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Talk based on  
Phys. Rev. D 109, 103538 [arXiv: 2312.09281]

in collaboration with

Question raised: 
What are the largest predictions for primordial 

gravitational-wave backgrounds beyond the kiloHertz 
that  leave no signal at LIGO/Virgo, ET, LISA, PTAs?

Ultra-high frequency gravitational waves



For discussion on detection challenges,  
See Ellis and Tito D’Agnolo [2412.17897] 

& Aggarwal et al [2501.11723]

Ultra-high frequency gravitational waves
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Gravitational Waves (GWs)
 & Particle Physics?

Gravitational Waves are not only a messenger to 
learn about      
gravity, general relativity, astrophysics, black holes  
& compact objects but also potentially a project to 
learn about                                                    
new fundamental particle physics at energy scales 
which are not accessible at particle colliders.
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Gravitational Waves (GWs)
 & Particle Physics?

Short-cut argument:

frequency of GWs of cosmological and macroscopic origin 
are proportional to  H (Hubble rate) 

Larger frequency —> larger H —> Larger temperatures  & 
energy scales

High-frequency GWs : window on early universe particle 
physics at energy scales   electroweak scale

∝ ρtot ∝ T2

≫
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This talk:
Within standard Einstein gravity (no modified gravity!)

Non-standard physics comes from particle physics, 
not from the gravity side



Two types of gravitational-wave (GW) signals .
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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) 

•

✔︎  discovered ✘  not yet discovered

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.
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Define energy density 

Ensemble average  
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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. 
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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. 

<latexit sha1_base64="A9zjWQOLq2JzJpJ/irXsaqcOmM4="></latexit>
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Primordial gravitational waves as probes of the early universe

low energieshigh energies

its production mechanism

The universe is 
expanding.

ꔄ particle physics beyond the Standard Model (BSM)

ꔄ BSM of cosmology⇢GW
today = ⇢GW

prod

✓
aprod
atoday
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Energy density 
of GW background:

Probing high-energy physics with 
gravitational waves .

Interaction 
rate of GW

Expansion 
rate
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Probing high-energy physics with 
gravitational waves .Peera Simakachorn (Uni. Hamburg) 28.10.2022 4
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High energies Low energies

unconstrained well-tested
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cosmological evolutions



What can we learn on particle 
physics and cosmological 

history from primordial 
gravitational waves?
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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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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

Almost 
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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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

Cosmological History .

matter kination

Intermediate kination era?
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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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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

Secondary intermediate late inflation eras?

? ? ?

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 x

i. Additionally, isotropy allows us to take out a dependence on the direction of the phys-
ical momentum p

i; 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

Dark Matter
Production ?

? ? ?

Cosmological History .
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• Gravitons: � ⇠ G2
NT 2 = T 2M�2
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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.

QCDEW MeV eV

�hij

LISALIGO PTA CMB

 1016 GeVMPl 109 GeV

CMB

Inflation BBN

cosmological dark ages
(reheating, baryogenesis, phase
transitions, dark matter…) 𝝂

×

LIGO
VIRGO

ET
CE

LISA EPTA  
NANOGrav

SKA

CMBCMB

Primordial 
Inflation BBN

Cosmological dark ages: 
Reheating, Phase transitions, 
Baryogenesis, Dark Matter… 

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:
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Current and future GW experiments

The landscape of Primordial GW

Pulsar 
timing 
arrays

CMB 
(B-mode)

CMB 
(spectral distortion) space-borne Earth-based

Interferometer (laser/atomic)
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ry

Ultra-high frequency 
(challenging) 

Levitating sensors 
GW-photon conversion 

New idea? 

[review 2011.12414]
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ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]
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Primordial GW .

Tensor perturbations of Friedmann-Robertson-Walker metric:

source: tensor anisotropic stress
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Wave equation:

Source: 
Tensor anisotropic stress
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=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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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
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Beyond-the-Standard Model benchmark sources.
Preheating, first-order phase transitions, cosmic strings
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constraints on the primordial sources are discussed in Secs. 2.2.1 and 2.2.2, limiting the SGWB
landscape down to Fig. 2.1. The prime sources of primordial SGWB2 discussed in Secs. 2.3 and
2.4 populate the region widely, while the experimental prospects probe almost half of it.

| | | | | | | | |

| | | | | | | | |

| | | | | | | |

10-9 10-6 10-3 1 103 106 109 1012 1015
Temperature of the Universe

GeV
λGW
inf =H-1

λGW=
H-1

102

λGW ≃ H-1/106

Figure 2.1: The landscape of primordial SGWBs and the sensitivities of the future-planned GW observato-
ries, cf. Sec. 2.5. Assuming the standard ⇤CDM cosmology, we show the SGWB spectra from the Standard
Models (primordial inflation and thermal plasma) in Sec. 2.3 and beyond SM (preheating, first-order phase
transition, cosmic strings) in Sec. 2.4. See footnote for the chosen parameters. The GW frequency today cor-
responds to its production time, shown in the above-colored lines for di�erent sizes �GW of sources (colors
match that of spectra). The maximum amplitude is bounded by the �Ne↵ constraints at BBN/CMB scales,
cf. Sec. 2.2.2.

From signals to their origins. — Due to the cosmic expansion, GW energy density today is
redshifted from the production time as radiation,
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✓
⇢GW
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◆

prod

, (2.15)

where the last step assumes the standard ⇤CDM cosmology, and ⌦r,0 = 5.38 · 10�5 [39] is the
abundance of radiation today. The last bracket suggests that the observed signal depends on the
strength of the GW generation process. The strongest source ⇢GW ! ⇢tot leads to the extreme
bound ⌦GW,0 . 10

�5 on primordial SGWB assuming the standard cosmology. Nonetheless, the
CMB/BBN observations put a more stringent constraint ⌦GW,0 . 10

�7; see Sec. 2.2.2.
The GW frequency today relates to the source’s characteristic length scale �GW, through the

red-shift factor,

fGW = ��1
GW

✓
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a0

◆
' 10

�6
Hz

 
H�1

prod

�GW

!✓
Tprod

100 GeV

◆
, (2.16)

2In Fig. 2.1: primordial inflation (Einf = 1016 GeV), thermal plasma (Treh = 1016 GeV), preheating (Treh =
1016 GeV, {gi} = {10�2

, 10�3
}), phase transition (T⇤ = 150 GeV, �/H⇤ = 100, ↵ = 2), and local cosmic strings

(Gµ = 10�12).
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The landscape of Primordial GW
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FIG. 1. Benchmark GWBs of primordial origin with large amplitude above kHz frequencies, compared to sensitivities of existing
and planned experiments below the kHz [1–5, 45, 48–53] as well as experiments sensitive at frequencies above the kHz from
[47] (in shaded gray). The green line is associated with a very strong first-order phase transition [22] (�/H = 7, ↵ = 10) at a
temperature T ⇠ 1010 GeV (compatible with a Peccei-Quinn phase transition with axion decay constant fa ⇠ 1010 GeV for
instance [54]). Interestingly, the irreducible background from inflation with inflationary scale Einf ' 1016 GeV can be amplified
if inflation is followed by kination (purple line) [55] or if a kination era is induced much later by the rotating QCD axion DM
field (blue line) [55–57]. Local cosmic strings can generate a signal (in red) as large as the BBN bound (3), that also uniquely
goes beyond 109 Hz. The gray line shows the signal from preheating [41] corresponding to an inflaton mass M ' Mpl with a
coupling g = 10�3 to the thermal bath. Similar but suppressed GW spectra can come from the fragmentation of a scalar field,
which is not the inflaton [58–60]. The lower gray shaded region is the spectrum from the Standard thermal plasma [17–19],
assuming a reheating temperature Treh ' 6⇥ 1015 GeV.

as the GW fraction of the total energy density of the
Universe today ⌦GWh

2. It can be related to the charac-
teristic strain hc of GW by [43]

hc ' 1.26⇥ 10�18(Hz/fGW)
p
⌦GWh2. (1)

Its characteristic frequency is related to the moment
when GW was emitted, and its amplitude is typically
small1 (⌦GWh

2 . ⌦rh
2
' 4 · 10�5 [61], where ⌦r is the

fraction of energy density in radiation).
The frequency range of cosmological GWB is linked to

the size of the source, which is limited to the horizon size
by causality. The frequency today of a GW produced
with wavelength �GW  H

�1(T ) when the Universe had
temperature T (assuming radiation domination for the

1 Except the signals resulting from a modified equation of state
of the Universe such as kination or sti↵ eras [55] or extremely
strong first-order phase transitions.

GW considered in this paper) is

fGW ' 1 kHz


H

�1(T )

�GW

�✓
T

1010 GeV

◆
, (2)

where H is the Hubble expansion rate, and fGW =
�
�1
GW[a(T )/a0] with a being the scale factor of cosmic

expansion. For instance, the irreducible GWs produced
during inflation that re-enter the horizon at temperature
T have �GW ⇠ H

�1. On the other hand, GWs from
first-order phase transitions have �GW that is roughly the
bubbles’ size, typically of the order O(10�3

� 10�1)H�1.
GWs produced from the thermal plasma are produced
maximally at �GW ⇠ T

�1, such that the signal gen-
erated at any T is peaked at fGW ⇠ O(10) GHz. Fi-
nally, for cosmic strings, �GW relates to the string-loop
size, which is fixed by the Hubble size; see Eq. (11) for
the precise relation. Therefore, apart from the thermal
plasma source, the highest GW frequencies are associ-
ated with the earliest moments in our Universe’s his-
tory, and the maximum reheating temperature of the
Universe Treh  T

max
reh ' 6 ⇥ 1015 GeV [62] bounds



A.2.1 Landscape of primordial GW backgrounds in the characteristic strain hc unit

Figure A.2: This figure displays how the GW frequency spectra discussed in this thesis and shown in
⌦GWh2 unit would look like when presented in terms of the characteristic strain hc defined in Eq. (2.11).
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temperature T ⇠ 1010 GeV (compatible with a Peccei-Quinn phase transition with axion decay constant fa ⇠ 1010 GeV for
instance [54]). Interestingly, the irreducible background from inflation with inflationary scale Einf ' 1016 GeV can be amplified
if inflation is followed by kination (purple line) [55] or if a kination era is induced much later by the rotating QCD axion DM
field (blue line) [55–57]. Local cosmic strings can generate a signal (in red) as large as the BBN bound (3), that also uniquely
goes beyond 109 Hz. The gray line shows the signal from preheating [41] corresponding to an inflaton mass M ' Mpl with a
coupling g = 10�3 to the thermal bath. Similar but suppressed GW spectra can come from the fragmentation of a scalar field,
which is not the inflaton [58–60]. The lower gray shaded region is the spectrum from the Standard thermal plasma [17–19],
assuming a reheating temperature Treh ' 6⇥ 1015 GeV.
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GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
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GW spectra are sensitive to 
the cosmological history. 
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constraints on the primordial sources are discussed in Secs. 2.2.1 and 2.2.2, limiting the SGWB
landscape down to Fig. 2.1. The prime sources of primordial SGWB2 discussed in Secs. 2.3 and
2.4 populate the region widely, while the experimental prospects probe almost half of it.
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Figure 2.1: The landscape of primordial SGWBs and the sensitivities of the future-planned GW observato-
ries, cf. Sec. 2.5. Assuming the standard ⇤CDM cosmology, we show the SGWB spectra from the Standard
Models (primordial inflation and thermal plasma) in Sec. 2.3 and beyond SM (preheating, first-order phase
transition, cosmic strings) in Sec. 2.4. See footnote for the chosen parameters. The GW frequency today cor-
responds to its production time, shown in the above-colored lines for di�erent sizes �GW of sources (colors
match that of spectra). The maximum amplitude is bounded by the �Ne↵ constraints at BBN/CMB scales,
cf. Sec. 2.2.2.

From signals to their origins. — Due to the cosmic expansion, GW energy density today is
redshifted from the production time as radiation,
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where the last step assumes the standard ⇤CDM cosmology, and ⌦r,0 = 5.38 · 10�5 [39] is the
abundance of radiation today. The last bracket suggests that the observed signal depends on the
strength of the GW generation process. The strongest source ⇢GW ! ⇢tot leads to the extreme
bound ⌦GW,0 . 10

�5 on primordial SGWB assuming the standard cosmology. Nonetheless, the
CMB/BBN observations put a more stringent constraint ⌦GW,0 . 10

�7; see Sec. 2.2.2.
The GW frequency today relates to the source’s characteristic length scale �GW, through the

red-shift factor,

fGW = ��1
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2In Fig. 2.1: primordial inflation (Einf = 1016 GeV), thermal plasma (Treh = 1016 GeV), preheating (Treh =
1016 GeV, {gi} = {10�2

, 10�3
}), phase transition (T⇤ = 150 GeV, �/H⇤ = 100, ↵ = 2), and local cosmic strings

(Gµ = 10�12).
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constraints on the primordial sources are discussed in Secs. 2.2.1 and 2.2.2, limiting the SGWB
landscape down to Fig. 2.1. The prime sources of primordial SGWB2 discussed in Secs. 2.3 and
2.4 populate the region widely, while the experimental prospects probe almost half of it.
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Figure 2.1: The landscape of primordial SGWBs and the sensitivities of the future-planned GW observato-
ries, cf. Sec. 2.5. Assuming the standard ⇤CDM cosmology, we show the SGWB spectra from the Standard
Models (primordial inflation and thermal plasma) in Sec. 2.3 and beyond SM (preheating, first-order phase
transition, cosmic strings) in Sec. 2.4. See footnote for the chosen parameters. The GW frequency today cor-
responds to its production time, shown in the above-colored lines for di�erent sizes �GW of sources (colors
match that of spectra). The maximum amplitude is bounded by the �Ne↵ constraints at BBN/CMB scales,
cf. Sec. 2.2.2.

From signals to their origins. — Due to the cosmic expansion, GW energy density today is
redshifted from the production time as radiation,
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where the last step assumes the standard ⇤CDM cosmology, and ⌦r,0 = 5.38 · 10�5 [39] is the
abundance of radiation today. The last bracket suggests that the observed signal depends on the
strength of the GW generation process. The strongest source ⇢GW ! ⇢tot leads to the extreme
bound ⌦GW,0 . 10

�5 on primordial SGWB assuming the standard cosmology. Nonetheless, the
CMB/BBN observations put a more stringent constraint ⌦GW,0 . 10

�7; see Sec. 2.2.2.
The GW frequency today relates to the source’s characteristic length scale �GW, through the

red-shift factor,
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2In Fig. 2.1: primordial inflation (Einf = 1016 GeV), thermal plasma (Treh = 1016 GeV), preheating (Treh =
1016 GeV, {gi} = {10�2

, 10�3
}), phase transition (T⇤ = 150 GeV, �/H⇤ = 100, ↵ = 2), and local cosmic strings

(Gµ = 10�12).
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UHF regime = A golden window for new physics
• UHF window is clean from standard astro signals (e.g., from binaries of massive objects). Reasons:

Servant, Simakachorn [2312.09281]
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Current status of UHF GW experiments
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Many techniques @ UHF
• Levitated-sensor detector (LSD) 
• Bulk acoustic wave (BAW) 
• Small-scale interferometers (e.g., Fermilab’s Holometer) 
• (inverse) Gertsenshtein effect (converting GW to photons, similar to axion-electro.)

e -GW bound is so far the strongest, but one should keep thinking 
because…

≲Ne≳

Ultra-high frequency GWs: current constraints
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UHF regime = A golden window for new physics

• Signals from well-motivated sources, 
both SM and BSM @ ultrahigh energies

1/(size of GW source in )H≲1
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Current status of UHF GW experiments
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Many techniques @ UHF
• Levitated-sensor detector (LSD) 
• Bulk acoustic wave (BAW) 
• Small-scale interferometers (e.g., Fermilab’s Holometer) 
• (inverse) Gertsenshtein effect (converting GW to photons, similar to axion-electro.)

e -GW bound is so far the strongest, but one should keep thinking 
because…

≲Ne≳

Ultra-high frequency GWs: primordial signals
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UHF regime = A golden window for new physics

• Signals from well-motivated sources, 
both SM and BSM @ ultrahigh energies

1/(size of GW source in )H≲1
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• UHF window is clean from standard astro signals (e.g., from binaries of massive objects). Reasons:
Servant, Simakachorn [2312.09281]
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Cosmic strings η= 5×10 16
GeV,κ= 26

For today!

PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.)
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Current status of UHF GW experiments
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hc ⇠ 10
�18

(Hz/fGW)

p
⌦GWh2. Modified from Fig. 1 of Servant, Simakachorn [2312.09281]

Many techniques @ UHF
• Levitated-sensor detector (LSD) 
• Bulk acoustic wave (BAW) 
• Small-scale interferometers (e.g., Fermilab’s Holometer) 
• (inverse) Gertsenshtein effect (converting GW to photons, similar to axion-electro.)

e -GW bound is so far the strongest, but one should keep thinking 
because…

≲Ne≳

Ultra-high frequency GWs from cosmic strings



Gravitational Waves from 
cosmic strings.

recent reviews:

35

[1909.00819, 1912.02569] 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 ꔄ 1D classical object with tension 
(Nambu-Goto string)

µ ⇠ ⌘2
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field space physical space

Energy density of long-string network

⇢1 =
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as Universe expands ꔄ cosmic strings overclose!
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(where L is the correlation length)
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string formation scale 
(e.g., @ phase transition)

⇡1(G/H) 6= id
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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 ꔄ 1D classical object with tension 
(Nambu-Goto string)
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field space physical space
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Cosmic string ≡ topological defects from 
spontaneous-symmetry-breaking [Kibble, 1976] 

Network of cosmic strings
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String’s core ≪ horizon size ꔄ 1D classical object with tension 
(Nambu-Goto string)
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string tension:

36

Cosmic string: Line-like topological defect arising 
after spontaneous U(1) symmetry breaking at some 
energy scale η.
The broken symmetry can be either local or global; 
—> local or global (axionic) cosmic strings. 

Axionic strings: η=fa

The peak GW amplitude observed today can be written, in a unified way, as [152–154]

⌦
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where ⇤ denotes the time when GW is produced, ⇢tot,i is the total energy density of the Universe at
time i, ��1 is the duration of the transition, ↵ is the ratio of the vacuum energy di�erence over the
radiation energy density,  is the e�ciency for converting energy into GW, and we expect m = 1

for GW from long-lived fluid motion and m = 2 for GW from short-lived fluid motion or bubble
wall collisions. Here the factors involving the wall velocity vw are neglected. The spectral shape
F(k,�) has the broken power-law scaling where

Bubble walls [152, 155–160]: FB(f) '
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, (2.39)

Sound waves [150, 153, 161–168]: Fsw(f) '
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Turbulence [153, 169–179]: Fturb(f) '
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The IR and UV slopes read (2.8,�1), (3,�4), and
�
3,�5

3

�
for the bubble collision, the sound

wave, and the turbulence, respectively.
Since the GW production is relatively short compared to Hubble time, the spectral shape

F(f,�) peaks around the bubble size at collision, which is estimated to be a fraction of the horizon
size, �GW ⇠ ��1. The peak frequency of SGWB from FOPT is

fpt
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where we replace frequency of the horizon-size GW in Eq. 2.28. For a benchmark of �/H⇤ = 10
2,

the frequency-temperature relation is shown for �GW = H�1/102.

2.4.3 Cosmic Strings

The exhaustive review of cosmic strings (CS) and the derivation of their precise SGWB will be dis-
cussed in Chap. 3 and App. B. In this section, we propose a back-of-envelope method for obtaining
GW spectra for both local and global cosmic strings9. This calculation could be generalized for
estimating any relic from the string network, e.g., light or heavy particles and Baryogenesis.

A cosmic string is a line-like topological defect arising after some cosmological phase transition
[181–183] and involving a certain type of spontaneous symmetry breaking (SSB), cf. Chap. 3. The
broken symmetry can be either local or global; the cosmic string is called local or global. After
SSB at some energy scale ⌘, the network of strings forms with tension

µ ⇠ ⌘2 ⇥
(
1, for local,

ln(m�/H), for global,
(2.43)

where the global string has the extended core energy. and separates from its neighbor by a correla-
tion length L. Initially, the network of infinite strings (with length determined by the horizon size
Lform ⇠ H�1

form) has the energy density, ⇢form1 ⇠ EL�3
form ' µL�2

form ⇠ Gµ⇢formtot where ⇢formtot is the
9Similar derivation has been considered in [180].
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Cosmic strings and their GW background (GWB)

At late times, string’s width ≪ horizon size ⇨ 1D object    

String tension: Gμ ≲ ( η
mPl )
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1016 GeV )
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A topological defect from spontaneous 
(global or local) symmetry breaking 

at the energy scale  
[Kibble, ’76]
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Scaling regime:

String intercommutation: loop formation depletes energy from the network. 

Cosmic strings do not overclose the universe.
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The energy density of the network tracks the total energy density of the Universe 
4

periments. Section 6 discusses the case of global-string
GWB from heavy axions. Considering the early tempo-
rary matter-domination (MD) era induced by decaying
axions, we explain why detecting GWB from heavy-axion
strings would be extremely challenging. We conclude in
section 7. Appendices contain further details on (i) the
e↵ect from the maximal mode of loop oscillation in ap-
pendix A, (ii) the peaked GWB spectrum in appendix B,
(iii) GWB contributions from local-string segments with
monopoles on their ends in appendix C, and (iv) the
modified causality tail of axion-string GWB by the axion
matter domination era in appendix D.

2. GENERAL PROPERTIES OF GWB FROM
COSMIC STRINGS

We assume the existence of a complex scalar field �,
charged under a local or global U(1)-symmetry, with the
potential

V (�) = �(|�|2 � ⌘
2)2/2. (4)

The scalar self-coupling � which determines the mass of
� can be small in some models where the scalar field is as-
sociated with a flat direction in supersymmetric theories
[140–143]. As we shall see below, the scalar self-coupling
plays an important role as it determines the temperature
when the string network formed and the width of cosmic
strings.

Note that this potential represents only one class of the
field theories that produce cosmic strings. The potential
beyond the quartic type can also lead to cosmic strings as
long as the symmetry-breaking pattern allows them (i.e.,
the first homotopy group of the vacuum manifold is non-
trivial). As an example, the nearly-quadratic potential
m

2
|�|2 [2 log (|�|/⌘)� 1] + m

2
⌘
2 which is motivated by

theories with gravity-mediated supersymmetry-breaking
[144] (see a review in appendix D.4 of [55]) can support
the cosmic-string formation. With this potential, the for-
mation scale and string’s width are controlled directly to
the scalar’s mass m, which can be much smaller than ⌘.

The U(1)-symmetry is preserved at early times and
gets spontaneously broken once the temperature drops
below Tform ' �

1/2
⌘ where ⌘ is the vacuum expectation

value of the field. This leads to the formation of the
cosmic-string network with the string tension (i.e., energy
per unit length) [27]

µ ' ⌘
2
⇥

(
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log
�
�
1/2

⌘/H
�

(global),
(5)

where H is the Universe’s expansion rate. In this
work, we remain agnostic on the string formation mech-
anism (either from thermal e↵ects [27, 92–94] or non-
perturbative dynamics [145–149]) and scan over the ex-
tensive range of string tension µ. After the network for-
mation, the string network keeps producing loops. It
reaches the scaling regime where its energy density tracks

the total energy density of the Universe, ⇢net(t) ' µ/t
2
'

Gµ⇢tot(t).
The produced loops decay into particles and GW.

Local-string loops decay dominantly into GW while
global-string loops decay dominantly into Goldstone ra-
diation. The energy-density spectrum of GWB can be
written as a superposition of many loop populations pro-
ducing GW at time t̃ and of many oscillation k

th-modes,

⌦GW(fGW) =
1

⇢c,0

kmaxX

k=1

2k

fGW
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Gµ
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where ⇢c,0 is the Universe’s energy density today, the GW
emission e�ciency per mode is �(k)

' �k�4/3
/⇣(4/3)

with ⇣ being the Riemann zeta function and � ' 50 [28]
being the total e�ciency (the number 4/3 is used for
loops with cusps), nloop is the number density of loops,
t̃ is the GW emission time, and t0 is the time today.
Eq. (6) sums the number of modes up to kmax, which can
be treated as infinity; the e↵ect of finite kmax is present
at the high-frequency end of the spectrum, as discussed
in appendix A.
All GWB spectra in this work are calculated numer-

ically by following [30] (see also [150–153]) where nloop

relies on the velocity-dependent one-scale (VOS) model
[101, 154–158]. That is,

nloop(t) = (0.1)
Ce↵(ti)

↵(↵+ �Gµ+ �gold)t4i


a(ti)

a(t̃)

�3
, (7)

where ↵ ⇠ O(0.1) [159] is the initial loop size as a frac-
tion of Hubble horizon H

�1, the prefactor (0.1) means
only 10% of loops contributed to GWB [159], �gold ' 0
for local strings and ' 65/[2⇡ log(⌘t)] for global strings
[110] is the loop-length shrinking rate by emitting Gold-
stone bosons, ti is the loop formation time [which can be
written in terms of t̃ and fGW using Eq. (10)], and Ce↵ is
the loop production coe�cient which is solved from the
VOS equations; see e.g., in [30], section 4 for local strings
and appendix F for global strings. This work uses the in-
put for the VOS equations from Nambu-Goto simulation
[101], although the small � might change the evolution
of the string network (e.g., loop formation and particle
production).
In the high-frequency regime—corresponding to loop

produced and emitting GW deep inside the radiation-
dominated Universe, the amplitude (6) reads (see deriva-
tion in [30, 55])
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After the network formation, the string network keeps producing loops.



The produced loops decay into particles and GW.

Local-string loops decay dominantly into GW while global-string loops decay 
dominantly into Goldstone radiation. 

GW from cosmic strings.
Cosmic strings: Long-lasting source of GW 
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GW from local cosmic strings.
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Superposition of many loop populations producing GW at time t ãnd of many oscillation kth-modes, 
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Turning-point frequency & Changing of cosmology

example: 1st order phase transition
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Relation between observed frequency & Hubble radius at emission 
in radiation era
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( the delayed emission happens at a /ai = (t /ti)1/2 = 1/
√

(Gμ) )

(for loops produced and 
emitting GW in the 

radiation era)



The GW contribution at higher frequencies comes from smaller 
loops produced at higher energy scales.

In contrast, global strings 
quickly emit GW after loop 
production: 

The broad band GW spectrum is the result of the superposition of GW generated 
by many populations of loops produced at different temperatures. 
Each emits GW at frequency 
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where G(T ) ⌘ [g⇤(T )/g⇤(T0)][g⇤s(T0)/g⇤s(T )]4/3 with g⇤
(g⇤s) the relativistic degrees of freedom in energy (en-
tropy) density (taken from [160]), and T0 the photon
temperature today. The log-correction is

D(⌘, fGW) = log
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fGW
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(9)

This work uses the exponent ‘3’ of the log-dependent
term D (similar to [161]), although this is still under
debate as the exponent ‘4’ is found in some simulation
results [162–164]. The final ⌦GW in the latter case could
be enhanced from our result due to the log factor by
O(100). Note also that a potentially less e�cient GW
emission from a single loop was found in [165], which sug-
gests that ⌦GW would be weaker by O(104) compared to
our result.

The GWB from local strings is fGW-independent,
while the global-string GWB is log-suppressed at high
frequencies. We show the GWB spectra from local strings
in Fig. 2, where the IR and UV slopes are explained in
the next sections. It is clear from this figure that large
signals touching the BBN bound can arise, associated
with Gµ approaching 10�5 and thus a scale of U(1) sym-
metry breaking close to 1016 GeV. We do not show the
GWB spectra from global strings. As we shall see below,
the metastability of heavy-axion strings comes with an
early axion-matter-dominated era that dilutes and heav-
ily suppresses the GWB.

The broadband GWB spectrum is the result of the
superposition of GW generated by many populations of
loops produced at di↵erent temperatures. Each emits
GW at frequency f

emit
GW ' 2k/l [94, 166] where k is the

mode number of loop oscillation and the loop’s size is

l(t, ti) = ↵ti � (�Gµ+ �gold)(t� ti). (10)

For the loop population created at temperature T , the
GWB is sourced maximally at frequency today, fGW =
f
emit
GW (temit, ti(T ))[a(temit)/a0]. As shown in [30, 55] (see
also [150–153]), the GWB today’s frequency and Uni-
verse’s temperature relation can be written respectively
for local and global strings as

fGW(T ) '
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108 GeV

⇤ h
g⇤(T )
106.75

i 1
4
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(11)

Note that the above frequency depends on Gµ for local
strings because the GW is sourced maximally around the
time [30, 151]

t̃ ' ↵/(2�Gµ)ti. (12)

In contrast, global strings quickly emit GW after loop
production t̃ ⇠ ti.

FIG. 2. Local-string GWBs in the UHF range featuring dif-
ferent cuto↵s. The solid lines show the stable-string GWB
with the formation cuto↵ (13). The dashed, dotted, and
dot-dashed lines correspond to the cuto↵s from cusp (17),
kink (18), and friction (22), respectively, assuming the stable-
string network. The four rectangular purple regions denote
hypothetical sensitivities of four fictional UHF-GW experi-
ments; see Eq. (39). The “thermal plasma” gray region is the
GWB predicted in [17–19], assuming the maximal reheating
temperature T

max
reh ' 6 ⇥ 1015 GeV [17–19], while the upper

“bbn-gw” gray region is excluded by the BBN bound (3).

Eq. (11) indicates that the GW contribution at higher
frequencies comes from smaller loops produced at higher
energy scales where microscopic properties play a more
prominent role. Ultimately, the GW emission, which re-
lies on the collective motion of the smaller loops, is more
suppressed [167, 168]. We now recap the di↵erent types
of UV cuto↵s in the next section; see also [169] for a
review.

3. HIGH-FREQUENCY CUTOFFS OF
COSMIC-STRING GWB

A string-loop population contributes maximally to the
GWB at the frequency in Eq. (11). It generates the
UV tail with a slope of ⌦GW / f

�1
GW for a single proper

loop-oscillation mode, both local and global strings; see
[30, 46, 151, 170]. By summing over large harmonics, the
UV slope changes from �1 to �1/3 in the case of loops
with cusps; see derivation, e.g., in [30, 171]. We show in
appendix A and Fig. 11 that the precise calculation in-
volving the k-dependent cuto↵ (due to the string’s width)
leads to a slight modification in the slope above the UV
cuto↵ and does not change the position of the cuto↵ (for
Gµ . 10�4). However, this is computationally expen-
sive; therefore, in all figures, we apply that the spectra

fall as f
�1/3
GW beyond the UV cuto↵s, which we will now

discuss.

k : GW mode number of loop oscillation 
l:  loop’s size 
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A string-loop population contributes maximally to the
GWB at the frequency in Eq. (11). It generates the
UV tail with a slope of ⌦GW / f

�1
GW for a single proper

loop-oscillation mode, both local and global strings; see
[30, 46, 151, 170]. By summing over large harmonics, the
UV slope changes from �1 to �1/3 in the case of loops
with cusps; see derivation, e.g., in [30, 171]. We show in
appendix A and Fig. 11 that the precise calculation in-
volving the k-dependent cuto↵ (due to the string’s width)
leads to a slight modification in the slope above the UV
cuto↵ and does not change the position of the cuto↵ (for
Gµ . 10�4). However, this is computationally expen-
sive; therefore, in all figures, we apply that the spectra

fall as f
�1/3
GW beyond the UV cuto↵s, which we will now

discuss.
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This work uses the exponent ‘3’ of the log-dependent
term D (similar to [161]), although this is still under
debate as the exponent ‘4’ is found in some simulation
results [162–164]. The final ⌦GW in the latter case could
be enhanced from our result due to the log factor by
O(100). Note also that a potentially less e�cient GW
emission from a single loop was found in [165], which sug-
gests that ⌦GW would be weaker by O(104) compared to
our result.

The GWB from local strings is fGW-independent,
while the global-string GWB is log-suppressed at high
frequencies. We show the GWB spectra from local strings
in Fig. 2, where the IR and UV slopes are explained in
the next sections. It is clear from this figure that large
signals touching the BBN bound can arise, associated
with Gµ approaching 10�5 and thus a scale of U(1) sym-
metry breaking close to 1016 GeV. We do not show the
GWB spectra from global strings. As we shall see below,
the metastability of heavy-axion strings comes with an
early axion-matter-dominated era that dilutes and heav-
ily suppresses the GWB.

The broadband GWB spectrum is the result of the
superposition of GW generated by many populations of
loops produced at di↵erent temperatures. Each emits
GW at frequency f

emit
GW ' 2k/l [94, 166] where k is the

mode number of loop oscillation and the loop’s size is

l(t, ti) = ↵ti � (�Gµ+ �gold)(t� ti). (10)

For the loop population created at temperature T , the
GWB is sourced maximally at frequency today, fGW =
f
emit
GW (temit, ti(T ))[a(temit)/a0]. As shown in [30, 55] (see
also [150–153]), the GWB today’s frequency and Uni-
verse’s temperature relation can be written respectively
for local and global strings as
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Note that the above frequency depends on Gµ for local
strings because the GW is sourced maximally around the
time [30, 151]

t̃ ' ↵/(2�Gµ)ti. (12)

In contrast, global strings quickly emit GW after loop
production t̃ ⇠ ti.

FIG. 2. Local-string GWBs in the UHF range featuring dif-
ferent cuto↵s. The solid lines show the stable-string GWB
with the formation cuto↵ (13). The dashed, dotted, and
dot-dashed lines correspond to the cuto↵s from cusp (17),
kink (18), and friction (22), respectively, assuming the stable-
string network. The four rectangular purple regions denote
hypothetical sensitivities of four fictional UHF-GW experi-
ments; see Eq. (39). The “thermal plasma” gray region is the
GWB predicted in [17–19], assuming the maximal reheating
temperature T

max
reh ' 6 ⇥ 1015 GeV [17–19], while the upper

“bbn-gw” gray region is excluded by the BBN bound (3).
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This work uses the exponent ‘3’ of the log-dependent
term D (similar to [161]), although this is still under
debate as the exponent ‘4’ is found in some simulation
results [162–164]. The final ⌦GW in the latter case could
be enhanced from our result due to the log factor by
O(100). Note also that a potentially less e�cient GW
emission from a single loop was found in [165], which sug-
gests that ⌦GW would be weaker by O(104) compared to
our result.

The GWB from local strings is fGW-independent,
while the global-string GWB is log-suppressed at high
frequencies. We show the GWB spectra from local strings
in Fig. 2, where the IR and UV slopes are explained in
the next sections. It is clear from this figure that large
signals touching the BBN bound can arise, associated
with Gµ approaching 10�5 and thus a scale of U(1) sym-
metry breaking close to 1016 GeV. We do not show the
GWB spectra from global strings. As we shall see below,
the metastability of heavy-axion strings comes with an
early axion-matter-dominated era that dilutes and heav-
ily suppresses the GWB.

The broadband GWB spectrum is the result of the
superposition of GW generated by many populations of
loops produced at di↵erent temperatures. Each emits
GW at frequency f

emit
GW ' 2k/l [94, 166] where k is the

mode number of loop oscillation and the loop’s size is

l(t, ti) = ↵ti � (�Gµ+ �gold)(t� ti). (10)

For the loop population created at temperature T , the
GWB is sourced maximally at frequency today, fGW =
f
emit
GW (temit, ti(T ))[a(temit)/a0]. As shown in [30, 55] (see
also [150–153]), the GWB today’s frequency and Uni-
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Note that the above frequency depends on Gµ for local
strings because the GW is sourced maximally around the
time [30, 151]

t̃ ' ↵/(2�Gµ)ti. (12)

In contrast, global strings quickly emit GW after loop
production t̃ ⇠ ti.

FIG. 2. Local-string GWBs in the UHF range featuring dif-
ferent cuto↵s. The solid lines show the stable-string GWB
with the formation cuto↵ (13). The dashed, dotted, and
dot-dashed lines correspond to the cuto↵s from cusp (17),
kink (18), and friction (22), respectively, assuming the stable-
string network. The four rectangular purple regions denote
hypothetical sensitivities of four fictional UHF-GW experi-
ments; see Eq. (39). The “thermal plasma” gray region is the
GWB predicted in [17–19], assuming the maximal reheating
temperature T

max
reh ' 6 ⇥ 1015 GeV [17–19], while the upper

“bbn-gw” gray region is excluded by the BBN bound (3).

Eq. (11) indicates that the GW contribution at higher
frequencies comes from smaller loops produced at higher
energy scales where microscopic properties play a more
prominent role. Ultimately, the GW emission, which re-
lies on the collective motion of the smaller loops, is more
suppressed [167, 168]. We now recap the di↵erent types
of UV cuto↵s in the next section; see also [169] for a
review.

3. HIGH-FREQUENCY CUTOFFS OF
COSMIC-STRING GWB

A string-loop population contributes maximally to the
GWB at the frequency in Eq. (11). It generates the
UV tail with a slope of ⌦GW / f

�1
GW for a single proper

loop-oscillation mode, both local and global strings; see
[30, 46, 151, 170]. By summing over large harmonics, the
UV slope changes from �1 to �1/3 in the case of loops
with cusps; see derivation, e.g., in [30, 171]. We show in
appendix A and Fig. 11 that the precise calculation in-
volving the k-dependent cuto↵ (due to the string’s width)
leads to a slight modification in the slope above the UV
cuto↵ and does not change the position of the cuto↵ (for
Gµ . 10�4). However, this is computationally expen-
sive; therefore, in all figures, we apply that the spectra

fall as f
�1/3
GW beyond the UV cuto↵s, which we will now

discuss.

Relation between observed frequency & 
Hubble radius at emission.

ti : time of loop formation

For a loop population created at temperature T, the GW spectrum  is sourced maximally at 
a GW frequency today that  is higher for local strings  compared to global strings. 41
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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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evolution of the universe

(long-lasting sources).

contribution from loops 
produced in radiation era but 
emitting GW today.
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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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Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 
Gouttenoire, Servant, PS 

UV cut-offs from 
particle productions 

or frictions

My few pages on GW from cosmic stringsGravitational Waves from cosmic strings.

[Simakachorn]
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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.

[Simakachorn]
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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.

[Simakachorn]
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GWs from Grand Unified Theory 
metastable cosmic strings.

η ∼ 3 × 1015 GeV

Missed at LIGO/Virgo and at LISA, visible at ET

κ = ( mM

η )
2



 LOCAL STRINGS
vs

GLOBAL STRINGS.
See comparison in Appendix F of [1912.02569] . 

Loops from global strings : short-lived 
Loops from local strings : long-lived. 

—> different GW spectra in both frequency and amplitude.
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Global strings: no gauge field,  instead massless Goldstone mode, with 
logarithmically-divergent gradient energy.

Loops quickly decay into axion particles. 
GW are mainly produced at the time of the loop production.

which both decay and are produced during the radiation era. For example, the BBN temperature
TBBN ' 1 MeV corresponds to the GW frequency [36]

fBBN '

8
><
>:

8.6£10°5 Hz
≥

0.1£50£10°11

Æ°Gµ

¥1/2
, (local strings),

(5.9£10°9 Hz)
°0.1
Æ

¢
, (global strings),

(3.33)

and where the GW amplitude should not exceed the BBN-Neff bound in Eq. (2.6).
The peak frequency from matter-kination era is obtained in a similar manner, but now ti is in

the kination era. The lifetime of global-string loops is short, such that we can safely assume t̃M in
the kination era. On the other hand, the time t̃M for local strings could reside in either kination or
radiation era, depending on the kination duration and the loop lifetime.

High-frequency cut-offs. The string network forms around the energy scale ¥ defined in Eq. (3.16),

Tform ' (1011 GeV)
µ

Gµ
10°15

∂1/2

. (3.34)

The above temperature, when plugged into the energy-frequency relation (3.32), corresponds to a UV
cut-off on the GW spectrum, assuming a standard cosmologyƒ7

fform ' 206 GHz
µ

0.1£50
Æ°

∂1/2 ∑
g§(Tform)

g§(T0)

∏1/4

, (3.35)

which is interestingly independent of Gµ. Indeed, string networks with smaller Gµ are formed at later
times, but the associated loops decay much slower, cf. Eq. (3.20). By varying Gµ, the GW frequency
today remains constant by the compensation of smaller red-shift.

The GW spectrum from cosmic strings can experience other high-frequency cut-offs due to some
UV physics or to the dynamics of strings at early times. The first Heaviside function in Eq. (3.22)
£(ti ° l§/Æ) discards loops whose size Æti is smaller than a critical length l§ below which massive
particle production are responsible for the loop decay [124].

With the second Heaviside function in Eq. (3.22),£(ti °tosc), we eliminate loops which are formed
when loop oscillation is frozen due to thermal friction, i.e., strings motion is damped by interaction
with the thermal plasma [125] and hence the GW is suppressed. String oscillation can start when
thermal friction becomes smaller than Hubble friction.

As we show in [36], the presence of these high-frequency cut-offs can lift the BBN bounds on
kination-enhanced GW from cosmic strings, however we expect them to lie at frequency higher than
the windows of current and future GW interferometers. We leave the study of high-frequency cut-offs
in the presence of kination for future work.

Local vs. global strings. Parametrically, the GW spectra from local and global CS scale as, cf. Eq. (3.23)
and (3.25)

≠local
GW '≠r

¥

Mpl
, and ≠

global
GW '≠r

µ
¥

Mpl

∂4

log3 °
¥ti

¢
. (3.36)

In order to understand the scaling difference, let us consider the contribution to the GW spectrum
coming from loops produced at time ti . For local strings, the corresponding GW are dominantly
emitted at time t̃ local

M 'Æti /(2°Gµlocal), see Eq. (3.30), which means that GW emission occurs
°
Mpl/¥

¢2

Hubble times after loop production. Instead, global loops decay at t̃ global
M ' ti , so within one Hubble

time after production, even though their tension is logarithmically enhanced. Therefore, with respect
to local strings, the GW spectrum from global strings in standard radiation cosmology is:

ƒ7If network formation takes place in a kination era, the corresponding cut-off frequency fform is obtained from Eq. (3.41)
and (3.48).
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and where the GW amplitude should not exceed the BBN-Neff bound in Eq. (2.6).
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which is interestingly independent of Gµ. Indeed, string networks with smaller Gµ are formed at later
times, but the associated loops decay much slower, cf. Eq. (3.20). By varying Gµ, the GW frequency
today remains constant by the compensation of smaller red-shift.

The GW spectrum from cosmic strings can experience other high-frequency cut-offs due to some
UV physics or to the dynamics of strings at early times. The first Heaviside function in Eq. (3.22)
£(ti ° l§/Æ) discards loops whose size Æti is smaller than a critical length l§ below which massive
particle production are responsible for the loop decay [124].

With the second Heaviside function in Eq. (3.22),£(ti °tosc), we eliminate loops which are formed
when loop oscillation is frozen due to thermal friction, i.e., strings motion is damped by interaction
with the thermal plasma [125] and hence the GW is suppressed. String oscillation can start when
thermal friction becomes smaller than Hubble friction.

As we show in [36], the presence of these high-frequency cut-offs can lift the BBN bounds on
kination-enhanced GW from cosmic strings, however we expect them to lie at frequency higher than
the windows of current and future GW interferometers. We leave the study of high-frequency cut-offs
in the presence of kination for future work.

Local vs. global strings. Parametrically, the GW spectra from local and global CS scale as, cf. Eq. (3.23)
and (3.25)
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M 'Æti /(2°Gµlocal), see Eq. (3.30), which means that GW emission occurs
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Hubble times after loop production. Instead, global loops decay at t̃ global
M ' ti , so within one Hubble

time after production, even though their tension is logarithmically enhanced. Therefore, with respect
to local strings, the GW spectrum from global strings in standard radiation cosmology is:

ƒ7If network formation takes place in a kination era, the corresponding cut-off frequency fform is obtained from Eq. (3.41)
and (3.48).
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 LOCAL STRINGS vs GLOBAL STRINGS.

η=fa
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local loops live longer 
before decaying 

(& lifetime depends on η)

spectral shape 
changes with η 

To reach the same amplitude as the 
local strings, global strings need a 
larger η since GW production is not 

the leading energy loss.

global loops 
decay fast.

versus
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Metastable local cosmic strings.

PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.) 8

Multiple-step phase transitions  Hybrid defects≲
E.g., Grand unified theories, hybrid inflation models, post-inflationary axion 

Buchmüller, Domcke, Schmitz+ 
[1912.03695, 2102.08923, 2107.04578, 2307.04691]

Murayama+ [1908.03227, 2111.08750]
King, Pascoli, Turner, Zhou [2005.13549, 2106.15634]

Metastable cosmic strings

See also decaying defects 
via Hubble-induced phase transition [see the talk by Javier Rubio] 

Kamada, Yamada [1407.2882] Bettoni, Domènech, Rubio [1810.11117]

[Dunsky+ 2111.08750] String-domain wallstring-monopole

M. Gorghetto
M
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Vilenkin, Everett ‘82
Hiramatsu+ [1012.4558, 1202.5851]

and many others…

(Also see talks of S. Antusch and S. King)

Multiple-step phase transitions —> Hybrid defects
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Example of metastable cosmic strings

M
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Diluting monopoles, 
otherwise monopole domination.

Symmetry breaking #1

Inflation

Symmetry breaking #2

Decay of strings

Monopole formation @ energy scale mM

String formation @ energy scale μ

Monopole nucleation and strings decay

energy 
scale

Nucleation rate per unit length: 
(assuming thin strings and point-like monopole) 

Vilenkin  ’82, Preskill, Vilenkin ’93 Monin,+ ’08 
Beyond thin soliton approx. : 

Dvali+ 2210.14947, Chitose+ 2312.15662
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�dl(tbrk) = H(tbrk)

Two effects on loops:
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1. Shut off loops production 2. Depleting loop number density
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Multiple-step phase transitions  Hybrid defects≲
E.g., Grand unified theories, hybrid inflation models, post-inflationary axion 

Buchmüller, Domcke, Schmitz+ 
[1912.03695, 2102.08923, 2107.04578, 2307.04691]

Murayama+ [1908.03227, 2111.08750]
King, Pascoli, Turner, Zhou [2005.13549, 2106.15634]

Metastable cosmic strings

See also decaying defects 
via Hubble-induced phase transition [see the talk by Javier Rubio] 

Kamada, Yamada [1407.2882] Bettoni, Domènech, Rubio [1810.11117]

[Dunsky+ 2111.08750] String-domain wallstring-monopole

M. Gorghetto
M
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Vilenkin, Everett ‘82
Hiramatsu+ [1012.4558, 1202.5851]

and many others…
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String network late decay due to nucleation of monopole-antimonopole pairs
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Large GW backgrounds @ Ultra-high frequencies 
from metastable local cosmic strings.
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The GWB can saturate the -GW bound, 
even if no signal is observed at sub-kHz experiments.
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Detectability of GWs from metastable local strings.
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UV cutoffs.
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Other signatures of particle physics @ UHF: UV cutoffs
UHF signal from smaller loops at earlier times.
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small-scale structures (e.g., cusp and kink).
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Other signatures of particle physics @ UHF: UV cutoffs
UHF signal from smaller loops at earlier times.
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UV cutoffs.
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UV cutoffs in cosmic-string GWB
Servant, Simakachorn [2312.09281]
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Reconstruction of the scalar potential via GW
Servant, Simakachorn [2312.09281]

UV cutoff in the GW spectrum 
e.g., from cusp, 

moves with the string’s fatness

How to extract the UV cutoff if GWB is detected. 

• Detect directly the cutoff (need some luck) 

• Several detectors at different frequencies. 
Detect the flat part and the UV slope,  UV cutoff at the intersection (more generic)≲
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FIG. 1. SGWB from axionic strings {?, �} (NDW = 1)
and domain walls {

L
, |} (NDW > 1), corresponding to the

benchmark points in the axion parameter space in Fig. 3 (with
T? = {128MeV, 102 GeV} for {

L
, |}). The best-fitted spec-

tra to the PTA data are ? for global strings (corresponding
to {fa,ma} ' {9.9 · 1015 GeV, 4.8 · 10�15 eV}) and

L
for

domain walls (with maF
2

a = 2.6 · 1015 GeV3). The power-law
integrated sensitivity curves of GW experiments [14, 86–99]
are taken from [12, 100]. For fixed {ma, fa} values, the peak
of the DW-GW spectrum moves along the dashed line as T?

varies; see Eq. (11).

global U(1) symmetry explicitly and generates the ax-
ion mass. This occurs at the scale ⇤ '

p
maFa, where

Fa = fa/NDW, that is when the domain walls are gener-
ated, attaching to the existing cosmic strings.

For NDW > 1, the string-wall system is stable and
long-lived. Its decay may be induced by Vbias, the biased
term [83–85], which could be of QCD origin [29, 39]. This
decay is desirable to prevent DW from dominating the en-
ergy density of the universe at late times. Vbias is there-
fore an additional free parameter beyond ma and fa that
enters the GW prediction in the case where NDW > 1.

i) NDW = 1 – If only one domain wall is attached to a
string, i.e., NDW = 1, the string-wall system quickly an-
nihilates due to DW tension when4 H(Tdec) ' ma [40].
The cosmic string SGWB features an IR cut-o↵ corre-
sponding to the temperature

Tdec ' 1.6 MeV


10.75

g⇤(Tdec)

� 1
4 ⇣ ma

10�15 eV

⌘ 1
2
, (3)

associated with the frequency,

f
cs
GW(ma) ' 9.4 nHz

⇣
↵

0.1

⌘⇣
ma

10�15eV

⌘ 1
2
. (4)

The cut-o↵ position (peak frequency) and amplitude can
be estimated with Eqs. (2)–(4). At f < f

cs
GW(Tdec), the

4 The string tension loses against the DW surface tension at time
tdec defined by [101] Fstr ⇠ µ/Rdec ' � ) Rdec ⇠ H

�1(tdec) ⇠
µ/� ⇠ m

�1
a where R is the string curvature, assumed to be of

Hubble size.

spectrum scales as ⌦GW / f
3 due to causality. Note

that for ma ⌧ 10�16 eV, the cut-o↵ sits at low frequen-
cies, and within the PTA window we recover the same
GW spectrum as the one in the limit ma ! 0. Our
analysis applies the numerical templates of the global-
string SGWB – covering the ranges of fa and Tdec priors.
We calculated these templates numerically by solving
the string-network evolution via the velocity-dependent

one-scale (VOS) model [62, 102–105] and calculating the
SGWB following Ref. [12].
ii) NDW > 1 – Attached to a string, NDW walls bal-

ance among themselves and prevent the system from col-
lapsing at H ' ma [40, 106]. The domain-wall network
later evolves to the scaling regime where there is a con-
stant number of DW per comoving volume V ' H

�3.
The energy density of DW is ⇢DW ' �H

�2
/V ' �H and

it acts as a long-lasting source of SGWB [83, 107–112];
cf. [113] for a compact review. The network red-shifts
slower than the Standard Model (SM) radiation energy
density and could dominate the universe. The biased
term Vbias – describing the potential di↵erence between
two consecutive vacua – explicitly breaks the U(1) sym-
metry and induces the pressure on one side of the wall
[8, 83]. Once this pressure overcomes the tension of the
wall5, the string-wall system collapses at temperature,

T? ' 53MeV


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4

"
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1
4
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#2 
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� 1
2

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�
.

(5)

The fraction of energy density in DW is maximized at
this time and reads,

↵? ⌘ ⇢DW/⇢tot(T?) ' �H/(3M2
PlH

2(T?)),

' 4 · 10�4


10.75

g⇤(T?)

� 1
2 h ma

GeV

i 
fa/NDW

106GeV

�2 50MeV

T?

�2
.

(6)

The energy density emitted in GW is [79]

⇢GW/⇢tot ⇠
3

32⇡
✏↵

2
? (7)

where we fix ✏ ' 0.7 from numerical simulations [111]. It
reaches its maximum at T?. The spectrum exhibits the
broken-power law shape and reads,

h
2⌦dw

GW(fGW) '7.35 · 10�11
h

✏

0.7

i 
g⇤(T?)

10.75

� 
10.75

g⇤s(T?)

� 4
3

⇥

⇥

⇣
↵?

0.01

⌘2
S

✓
fGW

fdw
p

◆
(8)

5 The pressure from Vbias is pV ⇠ Vbias, while the wall’s tension
reads pT ⇠ �H assuming the wall of horizon size. The collapse
happens when pV > pT .

IR cutoff of GW spectrum fixed by axion mass .
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UHF GWB from local and global (axionic) strings 
(Best cases) Servant, Simakachorn [2312.09281]
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Conclusion.
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Ultra-High frequency regime (beyond kHz) : A window to explore new 
physics above 1010 GeV.

An experiment slightly more sensitive than the  bound
could probe the Universe at ultrahigh energy scales.

Signals from metastable strings: access the scalar potential (e.g. self-
coupling ) via the observation of the  UV cutoff in the spectrum.

Signals from axionic strings are suppressed and would require 
exquisite sensitivity.

ΔNeff

λ
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where we use T / a�1. We can also write this relation in terms of the production time,

tprod ' sec

 
H�1

prod

�GW

!2✓
10

�11
Hz

fGW

◆2

, (2.17)

where we use tprod ' (MeV/Tprod)
2 ⇥ sec. For higher frequencies, the SGWB is a probe of

the hotter and earlier stages of the Universe, well beyond the reach of traditional particle physics
experiments.

The frequency-temperature relations for several sources’ sizes are shown on the top panel of
Fig. 2.1. Due to causality, the horizon size at production H�1

prod is the largest possible length scale
of the source: �GW ! H�1

prod. Furthermore, we can understand that the long-lasting GW sources
(e.g., primordial inflation and cosmic strings) generate SGWBs that span a broad range of frequen-
cies; many contributions at di�erent frequencies add up. The signals from the short-lasting sources
are localized at particular frequencies associated with their production times (e.g., first-order phase
transition) or length scales (e.g., preheating and thermal GW).

2.2.1 Naive frequency limits on the landscape

The naive theoretical constraints on the highest and lowest frequencies of the SGWB can be derived
from Eq. (2.16). The lowest frequency of GW is that of those GW produced today; their source has
the largest possible size, i.e., the Hubble horizon today,

fGW,lowest = H0 ' 10
�18

Hz. (2.18)

Despite this late-time GW production, we still call this a primordial GW from many primordial
sources that could still exist today. The highest frequency of primordial GW arises from the highest
energy scale3 Hprod ' MPl, and the GW source of the smallest size, the Planck length��1

GW ⇠ MPl.
The highest possible frequency of primordial GW is

fGW,highest ' 10
13

Hz. (2.19)

Such highest frequencies could still be reached in principle by experiments like axion helioscopes,
probing GW at 1014 Hz; see Ref. [40] for a review. Smaller-size sources could populate the ultra-
high frequency region at late times, e.g., primordial black-hole inspirals [41].

At the high-frequency end, the smallest source of the Planck length ��1
GW ⇠ MPl produced GW

at the end of inflation Hmax
inf ' 6 · 1013GeV [20, 21] at the frequency

fGW,highest ' 10
13

Hz. (2.20)

Such ultra-high frequencies could still be reached in principle by experiments like axion helio-
scopes, probing GW at 1014 Hz; see Ref. [40] for a review. The Planck-size sources at late times
might populate the signals beyond the above naive limit, e.g., primordial black-hole inspirals [41],
which is beyond the scope of this thesis.

2.2.2 Largest Possible Amplitude: �Ne↵ bound

The amount of GW – even as a sub-component of the total energy density – can impact the Uni-
verse’s expansion rate. More precisely, any relativistic energy density beyond the ⇤CDM compo-
nents can act as an e�ective number of neutrino relics,
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3The bound becomes smaller for Hprod . Hplanck ' 6 · 1013 GeV.
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The lowest frequency of GW is that of those GW produced today with  
the largest possible source size, i.e., the Hubble horizon today: 

The highest frequency of typical primordial GW arises from the highest 
energy scale  Hprod ≃MP 

Frequencies limits .
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(For experts: It is possible to find 
primordial GWs which go around this 
argument and have larger frequencies)



Largest possible amplitude .
Early produced GW act as an effective number of neutrino relics which 
is strongly constrained by Cosmic Microwave Background (CMB) 
measurement and by Big Bang Nucleosynthesis (BBN) predictions 

which is strongly constrained by CMB measurements [17] to Ne↵ = 2.99+0.34
�0.33 and by BBN pre-

dictions [42, 43] to Ne↵ = 2.90+0.22
�0.22 whereas the SM predicts Ne↵ ' 3.045 [44–46]. Using

⌦� ' 5.38⇥ 10
�5 [39], we obtain the following bound on the primordial GW spectrum, produced

before CMB/BBN, Z
fmax

fBBN,CMB

df

f
⌦GW(f)  5.6⇥ 10

�6
�N⌫ , (2.22)

where fBBN,CMB are the frequencies corresponding to the BBN/CMB scales, fmax is the highest
frequency of the GW spectrum (which might not be the same as the Planck-scale limit frequency
in Eq. (2.20)), and we set �N⌫  0.2. Note that CMB stage-4 experiments is expected to improve
the bound or discovery region to Ne↵ < 0.03 [47].

In Fig. 2.1, we show the �Ne↵ bound on a primordial SGWB – spanning only an order of
magnitude in log(f) and located at frequencies higher than BBN/CMB scales – such that the bound
reads ⌦GW  5.6 ⇥ 10

�6
�N⌫ . Nonetheless, there are two important points when applying this

bound to a more realistic SGWB. First, the GW spectral shape matters. Let us consider two of the
most generic shapes: a flat spectra ⌦GW = ⌦GW,⇤ for fmin < f < fmax, and a peak ⌦GW(f) =
⌦GW,⇤(f/fpeak)� assuming4 the spectrum cut-o� exponentially beyond fpeak. Eq. (2.22) reads
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where fref is the GW frequency corresponding to CMB/BBN scales, and the constraint for the
peaked spectrum is dominated by fpeak. Because of these multiplicative factors, the �Ne↵ bound
on the realistic SGWB can be slightly stronger or weaker than the naive bound shown in Fig. 2.1.

Second, the integral cut-o� matters. For example, the BBN frequency of inflationary SGWB is
sensitive to the horizon size of temperature TBBN ⇠ MeV, much larger than those of local cosmic
strings, which is boosted by a factor 106 for string tension Gµ = 10

�12, as we shall see later.
Precisely, the BBN-scale frequencies for SGWB from primordial inflation and local cosmic strings
of tension Gµ read

f inf
BBN ' 1.8⇥ 10

�11 Hz, f cs
BBN ' 8.9⇥ 10

�5 Hz
✓
10

�11

Gµ

◆1/2

. (2.24)

We emphasize that the �Ne↵ bound applies to GW, already existing by the time of Ne↵ mea-
surements. For example, the astrophysical GW with a strong signal is not bounded because GW is
produced late. On the challenging ultra-high-frequency range [40], the current probes far weaker
than the BBN bound could potentially constrain the primordial black-hole binaries, cf. Ref. [41]
and references therein.

After charting the landscape of primordial SGWB, the following section reviews prime sources5

from SM (of particle physics and cosmology) and beyond SM physics, illustrated in Fig. 2.1. We
assume that the Universe is in the radiation-dominated era right after the primordial inflation, the
standard cosmological history. The presence of non-standard eras imprints interesting signatures
on SGWB, discussed in Chap. 4.

2.3 From Standard Models of Particle Physics and Cosmology

In the standard (⇤CDM) cosmological model, there is an early period of primordial inflation fol-
lowed by a radiation-dominated Universe due to the thermal plasma of SM particles (the matter

4One would expect also that �  3 due to causality. However, some sources of SGWB lead to a sharp peak, e.g., the
scalar-induced SGWB; see Ref. [48]

5See, for examples, Refs. [49, 50] for excellent derivations of SGWB from arbitrary sources.
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where fref is the GW frequency corresponding to CMB/BBN scales, and the constraint for the
peaked spectrum is dominated by fpeak. Because of these multiplicative factors, the �Ne↵ bound
on the realistic SGWB can be slightly stronger or weaker than the naive bound shown in Fig. 2.1.

Second, the integral cut-o� matters. For example, the BBN frequency of inflationary SGWB is
sensitive to the horizon size of temperature TBBN ⇠ MeV, much larger than those of local cosmic
strings, which is boosted by a factor 106 for string tension Gµ = 10

�12, as we shall see later.
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We emphasize that the �Ne↵ bound applies to GW, already existing by the time of Ne↵ mea-
surements. For example, the astrophysical GW with a strong signal is not bounded because GW is
produced late. On the challenging ultra-high-frequency range [40], the current probes far weaker
than the BBN bound could potentially constrain the primordial black-hole binaries, cf. Ref. [41]
and references therein.

After charting the landscape of primordial SGWB, the following section reviews prime sources5

from SM (of particle physics and cosmology) and beyond SM physics, illustrated in Fig. 2.1. We
assume that the Universe is in the radiation-dominated era right after the primordial inflation, the
standard cosmological history. The presence of non-standard eras imprints interesting signatures
on SGWB, discussed in Chap. 4.

2.3 From Standard Models of Particle Physics and Cosmology

In the standard (⇤CDM) cosmological model, there is an early period of primordial inflation fol-
lowed by a radiation-dominated Universe due to the thermal plasma of SM particles (the matter
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scalar-induced SGWB; see Ref. [48]
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where fref is the GW frequency corresponding to CMB/BBN scales, and the constraint for the
peaked spectrum is dominated by fpeak. Because of these multiplicative factors, the �Ne↵ bound
on the realistic SGWB can be slightly stronger or weaker than the naive bound shown in Fig. 2.1.

Second, the integral cut-o� matters. For example, the BBN frequency of inflationary SGWB is
sensitive to the horizon size of temperature TBBN ⇠ MeV, much larger than those of local cosmic
strings, which is boosted by a factor 106 for string tension Gµ = 10

�12, as we shall see later.
Precisely, the BBN-scale frequencies for SGWB from primordial inflation and local cosmic strings
of tension Gµ read
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We emphasize that the �Ne↵ bound applies to GW, already existing by the time of Ne↵ mea-
surements. For example, the astrophysical GW with a strong signal is not bounded because GW is
produced late. On the challenging ultra-high-frequency range [40], the current probes far weaker
than the BBN bound could potentially constrain the primordial black-hole binaries, cf. Ref. [41]
and references therein.

After charting the landscape of primordial SGWB, the following section reviews prime sources5

from SM (of particle physics and cosmology) and beyond SM physics, illustrated in Fig. 2.1. We
assume that the Universe is in the radiation-dominated era right after the primordial inflation, the
standard cosmological history. The presence of non-standard eras imprints interesting signatures
on SGWB, discussed in Chap. 4.
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In the standard (⇤CDM) cosmological model, there is an early period of primordial inflation fol-
lowed by a radiation-dominated Universe due to the thermal plasma of SM particles (the matter
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where fBBN,CMB are the frequencies corresponding to the BBN/CMB scales, fmax is the highest
frequency of the GW spectrum (which might not be the same as the Planck-scale limit frequency
in Eq. (2.20)), and we set �N⌫  0.2. Note that CMB stage-4 experiments is expected to improve
the bound or discovery region to Ne↵ < 0.03 [47].
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magnitude in log(f) and located at frequencies higher than BBN/CMB scales – such that the bound
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where fref is the GW frequency corresponding to CMB/BBN scales, and the constraint for the
peaked spectrum is dominated by fpeak. Because of these multiplicative factors, the �Ne↵ bound
on the realistic SGWB can be slightly stronger or weaker than the naive bound shown in Fig. 2.1.

Second, the integral cut-o� matters. For example, the BBN frequency of inflationary SGWB is
sensitive to the horizon size of temperature TBBN ⇠ MeV, much larger than those of local cosmic
strings, which is boosted by a factor 106 for string tension Gµ = 10

�12, as we shall see later.
Precisely, the BBN-scale frequencies for SGWB from primordial inflation and local cosmic strings
of tension Gµ read
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We emphasize that the �Ne↵ bound applies to GW, already existing by the time of Ne↵ mea-
surements. For example, the astrophysical GW with a strong signal is not bounded because GW is
produced late. On the challenging ultra-high-frequency range [40], the current probes far weaker
than the BBN bound could potentially constrain the primordial black-hole binaries, cf. Ref. [41]
and references therein.

After charting the landscape of primordial SGWB, the following section reviews prime sources5

from SM (of particle physics and cosmology) and beyond SM physics, illustrated in Fig. 2.1. We
assume that the Universe is in the radiation-dominated era right after the primordial inflation, the
standard cosmological history. The presence of non-standard eras imprints interesting signatures
on SGWB, discussed in Chap. 4.
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In the standard (⇤CDM) cosmological model, there is an early period of primordial inflation fol-
lowed by a radiation-dominated Universe due to the thermal plasma of SM particles (the matter
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scalar-induced SGWB; see Ref. [48]

5See, for examples, Refs. [49, 50] for excellent derivations of SGWB from arbitrary sources.
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where fBBN,CMB are the frequencies corresponding to the BBN/CMB scales, fmax is the highest
frequency of the GW spectrum (which might not be the same as the Planck-scale limit frequency
in Eq. (2.20)), and we set �N⌫  0.2. Note that CMB stage-4 experiments is expected to improve
the bound or discovery region to Ne↵ < 0.03 [47].
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where fref is the GW frequency corresponding to CMB/BBN scales, and the constraint for the
peaked spectrum is dominated by fpeak. Because of these multiplicative factors, the �Ne↵ bound
on the realistic SGWB can be slightly stronger or weaker than the naive bound shown in Fig. 2.1.

Second, the integral cut-o� matters. For example, the BBN frequency of inflationary SGWB is
sensitive to the horizon size of temperature TBBN ⇠ MeV, much larger than those of local cosmic
strings, which is boosted by a factor 106 for string tension Gµ = 10

�12, as we shall see later.
Precisely, the BBN-scale frequencies for SGWB from primordial inflation and local cosmic strings
of tension Gµ read
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We emphasize that the �Ne↵ bound applies to GW, already existing by the time of Ne↵ mea-
surements. For example, the astrophysical GW with a strong signal is not bounded because GW is
produced late. On the challenging ultra-high-frequency range [40], the current probes far weaker
than the BBN bound could potentially constrain the primordial black-hole binaries, cf. Ref. [41]
and references therein.
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assume that the Universe is in the radiation-dominated era right after the primordial inflation, the
standard cosmological history. The presence of non-standard eras imprints interesting signatures
on SGWB, discussed in Chap. 4.
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where fref is the GW frequency corresponding to CMB/BBN scales, and the constraint for the
peaked spectrum is dominated by fpeak. Because of these multiplicative factors, the �Ne↵ bound
on the realistic SGWB can be slightly stronger or weaker than the naive bound shown in Fig. 2.1.

Second, the integral cut-o� matters. For example, the BBN frequency of inflationary SGWB is
sensitive to the horizon size of temperature TBBN ⇠ MeV, much larger than those of local cosmic
strings, which is boosted by a factor 106 for string tension Gµ = 10

�12, as we shall see later.
Precisely, the BBN-scale frequencies for SGWB from primordial inflation and local cosmic strings
of tension Gµ read

f inf
BBN ' 1.8⇥ 10

�11 Hz, f cs
BBN ' 8.9⇥ 10

�5 Hz
✓
10

�11

Gµ

◆1/2

. (2.24)

We emphasize that the �Ne↵ bound applies to GW, already existing by the time of Ne↵ mea-
surements. For example, the astrophysical GW with a strong signal is not bounded because GW is
produced late. On the challenging ultra-high-frequency range [40], the current probes far weaker
than the BBN bound could potentially constrain the primordial black-hole binaries, cf. Ref. [41]
and references therein.

After charting the landscape of primordial SGWB, the following section reviews prime sources5

from SM (of particle physics and cosmology) and beyond SM physics, illustrated in Fig. 2.1. We
assume that the Universe is in the radiation-dominated era right after the primordial inflation, the
standard cosmological history. The presence of non-standard eras imprints interesting signatures
on SGWB, discussed in Chap. 4.

2.3 From Standard Models of Particle Physics and Cosmology

In the standard (⇤CDM) cosmological model, there is an early period of primordial inflation fol-
lowed by a radiation-dominated Universe due to the thermal plasma of SM particles (the matter

4One would expect also that �  3 due to causality. However, some sources of SGWB lead to a sharp peak, e.g., the
scalar-induced SGWB; see Ref. [48]

5See, for examples, Refs. [49, 50] for excellent derivations of SGWB from arbitrary sources.
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GW spectra are sensitive to the cosmological history.
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constraints on the primordial sources are discussed in Secs. 2.2.1 and 2.2.2, limiting the SGWB
landscape down to Fig. 2.1. The prime sources of primordial SGWB2 discussed in Secs. 2.3 and
2.4 populate the region widely, while the experimental prospects probe almost half of it.

| | | | | | | | |

| | | | | | | | |

| | | | | | | |

10-9 10-6 10-3 1 103 106 109 1012 1015
Temperature of the Universe

GeV
λGW
inf =H-1

λGW=
H-1

102

λGW ≃ H-1/106

Figure 2.1: The landscape of primordial SGWBs and the sensitivities of the future-planned GW observato-
ries, cf. Sec. 2.5. Assuming the standard ⇤CDM cosmology, we show the SGWB spectra from the Standard
Models (primordial inflation and thermal plasma) in Sec. 2.3 and beyond SM (preheating, first-order phase
transition, cosmic strings) in Sec. 2.4. See footnote for the chosen parameters. The GW frequency today cor-
responds to its production time, shown in the above-colored lines for di�erent sizes �GW of sources (colors
match that of spectra). The maximum amplitude is bounded by the �Ne↵ constraints at BBN/CMB scales,
cf. Sec. 2.2.2.

From signals to their origins. — Due to the cosmic expansion, GW energy density today is
redshifted from the production time as radiation,

⌦GW,0 =

✓
⇢GW,prod

⇢tot,0

◆✓
aprod
a0

◆4

' ⌦r,0

✓
⇢GW

⇢tot

◆

prod

, (2.15)

where the last step assumes the standard ⇤CDM cosmology, and ⌦r,0 = 5.38 · 10�5 [39] is the
abundance of radiation today. The last bracket suggests that the observed signal depends on the
strength of the GW generation process. The strongest source ⇢GW ! ⇢tot leads to the extreme
bound ⌦GW,0 . 10

�5 on primordial SGWB assuming the standard cosmology. Nonetheless, the
CMB/BBN observations put a more stringent constraint ⌦GW,0 . 10

�7; see Sec. 2.2.2.
The GW frequency today relates to the source’s characteristic length scale �GW, through the

red-shift factor,

fGW = ��1
GW

✓
aprod
a0

◆
' 10

�6
Hz

 
H�1

prod

�GW

!✓
Tprod

100 GeV

◆
, (2.16)

2In Fig. 2.1: primordial inflation (Einf = 1016 GeV), thermal plasma (Treh = 1016 GeV), preheating (Treh =
1016 GeV, {gi} = {10�2

, 10�3
}), phase transition (T⇤ = 150 GeV, �/H⇤ = 100, ↵ = 2), and local cosmic strings

(Gµ = 10�12).
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GWs from the Standard Model plasma.
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Figure 2.2: SGWB from the SM thermal
plasma assuming the reheating at Treh. It does
not follow the usual temperature-frequency rela-
tion since GW is produced with a wavelength of
order T�1 rather than H�1. The hydrodynami-
cal fluctuations contribute to the low-frequency
GW, while the high-frequency regime is dom-
inated by microscopic particle scatterings. At
very large frequencies, the spectrum is exponen-
tially cut o� as the distribution of thermalized
particles is suppressed by e�p/T .

where p(f) is the momentum associated to frequency f today. The GW spectrum indeed cut-o�s
exponentially for p � T , as shown in Fig. 2.2. However, it becomes significant when p ! T . Our
simple estimation matches the result from the more precise method, i.e., from hard thermal loops
calculations [73, 74]. We also see that the maximum contribution comes from the hottest plasma;
the maximum is at the reheating Treh.

At first sight, it seems complicated to determine the frequency range of the GW spectrum
observed today; the result is a sum of GW produced at di�erent temperatures, which peak around
the frequency f⇤ ' ��1

GW ' p/2⇡ ⇠ T/2⇡ at production. By red-shifting it until today, Eq. (2.16),
all contributions point to the peak frequency

f th
GW(T ) ' f⇤

a⇤
a0

' T0/2⇡ ' 5 · 1010 Hz. (2.33)

Although the thermal plasma is a long-lasting source, its SGWB is localized at a particular fre-
quency, which is beyond the reach of planned interferometers as it resides in the region of ultra-high
frequencies targeted by other types of experiments [40].

Large-wavelength regime. — The plasma of particles also fluctuates collectively on a large
wavelength p ⌧ T – so-called hydrodynamics fluctuation [77] – and sources GW production via
the transverse-traceless part of the stress tensor of the plasma, hTT iTT ' ⌘T , which is proportional
to the shear viscosity ⌘ ⇠ T 3/g4 [78, 79], growing as the coupling constant g gets weaker. This
can be understood as the energies of particles after scatterings fluctuate slightly from the averaged
value of the plasma and settle to thermal equilibrium within the time scale determined by the size
of their couplings. The weaker the coupling, the longer the lifetime of the fluctuation. In the
weak-coupling limit, it is found that the energy density spectrum of GW per unit time is [73]

d⇢GW

dtd ln p
(p ⌧ ↵2T ) ⇠ p3⌘T

M2
Pl

, (2.34)

such that the slope of the GW spectrum is ⌦GW / f3, as shown in Fig. 2.2. Ref. [73] also shows
that this behavior continues up to some corrections being cut o� at p ⇠ T as the thermal plasma is
better described by particle scattering for ↵2T < p < T .

2.4 Beyond the Standard Models

The SM of particle physics and cosmology predicts SGWBs – either too small or too high in fre-
quency – which are di�cult be observe. On the other hand, physics beyond the Standard Models
can lead to various sources with huge GW signals, allowing future-planned GW observatories to
probe the underlying BSM parameters. This section discusses three prime BSM sources: the pre-
heating, the first-order phase transitions, and cosmic strings.
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GWs from inflation.

a: scale factor of the universe
w: equation of state of the universe

Research area QU QU-II
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timessenger observations
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Theories
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The GW spectrum from inflation encodes the full cosmological evolution 
of the equation of state of the universe!
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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
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New bound on 
the heavy-unstable particles 
[Gouttenoire, Servant, PS, 1912.03245].

My few pages on GW from cosmic strings

[1912.03245]

Gravitational Waves from cosmic strings
in non-standard cosmology.

[Simakachorn]
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Requirements for the successful intermediate kination era

2. Large initial scalar VEV ⟨ϕ⟩ ≫ fa

1. -symmetric (quadratic) potential 
with spontaneous symmetry-breaking minimum 

U(1)

⟨ϕ⟩ = fa

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

U(1)

4. Radial damping mechanism

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

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

[Gouttenoire, Servant, PS, 2108.10328 & 2111.01150] 

Amplification of inflationary GW from 
axion-induced kination era.

[Gouttenoire et al  2108.10328 & 2111.01150]

Peera Simakachorn (Uni. Hamburg) 28.10.2022 18

1. Kination energy scale 
EKD = ρ1/4
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cosmic evolution
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Amplification of GW from local cosmic strings due 
to an axion-induced kination era.

formation and, thus, the position of the biggest peak. It takes a few e-folds for the network to adapt to
the change of cosmology which moves the first biggest peak to lower frequency than naively expected,
same as the factor O (0.1) in Eq. (3.32). On the other hand, the position of the smallest peak depends
only on the loops’ emission time and is not affected by the time that the network adapts to a change
of cosmological era.

Before moving to the global strings, let us emphasize that the second peak will not be seen in the
global string spectrum. This peak is linked to GW emission occurring for local strings at a time t̃M

much later than the loop-formation time ti , while global loops decay almost instantaneously after
their formation.

Gravitational waves from local cosmic strings

Figure 9: The GW background from local strings with tension Gµ is enhanced by a period of matter-kination
lasting for (2NKD + NKD) efolds, cf. Eq. (2.16). The kination era starts at energy scale EKD and ends when the
temperature of the universe is T¢ (dashed lines). Left panel: In the coloured regions, the peak is observable. BBN
constrains late kination eras (gray) and long kination eras (red-hatched) (see Sec. 2.2). The black dashed lines
show the detectability prospects of hypothetical HF experiments operating at 10 kHz, 1 MHz, 1 GHz frequencies
with sensitivity h2≠sens = 10°10. The QCD axion that allows a kination era could be DM along the solid-gray
lines for the conventional and ZN QCD-axion models, assuming kinetic misalignment (see Sec. 4). Right panel:
The GW spectra correspond to benchmark points in the left panel. Note the second peak at high-frequency for
the green line, that comes from loops produced during the radiation era and decaying at the start of kination, cf.
Eq. (3.45).
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Amplification of GW from global cosmic strings 
due to an axion-induced kination era.

Gravitational waves from global cosmic strings

Figure 11: The GW spectrum from global strings with tension ¥ is enhanced by a period of matter-kination
lasting for (2NKD + NKD) efolds, cf. Eq. (2.16). The kination era starts at energy scale EKD and ends when the
temperature of the universe is T¢ (dashed lines). Left panel: In the coloured regions, the peak is observable. BBN
constrains late kination eras (gray) and long kination eras (red-hatched). The peak is described by Eq. (3.48)
and (3.50). The black dashed lines show the detectability prospects of hypothetical HF experiments operating
at 10 kHz, 1 MHz, 1 GHz frequencies with sensitivity h2≠sens = 10°10. The QCD axion that allows a kination
era could be DM along the solid-gray lines for the conventional and ZN QCD-axion models, assuming kinetic
misalignment (see Sec. 4). Right panel: The GW spectra correspond to benchmark points in the left panel. The
effect of metastable strings cut the spectrum at a low-frequency, as shown by the black-dashed line for a network
decay at T ª 100 MeV.

Figure 12: The longer kination era enhances the peak, allowing strings with smaller string scale ¥ to be probed.
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3.3 Multiple-peak signature

3.3.1 Inflation + local cosmic strings

Three types of peaks. The physics explaining the presence of the cosmic strings is generally unre-
lated to the inflationary sector. In the presence of multiple SGWB, the intermediate matter-kination
era can lead to a multiple-peak GW signal which could be probed by the synergy of future detectors.

1. Peak signature of matter-kination era in inflationary GW, cf. Eq. (3.12).

2. Peak signature of matter-kination era in SGWB from local CS, cf. Eq. (3.41).

3. Peak in SGWB from local CS due to the transition between radiation and later matter era around
the temperature 0.75 eV, and whose frequency reads [36]

f cs
low ' 1.48£10°7 Hz

µ
50£10°11

°Gµ

∂
. (3.51)

The inflationary peak (1) can be easily distinguished from the CS peaks (2 and 3) which are broader
because the CS network takes time to react to the change of cosmology [36]. In this section, we point-
out the possibility of a two-peak spectrum (two matter-kination peaks) and a three-peak spectrum
(two matter-kination peaks + one radiation-matter peak at lower frequency, Eq. (3.51)).

Gravitational waves from inflation and local cosmic strings

Figure 13: Two-peak (left) and three-peak (right) GW spectra from inflation and local CS network. We assume
the maximum inflationary scale allowed by CMB data Einf = 1.6£1016 GeV [1, 2].

Peaks separation. We could observe either two (left panel) or three peaks (right panel) depending
on the separation between each peak, which are estimated from Eqs. (3.12), (3.41), and (3.51)
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º 1.2£109
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, (3.52)
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, (3.53)

f inf
peak
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º 0.7£104
µ

EKD

10 TeV
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exp(NKD/2)

10

∏µ
°Gµ

50£10°11

∂
, (3.54)

where we have assumed for simplicity that loops from kination era decay in the radiation era, NKD <
log(Æ/2°Gµ)/3. For observable multiple peaks, the separations should be small but not overlapping.
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Gravitational waves from inflation and global cosmic strings

Figure 14: Left: In the presence of GW from both inflation and global strings, as well as a matter-kination
era, the signal can have either one or two peaks. Right: Two-peak GW spectra from inflation at the maximum
inflation scale allowed by CMB data Einf = 1.6£ 1016 GeV [1, 2] and from global strings with energy scale ¥ =
2£1014 GeV.

3.4 GW from first-order phase transitions

In the previous subsections, we have shown that the presence of a matter-kination era leads to a peak
shape in the GW spectrum produced by primordial inflation or cosmic strings. More generally, any
GW signal whose production period lasts longer than the duration of the matter-kination era itself,
will receive a triangular shaped spectral distortion. In Sec. 3.4.1, we show that this is also the case
for super-horizon Fourier modes of GW from short-lasting sources such as a cosmological first-order
phase transition (1stOPT). Moreover, Sec. 3.4.2 shows that whenever the 1stOPT is produced during
the non-standard era, the amplitude of the GW peak is reduced and its frequency is blue-shifted.

3.4.1 Spectral distortion

GW from 1stOPT. We consider a 1stOPT driven by a scalar field initially at thermal equilibrium with
the radiation component. Depending on the amount of supercooling, GW are either sourced by the
collision of bubble walls of by fluids motions, e.g. [90, 91, 136]. The peak amplitude of the GW can be
formulated as

h2≠GW(k)
ØØ

t0
' h2

µ
ap

a0

∂4 µ
Ωtot,p

Ωtot,0

∂µ
Hp

Ø

∂m µ
∑Æ

1+Æ+∞

∂2

¢(k,Ø), (3.59)

where Ωtot,i is the total energy density of the universe at time i , Tp and Hp are the temperature and
Hubble scale at the time of GW production, Ø°1 is the duration of the transition, Æ is the ratio of
the vacuum energy difference over the radiation energy density, ∑ is the conversion coefficient and
¢(k,Ø) is the spectral shape. We expect m = 1 for GW from long-lived fluid motion and m = 2 for
GW from short-lived fluid motion or bubble wall collisions. Since our focus in on the effects from the
matter-kination era, we have neglected factors involving the wall velocity vw. The factor ∞ is the ratio
of the energy density of the new sector, the spinning axion in our case, to that of radiation

∞¥ ΩNS/Ωrad. (3.60)

The case ∞ = 0 corresponds to the 1stOPT occuring during the standard radiation era. Additionally,
the peak frequency is shifted with respect to the standard scenario by

fNS = fST

µ
a0

ap Hp

∂

ST

µ
ap Hp

a0

∂

NS
. (3.61)
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Chapter 2

Primordial Gravitational Waves

The first direct detection of gravitational waves (GW) – predicted by Einstein as a consequence of
general relativity [26, 27] – by LIGO collaboration in 2015 [8, 9] has initiated a new era of explo-
ration of our Universe into uncharted territory. Subsequently, many observations have been made
from astrophysical sources with great precision, along with their electromagnetic (EM) counter-
parts, e.g., binaries systems of black holes and neutron stars, cf. the living review [28]. On the
other hand, GW can also be originated during the primordial Universe, across ⇠ 26 decades in
energy scales from the end of primordial inflation to the first light of our Universe, e.g., [29–32].

The EM observations observe up to the scale of recombination, Trec ⇠ 0.1 eV, or at best the
Big Bang Nucleosynthesis (BBN) scale, TBBN ⇠ MeV, while the particle colliders probe up to
the TeV scales [12, 33]. The so-called primordial GW are produced by very high-energy physics
that any other experiment cannot test. Because the gravitational interaction is extremely weak; GW
decouples from other particles in the thermal plasma as soon as they are produced:

�grav

H
⇠ n�v

T 2/MPl

' G2T 5

T 2/MPl

'
✓

T

MPl

◆3

⌧ 1 for the sub-Planckian Universe, (2.1)

where n ⇠ T 3 is the number density of particles in thermal equilibrium, � ⇠ G2T 2 is the cross-
section of the gravitational interaction1, and v ' 1. Any primordial GW travels freely, up to
the cosmic expansion, and carries direct information about its generation mechanism from the
production time to our GW observatories today.

In this chapter, Sec 2.1 first reviews the primordial GW in the form of a stochastic GW back-
ground (SGWB) observed today. In Sec. 2.2, two parts of information can be learned from the
SGWB spectrum – the sources’ strength and length/time scale – allowing us to chart the landscape
of the primordial GWs, as shown in Fig. 2.1. We discuss the prime sources from the SM (of particle
physics and cosmology) in Sec. 2.3 and the beyond SM in Sec. 2.4. Sec. 2.5 review the prospects
of detection, expanding over 21 decades in frequency Finally, Sec. 2.6 comments on the exciting
hint of SGWB, observed by pulsar timing arrays and probably explained by cosmic strings.

2.1 Stochastic Gravitational-Wave Background

Consider the cosmological perturbation theory on the isotropic-homogeneous expanding Universe,
described by the Friedmann-Robertson-Walker (FRW) metric,

ds2 = �dt2 + a2(t)(�ij + hij)dx
idxj , (2.2)

where the presence of scalar and vector modes are neglected, and a slight spatial tensor pertur-
bation |hij | ⌧ 1 represents gravitational waves (GW), satisfying the transverse-traceless (TT)

1In standard textbook [34], the neutrino decoupling is estimated by replacing G ! GF (Fermi’s constant) for the
weak interaction: �/H ⇠ (T/MeV)3.
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anisotropic stress tensor, defined by a2⇧ij = Tij�pa2(�ij+hij)whereTij is the spatial component
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A freely propagating GW (⇧TT
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= 0) evolves di�erently in two limits, depending on its co-
moving wavenumber k,
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where d⌧ ⌘ dt/a is the conformal time, A� and B� are arbitrary constants set when the source
term ⇧

TT
ij

becomes inactive. The sub-horizon GW exhibits an oscillatory behavior with its size
being red-shifted by the cosmic expansion. The super-horizon mode stays frozen due to the first
term, and it later re-enters the horizon and starts oscillating. By observing GW today, we obtain two
parts of information: the dynamics related to the production mechanism ⇧

TT
ij

and the kinematics
related to the expansion history of the Universe.

GW from the early Universe and relic density. — A GW production process during the early
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ḧij(x, t) + 3Hḣij(x, t)�
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term ⇧

TT
ij

becomes inactive. The sub-horizon GW exhibits an oscillatory behavior with its size
being red-shifted by the cosmic expansion. The super-horizon mode stays frozen due to the first
term, and it later re-enters the horizon and starts oscillating. By observing GW today, we obtain two
parts of information: the dynamics related to the production mechanism ⇧

TT
ij

and the kinematics
related to the expansion history of the Universe.

GW from the early Universe and relic density. — A GW production process during the early
Universe operates only within a causal patch (i.e. �GW  H�1

prod), much smaller than the horizon
size today,
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where we use a ⇠ T�1. Therefore, the primordial GW sources from many uncorrelated patches
would randomize the amplitude of hij(x, t) observed today and contribute to the so-called stochas-
tic GW background (SGWB). Since there is only one Universe, an observable is not well character-
ized by an ensemble average in the context of statistics; instead, we trade it with the spatial/temporal
average via the ergodic theorem [31]. For an isotropic, homogeneous, unpolarized, stationary, and
gaussian background, the correlation function reads,

⌦
h�(k, ⌧)h�0(k0, ⌧ 0)

↵
=

8⇡5

k3
h2c(k, ⌧)�

(3)
(k� k0

)�(⌧ � ⌧ 0)���0 , (2.10)

and hhij(x, ⌧)hij(x, ⌧)i = 2

Z
d(log k)h2c(k, ⌧) (2.11)

where hc is the dimensionless characteristic strain of GW, and all statistical information is captured
due to gaussianity. The delta functions and the Dirac delta in Eq. (2.10) suggest other four prop-
erties: 1) �(3)(k � k0

) for isotropy and homogeneity, 2) �(⌧ � ⌧ 0) for stationary, and 3) ���0 for
unpolarization. Note that these properties are typical for primordial GW; however, there could be
deviations for a particular source that would serve as smoking-gun signatures from other stochastic
sources, e.g., [35–38].

The energy density of GW is the 00th component of the energy-momentum tensor,

⇢GW =

D
ḣij(x, t)ḣij(x, t)

E

32⇡G
=

D
h0
ij
(x, ⌧)h0

ij
(x, ⌧)

E

32⇡Ga2
. (2.12)

For the sub-horizon GW (k � aH), we deduce from Eq. (2.8) that h0c
2
(k, ⌧) ' k2h2c , leading to

⇢GW =

Z
d(log k)

k2h2c(k, ⌧)

16⇡Ga2(⌧)
⌘

Z
d(log k)

d⇢GW

d log k
, (2.13)

where the last step defines the energy density spectrum of GW. Due to h2c / a�2 for sub-horizon
mode, we emphasize the most critical aspect of GW, i.e., the GW energy density of some mode k
red-shifts as radiation a�4. The relic density of SGWB observed by GW experiments with some
frequency today – corresponding to some comoving wavenumber (k/a0 = 2⇡f ) – reads

⌦GW,0(f) =
k2h2c(k, ⌧0)

16⇡Ga20
=

⇢prodGW (f)

⇢tot,0

✓
aprod
a0

◆4

, (2.14)

where we used again that ⇢GW / a�4. Despite its simplicity, this equation leads to many interest-
ing consequences. For instance, we can redshift the SGWB from the production time to estimate
the SGWB today from each primordial source. Moreover, this simple equation allows us to derive
signatures from non-standard cosmological e�ects in Chap. 4.

In this thesis, all predicted stochastic GW frequency spectra will be expressed in terms of
⌦GWh2, which di�ers from the usual characterization of the GW signal in terms of the strain hc.
For comparison, we show in Fig. A.2, how the typical stochastic spectra computed in this thesis
would look like In hc units.

2.2 Landscape of Primordial SGWBs

Many early-Universe processes generate SGWB of various signal shapes and frequency ranges. In
this section, we scrutinize the plane (frequency fGW, amplitude ⌦GW) where the energy-density
spectra of primordial SGWBs would reside today, regardless of the nature of their sources. The
critical aspect is that the GW propagates freely and carries direct information about its origin,
from the production time to the GW observatories today. Ultimately, the amplitude and frequency
relate to the production mechanism’s strength and time scale, respectively. The generic theoretical
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Stochastic GW background of primordial origin.
Early-universe production process operates within a causal patch ( λGW ≤ H−1 ), 
much smaller than the horizon  size today, 

Primordial GW sources from many uncorrelated patches randomize the 
amplitude of hij (x, t) observed today and contribute to the stochastic GW 
background. 
For an isotropic, homogeneous, unpolarized, stationary, and gaussian 
background, the correlation function reads 

dimensionless 
characteristic 
strain 

Due to h2c ~ a−2 for 
sub-horizon mode, the 
GW energy density of 
some mode k redshifts 
as radiation a−4. 
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FIG. 1. Benchmark GWBs of primordial origin with large amplitude above kHz frequencies, compared to sensitivities of existing
and planned experiments below the kHz [1–5, 45, 48–53] as well as experiments sensitive at frequencies above the kHz from
[47] (in shaded gray). The green line is associated with a very strong first-order phase transition [22] (�/H = 7, ↵ = 10) at a
temperature T ⇠ 1010 GeV (compatible with a Peccei-Quinn phase transition with axion decay constant fa ⇠ 1010 GeV for
instance [54]). Interestingly, the irreducible background from inflation with inflationary scale Einf ' 1016 GeV can be amplified
if inflation is followed by kination (purple line) [55] or if a kination era is induced much later by the rotating QCD axion DM
field (blue line) [55–57]. Local cosmic strings can generate a signal (in red) as large as the BBN bound (3), that also uniquely
goes beyond 109 Hz. The gray line shows the signal from preheating [41] corresponding to an inflaton mass M ' Mpl with a
coupling g = 10�3 to the thermal bath. Similar but suppressed GW spectra can come from the fragmentation of a scalar field,
which is not the inflaton [58–60]. The lower gray shaded region is the spectrum from the Standard thermal plasma [17–19],
assuming a reheating temperature Treh ' 6⇥ 1015 GeV.

as the GW fraction of the total energy density of the
Universe today ⌦GWh

2. It can be related to the charac-
teristic strain hc of GW by [43]

hc ' 1.26⇥ 10�18(Hz/fGW)
p
⌦GWh2. (1)

Its characteristic frequency is related to the moment
when GW was emitted, and its amplitude is typically
small1 (⌦GWh

2 . ⌦rh
2
' 4 · 10�5 [61], where ⌦r is the

fraction of energy density in radiation).
The frequency range of cosmological GWB is linked to

the size of the source, which is limited to the horizon size
by causality. The frequency today of a GW produced
with wavelength �GW  H

�1(T ) when the Universe had
temperature T (assuming radiation domination for the

1 Except the signals resulting from a modified equation of state
of the Universe such as kination or sti↵ eras [55] or extremely
strong first-order phase transitions.

GW considered in this paper) is

fGW ' 1 kHz


H

�1(T )

�GW

�✓
T

1010 GeV

◆
, (2)

where H is the Hubble expansion rate, and fGW =
�
�1
GW[a(T )/a0] with a being the scale factor of cosmic

expansion. For instance, the irreducible GWs produced
during inflation that re-enter the horizon at temperature
T have �GW ⇠ H

�1. On the other hand, GWs from
first-order phase transitions have �GW that is roughly the
bubbles’ size, typically of the order O(10�3

� 10�1)H�1.
GWs produced from the thermal plasma are produced
maximally at �GW ⇠ T

�1, such that the signal gen-
erated at any T is peaked at fGW ⇠ O(10) GHz. Fi-
nally, for cosmic strings, �GW relates to the string-loop
size, which is fixed by the Hubble size; see Eq. (11) for
the precise relation. Therefore, apart from the thermal
plasma source, the highest GW frequencies are associ-
ated with the earliest moments in our Universe’s his-
tory, and the maximum reheating temperature of the
Universe Treh  T

max
reh ' 6 ⇥ 1015 GeV [62] bounds


