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1. Introduction and Motivation

Recent observation for the tensor to scalar ratio:

(r~0.16 —») r <0.12 |
[BICEP?Z2, Planck collaboration, 15]

More recently, r < 0.09 . [BICEP/Keck Array,15]

There is still a possibility of large field inflation (Lyth bound)
Ao > Mp (r 2 10_3)

We are interested in large field inflation model based on
higher-dimensional (5D) gauge theories as a solution to the
fine-tuning problem In inflation which | will explain later.

In extra natural inflation, the weak gravity conjecture (WGC)
restricts axion field range to be sub-Planckian.

[Arkani-Hamed et al, 06]



Taking into account of WGC, previously, we studied the models
that realize the super-Plankian field excursion effectively from

the sub-Planckian field excursion of the original fields.
[Furuuchi & YK, 14]

We found that Dante’s Inferno (DIl) model is the most
preferred model in point of view of the naturalness of
the bD massive gauge theory parameters.

However DI model for a simple chaotic inflation V(¢) = m*¢
Is (modestly) disfavored by the current observational
bound r < 0.12 since V(¢) =m?¢* = r ~0.16 .



What we have done in this work

We consider V = m?¢? — A\¢* in order to accommodate DI
model with bD massive gauge theory origin to the updated
upper bound on 7.

We examine acriterion for effective field theories to be
embedded in a consistent UV theory:

The IR obstruction to UV completion [Adams et al, 06]

Connection to DBI action



Fine-tuning problem in inflation (like in the Higgs potential)

2 7\ 2 2 7
E:AZP (‘;) ,|77|:Agp ‘; <1 ’I“:PC/P}L<O.12
P ~ V(gb)/M;le ~ 1077 ns =1 —0€, +2n, ns >~ 0.96

N = [} Hdt ~

M%% fff & dgb‘ ~ 50 — 60  Inflation parameters

Chaotic inflation (Large field inflation) A,,¢"

m? ~ 101°GeV <« M3 (n = 2) A~ 10" (n=4)

Including quantum effects cause fine-tuning in the parameters,
and serious divergent terms may appear.

V(p) = mZgd® + Xerd” + co oo . (Ayy = Mp)

M




In this situation, natural inflation model was constructed.
[Freese etal,90]
A (1 — cos(¢/ f))

Naturalness in the sense of 't Hooft [tHooft,79]

- Physical parameters are allowed to be very small only if the
replacement them by O would increase the symmetry of the system

A/f <« 1 is natural because of approximate shift symmetry

But,
f > Mp mmPp SSB scale of PQ symmetry is above Mp

Quantum gravity correction can not be controllable



Extranatural inflation (an improvement of natural inflation)
[Arkani-Hamed et al, 03]

5D U(1) gauge theory with massless matters on M, X Ch
All fields satisfy periodic boundary condition.

Classical V(Aé())) =0, My =0

<A§O)> _ g - 4D gauge coupling
L : S! radius

21 L
0= g/ dy(Aé())} . Wilson line phase
0

All KK modes should be taken into account.




Although the theory is unrenormalizable, the effective potential
of Aéo) IS obtained as a finite quantity

o

3C 1 — 1 2 R
V(¢)1—loop — 274 E COS |:n <?>:| <A5(30)> N ¢ é _ 2;_(}%7-‘-9 )

n=1

Consequences of the extrantural inflation:

f> Mp wmP Large field inflation
Validity of the Effective Field Theory, and slow-roll inflation imply

Rl<Mp, my~g°f<H, mip g<107°



We can realize a large field inflation scenario within the 4D
effective died theory but a few questions remain.

— Tiny gauge coupling constant seems unnatural.

— Potential value 1s sub-Planckian, but the field excursion of
the field is still super-Planckian.

Although extranatural inflation is a good realization of large
field inflation, it is difficult to embed it to UV completion theory
(String theory) due to tiny gauge coupling: it may cause an
obstacle for coupling EFT to gravity

— Weak gravity conjecture [Arkani-Hamed et al, 06]



Weak gravity conjecture (WGC)  [Arkani-Hamed et al, 06]

WGC asserts the existence of a state with charge ¢ and mass
satisfying

94d _ m : U(1) couplin
L > /G am — g pling
Var N V8T Mp
Monopole with unit magnetic charge A A Ay
dm — —, My = 2
g g
WGC reads Apy < \/igMp

Usage of higher-dim. gauge theory is justified if L=! < Ay

mp |2rf S Mp f=1/(2mgL)

Extremal black holes can loose their charge by emitting such
particles. If no such particles, there will be infinite number of BH

remnants.



1-1. Our previous study

Previously we have studied large field inflation models from higher-dim.
gauge theories.

Important theoretical ingredients in our EFT approach were

- naturalness of gauge theory parameters
- weak gravity conjecture(WGC) 2nf S Mp f = 1/(2mgL)
(MpL)™ < g)

The models we studied were those in which the defining theories are
sub-Planckian but inflation effectively travels trans-Planckian field
range. Good inflaton potentials had already been proposed.

- Single axion monodromy

- Dante’s Inferno

- Axion alignment (Typical models)

- Axion hierarchy



Expected parameter range

Gauge couplings Compactification radius | Charges

~ 10%10!(LMP>2] S 10%10[92] SO logo|1/(LGeV)| ~ 317 | n~ O(1)

Expected parameter ranges from higher dimensional gauge theory.

* The lower bound in g is imposed by WGC, while the upper
bound comes from applicability of perturbation theory.

- The expected value of charges is in unit of the minimal charge

In the model. (Extraordinary large charge is unlikely or rare in
nature)




Resultant parameter range in the previous study

DI 1 Sloealgh) S0 -3 S logyl] < -
o

RSTES olllogm!

Model Gauge coupling(s) Compactification radius
,_ ‘_ “ OgloH 5 . 0%10[1/<LG6>]N14 - 16 |

nNJ

nNJ

AH

-10 S logyglgal S -4, -10 <

nNJ

logyolgs) S0 | logyyL

0
| jogoj:_ (LGeV)| ~ 1417
J(LGeV)| ~ 14 =17

Model Charge(s)
LM O
DI | O(1) '
b

AH my 2 O(100)

- Axion Monodromy (AM)

- Dante’s Inferno (Dl)

- Axion Alignment (AA)
- Axion Hierarchy (AH)



1-2. Dante’s Inferno(Dl) [Berg et al, 08]
all fundamental quantities can be sub-Planckian
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Dante’s Inferno [Berg et al, 08]

Dante’s Inferno model is described by the potential

Vir(A, B) = Va(A) + A* {1 _ cos (% _ J%)}

For an illustration, let us assume V,(A4) = %miAz (our previous study)

To see the inflation, it iIs convenient to rotate the fields as

B B cosé  siné B - fa _ /B
(2)-( 5 we) () ==vmmm = mm

Then the potential takes the form,

V(A,B) = 7%24 (Acosf + Esinf)Q + A* (1 — COS ?) , f \/ffgfff%

In this model, the regime of interest is consistent with WGC

2nfa L 21 fp S Mp cosé ~ 1, sinf:%, f~fa



The potential of DI model: vp:(4, B) = Va(4) + A* {1 — cos (f% - f%)}

B will be identified
with the inflaton.

Under the conditions, DI model shows the layered

structure in the potential. A* 5 92 - - ,




Model constraints for DI:

A > m5 A o V(A,B) > H?

f AT A2

= A is heavy and can be integrated out, then inflation occurs
along the bottom of the sinusoidal potential, namely B

dependent minimum

DI model is effNectively reduced to chaotic model, identifying B with
inflaton, ¢ = B,

_ Ja th A~ 7B
Ve (@) = —¢° m= g ma with A i

A¢p ~13Mp and m ~ 10 GeV can be realized thanks to the factor
fa/fs evenif AA,AB < Mp , and the original mass ma > H .



What we have done in this work (again)

We consider V = m?¢? — A\¢* in order to accommodate DI
model with bD massive gauge theory origin to the updated
upper bound on 7.

We examine acriterion for effective field theories to be
embedded in a consistent UV theory:

The IR obstruction to UV completion [Adams et al, 06]

Connection to DBI action



2. Dante’s Inferno model with 5D gauge theory origin-1

A B
Dante’s Inferno model:  Vbi(A, B) = Va(A) + A* {1 - (f_A - f_B> }

This potential is derived from a 5D U(1) gauge theory on M* x §S*

1 1
5= / P FRFOMN Vi, (Ayy) — ZF{R PO

— ivy™ (O + igasAn — igpsBur) w} (M,N =0,1,2,3,5)

where
Ay = Ay — gas0n0 0 : Stueckelberg field

and a matter has two kinds of charge belonging to U4 (1) and Ug(1).

Two scalar fields A. B are identified with 4", B\” | respectively.

A, B=/2rL; A", \/2xLsB"



Note that the form of Va(A) in Vpr(A, B) will have the same
form as V4 (Ays) after the dimensional reduction.

We consider the potential for the massive gauge field:

Va(Anr) = v Ay AM 4 0y (Apr AM)? 4 vg(Ap AM)? Z van (Apr AM)"

It I1s here that the IR obstruction to UV completion Is relevant.

The point Is that the following sign constraints are derived from
the condition that massive gauge theory to be embedded to a UV
theory with canonical analyticity property for the S-matrix:

V2, Vg < 0 [A. Hashimoto, 08]

* Our metric convention is Ny n = diag(+ — — — —)
Ay AM = A, A# — A2



3. The IR obstruction to UV completion for massive gauge field
[Adams et al, 06] [A. Hashimoto, O8]

) To UV completion

et us focus on the forward scattering amplitude
M(s,t =0) = A(s) of 2 — 2 scattering.

The analytic property of the S-matrix: Im .A(s) appears as a
discontinuity across the branch cut singularity on the real axis,
associated with on-shell intermediate states.

Disc|A(s)] = 2iIm.A(s)

Consider the Cauchy theorem /\
1 2 — dS A(S) Res
288/1(3 — 0) = ]i o o3
\%dams et al, 06]

[Baumann et al, 1 5]




Using the analytic property and the unitarity (optical theorem)
of the S-matrix, in relativistic field theories, it holds that

ds Als) | RA(s — 0) = = / a2

2w s3 T 52

52 A(s = 0) = jq{
2 C

| HS is the IR limit of the forward scattering.
RHS, which is manifestly positive since o(s) > 0, is given by the
pole structure of the UV theory.

- The sign of coupling constants of IR effective theory is
constrained by the analytic property of the S-matrix in
the UV theory [Adams et al, 06]

1) The IR obstruction

Superluminal propagation in a certain background.

) and 1) give the same constraint on the sign of
coupling constant [Adams et al, 06]




In the original paper of Adams etal., scalar field with shift sym. was
considered as an example

L = 0,70 + %(aﬂaﬂwy .

This Lagrangian can be understood as an effective theory for NG

L= (1 + ﬁ) (O7)2 + (Oh)2 — M2h2 — ... “UV” action

U

V(®) = A2 —0?)? &= (v+h)e™"

. A
Integrating out h attree level Log = W(é’w)‘l +-0 A >0
h
Alms
> h < Rs — ¢ >0
s Y
h h for UV completion




Causal propagation (no superluminal propagation) - ¢ > 0



In the current massive gauge theory case

) To UV completion

A(s) for 2 — 2 scattering of the longitudinal mode of Axs is

A(s) —%(32 +0O(s)) W vi <0 for UV completion

Ug

(The sign is kept) [A. Hashimoto, O8]

1) The IR obstruction

It vy > 0, the IR pathology appears as the superluminal
fluctuation of massive gauge field around certain (Lorentz

symmetry breaking) backgrounds. [Velo et al, 79]

In order to have the causal propagation of massive gauge
field, it is again required v, < 0 .



For a model which has a sound IR behavior as well as an origin
In sane UV theory, we assume that vy, v4 < 0 IS satisfied.

In what follows, we set V2/,—0 for n > 2
Va(An) = vo Ay AM + 0 (A AM)? with w2, 04 < 0

just for simplicity of the analysis.

* Inclusion of higher order terms — we have more parameters to tune




4. Dante’s Inferno model with 5D gauge theory origin-2

Our model: 5D U(1) gauge theory on M* x S!
1 1

S = /d%{_ZF]%&F(A)MN o VA(AM) o ZFJ&B&F(B)MN

— ipy™ (Oar +igasAnr — 1985 Bar) ZD} (M,N =0,1,2,3,5)

The effective potential for A, B at the one-loop level is

Vi_ioop(A, B) =V, (A) + V,(A) 4+ Vi(A, B)

A, B=2rLsA"Y, \/2nL;Bl"

where V. (A4) is the contribution from the 5D classical potential

VCZ(A)—§mA _EA, _'02—7>0, _27TL5_I>O




X

The one-loop diagram:
A
- . B

S: S: w(m) + gauge loop due to the self coupling from Va(Aar)
AB m

At one-loop level, the fermion contribution V((A, B) is

o0

Vf(A,B):A‘lZ%COS{n(fAA—fEB)}, A40<Li§.

n=1
The potential has a discrete shift symmetry B — B + 275

Taking n = 1, an appropriate constant shift of B and adding a
constant yields Dante’s Inferno.

The parameters in Vpr(A, B) relate to 5D gauge theory parameters as

1 fp = 1 ga = g A5 gp = 9B5
5 gp(2nLs) "’ A V2rLs’ b V27 Ls

fA — gA(Qﬂ-L5),




X Vg is the contribution from the gauge field A,,, and is
sub-leading compared with V,;(A) when

2mLs > 1 x 10? (Mp = 1)

We do not expect the compactification radius Ls to be very
close to the Planck scale. Therefore this is a natural assumption
to make. With this assumption, we will neglect the contribution
from V.



X

Now the potential for Dante’s Inferno is obtained from a 5D
gauge theory as

2 A A B
Vpr(A, B) = %AQ — IALL + A? {1 — COS (f_A — f_B>}

To see the inflation, It Is convenient to rotate the fields as

~

A\ _ ([ cosy —sinvy A sin~y = fa cosy — /B
B ) \ siny cosvy B ) VI+ V I+ 3

Then the potential takes the form,

-~ 2 N A 121
Vbpr(A, B) = m?(ACOS’y—I—BSiIl’Y)Z—I(ACOS’y—l—BSIIl’y) + A? (10087>



A
X The potential of D1I1 model: Vpr(4, B) = Va(4) + A* {1 _COS( - B>}

fa fB

B will be identified
with the inflaton.

N1
Now, the two Condltlon should be satisfied in DI model:

. fa
condition 1 fu4 < fg<1. — gA > gB, cosy =1, va:f_B’ J = fa

condition 2 |0;Va(A)|a=a,, | < —




The inflaton potential

. After A settles down at local minimum, the motion of B leads
to the slow-roll inflation. By redefining B = ¢, we obtain

Prfa s\ A fa gt A
Veff((b):WQL (;QB) _I(%B) :mef¢2— 4!f¢4
mgff 2 9
=5 1) (1—0gb)

2 4 >\
) fa ) fA) L Neff
~ e 9 )\6 ~ p )\ ’ C .=
et ! <f3> . ff (fB 12m?, ,
The potential Verr(®) is not bounded below, but we will only

consider the region of @ before the potential starts to go down:

1

‘gb‘ < ’¢|maa: — \/—2—0



Trajectory of the slow-roll inflation in DI model
1.1

2
m;ff 02 (1 — c?)

A 10 Verr(g) =

0.8

3.x1079

25%x1079

2.x1079

0.0

B 0.2

Super-Planckian field excursion ¢ > 1 is effectively
realized by the sub-Planckian fields A, B < 1.




5. Prediction of the model

> Mies | ..  The slow-roll inflation is described
e £(9) = > ¢ (1~ cd) inside of the region |¢| < ¢max.
1
Vegy (6) P = e (07 MO0
3.x107% -
2.5x107° |-
2.x1079 |-

1.x107°

5.x10710 |-




Remark

We will not worry about the potential beyond |¢| > ¢max

Actually, it has been shown by A. Hashimoto (08) that massive
vector field theories which can be embedded to a UV theory whose
S-matrix satisfies canonical analyticity constraints do not have a
Lorentz- symmetry-breaking vacuum. VI ((An)) > 0

In such theories, before the potential starts to go down, the
contribution from higher order terms in the potential should come
In to prevent Lorentz-symmetry-breaking local minimum, assuming
that the potential is bounded from below.



Prediction of the slow-roll inflation model

Tensor-to-scalar ratio (7¢.002)

0.05 0.10 0.15 0.20 0.25

0.00

For the slow-roll inflation we have two parameters in the inflaton

potential Vesr(@): Mesr and C.

We use P, ~ 2.2 x 10~?to determine m.rs as a function of c.

Planck 2013

Planck TT+lowP
Planck TT,TE ,EE+lowP
Natural inflation
Hilltop quartic model
o attractors
Power-law inflation
Low scale SB SUSY
R? inflation

V x ¢°

V x ¢?

V oo ¢t/3

V x o

V @2/3

N,=50

N.,.=60

0.94 0.96 0.98 1.00

Primordial tilt (ns) [The Planck 2015 result]



Parameters of the 5D gauge theory

Finally, the following constraints on the parameters of
the bD gauge theory should be satisfied for of DI model:

ga 2 15gB, (fB 2 15fa),

2 _1/3 1
7x1073g5 "% < — S 2mgp, (N =60, c=0.001).
5
gB_1 ---------------------
----- 27(7x1073g5™"3)~" (c=0.001)
oo 271_(4)(10—393—1/3)—1 (CZOOOZ) ---------------
o a0l e e
e
L
N ST
20 \ o=
I
| omLs < 1 x 107

| L 1 L | 1 L | L 1 L | L 1 L |
0.02 0.04 0.06 0.08 0.10

gB



6. Connection to DBI action

DBI action of Db-brane is

Sps = —Thys / Bo\/—det (Gop + Fo),  (a.b=0,1,2.3.5.6)

Fab — Bab — aacb + 8bca

We consider the following background:

Gun = diag(4 ———), Bun=0 o% = % static gauge

Fas X (apr — Op0) will be the 5D gauge and the Stueckelberg fields

After double dimensional reduction twice, in four dimension, we
obtain the potential of A ~ a5,

1(A2)2+i(A2)3—---

Va(A) ~ /d4$\/1 + const. x A? V1+ A2 = 1+%A2 - 3 T



Through the DI model, the inflaton potential is

2 1 3
Verr(®) ~ mgff/d4$\/1 T (g) mgff X (b_g Aeff X Qb_él

®c is the radius of convergence of the Taylor expansion
of the DBI action.

b= 1 o= DS
AV 12m2,
Veff(¢)
| DBI ; ]
----- L §2(1-c ¢7) NG
6.x107° :

® ¢. (N.=60)

- N .y
—————

4.x107°

2.x107°

5 10 15 20 25



Remark

We observe that this phenomenological parametrization is a rather

good approximation of the potential in the field range where the
Inflation occurs.

The inflation does not occur in the field range where the linear

approximation at the large field value is valid (linear approximation
— axion monodromy model)



/. Summary

We considered V = m?¢? — A¢* in order to accommodate
Dante’s Inferno model with 5D massive gauge theory origin
to the updated upper bound on r < 0.12 .

We examined acriterion for effective field theories to be
embedded in a consistent UV theory

VA(.AM) — UQAMAM + U4(AM.AM)2 with U2, U4 < O

We gave a possible connection of our DI model to DBI
action of Db-brane.
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Plot of m_eff as a function of ¢

6.x107° &=

5.x10°°

4.x107




Plot of A\_eff as a function of ¢

/\eff

N.=50

8.x 1013 e [\, =60

6.x10°13

4.x10713

2.x10713

0.0010 0.0015 0.0020 0.0025




Single Axion monodromy
[Silverstein et al, 08,14]

V(A) = sm?A% 4 A (1 o (?»

Due to the quadratic term, the potential energy does not return
the same under the shift A — A+ 2nf

Even if the fundamental field has sub-Planckian period 27 f < Mp,
the trans-Planckian excursion can be effectively achieved by
traverses many cycle. The potential energy increases over each
cycle but much of the remaining physics essentially repeats itself

. . . 1
This model effectively reduces to chaotic model V ~ 5m?AZ

when the slope of the sinusoidal potential is much smaller

than that of the mass term during inflation.
1V(4)

A*/f < m*A, *:athorizon exit




The potential can be derived from a 5D U(1) gauge theory on M* x §?

1 1
S = /d5x [_ZFWFW - §m2 (A, — g5€9“9)2 + (matters) (w=0,---,3,5)

- The inflaton field A comes from the zero mode of A; after St

compactification.
A=V2rLAY L : S*radius

- We introduced the Stueckelberg filed 8 and the Stueckelberg mass
term which gives rise to the quadratic term in the effective potential.

Ay — A+ 0N, 0—-0+ 1/g5A gauge trf.

)

- The one-loop effective potential of Aéo IS obtained as

2 @)
(0) _ M (0)2 3 S 1 ( (0) )
V(A2 )1-100p = 9 A7+ 72(27 L) £ P cos (nAs "’ (2mgL) | + const.
' g = 5 4d I
A JorL gauge coupling

A m Qw(m) All KK modes M are taken into account.



- At one-loop, the Stueckelberg mass m is not renormalized.

- Stueckelberg field does not contribute to the potential at one loop

- The parameters in the axion monodromy model are related to the
parameters in the 5D gauge theory as

1 C
f = (o) At = 2(2r L)1 c~ O(1), m = m Stueckelberg mass

Then, At/ f <« m?A, (effectively chaotic) and CMB data with r = 0.16
require

1
1.0 x 10 GeV < 7 < 3.2 x 10' GeV, m? ~ 10%°°GeV <« H? (H, ~ 101GeV)
and g ~ O(1)

AA > Mp : trans-Planckian field excursion of fundamental field



2

The small m” i1s natural in the sense of 't Hooft if the shift

symmetry A —- A+ C Is a good symmetry at the Planck scale.

But it is beyond the scope of higher-dim. gauge theory so we can
not ensure the naturalness of small m < H.



Axion Alignment & Axion Hierarchy:

improvement of natural inflation
[Kim et al, 08, Ben-Dayan et al. 14]

Both models can be described by the potential of the form

V(A,B) = Aj (1 — COS (%A + ;—;B)) + A3 (1 — COS (%A + ;—;B))

The main feature of these two models is to acquire a large effective
decay const. f.g > Mp from the (small) scales fa and fB by defining
the eigenvectors of the mass matrix. AA,AB < Mp Is satisfied.

¢s \ [ cosC sin( A
¢ ) \ —sinC cos( B

where

1
fS . fS f o
cos( = =—my, sin(=--n, S > >



Dante’s Inferno with quadratic potential from 5D gauge theory

The constraints for Dante’s Inferno is written in terms of the parameters
of the bD gauge theory as

_ 1
ga > ldgp  ¢95"% x3.2x10"°GeV < 7 S g5 X 24 1018 GeV

The allowed values of the gauge
couplings and the compactification
radius are rather restricted.

i — 24x10'8
2.0x1017 - 8B

i — 5x1015g5~173
15%x1017 |

[GeV]

10x1017 -

1
2nL

The gauge couplings are in the
range 0.04 — O(1)

50x1010

002 004 006 008 010
2B



© In terms of two physical fields

oo (5)) 5 o om (5 5)

VmifE +nif3
ming — Man

effective decay constant: f; =

Axion alignment model

iming — mony | < |mal,|ni| = |fil > fa.fB (fs, f2)

¢s : heavy, my, > H,
irrelevant to inflation
@1 :light, my, < H,
identified with the inflaton ~




Axion hierarchy model (n2 = 0)

= |fil = Vmifs + mify ~
iman |

fa

mi

fa B

ima|” |na)

mi

<

/B

1Mo

This model requires simple hierarchy mi > ms to obtain fi > f > fa

The two models reduce to natural inflation with the effective decay
constant f.



The potential is derived from the 5D action with two kinds of matters.

1 1
5 A mAuv B mBuv
S = /d w[——4FWF By — b H

— ipy* (0, + igasmi A, + igpsni By )Yy — ixy* (0, + igasma A, — igB5ngBM)x}

mq n1 mo n2
‘ V(A,B) = Aj (1 — COos (f—AA + f—BB>> + A3 (1 — COs (f—AA + f—BB>>
In the 5D gauge theory, mi, m2,n1,n2 correspond to the charges of
Uap(l).

Assumption: mz1,m2,N1,N2 are all integers.
We assume that charges are quantized.

The model parameters are given by

A 3 1 fap = 1 dap = 9A5,B5
L2 = oo a0 AP ga,p(2mL) "’ ’ V2rL




WGC and natural inflation + r = 0.16 require 2rfa.5 < Mpand |f;| = 20Mp

Axion alignment

_ /miTE nif
mi1Mo — 1Mo

iming — mong| <K |mq|, |n1] Ji

- max(|m1|,|n1|) 2 20 X 27 matter with large charge at least ~ O(100)

A matter with such a large charge seems to us quite unnatural, considering
that the energy scale under consideration is rather high ( H ~ 10GeV ).

Axion hierarchy

| 1] =~ ‘ /B ‘ im1| 2 20|n1me| X 27

mi

nims

A large hierarchy between the charges in the same gauge group U4(1)

Such a large hierarchy (O(100)) between the charges in the same gauge
group seems quite unnatural.



Various axion inflation models can be derived from the
higher-dimensional (5D) gauge theories.

The allowed range of the gauge theory parameters are quite
constrained. - CMB data and WGC

Among the models studied, Dante’s Inferno model appears as
the most natural model in this framework, the gauge
couplings are in the range g4 — 0(1) -

Single field axion monodromy leaves the problem that
whether the shift symmetry is a good symmetry or not to its
UV completion theory.



QY ~
Comment on the anionic coupling -—¢F},, F'*”

4f

In 5D U(1) gauge theory we could get the same type of interaction from
the CS action which breaks the Z2 symmetry in 5th direction.
After S! compactification, [Furuuchi and Jackson (13)]

0
9k A5” 5(0) g 0)

8t 2 f H

It results in the corrections to the power spectrum and the non-Gaussian
parameter [Barnaby etal (2010), Ferreira etal (2014)]

4m& 10 6 £
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PC one—loop — 7.5 % 107° - PCG




If we require

P. ~ Pptotal 99 1079 (Pe > Pe one—loop)
¢ ¢ G ¢ p

» £i<3

el < 117 by PLANCK

Dantes Inferno case, L ~ 107" GeV ™!

kig; - —31 —2 .
4T
3 3
It is evaluated as follows  |£4] ~ Ja kAgA) £ ~ kBgp
fB 4w 4T

We find that §; < 3 can easily be satisfied within our parameters space for
ka ~O(1) —0(10), kg ~ O(1) — O(100)

fa/fe =9gB/g94 <0.07, g5 0.2



