
How to choose your tooth fairies ?



Astrophysicist: How about a 1016 G 
magnetic field ?

QCD Theorist: Could I have  an axion 
please ?

Neutrino physicist: I have 3, one more 
please and can make it a sterile ?   



Axions & Magnetic Fields in Supernova and Mergers 

Sanjay Reddy,Bridget Bertoni, Ermal Rrapaj 

Institute for Nuclear Theory,  
University of Washington 
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Axion Emission from the Core
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Supernova Neutrino Signal Constrains Axion Couplings

2 Georg G. Raffelt

2 Axion Interactions

The particle-physics motivation for “invisible” axions and their main proper-
ties 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 is 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

µνG̃bµν , (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
, (2)

where z = mu/md is the up/down quark mass ratio. We will follow the previ-
ous 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 F̃µνa = −gaγγ E ·B a . (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
, (4)

where E and N , respectively, are the electromagnetic and color anomaly of the
axial current associated with the axion field. E/N = 8/3 in grand unified mod-
els, e.g. the DFSZ model [20,21], whereas E/N = 0 in the KSVZ model [18,19].
While these cases are often used as generic examples, in general 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 in-
teraction by virtue of the relation (4). Taking the model-dependent factors to
be of order unity, this relation defines the “axion line” in the ma–gaγγ plane.
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Axions or axion-like particles with a two-photon vertex decay into two
photons with a rate

Γa→γγ =
g2

aγγm3
a

64 π
=

α2

256 π3

[(

E

N
−

2

3

4 + z

1 + z

)

1 + z

z1/2

]2 m5
a

m2
πf2

π

= 1.1 × 10−24 s−1
(ma

eV

)5

, (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. Comparing 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 . (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 of a “fine-structure constant.” The pseudoscalar
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 ordinary
quarks and leptons at tree level, whereas in the DFSZ model [18, 19]

Ce =
cos2 β

3
. (7)

Here, cot β is the ratio of two Higgs vacuum expectation values of this model.
For nucleons, the dimensionless couplings Cn,p are related by generalized

Goldberger-Treiman relations to nucleon axial-vector current matrix elements,

Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw) ∆s ,

Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw) ∆s . (8)

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

Neutron beta decay and strong isospin symmetry tell us that ∆u − ∆d =
F +D = 1.267±0.0035 whereas hyperon decays and flavour SU(3) symmetry
imply ∆u + ∆d − 2∆s = 3F − D = 0.585 ± 0.025. Recent determinations of
the strange-quark contribution are ∆s = −0.08 ± 0.01stat ± 0.05syst from the
COMPASS experiment [25] and ∆s = −0.085±0.008exp±0.013theor±0.009evol

Axion nucleon and axion-photon couplings are approximately 
related to one energy scale - the Peccei-Quinn scale: fa

Raffelt, … 
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what if the axion 
parameters where in this 

range ? 
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Mean Free Path: In the vicinity of the magnetar

Axion energy 
deposition is 
independent 
of the local 
density. 



This could have implications for:  
!
1. Nucleosynthesis  
2. Supernova mechanism 
3. Supernova neutrino spectrum 
4. GRBs and afterglows (x-ray Plateau?)


