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O Solving the fine tuning problem ¢ Inflaton
(Horizon problem and flatness problem)

O Producing the origin of the density perturbations
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OThe near future experiments, e.g., BICEP/ Keck Array,
Planck,...,, have the sensitivity to detect the tensor-to-scalar

ratio r~0(10~2).
=» A large-field inflation would be tested by them.

We consider it based on the low-energy effective theory of

string theory.



Axions in string theory

A lot of axions originating from high-dimensional form fields:
e.g.

O Integrating the 2-form A over the internal 2-cycle

&
of internal manifold, \ 4 -
zirﬁf

a'(x) = [;; A o

Axions 2 2-form ﬁ

OAxion is the imaginary part of a modulus.( T! = t'+ia’)



Axions in string theory

A lot of axions originating from high-dimensional form fields:

e.g.

O Integrating the 2-form A over the internal 2-cycle ”‘
of internal manifold, \ &

. Zitﬁ\f
a'(x) = J;; A \¢

OAxion is the imaginary part of a modulus.( T* = t'+ia’)

Perturbative flat potential (shift symmetry)

OGauge symmetry: A — A4 + dA becomes a shift symmetry
for a'(x).

O Some non-perturbative effects generate their potential.

=» A good candidate for the inflaton




Natural inflation (Axion inflation) | Freese friemanandoiinto 1950)
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Axion potential in string theory

Non-perturbative effects generate the axion potential.
e.g., gaugino condensation

g |
Nje = (AN) = e H1m/
b : one-loop beta-function coefficient E
(b=3N for SU(N) SYM.) |
Superpotential W A3 _ Ae—%ﬂT /\ic -
gc
=» Axion potential T'=ti+ia

4 5 d=1/{t)
V =A*11— cos N—d 1) : normalization factor

¢ : canonically normalized
axion (inflaton)

The trans-Planckian axion decay constant is achieved by
N=0(100) and d=0(1).




In order to enhance the axion decay constant,

Multiple axions
OAlignment mechanism, N-flation, Kinetic mixing,...

J. E. Kim, H. P. Nilles and M. Peloso S. Dimopoulos, S. Kachru, Bachlechner et. Al (‘14)
( 04) J. McGreevy, J. G. Wacker G. Shiu (’15)
( 05)

e.g., two axions (¢i, ¢2)

VZA%(l—COb(CbI ¢2>)+A4(1—COS(¢1+¢2>)
fi o fo g

When their axion decay constants are tuned as
g 92

fiof
effective axion decay constant becomes trans-Planckian
for a light mode, evenif ¢, 4 , < Mp




In order to enhance the axion decay constant,

Single axion
OAxion monodromy
QThrEShOId CorrECtlon H. Abe, T. Kobayashi, and H. O. ( 14)

We propose the single-field natural inflation
by (closed) string axion.
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ii) Trans-Planckian axion decay constant

iii) Natural inflation w and w/o modulations

(type IIB string)
iv) Moduli stabilization
v) Natural inflation (heterotic string)

vi) Conclusion



Threshold corrections

The gauge coupling receives the threshold corrections due
to the massive modes, g

L_ T  Ab (MY
g2 Ax 1672 M, i

Ab : beta-function coefficient due to A2 M M
massive modes

E.g., such corrections come from the KK modes.

Mk — k R :volume of internal manifold
| R ( moduli)
E :integer
AD M, ADb
> (=)~ —ImRM, + -
872 M, 872

k

They are moduli-dependent.



Threshold corrections in string theory

OType IIB string on toroidal orientifold and orbifold with D3/D7-branes
TS/ (Zy X Z5)

The gauge coupling on D7-branes:

D. Liist and S. Stieberger, ( 03)

D7-branes D7-branes

[/ :Complex structure moduli
1 o T (Shape of torus)
? T A ™ T’ :Kéhler moduli

(Volume of torus)

Moduli-dependent threshold corrections

A= —4by_olnn(tU)

Dedekind function | n(iU) = "1 —e™Y)

n=1




Threshold corrections in string theory

OType IIB string on toroidal orientifold and orbifold with D3/D7-branes
TS/ (Zy X Z5)

The gauge coupling on D7-branes:

1 T (AU) A= —4by_osInn(iU)

_|_
g 4w 672

D. Liist and S. Stieberger, ( 03)

The gaugino condensation on D7-branes (SU(L) SYM)

W = Ae 87/08° — o= "2 (i)



Threshold corrections in string theory

OType IIB string on toroidal orientifold and orbifold with D3/D7-branes
TS/ (Zy X Z5)

The gauge coupling on D7-branes:

1 T (AU) A= —4by_osInn(iU)

_|_
g 4w 672

D. Liist and S. Stieberger, ( 03)

The gaugino condensation on D7-branes (SU(L) SYM)

B _872/Lg? _sz_QbN_:g In (il
W = Ae = Ae L L

l n(iU) — e TV [1 _ O(e?’fU)] RelU > 1

T  by—oT U

W==Ae L e 6oL




Natural inflation in string theory

OType IIB string on toroidal orientifold and orbifold with D3/D7-branes
TS/ (Zy X Z5)

Superpotential
T _bN=27;

2
W =Ae T e ~ 6L
l Integrate out the moduli except for ImU

Axion potential

Vg = A (1 — COS

-~ 1.4 b~ Im U
— by—9(ReU) V2(ReU)

In the case of L/bn_> > 1and®eU) =0(1), the trans-Planckian
axion decay can be obtained, even if L < 0(100).
We can realize the successful natural inflation.
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Natural inflation with modulations

Superpotential
W =Ae TTp(iU)?n=2/L
@ n(iU) — e 1Y [1 — e Y _ 0(6_47TU)] ReU > 1
Ae_QETe b\G 2711 (1 B G_QWU)

Inflaton potential

T. Kobayashi and F. Takahashi (‘10)

Ve =~ A — Ajcos (M @) +|As cos (Aa¢)| Modulation term

A2 _ Al 20 (27T+ —2ﬁ)<ReU2)

Al _ bN:Q Wf\j/Liﬂ:{eU) }\2 (

< N\

21 + bNGLQW) V2(ReU) ~ O(27)




The behavior of the slow-roll parameters
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Modulation term
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Moduli stabilization

So far, we have assumed that
the other moduli except for the inflaton are already

decoupled.

In the framework of toroidal orientifold and orbifold,
TS/ (Zy X Zs)

Moduli :

S = ==Dilaton,

T= = =Overall Kdahler moduli (for simplicity)

U; = = "Three complex structure moduli
(One of Im(U;) is the inflaton.)




Moduli stabilization

We consider the scenario similar to the KKLT scenario.

The procedures:

i) Flux compactification to stabilize the linear combination
of S and U;.

W (U, S) = / Gy A O

ii) Non-perturbative effectsforSand T
(racetrack superpotential)

iii) Uplifting the scalar potential (E.g., F-term uplifting)



i) Flux compactification
K=—-In(S+5)-3Wm(T+1T) - Zln

Wiaw = w1 + two(Uy — Us) + tw3Us + 2w4S
+ ’lU5SU3 + (U] — UQ)(UJ(}UQ, + ’LU7S + ilUgSUg)

! ! Uy =U; - U,

Waw = w1 + twoUy + 1w3Us + 1wy S
+ ’LU5SU3 + U4(w6U3 + ’LU7S + inSUg)

Only S, U3 and U, = U; — U, appear in the superpotential.
(D;W) =0, (W) =0

U, and the linear combination of S, U3, U, remain massless.



iif) Non-perturbative superpotential (racetrack)

T, U, and the linear combination of S, U3, U, remain massless.

Whon = Aexp[—8m* fi /N1] + B exp|[—87° fo /Ny
+ C exp[—87* f3 /N3] + D exp[—87° f4/N,]

Ji=fa= Tl/(47T)
f3= fi=5/(4m)

T,:T+CU2
C:bN:2/12

K =— 1H(U2 + UQ) — 111(U4 + [74 +Us + [72)
— 31n(T’ + T — c(Us + Ug))

Sand T’ are stabilized and Re U, is also stabilized by
nonvanishing superpotential ( (W) #0).

Ky,W =0 =) Rel>=2ReT"/(5c)



iii) Uplifting the AdS vacuum

Vi = (KD, WD;W —3|[W|?)
<VF> <0

F-term uplifting scenario:
We have assumed the F-term of SUSY breaking field
lifts up the potential.

Finally, we have added the gaugino condensation term
which includes the threshold correction for Im U,

W = (W) + E((T')) exp[—2by—2 Inn(:Uz) /L]

We obtain the inflaton potential as explained before.



Comment on the moduli stabilization

We have shown the specific example compatible with
the inflation mechanism.

Key idea:

If the other moduli expect for one of Im U; are
already stabilized at their minima,

threshold corrections can enhance the axion decay
constant by the inverse of loop factor.



Comment on the gauge couplings

In our scenario, the gauge couplings are determined
at the tree-level.

The axion (inflaton) appears in the non-perturbative
effects through the threshold corrections.

Regardless of the size of gauge coupling,
the axion decay constant can be enhanced by the
threshold corrections.



Comment on the other compactification

In the case of CY, we do not know the explicit form of
threshold corrections.

However, we expect that certain corrections enhance

the axion decay constant,
if the axions appear by non-perturbative effects

through such corrections.



Eg"') x EgM®D Heterotic string theory

The threshold corrections can be also appeared
through the one-loop Green-Schwarz term.

Gaugino condensation on Eg(hid)

W A 6_T (S BZT%)
a =30, B;=0(1/(8))

When we identify one of Im Ttwith the inflaton, the
trans-Planckian axion decay constant can be realized.

Veg ~ A1 —cos(B¢)) #=0° (i—iﬁi) =0 (%) BN o = 30

d ~ O(1) - - - normalization factor




Conclusion

i) We propose the single-field natural inflation

w/ and w/o modulations in string theory.
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ii) String threshold corrections include the
modulation terms.

iii) The axion decay constant is enhanced by
the inverse of loop factor.




