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Axion emission by magnetic-field induced conversion of longitudinal plasmons
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Magnetic fields mix axions with photons, allowing for the cyclotron processe2→e2a by virtue of an
intermediate plasmon even if axions do not couple to electrons at the tree level. The axion and longitudinal-
plasmon dispersion relations always cross for a certain wave number, leading to a resonant enhancement of this
process. Even then, however, it cannot quite compete with the usual nucleon processes in a supernova core.
The well-known axion window 1025 eV&ma&1022 eV remains open and axions may still constitute the
cosmic dark matter.@S0556-2821~98!03117-8#

PACS number~s!: 14.80.Mz, 97.60.Bw
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I. INTRODUCTION

Twenty years after their being postulated, axions still
main the most elegant solution of the strongCP problem
@1,2#, but alas, they also remain undiscovered. In terms
their mass, which almost uniquely characterizes a given
ion model, the well-known ‘‘window of opportunity’’
1025 eV&ma&1022 eV has been left open by laborato
searches and by astrophysical and cosmological argum
@3–5#. Somewhere in this range axions could well be t
main component or a significant fraction of cosmic dark m
ter. The ongoing search experiments for galactic dark-ma
axions@6,7# offer our best chance to discover the existen
of these ‘‘invisible’’ particles.

Meanwhile it remains of great interest to look for oth
astrophysical sites or laboratory experiments where the e
tence of axions could manifest itself. In the astrophysi
context, relatively little attention has been paid to axion
processes in strong magnetic fields even though fi
strengths far in excess of the electron’s Schwinger value
Be5me

2/e.4.4131013 G may well exist in the interior of
supernova cores or pulsars. Possible mechanisms to gen
fields as strong as 1015– 1017 G in stars@8,9# or the early
universe@10,11# are now widely discussed. Magnetic field
enable processes which are otherwise forbidden. An exam
is the cyclotron emission of axionse2→e2a in neutron stars
or magnetic white dwarfs@12#, even though the field
strengths required to obtain an observable effect seem u
alistically large.

We here study a related process which is induced b
strong magnetic field, the axion cyclotron emissione2

→e2a via a plasmon intermediate state. Therefore, the ax
coupling is to the electromagnetic field so that our proc
does not depend on a direct axion-electron coupling wh
exists only in a restricted class of models@13#. The main
motivation why our process could be expected to be n
negligible is that it is resonant at a particular energy of
emitted axion, provided that the intermediate plasmon is l
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gitudinal, because the axion and the longitudinal plasm
dispersion relations always cross for a certain wave num
~Fig. 1!.

Our final result will be that even for the largest magne
fields that may plausibly exist in supernova cores, this n
emission process is less important than the usual nuc
bremsstrahlung rate. Therefore, the axion ‘‘window of o
portunity’’ remains unaffected by our process. While from
practical astrophysical perspective our results turn out to
purely academic, we still find it worthwhile to communica
this calculation for its conceptual value.

In Sec. II we calculate the emission rate when our effec
pictured as a cyclotron processe2→e2a. In Sec. III we
calculate it again, picturing it as a plasmon-axion oscillati
phenomenon. Because we are on resonance, both cal
tions yield the same result. In Sec. IV we summarize o
findings.

FIG. 1. Dispersion relationv25vL
2(k) for longitudinal plas-

mons ~solid line!, axions v25k21ma
2 ~short dashed line!, and

vacuum photonsv5k ~long dashed line!.
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II. CYCLOTRON PROCESS

A. Axion-photon coupling

The cyclotron processe2→e2a via an intermediate plas
mon is shown in Fig. 2, where double lines correspond to
electron wave functions in the magnetic field. The effect
Lagrangian describing the axion-photon coupling in the pr
ence of an external field can be expressed as

Lag5ḡag]mAnF̃mna, ~1!

where A is the four-potential of the quantized electroma
netic field, F̃ is the dual of the tensor which describes t
external field, anda is the axion field.

The effective a-g-coupling constant with dimensio
(energy)21 is

ḡag5gag1
a

p (
light f

Qf
2ga f

mf
. ~2!

Here gag is the usual coupling constant in a vacuum@4#,
gag5aj/2p f a , wherej is a model-dependent parameter a
f a is the Peccei-Quinn scale. Further,ga f5Cfmf / f a is a
dimensionless Yukawa coupling constant of axions to b
quarks and leptons at the tree level withCf a model-
dependent factor,mf the fermion mass, andQf its relative
electric charge. The second term in Eq.~2! is the field-
induced part of the coupling which derives from the diagr
of Fig. 3. It has contributions from light fermionsf for which
x f@1. The dynamic parameter is defined as

x f
25

ef
2~qFFq!

mf
6 ~3!

with ef5Qfe the fermion electric charge andq the axion
four-momentum.

The effective axion-photon coupling constant in the pr
ence of an external field is then written as

FIG. 2. Cyclotron emission process.

FIG. 3. Magnetic-field induced modification of the axion-phot
coupling.
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ḡag5
a

2p f a
S j12 (

light f
Qf

2Cf D . ~4!

Note that for ultra-relativistic electrons (E@me) the case
E2@eB, where a large number of the Landau levels are
cited, is well described by the crossed-field lim
(e2pFFp)2@(e2FF)3.

B. Matrix element

The matrix element of thee2→e2a decay, correspond
ing to the diagram of Fig. 2, can be written as

S5
ḡag

A2EaV
hJ ~5!

in terms of the currents

Ja5E d4xc̄~p2 ,x!gac~p1 ,x!eiqx,

ha52 ieqmF̃mnGna
L ~q!. ~6!

Here,e.0 is the elementary charge,q5(Ea ,q) is the four-
momentum of the emitted axion, andp15(E1 ,p1) and p2
5(E2 ,p2) are the quasi-momenta in the crossed field of
initial- and final-state electrons withp1

25p2
25me

2 ; in the
zero-field limit p1,2 become the free electron four-moment

Further,c(p,x) is the solution of the Dirac equation in
constant crossed fieldFmn5kman2knam whereAm5amw is
the four-potential withw5kx andk25ak50. We have, ex-
plicitly,

c~p,x!5S 12
ek̂â

2kp
w D U~p!

A2EV
eiI ~p,x!, ~7!

wherek̂[gmkm and

I ~p,x!52px1
eap

2kp
w21

e2a2

6kp
w3. ~8!

The bispinorU(p), which is normalized by the condition
ŪU52me , satisfies the Dirac equation for the free electr
( p̂2me)U(p)50.

Finally, Gab
L is the longitudinal plasmon propagator. B

cause the magnetic field is taken to be weak on the scal
the medium temperatureT and electron Fermi momentum
pF (T2,pF

2@eB), one can use the zero-field propagator

Gab
L 5 i

l al b

q22PL . ~9!

Here, l a and PL are the eigenvector and eigenvalue of t
polarization operator corresponding to the longitudinal pl
mon, respectively, with

l a5A q2

~uq!22q2 S ua2
uq

q2 qaD ~10!
8-2
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andua the four-velocity of the medium.
The general expression for the matrix element, Eq.~5!, is

rather cumbersome. It is substantially simplified in the ult
relativistic limit whereE1,2@me . After integration over the
space-time coordinatesx it is

S.
~2p!4d2~Q'!d~x12x22xq!

A2EaV2E1V2E2V

3
ḡag

pme
2r

F~h!Ū~p2!ĥU~p1!, ~11!

whereQ5p12p22q is the four-momentum transfer to th
external field andQ' its perpendicular component define
by the conditionQ'•k50. Further, r 5(xa/2x1x2)1/3, x i

2

5e2(piFFpi)/me
6 for i 51,2,a with pa5q the axion mo-

mentum, andh5r 2(11t2) with t52e(p1F̃q)/(me
4xa).

Finally,

F~h!5E
0

`

dy cosS hy1
y3

3 D ~12!

is the Airy function.

C. Resonant transition rate

After integrating over the final-state electron momentu
and the axion solid angle, the differential probability ofe2

→e2a is

dW

dEa
.

ḡag
2

12p
~eB!2

Ea
2cos2u

~E 22Ea
2!21g2E 4 S 12

Ea

E1
D , ~13!

whereu is the angle between the external magnetic fieldB
and the momentump1 of the initial electron.E is the energy
where the axion and longitudinal plasmon dispersion cur
cross. In an ultra-relativistic degenerate plasma it is

E2 .
4a

p
m2S ln

2m

me
21D , ~14!

wherem is the electron chemical potential.
The dimensionless resonance widthg of the e2→e2a

process in Eq.~13! is

g5
EGL~E!
q2ZL

, ~15!

where at the resonance point, of course,q25ma
2 . The plas-

mon wave-function renormalization factor is

ZL
21512

]P~L !

]q0
2 . ~16!

In an ultra-relativistic degenerate plasma it is

ZLq2.2E2
me

2@ ln~2m/me!21#

m2 ~17!
05500
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with the electron chemical potentialm.
Further,GL(E) is the total width of the longitudinal plas

mon due to the processesgL→nn̄, gL→e1e2, gLe2

→e2, and so forth in the presence of the magnetic field
turns out that the main contribution comes from the inve
cyclotron processgLe2→e2. A direct calculation of the ab-
sorption rate due to this process yields

Gab~E!.
2a

3
q2ZL

m2

E3

eE/T

eE/T21
. ~18!

For the total plasmon width in the medium one has to ta
into account the longitudinal plasmon creation process wit
probability Gcr(E)5e2E/TGab(E) so that altogether@14#

GL5Gab2Gcr5~12e2E/T!Gab. ~19!

This ‘‘width’’ plays the role of the imaginary part of the
polarization operator ImPL(E)52EGL(E). With these re-
sults one finds, for Eq.~15!,

g5
2a

3

m2

E2 . ~20!

The temperature dependence has magically canceled.

D. Axion emissivity

In order to obtain the plasma’s axion emissivity we fina
need to integrate over the initial-state electron phase spac
well as the axion energies,

Qa5E 2d3p1

~2p!3 E dEa

dW

dEa
Eaf ~E1!@12 f ~E2!#, ~21!

whereE25E12Ea and f (E)5(e(E2m)/T11)21 is the elec-
tron’s Fermi-Dirac distribution function. For a degenera
plasma withm@T the integral over the initial electron en
ergy E1 can be easily calculated:

J5E dE1f ~E1!@12 f ~E2!#R~E1!.
EaR~m!

eEa /T21
. ~22!

With this result the emissivity is

Qa.
m2

2p2 E
0

p

sinu duE
0

` dEaEa
2

eEa /T21

dW

dEa
. ~23!

Taking into account Eqs.~13! and ~20!, the integration over
the angleu and the axion energyEa gives

Qa.
ḡag

2

48p2a
~eB!2

E3

eE/T21
. ~24!

For a numerical evaluation note that the combinationeB is
independent of the system of electromagnetic units. In ra
nalized natural units we havea5e2/4p.1/137 and the field
strength of 1 G corresponds to 1.9531022 eV2.

Equation ~24! gives us the emissivity of an ultra
relativistic degenerate plasma in the resonance region. W
8-3
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the plasma is strongly degenerate we may haveE@T. In this
case the resonant emissivity is exponentially suppressed
so the nonresonant contribution

Qa.
2z~5!

3p3 ḡag
2 ~eB!2

m2T5

E4 ~25!

will dominate.

III. PLASMON-AXION CONVERSION

We have calculated the cyclotron emission process in
resonance region. It is known that in this casee2→e2a
effectively reduces to two consecutive processes: cyclo
radiation of a real longitudinal plasmone2→e2gL and a
subsequent plasmon-axion transitiongL→a. Therefore, one
may simply picture the axion emission as a result of
plasmon-axion conversion in the presence of the magn
field.

Starting from the effective Lagrangian, Eq.~1!, the matrix
element for thegL(q)→a(q8) transition can be written as

S.
ḡag~2p!4d4~q2q8!

A2vV2EaV
AZL~ l F̃ q!, ~26!

where l a is the four-vector of the longitudinal plasmon p
larization defined in Eq.~9!, q5(v,q) is the initial-state
plasmon four-momentum, andq85(Ea ,q8) is the final-state
axion four-momentum. The transition rate is

dW5
pḡag

2

2vEa
d4~q2q8!ZL~ l F̃ q!2d3q8, ~27!

leading to an axion emissivity of

Qa5E d3q

~2p!3 E dW
Ea

ev/T21
. ~28!

Integrating the phase space of the initial plasmon and fi
axion this becomes

Qa.
ḡag

2

48p2a

~eB!2E
eE/T21 S q2ZL

12dvL /dkD
k5E

. ~29!

Here, vL(k) is the plasmon energy as a function of wa
number~see Fig. 1!. The expression in brackets is alwa
found to beE 2, independently of the plasma conditions~rela-
tivistic, nonrelativistic, degenerate, nondegenerate!. There-
fore, we immediately recover Eq.~24!.

We conclude that the axion emissivity, Eq.~24!, which
we calculated for an ultra-relativistic degenerate plasmais
actually valid in the general case. We only need to identify
05500
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the crossing pointE of the dispersion relations for the re
evant plasma conditions. For a nonrelativistic plasma we fi

E2.4pa
ne

me
, ~30!

wherene is the electron density. For an ultra-relativistic no
degenerate plasma it is

E2.
4pa

3
T2F lnS 4T

me
D1

1

2
2gE1

z8~2!

z~2! G , ~31!

where Euler’s constantgE is 0.577216 andz8(2)/z(2)5
20.569961 so that 1/22gE1z8(2)/z(2)520.647177. For
an ultra-relativistic degenerate plasmaE2 is given by Eq.
~14!.

IV. DISCUSSION AND SUMMARY

We have calculated the axion emissivity of a plasma
the presence of a strong magnetic field due to the reso
transition between longitudinal plasmons and axions. T
field was taken to be strong in the senseeB@a3E2, whereE
is a typical electron energy, so that phase space is opene
the cyclotron processe2→e2a, and yet it was also taken to
be weak in the senseE2@eB so that the electron energy i
still the largest energy scale in the problem. For the plas
dispersion relation we could then use the zero-field exp
sions. We have computed the emission rate as a cyclo
processe2→e2a with an intermediate plasmon on res
nance and also directly as a transition of thermally exci
plasmons into axions. Both calculations yield the same
sult, Eq.~24!, in terms of the crossing energyE of the axion
with the longitudinal plasmon dispersion relation. With th
appropriate expression forE this result applies to all plasm
conditions.

While this process and its evaluation are conceptua
quite intriguing, the actual energy-loss rate is rather smal
we take the conditions in a supernova core after collaps
an example, an electron chemical potential of 200 MeV i
representative value, leading toE546 MeV. With a tem-
peratureT530 MeV we thus haveE/T51.53. We express
the axion-photon coupling asgag5meV/0.6931010 GeV for
typical axion models in terms of the axion mass withmeV
5ma/1 eV. The emission rate is then

Qa52.031030 erg cm23 s21
meV

2 B16
2 m200

3

eE/T21
, ~32!

where B165B/1016 G and m2005m/200 MeV. With E/T
51.53 the denominator is 3.62 so thatQa50.6
31030 erg cm23 s21 meV

2 B16
2 . Dividing by a typical mass

density of r5331014 g cm23 this is Qa /r52
31015 erg g21 s21 meV

2 B16
2 . This is to be compared with the

neutrino energy loss rate of a supernova core during its
few seconds after collapse of around 1019 erg g21 s21. Com-
paring this number with the zero-field emission rate
nucleon bremsstrahlung processes already gives a lim
8-4
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aroundma&1022 eV so that an unrealistically large mag
netic field would be required to cause a significant plasm
conversion rate.

We may turn this finding around and conclude that
axion ‘‘window of opportunity’’ remains open. Even hug
magnetic fields in a supernova-core do not seem to cha
the usual picture that axions are emitted primarily by fluc
ating nucleon spins.
cs
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