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Inflation in cosmic history
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Inflation from string theory

10D Superstring theory

4D effective field theory

6D compactification
Moduli fields T ~ Geometrical DOFs → Inflaton?

Evidence of string theory from observations
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Energy scale hierarchy 

Mpl :Planck scale

Ms :String scale1/Ms

Gravity is mediated by a particle

(10dim supergravity)

MSUSY :SUSY breaking scale

MKK :Kaluza-Klein scale
4dim effective field theory

Controllable example

Standard field theory description

Cancellation of radiative corrections
N.B. η problem

Hinflation}

E



Energy scale hierarchy 

1/Ms

Mpl :Planck scale

Ms :String scale
Hinf

E

mφ~ε1/2 Hinf

Copias stringy corrections during inflation
N.B. No successful model building yet.

δφ, γij

unknown particle
(spin s≧2)



Bottom-line story

δφ, γij

unknown particle

Angular dep. NG Galaxy shape



Brief diagrammatical explanation (1/3 slides)

<δφ(x1)δφ(x2)δφ(x3)>

Case 1: Only inflaton 

Bi-spectrum

at t=tend : end of inflation

tend x
t

x1 x2 x3

Tri-spectrum
<δφ(x1)δφ(x2)δφ(x3)δφ(x4)>

tend x
t

x1 x2 x4x3
tend x

t
x1 x2 x4x3

Z
d4y ��3(y)

Z
d4y ��4(y)

Z
d4y ��3(y)

Z
d4y ��3(y)



Brief diagrammatical explanation (2/3 slides)

Case 2: Inflaton + massive field χ  
Tri-spectrum <δφ(x1)δφ(x2)δφ(x3)δφ(x4)>

tend x
t

x1 x2 x4x3

χ  

tend x
t

x1 x2 x4x3

if mχ >> H

Recall propagator in flat space ∝ 1

k2 �m2
�

⇠ � 1

m2
�

Total action of φ = Original action + Radiative corrections of χ

Both are local contributions.



Brief diagrammatical explanation (3/3 slides)

Case 2: Inflaton + massive field χ  
Tri-spectrum <δφ(x1)δφ(x2)δφ(x3)δφ(x4)>

tend x
t

x1 x2 x4x3

χ  

w/ mχ ~ H

oscillatory feature 
(through interference)

Bi-spectrum <δφ(x1)δφ(x2)δφ(x3)>

tend x
t

x1 x2 x3

χ  
�̇

(kL/kS)
iµ

µ ⌘
q

(m�/H)2 � (9/4)

for s=0



Summary of results “until Hubble crossing”

Since �̇
0

is small, this breaking is small and the amount of violation of the symmetries can
be controlled. In fact, we will see that the symmetries continue to determine the quantities
that we are interested in.

In inflation, the fluctuations of the scalar field are well approximated by a massless
field ⇠, �(t, x) = �

0

(t) + ⇠(t, x). Then the curvature fluctuation ⇣ is given by (see [10] for
the precise definition of ⇣)

⇣ = �H

�̇
0

⇠ (6.124)

When a correlator for ⇠ does not vanish in de-Sitter, then the corresponding correlator for
⇣ is given by the relation in (6.124).

The presence of an extra massive scalar field gives rise to a four point function for ⇠ in
the de-Sitter case. In the inflationary situation it also gives rise to a three point function.
We can view this three point function as coming from the same diagram that was giving
rise to the four point function in de-Sitter, but with one external particles set to �̇

0

. See
figure 10. One important di↵erence is that now we only have three non-zero momenta to
play with. In this case ~kI = ~k

3

and ~k
4

= 0.

1 2 3
ζ ζ

ζ

φ
.

σ 0

Figure 10: Contribution to an inflationary three point function from an intermediate
massive particle. The blue line with a cross is an insertion of �̇

0

which is the homogeneous
time derivative of the inflaton.

6.1 Intermediate massive scalar field

Before discussing the general case, we concentrate on the case of a massive intermediate
field. We can easily analyze the coupling on the right vertex of figure 10 which comes from
�
R
(r�)2� upon replacing one of the fields � ! �

0

(⌘) and the other � ! ⇠. We get

�

Z
d⌘

⌘2
[�@⌘⇠@⌘�0

�] �! �

Z
d⌘

⌘2
[�k2

3

⌘eik3⌘]@⌘�0

� �! �k2

3

�̇
0

Z
d⌘

⌘2
eik3⌘� (6.125)

where �̇
0

= �⌘@⌘�0

is the proper time derivative. We have assumed that �̇
0

varies slowly
enough that we can take it out of the integral. The remaining integral has precisely the
same form as the integrals we had when we were dealing with the coupling to conformally
coupled fields, except that we set k

4

= 0. The vertex on the left side of figure 10 is the
same as the one we discussed in the de-Sitter case. It can be represented by acting with

38

kS

kL

kS

- Including loop diagrams
- Spectrum at the Hubble crossing

as a synonym of early-type and “blue”, of late-type galaxies. In the low-redshift Universe,
a very small fraction of early-types have blue colors [13], but this assumption has not been
tested at the high redshifts to be probed by upcoming imaging surveys. On the other hand,
recent results from numerical hydrodynamical simulations suggest that indeed color is well
correlated with galaxy dynamics as tracers of the intrinsic alignment signal [14]. Alignments
are typically regarded as a contaminant to ‘cosmic shear’ (the two-point correlation of lensing-
induced ellipticities), and they can contribute significantly to the correlation of galaxy shapes
with the weak lensing of the Cosmic Microwave Background (CMB) [15, 16].

The exploration of alignments as a cosmological probe has only started recently. The
wealth of shape information expected from upcoming imaging surveys, and the availability
of a model that reproduces the observed alignment correlations of red galaxies, has triggered
the exploration of the use of intrinsic alignments for cosmology. For example, the correlation
between galaxy shapes and CMB B-mode polarization induced by primordial gravitational
waves could be detected from future surveys, albeit with limitations in confirming its primor-
dial origin [17]. While the CMB B-mode polarization is a purely linear effect induced by the
gravitational redshift of tensor metric perturbations, the latter also induce an effective tidal
field which modifies the local growth of structure and acts to align galaxies [18, 19]. Another
example of the use of intrinsic alignments for cosmology is the possible detection of baryon
acoustic oscillations in the cross-correlation of galaxy positions and shapes from future sur-
veys [20]. While intrinsic alignments are weaker in amplitude than galaxy clustering, they
do have some advantages such as the absence of redshift-space distortions (RSD) [21].

In this work, we show that intrinsic alignments can probe inflationary models where the
squeezed-limit bispectrum of the primordial curvature perturbations, usually denoted R or
ζ, is anisotropic. Phrased in terms of the primordial potential perturbation φ during matter
domination, which is related to the curvature perturbation by R = (5/3)φ, the squeezed-limit
bispectrum can be expressed as

Bφ(k1,k2,k3 = kL) =
∑

ℓ=0,2,...

AℓPℓ(k̂L · k̂S)

(

kL
kS

)∆

Pφ(kL)Pφ(kS)

[

1 +O
(

k2L
k2S

)]

, (1.1)

where k3 = kL ≪ k1, k2 while kS = k1 − kL/2, Pℓ are the Legendre polynomials, and
Aℓ are dimensionless amplitudes. Note that the angular dependence has to be even; see
Section 2. In general, there can be several contributions with different power indices ∆.
In this paper, we will focus on the “local” scaling with ∆ = 0. However, our results are
easily generalized to other scalings. In Eq. (1.1), the coefficient A0 of the isotropic term is
related to the usual local non-Gaussianity parameter f loc

NL via A0 = 4f loc
NL. We are interested

in constraining the parameter that governs the leading anisotropic contribution, namely the
quadrupolar dependence of the bispectrum, A2. As we will show, A2 does not lead to a
significant large-scale effect in galaxy clustering, specifically the two-point function. It does
however lead to the analog of the well-known scale-dependent bias for galaxy counts, which
scales as f loc

NL(k/aH)−2, in the two-point statistics of galaxy shapes, adding a contribution ∝
A2(k/aH)−2. Combining galaxy clustering with shapes, we can then constrain both isotropic
and anisotropic non-Gaussianity simultaneously.

Thus, alignments offer a golden opportunity to explore a new dimension in the parameter
space of inflationary models. Anisotropic non-Gaussianity can arise in several early-Universe
scenarios. In solid inflation [22], inflation is driven by the exponential stretching of an
unusual solid. A feature of solid inflation is that it produces large anisotropic non-Gaussianity
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Arkani-Hamed & Maldacena(15)
Chen&Wang(09)

� =
3

2
± iµ

2.2 Intrinsic galaxy alignments from violation of global isotropy

In Ref. [2], Schmidt et al. showed that in the presence of the primordial anisotropic non-

Gaussianity:

B
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(2.10)

which can be generated through the interaction between the inflaton and massive higher

spin fields, there appear non-vanishing intrinsic galaxy alignments. Here, we assigned

k

L

⌘ k3 and k

s

⌘ k1 � k

L

/2 with k
L

/k
S

⌧ 1 and P
l

denotes the Legendere polynomials

with

P0(x) = 1 , P1(x) = x , P2(x) =
1

2
(3x2 � 1) , · · · . (2.11)

As was calculated in Ref. [2], the intrinsic alignment of galaxies located at redshift z in the

direction n̂ is then given by

�
I ij

(n̂) = bI1D?
ij

�(⌧(z), �(z)n̂) + 3bINGA2D?
ij

��(⌧(z), �(z)n̂) , (2.12)

where ⌧(z) and �(z) denote the conformal time and comoving distance at z and bING is

the bias parameter obtained after renormalization. Here, the derivative operator D
ij

is

projected onto the two-dimensional sphere as

D?
ij

⌘
✓
P
i

kP
j

l � 1

2
P
ij

Pkl

◆
D

kl

(2.13)

Notice that since the primordial bi-spectrum (2.10) preserves the global rotational symme-

try, the tensor indices on the two dimensional sphere i and j only appear in the derivative

form.

On the other hand, in case the global rotational symmetry is broken, the intrinsic

galaxy alignment can have a contribution which is proportional to

g
ij

/
✓
p̂
i

p̂
j

� 1

3
�
ij

◆
� , R⇤

✓
p̂
i

@
j

+ p̂
j

@
i

� 2

3
�
ij

p̂k@
k

◆
� , · · · , (2.14)

where p̂ is a constant unit vector, which breaks the global rotational symmetry. Compared

to the first contribution, the second one is suppressed by R⇤@i. In the following, we provide

two examples in which these contributions indeed appear.

2.2.1 Primordial bi-spectrum with violation of global isotropy

If there exists a vector field which is coupled with the inflaton during inflation, the vector

field can yield a contribution to the bi-spectrum which breaks the global rotational sym-

metry. In such a case, the galaxy shape can have a directional dependence, breaking the
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: Legendre polynomial 

Angular dependence

N.B. l=0 is standard local type bi-spectrum.



Bottom-line story

Hubble crossing

δφ, γij

unknown particle

Angular dep. NG Galaxy shape



Scale dependent bias

Primordial perturbations are origin of all structures
Bias: Mismatch between distributions of DM and galaxies 

Dalal et al.(07)
Fractional over-density of galaxy δn

δn(z, k)= [bL(z)+δb(z, k)]δ(z, k)
ks

k

k << ks

Correlation w/ shorter scale modes (→ fNLlocal)

Scale dependent bias δb(z, k)



Cosmic shear

Schmidt et al.(15, 16)Angular dependent local-type bi-spectrum

Scale dependent bias of galaxy shape

intrinsic shear

+ lensing shear

from NASA



Constraints on angular dependent NG

10

7. CONCLUSION

In the next decade, intrinsic alignments of galaxies
could provide constraints on inflation complementary to
the CMB bispectrum. Intrinsic shape estimators can be
more sensitive to tidal alignments towards the outskirts of
a galaxy, and different estimators can effectively be used
in a multi-tracer technique in the spirit of [45] to constrain
anisotropic non-Gaussianity.

We have forecasted the impact of this method for two
future weak lensing surveys, LSST and Euclid. Our re-
sults demonstrate that multi-traced intrinsic alignments,
combined with lensing and clustering of blue galaxies, can
yield constraints on the anisotropic non-Gaussianity pa-
rameter as low as ∆(b̃NG

I A2) =47 , corresponding to 22%of
the single tracer constraint. However, the impact of the
atmospheric point-spread function on LSST might make

it difficult to obtain two different alignment tracers, or it
could result in a dependence of the relative alignment bias
on apparent magnitude. Euclid is in a better position, due
to the absence of the atmosphere, to perform shape mea-
surements at different galactic radii. On the other hand, a
tomographic approach has the potential of further shrink-
ing the uncertainties in the non-Gaussianity parameters,
as demonstrated by Ref. [50] for A0.
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Multi-tracer can constrain up to
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(a) A2 = 10.
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I
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(b) A2 = −10.

Figure 2. The angular auto-power spectrum of intrinsic shapes (without accounting for weak grav-
itational lensing) for our fiducial choice of bI

NG
and A2 = +10 (left) and for A2 = −10 (right). The

Gaussian case is shown in solid black for three redshifts, z = {0.5, 1, 1.5} from top to bottom. We
show the case with anisotropic non-Gaussianity at the same redshifts (dashed).

auto-power spectrum of the intrinsic component of the shapes:

CI(l) =
2

π

(l − 2)!

(l + 2)!

∫

k2dk Pm(k)|F I
l (k)|2 (4.13)

F I
l (k) =

∫

dz
dNred

dz

[

bI1 + 3bINGA2M−1(k, z)
] D(z)

D(0)

[

(1 + ∂2x)
2 x2jl(x)

]

x=kχ(z)

=
(l + 2)!

(l − 2)!

∫

dz
dNred

dz

[

bI1 + 3bINGA2M−1(k, z)
] D(z)

D(0)

[

jl(x)

x2

]

x=kχ(z)

. (4.14)

Here, Pm(k) is the matter power spectrum at z = 0, and M(k, z) is defined in Eq. (3.13).
jl denotes the spherical Bessel function of order l. Note that no B-modes are generated
by linear scalar contributions. Also, by symmetry the lowest non-zero multipole of shape
correlations is the quadrupole l = 2.

Similarly, we can write down the cross-correlation between galaxy overdensity and shape
E-modes (again, only the intrinsic part). This is the multipole space version of the density-
tangential shape correlation function in real space, and reads

CnI(l) =
2

π

√

(l − 2)!

(l + 2)!

∫

k2dk Pm(k)F I
l (k)F

n
l (k) (4.15)

Fn
l (k) =

∫

dz
dNn

dz

D(z)

D(0)

[

bn1 +
1

2
bnNGA0M−1(k, z)

]

jl(x)
∣

∣

∣

x=kχ(z)
. (4.16)

The clustering auto-power spectrum, on the other hand, is simply given by

Cnn(l) =
2

π

∫

k2dk Pm(k)|Fn
l (k)|

2 . (4.17)

Eqs. (4.13)–(4.17) are valid on the full sky.
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Auto-correlation of cosmic shear (= intrinsic + WL)



Bottom-line story, summary and questions

δφ, γij

spinning particle

Galaxy shape

nowHubble 
crossing

end of 
inflation

Hubble 
crossing clustering

B�(ks, kL) =
X

l=0,2,···
AlPl(k̂L · k̂S)...

ex. spin s=2 particle 2nd moment
Q2. Unique signal of s=2 particle?

Q1. Large scale time evolution?

}



Large scale evolution

What about in single clock inflation case?

Single clock           ∂tζ  = O((k/aH)2)

・Energy conservation                    �µT 0
µ = 0

Wands et al.(00), Weinberg (03), Lyth et al(04), 
Langlois&Vernizzi(05),...

� �� + 2 z�

z � � � ⇥2� = 0

(ex) Single inflaton in Einstein gravity

・Holds also at non-linear order       

Q1. Large scale time evolution?



What if w/ s ≠ 0 massive fields?

Is ζ still conserved in time w/radiative corrections of 
intermediate massive non-zero spin fields?

tend x
t

x1 x2 x4x3

χ  

tend x
t

x1 x2 x3

χ  
�̇

recall e.g.

χ : Massive fields with arbitrary integer spins 

Q1. Large scale time evolution?



Conservation of ζ

Radiative corrections of massive spinning fields do 
not  yield any time evolution of ζ at large scales, 
in case the following conditions are fulfilled:

● To be perturbative

● To satisfy soft theorem

T. Tanaka & Y.U.(15, in progress)

Q1. Large scale time evolution?

nowHubble 
crossing

end of 
inflation

Hubble 
crossing clustering



Soft theorem as a key for conservation

{pi}k {pi}

- Weinberg’s theorem
Graviton scattering in flat space

Multiplying
Qn

i=1

R

ddxie�iki·xi on Eq. (3.8) and using Eq. (3.24), we express Eq. (3.8)

in the Fourier space as

0 = Ŵ (n)(t;k = 0, {ki}n�1

) +

 

n�1

X

i=2

ki · @
ki � d

!

Ŵ (n�1)(t; {ki}n�1

) . (3.9)

where we used

n�1

X

i=1

ki · @
ki

"

�

 

n�1

X

i=1

ki

!

Ŵ (n�1)(t; {ki}n)
#

= �

 

n�1

X

i=1

ki

!

⇥
 

n�1

X

i=2

ki · @
ki � d

!

Ŵ (n�1)

 

t;�
n�1

X

i=2

ki, k2

, · · · , kn�1

!

(3.10)

and removed the delta function, which appears as a common factor in the two terms.

Here, {ki} denotes (n� 1) momenta ki with i = 1, · · · , n� 1 which satisfies
Pn�1

i=1

ki = 0.

Equation (3.10) can be verified by operating
R

ddk
1

on the both sides of Eq. (3.10). Notice

that Eq. (3.9) states that if Ŵ (n�1) does not depend on time, Ŵ (n) with one soft leg neither

depend on time.

Using Eq. (3.9), we can derive the well-known consistency relation for the curvature

perturbation ⇣. Using Eq. (3.9) for n = 3 divided by the square of Ŵ (2)(t; k
2

), we obtain

Ŵ (3)(t; 0, k
2

, k
2

)

{Ŵ (2)(t; k
2

)}2 � (k
2

· @
k2 + d)

1

Ŵ (2)(t, k
2

)
= 0 . (3.11)

Since the power spectrum and the bispectrum are given by Eqs. (2.11) and (2.14), respec-

tively, we find that Eq. (3.11) indeed gives the consistency relation for the bi-spectrum:

lim
k3/k1, k3/k2!0

B(t; k
1

, k
2

, k
3

)

P (t; k
3

)
= �(k

2

· @
k2 + d)P (t; k

2

) . (3.12)

Similarly, using Eq. (3.9) for n = 4 divided by

Ŵ (2)(t; k
23

)Ŵ (2)(t; k
2

)Ŵ (2)(t; k
3

)

and using the expression of the tri-spectrum, given by Eqs. (2.17)-(5.1), we obtain the

consistency relation for the tri-spectrum:

lim
k4/k1, k4/k2, k4/k3!0

T (t;k
1

, k
2

, k
3

, k
4

)

P (t; k
4

)

= �(k
2

· @
k2 + k

3

· @
k3 + 2d)B(t;�k

23

, k
2

, k
3

) . (3.13)

In Refs. **, it was shown that for d = 3 the n-point function of ⇣ with one soft leg is

removed is related to the (n� 1)-point function as

lim
kn!0

C(n)({ki}n)
P (kn)

= �
 

n�1

X

i=2

ki · @
ki + 3(n� 2)

!

C(n�1)({ki}n�1

) , (3.14)
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- Consistency relation for ζ  

Mn(q1, · · · , qn�1, k) = lim
k!0

n�1X

a=1

✏µ⌫qµa q
⌫
a

k · qa
Mn�1(q1, · · · , qn�1)

C(n): n-point fn. for ζ

Q1. Large scale time evolution?



Soft theorem a.k.a. consistency relation

xi → esxi χs(t, esxi) = χ(t, xi)
- Dilatation ∈ Large gauge transformations

- Consistency relation (Soft theorem)

where we abbreviated t in the argument of �s. The correlator in the first line is simply

the in-in n-point function of �(t, k). The correlator in the second line is a Wightman type

correlator, where all fields with � are located at the right side of the fields with +. The

correlator in the third line is a Feynman type correlator which is in time ordering. The

contributions from the times after t are canceled between the terms in the second and third

lines, which is necessary not to violate the causality. Taking into account this cancellation,

we can rewrite Eq. (4.14) as

"
nX

i=2

k

i

· @
ki + (n� 1)d

#
h�(k1) · · ·�(kn

)i0

= �i

Z
t

dt
y

Z
ddy

*"
�(k1) · · ·�(kn

),
�S

�

�⇣(y)

����
⇣=0

#+0

(4.15)

where the correlation function with dash denotes the correlation function from which (2⇡)d

and the delta function are removed, e.g.,

h�(k1) · · ·�(kn

)i = (2⇡)d�(k1 + · · ·+ k

n

)h�(k1) · · ·�(kn

)i0 . (4.16)

In deriving Eq. (4.15), we used

nX

i=1

k

i

· @
ki�(k1 + · · ·k

n

)h�(k1) · · ·�(kn

)i0

= �(k1 + · · ·k
n

)

 
nX

i=2

k

i

· @
ki � d

!
h�(k1) · · ·�(kn

)i0 . (4.17)

The correlation function in the second line of Eq. (4.15) is the in-in n-point function

of �(k) where a gravitational interaction vertex with the isocurvature perturbation �s and

one amputed soft curvature perturbation ⇣ is inserted. (See Fig. **) Then, multiplying an

external soft propagator of ⇣ on this correlation function yields the (n+ 1)-point function

of n �s and one soft ⇣ which contains the single gravitational interaction, i.e.,

"
nX

i=2

k · @
k

+ (n� 1)d

#
h�(k1) · · ·�(kn

)i0 = � lim
k!0

h⇣(k)�(k1) · · ·�(kn

)i0
P
⇣

(k)
, (4.18)

where P
⇣

(k) is the power spectrum of the free ⇣
k

. This is the consistency relation for the

isocurvature perturbation �, which is the WT identity for the scaling symmetry. Notice

that the correlation function in the right hand side contains only one gravitational interac-

tion with ⇣, but it can contain more than one self interaction vertexes for the isocurvature

field �. This is one example of the soft theorem.

Using the WT identity at O(s), we derived the consistency relation for the correlation

functions with one soft ⇣. Using the WT identities at O(sp), we can derive the consistency

relations with p soft ⇣s. This is a simple extension, but we leave this computation for a

future study.
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Ward-Takahashi identity
Qdil| i = 0

χ: Massive spin 0

Q1. Large scale time evolution?



Conservation of ζ

Radiative corrections of massive spinning fields do 
not  yield any time evolution of ζ at large scales, 
in case the following conditions are fulfilled:

● To be perturbative

● To satisfy soft theorem

Ward-Takahashi id. of large gauge trans.

T. Tanaka & Y.U.(15, in progress)

→ Restricts the initial conditions of χ

Q1. Large scale time evolution?



Gauge/Gravity correspondence (1 slide)
‘t Hooft(92), Susskind(95) 
Maldacena(97),…

- Holographic principle relates
d-dim field theory (d+1)-dim gravity theory 

+ RG flow

- Application to cosmology Strominger(01),Witten(01),
Maldacena(97),…

4-dim inflationary spacetime 3-dim deformed CFT 
?

 Conservation of ζ 
in single clock model

Absence of anomalous 
dim of EM tensor

Garriga & Y.U. (2016)

# of fields # of deformations



Bottom-line story, summary and questions

δφ, γij

spinning particle

Galaxy shape

nowHubble 
crossing

end of 
inflation

Hubble 
crossing clustering

B�(ks, kL) =
X

l=0,2,···
AlPl(k̂L · k̂S)...

ex. spin s=2 particle 2nd moment
Q2. Unique signal of s=2 particle?

Q1. Large scale time evolution?

}



Other source?

tend x
t

x1 x2 x3

χ  
�̇

χ: Massive spin 2 field w/ H2 ≦ m2

tend x
t

x1 x2 x3

χ  
�̇

χ: Spin 1 field p: 3 vector

Q2. Unique signal of s=2 particle?

B�(ks, kL) � Ā2P2(p̂ · k̂S)P�(kL)P�(kS)

B�(ks, kL) � A2P2(k̂L · k̂S)P�(kL)P�(kS)



Can we distinguish?

Spin 2 Spin 1

Intrinsic shear E-mode Yes Yes

Intrinsic shear B-mode No Yes

Non-diagonal in ell No Yes

m dependence No Yes

Kogai, Matsubara, Nishizawa & Y.U.(in progress)

Quantitative analysis in progress

Qualitatively yes!

Q2. Unique signal of s=2 particle?



Contents

• Probe of high energy physics: String theory

- Imprints of massive excitations w/non-zero spins

- Moduli inflation
w/T. Kobayashi, D. Nitta (2016)

w/T.Tanaka (2015, in preparation)

w/K. Kogai, T. Matsubara, A. Nishizawa (in preparation)



Moduli cosmology

10D Superstring theory

4D low energy effective field theory

6D compactification
Moduli fields T ~ Geometrical DOFs

Non-perturbative effects are, in general, hard 
to be fully captured.  

- Piecewise analysis?



T-duality

● R >>1/Ms

Stringy corrections are perturbatively small.

Yet…, T-duality may keep this case calculable.

Stringy corrections can be large →Hard to compute.
● R     1/Ms<~

depend on the size of the compactified dimension and the string tension.

Geometry at short distances

One of the problems of quantum gravity raised in Section 2 is that we expect geometry at short distances to be

different somehow. After working out what particles our 9D observer would expect to see, we are finally in a

position to understand how geometry at short distances is different in a string theory.

The string tension, 1/ , is related to the length of the string, , via  = 2. Strings are expected to be

tiny, with  ~ 10-32 centimeter, so the string tension is very high. If the circle is of moderate to macroscopic

size, the winding mode particles are incredibly massive since their mass is proportional to the size of the circle

multiplied by the string tension. In this case, the 9D elementary particle masses in the string theory look much

like that in the point particle theory on a circle of the same size, because such incredibly massive particles are

difficult to see in experiments.

Figure 12: The consequences of strings winding around a larger extra dimension are the same as strings
moving around a smaller extra dimension.
More info

However, let us now imagine shrinking R until it approaches the scale of string theory or quantum gravity, and

becomes less than . Then, the pictures one sees in point particle theory, and in string theory, are completely

different. When R is smaller than , the modes m1, m2 ... are becoming lighter and lighter. And at very small

radii, they are low-energy excitations that one would see in experiments as light 9D particles.

In the string theory with a small, compactified dimension, then, there are two ways that a string can give rise to a

tower of 9D particles: motion around the circle, as in the particle theory, and winding around the circle, which is

unique to the string theory. We learn something very interesting about geometry in string theory when we

compare the masses of particles in these two towers.

For example, in the "motion" tower, m1 = 1/R; and in the "winding" tower, m1 = R/ . If we had a circle of size 

/R instead of size R, we'd get exactly the same particles, with the roles of the momentum-carrying strings and the

wound strings interchanged. Up to this interchange, strings on a very large space are identical (in terms of these

light particles, at least) to strings on a very small space. This large/small equivalence extends beyond the simple

considerations we have described here. Indeed, the full string theory on a circle of radius R is completely

equivalent to the full string theory on a circle of radius /R. This is a very simple illustration of what is sometimes

called "quantum geometry" in string theory; string theories see geometric spaces of small size in a very different

Large R Small R
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Modular invariant inflation

Modular invariance ∋ R → 1/R

● SL(2, Z) modular invariance 

2.1 Kähler penitential and superpotential with modular invariance

Using the Kähler potential K and the superpotential W , the scalar part of the Lagrangian

in supergravity is expressed as

L
√
−g

= −KIJ̄∂µΦ
I∂µΦ̄J̄ − V (ΦI , Φ̄Ī) , (2.1)

where KI and KIJ̄ are given by

KI ≡
∂K

∂ΦI
, KIJ̄ ≡

∂2K

∂ΦI∂Φ̄J̄
. (2.2)

The scalar potential in supergravity is given by

V = eK
[

KIJ̄DIWDJ̄W̄ − 3|W |2
]

, (2.3)

with

DIW ≡ KIW +WI . (2.4)

Using the Kähler function G,

G = K + lnW + ln W̄ , (2.5)

we can rewrite the scalar potential as

V = eG
(

GIJ̄GIGJ̄ − 3
)

. (2.6)

We consider a model with a modulus T and other chiral superfields X such as other

moduli fields and matter fields. We do not impose the modular invariance on the superfields

X 1. Their Kähler potential is written by

K = −n ln(T + T̄ ) + κ(X, X̄) . (2.7)

Here, the parameter n depends on properties of the modulus such as the geometrical

aspects. Typically, n is n = 1, 2, 3 or a fractional number. For example, the overall

Kähler modulus has n = 3. When the 6D compact space is T 2 × T 4, the Kähler modulus

corresponding to T 2 has n = 1, while the volume modulus for T 4 has n = 2. In what

follows, we focus on the case with n = 1, 2, 3.

Under the SL(2,Z) modular transformation,

T →
aT − ib

icT + d
(2.8)

with ad− bc = 1 and a, b, c, d ∈ Z, the kinetic term of T derived from the Kähler potential

given in Eq. (2.7):

KT T̄∂µT∂
µT̄ =

n

(T + T̄ )2
∂µT∂

µT̄ (2.9)

1In Ref. [19], the modular invariance was imposed on a waterfall field, which drives the transition from

the false vacuum to the true vacuum.
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where KI and KIJ̄ are given by

KI ≡
∂K

∂ΦI
, KIJ̄ ≡

∂2K

∂ΦI∂Φ̄J̄
. (2.2)

The scalar potential in supergravity is given by

V = eK
[

KIJ̄DIWDJ̄W̄ − 3|W |2
]

, (2.3)

with

DIW ≡ KIW +WI . (2.4)

Using the Kähler function G,

G = K + lnW + ln W̄ , (2.5)

we can rewrite the scalar potential as

V = eG
(

GIJ̄GIGJ̄ − 3
)

. (2.6)

We consider a model with a modulus T and other chiral superfields X such as other

moduli fields and matter fields. We do not impose the modular invariance on the superfields

X 1. Their Kähler potential is written by

K = −n ln(T + T̄ ) + κ(X, X̄) . (2.7)

Here, the parameter n depends on properties of the modulus such as the geometrical

aspects. Typically, n is n = 1, 2, 3 or a fractional number. For example, the overall

Kähler modulus has n = 3. When the 6D compact space is T 2 × T 4, the Kähler modulus

corresponding to T 2 has n = 1, while the volume modulus for T 4 has n = 2. In what

follows, we focus on the case with n = 1, 2, 3.

Under the SL(2,Z) modular transformation,

T →
aT − ib

icT + d
(2.8)

with ad− bc = 1 and a, b, c, d ∈ Z, the kinetic term of T derived from the Kähler potential

given in Eq. (2.7):

KT T̄∂µT∂
µT̄ =

n

(T + T̄ )2
∂µT∂

µT̄ (2.9)

1In Ref. [19], the modular invariance was imposed on a waterfall field, which drives the transition from

the false vacuum to the true vacuum.

– 4 –

● When modulus (→ inflaton) Lagrangian is MI

- Large field inflation is hardly realised.
- Yet, small field inflation is still possible.
- Consistent with Planck 15 in 95% C.L.

Kobayashi, Nitta, Y.U.(16)



Summary

- Imprints of massive excitations w/non-zero spins

- Inflation w/modular invariance

・Presence of non-zero spin fields during inflation can be 
   searched through galaxy shape measurements.

・Angular dependent NGs from spin 2 and spin 1 have 
   qualitative differences such as B-mode, mixing of ell. 

・Large field is unfeasible, yet small field is still possible.



thanks.


