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Emilio Zavattini, born on March 14th, 1927, in Rimini, Italy, distinguished
physicist and source of many fertile ideas in our field, passed away on January
9th, 2007.

He will be remembered by all those who had the privilege of working
with him, especially the younger generation researchers, for his keen insights
and for his ability to critically question all ideas, including his own. This
was a peculiar tract of his style which rendered him unique. While holding
discussions with him, one was never afraid of expressing a scientific opinion,
however trivial or unfounded, and he would always correct mistakes without
causing embarrassment.

His early work in the field of strong and weak interactions, especially using
muons, conducted at CERN and at other institutions worldwide, represents
an outstanding achievement in physics. His deep interest in the structure of
vacuum began with the spectroscopy of muonic atoms and led him to formu-
late the ideas at the basis of current searches for nonlinear effects in Maxwell’s
equations due to vacuum polarization, and for other new interactions at low
energy scales.

This quest is still open and is being carried out today by a growing com-
munity of physicists. Many of the members of this community have been
trained by him and all remember him fondly for all that he had been able to
give.



Preface

Axion physics started in 1977 when Roberto Peccei and Helen Quinn pro-
posed their solution to the strong CP problem by postulating a new U(1)
symmetry. The strong CP problem is a “blemish” of the standard model of
particle physics which is one of the most profound and successful theories in
modern physics that has been verified by numerous experiments to very high
accuracy. Associated with the Peccei-Quinn symmetry is a light and weakly-
interacting particle that was named by Frank Wilczek based on experience
from day-to-day life: I named them after a laundry detergent, since they clean
up a problem with an axial current (Frank Wilczek, Nobel lecture 2004). So
far the axion has remained elusive for over 30 years of intensive research, and
none of the axion searches, based on either astrophysical observations or pure
laboratory based experiments, was able to yield a positive signature for the
axion or an axion-like particle.

The motivation of this book is to provide a starting point for graduate
students and senior scientists in the field of axions and axion-like particles.
We give a broad overview on the theoretical motivation of axions and axion-
like particles, their implication for cosmology and astrophysics, their role as
a well-motivated dark-matter candidate, and experimental axion searches.
Most of this book is based on lectures given at the 1st Joint ILIAS-CERN-
CAST axion training in Geneva at CERN in November 2005. Of course, the
experiments and theoretical works are by far too numerous to be completely
covered in a volume of lecture notes like this.

We are indebted to many people who have contributed directly or in-
directly to finalize this book and to make the axion lecture series possible.
Our special thanks go to the lecturers who have delivered stimulating writ-
ten versions of their presentations and who have helped patiently during the
preparation of the final text. We are grateful to our colleagues of the CAST
collaboration and numerous helpers whose assistance was crucial, especially
for the organization of the lecture series and for the day-to-day running of
the meeting. We owe special thanks to Konstantin Zioutas for his support,
who right from the conception of the first idea was convinced that the time
was ripe for a lecture series on axion-related physics.



VIII Preface

We thank the network on direct dark matter detection of the ILIAS in-
tegrating activity of the European Union (contract number: RII3-CT-2003-
506222) for support and CERN for hosting the meeting.

Kingston, Darmstadt, München, Berta Beltrán, Markus Kuster, and
February 2007 Georg Raffelt



Contents

Part I Axion Theory

1 The Strong CP Problem and Axions
Roberto D. Peccei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1 The U(1)A Problem and Its Resolution . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Approaches to the Strong CP Problem . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 U(1)PQ and Axions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Axion Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Invisible Axion Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Axion Cosmology
Pierre Sikivie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1 Thermal Axions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Axion Field Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 The Domain-Wall Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4 Cold Axions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.5 Axion Miniclusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.6 Axion Isocurvature Perturbations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3 Astrophysical Axion Bounds
Georg G. Raffelt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Axion Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 The Sun as an Axion Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4 Globular-Cluster Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.5 White-Dwarf Cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.6 Supernova 1987A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



X Contents

4 Axions and Large Extra Dimensions
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Part I

Axion Theory



1 The Strong CP Problem and Axions

Roberto D. Peccei

Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA
peccei@physics.ucla.edu

Abstract. I describe how the QCD vacuum structure, necessary to resolve the
U(1)A problem, predicts the presence of a P, T, and CP violating term proportional
to the vacuum angle θ̄. To agree with experimental bounds, however, this parameter
must be very small (θ̄ � 10−9). After briefly discussing some other possible solutions
to this, so-called, strong CP problem, I concentrate on the chiral solution proposed
by Peccei and Quinn which has associated with it a light pseudoscalar particle, the
axion. I discuss in detail the properties and dynamics of axions, focusing particularly
on invisible axion models where axions are very light, very weakly coupled, and
very long-lived. Astrophysical and cosmological bounds on invisible axions are also
briefly touched upon.

1.1 The U(1)A Problem and Its Resolution

In the 1970s the strong interactions had a puzzling problem, which became
particularly clear with the development of quantum chromodynamics (QCD).
The QCD Lagrangian for N flavors in the limit of vanishing quark masses
mf → 0 has a large global symmetry: U(N)V ×U(N)A. As mu,md � ΛQCD,
we know that, at least for these quarks, the limit of sending the quark masses
to zero is sensible. Thus, one would expect the strong interactions to be
approximately U(2)V × U(2)A invariant.

What one finds experimentally is that, indeed, the vector symmetry corre-
sponding to isospin times baryon number, U(2)V = SU(2)I×U(1)B, is a good
approximate symmetry of nature, as manifested by the appearance of nucleon
and pion multiplets in the spectrum of hadrons. For axial symmetries, how-
ever, things are different. Dynamically, quark condensates 〈ūu〉 = 〈d̄d〉 �= 0
form, breaking down the axial symmetry spontaneously. So one does not
expect approximate mixed parity multiplets in the hadronic spectrum, but
vestiges of the four Nambu-Goldstone bosons associated with the breakdown
of U(2)A. Although pions are light, mπ � 0, there are no signs of another
light state in the hadronic spectrum, as m2

η � m2
π. Weinberg [1] dubbed

this the U(1)A problem and suggested that, somehow, there was no U(1)A

symmetry in the strong interactions.
The resolution of the U(1)A problem came through the realization by

’t Hooft [2, 3] that the QCD vacuum has a more complicated structure.
The more complex nature of the QCD vacuum, in effect, makes U(1)A not

R.D. Peccei: The Strong CP Problem and Axions, Lect. Notes Phys. 741, 3–17 (2008)
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4 R.D. Peccei

a true symmetry of QCD, even though it is an apparent symmetry of the
QCD Lagrangian in the limit of vanishing quark masses. However, associated
with this more complicated QCD vacuum there is a phase parameter θ, and
only if this parameter is very small, CP is not very badly broken in the
strong interactions. So the solution of the U(1)A problem begets a different
problem: why is CP not badly broken in QCD? This is known as the strong
CP problem.

A possible resolution of the U(1)A problem seems to be provided by the
chiral anomaly for axial currents [4, 5, 6]. The divergence of the axial current
Jμ

5 associated with U(1)A gets quantum corrections from the triangle graph
which connects it to two gluon fields with quarks going around the loop. This
anomaly gives a non-zero divergence for Jμ

5

∂μJ
μ
5 =

g2
sN

32π2
Gμν

a G̃aμν , (1.1)

where G̃aμν = 1
2εμναβG

αβ
a . Hence, in the massless quark limit, although

formally QCD is invariant under a U(1)A transformation,

qf → eiαγ5/2qf , (1.2)

the chiral anomaly affects the action:

δW = α

∫
d4x∂μJ

μ
5 = α

g2
sN

32π2

∫
d4xGμν

a G̃aμν . (1.3)

However, matters are not that simple! The pseudoscalar density entering in
the anomaly is, in fact, a total divergence [7]:

Gμν
a G̃aμν = ∂μK

μ , (1.4)

where
Kμ = εμαβγAaα

(
Gaβγ − gs

3
fabcAbβAcγ

)
. (1.5)

Because of these identities δW is a pure surface integral

δW = α
g2
sN

32π2

∫
d4x∂μK

μ = α
g2
sN

32π2

∫
dσμK

μ . (1.6)

Hence, using the naive boundary condition that Aμ
a = 0 at spatial infinity,

one has
∫

dσμK
μ = 0 and U(1)A appears to be a symmetry again. What

’t Hooft [2, 3] showed, however, is that the correct boundary condition to
use is that Aμ

a should be a pure gauge field at spatial infinity, i.e., either
Aμ

a = 0 or a gauge transformation of 0. It turns out that, with these boundary
conditions, there are gauge configurations for which

∫
dσμK

μ �= 0 and thus
U(1)A is not a symmetry of QCD.
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This is most easily understood by working in the A0
a gauge. Studying

SU(2) QCD for simplicity, in this gauge [8], one has only spatial gauge fields
Ai

a. Under a gauge transformation these fields transform as

1
2
τaA

i
a ≡ Ai → ΩAiΩ−1 +

i
gs

∇iΩΩ−1 . (1.7)

Thus, vacuum configurations either vanish or have the form ig−1
s ∇iΩΩ−1. In

the A0
a = 0 gauge, one can further classify these vacuum configurations by

how Ω goes to unity as r → ∞:

Ωn → ei2πn as r → ∞ with n = 0, ±1, ±2, . . . . (1.8)

The integer n (the winding number) is related to the Jacobian of an S3 → S3

map and is given by [9]

n =
ig3

s

24π2

∫
d3rTr

(
εijkA

i
nA

j
nA

k
n

)
. (1.9)

This expression is closely related to the Bardeen current Kμ. Indeed, in the
A0

a = 0 gauge, only K0 �= 0 and one finds for pure gauge fields

K0 = −gs
3
εijkεabcA

i
aA

j
bA

k
c =

4
3

igsεijk Tr
(
AiAjAk

)
. (1.10)

The true vacuum is a superposition of these, so-called, n-vacua and is
called the θ-vacuum

|θ〉 =
∑

n

e−inθ|n〉 . (1.11)

It is easy to see that in the vacuum to vacuum transition amplitude there are
transitions with

∫
dσμK

μ �= 0. Indeed,

n|t=+∞ − n|t=−∞ =
g2
s

32π2

∫
dσμK

μ
∣∣∣t=+∞

t=−∞
. (1.12)

Using (1.12), in detail one can write for the vacuum to vacuum transition
amplitude

+〈θ|θ〉− =
∑
m,n

eimθe−inθ
+〈m|n〉− =

∑
ν

eiνθ
∑

n

+〈n+ ν|n〉− . (1.13)

It is easy to see that the difference in winding numbers ν is given by

ν =
g2
s

32π2

∫
dσμK

μ
∣∣∣t=+∞

t=−∞
=

g2
s

32π2

∫
d4xGμν

a G̃aμν . (1.14)

Using the usual path integral representation for the vacuum to vacuum am-
plitude +〈θ|θ〉−, one finds that

+〈θ|θ〉− =
∑

ν

∫
δA eiSeff [A] δ

(
ν − g2

s

32π2

∫
d4xGμν

a G̃aμν

)
, (1.15)
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where

Seff [A] = SQCD[A] + θ
g2
s

32π2

∫
d4xGμν

a G̃aμν . (1.16)

The resolution of the U(1)A problem, by recognizing the complicated
nature of the QCD vacuum, effectively adds an extra term to the QCD La-
grangian

Lθ = θ
g2
s

32π2
Gμν

a G̃aμν . (1.17)

This term violates parity and time reversal invariance but conserves charge
conjugation invariance, so it violates CP. It induces a neutron electric dipole
moment of order [10, 11]

dn � e θmq

m2
N

. (1.18)

The strong experimental bound |dn| < 3 × 10−26 e cm [12] implies θ � 10−9.
Why this should be so, is known as the strong CP problem.

This problem is actually worse if one considers the effect of chiral trans-
formations on the θ-vacuum. Chiral transformations, because of the anomaly,
actually can change the θ-vacuum [13]

eiαQ5 |θ〉 = |θ + α〉 . (1.19)

If, besides QCD, one includes the weak interactions, the quark mass matrix
is in general complex

Lmass = q̄iRMijqjL + h.c. (1.20)

To go to a physical basis, one must diagonalize this mass matrix and when
one does so, in general, one performs a chiral transformation that changes θ
by arg detM . So, in the full theory, the coefficient of the GG̃ term is

θ̄ = θ + arg detM . (1.21)

The strong CP problem is why is this θ̄ angle, coming from the strong and
weak interactions, so small?

1.2 Approaches to the Strong CP Problem

There are three possible “solutions” to the strong CP problem:

(i) Unconventional dynamics
(ii) Spontaneously broken CP
(iii) An additional chiral symmetry
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However, in my opinion, only the third of these is a viable solution. Of course,
it might be possible that, as a result of some anthropic reasons, θ̄ just turns
out to be of order 10−10, but I doubt it, as a Universe where CP is vio-
lated strongly seems as viable as one where it is not (private communication
by F. Wilczek).

Appealing to unconventional dynamics is also not very believable. At-
tempts have been made to suggest that the boundary conditions that give
rise to the θ-vacuum are an artifact [14], but then what is the solution to
the U(1)A problem? Other approaches try to use the periodicity of vacuum
energy E(θ) ∼ cos θ to deduce that θ vanishes [15], but fail to motivate the
minimization of the vacuum energy.

The second possibility of spontaneously broken CP is more interesting.
Obviously, if CP is a symmetry of nature, which is spontaneously broken, then
one can set θ = 0 at the Lagrangian level. However, if CP is spontaneously
broken θ gets induced back at the loop level. To get θ < 10−9, one needs, in
general, to ensure that θ vanishes also at the 1-loop level. Although models
exist where this is accomplished [16, 17, 18], theories with spontaneously
broken CP need complex Higgs vacuum expectation values (VEVs), leading
to difficulties with flavour changing neutral currents (FCNC) and domain
walls [19] and one must introduce recondite physics [20, 21, 22, 23] to avoid
these problems. In my view, however, the biggest drawback for this “solution”
to the strong CP problem is that experimental data are in excellent agreement
with the Cabibbo-Kobayashi-Maskawa model (CKM model) – a model where
CP is explicitly, not spontaneously, broken.

Introducing an additional chiral symmetry is a very natural solution
for the strong CP problem, as this chiral symmetry, effectively, rotates the
θ-vacua away. Two suggestions have been made for this chiral symmetry:

(i) The up-quark has no mass, mu = 0 [24]
(ii) The Standard Model has an additional global U(1) chiral symmetry

[25, 26]

The first possibility is disfavored by a standard current algebra analysis [27]
that shows that all data are consistent with a non-zero mass for the up-quark.
Furthermore, it is difficult to understand what would be the origin of this
chiral symmetry, which asks effectively that arg detM = 0.

1.3 U(1)PQ and Axions

Introducing a global chiral U(1) symmetry [25, 26] – which has become known
as a U(1)PQ symmetry – provides perhaps the most cogent solution to the
strong CP problem. This symmetry is necessarily spontaneously broken, and
its introduction into the theory effectively replaces the static CP-violating
angle θ̄ with a dynamical CP-conserving field – the axion. The axion is the
Nambu-Goldstone boson of the broken U(1)PQ symmetry [28, 29]. As a result,
under a U(1)PQ transformation, the axion field a(x) translates to
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a(x) → a(x) + αfa , (1.22)

where fa is the order parameter associated with the breaking of U(1)PQ.
Formally, to make the Lagrangian of the Standard Model U(1)PQ invari-

ant, this Lagrangian must be augmented by axion interactions:

Ltotal = LSM + θ̄
g2
s

32π2
Gμν

b G̃bμν

− 1
2
∂μa ∂

μa+ Lint[∂μa/fa, Ψ ] + ξ
a

fa

g2
s

32π2
Gμν

b G̃bμν . (1.23)

The last term above is needed to ensure that the U(1)PQ current indeed has
a chiral anomaly

∂μJ
μ
PQ = ξ

g2
s

32π2
Gμν

b G̃bμν . (1.24)

This term also represents an effective potential for the axion field, and its
minimum occurs at 〈a〉 = −θ̄ fa/ξ:〈

∂Veff

∂a

〉
= − ξ

fa

g2
s

32π2

〈
Gμν

b G̃bμν

〉 ∣∣∣
〈a〉=−θ̄ fa/ξ

= 0 . (1.25)

As at the minimum the θ̄-term is canceled out, this provides a dynamical
solution to the strong CP problem [25, 26].

It is easy to understand the physics of the Peccei-Quinn solution to the
strong CP problem. If one neglects the effects of QCD, then the extra U(1)PQ

symmetry allows all values for 〈a〉 to exist:

0 ≤ ξ
〈a〉
fa

≤ 2π . (1.26)

However, including the effects of the QCD anomaly serves to generate a
potential for the axion field that is periodic in the effective vacuum angle
θ̄ + 〈a〉ξ/fa:

Veff ∼ cos
(
θ̄ + ξ

〈a〉
fa

)
. (1.27)

Minimizing this potential with respect to 〈a〉 gives the PQ solution:

〈a〉 = −fa

ξ
θ̄ . (1.28)

Obviously, the Lagrangian (1.23) written in terms of aphys = a−〈a〉 no longer
has a CP-violating θ̄-term.

Expanding Veff at the minimum gives the axion a mass

m2
a =

〈
∂2Veff

∂a2

〉
= − ξ

fa

g2
s

32π2

∂

∂a

〈
Gμν

b G̃bμν

〉 ∣∣∣
〈a〉=−θ̄ fa/ξ

. (1.29)

The calculation of the axion mass was first done explicitly using current
algebra techniques by Bardeen and Tye [30]. Here I will give an effective
Lagrangian derivation [31] of ma, as this technique also gives readily the
couplings of axions to matter.
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1.4 Axion Dynamics

In the original Peccei-Quinn model, the U(1)PQ symmetry breakdown co-
incided with that of electroweak breaking fa = vF, with vF � 250 GeV.
However, this is not necessary. If fa � vF then the axion is very light, very
weakly coupled, and very long-lived. Models where this occurs have become
known as invisible axion models.

It is useful to derive first the properties of weak-scale axions and then
generalize the discussion to invisible axion models. To make the Standard
Model (SM) invariant under a U(1)PQ transformation, one must introduce
two Higgs fields to absorb independent chiral transformations of the up- and
down-quarks (and leptons). The relevant Yukawa interactions involving these
Higgs fields in the SM are

LYukawa = Γu
ijQ̄LiΦ1uRj + Γd

ijQ̄LiΦ2dRj + Γ

ijL̄LiΦ2�Rj + h.c. (1.30)

Defining x = v2/v1 and vF =
√
v2
1 + v2

2 , the axion is the common phase field
in Φ1 and Φ2, which is orthogonal to the weak hypercharge:

Φ1 =
v1√
2

eiax/vF

(
1
0

)
and Φ2 =

v2√
2

eia/xvF

(
0
1

)
. (1.31)

From the above, it is clear that LYukawa is invariant under the U(1)PQ trans-
formation

a → a+ αvF ,

uRj → e−iαxuRj ,

dRj → e−iα/xdRj ,

�Rj → e−iα/x�Rj . (1.32)

Let us focus on the quark pieces. The symmetry current for U(1)PQ,

Jμ
PQ = −vF∂μa+ x

∑
i

ūiRγ
μuiR +

1
x

∑
i

d̄iRγ
μdiR , (1.33)

identifies the anomaly coefficient ξ in (1.23) as

ξ =
N

2

(
x+

1
x

)
= Ng

(
x+

1
x

)
. (1.34)

To compute the axion mass, it is useful to separate the effects of the axion
interactions with the light quarks from the rest. These interactions can be
deduced from the underlying theory by constructing an appropriate effective
chiral Lagrangian. The effects of the heavy quarks essentially can then be
accounted for through their contribution to the chiral anomaly of Jμ

PQ.
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For the two light quarks, as usual [27], one introduces a 2×2 matrix of
Nambu-Goldstone fields

Σ = exp
(

i
τ · π + η

fπ

)
, (1.35)

where fπ is the pion decay constant. Then the meson sector of the light-quark
theory, neglecting the effect of the Yukawa interactions, is embodied in the
U(2)V × U(2)A invariant effective Lagrangian

Lchiral = −f
2
π

4
Tr
(
∂μΣ ∂μΣ†) . (1.36)

To Lchiral one must add U(2)V × U(2)A breaking terms which mimic
the U(1)PQ invariant Yukawa interactions of the u- and d-quarks. This is
accomplished by the Lagrangian

Lmass =
1
2
(
fπm

0
π

)2
Tr
[
ΣAM + (ΣAM)†

]
, (1.37)

where

A =
(

e−iax/vF 0
0 e−ia/xvF

)
and M =

( mu

mu+md
0

0 md

mu+md

)
. (1.38)

Note that the invariance of Lmass under U(1)PQ requires that Σ transform
as

Σ → Σ

(
eiαx 0
0 eiα/x

)
. (1.39)

Lmass, however, only gives part of the physics associated with the sym-
metry breakdown of U(2)A. In fact, the quadratic terms in Lmass involving
neutral fields

L(2)
mass = −

(
m0

π

)2
2

[
mu

mu +md

(
π0 + η − xfπ

vF
a

)2

+
md

mu +md

(
η − π0 − fπ

xvF
a

)2
]

(1.40)

give
m2

η

m2
π

=
md

mu
� 1.6 (1.41)

which contradicts experiment. Indeed, if Lmass was all that there was, we
would have recreated in the effective Lagrangian language the U(1)A problem!
Furthermore, with only this term the axion is still massless.

The resolution of the U(1)A problem in the effective Lagrangian theory
is achieved by adding a further mass term that takes account of the anomaly
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in both U(1)A and U(1)PQ. This mass term gives the η the right mass and
produces a mass for the axion. It is easy to convince oneself that such a term
has the form [31]

Lanomaly = −
(
m0

η

)2
2

[
η +

fπ

vF

(Ng − 1)(x+ 1/x)
2

a

]2
, (1.42)

where (m0
η)2 � m2

η � m2
π. The coefficient in front of the axion field in

Lanomaly reflects the relative strength of the couplings of the axion and the η
to GG̃ as the result of the anomalies in U(1)PQ and U(1)A. Naively, the ratio
of these couplings is just fπ/2vFξ. However, the reason that Ng − 1 appears
in the above, rather than Ng, is that Lmass already includes the light quark
interactions of axions, so only the contribution of heavy quarks to the PQ
anomaly should be taken into account in Lanomaly.

Diagonalization of the quadratic terms in Lmass and Lanomaly gives both
the axion mass and the parameters for axion-pion and axion-eta mixing for
the PQ model. It is convenient to define

m̄a = mπ
fπ

vF

√
mumd

mu +md
� 25 keV . (1.43)

Then one finds

ma = λmm̄a , ξaπ = λ3
fπ

vF
, ξaη = λ0

fπ

vF
, (1.44)

where

λm = Ng

(
x+

1
x

)
,

λ3 =
1
2

[(
x− 1

x

)
−Ng

(
x+

1
x

)
md −mu

mu +md

]
,

λ0 =
1
2

(1 −Ng)
(
x+

1
x

)
. (1.45)

In addition to the three parameters above, all axion models are charac-
terized also by how the axion couples to two photons. Writing the interaction
Lagrangian describing this coupling as

Laγγ =
α

4π
Kaγγ

aphys

fa
FμνF̃μν , (1.46)

one needs to find the coupling Kaγγ for the PQ model. This coupling follows
from the electromagnetic anomaly of the PQ current

∂μJ
μ
PQ =

α

4π
ξγFμν F̃

μν . (1.47)
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Here ξγ gets contributions from both quarks and leptons, and one finds

ξγ = Ng

{[
3
(

2
3

)2]
x+

[
3
(− 1

3

)2 + (−1)2
] 1
x

}

=
4
3
Ng

(
x+

1
x

)
. (1.48)

As before, in computing Kaγγ , one must separate out the light quark contri-
bution of the axion in the anomaly, so that ξeffγ = 4

3Ng(x+ 1/x) − 4
3x− 1

3
1
x ,

and add back the axion to two-photon contribution that arises from the cou-
pling of the π0 and η to two photons, via axion-pion and axion-eta mixing:
λ3 + 5

3λ0. This then gives

Kaγγ = Ng

(
x+

1
x

)
mu

mu +md
. (1.49)

1.5 Invisible Axion Models

The original PQ model [25, 26], where fa = vF, was long ago ruled out
by experiment. For example, one can estimate the branching ratio (BR)
[31]

BR
(
K+ → π+ + a

) � 3 × 10−5λ2
0 = 3 × 10−5 (x+ 1/x)2 (1.50)

which is well above the bounds obtained at the National Laboratory for High
Energy Physics in Japan (KEK) [32] BR(K+ → π+ +nothing) < 3.8× 10−8.
However, invisible axion models, where fa � vF, are still viable.

Invisible axion models introduce scalar fields that carry PQ charge but are
SU(2)×U(1) singlets. As a result, it is possible that the VEVs of these fields
have a scale much larger than the one set by the weak interactions. Basically,
two types of models have been proposed. The first of these models, due to
Kim [33] and Shifman, Vainshtein and Zakharov [34] (the, so-called, KSVZ
model), introduces a scalar field σ with fa = 〈σ〉 � vF and a super-heavy
quark Q with MQ ∼ fa as the only fields carrying PQ charge. The second
of these models, due to Dine, Fischler and Srednicki [35] and Zhitnisky [36]
(the, so-called, DFSZ model), adds to the original PQ model a scalar field φ
that carries PQ charge and fa = 〈φ〉 � vF.

It is straightforward to repeat the calculations we just did above for these
models, to get the axion mass and couplings. I will do this explicitly here
for the KSVZ model, because it is simple and illustrates well what we just
did and will just quote the results for the DFSZ model. By construction, the
KSVZ axion does not interact with leptons and it only interacts with light
quarks as the result of the strong and electromagnetic anomalies

LKSVZ
axion =

a

fa

(
g2
s

32π2
Gμν

b G̃bμν + 3e2Q
α

4π
Fμν F̃μν

)
, (1.51)

where eQ is the electromagnetic charge of the super-heavy quark Q.
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As in the KSVZ model the ordinary Higgs do not carry PQ charge, the
only interactions of the axion with the light-quark sector come from the
effective anomaly mass term, which is given here by

Lanomaly = −
(
m0

η

)2
2

(
η +

fπ

2fa
a

)2

. (1.52)

To the above, one must add the standard quadratic term coming from the
light quarks

L(2)
mass = −

(
m0

π

)2
2

[
mu

mu +md

(
π0 + η

)2
+

md

mu +md

(
η − π0

)2]
. (1.53)

Diagonalizing Lanomaly and L(2)
mass gives

ma =
vF
fa
m̄a ≡ λm

vF
fa
m̄a , ξaπ = λ3

fπ

fa
, ξaη = λ0

fπ

fa
, (1.54)

where for the KSVZ model these parameters are

λm = 1 , λ3 = − md −mu

2 (mu +md)
, λ0 = −1

2
. (1.55)

Note that, numerically, in the KSVZ model the axion mass is given by the
formula

ma =
vF
fa
m̄a � 6.3 eV

(
106 GeV

fa

)
. (1.56)

The calculation of Kaγγ in this model is equally straightforward. To the
contribution of the super-heavy quark in the electromagnetic anomaly, 3e2Q,
one must add that coming from the mixing of the axion with the π0 and
the η, i.e., λ3 + 5

3λ0. This gives, finally,

Kaγγ = 3e2Q − 4md +mu

3 (mu +md)
. (1.57)

I will not go through the analogous calculation for the DFSZ model but
just quote the results. For this model, it proves convenient to define

X1 =
2v2

2

v2
F

and X2 =
2v2

1

v2
F

, (1.58)

where vF =
√
v2
1 + v2

2 and v1 and v2 are the two Higgs VEVs. Furthermore,
if one rescales fa → fa/2Ng, the axion mass in the DFSZ model is given by
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(1.56), the same equation as for the KSVZ model, corresponding to λm = 1.
With this rescaling understood, one then finds

λ3 =
1
2

(
X1 −X2

2Ng
− md −mu

md +mu

)
, λ0 =

1 −Ng

2Ng
, (1.59)

and
Kaγγ =

4
3
− 4md +mu

3 (md +mu)
. (1.60)

Although the KSVZ and DFSZ axions are very light, very weakly coupled,
and very long-lived, they are not totally invisible. I will not describe in detail
how these “invisible” axions affect astrophysics and cosmology, as others will
do so in this volume. However, in an attempt to make this brief precis on the
strong CP problem and axions self-contained, I will add a few comments on
the bounds one derives for invisible axions.

Astrophysics gives bounds on the axion mass as axion emission, through
Compton production, γe → ae, and the Primakoff process, causes energy
loss in stars [37]. The energy loss is inversely proportional to f2

a and hence
proportional to m2

a. Thus axions must be light enough, so as not to affect
stellar evolution. This is not the only way in which one obtains an upper
bound on ma. For instance, another bound on ma comes from SN 1987A,
as axion emission through the process NN → NNa in the core collapse
affects the neutrino signal [38]. Typical bounds (Sect. 2.6) obtained from
astrophysics require axions to be lighter than

ma < 1 to 10−3 eV . (1.61)

Remarkably, cosmology gives a lower bound on the axion mass (and an
upper bound on fa) [39, 40, 41]. The physics connected with this bound
is simple to understand. When the Universe goes through the PQ phase
transition at T ∼ fa � ΛQCD, the QCD anomaly is ineffective. As a result,
early in the Universe 〈aphys〉 is arbitrary. Eventually, when the Universe cools
down to temperatures of order T ∼ ΛQCD, the axion acquires a mass and
〈aphys〉 → 0. The PQ mechanism through which this happens, however, is
not an instantaneous process and 〈aphys〉 oscillates to its final value. These
coherent pa = 0 axion oscillations contribute to the Universe’s energy density
and axions act as cold dark matter. The energy density contained in axion
oscillations is proportional to fa and thus bounds on the energy density of
cold dark matter in the Universe provide an upper bound on fa (and a lower
bound on ma).

I quote the result of a recent calculation by Fox, Pierce and Thomas [42]
of the contribution to the Universe’s energy density due to axions:

Ωah
2 = 0.5

(
fa/ξ

1012 GeV

)7/6 [
θ2i + (σθ)

2
]
γ . (1.62)

Here ξ is the coefficient of the PQ anomaly and, with the way we defined fa,
ξ = 1 for both the KSVZ and DFSZ models. The angle θi is the misalignment
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value for 〈aphys〉/fa, and σθ is its mean-squared fluctuation. Finally, γ is a
possible dilution factor for the energy density produced by axion oscillations.

One can use the recent WMAP bound on cold dark matter [43] to bound

Ωah
2 < 0.12 . (1.63)

Assuming no dilution (γ = 1) and using for θi an average misalignment angle
θ2i = π2/3 and neglecting its fluctuations, the WMAP data give the following
cosmological bound for the PQ scale:

fa < 3 × 1011 GeV or ma > 2 × 10−5 eV . (1.64)

1.6 Concluding Remarks

My conclusions are rather simple and telegraphic. In my view, after more
than 25 years, the preferred solution to the strong CP problem still remains
the idea that the Standard Model has an additional U(1)PQ symmetry. Such a
solution, necessarily, predicts the existence of a concomitant axion. Although
Fermi-scale axions have been ruled out, invisible axion models are still viable
and axion oscillations toward its minimum could account for the dark matter
in the Universe. This is an exciting possibility. However, no totally compelling
invisible axion models exist, and there are no strong arguments to believe that
fa takes precisely the value needed for axions to be the dark matter in the
Universe. Nevertheless, it is encouraging that experimentalists are actively
searching for signals of invisible axions.
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Abstract. The cosmological properties of axions are reviewed. We discuss the
axions produced by thermal processes in the early universe, the evolution of the av-
erage axion field between the Peccei-Quinn and QCD phase-transitions, the domain-
wall problem and its possible resolutions, the population of cold axions produced
by vacuum realignment, string decay and domain wall decay, and, finally, axion
miniclusters and axion isocurvature perturbations.

For background information on the strong CP problem and on laboratory
and astrophysical axion constraints, the reader is referred to Chaps. 1 and 3.
In this chapter, we will be concerned only with the cosmological properties of
axions. We merely mention that different authors may use different definitions
of the axion decay constant fa. We define normalization by the action density
for QCD plus an axion

LQCD+a = −1
4
Gb

μνG
bμν +

1
2
∂μa ∂

μa

+
∑

q

q̄ (iγμ∂μ −mq) q +
g2
s

32 π2

(
θ +

a

fa

)
Gb

μνG̃
bμν , (2.1)

where a is the axion field before mixing with the η and π0 mesons.
Equation (2.1) uses standard notation for the chromomagnetic field strength
tensor G, the strong coupling constant gs, and the quark fields q. The axion
mass, after mixing with the η and π0 mesons, is given in terms of fa by

ma � 6 μeV
(

1012 GeV
fa

)
. (2.2)

The axion-decay constant is related to the magnitude va of the vacuum ex-
pectation value that breaks the U(1)PQ symmetry by fa = va/N . N is an
integer characterizing the color anomaly of U(1)PQ, and N = 6 in the orig-
inal Peccei-Quinn-Weinberg-Wilczek axion model. All axion couplings are
inversely proportional to fa.
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2.1 Thermal Axions

Axions are created and annihilated during interactions among particles in the
primordial soup. Let us call the population of axions established as a result of
such processes “thermal axions”, to distinguish them from the population of
“cold axions” which we discuss later. The number density nth

a (t) of thermal
axions solves the Boltzmann equation [1]

dnth
a

dt
+ 3Hnth

a = Γ
(
neq

a − nth
a

)
, (2.3)

where
Γ =

∑
i

ni〈σiv〉 (2.4)

is the rate at which axions are created and annihilated. H(t) is the Hubble
expansion rate and

neq
a =

ζ(3)
π2

T 3 (2.5)

is the number density of axions at thermal equilibrium, where ζ(3) = 1.202 . . .
is the Riemann zeta function of argument 3. In (2.4), the sum is over processes
of the type a+ i↔ 1 + 2, where 1 and 2 are other particle species, ni is the
number density of particle species i, σi is the corresponding cross section, and
〈. . .〉 indicates averaging over the momentum distributions of the particles
involved.

Unless unusual events are taking place, T ∝ R−1 where R(t) is the scale
factor, and (2.5) implies, therefore,

dneq
a

dt
+ 3Hneq

a = 0 . (2.6)

Combining (2.6) and (2.3), one obtains

d
dt
[
R3(nth

a − neq
a )
]

= −ΓR3
(
nth

a − neq
a

)
. (2.7)

This equation implies that a thermal distribution of axions is approached
exponentially fast whenever the condition

Γ > H (2.8)

is satisfied. So, we have a thermal population of axions today, provided the
inequality (2.8) prevailed for a few expansion times at some point in the
early universe and the thermal population of axions thus established did
not subsequently get diluted away by inflation or some other cause of huge
entropy release.

The least model-dependent processes for thermalizing axions in the early
universe are (a) a+ q(q̄) ↔ g+ q(q̄), (b) a+ g ↔ q+ q̄, and (c) a+ g ↔ g+ g.
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b)a)

c)

Fig. 2.1. Processes which produce thermal axions in the early universe

The corresponding diagrams are shown in Fig. 2.1. These processes involve
only the coupling of the axion to gluons, present in any axion model, and the
coupling of quarks to gluons.

A detailed treatment is provided in [2]. We give only a rough estimate
here. The processes of Fig. 2.1 have cross sections of order

σ ∼ α3
s

8π2

1
f2

a

, (2.9)

where αs = g2
s/4π. At temperatures T > 1 TeV, the densities of quarks,

antiquarks, and gluons are

nq = nq̄ = 27
ζ(3)
π2

T 3 and ng = 16
ζ(3)
π2

T 3 . (2.10)

The Hubble rate is given by the Friedmann equation

H2 =
8πG

3
� =

8πG
3

[
Nb(T ) +

7
8
Nf (T )

]
π2

30
T 4 , (2.11)

where Nb(T ) and Nf (T ) are, respectively, the total effective number of
bosonic and fermionic spin degrees of freedom at temperature T . For T >
1 TeV,

N ≡ Nb +
7
8
Nf = 107.75 (2.12)

if we assume no new degrees of freedom other than those of the Standard
Model plus an axion. Combining everything and setting αs � 0.03, one finds

3∑
i=1

ni〈σiv〉
H

∼ 2
(

1012 GeV
fa

)2
T

1012 GeV
. (2.13)

Thus we find that the processes of Fig. 2.1 keep axions in thermal equilibrium
with the primordial soup until the temperature
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TD ∼ 5 × 1011 GeV
(

fa

1012 GeV

)2

. (2.14)

Note that the calculation is not valid when T � va = Nfa, as the PQ
symmetry is restored then. In particular, in view of (2.14), the processes
under consideration produce a population of thermal axions only if fa �
2N 1012 GeV.

We will see in Sect. 2.4 that fa has to be less than approximately 1012 GeV
to avoid overclosing the universe with cold axions. That bound suggests that
the processes of Fig. 2.1 do produce a population of thermal axions. We
should keep in mind, however, that this thermal axion population may be
wiped out by a period of inflation with reheat temperature less than TD. So
it is interesting to search for processes that may re-establish a thermal axion
population later on. We briefly discuss two such possibilities.

First we consider the Compton-like scattering process Q + g ↔ Q + a,
where Q may be a known quark or a new heavy quark. There are related
processes in which the gluon is replaced by a photon or Z-boson, and/or the
quark is replaced by a lepton. However Q + g ↔ Q + a is the least model-
dependent among the Compton-like processes because, in every axion model,
there is at least one colored fermion Q that carries PQ charge and hence to
which the axion couples. The cross section is

σQ ∼ αs

v2
a

×
{

(mQ/T )2 for T > mQ ,

1 for T < mQ .
(2.15)

The relevant regime is when T > mQ as the Q number density is Boltzmann
suppressed for T < mQ. Using αs = 0.05 and N = 107.75, we have

nQ〈σQv〉
H

∼ m2
Q

T (2 × 107 GeV)

(
1012 GeV

va

)2

(2.16)

for T > mQ. So this process produces a population of thermal axions provided

mQ � 2 × 107 GeV
( va

1012 GeV

)2

. (2.17)

The axions decouple then at a temperature TD ∼ mQ.
Let us also consider the process π + π ↔ π + a. As the axion necessarily

mixes with the π0, this process is model-independent as well. It occurs at
T ∼ 200 MeV, after the QCD phase-transition but before the pions have
annihilated. The cross section is of order

σπ ∼ f−2
a . (2.18)

Using N = 17.25, we find

nπ〈σπv〉
H

∼
(

3 × 108 GeV
fa

)2

(2.19)
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at T ∼ mπ. The π + π ↔ π + a process has the advantage of occurring very
late so that any thermal axion population it establishes cannot be wiped out
by inflation – inflation occurring that late would also wipe out the baryons.
However, (2.19) indicates that it is ineffective unless the bound fa > 109 GeV
from SN 1987A is saturated.

We have seen that, under a broad set of circumstances, a population of
relic thermal axions is produced. For fa > 109 GeV, the axion lifetime exceeds
by many orders of magnitude the age of the universe. Between their last
decoupling, at temperature TD, and today, the thermal axion population is
merely diluted and redshifted by the expansion of the universe. Their present
number density is

nth
a (t0) =

ζ(3)
π2

T 3
D

(
RD

R0

)3

, (2.20)

where RD/R0 is the ratio of scale factors between the time tD of decoupling
and today. Their average momentum is

〈
pth

a (t0)
〉

=
π4

30ζ(3)
TD

RD

R0
= 2.701TD

RD

R0
. (2.21)

If
〈
pth

a (t0)
〉� ma, the energy distribution is thermal with temperature

Ta0 = TD
RD

R0
. (2.22)

If there is neither inflation nor any other form of entropy release, from tD until
the present, Ta0 is related to the present cosmic microwave background tem-
perature Tγ0 = 2.735 K by the conservation of entropy. As electron-positron
annihilation occurs after neutrino decoupling, one finds

Ta0 =
(

10.75
ND

4
11

)1/3

Tγ0 = 0.905 K
(

106.75
ND

)1/3

. (2.23)

The average momentum of relic thermal axions is

〈
pth

a (t0)
〉

= 2.1 × 10−4 eV
(

106.75
ND

)1/3

, (2.24)

and their number density is

nth
a (t0) = 7.5 cm−3 106.75

ND
. (2.25)

2.2 Axion Field Evolution

The thermal axions discussed in the previous section are quantum fluctua-
tions about the average background value of the axion field. The evolution
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of the average axion field, from the moment U(1)PQ gets spontaneously bro-
ken during the PQ phase-transition to the moment the axion acquires mass
during the QCD phase-transition, is the topic of this section.

The U(1)PQ symmetry gets spontaneously broken at a critical tempera-
ture TPQ ∼ va, where va is the vacuum expectation value of a complex field
φ(x). The action density for this field is of the form

Lφ =
1
2
∂μφ

† ∂μφ− λ

4
(
φ†φ− v2

a

)2
+ . . . , (2.26)

where the dots represent interactions with other fields in the theory. At T >
TPQ, the free energy has its minimum at φ = 0. At T < TPQ, the minimum is
a circle, the radius of which quickly approaches va as T decreases. Afterwards

〈φ(x)〉 = va eia(x)/va , (2.27)

where a(x) is the axion field before mixing with the π0 and η mesons. The
field a(x) has random initial conditions. In particular, at two points outside
each other’s causal horizon, the values of a(x) are completely uncorrelated.

It is well-known that the size of the causal horizon is hugely modified
during cosmological inflation. Without inflation, the size of the causal horizon
is of order t, the age of the universe. But, during an inflationary epoch, the
causal horizon grows exponentially fast and becomes enormous compared
to t. There are two cases to consider.

• Case 1: Inflation occurs with reheat temperature smaller than TPQ, and
the axion field is homogenized over enormous distances. The subsequent
evolution of this zero-momentum mode is relatively simple.

• Case 2: Inflation occurs with reheat temperature larger than TPQ. In
addition to the zero mode, the axion field has non-zero modes and carries
strings and domain walls as topological defects.

The early universe is assumed to be homogeneous and isotropic. Its curvature
is negligible. The space-time metric can therefore be written in the Robertson-
Walker form

− ds2 = dt2 −R(t)2 dx · dx , (2.28)

where the x are co-moving spatial coordinates and R(t) is the scale factor.
The equation of motion for a(x) in this space-time is

Dμ∂
μa(x)+V ′

a [a(x)] =

(
∂2

t + 3
Ṙ

R
∂t − 1

R2
∇2

x

)
a(x)+V ′

a [a(x)] = 0 , (2.29)

where Va is the effective potential for the axion field and prime indicates a
derivative with respect to a. Va results from non-perturbative QCD effects
associated with instantons [3, 4]. They break the U(1)PQ symmetry down to
a Z(N) discrete subgroup [5]. Va(a) is therefore periodic with period Δa =
2π va/N = 2πfa. We may write such a potential qualitatively as
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Va = f2
a m

2
a(t) [1 − cos (a/fa)] , (2.30)

where the axion mass ma(t) = ma[T (t)] is a function of temperature and
hence of time. Equation (2.27) implies that the axion field has a range 0 ≤
a ≤ 2πva. Hence there are N degenerate vacua. The discrete degeneracy
implies the existence of domain walls, which will be discussed in Sect. 2.3.

Substituting (2.30) into (2.29), the equation of motion becomes
(
∂2

t + 3
Ṙ

R
∂t − 1

R2
∇2

x

)
a(x)m2

a(t) fa sin
(
a(x)
fa

)
= 0 . (2.31)

The non-perturbative QCD effects associated with instantons have ampli-
tudes proportional to

e−2π/αs(T ) �
(
ΛQCD

T

)11−2Nf /3

, (2.32)

whereNf is the number of quark flavors with mass less than T . Equation (2.32)
implies that the axion mass is strongly suppressed at temperatures that are
large compared to the QCD scale but turns on rather abruptly when the
temperature approaches ΛQCD.

Because the first three terms in (2.31) are proportional to t−2, the axion
mass is unimportant in the evolution of the axion field until ma(t) becomes
of order t−1. Let us define a critical time t1 by

ma(t1) t1 = 1 . (2.33)

The axion mass effectively turns on at t1. From a calculation of the effects
[6, 7, 8] of QCD instantons at high temperature [9] one obtains

ma(T ) � 4 × 10−9 eV
(

1012 GeV
fa

)(
GeV
T

)4

, (2.34)

when T is near 1 GeV. The relation between T and t follows from (2.11) and
H = 1/2t. The total effective number N of thermal spin degrees of freedom
is changing near 1 GeV temperature from a value near 60, valid above the
quark-hadron phase transition, to a value of order 30 below that transition.
Using N � 60, one has

ma(t) � 0.7 × 1020 s−1

(
t

1 s

)2(1012 GeV
fa

)
, (2.35)

which implies

t1 � 2 × 10−7 s
(

fa

1012 GeV

)1/3

. (2.36)
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The corresponding temperature is

T1 � 1 GeV
(

1012 GeV
fa

)1/6

. (2.37)

Equation (2.35) implies d ln[ma(t)]/dt < ma(t) after t1. So, at least for a short
while below 1 GeV, as long as (2.34) remains valid, the axion mass changes
adiabatically. The number of axions is the adiabatic invariant. Conservation
of the number of axions after t1 allows us to estimate the energy density
of axions today from an estimate of their number density at t1. When the
temperature drops well below 1 GeV, the dilute instanton gas calculations
that yield (2.34) are no longer reliable. Complicated things happen such as
the confinement and chiral symmetry-breaking phase-transitions. However,
because ma � H then, it is reasonable to expect the number of axions to be
conserved, at least in order of magnitude.

2.2.1 Zero Mode

In case 1, where inflation occurs after the PQ phase-transition, the axion field
is homogenized over enormous distances. Equation (2.31) becomes [6, 7, 8]

(
d2

dt2
+

3
2t

d
dt

)
a(t) +m2

a(t) fa sin
(
a(t)
fa

)
= 0 , (2.38)

where we used R(t) ∝ t1/2. For t � t1, we may neglect ma. The solution is
then

a(t) = a0 + a1/2 t
−1/2 , (2.39)

where a0 and a1/2 are constants. Equation (2.39) implies that the expansion
of the universe slows the axion field down to a constant value.

When t approaches t1, the axion field starts oscillating in response to
the turn-on of the axion mass. We will assume that the initial value of a is
sufficiently small that fa sin(a/fa) � a. Let us define ψ by

a(t) ≡ t−3/4ψ(t) . (2.40)

The equation for ψ(t) is
[

d2

dt2
+ ω2(t)

]
ψ(t) = 0 , (2.41)

where
ω2(t) = m2

a(t) +
3

16 t2
. (2.42)

For t > t1, we have d lnω/dt � ω � ma. That regime is characterized
by the adiabatic invariant ψ2

0(t)ω(t), where ψ0(t) is the changing oscillation
amplitude of ψ(t). We have, therefore,



2 Axion Cosmology 27

ψ(t) � C√
ma(t)

cos
[∫ tdt′ ω(t′)

]
, (2.43)

where C is a constant. Hence

a(t) = A(t) cos
[∫ tdt′ω(t′)

]
, (2.44)

with
A(t) =

C√
ma(t)

t−3/4 . (2.45)

Hence, during the adiabatic regime,

A2(t)ma(t) ∝ t−3/2 ∝ R(t)−3 . (2.46)

The zero-momentum mode of the axion field has energy density �a =
1
2 m

2
aA

2 and describes a coherent state of axions at rest with number density
na = 1

2 maA
2. Equation (2.46) states, therefore, that the number of zero-

momentum axions per co-moving volume is conserved. The result holds as
long as the changes in the axion mass are adiabatic.

We estimate the number density of axions in the zero-momentum mode
at late times later by saying that the axion field has a random initial value
a(t1) = faα1 and evolves according to (2.44) and (2.45) for t > t1, where α1

is called the “initial misalignment angle.” As the effective potential for a is
periodic with period 2πfa, the relevant range of α1 values is −π to +π. The
number density of zero-momentum axions at time t1 is then [6, 7, 8]

nvac,0
a (t1) ∼ 1

2
ma(t1) a2(t1) =

f2
a

2t1
α2

1 , (2.47)

where we used (2.33). We will use (2.47) in Sect. 2.4 to estimate the zero-mode
contribution to the cosmological energy density of cold axions.

A more precise treatment would solve (2.38) for t ∼ t1, e.g. by numerical
integration, to obtain the exact interpolation between the sudden (t < t1)
and adiabatic (t > t1) regimes. An additional improvement is to solve (2.38)
without linearizing the sine function, thus allowing large values of α1. Al-
though these improvements are desirable, they would still leave the number
of axions unknown in case 1 because the initial misalignment angle α1 is
unknown. In case 2, the zero-mode contribution to the axion number density
is also given by (2.47), but the misalignment angle α1 varies randomly from
one horizon to the next.

2.2.2 Non-Zero Modes

In case 2, where there is no inflation after the PQ phase-transition, the axion
field is spatially varying. Axion strings are present as topological defects, and
non-zero momentum modes of the axion field are excited. We first consider
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a region of the universe that happens to be free of strings. Strings will be
added in the next subsection.

The axion field satisfies (2.31). We neglect the axion mass until t ∼ t1.
The solution of (2.31) is a linear superposition of eigenmodes with definite
co-moving wavevector k:

a(x, t) =
∫

d3k a(k, t) eik·x , (2.48)

where a(k, t) satisfies
(
∂2

t +
3
2t
∂t +

k2

R2

)
a(k, t) = 0 . (2.49)

Equations (2.28) and (2.48) imply that the wavelength λ(t) = 2πR(t)/k of
each mode is stretched by the Hubble expansion. There are two qualitatively
different regimes in the evolution of a mode, depending on whether its wave-
length is outside [λ(t) > t] or inside [λ(t) < t] the horizon.

For λ(t) � t, only the first two terms in (2.49) are important and the
most general solution is

a(k, t) = a0(k) + a−1/2(k) t−1/2 . (2.50)

Thus, for wavelengths larger than the horizon, each mode goes to a constant;
the axion field is “frozen by causality”.

For λ(t) � t, let a(k, t) = R−3/2(t)ψ(k, t). Equation (2.49) becomes
[
∂2

t + ω2(t)
]
ψ(k, t) = 0 , (2.51)

where

ω2(t) =
k2

R2(t)
+

3
16 t2

� k2

R2(t)
. (2.52)

As d lnω/dt� ω, this regime is again characterized by the adiabatic invariant
ψ2

0(k, t)ω(t), where ψ0(k, t) is the oscillation amplitude of ψ(k, t). Hence the
most general solution is

a(k, t) =
C

R(t)
cos
[∫ tdt′ω(t′)

]
, (2.53)

where C is a constant. The energy density and the number density behave,
respectively, as �a,k ∼ C2ω2R−2(t) ∝ R−4(t) and na,k ∼ ω−1�a,k ∝ R−3(t),
indicating that the number of axions in each mode is conserved. This is as
expected because the expansion of the universe is adiabatic for modes with
λ(t) t � 1.

Let us call dna(ω, t)/dω the number density, in physical and frequency
space, of axions with wavelength λ = 2π/ω, for ω > t−1. The axion number
density in physical space is thus
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na(t) =
∫

t−1
dω

dna

dω
(ω, t) , (2.54)

whereas the axion energy density is

�a(t) =
∫

t−1
dω ω

dna

dω
(ω, t) . (2.55)

Under the Hubble expansion, axion energies redshift according to ω′ =
ω (R/R′) and volume elements expand according to ΔV ′ = ΔV (R′/R)3,
whereas the number of axions is conserved mode by mode. Hence

dna

dω
(ω, t) =

(
R′

R

)2 dna

dω
(ω R/R′, t′) . (2.56)

Moreover, the size of dna/dω for ω ∼ t−1 is determined in order of magnitude
by the fact that the axion field typically varies by va = Nfa from one horizon
to the next. Thus

ω
dna

dω
(ω, t)Δω

∣∣∣
ω∼Δω∼t−1

∼ dna

dω
(t−1, t) t−2 ∼ 1

2
(∇a)2 ∼ 1

2
N2f2

a

t2
. (2.57)

From (2.56), (2.57) and R ∝ t1/2, we have [10]

dna

dω
(ω, t) ∼ N2f2

a

2t2ω2
. (2.58)

This equation holds until the axion acquires mass during the QCD phase-
transition.

2.2.3 Strings

In case 2, axion strings are present as topological defects in the axion field
from the PQ to the QCD phase-transitions [11]. The energy per unit length
of an axion string is

μ = πv2
a ln(vaL) . (2.59)

L is an infra-red cutoff, which in practice equals the distance to the nearest
neighbor string. Because they are strongly coupled to the axion field, the
strings decay very efficiently into axions. We will see that practically all
axions produced by string-decay are non-relativistic after t1. Because each
such axion contributes ma to the present energy density, it is important to
evaluate the number density of axions emitted in string-decay. This is our
main goal in this subsection.

At a given time t, there is at least on the order of one string per horizon.
Indeed the axion field is completely uncorrelated over distances larger than t.
Hence there is non-zero probability that the random values of a(x, t) wander
from zero to 2π va along a closed path in physical space, if that closed path
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has size larger than t. When this is the case, a string perforates the surface
subtended by the closed path.

At first, the strings are stuck in the primordial plasma and are stretched
by the Hubble expansion. During that time, because R(t) ∝ t1/2, the density
of strings grows to be much larger than one per horizon. However, expansion
dilutes the plasma, and at some point, the strings become unstuck. The
temperature at which strings start to move freely is of order [12]

T∗ ∼ 2 × 107 GeV
(

fa

1012 GeV

)2

. (2.60)

Below T∗, there is a network of axion strings moving at relativistic speeds.
Axions are radiated very efficiently by collapsing string loops and by oscillat-
ing wiggles on long strings. By definition, long strings stretch across horizons.
They move and intersect one another. When strings intersect, there is a high
probability of reconnection, i.e., of rerouting of the topological flux [13]. Be-
cause of such “intercommuting,” long strings produce loops which then col-
lapse freely. In view of this efficient decay mechanism, the average density of
long strings is expected to be of order the minimum consistent with causal-
ity, namely, one long string per horizon. Hence the energy density in long
strings is

�str(t) = ξ
τ

t2
� ξ π

(faN)2

t2
ln(vat) , (2.61)

where ξ is a parameter of order one.
The equations governing the number density nstr

a (t) of axions radiated by
axion strings are [12]

d�str

dt
= −2H�str − d�str→a

dt
(2.62)

and
dnstr

a

dt
= −3Hnstr

a +
1
ω(t)

d�str→a

dt
(2.63)

where ω(t) is defined by

1
ω(t)

=
(

d�str→a

dt

)−1 ∫ dk
k

d2�str→a

dt dk
, (2.64)

where k = |k|. Here, d�str→a(t)/dt is the rate at which energy density
gets converted from strings to axions at time t, and d2�str→a(t, k)/dt dk
is the spectrum of the axions produced. Therefore, ω(t) is the average
energy of axions radiated in string-decay processes at time t. The term
−2H�str = +H�str−3H�str in (2.62) takes account of the fact that the Hub-
ble expansion both stretches (+H�str) and dilutes (−3H�str) long strings.
Integrating (2.61)–(2.63), setting H = 1/2t, and neglecting terms of order
one versus terms of order ln(vat), one obtains
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nstr
a (t) � ξπf2

aN
2

t3/2

∫ t

tPQ

dt′
ln(vat

′)
t′ 3/2ω(t′)

, (2.65)

where tPQ is the time of the PQ transition.
To obtain nstr

a (t), we need to know ω(t), the average energy of axions
radiated at time t. If ω(t) is large, the number of radiated axions is small, and
vice versa. Axions are radiated by wiggles on long strings and by collapsing
string loops. Consider a process that starts at tin and ends at tfin and converts
an amount of energy E from strings to axions. The times tin and tfin are both
taken to be of order t. It is useful to define the quantity [14]

Nax(t) ≡
∫

dk
dE
dk

(t)
1
k
, (2.66)

where k is the wavevector and dE/dk is the wavevector spectrum of the a
field. At the start (t = tin), only strings contribute to the integral in (2.66).
At the end (t = tfin), only axions contribute. In between, both axions and
strings contribute. The number of axions radiated is Na = Nax(tfin), and their
average energy is ω = E/Na. The energy stored in strings has the spectrum
dE/dk ∝ k−1 for kmin < k < kmax where kmax is of order va and kmin of
order 2π/L ∼ 2π/t. If � ≡ E/μ is the length of string converted to axions,
we have

Nax(tin) =
E

ln(tva) kmin
. (2.67)

Hence
ω−1 =

r

ln(vat) kmin
, (2.68)

where r is the relative change in Nax(t) during the process in question,

r ≡ Nax(tfin)
Nax(tin)

. (2.69)

L � 2π/kmin is the loop size in the case of collapsing loops and the wiggle
wavelength in the case of bent strings. L is at most of order t but may be
substantially smaller if the string network has a lot of small-scale structures.
To parameterize our ignorance in this matter, we define χ such that the
suitably averaged kmin ≡ χ 2π/t. Combining (2.65) and (2.68) we find

nstr
a (t) � ξr̄N2

χ

f2
a

t
, (2.70)

where r̄ is the weighted average of r over the various processes that convert
strings to axions. One can show [31] that the population of axions that were
radiated between tPQ and t have a spectrum dna/dk ∝ k−2 for t−1 � k �
(tPQt)−1/2, irrespective of the shape of d2�str→a/dt dk, provided t� tPQ.

At time t1, each string becomes the edge of N domain walls, and the
process of axion radiation by strings stops. Since their momenta are of order
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t−1
1 at time t1, the axions radiated by strings become non-relativistic soon

after they acquire mass. We discuss the string-decay contribution to the axion
energy density in Sect. 2.4. For the moment we turn our attention to the
domain walls that appear at t1 in case 2.

2.3 The Domain-Wall Problem

Axion models have an exact, spontaneously broken, discrete Z(N) symmetry.
Z(N) is the subgroup of U(1)PQ that does not get broken by non-perturbative
QCD effects [5]. The spontaneously broken Z(N) symmetry implies an N
fold degeneracy of the vacuum. The N vacua are at equidistant points on
the circle at the bottom of the “Mexican hat” potential for the Peccei-Quinn
field φ. An axion domain wall is the minimum-energy field configuration that
interpolates between neighboring vacua. Note that there are axion domain
walls even when N = 1. In this case, both sides of the domain wall are in the
same vacuum (indeed there is only one vacuum) but the interpolating field
configuration winds around the bottom of the Mexican hat potential once.
The properties of walls in N = 1 models are for most purposes identical to
those of walls in N ≥ 2 models. The only seemingly important difference is
that the walls of N = 1 models are quantum-mechanically unstable. Even
so, their decay-rate per unit surface and time is exponentially small and
negligible in the context of our discussion.

When the axion mass turns on, at time t1, each axion string becomes the
edge of N domain walls. The domain walls produce a cosmological disaster
unless there is inflation after the PQ phase-transition (case 1) or unlessN = 1.
Indeed, let us consider the implications of case 2 if N ≥ 2. Since there are
two or more exactly degenerate vacua and they have identical properties, the
vacua chosen at points outside each other’s causal horizon are independent
of one another. Hence there is at least on the order of one domain wall per
causal horizon at any given time. In case 2, the size of the causal horizon is
of order t, the age of the universe. Thus the energy density in domain walls is

�w(t) � σ

t
, (2.71)

where σ is the wall energy per unit surface, given by [5, 15]

σ � 9f2
ama � 5.5 × 1010 GeV3

(
fa

1012 GeV

)
. (2.72)

The energy density in axion domain walls today (t0 � 14 Gyr)

�w(t0) � σ

t0
� 2 × 10−14 g cm−3

(
fa

1012 GeV

)
(2.73)



2 Axion Cosmology 33

would exceed by many orders of magnitude the critical energy density, of
order 10−29 g cm−3, for closing the universe. This would be grossly inconsis-
tent with observation. Let us see what would happen.

Let tw be the age of the universe when the domain walls start to dominate
the energy density. The condition H2 ∼ 8πG�w/3 and (2.71) imply

tw � 3
32πGσ

� 53 s
(

1012 GeV
fa

)
. (2.74)

Domain walls are gravitationally repulsive [16, 17, 18]. They accelerate away
from each other with acceleration 2πGσ and, after a time of order (2πGσ)−1,
recede at the speed of light. By averaging over volumes containing many cells
separated by walls, the equation of state of a wall dominated universe is

pw = −2
3
�w . (2.75)

Conservation of energy

d
(
�wR

3
)

= −pwd
(
R3
)
, (2.76)

where R is the scale factor, then implies �w ∝ R−1. This scaling-law and the
Friedmann equation

H2 =
(
Ṙ

R

)2

=
8πG

3
�w (2.77)

imply that a domain-wall-dominated universe expands according to

R ∝ t2 . (2.78)

The domain-wall-dominated universe has an accelerated expansion.
One may be tempted to attribute the present-day accelerated expansion

of the universe [19, 20] to domain walls. However, a domain-wall-dominated
universe is far less homogeneous than today’s. It would be divided into cells
separated by rapidly expanding walls. Inside each cell, concentrated near the
cell’s center, would be a clump of matter and radiation with total energy of
order

M ∼ �(tw) t3w ∼ 1011M

(ma

eV

)
. (2.79)

One cannot identify these clumps with galaxies because neighboring clumps
are receding from one another at close to the speed of light.

There are three solutions to the axion domain-wall problem. The first
solution is to have inflation with reheating temperature less than the PQ
phase-transition temperature, i.e., postulate case 1. The axion field is then
homogenized by inflation, and there are no strings or domain walls. The
second solution is to postulate N = 1. The third solution is to postulate a
small explicit breaking of the Z(N) symmetry. The viability of the second
and third solutions is less obvious. We will discuss them in succession.
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2.3.1 N = 1

The above arguments, showing the existence of a domain-wall problem, are
valid only when the vacuum is multiply degenerate. They do not apply to the
N = 1 case. On the other hand, as N = 1 models contain domain walls too,
it is not immediately clear that they are free of difficulties. However, N = 1
is a solution [11, 21, 22], as we now discuss.

In the circumstances under consideration (case 2), axion strings are
present in the early universe from the time of the PQ phase-transition to
that of the QCD phase-transition. At temperature T1 each string becomes
the boundary of a single domain wall. To see what the network of walls
bounded by strings looks like, a cross section of a finite but statistically
significant volume of the universe near time t1 was simulated [22, 10]. The
simulation shows that there are no infinite domain walls that are not cut up
by any string. The reason for this is easily understood. An extended domain
wall has some probability to be cut up by a string in each successive horizon
it traverses. The probability that no string is encountered after traveling a
distance l along the wall decreases exponentially with l.

The question now is: what happens to the network of walls bounded by
strings? The walls are transparent to the thermalized particles in the primor-
dial soup, whose typical momentum is of order 1 GeV, but have a large reflec-
tion coefficient for non-relativistic axions such as the cold axions that were
produced by vacuum realignment and wall-decay [15]. The drag on the motion
of the walls that results from their reflecting cold axions is important at time
t1 but turns off soon afterwards as the cold axions are diluted by the expan-
sion of the universe [10]. The wall energy per unit surface σ(t) � 8ma(t)f2

a is
time-dependent. [Equation (2.72) is for zero temperature.] The string at the
boundary of a wall is embedded into the wall. Hence its infra-red cutoff L,
in the sense of (2.59), is of order m−1

a , the wall thickness [5]. The energy per
unit length of such string is therefore

μ � πf2
a ln(fa/ma) . (2.80)

The surface energy Eσ of a typical (size ∼ t1) piece of wall bounded by a
string is σ(t) t21 whereas the energy in the boundary is Eμ ∼ μ t1. There is a
critical time t2 when the ratio

Eσ(t)
Eμ

∼ 8ma(t) t1
π ln(fa/ma)

(2.81)

is of order one. Using (2.35) and (2.36), one estimates

t2 � 10−6 s
(

fa

1012 GeV

)1/3

,

T2 � 600 MeV
(

1012 GeV
fa

)1/6

. (2.82)
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After t2, the dynamics of the walls bounded by string is dominated by the
energy in the walls, whereas, before t2, it is dominated by the energy in
the string. A string attached to a wall is pulled by the wall’s tension. For a
straight string and flat wall, the acceleration is

as(t) =
σ(t)
μ

� 8ma(t)
π ln(fa/ma)

� ma(t)
23

� 1
t1

ma(t)
ma(t2)

. (2.83)

Therefore, after t2, each string typically accelerates to relativistic speeds, in
the direction of the wall to which it is attached, in less than a Hubble time.
The string will then unzip the wall, releasing the stored energy in the form
of barely relativistic axions. We will estimate in Sect. 2.4.3 how much do
walls bounded by string contribute to the present cosmological axion energy
density.

A very small portion of the domain-wall energy density is in walls that
are not bounded by string and that form closed surfaces such as spheres or
torii [10, 22]. Such closed walls do not decay by the process just described. In-
stead, they oscillate and emit gravitational waves [11]. Using the quadrupole
formula, we may estimate the gravitational-wave power emitted by a closed
wall of size � oscillating with frequency ω ∼ �−1 as

P ∼ −d(σ�2)
dt

∼ G (σ�4)2ω6 ∼ Gσ2�2 . (2.84)

This result implies the lifetime

τgrav ∼ (Gσ)−1 � 2 × 103 s
(

1012 GeV
fa

)
, (2.85)

independently of size.

2.3.2 Small Breaking of the PQ Symmetry

A third solution to the domain-wall problem is to postulate a small explicit
breaking of the Z(N) symmetry and hence of the PQ symmetry [5]. The
symmetry breaking must lift completely the degeneracy of the vacuum and
be large enough so that the unique true vacuum takes over before the walls
dominate the energy density. On the other hand, it must be small enough
so that the PQ mechanism still works. This solution does not appear very
attractive, and we will see below that there is little room in parameter space
for it to occur, but it is a logical possibility.

To get rid of the walls, we add to the RHS of (2.26) a tiny U(1)PQ breaking
term that lifts the vacuum degeneracy completely, e.g.

δV = −ξ (φ e−iδ + h.c.
)
. (2.86)

To add such a term by hand to an axion model seems rather unnatural.
However, it is conceivable that a small U(1)PQ-breaking term is in fact a
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natural property of the ultimate theory. This would be the case, for example,
if the low energy effective theory at some energy scale has an automatic PQ
symmetry that is broken in the full theory. Be that as it may, (2.86) yields a
small correction to the effective potential for the axion field of

δVa = −2vaξ cos
(
a

va
− δ

)
. (2.87)

The unique true vacuum is the one for which |δ−a/va| is smallest. Its energy
density is lowered by an amount of order ξva relative to the other now quasi-
vacua. As a result, the walls at the boundary of a region in the true vacuum
are subject to an outward pressure of order ξva. As the walls are typically a
distance t apart, the volume energy ξ va t

3 associated with the lifting of the
vacuum degeneracy grows more rapidly than the energy σt2 in the walls. At a
time τ ∼ σ/ξva, the pressure favoring the true vacuum starts to dominate the
wall dynamics and the true vacuum takes over, i.e., the walls disappear. The
energy stored in the network of walls and strings decays into gravitational
waves [10]. The true vacuum must take over before the walls dominate the
energy density. Using (2.74), we obtain

τ ∼ σ

ξva
� 102 s

(
1012 GeV

fa

)
. (2.88)

On the other hand ξ is bounded from above by the requirement that δV does
not upset the PQ mechanism. δV shifts the minimum of the effective potential
for the axion field, inducing θ̄ ∼ ξ/m2

afa. The requirement θ̄ < 10−10 implies

τ � 10 s
N

(
fa

1012 GeV

)
. (2.89)

These equations indicate that there is little room in parameter space for this
solution to the axion domain-wall problem, but it is not ruled out.

2.4 Cold Axions

We now turn to estimating the cosmological energy density in cold axions and
their velocity dispersion. In the previous two sections, we identified several
sources for cold axions, i.e., vacuum realignment for the zero-momentum and
higher-momentum modes, string decay, and domain-wall decay. In case 1, only
the contribution from vacuum realignment with zero momentum is present.
In case 2, all sources contribute.

2.4.1 Vacuum Realignment

Zero-Momentum Mode

Let us start with case 1 where the universe was homogenized by inflation af-
ter the PQ phase-transition and that is easiest to analyze. The axion number
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density at time t1 is given by (2.47) in terms of the initial vacuum misalign-
ment angle α1 that has the same value everywhere. We saw in Sect. 2.2 that,
barring any sudden changes in the axion mass during the chiral symmetry-
breaking phase-transition, the number of axions is an adiabatic invariant after
t1. Hence, the axion density from the vacuum realignment zero mode at a
later time t is

nvac,0
a (t) ∼ f2

a

2t1
α2

1

(
R1

R

)3

, (2.90)

where R1/R is the ratio of scale factors between t1 and t. Thus, we find

�vac,0
a (t0) ∼ maf

2
a

2t1
α2

1

(
R1

R0

)3

(2.91)

for the axion energy density today.
In case 2, the initial misalignment angle α1 is different from one QCD

horizon to the next. As the average of α2
1 over many QCD horizons is of

order one, we have

�vac,0
a (t0) ∼ maf

2
a

2t1

(
R1

R0

)3

. (2.92)

However in case 2, there are additional contributions.

Higher-Momentum Modes

In case 2, the axion field is not constant even within each horizon volume.
It has wiggles inherited from earlier epochs when the horizon was smaller
and the axion field was inhomogeneous on correspondingly shorter scales.
The associated density of axions in physical and frequency space is given
in (2.58). Integrating over ω > t−1

1 , we find the contribution from vacuum
realignment involving higher-momentum modes

nvac,1
a (t1) ∼ N2f2

a

2t1
. (2.93)

Almost all these axions are non-relativistic after t1. Hence

�vac,1
a (t0) ∼ maN

2f2
a

2t1

(
R1

R0

)3

. (2.94)

Note that, except for the factor N2, the contributions from the zero- and
higher-momentum modes are similar.

2.4.2 String Decay

The evolution of axion strings between the PQ and QCD phase-transitions
was discussed in Sect. 2.2.3. The number density of axions emitted in string
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decay is given by (2.70) in terms of the quantities ξ, r̄, and χ that we in-
troduced to parameterize our ignorance of various aspects of string evolution
and decay.

Because their spectrum dna/dk ∝ k−2 in the range t−1 � k � (tPQt)−1/2,
the bulk of axions emitted in string-decay have momenta of order t−1

1 at
time t1 and become non-relativistic soon after they acquire mass. Therefore,
the string-decay contribution to the axion energy density today is

�str
a (t0) = man

str
a (t1)

(
R1

R0

)3

� ma
ξ r̄

χ

N2f2
a

t1

(
R1

R0

)3

. (2.95)

We now discuss the factors on the right hand side (RHS) of this equation
that are specific to the string-decay contribution.

The parameter ξ determines the density of the string network (2.61) with
ξ = 1 corresponding to a density of one long string per horizon. In [14] it was
argued that ξ � 1 because global strings can decay efficiently into axions,
and, therefore, the number density of long strings should be close to the
minimum consistent with causality. A numerical simulation of global string
networks in an expanding universe [23] found that indeed ξ � 1. So there
appear to be good grounds for using ξ � 1.

The parameter χ defines the low-wavevector edge of the dna/dk ∝ k−2

spectrum through kmin ≡ χ 2π/t. The parameters χ and ξ are related as the
average interstring distance controls both. On dimensional grounds, χ ∝ ξ1/2.
So the effect of small-scale structure in the axion string network partially
cancels out in the RHS of (2.95). We expect χ to be of order one, but the
uncertainty on this is at least a factor two.

The parameter r̄ defines the average energy of the axions emitted in string-
decay through (2.68) and (2.69). It is the unknown on which most of the
debate has focused in the past. Two basic scenarios have been put forth,
which we call A and B. The question is: what is the spectrum of axions
radiated by strings? The main source is closed loops of size L ∼ t. Scenario A
postulates that a bent string or closed loop oscillates many times, with period
of order L, before it has released its excess energy and that the spectrum
of radiated axions is concentrated near 2π/L. In that case, one has r̄ ∼
ln(vat1) � 67. Scenario B postulates that the bent string or closed loop
releases its excess energy very quickly and that the spectrum of radiated
axions is dE/dk ∝ k−1 with a high-frequency cutoff of order 2πva and a
low-frequency cutoff of order 2πL. In scenario B, the initial and final spectra
dE/dk of the energy stored in the axion field are qualitatively the same
and hence r̄ ∼ 1. In scenario A, the string-decay contribution dominates
over the vacuum-realignment contribution by the factor ln(vat1), whereas in
scenario B the contributions from string-decay and vacuum-realignment have
the same order of magnitude.

Many authors [24, 25, 26, 27, 28, 29, 30] have argued in favor of sce-
nario A, adopting the point of view that global strings are similar to local
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strings and their coupling to the axion field can be treated perturbatively.
My collaborators and I [12, 14] have argued in support of scenario B, em-
phasizing that the dynamics of global strings is dominated by the energy
stored in the axion field and there is no reason to believe that this energy
would behave in the same way as the energy stored in the string core. The
numerical simulations of the motion and decay of axion strings in [14, 31] give
strong support to scenario B. These simulations are of oscillating strings with
ends held fixed, of collapsing circular loops and non-circular closed loops with
angular momentum. Over the range of ln(vaL) accessible with present tech-
nology, 2.5 � ln(vaL) � 5.0, it was found that r̄ � 0.8 for closed loops and
r̄ � 1.07 for oscillating strings with ends held fixed. No dependence of r̄ on
ln(vaL) was found for closed loops, and for bent strings with ends held fixed,
r̄ was found to slightly decrease with increasing ln(vaL), whereas scenario A
predicts r̄ to be proportional to ln(vaL).

2.4.3 Wall Decay

The final contribution to the cold axion cosmological energy density in case 2
is from the decay into non-relativistic axions of axion walls bounded by string.
We assume here that N = 1. Indeed, if N > 1, the domain-wall problem is
presumably solved by introducing a small breaking of the PQ symmetry, as
described in Sect. 2.3.2. In that case, the axion walls decay predominantly
into gravitational radiation [10].

Let t3 be the time when the decay effectively takes place and γ ≡
ω′/ma(t3) the average Lorentz γ factor of the axions produced, where ω′

is their average energy. The density of walls at time t1 was estimated to be
of order 0.7 per horizon volume [10]. Hence the average energy density in
walls is

�wd(t) ∼ 0.7
σ(t)
t1

(
R1

R

)3

∼ 0.7 × 8 ×ma(t)
f2

a

t1

(
R1

R

)3

(2.96)

between t1 and t3. We assume that the energy in walls simply scales as σ(t).
After time t3, the number density of axions produced in the decay of walls
bounded by strings is of order

nwd
a (t) ∼ �wd(t3)

ω′

(
R3

R

)3

∼ 6
γ

f2
a

t1

(
R1

R

)3

. (2.97)

Note that the dependence on t3 drops out of our estimate of nwd
a . In the

simulations of the motion and decay of walls bounded by string [10], it was
found that γ � 7 for ln(va/ma) ∼ 4.6 but γ increases approximately lin-
early with ln(λ1/2va/ma). If this behavior is extrapolated all the way to
ln(λ1/2va/ma) � 60, which is the value in axion models of interest, then
γ � 60. In that case the contribution from wall decay is subdominant rela-
tive to those from vacuum realignment and string decay.
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2.4.4 Cosmological Cold-Axion Energy Density

To estimate the cosmological energy density of cold axions in case 2, we
neglect the contribution from wall decay and assume that scenario B is correct
for the string contribution. By adding the RHS of (2.92), (2.94) and (2.95)
with N = r̄ = ξ = χ = 1, we find

�a(t0) ∼ 2
f2

a

t1

(
R1

R0

)3

ma . (2.98)

Equation (2.91) gives the cosmological cold-axion energy density in case 1.
To determine the ratio of scale factors R1/R0, we assume conservation of
entropy from time t1 until the present. The number N1 of effective thermal
degrees of freedom at time t1 is of order 60. Keeping in mind that neutrinos
decouple before electron-positron annihilation, one finds

(
R1

R0

)3

� 0.063
(
Tγ,0

T1

)3

. (2.99)

Combining (2.36), (2.91),(2.98) and (2.99), and dividing by the critical den-
sity �crit = 3H2

0/8πG, we find

Ωa ∼
(

fa

1012 GeV

)7/6(0.7
h

)2

×
{

0.15α2
1 for Case 1,

0.7 for Case 2,
(2.100)

where h is defined as usual by H0 = h 100 km s−1 Mpc−1.
Equations (2.100) are subject to uncertainty from many sources, apart

from the uncertainty about the contribution from string-decay. The axion
energy density may be diluted by the entropy release from heavy particles
which decouple before the QCD epoch but decay afterwards [32, 33, 34], or
by the entropy release associated with a first order QCD phase-transition.
On the other hand, if the QCD phase-transition is first order [35, 36, 37, 38],
an abrupt change of the axion mass at the transition may increase Ωa. A
model has been put forth [39] in which the axion decay constant fa is time-
dependent, the value fa(t1) during the QCD phase-transition being much
smaller than the value fa today. This yields a suppression of the cosmological
axion energy density by a factor [fa(t1)/fa]2 compared to the usual case.
Finally, it has been proposed that the axion density is diluted by “coherent
de-excitation,” i.e., adiabatic level crossing of ma(t) with the mass of some
other pseudo-Nambu-Goldstone boson which mixes with the axion [40].

2.4.5 Velocity Dispersions

The axions produced by vacuum realignment, string decay, and wall decay
all have extremely small velocity dispersion today. In case 1, where the ax-
ions are produced in a zero-momentum state, the velocity dispersion is zero.
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(This ignores the small quantum-mechanical fluctuations created during the
inflationary epoch, which will be discussed in Sect. 2.6.)

In case 2, we distinguish two sub-populations of cold axions, pop. I and
pop. II, with the second kind having velocity dispersion larger than the first
typically by a factor 103 to 104. The pop. I axions are those produced by
vacuum realignment or string decay and which escaped being hit by moving
domain walls. They have a typical momentum pI(t1) ∼ t−1

1 at time t1 because
they are associated with axion field configurations that are inhomogeneous
on the horizon scale at that time. Their velocity dispersion is of order

βI(t) ∼ 1
mat1

(
R1

R

)
� 3 × 10−17

(
10−5 eV
ma

)5/6
R0

R
. (2.101)

The corresponding effective T is of order 0.5×10−34 K (10−5 eV/ma)2/3 today.
This is very cold, indeed!

Pop. II are axions produced in the decay of domain walls and axions that
were hit by moving domain walls. Axions produced in the decay of domain
walls have typical momentum pII(t3) ∼ γ ma(t3) at time t3 when the walls
effectively decay. Their velocity dispersion is therefore of order

βII(t) ∼ γ
ma(t3)
ma

R3

R
� 10−13 q

(
10−5 eV
ma

)1/6
R0

R
, (2.102)

where q ≡ γ [ma(t3)/ma](R3/R1) parameterizes our ignorance of the wall de-
cay process. We expect q to be of order one but with very large uncertainties.
There is however a lower bound on q that follows from the fact that the time
t3 when the walls effectively decay must be after t2 when the energy density
in walls starts to exceed the energy density in strings. Using (2.82), we have

q =
γ ma(t3)
ma

R3

R1
>
γma(t2)
ma

R2

R1
� γ

130

(
10−5 eV
ma

)2/3

. (2.103)

As computer simulations suggest γ is of order 60, pop. II axions have much
larger velocity dispersion than pop. I, by a factor of 103 or more. Whereas
pop. II axions are relativistic or near-relativistic at the end of the QCD
phase-transition, pop. I axions are definitely non-relativistic at that time as
ma � t−1

1 . The axions that were produced by vacuum-realignment or string-
decay, but were hit by relativistically moving walls at some time between t1
and t3 should be included in pop. II as they are relativistic just after getting
hit. The next section will highlight the differences in the behaviors of the two
populations of cold axions.

The very low velocity dispersion of cold axions and their extremely weak
couplings imply that these particles behave as collisionless cold dark matter
(CDM). CDM particles lie at all times on a 3-dim hypersurface in 6-dim
phase-space [41, 42]. As a result, CDM forms discrete flows and caustics. The
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number of discrete flows at a given physical location is the number of times the
3-dim hypersurface covers physical space at that location. At the boundaries
between regions with differing number of flows, the 3-dim hypersurface is
tangent to velocity space. The dark matter density is very large on these
surfaces, which are called caustics. The density diverges at the caustics in
the limit of zero velocity dispersion.

2.5 Axion Miniclusters

If there is no inflation after the PQ phase-transition (case 2); the initial mis-
alignment angle α1 changes by O(1) from one QCD time horizon to the next.
Hence, the fluid of cold axions produced by vacuum realignment is inhomo-
geneous with δ�a/�a = O(1) at the time of the QCD phase-transition. As
will be shown shortly, the streaming length of pop. I axions is too short for
these inhomogeneities to get erased by free streaming before the time teq of
equality between matter and radiation, when density perturbations start to
grow in earnest by gravitational instability. At time teq, the δ�a/�a = O(1)
inhomogeneities in the axion fluid promptly form gravitationally bound ob-
jects, called axion miniclusters [10, 43, 44, 45]. Their properties are of concern
to experimentalists attempting the direct detection of dark matter axions on
Earth. Indeed, those experiments would become even more challenging, if
most of the cold axions condense into miniclusters and they withstand tidal
disruption afterwards. Of course, these issues only arise in case 2. There are
no axion miniclusters in case 1.

As described above, there are two populations of cold axions with velocity
dispersions given by (2.101) and (2.102) respectively. Both populations are
inhomogeneous at the time of the QCD phase-transition. The free-streaming
length from time t1 to teq is

�f = R(teq)
∫ teq

t1

dt
β(t)
R(t)

� β(t1) (t1teq)
1/2 ln

(
teq
t1

)
. (2.104)

The time of equality and the corresponding temperature are, respectively,
teq � 2.3 × 1012 s and Teq � 0.77 eV. The free-streaming length should be
compared with the size

�mc ∼ t1
Req

R1
� (t1teq)

1/2 � 2 × 1013 cm
(

10−5 eV
ma

)1/6

(2.105)

of axion inhomogeneities at teq. Using (2.101) we find for pop. I

�f,I
�mc

� 1
t1ma

ln
(
teq
t1

)
� 2 × 10−2

(
10−5 eV
ma

)2/3

. (2.106)
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Hence, in the axion mass range of interest, pop. I axions do not homogenize.
At teq most pop. I axions condense into miniclusters. The typical size of axion
miniclusters is �mc, and their typical mass is [10, 45]

Mmc ∼ η �a(teq) �3mc ∼ η 5 × 10−13M


(
10−5 eV
ma

)5/3

, (2.107)

where η is the fraction of cold axions that are pop. I. We assume that all pop. I
axions condense into miniclusters and use (2.100, Case 2) to estimate �a(teq).

Using (2.102), we find for pop. II

�f,II
�mc

∼ q ln
(
teq
t3

)
� 42 q . (2.108)

Using (2.103) and assuming the range γ ∼ 7–60, suggested by the numerical
simulations [10], we conclude that pop. II axions do homogenize and hence
the axion energy density has a smooth component at teq.

However, pop. II axions may get gravitationally bound to miniclusters
later on. It seems rather difficult to model this process reliably. A discussion
is given in [10]. It is concluded there that the accretion of pop. II axions
results in miniclusters that have an inner core of pop. I axions with density
of order 10−18 g cm−3 and a fluffy envelope of pop. II axions with density of
order 10−25 g cm−3.

When a minicluster falls onto a galaxy, tidal forces are apt to destroy
it. If a minicluster falls through the inner parts of the Galaxy (r < 10 kpc),
where the density is of order 10−24 g cm−3, its fluffy envelope of pop. II axions
will likely be pulled off immediately. This is helpful for direct searches of dark
matter axions on Earth as it implies that a smooth component of dark-matter
axions with density of order the halo density permeates us whether or not
there is inflation after the PQ phase-transition. Even the central cores of
pop. I axions may eventually get destroyed. When a minicluster passes by
an object of mass M with impact parameter b and velocity v, the internal
energy per unit mass ΔE given to the minicluster by the tidal gravitational
forces from that object is of order [43]

ΔE ∼ G2M2�2mc

b4β2
, (2.109)

whereas the binding energy per unit mass of the minicluster E ∼ G�mc�
2
mc.

If the minicluster travels a length L = β t through a region where objects of
mass M have density n, the relative increase in internal energy is

ΔE
E

∼ G�2
M t2

�mc
, (2.110)
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where �M = Mn. Equation (2.110) follows from the fact that ΔE is domi-
nated by the closest encounter and the latter has impact parameter bmin given
by πb2minnL = O(1). Note that ΔE/E is independent of M . A minicluster
inner core that has spent most of its life in the central part of our galaxy
only barely survived as ΔE/E ∼ 10−2 in that case.

The direct encounter of a minicluster with Earth would be rare, happening
only every 104 years or so. The encounter would last for about 3 days during
which the local axion density would increase by a factor of order 106.

2.6 Axion Isocurvature Perturbations

We now turn to isocurvature perturbations [32, 46, 47, 48, 49, 50] produced
if inflation occurs after the PQ phase-transition and derive the constraints
on axion parameters from the absence of isocurvature fluctuations in cosmic
microwave background radiation (CMBR) observations.

If the reheat temperature after inflation is less than the temperature TPQ

at which U(1)PQ is restored (case 1), the axion field is present during inflation
and is subject to quantum-mechanical fluctuations, just like the inflaton. In
fact, since the axion field is massless and weakly-coupled like the inflaton, it
has the same fluctuation spectrum [51, 52, 53, 54]

Pa(k) =
∫

d3x
(2π)3

〈δa(x, t) δa(x′, t)〉 e−ik·(x−x′) =
(
HI

2π

)2 2π2

k3
, (2.111)

where HI is the expansion rate during inflation. As before, x are co-moving
spatial coordinates. The axion fluctuations described by (2.111) are com-
monly written in shorthand notation as δa = HI/2π. The fluctuation in each
axion field mode is “frozen in” after R(t)/k exceeds the horizon length H−1

I .
We do not consider here the possibility of fluctuations in the axion decay

constant fa during inflation. Such fluctuations are discussed in [55, 56, 57, 58].
At the start of the QCD phase-transition, the local value of the axion

field a(x, t) determines the local number density of cold axions produced by
the vacuum realignment mechanism [see (2.47)],

na(x, t1) =
f2

a

2t1
α(x, t1)2 (2.112)

where α(x, t1) = a(x, t1)/fa is the misalignment angle. The fluctuations in
the axion field produce perturbations in the cold axion density

δniso
a

na
=

2δa
a1

=
HI

πfaα1
, (2.113)

where a1 = a(t1) = faα1 is the value of the axion field at the start of the QCD
phase-transition, common to our entire visible universe. These perturbations
obey
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δ�iso
a (t1) = −δ�iso

rad(t1) (2.114)

as the vacuum-realignment mechanism converts energy stored in the quark-
gluon plasma into axion rest mass energy. In contrast, the density pertur-
bations produced by the fluctuations in the inflaton field [54, 59, 60, 61, 62]
satisfy

δ�matter

�matter
=

3
4
δ�rad

�rad
. (2.115)

Density perturbations that satisfy (2.115) are called “adiabatic,” whereas
that do not satisfy (2.115) are called “isocurvature”. Isocurvature perturba-
tions, such as the density perturbations of (2.114), make a different imprint
on the cosmic microwave background than do adiabatic ones. The CMBR
observations are consistent with pure adiabatic perturbations. This places a
constraint on axion models if the PQ phase-transition occurs before inflation.

Before we derive this constraint, two comments are in order. The first
is that if the PQ transition occurs after inflation, axion models still predict
isocurvature perturbations, but not on length scales relevant to CMBR ob-
servations. Indeed, we saw in the previous section that in this case (case 2),
the axion field fluctuates by order fa from one QCD horizon to the next.
Those fluctuations produce isocurvature perturbations on the scale of the
QCD horizon, which is much smaller than the length scales observed in the
CMBR. Their main phenomenological implication is the axion miniclusters,
which were discussed in Sect. 2.5. The second comment is that, if the PQ
phase-transition occurs before inflation (case 1), the density perturbations
in the cold axion fluid have both adiabatic and isocurvature components.
The adiabatic perturbations, δ�ad

a /3�a = δ�ad
rad/4�rad = δT/T , are produced

by the quantum-mechanical fluctuations of the inflaton field during infla-
tion, whereas the isocurvature perturbations are produced by the quantum-
mechanical fluctuations of the axion field during that same epoch. The adi-
abatic and axion isocurvature components are uncorrelated.

The upper bound from CMBR observations and large-scale structure data
on the fraction of CDM perturbations that are isocurvature is of order 30%
in amplitude (10% in the power spectrum) [63, 64, 65, 66, 67, 68]. Allowing
for the possibility that only part of the cold dark matter is axions, the bound
on isocurvature perturbations implies

δ�iso
a

�CDM
=
δ�iso

a

�a

�a

�CDM
=

HI

πfaα1

Ωa

ΩCDM
< 0.3

δ�m

�m
, (2.116)

where we used (2.113). Here, δ�m/�m is the amplitude of the primordial
spectrum of matter perturbations. It is related to the amplitude of low mul-
tipole CMBR anisotropies through the Sachs-Wolfe effect [69, 70, 71]. The
observations imply δ�m/�m � 4.6 × 10−5 [72].

In terms of α1, the cold axion energy density is given by (2.100). We
rewrite that equation here, assuming h � 0.7,
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Ωa � 0.15
(

fa

1012 GeV

)7/6

α2
1 . (2.117)

It has been remarked by many authors, starting with S.-Y. Pi [73], that it is
possible for fa to be much larger than 1012 GeV because α1 may be acciden-
tally small in our visible universe. The requirement that Ωa < ΩCDM = 0.22
implies ∣∣∣α1

π

∣∣∣ < 0.4
(

1012 GeV
fa

)7/12

. (2.118)

Since −π < α1 < +π is the a-priori range of α1 and no particular value is
preferred over any other, |α1/π| may be taken to be the “probability” that the
initial misalignment angle has magnitude less than |α1|. (Strictly speaking,
the word probability is not appropriate here as there is only one universe in
which α1 may be measured.) If |α1/π| = 2×10−3, for example, fa may be as
large as 1016 GeV, which is often thought to be the “grand unification scale”.

The presence of isocurvature perturbations constrains the small α1 sce-
nario in two ways [50]. First, it makes it impossible to have α1 arbitrarily
small. Using (2.111), one can show that the fluctuations in the axion field
cause the latter to perform a random walk [74] characterized by the property

1
V

∫
V

d3x
〈
[δa(x, t) − δa(0, t)]2

〉
= 4πH2

I ln(Rkmax) . (2.119)

The integral is over a sphere of volume V = 4πR3/3 centered at x = 0 and
kmax is a cutoff on the wavevector spectrum. a2

1 cannot be smaller than the
RHS of (2.119) with R equal to the size of the present universe and kmax

equal to the Hubble rate at the QCD time, redshifted down to the present.
As Ωa < 0.22, this implies a bound on HI. Translated to a bound on the
scale of inflation ΛI, defined by H2

I = 8πGΛ4
I /3, it is

ΛI < 5 × 1014 GeV
(

fa

1012 GeV

)5/24

. (2.120)

Second, one must require axion isocurvature perturbations to be consis-
tent with CMBR observations. Combining (2.116) and (2.117), and setting
ΩCDM = 0.22, δ�m/�m = 4.6 × 10−5, one obtains

ΛI < 1013 GeVΩ−1/4
a

(
fa

1012 GeV

)5/24

. (2.121)

Let us keep in mind that the bounds (2.120) and (2.121) pertain only if the
reheat temperature TRH < TPQ. One may, for example, have Ωa = 0.22,
fa � 1012 GeV, and ΛI � 1016 GeV, provided TRH � 1012 GeV, which is
possible if reheating is efficient enough.
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Abstract. Axion emission by hot and dense plasmas is a new energy-loss channel
for stars. Observable consequences include a modification of the solar sound-speed
profile, an increase of the solar neutrino flux, a reduction of the helium-burning
lifetime of globular-cluster stars, accelerated white-dwarf cooling, and a reduction
of the supernova SN 1987A neutrino burst duration. I review and update these
arguments and summarize the resulting axion constraints.

3.1 Introduction

The “outer space” of astrophysics and cosmology provides a natural labora-
tory for the “inner space” of elementary particle physics. Usually, one may
first think of the early universe or perhaps high-energy cosmic rays for argu-
ments in favor of or against a new particle-physics model. However, in the
case of axions, the low energies available in stars are well suited for very
sensitive tests.

The basic idea is very simple. Stars are powerful sources of weakly inter-
acting particles such as neutrinos, gravitons, hypothetical axions, and other
new particles that can be produced by nuclear reactions or by thermal pro-
cesses in the stellar interior. Even when this particle flux cannot be directly
measured, the properties of stars themselves would change if they lost too
much energy into a new channel. This “energy-loss argument” has been widely
used to constrain a long list of particle properties; see [1, 2, 3, 4, 5, 6, 7] for
early examples and [8, 9, 10, 11, 12] for extensive reviews. I summarize here
the main arguments that have been put forward, the observational evidence,
and the resulting constraints for “invisible axions”.

To this end, I review in Sect. 3.2 the axion interactions with photons
and fermions. In Sect. 3.3, I consider the Sun as an axion source, notably
by the Primakoff process, and review limits on the axion-photon interac-
tion strength by helioseismology, the measured neutrino flux, and the CAST
experiment. In Sects. 3.4, 3.5, and 3.6, I review axion limits from globular-
cluster stars, white-dwarf cooling, and supernova SN 1987A, respectively. I
summarize these constraints in Sect. 3.7 in juxtaposition with cosmological
arguments.
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3.2 Axion Interactions

The particle-physics motivation for “invisible” axions and their main prop-
erties were introduced in Chap. 1 of this volume. Before turning to their role
in stars, we briefly review the phenomenological properties of these pseudo
Nambu-Goldstone bosons of the Peccei-Quinn (PQ) symmetry. The mass and
interaction strength with ordinary particles are approximately given in terms
of the relevant π0 properties, scaled with fπ/fa where fπ = 92 MeV is the
pion decay constant and fa is the PQ scale or axion decay constant. The
normalization of fa is defined by the axion-gluon interaction

Laγγ =
g2
s

32 π2

a

fa
Gb

μνG̃
bμν , (3.1)

where a is the axion field, G the gluon field-strength tensor, G̃ its dual, and b
a color index. Color anomaly factors have been absorbed in this definition of
fa, which is the quantity that is relevant for all low-energy phenomena [13].

The PQ symmetry is explicitly broken at low energies and axions acquire
a small mass. Unless there are non-QCD contributions, perhaps from Planck-
scale physics [14, 15], the mass is

ma =
z1/2

1 + z

fπmπ

fa
=

6.0 eV
fa/106 GeV

, (3.2)

where z = mu/md is the up/down quark mass ratio. We will follow the
previous axion literature and usually assume the canonical value z = 0.56
[16, 17], although it could vary in the range z = 0.3–0.6 [12].

Another generic property of axions is their two-photon interaction that
plays a key role for most searches,

Laγγ =
gaγγ

4
Fμν F̃

μνa = −gaγγ E ·B a . (3.3)

Here, F is the electromagnetic field-strength tensor, F̃ its dual, and E and
B the electric and magnetic fields, respectively. The coupling constant is

gaγγ =
α

2πfa

(
E

N
− 2

3
4 + z

1 + z

)
=

α

2π

(
E

N
− 2

3
4 + z

1 + z

)
1 + z

z1/2

ma

mπfπ
, (3.4)

where E and N , respectively, are the electromagnetic and color anomaly
of the axial current associated with the axion field. E/N = 0 in the Kim-
Shifman-Vainshtein-Zakharov (KSVZ) model [18, 19], whereas E/N = 8/3
in grand unified models, e.g., the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ)
model [20, 21]. While these cases are often used as generic examples, in gen-
eral E/N is not known so that for fixed fa a broad range of gaγγ values
is possible [22]. Still, barring fine-tuned cancelations, gaγγ scales from the
corresponding pion interaction by virtue of the relation (3.4). Taking the
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model-dependent factors to be of order unity, this relation defines the “axion
line” in the ma–gaγγ plane.

Axions or axion-like particles with a two-photon vertex decay into two
photons with a rate

Γa→γγ =
g2

aγγm
3
a

64 π
=

α2

256 π3

[(
E

N
− 2

3
4 + z

1 + z

)
1 + z

z1/2

]2
m5

a

m2
πf

2
π

= 1.1 × 10−24 s−1
(ma

eV

)5

, (3.5)

where the first expression is for general pseudoscalars, the second applies
specifically to axions, and the numerical one assumes z = 0.56 and the
hadronic case E/N = 0. Comparison with the age of the universe of
4.3 × 1017 s reveals that axions decay on a cosmic time scale if ma � 20 eV.

The interaction with fermions j has a derivative structure so that it is
invariant under a→ a+ a0 as behooves a Nambu-Goldstone boson,

Lajj =
Cj

2fa
Ψ̄jγ

μγ5Ψj∂μa or − i
Cjmj

fa
Ψ̄jγ5Ψja . (3.6)

Here, Ψj is the fermion field, mj its mass, and Cj a model-dependent numer-
ical coefficient. The combination gajj ≡ Cjmj/fa plays the role of a Yukawa
coupling and αajj ≡ g2

ajj/4π that of a “fine-structure constant”. The pseu-
doscalar form is usually equivalent to the derivative structure, but one has
to be careful in processes where two Nambu-Goldstone bosons are attached
to one fermion line, for example, an axion and a pion attached to a nucleon
in the context of axion emission by nucleon bremsstrahlung [23, 24].

In hadronic models such as KSVZ [18, 19], axions do not couple to ordi-
nary quarks and leptons at tree level, whereas in the DFSZ model [20, 21]

Ce =
cos2 β

3
. (3.7)

Here, cotβ is the ratio of two Higgs vacuum expectation values of this model.
For nucleons, the dimensionless couplings Cn,p are related by general-

ized Goldberger-Treiman relations to nucleon axial-vector current matrix el-
ements,

Cp = (Cu − η)Δu + (Cd − ηz)Δd + (Cs − ηw) Δs ,
Cn = (Cu − η)Δd + (Cd − ηz)Δu+ (Cs − ηw) Δs . (3.8)

Here, η = (1 + z + w)−1 with z = mu/md and w = mu/ms � z. The
quantities Δq represent the axial-vector current couplings to the proton,
Δq Sμ = 〈p|q̄γμγ5q|p〉 where Sμ is the proton spin.

Neutron beta decay and strong isospin symmetry tell us that Δu−Δd =
F +D = 1.267±0.0035, whereas hyperon decays and flavor SU(3) symmetry
imply Δu + Δd − 2Δs = 3F − D = 0.585 ± 0.025. Recent determinations
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of the strange-quark contribution are Δs = −0.08 ± 0.01stat ± 0.05syst from
the COMPASS experiment [25] and Δs = −0.085 ± 0.008exp ± 0.013theor ±
0.009evol from HERMES [26], in agreement with each other and with an early
estimate of Δs = −0.11± 0.03 [27]. We thus adopt the estimates

Δu = +0.841± 0.020 ,
Δd = −0.426± 0.020 ,
Δs = −0.085± 0.015 , (3.9)

that are very similar to previous values used in the axion literature.
The uncertainty of the axion-nucleon couplings is dominated by the large

uncertainty of z = 0.3–0.6 that was mentioned above. For hadronic axions
we have Cu,d,s = 0 so that Cp = −0.55 and Cn = +0.14 for z = 0.3 and
Cp = −0.37 and Cn = −0.05 for z = 0.6. Therefore, while it is well possible
that Cn = 0, Cp does not vanish within the plausible z range. In the DFSZ
model we have Cu = 1

3 sin2 β and Cd = 1
3 cos2 β. Even with the large allowed z

range, Cn and Cp never vanish simultaneously. An extreme case is cos2 β = 0
where Cp = 0 for z = 0.3, but in this case Cn = −0.27.

3.3 The Sun as an Axion Source

3.3.1 Axion Flux from the Primakoff Process

The Sun would be a powerful axion source. This flux can be searched di-
rectly, notably by the CAST experiment. Its sensitivity is competitive with
the globular-cluster limits (Sect. 3.4) for hadronic models. In this case, the
dominant emission process is the Primakoff effect [28], i.e., particles with a
two-photon vertex transform into photons in external electric or magnetic
fields. Therefore, stars produce axions from thermal photons in the fluctuat-
ing electromagnetic fields of the stellar plasma [6].

Calculating the solar axion flux is straightforward except for the proper
inclusion of screening effects [29, 30]. The transition rate for a photon of
energy E into an axion of the same energy (recoil effects are neglected) [31] is

Γγ→a =
g2

aγγTκ
2
s

32π

[(
1 +

κ2
s

4E2

)
ln
(

1 +
4E2

κ2
s

)
− 1
]
, (3.10)

where T is the temperature (natural units with � = c = kB = 1 are used).
The screening scale in the Debye-Hückel approximation is

κ2
s =

4πα
T

(
ne +

∑
nuclei

Z2
j nj

)
, (3.11)

where ne is the electron density and nj the density of the j-th ion of charge
Zj. Near the solar center κs ≈ 9 keV. Note that (κs/T )2 ≈ 12 is nearly
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constant throughout the Sun whereas it is about 2.5 throughout the core of
a low-mass helium-burning star.

Ignoring the plasma frequency for the initial-state photons, the energy-
loss rate per unit volume is [10, 31]

Q =
g2

aγγT
7

4π
F , (3.12)

where F is a numerical factor of order unity. For (κs/T )2 = 2.5 and 12 one
finds F = 0.98 and 1.84, respectively.

Integrating over a standard solar model, one finds an axion flux at Earth
that is well approximated by (E in keV)

dΦa

dE
= g2

10 6.0 × 1010 cm−2 s−1 keV−1E2.481 e−E/1.205 , (3.13)

where g10 = gaγγ/(10−10 GeV−1). The integrated flux parameters are

Φa = g2
10 3.75 × 1011 cm−2 s−1 ,

La = g2
10 1.85 × 10−3L
 . (3.14)

The maximum of the distribution is at 3.0 keV, and the average energy is
4.2 keV.

3.3.2 Solar Age

The properties of the Sun itself constrain this flux. The axion losses lead to an
enhanced consumption of nuclear fuel. The standard Sun is halfway through
its hydrogen-burning phase so that the solar axion luminosity should not
exceed its photon luminosity L
.

As an example let us recall that a magnetically-induced vacuum dichroism
observed by the PVLAS experiment [32], if interpreted in terms of an axion-
like particle (ALP), requires [32, 33] gaγγ = 2–5 × 10−6 GeV−1 and ma =
1–1.5meV. With this coupling strength, the Sun’s ALP luminosity would
exceed L
 by a factor of a million and thus it could live only for about
1000 years. Perhaps this problem can be circumvented, but it is noteworthy
that even a crude astrophysical argument severely constrains the particle
interpretation of the PVLAS signature.

3.3.3 Helioseismology

For a more refined constraint, we note that a model of the present-day Sun,
with the integrated effect of axion losses taken into account, would differ from
a standard solar model. The modified sound-speed profile can be diagnosed
by helioseismology, providing a conservative limit [34]
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gaγγ � 1 × 10−9 GeV−1 , (3.15)

corresponding to La � 0.20L
. More recent determinations of the solar
metal abundances have diminished the agreement between standard solar
models and helioseismology [35], but these modifications do not change the
limit (3.15).

3.3.4 Solar Neutrino Flux

The energy loss by solar axion emission requires enhanced nuclear burning
and thus a somewhat increased temperature in the Sun. Self-consistent solar
models with axion losses reveal that gaγγ = 4.5×10−10 GeV−1 implies a 20%
increase of the solar 8B neutrino flux [34]. For gaγγ = 10 × 10−10 GeV−1 the
increase would be a factor of 2.4.

The measured all-flavor 8B neutrino flux is 4.94 × 106 cm−2 s−1 with an
uncertainty of about 8.8% [36, 37]. The old standard solar model predictions
were about 5.7–5.9 in the same units, whereas the new metal abundances
imply 4.5–4.6, each time with a 16% “theoretical 1σ error” [35]. Therefore,
the measured neutrino fluxes imply a limit

gaγγ � 5 × 10−10 GeV−1 , (3.16)

corresponding to La � 0.04L
. A more precise limit with a realistic error
budget would require self-consistent solar models on a finer spacing of gaγγ .

3.3.5 Searches for Solar Axions

The solar axion flux can be searched with the inverse Primakoff process where
axions convert to photons in a macroscopic B field, the “axion helioscope”
technique [38]. One would look at the Sun through a “magnetic telescope”
and place an X-ray detector at the far end. The conversion can be coherent
over a large propagation distance and is then pictured as a particle oscillation
effect [39].

Early helioscope searches were performed in Brookhaven [40] and Tokyo
[41, 42]. Solar axions could also transform in electric crystal fields, but the
limits obtained by SOLAX [43], COSME [44], and DAMA [45] are less re-
strictive and require a solar axion luminosity exceeding (3.15) and (3.16), i.e.,
these limits are not self-consistent.

The first helioscope that can actually reach the “axion line” is the CERN
Axion Solar Telescope (CAST). The non-observation of a signal above back-
ground leads to a constraint [46]

gaγγ < 1.16 × 10−10 GeV−1 (95% CL) for ma � 0.02 eV . (3.17)

For larger masses, the axion-photon transition is suppressed by the energy-
momentum mismatch between particles of different mass. The full rate can
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be restored in a narrow range of masses by providing the photons with a
refractive mass in the presence of a low-Z gas [47], a method that was already
used in the Tokyo experiment [42] and is also used in the ongoing CAST
Phase II. CAST is foreseen to reach eventually ma � 1 eV.

3.3.6 Do Axions Escape from the Sun?

CAST can detect axions only if they actually escape from the Sun. Their
mean free path (mfp) against the Primakoff process is the inverse of (3.10).
For 4 keV axions with T ≈ 1.3 keV and κs ≈ 9 keV at the solar center we find
λa ≈ g−2

10 6 × 1024 cm ≈ g−2
10 8 × 1013R
 or about 10−3 of the radius of the

visible universe. Therefore, gaγγ would have to be more than 107 times larger
than the CAST limit for axions to be re-absorbed in the Sun.

Even in this extreme case they are not harmless because they would carry
the bulk of the energy flux that otherwise is carried by photons. The mfp of
low-mass particles in the trapping regime should be shorter than that of
photons (about 10 cm near the solar center) to avoid a dramatic modification
of the solar structure [48]. This requirement is so extreme that for anything
similar to axions, the possibility of re-absorption is not a serious possibility.

3.4 Globular-Cluster Stars

3.4.1 Helium-Burning Lifetime and the Axion-Photon Interaction

A restrictive limit on gaγγ arises from globular-cluster stars. A globular clus-
ter is a gravitationally bound system of stars that formed at the same time
and thus differ primarily in their mass. A globular cluster provides a homo-
geneous population of stars, allowing for detailed tests of stellar-evolution
theory. The stars surviving since formation have masses somewhat below
1M
. In a color-magnitude diagram (Fig. 3.1), where one plots essentially
the surface brightness vs. the surface temperature, stars appear in character-
istic loci, allowing one to identify their state of evolution.

The stars on the horizontal branch (HB) have reached helium burning,
where their core (about 0.5M
) generates energy by fusing helium to car-
bon and oxygen with a core-averaged energy release of about 80 erg g−1 s−1.
A typical density is 104 g cm−3, and a typical temperature 108 K. The Pri-
makoff energy-loss rate (3.12) implies that the energy-loss rate per unit mass,
ε = Q/�, is proportional to T 7/�. Averaged over a typical HB-star core one
finds 〈(T/108 K)7 (104 g cm−3/�)〉 ≈ 0.3. Therfore, the core-averaged energy-
loss rate is about g2

10 30 erg g−1 s−1. The main effect would be accelerated
consumption of helium and thus a reduction of the HB lifetime by a factor
80/(80 + 30 g2

10), i.e., by about 30% for g10 = 1.
The HB lifetime can be measured relative to the red-giant evolutionary

time scale by comparing the number of HB stars with the number of RGB
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Fig. 3.1. Color-magnitude diagram for the globular cluster M3, based on 10,637
stars [50]. Vertically is the brightness in the visual (V) band, horizontally the dif-
ference between B (blue) and V brightness, i.e., a measure of the color and thus
surface temperature, where blue (hot) stars lie toward the left. The classification
for the evolutionary phases is as follows [51]. MS (main sequence): core hydrogen
burning. BS (blue stragglers). TO (main-sequence turnoff): central hydrogen is ex-
hausted. SGB (subgiant branch): hydrogen burning in a thick shell. RGB (red-giant
branch): hydrogen burning in a thin shell with a growing core until helium ignites.
HB (horizontal branch): helium burning in the core and hydrogen burning in a
shell. AGB (asymptotic giant branch): helium and hydrogen shell burning. P-AGB
(post-asymptotic giant branch): final evolution from the AGB to the white-dwarf
stage

stars that are brighter than the HB. Number counts in 15 globular clus-
ters [49] show that this number ratio agrees with expectations within 20–40%
in any one cluster, where the error is mostly statistical because typically only
about 100 HB stars were present in the fields of view used. Compounding the
results of all 15 clusters, the helium-burning lifetime agrees with expectations
within about 10% [10, 11]. Of course, with modern data these results could
likely be improved. Either way, a reasonably conservative limit is

gaγγ < 10−10 GeV−1 . (3.18)

It is comparable to the CAST limit (3.17), but applies for higher masses.
The relevant temperature is about 10 keV so that significant threshold effects
begin only at about ma � 30 keV. For QCD axions, the coupling increases
with mass so that the limit applies to even larger masses.
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In the helium-burning core, convection and semi-convection dredges he-
lium to the burning site so that 25–30% of all helium is burnt during the HB
phase. Therefore, while the standard theoretical predictions depend on a phe-
nomenological treatment of convection, there is limited room for additional
energy supply, even if the treatment of convection were grossly incorrect.

3.4.2 Helium Ignition and the Axion-Electron Interaction

RGB stars have a degenerate helium core with a typical density 106 g cm−3

and T ≈ 108 K. Helium ignites at a critical combination of � and T . Therefore,
helium ignition can be delayed by axion cooling. This implies that the core
grows more massive before helium ignites. One consequence is that the RGB
will extend to brighter stars, i.e., the brightness of the brightest red giant in
a given globular cluster signifies the core mass at helium ignition. Detailed
studies reveal that the core mass at helium ignition agrees with theoretical
expectations within 5–10% [10, 52, 53, 54, 55]. In turn, this implies that
a novel energy-loss rate at T = 108 K and an average density 〈�〉 = 2 ×
105 g cm−3 should not exceed about 10 erg g−1 s−1. At these conditions the
standard neutrino emission is about 4 erg g−1 s−1.

The helium-burning lifetime is useful to constrain the axion-photon inter-
action because the Primakoff rate is suppressed in the degenerate red-giant
cores and thus is more effective in HB stars. The helium-ignition argument,
on the other hand, is useful when the emission rate is larger on the RGB than
on the HB as for bremsstrahlung e+Ze→ Ze+ e+ a. For the conditions in
a red-giant core one finds εbrems ≈ αaee 2 × 1027 erg g−1 s−1 [54] so that

αaee < 0.5 × 10−26 or gaee < 3 × 10−13 . (3.19)

In the DFSZ model this limit corresponds to fa/ cos2 β > 0.8 × 109 GeV,
ma < 9 meV/ cos2 β, and gaγγ cos2 β < 1.2 × 10−12 GeV−1.

3.4.3 Asymptotic Giant Branch (AGB) Evolution

For axion-electron interactions near or even below the bound (3.19), the emis-
sion will strongly affect the evolutionary behavior of AGB stars [56]. However,
these results have not been linked closely enough to observational data to ob-
tain new limits or discover evidence for axion emission.

3.5 White-Dwarf Cooling

The degenerate core of a low-mass red giant before helium ignition is essen-
tially a helium white dwarf. After the HB phase, when helium burning has
ended, low-mass stars once more ascend the red-giant branch as “asymptotic
giants” (AGB stars). They have a degenerate carbon-oxygen core and helium
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burning in a shell. Fast mass loss creates a “planetary nebula” surrounding
a compact remnant, a white dwarf, that first cools by neutrino emission and
later by surface photon emission.

The observed white-dwarf luminosity function reveals that their cooling
speed agrees with expectations, constraining new cooling agents such as axion
emission [10, 57, 58, 59]. The resulting limit on the axion-electron coupling
of αaee � 1 × 10−26 is comparable to the globular-cluster limit of (3.19).

The cooling speed of individual white dwarfs can be estimated in some
cases where they appear as ZZ Ceti stars, i.e., when they are pulsation-
ally unstable and when the period decrease Ṗ /P can be measured, a quan-
tity that is sensitive to the cooling speed. A well-studied case is the star
G117–B15A. For some time, it seemed to be cooling too fast, an effect that
could have been attributed to axion cooling with αaee = 0.2–0.8×10−26 [60].
More recent analyses no longer require a new cooling channel, allowing one
to set a limit on axion losses corresponding to1 [61, 62]

αaee < 1.3 × 10−27 or gaee < 1.3 × 10−13 (3.20)

at a statistical 95% CL. In the DFSZ model this implies ma < 5 meV/ cos2 β.
This is the most restrictive limit on the axion-electron interaction.

3.6 Supernova 1987A

3.6.1 Energy-Loss Argument

About two dozen neutrinos from SN 1987A were observed about 20 years ago
in several detectors [63]. The total number of events, their energies, and the
distribution over several seconds correspond reasonably well to theoretical
expectations. In the standard picture [64, 65], the core collapse of a massive
star leads to a proto neutron star, a solar-mass object at nuclear density and
temperature of several 10 MeV, where even neutrinos are trapped. The long
time scale of emission is explained by diffusive neutrino energy transport. The
emission of more weakly-interacting particles can be a more efficient energy-
loss channel, resulting in a reduced neutrino burst duration. The late-time
signal is most sensitive to such losses because the early neutrino emission is
powered by accretion and thus not very sensitive to volume losses.

This argument has been applied to many cases, from right-handed neu-
trinos to Kaluza-Klein gravitons, but axions are the earliest and most widely
discussed example [23, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75]. They are emit-
ted by nucleon bremsstrahlung N + N → N + N + a that depends on the
axion-nucleon Yukawa coupling gaNN , here taken to be an average of the
1 The limit on gaee stated in [61] is an order of magnitude more restrictive, but

this is an obvious misprint. Likewise, their stated limit ma < 5meV cos2 β has
an incorrect scaling with cos2 β.
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Fig. 3.2. Relative duration of a SN neutrino burst as a function of the axion-
nucleon coupling [10]. Freely streaming axions are emitted from the entire core
volume, trapped ones from an “axion sphere”. The solid line is from numerical
calculations [71, 72]. The dotted line is an arbitrary continuation to guide the eye

couplings to neutrons and protons. Figure 3.2 illustrates that axion emission
leaves the signal duration unchanged when gaNN is very small. For larger
couplings, the signal is shortened until it reaches a minimum, roughly when
the axion mfp corresponds to the geometric size of the SN core. For even
larger couplings, axions are trapped and are emitted from an “axion sphere”.
When it moves beyond the neutrino sphere, the signal duration once more
remains unaffected.

Of course, such “strongly” interacting axions are not necessarily harmless.
They may play an important role during the infall phase. Moreover, in the
water Cherenkov detectors that registered the SN 1987A neutrinos, these
axions would have interacted with oxygen nuclei, leading to the release of γ
rays and causing too many events [76].

However, for axions and other particles, the trapping regime is usually
excluded by other arguments so that the free-streaming regime is of greater
interest. An approximate analytic constraint on the energy-loss rate is [9]

εa � 1 × 1019 erg g−1 s−1 , (3.21)

to be calculated at � = 3 × 1014 g cm−3 and T = 30 MeV. If we take the SN
core to have a mass of about 1M
 = 2× 1033 g, this corresponds to an axion
luminosity La = εaM
 = 2 × 1052 erg s−1. The gravitational binding energy
of the neutron star is about 3 × 1053 erg and the emission lasts up to 10 s,
i.e., axion losses would compete significantly with neutrino emission.

We stress that the criterion (3.21) is not arbitrary, but was distilled from
several numerical simulations that consistently showed that the burst dura-
tion was roughly halved when the limit (3.21) was saturated [9]. Axion losses
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are then not small so that T = 30 MeV is not the unperturbed tempera-
ture of these models. Different numerical models with different input physics
probably have internal temperatures that are more similar once significant
axion losses are included. In any event, (3.21) represents quite accurately the
results from different simulations.

Recently, self-consistent cooling calculations were performed for Kaluza-
Klein gravitons [77], once more confirming (3.21). The neutrino signal du-
ration was directly compared with the data, and the limit, corresponding
to (3.21), was found to have a 95% statistical CL.

Of course, this and any other numerical study rely on input physics for
which systematic uncertainties are difficult to quantify, notably the nuclear
equation of state and the neutrino opacities. In addition, the data are very
sparse so that any conclusion based on them suffers from the usual problems
of small-number statistics. Therefore, (3.21) should be viewed as a reasonable
guide as to where a new energy-loss channel causes a significant tension with
the SN 1987A pulse duration.

3.6.2 Axion Emission from a Nuclear Medium

In order to apply (3.21) to axions one needs the emission rate from a hot
medium at nuclear density. The main emission process is nucleon brems-
strahlung, N +N → N +N + a, but a reliable calculation of the rate is dif-
ficult. Axions couple to the nucleon spin so that bremsstrahlung requires the
spin to “jiggle” in a collision, i.e., spin-conserving interactions do not con-
tribute. This leaves the nuclear tensor force that is only crudely modeled
by one-pion exchange (OPE). In a dense medium, other problems include
the modification of particle masses and couplings as well as many-body and
multiple-scattering effects.

One approach to estimate the emission rate relies on linear response the-
ory where emission, absorption, and scattering of neutrinos, axions, and other
particles depend only on a few “form factors” of the medium, i.e., the dynam-
ical structure functions [73, 78, 79, 80, 81, 82, 83, 84, 85, 86]. This approach is
perturbative to lowest order in the weak interaction between neutrinos (or ax-
ions) and nucleons, whereas the interactions among the medium constituents
are lumped into the structure functions.

Assuming the medium to consist of one species of non-relativistic nucle-
ons, the relevant quantity is the dynamical spin-density structure function [73]

Sσ(ω,k) =
4

3nB

∫ +∞

−∞
dt eiωt 〈σ(t,k) · σ(0,−k)〉 , (3.22)

where nB is the nucleon (baryon) density and σ(t,k) the spatial Fourier
transform of the nucleon spin-density operator. The basic principles of quan-
tum mechanics imply the detailed-balancing condition

Sσ(−ω,k) = Sσ(ω,k) e−ω/T . (3.23)
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The structure function obeys the sum rule

∫ +∞

−∞

dω
2π

Sσ(ω,k) = 1 +
4

3nB

〈
NB∑

i,j=1
i�=j

si · sj cos(k · rij)

〉
, (3.24)

where si is the spin operator of nucleon i. The f-sum rule includes a fac-
tor ω under the integral and establishes a relation to the average nucleon-
nucleon spin interaction energy [82]. It is often assumed that the higher sums∫

dω ωn S(ω,k) also exist for all n.
The axion absorption rate and the volume energy-loss rate are given in

terms of the structure function as

Γa =
(
CN

2fa

)2
nB

2
ω Sσ(ω, k) ,

Qa =
(
CN

2fa

)2
nB

4π2

∫ ∞

0

dω ω4 Sσ(−ω, k) , (3.25)

where k = |k| ≈ ω is the modulus of the axion momentum. Neutrino scat-
tering, emission and absorption rates based on the axial vector current are
given by similar phase-space integrals.

A reliable expression for Sσ(ω, k) is not available, so we need to use heuris-
tic reasoning. The large nucleon mass compared to the emitted axion energy
suggests the use of long-wavelength approximation Sσ(ω) = limk→0 Sσ(ω,k),
i.e., we neglect the momentum transfer to the medium. In this limit (3.22)
represents essentially the Fourier transform of the autocorrelation function
of a single nucleon spin.

If we picture the nucleon spin as a classical vector that is kicked by a
random force, we find [79]

Sclass
σ (ω) =

Γσ

ω2 + Γ 2
σ/4

, (3.26)

where Γσ is the spin fluctuation rate. Being a classical result, the quantum-
mechanical detailed-balancing property is missing. Overall we thus write

Sσ(ω) =
Γσ

ω2 + Γ 2
σ/4

s(ω/T ) ×
{

1 for ω ≥ 0,
eω/T for ω < 0,

(3.27)

where s(x) is an even function normalized to s(0) = 1. The axion emission
rate per unit mass, εa = Qa/�, therefore is

εa =
(
CN

2fa

)2
T 4

π2mN
F = 3.0 × 1037 erg

g s
C2

N

(
GeV
fa

)2 (
T

30 MeV

)4

F ,

(3.28)
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where

F =
∫ ∞

0

dx
x4 e−x

4
Γσ/T

x2 + (Γσ/2T )2
s(x) . (3.29)

For Γσ/T � 1 (dilute medium) assuming s(x) = 1, we find F = Γσ/2T .
A perturbative calculation, relevant for a dilute medium, using the OPE

approximation yields [70, 79]

ΓOPE
σ = 4π1/2α2

π

nBT
1/2

m
5/2
N

= 450 MeV
�

3×1014 g cm−3

(
T

30 MeV

)1/2

,

(3.30)
where απ = (f2mN/mπ)2/4π ≈ 15 with f ≈ 1.0. For soft energies, brems-
strahlung depends only on the on-shell spin-dependent nucleon scattering
rate. Based on measured nuclear phase shifts it was argued that the OPE
result was an overestimation by about a factor of 4 [75].

Either way, Γσ/T is not small compared to unity, but also not very large.
A possible range 1 � Γσ/T � 10 appears generous. With s(x) = 1, this would
imply F ≈ 0.5 for Γσ/T = 1, a maximum of F ≈ 1.35 near Γσ/T = 7 and
F ≈ 1.3 for Γσ/T = 10. Of course, s(x) probably decreases with x or else the
f-sum and higher sums of Sσ(ω) diverge. On the basis of existing information,
one cannot do better than assume F to be a factor of order unity.

The SN 1987A limits are particularly interesting for hadronic axions where
the bounds on αaee are moot. Therefore, we use Cp = −0.4 and Cn = 0.
Initially the proton fraction is relatively large so that we use Yp = 0.3 to
scale the emission rate to the proton density. With F = 1 and T = 30 MeV
we then find εa = 1.4 × 1036 erg g−1 s−1 so that (3.21) implies

fa � 4 × 108 GeV and ma � 16 meV . (3.31)

Despite a lot of effort that has gone into understanding the axion emission
rate, these limits remain fairly rough estimates.

3.7 Conclusions

Astrophysics and cosmology provide the most restrictive limits on the axion
hypothesis as summarized in Fig. 3.3. Beginning with cosmology, a cold axion
population would emerge in the early universe that can make up the dark
matter, but the required axion mass involves many uncertainties [87]. Galactic
dark matter axions will be searched by the ADMX experiment in the mass
range ma = 1–100 μeV [38, 88, 89, 90].

In addition, a population of hot axions is produced. Before confinement,
the relevant processes involve quarks and gluons [91, 92]. Later the most
generic process is π+π ↔ π+a [93]. Axions decouple after the QCD epoch if
fa � 3×107 GeV (ma � 0.2 eV). Some of these hot dark-matter axions would
be trapped in galaxies and galaxy clusters. An unsuccesful search for a decay
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Fig. 3.3. Summary of astrophysical and cosmological axion limits as discussed in
the text. The black sensitivity bars indicate the search ranges of the CAST solar
axion search and the ADMX search for galactic dark matter axions. Light-grey
exclusion bars are very model-dependent

line [94, 95, 96] provides direct limits on a range of axion masses marked
“Telescope” in Fig. 3.3. Moreover, the usual structure-formation arguments
provide the hot dark-matter limits [97, 98]. Axions decay on a cosmic time
scale for ma � 20 eV. The decay photons would cause a variety of observable
consequences [99], seamlessly connecting with the hot dark-matter limit so
that cosmology alone rules out axions in the entire mass range ma > 1 eV.

Figure 3.3 also shows the stellar-evolution limits discussed in this chapter,
notably the globular-cluster limit on the axion-photon coupling. The globular-
cluster and white-dwarf limits for DFSZ axions with cos2 β = 1 are shown
as a light-grey exclusion bar. Even in the DFSZ model, the axion-electron
coupling could be accidentally small and at tree level it is entirely absent for
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hadronic axions. Therefore, these limits are far less generic than those based
on the axion-photon or axion-nucleon interaction.

The requirement that the neutrino signal of SN 1987A was not excessively
shortened by axion losses pushes the limits down to ma � 10 meV. However,
this limit involves many uncertainties that are difficult to quantify, so it
is somewhat schematic. The CAST search for solar axions [46] covers new
territory in the parameter plane of ma and gaγγ, but a signal would represent
a conflict with the SN 1987A limit. While this limit certainly suggests that
axions more plausibly have masses relevant for cold dark matter, a single
argument, measurement, or observation is never conclusive.

In the DFSZ model, the limits from white-dwarf cooling based on the
axion-electron interaction and those from SN 1987A from the axion-nucleon
interaction are quite similar. Therefore, axion emission could still play an
important role as an energy-loss channel of both SNe and white dwarfs and
for other evolved stars, e.g. asymptotic giant stars.

In summary, axions provide a show-case example for the fascinating inter-
play between astrophysics, cosmology, and particle physics to solve some of
the deepest mysteries at the interface between inner space and outer space.
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Abstract. Theories including extra space dimensions offer a possible solution to
the hierarchy problem of particle physics. An additional effect of these theories is
the possibility for axions to propagate in the higher-dimensional space. We explore
the potential of the CERN Axion Solar Telescope (CAST) for testing the presence
of large extra dimensions.

4.1 Introduction on Extra Dimensions

One of the most puzzling problems in nature is the hierarchy problem of
particle physics, i.e., the large separation between the electroweak scale
∼ 103 GeV and the Planck scale MPl = 1.22 × 1019 GeV. One possible solu-
tion is the introduction of n extra space dimensions. Recent theories involve
the idea that the standard-model fields are confined to our (3+1)-dimensional
subspace (brane) of a higher-dimensional space (bulk), while only gravity may
propagate throughout the bulk. The hierarchy is generated by the geometry
of the additional dimensions.

While our knowledge of the weak and strong forces extends down to scales
of order 10−15 mm, we have almost no knowledge of gravity for distances
smaller than roughly a millimeter. It is thus conceivable that at small dis-
tances gravity behaves differently from the inverse-square force law. How-
ever, gravity obeys Newton’s law at distances greater than a millimeter and
therefore behaves as if there are only 3 spatial dimensions. There are several
different scenarios1 to achieve this.

1. Arkani-Hamed, Dimopoulos and Dvali (ADD) suggested that the extra
dimensions are compactified and the geometry of the space is flat. The
hierarchy is generated by a large volume of the extra-dimensional space
(large extra dimensions) [2].

2. Randall and Sundrum assumed that the hierarchy is generated by a large
curvature of the extra dimensions (warped extra dimensions) [3].

1 An additional possible scenario is with TeV−1 sized extra dimensions [1] which
allows also the standard-model particles to propagate in the bulk. This scenario
cannot solve the hierarchy problem.
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It is the relation of these models to the hierarchy which yields testable pre-
dictions at the TeV scale.

4.1.1 Large Extra Dimensions

Large extra dimensions aim to stabilize the mass hierarchy by producing the
hugeness of the Planck mass MPl via the relation

M2
Pl ≈Mn+2

D Rn, (4.1)

where R is the (common) compactification radius of the extra dimensions
and MD is the fundamental higher-dimensional scale. In this scenario, it is
assumed that the extra dimensions are flat and thus of toroidal form. In
order to eliminate the hierarchy between the Planck and electroweak scale,
MD should be of order TeV. In this case R ranges from a sub-millimeter to a
few fermi for n = 2–6. The case of n = 1 is excluded since the corresponding
compactification radius (R ≈ 1011 m) is such that deviations from Newton’s
law could be observed on solar-system scales. Due to the large size of the
extra dimensions, the standard-model fields have to be constrained to the
brane.

After compactification of the n additional dimensions, all fields propagat-
ing in the bulk are decomposed into a complete set of modes, the so-called
Kaluza-Klein (KK) tower of states, with mode numbers k = (k1, k2, . . . , kn)
labeling the KK excitations. The momentum of the bulk field is quantized
in the n compactified dimensions, p2

n = k · k/R2. For an observer on the
brane, each allowed momentum in the compactified volume appears as a KK
excitation of the bulk field with mass m2

k = p2
n. The result is a KK tower

of states where each KK excitation has identical spin and gauge quantum
numbers.

Experimental constraints on the radius of the extra dimensions, for the
case of two flat dimensions of equal radii, are given by [4]

• direct tests of Newton’s law (1/r2 → 1/r2+n for r < R)

R < 0.15 mm ,

• collider signals (direct production of KK gravitons)

R < 210–610 μm ,

• and astrophysics (limits depend on technique and assumption)
supernova cooling R < 90–660 nm
neutron stars R < 0.2–50 nm
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4.2 Axions in Large Extra Dimensions

In the ADD model, extra dimensions are felt only by gravity while the
standard-model fields are confined to a (3+1)-dimensional subspace of a
higher-dimensional space. In addition to gravity, one can assume that fields
that are singlets under the standard-model gauge group could also propagate
in the higher-dimensional space. As such, one might consider axions.

Axions are hypothetical particles associated with the spontaneously bro-
ken Peccei-Quinn (PQ) symmetry that can solve the strong CP problem in
QCD [5]. Besides, axions are serious candidates for the dark matter of the
Universe. An effective axion Lagrangian is of the form

Leff = LQCD +
1
2
∂μa∂

μa+ ξ
g2

s

32π2

a

fPQ
Gb

μνG̃
bμν , (4.2)

where fPQ is the PQ symmetry breaking scale and ξ is a model-dependent
parameter. The axion-photon coupling strength is given by the relation

gaγγ =
α

2πfPQ

(
E

N
− 1.93 ± 0.08

)
, (4.3)

where E/N is a model-dependent parameter. The mass2 of the axion mPQ is
related to fPQ by

mPQ = 6 eV
106

fPQ/1 GeV
. (4.4)

The most stringent constraints on fPQ (or equivalently on mPQ) are set by
astrophysical and cosmological considerations: 109 GeV ≤ fPQ ≤ 1012 GeV.

As already stressed, a singlet higher-dimensional axion field could also
propagate into the bulk. Also, according to astrophysical and cosmological
considerations, the Peccei-Quinn scale fPQ could be much greater than the
fundamental scale MD. To avoid a new hierarchy problem, axions should
propagate in the extra dimensions. Then the higher-dimensional scale f̄PQ

can be lowered by the same mechanism as in the case of gravity

f2
PQ ≈M δ

SR
δf̄2

PQ , (4.5)

where MS is the string scale, MS ∼MD. As the phenomenologically allowed
region for fPQ is such that fPQ � MPl, the axion must be restricted to a
subspace of the full higher-dimensional space (δ < n), if f̄PQ is to remain in
the TeV range [6]. However, δ = n is possible for f̄PQ � TeV [7].

Upon compactification of δ additional spatial dimensions, the higher-
dimensional axion field is expanded into a Kaluza-Klein tower of states.
2 It is common in theories with extra dimensions to denote the ordinary 4-

dimensional axion mass by mPQ. The axion mass ma, corresponding to the lowest
state in the KK axion tower, does not have to be identical to mPQ.
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KK excitations have an almost equidistant mass spacing of order 1/R. The
lowest KK state specifies the coupling strength of each KK state to matter.
A source of axions, such as the Sun, will emit all KK states up to the kine-
matic limit, i.e., axions with masses of some keV. Another interesting feature
arising from the higher-dimensional axionic theories is that the axion mass
may decouple from the Peccei-Quinn energy scale (in 4-dimensional theories
mPQ ∼ 1/fPQ). In such cases, the axion mass is determined by the com-
pactification radius ma � 1/2R [6]. This will be shown for the simplest case
δ = 1.

In order to obtain an effective 4-dimensional theory, one extra spatial
dimension has to be compactified, e.g., on a Z2 orbifold of radius R where
the orbifold action is identified as y → −y. This implies that the axion field
will have a Kaluza-Klein decomposition of the form

a(xμ, y) =
∞∑

n=0

an(xμ) cos
(ny
R

)
, (4.6)

where an(xμ) are the Kaluza-Klein modes. An effective 4-dimensional La-
grangian is then given by

Leff = LQCD +
1
2

∞∑
n=0

(∂μan)2 − 1
2

∞∑
n=1

n2

R2
a2

n

+
ξ

fPQ

g2
s

32π

( ∞∑
n=0

rnan

)
Gb

μνG̃
bμν , (4.7)

where

rn ≡
{

1 if n = 0,√
2 if n > 0.

(4.8)

We can see from (4.7) that the gauge fields couple not to an individual axion
mode ak, but rather to the linear superposition

a′ ≡ 1√
N

nmax∑
n=0

rnan =
1√
N

(
a0 +

√
2

nmax∑
n=1

an

)
, (4.9)

where
N ≡ 1 + 2nmax , (4.10)

and nmax is a cutoff, determined according to the underlying mass scale MS.
The Kaluza-Klein axion states have a drastic effect on the axion mass matrix,
given by

M2 = m2
PQ

⎛
⎜⎜⎜⎜⎜⎝

1
√

2
√

2
√

2 . . .√
2 2 + y2 2 2 . . .√
2 2 2 + 4y2 2 . . .√
2 2 2 2 + 9y2 . . .
...

...
...

...
. . .

⎞
⎟⎟⎟⎟⎟⎠

, (4.11)
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where we have defined
y ≡ 1

mPQR
(4.12)

as the ratio of the scale of the extra dimension to the 4-dimensional axion
mass mPQ. The usual Peccei-Quinn case corresponds to the upper-left 1 × 1
matrix, leading to the result M2 = m2

PQ. Thus, the physical effect of the
additional rows and columns is to pull the lowest eigenvalue of this matrix
away from m2

PQ. The eigenvalues λ of the mass matrix are the solutions to
the transcendental equation

πRλ cot(πRλ) =
λ2

m2
PQ

. (4.13)

The axion linear superposition can be written as

a′ ≡ 1√
N

∑
n

rnan =
1√
N

∑
λ

λ2

m2
PQ

Aλâλ , (4.14)

where âλ are the normalized mass eigenstates, and Aλ are given by

Aλ ≡
√

2 mPQ

λ

(
λ2

m2
PQ

+ 1 +
π2

y2

)−1/2

. (4.15)

The solutions to the transcendental equation (4.13) for the axion zero mode
[6] and the first KK excitation [8] are shown in Fig. 4.1. Let us consider the
two limiting cases mPQR� 1

λ0 ≈ mPQ

λn ≈ n

R
with n = 1, 2, 3, . . .

and mPQR � 1

λn ≈ 2n+ 1
2R

with n = 0, 1, 2, . . . .

mPQ R

λ 0 
R

a) mPQ Rb)
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Fig. 4.1. Solutions to the transcendental equation for: (a) the axion zero mode;
(b) the first KK excitation
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Two important consequences of (4.13) are:

1. the lightest axion mass eigenvalue is given by

ma ≈ min
(
mPQ,

1
2R

)
, and (4.16)

2. the masses of KK excitations are separated by ≈ 1/R.

From (4.16) we see that for mPQ ≥ 1
2R

−1, the Peccei-Quinn scale fPQ de-
couples from the axion mass. As long as mPQ ≥ 1

2R
−1, the axion mass ma

is determined by the radius of the extra space-time dimension, regardless of
the specific size of mPQ.

4.3 CAST as a Probe of Large Extra Dimensions

4.3.1 CAST Physics

Axions could be produced in the core of the Sun by the Primakoff conversion
of thermal photons in the Coulomb fields of nuclei and electrons in the so-
lar plasma. The expected solar axion flux at the Earth has an approximate
spectrum [9]

dΦa

dEa
= 4.02 × 1010

(
gaγγ

10−10 GeV−1

)2

× (Ea/keV)3

eEa/1.08 keV − 1
cm−2 s−1 keV−1 (4.17)

and an average energy of 〈Ea〉 ≈ 4.2 keV. Axions could be back converted
into X-rays in laboratory magnetic field [10]. The expected number of X-rays
reaching a detector is

Nγ =
∫

dΦa

dEa
Pa→γ S t dEa , (4.18)

where Pa→γ is the axion-photon conversion probability, S is the effective area
and t is the measurement time. The axion-photon conversion probability in
a gas (in vacuum Γ = 0, mγ = 0) is given by the relation

Pa→γ =
(
Bgaγγ

2

)2 1
q2 + Γ 2/4

[
1 + e−ΓL − 2e−ΓL/2 cos(qL)

]
, (4.19)

where L is the path length, B is the magnetic field and Γ is the inverse ab-
sorption length for the X-rays in a gas. The axion-photon momentum trans-
fer q is defined as q = |(m2

γ − m2)/2Ea|, where m is the axion mass and
mγ is the effective photon mass in a gas (in the case of H2 and He we have
mγ(eV) ≈√0.02P (mbar)/T (K)). The coherence condition
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qL < π ⇒
√
m2

γ − 2πEa

L
< m <

√
m2

γ +
2πEa

L
(4.20)

restricts the experimental sensitivity to some range of axion masses. For
example, the coherence length of L = 10m in vacuum requires m ≤ 0.02 eV
for Ea = 4.2 keV. For higher axion rest masses, the coherence can be restored
for a narrow mass window around m = mγ by the presence of a buffer gas.
The CERN Axion Solar Telescope (CAST) experiment [11] is being operated
in a scanning mode in which the gas pressure is varied in appropriate steps
to cover a range of possible axion masses up to 0.82 eV.

4.3.2 CAST and Large Extra Dimensions

In view of the fact that the CAST experiment is sensitive to axion masses
up to ∼ 0.8 eV, it can easily be shown that a possible effect of large extra
dimensions can be seen only in the case of n = 2 extra dimensions. For
the case n > 2, the compactification scale 1/R becomes greater than the
sensitivity region of the CAST experiment and the effect of extra dimensions
cannot be observed.

Limits on the Coupling Constant

The total number of X-rays (at the pressure Pi) due to all modes of the KK
tower reads for mPQR � 1

NKK
γi =

2πδ/2

Γ (δ/2)
Rδ

∫ ∞

0

mδ−1Nγi(m)G(m) dm , (4.21)

and for the case mPQR� 1

NKK
γi =

2πδ/2

Γ (δ/2)
Rδ

∫ ∞

0

mδ−1Nγi(m+ 1/2R)G(m+ 1/2R) dm , (4.22)

where Nγi(m) is given by

Nγi(m) =
∫

dΦa(m)
dEa

StiPa→γi(m) , (4.23)

and the differential axion flux in the case of massive KK axion is given by
the relation [7]

dΦa(m)
dEa

= 4.20 × 1010

(
gaγγ

10−10GeV−1

)2

× Eap
2

eEa/1.1 − 1
(1 + 0.02m) cm−2 s−1 ke V−1 . (4.24)
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The function G(m) is defined as [8]

G(m) = m̃4

(
m̃2 + 1 +

π2

y2

)−2

, (4.25)

where m̃ ≡ m/mPQ. The origin of the function G(m) is the mixing between
the KK modes entering the KK decomposition of the bulk axion field and
the corresponding normalized mass eigenstates. As already shown in (4.7),
standard-model fields couple to the linear superposition of KK axion modes.
Due to the mixing, this linear superposition rapidly decoheres. Therefore,
the subsequent detection of this particular linear combination is strongly
suppressed. As a consequence our results reflect a suppressed coupling gaγγ ∼
1/fPQ. In the absence of the decoherence, photons would be coupled to the
linear combination with unsuppressed coupling 1/f̄PQ.

In order to obtain an upper limit on the coupling constant in the frame-
work of large extra dimensions, we apply the central limit theorem at 3σ
level ∑

i

NKK
γi ≤ 3

√∑
i

Nbi , (4.26)

where Nbi is the background of the X-ray detector (with numerical values
taken from [12]). For the sake of simplicity, it is assumed that all axions have
an average energy of 4.2 keV. We take the largest compactification radius
of 0.15 mm as set by direct tests of Newton’s law. Combining (4.19) with
(4.21)–(4.26), we have derived limits on the axion-photon coupling gaγγ as a
function of the fundamental PQ mass, as shown in Fig. 4.2.

The multiplicity of KK states to which CAST could be sensitive is large
(∼ 103 for δ = 1 and ∼ 106 for δ = 2). Still, one can see from Fig. 4.2
that the upper limit on gaγγ is only at most one order of magnitude more
stringent than that obtained in conventional theories. This is a result of
the fact that CAST is a tuning experiment: for a particular pressure, the
coherence condition is satisfied only for a narrow window of axion masses
around m ≈ mγi. Another feature one can observe in Fig. 4.2 is a strong
decrease in sensitivity to gaγγ for mPQR ≥ 20 if δ = 2 and for somewhat
lower values if δ = 1. This is a result of the fact that the function G(m)
decreases as fast as 1/(mPQR)8 in the regime mPQR� 1. In this regime the
zero-mode axion mass is determined by the compactification radius, ma ≈
(1/2)R−1 = 6.6 × 10−4eV. Contrary to the case of ordinary QCD axions, in
theories with large extra dimensions, zero-mode axions with masses outside
the favored band arise quite naturally.

Limits on the Compactification Radius

An interesting feature of the CAST experiment is the coherence condition
that allows us to detect individual Kaluza-Klein mass states. It is expected
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Fig. 4.2. Limits on the axion-photon coupling gaγγ as a function of the fundamental
PQ mass mPQ. The solid line, corresponding to CAST prospects for QCD axions,
is obtained using numerical values from [12]. The dashed region represents the
theoretically favoured region in axion models in 4 dimensions. The dashed and dot-
dashed lines correspond to CAST prospects for KK axions in the case of two extra
dimensions (R = 0.15 mm) for δ = 1 and δ = 2, respectively

that more than one axion signal may be observed at different pressures of
the gas. Therefore, the detection of the corresponding X-rays at least at
two pressures may be the signal for the presence of large extra dimensions.
Achievable limits on the compactification radius R depend on the mass of
the axion zero mode [8]

1. ma = 1/(2R) ⇒ m1 = 3/(2R) ≈ 0.8 eV =⇒ R ≈ 370 nm
2. ma = mPQ ⇒ m1 = 1/R ≈ 0.8 eV =⇒ R ≈ 250 nm

These limits are comparable with the astrophysical limits.

4.4 Conclusion

Theories involving extra dimensions in which gravity propagates offer a pos-
sible explanation of the hierarchy problem of particle physics. In addition
to gravity, axions too could propagate in the higher-dimensional space. We
have explored the potential of the CAST experiment for observing KK ax-
ions coming from the solar interior. In theories with two extra dimensions
(with R = 0.15 mm), a sensitivity to gaγγ improves at most by one order of
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magnitude. In addition, the axion mass is decoupled from fPQ and is set by
the compactification radius R. We have also demonstrated that the CAST
experiment may be sensitive to particular KK axions. Under the requirement
to have at least two signals while changing the pressure of the gas, we have
found that CAST is capable of probing two large extra dimensions with a
compactification radius R down to around 250nm ifmPQ < 1/(2R) and down
to around 370 nm if mPQ > 1/(2R).
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Abstract. A review of the status of axions and axion-like particles is given. Special
attention is devoted to the recent results of the PVLAS collaboration, which are
in conflict with the CAST data and with the astrophysical constraints. Solutions
to the puzzle and the implications for new physics are discussed. The question of
axion-like particles being dark matter is also addressed.

5.1 The Axion

In QCD, we can use the gluon field strength Ga to form the operator

Lθ = θ̄
g2
s

32π2
Gμν

a G̃aμν , (5.1)

that has dimension four and is Lorentz and gauge invariant. We think this
operator, named θ-term, should be present in the QCD Lagrangian. In fact,
it is thanks to the existence of the term (5.1) that we are able to solve
the U(1)A problem, i.e., why η′ is heavy. The introduction of (5.1) in the
QCD Lagrangian solves this problem but it introduces a new one: the strong
CP problem. The θ-term contributes to some physical observables, e.g., the
neutron electric dipole moment dn. Experimentally, there is a very tight upper
limit [1]

|dn| < 3 × 10−26 e cm , (5.2)

which implies the bound

θ̄ = |θ + arg detM | � 10−9 . (5.3)

On the left hand side (LHS) we see the two theoretical contributions to dn.
Apart from the θ-term contribution, there is another related to M , the quark
mass matrix. The combination of the LHS is invariant under chiral rotations.
On the RHS we see the number coming from the dn experiments. We do
not understand why the combination of the LHS is so tuned that it leads to
such a small number. This is the strong CP problem, explained in detail in
Chap. 1.

An elegant solution to the strong CP problem was given by Peccei and
Quinn [2], based on the hypothesis that there is a new global U(1)PQ symme-
try that is spontaneously broken. How are we going to prove experimentally
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that this new symmetry exists? The task indeed seems hard. Fortunately,
there is an unavoidable consequence of the Peccei-Quinn solution. The break-
ing of the U(1)PQ symmetry at an energy scale fa generates a Goldstone bo-
son, that is called the axion. This fact was realized in [3], where it was noticed
that, more correctly, we have a pseudo Goldstone boson, in the sense that the
global symmetry has a small explicit breaking due to quantum effects. This
means a departure from a completely flat potential for the particle that, in
practical terms, endows the axion with a calculable mass

ma =
z1/2

1 + z

fπmπ

fa
= 6.3 eV

106 GeV
fa

. (5.4)

Here we have z = mu/md the up/down quark mass ratio and the pion mass
mπ, as well as the pion decay constant fπ = 93 MeV. A consequence of (5.4)
is that once we fix the scale fa, the mass of the axion ma is no longer a
free parameter (and vice versa). The interactions of the axion are model-
dependent. We are particularly interested in a coupling that is crucial for the
current axion search experiments, namely, the coupling of the axion field a
to two photons

Laγγ = cγ
α

2π fa
εμνρσF

μνF ρσ =
gaγγ

4
Fμν F̃

μνa = −gaγγ E ·B a , (5.5)

where Fμν is the electromagnetic field strength tensor and F̃μν its dual, and
we have also written the interaction in terms of electric and magnetic fields.
The model-dependence is in the parameter cγ (or equivalently of course in
gaγγ). We can cook up a model with fine-tuned parameters and get a small cγ ,
but, in general, cγ is of order one. For example in the so-called KSVZ axion
type or “hadronic axion” [4], where the axion is not coupled to electrons at
tree level, we have cγ = −0.97. Another example is GUT embedded models
like the so-called DFSZ type [5]. For the DFSZ type axion we have cγ = 0.36.
In summary, we expect cγ = O(1), but we should keep in mind its (weak)
model dependence. Other axion interactions are to gluons, which are model-
independent, and to matter. All the interactions are inversely proportional
to fa; we can see it explicitly in the aγγ case in (5.5), i.e., gaγγ ∝ f−1

a . As
we will see, the value of fa has to be quite large, and a consequence is that
the axion is a very weakly interacting particle.

One finds constraints on the axion properties using laboratory experi-
ments as well as using astrophysical and cosmological observations. There
are high energy laboratory experiments made in accelerators that lead to
fa > 104 GeV. However, the strongest lower bounds on fa come from astro-
physics. I briefly summarize them here; details can be found in Chap. 3.

Astrophysical limits are based on the idea that a “too” efficient energy
drain due to a possible stellar axion emission would change the evolutionary
time scale of the star and would be inconsistent with observation. A very
stringent limit using these ideas comes from horizontal branch stars in globu-
lar clusters. The main source of production is the Primakoff process γγ∗ → a,
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where γ∗ corresponds to the electromagnetic field induced by protons and
electrons in the stellar plasma. The coupling is restricted to [6]

gaγγ < 0.6 × 10−10 GeV−1 ⇒ fa > 107 GeV . (5.6)

However, the most restrictive astrophysical limits come from the analysis of
neutrinos from SN 1987A. In the supernova core, the main axion production
is by bremsstrahlung in nucleon-nucleon processes. The observed duration of
the ν signal constrains the coupling of the axion to nucleons and thus restricts
the scale fa [7]

fa > 6 × 108 GeV . (5.7)

We should point out that when the scale fa < 105 GeV the SN constraints
are no longer valid because the axions are so strongly coupled to nuclear
matter that they are trapped in the SN and do not stream freely from the
core. However, for such low values of fa, the other constraints, like (5.6), are
valid. The conclusion is that (5.7) is the lower bound on the Peccei-Quinn
scale.

There are also cosmological arguments that put an upper bound to the
scale fa. During the Peccei-Quinn phase transition in the early universe, the
axion field is a true Goldstone boson and picks up a vacuum expectation
value. In the cooling of the universe the temperatures reach the QCD scale.
Then a potential appears that drives the axion field to the CP conserving
value. If the axion is too weakly coupled, the oscillation to the true minimum
is so slow that the energy of the axion field could be greater than the critical
density. This cannot happen of course, and the argument can be used to put
an upper bound on fa. This is the so-called misalignment mechanism for axion
production [8]. There are still other mechanisms like axion production from
strings, although the studies, that have been done about it, are not consistent
among themselves, and there is no clear conclusion about the importance of
the axion yield from strings.

5.2 The Axion Relatives

Theories that go beyond the standard model of particle physics have new
symmetries, some of them global. Any time one of these global symmetries
is spontaneously broken, we get a Goldstone or a pseudo Goldstone boson.
An example is family symmetry, which would be related to the number and
properties of families (we still do not have an answer to Rabi’s question: Who
ordered the muon?). The breaking of such a symmetry would give rise to
familons. Another example is lepton number symmetry, that would produce
majorons. In general, in theories beyond the SU(3)×SU(2)×U(1) standard
model, there are quite often light scalar and pseudoscalar particles. We will
denote these new hypothetical light particles by φ, and refer to them as axion-
like particles (ALPs) [9], for both the scalar and pseudoscalar cases. Quite
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generally, the new particle φ will couple to two photons. In the case that φ
is a pseudoscalar we have

Lφγγ =
1

8M
εμνρσF

μνF ρσ φ , (5.8)

while for a scalar we would have

L′
φγγ =

1
4
gφγγFμνF

μν φ . (5.9)

For both interaction Lagrangians we have written the coupling as an inverse
energy scale M . For a general ALP, there is no relation between mass and
couplings, as there is for the axion as we see in (5.4). In analyzing models
with an ALP, we will have two independent parameters: the mass m of the
light particle and the energy scale M of new physics.

The reason for focusing on the coupling to two photons is that most of
the experiments that are searching for axions are based on such a coupling.
This means that ALPs might induce a signal in such experiments. Some of
the bounds, valid for axions, are valid for an ALP. For example, the bound
coming from the analysis of stellar energy losses in horizontal-branch stars
of globular clusters is based on the Primakoff production and thus applies.
From the upper limit on gaγγ shown in (5.6) one gets that

M > 1010 GeV . (5.10)

However, there are constraints that cannot be taken without modification.
For example, the bound from the SN does not hold in the same way since in
the axion model it uses the nucleon-axion coupling. One has to recalculate
the SN limit when having only a φγγ coupling. While in realistic models the
ALP usually couples to other particles, to assume that there is only a φγγ
coupling, or that it dominates over other couplings, is a conservative option.
The analysis of this scenario has been done in [10], and the conclusion is that
the SN bound is looser than the bound given in (5.10). Other constraints on
ALPs coupled to photons can be found in [10, 11] and Sect. 9.6.

Reciprocally, there are bounds that have no relevance for the invisible
axion model but have their interest for ALPs. Let me mention one example
[12]. For very small mass of the ALP, it turns out the emitted φ flux could
be coherently reconverted to gamma rays in the galactic magnetic field. Mea-
surements on the SN 1987A gamma-ray flux by the gamma-ray spectrometer
on the Solar Maximum Mission satellite already imply a bound on the cou-
pling M > 3 × 1011 GeV, valid for m < 10−9 eV. It is exciting that the
improved generation of satellite-borne detectors, like the project GLAST,
would be able to detect a φ–γ signal from a nearby supernova, for allowed
values of M . Another aspect of interest is the possibility that ALPs could
be the dark matter of the universe. We will discuss it in Sect. 5.5. Before
finishing the Section, let me remark that another reason to relax the relation
(5.4) is that it could be no longer valid even in an axion model where there
are contributions to the axion mass from exotic sources [13].
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5.3 Searching for ALPs

With the Peccei-Quinn scale fa pushed towards the high-energy realm, the
axion becomes very light and extremely weakly-interacting. The term “invisi-
ble axion” was coined, but Sikivie realized that it was not impossible to prove
the existence of the axion with feasible experiments [14]. There are several
ideas to look for axions, all based on the coherent axion-photon conversion in
an external, strong magnetic field. The ideas apply to any light ALP coupled
to two photons. Indeed, we can write the pseudoscalar case (5.8) as

Lφγγ = gφγγ E · Bφ , (5.11)

while for the scalar case (5.9) can be written as

L′
φγγ =

1
2
gφγγ

(
E2 − B2

)
φ . (5.12)

Both, (5.11) and (5.12) induce photon-ALP transitions in an external (classi-
cal) magnetic field. In (5.11), B plays the role of the external magnetic field,
and E describes the photon field that couples to the field φ. In (5.12), one of
the B is again the external field, while it is now the other B that describes
the photon field. The photon-ALP mixing in a magnetic field makes the in-
teraction states |φ〉 and |γ〉 different from the propagation states |φ′〉 and
|γ′〉,

|φ′〉 = cosϕ |φ〉 − sinϕ |γ〉 (5.13)
|γ′〉 = sinϕ |φ〉 + cosϕ |γ〉 . (5.14)

The probability P of the φ–γ transition always has the suppression factor
1/M2. However, the probability P is enhanced when the φ−γ conversion in
the magnetic field is coherent. A simple way to understand coherence is to
describe the photon and the axion as plane waves propagating along a linear
path of distance L. The conversion is coherent provided there is overlap of
the wave functions across a length L, i.e.,

|kγ′ − kφ′ |L < 2π . (5.15)

In the coherent limit, the probability of the conversion is

P (γ → φ) =
1
4
g2

φγγ B
2
T L

2 . (5.16)

Notice that only the transverse magnetic field BT is effective; this is easily
understood from (5.11) and (5.12). We are interested in two methods to
search for ALPs that we describe now.
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5.3.1 Detection of Solar ALPs

There is a type of experiment, called helioscopy [14], that aims to detect
ALPs from the Sun. It is based on the fact that light particles, coupled to
photons, would be produced in the interior of the Sun, and subsequently leave
it in the form of a continuous flux. From the Earth, we can try to detect this
solar flux by looking at ALP back conversion to X-rays in a magnetic field.
The reason why the photon is in the X-ray range, is that it carries the typical
energies of the photons in the solar interior, namely on the order of keV.
There have been several helioscopes working in the last years, but without
any doubt CAST has reached an unprecedented level of accuracy. Until now
CAST has not observed any signal, and this leads to the bound [15]

M > 0.9 × 1010 GeV , (5.17)

valid for a mass of the light particle m < 0.02 eV (see also Chap. 10).

5.3.2 Production and Detection of ALPs in the Laboratory

A helioscope is not precisely a laboratory experiment. Indeed, the assumed
source of ALPs is the Sun. There is nothing wrong with this; after all, we
are able to detect solar neutrinos that have been produced in the solar inte-
rior. But it is desirable to have experiments where the ALP is produced and
detected in terrestrial laboratories. An experiment with these characteristics
was proposed in [16]. It consists of letting a polarized laser light propagate in
a magnetic field. The coupling of the ALP to photons makes the transition
γ → φ possible, with the probability (5.16).

Notice that the absorption is selective. Take the polarization as the direc-
tion of the electric field of the laser beam. In the case of a pseudoscalar φ,
from (5.11) we see that it is the polarization parallel to B that is absorbed.
In the scalar case, (5.12) tells us that it is the polarization perpendicular to
B that decreases. In both cases, the effect is a rotation of the plane of polar-
ization. The selective absorption makes the vacuum dichroic in the presence
of a magnetic field.

The PVLAS collaboration has been performing such an experiment [17]
(see also Sect. 8.7). They did find a signal of rotation of the plane of the
polarization of the laser. Their result can be interpreted in terms of an ALP.
It is consistent with a scale

M ∼ 4 × 105 GeV (5.18)

and with a light particle mass

m ∼ 10−3 eV . (5.19)

Before discussing this result in the next section in the light of other bounds,
I would like to comment on two further related issues. First, there is a second
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possible effect when light propagates in a magnetic field, as discussed in [16].
The double virtual conversion γ−φ−γ produces a phase retardation of one of
the polarizations. Which polarization is retarded depends on the parity of the
particle φ. This property manifests as vacuum birefringence, and it seems that
there are positive results [18]; we should take them as a preliminary result,
but of course confirmation would be most exciting.

A final experiment, I would like to mention, is another (fully contained)
laboratory method that could help in clarifying the puzzle we discuss in the
next Section. It consists of the remarkable effect of light shining through
a wall: in a magnetic field light oscillates into ALPs, these cross a wall,
and afterwards they convert back into photons. This type of experiment was
already made in [19] with no signal being observed that allowed to put some
limits, consistent with (5.18) and (5.19). There are now several proposals for
similar experiments that are much more sensitive and that should materialize
in one or two years; they are explained in Chap. 10.

5.4 Is it Possible to Evade the Astrophysical
Constraints?

We ask this question because the PVLAS results (5.18) and (5.19) strongly
contradict the astrophysical limits. So, is there any ALP model where the
astrophysical bounds are no longer valid? I will try to convince the reader
that the answer to this question is yes. But at the same time I think it is not
an easy task. In the literature there are, up to now, only a handful of papers
describing models that would be able to evade the astrophysical constraints
on ALPs [9, 20, 21]. Hopefully, if the PVLAS results are confirmed, the new
physics will be restricted to a few selected models, either one from the list
in [9, 20, 21], or a new one. Apart from experiments, more theoretical work
along this line is needed!

In this review, I summarize the paraphoton model of [21], where it is
assumed that the neutral φ particle couples to two photons through a triangle
diagram with an internal new fermion f . We require two necessary conditions
on the properties of f and the triangle diagram. The new particle f should
have a small electric charge on the one hand, as it has to couple to photons,
and on the other hand, this charge should decrease very sharply when going
from the momentum transfer involved in the PVLAS experiment, |k2| �
O(keV2), to the typical momentum transfer in the solar processes, |k2| ∼
O(keV2).

We can meet both conditions in the context of paraphoton models [22, 23]
if we introduce a very low energy scale. First, as far as we know, these mod-
els are the only ones where the effective electric charge of some particles can
naturally be very small. The idea is that particles with a paracharge get an
induced electric charge proportional to some small mixing angle ε between
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photons and paraphotons. To satisfy the second condition, i.e., to get a vari-
ation of the effective electric charge with energy, we use a model with two
light but massive paraphotons, having the same mixing with the photon. If
the fermion f couples to the two paraphotons with opposite paracharge, the
resulting effective electric charge for f decreases with energy or tempera-
ture T ,

qf (T ) ≈ μ2

T 2
qf (0) , (5.20)

where μ is the mass scale of the paraphoton masses. In (5.20) we have assumed
T � μ. With the low energy scale μ � 10−3 eV and ε such that q(0)e � 10−8e,
the model is able to accommodate the strength of the PVLAS signal and yet
have a very suppressed emission in the Sun. Notice that in this paraphoton
model the CAST limit (5.17), which is based on a standard solar φ-flux, does
not hold. Concerning the nature of φ, there are three possibilities:

1. φ is a fundamental particle coupled to f ,
2. φ is an f f̄ composite particle, with f and f̄ confined by new forces, or
3. φ is not really a particle but is positronium-like state. The same way

positronium is an e−e+ bound state, φ is an f f̄ bound state.

The PVLAS results have stimulated some new lines of thought. For example,
an explanation of the data not in terms of light particles coupled to photons is
given in [24] (however, see [25]). Alternatively axion models that could make
all observations compatible, are worked out in [26]. Finally, I would like to
mention the work in [27], where it is shown that the results from PVLAS
and from other related experiments can be used to bound the properties of
epsilon-charged particles.

5.5 ALPs as Dark Matter

We have many independent indications of the existence of dark matter (DM):
from the local measurements of the galactic rotation curves to the joint fit
of the high redshift SN data, X-ray emission of clusters of galaxies and the
anisotropies of the Cosmic Microwave Background (CMB). Also, we have
several well motivated DM candidates. Only experiments in future will tell
us which one is selected, although we should keep in mind that quite possibly
there might be several different components contributing to the DM of the
universe.

Among the popular candidates for DM we have the axions. With this
motivation there are ongoing searches that probe the possible contribution
of axions to the galactic DM as described in Chap. 8. In this section I would
like to discuss some aspects about the possibility that ALPs might be DM.

A first result is the following. Assume the existence of a light ALP that is
coupled only to two photons, either (5.8) or (5.9), but not to other particles.
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In this case, the final result is that the ALP cannot be DM. The reason is that
this particle is born thermally. The ALP species was in thermal equilibrium
in the early universe thanks to the photon coupling. There is a moment when
the expansion rate of the universe is greater than the interaction rate so that
the φγγ coupling is no longer effective to maintain equilibrium. The relic
number of ALPs today is less than the number of relic photons today in the
CMB. It follows that only when they have masses on the order of the keV,
ALPs could, in principle, contribute substantially to the DM. However, with
such masses, ALPs are unstable due to the decay φ→ γγ. Thus, as we said,
the result is negative: an ALP with only a photon coupling cannot be DM.

In fact, leaving apart the DM issue, there are even more restrictions.
Consider the region of the parameter space (m,M) that would correspond
to a relic density not far from the critical density of the universe if we ignore
decays. In the realistic case of decays, the region is excluded by the constraints
coming from CMB distortion and He photodissociation [10].

This negative conclusion may be altered in realistic models of ALPs with
couplings to matter. In addition, we should take into account the possibility
of other mechanisms that generate ALPs in the early universe, as it happens
with the axions.

An example of a model with ALPs that are not only coupled to photons
and where the ALPs may be DM is presented in [28]. The model describes the
effects of a small explicit breaking of a global symmetry, as suggested by grav-
itational arguments. It has one scalar field transforming under a global U(1)
symmetry, and coupled to matter and to gauge bosons. The spontaneous
breaking of the explicitly broken symmetry gives rise to a massive pseudo
Goldstone boson, i.e, to an ALP. In such a model, one analyzes thermal and
non-thermal production of ALPs in the early universe, and performs a sys-
tematic study of astrophysical and cosmological constraints on the ALP prop-
erties. The conclusion is that for very suppressed explicit breaking the pseudo
Goldstone boson is a cold DM candidate [28]. Such a suppression is not unex-
pected according to some analyses of gravitational symmetry breaking [29].

5.6 Conclusion

The experimental search for light particles coupled to photons, that we call
axion-like particles (ALPs), is reaching an unprecedented level of sensitivity.
There are already some results (from the PVLAS collaboration) that may be
interpreted in terms of ALPs. If confirmed, we have to search for models that
make compatible their apparent inconsistency with the sound astrophysical
bounds and with other results, for example from the CAST collaboration.
We have examined these issues. Also, we have reviewed the possibility that
ALPs may contribute to the dark matter present in our universe.
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Abstract. Electric and magnetic dipole moments of fundamental particles had a
large influence in shaping the standard model in the past and continue to play
a significant role at present by restricting the many possible expansions of the
standard model. In this chapter I describe, in particular, the present status and
prospects of the dipole moments in storage rings experiments, in the context of
other significant electric and magnetic dipole moment efforts.

6.1 Dipole Moment Experiments in Storage Rings

It was recognized early that studying the muon anomalous magnetic mo-
ment in a storage ring would be a powerful tool for testing the standard
model (SM). Every new model had to confront the limits imposed by the
apparent agreement of the theory based on the SM and the experimental
value of the muon g–2 (Due to quantum field fluctuations the muon spin in
a storage ring precesses a little faster than the momentum vector. This dif-
ference can be estimated theoretically using all the current knowledge from
the SM which can be compared to the experimental results). This approach
to physics (precision physics) has not run its natural course. The theory is
known well enough that a further improvement of a factor of two in the ex-
perimental uncertainty would still be beneficial and would play an important
role in our quest for uncovering any new physics. I am going to describe
the current state of the experimental approach and the theoretical situation
regarding this very beautiful experiment.

The current disagreement between theory and experiment is estimated to
be 3.4 times the stated combined uncertainties. Even though this fact is very
exciting in its own right it is not the main reason, in my opinion, to support
the completion of this experiment. The main reason includes the following
three points:

1. The muon g–2 experiment is sensitive to physics at the 100 GeV scale as
the W and Z contributions testify to it. This scale is the energy frontier
and needs to be fully exploited. Certain speculative models, like e.g. su-
persymmetry (SUSY), might have even larger contribution enhanced by
the tanβ parameter (the ratio of the expectation values of the two Higgs
doublets) which could take a value up to 50.
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2. The experimental value of the muon g–2 is statistics-limited.
3. The theoretical error in the estimation of the g–2 is smaller than the

experimental uncertainty. The main uncertainty in the theory comes from
the use of experimental data in e+e− colliders and it is highly likely that
this error will be further reduced by at least a factor of two (to 0.25 ppm
from the present 0.5 ppm) in the near term.

On the other hand, another approach to precision physics that had even more
impact on restraining beyond the SM models (BSMM) is the study of the
electric dipole moments (EDMs) of fundamental particles. Even though the
magnetic dipole moments (MDMs) are allowed by all the relevant symmetries
the same is not true for the EDMs. The presence of an EDM in a fundamen-
tal particle with spin would require both parity (P) and time (T) reversal
symmetry violation. Assuming CPT (with C meaning the charge symmetry)
invariance, it would mean that CP symmetry is also violated. The last point
is very important as the matter-antimatter asymmetry mystery of our uni-
verse requires CP-violation almost 10 orders of magnitude larger than that
available from the SM in order to be accommodated. Physics beyond the SM
could be the solution to this puzzle and the EDM experiments are one of the
best probes for such a scenario.

EDM experiments in storage rings so far have been performed only par-
asitically [1] and only as a secondary byproduct of another main effort. Our
collaboration (see http://www.bnl.gov./edm) made the first extensive study
for a dedicated EDM experiment in storage rings. In this paper I will describe
the various methods we have seriously considered [2, 3] in proposing to work
with before we arrived at the latest resonance EDM method suggested by
Yuri Orlov [4].

The sensitivity for new physics of the deuteron EDM at the 10−29 e cm
level is at the unprecedented ∼1000 TeV energy scale assuming that the CP-
violating phase is of the order of 1. If new physics does exist at the LHC
energy scale, the sensitivity to the CP-violating phase is at the 10−5 rad
level, which is also much beyond the LHC planned sensitivity. Both of the
above approaches are complementary to the spectrometer experiments at
the energy frontier colliders, like LHC (under construction) and ILC (un-
der consideration), and can provide important information at the science
frontier.

The muon g–2 concept has been under development for several years now
and is ready to go as soon as the funding appears. On the other hand, the
deuteron EDM in storage rings is still being optimized and its natural time
scales are three years for the muon g–2 and five years for the deuteron EDM
experiment.
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6.2 Muon g–2

A particle with charge e and mass m moving in a circular path has both an
angular momentum L = mvr and a magnetic dipole moment μ = IA, and
with a little algebra one can get

μ =
e

2m
L . (6.1)

In quantum mechanics (QM) μ is given by

μ = g
e

2m
s . (6.2)

For a Dirac point-like, spin 1/2 particle, g = 2. The definition of the g-factor
is

g ≡
(

magnetic moment
e�/2m

)(
angular momentum

�

)−1

. (6.3)

The measure of the difference between the mass and charge distributions is
g–2; it equals zero when the two distributions are the same all the time.

The state of vacuum in classical physics is empty, but this is not the
case in QM. Every possible state comes in and out of existence, violating
energy conservation within a time scale allowed by the uncertainty principle.
Thus e+e−, μ+μ−, photons, hadrons, etc. come in and out of existence with
the heavier particles appearing for shorter time than the lighter ones. The
same way as in vacuum, real particles continuously create back and forth
combinations of virtual particles. Those virtual particles surround the real
particle like a “soup” interacting with them. The muons are heavier than
the electrons creating an even thicker “soup” of virtual particles than the
electrons and interacting with it. It is those interactions, which involve all
known forces (save gravity), that the theory can estimate accurately enough
so that when compared with the experimental value, one can test the validity
of the theoretical estimation. Measuring the g–2 value of a particle is a very
sensitive probe of the virtual contributions, and the factor

a =
g −−2

2
(6.4)

is called the anomalous magnetic moment. The QM contributions to the
anomalous magnetic moment are small, so when the proton (gp = +5.586)
and neutron (gn = −3.826) values were measured it became apparent that
they are composite particles. The ratio gp/gn = −1.46, which is close to the
predicted −3/2, was the first success of the constituent quark model.

Another example is the ge-2 of the electron, which is sensitive (as far as
the experiment concerns) to quantum field fluctuations involving only quan-
tum electrodynamics (QED). The muon gμ-2 is sensitive to heavier particles
compared to the electron, in most cases, by a factor of (mμ/me)2 ≈ 40000.
Thus, even though the electron g–2 is known [5] with much higher accuracy
than the muon g–2, the muon g–2 is much more sensitive to contributions at
the energy frontier than the electron.
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6.2.1 Theory of Muon g–2

The theory of muon g–2 is the subject of intense study and is presented in
numerous recent publications [6]. In this chapter we will concentrate only on
the main elements of it. The theoretical value of the anomalous magnetic
moment is the sum of the contributions including QED, strong, and weak
interactions, plus any new physics contribution that might be important:

aμ(theo) = aμ(QED) + aμ(strong) + aμ(weak) + aμ(new physics) , (6.5)

with some representative contributions shown in Fig. 6.1. The estimated con-
tributions from QED and weak interactions are

aμ(QED) = (116 584 719.90± 1.15 ± 0.08 ± 0.04)× 10−11

and

aμ(weak) = (154 ± 2 ± 1) × 10−11 ,

respectively. The estimations of the QED and weak interactions, even though
involved, are based on purely theoretical arguments, and the total error com-
pared to the experimental error is small. The strong interactions’ contribu-
tion is much harder to estimate based solely on theoretical arguments and
the error would be much larger. The graphs in question include the hadronic
vacuum polarization, i.e., a muon emits a virtual photon which in turn con-
verts to a virtual hadron-antihadron pair. This Feynman graph cannot be
calculated accurately enough from perturbative quantum chromodynamics
(pQCD) alone because it invloves low-energy scales. However, as it turns
out, experimental data come to the rescue. Through the dispersion relation
the real cross section is fundamentally related to the virtual contribution of
the hadronic vacuum polarization, as shown in Fig. 6.2. The ratio of cross
sections R is measured using e+e− collisions as

γ
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Fig. 6.1. The largest contributions to aμ from QED, strong, and weak interactions
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Fig. 6.2. Experimental data involving e+e− are used to estimate the hadronic
vacuum polarization contribution. The virtual photon between the two muon lines
is converted to a hadron-antihadron pair, which, when cut in half, looks like the real
cross section of e+e− collisions going to hadrons. The two rates are fundamentaly
connected via the dispersion relation. The low energy is dominating the contribution
to the anomalous magnetic moment

R =
σ(e+e− → hadrons)
σ(e+e− → μ+μ−)

, (6.6)

which is used as input in the estimation of the hadronic contribution to the
anomalous magnetic moment of the muon

aμ(had, 1) =
(amμ

3π

)2
∫ ∞

4m2
π

ds
s2
K(s)R(s) , (6.7)

with s being the square of the center of mass energy, and K(s) a weight
function emphasizing the low energies. The hadronic vacuum polarization
contribution is at the 60 ppm level, and therefore, the e+e− cross section to
hadrons need to be estimated with better than 1% absolute accuracy, which is
a daunting task. Many different collaborations have worked for several years
on this subject and now seem to be making great progress toward not only
achieving this goal but with the prospect of improving it further by another
factor of two or so in the near term. Figure 6.3 shows some data from Cryo-
genic Magnetic Detector-2 (CMD-2), from the Novosibirsk e+e− collider. The
total theoretical value of the anomalous magnetic moment based on the SM
is [6]

aμ(SM) = 116 591 831 (82)× 10−11 . (6.8)
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0.7% 0.6 / 0.8% 1.2-4.2%
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Gounaris-Sakurai
formula

Fig. 6.3. Experimental data from CMD-2 involving e+e− together with the fit to
the Gounaris-Sakurai formula

6.2.2 The Muon g–2 Experiment

The principle of the muon g–2 experiment is based on the following three
points

1. Polarize: using the parity-violating weak decay of pions to a muon and
a muon anti-neutrino, one can collect muons of a specific handedness
(π+ → μ+ + νμ). Using 1% of momentum range, we can collect the
forward going muons resulting in a muon polarization of over 90%.

2. Interact: precess the horizontally polarized muons in a uniform magnetic
field. The muon magnetic moment causes the particles to precess in a
magnetic field, very much like a spinning top precessing in the presence
of a gravitational field. The spin does not just align itself with the external
force because it needs to conserve angular momentum. The spin preces-
sion rate is given by ds/dt = μ×B, which describes a spin precession in
the horizontal plane in the presence of a vertical magnetic field.

3. Analyze: using the parity-violating weak muon decay to an electron
and two neutrinos, one can determine the muon spin direction (μ+ →
e++ν̄μ+νe). In the muon rest-frame the higher energy positrons are emit-
ted along the muon spin direction. In the lab-frame the highest positron
energies are (on average) emitted when the muon spin and the muon mo-
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mentum are aligned parallel. The lowest energy electrons, on the other
hand, result when the muon spin is anti-parallel to the muon momentum.
By measuring the energy and time of the decay positron, we can deter-
mine the spin angle relative to the muon momentum, i.e., the muon g–2
precession frequency.

The g–2 frequency is given by (when β · E = β · B = 0)

ωa =
e

m

[
aB +

(
aμ − 1

γ2 − 1

)
β × E

c

]
, (6.9)

which for γ = 29.3 reduces to

ωa = a
e

m
B , (6.10)

i.e., at the muon energy of 3.1 GeV the electric field does not contribute to
the g–2 frequency as at that energy it contributes equally to the spin and
momentum vector precessions.

The last muon g–2 experiment took place at Brookhaven National Lab-
oratory using high intensity 24 GeV protons from the alternating gradient
synchrotron (AGS). The protons hit an Ni target producing hadrons (mostly
pions) which were then directed to a decay channel where the (almost) for-
ward going decay muons were collected and then injected into the muon stor-
age ring, as shown in Fig. 6.4. The momentum acceptance of the muon ring
at 3 GeV c−1 is ≈ 0.6%. Several billion decay positrons (running with μ+)
and electrons (running with μ−) have been collected. The time spectrum of

80m

Fig. 6.4. The muon g–2 beam-line at the exit of the AGS ring and before the muon
g–2 storage ring
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eN0dN / dt [1 + A cos (ωa t  +  φa)]

Fig. 6.5. The time spectrum of four Billion detected positrons with energy greater
than 2GeV is shown along with the main function used to fit the same data

some of the positrons collected is shown in Fig. 6.5. The experimental value
of the anomalous magnetic moment is

aμ(exp) = 116 592 080 (63)× 10−11 , (6.11)

which includes the ±0.46 ppm statistical error and ±0.28 ppm system-
atic error (combined in quadrature). This is different from the most recent
theoretical value given by (6.8) which is 3.3 times the stated uncertainty.

The Muon g–2 Experiment Upgrade Towards 0.25ppm

With the realistic prospects of reducing the theoretical error by a factor of
two and in view of the tantalizing difference present between theory and ex-
periment, the muon g–2 collaboration has decided to put together a proposal
towards reducing the total experimental error by a factor of two. Should the
central theoretical and experimental values remain as present, the difference
could go to 6–7 standard deviations. The main approach to achieve the ex-
perimental error reduction is to

1. Increase the number of stored muons by about a factor of five by making
several improvements in both the muon collection channel and improving
the injection efficiency into the g–2 ring.
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2. Segment the calorimeter detectors to reduce positron overlap and the
systematic errors associated with it.

3. Reduce all the systematic errors in both the precession frequency and the
knowledge of the magnetic field, based on our previous experience.

The collaboration is confident that such an experiment would be both timely
and successful. The BNL program advisory committee (PAC) was of the
same opinion and the national high energy physics (HEP) committee (known
in short as P5), in charge of listing the physics priorities of the field, has
included this experiment in its short list. The committee has decided that
in the present funding profile, it is better to wait until 2010 and then decide
what to do depending on the physics outcome of the LHC. Even though the
muon g–2 collaboration is disappointed by the recommendation to wait, they
are delighted by the recognition of the physics potential of the experiment
and are seeking alternative solutions to the stalemate.

6.3 Electric Dipole Moments

If a particle with spin should have an EDM, it would have to be proportional
to the spin vector as it is the only vector that defines the particle. Then the
interaction energy of the EDM in an electric field region would be transformed
by the time (T ) and parity (P ) symmetries in incompatible ways

H = −dσ · E T−→ H = −d(−σ) · E = dσ ·E
H = −dσ · E P−→ H = −dσ · (−E) = dσ · E , (6.12)

which can only be true if either d is zero or both P and T symmetries are
violated.

Induced EDMs are allowed as they are proportional to the electric field
and the interaction energy is proportional to the square of the electric field
and hence conserves the above symmetries. EDMs unrelated to a specific
spin direction are also allowed (e.g., batteries) and do not contradict the
main conclusion stated above.

The violation of T-symmetry also means (assuming CPT conservation)
that CP-violation is also present. If EDMs were to be found in the next round
of experiments it would provide a new large CP-violation source, much larger
than that provided by the SM. This ties up with an interesting observation:
the matter–anti-matter imbalance in our universe requires much stronger CP-
violation than the SM is able to offer. On top of it many BSMM, like SUSY,
contain many CP-violating phases with the current limits set by the EDM ex-
perimental limits. Other BSMM include multi-Higgs, Left-Right symmetric,
etc. For a recent review on the theory of the EDMs of fundamental particles
and their physics reach refer to [7]. Similar to the magnetic dipole moments,
the electric dipole moment experimental efforts are based on the following
principles:
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1. Polarize: A well defined highly polarized state needs to be prepared
in high intensity. High intensity (1011–1012 deuterons per cycle), with
high polarization (80–90%), deuteron beams at the momentum range of
1 − 1.5 GeV c−1 are readily available. This technology has been under
development for several decades now.

2. Interact: precess the horizontally polarized deuterons in an electric field.
The spin precession rate is given by ds/dt = d × E, which describes a
precession in the vertical plane in the presence of a horizontal electric
field.

3. Analyze: Using spin-dependent elastic hadronic cross section, one can
deduce the deuteron spin direction as a function of time. In one of the
considered schemes the deuterons are allowed to scatter off a carbon
target, which serves as the limiting aperture [8], in a controlled way as
a function of time. Any vertical polarization shows up as a left-right
asymmetry in the detection rate, and any horizontal polarization, as an
up–down asymmetry. An EDM signal would be a change in the left-right
asymmetry as a function of time.

Early on, it was recognized that placing a charged particle in an electric
field would not be the way to a very sensitive experiment as the particle
would move under the influence of the electric field and would get lost in the
walls of the experimental aperture within a very short time. On the other
hand, if a neutral atom is used, the argument went, the total electric field
acting on the electron would still be zero as the particle feels no force (it
would otherwise move if there was a force acting on it). It was this argument
that led the first experimental effort to be focused on the neutron [9]. The
obtained limits are very impressive with the latest results [10] giving a limit
of dn ≤ 3 × 10−26 e cm. This is indeed an impressive limit, corresponding to
the Earth’s surface being smooth and symmetric to 0.5 μm [11].

In the 1960s it was made clear (first by Schiff himself, even though the
Schiff theorem is a misnomer and wrongly reflects that an EDM of a charged
particle cannot be measured) [12] that in the presence of forces other than
electric, the particle can still be at equilibrium, but the total electric field
may not be zero. In fact, in some cases (like in paramagnetic atoms) there
might be an enhancement [13] of the total EDM effect by large factors (in
case of the 205Tl atom the enhancement factor is estimated to be ∼ −585).
The 199Hg atom, even though is diamagnetic and does not benefit from an
enhancement factor (it actually suffers from a large reduction factor), turns
out to be a good system to work with. The limit obtained, which is impressive
numerically on its face value, is competitive in its physics reach with the
best EDM limits in spite of the large reduction factor due to the coulomb
shielding of the nucleus by the atomic electrons. Table 6.1 shows the current
status of the experimental limits on the EDMs. Recently major efforts have
been launched for studying molecular systems with potentially much larger
enhancement factors. The main issue there is to create a well-defined initial
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Table 6.1. Current experimental limits on electric dipole moments

Particle System studied Limit (ecm)

Electron 205Tl atom (∼ 10−24) [14] 1.5 × 10−27

Mercury 199Hg atom [15] 2 × 10−28

Neutron Ultra-cold neutrons [10] 3 × 10−26

Proton 199Hg atom 5 × 10−24

state with high efficiency so that the statistical accuracy would be adequate.
There are three major new initiatives on the neutron EDM front:

1. At PSI, with a goal of 10−27 e cm. This essentially uses the “old” appa-
ratus of the last neutron EDM experiment [10], with significant improve-
ments. It includes a higher intensity neutron spallation source using the
1 MW proton beam power available at PSI. They expect to start collect-
ing data in 2008.

2. At Grenoble, where the last neutron EDM experimental apparatus [10]
is being upgraded. The new experiment is using an ultra cold neutron
(UCN) source, SQUIDS as sensors of the magnetic field, higher electric
field values, etc. among some of the improvements. The sensitivity goal
is 2 × 10−28 e cm per year, starting data collection in 2009.

3. At spallation neutron source (SNS) at Oak Ridge National Laboratory
in the USA. The goal is 10−28 e cm using polarized UCN stored in a 4He
bath together with polarized 3He. The 3He plays the role of the neutron
spin analyzer through the interaction

3H̄e + n̄ → t + p , (6.13)

where the cross section of the interaction greatly depends on the relative
direction of the 3He and the neutron spins. When their spins are opposite,
the cross section of the interaction is ∼ 104 barns, whereas when they
are parallel, is < 102 barns providing an excellent contrast.

6.3.1 Hadronic EDMs

QCD CP-violating Parameter θ

The QCD Lagrangian includes a term, which violates

Lθ = θ
g2
s

32π2
Gμν

a G̃aμν , (6.14)

with the gluon field-strength tensor G and its dual G̃. This term induces a
neutron (hadronic) EDM that, using dimensional analysis, is given by
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dn � θ
em∗

ΛQCDmn
≈ θ × 6 × 10−17 e cm , (6.15)

wherem∗ = mumd/(mu +md) is the reduced mass of the up and down quark,
and ΛQCD is the QCD energy scale ∼ 1 GeV. A more accurate determination
of the neutron EDM is [7]

dn ≈ θ × 3.6 × 10−16 e cm , (6.16)

which from the current neutron EDM experimental limit [10] yields θ ≤
10−10. The QCD CP-violating parameter θ contribution to the deuteron EDM
is the sum of the nucleon EDMs plus the nuclear CP-violating interaction

dD ≈ dn + dp + dnuclear
D , (6.17)

which can reliably be estimated, using the simple deuteron wavefunction,
[16, 18] to be

dD ≈ −θ × 10−16 e cm . (6.18)

This implies that dD(θ)/dn(θ) ≈ −1/3. Therefore, if both the neutron and
deuteron EDM are measured, the above equation provides an excellent check
as to whether θ is the EDM source.

Supersymmetry

In case supersymmetry (SUSY) exists, where every fermion particle has a
bosonic counter-part, then new types of interactions are also present. Some
of those interactions are CP-violating and can induce an EDM. In such cases
the neutron EDM is estimated [17, 18] to be, in terms of the up and down
quark EDMs (du and dd respectively) as well as the quark-color EDMs, dc

q

dn ≈ 1.4(dd − 0.25du) + 0.83e(dc
d + dc

u) + 0.27e(dc
d − dc

u) , (6.19)

whereas the deuteron EDM is estimated to be

dD ≈ (dd + du) + 6e(dc
d − dc

u) − 0.2e(dc
d + dc

u) . (6.20)

The last two equations illustrate the advantage of the deuteron over the
neutron for the isovector e(dc

d − dc
u) interaction. The gain in sensitivity by

the large factor of 20 is there due to the large I = 1 pion-exchange interaction
present in the deuteron. Again, it is evident that should both the neutron
and deuteron EDMs be observed, their relative strengths will point to their
respective sources.
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6.3.2 Storage Ring EDM

As EDMs couple only to electric fields one would expect that in a purely
magnetic storage ring there is no sensitivity to them. However, in a magnetic
storage ring a non-stationary particle experiences an electric field in its own
rest-frame equal to E∗ = γ(v × B). The spin precession due to this electric
field is equal to

ds
dt∗

= d × γ(v × B) =⇒ ds
dt

= d× (v × B) . (6.21)

For v ∼ c and B = 1 T it is equivalent to a spin precession in a 300 MVm−1

electric field, which is much higher than it can be achieved in the laboratory.1

There are three variations of the EDM in storage ring method, each one with
different sensitivity and systematic errors.

1. Indirect, parasitic to g–2 measurement where the EDM measurement is a
byproduct of another major experimental aim. This is the least sensitive
method. The total spin precession angular velocity is given by

ω =
e

m

[
aB +

η

2c
v × B

]
, (6.22)

where η is for the EDM similar to what the g-factor is for the magnetic
moment. a is the anomalous magnetic moment and c the speed of light.
The effect of the EDM is to tilt the total vector relative to the external
magnetic field as shown in Fig. 6.6.

2. A dedicated experiment where the EDM is the major goal. In this method
a radial electric field is used to almost freeze the spin direction along
the momentum vector. This is the most sensitive method for short-lived
systems or systems where long spin coherence times are not possible.
The spin is kept along the momentum vector and the vertical component
accumulates for the duration of the storage [3].

3. A dedicated experiment where the spin is allowed to precess with its
g–2 frequency but the velocity is modulated in resonance with the g–2
precession. There is a small, non-zero, EDM signal per g–2 oscillation,
which can become very large if a very large number of g–2 oscillations
could be used. This is the most sensitive method for stable or long-lived
particles where very long spin coherence times are also possible. The
velocity is modulated with the g–2 frequency, and therefore, the vertical
spin does not quite return to its original value but accumulates with
time. The change of the particle speed between the two spin directions
(parallel and anti-parallel to its momentum) is the reason for the non-
cancelation of the induced vertical spin component within one g–2 cycle.
The preliminary deuteron EDM lattice currently under consideration is
shown in Fig. 6.7.

1 The rest-frame time t∗ = t/γ, with t the lab-frame time, and hence the absence
of the relativistic γ factor from the final equation.
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The indirect method (number 1) was used in the muon g–2 experiment, and
final results are expected to be published soon. There are two letters of intent
(LOI) based on the frozen spin method (number 2) that can advance the
sensitivity to the muon EDM by several orders of magnitude over the parasitic
method. The resonance method (number 3) is currently under an intense
development by the Storage Ring EDM collaboration (SREDM).

Why Study the Deuteron EDM?

There are several additional advantages that the deuteron nucleus offers in
the study of hadronic EDMs

1. It is complementary to neutron EDM as there are more than one potential
EDM sources, and the two systems have very different sensitivity to them.
Table 6.2 shows the future plans for hadronic EDM experiments and their
neutron equivalent [19].

2. Very high intensity polarized deuteron sources (1011–1012 particles per
cycle) in a well defined state are readily available today. The underlying
accelerator techniques have been developed and well understood for the
last 50 years.

B

θ

x

y

z

s

a

EDM

β

Fig. 6.6. The presence of an EDM causes the tilt of the total precession vector
relative to the magnetic field. This method was used to set a limit to the muon
EDM in the muon g–2 experiment by investigating the spin precession level as a
function of the g–2 phase. The vertical spin component oscillates as the spin rotates
due to its g–2 precession, but there is no accumulation with time
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Table 6.2. Comparison with other EDM efforts

System Current Bound (e cm) Future Goal (e cm) ∼ dn equivalent (ecm)

Neutron dn < 3 × 10−26 ∼ 10−28 ∼ 10−28

199Hg atom dHg < 2 × 10−28 ∼ 2 × 10−29 10−25–10−26

129Xe atom dXe < 6 × 10−27 ∼ 10−30–10−33 10−26–10−29

Deuteron – 10−29 3 × 10−29–5 × 10−31

3. Polarimeters with high efficiency and high analyzing power for deuterons
in the considered range of 1–1.5 GeVc−1 are already developed and un-
derstood.

In September 2006 the method was presented to the Brookhaven National
Laboratory (BNL) program advisory committee (PAC). The PAC response
was enthusiastic and has suggested to perform a series of systematic error
studies including not only both beam and spin tracking but also polarime-

D=0
D 0

10m

5m

B 2T

RF

RF

P 1.5 GeV/c

Fig. 6.7. The draft deuteron EDM lattice currently under consideration is shown
here. It describes a 5 m by 10 m storage ring with two dipole magnetic field regions,
(top/bottom) and a region where the dispersion function (D) is zero (right side) and
a region where the dispersion function is non-zero (left side). The location of the
RF-cavities and the RF-Quadrupole (RFQ) is on the right side in order to reduce
the potential systematic errors
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try studies with hardware testing before the final proposal submission. The
SREDM collaboration is currently optimizing the ring lattice to increase the
statistical sensitivity of the method and minimize the systematic errors. They
have also laid out the plans for the testing of the issues regarding the po-
larimeter. The proposal is expected to be presented to a suitable laboratory
before the middle of 2008.
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Abstract. Photon-axion conversion induced by intergalactic magnetic fields causes
an apparent dimming of distant sources, notably of cosmic distance indicators such
as supernovae of type Ia (SNe Ia). We review the impact of this mechanism on the
luminosity-redshift relation of SNe Ia, on the dispersion of quasar spectra, and on
the spectrum of the cosmic microwave background. The original idea of explaining
the apparent dimming of distant SNe Ia without cosmic acceleration is strongly
constrained by these arguments. However, the cosmic equation of state extracted
from the SN Ia luminosity-redshift relation remains sensitive to this mechanism.
For example, it can mimic phantom energy.

7.1 Introduction

The two-photon coupling of axions or axion-like particles allows for tran-
sitions between them and photons in external electric or magnetic fields as
shown in Fig. 7.1 [1, 2]. This mechanism serves as the basis for the experimen-
tal searches for galactic dark matter axions [1, 3] and solar axions [1, 4, 5, 6, 7].
The astrophysical implications of this mechanism have also been widely in-
vestigated and reviewed [8, 9]. The phenomenological consequences of an
extremely light or massless axion would be particularly interesting in several
astrophysical circumstances such as polarization of radio-galaxies [10] and
quasars [11], the diffuse X-ray background [12], or ultra-high energy cosmic
rays [13, 14].

One intriguing cosmological consequence of this mechanism is photon-
axion conversion caused by intergalactic magnetic fields, leading to the dim-
ming of distant light sources, notably of supernovae (SNe) of type Ia that are
used as cosmic distance indicators [15]. Observationally, SNe Ia at redshifts,
0.3 � z � 1.7, appear fainter than expected from the luminosity-redshift re-
lation in a decelerating Universe [16, 17, 18], a finding usually interpreted as
evidence for acceleration of the cosmic expansion rate and thus for a cosmic
equation of state (EoS) that today is dominated by a cosmological constant,
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γα

Fig. 7.1. Axion-photon transition in an external electric or magnetic field

a slowly evolving scalar field, or something yet more exotic [19]. The dim-
ming caused by photon-axion conversion could mimic this behavior and thus
provide an alternative to the interpretation as cosmic acceleration. Although
still requiring some non-standard fluid to fit the flatness of the Universe, this
model seemed capable of explaining the SN-dimming through a completely
different mechanism.

However, if the light from distant SNe Ia reaches us partially converted
to axion-like particles, the same mechanism would affect all distant sources
of electromagnetic radiation. Therefore, it appears useful to update the dif-
ferent arguments constraining photon-axion conversion in intergalactic mag-
netic fields, in particular the constraints arising from spectral distortions of
the cosmic microwave background (CMB) and dispersion of quasar (QSO)
spectra.

To this end, we begin in Sect. 7.2 with a review of the formalism of
photon-axion conversion in magnetic fields. Some technical details are de-
ferred to Appendix A. In Sect. 7.3 we describe how this mechanism affects
the SN Ia luminosity-redshift relation and accounts for the observed dimming.
In Sect. 7.4 we turn to spectral CMB distortions and in Sect. 7.5 combine
these limits with those from the dispersion of QSO spectra. In Sect. 7.6 we
describe some additional limits from a violation of the reciprocity relation be-
tween the luminosity and angular diameter distances. We conclude in Sect. 7.7
with comments on the viability of the photon-axion conversion mechanism.

7.2 Photon-Axion Conversion

To understand how photon-axion conversion could affect distant sources, we
take a closer look at the phenomenon of photon-axion mixing. The Lagrangian
(density) describing the photon-axion system is [8]

L = Lγ + La + Laγγ . (7.1)

The QED Lagrangian for photons is

Lγ = −1
4
FμνF

μν +
α2

90m4
e

[
(FμνF

μν)2 +
7
4

(Fμν F̃
μν)2

]
, (7.2)

where Fμν is the electromagnetic field-strength tensor, F̃μν = 1
2εμν�σF

�σ its
dual, α the fine-structure constant, and me the electron mass. We always
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use natural units with � = c = kB = 1. The second term on the RHS is the
Euler-Heisenberg effective Lagrangian, describing the one-loop corrections to
classical electrodynamics for photon frequencies ω � me. The Lagrangian
for the non-interacting axion field a is

La =
1
2
∂μa ∂μa− 1

2
m2a2 . (7.3)

A generic feature of axion models is the CP-conserving two-photon coupling,
so that the axion-photon interaction is

Laγγ = −1
4
gaγγFμν F̃

μνa = gaγγ E · B a , (7.4)

where gaγγ is the axion-photon coupling with dimension of inverse energy. A
crucial consequence of L is that the propagation eigenstates of the photon-
axion system differ from the corresponding interaction eigenstates. Hence,
interconversion takes place, much in the same way as for massive neutrinos of
different flavors. However, as the mixing term Fμν F̃

μνa involves two photons,
one of them must correspond to an external field [1, 2, 8, 20].

Axion-photon oscillations are described by the coupled Klein-Gordon and
Maxwell equations implied by these Lagrangians. For very relativistic ax-
ions (ma � ω), the short-wavelength approximation can be applied, and
the equations of motion reduce to a first-order propagation equation. More
specifically, we consider a monochromatic light beam traveling along the z-
direction in the presence of an arbitrary magnetic field B. Accordingly, the
propagation equation takes the form [2]

(ω − i∂z + M)

⎛
⎝Ax

Ay

a

⎞
⎠ = 0 , (7.5)

where Ax and Ay correspond to the two linear photon polarization states,
and ω is the photon or axion energy. The mixing matrix is

M =

⎛
⎝ Δxx Δxy gaγγBx/2

Δyx Δyy gaγγBy/2
gaγγBx/2 gaγγBy/2 Δa

⎞
⎠ , (7.6)

where Δa = −m2
a/2ω. The component of B parallel to the direction of motion

does not induce photon-axion mixing. The terms proportional to B have
an evident physical meaning, but the Δij-terms (i, j = x, y) require some
explanation. Generally speaking, they are determined both by the properties
of the medium and by the QED vacuum polarization effect. We ignore the
latter, being sub-dominant for the problem at hand [21].

For a homogeneous magnetic field, we may choose the y-axis along the
projection of B perpendicular to the z-axis. Correspondingly we haveBx = 0,
By = |BT| = B sin θ, Ax = A⊥, and Ay = A‖. Equation (7.5) then becomes
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(ω − i∂z + M)

⎛
⎝A⊥
A‖
a

⎞
⎠ = 0 , (7.7)

with the mixing matrix

M =

⎛
⎝Δ⊥ ΔR 0

ΔR Δ‖ Δaγ

0 Δaγ Δa

⎞
⎠ , (7.8)

where

Δaγ =
gaγγ

2
|BT| , (7.9)

Δ‖,⊥ = Δpl + ΔCM
‖,⊥ . (7.10)

In a plasma, the photons acquire an effective mass given by the plasma fre-
quency ω2

pl = 4παne/me, with ne the electron density, leading to

Δpl = −ω
2
pl

2ω
. (7.11)

Furthermore, the ΔCM
‖,⊥ terms describe the Cotton-Mouton effect, i.e., the

birefringence of fluids in the presence of a transverse magnetic field where
|ΔCM

‖ − ΔCM
⊥ | ∝ B2

T. These terms are of little importance for the following
arguments and will thus be neglected. Finally, the Faraday rotation term ΔR,
which depends on the energy and the longitudinal component Bz, couples
the modes A‖ and A⊥. While Faraday rotation is important when analyzing
polarized sources of photons, it plays no role in the problem at hand.

With this simplification the A⊥ component decouples, and the propa-
gation equations reduce to a 2-dimensional mixing problem with a purely
transverse field B = BT

(ω − i∂z + M2)
(
A‖
a

)
= 0 , (7.12)

with a 2-dimensional mixing matrix

M2 =
(

Δpl Δaγ

Δaγ Δa

)
. (7.13)

The solution follows from diagonalization by the rotation angle

ϑ =
1
2

arctan
(

2Δaγ

Δpl − Δa

)
. (7.14)

In analogy to the neutrino case [22], the probability for a photon emitted in
the state A‖ to convert into an axion after travelling a distance s is
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P0(γ → a) =
∣∣〈A‖(0)|a(s)〉∣∣2 = sin2 (2ϑ) sin2(Δoscs/2)

= (Δaγs)
2 sin2(Δoscs/2)

(Δoscs/2)2
, (7.15)

where the oscillation wavenumber is given by

Δ2
osc = (Δpl − Δa)2 + 4Δ2

aγ . (7.16)

The conversion probability is energy-independent when 2|Δaγ | � |Δpl −Δa|
or whenever the oscillatory term in (7.15) is small, i.e., Δoscs/2 � 1, implying
the limiting behavior P0 = (Δaγs)

2.
The propagation over many B-field domains is a truly 3-dimensional prob-

lem because different photon polarization states play the role of A‖ and A⊥
in different domains. This average is enough to guarantee that the conversion
probability over many domains is an incoherent average over magnetic field
configurations and photon polarization states. The probability after traveling
over a distance r � s, where s is the domain size, is derived in Appendix A
along the lines of [23] and is found to be

Pγ→a(r) =
1
3

[
1 − exp

(
−3P0 r

2s

)]
, (7.17)

with P0 given by (7.15). As expected, for r/s → ∞ the conversion probability
saturates, so that on average one third of all photons converts to axions.

7.3 Photon-Axion Conversion and Supernova Dimming

7.3.1 Observations

In 1998, two groups using SNe Ia as cosmic distance indicators reported first
evidence for a luminosity-redshift relation that indicated that the expansion
of the universe was accelerating at that time [16, 17]. The quantity relevant
for SN Ia observations is the luminosity distance dL at redshift z, defined by

d2
L(z) =

L
4πF , (7.18)

where L is the absolute luminosity of the source and F is the energy flux
arriving at Earth [16, 17]. In Friedmann-Robertson-Walker cosmologies, the
luminosity distance at a given redshift z is a function of the Hubble parameter
H0, the matter density ΩM, and the dark energy density ΩΛ. Usually the data
are expressed in terms of magnitudes

m = M + 5 log10

(
dL

Mpc

)
+ 25 , (7.19)
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where M is the absolute magnitude, equal to the value that m would have
at dL = 10 pc.

Figure 7.2 shows the Hubble diagram for SN Ia samples at low and high z.
The distances of high-redshift SNe are, on average, 10–15% larger than those
in a low matter density (ΩM = 0.2) Universe without dark energy (ΩΛ = 0).
Therefore, objects of a fixed intrinsic brightness appear fainter, if the cosmic
energy density budget is dominated by dark energy. The best fit of these data
supports a Universe composed of a fraction of dark matter ΩM � 0.3 and a
fraction of dark energy ΩΛ � 0.7.

Dark energy has been associated with vacuum energy or an Einstein cos-
mological constant resulting in a constant energy density at all times. Defining
the equation of state

w =
p

�
, (7.20)

the cosmological constant is characterized by p = −�, i.e., w = −1. From the
Friedmann equations, any component of the density budget with equation of
state w < −1/3 causes cosmic acceleration. SN Ia data imply that w � −0.5
are disfavored, supporting the cosmic acceleration of the Universe [17].
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Fig. 7.2. SN Ia Hubble diagram. Upper panel: Hubble diagram for low- and high-
redshift SN Ia samples. Overplotted are three cosmologies: “low” and “high” ΩM

with ΩΛ = 0 and the best fit for a flat cosmology, ΩM = 0.24 and ΩΛ = 0.76. Lower
panel: Difference between data and models with ΩM = 0.20 and ΩΛ = 0 (Figure
from [16] with permission)
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7.3.2 Interpretation in Terms of Photon-Axion Conversion

To explore the effect of photon-axion conversion on SN-dimming, we recast
the relevant physical quantities in terms of natural parameters. The energy of
optical photons is a few eV. The strength of widespread, all-pervadingB-fields
in the intergalactic medium must be less than a few 10−9 G over coherence
lengths s crudely at the Mpc scale, according to the constraint from the
Faraday effect of distant radio sources [24]. Along a given line of sight, the
number of such domains in our Hubble radius is about N ≈ H−1

0 /s ≈ 4×103

for s ∼ 1 Mpc. The mean diffuse intergalactic plasma density is bounded
by ne � 2.7 × 10−7 cm−3, corresponding to the recent WMAP measurement
of the baryon density [25]. Recent results from the CAST experiment [7]
give a direct experimental bound on the axion-photon coupling of gaγγ �
1.16 × 10−10 GeV−1, comparable to the long-standing globular-cluster limit
[8]. Suitable representations of the mixing parameters are

Δaγ

Mpc−1 = 0.15 g10 BnG ,

Δa

Mpc−1 = −7.7 × 1028
( ma

1 eV

)2 ( ω

1 eV

)−1

,

Δpl

Mpc−1 = −11.1
( ω

1 eV

)−1 ( ne

10−7 cm−3

)
, (7.21)

where we have introduced g10 = gaγγ/10−10 GeV−1 and BnG is the magnetic
field strength in nano-Gauss.

The mixing angle defined in (7.14) is too small to yield a significant con-
version effect for the allowed range of axion masses because |Δa| � |Δaγ |,
|Δpl|. Therefore, to ensure a sufficiently large mixing angle one has to require
nearly massless pseudoscalars, sometimes referred to as “arions” [26, 27].
For such ultra-light axions, a stringent limit from the absence of γ-rays from
SN 1987A gives gaγγ � 1×10−11 GeV−1 [28] or even gaγγ � 3×10−12 GeV−1

[29]. Henceforth we will consider the pseudoscalars to be effectively massless
so that our remaining independent parameters are g10BnG and ne. Note that
ma only enters the equations via the term m2

a − ω2
pl so that for tiny but

non-vanishing values of ma, the electron density should be interpreted as
ne,eff = |ne −m2

ame/(4πα)|.
Allowing for the possibility of photon-axion oscillations in intergalactic

magnetic fields, the number of photons emitted by the source and thus the
flux F is reduced to the fraction Pγ→γ = 1−Pγ→a. Therefore, the luminosity
distance (7.18) becomes

dL → dL/P
1/2
γ→γ , (7.22)

and the brightness (7.19)

m→ m− 5
2

log10(Pγ→γ) . (7.23)
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Distant SNe Ia would eventually saturate (Pγ→γ = 2/3) and hence, would
appear (3/2)1/2 times farther away than they really are. This corresponds to
a maximum dimming of approximately 0.4 mag. Csáki, Kaloper and Terning
(CKT I) showed that if photon-axion conversion takes place, this mechanism
can reproduce the SN Hubble diagram [15], assuming, for example, a non-
standard dark energy component ΩS = 0.7 with equation of state w = −1/3,
which does not produce cosmic acceleration (Fig. 7.3).

However, in the model of CKT I, plasma density effects were neglected
(ne = 0). Later, it was recognized that the conclusions of CKT I can be signif-
icantly modified when the effects of the intergalactic plasma on the photon-
axion oscillations are taken into account [21]. In the presence of plasma ef-
fects, the probability of oscillation is lower than before and it is no longer
achromatic (Fig. 7.4). SN observations require not only dimming, but also
that the dimming be achromatic. In fact, SN observations put a constraint
on the color excess between the B and V bands,

E[B − V ] ≡ −2.5 log10

[
F o(B)
F e(B)

F e(V )
F o(V )

]
, (7.24)

where F o and F e are the observed and emitted flux, respectively. The B
and V bands correspond to 0.44 μm and 0.55 μm, respectively. Observations
constrain E[B − V ] to be lower than 0.03 [17]. This can be translated to

P (γ → a)V

[
P (γ → a)B

P (γ → a)V
− 1
]
< 0.03 . (7.25)
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Fig. 7.3. Hubble diagram for SNe Ia for different cosmological models, relative to
the curve with Ωtot = 0 (dotted horizontal line). The dashed curve is a best fit to
the SN data assuming that the Universe is accelerating (ΩM = 0.3, ΩΛ = 0.7); the
solid line is the photon-axion oscillation model with ΩM = 0.3 and ΩS = 0.7, the
dot-dashed line is ΩM = 0.3, ΩS = 0.7 with no oscillation, the dot-dot-dashed line
is for ΩM = 1 and again no oscillation (Figure from [15] with permission)
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Fig. 7.4. Ratio of the probability of conversion of photons to axions including
the effects of the intergalactic plasma (ne ≈ 10−7 cm−3) and the probability of
oscillations when this effect is not considered, as a function of the photon energy ω.
The curves are drawn for different size s of the magnetic domains: 0.5 Mpc (dashed
line), 1Mpc (solid line) and 2Mpc (dotted line, Figure from [21] with permission)

Therefore, assuming an electron density ne ≈ nbaryons = nγη ∼ 10−7 cm−3,
the model is ruled out in most of the parameter space because of either an
excessive photon conversion or a chromaticity of the dimming [21]. Only fine-
tuned parameters for the statistical properties of the extragalactic magnetic
fields would still allow this explanation.

On the other hand, Csáki, Kaloper and Terning [30] (CKT II) criticized
the assumed value of ne as being far too large for most of the intergalactic
space, invoking observational hints for a value at least one order of mag-
nitude smaller. As a consequence, for ωpl � 6 × 10−15 eV, corresponding
to ne � 2.5 × 10−8 cm−3, one finds |PV − PB | < 0.03 so that the chro-
maticity effect disappears very rapidly and becomes undetectable by present
observations.

Figure 7.5 shows qualitatively the regions of ne and g10BnG relevant for
SN dimming at cosmological distances. To this end, we show iso-dimming
contours obtained from (7.23) for a photon energy 4.0 eV and a magnetic
domain size s = 1 Mpc. For simplicity, we neglect the redshift evolution of the
intergalactic magnetic field B, domain size s, plasma density ne, and photon
frequency ω. Our iso-dimming curves are intended to illustrate the regions
where the photon-axion conversion could be relevant. In reality, the dimming
should be a more complicated function since the intergalactic medium is
expected to be very irregular: there could be voids of low ne density, but
there will also be high-density clumps, sheets, and filaments and these will
typically have higher B fields as well. However, the simplifications used here
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Fig. 7.5. Iso-dimming curves for an attenuation of 0.01, 0.1, and 0.4 magnitudes.
The photon energy of 4.0 eV is representative of the B-band. The size of a magnetic
domain is s = 1Mpc (Figure from [32] with permission)

are consistent with the ones adopted in CKT II and do not alter our main
results.

The iso-dimming contours are horizontal in the low-ne and low-g10BnG

region. They are horizontal for any g10BnG when ne is sufficiently low. From
the discussion in Sect. 7.2, we know that the single-domain probability P0 of
(7.15) is indeed energy-independent when |Δoscs| � 1, i.e., for |Δpl|s/2 � 1
and |Δaγ |s � 1. When ne � few 10−8 cm−3 and g10BnG � 4, we do not
expect an oscillatory behavior of the probability. This feature is nicely re-
produced by our iso-dimming contours. From Fig. 7.5, we also deduce that a
significant amount of dimming is possible only for g10BnG � 4 × 10−2.

In CKT I, where the effect of ne was neglected, ma ∼ 10−16 eV was used,
corresponding to ne,eff ≈ 6× 10−12 cm−3. As noted in CKT II, when plasma
effects are taken into account, any value ne � 2.5 × 10−8 cm−3 guarantees
the required achromaticity of the dimming below the 3% level between the B
and V bands. The choice BnG of a few and g10 ≈ 0.1 in CKT I and II falls in
the region where the observed SN-dimming could be explained while being
marginally compatible with the bounds on the intergalactic B field and on
the axion-photon coupling.
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7.4 CMB Constraints

If photon-axion conversion over cosmological distances is responsible for the
SN Ia dimming, the same phenomenon should also leave an imprint in the
CMB. A similar argument was previously considered for photon-graviton
conversion [31]. Qualitatively, in the energy-dependent region of Pγ→a one
expects a rather small effect due to the low energy of CMB photons (ω ∼
10−4 eV). However, when accounting for the incoherent integration over many
domains crossed by the photon, appreciable spectral distortions may arise in
view of the accuracy of the CMB data at the level of one part in 104–105. For
the same reason, in the energy-independent region, at much lower values of
ne than for the SNe Ia, the constraints on g10BnG are expected to be quite se-
vere. The depletion of CMB photons in the patchy magnetic sky and its effect
on the CMB anisotropy pattern have been previously considered [15]. How-
ever, more stringent limits come from the distortion of the overall blackbody
spectrum [32].

To this end, the COBE/FIRAS data for the experimentally measured
spectrum were used, corrected for foregrounds [33]. Note that the new cal-
ibration of FIRAS [34] is within the old errors and would not change any
of our conclusions. The N = 43 data points Φexp

i at different energies ωi

are obtained by summing the best-fit blackbody spectrum (Fig. 7.6) to the
residuals reported in [33]. The experimental errors σi and the correlation
indices �ij between different energies are also available. In the presence of
photon-axion conversion, the original intensity of the “theoretical blackbody”
at temperature T

5
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100

200

M
Jy

/s
r

300

400

10 15 20
Frequency (cm–1)

Fig. 7.6. Uniform CMB spectrum and fit to the blackbody spectrum. Uncertainties
are a small fraction of the line thickness (Figure from [33] with permission)



126 A. Mirizzi et al.

Φ0(ω, T ) =
ω3

2π2

[
exp(ω/T )− 1

]−1 (7.26)

would convert to a deformed spectrum that is given by

Φ(ω, T ) = Φ0(ω, T )Pγ→γ(ω) . (7.27)

In [32], we built the reduced chi-squared function

χ2
ν(T, λ) =

1
N − 1

N∑
i,j=1

ΔΦi(σ2)−1
ij ΔΦj , (7.28)

where
ΔΦi = Φexp

i − Φ0(ωi, T )Pγ→γ(ωi, λ) (7.29)

is the i-th residual, and
σ2

ij = �ijσiσj (7.30)

is the covariance matrix. We minimize this function with respect to T for
each point in the parameter space λ = (ne, g10BnG); i.e., T is an empirical
parameter determined by the χ2

ν minimization for each λ rather than being
fixed at the standard value T0 = 2.725 ± 0.002 K [34]. In principle, one
should marginalize also over the galactic foreground spectrum [33]. However,
this is a subleading effect relative to the spectral deformation caused by the
photon-axion conversion.

In Fig. 7.7 we show the exclusion contour in the plane of ne and g10BnG.
The region above the continuous curve is the excluded region at 95% CL, i.e.,
in this region the probability to get larger values of χ2

ν is lower than 5%. We
also show the corresponding 99% CL contour which is very close to the 95%
contour so that another regression method and/or exclusion criterion would
not change the results very much. Within a factor of a few, the same contours
also hold if one varies the domain size s within a factor of 10. Comparing
this exclusion plot with the iso-dimming curves of Fig. 7.5, we conclude that
the entire region ne � 10−9 cm−3 is excluded as a leading explanation for
SN-dimming.

A few comments are in order. Intergalactic magnetic fields probably are a
relatively recent phenomenon in the cosmic history, arising only at redshifts
of a few. As a first approximation, we have considered the photon-axion
conversion as happening for present (z = 0) CMB photons. As Pγ→γ is an
increasing function of the photon energy ω, our approach leads to conservative
limits. Moreover, we assumed no correlation between ne and the intergalactic
magnetic field strength. It is, however, physically expected that the fields are
positively correlated with the plasma density so that relatively high values of
g10BnG should be more likely when ne is larger. Our constraints in the region
of ne � 10−10 cm−3 are thus probably tighter than what naively appears.
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Fig. 7.7. Exclusion plot for axion-photon conversion based on the COBE/FIRAS
CMB spectral data. The region above the solid curve is excluded at 95% CL whereas
the one above the dotted curve is excluded at 99% CL. The size of each magnetic
domain is fixed at s = 1 Mpc. We also reproduce the iso-dimming contours from
Fig. 7.5 (Figure from [32] with permission)

7.5 QSO Constraints

CMB limits are nicely complementary to the ones obtained from the effects
of photon-axion conversion on quasar colors and spectra [35]. One effect of
photon-axion oscillations is that a dispersion is added to the quasar spectra
due to the energy-dependence of the effect. By comparing the dispersion
observed in quasar spectra with the dispersion in simulated ones, one can
find out whether the model behind each simulation is allowed. The SuperNova
Observation Calculator (SNOC) [36] was used [35] to simulate the effects of
photon-axion oscillations on quasar observations (Fig. 7.8). If the simulated
dispersion is smaller than observed, one cannot exclude the scenario as real
quasars have an intrinsic dispersion.

In Fig. 7.9, we superimpose the CMB exclusion contours with the
schematic region excluded by quasars1. The region to the right of the dot-
dashed line is excluded by requiring achromaticity of SN Ia dimming [30]. The

1 We use the exclusion regions of astro-ph/0410501v1. In the published version [35],
corresponding to astro-ph/0410501v2, the iso-dimming curves were erroneously
changed. The difference is that in version 1 the angle α in equation (3) of [35]
that characterizes the random magnetic field direction was correctly taken in the
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Fig. 7.8. Simulated quasar spectra at z = 1 for different photon-axion oscillation
scenarios (Figure from [35] with permission)

region inside the dashed lines is excluded by the dispersion in QSO spectra.
Moreover, assuming an intrinsic dispersion of 5% in these spectra, the ex-
cluded region could be enlarged up to the dotted lines. The CMB argument
excludes the region above the solid curve at 95% CL.

A cautionary remark is in order when combining the two constraints.
As we have discussed in the previous section, CMB limits on photon-axion
conversion are model-independent. On the other hand, the limits placed by
the QSO spectra may be subject to loop holes, as they are based on a full
correlation between the intergalactic electron density and the magnetic field
strength, which is reasonable but not well established observationally.

7.6 Constraints from Angular Diameter Distance

We now turn briefly to two other types of constraints on the photon-axion
conversion mechanism. The first is based on angular diameter distance mea-
surements of radio-galaxies. For a source of linear radius r and angular di-
ameter θ, the angular diameter distance is

dA =
2r
θ
. (7.31)

interval 0–360◦, whereas in version 2 it was taken in the interval 0–90◦ (private
communication by the authors).
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Fig. 7.9. Exclusion plot for photon-axion conversion. The region to the right of the
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intrinsic dispersion of 5% in QSO spectra, the excluded region could be extended
up to the dotted curve. The CMB argument excludes the entire region above the
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In metric theories where photons travel on null geodesics and their number
is conserved, the angular distance dA and the luminosity distance dL are
fundamentally related by the reciprocity relation [37]

dL(z) = (1 + z)2dA(z) . (7.32)

Photon-axion conversion in intergalactic magnetic fields would not affect the
angular-diameter distance [38, 39] and hence would cause a fundamental
asymmetry between measurements of dL(z) and dA(z).

In a first search for a violation of the reciprocity relation, a joint analysis
of high-redshift SNe Ia [dL(z)] and radio galaxies [dA(z)] was undertaken
[38]. The results do not favor the loss of photons and hence disfavor mixing.
However, this constraint is less robust than the QSO one because it is affected
by possibly large systematic errors that are difficult to quantify [40].

As angular-diameter distance is immune to the loss of photons, the axion-
conversion versus accelerating-universe ambiguity in the interpretation can
be resolved [41] by combining CMB acoustic peak measurements with the
recent detection of baryon oscillations in galaxy power spectra [42]. This
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combination excludes a non-accelerating dark-energy species at the 4σ level
regardless of the level of the axion coupling.

7.7 Conclusions

We have reviewed the intriguing and phenomenologically rich [43] mecha-
nism of conversion of photons into very low-mass axion-like particles in the
presence of intergalactic magnetic fields. We have examined the existing as-
trophysical and cosmological limits on this model, coming from the distor-
tion of the CMB spectrum, from the quasar dispersion, and from the angular
diameter distance, including the baryon oscillations detected in large-scale
structure surveys.

In particular, we have shown that the resulting CMB spectral defor-
mation excludes a previously allowed parameter region corresponding to
very low densities of the intergalactic medium (IGM). These limits are
complementary to the ones derived from QSO dispersion that place seri-
ous constraints on the axion-photon conversion mechanism, especially for
relatively large densities of the IGM. As a result, it appears that the
photon-axion conversion will not play a leading role for the apparent SN Ia
dimming.

It may still happen that ultra-light or massless axions play an important
cosmological role. For example, it was shown that by adding a photon-axion
conversion mechanism on top of a dark-energy model with w � −1, one can
mimic cosmic equations of state as negative as w � −1.5 [44]. Although
at present there is no need for such an extreme equation of state, it is an
interesting possibility to keep in mind, especially as alternative explanations
as ghost/phantom fields usually pose a threat to very fundamental concepts
in general relativity and quantum field theory.
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Appendix A: A Photon-Axion Conversion
in a Random Background

In the following, we derive (7.17) along the lines of [23]. It is assumed that
photons and axions traverse N domains of equal length s. The component
of the magnetic field perpendicular to the direction of flight BT is constant
within each domain and of equal strength (B ≡ |BT|) in each domain, but it
is assumed to have a random orientation in each cell.

We begin with an initial state that is a coherent superposition of an axion
and the two photon states |A1,2〉 that correspond respectively to photons
polarized parallel and perpendicular to the magnetic field in the first domain,

κ1(0)|A1〉 + κ2(0)|A2〉 + κa(0)|a〉 . (7.33)

The initial photon and axion fluxes are

Iγ(0) ∼ |κ1(0)|2 + |κ2(0)|2 , (7.34)
Ia(0) ∼ |κa(0)|2 , (7.35)

respectively. In the n-th domain the transverse magnetic field BT is tilted by
an angle γn compared to the magnetic field in the first domain

|An
‖ 〉 = cn|A1〉 + sn|A2〉 , (7.36)

|An
⊥〉 = −sn|A1〉 + cn|A2〉 , (7.37)

or

c1(z) = cnκ
n
‖ (z) − snκ

n
⊥(z) , (7.38)

c2(z) = snκ
n
‖ (z) + cnκ

n
⊥(z) , (7.39)

where cn = cos γn and sn = sin γn. Only photons polarized parallel to the
magnetic field mix with axions. The values of the transition elements are
equal in each domain as the magnitude of the magnetic field B has been
assumed to be the same everywhere. The transition probability P0 for photon
to axion oscillation in one domain is given by (7.15), and the photon survival
probability is 1 − P0. At the end of the n-th domain, the photon and axion
fluxes are

Iγ(n+ 1) ∼ (1 − P0c
2
n)|κ1(zn)|2 (7.40)

+(1 − P0s
2
n)|κ2(zn)|2 + P0|κa(zn)|2 + · · · (7.41)

Ia(n+ 1) ∼ P0c
2
n|κ1(zn)|2

+P0s
2
n|κ2(zn)|2 + (1 − P0)|κa(zn)|2 + · · · (7.42)

where the dots represent terms that are proportional to cn, sn, or cnsn. We
have defined zn = (n − 1)s. The coefficients κ1, κ2 and κa are taken at the
beginning of the n-th domain.
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Next, we assume that the transition probability in one domain is small,
i.e., P0 � 1, and the direction of the magnetic field is random, i.e., γn is a
random variable so that γn+1 − γn is of order unity. Due to the randomness
of the magnetic field, in this limit c2n and s2n can be replaced by their average
value 1/2, while the interference terms cn, sn and cnsn are averaged to zero.
Using

Iγ(n) ∼ |κ1(zn)|2 + |κ2(zn)|2 , (7.43)
Ia ∼ |κa(zn)|2 , (7.44)

one arrives at(
Iγ(n+ 1)
Ia(n+ 1)

)
=
(

1 − 1
2P0 P0

1
2P0 1 − P0

)(
Iγ(n)
Ia(n)

)
(7.45)

=
1
3

(
2 +

(
1 − 3

2P0

)n+1 2 − 2
(
1 − 3

2P0

)n+1

1 − (1 − 3
2P0

)n+1 1 + 2
(
1 − 3

2P0

)n+1

)(
Iγ(0)
Ia(0)

)
.

As the number of domains is large, one can replace (1 − 3P0/2)n+1 with the
limiting function exp [−3P0z/(2s)] to arrive at the final expressions

Iγ(z) = Iγ(0) − Pγ→a[Iγ(0) − 2Ia(0)] , (7.46)
Ia(z) = Ia(0) + Pγ→a[Iγ(0) − 2Ia(0)] , (7.47)

with

Pγ→a =
1
3

[
1 − exp

(
−3P0z

2 s

)]
. (7.48)
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29. Grifols, J.A., Massó, E., Toldrà, R.: Gamma rays from SN 1987A due to pseu-
doscalar conversion. Phys. Rev. Lett. 77, 2372 (1996) [astro-ph/9606028] 121
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Abstract. This chapter will cover the search for dark matter axions based on mi-
crowave cavity experiments proposed by Pierre Sikivie. We will start with a brief
overview of halo dark matter and the axion as a candidate. The principle of reso-
nant conversion of axions in an external magnetic field will be described as well as
practical considerations in optimizing the experiment as a signal-to-noise problem.
A major focus of this chapter will be the two complementary strategies for ultra-low
noise detection of the microwave photons – the “photon-as-wave” approach (i.e.,
conventional heterojunction amplifiers and soon to be quantum-limited SQUID de-
vices), and the “photon-as-particle” approach (i.e., Rydberg-atom single-quantum
detection). Experimental results will be presented; these experiments have already
reached well into the range of sensitivity to exclude plausible axion models, for
limited ranges of mass. The chapter will conclude with a discussion of future plans
and challenges for the microwave cavity experiment.

8.1 Dark Matter and the Axion

Recent precision measurements of various cosmological parameters have re-
vealed a universe of which only a small fraction can be observed directly.
Measurements of deuterium abundances predicted from the theory of big
bang nucleosynthesis (BBN) have limited the familiar baryonic matter to a
mere 4% of the universe’s total energy density [1]. Evidence from the cosmic
microwave background, combined with supernovae searches, galaxy surveys,
and other measurements lead to the fascinating conclusion that the vast ma-
jority of the universe is made of gravitating “dark matter” (26%) and a
negative pressure “dark energy” (70%) [2].

Though the evidence for “dark energy” is relatively recent (primarily rest-
ing on cosmological supernovae surveys taken over the last decade), the exis-
tence of “dark matter” has been known since the early 1930s. It was then that
Fritz Zwicky, surveying the Coma cluster, noticed that member galaxies were
moving far too quickly to be gravitationaly bound by the luminous matter [3].
Either they were unbound, which meant the cluster should have ripped apart
billions of years ago or there was a large amount of unseen “dark matter”
keeping the system together. Since those first observations evidence for dark
matter has accumulated on scales as small as dwarf galaxies (kiloparsecs) to
the size of the observable universe (gigaparsecs) [4, 5].

G. Carosi and K. van Bibber: Microwave Cavity Searches, Lect. Notes Phys. 741, 135–156

(2008)

DOI 10.1007/978-3-540-73518-2 8 c© Springer-Verlag Berlin Heidelberg 2008



136 G. Carosi and K. van Bibber

Currently, the best dark matter candidates appear to be undiscovered
non-baryonic particles left over from the big bang.1 By definition, they would
have only the feeblest interactions with standard-model particles such as
baryons, leptons and photons. Studies of structure formation in the universe
suggest that the majority of this dark matter is “cold”, i.e., non-relativistic
at the beginning of galactic formation. As it is collisionless, relativistic dark
matter would tend to stream out of initial density perturbations effectively
smoothing out the universe before galaxies had a chance to form [10]. The
galaxies that we observe today tend to be embedded in large halos of dark
matter that extend much further than their luminous boundaries. Measure-
ments of the Milky Way’s rotation curves (along with other observables such
as microlensing surveys) constrain the density of dark matter near the solar
system to roughly �CDM ≈ 0.45 GeVcm−3 [11].

The two most popular dark matter candidates are the general class of
Weakly Interacting Massive Particles (WIMPs), one example being the super-
symmetric neutralino, and the axion, predicted as a solution to the “Strong
CP” problem. Though both particles are well motivated, this discussion will
focus exclusively on the axion. As described in Chap. 1, the axion is a light
chargeless pseudo-scalar boson (negative parity, spin-zero particle) predicted
from the breaking of the Peccei-Quinn symmetry. This symmetry was orig-
inally introduced in the late 1970s to explain why charge (C) and parity
(P) appear to be conserved in strong interactions, even though the QCD
Lagrangian has an explicitly CP-violating term. Experimentally this CP-
violating term should have lead to an easily detectable electric dipole mo-
ment in the neutron, but none has been observed to very high precision
[12].

The key parameter defining most of the axion’s characteristics is the spon-
taneous symmetry breaking (SSB) scale of the Peccei-Quinn symmetry fa.
Both the axion coupling and mass are inversely proportional to fa with the
mass defined as

ma � 6.3 eV
(

106 GeV
fa

)
, (8.1)

and the coupling of axions to photons (gaγγ) expressed as

gaγγ ≡ α

2πfa
C , (8.2)

where α is the fine structure constant, and C is a dimensionless model-
dependent coupling parameter (compare (3.4)). Generally, C is thought to

1 Even without the limits from Big Bang Nucleosynthesis searches for baryonic
dark matter in cold gas clouds [6] or MAssive Compact Halo Objects (MACHOs),
like brown dwarfs [7, 8], have not detected nearly enough to account for the
majority of dark matter. Attempts to modify the laws of gravity at larger scales
have also had difficulties matching observations [9].
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be ∼0.97 for the class of axions denoted KSVZ (for Kim-Shifman-Vainshtein-
Zakharov) and ∼−0.36 for the more pessimistic grand-unification-theory in-
spired DFSZ (for Dine-Fischler-Srednicki-Zhitnitshii) models [13, 14, 15, 16].
As interactions are proportional to the square of the couplings these values
of C tend to constrain the possible axion-to-photon conversion rates to only
about an order of magnitude at any particular mass.

Initially fa was believed to be around the electroweak scale (fa∼ 250 GeV)
resulting in an axion mass of order 100 keV and couplings strong enough to
be seen in accelerators [17, 18]. Searches for axions in particle and nuclear
experiments, along with limits from astrophysics, soon lowered its possible
mass to ma ≤ 3 × 10−3 eV corresponding to fa ≥ 109 GeV [19]. As their
couplings are inversely proportional to fa, these low-mass axions were initially
thought to be undetectable and were termed “invisible” axions.

From cosmology it was found that a general lower limit as well could
be placed on the axion mass. At the time of the big bang, axions would
be produced in copious amounts via various mechanisms described in pre-
vious chapters. The total contributions to the energy density of the uni-
verse from axions created via the vacuum misalignment method can then be
expressed as

Ωa ∼
(

5 μeV
ma

)7/6

, (8.3)

which puts a lower limit on the axion mass of ma ≥ 10−6 eV (any lighter
and the axions would overclose the universe, Ωa ≥ 1). Combined with the
astrophysical and experimental limits this results in a 3-decade mass range
for the axion, from μeV–meV, with the lower masses more likely if the axion
is the major component of dark matter. The axions generated in the early
universe around the QCD phase transition, when the axion mass turns on,
would have momenta ∼10−8 eV c−1 while the surrounding plasma had a tem-
perature T � 1 GeV [19]. Furthermore, such axions are so weakly-coupling
that they would never be in thermal equilibrium with anything else. This
means they would constitute non-relativistic “cold” dark matter from the
moment they appeared and could start to form structures around density
perturbations relatively quickly.

Today the axion dark matter in the galaxy would consist of a large halo
of particles moving with relative velocities of the order of 10−3c. It is unclear
whether any or all of the axions would be gravitationally thermalized, but, in
order for them to be bound in the galaxy, they would have to be moving less
than the local escape velocity of 2×10−3c. It is possible that non-thermalized
axions could still be oscillating into and out of the galaxy’s gravitational
well. These axions would have extraordinarily tiny velocity dispersions (of
the order of 10−17c [20]), and the differences in velocity from various infalls
(first time falling into the galaxy, first time flying out, second time falling in,
etc.) would be correlated with the galaxy’s development.
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8.2 Principles of Microwave Cavity Experiments

Pierre Sikivie was the first to suggest that the “invisible” axion could actually
be detected [21]. This possibility rests on the coupling of axions to photons
given by

Laγγ = −gaγγ E ·B a = −
(

α

2πfa
C

)
E ·B a , (8.4)

where E and B are the standard electric and magnetic field of the coupling
photons, α is the fine structure constant and C is the model-dependent coef-
ficient mentioned in the previous section [19]. Translating this to a practical
experiment Sikivie suggested that axions passing through an electromagnetic
cavity permeated with a magnetic field could resonantly convert into photons
when the cavity resonant frequency (ω) matched the axion mass (ma). As
the entire mass of the axion would be converted into a photon, a 5 μeV axion
at rest would convert to a 1.2GHz photon, which could be detected with
sensitive microwave receivers. The predicted halo axion velocities β ≈ 10−3

would predict a spread in the axion energy, from Ea = mac
2 + 1

2mac
2β2, of

the order of 10−6. For our example 5 μeV axions, this would translate into a
1.2 kHz upward spread in the frequency of converted photons. The power of
axions converting to photons on resonance in a microwave cavity is given by

Pa = g2
aγγV B

2
0�aClmn

1
ma

min (QL, Qa)

= 0.5 × 10−26 W
(

V

500 l

)(
B0

7 T

)2

C
( gγ

0.36

)2

×
(

�a

0.5 × 10−24 g cm−3

)

×
(

ma

2π(GHz)

)
min (QL, Qa) , (8.5)

where V is the cavity volume, B0 is the magnetic field, QL is the cavity’s
loaded quality factor (defined as center frequency over frequency bandwidth),
Qa = 106 is the quality factor of the axion signal (axion energy over spread in
energy or 1/β2), �a is the axion mass density at the detection point (earth),
and Clmn is the form factor for one of the transverse magnetic (TMlmn)
cavity modes (see Sect. 8.3.2 for more on cavity modes). This form factor
is essentially the normalized overlap integral of the external static magnetic
field, B0(x), and the oscillating electric field, Eω(x)eiωt, of that particular
cavity mode. It can be determined using

C =
| ∫

V
d3xEω ·B0|2

B2
0V
∫

V d3xε|Eω|2 , (8.6)

where ε is the dielectric constant in the cavity.
For a cylindrical cavity with a homogeneous longitudinal magnetic field

the TM010 mode provides the largest form factor (C010 = 0.69 [19]). Though
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model-dependent, equation (8.5) can give an idea of the incredibly small
signal, measured in yoctowatts (10−24 W), expected from axion-photon con-
versions in a resonant cavity. This is much smaller than the 2.5 × 10−21 W
of power received from the last signal of the Pioneer 10 spacecraft’s 7.5 W
transmitter in 2002, when it was 12.1 billion kilometers from earth [22].

Currently the axion mass is constrained between a μeV and a meV corre-
sponding to a frequency range for converted photons between 240 MHz and
240 GHz. To maintain the resonant quality of the cavity, however, only a few
kHz of bandwidth can be observed at any one time. As a result, the cav-
ity needs to be tunable over a large range of frequencies in order to cover
all possible values of the axion mass. This is accomplished using metallic
or dielectric tuning rods running the length of the cavity cylinder. Moving
the tuning rods from the edge to the center of the cavity shifts the resonant
frequency by up to 100 MHz.

Even when the cavity is exactly tuned to the axion mass, detection is
possible only if the microwave receiver is sensitive enough to distinguish the
axion conversion signal over the background noise from the cavity and the
electronics. The signal to noise ratio (SNR) can be calculated from the Dicke
radiometer equation [23]

SNR =
Pa

P̄N

√
Bt =

Pa

kBTS

√
t

B
, (8.7)

where Pa is the axion conversion power, P̄N = kBBTS is the average thermal
noise power, B is the bandwidth, TS is the total system noise temperature
(cavity plus electronics), and t is the signal integration time [19]. With the
bandwidth of the experiment essentially set by the axion mass and anticipated
velocity dispersion (β2 ∼ 10−6), the SNR can be raised by increasing the
signal power (Pa ∝ B2

0V ), lowering the noise temperature or integrating for
a longer period of time. Increasing the size of the magnetic field or the volume
of the cavity to boost the signal power can get prohibitively expensive fairly
quickly. Given the large range of possible masses, the integration time needs
to remain relatively short (of order 100 seconds for every kHz) in order to
scan an appreciable amount in time scales of a year or so. If one chooses a
specific SNR that would be acceptable for detection, then a scanning rate
can be defined as

df
dt

=
12 GHz

yr

(
4

SNR

)2(
V

500 l

)(
B0

7 T

)4

× C2
( gγ

0.36

)4
(

�a

5 × 10−25

)2

×
(

3K
TS

)2(
f

GHz

)2
QL

Qa
. (8.8)
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Given that all other parameters are more or less fixed, due to physics
and budgetary constraints, the sensitivity of the experiment (both in cou-
pling reach and in scanning speed) can only practically be improved by
developing ultra-low-noise microwave receivers. In fact some of the qui-
etest microwave receivers in the world have been developed to detect
axions [24].

8.3 Technical Implementation

The first generation of microwave experiments were carried out at Brookhaven
National Laboratory (BNL) and at the University of Florida in the mid-1980s
[25, 26]. These were proof-of-concept experiments and got within factors of
100–1000 of the sensitivity required to detect plausible dark matter axions
(mostly due to their small cavity size and relatively high noise temperatures)
[19]. In the early 1990s second generation cavity experiments were devel-
oped at Lawrence Livermore National Laboratory (LLNL) in the U.S. and in
Kyoto, Japan. Though both used a microwave cavity to convert the axions
to photons, they each employed radically different detection techniques. The
U.S. experiment focused on improving coherent microwave amplifiers (pho-
tons as waves) while the Japan experiment worked to develop a Rydberg-atom
single-quantum detector (photons as particles). As the Kyoto experiment is
still in the development phase we will save its description for a later section
and focus on the U.S. experiment.

A schematic of the LLNL experiment, dubbed the Axion Dark Matter
eXperiment (ADMX), can be seen in Fig. 8.1. The experiment consists of a
cylindrical copper-plated steel cavity containing two axial tuning rods. These
can be moved transversely from the edge of the cavity wall to its center al-
lowing one to perturb the resonant frequency. The cavity itself is located
in the bore of a superconducting solenoid providing a strong constant axial
magnetic field. The electromagnetic field of the cavity is coupled to low-noise
receiver electronics via a small adjustable antenna [19]. These electronics
initially amplify the signal using two ultra-low-noise cryogenic amplifiers ar-
ranged in series. The signal is then boosted again via a room temperature
post-amplifier and injected into a double-heterodyne receiver. The receiver
consists of an image reject mixer to reduce the signal frequency from the cav-
ity resonance (hundreds of MHz–GHz) to an intermediate frequency (IF) of
10.7 MHz. A crystal bandpass filter is then employed to reject noise power out-
side of a 35 kHz window centered at the IF. Finally, the signal is mixed down
to almost audio frequencies (35 kHz) and analyzed by fast-Fourier-transform
(FFT) electronics that compute a 50 kHz bandwidth centered at 35 kHz. Data
is taken every 1 kHz or so by moving the tuning rods to obtain a new reso-
nant TM010 mode. In the next few sections, we will expand on some of these
components.
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Fig. 8.1. Schematic diagram of ADMX experiment including both the resonant
cavity (which sits in the bore of a superconducting solenoid) and receiver electronics
chain

8.3.1 The Magnet

The main magnet for ADMX was designed to maximize the B2
0V contribution

to the signal power (8.5). It was determined that a superconducting solenoid
would yield the most cost effective solution and its extremely large inductance
(535 Henry) would have the added benefit of keeping the field very stable.
The 6 t magnet coil is housed in a 3.6 m tall cryostat (see Fig. 8.2) with an
open magnet bore allowing the experimental insert, with the cavity and its
liquid helium (LHe) reservoir, to be lowered in. The magnet itself is immersed
during operations in a 4.2 K LHe bath in order to keep the niobium-titanium
windings superconducting. Generally, the magnet was kept at a field strength
of 7.6 T in the solenoid center (falling to approximately 70% strength at the
ends), but recently the experiment has been run at fieldstrengths as high as
8.2 T [19].
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Fig. 8.2. Overview of ADMX hardware including the superconducting magnet and
the cavity insert

8.3.2 Microwave Cavities

The ADMX experiment uses cylindrical cavities in order to maximize the
axion conversion volume in the solenoid bore. They are made of a copper-
plated steel cylinder with capped ends. The electromagnetic field structure
inside a cavity can be found by solving the Helmholtz equation

∇2Φ + k2Φ = 0 , (8.9)

where the wavenumber k is given by

k2 = μεω2 − β2 , (8.10)

where β is the eigenvalue for the transverse (x, y) component [27]. The cavity
modes are the standing wave solutions to (8.9). The boundary conditions
of an empty cavity allow only transverse magnetic (TM) modes (Bz = 0)
and transverse electric (TE) modes (Ez = 0). As the TE modes have no
axial electric field, one can see from (8.4) that they don’t couple at all to
axions, and we will ignore them for the moment. The TMlmn modes are three-
dimensional standing waves where l = 0, 1, 2, . . . is the number of azimuthal
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nodes, m = 1, 2, 3, . . . is the number of radial nodes, and n = 0, 1, 2, . . . is the
number of axial nodes. The axions couple most strongly to the lowest order
TM010 mode.

The resonant frequency of the TM010 mode can be shifted by the intro-
duction of metallic or dielectric tuning rods inserted axially into the cavity.
Metallic rods raise the cavity resonant frequency the closer they get to the
center while dielectric rods lower it. In ADMX these rods are attached to
the ends of alumina arms that pivot about axles set in the upper and lower
end plates (Fig. 8.3). The axles are rotated via stepper motors mounted at
the top of the equipment (see Fig. 8.2) that swing the tuning rods from the
cavity edge to the center in a circular arc. The stepper motors are attached to
a gear reduction that translates a single step into a 0.15 arcsecond rotation,
corresponding to a shift of ∼1 kHz at 800 MHz resonant frequency [19].

With the addition of metallic tuning rods, TEM modes (Bz = Ez = 0)
can also be supported in the cavity. Like the TE modes, they do not couple to
the axions but can couple weakly to the vertically mounted receiver antenna
(due to imperfections in geometry, etc). Figure 8.4 demonstrates how the
various resonant modes shift as a copper tuning rod is moved from near the
cavity wall toward the center. The TEM and TE modes are largely unaffected
by the change in tuning-rod position while TM modes rise in frequency as
one of the copper rods moves toward the cavity center. This leads to regions
in which a TM mode crosses a TE or TEM mode (referred to as mode mix-
ing). These mode mixings (illustrated by the Right part of Fig. 8.4) introduce

Fig. 8.3. Resonant cavity with the top flange removed. An alumina tuning rod can
be seen at the bottom right and a copper tuning rod is in the upper left
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Fig. 8.4. Mode structure of a cavity with two copper tuning rods. Left: Frequencies
of the resonant modes, measured via a swept RF signal, when one tuning rod is
kept at the cavity edge while the other is moved toward the center. Right: A sketch
of a mode crossing

frequency gaps that cannot be scanned. To address this the cavity was later
filled with LHe, which changed the microwave index of refraction to 1.027,
thus lowering the mode crossings by 2.7% and allowing the previously unac-
cessible frequencies to be scanned. Upgrades to the ADMX experiment will
use a dry system in which both tuning rods are adjusted to “dance” around
the mode crossing without using LHe.

A key feature of the resonant microwave cavity is its quality factor Q,
which is a measure of the sharpness of the cavity response to external exci-
tations. It is a dimensionless value that can be defined in a number of ways
including as the ratio of the stored energy U to the power loss PL per cycle:
Q = ω0U/PL. The quality factor Q of the TM010 mode is determined by
sweeping a radio frequency (RF) signal through the weakly-coupled antenna
in the cavity top plate (see Fig. 8.1). Generally, the unloaded Q of the cavity
is ∼2 × 105, which is very near to the theoretical maximum for oxygen-free
annealed copper at cryogenic temperatures [19]. During data collection, the
insertion depth of the major antenna is adjusted to make sure that it matches
the 50 Ω impedance of the cavity (called critically coupling). When the an-
tenna is critically coupled, half the microwave power in the cavity enters the
electronics via the antenna while the other half is dissipated in the cavity
walls. Overcoupling the cavity would lower the Q and thus limit the sig-
nal enhancement, while undercoupling the cavity would limit the microwave
power entering the electronics.

8.3.3 Amplifier and Receiver

After the axion signal has been generated in the cavity and coupled to the
major port antenna, it is sent to the cryogenic amplifiers. The design of the
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first amplifier is especially important because its noise temperature (along
with the cavity’s Johnson noise) dominates the rest of the system. This can
be illustrated by following a signal from the cavity as it travels through
two amplifiers in series. The power contribution from the thermal noise of
the cavity at temperature Tc over bandwidth B is given by Pnc = BkBTc

(where kB is Boltzmann’s constant). When this noise passes through the first
amplifier, which provides gain G1, the output includes the boosted cavity
noise as well as extra power (PN,A1

) from the amplifier itself. The noise from
the amplifier appears as an increase in the temperature of the input source

P1 = G1BkBTc + PN,A1
= G1BkB(Tc + TA1) . (8.11)

If this boosted noise power (cavity plus first amplifier) is then sent through a
second amplifier, with gain G2 and noise temperature TA2 , the power output
becomes

P2 = G2P1 + PN,A2
= G2(G1BkB(Tc + TA1)) +G2BkBTA2 . (8.12)

The combined noise temperature from the two amplifiers (TA) can be found
by matching (8.12) to that of a single amplifier, P2 = G2G1BkB(Tc + TA),
which gives

TA = TA1 +
TA2

G1
. (8.13)

Thus one can see that, because of the gain G1 of the first stage amplifier, its
noise temperature dominates all other amplifiers in the series.

The current first-stage amplifiers used in ADMX are cryogenic het-
erostructure field-effect transistors (HFETs) developed at the National Ra-
dio Astronomy Observatory (NRAO) specifically for the ADMX experiment
[19, 28]. In these amplifiers, electrons from an aluminum doped gallium ar-
senide (GaAs) layer fall into the GaAs two-dimensional quantum well (the
FET channel). The FET electrons travel ballistically, with little scattering,
thus minimizing electronic noise [29]. Currently electronic noise temperatures
of under 2 K have been achieved using the HFETs. In the initial ADMX data
runs, now concluded, two HFET amplifiers were used in series, each with
approximately 17 dB power gain, leading to a total first-stage power gain of
34 dB. Each amplifier utilized 90 degree hybrids in a balanced configuration
in order to minimize input reflections, thus providing a broadband match to
the 50Ω cavity impedance (see Fig. 8.5).

Though the amplifiers worked well in the high magnetic field just above
the cavity, it was determined during commissioning that they should be
oriented such that the magnetic field was parallel to the HFET channel
electron flow. This minimized the electron travel path and thus the noise
temperature [19].

The signal from the cryogenic amplifiers is carried by coaxial cable to a
low-noise room-temperature post-amplifier, which adds an additional 38 dB
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Fig. 8.5. Schematic diagram of a balanced amplifier. Every time the signal crosses
through the middle of a hybrid its phase is shifted by 90 degrees. Reflections back
to the input destructively interfere while reflections to the upper left constructively
interfere and are dumped into a 50 Ω terminator. Signals to the output are both
shifted by 90 degrees and thus add constructively

gain between 300 MHz–1 GHz. Though the post-amplifier’s noise temperature
is 90 K, its contribution relative to the cryogenic amplifiers (with 38 dB initial
gain) is only 0.03 K (see (8.13)). After taking into account the various losses,
the total gain from the cavity to the post-amplifier output is 69 dB [19].

After initial stages of amplification the signal enters the double-heterodyne
receiver (essentially an AM radio). Figure 8.6 is a schematic of the receiver
electronics. The first element is an image-reject mixer, which uses a local
oscillator to mix the signal down to 10.7 MHz. This intermediate frequency
(IF) is then sent through a programmable attenuator (used during room
temperature testing so that the receiver electronics are not saturated). An
IF amplifier then boosts the signal by another 20 dB before passing it by
a weakly coupled signal sampler. The signal then passes through a crystal
bandpass filter that suppresses noise outside a 30 kHz bandwidth centered
at 10.7 MHz. The signal is then boosted by an additional 20 dB before being
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Fig. 8.6. Receiver chain that mixes the signal down from the cavity TM010 resonant
frequency to 35 kHz
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mixed down to 35 kHz. The total amplification of the signal from the cavity
is ∼106 dB [30].

Once the signal has been mixed down to the 35 kHz center frequency, it is
passed off to a commercial FFT spectrum analyzer, and the power spectrum
is recorded. The entire receiver, including the filter, is calibrated using a
white-noise source at the input. During data collection, the FFT spectrum
analyzer takes 8ms single-sided spectra (the negative and positive frequency
components are folded on top of each other). Each spectrum consists of 400
bins with 125 Hz width, spanning a frequency range of 10–60 kHz. After 80
seconds of data recording (with a fixed cavity mode), the 10,000 spectra
are averaged together and saved as raw data. This is known as the medium
resolution data.

In addition there is a high-resolution channel to search for extremely
narrow conversion lines from late infall non-thermal axions (as mentioned at
the end of Sect. 8.1). For this channel the 35 kHz signal is passed through a
passive LC filter with a 6.5 kHz passband, amplified, and then mixed down to
a 5 kHz center frequency. A single spectrum is then obtained by acquiring 220

points in about 53 s and an FFT is performed. This results in about 3.4×105

points in the 6.5 kHz passband with a frequency resolution of 19 mHz.

8.4 Data Analysis

The ADMX data analysis is split into medium- and high-resolution channels.
The medium-resolution channel is analyzed using two hypotheses. The first
is a “single-bin” search motivated by the possibility that some of the axions
have not thermalized and therefore, would have negligible velocity dispersion,
thus depositing all their power into a single power-spectrum bin. The second
hypothesis utilizes a “six-bin” search that assumes that axions have a velocity
dispersion of order 10−3c or less (axions with velocities greater than 2×10−3c
would escape the halo). The six-bin search is the most conservative and is
valid regardless of whether the halo axions have thermalized or not.

Since each 80 s long medium-resolution spectrum is only shifted by 1 kHz
from the previous integration, each frequency will show up in multiple spectra
(given the 50 kHz window). As a result each 125 Hz bin is weighted according
to where it falls in the cavity response function and co-added to give an ef-
fective integration time of ∼25 minutes per frequency bin. For the single-bin
search, individual 125 Hz bins are selected if they exceed an initial power-level
threshold. This is set relatively low, so a large number of bins are usually
selected. These bins are then rescanned to achieve a similar signal-to-noise
ratio and combined with the first set of data, generating a spectra with higher
signal-to-noise ratio. The selection process is then repeated a number of times
until persistent candidates are identified. These few survivors are then care-
fully checked to see whether there are any external sources of interference
that could mimic an axion signal. If all candidates turn out to be exterior
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radio interference, the excluded axion couplings (assuming a specific dark
matter density) can be computed from the near-Gaussian statistics of the
single-bin data. For the six-bin search, all six adjacent frequency bins that
exceed a set power-threshold are selected from the power spectra. A large
number of candidates are then whittled down using the same iterations as in
the single-bin analysis. If no candidate survives the excluded axion couplings
are computed by Monte Carlo [19].

From the radiometer equation (8.7), it follows that the search sensitivity
can be increased if strong, narrow spectral lines exist. The integration times
for each tuning rod setting is around 60 s and the resulting Doppler shift from
the Earth’s rotation leads to a spread of order∼ mHz in a narrow axion signal.
Because the actual velocity dispersion of each discrete flow is unknown, multi-
ple resolution searches were performed by combining 19 mHz wide bins. These
were referred to as n-bin searches, where n = 1, 2, 4, 8, 64, 512 and 4096. Can-
didate peaks were kept if they were higher than a specified threshold set for
that particular n-bin search. These thresholds were 20, 25, 30, 40, 120, 650 and
4500σ, for increasing order of n. The initial search using the high-resolution
analysis took data between 478 and 525MHz, corresponding to axion masses
between 1.98 and 2.17 μeV. This search was made in three steps. First, the
entire frequency range was scanned in 1 kHz increments with the candidate
axion peaks recorded. Next, multiple time traces were taken of candidate
peaks [31]. Finally, persistent peaks were checked by attenuating or discon-
necting various diagnostic coaxial cables leading into the cavity (see Fig. 8.1).
If the signals were external interference they would decrease in power dra-
matically, while an axion signal would remain unchanged [19]. Further checks
could be done by disconnecting the cavity from the receiver input and replac-
ing it with an antenna to see whether the signal persisted.

If a persistent candidate peak is found that does not have an apparent
source from external interference a simple check would be to turn off the
magnetic field. If the signal disappears, it would be a strong indication that
it was due to axions and not some unknown interference. So far, though, all
candidates have been identified with an external source.

8.5 Results

So far no axions have been detected in any experiment. ADMX currently pro-
vides the best limits from microwave cavity experiments in the lowest mass
range (most plausible if axions are the major component to the dark mat-
ter). Both the medium-resolution and the high-resolution data yield exclusion
plots in either the coupling strength of the axion (assuming a halo density of
�a = 0.45 GeVcm−3) or in the axion halo density (assuming a specific DFSZ
or KSVZ coupling strength). Results from the medium-resolution channel
[24] can be seen in Fig. 8.7 and the high-resolution results, in Fig. 8.8 [31].
Both the results are at the 90% confidence level.
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Fig. 8.7. Results from the medium-resolution channel [24]. Left: Exclusion plot
for the power in a thermalized spectrum assuming a halo density of �a =
0.45 GeV cm−3. Right: The dark matter halo density excluded as axions for two
different axion models

Fig. 8.8. High-resolution limits given different axion couplings [31]. This shows
that the current high-resolution channel is sensitive to fractional halo densities
(≈ 30%) if the axions couple via the KSVZ model. If they couple via the DFSZ
model the experiment is not yet sensitive to the maximum likelihood halo density
(�a ∼ 0.45 GeV cm−3), but would be sensitive to a single line with twice that
density

8.6 Future Developments

In order to conduct a definitive search for axion dark matter various improve-
ments to the detector technology need to be carry out. Not only do the exper-
iments need to become sensitive enough to detect even the most pessimistic
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axion couplings (DFSZ) at fractional halo densities but they must be able to
scan relatively quickly over a few decades in mass, up to possibly hundreds
of GHz. The sensitivity of the detectors (which is also related to scanning
speed) is currently limited by the noise in the cryogenic HFET amplifiers.
Even though they have a noise temperature under 2 K, the quantum limit
(defined as TQ ∼ hν/k) is almost two orders of magnitude lower (25 mK at
500 MHz). To get down to, or even past, this quantum limit, two very dif-
ferent technologies are being developed. The first is the implementation of
SQUIDs (Superconducting Quantum Interference Devices) as first-stage cryo-
genic amplifiers. The second uses Rydberg atoms to detect single microwave
photons from axion conversions in the cavity.

Though both techniques will lead to vastly more sensitive experiments,
they will still be limited in their mass range. Currently all cavity experiments
have been limited to the 2–20 μeV range, mostly due to the size of resonant
cavities. For a definitive search, the mass range must be increased by a factor
of 50, which requires new cavity designs that increase the resonant frequency
while maintaining large enough detection volumes. Detectors that work at
these higher frequencies also need to be developed.

8.6.1 SQUID Amplifiers

The next generation of the ADMX experiment will use SQUID amplifiers to
replace the first-stage HFETs. SQUIDs essentially use a superconducting loop
with two parallel Josephson junctions to enclose a total amount of magnetic
flux Φ. This includes both a fixed flux supplied by the bias coil and the signal
flux supplied by an input coil. The phase difference between the currents on
the two sides of the loop are affected by changing Φ resulting in an interference
effect similar to the two-slit experiment in optics [27]. Essentially the SQUID
will act as flux to voltage transducers as illustrated in Fig. 8.9.

Fig. 8.9. Essentials of a SQUID microwave detector. Left: Schematic drawing of
the SQUID device coupling to the input signal which is converted into magnetic
flux. Right: Biasing of the flux allows for amplification
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Most SQUIDs are built using the Ketchen and Jaycox design [32], in which
the SQUID loop is an open square washer made of niobium (Nb). The loop is
closed by a separate Nb electrode connected to the washer opening on either
side by a Josephson junction and external shunt resistors. A spiral input coil
is placed on top of the washer, separated by a layer of insulation. The original
designs in which input signals were coupled into both ends of the coil tended
to work only below about 200 MHz due to parasitic capacitance between
the coil and the washer at higher frequencies. This was solved by coupling
the input signal between one end of the coil and the SQUID washer, which
would act as a ground plane to the coil and create a microstrip resonator (see
Fig. 8.10). This design has been tested successfully up to 3 GHz [27].

Unlike the HFETs, whose noise temperature bottoms out at just under
2K regardless of how cold the amplifiers get, the SQUID’s noise temperature
remains proportional to the physical temperature down to within 50% of the
quantum limit. This thermal noise comes from the shunt resistors across the
SQUID’s Josephson junctions, and future designs that minimize this could
push the noise temperature even closer to the quantum limit [29].

Currently the ADMX experiment is in the middle of an upgrade in which
SQUIDs will be installed as first stage cryogenic amplifiers. This should cut
the combined noise temperature of the cavity and electronics in half, allow-
ing ADMX to become sensitive to half the KSVZ coupling (with the same
scanning speed as before). Due to the SQUIDs’ sensitivity to magnetic fields,
this upgrade includes an entire redesign in which a second superconducting
magnet is being installed in order to negate the main magnet’s field around
the SQUID amplifiers. Data collection is expected to begin in the first half
of 2007 and run for about a year. Future implementations of ADMX foresee
using these SQUID detectors with a dilution refrigerator to set an operating
temperature of ∼ 100 mK, allowing sensitivity to DFSZ axion couplings to
be achieved with 5 times the scanning rate the current HFETs take to reach
KSVZ couplings.

Fig. 8.10. Diagram and picture of a microstrip resonator SQUID to be used in
ADMX upgrade
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8.6.2 Rydberg-Atom Single-Quantum Detectors

One technique to evade the quantum noise limit is to use Rydberg atoms
to detect single photons from the cavity. A Rydberg atom has a single va-
lence electron promoted to a level with a large principal quantum number n.
These atoms have energy spectra similar in many respects to hydrogen, and
dipole transitions can be chosen anywhere in the microwave spectrum by an
appropriate choice of n. The transition energy itself can be finely tuned, by
using the Stark effect, to exactly match a desired frequency. That, combined
with the Rydberg atom’s long lifetime and large dipole-transition probability,
makes it an excellent microwave photon detector.

An experimental setup utilizing this technique called CARRACK has been
assembled in Kyoto, Japan, and a schematic is given in Fig. 8.11 [19, 33].
The axion conversion cavity is coupled to a second “detection” cavity tuned
to the same resonant frequency ν. A laser excites an atomic beam (in this
case rubidium) into a Rydberg state (|0〉 → |n〉), which then traverses the
detection cavity. The spacing between the energy levels is adjusted to hν using
the Stark effect, and microwave photons from the cavity can be efficiently
absorbed by the atoms (one photon per atom, |ns〉 → |np〉). The atomic
beam then exits the cavity and is subjected to selective field ionization in
which electrons from atoms in the higher energy state (|np〉) get just enough
energy to be stripped off and detected [29].

Fig. 8.11. Schematic of single photon microwave detection utilizing Rydberg atoms



8 Microwave Cavity Searches 153

Currently, the Kyoto experiment has measured cavity emission at 2527
MHz down to a temperature of 67 mK, a factor of two below the quantum
limit at that frequency, and is working to reach the eventual design goal of
10 mK [33]. This would be the point at which the cavity blackbody radia-
tion would become the dominant noise background. One deficiency of the
Rydberg-atom technique is that it can’t detect structures narrower than the
bandpass (ΔE/E) of the cavity (generally ∼ 10−5). As a result it is insen-
sitive to axion halo models that predict structure down to ΔE/E ∼ 10−11,
an area which the ADMX high-resolution channel, utilizing microwave am-
plifiers, can cover. Despite this, Rydberg-atom detectors could become very
useful tools for halo axion detection in the near future.

8.6.3 Challenge of Higher Frequencies

Current microwave-cavity technology has only been able to probe the lowest
axion mass scale. In order to cover the entire range up to the exclusion limits
set by SN 1987a of ma ≤ 1meV, new cavity and detection techniques must
be investigated that can operate up to the 100 GHz range. The resonant cav-
ity frequency essentially depends on the size of the cavity and the resonant
mode used. The TM010 mode has by far the largest form factor (C ∼ 0.69) of
any mode, and all other higher-frequency modes have much smaller or iden-
tically zero form factors. The single 50 cm diameter cavity used in the initial
ADMX experiments had a central resonant frequency (TM010) of 460 MHz,
and radial translation of metallic or dielectric tuning rods could only raise or
lower that frequency by about ±50% [19]. Smaller cavities could get higher
frequencies, but the rate of axion conversions would go down as the cavity
volume decreased.

In order to use the full volume of the magnet with smaller cavities, it
was determined that multiple cavities could be stacked next to each other
and their power combined. As long as the de Broglie wavelength of the ax-
ions is larger than the total array, individual cavities tuned to the same
frequency can be summed in phase. Typical axion de Broglie wavelengths are
λdB ∼ 10–100 m, which means they drive the ∼1 m cavity volume coherently.
Data recorded using a four-cavity array in ADMX reached KSVZ sensitivity
over a small mass range (see Fig. 8.12, [27]). These initial tests had diffi-
culties getting the piezoelectric motors working trouble-free in the magnetic
and cryogenic environment. Since those tests, the technology has advanced
to the point at which it may be feasible to create larger sets of smaller cavity
arrays.

To reach even higher frequencies ideas have been raised to use resonators
with periodic arrays of metal posts. Figure 8.12 shows the electric field profile
of one possible array using a 19-post hexagonal pattern. Mounting alternating
posts from the cavity top and bottom and translating them relative to each
other allow the resonant frequency to be adjusted by ≈ 10%. The possibility
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Fig. 8.12. Outline of possible cavity concepts to explore higher axion masses.
Left: A picture of the four cavity array and its corresponding exclusion plot over
the limited mass range it took data. Right: Field maps for multiple posts inserted
in a cavity

of using such cavities, or other new cavity geometries, is an active area of
research and progress needs to be made before the full axion mass range can
be explored.

8.7 Summary and Conclusions

Experimentally the axion is a very attractive cold dark matter candidate. Its
coupling to photons (gaγγ) for several different models all fall within about
an order of magnitude in strength, and its mass scale is currently confined to
a three-decade window. This leaves the axion in a relatively small parameter
space, the first two decades of which is within reach of current or near future
technology.

The ADMX experiment has already begun to exclude dark matter ax-
ions with KSVZ couplings over the lowest masses, and an upgrade to SQUID
amplifiers and a dilution refrigerator could make ADMX sensitive to DFSZ
axion couplings over the first decade in mass within the next three years. De-
velopment of advanced Rydberg-atom detectors, along with higher frequency
cavity geometries, could give rise to the possibility of a definitive axion search
within a decade. By “definitive” we mean a search that would either detect
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axions at even the most pessimistic couplings (DFSZ) at fractional halo den-
sities over the full mass range or rule them out entirely.

It should be noted that if the axion is detected it would not only solve the
Strong-CP problem and perhaps the nature of dark matter but could offer a
new window into astrophysics, cosmology, and quantum physics. Details of
the axion spectrum, especially if fine structure is found, could provide new
information on how the Milky Way was formed. The large size of the axions de
Broglie wavelength (λa ∼ 10–100 m) could even allow for interesting quantum
experiments to be performed at macroscopic scales. All of these tantalizing
possibilities, within the reach of current and near future technologies, makes
the axion an extremely exciting dark matter candidate to search for.
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Abstract. The vacuum element can be used as a target in a photon-photon collider
in order to study its properties. Some of these properties are predicted by Quan-
tum Electrodynamics, while additional and unexpected properties might be linked
to the existence of yet undiscovered axion-like particles (ALPs) interacting with
two photons. In this low energy case (1–2 eV), real photons from a polarized laser
beam are scattered off virtual photons provided by a magnetic field. Information on
the scattering processes can be obtained by measuring changes in the polarization
state of the probe photons. In the PVLAS (Polarizzazione del Vuoto con LASer)
experiment, running at the Legnaro Laboratory of the Istituto Nazionale di Fisica
Nucleare (INFN), near Padova, Italy, a linearly polarized laser beam is sent through
a 5T strong magnetic field in vacuum, where it is reflected back and forth, by means
of a Fabry-Pérot resonator, ∼ 50, 000 times over a distance of 1m. A heterodyne
ellipsometer allows the simultaneous detection of a birefringence and a rotation of
the polarization plane. The sensitivity of the instrument allows the detection of
rotation or of ellipticity angles of about 10−9 rad, in an hour of data taking. The
measurement technique employed by PVLAS will be illustrated, and recent results
on polarization effects due to the magnetized vacuum will be presented in this chap-
ter. The interpretation of these effects in terms of the production of ALPs will also
be discussed. Finally, the realization of a photon-regeneration type experiment will
be briefly illustrated.

9.1 Introduction

The idea that vacuum can be considered as a “medium” with dielectric prop-
erties is not new [1] and is based on the existence of zero-point fluctuations
in the energy of quantum vacuum. Some of these properties are predicted
by QED, while additional and unexpected properties might be linked to the
existence of yet undiscovered axion-like particles (ALPs) interacting with two
photons. Processes such as photon-photon scattering and the Primakoff effect,
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where light, neutral, scalar, or pseudoscalar particles are produced from an
effective two-photon vertex, have been considered in theoretical works [2].
These microscopic processes could contribute to macroscopically observable
properties of the vacuum. In particular, it is expected from theoretical argu-
ments that these scattering processes should manifest themselves as optical
properties of the vacuum. For instance, in the presence of an external mag-
netic field, quantum vacuum can behave as an optically anisotropic medium
showing selective absorption and selective delay of photons propagating trans-
versely with respect to the field. The selection is according to the polarization
of the photons, and if one starts with a linearly polarized light beam, the mag-
netized vacuum can induce both a linear birefringence (selective delay) and
a linear dichroism (selective absorption).

Experimentally observable optical quantities, such as the ellipticity con-
nected to birefringence and the apparent rotation of the polarization plane
connected to dichroism, can be cast as functions of the fundamental con-
stants [3] or of the parameters characterizing the particle producing vertices
[4]. In such experiments, when optical wavelengths are involved, the magnet-
ically perturbed vacuum can be considered as the target in a low energy
photon-photon collider. The observation of magnetically induced vacuum
birefringence and dichroism amounts then to a determination of the total
photon-photon scattering cross section at low energies and of mass and cou-
pling constant to two photons of the hypothetical particles produced via the
Primakoff effect.

The first practical concept to build a suitably sensitive ellipsometer, i.e.,
an optical instrument capable of detecting minute changes in the polariza-
tion state of a light beam, is based on the proposal by Iacopini and Zavattini
[3]. This experimental effort was focused on detecting photon-photon scat-
tering as predicted by QED. Later, a pioneering experiment conducted
at Brookhaven by the Brookhaven-Fermilab-Rochester-Trieste collaboration
(BFRT) attempted also to observe particle production from a two-photon
Primakoff process. The Polarizzazione del Vuoto con LASer (PVLAS) ex-
periment builds on this experience, expanding its sensitivity to all possible
processes causing macroscopically observable changes in the polarization of
a light beam probing the magnetized vacuum [5, 6].

Presently, the PVLAS collaboration is operating a high-sensitivity
(≈ 10−7 rad HZ

−1/2) optical ellipsometer capable of independently detecting
both ellipticities and dichroisms, at the INFN Legnaro National Laboratory
in Legnaro, Italy. The experiment has a sensitivity of 10−9 rad assuming one
hour of data-taking time. The polarization effects are induced on a 1064 nm
linearly polarized laser beam that passes in a vacuum in the bore of a super-
conducting 1.1 m long dipole magnet normally operated at a magnetic field of
5.0 T. The heterodyne technique is used to extract low-level and time-varying
signals from a large background. A high-finesse (F ≈ 105), high-quality-
factor (Q > 1011), 6.4 m long Fabry-Pérot (FP) optical resonator enclosing
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the interaction region provides amplification of the optical path, while me-
chanical rotation of the magnet-cryostat assembly gives the time modulation
necessary for heterodyne detection.

In Sect. 9.2 we will describe the aim of the experiment and the principle
of the measurement, along with the technical challenges to be met, in greater
detail. Section 9.3 gives an insight to the actual layout of the apparatus, while
in Sect. 9.4 we report on the results obtained from polarization measurements
both with gas and with vacuum in the interaction region. We will focus, in
particular, on the observation of a rotation signal in vacuum at the frequency
expected from the heterodyne detection setup. Finally, a discussion of the
result and its possible relevance, along with future perspectives, can be found
in Sect. 9.5.

9.2 Aim and Measurement Principle of PVLAS

The Feynman diagrams in Figs. 9.1 and 9.2 show interactions of light with
an external electromagnetic field that can be studied with the PVLAS ex-
periment. Figure 9.1 illustrates diagrams of processes possibly contributing
to an overall vacuum birefringence effect. The effective Lagrangian for light
propagating in vacuum, in the presence of a magnetic field, can be written
(to fourth-order approximation and in Gaussian units) as [5]

Maxwell term and α2 terms

virtual boson production
from Primakoff effect

Fig. 9.1. Photon-photon scattering in QED and virtual boson production from
Primakoff effect, leading to a vacuum magnetic birefringence (see text)
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real boson production
from Primakoff effect

Bext

Bext
k

k2

k

Photon splitting

2n+1 interactions with external field

k1

φ

Fig. 9.2. Real boson production from Primakoff effect and photon splitting in QED
leading to a vacuum magnetic dichroism (see text)
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where L0 is the classical Maxwell term, and Le+e− contains the one loop
contributions. Here E is the electric field of the light beam, B the external
magnetic field (assumed to be sub-critical), α the fine structure constant, me

the electron mass, and λ̄e = �/mec
2.

The top three diagrams of Fig. 9.1 show a freely propagating photon, cor-
responding to the Maxwell term of the effective Lagrangian and two possible
one-loop contributions, corresponding to photon-photon scattering in QED.
The bottom diagram of Fig. 9.1 corresponds to the virtual production of a
boson via the Primakoff effect [4, 22]. The effective Lagrangians (in natural
units) for the two-photon vertex are, in the case of pseudoscalar and scalar
particles

Lp =
1

4Mp
φ (E · B) , and (9.2)

Ls =
1

4Ms
σ

(
E2 −B2

)
, (9.3)

whereMp,s is the inverse coupling constant, and φ and σ are the pseudoscalar
and scalar fields, respectively. Both the QED photon-photon scattering and
the virtual Primakoff production illustrated in Fig. 9.1 produce a birefrin-
gence. In the first case, only photons polarized parallel to the external mag-
netic field scatter. They briefly oscillate into massive particles and are delayed
with respect to photons polarized normal to the magnetic field. In virtual
production, virtual pseudoscalars (scalars) are produced only by photons po-
larized parallel (normal) to the magnetic field. These photons oscillate into
massive particles and are therefore delayed.

Figure 9.2 shows two examples of processes that can contribute to a vac-
uum magnetic dichroism, which results in an apparent rotation of the polar-
ization plane of linearly polarized light. The diagram on the right hand side
of Fig. 9.2 corresponds to real Primakoff production of bosons from a two-
photon vertex (see (9.1) for the corresponding Lagrangian). Here pseudoscalar
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(scalar) real particles are produced from photons polarized parallel (nor-
mal) to the external magnetic field. These photons disappear from the beam;
real production amounts to selective absorption of photons and therefore to
a dichroism. The other diagram corresponds to a Photon splitting, in the
presence of an external magnetic field, into two lower-energy photons (see
S. L. Adler in [1] for a detailed theoretical treatment). Photon splitting also
occurs only for a definite polarization direction with respect to the external
field. If the apparatus used to detect polarization changes is also selective in
energy, then split photons will be undetected and the original photons will ap-
pear to have been selectively absorbed, resulting in a dichroism. The PVLAS
experiment aims at detecting the macroscopic birefringence and dichroism
possibly related to the above processes.

9.2.1 Polarization Measurements

To better understand how the microscopic processes pictured in Figs. 9.1
and 9.2 can connect to polarization changes, let us consider Figs. 9.3 and 9.4,
which show the special case realized in the PVLAS experimental setup.
Figure 9.3 shows a schematic layout of an optical ellipsometer suitable for
static detection of a linear birefringence produced by a physical phenomenon
occurring inside the ellipsometer itself. The instrument basically consists of
two crossed polarizers and a light detector. An interaction region is enclosed
between the two polarizers, and a light beam propagates through the ellip-
someter. If no interaction takes place, polarization is unchanged and no light
will be detected after the output polarizer. Let us assume that an interaction
with the magnetic field between the polarizers changes beam polarization: a
polarization component along the output polarizer axis will appear, and some
light intensity will be detected exiting the ellipsometer. In the special case
shown in Fig. 9.3, the interaction region is a vacuum where a constant and
uniform magnetic field is present. Field direction is at an angle with respect
to the initial light polarization direction. According to the above discussion,
photons polarized parallel to the field will be delayed with respect to those
polarized normal to the field, resulting in different refractive indices for the
two polarizations, that is a birefringence. Light exiting the interaction region
will be elliptically polarized: the tip of the light beam electric vector describes
an ellipse in space, and the ratio of the semi-minor to the semi-major axes of
this ellipse is called ellipticity. It is clear that the electric vector has acquired
a component parallel to the transmission axis of the output polarizer, and
therefore some light intensity will be transmitted through it. This intensity
depends on the ellipticity angle.

Let us analyze the layout of Fig. 9.3 using the Jones matrix formalism [8].
In this formalism, light electric fields along the chosen x and y directions are
represented by (2x2) matrices with complex elements. The physical fields are
contained in the real part of the expressions. The Jones matrix representing
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Fig. 9.3. Schematic layout of a simple ellipsometer to detect the selective delay of
photons polarized along a transverse external magnetic field (linear birefringence).
The field action transforms a linearly polarized beam into an elliptically polarized
beam (see text)

the input electric field of Fig. 9.3 (which is directed along x) for instance is
given by

Ein = E0e
−iωt

(
1
0

)
, (9.4)

where ω is the light angular frequency. The matrices representing the input
and the output polarizer (analyzer) are

P =
(

1 0
0 0

)
A =

(
0 0
0 1

)
. (9.5)

A birefringent element having its slow axis along some “parallel” direction
can be represented by the matrix

B‖,⊥ =
(
e−iδ 0
0 eiδ

)
, (9.6)
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Fig. 9.4. Schematic layout of an ellipsometer to detect selective absorption of
photons polarized along a transverse external magnetic field (linear dichroism).
The dichroism results in an apparent rotation of the polarization plane of a linearly
polarized beam (see text)

where the phase delay between the parallel and normal polarizations is
2δ. In terms of the difference of the refractive indices, one writes 2δ =(
n‖ − n⊥

)
2πL/λ, where L is the depth of the birefringent element, and λ

is the wavelength of the light. If the birefringent element optical axes are ro-
tated by an angle θ with respect to the axes x and y, the matrix representing
the birefringent element (in the rotated reference frame)

Bxy =
(
e−iδ cos2 θ + eiδ sin2 θ −i sin sin 2θ

−i sin sin 2θ e−iδ sin2 θ + eiδ cos2 θ

)
. (9.7)

We are now ready to analyze Fig. 9.3. The electric field just before the output
polarizer is

Eell =
(

cos δ
−i sin δ

)
E0e

−iωt . (9.8)
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Assume that θ = 45◦ (maximum effect) and that δ  1. It is easy then to see
that Eell represents elliptically polarized light with negative ellipticity ψ = δ.
After the output polarizer we get

Eout = ABxyEin =
(

0
−i sin δ sin 2θ

)
E0e

−iωt (9.9)

and the transmitted intensity is

Iout = E∗
outEout = E2

0 (sin δ sin 2θ)2 � E2
0 (ψ sin 2θ)2 . (9.10)

Notice the dependence on twice the angle θ. Figure 9.4 shows a situation
analogous to the one pictured in Fig. 9.3, but in this case a selective absorp-
tion takes place in the interaction region (linear dichroism). Only photons
polarized along the direction of the external field are affected by absorption.
Assume that the light electric field amplitude is reduced by a factor q (q < 1)
by the interaction with the external field (in general, q will be proportional
to the length L of the magnetic field region). The Jones matrix representing
this selective absorption along a “parallel” direction is then

D‖,⊥ =
(
q 0
0 1

)
. (9.11)

In the reference system xy of the figure, where the external field is again at
an angle θ with respect to the x-axis (the initial polarization direction), this
matrix is

Dxy =
(
q cos2 θ + sin2 θ q−1

2 sin 2θ
q−1
2 sin 2θ q cos2 θ + sin2 θ

)
. (9.12)

As before, one obtains the electric field amplitude before the output polarizer
from

Erot = DxyEin =
(
q cos2 θ + sin2 θ

q−1
2 sin 2θ

)
E0e

−iωt . (9.13)

Assume that θ = 45◦ and 1 − q = p  1; then Erot represents linearly
polarized light with its electric vector rotated by an angle

α = −
(

1 − q

2

)
, (9.14)

with respect to the initial polarization direction. The electric field at the exit
of the analyzer is

Eout = ADxyEin =
(

0
q−1
2 sin 2θ

)
E0e

−iωt (9.15)

and the corresponding transmitted intensity is

Iout = E2
0

(
q − 1

2

)2

sin2 2θ = E2
0α

2 sin2 2θ . (9.16)
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Again the intensity depends on twice the angle θ. Thus, in principle, a
measurement of the ratio of the transmitted to the incident intensity gives
either the ellipticity or the rotation angle. In practice, however, we must take
into account the fact that actual polarizers are imperfect and that between
a crossed pair, with no effect in between, some fraction σ2 of the incident
intensity will always be transmitted. σ2, called the extinction factor, can be
as small as 10−8 for very high quality polarizers. If we assume that both
an ellipticity ψ  1 and a rotation α  1 are produced in the interac-
tion region, then it can be shown that the intensity transmitted through the
ellipsometer is

It � I0
(
σ2 + ψ2 + α2

)
. (9.17)

It is clear then that ellipticities or rotations smaller that 10−4 rad cannot be
detected with such a static setup. For instance, from the QED photon-photon
scattering we expect an ellipticity angle of about 3×10−16 rad for the PVLAS
setup (following [5]) for a 1 m long interaction region and λ = 1064 nm. Direct
static detection would be hopeless for such small angles. A great effort in
PVLAS has gone into meeting the technical challenge of detecting such tiny
angles.

9.2.2 Technical Challenges

Fabry-Pérot Cavity

The amount of induced magnetic birefringence and rotation are proportional
to the length of the interaction region. This length can be effectively ampli-
fied, with respect to the actual magnet length, by folding the optical path
inside the magnetic field zone. This can be acheived by using a resonant
optical cavity, called a Fabry-Pérot resonator (FP), which is an interfer-
ometer where a monochromatic standing wave is established between two
reflective surfaces placed at a distance apart. The wave results from the in-
terference of beams, multiplies reflected from the surfaces, and appears at
resonance; that is when the separation distance is an integer multiple of half
the wavelength of the light impinging on the resonator. Practical FPs consist
of two high-reflectivity mirrors (either plane or concave) at some distance L.
High reflectivity is normally obtained by depositing several layers of dielectric
material on a transparent substrate. If the layers are properly spaced, con-
structive interference will cause almost total reflection at normal incidence.
Typically a reflectivity R > 0.9999 can be achieved with this technique. The
device is usually kept at resonance by means of some active feedback system.
Figure 9.5 shows a schematic drawing of such a Fabry-Pérot resonator. The
FP is characterized by the following three parameters

Finesse: F � 1
(1 − R)2

, (9.18)
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Fig. 9.5. Schematic drawing of a Fabry-Pérot optical resonator based on high-
reflectivity multilayer dielectric mirrors

Quality Factor: Q =
2FL
λ

, (9.19)

Photon lifetime: τ =
FL

(πc)
, (9.20)

where λ is the light wavelength, and c is the speed of light. It can be shown
that an FP resonator having a finesse F amplifies the optical path length
by a factor N � 2F/π. The PVLAS ellipsometer contains a high-finesse
FP resonator, which typically provides amplification factors of the order of
N ∼ 50000. With this amplification, the QED photon-photon scattering ex-
pected ellipticity would become about 1.5 × 10−11 rad, still well below static
detection capabilities.

Heterodyne Detection

Static detection must then be abandoned in favor of a heterodyne detection
scheme. The principle of heterodyne detection is to make the effect to be de-
tected time-varying and to introduce a second similar, and normally larger,
time-varying effect called carrier. The effect and the carrier will add re-
sulting in signals at sum and difference frequencies, called beat frequen-
cies. The amplitude of the beat signal will contain the carrier amplitude
and will be linear, rather than quadratic, on the signal effect. Figure 9.6
shows a schematic layout of the heterodyne detection principle as applied
in PVLAS. Let us first discuss Fig. 9.6 (a), which refers to the measure-
ment of small ellipticities. After passing through the input polarizer, the
linearly polarized light beam traverses the magnetic field region where it
acquires an ellipticity ψ. This ellipticity is made time-varying by chang-
ing the angle θ between the magnetic field and the initial polarization di-
rection (see discussion above). In practice, this is done by mechanically
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Fig. 9.6. Principle of heterodyne detection of small signals: (a) birefringence de-
tection (b) dichroism detection (see text)

rotating the magnet and keeping the initial polarization fixed in space,
so that θ(t) = Ωmagt + θ0. Therefore we get for the time dependence
of ψ(t)

ψ(t) = ψ0 sin 2θ(t) = ψ0 cos (2Ωmagt+ θmag) . (9.21)

Subsequently the light passes through a device called Stress Optical Modu-
lator (SOM) that introduces an additional ellipticity

η(t) = η0 cos (ωSOMt+ θSOM) (9.22)

where both the modulation frequency ωSOM and the modulation amplitude
η0 can be chosen. The SOM is based on the birefringence acquired by a
piece of optical glass when stressed by external forces [9]. Using the Jones
matrix formalism and assuming that η0, ψ0  1, the intensity transmitted
through the ellipsometer of Fig. 9.6 (a) is (I0 is the intensity after the input
polarizer)

IT ≈ I0

{
σ2 + [ψ(t) + η(t)]2

}

= I0
{
σ2 + ψ(t)2 + η(t)2 + 2ψ(t)η(t)

}
≈ I0

{
σ2 + η2

0 cos2 (ωSOMt+ θSOM)
+ 2η0ψ0 cos (ωSOMt+ θSOM) cos (2Ωmagt+ θmag)}

= I0

{(
σ2 +

η2
0

2

)
+
η2
0

2
cos (2ωSOMt+ 2θSOM)

+ η0ψ0 [ cos ((ωSOM + 2Ωmag) t+ 2 (θSOM + θmag))
+ cos ((ωSOM − 2Ωmag) t+ 2 (θSOM − θmag)) ] } . (9.23)
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From the above formula one finds that the ellipticity η0 to be measured
appears at the angular frequencies ωSOM ± 2Ωmag, i.e., at two sidebands
of the carrier frequency separated by twice the magnet rotation frequency
from the carrier. The sidebands amplitude is linear in ψ0. Thus, compared
to static detection, heterodyne detection has two main advantages: signal
amplitudes contain ψ0 rather than its square, and they appear far from
the zero frequency, where 1/f noise is lower. For instance, if we assume
ψ0 ∼ 1.5 × 10−11 rad and η0 ∼ 10−3 rad, the number to be compared to
σ2 ∼ 10−8 is η0ψ0 ∼ 1.5× 10−14, rather than ψ2

0 ∼ 2 × 10−22. Furthermore,
σ2 and η0ψ0 appear at different frequencies. Information on the underlying
physical processes can be extracted by measuring phase and amplitude of the
frequency components of the transmitted intensity.

Let us now turn to the detection of small rotations, as illustrated in
Fig. 9.6 b). Here one exploits the fact that a Quarter-Wave Plate1 (QWP)
is able, when properly aligned, to change rotations into ellipticities and vice
versa [10]. This fact can also be verified by using the Jones matrix formalism,
where a QWP with its slow axis along the x direction (refer to Fig. 9.3 for
instance) is represented by

QWPx =
(
e−iπ 0

0 eiπ

)
. (9.24)

Thus, if the beam acquires a rotation by traversing the magnetic field region,
then after passing through the QWP the acquired rotation has turned into
an ellipticity ψα = α. This ellipticity can beat with the carrier ellipticity
η and be detected, in the same manner as a “normal” ellipticity. Without
the QWP, the rotation would not beat with the carrier ellipticity and would
not be detected, as in the static case. It follows then, that the formula for
the transmitted intensity in the case of rotation detection is the same as the
above formula for ellipticity detection; one just substitutes ψ with ψα. In
particular, one must again turn to the sidebands of the carrier frequency.
Finally, notice that if the QWP axes are exchanged, by rotating the QWP
itself by 90◦ and orienting the slow axis along y, then ψα will change sign.
This sign change can be exploited when attempting to identify an observed
signal as a “true” rotation.

Rotating Superconducting Magnet

At the end of this section, we briefly discuss the superconducting mag-
net, the third key element, along with the Fabry-Pérot resonator and the

1 A Quarter-Wave Plate is a birefringent element which retards one polarization
with respect to another by exactly 1/4 of a wave.
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heterodyne setup, that enables the PVLAS ellipsometer to detect extremely
small magnetically induced rotations and birefringences. The PVLAS magnet
is a superconducting dipole with a 1 m long bore housed within a liquid He
cryostat having an axial opening at room temperature, corresponding to the
magnet bore, through which the light can propagate. The magnet normally
operates at 4.2 K and is energized up to 5.0 T. For a detailed description of
the magnet-cryostat system and its operation see [7]. The main feature of the
cryostat is that it can be filled with liquid He, disconnected from the cryo-
genic supply, and rotated around its vertical axis. Before rotation, the magnet
is energized by means of a power supply, then its coils are short-circuited to
enter persistent current mode, and finally it is disconnected from the power
supply. A turntable, actuated by a hydraulic motor, supports the cryostat
and can rotate it at frequencies of the order of 1 Hz. Figure 9.7 shows a pic-
ture, taken during the construction phase of PVLAS, where the cryostat and
turntable are visible at the center. Rotation of the cryostat-magnet assem-
bly has the effect of changing the angle between the magnetic field direction
and the initial light polarization direction: this is a necessary requirement for
heterodyne detection.

Fig. 9.7. View of the cryostat with the magnet inside during assembly. The cryostat
is mounted on a turntable fastened to a concrete beam spanning the PVLAS dugout.
The turntable is situated below the cryostat. The magnet power supply is the
cabinet visible at lower left
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9.3 PVLAS Apparatus

The PVLAS apparatus develops vertically starting from a square dugout in
the floor of the experimental hall at the Legnaro National Laboratories of
INFN, Legnaro (Padova), Italy, as shown in Fig. 9.8. The bottom of the
dugout is a concrete slab resting on six 14 m poles sunk in the ground and
is separated by a slit from the dugout walls (also made of concrete) and the
rest of the experimental hall floor. The bottom of the dugout supports a two-
storey, 7.7 m high tower structure, resembling two stacked four legged stools,
made of black granite beams. A granite optical bench is positioned at the top
of the tower, while a second bench of the same material is at its bottom. The
two benches are rigidly coupled via the tower. A reinforced concrete beam

Fabry-Pérot
cavity mirrors

hall floor

light detector

granite tower

dugout floor

magnet and
cryostat

vacuum
enclosure

upper
optical
bench

light
path

rotating
table

lower
optical
bench

Fig. 9.8. Schematic cross section of the PVLAS apparatus (see text for a detailed
explanation). Distance between dugout floor and top of the upper optical bench is
7.7 m
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Fig. 9.9. View of the PVLAS granite tower and of its aluminum access structure.
The cabinet visible at lower left is the magnet power supply

spans the dugout and passes through the tower (without touching it) for
the purpose of supporting the magnet-cryostat-turntable assembly. In this
manner, the rotating magnet can be positioned at the center of the tower
structure without mechanical contact between the two. Figure 9.9 shows a
picture of the PVLAS tower enclosed in the aluminum structure that is used
to access various levels of the tower for operating purposes.

9.3.1 Optics Layout

Figure 9.10 shows a schematic layout of the PVLAS apparatus, including a
simplified block diagram of the data acquisition system. Light from a Nd:YAG
laser emitting at 1064 nm, placed on the lower optical bench, is sent vertically
through the warm bore of the rotating cryostat by means of beam splitter
(the rest of the injection optics layout is omitted for clarity). The beam
then passes a polarizer, which fixes the initial polarization direction and is
always kept in the same position during data taking. It subsequently enters
the interaction region, where the horizontal rotating field is present, and
is reflected back and forth thousands of times between the mirrors of the
FP cavity. The actual length of the magnet is 1 m, but the mirrors, due to
various mechanical constraints, are 6.4 m apart (see Fig. 9.8). After exiting
the cavity, light passes through a QWP and the SOM ellipticity modulator,
when measuring rotations, or just the SOM, when measuring birefringencies.
An output polarizer (analyzer), crossed with the input polarizer for maximum
extinction, transmits the extraordinary ray to a detection photodiode and
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Fig. 9.10. Schematic layout (not to scale) of the PVLAS apparatus (see text)

sends the ordinary ray to a position-sensitive diode (not illustrated) used
to monitor beam intensity and beam movements. The detection photodiode
produces a current that contains the information on beam interactions.

During data taking, the FP must be kept at resonance. This is done
by letting the mirrors float freely (subject to the mechanical rigidity of their
mounts) and by adjusting the laser wavelength to follow the mirror separation
using a frequency-locking feedback system [11]. This electro-optical feedback
uses the light reflected back form the FP cavity to derive a correction signal,
which is then applied directly to the internal piezoelectric actuator controlling
the laser frequency.

9.3.2 Vacuum System and Gas Line

All the optical elements shown in Fig. 9.10, apart from the initial beam-
splitter, must be kept in vacuum. The vacuum system consists basically of
two large cylindrical steel chambers, one sitting on the lower optical bench
and the other sitting on the upper bench, connected by a quartz tube. The
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quartz tube has an outer diameter of 25 mm and passes through the warm
bore of the cryostat without touching its walls. It basically defines the ge-
ometry of the FP cavity. The lower vacuum chamber contains the initial
polarizer and the lower FP mirror. The upper optical chamber contains the
upper mirror, the QWP, the SOM modulator, and the analyzer. All these op-
tical elements are fixed to multi-axis movement stages that can be manually
actuated without breaking the vacuum. The QWP can also be moved in and
out of the beam also without breaking the vacuum.

Each of the two chambers is equipped with a pumping station. Ion pumps
are normally used when not running the experiment, and the residual pres-
sure is kept below 10−7 mbar. When taking data these pumps are turned
off and their magnets are removed in order to eliminate possible couplings
between the rotating field and the ion pump permanent magnets. The vac-
uum is then maintained by means of liquid-nitrogen traps supplemented by
Ti sublimation pumps. We can reach a residual pressure in this case that is
below 10−8 mbar. As it is desirable to use low pressure pure gases to check
the ellipsometer operation (see discussion below), the vacuum system is com-
pleted by a separately pumped out gas line, which allows insertion of gases,
such as He, Ne or N2, from high purity bottles. Absolute capacitive gauges
are used in this case to monitor gas pressure.

9.3.3 Light Detection, Data Acquisition and Data Analysis

Light exiting the ellipsometer after the analyzer leaves the vacuum through
a glass window and propagates in air to the detection photodiode. Before
impinging on this diode, it passes a spatial filter with a 50 μm pinhole and
is focused on the diode’s sensitive surface. The detection photodiode pro-
duces a current signal that is amplified and converted into a voltage by a
transimpedance, high-gain, amplifier (see Fig. 9.3). This voltage constitutes
the main signal to be acquired and processed. Data acquisition (DAQ) is
split into two channels called “slow” and “fast”. Both channels are used to
acquire, besides the main signal, several other signals that carry additional
information and monitor the functioning of the apparatus.

The “slow” channel is mainly used for on-line display and for diagnostic
purposes. It basically consists of a lock-in amplifier referred to the same fre-
quency used to excite the SOM modulator and triggered by a series of signals
obtained from the magnet turntable. These triggering signals are generated
by a set of 32 marks fixed on the outer circumference of the turntable and
read by a photodiode. Each mark corresponds to a given angular position of
the turntable. In this way, the phases of all signals are referred to the magnet
rotation and are, therefore, absolutely known. As an added advantage, the
“slow” acquisition is insensitive to small variations in the magnet rotation
frequency (normally around 0.3 Hz). The output of the “slow” channel is a
signal demodulated at the SOM frequency. A Fourier spectrum of this signal
will show the SOM frequency as the zero frequency, while the sidebands of
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Fig. 9.11. Spectrum of the demodulated ellipsometer signal showing a peak at “2”
due to the CME of 20 mbar of Ne (see text)

interest appear as peaks separated from zero by the same sideband-to-carrier
frequency distance (see the discussion in Sect. 9.2.2). An example of such a
spectrum is shown in Fig. 9.11.

The “fast” channel is essentially a set of ADCs sampling the signal voltage
at 8.2 kHz and storing the data on a computer for off-line analysis. The “fast”
channel also acquires the trigger signals, and the signal phases can then be re-
constructed off-line. Analysis of the “fast” data is based on a multi-parameter
fit that determines phase and amplitude of the frequency components of in-
terest contained in the main and in the auxiliary signals. These raw data
are then used for further analysis and to generate plots and spectra for vi-
sualization. For a more detailed description of the data acquisition system
see [12].

9.4 Results

We summarize here a few recent results obtained with the sensitive ellipsome-
ter described in the previous sections [13]. Let us recall that the instrument
is capable of detecting both birefringencies and rotations and that switching
between birefringence and rotation detection is accomplished by simply in-
serting a quarter-wave plate in the beam path. The measured sensitivity of
the ellipsometer (i.e., the minimum signal amplitude which can be detected in
1 s with a signal-to-noise ratio of 1) is about 10−7 HZ

−1/2 for both ellipticities
and rotations.
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There are three main types of measurements to be discussed: performance
tests using the magnetic birefringence effect of test gases (Cotton-Mouton
effect), rotation, and birefringence measurements in vacuum. The last type
of measurement will be briefly touched upon, but no actual data will be
presented.

9.4.1 Performance Tests with CME in Gases

The performance of the PVLAS ellipsometer can be tested and calibrated
by exploiting the Cotton-Mouton effect (CME) in gases [16]. In order to do
this, a gas, normally He, Ne, or N2, is inserted at a controlled pressure in
the interaction region. The presence of the magnetic field turns the gas into
a birefringent medium, and the amount of induced ellipticity is proportional
to the square of the magnetic field amplitude and to the gas pressure. As the
CME is a known physical effect, the amplitude of the corresponding peak in
the detection photodiode signal spectrum must have a precise value which, at
least in the case of N2, is already well established in the literature [17]. The
sensitivity of the PVLAS ellipsometer is such that CME peaks appear well
above background even for He gas, which has the weakest effect. Furthermore,
the phase of the CME peak must have a definite value set by the position
of the initial linear polarization of the probe beam with respect to the data
acquisition trigger position. This phase is deduced by recalling that the CME
signal is maximum when the rotating field is at 45◦ with respect to the initial
polarization vector. The absolute value of this reference phase, 16◦ in the case
of He and Ne, which exhibit positive birefringence, and 196◦ in the case of N2,
is not essential. It is however important to recognize that any signal detected
by the ellipsometer having a physical origin will have a phase near either the
Ne phase or the N2 phase.

Cotton-Mouton Measurements

A typical photodiode current spectrum showing a CME signal can be seen
in Fig. 9.11. The spectrum was obtained at a wavelength of 1064 nm with
20 mbar of Ne in the interaction region, a magnetic field strength B = 4.6 T,
and a finesse F = 55000. The detection photodiode signal is demodulated by
a lock-in amplifier set at a reference frequency equal to the SOM modulation
frequency (506 Hz); therefore, the CME signal appears in the spectrum as a
sideband of the zero frequency at twice the chosen magnet rotation frequency
(0.33 Hz in this case). Notice that the abscissa axis is in units of the magnet
rotation frequency, thus the CME peak appears at the “2” frequency. This last
quantity is defined, following [18], as the anisotropy of the index of refraction
relative to the directions parallel and normal to the external field Δn =
n‖−n⊥. The CME peak Signal-to-Noise Ratio (SNR) can be estimated from
Fig. 9.11 to be about 200.
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The amplitude response of the PVLAS ellipsometer is then calibrated by
repeating the measurement as a function of gas pressure: the slope of the
curve thus obtained must give the birefringence value characteristic of the
gas in use. Figure 9.12 shows such a curve in the case of Ne. A linear fit
to the data is superimposed on the data points. The ordinate axis gives the
reduced birefringence, while pressure is given along the abscissa axis. The
reduced birefringence is defined as Δnr

u = Δn(1/B[T])2Patm [18], where n is
the birefringence, B is the applied field in T, and Patm is the atmospheric
pressure.

Phase information from CME measurements is best appreciated on a polar
plot. Figure 9.13 shows such a plot, where data points are the amplitude-
phase pairs relative to the measured CME peaks of Ne (right side of the
plot) and N2 (left side of the plot) as a function of pressure. Notice how data
points for different pressure values align along a straight line pointing to 16◦

at right and to 196◦ at left. We call this line the physical axis. The Ne data all
lie on the right half of the physical axis with respect to the origin, while the
N2 points all lie on the opposite side. The gas measurements, then, reproduce
the expected position of the physical axis as deduced from the geometry of
the apparatus (taking into account the direction of the initial polarization).
The inset gives an idea of the aspect of the typical spectrum from which each
point is obtained. The spectrum in this case is taken from the “fast” DAQ
and is not demodulated. Thus CME peaks appear as large sidebands of the
SOM-generated carrier peak.
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text)
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Residual Gas Checks

Before discussing vacuum measurements, we must briefly mention the char-
acteristics of the residual gas that is present in the chamber under “vacuum”
conditions. Recall here that the typical operating pressure when in vacuum
is always below 10−7 mbar. Under static conditions, the chamber out-gassing
rate is < 2 × 10−5 mbar hour−1. When taking data the composition of the
residual gas is monitored by means of two mass spectrometers, placed cor-
respondingly at the upper and lower optic chambers. The main components
are H2, CO, and H2O. The partial pressure of the worst contaminant, which
is CO, is at the level of 1% of the total pressure. The magnetic birefrin-
gence of CO is Δnu = −1.83 × 10−13 (at T ∼ 293 K). Using this value, one
finds that the contribution of the residual gas to birefringence measurements
is at the level of 10−12 in ellipticity (with B = 5 T and the total pressure
P = 10−7 mbar). No contribution is expected from gases to the magnetic field
induced rotation in vacuum.
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9.4.2 Vacuum Measurements

We will mainly discuss in this section the results form data runs attempting
to detect a residual linear rotation of the magnetized vacuum. Let us state at
the beginning that, as in the gas case, no rotation of the polarization plane
of light propagating in vacuum through the interaction region was expected.
The main result to be reported here is the observation of a rotation peak
in the spectrum of the photodiode current at the position of the sideband
separated by twice the magnet rotation frequency from the carrier SOM
frequency (recall that, in order to detect rotations, a QWP is inserted in the
beam before the SOM ellipticity modulator). The peak is present when the
magnet is energized and the Fabry-Pérot cavity mirrors are present. This is
a surprising observation because not only a peak appears where there should
be none, but, in addition, the peak exhibits a large amplitude (typically
10−7 rad), with an SNR above background ranging from 5 to 20, depending
on the particular data run.

We mention also, without however providing evidence in this chapter,
that an unexpected ellipticity peak also is observed in all those data runs
attempting to detect a residual linear magnetic birefringence of vacuum. As in
the rotation case, the ellipticity peak is observed only when the magnetic field
is on and the Fabry-Pérot cavity is present. Also, the absolute magnitude of
this peak in radians is about the same order of the magnitude of the rotation
peak.

Magnetic Rotation of Vacuum

Figure 9.14 shows a sample spectrum of the detection photodiode current
signal demodulated by a lock-in amplifier at the frequency of the SOM. The
peak of interest thus appears at a frequency distance from the zero frequency
equal to twice the rotation frequency of the magnet. In the case shown in
Fig. 9.14, the QWP axis was set to the nominal “0” position, the light beam
made about 44000 passes in the interaction region, and the residual vacuum
pressure was below 10−7 mbar. Figure 9.14 (a) gives the observed spectrum
when B = 0, while Fig. 9.14 (b) shows the spectrum when B = 5.5 T. Signal
amplitudes in Volts are reported on the ordinate axis, while the abscissa
axis gives frequency measured in multiples of the magnet rotation frequency
(0.33 Hz in this case). Notice the presence of a peak at the “2” frequency
in the spectrum with the magnet on and its corresponding absence in the
spectrum with the magnet off. This fact establishes the dependence of the
signal on the presence of the magnetic field.

The additional large peak visible at the “1” frequency, that is exactly at
the magnet rotation frequency, has been studied separately, and its amplitude
and phase were found to be uncorrelated with those of the signal peak. Its
most probable origin is a Faraday type rotation generated by residual fringe
fields acting on the reflective coatings of the mirrors. Recall that a Faraday
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Fig. 9.14. Spectra of the demodulated photodiode signal showing vacuum rotation
peaks with (a) field off, (b) field on (see text). The arrow points at the relevant
signal peak at twice the magnet rotation frequency

rotation can only appear at the same frequency as that of the exciting field.
This effect has been observed and measured in the past [14] and has also
been re-checked for the mirrors presently used by PVLAS (G. Zavattini priv.
com.). The estimates for the amplitude of the “1” peak from both sources
give a value between 10−7 and 10−6, which accounts well for a large part of
the observed “1” peak amplitude.

Fringe fields at the mirror position have a measured component of a
few Gauss, parallel to the mirror surface. Assume this parallel component
has an intensity of 1 × 10−3 T. There is also a small component of the
field normal to the mirror surface, which is due to the misalignment an-
gle (about 10−3 rad) between the magnet rotation axis and the Fabry-Pérot
cavity axis. Thus the Faraday-generating fringe field BF is conservatively
estimated to be about 10−6 T. Reference [14] reports a rotation induced
on a linearly polarized beam reflecting once off the surface of a multilayer
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mirror of 3.7 × 10−6 radT−1. The induced rotation at the “1”’ frequency
would in this case be αlit = (3.7 × 10−6 radT−1)(10−6 T)(50, 000 passes) ≈
2 × 10−7 rad. Recent measurements (G. Zavattini priv. com.) done on the
mirrors used in the PVLAS apparatus detected magnetically induced rota-
tion on linearly polarized light traversing the mirror. A Verdet constant of
about Vmir = 6.4 × 10−3 radT−1 cm−1 was found. Assuming that the mirror
coating layers exhibit the same Verdet constant and that the beam, upon
reflection, enters the coating for a depth of about 10 μm, one estimates
αmeas =

(
6.4 × 10−3 radT−1 cm−1

) (
10−6 T

) (
10−3 cm

)
(50, 000 passes) ≈

3 × 10−7 rad.
Considerable effort has been spent in trying to identify the nature and

origin of the rotation peak in vacuum. The first step is to identify the signal as
a “true” rotation, i.e., to prove that the peak stems form an actual rotation
of the polarization plane of light traversing the ellipsometer. The second
step is to localize, within the apparatus, the region where this rotation is
induced. Finally, one must try to exclude all possible sources of instrumental
artifacts. To establish the “true” rotation nature of the peak, one relies on
three experimental facts

1. the signal, in order to be observed, must convert into an ellipticity via the
QWP and must beat with the carrier ellipticity generated by the SOM;

2. the signal phase must change sign when the axes of the QWP are changed;
and

3. the signal phase must, on average and within experimental uncertainties,
lie near the “physical axis” direction identified on a polar plot by gas
CME measurements.

The first point is given by the fact that the peak is actually observed as a
sideband of the carrier ellipticity signal introduced by the SOM modulator.
The second and third points are established from a statistical analysis of
data taken in the course of several measurement runs. This analysis is briefly
sketched below when discussing Fig. 9.15.

To localize the region where the rotation is induced, data runs were per-
formed after removing the cavity mirrors and leaving the rest of the apparatus
untouched. These data show no peak at the “2” frequency, down to the level
of 10−9 rad, when the magnet is energized. This value is the background level
that can be reached after ∼ 10, 000 s of integration. Three main conclusions
can be drawn from this fact regarding the origin of the “2” peak

1. it is not due to an electrical pick-up;
2. it is not generated either by the SOM modulator or by mechanical rota-

tions of the QWP or of the entrance polarizer; and
3. it is generated within the Fabry-Pérot cavity, either in the interaction

region or by some effect acting on the mirrors.

To further restrict the third point mentioned above, one observes that a direct
effect of the fringe fields on the mirrors is excluded by known results on
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Fig. 9.15. Polar plot of phase and amplitude of vacuum rotation peaks for two
orientations of the QWP (see also text). Data were taken at 1064 nm, 50,000 passes
in the Fabry-Pérot, 5.0 T average field. Data points represent phase and ampli-
tude of the 2Ωmag peak relative to a 100 s long time record. (a) data distributions
for the two possible orientations of the axes of the QWP with respect to the ini-
tial polarization (labeled conventionally QWP90 and QWP0) (b) weighted average
vectors are superimposed on the data distributions (scale is zoomed with respect
to a)) (c) half-sum and half difference vectors are shown (scale is zoomed with
respect to b))
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magnetic-field-induced rotation on multilayer mirrors [14] coupled to direct
measurements of the fringe field in the vicinity of the mirrors, which do not
evidence the presence of a frequency component at twice the magnet rotation
frequency. Even if it is not of relevance for the discussion of the rotation peak,
we observe in passing that direct birefringence effects also are excluded by
measurements found in the literature [15]. Thus, only an unknown indirect
effect on the mirrors, or on the resonant cavity as global object, is left as a
possible instrumental source of artifacts mimicking a physical rotation signal.

To complete the discussion let us now, finally, turn to the phase analysis
of the signal. This is done by considering the detection photodiode current
as a function of time, separately for each of the two possible orientations
of the QWP axes, labeled “0” and “90” for convenience. Each of these two
data sets is then subdivided into 100 s long time records (resulting in 121
records at “0” and 84 records at “90”). For each record, we perform a fit to
determine the amplitude and phase of the component at twice the magnet
rotation frequency (2Ωmag). Amplitudes are quoted in units of radpass−1.
The result of this operation is a set of 121 amplitude-phase pairs for the “0”
orientation of the QWP, and a set of 84 pairs for the “90” orientation. These
data can be plotted on a polar graph and analyzed. Figure 9.15 (a) shows a
polar plot where the two sets of data pairs just described have been plotted.
Notice how the distributions for the two orientations of the QWP separate in
different regions of the graph. Notice also the dispersions of the samples. We
assume that this dispersion is due to some unidentified systematic source of
uncertainty, which, however, has a Gaussian character. To obtain a weighted
average vector, representing the global result for each orientation, we use
the dispersion of this Gaussian distribution and add it in quadrature to the
intrinsic uncertainty coming from the fit. As a guide, consider that the fit un-
certainty for each point is about 0.07×10−12 radpass−1, while the dispersion
of the data sets is about 2×10−12 pass−1. Figure 9.15 (b) shows the weighted
average vectors, obtained at the end of the above procedure, superimposed
on the data distributions: one vector represents phase and amplitude of the
rotation in vacuum observed when the QWP is at “0”, while the other is
relative to the “90” orientation. Circled regions at vector tips give 3σ uncer-
tainty areas. The dotted straight line represents the physical axis. To derive
a final figure for the rotation effect, one must combine the information from
the two QWP orientations in the following way. Half the difference between
the QWP-0 and the QWP-90 vectors gives the part of the signal changing
sign under a QWP axis inversion. This is is the behavior as expected from a
“true” rotation. The remaining part, i.e., the half-sum of the two vectors, can
be considered as a residual spurious effect. Figure 9.15 (c) shows both the
half-sum and half-difference vectors along with 3σ uncertainty areas at their
tips. Notice how the half-difference vector lies in the direction of the physical
axis. The amplitude of the half-difference vector then gives the magnitude of
the rotation of the polarization plane of light traversing a 1 m long vacuum
region where a 5.0 T transverse magnetic field is present as
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α = (3.9 ± 0.5) × 10−12 radpass−1 . (9.25)

A list summarizing the possible sources of instrumental artifacts together
with corresponding experimental tests is given in Tables 9.1.

Table 9.1. Summary of different experimental artifacts which could account for
the observed signal and corresponding experimental tests which allow to identify
and quantify them

Origin Test Comment

Magnetic
rotation/birefringence
from a residual gas

Measure the pressure
and composition of the
residual gas.

No rotation is generated by
gases in a magnetic field. A
birefringence is generated
by the Cotton-Mouton
effect; however, the
Cotton-Mouton effect due
to the worst contaminant is
orders of magnitude below
the observed effect.

Rotation/birefringence
induced by fringe fields
on the mirror coatings

Direct measurement of
the effect (ultimate cure:
eliminate fringe fields)

. The rotation effect due to a
field acting perpendicular to
the mirror surface has been
measured by [14]. Given an
estimated fringe field com-
ponent of 10−6 T at the
Ωmag frequency, this effect
can account for the Ωmag ob-
served peak. No field com-
ponent is measured at the
2Ωmag frequency. The bire-
fringence effect due to a field
acting parallel to the mir-
ror surface has been mea-
sured by [15]. The measured
fringe field on the mirror sur-
face (about 3–5 × 10−4 T) is
not sufficient to account for
the observed birefringence
effect.

Electronic pick-up
(rotation and
birefringence)

Measure with field on
and the cavity
mirrors removed.

Pick-up is excluded by the
fact that no peaks above the
noise are observed in data
runs with field on and cavity
mirrors removed. This ap-
plies to both birefringence
and rotation.

(Continued)
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Table 9.1. Continued

Origin Test Comment

Diffused light from a
magnetized inner
surface of the cryostat
bore

Change the
geometrical
acceptance of the
light detection
system.

A spatial filter is present
before the detection
photodiode. Data runs have
been conducted with several
different pinhole diameters
down to 50 μm and no
change has been observed in
the signal.

Field-induced
movement of the
polarizer and/or the
QWP (rotation)

Measure with field on
and the cavity
mirrors removed.

The effect is excluded by
the fact that no peaks
above the noise level are
observed in data runs with
the field on and the cavity
mirrors removed.

Spurious,
field-induced
ellipticity generated
by the SOM
modulator

Measure with the
field on and the cavity
mirrors removed.

The effect is excluded by
the fact that no peaks
above the noise are
observed in data runs with
the field on and the cavity
mirrors removed.

Beam pointing
instability
(birefringence and
rotation)

Measure the beam
movements and
correlate them to the
observed effect
(ultimate cure:
stabilize beam
movements).

No correlation is observed
between beam movements
and observed effects.

Unknown field-polari-
zation coupling

Eliminate the fringe
fields.

Very hard to imagine a pos-
sible candidate effect. This
however is not excluded.

9.5 Discussion

We discuss in this section the possible consequences of the experimental facts
just described. The main result is the observation of an unexpected rotation
of the polarization plane of linearly polarized light traversing a vacuum region
in the presence of a transverse magnetic field. This empirical observation can
have two origins

1. an instrumental artifact or
2. an underlying physical phenomenon.

The first origin cannot strictly be ruled out. There is always a non-zero
probability that an hitherto unknown instrumental effect causes the observed
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signal. This spurious effect, however, must mimic very closely the behavior
of a real physical signal and, in addition, must come from a very indirect link
between the magnetic field and the light polarization. A substantial part of
the on-going efforts at PVLAS is directed towards identifying possible new
sources of artifacts and devising ways to check them. Based on the above
considerations, we make the hypothesis in the following that an underlying
physical phenomenon is responsible for the presence of the observed rotation.

9.5.1 Possible Physical Origins of the Rotation Signal

We assume now that the observed rotation is actually an apparent rotation,
caused by the vacuum behaving as a dichroic medium. In such a medium,
photons are selectively absorbed according to the direction of their polariza-
tion with respect to a given anisotropy direction: this results in an overall
apparent rotation of the polarization plane (see Fig. 9.4). The rotation is
apparent since, due to absorption, the light intensity actually decreases. If,
however, the number of absorbed photons is small compared to the total
number of photons in the beam, then the intensity is practically unchanged
and one will measure a rotation. We discuss two possible sources of selective
absorption of photons: photon splitting and the oscillation of photons into
neutral light bosons via the Primakoff effect.

Photon Splitting

To estimate the contribution of photon-splitting processes to the selective
absorption of photons we follow [19] and use the following absorption coeffi-
cients for light polarized parallel and normal to the external magnetic field

α‖ = 0.51 (ω/me)
5 (B/Bcr)

6 cm−1 ,

α⊥ = 0.24 (ω/me)
5 (B/Bcr)

6 cm−1 , (9.26)

where ω is the photon energy, me the electron mass, and Bcr = 4.41×109 T is
the critical field. With the experimental parameters of PVLAS (ω = 1.17 eV
and B = 5.0 T) we obtain

(
α‖ − α⊥

)
splitting

= 1.34 × 10−82 cm−1. From
formula (1) of [13], taking into account a magnet length of 1 m and
using the measured rotation of 3.9 × 10−12 radpass−1, we can estimate(
α‖ − α⊥

)
PVLAS

= 7.8 × 10−14 cm−1. Clearly photon splitting alone cannot
account for the observed rotation.

Photon-Boson Oscillation Model

According to the Primakoff effect, neutral particles can be produced from the
interaction of two photons, one of which can be a virtual photon provided
by an external field, and the other one a real photon from some photon
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source [20]. In the present case, the virtual photon would be provided by the
magnetic field and the real photon by the laser beam. Two types of production
can occur: real production and virtual production (see Figs. 9.1 and 9.2 with
the accompanying discussion). In a real production, a boson having a mass
lower than the kinematic limit (∼ 1 eV in this case) is produced and a photon
disappears from the beam. In virtual production, a virtual boson is likewise
produced by the two-photon interaction. It then subsequently decays back
into a virtual photon and a real photon identical to the original incoming
photon from the laser beam. If the incoming laser beam is linearly polarized,
real production results in an apparent rotation (dichroism) of the polarization
plane, while virtual production results in a linear birefringence acquired by
the beam. In our case, where a magnetic field Bext is present and a Fabry-
Pérot cavity of finesse F is used to amplify the optical path, according to [20]
and [21], the rotation and ellipticity amplitudes are given by

αb =
1
M2

b

2FB2
extω

2

πm4
b

[
sin

(
m2

bL

2ω

)]2

,

ψb =
1
M2

b

FB2
extω

2

πm4
b

[
m2

bL

2ω
− sin

(
m2

bL

2ω

)]
. (9.27)

In the above formulae, where naturalized Heaviside-Lorentz units are used2,
Mb = 1/gbγγ is the inverse coupling constant to two photons [22, 23], mb is
the particle mass, ω is the incoming photon energy, and L is the length of
the magnet (the angle θ between field and light initial polarization is set to
45◦). One can solve the rotation formula for Mb, obtaining a function of αb

and of mb. If one then directly measures αb, the result can be plotted as a
curve in the mb–Mb plane. The meaning of this curve is obvious: all possible
allowed values of the (mb, Mb) pairs for a produced particle must belong
to this curve. Figure 9.16 shows a portion of the mb–Mb plane where the
measured dichroism curve is plotted, along with 3σ uncertainty bands. The
curve is calculated starting from the above model and using the measured
rotation of 3.9 × 10−12 radpass−1 for a cavity with ∼ 50, 000 passes and a
field of 5.0 T. Photon energy is 1.17 eV (corresponding to the 1064 nm laser
wavelength) and magnet length is taken as 1 m.

This exercise can be carried further, and one can actually estimate an
interval for the allowed values of the mass and inverse coupling constant of
the hypothetically produced particle. In order to do this, the PVLAS mea-
sured dichroism is combined with data obtained in a precursor experiment
by the Brookhaven-Fermilab-Rochester-Trieste (BFRT) collaboration [22]. In
this experiment, no signal was observed, either in rotation or in birefringence,
and exclusion regions were set on the mb–Mb plane based on the observed
background. Figure 9.17 shows a portion of the mb–Mb plane where exclu-
sion regions obtained by BFRT are superimposed on the PVLAS measured
2 In Heaviside-Lorentz units one sets 1T = 195 eV−2 and 1m = 5 × 106 eV−1.



9 Recent Results from the PVLAS Experiment 187

0
0

2

4

6

8 x 105

1 2
meV

3 4meV

In
ve

rs
e 

co
up

lin
g 

[G
eV

]

Fig. 9.16. Curve in the mb–Mb plane resulting from PVLAS measured dichroism
(see text)
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Fig. 9.17. Combined exclusion plot used for gbγγ and mb estimates (see text). The
red curve represents the curve calculated from the measured PVLAS dichroism,
including 3σ uncertainty bands. The green curve is the upper bound derived from
the BFRT observed rotation background, while the blue curve gives the upper
bound from the BFRT ellipticity background. Finally, the shaded area represents
the portion of the plane excluded by the photon-regeneration experiment reported
in [24]. The solid black oval evidences the main region where the PVLAS result is
not excluded by BFRT
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rotation curve. For completeness, we also include an exclusion region stem-
ming from a pioneering photon regeneration type experiment also done at
Brookhaven (see discussion below and [24]). Notice that there is at least one
region where the PVLAS curve is not excluded by BFRT. Concentrating on
this portion of the curve, one estimates the following allowed ranges for the
hypothetical particle mass and for its inverse coupling to two photons

1 meV ≤ mb ≤ 1.5 meV
1.7 × 10−6 GeV−1 ≤ gbγγ ≤ 1 × 10−5 GeV−1 . (9.28)

Notice, in Fig. 9.17, that the BFRT dichroism curve is apparently more sensi-
tive than the PVLAS measured curve, especially for small mass values. This,
however, is simply due to the fact that BFRT magnets were longer than the
PVLAS magnet (8.8 m versus 1 m). Correspondingly, the BFRT curve has ze-
roes in a mass interval where the PVLAS curve is still sensitive. We mention
here that the photon-to-boson oscillation model also predicts a birefringence
effect coming from virtual boson production and that a birefringence of vac-
uum is actually observed in PVLAS. Finally, we remark that the estimates
of particle parameters presented above are strongly model-dependent and
should be considered with care.

9.5.2 Perspectives

The rotation signal observed by PVLAS is potentially an extremely important
result, paving the way for a whole new field of physics. For this reason it is
of utmost urgency to confirm its physical origin and to further investigate its
consequences. This of course calls for independent experiments to be carried
out as soon as possible.

Limited to testing the particle interpretation of the observed rotation,
there also exist direct physical checks that can be executed using the present
PVLAS apparatus. By “direct physical checks” we mean measurements at-
tempting to detect phenomena directly linked to a possible particle origin
of the rotation signal. One of these direct checks, the study of magnetically
induced rotation in gases, is already underway at PVLAS, while another, a
photon-regeneration type experiment, is being built in the existing appara-
tus and will be operative shortly. We will briefly describe both the study
of magnetic rotation in gases and the photon-regeneration experiment and
will remark on their relevance for the interpretation of the PVLAS rotation
signal.

Anomalous Magnetically Induced Rotation in Gases

Gases do not exhibit the rotation equivalent of the CME; in other words, there
is no magnetically induced rotation in gases. A photon-to-boson oscillation,
on the other hand, can generate a rotation even in the presence of a gas. In
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fact, the presence of a gas in the interaction region changes the refractive
index of the medium through which the oscillation of photons into bosons
takes place, also changing the coherence length of the oscillation itself. In
other words, a given gas pressure will effectively change the mass of the
photons and will shift the zeroes of the oscillating part in the dichroism
formula given above. In practice, the said formula must be replaced with

α(Mb,mb, pgas) =
FB2

extL
2

8πM2
b

(
sinx
x

)2

,

x =
L

2

[
pgas (nstp − 1)ω

patm
+
m2

b

2ω

]
, (9.29)

where pgas is the gas pressure, patm is the atmospheric pressure and nstp

is the index of refraction of the gas at STP. If a particle does exist, it will
have some fixed values of Mb and mb, thus the rotation will be a function
of pressure with a characteristic oscillatory behavior. A measurement of the
oscillatory dependence of observed rotation on the gas pressure in the inter-
action region would be a very strong signature of particle production within
the PVLAS apparatus. We have therefore attempted to detect such a depen-
dence by studying the rotation in gas, at fixed field, as a function of pressure.
Figure 9.18 shows a preliminary example of such a study.

Figure 9.18 is a plot of rotation as a function of pressure for Ne gas
measured at 5.0 T, with 50,000 passes in the Fabry-Pérot cavity at 1064 nm.
The pressure-dependence of this set of data can be interpreted as consisting
of a linear part plus an anomalous rotation responsible for the deviation
from linearity. The linear part is not due to a rotation generated by the gas
itself; rather, it must be ascribed to the birefringence due to the CME of the
gas, which is transformed into a rotation by the action of the Fabry-Pérot.
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Fig. 9.18. Measured magnetic rotation as a function of Ne pressure (1064 nm and
5.0 T). Deviation from linearity could be due to particle production (see text)
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It has in fact been recently found [25] that, due to the unavoidable intrinsic
residual birefringence of the mirrors, a frequency-locked cavity will transform
a birefringence generated within itself into a rotation and vice versa. For
instance, it can generally be expected that about 10% of the birefringence
present within the cavity will also appear as a rotation. The data of Fig. 9.18,
can therefore be fitted with a function of the type

y(b,Mb,mb, pgas) = bpgas + α(Mb,mb, pgas) , (9.30)

to extract the parameters b, Mb, and mb. These last two, in principle, should
be related to the hypothetically produced particle. In the instance reported
in Fig. 9.18, the above function gives the fitted curve shown in the graph, re-
producing the observed anomalous behavior of the rotation. This gas-based
technique is still at the preliminary stage, the chief difficulty lying in the
fact that the anomalous part, containing the information on particle param-
eters, must be extracted as the difference between two nearly equal terms,
the measured pressure-dependence of the data and the linearly dependent
part inferred from cavity coupling. Errors are therefore large, and confidence
level in the estimated particle parameters consequently low. The potential
of the technique is however great, and efforts in near future will concentrate
on lowering errors along two main directions: using gases with a low CME,
resulting in a small linear part, and accumulating more statistics.

Photon Regeneration

A powerful test of the particle interpretation of the rotation result is the
search for a positive detection in a photon-regeneration-type experiment (for
the original concept see [26] and Sect. 9.6). In such an experiment, particles
are produced from a two-photon interaction in a magnetic field region. The
particles are then allowed to propagate in a second magnetic field region,
blocked to the original photons, where the inverse process takes place and
photons are produced apparently out of nothing. The regenerated photons,
for kinematic reasons, will have the same wavelength as the original ones.
Such an experiment is also poetically termed “shining light through a wall”.
Detection of regenerated photons would be a very robust signature of particle
production.

Such an experiment is actually possible at PVLAS in a parasitic way, i.e.,
without perturbing the normal polarization measurements. Figure 9.19 shows
how a regeneration setup can be built taking advantage of the fact that, in
case of particle production, a beam of particles would leave the cavity in a
downward direction and could be intercepted by a suitably placed magnet. In
practice, a permanent dipole magnet can be placed below the lower optical
bench with its bore aligned with the FP cavity axis. Particle production
takes place within the main superconducting magnet, where one also takes
advantage of the amplification provided by the cavity, while regeneration of
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Fig. 9.19. Photon regeneration scheme implemented at PVLAS (see text)

photons takes place within the permanent magnet. These photons are then
detected as excess counts over a background by a suitable detector (Transition
Edge Sensor (TES) in Fig. 9.19, see also below) coupled to the regeneration
chamber via an optical fiber.

If one assumes that the hypothetically produced particles have the pa-
rameters given above (namely gbγγ ∼ 2.5 × 10−6 GeV−1 and mb ∼ 1 meV),
the estimated rate of regenerated photons in such a setup is small, but not
negligible. Figure 9.20 shows a plot of the expected rate of regenerated pho-
tons as a function of laser power exiting the cavity assuming different possible
configurations of the apparatus. The red spaced-dots curve is relative to the
scheme of Fig. 9.19, with a 2.3 T strong and 0.5 m long permanent magnet.
With a laser power of 25 mW at 1064 nm exiting the cavity, the regeneration
rate is ∼ 0.3 photons s−1.

If one assumes detection efficiency of 50 and a detector with a 0.01 Hz
background, then detection with a SNR ∼ 1 becomes possible in about 10 s
of measuring time. In other words, given a detector capable of detecting
infrared photons at 1064 nm with a very low background, then the pho-
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ton regeneration test can be carried out at PVLAS in a matter of minutes,
without perturbing the normal course of polarization measurements. Such a
detector actually exists: Transition Edge Sensors [27] are basically resistors
on the transition edge between superconduction and normal conduction. A
small energy absorbed by the sensor causes a transition between the two
regimes, which is then seen as a sharp change in the resistance of the sensor
itself.

9.6 Conclusions

PVLAS is operating what amounts to a low-energy photon collider able to
investigate the properties of the vacuum element. Detection of physical effects
is made possible by the very high sensitivity of the optical ellipsometer which
is at the core of PVLAS. Some of the interesting processes accessible with
these low-energy measurements are, at the moment, photon-photon scattering
and real or virtual particle production, where the particles involved are of
some yet unknown type, possible dark matter constituent candidates. The
observation by PVLAS of a magnetically induced rotation of vacuum is, if
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confirmed, a result of a potentially revolutionary nature and would open up
an entire new field of physics. For this reason, independent checks of this
result are urgently needed and should be speedily undertaken without delay.

There is already the possibility of performing direct physical tests of the
particle interpretation of the PVLAS observed rotation, and this is without
actually perturbing the present configuration of the apparatus. One of these
tests is based on measurements of the anomalous dependence on pressure
of the magnetic rotation observed with a gas in the interaction region. This
signature is very marked; however, the method is of difficult applicability and
should be applied to a larger data set than that is available at present. The
second direct test is based on the detection of photons regenerated from a
beam of produced particles in the field of an additional magnet placed below
the lower optical bench. A positive detection would be a definite confirmation
of the particle interpretation of the rotation signal. The setup for this test
is under construction, and the goal is to carry it to completion as soon as
possible. As an added bonus, the presence of this setup in no way perturbs the
normal operation of the ellipsometer. As a final remark, we want to point out
that a negative result form both direct experimental tests described above
would not disprove the physical origin of the PVLAS rotation signal; rather,
it would simply put to rest the particle interpretation of these results in terms
of a photon-to-boson oscillation phenomenon.

Note Added in Proof

G. Cantatore for the PVLAS Collaboration – Sunday, October 7,
2007

The rotation results published in 2006 in [13] regarded an empirical finding
which was attributed to an effect originating in the Fabry-Pérot cavity with
the magnetic field energized. The origin of this signal, whether physical or
instrumental, was unknown; however, the diagnostic tests described in this
article allowed one to localize the effect in the cavity and to exclude several
spurious signal sources, such as those due to electromagnetic pick-ups or to a
direct action of the fringe fields on the optical components. In fact, given that
it was not possible to completely eliminate them, the fringe fields remained
a plausible source of instrumental artifacts, albeit in conjunction with some
yet-to-be-found indirect effect.

To further check against possible instrumental artifacts, several appa-
ratus upgrades were designed and installed after this article was written.
These upgrades had the main purpose of minimizing the supposed effects
of the fringe fields. A new, higher power, laser emitting about 800 mW at
1064 nm was used, and the circuitry necessary for the electro-optic frequency-
locking feedback loop was encased in μ-metal shielding. The old, mostly
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iron, access structure was replaced with an aluminum one, and coaxial sig-
nal cables were substituted with better shielded ones. Two sets of three-axis
Helmholtz coils were placed around the cavity mirrors and used to locally
zero stray fields. Finally, the initial linear polarization of the laser beam was
rotated to lie normal to the concrete beam supporting the magnet, and a
new He gas compressor was put into service in the He gas recovery cycle,
increasing the overall efficiency and therefore allowing longer data-taking
periods.

After these substantial modifications, several measurement runs were car-
ried out, both at the maximum field strength of 5 T and at the reduced field
intensity of 2.3 T, when no measurable stray field is present. No rotation peaks
were observed, neither at 2.3 T nor at 5 T (integrated background values were
10−8 rad and 1.2×10−8 rad, respectively). Also, no peak was observed at 2.3 T
when measuring ellipticity (integrated background was 1.5 × 10−8), while a
tiny peak persisted at 5 T, albeit certainly of spurious nature. These new re-
sults, besides contradicting the earlier findings at 5 T, also completely exclude
the particle interpretation of the previous PVLAS data.

One must remark that the original PVLAS signals, which have subse-
quently proven to be of instrumental origin, were in fact “true” optical sig-
nals, in the sense that they did correspond to actual modifications of the light
polarization state. The actual mechanism which generated these signals (and
which has disappeared in the upgraded apparatus) must have been a subtle in-
phase combination of at least two different possible artifact sources, each one
of which, when considered alone, could not have produced the effects reported
in [13]. More details on these recent developments at PVLAS can be found
in [28]. In addition we refer to the recent negative results of the light shining
through the wall experiment carried out by the BMV collaboration [29].

The photon regeneration test sketched in the article will still be carried out
at PVLAS with the double aim of testing through a direct physical process
the negative result on particle production, and of setting new bounds on
particle parameters. The main focus of the polarization measurements now
must shift back to the original theme of the PVLAS experiment, which was
built with the aim of measuring the photon–photon scattering in QED. The
challenge, then, is to lower enough the present sensitivity to make such a
measurement possible.
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Rémy Battesti,1 Berta Beltrán,2 Hooman Davoudiasl,3 Markus Kuster,4,5,∗

Pierre Pugnat,6 Raoul Rabadán,7 Andreas Ringwald,8 Neil Spooner,9

and Konstantin Zioutas6,10

1 Laboratoire National des Champs Magnétiques Pulsés, CNRS/INSA/UPS,
UMR 5147, 31400, Toulouse, France

2 Department of Physics, University of Alberta, 11322-89 Av, Edmonton, AB,
Canada

3 Department of Physics, University of Wisconsin, Madison, WI 53706, USA
4 Technische Universität Darmstadt, IKP, Schlossgartenstrasse 9, D-64289

Darmstadt, Germany
5 Max-Planck-Institut für extraterrestrische Physik, Giessenbachstrasse, D-85748

Garching, Germany
6 European Organization for Nuclear Research (CERN), CH-1211 Genève 23,
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Abstract. Theoretical axion models state that axions are very weakly-interacting
particles. In order to experimentally detect them, the use of colorful and inspired
techniques become mandatory. There are a wide variety of experimental approaches
that were developed during the last 30 years; most of them make use of the Pri-
makoff effect, by which axions convert into photons in the presence of an electro-
magnetic field. We review the experimental techniques used to search for axions
and will give an outlook on experiments planned for the near future.

10.1 Searches for Dark Matter Axions

As described in the review by P. Sikivie on cosmological axions in Sect. 1.6,
axions produced in the early universe with a mass ranging from μeV to meV
could account for the cold dark-matter component of the universe and there-
fore an experimental evidence for axions in this mass range would be of great
interest nowadays. Microwave resonant cavity experiments are the most sen-
sitive detectors for cold dark-matter axions at present. The heart of such a
device is a metallic conductor that acts as a cavity for electromagnetic fields
such as photons. By tuning the size of the magnetic-field permeated cavity
its resonant frequency can be shifted such that it matches the frequency of
the axion field (which is related to the axion mass). In this case, axions will
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convert resonantly into quasi-monochromatic photons, which could be de-
tected with sensitive microwave receivers as an excess on the cavity power
output. In Fig. 10.1 the schematic working principle of this kind of detectors
is shown.

The signal obtained would carry information not only about the axion
mass but also about the axion distribution in the galactic halo, as its width
would represent the virial distribution of thermalized axions. Furthermore,
the signal may also possess a finer substructure due to axions that have
recently fallen into the galaxy and have not yet thermalized, as shown in
Fig. 10.2. Again the reader is referred to Sikivie’s review for a more detailed
description of the axion distribution in the galactic halo.

Due to the very low mass range of the dark-matter axion, the expected
signal is minuscule, and therefore the sensitivity of the experiment crucially
depends on the quality of the microwave receivers (see Chap. 8 by Carosi
and van Bibber). In the 1980s two pioneering experiments were carried out
at Rochester-Brookhaven-Fermilab (RBF) [1] and the University of Florida
(UF) [2] using small volume cavities (∼1000 cm3) and HFET amplifiers, but
their sensitivities were lacking by two or three orders of magnitude the sen-
sitivity necessary to probe the theoretically motivated region in the axion
parametric space.

An improvement in the sensitivity lead to the second generation exper-
iments, such as ADMX [3], which are currently taking data with a bigger
resonant cavity compared to the preceding experiments, but still making use
of the HFET amplifiers. Their results are compatible with the absence of any

Fig. 10.1. Schematic principle of the microwave cavity experiment to look for cold
dark-matter axions. First an axion would be resonantly converted into a quasi-
monochromatic photon in the magnetic-field permeated microwave cavity. Then an
ultra-low-noise receiver is set to detect this photon as an excess on the cavity power
output
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Frequency (GHz)

Power

Δν
ν 10–6~ ΔΕ/Ε~10–6

ΔΕ/Ε~10–17

Fig. 10.2. Left: Representation of the signal expected in a microwave cavity ex-
periment, where the photon signal appears as an excess over the noise in the power
frequency spectrum. The width of the signal would be related to the predicted ax-
ion halo velocities. Right: Zoom showing the possible fine structure details in the
expected signal

axion signal, providing the best upper limits for the axion to photon coupling
constant gaγγ in the lowest mass range (ma ≈ 10−4− 10−6 eV, see Fig. 10.26).
A new amplifier technology based on Superconducting Quantum Interference
Devices (SQUID), currently under development, can further improve the sen-
sitivity of ADMX, such that it is possible to probe the theoretically favored
axion parameter range (see Chap. 8 and Fig. 10.26).

Another second-generation experiment is the CARRACK experiment in
Kyoto [4]. That also uses a resonant cavity to produce the axion-converted-
photons, but the signal detection is based on a Rydberg-atom single-quantum
detector, providing an extremely low-noise photon counting capability. This
experiment is still in the development phase.

10.2 Solar Axions Searches

As seen from the Earth, the most important and strongest astrophysical
source for axions is the core of the Sun. There, pseudoscalar particles like
axions would be continuously produced in the fluctuating electric and mag-
netic fields of the plasma via their coupling (see Fig. 10.3 up) to two pho-
tons. After production the axions would freely stream out of the Sun without
any further interaction (given that the axion mean free path in the Sun is
≈ g−2

10 6×1024 cm for 4 keV axions, 1 this is a valid assumption). The resulting
differential solar axion flux on Earth would be [5]

dΦa

dE
= 6.02 × 1010 cm−2 s−1 keV−1g2

10E
2.481e−E/1.205 . (10.1)

1 Here we define g10 = gaγγ/10−10 GeV−1.
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Fig. 10.3. Up: 2D representation of the axion surface luminosity seen from the
Earth [5] as a function of the solar radius and the axion energy. Down: Comparison
of the solar axion flux calculated using an older version of the standard solar model
from 1982 (dashed line) and a more recent version from 2004 (solid line) [6]. Here
an axion-photon coupling constant of 1 × 10−10 GeV−1 is assumed
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The spectral energy distribution of the axions follows a thermal energy dis-
tribution between 1 and 10 keV, which peaks at ≈ 3 keV as shown in the
top part of Fig. 10.3. For comparison two different solar axion spectra are
shown in Fig. 10.3, calculated from different versions of the standard solar
model (SSM): the solid line corresponds to a more recent implementation of
the SSM from 2004, while the spectrum plotted as a dashed line is based on
an older version published in 1982 [5, 6]. It is evident that small changes of
the underlying SSM have only a small influence on the axion flux and the
corresponding shape of the axion energy spectrum. In the following, we will
summarize different techniques that aim to directly detect “solar axions”.

10.2.1 Axion Helioscope

The most sensitive axion experiments, at present, in the mass range of
10−5 eV � ma � 1 eV are so-called “axion helioscopes,” i.e., magnetic solar
telescopes. The underlying physical principle of such a telescope is based on
the idea proposed by P. Sikivie in 1983 [7] and is illustrated in Fig. 10.4. If we
assume that axions are produced in the Sun, they would reach the Earth after
about 500 s as an almost parallel axion beam (the apparent diameter of the
axion emission region on the solar disk is ≈ 0.1◦). The apparatus for the de-
tection on Earth uses the time reversed Primakoff effect, i.e., a+γvirtual → γ,
where the axion interacts with a virtual photon provided by a transversal
magnetic field and reconverts into a real photon. These “reconverted” pho-
tons have the same energy and momentum as the axion, and therefore their
energy distribution is identical to the energy spectrum of the solar axions
shown in Fig. 10.3. An X-ray detector placed on the end side of the mag-
netic field would collect the photons and search for an axion signature above
detector background. The expected number of reconverted photons reaching
the detector for the given differential solar axion spectrum is

N =
∫

dΦa

dE
Pa→γ S t dE . (10.2)

Here dΦa/dE is the differential axion flux at the Earth, S the magnet bore
area, t the measurement time, and Pa→γ the conversion probability of an
axion into a photon. To maximize t, the magnet is mounted in a similar
way as conventional telescopes so that it can follow the track of the Sun on
the sky.

The number of photons leaving the magnetic field toward the detector is
determined by the probability that an axion converts back to an “observ-
able” photon inside the magnetic field. Assuming that the conversion volume
(magnetic field area) is evacuated, the probability is given by

Pa→γ =
(
Bgaγγ

2

)2

2L2 1 − cos(qL)
(qL)2

, (10.3)



204 R. Battesti et al.

Fig. 10.4. Working principle of an axion helioscope. Axions produced in the Sun
core by the Primakoff effect would be converted back into photons in a strong
magnetic field. Eventually these photons, which have the same energy spectrum as
the incoming axions, could be collected by an X-ray detector placed a the end of
the magnet field area

where B and L are the magnet field strength and length of the field, and

q = m2
a/2Eγ , (10.4)

is the longitudinal momentum difference (or momentum transfer) between
the axion and the photon of the energy Eγ . In order to achieve a maximum
conversion probability Pa→γ , the axion and photon fields must remain in
phase over the length of the magnetic field; this sets the requirement that
qL < π [8, 9] (constructive interference). Thus, the sensitivity of a helioscope
is limited to a specific axion mass range for a given q. For increasing axion
masses the conversion is suppressed by the momentum mismatch between the
axion and the photon, namely, due to the form factor (1 − cos(qL))/(qL)2

in (10.3).
Coherence can be restored for higher axion masses by filling the magnetic

conversion region with a buffer gas [8] so that the photons inside the magnet
pipe acquire an “effective mass” (which is equivalent to a refractive index n).
Consequently the wavelength of the photon can match that of the axion for
an appropriate gas pressure, and coherence will be preserved for a narrow
axion-mass window. In this case the transition probability Pa→γ has to be
recast into the more general equation [8]

Pa→γ =
(
Bgaγγ

2

)2 1
q2 + Γ 2/4

[1 + e−ΓL − 2e−ΓL/2 cos(qL)] . (10.5)

Here Γ is the absorption coefficient for the X-rays in the medium, and the
momentum transfer becomes

q =

∣∣∣∣∣
m2

γ −m2
a

2Ea

∣∣∣∣∣ , (10.6)

with the effective photon mass

mγ �
√

4παne

me
= 28.9

√
Z

A
� , (10.7)
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where ne is the number density of electrons in the medium and me the elec-
tron mass. The second expression in (10.7) is a more convenient represen-
tation for mγ giving the dependence of mγ on the atomic number Z of the
buffer gas, its mass A, and its density � in g cm−3. As Helium is the type of
gas commonly used for this purpose, (10.7) can be further simplified to

mγ(eV) �
√

0.02
P (mbar)
T (K)

, (10.8)

where we use the corresponding parameters A, Z, and � for Helium and treat
Helium as an ideal gas. This equation directly relates mγ to the measured
experimental parameters, i.e., the pressure P and temperature T of the gas
inside the magnetic field region. For a specific pressure P and temperature
T , the coherence is restored for a narrow axion-mass window, for which the
effective mass of the photon matches that of the axion such that

qL < π =⇒
√
m2

γ − 2πEa

L
< ma <

√
m2

γ +
2πEa

L
. (10.9)

The differential energy spectrum of the photons from axion conversion follows
from (10.1) and (10.3). Assuming full coherence, it can be approximated
analytically [5] by

dΦγ

dE
=

dΦa

dE
Pa→γ

= 0.088 cm−2 day−1 keV−1g4
10E

2.481e−E/1.205

(
BL

9.0 T 9.26 m

)2

.(10.10)

It is obvious that the resulting low photon count rates from (10.10) require
background-optimized detectors in order to achieve a reasonable detection
sensitivity with an axion helioscope.

Helioscope Implementations

The first axion helioscope was built at the beginning of the 1990s [9], us-
ing a 1.8m long magnet powered with a 2.2 T transverse magnetic field. As
a detector, a proportional counter operating with a gas mixture of argon
and methane (90% to 10%) was used to collect the photons from axion-to-
photon conversion. The helioscope could be pointed to the Sun for a period
of ≈ 15 minday−1. Two different regions of the axion mass range (with and
without a gas in the conversion volume) were explored with this setup, setting
the following limits on gaγγ and ma in the absence of a signal

gaγγ < 3.6 × 10−9 GeV−1 for ma < 0.03 eV ,

gaγγ < 7.7 × 10−9 GeV−1 for 0.03 eV < ma < 0.11 eV .
(10.11)
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In the late 1990s a new helioscope with improved sensitivity (2.3 m long
magnet, 4 T) was built in Tokyo [10]. For this experiment sixteen PIN pho-
todiodes were used as X-ray detectors and the superconducting magnet was
fixed on a polar mount, allowing the system to follow the Sun in a range from
−28◦ to +28◦ in declination and 360◦ in right ascension. Due to the better
tracking system, the Tokyo helioscope was able to follow the Sun for 24 h a
day and the observation time of the Sun could be significantly improved. In
total the Tokyo collaboration was able to use about 50% of the duty cycle
of their instrument to track the Sun, while the rest of the time was devoted
to background measurements. Similar to the first approach of [9], the experi-
ment was divided into two phases: the first phase was finished in 1997 with an
evacuated conversion region and the second phase in 2000 when the magnet
pipe was filled with helium gas in order to extend the sensitive axion mass
range. The resulting upper limits on gaγγ from both data taking periods [11]
are

gaγγ < 6 × 10−10 GeV−1 for ma < 0.03 eV ,

gaγγ < 6.8–10.9 × 10−10 GeV−1 for ma < 0.3 eV .
(10.12)

The most sensitive implementation of an axion helioscope is operating at
present at CERN, the CERN Axion Solar Telescope (CAST). It was built
in 2002 by refurbishing a 9.26 m long prototype of a twin aperture LHC
dipole magnet. The two parallel pipes of the magnet, with a bore area of
A = 14.5 cm2 each, are homogeneously interspersed by a transverse dipole
magnetic field (see Fig. 10.5, [12]). The maximum magnetic field that can be
achieved with this prototype magnet is ≈ 9 T. The magnet is mounted on
an azimuthal moving platform that allows to track the Sun for 1.5 h (±8◦

in height and ≈100◦ in azimuth) during sunrise and sunset. To detect the
axions, three different types of detectors are attached to the ends of the
magnet pipes: a gaseous detector with a novel MICROMEGAS readout [13],

Fig. 10.5. Experimental setup of the CAST experiment at CERN. From the left
to the right the Helium cryogenic system, the CAST superconducting magnet, and
the tracking system is shown. The tracking system allows to follow the Sun 1.5 h
per day during sunrise and sunset
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an X-ray telescope with a pn-CCD chip as focal plane detector [14] to detect
axions during sunrise, and a Time Projection Chamber (TPC) that covers the
opposite end of the magnet pipes, ready to collect axions during sunset [15].

CAST has taken data with the conversion region evacuated, during the
years 2003 and 2004. In the absence of any axion signal, an upper limit on
the axion to photon coupling constant has been established [5, 12] to

gaγγ < 0.88 × 10−10 GeV−1 for ma < 0.02 eV , (10.13)

at the 95% confidence level. This result is the best laboratory limit from a
helioscope achieved so far. It covers a broad range of masses and supersedes
the so far best limit from astrophysical considerations that was derived from
the evolution of horizontal-branch stars in globular clusters [16, 17]. During
2005 the configuration, of the CAST experiment was upgraded, ready to jump
into the second phase of the experiment, when the magnet pipes are filled
with 4He or 3He gas. In this configuration, CAST will be able to expand its
sensitivity to a maximum axion mass of ≈1.1 eV. CAST is scheduled to take
data in this configuration during 2006 and 2007.

10.2.2 Bragg Diffraction

Another interesting and completely different approach to detect solar axions
was proposed by E. A. Paschos and K. Zioutas [18]. This detection princi-
ple uses the intense Coulomb field of nuclei in a crystal lattice instead of an
external magnetic field to convert axions to photons by the Primakoff effect.
A crystal can be used either simultaneously as an axion converter and de-
tector or to build a “reflective parabolic antenna” covered with a thin film
of crystals that focus the resulting photons from axion-to-photon conversion
on a detector in their focal plane. Background-optimized solid state detec-
tors (e.g., NaI or Ge) generally used for WIMP searches or in double beta
decay experiments provide excellent performance to implement the first type
of crystalline axion detector.

To calculate the probability for axion conversion, the mass of the axion
can be considered as negligibly small compared to the mass of the nuclei in
the crystal; thus recoils of the nuclei can be neglected in a cystal during the
conversion process. In this case the energy of the outgoing photon would be
equal to the energy of the incident axion. The differential cross section for
this conversion is given by [18]

dσ
dΩ

=
gaγγ

16π2
F 2

a (q) sin2(2Θ) . (10.14)

Here 2Θ is the scattering angle and Fa a form factor which describes the
atomic structure of the crystal. The form factor Fa can be calculated from
the Fourier transformation of the electrostatic field Φ(x) in the crystal [19]
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Fa(q) = k2

∫
Φ(x) eiq·x d3x , (10.15)

with the transferred momentum q = |q| = 2k sin(Θ) and the axion momen-
tum k = |k| ≈ Ea. Using the Sun as an axion source, the expected mean
energy of the solar axions would be of the order of ≈ 4 keV (see Fig. 10.3).
Thus the wave length of the axion λ is similar to the lattice spacing d of the
crystal (≈ few Å); consequently, we would expect a Bragg-reflection pattern.
If a Bragg pattern arises, the intensity of the X-rays leaving the crystal has
a maximum if the Bragg-condition

2d sin(ΘBragg)
(

1 − 1 − n

sin2(ΘBragg)

)
= mλ with m = 1, 2, 3, . . . , (10.16)

is fulfilled. Here n is the refractive index and d is the lattice spacing (com-
pare Fig. 10.6). From (10.16) it is obvious that constructive interference will
occur only if the waves reflected by different lattice layers are in phase. This
is equivalent to the requirement that the path length of each photon wave
leaving the crystal has to be equal to an integer multiple of its wavelength.
The constructive interference then leads to an enhancement of the expected
signal of the order of 104 compared to a scattering off a single atom in the
crystal [18].

For a detector with a fixed orientation of its crystalline lattice relative to
the Earth’s surface the angle Θ, which is basically the angle between the line
of sight towards the Sun and the crystalline lattice, would change during the
course of the day when the Sun moves across the sky. Hence, the expected
photon signal would have a well defined temporal signature as the Bragg
condition is only satisfied for specific times during the day. This signature
makes a potential signal clearly distinguishable from the detector background.

It was shown by [19] that the maximum achievable sensitivity for an
upper limit on gaγγ with this kind of detection technique is of the order
of gaγγ � 1 × 10−9 GeV−1 using a 100 kg DAMA-like NaI detector [20],

Θ
z = 0

z = −d

z = −2d

Θ

γa

Fig. 10.6. Schematic view of different lattice layers in a crystal. The axion wave
enters the crystal at the angle Θ. If the Bragg condition is fulfilled the outgoing
photon waves reflected from different lattice layers would interfere constructively
and enhance the expected signal
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assuming an observation time of two years, and a detector background of
2 counts kg−1 day−1 keV−1. It is obvious from this estimate, that axion detec-
tion with crystals based on Bragg reflection is not competitive to that with,
e.g., axion helioscopes or astrophysical observations in terms of sensitivity
with respect to gaγγ. An alternative and more effective detector configura-
tion would be a large surface parabolic reflector (“mirror”) or an array of
reflectors covered with a thin crystalline layer [18]. In addition, polar crys-
tal (ferroelectric) materials can improve the sensitivity because they provide
stronger microscopic electric fields [18]. Nevertheless, the Bragg reflection
technique has a major advantage; its sensitivity does not dependent on the
mass of the axion, as long as nuclear recoils can be neglected.

Two different collaborations, COSME [21] and SOLAX [22], both using
Germanium detectors with the main purpose of searching for dark matter
WIMPs, analyzed their data looking for an axion signature. Both experiments
were able to yield very similar mass-independent bounds to the axion-to-
photon coupling in the absence of any signal

gaγγ < 2.7 × 10−9 GeV−1 (SOLAX) ,

gaγγ < 2.8 × 10−9 GeV−1 (COSME) . (10.17)

The DAMA collaboration [23] achieved a similar limit

gaγγ < 1.7 × 10−9 GeV−1 (DAMA) , (10.18)

using NaI(Tl) crystals as detector material.

10.2.3 Geomagnetic Axion Conversion

It has recently been shown by [24] that Geomagnetic Conversion of Solar
Axions to X-rays (GECOSAX) can yield a photon flux which is measurable
by a satellite based X-ray observatory on the dark side of the Earth. A key
ingredient of this idea is using the Earth as an X-ray shield and looking
for axions on its dark side. Using the Earth as a “shield” towards the Sun,
effectively removes the solar X-ray background (see Fig. 10.7 for a schematic
representation of this setup). In the following section, the feasibility of such
an experiment will be demonstrated, based on recent measurements of the
dark-Earth X-ray background by the Suzaku satellite.

The radius of the Earth is R⊕ ≈ 6.4 × 103 km, and its magnetic field
is well approximated by a dipole for distances less than 1000 km above the
surface. The magnetic field strength at the equator is B⊕ � 3 × 10−5 T, and
it drops as ∝ 1/r3 [25]. However, over distances L  R⊕ above the Earth’s
surface, it can be assumed that B⊕ = const. As we are interested in low
Earth orbits (L < 1000 km), this is a valid assumption [24]. The influence of
the atmosphere of the Earth is negligible because for L > 150 km solar axions
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a
4−keV X−rays

The Earth

Telescope
B−field

The Sun

Fig. 10.7. The observational setup to detect geomagnetic converted axions
(GECOSAX). The Sun is used as an axion source and a satellite based X-ray ob-
servatory to detect the photons from geomagnetically converted axions. The Earth
acts as a shield for direct X-rays coming from the Sun and other X-ray sources in
the sky

essentially travel in vacuum. For an axion mass ma ≤ 10−4 eV, a mean axion
energy Ea = 4 keV, and a satellite orbit of L⊕ � 600 km, the axion-to-photon
conversion probability can be approximated as

Pa→γ(L) =
1
4

(gaγγBL)2 , (10.19)

where gaγγ is the coupling strength of the axion to the photon. To be able
to compare the expected axion flux in a specific energy range with available
data, the spectrum given by (10.1) is integrated over the energy range of
2–7 keV to find the solar axion flux at Earth to be

Φa ≈ 2.7 × 1011(gaγγ/10−10 GeV−1)2 cm−2 s−1 . (10.20)

Thus, using (10.19) the expected flux of X-rays from axion-to-photon con-
version at an altitude of L⊕ near the equator for gaγ = 10−10 GeV−1 and
B = B⊕ is

Φγ(L⊕) ≡ Φa Pa→γ(L⊕) ≈ 3 × 10−7 cm−2 s−1 . (10.21)

Based on the published technical specifications [26] of the Rossi X-ray timing
explorer (RXTE), [24] has estimated that the flux given by (10.21) can be
detected on the dark side of the Earth.

However, recently the Suzaku X-ray satellite team has measured the dark-
Earth X-ray background in the range of 2–7 keV for calibration purposes [27].
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Suzaku has a circular orbit at 575 km with an inclination of 33◦. Unfortu-
nately, the Suzaku satellite does not provide a fast slew rate and thus cannot
perform this kind of measurement. However, as will be shown below, a tele-
scope, capable of tracking the solar core on the dark side of the Earth and
with similar X-ray detection capabilities will be sensitive to axion-photon
couplings gaγγ far below the current existing laboratory and astrophysical
bounds for axion masses ma < 10−4 eV.

The expected signal from axion to photon conversion has several distinct
features that will allow to clearly distinguish it from the detector background.
These features are

1. a thermal-like spectral distribution of X-rays, peaking at approximately
4 keV, on the night side of the Earth,

2. the X-rays would only come from the center of the Sun, which subtends
approximately 3′ on the sky,

3. the observed X-ray intensity would vary with the magnetic field strength
and thus with the orbital position of the satellite and its orientation
relative to the Earth’s magnetic field (pointing direction of the satellite),
and

4. the signal would be modulated by the Sun-Earth distance, resulting in
an annual modulation of the intensity of the signal.

Fig. 10.8. Dark-Earth background measured by Suzaku based on a 800 ksec long
observation. Individual fluorescent emission lines originating in detector materials
are marked [28]
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To estimate the sensitivity of Suzaku for solar axion detection, the effec-
tive area of the Suzaku detector was assumed to be ≈300 cm2 in the 2–7 keV
range [27]. The expected dark-Earth background of the Suzaku XIS detector
per unit area is presented in Fig. 10.8 [28]. Given the above effective area,
the ≈ 1′ resolution of the X-ray telescope, and the Suzaku dark-Earth back-
ground data, the measurement of the X-ray flux from solar axion conversion
is clearly feasible. The Suzaku team estimates that with 3 × 105 s of data,
a 4σ bound gaγγ < 10−10 GeV−1 would have been possible [27]. Based on
the Suzaku background data [27], the sensitivity of a solar-core-tracking X-
ray telescope is plotted as a function of ma in Fig. 10.9. The Earth-occulted
background can in general be measured in situ, by pointing the X-ray tele-
scope away from the direction of the core of the Sun. The observation of
such a signal amounts to viewing an X-ray image of the solar core through
the Earth. Therefore, this method can achieve an unambiguous detection of
solar axions. In summary, for solar axions with ma < 10−4 eV, an orbiting
X-ray telescope, with an effective area of a few 103 cm2, can probe solar axion
gaγγ well beyond the sensitivity of current laboratory experiments.
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Fig. 10.9. The shaded area schematically depicts the CAST 95% C.L. excluded
region [5]. The lines show sensitivities obtainable with the background measured
by Suzaku
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10.3 Searches for Laser Induced Axions

In this section, a new generation of purely laboratory based experiments that
are able to provide complementary results to solar axions searches, will be
briefly introduced. Whereas the solar axion experiments, described in the
previous sections, probe axions that would escape from the Sun, the ex-
periments presented in the following are supposed to produce axions from
polarized laser beams, propagating in a transverse magnetic field. Yet the
mechanism for both, the production and detection, is the same as in the
previously described experiments: the Primakoff effect.

Searches for laser-induced axions provide a fully model-independent ap-
proach, as they do not rely on the physical processes and conditions in the
Sun and how axions or axion-like particles could be produced under these
conditions. They can be viewed as fixed target type experiments, with low
energy polarized photon beams colliding with virtual photons provided by
the magnetic field, i.e., γ + γvirtual → a. By pushing the optical detection
techniques up to the present state-of-art, a significant enlarged domain of
axion mass and axion di-photon coupling constant, not yet explored with
laser based experiments, is expected to be probed with photons, typically
in the energy range of a few eV. In addition, laser based experiments are
not only focused on the axion search, but also offer a broad band of scien-
tific interests, starting from a precise new test of QED up to the search of
any scalar, pseudo-scalar, or other particles like paraphotons or millicharged
particles that can couple to photons. In general, laser based experiments can
be divided into two categories,

• the so called “photon regeneration” or “light shining through a wall”
experiments and

• experiments that probe the magneto-optical properties of the vacuum.

10.3.1 Light Shining Through a Wall

The light shining through a wall or photon regeneration principle was first
proposed by [29] in 1987 (for an independent proposal of this type, see [30]).
The basic idea of this experiment is shown in Fig. 10.10. A polarized laser
beam propagates inside a transverse magnetic field (with E || B). The laser
is blocked by a wall at some point on its path so that only weakly-interacting
pseudoscalar or scalar particles created before will be able to pass through
this absorber. The conversion probability for the production of an axion-like
particle in this case is given by

Pγ→a ∝ 1
4
(gaγγBL)2 F (qL) , (10.22)

where F (qL) is the form factor given by (10.3). A fraction of these weakly-
interacting particles will reconvert into detectable photons after they have
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Fig. 10.10. Schematic view of a photon regeneration or light shining through a
wall experiment. A polarized laser beam enters a transverse magnetic field from
the left. A small fraction of the laser photons can be transmuted to, e.g., axions.
While the laser light is blocked by a thick absorbing wall, the axions would pass it.
A second magnetic field behind the wall is used to reconvert the axions to photons
which are finally detected [29]

passed the wall and entered the second magnetic field, called “Axion Detector”
in Fig. 10.10. The total probability of observing a regenerated photon with
a detector located at the end of the second magnetic field is

Pγ→a→γ = P 2
γ→a . (10.23)

The expected counting rate depends on the power of the laser P and can be
enhanced by an optical cavity installed on the production side. If the total
number of reflections in the primary magnet isNr and the detection efficiency
is η, then the total number of counts expected from reconversion calculates
from [31]

dNγ

dt
=

1
16

〈P 〉
ω

Nr + 2
2

η (gaγγBL)4 sin2

(
m2

aL

4ω

)
/

(
m2

aL

4ω

)4

(10.24)

≈ 1
16

〈P 〉
ω

Nr + 2
2

η (gaγγBL)4 , (10.25)

where the approximation (10.25) is valid only for ma  √
2πω/L.

The pioneering experiment based on this technique was performed by the
Brookhaven-Fermilab-Rutherford-Trieste (BFRT) collaboration. They used
two superconducting dipole magnets of length L = 4.4 m which were able to
provide a magnetic field of B = 3.7 T. The optical laser with a wavelength
of λ = 514 nm had an average power of 〈P 〉 = 3 W and was operated in an
optical cavity providing 200 reflections. As no signal from photon regeneration
was found, the BFRT collaboration was able to set an upper limit on gaγγ of
[32]

gaγγ < 6.7 × 10−7 GeV (95% C.L.) , (10.26)

for axion-like pseudoscalars with a maximum mass of

ma < 10−3 eV . (10.27)
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Fig. 10.11. Up: Linear Dichroism or rotation of the polarization vector by an angle
ε. Down: Linear Birefringence or induction of an ellipticity Ψ in an initially linearly
polarized beam

10.3.2 Probing the Magneto-Optical Properties of the Vacuum

The second of the purely laboratory experimental approaches to search for
axions and axion-like particles is of indirect detection type. It is based on
the theoretical prediction that scalar or pseudo-scalar particles can affect the
polarization of light propagating in vacuum through a transverse magnetic
field B because of their coupling to photons [33] (see also Sect. 8.7). A light
beam initially linearly polarized at an angle θ with respect to B is expected to
acquire a small ellipticity Ψ and a small apparent rotation Θ due to dispersive
and absorptive processes induced by the production of spinless particles see
Fig. 10.11. These effects are usually referred to as birefringence and linear
dichroism of the vacuum, respectively, and are characterized by

Ψ ≈ N
B2L3m2

a

96ωM2
sin(2θ) , (10.28)

Θ ≈ N
B2L2

16 M2
sin(2θ) , (10.29)

in the limit m2
aL/4ω  1. Here ma is the axion mass, M = 1/gaγγ the

inverse coupling constant to two photons, ω the photon energy, L and N
the effective path lengths and the number of paths the light travels in the
transverse magnetic field. The polarization state of the light beam leaving
the magnetic field, characterized by (10.28) and (10.29), would manifest itself
as a sizable deviation from the pure QED prediction [34, 35] for which no
measurable linear dichroism is expected.
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The photon splitting effect can also produce a differential absorption [36],
giving rise to an apparent angular rotation of the polarization of the order
of 10−34 rad in a 9.5 T magnetic field over a length of 25 km. This angular
rotation angle is far from being measurable under laboratory conditions, ex-
cept if the coupling with scalar or pseudo-scalar particles would significantly
enhance this effect [37].

The vacuum magnetic birefringence predicted by the QED, corresponds
to the dispersive effect produced by virtual electron-positron pairs as was
already stated by Heisenberg and Euler in 1936 [34]: “Even if electromagnetic
fields are not strong enough to create matter, they will, due to the virtual
possibility of creating matter, polarize the vacuum and therefore change the
Maxwell’s equations”. This ellipticity constitutes the background signal for
a measurement that aims to detect a birefringence or dichroism induced by
a spinless particle. The ellipticity expected from vacuum-polarization can be
expressed from one loop calculation as [34, 35]

ΨQED ≈ N
B2Lα2ω

15 m4
sin(2θ) , (10.30)

where α ≈ 1/137 is the fine-structure constant, ω is the photon energy andme

the electron mass. The maximum ellipticity a laser beam with a wavelength
λ = 1550 nm propagating in a 9.5 T field over a length NL = 25 km would
acquire is equal to 2 × 10−11 rad.

A search for both effects, birefringence and dichroism, was carried out
with the same magnets used in the BFRT experiment [32], setting a bound
on the axion-to-photon coupling constant of

gaγγ < 3.6 × 10−7 GeV−1 , (10.31)

for masses
ma < 5 × 10−4 eV , (10.32)

at the 95% CL.
Very recently the Italian PVLAS experiment [38] (see Sect. 8.7) has been

taking data to test the vacuum birefringence in the presence of a magnetic
field with a 1 m long dipole magnet operated at a maximum field of 5.5 T,
therefore improving on the sensitivity of the previous experimental setups.
For the first time the PVLAS collaboration has measured a positive value
for the amplitude of the rotation ε of the polarization plane in vacuum with
B ≈ 5 T (quoted with a 3σ uncertainty interval) [38]

ε = (3.9 ± 0.5)× 10−12 radpass−1 . (10.33)

This signal can be translated to an allowed range for the mass mb and the
coupling constant to two photons gbγγ of a neutral light pseudoscalar boson

1 meV ≤ mb ≤ 1.5 meV ,
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1.7 × 10−6 GeV−1 ≤ gbγγ ≤ 1 × 10−5 GeV−1 . (10.34)

Several new experiments are planned and already in progress with the goal to
verify this signal. They are based on any or a combination of both experimen-
tal techniques: the light shining through the wall principle and the principle
to test the properties of the quantum vacuum. In Table 10.1, a summary
of actually planned or already operating experiments is given together with
their performance parameters. A more detailed introduction to some of the
experiments quoted in Table 10.1 is given in the following sections.

Axion-Like Particle Search – ALPS

A collaboration of DESY, Laser Zentrum Hannover and Sternwarte Berge-
dorf is presently setting up the Axion-Like Particle Search (ALPS) photon
regeneration experiment that exploits the photon beam of high-power optical
lasers, sent along the transverse magnetic field of a superconducting HERA
dipole magnet [39]. This experiment, which has been approved by the DESY
directorate on January 11, 2007, and is expected to take data in summer of
2007, offers a window of opportunity for a rapid firm establishment or ex-
clusion of the axion-like particle interpretation of the anomaly published by
PVLAS. In case of confirmation, it would also allow for the measurement of
mass, parity, and coupling strength of this particle.

Table 10.1. Planned laser-based experiments to detect axion-like particles. The
most important magnet and laser parameters are shown. PVLAS, and later also
OSQAR, will use optical cavities to enhance the number of generated ALPs. PγΦγ

(PVLAS) denotes the probability for a photon-ALP-photon conversion for the dif-
ferent experimental setups based on the coupling constant derived from the PVLAS
measurement and the BFRT limits. The last column gives the expected signal rate
of reconverted photons

Name Location Laser Magnet Pγφγ γ Flux
(PVLAS)

ALPS DESY/D λ = 1064 nm B = 5 T ∼ 10−19 101 s−1

P = 200W L = 4.21 m
BMV LULI/F λ = 1053 nm B = 11 T ∼ 10−21 10 pulse−1

P = 500W L = 0.25 m
LIPSS Jlab/USA λ = 900 nm B = 1.7 T ∼ 10−23.5 10−1 s−1

P = 10kW L = 1m
OSQAR CERN/CH λ = 514 nm B = 9.5 T ∼ 10−20 10 s−1

P = 1kW L1 = 1 m
L2 = 13.3 m

PVLAS Legnaro/I λ = 1064 nm B1 = 5 T ∼ 10−23 10−1 s−1

P = 0.8W B2 = 2.2 T
L1 = 4.21 m
L2 = 0.5 m
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Fig. 10.12. Superconducting HERA dipole magnet exploited by ALPS for con-
version of laser photons into axion-like particles, as well as for the reconversion of
axion-like particles into photons

The photon regeneration experiment ALPS is built around a spare dipole
of the HERA proton storage ring at the DESY magnet test stand (see
Fig. 10.12). Both parts of the experiment, i.e., axion-like particle produc-
tion and reconversion into photons are accommodated in one single magnet,
as the test stand architecture in its present configuration forbids to place
two fully functional magnets in line. The general layout of the experiment
is depicted in Fig. 10.13. A high intensity laser beam is placed on one side
of the magnet traversing half of its length. In the middle of the magnet, the
laser beam is reflected back to its entering side, and an optical barrier pre-
vents any photons from reaching the second half of the magnet. Axion-like
particles would penetrate the barrier, eventually reconverting into photons
inside the second half of the magnet. Reconverted photons are then detected
with a pixeled semi-conductor detector outside the magnet.

The magnetic field will be produced by a spare dipole magnet of the
HERA proton storage ring (see Fig. 10.12). At a nominal current of 6000 A,
the magnet reaches a field of 5.4 T over a total magnetic length of 8.82 m. In
the first stage, ALPS will exploit a laser system delivering a linearly polarized
photon beam with an average power of 50 W at a wavelength of 532 nm

Laser  Beam-Tube Detector  Beam-Tube

MirrorPolarisator

4Q-PD

PC

Polarimeter
control

Powermeter Position system

Insulator

Laser

Detector

Magnet

Absorber

Reference Laser

Fig. 10.13. Schematic view of the experimental setup with the laser on the left,
followed by the laser injector/extractor system, the magnet and the detector table.
An intensity-reduced reference beam of the laser is guided parallel to the magnet
for constant alignment monitoring between laser and detector
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and a low-noise, high-quantum-efficiency commercial CCD camera. Already
with this configuration, the axion-like particle interpretation of PVLAS can
be clarified: in this case, the expected counting rate is about 2 Hz. In the
second stage, it is planned to use a commercial fiber laser (Nd:YAG) at
1064 nm, which is able to deliver 200 W linearly polarized photons, together
with an InGaAs pixel detector normally used in infrared astronomy. This
configuration will enable ALPS to explore also “new territory” in the coupling
vs. mass plot.

The BMV Project

The BMV (Birefringence Magnetique du Vide) project [40], which is being
built in Toulouse, France, combines very intense pulsed magnetic fields, de-
veloped at LNCMP, and a very sensitive optical device to detect the effects
induced on a laser beam by such fields. This device is developed at LCAR-
IRSAMC in collaboration with LMA-VIRGO from IN2P3 in Lyon, France.
The goal was to assemble a first version of the experiment in 2006 and to
obtain first results in 2007. In particular, the setup will be able to test the
results published by the PVLAS collaboration [38].

The BMV project is based on a Fabry-Pérot cavity with a finesse of about
1 × 106 and a pulsed magnetic field as high as 25 T over the length of about
one meter. The sensitivity limit for the measured ellipticity is about 4×10−9,
more than 100 times the one expected with the PVLAS apparatus. In the
final stage, the experiment will have the sensitivity to measure the vacuum
birefringence as predicted by QED.

The experimental setup of the optical apparatus is shown in Fig. 10.16.
The light provided by a Nd:YAG laser ( λ = 1064 nm) is polarized and is in-
jected in a Fabry-Pérot cavity containing the magnetic field region. The light
exiting the cavity is analyzed by a polarizer and detected by a photodiode.
Light reflected back by the cavity is collected, and this signal is used to drive
the locking electronics that changes the laser frequency to keep the Fabry-
Pérot resonating. The measurement will be performed by phase detection as
the magnetic field is pulsed.

To achieve a maximum in sensitivity, the project demands a transverse
magnetic field as high as possible. This can only be obtained using pulsed
magnet techniques. Moreover, a magnetic field region of maximum possible
length is required, as the QED effect depends on the product B2L, where L is
the length of the magnetic field region. The goal is to realize a pulsed magnet
delivering a transverse magnetic field approaching 25 T. Due to the high field
value, the structure of the magnet is very constrained. In particular, at this
field level, the magnetic pressure corresponds to 250 MPa (2.5 t cm−2). Pulsed
magnets that can provide such high fields have already been developed and
tested, based on the X-coil geometry shown in Fig. 10.14. The length of the
coil is 0.25 m, providing a peak field of 14.3 T corresponding to about 28 T2 m
(see Fig. 10.15). This is one of the highest field strengths ever reached with
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Fig. 10.14. Schematic view of the X-coil used in BMV

such a configuration. One of the prototype coils has been aged at a duty
cycle of about 5 pulses per hour. It has delivered 100 pulses at a peak field
of 11.5 T and 100 pulses at a peak field of 12.5 T, corresponding to about
21 T2 m. The magnet will be supplied by a pulsed generator based on a bank
of 12 capacitors. In particular, this generator will be able to produce a single
pulse or to give a field that oscillates.

As far as the optical system is concerned, a system of high precision
mechanical translators and rotators for the Fabry-Pérot cavity mirrors and
for the polarizers has been designed and assembled at LCAR in Toulouse.
The piezoelectric stacks of the mirrors’ orientation system as well as the
mechanism allowing their rotation are adapted to ultra-high vacuum. Tests
have been carried out with a vertical 3.6 m long Fabry-Pérot cavity based on
the LMA mirrors, made to reach a finesse of ∼5 × 105. Figure 10.16 shows
a schematic drawing of the experiment with the Fabry-Pérot resonator, the
magnetic field region, and two cryostats. The chambers for the optics operated
at a ultra-high vacuum, are fixed on an optical table with a length of 3.6 m.
The length of the cavity is about 2 m.

The year 2006 was a crucial one for the project. In May that year the
experiment started to be set up at LNCMP. First with just one magnet in
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Fig. 10.15. Magnetic field delivered by the X-coil depending on time and for
different supply voltages

place, then, when test runs were completed, with two magnets in place. This
configuration corresponds to 40 T2 m. A new set of mirrors is in preparation
at LMA. The clean environments, already used at LCAR, moved in the ex-
perimental clean room at LNCMP will allow to exploit these new mirrors at
their best. Finesse > 2 × 105 is expected. The sensitivity should also be at
least 10−8× 1/

√
(Hz), thanks to the high central frequency of the modulated

effect.

Laser

Cryostat support

Analyzer

Cryostat Cryostat

Polarizer

Fig. 10.16. Schematic view of the experimental setup of the BMV project
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Figure 10.17 represents the exclusion region in the ma vs. the inverse cou-
pling constant Ma plane, given for one day of operation (20 magnet pulses)
and assuming a zero ellipticity measurement, based on the experimental pa-
rameters given above. The red curves indicate the Brookhaven (BFRT) result
[32]; the blue line, the BMV projected result; and finally, the black cross, the
region of values that could explain the PVLAS results. This interpretation
would thus be excluded by a zero-ellipticity measurement with the BMV
setup.

The OSQAR Experiment at CERN (2-in-1 Experiment)

Because of the strong transverse magnetic field required to obtain mea-
surable effects, an ideal implementation, to investigate simultaneously the
magneto-optical properties of the quantum vacuum and the photon
regeneration effect, is within long superconducting accelerator dipolar
magnets, such as the ones developed and manufactured for the Large Hadron
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Fig. 10.17. Limits on the inverse coupling constant Ma in the ma vs. Ma plane for
an axion-like particle given for one day of operation (20 magnet pulses) assuming
a zero ellipticity measurement
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Collider (LHC). The re-use of recently decommissioned 15 m long twin aper-
ture LHC superconducting magnet prototypes, providing a transverse mag-
netic field B = 9.5 T, offers a unique opportunity for the construction of a
new powerful 2-in-1 experiment, based on optical techniques [41]. The cross
section of such a dipole magnet is shown in Fig. 10.18.

Linearly polarized laser light beams will be used as probes inside vac-
uum chambers housed inside superconducting magnet apertures. One of the
apertures will be dedicated to the measurement of the Vacuum Magnetic
Birefringence (VMB) and optical absorption anisotropy whereas the other
one will be used to detect the photon regeneration from axions or axion-
like particles using an invisible light shining through a wall. The availabil-
ity of several decommissioned LHC superconducting magnet prototypes at
CERN offers the opportunity of possible upgrades for the proposed exper-
iments, each of them improving the sensitivity by increasing the vacuum
light pass in the transverse magnetic field with the connection of additional
magnets.

Fig. 10.18. Cross section of a LHC superconducting main dipole magnet housed
inside its cryostat
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Measurement of the Vacuum Magnetic Birefringence (VMB)

A first version of the experimental configuration, to measure very small opti-
cal birefringence, was proposed by [41] and is shown in Fig. 10.19. It is based
on a Fabry-Pérot cavity of finesse equal to 103–104 and a novel measurement
method, using a double path of light through a half-wave plate, mounted in
a high-speed rotation stage. The initial linear polarization state of the laser
beam can be modulated typically in the kHz range. After the second pass
through the half-wave plate, the laser beam will retrieve to the first order,
its linear polarization state with the small VMB rotation angle, induced by
the vacuum and submitted to the transverse B field inside the optical cavity.
Then a quarter-wave plate will convert the quasi-linear polarized laser beam
coming out from the cavity into a quasi-circular one. Finally, a polarizer will
ensure a linear and optimal conversion of the induced ellipticity into a power
modulation of the laser beam. By replacing the half-wave rotating plate with
an electro-optic modulator, it can be expected to work in the MHz range
for the modulation and the detection. This constitutes one of the alterna-
tive solutions studied at present to improve the VMB measurements. For
the phase-1 of this project, the sensitivity is expected to reach the state of
the art, i.e., 10−9–10−8 rad Hz−1/2. An improvement of at least two orders of
magnitude of the present reference results given by the BFRT collaboration
[32], concerning the VMB and absorption anisotropy, is expected together
with the measurement, for the first time, of the QED prediction [41].

Fig. 10.19. Optical scheme for the measurements of the vacuum magnetic bire-
fringence adapted from [41] with inputs from D. Romanini and L. Duvillaret
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The Photon Regeneration Experiment

To complement and cross-check the VMB measurements, the photon regen-
eration experiment will be integrated in the second aperture of the 15 m long
LHC superconducting magnet. The principle of this experiment is schema-
tized in Fig. 10.20. A high finesse Fabry-Pérot cavity, inserted inside a part of
the dipole magnetic field region, is used as an axion source, and a photomulti-
plier with a proper magnetic shield, or an avalanche photodiode, as an optical
detection system. The optical barrier will intercept all photons not converted
into axions and the detection of any photon at the same wavelength as the
laser beam can be interpreted as an axion-to-photon reconversion inside the
regeneration region. A chopper can be used for a synchronous photon count-
ing, with the chopped laser beam, to improve the background rejection. When
the magnetic field is switched off, the same measurements can be repeated
to detect the possible mixing effect between photons and paraphotons.

With an Nd:YAG laser, an optical beam power as large as 100–1000 W
can be obtained at the wavelength λ = 1064 nm. The optimum for the photon
regeneration experiment is obtained for an optical cavity and a regeneration
region both immersed in the same magnetic field integral. Assuming, as a
first step, the use of a single LHC dipole with a 7 m long regeneration region
and an optical cavity with a finesse of 104–105 of the same length, the photon
counting rate given by the BFRT collaboration [32] can be improved by a
factor of about 108. This corresponds to a limit for the coupling constant to
two photons 1/M of about 10−9 GeV−1, i.e., an improvement by more than 2
orders of magnitude with respect to the BFRT results. The loss of coherence
in the axion-to-photon conversion will prevent the probe of axions with a
mass typically larger than 0.4 meV at the lower values of 1/M . During the
preparatory phase of this photon regeneration experiment, the focus will be
on the checking of PVLAS results [38]. Preliminary estimates show that this
objective can be achieved at 95% confidence level with an integration time
of about 1 hour, assuming 1000 reflections in a cavity of 1 m length in a 9 T
field and an optical power of about 1 W.

Solid state laser
with chopper

Photo Multiplier Tube & Ampl.

Optical resonant cavity

"Axion source"

PMT or PD

Optical barrier

PolarizerOpticali solator

B = 9.5 T

γγγγγγγγ

x

A

x Photon regeneration region

Fig. 10.20. Scheme of the photon regeneration experiments
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10.4 Search for Kaluza-Klein Axions with TPCs

Higher-dimensional axionic theories that include δ extra spatial dimensions
to the (3+1) dimensions of the Minkowski space-time predict that the axion
field can propagate in these additional dimensions (see Sect. 3.7 for an in-
troduction). An important consequence of such so-called Kaluza-Klein (KK)
axion models would be that the axion field would decouple from the Peccei-
Quinn energy scale and aquire an infinite tower of mass eigenstates. The
mass spacing between individual eigenstates would then be ∝ 1/R, where
R is the compactification radius of the extra dimensions. The corresponding
axion-mass eigenvalues then follow

ma0 ≈ mPQ and man ≈ n

R
with n = 1, 2, 3, . . . . (10.35)

Taking actual limits on the Peccei-Quinn scale into account, the lifetime of
the Peccei-Quinn axion with respect to a a→ γγ decay is calculated from

τa =
64π

g2
aγγm

3
a

, (10.36)

to 1027 years � τa � 1042 years, which is several orders of magnitude longer
compared to the age of our universe (13.7 × 109 years [42]). Particles that
decay with such long lifetimes are not observable with actual experimental
techniques. Taking (10.35) and (10.36) into account and setting ma = ma0,
it is obvious that the lifetime of the more massive KK-axion states is signifi-
cantly shorter, e.g., we get a lifetime of 2.7×107 years � τa � 2.7×1014 years
for the 10 keV mode. In this case, the experimental observation of the axion
di-photon decay becomes feasible, as will be shown in the following sections.

10.4.1 Gravitationally Trapped Solar KK-Axions

A potential source of KK-axion would be the hot plasma of the Sun, where
axions can be produced by either the Primakoff conversion or photon coales-
cence (see Fig. 10.21). The total solar axion luminosity from both contribu-
tions is given by [43]

La = AL


(
gaγγ

10−10 GeV−1

)2 (
R

keV−1

)δ

, (10.37)

with a normalization factor A (A = 0.067 and 0.12, respectively, for
axions produced by photon coalescence and Primakoff effect), the solar
luminosity L
, and the number of extra dimensions δ. Most of these axions
would freely stream out of the Sun and leave the solar system before they
decay. Nevertheless, a small fraction of axions would have velocities smaller
than the escape velocity vesc and could be trapped in the gravitational poten-
tial of the Sun. These trapped KK-axions would revolve the Sun on Keplerian
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orbits as shown in Fig. 10.22 until they decay. Since axions produced by the
Primakoff effect are relativistic (v � vesc), their contribution to the overall
number density of trapped axions is smaller, by a factor of 103, compared to
axions produced by photon coalescence. Depending on the KK-axion lifetime
τa the number density of trapped axions would evolve with time according
to [43]

Na(t) = Raτa(1 − exp−t/τa) , (10.38)

where Ra is the axion production rate. From (10.38) the present KK-axion
number density can be calculated depending on the distance to the Sun,
as well as the axion number density we would expect on Earth today. The
resulting mass spectrum of trapped KK-axions is shown in the left part of
Fig. 10.23 for both production processes. Assuming that KK-axions decay
into two coincident photons with identical energy Eγ = ma/2, the decay
spectrum is given by [44]

dR
dma

=
g2

aγγ

64π
n0m

3
af(ma) , (10.39)

where f(ma) is the trapped axion mass spectrum and n0 the present total
KK-axion number density. The right part of Fig. 10.23 shows the axion decay
spectrum resulting from (10.39) on Earth depending on energy. Integration
over all energies, yields a total KK-axion decay rate of

R = 2.5 × 1011

(
gaγγ

GeV−1

)2 ( n0

m−3

)
m−3 day−1 . (10.40)

10.4.2 KK-Axion Detection with Large TPCs

The possibility that such a local axion population exists, motivates an exper-
imental search for KK-axions. To estimate the minimum sensitivity necessary

Fig. 10.21. Feynman diagram for axion production by photon coalescence (left)
and the Primakoff effect (right)
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Fig. 10.22. Keplerian orbits of Kaluza-Klein axions trapped in the gravitational
potential of the Sun. The x- and y-axis indicate the distance from the Sun in units
of solar radii (adapted from [43] with permission)

to be able to observe KK-axion decays, the expected axion di-photon decay
rate can be calculated from (10.40). Assuming a local axion number density
of n0 = 1014 m−3 and gaγγ = 9.2× 10−14 GeV−1 (see [43, 45] for details), an
axion decay rate of R = 0.21 m−3 day−1 is expected. It is obvious from this
estimate that a detector with a large sensitive volume and low background
is required in order to be sensitive to the resulting low count rates. In addi-
tion, the detector must be able to separate the two coincident axion decay
photons with an energy of Eγ = ma/2 ≈ few keV, which are emitted back
to back. Solid and liquid state detectors like NaI, Ge, or Xe are disfavored
for this purpose. The mean free path of X-rays in, e.g., Ge is of the order of
a few μm; consequently, the decay photons would be indistinguishable from
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the detector background. Instead, a large volume Time Projection Chamber
(TPC) operated underground and at low pressure similar to the DRIFT II
detectors [46] would be an ideal system for such an experiment. In [44], the
sensitivity and background rejection efficiency has been estimated based on
Monte-Carlo simulations for a 1 m3 DRIFT II type detector operated with
CS2 as detection gas. The resulting sensitivity is shown in Fig. 10.24 for
realistic KK-axion model parameters and for different detector configura-
tions. According to these results, a DRIFT II type TPC detector shielded
with 15 cm Pb would be sufficient, to fully probe the predicted parameter
range of the model presented by [43] (the range of the model parameters is
indicated as a black box in Fig. 10.24). At present, it seems feasible to realize
a detector system at moderate cost by upgrading a DRIFT II detector similar
to the one shown in Fig. 10.25. This would require additional shielding and a
better spatial resolution of the detector in order to reduce the detector back-
ground and to be able to spatially resolve the secondary electrons produced
by the two KK-axion decay photons.
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Fig. 10.24. Sensitivity estimate for a 1m3 TPC detector operated with CS2 as
gas for different detector shield configurations. In addition exclusion contours from
astrophysical considerations are shown. The parameter range predicted from the
solar KK-axion model of [43] is marked by the black box (adopted from [44])
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Fig. 10.25. Image of the DRIFT II detector during installation in the Boulby
underground laboratory

10.5 Collider Bounds on Scalars and Pseudoscalars

If pseudoscalar particles couple to photons and gluons, it is possible to con-
strain their couplings and mass by looking at processes where a pseudoscalar
particle is involved. The processes we consider here are e+e− → γ + ET for
e+e− colliders, and pp or pp̄ → single jet +ET for hadron colliders. One
characteristic of the dimension five amplitudes considered here is that the
cross section is independent of the center of mass energy at high energies.
This follows from a dimensional analysis: the interaction gφF ∧ F , where φ
is the pseudoscalar field, has a coupling constant g with a dimension of in-
verse mass. Therefore 2 → 2 processes, involving the production of a single
φ particle, will have a cross section

dσ
dΩ

= g2f(s/t) , (10.41)

where f(s/t) is a function which depends only on the angle. Specifically, the
couplings we are interested in are the following

L ∝ αs

16πf
φGb

μνG̃
bμν , (10.42)

for gluons, and
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L ∝ gaγγ

8
φFμν F̃

μν , (10.43)

for photons. Hadron colliders are more effective in providing limits for axion-
gluon couplings and e+e− colliders, for axion-photon couplings.

10.5.1 Bounds from Hadron Colliders

Here the results from two experiments in hadron colliders are summarized; for
a more detailed analysis refer to [47]. Using the data from the DØ experiment
at Fermilab a bound on f can be set to

f > 35 GeV . (10.44)

As for future and ongoing experiments, the Large Hadron Collider (LHC) at
CERN is expected to improve the bound on f to

fLHC > 1300 GeV . (10.45)

10.5.2 Bounds from e+e− Colliders

More interesting are the limits that can be obtained for the photon coupling
to axions in e+e− colliders. Several experiments during the past and planned
for future have been analyzed to determine the bound that could be obtained
assuming the data are consistent with the standard-model backgrounds. A
bound gaγγ < 5.5× 10−4 GeV−1 was obtained using e+e− collider data from
ASP [49, 50]. As the amplitudes are independent of energy, the bounds can
be improved mainly by increasing the total luminosity. An analysis of the
combined data from LEP at ALEPH, OPAL, L3, and DELPHI would yield
the more restrictive bound:

gaγγ < 1.5 × 10−4 GeV−1 , (10.46)

for mφ < 65 MeV. For the PEP-II e+e− collider, current integrated luminos-
ity gives

gaγγ(PEPII) < 8.9 × 10−6 GeV−1 , (10.47)

for mφ < 0.12 GeV. A similar bound can be obtained from KEKB e+e−

collider. With the current integrated luminosity the bound would be

gaγγ(KEKB) < 8.2 × 10−6 GeV−1 , (10.48)

for mφ < 0.13 GeV. The expected total luminosity for KEKB is at least
twice the current total, which would improve the bound to gaγγ < 5.9 ×
10−6 GeV−1. Finally, for the Super KEKB upgrade to KEKB is expected to
produce 107 pb−1 per year. After two years, this would improve the bound to

gaγγ(KEKB) < 1.9 × 10−6 GeV−1 , (10.49)

which would rule out most of the parameter space favored by PVLAS.
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10.6 Summary and Outlook

In this chapter we reviewed different experimental searches for axions and
axion-like particles that are actually running or planned to take place in the
near future. Already existing upper limits on the axion-to-photon coupling
strength gaγγ , in the mass range of 1× 10−10 eV � ma � 1× 102 eV, derived
with different experimental techniques, are summarized in Fig. 10.26. In ad-
dition, the parameter range that can be derived from the PVLAS result is
indicated by a rectangular box marked as “PVLAS”.

It was not our intention to give a complete review of all existing exper-
imental techniques to search for axions; this would be beyond the scope of
this chapter. Instead, we focused on the topics that were addressed during
the Joint ILIAS-CAST-CERN Axion Training at CERN. The common fac-
tor of all experiments is the inspired techniques used, which are extremely
challenging and innovative.

The fact that the PVLAS collaboration has reported a positive signal
that could be interpreted as a signature of an axion-like particle has boosted
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a race, to build a new set of laser-based experiments. We are convinced that
the years that follow are going to be very exciting.
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