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1. Introduction



Inflation is now strongly supported by 
observations such as WMAP.

The observation is consistent with
1.nearly scale invariant
2.adiabatic
3.Gaussian primordial density perturbation,

which is realized in simple inflation models.
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Non-Gaussianity?

WMAP 7 yr data 95%C.L.

Komatsu et al. (2010)
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But, why don’t we study 
if we have more 
information?!

No information is lost, 
if purely Gaussian.

Motivation 1: Because it may be there.



Motivation 2: If detected, it will 
exclude simple single-inflation models.

Motivation 2’: If not detected, it will 
support simple single-inflation models.

Measuring non-Gaussianity is an 
important test for the simple single-field 

slow-roll inflation.



Motivation 3: It can be a probe of new 
physics.
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Perhaps there are many degrees of freedom in 
nature. Single-field inflation means that all of them 

except for the inflaton are irrelevant.

But some of them may contribute to the density 
perturbation, especially non-Gaussianity.



 Additional light scalars

 Complicated kinetic term 

 Temporal fast-roll

 Deviation from Bunch-Davies vac.

 Cosmic string

 etc.

I will focus on non-Gaussianity generated from 
additional light scalars.



Basic Idea

inflaton
inflationary expansion
Density perturbations

!!!" #
!
!(inf)!(inf)

"

additional light 
scalar  

non-Gaussianity

!!!!" #
!
!(!)!(!)!(!)

"

!



The scalar mass must be lighter than O(0.1) Hinf

Are such light scalars ubiquitous?
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One solution is to introduce a shift 
symmetry which forbids the scalar 
mass;

!

e.g. pseudo Nambu-Goldstone boson (like axion)
! ! ! + "

shift symmetry
+ explicit breaking



Examples
 QCD axion; most plausible solution of 
the strong CP problem.

 R-axion; generically present in SUSY 
breaking sector.

 Flat direction of SUSY SM can 
generate baryon asymmetry thru Affleck-
Dine mechanism.

(Q-balls are generically formed --> Hiramatsu’s talk)



2. Axion

Kawasaki, Nakayama, Sekiguchi, Suyama, and F.T. `08



Strong CP problem:

L =
g2

s !

64"2
#µ!"#G(a)µ!G(a)"#,

Experimental bound (from neutron EDM) reads

|!| < 10!(9!10) ! !(exp)

Why is    so small??!



The Peccei-Quinn (PQ) mechanism:

a! a + fa !

under the PQ transformation, and has a coupling,

The axion,    , shifts as a

L =
g2

s

64!2
a "µ!"#G(a)µ!G(a)"#.

After the QCD phase transition, the axion is 
stabilized at               .a + ! = 0

(1977)
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T<TQCD

Axion is light --> stable --> CDM



Adiabatic and isocurvature perturbations:
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adiabatic

isocurvature

CMB temperature anisotropy

Effects on CMB temperature anisotropy

!a!1m1a!2m2" = C!1!!1!2!m1m2a!m =
!

d!n
!T (!n)

T
Y !

!m(!n)



!"
!T

T

#3
$
! f!T

NL

This is what we measure 
from CMB anisotropy
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In the case of adiabatic 
perturbation,

fNL = f!T
NL

fNL != f!T
NL

In the case of isocurvature 
perturbation,



Kawasaki, Nakayama, Sekiguchi, Suyama, and F.T.
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Axion abundance:

Isocurvature 
perturbation:

fNL =O(10) is realized if the const. on the isocurvature 
perturbation is saturated.
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Fa = 1010GeV Fa = 1012GeV

Hikage et al `08

The constraints from power spectrum and bispectrum are 
comparable! Axion may be discovered by non-Gaussianity.

!9 < fNL < 7

fNL < 6
[linear]
[quad.]

(95%C.L.)



3. R-axion

Nakayama and F.T. 0907.0834



SUSY is a plausible candidate for theory 
beyond SM.

SUSY must be broken.

In a class of SUSY breaking models, the 
existence of U(1)R symmetry is necessary for 
SUSY breaking, and spontaneously broken 
U(1)R symmetry is a sufficient condition for 
SUSY breaking. (Nelson and Seiberg `94)



U(1)R symmetry
The supercharges transform into themselves 
under the R-symmetry. In the N=1 SUSY, the R-
symmetry is U(1).

W = µ2S

!S" #= 0R[S] = 2

e.g.)

The superpotential has R-charge 2. 
The gravitino has also R-charge 1.



A Nambu-Goldstone boson will appear when 
U(1)R symmetry is spontaneously broken.

R-axion

The R-axion is massive because U(1)R symmetry 
is explicitly broken by a constant term in W.

W ! m3/2M
2
P

!



 R-axion mass:
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The R-axion was considered to be cosmologically 
harmless, because the R-axion is so heavy that it 
decays before BBN.

Bagger, Poppitz, Randall, `94



However, the R-axion decay into a pair of gravitinos, whose 
decay produces the LSP DM.

So, the quantum fluctuations of the R-axion will produce 
CDM isocurvature perturbation as well as non-Gaussianity.
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Results
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4.Conclusions
A pseudo NG boson can produce large non-Gaussianity
since it is naturally light due to an (approximate) shift 
symmetry.

Shift symmetry



 Axion/R-axion naturally produces non-
Gaussianity in CDM isocurvature perturbation.

 NG in isocurvature perturbation contributes to 
the CMB anisotropy at large scales.

 Non-Gaussianity can be a probe of the 
CDM/baryogenesis scenarios!! 

 The Affleck-Dine mechanism produces non-
Gaussianity in baryonic isocurvature perturbation.



Non-Gaussianity, if detected, will provide us with 
information on the origin of density perturbation.

We will see...

Even without detection, we can put a tight 
constraint on scenarios in the early universe, e.g. 
axion and the inflationary scale.


