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Axion-Like-Particles (ALPs).

charged under anomalous U(1) global symmmetry (Peccei-Quinn symmetry)

Spontaneously broken at scale fa

Axion as Goldstone boson

3 Production and Initial Conditions

3.1 Symmetry Breaking and Non-Perturbative Physics

Let’s briefly review the general picture for axions given in the previous section, highlighting
how this is relevant to axion cosmology in the very early Universe. Two important physical
processes determine this behaviour. Symmetry breaking occurs at some high scale, fa,
and establishes the axion as a Goldstone boson. Next, non-perturbative physics becomes
relevant, at some temperature TNP ⌧ fa, and provides a potential for the axion.

Giving substance to this chain of events: the axion field, �, is related to the angular
degree of freedom of a complex scalar, ' = �ei�/fa . The radial field, �, obtains the vev
h�i = fa/

p
2 when a global U(1) symmetry is broken (see Fig. 2). The field � is heavy, and

fa is the PQ symmetry breaking scale. The axion is the Goldstone boson of this broken
symmetry , and possesses a shift symmetry, � ! �+const., making it massless to all orders
in perturbation theory. Non-perturbative e↵ects, for example instantons, “switch on” at
some particular energy scale and break this shift symmetry, inducing a potential for the
axion, V (�). The potential must, however, respect the residual discrete shift symmetry,
� ! � + 2n⇡fa/NDW, for some integer n, which remains because the axion is still the
angular degree of freedom of a complex field. The potential is therefore periodic.

The scale of non-perturbative physics is ⇤a and the potential can be written as V (�) =
⇤4

aU(�/fa), where U(x) is periodic, and therefore possesses at least one minimum and one
maximum on the interval x 2 [�⇡, ⇡]. We can choose the origin in field space such that
U(x) has its minimum at x = 0.10 It is common practice to assume a solution to the
cosmological constant problem such that the minimum is also obtained at U(0) = 0 (see
Section 7.1 for further discussion). A particularly simple choice for the potential is then

V (�) = ⇤4
a


1 � cos

✓
NDW�

fa

◆�
, (36)

where NDW is an integer, which unless otherwise stated I will set equal to unity. I stress that
the potential Eq. (36) is not unique and without detailed knowledge of the non-perturbative
physics it cannot be predicted. For example, so-called “higher order instanton corrections”
might appear, as cosn �/fa (see e.g. Ref. [71]). The form of the potential given by Eq. (36)
is, however, a useful benchmark for considering the form of axion self-interactions.

We can study axions in a model-independent way if we consider only small, � < fa,
displacements from the potential minimum. In this case, the potential can be expanded as
a Taylor series. The dominant term is the mass term:

V (�) ⇡ 1

2
m2

a�2 , (37)

where m2
a = ⇤4

a/f2
a . The symmetry breaking scale is typically rather high, while the non-

perturbative scale is lower. The axion mass is thus parametrically small.
Let’s consider some possible values for these scales. The QCD axion (see Section 2.1)

is the canonical example, where we have that ⇤4
a ⇡ ⇤3

QCDmu with ⇤QCD ⇡ 200 MeV and
mu the u-quark mass, and 109 Gev . fa . 1017 GeV. The lower limit on fa comes from
supernova cooling [72, 73] (see Section 9.1), while the upper limit comes from black hole
superradiance [74] (BHSR, see Section 8.1). This leads to an axion mass in the range
4 ⇥ 10�10 eV . ma,QCD . 4 ⇥ 10�2 eV.

In string theory models (see Section 2.4), things are much more uncertain. The decay
constant typically takes values near the GUT scale, fa ⇠ 1016 GeV [5], though lower values
of fa ⇠ 1010�12 GeV are possible [67]. In specific, controlled, examples one always finds

10When x 6= 0 is associated to the breaking of CP symmetry, as is the case for the QCD axion, a theorem
of Vafa and Witten [23] guarantees that the induced potential has a minimum at the CP -conserving value
x = 0.
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The axion mass, ma, induced by QCD instantons can be calculated in chiral perturbation
theory [24, 2]. It is given by

ma,QCD ⇡ 6 ⇥ 10�6 eV

✓
1012 GeV

fa/C

◆
. (5)

This is a (largely) model-independent statement, and the approximate symbol, “⇡,” takes
model and QCD uncertainties into account. If fa is large, the QCD axion can be extremely
light and stable, and is thus an excellent DM candidate [25, 26, 27].

We will consider three general types of QCD axion model:3

• The Peccei-Quinn-Weinberg-Wilczek (PQWW) [3, 24, 2] axion, which introduces one
additional complex scalar field only, tied to the EW Higgs sector. It is excluded by
experiment.

• The Kim-Shifman-Vainshtein-Zakharov (KSVZ) [28, 29] axion, which introduces heavy
quarks as well as the PQ scalar.

• The Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [30, 31] axion, which introduces an
additional Higgs field as well as the PQ scalar.

2.1.2 PQWW axion

The PQWW model introduces a single additional complex scalar field, ', to the standard
model as a second Higgs doublet. One Higgs field gives mass to the u-type quarks, while
the other gives mass to the d-type quarks (a freedom of the model is the choice of which
doublet, if not a third field, gives mass to the leptons). This fixes the representation of
' in SU(2) ⇥ U(1). The whole Lagrangian is then taken to be invariant under a global
U(1)PQ symmetry, which acts with chiral rotations, i.e. with a factor of �5. These chiral
rotations shift the angular part of ' by a constant. The PQ field couples to the standard
model via the Yukawa interactions which give mass to the fermions as in the usual Higgs
model. The invariance of these terms under global U(1)PQ rotations fixes the PQ charges
of the fermions.

Just like the Higgs, ' has a symmetry breaking potential (see Fig. 2):

V (') = �

✓
|'|2 � f2

a

2

◆2

, (6)

and takes a vacuum expectation value (vev), h'i = fa/
p

2 at the EW phase transition. Just
as for the Higgs, this fixes the scale of the vev fa ⇡ 250 GeV.

There are four real, electromagnetically (EM) neutral scalars left after EW symmetry
breaking: one gives the Z-boson mass, one is the standard model Higgs [32, 33], one is the
heavy radial ' field, and one is the angular ' field. The angular degree of freedom appears
as h'iei�/fa after canonically normlaizing the kinetic term. The field � is the axion and is
the Goldstone boson of the spontaneously broken U(1)PQ symmetry.

The axion couples to the standard model via the chiral rotations and the PQ charges
of the standard model fermions, e.g. expanding in powers of 1/fa the quark coupling is
mq(�/fa)iq̄�5q. The chiral anomaly [34] then induces couplings to gauge bosons via fermion
loops4 / �GG̃/fa and / �FF̃/fa, where F is the EM field strength. The gluon term is
the desired term and leads to the PQ solution of the strong-CP problem. Notice that all
axion couplings come suppressed by the scale fa, which in the PQWW model is fixed to

3One can also construct more general particle physics models along these lines with multiple ALPs as
well as the QCD axion, but we will not discuss such models in detail. We consider all ALPs within a string
theory context in Section 2.4.

4See Appendix B for a heuristic description of e↵ective field theory (EFT).
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Figure 2: A symmetry breaking potential in the complex ' plane. The vev of the radial
mode is fa/

p
2 and the axion is the massless angular degree of freedom at the potential

minimum.

be the EW vev. In the PQWW model fa is too small, the axion couplings are too large,
and it is excluded, e.g. by beam-dump experiments [9]. The PQWW axion is also excluded
by collider experiments such as LEP (see the recent compilation of collider constraints in
Ref. [35], and Section 9.6).

In the KSVZ and DFSZ models, which we now turn to, the PQ field, ', is introduced
independently of the EW scale. The decay constant is thus a free parameter in these models,
and can be made large enough such that they are not excluded. For this reason, both the
KSVZ and the DFSZ axions are known as invisible axions. On the plus side, in these models
the axion is stable and is an excellent DM candidate with its own phenomenology.

2.1.3 KSVZ axion

The KSVZ axion model introduces a heavy quark doublet, QL, QR, each of which is an
SU(3) triplet, and the subscripts represent the charge under chiral rotations. The PQ
scalar field, ', has charge 2 under chiral rotations, but is now a standard model singlet.
The PQ field and the heavy quarks interact via the PQ-invariant Yukawa term, which
provides the heavy quark mass:

LY = ��Q'Q̄LQR + h.c. , (7)

where the Yukawa coupling �Q is a free parameter of the model. As in the PQWW model,
there is a global U(1)PQ symmetry which acts as a chiral rotation with angle ↵ = �/fa,
shifting the axion field. Global U(1)PQ symmetry is spontaneously broken by the potential,
Eq. 6.

At the classical level, the Lagrangian is una↵ected by chiral rotations, and ' is not
coupled to the standard model. However at the quantum level, chiral rotations on Q a↵ect
the G̃G term via the chiral anomaly [34]:

L ! L +
↵

32⇡2
GG̃ , (8)

where I have used that in the KSVZ model the colour anomaly is equal to unity (see
Section 2.2).

8

Consider complex scalar field

VH is a Hubble-dependent term driving the field VEV to large values at early time. The complex scalar
field can be parameterized by two real fields describing radial ¡ and angular µ directions

© = ¡eiµ, (7.2)

where the U (1) symmetry acts as a shift symmetry for µ. We consider only the homogeneous part of
the field, such that the Lagrangian in the angular representation is

L = 1
2
¡̇2 + 1

2
¡2µ̇2 °V (|©|)°Vth(|©| , T )°V⇠⇠U (1)(©)°VH (©), (7.3)

where the first and second terms denote the kinetic energy in the radial and angular modes, respec-
tively.

Ingredients for a kination era. First, let us chart the big picture and list the special features of the
model required for generating a kination-dominated era.

• a U (1)-conserving potential V (|©|) with spontaneous breaking. In our scenario, the kination era
occurs when a rotating scalar field, which dominates the energy density of the universe, rotates
along the flat direction of its SSB minimum.

• an explicit U (1)-breaking potential V⇠⇠U (1)(©). The rotation of the field condensate is induced by
an early kick in the angular direction due to the presence of an explicit breaking potential, sim-
ilarly to the Afflect-Dine mechanism [136].

• a large initial radial field-value ¡ini. For the explicit breaking higher-order terms in the potential
to play a role on the dynamics of the scalar field, we need a mechanism to drive the scalar field
to large value in the early universe. This is encoded in the term VH (©).

• a mechanism for damping the radial mode. After the kick, the field condensate undergoes an
elliptic motion. A mechanism is necessary to damp the radial mode so that a circular trajectory
is reached and the energy density will be dominated by the kinetic energy of the angular mode
when the field settles down to the SSB vacuum, resulting in a kination era.

7.2 U (1)-conserving potential with spontaneous breaking

7.2.1 Zero-temperature potential

In App. G.2 and G.4, we show that for the scalar field energy density to redshift slower than radiation
and to dominate the energy density of the universe, we need to consider a potential shallower than
quartic. Therefore, we consider a nearly-quadratic potential with a flat direction at the minimum

V (|©|) = m2
r |©|2

µ
ln

|©|2

f 2
a

°1
∂
+m2

r f 2
a + ∏2

M 2l°6
pl

|©|2l°2, (7.4)

where fa is the radial field value at the minimum. We can define an effective mass which is field
dependent

m2
r,eff ¥

d 2V
d |©|2 = 4m2

r

µ
1+ ln

|©|
fa

∂
. (7.5)

In App. D.1, we show that the quadratic potential in Eq. (7.4) can be generated in gravity-mediated
SUSY-broken theories, with mr being equal to the gravitino mass

mr ' m32. (7.6)
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ALPs.

Non-perturbative effects at energy 𝝠b  << fa  break the 
shift symmetry  and  generate a potential/mass for the axion

5

Axions and Axion-Like-Particles (ALPs)

• One of the strongest BSM candidates: Strong CP problem, dark matter, ...

• At low energies, and high temperatures, it has the e↵ective potential:

VALP � m2(T )f 2

1� cos

✓
�
f

◆�
= ⇤4

b(T )[1� cos (✓)]

• The mass (barrier-height) is in general temperature-dependent:

m2(T ) ⇡ m2
0 ⇥

8
><

>:

✓
Tc

T

◆��

,T � Tc

1 ,T < Tc

QCD axion

m2
0f

2 ⇡ (76MeV)4, � ⇡ 8, Tc ⇡ 150MeV

Generic ALP

m0, f , �,Tc are free parameters.
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ma = 𝝠b / fa
2

2 ≈ (76 MeV)4 ma  and fa  : free parameters 



Mainly through Axion-photon coupling

• There is a global U(1) symmetry respected by the classical action.

• Spontaneous breaking at scale fa leads to an angular degree of freedom, �/fa, with a
shift symmetry.

• The U(1) symmetry is anomalous and explicit breaking is generated by quantum
e↵ects (instantons etc.), which emerge with some particular scale, ⇤a. Because of the
classical shift symmetry, these e↵ects must be non-perturbative.

• Since � is an angular degree of freedom, the quantum e↵ects must respect the residual
shift symmetry � ! �+ 2n⇡fa.

In this picture a pNGB or ALP obtains a periodic potential U(�/fa) when the non-
perturbative quantum e↵ects “switch on.” The mass induced by these e↵ects is ma ⇠ ⇤2

a/fa.

2.3 Couplings to the Standard Model

The couplings of the QCD axion are computed in Ref. [39]. Other references include
Refs. [9, 36, 43].

The QCD axion is defined to have coupling strength unity to GG̃, via the term in
Eq. (2), replacing ✓QCD ! �/(fa/NDW). Any ALP must couple more weakly to QCD (e.g.
Ref [44]), and in any case a field redefinition can often define the QCD axion to be the
linear combination that couples to QCD, leaving ALPs free of the QCD anomaly.

Axion couplings to the rest of the standard model are defined by symmetry, and in
specific models can be computed in EFT. The axion is a pseudoscalar Goldstone boson
with a shift symmetry, so all couplings to fermions must be of the form

@µ(�/fa)( ̄�µ�5 ) . (21)

The form of this coupling, as an axial current, means that the force mediated by axions
is spin-dependent and only acts between spin-polarised sources (see Section 9.4). Thus no
matter how light the axion, it transmits no long-range scalar forces between macroscopic
bodies. This has the important implication that, in an astrophysical setting, ULAs are
not subject to the simplest fifth-force constraints like light scalars such as (non-axion)
quintessence are.

For example, in the DFSZ model, a coupling of the form Eq. (21) is obtained from the
H ̄ term after symmetry breaking and a PQ rotation, with the value of the co-e�cient
set by the PQ charge of the fermions. Such a term is generated at one loop in the KSVZ
model.

A coupling to EM of the form:

�~E · ~B = ��Fµ⌫ F̃µ⌫/4 (22)

is generated if there is an EM anomaly (see below).
On symmetry grounds we can write a general interaction Lagrangian, applicable at low

energies (after PQ symmetry breaking and non-perturbative e↵ects have switched on):

Lint = �g��

4
�Fµ⌫ F̃µ⌫ +

g�N

2mN
@µ�(N̄�µ�5N) +

g�e

2me
@µ�(ē�µ�5e) � i

2
gd�N̄�µ⌫�5NFµ⌫ ,

(23)
where �µ⌫ = i

2 [�µ, �⌫ ], and here N is a nucleon (proton or neutron). The coupling g��

has mass-dimension �1 and is proportional to 1/fa; the coupling gd has mass dimension
�2 and is also proportional to 1/fa. The couplings g�e and g�N are dimensionless in
the above conventions, but are related to commonly-used dimensionful couplings g̃�e,N =
g�e,N/(2me,N ) / 1/fa. Notice how all dimensionful couplings are suppressed by 1/fa,
which is a large energy scale. This is why axions are weakly coupled, and evade detection.
Note the similarity to the suppression of quantum-gravitational e↵ects by 1/Mpl.
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The hunt for axions.

 If long-lived: Dark Matter candidate



The Axion-Like-Particle (ALP) parameter space.
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Thus we will demand that the fragmentation temperature is smaller than T
fo

so that
the axions cannot thermalize. So we require

T
frag

. T
fo

⇠ �
↵

em

g2
���

M
pl

��1

. (7.7)

This constrains the upper right corner of the bottom plot in Fig 4 (small f
a

, large m
a

region), that is already excluded by CAST experiment.

• Applicable constraints from ALP searches: If the axions are given an interac-
tion to photons then a long list of constraints from ALP searches apply. If we assume
that the axion has a KSVZ-like coupling, i.e.

f
�

f
a

⇡ 0.5⇥ 10

3, (7.8)

where f
�

is the scale of the photon coupling, then the experimental constraints apply
to the regions shown in figure ??. In this figure, we show both current constraints in
filled regions as well as projections for future experiments.

• Lyman-↵ constraints: In the ultra-light mass range (⇠ 10

�22 eV) scalar particles
will exhibit wave-like behavior on astrophysical (kpc/mpc) scales, which suppresses
small scale structure growth [14]. This is sensitively constrained by the neutral hydro-
gen absorption lines of the intergalactic medium, known as the Lyman-↵ forest [15].
Recent modeling shows that scalar particle masses below 10

�19.6 eV are incompatible
with the observed absorption lines, if the particles are assumed to be dark matter [16].
We therefore impose that

m
a

> 10

�19.6 eV, (7.9)

which sets the lower mass bound on the axion mass.

The fragmented axion DM parameter space constrained with the above conditions is
displayed in Fig. 4. The contours for the fragmentation temperature at fragmentation, T⇤,
and for the barrier size ⇤

b

are also shown.

8 Does the photon coupling affect the fragmentation process?

If we assume that axion has a coupling to photons then we need to make sure that this
coupling does not spoil the fragmentation process. This can happen if the equation of
motion for the photon admits unstable solutions. In order to trust the results of [7] we need
to ensure that such solutions do not exist in the parameter space we are interested in.

To study the effect of the axion-photon coupling we consider the following Lagrangian:

L =

1

2

@
µ

�@µ�� V (�)� 1

4

F
µ⌫

Fµ⌫ � 1

4

g
���

�F
µ⌫

eFµ⌫ , (8.1)

where V (�) is given by (2.1). The field eFµ⌫ is defined as

eFµ⌫

=

1

2

✏µ⌫⇢� =

1

2

✏̂µ⌫⇢�p
g

F
⇢�

, (8.2)

– 12 –

assuming KSVZ-like coupling
7



The hunt for axions.

Motivation: Axion parameter space

Assuming KSVZ-like photon and neutron couplings:

Any ALP

Only DM

DESYª | Opening up the axion dark matter window with axion fragmentation | Philip Sørensen | Hamburg, 01.06.2020 Page 3
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Which of these axions can make 
Dark Matter ?
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Axions from the misalignment mechanism.

Different regions for ALP dark matter

Cem Eröncel

November 30, 2020

1 Analytical theory of parametric resonance in Kinetic Misalignment

We are interested in studying the parametric resonance during the cosmological evolution of an
ALP field whose Lagrangian is given by

L =
1
2

gµn∂µf∂nf � V(f) =
1
2

gµn∂µf∂nf � m2(T) f 2


1 � cos
✓

f

f

◆�

. (1)

The metric is taken to be the flat Friedmann-Lemaitre-Robertson-Walker metric1

ds2 = dt2 � a2(t)dij dxi dxj . (2)

We decompose f(x, t) into a homogeneous mode f(t) ⌘ f Q(t) and small fluctuations df(x, t),
where the latter can be expanded into the Fourier modes

df(x, t) =
Z d3k

(2p)3

⇣

âkuk(t)eik·x + h.c.
⌘

, (3)

where the creation/annihilation operators â†
k/âk satisfy

h

âk, â†
k0

i

= (2p)3d(3)(k � k0). (4)

Using the Lagrangian (1) and the metric (2), we can show that the homogeneous mode Q obeys

Q̈ + 3HQ̇ + m2(T) sin(Q) = 0, (5)

while the equation of motion for the mod functions uk(t) are given by

ük + 3Hu̇k +



k2

a2 + m2(T) cos (Q)

�

uk = 0. (6)

So far we have neglected the backreaction of the fluctuations onto the homogenenous. We will
study the backreactions later.

Most of the literature on ALP dark matter focuses on the “standard misalignment mechanism”
in which the ALP field is initially frozen due to the strong Hubble friction, then it starts oscillating
around the temperature Tosc which can be estimated by

m(Tosc) ⇡ 3H(Tosc). standard misalignment mechanism (7)

1In general, the metric should also have curvature perturbation terms. We will study them in Section 4.
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k0

i

= (2p)3d(3)(k � k0). (4)

Using the Lagrangian (1) and the metric (2), we can show that the homogeneous mode Q obeys

Q̈ + 3HQ̇ + m2(T) sin(Q) = 0, (5)

while the equation of motion for the mod functions uk(t) are given by

ük + 3Hu̇k +



k2

a2 + m2(T) cos (Q)

�

uk = 0. (6)

So far we have neglected the backreaction of the fluctuations onto the homogenenous. We will
study the backreactions later.

Most of the literature on ALP dark matter focuses on the “standard misalignment mechanism”
in which the ALP field is initially frozen due to the strong Hubble friction, then it starts oscillating
around the temperature Tosc which can be estimated by

m(Tosc) ⇡ 3H(Tosc). standard misalignment mechanism (7)

1In general, the metric should also have curvature perturbation terms. We will study them in Section 4.

1

Start with ALP lagrangian

Define homogeneous zero-mode

Neglecting fluctuations, it satisfies
The initial conditions for this mechanism are

Q(ti) = Qi, Q̇(ti) = 0. standard misalignment mechanism (8)

The initial misalignment angle Qi is the value of the angular part of the Peccei-Quinn (PQ) field
after the spontaneous symmetry breaking, which can take different values in different patches of
the universe. If the PQ-breaking happens before inflation, then all the patches are inflated away so
we have a homogeneous value throughout the observable universe. However, if the PQ-breaking
happens after inflation, then the observable universe has many patches having different values of
Qi. Then Qi is fixed by averaging over different Hubble patches.

However, this is not the only mechanism for ALP dark matter. It is possible that the PQ symme-
try is explicitly broken at high energies which tilts the mexican-hat potential such that the angular
part of the PQ field obtains a large kick in early universe. This is known as the kinetic misalignment
mechanism [1]. In this case, the initial condition for the homogeneous mode is modified by

1
2

Q̇2
i � 2m2(Ti). kinetic misalignment mechanism (9)

The physical meaning of this initial condition is that the ALP field has a very large initial kinetic
energy such that it goes over many barriers before it got stuck in one of the minimums. The
trapping occurs when the energy of the ALP field falls below the height of the barrier:

rf(T⇤) =
1
2

f 2Q̇2(T⇤) + m2(T⇤) f 2[1 � cos(Q(T⇤))] = 2m2(T⇤) f 2[1 � cos(Q(T⇤))], (10)

where the temperature T⇤ is defined by this equation and denoted the temperature at which the
field is trapped by the barrier. For later convenience we introduce the parameter e(t) which is
defined by

e(t) ⌘
rf

2m2(t) f 2 =
1
4

Q̇2

m2(t)
+ sin2

✓

Q
2

◆

. (11)

2 Classification based on the cosmic history before trapping

2.1 Overview of the regions

Based on the evolution of the ALP field before it gets trapped by the potential, there are four dif-
ferent scenarios:

1. Strong axion fragmentation: The ALP field is completely fragmented before it gets trapped
by the potential.

2. Weak axion fragmentation: The fragmentation is active for a while before the field gets
trapped, but it is weak.

3. Kinetic misalignment: The fragmentation does not happen, but the ALP field has a non-
zero initial velocity, such that the onset of oscillations is delayed.

4. Regular misalignment: Even though the ALP field might have some initial velocity, it is not
sufficient to overcome many barriers, so conventional misalignment mechanism is at play.
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With initial conditions:

-> standard misalignement mechanism
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For

standard 
assumption

Conventional misalignment

Axion Lagrangian

L =
1

2
@
µ

�@µ��m2(T )f2
a

(1� cos(�/f
a

))

Equation of motion in FRW:

�̈+ 3H�̇|{z}
friction

+m2
a

� = 0

Two regimes:
> m

a

⌧ 3H () ⇢
a

/ a0 (Frozen)
> m

a

� 3H () ⇢
a

/ a�3 (Oscillating)

DESYª | Opening up the axion dark matter window with axion fragmentation | Philip Sørensen | Hamburg, 01.06.2020 Page 6

a

a

Conventional misalignment

1 Inflation sets random ✓
I

= O(1)

2 Hubble frozen = no redshift
3 Begins to oscillate at

m
a

⇠ 3H(T )

4 Redshift as ⇢
a

/ a�3

DESYª | Opening up the axion dark matter window with axion fragmentation | Philip Sørensen | Hamburg, 01.06.2020 Page 7

a a a a a
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Pre- and post-inflationary scenario

VPQ

Post-inflationary scenario

• Di↵erent initial angle in each Hubble patch.

• Inhomogeneous including topological defects.

Pre-inflationary scenario (This work)

• Random initial angle in the observable

universe.

• Initially homogeneous w/o topological defects.

2/13

Pre- and post-inflationary scenarios.



Dark matter from ALPs: Misalignment mechanisms

Standard (Large) misalignment

Zhang,Chiueh 1705.01439; Arvanitaki et al. 1909.11665
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ALP dark matter parameter space (with KSVZ-like photon coupling g✓� = (↵em/2⇡)(1.92/f ))
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ALP DM parameter space.

(KSVZ-like coupling)
ALP dark matter parameter space (with KSVZ-like photon coupling g✓� = (↵em/2⇡)(1.92/f ))
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Conventional misalignement 
makes too little DM for low fa .

Not enough 

DM

A way out: switch on initial velocity for the axion
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Kinetic misalignment.
Add kinetic energy to delay onset of oscillationsKinetic misalignment

> Begins to oscillate at �̇ ⇠ 2⇤2
b

> Delay oscillations
) less redshift
) more DM
) lower f

a

⇢kin
�

⇡ m
a

f
a

�̇⇤

✓
a⇤
a0

◆3

where ⇤ = time of stopping.

DESYª | Opening up the axion dark matter window with axion fragmentation | Philip Sørensen | Hamburg, 01.06.2020 Page 11-> ALP can be DM for low fa

Co, Harigaya et al ’19 
Chang, Cui’19

Axion Dark Matter

19

circle of 
ϕ = fa

via kinetic misalignment & axion fragmentation
Peccei-Quinn charge in the spinning axion transfers to the axion number density

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

m2
a f 2

a[1 − cos(θ)]

na

s 0
≃ nθ

s KD
≡ f 2

a
·θKD

sKD
≃ fa

EKD
e3NKD/2

[Co, Harigaya, Hall, ’19] 
[Chang, Cui, ’19]

[Fonseca, Morgante, Sato, Servant, ’19] 
[Eröncel, Sato, Servant, Sørensen, soon!] 

Kinetic energy red-shifts  until .·θ2f 2
a ∝ a−6 ·θ ≃ ma

P. Simakachorn (DESY/U.Hamburg)

After QCD scale, the fast-spinning axion still skips the potential barrier 
and the axion oscillation is delayed ( ).Hosc

a ≪ ma

17

Axions from kinetic misalignment.



• Dark matter & Dark energy: e.g. Spintessence, BEC DM 
[Boyle-Caldwell-Kamionkowski, ’02] [Rindler-Daller-Shapiro, ’13 ’16] 

• Baryogenesis: e.g. Affleck-Dine mechanism 
[Affleck-Dine, 1985] [Dine-Randall-Thomas, 1995]  
[Brandenberger-Fröhlich, ’20] [Wu-Petraki, ’20]  

• Peccei-Quinn scalar: e.g. Axiogenesis and kinetic-misalignment 
[Harigaya et al, ’19 ’20] [Chang & Cui, ’19]

Kination: rotating complex scalar field

5

Φ ∼ ϕeiθ

Radial mode  oscillates 
and dominates the universe.

ϕ Angular mode  rotates 
and stores large kinetic energy.

θ

V(Φ)

Φ

Examples of rotating complex scalar field:

To
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l e
ne

rg
y 

de
ns

ity
 

 o
f t

he
 U

ni
ve

rs
e

ρtot

scale factor a

inflation

Kination from  
when  rotates at minimum. 
(sub-dominant again before BBN)

θ
Φ

SM radiationscalar Φ
oscillation 

and rotation 
 for  ρΦ ∼ a−n n < 4

Desired scenario!

Axion cosmology.

“Usual” story:
T>> fa

Alternative:

T≲ fa

●
●

Starts at <𝝓>=0

Starts at <𝝓> >> fa

Studies axion 
cosmology ignoring 

the radial mode

Radial mode /axion 
interplay
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How did the axion acquire a kick?

With initial conditions:

If PQ symmetry is broken explicitly at high energies
—> mexican hat potential is tilted

If radial mode of PQ field starts at large VEV, the angular mode gets a large 
kick in the early universe

The initial conditions for this mechanism are

Q(ti) = Qi, Q̇(ti) = 0. standard misalignment mechanism (8)

The initial misalignment angle Qi is the value of the angular part of the Peccei-Quinn (PQ) field
after the spontaneous symmetry breaking, which can take different values in different patches of
the universe. If the PQ-breaking happens before inflation, then all the patches are inflated away so
we have a homogeneous value throughout the observable universe. However, if the PQ-breaking
happens after inflation, then the observable universe has many patches having different values of
Qi. Then Qi is fixed by averaging over different Hubble patches.

However, this is not the only mechanism for ALP dark matter. It is possible that the PQ symme-
try is explicitly broken at high energies which tilts the mexican-hat potential such that the angular
part of the PQ field obtains a large kick in early universe. This is known as the kinetic misalignment
mechanism [1]. In this case, the initial condition for the homogeneous mode is modified by

1
2

Q̇2
i � 2m2(Ti). kinetic misalignment mechanism (9)

The physical meaning of this initial condition is that the ALP field has a very large initial kinetic
energy such that it goes over many barriers before it got stuck in one of the minimums. The
trapping occurs when the energy of the ALP field falls below the height of the barrier:

rf(T⇤) =
1
2

f 2Q̇2(T⇤) + m2(T⇤) f 2[1 � cos(Q(T⇤))] = 2m2(T⇤) f 2[1 � cos(Q(T⇤))], (10)

where the temperature T⇤ is defined by this equation and denoted the temperature at which the
field is trapped by the barrier. For later convenience we introduce the parameter e(t) which is
defined by

e(t) ⌘
rf

2m2(t) f 2 =
1
4

Q̇2

m2(t)
+ sin2

✓

Q
2

◆

. (11)

2 Classification based on the cosmic history before trapping

2.1 Overview of the regions

Based on the evolution of the ALP field before it gets trapped by the potential, there are four dif-
ferent scenarios:

1. Strong axion fragmentation: The ALP field is completely fragmented before it gets trapped
by the potential.

2. Weak axion fragmentation: The fragmentation is active for a while before the field gets
trapped, but it is weak.

3. Kinetic misalignment: The fragmentation does not happen, but the ALP field has a non-
zero initial velocity, such that the onset of oscillations is delayed.

4. Regular misalignment: Even though the ALP field might have some initial velocity, it is not
sufficient to overcome many barriers, so conventional misalignment mechanism is at play.

2

-> kinetic misalignment mechanism
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Figure 6: A complex-scalar field evolution in nearly-quadratic or quartic, with spontaneous U(1)-
breaking, potential, assuming the initial rotation is generated via the explicit breaking term. The corre-
sponding parameters defining each stages are as table of 1. Moreover, the U(1)-conserving interaction
is included and allows the field with elliptic motion, stage II, to settle at its minimum with circular orbit,
from stage III to IV.

I. Field frozen H > me↵,� � = �osc ⇢ / a0

II. Field oscillation and rotation me↵ � H > �
�osc > � > f ⇢ / a�3 or a�4

III. Field rotation me↵,� > HIV. Field rotation at minimum � = f ⇢ / a�6

Table 1: Stages of complex-scalar field evolution in U(1)-symmetric potential, corresponding to figure
6, are determined by the Huuble rate H, the e↵ective mass me↵, the U(1)-conserving interaction rate �,
the radial field-value �, and the scaling of energy density ⇢. The oscillation and the rotation mean radial
and angular motion of the field, respectively.
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ALP dark matter parameter space (with KSVZ-like photon coupling g✓� = (↵em/2⇡)(1.92/f ))
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Axion fragmentation .
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In the conventional misalignment mechanism, the axion field has a constant initial field value in
the early universe and later begins to oscillate. We present an alternative scenario where the axion
field has a nonzero initial velocity, allowing an axion decay constant much below the conventional
prediction from axion dark matter. This axion velocity can be generated from explicit breaking of
the axion shift symmetry in the early universe, which may occur as this symmetry is approximate.

Introduction.—Why is CP violation so suppressed
in the strong interaction [1–3] while near maximal in
the weak interaction? The Peccei-Quinn (PQ) mecha-
nism [4, 5] provides a simple and elegant answer: the
angular parameter describing CP violation in the strong
interaction is actually a field resulting from spontaneous
symmetry breaking, ✓(x). A potential V (✓) arises from
the strong interaction and has CP conserving minima, as
shown in Fig. 1. Axions are fluctuations in this field [6, 7]
and the mass of the axion is powerfully constrained by
particle and astrophysics, ma < 60 meV; equivalently,
there is a lower bound on the PQ symmetry breaking
scale fa = 108 GeV (60 meV/ma) [8–14].

In the early universe, if the initial value of the field, ✓i,
is away from the minima, the axion field starts to oscil-
late at a temperature T⇤ when ma ⇠ 3H, where H is the
Hubble expansion rate. These oscillations, illustrated in
the upper diagram of Fig. 1, can account for the observed
dark matter [15–17]. For ✓i not accidentally close to the
bottom nor the hilltop of the potential, this “misalign-
ment” mechanism predicts an axion mass of order 10 µeV
and tends to underproduce for heavier masses.

In this Letter we show that an alternative initial con-
dition for the axion field, ✓̇ 6= 0, leads to axion dark
matter for larger values of ma. This “kinetic misalign-
ment” mechanism is operative if the axion kinetic energy
is larger than the potential energy at temperature T⇤, de-
laying the onset of axion field oscillations, as shown in the
lower diagram of Fig. 1. We begin with an elaboration of
the basic mechanism. We then show that a su�cient ✓̇
can arise at early times from explicit breaking of the PQ
symmetry by a higher dimensional operator in the same
manner as the A✏eck-Dine mechanism, which generates
rotations of complex scalar fields [18, 19].

The PQ symmetry is an approximate symmetry which
is explicitly broken by the strong interaction. It is plau-
sible that higher dimensional operators also explicitly
break the PQ symmetry. Although they should be negli-
gible in the vacuum in order not to shift the axion min-
imum from the CP conserving one, they can be e↵ec-
tive in the early universe if the PQ symmetry breaking
field takes a large initial value. Higher dimensional PQ-

θi
θ

θ

V(θ)

θi
Kinetic Misalignment Mechanism

FIG. 1. The schematics of the (kinetic) misalignment mech-
anism. Initial conditions are labeled, shadings from light to
dark indicate the time sequence of the motion, and arrows
with di↵erent relative lengths denote instantaneous velocities.

breaking operators are in fact expected if one tries to un-
derstand the PQ symmetry as an accidental symmetry
arising from some exact symmetries [20–23]. The kinetic
misalignment mechanism is therefore a phenomenologi-
cal prediction intrinsically tied to the theoretical origin
of the PQ symmetry.
The mechanism allows for axion dark matter with a

mass above the prediction of the standard misalignment
mechanism. This mass scalema = O(0.1-100) meV is un-
der extensive experimental investigation [24–38]. Other
known production mechanisms in this mass range are
1) parametric resonance from a PQ symmetry breaking
field [39, 40], 2) anharmonicity e↵ects [41–43] when ✓i
approaches ⇡ due to fine-tuning or inflationary dynam-
ics [44, 45], 3) decays of unstable domain walls [46–53],
and 4) production during a kination era [54]. Contrary
to these mechanisms, kinetic misalignment o↵ers an ex-
citing theoretical connection with the baryon asymmetry
of the Universe through so-called axiogenesis [55].
Kinetic misalignment mechanism.—We estimate

the dark matter abundance for a generic axion-like field
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Axion Fragmentation.

Not considered in usual axion phenomenology with oscillations 
around one minimum: Fragmentation suppressed unless the field 
starts very close to the top of the potential (“large misalignment 
mechanism”) or for specific potentials with more than one cosine -> 
parametric resonance.

However, becomes very relevant when field crosses many wiggles, 
with interesting implications, e.g. for the relaxion mechanism, but 
also as a new axion Dark Matter production mechanism.

Chatrchyan et al, 	1903.03116, 2004.07844

Fonseca,Morgante,Sato, Servant’19

Greene, Kofman, Starobinsky, hep-ph/9808477

Arvanitaki et al, 1909.11665

Chatrchyan et al, 	1903.03116, 2004.07844

This work (Eroncel et al’22, to appear):

Generalization 
(fragmentation before and after trapping + detailed application to DM)

Morgante et al, 2109.13823

https://arxiv.org/abs/1903.03116
https://arxiv.org/abs/1903.03116


ALP fluctuations and the mode functions

• Even in the pre-inflationary scenario ALP field has some fluctuations on top of the homogeneous

background which can be described by the mode functions in the Fourier space.

✓(t, x) = ⇥(t) +

Z
d3k

(2⇡)3
✓ke

i~k·~x + h.c.

• These fluctuations are seeded by adiabatic and/or isocurvature perturbations:

Adiabatic perturbations (This work)

• Due to the energy density perturbations of the
dominating component, unavoidable.

• Initial conditions in the super-horizon limit:

�i
1 + wi

=
�j

1 + wj

Isocurvature perturbations

• If ALPs exist during inflation and are light
m ⌧ Hinf , they pick up quantum fluctuations:

�✓ ⇠
Hinf

2⇡finf

• Can be avoided/suppressed if ALP has a large
mass during inflation, or finf � ftoday.

• Even though the fluctuations are small initially, they can be enhanced exponentially later via

tachyonic instability and/or parametric resonance yielding to fragmentation.
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• These fluctuations are seeded by adiabatic and/or isocurvature perturbations: 

ALP fluctuations.



• Even though the fluctuations are small initially, they can be enhanced 
exponentially later via parametric resonance yielding to fragmentation. 

• In the case of efficient fragmentation, all the energy of the 
homogeneous mode can be transferred to the fluctuations. [Fonseca et al. 
1911.08472; Morgante et al. 2109.13823] 

ALP fluctuations and the mode functions

⇥̇i 6= 0

• Even in the pre-inflationary scenario ALP field has some fluctuations that are seeded by adiabatic

and/or isocurvature perturbations:

• Even though the fluctuations are small initially, they can be enhanced exponentially later via

parametric resonance yielding to fragmentation.

• In the case of e�cient fragmentation, the backreaction can transfer all the energy from the

homogeneous mod to the fluctuations. Fonseca et al. 1911.08472; Morgante et al. 2109.13823

3/8

ALP fluctuations.



Axion fragmentation in kinetic 
misalignment.

Axion fragmentation in Kinetic Misalignment
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Parametric resonance can be very e�cient so

that the backreaction kills the homogeneous

mode. ALP energy density is dominated by the

fluctuations. Fonseca et al. 1911.08472; 1911.08473

6/13

Axion fragmentation in kinetic 
misalignment.



Axion fragmentation in kinetic 
misalignment.

Axion fragmentation in Kinetic Misalignment
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Parametric resonance can also be e↵ective af-
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Fragmentation regions on the ALP parameter space
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Figure 7: In these plot we show the parameter space for ALP dark matter, and show by

which mechanism the ALP dark matter has been generated. We assume a temperature-

dependent axion mass with � = 8, see (2.28) for definition, consistent with the QCD axion.

The orange line separates the Standard and Kinetic misalignment regions. Above the blue

line, the fragmentation is e�cient enough so that all the energy density is transferred

from the homogeneous mode to the fluctuations. Above the green line, the fragmentation

becomes e�cient before the ALP gets trapped by the potential; see Section 3.2 for the

precise definitions. Above the red line, the variance of the ALP angle becomes larger than

unity before the onset of fragmentation, so our calculation cannot be trusted. In the gray

region, the ALP field is rolling during BBN with a large enough kinetic energy so that

it spoils the BBN predictions, see (3.37). Experimental constraints which are no filled in

corresponds to projections of proposed experiments, while filled out regions are currently

constrained. The bounds/projections on the axion-photon coupling are translated to axion

decay constant by assuming a KSVZ-like coupling given in (3.38). The region above the

orange line can also be reached without an initial kinetic energy, but with an initial angle

very close to the top of potential, the so-called Large Misalignment Mechanism (LMM).
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Observational prospects ?



Lifetime of a fluctuation .
Lifetime of a fluctuation mode

10�10 10�8 10�6 10�4 10�2 100

Scale factor a/a0

10�10

10�8

10�6

10�4

10�2

100

102

D
im

en
si
on

le
ss

po
w
er

sp
ec

tr
um

P
�

gravitational collapse

aeq

� 4As

� a
2

ho
ri
zo

n
cr

os
si
ng

tr
ap

pi
ng

Parametric resonance

Above the Jeans scale, no growth

Je
an

s
sc

al
e

cr
os

si
ng

Linear growth
and collapse

9/13



Lifetime of a fluctuation mode
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Lifetime of a fluctuation .



[Arvanitaki et al’19]

Observational tests: compact axion halos.

Scale density of axion compact structures

axion fragmentation-> structure formation enhancement

Different in the context of axion kinetic fragmentation: Eroncel et al’22, to appear

Figure 26: The halo spectra corresponding to the benchmarks listed in Table 1 together

with the regions observable by future lensing probes that we briefly summarized in Section

5.5. Di↵erent colors show the di↵erent axion masses; m = 10�5 eV (red, left), m = 10�10 eV

(blue, middle), m = 10�15 eV (green, right). Di↵erent linestyles show di↵erent production

mechanisms; Kinetic misalignment with fragmentation (solid), Large misalignment (dot-

dashed), post-inflationary scenario (dotted), and Standard misalignment (dashed). The

straight faint lines labeled via the axion mass show the soliton spectrum corresponding to

the given axion mass.

Theia [73]. We call this ↵ lensing and show the observable region via thin pink line

in Figures 25 and 26.

• Photometric microlensing: Another way of probing the halo spectrum is the

photometric microlensing where the brightness of a background light source changes

due to the passage of a compact halo [74, 75]. The potentially observable region as

obtained in [11] is shown by the thin orange line in Figures 25 and 26.

• Di↵raction of Gravitational Waves: Final observable that we will comment on

is the di↵raction of gravitational waves. A distribution of compact DM halos can also

induce distortions in the amplitude and the phase of the gravitational waves emitted

from a merger of two black holes [76]. The potentially observable region via aLIGO

as obtained in [11] is shown via dark yellow lines in Figures 25 and 26.

Final point we want to note that all the observable prospects mentioned above assume

a monochromatic halo mass distribution. What this means is for a given Ms, the lines are

derived under the assumption that some fraction of dark matter resides in halos with scale

mass Ms and scale density ⇢s. In [11] this fraction is chosen to be 0.3 which we also use.

The monochromatic assumption is necessary to draw the observable regions on the Ms–⇢s
plane. The observable prospects will be modified with more realistic mass distributions

– 64 –
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Concrete UV realizations .
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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

Model B: Complex scalar field “Affleck-Dine Baryogenesis” (Affleck, Dine, 1985)

“Axiogenesis” (Co, Hall, Harigaya, et. al., ’19)

Requirements for the successful kination era

2. Large initial scalar VEV

 with -symmetryΦ ∼ ϕeiθ U(1)

Angular mode  “axion” spins, 
with large kinetic energy.

θ

Radial mode  oscillates in potential 
with mass .

ϕ
V′ ′ (Φ)

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

U(1)

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

U(1)
4. Damping of radial motion

Spinning axion .
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V(Φ) = m2
r |Φ |2 [log ( |Φ |2

f 2a ) − 1] + Λ4
b ( Φ

MPl )
l

+ ( Φ†

MPl )
l

+ λ2

M2l−6
Pl

|Φ |2l−2

24

Driven away from  at early times ( )  
by a negative Hubble mass  (e.g. Dine, Randall, Thomas, 1995)

ϕ = 0 H ≫ mr
VH(Φ, H ) ⊃ − cH2 |Φ |2

-conserving potential 
(quadratic) 

with a minimum   

U(1)

fa

  
explicit breaking term 
(e.g.  is not exact 

at high scales.)

∝ cos(lθ)

U(1)

stabilization

Ingredients 1 & 2 : scalar potential

(motivated by supersymmetric setups)

Ingredient 3 : large initial VEV ϕini

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

ϕini ≃ MPl(mr /MPl)1/(l−2)

P. Simakachorn (DESY/U.Hamburg)



The conserved -charge is 

 

U(1)
d
dt

(a3ϕ2 ·θ) = 0 ⇒ ·θ ∝ a−3

7

IV

Kinetic energy dominates 
 

and behaves as kination.
ρΦ = KE ∝ ·θ2 ∝ a−6

circle @ ϕ = fa

example I: complex scalar field dynamics
To
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ni
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rse

ρtot

scale factor a

inflation

scalar Φ

elliptic

SM radiation

circular kination era

oscillation

Kination energy scale 

KE1/4 = ·θfa

matter era

damping 

Duration: e-foldings NKD

in rotation

spinning speed ·θ ∼ V′ ′ (ϕ)

(depended on the matter domination)

cosmological evolution

[Co, Hall, Harigaya, et. al., ’19 ’20]Kination from a spinning axion.
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Impact of kination on 
Inflationary Gravitational Waves.
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Enhancement of the 
primordial inflationary 

gravitational-wave  
spectrum by a kination era.
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fluctuations during inflation .
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Spectral distorsions of the primordial inflationary GW: 
a hint on the cosmological history.
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Kination-enhanced GW signal from primordial inflation.
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Model-independent predictions.
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Gravitational Waves and
 Axion Dark Matter.

44



QCD Axion Dark Matter.
20

GW peak & axion DM abundance

The conventional QCD axion DM cannot be observed at planned experiments,  
except BBO and require ultra-high frequency GW experiments.

via kinetic misalignment & axion fragmentation

 Ωpeakh2 ≈ 10−18 ( fKD
Hz ) ( Einf

1016 GeV )
4

( GeV
ma fa ) (

Ωa,0
ΩDM,0 )

 fpeak ≈ 21 Hz ( GeV
ma fa )

2/3

( EKD
109 GeV )

4/3

(
Ωa,0

ΩDM,0 )
1/3

na

s 0
≃ f 2

a
·θ

sKD
≃ fa

EKD
e3NKD/2

[Co, Harigaya, Hall, ’19] 
[Chang, Cui, ’19]

Observable signals for generic ALP DM and 
QCD axion DM with lighter mass, e.g., the -axion.ℤN

[Hook, ’18] & [Di Luzio, Gavela, Quilez, Ringwald, ’21]

[Gouttenoire, Servant, PS, 2111.01150]
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[Fonseca, Morgante, Sato, Servant, ’19] 
[Eröncel, Sato, Servant, Sørensen, soon!] 
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Gravitational Waves and Axion Dark Matter.

If the axion is Dark Matter: Gravitational waves from primordial inflation

Figure 19: Ability of future planned GW experiments to probe axion DM through its matter-kination peak
signature in inflationary SGWB, cf. Eq. (4.28). The BBN constraints, Eq. (4.30), are shown in red-hashed. The
black solid lines are different ma° fa relations corresponding to either canonical, see Eq. (4.17), or non-canonical,
see Eq. (4.26), QCD axion. Below the black dashed lines, the axion abundance is set by standard misalignment
such that the 1-to-1 connection between the matter-kination parameters (EKD, fKD) and the axion abundance
≠a,0 is lost, and the prediction of the GW peak signature via the kinetic misalignment, Eqs. (4.24) and (4.23),
is not applicable. We consider either a QCD axion mass dependence ma(T ) or a constant mass ma. The axion
fluctuation mentioned in Sec. 2.2 allows the longest kination era to be NKD ' 11 and prevents the detectability
bands to continue to smaller ma. Moreover, the axion fluctuation can dominate the relic density from the zero-
mode when fa . 109÷10 GeV [88]. We only show fa values larger than ª 108 GeV due to astrophysical constraints
[165–168].

4.3 Can axion DM produce its own GW ?

4.3.1 What if Axion DM generates both kination and GW

An intriguing possibility would be if the U (1)-breaking producing the cosmic-string network is the
same as the one leading to spinning axion and therefore to matter-kination. While it is not clear if
this is a viable possibilityƒ13, this section considers the special case where the complex scalar field

ƒ13The emission of GW requires the existence of topological defects which imply the presence of inhomogeneities. In
contrast, the generation of a matter-kination era assumes an homogeneous condensate. We leave to future work a precise
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Detectability of rotating axion models.
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Impact of kination on 
Gravitational Waves 

from Cosmic Strings.
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Kination-enhanced GW from local cosmic strings.
Gravitational waves from local cosmic strings
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Figure 9: Local-string GW with tension Gµ is enhanced by an NKD-efold kination era from energy scale
EKD to the temperature T¢ (dashed lines). The peak signal resides in observable windows (colored re-
gion). BBN constrains the latest end of kination (gray) and the amount of GW (red-hatched). The
smaller the inflation scale, the weaker the GW amplitude. The black dashed lines show the prospect
detectability of the HF experiments operated at 10 kHz, 1 MHz, 1 GHz frequencies with sensitivity
≠sens = 10°10. (Right panel) The GW spectra correspond to benchmark points in the left panel. (Cor-
rected spectrum the high-frequency peak from loops produces during the radiation era and decay at the
start of kination. Harigaya also has this, and it was also found in the master thesis. NEED expression
for this. The visibility of peak depends on the separation from the biggest kination peak, depended on
EKD and NKD.)
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rected spectrum the high-frequency peak from loops produces during the radiation era and decay at the
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[Gouttenoire,GS, Simakachorn 2111.01150]

We deduce the final expression of GW peaked frequency for local strings

fKD '

8
>><

>>:

(1.3£103 Hz)
≥

0.1£50£10°11

Æ°Gµ

¥1/2 ≥
EKD

105 GeV

¥
for NKD < 1

3 log
≥

Æ
2°Gµ

¥
,

(6.1£102 Hz)
°0.1
Æ

¢2/3
≥

50£10°11

°Gµ

¥1/3 ≥
EKD

105 GeV

¥h
exp(NKD/2)

10

i
for NKD > 1

3 log
≥

Æ
2°Gµ

¥
,

(3.38)

where we have used the numerically-fitted f¢ in Eq. (3.32) to account for the VOS evolution and the
higher-mode effect.

Peaked amplitude The kination peak is obtained from Eq. (3.26)

≠GW,KD ' 1
2.5

≠GW,st(10 f¢)
µ

fKD

10 f¢

∂
, (3.39)

where the factor 2.5 accounts for the change of relativistic degrees of freedomƒ6, and we multiply the
factor 10 to f¢, which is fitted well with the peak from numerical simulations, in order to account for
VOS evolution and mode summation.

Detectability The peak signature from local cosmic strings is potentially observed by the future ob-
servatories, as shown in Figure 9. Because the GW spectrum assuming the standard cosmology has
already produced a large signal at the observable level. Even a few e-folds of kination era induce the
smoking-gun signature. On the top panel, we show the string tension of Gµª 10°11 [110, 111], which
could explain the NANOGrav 12.5 years signal [112]. On the left panel, the kination at high-energy
scale cannot induce a GW peak. Because the enhanced spectrum is expected to be cut-off beyond the
string formation scale, Eq. (3.34), and has a peak only at this scale. A large parameter space (white)
cannot be probed by the planned observatories, but ultra-high frequency experiments could do so.
The ability to probe kination era gets reduced by other cut-offs that we have not discussed so far, i.e.,
friction and particle production, because their energy scales are much small than the formation scale.
In Figure 10, a few e-folds o kination render GW signal from strings of tension Gµ' 10°19 observable,
but a price of having kination ending after BBN.

ƒ6Precisely, Eq. (3.26) has a factor of
≥

g§(T )
g§(T0)

¥≥
g§s (T0)
g§s (T )

¥4/3
, which goes to 2.5°1 in high-temprrature limit.
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Peak frequency:
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Kination-enhanced GW from local cosmic strings.

Gravitational waves from local cosmic strings
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Figure 9: Local-string GW with tension Gµ is enhanced by an NKD-efold kination era from energy scale
EKD to the temperature T¢ (dashed lines). The peak signal resides in observable windows (colored re-
gion). BBN constrains the latest end of kination (gray) and the amount of GW (red-hatched). The
smaller the inflation scale, the weaker the GW amplitude. The black dashed lines show the prospect
detectability of the HF experiments operated at 10 kHz, 1 MHz, 1 GHz frequencies with sensitivity
≠sens = 10°10. (Right panel) The GW spectra correspond to benchmark points in the left panel. (Cor-
rected spectrum the high-frequency peak from loops produces during the radiation era and decay at the
start of kination. Harigaya also has this, and it was also found in the master thesis. NEED expression
for this. The visibility of peak depends on the separation from the biggest kination peak, depended on
EKD and NKD.)
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rected spectrum the high-frequency peak from loops produces during the radiation era and decay at the
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[Gouttenoire,GS, Simakachorn 2111.01150]
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GW from global strings.

as same as the black-dotted line. Figure 12 shows how low the string scale can be for the peak to be
observable in the future-planned experiments. The longer period of kination enhances the the larger
peak signal, but at a price of the later end of kination era.

A very interesting aspect is that mechanisms which generates kination and global strings could
be of the same physics. This could be the axion. The PQ phase transition generates cosmic-string
at early times, then the dynamics of axion at later times generates kination era. In this paper, we
consider two classes of models. As we will see later, the case where the kination comes from the PQ
field at minimum can lead to a few e-fold of kination era in the parameter space with large fa . This
means one would also have the global strings with large tension. So, for this class of models, axion
could generate the multiple-peak GW signals from both inflation and cosmic strings.

In another class of models, as we will see later, the PQ obtains large VEV at early times. To generate
the kination era, this class needs small values of fa . The global strings signal will be small. (the large
VEV means one could have large ¥, but this will depend on when the cosmic strings is generated. If
this happens during inflation, all defects dilute away.)

Gravitational waves from global cosmic strings

10-9 10-6 10-3 1 103 106

10-13

10-11

10-9

f [Hz]

Ω
G
W
h2

LI
SA

ET

CEBB
O

&
D
EC
IG
O

5
yr
s S
K
A

10
yr
s

20
yr
s

EP
TA

N
A
N
O
G
ra
v

LI
G
O

standard cosmology

str
in
gs

de
ca
y

η = 1015 GeV

◆
▲

★

Figure 11: Global-string GW with tension ¥ is enhanced by an NKD-efold kination era from energy scale
EKD to the temperature T¢ (dashed lines). The peak signature is within the reach of future-planned
experiments (colored region). BBN constrains the latest end of kination (gray) and the amount of
GW (red-hatched). The peak is described by Eq. (3.42) and (3.43). The black dashed lines show the
prospect detectability of the HF experiments operated at 10 kHz and 1 MHz frequencies with sensi-
tivity ≠sens = 10°10. Benchmark points have the corresponding GW spectra on the right panel. The
effect of metastable strings cut the spectrum at low-frequency, as in black-dashed line which decays at
T ª 100 MeV.
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as same as the black-dotted line. Figure 12 shows how low the string scale can be for the peak to be
observable in the future-planned experiments. The longer period of kination enhances the the larger
peak signal, but at a price of the later end of kination era.

A very interesting aspect is that mechanisms which generates kination and global strings could
be of the same physics. This could be the axion. The PQ phase transition generates cosmic-string
at early times, then the dynamics of axion at later times generates kination era. In this paper, we
consider two classes of models. As we will see later, the case where the kination comes from the PQ
field at minimum can lead to a few e-fold of kination era in the parameter space with large fa . This
means one would also have the global strings with large tension. So, for this class of models, axion
could generate the multiple-peak GW signals from both inflation and cosmic strings.

In another class of models, as we will see later, the PQ obtains large VEV at early times. To generate
the kination era, this class needs small values of fa . The global strings signal will be small. (the large
VEV means one could have large ¥, but this will depend on when the cosmic strings is generated. If
this happens during inflation, all defects dilute away.)

Gravitational waves from global cosmic strings
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Figure 11: Global-string GW with tension ¥ is enhanced by an NKD-efold kination era from energy scale
EKD to the temperature T¢ (dashed lines). The peak signature is within the reach of future-planned
experiments (colored region). BBN constrains the latest end of kination (gray) and the amount of
GW (red-hatched). The peak is described by Eq. (3.42) and (3.43). The black dashed lines show the
prospect detectability of the HF experiments operated at 10 kHz and 1 MHz frequencies with sensi-
tivity ≠sens = 10°10. Benchmark points have the corresponding GW spectra on the right panel. The
effect of metastable strings cut the spectrum at low-frequency, as in black-dashed line which decays at
T ª 100 MeV.
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3.2.2 Global strings

Peaked freuquency The GW frequency fKD from loops that are created at the beginning of kination
era (time tKD) is written, via Eq. (3.31), in term of the frequency f¢ when the kination ends and the
radiation starts at time t¢ as

fKD = f¢

"
a(t̃ KD

M )

a(t̃¢M )

#µ
t¢

tKD

∂
, (3.40)

where t̃ KD
M and t̃¢M are the maximally-decay times of loops that are produced at times tKD and tKD, re-

spectively. Applying a / t 1/3 and a / t 1/2 during kination and radiation era, respectively, the peaked
frequency for global strings is

fKD = f¢

"
a(t̃ KD

M )

a(t¢)

#"
a(t¢)

a(t̃¢M )

#µ
t¢

tKD

∂
= f¢

µ
t¢

tKD

∂2/3

= f¢

µ
ΩKD

Ω¢

∂1/3

, (3.41)

where we apply t̃ i
M ' ti for global strings, and the energy-density scaling during kination in the last

step. We report here the final expression of the peaked GW

fKD ' (0.916 Hz)
µ

0.1
Æ

∂µ
EKD

105 GeV

∂∑
exp(NKD/2)

10

∏
, (3.42)

where we have already used the numerically-fitted f¢, Eq. (3.32) , for the string network spends times
to reach the kination scaling after the kination era starts.

Peaked amplitude From the relation in Eq. (3.28), the kination peak has amplitude

≠GW,KD ' ≠GW,st(10 f¢)
µ
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10 f¢
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>>:
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¥
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¥2
∏

9
>>=

>>;
, (3.43)

where we multiplies the factor 10 to f¢, which is fitted well with the peak from numerical simulations,
in order to account for VOS evolution and mode summation. In terms of the kination parameters, we
write

≠GW,KD ' (8.35 £ 10°19)
≥ ¥

1015 GeV

¥4
exp(2NKD)log3

"

(9.69 £ 1011)
≥ ¥

1015 GeV

¥≥ Æ
0.1

¥2
µ

109 GeV
EKD

∂2#

(3.44)

Detectability Figure 11 shows the detectability of the global-string GW which is enhanced by the in-
termediate kination era. The benchmark points in the contour plot, with different kination duration
and energy scale, correspond to the spectra shown on the right panel. The string tension ¥ is required
to be large because the GW amplitude depends on ¥4 and also on the log-suppression. Moreover,
the matter part decreases as f °1/3 which is due to the summation to higher harmonic. Our spec-
trum drops off at some high frequency because we only sum up to 5£105 modes. It has been shown
numerically in [62] that one needs up to O (108) modes to recover the f °1/3 scaling. Here, GW from
strings could experience a high-frequency cut-off which could shift the peak to lower frequency e.g.
thermal friction. We omit this discussion to the future study. Another point is that the GW spectrum
of global strings could not last long due to its metastabilityƒ7. For example, the spectra in Figure11
gets chopped at low-frequency and made the enhanced spectrum become a broad peak, i.e., cut-off

ƒ7The metastability of the local strings also lead to the cut-off on GW spectrum, for example [113, 114].
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GW from primordial inflation + local cosmic strings.

Figure 12: The longer kination era enhances the peak’s detectability and allows strings formed at
smaller ¥ to be probed.

3.3 Multiple peaked signature

Inflation + local cosmic strings (should we do something with the global strings?) The presence
of cosmic strings is independent of the inflationary physics. The intermediate kination scenario can
lead to a multiple-peak GW signal from these sources which will be a very interesting observable by
the synergy of future detectors. In addition to the kination peak, the CS GW has one typical peak at
low-energy scale, due to the late-time matter era. The red-tilted spectrum from late-time matter era
generates a peak with a frequency corresponding to loops that emit today [35]

f cs
low ' 1.48£10°7 Hz

µ
50£10°11

°Gµ

∂1/2

. (3.45)

We can distinguish an inflationary peak from the CS’s by their sharpness because the CS network does
not abruptly relax to the new scaling regime. In this section, we point-out the possibility of a two-peak
spectrum (two kination peaks) and a three-peak spectrum (two kination peaks + one low-frequency
CS peak).
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Figure 13: Two- (left) and three-peaked (right) GW spectra from inflation and cosmic-string network.
Assume the inflationary scale Einf = 1.6£1016 GeV and the radial-mode damping happens before the
scalar domination. (Here we show CS GW spectrum with the formation cut-off.)
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For the observable inflation peak, its visibility depends on whether it exceeds thee shoulder of the
global-string peak and requires.

1 >
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(3.52)

The two conditions are controlled by the amplitudes of both peaks, determined by the string scale
¥ and the inflationary scale Einf. Both must be satisfy for the existence of the two-peak spectrum,
illustrated in the white region of Figure 14, otherwise only one peak is visible. If the first condition is
violated and the second is satisfied, the inflationary peak dominates over the string peak, shown in
blue region. For large enough ¥, the first condition is satisfied while the second is violated. This is
when the global-string peak dominates. Note that these conditions depend on the kination energy
scale, but only weakly. The increasing in kination energy scale moves slightly the two-peak region to
lower Einf region, i.e., 10% smaller per three orders-of-magnitude increasing of EKD, because of the
log-suppresion.

Two-peak spectrum

Two-peak spectrum

Two-peak spectrum
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ing peak
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inflation peak
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Figure 14: On the left, the parameter space that determines the amplitude of inflation GW and global-
string GW allows the visibility of two peaks in white region. The blue and red regions correspond to
where only one peak is visible, i.e. either the inflationary peak or the global-string peak dominates
one another. On the right, the spectra with two-peak signature originated from the inflation of Einf =
1.6£1016 GeV and the global strings of energy scale ¥= 2£1014 GeV.

4 Axion Dark Matter

As we argue in section ??, the natural UV completions that lead to the intermediate kination are mod-
els of axion. (Here we need the definition of conserved charge before introducing the axion model,
how?) The kination era is generated from the fast spinning motion of the axion field. Since the ax-
ion is the pseudo-Nambu-Goldstone boson of the U (1)PQ symmetry, its spinning carries a conserved
charge, corresponds to its shift symmetry,

nµ ¥
ØØ¡

ØØ2
µ̇ / a°3, (4.1)

which red-shifts as comoving particle number. The yield of PQ charge is defined by the ratio of the
PQ charge to the entropy density and is conserved under red-shifting. Evaluating at the beginning of
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GW from primordial inflation + global cosmic strings.
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Two-peak signature 

Fixed peak separation 

GW from inflation + global cosmic strings

η ≃ 1014 GeV

Gouttenoire, Servant, PS, 2111.01150

frequency f (Hz)

Ω G
W

h2

Fixed peak separation:   
[for loops’ size: ]

finf /fglob = #(10−2)
(0.1)H−1

“Two-peak signature”

22
P. Simakachorn (DESY/U.Hamburg)
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Conclusion.

Moves the ALP Dark Matter window into testable territory. 

Kinetic fragmentation : A well-motivated production mechanism for ALP DM

QCD axion DM inside Iaxo sensitivity

Kinetic Misalignment mechanism revisited

Observational tests: Gravitational waves from a spinning axion

Axion cosmology: Rich spectrum of possibilities, role of radial mode!

Another promising probe: Much denser compact axion dark matter halos
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GW signal.

● Kination era amplifies primordial long-lasting sources of GW
e.g. inflationary GW spectrum gets blue-tilted

● A spinning axion, as motivated by the interplayed dynamics 
between radial and angular mode of complex scalar field can 
generate a short and low-scale kination during the pre-BBN epoch. 

● Peaked GW signature:  
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In summary… 12

(We also look at a peak in cosmic-string GW spectrum.)
Kination era amplifies any primordial GW  

induced by a scalar field with large kinetic energy.
e.g. inflationary GW spectrum gets blue-tilted.

A spinning axion 
e.g. from complex scalar field (generic in SM extensions) or from trapped misalignment 

can generate a short and low-scale kination during the pre-BBN epoch. 

LISA for  kination |  ET & CE for  kination.EKD ∼ 102−5 GeV EKD ∼ 106−9 GeV

GW Amplitude  kination duration 
Peak Position  energy scale & duration

∝
∝

“Peaked GW signature”         

Thank you !

E KD
= 3 × 10

4 GeV

N KD
= 4

E
KD =

3 × 10 6
GeV

N
KD =

5
E

KD =
10 8

GeV
N

KD =
6

● GW amplitude ∝ kination duration

● Peak frequency∝ kination duration & kination energy scale

● Applies to any ALP, in particular to QCD axion 

● Kination: period when energy density of the universe is 
dominated  by a scalar field with large kinetic energy. 
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Annexes.



The axion production mechanism landscape.
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The axion production mechanism landscape.

10-20 10-15 10-10 10-5 1
10-16

10-14

10-12

10-10

10-8

10-6

Log10[ma/eV]

L
o
g
1
0
[f
a
-
1
/G
e
V

-
1
] QCD Axion

b
(T
0
)~
1
0
-
9
G
e
V

b
(T
0
)~
1
0
-
6
G
e
V

b
(T
0
)~
1
0
-
3
G
e
V

b
(T
0
)~
1
0
0
G
e
V

b
(T
0
)~
1
0
3
G
e
VFr

ag
m
en
ta
tio
n
be
fo
re
tra
pp
ing

Fr
ag
m
en
ta
tio
n
af
te
r t
ra
pp
ing

Ki
ne
tic
m
isa
lig
nm
en
t

St
an
da
rd
m
isa
lig
nm
en
t

i
ne
ar

St
an
da
rd
m
isa
lig
nm
en
t

i
~1
0
-1

St
an
da
rd
m
isa
lig
nm
en
t

i
~1
0
-2

St
an
da
rd
m
isa
lig
nm
en
t

i
~1
0
-3

m a
/3H

~ 1
0
10

m a
/3H

~ 1
0
8

m a
/3H

~ 1
0
6

m a
/3H

~ 1
0
4

m a
/3H

~ 1
0
2

m a
/3H

~ 1

 ma /3H and 𝝠b Contours 

[E
ro

n
ce

l,
 S

at
o,

 S
er

va
n

t,
 

So
er

en
se

n
, i

n
 p

re
p.

]

58



Evolution of ALP energy density.

(initial angle tuned to one part in 10^15)



it describes a Keplerian motion in a rotationally-invariant potential V , 
in the presence of small wiggles and Hubble friction. 

NOT FOR DISTRIBUTION JCAP_005P_0522 v1

where S© is the chiral superfield containing © and ∏ = O (1). The superpotential W (S©) in Eq. (7.12)
also generates a positive ∏2¡2l°2 term which insures stability at large field value and which we have
already included in Eq. (7.4). In App. D.1, we obtain

V⇠⇠U (1)(¡,µ) = §4
b

"µ
©†

Mpl

∂l

+
µ
©

Mpl

∂l
#

, (7.13)

with
§4

b =∏m32M 3
pl. (7.14)

The integer l corresponds both to the field order and to the number of wiggles along the angular
direction.

7.3.2 Equations of motion

The evolution of the homogeneous field configuration is controlled by the Klein-Gordon equation in
an expanding universe

©̈+3H©̇+ @

@©†

°
V +V⇠⇠U (1)

¢
= 0, (7.15)

where H is the Hubble rate. Plugging Eq. (7.13) in Eq. (7.15) and decomposing into radial and angular
parts, we obtain the system of coupled equations of motion (EOM)

¡̈+3H¡̇+ @V
@¡

+2l cos[lµ]§3
b

µ
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Mpl

∂µ
¡

Mpl
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¡µ̈+3H¡µ̇°2l sin[lµ]§3
b

µ
§b

Mpl

∂µ
¡

Mpl

∂l°1

= °2¡̇µ̇, (7.17)

which is simply a Keplerian motion in a rotationally-invariant potential V , in the presence of small
wiggles V⇠⇠U (1) and Hubble friction. The equation of state of the universe is controlled by the Friedmann
equation

H 2 = 1

3M 2
Pl

°
Ωrad + ¡̇2 +¡2µ̇2 +V +Vth +V⇠⇠U (1) +VH

¢
, (7.18)

where Ωrad is the radiation background energy density. Note that the scalar field has three compo-
nents in its energy density: radial and angular kinetic energies and potential energy.

U (1)-charge conservation. For l > 2, the U (1)-breaking to U (1)-conserving ratio decreases at smaller
field value ¡ø¡ini, such that the U (1) symmetry is restored at later time, cf. Fig. 58 in App. D. There-
fore, after a few Hubble times of evolution during which ¡ has redshifted below ¡ø Mpl, the angular
EOM, Eq. (7.17), takes the form of a charge conservation equation

d
d t

°
a3nµ

¢
= 0, with nµ ¥¡2µ̇, (7.19)

where nµ is the comoving Noether charge of the restored U (1) symmetry.
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The evolution of the homogeneous field configuration is controlled by 
the Klein-Gordon equation in an expanding universe 

Equations of motion.
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Origin of the kick.

NOT FOR DISTRIBUTION JCAP_005P_0522 v1

Generation of the U (1) charge. The angular EOM in Eq. (7.17), can be written in the form of a Boltz-
mann equation for the U (1) charge nµ

ṅµ+3Hnµ = ° @V⇠⇠U (1)

@µ
, with nµ ¥¡2µ̇. (7.20)

In App. G.1, we show that this implies that the field receives an angular kick at the onset of the radial
mode oscillation, tosc ª m°1

r,eff(¡ini) cf. Eq. (7.29), which for V⇠⇠U (1)(µ) in Eq. (7.13) and l ∏ 4, is given by
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¥3
, (7.21)

where q is related to the equation of state of the universe H 2 / a°q and where mr,eff is defined in
Eq. (7.5).

7.4 Motivation for operators of high dimension

Quality problem of the Peccei-Quinn solution. If the global U (1) symmetry is anomalous in a back-
ground of SU (3)c gluons, then a second U (1)-breaking potential is generated by QCD instantons
around T ' 100 MeV [156, 204, 205]. In that case, the angular mode µ offers a solution to the strong CP
problem known as the Peccei-Quinn QCD axion [152–155]. The non-detection of the electric dipole
moment of the neutron (nEDM) implies the upper bound [206–208]

µ̄0 . 10°10, (7.22)

where µ̄0 is the angle value today with respect to one of the – C P-preserving [209] – minimum of
the QCD instanton potential. The presence of the higher dimentional U (1)-breaking potential in
Eq. (7.13) is expected to shift the C P-preserving minimum byƒ16

¢µ ' l
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b
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µ
fa

Mpl
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, (7.23)

where ¬0 ¥ m2
a f 2

a ' (75.6 MeV)4 is the susceptibility of the topological charge at zero temperature
for the canonical QCD axion [160]. Using Eq. (7.14) with m32 ' mr , the nEDM bound in Eq. (7.22)
translates to

l ∏
mr M 3

pl

¬0

µ
fa

Mpl

∂l

. 10°10. (7.24)

For mr / fa ' 10°2, ∏= 10°4 and fa ' (108 GeV, 1012 GeV, 1016 GeV), the neutron EDM bound implies
the following lower bounds on the order of the high-dimensional terms l ∏ (7, 12, 34).

Long kination requires large l . Even though it is not restricted to the Peccei-Quinn QCD axion,
our study also motivates large values of l in order to maximize the amount of rotation ≤, defined in
Eq. (8.3), resulting from the angular kick, see Eq. (8.7), and to have initial radial value ¡ini as large
as possible, see Eq. (7.28). As we show in Eq. (7.37) and Eq. (7.38), the duration of the kination era
depends crucially on those quantities. The impact of the value of l on the detectability of the GW
peak signature can be seen in Figs. 32, 33, 34, 35. 36, 37, 38 of Sec. 8 or in Fig. 46 of Sec. 10.

ƒ16Here we calculate the shift in the axion’s potential minimum and obtain a similar condition as provided in Ref. [39]
where the authors consider the mass contribution from the explicit breaking term.
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where S© is the chiral superfield containing © and ∏ = O (1). The superpotential W (S©) in Eq. (7.12)
also generates a positive ∏2¡2l°2 term which insures stability at large field value and which we have
already included in Eq. (7.4). In App. D.1, we obtain
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The integer l corresponds both to the field order and to the number of wiggles along the angular
direction.

7.3.2 Equations of motion

The evolution of the homogeneous field configuration is controlled by the Klein-Gordon equation in
an expanding universe

©̈+3H©̇+ @

@©†

°
V +V⇠⇠U (1)

¢
= 0, (7.15)

where H is the Hubble rate. Plugging Eq. (7.13) in Eq. (7.15) and decomposing into radial and angular
parts, we obtain the system of coupled equations of motion (EOM)
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which is simply a Keplerian motion in a rotationally-invariant potential V , in the presence of small
wiggles V⇠⇠U (1) and Hubble friction. The equation of state of the universe is controlled by the Friedmann
equation
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where Ωrad is the radiation background energy density. Note that the scalar field has three compo-
nents in its energy density: radial and angular kinetic energies and potential energy.

U (1)-charge conservation. For l > 2, the U (1)-breaking to U (1)-conserving ratio decreases at smaller
field value ¡ø¡ini, such that the U (1) symmetry is restored at later time, cf. Fig. 58 in App. D. There-
fore, after a few Hubble times of evolution during which ¡ has redshifted below ¡ø Mpl, the angular
EOM, Eq. (7.17), takes the form of a charge conservation equation

d
d t

°
a3nµ

¢
= 0, with nµ ¥¡2µ̇, (7.19)

where nµ is the comoving Noether charge of the restored U (1) symmetry.
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Figure 28: mr = 106 GeV, M = MPl, ¡ini = 1017 GeV, µini = º/2l , ¡̇ini = µ̇ini = 0, ≤ = 0.4, and ° = 104 GeV.
Evolution of the radial field ¡, the angular velocity µ̇, the equation-of-state !©, and the energy density Ω©. The
complex scalar field has a matter EOS !© = 0, when ¡¿ fa and reaches a kination EOS !© = 1, when ¡ ' fa .
Kination ends when the radiation energy density shown in red starts dominating the energy budget of the universe
once again. For a fixed mr , the smaller fa, the longer the matter era, the larger the domination of the energy
density of the universe, and the longer the kination era. Obtained after numerically integrating the equations of
motion in Eqs. (7.16), (7.17) and (7.18).

8.1.4 Motion towards kination.

After radial damping ¡̇! 0, the trajectory of the complex scalar field is reduced to a circular orbit
whose radius decreases due to the Hubble friction. From the conservation of the U (1) charge in
Eq. (7.19)

a3¡2µ̇ = constant, (8.12)

we see that once ¡! fa , the complex scalar field reaches a kination equation of state

µ̇/ a°3 and Ω© = ¡2µ̇2

2
/ a°6. (8.13)

More precisely, in App. G.4 we compute the evolution of the complex scalar field©=¡eiµ after radial
damping ¡̇! 0

d ln¡
d ln a

=
°3log

≥
¡2

f 2

¥

2log
≥
¡2

f 2

¥
+1

and
d ln µ̇2

d ln a
= °6

2log
≥
¡2

f 2

¥
+1

, (8.14)
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Figure 34: Evolution of energy densities of SM radiation (black) and the complex scalar field in nearly-quadratic
potential (red) and quartic potential (green). A complex scalar field evolving in a quartic potential redshifts like
radiation, see App. G.2 and G.4 for the analytical justification, and can never generate a kination-dominated
era. Whenever it occurs after domination, Ωdamp < Ωdom, the radial damping heats the thermal bath (black
dashed lines), which reduces the duration of the kination era. In contrast, the kination duration is optimized for
Ωdamp > Ωdom. We show two fa-values, fa,I > fa,II, corresponding to two durations of kination, NKD,I < NKD,II.

Radial damping. Denoting by ° the rate at which the radial motion is damped by some unspecified
mechanism, cf. Sec. 7.6, we obtain that the trajectory becomes circular when

Ωdamp = 3M 2
Pl°

2 B 4
≤ , and

adamp

adom
=

µ
Ωdom

Ωdamp

∂1/3

, (8.23)

with

B≤ =

8
<

:

1, if Ωdamp > Ωdom,

≤, if Ωdamp < Ωdom.
(8.24)

In this section, ° is considered as a free parameter and we assume that damping can occur before the
onset of the matter domination, Ωdamp > Ωdom.
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A peaked GW signature.

decreases during the kination era over time so the GW amplitude decreases for lower frequencies. GW
produced during the transition between the matter and the kination era are maximally enhanced,
and therefore, they correspond to the maximum amplitude of the signal. These arguments are and
correspond to the peak illustrated in Fig. 6.

On the other hand, the matter era without kination leads to a suppression of SGWB from long-
lasting sources. The above argument using Eq. (3.72) applies for the rescaled scale factor. Since the
matter era without kination lead to the today horizon which is larger than the standard cosmology,
the total energy density before the matter era is smaller than the standard case after the rescaling, cf.
Fig. 6. Hence, it induces the step-liked suppression which might be observable signature for a large
GW signal such as cosmic-string SGWB [37].
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Figure 6: The left panel shows that the energy density in GW is enhanced by the period of matter-kination era.
This is true for long-lasting sources that produce GW as a fraction of the total energy density. The right panel
shows the enhanced GW spectrum whose peak position directly relates to the start of the kination era. By rescaling
the scale factor, the matter era without kination leads to the universe that has smaller energy density at earlier
times and thus leads to suppression of GW signal.

3.1 Inflationary Gravitational Waves

The content of Sec. 3.1 is reported as well in [38].

3.1.1 Standard cosmology

Today, the irreducible stochastic GW background from inflationary tensor perturbations, denoted by
its fraction of the total energy density, reads [9]

≠GW =
k2a2

k

24H 2
0

≠GW,inf (3.3)

and arises from modes with comoving wave number

k = ak Hk (3.4)

which re-entered the cosmic horizon when the scale factor of the universe was ak and the Hubble rate
was Hk . H0 is the Hubble rate today. The spectrum contains a high-frequency cut-off correspond-
ing to the inflationary scale kinf = ainfHinf, where ainf is the scale factor at the end of inflation [17].
After being generated by quantum fluctuations during inflation, the metric tensor perturbation are
stretched outside the Hubble horizon and are well-known to lead to a nearly scale-invariant power
spectrum at the horizon re-entry:

≠GW,inf '
2
º2

µ
Hinf

Mpl

∂2 µ
k

kp

∂nt

, (3.5)
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A peaked GW signature.
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was Hk . H0 is the Hubble rate today. The spectrum contains a high-frequency cut-off correspond-
ing to the inflationary scale kinf = ainfHinf, where ainf is the scale factor at the end of inflation [17].
After being generated by quantum fluctuations during inflation, the metric tensor perturbation are
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Summary of prospects.

In�ationaryGW (Einf � 1.6 × 1016 GeV)

Local string GW (G� � 10-9 )
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Figure 57: Left: Parameter space that leads to observable gravitational waves in the main class of model consid-
ered in this paper, scanning over mr and l values and the corresponding values of the axion velocity at the start
of kination. Right: Detectable ranges of EKD by the future planned GW experiments, for the three GW sources:
primordial inflation, local and global cosmic strings. For the fictional high-frequency experiments, we assume
detectors operating at 10 kHz and 1 MHz with≠sensh2 ' 10°10.

Figure 58: Left: Parameter space that leads to observable gravitational waves in the two main classes of models
considered in this paper, scanning all Tc and Ma values for model A and mr and l values for model B and the
corresponding values of the axion velocity at the start of kination. Right: Detectable ranges of EKD by the future
planned GW experiments, for the three GW sources: primordial inflation, local and global cosmic strings. For the
fictional high-frequency experiments, we assume detectors operating at 10 kHz and 1 MHz with≠sensh2 ' 10°10.
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(from the red-shift behavior of GW)

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

Evolution of Universe

Power of GW radiation per loop  
estimated by quadrupole formula 

!5

Loop Decay & GW Production
Leads to GW power spectrum

P
GW

= �dE
loop

dt
= �Gµ2

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

Number Density 
From string-network inter-commuting 

At time t:

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

dim.less constant [Vachaspati & Vilenkin, 1985]

dn

dt
⇠ Ce↵(t)

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

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

GWs
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Gravitational Waves from Cosmic strings.

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

f [Hz]

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

Gµ = 10�11, � = 50, ↵ = 0.1

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

singular structures on loop 
(beyond NG approx.)

lead to particle emission
kink

cusp

Evolution of the Universe

Matter

Radiation

loop-number density GW emission from a loop ⇥

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

Standard cosmology

⌦(k)
GW(f) =

1

⇢c
· 2k
f

· (0.1)�
(k)Gµ2

↵(↵+ �Gµ)

Z t0

tF

dt̃
Ce↵(ti)

t4i


a(t̃)

a(t0)

�5 
a(ti)

a(t̃)

�3
⇥(ti � tF )

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

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

more GW from more loops  
but more red-shift

 Flat during radiation

@ earlier ti

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

loop production,        loop emissionti ⌘

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

t̃ ⌘

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

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

f [Hz]

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

Gµ = 10�11, � = 50, ↵ = 0.1

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

singular structures on loop 
(beyond NG approx.)

lead to particle emission
kink

cusp

Evolution of the Universe

Matter

Radiation

loop-number density GW emission from a loop ⇥

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

Standard cosmology

⌦(k)
GW(f) =

1

⇢c
· 2k
f

· (0.1)�
(k)Gµ2

↵(↵+ �Gµ)

Z t0

tF

dt̃
Ce↵(ti)

t4i


a(t̃)

a(t0)

�5 
a(ti)

a(t̃)

�3
⇥(ti � tF )

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

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

more GW from more loops  
but more red-shift

 Flat during radiation

@ earlier ti

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

loop production,        loop emissionti ⌘

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

t̃ ⌘

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

10-6 10-2 102 106 1010 1014

10-11

10-10

10-9

f (Hz)

G
W
h
2

Gµ = 10-11, = 50, = 0.1

network
formation
cut-off

part. prod.
cut-off

(k
in
k)

k
=
1

fric
tio

n
c
u
t-
o
ff

(c
u
s
p
)

c
=
1
0

(c
u
s
p
)

c
=
1

Total spectrum

Emission in radiation

Emission in matter

N
A

N
O

G
rav

LISA

B
B

O
D

EC
IG

O
ET
C

E

SKA
5 yrs

10 yrs
20 yrs

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).



Scenario II: relativistic fermion @ oscillation  too large thermal mass 
Axion rotation is suppressed and kination era is absent.

⇒

28

Damping scenarios

Scenario I (non-thermal): e.g. parametric resonance extracts energy from zero-mode 
Damping happens fast after oscillation. (Completely damped? Further study)

Scenario III: non-relativistic fermions @ oscillation 
Thermal correction can be smaller than the zero-T potential. 

Realized by having large  or lowering yψ Treh

P. Simakachorn (DESY/U.Hamburg)

Thermal damping: 

?

Non-relativistic fermion @ oscillation ( )yψϕ ≳ T

Γ ∼ y2
ψαT Γ ∼ α2T3/ϕ2

Vth(ϕ) ∼ α2T 4 ln (
y2

ψϕ2

T 2 )

Relativistic fermion @ oscillation ( )yψϕ ≲ T

Vth(ϕ) ∼ y2
ψϕ2T 2

(if , damping by the direct decay  instead.)mr > mψ Γ ∼ y2
ψmr

e.g. [Abbott, Farhi, Wise 1982] 
[Mukaida, Nakayama, 2012]
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Figure 44: Number of kination e-folds when radial damping occurs via thermalization through fermion por-
tal. The presence of the thermal mass at the onset of the oscillation (scenario II in Sec. 7) suppresses the angular
kick and prevents kination (red region). Instead, at large Yukawa coupling (blue region and condition (10.2))
or at low reheating temperature (orange region and condition (10.3)), the fermion abundance is Boltzmann-
suppressed and the thermal mass is absent. The NKD black contour lines follow from Eq. (10.27), with the decay
temperature Tdamp being determined numerically as shown in Fig. 43. We write in red the dominant decay chan-
nel, based on Eq. (10.17). The maximal duration of kination is reached at y√ = y√,§, cf. Eq. (10.19), and is given
by Eq. (10.29). The thermal mass is also negligible at small Yukawa (gray region and scenario I in Sec. 8), but
there, the thermalization rate is too small and a circular trajectory is not obtained before ¡! fa . In the pale
purple region, the kick at Tosc occurs before the universe is reheated which goes beyond the scope of our study, see
Eq. (10.4). We show the LHC constraints on heavy colored fermions, m√ = y√ fa & TeV.
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Thermal damping of radial mode.
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