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Strlng axXIVerse Arvanitaki et al. (10), - -

Superstring theory in compact 6D review of QCD axion
l recall Mark’s talk

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

Wide mass ranges =—» Probe of exDim

miw?—ge i
Inflaton, DM candidate (Fuzzy DM)
Hu et al (00), -

Demirtas, Long, McAllister, Stillmann(18)

Type IIB compactified on orientifold
hi,1 > 22 — lightest axion mass ma< 10-33 (~ Ho)



Axion as dark matter
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New window of Axion (like particle) search
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New window of Axion (like particle) search
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Parametric Resonance in cosmology

Ex1: Reheating
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Parametric resonance

free field in flat space w/ periodic mass M(¢+7) = M(¢)

wi(t) = k* + M?(t) = w; + OM?(t)

— wk Nnonosc

parametric resonance
€.9., Wk nonosc >> |§/74|

wknoncsc wk onose E
>

potential opens

only Wk.eesee WNOSE phases match to () can grow

even if the amp. of oscillation is tiny = Resonant growth
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Hill’'s 10 uation George William Hill

~.

inearized equation for  §¢(t, ') = ¢(t, T') — dpg(t)

gauge field OFF

~

d?y(t . ;
W) s ROy =0 i=m

wip = Ak —2qp(t) @) =t +T)

Ai, g €R e.g. Mathieu eq. () = sin(2t)



Floguet theorem Gaston Floquet (1883)

Floguet theorem states

A solution of Hill's equation y(¢) is given by

y/c(g) — Pl(f) €'Lbkg—|— Pg(g) G_ng Pz(f) = Pz(f—l— T)

i . Floquet exponent

U(f) =sin(2i)
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Parametric Resonance in cosmology

Cosmic expansion makes Bose enhancement ineﬁicient.
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Parametric Resonance in cosmology

Cosmic expansion makes Bose enhancement inefficient.

a(t) o 1 (8) o pF (1) (#, ## > O) )~ (i)

a(t)m

How fast?

oscillation m
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expansion H
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GVV e m i SS i O n Antusch, Cefala, Orani, (14, 17), Soda, Kitajiam, Y.U(18) -
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Efficient particle production,... Ak



Setup of the problem (Parametrization)

V(g)=(mf*V(), ¢

]
~ -

where V(¢) satisfies (in canonically normalized fame)

(1) Zo symmetry

~

(2) V(¢) = ¢?/2 in the limit ¢ — 0 5o
2 ~

m? =2V Bo=0(1)
d¢ ol f



Scalar potential of axion

continuous shift sym. . b — &+ 2nn/f
> dP+cC NP effects nezZ

e.g. instanton effects
V(p) ~ N4 coso/f

( Potential can be more flatten than cosg/f )

) Dilute instant Sroximation

see. implications for axion=inflaton, Atomura + (17, 18) Vo= [i- b

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

etc...



Whenm >>H 7 : ¢ = dominant e.g. ¢: inflaton

.e., Oscillation becomes much faster than cosmic exp.

Friedmann equation

H ? . f2 d& 2 T Hosc f
(E) =67, [(%) iy 2V(¢)] — T S
O(1) O(1)
' f HOSC
30, Y recal WGC —
Recall natural inflation w/ V(¢) =1 — cos ¢ f> Myl

Analysis w/o mass term, see Amin & Lozanov (17)



Whenm >>H 7 : ¢ # dominant e.g. ¢: dark matter

.e., Oscillation becomes much faster than cosmic exp.

(Time scale of cosmic exp.)  (Time scale of V driven motion)
1/H Ve /d) V3/l/m

Slow-roll << recall 97¢+ V=0
Onset ~

Oscillation >>

~ ~

e.g. V(¢p)=1-cos¢
with & ~

Hosc ng

Vs 1
<<1, m ~ ‘§‘<<

N.B. The dynamics is independent of f.



Hill's equation in cosmology

a field coupled w/ coherently oscillating scalar field

s Fwi(D)yk(t) =0 t =mt
wip = A, — 2q(t) A, g € R
for Hose/m << 1 ¢(f) =~ ¢(£+ T)

What characterizes the resonance for general Hill's eq."”

efficiency, structure of the spectrum, etc...



What characterizes general Hill’s equation?

Violation of the adiabatic condition? Fukunaga Kitajima, Y.U. (19)

No, even for Mathieu eq.

dwk/df‘ g|d(t)/dt]
— ~ > 1 Ak~
2| T A — 2q0(0)72 X

e.g.

Coming back to the basics,...

o :— 2@p(£)

amplitude of amplitude of
non-oscillatory part oscillatory part



Fukunaga, Kitajima, V.U. (19)
see Hayato’s talk tomorrow

Brute force analysis of Hill’'s equation

stability/instability chart is “generically” characterized by (Ax, Q)

wip = A — 2q (1) 4= \/<(wg _2<w2>)2> Ap = {wi)
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Fukunaga, Kitajima, Y.U. (19)

“General” property of Hill's equation

large g (large opening angle)— rapid growth, wide band

Narrow res.

Kitajima, Soda, Y.U. (18)



Parametric Resonance in cosmology

Parametric Resonance can be efficient and sustainable
also in expanding universe.

Ex1: Reheating
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Bottom-line story

. : 1 2
hq;j + Sth'j — —2V2hz‘j — —QH;ST @hw = 0 and hu =0
a Mg,

non-linear h: +, -

homogeneous

axion ' o]0 > . Nij, n
1,
" = ?P;j 01O

)
Y

> . hyj,+# hy, -

=
: mi (£) (£) (£)
e eateeeaeerer e eEe e neaeene e e e e eaenrnnr e e nanena® TGy g €



Fukunaga, Kitajima, V.U. (19)
Parametric res. during RD

1 1
V(¢) — 5 [1 N (1 + q52/C)c] (C - O) Nomura + (77; 78)

Growth rate Re[ux] for linear perturbation (in RD) eg. axion DM
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L attice simulation

Kitajima, Soda & V.U. (18)

see Naoya’s talk tomorrow

saturation
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(b) c=2,¢; =2f
Narrow res. dominant
g << 1

saturation

N

\

. hﬂmMHl| )
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mT

(a) c=5,¢; =3f
Flapping res. dominant
q=0(1)

Cosmic exp. does not stop growth, but backreaction does.

Lattice simulation Ngrig=(256)3



Kitajima, Soda & Y.U. (18)

see Naoya'’s talk tomorrow

GW spectrum
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f=10" GeV, ¢ =5 and ¢; = 3f to evaluate the present value, x ()



Detectabllity

Kitajima, Soda & V.U. (18)

10° |

v0 |Hz]

Redshifted frequency Yo = %a(aem) occma/?  Soda & YU.(T7)

ao

Amplitude Qcw h? « f# fa: decay const.




Multi-wavelength GW era

«* 7 NANOGrav

The spectrum of gravitational wave astronomy

h 4 Cosmic Microwave
Background All three experiments measure
T changes in light travel times
-5 we1%.7 Pulsar Timin
10 Y . uisa g between objects due to GWs.

Arrays

Multi-band GW observations

may tell us about mass spectrum of axions
higher freq.

107%

earlier onset

of oscillation
Onset of

oscillation

m > heavier axion




GW forest

Kitajima, Soda & V.U. (18)
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e.g.Svrcek & Witten (06)



a=(

Kitajima, Soda, V.U. (18)

GWs from axion DM

freq. of GW vo > 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 (Qph?)?

for k=10 Qcwh? ~ 10719 at vy =nHz

nHz

o

Qawh? ~ 0.8 x 107 BK1A2 (

or lower frequency btwn CMB & PTAS?
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Prospects on polarized GW forest Kicajima Soda & V4. in prep)

What about a=( ?

e GW circularly polarized

see also Adshead +(18)

e More prominent GW emission

- Larger A (Less symmetric)

- Weaker abundance restriction 0 T % 30 10 30 o

mT

GW from axion DM

1
Qawh? =~ 0.8 x 107 Bx4A2 <

2
) @t x5
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87
Chern-Simon coupling ~ Lint =

Coulomb gauge (Ao=0, 0iAi=0)

d2./4h I HdAh I 9
a2 m di

Circular polarization bases h = +, -




2 polarizations

Recall electromagnetic wave from receiver

Right-handed (Clockwise) Left-handed (Anti-Clockwise)
h=-




Circular polarization

e

with ¢ F' F @Vr@

Right-handed (Clockwise)

| eft-handed (Anti-Clockwise)
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Circular polarization

with ¢ F' F M
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Chern-Simons coupling ~ £int = %? FF

1) Monotonic evolution of %

— (Generate circular polarization

: . dé
2) Oscillation of

Parametric resonance g a
a>>1 Broad resonance for m/Hose>>1
a~0O(1) Flapping resonance oersistent

a<< Narrow resonance



Patel, Kobayashi, Tashiro, VU. (in progress)

see Teerthal’s talk tomorrow

Magnetogenesis from axions

During inflation

1) axion: dominant

| | 2) axion: sub-dominant
During reheating

After reheating till recombination

2) axion: sub-dominant

After recombination



Patel, Kobayashi, Tashiro, VU. (in progress)

Magnetogenesis from axions

~= Resonant production is possible
" coherent length at generation is small

During reheating




Patel, Kobayashi, Tashiro, VU. (in progress)

Preliminary

Efficient energy transfer

. ~ o~ 1 1
d=inflaton w/ V(o) =5 [1— T /C)C] (¢ >0)
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Inverse cascade

Circularly polarized electro-magnetic field
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Patel, Kobayashi, Tashiro, VU. (in progress)

Magnetogenesis from axions during inflation

axion=inflaton

¢ — Ay
~ for a>>1 or Hose/m<<1

During reheating

Inverse cascade



Order estimation

Inverse cascade until LSS

- helicity density is conserved after the transition

a

3
1) = [ st (AP = IA) = AMnba® (Z B, (ki peak)

- dissipation below the turbulence scale

)\m,()
Mpc

a —_ Bkm rec (77 ) —_—
-~ /UA,TGCHTG](-; = ’ = Hreﬁ — Bkm,o = 10 HG X

km,rec Prec

Adiabatic evolution after recombination

2
ao Urec ao
)\m,O — Bkm,O — a Bkm,rec

arec km,rec




Patel, Kobayashi, Tashiro, VU. (in progress)

Preliminary

Crude Order estimation

Assumptions

- helicity density is conserved after generation (— reheating)
- (Hyper) B field generates completes before plasma creation

- B dissipates below the turbulence scale (after plasm creation)

>\m,0
Mpc

1 1 2

* Ak 3 A(ln k)* 3 ( By )§
Amo =~ 3.3 x 10°Mpe [ 2 )  2mx max
. be (aO) (Gevl) [A(ln k)'rec} <G6V2

. . 10°GeV ( f/Mp ' (N8 ( P\
. b . e
during reheating  Amo < 10 MpC( Ty R ) ( 107 ) (1) ( )

Bkm,O = 10nG X




Summary / Discussion

Parametric Resonance can be efficient and sustainable
also in expanding universe.

- GW emission

- Magnetogenesis

Next issue

- Chiral fermion production?



