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1. Introduction

Gravity poses some of the biggest the biggest puzzle of modern physics. Even though it was
the first interaction that was discovered, it still remains the least understood. There are two main
reasons for this. First, a quantum field theory (QFT) of gravity suffers from divergences. Second,
the cosmological constant problem, aka the value of the energy density of the vacuum has an
extremely small value.

Until now, the only theory that gives a consistent description of quantum gravity is string
theory, which provides a natural cutoff, the string scale, protecting the theory from divergences.
On the other hand, new holographic ideas relate large-N gauge theories to string theories (which
contain gravity) providing a different approach to this problem.

Being motivated by paradigms emerging from the AdS/CFT correspondence, E. Kiritsis pro-
posed a completely new approach where Gravity is not a fundamental force [2], but it emerges via
a hidden sector which interacts with the Standard Model (SM) via messenger fields. In this frame-
work, we bypass both problems mentioned above. First, Gravity has a natural upper scale avoiding
divergences since it is an effective theory, and second the cosmological constant is also emergent
and it depends on various scales of this setup, allowing for its small value [3].

Apart from gravity, there are also other operators of the hidden sector that appear as weakly
coupled emergent fields to the SM. Of particular interest are instanton densities and currents asso-
ciated with global symmetries of the hidden sector that appear as emergent axions and emergent
gauge fields coupled to the SM [4], [5]. In addition, composite fermions can also emerge from the
hidden sector and can play the role of the right handed neutrinos.

In our paper [1], we focus on emergent axions.

2. The framework

We follow the framework introduced in [2] where all interactions in nature are described by
four-dimensional gauge theories without gravity. In this picture the SM is one part of them while
the rest are what we will refer to as ”hidden sectors”. A crucial assumption is that the number of
degrees of freedom of the hidden sectors is much larger than the SM one. We can also consider a
simplified version in which there is only one dominant hidden sector with an enormous number N
of degrees of freedom compared to the SM.

In order to have an UV complete theory, the hidden sector has to be strongly coupled or con-
formal. Together with the large-N assumption, this allows a possible holographic description for
the hidden sector. In the UV the two sectors are coupled via messengers. The UV completeness
enforces messengers to be bifundamental fields charged under both sectors, [2], and heavily mas-
sive compared to SM scales. At low energies, integrating out messengers, in the effective action
the SM and the hidden theory are coupled by (irrelevant) double (or multiple) trace operators1.

From an IR perspective in the SM sector, the hidden sector can manifest its presence via emer-
gent fields, that can play the role of low-energy dynamical fields coupled to the SM. In addition,
we only need to include a few number of such emergent fields in the low energy description. For

1There is an exception, [7], but we shall not consider it in this proceeding.
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instance for scalar operators, most of them acquire effective masses of the order of the messen-
ger scale M, therefore they are irrelevant for low-energy physics. There are only three classes of
operators that are protected by symmetries, and therefore have generically low masses:

• The total conserved stress tensor, which gives rise to emergent gravity, [2, 3]

• Conserved global currents, which give rise to emergent gauge fields, [2, 4]

• Instanton densities, which are protected by their topological invariance and give rise to emer-
gent axions, [1, 2]

The first class is the most intriguing. Emergent gravitons can appear in the low energy theory as a
coupling between stress tensors, schematically

S∼
∫

d4x
T hidden

µν

M4 T µν

SM (2.1)

where M is the messenger scale and T hidden/SM
µν are the stress-energy tensors of the two sectors. The

hidden stress tensor plays the role of a metric perturbation, T hidden
µν ∼ M4hµν . The hidden sector,

being a large-N strongly coupled theory, it should generate semiclassical gravity according to the
holographic correspondence. A deep analysis for this topic is a work in progress [3]. There might
be the possibility of other emergent composite fields such as fermions playing the role of right-
handed neutrinos. As we have already mentioned, in [1] we focus on the third class of fields, the
emergent axions.

Axions were introduced in the work of Peccei and Quinn [6] in order to solve the strong CP-
problem in QCD. In this work the theory was not renormalizable because of the axion coupling to
the QCD-instanton density [8, 9]. Soon after renormalizable theories of axions were constructed
[10]-[13] and axion couplings to matter have been determined [14]-[19]. The role of axions has
expanded beyond QCD, as they become candidates for the dark matter and inflatons, [20]-[26].

From an effective field theory point of view, axions are a special class of fields. They are
(pseudo-)scalar fields that possess a (perturbative) shift symmetry and couple to instanton densities.
At a non-perturbative level, in all the known cases the shift symmetry is broken at best to a discrete
symmetry due to instanton effects. These effects are also responsible for giving a mass and a
potential to the axion2.

In string theory axions appear in two forms3: as a Ramond-Ramond massless scalar in type
IIB string theory or as product of compactification from internal components of antisymmetric form
gauge fields and off-diagonal components of the metric. In both cases they are generalized gauge
fields of string theory and therefore have accompanying gauge symmetries [29, 30] which provide
the perturbative Peccei-Quinn (PQ) symmetries in String theory [31]. Again these symmetries are
broken by non-perturbative effects4.

In this proceeding, we will discuss a novel type of axion, the composite or emergent axion.
The idea of realising the axion as a composite particle is not new, [47]-[55]. In most of these

2See also for a recent review [18].
3See [27] for a review and [28] for an effective theory discussion.
4See [32]-[46] for several cases.
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realizations axions are ‘axi-pions’ of a strongly-coupled ‘axi-gauge’ theory. The characteristic
energy scale fa is determined by the strong coupling scale of the axi-gauge theory, fa ∼ Λa and to
generate a reasonable composite axion one needs Λa� ΛQCD, [20].

Our main goal in this proceeding is to specifically analyze the case where the hidden theory is
a holographic theory, i.e. a large-N strongly coupled gauge theory. As we shall see, such axions are
novel, both in terms of their identification (they will correspond to the 0+− glueball generated by
instanton densities operators instead of η ′s) and their properties. Furthermore the emergent axions
we discuss do not rely on fermionic PQ symmetries, but rather on the approximate PQ symmetry
associated to instanton densities in gauge theories. This symmetry is exact in perturbation theory,
but it is violated non-perturbatively by instanton effects. This gives a mass to the axion, similarly
to the standard case.

Recently a holographic QCD axion model has been proposed in [21] and provides a different
way of realizing a composite axion.

3. Composite axions

We would like to compute the direct couplings of the instanton density operator Tr[F ∧F ] in
the hidden large-N sector to instanton density operators of the SM.

The couplings of messengers to the SM fields and to the hidden sector fields can be schemati-
cally written as

Sint =
∫

d4x
[
φ
∗
aiφa jχ

i j +φ
∗
aiφbiAab

]
(3.1)

where we have suppressed derivatives and other space-time indices. All the fields above are written
as bifundamentals5 and can be vector bosons, fermions or scalars. φai are messenger fields, where
the index a is the color index of the hidden sector while i is a gauge index of a SM gauge group.
χi j and Aab are respectively the SM and hidden sector fields.

The effective coupling between instanton densities of the SM and the hidden sector can easily
arise. As an example in a perturbative setup, we consider a four-point one-loop amplitude with two
non-abelian gauge fields in hidden sector and two gauge fields on the SM side6. Considering for
simplicity only fermionic messengers circulating in the loop, one can extract the effective couplings
integrating out the messengers obtaining the following effective lagrangian

Seff =−
g2

h g2
SM

90(4π)2M4

∫
d4x
[
Ga

µνGa,µνF i
ρσ F i,ρσ +

7
4

Ga
µνG̃a,µνF i

ρσ F̃ i,ρσ+

+
7
2

Ga
µνG̃a

ρσ F i,µν F̃ i,ρσ +2Ga
µνGa

ρσ F i,µνF i,ρσ

]
(3.2)

where F (G) are the field strengths of the gauge bosons in the SM (hidden theory). Similar cou-
plings are also expected with bosonic messengers. This calculation is perturbative, but also indica-
tive of the general case, which is not necessarily perturbative.

5There are many ways to write the SM fields as bifundamentals. All these ways have been classified in [56], and they
involve the inclusion of at least one more and typically several extra U(1)s, which are generically anomalous, [57]-[64].

6This class of calculations is in the “light by light scattering” class and various aspects have been addressed in the
literature, [65]-[74].
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At large N and strong coupling, tensor fields, present in the second line of (3.2), are expected
to acquire large anomalous dimensions and are not expected to be important at low energy. As we
will show later on, scalar couplings, as the first coupling in the first line in (3.2), are also not very
relevant at low energy. It is only the coupling of instanton densities, the second coupling in the first
line in (3.2), that turns out to be important in the IR and will give rise to an emergent axion.

3.1 IR resolution

We would like to reinterpret the interaction between two scalar operators in the two theories,
like the ones shown in the first line of (3.2), in an effective description. To do this, we would like
to address the more general problem of a scalar-scalar interaction between two theories and its IR
“resolution”. We consider two theories coupled via an interaction of the form

S = Sh[Oh]+SSM[OSM]+λ

∫
d4x Oh(x)OSM(x) (3.3)

where Oh (OSM) is an operator of dimension ∆h (∆SM) belonging to the hidden (SM) sector. If we
identify OSM and Oh as the instanton densities Tr[F ∧F ] and Tr[G∧G] respectively in (3.2), then
∆h = ∆SM = 4. Coming back to general scalar operators, the coupling λ has a suppression from the
messengers scale M

λ = λ0 M4−∆h−∆SM , (3.4)

with λ0 dimensionless. Normalizing Oh in such a way that all its correlators are of order O(N2),
the coupling λ0 is of order O(1). As consequence the higher than three-point (connected) functions
are suppressed compared to two-point functions.

We would like now to interpret the presence of the effective interaction Sint in (3.3) from the
point of view of the SM as due to a dynamical scalar a, coupled linearly to the operator OSM. The
effective action reads

Se f f =
∫ d4 p

(2π)4

[
a(p)Ka(p)a(−p)+ga(p)OSM(−p)

]
+SSM (3.5)

where Ka is a kinetic function to be determined. We are choosing the axion field to be dimen-
sionless, therefore comparing the effective action with (3.3) we get a∼M−∆hOh and g∼M4−∆SM .
The axion mass ma and the axion decay constant fa can be extracted from the IR expansion of the
two-point correlator function of a

i〈a(p) a(−p)〉−1 ' f 2
a (p2 +ma

2)+O(p4) (3.6)

The correlator can be obtained from the effective action (3.5), we get [1]

−i〈a(p) a(−p)〉= −i
Ka(p)+g2GSM(p)

(3.7)

where Gi(p) = 〈Oi(p)Oi(−p)〉i is the unperturbed two-point correlation function of Oi in theory i,
in this case the SM. The kinetic function Ka can be determined comparing the two-point correlator
function of OSM calculated from both actions (3.3) and (3.5) obtaining the following consistency
relation

Ka(p) =−
λ 2

0 M2∆h

Gh(p)
(3.8)
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3.2 Analysis of the possible IR expansions

The next step is to investigate the IR expansions of the two-point correlation functions Gh and
GSM, they depend crucially on the detailed physics of each theory. In a theory with a single scale,
like a mass gap m in Yang-Mills (YM) theories, the IR expansion in p� m reads

i〈O(p)O(−p)〉 ' A0 +A2 p2 +A4 p4 + · · · , An ∼ m2(∆−2)−n (3.9)

where ∆ is the dimension of the operator O. If ∆ is an integer, then starting with the term p2(∆−2)

logs of momentum appear in the expansion. In the UV regime p� m the expansion of the (renor-
malized) correlator is

i〈O(p)O(−p)〉= p2(∆−2)
{

log
p2

m2

[
B0+B2

m2

p2 +O

(
m4

p4

)]
+C0+C2

m2

p2 +O

(
m4

p4

)}
(3.10)

where the coefficients Bi,Ci are dimensionless. The expansion (3.10) is valid whether ∆ is integer
or not. If the theory has an UV scale Λ, together with smaller IR scales, then for generic scalar
operators the larger scale dominates the coefficients in the IR expansion (3.9),

An ∼ Λ
2(∆−2)−n

[
1+O

(
m2

Λ2

)]
(3.11)

We now specialize the above analysis to the instanton density operator. It is well known from
studies in QFT, [75], and holography, [76], that the correlators of the instanton density are UV
insensitive. The reason is that the θ angle in QCD is not renormalized7. This is a key feature that
distinguishes the instanton density operator from other scalar operators. Therefore, the two-point
function scales as in (3.9) where m is the characteristic IR scale of the gauge theory and the UV
scale Λ does not appear in the correlator8.

The case of a CFT must be discussed separately. In an exact CFT, the two-point function of
an appropriately normalized scalar operator in configuration space is 〈O(x)O(0)〉 = |x|−2∆. The
Fourier transform is ill-defined for ∆ > 2 in four dimensions and a regularisation is needed. Using
a short-distance cutoff Λ one obtains

〈O(p)O(−p)〉 ∼ p2(∆−2)
( p

Λ

)2−∆

K∆−2

( p
Λ

)
(3.12)

valid for p� Λ. For ∆ > 2 it exhibits a logarithmic UV divergence associated with the Bessel
K-function.

If there is a non-trivial CFT in the IR, then there are also non-analytic contributions. For
example, for an operator with IR dimension ∆IR we have instead

i〈O(p)O(−p)〉 ' A0 +A2 p2 +A4 p4 + · · ·+ p2(∆IR−2) log p2 (A1
0 +A1

2 p2 + · · ·
)
+ · · · (3.13)

7This was shown rigorously on the lattice [76]-[79]. This is also true in holography, [80, 81]. However in holo-
graphic QCD there is a non-trivial β -function for θ , [76]. Despite this, all θ -dependent contributions to the vacuum
energy are cutoff independent.

8See also [82].
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3.3 The IR structure

To study the physical properties of the field we integrated in, we now consider several regimes
given by different IR behaviours of two-point functions Gh and GSM. We will denote by mh and
mSM the mass gaps of the hidden theory and the SM respectively. mSM should also be identified
with ΛQCD. The phenomenologically interesting case is M � mSM � mh, but we will study also
other regimes.

The regime p � mh,mSM � M. In this regime we have p � min(mh,mSM), therefore the IR
behavior of the correlators Gh and GSM is as follow

iGh(p) = a0 +a2 p2 +a4 p4 + · · · , iGSM(p) = b0 +b2 p2 +b4 p4 + · · · (3.14)

Using (3.7), (3.8) and g∼M4−∆SM we can extract from the IR expansion the axion data ma and fa,
which reads

f 2
a =

a2

a2
0λ 2

0
M2∆h−b2M8−2∆SM , m2

a =
a0

a2
+

a2
0

a2
2
(a2b0 +a0b2)M8−2∆SM−2∆h (3.15)

For generic scalar operators, we have an ∼ M2(∆h−2)−n and bn ∼ M2(∆h−2)−n, therefore the axion
parameters read

m2
a ∼M2 , f 2

a ∼
M2

λ 2
0

(3.16)

The induced interaction is weak however general scalar operators acquire large masses.
On the other hand, if the operators Oh and OSM are the instanton densities, then their two-point

functions are UV insensitive and in this case

an = ān m4−n
h , bn = b̄n m4−n

SM
(3.17)

where ān, b̄n are dimensionless and typically O(1) coefficients. For instanton densities ∆ is integer,
therefore the low energy structure of the two-point functions is of the form presented in (3.13).
They present a non-analytic term, however it appears at fourth order in derivatives and does not
effect ma and fa. In this special case we obtain

f 2
a =

ā2

ā2
0

M8

λ 2
0 m6

h
− b̄2m2

SM
, m2

a =
ā0

ā2
m2

h +
ā2

0

ā2
2

λ 2
0 m6

h
M8 m2

SM
(m2

SM
ā2b̄0 +m2

hā0b̄2) (3.18)

In the present regime, mh,mSM �M, SM corrections (terms involving the coefficients b̄n) are sup-
pressed by the messenger scale M, therefore the axion data are substantially determined by the
hidden theory

f 2
a ∼

1
λ 2

0

M8

m6
h

, m2
a ∼ m2

h (3.19)

Since mh�M, this is an emergent weakly-coupled axion-like field. If mh is comparable or smaller
than SM scales, then this resembles a standard PQ axion. It has however a compositeness scale that
affects its low energy properties.
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Despite these similarities with standard PQ axion, the emergent axion has a different origin.
It is not related to a continuous global symmetry of a QFT at a higher scale, but an (approximate)
“emergent PQ symmetry” arising from a hidden instanton density9.

As shown in (3.19), in our setup the axion mass is mostly mh, therefore the phenomenologi-
cally interesting case is the limit mh � mSM . Coming back to axion data with SM corrections in
equation (3.18), with the assumption mh� mSM , we obtain

f 2
a '

M8

m6
h
+m2

SM
, m2

a ' m2
h +

m4
SM

f 2
a

(3.20)

where we have neglected O(1) coefficients. The correction to fa is induced by perturbative loop
corrections, while non-perturbative QCD effects provide a mass correction of order Λ2

QCD/ fa. The
EM instanton density is not expected to contribute to the axion mass.

We should notice that the above calculations can change with the inclusion of cubic and quartic
couplings in (3.3). However, as carefully shown in [1] in a perturbative setup, in the case of instan-
ton densities these extra interactions do not spoil the UV insensitivity of the two-point correlator
functions.

The regime mh� p�mSM . In this regime the 0+− glueball of the hidden theory is point-like and
featureless while the associated QCD glueball is fat and unstable. This is precisely the behaviour
of a fundamental axion field. The hidden two-point function has still the form (3.14) while the SM
two-point function is instead

iGSM = p4 log
p2

m2
SM

[
b̂0 + b̂2

m2
SM

p2 +O

(
m4

SM

p4

)]
, p� mSM (3.21)

In this case, λ 2GSM�G−1
h and the SM corrections to the axion kinetic data are tiny. Therefore, in

this regime the axion data are given by (3.19) and are determined by the scales of the hidden theory
as well as the messenger scale.

The regime mSM � p�mh. Here the 0+− glueball of the hidden theory is fat while the associated
QCD glueball is point-like and unstable. This is clearly distinct from the behavior of a fundamental
axion field. The SM two-point function is given again by (3.14) but now the hidden two-point
function becomes

iGh(p) = p4 log
p2

m2
h

[
−â0 + â2

m2
h

p2 +O

(
m4

h
p4

)]
, p� mh (3.22)

with â0, â2 dimensionless numbers of order O(1). In this regime G−1
h dominates the a propagator

and we obtain

〈a a〉−1 ∼ M8

p4 log p2

m2
h

(3.23)

9It is expected that all global symmetries are broken by quantum gravitational effects. This in the past has raised
the question of the quality of the PQ axion which has been discussed in [83].
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This is a non-standard non-local axion kinetic term that in configuration space behaves as 〈a a〉−1∼
M8 log |x| and in configuration space the quadratic term for the axion is

Se f f '
M8

2

∫
d4x1d4x2 a(x1) log

|x1− x2|
mh

a(x2)+
∫

d4x a(x)OSM(x) (3.24)

up to factors of order O(1). It should be stressed that such an unusual (highly non-local) quadratic
term is valid for distances m−1

SM
< ` < m−1

h . Such axions are still interesting and well-defined,
however the experimental viability is different and standard experimental constraints do not directly
apply.

CFT hidden theory. This is a particular case of the previous regime mSM � p� mh in which
mh→ 0. In that case, the only non-trivial scale is the messenger scale that breaks scale invariance
in the UV and in such a case the 〈Oh Oh〉 correlator starts in the IR as p4 log p2. Therefore the emer-
gent semiclassical axion is “massless” and non-local. This is reminiscent of the Witten-Weinberg
theorem, [84], although this theorem applies to emergent massless gravitons and photons.

The regime M� p�max(mh,mSM). In this regime both glueballs are fat and the couplings are
expected to be non-local. Indeed, both Gh and GSM are given by (3.22) and (3.21), therefore we
obtain

〈a a〉−1 ∼ M8

N2λ 2
0 p4 log p2

m2
h

(3.25)

In this regime, the axion kinetic term is similar to the one shown in equation (3.24).

4. The holographic axion

We now investigate the special case where the hidden theory is a large-N holographic theory.
The action Sh in equation (3.3) is the action of the holographic theory. Applying the holographic
correspondence, we can write10

〈eiSint〉h =
∫

limz→0 a(x,z)=OSM(x)
Da eiSbulk[a] (4.1)

where on the left, the expectation value is taken in the hidden holographic theory. Sbulk[a] is the
bulk gravity action, z is the holographic coordinate, a is the bulk field dual to the operator Oh of
dimension ∆ = 4 and the gravitational path integral has boundary conditions for a to asymptote to
the operator OSM near the AdS boundary. We have also neglected the other bulk fields.

Performing a Legendre transform on (4.1) the Schwinger functional of the bulk axion which
becomes the bulk effective action

〈eiSint〉h =
∫

limz→0 ∂za(x,z)=z3k(x)
Da(x,z)Dk(x) eiSN [a]−i

∫
k(x)OSM(x) (4.2)

10For a scalar operator O∆(x) of dimension ∆ dual to a field ΦM(x,z) of mass (M`)2 = ∆(∆− 4) the asymptotic
behaviour would be ΦM(x,z)≈ z∆−4O∆(x).

8



P
o
S
(
C
O
R
F
U
2
0
1
9
)
1
1
4

Emergent Axions P. Anastasopoulos

where k(x) is the expectation value of the operator Oh. We may imagine the SM action as coupled
at the radial scale z0 ∼ 1/M to the bulk action. Following holographic renormalization [80, 81], we
may then rewrite the full bulk+brane action of the emergent axion as Stot=Sbulk+Sbrane where

Sbulk = M3
P

∫
d5x
√

g
[
Z(∂a)2 +O((∂a)4)

]
(4.3)

Sbrane = δ (z− z0)
∫

d4x
√

γ
[
λ â(x)OSM(x)+M2(∂ â)2−Λ

4â2 + · · ·
]

(4.4)

In the brane action, â(x) ≡ a(z0,x) is the induced axion on the brane and γ is the induced four-
dimensional metric. As we will be interested at energies E �M we can ignore higher derivative
terms. In the bulk action, we have also neglected the graviton and other scalar fields dual to other
scalar operators.

The first term in (4.4) is the coupling of the axion to the SM instanton densities. The kinetic
and mass terms of the axion in the brane action come from the quantum effects of the SM fields.
The factor Z in the bulk action in general depends on the various other scalars fields.

For the case of holographic YM this action has been studied in detail in [76, 85]. Importantly,
there is a bulk potential for the axion but it is due to instantons and therefore it is exponentially
suppressed at large N, therefore it can be neglected. To all orders in 1/N, the bulk axion has only
derivative interactions. It should be noted that what we have here is a close analogue of the DGP
mechanism, [86]-[88], with two differences: here we have an axion and also the bulk data are
non-trivial.

The main difference in the physics of an emergent axion originating in a holographic theory
is that, due to the strong coupling effects, there is an infinity of axion-like resonances coupled to
the SM instanton densities. They correspond to the poles of the two-point function of the instanton
density of the hidden holographic theory. If the holographic theory is gapless, then there is a
continuum of modes and the induced axionic interaction is non-local. If the theory has a gap as
large-N YM then there is a tower of nearly stable states at large N that are essentially the 0+−

glueball trajectory and act as the KK modes of the bulk axion that couple with variable strengths to
the SM instanton densities.

To investigate these interactions we analyze the propagator of the axion on the SM brane. For
more details see [1] and also [88]-[93]. The axion propagator can be written in terms of the bulk
propagator G0 with Neumann boundary conditions at the boundary as follow

G(p,z;z0) =
G0(p,z;z0)

1+(M2 p2 +Λ4)G0(p,z0;z0)
(4.5)

The propagator on the brane is obtained by setting z = z0. The general structure of the bulk axion
propagator G0 is known, [88] and is as follows. The position of the brane z0 determines a bulk
curvature energy scale, R0. Assuming that the theory does not have multiple intermediate physics
scales we obtain

G0(p,z0;z0) =
1

2M3
P

{
p−1, p� R0

d0−d2 p2−d4 p4 + · · · , p� R0.
(4.6)

where dn = d̄n`
−3m−4−n. m is the characteristic scale of the (hidden) dual QFT, ` is the IR AdS

length and d̄n are dimensionless numbers of order O(1) and (MP`)
3 ∼N2. The IR expansion above
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is valid for all holographic RG flows. It starts having non-analytic terms at order p4 log p2 as is the
case with the bulk axion field, [88].

Using (4.6) we now investigate the axion interaction on the SM brane from G(p,z0;z0) in (4.5).
At short enough distances, p→ ∞, the axion propagator becomes

G0(p,z0;z0)'
1

M2
1
p2 (4.7)

which is the propagator of a massless four-dimensional scalar. For sufficiently small momenta,
p� m, we obtain instead

G−1(p,z0;z0)' Λ
4 +2

M3
P`

3m4

d̄0
+

(
M2−2M3

P`
3m2 d̄2

d̄2
0

)
p2 +

2M3
P`

3

d̄0

[
d̄ 2

2

d̄ 2
0
+

d̄4

d̄0

]
p4 +O(p6)

(4.8)
We may then recast (4.8) as the propagator of a massive four-dimensional scalar with effective
mass and coupling strengths

f 2
e f f = M2 +2

d̄2

d̄2
0

N2m2 , m2
e f f f 2

e f f = Λ
4 +

2
d̄0

N2m4 (4.9)

Moreover, the coefficient of the p4 term is dimensionless and of order O(N2). In the limit Nm�M
we obtain me f f ∼ m and fe f f ∼ Nm which resemble the non-holographic case.

In the regime M� p� m, depending on the hierarchy of the various scales of the problem at
intermediate distances, it may be that (M2 p2 +Λ4)G0(p,z0;z0)� 1 and the axion may behave as
a 5-dimensional massless scalar with propagator

G0(p,z0;z0)'
1

2M3
P

1
p

(4.10)

In such a regime, all axion resonances contribute equitably and the resumed result is as above.

5. Phenomenological considerations

In this section we compare our general setup with phenomenological constraints on the axion
data fa and ma, [23]. It should be however stressed at this stage, that in many cases this comparison
is superficial. The “kinetic” operators for the axions we consider can be highly non-standard in
some regimes, while almost all experimental constraints have been derived with standard kinetic
terms.

The precise role of axions in inflation as well as that in axion monodromy models, depends on
the details of the axion potential, something that is beyond the scope of the present investigation11.
Relevant couplings, such as gaγ (axion-photon), ga` (axion-lepton) and gaN (axion-nucleon)12, that
can be probed in direct detection and/or (local) astrophysical experiments, are model dependent
and this is not something we have analyzed here. The emergent axion may also play the role of a
relaxion, [88, 96, 97].

The Weak Gravity Conjecture [98]-[100] states that the decay constant fa cannot be larger than
the Plank scale

fa < MP ≈ 1019 GeV (5.1)
11The role of the emergent axion as an inflaton may be investigated along the lines of [94].
12See also [95].
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Figure 1: Experimental constraints on the axion parameters, fa,ma. Adapted from [20].

Dark matter and dark energy axions. To address dark energy and ultra-light dark matter, the
relevant range for ultra-light axions (ULA) is

10−33 eV < ma < 10−18 eV (5.2)

the lower bound being set by ma > MH
13 (from CMB, axion dark energy) and the upper bound

from Baryon Jeans scale (from constraints on large scale structure (LSS) formation and the Epoch
of Reionization (EoR)).

The lower end, 10−33 eV<ma<10−30 eV, corresponds to axions that could account for the
present Dark Energy (cosmological constant), the decay constant is required to be fa ∼ MP. The
region 10−24 eV<ma<10−18 eV corresponds to axions that could be good candidates for Dark
Matter. A typical upper bound on axion density and the decay constant are Ωah2 < 0.12 and
fa ≤ 1016 GeV.

The QCD axion. Among the ‘historical’ QCD axion models, PQWW [6, 101, 102] has been
ruled out by experiments, while KSVZ [10, 11] (heavy quarks and PQ scalar), as well as DFSZ
[12, 13] (two Higgses and PQ scalar), are still viable, fig 1. Constraints on QCD axions can be
summarized as follow

10−12 eV < mQCD
a < 10−3 eV

109 GeV < f QCD
a < 1015 GeV (5.3)

so that 10−6 GeV < Λ
QCD
a < 102 GeV, indeed Λ

QCD
a = (muΛ3

QCD)
1/4 ≈ 10−1 GeV. The upper

bound on the mass here comes from the one-loop anomaly diagram that correlates fa with ma. The
13MH is defined in terms of today’s Hubble-Lemaître constant to be H(t0) = H0 = 100h (km/s)/Mpc =

2.13h10−33 eV = h MH with a typical value being h = 0.67 (or lower).

11
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lower bound for fa comes from supernovae cooling and the upper bound on fa from black hole
superradiance arguments.

Heavy axions. There could also exist heavy axions with masses larger than 1 eV, [103]. Their
mass is constrained in the following two windows

ma > 10 MeV and τaγ < 10−2 s , ma < 10 eV or τaγ > 1024 s (5.4)

where τaγ is the lifetime for decay into photons.14

5.1 Comparison with data

We now contrast our previous frameworks with the various phenomenological constraints.

Composite Axions. For composite axions in the regime p� mh,mSM �M we have from (3.19)

m2
a ≈ m2

h , f 2
a ≈ m2

h

(
M
mh

)8

(5.6)

where we are assuming ā0/ā2,λ0 ≈ 1. The mass ma is completely determined by the hidden mass
scale mh and the decay constant fa can be hierarchically larger thanks to the enhancement factor
(M/mh)

4. The messenger scale is given by

M ≈ ( fam3
h)

1/4 ≈ ( fam3
a)

1/4 (5.7)

From the assumption mSM �M and the weakest upper bound fa < MP, we obtain a general lower
bound for the axion mass

ma� 10 eV (5.8)

Therefore composite axions can be generically compared to heavy axions scenarios only. However,
the first window for heavy axions (5.4) is allowed provided the bound on τaγ is small enough. This
can be achieved if ma is sufficiently high, or there is a symmetry reason for suppressing the axion
coupling to two photons.

In the case mh < mSM , considering again fa < MP, the messenger scale has an upper bound

M . 10 TeV (5.9)

which satisfies also mSM �M. In the case mh > mSM the assumptions are satisfied taking fa� ma

and the scales M, ma and fa can range from mSM to the Plank scale.
For the QCD axion the messenger scale can be written as M2 ∼ maΛa, where

Λa =
√

ma fa∼(muΛ
3
QCD)

1/4∼10−1 GeV∼mSM (5.10)

14τaγ can be computed from the associated decay width as, [104],

Γa→γγ =
1

τaγ

=
G2

aγγ m3
a

64π
(5.5)

where Gaγγ is defined as the coupling of the axion to the EM CP-odd density and it is of order Gsγγ ∼ αEM
fa

.
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In this case the conditions mh, mSM �M cannot be satisfied together.
An obvious issue here is the assumption p� mh in the formulae used.
It is not clear whether this holds if mh ∼ 10−23 eV, for example. If we instead use the formulae

mh � p� mSM , the axion is unfortunately non-local and we need a more careful first principles
computation to determine the viability of our model.

Holographic Axions. For holographic axions with p < mh�M we have from (4.9)

m2
a f 2

a = Λ
4 +

2
d̄0

N2m4
h , f 2

a = M2 +2
d̄2

d̄2
0

N2m2
h (5.11)

where Λ, M are parameters of the brane (visible) theory while N, mh are parameters of the bulk
(hidden) theory. Eliminating the combination N from these equations and assuming that Λ4 = κΛ4

a

(with κ of order 1), the messenger scale turns out to be

M = fa

√
1+ γκ

m2
a

m2
h

(5.12)

where γ = d̄2/d̄0 is a constant of order 1. The above relation produces in all cases (QCD, DM
and DE) reasonable messenger scales M ≈ fa for any ma ≤ mh. For ma � mh we still obtain
a reasonable relation M ≈ fa(ma/mh)� fa. In the regime mh < p < M, we obtain an effective
5-dimensional axion.

6. Results

In [1] we have shown that axions may arise from large-N strongly-coupled gauge theories as
composite instanton densities. These operators have two crucial properties: they possess approxi-
mate shift symmetries in the IR and their two-point correlators are UV insensitive.

The first property differentiates these emergent axions from the usual composite axions, which
rely on a fermionic PQ symmetry. The second property ensures that their mass can be small and,
therefore, they can be visible in the IR. In our setup the axion mass is mostly determined by the
characteristic scale of the hidden theory, while the decay constant can be hierarchically higher
thanks to the messenger scale.

Comparing our results with data we conclude that generic emergent axions cannot serve like
QCD axions, dark matter axions or dark energy axions. They can only play the role of inflatons
and heavy axion like particles.

There are cases, when the characteristic scale of the hidden theory is sufficiently low that the
axion has a non-local kinetic term. Such axions are still interesting and well-defined, however
the analysis of the experimental viability is different, and standard experimental constraints do not
directly apply.

A special case is when the hidden theory is a five dimensional holographic theory and the
emergent axion is holographic. We find that the interaction at short and long distances is the one of
a four-dimensional massive scalar. Depending on some parameters, at intermediate distances there
may be a phase where the axion interaction is five-dimensional. Holographic axions, contrary to
with generic emergent axions, can play the role of the QCD axion, dark matter and dark energy
axions.
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