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Axion in an external electromagnetic field
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We investigate the effective interaction of a pseudoscalar particle with two photons in an external electro-
magnetic field in the general case of all external particles being off the mass shell. This interaction is used to
study the radiative decag— yy of the axion, a pseudoscalar particle associated with the Peccei-Quinn
symmetry, and the crossing channel of photon splittrg ya. It is shown that the external field removes the
suppression associated with the smallness of the axion mass and so leads to the strong catalysis of these
processes. The field-induced axion emission by the photon is analyzed as one more possible source of energy
loss by astrophysical objecfsS0556-282(199)02011-1

PACS numbd(s): 14.80.Mz, 12.20.Ds, 97.60.Bw

I. INTRODUCTION where axions could exist and provide a significant fraction or
all of the cosmic dark matter. A survey of various processes
For quite a long time there has been interest in variousnvolving the production of weakly coupled particles and
extensions of the standard mod&M) with a nonstandard astrophysical methods for obtaining constraints on the pa-
set of Higgs particles. In the simplest version of the SM onerameters of axion models is given in RgL1].
needs only one Higgs doublet. However, there are reasons to The important role which axions play in elementary par-
believe that if scalar bosons exist at all, their number may bgicle physics stimulates constant interest in theoretical and
significant. Thg Higgs sector can be so rich that a Situatio’éxperimental studies. Along with laboratory searches
becomes possible when one or several Goldstone degrees|gh 13 stars are a unique laboratory to investigate physical
freedom are not absorbed by the Higgs mechanism and aBrocesse§l1]. For example, the upper bound an, is ob-

pear as physical massless partlcles. Suc'h Goldstone tained from the requirement that stars not lose too much
pseudo Goldstonenosons, whose existence is related to the

. A ) energy by axions. In studies of processes occurring inside
breakdown of exactapproximatg symmetries, is also of in- . . )
. : L astrophysical objects one has to take into account that dense
terest from the experimental point of view: they could be

observed in low-energy experiments. Such particles inCIudematter substantially influences particle properties. An inten-

e.g., axiond 1,2], Majorons[3], arions[4]. The most widely éive'electrom.ag'netic fielq also' plays the role of an active
discussed pseudo Goldstone boson, the axion, associatBifdium modifying the dispersion relations of particles so
with the Peccei-Quin{PQ) symmetry continues to be an that novel processes are not only opepgd kinematically, but
attractive solution to the problem dEP conservation in Pecome substantial as well. Photon splitting: y [14] and
strong interaction§5]. Although the original axion, associ- the Cherenkov process— vy [15,16 are among them.

ated with the spontaneous breakdown of the global PQ sym- Actually, both components of the active medium, plasma
metry at the weak scald,,, is excluded experimentally, @nd a magnetic field, are presented in most astrophysical
modified versions of PQ models with their associated axion§bjects. A situation is also possible when the magnetic com-
are of great interest. If the breaking scale of the PQ symmePonent dominates. For example, in a supernova explosion or
try f, is much larger than the electroweak scile-f,,, the N @ coalescence of neutron stars a region outside the neutri-

resulting “invisible axion” is very weakly interactingcou- ~ nosphere of order of several tens of kilometers with a strong
pling constant~fa_1), very light (maNfgl) and very long magnetic field and a rather rarefied plasma could exist. The

lived. The axion lifetime in vacuum is gigantic: possible existence of astrophysical objects wih-10"
—10' G, significantly above the critical, Schwinger value
B.=mZ/e=4.41x 10" G, was discussed both for toroidal
)_ (1) [17] and for poloidal[18] fields.
In this paper we investigate a field-induced effective in-
teraction of a pseudoscalar particle with two photons de-
The allowed range for the axion mass is strongly con-scribed by three-point loop diagrams. By now the detailed
strained by astrophysical and cosmological considerationstudies of the analogous three-point loop vertex of the pho-

Ea
1 MeV

1073 eV) 6

a

r(a—2y)~6.3x10* s

which leave a rather narrow windof@—9J:* tons’ interaction in external electromagnetic fields are known
only. The history of these investigations goes back to the
10°° eV=m,<10 2 eV, (2)  pioneer paper by Adlef14] and it is still in progres$19—
22].

Note that amplitudes of processes in an external field de-

. . . . 2

"However in Ref[10] a possibility to solve th&CP problem of pend not only on_ the k_'nem_at'cal 'nva”an/ts of twlé Orp/ d

QCD within a grand unified theory model with a heavy axiog ~ but also on field invariants|e*(FF)|*2 |e*(FF)|?
<1 TeV is considered. |e?(pFFp)|*® wherem and p, are the mass and the four-
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momentum of a particle; ,, is the external field tensor, and f

(pFFp)=p*F,,F"’p,. In the ultrarelativistic limit the field a(p) ¥ Y(q1)
invariant|e?(pFFp)|*® can occur as the largest one. This is - =z + (11 &%)
due to the fact that in the relativistic particle rest frame the n (2)
field may turn out to be of order of the critical one or even f T3 T\

higher, appearing very close to the constant crossed field
(ELB,E=B), where EF) =(FE) =0. Thus. calculations in FIG. 1. The effective vertex of the interaction of a pseudoscalar
this field are the relativistic limit of calculations in an arbi- Particle with two photons. Double lines correspond to fermion
trary relatively smooth field propagators in an external electromagnetic field.

In Sec. Il we present the result of our calculations of the
ayy vertex in the external crossed field in a general case s AmaQ?g,;
when the external particles are off the mass shell. In Sec. Il =
we discuss photon and axion dispersion relations in the V2EQVX 201V X 20,V

crossed field and analyze the influence of the field-induced

“effective masses” of the particles on kinematics. It is X f d*x, d*X d*Y exp{i (x,(q; +d2— p))}
shown that a novel channel of the photon degay y+a is

opened kinematically. In Sec. IV the effectiag y vertex is . e

used to study the axion decay into two photans y+ y. A ><exp( -l { (91X)+(G2Y) + T(XFY)] )

catalyzing influence of the external field on this process is
analyzed. In Sec. V we study the photon degay y+a. X SP{S(Y)(e27)S(X—=Y)(e1y)S(—=X) vs}

The energy loss by a photon gas due to this process is inves- +( o ) 4
tigated as an additonal source of the axion luminosity in a €1.012,02),

supernova explosion. In the appendixes, the important details . . .
of rtJhe calcula!?ion of thayy vgrrt)ex are collecteé). where a«=1/137 is the fine-structure constamst;>0 is the

elementary chargeQ; is a relative fermion charge in the
loop; p is the four-momentum of the decaying axiamy ,
=(w,q);2ande; ,are the four-momenta of the final photons
and their polarization four-vectors, respectivelys v
Invisible axion models are classified into two types, de-=¢,y", v, are the Diracy matrices;X=X;—X,, Y=X;

Il. ayy VERTEX IN THE CROSSED FIELD

pending on whether or not axions couple to lept@e®, e.g., —X3; S(X) is the translationally invariant part of the fermion
[5,11]). Here we investigate the field-induced/y interac- propagator in the crossed fie{fdppendix A).
tion of “Dine-Fischler-Srednicki-ZhitnitskyDFS2) axions” Further we will calculate a vertex functioh connected

[23] which couple with both quarks and leptons at the treewith the matrix element Eq4) in the following way:
level.

. The Lagrangian describing the axion-fermion interaction _ i(2m)%6™(p—q,—qs,) -
V2E VX 2w VX 2w,V
La=—iga¢(fysf)a, (3)  The functionA, thus defined, is the effective Lagrangian of

the axion-photon interaction in the momentum representa-
tion. The calculation technique of the three-point verdexy
where g,;=C;m;/f, is a dimensionless Yukawa coupling in the crossed field is given in Appendixes B and C. In the
constant,Cf is a mode|_dependent fact{)]:]_]’ m; is the fer- following, we will consider only the field-induced contribu-
mion’s mass,ys is the Diracy matrix, anda andf are the tion A=A —A©®), whereA(® is the vacuum part o, to
axion and fermion fields. the effective Lagrangian, corresponding to the transition
The two-photon axion interaction is investigated in a gen-a(p)— ¥(d1) + ¥(d2):
eral case when the photons are not assumed to be on the
mass shell. It means that the expression forahes vertex F_Y Q?gaf ~ ~ ~
can be used as an effective Lagrangian of axion-photon in\" "= Z m, (f1f2)Jo+ (F1FF2) I+ (1. P) (T2 I,
teraction in studies of processes involving axion or other
pseudoscalar particles with a coupling of ty(®. In the ~ ~ ~ (qxf2FFq,)
third order of the perturbation theory the matrix element of +(f2ﬂ(flﬂj2+(flﬂu~]3
. . et Lo . (027 F42)
the effectiveayy interaction in an external field is described
by two three-point loop diagraméig. 1), where double ~ (q1f1FFQ1)~
lines imply that the influence of the external field in the HfZﬂW 3}'
propagators of virtual charged fermions is taken into account
exactly. E 1 m2
The general form for the matrix element corresponding to —_Mm T T —_
. . . . f,uv ’ ]:,u,v S,uvaﬂj:aﬂr Ff
the diagrams in Fig. 1 is Fy 2
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FIG. 2. The diagram describing the effective axion-photon in-

teraction.

~ 1

fiaﬁ:C{iasiB_quSiav fiaﬁzzsaﬁ,uvfi,uvv i=1.2,

J0=if dzf dxdy[cosp, e '?—e"2¢0],
0 D

lezf zdz| dxdy 1—(1+l X
0 D X1
X . i
—| 1+ & y|sing,e”'?,
Yo y ©2
iX - 2 —id
J,=—] z°dz| dxdyy1-2x—y)cose,e ',
X2J0 D
J3=J' zdz| dxdy(1—2x)sing,e '®, (8)
0 D
Ji=3(q—ap), =23,
73
‘D:Z<Po+§<P1-
(d102) qf q%
Po=1-2Xy————y(1-y) 5 —Xx(1-X%) —,
M M M

@1=[X(1=X)|x2| = y(1=y)|x1| ]+ 2xy(1—x—y)?
X (| xoxal = x1x2) + 2xy[xy+ (x+y)(1—x—y)]

X (Ix1x2l + x1x2)=0,

f
pr=—22y(1-x—y) 2T
mi

2:(p7:72:p) ' X?:(Qisz:Qi) =12,
m m
f f

The integration are® in the integralsJ; is x,y=0, x+y
<1.

We note that the vertex (F) (6) contains as a limit an
amplitude of the field-induced effectiey interaction which
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Jia— 00> fla,B*)fa,Ba QZaHO! fza,g*)_”:aﬁ.

As a result, the amplitude of tha— y transition can be

presented in the forrh:

2
Qfgj‘f[l—l(F=0>]. ©

ia
M=—Z(fF)Z -

_[4 23 (rt2 L 13
|—<;) fo f(n)sin” "¢ do,

f(n)=ifomduexpl’—i

B 1_q25in2¢< 4 )2’3
Ca am? |\ xsifg)

where f(#5) is the Hardy-Stokes function ang is the dy-
namic parameter of the axion defined in E8).

+u3
u JE—
T3

lll. FIELD-INDUCED “EFFECTIVE MASSES”
OF THE PARTICLES

The vertexayy Eq. (6) can be used as an effective axion-
photon Lagrangian in studies of processes such as the radia-
tive decay a— vy, photon splitting y—vya, and the
Primakoff-type process for photoproduction of pseudoscalars
on electronsy+e—e+a.

We note that in a homogeneous electromagnetic field the
energy-momentum conservation law for axion-photon pro-
cesses coincides formally with the vacuum d&& How-
ever, in calculating the probabilities of the processes one has
to integrate over the phase space of the final particles taking
into account their nontrivial field-induced kinematics. This is
due to the fact that an external field plays the role of a pe-
culiar medium with dispersion and absorption. In our case
the external crossed field plays the role of a homogeneous
anisotropic medium. The photon “effective masses” squared
,ui induced by the external field are defined as the eigenval-
ues of the photon polarization operator:

3 MK
=i 2°m v )= (V)2
I, |§1 M bMp*)=5,,,(bM)2,

(10

Here bﬁf) are the polarization operator eigenvectors de-
scribed in Appendix D. We stress that only two eigenmodes
of the photon propagation with polarization vectors

oo P (@P
“ J=-b®2 (qFFg)’

can be used in studies of axion-photon oscillations. The am-
plitude of thea(p)— y(q) transition(the diagram is shown

in Fig. 2) is obtained from Eq(6) by means of replacing the
field tensor of one of the photons by the electromagnetic 2For a numerical evaluation note that the external field teRsqr
field tensor: is presented here in rationalized natural units.
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FIG. 4. The diagram of the axion transitian—a in an external
0.2 - electromagnetic field.
0.1 9
. Gat i
ol AM= it f dZe DSIS(~2)(qy) 755(2)
5 10 mg
01r X(9y)¥s), (14)
0.2 - where Z=x—y. The integration with respect to the four-
03l coordinateZ is reduced to the generalized Gaussian integrals
) of the type(C6) from Appendix C and results in

FIG. 3. The photon dispersion curves in the crossed field.

2 2 % . ) dt
AM = Gat ‘quJ S|n¢)d¢J’ (efl(b_eflcl)o)T
0 0

~ o 2
b®  (qP), 1o
8(2): = ’ (ll) wl2 o
« (2)2 ~~ 2.2 ; —i®
V-b \/(q|:|:q) —mf)(f sm3¢d¢f e '“tdty, (15
0 0
are realized in an external electromagnetic field. The analysis _ _
of the photon polarization operatdi,, in a one-loop ap- D=+ t*x?sin'e do—t| 1— q°sine
proximation in the crossed fiell@4] shows that the disper- - 48 0~ 4m$ '

sion curves corresponding to the above-mentioned photon

eigenmodesFig. 3, though being alike in their qualitative The main contribution tamZ has the following asymptotic

behavior, are different quantitatively. It is seen from Fig. 3pehavior at large values of the dynamic parameter:
that each dispersion curve has a negative minimum and

changes its sign with increasing the dynamic parameter g2m?
The fact that both of the photon eigenmodes have nega- Sm= af 3;21*2(2/3)(6)()2/3, (16)
241

tive “squared masses” in the region ¢f<15-18 means

that two-photon decay is kinematically opened even for ) ) o _

massless pseudoscaldesg., ariong4]). The difference in and p_ermlts one to estimate the field-induced correction to

values of the field-induced “squared masses” of the first angh€ @xion mass:

second photon eigenmodes makes possible the process of the

photon splittingy— ya, wherea is an arbitrary, relatively

light pseudoscalar. m?
In general, it is necessary to analyze the influence of the

external field on the axion mass,. The field-induced con- Here we used thatn, and g,; are connected with the PQ

tribution to m, is connected with the real part of the ampli- symmetry-breaking scalé, by virtue of the relationships

tudeAM of a— ff—a transition via the fermion loop by the m,=0.62 eVx (10" GeV/f,) and g,;=Cim;/f, [11].

relation; Equation(17) shows that we can neglect the influence of an

external electromagnetic field aon, .

2R (17)

omi=—ReAM. (12)

. IV. THE AXION DECAY a—y+vy
To obtain a correct result foAM one has to use the La-

grangian with the derivative as it was first emphasized by A. The decay amplitude
Raffelt and Secke]25]: The expression for the effectiveyy interaction (6) is
g used to study the ultrarelativisticE{>m,) axion decay
£af=_af(f_yﬂy5f)07#a_ (13) a(p)— y(gy) t%/(qz). Because.of the §mal|ness of the axion
2my mass ;<10 < eV), even axions with the energy of sev-

eral eV are ultrarelativistic. Assuming that the field-induced
In the second order of the perturbation theory the ampliphoton “masses” are also small in comparison with their
tudea— ff—a is described by the diagram in Fig. 4 and canenergies, below we will consider photons as massless. This
be presented in the form: case corresponds to the collinear kinematics:
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Py~ U1, ~ 02y - (2) The contribution to the amplitude bilinear in the ex-
ternal field dominates because it does not contain the above-
Before starting to study the physically most interestingmentioned suppression factor.
case of the ultrarelativistic axion decay let us analyze all With regard to the analysis performed only terms bilinear
tensor structures of the effective axion-photon verté in the external field should be kept in the amplitude of the
which define the decay amplitude, in an attempt to reveal thaltrarelativistic axion decay:
dominating contribution. Note that for real photons the terms

~ 2
with J; andJ; are suppressed by the smallness of the field- M~ a 2 QtQar

X ~

induced photon “masses”q(f;),~ u?<E?2. It is natural to T m [XZ(flf)(fZ}-)JJr(sl’quSz’qZ) ’
denote the other terms in E¢g) asM(®, M®), and M ?) (21)
depending on the power of the external field tensor.

Due to the Lorentz invariance the amplitude can be ana- 1 1-x 3
lyzed in any frame. We will analyze it in the rest frame of the J(X1.x2)= fo dxjo dy Y(1-y—=2x)7°[1=nf(7)],
decaying axion with the components of the four-momemnta
d:, andq, being of ordem,. In this case it is sufficient to

o _ _ _ 2
allow for the order of the dimensional quantitik&®, M), 7={X(1=X)x2=y(1=y)xa]"+ 4xy
2). —
andM®: XIxy+(1=x=y) <ty xaxat %2 (22
M(O)Ni FF m_g wheref(#) is the Hardy-Stokes function defined in ),
mf( 1f2) m;’ X, X1, andy, are the dynamic parameters determined in Eq.
(8). We have neglected terms of ordef/EZ, u?/E2 in the
1 mg argument of the functioffi( 7).
M~ —(fFfy)~—=F', (18)
M M B. The decay probability
2 The probability of the field-induced decay of the axion
1 m3 - .
M@~ — (f,F)(f,F)~ —=F'2 has the following form:
m¢ my

(P—a1—02) > [M|?

N

(F) 1 1 d3q1d3q2 4)
whereF’ stands for the strengths of the magnetic and elec- W'’ =57 397 2E 010, &t
tric fields in the axion rest frame. In this case the electromag- a
netic field in Eq.(18) is obtained by the Lorentz transforma- 1 1
tion from the laboratory frame, in which the external fi€éld = f
Co : ! 327E, Jo
is given, to the rest frame of the decaying axion:

dtY, [MJ2. (23

N

E The factor 1/2! in the integration over the final state takes

F'~_2FE>F. (19 into account the identity of two final photons. The process
My considered is two-body decay, but its amplitude is not a con-

stant as in vacuum because it depends on the external elec-

In view of Eq.(19), the expression€l8) can be written in the tromagnetic field tensor. That is why the calculation of the

form decay probability is not reduced to multiplying the matrix
2 element squared with the final phase space. Under the sum-
MO~ % mation of the polarizations, A\’ in Eq. (23) it is convenient
m; '’ to use the polarization vectofd1). The expression for the
probability is
m,E
M(l)w%':’ (20) F__ L[ [ 2l @2 2 ?
m = - _
: W= 2] [t S Qigamacattn1-vx]
24
E2 (24)
M@~ —F2, : i i
m? With the strong hierarchy of the fermion masses,
The following is seen from Eqg20). szl my, 6
(1) The external electromagnetic field affects substantially =2 \m >1,
the ultrarelativistic axion decay because the field reduces the Xt, f1

suppression caused by the smallness of the axion mass. A

similar catalyzing effect of the external electromagneticthe contribution from the fermion with the maximum value
fields of various configurations on the radiative decay of theof the dynamic paramete‘r2=ef2(pFFp)/m$3 can dominate
massive neutrino was discovered[26,27]. in Eq. (24):
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. LU ) Here co3B determines the electron Yukawa coupligg,

' ' ; ' . : ' =1 co B(me/f,) in the DFSZ mode[23]. Large values of
the dynamic parametey>1, whenP(x)~1, can be real-
ized, for example, in the case of the decaying axion energy
~10 MeV and the magnetic-field strengtB~B,=4.41

x 10 G.

V. PHOTON SPLITTING y—vy+a

Tor As it was pointed in Sec. Il the external field has a sub-

FIG. 5. The plot of the decay factd?(y) as a function of the Stantial influence on the photon dispersion relation so that the
dynamic parametey. photon splittingy— ya is allowed kinematically due to the
difference in the field-induced effective photon “masses.”

| 2(Q2g,my)2 This process can play a role as a possible additional mecha-
W(F)~—~3.32(— f;ffp(x). (25  nism of energy loss by astrophysical objects. As this process
™ = is a crossing channel of the axion decayp)— v(q;)

) o _ +v(qg,) and its amplitude can be easily obtained from the
The plot of P(x) is shown in Fig. 5. We also give the amplitude(21) using the replacement:
asymptotic behavior of the functidd(y) for both small and

large values of the dynamic paramejer Qi——0y, P——p (29)

. ~5_8 2
PO <1=2.31X107°x (14 9.5¢" + - - ), which corresponds to

88 320 o f1, X=X X1—— 1. 0
P(X)|Xl/3>1:1_x_1/3+%_"'

The kinematics of this process is close to the collinear one as

As it is seen from the asymptotic behavior of the functionwell as in the ultrarelativistic axion decay. Note that in
P(y) at largey, the decay probability25) does not depend Studying this process in different ranges of the dynamic pa-
on the dynamic parameter. Note that a similar behavior of@meter one should take into account the specific dispersion
the amplitude and probability g1 takes place in the pho- behavior of the photon modes in the initial and final states.
ton splitting y— yy [19].

To illustrate the catalyzing influence of the external field A. The limit of small values of the dynamic parametery;<1
on the ultrarelativistic axion decay, let us compare &%)

with the well-known axion decay probability in vacuum In the case of small values of the initial photon dynamic

parametery, the splitting of the photon with the first

[7.11) polarizatiorf is allowed kinematically only due to the condi-
o2 tion u2>u3 (see Fig. %
__Yay''la
0 64nE,’ (26) S RS (31

Here g,,=(a/2mf,) X (E/N—1.92£0.08) [11], where E  With the photon polarization vectofd1) the amplitude can
and N are model-dependent coefficients of the electromagbe presented in the form:

netic and color anomalies. A comparison of E¢&5) and
(26), 4o 2 2
M=——t(1-0 2 Qfgarmixid(txs.xy), (32

wF) a m 2
Ri= o ~2.12¢ 10| 29 oy | | |
W, TQa,M; wheret=w,/w; is the relative energy of the final photon.

The function J defined in Egq.(22) has the following
demonstrates a strong catalyzing influence of the extern@symptotic behavior at small values of its arguments:
fie(I'(::I) on the ultrarelativistic axion deca¥{>m,), because )

W) has no suppression factor associated with the smallness 2 4
of the axion mass, except the coupling constags ., Itx1 x|y =1= gaxal1 =20+ 0(xy).
~f;1). Let us estimate in Eq27) the contribution from the

electron in the loop because this fermion is the most sensi- The probability of the photon splitting is
tive to the external field:

cosB \?[/10°3% eV
Re= 1037( 2) (

4
SNumbering of the photon types is made by their polarizations in
E/N=19 m. ) P(x). (28 g p yp y p

accordance with Eq11).
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1 1 plasma with the temperature of order of MeV and the mag-
W(F):l&m j dt/M|? netic field of order 18 G can exist. Under these conditions
170 the axion luminosity is
2
o 2(2 szgafmelll) _ O366rg Jae ? T 1
~4.8X 10—6(— (33) La=38x10"- 1023/ |1 MeVv
an TwWwq
B \°% R \°
To illustrate a possible application of the result obtained % ) ( ) . (36)
we estimate the contribution of this process to the axion 108 G/ | 10® km
emissivity Q, of the photon gas:
The comparison of Eq:36) with the total neutrino luminos-

g G ity L,~10°? erg/s from the neutrinosphere shows that the
Q.= f —1w1 nB(wl)f dt (1-t)[1+ng(wyt)], contribution of the photon splitting to the energy loss is neg-
(2m)? 0 dt ligibly small. Here we used the strongest restriction on the

(34 axion coupling constant with electrogge~ 10~ 3[8,11,24.

whereng(w,) andng(w,t) are the Planck distribution func-
tions of the initial and final photons at temperatilireespec- ] i
tively. In Eq.(34) we have taken into account that the photon At large values of the dynamic parametey the field-
of only one polarization(the first one in this cagesplits. ~ induced “effective mass” squared of the photon of the sec-
Note that the dynamic parametey in d\WF)/dt depends on ond polarization becomes greater than that of the photon of
the photon energys; and the angled between the initial the first polarization 45> uf, see Fig. ® In this case the

B. The limit of large values of the dynamic parametery,>1

photon’s momentungy; and the magnetic-field strengBr channel
(2) (1)
w, B yo—yrta (37)
X1=— 7= Siné, o . )
m; By is kinematically opened only. The process amplitude at large
X1 |S

whereB;= mlele is the critical value of the magnetic-field
strength for the given fermion. Neglecting the photon “ef- _ 4a _ 2

fective masses” squaredof=|qy|?+ u3=|q,/?), the result M=—(1 t)zf: QrGarmel (1), (38)
of the calculation of the axion emissivit{84) can be pre-
sented in the form

) _J' y(1-y—2x)dxdy
o2 Q%42 D[X(1—X)t—y(1—y)]?+4xyt(1—x—y)?’
Qu=C—| > —=20) Tugs (35
a 5 34 : . . . .
7\ T m;B;{ where the integration is carried out over the afax,y

=0, x+y<1. It is seen from Eq(38) that the amplitude
The numerical factoC is expressed in terms of an infinite does not depend on the dynamic parameter.

sum of the Hurwitz/ functionsg(k,z)=2§:01/(n+z)k; With the amplitude(38) the splitting probability has the
form:
C—lfw'ngedaJ’ldttzlt3l 2t)2 ?
= 632 o Si 0 ( ) ( ) N 2(2 Q?gafmf)
W(F):2.5<—) _— (39
J‘oc Xlodx aa TwWq

0 (e*-1)(1-eX) In real astrophysical objects with strong magnetic fields

13 = the temperaturd =10 MeV can exist in the central regions
:2_ ¢@3n) _ 44(5n) + 3¢(7.n) where from both components of the active medium, the mag-
632n=1\ nd 7n® n* netic field and a plasma, the plasma component substantially

dominates. Thus, the expressions obtained are not applied for
=2.15145, the estimation of the luminosity of astrophysical objects be-
cause we have taken into account the influence of the exter-
wherex=w, /T is the relative energy of the decaying pho- nal field only.
ton.
Let us estimate the contribution of the photon splitting
y—+a into the axion luminosity in a supernova explosion
from a region of order of a hundred kilometers in size out- In this work we have investigated the effectige/y in-
side the neutrinosphere. In this region a rather rarefiederaction @ is a pseudoscalar partiglsnduced by an exter-

VI. CONCLUSION
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nal constant crossed field. Calculations of processes in this ¥ s
electromagnetic field configuration are very general, being a
relativistic limit of calculations in an arbitrary weak smooth T T
) . g : 1 4
field. For the pseudoscalar particle we considered the axion,
the most widely discussed particle corresponding to the
spontaneous breaking of the PQ symmetry. Tn

In the third order of the perturbation theory, the field- . . . . .
. . FIG. 6. n-point loop fermion diagram with cut legs in an exter-
induced vertexayy (6) was obtained for the case when all g

. . r(]jal electromagnetic field.

the particles were off the mass shell. This vertex can be use
as the effective Lagrangian of theeyy interaction in the

. . . . . . i e 1 ie
investigation of processes involving axion or other pseudo- X)= — : f 2 (X)) —— (XE
scalar particles with a coupling of the tyj®). S(X) 167 Jo s° 25 v) 2 ( s
As a specific example of the way this vertex can be used e?
we considered the axion decay- y+ vy in an external field. S Sk €
. S . — — (XFFy)+m+ F
The dominant contribution to this proce@®t suppressed by 3 ( y)+m (7F)

the axion massis presented in Eq21). The decay probabil- X2 sé

ity (25) is calculated in the limits of both Iarge and small ><ex;{—i(smf+ —+—(XFFX)”,

values of the dynamical parametgr Comparison of Eq. 4s 12

(25) with the probability of the two-photon axion decay in

vacuum shows a strong effect of the external field1(®’) ~ WhereX,=(x—y),; m; ande; are the mass and charge of

on the decay of the ultrarelativistic axiof {>m,). the virtual fermion g;=eQy, e>0 is the elementary charge,
As another example, we have studied the photon splitting; is the relative fermion chargeA,, , F,,,, andF ,, are the

y— y+a which could be of interest as an additional mecha-four-potential, tensor, and dual tensor of the crossed field;

nism of energy losses by astrophysical objects. This forbid{Xy)=X,y", y*, ys are the Diracy matrices.

den in vacuum process becomes kinematically possible be- The inclusion of translationally noninvariant factors

cause photons of different polarizations obtain differentQ)(x;,x;,,) arising from the corresponding propagators

field-induced effective “squared masses.” At the same timeS(F)(x; ,x; ;) in calculations oh-point loop diagrams is dis-

an external field influence on the axion mass is negligiblecussed in detail in Appendix B.

The axion luminosity estimated for supernova conditions

turn out to be small in comparison with the neutrino lumi-  APPENDIX B: INCLUSION OF TRANSLATIONALLY

nosity. NONINVARIANT FACTORS Q(x,y) OF FERMION

PROPAGATORS IN n-POINT LOOP DIAGRAM
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tionally noninvariant factor(}(x,y) from the propagator
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96-0659 and by the Russian Foundation for Basic Research The four-potentialA ,(x) of a constant external electro-
under Grant No. 98-02-16694. The work of N.V. Mikheev magnetic field can be written as
was supported under Grant No. d98-181 by the International
Soros Science Education Program. N.M. and L.V. acknowl-
edge the support by CERN during a visit when this paper
was partly done.

1 1
Au=5 (XF),=5X"F,,. (B1)

With Eq. (B1), the expression fof)(x;,X,) is substantially

simplified:
APPENDIX A: THE PROPAGATOR OF A CHARGED
FERMION IN A CROSSED FIELD QX %5) = _effxldgﬂ AL(E)+ %FW(S_XZ)V
A charged fermion propagat®™)(x,y) in the external *2
crossed field in the proper time formalisf29,30 can be e
presented in the relativistically invariant forf@7] =5 (X1Fxy). (B2

) i00xy) The contribution from the translationally noninvariant fac-
ST(x,y)=eYS(X), (A1) tors Q(x;,xi+1) Eqg. (B2) to the amplitude of am-point
diagram in Fig. 6 is generally given by
1 e — e ot
" f f
AU +5F u(E=y)"), Q=7 2 (§FXiDly =0, = 7 2 (ZFZic),

Q(x,y)=—effxd§“
y
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n X:X1_X2, Y:X1_X3.
Zi=Xi=Xit1, Zn=Xn—Xq, zlzizo- (B3)

APPENDIX C: CALCULATION OF THE VERTEX

i Nx: X
We note that, while for each propagat8f”(x;,x;) the FUNCTION A

phaseQ)(X; ,X; +1) is generally translationally and gauge non-
invariant, the total phase of threpoint fermion loopQ,; EQ. In this Appendix we give the basic stages of the calcula-
(B3) only depends on the difference of the coordinates andion of the three-point vertex functioN describing the ef-
satisfies the requirement of gauge and translational invarifective ayy interaction @ is an arbitrary pseudoscalar par-

ance. S _ _ ticle) in the external crossed field. After integration with
~ The simplest situation is realized for the two-point loop respect to the coordinate in Eq. (4) and separation of the
diagram when the total phase is zero: delta-functions”(p—q;—q,), the expression foA can be

represented according to E®) as
€
Q0= Q(X1,X2) + Q(X5,X1) = — — (XFX)=0,
= X FROG K= g (XX A=—ie$gaff d*X dAYexp{—i[(q1X)+(q2Y)
X:X]__Xz. e
f
+§(XFY)])Sp[S(Y)(ezv)S(X—Y)(sw)S(—X)75}
For the three-point loop diagram studied in this paper we

have +(31:Q1<_’82yQZ)- (Cl)
€t With the explicit expression for the propagatdisl) the
o= x1.,%5) + X, X) + DXz, X0) = = 5 (XFY), vertex functign is P propagatafsl)

. my
—'mf<s+v+f>f d4Xd4Y[((X—Y)RlX)+(YRZ(Y—X))+(YR3X)—TRO

a Q?gafmffoc dsavdr
A=— e
T 8(47T)4 0 22,2

sTv°T
L iax v X2(1 1) YZ[1 1| (XY) ¢ CFEX e? VEE
xXexp — 1 (QX)+H(AY)+ |+ [T gt~ 5, T et )+ 15(sHu)(YFFY)
efZU €¢
—5 (XFEY)= 5 (XFY)[ |+ (81,01 82,02), (C2

wheres, v, and 7 are proper time variables defined by three The integration with respect to the four-coordinakeand Y
propagators of the forrAl), X=x;—X,, Y=X;—X3. INnEq.  in Eq. (C2) reduces to the calculation of the generalized
(C2) all the dependence on four-coordinatésand Y is  Gaussian integrals of three types: scalar, vector, and tensor
shown explicitly in the preexponential factor and in the ex-of rank two. The calculation method of such integrals which
ponent, so thaR, and the tensorsKR;),s (i=1,2,3) are arise in the integration of the two-point loop diagrams is
functions of proper time variables and the constant externajiven in Ref.[27]. However the integration with respect to

field tensor: the coordinates is significantly simplified by formally intro-
_ ducing the eight-coordinatg and the eight-momentur®
Ro=SH ysha(s)(227)hs(v)(z17)hy(7)}, defined in terms of the four-coordinat¥s Y and the four-
(R ap=SH vsh1(s)(e27)N2u(v)(e17)Nop( 1)}, momenta of photong, g, in the following way:
(RZ)aB:Sp{75h1(T)h2a(s)(827)h2ﬁ(v)(817)}:
2= | (c3
(Rs) ap=SPL¥5h1(0)(£17) (1) h2a(S) (827}, Sy Tl

hi(s)=2+ess(yFy),

In terms of the generalized coordinaZg and the general-
ized momentunQ,, the vertex function(C2) can be written
in the most compact form:

2 .
f e -
hZQ(S):E’Ya_ 3 (’yFF)a—i_ 2 (’yF)a’YS'

035001-9
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»dsdvdr

j222
0

Ssv°T
X J dBZe*i[ll4(ZGZ)+(QZ)][RO+(ZNz)]

Qfgarm;
8(4m)*

e—imf(sw +7)

a
m™ f

+(&£1,01€2,02). (C4)

The matricesG and N can be presented as the Kronecker
product of (2<2) matrices and Lorentz tensors of rank two
[(4X4)-matrice$:

Gaﬁ:ga,361+efFaﬂez+e%(FF)aﬁG3, (CH
1 [s(v+7) —ST
Ysrl —sr 7(s+v))’
0 1 1/v+7 —v
Go= -1 0/’ G3_§ —v s+v/’

Nog=N1(R1) et N2o(R2) ot N3(R3)ap,

NESRELE RN

Thus, the integration with respect to the coordinaten Eq.

1 0
-1 0

0 O
-1 1

0 O
10

PHYSICAL REVIEW D 60 035001

Here the variable is defined ag=s+v+ 7.

APPENDIX D: EXPANSION IN THE BASIS IN AN
EXTERNAL ELECTROMAGNETIC FIELD

Calculations are significantly simplified by using a basis
which is constructed of the photon four-momentgm and
the external electromagnetic field tengoy, [19]:

bM=(aF),, bP=(qF),, (D1)

b®=0%(qFF),—q,(aFFa), b{’=q,.

In the specified basis a polarization vector of an arbitrary
photon is

(qe) (Ff) Ff)
e q”_Z(qFFq)(Fq)#_m(FQ)M
Fqrrge d (FFa.—(aFFaa,], (B2

wheref ,;=0q,&5—0;e, is the photon field tensor. Note that
the last term in Eq(D2) is not equal to zero only for virtual
photons.

(C4) has been reduced to the calculation of the generalized Taking into account EqD2), we can reduce all structures
Gaussian integrals of two types—the scalar and tensor af the type (,fl,) that appear in the expression for the ver-

rank two:

J:J 487 e~ i[1/4(2G2)+(Q2)]

s?v?r?
=—(4m)* ~¢/(Q57'9), (Co)
(stv+7)
T =f dézz,z e*i[l"‘(ZGZ)Jr(QZ)]:_i
Mmv n=v &Q“aQ"
=[4(QG H.(G'Q),~2iG,;1J,
whereG ! is the inverse of the matrifC5):
Goh=0apB1+eF 1sGot €2(FF) sGs,  (CT)

0
1

-1
0

1

z

7(s+v)
ST

ST
s(v+171)

é SvT
27z

G,

3

ol

~ T
(G3)11=—2 [z(4sv—s?>—v?)—6svT],
3z

=~ ~ ST
(Ga)1o= (63)21:;[1134— 2+ 73+ 3srv—2(s?+ )],
z

~ s?
(G3)222;[Z(4v T—7—v?)—6sv1].
z

tex functionA to the form:

(@) (gFly) = (1) (gFly)
2(gFFq)

(119)(qFl ) — (1,0)(qF )
2(qFFaQ)

N (I.9)(afFFly) —(1,9)(afFFly)
(qFFa)

(I1fl2)=(fF)

+(fF)

(D3)

wherel, and|, are arbitrary four-vectors. Below we give
some structures for which we used the representdi@):

(a9,FFay)
2(92FFay)

X(Qlﬁ%)],

(q:1f.FFqy) = [(f2F)(asFam) + (f5F)

(D4)

1 - -
(a1foFFag,) = E[(sz)(ChF(h)+(f2F)(Q1FQ2)],

1
(Q1f2FQ2):§(Q1QZ)(f2F),

where (;),z is the electromagnetic field tensor of thia
photon {=1,2).
Note that the following relationship:
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~ ~ 1 meets the conditionfF)=0, then from Eq(D5) the condi-
(TlTZ)Mﬁ(TZTl)uv_E(TlTZ)gw (DS tion on the electromagnetic field tengerfollows automati-
cally,
proves very helpful between two arbitrary antisymmetric ten-
sors (T4) ., and (T) ,, . If for tensorsT, andT, we take the

constant electromagnetic field tens@n=T,=F, which (F|~:)W=0.
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