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Overview
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We discuss the gravitational wave (GW) production 
through the axion rotation.

Strong GWs can be produced through the 
Poltergeist mechanism soon after the axion 
reaches the minimum.
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GWs as a probe of the early universe

GWs are not damped except for redshift once they are produced.

So, GWs are important footprints of the evolution of the early universe 
especially before big bang nucleosynthesis (BBN).

In this work, we focus on GWs associated with transitions of different eras.

CMB last scattering
(T~O(0.1)eV)

GW footprints that we focus on

Current universe BBN 
(T~O(1)MeV)
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Evolution of energy densities

radiation: ∝ 𝑎 !" 

matter : ∝ 𝑎!# 

kination: ∝
𝑎 !$ 

𝑎: scale factor

𝜌: energy density

Strong GWs are produced!
axion

After the inflation
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Axion rotation

After the inflation, U(1) breaking higher order terms produce the 
angular momentum:

We call the pseudo Nambu-Goldston boson 
associated with spontaneous breaking of U(1) 
symmetry “axion”:

<latexit sha1_base64="UAZ+3qwPJ6+s0fixXjHIR9mCQjk="></latexit>

P =
Sp
2
eia/S

𝑃: complex	scalar
𝑎: axion
𝑆: saxion

As |𝑃| decreases due to the Hubble expansion, the higher order terms become ineffective 
and the U(1) charge is fixed. 

Initiation of axion rotation: (Co and Harigaya (2019))

During the inflation, |𝑃| becomes large e.g. due to the 
Hubble induced mass:

<latexit sha1_base64="MHKAhr9OseBB1zym7tc12/XNYf8="></latexit>

V (P ) ⇠ Pn

Mn�4
+ h.c.

<latexit sha1_base64="JYHh/4XvIpkGPiAZdtkLpZHlYcs="></latexit>

V (|P |) ⇠ �H
2|P |2 + |P |2d

M2d�4

(Dynamics is similar to the Affleck-Dine baryogenesis. (Affleck, Dine 1985))
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Fiducial model

Effective Lagrangian for Two-field model: 

During the axion rotation, 
<latexit sha1_base64="pZjBVwKnrZOAxqNEDMw+RYP22DE="></latexit>

w ⌘ P

⇢
'

r2✓̇2

2 � V (r)
r2✓̇2

2 + V (r)

Before the axion arrives at the minimum, 
The centripetal and centrifugal forces are balanced:

<latexit sha1_base64="+Oxot77tCUYsvlsBZBZ1WAJY8x0="></latexit>

r2✓̇2

2
' V (r) ! w ' 0 (MD)

After the axion arrives at the minimum, the potential energy is negligible.
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2
! w ' 1 (KD) (Spokoiny 1993, Joyce 1996)

canonicalized
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Evolution of energy densities

radiation: ∝ 𝑎 !" 

matter : ∝ 𝑎!# 

kination: ∝
𝑎 !$ 

𝑎: scale factor

𝜌: energy density

Strong GWs are produced!
axion

After the inflation
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Scalar perturbations in Cosmology

Scalar perturbations are one of the most important quantities in Cosmology.

Scalar perturbations are origins of many things.

(Credit: ESA and the Planck Collaboration)

Large Scale Structure CMB anisotropies

Examples

(Credit: Millennium Simulation Project)

Scalar perturbations originate from vacuum fluctuations of fields during the 
inflation era.

From the observations, we already know the amplitude of the scalar perturbations.

P⇣ = 2.1⇥ 10�9
<latexit sha1_base64="07Z7UL4svRohSn/xJu4rPSz++Y0="></latexit><latexit sha1_base64="07Z7UL4svRohSn/xJu4rPSz++Y0="></latexit><latexit sha1_base64="07Z7UL4svRohSn/xJu4rPSz++Y0="></latexit><latexit sha1_base64="07Z7UL4svRohSn/xJu4rPSz++Y0="></latexit>

(Planck 2018)

(�⇢/⇢ ⇠ 10�5)
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10/19



Keisuke Inomata (UChicago, KICP) Axion Poltergeist (2305.14242)

Gi
j = a�2


1

4
(hi00

j + 2Hhi0

j ��hi
j) + 4�@i@j�+ 2@i�@j�+Ai

j

�

T i
j = (⇢+ P )�u,i�u,j + (P + �P )�ij

<latexit sha1_base64="DWzEvFf8u+VdY5eidGgF37qGVf4="></latexit><latexit sha1_base64="DWzEvFf8u+VdY5eidGgF37qGVf4="></latexit><latexit sha1_base64="DWzEvFf8u+VdY5eidGgF37qGVf4="></latexit><latexit sha1_base64="DWzEvFf8u+VdY5eidGgF37qGVf4="></latexit>

GWs induced by scalar perturbations

Metric perturbations:
Scalar perturbations (related to curvature perturbations)

Tensor perturbations (GWs)

Gµ⌫ =
1

M2
Pl

Tµ⌫
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Einstein equation:
hi
i = 0

@ih
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j = 0
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Terms irrelevant to tensor perturbations

E.o.m. for tensor perturbations:

h00
ij + 2Hh0

ij ��hij = �4T̂ lm
ij Slm
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Projection operator onto the 
transverse and traceless tensor

T̂ lm
ij :
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Point Scalar perturbations can induce GWs at second order.
(Tomita 1967,
Ananda et al. 2006, 
Baumann et al. 2007 )

<latexit sha1_base64="y/VPV24+RFot6YX5xTiE1aDot+k="></latexit>
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Evolution of scales

Scale factor

Horizon scale (1/
𝑎𝐻)Comoving length

First RD MD Second RD

Perturbation entering 
horizon during MD era

We focus on this!

KD

Strong GWs are produced

Perturbation scale

Superhorizon

<latexit sha1_base64="e1ZclGri3PD8PGWeJYRxEZl1a3Q="></latexit>

a(⌘eq,1)
<latexit sha1_base64="XDDzzoYhM8lf0QBHZiEZjesCQZw="></latexit>

a(⌘eq,2)
<latexit sha1_base64="GdVWJBGP6EbHU7VxOZouPhebefY="></latexit>

a(⌘kin)

Subhorizon
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Evolution of scalar perturbations

Due to pressure, gravitational potential oscillates rapidly (∼ 1/𝑘) during the KD era.

MD era (𝑤 = 0) KD era (𝑤 = 1)

when the axion reaches the minimum

𝑤 = 𝑃/𝜌

<latexit sha1_base64="MV93yeeMMWz8oTBIK+MSIUPJo2E="></latexit>
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13/19

ds2 = a2

�(1 + 2�)d⌘2 +

✓
(1� 2�)�ij +

1

2
hij

◆
dxidxj

�

<latexit sha1_base64="YCestMT7IuWUKUYPjFewhtsUIVI="></latexit><latexit sha1_base64="YCestMT7IuWUKUYPjFewhtsUIVI="></latexit><latexit sha1_base64="YCestMT7IuWUKUYPjFewhtsUIVI="></latexit><latexit sha1_base64="YCestMT7IuWUKUYPjFewhtsUIVI="></latexit>



Keisuke Inomata (UChicago, KICP) Axion Poltergeist (2305.14242)

1006 £ 10°1

¥/¥kin

10°3

10°2

10°1

100

|©k|, d = 5 £ 10°5

|©k|, d = 0.05

w, d = 5 £ 10°5

w, d = 0.05

c2
s, d = 5 £ 10°5

c2
s, d = 0.05

Poltergeist mechanism

E.o.m. for tensor perturbations:

h00
ij + 2Hh0

ij ��hij = �4T̂ lm
ij Slm
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oscillation time scale is ~1/k

𝑘𝜂 ≫ 1 for rapid oscillation

Strong GWs are produced ! 
(Poltergeist mechanism)

The fast oscillation is the main source for 
the GW production.

KI, Kohri, Nakama, Terada, 2019
KI, Kawasaki, Mukaida, Terada, Yanagida, 2020
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Why we call it “Poltergeist”?

We first named it the “Poltergeist mechanism” in the context of 
sudden reheating.

After the decay, “ghosts” of the non-relativistic matter “make a noise” in the thermal bath.

“ghosts” = produced radiation 
“make a noise” = oscillation of sound wave

Strong GWs are produced !

“Poltergeist”: German word for “noisy ghost” or “noisy spirit”

KI, Kohri, Nakama, Terada, 2019
KI, Kawasaki, Mukaida, Terada, Yanagida, 2020

(American supernatural horror film, 1982)

Related works that use this mechanism: 
Domenech, Lin, Sasaki 2020 (PBH), Domenech, Takhistov, Sasaki 2021 (PBH), Bhaumik, Ghoshal, Jain, Lewicki 2022 (PBH)
White et al. 2021 (Q-ball), Kawasaki, Murai 2022 (Q-ball), Lozanov, Takhistov 2022 (Oscillon) 
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Gravitational wave spectrum
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<latexit sha1_base64="z/vYOxB0nSA//yF73DUybfs4OII="></latexit>

P⇣ = 2.1⇥ 10�9 ⇥(kmax � k)⇥(k � 1/⌘kin)

small-scale cutoff
(very small-scale density 
perturbations become 
nonperturbative during MD)

horizon scale at the beginning of KD era
(superhorizon scale perturbations at that time are 
irrelevant to the Poltergeist mechanism. )

Smaller 𝑑 corresponds to 
sharper transition.

The result for 𝑑 = 5×1034 is 
unreliable due to the strong 
coupling of the field 
fluctuations. 
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Observable parameter spaces
(axion DM assumed)

The future GW observations can probe the parameter 
regions even if there is no coupling between the axion 
and the standard model particles.

𝑚5 corresponds to supersymmetry breaking scale in the 
two field model.
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Summary
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We discussed the gravitational wave (GW) production 
through the axion rotation.

Strong GWs can be produced through the 
Poltergeist mechanism soon after the axion 
reaches the minimum.
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Limitation of linear analysis

1. Strong coupling of the radial field fluctuations.

2. Nonperturbative density perturbations.

There are limitations of the linear perturbation analysis. 

<latexit sha1_base64="cG7jXt8o+Wi2xrA26ZRRX2Qxcio="></latexit>
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X

n=3

V (n)

(n� 1)!
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nonlinear contribution

0.0 0.5 1.0 1.5 2.00
1
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3
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5

Sharp feature enhances the higher derivative of potential.

𝑑 ≳ 0.05 is in a weak coupling regime in our setup.

Smaller 𝑑 corresponds to a stronger coupling.

During the MD era, the density perturbations grows ∝ 𝑎 on subhorizon scales.

The small-scale density perturbations can be 𝛿 > 1 at some point during MD era. 

In our analysis, we introduce the small-scale cutoff for the curvature power spectrum. 
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Parameter relations
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UV completion of fiducial model

<latexit sha1_base64="Rx3w0SKVPu2QhrPLIoPrN1KOJz4="></latexit>

K =|P |2 + |P̄ |2 + |X|2

W =�X(PP̄ � v2)
<latexit sha1_base64="wdGL1K8sdLoGGeDw7gOP5ptpisw="></latexit>

V = �2|PP̄ � v2|2 + �2|X|2(|P |2 + |P̄ |2)

Supersymmetric UV completion of the fiducial model:

.𝑃𝑃 = 𝑣6 is the flat direction.
In addition, we consider the soft SUSY breaking term: 

We can consider 𝑃 ≫ | .𝑃| without loss of generality and integrate out .𝑃 , which leads 

to .𝑃 ≃ 7!

8 .

<latexit sha1_base64="8b3HBHfDQHIpzj5Ny2wXTxp/O1I="></latexit>

Vsoft = m2
P |P |2 +m2

P̄ |P̄ |2

Substituting .𝑃 ≃ 7!

8
 to the Lagrangian, we obtain 

<latexit sha1_base64="MyWHISfxWv5gf0spFUl2cz+0LK4="></latexit>
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◆
|@P |2 �m2

S

✓
|P |� (1 + d)f2

a

4|P |

◆2

<latexit sha1_base64="vE0qSF5xZRZ1+vkkANeNKSv7jAw="></latexit>

(mS = mP , 1 + d = mP̄ /mP , fa = 2v)
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Potential in two-field model
24/19
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Potential in two-field model in S
25/19

<latexit sha1_base64="IiALP9ex2h9E5diendvahuSk7fQ="></latexit>

�(S) = 1 + 4v4/S4
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The balance of the centripetal and centrifugal force: 
<latexit sha1_base64="91zNlt/+7eOqi1zP9Y+TVsT+GDw="></latexit>

V 0(r) ' r✓̇2 ! V 0(S) ' (�(S)S2),S ✓̇
2

This goes approaches zero at 𝑆 ≠ 0.

The decrease of the centrifugal force

The roll down gets accelerated
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Thermalization

The orbit is initially elliptical, but the 
thermalization changes it to the circular orbit.

Re[𝑃]

Im[𝑃]
thermalization

For the elliptical orbit, the evolution of |𝑃| can 
be divided into two: fast oscillating mode and 
(relatively) slowly evolving mode

<latexit sha1_base64="dj8R783LaI4aS1M2rtO3P87uBzc="></latexit>

|P | = P̂ fast + P̂ slow

<latexit sha1_base64="fN2XZm+y7rnZq3Sz3sQcIhmgJD4="></latexit>

˙̂
P

fast ⇠ mSP̂
fast

,
˙̂
P

slow ⇠ HP̂
slow

3𝑃%&'(	is not protected by the U(1) charge 
conservation and therefore they can be easily 
dissipated to thermal bath through some 
interaction (thermalization).

This makes the orbit elliptical

The orbit finally becomes circular.
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Additional Enhancement from redshift

Once gravitational waves are produced, they behave as radiation, whose 
energy density is 𝜌)* ∝ 𝑎!".

On the other hand, the total energy density during the KD era is 𝜌+,+ ∝ 𝑎!$.

Then, we find
<latexit sha1_base64="loaMtMGKg2sDhRodQjmzge0dV6k="></latexit>

⌦GW ⌘ ⇢GW

⇢tot
/ a2 (during KD)

The GWs produced around the beginning of KD era get enhanced by 
- .!",$

$

- .%&' $ ∼
.!",$
.%&'

, in addition to the enhancement of the Poltergeist 

mechanism.
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Analytical formula

10°10 10°8 10°6 10°4 10°2 100 102 104

f [Hz]

10°23

10°21

10°19

10°17

10°15

10°13

10°11

10°9

10°7

≠
G

W
h

2

f
=

1/
(2

º
¥ e

q,
2
)

Current
PTA

IP
T
A

SK
A

L
IS

A

D
E
C
IG

O

BBO

ET
C
E

H
LV

K
(d

es
ig
n)

HLV(O2)

d
=

5
£

10
°5

d
=

0.
5 =

100

¥
kin /¥

eq,1
=

500

d
=

0.
05

A
na

ly
tic

al

<latexit sha1_base64="W/ab/j9+g2Sx7z7r/SahZ6bBiUw="></latexit>

⌦GWh2 ' 2⇥ 10�11A2Q4B(k)
⌘2kin
⌘2eq,1

k5⇤k⌘
6
kin

<latexit sha1_base64="urdmSZjEJV/BcMnRX/Ir8WnLiGw="></latexit>

P⇣ = A⇥(kmax � k)⇥(k � 1/⌘kin)
<latexit sha1_base64="TVxQZvJFE8nnIyf0ZmEL4B68GvM="></latexit>

k⇤ = max[kmax, 1/⌘eq,1]
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Comparison of GW spectrum
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DECIGO (2006.13545)
Abstract:
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LISA

Launch in Mid-2030s
(The 14th International LISA Symposium, July in 2022)

(from 1702.00786)
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