaneously, con-

straining τNL by f2
NL as discussed above. Our results are

listed in Table I. We see that
�

f2
NL, gNL and τNL are

consistent with zero with 95% confidence level ranges

−631 <
�

f2
NL < 717, −3.80 < gNL/106 < 3.88 and

from f2
NL, −3.2 < τNL/105 < 3.3 for V+W-band in

foreground-cleaned maps. The 95% confidence intervals

of gNL versus τNL are plotted in Figure 3 for each band.

The constraint on τNL is a significant improvement over

the previous constraint of τNL < 108 based on null detec-

tions of the trispectrum from COBE [16, 22, 23] . Our

limit on τNL from WMAP 5-year data at τNL < 3.3×105

is close to a level where interesting constraints can started

to be placed on models available in the literature for

primordial perturbations, such as due to cosmic strings

[24]. This is the first direct limit on this cubic-order non-

Gaussianity parameter with the CMB trispectrum.
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We measure two higher-order power spectra involving weighted cubic and squared temperature

anisotropy maps from WMAP 5-year data to study the trispectrum generated by primordial non-

Gaussianity. Using these measurements and Gaussian and noise simulations, we constrain the cubic

order non-Gaussianity parameters, f2
NL, or equivalently τNL, and gNL. With V+W-band data out

to lmax = 600, we find −631 <
�

f2
NL < 717 and −3.80 < gNL/10

6 < 3.88 jointly at 95% confidence

level. We improve the previous COBE-based limit on τNL < 10
8
by roughly three orders of magnitude

to −3.2 < τNL/10
5 < 3.3 at 95% confidence level with WMAP.

Introduction.—The inflationary paradigm has de-

servedly become a cornerstone of modern cosmology [1–

3]. Inflation solves the flatness, horizon and the monopole

problems of the standard Big-Bang cosmology. Further-

more, inflation is the prevailing paradigm related to the

origin of density perturbations that gave rise to the large-

scale structure we see today. It posits that a nearly ex-

ponential expansion stretched space in the first moments

of the early universe and promoted microscopic quantum

fluctuations to perturbations on cosmological scales to-

day [4–7]. Inflation makes detailed predictions for key

statistical features of these fluctuations. These predic-

tions have now begun to be tested by a range of cosmo-

logical observations, including cosmic microwave back-

ground (CMB) temperature anisotropy and polarization.

In the standard scenario, inflation is driven by a single

scaler field whose potential energy dominates it’s kinetic

energy. This “slow-roll” situation leads to an exponen-

tial expansion of the cosmic spacetime via the Einstein

equations coupled to a scalar field. In order to maintain

a slow roll, the scalar field must have minimal self inter-

actions. Such a non-interacting field has the statistical

feature that its fluctuations are Gaussian. If a departure

from Gaussianity is detected in these primordial fluctua-

tions, it will signal that the standard slow roll paradigm

of a single scalar field will need to be altered [8, 9]. A new

mechanism driving inflation, such as multiple interacting

fields or other exotic will need to be adopted.

Past attempts of measuring non-Gaussianity in the

CMB have been to use the bispectrum and associated

three-point correlation function or N-point distribution

functions to determine deviations from Gaussianity. The

first-order deviations are parameterized by the primor-

dial non-Gaussianity parameter fNL (eq. 1). Such stud-
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ies have found fNL to be consistent with zero [10–13].

In this analysis we use the trispectrum, or the four-

point correlation function of temperature anisoptropies,

to measure primordial non-Gaussianity using WMAP 5-

year data [14]. The trispectrum has the advantage that

it can be used to uncover a cubic-order departure from a

Gaussian field. This second-order departure, parameter-

ized by either gNL of f2
NL, has never been before measured

using the CMB trispectrum. A measurement of f2
NL in

the trispectrum puts a direct constraint on τNL, an im-

portant parameter for many inflationary models, through

the relation τNL = 36f2
NL/25 [16]. An observational con-

straint on this parameter is important since it is possible

to construct reasonable inflationary models that produce

a negligible fNL in the bispectrum but a detectable non-

zero τNL in the trispectrum [15].

Theory.—To parameterize the non-Gaussianity of a

nearly Gaussian field, such as the primordial curvature

perturbations Φ(x), we can expand it perturbatively [17]

to second order as:

Φ(x) = φL(x)+fNL

�
φ2
L(x)− �φL(x)�2

�
+gNLφ

3
L(x) (1)

where φL(x) is the purely Gaussian part and fNL and

gNL parametrize the first and second order deviations

from Gaussianity. Fortunately, information about the

curvature perturbations are contained within the CMB

through the spherical harmonic coefficients of the tem-

perature anisotropies:

alm = 4π(−i)l
�

d3k

(2π)3
Φ(k)gTl(k)Y

m∗
l (k̂) (2)

θ(n̂) =
δT

T
(n̂) =

�

lm

almY m∗
l (n̂) , (3)

where Φ(k) are the primordial curvature perturbations,

gTl is the radiation transfer function that gives the angu-

lar power spectrum as Cl = (2/π)
�
k2dkPΦ(k)g2Tl(k), θ
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FIG. 15: The various fNL values taken from various binnings
of the data from a full analysis considering both C2!1

l and
E2!1

l with point sources and ISW.

FIG. 16: Angular dependance of fNL between 2 < l < 600
in bins of 200. Top is for C2!1

l only and with point sources.
Middle is the full measurement with C2!1

l and E2!1
l and using

point sources. The lower panel is full measurement with both
point sources and lensing-secondary correlations. The blue
circles use mutually disjoint bins from each other. The green
triangles also use mutually disjoint bins.

FIG. 17: Histogram of the fNL estimated from Gaussian and
noise simulations for the cross-skewness statistic S3 =

P

(2l+
1)C2!1

l . Top: Q, Mid: V, Bottom: W. A best fit Gaussian
curve is plotted in blue over each histogram.

increase in parameter errors. Furthermore, of all binning
widths between 20 < !l < 100 the results are similar,
but the best "2 value is always found with a binning at
!l = 40 (Fig. 15). Note that in the limit of a large !l
bin (with !l > 200) we e!ectively reach the case of de-
termining fNL similar to the previous skewness statistic,
with e!ectively just one data point per band.

In Table II and III the first set of results, denoted by
C2!1

l , show the case when we fit our measured C2!1
l

to the theoretical predictions involving a combination
of primordial non-Gaussianity, point sources, and lens-
ing correlations as shown in Fig. 2. Given that Q
map leads to a poor "2 when model fitting Q alone
or Q in combination with other maps, we exclude the
Q+V+W combination and instead consider V+W as
our preferred set of maps. When fitting to V and W,
we compute the covariance of V and W, for example
!C2!1,V

l C2!1,W
l " - !C2!1,V

l "!C2!1,W
l ". Without point

sources and lensing and simply fitting to fNL with C2!1
l

we find 4.8 ± 27.73. If the shot-noise from point sources

3 We quote 1! results with ± error and 2! result as a range.



Source: NASA/WMAP Science Team

Observations

Theory

How to measure: 
“r”, fnl and nGW



Experimental Probe of Inflationary Cosmology
         

                     EPIC
Selected by NASA in 2003 for a 2 to 3-year study, again in 2008-2009
In 2008-2009, EPIC was put forward as a general community-supported study under the 
CMBpol program for a post-Planck mission.
In Europe, B-POL study (but not selected; Euclid selected for dark energy as a Cosmic Visions M class mission).
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Decadal White Papers
–The Origin of the Universe as Revealed Through the Polarization of the CMB, Dodelson et al. 

and 211 Co-signers, ArXiv 0903.3796
–Observing the Evolution of the Universe, Page et al. and 168 Co-signers, ArXiv 0903.0902
–A Program of Technology Development and Sub-Orbital Observations of CMB Polarization 

Leading to and Including a Satellite Mission, Meyer et al. and 141 Co-signers3'&*%/B(.&M*/6</ ,-.
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CMB Community Reports
–Theory and Foregrounds:  5 Papers with 135 Authors and Co-Authors
– Probing Inflation with CMB Polarization, Baumann et al. 2008, ArXiv 0811.3919
– Gravitational Lensing, Smith et al. 2008, ArXiv 0811.3916
– Reionization Science with the CMB, Zaldarriaga et al. 2008, ArXiv 0811.3918
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– Prospects for Polarized Foreground Removal, Dunkley et al. 2008, ArXiv 0811.3915
– Foreground Science Knowledge and Prospects, Fraisse et al. 2008, ArXiv 0811.3920
–Systematic Error Control:  10 Papers with 68 Authors and Co-Authors
–CMB Technology Development: 22 Papers with 37 Authors and Co-Authors
–Path to CMBPol:  Conference on CMBPol mission in July with 104 participants
Mission Study Reports
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See http://cmbpol.uchicago.edu for a full compilation

y p
–Study of the EPIC-Intermediate Mission, Bock et al. 2009, ArXiv 0906.1188
–The Experimental Probe of Inflationary Cosmology, Bock et al. 2008, ArXiv 0805.4207

Post-Planck Mission Effort in US



Richness of the CMB Polarization Landscape
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Precision Cosmology
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Particle physics application of EPIC

Lensing B-modes and CMB Cosmic Shear Reconstruction

 neutrino mass (Σmν < 0.05 eV; from the linear regime)

 Test SuperK Atmosphere oscillations that suggest 
  Δmν

2∼ 2x10-3 eV2

       and distinguish between two mass hierarchies 
             

CMB lensing probes linear 
fluctuations
Source properties known
(Both these lead to systematic
errors in galaxy lensing)

AC 1999: neutrino mass from LSS lensing; EPIC study reports, Bock et al.



Neutrino Masses
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Neutrino mass hierarchy from cosmology



EPIC-IM Specification Sheet
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Mass similar to the Planck satellite mission



EPIC-IM Mission Concept
Experimental Probe of Inflationary Cosmology – Intermediate Mission (Bock, JPL)
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Highly Redundant & Uniform Scan Coverage

Planck

WMAP

EPIC

N-hits (1-day) Angular Uniformity* (6-months)

*<cos 2β>2 + <sin 2β>2
0 1



High Throughput, Multi-Band Focal Plane
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‘Moore’s Law’ for Sensitivity and Mapping Speed

BLIP – CMB Ground

BLIP – CMB Space
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