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Axions (or ALPs) from string theory

Superstring theory in compact 6D

l

4D low energy EFT + Axions + Moduli ....

Wide mass ranges =—» Probe of exDim

'

Inflaton, DM candidate (Fuzzy DM)
Wu et al (00), - -

ex. Large Volume Scenario Conlon et al. (05)

Predicts light mass axions -‘E'



Scalar potential of axion

continuous shift sym.

b P+cC NP effects
e.g. instanton effects

>

Are you sure with cosg/f ?

- Dilute inst proximation

for ¢/f << 1 V(p) x @2
for ¢/f z 1 cosg/f ?
SU(N) in large N fet c N —>

Dubovski et al. (1), Vamazaki & Vonekura(l7), - - -

Vig) =

M* |1 —

¢ — ¢+ 2nn/f
nelZ
V(p) ~ N4 coso/f

Witten(79, 80)

Plateau structure
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Scalar potential of axion

continuous shift sym.
d—>P+cC

e.g. instanton effects

> ¢ — ¢+ 2nn/f
nelZ
V(p) ~ N4 coso/f

NP effects

( Potential can be more flatten than cosg/f )

) Dilute instant O

l—'/'>
oroximation

see. implications for axion=inflaton, Nomura + (17, 18)

i) Non-min. coupling w/gravity, Non-canonical kinetic term
Recall a attractor model for Re[T] Kallosh & Linde + (13,14, )

iil) Superposition of multiple cosine terms



Plateau phenomenology

. | - Onset of oscillation

~ N\ (w=-1)

~ dust (W;O)




Search for string axiverse Soda & YUT7)

Kitajima, Soda & V.U[I8)

o) —> Ot X)

nst. turbulence
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Normalization

Neglect back-reaction on geometry

— Axion’s dynamics is independent of (m, )

82
O07¢ + 3HO, ¢ — ngv,qs = ()




Evolution of k=0 mode

~ m mi ~
w — 0,3/2¢ _ o ﬁ = ? ~ 1
L e S oy ) : O(1) numb
T |_£2 .q}_ = (™) : O(1) number
>> slow-roll
~ onset of osclllation
<< oscillation
e.g. Vx 2 — P~ cosmt
V-

~

finitially || <<1, fose ~ > 1 delayed oscillation

HOSC
Plateau condition, V shallower than @2



Scalar potential

RS
]

V(g) = (mf)*V(e),

|-

where V(¢) satisfies

(0) Z2 symmetry

~

(1) V(o) — ¢?/2 in the limit ¢ — 0

(2) Plateau <<1 for|o|>1
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¢

- ac 650
inflection point(s)
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2. Evolution of k#0 mode :
- Linear ~ N\ (w=-1) l Transition

for m/Hose>>1

- Non-linear

~ dust (v;/:O)
3. Pheno. Prediction: GW forests



Linear analysis

Linearized KG eq. in FRW universe (W/ k/aH << 1)

d? _ 372 09k
g Xr @ e =0 w=agE

E\? /-
2 .

see e.g. Johnson § Kamtonkowski (0g) for analyses
w/metric perturbations



3 phases for axions in plateau for m/Hosc>>1

m
N (1) Slowly rolling down in Vg3 <0
Tachyonicinst. £ < /|7
am

(2) Oscillation between
Viz<0 +—> ~Vg55>> 0

continues long

(3) Oscillation in Vs> 0

P Ao
V=75 + E(b +0(¢")
: corrections

Vep < O Ve > 0 Ves < O

Narrow res. sustainable
Soda & Y.U(17)



Instabllity in phase 2 Vip<0 «— Vi3>0

Vea < O Vas > 0 Ves < O

wi2 < 0 wi2> 0 wie < 0 Adiabatl ondition

Broad res.”? Tachyonic inst. like phase 17
- Tachyonic instability N

} —> peak at k 20
- “some advantage” for larger k



Kinematics

D Vs> 0
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Kinematics

HVss>0 M

@\7&;5<O

- <y

@ Ves<0

2 <

as X!

@ finishes soon for K # 0

=g > X
/ N damping

>X/<

tachyonic instability



Instabllity in phase 2 Vip<0 «— Vi3>0

~~

Vig)
5
7 Xk + wi X =0

0.10-

0.05-

Vea < O Vas > 0 Ves < O

wi2 < 0 wi2> 0 wie < 0 Adiabatl ondition

Broad res.”? Tachyonic inst. like phase 17

- Tachyonic instabllity <V V! } — e g
- To shorten @ , larger k

QresT o




|61

wo Instabllities for plateau axion

Kitajima, Soda & V.U. (18)
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Flapping res. dominant
- broader peak

- Much more efficient



L attice simulation

Kitajima, Soda & V.U. (18)

saturation
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Flapping res. dominant

Phase 2: Long

Lattice simulation Ngrig=(256)3
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GW spectrum
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f=10"GeV,c=5and ¢; =3f {0 evaluate the present value, x Q



GW'’s frequency

Kitajima, Soda & V.U.(18)
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v agp
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momentum flow due to turbulence

e.g. GWs emitted during radiation domination
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GW forest

Kitajima, Soda & V.U. (18)
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Axions from string theory f~ 1016 GeV eg.Svrcek & Witten (06)



GW forest

Kitajima, Soda & V.U. (18)
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GWs from axion DM

Kitajima, Soda, VU. (18)

freq. of GW fo > mass m

abundance of axion » decay const. fx mass m

Crude Order estimation
using (¢, x) ~ f(aosc/a)3? A 1 Sym. suppression (< 1)

)2 (Q,h2)°

for k=10 Qcawh? ~ 1071% at 1y =nHz

nHz

o

Qcawh? ~ 0.8 x 10 1B8K1A2 (

or lower frequency btwn CMB & PTAS?



Oscillon formation

Ngrid=(256)3

c=>5and ¢; = 2f. The red, yellow and white region correspond to p/p > 2, 4 and 10



Summery

New window of axions in plateau

Theory side

Various instabilities for scalar fields who are initially
located at plateau region.

Keys: Delayed oscillation, Flapping term (Phase 2)

Phenomenology side
Predicts bGWSs at various frequencies, multi-band obs.?

GWs from axion DM: sweet spot is btwn CMB & PTAs.



