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Experiments are proposed which address the question of the existence of the “invisible”
axion for the whole allowed range of the axion decay constant. These experiments exploit
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or
the cosmological abundance and presumed clustering of axions in the halo of our galaxy.

PACS numbers: 14.80.Gt, 11.30.Er, 95.30.Cq

Some time ago, it was shown that the strong CP
problem' can be solved® by the introduction of a
light pseudoscalar particle,® called the axion a.
The properties of the axion depend mainly on the
magnitude v of the vacuum expectation value that
spontaneously breaks the Upo(1) quasisymmetry
which was postulated by Peccei and Quinn® and of
which the axion is the pseudo-Goldstone boson.
The axion mass and its couplings to ordinary par-
ticles are all inversely proportional tov. As far
as the solution to the strong CP problem is con-
cerned, the value of v is arbitrary.®* Past experi-
ments,’ attempting to produce and detect axions
in the laboratory, essentially rule out values of v
near 250 GeV. Moreover the range 250 GeVsv
5108 GeV is ruled out by considering the effect
axions have on stellar evolution.® Stars emit too
many axions for those values of v. The axion
with v 2 10® GeV is so weakly coupled* that it has
been called “invisible.” It was thought, incor-
rectly I believe, that such an axion solves the
strong CP problem in a manner which is free of
presently observable consequences.

Actually, the consideration of the cosmological
implications™?® of axion models has already gone
some way towards making a misnomer of the ex-
pression “invisible” axion. First, axion models
are afflicted with cosmologically unacceptable
domain walls” unless special precautions are
taken to avoid this.” Second, it was shown that
the present cosmological axion energy density is
too large® unless v < 102 GeV. On the other hand,
axions may have a useful cosmological role to
play with regard to the problem of galaxy forma-
tion.”’!°® First, the primordial density perturba-
tions from which galaxies evolved may have been
produced by the presence of axionic domain walls
for a limited time period in the early universe.”
Second, axions may be the stuff the dark halos'*
of galaxies are made of.'° Because of their very
large primordial phase-space density, axions
cluster easily and if v = 10'° GeV, axions are
abundant enough to provide all the halo matter.
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In that case, the axion density near the sun’s lo-
cation is about
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where we have used the following expression for
the axion mass (# =c =1 everywhere):

m,=1.24x10"* eV[(10' GeV)/v]r
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7 is a model dependent number of order N/6,
where N is the number of vacua of the axion mod-
el.”® These halo axions have velocities 8 <1073,
and thus would form a highly degenerate Bose gas
with quantum state occupation numbers averaging
(10*7/#*)[v/(10'° GeV)]%. If the cosmological axi-
ons did not cluster into galactic halos [possibly
because galactic clusters condensed before galax-
ies did], the axion density on earth should be the
average cosmological one which, according to the
result of Ref. 8, is about

0.2 %X 10° axions v 13/6 1
cm® 10!° GeV v’

If their typical velocity is the virtual velocity in
galactic clusters, g ~5x 1073, their average
quantum state occupation number is about 0.4(10°/
)[v/(10'° GeV)PY®, The first two experiments
proposed below would attempt to detect the axi-
ons of cosmological origin. The third experiment
would attempt to detect the axions emitted by the
sun. From the work of Fukugita, Watamura, and
Yoshimura,® one obtains the following result for
the solar axion flux on earth:

0.8 x 10'3 axions / 108 GeV)2
sec cm? v ‘

(3)

.fa,@g

1415



VOLUME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OCTOBER 1983

The solar axions have energies of order one kiloelectronvolt,

To make the axion visible, we will exploit the coupling of the axion to the electromagnetic field and
the fact that we have available in the laboratory large static magnetic or electric fields, or large oscil-
lating ones with frequencies of order the axion mass (2). We also have very sensitive devices to mon-
itor the electromagnetic field. The effective action density of axions and photons is

2
L£==3F ,,F*+ —162—HA£% F  FP+ 309 ad%a—-3m2a’[l+0 (a®/v7)], (4)
where FH/ =Ll oBF o F_ 4=08,A5-04A,, and where we have assumed grand unification of the
strong and electroweak interactions with the unrenormalized sin®6,°=%. The action density (4) has re-
cently been used to study'? the long-range interactions [~(distance) “?] of electric and magnetic charges
with axionic domain walls, which behave towards them like polarizable surfaces. The classical equa-
tions of motion derived from (4) are
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The axion haloscope.—According to (4) or (5), axions will convert to photons in a strong inhomogen-
eous magnetic field BO()?). The inhomogeneity is necessary because three-momentum must be provided
for the transition to occur. We find the following cross section for a detector of volume V:

- 1 3 3, ,iq "X R .2 2

= 16775, <3n v) Z;fdk o ,-E )lf d’xe B,(X) - €k, V%, (6)
where q :k'y - K, and the sum is over the photon polarization. Multiplying (6) by the axion flux of the
Milky Way halo, one obtains the rate

No. of photons 1.6 |4 <&_>2 N\
time T 10°secl em®\1T R(m,) 6y ) ’ (M
where R(m,) is a measure of the detector’s response,
d3 k
R=52 [ G Ok, =BT | ], dxe T T B &, , T (8)

and b(X)=B 'lBO(i) One can choose to have large values of R (m) over a small frequency band near m,
by making the spatial dependence of B (}'f) periodic over many wavelengths 27/m, If R=10, B,=10 T,
and V=(30 cm)?, there are about 45 a - events in the detector per second. Antennas exist whlch can
detect single microwave quanta. For the signal not to be swamped by thermal noise it will be neces-
sary to cool the volume V to below approximately gm, ~(0.36 K)[(10'° GeV)/v]». One way to obtain
the desired inhomogeneity of the magnetic field is to embed grains or wires of a superconducting metal
in a material transparent to microwave radiation. When the detector is cooled below the critical tem-
perature, the magnetic flux lines will be expelled from the superconducting loci and hence will be made
inhomogeneous. If the cosmological axions did not cluster into galactic halos, the rate (7) is reduced
by 0.4 X 10 [v/(10*° GeV) /5.

To probe large values of v (small values of the axion mass) it may be advantageous to use a variable-
frequency cavity in the axion haloscope experiment. One would attempt to tune the cavity’s frequency
w exactly to the energy of the Milky Way axions,

My <w<m,+gm,B2=m,[1+0(10%)]. _ (9)

If Eq. (9) is satisfied, the power due to axion - photon conversion into the lowest TM mode of a rec-
tangular cavity of length d and square cross section, in which there is a longitudinal static magnetic
field B, is

. N\ v 2/ B 2
P=(1.5% 107 W) 1 <Gr> (1012 Gev> <10°T> kd, (10)

maz)l/z.

where k=(w?
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Finally, let us take note of the interest of trying to devise an experiment which exploits the very
high quantum degeneracy of the axions in the halo of our galaxy. In particular, emission of axions
with energies between m, and m,[1 +0(107°%)] is enormously stimulated {the rate is multiplied by a
factor 10%[v/(10*2 GeV)]*}, and hence may become measurable. It is necessary, however, that the
emitter does not equally well absorb axions; otherwise, stimulated emission and stimulated absorp-
tion will cancel each other, as is the case with a cavity or with any other harmonic oscillator coupled
to the axion field.

The axion helioscope.—The idea here is the same as the previous one but now applied to the solar
axion flux. In a strong magnetic field, solar axions convert to x rays. The change in three-momen-
tum is

1m,2 27 /108 GeV\?2 1keV>
- — g o 2
:73 % _16cm< v > ( E, T (11)

a

Consider a detector of length L in the direction n of the sun, inside of which there is a transverse mag-
netic field B =iB ,cos[(27/d)n *X]. The response (10) is

E,L [sin(2r/d-gq,)L/2 sin(2w/d+q,)L/27?
87 l:(ZN/d—qz)L/2 * (2n/d+q,)L/2 }

R can be huge and compensate for the smallness of the solar axion flux. (It is of course unessential
for this that the spatial dependence of B, is exactly a cosine.) Multiplying (8) by (3) one finds the rate

No. of x rays N 6x10"% SI? <108 GeV>4 B, \? 2 87R
time - sec 1m* v 10 T E,L’

R:

(12)

(13)

where S is the area of the detector perpendicular to n.

In conclusion, the “invisible” axion hypothesis can be tested experimentally, contrary to what was at
first believed. Relatively simple experiments can provide new information about physics at very high
energies, near the grand unification mass scale, If the axion exists, we will have new powerful tools
to study the sun and the galaxy.
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