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Primordial GWs probe kination era and axion physics.
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Ingredients for successful kination era:

II. Large initial scalar VEVI. -symmetric (quadratic) potential  
with spontaneous symmetry-breaking minimum

U(1)

III. Explicit -breaking term
(wiggle for angular velocity)

U(1) IV. Damping of radial motion

V(Φ) = m2
r |Φ |2 [log ( |Φ |2
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(generic in SUSY)

V(Φ) = Λ4
b ( Φ

MPl )
l

+ ( Φ†

MPl )
l

VH = − H2 |Φ |2

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

G Radial damping

G.1 Thermalization

Hidden fermions portal. We assume that the complex scalar field ¡ is coupled to heavy fermions√
charged under some (hidden or SM) gauge sector Aµ (KSVZ-type interactions)

L æ y√¡√
†
L√R +h.c.+ g √̄∞µ√Aµ. (G.1)

Decay width in thermal environment. At zero temperature, the scalar condensate decays into fermions
pairs with a rate, cf. diagram a in Fig. 62
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If the fermion thermal mass generated by gauge interactions is larger than the scalar field mass,
m√, th = g T > m¡/2, then the scalar field is too light to excite thermal √. In that case, the scalar
field is dominantly depleted though scattering with thermal gauge bosons A, cf. diagram b in Fig. 62,
with a rate [163, 164]
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. (G.3)

If the temperature is smaller than the fermion mass, T < y√√, the heavy fermions are absent of the
thermal plasma and must be integrated out. In that case, the scalar field can decay into gauge boson
through a loop of fermions [165, 167, 168], cf. diagram c in Fig. 62

°¡ ' bÆ2T 3

¡2 , b ' 0.01, (G.4)

For T < m¡, we replace T in Eq. (G.4) by m¡. The dependence on y√ in Eq. (G.4) appears in the
logarithmic running of Æ. So we conclude
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Figure 62: Quantum processes responsible for the thermalization of the coherent scalar field in KSVZ

type models. The scattering rates of a, b and c are respectively given by
y2
√m¡

8º ,
y2
√ÆT
2º2 and bÆ2T 3

¡2 , cf.
Eq. (G.5).

The scalar field keeps spinning after thermalization. The coherent oscillation is a very ordered
state and once the oscillation energy begins to be transferred into the thermal bath, the inverse pro-
cess which creates coherent oscillation is unlikely to occur. Therefore, the thermalization of the scalar
field, when the universe reaches the energy density

Ωdamp = 3°2M 2
pl, (G.6)
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[Mukaida, Nakayama, ’12 ’13](Neutron EDM bound )l ≳ 10

Rotating complex scalar field



82

https://www.youtube.com/watch?v=RdCAgcvfFy0

https://www.youtube.com/watch?v=RdCAgcvfFy0
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Ingredients I & II & III: scalar potential and large initial VEV

[YG, Servant, Simakachorn, 2111.01150]

V(Φ) = m2
r |Φ |2 [log ( |Φ |2

f 2
a ) − 1] + Λ4

b ( Φ
MPl )

l

+ ( Φ†

MPl )
l

−H2 |Φ |2





Vint = λψϕψ̄ψ



Vint = λψϕψ̄ψ

G Radial damping

G.1 Thermalization

Hidden fermions portal. We assume that the complex scalar field ¡ is coupled to heavy fermions√
charged under some (hidden or SM) gauge sector Aµ (KSVZ-type interactions)

L æ y√¡√
†
L√R +h.c.+ g √̄∞µ√Aµ. (G.1)
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pairs with a rate, cf. diagram a in Fig. 62
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If the fermion thermal mass generated by gauge interactions is larger than the scalar field mass,
m√, th = g T > m¡/2, then the scalar field is too light to excite thermal √. In that case, the scalar
field is dominantly depleted though scattering with thermal gauge bosons A, cf. diagram b in Fig. 62,
with a rate [163, 164]
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If the temperature is smaller than the fermion mass, T < y√√, the heavy fermions are absent of the
thermal plasma and must be integrated out. In that case, the scalar field can decay into gauge boson
through a loop of fermions [165, 167, 168], cf. diagram c in Fig. 62
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¡2 , b ' 0.01, (G.4)

For T < m¡, we replace T in Eq. (G.4) by m¡. The dependence on y√ in Eq. (G.4) appears in the
logarithmic running of Æ. So we conclude
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Figure 62: Quantum processes responsible for the thermalization of the coherent scalar field in KSVZ

type models. The scattering rates of a, b and c are respectively given by
y2
√m¡

8º ,
y2
√ÆT
2º2 and bÆ2T 3

¡2 , cf.
Eq. (G.5).

The scalar field keeps spinning after thermalization. The coherent oscillation is a very ordered
state and once the oscillation energy begins to be transferred into the thermal bath, the inverse pro-
cess which creates coherent oscillation is unlikely to occur. Therefore, the thermalization of the scalar
field, when the universe reaches the energy density

Ωdamp = 3°2M 2
pl, (G.6)
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The scalar field keeps spinning after thermalization. The coherent oscillation is a very ordered
state and once the oscillation energy begins to be transferred into the thermal bath, the inverse pro-
cess which creates coherent oscillation is unlikely to occur. Therefore, the thermalization of the scalar
field, when the universe reaches the energy density
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pl, (G.6)

108



Vint = λψϕψ̄ψ

G Radial damping

G.1 Thermalization

Hidden fermions portal. We assume that the complex scalar field ¡ is coupled to heavy fermions√
charged under some (hidden or SM) gauge sector Aµ (KSVZ-type interactions)

L æ y√¡√
†
L√R +h.c.+ g √̄∞µ√Aµ. (G.1)

Decay width in thermal environment. At zero temperature, the scalar condensate decays into fermions
pairs with a rate, cf. diagram a in Fig. 62

°¡ '
y2
√

8º
m√. (G.2)

If the fermion thermal mass generated by gauge interactions is larger than the scalar field mass,
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The scalar field keeps spinning after thermalization. The coherent oscillation is a very ordered
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If the temperature is smaller than the fermion mass, T < y√√, the heavy fermions are absent of the
thermal plasma and must be integrated out. In that case, the scalar field can decay into gauge boson
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The scalar field keeps spinning after thermalization. The coherent oscillation is a very ordered
state and once the oscillation energy begins to be transferred into the thermal bath, the inverse pro-
cess which creates coherent oscillation is unlikely to occur. Therefore, the thermalization of the scalar
field, when the universe reaches the energy density

Ωdamp = 3°2M 2
pl, (G.6)
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Vint = λψϕψ̄ψ Ingredients IV: radial-motion damping

If  charge remains in the condensateϕ ≫ T ⟹ U(1)

F
V

= ρ − Ts =
1
2 ϕ2 ·θ2 − #T4, (U(1) charge remains in the condensate)

# ϕ4 ·θ2

T 2 − #T4, (U(1) charge transferred to the plasma)
(ρ ⊃ μn with μ = n /T 2 and n = ϕ2 ·θ)
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In terms of model parameters

no
kination

axion dominates
before oscillation

l = 12, λ = 10−4 YG, Servant, Simakachorn,
2108.10328, 2111.01150

mr = V′ ′ 

101−5 GeV

105−9 GeV

Radial mode mass 
controls axion speed .

mr·θ



Axion Dark Matter

circle of
ϕ = fa

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

case II: ϕini = fa Angular potential 
U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

m2
a f 2

a[1 − cos(θ)]

na

s 0
≃

nθ

s KD
≡

f2
a

·θKD

sKD

[Co, Harigaya, Hall, ’19]
[Chang, Cui, ’19]

[Fonseca, Morgante, Sato, Servant, ’19]
[Morgante, Ratzinger, Sato, Stefanek, ’21] 

Kinetic energy red-shifts  until .·θ2f 2
a ∝ a−6 ·θ2f 2

a ≃ m2
a f 2

a
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GW peak & Axion abundance

The conventional QCD axion DM has no observable peak,
except BBO or HF experiments.

via kinetic misalignment & axion fragmentation

 Ωpeakh2 ≈ 10−15 ( fKD

Hz ) ( Einf

1016 GeV )
4

( 100 MeV
ma fa )

2

(
Ωa,0

ΩDM,0 )

 fpeak ≈ 10 kHz (
ma fa

100 MeV )
2

( EKD

109 GeV )
4/3

(
Ωa,0

ΩDM,0 )
1/3

na

s 0
≃

nθ

s KD
≡

f 2
a

·θ
sKD[Co, Harigaya, Hall, ’19]

[Chang, Cui, ’19]
[Fonseca, Morgante, Sato, Servant, ’19]

[Morgante, Ratzinger, Sato, Stefanek, ’21] 

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

[Hook, ’18] & [Di Luzio, Gavela, Quilez, Ringwald, ’21]

[YG, Servant, Simakachorn, 2111.01150]
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Conclusion
Cosmic archeology with GW from primordial inflation and cosmic strings

2nd inflation era

Early matter era

Intermediate kination era

Supercool 1st-order
phase transition

Heavy & unstable
particles

Spinning axion

1 s ≳ τX ≳ 10−17s

10−2 GeV ≲ Einf ≲ 1013 GeV

In�ationaryGW (Einf � 1.6 × 1016 GeV)

Local string GW (G� � 10-9 )

Global string GW (� � 1015 GeV)

ETLISA CE BBO

HF
10 kHz

HF
1 MHz

·θ = 1 meV

·θ = 1 μeV



The simplest kination era

equation-of-state: ωϕ =
Ekinetic − Epotential

Ekinetic + Epotential

Maximum , when   ωϕ = 1 Ekinetic ≫ Epotential

ϕV(ϕ)
scalar’s potential



The simplest kination era

equation-of-state: ωϕ =
Ekinetic − Epotential

Ekinetic + Epotential

Maximum , when   ωϕ = 1 Ekinetic ≫ Epotential

A scalar field dominates the universe with large kinetic energy, 
“Kination” era. ( )

[Spokoiny 1993, Joyce, 1997]
ρϕ ∝ a−6

ϕV(ϕ)
scalar’s potential



The simplest kination era

equation-of-state: ωϕ =
Ekinetic − Epotential

Ekinetic + Epotential

Maximum , when   ωϕ = 1 Ekinetic ≫ Epotential

A scalar field dominates the universe with large kinetic energy, 
“Kination” era. ( )

[Spokoiny 1993, Joyce, 1997]
ρϕ ∝ a−6

ϕV(ϕ)

Example: quintessential inflation
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ρtot

scale factor a

inflation

Kination
ρtot ∝ a−6

SM radiation

reheating
TRH

scalar’s potential
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ρtot ∝ a −4

Peebles and Vilenkin 1998
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GW is an extra radiation.

A long kination after inflation cannot have observable signal.

(
)

H
in

f
=

E
2 in

f/
3M

Pl

[YG, Servant, Simakachorn, 2111.01150]

Too much GW violate BBN/CMB bound: 

ΔNeff ≲ 0.2

ρtot

scale factor a

inflation

Kination
ρtot ∝ a−6

SM radiationρtot ∝ a −4
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[Co, Harigaya, Hall, et. al., 2108.09299]

118P. Simakachorn (DESY/U.Hamburg)

What if instead kination occurs long after inflation ? 
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Number of e-folds of kination



Baryogenesis from a spinning axion

-charge transfers to baryon number via  and  sphaleron.U(1)PQ SU(3)c SU(2)L

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



Effect on short-lasting GW
e.g. first-order phase transition
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evolution

suppression from 
smaller bubbles 
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Tdom TKD

TΔ

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

Super simplified argument: For fixed ,  
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.

β/Hp

Other spectral distortions, e.g. causality tail [Hook, Marques-Tavares, Racco, ’20] 

(Gouttenoire, Servant, PS, to appear)



GW from phase transition





Inflation + global cosmic strings

124

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

η

E.g. Axionic strings from PQ symmetry breaking with  . η ∼ fa

With ,
two-peak signature

for .

Einf ∼ 1016 GeV

1012 ≲
η

GeV
≲ 1015

η ≃ 1014 GeV Gouttenoire, Servant, PS, to appear

frequency f (Hz)

Ω
G

W
h2

Fixed peak separation 

[for loops’ size: ]
finf /fglob = 𝒪(10−2)

(0.1)H−1

Peak amplitude from global strings:  Ωglob
peakh2 ≈ 10−14 ( η

1015 GeV )
4

[ exp(2NKD)
104 ] log3(⋯)



Model A: trapped misalignment



oscillation in
the 1st axion potential 
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case II: ϕini = fa Angular potential 
U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

For , 
axion oscillates and behaves as matter.

T ≳ Tc Vhigh ∼ M2f 2
a cos(θ)

For ,  with T ≲ Tc Vlow ∼ m2
a f 2

a cos(θ) M ≫ ma

Axion rolls freely with large initial speed at Tc
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Model A: Trapped misalignment [Di Luzio, Gavela, Quilez, Ringwald, ’21]
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Detectability in axion parameter spaces
Ωa,0 = (0.1)ΩDM,0

 C
E

↑

 K
in

at
io

n 
en

ds
 af

te
r B

BN

↑

Ex
cl

ud
ed

 b
y 

LI
G

O
 O

2

 E
T

↑   B
BO

↑

ca
no

ni
ca

l 
Q

CD
 ax

io
n

 sta
ndard

 misal
ign

ment (Q
CD)

↓

 L
IS

A
↑ L
IG

O
 O

5

↑

Ωa,0 = ΩDM,0

- Q
CD

 ax
io

n

ℤ 25

- Q
CD

 ax
io

n

ℤ 39
T Δ

=
10

3 Ge
V

T Δ
=

10
9 Ge

V

 C
E

↑

 K
in

at
io

n 
en

ds
 af

te
r B

BN

↑

 E
xc

lu
de

d 
by

 L
IG

O
 O

2

↑

 E
T

↑   B
BO

↑

 L
IS

A
↑

 L
IG

O
 O

5

↑
- Q

CD
 ax

io
n

ℤ 25

- Q
CD

 ax
io

n

ℤ 39 T Δ
=

10
3 Ge

V

T Δ
=

10
9 Ge

V

Einf = 1.6 × 1016 GeV

 (E
T)

N KD
=

11

 (C
E)

N KD
=

11

 (L
IG

O
 O

5)

N KD
=

11
 stan

dard misali
gnment 

 

for 
↓ Ω a,0

> Ω DM,0

θmis
∼ ((1) kinetic

 misali
gnment

↑
 kinetic

 misal
ign

ment (Q
CD)

↑  sta
ndard

 misal
ign

ment (Q
CD)

↓
 stan

dard misali
gnment 

 

for 
↓ Ω a,0

> 0.1Ω DM,0

θmis
∼ ((1) kinetic

 misali
gnment

↑
 kinetic

 misal
ign

ment (Q
CD)

↑

ca
no

ni
ca

l 
Q

CD
 ax

io
n

 (E
T)

N KD
=

11

 (C
E)

N KD
=

11

 (L
IG

O
 O

5)

N KD
=

11

Einf = 1.6 × 1016 GeV

(Gouttenoire, Servant, PS, to appear)



ρtot

scale factor a

inflation

Kination
ρtot ∝ a−6 SM radiationρtot ∝ a −4

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

kination ?

TRH = TΔ

Long Kination  too much GW⇒



Model-independent kination from spinning axion
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matter era

Duration: e-foldings 
NKD

are characterized by
(given the spontaneous symmetry-breaking scale ) fa

1. kination energy scale  
(the spinning speed of axion  when kination starts)

EKD = ·θfa
·θ

2. the duration of kination era   
(related to the beginning of the matter era)

NKD = log(astart /aend)

cosmological evolution
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circle of ϕ = fa

θ



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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⟶ μ ∼ 1013 GeV



GW spectrum from Cosmic Strings
Evolution of the universe
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⟶ μ ∼ 109 GeV

⟶ μ ∼ 1013 GeV



String network formation 

π1(G/H) ≠ 1
Topological defects generated during 
spontaneous-symmetry-breaking with 



String network formation 

V(ϕ)

ϕ U(1) ! 1

T &

π1(G/H) ≠ 1
Topological defects generated during 
spontaneous-symmetry-breaking with 



String network formation 

[Allen & Shellard 1990]

V(ϕ)

ϕ U(1) ! 1

T &

03π/2

π/2π

[Kibble 1976]

Lcorrelation length

π1(G/H) ≠ 1
Topological defects generated during 
spontaneous-symmetry-breaking with 



String network formation 

[Allen & Shellard 1990]

V(ϕ)

ϕ U(1) ! 1

T &

03π/2

π/2π

Nambu-Goto approximation

[Kibble 1976]

Lcorrelation length

1D classical objects with tension: μ ∼ ⟨ϕ⟩2

π1(G/H) ≠ 1
Topological defects generated during 
spontaneous-symmetry-breaking with 
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GW

GW

GW

GW spectrum generated by string loops
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Assume LOCAL strings

GW

GW

GW

GW spectrum generated by string loops



GOAL: Use GW from string as a probe of the 
Early Universe

Assume LOCAL strings
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GW

GW

GW

GW spectrum generated by string loops


