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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 proogss-ea 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 10° eV=m,=<10 2 eV remains open and axions may still constitute the
cosmic dark mattef.S0556-282(98)03117-9

PACS numbd(s): 14.80.Mz, 97.60.Bw

[. INTRODUCTION gitudinal, because the axion and the longitudinal plasmon
dispersion relations always cross for a certain wave number
Twenty years after their being postulated, axions still re<(Fig. 1).
main the most elegant solution of the stro@d problem Our final result will be that even for the largest magnetic
[1,2], but alas, they also remain undiscovered. In terms ofields that may plausibly exist in supernova cores, this new
their mass, which almost uniquely characterizes a given axemission process is less important than the usual nucleon
ion _model, the well-known “window of opportunity” bremsstrahlung rate. Therefore, the axion “window of op-
107° eV=m,=<10 2 eV has been left open by laboratory portunity” remains unaffected by our process. While from a
searches and by astrophysical and cosmological argumenggactical astrophysical perspective our results turn out to be
[3-5]. Somewhere in this range axions could well be thepyrely academic, we still find it worthwhile to communicate
main component or a significant fraction of cosmic dark mat+hijs calculation for its conceptual value.
ter. The ongoing search experiments for galactic dark-matter |n Sec. Il we calculate the emission rate when our effect is
axions[6,7] offer our best chance to discover the existencepictured as a cyclotron process —e~a. In Sec. Il we
of these “invisible” particles. calculate it again, picturing it as a plasmon-axion oscillation
Meanwhile it remains of great interest to look for other phenomenon. Because we are on resonance, both calcula-

astrophysical sites or laboratory experiments where the exigions yield the same result. In Sec. IV we summarize our
tence of axions could manifest itself. In the astrophysicalﬁndings_

context, relatively little attention has been paid to axionic
processes in strong magnetic fields even though field
strengths far in excess of the electron’s Schwinger value of w?
Be.=mZ/e=4.41x10" G may well exist in the interior of
supernova cores or pulsars. Possible mechanisms to generate
fields as strong as 1®-10'" G in stars[8,9] or the early
universe[10,11] are now widely discussed. Magnetic fields
enable processes which are otherwise forbidden. An example
is the cyclotron emission of axior®s — e~ a in neutron stars
or magnetic white dwarfg12], even though the field
strengths required to obtain an observable effect seem unre-
alistically large.

We here study a related process which is induced by a
strong magnetic field, the axion cyclotron emissien
— e~ a via a plasmon intermediate state. Therefore, the axion
coupling is to the electromagnetic field so that our process
does not depend on a direct axion-electron coupling which
exists only in a restricted class of mod¢k3]. The main
motivation why our process could be expected to be non- FIG. 1. Dispersion relationn?=w?(k) for longitudinal plas-
negligible is that it is resonant at a particular energy of themons (solid line), axions w?=k?+mZ (short dashed line and
emitted axion, provided that the intermediate plasmon is lonvacuum photons=k (long dashed ling

0 g? k?
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|
a(q) | =5 (5 = Q%cf) @
Note that for ultra-relativistic electronsEé&m,) the case
v E2>eB, where a large number of the Landau levels are ex-
cited, is well described by the crossed-field limit
6(]91) €(p2) (e’pFFp)?>(e?FF)3.
FIG. 2. Cyclotron emission process. B. Matrix element

Il CYCLOTRON PROCESS _ The maitrix element _of the"—e a d_ecay, correspond-
ing to the diagram of Fig. 2, can be written as
A. Axion-photon coupling

The cyclotron process™ —e™ a via an intermediate plas- S=
mon is shown in Fig. 2, where double lines correspond to the 2E.V
electron wave functions in the magnetic field. The effective
Lagrangian describing the axion-photon coupling in the presin terms of the currents
ence of an external field can be expressed as

hJ (5

_ _ = | d*u(p,.X) 7, ,x) el
Lo =Tyt A", 1 f $(P2,X) Yath(P1,X)

whereA is the four-potential of the quantized electromag- h.=—ieq,F*G},(q). (6)

netic field, F is the dual of the tensor which describes the
external field, and is the axion field.
The effective a-y-coupling constant with dimension

(energy) tis

Here,e>0 is the elementary chargg=(E,,q) is the four-
momentum of the emitted axion, ampd =(E4,p;) and p,
=(E,,p,) are the quasi-momenta in the crossed field of the
initial- and final-state electrons witp3=p3=m2; in the

o w Q2%g.s zero-field limitp, , become the free electron four-momenta.
Jay=Gay+ — f9af 2 Further,(p,x) is the solution of the Dirac equation in a
T light £ Mg constant crossed fiel,,=k,a,—k,a, whereA,=a,¢ is

_ _ . the four-potential withp =kx ‘andk?=ak=0. We have ex-
Here g,, is the usual coupling constant in a vacuyi#i,  piicitly,

Ja,= aél2mf,, whereis a model-dependent parameter and

f, is the Peccei-Quinn scale. Furthey,;=Cim:/f, is a

dimensionless Yukawa coupling constant of axions to both l//(p,X)I(l— 2kp?
qguarks and leptons at the tree level wi@ a model- P
dependent factomn; the fermion mass, an@; its relative
electric charge. The second term in E®) is the field-
induced part of the coupling which derives from the diagram eap 0252

of Fig. 3. It has contributions from light fermiorisfor which [(p,X)=—px+ =— >+ —— ¢°. (8
x¢=>1. The dynamic parameter is defined as 2kp? " Bkp

)Lp)
JZEV

el (P, @

wherek=y,k, and

2(qFFQ) The bispinorU(p), which is normalized by the condition
xZ= f— (3 UU=2m,, satisfies the Dirac equation for the free electron
m (p—me)U(p)=0.

Finally, G;B is the longitudinal plasmon propagator. Be-
cause the magnetic field is taken to be weak on the scale of
the medium temperaturé and electron Fermi momentum

e (T2, F>eB) one can use the zero-field propagator

with e;=Q;e the fermion electric charge angl the axion
four-momentum.
The effective axion-photon coupling constant in the pres
ence of an external field is then written as
[l
L _;_ apB
f Gp=i - 9

a(q) 7(9)

Here,|, and I are the eigenvector and eigenvalue of the
polarization operator corresponding to the longitudinal plas-

f mon, respectively, with
2
FIQ. 3. Magnetic-field induced modification of the axion-photon = / q2 5| u,— u_gqa (10)
coupling. (up“—q q
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andu, the four-velocity of the medium.
The general expression for the matrix element, &g, is

rather cumbersome. It is substantially simplified in the ultra-mon due to the processep —vv, y —e*e”
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with the electron chemical potentigl.
Further,I' (£) is the total width o_f the longitudinal plas-

, YL

relativistic limit WhereE1'2> Me. After integration over the —e, and so forth in the presence of the magnetic field. It

space-time coordinatesit is

. (2m)*6%(Q1) (X1~ X2~ Xq)
J2E,V2E,V2E,V
%ay

2
mer

X

®(7)U(px)hU(py), (12)

whereQ=p;—p,—q is the four-momentum transfer to the
external field andQ, its perpendicular component defined

by the conditionQ, -k=0. Further,r=(xa/2x1x2)*% x?

=e2(piFFpi)/m2 for i=1,2a with p,=q the axion mo-

mentum, andz=r2(1+ %) with 7=—e(p;Fq)/(Mix,).
Finally,

(12

<I>(77)=f dy coa( wtg
0
is the Airy function.

C. Resonant transition rate

After integrating over the final-state electron momentum

and the axion solid angle, the differential probability eof
—e ais

dW g3, .,  Excose LBl s
dg, 127 ®® gz e [1TE,) 19

turns out that the main contribution comes from the inverse
cyclotron procesy, e~ —e . A direct calculation of the ab-
sorption rate due to this process yields

2 5 MZ e€/T
Paf &)= 392 w7 (18)
For the total plasmon width in the medium one has to take
into account the longitudinal plasmon creation process with a
probability I';((£) =e~ 9T, £) so that altogether14]
F =TgTe=(1- eﬂg/T)Fab- (19

This “width” plays the role of the imaginary part of the
polarization operator IMI~(£)=— & (&). With these re-
sults one finds, for Eq.15),

(20

The temperature dependence has magically canceled.

D. Axion emissivity

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

_ 2d%p, dw
2= | 2m3 | 9Eegg Bl BV~ 1B, (2D

where @ is the angle between the external magnetic f@ld whereE,=E;—E, andf(E)=(e®"#/T+1)" 1 is the elec-

and the momenturp, of the initial electron£ is the energy

tron’'s Fermi-Dirac distribution function. For a degenerate

where the axion and longitudinal plasmon dispersion curveplasma withu>T the integral over the initial electron en-

cross. In an ultra-relativistic degenerate plasma it is

4 2
£~ 7"“2( Eoa), (14

whereu is the electron chemical potential.
The dimensionless resonance widghof the e”—e™a
process in Eq(13) is

)
=gz
L

q (19

where at the resonance point, of courgé= mg. The plas-
mon wave-function renormalization factor is

1 o)
Z =1- . 16
i P (16
In an ultra-relativistic degenerate plasma it is
2
me[In(2u/mg)—1]
Z,q2=282 -2 2 ° (17)

ergy E; can be easily calculated:

EaR(u)
I= | dEF(EP[1-F(E) R(E)= g7 (22
With this result the emissivity is
w? Jw odal” dE,E2 dw -
Qa=52 . sinddo o eT—1dE," (23

Taking into account Eq€13) and (20), the integration over
the angled and the axion energl, gives

52 3
-2 2
Qa 487T2a (eB) ec‘jT_ 1 .

(24)

For a numerical evaluation note that the combinatdhis
independent of the system of electromagnetic units. In ratio-
nalized natural units we have=e?/47=1/137 and the field
strength 6 1 G corresponds to 1.9510 2 eV2.

Equation (24) gives us the emissivity of an ultra-
relativistic degenerate plasma in the resonance region. When
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the plasma is strongly degenerate we may h@»d. Inthis  the crossing point of the dispersion relations for the rel-
case the resonant emissivity is exponentially suppressed, agyant plasma conditions. For a nonrelativistic plasma we find

so the nonresonant contribution
ne

E=dra—, (30
Me
Q ~2§_(5)_2 (eB)ZE (25)
a~ 3,3 Yay & wheren, is the electron density. For an ultra-relativistic non-
degenerate plasma it is
will dominate. , 4ma_, | 4T\ 1 '(2)
E—TT HE'FE—’)/E'Fm, (31

IIl. PLASMON-AXION CONVERSION

g\/here Euler's constanyg is 0.577216 and.’(2)/{(2)=
—0.569961 so that 1Rvyg+{'(2)/{(2)=—0.647177. For
an ultra-relativistic degenerate plasnfa is given by Eq.
(14).

We have calculated the cyclotron emission process in th
resonance region. It is known that in this case—e™a
effectively reduces to two consecutive processes: cyclotro
radiation of a real longitudinal plasmosi —e™y, and a
subsequent plasmon-axion transitipn—a. Therefore, one

may simply picture the axion emission as a result of the IV. DISCUSSION AND SUMMARY
fpimleallgmon—axmn conversion in the presence of the magnetic We have calculated the axion emissivity of a plasma in

the presence of a strong magnetic field due to the resonant
transition between longitudinal plasmons and axions. The
field was taken to be strong in the sere®> o°E?, whereE

is a typical electron energy, so that phase space is opened for
the cyclotron process” —e™a, and yet it was also taken to

Starting from the effective Lagrangian, Ed), the matrix
element for they, (q)—a(q’) transition can be written as

N 4 A’
o gay(2m)*5%(q—0") JZL(IEq), (26)  be weak in the sensE’>eB so that the electron energy is
V2wV2E,V still the largest energy scale in the problem. For the plasma

dispersion relation we could then use the zero-field expres-
sions. We have computed the emission rate as a cyclotron
wherel , is the four-vector of the longitudinal plasmon po- processe™ —e~a with an intermediate plasmon on reso-
larization defined in Eq(9), g=(w,q) is the initial-state nance and also directly as a transition of thermally excited
plasmon four-momentum, argd =(E,,q") is the final-state plasmons into axions. Both calculations yield the same re-
axion four-momentum. The transition rate is sult, Eq.(24), in terms of the crossing energyof the axion
with the longitudinal plasmon dispersion relation. With the
appropriate expression fa@rthis result applies to all plasma
g3, - conditions.
dW= " s*(q—a")Z (IFg)*d®q’, (27) While this process and its evaluation are conceptually
a quite intriguing, the actual energy-loss rate is rather small. If
we take the conditions in a supernova core after collapse as
leading to an axion emissivity of an example, an electron chemical potential of 200 MeV is a
representative value, leading =46 MeV. With a tem-
d3q a peratureT=30 MeV we thus have/T=1.53. We express
Qa:j 2m)3 f dwm- (28) the_ axion-_photon coupling By = meV/O.6_9>< 100 GeV_ for
typical axion models in terms of the axion mass with,
Integrating the phase space of the initial plasmon and finafF Ma/1 eV. The emission rate is then
axion this becomes

2 p2 ,3
mg/B
Q.=2.0x10* ergcm3s? %%1200, (32

o g;, (eB% [ ¢z, 29
& 487’ -1 |1-dw /dk/,_,°
where B;g=B/10'® G and u,qo= /200 MeV. With &T

Here, w, (K) is the plasmon energy as a function of wave =1.53 the denominator is 3.62 so thaQ,=0.6
number(see Fig. 1 The expression in brackets is always X 10% erg cni®s™ mZ,B%;. Dividing by a typical mass
found to beS?, independently of the plasma conditioimela- ~ density  of p=3X 10 gem 3 this is Qu/p=2
tivistic, nonrelativistic, degenerate, nondegenéraere- X 10'° erg g * s 1 m%,Bi;. This is to be compared with the
fore, we immediately recover EqR4). neutrino energy loss rate of a supernova core during its first
We conclude that the axion emissivity, E@4), which  few seconds after collapse of around46rg g *s . Com-
we calculated for an ultra-relativistic degenerate plasima, paring this number with the zero-field emission rate by
actually valid in the general cas&Ve only need to identify nucleon bremsstrahlung processes already gives a limit of
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aroundm,=<102 eV so that an unrealistically large mag- ACKNOWLEDGMENTS
netic field would be required to cause a significant plasmon-  Thijs research was partially supported by INTAS under
conversion rate. grant No. 96-0659, by the Deutsche Forschungsgemeinschaft

We may turn this finding around and conclude that theunder grant No. SFB 375, and by the Russian Foundation for
axion “window of opportunity” remains open. Even huge Basic Research under grant No. 98-02-16694. N.M. and L.V.
magnetic fields in a supernova-core do not seem to changecknowledge support by the Max-Planck-Institut Rhysik
the usual picture that axions are emitted primarily by fluctu-(Munich) and by DESY(Hamburg during a visit when this
ating nucleon spins. work was begun.

[1] R. D. Peccei and H. R. Quinn, Phys. Rev. L8, 1440 [9] M. Ruderman, irNeutron Stars: Theory and Observatjad-

(1977; Phys. Rev. D16, 1791(1977). ited by J. Ventura and D. PinéKluwer Academic, Dordrecht,
[2] S. Weinberg, Phys. Rev. Lett0, 223(1978; F. Wilczek,ibid. 1991); G. S. Bisnovatyi-Kogan and S. G. Moiseenko, Astron.
40, 279(1978. Zh. 69, 563 (1992 [Sov. Astron.36, 285 (1992]; G. S.
[3] M. S. Turner, Phys. Refd.97, 67 (1990. Bisnovatyi-Kogan, Astron. Astrophys. Tran3, 287 (1993;
[4] G. Raffelt, Phys. Repl98 1 (1990. G. J. Mathewset al,, astro-ph/9710229.
[5] G. Raffelt, Stars as Laboratories for Fundamental Physics [10] D. Lemoine, Phys. Rev. B1, 2677(1995.
(University of Chicago Press, Chicago, 1996 [11] T. Tajimaet al, Astrophys. J390, 309 (1992.
[6] I. Ogawa, S. Matsuki and K. Yamamoto, Phys. Rev58) [12] A. V. Borisov and V. Yu. Grishina, JETR9, 837 (1994; M.
R1740(1996. Kachelriess, C. Wilke and G. Wunner, Phys. Reva® 1313
[7] C. Hagmanret al, Phys. Rev. Lett80, 2043(1998. (1997.
[8] R. C. Duncan and C. Thompson, Astrophys392, L9 (1992); [13] M. Dine, W. Fischler and M. Srednicki, Phys. LetD4B, 199
C. Thompson and R. C. Duncainid. 194, 408 (1993; M. (1981); A. P. Zhitnisky, Sov. J. Nucl. Phy&1, 260(1980.
Bocquetet al, Astron. Astrophys301, 757 (1995. [14] H. A. Weldon, Phys. Rev. [28, 2007(1983.

055008-5



