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characterized in terms of 
the baryon to photon ratio η ≡
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How much baryons would there be in a symmetric universe?

nucleon and anti-nucleon densities are maintained by annihilation processes

n + n←→ π + π ←→ γ + γ + ...

TF ∼ 20 MeV

which become ineffective when 

leading to a freeze-out temperature

nN

s

≈ 7 × 10
−20

� � (mNT )3/2e�mN /T /m2
� � H � ⇥g⇥T

2/mPl�� H

� � H

�� H
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and there are no antibaryons
-> need to invoke an initial asymmetry
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Sakharov’s conditions for baryogenesis (1967)

1) Baryon number violation 

2) C (charge conjugation) and CP (charge conjugation × Parity) violation

3) Loss of thermal equilibrium

Γ(∆B > 0) > Γ(∆B < 0)

(we need a process which can turn antimatter into matter)

(we need to prefer matter over antimatter)

(we need an irreversible process since in thermal equilibrium, the 
particle density depends only on the mass of the particle  and on 

temperature --particles & antiparticles have the same mass , so no 
asymmetry can develop)



Why can’t we achieve baryogenesis in the Standard Model?

B is violated

C and CP are  violated

Electroweak phase transition is a smooth cross over

Also, CP violation is too small (suppressed by the small quark masses, 
remember there is no CP violation if quark masses vanish)

but which out-of-equilibrium condition?

no heavy particle which could decay out-of-equilibrium

no strong first-order phase transition
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B and L are accidental global symmetries of the Standard Model

B =
Nc

3

∫
d3x

Nf∑
i=1

(uiγ
0ui + diγ

0di)

Li =
Nc

3

∫
d3x(liγ

0li + νiγ
0(1 − γ5)νi) i = e, µ, τ

L = Le + Lµ + Lτ

Non-perturbative (instanton) effects can lead to processes violating 
(B+L) while (B-L) is conserved. These effects result from:

1) chiral anomaly 

2) non trivial topology of the vacuum of the electroweak theory

 Baryon number violation in the Standard Model
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Baryon number violation in the Standard Model
10 J. M. Cline

the magnitude of its baryon asymmetry.) It is easy to see why these conditions
are necessary. The need for B (baryon) violation is obvious. Let’s consider some
examples of B violation.

2.1. B violation

In the standard model, B is violated by the triangle anomaly, which spoils con-
servation of the left-handed baryon+ lepton current,

∂µJµ
BL+LL

=
3g2

32π2
ϵαβγδW

αβ
a W γδ

a (2.1)

where Wαβ
a is the SU(2) field strength. As we will discuss in more detail in

section 4, this leads to the nonperturbative sphaleron process pictured in fig. 4.
It involves 9 left-handed (SU(2) doublet) quarks, 3 from each generation, and 3
left-handed leptons, one from each generation. It violates B and L by 3 units
each,

∆B = ∆L = ±3 (2.2)

L

L
L

Q

Q

Q
τ

e

µ

1

2

3
Fig. 4. The sphaleron.

In grand unified theories, like SU(5), there are heavy gauge bosons Xµ and
heavy Higgs bosons Y with couplings to quarks and leptons of the form

Xqq, Xq̄l̄ (2.3)

and similarly for Y . The simultaneous existence of these two interactions imply
that there is no consistent assignment of baryon number to Xµ. Hence B is
violated.

The sphaleron

 baryons are created by transitions between topologically  
distinct vacua of the SU(2)L gauge field 

NCS: Chern-Simons 
number
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Quantum Tunneling rate:

⇒ Baryon number violation is totally suppressed 
in the SM  at zero temperature

 Rate of B-violation through sphalerons at T=0

barrier height 
proportional 
to Higgs VEV
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 However, can become sizeable at high temperatures, as 
it becomes possible to go over the barrier via thermal 

fluctuations
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Rate of Baryon number violation in the Standard Model 
at finite temperature

Γ ∼ v4  e- c <φ/T>

  <φ>/T > 1 

 αW T  < T2 /MPl    →   T> 1O12   GeV 4

● In the EW symmetric phase, T>Tc             Γ ∼  α4   T4 
W

(more precisely                                                                               )

Two very ≠ rates depending whether T>Tc  or T<Tc

 out-of-equilibrium condition: 

● In the EW broken phase, T<Tc             

 out-of-equilibrium condition: 

Temperature of the EW phase transition:Tc

  <φ>: Higgs vacuum expectation value



Relating Baryon and Lepton number asymmetries at T>Tc

At high temperature in the plasma, all processes at 
equilibrium give rise to constraints among the 

chemical potentials of quarks, leptons and Higgs. 

(1)  12-fermion non-perturbative interactions induced by sphalerons

February 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC
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1.1.3. Relating Baryon and Lepton Asymmetries

One more ingredient that is needed for leptogenesis is to relate lepton num-
ber asymmetry to the baryon number asymmetry, at the high temperature,
symmetric phase of the SM [1]. In a weakly coupled plasma with temper-
ature T and volume V , a chemical potential µi can be assigned to each of
the quark, lepton and Higgs fields, i. There are therefore 5Nf + 1 chem-
ical potentials in the SM with one Higgs doublet and Nf generations of
fermions. The corresponding partition function is given by,

Z(µ, T, V ) = Tr[e−β(H−
P

i µiQi)] (1.41)

where β = 1/T , H is the Hamiltonian and Qi is the charge operator for
the corresponding field. The asymmetry in particle and antiparticle num-
ber densities is given by the derivative of the thermal-dynamical potential,
Ω(µ, T ), as

ni − ni = −
∂Ω(µ, T )

∂µi
, (1.42)

where Ω(µ, T ) is defined as,

Ω(µ, T ) = −
T

V
lnZ(µ, T, V ) . (1.43)

For a non-interacting gas of massless particles, assuming βµi ≪ 1,

ni − ni =
1

6
gT 3

{
βµi + O((βµi)3), fermions
2βµi + O((βµi)3), bosons .

(1.44)

In the high temperature plasma, quarks, leptons and Higgs interact via
the guage and Yukawa couplings. In addition, there are non-perturbative
sphaleron processes. All these processes give rise to constraints among
various chemical potentials in thermal equilibrium. These include [1]:

(1) The effective 12-fermion interactions OB+L induced by the sphalerons
give rise to the following relation,

∑

i

(3µqi + µℓi) = 0 . (1.45)

(2) The SU(3) QCD instanton processes lead to interactions between LH
and RH quarks. These interactions are described by the operator,∏

i(qLiqLiu
c
Ri

dc
Ri

). When in equilibrium, they lead to,
∑

i

(2µqi − µui − µdi) = 0 . (1.46)
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

(2)  Vanishing  of total hypercharge of plasma
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)
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Relating Baryon and Lepton number asymmetries at T>Tc

(3)  Yukawa interactions between LH and RH fermions
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

(4)  further assume equilibrium between different generations 
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
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6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

11



February 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

TASI 2006 Lectures on Leptogenesis 15

(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −

6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −
1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −
4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)Then, B, L and B-L are related by:
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where

cs =
8Nf + 4

22Nf + 13
. (1.57)

For models with NH Higgses, the parameter cs is given by,

cs =
8Nf + 4NH

22Nf + 13NH
. (1.58)

For T = 100 GeV ∼ 1012 GeV, which is of interest of baryogenesis,
gauge interactions are in equilibrium. Nervertheless, the Yukawa interac-
tions are in equilibrium only in a more restricted temperature range. But
these effects are generally small, and thus will be neglected in these lec-
tures. These effects have been investigated recently; they will be discussed
in Sec. 1.5.

1.1.4. Mechanisms for Baryogenesis and Their Problems

There have been many mechanisms for baryogenesis proposed. Each has
attractive and problematic aspects, which we discuss below.

1.1.4.1. GUT Baryongenesis

The GUT baryogenesis was the first implementation of Sakharov’s B-
number generation idea. The B-number violation is an unavoidable con-
sequence in grand unified models, as quarks and leptons are unified in the
same representation of a single group. Furthermore, sufficient amount of
CP violation can be incorporated naturally in GUT models, as there ex-
ist many possible complex phases, in addition to those that are present in
the SM. The relevant time scales of the decays of heavy gauge bosons or
scalars are slow, compared to the expansion rate of the Universe at early
epoch of the cosmic evolution. The decays of these heavy particles are thus
inherently out-of-equilibrium.

Even though GUT models naturally encompass all three Sakharov’s con-
ditions, there are also challenges these models face. First of all, to generate
sufficient baryon number asymmetry requires high reheating temperature.
This in turn leads to dangerous production of relic particles, such as grav-
itinos (see Sec. 1.2.3). As the relevant physics scale MGUT ∼ 1016 GeV is
far above the electroweak scale, it is also very hard to test GUT models ex-
perimentally using colliders. The electroweak theory ensures that there are
copious B-violating processes between the GUT scale and the electroweak

B =                  (B-L)

cs=28/79

L= (cs -1)( B-L) 

Therefore, at thermal equilibrium (when sphalerons are active), 
B relaxes to (B-L). In the SM, B-L=0 so any primordial baryon 

asymmetry produced at early times gets erased by sphalerons 
in a theory which conserves B-L.

12



Consequence:

2 possibilities to achieve baryogenesis

 (1)   Create B-L ≠0 : e.g through out-of-equilibrium decays 
producing (B-L charge) which then gets converted into B by 

sphalerons. Popular example: Leptogenesis

 (2)   If B-L =0 : In the absence of any B-L breaking , 
baryogenesis should take place during the EW phase 

transition: “EW baryogenesis”

13
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T B washout unless B-L ≠ 0
requires SO(10) leptogenesis
requires too high reheat 
temperature to produce 
enough GUT particles

hierarchy pb -> embed in susy-> gravitino 
pb (can be solved if M_gravitino>100 TeV 

and DM is neutralino or gravitino is 
stable)

EW breaking, 
sphalerons 
freese-out

GUT baryogenesis

Thermal leptogenesis

Affleck-Dine (moduli decay)

Non-thermal leptogenesis 
(via oscillations)

Asymmetric dark matter-cogenesis

EW (non-local) baryogenesis

EW cold (local) baryogenesis

Models of Baryogenesis 
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History of baryogenesis papers
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Leptogenesis

1) Generate L from the direct CP violation in RH neutrino decay

2) L gets converted to B by the electroweak anomaly 

Fukugita, Yanagida 

nicely connected to the explanation of neutrino masses

 Majorana neutrino masses violate L and presumably CP 

Out of equilibrium condition: H>Γ∼ λ2 M1/(8π)

at T∼  M1  , this leads to   λ v2 /M1      <  (8π)  v2 /MPl   ∼ meV

mν see-saw formula for
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Baryogenesis  
at a first-order  

EW phase transition
2

FIG. 1: Slices of fluid energy density E/T 4
c at t = 400 T−1

c ,
t = 800 T−1

c and t = 1200 T−1
c respectively, for the η = 0.2

simulation. The slices correspond roughly to the end of the
nucleation phase, the end of the initial coalescence phase and
the end of the simulation.

W ϵ, contracting [∂µT µν ]
fluid

with Uν yields

Ė + ∂i(EV i) + p[Ẇ + ∂i(WV i)]−
∂V

∂φ
W (φ̇+ V i∂iφ)

= ηW 2(φ̇+ V i∂iφ)
2. (5)

The equations of motion for the fluid momentum density
Zi = W (ϵ+ p)Ui read

Żi+∂j(ZiV
j)+∂ip+

∂V

∂φ
∂iφ = −ηW (φ̇+V j∂jφ)∂iφ. (6)

The principal observable of interest to us is the power
spectrum of gravitational radiation resulting from bub-
ble collisions. One approach is to project Tij at every
timestep and then making use of the Green’s function to
compute the final power spectrum [34, 35]; this is quite
costly in computer time. Instead, we use the procedure
detailed in Ref. [36]. We evolve the equation of motion
for an auxiliary tensor uij ,

üij −∇2uij = 16πG(τφij + τ fij), (7)

where τφij = ∂iφ∂jφ and τ fij = W 2(ϵ+ p)ViVj . The phys-
ical metric perturbations are recovered in momentum
space by hij(k) = λij,lm(k̂)ulm(t,k), where λij,lm(k̂) is
the projector onto transverse, traceless symmetric rank 2
tensors. We are most interested in the metric perturba-
tions sourced by the fluid, as the fluid shear stresses gen-
erally dominate over those of the scalar field, although it
will be instructive to also consider both sources together.
Having obtained the metric perturbations, the power

spectrum per logarithmic frequency interval is

dρGW(k)

d ln k
=

1

32πGL3

k3

(2π)3

∫

dΩ
∣

∣

∣
ḣlm(t,k)

∣

∣

∣

2

. (8)

We simulate the system on a cubic lattice of N3 = 10243

points, neglecting cosmic expansion which is slow com-
pared with the transition rate. The fluid is imple-
mented as a three dimensional relativistic fluid [37], with
donor cell advection. The scalar and tensor fields are

evolved using a leapfrog algorithm with a minimal sten-
cil for the spatial Laplacian. Principally we used lat-
tice spacing δx = 1T−1

c and time step δt = 0.1T−1
c ,

where Tc is the critical temperature for the phase tran-
sition. We have checked the lattice spacing dependence
by carrying out single bubble self-collision simulations for
L3 = 2563 T−3

c at δx = 0.5T−1
c , for which the value of

ρGW at t = 2000T−1
c increased by 10%, while the final

total fluid kinetic energy increased by 7%. Simulating
with δt = 0.2T−1

c resulted in changes of 0.3% and 0.2%
to ρGW and the kinetic energy respectively.

Starting from a system completely in the symmet-
ric phase, we model the phase transition by nucleat-
ing new bubbles according to the rate per unit volume
P = P0 exp(β(t − t0)). From this distribution we gener-
ate a set of nucleation times and locations (in a suitable
untouched region of the box) at each of which we insert a
static bubble with a gaussian profile for the scalar field.
The bubble expands and quickly approaches an invariant
scaling profile [23].

We first studied a system with g = 34.25, γ = 1/18,
α =

√
10/72, T0 = Tc/

√
2 and λ = 10/648; this allows

comparison with previous (1 + 1) and spherical studies
of a coupled field-fluid system where the same parameter
choices were used [23]. The transition in this case is rela-
tively weak: in terms of αT , the ratio between the latent
heat and the total thermal energy, we have αTN

= 0.012
at the nucleation temperature TN = 0.86Tc. We also
performed simulations with γ = 2/18 and λ = 5/648, for
which αTN

= 0.10 at the nucleation temperature TN =
0.8Tc, which we refer to as an intermediate strength tran-
sition. We note that αTN

∼ 10−2 is generic for a first
order electroweak transition, while αTN

∼ 10−1 would
imply some tuning [38].

For the nucleation process, we took β = 0.0125Tc,
P0 = 0.01 and t0 = tend = 2000T−1

c . The simulation vol-
ume allowed the nucleation of 100-300 bubbles, so that
the mean spacing between bubbles was of order 100T−1

c .
The wall velocity is captured correctly, but the fluid ve-
locity did not quite reach the scaling profile before col-
liding. Typically, the peak velocity prior to collision is
20-30% below the scaling value for the deflagrations.

For the weak transition we chose η = 0.1, 0.2, 0.4 and
0.6. The first gives a detonation with wall speed vw ≃
0.71, and the others weak deflagrations with vw ≃ 0.44,
0.24, and 0.15 respectively. The shock profiles are found
in Figs. 2 and 3 of Ref. [23]; slices of the total energy
density for one of our simulations are shown in Fig. 1.
The intermediate transition was simulated at η = 0.4,
for which the wall speed is vw ≃ 0.44, very close to the
weak transition with η = 0.2.

Fig. 2 (top) shows the time evolution of two quantities
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Baryogenesis Recap

GUT Baryogenesis : 

-requires too high reheat temperature
-requires (B-L) violation due to washout by sphalerons

-> Leptogenesis as the most viable baryogenesis through 
out-of equilibrium decays of heavy right-handed Majorana 
neutrinos (L-violating).
Appealing as it requires hardly any new physics ingredients 
beyond those needed to explain neutrino masses by the seesaw 
mechanism. 
Drawback: hard to test

—> Only way to achieve baryogenesis in (B-L) conserving theory: 
At the electroweak phase transition: Electroweak baryogenesis
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EW baryogenesis. Studying procedure

1- The mechanism: Charge transport across bubble wall
2- Nature of the EW phase transition -> computation of 
Higgs effective potential
3- Calculation of nucleation temperature (bubble action)
4- calculation of baryon asymmetry and CP violation

(I will only discuss 1 and 2).
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EW baryogenesis during a first-order EW 
phase transition .

 Baryon asymmetry created at 
vicinity of CP-violating bubble wall.broken phase 

<Φ>≠0

h�(Tn)i
Tn

& 1Strength of EW phase transition ≡

Tn ≡ nucleation temperature
20

Kuzmin, Rubakov, Shaposhnikov’85
Cohen, Kaplan, Nelson’91
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3)  In symmetric phase,<Φ>=0,
very active sphalerons convert chiral 
asymmetry into baryon asymmetry

Chirality Flux  
in front of the wall

Baryon asymmetry and the EW scale

Electroweak baryogenesis mechanism relies on a  
first-order phase transition satisfying     

1)  nucleation  and expansion of 
bubbles of broken phase

broken phase 

<Φ>≠0
Baryon number 

 is frozen

2)  CP violation at phase interface 
 responsible for mechanism   

of charge separation

• B formation cartoon:

CP

Q

U

Q

U

H

yt QHuUc SU(2)L sphaleron

• Osphal ∝
∏

i(QiQiQiLi) is sourced by the Q asymmetry.h�(Tn)i
Tn

& 1

Kuzmin, Rubakov, Shaposhnikov’85

Cohen, Kaplan, Nelson’91
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"0.0025

0.0025
0.005
0.0075
0.01

V!Φ"#v4
T →

<Φ>=0

<Φ>≠0

v v

1st-order phase transition described by 
temperature evolution of scalar potential .

Nucleation, expansion and collision of Higgs bubbles

Barrier separates 2 
degenerate minima

2 phases can coexist

tunneling
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Nature of 
the EW phase transition

50 100 150 200 250 300
Φ !GeV"

"0.005
"0.0025

0.0025
0.005
0.0075
0.01

V!Φ"#v4 first-order           or              cross over?

50 100 150 200 250 300
Φ !GeV"

"0.02

"0.01

0.01

0.02

V!Φ"#v4 ⤵ 
T →
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1st-order
<𝝋(T)> discontinuous

2nd-order
1st derivative discontinuous

Crossover: no discontinuity in any derivative 
impossible to see analytically, only on lattice

versus
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)

THE HIGGS POTENTIAL .

 TODAY, T=0

> How did we end up here ?

Tested part of 
the potential

 We’re here.
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The thermal 1-loop corrections to the effective potential for the Higgs boson 
is just the free energy of the Bose-Einstein & Fermi-Dirac distributions of 

particles getting a mass  from 𝝋.

The free energy F=-p , also called the effective potential of a plasma  of 
particles with masses mi (𝝋) is, in the non-interacting gas approximation: 

Tool to study the nature of the EW phase transition: 
Higgs effective potential

fpeak ⇠ 10�2 mHz
⇣ g⇤
100

⌘1/6 T⇤

100 GeV

�

H⇤

1

v
(1)

V (�) = �µ2�2/2 + ��4/2 (2)

F = V0 + T

Z
d3p

(2⇡)3

X

i

±gi log
⇥
1⌥ e�Ei/T

⇤
(3)

E2
i = p2 +m2

i (4)

F = V0 +
T 4

2⇡2

X

i

±giYb/f (mi/t) (5)

Yb/f (x) =

Z 1

0

dy y2 log
h
1⌥ e�

p
x2+y2

i
(6)

Yb/f ! ⇡4

45
for bosons (7)

Yb/f ! 7⇡4

360
for fermions (8)

⇢ =
⇡2g⇤T

4

30
with g⇤ =

X

i

gi,b +
7

4
gi,f (9)

F =
⇢

3
(10)

V1(�, T ) =
X

f

gfT
4

2⇡2

 1X

n=1

(�1)n

n2

⇣mf

T

⌘2
K2(n

mf

T
)

!
(11)

�
X

b

gbT
4

2⇡2

 1X

n=1

1

n2

⇣mb

T

⌘2
K2(n

mb

T
)

!
(12)

V1(�, T ) = �⇡2g⇤T
4

90
+D(T 2 � T 2

0 )�
2 � ET�3 +

�(T )�4

4
(13)

D =
1

8v2
⇥
2m2

W +m2
Z + 2m2

t

⇤
(14)

E =
1

4⇡v3
⇥
2m3

W +m3
Z

⇤ ⇡ 10�2 (15)

T 2
0 =

1

4D

⇥
m2

H � 8Bv2
⇤

(16)

1

internal dof -/+ : for 
bosons/fermionsT=0 potential

fpeak ⇠ 10�2 mHz
⇣ g⇤
100

⌘1/6 T⇤

100 GeV

�

H⇤

1

v
(1)

V (�) = �µ2�2/2 + ��4/2 (2)

F = V0 + T

Z
d3p

(2⇡)3

X

i

±gi log
⇥
1⌥ e�Ei/T

⇤
(3)

E2
i = p2 +m2

i (4)

F = V0 +
T 4

2⇡2

X

i

±giYb/f (mi/t) (5)

Yb/f (x) =

Z 1

0

dy y2 log
h
1⌥ e�

p
x2+y2

i
(6)

Yb/f ! ⇡4

45
for bosons (7)

Yb/f ! 7⇡4

360
for fermions (8)

⇢ =
⇡2g⇤T

4

30
with g⇤ =

X

i

gi,b +
7

4
gi,f (9)

F =
⇢

3
(10)

V1(�, T ) =
X

f

gfT
4

2⇡2

 1X

n=1

(�1)n

n2

⇣mf

T

⌘2
K2(n

mf

T
)

!
(11)

�
X

b

gbT
4

2⇡2

 1X

n=1

1

n2

⇣mb

T

⌘2
K2(n

mb

T
)

!
(12)

V1(�, T ) = �⇡2g⇤T
4

90
+D(T 2 � T 2

0 )�
2 � ET�3 +

�(T )�4

4
(13)

D =
1

8v2
⇥
2m2

W +m2
Z + 2m2

t

⇤
(14)

E =
1

4⇡v3
⇥
2m3

W +m3
Z

⇤ ⇡ 10�2 (15)

T 2
0 =

1

4D

⇥
m2

H � 8Bv2
⇤

(16)

1

𝝋-dependent 26



fpeak ⇠ 10�2 mHz
⇣ g⇤
100

⌘1/6 T⇤

100 GeV

�

H⇤

1

v
(1)

V (�) = �µ2�2/2 + ��4/2 (2)

F = V0 + T

Z
d3p

(2⇡)3

X

i

±gi log
⇥
1⌥ e�Ei/T

⇤
(3)

E2
i = p2 +m2

i (4)

F = V0 +
T 4

2⇡2

X

i

±giYb/f (mi/t) (5)

Yb/f (x) =

Z 1

0

dy y2 log
h
1⌥ e�

p
x2+y2

i
(6)

Yb/f ! ⇡4

45
for bosons (7)

Yb/f ! 7⇡4

360
for fermions (8)

⇢ =
⇡2g⇤T

4

30
with g⇤ =

X

i

gi,b +
7

4
gi,f (9)

F =
⇢

3
(10)

V1(�, T ) =
X

f

gfT
4

2⇡2

 1X

n=1

(�1)n

n2

⇣mf

T

⌘2
K2(n

mf

T
)

!
(11)

�
X

b

gbT
4

2⇡2

 1X

n=1

1

n2

⇣mb

T

⌘2
K2(n

mb

T
)

!
(12)

V1(�, T ) = �⇡2g⇤T
4

90
+D(T 2 � T 2

0 )�
2 � ET�3 +

�(T )�4

4
(13)

D =
1

8v2
⇥
2m2

W +m2
Z + 2m2

t

⇤
(14)

E =
1

4⇡v3
⇥
2m3

W +m3
Z

⇤ ⇡ 10�2 (15)

T 2
0 =

1

4D

⇥
m2

H � 8Bv2
⇤

(16)

1

T=0 potential T≠ 0 potential called 

B =
3

64⇡2v4
⇥
2m4

W +m4
Z � 4m2

t

⇤
(17)

�(T ) = �� 3

16⇡2v4

✓
2m4

W log
m2

W

abT 2
+m4

Z log
m2

Z

abT 2
� 4m4

t log
m2

t

afT 2

◆
(18)

log ab = 3.91 (19)

� =
m2

H

2v2
(20)

log af = 1.14 (21)

V1(�, T ) =
X

b

gb


1

24
m2

b(�)T
2 � 1

12⇡
m3

b(�)T � m4
b(�)

64⇡2
log(

m2
b(�)

cbT 2
)

�

+
X

f

gf


1

48
m2

f (�)T
2 +

m4
f (�)

64⇡2
log(

m2
f (�)

cfT 2
)

�
+O(

m6

T 2
)

log cb = 5.41 (22)

log cf = 2.63 (23)

V1(�, T ) (24)

T 2
c =

T 2
0

1� E2

�(Tc)D

(25)

�±(T ) =
3ET

2�(T )
± 1

2�(T )

q
9E2T 2 � 8�(T )D(T 2 � T 2

0 ) (26)

V (0, Tc) = V (�(Tc), Tc) (27)

�min
+ (Tc) =

2ETc
�(Tc) (28)

�max
� (Tc) =

ETc
�(Tc) (29)

�+(Tc)

Tc

=
2E

�(Tc)
⇡ 0.146 (30)

2

fpeak ⇠ 10�2 mHz
⇣ g⇤
100

⌘1/6 T⇤

100 GeV

�

H⇤

1

v
(1)

V (�) = �µ2�2/2 + ��4/2 (2)

F = V0 + T

Z
d3p

(2⇡)3

X

i

±gi log
⇥
1⌥ e�Ei/T

⇤
(3)

E2
i = p2 +m2

i (4)

F = V0 +
T 4

2⇡2

X

i

±giYb/f (
mi

T
) (5)

Yb/f (x) =

Z 1

0

dy y2 log
h
1⌥ e�

p
x2+y2

i
(6)

Yb/f ! ⇡4

45
for bosons (7)

Yb/f ! 7⇡4

360
for fermions (8)

⇢ =
⇡2g⇤T

4

30
with g⇤ =

X

i

gi,b +
7

4
gi,f (9)

F =
⇢

3
(10)

V1(�, T ) =
X

f

gfT
4

2⇡2

 1X

n=1

(�1)n

n2

⇣mf

T

⌘2
K2(n

mf

T
)

!
(11)

�
X

b

gbT
4

2⇡2

 1X

n=1

1

n2

⇣mb

T

⌘2
K2(n

mb

T
)

!
(12)

V1(�, T ) = �⇡2g⇤T
4

90
+D(T 2 � T 2

0 )�
2 � ET�3 +

�(T )�4

4
(13)

D =
1

8v2
⇥
2m2

W +m2
Z + 2m2

t

⇤
(14)

E =
1

4⇡v3
⇥
2m3

W +m3
Z

⇤ ⇡ 10�2 (15)

T 2
0 =

1

4D

⇥
m2

H � 8Bv2
⇤

(16)

1

For light species compared to T   (m/T<<1) -> relativistic gas. 
Other species are Boltzmann-suppressed -> neglected
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And we recover the usual 
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such that
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VV1(𝝋,T) can be rewritten as
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For small masses m/T<<1 in the high-temperature limit, this is
(we exclude the terms independent of 𝝋)
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We see that  for m(𝝋)    𝝋 ∝
— The first term generates a thermal mass term   g2𝝋2T2  

— The second term in bosonic contribution generates a term - 𝝋3T 

responsible for restoring the electroweak symmetry at high temperature
dominant contribution is from top coupling

:BARRIER!! 

A key term to generate a 1st order phase transition
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(We ignore the 1-loop T=0 contribution for simplicity)   

B =
3

64⇡2v4
⇥
2m4

W +m4
Z � 4m2

t

⇤
(17)

�(T ) = �� 3

16⇡2v4

✓
2m4

W log
m2

W

abT 2
+m4

Z log
m2

Z

abT 2
� 4m4

t log
m2

t

afT 2

◆
(18)

log ab = 3.91 (19)

� =
m2

H

2v2
(20)

log af = 1.14 (21)

V1(�, T ) =
X

b

gb


1

24
m2

b(�)T
2 � 1

12⇡
m3

b(�)T � m4
b(�)

64⇡2
log(

m2
b(�)

cbT 2
)

�

+
X

f

gf


1

48
m2

f (�)T
2 +

m4
f (�)

64⇡2
log(

m2
f (�)

cfT 2
)

�
+O(

m6

T 2
)

log cb = 5.41 (22)

log cf = 2.63 (23)

V1(�, T ) (24)

T 2
c =

T 2
0

1� E2

�(Tc)D

(25)

�±(T ) =
3ET

2�(T )
± 1

2�(T )

q
9E2T 2 � 8�(T )D(T 2 � T 2

0 ) (26)

V (0, Tc) = V (�(Tc), Tc) (27)

�min
+ (Tc) =

2ETc
�(Tc) (28)

�max
� (Tc) =

ETc
�(Tc) (29)

�+(Tc)

Tc

=
2E

�(Tc)
⇡ 0.146 (30)

2

leads to a 1st-order phase transition with critical temperature Tc  
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The order parameter is given by

strongly 
depends on 
Higgs mass

~ 1/(mH)2
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! Perturbation theory not applicable at Tc in the SM for large Higgs mass.

In fact, at high T, the thermal loop expansion parameter is  g2T/MW where g 
is the coupling entering in the loop 
At Tc , g2Tc /MW ~gTc /𝝋c~ g / (E/λ) ~ g / (g3/λ) ~ λ / g2  ~(mH /mW)^2

-> perturbative expansion breaks down at Tc  especially at large mH

In the Standard Model, the EW phase transition is not first-order but is a cross-over.

would be first-order for mH <~70 GeV
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FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V

0
1 (�) + V

T
1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the

At one-loop:

Tree level 1-loop 
T=0

1-loop 
T≠0
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—> Symmetry restoration 
at Tc
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At high T:



HEATING UP THE STANDARD MODEL .
 EW sym. restored at T≳160 GeV*** 

through a smooth crossover
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No departure from thermal equilibrium
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It would have been different if mH≲70 GeV
Electroweak phase transition

Lattice calculations show the SM Higgs mass is too large.

RHW ⌘ mH/mW

Endpoint at:

mH ⇡ 67 GeV

- Csikor, Fodor, Heitger, Phys. Rev. Lett. 82, 21 (1999)

Higgs mass is too large in the SM. The Higgs potential must be modified.
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In Standard Model, the EW phase transition is not first-order.

In Minimal Supersymmetric Standard Model:
many new bosonic degrees of freedom with large coupling 
to the Higgs (e.g “stop”)
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Increases size of barrier, but requires light stop (squarks), 
now excluded by LHC.
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First-order EW phase transition .

> Framework for EW baryogenesis !
> Stochastic bgd of gravitational waves 

detectable at LISA !

Nucleation, expansion and collision of Higgs bubbles

Barrier separates 2 
degenerate minima

2 phases can coexist

tunneling
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What makes the EW phase transition 
1st-order ?

> Extra EW-scale scalar(s) coupled to the Higgs  

> O(1) modifications to the Higgs potential  

37

A hot topic of investigation, search for extra 
scalars at LHC.

seSee e.g. 2212.00056, for a very well-motivated 
candidate, the dilaton, in composite Higgs models.

https://arxiv.org/abs/2212.00056


Nature of the EW phase 
transition :

 Still many open exotic possibilities 
regarding what happened when the energy 

density of the universe was (EW scale)4.

38



EW baryogenesis during a first-order EW 
phase transition .

 Baryon asymmetry created at 
vicinity of CP-violating bubble wall.broken phase 

<Φ>≠0

h�(Tn)i
Tn

& 1Strength of EW phase transition ≡

Tn ≡ nucleation temperature
39

Kuzmin, Rubakov, Shaposhnikov’85
Cohen, Kaplan, Nelson’91



The Electroweak Baryogenesis Miracle:

-6 -4 -2 2 4 6

Broken Symmetric

Figure 1: A cut through the bubble wall, which moves from the left to the right (in the direction

of positive z, i.e. v

w

> 0). In blue we show the profile of the Higgs vev through the bubble

wall. The rate for the sphaleron transitions (yellow, rescaled to one) only becomes important

in front of the bubble wall.

is a measure for the density of left handed quarks in front of the bubble wall. The first term

in the parenthesis on the right hand side of equation (1) represents the excess of left handed

quarks being converted into a net baryon number by the weak sphaleron. The second term

in this parenthesis accounts for the washout, i.e. the fact that the sphaleron tends to relax

any baryon asymmetry to zero if it has enough time to do so. If the bubble wall advances

at a very low speed compared to the typical di↵usion time scale, the sphaleron washes-out

the baryon asymmetry. If, however, the wall has a sizable velocity, a non-negligible fraction

of the baryon asymmetry di↵uses into the bubble, where the weak sphaleron is suppressed

due to the fact that the electroweak symmetry is broken. This way we can freeze the baryon

asymmetry inside the bubble.

The whole mechanism is illustrated figure 1 which also clarifies our notations and conven-

tions.

From equation (1) it is clear that the main di�culty will be to calculate the density of

the excess of left-handed fermions in front of the bubble wall. This will be determined by the

way the fermions are transported through the bubble wall, i.e. how they interact with the

wall and among them selfs while moving through the wall. We therefore want to determine

the profiles of the chemical potentials (µ
i

) of each one of the particle species. It is clear that

their local velocity in the plasma (u
i

) is influencing the di↵usion through the bubble wall.

We therefore have to determine µ
i

and u

i

simultaneously. For electroweak baryogenesis, only

the CP-violating contribution is of interest, which is the only part that we will calculate.

Therefore the (CP-violating part of the) chemical potentials and the local velocities will also

crucially depend on the (new) source of CP-violation that has to be present in order to create

an excess of left-handed particles. This gives rise to a system of coupled di↵erential equations

2
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key quantities controlling the GW spectrum

 β : (duration of the phase transition)-1

α : vacuum energy density/radiation energy density

 α and β : entirely determined by the effective 
 scalar potential at high temperature
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V!Φ,T$T_n"

anisotropic stress
Source of GW:

To evaluate the GWs emitted by turbulent motion in the primordial fluid and by a
magnetic field we need to determine the tensor-type anisotropic stresses of these sources.
They source the evolution equation for the GW perturbations,

ḧij + 2Hḣij + k2hij = 8⇥Ga2T (TT )
ij (k, t) . (5)

In this section we consider in all generality a relativistic source, and we solve the wave
equation in two cases: a long lasting source (i.e. many Hubble times), and a short lasting
one (i.e. significantly less than one Hubble time). We introduce the transverse traceless
tensor part of the energy momentum tensor of the source as

T (TT )
ij (k, t) = (⇤ + p)�̃ij(k, t) so that 8⇥Ga2T (TT )

ij (k, t) = 4H2�̃ij(k, t) , (6)

where we denote the dimensionless energy momentum tensor with a tilde: �̃ij(k, t) =
(PilPjm�1/2PijPlm)T̃lm(k, t). The projection tensor PilPjm�1/2PijPlm, with Pij = �ij�k̂ik̂j,
projects onto the transverse traceless part of the stress tensor. �̃ includes any time depen-
dence other than the basic radiation-like evolution. We assume that the source is active only
during the radiation-dominated era, where p = ⇤/3. During adiabatic expansion g(Ta)3 =
constant so that

⇤(t) =
⇤rad,0

a4(t)

⇤
g0

g(t)

⌅1/3

and a(t) ⇥ H0 ⇥1/2
rad,0

�
g0

g(t)

⇥1/6

t (7)

where g(t) is the number of relativistic degrees of freedom at time t.

2.1 Long-lasting source

Let us first concentrate on the more general case of a long lasting source. To solve Eq. (5)
we set H = 1/t, neglecting changes in the number of e⇤ective relativistic degrees of freedom.
In terms of the dimensionless variable x = kt Eq. (5) then becomes

h⇥⇥
ij + 2

h⇥
ij

x
+ hij =

4

x2
�̃ij . (8)

We consider a source that is active from time tin to time tfin, which in the long lasting case
can span a period of many Hubble times. For t > tfin, we match the solution of the above
equation to the homogeneous solution, �̃ij = 0. Assuming further that we are only interested
in modes well inside the horizon today, x ⇤ 1, the resulting GW energy power spectrum
becomes

|h⇥(k, x > xfin)|2 =
8

x2

⇧ xfin

xin

dx1

x1

⇧ xfin

xin

dx2

x2
cos(x2 � x1)�̃(k, x1, x2) x ⇤ 1 , (9)

x1 = kt1, x2 = kt2, and �̃(k, x1, x2) denotes the unequal time correlator of the source,
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Figure 4: The plot shows the energy density on the surface of the biggest bubble in a simulation for

three di↵erent times (5/�, 6.4/�, 8.2/�). The energy density increases from dark to light regions. The

energy density is normalized to the maximal energy density possible at the specific time, i.e. black

regions denote no energy density and white regions denote uncollided regions. The plots show the

envelope (left) and bulk flow (right) approximations.

For |↵| � 1 the integrands have singularities and the expressions are only valid up to the

singularities in the integrand, cos(�
0

) = �1/↵. Using the relation

Ic(↵,�1

)� Ic(↵,�0

) = Ic(�↵,�
1

+ ⇡)� Ic(�↵,�
0

+ ⇡) , (27)

Is(↵,�1

)� Is(↵,�0

) = Is(�↵,�
1

+ ⇡)� Is(�↵,�
0

+ ⇡) , (28)

one can map the desired integrals to the regions that are well behaved. Furthermore, there is

an numerical instability in Ic near ↵ ' 1 due to cancellation between the two terms in (26).

As long as the argument of arctan is relatively small, one can expand the expression around

↵ = 1 to obtain an approximation that is more stable when evaluated numerically.
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Figure 3: Example output of the PTPlot tool. The plot shows an example of the GW power

spectrum from a first-order PT, along with the LISA sensitivity curve (h2⌦Sens(f) taken from the

LISA Science Requirements Document [64]). The parameters of the example model are vw = 0.9,

↵ = 0.1, �/H⇤ = 50, T⇤ = 200 GeV, g⇤ = 100.

time are shaded on these SNR plots. Note that for producing the SNR curves the duration

of the source is taken to be the Hubble time or the fluid turnover time, whichever is shorter,

as the most conservative estimate possible [17, 20].

On the other hand, for an SNR plot in the �/H⇤-↵ plane, which is more practical for

model builders, the input parameters can be plotted directly, but the contours are deformed

by the inverse mapping from U f and HnR⇤ to ↵ and �/H⇤.
Figs. 2 and 3 show three example plots produced by the PTPlot tool. The two plots in

Fig. 2 display the SNR in the Ūf vs R⇤H⇤ and ↵ vs �/H⇤ parameter spaces. Figure 3 shows

the expected GW power spectrum for some example model and the LISA sensitivity curve.

All sensitivity plots presented in Sec. 6 were made with PTPlot.

5 Determining ↵, �, and H⇤ in specific models

When considering a specific model, the parameters ↵, �, and T⇤ (or H⇤) entering the energy

budget (and PTPlot) need to be computed microphysically. This is typically done using

a perturbative e↵ective potential approach (implicitly assumed in the discussion of Sec. 2),

which can result in significant uncertainties in the predicted GW parameters. Here, we discuss

methods for going beyond the standard approach and the corresponding uncertainties as they

relate to LISA.

The majority of GW predictions in specific BSM scenarios rely on the computation of

the e↵ective potential V [{�i}], through a perturbative expansion to one- or sometimes two-

loop order in 4D. Here, {�i} denotes the set of scalar fields involved in the transition (the

order parameters). Under the assumption that the {�i} are homogeneous, one may compute

20

T=200 GeV

GWs from a 1st-order phase transition .

[LISA Cosmology Working group, 1512.06239]
+  update 1910.13125

—> LISA !
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Two Characteristic quantities .
  ● β : inverse duration of the phase transition

set by the tunneling probability
6.3 GW generation 171

where b is the time variation of the nucleation rate

b ⌘ dS
dt

�

�

�

⇤
=�H⇤T⇤

dS
dT

�

�

�

⇤
, (6.189)

such that the SGWB abundance today becomes

WGW(k)h2 = h2 r

⇤
tot

rc

✓

a⇤
a0

◆4 ✓H⇤
b

◆2
K2 D(k). (6.190)

with H2
⇤ = 8pGr

⇤
tot/3. The GW emission time denoted by ⇤, coincides with the bubble

percolation time
a⇤ = aperc, (6.191)

which can be distinct from the nucleation temperature, see discussion Sec. 6.1.4, and the
end of reheating areh.

The GW propagation from the percolation epoch to today:
Upon assuming an adiabatic evolution from today a0 up to reheating areh, i.e. heff T 3 a3 =
cst, and possibly assuming the domination of the universe by a scalar field redshifting as
r µ a�n between the end of reheating areh and the time of bubble nucleation a⇤, we obtain

WGW(k)h2 = Fgw,0 h2
✓

H⇤
b

◆2
K2 D(k), (6.192)

with

Fgw,0 h2 ⌘ W
g

h2
✓

heff,0

heff, reh

◆4/3 geff, reh

g
g,0



rreh

r⇤ (1+a)

�

4�n
n
,

' 1.657⇥10�5
✓

100
geff, reh

◆1/3
rreh

r⇤ (1+a)

�

4�n
n
, (6.193)

where rreh/r⇤ = geff, reh/geff,⇤ T 4
reh/T 4

⇤ . The last factor [· · · ]
4�n

n accounts for the extra-
redshift15 of the universe as r µ a�n between bubble nucleation and reheating, and
only differs from unity if the lifetime of the scalar field driving the PT is longer than
a Hubble time. For a scalar field oscillating in a potential V µ f

2p, the equation of state
averaged over the oscillations is w̄ = (p�1)/(p+1) [874], so the resdhift parameter is
n = 3(1+ w̄) = 6p/(1+ p). Note that for instantaneous reheating, areh = a⇤, the reheating
temperature reads

Treh =

✓

geff⇤
greh

◆1/4
(1+a)1/4 T⇤. (6.194)

We made used of geff,p = heff,p, g
g,0 = 2, heff,0 = 3.94 (which assumes Neff ' 3.045

[631–633]) and W
g

h2 ' 2.473⇥10�5 [61].
From doing similar maths, the GW frequency today reads

f0 =
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f⇤ = 1.65⇥10�5 Hz
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15Eq. (6.193) follows from Fgw,0 = (areh/a0)4(a⇤/areh)4(rreh/rc)(r⇤
tot/rreh) with r

⇤
tot/rreh = (areh/a⇤)n.

sets the characteristic frequency

corresponds to the characteristic inverse size of bubbles at time of 
collisions
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key quantities controlling the GW spectrum

 β : (duration of the phase transition)-1

α : vacuum energy density/radiation energy density

 α and β : entirely determined by the effective 
 scalar potential at high temperature
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Source of GW:

To evaluate the GWs emitted by turbulent motion in the primordial fluid and by a
magnetic field we need to determine the tensor-type anisotropic stresses of these sources.
They source the evolution equation for the GW perturbations,

ḧij + 2Hḣij + k2hij = 8⇥Ga2T (TT )
ij (k, t) . (5)

In this section we consider in all generality a relativistic source, and we solve the wave
equation in two cases: a long lasting source (i.e. many Hubble times), and a short lasting
one (i.e. significantly less than one Hubble time). We introduce the transverse traceless
tensor part of the energy momentum tensor of the source as

T (TT )
ij (k, t) = (⇤ + p)�̃ij(k, t) so that 8⇥Ga2T (TT )

ij (k, t) = 4H2�̃ij(k, t) , (6)

where we denote the dimensionless energy momentum tensor with a tilde: �̃ij(k, t) =
(PilPjm�1/2PijPlm)T̃lm(k, t). The projection tensor PilPjm�1/2PijPlm, with Pij = �ij�k̂ik̂j,
projects onto the transverse traceless part of the stress tensor. �̃ includes any time depen-
dence other than the basic radiation-like evolution. We assume that the source is active only
during the radiation-dominated era, where p = ⇤/3. During adiabatic expansion g(Ta)3 =
constant so that

⇤(t) =
⇤rad,0

a4(t)

⇤
g0

g(t)

⌅1/3

and a(t) ⇥ H0 ⇥1/2
rad,0

�
g0

g(t)

⇥1/6

t (7)

where g(t) is the number of relativistic degrees of freedom at time t.

2.1 Long-lasting source

Let us first concentrate on the more general case of a long lasting source. To solve Eq. (5)
we set H = 1/t, neglecting changes in the number of e⇤ective relativistic degrees of freedom.
In terms of the dimensionless variable x = kt Eq. (5) then becomes

h⇥⇥
ij + 2

h⇥
ij

x
+ hij =

4

x2
�̃ij . (8)

We consider a source that is active from time tin to time tfin, which in the long lasting case
can span a period of many Hubble times. For t > tfin, we match the solution of the above
equation to the homogeneous solution, �̃ij = 0. Assuming further that we are only interested
in modes well inside the horizon today, x ⇤ 1, the resulting GW energy power spectrum
becomes

|h⇥(k, x > xfin)|2 =
8

x2

⇧ xfin

xin

dx1

x1

⇧ xfin

xin

dx2

x2
cos(x2 � x1)�̃(k, x1, x2) x ⇤ 1 , (9)

x1 = kt1, x2 = kt2, and �̃(k, x1, x2) denotes the unequal time correlator of the source,

⇧�̃ij(k, t1)�̃
�
ij(q, t2)⌃ = (2⇥)3�(k� q)�̃(k, kt1, kt2) . (10)
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In terms of the dimensionless variable x = kt Eq. (5) then becomes
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We consider a source that is active from time tin to time tfin, which in the long lasting case
can span a period of many Hubble times. For t > tfin, we match the solution of the above
equation to the homogeneous solution, �̃ij = 0. Assuming further that we are only interested
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ḧij + 2Hḣij + k2hij = 8⇥Ga2T (TT )
ij (k, t) . (5)

In this section we consider in all generality a relativistic source, and we solve the wave
equation in two cases: a long lasting source (i.e. many Hubble times), and a short lasting
one (i.e. significantly less than one Hubble time). We introduce the transverse traceless
tensor part of the energy momentum tensor of the source as

T (TT )
ij (k, t) = (⇤ + p)�̃ij(k, t) so that 8⇥Ga2T (TT )

ij (k, t) = 4H2�̃ij(k, t) , (6)

where we denote the dimensionless energy momentum tensor with a tilde: �̃ij(k, t) =
(PilPjm�1/2PijPlm)T̃lm(k, t). The projection tensor PilPjm�1/2PijPlm, with Pij = �ij�k̂ik̂j,
projects onto the transverse traceless part of the stress tensor. �̃ includes any time depen-
dence other than the basic radiation-like evolution. We assume that the source is active only
during the radiation-dominated era, where p = ⇤/3. During adiabatic expansion g(Ta)3 =
constant so that

⇤(t) =
⇤rad,0

a4(t)

⇤
g0

g(t)

⌅1/3

and a(t) ⇥ H0 ⇥1/2
rad,0

�
g0

g(t)

⇥1/6

t (7)

where g(t) is the number of relativistic degrees of freedom at time t.

2.1 Long-lasting source

Let us first concentrate on the more general case of a long lasting source. To solve Eq. (5)
we set H = 1/t, neglecting changes in the number of e⇤ective relativistic degrees of freedom.
In terms of the dimensionless variable x = kt Eq. (5) then becomes

h⇥⇥
ij + 2

h⇥
ij

x
+ hij =

4

x2
�̃ij . (8)

We consider a source that is active from time tin to time tfin, which in the long lasting case
can span a period of many Hubble times. For t > tfin, we match the solution of the above
equation to the homogeneous solution, �̃ij = 0. Assuming further that we are only interested
in modes well inside the horizon today, x ⇤ 1, the resulting GW energy power spectrum
becomes

|h⇥(k, x > xfin)|2 =
8

x2

⇧ xfin

xin

dx1

x1

⇧ xfin

xin

dx2

x2
cos(x2 � x1)�̃(k, x1, x2) x ⇤ 1 , (9)

x1 = kt1, x2 = kt2, and �̃(k, x1, x2) denotes the unequal time correlator of the source,

⇧�̃ij(k, t1)�̃
�
ij(q, t2)⌃ = (2⇥)3�(k� q)�̃(k, kt1, kt2) . (10)

5

P ⇥ e�t ⇥ T 4

H4
e�S3/T � 1 S3

T
�

H
⇥ O(102 � 103)

key quantities controlling the GW spectrum

 β : (duration of the phase transition)-1

α : vacuum energy density/radiation energy density

 α and β : entirely determined by the effective 
 scalar potential at high temperature

50 100 150 200 250 300
Φ

"5#106
"2.5#106

2.5#106
5#106

7.5#106
1#107
V!Φ,T$T_n"

anisotropic stress
Source of GW:

To evaluate the GWs emitted by turbulent motion in the primordial fluid and by a
magnetic field we need to determine the tensor-type anisotropic stresses of these sources.
They source the evolution equation for the GW perturbations,
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GUT scale inflation with dilaton-like potential

main point: start rolling down potential after tunneling to very small value of the field µ
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So µ�/µ+ ⇠ 106 is enough and this does not require a very small |✏|, so we could be fine
with the spectral index, and for GUT scale inflation, we are fine with amplitude of scalar
fluctuations. So much better than the TeV case.
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strength of the PT

gradient energy in the bubble walls and kinetic energy in the fluid
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fractions of vacuum energy that goes into either gradient energy in bubble , 
kinetic energy in the fluid o into turbulent motion.
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So µ�/µ+ ⇠ 106 is enough and this does not require a very small |✏|, so we could be fine
with the spectral index, and for GUT scale inflation, we are fine with amplitude of scalar
fluctuations. So much better than the TeV case.
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Two types of gravitational-wave (GW) signals .

Peera Simakachorn (Uni. Hamburg) 28.10.2022 2

2 types of gravitational-wave signal

• Astrophysical signals 
(in the late universe)

• Cosmological background filling the whole Universe 
A relic from the early universe or “primordial”

Not yet detected Detected 

time

Note: Astrophysics background can lead to stochastic background if it is unresolvable.

Astrophysical signals
(in the late universe) 

• Cosmological background filling the whole 
universe (a relic from the early universe) 

•

✔  detected ✘  not yet detected

Note: Astrophysical signals can lead to a stochastic background if they cannot be resolved. 

LIGO&Virgo, arXiv:1602.03841
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Primordial gravitational waves: Fossil radiation .
superposition of GW generated by an enormous number of causally independent sources, 
arriving at random times and from random directions. 
Individual waves are not detectable, sources can not be resolved but instead we can only 
observe a Stochastic GW Background. For most of the cosmological sources, it is 
homogeneous, isotropic, gaussian and unpolarized and appears as a noise in the detector.

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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GW produced below the Planck scale are decoupled: They  
propagate freely in the universe until today. 
They do not loose memory of conditions when produced.
They retain spectral shape, typical frequency and intensity 
characteristic of production mechanism, encoding information 
about particle physics at high-energy scales that cannot be probed 
by colliders. 

Peera Simakachorn (Uni. Hamburg) 28.10.2022 4

 well-tested ⟶unconstrained  ⟵
Big-bang nucleosynthesis (BBN) 

MeV∼ Electromagnetic- 
wave probes

GW propagates freely, 

GW carries information about the Universe when it is produced. 
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Probing high-energy physics with 
gravitational waves .
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Probing high-energy physics with 
gravitational waves .Peera Simakachorn (Uni. Hamburg) 28.10.2022 4

 well-tested ⟶unconstrained  ⟵
Big-bang nucleosynthesis (BBN) 

MeV∼ Electromagnetic- 
wave probes

GW propagates freely, 

GW carries information about the Universe when it is produced. 
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Big-bang nucleosynthesis (BBN) 

MeV∼ Electromagnetic- 
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GW carries information about the Universe when it is produced. 
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Key question:

What can we learn on 
particle physics from early 

universe cosmology?
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.

Big Bang 
Nucleosynthesis

Cosmic Microwave 
Background

Structure 
Formation

Standard Cosmological History .

Long Radiation Era

Well-tested

Completely free 
& unconstrained
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.

Big Bang 
Nucleosynthesis

Cosmic Microwave 
Background

Structure 
Formation

Inflation?

? ?

Cosmological History .
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.

Big Bang 
Nucleosynthesis

Cosmic Microwave 
Background

Structure 
Formation

Inflation?

? ?
Reheating?

Cosmological History .
Inflation?

? ?
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.

Big Bang 
Nucleosynthesis

Cosmic Microwave 
Background

Structure 
Formation

Kination after inflation?

? ?

Cosmological History .
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.

Big Bang 
Nucleosynthesis

Cosmic Microwave 
Background

Structure 
Formation

Early Matter era after inflation?

? ?

Cosmological History .
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.
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Formation

Cosmological History .
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.

Big Bang 
Nucleosynthesis

Cosmic Microwave 
Background

Structure 
Formation

Intermediate matter eras?

? ? ?

Cosmological History .

matter
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.
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Secondary intermediate late inflation eras?
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Cosmological History .
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1.8. Thermal History 21

FIGURE 1.5: Sketch of the history of the universe from the time of the Big Bang
until today. Image taken from [7].

4. Massless gauge bosons, which mediate the electromagnetic force (photon �) and strong
force (gluon g).

5. Massive vector bosons (W± and Z boson), which mediate the weak interaction.

6. Higgs boson h. The Higgs boson interacts with all massive particles, including itself.

Now that we have seen the overall behaviour of the building blocks of normal matter9, we are
ready to discuss the thermal history of the universe.

1.8 Thermal History

In this section I will review how the thermodynamical properties, as well as the particle con-
tent of the universe, have evolved over time. To properly understand the thermal history of
the universe, several concepts need to be introduced first10. However, for a general overview
of the main stages involved, see Fig. 1.5.

1.8.1 Phase-space Distribution and Equilibrium

To properly understand the behaviour of particles in the early universe, we can describe each
species � in the universe with a phase-space distribution function f�(xµ, P ⌫

). The arguments
of this function can be reduced by using that homogeneity implies that f� should not depend
on xi. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum pi; however, the dependence on the modulus p remains. Finally, we can use
9As a reminder, this only accounts for ⇠ 5 % of the energy content of the observable universe. And yet we call it
normal matter.

10We are almost there, I promise.
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Dark Matter
Production ?
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–  gravitons decoupled below Planck scale:
– do not loose memory of conditions when produced
– retain spectrum/shape/typical frequency & intensity of physics at corresponding high energy scales.
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Current and future GW experiments constitute a new avenue of 
investigation in particle physics and cosmology.
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Probing the cosmological history with 
Gravitational Waves:



Peera Simakachorn (Uni. Hamburg) 28.10.2022
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Current and future GW experiments

The landscape of Primordial GW
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ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]

ḧij + 3H ḣij + k2 hij = 0

 source: amplification of vacuum fluctuations during inflation

tensor 
perturbations of 

FRW metric:

WAVE 
EQUATION

GW from early universe sources

15

Primordial GW .

Tensor perturbations of Friedmann-Robertson-Walker metric:

source: tensor anisotropic stress

tensor 
perturbations of 

FRW metric:
ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]

• fluid

• electromagnetic field

• scalar field 

⇧ij ⇠ �2(⇢+ p) vivj

⇧ij ⇠ @i�@j�

WAVE 
EQUATION ḧij + 3H ḣij + k2 hij = 16⇡G⇧TT

ij

⇧TT
ij

⇧ij ⇠ (E2 +B2)
�ij
3

� EiEj �BiBj

GW from early universe sources

16

Wave equation:

Source: 
Tensor anisotropic stress

67

=Transverse Traceless component
 of the energy-momentum tensor of the source

We define the statistically homogeneous and isotropic gravitational wave energy density
spectrum by

⟨ḣij(k, η)ḣ
∗

ij(q, η)⟩ = δ(k− q)|ḣ|2(k, η) , (4)

where k is the comoving wave vector. The gravitational wave energy density, normalized to
the critical energy density is:

ΩGW (η) =
ρGW (η)

ρc
=

∫

∞

0

dk
k2|ḣ|2(k, η)
2(2π)6Gρca2

, (5)

where the factor (2π)−6 comes from the Fourier transform convention. We want to estimate
the present day gravitational wave energy spectrum, in other words the gravitational wave
energy density per logarithmic frequency interval,

dΩGW (k)

d ln k

∣

∣

∣

∣

η0

≡
k3|ḣ|2(k, η0)
2(2π)6Gρc

. (6)

In an expanding radiation-dominated universe, hij(k, η) is the solution of the wave equation

ḧij(k, η) +
2

η
ḣij(k, η) + k2hij(k, η) = 8πGa2(η)Πij(k, η) . (7)

Πij(k, η) is the tensor part of the anisotropic stress, the transverse-traceless component of
the energy momentum tensor that generates tensor perturbations hij of the metric:

Πij(k, η) = (PilPjm −
1

2
PijPlm)Tlm(k, η) , (8)

where Pij = δij − k̂ik̂j is the transverse projector and Tlm(k, η) are the spatial components
of the energy momentum tensor. As will be discussed in the next section, the anisotropic
stress is a stochastic variable for the generation process under consideration. It accounts for
the intrinsic randomness of bubble nucleation and collision.

Our source of gravitational radiation is active for an interval of time corresponding to
the duration of the phase transition, which is much shorter than one Hubble time [32, 33].
We can therefore neglect the expansion of the universe while the source is still active, and
rewrite Eq. (7) as

h
′′

ij(x) + hij(x) =
8πGa2∗
k2

Πij(x) , (9)

where x = kη, ′ denotes derivative with respect to x and a∗ is the scale factor at the time
of the phase transition. The dependence of hij(k, η) on directions of the wave-vector enters
only in the polarization of the wave and is irrelevant for our discussion. As will become clear
at the end of this section, in Eq. (16), this is due to statistical homogeneity and isotropy of
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∗

ij(q, η)⟩ = δ(k− q)|ḣ|2(k, η) , (4)
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-> Cosmological Phase Transitions 

-> Inflation  
-> Cosmic Strings

Well-known cosmological sources .

-> Reheating of the universe
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Sources of primordial GW

Standard-Model sources 

Primordial inflation 
Thermal plasma
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Standard Model sources of primordial GW.
Primordial inflation & Standard Model thermal plasma

Irreducible GW background from amplification of initial 
quantum fluctuations of the gravitational field during inflation
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Beyond-the-Standard Model sources.
Preheating, first-order phase transitions, cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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Standard-Model sources 

Thermal plasma 
Primordial inflation

beyond the Standard-Model sources 
preheating 

first-order phase transitions 
cosmic strings

Sources of primordial GW
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Reading the history of the universe.
Peera Simakachorn (Uni. Hamburg) 28.10.2022
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11
Tracing the history of the Universe

High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

GW frequency observed today:   fGW,0 ≃ λ−1
GW(aprod/a0) ≃ 10−6 Hz [

H−1
prod

λGW ] [
Tprod

100 GeV ]
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Tracing the history of the Universe

GW spectra are sensitive to 
the cosmological history. 

GW frequency 

  

GW energy density 

 

 Here the standard Hot-Big-Bang 
(radiation era @ high energies) 

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (

aprod

a0 )
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What if the Universe is not 
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at high energies?
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High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

GW frequency observed today:   fGW,0 ≃ λ−1
GW(aprod/a0) ≃ 10−6 Hz [

H−1
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λGW ] [
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Reading the history of the universe.
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GW spectra are sensitive to 
the cosmological history. 
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 Here the standard Hot-Big-Bang 
(radiation era @ high energies) 

fGW,0 ≃ λ−1
GW (

aprod
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radiation-dominated 
at high energies?
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 cosmic evolution For , LISA  TeV scale. 

For string loops ( ), ET  TeV scale.

λGW ∼ H−1 ⇔
λGW ≪ H−1 ⇔

Reading the history of the universe.
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GW spectra are sensitive to 
the cosmological history. 

GW frequency 

  

GW energy density 

 

 Here the standard Hot-Big-Bang 
(radiation era @ high energies) 

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (
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a0 )
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What if the Universe is not 
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at high energies?
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GW spectra are sensitive to the cosmological history.
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What if the Universe is not 
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frequency energy density

What if the universe is not radiation-dominated at high energies?

Standard 
Model 

radiation era 
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Gravitational Waves from 
cosmic strings.

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 
Gouttenoire, Servant, PS 

Step feature from 
intermediate matter

My few pages on GW from cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022

⇢1 / t�2 /

8
><

>:

a�3

a�4

a�6

<latexit sha1_base64="VQYMR4D3B5ZUnmyuSuauzUBzpQs="></latexit>

for matter 

for radiation 

for kination

Loop formation & Scaling regime

I. Cosmic expansion:

GW emission 
(particle production 
for global strings)

II. String intercommutation: loop formation depletes energy from the network.

String network with loop formation in NG limits 
are described by Velocity-dep. One-Scale (VOS) model.

L / t
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Scaling regime

String network  as 
long-standing GW sources
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Cosmic string ≡ topological defects from 
spontaneous-symmetry-breaking [Kibble, 1976] 

Network of cosmic strings
[Allen & Shellard, 1990]

String’s core ≪ horizon size 1D classical object with tension 
(Nambu-Goto string)

µ ⇠ ⌘2

<latexit sha1_base64="9RJGVGso12kQXAWWsZvetJ9V3Tg=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBU9ktBfVW9OKxgv2A7lqy6WwbmmSXJCvU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRSln2njet7O2vrG5tV3YKe7u7R+U3MOjlk4yRaFJE56oTkQ0cCahaZjh0EkVEBFxaEejm5nffgSlWSLvzTiFUJCBZDGjxFip55YCkeFAM4EDMOSh2nPLXsWbA68SPydllKPRc7+CfkIzAdJQTrTu+l5qwglRhlEO02KQaUgJHZEBdC2VRIAOJ/PDp/jMKn0cJ8qWNHiu/p6YEKH1WES2UxAz1MveTPzP62YmvgwnTKaZAUkXi+KMY5PgWQq4zxRQw8eWEKqYvRXTIVGEGptV0YbgL7+8SlrVil+rXN3VyvXrPI4COkGn6Bz56ALV0S1qoCaiKEPP6BW9OU/Oi/PufCxa15x85hj9gfP5A9pFkpY=</latexit>

field space physical space

Energy density of long-string network

⇢1 =
µ

L2

<latexit sha1_base64="NwQ+sUpzZieDwQTCyLr6xTKVj9k=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EohsXLirYBzQxTKaTduhkEmYmQghZufFX3LhQxK3f4M6/cdpmoa0HLhzOuZd77/FjRqWyrG+jtLS8srpWXq9sbG5t75i7ex0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+uOrid99IELSiN+pNCZuiIacBhQjpSXPPHTEKPIcygOVwgvoBALhzAmTPLu5r+eeWbVq1hRwkdgFqYICLc/8cgYRTkLCFWZIyr5txcrNkFAUM5JXnESSGOExGpK+phyFRLrZ9I0cHmtlAINI6OIKTtXfExkKpUxDX3eGSI3kvDcR//P6iQrO3IzyOFGE49miIGFQRXCSCRxQQbBiqSYIC6pvhXiEdBJKJ1fRIdjzLy+STr1mN2rnt41q87KIowwOwBE4ATY4BU1wDVqgDTB4BM/gFbwZT8aL8W58zFpLRjGzD/7A+PwBDr+Y4g==</latexit>

as Universe expands cosmic strings overclose!

L / a

<latexit sha1_base64="wjmUcYdhwBkQ16Nv0+lifmho3P4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6Kbly4qGAf2A4lk2ba0EwSkoxQhv6FGxeKuPVv3Pk3pu0stPVA4HDOveSeEynOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkammtAGkVzqdoQN5UzQhmWW07bSFCcRp61odDP1W09UGybFgx0rGiZ4IFjMCLZOerzrKi2VlQj3yhW/6s+AlkmQkwrkqPfKX92+JGlChSUcG9MJfGXDDGvLCKeTUjc1VGEywgPacVTghJowm108QSdO6aNYaveERTP190aGE2PGSeQmE2yHZtGbiv95ndTGl2HGhEotFWT+UZxy5CJO46M+05RYPnYEE83crYgMscbEupJKroRgMfIyaZ5Vg/Pq1f15pXad11GEIziGUwjgAmpwC3VoAAEBz/AKb57xXrx372M+WvDynUP4A+/zB1UvkLc=</latexit>

⇢1 / a�2

<latexit sha1_base64="1b2pZx/A1hD2Y6fiJUhEexhHK18=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgxjIzlNbuim5cVrAP6Iwlk2ba0EwyJBmhDAU3/oobF4q49Sfc+Tdm2goqeiBwOOdebs4JYkaVtu0PK7e0vLK6ll8vbGxube8Ud/faSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4IvM7t0QqKvi1nsTEj9CQ05BipI3ULx54ciT6HuWhnkAvliLWAqKb9NSd9oslu1ytua5rQ7tsz5ARp+rWq9BZKCWwQLNffPcGAicR4RozpFTPsWPtp0hqihmZFrxEkRjhMRqSnqEcRUT56SzDFB4bZQBDIc3jGs7U7xspipSaRIGZjJAeqd9eJv7l9RIdnvkp5XGiCcfzQ2HCoMmZFQIHVBKs2cQQhCU1f4V4hCTC2tRWMCV8JYX/k7Zbdirl+lWl1Dhf1JEHh+AInAAH1EADXIImaAEM7sADeALP1r31aL1Yr/PRnLXY2Qc/YL19AgBfl8Y=</latexit>

(where L is the correlation length)

�

<latexit sha1_base64="y1IJTOIXGZD5yC6MK5xK5MzkDZM=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZIaTLorunFZwT6gDWUynTRDZyZhZiKU0l9w40IRt/6QO//GSVtBRQ9cOJxzL/feE2WMKu04H1ZpbX1jc6u8XdnZ3ds/qB4edVSaS0zaOGWp7EVIEUYFaWuqGellkiAeMdKNJteF370nUtFU3OlpRkKOxoLGFCNdSIMsocNqzbG9yws/CKAhfiPw3SXx6i50bWeBGlihNay+D0YpzjkRGjOkVN91Mh3OkNQUMzKvDHJFMoQnaEz6hgrEiQpni1vn8MwoIxin0pTQcKF+n5ghrtSUR6aTI52o314h/uX1cx0H4YyKLNdE4OWiOGdQp7B4HI6oJFizqSEIS2puhThBEmFt4qmYEL4+hf+TTt12Pbtx69WaV6s4yuAEnIJz4AIfNMENaIE2wCABD+AJPFvcerRerNdla8lazRyDH7DePgGnC46u</latexit>

V (�)

<latexit sha1_base64="mF8tKcowwbSnhuocJ/CQRa3GTwU=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0Wom5DUYNJd0Y3LCvYBbSiT6aQdOpkMMxOhhH6EGxeKuPV73Pk3Th+Cih64cDjnXu69JxKMKu04H1ZhbX1jc6u4XdrZ3ds/KB8etVWaSUxaOGWp7EZIEUY5aWmqGekKSVASMdKJJtdzv3NPpKIpv9NTQcIEjTiNKUbaSJ12tS/G9HxQrji2d3nhBwE0xK8HvrskXs2Fru0sUAErNAfl9/4wxVlCuMYMKdVzHaHDHElNMSOzUj9TRCA8QSPSM5SjhKgwX5w7g2dGGcI4laa4hgv1+0SOEqWmSWQ6E6TH6rc3F//yepmOgzCnXGSacLxcFGcM6hTOf4dDKgnWbGoIwpKaWyEeI4mwNgmVTAhfn8L/Sbtmu55dv/UqjatVHEVwAk5BFbjABw1wA5qgBTCYgAfwBJ4tYT1aL9brsrVgrWaOwQ9Yb58Xco9z</latexit>

|�| = ⌘

<latexit sha1_base64="EhSGFIB3t/wqCYeXtCZOdbzdmBQ=">AAACAnicdVDLSgNBEJyNrxhfq57Ey2AQPIXdGI0ehKAXjwpGhWwIs5Pe7JDZBzO9QljFi7/ixYMiXv0Kb/6NkxhBRQsaiqpuurv8VAqNjvNuFSYmp6ZnirOlufmFxSV7eeVcJ5ni0OSJTNSlzzRIEUMTBUq4TBWwyJdw4fePhv7FFSgtkvgMBym0I9aLRSA4QyN17DVPQoDXXhoKT4leiNf0gHqAjHbsslPZrde2d6rUqTgjDIm749R3qTtWymSMk4795nUTnkUQI5dM65brpNjOmULBJdyUvExDynif9aBlaMwi0O189MIN3TRKlwaJMhUjHanfJ3IWaT2IfNMZMQz1b28o/uW1Mgz22rmI0wwh5p+LgkxSTOgwD9oVCjjKgSGMK2FupTxkinE0qZVMCF+f0v/JebXi1ir7p7Vy43AcR5Gskw2yRVxSJw1yTE5Ik3ByS+7JI3my7qwH69l6+WwtWOOZVfID1usH8mmXKA==</latexit>

|�| = 0

<latexit sha1_base64="DVe4JV72dzuAaJX8f4gXGEPXJbM=">AAAB/nicdVDLSgNBEJyNrxhfUfHkZTAInsJsSDbJQQh68RjBqJANYXYymwzOPpjpFcIm4K948aCIV7/Dm3/jbIygogUNRVU33V1eLIUGQt6t3MLi0vJKfrWwtr6xuVXc3rnUUaIY77BIRurao5pLEfIOCJD8OlacBp7kV97NaeZf3XKlRRRewDjmvYAOQ+ELRsFI/eKeK7kPEzceCVeJ4Qgm+BiTfrFEyqThNGwHk3KNVGr1jBDiNBsOtg3JUEJztPvFN3cQsSTgITBJte7aJIZeShUIJvm04Caax5Td0CHvGhrSgOteOjt/ig+NMsB+pEyFgGfq94mUBlqPA890BhRG+reXiX953QT8Ri8VYZwAD9nnIj+RGCKcZYEHQnEGcmwIZUqYWzEbUUUZmMQKJoSvT/H/5LJStqvl5nm11DqZx5FH++gAHSEb1VELnaE26iCGUnSPHtGTdWc9WM/Wy2drzprP7KIfsF4/ACFjlZ8=</latexit>

string formation scale 
(e.g., @ phase transition)

⇡1(G/H) 6= id

<latexit sha1_base64="A0UmceqIcoYPzQjWD5rBD8HxLT4=">AAACA3icbVDJSgNBEO1xjXGLetNLYxD0EmckoN6CHswxglkgE0JPp5I09vSM3TViGAJe/BUvHhTx6k9482/sLAe3BwWP96qoqhfEUhh03U9nZnZufmExs5RdXlldW89tbNZMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeXJ+P/PotaCMidYWDGFoh6ynRFZyhldq5bT8WbW//4rB84Cu4oT7CHeowFZ1hO5d3C+4Y9C/xpiRPpqi0cx9+J+JJCAq5ZMY0PTfGVso0Ci5hmPUTAzHj16wHTUsVC8G00vEPQ7pnlQ7tRtqWQjpWv0+kLDRmEAa2M2TYN7+9kfif10ywe9JKhYoTBMUni7qJpBjRUSC0IzRwlANLGNfC3kp5n2nG0caWtSF4v1/+S2pHBa9YOL0s5ktn0zgyZIfskn3ikWNSImVSIVXCyT15JM/kxXlwnpxX523SOuNMZ7bIDzjvX+CUlxQ=</latexit>

Peera Simakachorn (Uni. Hamburg) 28.10.2022

Cosmic string ≡ topological defects from 
spontaneous-symmetry-breaking [Kibble, 1976] 

Network of cosmic strings
[Allen & Shellard, 1990]

String’s core ≪ horizon size 1D classical object with tension 
(Nambu-Goto string)

µ ⇠ ⌘2

<latexit sha1_base64="9RJGVGso12kQXAWWsZvetJ9V3Tg=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBU9ktBfVW9OKxgv2A7lqy6WwbmmSXJCvU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRSln2njet7O2vrG5tV3YKe7u7R+U3MOjlk4yRaFJE56oTkQ0cCahaZjh0EkVEBFxaEejm5nffgSlWSLvzTiFUJCBZDGjxFip55YCkeFAM4EDMOSh2nPLXsWbA68SPydllKPRc7+CfkIzAdJQTrTu+l5qwglRhlEO02KQaUgJHZEBdC2VRIAOJ/PDp/jMKn0cJ8qWNHiu/p6YEKH1WES2UxAz1MveTPzP62YmvgwnTKaZAUkXi+KMY5PgWQq4zxRQw8eWEKqYvRXTIVGEGptV0YbgL7+8SlrVil+rXN3VyvXrPI4COkGn6Bz56ALV0S1qoCaiKEPP6BW9OU/Oi/PufCxa15x85hj9gfP5A9pFkpY=</latexit>

field space physical space

�

<latexit sha1_base64="y1IJTOIXGZD5yC6MK5xK5MzkDZM=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZIaTLorunFZwT6gDWUynTRDZyZhZiKU0l9w40IRt/6QO//GSVtBRQ9cOJxzL/feE2WMKu04H1ZpbX1jc6u8XdnZ3ds/qB4edVSaS0zaOGWp7EVIEUYFaWuqGellkiAeMdKNJteF370nUtFU3OlpRkKOxoLGFCNdSIMsocNqzbG9yws/CKAhfiPw3SXx6i50bWeBGlihNay+D0YpzjkRGjOkVN91Mh3OkNQUMzKvDHJFMoQnaEz6hgrEiQpni1vn8MwoIxin0pTQcKF+n5ghrtSUR6aTI52o314h/uX1cx0H4YyKLNdE4OWiOGdQp7B4HI6oJFizqSEIS2puhThBEmFt4qmYEL4+hf+TTt12Pbtx69WaV6s4yuAEnIJz4AIfNMENaIE2wCABD+AJPFvcerRerNdla8lazRyDH7DePgGnC46u</latexit>

V (�)

<latexit sha1_base64="mF8tKcowwbSnhuocJ/CQRa3GTwU=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0Wom5DUYNJd0Y3LCvYBbSiT6aQdOpkMMxOhhH6EGxeKuPV73Pk3Th+Cih64cDjnXu69JxKMKu04H1ZhbX1jc6u4XdrZ3ds/KB8etVWaSUxaOGWp7EZIEUY5aWmqGekKSVASMdKJJtdzv3NPpKIpv9NTQcIEjTiNKUbaSJ12tS/G9HxQrji2d3nhBwE0xK8HvrskXs2Fru0sUAErNAfl9/4wxVlCuMYMKdVzHaHDHElNMSOzUj9TRCA8QSPSM5SjhKgwX5w7g2dGGcI4laa4hgv1+0SOEqWmSWQ6E6TH6rc3F//yepmOgzCnXGSacLxcFGcM6hTOf4dDKgnWbGoIwpKaWyEeI4mwNgmVTAhfn8L/Sbtmu55dv/UqjatVHEVwAk5BFbjABw1wA5qgBTCYgAfwBJ4tYT1aL9brsrVgrWaOwQ9Yb58Xco9z</latexit>

|�| = ⌘

<latexit sha1_base64="EhSGFIB3t/wqCYeXtCZOdbzdmBQ=">AAACAnicdVDLSgNBEJyNrxhfq57Ey2AQPIXdGI0ehKAXjwpGhWwIs5Pe7JDZBzO9QljFi7/ixYMiXv0Kb/6NkxhBRQsaiqpuurv8VAqNjvNuFSYmp6ZnirOlufmFxSV7eeVcJ5ni0OSJTNSlzzRIEUMTBUq4TBWwyJdw4fePhv7FFSgtkvgMBym0I9aLRSA4QyN17DVPQoDXXhoKT4leiNf0gHqAjHbsslPZrde2d6rUqTgjDIm749R3qTtWymSMk4795nUTnkUQI5dM65brpNjOmULBJdyUvExDynif9aBlaMwi0O189MIN3TRKlwaJMhUjHanfJ3IWaT2IfNMZMQz1b28o/uW1Mgz22rmI0wwh5p+LgkxSTOgwD9oVCjjKgSGMK2FupTxkinE0qZVMCF+f0v/JebXi1ir7p7Vy43AcR5Gskw2yRVxSJw1yTE5Ik3ByS+7JI3my7qwH69l6+WwtWOOZVfID1usH8mmXKA==</latexit>

|�| = 0

<latexit sha1_base64="DVe4JV72dzuAaJX8f4gXGEPXJbM=">AAAB/nicdVDLSgNBEJyNrxhfUfHkZTAInsJsSDbJQQh68RjBqJANYXYymwzOPpjpFcIm4K948aCIV7/Dm3/jbIygogUNRVU33V1eLIUGQt6t3MLi0vJKfrWwtr6xuVXc3rnUUaIY77BIRurao5pLEfIOCJD8OlacBp7kV97NaeZf3XKlRRRewDjmvYAOQ+ELRsFI/eKeK7kPEzceCVeJ4Qgm+BiTfrFEyqThNGwHk3KNVGr1jBDiNBsOtg3JUEJztPvFN3cQsSTgITBJte7aJIZeShUIJvm04Caax5Td0CHvGhrSgOteOjt/ig+NMsB+pEyFgGfq94mUBlqPA890BhRG+reXiX953QT8Ri8VYZwAD9nnIj+RGCKcZYEHQnEGcmwIZUqYWzEbUUUZmMQKJoSvT/H/5LJStqvl5nm11DqZx5FH++gAHSEb1VELnaE26iCGUnSPHtGTdWc9WM/Wy2drzprP7KIfsF4/ACFjlZ8=</latexit>

string formation scale 
(e.g., @ phase transition)

⇡1(G/H) 6= id

<latexit sha1_base64="A0UmceqIcoYPzQjWD5rBD8HxLT4=">AAACA3icbVDJSgNBEO1xjXGLetNLYxD0EmckoN6CHswxglkgE0JPp5I09vSM3TViGAJe/BUvHhTx6k9482/sLAe3BwWP96qoqhfEUhh03U9nZnZufmExs5RdXlldW89tbNZMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeXJ+P/PotaCMidYWDGFoh6ynRFZyhldq5bT8WbW//4rB84Cu4oT7CHeowFZ1hO5d3C+4Y9C/xpiRPpqi0cx9+J+JJCAq5ZMY0PTfGVso0Ci5hmPUTAzHj16wHTUsVC8G00vEPQ7pnlQ7tRtqWQjpWv0+kLDRmEAa2M2TYN7+9kfif10ywe9JKhYoTBMUni7qJpBjRUSC0IzRwlANLGNfC3kp5n2nG0caWtSF4v1/+S2pHBa9YOL0s5ktn0zgyZIfskn3ikWNSImVSIVXCyT15JM/kxXlwnpxX523SOuNMZ7bIDzjvX+CUlxQ=</latexit>

Cosmic strings:
Long-lasting source of GW 

Peera Simakachorn (Uni. Hamburg) 28.10.2022

Cosmic string ≡ topological defects from 
spontaneous-symmetry-breaking [Kibble, 1976] 

Network of cosmic strings
[Allen & Shellard, 1990]

String’s core ≪ horizon size 1D classical object with tension 
(Nambu-Goto string)

µ ⇠ ⌘2

<latexit sha1_base64="9RJGVGso12kQXAWWsZvetJ9V3Tg=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBU9ktBfVW9OKxgv2A7lqy6WwbmmSXJCvU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRSln2njet7O2vrG5tV3YKe7u7R+U3MOjlk4yRaFJE56oTkQ0cCahaZjh0EkVEBFxaEejm5nffgSlWSLvzTiFUJCBZDGjxFip55YCkeFAM4EDMOSh2nPLXsWbA68SPydllKPRc7+CfkIzAdJQTrTu+l5qwglRhlEO02KQaUgJHZEBdC2VRIAOJ/PDp/jMKn0cJ8qWNHiu/p6YEKH1WES2UxAz1MveTPzP62YmvgwnTKaZAUkXi+KMY5PgWQq4zxRQw8eWEKqYvRXTIVGEGptV0YbgL7+8SlrVil+rXN3VyvXrPI4COkGn6Bz56ALV0S1qoCaiKEPP6BW9OU/Oi/PufCxa15x85hj9gfP5A9pFkpY=</latexit>

field space physical space

�

<latexit sha1_base64="y1IJTOIXGZD5yC6MK5xK5MzkDZM=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZIaTLorunFZwT6gDWUynTRDZyZhZiKU0l9w40IRt/6QO//GSVtBRQ9cOJxzL/feE2WMKu04H1ZpbX1jc6u8XdnZ3ds/qB4edVSaS0zaOGWp7EVIEUYFaWuqGellkiAeMdKNJteF370nUtFU3OlpRkKOxoLGFCNdSIMsocNqzbG9yws/CKAhfiPw3SXx6i50bWeBGlihNay+D0YpzjkRGjOkVN91Mh3OkNQUMzKvDHJFMoQnaEz6hgrEiQpni1vn8MwoIxin0pTQcKF+n5ghrtSUR6aTI52o314h/uX1cx0H4YyKLNdE4OWiOGdQp7B4HI6oJFizqSEIS2puhThBEmFt4qmYEL4+hf+TTt12Pbtx69WaV6s4yuAEnIJz4AIfNMENaIE2wCABD+AJPFvcerRerNdla8lazRyDH7DePgGnC46u</latexit>

V (�)

<latexit sha1_base64="mF8tKcowwbSnhuocJ/CQRa3GTwU=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0Wom5DUYNJd0Y3LCvYBbSiT6aQdOpkMMxOhhH6EGxeKuPV73Pk3Th+Cih64cDjnXu69JxKMKu04H1ZhbX1jc6u4XdrZ3ds/KB8etVWaSUxaOGWp7EZIEUY5aWmqGekKSVASMdKJJtdzv3NPpKIpv9NTQcIEjTiNKUbaSJ12tS/G9HxQrji2d3nhBwE0xK8HvrskXs2Fru0sUAErNAfl9/4wxVlCuMYMKdVzHaHDHElNMSOzUj9TRCA8QSPSM5SjhKgwX5w7g2dGGcI4laa4hgv1+0SOEqWmSWQ6E6TH6rc3F//yepmOgzCnXGSacLxcFGcM6hTOf4dDKgnWbGoIwpKaWyEeI4mwNgmVTAhfn8L/Sbtmu55dv/UqjatVHEVwAk5BFbjABw1wA5qgBTCYgAfwBJ4tYT1aL9brsrVgrWaOwQ9Yb58Xco9z</latexit>

|�| = ⌘

<latexit sha1_base64="EhSGFIB3t/wqCYeXtCZOdbzdmBQ=">AAACAnicdVDLSgNBEJyNrxhfq57Ey2AQPIXdGI0ehKAXjwpGhWwIs5Pe7JDZBzO9QljFi7/ixYMiXv0Kb/6NkxhBRQsaiqpuurv8VAqNjvNuFSYmp6ZnirOlufmFxSV7eeVcJ5ni0OSJTNSlzzRIEUMTBUq4TBWwyJdw4fePhv7FFSgtkvgMBym0I9aLRSA4QyN17DVPQoDXXhoKT4leiNf0gHqAjHbsslPZrde2d6rUqTgjDIm749R3qTtWymSMk4795nUTnkUQI5dM65brpNjOmULBJdyUvExDynif9aBlaMwi0O189MIN3TRKlwaJMhUjHanfJ3IWaT2IfNMZMQz1b28o/uW1Mgz22rmI0wwh5p+LgkxSTOgwD9oVCjjKgSGMK2FupTxkinE0qZVMCF+f0v/JebXi1ir7p7Vy43AcR5Gskw2yRVxSJw1yTE5Ik3ByS+7JI3my7qwH69l6+WwtWOOZVfID1usH8mmXKA==</latexit>

|�| = 0

<latexit sha1_base64="DVe4JV72dzuAaJX8f4gXGEPXJbM=">AAAB/nicdVDLSgNBEJyNrxhfUfHkZTAInsJsSDbJQQh68RjBqJANYXYymwzOPpjpFcIm4K948aCIV7/Dm3/jbIygogUNRVU33V1eLIUGQt6t3MLi0vJKfrWwtr6xuVXc3rnUUaIY77BIRurao5pLEfIOCJD8OlacBp7kV97NaeZf3XKlRRRewDjmvYAOQ+ELRsFI/eKeK7kPEzceCVeJ4Qgm+BiTfrFEyqThNGwHk3KNVGr1jBDiNBsOtg3JUEJztPvFN3cQsSTgITBJte7aJIZeShUIJvm04Caax5Td0CHvGhrSgOteOjt/ig+NMsB+pEyFgGfq94mUBlqPA890BhRG+reXiX953QT8Ri8VYZwAD9nnIj+RGCKcZYEHQnEGcmwIZUqYWzEbUUUZmMQKJoSvT/H/5LJStqvl5nm11DqZx5FH++gAHSEb1VELnaE26iCGUnSPHtGTdWc9WM/Wy2drzprP7KIfsF4/ACFjlZ8=</latexit>

string formation scale 
(e.g., @ phase transition)

⇡1(G/H) 6= id

<latexit sha1_base64="A0UmceqIcoYPzQjWD5rBD8HxLT4=">AAACA3icbVDJSgNBEO1xjXGLetNLYxD0EmckoN6CHswxglkgE0JPp5I09vSM3TViGAJe/BUvHhTx6k9482/sLAe3BwWP96qoqhfEUhh03U9nZnZufmExs5RdXlldW89tbNZMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeXJ+P/PotaCMidYWDGFoh6ynRFZyhldq5bT8WbW//4rB84Cu4oT7CHeowFZ1hO5d3C+4Y9C/xpiRPpqi0cx9+J+JJCAq5ZMY0PTfGVso0Ci5hmPUTAzHj16wHTUsVC8G00vEPQ7pnlQ7tRtqWQjpWv0+kLDRmEAa2M2TYN7+9kfif10ywe9JKhYoTBMUni7qJpBjRUSC0IzRwlANLGNfC3kp5n2nG0caWtSF4v1/+S2pHBa9YOL0s5ktn0zgyZIfskn3ikWNSImVSIVXCyT15JM/kxXlwnpxX523SOuNMZ7bIDzjvX+CUlxQ=</latexit>

recent review:

string tension:
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Higher f ⇔ Earlier emission 

smaller loop ⇔ higher oscillation f 

!6

Standard Cosmology
Radiation Era → Matter Era

Higher f ⇔ Earlier emission
GW emission:
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LISA

ET
C
E

B
B
O

D
EC
IG
O

SKA 5 yrs
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Total Spectrum

Emission during RD

Emission during MD

RDMD

T ! 1
<latexit sha1_base64="UvnxDxgCn78flmXEicEidcfAr/U=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCBymJCnosePFYoV/QhLLZbtqlm03YnSgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmBYngGhzn2yqtrW9sbpW3Kzu7e/sH9uFRR8epoqxNYxGrXkA0E1yyNnAQrJcoRqJAsG4wuZ353QemNI9lC7KE+REZSR5ySsBIA7va8hQfjYEoFT9ij8sQsoFdc+rOHHiVuAWpoQLNgf3lDWOaRkwCFUTrvusk4OdEAaeCTSteqllC6ISMWN9QSSKm/Xx+/BSfGmWIw1iZkoDn6u+JnERaZ1FgOiMCY73szcT/vH4K4Y2fc5mkwCRdLApTgSHGsyTwkCtGQWSGEKq4uRXTMVGEgsmrYkJwl19eJZ2LuntZd+6vao3zIo4yOkYn6Ay56Bo10B1qojaiKEPP6BW9WU/Wi/VufSxaS1YxU0V/YH3+AA1mlPQ=</latexit>Teq

<latexit sha1_base64="A/Renkz66hLzMUqvX44jv4Jtm4Q=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYhA8SNhVQY8BLx4j5AXJEmYnnWTIzOxmpjcYlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXdXGAtu0PO+nbX1jc2t7dxOfndv/+CwcHRcN1GiGdRYJCLdDKkBwRXUkKOAZqyBylBAIxzez/zGGLThkariJIZA0r7iPc4oWimodtoIT6hlCqNpp1D0St4c7irxM1IkGSqdwle7G7FEgkImqDEt34sxSKlGzgRM8+3EQEzZkPahZamiEkyQzo+euudW6bq9SNtS6M7V3xMplcZMZGg7JcWBWfZm4n9eK8HeXZByFScIii0W9RLhYuTOEnC7XANDMbGEMs3trS4bUE0Z2pzyNgR/+eVVUr8q+dcl7/GmWL7M4siRU3JGLohPbkmZPJAKqRFGRuSZvJI3Z+y8OO/Ox6J1zclmTsgfOJ8/XSaSaQ==</latexit>

T0
<latexit sha1_base64="sVDYSAtgSR6y5UvLaJ/b5Xmosmc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBT0WvHis2C9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2LVwEnC/YgOlQgFo2ilx0bf7ZcrbtWdg6wSLycVyFHvl796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4a2fCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SlqXVe+q6j5cV2oXeRxFOIFTOAcPbqAG91CHJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHNUY1n</latexit>

smaller loop ⇔ higher oscillation f

RD: asymptotically flat
MD: peak

Spectral shape:

(from the red-shift behavior of GW)

t1 < t2
<latexit sha1_base64="4+MTS19b0fZpTSrwL6UuTdXY2y4=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9OCh4MVjBfsBbQib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7obUcCkUb6FAybup5jQOJe+E47uZ33ni2ohEPeIk5X5Mh0pEglG0UgcD7xaDelCpujV3DrJKvIJUoUAzqHz1BwnLYq6QSWpMz3NT9HOqUTDJp+V+ZnhK2ZgOec9SRWNu/Hx+7pScW2VAokTbUkjm6u+JnMbGTOLQdsYUR2bZm4n/eb0Moxs/FyrNkCu2WBRlkmBCZr+TgdCcoZxYQpkW9lbCRlRThjahsg3BW355lbTrNe+y5j5cVRtuEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGBMY71</latexit>

Evolution of Universe

Power of GW radiation per loop  
estimated by quadrupole formula 

!5

Loop Decay & GW Production
Leads to GW power spectrum

P
GW

= �dE
loop

dt
= �Gµ2

<latexit sha1_base64="kQsMOwiZxdXDW460ISORPchUfdY=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBC8GHajoBchIBKPEcwDsjHMzs4mgzM7y0yvGJb9FS/+ihcPingTf8ZJDOKroKGo6qa7K0gEN+C6b87M7Nz8wmJhqbi8srq2XtrYbBmVasqaVAmlOwExTPCYNYGDYJ1EMyIDwdrB9enYb98wbbiKL2GUsJ4kg5hHnBKwUr903Oj7wG5By6zezk/2/UgTmoVnX6pQKsnzLIT8xK8TKQmu+zK9qvZLZbfiToD/Em9KymiKRr/06oeKppLFQAUxpuu5CfQyooFTwfKinxqWEHpNBqxraUwkM71s8mGOd60S4khpWzHgifp9IiPSmJEMbKckMDS/vbH4n9dNITruZTxOUmAx/VwUpQKDwuO4cMg1oyBGlhCqub0V0yGxGYENtWhD8H6//Je0qhXvoOJeHJZr1WkcBbSNdtAe8tARqqFz1EBNRNEdekBP6Nm5dx6dF+f1s3XGmc5soR9w3j8AI5ikpw==</latexit>

Number Density 
From string-network inter-commuting 

At time t:

string tension Gµ
<latexit sha1_base64="rYcGFrq7jZc/QlQuEWfkdwRdAmg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mqoMeCBz1WsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6tNOEBZKMFI84JTaX7voyHVRruI7nQKvEL0gNCjQH1a/+MKapZMpSQYzp+TixQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vnaEzpwxRFGtXyqK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUIBuj/HE05JpRK6aOEKq5uxXRMdGEWhdPxYXgL7+8StoXdf+yjh+uag1cxFGGEziFc/DhGhpwD01oAYUxPMMrvHnSe/HevY9Fa8krZo7hD7zPH+n3jhc=</latexit>

dim.less constant [Vachaspati & Vilenkin, 1985]

dn

dt
⇠ Ce↵(t)

↵t4
<latexit sha1_base64="Xfo025P+rCAcpNK91o0R/INjupM=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBD0EnY1qEfBi8cIRoVsDLOzvWZwZnaZ6RXDsn/ixV/x4kER8ebfOHkcfBU0FFXddHdFmRQWff/Tm5qemZ2bryxUF5eWV1Zra+sXNs0NhzZPZWquImZBCg1tFCjhKjPAVCThMro9GfqXd2CsSPU5DjLoKnajRSI4Qyf1agdhYhgvYl0WMZahFYqOlZNeiHCPRhWQJOUO7pZFyGTWZxSvm2WvVvcb/gj0LwkmpE4maPVqH2Gc8lyBRi6ZtZ3Az7BbMIOCSyirYW4hY/yW3UDHUc0U2G4x+q+k206JaZIaVxrpSP0+UTBl7UBFrlMx7Nvf3lD8z+vkmBx1C6GzHEHz8aIklxRTOgyLxsIARzlwhHEj3K2U95mLB12kVRdC8Pvlv+RirxHsN/yzZv14bxJHhWySLbJDAnJIjskpaZE24eSBPJEX8uo9es/em/c+bp3yJjMb5Ae8zy/zm6QQ</latexit>

� ⇡ 50
<latexit sha1_base64="c2q6E6xgJ+gAXr9qA1x4P1oKL50=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkriA10WXOiygn1AE8rNdNIOnUnCzEQtsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7T5BwprTjfFuFpeWV1bXiemljc2t7xy7vNlWcSkIbJOaxbAegKGcRbWimOW0nkoIIOG0Fw6uJ37qnUrE4utOjhPoC+hELGQFtpK5d9q5BCMAeJImMH/G507UrTtWZAi8SNycVlKPetb+8XkxSQSNNOCjVcZ1E+xlIzQin45KXKpoAGUKfdgyNQFDlZ9PTx/jQKD0cxtJUpPFU/T2RgVBqJALTKUAP1Lw3Ef/zOqkOL/2MRUmqaURmi8KUYx3jSQ64xyQlmo8MASKZuRWTAUgg2qRVMiG48y8vkuZJ1T2tOrdnldpxHkcR7aMDdIRcdIFq6AbVUQMR9ICe0St6s56sF+vd+pi1Fqx8Zg/9gfX5AwGykxs=</latexit>

GWs
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Gravitational Waves from Cosmic strings.

GW spectrum
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<latexit sha1_base64="fPAjn7eX+/oXU7l9OKe298MeFDM=">AAAB/nicdVDLSgNBEJyN7/haFU9eBoPgKezGoPEmetCbCiYRkhhmJ51kyMzuMtMrhiXgr3jxoIhXv8Obf+PkIahoQUNR1U13VxBLYdDzPpzM1PTM7Nz8QnZxaXll1V1br5go0RzKPJKRvg6YASlCKKNACdexBqYCCdWgdzL0q7egjYjCK+zH0FCsE4q24Ayt1HQ36+cKOqxZR7hDrdLT6qB7U2i6OS+/5xf3Cz4dk9IX8X3q570RcmSCi6b7Xm9FPFEQIpfMmJrvxdhImUbBJQyy9cRAzHiPdaBmacgUmEY6On9Ad6zSou1I2wqRjtTvEylTxvRVYDsVw6757Q3Fv7xagu1SIxVhnCCEfLyonUiKER1mQVtCA0fZt4RxLeytlHeZZhxtYlkbwten9H9SKeT9Yv7wspg7Op7EMU+2yDbZJT45IEfkjFyQMuEkJQ/kiTw7986j8+K8jlszzmRmg/yA8/YJoIaV8w==</latexit>

f [Hz]

<latexit sha1_base64="Gi8Y5Ct2Ga6/cNCBBA1wRIzacjc=">AAAB+HicdVDJSgNBEO2JW4xLRj16aQyCp2EmBo23oJccI5gFJkPo6fQkTXoWumvEZIg/4sWDIl79FG/+jZ1FUNEHBY/3qqiq5yeCK7DtDyO3srq2vpHfLGxt7+wWzb39lopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+6Grmt2+ZVDyObmCcMC8kg4gHnBLQUs8sBvddYHcgw8ytT7xpzyzZ1qlTOSs7eEGqX8RxsGPZc5TQEo2e+d7txzQNWQRUEKVcx07Ay4gETgWbFrqpYgmhIzJgrqYRCZnysvnhU3yslT4OYqkrAjxXv09kJFRqHPq6MyQwVL+9mfiX56YQVL2MR0kKLKKLRUEqMMR4lgLuc8koiLEmhEqub8V0SCShoLMq6BC+PsX/k1bZcirWxXWlVLtcxpFHh+gInSAHnaMaqqMGaiKKUvSAntCzMTEejRfjddGaM5YzB+gHjLdPyfWT2w==</latexit>

Gµ = 10�11, � = 50, ↵ = 0.1

<latexit sha1_base64="LVueBBXSHF71CfpjIz2FDH9Lm+o=">AAACDXicbZC7SgNBFIZn4y3G26qlzWIULDTsSEQtAkGLWEYwF8jGcHYySYbM7C4zs0JY4gPY+Co2ForY2tv5Nk4uhUZ/GPj4zzmcOb8fcaa0635Zqbn5hcWl9HJmZXVtfcPe3KqqMJaEVkjIQ1n3QVHOAlrRTHNajyQF4XNa8/uXo3rtjkrFwuBGDyLaFNANWIcR0MZq2XslT8QF7N4mRxgPD++9EggBhRPXIPCoBwU3h1t21s25Yzl/AU8hi6Yqt+xPrx2SWNBAEw5KNbAb6WYCUjPC6TDjxYpGQPrQpQ2DAQiqmsn4mqGzb5y20wmleYF2xu7PiQSEUgPhm04BuqdmayPzv1oj1p2zZsKCKNY0IJNFnZg7OnRG0ThtJinRfGAAiGTmrw7pgQSiTYAZEwKePfkvVI9zOJ87v85nixfTONJoB+2iA4TRKSqiK1RGFUTQA3pCL+jVerSerTfrfdKasqYz2+iXrI9v2EuZig==</latexit>

singular structures on loop 
(beyond NG approx.)

lead to particle emission
kink

cusp

Evolution of the Universe

Matter

Radiation

loop-number density GW emission from a loop ⇥

<latexit sha1_base64="jGewJ4HH/ZGEh9ExzOqqFImBYXg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj0UETf9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVXULvGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/EyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6ter1fa1Sv8njKMIJnMI5eHAJdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/uguPQA==</latexit>

Standard cosmology

⌦(k)
GW(f) =

1

⇢c
· 2k
f

· (0.1)�
(k)Gµ2

↵(↵+ �Gµ)

Z t0

tF

dt̃
Ce↵(ti)

t4i


a(t̃)

a(t0)

�5 
a(ti)

a(t̃)

�3
⇥(ti � tF )

<latexit sha1_base64="7xI6qhtJ4KRXTRwyDBCaiCp0AK8="></latexit>

red-shiftstring’s nature loop numberk-mode of 
loop-oscillation

more GW from more loops  
but more red-shift

 Flat during radiation

@ earlier ti

<latexit sha1_base64="YGbkb0W6Ud+YBK4UtvXLVdnXPCg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHrAv+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieOVnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVr+9rlfpNHkcRTuAUzsGDS6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBeWI3g</latexit>

loop production,        loop emissionti ⌘

<latexit sha1_base64="l685LY9szkE0Ad43guo680M28bI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6YLGF20psMmZ1dZ2YDIeQvvHhQxKt/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGtzO/OUKleSwfzDhBP6J9yUPOqLHSo+ly0sGnlI+6xZJbducgq8TLSAky1LrFr04vZmmE0jBBtW57bmL8CVWGM4HTQifVmFA2pH1sWypphNqfzC+ekjOr9EgYK1vSkLn6e2JCI63HUWA7I2oGetmbif957dSEV/6EyyQ1KNliUZgKYmIye5/0uEJmxNgSyhS3txI2oIoyY0Mq2BC85ZdXSeOi7FXK1/eVUvUmiyMPJ3AK5+DBJVThDmpQBwYSnuEV3hztvDjvzseiNedkM8fwB87nD3QnkMw=</latexit>

t̃ ⌘

<latexit sha1_base64="cxF2cHnOti5Ohqp32W/N8yzzYHg=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVQb0FvXiMYB6QXcLsbCcZMvtwpjcQlvyJFw+KePVPvPk3TpI9aGJBQ1HVTXdXkEqh0XG+rdLa+sbmVnm7srO7t39gHx61dJIpDk2eyER1AqZBihiaKFBCJ1XAokBCOxjdzfz2GJQWSfyIkxT8iA1i0RecoZF6tu2hkCHkOKUePGVi3LOrTs2Zg64StyBVUqDRs7+8MOFZBDFyybTuuk6Kfs4UCi5hWvEyDSnjIzaArqExi0D7+fzyKT0zSkj7iTIVI52rvydyFmk9iQLTGTEc6mVvJv7ndTPsX/u5iNMMIeaLRf1MUkzoLAYaCgUc5cQQxpUwt1I+ZIpxNGFVTAju8surpHVRcy9rNw+X1fptEUeZnJBTck5cckXq5J40SJNwMibP5JW8Wbn1Yr1bH4vWklXMHJM/sD5/AOFyk9c=</latexit>

GW spectrum
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<latexit sha1_base64="fPAjn7eX+/oXU7l9OKe298MeFDM=">AAAB/nicdVDLSgNBEJyN7/haFU9eBoPgKezGoPEmetCbCiYRkhhmJ51kyMzuMtMrhiXgr3jxoIhXv8Obf+PkIahoQUNR1U13VxBLYdDzPpzM1PTM7Nz8QnZxaXll1V1br5go0RzKPJKRvg6YASlCKKNACdexBqYCCdWgdzL0q7egjYjCK+zH0FCsE4q24Ayt1HQ36+cKOqxZR7hDrdLT6qB7U2i6OS+/5xf3Cz4dk9IX8X3q570RcmSCi6b7Xm9FPFEQIpfMmJrvxdhImUbBJQyy9cRAzHiPdaBmacgUmEY6On9Ad6zSou1I2wqRjtTvEylTxvRVYDsVw6757Q3Fv7xagu1SIxVhnCCEfLyonUiKER1mQVtCA0fZt4RxLeytlHeZZhxtYlkbwten9H9SKeT9Yv7wspg7Op7EMU+2yDbZJT45IEfkjFyQMuEkJQ/kiTw7986j8+K8jlszzmRmg/yA8/YJoIaV8w==</latexit>

f [Hz]

<latexit sha1_base64="Gi8Y5Ct2Ga6/cNCBBA1wRIzacjc=">AAAB+HicdVDJSgNBEO2JW4xLRj16aQyCp2EmBo23oJccI5gFJkPo6fQkTXoWumvEZIg/4sWDIl79FG/+jZ1FUNEHBY/3qqiq5yeCK7DtDyO3srq2vpHfLGxt7+wWzb39lopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+6Grmt2+ZVDyObmCcMC8kg4gHnBLQUs8sBvddYHcgw8ytT7xpzyzZ1qlTOSs7eEGqX8RxsGPZc5TQEo2e+d7txzQNWQRUEKVcx07Ay4gETgWbFrqpYgmhIzJgrqYRCZnysvnhU3yslT4OYqkrAjxXv09kJFRqHPq6MyQwVL+9mfiX56YQVL2MR0kKLKKLRUEqMMR4lgLuc8koiLEmhEqub8V0SCShoLMq6BC+PsX/k1bZcirWxXWlVLtcxpFHh+gInSAHnaMaqqMGaiKKUvSAntCzMTEejRfjddGaM5YzB+gHjLdPyfWT2w==</latexit>

Gµ = 10�11, � = 50, ↵ = 0.1
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Figure 2: GW spectrum from the scaling cosmic-string network evolving in a standard cos-
mology. Contributions from GW emitted during radiation and matter eras are shown with red
and green dashed lines respectively. The high-frequency cut-o↵s correspond to either the time of
formation of the network, c.f. Eq. (2), the time when friction-dominated dynamics become irrel-
evant, c.f. App. D.4, or the time when gravitational emission dominates over massive particle
production, for either kink or cusp-dominated small-scale structures, c.f. Sec. 3.1. The cut-o↵s
are described by Heaviside functions in the master formula in Eq. (26). In App. B.6, we show
that the slopes beyond the high-frequency cut-o↵s are given by f�1/3. Colored regions indicate
the integrated power-law sensitivity of future experiments, as described in app. H.
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Standard Cosmology

My one page on GW from cosmic strings
Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 

Gouttenoire, Servant, PS 

Network formation

We can do both local and global strings.

Gμ = 10−10

Gravitational Waves from cosmic strings.

[Simakachorn]
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UV cut-offs from 
particle productions 

or frictions

My few pages on GW from cosmic stringsGravitational Waves from cosmic strings.
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My few pages on GW from cosmic strings
Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 

Gouttenoire, Servant, PS 

Metastable cosmic-string 
(network decay)

Gravitational Waves from cosmic strings.
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Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 
Gouttenoire, Servant, PS 

Cosmic-string peak 
string decay + particle production

My few pages on GW from cosmic stringsGravitational Waves from cosmic strings.
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matter domination or kination all the way after inflation. In Sec. 7 and Sec. 8, we assume
instead some short eras of either matter domination or inflation, inside the radiation era.

6 Long-lasting matter or kination era

6.1 The non-standard scenario

In this section, we consider the presence of a matter or kination-dominated era which
starts just after the end of inflation, when the total energy density is ⇢start = ⇢inflation,
and ends much later, at ⇢end, when it becomes supplanted by the standard radiation-
dominated era. At the end of the non-standard era, the temperature of the universe is
T�. The energy density profile, sketched in fig. 7, is given by

⇢tot(a) =

8
<

:
⇢start

�
a
start

a

�n
+ ⇢late(a) for ⇢start > ⇢ > ⇢end,

⇢end �R(Tend, T )
�
a
end

a

�4
+ ⇢late(a) for ⇢ < ⇢end,

(43)

where ⇢start, ⇢end ⌘ the starting and ending energy density of the non-standard cosmology,

⇢late ⌘ the standard-cosmology energy density dominating at late times,

e.g. the standard matter density, and cosmological constant.

�R is given in eq.(42).
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Figure 7: Evolution of the energy density assuming a matter (M) and kination (K) era after
inflation and before the radiation era. ‘St’ refers to standard cosmology. We suppose that the

cosmic string network forms at the end of inflation with tension given by Gµ ⇠ (⇢1/4start/mpl)2

(for instance the CS network can form through non-thermal dynamical symmetry breaking [181–
188]).

6.2 Impact on the spectrum: a turning-point

The resulting GW spectra are shown in fig. 8 for long-lasting kination and matter eras
starting at Estart = mpl

p
Gµ and ending at Eend = E� = 100 GeV with duration

r ⌘
✓
⇢start
⇢end

◆1/4

⌘
✓
Estart

E�

◆
' 1011. (44)
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 well-tested ⟶unconstrained  ⟵
Big-bang nucleosynthesis (BBN) 

MeV∼ Electromagnetic- 
wave probes

GW propagates freely, 

GW carries information about the Universe when it is produced. 
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Kination right 
after inflation

My few pages on GW from cosmic stringsGravitational Waves from cosmic strings 
in non-standard cosmology.
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Intermediate Kination 
e.g., rotating axion

My few pages on GW from cosmic stringsGravitational Waves from cosmic strings
in non-standard cosmology.
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Step feature from 
intermediate matter

My few pages on GW from cosmic stringsGravitational Waves from cosmic strings
in non-standard cosmology.
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Conclusion.

Gravitational waves: complementary probes of
-Higgs physics (electroweak phase transition)
-Early equation of state of the universe
-Axion physics (its early universe dynamics, before/during/after 
inflation)
-Dark Matter production mechanism
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