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Outline

• Axion periodicity and a natural coupling scale

• Hierarchies of axion couplings in cosmology

• Hierarchies from the axion landscape

• Conclusions
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Axion / Axion-Like Particle (ALP)

i) à Axion can be naturally light. 
ii) à Natural size of axion couplings is determined by 𝑓!.

i) Approximate shift symmetry :

ii) Periodicity :
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Axion periodicity
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Canonical normalization

• Axion from a complex scalar field

i)  Approximate shift symmetry from an accidental global U(1):
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ii) Lagrangian must be invariant under 
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“Exact” discrete symmetry
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Axion periodicity

• Axion from a higher dimensional p-form field
Our brane

Extra dimension

R
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Natural coupling scale from the axion periodicity
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DM-like

waves, PPTA offers the opportunity for direct searches for fuzzy dark matter in an astrophysically feasible
range of masses. We analyze the latest PPTA data set which includes timing observations for 26 pulsars
made between 2004 and 2016. We perform a search in this data set for evidence of ultralight dark matter in
the Galaxy using Bayesian and Frequentist methods. No statistically significant detection has been made.
We, therefore, place upper limits on the local dark matter density. Our limits, improving on previous
searches by a factor of 2 to 5, constrain the dark matter density of ultralight bosons with m ≤ 10−23 eV to
be below 6 GeV cm−3 with 95% confidence in the Earth neighborhood. Finally, we discuss the prospect of
probing the astrophysically favored mass rangem ≳ 10−22 eVwith next-generation pulsar timing facilities.

DOI: 10.1103/PhysRevD.98.102002

I. INTRODUCTION

Dark matter, a concept established in the early 1930s for
the purpose of explaining the observed enigmatic dynamics
of disk galaxies and motion of galaxies in clusters [1–3], is
nowadays considered to be an essential ingredient of the
Universe. It is instrumental in explaining a wide range of
astrophysical phenomena, such as strong gravitational
lensing of elliptical galaxies [4], the dynamics of interact-
ing clusters [5] and the large-scale structure of the Universe
[6]. The latest analysis of temperature and polarization
anisotropies of the cosmic microwave background [7]
suggested that the Universe contains 26% dark matter,
which is five times more than ordinary baryonic matter
such as stars and galaxies.
The most popular dark matter candidates are weakly

interacting massive particles (WIMPs) and QCD (quantum
chromodynamics) axions. We refer to both as standard cold
dark matter, or simply CDM. The CDM paradigm has met
with impressive success in matching observational data on
large cosmological scales (see [8,9], for reviews). Recently,
there has been an increased number of ideas about dark
matter that go beyond the standard paradigm, building on
old ideas in some cases (see e.g., [10] for an overview).
One such idea — an ultralight axion or axionlike

particle — can be thought of as a generalization of the
QCD axion. An axion is an angular field; i.e., the field range
is finite and periodic with a periodicity 2πFaxion with Faxion
often referred to as the axion decay constant. A simple
axion Lagrangian has a standard kinetic term, and a self-
interaction potential V generated by nonperturbative effects
(that can be approximated by instanton potential),

VðϕÞ ¼ m2F2
axion½1 − cosðϕ=FaxionÞ%; ð1Þ

where m is the mass of the axion ϕ. The nonperturbative
effects are typically highly suppressed (e.g., exponentially
suppressed by an instanton action), leading to a fairly low
energy scale

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mFaxion

p
. In the earlyUniverse, the scalar field

is frozen at its primordial value, generically expected to be
order of Faxion. When the Hubble expansion rate drops
below the mass scale m, the scalar field oscillates with an
amplitude that redshifts with the expansion of the Universe.

Averaging over oscillation cycles,ϕ behaves like CDMwith
a relic density of (see e.g., [11,12])1

Ωaxion ∼ 0.1
"

m
10−22 eV

#
1=2

"
Faxion

1017 GeV

#
2

: ð2Þ

String theory contains many axion candidates with Faxion
somewhere in the range 1016–1018 GeV [16]. Equation (2)
tells us that a very low m is preferred if the axion were to
account for darkmatter. It should be emphasized though that
there is a fairly large possible range for m; in fact, the relic
abundance is more sensitive to Faxion than to m. A lighter
mass, e.g.,m ∼ 10−23 eV, can be easily accommodated by a
slightly higher Faxion, though it is disfavored by astrophysi-
cal observations such as the existence and structure of dwarf
galaxies.2

Such an ultralight axion has a macroscopic de Broglie
wavelength λdB, given by

λdB
2π

¼ ℏ
mv

≈ 60 pc
"
10−22 eV

m

#"
10−3c
v

#
; ð3Þ

where v is the velocity, implying wavelike phenomena on
astronomically accessible scales, unlike standard CDM. In
linear perturbation theory, the wavelike property leads to a
suppression of power on small scales (small compared to
the Jeans scale, which is a geometric mean of the Compton
and Hubble scale). It is this property that motivated Hu,
Barkana and Gruzinov [17] to propose an ultralight boson
as an alternative to standard CDM, and to coin the term
“fuzzy dark matter” (FDM). The term FDM refers gen-
erally to a scalar dark matter particle with a very small
mass, such that its de Broglie wavelength is macroscopic.
An ultralight axion is a particularly compelling realization.
Our constraints derived in this paper apply to the ultralight
axion, as well as the broader class of FDM.
The thinking was that the suppression of power on small

scales would help resolve certain small scale problems of

1The relic density computation follows the classic argu-
ments of [13–15], which were developed for the QCD axion.

2Note that the requisite
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mFaxion

p
is much less than the QCD

scale; hence this is not the QCD axion.
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Ä± +

✓
k
2
+m

2

A ± k
ȧ
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Misalignment production of the axion DM :
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𝑐#$ : EM anomaly (∈ rational number)

The axion-photon coupling is quantized in terms of 1/𝑓#.
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In major parameter space that can be probed in future,  𝑐!" ≫ 1.

Obata, Fujita, 
Michimura ‘18

Kahn, Safdi, 
Thaler ‘16

Marsh, Fong, 
Lentz, Smejkal, 
Ali ‘18

ADMX, 
MADMAX, 
CAPP, …
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Measurable quantity :

The best experimental sensitivity on 𝑔#'
is obtained when 𝜌# = 𝜌%&.
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Misalignment production of the axion DM :

The axion-nucleon coupling is expected to be around𝑚'/𝑓#
for normal PQ charges of order one.
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𝑐#( : PQ charge of the quark

QCD confinement
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In major parameter space that can be probed in future,  𝑐!# ≫ 1.

Current and future limits on 𝑔!#

Bloch, Hochberg, 
Kuflik, Volansky ‘19

Graham, 
Haciomeroglu, 
Kaplan, Omarov, 
Rajendran, 
Semertzidis ‘20

Kimball et al ‘17
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BarrierΛ : UV cutoff

A brand-new solution to the weak scale hierarchy problem
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Many e-folds of the slow-roll relaxion

In the GKR model, the relaxion slowly rolls during inflation by the Hubble 
friction.  Typically it takes a long time to finish its long excursion.

a

V(a)

~𝐹

𝑁/~𝐻0
𝐹
�̇�

J
H
E
P
1
2
(
2
0
1
6
)
0
9
3

Figure 2. Cosmological relaxion window with colored regions excluded by the observational
constraints discussed in this paper. The yellow region from cosmology depends on the reheating
temperature TR and shrinks for smaller TR. Here we set cφγ = 1 and depict the results for TR ∼ f
and 100GeV.

photons, and also into muons or pions with comparable branching ratio, which allows the

parameter space probed by the SHiP experiment [26]. This region can be probed also

by the future storage ring EDM experiment [27] which is claimed to improve the present

bounds on the nucleon EDMs by several orders of magnitudes. In the following, we provide

a description for the details of the constraints depicted in figure 2.

3.1 LEP

The relaxion with a mass between 5GeV and 100GeV is mostly constrained by the LEP

experiment through the processes (e+e− → Z → Z∗φ) or (e+e− → Z∗ → Zφ) as noticed

in [68], where the ZZφ coupling arises from the relaxion-Higgs mixing, and φ subsequently

decays to the SM particles with the same branching ratios as the corresponding SM Higgs

boson of an equal mass.7 The LEP experiment provides an upper bound on the cross

section of the processes normalized to the value of the SM Higgs boson depending on the

Higgs-like particle’s mass (here, relaxion). This is translated to an upper bound on sin2 θφh
in terms of mφ. As one can see from the relaxion-Higgs mixing (3.4), the upper bound on

the mixing angle gives an upper bound on f for a given mφ.

The former process with an on-shell intermediate Z boson, which is analyzed by L3 [35],

imposes the most stringent bound on the mixing angle for a relaxion mass below about

30GeV. For a larger mass up to 116GeV, the four LEP collaborations ALEPH, DELPHI,

L3, and OPAL provide a bound on the cross section of the latter process with a final

on-shell Z boson [36].

7The relaxion-photon coupling cφγ in (3.2) can change the branching ratios when the mixing angle θφγ
is very small. Still, it turns out that the mixing angle is large enough to suppress the photon branching

ratio over the relevant mass region.

– 9 –
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V (�)

�

t = 0

t = �tfrag

��frag

Figure 1. Sketch of the axion potential given in Eq. (2.1). Once axion fragmentation
starts, the field � takes a time �tfrag and moves a distance ��frag until it gets trapped in
one of the wiggles.

where a is the scale factor of the Friedmann-Lemaître-Robertson-Walker metric and
H = ȧ/a is the Hubble expansion rate. Let us decompose �(x, t) into a classical
homogeneous mode �(t) and small fluctuations �� (with no risk of confusion, we will
denote the homogeneous mode as �(t)):

�(x, t) = �(t) + ��(x, t) = �(t) +

✓Z
d
3
k

(2⇡)3
akuk(t)e

ikx + h.c.

◆
, (2.4)

with ak, a†k being respectively the annihilation and creation operators which satisfy

[ak, a
†
k0 ] = (2⇡)3�(3)(k � k

0), (2.5)

and the initial condition of the mode function uk at t ! �1 is given by

uk(t) =
e
�i(k/a)t

a
p
2k

. (2.6)

In the analysis of this work, we treat �� as small perturbation. We discuss the
validity of this approximation in Sec. 5. By using this approximation, we expand the
last term of the LHS of Eq. (2.3) as V

0(�) + V
00(�)�� + (1/2)V 000(�)��2 + · · · . The

third term of this expansion gives the dominant source of the backreaction to the
zero mode from the particle production. The equations of motion of � and �� are

– 5 –

2𝜋𝑓

Variants: bosonic particle production as friction

N Fonseca, E Morgante, R Sato, G Servant ‘19“(Rel)axion fragmentation”

Tachyonic growth (parametric resonance) 
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Relaxion fast rolls down the potential so that it can finish the long excursion 
even in a post-inflationary period.

The price is a larger coupling hierarchy.  (The overall slope has to be quite flat 
for the fragmentation to be effective.) 

ℎ = 0 ℎ ≠ 0 a

V(a)

Onset of relaxion fragmentation

Efficient fragmentation
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Vector boson production as friction
A Hook, G Marques-Tavares ‘16
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Hierarchies from the axion landscape

In a landscape, a river usually winds the territory many times 
rather than flowing in a straight line. 
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Hierarchies from the axion landscape

also result in a large value of fa/fwgc. In Fig. 4 the value of fa/fwgc is shown over the

parameter region where the gravitational e↵ects of ultralight ALP dark matter can be

probed by astrophysical or cosmological observations in near future.

Brief comment on the coupling hierarchy for baryo/magneto-genesis?

3.2 Hierarchies from axion landscape

As noticed in the previous subsection, there are a variety of well-motivated axion coupling

hierarchies which would motivate model building e↵orts to generate those hierarchies. Cer-

tain coupling hierarchy, e.g. cW,B/cG � 1 for photophilic axions, might be obtained by

introducing a large number of PQ- and gauge-charged fields. Although straightforward,

such approach is applicable only for a limited type of coupling hierarchies and often leads

to a nearby Landau pole. We thus focus on a di↵erent scheme based on models with multi-

ple axions, which can generate a variety of coupling hierarchies in low enery limit without

causing a problematic UV behavior.

Let us start with an e↵ective lagrangian of N axions:
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Axion potentials arise as a consequence of the breakdown of the PQ symmetries
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where the terms with ⇤↵ denote the heavy axion potentials, while the other terms with

⇤a ⌧ ⇤↵ provide the light axion potentials. Here we include only the dominant poten-

tial for the N linearly independent axion combinations {q↵
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a are eliminated by the shifts of ✓i. For hierarchical ax-

ion masses, one can always consider a low energy limit where the heavy axions can be

integrated out. As we will see, the resulting e↵ective theory of light axions can have rich
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• The domain wall number is 1 in our model because fa = Fa. Thus the model does

not have a potential domain wall problem. In general, the domain wall problem could

be solved by introducing a small explicit soft breaking of PQ symmetry that doesn’t

spoil the axion quality [48].

• Although gauge coupling unification is a nice and desirable feature in general, we will

not use it a necessary requirement to restrict the representations and heavy fermion

masses in our discussions.

2.2 Landau Pole Constraint

M mQ (GeV) fa (GeV) r = 4M(M2
� 1)

3 1.3⇥ 104 6.0⇥ 105 96

4 5.5⇥ 1010 3.3⇥ 1012 240

5 3.6⇥ 1013 2.7⇥ 1015 480

6 1.0⇥ 1015 9.1⇥ 1016 840

7 7.3⇥ 1015 7.5⇥ 1017 1344

8 2.6⇥ 1016 3.0⇥ 1018 2016

9 5.9⇥ 1016 7.7⇥ 1018 2880

10 1.0⇥ 1017 1.5⇥ 1019 3960

Table 2. For a given choice of M for an SU(M)h gauge group, the smallest mQ and corresponding
decay constant fa for which we do not hit a Landau pole below 1018 GeV, and the corresponding
enhancement factor r of the axion–photon coupling. We assume all the heavy KSVZ fermions have
the same mass mQ = yF0 where we have chosen y = 0.2 as a reference value.

The additional KSVZ vector-like fermions modify the RG running of the SM gauge

couplings. In the model in the previous section, all non-Abelian gauge groups are asymp-

totically free. Yet the charged fermions will accelerate the running of U(1)Y towards large

values and lower its Landau pole. We solve the two-loop RG equations numerically to

compute the running of the gauge couplings. The two-loop RG equations could be found

in Appendix B. For simplicity we will assume that all the Q’s have the same mass and set

the hidden gauge coupling to be 1 at the scale of mQ. If we demand the Landau poles of

U(1)Y to be above the Planck scale (& 1018 GeV), the minimum allowed vectorlike fermion

mass as a function of the degree of the hidden gauge group, M , is shown in Table 2. Notice

that mQ = yF0 which is below the e↵ective decay constant fa.

3 Scenario II: Confinement Tower

Now let’s extend the bi-axion alignment model to a multi-axion alignment model. We

will demonstrate that just as we use KSVZ to UV complete the KNP alignment, we could

apply KSVZ to build up a clockwork, which o↵ers a simple way to realize the clockwork

structure [33].

– 8 –

For 𝑆𝑈 𝑀 012, the PQ scale has to be large for a large axion scale hierarchy 
in order to not hit a Landau pole of 𝑈 1 3 below 𝑀4

Landau pole constraint

P Agrawal, JJ Fan, M Reece, LT Wang ‘17
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Periodic field range of 𝑎(7) :

The clockwork scheme provides a large integer responsible for a 
hierarchy between 𝑓 and 𝐹 without suffering the Landau pole problem.
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Figure 2. Flat relaxion direction in the three axion case with n1 = 2 and n2 = 4.

a generic initial value φ0 with µ2
h(φ0) = O(M2

h) > 0. After a field excursion ∆φ = O(feff),

the relaxion is crossing µh(φ) = 0, and then a nonzero Higgs VEV is developed together

with the back reaction potential stabilizing the relaxion at the value giving 〈h〉 = v. The

stabilization condition leads to

εf4
N

feff
∼

Λ4
br(h = v)

f
. (2.25)

From (2.24), this then yields a lower bound on feff :

feff
f

!
M4

h

Λ4
br(h = v)

=

(

Mh

v

)4 v4

Λ4
br(h = v)

, (2.26)

where v4/Λ4
br(h = v) ∼ 1012 when Vbr is generated by the QCD anomaly, or v4/Λ4

br(h = v)

has a model-dependent value not exceeding O(1) when Vbr is generated by the hidden color

dynamics which confines around the weak scale.

To summarize, in our scheme for the relaxion mechanism, v $ Mh can be technically

natural with an exponential hierarchy between the two effective axion scales:

feff
f

= O
(

eξN
)

(ξ = O(1)) (2.27)

which is arising as a consequence of a series of mass mixing between nearby axions in the

compact field space of N axions. Although it relies on a rather specific form of axion mass

mixings, the scheme does not involve any fine tuning of continuous parameters, nor an

unreasonably large discrete parameter.

– 8 –

In the axion landscape,  generically for 𝑁! ≫ 𝑁"
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Since the orthogonal direction to 
“many” heavy axions has to be 
“finely” determined by means of 
integer numbers, it inevitably 
involves a large integer number.

But this does not automatically 
guarantee a long periodic axion 
“potential”. To obtain it, an axion 
potential has to be aligned to 
heavy axion directions.

Periodic length of 
light axions

Probability ~ 
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𝑚9 ≫ 𝑚# 𝑚# ≫ 𝑚9

Those couplings remain. 
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The axion 𝑏 is integrated out :
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Conclusions

• Axions have quantized couplings due to its periodicity, and it sets a 
natural scale for the axion couplings as the periodic field range.  

• Many well-motivated cosmological scenarios involving axions 

however require various hierarchies in axion couplings.

• Those hierarchies may originate from the axion landscape through 

certain patterns of mixing among multiple axions.


