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This talk
Three distinct topics: 

—1— From the “usual” axion to rotating axions  : 
beyond the standard misalignment mechanism

—2— The “relaxion” : when axion & Higgs cosmologies meet

— 3— Gravitational-wave signatures of axion cosmology
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Axions = Pseudo- Nambu Goldstone bosons (PNGBs) 
from spontaneous breaking of global symmetry which is 
not exact but broken weakly.
Axion mass is proportional to this breaking.

Very general context.
Historically: QCD axion. Strong dynamics from QCD 
provides breaking of symmetry.
Axion-like-particles (ALPs): other axions whose mass is 
not affected by QCD. They get their mass from other 
sources.
Ubiquitous in many extensions of the Standard Model (in 
particular in string theory)
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Axions
Among the most hunted particles.



References on axions
Some recent references for reviews

-TASI Lectures on the Strong CP Problem and Axions,
Anson Hook, https://arxiv.org/abs/1812.02669

- ICTP summer school 2015, 3 lectures by Surjeet Rajendran
http://indico.ictp.it/event/a14276/session/27/contribution/110/material/slides/0.pdf
http://indico.ictp.it/event/a14276/session/28/contribution/115/material/slides/0.pdf
http://indico.ictp.it/event/a14276/session/29/contribution/119/material/slides/0.pdf

- 2015 GGI lectures by G. Villadoro:
https://www.ggi.infn.it/ggilectures/ggilectures2015/program.html
https://www.youtube.com/watch?
v=Bpund1fndCg&list=PLDxsZU4NC6Z4kL18PhWTeHicRP13OfHYI&index=1

-Review “The landscape of QCD axion models“, Di Luzio et al.
https://arxiv.org/pdf/2003.01100.pdf

- Review by Redondo and Irastorza                                                                                                     
“New experimental approaches in the search for axion-like particles”                                                             
https://arxiv.org/pdf/1801.08127.pdf

- A. Pich on chiral perturbation theory:
https://arxiv.org/pdf/hep-ph/9502366.pdf
(useful to compute the scalar potential as a function of theta angle)
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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).
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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
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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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a a

QCD axion Generic ALP

mafa
2

ma = 𝝠b / fa
2

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

In a background magnetic field:
axion<->photon conversion

7
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How to look: three kinds of experiments at DESY 
 
 
Axion/ALP photon mixing in magnetic fields 

•  Haloscopes 
looking for dark matter constituents,  
microwaves    

   
 

•  Helioscopes 
Axions emitted by the sun,  
X-rays        
 
 

•  Purely laboratory experiments     
“light-shining-through-walls”,  
microwaves, optical photons      

a a 

a a 

PRC94 | Axions@DESY | 15 Nov. 2022 | Axel Lindner 

a a 

Three main ways to search for ALPs.
All rely on ALP-photon mixing in magnetic field  
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 Haloscopes 
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The Axion-Like-Particle (ALP) parameter space.
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Experimentally constrained

If  axions are given an interaction to photons then a long list of constraints from ALP searches apply

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)
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Any ALP

Only DM
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Figure 1. The experimental landscape in the hunt for ALPs assuming a KSVZ-like axion-photon
coupling gKSVZ

◊““ given in (5.10). Coloured regions are excluded. The thin lines indicate the sensitivities
of future experiments. Used data is listed in appendix D. Orange constraints apply to any ALP while
the green ones assume the ALP is DM. The yellow thick line corresponds to the QCD axion. The four
other parallel straight lines indicate the correct dark matter relic abundance contours for di�erent
assumptions of the initial misalignment angle. Above the thick orange line, the axion produced from
the standard misalignment mechanism is under-abundant to explain DM.

2 ALP dark matter from kinetic misalignment

We consider the cosmological evolution of an ALP field ◊ whose Lagrangian is given by

L = ≠f2

2 gµ‹ˆµ◊ˆ‹◊ ≠ V (◊) = ≠f2

2 gµ‹ˆµ◊ˆ‹◊ ≠ m2(T )f2[1 ≠ cos (◊)], (2.1)

where f is the vacuum expectation value of the complex scalar field radial component. The
metric is taken to be the flat Friedmann-Lemaitre-Robertson-Walker metric2

ds2 = ≠ dt2 + a2(t)”ij dxi dxj . (2.2)

We decompose the ALP field ◊(t, x) into a homogeneous mode �(t), and small fluctuations
”◊(t, x), where the latter can be expanded into Fourier modes as

”◊(t, x) =
⁄ d3k

(2fi)3

◊
k

(t)e≠ik·x. (2.3)

2In general, the metric does also have curvature perturbation terms. These will determine the initial
conditions for the mode functions as we will demonstrade in section 3.3.

– 3 –
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Experiment: Principle DM? Ref.

Haloscope constraints
ABRACADABRA-10cm Haloscope DM [76]
ADMX Haloscope DM [77–83]
BASE Haloscope (Cryogenic Penning Trap) DM [84]
CAPP Haloscope DM [85–87]
CAST-RADES Haloscope DM [88]
DANCE Haloscope (Optical cavity polarization) DM [89]
Grenoble Haloscope Haloscope DM [90]
HAYSTAC Haloscope DM [91, 92]
ORGAN Haloscope DM [93]
QUAX Haloscope DM [94, 95]
RBF Haloscope DM [96]
SHAFT Haloscope DM [97]
SuperMAG Haloscope (Using terrestrial magnetic field) DM [98]
UF Haloscope DM [99]
Upload Haloscope DM [100]

Haloscope projections
ABDC Haloscope DM [101]
ADMX Haloscope DM [102]
aLIGO Haloscope DM [103]
ALPHA Haloscope (Plasma haloscope) DM [104]
BRASS Haloscope DM [105]
BREAD Haloscope (Parabolic reflector) DM [106]
DANCE Haloscope (Optical cavity polarization) DM [107]
DMRadio Haloscope (All stages: 50L, m3 and GUT) DM [108, 109]
FLASH Haloscope (Formerly KLASH) DM [110, 111]
Heterodyne SRF Haloscope (Superconduct. Resonant Freq.) DM [112, 113]
LAMPOST Haloscope (Dielectric) DM [114]
MADMAX Haloscope (Dielectric) DM [115]
ORGAN Haloscope DM [93]
QUAX Haloscope DM [116]
TOORAD Haloscope (Topological anti-ferromagnets) DM [117, 118]
WISPLC Haloscope (Tunable LC circuit) DM [119]

LSW and optics
ALPS Light-shining-through wall Any [120]
ALPS II Light-shining-through wall (projection) Any [121]
CROWS Light-shining-through wall (microwave) Any [122]
OSQAR Light-shining-through wall Any [123]
PVLAS Vacuum magnetic birefringence Any [124]

Helioscopes
CAST Helioscope Any [125, 126]
babyIAXO Helioscope (projection) Any [1, 127, 128]
IAXO Helioscope (projection) Any [1, 127, 128]
IAXO+ Helioscope (projection) Any [1, 127, 128]

Table 1. List of experimental searches for axions and ALPs. The table is continued in table 2. All
experiments here rely on the axion-photon coupling.
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Experiment: Principle DM? Reference

Astrophysical constraints
4C+21.35 Photon-ALP oscillation on the “-rays from blazars Any [129]
Breakthough Listen ALP æ radio “ in neutron star magn. fields DM [130]
Bullet Cluster Radio signal from ALP DM decay DM [131]
Chandra AGN X-ray prod. in cosmic magn. field Any [132–135]
BBN + Ne� ALP thermal relic perturbing BBN and Ne� Any [136]
Chandra MWD X-rays from Magnetic White Dwarf ALP prod. Any [137]
COBE/FIRAS CMB spectral distortions from DM relic decay DM [138]
Distance ladder ALP ¡ “ perturbing luminosity distances Any [139]
Fermi-LAT SN ALP product. æ “-rays in cosmic magn. field Any [140–142]
Fermi-LAT AGN X-ray production æ ALP in cosmic magn. field Any [143]
Haystack Telescope ALP DM decay æ microwave photons DM [144]
HAWC TeV Blazars “ æ ALP æ “ conversion reducing “-ray attenuation Any [145]
H.E.S.S. AGN X-ray production æ ALP in cosmic magn. field Any [146]
Horizontal branch stars stellar metabolism and evolution Any [147]
LeoT dwarf galaxy Heating of gas-rich dwarf galaxies by ALP decay DM [148]
Magnetic white dwarf pol. “ æ ALP conversion polarizing light from MWD stars Any [149]
MUSE ALP DM decay æ optical photons DM [150]
Mrk 421 Blazar “-ray æ ALP æ “-ray in cosmic magn. field Any [151]
NuStar Stellar ALP production æ “ in cosmic magn. fields Any [152, 153]
NuStar, Super star clusters Stellar ALP production æ “ in cosmic magn. fields Any [153]
Solar neutrinos ALP energy loss æ changes in neutrino production Any [154]
SN1987A ALP decay SN ALP production æ “ decay Any [155]
SN1987A gamma rays SN ALP production æ “ in cosmic magnetic field Any [156, 157]
SN1987A neutrinos SN ALP luminosity less than neutrino flux Any [157, 158]
Thermal relic compilation Decay and BBN constraints from ALP thermal relic Any [159]
VIMOS Thermal relic ALP decay æ optical photons Any [160]
White dwarf mass relation Stellar ALP production perturbing WD metabolism Any [161]
XMM-Newton Decay of ALP relic DM [162]

Astrophysical projections
eROSITA X-ray signal from ALP DM decay DM [163]
Fermi-LAT SN ALP production æ “ in cosmic magnetic field Any [164]
IAXO Helioscope detection of supernova axions Any [165]
THESEUS ALP DM decay æ x-ray photons DM [166]

Neutron coupling:
CASPEr-wind NMR from oscillating EDM (projection) DM [167, 168]
CASPEr-ZULF-Comag. NMR from oscillating EDM DM [168, 169]
CASPEr-ZULF-Sidechain NMR (constraint & projection) DM [168, 170]
NASDUCK ALP DM perturbing atomic spins DM [171]
nEDM Spin-precession in ultracold neutrons and Hg DM [168, 172]
K-3He Comagnetometer DM [173]
Old comagnetometers New analysis of old comagnetometers DM [174]
Future comagnetometers Comagnetometers DM [174]
SNO Solar ALP flux from deuterium dissociation Any [175]
Proton storage ring EDM signature from ALP DM DM [176]
Neutron Star Cooling ALP production modifies cooling rate Any [177]
SN1987 Cooling ALP production modifies cooling rate Any [178]

Coupling independent:
Black hole spin Superradiance for stellar mass black holes Any [72–74]
Lyman≠– Modification of small-scale structure DM [60]

Table 2. List of experimental searches for axions and ALPs.
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Axions from the misalignment mechanism.
Start with ALP lagrangian

With initial conditions:

—> standard misalignment mechanism
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For

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

standard assumption

Conventional misalignment

Axion Lagrangian
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1

2
@
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�@µ��m2(T )f2
a

(1� cos(�/f
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predict the observable ALP DM small-scale structures that can form at late times from

gravitational collapse as signatures of the kinetic misalignment production mechanism. In

Section 2, we briefly review the key results of [14] which are relevant for this work. The most

important quantity for this paper is the trapping temperature T⇤ that can be calculated for

any benchmark point (m, f). From this, one can derive the initial conditions for the ALP

fluctuations. This is exposed in detail in Appendix A. The main quantity that is needed

to determine the late-time evolution of the fluctuations is their power spectrum. There are

two approaches for this calculation one can follow depending on the relative values of the

ALP mass m and the Hubble rate at trapping H⇤ that determine whether fragmentation

is complete or incomplete. In Section 3, we calculate the power spectrum corresponding to

the ALP density contrast in KMM with fragmentation using the cosmological perturbation

theory. We also do the same exercise for LMM, and compare the two mechanisms. In

Section 4, we describe a semi-analytical estimate of the power spectrum in the case of

complete fragmentation where the cosmological perturbation theory breaks down. In this

section, we also make a comparison with the post-inflationary scenario. Next, In Section 5,

the formation of the dark matter halos is studied analytically via the Press-Schechter (PS)

formalism. We use the results obtained for the power spectrum to derive the halo mass

function (HMF), and the halo spectrum. We briefly describe the observational prospects

in Section 6, and finally conclude in Section 7. More technical details are presented in

appendices. Important equations are inside frames. Those equations which are new are in

addition in blue background.

Notation: We use the metric convention diag (�,+,+,+), and MP l ⇡ 2.435⇥ 1018 GeV

denotes the reduced Planck mass.

2 Brief review of ALP fragmentation in kinetic misalignment

In this section, we summarize the main findings of [14]. We consider an ALP field ✓ with

the Lagrangian

L = �f2

2
gµ⌫@µ✓@⌫✓ � V (✓) = �f2

2
gµ⌫@µ✓@⌫✓ �m2f2(1� cos ✓). (2.1)

In KMM, the evolution of the ALP homogeneous mode ⇥ can be divided into two regimes.

When the ALP kinetic energy f2⇥̇2/2 dominates over the size of the potential barrier

2m2f2, then the ALP field rolls with the velocity ⇥̇ / a�3 so that its energy density

redshifts as ⇢⇥ / a�6. Shortly after its kinetic energy becomes sub-dominant compared to

barrier height, it starts to oscillate around one of the minima, and behaves as Cold dark

matter (CDM).

For the early evolution, one can introduce the quantity called the yield defined by

Y = f2⇥̇(T )/s(T ) (2.2)

where s(T ) is the entropy density of the universe. Assuming entropy conservation, this

quantity is conserved at early times when ⇢⇥ / a�6. The ALP relic density today can be

– 6 –

Neglecting fluctuations, the homogeneous zero-mode satisfies

6 1. Geometry and Dynamics

Notice that the coordinates x and u are now dimensionless, while the parameter a carries the di-
mension of length. The di↵erential of the embedding condition, x2 ± u2 = ±1, gives udu = ⌥x · dx,
so

d`2 = a2

dx2 ± (x · dx)2

1⌥ x

2

�
. (1.1.12)

We can unify (1.1.12) with the Euclidean line element (1.1.8) by writing

d`2 = a2

dx2 + k

(x · dx)2
1� kx2

�
, for k ⌘

8
<

:

0 E3

+1 S3

�1 H3

. (1.1.13)

Note that we must take a2 > 0 in order to have d`2 positive at x = 0, and hence everywhere. It is
convenient to use spherical polar coordinates, (r, ✓,�), because it makes the symmetries of the space
manifest. Using

dx2 = dr2 + r2(d✓2 + sin2 ✓d�2) , (1.1.14)

x · dx = rdr , (1.1.15)

the metric in (1.1.13) becomes diagonal

d`2 = a2


dr2

1� kr2
+ r2d⌦2

�
, (1.1.16)

where d⌦2 ⌘ d✓2 + sin2 ✓d�2.

Exercise.—Show that despite appearance r = 0 is not a special point in (1.1.7).

1.1.3 Robertson-Walker Metric

Substituting (1.1.7) into (1.1.6), we obtain the Robertson-Walker metric 3 in polar coordinates:

ds2 = dt2 � a2(t)


dr2

1� kr2
+ r2d⌦2

�
. (1.1.17)

Notice that the symmetries of the universe have reduced the ten independent components of the

spacetime metric to a single function of time, the scale factor a(t), and a constant, the curvature

parameter k.

• The line element (1.1.17) has a rescaling symmetry

a ! �a , r ! r/� , k ! �2k . (1.1.18)

This means that the geometry of the spacetime stays the same if we simultaneously rescale

a, r and k as in (1.1.18). We can use this freedom to set the scale factor to unity today:4

a(t0) ⌘ 1. In this case, a(t) becomes dimensionless, and r and k�1/2 inherit the dimension

of length.

3Sometimes this is called the Friedmann-Robertson-Walker (FRW) metric.
4Quantities that are evaluated at the present time t0 will have a subscript ‘0’.

a

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.

1

a

H= a/a= expansion rate of universe 
                                  (here a is the scale factor in the Friedmann-Roberston-Walker metric                                                            ! )

.



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.
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Dark matter from ALPs: Misalignment mechanisms

Standard (Large) misalignment

Zhang,Chiueh 1705.01439; Arvanitaki et al. 1909.11665
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Standard versus kinetic Misalignment.
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Two ways to delay the onset of oscillations

Initial field value tuned to top of potential: Large initial velocity

Eroncel et al, 2206.14259 



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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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

18

10
-18

10
-15

10
-12

10
-9

10
-6

10
-3 1 10

3
10

-16

10
-15

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

ma/eV

f a
-
1
/G
e
V

-
1

A
D
M
X

R
B
F
+
U
F

H
A
Y
S
T
A
C

C
A
P
P

X
-
ra
y
s

EBL

Io
n
iza
tio
n

fra
c
tio
n

V
IM
O
S

M
U
S
E

Horizontal branch

Solar -

Chandra NGC 1275

SN1987A

HESS

NuStar Super star clusters
Fermi

Fermi - Extragalactic SN

Mrk421 Neutron stars

CASTSHAFT

Superradiance T
H
E
S
E
U
S

A
D
M
X

A
B
R
A
C
A
D
A
B
R
A

Plasma Haloscope

MADMAX

K
L
A
S
H

T
O
O
R
A
D

B
R
A
S
S

DA
NC
E

AD
BC

aLIGO

F
er
m
i
S
N

ALPSII

LAMPOST

BabyIAXO

IAXO

IAXO +

H
etero

d
yn
e
S
R
F

Q
C
D
A
xi
on

Neutron stars

C
A
S
P
E
r
-w
in
d

Comag
netome

ters

Storage rings

Sta
nda

rd
mis

alig
nm
ent

i
~10

-1

Sta
nda

rd
mis

alig
nm
ent

i
~10

-2

Sta
nda

rd
mis

alig
nm
ent

i
~10

-3

Sta
nda

rd
mis

alig
nm
ent

i
~O

(1)

18



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 
Eroncel et al, ‘22

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.

19



• 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
ta

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
(field can be driven naturally to 
these large field values during 

inflation due to a negative 
Hubble-induced mass term)

Studies axion 
cosmology ignoring 

the radial mode

Radial mode /axion 
interplay 2020



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 kinetic misalignment:

Axion fragmentation.



Axion fragmentation .

LCTP-19-28

Axion Kinetic Misalignment Mechanism
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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)

θ
�
i

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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Fonseca, Morgante, Sato, Servant,

Chatrchyan et al, 	 1903.03116, 2004.07844

Eroncel et al’22, 

25

1911.08472, 1911.08473
Morgante et al, 2109.13823

https://arxiv.org/abs/1903.03116


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

Eroncel et al, 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.

5/13

• ALP field has some fluctuations on top of the homogeneous 
background, which can be described by the mode functions in the 
Fourier space. 

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
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ALP fluctuations.



Fragmentation regions on the ALP parameter space
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Fragmentation regions in ALP 
parameter space.
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Fragmentation regions on the ALP parameter space
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[Arvanitaki et al’19]

Observational tests: compact axion halos.

Scale density of axion compact structures

kinetic misalignment—>axion fragmentation-> structure formation enhancement

Different in the context of axion kinetic fragmentation: Eroncel et al , 2207.10111

was studied in the context of large misalignment scenario in

E
ro

n
ce

l e
t 

al
’ 2

20
7.

10
11

1 

. large misalignment
standard misalignment
post-inflationary
fragmentation

31

Figure 20: 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 6.1. Di↵erent
colors show the di↵erent ALP 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 sce-
nario (dotted), and Standard misalignment (dashed). The straight faint lines labeled via the ALP
mass show the soliton spectrum corresponding to the given ALP mass.

For the post-inflationary scenario we set the decay constant such that ALPs make up all of

the dark matter. The list of benchmarks that we used when constructing the halo spectra

can be found in Table 1. We also show the region of the Ms–⇢s plane which can be probed

by future experiments by thin lines. We see that low-mass axions provide much more

optimistic discovery prospects since the halo spectra are peaked at larger masses.

6 Observational prospects

In this section, we briefly comment on the phenomenological consequences of the halo spec-

tra that we derived in the previous section. In Section 6.1 we discuss various experiments

that have a potential to probe the halo spectrum at small scales. In Section 6.2 we discuss

the consequences of the compact ALP halos for the terrestrial ALP detection experiments,

such as holoscopes.

6.1 Probes of the halo spectrum

The compact dark matter halos which are denser than the CDM ones can be probed by

future gravitational surveys via their direct gravitational interactions. A detailed study of

the discovery prospects is beyond the scope of this paper. Here we give a quick overview

by using the sensitivity curves in the Ms–⇢s plane presented in [51].

– 47 –

31

https://arxiv.org/abs/2207.10111
https://arxiv.org/abs/2207.10111
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Figure 1: A sketch of the region in the ALP parameter space where dense halos are expected to
form, together with all the experimental constraints and projections on ALPs assuming a coupling to
the electromagnetic field with eq. (6.8). We have obtained this region by combining the regions where
dense halos are expected from the Kinetic Misalignment Mechanism and from ALPs with non-periodic
potentials considered in this work. For caveats about this plot, see section 6. All the data for the
constraints and projections are compiled from ref. [40].

where we denoted @V/@� as V 0(�). In the radiation-dominated era, once the Hubble friction
term becomes subdominant, the field rolls to the minimum of the potential and oscillates
around it at later times. Near the minimum of the potential, where V ⇡ 1

2m2
a�

2, the equation
of state of such an oscillating ALP field averages to w = 0 so that it behaves as a (dark)
matter component.

Assuming that oscillation starts in the radiation era, and ma = cst, a general expression
for the relic energy density of ALPs today is given by

⌦a,0 =
1

3
(⌦r,0)

3/4 gs(T0)

gs(Tosc)

✓
g⇢(Tosc)

g⇢(T0)

◆3/4 ✓
1

Hosc

◆3/2 ✓
1

H0

◆1/2 ✓
1

Mpl

◆2

V (�i)Z, (2.3)

where Hosc is the Hubble scale at the onset of oscillation, gs and g⇢ are the effective degrees
of freedom in entropy and energy, respectively, while ⌦r,0 is today’s density parameter of
radiation. For this estimate one uses that the energy density scales approximately as ⇢a =
⇢a, osc (aosc/a)3 for a > aosc, where ⇢a, osc = V (�i) is the energy density of the field before the
onset of oscillation. Z incorporates corrections to this estimate. For a harmonic potential, or
close to the minimum of a general potential, Z can be found to be

Z =
8

⇡
(�(5/4))2 ' 2.1, (2.4)

– 4 –

Parameter space where parametric resonance 
can create compact halos.

Chatrchyan, Eroncel, Koschnitzke, Servant, 2305.03756
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Figure 22: Regions in the ALP parameter space where the parametric resonance might create halos
whose scale densities are larger than ⇢s & 10M� pc�3. Such halos likely survive the tidal stripping,
see Section 5, so they can be observable. Different colours show different production mechanisms,
and we assumed that ALPs make all of dark matter. The dashed lines indicate how the regions will
expand if we impose a smaller bound ⇢s & M� pc�3. Above the gray line, the Kinetic Misalignment
Mechanism is excluded by BBN due to the bound in eq. (6.5). The brown lines show the contours
of the initial angle in the standard misalignment mechanism. For these values the initial angle is
independent of the shape of the potential as long as it is quadratic around the minimum. Finally,
we show the prediction for the case when the ALPs are generated after the inflation via the label
"post-inflationary scenario".

compared to the analysis we performed for the non-periodic potential. In particular, non-
linear effects that can be captured only via a lattice simulation broaden the power spectrum
which decreases the peak scale density. Therefore, we expect that a precise analysis of the
Kinetic Misalignment will shrink the corresponding band. We also note that a sizable region
of the low-mass parameter space in Kinetic Misalignment is excluded due to the BBN bound
of eq. (6.5). Finally, for Large Misalignment, we have found that dense halos are predicted
only in the case of significant tunings |⇡ � ✓i| . 10�11 which is consistent with the findings
of ref. [22]. For these values, the non-linear effects are expected to be important, but we
did not take these into account. Nevertheless, we define the Large Misalignment band as
10�15 . |⇡ � ✓i| . 10�11, and show it on the figure 22 for completeness.

In figure 22, we also show via the dashed lines how the bands can be expanded if we had
taken the weaker bound ⇢s & M� pc�3. The brown lines are the contours of the initial angle
in the standard misalignment mechanism, where the ALP potential can be approximated by
a quadratic one. Finally, via the yellow line we show the prediction in the case where the

– 47 –

Chatrchyan, Eroncel, Koschnitzke, Servant, 2305.03756

Parameter space where parametric resonance 
can create compact halos.
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—2—
Another exciting topic in 

axion cosmology:
Cosmological relaxation of the 

electroweak scale.

34



Motivation:
 Origin of the 

Electroweak Scale .

35

 The Hierarchy problem

35



If Standard Model is an effective field theory below MPlanck

Why does the Higgs vacuum reside so close to the critical 
line separating the phase with unbroken (<h>=0) from the 
phase with broken (<h> ≠0) electroweak symmetry?

36

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4≪ MPlanck
2Why                            ?

H H
| |

The hierarchy problem.



Adding a symmetry 

Lowering the cutoff
-> Randall-Sundrum / Composite Higgs, 

Experimental signals: resonances

Selecting a vacuum : Relaxation (dynamics), 
Experimental signals: typically through cosmology

Experimental signals: partners

-> Large Extra Dimensions …

-> Supersymmetry
-> Global symmetry …

Solutions to the Hierarchy Problem .

37



Relaxation idea.

What if the weak scale is selected by cosmological 
dynamics, not symmetries? 

Special point in parameter space:
 
m2

H = 0 not related to a symmetry 
Instead, related to early-universe dynamics! 

38



New Relaxion idea: Higgs mass parameter is field-dependent

m2|H|2 ! m2(�)|H|2

Φ can get a value such that m2(�) ⌧ ⇤2

from a dynamical interplay between H and Φ

Field-dependent Higgs mass

possibility that ! gets a value where 

it can arise from a “clever” 
dynamical interplay 
between H and !

Higgs-mass parameter

Another new Idea for the Hierarchy Problem:

!

m2
H(�)|H|2m2

H |H|2

m2
H(�) ⌧ M2

P

!c

m2
H(�)

“Relaxation” mechanism P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

must settle  
close to Φc

UV cutoff

mH naturally stabilized due to back-reaction of the 
Higgs field after EW symmetry breaking !

39

H H

H

a new scalar field



Relaxion mechanism.
[GKR: Graham, Kaplan, Rajendran ’15

inspired by Abbott's attempt to solve the Cosmological Constant problem, ’85 

𝟇: relaxion, classically evolving pNGB. 

Higgs-relaxion potential

slope

The relaxion mechanism

Graham, Kaplan, Rajendran 1504.07551, PRL

V (�, h) = �g⇤3�+

1

2

(⇤

2 � g0⇤�| {z }
m2

H

)h2 +⇤

4�n
c hhin cos

✓
�

f

◆
+ . . .

m2
H ⇠ ⇤

2

m2
H = 0

m2
H ⇠ �v2EW

Hubble friction:
slow-roll

⇤/g
�

V (�)

hhi = vEW

t

hhi

3

back-reaction term

The relaxion-Higgs coupling generates a rolling potential for the relaxion, of the following
form,

Uroll(�) = �g⇤3�, g & g0/4⇡. (2.2)

Higher-order terms are also generated, however suppressed by powers of g�/⇤. The rolling
potential allows the relaxion to dynamically minimize the squared mass of the Higgs. We set
g ⇠ g0 in most of our expressions, unless stated otherwise.

The second important ingredient for the mechanism are the Higgs-vev-dependent barriers in
the relaxion potential,

Ubr(�) = ⇤4

b(h)[1 � cos(�/f)], (2.3)

which allow the relaxion to get trapped in a local minimum of its potential and, thus, select
a certain value for µ2

h. The latter should match the measured value of the Higgs mass, µ2

h =
�(88GeV)2. Here the negative sign is due to the broken symmetry, which leads to a nonzero

Higgs vev, hhi = vh =
q

(�µ2

h)/�h = 246GeV.

In the minimal model the relaxion is the QCD axion. The barriers for � then originate
from the anomolous coupling to gluons, �Gµ⌫G̃

µ⌫ . The parameter ⇤b, which is the topological
susceptibility of QCD, is computed to be around ⇤b = 75MeV (for the correct Higgs vev) at
temperatures below the QCD scale, T ⇠ ⇤QCD ⇡ 150MeV. The value of ⇤b depends on the
Higgs vev at least through the mass of the lightest quark [6]. In particular, if the Higgs is in the
symmetric phase, the quarks are massless (their mass is proportional to the Yukawa coupling,
mq = yqvh/

p
2), and there are no barriers. Once the Higgs develops a symmetry breaking vev,

the barrier height takes the form

⇤4

b ⇡ f2

⇡m2

⇡

mumd

(mu + md)2
⇡ ⇤3

QCDmu. (2.4)

In the nonQCD model, the Higgs-dependent barriers originate from an analogous coupling
of the relaxion to some hidden gauge group. The dependence on the Higgs vev in this case is
usually of the form ⇤4

b / (hhi2/v2

h).

To summarize, in both models the dynamics of the relaxion takes place in a potential of the
following form,

V (�) = �g⇤3� + ⇤4

b(�)[1 � cos(�/f)]. (2.5)

Here it is implicitly assumed that the Higgs adiabatically follows the minimum of its potential,
which in turn is determined by the value of �.

The relaxion gets trapped in one of its local minima, determined by the stopping mechanism.
The simplest one, as proposed by the authors in [1] is realized by assuming that relaxation takes
place during inflation and the relaxion is in the slow-roll regime 1, governed by

�̇ = �̇
SR

= �V 0(�)

3HI
, (2.6)

1For the Hubble friction to be strong enough so that the relaxion tracks the slow-roll velocity from (2.6), the
rolling time between neighboring minima �t = 2⇡f/�̇SR should be larger compared to the Hubble time ⇠ H�1.
This was explained in [7], where the authors also investigated the relaxion scenario in both cases.

5

40

𝝠: cutoff of the Higgs effective theory

[for a recent update see 

[figure credit: E. Morgante



Relaxion mechanism.

Slow-roll dynamics during inflation

Aleksandr Chatrchyan The role of fluctuations in the cosmological relaxation of the weak scale 4

The (GKR) relaxion mechanism
• Dynamical Higgs mass, controlled by vev of 𝜙𝜙

¾Rolling potential for 𝜙𝜙

• Higgs-vev-dependent relaxion barriers. 𝜇𝜇ℎ2 = 0

symmetric phase symmetry broken

𝜇𝜇ℎ2 = − 88GeV 2

Stopping mechanism

Slow-roll dynamics during inflation, 𝜙̇𝜙𝑆𝑆𝑆𝑆 =
𝑈𝑈′

3𝐻𝐻𝐼𝐼

The relaxion stops near the first minimum:   Λ𝑏𝑏4 ∼ 𝑔𝑔Λ3𝑓𝑓.

Graham et. al., 1504.07551
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Relaxion stops near the first minimum
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• Dynamical Higgs mass, controlled by vev of 𝜙𝜙

¾Rolling potential for 𝜙𝜙

• Higgs-vev-dependent relaxion barriers. 𝜇𝜇ℎ2 = 0

symmetric phase symmetry broken

𝜇𝜇ℎ2 = − 88GeV 2

Stopping mechanism

Slow-roll dynamics during inflation, 𝜙̇𝜙𝑆𝑆𝑆𝑆 =
𝑈𝑈′

3𝐻𝐻𝐼𝐼

The relaxion stops near the first minimum:   Λ𝑏𝑏4 ∼ 𝑔𝑔Λ3𝑓𝑓.

Graham et. al., 1504.07551

where HI denotes the inflationary Hubble parameter. Under this assumption the field should
stop near the first local minimum,

0 = V 0(�
0

) = �g⇤3 +
⇤4

b(�0

)

f
sin

⇣�
0

f

⌘

. (2.7)

Usually the relaxion barriers increase by a small amount from one minimum to the next one.
This implies that sin(�

0

/f) is of order one and, hence, the stopping condition can be expressed
as

⇤4

b(�0

) ⇠ g⇤3f. (2.8)

Several conditions must be satisfied for the slow-roll dynamics to be described by Eq. (2.6).
In particular,

• The Hubble parameter during inflation must be large enough so that the change of the
potential energy in the relaxion sector, which is of order �U ⇠ ⇤4(g/g0) over the typical
field range, does not impact the expansion rate,

H2

I >
8⇡

3

g

g0
⇤4

M2

P l

(vacuum energy). (2.9)

If this condition is not satisfied, the backreaction of the relaxion on the Hubble expansion
must be taken into account (see e.g. [8] which considers similar e↵ects).

• The classical beats quantum (CbQ) requirement,

H3

I < V 0 = g⇤3 (classical beats quantum). (2.10)

If this condition is not satisfied, inflationary quantum fluctuations, which produce random
kicks �� ⇠ HI per Hubble time t ⇠ H�1

I , cannot be neglected compared to the slow-roll.
Later in this work we discuss what happens if this constraint is dropped.

The two above conditions imply that the inflationary Hubble scale should be inside the
range

⇤2

M
Pl

< HI < g1/3⇤. (2.11)

In the above expression we dropped order one prefactors for the sake of simplicity.
To ensure that the relaxion ends up at the correct Higgs vev, it must have enough time to

scan a typical field range �� ⇠ ⇤/g0. Using (2.6), one arrives at the required minimum number
of e-folds during inflation

NI = HItI & N
req

=
3H2

I

gg0⇤2

. (2.12)

This usually corresponds to a very long period of inflation. The slow-roll makes the dynamics
insensitive to the initial conditions, as long as it starts from a positive Higgs mass.

In the next subsections we present the relaxion parameter space in the QCD and the nonQCD
models.

6
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Aleksandr Chatrchyan The role of fluctuations in the cosmological relaxation of the weak scale 5

The QCD and nonQCD models
The QCD relaxion model
• Higgs-dependent barriers from the QCD anomaly,

• Problem: the relaxion no longer solves the strong CP problem!

The nonQCD relaxion model
• Higgs-dependent barriers from a hidden gauge group

(stability of the potential)
1911.08473

The QCD and non-QCD models.

2.2 The QCD model

In the model where the relaxion is a QCD axion, its barriers result from the QCD anomaly
and ⇤b is given by Eq. (2.4). This model, while minimalistic, leads to the reappearance of the
strong CP problem. More specifically, the local minimum of the relaxion potential from (2.7)
is displaced from the CP-conserving minimum of the cosine potential at sin(�

0

/f) = 0, due to
the rolling term. This generates an order one ✓-angle for QCD,

✓
QCD

=
�

0

f
= arcsin

⇣g⇤3f

⇤4

b

⌘

, (2.13)

in contradiction with the experimental bounds ✓
QCD

< 10�10.

In order to reduce the CP violation, the authors of [1] proposed a modification to the set-
up, in which the slope of the rolling potential changes after inflation, so that ✓

QCD

< 10�10

is satisfied today. As can be understood from (2.13), the coupling gI during inflation and its
today’s value g should then satisfy

g = ⇠gI < 10�10gI .

It is argued in [1] that such a modification can be achieved by an additional coupling of the
relaxion to the inflaton.

The new constraints on the relaxion can be obtained by replacing g ! gI = g/⇠ in (2.8),
(2.9) and (2.10). One obtains

⇤2

M
Pl

1p
⇠

< HI <
⇣g

⇠

⌘

1
3
⇤, and ⇤4

b(�0

) ⇠ g

⇠
⇤3f (2.14)

Eliminating HI in the first equation and expressing g from the second equation one arrives at
the upper bound on the cut-o↵ scale ⇤ that can be successfully relaxed,

⇤ < 3 ⇥ 104GeV
⇣109GeV

f

⌘

1/6

⇣ ⇠

10�10

⌘

1/4

. (2.15)

Here we used the benchmark value for the axion decay constant f = 109GeV from [1], which
is the typical lower bound from astrophysical constraints. We note that this bound is model-
dependent.

The parameter space for this model is shown in Fig. 1 in the g vs ⇤ plane. The green region
is excluded by the inequality (2.11) (after eliminating HI), which requires the relaxion to be
both subdominant as well as dominated by classical slow-roll. The blue region is excluded by
the stopping condition in (2.8) combined with requirement f > 109GeV. Inside the remaining
region the QCD angle can still be large. The inequalities from (2.14) with ⇠ = 10�10 exclude
the grey region, leaving the unshaded one with ⇤ < 3⇥104GeV available for the relaxion. Note
that the value of HI is not fixed in the figure. One can check that inside the allowed region it
is in the range 10�7⇤b < HI < 10�3⇤b

2.3 The nonQCD model

Larger cut-o↵ scales are possible in the nonQCD relaxion model. Here the barriers originate
from the confinment of some hidden gauge group. The parameter ⇤b is therefore an additional

7
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The classical non-QCD relaxion window.

Aleksandr Chatrchyan The role of fluctuations in the cosmological relaxation of the weak scale 6

How large masses/cut-offs can be relaxed?
1) Vacuum energy

The change of relaxion energy much less 
compared to the energy scale of inflation

2) Classical beats quantum

The slow-roll (𝜙̇𝜙 = 𝑔𝑔Λ3/3𝐻𝐻𝐼𝐼) per unit Hubble 
time dominates over the random walk (Δ𝜙𝜙 ∼ 𝐻𝐻𝐼𝐼) Λ2

𝑀𝑀𝑃𝑃𝑃𝑃
> 𝑔𝑔1/3Λ

Λ𝑏𝑏 > 𝑣𝑣ℎ

1) + 2) 
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NonQCD relaxion

Figure 2: The nonQCD relaxion parameter space in the g vs ⇤ plane, with the allowed region shown
in white. The violet, blue and green regions are excluded by Higgs mass scanning precision (2.18),
problematic radiative corrections for the barriers (4.7) and the CbQ constraint, respectively.

• The decay constant is assumed to be in the range

⇤ < f < M
Pl

. (2.19)

Indeed, f > M
Pl

is theoretically unreliable as it involves trans-Planckian physics, whereas
f > ⇤ assures that the relaxion as an e↵ective degree of freedom is present at scales below
the cut-o↵ scale ⇤.

The upper bound on the cut-o↵ scale can be estimated from (2.8), (2.9) and (2.10), as it
was done in the QCD model. Here we supplement these inequalities with the lower bound on
the decay constant from (2.19) and arrive at

⇤ < 4 ⇥ 109GeV
⇣ ⇤bp

4⇡vh

⌘

4/7

. (2.20)

The parameter region in the g vs ⇤ plane for the nonQCD model is shown in Fig. 2. In
the white part relaxation can take place. In the violet region, the Higgs mass scanning is too
unprecise according to (2.18) for any allowed value of f . In the green region there is no value
for the inflationary Hubble parameter, such that the relaxion is both subdominant as well as in
the CbQ regime. The blue region is excluded by the stopping condition in (2.8) combined with
the lower bound on f and the upper bound on ⇤b.

In the next sections we introduce the stochastic formalism to describe the relaxion dynamics
and, afterwards, explain what happens if the CbQ condition is dropped.

9
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quantum beats classical

✓QCD > 10�10

10

�7 < HI

�b
< 10

�3

QCD relaxion with a change of slope after inflation

Figure 1: The QCD relaxion parameter space in the g vs ⇤ plane, with the change of the slope after
inflation to conserve CP. The allowed region is shown in white. The blue region has an axion decay
constant below 109GeV, while the green region violates the CbQ constraint. In the grey region ✓QCD

cannot be less than 10�10.

free parameter in the nonQCD model and, in particular, can take values larger than 75MeV.
The dependence of the barrier height on the Higgs vev is usually of the form

⇤4

b(h) = ⇤4

b

h2

v2

h

, (2.16)

where ⇤4

b = ⇤4

b(vh) denotes the barrier height at the measured Higgs vev. Moreover, there is
no constraint on the ✓ angle anymore and, hence, the trick of changing the slope of the rolling
potential is no longer required.

Below we summarize the constraints, that are relevant in the nonQCD model.

• The following upper bound is imposed on ⇤b

⇤b <
p

4⇡vh, (2.17)

which ensures that the barrier potential is stable against radiative corrections and, thus,
sensitive to the Higgs vev [7].

• Due to the larger barriers, the nonQCD model allows to have larger couplings g. Here one
has to take care that the local minima of the potential have a separation that is smaller
compared to the precision required to scan the Higgs vev [7]. In other words,

g0⇤(2⇡f) < µ2

h. (2.18)
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Figure 2: The nonQCD relaxion parameter space in the g vs ⇤ plane, with the allowed region shown
in white. The violet, blue and green regions are excluded by Higgs mass scanning precision (2.18),
problematic radiative corrections for the barriers (4.7) and the CbQ constraint, respectively.

• The decay constant is assumed to be in the range

⇤ < f < M
Pl

. (2.19)

Indeed, f > M
Pl

is theoretically unreliable as it involves trans-Planckian physics, whereas
f > ⇤ assures that the relaxion as an e↵ective degree of freedom is present at scales below
the cut-o↵ scale ⇤.

The upper bound on the cut-o↵ scale can be estimated from (2.8), (2.9) and (2.10), as it
was done in the QCD model. Here we supplement these inequalities with the lower bound on
the decay constant from (2.19) and arrive at

⇤ < 4 ⇥ 109GeV
⇣ ⇤bp

4⇡vh

⌘

4/7

. (2.20)

The parameter region in the g vs ⇤ plane for the nonQCD model is shown in Fig. 2. In
the white part relaxation can take place. In the violet region, the Higgs mass scanning is too
unprecise according to (2.18) for any allowed value of f . In the green region there is no value
for the inflationary Hubble parameter, such that the relaxion is both subdominant as well as in
the CbQ regime. The blue region is excluded by the stopping condition in (2.8) combined with
the lower bound on f and the upper bound on ⇤b.

In the next sections we introduce the stochastic formalism to describe the relaxion dynamics
and, afterwards, explain what happens if the CbQ condition is dropped.

9

The classical relaxion windows .
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Real-time numerical simulation of the Fokker-Planck equation 

Aleksandr Chatrchyan The role of fluctuations in the cosmological relaxation of the weak scale 19

Illustration of the dynamics & stopping
Probability distribution: 𝜌𝜌(𝜙𝜙)

Potential: 𝑈𝑈(𝜙𝜙)

First minimum,
Λ𝑏𝑏4 (𝜙𝜙) ∼ 𝑔𝑔Λ3𝑓𝑓

Wiggles appear
𝜇𝜇ℎ2 = 0

Field value

The new stopping condition,

The relaxion slows down after

Beyond the classical relaxion  …
The stochastic relaxion 

[Chatrchyan, Servant, 
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Figure 15: The relaxion DM window in the m vs sin ✓ and m vs f planes. The brown regions correspond
to the stochastic window in the QbC regime, while the grey region shows the CbQ relaxion DM window
for a large reheating temperature.

identified a relaxion DM window, in which the misalignment produces the correct relic density
of DM.

The relic density can be computed using the expression for the misalignment from Eq. (5.5).

34

Non-QCD Relaxion Dark Matter window 

QbC

CbQ

The relaxion can be dark matter 
[Chatrchyan, Servant, 2211.15694



A rich spectrum of possibilities.
[2211.15694
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“Classical beats Quantum” “Quantum beats classical”
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Figure 4: The relaxion parameter region in the [⇤, g] plane for the CbQ (left) and QbC (right)
regimes for small (top) and large (bottom) reheating temperatures. Constraints from meson decays,
stellar cooling, late decays (1s < ⌧� < 10

26s), black hole superradiance and density-induced runaway
(in NSs) are incorporated. The region where the relaxion can explain DM is inside the black dashed
lines, where also the contours of log

10

(HI,max

) are shown. In the low-temperature reheating scenario
w = 0 before reheating is assumed. The laboratory and the astrophysical constraints under the
additional assumption that the relaxion explains DM are not shown here and can be found in the
upper panel of Fig. 3.

DM window is determined by the values of g, ⇤ and f and by physics after inflation, while
the value of HI is irrelevant.

The QbC regime: Larger values of inflationary Hubble scales HI are available in the
QbC regime. It is thus important to find the additional parameter region for the DM window,
that opens up if one drops the CbQ condition.

For reasons explained in the previous section, we consider only the case when the field
stops at ⇤

4

b ⇡ g⇤

3f and � ⌧ 1, i.e. the QbC I regime. Increasing HI increases also the
stochastic misalignment, which can be computed using Eq. (2.5). To ensure that the stochastic
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A new approach to the hierarchy problem based on intertwined 
cosmological history of Higgs and axion-like states.

Connects Higgs physics with inflation & (DM) axions.

An existence proof that technical naturalness does not require new 
physics at the weak scale

no signature at the LHC , new physics are weakly coupled
light states  which couple to the Standard Model through 

Change of paradigm:

their tiny mixing with the Higgs.

Experimental tests from cosmological overabundances, late decays, 
Big Bang Nucleosynthesis, Gamma-rays, Cosmic Microwave Background...

Christophe Grojean BSM CERN, July 2015100

Higgs-axion cosmological relaxation

⇤ <
�
v4M3

P

�1/7
= 3⇥ 109 GeV

An existence proof
of a model with a quantum stable mass 
gap between the weak scale and the 

new physics threshold Λ 

interesting cosmology signatures
◎ BBN constraints
◎ decaying DM

◎ ALPs
◎ superradiance

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ’15

a solution to the hierarchy pb
with no signature at the LHC,

 nor at other high-energy machine!

Summary on relaxion.
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— 3— 
Gravitational-wave signatures 

of axion cosmology .
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Current and future GW experiments

The landscape of Primordial GW

Pulsar 
timing 
arrays

CMB 
(B-mode)

CMB 
(spectral distortion) space-borne Earth-based

Interferometer (laser/atomic)

as
tr

om
et

ry

Ultra-high frequency 
(challenging) 

Levitating sensors 
GW-photon conversion 

New idea? 

[review 2011.12414]
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The landscape of Primordial GW
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Upper theoretical bound.
Peera Simakachorn (Uni. Hamburg) 28.10.2022
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The landscape of Primordial GW
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ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]

ḧij + 3H ḣij + k2 hij = 0

 source: amplification of vacuum fluctuations during inflation

tensor 
perturbations of 

FRW metric:

WAVE 
EQUATION

GW from early universe sources

15

Primordial GW .

Tensor perturbations of Friedmann-Robertson-Walker metric:

source: tensor anisotropic stress

tensor 
perturbations of 

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

• fluid

• electromagnetic field

• scalar field 

⇧ij ⇠ �2(⇢+ p) vivj

⇧ij ⇠ @i�@j�

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

ij

⇧TT
ij

⇧ij ⇠ (E2 +B2)
�ij
3

� EiEj �BiBj

GW from early universe sources

16

Wave equation:

Source: 
Tensor anisotropic stress

52

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

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

⟨ḣij(k, η)ḣ
∗

ij(q, η)⟩ = δ(k− q)|ḣ|2(k, η) , (4)

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

ΩGW (η) =
ρGW (η)

ρc
=

∫

∞

0

dk
k2|ḣ|2(k, η)
2(2π)6Gρca2

, (5)

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

dΩGW (k)

d ln k

∣

∣

∣

∣

η0

≡
k3|ḣ|2(k, η0)
2(2π)6Gρc

. (6)

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

ḧij(k, η) +
2

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

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

Πij(k, η) = (PilPjm −
1

2
PijPlm)Tlm(k, η) , (8)

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

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

h
′′

ij(x) + hij(x) =
8πGa2∗
k2

Πij(x) , (9)

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

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

-> Inflation  
-> Cosmic Strings

Well-known cosmological sources .

-> Reheating of the universe

see  
-review 1801.04268 
-1912.02569 (cosmic strings) 
-PhD thesis P. Simakachorn
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Sources of primordial GW

Standard-Model sources 

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

Irreducible GW background from amplification of initial 
quantum fluctuations of the gravitational field during inflation

[S
im

ak
ac

ho
rn

]

55



Beyond-the-Standard Model sources.
Preheating, first-order phase transitions, cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022

10-18 10-13 10-8 10-3 102 107 1012
10-17

10-15

10-13

10-11

10-9

10-7

Frequency of GW [Hz]

Fr
ac
tio
n
of
en
er
gy
de
ns
ity
in
G
W
to
da
y:

Ω
G
W
h2

PIXIE

Voyage 2050

Pl
an
ck
/B
IC
EP

/K
ec
k

Li
te
B
IR
D

LI
SA

ET CE

B
B
O

D
EC
IG
O

AE
D
GE

SK
A

EP
TA

N
A
N
O
G
ra
v

P
P
TA

P
TA

hi
nt
s

GA
IA

TH
EI
A

A
st
er
oi
ds

ra
ng
in
g

Lu
na
r

LIGO O2
O4

O5

Cosmic Strings

Primordial
Inflation

1st-order EW
phase transition Thermal

Plasma
Preheating

CMB-ΔNeff ↑

BBN-ΔNeff ↑

10

Standard-Model sources 

Thermal plasma 
Primordial inflation

beyond the Standard-Model sources 
preheating 

first-order phase transitions 
cosmic strings

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

High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

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

H−1
prod

λGW ] [
Tprod

100 GeV ]
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Tracing the history of the Universe

GW spectra are sensitive to 
the cosmological history. 

GW frequency 

  

GW energy density 

 

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

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (

aprod

a0 )
4

⟸

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

GW frequency
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Tracing the history of the Universe

High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

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

H−1
prod

λGW ] [
Tprod

100 GeV ]
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 cosmic evolution 

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

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (

aprod

a0 )
4

⟸

What if the Universe is not 
radiation-dominated 
at high energies?
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GW spectra are sensitive to the cosmological history.
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Tracing the history of the Universe

GW spectra are sensitive to 
the cosmological history. 
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 Here the standard Hot-Big-Bang 
(radiation era @ high energies) 

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (

aprod

a0 )
4

⟸

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

frequency energy density

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

Standard 
Model 

radiation era 
at high 

energies
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Gravitational Waves from 
cosmic strings.

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

Step feature from 
intermediate matter

My few pages on GW from cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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for matter 

for radiation 

for kination

Loop formation & Scaling regime

I. Cosmic expansion:

GW emission 
(particle production 
for global strings)

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

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

String network  as 
long-standing GW sources

⇢1 / a�2

<latexit sha1_base64="qFzi8Twtc+AwiwiZ6H6W9nJormw=">AAACA3icbVDLSgMxFM34rPU16k43wSK4scyUgrorunFZwT6gMw6ZNNOGZpIhyQjDUHDjr7hxoYhbf8Kdf2PazkJbDwQO59zLzTlhwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5biVRi0sKCCdkNkSKMctLSVDPSTSRBcchIJxxdT/zOA5GKCn6ns4T4MRpwGlGMtJEC+9CTQxF4lEc6g14iRaIFRPf5WW0c2BWn6kwBF4lbkAoo0AzsL68vcBoTrjFDSvVcJ9F+jqSmmJFx2UsVSRAeoQHpGcpRTJSfTzOM4YlR+jAS0jyu4VT9vZGjWKksDs1kjPRQzXsT8T+vl+rows8pT1JNOJ4dilIGTc5JIbBPJcGaZYYgLKn5K8RDJBHWprayKcGdj7xI2rWqW69e3tYrjauijhI4AsfgFLjgHDTADWiCFsDgETyDV/BmPVkv1rv1MRtdsoqdA/AH1ucPwkSXmw==</latexit>

L / a

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

&

Peera Simakachorn (Uni. Hamburg) 28.10.2022

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

Network of cosmic strings
[Allen & Shellard, 1990]

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

Energy density of long-string network

⇢1 =
µ
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as Universe expands cosmic strings overclose!

L / a

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

⇢1 / a�2

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

(where L is the correlation length)
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Cosmic string ≡ topological defects from 
spontaneous-symmetry-breaking [Kibble, 1976] 

Network of cosmic strings
[Allen & Shellard, 1990]

String’s core ≪ horizon size 1D classical object with tension 
(Nambu-Goto string)
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Cosmic strings:
Long-lasting source of GW 
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Cosmic string ≡ topological defects from 
spontaneous-symmetry-breaking [Kibble, 1976] 

Network of cosmic strings
[Allen & Shellard, 1990]

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

string tension:
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Higher f ⇔ Earlier emission 

smaller loop ⇔ higher oscillation f 
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Standard Cosmology
Radiation Era → Matter Era

Higher f ⇔ Earlier emission
GW emission:
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smaller loop ⇔ higher oscillation f

RD: asymptotically flat
MD: peak

Spectral shape:

(from the red-shift behavior of GW)

t1 < t2
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Evolution of Universe

Power of GW radiation per loop  
estimated by quadrupole formula 
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Loop Decay & GW Production
Leads to GW power spectrum

P
GW

= �dE
loop

dt
= �Gµ2
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Figure 2: GW spectrum from the scaling cosmic-string network evolving in a standard cos-
mology. Contributions from GW emitted during radiation and matter eras are shown with red
and green dashed lines respectively. The high-frequency cut-o↵s correspond to either the time of
formation of the network, c.f. Eq. (2), the time when friction-dominated dynamics become irrel-
evant, c.f. App. D.4, or the time when gravitational emission dominates over massive particle
production, for either kink or cusp-dominated small-scale structures, c.f. Sec. 3.1. The cut-o↵s
are described by Heaviside functions in the master formula in Eq. (26). In App. B.6, we show
that the slopes beyond the high-frequency cut-o↵s are given by f�1/3. Colored regions indicate
the integrated power-law sensitivity of future experiments, as described in app. H.
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evolution of the universe

(long-lasting sources).
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Standard Cosmology

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

Gouttenoire, Servant, PS 

Network formation

We can do both local and global strings.

Gμ = 10−10

Gravitational Waves from cosmic strings.

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

UV cut-offs from 
particle productions 

or frictions

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

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

Gouttenoire, Servant, PS 

Metastable cosmic-string 
(network decay)

Gravitational Waves from cosmic strings.

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

Cosmic-string peak 
string decay + particle production

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

[Simakachorn]
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Effect of non-standard cosmology on the GW 
spectrum.

67



Peera Simakachorn (Uni. Hamburg) 28.10.2022 14

scale factor a

SM radiation ρtot ∝ a −4

cosmological evolution today

inflation

To
ta

l e
ne

rg
y 

de
ns

ity
 

 o
f 
th

e 
U

ni
ve

rs
e 

ρ to
t=

E4

BBN  MeV∼

Standard cosmological history

Standard cosmological history

6868



Impact of the cosmological history on 
Gravitational Waves:

69

[2111.01150][1912.02569] 
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Requirements for the successful intermediate kination era

2. Large initial scalar VEV ⟨ϕ⟩ ≫ fa

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

U(1)

⟨ϕ⟩ = fa

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

U(1)

4. Radial damping mechanism

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

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

[Gouttenoire, Servant, PS, 2108.10328 & 2111.01150] 
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1. Kination energy scale 
EKD = ρ1/4

KD

 Ωpeakh2 ≈ 10−12 ( Einf
1.6 × 1016 GeV )

4

[ exp(2NKD)
104 ]

Peak position for GW from inflation.

cosmic evolution

 fpeak ≈ 10 Hz ( EKD
108 GeV ) [ exp(NKD/2)
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Non-standard cosmology from rotating axions.

[Gouttenoire, Servant, Simakachorn, 2108.10328 & 2111.01150]

Amplification of inflationary GW from axion-induced kination era 
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Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 
Gouttenoire, Servant, PS 

Kination right 
after inflation

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

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

Intermediate Kination 
e.g., rotating axion

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

[Simakachorn]
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A new window of observation in the NanoHertz
with Pulsar Timing Arrays.



Pulsar timing arrays (PTAs)

Array of pulsars across the Milky Way æ GW detector of galactic dimensions!
• Look for tiny distortions in pulse travel times caused by nanohertz GWs.
• Measure times of arrival and compare to predictions from a timing model.
• Timing residuals for each individual pulsar æ GW signature in cross-correlations.

5

 Look for tiny distortions in pulse travel times 

caused by nanohertz GWs.

 
 Measure times of arrival and compare 

to predictions from a timing model.  
 

Array of pulsars across the Milky Way → GW detector of galactic dimensions!

Hellings–Downs correlations

[physicsworld.com]

Hallmark signature of a stochastic gravitational-wave background signal:
Quadrupolar correlations described by Hellings–Downs (HD) curve �

ij

(Â)
[Hellings, Downs: Astrophys. J. 265 (1983) L39]

6

Hellings–Downs curve

Pulsar Timing Arrays (PTAs) .

• Timing residuals for each individual pulsar

• → GW signature in cross-correlations between arrival times

sensitive to GW with f ≳ 1/T 

T: observation time



Constraining post-inflationary axions with 
Pulsar Timing Arrays .

[Servant, Simakachorn, 2307.03121
3
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FIG. 1. SGWB from axionic strings {?, �} (NDW = 1)
and domain walls {

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

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

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

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

L
for

domain walls (with maF
2
a = 2.6 · 1015 GeV3). The power-law

integrated sensitivity curves of GW experiments [14, 86–99]
are taken from [12, 100]. For fixed {ma, fa} values, the peak
of the DW-GW spectrum moves along the dashed line as T?

varies; see Eq. (11).

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

maFa, where
Fa = fa/NDW

, that is when the domain walls are gener-
ated, attaching to the existing cosmic strings.

For N
DW

> 1, the string-wall system is stable and
long-lived. Its decay may be induced by V

bias

, the biased
term [83–85], which could be of QCD origin [29, 39]. This
decay is desirable to prevent DW from dominating the en-
ergy density of the universe at late times. V

bias

is there-
fore an additional free parameter beyond ma and fa that
enters the GW prediction in the case where N

DW

> 1.
i) N

DW

= 1 – If only one domain wall is attached to a
string, i.e., N

DW

= 1, the string-wall system quickly an-
nihilates due to DW tension when4 H(T

dec

) ' ma [40].
The cosmic string SGWB features an IR cut-o↵ corre-
sponding to the temperature

T
dec

' 1.6 MeV


10.75

g⇤(Tdec

)

� 1
4 ⇣ ma

10�15 eV

⌘ 1
2
, (3)

associated with the frequency,

f cs

GW

(ma) ' 9.4 nHz
⇣ ↵

0.1

⌘⇣ ma

10�15eV

⌘ 1
2
. (4)

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

GW

(T
dec

), the

4 The string tension loses against the DW surface tension at time
tdec defined by [101] Fstr ⇠ µ/Rdec ' � ) Rdec ⇠ H�1(tdec) ⇠
µ/� ⇠ m�1

a where R is the string curvature, assumed to be of
Hubble size.

spectrum scales as ⌦
GW

/ f3 due to causality. Note
that for ma ⌧ 10�16 eV, the cut-o↵ sits at low frequen-
cies, and within the PTA window we recover the same
GW spectrum as the one in the limit ma ! 0. Our
analysis applies the numerical templates of the global-
string SGWB – covering the ranges of fa and T

dec

priors.
We calculated these templates numerically by solving
the string-network evolution via the velocity-dependent
one-scale (VOS) model [62, 102–105] and calculating the
SGWB following Ref. [12].
ii) N

DW

> 1 – Attached to a string, N
DW

walls bal-
ance among themselves and prevent the system from col-
lapsing at H ' ma [40, 106]. The domain-wall network
later evolves to the scaling regime where there is a con-
stant number of DW per comoving volume V ' H�3.
The energy density of DW is ⇢

DW

' �H�2/V ' �H and
it acts as a long-lasting source of SGWB [83, 107–112];
cf. [113] for a compact review. The network red-shifts
slower than the Standard Model (SM) radiation energy
density and could dominate the universe. The biased
term V

bias

– describing the potential di↵erence between
two consecutive vacua – explicitly breaks the U(1) sym-
metry and induces the pressure on one side of the wall
[8, 83]. Once this pressure overcomes the tension of the
wall5, the string-wall system collapses at temperature,

T? ' 53MeV


10.75

g⇤(T⇤)

� 1
4

"
V

1
4
bias

10MeV

#
2 

GeV

ma

� 1
2

106GeV

fa/NDM

�
.

(5)

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

↵? ⌘ ⇢
DW

/⇢
tot

(T?) ' �H/(3M2

Pl

H2(T?)),

' 4 · 10�4


10.75

g⇤(T?)

� 1
2 h ma

GeV

i fa/NDW

106GeV

�
2


50MeV

T?

�
2

.

(6)

The energy density emitted in GW is [79]

⇢
GW

/⇢
tot

⇠ 3

32⇡
✏↵2

? (7)

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

h2⌦dw

GW

(f
GW

) '7.35 · 10�11

h ✏

0.7

i g⇤(T?)

10.75

� 
10.75

g⇤s(T?)

� 4
3

⇥

⇥
⇣ ↵?

0.01

⌘
2

S
✓
f
GW

fdw

p

◆
(8)

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

Stochastic GW background  from axionic strings {⋆, ♠} & domain walls {⊕ ︎, ♣}

For fixed {ma,fa} values, the 
peak of the DW-GW spectrum 
moves along the dashed line. Domain walls decay at T⋆ = {128 MeV, 102 GeV} for { ︎⊕, ♣}). 

Best-fitted spectra to PTA data: ⋆ for global strings 

(corresponding to {fa, ma} ≃ {9.9 · 1015 GeV, 4.8 · 10−15 eV}) 
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FIG. 2. left: The SGWB spectra from global strings and domain walls + SMBHBs, providing the best-fits to the PTA data
and corresponding to {fa,ma} ' {9.9 · 1015 GeV, 4.8 · 10�15 eV} for global strings and maF

2
a = 2.6 · 1015 GeV3 for domain

walls (in violins, taken from [5]). middle and right: 1� (dark blue) and 2� (light blue) regions of the likelihood of the global-
string/domain-wall parameters, assuming the template of global-string/domain-wall + SMBHB backgrounds. The gray region
is excluded due to too strong GW signals from global strings/domain walls that are in conflict with PTA data.

where the normalized spectral shape is,

S(x) = (3 + �)�/(�x� 3
� + 3x

�
� )�. (9)

The f3-IR slope is dictated by causality, the UV slope
f� is model-dependent, and the width of the peak is �.
The peak frequency corresponds to the DW size at H?,
i.e., the horizon size f?

GW

⇠ H�1 [111]. Its value today
reads,

fdw

p

' 1.14nHz


g⇤(T?)

10.75

� 1
2


10.75

g⇤s(T?)

� 1
3


T?

10MeV

�
. (10)

From Eqs. (6), (8), and (10), each value of maf
2

a corre-
sponds to a degenerate peak position of the GW spec-
trum,

h2⌦dw

GW

(fdw

p

) '1.2 · 10�10

h ✏

0.7

i g⇤(T?)

10.75

�
3


10.75

g⇤s(T?)

� 8
3

⇥

⇥
h ma

GeV

i
2


fa

106GeV

�
4


nHz

fdw

p

�
4

, (11)

which are shown as the dashed-line in Fig. 1.
The DW can decay into axions, which either behave

as dark radiation or decay into SM particles. When
DW decay into dark radiation, the �N

e↵

puts a bound
↵? . 0.06 [43], i.e., the peak of GW spectrum has
h2⌦

GW

. 10�9 (which cannot fit the whole 14 bins of
NG15 data). As ↵? controls the amplitude of the GW
spectrum (8), we consider a larger range of ↵?, up to
↵? = 1 when the energy density of DW starts to domi-
nate the universe. To get around the �N

e↵

bound, we
will therefore consider the case where the axions pro-
duced by domain walls eventually decay into SM parti-
cles.

In this paper, we confront the most recent PTA data
to both cases: i) N

DW

= 1 where the SGWB in the PTA
range dominantly comes from the cosmic strings, and ii)
N

DW

> 1 where the SGWB in the PTA range comes from

the domain walls. These two cases correspond to axions
of two utterly di↵erent mass ranges. For case i), the
cosmic strings live long; that is, ma is small. Instead, the
case ii) corresponds to the large ma region. We compare
the GW spectra in Fig. 1 for di↵erent benchmark points.
Their location in the ma, Fa plane is shown in Fig. 3.
Searching and constraining SGWB with PTA.–

This work analyses the recent NG15 data set [115] cov-
ering a period of observation T

obs

= 16.03 years [1].
From the pulsars timing residuals, the posterior prob-
ability distributions of the global-string and domain-wall
model parameters are derived. We consider 14 frequency
bins of NG15 data, where the first and last bins are at
1/T

obs

' 1.98 nHz and 14/T
obs

' 27.7 nHz, respectively.
The analysis is done by using ENTERPRISE [116, 117] via
the handy wrapper PTArcade [41, 42]. The priors for the
model parameters are summarized in Tab. I in Appendix
A. We refer readers to [5] for a short review of Bayesian
analysis.
This work considers the SGWB in the two scenarios

discussed above, together with the astrophysical back-
ground. Fig. 2-middle and -right show the 68%-CL (or
1�) and 95%-CL (or 2�) in dark and light blue re-
gions, respectively. We obtain the best-fit values fa =
9.87+2.67

�2.02 ·1015 GeV and T
dec

= 3.50+2.44
�1.48 MeV for global

strings, and ↵? = 0.114+0.060
�0.033 and T? = 128+55

�33

MeV for
domain walls. The global-string and domain-wall SGWB
are preferred over the SMBHB signal implemented by
PTArcade, as suggested by their Bayes Factors (BF)
larger than unity (BF

cs

= 26.0, BF
dw

= 44.7) when
compared to the SMBHB interpretation; cf. Eq. (9) of
[5]. We show the best-fitted spectra for these two new-
physics cases in Fig. 2-left. Translating into axion pa-
rameters via Eq. (3) and (6), the best fits correspond to
{fa,ma} = {9.87 · 1015 GeV, 4.78 · 10�15 eV} for global
strings andmaF

2

a = 2.6·1015 GeV3 for domain walls. For
completeness, we show the case without the SMBHB con-
tribution in App. B. Because the two new-physics cases
explain the data well by themselves, we see that the 1�

Constraints from NANOGrav-15 years.
[Servant, Simakachorn, 2307.03121

 Best-fitted spectra to PTA data: 

Domain walls decay  T⋆ = 128 MeV, maFa2 = 2.6 · 1015 GeV3 

Global strings {fa, ma} ≃ {9.9 · 1015 GeV, 4.8 · 10−15 eV}) 
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and ALP overabundance (13) in the shaded grey region. Fa = fa/NDW. The comparison with experimental bounds uses
g✓�� = 1.02↵EM/(2⇡Fa) ⇡ 2.23 · 10�3/Fa for the relation between the photon coupling and Fa, as motivated by KSVZ models.
The recent PTA data [1] excludes the green small-ma region due to cosmic-string SGWB (NDW = 1). It also potentially
excludes the high-ma region due to domain-wall SGWB for NDW > 1, depending on the value of T?. The other green band
at large ma is the region that can be constrained by PTA if T? varies in the range MeV < T? < 302 MeV, as illustrated in
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L
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correspond to the domain-wall SGWB, whose spectra are shown in Fig. 1.
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and 2� regions of Fig. 2 match those without the SMBHB
in Fig. 5. The values of the best fits, given in App. B,
only change slightly.

Although the two scenarios could by themselves ex-
plain the signal, this work aims at setting bounds on
the model parameter space that is associated with a too
strong SGWB in conflict with the NG15 data. Follow-
ing [5], we identify excluded regions of the new-physics
parameter spaces by using the posterior-probability ra-
tio (or K-ratio). Specifically, the excluded gray regions
in Fig. 2-middle and -right correspond to the areas of
parameter spaces where the K-ratio between the com-
bined new-physics+SMBHB and the SMBHB-only mod-

els drops below 0.16, according to Je↵rey’s scale [118],
due to a too-strong SGWB from the new-physics model.
We emphasize that the values of the BFs strongly de-
pend on the modeling of the SMBHB signal as it is the
ratio of evidence of the considered model and the SMBHB
template. However, the constrained regions depend only
slightly on it [5]. Now we discuss, in turn, the NG15
constraints for each case.
Result i) N

DW

= 1, implications for light ax-

6 i.e., the new-physics contribution makes the overall signal
strongly disfavored by the data

Constraining post-inflationary axions with Pulsar 
Timing Arrays .

[Servant, Simakachorn, 2307.03121



Axion cosmology: rich phenomenology still to be explored. 
Huge parameter space (axion mass, axion decay constant)
Many experimental probes: 
laboratory (haloscopes, helioscopes, light-shining-through-the-
wall experiments), 
astronomical observations (gravitational lensing), 

Cosmological solutions to the Higgs hierarchy problem:
e.g. relaxion: Higgs-axion  cosmological interplay. 
New paradigm, new opportunities.

Conclusion.

Gravitational waves: complementary probes of
Axion physics (its early universe dynamics, before/during/after 
inflation)



Extra material.
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axion: particularly motivated by Strong CP problem

Strong CP pb:
 Why is the neutron electric dipole moment (EDM) so small?

�

n p

⇡± ⇡±

n

FIG. 3: The Feynman diagram giving the leading-order contribution to the neutron eDM.

where p (p0) is the incoming (outgoing) momentum of the neutron, and q is the incoming momentum of the photon.
Anticipating that ✓ is small, we have performed a Taylor series in ✓ as well as taken the leading-order piece in q.
⇤ ⇠ 4⇡f⇡ is the UV cuto↵ of our theory of pions.

Let us now pretend that the neutron has an eDM in the Lagrangian,

L � dnFµ⌫n�µ⌫i�
5

n. (37)

This would correspond to a diagram with the matrix element

iM = 2dn✏⇤
µ(q)u(p0)�µ⌫q⌫i�5u(p). (38)

Comparing this with Eq. 36, we see that

dn =
e✓gAc

+

µ

8⇡2f2

⇡

log
⇤2

m2

⇡

⇠ 3 ⇥ 10�16 ✓ e cm. (39)

Finally, comparing dn to the bounds on the neutron eDM gives

✓ . 10�10 (40)

To show that these results are correct, we can perform an important check that the potential depends exclusively
on ✓ as defined in Eq. 30. To see that ✓ is the only physical quantity, we remind the reader of the QCD Lagrangian

L � muei✓uuuc + mde
i✓dddc +

✓g2s
32⇡2

GG̃. (41)

Two anomalous symmetries constrain the theory :

u ! ei↵u, ✓u ! ✓u � ↵, ✓ ! ✓ + ↵ (42)

and

d ! ei↵d, ✓d ! ✓d � ↵, ✓ ! ✓ + ↵. (43)

These anomalous symmetries are simply a reflection of how you’re defining your quarks, so any physical quantity
is invariant under these anomalous symmetries. It is easy to see that the only invariant quantity is ✓ and thus any
physical answer can only depend on ✓.

Unfortunately, the Strong CP literature is often not clear about ✓ versus ✓. People (this author included) will
often be sloppy in their notation and simply write ✓ when they mean ✓. While I will try to be careful in this review,
the reader should be alert in general and use context to determine if the author means ✓ or just ✓.

IV. THE ✓ VACUA

In this section, we are motivated by two confusing puzzles whose solutions lie in what is known as the ✓ vacua.
The first is the following statement : If we start with the Lagrangian
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can be beautifully solved by introducing an axion.

 where

80



Peera Simakachorn (Uni. Hamburg) 28.10.2022 95

Equation of motion of complex scalar field in the expanding Universe

For homogeneous field, these are Kepler problem: 

<latexit sha1_base64="FY+Bt4IDW3Z/+Eve2Hs5kaHouLE="></latexit>

�̈+ 3H�̇+ V 0(�) = �✓̇2

<latexit sha1_base64="zZthDEGZM+IpyHXQ7VGp4KNDh2w="></latexit>

✓̈ + 3H ✓̇ = �2
�̇

�
✓̇
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� = �ei✓with

conservation of charge (angular momentum):

coriolis force
centrifugal force

<latexit sha1_base64="c5VYiheOavRNY07YMVZwIfbbBRQ="></latexit>

d

dt
(a3�2✓̇) = 0

Equation of motion of complex scalar field 
in expanding universe .
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I. -conserving potential 
(quadratic) 

with a minimum   

U(1)

fa

  
II. explicit breaking term 
(e.g.  is not exact 

at high scales.)

∝ cos(lθ)

U(1)

stabilization 
i.e., at large |Φ |

Ingredients 1 & 2 : scalar potential

(motivated by supersymmetric setups)

By adding a negative Hubble mass 

  

 is driven away from  at early times ( )  
(e.g. Dine, Randall, Thomas, 1995, Fujita & Harigaya 1607.07058)

VH(Φ, H) ⊃ − cH2 |Φ |2

ϕ ϕ = 0 H ≫ mr

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 ( c
λ2 ⋅ mr

MPl )
1/(l−2)

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
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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

Rotating axion .

8383

“Kination cosmology” (Gouttenoire et al, ’21)



Model-independent kination from spinning axion

To
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ρtot

scale factor a

inflation

PQ scalar  
or axion

Φ

SM radiation

kination era

Kination energy scale 

KE1/4 ≡ EKD = ·θfamatter era

Duration: e-foldings NKD

are characterized by 
(given the spontaneous symmetry-breaking scale ) fa

1. kination energy scale  
(the spinning speed of axion  when kination starts)

EKD = ·θfa
·θ

2. the duration of kination era   
(related to the beginning of the matter era)

NKD = log(astart /aend)

cosmological evolution

6

circle of ϕ = fa

θ

Kination from a rotating axion .



Summary of this part.

moves the ALP Dark Matter window into testable territory. 

QCD axion DM inside Iaxo sensitivity

Kinetic Misalignment Mechanism

Complementary observational tests

Axion cosmology: Rich spectrum of possibilities, role of radial mode of the 
complex scalar field!

Much denser compact axion dark matter halos

8585

Gravitational waves from a rotating axion 
(alluded to in the last part of this talk)

85



3 terms:

“Kicking” term via mixing with other axions:
K.Choi and S.H.Im 15

D.Kaplan,R.Rattazzi 15

Generate two cos-terms with different decay-constants, f and F, with F≫f

cos(�/F ) h2
cos(�/f)

1 2 3 4

-1.0

-0.5

0.5

1.0

1 2 3 4

-1.0

-0.5

0.5

1.0

relaxion rolling 
potential  

(breaks the shift symmetry)

relaxion-dependent 
Higgs mass

Backreaction sector

slope for Φ to move 
forward

Φ scans the Higgs mass barrier stopping  Φ when 
<h> turns on

gigantic number of e-folds Ne nor a small Hubble rate during inflation HI);

• sub-Planckian field excursions for the relaxion;

• the barriers of the relaxion periodic potential are independent from the Higgs
vacuum expectation value;

The plan of the paper is the following. In Section 2, we discuss the general condi-
tions for realizing the relaxion mechanism after inflation. In Section 3, we discuss the
conditions for using particle production as friction instead of inflation. We consider
first Higgs particle production and then gauge boson production. In Section 4, we
present the induced relaxion couplings to photons and fermions. Section 5 lists all
requirements and summarizes the result of the combination in terms of constraints
on the cutoff scale and relaxion coupling to the Higgs. The relaxion properties are
presented in Section 6. We then consider in Section 7 the phenomenological, cosmo-
logical (relic abundance and Big Bang nucleosynthesis) and astrophysical constraints
and determine the parameter space where a successful implementation is realised. We
conclude in Section 8. The equations of motion for the Higgs, relaxion and the gauge
bosons are reproduced in Appendix A, with a display of their numerical solutions.

2 General conditions for relaxation after inflation

The scalar potential for the Higgs h and relaxion � fields reads:

V (�, h) = ⇤

4 � g⇤3�+

1

2

��⇤

2

+ g0⇤�
�
h2

+

�

4

h4

+ ⇤

4

b cos

✓
�

f 0

◆
, (2.1)

where ⇤ is the cutoff scale up to which we want to solve the hierarchy problem
using the relaxion. The relaxion � is an axion-like field with decay constant f 0. The
dimensionless couplings g and g0 are assumed to be spurions that quantify the explicit
breaking of the axion shift symmetry, and ⇤b is the scale at which the � periodic
potential is generated. The term ⇤

4 cancels the final value of the cosmological
constant and corresponds to the usual tuning of the cosmological constant.

We want the scanning of the Higgs mass parameter to occur when the inflaton
is a subdominant component of the energy of the universe so as to decouple the
relaxation scenario from inflation. For that, a crucial difference with respect to
the original relaxion scenario [1] is that we start in the broken electroweak phase,
where the Higgs mass parameter in the Higgs potential is large and negative [10].
Another important difference is that that the amplitude ⇤

4

b of the cosine potential is
constant and does not depend on the Higgs vacuum expectation value.2 We require

2The existence of large barriers was also present in the double scanning mechanism of the CHAIN
model presented in [2].

– 4 –

Higgs and axion-like interplay.

86

-



g<<1,  breaks the shift symmetry

� ! �+ c𝝠b

� ! �+ 2⇡f
� ! ��

respects 

Potential stable under radiative corrections!

Higgs (h) and axion-like (𝝓) interplay.



Technical naturalness

V(H,Φ) is radiatively stable



1000 104 105 106 107 108 109
10-50

10-41

10-32

10-23

10-14

10-5

M HGeVL

g

no classical rolling
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Figure 1: Schematic parameter space in the three main non-supersymmetric relaxion models.
See [2] for the derivation of the constraints on the parameter space.
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g
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4
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Table 1: Summary of parameter values in the three non-supersymmetric relaxion models.

potential terms of the type

V ⇠ A cos(
�

feff

) + B cos(
�

feff

)h2 + C(h) cos(
�

f
), feff ⇠ e⇣Nf � f (7)

In this context, both the slope responsible for the rolling of the relaxion and the �-dependent
Higgs boson mass term do not come from an explicit breaking of the discrete shift symmetry
of the relaxion.

The relaxation mechanism then remains the same as the original one. It is conceivable
that one could combine this construction with [2] to address as well the coincidence problem
[20].

We will see whether similar structures can be made manifest in axion monodromy string
constructions.

2.3 Realizing the Higgs

Our discussion will be centered on the justification of the second term in (1). On the other
hand, we should also try to see how to couple the relaxion to the Higgs.

6

Choi, Im’15  
Kaplan, Rattazzi’15

Concerns about V(h,Φ) ?

Relaxion potential may be obtained without breaking of 
shift symmetry but with hierarchy of decay constants, 
e.g. “clockwork axion”

Is this natural ?—> multiple axion models

“Kicking” term via mixing with other axions:
K.Choi and S.H.Im 15

D.Kaplan,R.Rattazzi 15

Generate two cos-terms with different decay-constants, f and F, with F≫f

cos(�/F ) h2
cos(�/f)

1 2 3 4
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but leads to                          due to the tilt of the potential! ✓QCD ⇠ 1

Origin of

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

?

n=1: axion term from QCD condensate:

mu(h)hqq̄i cos(�/f)

⇤c = ⇤QCD

P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

but leads to θQCD~1 due to the tilt !

it must be arranged such that at the end of inflation, the tilt disappears

one gets: Λ≲30 TeV (1000 TeV if the tilt changes sign) (HI ~10-9 GeV)

Problem solved if the tilt disappears at the end of 
inflation but one can then only explain a little 

hierarchy:

Origin of
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taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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but leads to θQCD~1 due to the tilt !

it must be arranged such that at the end of inflation, the tilt disappears

one gets: Λ≲30 TeV (1000 TeV if the tilt changes sign) (HI ~10-9 GeV)

Origin of back-reaction term. 
Could the relaxion be the QCD axion?

From QCD condensate ⇤c = ⇤QCDb

Christophe Grojean BSM CERN, July 2015

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g

Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.
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but leads to θQCD~1 due to the tilt !

it must be arranged such that at the end of inflation, the tilt disappears

one gets: Λ≲30 TeV (1000 TeV if the tilt changes sign) (HI ~10-9 GeV)

can be rotated away 
and replaced by 



Introduce a new confining hidden gauge group, 

�

f
G0

µ⌫G̃
0µ⌫Similarly to QCD, the anomalous interaction term

can be rotated away by a chiral rotation for N , and replaced by the term 

mNei�/f ¯NN + h.c ! ⇤

3mN cos(�/f) hN̄Ni ⇠ ⇤3where

L

N N

�

H
g

H H

L

N N

N N

NN

L L

H

H

Figure 4: Left: Diagram generating �NN at the radiative level. Middle: Diagram con-

tributing to the coupling NN |H|2. Right: Diagram generating an O(✏2) contribution to

(NN)2.

Under the SU(2)L⇥U(1)Y SM group, L has the quantum numbers of a lepton doublet, while

N is a singlet. We assume that the SU(N) gauge sector becomes strongly-coupled at the

scale ⇤. A key ingredient of the model is the presence of a specific set of mass and interaction

terms for the fermions that break the accidental global symmetries. We assume that the L

and N fields have Dirac masses (here and in the following we neglect O(1) parameters):

Lmass = ⇤LL+ ✏⇤NN , (35)

and couplings to the SM Higgs given by

LY uk =
p
✏LHN + h.c. . (36)

Finally, interaction terms of the singlet N to the � and � fields are included with couplings

of order ✏g and ✏g� respectively

LN = ✏g�NN + ✏g��NN . (37)

As can be seen from the Lagrangian above, we have associated to each N field a coupling
p
✏ ⌧ 1. In the limit ✏ ! 0 the theory acquires an additional chiral invariance (broken only

by the axial anomaly). It is interesting to notice that even if we do not introduce in the

Lagrangian the coupling of the � field to N , it is nevertheless generated at the radiative level

due to the presence of the g⇤�|H|2 coupling in the e↵ective Lagrangian, as shown by the

left diagram of Fig. 4.

We also assume that the � field interactions are invariant under a shift-symmetry, � !
�+ c, up to the explicit breakings due to g, and an anomalous interaction term

�

f
G0

µ⌫
eG0µ⌫ , (38)

21

mN ⇠ y2|H|2/mL
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A Origin of the backreaction term

Here we discuss the simple UV completion which leads to Higgs-dependent barriers
for the relaxion potential used in Section 3. Let us assume that the relaxion couples
to the field strengths G eG of a new strongly interacting gauge group, and that new
fermions L, Lc, N, N c are charged under this group. Under the Standard Model gauge
group, the fermions L, Lc have the same quantum numbers as left- and right-handed
leptons respectively, while N, N c are singlet. The Lagrangian of this model is:
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With a chiral rotation of the new fermion phases, the last term can be cancelled and
the field � appears as a phase in the mass terms. Let us assume that m
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is the confinement scale. Integrating out the L fermions one gets
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|H|2
m

L

◆
NN c

cos

�

f
. (A.2)

Below the confinement scale, one can replace NN c with hNN ci = 4⇡f 3

⇡

. After EW
symmetry breaking, the Higgs can be expanded as H = hhi+h, where we denote by
hhi the Higgs VEV. Hence
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2hhih
m

L

◆
(4⇡f 3

⇡

) cos

�

f
(A.3)

The mass m
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contains a tree level term and a loop correction,
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Predictions: weak-scale fermions L accessible at colliders.

The key point is that the third term in (A.3) generates, when closing the Higgs loop,
a contribution to the relaxion potential. This loop has a natural cut-off at 4⇡f
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. The
potential is then
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Finally, we impose that the wiggles are dominated by the term proportional to the
Higgs VEV hhi2. The tree level mass m0

N

can be set to 0, while comparison with the
other terms give
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The scale f
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must be below the EW scale, while m
L

can go up to the TeV. This
strongly constrains the model, because the N, L fermions (or at least one of them)
are charged under the Standard Model, and cannot be too light. On the other hand,
this feature makes the model testable. Experimental bounds on this model have been
discussed in [23]. The backreaction term thus reads V
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or, using our notation ⇤
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. (A.9)

B Stopping condition for Higgs-dependent wiggles

In this Appendix, we discuss the stopping condition of the relaxion in the case of
Higgs-dependent barriers and negligible particle production. For this, let us solve
the following equation of motion:
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We consider the evolution from the time when EW symmetry gets broken and we
assume that the Higgs field always tracks its VEV at the minimum of its potential
such that ⇤
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|H|2
m

L

◆
NN c

cos

�

f
. (A.2)

Below the confinement scale, one can replace NN c with hNN ci = 4⇡f 3

⇡

. After EW
symmetry breaking, the Higgs can be expanded as H = hhi+h, where we denote by
hhi the Higgs VEV. Hence

L = �
✓

m
N

+ yỹ
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Way out: By making the envelop of the oscillatory potential field-dependent,  
one can show that there is no need for new physics at the weak scale
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5 Summary and outlook

The production of relaxion particles during the evolution of the homogeneous re-
laxion field while rolling down its potential had so far been ignored in the relaxion
literature. We showed that it can act as an efficient source of friction and eventually
stop the relaxion field. This opens parameter space for the relaxion mechanism, espe-
cially in the original implementation of the relaxion mechanism of Ref. [1]. This can
also severely reduce the parameter space in the second class of models [3, 4] where
the potential barriers are Higgs-independent and relaxation starts in the electroweak
broken phase. The parameter space comprises the cutoff scale ⇤, the relaxion cou-
pling g0, the size of the periodic potential barrier ⇤b, and, in the case where we invoke
inflation, the value of the Hubble scale during inflation HI . These parameters can
also be traded for ⇤, g0, m� and MI , where m� is the relaxion mass and MI is the
scale of inflation.

We have worked out in detail the precise regions of parameter space when the
relaxion mechanism is successful. In particular, an important question is whether
cosmological relaxation of the electroweak scale can occur without inflation, as this
clearly modifies the perspectives and constraints for model building. We have shown
that this is possible in the case of Higgs-dependent barriers. Our results are sum-
marised below.

For given values of the cutoff scale ⇤ and the relaxion coupling g0, ⇤b, there are
three ways by which a relaxion with Higgs-dependent barriers can be stopped during
an inflation era: From Hubble friction (as in [1]), from large barriers and low Hubble
friction, from relaxion particle production and low Hubble friction. These last two
cases were not considered in Ref. [1]. They correspond to distinct values of HI and
⇤b (equivalently of MI and m�). This is summarised in Fig. 3 and 4. If instead
the relaxion has Higgs-independent barriers and an additional coupling to EW gauge
bosons �W ˜W and �B ˜B, it can still be stopped during inflation, as summarised in
Fig 13.

• Relaxation via Higgs-dependent barriers [1]:

– During inflationary stage not driven by the relaxion (Section 3.1, bench-
mark points a, b, c, d). Interestingly, relaxion fragmentation opens the pa-
rameter space towards smaller inflationary scale O(100) TeV and heavier
relaxion O(1) GeV. The inflationary stage can be much shorter O(100)

e-folds. Besides, a larger range of barrier sizes are now allowed. Cutoff
scale can be as high as. The relaxation can also be stopped simply because
of larger barriers.

– Without inflation (either before or after), the relaxion may dominate or
not the energy density of the universe (Section 3.2, benchmark points
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Sec. 3, referring the reader to it for their discussion:
����
µ̇h

µ2

h

����
v=vEW

<1 () g0
⇤

˙�

2�3/2v3

EW

< 1 Higgs tracking the minimum (4.23)

g⇤

3 <
⇤

4

b

f
Large barriers (4.24)

g0
⇤(2⇡f) <

m2

h

2

Precision of the mass scanning (4.25)

f >⇤ Consistency of the EFT (4.26)
f <M

Pl

Sub-Planckian decay constant (4.27)

�� ⇡⇤

g0 Field range (4.28)

In order to constrain the parameter space, we will apply the same logic as in
Sec. 3. The free parameters are {⇤, g, g0, ⇤b, f, F, ˙�, H}. Unless otherwise specified,
we assume g = g0, and we use Eq. (4.13) to fix the scale f in terms of the other
parameters of the model.

4.1 Relaxation after inflation

Let us first consider the possibility of relaxation after inflation with the tachyonic
production of SM gauge bosons, which was discussed in [3] and, in greater details,
in [4]. In addition to Eqs. 4.13-4.28, we assume that the relaxion dominates the
energy density

H =

⇤

2

p
3M

Pl

. (4.29)

Moreover, we assume that the relaxion does not drive a secondary period of inflation,
in which the curvature perturbations generated during inflation would be erased.
Thus we impose [4]

g0 > 0.18

⇤

M
Pl

, (4.30)

where the numerical factor comes from requiring that, if a short period of relaxion-
driven inflation takes place, this does not exceed 20 efolds. A similar bound can
be obtained by imposing that the velocity ⇤

2 is smaller than the slow-roll velocity
g⇤

3/(3H), with H as in Eq. (4.29). Under this condition, it is safe to neglect Hubble
in the equation of motion for the relaxion field and its fluctuations.

Due to the constant barriers ⇤

4

b cos �/f , relaxion fragmentation is always active
in this construction, and it can slow down the field evolution at a position which is
not related to the Higgs vev. To avoid this scenario, we assume that either the effect
of fragmentation is subdominant compater to the acceleration due to the large slope,
or that, if present, the fragmentation time-scale is longer than the time needed to
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Parameter space.

can be reduced to 4 independent parameters.

limit has no relevant consequences on our study. Third, if this condition is
violated and the shift symmetry is restored after reheating, a very interesting
scenario opens up, in which the relaxion starts rolling again and is stopped
a second time when the Universe cools down and the barriers appear again.
We will not discuss this scenario here for simplicity, but we refer the reader
to Refs. [18–20] in which this scenario is analysed and many consequences are
discussed.

Parameter space

The mechanism can be described in terms of 7 free quantities:

g, g0, ⇤, ⇤
b

, f, H, ˙�
0

. (3.10)

In addition, we define the quantity em
�

:

em
�

⌘ ⇤

2

b

f
, (3.11)

which is related to the relaxion mass in a way that depends on the actual realization
of the mechanism, as we will detail in the next section. To simplify the problem, we
will assume a fixed ratio g/g0, which we will take equal 1 unless otherwise specified.
Moreover, we will relate f and ˙�

0

to the other parameters using the fact that the final
Higgs VEV should match the observed value, and choosing a sensible value for the
field velocity. Thus, the parameter space has dimension 4, and can be characterized
by g0, ⇤, ⇤

b

and one among H or f . To constrain the parameter space we adopt the
following logic. We will combine all the constraints in order to eliminate the variables
⇤

b

, H or f , and derive all the equations that constrain the variables g0, ⇤ only. In
other words, this is equivalent to projecting the 4 dimensional hypersurface to the g0,
⇤ plane. Then, we will present contours in this plane for the other free quantities,
as well as the constraints on the other variables for a few selected benchmarks.

3.1 Relaxation during inflation

We first consider the case in which relaxation happens during inflation. This is the
scenario proposed in [1], and the most studied in the literature (see Fig. 34 in App. F
for a sketch of the energy density of the universe during relaxation). We define the
slow-roll velocity

˙�
SR

⌘ g⇤

3

3H
, (3.12)
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List of conditions.

Total field excursion 
(assume Φ=0 initially)

Higgs mass scanning precision

Large barriers

microscopic origin of barriers

symmetry breaking pattern

3 Consequences I: Relaxation with Higgs-dependent barriers

We consider the original relaxion model, which was first introduced in [1] and later
studied in a large literature. In the non-QCD model in [1], the relaxion potential
features Higgs-dependent barriers that scale as2

V (�, h) = ⇤

4 � g⇤

3� +

1

2

(⇤

2 � g0
⇤�)h2

+

�

4

h4

+ ⇤

4

b

hhi2

v2

EW

cos

�

f
, (3.1)

and the initial conditions are such that the EW symmetry is initially not broken. For
the stability of the potential (3.1), the spurions should satisfy g & g0/(4⇡) since the
term ⇠ g0

⇤

3� is generated by closing the Higgs loop in the third term in Eq .(3.1).
The initial condition must be such that µ2

h

= (⇤

2 � g0
⇤�) ⇡ ⇤

2, and we assume
˙�
0

> 0. Electroweak symmetry breaking happens for � ⇡ ⇤/g0. After this point, the
Higgs VEV hhi grows up to its final value vEW.

Loop effects generate a Higgs-independent amplitude for the cosine, such that
there are small constant wiggles during the whole field excursion (see for details
App.A). In this paper we work in the regime in which the potential has local minima.
We postpone the study of fragmentation from wiggles that do not generate local
minima to future investigation.

List of conditions

There are a number of conditions that we will need to assume for a successful relax-
ation mechanism. We start by listing the ones that do not depend on the embedding
of the mechanism in the cosmological history, which we will discuss later.

• Initial conditions and total field excursion: First of all, to avoid fine-
tuning in the initial conditions, the total field excursion of the relaxion must
be larger than ⇤/g0, so that the Higgs mass can scan the range from the cut-off
down to the EW scale. For definiteness, we assume that initially � = 0, so that

�� =

⇤

g0 . (3.2)

• Precision of the mass scanning: In order not to overshoot its measured
value m2

h

, the scanning of the Higgs mass should happen with enough precision.
2This notation does not coincide with the one of [1], where the barriers are denoted by ⇤

4
cos�/f

with ⇤ / hhin, nor with [2], which writes ✏⇤4�n
c hhin. The notation (3.1) makes it clear that the

barriers are proportional to hhi2 and that ⇤b is the size of the barrier once the Higgs has reached
its stopping point with hhi = vEW. Thus, ⇤b is not the confinement scale nor a parameter of the
Lagrangian. It is determined by the dynamics of the stopping mechanism, and it depends on the
initial relaxion velocity and on the measured value of vEW. ⇤b is one of the parameters we are
scanning over in our various contour plots.
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Thus we impose

g0
⇤(2⇡f) <

m2

h

2

. (3.3)

• Large barriers: After the Higgs has grown to vEW, the barriers should be
large enough to prevent the field from further rolling down, despite the slope
�g⇤

3. Imposing that V 0 > 0 for some values of � > ⇤/g0 we get

⇤

4

b

f
� g⇤

3 . (3.4)

• Symmetry breaking pattern: In the Lagrangian of Eq. (2.1), the scale f

should be thought as the scale of spontaneous breaking of a global symmetry,
whose Goldstone boson is the relaxion. The spurious g and g0 control the
explicit breaking of the residual shift symmetry, as well as the Higgs mass
parameter. For the consistency of this picture, we impose

f > ⇤. (3.5)

• Microscopic origin of the barriers: The last term in Eq. (2.1) must orig-
inate from the interaction of some field charged under the Standard Model
gauge group and under the relaxion global symmetry. Explicit examples of
such a kind were proposed in [1] and [15]. A general feature of these construc-
tions is that the term ⇤

4

b

hh2i/v2

EW cos �/f is accompanied by the similar term
⇤

4

b

h2/v2

EW cos �/f by which the Higgs interacts with �. Closing a Higgs loop, a
constant term is generated, which must be subdominant compared to the pre-
vious one. The actual size of this term is model dependent, and we will here
assume that the model discussed in Appendix A is realized. Thus we impose

⇤

b

<
p

4⇡vEW . (3.6)

Notice that this condition will turn out to be important in determining the
upper bound on the cut-off of new physics, and thus weakening it will result
in a larger allowed parameter space. Nonetheless, in the simplest explicit UV
constructions, Eq. (3.6) has the correct numerical coefficient up to O(1) factors.

• Higgs field tracking the minimum of its potential: After EW symmetry
breaking, the evolution of the Higgs field should follow closely the minimum
of the potential, otherwise after the relaxion stops the Higgs would continue
growing. If we denote by v the minimum of the potential during the relaxion’s
evolution, we want hhi = v. This happens if the evolution of v is adiabatic, i.e.
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During inflation, the relaxion slow-rolls thanks to the large inflationary Hubble fric-
tion, which is dominated by some sector other than the relaxion. We thus assume

H >
⇤

2

p
3M

Pl

. (3.13)

Moreover, the symmetry breaking pattern that leads to the Lagrangian Eq. (2.1)
requires

H < f, (3.14)

and
H < ⇤ . (3.15)

Finally, the evolution should be dominated by the classical rolling of the relaxion
field and not by the quantum fluctuations:

˙�
SR

H
>

H

2⇡
. (3.16)

After EW symmetry breaking, wiggles turn on in the relaxion potential and the
relaxion stops as soon as the relaxion’s kinetic energy is smaller than the potential
barriers. Under the slow-roll assumption, one neglects the first term ¨� in Eq. (2.4),
and therefore, if the effect of quantum fluctuations is small, the relaxion stops as soon
as V 0

= 0, which requires sufficiently large barriers after EW symmetry breaking.
This is the stopping condition used in [1]. There is an underlying assumption behind
this reasoning, which is that the time scale to roll over one wiggle is much larger than
a Hubble time. As we discuss here, there are actually more stopping possibilities.
Depending on the strength of Hubble friction and on the velocity of the relaxion
field, the relaxion can stop at three different times corresponding to three different
stopping conditions and three separate regions in parameter space, whose projection
in the (⇤, g0) plane is shown in Fig. 2. For each benchmark point a, b, c, d, the
constraints in the (⇤

b

, H
I

), (⇤
b

, f) and (em
�

, f) planes are shown in Fig. 4. We define
these regions below:

1. Hubble friction (GKR): If Hubble friction is strong, and in particular if it takes
longer than about a Hubble time for the relaxion to roll a distance between two
consecutive maxima of the potential, i.e �t

1

� H�1, where �t
1

is the time to
cross one wiggle, then the slow-roll approximation is always valid. However,
the velocity is not well approximated by the average slow-roll velocity defined
in (3.12) but by the instantaneous slow-roll velocity

�V 0/(3H).

Physically, this happens because Hubble friction has enough time to modify the

– 13 –
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Gravitational-wave observatories.

97



LISA configuration 

10�4 Hz < f < 1 Hzfrequency range of detection:

it is a survey instrument: no pointing 
continuous sky observation  
best angular resolution for high SNR sources: 1deg2

LISA configuration 

10�4 Hz < f < 1 Hzfrequency range of detection:

it is a survey instrument: no pointing 
continuous sky observation  
best angular resolution for high SNR sources: 1deg2

LISA (Laser Inteferometer Space Antenna)
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Pulsar timing arrays (PTAs)

Array of pulsars across the Milky Way æ GW detector of galactic dimensions!
• Look for tiny distortions in pulse travel times caused by nanohertz GWs.
• Measure times of arrival and compare to predictions from a timing model.
• Timing residuals for each individual pulsar æ GW signature in cross-correlations.

5

 Look for tiny distortions in pulse travel times 

caused by nanohertz GWs.

 
 Measure times of arrival and compare 

to predictions from a timing model.  
 

Array of pulsars across the Milky Way → GW detector of galactic dimensions!

Hellings–Downs correlations

[physicsworld.com]

Hallmark signature of a stochastic gravitational-wave background signal:
Quadrupolar correlations described by Hellings–Downs (HD) curve �

ij

(Â)
[Hellings, Downs: Astrophys. J. 265 (1983) L39]
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Hellings–Downs curve

Pulsar Timing Arrays (PTAs) .

• Timing residuals for each individual pulsar

• → GW signature in cross-correlations. between arrival ti


