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? Physics in the early Universe ?

Afterglow Light
Pattern
400,000 yrs.

Dark Ages

1st Stars
about 400 million yrs.

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planets, etc.

Big Bang Expansion

13.7 billion years

oy,

Inflation ) S

(inflaton—+graviton)

Fluctuations of CMB anisotropy, large scale structures

Primordial gravitational waves (PGWs)

(today’s talk)
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PGWs observations

e Observational method

» B-mode polarization of CMB
> (Space) gravitational wave interferometer
» Pulsar timing array etc.

e Observational quantity

t
» Tensor-to-scalar ratio r=—< 007 BICEP2/Keck Array (2016)

Ag

» Energy intensity of GWs ng(f) = ! dpgw (Pc — 3M2H§>



How are primordial GWs generated?

Metric of spacetime

g drtdr” = a(7)?[—dr? + (65 + hyj)dz'da?]

1/k
l Substituting in Einstein eq. 'T‘
inflation big bang
a’
(ahij)” + <k2 — —> (ahij) =0 1/(aH)
a
l Solving in Fourier mode...
H .
hie = i — kT)e "7
time




How are primordial GWs generated?

Metric of spacetime

g drtdr” = a(7)?[—dr? + (65 + hyj)dz'da?]

GWs powerspectrum

(nearly) scale-invariant

H2
2M2

Ajy (k) =

k=aH parity-symmetric

CMB observations (COBE, WMAP....)

1016 ro\ /4 . .
B Eint =~ 107°GeV 001 <« High energy physics?

(GUT, string theory, supergravity...)
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How are primordial GWs generated?

GWs spectrum is related to the energy density of GWs

h2 dpgw
heQew(f) = p_odlpTgf ~107%AF (k)  (ho : dimensionless Hubble parameter)

(f > 1071 Hy) Sensitivity curves of GWs

10°

(simple inflation models...)

aLIGO
KAGRA

E ¢ 4 10
h(%ng(f) = 10_15 (2 X 1011nGGev> 2

10°%

Qh?

10° |Stochastic

(f > 10_16 HZ) background

107

Pre-DECIGO

DECIGO

10715

10" 10°* 10 10 1072 10° 102 10° 10°
Frequency / Hz

http://rhcole.com/apps/GWplotter/ 7/29



Today’s talk...

Reconsidering PGWs production...

Ordinal EOM
1"
(ahij)" + <k2 — CL_) (ahij) =0 (vacuum fluctuations)
a
In fact...
7
(ahij)" + (kz — %) (CLhij) = S,L'j @

Scale-dependent!
Parity-violated!

— hij — (hij)vacuum + (hz]) source Etc.

Particle production of GWs predicted by high energy physics!
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Today’s talk...

-

” \\ inflation GWs provided by gauge fields

," Axion phyrsics \ :
E— <> Detectable amplitude
<> Parity-violated spectrum

\
3 (string theory, supergravity),ll
TSeeo __-==""Particle production of
gauge fields

Lagrangian density for Axion system

1 5 1 Ao~ y

m’ﬂc with CMB data J

goal :researching an inflationary model to generate chiral gravitational waves

Fourier mode

SAF AT

—
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Chiral GWs from an axionic inflation
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Axionic inflation with SU(2) gauge field
Fi, = 8,A% — 8,A% + ge™ A AS

Chromo-natural inflation | r.Adshead & M. wyman 2012

S = SEH + Saxion + Sgauge + SCS

1 1 1 apy a apuv pa
:/d4$ [§R—§(0M¢)2—V(¢)—ZF H FNV__)\fF H FMV

At b P VAo |
Background configurations Vi) =4 [1 COS(f)] F = o\=ge T FY

” N

space-time (flat FLRW) : ds? = —d¢t? + a(t>25ij datdx’

inflaton + SU(2) gauge field : gp p— Sp (t)

N o ,

Solving background equations for not only ¢(t) but Q(t) !
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Axionic inflation with SU(2) gauge field

Equations of motions for &(t) and Q(t)

A
“9Q% o o o

f

4 \ . )
N+ 3HG +V, = ~379Q°(Q + HQ)
W+ 3HQ + 21 Y X)Q + 200" = 290%
K f / || L] L |
Q e
Assuming A > 1
(image)
| Slow-roll solutions
N _ e Ve
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Axionic inflation with SU(2) gauge field

Equations of motions for &(t) and Q(t)

A
“9Q% o o o

4 N ) !
N+ 3HG +V, = ~379Q°(Q + HQ)
W+ 3HQ + 2H? £H)Q +20°Q° = 2907
K \% f / L | ||

Assuming A > 1

e

Inflationary dynamics (slow-roll parameters + energy density of elemag fields)

. )
4 g 11+myvy 9@
€H= "7 ~ % 0T H!
H A mQ V
€EH 1 1+mé <2V¢ V@@)
neH = =~ 3
egH A m Vv Vs
\ Q @ /

(
3 3
— _E2 ~ H2 2.
PE 9 9 Qmm
3 3
PB = _B2 a _92Q§n1n
K 2 2
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Axionic inflation with SU(2) gauge field

S = SEH + Saxion + Sgauge + SCS

11 1 1 g
= /d4x [5}2 — 5(0u9)* = V(@) = FF" Eyl, — PAZF

w4 nf W]

Considering perturbation...

-

.

o =p(t) +dp

A% = a(t)Q(t)5¢ + 15 A

J

Parity-violating interaction

0AY Dt < 0g,

Couples to metric tensor mode!

4 ; )
Fourier mode
ANCTrFE kD AR5 A
f I D = 7 k k
N\ J
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Axionic inflation with SU(2) gauge field

quantization

4 )

i@, T) = AZ; f o elj(k)tA(T)e”l""J

= 3. f B |yt by + el (=R ()b’ |
_ A= (b} ,b% 1 = 2r)’6apd’(k + k') y
EOM for free gauge particle (z = —k7 : dimensionless time variable)

d2t+( A ZB)f_LNO AZ5my F1) 570
£ o

|+ —=F —
dx2 )CZ X B:2mQ+mél>0

t;: m? <0 for %(B—\/BZ—A)<x<%(B+\/BZ—A)

One helicity mode is enhanced due to a tachyonic instability!

—> producing parity-violated gravitational tensor modes! 15 /29



Axionic inflation with SU(2) gauge field

Gravitational waves power spectrum in this model

o , 2H?
Py(k) = Cinl Iy (7)" liny = —=-
PHEY = linl (TR i 2H” 3 40 2 2
0 = Cinl (e lim) = == |1+ 81C2P Q2 [ Tolmg) = mo Ti(mg) +mb Ta(mo)|' |
P+

Qumin = 1072
Qumin = 2.5 x 1072
Qumin =5 X 1072

P— 100+

sol

20 -

10 -

P.Adshead, E. Martinec & M. Wyman 2013
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Axionic inflation with SU(2) gauge field

Observational constraint on CMB (scalar modes)

Gauge field also produces scalar part.

0.002 h/Mpc

SA+A— 6o (R)

affect C
Ng , T (CMB observation)

In conflict with CMB observation...

01 |

Tensor—to—scalar ratio, r, at k

0.01
1




Our study
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Reconsidering conventional model...

Chromo-natural inflation

L = —%(@Lgo)z —Vip) — %FF — %?Fﬁ’ x CMB observation

(large amount of chiral GWs)

Considering from the point of high energy physics...

A
FF — [(t)QFF (A > TOE = Aer(?) : dynamical)
a\

A gauge-kinetic function of scalar field “dilaton”

Chiral GWs generation should depend on time!
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Dilaton and Axion with SU(2) fields

Model building

IO and J. Soda 2016

Action

S = SEa + S ditaton + S axion + S sauge T Scs

1 1

1 1
S f dx* =g [—R — —(8,0)* — V(p) — 5(6,,0)2 - W(o) - Zl(so)zF WF, =74

2 2

l o~
_Favaa
47 f ]

The scalar fields and SU(2) gauge field

-

©(t) : dilaton

o(t) : axion

\_

Q(t) : VEV of the gauge fields

__________________________________________

__________________________________________




Dilaton and Axion with SU(2) fields

Friedmann equation and EOM for a(t)

2 _ 1.5 L
3H =§cp +V+§o- + W+ pp + pp
: 1 1 2
H=- 59'02+50"2+§(p15+03)

EOMs for ¢(t), o(t) and A(t)

)i
$+3Hp+V, =27°’"<pE—pB)

A
(}+3H('T+W(,:—3?EB

. I A a4 A?

A+|H+2=-|A +20°— = —go—
+( + I) + 28 = ffrgap
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Dilaton and Axion with SU(2) fields

Initial conditions of the background motion

/>dilaton is energy dominant (playing a role of an inflaton) : \

3H2 ~ V (gp(t) : inﬂaton) — Producing CMB fluctuations!

» weak gauge kinetic coupling function :

I(go) X a(t)n , n < —2 ( < 1) (Suppressing axion-gauge interactions)

A
I(pi)?

» The vev of gauge field is near the origin of its effective potential:

, 1A g0 1

. L 2 iy 8 o < = =2
KUeff(Q)—(l"'HI)HQ 377 P +58°¢ /

22 /29




Dilaton and Axion with SU(2) fields

A background inflationary dynamics (two stages)

1/k ,
XEX0Isé XM i 62)(‘00 CQQBIY_)Q 1/(aH)
******************* cMBscales | |
| - A <1 (X Chiral GWs)
; Ve Thp
| @: 21 (O chiral GWs)
; I(p)?
<€ > €
dilaton axion i
+gauge field i
| a
O P Y Sinl time

mma 23/29



Dilaton and Axion with SU(2) fields

The dynamics of the vev of gauge field

log o QD)
E— - o toqs Slow-roll solutions of <—
10 5 20 25 |
N ) ” 4 2 )
3H ~ W
2 1/3
O =~ Omin = — fWo (const.)
"2 3AgH
—4 11 o | I
T A A LT
=i \ f mQ /
-6
10 and J. Soda 2016
(Ags Ags romy g0 A, f) = (1072, 2% 1073, 1, 2,01, 107, 107", 10) Chromo-natural inflation
| V(g) = At explre] W(O'):A‘z‘(l—cos(%)) i (Providing chiral GWs!) (>nHz)

e 24 /29



Dilaton and Axion with SU(2) fields

Tensor mode dynamics

_______________________________________________________________________________

[ 2 1 k ik-x
Met”C' w’bj p— ah@j ij(ﬂ? T) Z\[(z )’;ej( )!;[’k(T)e

—22 f o [eAkwi@at + e (R @a'l] = |

Gauge field: [ (§A)pp = ta e ) f = )3e Sy

______________________________________

EOMs for free tensor modes in dS space-time (x — —kT)
d? 2 ittt e
%, +(1- =]y =0, ey I T
de | 22 fH'
A2 2 ) N
i 1_dl/abc +2mQ§ 2(mg + &) Foo | 50
dx? I b s X Mo = 25/ 29




Dilaton and Axion with SU(2) fields

Tensor mode dynamics

Weinberg 2005
Calculating tensor spectrum...(using in-in formalism)

TN-1

@myo(k + k') (inl Bt (x)? liny = > " (=i)" f i f " i dry
N=0

x 0| |[ @ h (0, Hi(r)| s Hi(ro)| ... Hi(t)|10) .

lin) = T exp (—if d%HI(%)) |0)
oo(1+€)

3 VEE VEp VE€pip . € — €
Hi(7) = - fd x l—'ﬁ”%‘j - TWmffljfﬁq,f e Wt Sy

b, o |
N Zf(zn.)% JAlﬁAk %W‘k ’ vij:tij_Ytij’ Vi = T IIA’E
| € |




Dilaton and Axion with SU(2) fields

Power spectrum of chiral GWs in late time periods :

( ~ 2H2 \
ph (k) = _k3
+ 2H2 2 2 2
P (k) ~ — |1+ 80 |[To(mg) — moI (mg) +(=2 + m) ]2(mQ)' )
v Y ¢ N /
2 10 eLISA @ eLISA
Q- - 10—1 10t | i \4 p
min — re-DECIGO
4
/ 2 10 2
2 Qmin = 107
b 101" 10°® 10°¢ 10+ 107 10° 102 10° 10°
requency / Hz
23 s e - 27/ 29

10 and J. Soda 2016




Summary & outlook
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Summary & Outlook

We study the mechanism of generating chiral primordial gravitational
waves from particle production, which are consistent with CMB
observations.

We introduce a dilatonic field in the conventional model , chromo-natural
inflation, and generalize an axion-gauge interaction dynamically based on
the fundamental theory.

We might discover the parameter region where chiral GWs consistent with
CMB data are produced, which might be detectable in future GW
experiments (DECIGO, eLISA, SKA...).

We must check the reheating age in this model and consider the dynamics
of anisotropic background.
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Appendix
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Dilaton and Axion with SU(2) fields

EOMs for A(t) in an early period

- i\ - ™
A+ H+2;A20 — al”A =const. =C

3,47 3C7
\_“_> e = 27 a2 20412 y.
Slow-roll equation for ¢(t) in an early period
2 3c2
3Hp + V. 22—Sp SN 4122_’1 1+ D 2(n+2)
i ¢ ey T )
n+?2
PE = ——— eyV
n

31/29



Dilaton and Axion with SU(2) fields

The dynamics of the energy density of gauge field

1 - _ 2 pE _ 2 pp
CWEE @=3mc $=3m
| Slow-roll solutions of «<—
-5
: 2 . 199
b 3H-" =V 3H90+V¢227p5
-10!
W
_15: /f —————————————————— ~
CMB scales 2 2
: ! n- 3C
L atlP > — ~ const
10 15 20 25 L | n+22eV
|0 and J. Soda 2016 : 3C2
.................................................................. ——> P =55 = const
(Ags Aoy 1omy g, 4, f)=(1072,2%x107,1, =2.01, 107%, 107!, 10) l 2a°1

- I S IS I B S B B B B B B B e e e o e

V(p) = Ajexplre]l  W(o) = Al (1 — COS (%))



Dilaton and Axion with SU(2) fields

The dynamics of the energy density of gauge field

log o€k B € = 2 pe _2ps

="t — B:__

3E2 PT3m

\
€
-10!
-15!
| CMB scales ‘
| e—folds
10 15 20 25

10 and J. Soda 2016

(Mg Agurom g A f)= (102, 2% 107, 1, =201, 107, 107, 10) |

V(p) = Ajexplre]l  W(o) = Al (1 — COS (%))

s

Slow-roll solutions of «<—

3H? ~ W

o e[S\ (const)
0~ 0 = (L)

3222 2 24
pEZEIHQmin sz_Ingjn




Dilaton and Axion with SU(2) fields

Phenomenology in CMB scales

2H? 2
=+ ~ 2 _ <4 PE
= dlnk%p;f N 8EE (IH)Cf) _______________________________
' dink 1+ 4ep (Inxp)? 60 <Inx; < —50;
(scalar modes spectrum)
B H AP,  2AE (nx;)
P — ~ 1 = (1 - g— 1 = ‘L a = ! |
3”0 > g (14 A& (nx)’) e | = = e gy
&= [
o '+ 484 (Inxy)? o Ne
Tensor-to-scalar ratio: ; = & i ~ 1662 S g(1nxy) f::::::::::'::s:pzl‘
7)6" 1+ A 8% (hl Xf)2 .“A?__Q@_Q}



