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Strings and Cosmology

• Big Bang? (before inflation?)

• Inflation or alternatives

• After Inflation ((P)Reheating, dark matter, baryogenesis,…)

• Today (dark energy)

• Future?



Moduli Stabilisation e.g. KKLT, LVS
(Dine-Seiberg Problem)

it to a height greater than the height of the barrier, see Fig. 1. In typical KKLT-type

models this leads to vacuum destabilization if the added energy density V (φ)/σn, which is

responsible for inflation, is much greater than the height of the barrier Vbarrier ! 3m2
3/2M

2
P .

Since H2 ∼ ∆V (φ,σ)/3, this leads to the bound (1.1) (see [3] for a more detailed discussion

of this issue, while a similar problem in a slightly different context was also found in [4]).
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Figure 1: The lowest curve with dS minimum is the potential of the KKLT model. The second
one shows what happens to the volume modulus potential when the inflaton potential Vinfl = V (φ)

σ3

added to the KKLT potential. The top curve shows that when the inflaton potential becomes too
large, the barrier disappears, and the internal space decompactifies. This explains the constraint
H ! m3/2.

In KKLT-based models, it therefore seems that for a gravitino mass m3/2 ∼ 1TeV the

Hubble constant during the last stages of a string theory inflation model should be quite

low, H ! 1 TeV, which is ten orders of magnitude below the often discussed GUT inflation

scale. Therefore if one believes in standard SUSY phenomenology with m3/2 ! O(1) TeV,

one should find a realistic particle physics model where the nonperturbative string theory

dynamics occurs at the LHC scale or even lower (the mass of the volume modulus in the

KKLT scenario typically is not much greater than the gravitino mass), and inflation occurs

at a density at least 30 orders of magnitude below the Planck energy density [3]. For a

recent analysis of this issue see e.g. [5] and for a discussion in the context of the heterotic

string see [6].

This problem is quite generic. For example, recently a new interesting mechanism of

moduli stabilization was proposed, which is based on the models with compacification on Nil

manifolds with negative curvature [7]. This mechanism presents a significant modification

of the compactifications on flat Calabi-Yau spaces, as suggested by the assumption of the

low scale supersymmetry. And yet, the same constraint H ! m3/2 remains valid for the

inflationary models in this scenario [8].

The situation becomes even trickier in the large volume models of vacuum stabilization

[2]. In such models the height of the barrier is much smaller, Vbarrier ∼ m3
3/2MP . In this

case, the constraint that the inflaton potential should not be much greater than the height
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V 𝟎 at weak coupling and large volume. 
Fluxes can be adjusted in KKLT and LVS to get weak 
coupling de Sitter minima

Dine, Seiberg 1985

Only fully trust runaway part 
(swampland conjecture, Vafa et al)
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Vacuum Transitions 
(beginning and end of our universe?)

1. Transition between two minima of scalar potential

2. Brane nucleation: M1 to M1+Wall+M2
Brown-Teitelboim 87

Coleman-De Luccia 1980

Both realized in string landscape !
Populating the String Landscape.

Motivations

• How is it populated? 

Eternal inflation is not enough.

• Starting from a given de Sitter, is it possible 

 to up-tunnel?

V = e− nχ
Mχ V0(ϕ) + V1(χ)

V0(ϕ) = μ4
ϕ ( ϕ2

M2
ϕ

− 1)
2

V1(χ) = μ4
χ [−e−2χ/Mχ + ae−χ/Mχ + be−3χ/Mχ]

V

χ

ϕ

[Aguirre, Johnsons, Larfors, ’09, ’10]

Approximate 
picture



ℐ − ℐ − ℐ −

ℐ + ℐ + ℐ +

Figure 11: Penrose diagrams for de Sitter space with slicing corresponding from left to right to
closed, flat and open slicings, respectively. Notice that the horizontal closed universe slicing is
global.

fig:slicings

with Nt, Nr the lapse and shift functions respectively and d⌦2
2
the line element for the 2-sphere.

The system consists of two de Sitter spaces with cosmological constants ⇤I ,⇤O separated by a
wall of tension � at r = r̂. The bulk and boundary actions are the standard gravitational ones
and the matter action is simply giving by the two cosmological constants, so the total action is:

S =
1

16⇡G

Z

M
d4x

p
�gR+

1

8⇡G

Z

@M
d3y

p
�hK + SM + SW , (5.3)

where K is the extrinsic curvature of the wall and

SM = �4⇡

Z
dtdrLNtR

2 (⇤O✓(r � r̂) + ⇤I✓(r̂ � r)) ,

SW = �4⇡T

Z
dtdr�(r � r̂)

h
N2

t � L2(Nr + ˙̂r)2
i
. (5.4)

In the above we defined T ⌘ 4⇡G� .Following the standard Dirac prescription for this Hamil-
tonian system, the Hamiltonian and momentum constraints can be found and the matching
conditions at the wall lead to an equation for the wall trajectory of the form:

˙̂R2 + V = �1; V = �R̂2

R2
0

, (5.5) {rdot}

where R̂ = R(r̂) and R0 is the turning point:

R2

0 =
4T 2

⇥
(H2

O
�H2

I
)2 + 2T 2(H2

O
+H2

I
) + T 4

⇤ . (5.6)
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Open or Closed Universes?

Closed Flat Open

From Euclidean approach the bubble leads to an open universe. 
From Hamiltonian approach: Spherical symmetry, closed slicing. 
Universe inside the bubble is closed. But other slicings possible



Vacuum Transitions

• Euclidean

• No Minkowski to dS

• Open Universe

• Bounce, HM, Flyover

• Hamiltonian

• Minkowski to dS

• Closed Universe

• New classical 
trajectories

Standard Non-Standard

*   Hamiltonian approach only available in mini-superspace or 
transitions without scalar potential



Inflation

ΛCDM + inflation
(source of almost scale invariant, gaussian,
adiabatic density perturbations)

Note: There is no  theory behind (origin of dark matter, dark energy, inflation, etc.)

7 Quantum Initial Conditions

One of the most remarkable features of inflation is that it provides a natural mechanism for

producing the initial conditions for the hot big bang. To see this, recall that the evolution of the

inflaton field �(t) governs the energy density of the early universe ⇢(t) and, hence, controls the end

of inflation (see Fig. 20). Essentially, the field � plays the role of a “clock” reading o↵ the amount

of inflationary expansion still to occur. By the uncertainty principle, arbitrarily precise timing is

not possible in quantum mechanics. Instead, quantum-mechanical clocks necessarily have some

variance, so the inflaton will have spatially varying fluctuations ��(t,x). There will therefore be

local di↵erences in the time when inflation ends, �t(x), so that di↵erent regions of space inflate

by di↵erent amounts. These di↵erences in the local expansion histories lead to di↵erences in the

local densities after inflation, �⇢(t,x), and to curvature perturbations in comoving gauge, ⇣(x).

It is worth remarking that the theory was not engineered to produce these fluctuations, but that

their origin is instead a natural consequence of treating inflation quantum mechanically.

Figure 20. Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

7.1 Quantum Fluctuations

7.1.1 Free Scalar in de Sitter

Before attacking the real problem of interest, namely the quantization of coupled inflaton-metric

fluctuations during inflation, we will consider the simpler case of a free scalar field in de Sitter

space. We will assume that the scalar field carries an insignificant amount of the total energy

density and, hence, doesn’t backreact on the de Sitter geometry. Such a field is sometimes called

a spectator field.

The action of a massless, free scalar field in de Sitter space is

S =
1

2

Z
d4x

p
�g gµ⌫@µ'@⌫'

=
1

2

Z
d⌧ d3x a2

h
'̇2 � (@i')

2

i
, (7.1)
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String Scenario ns r

D3/D3 Inflation 0.966  ns  0.972 r  10�5

InflectionPoint Inflation 0.92  ns  0.93 r  10�6

DBI Inflation 0.93  ns  0.93 r  10�7

WilsonLine Inflation 0.96  ns  0.97 r  10�10

D3/D7 Inflation 0.95  ns  0.97 10�12
 r  10�5

Racetrack Inflation 0.95  ns  0.96 r  10�8

N� flation 0.93  ns  0.95 r  10�3

AxionMonodromy 0.97  ns  0.98 0.04  r  0.07

KahlerModuli Inflation 0.96  ns  0.967 r  10�10

Fibre Inflation 0.965  ns  0.97 0.0057  r  0.007

Poly � instanton Inflation 0.95  ns  0.97 r  10�5

,

Of the models depicted, ‘D3/D3 inflation’ [15] represents the predictions of the first bona-

fide string implementation of brane-antibrane inflation [16, 17], including modulus stabilisa-

tion. The orange oval marked ‘D3/D7 inflation’ [30] and the light green oval marked ‘closed

string inflation’ represent the predictions of a broad class of models [32, 48, 51, 52, 55, 56]

which di↵er somewhat in their predictions for ⌘, but all find ✏ too small to show r non-zero on

the plot. Notice that similar predictions are obtained in models where inflation is obtained

from wrapped D-branes [57], inflection points [19], Wilson lines [26] or non-canonical kinetic

terms [21]. All of these models describe the observed fluctuations very well, and much better

than simple single-field �
2 models.

Apart from ‘N-flation’ [33] which su↵ers from the control issues mentioned above, only

two of the string models, ‘Axion monodromy inflation’ [37] and ‘Fibre inflation’ [50], predict

r large enough to be visible on the plot. These two were specifically designed for the purpose

of obtaining large r, since it had been remarked that small r appeared to be generic to string-

inflationary models. They both score reasonably well for the ⌘-problem, but both have also

been criticized. Ref. [38] argues that the lack of supersymmetry in the models of ref. [37]

can make it more di�cult to control the corrections to leading predictions, with potentially

significant back-reaction e↵ects. The ‘Fibre inflation’ model builds on the hierarchy of masses

that loops and higher-derivative corrections introduce into the low-energy potential, but in

the absence of their explicit calculation must use an educated guess for their detailed shape.
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Concrete Models of String Inflation

Burgess, Cicoli, Quevedo 2013
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1 Introduction

The new data release from BICEP/Keck considerably strengthened bounds on the tensor to

scalar ratio r [1]: r0.05 = 0.014+0.010
�0.011 (r0.05 < 0.036 at 95% confidence). The main results

are illustrated in [1] by a figure describing combined constraints on ns and r, which we

reproduce here in Fig. 1. These new results have important implications for the development

of inflationary cosmology. In particular, the standard version of natural inflation as well as

the full class of monomial potentials V ⇠ �n are now strongly disfavored.

Figure 1: BICEP/Keck results for ns and r [1]. The 1� and 2� areas are represented by dark blue and light

blue colors. The purple region shows natural inflation, and the orange band corresponds to inflation driven by

scalar field with canonical kinetic terms and monomial potentials.
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This limitation of ⇠-attractors disappears if one considers a more general class of models

with nonminimal coupling of scalars to gravity

LJp
�g

=
1

2
⌦(�)R� 1

2
KJ(�)(@�)

2 � VJ(�) . (3.7)

One can show that for certain relations between ⌦(�), KJ(�) and VJ(�) this theory in the

Einstein frame becomes equivalent to the theory of ↵-attractors [9]. Therefore in this more

general context one can describe any small values of r.

4 Special cases

So far we presented T- and E-models with a continuous value of ↵, which at small ↵ reach the

attractor point with cosmological predictions depending on the number of e-foldings and ↵ as

shown in (2.5). One can implement these models in the minimal N = 1 supergravity, where

the parameter 3↵ is given by 3↵ = 1
2 |RK |. Here |RK | is the curvature of Kähler geometry

[7]. In the context of the Poincaré hyperbolic disk geometry, representing an Escher disk,

R2
Esher = 3↵ defines the size of the disk [10].

Figure 7: This figure (courtesy of R. Flauger) shows the 7 Poincaré disks of the T-model of ↵-attractors as

green lines, as well as Higgs inflation, R2 inflation and fibre inflation [22].

The most interesting B-mode targets in this class of cosmological attractor models are

the ones with the discrete values of 3↵ = 7, 6, 5, 4, 3, 2, 1 [23–26]. These models of Poincaré

disks are inspired by string theory, M-theory and maximal supergravity. They are known in

cosmology community, see for example the plot of R. Flauger presented in his talk at CMB-S4

collaboration meeting in 2021. We present it here in Fig. 7.

– 8 –

Recent BICEP/KECK results

Contents

1 Introduction 1

2 ↵-attractors 2

2.1 T-models 2

2.2 E-models 4

3 Other examples of cosmological attractors 5

3.1 Pole inflation, D-brane inflation 5

3.2 ⇠-atttractors 7

4 Special cases 8

5 Discussion 10

1 Introduction

The new data release from BICEP/Keck considerably strengthened bounds on the tensor to

scalar ratio r [1]: r0.05 = 0.014+0.010
�0.011 (r0.05 < 0.036 at 95% confidence). The main results

are illustrated in [1] by a figure describing combined constraints on ns and r, which we

reproduce here in Fig. 1. These new results have important implications for the development

of inflationary cosmology. In particular, the standard version of natural inflation as well as

the full class of monomial potentials V ⇠ �n are now strongly disfavored.

Figure 1: BICEP/Keck results for ns and r [1]. The 1� and 2� areas are represented by dark blue and light

blue colors. The purple region shows natural inflation, and the orange band corresponds to inflation driven by

scalar field with canonical kinetic terms and monomial potentials.

– 1 –

From Flauger (see Kallosh-Linde)



 String Phenomenology 2014, Trieste.                                                   David Marsh, University of Oxford
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Genericity assertions:

2. Moduli can cause cosmological problems:

Polonyi ‘81, Coughlan & Ross ’83, Banks, Kaplan, Nelson ‘93, de Carlos, Casas, Quevedo, Roulet ’93. 

Inflation

Modulus decay/reheating Present

�1 �1

�1�1

After inflation

Moduli and cosmology

Post-Inflation
(Moduli Domination)

 String Phenomenology 2014, Trieste.                                                   David Marsh, University of Oxford

BBN requires T > O(1 MeV), so 

x
y

MPl

EEW

Ecpt

Genericity assertions:

2. Moduli can cause cosmological problems:

Polonyi ‘81, Coughlan & Ross ’83, Banks, Kaplan, Nelson ‘93, de Carlos, Casas, Quevedo, Roulet ’93. 

The typical decay rate of gravitationally coupled scalars is: 

�� ⇠ 1

8⇡

m3
�

M2
Pl

.

the lightest moduli start the Big Bang. 

m� & 3 · 104 GeV .

Moduli and cosmology

Coughlan et al 1983, Banks et al, de Carlos et al 1993
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Figure 1: The lefthand timeline represents the thermal history of the early universe when dark
matter is populated in the thermal bath that emerges shortly after after inflation. The right
timeline represents a possible nonthermal history where dark matter production occurs directly
from scalar decay.

occurs at Tf ' mX/20 and g⇤ ⇠ 100, assuming the e↵ective number of degrees of freedom is similar
to that of the Standard Model [39]. The abundance simplifies to

⌦therm
dm h

2
' 0.12

✓
1.63⇥ 10�26cm3

/s

h�vi

◆
. (7)

where we have used GeV�2
· c ' 1.17 ⇥ 10�17 cm3

/s. WIMPs with typical speeds (v ' 0.3c) and
electroweak cross-sections (⇡ 1 pb) yield ⌦therm

dm h
2
' 0.12 in agreement with the data, a coincidence

often called the WIMP miracle.

Simple SUSY models with thermal WIMPs are in growing conflict with collider data and direct
detection experiments [40]. By contrast, nonthermal models posit that dark matter production
occurs at temperatures below standard thermal freeze-out4 leading to dark matter with novel and
unexpected experimental signatures. For example, if a heavy relic comes to dominate the energy
density following inflation and the dark matter particle is one its decay products, the resulting relic
density is still given by (6) but with T = Tr and g⇤ = g⇤(Tr), the value at the time of reheating

⌦NT
dm h

2
' 8.60⇥ 10�11

✓
mX

g⇤(Tr)1/2h�viTr

◆
,

' 0.10
⇣

mX

100 GeV

⌘✓
10.75

g⇤

◆1/2✓3⇥ 10�23 cm3
/s

h�vi

◆✓
10 MeV

Tr

◆
. (8)

The similarity to the thermal freezeout result (6) arises because when the WIMPs are produced
from scalar decay they will rapidly annihilate until their number density reduces to the point where
annihilations can no longer occur. This process is essentially instantaneous (on cosmological time

4
If the particles were produced above their freeze-out threshold, they could thermalize via their mutual interactions.

5

From S. Watson



Bosonic Compact Objects
• Q-balls
• Oscillons

Gravity vs Repulsive pressure
• Boson stars
• Mini-boson stars
• Oscillatons (e.g. axion stars, moduli stars)

} Repulsive pressure vs attractive interaction

Scalar G = 0 G = 1

Complex
Q-Balls

Global U(1)

Mini-Boson Stars Boson Stars

weak self-interactions strong self-interactions

Real
Oscillons

Oscillatons
attractive self-interactions

Table 1: Classification of complex and real scalar stars. Here and in the rest of the paper we denote
by “G = 0” the cases in which gravity e↵ects are negligible (where G is the Newton’s constant),
and by “G = 1” the cases in which gravity e↵ects are important.

interesting dynamics appear if the e↵ects of gravity become of the same order as those due

to self-interactions.

Note that the objects we consider in this work have a compactness6 comparable to

that of the corresponding black hole. The formation of such objects needs to be checked

for each specific model via dedicated lattice simulations. In the simplest and most model-

independent scenarios, self-interactions of a single field are su�cient to make the quantum

fluctuations grow and enter the non-linear regime. The growth can take place mainly

through parametric resonance (see [22] and references therein) or tachyonic resonance [57].

Focusing on the models studied in the present paper, parametric and tachyonic resonance

are e�cient production mechanisms in the case of the KKLT model and ↵-attractors T-

models respectively7. In the case of ↵-attractor E-models (or Starobinsky-like potentials),

the production might be di�cult to achieve through parametric and/or tachyonic reso-

nance, but it could take place through other mechanisms, e.g. i) through parametric

resonance induced by a second oscillating field [60], ii) through some enhancement in the

scalar power spectrum, as for the formation of primordial black holes (see [61] for recent

work in this direction), iii) through dynamical clustering of lighter objects [62].

A better understanding of the evolution of moduli stars is important for a number of

reasons:

1. Non-spherically symmetric oscillons produce GWs due to the dynamics of each single

object [63]. The GW spectrum at production is peaked at frequencies f ⇠ O(m),

where m is the mass of the scalar field. The current diluted value is roughly given by

f &
⇣

m

TeV

⌘
5/6

Hz , (1.1)

where the uncertainty is related to the knowledge of the exact production time and

is removed by numerical simulations. For m ⇠ 109GeV the peak would fall in the

LIGO frequency range. In [64], the authors parameterized the oscillon profile as

�(t,x) = �(t)F(t,x) , (1.2)

6
The compactness is defined as C = M/R, where M is the total mass of the RSS and R its radius,

containing 90% of the mass of the star.
7
For ↵-attractor T-models [58, 59] the region of the parameter space investigated is borderline in terms

of the e�ciency of the tachyonic resonance production mechanism, and should be checked through lattice

simulations. The formation of RSSs is however beyond the scope of this work and we leave it for the future.
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3D lattice simulations (Blow-up LVS vs KKLT)

*No oscillons for volume or fibre moduli



GW spectrum: KKLT
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Figure 15: Spectrum of Gravitational waves ⌦GW,e(k) as a function of the physical momentum
a
�1

k. The spectrum is shown at di↵erent moments in time which correspond to: the end
of linear preheating at a ' 1.16 (blue), shortly after the beginning of the non-linear regime
at a ' 1.45 (green), at a ' 2.1 (orange), and at the end of the simulation a ' 2.5 (red).

oscillons do not produce GW. One possible reason for the (yet) absent peaky structure
could be that the latter is simply hidden by the stochastic background produced during
and shortly after the tachyonic oscillations. This background is produced once during
the early stage of preheating and is subsequently redshifted due to the expansion of the
Universe. Oscillons, however, are an active source of GW production until they decay. If
they live for a su�ciently long period and e�ciently produce GWs, the peaky structure in
the spectrum of GWs will eventually become visible at some later stage of the evolution.
The final spectrum shown in Figure 15 (red curve), is not expected to be the final result
since oscillons continue to be produced. If the universe would instantly reheat at that
time the frequencies of the plateau (corresponding to a

�1
k/m ⇠ 0.1 � 1 in Figure 15)

would lie today at

f0 ⇠ 108 Hz� 109 Hz , with ⌦GW,0 ⇠ 10�10
� 5⇥ 10�10

. (57)

Similar as in KKLT, an overall rescaling of the potential from complex structure moduli
which is smaller than unity would also lead to lower frequencies. Altering, other model
parameters could in principle also alter the frequencies of the stochastic GW background.
Furthermore, the volume modulus being the lightest modulus in this scenario, will at
some point start to dominate the energy density of the Universe. This, in turn, leads to
an additional period of matter domination and thus pushing not only the frequencies but
also ⌦GW,0 to lower values.

4 Conclusions and open questions

Moduli fields may be the only stringy remnants that survive at low energies and partic-
ularly after a period of inflation. It is usually stated that the dilution e↵ect of inflation

30
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of linear preheating at a ' 1.16 (blue), shortly after the beginning of the non-linear regime
at a ' 1.45 (green), at a ' 2.1 (orange), and at the end of the simulation a ' 2.5 (red).

oscillons do not produce GW. One possible reason for the (yet) absent peaky structure
could be that the latter is simply hidden by the stochastic background produced during
and shortly after the tachyonic oscillations. This background is produced once during
the early stage of preheating and is subsequently redshifted due to the expansion of the
Universe. Oscillons, however, are an active source of GW production until they decay. If
they live for a su�ciently long period and e�ciently produce GWs, the peaky structure in
the spectrum of GWs will eventually become visible at some later stage of the evolution.
The final spectrum shown in Figure 15 (red curve), is not expected to be the final result
since oscillons continue to be produced. If the universe would instantly reheat at that
time the frequencies of the plateau (corresponding to a

�1
k/m ⇠ 0.1 � 1 in Figure 15)

would lie today at

f0 ⇠ 108 Hz� 109 Hz , with ⌦GW,0 ⇠ 10�10
� 5⇥ 10�10

. (57)

Similar as in KKLT, an overall rescaling of the potential from complex structure moduli
which is smaller than unity would also lead to lower frequencies. Altering, other model
parameters could in principle also alter the frequencies of the stochastic GW background.
Furthermore, the volume modulus being the lightest modulus in this scenario, will at
some point start to dominate the energy density of the Universe. This, in turn, leads to
an additional period of matter domination and thus pushing not only the frequencies but
also ⌦GW,0 to lower values.

4 Conclusions and open questions

Moduli fields may be the only stringy remnants that survive at low energies and partic-
ularly after a period of inflation. It is usually stated that the dilution e↵ect of inflation
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See also:
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Figure 1: Examples of stochastic sources of GWs. The green bands correspond to the frequency ranges probed by
levitated sensors, bulk acoustic wave devices and magnetic conversion detectors respectively, while the cyan band
corresponds to the frequency range probed by interferometers. See text for details.

Eq. (39)) to be bounded by the perturbative limit, and in the case of inflation described by
an e↵ective field theory with broken spatial reparametrization symmetry we have chosen the
speed of sound and the spectral tilt to be cT = 1 and nT = 0.2, respectively. Moreover,
inflation models with strongly enhanced scalar fluctuations (P⇣ . 10�2.5) can source GWs
with ⌦GW,0 . 10�9 at second order in cosmological perturbation theory.

• For preheating (Sec. 3.3.2), we show typical values for models with parametric resonance in
quadratic (right green box) and quartic (left green box) potentials as well as oscillons. In the
latter case the frequency is set by the mass of the scalar field through Eq. (45), where here
we have chosen the mass of the scalar field to be 1010 GeV < m < 1013 GeV with X = 100,
while the amplitude is the typical value inferred from numerical simulations.

• For phase transitions (Sec. 3.3.3), we assume a fixed latent heat, number of relativistic degrees
of freedom and wall velocity. We also assume that sound waves do not last a Hubble time,
such that the amplitude scales as the square of the inverse time scale of the transition. The
peak frequency and amplitude are then given by Eqs. (46) and (47), where we consider
transition temperatures T⇤ < 1016 GeV.

• As an example for topological defects (Sec. 3.3.4) cosmic strings lead to a broad spectrum with
an amplitude given Eq. (48), where the string tension for stable cosmic strings is bounded
by Gµ < 10�11 whereas for metastable cosmic strings it can by as large as Gµ ' 10�4 above
the LIGO frequency range. The spectrum of gauge textures is described by Eq. (50), where
here we have chosen the symmetry breaking scale to be 1012 GeV < v < 1019 GeV.

Fig. 2 shows representative examples of coherent sources. For simplicity, we take the factorq
2f
ḟ

converting between the amplitude and characteristic strain of a GW to be unity, which is a

good approximation at the merging frequency of compact objects. We moreover use a reference
value of 10 kpc for the distance to all sources.

• For the ringdown signal of neutron star mergers (Sec. 3.2.1) we depict a benchmark at
hc ' 5⇥ 10�21 and 1000 < f < 5000 Hz, see Fig. 3.
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Figure 2: Examples of coherent sources of GWs. The green bands correspond to the frequency ranges probed by
levitated sensors, bulk acoustic wave devices and magnetic conversion detectors respectively, while the cyan band
corresponds to the frequency range probed by interferometers. See text for details.

• For mergers of compact objects, i.e. primordial BHs (Sec. 3.2.2) and exotic compact objects
(Sec. 3.2.3) we take the masses of both merging partners to be equal and estimate the
maximal signal by determining for each frequency the maximal mass contributing to mergers
at this frequency (i.e. the mass corresponding to f = fISCO in Eq. (19) or Eq. (29)). For
the frequency range depicted, this corresponds to the mass range (10�9, 1)M� for primordial
BHs. For exotic compact objects, we vary the compactness as 5 ⇥ 10�2 < C < 1/2. The
amplitude of the oscillating GW signal is then given by Eqs. (21) and (30), respectively.

• For signals from axion superradiance we consider both the axion annihilation and axion decay
channel (see Sec. 3.2.4). The frequency of the signal is determined by the axion mass, which
is turn linked to the BH mass by the superradiance condition in Eq. (31). Inserting this into
Eq. (33) and Eq. (35) and taking ↵/l = 1/2, ✏ = 10�3 and MBH > M� yields the curves
depicted.

3.2 Late Universe

In this section we revise a number of sources that are relevant for high-frequency GW production
and are active in the late Universe. For a summary of these sources see Fig. 2 and Tab. 2 in
App. A.

3.2.1 Neutron star mergers

For not too high binary masses the merger of two neutron stars avoids the prompt collapse to a
BH and leads to the formation of a massive rapidly rotating and oscillating neutron star remnant.
The oscillations of this remnant are very characteristic of the incompletely known equation of state
of high-density matter and generate GW emission in the kHz range (see Fig. 3). For instance, the
dominant oscillation frequency of the post-merger phase (fpeak in Fig. 3) scales tightly with the
radii of non-rotating neutron stars [19]. These radii are uniquely determined by the equation of
state of neutron stars, and are therefore particularly valuable messengers of the underlying high-
density matter physics (see e.g. [20] for a review). Simulation results show a tight correlation
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Some Open Questions

• De Sitter (resonance?, islands?...)

• Landscape population (transitions to runaway; M to (A)dS…)

• Inflation (axion monodromy with moduli stabilization; inflation scale 

against gravitino mass; Inflation, dS+Standard Model,…)

• After Inflation ((p)reheating, dark matter, baryogenesis,…)

• Today (dark energy: cosmological constant vs quintessence?)

• Future? (GWs to test string theory?)


