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ØRich in phenomena of phase transitions (PTs)
ØBUT,  they have not been completely understood yet

(e.g. QCD phase transition)
ØThe cosmological observation could be a probe of these 

plasma’s properties
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The effective degrees of freedom (DoF)

What is the plasma’s properties in Particle Phys.?

- The number of kinds of 
relativisitic particles
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- is the effective DoF
for the entropy density s(T )
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Equation of State parameter & sound speed
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The more intuitive plasma’s properties
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The point of EoSp & sound speed during PTs
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become lower than 1/3

Decrease of the number of
relativistic particles in PTs

QCD PT

e, e! annihilation

Electroweak PT
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https://smirshekari.files.wordpress.com/2014/04/gw_sensitivity_almost_all_detectors.png

Gravitational wave (GW)

Cosmological probes of plasma’s properties in PTs
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Gravitational wave (GW)

Cosmological probes of plasma’s properties in PTs

Wide range covering of frequency  

Lots of observation
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Another reason why we chose GW

Scalar perturbation 
in corresponding scale with PTs

TimePTs    

Silk damping

Tensor perturbation 
in corresponding scale with PTs survive
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Linear Stochastic GW
One of the GWs as a cosmological probe for PTs

Time

Primordial tensor perturbation 
coming from Inflation

PTs 
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Linear Stochastic GW

Saikawa&Shirai (2018)

One of the GWs as a cosmological probe for PTs
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Point ①- Linear Stochastic GW

Saikawa&Shirai (2018)

Through background value,
this spectrum depends on EoSp

One of the GWs as a cosmological probe for PTs
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Point ② - Linear Stochastic GW

Saikawa&Shirai (2018)

One of the GWs as a cosmological probe for PTs

Spectrum (relative) suppression 
because of relaxation of 𝜌!"# decrease 
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One of the cosmological probes for PT (This work)

The other type of GW during PTs

Time

Scalar perturbation

Induced GW

PTs 
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Scalar perturbation as a source of induced GW
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The flow of calculation of induced GW
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Spectrum of induced GW
⌦GW(k, ⌘0) =
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PreliminaryQCD PT

Both the linear GW and the induced GW 
spectrum shape are different 

Point ① - Spectrum of induced GW
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PreliminaryQCD PT
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QCD PT scale is 
in the SKA observation frequency range

Point ② - Spectrum of induced GW
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Summary & Take-home message
• It is rich in phenomena of phase transitions in the 

Universe
• BUT,  they have not been completely understood 

yet (e.g. QCD phase transition)
• We calculated the GW spectrum induced from 

scalar perturbations. (induced GW) 

Through the observation of GWs such as by SKA, 
we could obtain the EoSp and the sound speed 
during corresponding PTs with the frequency.  
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BACK-UP SLIDES
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One of the cosmological probes for PT (This work)

Induced GW during PTs
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Plasma’s properties 
Thermodynamics during PT

The effective degrees of freedom The Equation of State parameter (EoSp) 
& sound speed

w(T ) =
4g⇤s(T )

3g⇤(T )
� 1
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Physical value of Background
Thermodynamics during PT

üAssume the entropy conservation’s law

a(T ) =
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Physical value of Background
Thermodynamics during PT

The relation between Temp. vs. Conformal time 

26/19



Calculation for the induced GW 
✓
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Source term induced from scalar pert.
Calculation for the induced GW
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The definition of the value related GW
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Definition of Parameters
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d⇢

d⌘
=

⇡2

30

✓
dg⇤
dT

T + 4g⇤

◆
T 0T 3

<latexit sha1_base64="o/OQcmuzMnceIndcW8od3BaZIBE="></latexit>

a(T ) =

✓
g⇤s,0
g⇤s(T )

◆ 1
3 T0

T

<latexit sha1_base64="hw5yDrdUxmS+HfVVUW+YjSzYcXg="></latexit>

H
2 =

8⇡G

3
a2⇢

<latexit sha1_base64="UKBfGhxxB9yMMSYOkYzSBcnbGvc="></latexit>

d⌘

dT
= �

✓
90

8⇡3G

◆ 1
2
✓

g⇤s
g⇤s,0

◆ 1
3

g
� 3

2⇤ T�1
0

dg⇤
dT T + 4g⇤
3(1 + w)T 2

<latexit sha1_base64="Ba/H0113j/lgmmgYpZXB2NCb0Zw="></latexit>

d⇢

d⌘
= �3(1 + w)H⇢

<latexit sha1_base64="oEylFGr+p5gdYJ3VqtSG0NtIKYU="></latexit>

�3(1 + w)H⇢ = �
⇡2(1 + w)

10

✓
8⇡3G

90

◆ 1
2
✓
g⇤s,0
g⇤s

◆ 1
3

g
3
2⇤ T0T

5

<latexit sha1_base64="DhVSGmVTw5AcoAnkNEgnYLP7HeM="></latexit>

33/19



Calculation for Induced GW
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Methods of Green func.
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Initial condition of Green func.

G00
k(⌘, ⌘̃) +

✓
k2 �

1� 3!

2
H

2

◆
Gk(⌘, ⌘̃) = �(⌘ � ⌘̃)

<latexit sha1_base64="FrM4SeZutMiZQz4dIxlha01ZSJw="></latexit>

Gk(⌘, ⌘̃) =
g1(⌘)g2(⌘̃)� g1(⌘̃)g2(⌘)

g01(⌘̃)g2(⌘̃)� g1(⌘̃)g02(⌘̃)

<latexit sha1_base64="AFbn7GOZtH9qfcUlfvnEManx0xU="></latexit>

Initial condition
For (g1, g1’) -> (1.0 , 0.0)

For (g2, g2’) -> (0.0, k)
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Expression for the induced tensor 
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