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® 1D classical objects:

® [oopsemit GW power
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—p independent of loop length
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Rotating complex scalar field

“Affleck-Dine Baryogenesis” (Affleck, Dine, 1985)
“Axiogenesis” (Co, Hall, Harigaya, et. al., '19)

Ingredients for successful kination era:
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“Affleck-Dine Baryogenesis” (Affleck, Dine, 1985)
“Axiogenesis” (Co, Hall, Harigaya, et. al., '19)

Ingredients for successful kination era:

l. U(1)-symmetric (quadratic) potential

. . . ll. Large initial scalar VEV
with spontaneous symmetry-breaking minimum
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v<q>>=m3|d>|2[1og<'fg' )—1} Vy=—H*|®|

(generic in SUSY) (Dine, Randall, Thomas, 1995) (SUSY again)

I1l. Explicit U(1)-breaking term

(wiggle for angular velocity) IV. Damping of radial motion
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51 int Kination energy scale Peak position for GW from inflation.
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Local cosmic strings symmetry breaking scale ~ M1/ Gy

Y@, Servant, Simakachorn, 2111.01150
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Local cosmic strings symmetry breaking scale ~ M1/ Gy

Y@, Servant, Simakachorn, 2111.01150
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In terms of model parameters
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Axion Dark Matter

circle of 5 m?f2[1 — cos(0)]
¢ :f 0 T 2n 3n A1
a

Kinetic energy red-shifts ézfg o a~° until szg a mg fg.

PQ charge in the spinning axion transfers to the axion number density
via kinetic misalignment & axion fragmentation

[Co, Harigaya, Hall, '19] [Fonseca, Morgante, Sato, Servant, ’19]
[Chang, Cui, '19] [Morgante, Ratzinger, Sato, Stefanek, '21]
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QCD Axion Dark Matter

e e : . g g _ fgé’
via kinetic misalignment & axion fragmentation— | = — =

S 0 A KD SKD

[YG, Servant, Simakachorn, 2111.01150]

GW peak & Axion abundance . Z
s B
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The conventional QCD axion DM has no observable peak,
except BBO or HF experiments.

Observable signals for generic ALP DM and
QCD axion DM with lighter mass, e.g., from the Z,~axion.



Conclusion

Cosmic archeology with GW from primordial inflation and cosmic strings
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The simplest kination era

¢ : Ekinetic o Epotential
equation-of-state: Wy =

\ Ekinetic + Epotential

V(g)

scalar’s potential

Maximum Dy = 1, when Ey;p.ic > Epotential



The simplest kination era

¢ : Ekinetic o Epotential
equation-of-state: Wy =

\ Ekinetic + Epotential

V(g)

scalar’s potential

Maximum Dy = 1, when Ey;p.ic > Epotential

A scalar field dominates the universe with large kinetic energy,
“Kination” era. (p, a_6)
[Spokoiny 1993, Joyce, 1997]



The simplest kination era

¢ : Ekinetic o Epotential
equation-of-state: Wy =

\ Ekinetic + Epotential

V(g)

scalar’s potential

Maximum Dy = 1, when Ey;p.ic > Epotential

A scalar field dominates the universe with large kinetic energy,
“Kination” era. (p, a_6)
[Spokoiny 1993, Joyce, 1997]

Example: quintessential inflation Peebles and Vilenkin 1998

Prot
A

inflation

reheating

Kination
ptot X Cl_

Total energy density
of the Universe

» gscale factor a s



inflation

GW is an extra radiation.

Prot
° Too much GW violate BBN/CMB bound:

AN, < 0.2

scale factor a

A long kination after inflation cannot have observable signal.
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inflation

Kination

p tot

ptot xa

GW is an extra radiation.

scale factor a

A long kination after inflation cannot have observable signal.

(Hyyr = Eqpl \/§MPI)

Inflation scale H;,s [GeV]

> ANeff S 02

[YG, Servant, Simakachorn, 2111.01150]
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Too much GW violate BBN/CMB bound:



What if instead kination occurs long after inflation ?

Prot
f inflation ra diaSM Matter er3a
/0¢ X q

Kination era (p, a_6)

cosmological evolutigp

scale factor a

BBN

Total energy density
of the Universe

Spinning axion!
[YG, Servant, Simakachorn, 2108.10328 & 2111.01150]
[Co, Harigaya, Hall, et. al., 2108.09299]

Peaked GW signature
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Number of e-folds of kination
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Baryogenesis from a spinning axion

Standard “Axiogenesis” [Co, Harigaya, ’19]

U(1)py-charge transfers to baryon number via SU(3), and SU(2) sphaleron.

o = o2 (205 ) [ )

CB Tws 108 Gev) (10710
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GraVItatlonal waves from primordial inflation
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Peak amplitude Qgw ,KDh2
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Effect on short-lasting GW
e.g. first-order phase transition

Thermal phase transition where the source of GW is the thermal plasma
cannot have the enhancement.

(Gouttenoire, Servant, PS, to appear)
cosmological evolution

A <
KD S PT GW
’ = T Tkp T 4om i
cosmological O Standard nsTKD) at cach 1,
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> X €VOLLIO T Cosmology . Jat )
u&; PS o
5 <
E
: £
O
a !
= suppression from N 'fé PT GW durin
smaller bubbles KR o S
for fixed f/H, A kination-matter era
> >

scale factor a/aq, Peak frequency f, ., [Hz]

Super simplified argument: For fixed /H

the bubble size is fixed to be some fraction of Hubble horizon.
During the matter-kination era, Universe has smaller size, smaller bubbles, and thus weaker GW.

Other spectral distortions, e.g. causality tail [Hook, Marques-Tavares, Racco, "20]
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Quintessencial inflation with a-attractor
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Inflation + global cosmic strings

String network formed at energy scale 7
continuously produces loops which decay into GW (and also particles.)

E.g. Axionic strings from PQ symmetry breaking with 7 ~ f, .

4 r _
3 - . Adob2 L 1n—14 U exp(2Np) 30
sak amplitude from global strings: Qpeakh ~ 10 ( e GeV) 08 log”(
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10-12L T global-string NS %" ) [for loops’ size: (0.1)H™!

- — = inflation A

With E, - ~ 10!° GeV,
two-peak signature
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Model A: trapped misalignment



Model A: Trapped misalignment [Di Luzio, Gavela, Quilez, Ringwald, 21]
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Detectability in axion parameter spaces

Gouttenoire, Servant, PS, to appear)
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Long Kination = too much GW

GW from local cosmic strings

]«
4+ inflation é 10719 IS 10
= 1074 P& (A 10"
z; 10_18 4= % 101(
L
oo 10722 10°
= 26 10°
;_‘ —_
= 10

scale factor a 10_30 by Simakachorn 104
10072 1 100 10° 10° 10'2

Ending of the kination: 7Tx [GeV]

The cut-off of the cosmic-string GW is crucial for the BBN constraint.
No well-motivated model that generates cosmic strings during
Kination ?



Model-independent kination from spinning axion
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(the spinning speed of axion 0 when kination starts) Y

2. the duration of kination era Ny, = l0g(dg,/depg)
(related to the beginning of the matter era) circle of ¢ = f,
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GW spectrum from Cosmic Strings

Evolution of the universe
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GW spectrum from Cosmic Strings

Evolution of the universe
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GW spectrum from Cosmic Strings

Evolution of the universe
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String network formation

@ 'opological defecls generated during
spontaneous-symmetry-breaking with = (G/H) # 1



String network formation

@ 'opological defecls generated during
spontaneous-symmetry-breaking with =(G/H) # 1
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String network formation

@ 'opological defecls generated during
spontaneous-symmetry-breaking with =(G/H) # 1

V(g) 1 T \

[Kibble 1976] @“ [Allen & Shellard 1990]



String network formation

@ 'opological defecls generated during
spontaneous-symmetry-breaking with =(G/H) # 1

V(g) 1 T \

[Kibble 1976] @n [Allen & Shellard 1990]
® Nambu-Goto approximation
. . . . 2
—® 1D classical objects with tension: [ ~ <§b >



® GW spectrum generated by string




® GW spectrum generated by string

® Assume strings



® GW spectrum generated by string

- -
® Assume strings
® Use GW from string as a probe of the

Early Universe



