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e Axiverse cosmological history

Dark radiation/ Moduli-induced axion problem

Decay width coefficients
e Constraint on internal manifold

e G, compactified M-theory

Conclusion and outlook
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Moduli and axions arise from 11D metric and antisymmetric tensor fields

The moduli space of X is parameterised by moduli s; and axion fields t;

zi = tj +Is;

The number of moduli/axions is expected to be large (N ~ 100 — 1000)

Moduli start oscillate when H ~ mx — matter dominated universe

3

Moduli decay I ~ X can spoil the BBN prediction — mx 2 10TeV (de
P

Carlos, Casas, Quevedo, Roulet, 1993, Banks, Kaplan, Nelson, 1993)

Shift symmetry of axion is broken by non-perturbative effects — axions have
mass range 10~33eV — leV

Sizeable coupling — moduli decay produces too much energy density of axion
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Dark radiation is quantified by effective number of relativistic species, N

e The axionic dark radiation from moduli decay can be calculated by

43 ralxions< g* >1/3
7 Tyisible

ANefr = >
& reheat

The effective number of relativistic species from observables is

Neg = 3.55 + 0.60 (WMAP9), Nogz = 3.30 + 0.27 (Planck)

7_reheat ~

A model with only one axion — tight constraint on couplings (Cicoli, Conlon,
Quevedo, 2012; Angus, Conlon, Haisch, Powell, 2013)
® [axions X N — ANesr o< N

o Axiverse with O(100) axions — very tight constraint on number of axions

100 GeV — X ~ 0.1 (Higaki, Nakayama, Takahashi, 2013)

Our goal: study a (more generic) solution with large number of axions
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N

e The interaction Lagrangian can be written as following

1
L= K,J(')”s 8Hsf+ Kjo*t! 8Htf—f (

i=1

Z N;z;
e Moduli decay width is stralghtforward
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e Assume that all couplings are roughly the same order,
Gy~ (C) ~ By~ (B) ~ D ~ (D)

e As one would expect, increasing number of axions is equivalent to increasing
dark radiation.

. 2
(g o Pt o NCP
Cisive NG (B)2 + ne(D)

where the unity in mean value of (vazl Ui)? is used.

e Very bad situation for axiverse, ANgs ~ N ~ 100 — 1000

o = E =) Z[= DA
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Simplest way out — force each modulus to interact with only its partner —
Dark radiation is N independent

e if we impose condition on coefficients:

1 dmKP
Jkp 95

e on average, dark radiation becomes

C,'j = C,-(S,-j

(2

) X ety 4 or (07

where the orthogonality of rotation matrix, (vazl U2) = 1, is introduced.

The strong correlation is relaxed — which manifold exhibits this property?

o = E = Z= Dac
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e Calabi-Yau
N

VX = Z d,-ij;SJ-Sk, K = —'yln VX
ij,k

generically Cjj # C;dj; unless the coefficients is carefully chosen, for example
VX =d Sf or VX =d 515253

e G, manifold

N N ~ad
aj I’}

VX:HSI-‘, K:—’y E a,-InS;, K,'J':—S2

i=1 i=1 i
Only non-zero component is
—2’}/3; -2 Si 2
9;iK; = — Cj = #50.
Si yai
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e Can we do better?

e We found important relation between moduli mass matrix and eigenvalue of
Kahler metric which exhibit % behaviour of dark radiation.

VK x Uj

where K; is eigenvalues of Kahler metric and Uj is rotation matrix of moduli
fields.

e |n this case, correlation becomes

N(C)2 1
AN, 1
(ANerr) & N Bz + 2D = N

e How can we realise this in practice? — M-theory on G, manifold

CR= : =, Z= D

D Qv
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e M theory on manifold with G, holonomy - G MSSM (Acharya, Bobkov, Kane,
Shao, Kumar, 2008; Acharya, Kane, Kumar, 2012)

e The Kahler potential arising from G, manifold compactification is controlled
by moduli fields and given by the function

N N 7
K =-=3In (Hsf"), Za;:§
i=1 i=1

e |t has been shown that a setup with a hidden sector with two gauge groups
where first group is non-abelian with 1 flavour of quarks and second group is
pure glue non-abelian leads to dS vacua.

e In this realistic setup, superpotential is written as

W = A1¢aeib1 SVN;S; + Ayelt SVN;S;

o & = = El= A
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e |t is straightforward to work out rotation matrix from moduli stabilisation.

dj+1

- o= s , k S H
O eV ’

where i =1...N — 1 are degenerated lightest moduli and i = N is heavy
modulus.

e Notice that except k = j + 1, Uy o< \/ax o< v/ Ki. Therefore, we can suppress
the element Uj;1; by setting

j
Z ai < ajn
i=1

We expect ﬁ suppression on dark radiation under this condition.
o = E = Z= Dac
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e n-moduli dominated configuration

a = {e3,

7 ea(N
3n
N—n

e geometric sequence configuration

e In stead of scanning N parameters space satisfying condition, Z 1 Lai < an,
we will give toy models which can be parametrised by single parameter

' B (Nn— n)}

a = {ao, a0, aor, aor
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ongkitivanichkul (K

1.0

=] 5

DA
July 9, 2014 14 / 15




e Because of large number of axions, generic axiverse model have excessive
amount of dark radiation comparing with observations.
dark radiation.

e G, manifold relaxes strong correlation between number of moduli/axions and

e |t is possible to suppress (ﬁ) dark radiation by proposing relation between
moduli couplings and moduli mass matrix.

large number of moduli/axions.

[

e Within this framework realistic scenario of early universe can be achieved for
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® At the time of baryogenesis, the effective number of neutrinos is defined as

Prad = Pt + py + Nerpy
® The extra radiation part can be included inside the definition of N as following.

/
Prad

ANesr

= pet + py + Nerpu (
= pa
NefT

1+ ﬁ)
P3v
P3v
® Since both neutrinos and axion are not in thermal equilibrium

where

pa(BBN) _ pa(vdec)
p3v(BBN)  p3,(vdec)

Prad oy Pek Py
P3v P3v P3v
43
T2t
® Putting all relations together, we obtain

AN
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® To make prediction from moduli branching fraction, we need to relate this quantity to the
time of reheating in moduli decay scenario. Firstly, because of its very weak coupling, axion

has never been in thermal equilibrium. As a consequence, its energy density scale as 1/a*.
We can write

pa(vdec)  a*(reheat)
pa(reheat) ~  a*(vdec)
® Using the fact that comoving entropy is a conserved quantity S ~ a3g(T) T3 or
T ~

1
—175 —,» we get
agy/3(T)

Prad "~ g*( T) T

1
atgr*(T)
Prad(vdec) a4(reheat)gi/3(reheat)
prad(reheat)

a4(1/dec)gi/3(1/dec)
® Substitute back, we obtain the effective number of neutrinos

43 pa(reheat) gi/a(udec)

7 prad(reheat) gi/e'(reheat)

ANggr

43 Br(X; — axions) gi/a(udec)
7 1 — Br(X; — axions) g$/3(reﬁ|l1€at) )
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e We can further test configurations a; by GUT coupling constraint and
supergravity limit.

e The volume function can be written by

N

u 3PrQ 7
=326 =X (e )

i=1 i=1

e where we match N?™ with gauge coupling at GUT scale
SN (s) = &~ 25

o = E =) Z[= DA
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(a) Double moduli dominated

(b) Geometric sequence

Figure: Result from each configurations showing Vx as a function of parameter eV and
common ratio r, where points in blue, red, yellow are N = 20, 50, 100 respectively
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